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Anniversary of “Teka”- journal of the Commission of Motorization and Power Indu-
stry in Agriculture at the Polish Academy of Sciences Branch in Lublin

In 2001 the first volume of “Teka” was released. The editor in chief, prof. dr hab. inz Euge-
niusz Krasowski invited the most prominent publishing specialists from many research centers in
the country and abroad, mostly members of the Commission of Motorization and Power Industry
in Agriculture at the Polish Academy of Sciences - Branch in Lublin.

The fast-growing cooperation has resulted in the integration of research centers, which be-
came a solid basis for the development of publishing. Success has been achieved by the obtainment
for the journal “Teka” of 9 points from the Ministry of Science and Higher Education. This success
has been made possible through the cooperation of research centers such as: Cracow University
of Technology, Poznan University of Technology, Lublin University of Technology, Czestochowa
University of Technology, Szczecin University of Technology, Warsaw University of Technology,
Bialystok University of Technology, Rzeszéw University of Technology, Wroctaw University of
Technology, Koszalin University of Technology, Kielce University of Technology, Radom Univer-
sity of Technology, ART in Bydgoszcz, University of Warmia and Mazury, Warsaw University of
Life Sciences, West Pomeranian University of Technology in Szczecin, University of Life Sciences
in Lublin, Warsaw IBMER, PIMR in Poznan, Agricultural University in Krakow, AGH in Krakow,
College of Engineering and Economics in Rzeszow, Institute of Foundry in Krakow. Among the
foreign research centers most involved in the co-operation are: the National Agrarian University in
Kiev, W. Dahl East-Ukrainian National University in Lugansk, State University of Agriculture in
Mykolayev, University of Lutsk, Lviv National University of Agriculture in Dublany, Odessa Uni-
versity, University of Agriculture in Chersonia. Agricultural engineering specialists from Lithuania,
Belarus, Greece, Russia, Romania, Holland, Belgium, Latvia and Slovakia have also been invited
to participate in the editorial.

In appreciation of the high scientific level of “Teka”, the editor-in-chief Eugeniusz Krasowski
received an offer of co-operation from the Rector of W. Dahl East-Ukrainian National University
in Lugansk, academician prof. dr hab. inz. Alexander Holubenko. He proposed to establish close
partnership in the joint publication of the journal “Teka”. The Rector’s proposal was accepted, as
a result in 2009 we jointly issued one volume and five other volumes were scheduled to follow.

To celebrate ten years of “Teka”publishing, the editor has received numerous letters of con-
gratulations from prominent scholars from home and abroad, reflecting the high level of the editorial
work.

Research published in the “Teka”:

Research in the field of internal combustion engines.

Issues concerning the design solutions and operating machinery.

Energy intensity in the use of machinery and food processing.

Research on the development of biofuels and emissions of combustion products
Dynamics of vibration systems and work processes, diagnosis of technical working
groups.

Study of statics and dynamics of biological materials

Use of solar energy, wind and falling water.

Research on combines related to the construction and optimization.

. Research on the use of plastic materials in the hydraulic and agricultural machinery.
10. Planning of research experiments.

11. Simulation studies of machine units.

12. Ergonomic problems in agriculture, for example, research on the operator’s seat.
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13. Grinding and pelleting of biological materials in the context of rational use of energy.
14. In the research on new machine constructions the latest modelling and simulation testing
methods were presented, this theme appears in almost all the volumes of “Teka.”

The ten years of publishing can be summarized as follows: 17 volumes of “Teka” have been
published containing 516 pages and 683 articles, 1424 authors have participated in their writing,
900 reviewers have evaluated their work.

Authors from the following countries have taken part in the creation of the “Teka”: Poland,
Ukraine, Belarus, Lithuania, Russia, Latvia, Moldova, Romania, Greece, Slovakia, the Netherlands,
Belgium, Luxembourg, USA, the Czech Republic.

The authors represented the following universities or other research institutions:

West Pomeranian University of Technology in Szczecin, Warsaw University of Technology,
Lublin University of Technology, Cracow University of Technology, Poznan University of Technol-
ogy, Rzeszow University of Technology, Czgstochowa University of Technology, Kharkov Univer-
sity of Technology , Lviv University of Technology, Technical University of Civil Engineering and
Architecture in Kharkov, Donetsk University of Technology, Ostrogréd University of Technology,
Radom University of Technology, Koszalin University of Technology, Kielce University of Technol-
ogy, Agricultural University in Kharkov, Agricultural University in Chersonia , University of Life
Sciences in Lublin, Luck University of Technology, University of Warmia and Mazury in Olsztyn,
Latvian University of Life Sciences, Agricultural University in Gembloux - Belgium, Langwies,
Junglinster, GD Luxembourg, Chelyabinsk Agricultural Engineering University - Russia, Wagenin-
gen University, Oklahoma State University - USA, University of Agriculture in Kamieniec Podol-
ski - Ukraine, Agricultural University in Nitra - Slovakia, Gdynia Maritime University, National
University of Romania, National Agrarian University in Lugansk, Bostwana University, Hopkins
University - USA, W. Dahl East-ukrainian National University in Lugansk, National Agrarian Uni-
versity in Odessa, University of Civil Engineering and Architecture in Donbas, Odessa National
Maritime University, Kiev University of Civil Engineering and Architecture, University of Niagara,
Department of Mathematics - USA, Holding Company ‘Luganskteplovos’ in Lugansk - Ukraine,
Vinny National Agrarian University, Transilvania University of Brasov - Romania, TEI Kalamata-
Greece, Chelyabinsk State University of Agriculture - Russia, Kharkov Technical University of
Agriculture in Kharkov - Ukraine, Agricultural University of Warsaw, University of Groningen
- The Netherlands, National University of Lviv in Dublany , Agricultural University in Krakow,
National University of Construction and Architecture in Kiev, Belarus National Technical Univer-
sity, University of Rzeszow - Poland, University of Mining and Metallurgy in Krakow, the National
Academy for Nature Conservation and Construction of Sanatory Objects in Simferopol, University
of Technology and Agriculture in Bydgoszcz, Belarus State University of Agriculture in Gorki, Be-
larus State Polytechnic University in Minsk, Institute of Agrophysics in Lublin, Institute of Oil and
Gas, Institute of Agricultural Engineering in Bucharest - Romania, Institute of Chemical Technology
in Prague - Czech Republic, Institute of Agricultural Engineering in Poznan, Institute of Building
Mechanization and Electrification of Agriculture in Warsaw, College of Engineering and Economics
in Rzeszow, Foundry Research Institute in Cracow, Pohoviloho Institute of Agricultural Engineering
and Electrification - Ukraine, Institute of Agricultural Engineering in Chlevache, National Academy
of Agricultural Sciences of Ukraine, Kerch Maritime Technological Institute - Ukraine, Academy
of Sciences in Vilnius - Lithuania.

In connection with the 10th anniversary of “Teka” - the Commission of Motorization and
Power Industry in Agriculture at the Polish Academy of Sciences Branch in Lublin would like to
express the warmest thank you to all those who have contributed to the launching and development
of this publication, namely: prof. dr hab. inz. Zbigniew Burski, the Secretary of the Editor, to whom



we owe a lot of reasonable ideas that have improved the quality of the journal. Please accept our
sincere wishes for good health and further fruitful work on the occasion of the 45th anniversary of
scientific work and 70th birthday. Zbyszek, you have been the hub of our publication, we do hope
you will change your mind and stay with the Editorial Committee.

Thanks to all the authors of articles, without them the ‘Teka’ would simply not exist. We also
express deep gratitude to the Reviewers, the journal has obtained high scores due to their tremen-
dous contribution, i.e. the most careful and strict reviews. And finally, last but not least, thank you
very much to the editorial team: mgr Matgorzata Wojcieszuk, mgr Robert Krynski and, tireless since
the beginning of the “Teka”, mgr Hanna Krasowska - Kotodzie;.

Editor -in- Chief
Prof. Eugeniusz Krasowski
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APPLICATION OF IP MONITORING
IN THE SUPERVISING SYSTEM OF A BUILDING

Artur Boguta

Lublin University of Technology

Summary. Thanks to the development of modern technologies in the electronics field it is possible to directly
connect the camera to computer networks. The purpose of this solution is to display the images from cameras
installed in the object being monitored. Therefore, we can watch the image from any camera by means of any
computer connected to the Internet or the telephone situated in GSM network range. The camera is provided
with network interface and with assigned individual IP address or uses a domain with corresponding redirection
of ports. No cabling is necessary for monitoring if WiFi radio transmission is used but the camera should be
situated within WiFi network range and provided with power supply.

Key words: WiFi networks, IP camera, monitoring

INTRODUCTION

IP monitoring uses Internet devices; every device is provided with an IP address assigned in
a static or dynamic manner. This address consists of a series of digits separated by means of dots
(4 groups containing 3 digits each or 5 groups containing 3 digits each in new systems). All devices
working in the network are identified on the basis of their assigned IP addresses. If the devices work-
ing in the network are provided with statically assigned IP addresses and with the corresponding
software, their remote operation is possible from any location by means of the search engine.

Owing to limited number of IP addresses and to the fees associated with the static address,
they are dynamically assigned by many service providers to DHCP (e.g. Internet network Neostrada
TP). In such case it is difficult to localize the devices with variable address and for this purpose
we can use a domain enabling the localization of the actual IP address of our router. The domain
is defined as an unique string (universally unique identifier) precisely identifying IP address of our
router. In order to use this opportunity we have to register the domain on one of DNS servers and
to enter the relevant data into the router thereafter. After entering the domain name and password
into our router, the redirection to IP address assigned to our device will take place after the domain
name entry into the search engine.

The study presents the manner of configuration for the router and IP cameras in order to cre-
ate the system monitoring a residential building. The building is connected to Internet network by
means of Neostrada TP link with variable IP address.
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Vigor DrayTek 2820Vn has been applied owing to stable operation and advanced configura-
tion menu i.e. ADSL router. The router has been integrated with FI8916W and FIS905W IP cameras
manufactured by Foscam and equipped with LAN and WLAN interface. FI8916W camera designed
for indoor installation is provided with built-in loudspeaker and microphone and FI§905W camera
is designed for outdoor installation. The both cameras are equipped with diode infrared radiators to
enable the monitoring in complete darkness.

The layout diagram for the monitoring is illustrated in Fig.1.

FI2205W

Fig. 1. Hardware structure for Internet network including WiFi cameras.

Figure 1 illustrates the hardware structure used for the creation of the object monitoring
system. The system consists of the following components:

* ADSL Vigor2820Vn router,

« five (5) FI8918W indoor cameras,

« three (3) FI 8905W outdoor cameras,

*  FTP Qnap TS110 server,

* PC computers in the internal and external Internet network.

The cameras are connected with the router via WiFi radio network using WPA2 encryption
and MAC filtration as the data transmission protection.

CAMERA CONFIGURATION

The camera configurations have been carried out by means of Internet Explorer as the search
engine and IP Camera Tool program. The program makes it possible to detect IP cameras which are
initially connected with operating router by means of a cable. After the starting of I[P Camera Tool
program, the window is displayed (Fig. 2); this window contains IP addresses of all cameras con-
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nected to our router. Having selected the correct camera we have to perform its configuration to
enable easy detection of and connection with the camera.
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Fig. 2. Program window used for IP cameras searching

The first step of the camera configuration is the setting of administrator password. Figure 3 il-
lustrates the configuration menu window enabling the change of the camera administrator password
and addition of the new users.
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Fig. 3. Menu window for camera users

After the setting of administrator password, the assignment of the static IP address and port
has been commenced. It should be emphasized that the camera IP address setting should be included
in the router addresses pool assigned dynamically to DHCP and that the port should not be used by
other devices in the network. The settings for the address and port are illustrated in Fig. 4.
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Fig. 4. Window containing the camera IP address settings menu

The next phase consists in the setting of WiFi radio interface between the camera and router.
Therefore we have to open Wireless Lan Settings tab between the camera and router and to find the
radio networks as well as to select our network and to enter WPA encryption password thereafter.
If MAC filtration is activated we have to enter mac-address of the camera into router menu and to
enable radio connection with the camera. An example of WiFi network in camera is illustrated in

Fig. 5.
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Fig. 5. Window containing the settings of wireless WLAN network

An image can be transmitted and recorded by the camera in case of movement detection in
its field of view. Additionally the camera activates a sound signal informing the operator about the
zone infringement. Furthermore it is possible to transmit the pictures from the camera to E-mail
address or their registration on FTP server. The configuration of E-mail service is illustrated in Fig.
6 and FTP server configuration in Fig. 7.
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Fig. 6. Configuration of E-mail account for the transmission and receipt of pictures recorded
by the camera at the time of zone infringement
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Fig. 7. Configuration of the account on FTP server for the transmission and receipt of pictures
recorded by the camera at the time of zone infringement

In order to enable the transmission of the pictures by the camera in case of detected move-
ment, it is necessary to set the camera sensitivity and the sequence of the transmission of the pic-
tures. Additionally it is possible to set the time of picture recording by the camera. An example of
settings for the camera is illustrated in Fig. 8.
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Fig. 8. Settings for alarm and sequence of the transmission of pictures at the time of zone infringement

ROUTER SETTINGS

After these settings the camera will be visible in internal network and will send recorded
pictures to the E-mail address and will record them on FTP server. In order to enable the access
to the cameras from the computers connected to the external network, it is necessary to set the
domain and to redirect the ports to IP addresses. An example of settings for the router is illustrated
in Fig. 9.
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Fig. 9. Domain setting in router menu
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Having redirected the ports (Fig. 10) we can watch the situation in the object being monitored
in real time.
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Fig. 10. Ports redirection window

IP cameras manipulators windows are illustrated in Fig. 11 and 12. The purpose of virtual
manipulator of an indoor camera is to enable its rotation towards the object we want to watch. The
manipulator can serve nine IP cameras simultaneously.

Real-time IP Camera Monitaring System
T Al TS 8

Fig. 11. Indoor camera manipulator window
OBRAZ Z KAMERY = Picture from camera
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Fig. 12. Outdoor camera manipulator window
OBRAZ Z KAMERY = Picture from camera

CONCLUSION

IP cameras entering into monitoring systems eliminate the conventional cameras which have
to be connected with the monitoring station by means of cables.

Owing to their unlimited capabilities created by the software of the cameras, it is possible to
perform the monitoring from any location on Earth and to reproduce the record from the cameras
at any place provided with the computer connected to Internet network.

The pictures can be sent by IP camera to specified E-mail address. Therefore the record can
not be removed from the camera by the person infringing the zone being protected.

However there is an disadvantage of IP cameras, because they are completely dependent on
the Internet network. They are unable to perform their role in case of Internet failure but the picture
is recorded on local servers.
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ZASTOSOWANIE MONITORINGU IP W SYSTEMIE NADZORU BUDYNKU

Streszczenie. Rozwdj nowoczesnych technologii z dziedziny elektroniki umozliwil bezposrednie taczenie
kamery z sieciami komputerowymi. Rozwigzanie to pozwala na ogladanie obrazow z kamer zainstalowanych
w monitorowanym obiekcie, dzigki czemu mamy mozliwos¢ ogladania obrazu z dowolnej kamery przy pomocy
dowolnego komputera podtaczonego do internetu lub telefonu znajdujacego si¢ w zasiggu sieci GSM. Kamera
wyposazona jest w interfejs sieciowy ma przydzielony wiasny adres IP lub wykorzystuje ona domen¢ z odpow-
iednim przekierowaniem portow. Jesli korzystamy z transmisji radiowej WiFi to monitoring nie wymaga roz-
prowadzania kabli, wystarczy, ze kamera bgdzie umieszczona w zasiggu sieci WiFi oraz bedzie miata zasilanie.

Key words: sieci WiFi, kamera IP, monitoring
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THE USE OF LABVIEW ENVIRONMENT FOR THE BUILDING
OF SUPERVISION SYSTEM CONTROLLING THE CLIMATIC
AND TECHNICAL PARAMETERS IN FARM ROOMS

Marcin Buczaj, Andrzej Sumorek

Department of Computer and Electrical Engineering
Lublin University of Technology, Nadbystrzycka 38A, 20-618 Lublin
email: m.buczaj@pollub.pl; a.sumorek@pollub.pl

Summary. Nowadays, the modern farms operate like the small manufacturing facilities specialized in the
production and preliminary processing of agricultural products. The compliance with precisely determined
production and storage conditions in the objects and in individual rooms is required in order to achieve required
qualitative indicators of the products. This article presents the control system for the principal climatic and tech-
nical parameters in selected rooms existing at the farm. LabView environment has been used for the building
of such system. The acquisition of parameters was carried out basing upon the information and signals received
from the sensors supporting the measuring cards. The actual as well as archived parameters occurring in indi-
vidual rooms can be displayed on the computer screen via built-in interface. Thanks to this solution, the farmer
has the opportunity to review of and to supervise over the autonomous control systems operating in individual
rooms.

Key words: control and supervision systems, processes inspection, LabView environment

INTRODUCTION

The modern machines as well as maintenance of precisely determined production and storage
conditions for the products are the elements indispensable to improve the production effectiveness of
the farm. The purpose of every room and building object at the farm is to perform different specific
functions and tasks [Kubon M. 2007]. The objects existing at the farm can be subdivided into the
following groups: the buildings for livestock; utility (storage) buildings, workshops (garages) and
residential buildings. All these rooms are characterized by diversified hazards to be considered as
well as by the climatic and technical parameters to be maintained.

Actually the tasks to be performed by the modern electric installations installed in the farm
buildings are not limited only to the reliable supply of electric energy with required parameters. The
specialized systems are expected to exercise the control over the object status and to control the op-
eration of the devices installed in this system [Buczaj M. 2009b]. Therefore the electric installations
are equipped with the control systems enabling the performance of the functions and procedures
intended by the user. The purpose of these systems is to perform assumed tasks associated with
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the operation of the lighting, heating and ventilation in the object; to perform the role of processes
control systems and to enable the permanent supervision over the processes occurring in specified
rooms for the user [Buczaj M. 2010, Horynski M. 2006, Petykiewicz 2001].

The first control systems for the electric equipment operation in the farm buildings made
it possible to turn on and off the energy receivers by means of the switches only. Thanks to the
technological progress and introduction of relay and contact systems it is possible to perform more
complex functions (e.g. startup of energy receivers in cyclic mode). When the generally available
sensors appeared on the market, it became possible to create the control algorithms enabling the
automatic adaptation of the actuators settings on the basis of information received from the detection
and measuring elements of the system. The logic functions have been introduced into the control
systems after the application of digital systems. The extension of the control systems capabilities
in the form of comprehensive expert systems, database systems and even in the form of systems
based upon the artificial intelligence systems became possible as a result of the introduction of
microprocessor techniques.

At the moment, there are several specialized systems available on the market and enabling
the accomplishment of an assumed control algorithm. The disadvantage of such solution consists in
their being highly autonomous. Every such system controlling the assumed and set parameters oper-
ates independently. This system is equipped with a specific interface (different for each system) to
ensure the communication with the user. The systems operate in a manner supplying a large amount
of detailed data concerning the process controlled for the user. Owing to the lack of compatibility,
the user is unable to determine what is going on in other rooms or what is the impact of the changes
of parameters occurring in one system or another.

This article presents the concept of a virtual supervision system enabling the control and
monitoring of the autonomous control systems applied at a farm. Therefore it will be possible to
improve the comfort of use of the systems, to increase the work safety and simultaneously to reduce
the operation costs for such systems.

INTEGRATION AND INTEROPERABILITY OF CONTROL SYSTEMS

There are two principal kinds of the systems performing the control and management func-
tions in the electric equipment applied at farms [Buczaj M. 2009a]:

— island system — the system based upon autonomous systems with one of the systems
performing only precisely assigned tasks (e.g. controlling the building’s heating of per-
forming the alarm system functions only);

— integrated system — the system based upon information exchange, sharing individual
systems infrastructure or upon centralized management system.

The functions of individual circuits are the same in the autonomous systems as in the inte-
grated circuits. The requirement to be met by the heating control circuit is all the time to create
desired thermal comfort in the room. The task of the alarm system elements is to generate an alarm
signal in case of detected hazard for the users or for the property being protected. The difference
consists in the fact that in case of an integrated system the signals origination from the input ele-
ments (detectors, sensors) are directed to the corresponding analysing and decision making system
which controls the operation of individual output elements (actuators).

The system integration process is defined as the process consisting in the interoperability of
individual installations included in the object and performing autonomous functions to create one
system performing all functions assigned to individual parts being the components of the system.
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The tasks of integrated systems consist in multiple functions control and in the actuators control in
the building. The following circuits are particularly important:
— lighting control ;
— heating control;
— ventilation and air — conditioning heating;
— equipment operation control and technological process control [Buczaj M., Buczaj A.
2009, Horynski M., Pietrzyk W. 2010];
— alarm system operation control (burglary and hold-up, fire alarm, access control system)
[PN-EN 50131, PN-EN 50133, PN-EN 50136, Buczaj M. 2010, Buczaj M., Sumorek A.
2010].
The integration of the autonomous systems can be performed in the following manner
[Buczaj 2009a]:
— through information exchange between the autonomous systems (Fig. 1)
— through the sharing of detection and decision making elements by the systems (Fig. 2);
— through the performance of the functions assigned to individual systems by the same
control system (Fig. 3).

The integration of the systems through information exchange is the simplest manner of in-
teroperability between the autonomous systems. All systems operate in an autonomous manner but
they exchange the information about the statuses of determined inputs and outputs. In this case
each autonomous system knows the statuses in determined points of the system is able to adapt its
operation algorithm to determined conditions.

Information

ex?hange
DI > | N uw
D2 I 47 uw2
D3 > —> uwa3
D4 1 J uw4
D5 N > uws

Detektors Control systems Actuators and
in farm rooms executive elements

Fig. 1. The integration of the systems through information exchange

The integration of the systems through the sharing of detection and decision making elements
consists in the connection of the elements constituting the common part between the systems to the
central parts managing the operation of individual circuits. Such solution improves the ergonomic
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features of the system use, enables its better configuration and reduction of the installation costs
owing to the elimination of redundant elements performing the same function but interoperating
with only one autonomous system (e.g. with IKHAS system only). However, the power supply for
shared elements (particularly detectors) and the hierarchy of commands supplied from the control-
lers (important in case of actuators) should be well considered.

Sharing of decision making Sharing of executive making
eleme:nt by systems elements by systems
uw1
uw2
uws
uw4
Detektors Control systems Actuators and
in farm fooms executive elements

Fig. 2. The integration of the systems through the sharing of infrastructure elements

All problems associated with the autonomous systems disappear in case of the use of one
system to control the operation of the whole system. All elements are connected to single control-
ler. Thanks to such solution, there is only one supervising system having the access to all data
originating from the detection elements and performing assumed functions in accordance with
the operation status (mode) established by the user. The system is characterized by the lack of
redundant procedures or by the shortest time of reaction to recorded events. Such solution cre-
ates much more opportunities in the building of the system operation control algorithm but it is
usually associated with the necessity to know the programming languages or to cooperate with
specialized service.
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Hardware and functional scope
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Fig. 3. The system wholly integrated in hardware and functional scope

Nowadays there are many kinds of systems enabling the performance of the function of the
equipment operation automatic control systems. The most popular are the three basis groups of
systems dedicated for the applications in the residential and other farm buildings [Antoniewicz
B. iin. 1998, Brock S. i in. 2000, Buczaj M. Kowalik P. 2008, Horynski M. 2008, Horynski M.,
Pietrzyk W. 2008, Kasprzyk J. 2006]:

— the systems based upon EIB bus — applied in new installations and those mainly applied

for the checking and control of climatic and lighting parameters;

— the systems based upon PLC controllers — used in case of adaptation of existing installa-
tion to the tasks of an integrated system and mainly used for the checking and control of
process parameters occurring in the production processes;

— the systems based upon microprocessor built-in systems — applied in the control systems
for individual machines and devices.

FUNCTIONAL ASSUMPTIONS FOR VIRTUAL SUPERVISION SYSTEM

The principal task to be performed by the virtual system under construction for the supervi-
sion over the status of infrastructure and conditions in the rooms existing in the farms is to enable
the complex control of the climatic and technological process parameters exercised by the user. This
task will be performed through the acquisition of measurement data collected by the supervision
system from individual detection elements located in the rooms (climatic parameters) or directly in
individual machines (technical parameters). Therefore the use of the model of an integrated system
shared by the basic control system and by the supervising system for the same infrastructure ele-
ments will be the best solution to perform this task. Such solution will make it possible to limit the
costs associated with the use of an additional system (checking supervision system). This system
will be additionally characterized by identical signals transmitted to the control and supervision
system enabling the correct evaluation of the situation existing in individual objects or rooms.
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An additional function of the virtual supervision system additionally increasing the function-
ality of such system consists in the potential acquisition of measurement data and their archiving
as well as the possibility to apply the mathematical models and calculation algorithms in order to
determine an optimal work schedule for individual devices. It is possible to provide the program
with an additional panel enabling the transmission of information about the necessity to perform
planned inspections of the devices with the specification of the parts required for this purpose. The
advantage of such system over a standard solution (independent autonomous systems) consists in
the fact that all necessary data will be displayed and available for the user at the same location on
the computer screen in order to enable more complete control over production processes occurring
in the farm.

The organizational diagram of the virtual supervision system is illustrated in Fig. 4.

SUPERVISION SYSTEM CONTROLLING THE CLIMATIC
AND TECHNICAL PARAMETERS IN THE FARM ROOMS
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Fig. 4. The organizational block diagram of the system

The virtual supervision system controlling the climatic and technical parameters in the farm
rooms consists of the following essential elements (Fig. 5):

management unit — computer used for the system operation;

existing control programs — designated autonomous systems supporting and performing
the program determined by the system user (controllers, supplying and control systems
etc.);

detection elements — climatic and technical parameters sensors installed in sensitive points
situated in the rooms being supervised and determining actual parameters in an area;
actuators — the elements used in order to change the climatic and technical parameters in
the rooms being controlled (e.g. motors, heaters, fans) as well as the systems informing
about detected hazard or emergency comdition;
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— intermediate elements participating in the data exchange between autonomous control
systems and virtual supervision system — measuring cards used for data acquisition by
the virtual supervision system.

Control system 1

| D11 | | D13 | | D15 | C Information system )
)
[ov]

Control system 2

Measurement
card
np. NI 6008

Supervision system

|D21| |D23| |025|

.

Control system 3

|D31| |D33| |D35|

.

Fig. 5. Topology of the supervision system controllling the climatic
and technological parameters in the farm rooms, D — detectors

CLocaI information systenD

VIRTUAL SUPERVISION SYSTEM CONTROLLLING
THE CLIMATIC AND TECHNOLOGICAL PARAMETERS

The virtual supervision system controllling the climatic and technological parameters has
been created on the basis of programmable LabView environment. LabView programming envi-
ronment makes it possible to perform the complex functions in the processes encompassing the
acquisition and archiving as well as measuring data processing and analysis. Therefore it is possible
to freely create the program structures in measuring and simulation systems which are useful in
scientific and research projects but also to create the applications enabling the building of modern
control systems supervising the technological processes. This environment is characterized by great
capabilities associated with the support of technological processes in the scope of measurements
and control as well as with the individual approach to the creation of the systems served by many
users [Nawrocki W. 2006, Ttaczata W. 2002].

Depending on their authorizations, the system access rights of individual users can be differ-
ent. Therefore the system is stable and resistant to the activity of unauthorized persons. An additional
advantage of applications created in LabView program consists in their individuality. It is possible
to use certain schemes and to provide the programs with individual solutions. Therefore it is pos-
sible to adapt the application to sometimes dynamically varying situation in the farm (e.g. change
of technology, change of production profile).

The system operation management and control application consists of the following elements:

— interface of the user (Fig. 6) — enabling (in accordance with authorizations) the system

operation control, configuration change or the system operation checking;

— organizational diagram — internal relation between individual elements of application

enabling the performance of tasks assigned by the user in the control panel (Fig. 7);
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— 1/O support (input and output devices support) — the system component responsible for
data acquisition from the system detection elements and for the transmission of informa-
tion to the devices ensuring the actuators operation control or to the system users (Fig. 8).

Fig. 6. User.s interface of the system

Fig. 7. The calibration date procedure of alarm threshold — a part of the head program
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Fig. 8. One of the acquire measurement date procedure — a part of the head program

The proposed supervision system controllling the climatic and technological parameters in se-
lected rooms at the farm can be operated in the automatic operation mode, in manual operation mode
managed by the user at the work station and in emergency mode managed by the system user from
the level of computer with installed supervision system. Thanks to such solution it is possible to opti-
mize the system operation in normal conditions and to adapt to actual needs in case of occurred emer-
gency conditions or conditions endangering the correct course of storage and production processes.

Except for the control and status checking for individual autonomous control systems, it is
possible to provide the virtual supervision system with the events recording option. Therefore the
work history is created for individual system elements installed in the farm and it is more easy to
determine the reasons of occurred emergency conditions and to determine the periods of scheduled
maintenance shudowns on the basis of the equipment operation time recording.

CONCLUSIONS

The analysis of capabilities and functionalities of the autonomous control systems, particu-
larly those built on the basis of EIB and PLC systems of elements as well as on the basis of built-in
systems demonstrated that said systems can support the virtual supervision system. Such interoper-
ability is possible in the form of systems infrastructure sharing (particularly detection elements).

The systems integration through the creation of a uniform supervision system controlling the
technical and climatic parameters occurring at the farm makes it possible to increase the capabili-
ties of the whole management system. Thanks to the storage and processing of data from many
autonomous systems, such systems enable the extension of their functions to tasks associated with
planning and management of the production and storage process.

Owing to the application of the virtual supervision system integrated with the autonomous
control systems applied for the execution of the production and storage processes at the farm it
is possible to extend the scope of parameters and functions obtained by the user. Additionally the
status of individual systems is monitored the supervision system and the user is provided with the
complex access to information from one place.
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Thanks to the application of LabVIEW software delivered by National Instruments, the user
can have access of to advanced applications enabling the communication with external devices in
several ways. In this system it is possible to use the serial and parallel ports, TCP/IP protocol as
well as wireless connection with the devices. The last option increases the data transmission proc-
ess efficiency. The systems are under uninterrupted control and the user is immediately informed
thereof. Therefore the systems users are able to quickly localize the failure and to eliminate the
defect source in case of a breakdown or danger status.

The application of LabVIEW environment for the building of the virtual supervision system
makes it possible to create the systems adapting themselves to the individual needs of their user
and, consequently, to implement such a system for various objects and various production processes.
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WYKORZYSTANIE SRODOWISKA LABVIEW DO BUDOWY SYSTEMU
NADZORU KONTROLUJACEGO PARAMETRY KLIMATYCZNE I TECHNICZNE
W POMIESZCZENIACH W GOSPODARSTWIE ROLNYM

Streszczenie. Nowoczesne gospodarstwa rolne to dzisiaj mate zaktady produkcyjne wyspecjalizowane w pro-
dukeji i wstepnym przetworstwie produktow rolnych. Osiagnigeie wymaganych wskaznikoéw jakosciowych
produktow wymaga przestrzegania w obiektach i w poszczegdlnych pomieszczeniach scisle okreslonych wa-
runkow produkeji i przechowywania. W artykule przedstawiono system kontroli gtéwnych parametréw klima-
tycznych i technicznych w wybranych pomieszczeniach wystgpujacych w gospodarstwie rolnym. Do budowy
takiego systemu zostalo wykorzystane srodowisko LabView. Akwizycja parametrow odbywata si¢ na podstawie
informacji i sygnatéow z czujnikow wspodtpracujacych z kartami pomiarowymi. Zbudowany interfejs umozliwia
wyswietlanie na ekranie komputera aktualnych, a takze archiwalnych parametrow wystepujacych w poszczegdl-
nych pomieszczeniach. Dzigki takiemu rozwigzaniu rolnik ma mozliwo$¢ wgladu i nadzoér nad autonomicznymi
systemami sterujacymi dziatajacymi w poszczegdlnych pomieszczeniach.

Slowa kluczowe: systemy sterowania i nadzoru, kontrola procesow, srodowisko LabView
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Summary. The article presents the results of investigation of a 500 kW diesel engine fuelled by crude rapeseed
oil. The authors discuss technical problems of adapting the engine to work on rapeseed oil and of using additives,
which provide engine operation without breakdown. Measurements of energy parameters and of exhaust gas
toxicity were done. The test methods and the measurement apparatus were in accordance with the ECE standards.
As the engine was the integral part of the generating set, the measurements were conducted at constant rotational
speed n=1500 rpm and at changing engine load. As a result of the performed investigation it was stated that the
use of rapeseed oil instead of gas oil causes the increase of the fuel consumption per hour (without affecting
the total efficiency), the increase of nitric oxides (NOy) as well as the emission of particulate matter (PM). In
consequence of the investigation it can be confirmed that high-power diesel engines can be fuelled by crude
rapeseed oil, provided that both the engine and the fuel is adapted to this purpose.

Key words: crude rapeseed oil, energy parameters, exhaust gas, particulate matter

1. INTRODUCTION

The vast majority of research centres dealing with the problem of fuelling the combustion
engines by vegetable fuels concentrate on the rape oil methyl esters instead on the crude vegetable
oil. It is due to the fact that “crude” vegetable oils differ considerably in physical and chemical
properties from the gas oil. However, manufacturing costs of the crude vegetable oil are signifi-
cantly lower than the costs of the methyl esters, for example — of the rapeseed oil. Therefore, this
study presents the results of examining a Perkins 2806A-E18TAG2 Diesel engine of power rating
500 kW. The engine was integral part of a generating set, fuelled by rapeseed oil without chemical
modification to the RME form.

2. PHYSICAL AND CHEMICAL PROPERTIES OF RAPESEED OIL

Crude rapeseed oil is a mixture of different glycerides, i.e. compounds of fatty acids. Unfor-
tunately, due to the different botanic forms of the rape, climatic conditions and stamping technology
(cool or hot forming), physical and chemical properties of the rape oil may significantly differ [11-
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16]. The Table 1 contains the mean values of the parameters characteristic for the rape oil compared

with the properties of the gas oil.

Table 1. Comparison of the physical and chemical properties of the rapeseed oil and the gas oil [1-7]

Fuel Unit Gas oil Vegetable oil

Parameter
Molecular mass - ca 280 max. 850
Density at 20°C g/em3 0.825 max. 0.915
Kinematic viscosity at 20°C mm?/s ca4 max. 70
Surface tension at 20°C N/m ok. 24 1073 max. 35 1073

. Ml/kg 42.6 min. 38.0
Calorific value MJ/dm3 35.2 min. 34.5
Average elementary composition

«C % mas. 87.0 77.0

*H 13.0 12.0

* 0 0.0 11.0
Sulphur content % mas. max 0.2 max. 0.001
Water content mg/kg - 300-max 700
Free fatty acids content. % mas. - 0.8-1.3
Cetane index LC - 45-55 ok. 40
Ignition temperature K 440 470-550
Cloud point K 265 260 -270
Cold filter blocking temperature K 260 285-300
Freezing temperature K 260 250
Destillation run

* Start K * 450 * 315-max.430

* 50% * 565 * ca 600

* 85% * 600 * ca 620
Heat of vaporization klJ/kg 230 max. 830
Stoichiometric constant kg/kg 14.5 12.5

3. ADAPTATION OF THE ENGINE TO WORK ON RAPE OIL

Due to the important differences in rape oil properties in comparison to the gas oil, adapting
the engine to work on crude rapeseed oil involved not only changing the supply and control engine

systems, but also applying appropriate packs of additives to the vegetable oil.

The most important changes in the engine supply system are presented below:
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1. Use of separate fuel tanks for vegetable oil and gas oil. The tank containing rapeseed oil

had an automatic temperature control system (60°C),

2. Use of a special heated fuel filter, engaged automatically with the engine supply system,

when the engine operated on vegetable oil,

Change of the control engine software consisting, among other things, in controlling the rape
oil temperature, automatic switching over of the engine supply system on the rape oil after starting
the engine and getting the required temperature of the vegetable fuel, as well as automatic switching
over of the fuel system on the gas oil after the command “stop engine”. The engine was stopped
automatically only after the supply system was flushed with the gas oil.

The discussed above construction and control changes in the engine adapted to the operation
on the rape oil, result from two essential facts. In the ambient temperature, the kinematic viscos-
ity of the rape oil is more than 18 times higher in relation to the gas oil. It results in deterioration
of the processes of injection, atomization, evaporation, self-ignition and combustion of the rape
oil as compared with the gas oil. Heating the rape oil up to the temperature 60°C equalizes these
inconveniences influencing as well the engine energy parameters as the exhaust gas toxicity [8].
Moreover, vegetable oils (except for olive oil) are prone to self-oxidation [9]. Practically, it means
that they dry up forming a very durable layer, which, under engine operation conditions, leads to
the immobilization of the injection apparatus precise pairs during the engine standstill. For this
reason, stopping of the engine followed automatically the switching over the supply system to work
on gas oil.

Phot. 1. Overall view of the generating set with the examined engine Perkins 2806A-E18TAG2
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Phot. 2. Engine Perkins 2806A-E18TAG2
with a special, heated rape oil filter. View of a part of supply system.

Considering the differences in physical and chemical parameters of the gas oil as compared
with the rapeseed oil (crude, not degummed), in the case of the vegetable oil, two additives were
used:

— the additive washing the engine injection system, produced by the firm K/een-flo, 300 ml

for 200 1 of the rape oil,

— the additive Nitrocet 45, 0.5 %. This additive increased the rape oil cetane index value

of about 15 units.

Vegetable oils are characterized by a run of the distillation curve different from this of the gas
oil. It means, among other things, higher temperatures at the beginning of the distillation and impos-
sibility of full evaporating of the fuel. Higher temperatures lead to a thermal cracking [6], which
is the cause of important amounts of deposit on the atomizer and in the combustion chamber. This
was the reason to use a commercial washing additive “Kleen-flo”, very effective for the rapeseed
oil. It was confirmed also by our other tests.

The rapeseed oil has considerably lower value of the cetane index than the gas oil (Tab.1).
It usually causes an increase of the self-ignition delay, higher maximum speed of the combustion
pressure growing (just after the self-ignition), higher maximum combustion temperatures, and, in
consequence, a rise in emission of nitric oxides NOy [9, 7]. To reduce such inconveniences, we used
the additive increasing the rape oil cetane index value up to the level LC for the gas oil.
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3. TEST STAND

During the investigation, the engine Perkins 2806A-E18TAG2, which was the integral part
of the generating set, was stopped by changing the electric load of the generator. Main elements of
the measuring line used here are connected with the analysis of the energy parameters and toxic-
ity of the exhaust gases. Applied measurement systems were produced by the firm AVL (Austria).
Here are some of them:

» computer mass fuel gauge, produced by AVL

* measurement system to determine the concentration of the exhaust gaseous components
- AVL Bench Emissions System CEB II (O — PMD, CO, CO, — NDIR, HC — FID,
NOy — CLD)

*  Measurements stand with the exhaust gas diluting tunnel and computer microbalance of
Sartorius (measurement accuracy — 0.001 mg) to determine the emission of the particulate
matters in the engine exhaust gas.

* measurement stand to determine the smokiness level in Bosch scale — AVL Smoke Meter

*  Measurement stand to determine: exhaust gas temperature, ambient temperature, pressure
and humidity of the air absorbed by the engine, excess air factor A.

Exhaust gas toxic components were measured using the apparatus in accordance with the bind-
ing standards: ISO/CD 8178-1 (RIC engines-Exhaust emissions measurement, edition 11.X1.1992)
and ECE — R49/2(Uniform provisions concerning the approval of compression ignition (C.I.) en-
gines and vehicles equipped with C.I. engines with regard to the emissions of pollutants by the
engine).

4. INVESTIGATION RESULTS AND THEIR ANALY SIS

As mentioned above, the measurements were performed at the constant engine speed of 1500
rpm and at the loading of the generating set electric power 0 to 480 kW. For each of the examined
fuels (gas oil, rapeseed oil), 13 measurement points of energy and ecology engine parameters have
been done. Loading changes of the combustion engine (Perkins 2806A-E18TAG2), being an inte-
gral part of the generating set, were done using an electric engine dynamometer of the maximum
power 500 kW.

The principal energy parameter considered in the analysis of the rape oil effect as compared
with the gas oil, is the Gp fuel consumption per hour [kg/h]. The results are showed on the Fig. 1.
It is visible, that supplying the examined Diesel with the rape oil causes the increase of the fuel
consumption per hour, rising when the engine load grows. At 480 kW of the received electric power,
the increase of the fuel consumption, in the case of rape oil supply (as compared with the gas oil)
comes to 20 %. It is however to notice, that the rapeseed oil density (p=0.913 g/cm3) is significantly
higher than this of the gas oil (p=0.825 g/cm3). For that reason, after the recalculation of the fuel
consumption from the mass units (kg) to the volume units (dm3), the increase of the fuel consump-
tion — of the rape oil — in comparison with the gas oil, is only about 8 %. Also, we have to take
into consideration the fact, that the rape oil calorific value (38.0 MJ/kg and 34.5 MJ/dm3) is lower
than this of the gas oil (42.6 MJ/kg and 35.2 MJ/dm3). Then, if the differences in calorific values
of the examined fuels were considered, the overall efficiency of the examined engine for the rape
oil would be practically on the same value level, than for the gas oil.

The last important conclusion resulting from the analysis of data showed on the Fig. 1, relat-
ing to the Gp fuel consumption per hour for the gas oil and rapeseed oil (at a constant rotational
speed of the engine n = 1500 rpm and changing load) concerns the measurements scatters. The
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diagram shows clearly that the rapeseed oil is characterized by the higher lack of repeatability of the
fuel consumption per hour than the gas oil (measurements done 3 times, on different days for each
fuel), which is an important advantage. It results from the fact that the vegetable oil is characterized
by a larger fluctuation of the processes: injection, atomization, evaporation, mixing with the air, self-
ignition and finally — combustion process itself. However, from the point of view of the engine (gen-
erating set) user, it is not very important, because mean values are significant only in a long time.

Changes of Gp fuel consumption per hour involve changes of excess air factor A. The values A
for both examined fuels are practically the same within the whole range of engine load. Some small
changes — slightly lower values of A for the vegetable oil — are due both to the higher fuel consump-
tion (rapeseed oil) and to the differences in values of stoichiometric constant Lt coming to about
14.5 kg air/kg fuel for the gas oil and about 12.5 kg air/kg fuel for the rapeseed oil. The constant
stoichiometric values are dependent on the elementary composition of the fuel (fuel constant), i.e. on
the amount of carbon/hydrogen/oxygen/sulphur in the fuel. In principle, the amount of the sulphur
in the fuel (in compliance with the European Fuel Card) is so small — 50 ppm for the gas oil — that
there is no need to consider it in Lt calculation for the rapeseed oil. In the case of rapeseed oil, the
situation is even more favourable, because vegetable oils, practically, do not contain the sulphur. In
the conventional gas oil, there are no oxygen molecules (mixture of different hydrocarbons). The
advantageous feature of the rapeseed oil is the fact that this fuel contains about 10 % of oxygen in
its particle. It is favourable for the optimization of the combustion process run, disturbed otherwise,
as compared with the gas oil, by a significantly higher value of viscosity, density, surface tension,
distillation curve run etc., as compared with the gas oil.

The changes of the air excess factor are usually accompanied by the changes of the exhaust
gas temperature. In accordance with the statement above, the change of the examined engine supply
system from gas oil to rapeseed oil, without significantly changing the air excess factor value, in
spite of a small increase of the fuel consumption, does not influence the exhaust gas temperature.
It is important, because it indicates a similar situation of the combustion process for the rapeseed
oil as for the gas oil. If the vegetable oil combustion happened disadvantageously too late (relative
to the top dead centre) in the case of the rapeseed oil as compared with the gas oil, which would
deteriorate the combustion efficiency, the exhaust gas temperatures would be showed as higher. The
test results presented on the Fig. 2 show, that in the case of this particular supply system of a Diesel,
equipped with the injection units, the rapeseed oil supply does not cause a delayed combustion. It
is importantly due to the high maximum fuel pressures, which equalizes partly the negative effect
of the high viscosity of the rape oil in the process of injection and atomization of such a fuel on
its combustion and enables a good preparation of the mixture rapeseed oil-air, ensuring the similar
time and situation of the combustion process as for the gas oil.

The results of measuring the concentration of the nitric oxides NOy in the exhaust gases, for
the examined fuels, are presented on the Fig. 3. The data on the diagram indicate that the application
of the rapeseed oil supply in a Diesel causes an increase of the nitric oxides concentration at higher
loads (above 128 kW), as compared to the gas oil supply. Probably, this range of the generating set
loading will be realized most often in practice. At maximum engine loads, the increase of the NOy
concentration in the exhaust gas comes to about 18 %. This tendency maintains within 250 to 480
kW of the electric power developed by the combustion engine. It is important, because the nitric
oxides NOy are the most toxic of the exhaust gas components. It must be however noticed, that the
NOy forming is due to the maximum combustion temperatures (so called “maximum maximorum
of the temperature”) appearing locally and temporarily in the combustion chamber. If there were
no application, in the case of the rape oil, of the additive (“Nitrocet” or any other increasing the
cetane index value), the concentrations of NOy in the exhaust gases would be certainly higher. It
results from the fact that the crude rape oil has significantly lower cetane index value than the gas
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oil. In this case, a lower value of the cetane index causes a reduction of the vegetable oil tendency
to self-ignition. In consequence, the time between the beginning of the fuel injection (of the rape
oil as compared with the gas oil) and the beginning of the self-ignition is longer. In this longer time
— between the beginning of the injection and the beginning of the self-ignition — in the combustion
chamber gathers a great amount of the fuel supplied by the injection units. A greater fuel mass in
the combustion chamber, gathered before the self-ignition, in the moment of the fuel (rape oil)
ignition, ignites incomparably more violently (explodes) than the gas oil. It results in increasing
the values: of maximum combustion pressure, maximum speed of the combustion pressure grow-
ing (dp/da) max, “hardness of engine operation”, maximum combustion temperature and of NOy
concentration [7, 9]. The additive “Nitrocet”, raising the cetane index value and increasing by this
the tendency of the rape oil to self-ignition, equalizes considerably these problems. Paradoxically,
it is also important that the application of a modern Diesel, equipped with the injection system with
very high maximum pressures of the fuel injection, improves the processes of the rape oil injection
and atomization reducing the fuel consumption — of the rape oil), but on the other hand, it enlarge,
in the determined time of the self-ignition delay tg, the amount of the fuel in the combustion cham-
ber, in the time between the beginning of the injection and the beginning of the self-ignition, which
increases the maximum speed of kinetic combustion and causes higher concentrations of NOy in
the exhaust gases. From this point of view, Diesel engines equipped with traditional injection pumps
with lower maximum pressures of the fuel injection, turn out to be a little more advantageous,
though the engines with such supply systems involve a greater consumption of the fuel.

It must be remembered that, at the values of the air excess factor A applied in Diesel engines
and measured on the examined engine, the application of conventional, in series production, catalyt-
ic converters, will reduce only the emission of carbon monoxide CO and of unburned hydrocarbons
THC, without lowering the concentration and emission of NOy, in the exhaust gases. To achieve this,
some special systems reducing NOy should be used, as well as the filters of particulate matters for
the emission of the application of such NOy, reducers and particulate matter filters with a continuous
regeneration (CR) requires further investigations. In the case of generating sets, it is much simpler
than in the case of traction engines because of the constant rotational speed of the engine.

The concentration of the carbon monoxide CO in the exhaust gas of the examined Diesel
engine, connected with a generator, analysed in relation to the loading, for the gas oil and rapeseed
oil, are similar (qualitatively). The test results indicate that the CO concentration values are, at
low engine loads, very similar to these of the gas oil. At higher engine loads (above 256 kW), the
concentration and the emission CO are lower for the rape oil than for the gas oil. The difference
comes to 35 % as related to the gas oil.

A similar tendency is also observed for the concentration (Fig. 5) of unburned hydrocarbons
HC. At high engine loadings, the amount of emitted unburned hydrocarbons in exhaust gases is
lower for the engine supplied with the rape oil than in the case of the gas oil. It results mainly from
the favourable effect of high combustion temperatures (extremely important in the case of the rape-
seed oil) on the oxidation of hydrocarbons in the engine cylinder. If there were necessity of reducing
carbon monoxide and unburned hydrocarbons emissions, a good solution would be in this case the
mass-produced catalytic converter, selected to match the temperatures and rate of the fuels flow.

The effect of growing load of the examined engine on the particulate matter emission (Fig. 6)
is quite different. In the case of gas oil, for which the producer optimized the examined engine,
the emission of particulate matter changes only slightly. While in the case of the rapeseed oil, an
increase in the engine power involves an intense growth of the particulate matter emission. At the
full engine loading, the emission of PM is higher for the rape oil even of about 275 % as compared
with the gas oil. At the electric power 480 kW, the emission per hour of the particulate matters comes
to about 20 g/h for the gas oil and about 75 g/h for the rape oil. Moreover, the test results presented
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on Fig. 6 show clearly, that the mean standard deviations calculated from 3 repeat measurements
of the PM emission are considerably higher for the rape oil than for the gas oil. It is due directly
to the larger fluctuations of proportioning the rape oil in relation to the gas oil, which was already
mentioned in the analysis of the fuel consumption per hour (Fig. 1).

Unfortunately, no change of the engine control parameters (for instance, the beginning of
the fuel injection or/and the supercharging pressure) can be considered as a remedial measure. It
is so, because any construction or regulation changes of the engine, reducing the emission of the
particulate matters, would cause at the same time an increase of the nitric oxides NOy emission.
This emission is anyway higher for the rape oil than for the gas oil. The only, theoretically possible
solution would be shaping the fuel injection characteristic in such a way that the maximum speed
of kinetic combustion is reduced in purpose to lower the NOy emission and raise the maximum
speed of diffusion combustion to reduce the emission of PM. It is however impossible in the case
of injection pumps. The unique supply system allowing shaping the fuel injection characteristic is
the common-rail system. In the case of the examined engine with injection pumps, the only sensible
method of reducing the emission of particulate matter would be the application of a particulate
matter filter with the continuous regeneration, but such a solution involves considerable expenses.

5. CONCLUSIONS

The investigation of the effect of fuelling a modern Diesel Engine with the crude rapeseed

oil allows formulating a few essential conclusions:

1. The work of a Diesel engine on the crude rapeseed oil is possible, which was confirmed
by the operation during many months of operating a generating set with the engine Perkins
2806A-E18TAG?2 of the power rating 500 kW, but it is necessary to adapt the supply and
control systems of such an engine as well as to use appropriate additives to the vegetable
oil.

2. The use of the crude rapeseed oil in a modern Diesel high-power engine involves, among
other things, an increase of the fuel consumption per hour (at the principally stable values
of the engine total efficiency), and the increase of both the nitric oxides concentration and
of the particulate matter emission.

The concentrations of the gaseous compounds of the incomplete combustion remain in prin-

ciple on a similar level as those for the gas oil.
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Fig. 1. Consumption per hour in the examined engine for the gas oil and for the rape oil.
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Fig. 2. Exhaust gas temperature in the examined engine for the gas oil and for the rape oil.
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Fig. 3. Concentration of nitric oxides NOx in the engine exhaust gas for the gas oil and for the rape oil
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in the engine exhaust gas for the gas oil and for the rape oil.
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Fig. 5. Concentration of the unburned hydrocarbons in the exhaust gas for the gas oil and for the rape oil.
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Fig. 6. Emission of particulate matter PM in the exhaust gas for the gas oil and for the rape oil.
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WLEASCIWOSCI SILNIKA DIESLA
ZASILANEGO NATURALNYM OLEJEM RZEPAKOWYM

Streszczenie. W artykule przedstawiono wyniki badan silnika diesla o mocy 500 kW zasilanego naturalnym
olejem rzepakowym. Podano techniczne aspekty przystosowania silnika do pracy na oleju rzepakowym oraz
stosowane dodatki do oleju, pozwalajace na bezawaryjna prace silnika. Mierzono parametry energetyczne i tok-
sycznos¢ spalin. Stosowano metody badan i aparatur¢ pomiarowa zgodna z normami ECE. Ze wzgledu na
fakt, ze silnik byt integralng czgscia agregatu pradotworczego, pomiary przeprowadzono przy stalej predkosci
obrotowej n=1500 obr/min. i zmiennych obciazeniach silnika. W wyniku przeprowadzonych badan stwierdzono
mie¢dzy innymi, Zze zastosowanie oleju rzepakowego, w miejsce oleju napedowego, powoduje wzrost godzino-
wego zuzycia paliwa (przy niezmiennych zasadniczo wartosciach sprawnosci ogoélnej), wzrost st¢zenia zarOwno
tlenkow azotu NOy jak i emisji czgstek statych (PM).

W konkluzji przeprowadzonych badan mozna stwierdzi¢, ze istnieje mozliwo$¢ zasilania silnikow wysoko-
preznych duzej mocy naturalnym olejem rzepakowym, pod warunkiem przystosowania do tego celu zaréwno
silnika jak i paliwa

Stowa kluczowe: naturalny olej rzepakowy, parametry energetyczne, spaliny, czastki state



TEKA Kom. Mot. Energ. Roln. — OL PAN, 2011, 11, 40-47

ELASTIC HYSTERESIS DETERMINATION
FOR THE SKIN OF TOMATO FRUIT
DURING UNIAXIAL TENSION TEST

Anna Ciupak and Bozena Gladyszewska

Departments of Physics, University of Life Sciences,
Akademicka 13, 20-950 Lublin, Poland
e-mail: anna.ciupak@up.lublin.pl

Summary. The presented work covers the problem of hysteresis loop characteristic determination during uniax-
ial stretching of the tomato fruit skin cv. Admiro stored in a controlled environment chamber at 21°C in the cycle
load-unload process. The force and strain, as well as the absorbed energy, degree of elasticity and hysteresis
losses were determined with the use of the random markers method. The absorbed energy values for the skin
of fresh fruits ranged from 2.1 10 * mJ to 18.6 * 10 * mJ, while the hysteresis losses fall between 12.3 % and
54.2 %, depending on tensile force value. The absorbed energy and hysteresis losses were defined for the stored
fruit stabilized at the level of 20.3 * 10 * mJ and 50.8%, respectively. The degree of elasticity ranged between
40% and 71 %.

Keywords: tomato skin, absorbed energy, degree of elasticity, hysteresis losses

INTRODUCTION

The knowledge of mechanical properties of plant origin materials (vegetables and fruit), is of
major importance when it comes to the storage, transport and converting processes as well as the
machines and devices design [Thiagu 1993].

Fruit and vegetables damage, which may occur at each stage of the production and processing,
is considered the fundamental problem in the area of nowadays crop production [Machado 1999;
Dobrzanski 2008]. Therefore, the maintenance of high quality products, which also means material
damage minimising, plays a significant role in nowadays production, mainly because loads and
stresses that cause mechanical defects considerably reduce their nutritional and trade value [Desmet
2004; Van Zeebroeck 2005; Singh 2006; Van Linden 2006].

Mohsenin (1986), among the parameters that characterise the crop material in the respect of
its mechanical capacity, mentions ultimate compressive strength, tensile and shear strength, stress
relaxation, Young’s modulus, Poisson’s ratio and elastic hysteresis. It needs to be emphasized [Stopa
2010], that a correct determination of the mentioned quantities is highly dependent on both the crop
material type and the applied test method.
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In the opinion of Chaib’s (2007), rheological measurements and hysteresis characteristics are
an important source of knowledge on the mechanical properties of the whole fruits as well as their
structural elements (e.g. skin, pericarp tissue).

The skin of fruit e.g. tomato functions mainly as the protection of the soft internal tissue
against external factors, affects the product’s integrity and growth process [Andrews 2002; Bargel
2005] and determines its mechanical properties — elasticity, resistance and load response. Due to the
above-mentioned, determination of mechanical properties of coat layers seems to be of the utmost
importance considering the end product quality and safety, its storage, processing and the structural
design of machines and devices used in food processing systems [Thiagu 1993].

Elastic hysteresis is a measure of energy dissipation, which is caused by the internal friction
and material structure destruction. What is more, it allows to describe both the structure and its
changes during deformation [Bohdziewicz 2003; Lysiak 2006]. The energy dissipation may be also
developed by the mechanical vulnerability such as cracking or disintegration [Dobraszczyk 1994;
Fossdal 2005].

Recent year’s data indicate the growing popularity of rheological investigation applications,
connected with determination of hysteresis loop with reference to the crop materials. Gindl (2006)
in the cycling stretching test applied repeated loading and unloading with recuperated cellulose fibre.
Spatz (1999) used the stretching test during the rheological examination of the Sklerenchym
tissue. Hysteresis loop was also determined in the compression tests with respect
to the apples [Holt 1983; Blahovec 1997], pears [Blahovec 2002], potato bulbs [Holt 1983], sugar
beet roots [Bzowska-Bakalarz 1994] and wheat grain [Lysiak 2006]. The rheological properties of
the isolated tomato skin were defined by Petracek (1995) and Edelmann (2005).

The determination of hysteresis loop characteristics is usually connected with load and unload
energy, absorbed energy value and hysteresis losses [Holt 1983; Bzowska-Bakalarz 1994; Doherty
1998; Blahovec 2002; Malkin 2006; Bohdziewicz 2007]. The elasticity of the fruit tissue might be
characterised by the value of elasticity modulus (degree of elasticity) expressing the participation
of accumulated elastic strain energy in the general deformation force balance [Bohdziewicz 2007].

On account of the shortage of data concerning the hysteresis loop losses for the skin of the
soft fruits, the authors of the present article decided to conduct the research focusing on the deter-
mination of the absorbed energy, degree of elasticity and loses of hysteresis loop for the skin of the
tomato put through the tension in the process of loading and unloading.

MATERIALS AND METHODS

Laboratory tests were carried out on tomato fruits (Lycopersicon esculentum Mill) cv. Admiro,
ripe and similar in size, supplied by the Leonow Greenhouse Gardening Company in Niemce near
Lublin.

The experiment was conducted on the measuring stand assigned for the determination of
mechanical properties of biological materials [Gladyszewska 2006].

After washing and drying the surface of the fruit, skin specimens were procured for tensile
tests. The incision was made from the base of the tomato to the stalk. Longitudinal strips were sliced
off from each fruit with a profiled, single-blade knife with a limiter. Parameters such as length, width
and thickness were measured with the use of a caliper before the examination. The samples had the
shape of a strip with the length of 30 mm + 0.1 mm and the width of 10 mm + 0.1 mm. The thick-
ness of each sample was measured under an optical microscope with the accuracy of + 0.05 mm.

The prepared samples were placed in clamping grips of the tensile machine, which allows
constant and measurable increase of the tensile force value. Powdered graphite markers were ran-
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domly sprayed on the sample surface. The strips were at first stretched, up to the chosen force
value (increment in the force during uniaxal tension was equal to 1.4 N'min™). Then the sample
was unloaded by decreasing the tensile force to zero. The force value as well as the sample tensile
strain was determined on the grounds of the method of random markers [Gtadyszewska 2007].

The obtained relations of force-tensile strain, derived from 15 repetitions were used to deter-
mine the average value of absorbed energy W, [mJ], which relates to the area between the load and
unload curves (Fig. 1). Degree of elasticity t, and the hysteresis loss degree S, were determined
according to the relations 2 and 3, respectively.

- =

F [N]

% '\\ LY \_ L Y
N Ty ., T W
A o i . e T i, .
N 5 e,

w.=W-", M
Al

ty = 7————-100% 2

T(AL+AL) @

S, :Vv\\; -100% ©)

where: W_—total energy [mJ], W_,—unload energy [mJ], Al — elastic strain [mm], Alpf plastic
strain [mm].

RESULTS AND DISCUSSION

Figure 2 presents the exemplary characteristic of the load-unload test for the tomato skin
sample. Along with the tensile force increase, strain growth could be observed. The specimen, which
was cut from the fruit directly after harvesting, could be loaded and unloaded several times. The
first loading of the examined sample was conducted until the tensile force reached 1.7 N. Then, the
sample was completely unloaded, after which the specimen was subjected to a load of 2.3 N. The
sample damage was observed in the presence of tensile force of 3.5 N (Fig.2).
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Table 1 shows the absorbed energy values I, material degree of elasticity Z, and hysteresis
losses §,, for the first (I) and second (II) load (Fig. 1).
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Fig. 2. Force — relative strain relation F(g) during the cyclic load-unload test
for tomato skin sample, harvested directly from the plant

Table 1. Average values of absorber energy W, degree of elasticity
and hysteresis losses for the fresh tomato fruits during load I and II.

Load I Load II
Force [N] 1.7 2.3
W, [m]] 217107 1867107
1,1 %] 40 71
S, [%] 12.3 54.2

In case of the first load (I), the amount of absorbed energy was 8 times lower than during
the second one (load of 2.3 N). For the second load (II) over fourfold increase in hysteresis losses
degree was observed compared to load 1. The degree of elasticity value, determined during the
first load-unload cycle stayed in the region of 40 % while through the second one reached 71%
(Tab.1).

It was possible to load only once (one load and one unload) the samples that were cut
from the stored fruits and kept at the temperature of 21°C in the controlled environment cham-
ber for 2 days. The research showed that the time and storage conditions of the tomato fruit as
well as its ripening process had a huge impact on the skin structure and mechanical properties
[Ciupak 2010].

Figure 3 presents the sample graph of the tensile force in the function of specimen relative
strain F(g), which was determined in the load-unload cycle. The value of the tensile force was not
higher than 3 N for all the examined cases, which allows to load the sample completely and to avoid
sudden rupture at the same time. The obtained hysteresis loops were used in the average absorbed
energy values IV, degree of elasticity f, and hysteresis losses S, determination. The parameters were
calculated on the basis of 15 repetitions and presented in Table 2.
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Fig. 3. Sample graph of the tensile force in the function of relative strain F(¢)

For the examined tomato skin the 50 % hysteresis loss could be observed (Tab.2). The skin
of the fruits stored in an environment chamber and samples from tomatoes harvested directly from
the plant (I load) were comparable with respect to degree of elasticity - which reached the level
of 40 % (Tab. 1 and Tab. 2).

Table 2. Average values of absorbed energy W, degree of elasticity t,
and hysteresis losses S, determined for stored tomato fruits.

W, [ml] 203-10°
1,1 %] 41
S,[ %] 50.8

It might be expected that with the material and skin cells damage growth during uniaxal
tension test, the values of absorbed energy and hysteresis losses would increase while on the other
hand the decrease in degree of elasticity value should be observed. Blahovec (2002) obtained similar
results during compression tests with respect to pears.

On account of the lack of information concerning determination of absorbed energy, degree of
elasticity and hysteresis losses for the skin of the tomato, the received results cannot be compared
with other outcomes. Admittedly, Pertacek (1995) established rheological characteristics of isolated
tomato skin, while Edelmann (2005) described the cuticle participation in rheological tomato skin
properties, but the numerical values of the determined parameters were not provided.

It might be observed, that the absorbed energy values (Tab. 1, Tab. 2) are significantly lower
than the energy obtained during e.g. apple compression test, contained in the 0,1 J to 0.4 J range
[Blahovec 1997] and pears (3.6 * 10 ?J to 0.3 mJ) [Blahovec 2002]. The absorbed energy value
during the cycle load of wheat grain and its increase with the humidity escalation was determined
by Lysiak (2006) at the level of 2.5 mJ — 23 mJ.

The degree of elasticity for tomato skin, determined on the level of 40 % <t <71 % (Tab.
1 i Tab. 2), might be compared with the data obtained during tests on the pears — 28 3% < t,<
75.9 % [Blahovec et al. 2002] and sugar beet roots — 64 % < 1,< 88 % [Bzowska-Bakalarz 1994]

The calculated hysteresis losses for tomato skin S, ranged from 12.3 % to 54.2 %. Blahovec
(2002) presented similarly wide range for that parameter, establishing it between 35 % - 85 % for
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pears. Hoolt (1983) determined the hysteresis losses for the potato at the level of 75 % and for
apples at 30 %. Bzowska-Bakalarz (1994) conducted investigation on hysteresis losses in the first
load-unload cycle with reference to fresh and withered sugar beet roots. The outcome of this study
showed that the hysteresis losses value ranged from 34 % to 62 % and was about 35 % higher for
fresh roots than the one determined for the withered roots.

CONCLUSIONS

1. Absorbed energy values for the skin of tomato harvested directly from the plant ranged
from 2.1'10 ° mJ to 18.6'10 * mJ while the degree of elasticity and hysteresis losses — 40%
to 71% and 12.3 % to 54.2 % respectively, depending on tensile force value.

2. Absorbed energy, hysteresis losses and degree of elasticity defined for stored fruits was
stabilized at the level of 20.3'10 ® mJ, 41 % and 50.8 %, respectively.

3. The outcome of this study shows that the random markers method might be applied for
elastic hysteresis determination with reference to soft fruits. It should be pointed out that
the presented research provided a preliminary characteristic in the field of mechanical
properties of soft fruit and its continuation is required.
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WYZNACZANIE HISTEREZY ODKSZTALCEN SKORKI OWOCOW POMIDORA
W TESCIE JEDNOOSIOWEGO ROZCIAGANIA

Streszczenie. W pracy przedstawiono charakterystyke petli histerezy skorki owocow pomidora odmiany Admiro
przechowywanych w komorze klimatycznej w temperaturze 21 °C, otrzymana podczas rozciagania probki w pro-
cesie obcigzenie-odcigzenie. W oparciu o metode losowych znacznikoéw wyznaczono wartoscei sity i odksztat-
cenia probki, a nastgpnie warto$¢ energii zaabsorbowanej, stopnia sprezystosci materiatu oraz strat histerezy.
W zaleznosci od sity obcigzajacej warto$¢ energii zaabsorbowanej dla skorki owocow §wiezych zawierala si¢
w przedziale 2,1 10 “mJ do 18,6 10 *mJ, a straty histerezy od 12,3 % do 54,2 %. Dla owocow przecho-
wywanych energia zaabsorbowana wynosila 20,3 * 10 * mJ, za$ starty histerezy 50,8 %. Stopien sprezystosci
badanego materialu zawierat si¢ w przedziale od 40 % do 71 %.

Stowa kluczowe: skorka pomidora, energia zaabsorbowana, stopien sprezystosci, strata histerezy
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DUAL-FUEL FEEDING OF DIESEL ENGINE
WITH GENERATOR GAS AND LIQUID FUEL
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Summary. The paper presents the results of research carried out at the Institute of Internal Combustion Engines
and Control Technology of the Czestochowa University of Technology in the period from 2007 to 2010 under
Research & Development Project R10 019 02 “The piston combustion engine in the sewage sludge gasifica-
tion installation” financed by the Ministry of Science and Higher Education in Warsaw. Testing results for
a turbocharged piston engine fed with generator gas obtained from a dried sewage sludge gasification plant
are discussed.

Key words: piston engine, generator gas, sewage sludge, gasification.

INTRODUCTION

Sewage sludge is generated in a sewage treatment plant as a by-product of the biochemical
processes of sewage treatment. The calorific value of dried sludge is approx. 11 MJ/kg and is com-
parable with the calorific value of crude wood (8 MJ/kg), brown coal (9-11 MJ/kg), and dry peat
(14 MJ/kg), and this means that the dried sludge can be utilized as an energy raw material. Sewage
sludge with a moisture content not exceeding 10% and a calorific value not lower that 10 MJ/kg is
not biodegradable and may only be disposed of by thermal transformation [21]. Within the mean-
ing of the waste management regulations in force, sewage sludge is regarded as hazardous waste
of category B33, Annex no. 2 [24], and therefore its storage and processing is subject to regulatory
restrictions. The gasification of sewage sludge and using thus obtained generator gas for feeding
an internal combustion engine to drive a stationary electric current generator is a variation of the
waste thermal neutralization process.

With a view to the applicable EU environmental regulations and requirements [21, 19], the
Institute of Internal Combustion Engines and Control Technology of the Czestochowa University
of Technology has carried out, under Research & Development Project R10 019 02 financed by
the Ministry of Science and Higher Education of Warsaw, research aimed at investigating the pos-
sibility of gasifying dried sewage sludge generated by sewage treatment plants, and utilizing it for
double-fuel feeding a piston engine to drive a generating set.

The fuel gasification process is a variation of the incomplete combustion process conducted
with a considerable oxygen deficiency. Installations gasifying various organic substances, mainly
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lumped wood, charcoal, peat, etc., were fairly common at the turn of the 19" and 20" centuries,
and are extensively described in both archival [1, 6] and contemporary literature, e.g. [13, 14, 15,
23], which indicates some renaissance of interests in this technology. The available literature lacks,
however, relevant data on any plants enabling gasification of dried sewage sludge.

Table 1 gives generator gas composition obtained from measurements on the installation, at
an average bed temperature of 850°C.

Table 1. Averaged values of composition of the generator gas obtained
from sewage sludge gasification, along with calorific values and theoretical air demand values

H, co co, |cH, |w, |w, |L 0,
(7] (%] [*] (7] MI/m’] | [MIm’] | [m*/m’] | [%]
Average value 381 1340 [7.69  |097 |1.63 244 050 |3.84
Maximum value 417 1418 [810 |098 |1.67 |2.54  |0.52  [3.99
Standard deviation 013 079 |041 |00l  |0.04 009 |0.02 [3.69

INDICATING OF THE DOUBLE-FUEL PISTON ENGINE FED
WITH LIQUID FUEL AND GENERATOR GAS

The generating set driven by the 6CT107 turbocharged engine [20] was adapted to double-fuel
operation by furnishing it with an additional gas supply system [3, 22, 24] and liquid and gaseous
fuel dosage control systems completed from parts supplied by WOODWARD. The engine of this
set was adapted to simultaneous indication of all the six cylinders and equipped with measuring
instrumentation necessary for taking measurements of basic load characteristics and with a set of
analyzers to measure chemical composition of generator gas supplied to the engine. The engine
and electric generator control systems allow either the powering of a group of loads isolated from
the power grid or parallel operation with this power grid. The final tests of the sewage sludge gasi-
fication installation and the generating set were carried out on the premises of PPUH ,MARSZ”
M. Szymor of Nowa Gorzelnia near Czestochowa [3].

The tests included simultaneous, synchronized measurements and recording of pressure
variations in the individual cylinders of a turbocharged six-cylinder 6.56 dm’ displacement engine
adapted to double-fuel operation being fed with a liquid and gaseous fuels (Fig. 1). The engine
drove, at a constant rotational speed of 1500 rpm, a synchronous electric generator loaded with
resistances being switched on sequentially.
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Fig. 1. The generating set connected to the gasification installation
during the indication of the double-fuel engine [3]

Pressure variations and CRA and TDC tracer signals were recorded as a function of time
at a frequency of 50 kHz. Recorded in a digital form, the signals were subjected to resampling at
the moments of successive CRA tracer pulses, which made it possible to obtain the variations of
pressure as a function of CRA angle with a strep of 0.5° CRA [2, 8, 12, 17]. At the same time, the
basic parameters of gasification unit operation and composition of produced generator gas were
also recorded. For the acquisition of all fast-varying signals, a USB HS1608 eight-channel module
operated by its own program was used. In each recorded measurement series, 495 engine cycles
were recorded. A schematic of the engine indication system is shown in Figure 2.

znacznik OWK usB
USB-HS 1608 :">
znacznik GMP A/C 50kHz
5017B
Komputer PC
SN6061

2612C 6CT107

17 2 3 4 5 6 cyl.

Fig. 2. A schematic of the engine indication system: 2612C — crank angle transmitter,
SN6061 — piezoquartz pressure pickups , 5017B — eight-channel charge amplifier [3]
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The tests performed on the supercharged piston engine double-fuel fed with generator gas
and liquid fuel batched to the engine in varying energy fraction proportions have demonstrated that
the double-fuel feeding of an engine is an effective method to reduce the engine susceptibility to
rapid variations in chemical composition of generator gas and its calorific value [3, 7]. Some of the
indication results are given in Figures 3 through 9. The most favourable engine operation conditions
occur in the situation of a partial electric generator load of approx. 40 kW corresponding to approx.
50% of the generator rated power attained with the liquid fuel alone. The process of combustion of
fuels in the engine double-fuel fed with generator gas (with an energy fraction of 75%) and liquid
fuel (with an energy fraction of 25%) is run with an excess air factor of approx. 2.85, correspond-
ing to 14% of oxygen content in the generator gas-air mixture and proceeds correctly. The engine
attains then a high overall efficiency of 40%, which is better than the efficiency of 32% attainable
when being fed with 100% liquid fuel. A maximum combustion pressure of 8.5 MPa occurs during
feeding the engine with the sole liquid fuel, and then it monotonically decreases down to 7.2 MPa
as the liquid fuel energy fraction is reduced to 25%. The maximum value of the cylinder pressure
derivative, dp/da, attains its highest level of 0.94 MPa/°CRA during the operation of the engine
fed with the sole liquid fuel and then monotonically decreases to 0.5 MPa/’OWK as the liquid fuel
energy fraction is reduced to 25%.

Under the conditions of the full load corresponding to approx. 100% of the generator’s
rated electric power, which is 80 kW, the fuel combustion process in the double-fuel fed engine
has characteristics differing unfavourably from the respective characteristics occurring for partial
loads corresponding to engine loading with a power of 40 kW. With the full engine load, the
liquid fuel energy fraction could not be lower than 73%. In that case, the fuel combustion proc-
ess is conducted with the excess air factor reduced to approx. 1.5, corresponding to an oxygen
content of the generator gas-air mixture of 15%, and no longer proceeds correctly, since the
exhaust gas smoking, the maximum combustion pressure, dp/da and the pulsation amplitude of
the variable indicated pressure component considerably increase. During engine operation with
the full power, a maximum combustion pressure of 11 MPa occurs when feeding the engine
with the liquid fuel alone, and then monotonically increases up to 13 MPa as the liquid fuel
energy fraction is reduced to 63%. The maximum value of the cylinder pressure derivative, dp/
da, attains its lowest level of 0.70 MPa/deg during the operation of the engine fed with the sole
liquid fuel, and then monotonically increases to 1.5 MPa/°CRA as the liquid fuel energy fraction
is reduced to 63%.

The liquid fuel batch energy fraction equal to 25% corresponded to a liquid fuel unit con-
sumption of approx. 52 g/kWh, as related to the generated electric energy, which, for the die-
sel oil price of 4.5 PLN/litre, corresponds to a rather high unit cost of this fuel, namely 0.28
PLN/kWh of generated electric energy (Fig. 9). With a view to the quite high unit cost of the
liquid fuel batch as against the price for 1 kWh of electric energy possible to be achieved in
settlements with power utility companies, which (according to the VATTENFALL offer valid
as per Jan. 31, 2011) is within the range from 0.2934 PLN/kWh (night-time) and 0.3537 PLN/
kWh (whole day) to 0.4033 PLN/kWh (day time), it can be stated that the gasification of
dried sewage sludge in the installation in question will oscillate around the level of economic
viability.
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Fig. 3. Indicator diagrams of the double-fuel engine for varying magnitudes
of the liquid fuel batch energy fraction (E) of the total energy amount contained
in the liquid and gaseous fuels (E ) (the averaged run for 495 cycles, pe=0.545 MPa)
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Fig. 4. Indicator diagrams of the double-fuel engine for varying magnitudes
of the liquid fuel batch energy fraction (E ) of the total energy amount contained
in the liquid and gaseous fuels (E ) (the averaged run for 495 cycles, pe=0.986 MPa)



DUAL-FUEL FEEDING OF DIESEL ENGINE

53

dpda [MPar]

dp/da [MPa"]

1.50
1.40 1 A
1.30 §
1.20
1.10 §
1.00 1
0.90 |
0.80
0.70 |
0.60 | A
0.50 |
0.40 | \v
0.30 |

020 |
010} —

0.00 + \ —

0.10 —
1 \ 7

020 } N~

030 |
20.40 |
B0
270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450

OWK []

——Ep/Ec=0.63
——Ep/Ec=0.74
——Ep/Ec=1.00

p.=0.986 MPa, p;=1.15 MPa

—

Fig. 5. Pressure derivative, dp/do. for varying magnitudes of the liquid fuel
batch energy fraction (E) of the total energy amount contained in the liquid
and gaseous fuels (E)) (the averaged run for 495 cycles, p,=0.986 MPa)

1.50
140 | ——Ep/Ec=0.25

1.30 + —— Ep/Ec=0.44
120 | ——Ep/Ec=1.00
1.0 1
1.00 1
0.90 |
0.80 |
0.70 |
0.60 T

0.50 |
0.40 T
0.30 | ’
020 {

0.10 | W
0.00 T \C

-0.10
0201 N

-0.30 1
-0.40 1
080 - — v bt A
270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450

OWK [°]

1
pe=0.545 MPa, p;=0.68 MPa

Fig. 6. Pressure derivative, dp/da for varying magnitudes
of the liquid fuel batch energy fraction (Ep) of the total energy amount contained
in the liquid and gaseous fuels (E ) (the averaged run for 495 cycles, p =0.545 MPa)



54 Karol Cupiat, Adam Duzynski, Michat Gruca, Janusz Grzelka, Stanistaw Szwaja
50.0 e
sprawnosc indykowana
45.0 N —
R e Rt
T —— —_ — ~
40.0 i ~
— I = ==
35.0 i >>—<=\ ﬂ
- T ——
sprawno$é ogélna —
30.0
X
£ 250 — pe=0.986 MPa, pi=1.15 MPa
& —— pe=0.545 MPa, pi=0.68 MPa
20.0
15.0
10.0
5.0
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
Ep/Ec []
Fig. 7. Overall generating set efficiency related to the active electric power
and the indicated engine efficiency as dependent on the liquid fuel batch energy
fraction (E) of the total energy amount contained in the liquid and gaseous fuels (E )
7.00 0.350
——pe=0.986 MPa, pi=1.15 MPa
= pe=0.545 MPa, pi=0.68 MPa
6.00 0.300
Zuzyci li
5.00 uzycie pal n‘na ptynnego \ / 0.250
i \
z | —
E Zuzycie p — =
,,E 4.00 — 0.200 E
£ — — _ 2
g 3
i 3.00 0.150
% Zuzycie gazu} - / - S
o \
2.00 < 0.100
1.00 - S~ 0.050
0.00 0.000
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
Ep/Ec []

Fig. 8. Unit consumption of the gaseous and liquid fuels and air as dependent on the liquid

fuel batch energy fraction (Ep) of the total energy amount contained in the liquid and gaseous fuels (E )



DUAL-FUEL FEEDING OF DIESEL ENGINE 55

-
o
=3

-
>
()

-
N
=]

-
o
=3

Koszt [PLN/KWh]
o
(-}
o

14
o
=3

0.40
—pe=0.986 MPa, pi=1.15 MPa
— —pe=0.545 MPa, pi=0.68 MPa
0.20
0.00
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

Ep/Ec [-]
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of 4.5 PLN/litre related to the active electric power, as dependent on the liquid fuel batch
energy fraction (E) of the total energy amount contained in the liquid and gaseous fuels (E )

EVALUATION OF OPERATION REPEATABILITY
OF THE DOUBLE-FUEL INTERNAL COMBUSTION ENGINE

In order to evaluate the effect of fuel composition on the repeatability of operation of indi-
vidual engine cylinders, statistical probability density distributions were made for the maximum
pressure, maximum pressure derivative and indicated work for engine cylinder no. 1 based on the
analysis of 495 successive operation cycles [3, 4, 16, 18]. Figures 10 through 14 represent the sta-
tistical distributions of selected physical quantities for the engine fed with the liquid and gaseous
fuels at varying engine loads (p,=0.545 MPa and p _=0.986 MPa).

For a partial engine load, increasing the gas fraction of the fuel causes a reduction in the
maximum values of pressures, whereas at the nominal load, increasing the amount of gas in the
fuel increases the magnitudes of maximum pressures.

Figures 11 and 12 represent the statistical distribution of the maximum pressure derivative
for different fuel compositions in the first engine cylinder for p =0.545 MPa and p =0.986 MPa.
Similarly as for maximum pressures, for the partial engine load, too, increasing the gas fraction of
the fuel results in a reduction in the maximum values of the pressure derivative. At the nominal load,
on the other hand, decreasing the diesel oil amount in the fuel to a value of E /E =0.625 increases
the maximum pressure derivative values, while increasing their scatter around the mean value, at
the same time.
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and p_=0.986 MPa in the first cylinder for varying liquid fuel energy fractions
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in the first cylinder for varying liquid fuel energy fractions
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Figures 13 and 14 represent the statistical distributions of indicated work for different fuel
compositions in the first engine cylinder for p =0.545 MPa and p=0.986 MPa. For a partial en-
gine load, increasing the gas fraction of the fuel causes a small increase in indicated work, while
simultaneously reducing its scatter around the mean value. At the minimal load, on the other hand,
increasing the gas fraction of the fuel practically does not charge the value of indicated work, but
markedly reduces its scatter around the mean value.
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Fig. 13. Indicated work probability density at a load of p =0.545 MPa
in the first cylinder for varying liquid fuel energy fractions
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Fig. 14. Indicated work probability density at a load of p =0.986 MPa
in the first cylinder for varying liquid fuel energy fractions

In addition, evaluation was made of the effect of the gaseous fuel energy fraction on the values
of so called cycle parameters unrepeatability indicators [9] (i.e. the indicated work, X maximum
combustion pressure, D S and the crank angle, for which combustion pressure attains a maximum
value, X)). Figure 15 shows the values of respective unrepeatability indicators:

* indicated pressure:

(o
X, =28, ()
b
* maximum combustion pressure angle:
c
X, = @
a

pmax

*  maximum combustion pressure:

Xy = —mr, 3)
Prnax
where:
n — number of successive cycles,
P,... — mean value of the maximum combustion pressure,
P, — mean value of indicated pressure,
&y — mean value of the maximum combustion pressure angle.
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Fig. 15. Cycle unrepeatability indicators at a load of p =0.545 MPa and p .=0.986 MPa
in the first cylinder for varying liquid fuel energy fractions

In the graphs of cylinder pressure time variations for the engine operating under full load with
a large gaseous fuel fraction, pressure pulsations of a frequency in the range of (5.5-12) kHz was
observed to occur in the combustion phase. In order to determine the intensity of those pulsations
recorded as a function of time at a frequency of 50 kHz, they were subjected to high-pass filtration
by a filter with a limiting frequency of 4 kHz.

Figures 16 and 17 represent pressure pulsation variations obtained from this filtration, against
the background of the cylinder pressure variation for p,=0.545 MPa. It is visible that pressure pulsa-
tions in the combustion phase occur for all the fuel compositions, while attaining the greatest intensi-
ty for a fuel composed of diesel oil alone, in which case their maximum amplitude value approaches
120 kPa. Increasing the gas fraction of the fuel (decreasing the Ep/Ec ratio) causes a clear reduction in
pressure oscillation intensity to a level of 10 kPa with bringing the liquid fuel energy ratio down to
a value of E /E =0.253.

The maximum amplitude of the variable pressure component occurs at the beginning of the
combustion process, which indicates that these pulsations are caused by the rapid combustion of
the gaseous fuel-air mixture without any indication of autoignition, which would have generated
considerable pulsations in the end phase of the combustion process [10, 11].

Figures 18 and 19 represent pressure pulsation variations obtained as a result of high-pass
filtration, against the background of the cylinder pressure variation for p =0.986 MPa. It is visible
that pressure pulsations in the combustion phase occur also for all the fuel compositions. Under
the maximum engine load, however, their level changes with changing fluid fuel energy fraction
in a different manner. For the sole diesel oil, their level is comparable with the pressure pulsations
observed for p =0.545 MPa and does not exceed 100 kPa. Increasing the gas fraction of fuel to
a level of EP/ECZO.736 (reducing the EP/EC ratio) reduces them slightly (by approx. 10%); however,
further increasing the gas fraction of fuel (up to a level of E /E =0.625) results in a distinct increase
in the pressure pulsation amplitude up to 200 kPa.
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Fig. 16. The variable pressure component of one of the highest intensities
with the cylinder pressure variation superposed against the background,
for a liquid fuel energy fraction of EP/EC:I, p.=0.545 MPa
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Fig. 17. The variable pressure component of one of the highest intensities
with the cylinder pressure variation superposed against the background,
for a liquid fuel energy fraction of Ep/EC=0.253, p.=0.545 MPa
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Fig. 18. The variable pressure component of one of the highest intensities
with the cylinder pressure variation superposed against the background,
for a liquid fuel energy fraction of EP/EC:I, p.=0.986 MPa
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Fig. 19. The variable pressure component of one of the highest intensities
with the cylinder pressure variation superposed against the background,
for a liquid fuel energy fraction of Ep/Ec=0.625, p.=0.986 MPa

The obtained results show that when the engine runs with a full power of 80 kW, the me-
chanical loads on the crankshaft assembly of the double-fuel fed engine increase unfavourably
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compared to the respective loads occurring when the engine operates fed with the sole liquid fuel,
while attaining the same power.

SUMMARY AND CONCLUSIONS

The largest combustion pressure pulsation amplitude in the case of a small and medium
engine loads (up to p,=0.545 MPa) occurred for the engine being fed with sole diesel oil (the maxi-
mum pulsation amplitudes in individual combustion cycles approached a level of about 120 kPa).
During co-combustion of diesel oil with gaseous fuel, a drop in the maximum pulsation amplitude
down to about 10 kPa was observed. At the same time, an elongation of the combustion process
was observed, which caused a more gentle increase in combustion pressure and a delay of the mo-
ment of the maximum pressure occurring. The generator gas being fed as the additional fuel was
characterized by large contents of incombustible components — with the nitrogen content being at
a level of approx. (55-65) %.

Hence, it can be supposed that the generator gas acted on the combustible charge existing in
the cylinder as a “diluter”. The air oxygen and the combustible mixture formed from evaporated
diesel oil were primarily diluted. In this case, the effect of the generator gas could be compared to
that of combustion gas recirculation. The first combustion phase, which is the kinetic burning of
a combustible mixture with the oxygen ratio reduced due to that combustible mixture being diluted
by other gases, slows down, as can be seen in the pressure increment graph. Pressure pulsations
are a result of a rapid, unstable combustion process. The largest pressure pulsations occur imme-
diately after the combustible mixture ignition and fall into the kinetic combustion phase which, in
a compression-ignition engine, proceeds fastest. Hence, as a result of the combustion process slow-
ing down in this phase, the pressure pulsations have definitely decreased. With increasing generator
gas energy fraction, the oxygen content of the generator gas-air mixture decreased to about 15%
(for A=1.4) and was significantly lower than that of the air. The hydrogen concentration in the pure
generator gas was normally at a level of about (4-6)%, while in the generator gas-air mixture it was
much lower. Presumably, the effect of hydrogen and carbon monoxide on the combustion process
comes down to accelerating the ignition initiating reactions, and thus to the growth of H and OH
radicals caused by the presence of free hydrogen.

