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ABSTRACT

Owing to its both economical and environmental
qualities, natural gas is one of the most interesting and
promising available fuels for internal combustion
engines. However, optimization of engine design
requires extensive engine testing. Therefore, engine
modeling codes are generally preferred for evaluating
initial designs. Two-zone model is one of the most
interesting simulation tools, especially for natural gas SI
engines, due to the combustion type in this case. On the
other hand, about one third of the fuel energy is
transformed to heat loss from the chamber walls. Hence,
the accuracy of the simulation depends on the precision
of the heat transfer model. However, in the previous
studies, using two-zone models, many choices are made
for heat transfer evaluation and no choice influence
study has been carried out. The current study aims to
investigate the effect of the choice of the heat transfer
correlation and provide an optimized choice for a more
accurate two-zone combustion model in the case of
natural gas SI engines. For this purpose, a computer
simulation is used, and experimental measurements are
used for comparison and validation.

INTRODUCTION

Natural gas has been recently used as an alternative
to conventional fuels in order to satisfy some
environmental and  economical concerns  and
governments have been motivated to expand in natural
gas infrastructures in order to be feasible to passenger
vehicles as well as stationary engines [1]. However, to
be more attractive and feasible, many aspects have to be
improved for best performance and emissions.
On the other hand, optimization of engine design
requires extensive engine testing. Therefore, engine
modeling codes are generally preferred for evaluating
initial designs. Computer models of engine processes are
valuable tools for analysis and optimization of engine
performance and allow exploration of many engine
design alternatives in an inexpensive way.
Internal combustion engine modeling has been a
continuing effort over the years and many models have

been developed to predict engine performance
parameters.

NOMENCLATURE

A [m?] Instantaneous surface area exposed to heat transfer
B [m] Cylinder bore or diameter

Gr [-] Grasshof number

h [Dkg' Enthalpy

hy [W/m® K] Gas-wall heat transfer coefficient,

kg [W/m K] Thermal conductivity of the gas

m [kg] Mass of the gas

N [rpm] Engine rotational speed

Nu [-] Nusselt number

P [pa] Instantaneous cylinder gas pressure,

Pr [-] Prandtl number

q [W/m?] Heat flux rate (heat transfer per unit area)

(0] [J] Exchanged Heat

Re [-1 Reynolds number

t [s]

T [K]
Tw [K]

u [Tkg"
V [m?]
Va [ms]
Von  [s]
Xy [-]

Special characters

o [°c.a]
1% [°c.a]
A6, [°c.a]
A (-]
Z [-]

Time

Temperature

Wall surface temperature
Internal energy

Instantancous cylinder volume
Volumetric capacity

Mean piston speed

Burned gas mass fraction

Ignition advance,

Crank angle

Combustion duration,

Quotient of Connecting road length to crank radius,
Equivalent air-fuel ratio,

Subscripts and superscripts

a
b
e
u

Abbreviations
EVO

EVC

wo

wc

CA(V)

Admission
Burned
Exhaust
Unburned

Exhaust valve opening
Exhaust valve closing
Inlet valve opening
Inlet valve closing
Crank angle
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Zero Dimensional (Zero-D) models are the most
commonly preferred analytical tools for internal
combustion engine development [2]. They are one of the
simplest and fastest methods to model engine
combustion processes. Engine designers may find that
experimentally based Zero-D codes are more useful for
design and development applications. If an experimental
model is developed based on an engine’s experimental
data, this model can be used for new engines with
similar design in a predictive manner.

On the other hand, heat transfer is particularly important
in the combustion chamber energy balance. The gases
temperatures can reach about 2800 K and heat flux
induced can reach several tens megawatts per square
meter for some engines. Heat transfers occupy a capital
place in the combustion chamber heat release analysis,
since they account for approximately 30 to 40 % of the
energies in consideration [3]. For a small-scale 125 em’
two strokes SI engine, Franco [4] found that
approximately 50% of the fuel energy is converted to
heat loss. Therefore, heat transfer evaluation has a
significant effect in the model accuracy.

However, in the previous studies, using two-zone model
for natural gas SI engines, many choices are made for
heat transfer evaluation. For instance, Amr and co-
workers [1] used Woschni correlation, Caillol and co-
workers [5] [6] used Hohenberg correlation and Soylu
and co-workers [2] [22], used Annand’s. However, no
justification for the choice has been given in the
literature. Thus, this study aims to investigate the effect
of the choice of the heat exchange correlation and
provide an optimized choice for a more accurate two-
zone combustion model in the case of natural gas SI
engines. For this purpose, a computer simulation is
developed, and experimental measurements are carried
out for comparison and validation.

NUMERICAL MODEL DESCRIPTION
1. Model assumptions

The following assumptions and approximations are
considered for simplification:

1. The contents of the cylinder are fully mixed and
spatially homogeneous in terms of composition
and properties during intake, compression,
expansion, and exhaust processes.

