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engines — an overview

The mathematical description of combustion process in the internal combustion engines is a very difficult task, due to the variety of
phenomena that occurring in the engine from the moment when the fuel-air mixture ignites up to the moment when intake and exhaust
valves beginning open. Modeling of the combustion process plays an important role in the engine simulation, which allows to predict in-
cylinder pressure during the combustion, engine performance and environmental impact with high accuracy. The toxic emissions, which
appears as a result of fuels combustion, are one of the main environmental problem and as a result the air pollutant regulations are
increasingly stringent, what makes the investigation of the combustion process to be a relevant task.
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1. Introduction

The combustion process in the internal combustion
engines is a chemical reaction between the fuel and
oxidant, with the emission of heat and light. Explosive
combustion in a closed volume is one of the most
complex and complicated phenomena that are mo-
deled mathematically. The aim of the combustion pro-
cess modeling is to determine operational parameters
and the impact from the engine to the environment.

Increasing of the stringent regulations [6-8] that
are aimed to lowering toxic emissions during the ICE
combustion process with simultaneously maintaining
the high efficiency of engine operation conditions and
lowering the fuel consumption, provides to continuous
investments, related with the engine development.

Computer modeling and simulation are important
tools that are used for obtaining optimal engine de-
signs and allowing significantly reduce time and cost
constraint, that are needed for making modifications
in existing and/or creating new design solutions of
ICE. The existing computational methods and com-
puter programs that are most commonly used for
modeling processes that are occurring inside ICE can
be divided into two main categories: thermodynamic
models (the whole cylinder is considered as one cell.
For this cell applies the mass, the energy and the state
balance equations) and Computational Fluid Dynamic
(CFD) models (engine elements are divided into
a high number (hundreds of thousands) of three-di-
mensional cells and for each of them solved the sys-
tems of energy, mass, momentum and state balance
equations. This model provides three-dimensional
modeling of gas flow and fuel injection into cylinder
and/or engine manifold, turbulent mixing of fuel with
air, evaporation of fuel-air mixture, ignition and com-
bustion processes. However, this leads to a higher
computational time and requires a lot of computing
power from the computers). CFD models are most

commonly used when the detailed analysis of phe-
nomena that is occurring inside the cylinder during
combustion is needed.

Thermodynamic combustion models (TCM) cannot
provide analysis with same prediction as CFD. Howe-
ver, TCM are able to predict the combustion process
under various engine operating conditions with the
required level of accuracy, which is confirmed by many
researchers (examples are given in the section below).
Based on the number of zones into which the cylinder
volume can be divided, thermodynamic models can be
classified into three subgroups: single-zone model,
two-zone model and multi-zone model.

The choice of the calculation method (CFD or
TCM) is based on the main aim of modeling and si-
mulation. However, the thermodynamic models are
more attractive, due to lower computational complica-
tions and time needed for the calculating of the com-
bustion process. In the case of complex mathematical
models, most often used a combination of TCM and
CFD methods, for examples the firms which are leaders
in calculating engine parameters such, as RICARDO
WAVE [24] and AVL BOOST [1] provide the ability
to simulate a TCM with combination of CFD model
(used to describe the gas flow in three dimensions
inside the intake and exhaust manifolds [5, 11, 12]).
Due to the fact, that the 3D mesh is limited to specific
elements of the intake and/or exhaust manifolds, this
allows to minimize the unavoidable increases of the
time consuming during the calculation of the engine
operating parameters associated with using of CFD
models.

This paper discusses the selected issues that are
most often described when a single-zone or a two-
zone thermodynamic combustion model is using.

Multi-zone thermodynamic models in this paper
are presented only as a brief overview, because the
overview of this models requires individual paper to
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describe all features and properties. This models are
quite accurately described in [3, 10, 16, 30].

2. Thermodynamic model

In the TCM the internal combustion engine is rep-
resented as an open thermodynamic system (single-
zone model) or a combination of several thermody-
namic systems (two- or multi- zone model).

The fast pressure equalization speed in the relative-
ly small volume (engine cylinder) expect that the
pressure inside the cylinder depends on time (t) or
crankshaft angle (¢) (Eq. 1) and does not depend on x,
y, z coordinates [16], therefore, the thermodynamic
model is considered as a zero-dimensional model

p=olt (1)

According to the assumptions above, it can be con-
cluded that TCM - is used for energy analysis of the
combustion process in the entire volume of the ICE
cylinder and solves the issues in which can be as-
sumed that the gas parameters are independent of
coordinates and depend only on the time (or crank-
shaft angle), also the usage of TCM allows to analyze
toxic emission during the combustion process.