In the case of the engine operating under a maximum possible load (p =0.986MPa), an in-
crease in the maximum pressure pulsation amplitude from 100 to 200 kPa was found as the gen-
erator gas energy ratio increased. Similarly as before, the occurrence of the maximum combus-
tion pressure pulsations was immediately after the ignition in the first, kinetic combustion phase.
Increasing the amount of gas added to the air being sucked causes the acceleration of the kinetic
combustion process, which results, among other things, in an increase in pressure pulsations. The
faster combustion process might also have been in that case due to generator gas burning initi-
ated by the autoignition of the diesel oil. As a result of increasing the gas ratio of the unchanged
amount of the gas-air combustible mixture being forced to the cylinder, the mixture composition
had changed from a lean mixture for an engine fed with the sole liquid fuel to a near-stoichiometric
mixture for a double-fuel fed engine, which caused the concentrations of the combustible gases,
hydrogen and carbon monoxide, to have exceeded the lower flammability limit resulting in rapid
burning of these gases and the occurrence of intensive pressure pulsations. In the case at hand —
a large load on the engine — intensive fuming of the combustion gas was also observed, caused by
incomplete burning of the diesel oil, which could additionally confirm the claim about separate gas
and diesel oil combustion. Burning faster, the gas “took away” the oxygen, whose deficiency had
a strong effect of causing incomplete burning of the diesel oil and fuming. With the double-fuel
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operation of the engine under large load and gas fraction conditions with associated intensive pres-
sure pulsations at a level of 200 kPa, a high-pitch sound characteristic of knock-combustion, as
determined by organoleptic methods, could be heard. This sound faded out as the load was reduced
and those combustion pressure pulsations were decreased. The position of the maximum pressure
pulsations in the initial combustion phase suggest that the emitted sound was caused by combustion
proceeding violently in this phase, and not by knock-combustion due to a potential autoignition of
the gas in the end combustion phase.

The double-fuel engine version developed within the Project can be recommended to be
practically applied in a dried sewage sludge gasification installation as a double-fuel engine to
drive en electric generator loaded with active electric power reduced to 40 kW (which accounts for
approx. 50% of its rated power), since this is the power level at which the optimum conditions for
the operation of an engine double-fuel fed with liquid fuel and generator gas are achieved. Under
the round-the-clock operation conditions, a gasification installation operating with this engine will
be able to gasify about 1.8 tons of dried sewage sludge containing approx. 10% of water, and to
generate 8.960 MWh of electric energy during this time, while consuming approx. 50 kg diesel
oil for this purpose. The amount of dried sewage sludge generated by a sewage treatment plant in
a town with 250 thousand inhabitants is about 13.5 tons/day, thus being approx. 7.5 times larger
than the capacity of the test installation in question. The economic relationships achieved so far
could be improved by thorough modernization of the liquid fuel engine supply system to reduce the
minimum liquid fuel dose necessary for assuring the correct operation of the piston engine under
the conditions of double-fuel feeding with liquid fuel and a generator gas-air mixture in which the
oxygen concentration could decrease to a level below 15%. In that case, the gasification of dried
sewage sludge might turn out to be a technology more competitive than the incineration of sewage
sludge in rotary tunnel kilns used e.g. in cement mills.

The effects achieved so far from this installation prove that the dried sewage sludge gasifica-
tion installation developed within the Project, when carried out in an appropriately enlarged instal-
lation equipped with a double-fuel engine with a reduced liquid fuel energy fraction, allows the
combustion of gaseous fuel of chemical composition varying as a function of time.

This scientific research has been financed from the resources allocated to science in the years
2007 to 2010 under Research Project R10 019 02 “The piston combustion engine in the sewage
sludge gasification installation”.
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APPLICATION OF OPTIMISATION FOR DETERMINING
THE EXTERNAL CHARACTERISTICS
OF A TRACTION DIESEL ENGINE
WITH SEQUENTIAL TURBOCHARGING

Krzysztof Danilecki

Faculty of Automotive Vehicles Operation,
the West Pomeranian University of Technology in Szczecin

Summary. The way has been shown how to shape the characteristics of a diesel engine with sequential turbo-
charging through a rational selection of turbochargers and the course of the speed characteristics of the maximum
delivery of the injection pump, taking into account the imposed restrictions. The quality coefficients for the
selection of the optimised parameters have been proposed according to the dynamic criterion, comprising the
shape of the curve of the maximum torque. In order to determine the value of these coefficients, in the next steps
of the optimisation procedure the gradientless Hooke-Jeeves method has been used.

Key words: combustion engine, turbocharging, optimisation

INTRODUCTION

The sequential turbocharging is based on the application of two turbochargers, most often of
different sizes, working in various ranges of the engine speed and load [Borila 1986 a, b, ¢, Wistocki
K. 1991]. In recent years, there has been a significant increase in interest in its further development
potential. This has been shown by the research and the most modern designs of e.g. BMW, Opel and
others [Doll G. et al. 2005, Jungmann T. 2005, Kotodziejezyk A. 2008, Legowicz J. 2005, Pfliger,
F. 1998, Saulnier S. 2004, Steinparzer F. et al. 2005]. An important problem in the turbocharged
engines is the selection of a supercharging device and ensuring adequate conditions for its coopera-
tion with the combustion engine [Syomin D. ez al. 2010]. In case of the sequential turbocharging,
this problem is magnified due to the necessity to choose two supercharging devices, and — addition-
ally — due to the need to ensure adequate conditions for cooperation between them. The results of
the previous research by the author indicate diverse, often contradictory effects of various factors
affecting the quality of the selection of turbochargers and, consequently, on the course of the engine
characteristics. Thus, considering the issue of a proper match of the characteristics of different size
turbochargers, it becomes obvious that the selection of their design parameters should take place
with application of optimisation methods. It is therefore essential to select a criterion for optimal
proceeding (quality coefficients) that takes into account the expected effects. This in particular
applies to the proper shaping of the torque curve in the conditions of the external characteristics
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[Kowalczyk M. et al. 1990]. Ensuring proper co-operation conditions is essential in the phase of
switching of operation modes between the turbochargers, and thus it requires including the control
issues in the optimisation task. Full use of the air being at disposal and of the whole design also
requires an appropriate adjustment of the fuel delivery while ensuring sustainable and safe opera-
tion of the engine. In case of shaping of the external characteristics of the engine with sequential
turbocharging, a complete solution to the problem of optimisation therefore consists of solving the
following partial tasks:

— selection of completion of turbochargers

— determination of the operational characteristics of the switching system,

— determination of the speed characteristics of the delivery of the injection pump in the

position of the maximum delivery for the determined conditions of the engine supply.

The quality coefficient values in particular steps of the selection of the optimised parameters,
on which appropriate constraints have been imposed, defining the area of feasible solutions, have
been determined during numerical tests.

CHARACTERISTICS OF THE NUMERICAL PROGRAM

The values of the coefficient of quality of selection of turbochargers have been determined
by including the simulation program developed by the author into the optimisation procedure that
enables numerical determination of the engine operating parameters in conditions of the external
characteristics for various completions of turbochargers at a given fuel dose course or the excess
air coefficient. The simulation program has been based on mathematical models of particular sys-
tem components: diesel engine, radial compressor, radial turbine [Danilecki K. 2007, Danilecki K.
2008].

A simplified model of the combustion engine, limited to the calculation of the average cycle
parameters has been presented in the form of functions describing the values of selected param-
eters depending on the engine operating conditions. These dependencies have been determined
through the identification of the engine, by the approximating with the polynomial functions of the
second-degree the sets of discrete values of these parameters obtained under steady conditions in
the engine test bed.

The compressor model has been presented in the form of second-degree polynomials, devel-
oped on the basis of characteristics provided by the manufacturer, describing the dependence of
isentropic compression efficiency and the compression in the function of the air expenditure and
the speed of the turbocharger.

For the calculation of parameters of the turbine one has used a generalised description in the
form of polynomial functions of dimensionless characteristics obtained experimentally. Functional
dependencies obtained in this way allow for the determination of the flow parameter value and
the adiabatic efficiency for the given values of the rotor diameter and the flow cross-section of the
turbine inlet box.

OPTIMAL SELECTION CRITERION

Bearing in mind the fact that the principal purpose of the application of the sequential tur-
bocharging is to improve the shape of the torque curve on the external characteristics, the quality
of selection of turbochargers in both ranges of the system operation has been assessed on the basis
of the coefficient that takes into account, most of all, the dynamic properties of the engine. Assum-
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ing that an engine with a constant power will be a standard [Jaskuta A. et al. 1998], the dynamic
optimisation criterion is defined by the condition to obtain a minimum coefficient of:

Wy =Wy +Wy = _”:Tzq(P:const) _(th(l) +qu(ll)):| dn, (1
where:
— the engine torque at its defined speed n from the useful range of characteristics
(n_,—n,), corresponding to the condition of the constant engine power (P=const),
T Ty — torque in the first (I) and the second sequence (II) of operation under conditions
of the shaped external characteristics, with the same value of n.
The graphical illustration of the W coefficient has been shown in the Figure 1.
The values included in the W, coefficient are the function of the decision variables of the

optimisation process.
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Fig. 1. Diagram illustrating the definition of the quality coefficient W,

DECISION VARIABLES AND THEIR LIMITATIONS

Formulation of the task as a selection of turbochargers and the operational characteristics of
the switching system in the conditions of the external characteristics suggests the adoption of the
following decision variables:

X, — catalogue number of the rotor of the first sequence compressor,

x, — catalogue number of the rotor of the second sequence compressor,

X, — inlet cross section of the of the first sequence turbine box Ay,

X; — inlet cross section of the of the second sequence turbine box A,

x, — operating ranges of turbochargers in the conditions of the external characteristics,

x, — fuel delivery course.

On the basis of the initial research, the scope of changes in x, and x, with discrete values
available from the particular series of compressor rotors has been limited to two — 309K and 60.

The descriptions of the characteristics of the turbines used in the model allow for determi-
nation of the required flow cross-sections that take values within a specified range. The range of
variation of x,, x, limits ‘from the top’ the value of the cross-section of A =21 cm’, which corre-
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sponds to the initial construction (in the conventional supercharging). The lower limit results from
the conditions of not exceeding the pumping limit by the compressors and the permissible values
of compression required due to the supercharging characteristics. These conditions are taken into
account as internal limitations of the simulation program. They can therefore be neglected in solving
the task of selection of the design of turbochargers.

The variable x, has been defined as the value of engine speed, at which the second tur-
bocharger is engaged into the cycle. It can act as a function protecting the turbocharger and
engine against overload, for example in case of exceeding the permissible supercharging pres-
sure. Thus it becomes the resulting value, losing at the same time the nature of the decision
variable. This is equal to adopting the required characteristics of the operation of the switching
system.

The decision variable x, is a characteristic of the fuel delivery derived from discrete values,
found for the determined speeds n in the conditions of the external characteristics of the engine.
For particular values of n, the maximum delivery of fuel has been determined for a defined course
of the excess air ratio (as in a conventionally supercharged engine) with taking into account the
internal limitations covered by the numerical program, and resulting from not exceeding the permis-
sible values of the exhaust gases temperature and the supercharging pressure. Given the adopted
directions of search for the optimum value of the criterion function in the scope of the action of
these limitations, the possibility of correcting the delivery of fuel has been allowed. In such con-
ditions of calculations, the fuel delivery also becomes the resulting value, which is synonymous
with defining the requirements put for the injection pump, operating at the maximum inclination
of the control lever.

OPTIMISATION RESEARCH PROCEDURE

The torque values T, depending on the variables {x, X, X, X, X, X} determining the objec-
tive function have been defined by including a simulation program into the optimisation procedure.
The T values have been calculated separately for each engine speed with a variable step An within
its useful range. The characteristics obtained in this way have been used to determine the values of
the W, coefficient in the particular steps of the selection of the optimised parameters. Given that the
developed simulation program allows for calculation of the parameters of the engine in a discrete
and determined way, in order to solve the optimisation task, a gradientless method has been selected
to search for optimum values of the decision variables. The minimum quality coefficient values have
been determined using the Hooke-Jeeves method [Kusiak J. et al. 2009].

In order to facilitate interpretation of the results, three auxiliary coefficients have been used,
which should be considered when interpreting the coefficient of optimality W, The first of them
W, expresses the correctness of shaping the engine torque due to its driving characteristics, which
requires a possibly large torque supply field within the first operating range (at low and medium
engine speeds). This coefficient has been defined as follows:

W, = _[ [th(P:const) _F];q<1)i|dn’ 2
where:
n_. — the minimum engine speed,
n, — speed for switching the turbochargers.
According to the adopted structure of the W, coefficient, compliance with this criterion

requires obtaining the minimum of its value.
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The second auxiliary coefficient W allows for assessing the shaping of the engine torque
within the first range of operation in the conditions of the fuel dosing correction, required due to the
characteristics of supercharging (for the turbine with specific flow characteristics). It is proposed to
define this coefficient by the expression of:

sy

T 0o il

N =5 ~ _[ th(l)dn ~ ) : J T[q(l)dn B (3)
npd L Npg Npa

where:

n . — the minimum engine speed,

min

n_ — rated speed,

n, - speed, at which the maximum supercharging pressure is reached,

n, — speed for switching the turbochargers.

It is desirable to obtain even distribution of average power values within the range of speeds
without correction and with correction of the delivery, which requires reaching the absolute mini-
mum of the value of the W coefficient.

The third coefficient W, determines the relative value of the delivery corrections required
to keep the permissible values of the supercharging pressure within the first range. The changes
in the positions of points of the engine operation on the compressor characteristics related to that,
depending on the flow cross-section of the turbine are reflected in the values of the A coefficient
forming a part of the coefficient, which is defined by the expression:

wkznf(xxz)dn/“f A, dn, (4)

g i
where:
A, — the set value of the excess air ratio at determined engine speed n from the range of
characteristics (np ) — Figure 1,
A — corrected excess air ratio in the conditions of shaped external characteristics within the
range under consideration at the same speed n.
The assessment of the torque curve has also taken into account the range of speeds covered
by the correction (np .0, and the position of the point of switching of turbochargers n /n,.

RESULTS OF CALCULATIONS

The optimisation calculations have been carried out for discrete values of the turbine inlet
box cross-sections from the range of A| =16.8-15 cm’ and A, =6.6-5.1 cm’. Limitation of ranges
has resulted both from the method of the optimisation procedure and the need for proper selection
of the step of searching the ranges, and due to the area of permissible solutions defined by the
characteristics of the engine supercharging. It has been arbitrarily assumed that the supercharging
pressure cannot exceed the value of p, =0.18 MPa.
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Fig. 2. Search for the minimum of the quality coefficient W, with Hooke-Jeeves method
(subsequent steps of the search have been marked with figures; green points indicate the test steps,
and the blue ones — working steps; the red edge marks further basis points,
and the dashed line — unsuccessful steps)

In anticipation of the practical use of the optimisation results and their experimental verifica-
tion, in determining the limits of these ranges and their distinctiveness, one has also included the
values of cross-sections of A A available for each series of turbochargers.

The effects of the applied optimisation procedure can be seen in the Figure 2, where sub-
sequent steps of search for optimum values of cross-sections of A, and A}, ~have been marked
in the area of permissible solutions. For certain compressors, the limit of that area for various
associations of the flow cross-sections A; | and A, (dashed line) have been determined from the
condition of not exceeding the permissible value of the supercharging pressure at the maximum
speed of the second range (rated speed). Obtaining of the quality coefficient W, improvement of
less than 1% has been taken as the criterion for the search completion. The results of the W coef-
ficient calculation and other coefficients in the next steps of this procedure have been summarised
in the Table 1. As it can be seen, the completion of search for the optimum Ay and Ay, Cross-
sections has taken place in the eighth step of the optimisation procedure due to the characteristics
of the engine supercharging for the values of Ar=15, Ay, =57 cnt’. The run of the limiting line
does not allow for confirmation of the conjectures about the existence of the global minimum of
the W coefficient determined in such a way. The decrease in the value of W results from the rapid
increase in the torque for smaller cross-sections of A at the first range of operation, as demon-
strated by favourable changes in the values of W, and W However, attention is drawn to the fact
of deterioration of the W, coefficient along with the decrease in the A cross-section due to the
increasing value of the fuel delivery correction at increasing the speed with regards to the set course
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of the A coefficient. This confirms the decrease in the speed range covered by the correction (n_—~
n,). This leads to the offset of the switching point for turbochargers towards smaller speed values
(reduction of n /n ).

Table 1. Values of the quality coefficient and auxiliary coefficients

;tsp Ay Ay W, W, W, W, nong, | oy
1 5.1 16.8 1239 {902 213 0.0435 | 340 0.759
2 5.7 16.8 1236 {902 213 0.0435 | 340 0.759
3 5.7 16.2 1190 |87.1 -18.6 0.0505 [ 310 0.727
4 6.3 15.6 1146 {708 -162 0.0589 [ 300 0.705
5 6.3 153 111 69.2 4153 0.0596 | 280 0.686
6 6.6 153 127 {702 -15.1 0.0622 [ 290 0.691
7 6 153 1103|683 -15.4 0.0571 [ 270 0.682
8 5.7 15 1074|686 “146 | 00616 [ 270 0.673
9 6 15 1083|687 -14.5 0.0617 [ 270 0.673

The mentioned changes in the coefficients of quality for selection of turbochargers can be
traced in the Figure 3, which compares the course of the external characteristics for the optimum
values of Am) and Ar(m and for the cross-sections sections of AT([):16.8, AT(“):S.7 cm’ available for
cach series of turbochargers, that within the areas of permissible solutions are the most similar -
in the sense of the adopted criterion - to the optimum solution. Approximately 5.5% increase in
the torque value of T and the offset of its maximum towards lower values of speed in the case
of optimum completion of turbochargers (point line) result from this comparison. For the smaller
cross-section of Aj one has also obtained a clear increase in the torque throughout the second range
at lower specific fuel consumption b. At the same time the engine meets the imposed constraints.
However, the earlier mentioned increase in the excess air ratio A required due to the characteristics
of the supercharging, leads to a too strong decrease in the torque at the increasing speed of the first
range, which does not allow for further reduction of the W coefficient. This fact enforces the earlier
engaging of the second turbocharger into the cycle.
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Fig. 3. Results of the optimisation of the selection of the areas of turbine inlet box cross-sections
on the curve of the external characteristics of the SW 680 engine: T,, - torque,
A — excess air ratio, p,, — supercharging pressure, T, — supercharging temperature,
T, — temperature of exhaust gases, q — delivery of fuel per cycle, b — specific fuel consumption
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CONCLUSIONS

The results of the works for the optimisation of selection of parameters of turbochargers for
the diesel traction engine with sequential turbocharging presented in this paper have demonstrated
the usefulness of the proposed models for the simulation research in this field. On the basis of the
obtained results it can be concluded that the method discussed in the article allows - in a satisfying
way - for the predicting and shaping of the external characteristics of the engine, according to the
imposed requirements. However, this method is laborious and requires a complex numerical pro-
gram. The functions of speed determined during the execution of the optimisation task that describe
the maximum values of the delivery of the injection pump as well as the coordinates of the switching
points for turbochargers are essentially the solution to the problem of the optimum control. They
can thus be used to develop models and algorithms for the numerical system of engine control.
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ZASTOSOWANIE OPTYMALIZACIJI DO WYZNACZANIA
CHARAKTERYSTYKI ZEWNETRZNEJ TRAKCYJNEGO
SILNIKA WYSOKOPREZNEGO Z DOLADOWANIEM ZAKRESOWYM

Streszczenie. Przedstawiono sposob ksztattowania charakterystyki wysokopreznego silnika z dotadowaniem za-
kresowym przez racjonalny dobor turbosprezarek oraz przebiegu predkosciowej charakterystyki maksymalnego
dawkowania pompy wtryskowej przy uwzglednieniu natozonych ograniczen. Zaproponowano wskazniki jakosci
doboru wartosci optymalizowanych parametréw wedtug kryterium dynamicznego ujmujacego uksztattowanie
krzywej maksymalnego momentu obrotowego. Do wyznaczenia wartosci tych wskaznikow w kolejnych krokach
procedury optymalizacyjnej wykorzystano bezgradientowa metod¢ Hooke’a—Jeevesa.

Stowa kluczowe: silnik spalinowy, turbodotadowanie, optymalizacja
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SIMULATION PREDICTION OF OPERATIONAL
PARAMETERS OF A TRACTION DIESEL ENGINE
WITH SEQUENTIAL TURBOCHARGING
AT SELECTION OF TURBOCHARGERS

Krzysztof Danilecki

Faculty of Automotive Vehicles Operation,
the West Pomeranian University of Technology in Szczecin

Summary. The paper presents analytical and empirical model of the system: diesel engine, radial compressor,
radial turbine and a numerical program enabling prediction of the engine operating parameters at the selection
of turbochargers, adapted to the case of the sequential turbocharging. The essence of the presented model is the
appropriate combination of balance equations enabling calculations of thermodynamic parameters in the control
points of the system for both the single-stage supercharging, as well as in the case of the parallel combination
of two different turbochargers. The numerical program enables selection of turbochargers and determination of
functional requirements and the values of control signals for the supercharging adjustment system.

Key words: combustion engine, turbocharging, mathematical modelling

INTRODUCTION

A parallel combination of two turbochargers, engaged successively with increasing the ex-
haust gas flow intensity (with the increase in the engine speed and the engine load) is most often
the essence of sequential turbocharging [Wistocki 1991]. In case of this method of supercharging,
one of the most important problems is the discontinuity of the supercharging characteristics result-
ing from the jumping engagement of the second turbocharger into the cycle, which leads to an
unfavourable course of the maximum torque curve [Borila 1986 a, b, c]. This draws attention to
the special importance of a proper match of the characteristics of the turbochargers to the engine,
and — additionally — to ensuring adequate conditions for cooperation between them [Danilecki K.
2008, Syomin D. et al. 2010:]. The selection of a proper supercharging system design is based on
multiple determinations of rates of the engine operation for each successively analysed completion
of turbochargers in order to find a solution to meet the assumptions. The solution of such task with
an experimental method forces to carry out costly and time consuming engine bench testing, and
is limited to available designs of turbochargers. Significant savings of time and financial resources
can be obtained by solving this task through computer simulation tests, based on mathematical
models of individual system components: diesel engine, radial compressor, and radial turbine. By
adopting exactly this way of proceeding, one has assumed the possibility of simulation of operation
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of the engine with sequential turbocharging over the whole area of its general characteristics, and
the ability to influence on the course of the external characteristics by changing the delivery of fuel
or the excess air ratio. For this purpose, a numerical program has been developed that allows for
quick prediction of the engine performance at the selection of turbochargers and their switching
characteristics.

ASSUMPTIONS TAKEN AT CONSTRUCTING THE MODEL

The essence of the presented model is to combine (conjugate) dependencies known from the
literature [Zinner K. 1985] describing the conditions of cooperation of the engine and turbocharger,
forming a system of equations enabling the balance calculation of thermodynamic parameters in the
control nodes of the system. The calculations have been limited to the situation of the energy balance
corresponding to the steady conditions of operation. The diagram of the sequential turbocharging
system, where relevant denotation of pressures and temperatures characterising the operational
conditions of turbochargers have been plotted is shown in the Figure 1.
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Fig. 1. Diagram for the analysis of the sequential turbocharging system performance:

1 — turbocharger of the first range, 2 — air release valve, 3 — air surge tank, 4 — valve engaging
the compressor, 5 — turbocharger of the second range, 6 — valve engaging the turbine

For the case of the sequential turbocharging at parallel combination of turbochargers, the calcu-
lations are carried out for specified conditions of the air and exhaust gase flow through turbochargers,
Wthh can be taken as: pl{[) = p](I} = pl’ TI(I} = T](I) = T]’ pZ(I) = pZ(I) = pZ’ p3(]) = p}(l) = p3’ T3(I) = T3(I) = TS’
Py = Py, = P,- By solving the balance equations for turbochargers with specified flow cross-sections
of turbines, one can determine the required breakdown of the excess air W _and the exhaust gases
W,, and the values of the characteristics of each turbocharger, for which the condition of the power
balance and mass at their cooperation with the engine is met. A detailed description of the assump-
tions of the method of analysis of this type, determining the conditions of supply of turbochargers
with different flow characteristics has been presented in the paper of the author [Danilecki K. 2009].
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DESCRIPTION OF THE MODEL DEPENDENCIES

For the simulation of the engine, one has developed an analytical and empirical model of
a diesel engine limited to the calculation of the average parameters of the cycle [Cwik B. ef al.
1993, [Danilecki K. 2007, Sobocinski R. ef al. 1986, Yusupov Ramazan Ch. et al. 2003]. Such
a simplification of the model has been a compromise between the required accuracy of calculations
and the amount of work required for its development, while ensuring the proper interpretation of the
results of the model tests. Carrying out the simulation calculations in accordance with the intended
purpose of the numerical program required the inclusion of specified dependencies and auxiliary
factors in the numerical model, describing the engine parameters.

The actual engine cylinder volumetric efficiency n_ being the basis for the calculation of
the mass air flow intensity through the engine and the compressor has been presented in the form
of empirical dependence on the engine speed n, the supercharging pressure p, the supercharging
temperature T, and the average exhaust gases pressure P, ’

Ny :Fz(n:pba’Tbaapgl) 1)

The engine thermal efficiency n_ necessary to determine the indicated mean effective pres-
sure is calculated depending on the speed n, the excess air ratio A, the supercharging pressure p,,
and the supercharging temperature T, :

nc :Fl(n’}\"pba’Tba) (2)

The average friction pressure has been expressed by linear dependence on the engine speed.
Increase in the frictional resistance depending on the supercharging pressure has been determined
by means of the empirical dependence given in the paper [Cichy M. ef al. 1989]. In determining
the mechanical losses one has also included the influence of the supercharging parameters on the
conditions of the charge exchange. The average pressure of the charge exchange determined from
the empirical dependence given in the paper [Cumcon A. 3. et al. 1976] has been taken as the
measure of the charge exchange losses.

The exhaust gas temperature T, has been calculated depending on the speed n, the excess air
ratio A, the supercharging pressure p, and the supercharging temperature T, .

T, =E(n,Ap,,.T,,) 3)

The dependencies of (1-3) have been determined by identifying the SW-680 engine using the
“black box” method through the approximation with polynomials of discrete sets of values of 1
n, r, obtained on the engine test bench in steady conditions of the engine operation. These values
have been determined for 49 points of operation from the area of the general characteristics with
keeping the principles of a planned experiment. The approximation of the empirical data has been
made using polynomials of four variables of the second degree.

The compressor model has been presented in the form of polynomials developed on the
basis of characteristics of the compressor as specified by the manufacturer [Cwik B. ef al. 1993,
Kowalczyk M. ef al. 1990, Moraal P. et al. 1999, Wirkowski P. 2005] describing the dependence of
isentropic compression efficiency n_and the compression ratio 7_on the reduced values of the air
expenditure t and the speed of the turbocharger n:

ns:f(nt’rhs) (4)
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n,=f(n,,m,) Q)

The mathematical model of a turbine [Cunsisckuii B.B. 1986] is based on the experimentally
obtained dimensionless characteristics developed on the basis of the theory of dynamic flow similar-
ity, which describe the flow parameter values F, =m, \/f / p,, the speed parameter u,,, =u, / \/f
and the expansion ratio m and the adiabatic efficiency n , on the speed parameter u, /c.q and the
u, . parameter.
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Functional dependencies (6), (7) have been presented by means of polynomial functions of the
second degree. Identification of the coefficients of polynomials has been carried out using multiple
regression method based on the characteristics determined for turbines with the outer diameters of
rotors ranging from 0.05 to 0.09 m with different inlet box cross-sections.

Changes in the turbine power and flow capacity at the pulsating exhaust gas flow are taken
into account by means of pulsatility indices of k and k, given by Wanszejdt [Wanszejdt et al. 1977].

PROGRAM STRUCTURE

The calculations are carried out for a given engine operating point and a selected quantity
and completions of turbochargers. The commencement of calculations requires the adoption of:

— the value of the engine speed n,

— the value of the excess air ratio A or the fuel delivery q_.

Moreover, it is necessary to adopt the initial values of: supercharging pressure p, , pressure
p, and temperature T, of exhaust gases in the turbine inlet cross-section, the speed of turbocharger
n, and the volumetric efficiency n..

Bearing in mind the permissible conditions of operation of particular components of the
engine and turbocharger set system, adequate protection has been provided for in the program.
Such role is fulfilled by the conditions of not exceeding the pumping limit of the compressor and
the permissible exhaust gases temperature before the turbine. Also restrictions due to the variation
range of input values have been introduced, on the basis of which the identification of parameters
of the functions of the engine model has taken place. These restrictions apply in particular to the
permissible supercharging pressure values p, (compression of the compressor) and the excess air
ratio A that cannot exceed the area covered by the experimental conditions.

Due to the need to meet the basic balance dependencies of the turbocharger at its co-operation
with the engine, and in case of sequential turbocharging — the balance of the supercharging pres-
sure (pm) =Dy = p,) and the exhaust gases pressure (pm) =Dsqy = Ps) of two supercharging devices,
simulation has been carried out using an iterative calculation mechanism, until the assumed accuracy
of the solution has been obtained.
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Fig. 2a. Block diagram of algorithm for calculating the characteristics

of the engine and supercharging system operation
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Fig. 2b. Block diagram of algorithm for calculating the characteristics
of the engine and supercharging system system operation — continued of Figure 2a

In the inner iteration loop there are adjusted the values of such parameters as: speed of
turbocharger n_fuel delivery q_, share of expenditure of the turbine W, of the first range and the
volumetric efﬁc1ency M, The turbocharger speed n, is adjusted due to the compressor pumping limit
and because of the permissible range of variation of the A ratio, the supercharging pressure p,, and
the pressure of exhaust gases p,, in the exhaust manifold. If the calculated values of the exhaust gas
pressure p,,, the supercharging pressure p,, and the A ratio were at the limit of the permissible range,
then regardless of the balance of power and the mass intensity of flow, the turbocharger speed n,
would be adjusted on the basis of the set increase of the turbocharger speed + An,

In case of simulations performed for a system with two turbochargers, the speed n, is also
adjusted due to the supercharging pressure balance of each supercharging device. The fuel delivery
q, is determined in the loop of excess air ratio adjustment (in the calculations for a set value of A)
and with taking into account the permissible temperature of exhaust gases. In the calculations carried
out for a system with two turbochargers, in the loop of adjustment of the share of the expenditure
of turbines W, the pressure of exhaust gases in the outlet manifold P, is balanced for each turbine.
Due to the pressure of exhaust gases, the filling ratio is adjusted.

In the outer iteration loop, the speed of turbocharger n, is adjusted depending on the balance
of the compressor power N_ and the turbine N, With increasing the speed of the turbocharger n,
the values of compression n_increase, and consequently, the values of the A ratio. However, the
expansion ratio of m, decreases, which should lead to a reduction in difference in the power of the
turbine N and the compressor N_ In the calculations with two turbochargers on the basis of the
determined values of the power of compressor and the turbine, also the expenditure is adjusted for
each compressor by changing the share of the expenditure of compressors of the first and the second
ranges (W The condition for completion of the calculations is to obtain for each turbocharger the
required convergence of values of N_and N,

The block diagram of algorlthm for calculatlng the average values of selected parameters of
the engine and the supercharging system is illustrated by the Figure 2.
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POSSIBILITIES TO USE THE PROGRAM

The usefulness of the numerical program developed by the author for predicting the character-
istics of the engine depending on the completion of turbochargers has been confirmed by comparing
the calculated and the experimentally obtained external characteristics of the SW680 engine. It has
been found that the deviations between them vary from less than 1 up to 3.5% depending on the
observed parameter.

Use of the numerical program boils down to calculating the average values of operating
parameters during the entire cycle for the given values of the fuel delivery q_ or the excess air ratio
A and the speed n. This allows for determination of the engine performance in the conditions of:

— external characteristics,

— load characteristics,

— general characteristics.

The numerical program, apart from the selection of turbochargers, also enables determina-
tion of functional requirements and the values of control signals for the supercharging adjustment
system.
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SYMULACYJINE PRZEWIDY WANIA PARAMETROW PRACY
TRAKCYJINEGO SILNIKA WYSOKOPREZNEGO Z DOLADOWANIEM
ZAKRESOWYM PRZY DOBORZE TURBOSPREZAREK

Streszczenie. Przedstawiono analityczno-empiryczny model uktadu: silnik wysokoprezny, sprezarka promienio-
wa, turbina promieniowa oraz program numeryczny umozliwiajacy prognozowanie parametréw pracy silnika
przy doborze turbosprezarek, dostosowany do przypadku dotadowania zakresowego. Istota prezentowanego
modelu jest odpowiednie polaczenie rownan bilansowych umozliwiajacych obliczenia parametréw termody-
namicznych w kontrolnych punktach uktadu zaréwno dla dotadowania jednostopniowego, jak i w przypadku
réwnoleglego potaczenia dwoch réznych turbosprezarek. Program numeryczny umozliwia dobor turbosprezarek
oraz ustalenie wymagan funkcjonalnych i wartosci sygnatéw sterujacych dla uktadu regulacji dotadowania.

Stowa kluczowe: silnik spalinowy, turbodotadowanie, modelowanie matematyczne
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SCIENTIFIC AND PRACTICAL ASPECTS
OF PROJECT MANAGEMENT FOR PRODUCTION
AND REPROCESSING COMPLEXES

Thor Flys

Lviv National Agrarian University, Ukraine

Summary. The scientific and practical aspects of project management for production and reprocessing com-
plexes which are created on the basis of new or operating agricultural enterprises have been considered. The
introduction of production and reprocessing complex project will provide the additional financial funds for the
agricultural enterprise and the increase of technical and technological level of its production.

Key words: project, project management, agricultural enterprise, small reprocessing enterprise, production and
reprocessing complex.

INTRODUCTION

One of the new directions providing a high efficiency of modern agricultural production and
leading to new technical-technological and social-economic level is the creation of complexity in
agricultural enterprises (ACE) activity: from growing the raw material and its storage - to its more
complete reprocessing into commodity products. Therefore the theoretical grounding of the expedi-
ence and feasibility of the production-reprocessing complexes (PRC) created on the ACE production
basis is a current scientific-technical problem.

THE ANALYSIS OF SCIENTIFIC RESEARCHES AND PUBLICATIONS

Main requirements towards the innovative projects in the programs of villages and their ter-
ritories development, the identification of projects value, including PRC projects, are worked out
in the researches [1,2,3].

A number of scientific publications [4,5,6,7,8,9,10,11,13,14,16,21,24] have been devoted to
the important problem of choice equipment and the grounding of the production programmes of
small reprocessing enterprises (SRE) (their specialization and power) and management of their
functional structures.

The scientific-methodological grounds of the development of projects for the complexes of
agricultural raw material growing and reprocessing in ACE have been examined in the researches
[11,12,15,17,18,19,20,22,23,25].
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AIM AND TASK OF THE RESEARCH

The aim of this research is to find out the production and technological grounds and the evalu-
ation of PRC projects’ creation. The task of this research is to expose the scientific and practical
aspects in the relation to the production and reprocessing complexes management created on the
new or operating ACE production basis.

THE RESULTS OF THE RESEARCH AND THEIR ANALYSIS

The agricultural production at the present time is under the influence of both the objec-
tive (agri-technical and weather conditions) and subjective (the human factor) character. There-
fore, the potential possibilities of ACE in achieving the considerable success in agricultural pro-
duction are very often dependent on the poorly forecasted and uncontrolled (or not well-guided)
factors. This leads to the production inefficiency and financial losses of ACE. As the process of
getting the agricultural raw material from preparation to growing up to the sale is long (9-12
months), there is a high probability of substantial money losses of facilities that have invested in the
production.

We consider that one of the effective ways of removal of possible risks or their minimizing
on one hand, and getting additional profits without any considerable capital investments and cur-
rent expenses, on the other hand, is the creation of production and reprocessing complexes on the
ACE base. The production and reprocessing complex is the agrarian-industrial enterprise which
is created for agricultural raw material growing and its reprocessing into the commodity products
(Fig. 1).

Agricultural lands, machines, tractors and trucks, stock-raising farms with productive animals
and technological equipment, compositions and depositories with equipment and also a few small
reprocessing enterprises with their technological equipment are PRC components.

PRODUCTION AND PROCESSING COMPLEX

L

Agricultural lands | | Machines and tractors | | Stock-raising | SRE

v

Mechanized processes of growing Raw material Mechanized processes of

and production » reprocessing
Sale of part of raw material | Sale of commodity products

Fig. 1. Scheme of production and reprocessing complex

PRC projects development, in the first place, needs its identification. The process of PRC
project identification is demonstrated on the next scheme (Fig. 2).
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NOT EFFECTIVE AGRICULTURAL ENTERPRISE

FARMER LILC QISC CISC
FARMER LLC 0JSC CcJSC

- I GENERANOR OF PROJECT IDEA :

\ 4 Yes ?

Yes!
: PROJECT MANAGER l

Yes ?

VVVYVYY

RESULT OF IDENTIFICATION OF PRODUCTION AND
REPROCESSING COMPLEX PROJECT

Fig. 2. Process of production and reprocessing complex project’s identification LLC - Limited Liability
Company; OJSC - Opened Joint-Stock Company; CISCA - Closed Joint-Stock Company

The project management specialists operatively execute the project identification. However,
there must be a person who is the most interested in such project: that is the generator of project
idea. The generator of PRC project idea may be a physical or legal person who is mostly inter-
ested in this project and will exploit his product in the future. The generator of PRC project idea
must expressly realize and clearly explain to the project manager the requirement in the project’s
product, adequately estimate its financial state and investment possibilities to formulate the project
identification order. The project manager and generator of PRC project idea (more often he is the
customer of the project and user of its product in future) conduct the conceptual negotiations on the
project configuration, its purpose, and the ways of its achievement. The project manager conducts
a preliminary technical and economic ground and multiple agreement of the preliminary configura-
tion of PRC project with interested persons. For PRC project identification it is necessary to give
the project manager some information:

*  Vkinds and Q volumes of agricultural raw material grown in this ACE, which is the result

of agricultural production;

»  § forecast specialization and ¥ power of each small reprocessing enterprise, which will

be included in PRC, which is the result of reprocessing production.

The result of every ACE agricultural production is the function of the following indexes:

V= 1(K;, B, B, AL G R), @)
Where K, - the traditional sowing of cultures in the economies of the region; P - an area of
agricultural lands; F, - physical and mechanical properties of soils; 4, - agri-technical properties of

soils; G, - configuration of fields; R - the demand on this raw material at the market.

Q= f(NM’UK7RF’GK=OP’ZP)9 2
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Where N, - the quality of seminal material; U, - the productivity of cultures; R - the pro-
ductivity of animals; G, - soils and climatic terms; O, - the organization of mechanized processes
in a crop-growing and husbandry; Z, - the storage of raw material.

The efficiency of reprocessing production also depends on such factors:

S:f(CP’CS’VV;”QS)a (3)

Where C,, C; - a realized price, according to commodity products and its raw material; /¥,
- commodity products volumes of every SRE; O - the amount of the grown raw material for the
given commodity products.

W= f(VPaBPaTP:KP): 4

Where V, - a commodity unit cost; B, - the losses of products in raw material up to the mo-
ment of reprocessing; T, - transport charges; K|, - capital investments on creation of SRE.

Consequently, each of the created PRC must have its own production programme activity
(kinds and volumes): at first, grown agricultural raw material and, secondly, commodity products
produced by such complex. On the other hand, the production programme of every SRE in the PRC
structure depends on the kinds and amount of the grown raw material, and also on the demand for
the commodity products produced by every SRE in the PRC structure. Making conclusions we
consider that PRC will be effective enough in the case of coordination and cooperation of all the
components of production structure. The growing of raw materials in PRC, on one hand, will satisty
the demand on the local market and on the other hand - will be downgraded to the group of small
reprocessing enterprises.

Therefore, it is very important to scientifically establish, according to soil, climatic and socio-
economic conditions, for each PRC: 1) the agricultural production programme; 2) the production
programmes of each of SRE in PRC; 3) a flexible and effective interaction of growing, storage and
reprocessing of PRC agricultural raw material.

That is why in modern economic conditions the agricultural production is considered as the
interaction of three basic mechanized processes: plant growing, meat and milk production and the
reprocessing of these types of raw material into the commodity products. Therefore, the primary
purpose of PRC production is not just getting the agricultural raw material in maximally possible
volumes but the production and realization of commodity products at the market.

Taking into account the stated theoretical opinions, we are planning to create the PRC project
on the basis of the educational-scientific-experimental center (ESEC) of Lviv national agrarian
university (LNAU).

The production and technological bases of ESEC are formed by:

— 1545 hectare of agricultural lands, including 560 hectare of plough-land;

— stock-raising-production complex comprising: 180 cattle-heads; 142 pig-heads;

— engineering and technical complex;

— tractor, truck and agricultural machine park involving: 10 tractors; 8§ trucks; 4 combines

harvesters; 3 forages combines; complex of agricultural machines.

After the accumulation of the basic data and the proper calculations according to the meth-
ods developed in the researches [5,8,10,14,16,17,21], the SRE optimum annual programmes were
estimated according to the ESEC grown raw material production and the present socio-economic
conditions can be included in the production and reprocessing complex (Table).
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Table. SRE production programmes for PRC on the basis of ESEC of LNAU

SRE SREcialization Annual power, tons

Mill: 400
flour 350
grain 50
Bakery: 85
bread 70
macaroni 15
Rape oil making enterprise 150
Milk reprocessing enterprise: 115
pasteurized milk, 2,5% adiposeness 80
sour cream, 15% adiposeness 35
Meat reprocessing enterprise: 32
can beef 8

ham 5

smoked sausages 7

semi smoked sausages 12

As the result of the conducted experimental researches we have grounded the specializa-
tion of five SRE: mill, bakery, rape oil making enterprise, milk and meat reprocessing enterprises.
Consequently, except the present production base, the complex of small processing enterprises will
be included in PRC:

»  Mill: flour - 350 tons/year and grain - 50 tons/year;

* Bakery: bread - 70 tons/year and macaronis - 15 tons/year;

* Rape oil making enterprise: rape oil - 150 tons/year;

*  Milk reprocessing enterprise: pasteurized milk - 80 tons/year and sour cream - 35 tons/

year;

*  Meat reprocessing enterprise: can beef - 8 tons/year, ham - 5 tons/year, smoked sausages

- 7 tons/year, semi smoked sausages - 12 tons/year.

The organization process of PRC activity consists in the engineering and technical, organiza-

tional and technological providing of production, which is demonstrated in the next scheme (Fig.3).

ﬂ ENGINEERING, TECHNICAL, ORGANIZATIONAL AND TECHNOLOGICAL PROVIDING OF PRC PRODUCTION I_

/\

Growing of vegetable Production of milk
products and meat

Sale of part of l— Stor_age of raw I_nalerial Y Sqle of part of
vegetable products in compositions milk and meat

v

4>| Reprocessing of raw material by SRE |<7

Sale of commodity
products

Fig. 3. Organization scheme of PRC activity on the ESEC LNAU production basis
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The management of a production and processing complex has as the main purpose to provide
the control over the production and effective co-operation of all the services and subsections. The
scheme of PRC activity management is presented in Fig.4.

li Chief of PRC
\ 4

Accountant Economist

A
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Fig. 4. Scheme of PRC activity management on the ESEC LNAU production basis

The director of production and processing complex heads the PRC management. There are
two main SRE specialists - economist and accountant for providing the management wi8th object
planning and accounting.

There are three production complexes: tillage, stock-raising and reprocessing and seven
specialized services: power and energy engineering, mechanization and automation engineering,
agronomy engineering, zootechnics engineering, reprocessing technologies and technology of food
production engineering, sale of raw material and commodity products, labour and environment
protection. The complexes are managed by the specialists of proper industries and the services are
managed by the main specialists.

The agronomical, engineering and technical services of PRC organize the mechanized pro-
cesses of plant raw material growing. Zootechnics engineering and technical services of the pro-
duction and processing complex have a task to organize milk and meat production in PRC. Re-
processing technologies, mechanization and automation, and power engineering services organize
mechanized processes of raw material reprocessing.

The Chief of PRC is the main co-ordinator of the three mechanized processes: crop-growing,
stock-raising and reprocessing industry complexes. The preliminary trained workers are responsible
for the implementation of all the technological operations in three PRC departments. The leaders
of the proper services organize and test their work keeping to the technologies and regimes, proper
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technical exploitation of machines and equipment, control over the labour and ecological protection.
The leaders of subsections organize and control the workers’ activity. The sale of raw materials and
commodity products is organized by sale service. The service of labour and environmental protec-
tion must provide the normative conditions of labour and ecology in PRC activity.

We have estimated the efficiency of the production and reprocessing complex activity which
will be created on the production, economic, material and technical basis of ESEC of Lviv NAU.
The results of the calculations prove that the introduction of PRC in the university ESEC will pro-
vide €120-150 thousand of annual profit.

CONCLUSIONS

The development of projects for production and reprocessing complexes for growing and
reprocessing of the ACE agricultural raw materials into commodity products at present will provide
the agrarian enterprises with the additional financial funds for the increase of technical-technological
and social-economic level of agricultural production.

We consider that the creation of PRC on the production basis of a new or operating ACE in
the production and technological processes of modern agriculture is one of the effective methods
of the removal of possible risks or minimizing the results of their influence, on one hand, and get-
ting the additional profits after low capital investments and current expenses, on the other hand.
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HAVYHO-ITPAKTUYECKUE ACIIEKTHI YITPABJIEHU A ITPOEKTAMU
IMTPON3BOACTBEHHO-ITEPEPABATBIBAIOIINX KOMIIJIEKCOB

AHHOTanus. PaccMOTpeHbI HAay4YHO-TIPAKTHYECKUE ACIEKThI YIIPABICHHS IPOCKTAMH IPOM3BOICTBCHHO-TIEPE-
pabaThIBAIOIIMX KOMILICKCOB, KOTOPBIC CO3/AlOTCS Ha 0a3e HOBBIX MM JACHCTBYIOIIMX CEIbCKOXO3SHCTBEHHBIX
npeanpusTHii. BHeapeHre npoeKkTa Npon3BOACTBEHHO-IEPePadaThIBAIOIIEIO KOMILICKCA 00ECIICUHUT HOTyYeHUE
JIOTIOJTHUTENIBHBIX (PUHAHCOBBIX CPECTB CEIBCKOXO3SHCTBCHHOMY MPEAIPHUSATHIO TS TIOBBILICHHS TEXHUKO-TEX-
HOJIOTHYECKOTO yPOBHSI IIPOU3BOZICTBA.

KawueBbie cioBa: IIPOEKT, YIIPABJICHUE IIPOCKTaAMHU, CEITbCKOXO35HCTBEHHOE MpEeaAnpuATUe, Majaoe nepepa6a-
ThIBAIOLWICC MPEANPUATHE, npomBoz{cmeHHo—nepepaGaTLIBanmMﬁ KOMILJICKC.
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CONTOUR CONTACT AREA OF THE BLOCK AND DISK
OF THE DISK BRAKE UNDER THE CONDITIONS
OF THERMAL DEFORMATIONS

Alexander Golubenko*, Yuriy Yu. Osenin*, Igor Sosnov*

*Volodymyr Dahl East-Ukrainian National University, Lugansk, Ukraine

Summary. The article presents the analysis of the contour contact area changes of the block and the disk of the
disk brake under the action of thermal deformations of the disk which appear while braking. The design is offered
which promotes the influence decrease of the thermal deformations on the value of the contour contact area.

Key words: disk brake, thermal deformations, contour contact area.

INTRODUCTION

According to classical ideas of interaction of the bodies, contour contact area is the area which
is formed while touching the bodies which have macrodeviations from regular geometrical shapes.

One of the factors which influence the macrodeviations of the block and disk of the disk brake
are the thermal deformations of the materials which are caused by the heating of the interacting
surfaces (700 — 800 and more degrees Celsius). In connection with this, the purpose of this article
is the analysis of the peculiarities of the formation of the contour contact area of the block and disk
of the disk brake under the conditions of the disk thermal deformations.

The nature of thermal (reversible and irreversible) deformations of the surfaces of the block
and disk is caused by the conditions of considerable non-stationarity of the process both in the
quantity and durability of the cycles of the thermal heating in the result of braking and in the level
of realized temperatures.

The heating of the working elements of the disk brake is characterized by irregularity of tem-
perature spreading in the volume of the materials of the block and the disk and it causes irregular
deformations of the disk surface. As the result, the working surface of the disks is distorted and
acquires macrodeviations from the plane [1, 2, 5, 6, 8 — 14, 16, 17].

CALCULATION MODEL

The evaluation is given of the changes in the contour contact area of the block and disk of
the disk brake under the conditions of deformations caused by the heating of the disk because of
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friction (the disk is approximated by cylindrical and spherical surfaces, the block is approximated
by the plane). The analysis is carried out for two cases: in the first one the block is represented by
one working plane, in the second case it is represented by two planes. Calculation diagrams are
given in Figure 1. The following assumptions are taken into account:

* voltage in the zone of contact does not exceed the limit of elasticity;

« the areas of contact are small in comparison with the surfaces of the touching bodies;

« pressure forces spreading along the surface of contact are normal to this surface;

* deformations of the disk surface: volume — symmetrical;

* deformations of the block are small.

The areas of contact for the case of interaction of the above surfaces are calculated with the
help of dependencies known from the theory of elasticity [3, 4, 15].

N

Fig. 1. Calculation diagrams in the estimation of contour contact area
of the block and the disk of the disk brake under the conditions of thermal deformations:
a) — block presented by one working plane; b) — block presented by two working planes.
1 — brake disk; 2 — block; N — pressing force of the block to the disk;
d - level of deformation stipulated by the curvature radius of the surface R.
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The contact of the flat and cylindric surfaces is estimated by the expression:

2 2
botian | NR[I=a4 1= ) (1)
H | E  E,

where: b — semi-width of the strip contact;

R — curvature radius of the surface in the zone of contact;

H — length of the contact strip (width of the block);

U, , - Puasson coefficient of the materials of the contacting surfaces;
E, , — elasticity modulus of the materials of the contacting surfaces.

Contact of flat and spheric surfaces:

2 2
r=0,909N - R| 124 124 ) )
E  E,

where: r — radius of the contact spot.

Curvature radius of the contacting surfaces R, which is a member of the formula (1) — (2) is
determined in the following way (see Fig. 2).

~f >

Fig. 2. Diagram in the value estimation of the curvature radius R
of the contacting surfaces in the zone of contact

Lengths of the chord h and arc L (Fig. 2) are estimated as [7]:

2
h=2v2.6-R-R’ ; Lth%%. 3)

Having manipulated these expressions we obtain:

= L %5 + 15 . 4)
86 3 2
The value L in the calculations corresponds to the outer radius of the brake disk. The values of
summary nominal areas of the working surfaces of the blocks of the brake disk for the two above-
mentioned cases (a) and (b) are considered to be equal.
Cast-iron and steel with corresponding use in the formulas (1) — (2) of the average values of
their mechanical characteristics are taken as the materials of the blocks and brake disk. The seize of
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the block for the condition (a) (fig. 1): 0,20 " 0,121 m: for the condition (b): 0,10 " 0,121 m; outer
radius of the brake disk: 0,35 m.

RESULTS OF CALCULATIONS

The results of the calculations in the above dependencies are given in Fig. 3. (Notes: the val-
ues for the condition (b) are given in the brackets, for the condition (a) the values are given without
brackets; S, — nominal area of contact of the considered surfaces before deformation.
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3% - N | R S N 0,003
(0,24 {0,008

~ M =3000 H
£ Ve 2500 H

008 £ S, 2000 H 0,002
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Fig. 3. Dependencies of the contour S and relative S/S  areas
on the thermal deformation 6 and normal pressing force N of the block to the disk:
I — contacting surfaces: plane (block) — cylinder (disk);
II — contacting surfaces: plane (block) — sphere (disk)

The analysis of the given dependencies showed that in the result of thermal deformations of
the disk its contour area of contact with the block has the tendency to decrease. While level growing
of the thermal deformations (parameter 8) from 0,0 mkm to 1000 mkm a contour area of contact
Has , on average, 81% of decrease.

Decrease levelling of the contour area of contact of the block and disk under the conditions
of thermal deformations can be provided due to the block which is presented in the form of two
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working planes (condition b). In this case the decrease of the contour area of contact under the
conditions of thermal deformations can be two times less and makes 40%.

CONCLUSION

Thermal deformations of the brake disk have a considerable influence on the formation of its
contour area of contact with a block under the conditions of force interaction. General tendency of
influence of thermal deformations on the contour area consists in the decrease of the latter while
growing deformations.

With the growth of thermal deformations from 0,0 mkm to 1000 mkm a contour area of
contact decreases by mean 81% (for a block presented by one plane) and by mean 40% (for a block
presented by two planes).

Design improvement of the block of the disk brake can be achieved due to the presentation of
the working surface of the block as the system of kinematically connected of two and more planes.
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KOHTYPHA IIJIOIIAIb KOHTAKTA KOJIOAKHK U IUCKA TUCKOBOI'O
TOPMO3A B YCJIOBUAX TEPMUYECKUX JEOOPMAINN

AHHoTamus. B crarbe npeacTaBieH aHaIN3 N3MCHEHUH KOHTYPHOH IUIOIIAIH KOHTAKTA KOJOAKH M JAUCKA JIHC-
KOBOT'O TOPMO3a I10J1 BO3/ICHCTBHEM TePMUUECKHX JehopMalinii JUCcKa, BOSHUKAIOIIKUX 1TPpH TopMoxeHuH. [Tpes-
JIOKEH KOHCTPYKTHBHBII CIIOCOO YMEHBILICHUS BIUSHUS TEPMUYECKUX JeopMaluii Ha BEJIUYMHY KOHTYPHOH
IUIONIA/IN KOHTAKTA.

Kirwuesbie cioBa: I[I/ICKOBHﬁ TOPMO3, TEPMUICCKHUE [ICq)OpMaLII/II/I, KOHTYpHas IUIOIIaAb KOHTAKTa.
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ANALYSIS OF TRACTION CHARACTERISTICS
OF THE MOTOR CAR FIAT PANDA EQUIPPED
WITH A 1.3 16 V MULTUET ENGINE

Wawrzyniec Gotebiewski*, Tomasz Stoeck *

* Department of Motor Vehicle Use, the West-Pomeranian University of Technology in Szczecin

Summary. This paper presents analysis of traction characteristics of the Fiat Panda car equipped witha 1.3 16 V
Multijet engine. Characteristics of the full power of the 1.3 JTD engine was prepared, along with a selection of
the trend curves. On the basis of the moment curve from that graph and the car basic data, traction characteristics
of the vehicle was prepared. It was a dependence of the propulsive force on the vehicle’s linear velocity. On that
basis, such traction qualities of the Fiat Panda as its ability to accelerate, to drive upon hills and its achieving
the maximum speed were analyzed.

Key words: traction characteristics of a vehicle, theory of motion, combustion engines, external characteristic
of an engine.

INTRODUCTION

Acceleration potential is one of the most important traction characteristics of a vehicle. It
finds its reflection in urban traffic. A higher number of cars that manage to drive over a crossing in
one light cycle results in a lower number of cars waiting before the crossing, which translates to
a lower emission of combustion gases from engines working idle.

Moreover, quick passing is also important, as it shortens the time of the hazardous maneuver.
This quality of the car is strongly affected by the external characteristics of the engine torque and
selection of an appropriate power transmission system.

Overcoming heights by the vehicle at its maximum speed is meaningful, too.

These traction qualities describe the essence of the vehicle work and the character of its use.

PURPOSE OF THE RESEARCH

Purpose of this research was to perform analysis of traction characteristics of a motor vehicle
Fiat Panda, equipped with a 1.3 16 V Multijet engine.
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TESTING STATION
The testing station was composed of the following components:

* a fuel (diesel oil) tank — a 200 1 fuel tank for diesel oil;

» a fuel pump — it was supposed to ensure fuel pressure from the tank and its delivery to

the fuel pipes;

“Automex” fuel meter — it was an important component, necessary for measuring fuel con-
sumption with the weighing method (not included in the scope of the tests). Unburnt fuel returned
to it through the engine;

» a Fiat Multijet 1,3 JTD engine — a four-stroke turbo-charged diesel engine with direct

injection, provided with the Common Rail fuel delivery system;

* an,Automex” eddy current brake — which charged the engine with any chosen anti-torque

at variable rotational speeds, using the rotary current phenomenon;

* apower panel with a Fiat Panda 2 switchboard with software and the fuel meter control-

ling system — controlling the engine work and torque loading the engine via the brake,
with a display of the basic operational parameters, including: power, engine torque, etc..

Below, Figure 1 presents the testing station arrangement.
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COURSE OF THE TESTS

During the tests, measurements on a test engine bed were conducted, by performing the en-
gine full power speed characteristic [6,9,16] for the Fiat Multijet 1,3 JTD. It appeared as follows:
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Fig. 2. Speed characteristic of a Fiat Multijet 1,3 JTD engine; Mo — engine torque,
Ne — engine power output, n — engine rotational speed, R’ — correlation coefficient

The measurements were made every 200 rpm, from 1000 rpm to 4200 rpm and the opposite.
The result was the mean of the two measurements. For these values, trend curves were matched.
Equations characterizing those curves are shown on the graph, where x=1,2,3,... 17 —the next mea-
surement number. High values of the correlation coefficients (R”) proved the good matching of the
trend curves and the actual values. In the table below, results of actual measurements with theoretic
values obtained from equations of the matched trend curves are presented.
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Table 1. Actual values and theoretical values of the engine torque and power output

n (1pm) MNm] [ M, Nml [ N[kW] N, e [kW]
1 1000 67 63.32 7.1 5.34
2 1200 76 83.45 9.6 10.49
3 1400 98 100.07 14.3 15.32
4 1600 117 113.43 19.6 19.85
5 1800 130 123.82 24.5 24.08
6 2000 134 131.51 28 28.00
7 2200 136 136.76 31.3 31.61
8 2400 136 139.85 343 34.92
9 2600 135 141.04 36.8 37.92
10 2800 141 140.62 41.3 40.61
11 3000 139 138.84 43 43.00
12 3200 138 135.99 46.3 45.09
13 3400 135 132.33 48 46.86
14 3600 129 128.13 48.8 48.34
15 3800 123 123.67 49.1 49.50
16 4000 118 119.22 49.6 50.36
17 4200 115 115.05 50.6 50.92

where: M — actual engine torque, M
N

o

e theor

o theor

— theoretical engine torque, N, — actual engine power output,

— theoretical engine power output.

The next stage of the test was selection of parameters characterizing the vehicle and prepara-
tion of a traction graph based on the above-given theoretical characteristic of the engine torque.

VEHICLE DATA

The basic parameters that describe the vehicle include the ones given in Table 2.

Table 2. Basic data of the vehicle

Symbol Value Unit where:

G, 19325.70 [N] vehicle weight
ﬁ’ 0.012 - basic rolling resistance coefficient

A 0.00005 - additional rolling resistance coefficient
c. 0.3 - non-dimensional air resistance coefficient
k 0.9 - filling factor

B 1.578 [m] vehicle width

H 1.54 [m] vehicle height

F 2.19 [m’] vehicle end face area

n 0.9 - propulsive system mechanical efficiency
o 1 - under-hood power loss factor

r, 0.27 [m] wheel kinematic radius

Basic assumptions for selecting values for the vehicle data:
* it was assumed that the vehicle is fully loaded, hence its weight (G ),
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the value of the basic rolling resistance coefficient f:) was adopted as for a surface similar
to smooth asphalt,

the value of the additional rolling resistance coefficient 4 was adopted as for most of
surfaces in use,

the value of the non-dimensional air resistance coefficient ¢_was adopted as for a Fiat
Panda car,

the value of the filling factor £ was adopted as for motor cars,

the values of the width and height of the car were adopted as for a Fiat Panda, version
4x2 Van,

the vehicle end face area was calculated based on the dependence F’=kBH,

the value of the propulsive system mechanical efficiency was adopted as for motor cars,
the value of the under-hood power loss factor was adopted as for a vehicle going at eleva-
tion of 0 meters above the sea level,

the wheel kinematic radius resulted from the tire size (at pressure recommended by the
producer) and the ring, with consideration of static loads.

Table 3. Basic ratios of gearbox C514R and the final drive [18]

I gear 3.909

I gear 2.158
11T gear 1.345
1V gear 0.974
V gear 0.766
Reverse gear 3.818
Final drive 3.438

TRACTION CHARATERISTIC OF THE CAR

Traction characteristic of the car was the dependence between the propelling force on the car

wheels on its linear speed. The propelling force on the car wheels was calculated with the formula:

o theor

o - under-hood power loss factor,

n,, — mechanical efficiency of propelling system,

i,, — ratio of the actual gear of the gearbox the car is driving at (selectable ratio),
i — final drive ratio (permanent ratio),

r, — wheel kinematic radius [m].

Pk: (Ma theor o ’7»1 ibi ig)/rk’ (1)

where:
P,— propelling force on the wheels [N],

— theoretical engine torque (value according to the trend curve) [Nm],
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The car velocity was described with the dependence:
V=(0.38nr)/i, i, 2)

where:

V' — car linear velocity [km/h],

n_— engine rotational speed [min™],

r, — wheel kinematic radius [m],

i,, — ratio of the actual gear of the gearbox the car is driving at (selectable ratio),
i~ final drive ratio (permanent ratio).

The values of the propelling force and the linear velocity were calculated for five gears. The
reverse gear was not taken into account.

The graph shows the vehicle motion resistances, i.e. rolling resistance, air resistance and
grade resistance. The resistance curves were drawn based on dependences available in the literature
[1,4,8,12,14].
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Fig. 3. Traction graph of a Fiat Panda car equipped with a 1.3 JTD engine
Pk1, Pk2, Pk3, Pk4, Pk5 — propelling force for the subsequent gears: 1, 2, 3, 4, 5;
Wt- rolling resistances; Wp — air resistance; Ww% - grade resistance
(e.g. Ww 5% - grade resistance at a 5% slope)
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RESULTS

Maximum speed of the car: 155 km/h,
Maximum propelling and acceleration forces at individual gears:

Table 4. Maximum propelling and acceleration forces at individual gears

P, [N] a[m/s’]
gear 1 6318.28 3.21
gear 2 3488.07 1.77
gear 3 2173.98 1.10
gear 4 1574.32 0.80
gear 5 1238.12 0.63

where: P, — maximum value of propelling force at the given gear, a — maximum value of acceleration
at the given gear

Steepest hill possible to overcome at gear 1: 30 %
Steepest hill possible to overcome at gear 2: 15 %,
Steepest hill possible to overcome at gear 3: 5%,
Steepest hill possible to overcome at gear 4: 5%.

CONCLUSIONS

Considering the fact that it was not a sports car, its maximum speed (155 km/h) was of a sat-
isfactory level. Apart from the engine and propelling system design, that was strongly attributed
to the aerodynamics of the vehicle. The basic air resistance factor had been effectively reduced
throughout the years, thanks to which the car had been achieving higher and higher maximum
speeds and using less and less fuel.

The ability to overcome a 30 % slope when fully loaded proved the good selection of the
transmission ratio of gear 1 and utilization of the torque characteristics.

Acceleration values achieved at the other gears were important too, whereas the first select-
able transmission had a high value.

It its worth consideration if it would not good to have the ratios of gears 2 and 3 increased
slightly. This could make the car able to overcome steeper elevations at these gears and to achieve
a better acceleration. Particularly, increasing the gear 3 ratio would make sense, as in urban traffic
this gear is used most frequently.

On the other hand, increased rations of gears 2 and 3 would result in increased fuel con-
sumption while driving at them. That would entail a general increase of fuel consumption, and thus
a higher emission of exhaust gases.

To sum up, in the view of the ecology and economy, the engine and propelling system design
should be qualified as good. Traction characteristics of the car result from its intended use.
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ANALIZA WEASNOSCI TRAKCYINYCH SAMOCHODU FIAT PANDA
WYPOSAZONEGO W SILNIK 1,3 16 V MULTIJET

Streszczenie. W artykule przedstawiono analiz¢ whasnos$ci trakcyjnych samochodu Fiat Panda wyposazonego
w silnik 1,3 16 V Multijet. Wykonano charakterystyke petnej mocy silnika 1,3 JTD wraz z doborem krzy-
wych trendu. Na podstawie krzywej momentu z tego wykresu oraz podstawowych danych pojazdu wyznaczono
charakterystyke trakcyjna pojazdu. Byla to zalezno$¢ sity napedowej od predkosci liniowej pojazdu. Na jej
podstawie analizowano wlasnosci trakcyjne pojazdu Fiat Panda, takie jak: zdolno$¢ przyspieszania, mozliwos¢
pokonywania wzniesien oraz uzyskiwanie maksymalnej predkosci.

Stowa kluczowe: wilasnosci trakcyjne pojazdu, teoria ruchu, silniki spalinowe, charakterystyka zewngtrzna
silnika.
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CHANGES OF GEOMETRIC CHARACTERISTICS
OF STORED BARLEY IN ACCORDANCE
WITH SIMULATED LOADS SUBSISTING IN SILO

Tomasz Guz, Zbigniew Kobus, Elzbieta Kusinska,
Rafat Nadulski, Zbigniew Oszczak

Department of Food Engineering and Machinery
University of Life Sciences in Lublin

Summary. The paper presents methodology and results of geometric characteristics measurements of grain
stored in silo-stress simulated conditions. The subject of the study was barley grains (cv. Stratus). The silo-like
stress was developed by specially designed cylinders. The values of stress were 35, 52 and 70 kPa, which is com-
monly met in industry-scale silos. The aim of this work was to search the course of geometric changes in grains,
developed by variable conditions of storage (14, 16, 18, 20, 22, 24% of moisture and 6°C and 20°C of tem-
perature). The measurements of geometric characteristics were taken by SVISTMET system and software. The
results showed that the changes of geometric characteristics were not statistically significant. Slight changes ap-
peared only at extremely high stress (70 kPa) and at higher temperature (20°C) and moisture content (over 20%).

Key words: barley, silo, storage, geometric characteristics, image analysis

INTRODUCTION

Active ventilation in the silo enables to maintain proper conditions of grain during storage
[Kaminski i in. 1978; Haque i in. 1982; Jayas, Muir 1991]. The reaction to air conditioning is flow
resistance, which is estimated so far by many researchers [Al-Yahya, Moghazi 1998; Agullo i in.
2005; Molenda i in. 2005]. Grain elevators that are used in today’s industry have become increas-
ingly higher and bigger, that means the bulk resistance is still a non-solved problem [Pabis 1978;
Sacilik 2004; Kusinska 2006]. The raised bulk density and low porosity of grain with the time of
storage and height of grain loaded in the silo cumulates high resistance to airflow [Giner, Denisienia
1996, Lukaszuk 2005].

The keeping of grain quality is strictly determined by its moisture, temperature, and time of
storage [Luszczewski 1985; Tyburcy1997; Ciecko 2003 ]. Ventilation by active multiple atmosphere
exchange made the intergrain space accessible to fresh air thus diminishing physiological activity of
grain [Bujak 1972; Kusiniska 2008]. The flow resistance of air should be known at the initial phase
of conditioner construction [Sokhansanj i in. 1990; Dziki, Laskowski 2004]. The most effectual
factors of air-flow resistance are: bulk density, moisture content, porosity, shape and size of grain
as well as internal friction of grain [Bekasov 1952; Giner, Denisienia 1996]. The shape and size of
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grain are strictly influenced by a variety of properties as well as climate and conditions of growth
[Jankowski 1988]. There is a strong relationship between shape and size of grain. The shape of
grain may be spherical, egg-like, oval or wedge-shaped. It may sometimes exist as the ridge side,
the abdominal side or basis and top of the particular grain. Shaken mass of grain cumulates flow-
resistance which is strongly influenced by volume-to-area ratio [Litynski 1982; Grzesiuk, Gérecki
1994]. Almost every grain has its length (a), thickness (b) and width (c). All these characteristics
change with the moisture content in the grain. The shape of the grain may be illustrated by spherical
coefficient, K1=c/a, K2=b/a.

The use of modern visual technology (digital image analysis systems) enables to calculate
more complex image parameters existing in biological objects. They are based on area measure-
ments, edge lines distance or substituted diameters [Guz 2009]. The description of phenomena and
its effect on the stored material is now more specific and accurate. This is especially important
in description of grain stored in high-volume silo, where the porosity is significantly diminishing
[Bekasov, Denisov 1952]. The volume of intergrain spaces has a decisive influence on air-flow
resistance [Bujak 1972].

Germination capacity is the most common factor studied after storage. Higher values of
germination have grains of higher springness and resistance to stress, impact and thrust [Litynski
1982]. The susceptibility to deformation of grain after stress is higher due to its higher plasticity
caused by high moisture content. At the low level of moisture the grains loose their plasticity and
are+ very susceptible to internal break [Kolowca 1979]. Grain shape changes are by so far one of
the most important factors that creates its quality and influences the conditions of ventilation process
in silos [Waszkiewicz, Nowakowski, Sznajder 1999].

MATERIALS AND METHODS

Barley grains (cv Stratus) at initial moisture content of 14% were moistened to 16, 18, 20,
22 and 24% of moisture. The grain then was placed to cylindrical shaped vessels of 21 capacity.
Vessels had a specially designed stress-developing mechanism (Fig. 1).

Fig. 1. Specially designed silo-stress simulator vessel
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The stress values were 35,52 and 70 kPa accordingly to the stress simulation in silo condi-
tions. Such a tension is equal to the thrust of over ten meters high bed of grain, which is common in
industry plants. The grain was placed also to non-stressed vessels as reference material. The storage
of commodity lasted until the stoppage of relaxation in the stressed layer. After storage 3 parts of
volume of 30 ml were randomly taken from the vessel and mixed together. Every measurement was
taken out with the participation of 100 grains taken from the mixture. Objects of the study were
placed on specimen table that was illuminated with backlight to emboss the grain silhouette. Every
measurement was taken 10 times with 10 grains which were placed on limited area to improve the
measurement precision. Images taken digitally were stored for further analysis. After storage the
images were digitally filtered to dual-color (binary image) (Fig. 2) which was the basis of measure-
ments (SVISTMET).

ITIL
e

A B

Fig. 2. Barley grain measurement images: A- digital primary image, B — binary digital image with edge line

The following data were measured: length, width, area of horizontal projection and shape
coefficients:

L
Kl==
S

where:

L — length of grain,

S- width of grain,

A — area of horizontal projection,

P — perimeter of grain,

R — radius of equivalent area.

RESULTS

The courses of horizontal projection area in dependence on pressure and storage temperature
were shown in Fig 3 and 4. The area of grain changed insignificantly.
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Fig. 3. Area of horizontal projection in dependence on silo pressure

The least changes were noticed for non-stressed grains. Those changes were not statistically
significant. Although the commodity was a strictly selected sewing material and its dimensions were
specified by sieve, there was still a problem with detecting slight deviations in grain dimension.
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Fig. 4. Area of horizontal projection in dependence on storage temperature

The next factor analyzed in the storage was process temperature. The growth of grain plastic-
ity after moistening at ambient storage temperature resulted in grain growth (Fig. 4). The course of
area changes showed that moistening had a significant influence on grain size.
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Fig. 5. The comparison of K1 changes caused by storage pressure

The pressure in the silo is not a significant factor of size changes in barley grains. The uni-
form pressure values were not the influent factor forming the grain size in the temperature range
used in the experiment.
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Fig. 6. The temperature course of K1 coefficient

The K1 coefficient changes were similar to the course which was independent of the silo
pressure. The temperature taken into account as a factor forming the shape of barley grains was not
influential to K1 slight deviations (Fig. 5) The K2 values represented stable, unchangeable factor
through the whole pressure and moisture range values used in the experiment (Fig 7).
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Fig. 7. The temperature course of K2 coefficient

Stability of K2 coefficient is a confirmation that the border line of the grain has a constant
ratio in relation to other geometrical characteristics, taken into account during defining the K2 shape
coefficient. The border line in the whole grain specimens was not distracted by deformations caused
by bruises, breaks and other stable inconsistency of the grain outlines. Slight decrease of K2 value
was observed only at 20°C and 52-70 kPa. (Fig. 7).

CONCLUSIONS

The experiment developed slight geometric changes of sampled barley grain caused by differ-
ent factors. Among those factors moisture content, silo pressure and storage temperature were taken
into account. On the basis of observations it was affirmed that moisture content and silo pressure
were the most influencial factors that made these changes. The temperature of storage surprisingly
wasn’t the main factor significantly forming geometric parameters of barley grain measured in the
experiment. Moreover, it was observed, that after storage of the commodity in silo conditions, all
geometric parameters changes, expressed by shape coefficients were in aspect ratio to almost all
storage conditions. This was a direct evidence that storage process was conducted without any harm
to external structure of grain. This was shown by calculating the K1 and K2 shape coefficients. Only
after storage at 20°C and higher pressure values a slight value drop of K2 was observed.
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ZMIANY CECH GEOMETRYCZNYCH JECZMIENIA PRZECHOWY WANEGO
W WARUNKACH OBCIAZENIA PANUJACYCH W SILOSIE

Streszczenie. Praca przedstawia metodyke 1 wyniki oceny zmian cech geometrycznych ziarna jeczmienia od-
miany Stratus po przechowywaniu w warunkach symulowanego laboratoryjnie obciazenia. Naprezenia o warto-
$ciach 35, 52 oraz 70 kPa byly wywolywane w specjalnych cylindrach symulujacych warunki przechowywania
w silosie. Celem pracy bylo ustalenie przebiegu zmian cech geometrycznych nasion w zmiennych (wilg. 14,
16, 18 20, 22 i 24%; temp. 6°C oraz 20°C) warunkach ich przechowywania. Pomiary cech geometrycznych
przeprowadzono z uzyciem systemu SVISTMET. Wyniki badan wskazuja, ze zmiany cech geometrycznych
nasion (statystycznie nieistotne) wystepuja tylko w skrajnych warunkach przechowywania (20°C, 52 i 70 kPa)
w warunkach wysokiej ich wilgotnosci (ponad 20%), ktora byta gtéwnym czynnikiem tych zmian.

Stowa kluczowe: jeczmien, silos, przechowywanie, cechy geometryczne, analiza obrazu
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Summary. The present article refers to the designing of an intelligent electric installation in the European Instal-
lation Bus (EIB) system. Its purpose is to present the problems associated with the assurance of human friendly
indoor climate with particular emphasizing of the implementation of EIB TP system.
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INTRODUCTION

The idea of intelligent building has been created in the 70s of the 20" century in the USA.
This concept was applied in the next decade in the scope of the systems designed to control the
watering in greenhouses and in residential gardens. Together with the development of aforesaid
systems, other installations have been automatized and connected together to form a centralized and
integrated system in the building— Building Management System (BMS). The largest part of energy
generated in the European Union i.e. about 40% of its total consumption is used by the buildings.
The energy saving and application of renewable energy sources is considered as one of the most
important methods of natural environment protection, undoubtfully contributing to the reduction of
carbon compounds emissions released to atmosphere. The building operation costs and environment
cleanness are affected by properly programmed climate in the rooms. The energy consumption in
the building depends on the designed system and on its maintenance.

The climate in the rooms is essential for comfort, health and productivity of their occupants
and increases our living standards. We spend most part of the day and night in various rooms [1,
3,9, 10].

When designing an intelligent building, we have to pay particular attention to the balance
to be maintained between our comfort and economical operation. The latter is affected by several
clements established to achieve the same goal: to decrease the energy consumption, to reduce the
maintenance costs, to ensure a simplified and elastic service.

The fact of diversified perception of the climate i.e. as comfortable or optimal is important
in the framework of designing intelligent systems ensuring the indoor climate parameters control
and constitutes the background of the present article.
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DEFINITION OF VALUES DETERMING
THE PARAMETERS OF INDOOR CLIMATE

Indoor microclimate is one of the most important elements included in the scope of building
quality, because it is closely associated with human health and comfort. The Sick Building Syn-
drome term is connected with microclimate analysis. As a result of SBS (Sick Building Syndrome),
some symptoms of sickness are possible e.g. headache, watery eyes, deteriorated concentration,
breathing disorders. Many years research in the scope of human work environment quality con-
tributed to the creation of the so called intelligent buildings. Their principal goal is the reduction
of SBS effects and improvement of living comfort. The level of comfort perceived by occupant is
essentially affected by the following factors:

— Air quality,

— Thermal comfort,

— Noise level,

— Conditions associated with ergonomics (lighting, windows, height of rooms etc.)

As a result of the research in the scope of Sick Building Syndrome — SBS, it appears that poor
quality of indoor air is the main principle of illnesses in occupants of such type of buildings [2].

It is defined as a complex of factors negatively influencing the occupants of the room under
consideration. SBS induces typical allergic reactions like conjunctivitis, chronic inflammation of
larynx and bronchitis, asthma bronchiale and some other non- allergic symptoms are also specified
— headaches, irritation, concentration disorders, humidifier fever as well as cancer diseases as the
consequence of the affect of carcinogen substances e.g. tobacco smoke, asbestos or radon.

The Sick Building Syndrome has been permanently intensified, particularly in Western Eu-
rope and in USA. Therefore detailed investigations have been carried out by many companies and
scientists [4].

The following factors causing SBS have been indicated:

— Improper air temperature and humidity,

— Improper lighting,

— Poor air quality,

— Noise.

The air quality is affected by several factors i.e.: ventilation of buildings, air temperature and
its relative humidity, variations of pollutions originating of endogen sources, ambient air quality in
direct vicinity of the building.

The natural air exchange is often minimized as a result of new technologies and use of energy
saving solutions in case of a significant number of the buildings being erected actually in Poland.

The perception of comfort and the definition of comfort level are affected by subjectively
perceived human impressions, but as a result of many years of scientific research and studies, the
standardization of indoor climate parameters was possible [PN-78/B-03421 — Ventilation and air-
conditioning. Indoor air design parameters for the rooms designed for permanent human occupa-
tion].

The optimal indoor climate is characterized by air temperature in the range between 16 up
to 20°C and relative air humidity between 40 and 60%. However frequently, owing to diversified
likes and likes of the occupants, the values of indoor air temperature and relative air humidity are
different [5].

Every designer responsible for the designing of indoor climate control system has to resolve
the problem associated with the determination of design inputs and preliminary assumptions to
determine the purpose of the design and to enable its verification after the completion of the instal-
lation.
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However we have to remember that the indoor climate, apart from the ventilation and air-
conditioning parameters, also encompasses the interior design including, among others, the dimen-
sions (height, width, length, height and type of windows, interior features, lighting).

In the connection with entry of EPBD Directive issued in European Union into force, it is or-
dered to ensure the correct energetic performance of the installation and consequently to consider the
costs of object operation. Aforesaid Directive has been prepared in order to promote the improve-
ment of the energetic performance for the buildings in the European Community. First of all the
outdoor and indoor conditions of the building as well as projects rentability are considered therein.

The overheating of rooms occurs frequently, and in overdried air it is difficult to maintain the
negative ionisation which is favourable for occupants.

The presence of electronic equipment, particularly the screens of TV sets and computers,
floor linings made of improper materials, tobacco smoke and even dogs’ hair — contribute to the
generation of the climate with unfavourable ionisation.

CONTROL OF INDOOR CLIMATE FORMING INSTALLATIONS

The application of the technical solutions offering the individualization of indoor environment
parameters is the most effective method contributing to increased number of occupants positively
evaluating the indoor microclimate.

It refers to:

— Indoor heating control with consideration of the rooms occupancy,

— Immediate shutoff of the heater valve in case of window opening,

— Elimination of manual screwing in and out of the heaters valves and their replacement by

the automatic temperature control vs. time and in accordance with individual preferences,

— Application of heating types ensuring a uniform heat supply (floor heating systems),

— Heating only the rooms where it is needed,

— Application of low temperature heating systems. A smooth heat exchange is possible as

a result of low temperature on the feeding side. Thanks to the lack of continuous air cir-
culation occurring in the vicinity of convection radiators, the amount of dust circulating
in the rooms is significantly reduced. The heated floor creates less favourable conditions
for mites and fungi spores living in dust.

The savings are also associated in the intelligent heating of the building. The conventional
systems maintain constant temperature without considering any functions of the rooms and their
occupancy periods. However our intelligent system performs temperature measurements in indi-
vidual rooms and maintains it at desirable level. In the standby mode, the temperature is reduced
by several degrees when it is recorded that the occupants left the building; in night operation mode
- the temperature is reduced to the level preferred by the occupants.

In comfort mode, the optimal temperature is restored before the inhabitants will come back
after work at programmed time. It seems to be not much, but as a result of heating control by means
of individual temperature control in each room, more that 30% of energy can be saved.

In many studies in the scope of indoor climate, only HVAC installations are considered but
it should be emphasized that the indoor climate is also associated with the interior arrangement and
design or with correct lighting.

The analogue signals (mainly on sensors side) as well as digital signals (Fig.1) are used in
EIB/KNX system. They convert analogue signals e.g. temperature into electric signals.
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Fig. 1. Use of signals in system EIBJ[ 8 ]

Furthermore there are many other possibilities ensured by the indoor climate control for the

Temperature control enabling diversified temperature settings in the building e.g. reduced
temperature setting at night during sleep and increased temperature setting at the time of
getting up and other activities before going out to work.

In the buildings with integrated antiburglary system integration and HVAC installations
control, the remote control of aforesaid systems is also possible.

The control system installed in an intelligent building also prevents any unreasonable
ventilation and air-conditioning, particularly owing to the fact that it frequently happens
in the rooms which are not used at the moment. Therefore additional costs of unnecessary
electric energy consumption are avoided. Thanks to the use of occupancy sensors, the
information about necessity or lack of necessity to provide comfortable climate condition
in an area is supplied to the system continuously.

The impact of the light is also extremely important to the indoor climate. The scope of main
reasons of the sick building syndrome encompasses the improper lighting including too low or
excessive illumination, its improper direction, dazzling, incorrect colour of light, strobe effect. The
rooms with improper lighting make bad impression and are unfavourable for effective work or rest.
In order to ensure an efficient control for integrated systems, there many requirements to be
met in all phases i.e. designing throughout their implementation, commissioning and finally the
commercial operation [6]. It is one of the most important prerequisites contributing to the control
systems development including lighting control systems.

The automatic lighting control by means of KNX/EIB system encompasses the following:
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— Control vs. time for switching off the light sources in course of work breaks and week-
ends,

— Adaptation of the rooms lighting to optimal working conditions by means of the function
maintaining the constant illumination and depending on natural lighting changes (Fig. 2).
Therefore, in combination with intelligent heating control, it is possible to reduce the costs
of energy consumption even by 30%,

— Automatic lighting control in the corridors, staircases and rarely used rooms by means
of movement sensors.
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Fig. 2. Devices incorporated in EIB TP system and required
to perform the function maintaining the constant illumination [ 7 ]

The lighting controller and light sensor are used in order to maintain the constant illumina-
tion in the room. This sensor is installed on the roof in order to enable the measurement of the
surface lighting within its detection range. The measured value is compared with setting thereafter.
As a result of this comparison, the difference between the settling and actual illumination value is
minimized. The influence of the sensor surrounding is also important. If its surrounding is lighter,
the contribution of artificial lighting is limited and increased in case of darker surrounding. The
setting is established by means of the illumination meter, which is incorporated under the light
sensor for this purpose.

The essential advantages resulting from the use of the control systems are:

Flexibility — enabling the reconfigurations of circuits being controlled in case of any
changes in interior arrangement, without any necessity of physical intervention into the
installations,

Energy saving — enabling reduced consumption of energy for lighting purposes even up
to 70%,

Improved visual conditions for work and possibility of user’s intervention into lighting
intervention,

Possibility of lighting scenarios realization.
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The lighting must meet several conditions, the most important ones are:

— The value of average illumination within the surface under consideration is conforming

to standard

— Lighting uniformity in space and time

— Correct luminance distribution

— Light colour adapted to needs.

The average illumination £ is determined as the ratio of total luminous flux inciding onto the
surface area under consideration and the size of this surface area. The lowest permissible values of
average illumination in all types of rooms are included in the standard PN-84/E 02033.

The uniformity of lighting € on the surface consists in the maintenance of the average illu-
mination in various points of illuminated surface area of the room.

The ratio of the lowest value of illumination to its average value should not be lower than
0.65 within the room, on the working plane.

The light colour is a very important parameter of lighting, because it may affect the human
psyche as well as ability to perform the work correctly. Most favourable are the sources generating
the light with the colour similar to daylight.

The lighting efficiency method as well as point method and computerized programs e.g.
Dialux, Calculux, Relux are most frequently used for the lighting calculation.

Lighting efficiency method

The lighting efficiency method is based upon the general lighting efficiency and the luminaire
efficiency. The lighting efficiency n , is defined as the ratio of useful luminous flux inciding onto
the surface area of the plane being illuminated to the luminous flux emitted by the light sources in
the luminaire.

The reflection indices for the walls and ceiling are assumed from the calculation table contain-
ing the general lighting efficiency. The distance “h” between the light sources and working plane
and the room index are calculated thereafter in:

h:H_Hb_LZw (1)

where:

h — distance between the light sources and working plane,
H — height of the room ,

H, — height of the work field;

L_, — length of luminaire suspension.

0.2a+0.8b
W=——
h

The calculation of total luminous flux required to generate the illumination £, in the room is
performed after transformation of the following equation:

@

_ nCDanL;p

> 3
ab Top )

r
where:
E_- average illumination within working plane under consideration,
n — number of luminaries,
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@ — summarized luminous flux,
1,, — luminaire efficiency,
n, - actual luminaire efficiency,

n — lighting efficiency, considering the reflection indices of the ceiling, walls and floor, lumi-
naire efficiency and index of use,

a — length of the room,

b — width of the room,

k = 1/K — reserve ratio considering the reduction of illumination level parallel to the period
of use, closely associated with an efficient maintenance system; included in table. The reserve ratio
depends on the type of lighting, its class luminaire efficiency, room index as well as reflection
indices of the ceiling and walls.

Having calculated the summarized luminous flux @ for light sources, we can select the light
sources ensuring the required values of summarized luminous flux and average illumination as
recommended by standards. Then the power required for lighting and actual average illumination
are calculated.

P=nP, “

where:
n — number of light sources,
P —power of single light source.

B-E, 2 ®)

where:

@ - summarized designed luminous flux of light sources,

@ - summarized actual luminous flux of light sources.

The lighting scenes system applied in intelligent installations, makes it possible to program
even several lighting scenarios in the same room, lamps dimming, maintenance of constant light-
ing level.

Point method

In the framework of the point method, the horizontal and vertical components of the illumina-
tion in a design point are calculated:

E.. :chosa, (6)
r

E, :r—zsina, 7

E=E +E} ®)

where:
I — candle power of the lamp read from the candle power transmission curve,
o — angle used for the determination of candle power ( Fig. 3.).
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Fig. 3. Determination of horizontal £, , and vertical £ , illumination

RECAPITULATION

The requirements associated with indoor environment were continuously increased in recent
years. As a result of the experience gained in the past, it is obvious, that the future of intelligent
buildings installations is very optimistic. The dynamic development of electronic sector and its
progressing miniaturization contribute to the construction of more and more modern automatic
systems including the building management systems. Sick Building Syndrome and indoor climate
are the essential issues associated with the modern building systems. They demonstrate the fact that
the modernization of human life brings also some dangers to be continuously monitored in order to
avoid or at least reduce their negative impacts.
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STEROWANIE KLIMATEM POMIESZCZEN W SYSTEMIE EIB

Streszczenie. Niniejszy artykut dotyczy projektowania inteligentnych instalacji elektrycznych w systemie EIB
(European Installation Bus). Poruszono w nim zagadnienia zwigzane z zapewnieniem przyjaznego dla cztowieka
klimatu pomieszczen. Szczegolng uwage zwrdcono na implementacje do tego celu systemu EIB.

