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Summary. The paper presents the results of the modelling of zas engire thenmal oycle wing AV FIEE and
EIVA 3V sofberare. There ae descrbed tlree combuston models used m the b ove-menboned s ofbrare. EIVA
and FIEE amw used in the Instbate of [mtammal C oobastion Engives and Conbol Engiveenng for an analysis of
therrnal cyele of irtemnal corbustion (10 engives. FIRE gives mary possibilities withmany combustion modsls,
but they requite venfication. Conparison of modelling results of thenmal cyele of IC engine 15 presented in
the paper. All the used combustion models ae dependent cn tartmlence of Howr feld before 1zmtion. Pressure,
terperae, heat travsfer and tobaalence parameters vanations i the fancton of ek angle = well a5 spatial
dis ik tion of the above-menticred quantities at the selected crank angles wemr deternured.
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INTRODUOCTION

The nmunerical sirnulations with advanced compter programs give possibilies for very
cornplicated processes research conduct. In 2009 the Institute of Internal Cordoustion Engines and
Control Engineering began Uriversity Partnership Program with &VL Compsny conceming the
modelling of thermal eyele of IC engines using FIRE softerare. Conrection of advanced programs
with conte rporary cormpnters give a chanee to model tobolent o and heat processes with com-
bustior, fuel injection, heat transfer toxie compornents of exhaust gas and soot. In spite of this,
toodels are shill incorgplete, which requires vy values taken for the experiment. Ibreowver, no-
toerical siraulations allow the researchers to observe spatial distribution of indiadual parameters.
This makes it easier fo uwnderstand wvery complicated processes. Ilathematical modelling sives
possibility to optitnize the shape of an intake ranifold, an exhanst or a corbustion charrber. This
e thod iz an essential method indesizn and optirnization. The paper presents results of corbustion
process modelling in spark iznition test engine Deutz 1630 cre’®. The rodelling weas carried out
using three -dirne nsional CFD: AV L FIRE and EIVA-3V.
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AYL FIRE PROGRANME CHARACTERIZTIC

The AVL FIRE software belongs to conterporary prograrns which are used for modelling of
therraal cyrle of intermal corbustion engines. FIRE allows for the modelling of flow and thermal
processes ocowrence in the intake manifold, in combustion charhber of IC engine and exhanst pipe
with a catalyst and a particulate flter This progrararne enables the caleulation of transport phe-
norneta, mixing, iznition and tobulent combustion in intemal corbustion engine. Homogene ous
and imhornoge neous corbustion rixtures in spark igration and compression igrition engine can be
modelled nsing this softerare, as well. Kinetics of chemical reactions phenomena is descrbed by
corabustion raodels which take oxidation processes in high ternpe ratare into consideration. S everal
tnodels apply fo auto igniion processes. AVL FIRE allows for the modelling of knock process
which occurs in combustion chateber of IC engine. In five models, with different complication
lewvels, an influence of tubulence intensity on combustion rate is considered. The choice depends
ot the modelled ohject or caloulation possibilities. The user can use several combustion models:
Eddsy Bre akup Model, Turbule nt Flarae Speer Closure Ivlodel, Cobore nt Flarae Iodel PDF Iodel,
MO formation models: Extendend Zeldowvich Iodels, Heyarood Ivlodels, soot formation and oxida-
tion models: Lund Flamelet, Frolow Einetie, KennedwHiromswhiagmmssen, tobulence models:
k-epeilon, k-zeta-f, larinar, LES, ignition models: DChese ] Diesel Dultiple Iznition Location, HOCT,
Enock (5hell Model), Enock (Shell Iodel with termperature coupling), AnP Knock, Empirical
Enock Nbdel, Diese] ignited gas engine, complex fuel spray models and others. There is reach
library of fuels like petrol, diesel and hydrogen or DIVE. This program allows for the building
of three-dirmensional corgntational greed, characterized by boundary conditions of swfaces and
initial condiions of siranlation. The postprocessor gives a possibility for visalization of results.
LV L FIRE version 2009 include FIRE ESE Diesel module which was desigred for raode ling diesel
corabustion charabers. Injector is modelled as an element which takes place inside the corbustion
chariber. The shape of cormbustion chamber and tip of injector can be freely shaped. The project of
corabustion chariber can be nported from other CAD programs. FIRE allows importing meshes
fromm rnany syecialist programs. In the Institute of Internal Cordbmstion Engines and Control Engi-
heeting corputational mesh iz generated by [CER CFD sofharare. FIRE allows to take houndary
laver into consideration.