In terms of CFD, the TCM represent the entire cyl-
inder as one cell for which are applied the equations
of mass, energy and state balance.

Thermodynamic models are used to solve two
main issues:

1. Direct issue. Determination of the pressure
change inside the cylinder as a function of the crank-
shaft angle p(p), based on the previously defined
amount of energy released during the combustion of
the fuel charge Q.(¢) and heat transfer through the
walls Qyu (o).

2. Reverse issue. Determination the amount of heat
energy generated during the combustion of the fuel
charge Q.(¢), based on the previously defined pres-
sure inside the cylinder p(¢), which obtained from
experimental data or from the computer simulation.
Also needed to define heat transfer through the walls
Qu(), if only one pressure is defined than can be
determined only amount of total heat dQ, according to
Eq. 2

dQ=dQ, -dQ, 2

In order to create TCM, must be solved three equa-
tions which are depending on the TCM type.

General equations:

1. The first law of thermodynamics used to de-
scribe the processes occurring in the combustion
chamber consists in the fact that the change of internal
energy in the cylinder is equal to the sum of the work
of the piston, the amount of heat and enthalpy in- or
out-flowing gas (Eq. 3).

The first law of thermodynamics for the ICE can
be defined as

dU =d(ulm)=dQ -dW +dH (3)
2. The ideal gas law
pV =mRT 4)
3. Mass conservation law
dm =Y dm; 5)

2.1. TCM basic assumptions

Regardless to the model type, the basic assump-
tions are the same (differences in model assumptions
presented in the relevant parts of this paper):

a) The thermodynamic parameters and composi-
tion of the working medium at any moments are ho-
mogeneous and stoichiometric and changing only with
the crankshaft angle or time.

b) The initial temperature conditions are calcula-
ted by means of the perfect gas equation based on the
measured pressure, mass of the mixture that is entered
into the combustion chamber and the volume of the
combustion chamber. The mass of air is measured by
using a MAP (manifold absolute pressure) or MAF
(mass air flow) sensor, the mass of the fuel is calcu-
lated by using a measured air-fuel ratio

m - 04 [MWair

AFR = —4r
Mgye) D gye) [Mquel

(6)

¢) Blow-by mass (mgg) of the air to fuel mixture is
so small compared to the other masses that are taken
into account in the mass conservation law calculation.
In the simplest TCM the air to fuel mixture losses by
leakage in the piston rings and valves does not taken
into account. Of course, depending on the model re-
quirements, the blow-by mass could be taken into
account (Eq. 31 and Eq. 32).

d) The heat transfer area is limited by the cylinder
head, the top surface of the piston and the cylinder
wall.

3. Thermodynamic submodels

3.1. Thermodynamic properties

To estimate the thermodynamic properties of the
gas (variations of specific heat, enthalpy and entropy
with temperature) in the cylinder as a function of tem-
perature can be calculated by the well known linear or
polynomial Eq. 7, Eq. 8 and Eq. 9, based on the poly-
nomial tables of JANAF.

Instantaneous gas properties are calculated by the
simultaneous numerical integration of differential
equations

Cpi(T):R(a1+a2T+a3T2 +a4T3+a5T4) 91 (7
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T, T? T’ T* a
hpi(T):R[a1+a22+a33+a44+a55+;J 91 8

S(T)ZR[&1 DnT+a2T+a3T22+a41;3+aST+a7J [9] (9)
3.2. The cylinder volume submodel

The total cylinder volume (V(o)) is the sum of the
volumes of the combustion chamber (V.) and the cy-
linder volume (V;), and depends on the instantaneous
position of the piston. The Eq. 10 is based on the ki-
nematic and kinetic of crankshaft as shown in Fig. 1,
and can be written as

V(g)=V. +V,(¢) (10)
The combustion chamber volume

v o= Ys (11)

¢ e-1

The instantaneous volume of the cylinder can be
calculated on a per-anglestep basis using the follow-
ing equation

V(g)=V, +%(l+r—rlﬁtos(¢)+ (l—rBin(¢))2) [24](12)

i TDC
S i B -

PISTON

\

BDC

Fig. 1. Schematics of crank mechanism

The piston position is calculated using a standard
crank/slider calculation as shown below. As default
0 deg refers to the piston position at top dead centre

