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Abstract
A thermodynamic model has been developed pplied to predict the emission levels
and performance of a spark ignition engine withngsExhaust Gas Recirculation (EGR)
gas. The model simulates the full thermodynamidecg€ the engine and includes heat
transfer, combustion, gas exchange process, thedisslociation of water and carbon
dioxide, and chemical equilibrium.

EGZOZ GAZI GER I VERILMEST UYGULANAN
BUJI ILE ATE SLEMEL I MOTOR CEVR IMININ
TERMOD iNAM iK MODEL i

Ozetce
Yapilan cabmada, bir termodinamik model ggirilerek, buji ile atglemeli bir
motorun egzoz emisyon g@elerini ve performansini tahmin etmek icin kullamgtir.
Ayrica bu modelde, egzoz gazindaki NO ylzdesirtnaaia amaci ile kullanilan Egzoz
Gazi Geri Verilmesi Yontemi de uygulaginn Kurulan model, motorun tim termodinamik
¢cevrimini yansitmakta ve motordaki yanma olaysifransferini, dolgu d&simini, yanma
arunlerinin i1sil ayrgmasini ve kimyasal dengartlarini icermektedir.

Key Words: Cycle model, spark ignition engine, exhaust gagcelation
Anahtar Kelimeler: Buji ile atgslemeli motor, egzoz gazi geri verilmesi
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1. INTRODUCTION

The reciprocating internal combustion engiae found its widest use in
the automotive industry, although this type of eeghas been utilized in
numerous other applications as well. The highergyaw weight or volume
ratio, relatively lower cost and easy maintenarfdd® reciprocating engine
have made it popular for land transport. The dguakent and production of
the modern spark ignition engines is very importdot market and
legislation requirements which demand low costhipgrformance engines
with low fuel consumption and reduced emissiongpoliutant. Because
these factors are directly related to the combuogti@cess in the cylinder of
engine, many researches have been achieved tafydédm¢ parameters
which affect the combustion efficiency and pollutiormation.

Motor vehicles are responsible for a significamount of environmental
pollution, especially in urban areas. Non-stoichetme combustion is the
consequence of the mode of operation and desigmstreamts on the
reciprocating engines, producing high toxic CO,Nd HC emissions to
the atmosphere. After the realization of the faett the motor vehicles are
one of the major contributors to high toxic emigsion the atmosphere in
urban areas, tough measures have been introducedntm! and reduce
such emissions from vehicles. Thus, the designutdraobile engines is
very important to reduce emissions of these palistaOn the other hand,
design and operating variables not only influenoe levels of pollutant
emissions, but also these parameters affect theneerqmpwer output and
efficiency. Thus, while we investigate various esios control strategies,
we must also consider their effects on engine perdoce.

A number of sources for N@missions from spark ignition engines has
been identified through experimental and theorktiaak and some useful
information obtained and adopted in engine desidpe. research works still
continue on this subject.

Mathematical modelling has been one of thelstdn meeting the
challenge of reduced exhaust emissions and aclgiggond fuel economy.
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Since, mathematical modelling of the engines ha® laesubject of research
helping to define key controlling variables, givimtgarer insight to the

physical processes and its ability to predict behavunder different

operating conditions and in general powerful taokengine design [1] .On
the other hand, succesful mathematical modellirigre@fsome advantages
over traditional experimental procedures. It hasved to be cost effective
and requiring shorter analysis times in design exg@erimental methods. In
addition, increasing computer power has given tisenprovement in the

numerical methods applied to the simulation ofrélevant thermodynamic
and gas dynamic phenomena.

In this study, a thermodynamic model has bamreloped for the spark
ignition engine cycle, to obtain the engine charastics of emissions and
performance. Then, by using this model, the pressamd temperature
values have been computed as a function of cragke aand, thus, NO
formation rate and performance of engine have beeastigated for the
various stoichiometric ratia,, values.