Stowa kluczowe: klimat pomieszczen, systemy HVAC, systemy zarzadzajace budynkiem, budynek inteligentny,
instalacje elektryczne
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COMPUTER - AIDED DESIGN OF VIRTUAL SUPERVISION
SYSTEMS FOR THE ELECTRIC SYSTEM
IN CONTEMPORARY BUILDINGS

Marek Horynski

Lublin University of Technology, Nadbystrzycka 38 D Str., 20-618 Lublin

Summary. The purpose of the present article is to discuss the role of the information system in the building
management systems as well as the use of computers for computer — aided design and operation of intelligent
electric systems in contemporary buildings. Special attention is devoted to KNX system as one of the most
popular systems applied in the buildings management solutions. The article presents the basic principles of
the creation of KNX system design in TP (Twisted Pair) version in ETS4 tool and the procedure of its startup.

Key words: intelligent electric systems, designing, integration, virtual supervision

INTRODUCTION

The idea of intelligent building engineering and so called intelligent systems became popular
and more present in our everyday life in recent years. Nowadays “an intelligent” house is not a lux-
ury any more but becomes a more and more commonly applied solution. The first electric systems
in the buildings were equipped with conventional accessories i.e. fuses, sockets, circuit — breakers,
cam switches, light fittings. Owing to continuous trends towards the improvement of the standard
of contemporary buildings, further development in the scope of the conventional electrical systems
is practically impossible. The development of electronic engineering and computerization in many
fields of life is also reflected in the electric systems sector. New control and regulation systems are
created by the manufacturers of the systems equipment introducing control engineering solutions
into building management systems. Owing to their advanced development and complexity, it is
necessary to find a new approach to the designing of these systems, power supply methods, as well
as to the localization and elimination rate of potential disturbances [7, 8].

The intelligent electric systems have been created simultaneously with the general access to
personal computers. The field of the computers applications has also been extended to the private
companies and industrial centres. The reason of these changes was obvious — using the computer
with proper software the companies were able to meet the investor’s need in a faster and more ef-
fective manner and consequently to survive in the market. However, the role of the computer was
not essential in the work of designers, because appropriate tools to be installed in the computer i.e.
dedicated software are more important.
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At that time it was a group of specialized computer programs enabling the creation of the
diagrams of conventional electric systems e.g. CAD programs. Furthermore, the designers could
perform the computations and to prepare the design documentation by means of computation sup-
port software and text editors, for example by means of MathCad and Word.

Another new application of computers in the intelligent systems consists in their use for the
startup (activation) of the components of the intelligent systems as well as for the supervision over
and control of the building systems [1, 5, 9, 10].

INFORMATION SYSTEM.

The information system performs an essential role in the contemporary modern buildings as
an important element of automated systems. Such solution makes it possible to ensure the com-
munication between the elements being the components of the building management systems. The
adherence to relevant principles as early as in the course of its construction is important for the
correct functioning of an information system.

Most often there are four levels (stages) in the structure of this system (Fig. 1):

* The system encompasses several subsystems (at least two) and constitutes an assembly of

interconnected parts creating the whole. Each system performs the role of a subsystem in
a higher order system (or: a higher order system performs the role of a superior system
over the lower order system) e.g. heating control system in the building can perform
the role of the subsystem in BMS (Building Management System). The purpose of the
information system is to enable the acquisition and processing of information necessary
for correct management.

* The subsystem is an element included in the higher order system. It is isolated in the
system through the establishing of principles which correspond to relevant objectives in
the systems and to management tasks. Another criterion used for the subsystem definition
is its function performed in the system e.g. planning, records, inspection etc. or in accor-
dance with other established principles. The subsystem is provided with a decision mak-
ing member responsible for the decision making process in the determined decision area.

* The functional unit constituting a part of the subsystem is the smallest element of the
whole structure of the system, which can be operated independently. The task of the func-
tional unit consists in the processing of a separate task. The functional units are separated
in a manner enabling the operation of every unit in one processing sequence.

*  The module constituting a component of the functional unit encompasses a separate frag-
ment of an issue e.g. temperature measurements in individual rooms and heating medium
control in accordance with pre-programmed temperatures. The module is situated on the
lowest level in the system’s hierarchy structure. Its implementation is the easiest but
independent operation is impossible.

The system, subsystem, functional unit and module constitute the levels (stages) in the sys-
tem’s structure. The structure of an information system is presented below as the model of modular
structure. Such structure makes it possible to combine the simplest elements (modules) in an easy
manner and to create various forms of higher order structures. Such systems are easy to design and
implement and can be easily modified in accordance with varying requirements of the user.
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Fig. 1. Diagram of the information system structure [3]

KNX BUS SYSTEM; TP TYPE
The control structure applied in the building management systems is frequently called the
complex processes control structure in the literature. The systems contain several controlled inputs
withu, ... U, U signals and with the following operators A :

y=Ai(u,, ... u, - u ), where i=1, 2, ... j, ., n (1)

In particular case of a multidimensional linear system the form of the equation (1) is as fol-
lows:

\ :ZLii(uj)’ where i=1, 2, ... j, ..., n
=

. . L
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Fig. 2. Multidimensional system [10]

In case of the systems characterized by several impacts, the central control device (Fig. 2)
can be substituted by several local devices C, i= 1, 2,..., n, performing the control functions for
individual subsystems. This solution is presented for m=n (Fig. 3).



126 Marek Horynski

s
»  Master
F : _______________ 1
|
o [ U A
L|
| i
Y L—--' LUz Y2
C, Process
¥ 1‘ t - o
C. ' |
! Lo

Fig. 3. Multidimensional system control by means of local devices and superior tool [3, 10]

The purpose of the superior control device is to coordinate the operation of local devices in
order to subordinate to local objectives of separate subprocesses to the common global objective
as well as to consider the interrelation of process outputs and inputs. The coordination is achieved
through the continuous data flow between the local control devices and superior control devices.

The systems in accordance with Fig. 2 are called the centralized control systems and the
systems in accordance with Fig. 3 are called the decentralized control systems.

The decentralized control systems prevail in the complex system for the processes control.
Their role is important in the scope of processes automation in industry, building engineering and in
other fields of our life. The principal advantage of these systems consists in their ability to perform
rather complex functions by means of relatively simple tools. The volume of data to be processed
by the local and superior devices is significantly lower than the volume of data to be processed by
means of single control system in the centralized system.

In order to enable the correct functioning of the decentralized system, it is necessary to
coordinate the functioning of the local devices and systems through the selection of the efficient
links enabling fast data transfer. Unless this requirement is met, the functioning of the decentralized
system will be significantly worse than the functioning of the centralized system.

In a majority of control systems, the control devices for individual processes are arranged
in the form of pyramid or hierarchical structure (Fig. 4). The hierarchical structure belongs to the
group of decentralized structures in case of determined freedom of the individual subsystems con-
taining the decision making members or devices in the decision making process. The hierarchical
centralized structure is also possible with all the decisions made by the member situated on the top
of the hierarchy and with other members completing the orders issued by the central member. This
structure contains the controlled objects O.,..., O_, (with interrelations ignored in order to simplify
the problem), local control devices C]],..., le, second level control devices C]2 , ... etc. Every set
of objects e.g. O}, ..., O, and C, ..., C . C]I can be considered as a subsystem (indicated in Fig. 4
by means of dashed line and letter P)) controlled by the higher level device (in case of P - Cl2
performs the role of superior device).
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The integrated systems are characterized by “distributed intelligence”. Therefore, the indi-
vidual devices arranged in the whole building can perform their functions in an undisturbed manner,
even in case of interrupted communication with the superior managing units. It is possible, thanks
to the controllers equipped with individual microprocessors and memory used for storage of the
controller operation data. Therefore, the various systems can be controlled in local mode without
necessity of permanent intervention of the system operator. Such solution increases the system reli-
ability and reduces the time of reaction to various hazards and alarm conditions. The possibility of
optional modelling of the system shape should also be emphasized, because the system flexibility
is ensured — enabling its continuous adaptation to the needs of an organization.

EIB (European Installation Bus) actually called KNX is defined as a bus system with tree
structure (the system can be branched but without forming any loops).

The line (branch) is the basic part of the structure used for the connection of system elements
(maximum 64), sensors and actuators. Several lines (max 15) can be integrated together to form
an area by means of special devices, for instance linear couplings. It is possible to integrate fifteen
areas into one system (Fig. 5) by means of individual area couplings.
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Fig. 5. KNX system: SO — Area coupler, SL — Line coupler, RL - Line Repeater, UM — bus unit [2, 4]
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EIB (European Installation Bus) integrates more than 50000 bus elements together; the com-
munication elements can communicate with each other in the form of information exchange irre-
spective of the location of their connection to the bus.

The system elements communicate with each other usually in local mode [12]. In case of the
occurred event, determined commands are issued by the sensor in the form of telegrams transmitted
between the sensor and actuator. The Carrier Sense Multiple Access /Collision Avoidance [CSMA/
CA] protocol has been applied as the bus access mechanism warranting collision free and equal
right access (of BCU module) to the bus [2, 6, 12, 13].

Algorithm of asynchronous CSMA/CA protocol is presented in Fig. 6.

Festore

Not restored

Fig. 6. Algorithm of bus access mechanism in KNX system [2, 11]

Therefore the transmission of messages can be commenced any time by the elements par-
ticipating in the transmission but they have to verify if the network is not busy by other transmis-
sion. The system elements (sensors or actuators) are provided with assigned priorities. In case of
transmission process commenced by two sensors simultaneously, the transmission is withheld by
the sensor with lower priority and restored after the completion of the transmission by the sensor
with higher priority. In case of both sensors with the same priority, the decision on transmission
order depends on the physical address. The physical address is a unique number assigned to every
element of the system in order to determine the telegram recipient and the localization place of
the device. The element with the higher physical address releases the bus for the element with the
lower address [12, 13, 14].

The communication telegram sent by the sensor propagates along the whole line. The mes-
sages are received by the actuators being the recipients of information; the receipt notification is
sent by the recipient to the sender. The telegram must be ignored by other users who are not its
recipients. The linear coupling preventing the propagation of information along the whole bus is
extremely important in such situations. The coupling performs the role of a filter — amplifier. At
the time of the system activation in the coupling, a filtering table is automatically recorded in order
to determine the telegrams to be amplified and transmitted and the telegrams to be attenuated. The
information flow as well as filtration is possible in both directions.
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In case of a telegram sent for example by the sensor from the line 3 and to be received by
the actuator situated in the line 13, this telegram is furnished to the linear coupling 3 and passed
by this coupling to the main line. Then the telegram is passed through the linear coupling 13 and
furnished to the recipient. At this time the telegram is locked by the linear couplings 1,2...14,15
and sent via the main line without reaching these lines. Therefor, the communication is possible
within these lines in a parallel mode. Identical filtering tables are incorporated in area couplings in
a manner enabling unrestricted information transfer to the elements located in other parts of system
structure. The telegram transfer process to other areas is identical.

COMPUTER — AIDED DESIGN

A wide group of programs dedicated for computer — aided design of electric systems in con-
ventional version was available at the time of the creation of intelligent electric systems. Therefore
it was obvious that more advanced programs will be developed to facilitate the designing of intel-
ligent electric systems. Furthermore it should be emphasized that the programming by means of the
computer is required for some installations of intelligent electric systems.

The designing process of an intelligent system consists of several phases diversified with re-
spect to their degree of difficulty and time consumption. All requirements included in the standards,
regulations and recommendations concerning the issue under analysis should be considered and met
in every phase. The majority of designing activities can be automated and optimised to a significant
degree by means of computer — aided design systems.

The wide spectrum of computers with diversified hardware architecture, functioning in the
framework of many various operating systems has been created as a result of intensive develop-
ment of electronic engineering and information systems. However, the disadvantage of this diversity
consists in the fact that the software elaborated for a hardware platform most often will not work
on the computer with another platform.

ETS4 SOFTWARE TOOL

ETS4 software tool (European Installation Bus Tool Software) is required for the design-
ing, startup and further servicing of the installations in KNX TP system. ETS4 software tool is
distributed by the Association of KNX system devices manufacturers and dedicated for operation
in Windows environment as the standard program for EIB systems installations. ETS4 is a modular
program consisting of several parts supporting each other. The scope of basic properties of ETS4
program encompasses the automatic creation of the system documentation encompassing the plan of
the system, addresses allocation list and the list of applied bus elements. At the installation startup all
data and information concerning the installation functioning, diagnostics and service are transferred
to the memory of corresponding bus elements.

The special symbols and names of bus elements with various application, established by
Konnex Association responsible for the certification of devices in this systems, are used in KNX
system designing and automatically entered by ETS4 package into the plans and diagrams of the
systems i.e. into its electromagnetic part (230/400V) and bus(24V). After startup, the main window
is opened (Fig. 7.) with pushbuttons enabling the access to the next parts of the program.
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Fig. 7. Starting window of ETS4 program — commencing of the new design creation

The individual program windows contain: the modules responsible for the selection of design
saved in the computer or for the commencement of work associated with a new design, designing,
installation of KNX TP system apparatuses from the manufacturers in base program if the use of
their devices is intended by the designer, program setting, option selection menu; startup and testing.

The devices can be inserted directly into the design or the building structure can be created
at the beginning with subdivision into the storeys and rooms.

In the second case the devices are located at the places of their factual installation in the real
object i.e. the apparatuses to be installed in switching stations are located in switching stations and
control apparatuses in the rooms from which the bus telegrams are sent to the actuators. The design-
ing principle consists in the dragging of individual “building objects” to the design, with logical
reservation that the larger object must not be inserted into the smaller object.
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The first step of systems designing is associated with the selection and planning of the layout
of bus elements in the building. At the selection of the devices for KNX systems the following
principles should be adhered to:

» For each bus line, at least one power pack should be selected with the coil with rated

current sufficient to provide the power supply for all devices connected to the line.

* The length of the conductors for single line should not exceed 1000 meters. For more
complex topological structures (containing the level higher than basic) one linear coupling
should be selected for each subordinate line.

*  When designing the line routes in the building, the quantity of devices to be directly con-
nected to this line should be considered in order to not exceed their permissible quantity
determined by the address space.

The simplest KNX system able to function in the building consists of one power pack with
coil, two — wire bus cable, one actuator and one sensor as well as KNXnet/IP router coupling KNX
system with the computer network of the building in order to enable the communication by means
of IP network.

OPERATING PRINCIPLE OF VISUALIZATION SYSTEMS

The operation of the visualization and control systems is determined through the so called Ob-
jects determining their types, functions and interrelations [3]. The following items can be classified
as the objects; editable data from panel, symbolic names of programmable controllers supporting
the system, buffers of messages. The objects can be also created in the form of graphical elements,
icons, windows and alarm messages pages as well as elements located on the screens. The objects
enabling the control system support and its visualization are a very important group of the objects.
The system support is possible by means of the following objects: virtual switches (pushbuttons,
switches), real pushbuttons and input fields used for data entry. The objects enabling the visualiza-
tion encompass the following scope: binary states displays, output fields (text and numerical fields)
as well as virtual meters.

Analysing the hardware and software mechanisms used for the control over the object auto-
mation system on the levels of individual tiers of hierarchic model of information exchange in the
object, we can find that on the level of direct control tier in KNX TP standard, the simple optical
and audible signal devices as well as liquid crystal displays (LCD) and HMI panels are very often
used as the system status visual presentation mechanisms.

In case of hardware elements used for the visualization and control purposes in residential
objects, the aesthetical feature of the component, possibility of its integration with interior design
as well as the manner of the presentation of automatic control system devices status are principal
criterion for the selection of proposed solution.

The communication protocols are another criterion essential for the applications area of a vi-
sualization component.

In case of automatic control system based upon KNX standard, the elements dedicated for the
visualization of and control over the system operation are usually characterized by very limited pos-
sibility of extension and their implementation in other automatic control systems. The visualization
devices (mainly HMI panels) are equipped with additional interfaces (e.g. RJ-45, USB) enabling the
achievement of their objective on the level of higher control tiers (mainly in superior control tier).

The interfaces applied in this standard constitute in a way the equivalents of external com-
munication cards. The information received from the bus or sent to the bus (occurring as a result of
the telegrams with the queries concerning the address group status or as a result of bus watching)
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is copied to the cache of KNX interface and sent to visualization system after its conversion. In
order to enable data exchange with KNX system bus, one communication program constituting and
integral part of communication system is usually used. This program is completely independent of
the hardware elements used in the automatic control system owing to complete standardization of
BCU units construction.

Archiving software NetDDE, OFC

Visualisation

e.2.DDE

Commmunication program

Interface - RS232/KNX, USB/KNX, (TCP/UDP)KNX ...

KNXTP

Fig. 8. Data exchange mechanism in visualisation application in KNX system [11]

In case of KNX automatic control system, the application of superior Building Management
Systems (BMS) is not obligatory [8]. This type of systems is usually applied in large objects charac-
terized by significant topological span of the automatic control system. The aim of the achievement
of economical benefits associated with savings by the users in the scope of electric energy, heating
medium energy etc. as well as increased comfort of object use is the principal factor contributing to
the application of the Building Management System in an object. An example of such management
completed by means of WinSwitch 3 program is presented in the diagram below (Fig. 9).
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Fig. 9. Intelligent systems management by means of WinSwitch 3 program

CONCLUSIONS

The electric systems are an inherent element of every contemporary building. Initially their
sole task was to provide the power supply for electric energy receivers. Owing to technology
progress, the automatic control elements occurred in the systems in order to increase their safety,
functionality, comfort and electric energy saving. The information systems in intelligent buildings
are their indispensable component, irrespective of its scale, advancement degree and applications
area. More than 20 years ago a communication standard has been created to enable the communica-
tion between distributed BMS devices. Initially called EIB and after conversions known as KNX
- this open standard makes it possible that the devices from various manufacturers support each
other. The application of IP network for communication between KNX system devices has been
launched in recent years. This solution creates huge opportunities for the electric energy manage-
ment via the Internet.
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KOMPUTEROWE WSPOMAGANIE PROJEKTOWANIA WIRTUALNYCH
SYSTEMOW NADZORU INSTALACJI ELEKTRYCZNEJ
WE WSPOLCZESNYCH BUDYNKACH

Streszczenie. W artykule oméwiono rolg systemu informatycznego w systemach automatyki budynkowej oraz
wykorzystanie komputera do wspomagania projektowania i uruchamiania inteligentnych instalacji elektrycznych
we wspolczesnych budynkach. Gléwna uwage poswigcono systemowi KNX TP, jednemu z najpopularniejszych
systeméw stosowanych w automatyce budynkow. Podano podstawowe zasady tworzenia projektu instalacji
KNX TP w programie narzgdziowym ETS oraz procedur¢ jej uruchamiania.

Stowa kluczowe: inteligentne instalacje elektryczne, projektowanie, integracja, nadzor, wirtualny
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MUTUAL SUPPORT OF INTELLIGENT BUILDING
COMPONENTS IN THE SCOPE OF LIGHTING CONTROL
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Summary. The purpose of the present article is to discuss the components of intelligent electric systems used
in the building management systems for the lighting control and to present the methodology in the scope of
their design using KNX/EIB system as an example. The role performed by KNX/EIB system, previously called
EIB (European Installation Bus) among the intelligent systems is important, because this system combines the
tasks of a conventional system and introduces many new functions enabling the control of individual systems
in the building.

Key words: lighting, control, intelligent, designing, integration, system

INTRODUCTION

The electric energy becomes more and more important in contemporary modern society. Its
ineffective use means that our capabilities are lost in 60%. More effective energy use not only could
help to protect limited resources of mineral fuels but also contribute to the reduction of carbon
dioxide emission. The effective energy use is particularly important at the time of global energy
crisis [7, 8].

Owing to the improvement in the scope of building engineering techniques and modern ar-
chitectonic solutions, also the electric system is subject to transformations. The idea of intelligent
building engineering and so called intelligent systems has become popular and more present in our
everyday life in recent years. Nowadays “an intelligent” house is not a luxury any more but becomes
a more and more commonly applied solution.

The first electric systems in the buildings were equipped with conventional accessories i.e.
fuses, sockets, circuit — breakers, cam switches, light fittings. However the further development in
the scope of the conventional electrical systems is practically impossible. The works associated with
the new systems are continued owing to continuous trend towards the improvement of the standard
of contemporary buildings. The development of electronic engineering and computerization in many
fields of our life are also reflected in the electric systems sector. New control and regulation systems
are created by the manufacturers of the systems equipment introducing control engineering solu-
tions into building management systems. Owing to their advanced development and complexity, it
is necessary to find a new approach to the designing of these systems, power supply methods, as
well as to the localization and elimination rate of potential disturbances.
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The optimisation of energy consumption in the buildings should be based upon the energy
use only in case of such necessity; the amount of energy to be used should be maintained on a rea-
sonably low level and at the highest possible efficiency. The use of intelligent building system is
favourable in this case [1, 6, 12, 13].

LIGHTING CONTROL

The lighting control systems [1, 4, 6] have been created and are widely applied as a result of
necessity of electric energy saving as well as the need to create proper working conditions.

In order to generate the savings, the systems installed in the building should support each
other ensuring so called systems integration. It is possible by integration of all individual systems
by means a superior system i.e. the building management system — BMS. Thanks to impressive
spectrum of products dedicated for the lighting control, measurement, regulation and management,
KNX/EIB system can perform the most demanding tasks. This system often is applied as the basic
system of BMS enabling wide automation of the illumination control in the building and energy
saving e.g. by lighting turnoff in the rooms with detected lack of occupants (employees). The use
of daylight in order to ensure the required illumination level is also important. The wireless control
is also possible by means of this system. Its advantage consists in the possibility of monitoring of
the objects being controlled from any location, simple and user friendly operation, easy installation,
operation reliability and safety. The achievement of individual illumination levels in various rooms
and application of lighting scenarios to be activated in accordance with activity performed in those
rooms e.g. writing, party, TV watching or reading is also ensured in KNX/EIB system control.

The images transmission is possible in real time through the connection with video module.
An Internet Gateway automatically informs about events and alarms by means of an e-mail. The
connection with Internet Gateway is possible via LAN by means of browser and its known IP ad-
dress or by means of an Internet Explorer and specialized service e.g. www.domoport.de [5, 9, 10].

The security procedures applied in case of remote controlling of an intelligent electric system
are similar to those used in Internet banking. All pages are encoded (SSL protocol) and 3 — level
authorization is used [2, 3, 11].

The Internet Gateway is applied in commercial applications e.g. in electrical engineering
systems, heating, ventilation, air-conditioning and in residential houses; for instance to extend the
possibilities of already existing systems, to ensure remote supervision over summer houses and
remote supervision over all-year houses.

When designing an intelligent electric system, the designer should first of all adhere to rel-
evant standards in the scope of electric systems. The designer of the building management system
should thoroughly analyse the actual needs of the building and its users.

The lighting control belongs to the group of most popular functions of an intelligent building.
The lighting in modern building is something more than only the basic requirement — because the
lighting can perform an important role in the architectonic design and affect the energy performance
of building except of the health, safety and the good feeling of its inhabitants.

The lighting control in KNX/EIB system is understood as: automatic turning on, turning off,
dimming, brightening up or maintenance of constant illumination for the light sources. The lighting
control can be also supplemented in the form of window roller blinds or shutters control additionally
enabling proper adjustment of natural daylight illumination [3].

In comparison to the conventional system, the energy savings are possible in the building
with KNX/EIB system thanks to lighting control. However, it is impossible to determine the level
of these savings in a precise manner, because they depend on many factors:
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In the houses equipped with KNX/EIB system, the extension of the lighting control system
is possible in a manner enabling full use of the lighting functions as well as the support of other
systems of the building, among others the window roller blinds or shutters control system.

Fig. 1. Lighting control opportunities in KNX/EIB system.

The product range offered by many companies being the members of KONNEX association
of the manufacturers of KNX/EIB system devices, encompasses the electric apparatuses used in
the indoor lighting automatic control engineering. For instance the following electric equipment is
oftered by ABBJ[1]:

Lighting controllers used in order to maintain the constant illumination in the rooms
dedicated for work and for rest of occupants. Thanks to the combination of natural and
artificial light, maximum energy consumption savings is possible.

The movement and occupancy sensors used for the monitoring of lighting and other
electric energy receivers installed indoors and outdoors.

Illumination sensors for measurement of lighting levels.

Dimming actuators ensuring the control of lighting consisting of incandescent and halo-
gen lamps. They enable the control of the degree of illumination in the buildings in an
economic and universal manner.

Regulators used in order to maintain the constant illumination level in the working envi-
ronment area combining the natural and artificial light in order to achieve the maximum
energy consumption savings.

The construction of the lighting control by means of KNX/EIB system encompasses also
the local lighting regulation in the building rooms. The dimmers and individually controlled light
fittings supporting the lighting sensors are used for this purpose.

An example illustrating the lighting control possibility by means of KNX/EIB system has
been presented in Figure 1. All lamps in the building can be turned on and off in individual or in
group mode (Fig. 2).
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Fig. 2. Bidirectional connection in KNX control: four -channel actuator
for lighting control is turned on by dual channel sensors.

A clock, movement sensors or infrared pilot (Fig. 3) can also be used. Therefore, it is possible
to adapt the lighting to the needs of users. The illumination in the rooms does not have to be con-
stant. Its level can be controlled by means of illumination sensors. It is very important for instance
on the table or desktop for work where the value of illumination should be correspondingly high.
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Fig. 3. Bidirectional connection in KNX control: four channel actuator
for lighting control and IR control is turned on by dual channel sensors

The lighting control system is provided in the building in combination with other systems.
Therefore, its analysis should be carried out against the background of the complex building man-
agement system and its relations with other systems e.g. air-conditioning, ventilation and heating
system, etc. should be considered [3,4].

Therefore KNX/EIB system devices dedicated for the application in lighting system are sup-
ported by the devices provided for the purposes other than the control of lighting.
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The role of the window roller blinds or shutters control is significant in the course of the
lighting control. The roller blinds systems are used in the buildings in order to protect against sun
lighting. If the illumination in the room is insufficient, any artificial lighting is unnecessary because
the solution consisting in automatic shutter angle control vs. sun position is more favourable (Fig. 4).

Fig. 4. Shutter inclination angle control depending on sun position

The shutters are open in a manner ensuring the access to daylight without penetration of
dazzling light into the room. Therefore the illumination control becomes a more efficient and eco-
nomical solution. The integration of the shutter controller with the devices dedicated for the lighting
system control has been illustrated in Figure 5.
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Fig. 5. Diagram of shutter inclination angle control depending on the sun’s position

Another important method of the lighting regulation existing in KNX/EIB system and giv-
ing certain savings is the so called dimming. The dimming is possible in a manual mode i.e.
a specified lamp is controlled individually by the user until anticipated illumination is achieved or
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in automatic mode maintaining the constant illumination level in the room irrespective of varying
daylight conditions.

The maintenance of the constant illumination level in the rooms with consideration of vary-
ing external conditions is an important element affecting the lighting control. The air conditioning
units and illumination sensors which are installed in the rooms (Fig. 6) are used for this purpose.

Fig. 6. Principle of indoor artificial lighting control depending on varying natural light conditions [1]

An example can be presented as group of lamps situated in the closest distance from the
windows; this group of lamps can be turned off during a bright day and other lamps can be dimmed
to the required illumination level, depending on the amount of daylight. Therefore the energy is
saved which would be used for the room lighting — wholly with artificial light. Moreover, in order
to ensure the stable and comfortable conditions in the room, the lamps are dimmed or brightened
up smoothly with long time constants; therefore the lighting regulation is physically invisible.

In order to enable the energy savings, PIR movement sensors are very often used in the light-
ing regulation circuits. Their task is to turn on the lighting in the rooms only if the human presence
is detected. A turn on/ off single bit information is transmitted by the movement sensor to the bus.
Certain savings of energy to be used for lighting will be possible as a result of introduction of such
elements into control circuits.

Fig. 7. Use of movement sensor detecting human occupancy in the room for lighting control [1]
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The ordinary turning on or off of the circuits is the prevailing part of the lighting control. The
real time clocks are often used for this purpose.

The central control mode is also possible by means of KNX/EIB system (Fig. 8). The double
pole circuit-breaker with physical address 1.1.3 is dedicated for the control of an actuator with
physical address 1.1.6 and simultaneously is used for the central control of both actuators in the
considered circuit.

— Bl

1/1 4x 1/1/1
L5 — = —® L.1.6
1/ 1/1/0

=]
s

KNXBUS
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Fig. 8. Central control for lighting in KNX/EIB system

Using EIB system for the daylight and artificial light control, it is possible to save even ten
percent of electric energy to be used for lighting. The lighting can be turned on in the whole building
by means of EIB system and by means of only one pushbutton; e.g. with simultaneous dropping
of external roller shutters.

The methods of the lighting control in the residential building presented above are used in
order to ensure the comfort and to minimize the electric energy consumption. The consumption of
electric energy for the lighting purposes in the buildings is significant; therefore significant savings
are possible, through proper control.

CONCLUSIONS

The designer engaged in the designing of lighting systems in intelligent buildings should have
the knowledge of the technical and legal issues associated with other types of systems. Many fac-
tors, among others: the quality and reliability, functionality, availability in the market, system costs,
possibility of further integration with other systems as well as perspectives of development and
competitiveness in the market. The correct integration of all building systems, basing upon detailed
analysis of their functions is essential for a good design. On the basis of integration, the selection of
devices and their correct parametrization is performed by the designer / integrator of an intelligent
system. Owing to specific and unique features of each object, the reproduction of ready solutions
by the designer would be a very risky approach without their critical evaluation and checking with
respect to functionality in any case.
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The conscious energy consumption is necessary to ensure the safety in future and leads to
a more economical house. The real energy saving is commenced already in the building design
phase. The energy savings achievable thanks to the lighting control depend on many factors. There-
fore it is impossible to determine their level precisely without the functioning analysis of the relevant
building system. It is possible in an approximated manner only.

The rational and responsible behaviours should be promoted, facilitated and strengthened in
order to support the efficient energy use.
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WSPOLPRACA KOMPONENTOW INTELIGENTNEGO BUDYNKU
W STEROWANIU OSWIETLENIEM

Streszczenie. W artykule omdéwiono komponenty inteligentnych instalacji elektrycznych wykorzystywane
w systemach automatyki budynkowej do sterowania oswietleniem oraz metodyke projektowania tych instalacji
na przyktadzie systemu KNX/EIB. Wazne miejsce wsrod systemow inteligentnych zajmuje system KNX/EIB,
do niedawna znany pod nazwa EIB (Europejskiej Magistrali Instalacyjnej). Laczy on zadania tradycyjnej insta-
lacji oraz wprowadza wiele nowych funkcjonalnosci umozliwiajacych sterowanie poszczegdlnymi systemami
w budynku.

Stowa kluczowe: oswietlenie, sterowanie, inteligentny, projektowanie, integracja, instalacja
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ANALYSIS OF INDICATION ERRORS
OF THE SI GAS ENGINE WITH A PRECHAMBER
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Summary. The paper presents indication results accuracy and accuracy of thermal processes analysis which
particularly occurs in the cylinder of internal combustion engine. The characteristic values of IC (internal com-
bustion) engine thermal cycle are: indicated efficiency and pressure and non-repeatability factor of indicated
work. The paper presents results of measuring errors analysis and uncertainty of the above-mentioned values
obtained from indication of the spark ignition internal combustion engine with a prechamber. The analysis
shows that results of the indication of the piston engine should include information on measurement accuracy
and uncertainty of the calculated values. This information has a significant influence on the final measurement
results. Errors are the inseparable part of measurement result. Results without given errors are not complete. The
indication of the internal combustion engine is currently a standard research method which allows us to find out
information on temporary parameters of processes in the cylinder of IC engine. The indication of IC engine is
generally considered to be a very accurate method with repeatability of results. On the basis of error analysis
and measurement uncertainty it was confirmed that the main parameters are loaded with significant errors.

Key words: engine with two-stage combustion system, excess air factor, indicated work, indicated efficiency,
non-repeatability factor of the indicated work

INTRODUCTION

Experimental measurements of processes in a combustion engine are a source of necessary
knowledge to optimize and improve the engine and can lead to reduction of emissions of harmful
exhaust components, and reduction of fuel consumption. Basic experimental method of testing the
working processes in the cylinder of internal combustion engine is indicated, consisting mainly in
the measurement of fast-changing processes and instantaneous changes in the cylinder pressure.
Information obtained from the indicated engine cylinder is the basis for the diagnosis and optimi-
zation of the combustion process and allows for a qualitative assessment of its work. Results of
indicated engine piston analysis, in particular the results of the analysis of thermal processes oc-
curring in the cylinder are in varying degrees dependent on the accuracy of measurements and the
uncertainty of the result.
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The test engine was constructed on the basis of a four-stroke compression-ignition engine
manufactured by “ANDORIA” Diesel Engine Manufacturers of Andrychow, which, after some con-
structional changes, was designed for the combustion of gaseous fuel as a spark-ignition engine due
to a new fuel supply system and an ignition installation. The main engine element that underwent
modernization was the head (Fig. 1).

Tab. 1. Main engine parameters

displacement volume | 1810 cm®

—_

number of cylinders

cylinder configuration | horizontal

_—
cylinder bore 120 mm
2 connecting-rod length | 275 mm
piston stroke 160 mm
compression ratio 8.6
engine speed 1000 rpm

o et | o

Fig. 1. Test engine head with prechamber
1 - valve rocker, 2 - inlet valve, 3 - flame suppressor,
4 - prechamber head, 5 - retaining cover, 6 - spark plug,
7 - sealing ring, 8 — prechamber body, 9 — piston, 10 — pressure sensor

The implemented changes allowed for an additional combustion chamber (prechamber) to be
installed in the previously existing head of the S320 ER engine by setting the compression ratio to
8.6. The prechamber volume is approximately 4.5% of the total volume above the piston at TDC
(top dead centre) and it is located asymmetrically regarding the cylinder axis. The applied changes
have enabled the implementation of two-stage combustion system within the sectional combustion
chamber.

MEASUREMENT PROCEDURE

The tests were conducted at a constant rotational speed of » = 1000 rpm. The engine was
brought to full loading after prior thermal stabilisation, that is, the cooling water was brought to
boiling (the evaporation cooling system). The main chamber and prechamber of the test engine
was powered by propane-butane gas LPG (liquefied petroleum gas). The tests included three main
measurement series allowing for a different ratio of thermal energy input with fuel to the prechamber
- Q,, to the thermal energy input to the whole engine - Q. The pressures occurring in the engine
combustion chambers were recorded for Q, /Q, . = 2.5%, for Q,/Q,, = 5% and for Q,/Q,, = 8%,
while the combustion air factor changed in the range from 1.4 to 2.0 and the ignition advance angle
in the range from 6 deg to 18 deg before the TDC. The recording was made for 95 successive opera-
tion cycles every 1 deg with specialised software [1]. At the same time, other quantities necessary
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for the subsequent analysis of indication results [2] were three times measured, such as rotational
speed, air consumption, gas fuel consumption, air temperature, combustion-gas temperature and
ambient pressure and temperature.
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Fig. 2. Schematic diagram of the testing stand

1 — electronic relay, 2 — pulse generating system, 3 — CA angle transmitter, 4 — gas mixer, 5 — belt transmission,
6 — main chamber pressure sensor, 7 — prechamber pressure sensor, 8 — counting module, 9 — gas flowmeter, 10 —
main gas fuel tank, 11 — circulating-water pump, 12 — combustion-gas analyser, 13 — oscilloscope, 14 — measur-
ing orifice, 15 — solenoid valve prechamber, 16 — non-return valve set, 17 — spark plug, 18 — reducer-evaporator,
19 — flame suppressor, 20 — gas solenoid valve, 21 — gas fuel tank prechamber, 22 — pressure regulator, 23 —
pressure fluctuation damping reservoir, 24 — set of measurement rotameters, 25 — equalizing tank, 26 — magnetic
induction sensor, 27 — metering valve

The value of excess air factor of fuel mixture gas analyzer was measured by the Al Radio
9600 on the basis of the oxygen in the exhaust of the engine. For the analyzer measurement the
range of excess air factor contained from 0 to 2, and the measurement resolution was 0.01.

The paper presents an analysis of measurement error of the indicated work and the indicated
efficiency. The performed analysis of uncertainty determination for the indicated work which de-
termines the dispersion (spread) around the average value calculation results indicated work in the
individual cycles of the three measurements containing 95 registered engine cycles. Uncertainty
analysis was performed for the indicated efficiency with the three measurements of speed, the time
consumption of propane-butane gas in the cylinder, the propane-butane jet delivered to the pre-
chamber and for the three average values indicated work was performed. The study also calculated
the uncertainty of determining the non-repeatability factor of indicated work which defines the
uniqueness of the engine test cycles.
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ANALYSIS OF MEASUREMENT RESULTS

Characteristics based on an analysis of the measurement results show that the energetic share
of enriching fuel in the prechamber in the engine with a two-stage combustion system has an
influence on the indicated efficiency, the indicated work and the stability of the engine work and
repeatability of the cycles. The best effects of the test engine were achieved for the lowest analysed
energetic share of enriching fuel, which was 2.5%.

One of the parameters determining the performance of the combustion engine is the indicated

work.
720

+
Z Pu t Pau (Vn+1 _ \{1)
T 2

A ()

s

where p_, p,,, are instantaneous values of the pressure in the cylinder [MPa], V , V _, are
instantaneous values of the cylinder volume [m’], V. is displacement volume [m’].

For Q,/Q,, = 2.5%, indicated work decreased with increasing excess air factor. L, ranged
from 0.72 to 0.55 MJ/m’ (Fig. 3).
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Fig. 3. Indicated work versus excess air factor

The practical measurement of physical quantities is related to measurement error and the
uncertainty of the result. The measurement error of the indicated work consists of measurement
error in the engine cylinder pressure and the error of measurement of the instantaneous cylinder
volume. The measurement error of the indicated work can be determined from the dependence [3]:

3L, =+ 8p* + 3V2, 2)

where 8p is measurement error in the cylinder pressure [%], 6V is measurement error of the
instantaneous cylinder volume [%].

The measurement error in the cylinder pressure is the sum of the piezo quartz pressure sensor
error, the amplifier error and the error of the measurement a/d card.

Sp=-/dcz’ + 8w’ +8(a/d)’, ®)
8cz=0.5% [4],
dw =3%]5],

where dcz is error of the piezo quartz pressure sensor [%], dw is amplifier error [%], d(a/d)
is error of the measurement card [%].
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The error of the measurement card is quantization error of the a/d converter with the process-
ing of £10V and a resolution of 12 bit [6]:

5@a/d)= %Rl 00%, )

S(a/d)= 0.024%

where 0 is quantization interval of the a/d converter [V], FSR is range of a/d converter [V],
r is resolution of the a/d converter.

The measurement error of the instantaneous cylinder volume is the sum of CA crank angle
transmitter error and error of measurement a/d card.

3V =8k* +8(a/d)?, %)
where ok is error of CA crank angle transmitter [%].

The error of CA crank angle transmitter was calculated with respect to the perpendicular
position of the connecting rod relative of the crankshaft crank arm. It is calculated as the ratio of
change in volume of the cylinder, for 0.5 deg - half the value of the step crank angle transmitter,
to the displacement volume.

Sk= %100% = 0.45%, ©)
where AV is change in cylinder volume corresponding to pulse duration of the course of
a rectangular tag of the crank angle transmitter [m"’].

According to relation (2) measurement error of the indicated work is equal to 8L, = 3.1%.

The uncertainty designation of the indicated work, determine the dispersion (spread) around
the average value calculation results of the indicated work in the individual cycles of the three mea-
surements containing 95 registered engine cycles. It was assumed that the uncertainty designation
of the indicated work has a normal distribution and it was calculated from the relation [3]:

AL;=t0;, (7)

where t_is coefficient of the t-Student distribution for N-1 degrees of freedom and for the
most commonly adopted technique in the 95% confidence level, N is the number of measurements.
The standard deviation of the indicated work:

OLi= ﬁZ(Lii*Li)za (®)

where L, is value of the indicated work of cycles [MJ, /m’], L, is average value of the indicated
work of the three measurements containing 95 registered engine cycles [MJ/m’].

The accuracy of determining the average value of a specified quantity is dependent on the
number of measurements and the uncertainty limit of average value is called. For indicated work of
the uncertainty the determination of the average value was calculated according to [3]:
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AL =t, % )

Figure 4 shows the uncertainty intervals designation of the indicated work +AL, and the un-
certainty intervals designation of the average value of the indicated work +£AL . They were placed on
the characteristics of the average value of L, changes in the function of the excess air factor, the Q, /
Q,, = 2.5%. The uncertainty value AL, ranged from +0.008 MPa for 1 = 1.6 (1.3% of the average
value of the indicated work) to +£0.03 MPa for A = 2.0 (5% of the L, value). The uncertainty value
+AL, ranged from +£0.0005 MPa for A = 1.6 (0.08% of the average value of the indicated work), to
+0.002 MPa for A = 2.0 (0.29% of the L, value).
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Fig. 4. Indicated work with uncertainty intervals determination of the indicated work AL,
and its average value AL, for Q, /Q_ =2.5%

tot

The highest indicated efficiency, equal to n, = 36.5%, test engine achieved when the share of
enriching fuel mixture in the prechamber was 2.5%.
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Fig. 5. Indicated efficiency versus excess air factor

The indicated efficiency is the ratio of the indicated work done in the operating cycle of the
engine to the heat supplied to the engine over the cycle. During the tests the measurement of heat
applied in a single cycle was not possible because the measured value was the amount of heat
brought in during a few hundred cycles (about 500). The indicated efficiency was defined as the
ratio of the indicated work in the cylinder volume, averaged during the measurement of fuel con-
sumption to the average amount of heat. The measurement error of the indicated efficiency average
is the sum of the measurement error of the indicated work average, and the measurement error of
the total heat supplied to the engine.
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The average value of the indicated efficiency, expressed in % is equal to:

n,= LY 100,

tot

__LV 00y, (10)
+Q.

cyl in

where Q is total heat supplied to the engine [MJ], Qcy] is heat supplied to the engine cylinder
[MJ], Q,, is heat supplied to the prechamber [MJ].

The measurement error of the average value of the indicated efficiency:

o, = Y SLiz + SQtotz >
3Q,, = VBQcylz + 8Qin2 >

Qcyl+Qm

2 QCI ’ 2 Q ’ 2
o, =, [SL2+] —=L | 5Q. 2+ —2 | 5Q,2, 11
n ‘{QcwamJ % J{QcyﬁrQ;nJ © v

where 3L, is the measurement error of the indicated work [%], 6Q,, is the measurement error
of the total heat supplied to the engine [%], 3Q,,, is the measurement error of the heat supplied to
the engine cylinder [%], 5Q, is the measurement error of the heat supplied to the prechamber [%].

The heat supplied to the engine cylinder:

Qcyl _ chl Prrc Wirg i (12)

0,5nt

where Ve is volume of propane-butane delivered to the engine cylinder [m’], Py 18 density
of propane-butane [kg/m’], W, is calorific value of propane-butane [MJ/kg], n is speed engine
[rpm], t is time consumption of propane-butane delivered to the engine cylinder [min].

The measurement error of the heat supplied to the engine cylinder:

8Qu = \[BV,y)? +3pypg” + W, + 607 + 58, (13)

where Sch] is measurement error of volume of propane-butane delivered to the engine cyl-
inder [%], 8p, ,, is an estimated error of propane-butane density [%], 6W ., is estimated error of
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calorific value of propane-butane [%], dn is measurement error of speed engine [%], dt is measure-
ment error of time consumption of propane-butane delivered to the engine cylinder [%].

The measurement error of propane-butane volume delivered to the engine cylinder is ex-
pressed in % and was calculated as a ratio scale interval of gas flowmeter to the measured value
of propane-butane volume:

v = dzelem hh00 105 (14)

cyl
cyl

The estimated error of propane-butane density [7]:
Spypg =6.8%.
The estimated error of calorific value of propane-butane [7]:
W, =1.8%.
The measurement error of speed engine is expressed in % and was calculated as a ratio scale

interval of the speed measurement system to the measured value of speed engine:

_ dz.elem.

Sn 100% = 0.1%. (15)

n

The measurement error of time consumption of propane-butane in engine cylinder is ex-
pressed in % and was calculated as a ratio scale interval of the timer to the measured value of time:

_ dz.elem.

5t 100% = 0.2%. (16)

The heat supplied to the prechamber of the engine:

V' Prec Wieg
Q, =—W—LPG LPG 17
" 0,5n {an

where V’, is propane-butane jet delivered to the prechamber [m’/min)].

The measurement error of the heat supplied to the prechamber of the engine:

8Qy, =8V, 24+ 8p pi” +8W,p” + 007, (18)
where 6V’ is measurement error of propane-butane jet delivered to the prechamber [%].

The measurement error of propane-butane jet delivered to the prechamber of the engine is
expressed in % and was calculated as a ratio scale interval of gas rotameter to the measured value
of propane-butane jet:

SV :@100%:5% (19)

According to relation (11) measurement error of the average value of the indicated efficiency
is equal 6n, = 7.3%.



ANALYSIS OF INDICATION ERRORS OF THE SI GAS ENGINE WITH A PRECHAMBER 151

The uncertainty of the indicated efficiency depends on the uncertainty of the indicated work,
engine speed, time consumption of propane-butane in the engine cylinder and propane-butane jet
delivered to the prechamber. The uncertainty of the indicated efficiency was determined from three
measurements of engine speed, consumption time of propane-butane in the engine cylinder and
propane-butane jet delivered to the prechamber as well as the three average values of the indicated
work.

The uncertainty of the indicated efficiency was calculated according to [3]:

2 2 2 2
An, = %AL“ + %Ani +(mAtij + ﬂAvgni , (20)
oL, on ot V'
o, 0.5V.nt
oL, (ch] Proc Wirs + V' Wing t) ’
om, 0.5L V.t

on (chl Prra Wirg + Vi Wing t)
o, 05LVin(Vy ProgWirg + Vi Wing ) —0.5LV,nt Vi W,

LPG
E]

; 2
o ( Vet Prec Wing + Via Wipg t)

o, —0.5L,V,nt*W,,,
' ' 2°
V', (Vyl Prec Wirg + V' Wipg t)

[S

The uncertainty of the engine speed:

An, =t o, (21)
where o, is the standard deviation of the engine speed [rpm].
The uncertainty of the time consumption of propane-butane in the engine cylinder:

At =t o, (22)

where 6, is the standard deviation of the time consumption of propane-butane in the engine
cylinder [min].

The uncertainty designation of the propane-butane jet delivered to the prechamber of the
engine:

AV =ty (23)

where 6., . is the standard deviation of the propane-butane jet delivered to the prechamber
[m*/min].

The uncertainty of the average value of the indicated efficiency was calculated according to

2 2 2 2
An, = %ALi LYW +(%Atj + ﬂAV'm , (24)
oL, on at V'

[3]:




152 Arkadiusz Jamrozik

The uncertainty of the average value of the indicated work:

AL, =t —, (25)
V3
The uncertainty of the average value of the engine speed:
o
An=t —&, 26
N (26)
The uncertainty of the average value of the time consumption of propane-butane:
At=t 2 @7)

s\/g’

The uncertainty of the average value of the propane-butane jet delivered to the prechamber:

L GV'ini

AV' =t 5 (28)

Figure 6 shows the uncertainty intervals of the indicated efficiency +An, and the uncertainty
intervals of the average value of the indicated efficiency +An. They were placed on the charac-
teristics of the average value of n, changes in the function of the excess air factor, the Q, /Q, =
2.5%. The uncertainty value +An, ranged from +1.2% for A = 1.6 (3.6% of the average value of
the indicated efficiency) to +2.7% for A = 2.0 (7.4% of the n, value). The uncertainty value +An,
ranged from +£0.7% for A = 1.6 (2.1% of the average value of the indicated efficiency), to +1.6%

for A = 2.0 (4.3% of the n, value).

a1
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A
& 33 /—\
p
29 —An;
—An;;
25

Fig. 6. Indicated efficiency with uncertainty intervals determination for indicated efficiency An,
and its average value An, for Q, /Q, = 2.5%

One of the main criteria for evaluating the work of the internal combustion engine is non-
repeatability of engine cycles. In the present study, the non-repeatability cycle phenomenon was
defined by the factor of the non-repeatability factor of the indicated work engine COV,.. It is ex-
pressed in % and calculated as the ratio of the standard deviation of the engine indicated work to
the average value of its three measurements containing 95 registered engine cycles.

o, .
Cov,, = %100%. (29)

In conventional SI engines, the combustion process of the correct mixture takes place in

a fairly narrow range of A. Depletion of the fuel mixture to a level at which the value of the excess
air ratio exceeds 1.5 causes irregular engine performance manifested by, inter alia, misfire and
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non-repeatability of engine cycles. According to literature [10], the limit of the correct operation of
the internal combustion engine, expressed by the maximum of the non-repeatability factor of the
indicated engine work COV |, is equal to 10%.

Figure 7 shows that the minimum value COV ; coefficient equal to 0.66% for the Q,/Q, =
2.5% was obtained with A equal to approximately 1.6.

6 4
s —Qp/ Q=2.5%
_ —-Qiy/ Qg =5.0% »
£ <-Qpy / Q= 8.0% S/
S 39
(@] ]
© 1
154
01 ! | | - | | |
1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 21

Fig. 7. Non-repeatability factor of indicated work versus excess air factor

Assuming that uncertainty of the non-repeatability factor of the indicated work COV; is
normally distributed, it was calculated from the correlation [3]:

ACOV,; =t 6oy (30)

where 6, is the standard deviation of the coefficient COV , [%].

The standard deviation of the non-repeatability factor of the indicated work COV . depends
on the uncertainty of the standard deviation of the indicated work o, and the uncertainty determi-
nation of the uncertainty of the indicated work L.. The standard deviation of the non-repeatability
factor of the indicated work COV ; was calculated using the following dependence of the variance

function of two variables [11]:
2 2
o0COV,, oCOV,.
Seovi =| ——1 | o0+ ——2 | 6,2 31
COVLi aGLﬁ oLii 8L| Li ( )
where 6_ . is standard deviation of the standard indicated work deviation [MJ/m’], G, - stan-

dard deviation of the average value of the indicated work [MJ/m’].

When you differentiate, the standard deviation of the non-repeatability factor of the indicated

work COV .
2 2
Ocovii = 100%\/[5J Ooui’ + (_CI?_;J oL’ (32)

The standard deviation of the standard indicated work deviation (relative uncertainty ¢, ) [3]:

1

oLii = OLii m

c (33)
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The standard deviation of the average value of the indicated work:

— csLii
oL N (34)

The uncertainty of the non-repeatability factor of the indicated work decreases with an in-
crease in the number of measurements N. An increasing number of repetitions of measurements lead
to a decrease in the value of 6, and 6, ; and a more reliable test. As a consequence, the uncertainty
of the coefficient COV , determination is lower.

Figure 8 shows the uncertainty intervals determination of the non-repeatability factor of the
indicated work =ACOV ;. They were placed on the characteristics of the COV,, changes in the
function of the excess air factor, the Q, /Q, , = 2.5%. For the whole range 2, the value of uncertainty
+ACOV , was equal to 8.3% of the value of the non-repeatability factor of the indicated work COV ,
and ranged from 0.05% for A = 1.6 to +0.21% for A = 2.0.

321
24

1.6

COVLi[%]

038 ]

Fig. 8. Non-repeatability factor of indicated work COV ,
with uncertainty intervals determination COV , for Q, /Q,_ = 2.5%

CONCLUSIONS

As practice shows, no measurement, regardless of the diligence of its execution, can provide
a completely accurate result. The size of measurement errors is an integral part of the measure-
ment process. The measurement result with unknown error is the result which tells us nothing.
The indication process of the combustion engine is now the standard test method used in the
field of internal combustion piston engines. It allows the registration of the instantaneous val-
ues parameters of the processes occurring in the cylinder. Indication results allow for an analysis
of the impact of various factors on the parameters of the combustion process. Common opinion
about the precision of the computer systems and sensors used during the indication process leads
to the belief that it is a very accurate, reliable and repeatable test procedure and that it meets
the requirements for measurement accuracy [12]. Based on analysis of errors and uncertainty of
measurement results of the internal combustion engine, an indication process can be established
that sets the main parameters characterizing the operation of the engine containing significant er-
rors and uncertainties in measurements. The measurement error of the indicated work is equal to
oL, = 3.1%. The maximum value of uncertainty determination of the indicated work: AL, = 5%.
The measurement error of the indicated efficiency of the test engine is equal to én, = 7.3%.
The maximum value of uncertainty determination of the indicated efficiency is An, = 7.4%.
The uncertainty determination of the non-repeatability factor of the indicated work engine: ACOV
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= 8.3%. In conclusion, it can be stated that the reliable interpretation of study analysis resulting from
indication of spark ignition internal combustion engine should include the values of measurement
errors and measurement uncertainties. The characteristic changes in the measurement results should
be supplemented by error range or measurement uncertainty intervals [14].
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ANALIZA BLEDOW INDYKOWANIA GAZOWEGO SILNIKA ZI
Z KOMORA WSTEPNA

Streszczenie. Wyniki indykowania silnika ttokowego, a w szczegdlnosci wyniki analizy proceséw termicznych
zachodzacych w cylindrze silnika sa w réznym stopniu uzaleznione od doktadnosci pomiaréw oraz niepewnosé
uzyskanego wyniku. Wielko$ciami charakteryzujacymi prace silnika spalinowego pod wzgledem jego osiggow
sa wskazniki pracy silnika takie jak: sprawnos¢ i ci$nienie indykowane oraz wspétczynnik niepowtarzalnosci
pracy indykowanej. W pracy przedstawiono analiz¢ bl¢dow pomiarowych i niepewnosci uzyskanych wynikow
wyzej wymienionych wielkosci podczas indykowania silnika spalinowego o zaptonie iskrowym z komora wstep-
ng. W wyniku przeprowadzonych obliczen mozna stwierdzi¢, ze aby mozna byto wiarygodnie interpretowac
wyniki analizy indykowania tlokowego silnika spalinowego powinny one zawiera¢ wartosci btedéw i niepew-
nosci pomiarowych, gdyz ich wielkos¢ ma znaczacy wptyw na koncowy wynik pomiaru. Na podstawie prze-
prowadzonej analizy btedéw i1 niepewnosci pomiarowych wynikéw procesu indykowania silnika spalinowego
mozna stwierdzi¢, ze wyznaczone gléwne parametry charakteryzujace prace silnika sg obarczone dos$¢ znacznym
bledem i niepewnoscia pomiaru.

Stowa kluczowe: silnik z dwustopniowym systemem spalania, wspotczynnik nadmiaru powietrza, praca indy-
kowana, sprawnos¢ indykowana, wspotczynnik niepowtarzalnosci pracy indykowanej
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Summary. The paper presents the results of numerical optimization of ignition advance angle of the modernized
test engine Andoria 1hc102 using AVL FIRE software. Modelling allows to find the optimal ignition advance
angle of the test engine during the combustion of fuel mixture with an excess air factor A = 1.2. The optimum
value of the ignition angle was that which occurred at the maximum indicated pressure and indicated efficiency,
and for which there was no combustion knock. Modelling results show that the test engine powered by the
mixture of A = 1.2, should work with the ignition advance angle equal to 10 deg before TDC.

At this ignition advance angle a knock occurred in the engine and it reached the indicated pressure and the
indicated efficiency was equal to, respectively, 0.99 MPa and 41.47%.

Key words: internal combustion engine, modelling, ignition advance angle, indicated pressure, indicated ef-
ficiency

INTRODUCTION

During recent years the numerical modelling research using more and more advanced math-
ematical models has been intensively developing. The development of numerical modelling is
heightened by increasing computational power that allows modelling not only of flow processes
but also combustion in 3D [1, 2, 3]. One of the more advanced numerical models used for combus-
tion process in piston engines modelling is AVL FIRE [4]. In 2009 Institute of Internal Combus-
tion Engines and Control Engineering at Czgstochowa University of Technology began University
Partnership Program with AVL Company and started using AVL FIRE software for modelling of
the thermal cycle of IC engines [5,6,7].

The AVL FIRE software belongs to modern programs which are used for modelling of the
thermal cycle of internal combustion engines. FIRE allows modelling flow and thermal processes
occur in the intake manifold, in combustion chamber of IC engine and exhaust pipe with a catalyst
and a particulate filter. This programme enables the calculation of transport phenomena, mixing,
ignition and turbulent combustion in internal combustion engine. Homogeneous and not homogene-
ous combustion mixtures in spark ignition and compression ignition engine can also be modelled
using this software. Kinetics of chemical reactions phenomena is described by combustion models
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which take oxidation processes in high temperature into consideration. Several models apply to
auto ignition processes. AVL FIRE allows for the modelling of the knock process which occurs in
the combustion chamber of IC engine. This program allows for the creation of three-dimensional
computational greed, characterized by boundary conditions of surfaces and initial conditions of
simulation. The postprocessor makes it possible to visualize the results.

This paper presents results of numerical optimization of ignition advance angle in the modern-
ized test engine Andoria 1hc102 using AVL FIRE software, during the combustion of fuel mixture
with excess air factor A = 1.2. The optimum value of the angle was that which occurred at the maxi-
mum indicated pressure p, and indicated efficiency n,, and for which there was no combustion knock.

The combustion knock is a type of abnormal combustion process, characterized by intensive
pressure pulses in the engine combustion chamber. The knock is a type of abnormal combustion
process, characterized by intense pressure pulsations in the combustion chamber, which are trans-
ferred to the block engine, generate a distinctive sound and could lead to engine damage. The source
of combustion knock is auto-ignition of unburnt gases before the flame front (initiated by a spark
plug) after a big increase in temperature and pressure [13, 15, 18, 19].

NUMERICAL MODEL

The test engine was constructed on the basis of a four-stroke compression-ignition engine
1hc102 manufactured by “ANDORIA” Diesel Engine Manufacturers of Andrychow. After some
constructional changes, this engine was redesigned for the combustion of gasoline as a spark-igni-
tion engine. For this reason, the engine was equipped with a new fuel supply system and an igni-
tion installation. As a result of modernization the shape of the combustion chamber was changed
and the compression ratio was reduced from 17 to 8.5. The engine is a stationary, two-valve unit
with a horizontal cylinder configuration. The engine cooling system is the evaporation of the water
jacket. Figure 1 shows the experimental modernized test engine Andoria 1hc102. On the basis of
the real dimensions of the experimental engine, the three-dimensional mesh of combustion chamber
of engine was built (Fig. 2).

Tab.1. The main engine parameters

bore cylinder 100 mm
stroke piston 120 mm
connecting rod length 216 mm
direction of cylinders horizontal
squish 11 mm
compression ratio 8.5
engine speed 1.5¢+3 rpm
number of cylinders 1
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Fig. 2. Geometric grid of combustion chamber
of model engine in TDC

COURSE OF CALCULATIONS

The calculation started at BDC at the beginning of compression stroke and finished at 360
deg since the end of engine power stroke. At the beginning of compression stroke, the lean mixture
of excess air factor equal to 1.2 was in the chamber.
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The modelling of combustion process was conducted for a range of ignition advance angle
from 38 to 8 deg of crank angle before TDC in order to optimize the thermal cycle of the test en-
gine. On the basis of the pressure data indicated pressure and indicated efficiency were calculated.
They did not include many losses both in the combustion process and flow losses or blows. Using
AVL FIRE software the computational analysis was conducted of the potential combustion knock.

Tab. 2. Chosen input parameters of the modelled process

ignition advance angle 8+ 36 deg
ignition duration 10 deg
fuel gasoline
temperature fuel injection 320K
initial pressure 0.85¢+5 Pa
initial temperature 365 K
excess air factor 1.2
density 1.19 kg/m’
turbulence kinetic energy (180 deg before TDC) 0,1 J/m’
turbulence length scale (180 deg before TDC) 1,12 cm

One of the parameters determining the performance of the combustion engine is the indicated
pressure.

540
Z p“ * pn“ (Vn+] - Vn)

— 180 2 1
P v ) (D

s

where p, p,_,, are instantaneous values of the pressure in the cylinder [MPa], V , V_  are
instantaneous values of the cylinder volume [m’], V. is displacement volume [m’].

The average value of the indicated efficiency, expressed in % is equal to:
n =2 1005, @)
Q
where Q is the total heat supplied to the engine [MJ].

The heat supplied to the engine cylinder:

VpW
=t 3
0.5nt ®)
where V is volume of gasoline delivered to the engine cylinder [m’], p is density of gasoline
[kg/m’], W is calorific value of gasoline [MJ/kg], n is speed engine [rpm], t is time consumption of

gasoline delivered to the engine cylinder [min].

RESULTS OF CALCULATION

As a result of modelling the pressure courses were obtained as a function of crank angle for
the whole analyzed range of the ignition advance angle (Fig. 3).
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Fig. 3. Courses of pressure for the analyzed range of the ignition advance angle

Figure 4 shows the indication parameters of the engine model calculated on the basis of
pressures.
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Fig. 4. The value of indicated pressure and indicated efficiency
for the analyzed range of the ignition advance angle
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Figures 5 to 7 show the temperature distribution and location of the knock in the combustion
chamber of test engine.
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Fig. 5. Temperature distribution and location of the knock in combustion chamber
of model engine at 20 deg after TDC for ignition advance angle equal to 30 deg before TDC
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Fig. 6. Temperature distribution and location of the knock in combustion chamber
of model engine at 52 deg after TDC for ignition advance angle equal to 12 deg before TDC
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Fig. 7. Temperature distribution and location of the knock in combustion chamber
of model engine at 52 deg after TDC for ignition advance angle equal to 10 deg before TDC

The obtained results of modelling show that the angle of 30 deg before TDC is the most
suitable ignition advance angle for the engine parameters. For this ignition angle the maximum in-
dicated pressure achieved is 1.09 MPa and the highest indicated efficiency is 45.3%. Unfortunately,
the consequence of using such a large ignition advance in the test engine causes the creation of
combustion knock. The knock combustion process occurred also at smaller advance angles, at 12
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deg before TDC. For this engine, the combustion process occurs normally to the ignition angle equal
to10 deg before TDC. For the ignition angles larger than 10 deg BTDC knock occurs in the engine.

CONCLUSIONS

AVL FIRE program is a modern research tool that can be successfully used to model the
thermal cycle of the internal combustion engine. The AVL FIRE up-to-date numerical code used
during research made it possible to generate 3D geometric mesh of combustion chambers of the
test engine and allowed to perform numerical calculations of processes occurring in this engine.
Conducted simulations of combustion process have delivered information concerning spatial and
time-dependent pressure and temperature distribution in the combustion chamber. This information
would be extremely difficult to obtain by experimental methods. The ability to detect knock in the
cylinder can identify the real engine operating parameters at the optimum settings. In the paper,
using AVL Fire the optimal value of ignition advance angle was found for a modernized 1hc102
Andoria engine powered by a combustible mixture with excess air factor 1.2. The optimum value
of the angle was that which occurred at the maximum indicated pressure and indicated efficiency,
and for which there was no combustion knock. As a result of modelling it can be concluded that
during combustion of the mixture of A = 1.2, the engine should work with the ignition advance angle
equal to 10 deg before TDC. At this ignition angle no undesirable symptoms such as combustion
knock occurred in the engine and the obtained values of the indicated pressure and the indicated
efficiency were equal to, respectively, 0.99 MPa and 41.47%.

Numerical modelling using the AVL FIRE can be used for preliminary determination of
adjustable engine parameters such as ignition advance angle, without using a real engine on the
testing stand. However, the use of numerical methods to optimize engine operation can and should
be verified by experiments on the measuring stand.
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NUMERYCZNA OPTYMALIZACJA ZAPLONU W SILNIKU SPALINOWYM ZI

Streszczenie. W ramach pracy w programie AVL FIRE przeprowadzono numeryczng optymalizacj¢ zapto-
nu w badawczym zmodernizowanym silniku Andoria 1hc102 o zaptonie iskrowym. Modelowanie umozliwito
znalezienie optymalnego kata wyprzedzenia zaptonu silnika badawczego podczas spalania mieszanki palnej
o wspodtczynniku nadmiaru powietrza A = 1.2. Optymalna wartoscia kata byla ta, przy ktorej wystapito maksy-
malne ci$nienie indykowane oraz sprawno$¢ indykowana, i przy ktorej nie zaobserwowano objawow spalania
stukowego. W wyniku modelowania stwierdzono, ze silnik badawczy spalajac mieszank¢ o A = 1.2, powinien
pracowaé z wyprzedzeniem zaptonu rownym 10° przed GMP. Przy tym kacie wyprzedzenia zaptonu silnik
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nie wykazywat niepozadanych objawow spalania stukowego, a osiagnigte wartosci cisnienia indykowanego
i sprawnosci indykowanej byty rowne odpowiednio 0.99 MPa i 41.47%.

Stowa kluczowe: silnik spalinowy, modelowanie, kat wyprzedzenia zaptonu, ci$nienie indykowane, sprawnos¢
indykowana
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EFFECT OF STORING PERIOD ON THE QUALITY
OF PHYSICAL AND CHEMICAL PARAMETERS
OF THE INDUSTRIAL WINTER RAPE SEEDS

Magdalena Kachel-Jakubowska', Agnieszka Sujak’
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Summary. The physical and chemical parameters of winter rape seeds stored under laboratory conditions for
up to three years were analyzed. Seed humidity and crude fat were assessed in seeds as well as the chlorophyll
content and kinetic viscosity measured for the oil. As a result of the seeds storage process the tendency of the
decrease of crude fat in seeds was observed as well as in chlorophyll content in the pressed oil. In general, all
the analyzed seed and oil quality parameters were contained within the permitted range of standards making the
examined seeds a valuable material for different industrial branches.

Key words: rape seeds, seeds humidity, crude oil, chlorophyll, kinetic viscosity

INTRODUCTION

Seeds of oilseed plants and mainly rape seeds are still used for the production of edible oils.
During the last years both in Poland as in the world the increase of interest in this plant is observed.
Apart from utilization of the rape oil as a semi-finished foodstuff or chemical [Rojek ez al. 2010],
usage as a material for the production of bio-fuels for high-pressure engines becomes more popu-
lar [Krygier et al. 1995a; Bendioli et al.. 2003; Szlachta, 2002; Wawrzosek et al. 2006; Kachel-
Jakubowska ez al. 2010] as well as usage of oil as a heat source for drying the grains [Rosinski ez al.
2006]. In The National Catalogue of Agricultural Plant Varieties many rape plant varieties originated
from Poland as well as from France or Germany different from crude oil are registered [Heimann,
2005; Wcisto, 2006; Dz.U.UE, 2010]. In Poland cultivation of the low eruic acid and glucozynolates
is recommended as these varieties are characterized by a low level of anti-nutritional components
[Musnicki, 2003]. The quality of rape oil is dependent on their physico-chemical parameters highly
affected by the plant variety (genetic factor determining chemical content) and to the climatic and
soil conditions where plants are cultivated. Seed humidity [Janowicz, 2004] as well as fat content
and composition have the crucial impact on physical and technological properties of the seeds as the
main cause of deterioration of seed quality during their storage. The presence of chlorophyll in the
rape seeds is undesirable for the reason of difficulties with its removal and obtaining high quality
oil and its byproducts. On the basis of long-term research, Daun [1987] found that the chlorophyll
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content is related mainly to the variety and the cropping year. Seeds containing below 24 mg/kg
of chlorophyll were considered as a high quality material. In the case of fuel industry oil should
be characterized by a relatively high thermal stability and viscosity. Kinetic viscosity is straight-
forwardly related to the lipid composition and properties [Wcisto, 2008] characteristic for lipids in
all of their physical states as a result of intermolecular interactions. According to Niewiadomski
[1983] and Ojczyk [1996] viscosity of non eruic acid oils is somehow higher than that of refined
oil. Kinetic viscosity of traditional rape oil at the temperature of 20°C is 90 mPa-s and is relatively
high compared to the viscosity of soy and olive oil which are 60 mPa-s and 77 mPa-s, respectively.
Kinetic viscosity is highly temperature-dependent and for non eruic acid rape seeds amounts to 17
mPa-s at the temperature of 50°C. For some varieties kinetic viscosity at 30°C amounts to about 65
mPa-s while at 60°C is at the level of about 24 mPa-s [Tremazi et al. 1965].

The aim of the presented work was the determination of the physical and chemical parameters
of rape seeds stored up to three years under laboratory conditions and of the quality of oils pressed
from these seeds in order to estimate their usability in certain industrial branches. The estimations
were based on the measurements of seed humidity, seed crude fat content, chlorophyll content in
oil and on the measurements of oil kinetic viscosity.

MATERIALS AND METHODS

Experimental material consisted of 0.5 kg samples of the industrial rape seeds from the Oil
Plant in Bodaczow, taken randomly from the bulk raw material supplied by 17 different contrac-
tors. All the samples were from the Lublin area (South-East Poland) and consisted of a mixture of
different varieties collected by individual suppliers. Seeds were collected according to PN-EN ISO
542/1997 standard and stored under laboratory conditions at the temperature between 19- 22°C and
humidity between 60-70%. Seed material consisted of the variety of mixed rape species. It was not
possible to find any dependence between the certain varieties of the seeds and contractors for the
reason that the Oil Plants do not maintain a register of supplied varieties and that the seeds from
different varieties were mixed both during collection by the producers and during seed purchase.
During the time of seed collection and experiments Bodaczéw Oil Plants were purchasing seeds
from the following winter seeds: Bazyl, Bojan, Californium, Cabriolet, Casoar, Kaszub, Lisek and
Libomir. They are cultivars registered in The National Catalogue of Agricultural Plant Varieties
[Dz.U.UE, 2010]. Every seed batch was represented by two independent samples provided with
labels indicating the source of the seeds.

Experiments included the analysis of physical and chemical parameters of the rape seeds as
well as oil pressed from the seeds stored for a period up to three years. Seed samples were marked
with numbers 1, 2 or 3 for the storing period of one, two and three years, respectively

Humidity and crude fat of the rape seeds (in %) was determined by means of Omega 10 UV-
Vis-NIR Bruins Analyser equipped in 10 interference filters for organic substances. The instrument
was provided with internal standard for the rape seeds. The obtained value was the arithmetic mean
from 3 independent measurements under condition that the admissible error was not bigger than
0.5% of the measured value.

Chlorophylls a and b were determined spectrophotometrically in the freshly pressed oil using
a double-beam Varian Model Cary 300 Bio spectrophotometer. Samples of oils were diluted 5x in
acetone and the spectrum measured between 350 and 700 nm. Concentrations of chlorophylls a (c,)
and b (c,) and total carotenoids (c ) in pg/ml were calculated as follows
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c,(ug/ml)=1124A, ,—2.04A,,,,

¢, (ug/ml)=20.13A, s —4.19A, ¢

1000A,,, —1.9c, —63.14c¢
Ccar (,ug/ml):( 470 214a b)

[Lichtenthaler and Buschmann, 2001]

Rape oil was pressed on a laboratory pressing stand using a HYBREN 6 worm extruder
equipped with micrometric mesh strainers. The process of pressing began after stabilization of the
press temperature. After pressing of c.a. 1.5 kg of raw material the temperature of extruder reached
70°C. The temperature was measured with TP6 laser pyrometer. The oil was stored at 5°C until
used for analysis.

Kinematic viscosity values of oils were determined by using Brookfield RVDV II digital
viscosimeter. The measurements were performed at constant temperature of 24.2 °C and the speed
of 100 rpm using an A-21 spindle. Measurements were taken after 1 min of stabilised process. The
admissible error of the method was 0.5 mPaxs

Statistical analysis consisted in the designation of basic statistical parameters such as mean
values, standard deviations and correlation matrices. Calculations were done by using Statsoft Sta-
tistica 6.0 program.

RESULTS AND DISCUSSION

Fig. 1. shows the distribution of the seed humidity after storing the seeds for 1,2 and 3 years,
respectively. For all the storage years most samples were characterized by optimal humidity ranging
between 6 and 8.5% which is considered secure for storing the seeds for longer periods without
loses, under condition that the seeds are mature, healthy, clean, having natural color, having the seed
covers undamaged and not under the process of sprouting [Niewiadomski, 1983; Janowicz, 2004].

The statistical analysis tests showed statistically significant differences in the seed humidity
stored for two years in comparison to seeds stored for one or three years. It also found no statistical
differences between the seeds in groups stored for one and three years.
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Fig. 1. Humidity of rape seeds stored for up to three years.
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The seed material for the oil production in the Oil Plant in Bodaczéw contained between 41.1
and 45% of d.m. of crude fat.

The results of Appelqvist [1972] show that storing time of the good quality rape seeds having
the humidity at the level of about 7% can be as long as two to three years, without any change in
their humidity or fat content.

The results of statistical analysis of the influence of the storing time (between one and three
years) on the content of crude fat are shown in Fig. 2. Although no statistical differences were shown
between the amples from particular groups, a tendency of the crude fat content’s decrease can be
observed for the seeds stored for three years.
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Fig. 2. Crude fat in rape seeds stored for up to three years.
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Fig.3. Chlorophyll content (sum of chlorophylls a and b)
of the rape oil pressed from seeds stored for up to three years.

Fig. 3. shows the total chlorophyll content in the rape seed oil. The samples were character-
ized by a varying amounts of chlorophylls (from 0.63 to 7.5 mg/ml of oil). On the basis of the
data the decrease in chlorophylls was observed upon prolonged storage time (in years) although no
statistical differences were observed. Such a tendency is a good information for food industry where
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the smallest possible contents of chlorophylls are required due to taste and aesthetic advantages of
oil depleted from chlorophylls. The cause of such a phenomenon may be not only the process of
storing the material under proper conditions but also suitable seed variety or the cropping method
[Tys et al., 2002; Kachel-Jakubowska, 2008].

The examined oils were characterized by similar kinetic viscosity (from 54 to 64 mPa-s),
which did not differ statistically (p > 0.05). The results obtained from the samples stored for longer
period showed higher multiplicity of data, caused most probably by the variety of seed stock. Sta-
tistical analysis did not show differences between samples from different years (Fig. 4.). The rape
oil demonstrates 20-fold higher viscosity as compared to heating oil. This problem, however, in
oil burners for boilers can be solved by application of special constructions [Jozwiak et al. 2006].

Viscosity of rape oil differs significantly from this parameter for diesel fuel oil and at the
temperature of 40°C is c.a twelve-fold higher, rendering impossible the proper functioning of the
engines. This characteristic property forced the invention of double-fuel system eliminating some
of disadvantageous phenomena arising during fuel combustion [Dzieniszewski, 2006].
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Fig.4. Kinetic viscosity of the oils pressed form the rape seeds stored for up to three years.

SUMMARY AND CONCLUSIONS

The conducted survey and the data analysis show that it is possible to determine the physico-
chemical parameters of the rape seeds and the pressed oils in order to evaluate their usability in
further industrial processing. The process of storing the material is the most basic element of post-
cropping treatment, during which the decrease in the material quality can occur, mainly caused by
the excessive humidity. Cleaned, mature rape seeds containing between 6 and 8 % of water can be
stored without the risk of severe losses. The crucial problem is therefore maintaining the relative
air humidity in storage rooms at the level between 30 and 70% [Janowicz, 2004].

1. The conducted experiments showed that the storage period is statistically influencing
the industrial quality of seed humidity which renders a variable initial humidity of seed
material supplied by different contractors in a definite year.
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2. Of advantage is the decrease of chlorophyll content in oils obtained from the seeds stored
for two or three years, which improves the quality of material although it seems to be
statistically insignificant.

3. The basic quality parameters of the rape seeds stored under laboratory conditions assessed
in this study stayed within the permitted by oil and chemical industry technical standards
ranges. This can therefore indicate the favorable selection of varieties as well as good
cultivation and cropping technologies.

4. The kinetic viscosity measured for the oils may be of interest for the producers of chemi-
cals mainly because the storage period does not influence this parameter.

5. Although the rape seeds stored for longer periods proved to be useful for industrial pur-
poses, the producers should decide whether the storing of seed material would be profit-
able considering the cost of storage.

REFERENCES

Abromovi¢, H., Klofutar, C. 1998. Acta. Chim. Slov, .45(1), 69.

Appelqvist L., Lot B. 1972. Post — harvest handling and storage of rapeseed. In: Appelqvist L.,
Ohlson R.: Rapeseed. Elsevier, Amsterdam.

Bondioli P., Gasparoli A., Della Bella L., Tagliabauue S.. 2003. Biodisel stability under commercial
storage conditions over one year. Eur. J. Lipid Sci. Technol., 105 (12). 735-741.

Daun J. K. 1987. Chlorophyll in Canadian Canola and Rapeseed and its Role in Grading. 7" Inter-
national Rapeseed Congress, Poland, 1451 — 1456.

Dutt, N., V., K., Prasad, D., H., L., 1989. J. Am. Oil. Chem. Soc., 66, 701.

Dziennik Ustaw Unii Europejskiej. 2010. Wspdlnotowy katalog odmian roslin rolniczych (2010/C
337 A/01).

Dzieniszewski G. 2006. Analiza mozliwosci zasilania silnika diesla surowym olejem rzepakowym.
Inzynieria Rolnicza, 12, 117-125.

Heimann S. 2005. Zasady oceny odmian i ich wartos¢ gospodarcza. Technologia produkcji rzepaku.
Wydanie specjalne dla firmy Z. P.U.H. ,,Best-Pest” s.j. Warszawa. 62-67.

Janowicz L. 2004. Przechowywanie nasion rzepaku w magazynach silosowych. Rzepak — VI, 47-50.

Jozwiak D., Szlek A. 2006. Ocena oleju rzepakowego jako paliwa kottowego. Energetyka i Eko-
logia, VI, 449-451.

Kachel-Jakubowska M., Szpryngiel M., 2008. Influence of drying condition on quality of rapeseed.
Int. Agrophysics.,22, 327-331.

Kachel — Jakubowska M., Zajac G. 2010. Influence of fuel rapeseed oil temperature on energetic
parameters of an engine. Kom. Mot. Energ. Roln. TEKA t.10, 145-152.

Krygier K., Damian K., Dragka D. 1995a. Poréwnanie jakosci I trwatosci olejow rzepakowych
tloczonych na zimno I na goraco oraz rafinowanego. Rosliny Oleiste IHAR, XVI. 301-306.

Lichtenthaler H.K., and Buschmann C., 2001. Chlorophyll and Carotenoids: Measurement and
Characterisation by UV-Vis Spectroscopy. In: Current Protocols in Food Analytical Chemis-
try, Suppl 1, Unit F4.3.1.

Musnicki Cz. 2003. Szczegdétowa uprawa roslin. Praca zbiorowa. Tom II, WAR we Wroctawiu.

Niewiadomski H. 1983. Technologia nasion rzepaku. PWN Warszawa.

Ojczyk T. 1996. Nawozenie mineralne . W: Rzepak — produkcja surowca olejarskiego. Rozdziat
10, ART. Olsztyn , 163-164.



172 Magdalena Kachel-Jakubowska, Agnieszka Sujak

Robak B., Gogolowski M.. 2000. Zmiany fizykochemiczne zachodzace w oleju rzepakowym w trak-
cie ogrzewania w wysokich temperaturach z uwzglgdnieniem tworzenia si¢ transizomerow
kwasow tluszczowych. Rosliny Oleiste-Oilseed Crops, XXI. 683-692.

Rojek P., Pawlik H., Praciak A. 2010. Wplyw budowy chemicznej bio-polioli z oleju rzepakowego
na wlasciwosci wiskoelastycznych pianek poliuretanowych. Czasopismo Techniczne. WPK.
Zeszyt 10, 277-284.

Rosinski M., Furtak L., Luksa A., Stepien A. 2006. Wykorzystanie olejow roslinnych i urzadzen
do ich spalania w procesach suszarniczych. MOTROL. Motorization and Power Industry In
Agriculture, Lublin, VOL VIIIA, 243-250.

Szlachta Z. 2002. Zasilanie silnikéw wysokopreznych paliwami rzepakowymi. Wkik, Warszawa.

Tramazi S., Lovegner N., Feuge R. 1965. Characterisation and evaluation of some rapeseed oils.
J. Am. Oil Chem., 42, 78.

Tys J., Sujak A., Bogdan A. 2002. Changes to the composition of colorants caused by the tempera-
ture of drying rapeseed. Int. Agrophysics, 16, 307-312.

Wawrzosek J., Piekarski W. 2006. Udziat estrow oleju rzepakoweg w mieszance paliwowej z olejem
napedowym a poziom emisji tlenkow azotu. MOTROL. Motorization and Power Industry In
Agriculture, Lublin, Vol. VIII, 240-249.

Weisto G. 2006. Application of the cold stamping metod for rapeseed oil extraction. Kom. Mot.
Energ. Roln. TEKA t.6, 175-181.

Wecisto G. 2008. Wyznaczenie wplywu temperatury na lepkos¢ dynamiczng biopaliw roslinnych.
Inzynieria Rolnicza . 10(108), 277-282.

WPLYW OKRESU PRZECHOWY WANIA NASION RZEAPKU OZIMEGO
NA JAKOSC PARAMETROW FIZYKO-CHEMICZNYCH
DLA CELOW PRZEMYSLOWYCH

Streszczenie. W pracy dokonano analizy parametréw fizyko-chemicznych nasion rzepaku ozimego przechowy-
wanych w warunkach laboratoryjnych przez okres do trzech lat. Analizie poddano parametry dotyczac poziomu
wilgotnosci nasion, zawartosci thuszczu surowego, zawartosci chlorofilu oraz okresleniu lepkosci oleju rzepako-
wego. W wyniku procesu przechowywania nasion, zaobserwowano niewielka tendencje spadkowa zawartosci
thuszczu surowego w probkach oraz chlorofilu w wyttoczonym oleju. Ogdlnie badane parametry jakosciowe
nasion oraz oleju miescity si¢ w granicach dopuszczalnych przez normy branzowe, czynigc powyzsze surowce
cennym dla poszczegolnych gatezi przemyshu.

Stowa kluczowe: nasiona rzepaku, wilgotnos¢ nasion, thuszcz surowy, chlorofil, lepkos¢ oleju
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Summary. The solar radiation varies in time and is unrepeatable. For this reason in researches dealing with
systems powered by photovoltaic generators a device simulating the current-voltage curve of a real generator
may be useful. It consists of a controlling block, which can be made of a micro controller and an output unit
— voltage amplifier.

The paper presents a mathematical model of a photovoltaic module, principle of operation of the simulator and
results of laboratory measurements which were undertaken to test the designed device.

Key words: solar energy, photovoltaic generator, simulator.

INTRODUCTION

Since the energy crisis in 1970’s a constant growth of photovoltaic power production has
been observed [Grubb et al. 1997, Sinha 1998, Lotsch et al. 2005]. One of the areas of solar energy
application is agriculture [Luque et al. 2003, Tiwari et al. 2010]. This kind of energy is sometimes
considered as “agro-energy” [Roszkowski 2006].

Operating state of devices powered by photovoltaic (PV) generators depends on the solar
radiation intensity on the surface of photovoltaic modules. This radiation varies in time and is un-
repeatable. When, during research experiments it is needed to compare the performance of various
configurations of the photovoltaic system, it is difficult to have the same radiation conditions for
each case [Mukerjee et al. 2007].

One of the ways to solve this problem is to apply a device which will model the current-
voltage curve of a photovoltaic generator for a given radiation values. Such a device may be also
useful in training in the area of photovoltaics because experiments with real PV modules may be
impossible in autumn — winter season or after dark.

Recently, a PV simulator with MOSFET technology has been presented [Gonzales et al.
2010]. The main components of the PV simulator presented in this paper are: amplifier in which
we can control the output voltage and a microcontroller with a set of analog inputs and outputs.

A microcontroller is a computer which has all the necessary parts of a conventional micro-
computer contained in a single electronic chip. Main parts of the microcontroller are: CPU (Central
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Processing Unit), memory and input/output interface [James 2001]. The memory of the chip can
store algorithms of system behaviour dependent upon many different parameters [Wierzbicki 2006],
which enables the device to control different processes.

This paper presents the construction of the simulator and results of the tests which were
performed to verify the current-voltage characteristics modelling quality.

CURRENT-VOLTAGE CURVE OF THE PV CELL

Current-voltage curve of a photovoltaic cell is given by the following equation [Kalogirou

2009]:
e(V+IR V+IR
l—lpﬂ—l{exp[(kTS)}—lJ— — 0)
SH

in which

I is the current generated by the PV cell and flowing through the load circuit,

I,,,— photocurrent, current of the short-circuited cell, proportional to the solar radiation in-

tensity,

I,— dark saturation current,

V — cell’s voltage,

e — electronic charge,

k — Boltzmann’s constant,

T — cell’s temperature,

R, — shunt resistance of the cell,

R, — series resistance of the cell.

This and other models of photovoltaic cells are also presented by Kaddour et al., (2010).

Current-voltage curve modelling by the equation (1) is very difficult. Enough accuracy can
be provided by a model with three parameters [Kapica 1998], which can be obtained from eq. (1)
assuming R — o0 and R = 0:

I=1,, -1, (exp(i};j—l} 2)

Parameters of this equation, which are specific for the given cell (I, with full insolation, 1)
need to be obtained by measurement of the current-voltage curve of a real PV cell or module, which
we want to model. Methods to obtain the equation parameters are given by Kim et al. (2010) and
Xu Xiao-bing et al. (2009).

For simplicity, influence of the solar radiation upon the cell’s temperature has been neglected
in the simulator’s algorithm, but this functionality can be easily added.
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Fig. 1. Example of a current-voltage curve of a photovoltaic module for different insolation levels

THE PHOTOVOLTAIC SIMULATOR

Photovoltaic simulator is a device which is able to model current-voltage curve of a PV
module or generator. Its main part is an operational amplifier, whose output voltage is proportional
to the voltage applied to the input (Fig. 2). In the prototype device a high output current operational
amplifier OPA 541 has been used [Texas Instruments 2000].

o + Uzas
o——+
A Ust
j OPA 541
L _ Rcu
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(e}

- Uzes {] P1 Rosc T Uosc

Fig. 2. Schematic diagram of a voltage amplifier used in the simulator [Marciniuk 2000]

A single chip microcomputer (microcontroller) with analog input and output circuits is used
to control the amplifier. In the prototype device a ATmega8535 chip with external A/C and D/C
converter chip has been used [Atmel 2006]. The analog input is connected to a Hall effect current
transducer. The output voltage is fed to the input of the amplifier.
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Fig. 3. Diagram of photovoltaic generators’ simulator

The microcontroller sets its output voltage (Vout — see Fig. 3) based on measurements of the
amplifier load current (I_load). The voltage is calculated according to the current — voltage curve
equation for the simulated PV module or generator.

