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Summnary. The paper presents a general desenpton of mimencal model for cornbus fion engine intake system.
A one-disnensional modelwas developed, allowring for erergy cors ervation law, Model conputing possih ilites
have been presented, as well as the analysis of simmlation wesuls for the effect of 1take pipe lengthonthe ar
mass wmanmng i the engive ovlirder affer inlet valve closure.
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INTRODUOCTION

L piston corbustion engive works according to the appropriate thermal eyele. These cyeles
are cortirmally repeated during an engine’s operation. At each thertnal cyrle a charge exchang
as well as compression and expansion processes ocour. Charge exchange in a piston cornbustion
engine consists in rermoving the residues from the engine cylinder afier a preceding thermal cyele
and delivering a fresh charge into it. The process of delivering a fresh charge is usually called the
filling process [1][5][E][F][14].

The filling process is induced bya piston raowe raent from top dead centre (TDC) to bottora
dead centre (BDC). At that tirne, a negative pressure iz being produced in the cylinder owing to
which the charge flow from ersironrnent to the engine cylinder iz possible. It should be noted here
that the charge fowis accorpatrded by a munber of phenome v, weuallyanfaeoursble, which cause
a stoaller cylinder flling with a fresh charge than it wonld resalt frorn displace rment wolarne.

Construction solutions of the infake systern, dirnensions of its components, manafae hire ac-
curacy, surface condition and distibution of systern coraponents may fundaraentaly affect engine
operation pararneters, such as power, torgue and, in particular, its rotational speed characteristics,
fuel consumption and engine e sponse. The aforementioned pararneters ave iraportant from the point
of view of vehicle userbecanse they mfluerce motor-car traction properties and fuel econoryof
ditving. The intake system mavalso affect the erdssion of exhanst gas toxic components, such as
cathor and nitrogen oxides, hydrocarhons and partieulate solids.
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Inorder to assure a sufficient efficie vy of the filling processbyr delmvering a suitable wass of
charge (ailt) into engine cylinders without the necessity of wsing additional supe reharging devices
(compressors), geometic chawge exchange systemm paratneters and timing gear system pararneters
shonld be prope iy mate hed.

The most irnportant pararee ters of the intake systern should inelude:

- intake pipe length,

- intake pipe cross-sectional area

- intake pipe shape.

Dme to the fact that the course of charge vibrations in the intake pipes iz a tirme funetion,
intake syster pararneters should be watehed allowing for a specific frequere wof charge wibration
constraints in the intake pipe. The frequenc yvof wibration constraints de pends, howeser, on the speed
of engine crankshaft and there fore geometic intake syetern pararmeters are alwaye matched for a
specific engine rotational speed or a range of engine rotational speeds.

The intake systern pararne ters canbe deterruined as a result of engine test bed e xarninations.
Thes: exarminations are carried out by the method of successive approximations and henee their
execution iz laborious and expensive. Therefore, application of the methods of modelling dymarnic
phenomiena course in the charge exchange process seems to be parposeful.

In order to dewelop a complex model of combustion engine, it is necessary to consider the
following processes:

- charge exchange,

- COTRpYE 3810,

- air-fuel michre formation and cornbmstion,

- EXPENSION.

Therefore, questions referring to wave phenomena in the intake and outlet systerns and con-
nected with the fornation and corebustion of airfuel mivhre in engine cylinder showld be soled.
These gquestions shonld be sobred at the same time, which rmakes a compntationsl mode] to reguire
—due to its comple xity — application of corputing tools with a verylawge capacity For this reason,
corpnutational models of the charge exchange process are developed using specific simplifying
assmnptions. The applied siv plifications sigrificantly affect the cormpntation speed and the faithful-
tess of the sirlated modelling processes.

NUMERICAL MODEL OF THE EMGINE FILLING PROCESS

The so-far-developed rodels of phe norena in engine intake systerns and the coraputational
models of chaige exchange process canbe classified into one of the four groupe that differ in the
scope of adopted simplifications [13]:

- mero-dimensional models,

- one-ditnensional models, not allowing for energy conservation law; based on the acoustic

theory,

- one-ditnensional models, allowing for energy conservation law;

- multi-dirmensional models.