For the thermodynamic model, the engine cgind assumed to consist
of two very distinct zones separated by the indiyithin flame front. These
are the unburned gas zone and burned gas zong@r@$sure in these zones
iIs assumed the same, but all other properties aiferesht. Then,
compression, combustion, and expansion procesggaculated using
basic thermodynamic relation.

For the compression process, with the assompif adiabatic
compression, the pressure in the cylinder and #rapérature of the
unburned gas are determined from the relations tfog adiabatic
compression. Thermodynamic coefficients and engdirignctions for the
calculation of specific heat values of the mixtofereactants and products
are taken from Turns [2] and from Heywood [1] .

For the combustion and expansion processeglaion between the
cylinder pressure, P, and the crank angldyas been obtained by applying
the first law of thermodynamic to the engine cy&ndThis relation includes
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the rate of volume change, and the combustion aatitransfer rates, and is
in the form of the following equation,

dFf . . 1

o F18.P 1)

In this study, the combustion rate has bedculzed from the burned
gas mass fraction equation, 8X(given by Vibe [3], and the heat transfer
rate has been determined by using Annand heatferaredationship [4].
Also, the rate of volume change is calculated fritv®d engine geometry.
Then, to solve the above equation step by stepghtorcrank angled, the
Euler's Method has been used.

The products of combustion of the fuel-air tarne have been calculated
by using the dissociation of water and carbon diexiand preparing a
chemical mass balance for Carbon, Hydrogen, andg@xyThen, with
these calculated values, the burned gas propdrtes been determined
from the empirical relations.

After the calculation of the cylinder pressirethe unburned and burned
gas temperatures,, and T,, respectively, have been determined by using
the basic thermodynamic relations. Then, by usingse pressure and
temperature values, the engine power output (omnedkective pressure)
and specific fuel consumption are calculated.

To calculate the rate of NO formation, theeratonstants for the
Zeldovich mechanism given by Hanson & Salimian lfalve been used.
Also, the assumption, that the,ND,, O, and OH concentrations are at their
equilibrium values and N atoms are in steady stas,been used. Thus, the
NO formation rate has been calculated from the¥alhg equation,

d
%: g(H, YNo) (2)

Also, to solve this equation, the Euler's Method baen used.

The fuel-air mixture, which is inducted intbet engine cylinder at
atmospheric conditions, mixes with the residual fgas the previous cycle
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and with the EGR gas. In this study, the EGR gasl®en expressed as a
volume percentage of the air and fuel. Thus, thisng process changes the
fresh fuel-air mixture pressure and temperatureth&t first stage of this
study, the final mixture properties have been oletdi by using basic
thermodynamic relations.

2. THERMODYNAMIC MODEL OF THE ENGINE CYCLE

The mathematical modelling of the combustioncpss is based upon a
homogeneous gas-air combustible mixture, throughictwhhe flame
propagates from the spark. This introduces the eqanef two very distinct
zones separated by the infinitely thin flame fromhe pressure in the
reactant and product zones is same, but all otheepties are different.
However, the properties are assumed homogeneobtite zones. The
heat transfer to the cylinder wall and product aisations are considered.
The properties of the reactants and products degrdmed by balancing the
first law of thermodynamic for the engine cylinder.

2. 1. Cycle Analysis
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Figure 1. Engine Thermodynamic System
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We consider a control volume that encloseshallgases in the cylinder.
Mass enters the control volume through the intadgevat flow rate, m.
And mass leaves through the exhaust valve at flte, 3 , as shown in
Figure 1. The first law of thermodynamics for tbantrol volume is,

du _ : dQ dw
gt et ®)
where

U ; the total internal energy of the gaseda&ioed in the cylinder (kJ)

h, he; the mass specific enthalpies of the incomingexiting flows (kJ /
kg)

Q ; the heat that is transferred to the sumdouwgs from the gases (kJ)

W ; the work which is done by the gases (kJ).

If we consider the time between closing thake valve and opening the
exhaust valve, and assume that there are no leaksthe cylinder, no mass
enters or leaves the cylinder. And, the engineueegy is

w=99 (4)
dt
then, the energy equation is
du _dQ_dw
dg do dé )

wheref is the crank angle.

