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MATEMATICKE MODELOVANIE TVORBY OXIDOV DUSIKA

V ZAZIHOVOM MOTORE NA CNG

A MATHEMATICAL MODELLING OF NITROGEN OXIDE FORMATION

IN A CNG SPARK IGNITION ENGINE

Medzi plynnymi skodlivinami emitovanymi vyfukovymi plynmi
spalovacich motorov majii oxidy dusika zvldstne postavenie, ktoré
sa navonok prejavuje ako sivislost medzi energetickymi a ekologic-
kymi vlastnostami motora. Prispevok hovori o 3D modelovani tvorby
oxidov dusika v zdzihovom motore na CNG s vyuZitim programu
FLUENT.

Uvod

Spalovacie motory svojou prevadzkou zatazuju Zivotné pros-
tredie. Niektoré emisie s legislativou limitované, iné nie.
Poziadavka zniZovania emisii CO, pri si¢asnom zniZovani
produkcie ostatnych toxickych emisii vedie v konecnom dosledku
k eliminacii spalovania paliv na baze uhlika. Tato skuto¢nost
v sucasnosti smeruje k pouzivaniu paliv alternativnych, napr.
rekonStrukciou spalovacich motorov na stlaeny zemny plyn
(Compressed Natural Gas) - zniZenie produkcie CO, az o 25 %.
Kritériom ekologického spalovania prestava byt len kvantita
emisii, ale stava sa aj kvalita spalovania. Vo vSeobecnosti je
v povedomi menSie zataZenie Zivotného prostredia prevadzkou
spalovacich motorov na plynné paliva. Pri spalovani CNG sa javi
ako problematicka produkcia uhlovodikov, ktoré spolu s oxidmi
dusika - NO, (pojem oxidy dusika zahfia skupinu emisii obsa-
hujucich predovsetkym oxid dusnaty NO a oxid dusi¢ity NO,) sa
okrem iného podielaju na tvorbe smogu. DoterajSie skusenosti
s pouzivanim plynnych paliv mozno zhrnuf do nasledovnych
bodov:

zniZenie produkcie oxidu uhlicitého,

podstatné zniZenie emisie pevnych Castic a dymivosti motora,
zniZenie hluku vyzarovaného motorom,

Ciastocne zvySovanie produkcie nespalenych uhlovodikov
v suchych spalinach so zvySovanim sucinitela prebytku
vzduchu.
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Nitrogen oxides occupy a specific position among gaseous harmful
emissions produced by combustion engines. This position may
externally appear as a coherence between energetic and ecological
properties of the engine. The paper deals with a 3-D modelling of
nitrogen oxides formation in a CNG ignition engine when the
FLUENT programme is applied.

Introduction

Operation of combustion engines impairs the environment.
Some emissions are limited by law, others are not. The
requirement of lower CO, emission limits while simultaneously
lowering production of other toxic emissions has finally led to the
elimination of combustibles based on carbon. This fact has at
present aimed at the use of alternative fuels, e.g. by
a reconstruction of combustion engines to engines using
compressed natural gas (CNG). Such a reconstruction can bring
about a decrease in CO, production by as much as 25%. The
criterion of ecologic combustion is no longer the emission
quantity but at present also the quality of emission. Generally, it
is believed that operation of gas combustion engines impairs the
environment less. When CNG is used as a combustible, some
problems arise due to the production of hydrocarbons which
together with nitrogen oxides - NO, (the term nitrogen oxides
includes a group of emissions containing mainly nitrogen oxide
NO and nitrogen dioxide NO,) forms among other things, smog.
The experience with gaseous fuels used up to this time can be
summarised to the following points:

e decrease in production of carbon dioxide,

e substantial reduction of solid particle emission and engine
smoking,

e reduction of engine-emitted noise,

e and a partial rise in production of unburnt hydrocarbons in
dry combustion gases together with an increase in the excess coef-
ficient.
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Oxidy dusika ako sucast plynnych emisii a vplyv
vybranych parametrov na ich tvorbu

Medzi plynnymi Skodlivinami emitovanymi vyfukovymi
plynmi spalovacich motorov maju oxidy dusika zvlastne postave-
nie, ktoré sa navonok prejavuje ako suvislost medzi energetickymi
a ekologickymi vlastnostami motora. Spalovaci motor s vysokym
mernym vykonom a vysokou ucinnostou obycajne vykazuje nizky
obsah produktov nedokonalej oxidacie v spalinach, zatial' o pro-
dukcia oxidov dusika zlepSovanim energetickych parametrov
motora rastie. Vnutornou pric¢inou tejto skutocnosti je fakt, ze
vplyvy zlepsujlice akosf premeny chemickej energie paliva na
mechanicku pracu motora, t. j. dostatok pripadne prebytok okys-
licovadla (pre dobrii chemicki ucéinnost) a vysoka maximalna
teplota pracovného obehu (pre dobru termicku ucinnost) sicasne
podporuju oxidaciu dusika.