The ze ro-dime nsional raode] does not allow for the selection of intake systerm parameters for
a required efficiency of dymaric supercharging. In more corplex zero-dimensional models, the
mode] is used for deterrining the pararneters of a medinm in total cylinder voboree under defined
corditions of Aow through inletan outlet valwves [2][7].

Oine -dire nsiomal method allowing for energy conservation law was developed by Seifert
[12]. This method iz ore corenonly known mmder the narne of PROWD appeoach. For corpnta-
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tions of dynaraic processes in the excharge process, the FROMO e thod uses basie principles of
tnechardes. They allow to describe a general case of non-stationary gas fow thoough the charge
exchange syetern. Based on ther, it is possible to deree a svstern of non-homogeneons quasi-livear
diffe rential equations that enable analyeis of the cowrse of wawe phenomena in the intake or the
outlet systern. This method allows for charge wall friction, heat exchange with ervirone nt and
intake pipe cross-sectional area change . Eouations in the PROWOD method are solved using the f-
nite difference method [3]. The results of sirmulation examinations obtained theough the application
of the PROMD method are concurrent with those of engine test bed examinations. Its application
allowrs for the selection of geometric intake system parameters with sufficiently great accuracy; in
particnlar in case of systerns with individual intake pipes.

& rnethod most accuratel ymodelling the phenorneha in the engine intake syetern iz the rult-
ditrersional method. It iz based on non-stationaty gas fow equations made for a two-diree neional
ot three-dirmensional solation of the rodel of dyrareic phenomera in combustion engine charge
exchange systern. The gronp of molti-dirmensional e thods includes a package of VL BOOST
cornputer sirnlation prograteaes from AVL List GrabH. Programomes being part of the package
enable execution of complex caleulations for the whole cyele of two-stroke or four-stroke engine,
particularly for the process of charge exchange both in unsupercharzed and supercharged engine.
The package enshles three-dirnensional calenlations together with visualisaion of flow phenoraena
in the intake syetery, engine cylinder and the outlet syetern. In the siaulations being camied out, it
iz possible fo talke into account the presence of all elernents of the intake and outlet system, ie. air
filter, compressor or tutho-corpee ssok, charge air cooler, ouflet [exhansf] pipe, exhanst sile neer and
catalyet. The equations allow for heat exchange with ervironement, charge wall friction and systern
spatial dirensions. & shortage of the AVE BOOST package isits high price and high require rments
with regard to the cormputer speed and its e rmory capacity.

When slecting sirnulation methods, one should not forget that the final selec ion of georetric
charge exchange system pararneters is possible only as a result of engine test bed examinations
perforred with the charge excharge system — most frequently a prototype — mnder exarina ion due
to the fact that the fll modelling of actual processes in sirmlation models 1s irapossible.

In hiz fiwther consderations, the anthor examined a one-dimensional rodel allowing for
energy conservation law.

Lir flow in fhe intake systern carbe described with basic equations which were forraulated
for a general flnid raodel and resulting fro three fundarmental laws of mec handcs, 1e. [11]:

- miass conse rvation law

Z—‘?+dz’v|:,au:|=|:l, (1,

- morenthn and angular womenturn consereation lawe

%= pF v, @,
- and energy conservation law:
2
p%['.?"q+u?]=pf?u +pg+div (D grad T +div(Su), i3,

where: t — time, p — density 5 — stress fensor, T — temperature, I — thermal conductrvity
u —speed, F —body foree, T —specific heat at constant volurme, o — specific yield of internal heat
sonree.
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Dmring the process of cylinder filling with awr, physical phenornena are drided into two
gronpe. Within the first groupe, an elastic fow through the intake pipe is exarrined and descrbed
by egquations (1), (2, and (3. The second group refers to heat phenonena in the evlinder. When
analysing the air fow through the engine intake syetern, phe normena in engine cylinderare described
with zero-dirnensional models which ignore a moverent of charge in the cylinder space . Hence,
roornentur and angular more wharn conse reation law is not allowed for. Also mass conservation
and emegy conservation laws canbe presented ina sirplified form.