The work done by the gases is computed asguthm pressure in the
cylinder is uniform,

dé dé
where P ; pressure and V ; volume.

Consequently, the energy equation for thendgr is

du _dQ_dv

— 7
dg dé dé (7)
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The total internal energy of the gas can h&ew, by characterizing both
the burned and unburned gases by mass averagert@@spwith a mass
fraction of burned gas, X;

U =mX(u,) +m(l- X )u,) (8)

where < > denotes an average over the entire nfdssrioed or unburned
gas in the cylinder, and

m; the total mass of the charge (kg)

X; the mass fraction of burned gas, X &#/m , (kg / kg)

<y> , <u>; the average specific internal energy of the bdrand
unburned gas, respectively (kJ / kg) .

The unburned gas is quite uniform in tempeeatthe burned gas is not.
Because, there are temperature gradients in theetugas caused by the
progressive burning and by the boundary layer hesg. Thus, we can
write,

{u,) =u, 9)

While the specific heats vary with temperatutat variation is small
over a limited temperature range. If we assumetaohspecific heats, this
assumption will simplify our analysis of the engieyele. To minimize the
errors introduced by this simplification, the spiecheats will be evaluated
for the actual composition of the gases in thencidr as an average over the
temperature range encountered by those gases.

At the end of the intake stroke, the cylingerfilled with a uniform
mixture of fuel and air. The pressure, cylinderwogk, and gas temperature
at the time the intake valve closes aie\R, and T, respectively. Because
temperature difference between the unburned gaghendylinder wall is
small, we can assume that the compression of thésig approximately
adiabatic. Then the pressure in the cylinder carddétermined from the
formula for the relation between pressure and velum adiabatic
compression, from the crank angle at which intak@es closes to the angle
at which the spark plug ignites the mixture.
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Thus, we have the rate of change of the cgliq@messure in terms of the
conditions at the end of the intake stroke, the oditvolume change, and the
combustion and heat transfer rates,

k,-1

d k, ~dV k, — K, Pk [dX
Ot pd g a0 LT e B s
dd k,-1 dé k, -1 R dé

ap _ (10)

dé k1
k -k [k -1]T,[PT% v
m1- X)g, . . ) [
‘Tk-1] k, [P]R k, -1

u

2. 2. Combustion Rate

Instead of developing detailed fluid mechahmfacombustion process,
we can specify a simple functional form for the mfaction of burned gas,
X(0) that shows the essential features of actual cetiu profiles. This
profile is a delay from the time the spark is firedtil the pressure rise,
which is associated with combustion, becomes apble; an accelerating
combustion rate until a large fraction of the cleaigburned, followed by a
decreasing burn rate. In this study, the followemgpirical relation, which is
given by Vibe [3] , has been used ,

X(0)=1- Ex;{— GQOE{H—HOJ } (11)
A6,

then, the combustion rate is

X 27532% Exd - 690g 7~ % (12)
dé (a8,) A
where

0o ; the crank angle at which the spark is fired (deg)
A8 ; the combustion duration (crank angle degrees)
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2. 3. Heat Transfer Calculation

In the first law equation, Q is the net heanhsfer to the cylinder that is
the heat transfer either to or from the cylindartHis cycle modelling, heat
transfer is calculated using Annand heat trandtionship [4] . This heat
transfer relation consists of convection and ranliaheat transfer terms,

aQ_pa (r,-7,)+calrs-1) (13)

dt

where
h ; the convective heat transfer coefficiaft/(n’K)
C ; the radiation coefficient
A ; the total heat transfer area’jm
Ty ; the mean gas temperature (K)
Ty ; the mean wall temperature (K)

Then, the combustion rate is

dQ =£(d_Qn . dQuj (14)
dé w\ dt dt
and with the assumption of @Qdt =0,
d
aQ_ P (15)
dé w
where,
d 4 4
2= im,)-T)+ca ) ) (16)

and A = A.X"? suggested by Ferguson et. al. [6] , also becald®g/ dt
= 0, Ty = T.. The radiation coefficient C is given as 4.5%10/m’K* by
Annand [4].
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At early times, when very little of the chargas burned, the burned gas
temperature is particularly sensitive to small ercand modelling
inadequacies. Because, it is difficult to say win&t heat losses are during
the early part of the burn. Hence, for the vergtforank angles, from the
time at which the spark is fired until the time whapproximately 5 or 7
percent of the charge is burned, the adiabaticdléemperature is used for
the burned gas temperature.