Znizenie kompresného pomeru znizuje maximalne teploty
spalovania vo valci motora, a preto ma pozitivny vplyv na reduk-
ciu oxidov dusika. Toto zniZzenie kompresného pomeru, podobne
ako zniZenie uhla predstihu zazihu, ma za nasledok ale pokles
termickej ucinnosti, zniZenie vykonu, vzrast mernej spotreby
paliva a mernych emisii ostatnych Skodlivin. Tieto nedostatky je
mozné Ciastoéne kompenzovat u motorov na CNG prepliiovanim,
vzhladom na dobré antidetonac¢né vlastnosti metanu, ktory je
obsiahnuty v palive. U prepliovanych motorov je obmedzenie
dané parametrami pouzitého turboduchadla, pripadne teplotou
vyfukovych plynov. Ak je potrebné zniZit koncentraciu oxidov
dusika pod uréiti hranicu, najjednoduchSou a najucinnejSou
upravou je znizenie uhla predstihu zazihu, i ked' za cenu ¢iastoc-
ného poklesu vykonu a vzrastu mernej spotreby paliva. Efekt zni-
Zenia koncentracie oxidov dusika a mernej spotreby paliva
zvySovanim kompresného pomeru pri su¢asnom zniZeni uhla
predstihu zazihu (konStantna hladina maximalneho tlaku) je
vyraznejsi pri niz§ich kompresnych pomeroch. Pokles mernej spo-
treby paliva zvySenim kompresného pomeru a zniZenim uhla pred-
stihu zazihu je vyraznejsi u bohatSich zmesi (max. o 5 %), zatial
¢o pokles oxidov dusika je vyraznejSi u chudobnejSich zmesi
(cca 3,6-krat). Motory so zvySenym kompresnym pomerom a zni-
Zenym uhlom predstihu zazihu si vyzaduju kvalitnu a vykonnu
elektricku zapalovaciu sustavu, aby sa zarucilo spolahlivé zapale-
nie zmesi a tym aj rovnomerny chod motora.

Ochudobiiovanim zmesi za inak rovnakych podmienok sa
dosiahne nizSia koncentracia oxidov dusika a vySSia merna spo-
treba. Tento jav je sposobeny poklesom maximalnych teplot
naplne valca v dosledku nizsej energetickej hustoty obsahu naplne
valca. ZvySenie mernej spotreby paliva nie je podstatné, ale pokles
produkcie oxidov dusika ochudobnovanim zmesi je vyrazny.
Problémom pouzitia chudobnej zmesi je pokles vykonu a nerov-
nomernost chodu motora. Pokles vykonu je mozné kompenzovat
prepliovanim.

Vplyv teploty stien valca je mozné posudif na zaklade vplyvu
vel'kosti tepelného odporu vloZeného valca.. Pri nizkych hodno-
tach tepelného odporu vlozky dochadza k vacsiemu odvodu tepla
z pracovného priestoru do chladiaceho média. Tento odvod tepla

Nitrogen oxides as part of gaseous emissions and the
influence of chosen parameters on their formation

Nitrogen oxides occupy a specific position among gaseous
harmful emissions produced by combustion engines. This
position may externally appear as a coherence between energetic
and ecological properties of the engine. The combustion engine
featuring a high specific output and high efficiency usually shows
a poor content of products of insufficient oxidation in combustion
gases, while the production of nitrogen oxides increases due to the
improvement of energetic parameters of the engine. The internal
cause leading to the mentioned reality is the fact that the
influences that improve the quality of change of fuel chemical
energy to mechanical work of the engine, i. e. sufficiency or excess
of oxidizer (for a good chemical efficiency) and high maximum
temperature of the working cycle (for a good thermal efficiency)
simultaneously support oxidation of nitrogen.

A decrease in the compression ratio lowers maximum
temperatures of combustion in the engine cylinder and has,
therefore, a positive influence on the reduction of nitrogen oxides.
This lowering of the compression ratio similarly as a decrease in
an advanced ignition angle lead, however, to a fall of thermal
efficiency, lower output, increase of the specific fuel consumption
and specific emissions of other harmful substances. These
shortcomings may be partly compensated in CNG engines by
supercharging owing to good antidetonant properties of methane
contained in fuel. In supercharged engines the limitation is given
by parameters of the used turbocharger or by temperature of
exhaust gases. If the concentration of nitrogen oxides is to be
lowered under a certain limit, the easiest and most efficient
arrangement is to lower the advanced ignition angle, even though
the output partially decreases and specific fuel consumption
increases. The effect of decrease of a nitrogen oxide concentration
and specific fuel consumption by increasing the compression ratio
at a simultaneous lowering of the advanced ignition angle is more
marked with richer mixtures (max. by 5%), while the decrease in
nitrogen oxides is more remarkable with leaner mixtures (approx.
3.6-times). Engines with a higher compression ratio and lower
advanced ignition angle need an efficient electric ignition system
of high quality in order to provide reliable ignition of mixture and,
consequently, a regular engine running.

