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Abstract: The article reports the experimental and theoretical results for an engine working with petrol 95 as a
fuel. The theoretical part of this work uses a multi-zone model in order to predict engine performance and NO
emissions 1n a spark-igmtion engine. The gas exchange process 1s calculated by one dimensional isentropic
flow through a nozzle. During combustion, 11 products are obtained by chemical equilibrium and Nitric Oxide
(NO) formation is calculated by the extended Zeldovich mechanism. The results of the computer multi-zone
model are compared with the experimental data. The calculated values for pressure and NO emissions show
good agreement with the experimental data. The multizone formulation developed here indicates that the use
of 10 burned zones are likely to be sufficient for the accurate prediction of NO emission from ST engines.
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INTRODUCTION

The exhaust emissions from Internal Combustion
Engines account for a major portion of the urbain air
pollution. The three main pollutants which are subject to
exhaust emission legislation are Carbon Monoxide (CO),
unbumed Hydrocarbons (HC) and Nitrogen Oxides (NO).

Nitric oxide which exhausts from the engine reacts
with Hydrocarbons (HC) in sunlight to form ozone and
photochemical smog. The NO can mcrease the frequency
of respiratory diseases and contribute to the phenomenon
of acid rains, which have harmful effects on the plants.

Knowledge and understanding of the effect of
engine design and operating parameters on nitric oxide
emissions from SI engines continues to be of utmost
immportance. Although this topic has been extensively
studied since at least the late 1930s, both experimental and
computational work continues on this unportant subject.
Reaction kinetics are extremely sensitive to temperature
variations so that an accurate description of the
combustion chamber temperature field is a prerequsite for
reliable NO predictions.

Patterson and van Wylen!" reported one of the first
thermodynamic simulations that included unbumed and
burned zones, progressive combustion, heat transfer and
flame propagation for homogeneous charge engines.
Their simulation did not, however mclude flow rates and

heat transfer from the unburned zone. This simulation was
the start of a long history of the development and use of
thermodynamic engine simulations.

Krieger and Borman'™ reported the development of
a two-zone engine cycle simulation. This work extended
the capabilities of cycle simulation to include more
detailed description of the fluid properties and the
combustion process. Cycle simulation were presented for
both spark-ignition and compression-ignition engines.

Lavoie et al™ took the measured pressure-crank
angle data from the engine, in order to determine the
temperature-crank angle history of unburned and burned
gas elements. The thermodynamic model assumes
constant specific heats for both burned and unburned
gases so that analytical expressions can be obtained
for the mean temperature of both gases. The authors
assume no heat transfer from the system and consider two
limiting cases for the burned gas:

¢ Uniform temperature and composition of the gases,
corresponding to a « fully mixed » or two-zone model

» No mixing of bumed gases, with each element
isentropically compressed after combustion based on
a value of gamma for the bumed gases chosen to
match equilibrium data over a range of temperature.
The NO rate equations are integrated for each
element from combustion to the end of expansion
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Fig. 1. Decomposition of the combustion chamber in
Many zones

Blumberg and Kummer™ extended the model of
Lavoie et al.™ to include a mass fraction burned profile
and the effect of fuel type, spark timing, fuel-air ratio and
humidity. The model still incorporates the approximation
of constant specific heat for the burned gas.

Heywood et al.” and Blumberg et al.'” reported a
description of examples of simulations using multiple zone
for the combustion process in conjunction with
computing nitric oxide emissions. For these simulations,
the burned zone was divided into an adiabatic core and a
boundary layer zone in addition to the unburned zone.

Laveie and Blumberg!”? used multiple zone for the
combustion process in conjunction with computing nitric
oxide emissions. They noted that the use of a boundary
layer zone allows a better representation of the heat loss
which is known to be confined largely to the region near
the walls.

James!™ also conchuded that a multizone formulation
was needed for the accurate prediction of NO, in order to
take proper account of the temperature gradient in the
burned gas.

Recent work on nitric oxide emissions from engines
has been reported, for example by Miller et all,
Rublewski and Heywood"", Stone et al.!'! and Caton!'*"!.

The present paper discusses the experimental and
theoretical results on nitric oxide emissions from spark-
ignition engines. In order to obtain the theoretical results,
the combustion process has been divided into 10 periods
of equal burned mass fraction Fig. 1. The experimental
data was obtained using a single cylinder, four stroke
engine.

MATERIALS AND METHODS

Chemistry of combustion: In each bumning zone, the
eleven species CO,, CO. H;O H,, OH O, O NO, N, H and

N were computed. The combustion products are defined
by dissociation considerations. The following equations
were used:

1 4y 1 @ 1 ¢) 1 1 &)
—H, <H -0,<0, —N, <N, —H,+-0,<0CH
2 2 2 2 2

1 1 O 1 (8

SN+ 20, N0 Hy 0, SHO:
1 {7)

CO+—.0, ¢>C0,

2

For a precise zone of combustion, where local gas
temperature, pressure, excess air ratio and residual gas
molar fraction are given, the concentration of each one of
the above species can be calculated by solving a system
of 11 equations, consisting of 4 from balance equations
(one for each element C-H-O-N) and 7 equilibrium
equations.

The calculation was based on the equilibrium
assumption, except for NO formation for which the
following model was used.

Nitric oxide formation model: The major source of mtric
oxide is oxidation of nitrogen in the combustion air
(Thermal NO). The Zel’dovich mechanism for thermal NO
1s well established:

0, + N3O+ NO
kr2

In addition, the reaction between nitrogen and the
hydroxyl radicals (OH) may be important for rich flames:

kd3
N+ OHeNO +H
k

3

The reaction below also contributes to the formation
of NO in lean mixtures:

lyy
N, + 0, ¢3NO+NO
Ky

Two assumptions are used:

¢ The content of N is small and changes slowly
compared to the content of NO.

s Concentration of O, O, OH, H and N, can be
approximated by their equilibrium concentrations.
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With these assumptions the following expression for
NO formation is described:

d[NO]
at

Rle

p—Rie 4
R2€+R3C

2(1-8*). + R, 1)

Where
Ry =ka | N; | [0], =ka [N],.[NO],

R,, = kdz.[oll [N], =k,,.[0], [NO],
Ry, =kg3.[N], [OH], =k, [H] [NO].