On the other hand, for the expansion stroke, ttme-dependent wall
temperature is modelled by assuming a conductisesteace, R, for the
walls with a coolant temperaturg TThen,

TW :Tc + R/vdd_QtD (17)

where
Ry ; the conductive resistance (= 0.005 K / W)
Tc ; the effective coolant temperature (= 350 K)

2. 4. Rate of Volume Change

The compression ratio is

g Ve tVy (18)
V,

[
where
\ ; the clearance volume &n
Vy ; the displacement volume fjn

The volume in the cylinder can be expressed sisnple function of the
crank angle;

v(e)=v, + ’*j 0 (19)
where,

s(6) = r{l—Cosm%(l—\/l—AZSinzeﬂ (20)
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where
A=rl/L
L ; the piston rod length (m)
r ; the length of the crank arm (m)

Then, the rate of change of volume is
2
v _ D rSin8{1+—ACOSH } (21)

do ~ J1- 12sire

and the total wall area is

A=HNey 7D[r(1—Cos€)+ L(l—m)] (22)

D

2. 5. Combustion Stoichiometry

The burned gas properties are computed asguchiemical equilibrium
amongst six products of combustion. The productsthef reaction are
numerous. Major products of lean combustion ag®,HCG, O, and N;
while for rich combustion, they are;@8, CG,, CO, K, and N. On the other
hand, there are the minor species of equilibriummimastion of
hydrocarbons in air. These are the atoms O andhélflee diatomic species
OH and NO.

But in this research, only the following stummetric equation is
considered,

C,H, +a(0,+3762N, + 7656wH,0) - bCQ, +cCO+dH,0 +eH, + fO,
+ 3762aN, (23)

in which the dissociations of water and carbon iiexare considered. In
this equation, the coefficiematrepresent the ratio of the number of moles of
O, in the reactants to the number of moles of fuet ¥8n relata to the
equivalence ratiop ;

a:L%:/]_[m+D:| (24)
O 4
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thus, given the fuel type arbl ( orA ) ,ais a known quantity.

In addition, in the above equation, w is theafic humidity,

P
w= 0622 s (25)
a g
where,
@; the relative humidity
P, ; the air pressure at the temperatu¢kPa)
R ; the saturation pressure of water at the tempexat, (K)
and,
M, =M W (26)

*7 7 (1+ 1608w)

where, M ; the molecular weight of the humid air (kg / kinol

The numbers of moleb; c, d, e andf, are dependent on the degree of
dissociation of the reacting substances. To solv¢éhio five unknowns, five
simultaneous equations are required. The way torolit@se equations is
preparing a chemical mass balance and by consgdéra following basic
equilibrium reactions;

CO+H,0 = H,+CO,

co+1o, - co,
2

(27)

The first equation, which is water-gas shifaat®on, states that in
equilibrium the rate of formation of Hand CQ is equal to the rate of
formation of CO and bD. Their proportions in the mixture can be
determined from the equilibrium equation of thefior

_ Peo, Py,

PP
PHZO Peo

(28)
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where Roz, Pa2, Py2o, Pco are the partial pressure of gQH,, H,O, and
CO, respectively.

Similarly for the second dissociation equatiavhich is the carbon
monoxide reaction, the equilibrium equation isha# form;

Feo, (29)

P.oPy?