Making the mixture leaner, under otherwise similar
conditions, leads to a lower concentration of nitrogen oxides and
to a higher specific fuel consumption. This phenomenon is caused
by a fall of maximum temperatures of the cylinder charge due to
a lower energetic density of the cylinder charge content. An
increase in the specific fuel consumption is not substantial but
a decrease in production of nitrogen oxides due to making the
mixture leaner is marked. A disadvantage of the use of lean mixture
is a decrease in the output and irregularities in the engine run. The
decrease in the output can be compensated by supercharging.

The influence of the cylinder wall temperature can be judged
on the basis of the influence of a thermal resistance magnitude of
the cylinder liner. Low values of the liner thermal resistance bring
about higher heat abstraction from the working area to the cooling
medium. This heat abstraction causes a decrease in temperatures
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ma za nasledok pokles teplot pracovného obehu motora samo-
zrejme s dosledkom na tvorbu oxidov dusika.

V zazihovych motoroch na CNG sa predpoklada kinetické
spalovanie homogénnej chudobnej zmesi. Pri kinetickom spalo-
vani je zona pred plamennym frontom vyplnend rovnorodou
zmesou paliva so vzduchom. V okamihu prechodu plamena
dochadza ku takmer skokovej zmene koncentracii. Zakladna pred-
stava pre porovnanie kinetického a difuzneho spalovania z hla-
diska produkcie NO, je skutocnost, Ze pri kinetickom spalovani
chudobnej zmesi je aj vzduch, ktory sa nezucastiiuje chemickej
reakcie pritomny priamo v oblasti plamena a svojou tepelnou
kapacitou prispieva k zniZeniu teploty horiacej vrstvy. Pri kinetic-
kom spalovani stechiometrickej zmesi je priamo v plameni pri-
tomné len prave potrebné mnozstvo vzduchu k uskutocneniu
chemickej reakcie. Spalovanie prebieha v tomto pripade pri
vysokej teplote, ¢o je nevyhodné vzhladom na tvorbu oxidov
dusika. Ochudobnovanim zmesi sa teda zniZuje Uroven teplot pra-
covnej latky vplyvom poklesu vyhrevnosti zmesi ako aj vplyvom
posunu vyrazného podielu fazy privodu tepla do pokrocilého
Stadia expanzného pohybu piesta pri pomalom horeni chudobne;j
zmesi [2].

Tvorba oxidov dusika

Z pohladu skodlivosti oxidov dusika je rozhodujucou zlozkou
NO,. Hlavnou emitovanou zlozkou spalovacim motorom je vSak
NO. Legislativa limitov emisii vychadza z predpokladu, ze celé
emitované mnoZzstvo oxidov dusika v atmosfére oxiduje na NO,.
V niektorych pripadoch sa z praktickych dévodov pouziva prepo-
Cet emisii oxidov dusika vo vyfukovych plynoch na mnoZstvo
oxidu dusnatého.

Oxid dusnaty vznika z vdcSej Casti pomalou retazovou reak-
ciou - Zeldovi¢ov mechanizmus [3]:

0,+N&NO+0
N, + 0 NO+ N

Nosnym procesom z hladiska pritomnosti oxidov dusika vo
vyfukovych plynoch je vyskyt pomerne vysokej rovnovaznej kon-
centracie NO vo faze s vysokou teplotou nasledovany dramatic-
kym zniZenim reak¢nej rychlosti dekompozicie NO po poklese
teploty naplne valca v priebehu expanzného zdvihu piesta.
Spomalenie reakcie rozpadu oxidu dusnatého je tak nahle, ze sa
pre jeho popis pouZiva termin zmrazenie koncentracie NO [4].
Pri zniZeni spalovacich teplot klesa hodnota maxima rovnovaznej
koncentracie NO, zniZuje sa rychlost tvorby NO, ¢im sa znizZuje aj
celkova koncentracia NO v spalinach. Velkost maximalnych spa-
lovacich tlakov nevplyva priamo na chemické reakcie, ale ovplyv-
nuje teploty reakcii. Najvyssie teploty sa dosahuju pri mierne
bohatych zmesiach. Ako je zrejmé z vySSie uvedenych reakcii,
nedostatok kyslika brzdi produkciu NO,. Maximum produkcie je
posunuté do oblasti mierne chudobnych zmesi so sucinitelom
prebytku vzduchu okolo 1,15. Poloha maxima rovnovaznej kon-
centracie emisii NO sa teoreticky zhoduje s polohou maxima
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of the engine working cycle and, of course, has an impact on the
formation of nitrogen oxides.