S, :(1+r—rﬂ’tos(¢)+ (l—rBin(¢))2j [24] (13)

Cylinder volume change (Vy(9)) in the differential
form, can be written as

av _ﬁ . r? Bin(¢)ﬁ:os(¢)
5 4 (r@m(¢)+—12_r2&n(¢) [17] (14)

3.3. Heat transfer submodel

One of the most important submodels of TCM is
a heat transfer, this submodel predict a heat transfer
from a closed volume (cylinder) to the walls repre-
senting as a cylinder head, cylinder liner, top surface
of the piston and valve head areas located in the com-
bustion chamber. There are three different types of
heat transfer: diffusion, convection and radiation. In
this work, only the convective heat transfer was de-
scribed.

Basically, the heat transfer calculation does not re-
quire high computing power. To calculate the amount
of heat transferred to the walls, used the Newton-
Richman law, that can be written, as

dQ, =a A, (T-T, Mt [9, 17] (15)

According to Eq. 15 the heat transfer depends on
time, in order to obtain connection with TCM, the Eq.
15 must be dependence on the crankshaft angle. The
simplest conversion between time (t) and crankshaft
angle (@), can be written as

=92 [16] (16)
6n
where: t — is expressed in (s), n — is expressed in
(rpm), @ — is expressed in (deg).

The most important parameter of the heat transfer
submodel is the heat transfer coefficient (a,).

There are many semi-empirical equations used to
predict heat transfer coefficient, the most popular
equations in the point of view of the prediction accu-
racy are Woschni’s, Hohenberg’s and Annand’s equa-
tions.

a) Woschni heat transfer coefficient

The Woschni’s correlation is well-known and
widely used for calculation the heat transfer coeffi-
cient in both SI and Diesel engines and is given by Eq.
17. While the other correlations consider the gas ve-
locity to be constant during the engine cycle, the
Woschni’s correlations provides the most detailed
approach in the estimation of convective heat transfer
and takes into account the gas velocity increases in the
cylinder during the combustion, but the usage of this
correlation without calibration often does not allow to
calculate the instant heat transfer coefficient with re-
quired accuracy

08 08
o, =130 P v

052502 9,151 (A7)

The value of the in-cylinder gas velocity depend-
ing on the working period of engine and can be calcu-
lated from the Eq. 18 and Eq. 19.

During the gas exchange and compression period

w=228[C, [9, 15] (18)
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During the combustion period
w=228[C, +3,3400 [—I\%[ﬂp -p.) [9,151(19)
P
Mean piston speed (C,,), given by

:spm
30

[15] (20)

where: n — is expressed in [rpm].

Woschni’s heat transfer coefficient included the
pressure difference between fired and motored opera-
tion (p — p.) in the characteristic velocity to account for
the effect of the combustion on the heat transfer [4].

b) Hohenberg heat transfer coefficient

According to Hohenberg, Woschni’s correlation
underestimates the heat transfer coefficient during
compression and overestimates it during combustion.
In addition, he stressed its difficulty of use [9]. Based
on Woschni’s work, Hohenberg proposed the correla-
tion given by Eq. 21

= 130 - pO8 - T-04.y=006. (C_ +1.4)%8 [4, 9] (21)

¢) Annand heat transfer coefficient

Unlike the previous two that were created for
Diesel engines and afterwards, adapted for the SI
ones, Annand’s correlation originated from tests with
SI engines [9]. The heat transfer coefficient is evaluat-
ed as shown in Eq. 22. Annand’s correlations consider
the gas velocity to be constant during the engine cycle
equal to mean piston speed (C,,)

w

Kk 4 _d
o :CFg DR60’7 +4,3 DIO_Q EﬁT ’I"I‘W ] [9] (22)

w

where: ¢ — Annand’s correlations parameter for a two-
stroke engine often equal to 0.26 and for four-stroke
engine equal to 0.49.

The second term of Eq. 22 accounts the radiation
influence, which most often is neglected for SI en-
gines [9].