Kp, =

where R is the partial pressure 0,0

Because ofiy= N / N; = B / P, we can write;

KPl — yCOZ yHZ :E (30)
szoyco dc
and,
(o Yo __ b N (31)
P2
ycoyé/f-P% c.t’z p’2

where, N=b+c+d+e+f+ 3.762A .

Kp1 and Kp, are equilibrium constants and are function of terafure
only. And, their values are calculated from the §&illunction or given in
tables. Similar tabulations are found in the JAN#fdbles [7] . In this
research, they are given as a function of temperatua polynomial of 5th
degree;
log,, Kp, = —4275-7.77659%10°T +5.1865%10°T? —1.8320310°T*
+3.31748407°T* - 24238107 T®
log,, Kp, = 4175367-5.78096d07°T +3.69976d40°T* -1.28456d0°T*

+23057X107*T* -1.67704107°T°

82



Thermodynamic model of the cycle of Spark igniioegine with exhaust gas recirculation

Other relations involving, ¢, d, e,and f are obtained by using a
chemical mass balance for carbon, hydrogen, andeyxy

Carbon; m =b+c
Hydrogen; n/2+7656w.a=d+e (33)
Oxygen; 2a+7,656w.a=2b+c+d+2f
and, with,
he
KPl :E
' (34)
b N2
sz = - _t
c.f’2 p
Combining these five equations above gives,
N, = m+2+ 7656va+ f + 37622
o= m
P.f %
1+ KPZ(NJ
(35)
Kplc[g " 7656waj
= K,,C
(m—c)[1+'°l j
m-c
c+e n
f=a-m+—-—
4
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Firstly, we can obtaif) ¢, € andN; by solving these equations iteratively
by using first value of = a — m — n / 4rom the stoichiometric combustion.
Then,b andd can be calculated from the equations;

b=m-c
n (36)
:§+ 7656wa—e

Thus, with these known values, we can caleutlé mixture properties
and solve the first law of thermodynamics for thedalling. The fuel,
which is indicated by the formula ", is assumed to be iso-octane; thus,
m=8andn=18.

2. 6. Gas Exchange Processes

The fuel-air mixture, which is introduced irttee cylinder of the engine
at atmospheric pressure, Bnd temperature,,Tconditions, mixes with the
residual gas from the previous cycle and with theycled gases from the
EGR. Thus, this process changes the pressure amgktature of the final
mixture, before the compression stroke. At thet fagage of this study,
thermodynamic properties of the final mixture aedcalated from basic
thermodynamic relations. To calculate the final twig properties,
parameters such as induction air pressure, aRd exhaust discharge
pressure, § are kept constant.

2. 7. Solution Procedure

The pressure in the cylinder, P can be caledlay using equation (10)
with the combustion rate given by equation (12) anith expression for
heat transfer given by equation (15) . After thesgure in the cylinder, P is
calculated, the mean unburned and burned gas tatopes can be
determined respectively.
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In this research, to calculate the pressurghm cylinder from the
equation (10), the Euler's Method is used. This hodtconsists of the
following formulas;

dpP

C_tep

5 16.P)

fzuzf(g P) (37)
dé AG v

Pa=1(6.R)a6+P
where,
R ; the value at the current step (kPa)
R.:1 ; the value at the next step (kPa)
A ; the step size (crank angle degrees)

The temperature of the unburned gas througtimutycle is computed

by adiabatic compression,
k-l

1 1 ":'_
’f;'ﬂc?;[lﬂﬂ (38)
7

and the temperature of the burned gas througheutyttlie is computed by
(0= PV —ml— X R,T, (39)
AR,

where < > denotes an average over the entire nfabaroed gas in the
cylinder, and

Ra :'ka_].'.l:'pa
R, =k —licy,

where k is the ratio of specific heats.

(40)
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3. POLLUTANT EMISSION FORMATION AND CONTROL IN
COMBUSTION

The products of combustion are identified asarce of environmental
damage, with the steady increase in combustionydfdtarbon fuels. The
major combustion products are carbon dioxide anterwalthough, these
products were considered harmless, now, the cadlmxide is becoming a
significant source in atmosphere for the greenhaitexts. On the other
hand, Nitric Oxides (NQ are less obvious products of combustion [8].