When developing a physical mode] of engine cylinder filling process, a flow of chaige through
four systerns connected ina series was assumed, 1e. ervironmme nt, intake pipe, cylinder, and ersi-
ot ht.

Lz it can be seen, the fivst and the last systern out of the aforermentioned ones 1z the same
systern, characterised by the same pararme ters (ambient temperature T, pressure p air density p )
which are constant both in firee and space.

The dhove pararaeters refer fo condiions that are present prior to the intake pipe. When
looking npon the intake pipe as the fivst systern eletment, it is possible o assume that esve sy device
fonrd be fore the intake pipe will be considered as ervirorenent. Hence, the paramieters of a charge
on the exit from this dewice will be ambient parameters for the model onder exarnination. Such a
device placed before the intake pipe can be a supercharger.

In the other teo cormected systerns, there are phenormena relating to the process of dynaraic
changes in charze parameters.

The four systerns connected in the seties in gquestion cooperate with each other in reciprocal
charge exchange.

When making a muaber of assurnptions, general equations (1, 2, and 3) of mass and moren-
turn and angular moraentum conservation laws as well as that of eneigy conservation law assume

the following form:
du 1da fu

———u—-u-k,
8 gdr By i
dn B du
—=u'F -t -g.p—.
af u kel =) Hﬂx i Pﬂx

The raost iraportant mmaercal gquestion which ocowrs during the solving of a model is to
reduce partial differential equations to ordinary differential ones. The equations reduced to this
formn can be solved with the findte difference method wsing cornputer caloulations. When sobving
the rournerical question of Swid low, a method of characte ristics or a method of lines iz being used.
Some researchers attempted fo use the finite difference method to solee gquestions relating to flmd
and gas flowr bt the same anthors found that these exarninations were time-consmning and had no
significant acheantages in relation to the e thod of characteristics or lines.

The rrrerical solufion of this guestion consists in the parfitiordng of the whole length of
intake pipe into n sections with the same length k. The exarined cross-section x belongs thus to
gection x, {0, L, }

When denoting:

u (fl=u(x.f) for i=012,. .1, (5



HUMERICAL SIMULATION OF THE EFFECT OF N TAEE FIPE LENGTH 245
and assurning that:
. e B du . ..
equation, ——4u—+ a— =0 iz fulfilled when it is fulfilled for =, x, x, . %, %
af of ox ax
equation 2+ 22 + L2 g 20 is fulfilled when it is fulflled x, x, %, ..., x_,,
of dx  gaax -
. . dp B o . .
quatnnE—u dowlx-1) B ;{-pa—lsfﬂﬁlledu&wmtlsfulﬁ]ledfurxwxl,x?...,xn_l,xu.
x ¥

The wector notation of equations iz as follows [10]:

da

_=F Jﬂ‘,p,ﬂ,f

df |: :I p:[_,l;]l,..., P"]r

d,

2 - Flopud) wher: p=[p...p.J
.

d U =|u ,...i'.l!"

d_E;=F|:Ja,p,u,f:| [ )

(&)

In order to solve the system of equations (4), the DacCommack’s explicit method was used
[4[11]. This e thod iz partienla]y neeful in solving iredseid gas flows. Lo earlier atterapt o sobee
the rmrerical guestion by means of the method of lines did not rener the desived results due to

high instability

In order to make sirlation caleulations, cormputing software Ivfatldh . F200% was used.

The developed prograrme enabled the determmination of, as follows:

- m_ [kg] —mass of air remaining inthe engine clinder after completion of the filling process,

- b, [Pa] — pressuwre in any point of the intake pipe,

- T [K] - teraperatore n the engine cvlinder.

The above pararneters have been presented in the form of variation diagrams for a gheen pa-
rarneter it the fanetion of crank angle. Addifionally it is possible to visualise the comrse of pressure
changes along the intake pipe with the inlet valve open and closure stage ploted.