Ry =Ky | N, [ozl =k, [NO]_[NO],

].
5 [0

[NO],

The concentration [ ] is in the unit (mol em ™) and the
reaction rate constants are listed in tables given by
Heywood™. The concentration [NO] is defined as:

n
NO| =&
o] - 2

Where 1y, is the quantity of NO in (mol) distributed
in the volume V. For a constant volume V Eq. (1) can
equivalently be written as:

1 d{NO R
v. [dt ]:2(1762) le +R4e
B.iR“ +1
R2e+R3e

For the purpose of calculating NO in internal
combustion engimes the following extension of Eq. 1 1s
proposed that accounts for a change in burned zone
volume,V,:

a[No
[dt ]:2.(1—62). Rie + Ry,
e g )
R2e+R3e
_[NOJ av,
v, dt

An increase of cylinder volume will increase the
burned zone volume and the concentration of NO in the

burned zone decreases. The differential Hq. (2), which
governs the variation of the concentration of mtric oxide
resulting from combustion in zone w as a function of
crank-angle, 1s solved by the Runge-kutta method with a
step of calculation equal to 1°.

The nitric oxide kinetics are integrated along the
state-time histories and weighted and summed according
to the mass-fraction bumed model when the NO levels
have frozen.

[NO]= E[No]j AX;

Where N, is the number of zones.

Heat release rate: The heat addition for spark ignition
engines may be prescribed as a function of crank angle

For example, it is found that the following equation
works reasonably well:

n.((p—(po)
P,

1-cos

x(g)=

Where x() is the fraction of the heat release, ¢ refers
to crank angle, ¢, is the start of heat release and ¢, is the
duration of heat release. The above equation 1s applied
only during the time of heat release. @< @< @, + @..

A functional form often used to represent the mass
fraction burned versus crank angle curve is the Wiebe
function:

m+1
x() =1-exp 6.908.{3]

Zz

Heat transfer to or from the charge: The instantaneous
heat interaction between the cylinder content and its walls
were calculated using the relationship:

% = A(6).(T-T,)

Where h, is the convective heat transfer coefficient,
A(D) is the total heat transfer surface area of the mixture,
{m®), T, the instantaneous mean charge temperature and
T.. is the cylinder wall temperature.

In this work, the Woschm"? formula was used for the
calculation of the instantaneous convective heat transfer
coefficient h .

h, =0.8195p%* w8 p~02 703
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Table 1: Coefficients C, and C, in the correlation of Woschni[ 16].

Phase of engine cycle Coefficient C, Coefficient C,
Gas exchange process 6,18 0
Compression 2,28 0
Combustion and expansion 2.28 3,24.10°

Where: P 13 the mean cylinder pressure, (MPa), W,
the average gas velocity in the cylinder, (m/s);, D, the
bore, (m); T, 1s the varying mean charge temperature (K).

The characteristic gas velocity in the Woschm
correlation W, 18 proportional to the mean piston speed
durmg mtake, compression and exhaust. During
combustion and expansion, it is assumed that the gas
velocities are increased by the pressure rise resulting from
combustion, so the characteristic gas velocity has both
piston speed and cylinder pressure rise terms.

The average gas velocity mn the cylinder W 1s
calculated using:

Vc 'TEVC

W, =| Cp Wy + . {P-p,)

EVC- YEVC

Where W _ is the mean velocity of the piston,(m/s).
V., is the cylinder clearance volume

Prediction of temperature field in the combustion
chamber: The mass of gases at the begimning of the
process of combustion is divided into 10 equal slices in
mass, which burn successively one after the other in the
increasing order of their numbering" 4. At every moment,
one distinguishes the slices 1 to w-1 which consist of
combustion products and the slices w+1 to 10 which
consist of working mixture (airtfuel+residual gazes). The
slice W is in the course of combustion.

The temperature of the burnt gases at the end of
combustion in zone W 1s given by the equation
expressing the first principle of thermodynamics

-1

4

AQW :(U'];.c)w 7(U;n.m)w + : (AUp.c )J
. = (3)
+ Y (AUpn), - AL
Fw+l

Where AQ_ and AL, are the released heat and work
in zone w, (U, ), is the internal energy of combustion
products in zene w, (U, ), is the internal energy of the

w-1

initial mixture in zone w, E( AU,, )j is the sum of
1

variations of internal energy of the combustion products

N
mn the already bumt zones and 2 (AU, ) 1s the sum

Fw+l !
of variations of internal energy of the initial mixture in the

yet unburnt zones.

Step-by-step numerical solution procedure
Computation of compression phase

3.1.1 Introduce the data at IVC, 1.e o, P,, T, trapped
composition and compute V, from engine
geometry. From the perfect gas state equation
calculate the trapped kmol of carbureted mixture
1, and then the kmol of working-fluid n,..(1+v)).
Select crank angle step size A equal, here to 1°.
Where v, is the residual fraction.

3.1.2 For new crank angle o, =a+Adq, compute V,
from engine geometry and then calculate the new
temperature at the end of step from the following
equation: T, =T +AT, where AT is the proposed
increment of temperature in this step.

3.1.3 Compute the mean temperature m this step

T,, = (T+T,)/2, the mean isentropic exponent

1.05T,
Yi_a (Tl—z) —=1.438 - le and the mean molar

sl )

3.1.4 Find pressure P; at the end of step by mtegration

heat capacity C, (T1_2) =

of the fust law of thermodynamics for a closed
system dU =8Q, +8W , where 8Q, 1s calculated

from the heat loss sub-model of Woschrm !