The current-voltage curve of the generator has been divided into two parts. In the part where
the load current is lower or equal to 0.85 I, the microcontroller’s output voltage is calculated
directly from the curve equation after transforming the equation (2) into a form of V=f{(I).

Because the second part of the curve — for currents greater than 0.85 I, —has a large gradient
of current as a function of voltage, it was necessary to employ a different procedure of the output
voltage calculation. In this case, the output is changed stepwise until the working point on the
current-voltage curve is reached iteratively.

TESTING PROCEDURE

In order to test the device a series of measurements have been done. All the experiments were
conducted with help of the computer applications created in LabView - a graphical programming
environment which is especially useful in creating software for measurement circuits [Buczaj et
al. 2007].

In the first step it was checked whether the proposed single chip computer will be fast enough
to calculate the required parameters in real time. This was achieved by exposing the device to rapid
load resistance change when the input solar radiation was constant and by rapidly changing the input
solar radiation with the load resistance unchanged. The measurement circuit is presented on Fig. 4.
The time needed to set the working point was in the range of few milliseconds and on exceptional
occasions to approx. 300 ms. The longer values were recorded for low radiation levels combined
with low load resistance values. This is the result of the simulator working in the second part of
the current-voltage curve and the iterative procedure of the working point calculation. However
such cases were not frequent. Taking into account that the rate of radiation change is usually much
slower, the tested microcontroller may be implemented in the simulator.

In the second step, a series of measurements were undertaken in order to compare the per-
formance of the simulator with a real PV module. First, the voltage, current and insolation were
registered over a period of several days for a real PV module connected to a load resistance. The
circuit diagram is presented on Fig. 5. As a voltage transmitter a potentiometer (voltage divider)
was used. The current was measured through a Hall-effect transducer. The insolation is obtained
through measurement of the short-circuit current of another module which is parallel to the tested
module. Also in this case a Hall-effect transducer was used.
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Than the measurements for the PV simulator were performed. As the solar radiation data, the
data obtained during measurements with the real module were used. In the electrical circuit used
previously, the solar module was replaced with the simulator and the insolation data were fed to
the simulator from a digital-to-analog converter card plugged into a computer (Fig. 4). The tests
were planed in such a way that the voltage and current were saved 0.5 s after the insolation level
had been set to allow time for the microcontroller to set the working point.

Insalation level
Load current

Yoltage I |

AD and DiA
sUBSS conwaertar card
Cornputer

! : with data acquisition

h 4 N | software
Symulator J Hl:l—‘ |::| R_lnad './
B |

Fig. 4. Diagram of the measurement circuit for tests of the simulator of the photovoltaic generators

Short-circuit current (insolation level)

| Load currert
‘Voltage
/

‘ AD and DVa
i Converter card
LI XX 0]

v

/J\ computer
vy

with data acquisition
J —_—
R_load

software

[

Fig. 5. Diagram of the measurement circuit for tests of a real photovoltaic module

The measurements were done in April 2010. Figures 6-9 present the results of the comparative
tests from April 9”. One of the black lines shows the current or voltage of the real module whereas
the grey line — of the simulator. Additionally an absolute error is presented (the other black line with
lower values). For convenience, Fig. 8 to 9 present curves for a selected part of the day.
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Fig. 6. Current — time curve of a real module and of the simulator for April 9th 2010
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Fig. 7. Voltage — time curve of a real module and of the simulator for April 9th 2010
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Fig. 8. Current — time curve of a real module and of the simulator for a selected part of April 9th 2010
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Fig. 9. Voltage — time curve of a real module and of the simulator for a selected part of April 9th 2010

After the measurements, maximum differences between the values obtained from the real
module and from the simulator were calculated. Maximum absolute error for the current simula-
tion was 0.18 A and for the voltage — 2.4 V. Additionally, the daily energies produced by the real
module and the simulator were evaluated. The maximum difference was 8300 J (5 % of the value
produced by the real PV module).

CONCLUSION

As the comparative tests show, the simulator resembles closely the current-voltage curve of
a real PV module. The precision can be improved by employing a more accurate model and — pri-
marily — by taking into account temperature change of the solar module with the insolation.

The time to set the working point is fair and it could be improved by using a faster CPU.

Proposed simulator of the photovoltaic generators can be used in researches aimed at perfor-
mance analysis of circuits powered from photovoltaic power sources. Another area is education. In
both cases application of the device gives an advantage of opportunity to repeat the tests for identical
insolation curve, independent on current weather conditions and season of the year.

Additional advantage which was revealed during the tests of the device is a possibility to
decrease the time needed to perform the test in case when the insolation sampling period is greater
than the time needed to set the simulator’s working point — which is true for most of the cases. For
example, for the results presented in this paper, the simulation of the whole day was finished in
less than two hours. This is because the simulator does not have to wait the full time between the
points in time but only the time needed to set the working point.
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ZASTOSOWANIE MIKROKONTROLERA
DO SYMULACJI GENERATOROW FOTOWOLTAICZNYCH

Streszczenie. Promieniowanie sloneczne jest zmienne w czasie 1 niepowtarzalne. Z tego wzgledu w bada-
niach naukowych nad ukfadami zasilanymi z generatorow fotowoltaicznych uzyteczne moze by¢ urzadzenie
symulujace przebieg charakterystyki pradowo — napigciowej rzeczywistego generatora. Sktada si¢ ono z bloku
sterujacego, ktorym moze by¢ mikrokomputer jednouktadowy oraz bloku wyjsciowego, ktorym jest wzmacniacz
napigciowy. W artykule przedstawiono model matematyczny modutu fotowoltaicznego, zasad¢ dziatania symu-
latora oraz wyniki pomiaréw majacych na celu sprawdzenie poprawnosci pracy prezentowanego urzadzenia.

Stowa kluczowe: energia stoneczna, generator fotowoltaiczny, symulator
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APPLICATION OF THE AKAIKE INFORMATION CRITERION FOR
AN ASSESSMENT OF SUGAR BEET CROP DISTRIBUTION.
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Summary. Normal distribution is commonly applied in natural sciences, as well as in technical, humanistic or
social. It is also very often used for the description of phenomena and processes in investigations in the domain
of agricultural engineering. Wide application of this distribution is justified by the principle of great numbers.
Great importance of normal distribution results also from the following facts: 1) Normal distribution is a model
for random error of measurements. 2) Many physical phenomena, even if they do not have normal distribution,
can be described in terms of this distribution after suitable transformation. 3) Normal distribution is a good
approximation for different distributions, 4) Every linear combination of independent random variables with
normal distribution has a normal distribution.

These desirable properties cause, that research workers want to check whether the results of their experiments
have normal distribution. In literature many tests checking normality of distribution of the studied feature are
described both in one [Anderson at al 1954, Bowman at al 1975, Geary 1947, Green at al 1976, Tench at al 1980,
Oja 1983, Pearson 1930, Shapiro at al 1965, Uthoff 1973, Vasicek, 1976] and in multidimensional case [Andrews
at al 1973, Bera ay 1986, Cox at al 1978, Hawkins 1981, Henze at al 1990, Buck 1986, Royston 1983]. All of
them require the application of suitable tables of critical values.

In the present work we suggest using the selection between normal and logarythm - normal distribution: Akaike
information criterion (AIC). This criterion originates from the theory of information. The suggested method was
applied to dataset obtained in an experiment with crops of sugar beets. Conclusions resulting from criterion
Akaike were confirmed by the classic Shapiro-Wilka test.

Key words: Crop of sugar beet, Akaike information criterion, normal distribution, lognormal distribution,
selection of the models.

AKAIKE INFORMATION CRITERION.

The concept of Akaike information criterion (AIC) has its source in the theory of information.
This notion is based on the concept of Kullback-Leibler (K-L) information [Kulback.and Leibler
1951]. Let us consider a continuous probability distribution. Let g(x) be the true density function
and f(x) be a model density function. Then the Kullback-Leibler information is given by [17]
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18, 1)= [ log 53 g0, M

where: log denotes the natural logarithm. 1(g, f) describes the distance between two prob-
ability distributions and has the following properties [Akaike 1974]:

1. I(g,f)=0,

2. I(g,f)=0< f(x)=g(x) almost everywhere.

Obviously, the lower the value of I(g, f), the better the fitting of the model. Notice that the
value of I(g, f') depends on the distribution of g(x), which is usually unknown. So we need an
estimator of I(g, f). From the definition of K-L information we have:

I(g, )= [ g(x)logg(x)dx— [ g(x)log f (x)dx.

The first term in the last equality does not depend on the model distribution f (x), so finding
the minimum of K-L information is equivalent to finding the maximum of the value:

[ g(x)log f (x)dx, @)
which is called an expected log likelihood. If we have » independent realizations {X],...., Xn},
then the value :
D log f(x), (©)
i=1

is called the log likelihood of the model. It is easy to prove that an expected log likelihood
can be approximated by (3) times 1/n [24]. So, the higher the value of (3), the better the fitting of
the model.

Assume that f(x,,....x,|0) is a joint distribution function of the vector (X,,...,X,)
0, where is a parameter of the distribution. If we have n observations {Xl,l...,xn} then the
function L(6) = f (x,,...x, | 6) is called the likelihood function. When we consider the independent
random variables {Xl,....,Xn}, then L(@) = f(x,]0)-...- f(x, ] 6), where {(x;]6) is a density func-
tion of X, we can define the log likelihood function as

1(6) =) log f (x,|6).
i=1
Let us identify g(x) = f (x| @), where fis a model with k parameters and 0" is a vector of true
parameters. Then the expected log likelihood of the distribution f (-|8) is given by [24]:

I'(0)=E,[log f(Z |0)],

where Z is a random variable with the same distribution as X; and independent of X. As we
said, this value is a criterion of fitting of the distribution. The higher the value of 1'(0), the better
the fitting of the model.

Let 6 be the maximum likelihood estimator of the parameters of the model maximizing the
log likelihood function 1(d). So the goodness of fitting of the model can be expressed in terms of
1*(9A). Observe that this value depends on the realization of the random variable X. Therefore, in
order to lose this dependence, define the mean expected log likelihood as:

10 =B, (@)1= )] Tatx)dx.
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As before, the higher the value of 1n*(k), the better the fitting of the model. At first sight, it
would seem that the maximum log likelihood is a good estimator of the mean expected log likeli-
hood. However, as Akaike has shown, it is a biased estimator of this value and its bias is equal to
the number of the parameters. Akaike [25] has also shown that the asymptotically unbiased estimator
of the mean expected log likelihood is:

AIC(k) = the maximum log likelihood — number of estimated parameters.

By historical reasons [Rao 1980] we take:

AIC (k) = -21(6,) + 2k. 4

Summarizing, the model which has the minimal value of AIC(k) is considered to be the most
appropriate model.

ESTIMATION OF PARAMETERS OF NORMAL DISTRIBUTION
BY THE MAXIMUM LIKELIHOOD METHOD

Let X,, X,,..., X, be the independent 1 observations of the normal distribution N (, ), where
1 eR,0%>0. Let us consider the normal density function of the random variable X;:

1 — 1)
f(Xi ‘/1362) = \/2 2 exp{ ()(120_/21) }
o

The likelihood function is given by

1 1 &
L(p,0%) = - eXP{ (% —u)z} Q)
(\/27[0'2 ) 2075

Thus

1 & n n
(u,0%)=— X — u)* ——log27 ——logo™.
(1.0 == =2 (% —p)" = log 27— log

i=1
We also have

a1

L 5l 1 & , 1
=— X — d = X — - . 6
a}u O_Z ;( 1 /.l) an aaz 20_4 ;( i /,l) 20_2 ( )

We will find the maximum value of the function 1(-,-) and the corresponding maximum argu-

. . . . .ol
ment. The necessary condition for the existence of the maximum of this function is a—:O and

6712 =0. Solving the system g
oo

> 440 =0
Zn:(xi _/U)z -no’= 0, 7

n

1 1
we get ”:szi and o’ :EZ(Xi — )%
i=1

i=1
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We can write the solution of the above system as:

1

. o 1 .
A== %, 67 =—2 (X~ ). ®)
nig nig
Now, we should check if the function 1(-,-) has the maximum in (z,6%). We will check if
1(2,6)—1(x,0%) > 0. Let us consider the difference:

PR l < NESE | PRSI
l(ﬂaaz)_l(ﬂagz) ::_26'2 ;(Xi _/u)2 _Elogaz +

X —p) ~logo’ =
1 & o on, 61| ) . 2
_—7&22(&—#) —Elog?+7‘2 Z(Xi—#) +n(a-p)|=

i=1 i

A2 A2
n. o 1 (ﬂ /t) _nfo” LA ﬂ)
=——log—+ - = -1-1lo —_
2 %% (20‘2 AZJZ(X. Ay 207 g 207
The last term in the equation is nonnegative, so we can observe the function f(x)=Ilogx—x.
The function f has a maximum in x=1 and f(1)=—-1. Thus logx—x< -1 for x>0
So we have 1(i1,6%)-1(u,0

)>0, which implies that function 1(z,0>) has the maximum

at u=f1 and o° =67 To summarize, 2 and & are the maximum likelihood estimators of the
parameters y and o Also the maximum log likelihood is given by

1(;},62):—glog27z”—f ©)

ESTIMATION OF PARAMETERS OF LOGNORMAL DISTRIBUTION
BY THE MAXIMUM LIKELIHOOD METHOD.

Def. Let random variable Y have a normal distribution: Y ~ N(z,5). Then a random variable
Y

X =e' has a lognormal distribution with parameters x,6°. The probability density function of the
lognormal random variable is given by the formula;

0, x<0
f(x)= 1 _(nx-p)’

207

0 (10)
e ,X >
Xo~N 27

Let X, X,,..., X, be the sample from lognormal distribution with parameters #,0°. 11 € R,6* > 0
Let us consider the lognormal density function of the random variable X

f(Xi‘/LUZ): ! { (nx - K’ }dlax>0
X\/ZﬂO‘ 20°

The likelihood function is given by:

L(u,0%) = f(x,%,,....x,1c%, ) =[] f(x1o7, 1)
i=1

i(ln X—p)

:(27z02)71£[(xi)'1-e I (11
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Thus log likelihood is equal to:

s n R n Z:l(lnxi_ﬂ)z
1(x|o ,,u):—E(ln27r+ln0' )—Zlnxi—“T (12)
i=1

In order to find the maximum likelihood estimators £ i &> of parameters of distribution we
differentiate the function with respect to x i o” i and then equate it to zero. We get the following:

1 n

ol 1
— == 2(Inx — p)(-)=—> (Inx, —u)=0
” 20@ (Inx, —)(-1) ng(nxl H)
N _ 2
ol _ n +;(IHXI 'U) L_O (13)
oo’ 2067 2 ot

After the transformation of the system (13) we obtain equalities:
> (Inx, —u)=0
i=1

-no”+ Y (Inx; —u)* =0, (14)

i=1

and from it the following estimators:

anlnxi o

A=——=Inx
n

Z(ln X; _/})2
N = 2
&' ==——=§,, (15)

Moreover, the maximum log likelihood is equal to (from(12) and (15)):

(1462, ) =— 227 - 216> =Y Inx — 2. (16)
2 2 = 2

SELECTION OF NORMAL DISTRIBUTION BY THE AKAIKE METHOD

We want to verify if the investigated feature in population has a normal or lognormal distri-
bution. We state hypotheses:

H,:F(x)eFy
H, F(x)eFy, 17)

where: F denotes a family of normal cumulative distribution functions, F  a family of
lognormal cumulative distribution functions and F(x) a cumulative distribution function of feature
in population.

In Akaike method we match to each of hypotheses a model connected with specified prob-
ability distribution, evaluate Akaike information criterion AIC for each model and then we choose
this hypothesis, which corresponds to the lower value of AIC.

Model (0)-the feature in population has normal distribution.
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Model (1)-the feature in population has lognormal distribution.
From (4) we have AIC = -2I(0) + 2k. As the number of free parameters in the model (0) is 2
so AIC for it is equal to (from (9)):

{AIC(0) = AIC(1,6™) =-21(j1.6°) + 2x2 = n[log 27 + log 6 +1] + 4 (18)

where 67 is given by (8).
Similarly, for model (1) we find (from (16)):

AIC(1) =-21(41,6) +2x2 =n[log 27 +10g 6* +1]+2) Inx, +4 (19)

i=1

where in its time &7 is given by (15).

APPLICATION

The Akaike theory given in previous sections we apply to an analysis of experimental data
from the crop of sugar beets. Proper investigations were carried out in the years 2006-2008. [Ostroga
2010, Bzowska-Bakalarz et al 2008]. The tool for assembling the data in farms were questionnaires
filled through growers. Area of questionnaires’ investigations contained region of working of four
sugar factories - Krasnystaw, Lublin, Werbkowice and Strzyzow. Respondents were farmers who
had a chance of survival of production of sugar beets in next years. They became chosen at co-
operation with workers of sections of raw material sugar factory on the basis of positive produc-
tive results. Investigations were carried out by the method of standardized interview. Analyzing
dataset related to crops of sugar beet received through 100 manufacturers in 2006 year we obtain
6* =75,035, n=100 while from example (18) we get:

AIC(0)=100-[1,8379 +In(75,035) + 1]+ 4 = 719,5855. (20)

For dataset 6° =0,0364, ZIn x=381,89, n=100 from example (19) we receive:

i=1

AIC(1)=100-[1,8379 +1n(0,0364) +1]+2-381,89 + 4 =720,2513 (21)

In the face of inequality AIC(1)>AIC(0) we state, that normal distribution better than log
normal distribution describes crops of beets. Now we will try to apply the traditional method of
testing of hypotheses for analysis of experimental dataset. We will use classic test Shapiro-Wilka
to this end. Test function of this test has the form [Domanski 1990]:

B

2
{2220 Ky — X))}
_

W B
Z(&—X)2

; (22)
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where: X denotes i-th; within growing crop of beet., a . fixed value in Shapiro-Wilka test

0]
read from statistical tables, meanwhile symbol [z] denotes the largest integer number less or equal
B

to z. In our example we have: n=100, Za(i)(x( X)) =385,39, nSZZ(xi —x)? ==7503,5202.
i=1

i=1

n-i+l)

Therefore in the face of (22) we get:

(85,39

= =0,9717. (23)
7503,5202

Assuming the level of significance o =0,05 we read the critical value W0705=0,9641. In the
face of W> W -we state, that it does not have bases for rejection of hypothesis about normality of
distribution of crop of sugar beets.
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ZASTOSOWANIE KRYTERIUM AKAIKE DO OCENY ROZKLADU
PLONOW BURAKOW CUKROWYCH

Streszczenie. Rozklad normalny jest powszechnie stosowany w naukach przyrodniczych, technicznych jak
réwniez humanistycznych i spotecznych. Bardzo czesto jest on rowniez uzywany do opisu zjawisk i procesow
w badaniach z zakresu inzynierii rolniczej. Szerokie wykorzystanie tego rozktadu ttumacza prawa wielkich
liczb. Znaczenie rozktadu normalnego wynika tez z nastgpujacych faktow: 1) Rozktad normalny jest modelem
dla losowych btedow pomiarow. 2) Wiele zjawisk fizycznych, cho¢ nie podlega rozktadowi normalnemu moze
by¢ opisanych za pomoca tego rozktadu po odpowiedniej transformacji. 3) Rozktad normalny jest dobrym przy-
blizeniem dla innych rozktadow, 4) Kazda kombinacja liniowa niezaleznych zmiennych losowych o rozktadzie
normalnym ma rozktad normalny.

Te pozadane wiasnosci powoduja, iz badacze dysponujac wynikami eksperymentu chca sprawdzi¢ czy maja
one rozktad normalny. W literaturze opisanych jest wiele testow sprawdzajacych normalno$¢ rozktadu badanej
cechy zaréwno w przypadku jedno [Anderson i in 1954, Bowman i in 1975, Geary 1947,Green i in 1976,Lin
iin 1980,0ja 1983,Pearson 1930, Shapiro i in 1965, Uthoff 1973, Vasicek, 1976] jak i wielowymiarowym [An-
drews i1in 1973, Bera i in 1986, Cox i in 1978, Hawkins 1981, Henze i in 1990, Koziot 1986, Royston 1983 ].
Wszystkie one wymagaja stosowania odpowiednich tablic wartosci krytycznych.

W niniejszej pracy proponuje si¢ zastosowanie do selekcji miedzy rozktadem normalnym i logarytmo-normal-
nym kryterium informacyjnego Akaike. Kryterium to wywodzi si¢ z teorii informacji. Sugerowana metode
zastosowano do danych uzyskanych w do$wiadczeniu z plonami burakoéw cukrowych .Wnioski wynikajace
z kryterium Akaike potwierdzono klasycznym testem Shapiro-Wilka.

Stowa Kkluczowe: Plony burakéw cukrowych, kryterium informacyjne Akaike, rozktad normalny, rozktad loga-
rytmo-normalny, selekcja modeli.
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Summary. The following paper examines the effect of pressure agglomeration process on some energy crops
(miscanthus, prairie cordgrass, Virginia mallow). The materials susceptibility to briquetting was assessed, to-
gether with the relevant energy consumption levels needed for the agglomeration processes as well as the qual-
ity of the final product. The lowest electrical energy consumption was observed at the briquetting of powdered
miscanthus (average 412.87 kJ-kg™), and the highest consumption was observed for Virginia mallow at about
629.23 kJ-kg"'. The briquetted Virginia mallow has shown to possess the highest value of mechanical durability
at about 91.45%.

Key words: energy crops, briquetting, pressure agglomeration, energy consumption, briquette quality.

INTRODUCTION

Recently, an increase in the demand for biomass of agricultural origin has been observed
(Junginger et al, 2008; Kowalska, 2010; Schenkel et al, 2003; van Dam et al, 2007; van Dam et al
2009) and, consequently, there has been a quest for the most energy-efficient crops which are also
well adapted to a variety of conditions (Kowalczyk-Jusko, 2007). At the same time, there has been
more interest on the part of farmers and the energy sector in new plant species, among which peren-
nial grasses with C4 photosynthesis have received the most attention. An example of such a plant
is Miscanthus x giganteus Greef & Deuter. A major issue in its cultivation is its low resistance to
low temperatures, especially in its first year of vegetation (Clinton-Brown and Lewandowski, 2000).
In rather severe climatic conditions of central and eastern Europe, species more resistant to such
conditions enjoy popularity, such as Miscanthus sacchariflorus (Maxim.) Benth. & Hook.), prairie
cordgrass (Spartina pectinata Link.) and the perennial plant - Virginia mallow (Sida hermaphrodita
Rusby) (Borkowska and Styk, 2006; Koscik, 2003; Lewandowski et al, 2000). The species are
treated as energy crops and as fuel material both by the energy sector and in the light of the Polish
law (Rozporzadzenie... 2008). The plants are characterized by significant durability, estimated in
the relevant sources as lasting from several to over twenty years. The yield of prairie cordgrass in
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eastern England was estimated at the level of 12-14 Mg-ha' (Potter et al, 1994) and in northern
Germany at about 12.8 Mg-ha" (El Bassam, 1998). Its resistance to unfavourable environmental
conditions is often emphasized; inevitably such conditions will lead to lower yields, nevertheless
its durability is adequate. Miscanthus is the species characterized by great expansiveness and du-
rability and thanks to its strong shrubbing properties it replaces weeds, which in turn lowers the
overall cost of plantation. In optimal soil moisture conditions, the plant can yield crops at the level
of 20 Mg-ha™ (El Bassam, 1998). Virginia mallow is found in certain areas of the United States of
America as a wild, uncultivated plant, and its cultivation records in Russia and Ukraine date back
to 1930s (Spooner et al, 1985). Great hopes have recently been pinned on its cultivation for energy
purposes in Poland (Borkowska and Styk, 2006; Koscik, 2003).

An effective use of plant biomass in professional energy generation is closely related to the
need of the biomass to be agglomerated, which allows for “energy densification.” In relevant sources
there is no explicit assessment of the susceptibility of the above- mentioned plant species to pellet
and briquette compacting.

In the case of pressure agglomeration processes (compacting), physical and chemical proper-
ties of the processed material are of primary importance (above all, chemical composition and mois-
ture content) (Mani et al, 2006; Niedzidtka et al, 2008; Relova et al, 2009; Szymanek and Kachel-
Jakubowska, 2010) as they essentially impact both the efficiency of the process and the durability
properties of the final product. In terms of chemical composition of the material, the agglomeration
process is determined mainly by the content levels of fats, fibres, proteins and starch (Kaliyan and
Morey, 2009). Materials rich in protein and starch and low in fibre content are especially suited
to such processing (Kulig and Laskowski, 2006). A fat content of 2-3% is also advisable, as the
values below 1% make the pellet compacting significantly more difficult (Kulig and Laskowski,
2005). Naturally, such conditions cannot be met by energy crops whose main content is fibre. The
compacting of such materials requires considerable energy expenditures.

Keeping the above-stated facts in mind, in the present paper we endeavour to examine the
efficiency of briquetting process of the selected energy crops at their varying moisture content. We
believe that the examination will be a valuable contribution to the popularity of the cultivation of
energy crops, and that our work will provide highly needed advice for farmers, companies and staft
involved in the search and production of energy efficient briquettes.

MATERIALS AND METHODS

The research material was the powdered miscanthus, prairie cordgrass, and Virginia mallow
plant material. The plants under investigation came from the experimental fields of the University
of Life Sciences in Lublin, Faculty of Agricultural Sciences in Zamos¢, Department of Agribusiness
and Plant Production, and were harvested after the fifth year of vegetation (in January 2010), which
means they were in their full crop capacity. The harvesting was conducted when Virginia mallow
had lost its leaves, and the grasses were withered.

The material was cut into shreds of 20mm in length, and subsequently was ground in a beater
mill (type ML-500), fitted with a sieve with ¢ 4mm holes. After grinding, the material's moisture
was determined, using the drier method complying with the norm PN-ISO 712:2002.

The briquette compacting was conducted in the laboratory at the Department of Food Industry
Machinery Operation (KEMPS) in the University of Life Sciences in Lublin. The agglomeration
process was conducted with the use of a hydraulic briquette press type PBH-100. The working
densification pressure was 50 MPa. Briquettes produced in this way measured 60 mm in diameter
and 80 mm in length.
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During the briquetting process the conditioning with water was applied. Before pressing the
examined material was brought to five distinct levels of moisture content, that is 12, 14, 16, 18,
and 20%, with £0,5% accuracy. The quantity of added water was determined based on the follow-
ing formula:
=M Wz 7W1

Y 00-W,
where: M — weight of added water, g;
M, — weight of material sample, g;
W, — moisture content of material sample, %;
W, — required moisture content of material sample, %.

(M

The samples were stored for 24 h in tight containers to evenly distribute moisture throughout
the material.

The quality of the agglomerates was estimated on the basis of their physical properties. The
density of briquette was determined on the basis of the measurement of its external dimensions and
mass, after 24 hours since its production. The moisture content of the input material was determined
by the drier method, according to the norm PN-ISO 712:2002. The examination of mechanical dura-
bility of briquettes was conducted according to the norm PN-EN 15210-2:2011. The measurements
of agglomerate mechanical strength was conducted in test grip “brazilian ” (Li et al, 2000, Ruiz et al,
2000), with the use of a Zwick Z020/TN2S tensile tester in the range of 0500 N tension. Individual
briquette, after having their length (/) and diameter (d) measured with £10" mm accuracy, were
placed horizontally on a stationary table and they were subsequently crushed with a measurement
head moving at a steady speed of 10 mm/min. The measurement was conducted until the maximum
tension (/) was obtained, after which the agglomerate was disintegrated. Mechanical strength of
briquette [MPa] was determined using the following formula:

2-F,
Om: 2
m-d-1

@

In order to establish energy consumption demands for the compacting processes (electrical
energy), the value of energy required by a given device was measured in the same period of time as
the measurement of its efficiency. The measurements were made with the use of network parameter
meter Vega 76, equipped with HT96U meter clamp.

An analysis of the dependence between the moisture content of raw materials and the pa-
rameters of the briquetting process was performed using the statistical procedures included in the
STATISTICA program, at the significance level of a, = 0.05

RESULTS AND DISCUSSION

The results obtained during the investigation of the briquette compacting process point to the
fact that the materials under examination are suitable for this form of agglomeration. In the case
of all materials under study, the technological process of briquetting was successful and the end
product was a durable agglomerate. The only exception was miscanthus briquettes produced from
loose material with 12% moisture content. In this case, the product leaving the compacting machine
did not retain the briquette shape and crumbled. However, with other moisture levels, the process
was more successful. The results of the examination of the influence of moisture content in the loose
input material on the briquetting compacting process are set out in Figures 1 to 5.
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The changes of the agglomerate density were presented in Figure 1. For all the studied
materials the highest values of the parameter were found for moisture 16%, and the smallest for
moisture 20%.
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Fig. 1. Correlation between density (G,) and moisture content (w)

Virginia mallow briquettes were characterized by the highest values of resistance parameters
(Fig. 2). In the case of mechanical durability, no significant influence of moisture content was found
on the value of the parameter under investigation (p>0,05), and the obtained differences were in
the error margin.
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Fig. 2. Correlation between mechanical durability of Virginia mallow (/) and moisture content (w)
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In relation to other materials (Fig. 3), the influence was more noticeable, especially in the
case of miscanthus, where the increase of moisture content from 14% to 20% allowed to obtain
a briquette with the mechanical durability increased by 20 proportional points.
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Fig. 3. Correlation between mechanical durability (/) and moisture content (w)

Such tendency was also observed in the examination of the mechanical strength of briquette
(Fig. 4). For all the materials the highest values of mechanical strength were noted with 16% mois-
ture content of the loose input material.
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Fig. 4. Correlation between mechanical strength (O, ) and moisture content (w)
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Also, in case of energy consumption, an increase in the moisture content of the loose material
leads to a significant reduction in the energy expenditure required for pressing (Fig. 5).
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Fig. 5. Correlation between energy consumption (£,) and moisture content (w)

The highest reduction in energy demands (40%) related to an increase in moisture con-
tent was noted for prairie cordgrass. It is also worth noting that in the case of Virginia mallow,
the value of the reduction is 27%. However, it must be noted that briquettes produced with low-
er energy expenditure are characterized by higher moisture content, which in turn lowers their
calorific value.

CONCLUSIONS

On the basis of the results of the present examination, the following conclusions can be
formulated:

1. It has been found out that pressure energy consumption during pressure agglomeration is
dependent both on the moisture content and the type of input material, and consequently, its physi-
cal and chemical properties.

2. The increase in moisture content of the input material in the investigated range leads to
a decrease in energy required for agglomeration. The highest levels of such a reduction are seen in
miscanthus and prairie cordgrass briquetting (38% and 40% respectively). In the case of Virginia
mallow, the reduction is 27%.

3. The lowest energy consumption per unit needed to produce agglomerate have been noted
in the case of miscanthus and are 23% lower on average than in the case of Virginia mallow bri-
quetting.

4. It has been found that with the increase in moisture content of the input material there is
an increase in mechanical durability of agglomerates. The best results in durability are obtained by
Virginia mallow agglomerate.
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5. A proper miscanthus briquette compacting requires the loose input material moisture con-
tent to be at the level of about 14%. In the case of prairie cordgrass and Virginia mallow, a similar
quality of agglomeration is possible at lower moisture content, which was observed at 12%.
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WPLYW WILGOTNOSCI WYBRANYCH ROSLIN ENERGETYCZNYCH
NA PARAMETRY PROCESU BRYKIETOWANIA

Streszczenie. Przedstawiono wyniki badan przebiegu procesu aglomerowania ci$nieniowego roslin energetycz-
nych (miskant cukrowy, spartina preriowa, §lazowiec pensylwarnski). Oceniono podatnosé badanych materiatdw
na proces brykietowania. Wyznaczono jednostkowe naktady energii elektrycznej ponoszone bezposrednio w pro-
cesie wytwarzania aglomeratow oraz okreslono jako$¢ gotowego produktu. Stwierdzono, iz najnizsze zapotrze-
bowanie energii elektrycznej wystepuje podczas brykietowania maczki z miskanta ($rednio 412,87 kJ-kg™),
najwyzsze za$ odnosi si¢ do §lazowca i wynosi srednio 629,23 kJ-kg™'. Natomiast wytrzymato$é kinetyczna aglo-
meratu przyjmuje najwyzsza warto$¢ w odniesieniu do brykietu otrzymanego ze $lazowca - przecigtnie 91,45%.

Stowa Kkluczowe: rosliny energetyczne, brykietowanie, energochtonnos¢ aglomerowania cisnieniowego, jakosé
brykietow
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APPLICATION OF THE SELECTED TECHNIQUES OF RAPID
PROTOTYPING TO THE DESIGN AND MANUFACTURE
OF PROTOTYPE ELEMENTS OF MACHINES AND EQUIPMENT
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Summary. By using rapid prototyping techniques, prototype parts, components or finished products can be
quickly manufactured. The elements of a new device can serve as an example of the practical use of this solu-
tion. The result of the studies was a short series of prototype parts. Due to the functions performed by these
elements, they were made from specially selected plastics characterised by mechanical properties allowing for
the initial testing of prototype. The design of parts was based on the three-dimensional computer models. Owing
to the availability of the FDM Titan device, in a short time real patterns were obtained. They were used to make
silicone dies which, in turn, were used for casting a short series of prototypes from plastics. The components
obtained in this way were subjected to tests to check their functionality. A series of test castings was also made.

Keywords: rapid prototyping, designing of new products, metalcasting, plastics.

INTRODUCTION

In a modern market economy and competition, quick manufacture of prototypes of the high-
est quality becomes a must. To satisfy high requirements of customers and shorten the lead times,
manufacturers are forced to use innovative methods of production, based on the computer-aided
design and the latest achievements of rapid prototyping and tooling performance. For several years
these issues have been the subject of research conducted by the Centre for Design and Prototyping
at the Foundry Research Institute in Cracow. Until now, numerous application works for different
customers have simultaneously been implemented. [7+11]

The last decade has seen a tremendous progress in the application of computer-aided product
manufacturing. The abbreviations like CAD (Computer Aided Design), CAM (Computer Aided
Manufacturing), CAE (Computer Aided Engineering) are now generally known, and the opportuni-
ties offered by them are widely used by engineers in various industries [2+6, 13].

In particular, significant progress can be seen in the rapid manufacture of new products, which
is usually preceded by the need of making prototypes. This is particularly true in the automotive
industry, engineering, defence, aviation and more recently in telecommunications. Metalcasting, be-
ing major supplier of components for a wide range of customers, including also the aforementioned
sectors of industry, must use and uses the possibilities offered by the advanced application of CAD
/ CAM / CAE systems.
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The most notable progress has been observed in the last few years in the field of rapid pro-
totyping (RPS) and rapid tooling (RT). Rapid prototyping technique came into use in 1987, when
the 3D Systems Company launched the first device for the manufacture of foundry patterns from
liquid synthetic resin, the successive layers of which were hardened with a beam of ultraviolet laser
light. In this way the technique known as stereolithography RPS was born.
Considering the benefits offered by rapid prototyping, the subsequent years witnessed its
outstanding development. New techniques and stands for the manufacture of patterns were devel-
oped. Currently, rapid prototyping is seen as an obvious step in the preparation of a new product.
According to data for the year 2008 [1], the area of application of patterns/parts made by RP
and RT is as follows:
o 13.7% utility models — for presentation,

10.0% parts of complex models,

15.3% visualisation (aid) in engineering studies,

3.4% models as a part of tooling,

6.5% patterns for foundry,

12.5% models to make prototype tools,

5.3% models to aid the implementation of various projects,
o 4.6% other applications.

The best-known techniques of RP and RT with their respective applications have been broadly
described in information materials published by different companies offering equipment for practical
implementation of these techniques, and also in numerous publications and online data. Considering
the above, the presentation of these techniques has been omitted in this paper. [1,12+22]

The general principle of RP and RT is essentially the same and consists in reproduction and
successive application of very thin layers of the pattern. The shape of the formed piece is written in
advance in computer memory, using a graphical editor operating in a triaxial (3D) system.

Depending on the used techniques, the pattern is usually built from liquid synthetic resin,
paper, powders of different materials, wax. High precision of the manufactured patterns ensures
the application of advanced optics (including laser technology) for curing the individual layers or
cutting them out.

Patterns are made on specially equipped work stands, typical for a given technique. The size
of the manufactured patterns is limited by the dimensions of a worktable. If larger patterns are to be
made, it is sometimes possible to apply techniques which enable joining various elements reproduc-
ing parts of a workpiece. Different RP techniques have strictly determined the scope of application
and precision (the accuracy of reproducing pattern shape). They differ quite obviously in the cost
of the equipment and materials used.

The application of RP techniques caused revolutionary changes in the way the new production
has been prepared and new equipment designed.

Currently, in the world market, a strong competition is going on within a large group of the
well-known companies that offer all the available techniques of rapid prototyping, supplying the
equipment, materials, maintenance and services.

The choice of an RP technique is usually determined by a number of factors, among which
the following ones should be mentioned here:

* pattern dimensions,

» pattern application,

* pattern dimensional accuracy,

*  pattern price.

All these factors were analysed at the Foundry Research Institute before a decision was taken
about the purchase of various stands for rapid prototyping, mainly for the needs of foundry industry,

O O O O O O
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but not only. When the decision was taken to establish a Centre for Design and Prototyping at the
Foundry Research Institute, the above criteria were considered, the most useful techniques of RPS
were selected, and the necessary equipment was purchased.

As a result of these actions, the Centre uses the following devices and the following tech-

niques:
+ LOM
» Solidscape
« FDM

*  3Dprinting

PURPOSE AND SCOPE OF STUDY

The aim of this study was to examine the possibility of using one of the techniques of rapid
prototyping (FDM - Fused Deposition Modelling) in the manufacture of parts of a prototype device.
The scope of the study included design and manufacture of prototype components.

MATERIALS AND METHODS

In the studies, the FDM Titan device from Stratasys (Figure 1) was used. It enabled making
patterns from plastics. The FDM Titan is a modern facility, used to create functional and visual
patterns from plastics. The pattern-building process involves depositing successive layers of mate-
rial fed to the worktable in semi-solid state. In this technique, the pattern material are various types
of plastics, which in the form of a wire wound on a spool are supplied from trays to a head mov-
ing in the X-Y axes. In the heating elements of a thermal head unit, two nozzles are mounted: the
nozzle feeding pattern material and the nozzle feeding support material. In these nozzles, the wire
fed from a tray is preheated until it reaches a semi-solid state. Then the melted pattern material
and support material are squeezed by nozzles onto a special base board placed on the worktable
moving vertically in the Z-axis to form the first layer of a built pattern, according to horizontal
cross-sections generated by an Insight programme cooperating with the FDM Titan device. With
modelling of a specific layer of the item completed, the worktable is lowered by a preset thickness,
and the solidified shell is acting as a support for further applied layers. The thickness of the material
filament fed during pattern building depends on the nozzle type and on the type of pattern material
used and can be: 0.127 mm, 0.178 mm, 0.254 mm and 0.33 mm. The worktable size is limited to
406 x 355 x 406 mm, but the built patterns have no size restrictions, since individual components
of a complex structure can be combined by gluing.
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Fig. 1. FDM Titan device made by Stratasys

Despite the commercial availability of many similar printers using FDM technique, the FDM
Titan device is the only device in the country which enables modelling of plastics. Patterns are made
from several materials like:

* ABS (acryl-nitril-butadienestyrene),

* PC (polycarbonate), PC-ISO (for medical applications),

* PPSF/PPSU (polyphenylsulphon).

The available pattern plastics can be divided into two groups, depending on the type of the
used support material:

* pattern materials using broken off support (PC, PC-ISO, PPSF),

* pattern materials using support soluble in appropriate basic solutions (ABS and PC-ABS).

The proposed pattern materials are supplied in white colour, while in the case of ABS seven-
colour palette is available. Additionally, it is possible to build patterns from two types of transparent
materials: ABSi (three colours of transparency) and PC-ISO. As already mentioned, ABS is the
material from which both colour and transparent patterns can be made, but apart from visual effects,
owing to the use of soluble support, an additional advantage of this material is the ability to make
complex patterns with a series of internal channels.

The second material using soluble support is the material of a trade name PC-ABS, combin-
ing the properties of ABS and PC. Patterns made from ABS and PC are characterised by relatively
high strength and low shrinkage. Their basic drawback is the loss of shape at temperatures as low
as 100°C.

The material offering the highest strength and temperature of plastic deformation is PPSF. At
temperatures up to about 190°C, patterns made from this material do not undergo deformation, are
characterised by relatively good thermal and chemical resistance, as well as environmental resis-
tance to aggressive liquids such as unleaded petrol, engine oil, coolant and washer fluid.

Items made from these materials, apart from visual - advertising value can serve as useful parts,
(otherwise called Real Parts™), as patterns for castings made in ceramic moulds by the lost foam
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process or by direct moulding in traditional processes, or as master-patterns to make silicone dies for
wax patterns. The ready prototype patterns can be subjected to finishing treatment by e.g. grinding
or drilling; finally, to obtain the required outer surface quality, they are painted or chrome-plated.

RESULTS OF INVESTIGATIONS

Studies discussed in this article formed part of Development Project 0R00004005 executed in
2010 by the Centre for Design and Prototyping at the Foundry Research Institute in Cracow. During
tests, prototype items varying in size and complexity were made. In future they will be produced
by the gravity and die casting processes.

At the present stage of research, prototype castings were made by the lost wax process and
vacuum casting in plaster moulds. The necessary drawing documentation of those elements was
prepared in a 3D system using a SolidEdge graphical editor.

The ready drawings helped to prepare the equipment for operation and making FDM models.
Prior to casting manufacture, the following technology steps were developed: filling mould cavity,
casting solidification and cooling. The technology was checked using a specialised MAGMAsoft
software. Below a specification of the examined items is given.

Item No. 1

Name : Wheel

Cast material : AK7 aluminium alloy

Weight : 0,1 kg

In future this item will be made by die casting process.

The following elements were successively made: FDM model, silicone resin die and wax
patterns.

Castings were made by the lost wax process.

Items were cast in ceramic molochite moulds.

Altogether 4 sets with 6 castings in each set were made.
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The following checking tests were performed on castings:

— structure examinations;

— hardness measurements;

— dimensional accuracy : RPS model, die, wax pattern, casting.

Item No. 2

Name : Cross

Cast material : AK7 aluminium alloy

Weight : 0,10 kg (10 g)

In future this item will be made by die casting process.

The following elements were successively made: FDM model, silicone resin die and wax
patterns.

Castings were made by the lost wax process.

Items were cast in ceramic molochite moulds.

Altogether 4 sets with 6 castings in each set were made.

The following checking tests were performed on castings:

— structure examinations;

— hardness measurements;

— dimensional accuracy : RPS model, die, wax pattern, casting.

Ceramic moulds were made on an automatic CYKLON device from MK Technology GmbH
in Germany.

Photographs below present successive operations performed at this stand:

» pattern set ready for application of the first ceramic coating

» application of ceramic coating

* supporting mould with loose ceramic material

* drying of ceramic coating
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Fig. 4. Mould supported with loose ceramic material
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Fig. 5. Drying of applied ceramic coating

Item No. 3

Name : Elbow
Cast material : AK7 aluminium alloy
Weight : 0,398 kg

In future this item will be made by gravity die casting process with sand core.

The following elements were successively made: FDM model, silicone resin die and wax
patterns.

Castings were made by the lost wax process.

Items were cast in plaster moulds.

The following checking tests were performed on castings:

— structure examinations;

— hardness measurements;

— dimensional accuracy : RPS model, die, wax pattern, casting.
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Item No. 4

Name: Sleeve
Cast material : AK7 aluminium alloy
Weight : 0,621 kg

In future this item will be made by gravity die casting process with sand core.

The following elements were successively made: FDM model, silicone resin die and wax
patterns.

Castings were made by the lost wax process.

Items were cast in plaster moulds.

The following checking tests were performed on castings:

— structure examinations;

— hardness measurements;

— dimensional accuracy : RPS model, die, wax pattern, casting.

The structure examinations and hardness measurements taken on the four prototype castings
confirmed that the technical parameters corresponding to standard requirements for AK7 alloy had
been obtained.

The dimensional accuracy was checked using an optical 3D scanner ATOS III. It allows for
the scanning (measuring the coordinates of points) of objects with overall dimensions from several
millimetres up to several metres. ATOS operating principle is that of triangulation. Two cameras
observe the run of fringes in the examined item and for each camera pixel the coordinate point is
calculated with high precision. The maximum number of measuring points in a single shot is 4
000 000. The time for one shot is 2 seconds. The measuring fields are 150x150 and 500x500 mm.

The use of special software enables a complete analysis of the measurement (dimensioning
of the item, compatibility with CAD data, coloured map of deviations, inspection sections, etc.)
Quality control is one of the areas where optical 3D scanner ATOS III is used. It enables comparing
the examined object with CAD model design, or comparing two identical objects. It also enables
dimensioning of arbitrary cross-sections and geometrical features. The use of automatic rotary tables
enables total quality control and analysis of shrinkage,
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ATOS III 3D is used in tool shops as a means for performance control, verification of process-
ing, and tool reproduction. It also enables comparing the mould with pattern, digital recording and
documentation. The 3D optical scanner using structured light emits onto the measured object a set
of white light fringes characterised by a specific density of packing. The packing density of fringes
enables specifying the amount of data received. With more fringes, more of data are received. These
fringes are subjected to unequal distortion, and the image of the illuminated object is recorded by
objective lenses mounted in the scanner head. As a result of the measurement carried out by this
technique, a set of structured light fringes, lying on the surface of the object and at the time of
illumination visible to both lenses, is obtained. The resulting sets of fringes are superimposed by
means of reference points. So, prior to scanning, reference points are applied on patterns.

The image formed as a result of scanning is point cloud, and therefore the obtained model
is subjected to polygonisation. This means that the point cloud is converted to a network of non-
overlapping triangles. The created polygonal network is subjected to further processing, and the
task of this processing is to remove reference points, fill surface discontinuities, and smooth them
whenever possible. Thus prepared network of triangles is a model of the real object.

ATOS 1II programme for processing of scanned models allows reproduction of the model
surface. It also allows fitting of models to each other.

The studies of dimensional accuracy made with the use of the described scanner fully con-
firmed the dimensional compatibility of models and castings made within the range of values ex-
pected for the ready cast elements.

CONCLUSIONS

The studies fully confirmed the applicability of FDM technique in creation of models used
for the manufacture of prototype castings.

The possibility of making prototype castings using equipment available at the Centre for
Design and Prototyping has been confirmed. The prototype castings can be used in verification of
the design assumptions, while their lot production by selected casting technology can be undertaken
as the next step.

Considering high surface quality and dimensional accuracy, models made by FDM techniques
can successfully serve as prototype parts made from plastics.
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ZASTOSOWANIE WYBRANYCH TECHNIK RAPID PROTOTYPING
DO WYKONYWANIA PROTOTYPOWYCH ELEMENTOW
KONSTRUKCII MASZYN I URZADZEN.

Streszczenie. Dzigki zastosowaniu technik Rapid Prototyping istnieje mozliwos¢ szybkiego wytworzenia pro-
totypowych czgsci, podzespotdw lub gotowych produktow. Przyktadem zastosowania takiego rozwigzania sa
elementy nowego urzadzenia. Efektem prowadzonych prac byto uzyskanie krotkiej serii prototypowych czgsci.
Ze wzgledu na spetniane funkcje, do wykonania ich zastalo dobrane odpowiednie tworzywo sztuczne o wia-
$ciwosciach mechanicznych pozwalajacych na wstgpne testowanie prototypu. Podstawa do wykonania detali
byly tréjwymiarowe modele komputerowe. Dzigki wykorzystaniu urzadzenia FDM Titan w krétkim czasie
uzyskano modele rzeczywiste, nastepnie na ich podstawie zostaty wykonane matryce silikonowe, ktore z kolei
postuzyty do odlania krétkiej serii prototypow z tworzywa sztucznego. Tak uzyskane elementy zostaty przeka-
zane do testow w celu sprawdzenia ich funkcjonalnosci. Wykonano réwniez seri¢ odlewow z mozliwoscia ich
wykorzystania do testowania.

Stowa kluczowe: szybkie prototypowanie, projektowanie nowych wyrobdw, odlewnictwo, tworzywa sztuczne.
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THE EFFECT OF PRELIMINARY PROCESSING ON COMPACTION
PARAMETERS OF OILSEED RAPE STRAW

Ryszard Kulig, Janusz Laskowski

Department of Food Industry Machinery Operation, University of Life Sciences in Lublin

Summary. This study determines the effect of the moisture content (10% to 22%) and fractionation degree
(d,=0.95 and d_=1.94 mm) of oilseed rape straw on compaction parameters under model conditions. The straw’s
susceptibility to compaction and the quality of the resulting briquettes were analyzed. Straw density increased
with a rise in moisture content, whereas the density of the agglomerated product decreased after removal from
the press die. Lower energy demand was reported during the compaction of finely ground material (average of
27.02 J-g’") throughout the entire moisture content range. The average difference in energy demand reported at
various moisture content levels reached 36%. A higher degree of straw fractionation reduced energy consump-
tion by 14% on average.

Key words: compaction, briquetting, moisture content, degree of fractionation, oilseed rape straw.

INTRODUCTION

The achievement of stringent targets of renewable energy schemes requires the use of biofuels
produced from residual crop materials. Straw shows considerable promise as crop residue biomass
fuel. The straw of nearly all cereal grain species and oilseed rape can be used for energy generation.
The growing demand for alternative energy sources supports productive management of oilseed rape
straw which is usually chopped and incorporated into the soil through plowing.

Straw is a difficult material to handle in comparison with other energy carriers. Straw is a non-
homogenous material with a lower calorific value, in particular per unit volume [3]. For this reason,
straw has to be compacted into briquettes under pressure [11]. Compaction significantly reduces the
cost of handling and transporting plant biomass for the needs of energy generation.

According to various research studies, the moisture content [5, 14, 15, 16, 17, 20] and frac-
tionation degree of the processed material [1, 13] significantly affect the agglomeration of solid
biofuels. Those parameters impact the compaction process [7, 9, 12, 18, 19] as well as the quality
of the resulting product [2, 4, 6, 10]. Oilseed rape straw is characterized by a moisture content of
30% to 40% upon harvesting. Only wilted and dried straw can be processed, which implies that
harvested straw has to be left in the field for several to more than ten days. Due to specific moisture
content requirements, straw harvest dates have to be adapted to the needs of the compaction process
(to eliminate additional drying or hydration of the processed material).
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The objective of this study was to determine the values of parameters during the compaction
of straw characterized by a different moisture content and degree of fractionation.

MATERIALS AND METHODS

The experimental materials comprised oilseed rape straw harvested in 2010. The material
was ground in a H-950 hammer mill equipped with ¢ 3 and 9 mm sieves. The particle size distribu-
tion of the studied material was described to determine the average size of the produced fractions.
Particle size distribution was determined in accordance with the Polish Standard PN-89/R-64798
using the SASKIA Thyr 2 laboratory screen and a set of sieves with the following mesh size: 6,
2,2.5,1.6, 1.0, 0.5, 0.315 and 0.1 mm. The screening time was two minutes. After screening, the
produced fractions were weighed on WPE 300 scales with the precision of #107 g. The average
size of fractionated particles (fractionation module) was calculated using the following formula:

znP

d, =- 1
st 100 ()

where: d_- average particle size, mm; /- average mesh size of two adjacent sieves, mm; P -
fractionated residue in sieve, %; n- number of sieves.

The average size of particles fractionated in a sieve with a 4 mm mesh was 0.95 mm, and the
size of material passed through a 12 mm mesh sieve was 1.94 mm.

The parameters of the straw compaction process were determined for raw material with
moisture content in the range of 10% to 22% (in steps of 3% +/-0.2%). Straw was brought to the
desired moisture level through hydration. The quantity of added water was determined based on
the following formula:

W, -W,

M, =M,
100—W,

2
where: M — weight of added water, g;

M, — weight of material sample, g;

W, — moisture content of material sample, %o;

W, — required moisture content of material sample, %.

The samples were stored for 24 h in tight containers to evenly distribute moisture throughout
the material.

The compaction process was analyzed according to the methodology proposed by Laskowski
and Skonecki [8]. The mechanical properties of straw samples were observed using the Zwick Z020/
TN2S tensile test machine. The samples were compacted in a pressing unit with a closed die. The
compaction chamber had a diameter of 15 mm, cylinder (material) temperature was 20°C, and piston
speed was 10 mm'min”. Straw samples were compacted until the achievement of a working load
equal to 20 kN. Compaction pressure was 114 MPa.
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Fig. 1. Compaction characteristics: a —compaction, a,-compression, a,—pressing
(Laskowski and Skonecki 2001)

The results of the analysis were used to develop a curve demonstrating the correlation be-
tween compaction force F and piston displacement s

(Fig. 1). Every compaction process was performed in three replications. The values of maxi-
mum material density in compaction chamber g_and total compaction effort L were determined from
the compaction curve. The above values were used to calculate the coefficient of material susceptibil-
ity to compaction k, (k, = Lp'(gz-gs)’l, where: L= Lc'm'1 — unitary compaction effort, m — weight of
material sample, g — initial density of loose material. The agglomeration density of the resulting
briquette was determined directly after removal from chamber g .

Briquette hardness was determined using the following formula:

T, =2 3)

where: T, — agglomeration density, Necm™;
F,— maximum breaking force, N;
[ — briquette length, cm;

Mechanical properties were investigated using the ZWICK Z020/TN2S tensile test machine
(piston speed of 10 mmmin™"). The briquette was compressed transversely to the axis until breaking
point, and maximum breaking force /| was determined.
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RESULTS AND DISCUSSION

The effect of moisture content on material density in the compaction chamber is illustrated
in Figure 2.

1,76
g,=-0,001w* +0,033w + 1,415
1,74 R?=0,991
1,72
~
""E g,=-0,001w* +0,049w + 1,295 y
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=)}
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1,64
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w®%)

Fig. 2. Correlation between material density in the chamber (gz) and moisture content (w)
at various degrees of fractionation (dsr).

The value of the studied parameter increased with a rise in the moisture content of samples
characterized by a lower degree of fractionation within the entire range of tested values. Variation
was determined in the range of 1.66 to 1.73 grem™. As regards the sample with d =1.94 mm, the
highest density (1.73 g'em™) was noted at a moisture content of 19%. The analyzed parameter
was characterized by the smallest variation (due to the effect of the degree of fractionation) at the
moisture content of 13% to 19%.

The changes in agglomerate density after removal from the compaction chamber are presented
in Figure 3. The highest density values were reported at 10% moisture content, and the lowest — at
22% moisture content for both the analyzed degrees of fractionation. Briquettes produced from
material with d_=0.85 mm were marked by lower expansion. Product density reached 1 geem” at
moisture content in the range of 10% to 13%. Agglomerates produced from material with d =1.94
mm and a moisture content of 22% were characterized by the lowest density (0.71 geem™).
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Fig. 3. Correlation between agglomerate density (g ) and moisture content (w)
at various degrees of fractionation (d, )

Figures 4 and 5 demonstrate than an increase in the material’s moisture content leads to higher
susceptibility to compaction. It can be assumed that a higher moisture content increases the mate-
rial’s plasticity, thus reducing the amount of energy required for its compaction.
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Fig. 4. Correlation between unitary compaction effort (Lp)
and moisture content (w) at various degrees of fractionation (d, ).
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The value of the unitary compaction effort (Fig. 4) for the studied materials ranged from
21.43 to 39.15 Jeg'. The highest value of parameter L, was reported for the sample with d =1.94
mm, agglomerated at 10% moisture content. The analyzed parameter reached the lowest value for
the material with d =0.85 mm and moisture content of 22%.
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Fig. 5. Correlation between coefficient (k,) and moisture content (w) at various degrees of fractionation (d ).

Similar correlations were observed in respect of the coefficient of susceptibility to compaction
which ranged from 13.51 (J-g")((g-em™))™" to 25.81 (J-g™)-((g-cm™))" (Fig. 5).

As regards the unitary compaction effort and coefficient k, an increase in moisture con-
tent did not level out the differences resulting from the effect of fractionation degree. The re-
ported differences (p>0.05) remained constant throughout the entire range of variation in moisture
content.

The results of agglomerate hardness measurements (Fig. 6) indicate that the mechanical
strength of the studied materials decreased with a rise in moisture content.
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Fig. 6. Correlation between agglomerate hardness (T ) and moisture content (w)
at different degrees of fractionation (d )

Agglomerates produced from material with d =1.94 mm were characterized by both the high-
est (93.32 N-cm'1) and the lowest (33.84 N-cm™) hardness. An inversely proportional correlation
was determined between moisture content and parameter T . In products obtained from material with
d_=0.85 mm, the dynamics of decrease in hardness values increased beginning with the moisture
content of 13%.

CONCLUSIONS

The following conclusions can be drawn from the results of this study:

1.

The highest increase in material density in the compaction chamber was observed at the
moisture content of 10% to 16%. Within the above range, the average increase in the
studied parameter’s value was 4.2%. A further increase in moisture content (subject to
the degree of fractionation) did not result in significant changes in density (d_=0.85 mm)
or led to a drop in density (d_=1.94 mm).

After removal from the compaction chamber, briquette density (regardless of the degree
of fractionation) reached the highest values at 10% moisture content, while the lowest
values were reported for the moisture content of 22%. Agglomerates produced from mate-
rial with d_=0.85 mm were marked by lower expansion. The average difference resulting
from the effect of fractioning degree was 3.3%.

An increase in the material’s moisture content contributed to higher susceptibility to com-
paction. The average drop in the unitary demand for compaction energy (at the moisture
content from 10% to 22%) was 44%, and the drop in coefficient k, reached 44.7%.

An increase in the material’s moisture content within the investigated range led to a de-
crease in agglomerate hardness. The average drop in hardness values reached 48% in
materials with d_=0.85 and 79% in materials with d_=1.94 mm.
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WPLYW WARUNKOW OBROBKI WSTEPNEJ NA PARAMETRY PROCESU
ZAGESZCZANIA SEOMY RZEPAKOWEJ

Streszczenie. Przedstawiono wyniki badan nad okresleniem wptywu wilgotnoscei (od 10 do 22%) i rozdrobnienia
(d,=0,95 i d_=1,94 mm) stomy rzepakowej na parametry procesu aglomerowania w warunkach modelowych.
W szczegdlnosci wyznaczono podatnosé surowca na zageszczanie oraz jakos¢ uzyskiwanych aglomeratow.
Stwierdzono, ze wraz ze wzrostem wilgotnosci, rosnie gesto$¢ materialu w komorze zaggszczania, natomiast
gestos¢ produktu po wyjeciu z matrycy maleje. Wykazano, iz w catym zakresie wilgotnosci, nizsze zapotrzebo-
wanie energii wystepuje podczas zageszczania materiatu o wyzszym stopniu rozdrobnienia (§rednio 27,02 Jog™).
Przecigtna réznica w wielkosci tego parametru, wynikajaca z oddziatywania stopnia wilgotnosci wynosi 36%.
Natomiast zwigkszenie rozdrobnienia pozwala zredukowa¢ energochtonno$¢ procesu srednio o 14%.

Slowa kluczowe: zageszczanie, brykietowanie, wilgotnos¢, stopien rozdrobnienia, stoma rzepakowa.
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Summary. Statistical analysis has been used to interpret results of studying Young modulus, critical stress vs.
thickness of tomato skin of Admiro and Encore variety. The model has been based on the method of response
surface regression. The possibility of prediction of Young modulus for tomato fruit stored at the temperatures
13 °C and 21 °C basing on changes of skin thickness and critical stress has been considered using determinant
coefficient R’ that corresponds to fitting accuracy of the model.

Key words: Young modulus, response surface, tomato fruit peel, strength of the material

INTRODUCTION

Studying mechanical properties of vegetable materials is based on the relation between the
applied force and the strain caused by this action. This also allows to determine some important
mechanical parameters such as Young modulus, critical strain, critical stress and Poisson ratio
(Sitkei 1986).

According to the work of Voisey (1971) when calculating Young modulus one needs to as-
sume that stress is proportional to strain and that the process is reversible. In the case of viscoelastic
vegetable materials the above-mentioned conditions are rarely fulfilled. The author stresses however,
that Young modulus (as experimentally determined) can be used for quantitative characterization
of many vegetable products, because this parameter is independent of geometrical dimension of
a sample (Dobraszczyk 1999).

Most often Young modulus is determined for small strains - occurring in compression or ten-
sion tests - as a tangent of slope angle from the stress-strain dependence in its linear region (Burgert
2006). In this way many results have been obtained for tomatoes (Matas 2004, Gladyszewska 2009),
orange (Singh 2006), seed coats (Gladyszewska 2006), onions (Hole 2000), apples (Dobrzanski
2003, Alamar 2008, Gladyszewska 2010). Kabas et al. (2008a) (Mohsenin 1980) studied Young
modulus of tomatoes variety cherry, using Boussinesq method.
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By the use of the one-axis strain method also other tomato skins have been studied and strong
dependence on tomato variety has been reported (Voisey 1965, Hankinson 1979; Thompson 2001;
Andrews 2002; Matas 2004; Bargel 2004; Bargel 2005; Gladyszewska 2009; Ciupak 2010a, 2010b).

MATERIALS AND METHODS

Post-harvest tomatoes were stored in a controlled environment chamber at two temperatures:
13 °C and 21 °C. In order to determine Young modulus in our experiments we applied the random
markers method (Gladyszewska 2007) that allows to obtain results independent on sample edge
deformation effects.

Each measurement was performed in 30 replications. The strips excised lengthwise from the
skin of tomato fruits were measured with calipers to determine the length, width and thickness of
samples before analysis. The rectangular-shaped samples had the length of 30 mm + 0.1 mm and the
width of 10 mm + 0.1 mm. The thickness of each sample was measured under an optical microscope
at 5 points in the central part of the strip on both sides. The sample was placed on a slide in the
slit of a measuring table for observing its longitudinal section under an ocular microscope. Thick-
ness was expressed as the average of 10 individual measurements with the accuracy of =+ 0.05 mm.

The ends of the samples prepared directly before measurement were placed in the clamping
grips of the tensile testing machine (Gtadyszewska 2007). The fixed clamping grip was connected
to the Megaton Electronic (AG&Co) KT-1400 tensometer with a force measurement range of 0-100
N, and the moving grip was flexibly connected to a transmission device for stretching the speci-
men. Using a CCD equipped with a microscope lens, the specimen was observed at 240x320 pixel
resolution under 5x magnification.

The images of the stretched sample with graphite markers randomly sprayed on the sample
surface and the value of the tensile force corresponding to each image were downloaded to the
computer. The signal from the tensometer was transmitted to the computer with the use of an ana-
logue-to-digital converter. The random marking method has fewer limitations and produces fewer
errors than other techniques for testing the mechanical properties of biological materials. Its main
advantage is that the obtained results are independent of the effects observed along the specimen’s
edges which are close to the clamping grips of the testing machine.

Critical stress was calculated as:

o=— (1)

where F [N] is a force value corresponding to the destruction of a sample, S=a-b, a and b
are thickness and width of a sample, respectively.
Knowing the strain ¢ _for different stress ¢ one can calculate Young modulus:

E=2 2
&

X

where: ¢ — strain in the direction of the applied force.

The results were processed statistically using the Statistica 6 application.
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RESULTS

Young’s modulus is defined as a ratio of critical stress ¢ and strain in the direction of the ap-
plied force ¢ . Critical stress 6 is a function of force value corresponding to destruction of a sample
F[N] and cross-sectional area S, where = - , g and b are thickness and width of a sample,
respectively. Thus, Young’s modulus is a function of four variables: the force F, strain €, and the
thickness a and width b of the sample according to formula:

_F
a-b-g,

Determination of density function of Young’s modulus requires knowledge of the distribu-
tions of other variables and does not necessarily lead to normal distribution, which is required for
most statistical tests. Accordingly, there is no need to specify the density function module E, but
only enough to apply the test of normality for the distribution of Young’s modulus to verify the
assumptions related to the method of analysis of variance. Normal distribution parameters were
estimated based on a sample and hence the use of Shapiro —Wilk’s test (Shapiro 1965). Type of
derogation from the normal distribution of Young’s module distribution was assessed by normality
plots (Thode 2002).
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Fig. 1. Normal probability plots for Young modulus of the skin of greenhouse tomatoes cv.
Admiro stored at 13°C.
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Table. 1. Shapiro-Wilk test for Young’s modulus
Test Period of storage (days)
function | green 0 2 4 7 9 11 14 18 21 23 26
Sl{;p;lllio- 0.899810.9311[0.9488 | 0.9233 |0.8948 | 0.9235[0.9429|0.9254|0.9483 [ 0,9162|0.9581 | 0.9395
p- value | 0.0346 | 0.2028 [ 0.2557 | 0.0889 | 0.0556 [ 0.1020|0.2715|0.0984 | 0.1522|0.0727 | 0.5350 | 0.2845

The results of Shapiro-Wilk test, performed at the significance level of 0.05, indicate that
there are no grounds for rejecting the assumed normality of Young’s modulus E distribution (all
p-values are greater than 0.05) (Table 1).

Therefore, the assumption postulating a conformance between Young’s modulus distribution
and normal distribution seems to be fulfilled. The significance of variations in Young’s modulus
resulting from the studied tomato varieties, storage temperature and storage period can be examined
by analysis of variance (Hinkelmann 2008). Due to space constraints, this paper presents the results
of normality tests and normality plots solely for tomato fruit cv. Admiro stored at 13°C (Fig. 1).

Table 2. Univariate tests F for the Young’s modulus of tomato fruit skin for two greenhouse tomato varieties

Sources of variation SS df MS F p
Intercept 9094.21 1 9094.21 10496.31 0.00
Variety 155.37 1 155.37 179.33 0.00
Time of storage 166.99 5 33.40 38.55 0.00
Temperature 75.28 1 75.28 86.88 0.00
Variety*Time 29.99 5 6.00 6.92 0.00
Variety *Temperature 62.32 1 62.32 71.92 0.00
Temperature*Time 256.51 5 51.30 59.21 0.00
Variety * Temperature *Time 18.20 5 3.64 4.20 0.00
Error 389.89 450 0.87

The results of the analysis of variance indicate significant differences in the mean Young mod-
ulus between varieties, temperature and storage time. Significant differences were also observed as
regards interactions between the experimental factors (Table 2). Since the storage period of tomato
fruits kept at various temperatures differed, further statistical analyses were carried out separately
for each temperature regime. They investigated changes in Young modulus during storage and the
option of modeling these changes based on stress and skin thickness values.

Table 3. Mean values of Young’s modulus for tomato fruit skin cv.
Encore and Admiro stored at 13 °C and 21 °C

Variety Temperature £ E E N
Average Std. Error - 95.00% +95.00%

Admiro 13°C 3.863 0.085 3.696 4.030 122

Admiro 21°C 3.791 0.086 3.621 3.960 117

Encore 13°C 5.743 0.086 5.574 5912 119

Encore 21°C 4.213 0.087 4.042 4.384 116
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The mean value of Young’s modulus for tomato fruits cv. Admiro stored at the temperature of
13 °C was 3.863 MPa, and it was a little higher in comparison with the fruit stored at 21 °C. Tomato
fruits cv. Encore were marked by higher differences in the mean values of Young’s modulus which
reached 5.743 MPa at 13°C and 4.213 MPa at 21°C (Table 3).

The changes in the value of Young’s modulus of the skin of tomatoes cv. Admiro and Encore
are shown in Fig. 2 and 3. In Admiro variety tomatoes stored at 13° C Young’s modulus decreased
from 4.15 MPa on harvesting day to 2.48 MPa after 26 days of storage (Fig. 2a), implying a 40%
drop. As regards the fruits stored at 21°C, the values of Young’s modulus decreased from 6.40 MPa
on the harvesting day to 2.25 MPa after 12 days of storage (Fig. 3a).

The value of Young’s modulus of the skin of tomato fruits cv. Encore stored at 13°C varied
during the 28-day period of storage (Fig. 2b). In successive days of the study, the investigated
parameter varied in the range of 3.73 MPa — 7.40 MPa. In the group of fruits stored at 21°C, the
Young’s modulus decreased from 5.79 MPa on the harvesting day to 2.98 MPa after 12 days of
storage. (Fig. 3b).
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Fig. 2. Mean values of Young modulus of tomato fruit skin cv. Admiro (a) and Encore (b) stored at 13°C.
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Variety Admiro, 21 °C
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Fig. 3. Mean values of Young modulus of tomato fruit skin cv. Admiro (a) and Encore (b) stored at 21°C

Table 4. Results of univariate tests of significance for a model of Young’s

modulus of tomato fruit skin, cv. Admiro stored at 13°C

Effect SS df MS F P
Intercept 018 1 0.18 0.18 0.67
Time 40.19 11 3.65 3.57 0.00
Thickness 0.04 1 0.04 0.04 0.84
Thickness 0.08 1 0.08 0.07 0.78
Stress 4.73 1 4.73 4.63 0.03
Stress” 6.94 1 6.94 6.79 0.01
Thickness * Stress 0.14 1 0.14 0.13 0.71

Error 241.29 236 1.02
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A curvilinear dependence was observed between Young’s modulus, storage time, critical
stress and skin thickness. In the fitted model (all effects method), the linear components of time
and the linear and quadratic component of stress were statistically efficient (Table 4).

Thickness of skin does not significantly influence the value of Young’s modulus.

Table 5. SS test results for a complete model relative to SS for the residuals, cv. Admiro stored at 13°C

Multiple Multiple | Adjusted SS df MS SS
R R’ R’ Model Model Model Resid.
E 0.52 0.27 0.22 88.90 16 5.56 241.30

Changes in Young’s modulus E can be predicted in 22 % (adjusted R?) based on storage time,
changes in critical stress and skin thickness. The remaining 78% of changes of this magnitude are
not determined by the examined characteristics. The produced model does not fit the experimental
data (Table 5) well, and it cannot be used for predicting Young’s modulus.

For variety Admiro stored at 21 °C the equation describing the dependence of Young’s modu-
lus on the storage time, stress and critical thickness of the skin is an equation of the quadratic order.
In the fitted model (all effects method), the linear components of time and the linear and quadratic
component of stress were statistically significant (Table 6). This is the same kind of relationship
as the relationship that occurs in the model for the storage temperature equal to 13 °© C (Tab. 4).

Table 6. Results of univariate tests of significance for a model of Young’s modulus
of tomato fruit skin, cv. Admiro stored at 21 °C

Degrees

Effect ss o frfe . MS F p
Intercept 0.21 1 0.21 0.58 0.45
Time 66.92 5 13.38 37.68 0.00
Thickness 0.67 1 0.67 1.88 0.17
Thickness * 0.44 1 0.44 1.23 0.27
Stress 2.95 1 2.95 8.30 0.01
Stress” 1.85 1 1.85 5.21 0.02
Thickness * Stress 1.32 1 1.32 3.73 0.06

Error 37.65 106 0.35

Tabela 7. SS test results for a complete model relative to SS for the residuals, cv. Admiro stored at 21 °C

Multiple | Multiple | Adjusted SS df MS SS df MS F P
R R’ R’ Model | Model | Model | Resid. | Resid. | Resid.
E 0.93 0.87 0.86 248.97 10 24.89 | 37.65 106 0.35 | 70.1 | 0.00

The model obtained during the study for the peel of tomato variety Admiro, which were stored
at 21 ° C fits the experimental data very well (adjusted R?).

Changes in Young’s modulus reach about 86 % due to changes of the storage time, stress and
critical thickness of the skin (Table 7). In this case, a better fitting of the model was obtained than
for the same variety of fruit stored at 13 ° C (Table 5).

The results of significance tests for Poisson’s ratio are presented in response surface charts.
This study presents a single response surface chart which is the most consistent with the best fitted
model (Fig. 4).
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Fig. 4. Response surface - Contours for Young’s modulus of tomato fruit skin, cv. Admiro stored at 21 °C

It can be assumed that the changes associated with the process of fruit ripening at room
temperature, run more evenly than at 13 °C. In the summary of statistical analysis of the results ob-
tained for the peel of tomato variety Admiro stored at two temperatures 13 °C and 21 °C it should
be noted that there is need for further studies at different temperatures of storage, to determine
the Young’s modulus dependence on temperature conditions of storage. Changes in the value of
determined parameters obtained for the skins of fruit stored at 13 °C generally proceeded without
a clear trend of increase or decrease. It can not be stated unequivocally whether the reason for this
is the temperature or other factors, not included in the study, which may affect the fruit firmness
during storage in a climate chamber.

Table 8. Results of univariate tests of significance for a model of Young’s
modulus of tomato fruit skin, cv. Encore stored at 13 °C

Effect SS df MS F p
Intercept 0.44 1 0.44 0.41 0.52
Time 175.48 12 14.62 13.57 0.00
Thickness 0.76 1 0.76 0.70 0.40
Thickness 0.57 1 0.57 0.53 0.47
Stress 7.58 1 7.58 7.03 0.01
Stress” 8.59 1 8.59 7.97 0.01
Thickness * Stress 1.42 1 1.42 1.32 0.25
Error 240.34 223 1.08

A curvilinear dependence was observed between Young’s modulus, storage time, critical
stress and skin thickness. This relationship can be described, due to the critical stress, as the poly-
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nomial of the quadratic order. In the fitted model, the linear components of time and the linear and
quadratic component of stress were statistically efficient, thickness of skin did not significantly
affect the value of elastic modulus (Tab. 8).

Table 9. SS test results for a complete model relative to SS for the residuals, cv. Encore stored at 13 °C

Multiple | Multiple | Adjusted SS df MS SS df MS F P
R R’ R’ Model | Model | Model | Resid. | Resid. | Resid.
E 0.70 0.49 0.45 233.57 17 13.74 | 240.34 | 223 1.08 | 12.75] 0.00

Changes in Young’s modulus £ can be predicted in 45 % (adjusted R?) based on storage time,
changes in critical stress and skin thickness. The remaining 55 % of changes of this magnitude
are not determined by the examined characteristics (Tab. 9). The produced model does not fit the
experimental data (Tab. 9) well, and it cannot be used for predicting Young’s modulus for tomato
fruit cv. Encore stored at 13 °C.

Table 10. Results of univariate tests of significance for model of Young’s
modulus of tomato fruit skin, cv. Encore stored at 21 °C

Degrees

Effect SS o frge . MS F p
Intercept 0.00 1 0.00 0.00 0.97
Time 51.24 5 1025 | 12.77 | 0.00
Thickness 0.36 1 0.36 0.44 0.51
Thickness * 0.44 1 0.44 0.55 0.46
Stress 0.68 1 0.68 0.85 0.36
Stress’ 0.05 1 0.05 0.06 0.8
Thickness * Stress 0.28 1 0.28 0.35 0.56

Error

In the fitted model, only the component of time was statistically efficient, the other com-
ponents did not have a statistically significant impact on the change of value of Young’s modulus
(Table 10).

Table 11. SS test results for a complete model relative to SS for the residuals, cv. Encore stored at 21 °C

Multiple | Multiple | Adjusted SS df MS SS df MS F P
R R’ R’ Model | Model | Model | Resid. | Resid. | Resid.
E 0.79 0.63 0.60 144.30 10 14.43 | 84.28 105 0.80 | 17.98 | 0.00

The produced model for Young’s modulus £ of cv. Admiro stored at 21 °C fits the experi-
mental data well. Changes in Young’s modulus E can be predicted in 60% (adjusted R”) based on
storage time, changes in critical stress and skin thickness (Tab. 11). The fitting of this model is much
better than of the model of the same variety, stored at 13 °C (Tab. 9)

Most likely, physiological and biochemical changes occurring during fruit ripening at the
higher temperatures run more clearly than in the lower temperature.
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ANALIZA ZMIENNOSCI MODULU YOUNGA SKORKI OWOCOW POMIDORA
W ROZNYCH TEMPERATURACH PRZECHOWY WANIA

Streszczenie. Praca zawiera analiz¢ statystyczng w celu dopasowania modelu dla modutu Younga E na pod-
stawie naprezenia krytycznego i grubosci skorki owocoéw pomidora odmian Admiro i Encore. Dopasowanie
modelu przeprowadzono metoda regresji powierzchni odpowiedzi. Mozliwos¢ prognozowania wartosci E, owo-
cOw przechowywanych w temperaturze 13 °C i 21°C, na podstawie zmian grubosci i napre¢zenia krytycznego
ich skorki, okreslono na podstawie wspotczynnika determinacji R* wyrazajacego stopieh dopasowania modelu.

Stowa kluczowe: modut Younga, powierzchnia odpowiedzi, skorka owocu pomidora, napr¢zenia materiatu
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THE EFFICIENCY ANALYSIS OF AN ASYNCHRONOUS
GENERATOR SUPPLYING SINGLE-PHASE RECEIVER
SETS IN AN AGRICULTURAL FARM

Piotr Makarski, Marek Scibisz

Ph.D.Eng., University of Life Sciences in Lublin, Department of Technology Fundamentals

Summary. The article presents the analysis of efficiency changes of an asynchronous generator supplying
single-phase receiver sets. The laboratory stand was described as well as the methodology of investigations.
On the basis of the investigation results, the influence was evaluated of the generator’s size and character on
the efficiency of its work.

Key words: asynchronous generator, efficiency of generator

INTRODUCTION

A modern agricultural farm is usually highly mechanized. Some of the works are facilitated
by machines and devices powered with electric energy. The network is the general source of electric
energy due to the fact that almost the whole area of Poland is supplied with professional energy
network. It has been systematically upgraded in urbanized areas and has been modernized to the
present valid conditions. In rural areas the situation is less controlled.

The diffusion of energy consumers raises the individual costs of restructuring of energetic
lines. The majority of these nets are guided by aerial lines. This fact has caused an increase of sup-
ply failures. The lack of possibility of bilateral lead supply, aiming at the continuous supply, results
in the application of independent sources of energy.

The electric generator is the most often used spare source of electric energy. It is driven by
a combustion engine. Thus, there has been observed the mechanical and then the electric process-
ing of the burning energy. These changes have proceeded with definite efficiency together with the
changes of added energy receiver sets. Therefore, the aim of the investigations was the description
of energetic transformation efficiency depending on the generator’s activity.
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ASYNCHRONOUS GENERATOR

An asynchronous power generator consists of two basic pieces [5, 9]: stator and rotor (Fig. 1).

O 1

O

Fig. 1. The building diagram of an asynchronous machine:
1. stator, 2. stator winding, 3. rotor

Stator (1) is a motionless unit in which the winding (2) is placed. The stator winding is the
source of circular whirling electromagnetic field. Rotor (3) is a movable unit placed inside the stator.
From here the magnetic field influence on rotor is generated.

The magnetic field works with the speed called synchronic. It is produced due to passive
energy. It is delivered to the generator from the battery of condensers.

combustion ...................
engine

Fig. 2. The diagram of electric generator building

To be driven, the rotor needs the help of combustion engine. If the rotor of a current generator
is driven with a higher speed than the synchronic speed, electric energy is generated in the winding.

LABORATORY STAND

Measurements were conducted on the laboratory stand (Fig. 3) made at the Department of
Technology Fundamentals at the University of Life Sciences in Lublin. For investigations the single-
phase asynchronous generator (1) was used, the type EC 2000 about the nominal power P = 1.7
kW, the indicative power S, = 2 kVA, the nominal voltage U = 230 V and the nominal intensity
of current I = 7.5 A.
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Fig.3. The laboratory stand to measure the efficiency of power generator:
1. power generator, 2. arrangement of fuel measurement, 3. the resistor duty,
4. the inductive duty, 5. autotransformers, 6. the measure of power net parameters

The fuel arrangement in the engine was modified, reinforcing the carburettor across the scaled
burette (2). This allowed for the measurement of definite doses of fuel. The time of burning of the
tested gob of fuel was measured using the stopper. Resistor (3) was used during the work of the
generator ( heating spiral casings 1000W and 1200W, bulb about power 200W, 150W, 75W and
40W) and inductive units (4) (throttles from lamps 125W and 250W). The autotransformers (5) were
applied for the adjustment of the resistor and inductive work. The versatile power net measurement
parameters were used for the measurement of the generator’s work.(6).

METHODOLOGY

For the assessment of the efficiency of processing, the quantity of thermal energy (Qp) re-
ceived after burning the dose of fuel and the quantity of electric energy (W) produced in the power
generator were taken into consideration. The thermal energy was evaluated on the basis of the
volume (V) of the used fuel as well as the fuel’s value (cp):

0 =V*c, [l M

The quantity of electric energy W, was marked on the basis of the measured power (P) and
the time of burning (7) of the definite quantity of fuel (V):

W =P*1,[J]. 2
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The efficiency of processing was marked on the basis of the dependence:
n=0 /W, 3)

The unleaded petrol Pb95 was used in the investigations. The fuel value depends both on
the manufacturer and the distributor of fuel and it remains in the range of 29-38 MJ/m’ [11, 12,
13, 14].

The fuel value was accepted as 32 MJ/m’ [6]. It was analyzed during the burning of 5 cm’
of the fuel.

THE RESULTS OF INVESTIGATION
In the first phase of investigations the generator was put under resistance load. The work was
altered from idle state to 1.07 of the nominal power of the generator. The results of investigations

are presented in Table 1.

Table 1. The investigations results of asynchronous generator put under resistance load

P, W tys W, J Qp, J n,-
0 27.4 0 160000 0.000
200 26.3 5267 160000 0.033
396 24.5 9681 160000 0.061
587 22.4 13129 160000 0.082
857 20.7 17718 160000 0.111

1130 18.9 21351 160000 0.133
1384 18.7 25887 160000 0.162
1709 16.0 27344 160000 0.171
1825 15.0 27441 160000 0.172

Then the resistor-inductive duty was added to the generator. It was provided with the stable
value of power in the circuit circa 1000 W as well as circa 500 W and the inductive duty was altered.
The results of measurements were introduced in Tables 2 and 3.

Table 2. The investigations results of asynchronous generator for resistor - inductive duty for P~1kW

cosg, - ts s W, J Qp, J n,-
0.87 20.7 21901 160000 0.137
0.90 19.9 21063 160000 0.132
1.00 18.9 19477 160000 0.122

Table 3. The investigations results of asynchronous generator for resistor - inductive duty for P~0,5kW

cosg , - ty s W, J Qp, J n,-
0.50 16.0 8405 160000 0.053
0.55 18.5 9780 160000 [ 0.061
0.65 18,9 10345 | 160000 | 0.065
0.85 20.7 11332 | 160000 | 0.071
1.00 224 11862 | 190000 | 0.074
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THE ANALYSIS OF INVESTIGATION RESULTS

The results of the performed analysis are shown on the graphs of efficiency (1) changes due
to the changes of power (P) duty or due to the changes of coefficient power (cosg).
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Fig. 4. Graph of efficiency changes of the generator due to the change of duty power

The growth of the generator duty causes the growth of efficiency of energy processing.
The maximum efficiency 17.2 % was reached for the duty of nominal power 1.7 kW. The efficiency
of energy processing (1) has grown in approximation linearly in the range of power (P) from 0 to
about 1400W.

The further growth of power causes the already insignificant growth of efficiency. The change
of efficiency in function of duty power for the power aggregate runs along with the efficiency of
standalone electric generator in function of duty power.

For a typical generator, efficiency initially grows rapidly with duty power, however, in the
wide range of duties it stays practically on the same level [2, 4]. The efficiency of the power ag-
gregate in function of the duty moment is dominated with efficiency of combustion engine. The
efficiency of combustion engine grows in function of the duty moment, initially slowly, and then
after the achievement of maximum, it drops slightly [1, 7].
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Fig. 6. The graph of efficiency changes of the generator due to change of power coefficient
for duty the P = 1000 W
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Fig. 5 represents the change of the power efficiency of aggregate in function of power coef-
ficient, for solid power put under load generator, even 1000W.
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Fig. 6. The graph of efficiency changes of the generator due to change of power coefficient
for duty P~ 500 W

The efficiency of generator grows up along with the value of power coefficient. With the
growth of the cos¢ from 0.5 to 1.0, the power efficiency of the aggregate grows up from 5.3 %
to 7.4 %. This results in the fact, that together with the growth of power coefficient, with stable
circuit power, the value of passive current diminishes, which causes the decrease of the duty losses.

CONCLUSIONS

The conducted investigations have shown that the efficiency of single-phase generator of
small power is low. The maximum value reached was 17.2 %.

The most effective use of energy contained in the fuel is possible by supplying sets of resis-
tor character. So the power generator can be used for the supplying of heat lighting or convective
heating devices.

The generator efficiency is the highest by supplying duty approximate to indicative power of
the generator. Therefore, from the point of view of efficiency, the power of electric aggregate needs
to be correlated with the power of supplying receiver sets, so as to set the work from approximate
to indicative power. However, this involves a release of pollution to the environment [3, 8, 10].

The supplying of the receiver sets with the resistor - inductive (the RL character) promotes
the work efficiency of the electric generator and reduces the power coefficient. It was purposeful to
use the arrangements for passive power compensation.
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ANALIZA EFEKTYWNOSCI GENERATORA ASYNCHRONICZNEGO
ZASILAJACEGO ODBIORNIKI JEDNOFAZOWE W GOSPODARSTWIE ROLNYM

Streszczenie. W artykule przedstawiono analiz¢ zmian sprawnosci generatora asynchronicznego zasilajacego
odbiorniki jednofazowe. Opisano stanowisko badawcze i metodyke badan. Na podstawie przeprowadzonych

pomiaréw dokonano oceny wptywu wielkosci i charakteru obcigzenia na efektywno$¢ pracy generatora.

Stowa kluczowe: generator asynchroniczny, sprawnosé generatora
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Summary. This article presents the application of CAD systems with the use of the finite element method (FEM)
in calculations of particular parameters of the tire-soil interaction. Moreover, a distribution model of surface
pressures is presented as well as calculations of stresses in the soil with the FEM application. The obtained
theoretical findings resulted in a comparative analysis of the value of designated stresses with those obtained
through empirical studies, carried out both in a laboratory (soil channel) and also in field conditions, conducted
in the Federal Agricultural Research Center - Braunschweig (Germany).

Key words: tire-soil interaction, computer-assisted design, finite elements method, stresses in soil.

INTRODUCTION

The interaction of the drive unit with the ground is very significant not only for agrotechno-
logical reasons, but also due to traction. Consequently, it is necessary for the drive mechanisms of
machines and equipment moving on deformable ground to exert the least possible unitary pressure,
and simultaneously to obtain maximum traction power in given conditions, such as pull force (P ), or
drive force (PJ.). Unitary pressures occurring on the tire contact surface with the ground are directly
connected with the phenomenon of their diffusion into the area on which the drive unit moves,
both lengthwise and crosswise in relation to the movement direction. The range of their diffusion is
a separate issue.

This study aims at applying modern methods of analysis with the application of CAD systems
and FEM. This is of great importance due to economic reasons since field and laboratory research
studies require incurring substantial financial costs, in view of high prices of measuring appliances
and the necessity of holding a properly prepared terrain.