3.4. Combustion submodel

The combustion duration is described by the
amount of energy that released due to the combustion
of the charge (Qy) and can be written, as

d gx
Q X = (2t b
dg dg
Total thermal energy of the fuel released during the
combustion process (Q,), given by

(23)

Q, =myy [LHV,  [17,21,29] (24)

The Wiebe function is widely used to estimate the
rate of burned fuel mass in thermodynamic calcula-

tions, and allows the independent input of function
shape parameters (m) and of burn duration, and repre-
sented by relation above

_ b+l
xy, =1-exp —QEE")AZO] [16, 29] (25)

Wiebe equation parameter o, determining the qual-
ity of combustion, and can be written, as

a =1In(l - x *) = -6,908 [16] (26)

where: x* = 0.999 — value of burned fraction at the
end of combustion.

In the differential form Wiebe equation, can be
written as

b
Xy _ bt ¢'¢°j fi-x,) [171(27)
dg Ag \ A¢

The semi-empirical Wiebe function is character-
rized by the simplicity of description and universality.

In the presence of experimental data it is always pos-

sible to estimate the appropriate values of the Wiebe

function parameters (Eq. 25), which allows to, provide
simulation of the combustion process with required
accuracy.

4. Single-zone model

It is a simplest TCM, that is used the basic TCM
assumptions described in subchapter 2.1. In single
zone models, cylinder charge is assumed to be uni-
form and the cylinder volume regarded as a single-
zone. A single-zone model is often used if there is
a need for a fast and preliminary analysis of the en-
gine performance. However, single-zone considera-
tions are associated with averaging temperature inside
the cylinder during the combustion duration, which
reduces the accuracy of the toxic emissions calcula-
tion.

This disadvantage can be eliminated by using
a two-zone or multi-zone model that allows, to predict
engine toxicity more accurately.

According to the assumptions of the single-zone
model and the thermal balance presented on the Fig.
2, a system of three equations for this model in the
differential form can be writing, as

d(mmm) _ dQ, Ly 9Qu _ av

dg dg dg
pd_V+QV:de_T+md_RT+d_mRT
dg dg¢ dg ~d¢  d¢
dm _ dm;, + dm,

g dp dg

¥ th,, dm;, ~h,, dm,,, (28)
dg dg dg

(29)

(30)
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Fig. 2. Thermal balance of the single-zone model

The combustion process take place when the intake
and exhaust valves are closed (closed cycle without
gas exchanges), so assumed that the mass inflow
equals zero (m;, = 0), and out flowing mass equals
zero (m,, = 0), then Eq. 28, can be written as follows

dmm) _dQ, 5 dQy _ av
g dp “ap "y

If a higher accuracy in the calculation of the com-
bustion model is needed, then blow-by mass takes into
account, and then the energy balance equation, can be
presented by the following equation

d(mmm) _dQ, _
dg dg

To calculate the value of the instantaneous internal
energy, it is needed to determine all components in the
right side in the energy conservation equation (Eq. 3).
To simplify the TCM calculations, used the submo-
dels described in the third chapter of this paper.

(D

dQ,, dv dmpgg
—p—— ~hgp
dg dg d¢

2
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4.1. Research carried out using the single-zone model

The author [32] investigate the combustion process of
an SI engine fuelled with methane and methane-
hydrogen blend. The studies were aimed to estimate the
prediction accuracy of the combustion process modeling
with single and double forms of Wiebe function. The
results confirmed that the usage of the double Wiebe
function increases the calculating accuracy. However,
the difference between experimental pressure curves and
simulated ones, estimated at about 3%, which is caused
by temperature averaging. The author [2] in order to
predict the in-cylinder pressure for the diesel engine
fueled by diesel and biodiesel implemented a single-zone
combustion model and used the triple-Wiebe function to
describe the heat release process. The simulation results
are presented in Fig. 3. However, similar to the previous
author, the average temperature caused differences in
pressure curves, estimated at 2.5%. Similar results are
obtained by the authors [20, 21, 25, 27] and others.

Unlike to the previous authors, the studies of the
author [13] were aimed to sensitivity analysis of the
Wiebe function coefficients to the various engine
loads. Moreover, method of confirming the number of
combustion phases and method of estimating start
angle of combustion were proposed by the authors
[13].

In summary, it can be concluded that the average
temperature in the cylinder does not have a significant
influence over the engine performance prediction.
According to the author [28] the ten percent of heat
transfer prediction error leads to the order of one per
cent performance prediction error [18]. A single-zone
models, allows to predict the heat release rate with
high accuracy. However, there are differences be-
tween experimental pressure curves and simulated
ones caused by temperature averaging which is pre-
sented in Fig. 4.