8Q, =0, (T-T,)$ do

en

h, =326 B2 P10 w® (wim? Ky, is the

convective heat transfer coefficient calculated
from Woschni correlation!®.
Where:

B 1s the cylinder bore (m), P is the instantaneous
cylinder pressure (KPa), T 1s the temperature (K) and w 1s
the average cylinder gas velocity (m/s) determined from

the following equation :

V4. T, .(P—P )

m

w=C.w,  +C,.

mp
r-'r

where V, is the displaced volume, P is the instantaneous
cylinder pressure, P, V, T, are the working-fluid pressure,
volume and temperature at some reference state (say IVC)
and P, 1s the motored cylinder pressure at the same crank
angle as P, n is the rotational speed of the crankshaft
(rev/min).

For the compression period: C, =2.28 and C, = 0

For the combustion and expansion period: C, = 2.28
and C,=3.24.107

W, is the mean piston speed (m/s),
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(o8 " TSt " TewSea)  is  the mean
S ()
temperature of the walls (K)

Sw(0) = S, + 84 () +8,, is the combustion chamber

T =

w

surface area (m’), which varies with crank angle a,
consists of the piston top, the cylinder walls and the
bottom of the cylinder head.

3.1.5 Estimate temperature T,, at the end of step by the

following equation: T, =T, Pivil
: SR
3.1.6 Repeat steps 3.1.3-3.1.5 until the error (T,-T,) is
negligible.
3.1.7 Calculate the  work m  the step

B +P2)(V2 _Vl)
2

Set conditions at the end of time step (index 2) as
initial conditions for the next time step (new state,

s -

3.1.8
index 1) and repeat all steps from 3.1.2 to 3.1.7.

In order to accelerate the convergence of the
numerical procedure, the increase in temperature AT for
the next step is calculated by an extrapolation method
(AT = T,-T,). One carries on using this method until ¢,
equals the value at the start of spark timing ().

In the compression stroke, the cylinder contents are
amixture of fuel , arr and residual gases from the previous
cycle that had stayed in the clearance volume, i.e. fuel, O,,
N, and residual gases.

Computation of combustion phase:

3.2.1 Set conditions at the end of previous time step
(old state, index 2) as mitial conditions for the
current time step (new state, ndex 1).

At the end of compression (start of combustion),
one can calculate the amounts of the products CO,
CO,, H,. H,0, O, and N, according to the richness
or the poomess of the carburated mixture. At
higher temperature, dissociation reactions start
and then other products start arising like O, N,
NO, H and OH.

The model of simulation used 1s multizonal, 1 .e.
breaks up the mass contained in the cylinder at
the ignition time into 10 (ten) equal sections in

322

3.2.3

burned mass fraction, which bum successively
one after the other in the increasing order of their
classification. At every moment, one distinguishes
the slices from 1 to w-1 which consist of

combustion products and the sections from w1
to 10 which consist of working-fluid (air + fuel +
residual gases). The section w is in the course of
combustion Fig. 1.

Dissociation reactions are generally endothermic,
one characterises in this simulation model these
losses by a coefficient called” Dissociation
coefficient” noted £, and defined by the following
relationship: AP, where Pci-is the lower

Pci

3.24

=
heating value of fuel

APy =N Qo t+ Ny .QH2 + 0y QO + Mo Qo

+nyo-Qno T 1o-Uo

heat losses due to the dissociation of combustion
products. n, number of moles of species i and Q,
heat of reaction(enthalpy of formation)

The heat losses due to mcomplete combustion
(case of a rich mixture ¢<1) are caracterised mn our
study by a coefficient called <coefficient of
incomplete combustion », noted & and defined by

the followmng relationship: §-1— APy

3.2.5

where:

AP, =119950.(1 —%).Lw (kI kg™ of fuel) are the

heat losses due to incomplete combustion

Where | _ 1_{0 H 0}. (kmol of air kg~ fuel)
Moo0208 12 4 327

is the number of moles of air required for stoichiometric
combustion of 1 kg of fuel

C,H,O - is the fuel composition percent by mass of C,
H, and O, .

& - 1s the fuel/air equivalence ratio.
3.2.6 We propose an 1mtial dissociation coefficient
(£d = 0.9) the same in the ten zones.
The heat actually released during the combustion
15 calculated from the following relationship:

R_..P

pe el

3.2.7

where

NS

efficiency of combustion, n,, 1s the number of
moles of the carburated mixture and v, is the
residual fraction.

Compute the mass fraction burned in each zone by

the following equation: AX] = 0.999 where N,=10
N

Rpc:ad_g 18 the

3.2.8

is the number of zenes.
Compute the combustion duration in each zone
Ag, from the Wiebe law by the following equation:

3.2.9
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1

In(l-X;) (m+1)
6.908

1
In(1-X; ) me1)
6.908

where 1<j<N,-1 and X, = X ,+AXI and A(pNZ =, -1sthe

total combustion duration.

3.2.10 At the start of combustion: ¢, =6, ¢, =0,X, =0,

3.2.11

3.2.12

3.2.13

where 6 is the ignition timing. Compute V, from
engine geometry. The first temperature of
working-fluid in unburnt zones (all zones) 1s equal
to the mixture temperature at the end of
compression T, = T,.

For new crank angle @, = @ +A@, ¢, = o, +Aq,
where Ag = Ag equal to 1°. compute V, from
engine geometry and then calculate the new
temperature at the end of step from the following
equation T, = T, +AT, where AT 1s the proposed
mcrement of temperature in this step.

Compute the mass fraction burmed X, at the end
of step from the Wiebe law:

(m+l)
X, =1-exp —6.908.[%J

z

where m and ¢, is the kinetic parameters
calculated from measured pressure diagram for
each experimental pomnt. Find the mean mass
fraction burmned X,; m the step 1-2 by the
following equation:

X2 = (Xl ‘;Xz)

Calculate the mean molar expansion coefficient
of working-fluid B, in the step 1-2 by the
following equation:

Bis =1+ (B 1) X1

where B = Boman 1 and

]

Bn.max -

where

3.2.14

%+%+0.21.(l—l).Lw—ML
1+ ¢ £ ifg=1
Lo, 1
9 Mg
H o 1
4 32
ppo 22 Mg ifo=<1
L., 1
7+7
o M

Byme: 18 the maximum molar expansion coefficient
of carbureted mixture;

B 18 the maximum molar expansion coefficient of
working-fluid,

M:is the molecular weight of fuel

¢ 1s the fuel/air equivalence ratio.