The influence of farming vehicles and machinery on the soil environment, through drive units,
results in both the intended and side effects. The negative influence of drive units on the natural
soil environment while performing activities connected with cultivating soil belong to the latter
category. From this point of view, it is possible to distinguish between quantitative and qualitative
deformations.
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In the modern farming technology there is a tendency to increase powers of traction drive
mechanisms of tractors and self-propelled farming machinery parallel to reducing the degree of
soil packing (qualitative deformation). The increase in the pressure exerted on soil results in the
increase in the drive force value, which directly affects the towing power value. This has caused
the necessity of determining dependences describing the impact of drive mechanisms on soil. In the
subject-related literature there exist numerous theoretical works and results of laboratory research
concerning the issue described here.

In recent times, owing to a dynamic development of computer systems, it has been possible to
apply modern numerical computer technology in order to analyze the tire-soil interaction. One of the
methods applied to calculate particular parameters of the interaction between the drive mechanisms
and soil is FEM (Finite Element Methods).

In this article the results of research study with the use of CAD systems have been presented,
particularly the finite element method (FEM), in calculations of particular parameters of the tire-soil
interaction. It was vital to verify available tools for solid modeling and FEM calculations from the
perspective of their usefulness for calculating pressures in soil under particular tires while driving
a farming machine.

SOLID MODELS OF DRIVE TIRES

This work presents the scope of works related to the FEM application in analyzing the
propagation of stresses in the soil medium following the influence of a particular tire used for
self-propelled farming machinery. Solid models of drive tires were made, including all the basic
elements constituting their structure. One of the research stages was the elaboration of the model
of tire-ground (soil) interaction taking into consideration the system’s dynamics. Modeling the
ground consisted in performing computer simulations of the tire imprint as well as in determining
geometrical features of the shape left during the drive.

Then the distribution model of surface stresses was prepared, as well as calculations of
stresses in the soil, with the application of the finite element method. The analysis of the obtained
results in the form of chart of stresses was conducted in particular cross sections of the tire-soil
geometrical model.

The theoretical findings obtained resulted in a comparative analysis of the value of desig-
nated stresses with those obtained through empirical studies, carried out both in a laboratory (soil
channel) and also in field conditions, conducted in the Federal Agricultural Research Center -
Braunschweig.

The tire model was made in the CAD Inventor system. Subsequent operations, such as sketch-
ing, simple and complex stretching, dragging, rounding etc. resulted in a solid which was a virtual
model of the tire under examination. As the pattern for building the model, the following tire was
used: Stomil 14.9-28/8PR.

THE TIRE-SOIL INTERACTION MODEL,
INCLUDING THE SYSTEM DYNAMICS

The 3D tire model made in the Inventor system was used for shaping the imprint in the
ground. The tire imprint was divided into a set of elementary surfaces to which forces were applied,
normal and tangent components. The diagram below (Fig. 1) shows forces affecting the wheel and
their distribution on the elementary surface of the imprint.
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Fig. 1. Diagram of distribution of forces on a particular element of the imprint

Elementary components P, as well as G, were calculated according to the following depen-
dences:

s 5
P, = J PZ+P2
P, = P, cos(ic;)
Pi.jr‘ = Pi. Sin(i[t-l}

where:

G — wheel load force,

M — moment of force imposed on the wheel,

R — tire rolling radius,

Pl. — elementary force tangent to a sector of the tire contact surface with the soil occurring as
a result of the moment (M) interaction
P, Piy — components of force (P)
a, — elementary angle of wrap,
n — number of elementary surfaces,
i — number of an elementary surface

Figure 2 shows a fragment of the modeled imprint, formed through the tire impact on soil,
which was divided into elementary surfaces. To each of these surfaces a tangent force P, was applied,
which was described by the dependence. Force (G) was distributed evenly on particular elementary
surfaces of the imprint.
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Fig. 2. Model of applying normal and tangent forces to a particular tire imprint sector

On establishing peripheral conditions, the ANSYS module of the Inventor system was used
in order to determine pressures in the soil. Calculations were carried out for particular values of
force (G) and moment (M).

PERFORMING CALCULATIONS OF STRESSES
AND THEIR ANALYSIS WITH THE APPLICATION
OF THE FINITE ELEMENT METHOD

The first case to be analyzed in the ANSYS system was the model of loading the wheel with
force (G)=7kN as well as moment (M)=0 Nm, i.e. the static load test. Then, analogous calculations
as in the previous case were conducted, with the difference that the moment of force (M=5000 Nm)
of the tire impact on soil was taken into account. The results of the conducted calculations, as well
as the trend lines determined as exponential functions (Fig. 3) show that the increase in the moment
of force affecting the imprint surface causes the reduction in the value of stresses on comparable
depths of the ground.
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Fig. 3. Comparison of stresses in soil for the moments of 0 and 5 kNm at force G=7 kN
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Then, a series of research studies were carried out for load cases analogous to the example
above, with the difference that force (G) equaled 10 kN (Fig. 4).
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Fig. 4. Distribution of stresses in soil (M=0 Nm, G=10kN, levels in mm)

The analysis of results for the cases when (M=0 Nm, G=10kN) as well as when (M=5000Nm,
G=10kN) demonstrates that also in such cases applying the moment of force results in the decrease
in stresses. The difference in the value of stresses on particular ground depths approximately in-
dicates a steady tendency, which can also be determined when observing the course of trend lines
(Table 1, Fig. 5).

Table 1. Comparison of obtained results

Depth [mm] 100 200 300 400 500 600 700 800

M=0Nm, G=7kN 77.0 66.0 60.0 50.5 42.0 38.5 35.0 33.0
M=50*10°"Nm, G=7kN 53.0 32.0 26.0 21.0 15.0 10.0 5.0 1.0
M=0Nm, G=10kN 98.0 94.0 73.0 63.0 59.0 55.0 47.0 41.0
M=50%10°Nm, G=10kN 76.0 56.0 48.0 41.0 28.0 21.0 15.0 7.0
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Fig. 5. Comparison of FEM analysis results for examined cases of tire-soil interaction

VERIFICATION OF CALCULATION METHODS PROPOSED THROUGH COMPA-
RISON WITH RESULTS OBTAINED IN FIELD TESTS

The results obtained with the FEM application were compared with laboratory results carried
out for the Stomil 14.9-28/8PR tire, which was modeled for the purposes of the simulation con-

ducted with the use of the ANSYS system. The results obtained in laboratory and field tests were
used for the comparative analysis.

Fig. 8. Measuring instruments in the Federal Agricultural Research Center (FAL) in Braunschweig

Source: Jaklinski L.: Mechanika uktadu pojazd-teren w teorii i badaniach (Mechanics of vehicle-terrain
systems in theory and tests) Wybrane zagadnienia (Selected issues), OWPW 2006
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Laboratory and field studies were conducted in the Federal Agricultural Research Center
(FAL) in Braunschweig. The sand-clay ground measuring 100m x 40m was examined. Four hy-
draulic pressure sensors were used for measuring pressures, buried in the soil with their measuring
heads situated exactly in the center of the wheel track.

The pressures measurement results compared to the values calculated in the FEM system were
presented in Table 2. The distribution of pressure values in the plane parallel to the wheel track axis
at three measurement depths was presented for G=7 kN and G=10kN, at M=50Nm.

Table 2. Comparison of results obtained in laboratory tests and FEM calculations (values of stresses in [kPa])

G=7kN G=10kN
Depth [mm] A P N S
Pou P Difference [%] Py s Difference [%]
100 77.0 85.6 10% 98.0 108.2 9%
200 66.0 59.4 11% 94.0 88.1 7%
300 60.0 44.0 36% 73.0 61.4 19%

Measurement results and those calculated with the FEM indicate significant similarity (ap-
prox. 9% error difference) for smaller ground depths. At greater depths the differences between
measurements and calculations exceed even 20%, which can result from several factors:

» the geometrical model of the tire and its imprint in the ground was of insufficient ac-

curacy,

* using approximate material properties for the ground model,

» approximate model of peripheral conditions used in FEM,

+ insufficient density of the FEM grid of the calculation model (increased speed of calcula-

tions).

In order to improve the accuracy of calculations, the geometrical models of the ground and
of the tire interacting with it should be better prepared in further research studies; the accuracy of
the FEM model should be improved; the physical data characterizing the ground should completely
correspond to the actual properties of the soil examined in laboratory conditions.

CONCLUSIONS

The results of the obtained calculations have been presented in the form of color maps,
tabular comparisons and diagrams. The analysis of theoretical calculations showed a similarity of
the calculated values of stresses obtained through empirical studies, carried out both in a labora-
tory (soil channel) and also in the field conditions, conducted in the Federal Agricultural Research
Center - Braunschweig.

The application of CAD systems as well as digital simulation methods and FEM calculations
in the issues under discussion gives measurable advantages, among others the ones as follow:

* a significant reduction in time needed for research and independence of the research

process from weather and climatic conditions,

» relieving the research team of routine and uncreative activities - time-consuming prepara-

tion of research stands, and laborious analyses of results,

» facilitating the performance of comparative analyses of tires under examination, as well

as types of ground,
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» conducting reliable research studies with the application of computer systems at the stage
of the tire design and drive unit, without the necessity to carry out costly and time-
consuming laboratory research.
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MODELOWANIE ODDZIALYWANIA OPONY NA GLEBE Z ZASTOSOWANIEM
METODY ELEMENTOW SKONCZONYCH (MES)

Streszczenie. W opracowaniu przedstawiono zastosowanie systeméw CAD z wykorzystaniem metody elemen-
tow skonczonych (MES), w obliczeniach wybranych parametréw wspotpracy opony z gleba. Ponadto wykonano
model rozktadu naciskow powierzchniowych oraz obliczenia napr¢zen powstaltych w glebie z zastosowaniem
MES. W nastepstwie uzyskanych wynikow obliczen teoretycznych zostala przeprowadzona analiza poréwnaw-
cza wartosci wyznaczonych naciskéw z uzyskanymi wynikami w trakcie badan laboratoryjnych (kanat glebowy)
jak i w warunkach polowych, przeprowadzonych w Federal Reserch Centre — Braunschweig (Niemcy).

Stowa kluczowe: oddziatywanie opony na glebe¢, komputerowo wspomagane projektowanie, metoda elementow
skonczonych, propagacja naprezen w glebie.
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Summary. Results of the SME measurements during extrusion-cooking of thermoplastic wheat starch enriched
with flax fibers, cellulose, and ground bark are presented in the paper. A modified single screw extrusion-cooker
TS 45 with L/ D = 18 and an additional cooling section of the barrel was used as the processing unit. The effect
of the quantity and type of filler used in the blend containing 20% glycerol (plasticizer) and the screw speed on
the efficiency of the baro-thermal process as well as energy consumption was the main target of the investigation.

Key words: thermoplastic starch, fillers, extrusion-cooking, energy consumption, SME

INTRODUCTION

The growing amount of deposited waste is a big burden to the environment. Most of plastic
waste is resistant to degradation, due to polymers composition. In recent years large-scale studies
have been conducted, aiming at increasing the share of starch in starch-plastic composites to the
highest level, which resulted in the growth of the production of biodegradable materials used in the
packaging industry[3,11].

Thermoplastic starch (TPS) based products are fully degradable and nowadays are success-
fully used by the rural sector in the field as well as by the food producers for food packaging [2,19
]. In order to improve its physical properties and sometimes reduce the price of the finished product
different fillers are added to the raw material blends in amounts from 1 to even 50%, dependently on
the type of natural fibers used. The most commonly applied fibers are: flax, hemp, jute, coir, cotton,
and the waste from wood industry. The important thing is, that the production of TPS-based prod-
ucts is possible with well known machinery and equipment used by plastic manufacturers [10,20].

In the literature many publications can be found concerning the use of starch of different
origins for the production of TPS biodegradable packaging materials. Due to the importance of the
problem, since 2004 large scale investigations on the processing of TPS biopolimers for packaging
materials have been undertaken at the Department of Food Process Engineering, Lublin Univer-
sity of Life Sciences, using corn, potato and wheat starch — the most common local raw materials
[1,4,12].
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MATERIALS AND METHODS

The basic raw material utilized during the reported study was the wheat starch type MERIZET
200 produced by Segezha Ltd. (IR), mixed with the glycerol of 99% purity, (delivered by Odczyn-
niki Chemiczne Lublin, PL) with the addition of the cellulose fibers vivapur type 102 (JRS GmbH,
D), the flax fibers and the ground bark (both delivered by Polish rural producers).

Preparation of the mixtures

The wheat starch (16% of moisture) and other raw materials were mixed in the laboratory
ribbon mixer during 20 minutes, than 6 kg samples of different composition were stored within 24
hours in the plastic bags in order to homogenize the mixtures. The share of the glycerol was 20%
by weight in the mixture, the contribution of the fibers for selected blends was 0%, 10%, 20% and
30%. Immediately prior to extrusion, the prepared samples once again were mixed for 10 minutes,
which guaranteed getting loose structure of the compound [8].

Extrusion

The study was performed using a modified single screw extrusion-cooker type TS 45 (ZMCh
Metalchem, PL) with L/ D =18/ 1, equipped with the additional cooling section of the barrel, and
a die hole diameter of 3mm. Pellets (Fig. 1) were produced using the screw speed of 60, 80 and 100
rpm. The extrusion process parameters were determined in the temperature range of 60 - 110 ° C and
maintained appropriately adjusting the intensity of the flow of cooling liquid. The processing tem-
perature was measured by thermocouples installed along the barrel; the results were recorded. The
screw speed was monitored using the electronic tachometer DM-223AR Wireless [8, 16, 17, 18].

Fig. 1. TPS pellets containing 30% of the cellulose fibers and the flax fibers.

The performance testing was conducted by setting the weight of TPS pellets obtained at
a given time for all the mixtures of raw materials used processed at the assumed parameters (see
formula 1). The measurement was made in six repetitions for each series of tests, their average value
was taken as the final result [14, 15].

Q=" [keh) e

where: Q — the performance,
m — the mass of the extrudates obtained during the measurement [kg]
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t - measurement time [h].

The Power measurement was performed using a standard wattmeter connected to the power
unit of the extruder. After considering the type of the motor installed in the extruder Shraga TS
- 45, appointing the load and resulting in the individual samples, the yield values obtained were
converted to the specific mechanical energy index (SME), according to the formula given by Ryu
[5,6,7,9,13]:

sME = NO-P [kWhkg™'] )
N, -100-Q

where: N — the screw speed [min™],

Nm - the maximum screw speed [min],

P - power [kW],

O - motor load [%],

Q - output of the extruder [kgh™].

RESULTS

The performance of the extrusion process was directly proportional to the screw speed, the
higher the turnover, the higher yield was obtained. Increasing the cellulose fiber content in the
formulations influenced the decline of the process efficiency. The highest yield of 31.8 kgh' was
determined during the extrusion of pure TPS pellets (without the fillers addition) at the highest screw
speed of 100 rpm. Other samples showed a significant impact of the screw rpm on the performance
of the extrusion process, regardless of the amount of the additive.

¢ 60rpm 80 rpm A 100rpm
s y =-70x2+6,4x + 31,64
R2=0,961
Ll s Ty
g 20 /, \an —
g 15
: /
£ 10 / y =-225x?+61,9x+ 23,89
S 5y - .15x2-35x+ 20,75 R2=0,999
R?=0,985
0 ' ' '
0% 10% 20% 30%

Cellulose fibres content [% |

Fig. 2. Effect of cellulose fibers content and the screw speed
on the efficiency of the extrusion of TPS pellets.

The lowest yield of 18.3 kgh” was observed for the blend containing 30% of the cellulose
fibers, processed at a 60 rpm screw speed. A similar trend was observed for the use of a filler in the
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form of the flax fibers. The efficiency of the process decreased with the increasing of fiber content
in the mixture. The lowest yield of 11.64 kgh™ was registered with the content of 30% flax fibers,
processed at 100 rpm of the screw.

60 rpm 80 rpm A 100rpm
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L y =275x2-130,14x+ 31,246
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Fig. 3. Effect of flax fibers content and the screw speed on the efficiency of the extrusion of TPS pellets.

Addition of the ground bark in all kinds of mixtures resulted in a slight decrease in the ef-
ficiency of the extrusion process. Differences between the trial samples were small and amounted
to little more than a 1,0 kg'h'l.

60 rpm 80rpm A 100rpm
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y = 151,25x%-56,985x + 31,767
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- 25
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S y = 46x%-14,28x + 20,552 R? = 0,983
2 10 R¥=0,410
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S
~ 0 . : .
0% 10% 20% 30%

Ground bark content [% ]

Fig. 4. Effect of ground bark content and the screw speed on the efficiency of the extrusion of TPS pellets.
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The energy consumption during TPS processing depended on the screw speed used: SME
value was higher with increasing of the rotation of the screw.
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Fig. 5. Influence of cellulose fibers addition and the screw speed on SME.
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Fig. 6. Influence of flax fibers addition and the screw speed used on SME

SME was similar during the production of biopolymers containing the ground bark and the
cellulose fibers. Addition of these fillers had no significant impact on the energy consumption.
A bit higher value of the SME was recorded during the production of TPS pellets containing the
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flax fibers. This is due to the greater length of the flax fibers and hence higher resistance during the
extrusion-cooking. The highest SME value of 0.23 kWhkg "' was noticed for the sample containing
30% of the flax fibers, processed at 100 rpm of the screw.
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Fig. 7. Influence of ground bark addition and the screw speed on SME

CONCLUSIONS

The performance of the extrusion-cooking of wheat thermoplastic starch was directly
proportional to the screw speed applied; the higher screw rotation - the higher yield was
obtained.

Addition of the fillers affected the performance decrease and the SME increase during
extrusion for all blends of raw materials used.

The value of SME was at a similar level during extrusion of biopolymers containing cel-
lulosic fibers and ground bark.

The highest energy consumption of 0.23 kWh/kg was noticed in the production of the TPS
pellets containing 30% of the flax fibers, processed at 100 rpm of the screw.
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WPLYW DODATKU WYPELNIACZY NA ENERGOCHELONNOSC
EKSTRUZJI SKROBI PSZENNEJ

Streszczenie. W pracy przedstawiono rezultaty badan energochtonnosci procesu ekstruzji skrobi pszennej
wzbogacanej dodatkami funkcjonalnymi. Okreslono wptyw dodatku wypetniaczy w postaci widkien Inianych,
celulozowych oraz mielonej kory na wartos¢ SME. W badaniach zastosowano zmodyfikowany ekstruder jedno-
$limakowy TS 45 o L/D=18 z dodatkowym chtodzeniem koncowej czesci cylindra urzadzenia. Badano wptyw
ilosci oraz rodzaju stosowanego wypelniacza w mieszance zawierajacej 20% gliceryny (plastyfikatora) oraz
wptyw predkosci obrotowej §limaka ekstrudera na wydajno$¢ oraz energochtonnos¢ procesu ekstruzji miesza-
nek skrobi termoplastycznej. Wraz ze wzrostem predkosci obrotowej $limaka ekstrudera rosta energochtonnosé
oraz wydajnos¢ procesu ekstruzji w przypadku wszystkich rodzajow zastosowanych mieszanek surowcowych.

Slowa kluczowe: skrobia termoplastyczna, wypetniacze, ekstruder, energochtonnos¢
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Summary. This paper presents the results of the extrusion-cooking of the thermoplastic corn starch with fillers
in the form of flax fibers, cellulose, and ground bark, using the modified single screw extrusion-cooker TS 45
(Polish design) with L/ D = 18 and an additional cooling section of the barrel. The influence of the screw speed,
the quantity and type of the filler used in the blends containing 20% of glycerol (plasticizer) on the performance
and energy consumption of the extrusion process of thermoplastic starch (TPS) is discussed.

Key words: extrusion-cooking, biopolymers, thermoplastic starch, the extrusion-cooker.

INTRODUCTION

Along with economic development and progress of civilization throughout the world, the pro-
duction of various plastics increases. Nowadays consumers are becoming increasingly sophisticated
regarding the quality of products, their appearance and the quality of the packaging. Only a portion
of packaging used is recycled, due to high costs and relatively low level of selective collection. The
growing amount of the waste deposits is a big burden to the environment. Most of this waste is re-
sistant to degradation, because polymers take a very long time to be decomposed in the environment
[1, 4, 10, 18]. The growing awareness of eco-friendly societies and even the fashion for ecology
have contributed to the development of research on the so-called biodegradable plastics. Particular
attention was paid to the research group of natural materials - biopolymers produced from starch.
The biopolymer is obtained after mixing the starch with a plasticizer (glycerol often), to enable the
disposal of the material at a temperature lower than the decomposition temperature of starch. This
form is called thermoplastic starch (TPS) [13,14,19,20], which may be complementary to alternative
plastics. Unfortunately, the products made from TPS do not have wide application because of the
utility of certain defects. In order to improve the physical properties of biopolymers and sometimes
reduce the price of the finished product, natural fibers can be added in amount from 1 to even 50%,
dependently of the fillers used in the mixture. The most commonly used fillers are: flax, hemp, jute,
coir, cotton, and the waste from wood industry. The large-scale studies aiming at the increasing of
the share of TPS in the production of packaging materials have been undertaken in recent years.
Nowadays, a substantial growth of biodegradable materials application is noticed during the produc-
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tion of various products. These products are more and more present in our houses, and manufactur-
ers are constantly looking for newer and better technologies for their production. In addition, the fact
that they can be fully degradable solves a problem for the storage of used packaging. When properly
treated, they can be composted and used for agricultural or horticultural purposes. In the anaerobic
process they can produce the methane gas, further used for heating or as a propellant [2,3,5,11].

MATERIALS AND METHODS

The study was performed using the single screw extrusion-cooker TS-45 (Polish design),
equipped with an additional cooling system of the barrel, L/ D = 18 / 1, the die of 3mm diameter,
and a screw rotation 60, 80, 100 rpm (Fig. 1). Extrusion-cooking process temperature ranged from
60 till 110°C, which was determined by appropriately adjusting the intensity of the flow of cooling.
The electronic tachometer DM-223AR Wireless was used to measure the screw speed; the process-
ing temperature was measured by thermocouples installed in the barrel of the extruder, registered
on the control panel.

The main component was corn starch, mixed with the glycerol (the plasticizer) and fillers
in the form of: cellulose fibers, flax and ground bark, added to improve the quality of the TPS.
A technical glycerol of 99% purity was added to all the prepared blends in the quantity of 20% in
contrary to the fillers, which were added selectively with 0, 10, 20, and 30% content of the whole
mixture weigh. The blends were mixed for 20 minutes in a laboratory ribbon blender until a homo-
geneous mass. After mixing, the samples were stored in sealed plastic bags for 24 hours in order
to increase the penetration of the glycerol in the starch grains. Immediately prior to extrusion, the
blends were again mixed for 10 minutes, which ensured obtaining a uniform and powdery mixtures
fed into the extruder.

Fig. 1. Modified single screw extrusion-cooker TS-45, equipped with electric heaters
and air-water cooling system of the barrel.

The performance of the extrusion-cooking was conducted by setting the weight of extru-
dates obtained at a given time for all the mixtures of raw materials used, processed at the assumed
parameters. The performance measurement was made using an electronic timer and the WPS 210
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weight in six repetitions for each series of the tests. The performance was determined by the fol-
lowing formula [15,16,17]:

Q :?[kg'h"} (M

where:

Q - performance,

m - mass of the extrudate obtained during the measurement [kg]

t - measurement time [h].

The energy consumption measurement was performed using a standard Wattmeter connected
with the power unit of the extruder. After considering the type of the Shraga motor installed in
the extruder, appointing the load and resulting in the individual samples, the yield values obtained

were converted to specific mechanical energy (SME), accordingly to the formula given by Ryu
[6,7,8,9,12]:

SME = N'70'13[kWh ekg™] ?2)
N, -100-Q
where:
N — the screw speed [min™'],
Nm - the maximum screw speed [min],
P - Power [kW],
O — the motor load [%],
Q - the output of the extruder [kgeh].

RESULTS

During tests the significant effects of the screw speed on the efficiency of the ex-
trusion-cooking process were observed. The performance of the extrusion process was
directly proportional to the screw speed: the higher rotational speed - the higher yield was
obtained. Increasing the cellulose fiber addition in the formulations influenced the decline
in raw material efficiency of the extrusion process.
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Fig. 2. The effect of the cellulose fiber’s content and the screw speed
on the performance of the extrusion process.
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Tabl. 1. Evaluation of the results presented in Fig. 2.

Skrew rpm | Regression equations R’

60 y=-4x"-4,12x + 18,968 0,81
80 y=7525x"-19,205x + 23,15 0,55
100 y =-44x" + 17,88x + 26,218 0,74

The lowest yield of 17.5 kg'h'was obtained during extrusion of the samples containing 30%
of cellulose fibers, processed at the lowest screw speed (60 rpm). The increase of the screw speed
resulted in a slight increase efficiency of the extrusion process, despite the growing number of cel-

lulose fibers in the blend.

Addition of flax fibers resulted in the decline in the productivity during the extrusion process
used for all blends. This was due to the greater fiber length, and the lower degree of mixing of the
sample. During the processing problems appeared with the dosing of the mixture - the material
blocked the inlet easily. The lowest yield of 11.28 kgh™'was obtained during the TPS extrusion,
using the additive of 30% flax fibers, processed at the lowest screw speed of 60 rpm. Increasing the
fiber content in the mixture of raw flax did not have any major impact on the performance of the
extrusion process. Differences between trials were minor.
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Fig. 3. The effect of the flax fiber’s addition and the screw speed

on the performance of the extrusion process.

Tabl. 2. Evaluation of the results presented in Fig. 3.

Skrew rpm | Regression equations R’

60 y=154x" - 69,8x + 18,6 0,97
80 y=173x" - 76,22x + 22,493 0,95
100 y =-30,24x" + 23,376 0,66
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Fig. 4. The effect of the ground bark’s addition and the screw speed
on the performance of the extrusion process.

Tabl. 3. Evaluation of the results presented in Fig. 4.

Screw rpm | Regression equations R’

60 y=-9.25x" - 3,535x + 18,922 0,94
30 y=-24,75x"+ 1,115x + 22,962 0,82
100 y =-96x" + 20,64x + 26,544 0,58

Similar trend was observed in the case of the blends containing 10% of the filler (ground bark
and cellulose fibers). The productivity of the extrusion was bigger when fewer fillers were pres-
ent. The highest yield of 29.16 kg'hwas obtained for blends containing 10% of the ground bark at
top screw speed; the lowest yield of 17.1 kgh™'was achieved with the participation of 30% in the
mixture, processed at the lowest speed of 60 rpm.

When using the extrusion-cooking technology for processing of TPS, one of the most impor-
tant factor is to determine the specific mechanical energy (SME) required to obtain the unit mass
of the product.
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Fig. 5. Influence of the cellulose fiber’s content in the mixture and the screw speed on SME
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Tabl. 4. Evaluation of the results presented in Fig. 5.

Skrew rpm | Regression equations R’
60 y=0,221x" - 0,024x + 0,079 0,73
80 y=0,248x"-0,03x + 0,117 0,82
100 y =0,598x"- 0,167x + 0,159 0,57
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Fig. 6. Effect of the flax fiber content in the mixture and the screw speed on SME
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Tabl. 5. Evaluation of the results presented in fig. 6.

Skrew rpm | Regression equations R’
60 obrmin™ |y =-0,741x> + 0,355x + 0,083 0,94
80 obrmin” |y =-0,899x" + 0,413x + 0,1211 0,91
100.0br 1o | 662x* + 0,714x +0,1659 0,90
min

During the extrusion process of the thermoplastic corn starch it was noticed that the energy
consumption was growing with the increasing of the screw speed. The highest SME was recorded
during the production of TPS pellets containing the flax fibers. This is due to greater length of
the flax fibers and hence higher resistance during baro-thermal treatment, however its amount did
not significantly affec the final value of the SME. The lowest value of the SME was measured
during the extrusion of the samples without addition of the flax fibers (0.08 kWhekg"), and the
highest of 0.23 kWhekg'for the sample containing 30% of the flax fibers processed at 100 rpm

of the screw.



258

Tomasz Oniszczuk, Leszek Moscicki

4 60 rpm W 80 rpm A 100 rpm
0,2
A —A
015 A
E; - - —
= —i—
E 0,1 . e -
E 0,05
0 T T T T T |
0% 5% 10% 15% 20% 25% 30%

Ground bark content [%)]

Fig. 7. Influence of the ground bark content and the screw speed on SME.

Tabl. 6. Evaluation of the results presented in Fig. 7.

Skrew rpm | Regression equations R’

60 y=0,094x" +0,012x + 0,081 0,98
80 y=0,148x"+0,017x + 0,118 0,98
100 y=0,362x"- 0,037x + 0,158 0,62

SME measurement during the production of TPS containing cellulosic fibers and ground
bark showed similar tendency. The value of SME during processing of the blends containing the
ground bark was higher by 0.02 kWhekg" than the blends with similar addition level of the cel-
lulose fibers. The highest value of SME of 0.15 kWhekg ™ was recorded during the extrusion of the
samples containing cellulose fibers at 80 and 100 rpm of the screw.

CONCLUSIONS

Based on the obtained results the following conclusions can be made:

The performance of the extrusion-cooking process was directly proportional to the screw
speed; the higher rotational speed resulted in the higher capacity of the process.
Addition of the flax fibers caused a decrease in the process efficiency for all the mixtures
of raw materials used.

10% addition of the cellulose fiber, and the ground bark in the compound increased the
efficiency of the extrusion process, while higher amount of the fillers to the level of 20
and 30% resulted in its decline.

During the extrusion-cooking of TPS containing cellulosic fibers and ground bark the
value of SME was at a similar level.

The highest energy consumption was noticed in the production of TPS blends contain-
ing the flax fibers. That happened due to the length of the fibers and residence occurring
during the processing.
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PRODUKCJA BIODEGRADOWLNYCH MATERIALOW
OPAKOWANIOWYCH METODA EKSTRUZII

Streszczenie. W pracy przedstawiono rezultaty badan wptywu dodatku wypetiaczy w postaci widkien Inianych,
celulozowych oraz mielonej kory na proces ekstruz;ji skrobi kukurydzianej. W badaniach zastosowano zmody-
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fikowany ekstruder jednoslimakowy TS 45 o L/D=18 z dodatkowym chtodzeniem koncowej cze¢sci cylindra
urzadzenia. Badano wplyw predkosci obrotowej $limaka ekstrudera, ilo$ci oraz rodzaju stosowanego wypet-
niacza w mieszance zawierajacej 20% gliceryny (plastyfikatora) na wydajnos¢ oraz energochtonnos¢ procesu
ekstruzji mieszanek skrobi termoplastycznej.

Stowa kluczowe: ekstruzjia, biopolimery, skrobia termoplastyczna, ekstruder.
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INFLUENCE OF FORCED COOLING
OF THE FRICTIONAL ELEMENTS OF THE DISK
BRAKE ON THE BRAKING EFFICIENCY

Yuriy I. Osenin*, Igor Sosnov*, Oksana Sergienko*, Iryna Biloborodova*

*Volodymyr Dahl East-Ukrainian National University, Lugansk, Ukraine

Summary. The article presents the results of experimental research of influence of forced liquid-air cooling of
frictional elements of the disk brake on efficiency of mechanical braking. That was evaluated by the experimental
estimation of the friction coefficient and integral mean temperature of interacting surfaces under different modes
of operation of the cooling system and mechanical braking.

Key words: braking efficiency, cooling of the frictional contact zone, disk brake, system of liquid-air cooling.

INTRODUCTION

The operation efficiency of the frictional brake systems of the rolling stock is the main factor
of safety motion, on the reliability of which a number of emergency situations on railway depends.
The increase of the speed motion of the trains suggests new, stricter requirements to the operation
characteristics of frictional brakes, namely, disk brakes. The main obstacle in the increase of ef-
fectiveness of the disk brake is known to be the temperature which is generated in the contact zone
of the block and disk while braking [2, 6, 7]. In connection with this, forced heat energy rejection
which is generated while interacting with brake elements is one of the ways of increasing effective-
ness in the use of mechanical braking devices [3].

The paper presents the results of experimental research on the effectiveness of the forced heat
energy system from the area of contact of frictional elements of the disk brake in the rolling stock.

EXPERIMENTAL UNIT

Experimental research of the braking process was made with the help of the laboratory stand
which was worked out by the department of hoisting-and-conveying machinery of the Volodymyr
Dahl East-Ukrainian National University [9]. The stand is intended for testing different designs of
brake devices and checking their outlet parameters. The diagram of the experimental unit is shown
in Fig. 1.

The stand gives the possibility to accumulate kinetic energy with the help of rotating disks, to
fix the rotation frequency, the number of switches and the durability of the drive operation as well
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as to register the following outlet parameters of the brake and the drive: the braking moment, force
thrust, the time of disconnection of the brake and the drive acceleration, the time of switching and
braking, the temperature of interacting surfaces, the turning angle of brake posts.
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Fig. 1. Principle diagram of the experimental stand

The stand works in the following way. The brake 1 is set up on the flexible frame 2 with the
help of the elastic coupling 3. The engine shaft 4 is connected with rotating mass 5 which consists
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of the disks and allows for changing the moment of inertia from 8 to 60 kg'm” due to the attachment
of the disks of flywheel mass to the shaft or disconnection from it. The frame 2 and rotating mass
5 are carried by the rolling bearings which are fastened on the posts.

A closed two-shoe brake constitutes the base of the stand TKTI-200. The brake locking takes
place due to the forces of the compressed spring. The breaking is accomplished by an electrohy-
draulic pusher TTM-25 (corresponding positions 11 and 12 in Fig. 1).

The brake moment (the friction coefficient is defined by its value) was measured with the
help of dynamometrical rings 8 (Fig. 1, A-A), which are symmetrically placed on both sides of the
brake, on which the resistance strain gauges were stuck with glue. Dynamometrical rings are con-
nected with the bed base and a rocker 7 of the flexible frame 2.

Traction force that is proportional to the pressing force of the blocks to the brake pulley was
measured with the help of the transducer 9. It was made in the form of dynamometrical ring with
bonded strain gauges and set up on the brake traction 10 (Fig. 1, b-B). Thoriation of the dynamo-
metrical rings took place each time before the experiments and after them.

Mesh force of the frictional material of the brake blocks and brake pulley was measured by
the strain gauge 21 set up on the axis of the block rotation of the brake device with self-acceleration.

The temperature of the friction surfaces was measured by seven thermocouples set up in the
body of the brake block along its vertical axis.

To fulfill this task it was necessary to make the following changes in the design of the
stand: a heat-remover 13 was set up, it presents the vessel whose dimensions are stipulated by the
calculated quantity of heat which is to be taken from the working zone. The vessel joins the heat
exchanger 18 with the help of the pipe-lines 15, the circulation of the cooling liquid was controlled
by the hydraulic pump 17. A cooling locomotive section 2TE116 was used as a heat-exchanger
(effective area of heat-exchange makes & 52 m’) and it was cooled with the help of the axis fan
BOK — 4,0. The pressing of the heat-remover to the frictional disk (in this case to the brake pulley
with the diameter of 200 mm) was realized by the spring 14 and checked by the dynamometer 19.
A surge tank 20 was used for the compensation of the cooling liquid. A more detailed description
of the cooling system and its functioning is given in the works [4, 5, 8].

The influence of the cooling system on the effectiveness of braking was evaluated by experi-
mental determination of the friction coefficient and the temperature in the contact zone of the brake
working elements under its different operation modes.

RESULTS OF EXPERIMENTAL RESEARCH

The data obtained in the process of experiments dealing with estimation of the friction coef-
ficient between frictional surfaces of the brake block and pulley and integral mean temperature of
the given surfaces are given in Fig. 2 and 3. In Fig. 2 the coefficient changes of friction-slip in the
process of braking are shown (t — the time in the process of braking), Fig. 3 shows mean-volume
temperatures contacting in the process of braking of frictional surfaces. Experimental values of the
received quantities are marked in separate points and the theoretical values obtained in accordance
with the calculation procedure are marked in full line. The procedure is worked out by the authors [5].
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All the experimental values are tested with the help of Styudent criteria [1].
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Fig. 2. Friction coefficient of frictional interacting surfaces in the process of braking;
the pressing force of one brake block makes:
(a) — 1500 N; (b) — 1000 N
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CONCLUSION

The analysis of experimental data gives the possibility to make conclusion of positive influ-
ence of the offered method of active cooling of the frictional brake on the effectiveness of braking.

The friction coefficient while using forced liquid-air cooling is about 30% higher than without
its use (in the case of rejecting about 50% generated heat and pressing force of the brake block of
1500 N). Mean temperature of interacting surfaces is lower by 15% in the comparison with the case
when the cooling system is absent.
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OKCITEPUMEHTAJIBHOE NMCCJIEJJOBAHUME BJIMAHNA ITPUHYAUTEJIBHOI'O
OXJTAXAEHUA ®PUKIIMOHHBIX SJIEMEHTOB ITUCKOBOI'O TOPMO3A
HA 3OPEKTUBHOCTb TOPMOXEHNA

AnHoranmsa. B paGore npencraBieHbl pe3yibTaThl  IKCIEPUMEHTAJIbHBIX MCCICIOBAHUH  BIMSHUA
MPHHYAUTEIBHOTO JKMAKOCTHO-BO3AYIIHOTO OXJIAXACHHUA (DPUKIMOHHBIX JIEMCHTOB JHCKOBOIO TOPMO3a Ha
9 (HeKTUBHOCTS MEXaHUUECKOIO TOPMOXKEHHUS, YTO OIEHMBAJIOCH IIyTEeM JKCHEPUMEHTAIbHOIO ONpPEAe/ICHUs
Kk0d(pdHULIUEHTa TPEeHUs M CPeJHEHHTErpajbHOIl TeMIepaTypbl B3aUMOICHCTBYIOIIUX MOBEPXHOCTEH IpH
Pa3IMYHBIX PeXUMaX PAOOTHI CHCTEMbI OXJIAKACHUS U MEXaHHIECKOTO TOPMOKCHHS.

KawueBsble cioBa: 3(1]q)eKTPIBHOCTL TOPMOKEHHUS, OXJIAXKIACHUE 30HBI (prKI_II/IOHHOI'O KOHTaKTa, JTUCKOBBIN
TOPMO3, CUCTEMA JKUAKOCTHO-BO3AYIIHOIO OXJIAXKACHUS.
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PARAMETERS OF MODE AND CHARACTERISTICS
OF THE PROCESS OF BROAD LAYERED FACING
OF THE CYLINDRICAL PARTS WITH THE HELP
OF SELF-PROTECTIVE DUST

A.Pakholyuk *, V.Skulskyi, [.Hordyi

Assistant Professor, Candidate of Engineering Sciences, Department of
Engineering of the Lviv National Agrarian University

Summary. The aim of the given research was to establish the influence of regime parameters on the melting
and facing productivity and the loss of the melted metal. It is established that sufficient uniformity of the facing
metal thickness and productivity 5.8 kg/h can be obtained at the current of 400A and under condition of the
electrode offset from zenith 9-11 mm. Under such conditions 12-18% of the melted metal will be flowing from
the facing surface in the form of separate drops.

Key words: facing, a broad layer of the metal, shaft, dust, parameters of mode.

INTRODUCTION

The fastest-degradable parts of farm technology have a cylindrical shape and work under
conditions of abrasive and other types of degradation. The area of degraded surfaces (shaft neck, sur-
faces for bearings etc) does not exceed 10-15% of general part area surface. Deletion of such parts
involves a lot of costs invested into working metal and non-degraded surfaces are being wasted.

One of the ways of proceeding with parts resources is their renewal. The special trait of
this process is that there is a need to provide the ability of renewable part to work with minimum
expenses and with the minimum damage of work surfaces.

The most widely used way of renewing is facing [7, 8, 16, 18]. High properties of the metal
facing can be obtained with the help of alloying [2, 12]. The effective way of introduction of al-
loying elements under electric bow facing is including the dusts of the alloying element into the
structure of the dust wire charge or dust tape.

A wide application in farm machine building and repair industry defines the facing as the
self-protective dust wire [1, 17]. It looks like an extensive tape made of light steel with the core in
the form of dust mixture of alloying metals, ferro-alloys, carbides and dusts of gas and slag mak-
ing substances. Such material for facing has a lot of advantages comparing with a solid wire [1,
2]. These advantages consist in an easy change of chemical structure and in the lack of protective
gas or flux or mechanisms for its creation as well as in the possibility to get a great range of built
up materials.
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Facing a broad layered metal with a solid electrode wire of a little diameter under flux layer
is obtained by transferring the electrode along cylindrical surface along the screw line or separate
circular cylinders [9, 14]. To obtain a given width of the layer it is necessary to remelt metal of the
previous cylinder in 50-70%, and the thermal cycle of the first and the last cylinder differ a lot [15].
So, the uniformity of chemical structure of the built-up layer and its mechanical properties appear.

The application of multi-electrode facing [3, 4] greatly complicates the process and equipment
and does not guarantee the necessary quality.

Self-protective dust wire under condition of absence of additional mechanisms for flux or gas
supply allows an electrode to move in an oscillating way, perpendicularly to the vector of facing
speed at the width of built-up layer. This technology in comparison with the screw line facing is
characterized by the high productivity of facing and uniformity of built-up metal.

The scheme of broad layered facing is shown in Fig.1. The main parameters of cylindrical
parts of the facing with the cross oscillation of the electrode are: speed of the electric wire supply
(V,,); voltage on the bow (U,); facing speed (V); average speed of the electrode oscillation (V);
the transferring speed of the electrode end at the extreme positions (V); escape of the electrode (/);
offset (e) it from zenith and radius (R) of electrode oscillation.

Practical application of self-protective dust wire under the facing of cylindrical parts of a little
diameter is restrained by the absence of the most convenient values of these parameters.

Fig. 1. The scheme of facing of cylinder surface
with the diameter D with the cross oscillation of electrode on the width B.

AIM AND METHODS

Taking into consideration the complication of the experiment along with the great quantity of
crucial factors, the aim of the work was to determine the influence of the most important parameters
of the regime on the productivity of the wire melting and loss of the metal. The meanings of the
other parameters in the experiments were being chosen as a result of previous experiments and as
a result of the constructive consideration.

The samples of the 60 mm diameter and 50 mm width made of steel St3 were faced with the
self-protective dust wire ITI1-Ho 30X3I'2CM of the 2,0 mm diameter. The wire contained 1-14%
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of the dusts of gas and slag making substances. The facing was conducted with the special device,
with the source of the welding current using rectifier BJ[Y-506.

While conducting experiments some parameters of the regime were of permanent value: the
speed of the facing — 5,5 m/h; voltage on the bow — 27 V; average speed of electrode oscillation —
213 m/h; speed of the electrode oscillation in the extreme positions — 160 m/h. Current strength was
changed regulating the supply speed of the wire within a 200-400 A, escape of the electrode - 16-30
mm; offset of the electrode from zenith — 8-12 mm, oscillate radius of the electrode - 80-145 mm.

Current strength and voltage were measured with the help of ammeter and voltmeter, time
of bow burning - with electric stopwatch of P-30 type up to & 0,05 sec. Mass of the samples under
investigation before and after facing was measured by weighing up to = 1g. Mass of the built-up
metal was determined as the difference of the two numbers. Special device was made to determine
mass of melted wire which was adjusted on mechanism of wire supply. The device consisted of
ten-toothed cam tightly joined with the mechanism of wire supply, micro-switch, enclosed in the
electric circuit of impulses meter and it worked while the cam turned. One turn of the feeding roller
corresponded to meter indication of 10 impulses. Mass of the wire supplied per one impulse was
measured experimentally.

Coefficient of melting, facing and losses of melted metal as well as facing productivity were
calculated using the following formulas:

o, = G, -3600; o, = G, -3600; P G, -G, 1005 Q, = a; -1,

I,-t I, -t G 1000

w w m

In the above-presented formulas:

a,, a — coefficients of melting and facing, g/A h;

u - coefficient of losses, %;

G, — mass of melted metal, g;

G ,— mass of built-up metal, g;

I, — power of welding current;

t — time of bow burning;

(0] o~ facing productivity, kg/h.

Calculation of coefficients of melting, facing and losses of the melted metal was carried out
taking into account the presence of 10-14% of dusts of gas- and slag-making components in wire.

RESULTS AND DISCUSSION

The conducted experiments and calculations have shown significant changes of the process
characteristics after the change of the mentioned parameters.

At the radius of electrode oscillation of 80 mm and excepted value of other parameters,
facing productivity increases while increasing strength of welding current and escape of electrode
(Table 1).

A smaller influence on the productivity of facing is caused by an increase of radius of elec-
trode oscillation (Table 2), and at the value of R=145 mm the productivity even decreases. It is
obviously connected with the closing of side surface of wire on beads bulging out at the sample
ends (Fig. 2) and excessive sputtering of the melted metal which is proved by the data in Table 3.

Offset of electrode from zenith considerably influences productivity of facing. Data from
Table 4 have proved the increase of losses of melted metal under conditions of research by offsets
of electrode from zenith by more or less than 8-9 mm. It is connected with the flow of melted metal
from the welding bath in form of drops before and behind the electrode.
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Table 1.Dependence of productivity of melting on the strength of welding current
and escape of electrode at R = 80 mm

Current strength, A Escape of electrode, mm Productivity of melting, kg/h
1% 2,65-2,74
2,7
200 ”3 2,88-2,93
2,9
30 3,11-3,28
3,2
6 4,62-4,79
4,7
300 ”3 5,07-5,12
5,1
30 5,40-5,58
5,5
1% 7,11-7,32
7,2
400 ”3 7,85-17,96
7,9
30 8,70-8,90
8,8

Thus, estimation of correctness of choice of electrode offset from zenith can be done by
evaluation of the built-up layer of metal: if thickness of layer in the middle part is smaller — offset
is too large, metal flows backwards, if thickness of layer in the middle part is larger — offset is too

small, metal flows forwards at certain temperatures of the heated sample.

It is worth mentioning that offset of electrode from zenith will increase after certain time of
working as a result of erasing of metal opening of current-carrying terminal of nozzle. Optimal offset
of electrode will happen in case when thickness of layer is the same at any point.

Dependence of productivity of facing on the strength of current and offset of electrode at
excepted values of other parameters is characterized by existence of extreme value at certain values

of electrode offset (Fig.3).

Table 2. Dependence of productivity of melting on the strength of welding current
and radius of oscillation at escape of electrode /, = 23 mm

Productivity of melting (kg/h) at radius of oscillation (mm)

Current strength, A

80 115 145
200 2,87-2,93 3,08-3,13 2,83-2,95
2,9 3,1 2,9
300 5,07-5,14 5,18-5,21 4,97-5,03
5.1 52 5,0
400 7,82-17,96 7,96 8,05 7,41-17,57
7,9 8,0 7,5
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Fig. 2. Appearance of built-up samples.

Table 3. The influence of strength of welding current and radius of oscillation of electrode
on the losses of melted metal at escape of electrode /, = 23 mm and its offset from zenith e = 8 mm

c ¢ streneth. A Metal losses (%) at radius of oscillation (mm)

rrent stren,

HiTent STEngt, 80 115 145

200 6,2—-6,65 9,0-9,57 15,1-16,7
6,4 9,3 15,8

300 10,1-11,0 12,0-13,4 16,9-18,2
10,5 12,7 17,5

Table 4. The influence of strength of welding current and offset of electrode from zenith on the losses
of melted metal at escape of electrode / =23 mm and oscillation radius R=80 mm

Losses of metal (%) at offset of electrode (mm)
Current strength, A

0 4 8 9 10 11 12
200 13,5 8,2 6,4 8,2 10,7 13,4 16,4
300 17,1 11,8 10,5 12,1 14,9 18,1 21,2

Flow of the melted metal is the reason of such dependence. Taking into account the fact
that the thickness of built-up layer should be even at the facing of thick layer of metal with cross
oscillation of electrode, its offset from zenith should be chosen to obtain even thickness, allowing
certain loss of melted metal at flow from welding bath back to electrode.
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Fig. 3. The dependence of productivity of facing on the offset of electrode from zenith at strength
of current 400 A, diameter sample 60 mm and layer thickness 50 mm.

SUMMARY AND CONCLUSIONS

1. Researched parameters of regime of facing of cylindrical forms with cross oscillation of
self-protective dust wire considerably influence the productivity of melting and facing.

2. Maximal productivity of facing 5,8 kg/h at the speed of facing 5,5 m/h can be achieved
at current 400 A and offset of electrode from zenith 9-11 mm. Increase and decrease of
offset causes partial flow of metal of welding bath in form of separate drops.

3. Sufficient uniformity of thickness of built-up layer is achieved at offset of electrode from
zenith 9-11 mm, when 12-18% of melted metal of welding bath will flow from built-up
surface.
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ITAPAMETPBI PEXXUMA U XAPAKTEPUCTUKH IIPOUHECCA
HNPOKOCJTOMHOU HAIVIABKY HWIMHAPUYECKUX JETAJENA
CAMO3AINMTHOMU ITOPOIIKOBOU IMTPOBOJIOKOU

AnHoTtanus. [lensio paboTs! ObLIO HCCIeOBAaHNE BIMSHISA IAPAMETPOB PEXKUMA HA IPOU3BOJUTEILHOCTH IIaB-
JICHHS M HAIIABKH U IIOTEPU PACIIIABICHHOTO MeTallla. YCTAaHOBICHO, YTO JOCTAaTOUHYIO PAaBHOMEPHOCTH TOJI-
IIMHBI HAIUIABICHHOTO CJI0S M MPOU3BOAUTENBHOCTD 5,8 Kr/4ac. MOXKHO MOTy4YHTh Ha Toke 400 A u cMemeHnu
enexrpoza u3 3enura 9-11 mm Ilpu sTom 12-18% pacmmaBnenHoro Meramia OyfeT cTeKaTh M3 HAIUIABISIEMOU
TIOBEPXHOCTH B BUJIE OTAENIBHBIX Kallellb.

KnroueBble cj10Ba: HalIaBKa, IMMPOKHIA CIION MeTalIa, BaJl, HOPOLIKOBAs IIPOBOJIOKA, IAPAMETPhI PEXKIMA
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INTERNET COMPENDIUM OF SAFETY RULES
FOR THE TRANSPORT OF DANGEROUS MATERIALS
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Summary. The article presents basic information about laws applicable and required for the rail transport of
hazardous materials. An internet compendium of safety principles is presented and discussed, as a useful tool
to apply when transporting hazardous materials, to support the acquisition, expansion and testing of knowledge
in this field.

Key words: compendium, transportation, dangerous materials, safety principles

INTRODUCTION

Economic conditions force changes in the transport system. Increasingly, attention is drawn
to the fast development of international transport by improving the legislative process and the
organization of the transport process [1]. The changes should also include rules for the carriage of
dangerous goods.

The basis of the dangerous materials transport process, inter alia, is the proper way of con-
duct of people who are directly involved in the implementation of the consignment of the material.

In Poland, despite the popularity of rail transport in recent years, transportation of dangerous
materials by rail is about 18%, while road transport is the main method of transport of hazardous
materials and involves about 81%. On the basis of reports of safety advisers, in 2007 about 100
million tons of dangerous goods were transported in Poland (on the road), and about 23 million
tons (by the railway) [6].

Carriers operating rail transport of hazardous materials should pay particular attention to:

» training of persons actively engaged in the organization and the process of transporting

dangerous goods;

o distribution and characteristics of hazardous materials released for transport by rail as

well as their packaging and labeling;

» the operations of loading and unloading;

* shipping documentation;

» technical and operational conditions of railway vehicles, railway lines and markings;
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» principles and organization of traffic at railway stations and ways of its surveillance ac-
cording to the nature and extent of risks in timing and maneuvering [2, 3, 4, 12].

THE AIM AND THE RANGE OF WORK

These issues are described in the applicable legislation (laws, guidelines, station bulletins,
official instructions), which contain detailed requirements for the safety of eliminating the danger
to humans, environment and the proper organization of transport of hazardous materials by rail
[10, 11].

Persons employed by carriers must be trained in the requirements related to such carriage
and throughout the period of employment on an ongoing basis are subject to supplemental train-
ing. Changes in regulations require the conducting of periodic or ad hoc training [8, 13, 14]. For
example, people involved in the filling and emptying of tanks should be trained in the requirements
relating to the carriage of liquid fuels, according to the degree of their responsibilities and their
duties. Training should include:

» general rules on the carriage of dangerous goods,

» specific provisions relating to their responsibilities and obligations,

» threats posed by dangerous goods, safe way of dealing with them, their protection and

emergency procedures [15].

Training should be conducted prior to taking up the duties of the carriage of dangerous goods.
Information on all of the trainings should be kept by the employer and employee, and verified by the
new employment. Training should be supplemented periodically to reflect changes in the rules [8].

For quick access to the evolving knowledge in this area, an Internet compendium was devel-
oped on safety precautions when transporting hazardous materials.

Joomlal.5.x was used for the construction of the compendium - content management system
that provides ready-made solution for building portal applications with different profiles, especially
due to the availability of many additional components. As a software platform needed to run the
application the following can be used: Apache, PHP scripting language and MySQL database server
[7, 16].

The prepared compendium includes, among other things:

» current classification of hazardous materials, including:
explosives and explosive items,

gases,

inflammatory liquid materials,

solids, flammable, self-reactive substances and explosives, desensitized;
pyrophoric materials;

materials which, in contact with water, emit flammable gases;
oxidizing materials (oxidative);

organic peroxides;

toxic substances;

infectious materials;

radioactive materials;

corrosive materials;

miscellaneous dangerous substances and articles;

» safety rules;

O 0O 0O 0O 0O O O O O O O O o
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* marking (marking principles) of rolling stock;
« example of a model sheet of hazardous chemicals;
» control questions in the form of quiz [6, 17, 18, 19, 20].

RESULTS

Examples of elements included in the compendium are presented in Figures 1, 2, 6. Addition-
ally, Figure 5 shows a carriage for transporting hazardous materials, together with the description
and the correct labeling.
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MARKING OF THE TRANSPORT UNIT - EXAMPLE

Proper marking of the transport unit for liquid fuel is composed of plates in orange (Fig. 3)
and placards (Fig. 4). Approved method of marking is to:

« inform other participants about the existing threat,

+ informing the emergency services taking action on the scene involving dangerous goods.

Crange bapagrours

£ R
\

Fig. 3. Orange plates [9]

The transport unit carrying dangerous goods should be provided with two rectangular reflec-
tive plates in orange - plain or with numbers. Numbers (number) placed on the tables mean: the
number in the upper part is the number of hazard identification, while the bottom - a UN number
of the liquid fuel.
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e flame Crangh backgrourd FBlack flame

Fig. 4. A sample class of label 3 [9]

Transport unit carrying liquid fuel should be provided with warning stickers affixed to the
carriage, with background in a contrasting color. The shape of a square rotated at an angle 45°
and a side length of 25 cm. Boards and stickers should be visible, weather resistant, numbers and
symbols indelible, remaining in transit in their seats and remaining legible after 15 minutes in a fire
[3,9].
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CONCLUSIONS

The developed system is a form which complements the required training for those involved
in the transportation of hazardous materials.

Building online compendium of using content management system does not require additional
training on computer use, or using additional software. Access to the content is possible both via
the Internet and within internal network in a company.

Ease of use of the collected information is provided by the legibility of the menu, which al-
lows for quick access to current regulations and requirements, whether using a personal computer
or mobile devices.

In addition, a simple form is provided for all users to verify their knowledge with the placed
set of control questions.

Furthermore, the technology applied for the construction of the compendium allows to easily
extend and customize its contents to the changing rules of carriage of hazardous materials, as well
as to create a new set of control questions.
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INTERNETOWE KOMPENDIUM ZASAD BEZPIECZENSTWA PRACY
PRZY TRANSPORCIE MATERIALOW NIEBEZPIECZNYCH

Streszczenie. W artykule przedstawiono podstawowe informacje dotyczace aktow prawnych stosowanych i wy-
maganych przy transporcie kolejowym materiatéw niebezpiecznych. Opisano i zaprezentowano internetowe
kompendium z zakresu zasad bezpieczenistwa pracy przy transporcie materiatéw niebezpiecznych jako narz¢dzie
do wspomagania pozyskiwania, rozszerzania i sprawdzania wiedzy z tego zakresu.

Stowa kluczowe: kompendium, transport, materialy niebezpieczne, zasady bezpieczenstwa
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THE IMPACT OF INTAKE CANAL GEOMETRY ON KINEMATICS
OF LOAD IN COMBUSTION CHAMBER

Piotr Pigtkowski

Technical University of Koszalin, Department of Mechanical Engineering,
75-620 Koszalin, Ractawicka Street 15-17, e-mail: piotr.piatkowski@tu.koszalin.pl,

Summary. The results of analysis of technical possibilities to increase engine efficiency were presented in this
article. This problem was connected with kinematics properties of air inflow to the combustion chamber. The
possibilities of intake airflow modulation have a positive impact on the level of engine usable parameters and
emission. This issue was presented in the results of experimental research. Results of baseline research gave
information about the flow resistance. On the basis of the results of experimental research the conclusions were
made.

Key words: supply system, engine, combustion chamber

1. INTRODUCTION

The efficiency of engine is the highest priority during the designing of modern engines. Those
questions corresponding to the decrease of fuel consumption and decrease of impact on natural envi-
ronment have become extremely important. Efficiency is also important today, when intensification
of transport use has had a negative impact on air clarity and economic growth and is the cause of
an increase in fuel consumption.

The direction of sparkle ignition (SI) engine development was based on the development of
automotive market and introduction of new technology which has given many new products. Now,
the most important aims are the decrease of fuel consumption and fulfilling more and more radical
norms of emission relating to toxic gases emissions as well as the keeping of high level of usable
engine parameters such as torque and power.

Photochemical smoke over the city is today the ,,normal” effect of chemical reaction under
sunrays in the big and high industrialized cities.

In most of the countries the administrative limits have been imposed on fumes emissions.
The toxic gases involved are; hydrocarbons (C H, ), carbon monoxide (CO), nitric oxide (NO,),
molecular parts (PM) and sulfur oxide (S — mainly from the fuel pollution).
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Fig. 1. Average fuel consumption by modern cars with automatic transmission[12]
(test type - ADR 81)

Currently, in the phase of continuous development are systems which are able to increase
energy efficiency of SI engines, as well as achieve better energy - ecological parameters. By apply-
ing a combination of a few different modern constructional systems, the considerable decrease of
fuel consumption and exhaust gases emission could be achieved (Fig. 1 and 2).
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Fig. 2. Comparison of specific fuel consumption and hydrocarbons emission for GDI engine
by the injection and mixture type [3]
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The alternative fuels as a source of energy for the modern engine are still developed by the
quality and exploitation requirements. It can be a cause of more effective use of these fuels as a re-
newable source of energy in the future. Apart from this, now we have many possibilities of adopting
engine feeding system to specific properties of fuel [8].

These indirect measures of have helped to achieve lower levels of fuel consumption and toxic
gases emissions as well as the increase (or maintaining) of engine parameters like torque and power.

Many researchers [1, 6, 7, 10] were engaged in the research on the impact of intensifica-
tion of vortrex in combustion chamber on heat transfer in SI engine. Others were engaged in
the research on the impact of turbulence on heat growth [2, 4, 11] and stabilization of the burn-
ing process in piston engines [5]. The results of this type of research are indicative in a different
way of the impact of swirl on engine work conditions. The authors agree that the vortrex has
a positive impact on air-fuel mixture formation by achievement of a more homogeneous form.
This conclusion was made by the achievement of decrease of level emissions of carbon monox-
ides and hydrocarbons. Also, the increase of nitric oxide was achieved. However, the impact of
vortrex on heat transfer was not clear. The possibilities of intensification of preliminary swirl in
intake canal are seldom mentioned in research works. This intensification can be very important
in cases of:

« formation of homogenous mixture,

e low RPM level,

» engines with a relatively small capacity of one cylinder

» application of alternative fuel in the engine feeding system.

2. EXPERIMENTAL STAND

The experimental stand was based on the real intake system of four strokes, four cylinders
SI engine with displacement of 1598 cm. The diameter of intake canal for experimental stand was
34 mm. The cause of difference between engine and model was accessibility of tubes on the local
market.

The effect of swirl was achieved by using a flexible element with the 65 mm length, width
32mm and thickness 0,4mm steel tape assembled inside the tube. The real view of this element is
presented in Figure 3.

On the basis of these assumptions the airflow experimental model in the intake canal was
built. The picture of experimental stand is illustrated in Figure 4.

The value of airflow resistance (4p) was determined using the equation;

Ap =p-g-n-l[Pa], ()

where;

p — density of liquid in manometer [g/ccm],
g — Earth acceleration [m/s’],

n — manometer ratio,

[ — number of gradations.
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Fig. 3. The picture of canal with flexible geometry [9]; 1 — steel tape

Fig. 4. The experimental stand; 1 — Prandtl’s pipe, 2 — flexible tape, 3 - airflow stabilizer,
4 — ventilator, 5 — Recknagel’s micro manometers

The value of velocity was achieved on the basis of dynamic pressure in two self-orthogonal
planes. Measure points were based on the divided field of tube surface. The diameter of tube was
divided by nine rings with 2 mm width. And so the four measure points for each ring were achieved.

The airflow velocity (v) for each measure point was calculated according to the equation;

_ 2gpn1
v= }—1’ 3 [m/s]. (@)
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The average value of velocity for the field of tube surface was achieved from;

9
O !
n=1
but;
d>-d 2
.An=71"( nl 4 n2 )’[mz]’
where;

A — field of surface of orthogonal canal intersection [m’],

A — field of surface for n —ring,

n — number of the ring,

v .., — airflow velocity for the successive 7 - ring and measure point,
d , — outside diameter for » — ring,

d ,— inside diameter for » — ring.

3. RESULTS OF EXPERIMENTAL RESEARCH

3)

“)

The research was concerned with the assessment of impact of flexible geometry ca-
nal on airflow velocity and flow resistance. Also, changing of airflow extreme of veloc-
ity positioning was important for evaluation of velocity profile. As it was mentioned, the
steel tape was a flexible element of intake canal. One end of tape was fixed to the tube by
the first ring, but the second end of tape could change its position by the moving of the
second ring.
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Fig. 5. The airflow resistance (4p) by average airflow velocity (V),
different angle of twist tape (0, 12, 18, i 24) and air filter flow resistance
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In this way, the steel tape was twisted. The second ring was able to make the steel length’s
compensation. The angle of tape twist was from 0+24, however, the obtained average velocities
were from 3,5+9,2 m/s. The composition of experimental research results concerned the assessment
of airflow resistance by average velocity and the angle of tape twist was presented in Figure 5.

A very important conclusion from the analysis of Figure 5 is that the use of flexible element
of intake canal has no significant impact on airflow resistance and the airflow resistance is even
lower than for the clear air filter flow. The difference between the lowest and the highest resistant
value for the tape twist 24" for the achieved airflow velocity was only a bit more than 5 Pa, while
the measure deviation of airflow resistance was 0,96 Pa.

v [m/s]
=302 =400 =644 =779 =857 =474

Ap |Pa]
=591 B=11,62 =4=18 8 =w=35 25 <#=31,71 =e=34 53

Fig. 6. The composition of velocity profiles of airflow for two mutually perpendicular
planes inside the canal; 1 - the highest airflow velocity (11,2m/s)
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These results are very promising for the achieved change of airflow velocity profile for the
cross intersection. Suitable velocity profile can help to deliver cylinder load without the meeting
with valve head and the intensity of turbulence will decrease, than it can decrease filling loses.

From the analysis of results illustrated in Figure 6 we can see that by the change of angle
tape’s twist, the change of airflow velocity profile was achieved. It was very effective for the angle
of tape twist 24" There the two extremes for velocity profile next to inside tube’s walls appeared.
This experiment can be very useful for implementation of flexible intake canal for air inflow to
combustion chamber to the piston engines. In this way, we can get an insignificant increase of flow
resistance (about 7%). Suitable positioning of flexible element inside intake canal for intake valves
has a positive impact on the effect of load swirl penetration from intake’s canal to the combustion
chamber.
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The location of measurement point on the diameter

Fig. 7. The view of change of airflow velocity profile during inlet to the cylinder for parallel canal

It will be very useful for the mixture preparation. On the composition of speed profile (Fig.
6) the displacement of the minimum from the center was achieved. The cause of this was an un-
expected, not axial deformation of tape during the twist — which will be dealt with during the next
experimental research.

In Figure 7 the change of airflow speed profile during inlet to combustion chamber was
illustrated. There we can see the positive action of swirl from intake canal, which displaced the
center of intake airflow to the center of cylinder. It will be very helpful from the points of view of
the mixture preparation and combustion process.

4. FINAL CONCLUSIONS

On the basis of the results of experimental research the following conclusions can be drawn:

1. Implementation of geometrically flexible element of intake canal has no significant impact
on the flow resistance (even less than impact of air filter).

2. The velocity of airflow and the angle of tape twist have an impact on the kind of velocity
profile change.
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3. The change of airflow velocity profile can be the cause of decrease of turbulence from
valve head.

4. Effect of load swirl during filling of combustion chamber has an impact on the achieve-
ment of better condition of mixture preparation (the mixture is more homogeneous)
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WPLYW GEOMETRII KANALU DOLOTOWEGO NA KINEMATYKE RUCHU
EADUNKU W PRZESTRZENI ROBOCZEJ SILNIKA TLOKOWEGO

Streszczenie. W artykule przedstawiono wyniki badan eksperymentalnych oraz analizy literatury pod wzglgdem
mozliwosci technicznej realizacji pracy silnika z uwagi na ograniczenie emisji spalin oraz zmniejszenie zuzycia
paliwa. W pracy przedstawiono zagadnienia zwigzane z mozliwoscia wykorzystania zjawiska zawirowania
tadunku na tle uzyskiwanych wartosci parametrow pracy. Zamieszczone wyniki badan eksperymentalnych
przeprowadzone na stanowisku modelowym pozwolity uzyska¢ odpowiedz na zagadnienia oporéw przeptywu
oraz pozwolily okresli¢ wnioski dotyczace technicznej mozliwosci implementacji do silnika badawczego.

Slowa kluczowe: system zasilania, silnik, komora spalania
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INCREASING THE EROSIVE WEAR RESISTANCE
OF SELECTED IRON ALLOYS BY MECHANICAL
STRAIN HARDENING OF STRUCTURE

Zenon Pirowski, Jerzy Olszynski, Andrzej Gwizdz
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Summary. The article presented here describes the initial stage of studies on the hardening potential of some
selected iron alloys under the effect of internal stresses. Tests were conducted on these alloys when subjected
to compressive and tensile stresses. It has been proved that tensile stresses do not cause hardening of alloy; this
effect is due to the presence of compressive stresses, though their effect on the degree of work hardening may
differ considerably. Investigations were also made on the erosive wear rate, regarded as a factor inducing very
complex surface phenomena in castings on performance.

Keywords: iron alloys, strain hardening, wear, erosion

INTRODUCTION

Strain hardening is a phenomenon which occurs during cold plastic deformation of the pro-
cessed material. It involves the continuous increase of deformation resistance. Therefore, to obtain
higher deformation, the value of the deformation forces must be raised accordingly. Then the pro-
cessed material undergoes hardening and decrease of its plastic properties. Many materials that are
plastic by nature, under the influence of strain hardening may completely lose this property. The
effect of strain hardening increases with the deformation rate. Increasing the temperature reduces
the effect of strain hardening, because higher mobility of atoms facilitates “slides” and “jumps” in
the atomic structure and thus reduces the possibility of the formation of dislocations. An important
role in the strain hardening of materials is played by, along with dislocations, other lattice faults.
Their mutual relations consist in an interaction of the stress fields. For example, the interstitial
dopant atoms are attracted to the edge dislocations, and as a result of this effect the so called
Cottrell atmosphere, i.e. clusters of atoms of the impurities inhibiting the movement of disloca-
tions, is formed. Dislocations are also blocked by grain boundaries, particles of foreign phases,
or other dislocations.
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RESEARCH MATERIAL

As mentioned above, strain hardening is the phenomenon that occurs during cold plastic
deformation of the processed material. Among the cast iron alloys, this phenomenon is mainly
observed in materials with the austenitic structure. In these alloys, the strain hardening mechanism
may consist, on the one hand, in blocking the movement of dislocations, especially in the presence
of micro-and nanoprecipitates (e.g. nitrogen compounds) and, on the other - in initiating, under the
effect of external stress, the transformation of austenite into martensite. Such alloys are, for example,
cast high-manganese steels, cast chromium-nickel steels, and austempered ductile iron.

The following alloys were selected for the studies: cast Cr-Ni-Mo steel with low nitrogen
content (less than 0.2%) and with high nitrogen content (about 0.4%), cast high-manganese steel
and austempered ductile iron, for which a reference material was the same cast iron but without heat
treatment. The chemical composition and designations of the cast alloys are compared in Table 1.

Table 1. The results of melt chemical analysis

Alloy : Chemical comp(.)sition; %
C Si Mn P S Cr Ni Mo \% N Mg Cu
A 1,20 0,30 |[13,0 |0,040 | 0,005 | 0,75 0,20 32 0,04
B 0,19 (0,68 |5,0 0,025 | 0,015 | 243 |[540 |3,35 |1,10 [0,39
C 0,16 0,87 |5,0 0,025 | 0,015 {249 (4,80 |3,35 [095 0,19
DandE | 3,40 |2,10 |0,34 0,03 0,01 1,80 0,04 |0,07 1,00
MECHANICAL TESTS

Typical tensile test was performed for alloys designated with symbols A, B, C, D and E. The
test was conducted on specimens pre-stressed with a force equal to 0.8 F_ for individual non-pre-
stressed alloys.

Hardness was measured by Rockwell technique on heads of the specimens designed for
mechanical tests: directly and in indentations formed by prior measurements of Brinell hardness.

Measurements were also made by Rockwell method on cross-sections of the working parts
of the mechanical specimens: not subjected to external stress, and subjected to compressive stress
with a force of -F_ value and to tensile stress with a force of +F_ value.

STRUCTURE EXAMINATIONS

Using a FERRIKOMP device and a magnetic technique, the content of ferromagnetic phases
was measured in the specimens. The measurements were taken in the material non-pre-stressed, and
then on specimens subjected to cold work with a breaking force F_ applied in static tensile test and
with a force F equal to 0.8 value of the force F_. Tests were also carried out on specimens fractured
after the preliminary application of force F = 0.8 F_, withdrawn after 1 minute.

Microstructure was examined under a Neophot 32 optical microscope. Colour etching tech-
nique and differential contrast were applied.

Metallographic examinations were carried out on alloys not loaded with external stress and
on alloys subjected to tensile stress until specimen failure.
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EROSION TESTS

Erosion tests were performed using a device of the authors’ own design, which enables si-
multaneous testing of 27 specimens.

The erosive media successively used included water-based silica sand slurry, copper slag
grit, and coal dust. Erosive wear tests were carried out each time for 40 hours (total of 120 hours).
Specimens of all alloys were tested simultaneously, due to which the same experimental conditions
were created and the possibility of a comparative assessment of different alloy types. As a measure
of erosion resistance of various alloys, the wear rate Z/h [mg/h] was adopted, specifying the weight
loss per unit time.

Tests were carried out on specimens not pre-stressed and pre-stressed with a force equal to 0.8
F . The technique of pre-stressing and the magnitude of the applied stress were discussed earlier.

Summing up the results of erosive wear in three types of abrasive media, the wear rate of the
specimens of the examined alloys was determined in different and changing abrasive environments.

ANALYSIS OF RESULTS

Static tensile test at room temperature, carried out on specimens not subjected to external
stress and on specimens pre-stressed with a tensile force equal to 0.8 F_ gave no evidence in any
of the investigated alloys of the visible effect of hardening.

On the other hand, the effect of hardening was observed in the examined alloys after the
application of initial compressive stress due to a pressure exerted by a 10 mm dia. ball acting with
a force of about 30 kN.

For the examined alloys, this effect is graphically shown in Figure 1.

Change in HRC hardness; %

Alloy

Fig. 1. Effect of compressive stress on the strain hardening of the tested alloys
a - without pre-stressing
b - in HB indentations
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Rockwell hardness measurements were also used as another method for the evaluation of
hardening effect in the investigated alloys. The effect of hardening was evaluated in the 8 mm dia.
specimens subjected to both tensile stress acting with a force equal to + F_, and compressive stress
acting with a force equal to -F_. The results of this hardening were quantified and shown graphi-
cally in Figure 2.
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Fig. 2. Relative increase in HRC hardness in the tested alloys
a - in HB indentations
b - after application of -Fm compressive force
¢ - after application of +Fm tensile force

One of the hardening mechanisms can be the Yy — a transformation under the influence of
external stress. Paramagnetic austenite is then transformed into ferromagnetic martensite.

In the examined alloys, the main ferromagnetic phases are ferrite, martensite, and cementite
(both free and combined in pearlite). The paramagnetic phases mainly include austenite and graphite
(in cast iron), occupying a small volume, especially when in the form of spheroids.

The measurements of the volume content of ferromagnetic phases showed that under the in-
fluence of external tensile stress in cast high-manganese steels and ductile iron (without austenite),
the y — a transformation did not occur. To some extent it did occur in the cast Cr-Ni-Mo steel with
high nitrogen content (0.4%) and in austempered ductile iron (ADI). This effect occurred but only
under loading with a force equal to 0.8 F_; at higher loads it occurred no longer.

A pronounced effect of y — o transformation under the influence of external stress was
observed in cast Cr-Ni-Mo steel with low nitrogen content (0.2%). This effect, depending on the
magnitude and method of application of tensile stress, caused an increase in the amount of ferro-
magnetic phases in this alloy from 24% to 30% or 36%, sometimes even up to 43%, i.e. by nearly
20%. This fact has been confirmed by metallographic observations.
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7. CONCLUSIONS

The lack of the hardening effect observed in specimens subjected to pre-stressing with the
external tensile stress acting with a force equal to 0.8 F may result from the fact that the load relief
for a short period of time does not lead to the aging process after cold work. This phenomenon is of
a diffusive nature. To disperse Cottrell atmosphere grouped around the dislocations it is necessary
to relieve the load for a period of a few months at ambient temperature or preheat the specimens
to temperatures above 400°C.

The hardening effect observed with the application of compressive stress can be caused by
a number of factors, including:

— amuch higher deformation rate in the case of compression (up to 3 kN/s) compared with

tension (0.5 kN/s) strongly favours hardening,

— specimen fracture along the grain boundaries during the tensile test releases the accumu-

lated dislocations, resulting in relaxation of material,

— due to significant compressive stress, the intermolecular distances are reduced, which

increases the cohesive forces resulting in alloy hardening.

Measurements of the amount of ferromagnetic phases in alloys before and after cold work
and metallographic examinations of these alloys have shown that the y — o transformation occur-
ring under the influence of external tensile stress was distinctly observed to take place only in the
cast Cr-Ni-Mo steel with the addition of about 0.2% nitrogen. In other alloys (cast high-manganese
steel, cast Cr-Ni-Mo steel with about 0.4% nitrogen, ADI) austenite was stable enough to practically
prevent the occurrence of the transformation. In all these cases, the austenite stabilising factor was
the high content of either carbon or nitrogen; in the case of ductile iron without heat treatment,
austenite did not occur in the as-cast state, thus preventing the occurrence of the y — o transforma-
tion under these conditions (cold work at room temperature).

Comparing these results with the hardness measurements leads to a conclusion that hardening
of the examined alloys under the effect of pressure did not result from the transformation of austen-
ite into martensite, but rather generally from transformation into the o phase. The hardening was
definitely stronger in a Cr-Ni-Mo steel with 0.4% nitrogen and ADI than it was in the, undergoing
this transformation, cast Cr-Ni-Mo steel with 0.2% nitrogen. The reason for the observed hardening
effect may therefore be the formation and concentration of dislocations at grain boundaries and on
micro-and nanoparticle precipitates. The mechanism of such hardening was proposed by Orowan.

During erosive wear, the material is exposed to continuous pressure exerted by small particles
of abrasive media. This pressure causes the formation of local internal stress in the examined mate-
rial. In the crumple zone, cyclically variable stresses of different nature are operating. The surface
microareas of the substrate are exposed to compression, stretching, bending, shear, etc. This, prac-
tically impossible to grasp, variability of stresses makes outer layers of the substrate, attacked by
the particles of abrasive medium, undergo fatigue wear and tear off from the surface uncovering
the successive layers.

Thus, the alloy tendency to hardening under the effect of external stress should be character-
istic of its increasing resistance to erosive wear. Studies of the wear rate may, therefore, serve as
a tool for validation of the results obtained by other laboratory tests.

A comparison of the erosion wear rate in corresponding specimens (prestressed with tensile
stress or not) showed that pre-stressing of specimens with a force of 0.8 F_ increased in a signifi-
cant way the resistance to erosive wear only in alloy B (cast Cr-Ni-Mo steel with an addition of 0,
4% nitrogen). In the case of other examined alloys, the application of this cold work did not give
positive results.
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The results obtained show high complexity of the hardening phenomena. The, occurring as
a result of external stress, transformation of yFe into o Fe, as well as the increase in alloy hardness
due to the formation of dense dislocations during cold work need not be the factors leading to an
increased resistance to erosive wear. Equally important factors are: the quantitative content of differ-
ent phases in the matrix (resistant austenite, non-resistant ferrite), their morphology, or the presence
of possible precipitates (graphite, carbides, nitrides, intermetallic phases, etc.). These factors change
the run of the process of the loss of coherence in material subjected to the effect of destructive loads.

Higher resistance to erosive wear observed in cast Cr-Ni-Mo steel with 0.4% nitrogen
(35HRC) subjected to preliminary cold work, compared with the same cast steel but with a nitro-
gen content of about 0.2% (45 HRC), can prove that it is nitrogen that plays here the decisive role.
On the one hand, nitride precipitates are formed inhibiting the dislocation movement and acting as
a source of dislocation loops (Orowan mechanism), while - on the other - the presence of nitrogen
as such increases the impact of Cottrell atmosphere on the movement of dislocations.

The, observed in the case of cast Cr-Ni-Mo steel with 0.2% nitrogen (alloy C), increased
erosion wear rate in some abrasive media of the specimens after prestressing indicates that the
vy — o transformation occurring under the effect of pressure (the content of paramagnetic phases
reduced from 76% to even 57% ) need not be the transformation of austenite into martensite, as
confirmed by metallographic observations.

The results of the executed studies, although marking only a preliminary step in the research,
have already undergone the first practical trials. A series of the pilot castings operating as parts of
agricultural machines working in soil have been produced. They successfully passed the stage of
performance tests and, at present, their production is being launched in cooperation with PIMR
Poznan within the framework of a Structural Project (SPO_WKP; Action 1.4.1).
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ZWIEKSZENIE ODPORNOSCI WYBRANYCH STOPOW ZELAZA
NA ZUZYCIE EROZYJNE POPRZEZ MECHANICZNE
ODKSZTALCENIA STRUKTURY

Streszczenie. Artykul opisuje poczatkowy etap badan na temat mozliwosci hartowania wybranych stopow
zelaza pod wptywem naprezen wewnetrznych. Przeprowadzono badania tych stopow w warunkach $ciskania
i rozciagania i udowodniono, ze napr¢zenia rozciagajace nie powoduja stwardnienia stopu; na efekt ten wptywa
obecnos¢ naprezen, cho¢ ich wptyw na stopien umocnienia moze si¢ znacznie rézni¢. Zbadano rowniez tempo
zuzycia erozyjnego, traktowane jako czynnik indukujacy bardzo ztozone zjawiska powierzchniowe w powsta-
jacych odlewach.

Stowa kluczowe: stopy zelaza, odksztatcenia, Scieranie, erozja
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APPLICATION OF AN IDUCTIVE CONVERTER
FOR MEASURING THE THICKNESS
OF ANTI-CORROSION COATINGS IN MACHINES
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Summary. The paper deals with measuring the thickness of anti-corrosion coatings. We discuss anti-corrosion
treatments and various methods of testing them as well as present factors affecting measuring errors of induc-
tive converters. Then, we describe the operation of a transformer inductive converter applied to measuring the
thickness of selected anti-corrosion coatings.

Key words: inductive converters, anti-corrosion coating, measuring methods

INTRODUCTION

Corrosion is a problem affecting practically all branches of industry. Despite using more and
more effective anti-corrosion treatments corrosion damages are still the most frequent causes of
failure or aggravating technological parameters in many machines, devices, or constructions. Non-
destructive tests of corrosion damages can contribute significantly towards assessing the technologi-
cal condition of machines and construction while they are being in use. There exist a number of
methods of protecting metallic elements from corrosion, including surface treatments (zinc plating,
painting, bitumen coating, and others). Coatings applied for protective or decorative reasons should
meet desired parameters of quality, thickness, resistance and looks. Measurements of the thickness
of surface coatings are applied in automotive, electronic, metallurgical, plastic, telecommunications,
aviation and food industries.

Various types of anti-corrosion treatments have to meet detailed standards concerning their
properties, thickness, and testing methods. The method of applying the coating, its thickness, ac-
ceptable deviation, and measurements are determined in the technological process. Measurements
can be performed by means of a number of devices and methods, which are selected depending
on the specific conditions and requirements, such as access to the surface examined and properties
of the substrate and coating [Beamish 2000; Biestek, Sekowski 1973; Gorecka, Polanski 1983;
Petrilli 2001].

The measurement methods can be divided into destructive and non-destructive. Destructive
methods are more universal and in many cases advantageous, whereas non-destructive methods are
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recommended for measuring coating thickness when it is not possible to take a coating sample, or
when destroying the coating is not advisable.

The non-destructive methods include magnetic, electromagnetic, inductive, and eddy-current
testing. Most thickness gauges typically employ the eddy-current method or inductive methods. One
of the most popular gauges is a transformer inductive converter used for measuring the thickness
of conducting and non-conducting surface coatings on ferromagnetic substrates [Bronkiewicz, Jan-
iczek, Ptak 2005; Bronkiewicz, Ptak 2005; Lewinska-Romicka 2001a; Lewinska-Romicka 2001b;
Petrilli 2001].

APPLICATION OF THE INDUCTIVE CONVERTER
FOR MESURING THE THICKNESS OF ANTI-CORROSION COATING

An inductive converter may have a single coil, in which case it is a choke converter, or two
or more coils, in which case it is a transformer converter. The windings on the ferromagnetic core
are elements of the choke (current transformer) with the open magnetic circuit. It is induced by
alternating current of frequency from a few hundred to several thousand Hz. The magnetic circuit of
the converter is closed by the coating and substrate examined, and the coating is a gap in the circuit
(Fig.1). The signal coming from the inductive converter situated over the area examined depends
on a number of parameters. A parameter significantly affecting the signal strength is the distance d
from the surface tested [Janiczek 2006; Lapinski 1974; Senczyk 1994].

//////////////// it //////////// //////////// e
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Fig. 1. Inductive converter for measuring the coating thickness; 1 - coating, 2 - substrate,
3 — magnetic flux path, 4 - windings

It can be assumed that the measuring signal corresponding to a given thickness of the coating,
such as the voltage U, for the transformer converter, depends on the quantities characterizing its
construction and parameters of the element tested. The dependence can be represented as

w2 w2

U —f(d dp,yw,,up,g £, ,£.1,2,,2, kA)

where

U,- the output voltage signal of the converter,

d,, d, - the thickness of the coating and substrate, respectively,

M, 1, - the magnetic permeability of the coating and substrate, respectively,
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€, 6,7 the permittivity of the coating and substrate, respectively,

f - the frequency of the current power supply,

I - the amplitude of the power supply (current) signal,

z,, z,- the number of turns in the power supply winding and in the measuring winding,

k - the construction coefficient of the converter,

A - the coefficient related to the dimensions and shape of the sample examined.

It can be therefore assumed that the voltage induced at the secondary winding depends on
the coating thickness, magnetic permeability of the substrate, radius of the object curvature, the
substrate thickness, area of measurement, coarseness of the surface and distance from the measur-
ing site to the object edge. The output voltage of the inductive measuring converter depends on the
coating thickness, electrical conductivity of the substrate, radius of the object curvature, thickness
of the substrate, area of measurement, coarseness and distance from the measuring site from the
object edge [Beamish 2000; Lewinska-Romicka 2001; Bronkiewicz, Janiczek 2004; May, Morton,
Zhou, 2007; Rawa 2001].

FACTORS AFFECTING MEASURING ERRORS
IN INDUCTIVE CONVERTERS

Measuring errors accompanying the use of transformer converters typically result from alter-
nations in the feeding voltage and frequency, changes in temperature, non-linearity of characteris-
tics, change in the impedance phase angle, accuracy of the instrument connected to the converter,
insufficient sensitivity, or interference by electromagnetic fields. Changes in the feeding voltage and
frequency can be usually avoided by using a good quality voltage generator, which is resistant to
such kind of interference. Changes in temperature cause changes in the resistance of the windings
and in order to eliminate them measuring systems are used with two inductive converters connected
differentially. To ensure a sufficient sensitivity of the converter a small gap is used, which may,
however, have negative consequences because when the gap is small, a change in its length affects
significantly the converter sensitivity. Thus, the gap in the magnetic circuit cannot be too small if it
undergoes large changes during the measurement, on the other hand, it cannot be too long to avoid
large dissipation of magnetic flux [Bronkiewicz, Janiczek, Ptak 2005; Hull, John 1988; Janiczek,
Ptak 2007; Mitek 2006]. The nonlinearity between an electric quantity and a nonelectric one, de-
pendent on the changes in the gap length, can be reduced if the converter operation involves only
small changes in the gap length. The magnetic circuits with the differential connection are not fully
symmetrical, so errors may result from changes in the impedance phase angle. To minimize the
risk of such errors, the two halves of the differential converter should be of identical construction
and made of the same materials.

The measuring converter is but an element in the measuring chain so it is also essential to
develop an appropriate computational algorithm which would yield the coating thickness.

The number of factors potentially increasing the uncertainty of the measurement is significant.
The accuracy can be assessed by theoretical analysis and empirical testing of measuring converters
[Biestek, Sekowski 1973; Lapinski 1974; Sajdera 2002; Wilson 2005].

TESTING THE INDUCTIVE TRANSFORMER CONVERTER

The tests of the measuring converter were performed on especially prepared samples with
known thickness of the substrate and the coating. The substrates were ferromagnetic and the con-
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verter was fed mainly by sinusoidal signals of various frequencies. Test with non-sinusoidal signals
were also performed. The coatings were non-ferromagnetic conductors. The aim of the tests was
to assess the usefulness and reliability of the measuring converter for measuring coating thickness
without carrying out the full calibration procedure.

The tests were intended mainly to assess the performance of the converter on conductive
coatings on ferromagnetic substrates. This type of measuring converter was originally designed to
operate with amplitude signal, and such signals were mainly used in testing. Figs. 2 and 3 pres-
ent the amplitudes of the measuring signal depending on the frequency for various thicknesses of
aluminum platings and paints.
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Fig. 2. Amplitudes of the measuring signal for various thicknesses of aluminum platings
on 1 mm thick ferromagnetic substrate
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Fig. 3. Amplitudes of the measuring signal for various thicknesses of paints
on 1 mm thick ferromagnetic substrate

On the basis of previous studies an instrument was designed for measuring multilayer coat-
ings for testing and diagnostic purposes. This instrument is used for measuring the thickness of the
conducting layer, e.g. zinc, together with other protective layers on power industry constructions, or
on a car body in automotive industry. The total thickness of the protecting coatings can be measured



APPLICATION OF AN IDUCTIVE CONVERTER FOR MEASURING 301

by means of the inductive method, but the thickness of the conductive layer cannot be examined in
this way because it is covered by non-conductive external coatings, such as paints.