WCOBD:N=1500 RPM P
45 e T
=~ Experimental
------ Triple Wiebe law ||
"""" Three Wiebe laws | |

Heat release rate [J/°CA]

) 0 20 40 60 80
Crank angle [Degree]

(b)

Fig. 3. HRR of the CI engine fueled with diesel (a) and biodiesel (b) [2]

COMBUSTION ENGINES, 2019, 178(3)

31


http://mostwiedzy.pl

A\ MOST

Thermodynamic modeling of combustion process of the internal combustion engines — an overview

4
0 Experimental
|- Double-Wiebe Function
35— Single-Wiebe Function

Methane

W
=)

Pressrure [bar]
N
W

L 1 L 1 L 1 L 1 L 1 L 1 L
-20 -10 0 10 20 30 40 50
Crank Angle [deg]

60
B M70H30
50
& a0
[]
S
w
S 30
-

N
=)

-
=}

1 s 1 L 1 s 1 L 1 L 1
-20 -10 O 10 20 30 40 50
Crank Angle [deg]

(a)

x10° DF: N=2200 RPFM P, __
10 v : . . )
9 [— Experimental
o] === Simulati
_ , r\i | ion
[
£, /. i\
e FARNA
£ / \
j . 7 N
s, 3
o 2 F/ \
1,..-'/ | i
26 30 20 0 o0 10 20 30 40 50
Crank angle [Degree]
x10° WCOBD: N =2000 RPMP__
5 N
— 8 /
z ViAY
o | /
Zs
4 /
£s
g \
£. % N
5 2 r/ EN
=y
1

40 -30 -20 10 0 10 20 30
Crank angle [degree]

(b)

40 50

Fig. 4. Comparison of pressure development in single zone model (a) [32] and (b) [2]

5. Two-zone model

The two-zone combustion model is an extension of
the single-zone model, which is due to its additional
assumptions, gives more accurate prediction of the
engine performance and toxic emission calculations.

Additional assumptions of the two-zone model:

a) The basis of the two-zone model, is the division
of the cylinder volume (V) (Eq. 33) and the mass of
the working fluid (m) inside the cylinder (Eq. 34) into
two zones (the unburned zone (m, and V,) and burned
zone (my, and Vy)) by a thin zone of the combustion
reaction (flame front), The division of the combustion
chamber is shown on Fig. 5.

V=V, +V, (33)

(34)

m = Mgy +mair =m, +mb

b) The pressure inside the cylinder is uniform at
any moment.

¢) Each zone has its own temperature, which is
uniform in its own zone. There is no heat exchange
between zones.

d) Working fluid that fills the cylinder is homoge-
neous and contains air, fuel vapor and residual gases.

e) Each zone has its own heat transfer coefficient
and contact area (with cylinder walls, cylinder head,
top surface of the piston). The calculations of the con-
tact area based on the instantaneous value of the
burned mass.

_!pin, Tin, Min pom, Toul, Mouw
BURNED ZONE !
L
UNBURNED ZONE | hw, dme i
P, Tu, Mu, Ru dw -

1 hseb mesb +hesu mesu

Fig. 5. Thermal balance of the two-zone model

Due to the division of the cylinder chamber into
two zones, equation of energy conservation for each
zone, can be written as follows:

Burned zone

7d(m§ [y ) -, 9V dQ, _dewb +h, dm, - dmgg,
@ dg d¢ d¢ d¢ d¢
[1, 14] (35)
Unburned zone
d(m,u,) dv dQ dm, dm g,
uu/ - _ u _ WU _ 1y -h s
d¢ p d¢ Z d¢ u d¢ BB,u d¢
[1, 14] (36)
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. d .
In the equation above the h, di@b — includes the en-

thalpy flow from the unburned zone to the burned as a
result of the conversion of the fresh load to the com-
bustion products.

The ideal gas law

p:%[ﬂmbﬂkbﬂ“b+muﬂiu|ﬂ"u) (11 (37)

Mass conservation law

dm _ dmj, . dm, . dmgp _ dmy . dm, . dmpgg
d¢g d¢ dg¢ d¢ dg d¢ d¢

5.1. Research carried out using the two-zone model

Due to the fact that the combustion chamber is di-
vided into two zones, it gives a more accurate predic-
tion of the temperature inside the cylinder. Therefore,
many publications devoted to a two-zone modeling of
the combustion process, except the similar issues that
are also solved by single-zone modeling (presented in
the [18, 26, 29, 31] and others), aimed to additional
issues:

1. Analysis of the influence of the various engine
operation conditions (load, rotational speed, EGR rate
and others) on the emissivity and combustion charac-
teristics. The studies of the authors [14] were aimed to
predicting the effect of ethanol-gasoline (EO, ES, E10,
E20, E30 and E50) fuel blends on the performance and
emission characteristics of SI engine. The studies of the
authors [23] were aimed to investigate and analyze the
impact of the EGR rate and engine loads, on the com-
bustion and emissions characteristics of the diesel en-
gine by two-zone modeling.