Compute the mean temperature mn this step

T, = (T, +T,), the mean isentropic exponent
- 2
1
1259+ 76.7-(13.6 —14.2.¢).X1_2].T—
1-2

—~{0.0665 - 0.0245.9)%, , if ¢=1

12509 +| 76.7+ 0.6, .—1 —(0.012+ 0.03.9)
B
1-2

if =<1

Xz

and the mean molar heat capacity

3.2.15

where

3.2.16

3.2.17

3.2.18
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(T = M, (K 1)

Find pressure P, at the end of step from the first
law of thermodynamics for a closed system:

dU =8Q, +8Qx +8W where 5Q, =R P, .g,.dX
g - 15 the admitted mass per cycle.
dX-The mass fraction burned calculated from
Wiebe law!"".
Estimate temperature at the end of step
BV, 1
B Vi B
Repeat steps 3.2.14 to 3.2.16 until the error (T,.-T,)
1s negligible.
Calculate the work in the step:
(Pl +P2)(V2 -V )
2

T,.=T

€

OW =
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3.2.19 Estimate the temperature of working fluids in
unburnt zones at the end of step by the following
equatiorn: Ty =Ty + AT, where AT, i1s the
proposed increment of temperature of working
fluids in unburnt zones in this step.

3.2.20 Compute the mean temperature of working-thud in
unburnt zones m this step T ( (Tyy + Typ) -

h 2
calculate the mean heat capacity of the working-
fluid C,T,) and C(T,) by the following

equations:
|:cv.cmix (Tum) e -Cv.egr (Tum)}
cv.wmix (Tum = 2
(1 +v, )
an‘]lX(T ) vamix(Tum)+R
where: Cv.cmix (Tum) = Cv.air (Tum) =ag t bmr Tum

the mean heat capacity of carbureted mixture
(assumed to be that of air);

5
Cv.egr (Tum) = Eui Cvt(Tum) =Vcoz 'CV.C02 (Tum)
i=1
+ V1120-Co 120 (Tam ) T Ve0-Cy.00{Tum)
Coma(Tum )+ V2 Cynz(Tum)

15 the mean heat capacity of residual gases;
v; i the molar fraction of speciesi
Ci(T ) =a, +b T, +c _Tfm 15 the mean heat

T Vpy.

capacity of species 1.

3.2.21 Calculate the mean isentropic exponent ¥, ., of
the working-fluid in the unbumnt zones by the
following equation:

Yo e (Ta) = 2

v.wmix(

3.2.22 Find the temperature of working fluids m unburnt
zones at the end of this step T, assuming
1sentropic change:

(1~¥orms (T))

P, | fuwmin (L)
Tu2' = Tuf'[_2
h

3.2.23 Repeat steps 3.2.20 to 3.2.22 until the error
(T-Ty) is negligible. Tn order to accelerate
the convergence of the numerical procedure,
the increase in temperature At, for the next

step 1s calculated by an extrapolation method
(ATu = TuZ'_Tuf)'

3.2.24 Set conditions at the end of time step (index 2)
as mitial conditions for the next time step (new
state, index 1) and repeat all steps from 3.2.10 to
3.2.23. Carry on this way, until @, equals the value
of combustion duration of the zone j (j is the
number of zone), 1.e., @, = Ap; were 1< <N, =10

3.2.25 We suppose that the combustion products
appear  ssuddenly(instantaneously) when the
flame front riches the end of this zone(i.e., @, =
Ag, ). At this instant we apply the first law of
thermodynamics between the begimmng and the
end of combustion of the considered zone(we
designate itby w, 1.e., ] = w):

w-1
50 (U] (V) S(a0,.)
k=1 k
N_=10
£ 2 (AUpuic) +AW,
k=w+1 k

where: AN 15 the heat actually

AQ,, =&y (Py —AP,

released by combustion in zone w, initially we set: £, = £,
11
(Us). -3n _cv_{(t;c)w)_(t;c) AX,,
11
-3n [ o, _(t;c)w}(t;c)w AX,,

is the final internal energy of the combustion products
(11 species) in zone w.
We put:

11

A= Zni & =Ngeadcoy T Neodco T NE20 8H20
ia

+ Ny Ay T Nogdog T NozAgy T o0 + NyoAxo
+ Nygp8yy + Ny + Nyg.ay

11

B= Zni by =n¢gybegy + o -beo T Mo Prao
ia

TNy by T 0o bog TNz Poz T 0g-bg + Mo bro

+Nyp by + 0 by + 0 by

Therefore the first law can be written in these
conditions as follows :

Where
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AQW + (U;vmlx ) 7vv21(AUp.c )
1 k=1 k
N AX, N, =10
- Z (AUw.mix ) - AV\[w
k=w+1 k

The temperature of the combustion products in zone

w at the time when the flame front reaches the end of this

zone 15 therefore the positive root of the above second
order equation:

. A+ JA’+4BC .

(0,) AN ABE

2B el
=(tpe)_+273K

3.2.26 Knowing the temperature of the combustion
products in zone w (T,.),, the pressure P,, the
equivalance ratio ¢ and the rate of residual gases
v, we calculate again the number of moles of the
11 species in the combustion products, their
molar fractions and also the new  local
dissociation coefficient in zone w (noted £4,,).
This calculation is achieved using a subprogram
which computes equilibrivm combustion products
using the element balance equations (one
equation for each element C-H-O-N) and
equilibrium constants for seven nonredundant
reactions, which provides a set of 11 equations

|Sensor of pressure chemberl

required for solution of these species
concentrations.
Repeat steps 3.2.25
(€ yum-Eaws) 18 Negligible.
Compute the quantity of NO m the burmng zone
through the chemical kenetics scheme described
in a previous section, by solving the relevant
differential equation for NO with a fourth-order
Runge-Kutta numerical scheme.