The thickness of the zinc plating under the paint layer was measured by means of the induc-
tive transformer sensor. The tests were performed for zinc platings of 13 um, 24 um, 35 pum, 45 pm
and 55 pm of thickness on 1mm thick ferromagnetic substrate. The thickness of the external paint
was such that the total thickness of the paint and zinc plating was always 70 pm. Because of that
it is known that the sensor responds only to the changes in the zinc plating thickness and not to the
changes in the two-layer thickness, which is always the same. [Biestek, Sekowski 1973; Lapinski
1974; Sajdera 2002; Wilson 2005]. Fig. 4 presents the values of the voltage signal depending on
the frequency for zinc coatings of various thicknesses.
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Fig. 4. Dependence of the voltage signal on the frequency for zinc coatings of various thicknesses

CONCLUSIONS

The tests performed on the inductive transformer converter lead to the following conclusions:

1. Using the inductive transformer sensor enables analysis of the zinc coating thickness.
Thus, the method described can be applied for assessing corrosion in the conductive
protective layer, which is not accessible for examination by means of the classical eddy-
current method during exploitation. The measuring signal can be easily adjusted to the
measuring probe used.

2. The inductive converter examined can be applied for measuring coatings of small thick-
ness, as compared to the substrate thickness, with measuring signals of frequencies from
10 to 20 kHz. Since the depth of the measuring signal penetration into the coating on
a ferromagnetic substrate decreases with increase in frequency, the frequency and am-
plitude of the signal have to be selected individually for each sample so as to maximize
the measurement accuracy.
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ZASTOSOWANIE PRZETWORNIKA INDUKCYJNEGO
DO POMIARU GRUBOSCI POWLOK ANTYKOROZYJNYCH MASZYN

Streszczenie. W artykule przedstawiono zagadnienia, dotyczace pomiaru grubosci powlok antykorozyjnych.
Omowiono sposoby zabezpieczen antykorozyjnych maszyn oraz metody ich badania przy zastosowaniu rézno-
rodnych metod. Przedstawiono czynniki wplywajace na btedy pomiarowe przetwornikow indukcyjnych. Opisa-
no badania przetwornika indukcyjnego transformatorowego zastosowanego do pomiardw grubosci wybranych
warstw antykorozyjnych.

Stowa kluczowe: przetworniki indukcyjne, powtoka antykorozyjna, metodyka pomiaru
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Summary. The article presents an overview of the underestimated in Poland cast iron with vermicular graph-
ite, which can be successfully used for cast parts of machines and equipment, especially working under the
conditions of thermal fatigue. Because the vermicular graphite cast iron is capable of offering much better
properties than grey cast iron, it can be interchangeably used to produce various components operating in the
automotive industry and as parts of agricultural machines. In addition to the literature data, comparative stud-
ies were done by the Foundry Research Institute in the scope of mechanical and thermal fatigue testing, and
simulation was carried out for the cast iron with flake and vermicular graphite. Studies have been continued
within the framework of the POIG.01.03.01-12-061/08-00 project. The technology being currently developed
relates to high quality cast iron with spheroidal and vermicular graphite with and without the addition of al-
loying elements, particularly to the grade resistant to thermal fatigue. Issues discussed in this article are related
with properties of the structural material which the cast iron with vermicular graphite certainly is. Examples of
the application of this material should raise interest of the designers, mainly as regards possible use of this cast
iron grade for different elements of agricultural machines, offering increased mechanical properties, longer life
on performance, and the possibility to reduce the cast wall thickness, thereby reducing also the casting weight
and production costs.

Keywords: cast iron with spheroidal graphite, cast iron with flake graphite, cast iron with vermicular graphite,
castings for agriculture, computer simulation, mechanical properties, thermal fatigue

INTRODUCTION

The development of industry, particularly of the automotive and engineering applications,
and a strong competition in various industrial sectors has forced engineers to develop and produce
more advanced and better materials and designers to use them. Due to the use of these materials,
it has become possible to increase the durability of structural elements, especially their resistance
to the corrosive effects of CO, CO,, HC, NO,, and sulphides, which is the subject of numerous
studies [1-4]. The weight and manufacturing cost reduction has also become possible, successfully
combined with the improved performance qualities of the finished products. Among different al-
loys, the structural material which currently finds growing application in various sectors of the
industry is cast iron. Its popularity has continued unchanged for many years. The development
of technique faces an increasing demand for the cast iron of always higher properties. Several
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varieties of cast iron have been developed, to mention as an example alloyed cast iron, malleable
cast iron, ductile iron, austempered cast iron (ADI) [5-12], as well as cast iron with vermicular
graphite [13-28].

In this family, the cast iron with vermicular graphite plays quite a specific role, as it has
a number of undeniable advantages compared with grey and ductile irons, and its properties are
somewhere between the high quality inoculated grey cast iron and ductile iron. From the historical
point of view, the cast iron with vermicular or compacted graphite has been known since 1948,
when it was produced for the first time [22, 23]. Because of the narrow range of stable foundry
production, a large-scale use of this cast iron for complex parts such as cylinder blocks and heads
was not possible until the advanced process control technologies with modern electronic mea-
surement devices and computer systems have been developed [22]. In 2006, a new ISO 16112
standard for cast iron with vermicular graphite, using a combined nomenclature of “Cast iron with
compacted (vermicular) graphite”, was published. Five distinct types of this cast iron were distin-
guished, based on the minimum tensile strength of samples taken from the separately cast ingots.
The standard distinguishes between the following grades of cast iron: ISO 16112/JV/300 (ferritic)
16112/JV/350 ISO, ISO 16112/JV/400, ISO 16112/JV/450 (pearlitic); ISO 16112/JV/500 (alloyed).
This cast iron is increasingly used as a structural material for many different elements, especially
in the industry making cars, tractors, agricultural machines and trains, but also in metallurgical
and glass industries.

Compared with high-quality cast iron with flake graphite, the cast iron with vermicular graph-
ite is characterised by, among others, the following beneficial features [24]:

— higher tensile strength,

—  Dbetter toughness and resistance to dynamic loads,

— lower sensitivity to wall thickness (the required mechanical properties are equally well
preserved in heavy castings),

— lower tendency to oxidation and swelling at high temperatures,

—  Dbetter resistance to thermal fatigue.

Compared with the ferritic ductile iron, the vermicular graphite cast iron offers the following

advantages:

— lower modulus of elasticity,

— lower coefficient of thermal expansion,

— higher thermal conductivity,

— higher resistance to thermal fatigue during very rapid changes in temperature cycles
(heating — cooling),

— higher damping capacity,

— better machinability,

— better castability and lower tendency to the formation of shrinkage cavities,

— lower tendency of castings to deformation at high temperatures and better dimensional
stability,

— lower tendency to the formation of hard spots,

— lower environmental pollution when manufactured.
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GENERAL CHARACTERISTICS OF VERMICULAR GRAPHITE
CAST IRON AS A STRUCTURAL MATERIAL RESISTANT
TO THERMAL FATIGUE

Cast iron with vermicular graphite is mainly used for elements which should offer higher
properties than the grey cast iron, alloyed grades included, can provide. Higher strength of ver-
micular graphite cast iron allows the casting wall thickness and hence the weight of castings to
be effectively reduced. The main advantage of this material is, however, its high resistance to
sudden temperature changes as well as tightness. High functional properties of this material make
it applicable for elements of the machinery and equipment operating in the agricultural industry,
particularly for high-temperature operation. Cast iron with vermicular graphite is one of the cast
materials characterised by proper shape of the graphite precipitates. The precipitates of graphite
assume the form intermediate between spheroids and flakes. The technical English literature uses
the nomenclature “vermicular graphite cast iron (cast iron with worm-like graphite) or “compacted
graphite cast iron”; Germans call it ,,Gusseisen mit Vermiculargraphit.” In short, it is referred to
in English literature as CGI, and in German as GGV. The cast iron designation system is included
in the Polish Standard PN-EN1560: 2001, while characteristics of the graphite precipitates, the
graphite shape reference samples included, are given in PN-EN ISO 945:1999 (the graphite shape
reference sample type III in Fig.1 in the standard). Instructions are also available in different
countries, which further define and clarify the cast iron with vermicular graphite, for example
in Germany this is VDG-Merkblatt W50. In the U.S., the ASTM A842-85 specification is well-
known. The basic chemical composition of the vermicular graphite cast iron is usually comprised
within the following limits: C = 3,2-3,8%; Si = 2,0-3,2%; Mn = 0,1-0,7%; P up to 0,06%; S up
to 0,02%. Depending on the manufacturing process, the cast iron also includes appropriate amounts
of elements such as Mg, Ce, Ca, Al, Ti, Y, La. To obtain adequate performance properties, alloying
elements such as Cu, Sn, Mo, V, Cr, Sn, etc. are used. The structure of metal matrix can differ,
assuming the form of ferritic, ferritic-pearlitic, pearlitic, and also ausferritic (ADI with vermicular
graphite.) Figures 1-3 show photographs of various structures of the cast iron with flake graphite,
spheroidal graphite, and vermicular graphite (the examinations were performed under an optical
microscope); Figure 2 shows a photograph of the vermicular graphite precipitates as seen under
the scanning electron microscope.
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Fig. 2. Vermicular graphite (scanning photograph, 8000x)
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The mechanical, physical and technological properties of vermicular graphite cast iron (when
controlled by the graphite shape) are somewhere between those that characterise the cast iron with
spheroidal graphite and flake graphite. Major parameters of the mechanical, physical, and casting
properties of cast iron with different types of graphite and metal matrix are summarised in Table
1[23, 24].

Table 1. Typical mechanical, physical, and casting properties
of the cast iron with flake, spheroidal and vermicular graphite

Selected parameters Unit Qrey cast Ferriti.c Vermi.cular Pearli.tic Ve@icular Ductile iron
iron graphite cast iron graphite cast iron
Tensile strength, R _ MPa 100-400 | min. 300 400-500 350-900
Yield strength, R, MPa - min. 240 340-440 250-600
Elongation, A, % max. 1,5 | min. 2 1 3-30
Bending strength MPa 300-600 | 600 700 800-1200
Compression strength MPa 500-1400 | min. 500 min. 600 600—-1200
Hardness HB 140-300 | 130-190 200-280 120-350
(ommoched spocimeny ||| 619 [ma10 : 19
e speemeny ||| max. 7 : max. 21
Modulus of elasticity, E, | GPa 75-155 130-160 130-170 165-185
Density Mg/m’ |7,0-75 |70 7,1 7,1-7,3
Txhg(r)f‘zloc(;ff)‘d“mmy’ Wm'K |46-59 | 38-46 34 25-38
Coefficients of linear
and thermal expansion, | K'x10° | 11-12 11 13 11,3-13
o (20+200°)
ggfg)ical resistance 1 om {05-10 |07 038 0,5-0,7
Linear shrinkage % 1,0-1,2 0,9-1,1 0,9-1,1 0,7-1,1
Bulk shrinkage % 1,0-3,0 1,0-5,0 1-5 7-10

EXAMPLES OF THE APPLICATION OF CAST IRON WITH VERMICULAR
GRAPHIT IN INDUSTRY INCLUDING CASTINGS FOR AGRICULTURE

The main directions in the industrial application of cast iron with vermicular graphite are as
follows:
a) replacing grey cast iron and reducing casting weight through reduced cast wall cross-
sections,
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b) replacing alloyed grey cast iron with vermicular graphite cast iron,

¢) large-lot production of different thin-walled castings characterised by properties corre-
sponding to ductile iron of medium grade,

d) castings for operation under cyclic temperature changes, subjected to the effect of me-
chanical stresses.

Cast iron with vermicular graphite has found application for, among others, the following

elements:

— castings for the automotive industry: heads, exhaust manifolds, brake discs, brake shoes,
crankcases, connecting cables for tractors, hand brake levers [12, 13, 15, 22, 26, 27];

— castings for the shipbuilding industry: heads, covers, and cylinders for diesel engines
[12, 13];

— parts of pressure fittings, such as valves, valve bodies, pipes for power hydraulics [26],
and distribution systems of different weight for the high-pressure hydraulics [23];

— castings of machine parts: bearing housings, flywheels, gear housings, chain wheels [13];

— castings for the steel industry;

— castings for the automotive and agricultural industries: exhaust manifolds, brake discs,
brake shoes, crankcases, connecting cables for tractors [13].

SCOPE AND PURPOSE OF RESEARCH

The aim of the studies was to demonstrate the advantages offered by the cast iron with ver-
micular graphite, especially as regards its mechanical properties and resistance to thermal fatigue,
and possible use of this material for different structural components. The paper gives only a general
outline of the research, since in the course of the executed project, an in-depth assessment of the
cast materials to know their thermal fatigue behaviour and compare the properties will be possible
no sooner than when the special devices for studies of this type are available. Taking the exhaust
manifold casting as an example, numerical computations were made for the selected chemical
composition of grey and vermicular graphite cast irons.

COMPARATIVE STUDIES OF GREY AND VERMICULAR
GRAPHITE CAST IRONS

Cast iron was melted in a Radyne type medium frequency induction furnace in a crucible of
80 kg capacity (basic lining). Cast iron melts were prepared with additions of alloying elements (Mo,
Cu, V, Sn, Sb), bearing in mind the fact that these elements affect the mechanical and performance
properties of the cast material. Cast iron was poured into bentonite sand moulds in the form of 25
mm thick ingots. For comparative tests, ingots were cast from grey iron (melt no. 5/5882w - Tables
2 and 3) and from vermicular graphite iron (melt nos.: 031, 0.38, 6007). Both cast iron grades had
a pearlitic structure.

Studies of the cast iron included:

— analysis of chemical composition,

— observations under the microscope (graphite precipitates, metal matrix structure),

— mechanical properties (R , A,, HB),

— thermal fatigue behaviour,

— numerical computations of selected chemical composition of the grey and vermicular

graphite cast irons used for casting of the exhaust manifold.



THE PROBLEM OF PERFORMANCE LIFE OF STRUCTURAL ELEMENTS 309

TESTS AND RESEARCH

The melting process was monitored and samples were taken for spectrographic studies of the
chemical composition. The results of the chemical analysis are compiled in Table 2.

Table. 2. Chemical analysis compared for low-alloyed grey cast iron and cast iron after
the vermicularising treatment

No. Melt Chemical analysis
symbol | of cast iron, wt.%
C Si Mn |P S Mg |Mo |Cu |V |Sn Sb
1 5/5882w | 3,7 1,70 0,23 |0,025 | 0,020 |- 0,25 0,34 |0,070,26 |0,031
2 031 3,60 2,35 10,38 [0,045 | 0,015 |0,010 | 0,25 [0,33 |0,09|0,045 {0,031
3 038 3,70 2,30 0,40 |0,055 0,020 | 0,015 | 0,47 |- 0,27 |- 0,05
4 6007 3,70 2,30 | 0,40 |0,055 |0,020 |0,025 | 0,23 [0,35 |0,10{0,035 {0,031

Note: melt 5/5882w — low-alloyed grey cast iron; melts: 031, 038, 6007 — vermicular graphite cast iron.

After casting of test ingots, specimens for mechanical tests were prepared. Figure 3 shows
a specimen for mechanical tests.
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Fig. 3. Specimen for mechanical tests

After fracture of the specimens, the structural examinations of the cast material were carried
out. Examples of structures obtained in low-alloyed grey cast iron and in vermicular graphite cast
iron are shown in Figures 4 and 5.
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Fig. 5. An example of the structure of the tested vermicular graphite cast iron

The results of the mechanical and thermal fatigue tests of the investigated cast iron are
compared in Table 3.
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Table 3. The results of the mechanical and thermal fatigue tests of the investigated cast iron

Results of me- Thermal

No. | Symbol | chanical and thermal .
. fatigue
fatigue tests
Tensile strength ];la.stlc Yléld Elongation | Hard-ness Number of cycles,
limit point number of fractures
m R0,2 RO 02 A5 ©f
MPa Mpa MPa o HB Temperature, "C
600

1 5/5882w | 394 0 - 0 236 60(3p)
2 031 539 413 287 2,57 184 140(1p) 160(2p)
3 038 427 332 202 3,21 268 180(1p) 340(2p)
4 6007 734 522 - 8,1 285 235

Note: sample designation 5/5882 — grey cast iron

The thermal fatigue behaviour of low-alloyed grey cast iron and of the cast iron with ver-
micular graphite was tested on samples of own design, using a special-purpose device operating
automatically in a preset cycle of heating the samples up to a temperature of 600°C and cooling
in water at room temperature. The sample is shown in Figure 6, and the device for thermal fatigue
testing is shown in Figure 7.

Fig. 6. Sample for thermal fatigue testing
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Fig. 7. The device for thermal fatigue testing of metals

Numerical calculations were also performed for the specified chemical composition of cast
iron with flake and vermicular graphite, taking as an example the casting of an exhaust manifold.
All tests were conducted in accordance with current standards:

— determination of cast iron microstructure: PN-75/H-04661,

— characterisation of graphite precipitates in cast iron: PN-EN ISO 945,

— tensile testing of metallic materials: PN-EN ISO 6892-1,

—  Brinell hardness test: PN-EN ISO 6506-1.

NUMERICAL CALCULATIONS PERFORMED FOR THE SPECIFED
CHEMICAL COMPOSITION OF CAST IRON WITH FLAKE
AND VERMICULAR GRAPHITE SHOWN ON THE EXAMPLE
OF A CAST EXHAUST MANIFOLD

The numerical analysis was performed for castings made from the grey and vermicular
graphite irons. The potentials offered by MAGMAIron programme were used; the programme
allows predicting the final properties of castings basing on the preset boundary parameters. The
MAGMAIron module uses a kinetic model of the growth and formation of microstructure, which
allows taking into account the local properties of alloy, including thermo-physical changes, espe-
cially at the solidification front boundary, as a result of the segregation of elements. The following
factors have also been taken into consideration: alloy composition, modification technique, phase



THE PROBLEM OF PERFORMANCE LIFE OF STRUCTURAL ELEMENTS 313

transformations in the solid state, the effect of silicon content on the segregation of elements, as
well as the impact of major alloying elements on the solidification mode.

Fig. 9. The distribution of hardness and strength values in grey iron casting

Numerical calculations of the casting process of the exhaust manifold aimed at a determina-
tion of the characteristic final properties of the casting allowing for the cast material type (grey cast
iron, vermicular graphite cast iron). The form and shape of graphite in the vermicular graphite cast
iron determines its final properties. A ramified graphite structure free from the sharp edges increases
the strength of the casting matrix. The final properties of iron castings to a large extent depend on the
solidification rate. In the case of cast exhaust manifold, thin walls of 4 mm thickness prevail. This part
of the grey iron casting has the final strength of about 415 MPa, while casting made of the vermicu-
lar graphite iron is capable of reaching in the same place the strength of 800 MPa. Only the area of
the exhaust gas take off from the collector, which forms a hot spot, solidifies for a time much longer.
Therefore, properties in this area are lower, compared to the area of thin-wall tube and the strength
amounts to 370 MPa and 680 MPa for the grey and vermicular graphite cast irons, respectively.

The performed numerical analysis shows that elements operating under the demanding and
periodically changing conditions, when made from the vermicular graphite cast iron can consider-
ably prolong the time of their operation.
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Fig. 10. The distribution of hardness and strength values in vermicular graphite iron casting

RESULTS AND DISCUSSION

Studies of the mechanical properties of low-alloy pearlitic grey cast iron and vermicular
graphite cast iron showed the definitely superior properties of the vermicular graphite cast iron.
Very high values of the tensile strength (539-734 MPa), elongation A, (2,57-38,1), and Brinell hard-
ness (approximately 184-285 HB) were obtained in the cast iron with vermicular graphite. Higher
elongation in one set of samples may be due to higher spheroidal graphite content in the structure
of cast iron. Low-alloyed cast iron with pearlitic structure and lamellar graphite has the strength of
about 394 MPa and a hardness of about 236 HB; the samples showed no elongation.

The microstructure of samples taken from the test ingots showed the pearlitic type cast iron
(the amount of pearlite P, P98, P92) with over 70% of vermicular graphite (samples 031, 038 and
6007).

The thermal fatigue tests carried out at a temperature of 600°C confirmed longer life of sam-
ples made from the cast iron with vermicular graphite, compared to the cast iron with flake graphite
(the number of heating-cooling cycles until the appearance of the first two cracks was 160 to 340
for the vermicular graphite cast iron and about 60 for the three cracks in grey cast iron.

The results provide clear evidence that, compared to grey cast iron, the vermicular graphite
cast iron is a material of higher performance characteristics and as such can be successfully used
for elements of machines and equipment, including items operating in the agricultural industry.
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ZAGADNIENIE TRWALOSCI ELEMENTOW KONSTRUKCYINYCH
PRACUJACYCH W WARUNKACH ZMECZENIA CIEPLNEGO

Streszczenie. W artykule przedstawiono ogoélne dane na temat niedocenianego w kraju zeliwa z grafitem we-
rmikularnym, ktére z powodzeniem nadaje si¢ na odlewy elementdw maszyn i urzadzen, szczegdlnie pra-
cujacych w warunkach zmeczenia cieplnego. Poniewaz Zeliwo to ma lepsze wiasciwosci od zeliwa szarego
moze by¢ zamiennie wykorzystane do produkcji réznych elementéw w przemysle motoryzacyjnym i budowy
maszyn dla rolnictwa. Oprdcz danych literaturowych przedstawiono zarys badan pordwnawczych wykonanych
w Instytucie Odlewnictwa w zakresie badan mechanicznych, zmeczenia cieplnego i symulacyjnych dla zeliwa
z grafitem platkowym i wermikularnym. Prace sa w dalszym ciggu kontynuowane w ramach prowadzonego
projektu POIG.01.03.01-12-061/08-00. Rozwijana obecnie technologia dotyczy zeliwa wysokojakosciowego
sferoidalnego i wermikularnego bez dodatkéw i z dodatkiem pierwiastkéw stopowych, szczegdlnie odpornego
na zmgczenie cieplne. Przedstawione w artykule zagadnienia wlasciwosci materiatu konstrukcyjnego jakim jest
zeliwo z grafitem wermikularnym i przyktady zastosowania tego tworzywa powinny wzbudzi¢ zainteresowanie
konstruktorow do wykorzystania tego tworzywa réwniez na rézne elementy maszyn rolniczych, powodujac
zwigkszenie wlasciwosci wytrzymatosciowych odlewnych elementow, trwatosci a takze mozliwosci obnizenia
grubosci Scianek odlewdw, a tym samym zmniejszenia ich masy i obnizenia kosztow produkc;ji.

Stowa kluczowe: zeliwo sferoidalne, zeliwo z grafitem platkowym, zeliwo z grafitem wermikularnym, odlewy
dla rolnictwa, symulacja komputerowa, wlasciwosci mechaniczne, zmegczenie cieplne.
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MOISTURE INFLUENCE ON THE UNITARY ENERGY
OF A CUTTING PROCESS OF SELECTED ENERGY PLANTS
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Summary. Research results of a cutting process of selected energy plants are presented in the following case
study. The study also presents the influence of a plant’s moisture on the unitary energy of cutting the stems, with
various diameters, of the following energy plants: Salix viminalis, Sida Hermaphrodita, Miskanthus Giganteus,
Reynoutria sachalinesis and Topinambour.

Key words: cutting process, energy plants, unitary energy of cutting, moisture

INTRODUCTION

The rigorous requirements concerning environmental protection, as well as the search for eco-
logical and cheap sources of energy cause the fact that the cultivation of energy plants is becoming
more and more popular [Dreszer et al. 2003, Gradzik et al. 2003]. These plants, while being burnt,
emit not much sulphur dioxide into the atmosphere and the carbon dioxide balance is almost zero
because it is absorbed during the plants’ growth [Grzybek 2002].The weight of the ash left after
the burning process is twenty times lower. The expected and systematic increase of energy plants
plantations causes the fact that the problem of the harvest and processing, which also means cutting
process of the plants, is becoming quite significant. The knowledge about the influence of such fac-
tors as geometric dimensions, moisture and morphological constitution on the unitary energy of the
cutting process is necessary for proper design and optimalization of this process [Fraczek, Mudryk
2006, Gorski 2001, Kowalski 1993, Kwasniewski et al. 2006, Popko, Miszczuk 1989, Szymanek
2007]. It is of vital importance for the proper functioning of agricultural machines’ cutting units.

THE PURPOSE OF THE RESEARCH

The cutting process of plants has been researched for many years at the Institute of Mechani-
cal Engineering Warsaw University of Technology in Ptock [Zuk 1979, Zuk 1986, Zuk, Rode 1992,].
The influence of selected parameters of the cutting unit and the plant’s constitution and condition
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on the quality of the cutting process and its power-consumption has mainly been concerned in the
above mentioned research [Rode 2008, Rode, Szpetulski 2010].

The aim of the latest research was to determine the influence of the moisture of the selected
energy plants on the power-consumption of their cutting process. The research was carried out
with the usage of a laboratory station, constructed for this purpose, at the Institute of Mechanical
Engineering Warsaw University of Technology in Plock. The research of the energy plants’ cutting
process included determining unitary energy of the cutting process of plants’ stems with different
diameters, without forks and with different moisture.

The notion unitary energy means the total energy needed for the realisation of the cutting
process falling on the unit area of the section of the cut plant.

THE SUBJECT OF STUDY

The plants characterized by high biomass increase, high resistance to diseases and pests and
with low soil requirements are cultivated for energy purposes [Baran et al. 2007, Dubas et al. 2004].
According to this, energy willow (Salix viminalis), Sida Hermaphrodita, Miskanthus Giganteus,
Reynoutria sachalinesis and Topinambour were selected as representatives of such plants.

Salix viminalis is an energy willow species. It is characterized by a quick increase of timber
mass (about 14 times bigger than in case of naturally grown forests) [ Juliszewski et al.2006, Rudko,
Stasiak 2004, Szczukowski et al.2002, Szczukowski et al.2004]. It is also characterized by very high
fuel value. Its other advantages are low soil requirements, easy vegetative reproduction (shoots),
resistance to frost and pests and low fertilizer and pesticides requirements (possibility of fertilization
with sludge). The willow’s sprouts achieve the height of even 7 metres, which is why it is the best
to process them into silvers, briquettes and pellets, and then burn them in stoves. The ash weigh
does not exceed 1% of the burnt weight. Moreover, it also functions as phytoremediation — soil and
water natural purification of heavy metals and other chemical combinations.

Fig. 1. View of Salix viminalis’ stem in a cross-section
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Sida Hermaphrodita is a perennial plant with a big increase of timber mass, especially in
the first year of growth. It is cultivated mainly for energy purposes, for reclamation of chemically
degraded soil or in roadsides protecting other crops from transport pollution. It is also used as a raw
material in pulp and paper industry. It is characterized by high resistance to soil and climate require-
ments. It reproduces generatively (seeds) or by vegetation (shoots) [Rutkowski 2006].

Fig. 2. View of Sida Hermaphrodita’s stem in a cross-section

Miskanthus Giganteus is a grass. It has stiff blades filled with spongy core. The blades reach
the height of 250 cm (great timber mass increase). It is resistant to diseases and pests. The grass does
not tolerate waterlogged and marshy ground. It reproduces by vegetation (shoots) [Rutkowski 2006].

Fig. 3. View of Miskanthus Giganteus’ stem in a cross-section
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Reynoutria sachalinesis is a perennial plant with expansive nature. It grows to 300 cm. The
empty stems look like bamboo shoots. It is characterized by great biomass increase and fuel value.
Up to 580 GJ of energy can be obtained from 1 ha of crop. It accumulates heavy metals from soil.
It grows in riverside bushes and flood meadows [Burnie 2005].

Fig. 4. View of Reynoutria sachalinesis’ stem in a cross-section

Topinambour is a perennial plant growing to 350 cm. It is cultivated for its tubers, for alco-
hol and silage, and also for energy purposes. It grows on every soil and is resistant to temperature
changes [Burnie 2005].

Fig. 5. View of Topinambour’s stem in a cross-section
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The researched plants came from the Experimental Station at the Faculty of Agriculture and
Biology — University of Life Sciences in Skierniewice [Experimental Station of The Faculty of
Agriculture at SGGW].

RESEARCH STATION AND THE COURSE OF RESEARCH

Research station for cutting process research is located in the laboratory at the Warsaw Uni-
versity of Technology in Ptock [Rode, Szpetulski 2010]. It is a measuring device of pendulous type.
During the cutting the plant sample is hold by the holder and is cut by a knife attached at the end of
the pendulum. During the research a potential initial and final energy of the pendulum with the knife
is determined. The result of a subtraction of initial and final energy determines the energy of cutting.

The plants from the plantation were selected at random. Then, they were selected according
to their diameters, moisture and forks. The samples for cutting, 8 cm long, with different diameters
and without forks, were prepared from the stems of energy plants. Each measurement was carried
out at least 7 times [Mulas, Rumianowski 1997]. The cutting of the plant took place with the fol-
lowing parameters: knife velocity V = 4,7 m/s, knife edge thickness = 100 um, type of knife edge:
even with a cut from the top, knife edge angle o = 26°30°.

RESEARCH RESULTS
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CONCLUSIONS

1. For stems of Salix viminalis the unitary energy increases together with moisture increase.
It is independent from the stems’ diameter. It may be connected with the plant’s constitu-
tion. In the Salix viminalis’ stem’s cross-section the fibrous tissue is the greatest in terms
of percentage.

2. Topinamour moisture increase does not change the unitary energy of cutting process re-
gardless of the stem’s diameter. Topinambour’s stem has a full cross-section.

3. The increase of moisture in the remaining plants researched has an impact on the unitary
energy decrease. It may result from the fact that there is less energy needed for crushing
the plants and also from the epidermis and fibrous tissues cutting resistance. Those plants’
stems’ cross-sections are as those of a pipe.

4. The energy of cutting of the plant decreases rapidly when the plant breaks.

5. The measurement results show, that the moisture has a significant impact on the unitary
energy of cutting the plant. The less fulfilled the plant’s stem is, the greater influence of
moisture there is.
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WPLYW WILGOTNOSCI NA ENERGIE JEDNOSTKOWA
CIECIA WYBRANYCH ROSLIN ENERGETYCZNYCH

Streszczenie. W pracy omdwiono wyniki badan procesu cigcia wybranych roslin energetycznych. Oméwiono
wplyw wilgotnosci rosliny na energi¢ jednostkowa cigcia todyg wierzby konopianej, slazowca pensylwanskiego,

miskantusa olbrzymiego, rdestu sachalinskiego oraz topinamburu o réznych $rednicach.

Stowa kluczowe: proces cigcia, rosliny energetyczne, energia jednostkowa cigcia, wilgotnosc



TEKA Kom. Mot. Energ. Roln. — OL PAN, 2011, 11, 326-334

THE ENERGY OF A CUTTING PROCESS
OF A SELECTED ENERGY PLANT

Henryk Rode

Warsaw University of Technology
Faculty of Civil Engineering, Mechanics and Petrochemistry
Department of Mechanical Systems Engineering and Automatization
Address: Al. Jachowicza 2/4, 09-402 Ptock, Poland, e-mail: hrode@op.pl

Summary. Research results of a cutting process of a selected energy plant are presented in the following case
study. The unitary energy of cutting stems of the multiple flowers rose with different diameters, moisture and at
places on stem with and without forks was determined. The unitary energy of cutting the particular plant tissues
(epidermis, fibrous, ground) was also determined.

Key words: cutting process, energy plants, unitary energy of cutting process, multiple flowers rose (Rosa
multiflora)

INTRODUCTION

The correct organization of energy plant cultivation, harvest, processing and distribution
requires a great knowledge not only of the plants’ thermo-chemical properties but also of their
mechanical properties [Fraczek, Mudryk 2006]. These properties determine most of the techno-
logical processes. They have an impact on the energy consumption of the harvest and treatment
processes. They also determine the construction of particular working units of agricultural machines
[Kowalski 1993, Popko, Miszczuk 1989, Szot & others 1987]. The knowledge about unitary energy
of cutting and the influence of determining factors such as: geometric dimensions, moisture and
morphological constitution are necessary for the proper design and optimisation of any energy
plant’s cutting process. It is of vital importance for the proper functioning of agricultural machines’
cutting units.

A laboratory station at the Institute of Mechanical Engineering - Technical University of
Warsaw was built [Rode, Szpetulski 2010] in order to determine the impact of selected construc-
tional parameters and functional cutting units used in agriculture as well as to determine the
plants’ properties influence on the cutting process and the quality of section. The research results
will allow a better study of the energy plants cutting process and, simultaneously, will help with
the optimal choice of functional and constructional parameters of functional cutting units used
in agricultural machines [Szymanek 2007]. This issue is very significant at present, due to the
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fact that the renewable energy received from energy plants cultivation is getting more and more
important nowadays.

TESTING METHODS

The plant cutting process has been researched for many years at the Institute of Mechanical
Engineering - Technical University of Warsaw in Plock [Rode 1994, Zuk 1979, Zuk 1986, Zuk
1999, Rode 1992, Zuk and Rode 1999]. The research mainly concerns the cutting unit parameters
and the plants’ constitution and condition impact on the cutting process and its energy consumption
[Rode 2008].

The aim of the latest research was to determine the influence of the geometric dimensions and
morphological constitution of selected energy plants’ parameters on the energy consumption of the
cutting process of these plants. The research was carried out with the usage of a laboratory station
at the Institute of Mechanical Engineering - Technical University of Warsaw in Plock, which was
built especially for this purpose.

The research of the energy plants’ cutting process included:

* Determining unitary energy of the cutting process of plant’s stems with different diam-

eters, without forks and different moisture.

*  Determining unitary energy of the cutting process of plant’s stems on forks.

* Determining unitary energy of the cutting process of plant’s particular tissues: epidermis,

fibrous and ground.

The notion unitary energy means the total energy needed for the realisation of the cutting
process falling on the unit area of the section of the cut plant.

The plants characterized by high biomass increase, high resistance to diseases and pests and
with low soil requirements are cultivated for energy purposes [Baran & others 2007, Dubas & others
2004]. According to this, multiple flowers rose (Rosa multiflora) was selected as a representative
of such plants.

Multiple flowers rose (Rosa multiflora) is a scrambling shrub. It is less popular and known than the
energy willow [Juliszewski & others 2006, Rudko, Stasiak 2004, Szczukowski & others 2004]. Its
recurved stems achieve the height of 4 — 7 meters. This species has low requirements as far as the
climate and soil are concerned. Multiple flowers rose tolerates sandy soils class V and VI. It even
grows on dunes. Its great advantage is its high resistance to weather, low temperatures and drought.
The characteristic feature of this plant is its great annual biomass increase — up to 20t per hectare.
Multiple flowers rose is commonly used for soil reclamation of soils subjected to (wind and water)
erosion. The plants came from the Experimental Station at the Faculty of Agriculture and Biology
— University of Life Sciences in Skierniewice [Stacja Dos§wiadczalna Wydziatu Rolnictwa SGGW].

Fig. 1. A stem of multiple flowers rose after cutting at the place without forks
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Fig. 2. A stem of multiple flowers rose after cutting at the place with fork

RESEARCH STATION

Research station for the cutting process research, Fig. 3, is located in the laboratory at the
Department of Mechanical Systems Engineering and Automation of the Institute of Mechanical
Engineering - Technical University of Warsaw in Plock. The measuring device of pendulous type
is constructed from the main plate (2) with a mast with frame (1) attached. The mast at its higher
part has a pocket of shaft rotating together with the pendulum (3), to which a knife (4) is attached.
A stop dog (6) serves to block the pendulum (3) in horizontal position. The main plate (2) is put on
adjustable feet (7), which help with levelling the device. On the main plate, a holder of plant sam-
ple with fastening handwheel (5) is fixed. Rotary disk (8) attached to the shaft of the pendulum (3)
cooperates with linear transducer, which reads the voltage value of electric signal. The transducer
(9) is an electromechanical device, which changes linear motion into electric signal proportional
to the shift. The linear motion is transmitted in the transducer onto a turn of a measuring drum.
The signal is measured at the frequency of 400 Hz and, then, is recorded in the memory of digi-
tal recording device equipped with measurement display (10). The plant sample is hold by the
holder with fastening handwheel during the cutting. The plant is cut by a knife attached at the
end of the pendulum. During the research a potential initial and final energy of the pendulum
with the knife is determined. The result of a subtraction of initial and final energy determines
the energy of cutting.
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Fig. 3. Measuring device of pendulous type: 1 — mast with frame, 2 — main plate, 3 pendulum, 4 - knife,
5 — holder of plant sample with fastening handwheel, 6 — stop dog, 7 — adjustable foot, 8-rotary disk,
9 — linear transducer, 10 — digital recording device.

THE RESEARCH

The plants from the plantation were selected at random. Then, they were selected according
to their diameters and forks. The samples for cutting, 8 cm long, with different diameters and with
and without forks, were prepared from the stems of energy plants.

The measurement of the energy of cutting of plant samples without forks and with forks at
the place of cutting were carried out, as well as the measurement of the energy of cutting particular
tissues of the plant. Each measurement was carried out at least 7 times [Mulas, Rumianowski 1997].
The temperature, where the research took place, was 20°C and atmospheric pressure was 1020 hPa.
The plant moisture was measured by electronic moisture analyzer SARTORIUS MA 30.

The cutting of the plant took place with the following parameters: knife velocity V = 4,7
m/s, knife edge thickness = 100 pum, type of knife edge: even with a cut from the top, knife edge
angle a = 26°30°.
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MEASUREMENT RESULTS
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Fig. 4. Comparison of the course of changes of unitary energy of cutting in the diameter function
of the multiple flowers rose’s stem without forks for 3 different moistures.
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Fig.8. Unitary energy of cutting particular tissues of multiple flowers rose

CONCLUSIONS

1. For stems of multiple flowers rose the unitary energy increases together with the stems’
diameter.

2. The unitary energy decreases together with the plants’ moisture increase. This may result
from the fact, that there is less energy needed for crushing the plants and the plants epi-
dermis, fibrous and ground tissues resistance to cutting.

3. The energy of cutting of the plant decreases rapidly when the plant breaks.

4. The measurement results show the increase of unitary energy of cutting at the stem’s fork.
The bigger stem’s diameter the bigger energy increase. In all cases the energy increased
twice.

5. The greatest unitary energy is needed for epidermis cutting — twice the amount needed
for the fibrous tissue cutting and several times as much as it is needed for the ground
tissue cutting.

The measurement results show, that the multiple flowers rose’s constitution has a significant
impact on the unitary energy of cutting. Thus, upon this, it can be stated that the right choice of
cutting units parameters should take the plant’s morphological properties into account.
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ENERGIA PROCESU CIECIA WYBRANEJ ROSLINY ENERGETYCZNE]

Streszczenie. W pracy omdéwiono wyniki badan procesu cigcia wybranej rosliny energetycznej. Wyznaczono
energi¢ jednostkowa ciecia todyg rézy wielokwiatowej o roznych srednicach i réznych wilgotnosciach w miej-
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scach bez zgrubien i zgrubiatych (rozgale¢zieniach). Wyznaczono takze energi¢ jednostkowa procesu cigcia
poszczegodlnych tkanek rosliny tj. okrywajacej, wioknistej, migkiszowej.

Stowa kluczowe: proces cigcia, rosliny energetyczne, energia jednostkowa procesu cigcia, r6za wielokwiatowa
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Summary. The study presents results of testing of a prototype hybrid panel. The panel combines a fluid panel
and photovoltaic module in one casing. The tests were performed for four positions of the hybrid panel in relation
to the level and for constant southern azimuth. The tests resulted in calculation and comparison of efficiency of
solar thermal and photovoltaic energy conversion for the assumed test trends.

Keywords: solar panel, photovoltaic conversion, solar thermal conversion, photovoltaic cell, photovoltaic panel.

INTRODUCTION

Numerous tests of photovoltaic modules [Pluta 2003, Smolinski 1998] proved that, in the
case of use of silicon cells, the efficiency of the modules decreases, by 0.4 %, on average, for each
temperature degree increment. The combination of a photovoltaic module with a fluid panel in one
solar hybrid panel will improve efficiency of the photovoltaic panel as a result o decrease of its
temperature and will make it possible to use the heat for heating of the agent circulating in the fluid
panel. One may arrive at similar conclusions when analyzing charts presenting spectral sensitivity
of photovoltaic silicon cells. It results from the charts that photovoltaic modules made of silicon
cells use mainly the visible spectrum of solar radiation. In turn, solar radiation spectra with greater
lengths of waves (infrared) contribute to an increase in the internal temperature of the module. Due
to scarce information about the type of hybrid panels, we made an attempt to construct a prototype
and perform initial tests.

THE AIM AND SCOPE OF STUDY

The aim of this study was to construct a prototype hybrid panel made of a fluid panel and
photovoltaic module. Another stage of this study involved testing of energetic efficiency of photo-
voltaic and solar thermal energy conversion processes as well as verification of the extent, to which
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the hybrid panel inclination in relation to the level affects the efficiency of both types of conversion
processes. The tests were performed for four inclination angles of the panel. For each inclination,
solar radiation intensity was measured.

DESCRIPTION OF THE TEST STATION

Fig. 1 presents a schematic diagram of the hybrid panel abbreviated as PV/T. The hybrid
panel with the measurements of 50x100 cm includes an absorber for solar thermal conversion and
four strings of 32 photovoltaic cells connected in series. The total area of photovoltaic cells equals
0.2112 m’. The prototype structure uses monocrystalline silicon cells. The basic element of the
panel used in solar thermal conversion is a copper pipe with the diameter of 6 mm and total length
of 5.5 m. FS 20 polystyrene with the thickness of 30 mm was used as insulating layer for the back
wall of the panel.

H0, Ty

Fig. 1. The schematic diagram of PV/T hybrid panel
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The flat fluid panel has a form of serpentine channels with inlet and outlet pipes extending
from the enclosure. Water with stabilized temperature of T =296 K (23°C) was used as an agent
heated in the fluid panel. Screw terminals for direct current poles of the photovoltaic module were
also extended.

T2

PV/T
15 <A>
dm?®

C
L

~ 3000 dm?®

Fig. 2. A diagram of the measurement station for testing of PV/T hybrid panel

Fig. 2 presents a diagram of the measurement station for testing of the hybrid panel. The
temperature of inlet and outlet water with respect to the fluid panel was determined with the use of
Digital Multimeter VC 333 temperature probes with the accuracy of +1 %. Circulation of water in
the fluid panel was forced by GIRO electrical pump, model 1250.79.00. For stabilized (recurrent)
flow conditions, each 1.5 dm”® of water flowing out of the panel was measured. Measurements of the
photovoltaic module (marked as PV) were made with the use of DT 9208A universal meters with
the accuracy of 0.5 % for voltage range and 2 % for current intensity [Operator’s manual 2006].

METHODOLOGY OF TESTS

The initial tests were performed on 9 July 2010 between 12°°+15% in the vicinity of Plock —
GPS position: 52.61 N and 19.72 E in weather conditions corresponding to complete solar operation.
Upon stabilization of the flow of water through the flat fluid panel, the stream of energy obtained
from the panel (Q“) was calculated as follows:

Q. =p. Ve, (L-T) W], (1)
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where:

p,, - water density in the temperature of 298 K (25 °C) equaling to 997.04 [kg/m’],

VW - water volumetric flow expressed in [m’/s],

¢, - specific heat of water for the temperature of 298 K (25°C) and pressure of 1000 [hPa]
equaling to 4189.9 [J/(kgxK)],

T, — water temperature measured on the panel inlet pipe in [K],

T, - water temperature measured on the panel outlet pipe in [K].

The calculations disregard irrelevant changes of water density and specific heat values de-
pending on changes in temperature and atmospheric pressure. The measurements of efficiency of
the fluid panel were performed for four angle positions with respect to the level (B): 0°, 30°, 60° and
90°. The panel azimuth angle was placed in the southern direction. The intensity of solar radiation
was measured with the use of PL-110SM solar radiation meter manufactured by Voltcraft with the
measurement accuracy of + 5 %. The meter has a CE mark [Operating instructions 2009]. During
the test, humidity and temperature conditions ensuring nominal accuracy of the meter were fulfilled.
The efficiency of the fluid panel (n, ) was calculated as follows:

Q,
S..-E

c

Mye = 100 [%], (@)
where:

S, — active area of the fluid panel equaling to 0.5 m’,

E — solar radiation intensity [W/m’].

The test of the photovoltaic module involved the preparation of current and voltage char-
acteristics for each angle position of the panel. The tests were performed with the use of methods
proposed by the author of this study [Sarniak 2008]. The efficiency of the photovoltaic module
(M) was calculated as follows:

My =2 e g0 [og], )

PV’
where:
E — as in the formula (2),
S, — active area of the photovoltaic module equaling to 0.2112 m’
Lpep — dirAeCt current intensity for max.imum power po.int [A],
U, pp — direct current voltage for maximum power point [V].

TEST RESULTS

Results of tests of the fluid panel were presented in the Table 1. The calculations were made
for the fluid panel water inlet temperature of T =296 K (23°C) as stabilized as a result of mechanical
stirring and with the assumption that the active area of the panel equals to S=0.5 m”. The measure-
ments were repeated three times in a row and the recorded values represent arithmetic values of
the measurements.
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Table 1. Results of tests of the fluid panel for four angle values () of the hybrid panel inclination

B VW 6 TZ-TI (Qu) E 5 T’Ikc
o x 10 K] [W] [W/n’] [%]
[m’/s]
0 25.42 3.1 329.24 860 19,14
30 22.73 4.0 379.77 1010 18.80
60 20.83 2.2 191.47 920 10.41
90 18.99 1.8 142.78 720 9.91

The examples of tests results for the photovoltaic module in the form of current and voltage
characteristics were presented in Fig. 3. The figure shows a chart presenting I-V characteristics for
the hybrid panel inclination angle of 30°.

Fig. 3. The current and voltage characteristics of the photovoltaic module for the inclination angle
of 30" in southern azimuth direction I — current, U — voltage, P — direct current power

Table 2 presents results of tests of the photovoltaic module characteristics for four values of
inclination angle of the hybrid panel (). The values were provided for characteristic points of the
charts I-V: U . — open module voltage, I . — short-circuit current of the module, U,,,, — voltage for

maximum power, I .. — current intensity for maximum power and P, — maximum power point.
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Table 2. Results of tests of basic parameters of the photovoltaic module

E UOC ISC UMPP IMPP PMPP E ) TlPV

(1 (vl (A] (vl (Al W] [W/m’] (7]
0 14.8 23 11.7 2.1 24.57 860 13.53
30 153 2.6 123 22 27.06 1010 12.69
60 15.1 24 12.1 1.9 22.99 920 11.83
90 14.6 22 1.1 1.7 18.87 720 12.41

In order to ensure transparency of interpretation of the results in Fig. 4, the author provided
a graphic presentation of the results of tests of photovoltaic and solar thermal conversion depending
on the inclination angle of the hybrid panel and solar radiation intensity. It results from the chart
that the conversion process relating to the fluid panel is most affected by changes in the inclination
angle and solar radiation parameters. In both cases, the greatest efficiency values are demonstrated
by conversion processes for the panel inclination angles of 0 and 30 degrees.

E [Wim?]
860 1010 920 720

B[]

—& - PV —0—kc

Fig. 4. Charts presenting the efficiency of photovoltaic (PV) and solar thermal (kc)
conversion processes in the P/VT hybrid panel

CONCLUSIONS

1. As a result of the tests, the author states unequivocally that the combination of both
photovoltaic and solar thermal conversion processes increases general efficiency of the
hybrid panel, however, the efficiency will never exceed the efficiency of both the processes
conducted separately.

2. A visible influence of the inclination angle changes in relation to the level of the hybrid
panel upon the efficiency of the conversion processes can be observed.

3. The solar thermal conversion process conducted in the test conditions proved more sensi-
tive to the changes of the panel inclination angle.
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4. The total greatest energy stream obtained from the hybrid panel was 406.83 [W] and it
reached the maximum values in both the conversion processes for the panel inclination
angle of 30’

5. The scope of the tests should also be extended by the testing of changes of the azimuth
angle in various seasons of the year and for various intensities of solar radiation.

6. The author would also recommend replacement of cells of the photovoltaic module for
cells made on the basis of amorphous silicon, for which no efficiency is lost for tempera-
ture increments.
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BADANIE EFEKTYWNOSCI ENERGETYCZNEJ PROTOTYPOWEGO
HYBRYDOWEGO KOLEKTORA SEONECZNEGO

Streszczenie. W pracy przedstawiono wyniki badan prototypowego, hybrydowego kolektora stonecznego. Ko-
lektor ten jest potaczeniem kolektora cieczowego i modutu fotowoltaicznego w jednej obudowie. Badania
przeprowadzono dla czterech potozen pochylenia kolektora hybrydowego wzgledem poziomu i przy statym
ustawieniu azymutalnym, skierowanym w kierunku potudniowym. W wyniku badan obliczono i poréwnano
sprawnosci procesow konwersji fototermicznej i fotowoltaicznej dla zatozonych warunkow badan.

Slowa kluczowe: kolektor stoneczny, konwersja fotowoltaiczna, konwersja fototermiczna, ogniwo fotowolta-
iczne, panel fotowoltaiczny
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EVALUATION OF HARVEST OF ENERGETIC BASKET WILLOW'

Wiktoria Sobczyk*
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Summary. The aim of the investigations was the assessment of the size of harvest of five energetic basket
willow clones at a plantation of the Forest Inspectorate Krzeszowice, the Forest Inspectorate Brodta branch, in
the Malopolska voivodeship.

The article shows that in the years 2003, 2006 and in 2011 the highest crops of clone No. 1056 were obtained.
Due to the extremely dry 2003 year the yield of this clone was evaluated as lower than in 2006. The 2011 har-
vest is estimated as lower than in 2006. The willow Salix viminalis is a plant which easily adapts to vegetation
on any soil. The plant growing does not require any special cultivation treatment. By the establishment and
maintenance of willow plantations it is possible to contribute to rural development, increase income and reduce
unemployment in the country. Farmers are willing to undertake willow plantations if its sale at attractive prices
is guaranteed.

The Polish market for biomass is formed slowly. To be able to develop fully and be profitable you need much
more effort as well as technical and economic ventures.

In 2007 member countries of the European Union endorsed the “Climate package 3 x 20”. By 2020 they plan
20-percent reduction in energy consumption, increase to 20% of energy produced from alternative sources and
20-percent reduction in CO, emissions. Europe is looking for alternatives to conventional energy sources, the
combustion of which releases a greenhouse gas - carbon dioxide.

Keywords: alternative energy, energetic plants, energetic willow, clone, harvest, “Climate package 3 x 20”

INTRODUCTION

In the last twenty years Poland has undergone profound economic transformation. Energy
Policy of the European Union envisages providing a reliable, affordable and environmentally friend-
ly energy supply. Poland is adapting to these patterns and looking for new and renewable energy
sources. Among the energy crops the greatest chance belongs to the energetic willow Salix viminalis,
which can grow both on rural land and on grassland. Willow is a plant with no special cultivation
needs. It can grow both in very dry, poor in nutrients areas and in very humid and fertile ones.

Cultivation of willow Salix viminalis contributes to the introduction of new, attractive product
on the market. A 4-year old willow plantation has a 14 times higher growth, than willow growing

" The paper has been prepared within the AGH — University of Science and Technology — statutory re-
search work No 11.11.100.482
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at the same time in a natural forest. If crops become widespread, then in the future they will be
partially completed by wood harvested from forests [8].

Willow has a growing interest among farmers and small manufacturing companies. Farmers
having land of low agricultural productivity may intend to grow the willows. Growing willow on
marginal land meets the expectations of growers. It does not require large inputs of labor and is
characterized by low energy consumption (low demand for fertilizers and pesticides), high produc-
tivity and the ability to use standard machines.

Farmers undertake willow plantations, and specialized companies process it to biomass. Apart
from energetic value willow also has great ecological advantage. It can be used to protect the
environment, among others to create buffer zones along routes or for the reclamation activities in
post-industrial areas [ibid.].

ENERGY SOURCES

The term ‘energy source’ is understood as primary energy source (not processed) of fuel,
nuclear, water, Earth’s interior and wind energy, solar radiation and chemical reactions. The primary
source of energy for Earth is the solar radiation, with which the power of about 178 PW reaches the
Earth, of which approximately 30% is reflected by the atmosphere, and more than 45% is absorbed
by the land and sea. The rest is consumed in the process of photosynthesis. Throughout the ages
fossil fuels have been formed: coal, peat, crude oil and natural gas.

Huge demand for energy occurred in the era of the industrial revolution. In 1980 energy
consumption increased 10 times, although the number of people increased by only 2.5 times. The
increase in unit consumption per capita has still been growing.

In the second half of the twentieth century coal has ceased to be a major source of energy,
especially in the developed countries. For ecological reasons, it has been replaced by the petroleum
and natural gas. Electricity, which played a central role in the industry and the economy, is produced
mainly in thermal power plants, water, nuclear and wind [3, 7]. Thermal power plants produce over
60% of global energy. Hydroelectric plants do not pollute the environment, but require appropri-
ate terrain and a considerable potential of water, besides they incur large costs associated with the
construction of dams. Hydropower is much cheaper than thermal plants. It is also better in terms of
ecology. Hydroelectric power stations provide 21% of all the electricity in the world.

Depletion of energy resources and oil crises have led the world to looking for alternative
energy sources. Compared with other countries in the EU, Poland has a large technical potential of
biomass and considerable resources of geothermal energy.

BIOMASS

Biomass is organic matter produced in the process of photosynthesis from solar energy, car-
bon dioxide and water. The origin of the biomass can be varied: field crop production, the waste
found in food industry, the waste wood as well as pulp and paper mills (12, 13, 17). The production
has been started of biomass for energy purposes on special plantations of fast growing trees (willow,
poplar), rape, topinambur [4, 5, 19], sunflower, mallow slime, fodder beet and grass (Miscanthus
giganteus) [1, 2]. A significant source of biomass is waste from animal production and waste gener-
ated in municipal (sewage sludge, household waste, waste paper) (Tab. 1).
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Table 1. Characteristics of plants cultivated on energetic plantations [1]

biomethane yield production percentage | production of biogas .
(m’/t d.m.) of biomethane (m’/ha) | of methane (m’/ha) cultivated plant

410 13530 85 15920 Miscanthus giganteus
410 9840 85 11580 Spartina pectinata
410 3280 85 3860 grass pasture
450 10800 83 13010 maize
410 6150 85 7240 alfalfa
840 18820 85 22140 beets (roots and leaves)
390 3120 75 4160 wheat (grain and straw)

t. d.m. - ton of dry matter

Unconventional energy sources play an important role in increasing the profitability of ag-
riculture goods and in activation of the rural population. The particular usefulness of alternative
energy sources for rural areas is due to the fact that the installations can be tailored to the needs of
farmers and local communities. In the case of the wide rural areas may constitute a supplementary,
economically attractive source of energy, relieving overburdened rural electricity network. The
development of biofuels and biomass for heating purposes can be an incentive for the cultivation
of plants for non-food purposes [9, 17].

WILLOW SALIX VIMINALIS

Willow Salix viminalis (Fig. 1) as an energy plant has raised a lot of interest, because of the
high yielding. Type of Salix includes over 300 species that occur as trees, shrubs or dwarf shrubs.
Shrub willow species are used mainly for basket-work, but fast-growing forms are assigned for
energy purposes. It is possible to obtain a change in the form of certain species, depending on
cultivation. Some of them (sallow) may exist in two forms simultaneously. Willows have low soil
requirements, but most grow in wetlands and near watersources.

Fig. 1. Willow Salix viminalis [own material]
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During the first period after setting up of plantations, willow Salix viminalis requires special
care. Fast-growing weeds choke the young seedlings, even when the field in the year before planting
was well prepared. Plant Protection Institute in Poznan recommends the use of herbicide, before
the shoots start to grow.

Herbicide doses are dependent on the nature and development stages of weeds. These treat-
ments can be performed during the growing season of plants after the earlier application of pro-
tectors that cover the young shoots. If chemical weed control method does not afford the desired
results, it can be destroyed by mechanical means. Spacing should be expanded twice, before a strong
root system of weeds is formed [14]. In the first year of growing, plants have a root system, which
throughout the years develops into intense increments.

The greatest demand for minerals in the plants appears in the second year, because then there
is the greatest weight gain. In subsequent years of growing the plants you do not need to apply
almost any agricultural practices. Demand for fertilizers is decreasing, because they collect nutrients
from the organic litter layer formed of fallen leaves [10].

The energy value of willow is comparable to pulverized coal. As we know, willow is an
ecological product, so it has completely organic combustion parameters. Such characteristics make
it like the fuel of the future [18].

For many years in Poland there is cultivation of willow for basket-work or honey-yielding
aims, thanks to early flowering period. Crops willow Salix viminalis and Salix purpurea started
about 20 years ago in order to use the energy [11]. These species are characterized by very rapid
and large increase in biomass, as well as disease resistance (scab, gangrene of shoots) and harmful
insects.

After the first year of growing, shoots should be cut at the height of 3 cm above the soil
surface, so that they have dormant buds. If the cut bars correspond to the standards, they can be
used for new plantings. In the following years harvest is made each year, whether the plants are
intended for fuel pellets, the cuttings to increase the plantation or cuttings for sale. If we make
a harvest every 2 or 3 years, the resulting biomass is used for heating purposes and for production
of chipboard. After harvesting willow plantations should be intensively fertilized to get crops faster.
Exploitation of the plantation may last up to 30 years. After the liquidation of the plantation, soil
should be renovated [15, 16].

For single collection they use combine harvester or sheaf-binders. To cut willow stems on
small plantations you can use special sickle (Fig. 2) or hand mower blades: exhaust or tractor.

Fig. 2. The employee of the Forest Inspectorate Brodta cuts
the stems with the special sickle [own material]
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PURPOSE AND METHODS

The task of the research study was to assess the economic benefits of growing willow Salix
viminalis in Forest Inspectorate Brodta (municipality Alwernia), 30 km west of Krakow (Fig. 3).
Experimental plantation was established on sandy soils.

Fig.3. Location of Forest Inspectorate Brodta

Inoculated willow clones were marked by numbers: 1051, 1052, 1054, 1056, 1059, 1007,
1015 and 1033rd. In an experimental nursery (Fig. 4 and 5) planting of seedlings was carried out
in six rows: at 50 cm, a length of 10 meters for each clone. Seedlings were distributed at 33 cm.

The aim of the study was the choice of clone whose yield is the largest and the most profit-
able. The study was realized in 2003, 2006 and in 2011. Subject to annual growth were clones with
the following numbers: 1051, 1052, 1054, 1056 and 1059th.

r

Fig. 4. The experimental energy willow plantation in the Forest Inspectorate Brodta
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Fig. 5. Author of the article near clone 1052

Both in 2003 and in 2006 a study was started from measuring the height of plants of 50
samples of each clone. The thickness of individual clones shoots was measured at the height of 100
cm plants (Tab. 2). Mean thickness of stems of each clone was calculated. The mass of individual
shoots of 100 clones (t/ha) was accepted for the determination of the estimated one-year yield of
individual clones (Tab. 3).

Table 2. The results of calculations of average thickness of clone shoots [own preparation]

clones average shoot thickness [mm]
1051 6,9
1052 4,17
1054 8,6
1056 10,2
1059 9,6

Table 3. The results of the mass investigations (2003 r.)

no. clone member of shoots mass [kg]
1 1051 100 14,5
2 1052 100 9,8
3 1054 100 20,5
4 1056 100 21,6
5 1059 100 16,4

In 2011 the study was limited to 15 random shoots of each clone and their height (Fig. 6)
and thickness (Fig. 7 and 8). During the fieldwork it was found, that the highest shoots (average
height 305 cm) belonged to clone No. 1056. This clone also had the thickest stems (Tab. 4). It can
be concluded that the yield from planting clone No. 1056 will be the highest.
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P

Fig. 7. Visible differences in thickness of stems of different clones; in the foreground clone No. 1056
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Fig. 8. The thickest stems of clone No. 1056

Table 4. The results of investigations of the plants’ height in 2011 (the empirical data)

Based on the investigation [20] it was found, that in the first year of cultivation annual growth
of thickness was 7 + 13 mm. Measuring in 2003 showed that clone 1056 had the thickest stems (Tab.
3). One hundred shoots of clones number 1056 and number 1054 achieved the largest weight: 21,6
kg and 20,5 kg. After the weight test there were counted the shoots on the surface of 1 m”. Since
in the nursery the willow grew at the spacing of 0.5 m, the surface area of 1 m’ included two rows.
On this basis the estimated yield (in tons per 1 hectare) of individual clones in 2003 and in 2006

was calculated (Fig. 9 and 10).

clone no. average height of shoots in cm ave;?ﬁ:};zzl:?chk ? ggscglnm)
1051 255 16
1052 267 17
1054 286 18
1056 305 22
1059 270 13
1007 not measured not measured
1015 not measured not measured
1033 not measured not measured
RESULTS AND DISCUSSION
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t/ha

1051 1052 1054 1056 1059
clones

Fig. 9. Graphic interpretation of estimated yield in tons per 1 hectare
of willow clones in 2003 [own preparation]

t/ha

1051 1052 1054 1056 1059
clones

Fig. 10. Graphic interpretation of estimated yield in tons per 1 hectare
of willow clones in 2006 [own preparation]

In 2011 the highest yield is expected for clones 1056 (approximately 35 tons) and 1054 (ap-
proximately 32 tons).



352 Wiktoria Sobezyk

SUMMARY AND CONCLUSIONS

In 2003 and 2006 the highest yield was estimated for the planting of willow clone No. 1056.
Therefore, to establish the potential of energy plantations you need cuttings of this clone. Willow
Salix viminalis is a perennial which grows on almost any soil. But it has a high demand for water.
The year 2003 was poor in rain, so it was estimated that the yield of willow was small: 27 t/ha [13].
However, in 2006 the estimated yield increased substantially: to 35 t/ha. Large demand of willow
for water does not mean that you can overdo it. That happened in 2010, when following long rain
the whole plantation was in the water for weeks. This fact may in turn cause lower yields.

A medium-sized area (0.5 ha) appropriate for the cultivation of willow Salix viminalis can
supply each farm with fuel for all the year. A significant aspect of the rationale for setting up plan-
tations of fast-growing willow and timber harvesting for energy purposes is the use of fallow land
or land polluted by industry and thus excluded from the production of food raw materials [6]. In
addition, a new product in form of chips, briquettes and pellets is introduced to the market.

In March 2007 at the summit of the European Union, the member countries endorsed the
,»Climate package 3 x 20”. This document is a response to rising fuel prices and energy and finding
alternatives to conventional energy sources, the combustion of which releases the greenhouse gas -
carbon dioxide. By 2020 they assume 20-percent reduction in energy consumption and increase to
20% of energy produced from alternative sources, as well as 20-percent reduction in CO, emissions.

Poland has one of the largest in the EU countries potential for renewable energy resources.
To be able to use it, there should be increased funding in research and technology development,
and a system of funding projects should be created. This work is mainly inspired by the European
Union, which for many years has supported the development of renewable energy sources.

The author would like to express sincere thanks to mgr. inz. Krzysztof Smaga [20], the em-
ployee of the Forest Inspectorate Krzeszowice, the Forest Inspectorate Brodta branch, for help in
field studies, consultation and valuable suggestions.
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OCENA PLONOWANIA WIERZBY ENERGETYCZNEJ

Streszczenie. Celem badan byla ocena wielkosci plonowania pigciu klonow wierzby energetycznej z plantacji
w Nadlesnictwie Brodta, woj. matopolskie. W artykule wykazano, ze zardwno w latach 2003, 2006, jak i w 2011
najwyzsze potencjalne plonowanie uzyska si¢ z posadzenia klonu nr 1056. Ze wzgledu na bardzo suchy 2003
rok plonowanie tego klonu oceniono jako nizsze niz w 2006 r. W 2011 r. zaktada si¢ stabsze zbiory niz w 2006
r. Wierzba Salix viminalis jest roslina przystosowana do wegetacji na dowolnym gruncie, a jej uprawa nie wy-
maga szczegdlnych zabiegéw agrotechnicznych. Przez zaktadanie i prowadzenie plantacji wierzby energetycznej
mozna przyczynic si¢ do rozwoju wsi, zwigkszenia dochodéw i zmniejszenia bezrobocia na wsi. Rolnicy beda
chetnie zaktada¢ plantacje wierzby energetycznej, jesli bedzie gwarancja sprzedazy po atrakcyjnych cenach.

Polski rynek biomasy powstaje powoli. Aby mogt si¢ w petni rozwinac i by¢ oplacalnym, potrzeba jeszcze wielu
staran i przedsigwziec technicznych i ekonomicznych.

W 2007 r. kraje cztonkowskie Unii Europejskiej zatwierdzity ,,Pakiet klimatyczny 3 x 20”. Do roku 2020 zaktada
si¢ 20-procentowq redukcje zuzycia energii, wzrost do 20% udziatu energii produkowanej ze zrédet niekon-
wencjonalnych oraz 20-procentows redukeje¢ emisji CO,. Europa poszukuje alternatywy dla konwencjonalnych
no$nikow energii, ktorych spalanie powoduje emisj¢ gazu cieplarnianego — dwutlenku wegla.

Slowa kluczowe: energetyka alternatywna, rosliny energetyczne, wierzba wiciowa, klony, plonowanie, ,,Pakiet
klimatyczny 3 x 20”
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THE IDENTIFICATION OF OPERATIONAL FAILURES
OF THE HEATING, VENTILATION
AND AIR-CONDITIONING CIRCUIT IN THE CAR
BY MEANS OF THERMOVISION METHODS.

Sebastian Styta, Wiktor Pietrzyk

Department of Computer and Electrical Engineering, Lublin University of Technology,
20-618 Lublin, ul. Nadbystrzycka 38a; e-mail: s.styla@pollub.pl

Summary. The present article contains the description of proposed method for periodical inspection of the
heating, ventilation and air-conditioning (HVAC) circuits by means of thermovision cameras. The methods
of interpretation of the obtained results have been presented in order to carry out the diagnostics of heating
circuit failures. The technical condition of the ventilation system (air supply ducts) has been evaluated without
its dismantling. Furthermore, the article contains the presentation of thermovision examinations enabling the
indication of the areas with the highest heat losses in an easy and fast manner for the engine as well as for the
passenger cabin. This possibility is particularly important in the winter period.

Key words: thermogram, infrared measurements, heating circuit, thermovision camera, microclimate in motor
vehicle.

INTRODUCTION

The comfort of travelling by cars is influenced by many factors encompassing the design
solutions and the microclimate in the motor vehicle. The desirable inside temperature to be achieved
will improve the travel comfort and the psycho-physical functions of both the driver and passenger
will be affected positively [4, 7]. The temperature control is possible for front and rear, LH or RH
seats individually, by means of modern heating and air-conditioning circuits installed in the vehicles
owing to air stream stratification phenomenon. The purpose of such solution is to adapt the micro-
climate in the motor vehicle to the individual needs of travelling passengers.

The appropriate microclimate in a motor vehicle i.e. the temperature, its distribution and air
humidity contribute among others to the following:

— pulse stabilization in travelling passengers;

— reduction of driver’s reaction time;

— reduction of nervousness and hurry;

— reduction of the impact of allergic reactions thanks to the purification of supplied air (by

means of anti-dust filters);
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— achievement of temperature distribution optimal for the human body (warmer feet, cooler

head).

The factors specified above directly contribute to the safety improvement in road traffic.
Failure to meet them causes the feeling of discomfort by the driver as well as the passengers.

The optimal temperature in the passenger cabin should be included between the limits 23 — 26
°C in summer period (at outside temperature of 40 °C) and about 27 °C in winter period (at outside
temperature of —20 °C) [1, 2, 7].

All inefficiencies of the heating and air-conditioning circuit, particularly in winter period
can contribute to non-optimal use of thermal energy and consequently to the discontinuation of
travel (e.g. as a result of panes freezing). Many years’ operation of the cars leads to the electrical
or mechanical failures as well as to the choking of ducts supplying the air to the vehicle interior.

THE THERMOVISION MEASUREMENTS AND THEIR ACCURACY

The quantities of additional equipment installed in motor vehicles change simultaneously with
the development of the new design solutions in the cars. Their standard equipment encompasses
the systems which were used a few years ago in the high class cars only. As a result of continuous
technological development, the cars become more complex and problematic in case of potential
repairs. Therefore, it is necessary to create new diagnostic procedures.

The thermovision examinations [13, 14, 15, 17] are used in the machines diagnostics more
and more frequently. For a few years recently they have also been applied in the automotive sector,
e.g. for the tyres wearing examination [10] or for qualitative evaluation of the vehicles used for
food transportation [16]. The creation of fast and non-invasive methods of the technical condition
evaluation for selected equipment was possible due to the relationship between the temperature
conditions and the failure.

The thermovision examinations are based upon visualization of infrared radiation which is
invisible for human eye and is emitted by a body with temperature higher than absolute zero.
This property is defined as the emissivity factor i.e. ability of a body to hand over the energy. The
emisissivity depends on the physico — chemical properties and is a unique feature of each object.
The termovision camera is the device used for temperature measurement and analysis; the obtained
image is called thermogram.

Owing to their advantages i.e. versatility and possibility of contactless temperature measure-
ment, the thermovision examinations are perfectly suitable for the analysis of elements releasing
certain amount of heat in course of their operation. The accuracy depends mainly on the applied
method, device calibration and on the accuracy of thermovision camera. The most important are
the errors associated with the applied method i.e. the following [8, 9, 11]:

— emissivity estimation errors;

— errors caused by the impact of the ambient radiation reflected by the object (e.g. solar

radiation, street lighting);

— errors caused by the transmission of radiation through atmosphere;

— errors caused by the transmission of infrared radiation through the camera;

— errors caused by the impossibility of results averaging.

Owing to their values, even up to a few percent, these errors take priority in course of the
termovision measurements. In course of the examinations presented in the present article, these
errors have been minimized thanks to the application of an appropriate measurement procedure
described in the chapter entitled “Examinations methodology”.
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THE HEATING, VENTILATION
AND AIR-CONDITIONING (HVAC) CIRCUIT OF THE CAR

As mentioned above, the heating, ventilation and air-conditioning (HVAC) circuit per-
forms an important role, particularly in case of unfavourable weather conditions, in the sum-
mer period (high temperature) as well as in the winter period (rain, snow, low temperature).
From the functional point of view, the heating, ventilation and air-conditioning (HVAC) circuit
constitutes a whole entity. The fresh air flows through the evaporator and is supplied to the
interior of passenger cabin (temperature reduction) or additionally heated in the heater (tem-
perature increase). The principle of cooperation between both the systems is illustrated in
Figure 1. The “hot” or “cold” air cycle is established by means of a diaphragm which can be
controlled in the mechanical mode by means of a cable or in the electrical mode by means of
a mini motor.

The basic requirement to be met in the course of the designing and selection of
the devices dedicated for the vehicle heating and air-conditioning is to achieve desir-
able temperature within assumed period of time. Owing to heat losses, the power deter-
mined for the equipment is higher than its value resulting from energy balance calculated
for the specified vehicle body as well as for climatic conditions in which the car will
be operated [6].

To air distribution system in )
passenger cabin Fresh air

>
™ 4

4

Fig. 1. The cooperation between the heating and air — conditioning system
1-heater; 2- evaporator; 3- blower; 4- hot and cold air diaphragm; 5- cold air; 6- hot air

The contemporary cars are provided with the possibility to control the temperature,
humidity, air stream velocity and its stratification. The whole operation is monitored by
ECC system (Electronic Climate Control) incorporating the electronic control system. The
driver has the possibility to set the required operation parameters by means of the panel

(Fig. 2).
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Fig. 2. Control panel for the heating and air — conditioning system installed in BMW cars (1994-2001)

1- air supply to windscreen / panes; 2 - air supply to the head (driver’s side); 3 - air supply to the feet (driver’s
side); 4 — air — conditioning automatic control (driver’s side); 5 — temperature indicator (driver’s side); 6 —
temperature control (driver’s side); 7 — air supply intensity (driver’s side); 8 — defrosting function; 9 — rear
pane heating; 13 — vehicle inner temperature sensor; 11 — closed loop air cycle; 12 - air — conditioning ON;
13 — temperature indicator (passenger’s side); 14 — temperature control (passenger’s side); 15 - — air supply
intensity (passenger’s side); 16 — residual heat utilization; 17 - air supply to the head (passenger’s side); 18 - air
supply to the feet (passenger’s side); 19 — air — conditioning automatic control (passenger’s side);

The basic functions of the ,,control panel” are: manual temperature setting by the driver and
passenger separately, defrosting of the windscreen and side panes, electric defrosting of rear pane
as well as closed loop cycle mode and residual heat utilization mode. In the closed loop cycle mode
(pushbutton 11, Fig. 2) the diaphragm supplying fresh outside air is closed and air is circulated in
the car interior in order to ensure its faster heating. The residual heat utilization mode (pushbutton
16, Fig. 2) enables the car heating after engine shutoff. The heat contained in the engine cooling
medium is used for this purpose. Irrespective of differences in the construction of the heating and
air — conditioning systems, the majority of their functions is identical independently on the model
of the vehicle.

EXAMINATIONS METHODOLOGY

Owing to the application of an electronic system for the heating and air — conditioning circuit
operation control, the diagnostics procedure is carried out by means of the diagnostic testers or by
means of devices dedicated for the inspection of air — conditioning systems in the cars. The proce-
dures and the manner of proceeding in course of repair are widely described in literature [1, 3, 5].
However, this article presents the proposal of the evaluation of the technical condition of structural
elements of the vehicle which affect the maintenance of specified temperature in the car. It is impos-
sible to detect these failures by means of a/m devices. The examinations were carried out for those
parts (circuits) of vehicle which can be potentially damaged during everyday operation owing to the
ageing of elements or to mechanical processes (gaskets, ventilation ducts, rear pane heating circuit
etc.). This issue is particularly important in the winter period with high difference of temperatures
inside and outside of vehicle. All leaks and failures can lead to the necessity of stopping the travel.

The examinations have been performed by means of ThermaCAM E45 thermovision camera
manufactured by FLIR. The following criteria have been established in order to minimize the mea-
surement inaccuracies described in the preceding chapter:

a)  owing to the lack of information about the material used for the fabrication of the bod-

ies of the cars being tested and for the fabrication of other components of the motor
— car body, a black tape with known emissivity was adhesive-bonded every time onto
the element being tested in order to determine the correct value of emissivity factor;



358 Sebastian Styta, Wiktor Pietrzyk

b)  owing to significant impact of weather conditions on the obtained results, days selected
for the examinations were characterized by the weather free of any significant meteo-
rological changes in the course of three successive days (72 hours);

c) owing to results accuracy, the impact of atmospheric radiation and the impact of the
radiation reflected from the object being tested were minimized, because the measure-
ments were performed at night and cloudy sky, far from street lighting;

d)  the measurements for semi — transparent and transparent components (car panes / wind-
screen) have been performed in accordance with requirements included in the literature
[12] (correct value of emissivity factor and of transfer coefficient);

e) the cars under examinations were heated up to the temperature of passenger cabin i.e.
about 25 °C (the difference between the inside and outside temperature was equal to
about 35 °C).

It was possible to obtain objective results and to maintain the minimization of measuring

error, because the criteria presented above have been met.

THE RESULTS OF EXAMINATIONS — THERMOVISION PICTURES

All damages in the scope of the heat insulation system of the car and in the scope of heating
circuit, particularly in winter period, lead to non- optimal use of thermal energy. They can also
cause the panes freezing and consequently the loss of visibility. The engine temperature is reduced
as a result of high heat demand. Therefore, the fuel consumption is increased.

The thermograms included below represent the areas with the leaks and failures occurred as
a result of everyday operation of vehicle and as a result of structural components ageing. The gaskets
located between the cabin doors and the car body are the elements producing the highest heat losses
(Fig. 3a). The determination of heat loss percentage is possible by means of computerized analysis
of the obtained results for every location being examined (the arrows indicate the maximum heat
losses in the surface under analysis - Fig. 3b).

a)

Fig. 3. Thermogram of the car:
a) locations of occurring heat losses;
b) Temperature values at the locations of occurring heat losses
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This method is used in order to qualify an element (gasket) for potential replacement. Arl
point (Fig. 3b) situated in the vicinity of the engine chamber represents the highest heat losses in
the thermogram under analysis.

The choked ventilation ducts distributing the air in the car are frequently the reason of the
heating circuit inefficiency caused by the contaminations penetrating through the cabin filter used
over long period of time without replacement. Another possible reason is the physical damage of
ducts occurring as a result of excessive temperature or repair works.

a)

TR ez AT

[ 5ol 320 M —

a

Fig. 4. Thermograms of air distribution circuit in the passenger cabin
a) windscreen; b) dashboard of the car (central panel);
¢) side air grilles; d) central air grilles

14

The examples of the failures described above are illustrated in Figure 4:

— blocked air grille heating the windscreen causes its non-uniform defrosting (Fig. 4a) and
can consequently lead to the visibility loss for the driver;

— properly heated air distribution system in the car makes it possible to perform the analy-
sis of failures inside the ventilation ducts without dismantling e.g. dashboard (Fig. 4b).
Furthermore the thermovision pictures give the opportunity to evaluate the warming —
up of the dashboard i.e. a phenomenon associated with the use of proper materials and
insulation elements;

— blocked side grille causes the loss of visibility in the mirrors (lack of defrosting of the
windscreen areas situated in the vicinity of the mirror — Fig. 4c);

— failure (breaking) of air grille occurring in the form of non-uniform heat distribution at
outlet (Fig. 4d).
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The thermovision examinations make it also possible to quickly localize the physical damages
causing the heat losses (Fig. 5a) and the discontinuities in the rear pane electric heating circuit of
the car (Fig. 5b).

a) b)

e

=

r

=

&

Fig. 5. Thermograms of failures
a) physical damage of the body in vicinity of rear pane,
b) discontinuity of rear pane heating path

CONCLUSIONS

The examinations presented in this article demonstrated that the thermovision can be
used for the diagnostics of selected elements, systems or the whole circuits of motor
vehicles in an easy and fast manner. The appropriate interpretation of the obtained
results — thermovision pictures is the prerequisite for its application.

The efficient operation of the heating and air — conditioning system affects the travel
comfort, reduces the driver fatigue and consequently increases the road traffic safety.
The method of examinations presented in this article can be applied in the summer as
well as in winter period. However, the efforts should be made in order to maintain the
highest possible difference between the temperature in the passenger cabin interior and
outside temperature (more accurate interpretation of the results).

Using the thermovision cameras, it is possible to evaluate the vehicle insulation condi-
tion in a fast manner and to indicate the locations potentially endangered by failures.
This method enables the detection of operational, design and technological defects of
the car.

As a result of precise computerized analysis of the obtained results (thermograms) it
is possible to classify an element or the whole system (circuit) as an inefficient com-
ponent. The thermovision pictures are the diagnostic symptoms ensuring the detection
of damaged location in a fast and reliable manner.

The thermovision examinations are an objective, non — invasive and contactless method
used for the evaluation of technical condition of the heating, ventilation and air-con-
ditioning (HVAC) circuit enabling the obtainment of diagnostic data without necessity
to dismantle its individual elements.

The thermovision pictures can be used as database helpful in the design of new solu-
tions, the improvement of reliability and performance of the heating, ventilation and
air-conditioning circuits.
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IDENTYFIKACJA USZKODZEN EKSPLOATACYJNYCH
OBWODU OGRZEWANIA, WENTYLACIJI I KLIMATYZACJI SAMOCHODU
Z WYKORZYSTANIEM TERMOWIZJI

Streszczenie. W niniejszym artykule zaproponowano metod¢ okresowej kontroli obwodow ogrzewania, wenty-
lacji i klimatyzacji z zastosowaniem kamer termowizyjnych. Przedstawiono sposoby interpretacji otrzymanych
wynikow w celu zdiagnozowania uszkodzen obwodu ogrzewania. Dokonano oceny stanu technicznego instalacji
wentylacyjnej (kanalow doprowadzajacych powietrze) bez jej demontazu. W artykule przedstawiono ponadto
badania termowizyjne, ktére pozwalaja w szybki i tatwy sposob wskaza¢ miejsca wystgpowania najwigkszych
strat ciepta zarowno silnika, jak i kabiny pasazerskiej, co jest szczegoélnie wazne w okresie zimowym.

Stowa kluczowe: termogram, pomiary w podczerwieni, obwdd ogrzewania, kamera termowizyjna, mikroklimat
w pojezdzie
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Summary. The diversification of technical solutions occurred as a result of almost thirty years of evolution of
the communication systems between the mechatronic systems in motor vehicles. The vehicles are equipped with
the conventional cable connections between the switches and actuators as well as with advanced data exchange
networks. These networks show more and more similarities to computer networks. They are the new solutions;
even their classification has been created a few years ago (class D). Therefore the personnel engaged in the scope
of functional programming and vehicles servicing encounter the problems associated with networks operation.
The purpose of the article is to present the principles of functioning of the basic networks with the medium in
the form of an optical fibre. Particular emphasis has been placed on the detection of failures consisting in the
damage of communication node and optical fibre.

Key words: Media Oriented Systems Transport, Domestic Digital Bus.

INTRODUCTION

The systematics associated with networks classification presented in the year 1994 contained
3 types of networks. Such systematics was also presented in 2007 in literature in 2007 [12]. This
approach has been established as a result of the standardization introduced by SAE J1850 [5, 10].
Three classes of communication systems have been specified in SAE J1850. The applications group
associated with bus throughput is used as the criterion of subdivision. The increase of the vehicles
users’ requirements enforced the increase of the networks throughput and the launching of two new
additional classes of networks indicated as C+ and D or Infotainment [7]. The summary of essential
parameters for individual classes is presented in Table 1 [2, 19].

The networks and communication busses with lower throughput are built on the basis of stan-
dard copper conductors. Their topology can be diversified. There are simple systems in the form of
linear bus as well as the systems in star configuration. The ring topology is rarely applied. The com-
bination consisting of point-to-point connections, linear buses and star buses is more popular than
ring topology. The optical fibre performs the role of medium in the networks with higher through-
put. Its use is almost obligatory in D class (MOST, D2B buses) or optional in C+ class (FlexRay,
Byteflight buses). The introduction of fibre optic communication into the vehicles networks and the
introduction of fibre optic solutions into the telecommunication was based upon the same factors.
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The possibility to achieve high throughput of data exchange (> 1 Gb/s) is the principal
factor justifying the introduction of fibre optic solutions. The price of the vehicle subassemblies
would be significantly increased in case of such throughput level achieved in traditional vehicles
communication networks operating in difficult working conditions (wide range of temperature and
humidity changes, vibration). The transmission security is automatically improved as a result of
fibre optic technology. On the one hand an optical fibre is resistant to electromagnetic interference
and on the other hand it does not generate any interference potentially affecting the operation of
other devices. The achievement of similar throughputs of fibre optic and “copper” buses is possible
at smaller diameters of the wires. The diameters of fibre optic cables, smaller than the diameters of
copper cables result in reduced weight of vehicle and, consequently in reduced fuel consumption
in course of the vehicle operation. Unfortunately, there are some additional problems introduced
by the fibre optic connections of high-speed communication buses; said problems are described in
further parts of this article.

Table 1. The classification of bus communication systems [2, 19]

Diagnostic

Typical application Testers, analysers

Throughput <10 Kb/s

Example of bus (network) ISO 9141 K-Line

Class A

. L Electronic elements included in the motor vehicle body, connections of

Typical application .
circuits and actuators

Throughput <25 Kb/s

Example of bus (network) LIN, SAE J1587

Class B

Typical application Electronic s.ystems included in thg motor Ve.hicle body, connectivons of
controllers in the systems of additional equipment of motor vehicle

Throughput 25+125 Kb/s

Example of bus (network) CAN low-speed

Class C

. Lo Power transmission system and running gear; connections of control-

Typical application . - h .
lers in the power transmission and chassis system, real time systems

Throughput 125Kb/s+1 Mb/s

Example of bus (network) CAN high-speed

Class C+

Typical application Real time systems; power transmission and safety system; ,,X-by-wire”
control

Throughput 1+10 Mb/s

Example of bus (network) FlexRay, Byteflight

Class D / Infotainment

Typical application Multimedia, connections of controllers in telematics systems

Throughput >10 Mb/s

Example of bus (network) MOST, D2B
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COMMUNICATION USING ,,MOST” BUS

The connections in ring topology prevail in multimedia networks. Such topology is also
applied in Domestic Digital Bus (D2B) and in Media Oriented Systems Transport (MOST) buses.
Domestic Digital Bus has been created in 1992 and was promoted by the group of companies i.e.
Matsushita, Philips and Optical Chip Consortium [8]. At the moment this bus is not developed. This
solution was applied at the turn of the 20" and the 21* century in the vehicles: Mercedes S class and
Jaguar X-type. MOST bus is the successor of Domestic Digital Bus (D2B). The works associated
with this bus have been commenced in the year 1998 by the following companies: Audi, BMW,
Daimler -Chrysler, Becker Automotive and Oasis Silicon [2, 4, 20, 21]. The problems encountered
by the designers and users of D2B bus at that time are the problems associated with MOST bus at
the moment. MOST Cooperation Association informs that MOST bus has been used by 16 manufac-
turers of motor vehicles in more than 90 models in the year 2010 [13]. The fibre optic cable is the
basic communication medium of MOST bus ensuring required throughput of this bus. It is possible
to integrate 64 multimedia slaves in ring topology (Fig. 1) [4, 21]. The possible slaves are: control
panel, radio and TV tuners, CD and DVD players; amplifiers systems; navigation system, phones,
telephone assistance systems (e.g. Tele-Aid, Automatic Collision Notification, Stolen Vehicle Re-
covery), voice control systems, game consoles, displays for the passenger on the front and rear seat.

The role of the master node is performed by one of elements of the ring. The task of the
master consists in the events management on the bus (timing master function) i.e. in generation of
communication frames [6, 21]. The frames are handed over by other nodes (slaves) in unchanged
form or in a form supplemented with individual data. The communication is possible with the speed
of 25 or 50 Mb/s in accordance with specification [21]. The members of the MOST consortium
assure that it is possible to changeover to third generation of bus in a smooth manner and to ensure
the communication speed of 150 Mb/s [13, 16]. Another function of the ring management consists
in the addressing of bus slaves and is assigned to ,,network master” node. Four groups of addresses
(logical, physical, group and broadcast addresses) determined by the addresses master are used in
further communication between the nodes. The third management function consists in the inform-
ing, reservation and release of resources required for synchronous communication. This function
is called ,,connection master”. The configuration with all three managing functions performed by
single physical device is possible in practice; most often in the form of the vehicle console control
module [2].