2. Analysis the impact of different heat transfer
correlations (Eq. 17, Eq. 21, Eq. 22 and others (not
presented in this paper)) on the heat transfer submodel
prediction and results of combustion modeling. This
type of analysis was carried out by the authors [9], for
study they used SI engine fueled with wet ethanol.
Results showed that Hohenberg’s correlation (Eq. 21)
together with Wiebe function, gives the most accurate

(38)

Parameter Estimation Comparison
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- Experimental
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Gas-Wall Heat Flux (MW/m?)

results, in the prediction of the in-cylinder pressure
and heat flux through the cylinder walls (Fig. 6).
A similar study was carried out on the SI engine
fueled with natural gas by the authors [19]. The results
shown that the Hohenberg’s or Eichelberg’s correla-
tion together with Wiebe's function gives the good
calculation result.

It can be concluded that, the two-zone model com-
pared to a single-zone model allows to, additionally
assess emission characteristics and analyze the heat
transfer submodel, which leads to a better simulation
results.

6. Multi-zone model

If it is needed to create the TCM with highest accu-
racy and lower time-consumption (compared to CFD
models), more often used multi-zone models. They
are an extension of the single- and two- zone models
and uses the basic assumptions of single- and two-
zone models.

Additional assumptions of the multi-zone model:

a) The cylinder volume is divided into a predeter-
mined number of zones (there are different ways for
division some examples presented in Fig. 7 [3] and Fig.
8 [10]). The simulation results are presented in Fig. 9.

b) The pressure in each zones are the same and
equal to the pressure in the cylinder.

6.1. Baratt’s multi-zone divided example

The author [3] create a multi-zone model to ana-
lyzing the combustion process and toxic emission of
a SI engine fueled with CNG.

The combustion chamber volume is divided into an
unburned gas zone (V,) and a burned gas region (Vy),
which has been split into six ‘zones’ (shown in Fig.7).
The numbers in the picture show each of the burned
zones. In real simulations, a burned zone is generated
each 5° crank angle, and thus 15-20 burned zones (the
exact number depends upon the combustion duration)
are generally generated at the end of combustion
(EOCO) [3].

Maximum Heat Flux

3.5

25 1

Only Wiebe Only Hohenberg

(b)

15
Wiebe and Hohenberg

Fig. 6. Three cases estimation comparison using Hohenberg’s correlation for (a) the in-cylinder pressure and (b) the maximum heat flux [9]
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The following Eq. 39 is obtained by constraining
the sum of the volumes of the unburned region (V,)
and of the burned zones (V,; where subscript (i)
ranges from 1 to n) in order to be equal to the instan-
taneous cylinder volume (V) [3]

n
dV =dV, +YdV,;

i=1

(31 (39)

The mass conservation law, applied to the cylinder
content, yields

(3] (40)

dm = d(mfuel + m,;, + mr) = dmu + dl’nb,n

The energy conservation equation for the unburned
zone and for each burned zone i, can be written, as

-q,A,dt+V,dp =m,dh, [3] (41)
i Apidt+Vy,;dp =my;dhy; [3] (42)
The ideal gas law, is given by relation
n
pV=m,R, T, +> my;Ry;Ty; [3] (43)
i=l
Fig. 7. Multi-zone division by Baratt [3]
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The equations of this multi-zone TCM are the
same as for the two-zone model, difficulties in the
equations and calculating are associated only with the
increased number of zones, also in this multi-zone
model is necessary to take into account heat transfer
between zones.

6.2. Fathi multi-zone divided example

The author [10] proposed to divided combustion
chamber into 13 zones, shown in Fig. 8. There is no
mass transfer between zones, and the inter-zonal in-
teractions is confined to the heat transfer between
neighbouring zones and the work done due to the zon-
al volume changes [10].