2. For the combustion process, two zones (each is
spatially homogeneous) are used. The two
zones are the burned and the unburned zones.
The two zones are always separated by an
infinitesimally thin flame.

3. Until the start of combustion, the model is a
single zone and undergoes no pre-flame
reactions.

4. All gases are considered to be ideal gases
during the engine thermodynamic cycle.

5. The cylinder pressure is assumed to be the same
for the burned and unburned zones.

6. The heat transfer between the two zones is
neglected.

7. The cylinder walls temperature is assumed to be
uniform and constant (400 K) [1][7]
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8. The intake and exhaust manifolds are assumed
to be infinite plenums containing gases at
constant temperature and pressure.

9. All crevice effects are ignored, and the blow-by
is assumed to be zero.

10. The engine is in steady state such that the
thermodynamic state at the beginning of each
thermodynamic  cycle  (two  crankshaft

revolutions) is the same as the end state of the
cycle.

W’“\ Heat flux
_A

— ——
o '

L

Work

Figure 1 Schematic of the two-zones combustion
modeling

2. Model equations

The main equations governing the two zone- model are
the energy conservation equation applied to an open
system (burned and unburned zones), the equation of
ideal gases, the conservation of the mass, the evolution
of volumes and different sub-models allowing the
simulation of the thermodynamic cycle (sub-models of
combustion, heat transfer, mass transfer during the open
phases of the combustion chamber and formation of
pollutant) [1][8][9].

The total mass is assumed to be constant, since valve
leakage and blow-by are neglected.

m=m, + m, D

The volume of the two zones is equal to the total
cylinder volume, which is a function of the cylinder
geometry and crank angle.

V=V +V, )

In each zone, assuming ideal gases and the same
pressure, the equation of state gives.

P-V,=m,-R,T, G)
P-V,=m,-R,-T, @)
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The energy equations were written for each zone as
follows.

M=_P.d&+2%_hu.% (5)
de dg = do do
M:_p.%_,_zdgbz‘_,_h .dm“ (6)
do de < do " do

Combustion sub-model

The S-shaped burned mass fraction profile, the Wiebe
function, is often used to determine the burning rate. For
SI engines, a simple function with four parameters
allows to describe the different configurations of
application.

m,,+1
6-6, J -

x, =1—exp|—a._ -
b p W(Aeb

where 0 is the crank angle, 8, is the crank angle at the
start of combustion, A 0, is the total combustion duration
(from x, = 0 to x;, = 1), and a,, and m,, are adjustable
parameters which fix the shape of the curve.

Heat transfer sub-models

e Eichelberg’s Correlation (1939)

h,=7.67-10"(V,

p

)1/3'(P.Tg)1/2 (8)

e Woschni’s Correlation (1965-68) [15]

Vol
P

]’lg:q- B'szli%((q[{np).Fq '(P_Bno)J . T-053

~

)
P is the instantaneous pressure, in bar. Cy= 110-130. C;

and C,are given in table 1

Table 1: C; and C, Coefficients For Woschni’s
Correlation

Phase Cy [-] C, [m/s.K]
Intake-Exhaust 6.18 0
Compression 2.28 0
Combustion-Expansion | 2.28 3.2410°

e  Hohenberg Correlation (1979) [19]

h,=C,-C """ P*".T(C,+V, )" (10

P is the instantaneous pressure, in bar. The numerical
values C; = 130 and C, = 1.4 appearing in (10) are
constants established on base representative of six diesel
engines.

e  Sitkei correlation [18]

0.7 403
(P-v, )" 4

T(IZ . (4V)(13 (l l)

h, =2.36x107 -(1+b)-

With =0-0.35

e Annand’s Correlation [13] [14]

7 -T!)

h, =a-—-Re" +b- (12)
g
B (r,-1,)

K, ., (T

With @ = 0.35-0.8 and b = 4.3*10° W/m>K™ for SI
engines.

3 Model Integration

The preceding equations produce a system of first order
differential equations of the form: M (t,y).y ' =F (t,y)
The numerical integration of this system, during the
combustion process, with crank angle as the independent
variable, is obtained by using a Runge-Kutta type
method, to determine the following variables m, (@), m;
(©).V(®), Vs (), P©).T,(6) and T, (0).

A Matlab program is developed to simulate the engine
operation. The program allows the use of a variable
increment to allow an acceptable accuracy with a
minimized calculation time.

For the initial values, the thermodynamic cycle
simulation starts with assumed guesses of the values of
pressure and temperature of the contents within the
cylinder at the instant the intake valve opens. After two
crankshaft revolutions (720 crank angle degrees), the
calculated values of pressure and temperature are
compared to the initial guesses. If the calculated values
are not within an acceptable tolerance to the initial
guesses, the simulation is repeated using the final
calculated values as initial guesses.