At the end of combustion process, i .e., (¢, = @,),
compute the global disseciation ceefficient (%),
with the following equation:

N,=10
(), ) (Can ) A%,

i

3.2.27 to 3.2.26 until the error

3.2.28

3.2.29

3.2.30 Repeat steps 3.2.7 to 3.2.29 until the relative

error (&’d)i(ad )g becomes less than a specified

(2]

accuracy criterion.
Computation of expansion phase:

3.3.1 Atthe end of combustion (¢;= ¢,), we have:
Bi: = Bruse %12 = 0.999 and dQ, = 0 and we use the
same algorithm as that of combustion.

Repeat the above steps until the end of the

closed cycle (at the EVO event).

/

3.3.2

System of measurement

of consumption

Display
unit

oy =

Spark plug
[Exhausi] J ¥
— I
ey |
Crank angle
encorder

N
Dynamo-brake

Channel
- amplifier

Fig 2. Experimental apparatus

)

Data acquisition
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Experimental procedure: Measurements were performed
with the apparatus shown in Fig. 2. The brake is an
electrical machine mounted in balance and to which the
engine is coupled. It can function as a brake (receptor) or
as an electric engine according to whether the heat
engine delivers energy or is entrained. The role of this
unit is to be able to entrain the heat engine at constant
speed no matter how much the quantity of energy
absorbed or released by it. The control units allow to
adjust the rotational speed of the set engine-dynamo (by
acting on the dynamo), the mass of air admitted by cycle
(by acting on the dynamo), the mass of fuel injected by
cycle (by acting on the duration of opening of the
electromagnetic injector). This action allows the
adjustment of the richness measured with the oxygen
sensor. Measurements instruments allow the measure of
the delivered or the absorbed couple and the rotational
speed of the engine, the angular position, the injected
mass of fuel, the richness, the mass of air and the rate of
recirculation of the exhaust gases (the EGR). The latter is
evaluated via a measure of CO, content.

Various experimental results were obtained on the
experimental bench of monocylinder spark ignition engine
4I3 of the Orleans LME laboratory, using petrol 95 as a
fuel. The results are presented in the form of graphs or
tables. The values of the pressure in the combustion
chamber, of the angular position of the crankshaft during
100 engine cycles, of the average couple and the
rotational speed are acquired using a PC. Using these
quantities, the PC computes the following quantities:

PME, mean value of the effective mean pressure

PMIBP, mean value of the indicated mean pressure of
the cycle low pressure loop, representative of
the engine work used to push the fluid in and
out of the chamber.

PMIHP, mean value of the indicated average pressure
of the cycle high pressure loop representative
of the useful work of the pressure on the
piston.

PMI, mean value of the indicated average pressure,
sum of the preceding two.

PMF, mean value of friction pressure, representative
of the losses by mechanical friction in the
engine.

P.. Maximum pressure attained during a cycle

e angle for which the maximum pressure is
attained

Opyps typical deviation of the indicated mean

pressure

0;,o/PMI, variation coefficient, which may be considered
as a characteristic of the stability of the
functionning of the engine.
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357 Fuelair equilalence ratio = 0.68

Engine speed — 1500 tpm
Tgnition timing = 44° BTDC
Tnlet pressure = 704 mbar
Exhaust pressure —1015 mbar

Cyclic variablity of
measured pressure

Measured meen pressure

—

0 400
Crank angle (%)

T T T
/] 100 500 600

Fig. 3: Variationof the mean pressure in the cylinder as a
function of crankshaft angle for 100 consecutive
cycles related to experiment: 10.68n1500

7 Fuel/air equilalence ratio = 0,70
Engine speed = 1500 rpm
Ignition timing = 41° BTDC
Inlet pressure = 685 mbar
Exhanst pressure =1015 mbar

Cyclic variablity of
mcaguTed pressure

Measured mean pressure

T T L) L) T 1
300 400 500 600 700 80¢

Crank angle (°)

T Y
100 200

Fig. 4: Variation of the mean pressure in the cylinder as
a function of crankshaft angle for 100 consecutive
cycles related to experiment: r0.70n1500

"] Fuel/air equilalence ratio = 0.75
Engine speed = 1500 rpm
Ignition tming = 36° BTDC
Inlet pressure = 652 mbar
Exhanst pressure =1015 mbar

Cyclic variablity of
measured pressure
Measured mean pressure

200

L)
300 400
Crank angle (*)

L) T T 1
100 500 600 700 800

Fig. 5: Variation of the mean pressure in the cylinder as
a function of crankshaft angle tor 100 consecutive
cycles related to experiment: r0.75n1500
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"] Fuel/air equilalence ratio = 0.80
Engine speed = 1500 rpm
30 1 Ignition timing = 32.5° BTDC
Inlet pressure = 621 mbar
25 < Exhaust pressure =1015 mbar

Cyclic variablity of

measured pressure

Measured mean pressure

T
200 300 400
Crank angle (%)

T T T T 1
0 100 500 600 700 800

Fig. 6: Variation of the mean pressure in the cylinder as
a function of erankshaft angle for 100 consecutive
cycles related to experiment: 10.8n1500

3% Fucl/air equilalence ratio = 0.85
Engine speed = 1500 rpm
25 | Ignition timing = 29.5° BTDC Cyclic variablity of
Inlet pressure = 590 mbar measured pressure
20 Exhaust pressure =1016 mbar
.E; 151 Measured mean pressure
g
E 16
54
0 -
-5 T T T T T T T 1
0 100 208 300 400 500 600 700 800
Crank angle (°)

Fig. 7: Variation of the mean pressure in the cylinder as
a function of crankshaft angle for 100 consecutive
cycles related to experiment: 10.85n1500

307 Fuel/air squilalence ratio = 0.9¢
Engine speed = 1500 1pm
25 - Ignition timing =28.5° BTDC | Cyclic variablity of
Inlet pressure = 562 mbar measured pressure
20 Exhaust pressure <1016 mbar
) 1
Ef 59 Meastred mean pressure
E 10
5 -
0 -
-5 T T T T T T T 1
0 100 200 300 400 500 600 700 800
Crank angle ()