The first law of thermodynamics for each zone in
a system with a constant mass is expressed by the
equation

du, _ _dv, dQ,
P [10] (44)
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Fig. 8. Zonal configuration for multi-zone modeling [10]
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Fig. 9. In-cylinder pressure and temperature [22]
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Since all zones have a uniform pressure, total in-
cylinder mass during multi-zone modeling is constant,
mass of each zone remains constant, and the combus-
tion chamber volume is the sum of all zones volumes,
the first ordinary differential equations for the multi-
zone model can be derived [10], as

do__ L Ve pp +¢Ei(mﬂzcﬂ;z+m£z£] [10] (45)

= v dt dt

Mass conservation equation for multi-zone model
is determined as follows

dm,;

AT *
—L =V M, 0"

m [10] (46)

Eq. 46 according to the author [10] is solved by
using the Cantera chemical kinetics solver.

6.3. Simulation results

The multi-zone model allows to analysis in-
cylinder temperature of different zones, which gives
a positive effect on the simulation accuracy (Fig. 9).

7. Conclusions

All TCM overviewed in this paper are based on the
differential equations of energy conservation, state
and mass. All parameters of these equations, depends
on the crankshaft angle or time. Therefore, this mo-

dels are called zero-dimensional. TCM division is
based on the number of zones inside the cylinder. The
choosing of the calculation method based on the main
aim and required computational accuracy of the mo-
del. However, for a numerical description of the com-
bustion process and analysis of the impact of various
engine parameters (load, rotational speed, EGR rate,
etc.) on the combustion process and emission charac-
teristics of ICE, the two-zone model is most common-
ly used, because it allows to predict the engine opera-
tional parameters with the required level of accuracy.

Based on the analysis of the references presented
in this paper, it could be concluded that it cannot be
definitely determine which correlation of the convec-
tive heat transfer coefficient gives the better results. In
some cases, the heat transfer correlation gives more
accurate results in other cases they cause more calcu-
lation errors. Therefore, the convective heat transfer
correlation must be selected separately for each spe-
cific case.

Modeling of the combustion process by using the
Wiebe's function allows to, calibrate the shape para-
meters and burn duration. The ability to change seve-
ral parameters in one equation allows to fit them to the
experimental data with the smallest errors.

Nomenclature

o Wiebe equation parameter that determining
the quality of combustion

Oy convective heat transfer coefficient

a—ay JANAF polynomial coefficients

Ay, heat exchange area

b semi empirical Wiebe equation parameter (the
Wiebe’s function shape parameter)

B cylinder bore

BDC bottom dead center

c Annand’s correlations parameter

Cn mean piston speed

Cp specific heat

CFD computational fluid dynamic

dt calculation step by time

H change of enthalpy in- or out-flowing gas

hin, houe specific enthalpy of in- or out-flowing gas

h, specific enthalpy

ICE internal combustion engine

1 connecting rod length

LHV; lower heating value of fuel

k, thermal conductivity coefficient

m total mass of the charge in the cylinder (air +
fuel)

My mass of air

mpp blow-by mass

my, mass of charge in-cylinder burned zone

Mgl mass of fuel

m, mass of residual gas

m, mass of charge in-cylinder unburned zone

MW, molecular weight of air

MW:; molecular weight of fuel

n crankshaft rotation speed

Ny number of moles of air

Nfyel number of moles of fuel

P in-cylinder pressure

Pe in cylinder pressure during motor operation

Q total amount of in-cylinder heat

Qu wall heat loss

Q, heat of combustion

Q total thermal energy of the fuel (released du-
ring the combustion process)

quAy, moduli of the global heat transfer from the

QbiAbi considered zone (u or i) to the adjacent zones
and to the combustion chamber walls [3]

R universal gas constant

r crank radius (half the stroke)

s entropy

Sp instantaneous piston position

SI spark-ignition

T in-cylinder temperature
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T, cylinder wall temperature x* amount of burned fraction at the end of com-

TDC top dead center bustion

TCM thermodynamic combustion model ¢ crankshaft angle

internal energy T time

u specific internal energy o crankshaft angular speed

AV in-cylinder volume o consumption/production rate of species during

Vy in-cylinder burned zone volume combustion [10]

Vi in-cylinder unburned zone volume € engine compression ratio

V. combustion chamber volume ¢ crankshaft angle

W the work on the piston P9 crankshaft angle of combustion start

W in cylinder gas velocity A combustion duration

Xp burned mass fraction
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