Connection to

the control and diagnostic

networks of vehicle Head Unit
(ie CAN) (Network Master)
] (Gat y to the vehicle networks)
Voice Control Display
(Network Slave) (Network Slave)

(

Navigation Tuner
(Network Slave) (Network Slave)
Amplifier — - =~ Communication
(Network Slave) fiber conection
(ring topology)

Fig. 1. Typical topology of MOST bus [2, 6, 20, 21]



366

Sumorek Andrzej, Buczaj Marcin

After startup of the bus devices, the addressing of slaves is performed by ,,network mas-

ter”. The next step consists in the reservation of synchronous channels by the slaves requiring
synchronous communication (audio and video data) as considered by the ,,connection master”
in its table. Since then ,.timing master” is responsible for the distribution of communication
frames (Fig. 2).

a) FBrmat of MOST frame 64 bytes _
Data field
Header Control Trailer
Synchronous Asynchronous
1 byte 26-60 bytes 0-36 bytes 2 bytes 1 byte
b) /-\‘synchronous data max 58 bytes _
- * >
Arbitration Target Data Source
field address length address Data CRC
1 byte 2 bytes 1 byte 2bytes 0,4,.., 48 bytes 4 bytes
c) E)ntrol data 32 bytes %
Arbitration Target Source Message .
field address address type Data CRC | Trailer
4 bytes 2 bytes 2 bytes 1 byte 17 bytes 2 bytes 4 bytes

Fig. 2. Data format [4, 20, 18, 21]

The communication unit of MOST bus is defined as the block consisting of 16

frames (Fig. 2a). The following data are transferred in the framework of a single frame:

synchronous data — audio and video data being transferred in reserved channels of the
frame data field (Fig. 2a). The size of the synchronous data field is configured in
the frame header and has the impact on the size of asynchronous field;
asynchronous data — packages of non-multimedia data i.e. the information about the
compositions being played; GPS data, computer network packages. They are packaged
in the frames in accordance with structure illustrated in Fig. 2b and transferred in an
asynchronous data field. The asynchronous packages are subdivided into smaller parts and
transferred in several frames. In case of attempted access to the bus by several devices
simultaneously, the arbitration is performed by means of initial fields of package. The
package with the highest priority is directed to the frame which is practically associated
with the lowest binary number in the arbitration field,

control data — data required for network functioning control and for the devices func-
tions control. Their required arbitration and subdivision are similar to those required for
asynchronous data (Fig. 2c).
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Function || Function
Block Block
Application
i
Network Service
Presentation Application Socket
6 Strea?m
Session Service
5
Transport Network Service
4 Basic Level
Network
3
Dmaz"'"k MOST Network Interface Controller
Physical Optical Physical Layer (oPhy)/
1 Electrical Physical Layer (ePhy)

Fig. 3. MOST layers in the ISO-OSI model [4]

One of the features inherited by MOST bus from D2B bus consists in the method of its
description, manner of the bus specification preparation. One layer or only a few of selected lay-
ers of protocol are often defined for CAN or LIN buses [1, 9, 15, 14]. In case of MOST bus, the
specification encompasses the elements from the lowest physical layer up to the commands from
application layer (Fig. 3). It is possible to support the complex devices originating from various
manufacturers thanks to precise description of the addressing, services, functions and commands
(Function Blocks).

BUS FAILURES AND METHODS OF THEIR DETECTION

As a result of the use of fibre optic cables in MOST bus and thanks to the protections applied
in the protocol frames (Fig. 2), the average rate of errors for MOST bus is equal to 10"’ [21]. In
case of secure CAN protocol, the average rate of errors is equal to 10" in case of situations with
superimposing artificial errors resulting in the reduction of undetected rate of errors of 107 [21, 17].

There are 3 principal reasons of potentially occurring problems in the bus functioning:

— incorrect bus functioning as a result of incorrect software (incompatible version of the

slave software, erroneous function call);
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— corruptions or lack of communication resulting from the failure of master or slave node

of the bus (power supply voltage out of permissible range; physical damage of the node;

— corruptions or lack of communication resulting from the failures of fibre optic

cables.

The first one of three specified groups of errors can be extremely difficult to detect in case
of rarely occurring errors without significant importance. Lack of repeatability of the problems
and their incidental occurrence prevents their elimination by means of simple methods applied in
workshop practice. In case of persistently occurring error, the errors can be detected by means of
the network traffic recorder. For example the Data Logger manufactured by Telemotive AG — model
,»the blue PiraT 150M6-C2LE” can be used for the recording and further analysis of the traffic on
MOST bus. The Data Logger is provided with an interface enabling the connection of tester to
optical network MOST150 and the recording of control messages, bus status information, bus data
packages. The additional interfaces are provided to enable the recording of the activity of other
devices in the vehicle, because the recorder is provided with 4 inputs of CAN protocol, 2 inputs for
LIN protocol, 4 serial interfaces and four Ethernet ports.

The second one of three specified groups of errors results from the partial or total failure
of one of nodes. In case of damaged ,.,time master” or ,,network master” any correct startup of
the network and its functioning is impossible. In case of additionally failed gateway to diagnostic
network, any network diagnostics is completely impossible. In such case the replacement of the
node performing the role of “master” and the replacement of gateway is the only possible solution.
In other cases it is necessary to detect the slave nodes deforming or locking the optical signal. In
this case the procedure is similar to that applied in case of the elimination of fibre optic cables
failures .

The third group of errors results from the failures of fibre optic cables. Their result consists
in the reduction of luminous flux or its decay. The failures consist in:

— broken conductor or conductor plug;

— excessive bending angle of fibre optic conductor;

— scratching or cracks on the fibre optic cable sheath;

— contamination of contact surfaces in the connector.

R 2,

Fig. 4. Typical failures of fibre optic cables: bending, damage of sheath, damage of fibre [11]

The sole efficient method preventing the operation interruptions of the fibre optic bus built
in ring topology consists in the application of nodes with many transmitters and receivers support-
ing several rings simultaneously or in an additional cable connection between the nodes (Fig. 5)
[3,21].
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Fig. 5. Optical ring bus aided by means of copper star configuration. MOST bus in AUDI car
(on the left) [4]. D2B bus in Mercedes car (on the right) [11]

There are two methods of use of an additional cable connection. The first method consists in
the use of cable connection for the application of an independent diagnostic protocol (e.g. CAN).
This protocol makes it possible to perform the complete diagnostics of the nodes irrespective of
optical protocol. Another method originates from D2B bus and is based upon the information sup-
plied from master node and concerning the configuration (sequence) of devices in the ring. In this
method, after decoupling of optical bus, a diagnostic wake-up signal is sent by the master node
and the slave nodes respond in the form of electric signals in the sequence conforming with the
order of the devices occurring in the list. The lack of an “electric” response of the node indicates
its failure (Fig. 6).

o | 4—4 i1 . . i il o 4 . + + 4 i ) 4 4 H + . + fmrpnat
[ R S S A £ £ & ¥ ¥ ¥ &
Diagnostic o o =] = o 'O Diagnostic (=] : o o g =
Wake-up - & o w W Wake-up - & @® w w @
{500 ms) £ g 2 2 2 8 (500 ms) 2 .§ £ | S k]
2 2 2 2 2 2 2 2 2 2

Fig. 6. Response to diagnostic wake — up in D2B bus. Efficient nodes (on the left),
the second and sixth nodes failed (on the right) [11]

The evaluation of the fibre optic connections status is impossible by means of the method
consisting in the use of an additional electric connection for diagnostic purposes. The partial
and complete failures of the fibre optic ring can lead to the ring de-synchronization, problems
with the execution of “ring lock™ operation and unsuccessful network startup, lack of com-
munication resulting from the fibre optic conductor discontinuity. The evaluation of the net-
work node, fibre optic cable failure is possible by means of one or two fibre optic testers
(Fig. 7).
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Fig. 7. Testing of bus elements of by dedicated testers [11]

The evaluation of the node failure by means of the fibre optic tester consists in the replace-
ment of “suspected” node by tester. An optical signal is transmitted by the tester operating in
“by-pass” mode. If the remaining network components are able to support each other after such
replacement, the eliminated element is inefficient.

The use of two testers is required for the evaluation of fibre optic cable. One of them performs
the function of a standard source of luminous flux and another is used as the illumination meter.
Therefore it is possible to determine if the signal level is optimal for specified type of connection
or if the replacement of the fibre optic conductor is required.

CONCLUSIONS

The summary of problems presented above and accompanying to the optical networks func-
tioning in vehicles is based upon Media Oriented Systems Transport and Domestic Digital Bus.
The both buses are operated in ring topology. The fibre optic communication makes it possible to
achieve higher transmission rates as well as to reduce the impact of electromagnetic interference
and its emission. The following operation problems occur in case of application of a fibre optic
bus in the vehicle:

1. It is important to maintain the value of the fibre optic cable arc under its limit value
which is approximately equal to 25 mm. The luminous flux is reduced and bus opera-
tion becomes problematic if this limit value is exceeded.

2. A special device for the terminals connection is required in case of the fibre optic
cable failure. Therefore a good practice consists in the replacement of the failed fibre
optic cable.
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3. In contrast to the typical linear or star cable buses, the knowledge of the route of fibre
optic cables forming the ring is necessary in order to localize the failure.
4. In order to localize the failures of the optical ring bus in an easy manner, it is neces-

sary to support this bus by means of an additional communication ring or by means

of a standard cable connection in star topology and to plan an emergency procedure.
5. Low-skilled service personnel will be practically unable to eliminate the failure which

is not displayed as a legible result obtained from an automatic auto-detection procedure.
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PROBLEMY KOMUNIKACJI SWIATLOWODOWEJ
W SYSTEMACH KOMUNIKACYJNYCH POJAZDOW

Streszczenie. Efektem prawie trzydziestu lat ewolucji systemow komunikacji pomi¢dzy uktadami mechatronicz-
nym pojazdow jest zréznicowanie rozwigzan technicznych. W pojazdach mozna spotka¢ zaréwno tradycyjne
potaczenia kablowe pomi¢dzy przetacznikami i elementami wykonawczymi jak i zaawansowane sieci wymiany
danych. Sieci te wykazuja coraz wigcej podobienstw do sieci komputerowych. Sa to rozwiagzania nowe, ktore
jeszcze kilka lat temu nie mialy nawet swojej klasyfikacji (klasa D). W zwiazku z tym, osoby zajmujace si¢
programowaniem funkcjonowania i serwisem pojazdéw napotykaja problemy przy pracy z sieciami. W artyku-
le przestawiono zasady funkcjonowania podstawowych sieci z medium w postaci widkna swiattowodowego.
Nacisk zostat potozony na mechanizm wykrywania uszkodzen polegajacych na uszkodzeniu wezta komunika-
cyjnego oraz wiokna §wiattowodowego.

Stowa kluczowe: Media Oriented Systems Transport, Domestic Digital Bus.
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Summary. Although alternative energy sources are gaining increasing importance, fossil fuels, especially coal,
play a significant role in the global energy production. Unfortunately, coal combustion generates a large amount
of Coal Combustion Products (CCPs), including fly ash. Fly ash has substantial negative effect on environment,
while its properties could make it a desired secondary raw material in many industry branches. Due to the
large amount of fly ash produced in recent years, the researchers have been searching for new, unconventional
methods of FA utilization.

Fly ash can be used in agriculture, because it has special physical and chemical properties. FA has a unique
structure and contains almost all the nutrients necessary for proper plants growth and development. First of all,
fly ash is used as a mineral fertilizer which improves the physical, chemical and biological properties of soils.
It can also be applied as an agent, which increases plant growth and amount of the obtained yields. In addition,
fly ash is used to reduce the amount of heavy metals accumulated in plants and to limit the spread of diseases.
Although fly ash application in agriculture has many benefits, there are some disadvantages connected with this
application (for example heavy metals and radionuclides contamination of soils and surface waters, soil salinity).
In addition, there is also risk associated with lack of information on the long-term effects of fly ash application
on soil quality and environment. Therefore, it is necessary to continue research on this topic to clarify the effects
of the fly ash addition to the soil on agricultural production and the environment.

In this publication the authors determined the usefulness of FA and the limits of its use in agriculture. They also
presented the modern applications of CCPs in agriculture, as well as evaluated the benefits and risks associated
with this type of FA application.

Key words: fly ash, coal combustion products, agriculture, soil quality, fertilization, soil contamination.

INTRODUCTION

Although alternative energy sources are gaining increasing importance, fossil fuels, especially
coal, play a significant role in the global energy production. Around 3.510° Mg of coal is mined in
the world annually, which accounts for almost 38% of the world’s electricity source [Ram and Masto
2010]. In Poland, the production of electricity and heat is also based on the thermal processing of
bituminous coal and lignite in power plants.
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Unfortunately, coal combustion generates a large amount of wastes in the form of Coal
Combustion Products (CCPs). This group of wastes includes fly ash, slag, ash-slag mixture, micro-
spheres, bottom ash from fluidized bed, gypsum and other wastes from flue gases desulfurization.
Among them, fly ash (FA) deserves special attention because it has a substantial negative effect
on the environment, while its properties could make it a desired secondary raw material in many
industry branches [Szponder and Trybalski 2009b].

FA is a mineral residue from coal combustion. It leaves the boiler with the flue gases and
then is captured by dust collectors (mainly electro-filters). It was estimated that 5.510° Mg of FA
is produced each year in the world (most of all in China, USA and India) [Ram and Masto 2010],
while in Poland approximately 4.2'10° Mg was generated in 2009. FA shows a wide variation in their
physical, chemical and mineralogical properties which depend on the nature of fuel (bituminous
coal, lignite, biomass, etc.), conditions of combustion, type of emission control devices, storage and
handling methods. Specific physical, chemical and mineralogical properties and massive formation
of FA allows for its wide use as raw material in many industry areas. In the same time, disposal
and storage of FA is associated with high costs and a considerable burden for the environment.
Traditionally, most of this secondary raw material is used in building industry, ceramics, road con-
struction or mining. In recent years new, unconventional methods of FA utilization were found in
the chemical industry, environmental engineering or agriculture [Pandey and Singh 2010, Szponder
and Trybalski 2009a].

In this publication the authors determined the usefulness of FA and the limits for its use in
agriculture. They also presented some modern applications of CCPs in agriculture, as well as evalu-
ated the benefits and risks associated with this type of FA application.

PROPERTIES OF FLY ASH

Fly ash is inorganic residue from coal combustion in power boilers. FA has a high morpho-
logical, phase and chemical composition diversity depending on the use of different methods of
combustion (conventional and fluidized bed boilers), the composition of fuels (bituminous coal,
lignite, biomass), a high dispersion of minerals in fuels and the dynamics of thermal processes.
There are three basic groups of FA — silicate fly ash (sFA), aluminium fly ash (aFA) and calcium fly
ash (cFA) [Szponder and Trybalski 2009b]. The most important properties of fly ash are presented
in Table 1 [Sobik-Szottysek and Janecka 2006].

Table 1. Selected properties of fly ashes [Sobik-Szottysek and Janecka 2006].

. . . Fly Ash
Designation Unit — - N
Silicate Aluminium Calcium
Specific density [kg/m®] 2500 — 4500 2000 — 4000 2000 — 4000
Specific surface by Blaine [em*cm’] 2250 — 2450 2250 — 2450 2250 — 2450
Permeability [m/s] 10— 107 >10-7 10" -10"°
SiO, [% by weight] 38-58 40 -50 25-56
A0, [% by weight] 15-31 30-35 5-18
Fe O, [% by weight] 45-15 5-12 45-8
CaO [% by weight] 1.7-10 2-4 12 -41
MgO [% by weight] 02-5 1-3 0.8-7
Na O [% by weight] 03-15 05-15 0.1-1.5
K,0 [% by weight] 03-3.7 1.5-3 025-3
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SO [% by weight] 02-2 04-1 3.1-10
Cr [ppm] 90 — 240 80110 100-110
Cd [ppm] 02-0.7 0.8 <2
Cu [ppm] 80— 190 55-175 40— 100
Ni [ppm] 30-200 — —
Pb [ppm] 20— 380 5080 25-45
Zn [ppm] 30— 1100 110 — 140 90 —220
Roasting loss [% by weight] 2-10 0.5-2 0.5-2

Physical Properties

Generally, fly ash is light gray to black in colour (depending on the amount of unburned car-
bon and organic matter residue). Some time it can be light brown to dark brown in colour (mostly
from brown coal and biomass combustion). FA consists of fine, glassy particles, which range in
particle size from 0.01 to 100 um. Their composition is dominated by spherical grains (mineral
or amorphous), either solid (pirospheres), hallow (cenospheres) or filled with smaller amorphous
particles (plerospheres). These grains appear individually, or in the form of aggregates. In addition,
there is a large group of irregular, highly porous, rounded or sharp-edged grains in FA (carbon resi-
due and soot). FA has low bulk density, high surface area and light texture [Ahmaruzzaman 2010].

Chemical Properties

The major chemical components of FA include oxides of silicon, aluminium, iron and calcium
(95 - 99%). In addition, FA contains secondary components in the form of oxides of Ti, P, Mg, S,
Na and K (0.5 - 3.5%) and unburned carbon (roasting loss). This waste also contains trace elements
like Mn, B, Ba, Cu, Sr, Ni, Cr, Zn, Cd, Co, Mo, V, Se, Pb, As, etc. (0.1 - 0.3%) and radioactive
elements like “K, **Ra i *’Th. The pH of FA is usually in the range from 4.5 to 12.0, depending
on the sulfur content in coal and on combustion and desulphurization technology. Wastes in which
the ratio of Ca to S is lower than 2.5 are acidic in nature, and those with a ratio higher than 2.5 are
alkaline [Szponder and Trybalski 2009a, Pandey and Singh 2010, Feng i in. 2006].

Mineralogical Properties

In its mineralogical structure, FA contains primarily amorphous substances in the form of sili-
con-aluminium glass (80%). It contains also a few crystalline phases such as gypsum (CaSO,2H,0),
mullite (3A1,0,2Si0,), quartz (SiO,), magnetite (Fe,O,), anhydrite (CaSO,), ettringete (3Ca0’
Al,0,3CaS0,332H,0), opaline SiO,, hematite (Fe,0,), lime (Ca0), chlorite, feldspar, and spinel
(FeAl,O,) [Ahmaruzzaman 2010, Szponder and Trybalski 2009a].

Fly Ash Properties Significant for Application in Agriculture
Because of its favorable physical and chemical properties fly ash has been used in agriculture

and forestry for more than thirty years. The specific and bulk density, particle size, porosity, water
holding capacity, surface area and chemical composition are the most important physicochemical
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properties of FA allowing for utilization in agriculture. FA contains most of the necessary plant nu-
trients (except of nitrogen and organic carbon, which are oxidized in the combustion process). This
deficiency is compensated by high concentrations of phosphorus, which by reaction with aluminum,
iron and calcium contained in the alkaline FA, can be easily absorbed by plants. Significant amount
of macro- and micronutrients in FA utilized in agriculture improves soil fertility, which encourages
the crops growth. Moreover, FA with large amounts of amorphous aluminosilicate glassy spheres is
great addition to the clay soil, and considerably improves its properties. At the same time, calcium-
rich alkaline FA is very useful for neutralizing acidic soils. Because of these and other physical and
chemical properties of FA, its application in agriculture improves soil fertility [Pandey and Singh
2010, Singh et al. 2010].

Despite these favorable characteristic, environmental concern has been raised as to the po-
tential risk FA may pose to plants and consumers. These disadvantages are connected mainly with
heavy metals presence in FA. Those metals can be accumulated in crops and may be poisonous
to final consumers. Furthermore, traces of radionuclides contained in this waste present a risk to
crops [Singh et al. 2010].

APPLICATIONS OF FLY ASH IN AGRICULTURE

In agriculture, fly ash can be utilized in many different ways. First of all, it is used as a mineral
fertilizer which improves the physical, chemical and biological properties of soils. Also, it can be ap-
plied as an agent which increases plant growth and the amount of obtained yields. In addition, FA is
used to reduce the amount of heavy metals accumulated in plants and to limit the spread of diseases.

Soil Quality Improvement

The influence of fly ash application on physical, chemical and biological properties of soil
and its quality has been carefully examined [Ram and Masto 2010, Singh et al. 2010, Pandey and
Singh 2010, Ferreira et al. 2003, Ciecko et al. 2009, Wtasniewski 2009, Fulekar 1993, Gracia i in.
1995, Phung et al. 1979, Lai et al. 1999, Menon et al. 1993, Kalra et al. 1997, Vincini et al. 1994].

FA addition to soil significantly alters its structure. Because FA particles are small and have
specific shapes (e.g., hollow spheres), it causes the formation of pores and voids in the soil structure.
The changes in soil structure are related to such changes in its physical properties as bulk density,
porosity, hydraulic conductivity, water holding capacity and aeration. These properties have a direct
impact on the nutrients availability in the soil, its biological activity, and plant germination and
growth. Another property of FA, which improves soil quality, is the presence of pozzolanic miner-
als such as Ca and Si in FA. This property affects the soil bulk density, porosity and its ability to
retain water [Ram and Masto 2010]. For example, research [Fulekar 1993] showed that the addition
of a large dose of FA (600 th™) to acid clay soil, causes a significant improvement in soil texture
and its physical and chemical properties. An the same time, the addition of a large amount of FA
(200 - 400 t.h™") to sandy-clay soil results in a significant improvement of its bulk density, acidity,
gas permeability and water holding capacity [Gracia et al. 1995].

The addition of FA to soil has a significant effect on its chemical properties. Fly ash, espe-
cially alkaline FA, contains large amounts of Ca and is used to reduce soil acidity. If FA contains
significant amounts of silicate minerals such as mullite, it forms silicic acid, which neutralizes
hydrogen ions in the soil. Adequate pH in soil has a significant effect on the chemical components
bioavailability, and thus directly and indirectly affects plant growth [Ram and Masto 2010]. Fly
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ash successfully replaces limestone and dolomite in soil pH regulation. For example, some studies
[Phung et al. 1979] showed that the addition of 1 kg of alkaline FA has the same effect on soil pH
and calcium bioavailability as the addition of about 0.2 kg of pure CaCO,.

Fly ash also provides minerals which are essential for soil, such as P, K, B, Ca, Mg, Mn, Zn,
carbonates, bicarbonates and sulfates. Micro and macro elements delivered to soil in the FA have
a positive effect on plant growth and upgrade its agronomic properties [Ram and Masto 2010]. For
example, Lai et al. [Lai et al. 1999] found out that the concentrations of Mg, B, K and P increased
in the soil which contained about 5 - 10% of FA. Also, Menon et al. [Menon et al. 1993] noted that
in the crops growing on the medium containing FA, the concentration of biogenic elements, such
as K, Ca, Mg, S, Zn and B, is higher than in the traditionally grown plants.

An effect of FA on the soil’s biological and biochemical properties has not been thoroughly
studied. There is no information on the biological processes and the impact of too low or too
high FA concentration on the soil’s biological properties. Although FA does not directly affect the
biological activity of the soil, it changes soil texture what may lead to intensification of biological
processes in soil [Ram and Masto 2010]. For example, some studies [Kalra et al. 1997] showed
that 5% concentration of FA in soil increased microbial activity, while addition of larger amounts
of FA inhibited biological processes. However, research conducted by Vincini et al. [Vincini et al.
1994] showed that concentration of FA in soil higher than 10% still enhanced microbial activity
in soil. The impact of FA on microbial activity is inconclusive. It is generally accepted that small
amounts of FA have little effect on microbial activity and larger FA concentration in soil inhibits
microorganisms.

Plant Growth and Yield Increase

The application of fly ash for soil fertilization is associated with plant growth and yield
increase. FA contains almost all minerals necessary in the metabolic processes of plants. The
influence of FA application on plant growth and production yield rate has been studied by many
researchers [Ajaz and Tiyagi 2003, Khan and Khan 1996, Singh and Agrawal 2010, Singh et al.
2010, Iyer and Scott 2001]. In most cases, the addition of FA to soil increases plant growth as well
as the minerals and nutrients uptake.

For example, Khan and Khan [Khan and Khan 1996] conducted a study on the impact of FA
on tomatoes growth. They were trying to determine the most suitable dose of FA in the soil. In the
experiment they used the following doses of FA: 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100%. The
research showed that in the soil which contained from 20 to 80% of FA, the growth of shoots and
roots increased by 40 - 90%. In the sample which contained 100% of FA, plant growth increased
by app. 5%. The most optimal soil contained 50 - 60% of FA.

In their studies Ajaz and Tiyagi [Ajaz and Tiyagi 2003] determined the effect of different
concentrations of FA (0, 10, 25, 50, 75, 90 and 100%) on cucumbers growth and quality param-
eters (length, fresh and dry weights, leaf area). Parameters improvement took place when the soil
contained 10 - 50% of FA. The fresh weight of cucumber increased maximally by 115% at the
soil mixture which contained 4 of FA and % of soil. The production of cucumber decreased at the
concentration of FA in the soil above 50%.

Other researchers [Singh and Agrawal 2010] examined the effects of different concentrations
of FA addition to soil on the growth of three cultivars of mung bean. The use of fly ash had a positive
influence on the mung bean growth and the crops productivity. 10% concentration of FA in the soil
turned out to be the best for cultivars M. Jyoti and M. Janpriya (40.6 and 33.9% growth increase),
while 5% concentration was the most beneficial for cultivar M. Jagriti (29.5% growth increase). The
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researchers concluded that the differences in the effects of FA application on the growth of mung
bean may indicate a genetic base for variability.

As it was demonstrated in the examples, the addition of FA to soil has various effects on
plant growth and yields. These parameters depend both on the amount of added FA and on plant
characteristics.

Stabilization of Soil Contaminated with Heavy Metals

Lately, increased attention has been paid to the possibility of stabilization (chemical immo-
bilization) of soil contaminated with heavy metals by applying fly ash. Stabilization minimizes the
mobility of heavy metals, so these contaminations are not transported into deeper soil layers and
into groundwater any longer. In addition, after immobilization of phytotoxic trace elements it will
be possible to restore fertility to highly contaminated soils [Singh et al. 2010, Pandey and Singh
2010, Ayala et al. 1998].

Research [Ciccu et al. 2001, Ciccu et al. 2003] showed that fly ash addition to soil bounces
metals and reduces their transport susceptibility, as well as helps to restore the natural soil prop-
erties. Stabilization of metals is based on such phenomena as adsorption, complexation and (co)
precipitation. It was found out that for the immobilization of heavy metals alkaline FA (high sorption
capacity) and zeolites synthesized from FA could be used.

Kumpiene et al. [Kumpiene et al. 2007] investigated the use of a mixture of fly ash and peat
as an additive to soils contaminated with heavy metals. They found that mobility and bioavailability
of metals such as Cu and Pb in soil is significantly reduced by using this agent.

Other researchers [Cornell and Schwertmann 2003] proved that the iron oxides contained in
the fly ash can absorb significant quantities of metals from soil. In this case, high soil pH is required,
because the amount of contamination adsorbed by iron oxide decreases with decreasing pH.

Fly ash is an effective, inexpensive and environmentally friendly additive for stabilization of
soils contaminated with heavy metals.

Agricultural Diseases Control

Fly ash can be successfully used in agricultural diseases control. Several studies were carried
out in this field [Pandey et al. 2009, Narayanasamy and Gnanakumar 1989, Narayanasamy and
Gnanakumar 2005, Sankari and Narayanasamy 2007, Eswaran and Manivannan 2007, Mendki et
al. 2001]. These studies show that FA can be used as a potential insecticide in agricultural areas. FA
could be also used as an active carrier in certain insecticide formulations like dust, wettable powder
and granules [Pandey et al. 2009].

In their studies, Narayanasamy and Gnanakumar [Narayanasamy and Gnanakumar 1989,
Narayanasamy and Gnanakumar 2005, Sankari and Narayanasamy 2007] confirmed the insecti-
cidal properties of FA (especially FA from lignite) against pests such as Epilachna, Spodoptera,
Lepidoptera and Coleoptera. They developed the FA application in pests control in rice, vegetables
(eggplant, okra, tomato, cauliflower, bitter gourd, etc.), and stored grain. They also determined the
bio-efficiency of FA-based pesticides. The most effective against insects were pesticides, which
contained FA and turmeric or neem seed kernel.

Eswaran and Manivannan [Eswaran and Manivannan 2007] studied the effect of fly ash from
lignite on viral disease of papaya leaves. They applied a treatment which included various concen-
trations of FA administered at different days after planting. It turned out that the most effective was
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double application of around 2 kg of FA from lignite on the plant 90 and 120 days after planting.
This treatment significantly reduced the amount of the virus and the disease spreading. The authors
concluded that the use of FA from lignite has significantly improved plant resistance mechanism
and increased the fruit production.

The study [Mendki et al. 2001] shows that fly ash can be used as a safe insecticide in the
pulses storage. The addition of 1 kg of FA at 5000 kg of seeds protects them against pests (especially
Callosobruchus chinensis) for 16-18 months.

These and other scientific researches confirm that fly ash can effectively control various pests
infesting plants, especially vegetables, both in laboratory and field conditions.

Forestry

Fly ash can also be used in forestry. Primarily it can be used to change the acidic pH of forest
run, especially in the forest which grows on soil with small amount of nutrients (e.g. sandy soils).
Usually in this type of forest tree species such as P. deltoids, D. sissoo, Eucalyptus sp, Melia Aza-
dirachta, Casuarina cunninghamiana migq., etc. are present. In his research, Riekerk [Riekerk 1984]
proved that the addition of fly ash to poorly drained sandy soil can increase the pH of the run from
4.7 to 6.0 and can double the growth rate of pine trees.

FA can be used to increase biomass production. Soils with minerals and nutrients deficiency
are fertilized by FA additives. FA may be applied as a filler for soils in forest nurseries [Pandey
i in. 2009].

Additionally, certain species of trees can be planted on reclaimed FA landfills. During land
reclamation, many species like D. sissoo, Albizia Lebbeke, Eucalyptus hybrid, Acacia and Tama-
rindus are planted on soils, which contain large amounts of FA. This brings mutual benefits. On one
hand, the land contaminated with FA is restored. On the other hand, very fast-growing tree species,
planted on landfills, provide large amounts of biomass, which can be used in industry, and bring
economic benefits [Pandey et al. 2009].

Floriculture

It is advisable to use fly ash in floriculture and ornamental plant production. FA contains all
nutrients which are necessary for proper plant growth. However, it also contains heavy metals which
are toxic for living organisms. As ornamental plants are not consumed by humans and animals, they
can be fertilized by FA, even if they contain heavy metals [Pandey et al. 2009].

FA can also be used for ornamental plants and storage of their cuttings, for pot cultivation,
and especially for hydroponics cultivation. This type of cultivation traditionally uses sphagnum
peat, pine bark, coir dust, perlite and vermiculite, which are generally acidic (pH app. 4.0) and
contain limited amounts of minerals. Therefore, liming materials (dolomite, calcitic limestone, etc)
are used to adjust the pH. Additionally, the shortage of minerals and nutrients is supplemented by
the addition of artificial fertilizers. Since alkaline FA is widely available, it can be used to replace
liming materials, previously used in the cultivation of ornamental plants. This innovative solution
brings mutual benefits, because firstly it significantly reduces the cost of ornamental plants and
flowers cultivation, and secondly it is a great method for ecologically and economically justified
FA utilization [Pandey et al. 2009].
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RISKS CONNECTED WITH FLY ASH APPLICATION IN AGRICULTURE

Although fly ash application in agriculture has many advantages, there is a risk associated
with it. The primary disadvantage of this utilization is the possibility of contamination of soils and
surface waters with heavy metals and radionuclides, and change in soil salinity. In addition, there
is also a risk associated with lack of information about the long-term effects of fly ash application
on soil quality and environment.

Heavy Metals Contamination

The main concern of fly ash application in agriculture is the presence of heavy metals in FA.
This waste contains many potentially toxic elements such as As, Cu, Zn, Cd, Pb, Co, Mo, Mn, Hg,
Ni, Cr, Se, B, etc. [Pandey and Singh 2010]. The risk of pollution depends on the mobility of these
elements. These heavy metals can be leached from soils, which contain particularly large amounts
of FA, and can lead to pollution of land, groundwater, rivers and lakes. Many studies [Ram and
Masto 2010, Singh et al. 2010, Pandey and Singh 2010, Ferreira et al. 2003] show that 5 to 30%
of heavy metals present in FA are leachable. The most leachable elements are Cd, Cu and Pb. In
addition, improperly conducted agricultural practices may affect the leaching of toxic elements from
soils fortified with fly ash.

Unfortunately, there are still not many researches on the effects of FA on biological properties
of soil. However, it is known that at higher concentrations of FA in soil, heavy metals may become
more active and prevent microbial activity in the soil [Ram and Masto 2010]

For example, studies conducted in England [Tolle et al. 1983] indicate that some elements
in high concentration are toxic to plants and animals. They point out that in plants grown in soils
fertilized with FA, concentrations of elements such as B, Mo, As and Se were above the level con-
sidered toxic to animals and humans.

Pollution with Radioactive Isotopes

Fly ash also contains certain amounts of radioactive elements such as 8y, #2Th, K, *°Ra,
*%Pb, **Ra, Ru i “’Ru (radionuclides of uranium and thorium series). During the combus-
tion process radioactive isotopes accumulate in the FA. Therefore, FA contains slightly elevated
concentrations of these elements compare to the surrounding rocks and soils [Pandey and Singh
2010].

Studies conducted by Goyal et al. [Goyal et al. 2002] proved that in soil containing up to
24% FA, the activity levels of gamma emitting radionuclides such as “K, **Ra i **Ac, remained
in permissible limits, despite local differences in the level of radiation. Also, ground water was not
contaminated with radionuclides. However, due to the high harmfulness of these pollutants on living
organisms, FA should be used in agriculture with caution.

Soil Salinity
The application of fly ash (especially unweathered FA) as additive to soil can cause an in-

crease of its salt content. Also, the salinity in the surrounding water reservoirs and ground water
will increase. Salinity increases because of high concentration of totally dissolved solids, total
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hardness, cations and anions in FA leachates (mainly Ca’',Na', F, CI, SO 42+, OH and COSM [Ram
and Masto 2010].

The salinity increase can induce salt stress in plants. Different plant species respond in dif-
ferent way to salinity increase in soil. Plants can be classified, accordingly, as tolerant, moderately
tolerant or moderately sensitive. The soluble ions can harm plants by direct toxic effects and also
through significant changes in osmotic potential. For example, an elevated level of Na' reduces soil
permeability, hydraulic conductivity, and infiltration by changing the soil structure. It also leads
to erosion water logging, and surface runoff. High levels of inorganic and organic colloids can be
released, which might transport contaminants such as pesticides, heavy metals and radionuclides
[Sumner et al. 1998]. Therefore, crop productivity is decreasing with increasing salinity for most
plants [Ferreira et al. 2003].

Although salinity and associated toxicity is a major limitation in the FA application in agri-
culture, the processes of FA weathering lead to significant reduction in a soluble salts concentration.
Studies conducted by [Haynes 2009] showed that in FA after 3 years of weathering, the salt con-
centration dropped rapidly. In weathered FA the soluble salts concentration is no longer a limitation
in its application in agriculture.

Long Term Effect of Fly Ash Application on Soil

Despite progress in the research, still little is known about the long-term effects of fly ash
on soil. A universal method for the determination the leaching of toxic elements from fly ash is
still missing, and most studies on this subject are based on industrial FA landfills rather than FA
agricultural applications.

The similar situation applies to research connected with transport of soluble salts, heavy met-
als, radionuclides and other pollutants in soil fertilized with FA. As a result of interaction between
FA and soil, pollutants behavior in FA — soil mixture, can vary considerably from their behavior
in the pure FA.

Also, the processes of weathering of FA can have unpredictable effects on soil quality in the
long term. These processes may lead to: changes in pH of the soil, decreases in Al and Si solubil-
ity through precipitation of non-crystalline aluminosilicates or clays with a low Al / Si molar ratio
(storage of heavy metals), and production of secondary minerals (hydrated calcium silicate, hydrated
calcium aluminosilicate, ettringite) in soil. As a result the porosity of the soil is reduced and its
biological functions are disturbed [Ram and Masto 2010].

CONCLUSIONS

Fly ash is a valuable secondary raw material, which is widely used in industry. A lot of re-
search, including the one mentioned in this article, has indicated that FA can also be successfully
used in agriculture.

FA can be used in agriculture, because it has unique physical and chemical properties. FA
has a unique structure and contains almost all the nutrients necessary for proper plants growth and
development. The application of FA in agriculture improves soil texture, reduces soil bulk density,
improves water holding capacity, optimizes pH value, increases buffering capacity, increases soil
aeration, percolation and water retention in the area of plant growth, reduces crush formation, pro-
vides macronutrients such as K , P, Ca, etc., provides micronutrients such as Fe, Zn, Cu, Mo, B,
etc., reduces consumption of other additives (lime, fertilizers), reduces the mobility and availability
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of heavy metals and has insecticidal properties as well [Pandey and Singh 2010]. It improves soil
quality and increases yields. The amount and method of FA introduction into soil depends on its
type, the type of crops, the prevailing climatic conditions, as well as the properties of FA.

Although FA utilization in agriculture has many advantages, there is a risk associated with its
biological use. The main risk factor is that FA contains toxic elements (heavy metals, radioactive
isotopes) and large amounts of dissolved salts. These substances can be leached from FA. Leaching
can cause soil and water salinity, unfavorable changes in soil pH, increase of heavy metals mobility
and availability and their accumulation in plants [Singh et al. 2010]. Therefore, caution must be
taken with fly ash application in agriculture.

It is also important to continue and extend research concerning the effect of FA application in
agriculture on crops and environment. Firstly, research should be carried out on the long-term im-
pact of FA on soil properties, microbial activity and diversity as well as crops quality. Furthermore,
the fate of toxic compounds contained in FA (including heavy metals and radionuclides) should be
carefully investigated, both in the laboratory and field. Also, potential contaminants leaching from
soil enriched with fly ash and their impact on the surrounding environment should be continuously
monitored.
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POPIOLY LOTNE A ROLNICTWO — NOWOCZESNE ZASTOSOWANIA
UBOCZNYCH PRODUKTOW SPALANIA

Streszczenie. Pomimo ciagle rosnacego znaczenia alternatywnych zrodet energii, paliwa kopalne, w tym przede
wszystkim wegiel kamienny i brunatny, odgrywaja znaczaca role w globalnej gospodarce energetycznej. Niestety
w procesach przetwarzania wegli na energi¢ powstaja uboczne produkty spalania, w tym popioty lotne. Odpady
te w znaczacy sposob oddzialywaja negatywnie na sSrodowisko naturalne, ale jednocze$nie posiadaja specyficzne
wiasciwosci umozliwiajace ich wykorzystanie w przemysle. Ze wzglgdu na bardzo duze ilos¢ powstajacych po-
piotow lotnych, w ostatnich latach poszukuje si¢ nowych, nieckonwencjonalnych zastosowan dla tych odpadow.
Poniewaz popioty lotne posiadaja unikalng strukture, a takze zawieraja w swoim sktadzie prawie wszystkie
sktadniki odzywcze niezbedne dla prawidlowego wzrostu i rozwoju roslin, zwrécono uwage na mozliwosé
ich utylizacji w rolnictwie. Przede wszystkim stosuje si¢ je jako substytut nawozu mineralnego do poprawy
wlasciwosci fizycznych, chemicznych i biologicznych gleb. Jednakze odpady te sa rowniez wykorzystywane
jako srodek zwigkszajacy wzrost roslin i ilo§¢ otrzymywanych plonéw. Ponadto, za pomoca popiotéw lotnych
zmniejsza si¢ ilos¢ metali cigzkich akumulowanych w roslinach czy tez kontroluje rozprzestrzenianie chorob.
Jednakze, ze stosowaniem popiotéw lotnych w rolnictwie zwigzane sa pewne zagrozenia (m. in. skazenie gleb
1 wod powierzchniowych metalami cigzkimi i izotopami promieniotwérczymi, zasolenie gleb). Ponadto istnieje
ryzyko zwiazane z brakiem informacji na temat wptywu dtugotrwatego stosowania popiotéw lotnych na jakos¢
gleb i srodowiska. W zwiazku z tym celowe wydaje si¢ podje¢cie badan zmierzajacych do doktadnego okreslenia
wptywu dodatku popiotow lotnych do gleb na produkcje rolnicza i sSrodowisko naturalne.
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W tej publikacji, autorzy podjeli si¢ proby okreslenia wlasciwosci popiotéw lotnych umozliwiajacych i ogra-
niczajacych wykorzystanie popioléw lotnych w rolnictwie. Przedstawili takze nowoczesne zastosowania tych
ubocznych produktow spalania w rolnictwie, a takze ocenili korzysci i zagrozenia ptynace z tego typu utylizacji.

Stowa kluczowe: popiot lotny, uboczne produkty spalania, rolnictwo, jako$¢ gleb, nawozenie, zanieczyszczenie
gleb.
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Summary. A simplified method for MFB (Mass Fraction Burnt) determination on the basis of Energy Conserva-
tion Law has been presented in the paper. At first, cumulative heat as a function of the crank angle is computed
as result of solving the mentioned law. Next, the cumulative heat after normalizing can be treated as the MFB
function. Additionally, computation of the specific heat C,/Cv ratio has also been conducted and the obtained
results lead to the conclusion that accuracy in determining the cﬂ/cv does not significantly influence the shape of
the normalized MFB profile. Following the presented computational method, combustion phases 0-10%MFB
and 10-90%MFB are also charged with a marginal error.

Keywords: combustion engine, heat release rate, MFB

INTRODUCTION

Results from several works [1,2,3,4,5] concerning modeling 3-D combustion process in the
internal combustion (IC) reciprocating engine with the aid of sophisticated methods including CFD
technique lead to the conclusion that a simplified analysis based on empirical data from this com-
bustion process can be sufficient for scientific purposes. However, there are also problems with this
analysis particularly touching measurement methods for the TDC (Top Dead Centre) determina-
tion and in-cylinder pressure signal processing [6,7,8,9,10]. The simplified method for determining
combustion progress in the IC engine is based on the Energy Conservation Law. Thus, the heat
released during fuel combustion in the internal combustion engine can be described with the fol-
lowing equation on the basis of this principle:

5Qch:dUs+§Qm+dW ‘*‘zhldn’l1 (1)

where:

60 , — heat released from combustion,

dU_ — internal energy of the fluid filling the engine cylinder,
60, - heat transferred to the engine walls,

dW = pdV - work done by the fluid to the environment,



SIMPLIFIED CALCULATION OF COMBUSTION PROGRESS IN THE IC ENGINE 387

Z:h’.dmi - crevices losses in energy.
The internal energy increment considered as total differential from a product of mass m and
the specific heat ¢ and temperature 7 of the working fluid can be expressed by the equation:

dU, =d(mc,dT) =mc,dT + mTdc, + ¢,Tdm = mc,dT +c,Tdm 2)

Assuming that the ¢ is constant and there is no mass transfer out of the closed cylinder space
dm, = 0, dU_ can be determined as follows:

dU, =mc,dT 3)

Hence, after rearranging the equation (1), its form is obtained for the net heat released 60, ,
which is not influenced by heat losses 60, to cylinder walls.

0Q,, =0Q, -6Q,, =dU, +d “)
Next, taking the differential form of the equation of state as follows

Vdp + pdV = mRdT 5)
then, rearranging it to the form

mc,dT = C—RV(Vdp +pdV) (6)

then, substituting it to the equation (3) and then to the equation (4) we finally obtain the
equation (7)

C, C,
0Q = (E) Vdp +( = 1] pdV %)

Considering the relations (8), (9) and (10) between the universal gas constant R and both the
specific heats ¢, and c, at constant pressure and constant volume, respectively,

C 1

C
R=c —c, 8), y=—L(9), X=—— (10
=6 By =2 O T (10
the final equation for the net heat Q0 over the crank angle increment df can be derived as
follows:
Q[ 1), dV [ 7 |yde (11)
do y=1)d0 \y-1 dée
where:

y — ratio of the specific heats (C/CV) at constant pressure and constant volume, respectively,
p — in-cylinder combustion pressure,

V — in-cylinder volume,

6 — crank angle (CA) deg,

Q,,, — net heat released during combustion.

The equation (11) is applied for heat release rate (HRR) determination in the IC engine
[5,11,12,13,14].
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In accordance with this equation, combustion progress can be expressed by the cumulative
heat Q , which can be determined through integrating it over the 6.

If someone assumes that the Lower Heating Value (LHV) of the fuel does not change at el-
evated pressure and temperature, then the heat released from combustion process can be expressed
as a product of the fuel LHV and the fuel mass burnt A, (6). Thus, progress in combustion can be
quantitatively described by the normalized function as the MFB (Mass of fuel Fraction Burnt)
defined as follows:

MFB(H):M:M (12)
MT anl
where:
M, — mass of the fuel burnt since start of combustion up to the current crank angle 0,
M, — total mass of the fuel burnt in the single combustion event.

Although the MFB function is often used in the engine combustion analysis, difficulties as
pointed in [15,16,17,18,19] might be encountered for anyone who wants to compute progress in
combustion in the internal combustion (IC) engine on the basis of this equation (11). As far as
both the p(0) and V(0) are known values, then the solution of the equation can be easily obtained.
The problem appears in case when accurate determination of the y (cp/cv) ratio is required. There
are several methods for calculating the y. In general, these methods are based on empirical results.
Gatowski et al. [20] proposed the y can be determined as follows:

(T -300)
=1.38-0.08.—= 13

4 1000 (1
where:
T - temperature of the in-cylinder working fluid in K.
There are slightly different formulas for the y determination in the [21] and [22].

y=1.338-6-10"T +107°T" (14)

)
y=138-ke' " (15)

where: k, and k, are constants from the range (0.2 - 900).

As anyone can notice, these equations are also functions of temperature.

Furthermore, the y can be determined directly, following its definition on the basis of separate
calculation of the c, and c,. In this case both the c, and ¢, can be determined from e.g. the NASA
polynomials. During combustion, relation between burnt and unburnt air-fuel mixture varies, that
contributes to change in the y. Thus, the y is changing from the y, to the y, which stand for the
unburnt and burnt mixture, respectively. To compute the final y for the total burnt and unburnt
compounds of the fluid filling the engine cylinder, the mass-based ratio between burnt and unburnt
content have to be provided. As the combustion progress requires y value for its computation, thus
both combustion progress represented by the released heat and the y can be determined from an
iteration process. As mentioned, the total y of burnt and unburnt species can be determined on the
basis of their mass fractions. Therefore, the MFB profile for the combustion progress is required.
The most well-known function for MFB calculation is the empirical formula developed by Rass-
weiler and Withrow [23]. It is presented in the equation (16).
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Z Ap,

MFB, = —t—
! Z Apbeginfend

(16)

where:

6 — crank angle,

4p, — corrected pressure rise with respect to combustion,
begin — end — location of begin and end of combustion.

However, the difficulty has to be faced with the proper determination of the end of combus-
tion, which is necessary for the MFB computation. Brunt et al. [24] assumed that the end of com-

bustion is located at the maximum of pV/ ",

RESULTS AND DISCUSSION

The main aim of the paper is to show that the combustion progress in the IC engine can be ex-
pressed by the normalized cumulative net heat represented by the MFB function. In that case no one
takes care about determining the y with relatively high accuracy. Unlike the MFB, which is considered
as pure empirical formula, the cumulative net heat is obtained through applying Energy Conservation
Law for that purpose. Although normalized net heat cannot be managed as the MFB profile due to
neglecting heat transfer to walls and the crevice effect, it can be applied as well as the empirical MFB
formulas for the MFB determination. Furthermore, such approach is justified with respect to theory.

For example, combustion of hydrogen at stoichiometric ratio with exhaust gas recirculation
(EGR) of 20% (by mass) was taken into analysis. The combustion pressure was acquired from
the IC spark ignited CFR engine (displacement = 611cm’) working at compression ratio (CR) of
10 with spark timing (ST) of 6 deg before TDC at rotational speed of 900rpm. In Figure 1 the in-
cylinder combustion pressure vs crank angle is plotted. As seen, there are pressure fluctuations on
the combustion pressure as a result of hydrogen combustion instabilities.
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Fig. 1. In-cylinder combustion pressure history of hydrogen combustion at stoichiometric ratio
with 20%EGR in the CFR engine with compression ratio of 10 and spark timing of 6 deg before TDC
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As far as combustion progress is going on the chemical composition of the gases filling the
combustion chamber is also varying from air and fuel (hydrogen and EGR gases) at the start of
combustion to exhaust gases when combustion is completed. Hence, the y = ¢ /c, ratio is also chang-
ing with the in-cylinder gas chemical composition change, as it is plotted in Figure 2.
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Fig. 2. Estimated y (cp/cv) of the in-cylinder gases during combustion of H2+air+20%EGR in the CFR
engine (CR = 10, ST = -6 deg ATDC) vs crank angle

To show the impact of the y on the heat release calculation and further, on the MFB function,
four cases of various y were taken for the analysis. They are shown in the table 1.

Table 1: Four cases of the y taken for MFB calculation

No. | y= cp/cv (@ temperature Air-fuel mixture composition

1 1.396 (constant) 25°C (NTP) Hydrogen+air_, +20%EGR

2 1.347 (constant) 900K (temperature at the ignition) | Hydrogentair +20%EGR

3 Varied from 1.34 to 1.24 Varied from 900K to 2500K Hydrogen+air,  +20%EGR
y = n, Constant, assumed as

4 polytrophic index n Uknown Hydrogen+air,  +20%EGR
of compression

In the case 4 the y is assumed to be the polytrophic index » of the compression process in the
piston engine following the equation (17).

log&
y=—n a7)
log—~
Vo
where:
Py V, - pressure and volume at spark timing, respectively,
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PV, - pressure and volume at point i located before the spark timing with p, v,
i-1,2,3 -index of the point i with p, v, taken for y computation (Fig. 3).

As shown in Figure 3 the compression process in the log p — log v coordinating system is
represented by almost the straight line. As the in-cylinder pressure increases with the in-cylinder
volume decrease, the average temperature of the in-cylinder gases also increases, which causes
higher heat transfer rate to the engine cooling system, therefore the instantaneous polytrophic index
n decreases with compression process approaching the ignition point expressed by the p,, v, coor-
dinates. Thus, someone can assume that the polytrophic index » can be similar to the y when it is
calculated at the end of the compression stroke eg. assuming the data for p, v, and p,v,.
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Fig. 3. p-v diagram in log scale with points marked for polytrophic index computation

Following the equation (11), the heat release rate (HRR) was calculated using the real com-
bustion pressure. Due to differentiating the dp/df expression, undesired influence of pressure fluc-
tuations on the heat release appeared. To avoid this shortcoming, low-pass filtering the combustion
pressure with the cut-off frequency of 3.5 kHz was applied. Then, the pressure fluctuations were
eliminated from the combustion pressure trace. As a result, the computed HRR curve was smooth,
as presented in Figure 4a, in which the HRR vs crank angle computed with 3 different y (cp/cv) val-
ues is presented. As expected, higher y results in lower HRR. Another feature can also be observed
Figure 4a . It was found that all the three curves were similar in shape to each other, even though
they were computed with different y’s. Furthermore, cumulative net heat profiles for these y ratios
(Figure 4b) also look similar to each other. The noticeable difference is in the maximum HRR and
maximum cumulative heat, which is justified if anyone assumes that coefficients y/(y+1) and 1/
(y+1) (Eq.11) can vary with y change.



392 Stanistaw Szwaja

a)
160 f-====q=mno- hiaiel RibEE - cpiCy = var ’--—
120 ----- R R ARh oo L CEEEE LR .
o X
9 :
3 :
B :
£ 80f----- R R Dl / AEEECEEEEN
T :
40f----- 1P S - 1
o= -q------ - LR EEREEE EE PR EEEEE.
I H H H I H
6 -4 -2 0 2 4 6 8
Crank angle deg ATDC
b)
1200 r r : r r :

o

CplCv=134 e

800

Cumulative heat J
(o)}
o
o

0
-6 -4 -2 0 2 4 6 8
Crank angle deg ATDC

Fig. 4. HRR vs crank angle (a), cumulative net heat vs crank angle (b)

The difference in the cumulative heat between these curves presented in Figure 4b can be
reduced if they are recalculated to normalized interval from O to 1, as shown in Figure 5a. Figure
Sb depicts zoom onto 0.5 of the MFB. In the percentage scale this value corresponds to 50%MFB.
There are limits in the MFB profile, which are particularly important in the analysis of the combus-
tion process. They divide the combustion process into combustion phases as follows:

—  0-0.IMFB (0-10%MFB) — first combustion (or pre-combustion) phase,
0.1-0.9MFB (10-90%MFB) — main combustion phase — it is treated as combustion dura-
tion when expressed in CA deg.

0.5MFB (50%MFB) is treated as the centre of combustion. In its crankshaft location half of
the fuel amount has been burnt.
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The curve calculated for the y varying with combustion progress (Table 1, case No.3) was
considered as the most accurate to the real heat release, so it was taken as the reference trace to
the others. As seen, the largest difference occurs for location of 0.5SMFB (50%MFB) and it equals
approximately to 0.16 CA deg. As far as the 0.1MFB and 0.9MFB are concerned, they are shifted
to the same direction and the offset is almost the same. Thus, the combustion duration as measured
from 0.1 to 0.9MFB might be charged with insignificant error when compared to the real 0.1-
0.9MFB combustion phase.
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Fig. 5. MFB profile (a), zoom to 0.5SMFB (b)

As mentioned, there are several difficulties in calculating the y (C/CV ratio), so, the polytrophic
index n of the compression stroke can be applied instead of the specific ratio y as recommended
by Tunestal [25]. As determined, the polytrophic index n = 1.34 of the combustion pressure trace
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data taken at the end of the compression stroke does not vary remarkably when compared with the
y = 1.347 for the combustible mixture. Satisfactorily good compatibility between y and » in this
case comes from low heat transfer between walls and the in-cylinder fluid at the end phase of the
compression stroke.

CONCLUSIONS

Progress in combustion determined as the normalized cumulative net heat on the basis of
the Energy Conservation Law can be considered as good as the other methods for heat release
rate (HRR) and MFB analysis in the IC engine. It provides several advantages such as satisfactory
accuracy and simplified calculation, in which y = ¢/c, ratio can be calculated as the compres-
sion polytrophic index directly determined from the compression pressure trace. Such assumption
does not charge the final results with significant errors. Additionally, normalized net heat can be
considered as substitution for the MFB, which usually is empirically determined. This approach
for combustion progress analysis was successfully applied for combustion knock in the hydrogen
fuelled IC engine [26].
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UPROSZCZONA METODA OBLICZANIA POSTEPU SPALANIA
W SILNIKU O SPALANIU WEWNETRZNYM

Streszczenie. W artykule przedstawiono uproszczona metodg obliczania MFB (czg$ci spalonej masy) w oparciu
o zasad¢ zachowania energii. Poczatkowo, ciepto skumulowane w funkcji kata obrotu watu korbowego jest
obliczane w wyniku rozwiazania powyzszej zasady. Dalej, skumulowane ciepto po normalizacji moze by¢
traktowane jako funkcja MFB. Ponadto, wyliczono tez stosunek ciepta wlasciwego c,/cv , a uzyskane wyniki
prowadza do wniosku, ze doktadnos¢ w okreslaniu c, /c, nie wplywa znaczaco na ksztatt znormalizowanego
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profilu MFB. Ponadto, przy zastosowaniu przedstawionej metody obliczeniowej, fazy spalania 0-10% MFB
i 10-90% MFB sa obcigzone marginalnym btedem.

Stowa kluczowe: silnik spalinowy, szybkos$¢ uwalniania ciepta, MFB (cz¢$¢ spalona masy)
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NUMERICAL ANALYSIS OF THE IMPACT
OF EGR ON THE KNOCK LIMIT IN SI TEST ENGINE
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Summary. The paper presents results of modelling of the thermal cycle of the SI test engine using AVL FIRE
software. Results are presented of impact of exhaust gas recirculation on the knock limit, thermal efficiency
and mean indicated pressure of the test engine. Modelling was done for the test engine powered by gasoline.
This engine runs at a constant speed. The engine is designed for lean mixtures combustion. The paper presents
results of optimizing ignition advance angle of the engine with EGR with the detection of knock process. The
knock process was modelled with the use of AnB model.

Key words: internal combustion engine, thermal cycle, modelling, combustion, knock, exhaust gas recirculation

INTRODUCTION

Engines are designed to maximize power and economy while minimizing exhaust emissions.
In some engines, a fraction of the engine exhaust gases is recycled to the intake to dilute fresh
mixture for control of NOx emission [6]. In order to reduce the in-cylinder temperature, a charge
dilution must be done. One of the effective methods used to dilute the fresh charge is to recycle
some part of the exhaust gases back into the cylinder. This method is called exhaust gas recirculation
(EGR). Using EGR will lead to a decrease in the in-cylinder temperature and a decrease in knock-
ing tendency. This method makes possible to improve advance timing to achieve higher thermal
efficiency compared to engines operating on mixtures without fraction of recycled exhaust gas. In
addition, EGR will reduce the in-cylinder NO_ production [11]. Shizuo and all [13] investigeted
the effects of EGR on direct injection gasoline engine. They confirmed that an appropriate volume
of EGR improves fuel economy and HC emission. This phenomenon is presumably due to the
intake temperature increase by EGR, which improved the flame propagation in the relatively lean
area of the air-fuel mixture, which is not uniformly distributed. Excessive EGR induces deteriora-
tion of fuel economy and HC emission prior to occurrence of misfire. The limit to the volume of
EGR is presumably due to the worsened flame propagation associated with reduced oxygen con-
centration, not to the worsening ignition performance [13]. Amr and Saiful [11] have investigated
a supercharged natural gas SI engine with exhaust gas recirculation. They havev confirmed that the
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increase of the percentage of EGR dilution in the inlet mixture decreases the oxygen concentration,
and consequently, it decreases the combustion rate significantly. For instance, the increase of EGR
dilution from 0% to 10% at atmospheric inlet conditions increased the total combustion duration
from about 74 deg to 95 deg. The maximum tolerable EGR dilution limit increased from about 10%
to 12%. The use of cooled EGR with a dilution rate ranged from 20% to 30% depending on engine
speed suppressed engine knocking and allowed using high inlet pressure condition at relatively high
compression ratio values. Cooled EGR has the potential of reducing the maximum burned gas tem-
perature and consequently NO emission in high compression ratio conditions [11]. The improvement
in fuel consumption with increasing EGR is due to three factors: firstly, reduced pumping work;
secondly, heat loss to the cylinder walls; and thirdly, a reduction in the degree of dissociation in
the gases burned at high temperature [14]. Li and all [15] presented the experimental study results
carried out on an electronically controlled fuel injection ,,stoichiometric gasoline engine” by using
cold EGR and increasing compression ratio to improve fuel economy and reduce emissions. They
stated that stoichiometric mixture is not an economical mixture for gasoline engines and its use may
lead to poor fuel economy and, consequently, an increase in CO, emission. It is an important topic
to improve the fuel economy of gasoline engines and make them operate at stoichiometric air—fuel
ratio without deteriorating emissions from the engines [15]. An investigation was carried out to
improve both fuel economy and emissions on gasoline engine at stoichiometric ratio by using cold
EGR to suppress the knocking and increasing in compression ratio of the engine [15]. In addition,
they stated that when the compression ratio was increased from 8 to 11.8 and EGR ratio as well as
air swirl ratio of the engine were optimized, the fuel economy was improved by 5.3% and the NOx
and (NOx + HC) emission was decreased by 54.8% [15].

Knock is an abnormal combustion process occurring in SI engines. It is characterized by the
occurrence of pressure oscillations. This phenomenon can destroy piston, exhaust valves or rings.
Due to this disadvantageous effect it is important to avoid knock phenomenon but on the other hand,
due to efficiency reasons, it is desirable to work as close to knock combustion as possible. The most
accepted theory that explains engine knock is the auto-ignition theory [6]. The auto-ignition theory
states that when the fuel—-air mixture in the end gas region ahead of the flame front is compressed
to sufficiently high pressure and temperature, the fuel oxidation process can occur in parts or in the
entire end gas region. This releases the chemical energy in the end gas region at extremely high
rates resulting in high local pressures. The non-uniform pressure distribution inside the combustion
chamber causes pressure waves or shock waves to propagate across the chamber causing noise
which is known as knock [6].

DESCRIPTION OF THE ECFM COMBUSTION MODEL

Turbulent combustion process is based on the conservation equations of chemical reaction
flows. A variety of combustion models is available and successful calculations have been conducted.
The CFM (Coherent Flame Model) has been successfully used for modelling the process of combus-
tion in spark ignition engines. The ECFM-3Z (Extended Coherent Flame Model 3-Zones) model
belongs to a group of advanced models of the combustion process in a compression ignition engine.
For several years it has been successfully used, constantly modified and improved by many research-
ers [19]. Together with turbulence process sub-models (e.g. the k-zeta-f), exhaust gas component
formation, knock combustion and other sub-models, they constitute a useful tool for modelling and
analysis of the thermal cycle of the compression ignition internal combustion engine.

Modelling of combustion process was carried out using an advanced model of combustion.
ECFM (Extended Coherent Flame Model) model was used based on the phenomenon of turbulent
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mixing zone of air, fuel and exhaust. The ECFM has been developed in order to describe combustion
in spark ignition engines. This model allows the modelling of the combustion process of air-fuel
mixtures with EGR effect and NO formation. The model relies on description of unburned and
burnt zones of the gas. A turbulent premixed combustion zones are characterised by chemical time
scale, integral length scale and turbulence intensity. In reciprocating internal combustion engines the
chemical time scales are much smaller in comparison to the turbulent scales. The concept of com-
bustion model is based on a laminar flamelet idea, whose velocity and thickness are mean values,
integrated along the flame front. The thickness of the flame front layer depends on the pressure, the
temperature and content of unburned fuel in the fresh zone. In addition, it is assumed that reaction
takes place within relatively thin layers that separate the fresh unburned gas from the fully burnt
gas. This model uses a 2-step chemistry mechanism for the fuel conversion [1]:

C.H.O, +[n+%—§)02 —>nC0,+21H,0= C/H, +[7 +%OZ »7C0, +%H20 )

C,H.0, +(g—§joz —nCO +%H2 - CH, +G)oz - 7CO+gH2 @)

where: n, m, k — number of the atoms of carbon, hydrogen and oxygen in the fuel, respec-
tively. Hydrocarbon C,H , was taken as a fuel.

The reaction (2) of formation of CO and H, is taken into account for stoichiometric and fuel-
rich mixtures, while for lean mixtures this reaction is omitted. The unburned gas phase consists
of 5 main unburned species: fuel, O,, N, CO, and H,O. At the burnt gas phase it is assumed that
no fuel remains. The burnt gas is composed of 11 species, such as O, O,, N, N,, H, H,, CO, CO,,
H,0, OH and NO.

To model the formation of the nitrogen oxides Zeldovich extended mechanism was used.
To detect the knock process, which may occur in the modeled engine, the knock model AnB was
used. The model is based on the knowledge of the auto-ignition delay. This knock model is based
on two equations. It was especially constructed for the extended coherent combustion flame model.
The first equation determines the fuel consumption y, during auto-ignition process and the second
equation defines the ignition delay 6 [1].

%Y T,
2h = yee . G)
where: ¢, — constant, 7 — the activation temperature, T,- the local temperature of the burnt
gas.
The second equation defines the ignition delay 6:
B
RON\* , i,
0=A —— e, 4
(o] s @

where: RON — fuel octane number, limited up to 140, used in the ignition delay expression,
¢, — constant, p — pressure in bar, T, - the local temperature of the fresh gas in K, » - pressure
exponent in the ignition delay expression, 4 - pre-exponential factor in the ignition delay expres-
sion due to auto-ignition (Arrhenius approach) and B - activation temperature in the ignition delay
expression.
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MODELLING RESULTS

Modelling of the thermal cycle of the test spark ignition engine in the AVL FIRE program was
carried out. The object of investigation was a spark ignition S320ER internal combustion engine fed
with gasoline. The engine was operated at a constant speed of 1000 rpm. The work investigates the
influence of EGR on engine operating parameters, on NO content in the exhaust gases and reduces
engine knocking phenomena. The study was conducted for the excess air ratio equal to 1.2. The
choice of this point of operation was dictated by the fact that in these conditions, the engine was
working properly, the knock phenomenon occurred at the larger angles of ignition advance.

The percentage of exhaust gases recycled back to the engine intake (%EGR) was calculated
as a percentage of the total inlet mass flow rate as follows:

%EGR=— MeoR )
m, + 1, + Moy
where: My, is mass rate of EGR, m, is mass rate of air, m, is mass rate of fuel, respectively
in kg/s.
One of the parameters determining the performance of the combustion process in the engine
is the indicated work.

540

z pn +2pn+l (Vn+1 _Vn)
180
V.

s

p = (6)
where p, p, |

instantaneous values of the cylinder volume [m’], V_is displacement volume [m’].
The average value of the indicated efficiency, expressed in % is equal to:

are instantaneous values of the pressure in the cylinder [MPa], V, V', are

n+l

m:Bgﬂm%, )

where Q is total heat supplied to the engine [MJ].
The heat supplied to the engine cylinder:

VoW

Q= snt’

®)

where V is volume of gasoline delivered to the engine cylinder [m’], p is density of gasoline
[kg/m’], W is calorific value of gasoline [MJ/kg], n is speed engine [rpm], # is time consumption of
gasoline delivered to the engine cylinder [min].

Fig. 1. The computational mesh for combustion chamber
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Table 1. Modelling parameters

Engine rotational speed - 1000 rpm
Cylinder bore - 120 mm
Stroke - 160 mm
Connecting-rod length - 275 mm
Squish - 2 mm
Initial pressure for 180 deg before TDC - 0.9 MPa
Initial temperature for 180 deg before TDC - 310K
Lambda - 1.2
EGR - 0-12.5%
Fuel - CH

13

FIRE sub-models

Turbulence model - k-zeta-f
Combustion model - Coherent Flame Model ECFM
NO formation model - Extended Zeldowich Model
Knock model - AnB
4 \
—AVL FIRE
3 — experiment |
o
o
=2
a
1 / \_
0

180 270 360 450 540
crank angle, deg

Fig. 2. Courses of pressure obtained by indicting of real test engine and by modeling using FIRE software

Computations were conducted for the angle range from -180 deg CA before TDC (top dead
center) to 180 deg CA (crank angle) after TDC. The mesh of the modelled combustion chamber
(Fig. 1) of the S320ER test engine consisted of nearly 30000 computation cells. Two-layered wall
boundary layer was considered. Model tests were carried out in FIRE software. In the first stage
of model calibration was made by comparing the changes of pressure courses from the real test
engine with the course obtained by the FIRE software modeling. Result of calibration of the model
is presented in Fig. 2. The variation of combustion pressures is shown, obtained as a result of
indicating the real test engine and modelling with AVL FIRE software, respectively, for the same
initial conditions and settings and spark advance timing. Designated engine efficiency is the gross
efficiency, the modelling does not include charge exchange loop.
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Fig. 3 presents the results of engine thermal cycle optimization in terms of advance angle,
for the conditions without EGR.
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Fig. 3. Indicated thermal efficiency and mean indicated pressure of modelled test engine
with marked knock area, without EGR

The gray area indicates the conditions for the occurrence of knock in the test engine. Maxi-
mum efficiency possible to obtain, without the danger of knock, was 33.7% and mean indicated
pressure is 0.83 MPa. The test engine, thus, can operate with a maximum angle of ignition advance
equal to 14 deg before TDC. Further enhancing of the value of the angle of ignition advance causes
knock, which can contribute to engine damage.

Fig. 4 shows a comparison of the indicated thermal efficiency curves obtained for a different
EGR ratio and for a fixed angle of ignition advance, equal to 10 deg before TDC, ignition timing
for maximum efficiency and conditions limited by knock onset. It turned out that for the modelled
test engine, the curve that determines knock limit is quite close to the curve that determines the
maximum engine efficiency.



NUMERICAL ANALYSIS OF THE IMPACT OF EGR ON THE KNOCK LIMIT 403

— max efficiency

25 4| —10 deg before TDC
— - limited by knock
20 I I I T T
0 2,5 5 7,5 10 12,5 15
% EGR
1
o 08"
o
=
a 0,6 4| ——maxiumu pi
——10 deg before TDC
— - limited by knock
0,4 T T T T T

0 2,5 5 7,5 10 12,5 15
% EGR

Fig. 4. Indicated thermal efficiency and mean indicated pressure

The test engine, of course, cannot work under conditions where there is danger of knock
phenomena occurrence. For maximum EGR ratio, equal to 12%, an increase of indicated thermal ef-
ficiency was observed from 23% do 36.4%. This was due to change in the angle of ignition advance.
For maximum efficiency, at 12.5% EGR, the ignition advance should be changed to 60 deg before
TDC. Unfortunately, this resulted in the occurrence of knock phenomenon. The maximum ignition
timing for these conditions could be below 50 deg before TDC. Optimizing the ignition angle has
also a positive effect on the value of the mean indicated pressure. For the constant ignition angle
equal to 10 deg and 12.5% EGR ratio, the value of the mean indicated pressure was 0.47 MPa and
for the optimized ignition angle equal to 50 deg, TDC reached 0.74 MPa.
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Fig. 5. Curves of spark ignition advance for the maximum value of thermal indicated efficiency
and limited by knock phenomenon onset

Fig. 5 shows the area of knock combustion of the test engine. The impact is illustrated of igni-
tion advance angle and EGR ratio on the test engine performance. The curve called ,,knock onset”
refers to the critical angle of ignition at which knock in the combustion process of the test engine
begins. The second curve defines the ignition angles for which the maximum efficiency could be
achieved but because of the danger of knock phenomenon it cannot be achieved.

Yy o ®
'1"%;/_1;;;* X

Fig. 7. Places of knock onset in the combustion chamber of the test engine
A =1.2 for and ignition advance 20 deg before TDC

Fig. 7 shows the areas for the formation of a knocking in the modeled combustion chamber
for ignition advance angle of 20 deg after TDC. These areas are located near the surface of the
piston squeezing surface.

CONCLUSIONS

A small exhaust gas ratio in a fresh load causes an increase in engine thermal efficiency.
For the modelled test engine 2.5% EGR ratio caused an increase in the efficiency of about 1.7%.
Increasing share of EGR in the fresh charge decreased value of mean indicated pressure. Limit
value of EGR ratio for the modelled engine was 12.5%. With greater participation of EGR ratio
combustion process slowed down too much and thus operation of engine was no longer effective.
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Changing the timing advance caused a considerable improvement in engine operating parameters.
Limit values were determined by the occurrence of knock process. Exhaust gas recirculation not
only has a positive effect on the reduction of NO in exhaust gases, but also reduces the possibility
of knock onset. Engine equipped with exhaust gas recirculation system should be able to change
the ignition angle, depending on the ratio of the exhaust gases recirculation.
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NUMERYCZNA ANALIZA WPLYWU EGR NA GRANICE
SPALANIA STUKOWEGO W BADAWCZYM SILNIKU SPALINOWYM

Streszczenie. W pracy przedstawiono wyniki modelowania obiegu cieplnego ttokowego silnika spalinowego
z wykorzystaniem programu FIRE. Modelowano obieg silnika o zaptonie iskrowym z procesem recyrkulacji
spalin. Analizowano wptyw udzialu EGR na zmniejszenie toksycznos$ci spalin oraz na ograniczenie obszaru
pracy silnika, w ktorym wystepuje spalanie stukowe. Okazato si¢, ze dzigki optymalizacji obiegu silnika z EGR
pod wzgledem kata wyprzedzenia zaptonu, w badanym silniku, osiagnigto takie wartosci kata zaptonu, dla
ktoérego nie wystepuje jeszcze spalanie stukowe a jednoczesnie osigga si¢ parametry zblizone do optymalnych.

Stowa kluczowe: silnik spalinowy, obieg cieplny, badanie, spalanie stukowe, recyrkulacja spalin
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Summary. The paper presents results of modelling of the thermal cycle of SI test engine using AVL FIRE
software. The results are presented of the influence of exhaust gas recirculation on some engine parameters
e.g. indicated thermal efficiency and mean indicated pressure. The knock phenomenon was taken into account.
The engine parameters were limited by knock combustion process. It turned out that several percent of exhaust
gases turned back into the cylinder which is beneficial not only for NO concentration but also has a favorable
impact on knock combustion limit.

Key words: internal combustion engine, combustion, knock, exhaust gas recirculation

INTRODUCTION

Contemporary engines are designed to minimize exhaust emissions while maximizing power
and economy. One of possible methods of doing this is exhaust gas recirculation. A fraction of the
engine exhaust gases is recycled to the intake to dilute fresh mixture for control of NO_emission
[6]. This method is called exhaust gas recirculation, in short EGR. The recycled gases reduce the
in-cylinder temperature and cause a decrease in knocking tendency.

Amr and Saiful[1] experimentally investigated the use of the stoichiometric air—fuel mixture
with exhaust gas recirculation technique in a spark-ignition natural gas engine. Engine performance
and NO emissions were studied for both atmospheric and supercharged inlet conditions. It was
found that the use of EGR has a significant effect on NO emissions. NO emissions decreased by
about 50% when EGR dilution increased from zero with an inlet pressure of 101 kPa to close to the
misfire limit with an inlet pressure of 113 kPa. In addition, the use of EGR effectively suppressed
abnormal combustion which occurred at higher inlet pressure. The use of higher inlet pressure in
the presence of EGR improved engine performance significantly. NO emissions decreased by about
12% when 5% of EGR dilution was employed with an inlet pressure of 113 kPa compared to us-
ing undiluted stoichiometric inlet mixture with an inlet pressure of 101 kPa [1]. In recent years an
increase is observed in the petroleum price. It has led to more interest in alternative fuels like DME.
Wang and Zhou [2] confirmed that the properties of DME provide a potential for a large EGR ratio
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in an engine. Their experimental results indicate that NO_emission can be reduced by about 40%
at a large EGR share without visible smoke and deterioration in thermal efficiency of DME engine.
However, CO emission increases with the rise of EGR share. A commercial oxidation catalytic
converter was used to investigate its influence on CO emission. Additionally, they prove that DME
vehicle engine can meet stricter emission regulations with an EGR integrated system and oxidation
catalytic after treatment [2]. Bin Huang and co-workers [3] have investigated the cycle-by-cycle
variations in a spark ignition engine fueled with natural gas—hydrogen blends combined with exhaust
gas recirculation. The effects of EGR ratio and hydrogen fraction on an engine’s cycle-by-cycle
variations were analyzed. The results showed that the cylinder peak pressure, the maximum rate of
pressure rise and the indicated mean effective pressure decrease and the cycle-by-cycle variations
increase with the increase of EGR ratio. A slight influence of EGR ratio on indicated mean effective
pressure was observed at low EGR ratios while large influence of EGR ratio on indicated mean
effective pressure was demonstrated at high EGR ratios [3]. Pradeepa and Sharma have taken into
account the renewable fuel JBD suitable for diesel engines [4]. Diesel engines running on JBD
were found to emit higher nitrogen oxides, NO_. Hot EGR, a low cost technique of exhaust gas
recirculation, was effectively used in that work to overcome this environmental penalty. Practical
problems faced while using a cooled EGR system were avoided with hot EGR. Results indicated
higher nitric oxide emissions when a single cylinder diesel engine was fuelled with JBD, without
EGR. NO emissions were reduced when the engine was operated under hot EGR levels of 5-25%.
However, EGR level was optimized as 15% based on adequate reduction in NO emissions, mini-
mum possible smoke, CO, HC emissions and reasonable brake thermal efficiency. Smoke emissions
of JBD in the higher load region were lower than diesel, irrespective of the EGR levels. However,
smoke emission was higher in the lower load region. CO and HC emissions were found to be lower
for JIBD irrespective of EGR levels. Combustion parameters were found to be comparable for both
fuels [4]. Erjiang and coworkers [5] have conducted an experimental investigation on the influence
of different hydrogen fractions and EGR rates on the performance and emissions of a spark-ignition
engine. The results showed that massive EGR introduction decreases the engine power output.
However, hydrogen addition can increase the power output at large EGR operation. Effective ther-
mal efficiency showed an increasing trend at small EGR rate and a decreasing trend with further
increase of EGR rate [5]. For a specified hydrogen fraction, NO_concentration was decreased with
the increase of EGR rate and this effectiveness becomes more obvious at high hydrogen fraction.
HC emission was increased with the increase of EGR rate and it decreased with the increase of
hydrogen fraction. CO and CO, emissions showed little variations with EGR rate, but they decreased
with the increase of hydrogen fraction. The study showed that natural gas—hydrogen blend combin-
ing with EGR can result in high-efficiency and low-emission spark-ignition engine [5]. Shizuo and
all [7] investigeted an effect of EGR on direct injection gasoline engine. They confirmed that an
appropriate volume of EGR improves fuel economy and HC emission. This phenomenon is presum-
ably due to the intake temperature increase by EGR, which improves the flame propagation in the
relatively lean area of the air-fuel mixture, which is not uniformly distributed [7]. Abd-Alla in his
work presented a summary of the possibility of using exhaust gas recirculation in a spark ignition
engine. He confirmed that in spark ignition engines, substantial reductions in NO concentrations are
achieved with 10-25% EGR. However, EGR also reduces the combustion rate, which makes stable
combustion more difficult to achieve. At constant burn duration and brake mean affective pressure,
the brake specific fuel consumption decreases with increasing EGR [8].
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MODELLING RESULTS

Modelling of the thermal cycle of the test spark ignition engine in the AVL FIRE program was
carried out. The object of investigation was a spark ignition S320ER internal combustion engine fed
with gasoline. The engine was operated at a constant speed of 1000 rpm. Exhaust gas recirculation
was taken into account. An influence was analyzed of EGR on engine operating parameters, NO con-
centration in the exhaust gases and reduction of engine knocking phenomena. The paper presents the
thermal cycle parameters for the conditions of constant ignition advance and the optimized angles.

The percentage of exhaust gases recycled back to the engine intake (%EGR) was calculated as
a percentage of the total inlet mass flow rate. Geometric mesh of combustion chamber of modeled
test engine is presented in the paper “Numerical analysis of the impact of EGR on the knock limit
in SI test engine”. The verification results and modelling parameters are also presented in the above-
mentioned paper. Figure 1 shows changes in the indicated thermal efficiency and mean indicated
pressure for the modeled engine depending on the EGR ratio. It turned out that small exhaust gas
content in a fresh load causes an increase in engine efficiency. For modeled engine 2.5% EGR ratio
caused an increase in the efficiency. The maximum obtained efficiency was 34.7%. Of course, with
increasing participation of EGR in the fresh charge the value of mean indicated pressure decreased.
With the increasing EGR there was a higher than 2.5% decline in engine efficiency.
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Fig. 1. Courses of indicated thermal efficiency and mean indicated pressure
for constant spark advance timing equal to 10 deg before TDC
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Figure 2 shows the value of mean indicated pressure for a fixed advance angle and the op-
timized conditions. It turns out that it is appropriate to increase the advance angle for increased
participation of recycled gases in the fresh charge. For 12.5% increase of EGR the ignition advance
angle allowed for an increase of mean indicated pressure by over 35 % from 0.47 MPa to 0.74 MPa

1
0,8 F===———r
o -~ -~
© I
[a >~
= 0,6 TR
) ~
o ~ ~
_ . . ul
04 1 maximum pi
—-10 deg BTDC
0,2 T T T T T
0 2,5 5 7.5 10 12,5 15
% EGR

Fig. 2. Mean indicated pressure for constant ignition angle 10 deg before TDC and for optimized conditions
at different shares of EGR, A=1.2

Engine running without EGR reached the indicated efficiency equal to 33%. For 12.5% EGR
ratio the indicated thermal efficiency dropped to 23%. Results were obtained for the test engine

running with a constant angle of ignition advance.
The solid line in Fig. 3 represents the maximum pressure obtained for the conditions in which

there was no knock combustion.
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Fig. 3. The angle of the maximum combustion pressure for the conditions with
and without knocking for different EGR shares

The dashed line represents the hypothetical value of the maximum pressure obtainable in the
research engine, the limitation is the occurrence knock process.
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Fig. 4. Maximum rate of heat release for condition limited by knock onset and for constant ignition advance
equal to 10 deg before TDC

Fig. 4 shows the dependence of rate of heat release to the conditions of constant advance angle
and the optimized conditions. From Fig. 3 it can be concluded that the maximum heat release rate
decreases with the increase of percentage EGR share. The increase of EGR dilution in the mixture
decreases the in-cylinder oxygen concentration and, consequently, it reduces the heat release rate.
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Fig. 5. Effect of EGR on the combustion duration angle for conditions: ignition advance equal to 10 degrees
before TDC and the conditions for optimum ignition angle restricted by knock combustion onset

The combustion duration was calculated as the crank angle interval from the spark ignition
to the end of combustion where the heat release reaches its maximum [1]. The increase of EGR
share decreases the oxygen concentration which slowed down the combustion rate and increased
combustion duration.
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Fig. 6. Curves of NOx concentration depending on EGR percentage share

Figure 6 shows the impact of EGR ratio on NO content in the exhaust gases. With the increase
in the share of exhaust gases in a fresh load it causes an decrease of NO in the exhaust gases. For
the test engine NO concentration in the exhaust gas can be reduced by using 12.5% of EGR and
the ignition angle about 50 deg before TDC. Under these conditions the drop of NO concentration
from 4450 ppm to 1460 ppm can be achieved.

Due to the concentration of NO in the exhaust gas it is preferable not to make changes in the
value of ignition angle, but it involves a significant deterioration in the thermodynamic parameters
of engine cycle. For optimal conditions, without knock combustion, 12.5% of EGR reduced NO in

the exhaust by more than 65%.
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Fig. 7. NO concentration: a) in optimized conditions (max p, and 1),
b) constant ignition angle equal to 10 deg BTDC

Fig. 7 shows the NO concentration in the exhaust gases for different coefficients of excess
air. Without optimizing the thermal cycle engine by changing the angle of advance a significant
reduction of nitrogen oxides was achieved using EGR. On the other hand, a decrease followed of
thermodynamic parameters of the engine cycle (Fig. 7b). Optimizing the thermal cycle of an engine
with EGR in conditions of angle advance caused a smaller reduction of NO in the exhaust. How-
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ever, it had a beneficial effect on the engine performance. This is the most evident for the excess
air ratio equal to 1.2.

CONCLUSION

The paper presents the problem of optimizing the thermal cycle of a piston engine with
exhaust gas recirculation. Achieving maximum thermodynamic parameters of the test engine cycle
is limited by the occurrence of knock phenomenon. Maximum mean indicated pressure equal to
0.83 MPa was obtained for the test engine, without EGR. In the case of 12.5% EGR the maximum
value of p, reached a value 0.74MPa with more than 60% decrease in NO content. Exhaust gas
recirculation is beneficial not only in reducing the toxicity of exhaust gases but also by effectively
shifting the formation of the knock limit.
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ANALIZA NUMERYCZNA WYBRANYCH PARAMETROW PRACY
SILNIKA ZI Z RECYRKULACJA SPALIN

W pracy przedstawiono wyniki modelowania obiegu cieplnego ttokowego silnika spalinowego o zaptonie iskro-
wym z uwzglednieniem recyrkulcaji spalin. Modelowanie przeprowadzono z wykorzystaniem propgramu FIRE.
Analizowano wptyw EGR na tokycznos¢ spalin z uwzglednieniem granicy spalania stukowego. Okreslono
wplyw recyrkulacji spalin na diugos¢ procesu spalania.
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Summary. The paper presents the results of comparative investigations of changes in dynamic viscosity and
dielectric constant of the lubricant in diesel engines fueled with Ekodiesel Plus 50B and Ekoterm Plus under
real operating conditions.

Keywords: diesel fuels, engine lubricants, dynamic viscosity, dielectric constant.

INTRODUCTION

The real operating conditions of kinematic pairs in diesel engines (CI) depend on a variety
of factors. The possibilities of occurrence of excess loads, high air dustiness, unprofessional and
irregular maintenance, failure to use fuels to applicable standards (use of cheaper replacements)
and fuels recommended by the manufacturers can result in unpredictable changes in the lubricant
properties in the oil ducts. The design requirements, technologies of manufacturing of materials and
parts in the kinematic pairs as well as mutual tribological relations during operation — much depen-
dent on the quality of the applied lubricants and fuels — determine the course of the abrasive loss
process in the said kinematic pairs of diesel engines and self-propelled machinery [Wanke, Koniuszy
2009, Wanke 2010]. The most difficult to define are the changes in the lubricating conditions in the
slide areas of critical pairs related to a continuous deterioration of the rheological and qualitative
parameters of the engine lubricants, resulting from the dissolution and dissipation of pollutants as
well as fuel leaks through the piston rings [Szczerek, Wisniewski 2000]. That is why in day-to-
day operation the changes in the properties of the engine lubricant should be monitored between
the scheduled maintenance inspections. The intervals recommended by the manufacturers due to
various operating conditions are not always necessary to apply. Through a realization of periodic
diagnostics of selected lubricant parameters for given operating conditions we can determine new
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oil change criteria, which is economically justifiable — particularly in professional applications. For
central lubrication systems an appropriate selection of engine lubricant (particularly its properties
and parameters) for the actual operating conditions can have a decisive influence on the optimiza-
tion of the durability potential of the whole power train [Wajand J. A., Wajand J. T. 2000, Jakdbiec
2001 a, b, Olszewski i in. 2004, Bochenski 2005].

One of the more important issues in recent years in the field of durability optimization and
reliability maximization in diesel engines in operation — discussed by authors of many publications
— has been the use of fuels compliant with the manufacturer specifications and applicable standards
[Mucha 2000, Oleksiak 2001 a, b, Baczewski K., Katdonski T. 2004, PN-EN 590:2006]. In older
generation of engines — engines of a lower fuel system sensitivity to the quality of fuel — very often
different replacement fuels were used of unpredictable impact on the changes of the quality of the
engine lubricant, thus on the durability and reliability of the engine [Kowalski 2006].

In relation to the presented conditions the authors, in the comparative tests, have undertaken
to explain whether the amount of used fuel influences the rheological properties of the diesel en-
gine lubricant (farm tractors) under real operating conditions. The authors particularly attempted to
explain whether the observed changes of the selected engine lubricant properties can lead to a modi-
fication of the recommended service interval plan and, in extreme cases, whether they can lead to
pathology in the wear of the critical friction pairs particularly those operating under slide friction.

The here presented results are a second part of the earlier publication of the author [Wanke
2010] and were collected simultaneously in the same field experiment under real operating condi-
tions of the tractors.

RESEARCH METHODOLOGY

In the operational comparative investigations the authors tested two Ursus 1614 farm tractors
manufactured in the years 1992+1993 fitted with the Z 8602.1 engines after a rebuild performed
in the beginning of 2006 before the start of the agricultural season. The tests were carried out in
the agricultural season 2008 from 3 March to 6 December. The initial mileage of the first tractor
marked A (fueled with Ekodiesel Plus 50B — diesel oil) equaled to 689,4 motor hours (mth) and
the second marked B (fueled with Ekoterm Plus — heating oil) 703,6 motor hours counting from
the engine rebuild. Directly prior to the initiation of the tests the engines were filled with the oil of
the same grade SAE 15W/40, API CG-4, ACEA 96 E2/B2/A2 [Podniato 2002] and a diagnostics
was performed according to the manual. Based on the obtained results of the inspection the en-
gines were deemed parametrically acceptable — technically operative [URSUS 1614 Wheeled Farm
Tractors 1992].