Control of pollutant emissions is a major factorthie design of modern
combustion systems. Pollutants of concern incluaiéiqulate matter, such
as soot, fly ash, metal fumes, and various aerpfizdssulfur oxides, SO
and SQ ; unburned or partially burned hydrocarbons; ogidé nitrogen,
NOx which consist of NO and NPcarbon monoxide; and greenhouse gases
such as KO, but particularly CQ[2].

3. 1. Nitrogen Oxides

Nitrogen oxides are important air pollutaritee most important source
of which is combustion. Motor vehicles account #olarge fraction of the
nitrogen oxide emissions, but stationary gas sauraaging from electric
power generating stations to gas-fired cooking estoaliso release nitrogen
oxides. Both nitric oxide, NO, and nitrogen dioxid¢O,, are produced in
combustion, but the majority of nitrogen oxides anaitted as NO. Because
NO is converted to N®in the atmosphere, emissions of both species
frequently are called NO

NO is formed through several mechanisms andatwans. These
mechanisms are classified into the following theategories [9] :

1. The extended Zeldovich (or thermal) mecéranin which O, OH, and
N2 species are at their equilibrium values and N atonsteady-state

2. Mechanisms whereby NO is formed more rgpibdan predicted by
the thermal mechanism above, either by (i) the ere CN and HCN
pathways, (i) the BpD-intermediate route, or (iii) as a result of
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superequilibrium concentrations of O, and OH radi@a conjunction with
the extended Zeldovich scheme.

3. Fuel nitrogen mechanism, in which fuel-bdumtrogen is converted
to NO.

The thermal mechanism dominates in high-teatpeg combustion over
a fairly wide range of equivalence ratios, while ffenimore mechanism is
particularly important in rich combustion. On théher hand, the pO-
intermediate mechanism plays an important roléégroduction of in very
lean, low temperature combustion processes. Thel tNIO-formation
mechanism is not generally important in premixenhloostion applications,
because most fuels used in premixed combustioracohttle or no bound
nitrogen.

3. 2. Thermal NO, Formation

The thermal or Zeldovich mechanism consistheftwo chain reaction:

N,+O < NO+N (41)
N+O, =« NO+O (42)

which can be extended by adding the reaction:
N+OH< NO+H (43)
the rate constants for the extended Zeldovich nreshmare [5];
kit = 1.8 x 18" exp[ -38,370 / T (K)] (m*/ kmol-s) (44)
ki, = 3.8 x 18° exp[ -425 / T (K)] (m*/ kmol-s) (45)
kot = 1.8 x 10 T (K) exp[ -4,680 / T (K)] (m*/ kmol-s) (46)
kor = 3.8 x 16 T (K) exp[ -20,820 / T (K)] (m*/ kmol-s)  (47)
kst = 7.1 x 18° exp[ -450 / T (K)] (m*/ kmol-s) (48)
= 1.7 x 16" exp[ -24,560 / T (K)] (m®/ kmol-s) (49)

then, the net rates of formation of NO and N are;
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Rno = kit [N2] [O] -kir [N][NO] + ket [N][Oz] - kar [NO][ O]
+ kst [N][ OH] - kst [NOJ[H] (50)

Ru=kit[N2] [O] - ki [NJ[NO] -k [N][ Q2] + kar [NO] [ O]
-kat[N]J[OH] + kst [NO][H] (51)

The concentrations of O, H, and OH are requioe calculation of the N
and NO formation rates. Because the reaction satast only at the highest
temperatures, most of the reaction takes place thikecombustion reactions
are complete and before significant heat is transfiefrom the flame. This
allows us to make an important simplification. Téfere, the reasonable
acceptance is to assume that the®}, O, H, and OH concentrations are at
their equilibrium values and N atoms are in stesidye.