In CNG spark ignition engines Kkinetic combustion of
homogenous lean mixture is suggested. At kinetic combustion the
area in front of the flame front is filled in with a homogenous air-
fuel mixture. In the moment of flame transition almost a jump
change in the concentration occurs. A basic idea for comparison
of kinetic and diffusion combustion from the point of view of NO,
production is the fact that at kinetic combustion of lean mixture
there also is air that does not take part in a chemical reaction
present directly in the area of flame and contributes with its
thermal capacity to a decrease in temperature of a burning layer.
In the case of kinetic combustion of stoichiometric mixture there
is exactly such an amount of air present directly in the flame that
is needed to carry out a chemical reaction. The combustion in this
case takes place at a high temperature which is disadvantageous
from the point of view of formation of nitrogen oxides. Thus,
making the mixture leaner decreases a temperature level of the
working medium due to a decrease in a calorific value of the
mixture as well as due to a marked part of a phase of heat
induction in an advanced stage of an expansion piston movement
at a low combustion of lean mixture [2].

Formation of nitrogen oxides

From the point of view of nitrogen oxides harmful effect,
a decisive component is NO,, although the main component
emitted by the combustion engine is NO. Legislation of emission
limits is based on a suggestion that the whole emitted amount of
nitrogen oxides in the atmosphere oxides to NO,. In some cases,
from practical reasons a conversion of emissions of nitrogen oxides
in exhaust gases to the amount of nitrogen oxide NO is used.

Nitrogen oxide is formed, from a greater part, during a slow
chain reaction - Zeldovic mechanism [3]:

0, +N<NO+ 0
N,+ 0o NO+ N

From the point of view of presence of nitrogen oxides in
exhaust gases, the main process is an occurrence of a relatively high
equilibrium NO concentration in a phase with a high temperature
followed by a dramatic fall of a reaction velocity of NO decompo-
sition after a decrease in temperature of the cylinder charge during
the expansion piston movement. Deceleration of a reaction of nit-
rogen oxide NO decomposition is so sudden that to describe it the
term NO concentration freezing [4] is used. At a decrease in com-
bustion temperatures the value of maximum of NO equilibrium
concentration decreases, the velocity of NO formation decreases
and, consequently, the overall NO concentration in combustion
gases also decreases. A magnitude of maximum combustion pres-
sures does not directly influence chemical reactions, but it influen-
ces temperatures of the reactions. The highest temperatures are
reached with slightly rich mixtures. As it can be seen from the
above mentioned reactions, lack of oxygen slows down NO, pro-
duction. The production maximum is shifted to an area of slightly
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teploty v spalovacom priestore. V skuto€nosti je v§ak maximum
tvorby posunuté dalej. Cim vyssie su teploty, tym viac sa blizi sku-
tocna koncentracia NO ku koncentracii stanovenej podla rovno-
vaznych stavov [3].

Z vytvoreného oxidu dusnatého sa sekundarne tvori oxid dusi-
¢ity. Podla [3] mozno pribliZzny mechanizmus vzniku NO, popisat
nasledujucim postupom:

e oxid dusnaty nachadzajuci sa v zone plamena moze byt rychlo
premeneny na NO, reakciou:

NO + HO, — NO, + OH
e dalej nastupuje premena NO, na NO
NO, + 0 - NO + 0,

Reakcia prebieha dovtedy, kym NO, vytvoreny v zdne
plamena sa neochladi zmieSanim sa s relativne studenymi plynmi.

Matematicky model

Pre vypocet spalovania bol vyuzity program FLUENT. Je nim
mozné riesit problémy z oblasti prudenia bud plosne alebo pries-
torove. Po zostaveni geometrického modelu je potrebné zvolit
model fyzikalny. Po zadani vSetkych okrajovych a zaciato¢nych
podmienok i spravnej volbe podrelaxaénych a disipacnych fakto-
rov mozno uskutocnit vypocet. Model popisujuci chemicku kine-
tiku v podmienkach kinetického alebo diftizneho plamena je
vytvoreny pomocou programu pre vypocet chemickej kinetiky
a termodynamiky. Plamen mozno modelovat bud' ako kineticky
s vol'bou kinetickych rovnic, alebo ako difuzny s vypoctom rovno-
vaznych koncentracii zloziek v laminarnom alebo turbulentnom
rezime. Je vyhodné pouzitie malych reakénych schém na presny
popis rozhodujucich vlastnosti plamena. Tieto schémy maju
vyznam najmé z praktického hladiska pre problémy v oblasti spa-
lovania, pretoZe obsahuju vSetky aplikacie zahrinujuce akékolvek
palivo. Jedna z najdolezitejSich aplikacii je aplikacia turbulent-
ného spalovania, kde fluktujuci charakter pridenia a s tym
spojené chemické deje popisujuce turbulenciu sposobuju niektoré
tazkosti pri modelovani.