Loz constant data for siremlation, engine-related data as well as arbient pararae ters and basgic

the rraodymarnic data were adopted (Table 1),

Table 1 Engine dat and ambiert parameters adopted for smmalation

Parameter Vahe Parameter Vahe
Crlinder diarmeter I 0127 [m] | Combuston chanber sudace mha p =07
Crark radms R, 0073 [m] | Awbient pressre p 100000 [FPa]
Pistom stroke 5 0148 [m] | Anbiernt tenperahie T, 293 [EK]
Coemecting wd length] 0285 [m] | Adiabatic exporertial x 14
Commecting 1od length ratia b, 0.2 Umversal s constant ME 23147 [TwelE]
Colinder weall ternperatare T_ I E] Air molar mass MM 2296 [/mol]
fdsﬁffﬁ”“ chawbervobure i |0 0 e on | S parific heat # coms bt vohme e, | 208 MmolE]

.

Floar ration on inlet valwe 0e Specific heat ot coms bt pressre o) | 2911 [Twol K]
Mean pistom speed [zefs]
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RESULTE OF BIMUOLATION ANALYELS

When evaluating the effect of intake pipe length on the mass of air in engine cylinder, a
tnraber of sitanlation was performed for differe nt pipe lengths in the function of engine crankshatt
rofational speed. Sirmulations were made for the following lengths: 0743 rm, 0843 m, 1.143 m,
and 1,203 m.

Exermplary diagrams of the wariation of air mass in the engine cylinder for an intake pipe
length of 0843 r and rotational speed 1000 1imin ave presentedin Fig. 1. The intake pipe diarmeter
was deferrnined in this evaluation fo 0.07 m.

E
510

ra
ih

- I 1
C 1an 200 310 400 il (1 104] o = 141N
" CWK

Fig. 1. My mass in the engive ovlinder for the irdake pipe langth of 0843 m
and rotabional speed 1000 Linm

Inorder to better show the effect of intake pipe length on the air mass in the engine cylinder,
tnass values for respectve pipe lengths at the speeds within the range of useful rotational speeds
for the SW-620 engine are presented in Table 2 and Fig. 2.
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Table 2. Mass wahies for respechve pipe lengths at the speads witlin the mnze ofusefl mtabonal

speads for the 5WEEE0 engive
L=0M3m L, =0243m L=L143m L =12%m

n m, m i, 1,

[Linn] ] [=] ] [=]
1m0 2213 2,185 2256 2225
1200 253 2257 2241 2174
1400 2255 2,285 2206 2218
1e00 2257 2211 2008 2501
LED0 20 2225 2623 2548

200 2287 2435 2409 28l
200 2433 2272 2871 2285

It car be seerin Fig. 2 that within the range of low and medinm rotational speeds (frorm 1000
to 1600 lirain) the largest air mass in the engine cylinder, and at the sarne the largest value of the
filling coefficient, occmrred for the intake pipe with the length of 0,243 m at the rotational speed of
dhout 1400 Lirain, & slishtly swaller alr mass, by about 1%, occwrred for the intake pipe with the
length of 1.143 1 at the rotational speed of about 1200 Liwin, Undoubtedls; this is an advantage
of this pipe length becanse the expected torgue will sigrdficantly increase at this speed. The intake
pipe with the length of 0.74% m was characte rised by air rass comparable with that obtamed for
the intake pipe with the lengthof 1.143 m. Howewer, this length is slightly worse from the point
of view of earlier arvavge ments due to the fact that the aiv mass for this length was obtained at a
larger rotational speed, shout 1500 Limin,

When examining the wariation of air mass in the engine cylinder for the intake pipe with
the length of 1.293 my it carn be seen that there is no maxiroorn within the considered range of
rofational speeds. It can be concluded from the course of lines that the marirurn maybe obtained
at the rotational speed lower than 1000 Dirdn but flds inferval is not wsed in practice in tracton
applications.