At thermodynamic equilibrium, we can write

kit [N2]e[ Ole=kir [ N]Je[ NO]e (52)

Thus, we may define the equilibrium, one-watg rof reaction as,
Ri=kit[ N2]Je[ Ole=kir [ N]e[ NO]Je (53)

similarly, at equilibrium,

Ro=kx[N]e[ Oz2]e=kar[ NO]e[ O]e (54)
R3=kst[ N]Je[ OH]e=ksr[ NOJe[ H]e (55)
and, we define the quantities,
_[NO]
a =

[E\IOL (56)

- INJ]

PN,
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thus, the rate equations may now be expressed as,

Then, by using the assumption that N atomsratdady st (57) : 0
we find
_R+Ra+Ra _«k+a
'BSS_ Ra+R,+R, ka+1 (58)
vo =R -ROB+RB-Ra+R[-Ra
R1 %laﬂ RA+Ra-RB+Ra

= (59)
R, +R;
where
Thus, by usin@ssinto Ryo equation, we find
R, = d(NO)) _ 2R f1-a?) (60)

dt 1+ ka

For constant temperature and pressure, equ@@® may be written as a
differential equation fou ;

da_ 1 2R[-a?) (61)
[NO|. 1+ka
and,
[NO| = ¢y
[NOL, = cyyo. (62)
P
C—_
RT
then,
o= N9 Yo (63)
[No]e yNOe
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and,
da _ 1 dyy (64)
dt Yy dt
dywo _ 1[2R(L-a) (65)
dt c| 1l+ka

Therefore, we can obtain the following rateiaen for NO formation
and decomposition;

and,

dyNO — RT 2R1(1—0'2) (66)
dé Pw| 1l+ka

where,
Wo ; the mole fraction of NO (kmol / kmol)
Woe ; the equilibrium mole fraction of NO (kmol / kmol
¢ ; the concentration in moles (kmol )m

Whena < 1 and dyo / d > 0, NO tends to form; whem>1 and dyo /
db < 0, NO tends to decompose [10] .

3. 3. Calculation of the Formation of NO

In this study, to calculate thgg/from equation (66), the Euler's Method
is used. This method consists of the following folas;

d
%= (8, Yno)

(67)

dyNo - (yNO)i+l yNO f[ G

4o Y (o) ]

(yNO )i+1 = f [HI ! (yNO )i ]Ae + (yNO )i
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where,
( Wo )i ; the value at the current step (kmol / kmol)
( Wo )i+1 ; the value at the next step (kmol / kmol)
A ; the step size (crank angle degrees)

and, for@l =0, ( WWo )1 =0.

3. 4. NQ Control Strategies

For processes dominated by thermal NO formatimne, temperature,
and oxygen availability are the primary variabl&eaing NQ, yields. NQ
emissions are maximums @ = 1 and decrease rapidly as the equivalence
ratio is increased or decreased. On the other magimum efficiency also
is achieved near this equivalence ratio for margctical devices. Thus,
design and operating variables not only influenoe fevels of pollutant
emissions, but also directly affect the engine powput and efficiency.

The NQ control strategies in the internal combustion eegican be
classified into four stages:

1. Reducing peak temperatures can signifigaietiuce NQ emissions.
In spark ignition engines, this can be achievednpying exhaust gases with
the fresh air or fuel.

2. Another way to lower combustion temperaturespark ignition
engines is to retard the spark timing.

3. The amount of thermal N@roduced in a device is strongly linked to
time that combustion products spend at high tentpexs. Therefore, in the
design of a combustion system, the temperaturasgdme relationship is
key to the control of NO emissions.