RESULTS AND DISCUSSION

In order to study the effect of the correlation choice in
the accuracy of a two-zone thermodynamic model,
several operating conditions have been investigated.
Two cases are exhibited (figure 2a, b). It appears clearly
(figure 2-4), the influence of the heat transfer correlation
choice in the resulting engine cycle performances. To
explain this influence the heat transfer coefficient and
the burned gas zone heat flux have been traced (figure 5,
6). Hohenberg heat transfer coefficient appears
(figure. 5) as a mean function between overestimated
(Annand08) and underestimated (sitkei) coefficients.
Almost the same trend is given by Annand’s correlation
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with tuning factor equal to 0.3. During compression, The following table summarizes those comparing
woshni and Eichelberg underestimates the heat transfer. elements:

However, during combustion Hohenberg over-estimates

it. This is due to the specific gas velocity used. In fact, Table 3: Correlations comparison

this correlation separates the gas velocity into two parts:

the unfired gas velocity that. is proportional to the mean Accuracy Use Calsulation Tuning
piston speed, and the time-dependent, combustion tme
induced gas velocity that is a function of the difference
between the motoring and firing pressures.
Hohenberg Good Easy Good No tuning
Each correlation results will be discussed alone, taking
into considerations several aspects.
Eichelberg Acceptable Easy Good No tuning
e Woschni: Like noted by Hohenberg [19], this
correlation underestimates the heat transfer
coefficient during compression and over-
Woschni Acceptable Difficult More Need

estimates it during combustion. However, the
effect on the cycle performance is negligible. Its

need to motoring pressure makes it difficult to .
use. It also needs more calculation time Annand Depends on Easy Good _ Big

. . tuning influence
comparing to other correlations.

e Hohenberg: It is the best choice. It gives the
more accurate results. They are the average
results between overestimated ( Annand08 heat

Sitkei Bad Easy Good Need

coefficients) and underestimated (sitkei ones).

It’s easy to use, and the calculation time is

minimized. Almost no tuning has to be o e B
performed.

Honhenberg
Annand0s

e FEichelberg: Except for compression stroke
(figure. 5), like mentioned in reference [4], this
correlation results are acceptable. Like
Hohenberg’s correlation, it’s easy to use, and
the calculation time is minimized. Almost no
tuning has to be performed. So, it’s a second .
choice. o v

st Annandoss.
3 Eichelberg
;' ! \ Sitkel

Pressure (Pa)

(a)

e Annand: This correlation, comparing to others, p——
includes radiation term. However, this term s ‘ ‘ ‘ B
doesn’t have a big influence. Its tuning factor ‘T ————
has a big effect on the heat transfer coefficient > -

and the corresponding engine cycle s
performance. In fact, if the (a) parameter is set
to 0.8 the heat transfer coefficient is
overestimated (figure 5) and hence the engine b
cycle performance is underestimated (figure 2-
4). This makes it not very interesting to use in

Pressure (Pa)
~

thermodynamic ~ models. Using a ks = R o w
phenomenological ~combustion model, a b
calibration has to be performed in the (b)

combustion sub- model. . . . .
Figure 2 Pressure comparison for different correlations

within two cases:
(a) 9=1,0=9° c.a, Full load
(b) 9=1,0=9° c.a, Partial load

e Sitkei: It shows a bad accuracy. The heat
transfer coefficient is underestimated (figure 5)
and the engine cycle performance is
consequently overestimated (figure 2-4).

1376



Interdisciplinary areas in heat, fluid flow and thermodynamics

iati ing to
Correlation B Experience
@ Hohenberg
60 O Woschni
O Sitkei
59 @ Annand035
@ Annand08
58 @ Eichelberg
57
§ 56
X 55
i
53
52
51
50 4
(a)
g to
C "
@ Experience
@ Hohenberg
44 O Woschni
O Sitkei
®m Annand035
43 @ Annand08
@ Eichelberg
a2
§ a
2 40
39
38
37

(b)

Figure 3 Maximum Pressure comparison for different

correlations within two cases:
(a) 9=1,a=9° c.a, Full load
(b) O=1,0=9° c.a, Partial load
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Figure 4 Maximum temperature comparison for
different correlations within two cases:
(a) 9=1,a=9° c.a, Full load
(b) O=1,0=9° c.a, Partial load
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Figure 6 Burned gas zone heat flux density comparison
for different correlations within two cases:
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CONCLUSION

The accuracy of an engine simulation depends on the
precision of the heat transfer estimation.

In previous works using two-zone model for natural gas
SI engines, many heat transfer correlations have been
used and no choice justification has been given.

In the present study, the effect of the heat transfer
correlation choice has been investigated. The most
known correlations have been tested and compared
considering different aspects, and using experimental
results. It’s found that Hohenberg’s correlation is the
best choice. It gives the more accurate results. It’s easy
to use, and the calculation time is minimised. Almost no
tuning has to be performed. Even though not like the
first one, Eichelberg’s correlation is also an acceptable
choice.
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