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Research Note

Prediction of Stratified Charge
Divided Chamber Engine Performance

M. Tiourad' and A. Mozafari'*

Abstract.  Certain stratified charge divided chamber engines have a very small pre-chamber, equipped
with a spark plug and a main chamber connected to the pre-chamber through nozzles. A theoretical model
1s presented in this research to predict tgnition delay and initiation of combustion in the pre-chamber. It
considers flame progress in the pre-chamber up to the point where the flame penetrates the main chamber
through the conmecting mozzles. Step by step calculations then continue in the main chamber and the
mass fraction burned and the energy release rate are calculated. The process continues to the point
where all the fuel is burned. At each step, due to a one degree rotation of the crank shaft, there is
a change in the cylinder volume, due to the movement of the piston and, also, a change in the mole
fraction burned, due to the burning of a fraction of the maizture. Considering heat transfer from the
cylinder contents to its surrounding area, some important operating parameters, such as indicated power,
indicated thermal efficiency, indicated specific fuel consumption, indicated mean effective pressure and
volumetric efficiency, are predicted. Stepwise calculations also provide in-cylinder pressure-volume and
pressure-crank angle diagrams, as well as the in-cylinder contents temperature variation with the crank
position and concentration of species existing in the combustion products. Predicted values obtained by the
present model are compared with corresponding experimental values available in the literature to evaluate
the accuracy of the model. The comparison shows reasonable agreement between theoretical and measured
values.
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INTRODUCTION nozzles connecting the two chambers (see Figure 1). A
very lean mixture of air and fuel in the main chamber
then can easily be ignited by these penetrating flame
streams, resulting in a lean burn combustion with
higher efficiency and less pollution. The new engine
is a divided chamber stratified charge engine, which
carries the advantages of both SI and CI engines.
Pre-chamber volume and shape, as well as the
number of orifices and their directions, affect the veloc-
ity, pressure and kinetic turbulence energy of the pre-
chamber contents [1]. Also, engine thermal efficiency,
specific fuel consumption and exhaust emissions of CO,
HC and NO, are affected by the engine compression
ratio and the fuel air equivalence ratio [2].
Experimental research shows that engine heat
transfer, main cylinder pressure and pollutants of CO

Since the introduction of internal combustion engines,
spark ignition engines have always benefitted from a
reliable location and time of ignition or initiation of
combustion by using a spark plug in a relatively rich
mixture of air and fuel, whereas compression ignition
engines have had advantages, regarding lean burning,
higher efficiencies and less pollutant emission by auto
ignition of a lean and well compressed mixture of air
and fuel.

It is possible to ignite a small fraction of fuel by
enmploying a spark in a very small chamber, called a pre-
chamber or an auxiliary chamber, to ensure reliability
in the location and time of initiation of combustion.
As the combustion progresses in the pre-chamber,

the flame front penetrates the main chamber through
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and HC in the exhaust gas depend on the piston
head shape [3] and that the fuel spray angle and
direction of the orifices connecting the two chambers
have influences on engine fuel consumption, power
output and exhaust emissions [4].

The effects of fuel injection and ignition times on
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Figure 1. Schematic view of combustion process in divided chamber engine.
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engine performance, and the predicted variation with
the crank angle of cylinder pressure and mass fractions
of HoO and NO in the exhaust gas, were investigated
by Zheng et al. [5] using the FIRE code with a k — ¢
turbulence model. Other research shows the effects of
the fuel air equivalence ratio on flame behavior in a
cylindrical pre-chamber using ethylene fuel in a wide
range of air fuel ratios [6].

In the present work, the combustion delay time
and initiation of combustion in the pre-chamber, as
well as the combustion progress in both chambers,
are studied. The effects of compression ratio, fuel
air equivalence ratio and engine speed on the mass
fraction burned, in-cylinder pressure, indicated thermal
efficiency and specific fuel consumption are predicted
for iso-octane and methane fuels.