4. Staged combustion, in which a rich-leanlean-rich combustion
sequence takes place, is also a,d@ntrol strategy.

To reduce NQemissions significantly, it is necessary to redinepeak
temperature significantly. One of the ways to redtiee peak temperatures
is by mixing the charge with combustion produatsspark ignition engines,
this process is called Exhaust Gas RecirculatiddRE. Figure 2 shows the
EGR system for the spark ignition engines|[2].
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Figure 2. Exhaust Gas

=

Recirculation System for th&park Ignition Engines

4. PERFORMING OF THE CYCLE MODELLING AND RESULTS

4. 1. Engine Geometry and Operating Conditions

Stoichiometric Ratio
Percentage of EGR
Engine Speed
Spark Timing
Combustion Duration
Compression Ratio
Bore

Stroke

Rod Length

Crank Arm Length
Number of Cylinders
Fuel

A=1.05
 EGR =% 10
; N =3000 rpm
Bo = 27 Deg. Before Top Dead Center
AB; = 51 Crank Angle Degrees
§=8
; D=73 mm
;S =72mm
; L=120 mm
; =36 mm
2=4
; Iso-octane (#E1s)
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Intake valve opens ; 20 Deg. Before Top Dead Center
Intake valve closes ; 30 Deg. After Bottom Deadt€en
Exhaust valve opens ; 30 Deg. Before Bottom Deauete
Exhaust valve closes ; 20 Deg. After Top Dead Gente
Inlet Temperature ;iF 330K

Inlet Pressure ;i 95 kPa

Exhaust Pressure « P 105 kPa

Atmosphere Temperature ;¥ 300 K

Atmosphere Pressure 4 P101.325 kPa

Saturation Pressure of Waterg+3.169 kPa (at 300 K)

Relative Humudity =% 40

4. 2. Results

Figure 3, 4 , and 5 show the cylinder pressunburned and burned gas
temperatures, and NO concentration in the burnedaga function of crank
angle, respectively.

P (kPa)
6000

5000

4000 / \
3000 /

2000 / \

1000 /// \\\_%

I

0 — T ‘ ‘ ‘
180 210 240 270 300 330 360 390 420 450 480 510 540
6

Figure 3. Cylinder Pressure
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Figure 4. Unburned and Burned Gas Temperatures
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Figure 5. NO Concentration in the Burned Gas
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Engine Performance Results ;

Indicated Mean Effective Pressure ; IMEP = 938.8 kP
Indicated Specific Fuel Consumption  ; ISFC = 224.84 kW-h
Indicated Efficiency ni = 0.3656

Indicated Power ;i 32.34 kW

Peak Cylinder Pressure md&z = 5070.68 kPa
Peak Burned Gas Temperature bmak = 2698 K

Peak Unburned Gas Temperature umak = 927 K

Exhaust NO Concentration ny = 6989 ppm

4. 3. Conclusion

A computer code for the simulation of thermoayic processes, which
take place in the cylinder of a spark ignition ewgiwas developed. The
main objective of the present work was to developomputer code to
calculate the cylinder pressure, burned and unlugas temperatures, and
NO concentration rate in the burned gas of a sjggnikion engine. And, the
Exhaust Gas Recirculation in the spark ignitionieag was employed. The
hypotheses developed in the literature for the &iom mechanism of NO
emissions were reviewed and used to calculate ddxmation rate in the
burned gas. A good agreement was obtained in ttmpaoson of calculated
and measured cylinder pressure. The graphicalseptation of the cylinder
pressure, burned and unburned gas temperaturef\@nzbncentration in
the burned gas as a function of crank angle waewaeth [11].

The comparison between the analytical and raxeatal results shows
that the model satisfactorily simulates the cydespark ignition engine.
Thus, the methodology, which is used to developntloelel, can be applied
to the actual spark ignition engines with minimunfficllty. However,
several areas in the model need further developmEnerefore, the
inclusion of detailed calculations of the gas exg®processes, the blowby
gas model, and the heat transfer coefficient ihtodycle simulation model
can provide more detailed results. With the extamsimentioned, the
computer code could be used as a useful design tool

Consequently, the thermodynamic model candeel by the automotive
engineers for predicting the engine performance,Nhric Oxide emission
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level, and the effects of Exhaust Gas Recirculatiothe spark ignition
engines. Hence, by using these results, they dactdbe optimum spark
timing and fuelling schedules or improve combusttbamber design.
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