COMBUSTION MODELS IN AVL FIRE

Two models were taken imto account: Eddy Breaknp Model (EBM) and Tabulent Flarae
Speed Closure Model (TFSCID [3]. In both models the oxidation processes of a fuel with air is
deterrmined by tothulent processes which occurs in combustion chamber. Corabmstion process is
described bira single step irveseraible rear tion:

g {C,H, 0,1+ Stg{a, + 4N, } = (14 SMela, 00+ a, H,0+(1- 4, — 2, )W, ), (1)

where:
8y 8y @y, 8, 5 — dimensionless coefficients for rear ions,
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EDDY BREAEUP MODEL (EBML

The Eddy Breakup Ivbde1 (ERIW) [3] represe nts models whick are baged on totblent rnixing
toechardsr . This type was described by Magnnsser, Hjertegar and Spalding. This raode] assurmes
that a tabulert farae, fuel and cxyzen are stnated in the sarme eddies which are separated from
eddies containing hot combustion products.

fresh charge coembustion preducts
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reaction zene
Fig. 1. [dea of totnalernt contuston model

In the worked out by Magrmsen mode] the results maivly depend on tubmlent field of fresh
charge parameters. The rate of corbustion is deterrnined by the rate of intermizing on the smallest
scales of eddies containing fuel and cxygen. This is deterrnined by the rate of dissipation of ed-
dies. The rate of chervical reactions depends on an initial kinetic enerzy and tutbulent length scale
as well. The firne scales of the cherdcal reactions are very short corapared with the scales which
detertuine tubule nt transport processes. The meanrate of the chemical reactioncan be described as:

_Cros (— Yau Cn?n)
s T i R @

The first tao quantities of the “winirwam™ operator deterrnive whether the reactants ave
present i adecuate quantity for a cherndeal reaction to ocenr. The third of ther defermnines reaction
probability: This ensares that the flame is not spread withont hat products. C_ and C_ are empirical
coe fficients, 1, is the tothmle nt mixing time scale for reaction. Coefficient C | depends on torbule noe
and fuel pararneters. This pararmeter reguires adjustrnent with respect fo experime ntal corbustion
data from the real engine . The general asswmption is that the rate of combustion proce sses depends
on the inferrixing rate ocowring in molecular soales, in eddies containing reactants and hot products
and eddies formed as a result of dissipation process. The advantage of this model is its siraplic ity
which does not ivsobe knowledge of mary parameters of chemical reactions. In this mode], worked
ot by Ilagrmszen, the results maindy de pend on tubmlent field of fresh charge paraweters like initial
tutbnilent kinetic energy and toble nt tivee and length scales.

TURBULENT FLAME BPEED CLOZURE MODEL (TFEC)

The Tutbulent Flame Speed Closure Ivbdel is destined for modelling combustion processes
of hormogene ous and inhomogens ous mixtures v spark igration engine. The essence of this model
1z the determination of the rate of chemical reactions depending on fresh charge tutbulenee param-
eters in the cylinder of internal combustion engine. The tobulence intensity and tortbulence acales
of charge havee significant inpact on corabustion process. These pararneters have influence on fire
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stucture like the flarne thickress and flawme spread. The rate of chernical reaction is descrbed by
two mmechanisras: fivst - auto igration model (AL and second - fame propagation scheme (FF).

The first one iz described by Arrherdns ecquation. In the second mechanisia the fame propa-
gation maindy depends on the tubulent farne speed. Depending on corditions ore of these mecha-
tistos is the dominant one. The fuel reaction rate canbe described by operator:

frg, ~ IOAX [Aufa —igm any;, FlamePropapation ai-j_.p}. i3

The first mecharism was constructed for cormbustion air factor 0.5 o 0.65 and pressure frorm
0.3 to 12 WPa. The rate of anto iznition reaction is descrbed by

T
tirg = B Vg ¥al @{p(—?} (4)
where :
= I - ernpirical coefficients,
T, - actration teraperature,
T - te ropera tore.

In the second mechanism, the reaction rate oo 15 described by gas density, tobulent cormbus-
tion speed 5 and gradient of mass fraction Ve

fitgy, — pSr?yM. (]

Initially this rmodel had been worked out for homegenous prermived combustion mixtores,
text was adapted fo inhormogeneons charges. Previons mwlationship which described reaction rate
bl g Was written as the product of the gas density; fuel mass fracton gradient and the twbulent

burning welocity
et — o8 Waf | )

This approach was described for homeogeneons prerdxed corbustion mixtires and near-wall
treatrrent of the reaction rate. Small eddies of fresh charge and the other motions of Awid cause
increase the flarme fromt The flarne surface increase cause increas: of combustion rate of air-fuel
roixture. The high tobulence lewel which canses the high fare propagation rate in indermal corn-
bustion engive can be ac hieved by squish effect and the suitable shape of the corwbustion charmber.