The monitored tractors belonged to one owner and were operated in the same farm simultane-
ously on the same fields at the same time adequately to their tractive effort for works related to soil
cultivation, fertilization and crops transportation. Based on the performed diagnostics and analysis
of the conditions it was assumed that both tractors were in a similar initial state and operated under
similar operating conditions, which makes the test results comparable.

The oil samples for the comparative tests were taken according to a preset procedure — the
same for each of the operated tractors. The first sample — the base sample was taken from the
packaging when the oil was delivered to the workshop. The second one was taken directly upon
finishing of the first day of operation. Then, the oil sample was taken regularly approximately every
1000 dm3 of used fuel until the oil change. Each of the samples was marked. The oil samples were
taken through the dipstick slot with the use of a syringe and a hose of the capacity of 50- 106 m3,
accuracy +5-10-7 m3, directly upon the finishing of the tractor operation. Immediately after the tak-
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ing of the sample the syringe and the hose were thoroughly cleaned in a thinner and dried. The oil
attrition was topped up. In the period of the experiment the amount of consumed fuel was recorded
from the indications of the flow meters with the accuracy of +10-3 m3.

For each of the taken samples the dynamic viscosity and the dielectric constant were mea-
sured three times in a steady temperature of T = 293 K and then the average values and standard
deviations were calculated. For the marking of the viscosity a digital rotational viscosity meter was
used — Brookfield DV-II+ with an ultra thermostatic chamber controlled by a PC computer with
Rheocalc 32 installed. The measurement was carried out according to the [PN-EN ISO 3104:2004]
standard and the recommendations of the manufacturers of the viscosity meter with the accuracy
+10-2 mPa's [Brookfield DV-II+ User Manual 2008]. For the determining of the changes in the
quality of the oil a Lubrisensor device was used that, thanks to the absolute changes in the value of
the dielectric constant (accuracy +10-1), enables detection of 3 groups of operational pollutants of
the engine oil (group I — oxides and sediments, dirt, products of fuel combustion, acids; group II —
water, coolant, metal parts; group III — fuel). The dielectric constant grows or lowers proportionally
to the changes in the concentration of the pollutants present in the oil. The direction of the sway of
the indicator towards ,,+” or ,,—” and the value of the indication determined the group of the pollut-
ants and their amount. The evaluation of the condition of the tested oil consisted in calibrating of the
device against a reference sample (fresh oil) and measuring of the changes of the dielectric constant
for the tested samples taken from the engine [Lubrisensor User Manual 2000, Olszewski 2001].
The obtained results of the comparative tests were then correlatively and regressively analyzed on
the significance level of o = 0.05.

DISCUSSION OF THE TEST RESULTS

Based on the statistical analysis of the results a significant impact (significance level of o =
0,05) was observed of the amount and quality of the used fuel on the changes of the rheological
and quality parameters of the engine lubricant of the grade SAE 15W/40 API CG-4. A very strong
positive (directly proportional dependence of the dielectric constant — Fig. 2) and negative correla-
tion (indirectly proportional dependence of the dynamic viscosity — Fig. 1) has been observed as
a function of the amount of the used fuel and the multiple correlation — type R(z/xy) (Fig. 3). The
comparison of the coefficients of the directions of the regression lines indicates that the unit drop
of the dynamic viscosity of the lubricant — grade SAE 15W/40 API CG-4 in the engine fueled with
diesel oil (Fig. 1, straight line) is approximately 10% lower than in a comparable engine fueled with
heating oil (Fig. 1, dotted line). In the case of the relative changes in the dielectric constant it has
been observed that the unit increment of the analyzed parameter is approximately 33% higher than
in the case of engine B fueled with heating oil (Fig. 2, dotted line).

During the comparative operational measurements of the changes in the quality of the engine
oils with the use of Lubrisensor in the case of all samples taken directly from the oil sump in the
tested range of operation only the pollutants from group I have been observed. The pollutants from
groups II and III (water, coolant, metal particles and fuel) were not detected by the device. This
could confirm the earlier formulated assumption (at the beginning of the comparative investigations)
that the engines were fully operational parametrically upon inspection as per the recommendation
of the manufacturer. An important effect of the performed tests is the increment of the dielectric
constant — clearly seen in figures 2 and 3 (as compared with the reference oil) only in the first oil
samples
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taken from the engines upon consuming of 29 dm3 (tractor A) and 60 dm3 (tractor B) of
fuel respectively at a simultaneous drop in the dynamic viscosity of up to 17% when fueled with
Ekoterm Plus (fig. 3). Such a significant change after only one day of operation may indicate an
excess amount of pollutants (carbon sediments, tar) inside the engine and oil ducts and may neces-
sitate engine flushing at the nearest oil change.

The results shown in Fig. 1, 2 and 3 of periodic monitoring of the changes of the selected
rheological and qualitative properties of the engine oil - grade SAE 15W/40 API CG-4 as a function
of fuel consumption realized under real operating conditions of the farm tractors constituted a basis
for the extension of the oil change interval recommended by the manufacturer (recommended 200
mth of operation) [URSUS 1614 Wheeled Farm Tractors 1992]. Throughout the whole agricultural
season (field works and transport) at the fuel consumption of 5226 dm3 — for engine A fueled with
Ekodiesel Plus 50B — and 5180 dm? for engine B fueled with Ekoterm Plus the excess of the admis-
sible changes of the dynamic viscosity and the dielectric constant was not observed against fresh

oil despite the extension of the oil change interval by approximately 80% and 60% respectively
[Wanke 2010].
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Based on the discussed nature of the changes of the dynamic viscosity and the dielectric
constant of the engine oil — grade SAE 15W/40 API CG-4 as a function of quantity (also depending
on the quality) of the used fuel a supposition was formulated of a possibility of a significant exten-
sion of the oil change intervals for the Z 8602.1 engines until the boundary values are reached as
defined in the change +25% (dynamic viscosity) [Bochenski 2005] and 3.5+4.0 (dielectric constant)
[Sobanska-Gorska, Zajkowski 1995].

CONCLUSIONS

1. The Z 8602.1 engine fueling with Ekoterm Plus accelerates the unit growth of the dielec-
tric constant by approximately 33% and results in an approximately 10% faster drop in
the dynamic viscosity of the engine oil — grade SAE 15W/40 API CG-4 as a function of
the amount of consumed fuel as compared to the fueling with Ekodiesel Plus 50B. This
indicates a significant acceleration of the engine oil parameters deterioration that may lead
to the deterioration of the lubricating conditions and an accelerated wear of the friction
pairs through the reduction of anti wear oil properties used in the friction surfaces of the
kinematic pairs in the engine.

2. Unit changes in the values of the dynamic viscosity and the dielectric constant in the
compared samples of the engine oil are very strongly correlated (on the significance level
of a = 0.05) with the amount and quality of the consumed fuel.

3. Periodic monitoring of the engine oil conditions in the Z 8602.1 engines — in operational
conditions — allows for an extension of the oil change interval depending on the local
operating conditions measured by the amount of fuel used during an operation.
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BADANIA WPLYWU ZUZYC’IA PALIWA NA ZMIANY
WYBRANYCH PARAMETROW OLEJU SMARNEGO
W SILNIKACH Z ZAPLONEM SAMOCZYNNYM

Streszczenie. W pracy oméwiono wyniki badan poréwnawczych zmian lepkosci dynamicznej i statej dielek-
trycznej oleju smarnego w funkcji zuzycia paliwa, w silnikach z zaptonem samoczynnym, zasilanych paliwem
Ekodiesel Plus 50B i Ekoterm Plus w rzeczywistych warunkach eksploatacji.
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Summary. The transverse spray uniformity is very often used to assess spray quality. The value of the spray
uniformity index (the coefficient of variation) is estimated on the basis of laboratory tests, carried out on the
grooved table. The functional parameters of nozzles have direct influence on the value of this index. The dif-
ferences between the actual and the nominal values of the parameters might have a significant influence on the
quality of the spray during field works.

This study presents an analysis of the results of tests on the quality of flat fan nozzles used for fields spray-
ing. The quality was evaluated on the basis of a statistical analysis of functional parameters characterizing the
geometry of the spray stream. The obtained results allowed drawing conclusions and making comments on the
influence of the spray nozzle quality on the spray process. The conclusions and remarks might be useful for
the nozzle manufacturers.

Keywords: workmanship quality, nozzle, functional parameter, spray, quality evaluation

1. INTRODUCTION

Field crop spraying is one of the most frequently used agricultural and technical procedures
particularly during vegetation of plants. Pesticides are poisons and can cause many dangers not
only for the sprayer operator but also for outsiders and for other life forms in the environment
[19]. Therefore, the use of minimal pesticide inputs and only when they are necessary is essential.
The tests conducted in Poland and abroad are aimed at the minimization of the use of chemical
preparations to the extent ensuring high quality and effectiveness of the procedure. The analyses of
research work [4, 8, 19] showed that a lot of factors connected with the structure of sprayers, their
functions and use, properties of the working liquid, atmospheric conditions and agricultural and
technical conditions affect the quality and effectiveness of the procedure.

The spraying quality is evaluated on the basis of a non-uniform transverse distribution of
the spray (the coefficient of variation), the values of which are calculated with the use of results
of measurements performed on a grooved table (patternator). The spray uniformity index value is
directly influenced by volumes and distribution of the liquid in grooves of the table depending on
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functional parameters of nozzles, including, the intensity of outflow of the technological liquid and
the values of angles characterizing geometry of the spray stream. The relevance of the parameters
is confirmed by the fact that for example the nominal values of the spray stream angle and liquid
outflow rate are provided in nozzle type designations and spray nozzle selection instructions. The
issue of evaluation of workmanship quality of the flat fan nozzles was tackled in several studies
[21-24]. However, in order to supplement and update the evaluation, it is necessary to perform an
analysis of quality, again considering the spray angle and the stream asymmetry angle in relation
to the spray nozzle symmetry axis perpendicular to the sprayed area.

Due to the influence of special causes (assignable causes) and natural variability (chance
causes of variation) of each production process [12], it is practically impossible to obtain spray
nozzles with nominal value of the spray stream angle and ideal angle symmetry for the entire
population. However, neither manufacturer information relating to spray nozzles used in agriculture
nor any Polish standards provide admissible ranges of variability of the parameters, which do not
affect the spray quality. Few manufacturers of industrial spray nozzles guarantee that the stream
angle will not be changed by more than £5° [5]. The tests [9] showed that the spray stream angle
value, which is smaller than the nominal value, may lead to formation of liquid droplets greater than
the assumed ones and, at the same time, worse coverage of plants with pesticides. Besides, as the
computer simulations showed, a small asymmetry of the spray angle may (in some configurations
of distribution of the spray nozzles on the spray boom) lead to a great value of the coefficient of
variation for the boom [16].

2. LABORATORY TESTS
The laboratory tests were performed in the year 2003, on new, serial production flat fan
nozzles used in spraying because of their great usability [1, 20]. For the selected type of spray
nozzles and the liquid operating pressure of 0.3 MPa, the nominal values of the functional param-

eters are shown in Table 1.

Table 1. The nominal values of the functional parameters

Functional parameter Nominal value
liquid outflow rate Qn=2% 10°m’s”
spray stream angle o =110°

nom

asymmetry angle (the angle between the stream symmetry
axis and the nozzle symmetry axis)

Brom =0°

The tests were performed in accordance with recommendations presented in the standards [6,
7] and methodology of tests of tractor pressure sprayers [25]. The tests covered 300 flat fan nozzles
mounted one by one on the spraying boom placed at the height of 0.5 m above the measuring table
(patternator). The measurements were repeated three times in a row for each of the nozzles and
for the same testing conditions. The tests involved measurements of intensity of the liquid outflow
and video recording of the spray stream emitted by each of the nozzles. The detailed description
of the test stand, the testing method and the preparation of the test data are presented in the studies
[2, 3, 11].



424 Cezary Wisniewski

Fig. 1. Illustration of the method of angle determination in the spray stream: a) a - the liquid spray angle,
where: a=p,+,, b) B - asymmetry angle, where: 3=0.5|B,-B,, B,,B, — angles of the left and right parts
of the spray stream in relation to the nozzle symmetry axis perpendicular to the sprayed surface [22]

The values of o and B angles characterizing the geometry of the spray stream (Fig. 1) were
determined with the use of computer processing and statistical analysis of the recorded video im-
ages of the spray streams. The value of a angle was determined between the slant heights of the
elliptical cone in the upper part of the stream before bending of the slant heights in the bottom part
(Fig. 1a). This method of determination of liquid spray angle in the flat fan nozzle is commonly
used by manufacturers and research centers [1]. The value of B angle has been calculated using the
absolute value of the difference between B, and B, angles (Fig. 1b).

3. THE ANALYSIS OF TEST RESULTS

The data of the liquid spray angle and spray stream symmetry angle were subject to computer
processing and statistical analysis. The analysis was aimed at the obtainment of assessment of the
statistics describing trial empirical data and assessment of the compliance of the empirical data
with the nominal values provided by manufacturers of nozzles. As a result of 300 trial evaluations
of average spray angles and asymmetry, the basic statistical location and differentiation measures
were determined (Table 2).

Table 2. The values of statistical location and differentiation measures of the empirical distribution
for the liquid spray angle o. and asymmetry angle 3 for flat fan nozzles [22]

Measure Value Measure | Value

Angle a | Angle B Angle a | Angle B
Average 103.5° 0.96° Maximum 107.5° 2.75°
Median 103.7° | 0.84° Minimum 97.1° 0.1°
Mode 104.3° | 0.6° Range 10.4° 2.65°
Variance 3.598 0.283 Lower quartile 102.15° | 0.55°
Standard deviation 1.897° 0.535° Upper quartile 104.95° | 1.30°
Standard error 0.110° 0.031° Coefficient of variation 1.83% 55.88%
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When analyzing the results (Table 2) in terms of statistical location measures (e.g. average,
median, mode, quartiles), it should be stated that:

The average spray angle of the liquid emitted by the nozzle was 103.5° and was lower
from the nominal value provided by the manufacturer (110°). The average symmetry angle
value (B,=0.96°) also indicated that an average nozzle was characterized by asymmetry
of the spray stream.

Assuming that the tested nozzles represent a random collection of all nozzles of the type,
the obtained average values should be interpreted with errors of 0.110° for angle a and
0.031° for angle P respectively.

Half of the nozzles tested was characterized by liquid spray angles exceeding 103.7° and
asymmetry angles exceeding 0.84° (median values).

The dominant angle (mode value) in the spray nozzle test was o angle with the value of
104.3° and B angle with the value of 0.6°.

Most typical nozzles used in the test were such nozzles, for which liquid spray angle
values fell within the range of 102.15° and 104.95° (between the lower and upper quartile
of a angle) and such nozzles, for which asymmetry angles fell within the range of 0.55°
and 1,3° (between the lower and upper quartile of  angle).

When analyzing the calculated values (Table 2) of empirical characteristics of distribution
(e.g. standard deviation, coefficient of variation), it may be stated that:

The average differentiation (standard deviation) of the liquid spray angle was 1.897°,
which, as expressed relatively (coefficient of variation), corresponds to approx. 1.83% of
the arithmetic average. Such a low value of the variability coefficient proves a consider-
able homogeneity of nozzles in terms of deviation of the angle values from the average
value.

The average differentiation (standard deviation) of the asymmetry angle was 0.535°,
which, as expressed relatively (coefficient of variation), corresponds to approx. 55.88%
of the arithmetic average. Such a high value results from a considerable standard de-
viation (0.535°), which, in relation to the average value (0.96°) proves a considerable
differentiation of the nozzles in terms of deviation of the angle values from the average
value.
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The above-mentioned observations are illustrated in a graphic presentation of the distribution
series composed of the analyzed data (Fig. 2 and 3).
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Fig. 3. A histogram of numbers and a cumulative frequency curve for the esting
of data of the liquid stream asymmetry angle ()

By treating the tested sample of nozzles as representative for the entire population of nozzles
of the type and taking into account large numbers of the sample (300 elements), it may be assumed
that the tested nozzles are characterized by the liquid spray angle value lower than that indicated by
the manufacturer. This assumption is justified because 100% of the nozzles tested were characterized
by liquid spray angle values lower than the nominal value of 110°.

The difference observed between the average value of the sample (8,=0.96°) and the assumed
nominal value of the liquid stream asymmetry angle (8, == 0°) does not require any verification in
terms of statistical relevance due to the fact that 100% of the values in the large samples composed
of 300 elements were greater than 0°.
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4. CONCLUSIONS

The conducted analysis aimed at the evaluation of the workmanship of new serial production
flat fan nozzles. The obtained results and conclusions can be useful for the nozzle manufacturers
and to formulating standards and quality requirements.

By adopting a definition of the quality quoted in the standard [17] as “degree, to which a set of
inherent characteristics (...) fulfils requirements (...)”, it may be stated that the considered functional
parameters constitute the characteristics (inherent characteristics) of nozzles affecting correct spray-
ing procedures (in accordance with the equipment specified in the standards, for example). An inad-
equate quality level of nozzles may result in a failure to fulfill the user’s expectations related to the
effectiveness and costs of the procedure or may cause negative impact on the natural environment.

The statistical test performed on a large randomly collected sample of flat fan nozzles enabled
an evaluation of the statistical values characterizing the population of nozzles in terms of some
functional parameters. In characterizing the population of nozzles, attention should be paid to the
following main conclusions:

»  Average values of a and 3 angles differ considerably (in terms of statistics) from the
values indicated by the manufacturer. The difference shows that the production process
of nozzles was out of control and that the influence of assignable causes resulted in the
movement of the process mean (desirable nominal value) to the undesirable value.

»  The nozzles were characterized by a high homogeneity in terms of deviation of angle o
from the average value (1.83%) and showed great differentiation for angle § (55.9%). The
great value of the coefficient of variation for angle B shows that the production process
was unstable and the dispersion of the angle B values in the population of nozzles was
considerable.

*  Due to the confirmed deviation of the values of o and 3 angles from the nominal values, it
would be purposeful for manufacturers to indicate admissible values of the deviations in
order to provide unambiguous evaluation of the quality of nozzles and eliminate nozzles
that do not comply with the manufacturer specifications.

The above-mentioned comments enable an evaluation quality of flat fan nozzles, although
the evaluation is not unambiguous and it depends on an adopted criterion. The unambiguity of the
evaluation results particularly from the absence of available data relating to tolerance ranges for a
and B angles that could guarantee good quality of spraying. As regards the tolerance ranges for the
angles, one may consider Shewhart’s criteria [18], however, the adoption of this approach would
require a verification in the form of additional laboratory tests and simulation analyses.

From the practical point of view, the quality of the evaluated spraying was based on a non-
uniform transverse distribution of the spray as determined for the spraying boom, and depended, to
a great extent, on the order in which nozzles are mounted in the boom — a fact to which the study
[16] referred. This results from non-uniform “overlapping” of asymmetrical cones of the spray
streams across the width of the spraying boom. Additionally, in the case of the liquid spray angle,
a considerable difference between the actual value and the nominal value of the angle may lead
to formation of droplets even greater than the assumed ones and, at the same time decrease of the
degree of coverage of crops with a pesticide. Besides, the value of the angle, which is lower than
the nominal value of the angle, will lead to a decrease of the transverse range of the spray streams
for the spraying boom located at the height recommended by the manufacturer in the manual.

Considering the above-mentioned comments, it may be stated that taking into account the
statistical analysis of the liquid spray angle values and stream asymmetry only as well as conclusions
resulting from the analysis, the quality of workmanship of the nozzles (compliance with the nominal
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values) may be evaluated unequivocally as unsatisfactory. However, there is still an open issue of
evaluation of the influence of low quality workmanship of nozzles on the quality of spraying, which
may be determined upon testing of the relation between the indicator of the spraying quality and
variability of functional parameters of the nozzles mounted in the spraying boom.

Future trend in the studies should involve such tests that would allow detecting the causes of
deviation of the functional parameter values of nozzles from the nominal values. The causes may
result from inappropriate quality of production or inappropriate structure of the nozzles causing high
sensitivity of functional parameters to insignificant random changes in the workmanship quality.
The tests may consider an analysis of the internal structure of a nozzle, including the influence of
accuracy of the surfaces inside the nozzle chambers and channels or shaping of the chambers and
channels for the purposes of variability of the functional parameters.
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OCENA JAKOSCI ROZPYLACZY NA PODSTAWIE
BADANIA GEOMETRII STRUGI OPRYSKU

Streszczenie. Jakos¢ oprysku bardzo czgsto oceniana jest na podstawie jego poprzecznej rOwnomiernosci. War-
tos¢ wskaznika nierdwnomiernosci oprysku (wspdtczynnika zmiennosci) szacowana jest metoda badan przepro-
wadzanych w warunkach laboratoryjnych na stole rowkowym. Na wartos¢ tego wskaznika bezposredni wptyw
maja wartosci parametrow funkcjonalne badanych rozpylaczy. Roznice pomigdzy wartosciami rzeczywistymi
i nominalnymi tych parametrow moga w istotny sposob wptywac na jako$¢ oprysku podczas prac polowych.
W pracy przedstawiono ocen¢ wynikow badan jakosci wykonania rozpylaczy ptaskostrumieniowych, stosowa-
nych w opryskiwaczach polowych. Oceny dokonano na podstawie analizy statystycznej wartosci parametrow
funkcjonalnych charakteryzujacych geometri¢ strugi oprysku. Na podstawie uzyskanych wynikéw sformuto-
wano wnioski dotyczace jakosci wykonania rozpylaczy oraz uwagi zwiazane z wptywem tej jakosci na jakos¢
oprysku. Wnioski i uwagi moga by¢ przydatne dla producentéw rozpylaczy rolniczych.

Stowa kluczowe: jakos$¢ wykonania, rozpylacz, parametr funkcjonalny, oprysk, ocena jakosci
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INFLUENCE OF EXTRUSION-COOKING PROCESS
PARAMETERS ON SELECTED MECHANICAL
PROPERTIES OF PRECOOKED
MAIZE PASTA PRODUCTS
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Summary. The paper presents the results of measurements of selected mechanical properties of precooked pasta
made from maize flour using variable parameters of extrusion-cooking process. The different level of water ad-
dition to maize flour was used due to the moisture content from 30 to 34%. Processing of maize pasta products
was performed at the temperature ranged 80-100°C on single-screw modified extrusion-cooker TS-45 with L/D =
18:1 using a differentiated screw speed: 60, 80, 100 and 120 rpm. Depending on the screw speed and the dough
moisture content selected tensile properties and extension characteristics of hydrated products by elongation tests
of precooked maize pasta products were determined. A higher screw speed and moisture content lowered load at
tensile strength and increased extension at break during elongation tests. Similar tendencies were observed for
tensile strain at break and tensile strain at tensile strength. Precooked maize pasta due to its acceptable texture
and tensile properties may be an attractive product for consumers on a gluten-free diet.

Key words: extrusion-cooking, maize pasta, gluten-free pasta, extension, tensile

INTRODUCTION

In recent years, the world is constantly increasing the production of pasta products from
raw materials other than flour and semolina flour such as rice, corn, barley, oats, fortified com-
pound additives (Jurga, 2002). In the production of traditional pasta, the high level of addition
of these raw materials to semolina or wheat flour results in deteriorating of gluten structure and
decreases the physical properties of pasta products. It may occur that the reduction of the strength
and plasticity of wet forms of pasta during pressing will industrially increase their stickiness and
dry matter loss during cooking. Therefore, in conventional, industrially manufactured pasta, an ac-
ceptable addition of high-starchy raw materials to wheat flour or semolina pasta or noodles should
not be higher than 10%. Application of extrusion-cooking to pasta processing give the possibili-
ties to use many different raw materials, also gluten-free, for precooked or instant pasta (Huber
1998, Li Vasanthan 2003, Wang 1999, Wojtowicz 2008, 2010, Wéjtowicz Mitrus 2010, Wojtowicz
Moscicki 2009)
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Preparation of gluten-free pasta is a challenging task for the food technologist, because of
the lack of gluten which is formed when wheat is used as the starting material (Bryant et al., 2001).
Gluten is the main contributor to dough development during mixing and extrusion, and thus pre-
vents disaggregation of pasta during cooking in boiling water. It has been suggested that the lack
of gluten can be overcome by blending pre-gelatinized starch or corn flour before adding water, or
by gelatinizing some of the starch during mixing or extruding. Extrusion is a suitable process for
producing snack foods for consumers with celiac disease, as starch is the main component provid-
ing the desirable expanded structure in the final product (Camire 1990, Ding 2005, Wojtowicz
2011). In the formulation of gluten-free pasta, it has been suggested that the production process
should be altered, for example by pre-gelatinizing the gluten-free starch during mixing or extrud-
ing to denature the protein and protect the starch from rupturing during cooking (Charutigon 2008,
Chillo 2007, Gallager 2008 Lai 2001).

The only effective way for treating celiac disease is a strict adherence to a gluten-free diet,
the patients are not allowed to eat any bread, cereal or other food made with wheat, rye, barley,
triticale and oat flour or ingredients, or by-products made from those grains, processed foods that
contain wheat and gluten-derivatives as thickeners and fillers, for example hot dogs, salad dressings,
canned soups/dried soup mixes, processed cheese, cream sauces, and medications that use gluten
as pill or tablet binders (Niewinski 2008). Gluten removal results in major problems for processing
and many gluten-free products available on the market are of low quality, exhibiting poor mouthfeel
and flavor. This presents a major challenge to the cereal technologist to search for alternatives to
gluten in the manufacture of gluten-free food products (Gallager 2004, Yoenyongbuddhagal, S.,
Noomhorm, A. 2002).

For the evaluation of mechanical properties of food products many tests may be performed
according to instrumental measurements (Raina 2005, Ross 2006). There are several methods which
have been used to measure the rheological properties of dough in extension: simple uniaxial exten-
sion, where dough is stretched in one direction; and biaxial extension, where the dough is stretched
in two opposing directions. One of the oldest and most widely used test methods to measure mate-
rial properties is the uniaxial tensile test. A strip of material is clamped at both ends and pulled
apart at a fixed rate in a suitable testing machine, and the force measured at the same time as the
displacement of the object. The force is generally plotted against the displacement (extension) to
give a force—extension curve (Dobraszczyk 2003).

Mechanical and dynamic-mechanical properties of cereal-based products have been investi-
gated by several research groups. Moreover, some model has been developed to study the relations
between cooked pasta and mechanical properties. It is known that the evolution of mechanical
parameters is related to the hydration process during cooking and overcooking as well as starch
gelatinization. In particular, the mechanical behavior is described through the changes occurring in
the elastic modulus and the tensile strength. (Cafieri et al. 2010). Elongation at break is the recorded
strain at the moment of rupture of the sample and is expressed as the elongation percentage with
respect to the original length. (Chillo 2009)

The aim of this work was an evaluation of processing parameters influence on selected me-
chanical properties of gluten-free maize precooked pasta.

MATERIALS AND METHODS

Maize flour was used in the tests (protein - 5.13%, fat - 1.4%, ash - 0.45%, fiber - 2.0%).
The raw material was moistened by proper water addition and mixed for a final dough moisture
content 30, 32 and 34%. After mixing and resting compounds were processed using the modified
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single screw TS-45 extrusion-cooker (Metalchem, Gliwice, Poland) with screw length to diameter
ratio L/D=18:1, compression ratio - 3:1, equipped with additional glycol cooling section just before
the die, at the temperature ranged from 80 to 105°C. Pasta products were shaped for threads with
application of a forming die with 12 holes 0.8 mm in diameter. Gluten-free pasta products were
processed at different screw speed at the level of 60, 80, 100 and 120 rpm. After a while, the drying
samples were stored in plastic bags before testing.

Pasta elongation was tested with Tensile Kiefer Dough and Gluten Extensibility Rig equip-
ment of Instron 5564 apparatus with head SON (Stable Micro Systems Ltd., UK). Tests were per-
formed in Food and Bioprocess Engineering Group, Wageningen University (the Netherlands).
Tension test speed 3.3 mm's" was set. Single pasta tread after 5 minutes of hot water hydration was
placed on the testing table and held under plastic cover during the test. During the tensile tests load
at break, extension at break, tensile stress at break, tensile strain at break, tensile stress at tensile
strength, and true stress at tensile strength were evaluated using computer program. Values on curves
are means of five replications.

The results were analyzed using the statistical software Statistica 6.0, examining the relation-
ships between the moisture content of raw materials and screw rpm to all the tested processing pa-
rameters. Analysis of variance was conducted at the confidence level of 95% (p=0.05), significance
of differences was assessed by Duncan’s range test.

RESULTS

The results of measurements of strength characteristics of gluten-free pasta processed at var-
ied screw speed and different moisture content of maize flour dough (30-34%) showed dependency
on both the moisture content of raw materials and screw rotations applied during the extrusion. It
was observed that increasing the moisture content of maize flour causes a significant increase in
the value of extension at break, elongation at break, and to reduce stress during stretching. In this
case, little effect was used during extrusion screw rotation of maize precooked pasta on rheological
properties determined in tensile tests. Correlation coefficients for these dependencies are shown in
Table 1.

Table 1. Correlation coefficients of rheological parameters of maize pasta, depending
on the moisture content ranged 30-34% of raw materials and the screw speed of 60-120 rpm.
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Moisture content [%] | 0,554 -0,173 0,534 -0,475 0,418 -0,605 0,253
Screw speed [rpm] 0,284 0,362 0,173 -0,309 0,217 -0,243 -0,182

The values of tensile strain at break increased with increasing screw speed applied during
extrusion-cooking of maize pasta. Similarly, the increased initial moisture content of maize flour
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resulted in the increase of the value of this parameter. Relationships between processing parameters
and tensile strain at break of maize precooked pasta are shown in Fig. 1.

Load at tensile strength measured with the use of the Kiefer Dough and Gluten Extensibility
Rig showed the lowest value of the load during extension for gluten-free pasta processed using
high-moisture dough and high screw rotational speed. However, low screw speed and the highest
moisture applied during the extrusion-cooking of maize pasta resulted in the highest value of load
at tensile strength. A similar range of results was obtained for maize pasta extruded at the highest
speed and lowest initial moisture content of maize flour. The results of measurements of load at
tensile strength are summarized in Fig. 2.

Carini et al. 2009 tested extruded and laminated pasta products. Force at rupture (maximum
force (N) required to shear the sample) in the range from 10 till 14 N were obtained for extruded
and laminated fresh pasta and extensibility (deformation at breakage (mm)) in the range from 9 ot
11 mm were obtained. The extruded pasta was characterized by higher extensibility and force at
rupture. They also tested an influence of mixing system on mechanical properties of pasta. Differ-
ent mixers affecting the physicochemical properties were observed more markedly in the extruded
than in laminated products. Fresh extruded pasta was less extensible and harder than the laminated
one (carini 2010)

Li and others (2008) tested mechanical properties of wheat protein dough and they assumed
that extensibility at rupture decreased when the glutenin, insoluble glutenin, soluble glutenin, and
glutenin macropolymer were added, and decreased systematically with increasing levels of these
fractions. However, extensibility at rupture increased when the monomeric protein, albumin-glob-
ulin, and gliadin were added, and increased systematically with increasing levels of these fractions.
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Figure 1. Tensile strain at break during elongation test of precooked maize pasta processed
at different screw speed and initial moisture content.
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Figure 2. Load at tensile strength of precooked maize pasta processed at different screw speed
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Figure 3. Extension at break during elongation test of precooked maize pasta processed

at different screw speed and initial moisture content.
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The values of extension at break indicate a diverse flexibility of maize pasta during the ten-
sile test. Extension at break was dependent on the screw speed used during the extrusion-cooking,
the higher the extrusion screw speed used for pasta processing, the greater extension until rupture
(Fig. 3). The smallest differences between the measurements were determined for examining of
extruded maize pasta with initial moisture content of 30%, the higher the moisture content of maize
flour was set, the greater differences in flexibility — products prepared with the highest screw speed
used during extrusion at the highest moisture content of raw materials showed the highest values
of extension, which suggested that they were the most flexible.

During the test, the true stress at tensile strain indicated the effects of extrusion screw speed
and moisture content of raw materials on the value of true stress of maize pasta - stress underwent
reduction using the low speed screw extrusion at low initial moisture content of raw materials and
at the highest screw speed and high moisture content of maize flour (Fig. 4). The most stable results,
about 1300 kPa, in assessing of this parameter, were obtained for extruded precooked maize pasta
processed with the initial moisture content of 32% - in this case there was no significant effect of
screw speed on true stress at tensile strain values.

Figure 5 presents the results of tensile stress at tensile strength evaluated for maize pasta
extruded at different extrusion screw speeds and moisture content of raw materials. It was found
that for this parameter the lowest tensile stress values were obtained for maize pasta processed at
the highest speed screw and high-moisture maize flour - 34%. Other measurements showed no
significant difference, tensile stress at tensile strength ranged from 0.53 to 0.58 MPa. This shows
a similar resistance to the stretching of maize precooked pasta.

Zardetto and others (2009) tested extruded and sheeted pasta and they observed the extruded
pasta samples were tougher than the sheet-rolled pasta. Cooking the pasta resulted in less toughness
and more hardness, and a significant increase in the extensibility of both samples.
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Figure 4. True stress at tensile strain during elongation test of precooked maize pasta processed
at different screw speed and initial moisture content.
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Figure 5. Tensile stress at tensile strength of precooked maize pasta processed
at different screw speed and initial moisture content during elongation test.

Values of tensile stress at break, evaluated in a tensile test varied depending on the screw
speed during extrusion-cooking of maize pasta and the initial moisture content of flour. Tensile stress
at break was about 6-fold higher than the tensile stress at tensile strength, the results obtained in
the study of this parameter ranged from 2.1 to 3.2 MPa. This demonstrates the high resistance of
extruded maize pasta at break. The measurement results are presented in graphical form in Figure 6.
Low resistance to breaking pasta products were only recorded for products processed at the lowest
screw speed during extrusion-cooking. The most resistant to rupture were gluten-free maize pasta
produced using 100 and 120 rpm with the initial moisture content of flour 30-32%. Low values

of tensile stress at break were observed for pasta with low tensile strain at tensile strength during
extension tests.
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Figure 6. Tensile stress at break of precooked maize pasta processed
at different screw speed and initial moisture content during elongation test.
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Figure 7. Tensile strain at tensile strength of precooked maize pasta processed
at different screw speed and initial moisture content during elongation test.
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The values of tensile strain at tensile strength of maize gluten-free pasta are illustrated in
Fig. 7. Within the results of this parameter significant differences depending on the moisture content
of raw materials and the screw speed during the extrusion-cooking of maize pasta were observed.
Smallest deformation was observed for pasta processed at the lowest moisture content of maize
flour, independently on the screw rotation, which may prove too low moisturizing of raw materials
to obtain stable structure of pasta under tension and these pasta products underwent rupture very
easy. Increasing humidity of raw materials to 32% resulted in the occurrence of larger tensile strain
depending on the extrusion speed - the higher screw speed used during the extrusion-cooking, the
higher values of tensile strain at tensile strength were obtained. The most significant differences
were observed during testing pasta processed with initial moisture of maize flour 34%, in these
products an influence of screw speed on tensile stress at tensile strength was very important.

CONCLUSIONS

The mechanical properties of precooked maize pasta processed by extrusion-cooking using
modified single screw extruder TS-45 varied, according to the processing conditions: resistance
for elongation and tensile of pasta increased with increasing screw speed during processing. It
was observed that increasing the moisture content of maize flour causes a significant increase in
the value of extension at break and tensile strain at break, and reduction of tensile stress at tensile
strength and tensile stress at break. In this case, little effect of varied screw rotations was noted on
the mechanical properties of maize precooked pasta determined in tensile tests. Precooked maize
pasta, due to its acceptable texture and tensile properties, may be an attractive product for producers
and consumers on a gluten-free diet.
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WPLYW PARAMETROW PROCESU EKSTRUZJI NA WYBRANE WELASCIWOSCI
MECHANICZNE PODGOTOWANYCH MAKARONOW KUKURYDZIANYCH

Streszczenie. W artykule przedstawiono wyniki pomiaréw wybranych wlasciwosci mechanicznych makaronow
blyskawicznych z maki kukurydzianej przy zmiennych parametrach procesu ekstruzji. Zastosowano zroéznicowa-
ny dowilzania maki kukurydzianej do zawartosci wilgoci od 30 do 34%. Ekstruzj¢ produktow makaronowych
z kukurydzy przeprowadzano w temperaturze 80-100 © C, na ekstruderze jednoslimakowym TS-45z L /D =
18:1, przy uzyciu zréznicowanych predkos¢ slimaka: 60, 80, 100 i 120 obr. / min. W zaleznosci od szybkosci
$limaka i wilgotnosci ciasta ustalono wybrane wlasciwosci wytrzymatosciowe i wlasciwosci rozciagania uwod-
nionych produktéw makaronowych z kukurydzy. Wyzsza predkos¢ slimaka i wilgotno$¢ obniza wytrzymatosé
na obcigzenia i zwigksza ilo$¢ przerwan podczas badan rozciagania. Podobne tendencje zaobserwowano dla
napigcia przy obcigzaniu i wydtuzaniu. Wstepnie gotowany makaron z maki kukurydzianej, ze wzgledu na
wlasciwa strukture i elastyczno$é, moze by¢ atrakcyjnym produktem dla konsumentdw na diecie bezglutenowe;j.

Slowa kluczowe: ekstruzja, makaron kukurydziany, makaron bezglutenowy, wydtuzanie, rozciaganie
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PARAMETERS ON SELECTED PHYSICAL AND TEXTURAL
PROPERTIES OF PRECOOKED MAIZE PASTA PRODUCTS
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Summary. The paper presents the results of measurements of selected physical and mechanical properties of pre-
cooked pasta made from maize flour using variable parameters of extrusion-cooking process. The different level
of water addition to maize flour was used due to the moisture content from 30 to 34%. Processing of maize pasta
products was performed at the temperature ranged 80-100°C on single-screw modified extrusion-cooker TS-45
with L/D = 18:1 using a differentiated screw speed: 60, 80, 100 and 120 rpm. Depending on the screw speed and
the dough moisture content selected physical, textural and tensile properties of precooked maize pasta products
were determined, like the expansion ratio, hardness of dry pasta, firmness and extension characteristics of hydrated
products due to elongation tests. The expansion ratio of pasta increased with increased rpm applied during process-
ing, the use of higher moisture content of raw materials affect the limiting expansion ratio of maize precooked pas-
ta products. SME values ranged from 0.17 to 0.34 kWhkg " and were strongly dependent the screw speed rotations
during the extrusion-cooking of pasta. Hardness and firmness of maize precooked pasta products increased with
the increase of the screw speed. Precooked maize pasta may be a valuable product for the nutrition as gluten-free
carbohydrates source, because of its texture and convenience, especially for the consumers with celiac disease diet.

Key words: extrusion-cooking, maize pasta, gluten-free pasta, expansion ratio, SME, texture

INTRODUCTION

Extrusion technique can be used to produce precooked or instant pasta and noodles which re-
quire any cooking and only hydration in hot water for several minutes. Modern systems of thermoreg-
ulation can produce a desired level of starch gelatinization, while screw variable speed and the proper
geometry of plasticizing zone is able to formation a stable products’ structure in contact with water
and after preparation for consumption. According to extrusion-cooking process conditions, preserva-
tion and packaging of pasta are significantly simplified, the drying time is reduced, which reduces
production costs. Equally important advantage is the ease of production, since the process does not
require highly efficient dryers, or gelatinization by steam spraying or bath cooking [10, 20, 27]. Modi-
fying of the process parameters allows formation the quality characteristics of extruded products,
and the greatest influence on these characteristics of the finished products are the raw materials used,
their moisture content and extrusion-cooking parameters, i.e. screw speed, temperature and pressure.
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Extruded precooked gluten-free pasta can be a perfect complement to offer products for people
on gluten-free diet without using any additional functional substances, and the convenience of the
products allows the easy preparation for consumption by hydration in hot water without cooking.
Extrusion causes complete or partial destruction of crystalline structure of starch due to gelatiniza-
tion process as well as protein denaturation and the formation of complexes between starch and
fats, and proteins and fats [1, 3, 7]. Thermal and mechanical interaction occurring during extrusion-
cooking causing these changes can be used to produce a wide range of products based on starch,
such as snacks, modified starches, breakfast cereals, instant porridge for children and dietetic food
products [9, 14, 15].

Corn (maize) or rice products play an important role in the nutrition of people with gluten
intolerance (celiac disease), which cannot consume products made from commonly used materials
based on wheat, rich in gluten [6, 16]. Maize or rice pasta, traditionally made with the dough ad-
ditional processing (steaming or frying) characterized glassy cross-section, firm consistency after
cooking, limited cooking losses and colour characteristic for the raw material used. Sometimes,
from technological reasons, some additives are used, like methylcellulose or diglycerides or
other emulsifiers for proper pasta structure formation without presence of gluten [21]. However,
availability of gluten-free pasta products on Polish market is limited. Specific physicochemical
properties of raw materials of corn and rice, such as high starch content, no gluten, hypoallergenic
and delicate flavor make them very desirable in the production of extrudates and a new generation
of products and convenience foods intended for specific audiences [2].

Due to instant characteristics of precooked gluten-free pasta, its preparation for consumption
is very easy by hot water hydration without cooking. For high starch gelatinization, which results in
the stabile shape and soft texture of final products, pasta dough should be processed at temperature
of 90-95°C to achieve proper starch gelatinization level and shape-keeping properties, than has to
be quickly cooled down to prevent products’ expansion. The extrusion-cooking treatment because
of complex thermal and mechanical treatment, gives the gluten-free pasta specific characteristics
of precooked products, which may be classified as convenient foods [12].

The aim of this work was an evaluation of processing parameters influence on selected physi-
cal and textural properties of gluten-free maize precooked pasta.

MATERIALS AND METHODS

As the raw material maize flour was used (protein - 5.13%, fat - 1.4%, ash - 0.45%, fiber -
2.0%). Raw material was moistened by proper water addition and mixed for final dough moisture
content 30, 32 and 34%. After mixing and resting compounds were processed using the modified
single screw TS-45 extrusion-cooker (ZMCh Metalchem, Poland) with screw length to diameter
ratio L/D=18:1, compression ratio - 3:1, equipped with additional glycol cooling section just before
the die, at the temperature ranged from 80 to 105°C. Pasta products were shaped for threads with
application a forming die with 12 opens 0.8 mm in diameter. Gluten-free pasta products were pro-
cessed at different screw speed at the level of 60, 80, 100 and 120 rpm. After short drying samples
were stored in plastic bags before testing.

Based on the data collected during multiple trials the energy requirement of extrusion-cooking
process was evaluated at different screw speed and with different initial moisture content of raw
material. Power consumption was measured using standard register connected to extruder’s motor
during processing of each recipe at different screw speed used. After the consideration of motor load
and process output (kg-h™), the SME (specific mechanical energy) values (kWhkg") were calculated
on the base of method described by Wojtowicz [22, 25].
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The expansion ratio index of precooked maize pasta was designated as the ratio of the diameter
of the pasta thread to a diameter of forming die opens (0.8 mm) [25, 26]. Measurements of pasta diam-
eter were performed with a caliper with digital display with an accuracy of 0.01 mm. The measurements
were made in 15 replications, as final result the average of the measurements was taken into account.

Universal testing machine Zwick BDO-FB0.5TH (Zwick GmbH & Co., Germany) was used
for texture evaluation. For hardness of dry products the Warner-Bratzler steel blade with 3 mm thick
and 60 mm long, double-face truncated at an angle 45° was used. Hardness of dry pasta processed
under different screw rpm was measured as breaking force (N) for single pasta during breaking test
as mean of 10 replications. Hardness was evaluated as maximum force at break [8]. Texture of hy-
drated products after 5 minutes of hot water hydration for firmness evaluation was measured as max-
imum force (N) during test in five-blade Kramer cell, where 100g of hydrated pasta was placed and
double compression test was performed with a head speed 100 mmmin™. TeszXpert® 10.11 program
was used for curves analysis, depend on moisture of raw materials and processing screw speed [28].

Results were analyzed using the statistical software Statistica 6.0, examining the relationships
between the moisture content of raw materials and screw rpm to all tested parameters. Analysis
of variance was conducted at a confidence level of 95% (p=0.05), significance of differences was
assessed by Duncan’s range test.

RESULTS
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Figure 1. Specific mechanical energy registered for precooked maize pasta processed
at different screw speed and initial moisture content of raw materials.
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All the results were analyzed in three dimension arrangement and correlation coefficients
were set both for influence of moisture content of the dough and screw speed used during the
extrusion-cooking. SME values, designated as the specific mechanical energy during extrusion
of maize precooked pasta ranged from 0.17 to 0.34 kWhkg" and depended mainly on the screw
speed used during processing (Fig. 1). The higher screw speed was used, the higher the SME
were determined for maize pasta. There were no significant effects of the moisture content on
SME values of maize precooked pasta.

Hot water hydration time for ready-to-eat properties of maize precooked pasta varied from
4 to 6 minutes and any traditional cooking was needed. Low expansion of precooked products is
preferable because of its short preparation time. The expansion ratio results of maize precooked
pasta products not exceed 1.8 (Fig. 2). This parameter evaluated for maize precooked pasta pro-
cessed at varied screw speed and raw materials moisture content was dependent on both of these
process conditions. The higher extrusion-cooking screw speed was applied, the higher expansion

ratio was observed with a high correlation coefficient (r=0.8). The lowest expansion was noted for
maize pasta processed at 30 and 34% of dough moisture content and lowest screw speed. Increasing
of dough moisture content processed at higher screw speed lowered products’ expansion. Higher

screw speed applied during the extrusion-cooking increased pasta expansion and therefore longer
the time of hot water hydration was observed.
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Figure 2. The expansion ratio of precooked maize pasta processed
at different screw speed and initial moisture content of raw materials.

Textural features of both dry pasta and cooked or hydrated products are very often seen as

quality indicators. Instrumental methods for evaluation of hardness, firmness, cohesiveness, ad-
hesiveness and stickiness of pasta products primarily utilize cutting and compression tests using
universal testing machines [4, 5, 11, 17, 18, 30]. For measuring the hardness of pasta and noodles
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cutting test may be used by setting the maximum forces required to destroy the samples [13, 23,
29], and to measure the characteristics of the cooked products’ texture it can be used Kramer cell,
which make it possible to identify a series of measurements in the double compression tests wide
range of textural characteristics, depending on the software used for analysis and interpretation of
measurement results [24].

Hardness of instant dry pasta made from maize flour is shown in Figure 3. Hardness of dry
gluten-free pasta was strongly affected by extrusion screw speed applied (r=0.87); it was the most
important factor responsible for higher hardness of pasta products. At 100 and 120 rpm and low
moisture level hardness was the highest. Hardness of dry pasta lowered with increased water addi-
tion and lower screw speed applied. The moisture content of the dough was less important factor
according to maize pasta hardness (Figure 3).

M = —= kJ
O m O

Figure 3. Hardness of precooked maize pasta processed at different screw speed and initial moisture content.

The texture of pasta prepared for consumption by a few minutes or longer cooking or by hot
water hydration allows the assessment of the characteristics of flexibility, elasticity and stickiness
of pasta and noodles [17, 19]. The use of five-blade Kramer cell gives the possibility for a series
of measurements in the compression-shearing tests and determination of a wide range of textural
characteristics, depending on the software used for analysis and interpretation of measurement
results [28]. Figure 4 shows an example texture measurement profile during evaluation the texture
of maize precooked pasta upon hydration.
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Figure 4. Sample of texture measurement of maize precooked pasta after 5 minutes
of hot water hydration (30% of moisture content, screw speed 80 rpm).

Firmness evaluated in the double compression test showed significant effect of extrusion-
cooking screw speed on the gluten-free pasta firmness (r=0.78). Increasing the moisture content of
raw material caused a slight decrease of firmness of pasta corn after hydration when screw speed
not exceed 100 rpm (r =- 0.36). At highest rpm an influence of moisture content of raw materials
was important with correlation coefficient r=-0.6. Firmest consistency was observed for maize pasta
processed at 120 rpm and 30% of dough moisture (Fig. 5). The higher screw speed was used during
extrusion-cooking, the firmer the products were obtained.

Figure 5. Firmness of precooked maize pasta processed at different screw speed and initial moisture content.
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CONCLUSIONS

A study of the influence of processing parameters like screw speed and dough moisture con-
tent during the extrusion-cooking of precooked maize pasta allowed to establish the relationships
between process parameters and product characteristics. The use of the proper moisture content
of raw materials and processing intensity for maize precooked pasta using modified single screw
extruder TS-45 influenced the low expansion ratio which decreased as the moisture content of the
material increased. The SME requirements increased with increasing of extrusion screw speed,
which increased the expansion of pasta products. Precooked maize pasta products were ready for
consumption after 4-6 minutes hydration in hot water. After hydration gluten-free precooked pasta
showed stabile consistency, low stickiness and acceptable firmness. Precooked gluten-free maize
pasta may be valuable for the nutrition, because of its texture and convenience as carbohydrates
source, especially for the consumers with celiac disease diet.
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WPLYW PARAMETROW PROCESU EKSTRUZJI NA WYBRANE
CECHY FIZYCZNE I TEKSTURE PODGOTOWANYCH
MAKARONOW KUKURYDZIANYCH

Streszczenie. W artykule przedstawiono wyniki pomiaréw wybranych whasciwosci fizycznych i tekstury kuku-
rydzianych makarondéw blyskawicznych ekstrudowanych przy zmiennych parametrach procesu. Zastosowano
zréznicowany poziom dowilzenia maki kukurydzianej do wilgotnosci od 30 do 34%. Ekstruzj¢ podgotowanych
makaronéw kukurydzianych przeprowadzono w temperaturze 80-100°C z zastosowaniem zmodyfikowanego
ekstrudera jednoslimakowego TS-45 z L/ D = 18:1 przy uzyciu zréznicowanych predkos¢ slimaka: 60, 80, 100
i 120 obrmin™. W zaleznosci od obrotéw $limaka i wilgotnosci ciasta przeprowadzono ocene wybranych wia-
Sciwosci fizycznych, tekstury i cech wytrzymatosciowych podgotowanych makaronow kukurydzianych, m.in.
zapotrzebowanie SME, wskaznik ekspandowania promieniowego, twardo§¢ makaronéw suchych i jedrnosé
uwodnionych produktéow bezglutenowych. Wskaznik ekspandowania makaronu wzrastal w miar¢ zwigkszania
predkoscei slimaka stosowanych podczas ekstruzji, zastosowanie wyzszych wilgotnosci surowcow wptyneto
na ograniczenie ekspandowania podgotowane makaronéw kukurydzianych. Wartosci SME wahaty si¢ od 0,17
do 0,34 kWhkg" i byly gtéwnie uzaleznione od obrotéw $limaka podczas ekstruzji makaronu. Twardosé oraz
jedrnosé podgotowanych makarondéw kukurydzianych zwigkszaty si¢ wraz ze wzrostem zastosowanej predko-
$ci obrotowej $limaka. Podgotowany makaron kukurydziany moze by¢ cennym zywieniowo produktem jako
bezglutenowe zrodlo weglowodanow, ze wzgledu na jego teksturg i wygode przygotowania, zwlaszcza dla
konsumentdw chorych na celiakie wymagajacych diety bezglutenowe;j.

Stowa kluczowe: ekstruzja, makaron kukurydziany, makaron bezglutenowy, ekspandowanie, SME, tekstura
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ESTIMATION OF BIODIESEL FUEL ON THE BASIS
OF RAPE OIL AND ISOPROPYL ALCOHOL

Victor Zaharchuk, Valentyna Tkachuk, Oleg Zaharchuk

Lutsk National Technical University, Lutsk, Ukraine

Summary. The article is devoted to the analysis of operating properties of biodiesel fuels, in particular thermal
energy indexes on the basis of which a conclusion is made about the prospects and advantages of application
of biodiesel fuel on the basis of rape oil and isopropy! alcohol.

Key words: biodiesel fuel, diesel engine, toxicity, isopropyl esters, rape oil.

INTRODUCTION

Presently in our state there is a large park of the wheeled transport vehicles and agricultural
vehicles with diesels which work on the diesel fuel (DF) of mineral oil origin. However, from facts
of numerous sources, supplies of mineral oil accessible on our market can be sufficient only to the
year 2015, therefore the cost of diesel fuel will be constantly growing. In such situation the use of
alternative fuels becomes economically justified. In addition, the automobile industry is one of the
greatest polluters of the environment. Application of alternative fuels will allow for a significant
decrease of the harmful fumes emission from diesels and improvement of the ecological situa-
tion in cities and rural settlements. Application of alternative fuels which are made from renew-
able sources will allow for the promotion of Ukraine’s independence from the imported energy
resources.

One of the basic ways of solving the complicated situation is adaptation of diesels for work
on alternative fuels. Such fuels are: compressed natural gas, dimethyl esters (DME) and biofuel, in
particular methyl esters of rape oil (MERO). Natural gas is approximately two times cheaper than
diesel fuel. However, for making a diesel work on natural gas its substantial re-equipment is required
into a gas diesel or into a gas engine with spark lighting. Thus a gas diesel works on the mixture of
natural gas and diesel fuel, for it has a considerably more difficult system of feeding compared to
the diesel. As to gas engines with spark lighting, their researches are not yet completed.

This publication aims at a determination and analysis of effective calculation indexes of
a diesel working on different biofuels.
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MATERIALS AND RESEARCH

Recently, a wider application has been found by alternative biofuels on the basis of vegetable
oils. Biodiesel fuel, i.e. methyl and ethyl esters of vegetable oils, whose most widespread form is
rape oil, belongs to such fuels. Research on fuels made from vegetable oils is conducted by the
well-known motor-building firms of the USA, Great Britain, Germany, Sweden, Japan. Presently,
more than 6,5 million t biofuel is made in Europe. Work is conducted concerning the application of
esters of vegetable oils as diesel fuel on territories of the former USSR. There should be mentioned:
MVTU named after Bauman, MSAU named after Goryachkina, Klaipeda University, National Uni-
versity of Bioresources and Environmental Management of Ukraine, KHPI and others.

Application of biodiesel fuel requires no changes in the construction of engine. Tests
showed the increase of expenditure of biodiesel fuel to 10%, which can be explained by the
lower combustion temperature. At the same time the emission of fumes with harmful compounds
is diminished [1].

A traditional biodiesel fuel is made with the use of methyl alcohol which is highly toxic and
dangerous for the health of people. Its possible concentration in the air around the working area
reaches 5 mgs/m, whereas for ethanol it reaches 1000 mgs/m. It is a substantial negative factor
from the standpoint of ecological safety at the production of biofuel (especially in the conditions of
agricultural production) and its use, in fact through the effects of destruction a selection from the
biofuel of methyl alcohol is possible, especially at deviation from normal work of the fuel system of
engine. Also, the lack of methyl ether is that it is an aggressive enough matter in relation to precise
materials of engine parts (metals, rubber). Therefore, at its application replacement of fuel tanks,
fuel hoses and gaskets is required, with the ones made from material approved by MERO, and also
more frequent replacement of motor oil.

A biodiesel fuel can also be made with the use of ethyl spirit (EERO). But such a fuel has
a fairly high cost due to the high cost of ethyl spirit. In addition, the reaction of esterification with
an ethyl spirit is considerably slower.

RESULTS OF RESEARCH

In the Lutsk National Technical University a new biodiesel fuel is created with the use of
isopropyl alcohol instead of methyl. This type of alcohol has insignificant toxicity and aggres-
siveness. The fuel is obtained by the reaction of pre-esterification of rape oil with an isopropyl
alcohol in presence an alkaline catalyst. Optimum correlation of components of new biofuel is
certain according to a mathematical design. The search of optimum parameters was carried out,
utilizing a three-factor experiment. As a parameter of optimization the temperature of freezing
(t;..,) of biofuel is chosen (Fig 1).
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Fig. 1. Dependence of the biofuel freezing temperature on the maintenance
of rape oil (X)) and isopropyl alcohol (X,)

Elementary composition (content of carbon C, hydrogen H and oxygen O) of isopropyl ester
of rape oil (IERO) was certain in accordance with maintenance of acids in rape oil [2]: ester of erucic
acid - 50,0 %, by an oleic- 29,0 %, linoleic - 15 %, other esters of other acids. The experimental
values of operating properties of biodiesel fuels were compared to the requirements of DSTU, as
diesel fuel «L» is easily soiled (Table 1).

Table 1. Comparative description of indexes of operating properties of diesel and biodiesel fuels

No | Name of index Method of tests gg%%fg 68-99 Diesel fuel E{lg(;gsel ;llilzo
DSTU not below
1. | Cetane number 3868-99 45 47 48 49
Density, DSTU no more than
2. | g/sm’ at 3900-99 0,860 0,84 0,88 0,88
15°C
Kinematic viscosity at 40°C, DSTU 3,0-6,0
3 sSt 33-00 at 20 C >4 36 16,1
Acidity, mg KOH GOST no more than
4. |on 100 sm’ 5,0 2,7 i i
5985-79
Temperature of freezing, °C | GOST no more than
5. 20287-91 -10 -14 -12 -22

The new fuel has the best consumer characteristics, in particular, lower temperature of freez-
ing. It obtained the toxicological and sanitary passport, its technical properties were developed and
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ratified. In the private enterprise «Limeks Invest» the industrial endorsement of the production of
the offered biofuel is carried out. In the near future the stand tests of diesel will be conducted on
such fuel.

For comparison and estimation of effective indexes of diesel D-240 during its work on oil
diesel fuel and biodiesel fuels in the conditions of identical middle effective pressure, the computer
calculation of its work cycle was executed for the nominal mode. The initial data for calculation
are presented in Table 2, and results of calculation in Table 3.

It is obvious from the calculations that the less carbon in the molecules of biodiesel fuels the
lower the combustion temperature. For the obtainment of identical effective power of diesel dur-
ing its work on oil diesel fuel and biodiesel fuels a specific effective expense of fuel will be large
in the case of the use of biofuels. In addition to some worsening of indexes of diesel during work
on biodiesel fuels their large viscidity is a negative factor, compared to an oil fuel. Investigation
revealed its worst atomization by sprayers. Therefore some researchers recommend using biodiesel
fuel in mixtures with diesel fuel (30% biodiesel and 70% DF).

Table 2. Results of calculation of effective indexes of diesel during its work on different fuels

Fuel
DF MERO | EERO | IERO

Ne | Index

Elementary composition, %:

1 C 87 77,5 77,54 | 76,28
H 12,6 12,0 12,04 | 13,16
(6] 0,4 10,5 10,42 | 10,05

In theory necessary amount of air for combustion

2 of 1 kg of fuel, kg 14,45 12,70 12,73 12,98
3 | Lower temperature of combustion, MJ/kg 4244 37,50 |[37,56 |38,33
4 | Coefficient of surplus of air 1,5 1,5 1,5 1,5

5 Middle effective pressure, MPa 0,694 0,698 0,698 0,699
6 | Effective coefficient 0,350 |0,350 |0,350 0,350
7 | Specific effective expense of fuel, g/kW*h 242,63 | 274,54 | 274,06 | 268,05
8 | Effective power, kW 60,43 | 60,76 | 60,76 | 60,88

But among biodiesel fuels IERO has the highest combustion temperature and the least ex-
pense of fuel, which advantageously distinguishes it from MERO and EERO. The presence of
oxygen in the molecules of biodiesel fuels allows for the intensification of the process of combus-
tion. Other effective indexes of engine on condition of increase of specific effective expense of
fuel are identical.

Viscosity of IERO is higher compared with the proper value of normative requirements,
which can hamper the passing of fuel through filters, deteriorate the working of fuel sprayers and
worsen mixing. It can be considered as the lack of IERO. Therefore, at low temperatures it is ex-
pedient to utilize such fuel in mixtures with an oil diesel fuel. On the other hand, higher viscosity
of fuel will provide good greasing of the diesel fuel apparatus parts. The solidification temperature
of IERO is 2 times lower than in MERO. In fact it enables to use such fuel in a winter period at
the temperature reaching -22°C, while the standard is to - 12°. Acidity in IERO is absent so that it
is not a corrosive agent. Ash content in IERO stays within the limits of norm which points out to
low content of mineral ash in this fuel.

Biodiesel fuel, and above all IERO, is safer from the viewpoint of ecology. As experiments
showed, biodiesel leak in water does not affect living organisms. In addition, it is fully biodegrad-
able —it is decomposed in soil or in water by microorganisms within 28 days. The conducted toxi-
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cological and hygienic researches of IERO allowed to draw the conclusion that this fuel belonged
on average to the 4th class of danger (the lowest class).

The stand tests of diesel of D-240 were conducted during its work on IERO and oil DF, the
loading descriptions of which were obtained as a result (Fig. 2). It is evident from the test results
that the power Ne of diesel during work on these fuels is practically identical. In the case of work
of diesel on IERO the increase of specific expense of fuel remains within the range of 4...6 % as
a result of lower combustion temperature and increase of nitrogen oxides concentration NOX in
exhaust gases through higher content of oxygen in a biopropellant. The rejection of sizes of other
compared indexes (for example exhaust smoking of D of exhaust gases) is within the limits of pos-
sible accuracy of their measurement.
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Fig. 2. Loading characteristics of diesel D-240 (n = 1500 rpm)
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Biodiesel fuel practically does not contain sulphur, which is why an engine working on this
fuel has a zero level of SO2 emissions, and this advantageously distinguishes it from the diesel
in which the emissions of sulphur oxides cause substantial environmental damage. It is especially
topical for our state, because in the diesel fuels produced in our petroleum refinery factories the
sulphur contents significantly exceed the admissible norms. An important advantage of engines
working on biodiesel fuel are low emissions of dioxide carbon which is instrumental in the forma-
tion of the greenhouse effect on the Earth. It is explained by the fact that there is less carbon in
biodiesel fuel than in oil fuels.

CONCLUSIONS

The analysis of operating properties of biodiesel fuels shows that the new biodiesel fuel has
a lower temperature of freezing than methyl ester of rape oil and is characterized by toxicity and
aggressiveness comparable to ethyl esters of rape oil, but is considerably cheaper. The results of the
experimental findings confirm that the new environmentally clean biofuel has improved consumer
characteristics and is suitable for production and use in transport.
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OCENA WELASCIWOSCI EKSPLOATACYJNYCH PALIWA
OLEJU NAPEDOWEGO BIO NA PODSTAWIE
OLEJU RZEPAKOWEGO I ALKOHOLU IZOPROPYLOWEGO

Streszczenie. Artykut dotyczy analizy wlasciwosci eksploatacyjnych paliwa napedowego bio, szczegdlnie
temperatury t¢zenia, na podstawie ktorej omoéwiono perspektywy i zalety alkoholu izopropylowego z oleju

rzepakowego.

Stowa kluczowe: olej napedowy bio, diesel, toksycznos¢, alkohol izopropylowy, olej rzepakowy.
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Summary. The most crucial threats found in facilities of the technical infrastructure of motor transport have
been presented in the article. There are also issues concerning modelling an ecological strategy using a taxo-
nomic method for the technical infrastructure as well as applied methods and techniques selected depending on
particular problems and chosen objectives. The article describes criteria and basic assumptions of the taxonomic
method as well as its application to assess ecological issues.
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INTRODUCTION

Nowadays motor transport plays a very important role in shaping the world’s economy. It
gives an easy access to modern products and technologies on all continents, thus improving ef-
fectiveness of each country’s functioning [11]. However, the share of the individual regions of the
world in the international trade traffic and the industrial cooperation is dependent on the technical
condition of basic elements of motor transport, i.e. transport means and their infrastructure.

To keep transport means in a suitable technical condition, an adequate technical infrastructure
of motor transport is required, equipped with specialty tools and diagnostic devices. The service and
repair operations performed for internal combustion transport means in the technical infrastructure
affect the proper operation of vehicles, but also generate pollution, which has a negative effect on
the natural environment [3,14].

The ecological aspect of the subject matter is really crucial; sadly, the analysis of the actual
status confirms that these issues are paid little attention to in technical infrastructures of motor
transport. The problem related to the protection of environment is located at the bottom of the
priority list for technical infrastructures. The economic effect from selling services, supported by
expenditures on the marketing sphere and focused on maximisation of profits is still of the dominant
significance [17]. The situation in the technical infrastructure can only be improved by appropriate
normalisations and legal regulations, which are in force in the EU and which Poland will have to
conform to as well.
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ECOLOGICAL THREATS CONCERNING
THE TECHNICAL INFRASTRUCTURE OF MOTOR TRANSPORT

The dynamic development of motor transport has had an adverse influence on the natural
environment in recent years, because it has contributed to deterioration of conditions for living,
working and relaxing as well as to the generation of important ecological problems of global range,
i.e. acid rains, pollution of water and global warming [1,4]. The influence of motor transport on
the environment may have a socio-economical character connected with the economic growth of
individual regions, as well as a physical one, connected with multiple serious threats. The most
important dangers are [20]:

+ air pollution with toxic components of exhaust fumes,

» atmosphere pollution with used tyres and road surface products as well as dusts emerging

from utilization of clutch and brake linings,

» a toxic influence of engine fuels during transport, distribution, storage and operation in

motor vehicles,

» pollution of soil and water with washing and maintenance agents for a car body,

* adanger of leakages of fuels, oils and operating fluids,

* anoise and a road surface vibration danger caused by movement of vehicles,

* pollution of the natural environment caused by the recycling of retired vehicles and fre-

quent replacing of spare parts (gaskets, filter cartridges etc.)

The pollutants from exhaust fumes of motor vehicles are the greatest burden for the atmo-
sphere, due to the effect of combustion of various kinds of fuels containing many toxic compounds
[15]. Pollutants generated in technical infrastructures of motor transport, which are the key ele-
ments in the system for proper operation of vehicles, also have a negative influence on the natural
environment. The wide range of services of the technical infrastructure which cause pollution are
warranty, periodic and according to a client’s requirements inspections, comprehensive or selective
diagnostics of functional blocks, periodic technical inspections, routine or accident repairs, sale or
rent of vehicles as well as possible collecting of retired vehicles for recycling [5,6,10].

A technical infrastructure of motor transport functioning within a network structure of a given
automotive consortium or a trade and service organisation is characterized by an established speci-
ficity imposed by the administration of these companies, resulting from the accepted concept for
management. However, all these companies share similar ecological problems. The most crucial
ecological threats concerning the technical infrastructure of motor transport are as follows [19]:

+ air pollution with exhaust fumes in places for servicing or repairing vehicles (operating

engines),

* noise emission in aforementioned places (operating engines),

* management and possible recycling of operating fluids (motor oil, gear oils, brake and

power steering oils, brake fluid, cooling fluids, AC fluids etc.),

* management of used and replaced units, subsets and elements (steel elements, non-iron

metals, polymers, rubber elements etc.) during inspections or repairs,

» protection of the environment against harmful influence of disposal sites for used vehicles

designated for recycling.

The issue of environment protection, as one of basic factors for development of motor trans-
port, goes unnoticed by an individual user or owner of a vehicle. The primary values for an indi-
vidual owner of a motor vehicle resulting from marketing research, have been specified in Fig.1

Protection of the environment against the effects of development of motor transport gains
a priority only in the social context, which includes the following actions [7,12]:
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* protecting the environment against the effects of production and operation of vehicles, as

well as the influence of the technical infrastructure of motor transport,

» reducing material and energy consumption as well as costs of production and operation

of vehicles,

* increasing reliability and durability of vehicles,

» reducing material, energy and recycling costs of retired vehicles.

The influence of the aforementioned factors on the state of environment is not always directly
visible. Their mutual relations are very complex, and environment is affected by many subjects,
directly or indirectly, independently or dependently on each other. Durability and reliability of motor
vehicles have a clear influence on the environment as well, because these qualities, among other
things, cause reduction in the quantity of waste products from operation of vehicles. The material
and energy consumption of production and operation processes also have a measurable influence
on the environment, as well as the way of management of retired vehicles. The influence of costs
of these processes on the environment is the least visible, however, it is to be remembered that pro-
ecological actions are very expensive and the balance of finances is subjected to the same economic
regulations in every social structure.

Satisfaction of Usage safety :
a vehicle's owner Buying and
operational costs

PRIMARY VALUES
low operational

Reliability and | materials
durability consumption (oils,

operating fluids)

Low fuel consumption

Fig. 1. Primary values for an owner of a motor vehicle

MODELLING LOGISTIC PROCESSES
IN THE TECHNICAL INFRASTRUCTURE OF MOTOR TRANSPORT

Planning and controlling a logistic process in the technical infrastructure of motor transport
requires a proper construction of its model. It should enable coordination between organisational
units of every activity, tracking the process realisation time, the analysis of costs, the assessment of
involvement and responsibility of individual units, relations between them, material goods move-
ment, information flow, payments etc.

Different methods and techniques can be used to model logistic processes in the technical
infrastructure of motor transport, chosen depending on particular problems and objectives. A model
based on a taxonomic method can be employed to realize the established goals connected with the
issue of the environment protection [2,8]. The choice of this method is appropriate mainly because
the parameters which appear in the descriptions of technological issues and are expressed in differ-
ent measurement units can be normalized receiving dimensionless values. The taxonomic method
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enables the dendritic arrangement, which mirrors the location of a given technology better within
a multidimensional space of parameters, so it is more transparent than optimisation methods. Gener-
ally, the taxonomic method is employed in natural science to good effect. In technical applications,
projects which grasp comprehensively the issues of using taxonomic methods appear very rarely
[9]. Using this method to develop a logistic system with an ecological aspect in mind, establishes
a new quality for technical applications.

Methodology and the range of studies

To assess pro-ecological actions in progress in the technical infrastructure of motor trans-
port, 15 companies have been chosen including car showrooms, fuel and repair stations, specialist
car garages, depots, municipal and intercity transport, transport and spedition companies etc. The
acquisition of the information regarding the selected parameters of a pro-ecological assessment
(Table 1) has run into serious difficulties in some companies, due to the lack of properly kept
documentation, treatment of waste as a total without selection with regard to the type, competence
of employees responsible for this issue etc. Repeatedly, the information has been acquired from
the additional analyses of statistical data relative to the quantity of performed inspections, repairs
and other services within specified time [16].

Table 1. The parameters for a pro-ecological assessment of the technical
infrastructure of motor transport selected for analysis

No. g@i&;%iTER PARAMETER TYPE gﬁ?FSUREMENT
1 Pl Er(rjljsillgr:)(;g \;(:rl:::)li[e) Ii;)rrélponents from exhaust fumes (CO, [ke/year]
2 P2 Emission of carbon dioxide (CO, to atmosphere [kg/year]
3 P3 Used tyres and rubber elements waste [kg/year]
4 P4 Select plastics waste [kg/year]
5 P5 Select non-iron metals waste [kg/year]
6 P6 Iron metals waste [kg/year]
7 P7 Select glass and ceramics waste [kg/year]
8 P8 Select lubricant waste (motor and gear oils) [dm’/year]
9 P9 1(%)]:[l}ilgsr)select operating fluids (cooling, brake, wiper and AC [dm’/year]
10 | P10 Asbestos brake and clutch linings [kg/year]
11 | P11 Lead and NiCad batteries [kg/year]
12 | P12 Paint and lacquer waste removed during lacquering [kg/year]
13 | P13 Total quantity of material waste [kg/year]
14 | P14 Overall “quality” of generated waste [0-17*
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15 | P15 Emission of noise to surroundings (on average) [dB]
16 | Pl6 Level of pro-ecological investments per year [thousands/PLN]
17 | P17 Employment at jobs connected with ecological activities [quantity of people]
18 | P18 Level of employees’ training in an ecological aspect [0-17**
19 |pi9 Implementation of management logistics system in an ecologi- [0-1]%#*
cal aspect
20 | P20 M01.11tor1ng system and procedures for studies on threats to [0-1]%#%+
environment
21 | pai Energy demand with reference to pro-ecological works (on [kWh/month]
average)
*0 - lowest, 1- highest; ** 0 - lowest, 1 - highest; *** 0 - lack of system, 1 - system implemented; ****
0 — lack of system, 1 - existing system
In the chronological order, the study methodology has included the following scope of tasks
[18]:

establishing and acquiring the cooperation of transport companies,

analysing the kinds of services taking into consideration pro-ecological aspects in selected
companies,

selecting parameters for a pro-ecological assessment, which are possible to analyse and
common for the studied companies,

gathering data for established parameters for a pro-ecological assessment from every
company,

performing calculations using the taxonomic method,

preparing a dendrite presenting the smallest differences between individual parameters
for all studied companies,

analysis of the study results.

The calculations have been performed using the taxonomic method for 15 companies (tech-
nologies), characterized by 21 parameters selected for analysis, using the following procedure*:

determination of values of individual parameters for each technology according to the
accepted measurement units (acc. table 1),

addition of 4 exemplary technologies bearing WP2, WP13, WP14, WP21 (Table 2) sig-
natures,

design of the total dendrite for all 15 pro-ecological technologies, illustrating the accepted
study procedure.

Multiple consultations with technical supervision and directly with the employees engaged
in specific work types in the selected companies allowed to gain the most reliable and adequate
values for individual parameters for each of the 15 technologies. The most essential parameters,
because of a pro-ecological assessment of the technical infrastructure of motor transport, have
been assigned exemplary technologies, choosing WP2 (emission of carbon dioxide to atmosphere),
WP13 (total quantity of material waste), WP14 (overall “quality” of waste) and WP21 (the amount
of energy demand).

* applicable to this article
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THE STUDY RESULTS

Using the taxonomic method to assess pro-ecological problems in the technical infrastructure
of motor transport allows for the description of a large amount of parameters in order to perform
their proper analysis and correct reasoning [13]. While drawing conclusions from the performed
analysis for the dendritic arrangement, the basic role is played by the sequence of connected points
and the values of average differences between these points. Proximity and grouping of the particular
technologies indicate the similarity among the examined parameters. In the final effect, the calcula-
tion results using the taxonomic method have enabled the construction of a dendrite, presenting
distances within the space of the examined parameters (Fig. 2).

The constructed total dendrite for the differentiation of the technology for all the 15 selected
companies enables to draw the following conclusions:

783,42 e
1009,37 G 534,46 G

with reference to CO,, in the group of low emissions, the No. 6 technology has the low-
est value, which under the project assumptions concerning the building of the technical
infrastructure means that the other companies should aim at obtaining the values similar
to the WP2 exemplary technology, or implement the existing and proved technology in
the company, encoded under No. 6.

among the companies of the lowest values of the sum of waste, the most advantageously
located is the No. 4 technology, because it appears a short taxonomic distance away from
the WP13 exemplary technology,

the least harmful influence of waste on the natural environment is indicated by the com-
pany encoded as No. 2, which is located a short taxonomic distance away from the WP14
exemplary technology within the taxonomic space,

from among the surveyed companies, the No. 8 technology shows the lowest energy
consumption, which means that it is the least energy-intensive and appears very close to
the WP21 exemplary technology within the taxonomic space.

e 175721

2029,78 3703,76 25717,86 1091,67 752,88

542,67
479,62

615,15 802,90 a 357,72
726,35 ’

970,26 1145,92

Fig. 2. The total dendrite for the differentiation of the technology for all of the 15 surveyed companies
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CONCLUSIONS

Currently, the most pressing problem is the protection of the natural environment against
the effects of the dynamic development of motor transport, the functioning of which causes many
serious threats. Technical infrastructures of motor transport have a large share in the degradation of
the environment, due to diagnostic inspections, routine and periodic maintenance, repairs and other
kinds of services concerning vehicles which are performed there (e.g. car washes, paint shops etc.).

To assess these extremely important ecological issues, the taxonomic method can be used,
which enables the dendritic arrangement mirroring the location of the examined factors within
a multidimensional space of parameters [13,16]. The realisation of the subject matter presented in
this article makes it possible to formulate the following conclusions of a general character:

» arranging pro-ecological technologies in the technical infrastructure of motor transport,
using the taxonomic method is an effective way to find the point determined by the de-
fined criteria within the space of the selected parameters,

« verification of the results for a differentiation of pro-ecological technologies with the
dendritic arrangement method is possible with the help of the diagonal matrix of Cze-
kanowski [17],

+ the dendritic arrangement using the taxonomic method and the matrix one using the Cze-
kanowski’s method give concurrent results with reference to pro-ecological technologies
in the technical infrastructure of motor transport [17].

As opposed to all kinds of optimization methods, which in reality only allow for a linear
arrangement of the examined ecological problems, taxonomy enables the dendritic arrangement,
which mirrors the location of the examined factors better within a multidimensional space of pa-
rameters.
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PROPONOWANA METODYKA ANALIZY PROBLEMOW EKOLOGICZNYCH
W ZAPLECZU TECHNICZNYM TRANSPORTU SAMOCHODOWEGO

Streszczenie. W artykule przedstawione zostaty najistotniejsze zagrozenia wystgpujace w obiektach zaplecza
technicznego transportu samochodowego. Zaprezentowane zostaty zagadnienia dotyczace modelowania metoda
taksonomiczng strategii ekologicznej w zapleczu technicznym oraz stosowane metody i techniki dobierane
w zalezno$ci od konkretnych problemow oraz wybranych celow. Wymieniono kryteria i podstawowe zatozenia
metody taksonomicznej oraz jej aplikacje do oceny zagadnien ekologicznych.

Stowa kluczowe: zaplecze techniczne transportu samochodowego, problemy ekologiczne, metoda taksono-
miczna
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LOAD OF THE HYDROSTATIC SLIPPER
IN AXTAL PISTON PUMPS

Tadeusz Zloto, Konrad Kowalski

Institute of Machine Technology and Production Automation
Czgstochowa University of Technology

Summary. The paper presents an analysis of the load of hydrostatic slippers in axial piston machines and
describes the load of the basic mating surfaces. The hydrostatic load and relief of the slipper was studied with
reference to the fundamental mathematical relationships. The results of simulation calculations of the slipper’s
twisting moment during its operation depending on the angular velocity, working pressure of the slipper’s mass,
and the coefficient of friction occurring between the swash plate in the pressure zone of the pump were obtained
in the MathCad software. Their graphic representations are also shown.

Key words: piston pump, hydrostatic slipper, twisting moment.

INTRODUCTION

The reliability and durability of volumetric hydraulic piston machines crucially hinges on
the condition of hydrostatic supports. Under the normal operating conditions the hydrostatic slip-
per should ‘float’, i.e. the fluid friction conditions should occur in the gap between the slipper and
the swash plate, which takes over the load. The hydrostatic slipper in axial piston machines is of
relatively small size and transfers large loads in demanding conditions. The swash plate is inclined
at a certain angle with respect to the piston axis. The fact that the piston load is located off the axis,
the presence of friction and inertia load can turn the slipper over.

No satisfactory mathematical model of the whole process of designing hydrostatic slippers has
been developed so far. Manufacturers of hydraulic pumps must therefore rely on laborious experi-
mental studies, assuming some kind of a trade-off between losses resulting from leakages and the
slipper’s wear-out [ Brzuchowski, Kertynska and Kraszewski 1974, Osiecki L. 1998, Renius 1973
]. The increasing demand for new types of pumps and for improving their performance necessitates
developing universal and reliable constructions of high efficiency.

SLIPPER’S LOAD IN AN AXTIAL PISTON PUMP

Fig. 1 presents the load of an axial piston pump. The force E, coming from the pressure
in the cylinder block acts upon the front surface of the piston. The dynamic force F, acts upon the
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piston system of the mass m_(of the piston and slipper). The force F, depends on the linear accelera-
tion and mass of the piston system. The friction force F, acts against the reciprocating movement
of the piston, the directions of the two are opposite.

The normal force of the piston acts upon the slipper. The magnitude of the force is:

_ 025z-d*-p+F +F, +ma’rtgacose

Fy (1)
cosx

where:

D, — the pressure in the cylinder block,

F.. - the force of the spring pressing the slipper,

F, — the friction force between the piston and the cylinder,

m, — the mass of the piston system,

r, — the radius of cylinder distribution in the cylinder block,

o — the swash plate inclination angle,

1) — the current angle of the cylinder block rotation .
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Fig. 1. Load of an axial piston pump

When a specific model (continuous or discrete) of the piston load and the friction coefficient
u, are assumed, it is possible to find the reactive forces (Fig. 1) and friction occurring between the
piston and the cylinder in accordance with [Kogl 1995, Oiecki A. 1998, Stryczek 1995 :

FT::u'r(RA+RB) 2

HYDROSTATIC RELIEF OF THE SLIPPER

The slipper performs the task of transferring all the axial forces acting upon the piston system,
and it is desirable to minimize energy losses and wear-out, and to maximize reliability within the
full range of the pump operating parameters [ Balas 1976, Osiecki A. and Osiecki L. 1998, Osiecki,
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Niegoda 1976 ]. The slipper surface can have various shapes [ Jerszow 1974, Jerszow B., Hiljuta and
Jerszow Sz. 1993 ]. Regardless of the shape, there should be a central neck connecting the slipper
with the piston pressure chamber.

In every typical slipper (Fig.2) an internal and external radius can be distinguished. The
geometrical parameters of the slipper should be selected in such a way that the load carrying force
resulting from the hydrostatic pressure field takes over 90 — 95 % of the normal load and the hy-
drodynamic force takes over the other 5 —10 % of the load [ Baszta 1971 ]. In the derivation of the
formula for the pressure change on the slipper sealing surface it is assumed that the mating surfaces
are smooth, the flow is laminar and isothermal. The pressure change in a typical slipper is:

In-2
P=P— ©)
In-%
g
where:
D p, - the pressures along the slipper radius and in the slipper chamber, respectively,
Tty 1 - the external, current, and internal radius of the slipper, respectively.

The repulsive force of a typical hydrostatic slipper is [ Szydelski, Olechowicz 1986 ]:

F = 75 -g
o_p02 I
In-2%
L

“4)

The slipper construction affects power losses. The total power loss consists of the power
lost due to leakage and friction loss. The crucial parameter is the gap height & (Fig. 2). With the
increase in /1 the mechanical losses decrease, the volumetric losses, however, dramatically increase.
Mechanical losses can be reduced by reducing the surfaces surrounding the gap. Slippers with ad-
ditional bearing surfaces also contribute to minimizing mechanical losses by enabling significant
hydrodynamic effects on a flat surface [ Baszta, Zajczienko 1969, Lachner 1974 ].

Fig. 2. Hydrostatic relief of the slipper

It is more difficult to design an axial piston pump of variable yield, in which it is necessary
to transfer variable loads, resulting from the changes in the inclination angle a of the swash plate.
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RESULTS OF THE SIMULATIONS OF THE SLIPPER LOAD

The twisting moment of the slipper was calculated for the pump of the typical dimensions and
rated parameters as of those produced in Poland (p, =32 MPa, O =45 l/min, n, = 1500 rotations/
min). In the calculation model of the twisting moment, friction occurring between the slipper and
the swash plate and centrifugal inertia force of the slipper were taken into consideration. The fric-
tion was obtained as a product of the force pressing the slipper towards the swash plate (obtained,
in turn, as the difference of the normal force coming from the piston and the slipper hydrostatic
relief) and the friction coefficient . The value of the friction coefficient was established empiri-
cally as u = 0,003 [ Niegoda 1977 ]. It was assumed that the pressure drop between the cylinder
and the slipper operating chamber was 10 % ( Cp = 0.9 ) [ Ivantysyn J. and Ivantysynova M. 2001].

The value of friction was obtained as:

B 0.257d’p, + F, + F, + m.@’r tga cosp ¢ 7P 2 -1’
s = Hs cosa P, 71n1;2

)

and the value of the centrifugal inertia force of the slipper as:

2
wcosa P P
Fws—m$( ] ‘T,y1+tg acos 6)

2 2 : 2
cos” @+cos” a-sin” @

The resultant force acting upon the slipper was obtained as a geometrical sum of the projec-
tions of the component forces in the set of coordinates xy:

Fy :\]FWXZ+FWY2 @)

After substituting and bringing the inertia force onto the plane on which the slipper and the
swash plate mate:

2 2
L. . 1
F, = \/(—FTS cosp+F ~15s1n(p] + (FTS sinp+F, ~l—scos (pj ®)
where:

[, — the distance between the coupling centre and the mating surface,

[ — the distance between the gravity centre and the mating surface.
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The slipper’s twisting moment is:
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In Eq. (9) the variable friction F being a function of the cylinder block rotation angle and
occurring between the piston and the cylinder was calculated on the basis of a newly developed

simulation model, which will be discussed in detail in subsequent publications.

Fig. 3 presents the dependence of the slipper twisting moment on the angular velocity of the

cylinder block for the pressure zone.
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Fig. 3. Twisting moment of the slipper as a function of the angular velocity
of the cylinder block for the pressure zone
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As can seen in Fig. 3, the influence of the angular velocity w on the slipper twisting moment
M is significant. Fig. 4 shows that the impact of the pressure on the twisting moment of the slipper
is insignificant.

p o INm)

Fig. 4. Values of the slipper twisting moment depending on the pressure in the pressure zone

Fig. 5 shows values of the twisting moment depending on the slipper mass. For pressures
zone, changes in the slipper mass affect the value of the twisting moment significantly.
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Fig. 5. Values of the twisting moment depending on the slipper mass for the pressure zone
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In Fig. 6 the values of the slipper twisting moment are presented as a function of the friction
coefficient for friction occurring between the slipper and the swash plate.
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Fig. 6. Values of the slipper twisting moment depending on the friction coefficient for friction occurring
between the slipper and the swash plate in the pressure zone

It can be observed that the friction coefficient affects the twisting moment significantly. The
other construction parameters, such as the piston system mass, the spring pressing force, or exploita-
tion parameters, such as the swash plate inclination angle, or friction between the piston and cylinder
only slightly affect the value of the twisting moment.

CONCLUSIONS

The following conclusions can be formulated on the basis of the study:

— the decisive factor affecting the value of the twisting moment is the angular velocity of
the cylinder block,

— the calculation model employed in the study is adequate for determining the influence of
the basic construction and exploitation parameters of the pump on the slipper twisting
moment,

— the accuracy of the twisting moment value obtained in the calculations crucially depends
on friction occurring between the slipper and the swash plate. The relevant friction coef-
ficient can be obtained only empirically.
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OBCIAZENIE STOPEK HYDROSTATYCZNYCH
MASZYN WIELOTLOCZKOWYCH OSIOWYCH

Streszczenie. W opracowaniu przedstawiono analiz¢ obciazenia stopek hydrostatycznych wystepujacych
w maszynach wielotloczkowych osiowych. Przyktadowo opisano obciazenie podstawowych par kinematycz-
nych pompy wielotloczkowej osiowej. Przeanalizowano obcigzenie jak i odcigzenie hydrostatyczne stopki ze
wskazaniem uzycia podstawowych zalezno$ci matematycznych. Wyeksponowano graficznie rezultaty obliczen
symulacyjnych w programie MathCad momentu skr¢cajacego stopke podczas jej pracy w zaleznos$ci od pred-
kosci katowej, ci$nienia roboczego masy stopki i wspotczynnika tarcia wystepujacego pomigdzy stopka a tarcza
pochylna w przedziale strefy ttoczne;j.

Stowa kluczowe: pompa tloczkowa, stopka hydrostatyczna, moment skregcajacy.
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