Schémy globalnych reakcii pre spalovanie alkanovych uhlovo-
dikov (az po butan) v zmesiach so vzduchom v kinetickych
a difuznych plamenoch obsahuju dve vedlajsie reakcie rozkladu
paliva. Reakény mechanizmus je popisany nasledovnymi rovni-
cami [5]:

CH,, . +%02—>nCO+ (n + DH,,

c,H,, . ,nH,0—-nCO+ (2n + 1)H,,

1
H, + 0,0 Hy0,

lean mixtures with an excess coefficient around 1.15. The position
of maximum of NO emissions equilibrium concentration is theoret-
ically identical with the position of the temperature maximum in
the combustion chamber. Though in reality, the formation
maximum is shifted further. The higher the temperatures, the more
a real NO concentration approaches the one determined in com-
pliance with equilibrium states [3].

From the formed nitrogen oxide secondary nitrogen dioxide is
formed. According to [3] the approximate mechanism of NO,
formation can be described with the following procedure:

e nitrogen oxide present in the flame area can be quickly changed
to NO, by the reaction:

NO + HO, — NO, + OH
e then a change of NO, to NO takes place
NO, + 0 - NO + 0,

The reaction takes place until NO, formed in the flame area
is cooled down mixing with relative cold gases.

Mathematical model

The program FLUENT was applied for calculation of combus-
tion. It enables the solving of problems from a field of flow either
in an areal or spatial way. After a geometric model is constructed,
a physical model is to be chosen. After all boundary and initial con-
ditions are set and subrelaxation and dissipation factors are cor-
rectly selected, the calculation can be carried out. The model
describing chemical kinetics under conditions of a kinetic or diffu-
sion flame is created with the help of a program for calculation of
chemical kinetics and thermodynamics. The flame can be modelled
either as kinetic with a choice of kinetic equations or as diffusive
with a calculation of equilibrium concentration of components in
a laminar or turbulent regime. It is good to use small reaction
schemes for a precise description of the flame decisive properties.
These schemes are especially significant for problems from a prac-
tical point of view in the field of combustion as they contain all
applications covering any fuel. One of the most important applica-
tions is the one of turbulent combustion where a fluctuating cha-
racter of flow and related chemical processes describing turbulence
cause some difficulties during modelling.

The schemes of global reactions for combustion of alkane
hydrocarbons (up to butane) in mixtures with air in kinetic and
diffusion flame contain two subsidiary reactions of fuel
decomposition. The reaction mechanism is described with the
following equations [5]:

n

C,,Hz,,+2+502—>nC0+ (n+ DH,,

Cc,H,, . ,nH,0— nCO+ (2n + 1)H,,

1
Hy + 2 0,0 H0.,
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CO + H,0 <> CO, + H, .

Priestorovy model spalovacieho priestoru (zlozZeny zo 16 tisic
elementov tvaru Seststena) je vytvoreny na zaklade suradnic
bodov popisujucich tvar spalovacieho priestoru. Tak bola vytvo-
rena povrchova a fyzikalna siet. Zazih palivovej zmesi v uzatvore-
nom spalovacom priestore bol simulovany zadanim plosky so
zapalnou teplotou. Okrem toho na zaciatku bola zadana velkost
tangencialnej rychlosti pre turbulentné prudenie.

Vypocet bol realizovany v dvoch ¢astiach. V prvej Casti bolo
zvolenych pat reakénych zloziek: CH,, O,, N,, CO,,
H,0 arovnica popisujuca oxidaciu metanu. Styri zlozky sa priamo
zicastiiuju chemickej reakcie (CH,, O,, CO, a H,0) a piata
zlozka, dusik, bola volena z dovodu jej najvacSieho podielu
v atmosférickom vzduchu. Priebeh koncentracie tejto zlozky je
vyhradne numerickou zalezitostou (dopocet do Cisla 1, ktoré pred-
stavuje sucet molovych zlomkov zadavanych zloziek, t. j. metanu,
dusika a kyslika). V druhej Casti bolo zvolenych devit reakénych
zloziek: CH,, O,, N,, CO,, H,0, NO, N, O, Ar a okrem rovnice
popisujucej oxidaciu metanu aj chemické rovnice popisujuce
tvorbu NO, rozklad kyslika a rozklad dusika. Tak napr. reakcie
v prvej Casti vypoctu prebehnu takto:

CH, + 20, <> CO, + 2H,0;
0,50+ 0;N,>N+N-0,+N—NO+0:
N, + 0= NO + N.