THEORETICAL MODEL, GOVERNING
EQUATIONS AND ASSUMPTIONS

In the present model, various processes taking place
in the pre-chamber and main chamber have been
considered in detail. The model can be applied to
any fuel with the chemical formula C,H,O.in a liquid
or vapor phase. The calculations start from the end
of the induction stroke and the compression process
is from this point to the predetermined crank angle
at which the spark occurs in the pre-chamber. There
is a continuation of compression for a specific period
of time, known as delay time, which is needed for
initiation of combustion at the pre-chamber. It is
assumed that compression of the mixture of air and
fuel continues during this period. The extent of delay
time can be estimated as the time needed for burning a
finite volume of fuel air mixture [7] or the burning of a
special representative eddy [8,9], whilst some consider
it as a finite number of crank angle degrees [10,11]

and others ignore the effects of delay altogether [12,13].
The present model assigns the delay period as the time
needed for burning 0.1 percent of the chamber content,
as recommended by Benson et al. [7].

The combustion process then starts in the pre-
chamber and continues to the point at which the flame
occupies all the pre-chamber volume. The flame then
penetrates to the main chamber through the connecting
orifices, resulting in an initiation of combustion in the
main chamber. The combustion process continues to
the point at which all the fuel is reacted. The expansion
process is considered from the end of combustion
(where flame propagation terminates) up to the bottom
dead center.

The theoretical model is concerned with the step-
wise calculation of the thermodynamic state for the
combustion chamber contents. The physical properties
of individual constituents and the mixture of gases
during the cycle are calculated as follows.

The most suitable relation in order to give very
accurate values of the molar specific heat capacity of
ideal gases at a wide range of temperatures, from 298 K
to 6000 K, is provided by Mozafari [14] in the form of:

Cp(T) = FI(T)’ + Fo(T)* + F3(T) + Fy + F5(T) ™
+ FG(T)72 + F7(T)73 + .Fg;(T)i4 + FQ(T)75
+ Fio(T)~°. (1)

Having the coefficients of F; for any constituent fa-
cilitates the calculation of molar values of enthalpy,
entropy, internal energy and Gibbs function and,
consequently, equilibrium constants for the reactions
involved.

For a mixture of n different ideal gases, the values
of the above mentioned properties are obtained by
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using relation Y z;4;, where z; is mole fraction and
=1
A; is the related property of substance ¢ in the mixture.
For viscosity £(7') and thermal conductivity A(T")
of an ideal gas at temperature T, a relation in the form
of:

w(T) = f1(T)*° + foT) + f3(T)"° + fu(T)

+ f5(T)"° + fo + f2(T) "7, (2)
and:
NT) = f5(TY*° + f5(T)* + f5(1)° + f1(T)
+ 5D + fo + f1(T)°°, (3)

which are presented by Mozafari [14], are employed.
Values of the coefficients, F;, f; and f! in Equations 1-3
for the substances involved are given by Mozafari [14].

For a mixture of n different ideal gases, an
equation in the form of:

oy

A'm = E n 5 (4)
i=1 Y YAy

=1

due to Wassiljewa [15], for the thermal conductivity of
the mixture, and an equation in the form of:

=1 ) T
=

due to Chapman-Enskog [15], for the dynamic viscosity

of the mixture, are used. A;; and ¢;; are expressed as:

[1+ herifAery) 2 (M /M)A
[8(1 + M, /M;)]H/? 7

Aij =k (6)

and:

[t 4+ (s ) (0 0y 4]
[8 (1 + M;/M)]'?

(7)

Pij =

using the Mason & Saxena modification and the Wilke
approximation, respectively [15].

At every step during the cycle, there is a small
change of volume for the main chamber, due to a
rotation of the crank shaft and a corresponding move-
ment of the piston. The relation, PAV, represents
the related work. There is also heat transfer from
the cylinder contents to its surrounding surfaces for
each step, which is determined by using the Annand
correlation [16,17].

sg=a (’“;f) Re"(T, — T) + (T} — Th). (8)
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The fuel is assumed to have the chemical formula
C,H,0., where z,y and z may be set to quantities
that suit the fuel. The combustion products are
considered to be carbon dioxide, carbon monoxide,
water vapor, hydrogen, oxygen, nitrogen and unburned
fuel. Three more reactions are taken into account in the
combustion chamber, which are:

1
CO + H20 < COz + Ha, (10)
2COz + $Hy = C.H, 0. + (& = 0.52)0%. (11)

Four equations of mass balance for carbon, oxygen,
hydrogen and nitrogen, plus three more equations
provided by the equilibrium constants of the above
reactions, are used to calculate the mole fractions of
the products.