Fig. 8: Variation of the mean pressure in the cylinder as
a function of erankshaft angle for 100 consecutive
cycles related to experiment: 10.9n1500

30 Fuelir equilslence ratio = 0.95

Engine speed = 1500 rpm

25 - Ipnition timing = 28° BTDC

Inlet pressure = 550 mbar
Exhaust pressure =1016 mber

Cyclic variablity of
measured pressure

[¥%]
=3

—
[
1

Measured mean pressure

Pregsure (bar}

T T T T T T T 1
0 100 200 600 700 800

Crank angle (%)

Fig. 9: Variation of the mean pressure in the cylinder as
a function of crankshaft angle for 100 consecutive
cycles related to experiment: 1.95n1500

" Fuel/air equilalence ratio = 1
Engine speed = 1500 rpm.

25 - Ignition timing = 27.3° BTDC
Inlet pressure =518 mbar
Exhaust pressure =1016 mbar

Cyclic variablity of
measured pressure

Meesured mean pressure

54
0~
-5 T T T T T T T 1
0 100 200 300 400 500 600 700 800
Crank angle (%)

Fig. 10: Variation of the mean pressure in the cylinder as
a function of crankshaft angle for 100 consecutive
cycles related to experiment: r1n1500

] Fuel/air equilalence ratio = 1.1
Engine speed = 1500 rpm

25 - Ignition timing = 27.5° BTDC
Inlet pressure = 489 mbar
Exhaust pressure =1016 mbar

Cyclic variablity of
measured pressure

Measured mean pressure

200 400 500
Crank angle (°)

T T T 1
0 100 600 700 800

Fig. 11: Variation of the mean pressure in the cylinder as
a function of crankshaft angle for 100 consecutive
cycles related to experiment: r1.1n1500
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"] Fuel/air equilalence ratio = 1.22

Engine speed = 1500 rpm
Ignition timing = 29° BTDC
Inlet pressure = 459 mbar
Exhaust pressure =1016 mbar

Cyclic variablity of
measured pressure

——J» Measured mean pressure

Fig. 12:

L ¥ T T L] 1
300 400 500 600 700 800

Crank angle (°)

L] T
100 200

Variation of the mean pressure in the cylinder as
a function of orankshaft angle for 100

consecutive  cycles related to experiment:
r1.22n1500

Fuel/air equilalence ratio = 70
Engine speed = 1500 rpm
Ignition timing = 41° BTDC
Inlet pressure = 685 mbar
Exhaust pressure =1015 mbar

Fig. 13: Comparison between the mean measured and

B 400
Crank angle (°)

420 440 460

predicted mean pressure related to experiment
r.70n1500

Fuel/air equilalence ratio = 75
Engine speed = 1500 rpm.
Ignition timing = 36° BTDC
Inlet pressure = 652 mbar
Exhaust pressure =1015 mbar

320

Fig. 14:

T T T ] T T 1
340 360 380 400 420 440 460
Crank angle (%)
Comparison  between  the measured and
predicted pressure related to experiment

r0.75n1500

37 Fuel/air equilalence ratio = .80
Engine speed = 1500 rpm.
| Calculated Tgnition timing = 32.5° BTDC
2.5 Inlet pressure = 621 mbar
Exhsnst pressure =1015 mbar
= 21
E
B 1.5
t
1+
0.5
o
w T T T T T T 1
320 340 360 380 400 420 440 460
Crank angle (*)
Fig. 15: Comparison  between  the measured and

predicted mean pressure related to experiment
r0.8n1500

Fuel/air equilalence ratio =0.85
Engine speed = 1500 rpm
Calculated Ignition timing = 29.5° BTDC
24 Inlet pressure = 590 mbar
Maeasured. Exhaust pressure =1015 mbar
% 1.5
g
£ 1
0.5
o
b T ] T T T T 1
320 340 360 380 400 420 440 460
Crank angle (°)
Fig. 16: Comparison  between  the measured and

2.59

predicted mean pressure related to experiment
r0.85n1500

Fuel/air equilalence ratio =0.90
Engine speed = 1500 rpm
Ignition timing = 28.5° BTDC
2 Inlet pressure = 562 mbar
Caloylated Exhaust pressure =1015 mbar
— Measured
g 1.5
[}
g
£ 1
0.5+
0 L) T T L) L) T 1
320 340 360 380 400 420 440 460
Crank angle (%)
Fig. 17: Comparison  between  the measured and
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257 Fusl/air equilalance ratio =0.95
Engine speed = 1500 rpm

Calculated — Ignition timing = 28° BTDC
2 Inlet pressure = 550 mbar
Measured Exhanst pregsure =1016 mbar

0.5
0 1 L) L} T T T 1
320 340 360 380 400 420 440 460
Crank angle ()
Fig. 18: Comparison  between  the measured and

predicted mean pressure related to experiment
r0.95n1 500

257 Fuel/air equilalence ratio = 1.10
Engine speed = 1500 rpm
Ignition timing = 27.5° BTDC
Inlet pressure = 489 mbar
Exhaust pressure =1016 mbar

0.5
0 L 1 1 ] T L) 1
320 30 360 380 400 420 40 460
Crank angle (%)
Fig. 19 Comparison  between  the measured and

predicted mean pressure related to experiment

r1.1n1500
2.2+ Fuel/air equilalence ratio = 1.22
24 Engine speed = 1509 rpm
Ignition timing = 26° BTDC
1.8+ Caleulated. Inlet pressure = 459 mbar
1.6 Exhanst pressure =1016 mbar
- 1.4