Pohyb reakénej zmesi je popisany rovnicami [6]:
e kontinuity

W, Lapr
o0 r or 0z
o Navier - Stokesovymi
M_i_lapvzr opuv _@_}_lap,,r do,.  do,
o r or oz or r or oz o’
dou Vapor e dp 1o do
ot roor 0z z r or 0z
e energetickej bilancie toku
dpE 1 dpEvr  dpEu __lapvr_@_i_
ot roor oz roor oz
1 d(o,vr + o,ur)  do,.v+o.u) 1 0dmg,
+— + -——
r or oz roor
dq
— Z 4
FR
V uvedenych rovniciach je:
p hustota,
u, v zlozky vektoru rychlosti v smere r a z,
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CO + H,0 <> CO, + H, .

The spatial model of the combustion chamber (composed of
16 thousand elements of a six-wall shape) is created on the basis
of co-ordinates of points describing a shape of the combustion
chamber. Thus, the surface and physical network was created. The
ignition of air-fuel mixture in a closed combustion chamber was
simulated by setting a small surface with an ignition temperature.
Apart from this, the magnitude of tangential velocity for turbulent
flow was given in the beginning.

The calculation was done in two stages. In the first stage five
reaction components: CH,, O,, N,, CO,, H,0 and the equation
describing oxidation of methane were selected. Four components
take part in the chemical reaction directly (CH,, O,, CO,, H,0)
and the fifth component, nitrogen, was selected because of its
largest portion in the atmospheric air. The course of concentration
of this component is an exclusively numerical matter (additional
calculation up to number 1 representing the sum of molecular frac-
tions of the given components, i. e. methane, nitrogen and oxygen).
In the second stage, nine reaction components: CH,, O,, N,, CO,,
H,0, NO, N, O, Ar were selected apart from the equation describ-
ing oxidation of methane also chemical equations describing NO
formation, oxygen and nitrogen decomposition. So, e.g. the reac-
tions in the first stage of calculation have the following course:

CH, + 20, <> CO, + 2H,0:;
0,50+ 0;N,>N+N.0,+N—>NO+ 0,
N, + 0— NO + N.

The motion of reaction mixture is described with the equations [6]:
e of continuity
W, 13 O
ot r or 0z

o Navier-Stoke

=0,

dy 1 opv’r  dpwy _dp  1dp,r do. day,
ot * roor * oz o * roor - oz o’
dpu 1 dpuvr opu’ _ dp  1da.r do,,

ot rooor 0z oz r o 0z

e of energetic balance of flow

OpE | 1 opbvr  OpEu _ 1 0dpwr dpu |
ot r o or oz roor 0z
1 d(o,pr + our)  d(o,.v+ o.u) 1 dm,
+— =4 Lo
r or 0z roor
dq
- —<+qc
2z
The symbols in the above equations are as follows:
p density,
u,v components of velocity vector in the directions

rand z,
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)/ tlak,

Prrs Prz> Popg =z Z10ZKy tenzoru viskozneho napitia,
celkova energia pre ktoru plati £ = [2(u +v) +
117", 1je merna vnutorna energia,

q. 4, tok energie v smere r a z, spdsobeny tepelnou
vodivostou a difuziou,
q. rychlost uvolfiovania tepla vplyvom chemickych

reakcii.

Vypocet bol umelou diftiziou stabilizovany. Rovnice hybnosti
pre zmes boli stabilizované prostrednictvom viskozitného koefi-
cienta. Rovnica celkovej energie je stabilizovana pridanim difuz-
nej Casti cez pomer koeficientu tepelnej vodivosti a merného tepla
pri konStantnom objeme. Stabilita rieSenia rovnic transportu
zloZiek je kontrolovana rovnicou zakona zachovania hmoty.
Vypocet bol realizovany pre tieto parametre:

e otacky motora 2000 min~ !,

e toCivy moment 726 Nm,

e predstih zazihu 241 ° pred HU,
o sucinitel prebytku vzduchu 1,41,

o velkost casového kroku 1,6.107% s,

e teplota steny 500 K,

e referencna teplota 707 K,

e referencny tlak 1,872 MPa,

e tangencialna rychlost 5 ms™

e model turbulencie k-¢

Vysledky vypoctu

Proces oxidacie metanu je zobrazeny na obrazku 1. Miesta
zobrazené tmavsimi odtienmi predstavuju zony s mensou kon-
centraciou metanu, t. j. tie, kde proces spalovania uz prebehol.
Spalovanie zacina od stredu spalovacieho priestoru, teda od
miesta polohy zapalovacej sviecky a postupuje do rozsirenej Casti
spalovacieho priestoru. No v niektorych usekoch cyklu proces
spalovania samovol'ne za¢ina aj v okrajovych miestach spalovacie-
ho priestoru. Tento jav je mozné vysvetlit lokalne zvySenou teplo-
tou v zlUZenej Casti spalovacieho priestoru pocas spalovania,
obrazok 2. Na obrazku 3 vidiet vplyv nestacionarneho prudenia
v systéme, pretoze rozlozenie koncentracie metanu nie je rovnaké
na symetrickych rezoch spalovacieho priestoru. Z vypoctu
vyplyva, Ze proces dohorievania prebieha v rozSirenej Casti spalo-
vacieho priestoru a konéi v jeho dolnej Casti, kde zostavaju aj
zvysky metanu po skonceni procesu spalovania, obrazok 4. Ich
koncentracia je vSak pomerne nizka 0,0313. RozloZenie koncen-
tracie vSetkych zloziek je ovplyvnené teplotou. Vypocitané prie-
behy koncentracii oxidov dusika v urcitych ¢asovych krokoch su
zobrazené na obrazkoch 5, 6, 7 a 8.

Vypodet umoziuje sledovat aj sirenie sa tlakovych vin v spa-
lovacom priestore pocas horenia palivovej zmesi, obrazok 9. Tlak
nie je kritériom konvergencie tohto vypoctu. Zmena tlaku nema
podstatny vplyv na priebeh koncentracii jednotlivych zloziek.

Z priebehov rychlosti pocas spalovania vyplyva, Ze pocas
procesu spalovania dochadza k nestacionarnemu Sireniu sa tlako-

p pressure,
Prrs Prz P P=z COMponents of viscose stress of tensor,
total energy for which holds E = [2(u +v) +
117", Lis specific internal energy,

4 4. flow of energy in the directions r and z caused by
thermal conductivity and diffusion,
q. velocity of heat release due to chemical reactions.

The calculation was stabilised by an artificial diffusion. The
equations of motion for mixture were stabilised via the viscosity
coefficient. The equation of total energy is stabilised by adding the
diffusion part via a ratio of the coefficient of thermal conductivity
and specific heat at a constant volume. The stability of solution of
equation of the component transport is controlled by the equation
of the law of mass conservation. The calculation was done for the
following parameters:

e engine revolutions 2000 min~ ",

e torque 726 Nm,

e advanced ignition 24,1 ° in front of TDC,
e excess coefficient 1,41,

e magnitude of time interval 1,6.10-3 s,

e temperature of wall 500 K,

e reference temperature 707 K,

e reference pressure 1,872 MPa,

e tangential velocity 5 ms~ !,

o turbulence model k-¢

Results of the calculation

The process of methane oxidation is shown in Fig. 1. The
darker places represent the areas of a lower methane
concentration, i. e. those where the combustion process is already
over. The combustion starts from the centre of the combustion
chamber, that is, from the place where an ignition plug is located,
and proceeds to an extended part of the combustion chamber. But
in some intervals of the cycle, the process of burning starts
automatically also in boundary places of the combustion
chamber. This phenomenon can be explained by a locally
increased temperature in a tapered part of the combustion
chamber during burning, Fig. 2. Fig. 3 shows the influence of non-
stationary flow in the system as the distribution of methane
concentration is not the same on symmetric cuts of the
combustion chamber. From the calculation it follows that the
process of burning low takes place in an extended part of the
combustion chamber and ends in its bottom part where methane
residues also remain after the combust ion process is over, Fig. 4
But their concentration is relatively low - 0.0313. The distribution
of concentration of all components is influenced by temperature.
The calculated courses of nitrogen oxides concentration in certain
time intervals are shown in Figs 5, 6, 7, and 8.