Energy released during the combustion process at
each step, due to the burning of a small volume of
the mixture, is determined by assuming a turbulent
flame propagation rate, Uy = k;Up, where k; is the
turbulent flame factor representing the total effects
of turbulence and Uy is the laminar flame speed,
expressed by Kuehl [18], in the form of:

B 7784 (Py/P)" (12)
[10000/T + 900/ Ty

Mass interaction between the pre-chamber and the
main chamber through the orifice areas connecting the
two chambers, are considered by employing the orifice
flow equation [19] in the form of:

AP~ Py
o[- (3]

The direction of flow (which regularly changes during a
cycle) depends on instantaneous pressures of the cham-
bers, dictated by movement of piston and combustion
process in the chambers (see Figure 2). Ignoring the
change of potential energies of the control volume and
the kinetic energies of the initial and final states of
the contents, the energy conservation equation for a
constant volume pre-chamber may be written as:

V2 V2
QC.V. +m; (hz + 21> =M, (he + 2& )

Q = Co4y

+ (maus — miur), (14)

where for the main chamber, due to the movement
of the piston and the resulting change of volume, the
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Figure 2. Schematic view of flow through orifice.

equation would be:

V_2 V2
QC.V. +m; (h/l + 5) =M (he + 26 )

+ (m2u2 - mlul) +Wav.. (15)
One should notice that, depending on the direction of
flow through the orifice, for some of the steps during
the cycle, either m; or m,, for the pre-chamber, is
zero and, at any time, the quantity of m; for the pre-
chamber is equal to the quantity of m. for the main
chamber and vice-versa. Also, the conservation of mass
equation for both chambers relates the quantities of
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mass at the initial and final states to the mass crossing
the chambers through the orifices.

The principles of energy and mass conservation
are applied to each step during the cycle in order to
find the final state of the step, since the properties at
the initial state are known. The properties at the final
state could all be depending on one unknown parameter
(chosen to be temperature), thus, the right value of the
temperature is the one that satisfies the energy balance
equation within a prescribed tolerance.

VERIFICATION OF PRESENT MODEL
Pre-Chamber

To estimate the validity and accuracy of the present
model, the performance of a stratified charge divided
chamber engine, using CHy as fuel, is predicted.
The results for the pre-chamber are compared with
the experimental values for the same chamber, using
natural gas, published by Roubaud et al. [20]. Engine
specifications and experimental running conditions (ex-
pressed by Rounaud et al. and presented in Table 1)
are employed in the model to predict ignition delay,
initiation of combustion and flame propagation in the
pre-chamber. The results are shown in Figures 3 to 7.
Note that the pre-chamber volume is only 3%
of the total cylinder volume and calculations at every
step involve mass transaction between this tiny volume

Table 1. Divided chamber engine specifications and experimental running conditions by Roubaud [20].

Manufacturer

Liebherr

Nozzle orifices

4 orifices of 2 mm

Type G 926 TI
Number of cylinders 6
Bore 122 mm
Stroke 142 mm
Conrod Length 228 mm
Total Swept Volume 9096 L
Pre-chamber Volume mm? 4540
Volumetric Compression Ratio 12.0 or 13.3

Turbocharger

KKK K27 3371 OLAKB

Crank Shaft Rotation Speed

1500 £ 5 rpm

Ignition System

Fairbank Morse 1Q 250

Number of Valves 2
Rated Brake Mean Effective Pressure 150 + 1.3 kW
Intake Air Pressure 960 £+ 5 mbar
Intake Air Temperature 25 +£2° C
Intake Air Relative Humidity 50 £ 0.5 %

Exhaust Gas Pressure After Turbocharger

1050 & 3 mbar

Spark Plugs

Bosch Super F & W6DC




Present model
Fuel=CH,4

40

30+

20

Experimental data from [ZO]I

104 Fuel=NG

Pressure in prechamber (bar)

T

0 T T T —
100 120 140 160 180 200 220 240 260 280
Crank angle (deg)

Figure 3. Variation with crank angle of predicted and
experimental values of pressure in pre-chamber.