5 121

£ 1
£ 0

0.6
0.4
0.2
0 T T T T T T 1
320 3o 380 380 400 420 40 460
Crank angle (°)
Fig. 20: Comparison  between  the measured and

predicted mean pressure related to experiment
r1.22n1 500

37 Engine speed = 1500 rpm - 3000
Fuel/air equilalence ratio = 0.904
Ignition fiming = 28.5° BTDC
Inlet pressure = 562 mbar
24 - 2500
g 2+ - 2000
g 1 L 1500
1 - 1000
T T T T 500
300 350 400 430 500 550

Crank angle ()

Fig. 21: Varation of the cylinder pressure(P), of the mean
temperature of fresh gases (Tgf) and that of the
combustion products(Tpe) as a function of

crankshaft angle
1.40+1
Engine speed = 1500 rpm.
Fuel/air equilalence ratio = 0,904
Unburned zcne Ignition timing = 28.5° BTDC
N Inlet presgure = 562 mbar
1364 1

21324

Polytropie index

128

1-24 T T T T 1
300 350 400 450 500 550

Fig. 22: Evolution of the mean polytropic exponent Of
fresh gases (vgr) and that of the combustion
products (Yeci» Yeos Yeer Yeco) @8 @ function of

crankshaft angle

For a rotational speed of 1500 revolutions/mn and a
constant mass flow rate of the fuel (10.77g mn™"), We
studied the influence of the richness of the carburated
mixture (We have realised 10 measurement points) on the
functionning charateristics of the engine and on the
formation of pollutants and in particular the NOx.

For a better representativity of the experumental
results and due to the cyclic dispersion observed during
the pressures acquisition, We have presented graphs
of the variation of the cylinder pressure as a function of
the crankshaft angle for the mean cycle Fig. 3-12.
The measured variations of temperature of fresh gases,
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4000 -
Calculated
3500
Meamred
3000
Engine speed = 1500 rpm
% EGR =10%
gzsoﬁ- Consumption of fuel = 10.77 g om '
1
2 2000-

0.7 03 09 1 11 12 13 14
Equivalance ratio
Fig. 23: Comparison between the measured and predicted
concentration of NOx as a function of the
richness

combustion products and pressure over a cycle are
shown in Fig. 21. A comparison between the experimental
data and the computed values 1s presented in this study
for the mean gas pressure (Fig. 13-20) and for the NOx
emissions (Fig. 23)

RESULTS AND DISCUSSION

The experiments were realised on the experimental
bench belonging to the Mechanics and FEnergetics
Laboratory (LME) of the Polytechnic school of the
University of Orleans(France). The engine for which the
data was obtained is a monocylinder which possesses the
following essential geometrical characteristics Table 2.

Figures 3 to 12 give the measured mean pressure in
the cylinder as a function of the richness of the
carburated mixture and the ensuing operating
parameters(ignition timing, inlet and exhaust pressures)
for a rotational speed of 1500 rpm and for 100 consecutive
cycles. The results show a very good repeatability of the
data over the 100 cycles and a clear decrease in the
maximum pressure as the richness of the mixture
Increases.

Before the validation of our multizone model m terms
of NOx emissions, we first proceed to a comparison of the
measured mean pressure(average of 100 consecutive
cycles) with the computed pressure using the 0D model.
Figures 13-20 illustrate the comparison between the
mean cycle of the measured pressure and that predicted
by our 0D model for richnesses varying from ¢ = 0.7+1.22.
For each experimental point, We first determine the kinetic
parameters figuring in Wiebe's law, 1.¢.,: the exponent of

Table 2: Characteristics of the monocylinder engine

Number of cylinders 1
Compression ratio 10.1

Number of inlet valves 2

Number of exhaust valves 2

Diameter of inlet valves Di=29.5mm
Diameter of exhaust valves De =26.6 mm
Bore Al=88mm
Stroke A2=82mm
Crank radius R =41 mm
Connecting road length L=138mm
Angle of inlet valve Beta = 16.25°

Angle of exhaust valve Gamma =15.67°

Table 3: Comparaison between the measured and predicted concentration
of WNOx for various values of the richness of the carburated
mixture

fuel/air

equivalence

ratio & 070 075 080 085 09 09 100 111 1.22

NOx (ppm)

measured 1029 1964 3143 3638 3475 3236 2255 1341 705

NOx (ppm)

calculated 1435 2140 3260 3842 3698 3512 2562 1412 775

the character of combustion (noted m), the angular
duration of combustion process (noted ¢,) and also the
quantity of heat generated during the combustion
process to 1 m’ of gases (noted ). These parameters are
then introduced in the principal programme. From these
figures one can notice a very acceptable and very
encouraging accord between the measured pressure and
that predicted by our model for different richnesses of the
carburated mixture entering the cylinder.

Figure 21 shows clearly the relationship between the
temperature and pressure during a cycle. The maxima of
these parameters occur at the same crankshaft angle,
corresponding to complete combustion. This figure also
shows the increase in the fresh products temperature as
they are compressed before ignition.

Figure 22 shows the value of the polytropic exponent
as a function of the crankshaft angle. The values before
combustion (fresh mixture) are near to those of air,
whereas the lowest values can be observed for the first
zones, where temperatures are highest.

The trends in temperature variations are reflected in
the concentration of NOx . Figure 23 shows a comparison
of the measured NOx emissions with those predicted by
the developed multizone model. As one can clearly
notice on this Figure and on Table 3, with the increase in
the richness (0.7<¢d~ 0.85) the concentration of NOx
increases first(thus increase being essentially due to the
increase of the maximum temperature of the cycle). The
reason being that with the increase of richness in the
interval considered (from 0.7 to 085), the effect of
temperature mecrease of the gases counterbalances the
decrease of the O, partial pressure and the peak of
emission curve for NO (about 3638 p.p.m) appears fora
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Table 4: Predicted values of the local and global dissociation coefficients in the zénes for various vahies of the richness of the carburated mixture