The calculation also allows to follow propagation of pressure
waves in the combustion chamber during burning of air-fuel
mixture - Fig. 9. Pressure is not a convergence criterion of this
calculation. A change in pressure does not have any substantial
influence on the concentration of individual components.
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Obr. 1 Oxiddcia metdnu
Fig. 1 Oxidation of methane
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Obr. 2 Rozlozenie teploty
Fig. 2 Distribution of temperature
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Obr. 3 Vplyv nestaciondrneho priidenia na koncentrdciu metdanu
Fig. 3 Influence of nonstationary flow on concentration of methane
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Obr. 4 Zvysky metdnu po skonceni spalovania
Fig. 4 Residues of methane after combustion is over
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Obr. 5 Koncentrdcie NO
Fig. 5 NO concentrations
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Obr. 6 Koncentrdcie NO
Fig. 6 NO concentrations
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Obr. 7 Koncentrdcie N,
Fig. 7 NO, concentrations
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Obr. 8 Koncentrdcie N,
Fig. 8 NO, concentrations
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Obr. 9 RozloZenie tlakov
Fig. 9 Distribution of pressures

vych vin v priestore. Priebeh rychlosti je Gasovo nespojity, pre-
menlivy, striedaju sa zony s najnizSou a najvysSou rychlostou.
Zmena rychlosti nenastava len vzhladom na osovu symetriu, ale
sa aj po obvode. Vplyv pocCiatocnej tangencialnej rychlosti sa pre-
javuje aj poCas horenia zmesi a horenim generovana rychlost
Castic sa superponuje na stacionarne pociato¢né rychlostné pole
za de finovanej pociato¢nej podmienky rychlosti. S horenim sa
prejavuje vplyv trecich sil o stenu valca, ¢o sposobuje postupné
zniZovanie rychlosti s asom.

Zaver

Ako z vypoctu vyplyva, skutocny okamzity obsah kazdej
zlozky reagujucej zmesi v priebehu reakcie lezi medzi vychodisko-
vym obsahom tejto zlozky vo vstupnych produktoch reakcie a jej
rovnovaznym obsahom pre okamzité stavové a koncentracné pod-
mienky. Proces tvorby a zaniku prislusnej zlozky je mozné chapat
ako posun hodnoty okamzitej koncentracie medzi tymito kraj-
nymi hodnotami v smere k ustanoveniu rovnovahy, ktory je
urceny integralom reakénej rychlosti za dobu trvania reakcie. Vo
valci spalovacieho motora sa vSak navySe meni s Casom tlak
a teplota, priCom teplota ma v réznych miestach spalovacieho
priestoru rozny Casovy priebeh, najmé je do velkej miery ovplyv-
nena prechodom plamenného frontu danym miestom.

From the courses of velocities during combustion it follows
that during the combustion process nonstationary propagation of
pressure waves occurs. The course of velocities is time-
discontinuous, variable, areas with the lowest and highest velocity
interchange. The change in velocities does not occur only due to
an axial symmetry, but it is also on the periphery. The influence
of initial tangential velocity is felt also during burning of the
mixture and the speed of particles generated by burning
is superposed to a stationary initial velocity field at a defined
initial condition of velocity. The influence of friction forces
against the cylinder wall is observed with burning. It causes
a gradual decrease in velocity with time.

Conclusions

As it results from the calculation, the real instantaneous
content of each component of the reaction mixture during the
course of reaction lies between the initial content of this element in
the input products of the reaction and its equilibrium content for
instantaneous state and concentration conditions. The process of
formation and extinction of a particular component can be
understood as a shift of a value of the instantaneous concentration
between these boundary values in the direction to the equilibrium
stabilization that is determined by the integral of reaction velocity
during the reaction duration. Pressure and temperature change
most with time in the cylinder of a combustion engine. Temperature
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Na priebeh koncentracie reakénych zloziek ma vyznamny
vplyv chemicka reakcia s najvdcSou rychlostou. V porovnani
s prvou castou vypoctu boli v druhej Casti problémy s numerickou
stabilitou systému, pretoze program pocita s velmi malymi hod-
notami koncentracii jednotlivych zloziek. Pouzita metdéda konec-
nych diferencii je optimalna vtedy, ked pomer diferencii
pocitanych veli¢in (rychlost, tlak, teplota, koncentracie jednotli-
vych reakénych zloziek) je hodnota blizka Cislu 1. V pripade poci-
tania s velmi malymi hodnotami koncentracii (radovo stotiny az
tisiciny) dochadza k chybam vypoctu. Pre dosiahnutie korektnej-
Sieho vypoctu by bolo preto vhodnejSie pracovat s Casovo pre-
menlivou siefou, t. j. kazdy vypoctovy krok pocitat s novou sietou.
Takiato moznost ma napriklad vypoctovy program RAMPANT,
ktory je uréeny len pre vypocty v oblasti prudenia. Pre zabezpe-
Cenie konvergencie vypoctu by bolo vhodnejsie pouzit rozdielnu
vol'bu ¢asového kroku pre prudenie a pre chemické reakcie, ktorti
umoznuje verzia programu FLUENT UNS.

Recenzenti: M. Steiner, S. Liscdk
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