COMBUSTION MODEL IN KIVA 3V

Mutrerical reszarche s were condue ted using also KIVA-3V software. The engine work cyele
taodel in the code is based on the systern of mass, momenturn and e nergy conse rvation egquations
describing three dirnensional, unsteadsy flow fields with che rmical reactions (cormbustion). The code
sobres three-dirae nslonal MavierStokes equation for the mixture of compressible Leuids, which
etables taking into account creation and developruent of shock wave in gas. Periodic houndary
conditons and walls {with torbulent wall law, free shde and without slide, with adiabatic wall
and with drversified femperature distibution on the wally are used as hourdary conditions in the
EIVA-3V code. Three torbmle nee rodels are inplemented: k-5 RAZ e and SGY (Sub-Grid S als).

The corwbustion sbimode] consists of four kinetic and six equilibrinm reactions. The kinetic
reactions are: one global reaction (oxidation of hedrocatbon fuel O H ) with extended Zeldorich
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mechanisras for MO forreation. The rate of equilibrium reaction does not depend on firee and
depe nds only on teraperatore.

CH +0,5C0,+ H,0 ()
O+ N, < NO+ N (8)
N+ Oy No+a (@)
N+ OH < NO+H (109

The equilibriun reactions are:

H,&1H (113
£ & 20 (1)
Ny < 2N (13)
£+ H =200 (14
Ch +2H, 0 40H (15
O +2C0 = 200, {16])

The kivetic reaction proceeds at the rate of o, ghven b

a
mr—feﬂ[ﬁ} -k [CH,[0)° an
where
k- rate coefficient for reacton,
£- mass density of species 1,
M- molecular weight of species 1,
2,2 integer stoickiorne tric coe fielents for reaction.

Rate coefficients for reaction are assumned to be of a generalized Arrherdns form:

E—AT &xp[—E;_ .-‘T} (12
whete:
A- constant,
E- actreation enezy,
r te ropera tore.

RESEARCH OBJECT

The research object was a speark ignition engine powered byrgas fuel. This is fest engine which
was adapted fror two oilinde rs corpression ignition engine DETTE. The result of the reconstre-
tion was adaptation of this engive to combustion of methane and decreased compression ratio fo &
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Table 1. Man enzive parammeters

Cortpres sion rabo 2

3 troke 105 mnon
Crlmder diameter 100 rnen
Engine cubic capacity 825 ot
Munb er of ovlindess 2
Direction of aylindess verical
Length of cormectng-1od 138 nmm
Fotaonal spesd 1500 rotaticeuiin

Figure 2 shows cross-section of cylinder of the test engine with amanmetrically place d spark-
ing plug.

Fig. 2. Combuston chavber of the modeled engine [7]

MODELLING OF THEEMAL CYCLE OF TEST ENGINE

Iiodelling in BVL FIRE and KIVE 3V sofbarare was conducted for gas fuel — methane, for
these same hourdary and initial condiions. In both cases F — & totbulence mode]l was used. The
cornpntatioral mesh of corabmstion chavaber of the test engine inboth cazes was made of this same
nurnber of cells and nodes.
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Fiz. 3. Geometae mesh of commbus hon chanb er at TDC

The mode] of fuel-aiy wivture ignition requires ab ignition crank angle occwtrence, volurne
of iznition area and its location nside combustion charber. There iz a possibility to model raolt
spatk plug ignition and allow for the modelling cormbustion knock process.

Caleulation started in BDC at the beginning of cormgpression stroke for these same starting
conditions and finished at 120 degree after TDC, Caleulations were conducted for combustion air
factor equal to 1.0 ard ignition crank angle equal to 10 degree be fore TDC.

Table 2. Chosen npat parameters of the modelled process

Tznition tirming 10F b effcee TDC
C orvbrastion air Fartor 10
Tritial ternperabure WK
Tritial pressuze 0.9bar
fuel CH,
Tumbulence kirvetic ererzy (180" hefore BDC) 0,1 T’
Tumbulence lergth scale (150F befme EDC) 1,12 an

RESULTS OF CALCULATIONS

& rumber of characteristic quantities of the cordoustion process in the test engine were oh-
tained as a result of nmerical analysis. The chosen gquantities of courses are presented in the figures
below. Pressure conrses in the analyzed engine are presentedinFigure 4. Inboth cases for FIRE and
EIIVA 3V the cormpre ssion pressure ac hieved the same value . Results of modeling in KIVA SV code
and AVL FIRE using Eddy Breakup rodel achiewed alranst the same course. TFEC model nsed in
LVL FIRE cansed bigger differences in the maxirmurm peak of pressures. Corabmstion process in

this case proceeded relative Iy slowly
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Fig. 4. Pressure oourses in the avalysed engine