90
80|

Present model
Fuel=CH4

704
60/
50
40-

/

Experimental data from [20]
Fuel=NG

Pressure in prechamber (bar)

100 120 140 160 180 200 220 240 260 280

Crank angle (deg)

Figure 4. Variation with crank angle of predicted and
experimental values of pressure in pre-chamber.
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and the main chamber. Also, due to the fact that
the properties of the final states of the two chambers
are related, the predicted results for the pre-chamber
are highly sensitive and the assumptions used must
be in very good agreement with reality, otherwise, the
predicted behavior of pressure and mass variations in
the pre-chamber will considerably differ from those
measured experimentally.
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Figure 7. Variation with crank angle of predicted and
experimental values of heat release.

As seen in Figures 3 and 4, the predicted trends
of the variation and behavior of pressure in the pre-
chamber are compatible with measured values, having
an average deviation of about 5%. Also, an average
deviation of 7% between the present predicted and the
predicted values of the temperature, based on measured
pressure values [20], indicates the reasonable accuracy
of the model.

The compatibility of the experimental values of
heat release for natural gas, with predicted values for
methane, is shown in Figure 7.

Main Chamber

To ensure the accuracy of the calculations for the main
chamber, experimental data from a normal 4 cylinder
spark ignition engine were compared with the predicted
values obtained by the model for the same engine.
Since the engine was not equipped with a pre-chamber,
the volume of the pre-chamber in the theoretical model
was set to zero, thus, the calculations due to the pre-
chamber, were ignored.

In such cases, the combustion in the main cham-
ber starts from the point of the spark plug, the flame
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propagates spherically in all directions and the rate of
heat release is calculated accordingly.

Table 2 shows the single chamber engine specifi-
cations and experimental running conditions used for
this comparison.

The experimental and predicted results for the
main chamber are shown in Figures 8 and 9.

As seen from these figures, the predicted values
of the indicated power and the indicated specific fuel
consumption obtained for CgHyg are compatible with
corresponding experimental values obtained by mea-
sured brake and friction powers. A maximum deviation
of 7% for indicated power and of 1.5% for thermal
efficiency and fuel consumption shows quite acceptable
agreement between measured and predicted values.

THEORETICAL RESULTS AND
DISCUSSION

The performance of a stratified charge divided cham-
ber engine is predicted and the results for the mass
fraction burned, the instantaneous pressure, the indi-
cated thermal efficiency and the indicated specific fuel
consumption are shown in Figures 10 to 14.
According to the results, a higher compression
ratio resulted in shorter combustion duration, indi-
cating faster flame propagation (see Figure 10). It
also resulted in a higher pressure and temperature
for the cycle (see Figures 11 and 12). Increasing the

Table 2. Single chamber engine specifications and
experimental running conditions. [21]

Cylinder Swept Volume 1323 cc
Number of Cylinders 4
Bore 71 mm
Stroke 83.6 mm
Compression Ratio 9.7
Intake Air Pressure 100 kPa
Intake Air Temperature 300K
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Figure 8. Variation of indicated power with engine speed.
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engine speed provided a higher power output, a higher
thermal efficiency and lower specific fuel consumption.
These results indicate that the behavior of stratified
charge divided chamber engines follows that of normal
single cylinder engines, but they are capable of running
on leaner mixtures and at higher compression ratios.
Comparison of the results show that stratified charge
engines have a lower ignition delay time (due to a richer
mixture in the pre-chamber) and a faster burning rate
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(dictated by a higher compression ratio), however, the
values depend on the running conditions.

Initiation of combustion in a very small pre-
chamber is assured by a relatively rich mixture. How-
ever, the main combustion takes place at the main
chamber, which contains a very lean mixture, providing
higher thermal efficiency and lower fuel consumption.
Also, this lean mixture allows the engine to run at a
higher compression ratio, which, normally, would have
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caused knock in a normal engine.