Within the range of higher rotational speeds, high air mass values can he ohserved for 1.143,
1203 and 0843 ra. Within this range of rotational speeds, larger air mass in engine cylinder will
affect the walue of maxiromm powers.

Based on the comrse of lines for the pipe length of 0743 o, it can be concluded that the
largest air mass in the engine cylinder has not reached the maxivoen wet bat thiz is of wo practical
Importance because the examined engine can not reach rotational speeds higher than 2200 Lirain.
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Fiz. 2. Curmlahive charactens fies of ar mass i the engzive cylinder for the ndake pipe lensths under ecarm-
nmation

CONCLUSIONE

L basic advantage of siremlation prograrneme is rmolved in the deterrnination of the most
favourable gecmetric intake systern pararaeters for a newly designed or raodernised engine, or in
developing the constaction of the existing engine intake systern with the parpose of impeoving
its operating peararneters, or in adaptation of the operating characteristic of engine to its operation

conditions.
Ilaking a decision based on the analyses of the results of sirmulation examinations reduces
the costs and time ne cessary for the deterrination of the most favourable — under given conditions

— parame ters of the intake systerm. When using the nurnerical methods for the solution of the ques-
tions corrected with corabmstion engine cxlinder filling, experimental exarainations corme down to

corfitrnation of the accuracy of the taken decisions.

Construction pararmeters of the intake systern can be determined based on experimental ex-
arninations but a great monber of pararmeters will require rltiple tests. Considering the fact that
the probability of achieving satisfactory results as early as in the first series of fests s practically

equal to zero, execution of the whole nurber of test for a number of varisble parameters will be
extrere Iy tirne -consureing and expensive. Therefore, 1t seetns parposeful to estimate provisionally
the recpuired pararaeters and then perform fests confinming the selection accuracy

The progravme presented in this paperenables an evaluation of the effect of basic parameters
of the intake syster on the engine filling process. Based on the carvied out simulation and experi-

toe ntal exarninations, the following conelusions canbe drawn:
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1. & hagic pararmeter of the intale systern most affecting the ewlinder filling iz intake pipe
length.

2. The magnitde of cylinder filling is alzo affected by titdng gear svetemm parameters, in
particular the tire of inlet walve closure. This canbe seen in Fig. 1 where the largest air
tnass ocours before indet wabee closure, after which it decreases rather quickly at the fime
of its cloging . Secording to the author, it is possible to reduce the outlow of alr rass from
engine cylinder to the infake systern by accelerating slightly the tirne of walve closure.

3. Humerieal siranlations allow shortening of the tirme and reducing the cost of impleraen-
tation of construction modifications in the ivlet systern but can not entively replace the
experimmental examinations.

Dring the performed exarninations and analvees, the author stated the nece ssity of catrying
ont exatrinations in futore that will de terrmine:

- effect of wabve tirdng phase on cylinder flling; and

- effect of arrbient conditions (teraperature and pressure ), which will allow for an applica-
tion of a nureerical prograrane for the evaluation of the filling process of an engine with
a commbined supercharging system.
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NUMERYCZN A 3V MULACTA WPEY W DEUGOSCI PRZEWODU
DOLOTOWEGO NAMASE POWIETREA POEZCSTAIACA W CYLINDEZE
SILWIKA O Z3 PO ZAMENIECITO ZAWO0ORT DOLOTOWEGO

Streszczende, W oatylnle predstzerione ogdliy opls model murereeneso ukdadn dolotowregzo silmka spali-
noarego. Dpracoer avo miod el jedroenrrmarceans e mgledina) g zasade zachoer aua eneren. Preed stasriono moe-
Ioaredel ch liezmernosre modehs 1 analizme wryrnldonr syralacy wphpam dhiged o preewrodn dolotowrezo na mase
powrehra wr pomstajacs wooylindrze snika po menkimecn zaeroru dolotowrezo.

Slowa Mhwrowe: ultad dolotowry, mode]l mmernyery, masa tadurdoo w eylind iz, s ynalacia