The heat release and heat release rate cowrses are presented in Figure 5. TFEC miodel in ana-
Iymed caze gave the bizgest heat release. Heat release in this case was characterised by long time

duration. Results ohtained frowm EKIVA 3V code were characterized by stmaller heat release bt heat
release rate ocoured faster.
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The raeivimn value of tatbmlent kinetic energy was achieved during fame spread. The ma-
o walue of tabdent kine tic energy obtained from KIVA 3V code has by several times higher
lewel then the one obfained from other models.

a5 - —o— KA
—avL FIRE EBM
@ 9.6 4 — =L FIRE TFSOM
-@ 0.4 1

c@Ank angle, deg

Fig. 7. Pressure syoarth speed conses mn the fincton of crank angle

EIIVA 3V code gave v thiscaze the hizhest increase of pressure which in consecuenee had an
influence on other parareters of the therral cyele. Maxirourm dpdidg gained the walue of 0,9 WPa/
deg in KIVE 3V code and the smallest increase in pressure was obtained frorm TFSC model 0,3
WiPaldeg. Sypatial distribution of terape ratore and tusblent kinetic ere iy in corbustion chardber
of the test engine are presented below:

8deg hefore TDC
AVLFIFE EBM AL FIRE TFSCCH KETVa 37
Temperatare, K
[ I
fisn} 440 330 7:C 00 1022
- - u

Tathnlent Iinstie ety m'ls
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Fig. 8. 3 patial distbubon of temperatore and tafkalent laretic enerzy in the selected crank angles

CONCLUSIONS

The paper presents results of modelling zas engine thermal ey le using &VL FIRE and KIVA
3V software. There are described three cormbustion models used in the software. FIVA and FIRE
sofbarare are used in the Instiate of Infernal Cormbustion Engines and Control Engineering for an
analysis of the thermal cyele of IC engines. Comparison of modelling results of the thermal cyele
of IC engine is presented in the paper. 411 the used condmstion rmodels are depende nt on hobule nee
of flonar field before izration. FIRE software gives many posaibilities with manycorbustion models,
bt the v recuire werification. Pressure, ternperature, heat transfer and tobmlence pararae ters vatia-
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tions in the fune tion of crank angle as well as syatial distibution of the ahosee-reentioned gquantities
at the selected crank angles were deterrnined.

This sarne initial and boundary condiions were assumed in all the analyeed cases. Results
are different with respect o values and courses. Urndorhmately; fhis arficle did not include results of
expe Hrne nt. Coraparison of modelling and experimental resalts will be presented in the next paper.
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Stresrezerme: Modeloarame movenyeme zw vkoemys tunem comzbard me) zasar avsoar arpeh prograrmcesr hosrp-
tewanrchimosliana relatwarmie nislim kossterm provwradezid badama b ardmo skosnplilonararprch proces Sor. Instybat
Masgyrn Thokoarych 1 Teclmild Sterowara ol 2009 why, w mmach Tmversity Parmership Progiam = inmg
AVL, do modeloararia obiegn ceplrego siliika fokowezo wkorzrstije program AVLE FIRE. Polyczerte tak
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zaaw arsowrattych programdsr komputercanych = moslnarcsclann chliczermosr yrmt wspdbemesiech konpaterdor
daje modnarcdel rodelosr st nbulentnreh peocesdar cleplho-pezephaarcansch ze spalaniem whyslaerm palrara,
wyniang cepta oraz mechanimmari tarorzeiia sie toksyemmrh skiadmbosr spalini sadzy. Mo to, s3to clggle
modele niskonpletne, wittazajges smeregu wartofel wielkod a weld aowych meomrminetych = ehsperymenta.
Modeloarare wuklad=e 30 daje dodatloewno mozlnercée chsereracl prszezezoliprch paramme bdear w czasoprze-
shmeni, co mnac=rie wlaterla posharie ozes to bardso mhodonych maeask. Modelowame talde dage rodnrosd
optymalizacii kestatn ulkdadn dolotowrezo, wydechowezo coy komory spalania Jest to metoda niecdsoarna
w procesie projektoeraria i optyrmalizacii.

W prementorarave] pracy przedstavriono wynila modeloarama proce s spalama w b adasre=ym silnilm o zapdooie
iskranm Dentz 16850 e, Modelowranie preeproralzomn prey wiren wrdkormstrerarech we IMTITS Po-
liteclonkl Cmes tochowrskie, mowocmsnch programndw do modelowaria tdmerymiaroregs CFL: AVL FIEE
oraz EIWA -3V

Showra khaerowe: komora spalasna, oyll temnemty, modelowatne, spalare