To show the advantages of divided chamber en-
gines, regarding fuel consumption and thermal effi-
ciency, the results are compared with corresponding
values predicted for a normal combustion chamber en-
gine, with similar specifications and optimum running
conditions (see Figures 13 and 14). These results
indicate that divided chamber engines have higher
thermal efficiencies or lower fuel consumptions of up
to 15%, at compression ratios and fuel air equivalence
ratios typically suitable for these engines. Considering
the huge number of engines running on daily bases
and the quantity of fuel burned, this reduction in
fuel consumption is highly important, especially for
countries such as Iran, which currently imports vast
quantities of fuel. The equilibrium concentrations of
pollutants CO and HC in the exhaust gas of a divided
chamber engine are predicted to be less than those of
a normal single cylinder engine, apparently because of
the leaner burning associated with a divided chamber
engine. This is compatible with expectations and
the level of reduction depends on running conditions,
mainly air fuel ratio and compression ratio. Also, for
a leaner mixture, fewer quantities of unburned HC are
caused by quenching distance and crevices.

The divided chamber engines have a lower com-
bustion temperature, with cleaner combustion and
less concentrations of NO, in the resulting exhaust
gas.

Since the aim of the present research was to
develop a theoretical model to consider the major
phenomena in the pre-chamber and main chamber of a
divided chamber engine, including their effects on each
other, the level of concentration of NO, had no effect
on the related output data and, thus, it was excluded
from the combustion products. Of course, one should
notice that the formation of NO, is highly important,
regarding pollution, and the next step for the authors
is to continue research on the pollution issue of divided
chamber engines and to complete the present model
with the inclusion of NO, in the exhaust gas.

CONCLUSION

A theoretical model is developed to predict the per-
formance of stratified charge engines, using any fuel
with chemical formula C,H,0O, in a liquid or vapor
phase by considering the compression, combustion
and expansion process in the pre-chamber and main
chamber.

Heat transfer from in-cylinder contents to the
surrounding surfaces, as well as work due to the move-
ment of pistons in the main chamber, is considered.
Mass interaction between the pre-chamber and main
chamber through the orifice areas connecting the two
chambers is calculated. Comparison of the predicted
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results with published experimental values indicates
that:

1.

The model predicts the instantaneous pressures and
temperatures of the contents in the pre-chamber
and main chamber of the stratified charge engines
with acceptable accuracy;

2. Heat release and mass fraction burned, obtained by
the model, is in very good agreement with published
measured values;

3. Higher compression ratios will provide a higher
power output, higher thermal efficiency, lower fuel
consumption, a faster burning rate and shorter
combustion duration;

4. Stratified charge engines have a lower ignition delay
time, indicating a quicker initiation of combustion,
due to a much richer mixture in their pre-chambers;

5. Stratified charge engines consume up to 15% less
fuel, compared to normal homogenous charge en-
gines;

6. Stratified charge engines provide a lower combus-
tion temperature, due to their leaner mixtures.

NOMENCLATURE

A area

A; related property of substance i

B cylinder diameter

c coefficient of flow

CcI compression ignition

) specific heat at constant pressure

CR compression ratio

fi coefficient of equation for viscosity

1! coefficient of equation for thermal

conductivity

F; coefficient of equation for C,

h enthalpy

ko thermal conductivity of the mixture

ky turbulent flam factor

m mass

M; molecular weight of substance i

NG natural gas

P pressure

q heat transfer rate

Q heat transfer

Re Reymnolds number

ST spark ignition

T temperature

U internal energy

U flame speed

<<

s

K3

99

velocity

volume

work

mole fraction of substance 4

Greek Symbols

thermal conductivity of substance i
thermal conductivity of mixture
dynamic viscosity of substance 4
dynamic viscosity of mixture
density

fuel air equivalence ratio

crank angle

Subscript

mix

g &8 ¥ ©

burned

control volume
gas

exit

inlet
substance %
laminar
mixture
reference point
turbulent
unburned

wall
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