fitel/air Local(KDpand global(KDy) dissociation coefficients in the zénes (%6)
equivalence
ratio KDy KD, KD KDy KD KD: KD; KD, KDy KDy KDg
0.70 89.5 98.7 98.7 98.8 98.8 98.9 99 99.2 99.9 99.6 92.8
0.75 91.1 97.5 97.5 97.4 97.4 97.4 97.5 97.7 98.1 99.8 99.8
0.80 91.7 96.9 96.8 96.6 96.6 96.6 96.6 96.8 97.2 99.6 96.6
0.85 90.3 96 95.8 95.8 95.6 95.8 95.7 95.8 96.3 99.6 95.6
0.90 89 95.4 95.3 953 95.1 953 95.2 95.5 96.1 99.8 95.2
0.95 87.5 94.9 94.8 @9 94.8 M8 M8 95 95.6 99.7 94.7
1.00 85.4 93.2 93.3 93.1 93.4 93.1 93.4 93.6 94.5 99.8 93.4
1.11 91 97.3 97.3 97.4 97.3 973 97.4 97.5 97.9 99.8 97
1.22 96 99.1 99 99 99 99 99 99 99.3 99.7 98.7
000 Engine speed = 1600 rpm 50007 Engine speed = 1600 rpm
Fuel/air equilalence ratio = 0.904 % EGR=0
ﬁﬁon timing Eti:zsgﬂb?rm Consumption of fuel = 1077 gmm '
pressuro = i
30004 4000 @ =0.904
© =0.901
=) = 3000
gzm_ § © = 1.004
2 = 2000
©=1104
1000 -
1000 O =1220
o L} L} T T 1 3 T T T L 1
300 350 400 450 500 550 300 350 400 450 500 530
Crank angle (%)

Crank angle (°)

Fig. 24: Evolution of the local temperature (K) in zones
1, 4,7 et 10 as a function of crankshaft angle

200004
Engine speed = 1600 rpm
Fuel/air equilalence ratic = 0.904

Ignition timing = 28.5° BTDC
16000 Tnlet pregsyre = 562 mbar
12000
Nox 1
8000
Nox 4
4000 Nox Calculated = 3698 ppm o
Ny d =3475
OX measure ppm Nme7
/ Nox 10
1 T
00 350 400

3

Nox (ppm)

450 500 550
Crank angle (°)
Fig. 25: Variation of the global concentration of NOx (in
the 10 zones) et local concentration (ppm) in

zones 1, 4,7 et 10 as a function Of crankshaft
angle related to experiment r0.9n1 500.

richness of about 0.85, the NO concentration then
diminishes consequent to the decrease of the maximum
combustion temperature.

Fig. 26: Vanation of the global concentration of NOx (in
the 10 zones) as a function of crankshaft angle
for various values of the richness of the
carburated mixture.

In all the considered cases (no matter the value of the
richness is), the zones which bumn first exert the biggest
contribution to the formation of NOx. The reason being
that these zones possess at the same time the highest
temperature (Tpel< T < T g T Tpost Tpopt Tpg < Ty

T,e< Touo) Fig. 24 and the biggest period of stay of the
combustion products

(@, =36 dv,@, =36 dv,q; =36 dv, @, =36 dv,s
=36 dv,q5 =36 dv, @, =36 dv,
P =36 dv. @y =36 dv, @y =36 dv),

which favors the most important formation of nitrogen
oxides n these zones (NOx 12> NOx,;>» NOx ;> NOx,> NOx >
NOx;>NOx>NOx>» NOx,> NOx, ) Fig. 25. Moreover, an
other very important result is that the level of NOx
formation in the first zones is controlled simultaneously
by the phenomenons of formation and decomposition,
whereas in the other remaining zones this level 1s
controlled only by the phenomenon of formation. This
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can be explained by the fact that the heat losses via the
dissociation of the combustion products are greater in
the first zones than in the remaining zones (Table.4),
for example corresponding to a richness ¢ = 0.70 , we
have : [KD,= 89.5% (10.5% of losses by dissociation)],
[KD,= 98.7% (1.3% of losses by dissociation}], [KD, =
89.7% (1.3% of losses by dissociation)], [KD,= 98.8%
(1.2% of losses by dissociation)], [KDs= 98.8% (1.2% of
losses by dissociation)], [KD,= 98.9% (1.1% of losses by

dissociation)], [KD= 99% (1% of losses by
dissociation)], [KDy= 99.2% (0.8% of losses by
dissociation)], [KD,= 99.9% (0.1% of losses by
dissociation)], [KD,;= 99.6% (0.4% of losses by

dissociation)]. This 1s the reason why the concentration
of NOx dimimishes from the first to the last zone.

According to the theory by Zeldovich, the speed of
formation of NO 13 determimmed by the maximum
temperatire in the reaction zone and also by the
concentration of oxygen and mtrogen. One notices from
Fig. 21 and 26 that with a poor carburated mixture, the
concentration of NO increases in the beginning (due to an
increase of oxygen concentration and the maximum
combustion temperature) and then decreases because of
the fall of cycle maximum temperature. Tt should also be
underlined that the poorness of the carburated mixture
leads on one hand to a reduction in the quantity of fuel
mtroduced mto a cylinder during each cycle and on the
other hand to an mcrease of the heat losses due to the
disscciation of the combustion products. These two
phenomena are responsible for the fall in maximum
temperature, which consequently causes a reduction in
the concentration of NO.

CONCLUSION

The general conclusion of our work can be
summarised as follows

*  The concordance between the measured values and
those predicted by our 0D model 1s sufficiently good;

¢ The peak of NOx emissions appears for a richness of
about 0.85 (i.e., for a mixture which is slightly poor).

¢ The greatest quantity of NOx emitted in the exhaust
gases comes from the zones which burn first. This is
why it is necessary to reduce the temperature of
these zones
exhaust, this can be achieved for example by the
process of a stratified charge or that of prechamber
torch 1gnition.

* The level of mtrogen oxides
first zones 13 controlled simultaneously by the

in order to reduce the NOx in the

formation in the

10.

11.
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pheno-mena of formation and decomposition,
whereas in the other remaining zones, this level is
controlled uniquely by the phenomenon of
formation. This is explained by the fact that the heat
losses due to the dissociation of the combustion
products are greater in the first zones than in the
Temalning zomnes.
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