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This paper has illustrated a "near wall" combustion model for a spark ignition
engine that was included in a two-zone thermodynamic model. The model has
calculated cylinder pressure and temperature, composition, as well as heat trans-
fer of fresh and combustion gas. The CO submodel used a simplified chemical
equation to calculate the dynamics of CO during the expansion phase. Subse-
quently, the HC submodel is introduced, and the post-flame oxidation of un-
burned hydrocarbon was affected by the reaction/diffusion phenomenon. After
burning 90% of the fuel, the hydrocarbon reaction dominates at a very late stage
of combustion. This modeling method can more directly describe the “near wall”’
flame reaction and its contribution to the total heat release rate.
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Introduction

With the rapid development of the economy, cars have entered thousands of house-
holds and become the most commonly used means of transportation. At the same time, the
growing demand for car purchases has greatly contributed to the rapid development of the
automotive industry. The development of fuel vehicles to this day has already faced the dual
pressures of environmental pollution and energy crisis [1]. It has turned out to be an increas-
ingly prominent issue for China's energy and environmental research center to develop clean
alternative fuel for vehicles so as to realize high-efficiency and low-polluting combustion in
engines, controlling harmful emissions from automobile engines. However, this requires al-
ternative fuels to possess both high combustion performance and low emission requirements.
Fuel consumption reduction, low pollutant emission and adequate output performance fea-
tures in modern Sl engine designs.

In this paper, the “near wall” combustion model of a Sl engine delved into, which is
included in a two-zone thermodynamic model. The model has calculated cylinder pressure
and temperature, composition, as well as heat transfer of fresh and combustion gas. The CO
submodel used a simplified chemical equation to calculate the dynamics of CO during the
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expansion phase. This model can predict the CO change process accurately. Subsequently, the
HC submodel is introduced, and the post-flame oxidation of unburned HC was affected by the
reaction and diffusion phenomena. It represented the time required for the mixture to reach
auto-ignition conditions, and after burning 90% of the fuel, the HC reaction dominates at a
very late stage of combustion. This modeling method can more describe the “near wall” flame
response directly and its contribution to the total heat release rate, but maintains faster speed
and simplicity in both computation time and modeling theory.

"Near wall" combustion model of the ignition engine

Brief description

The design of Sl internal combustion engines has evolved into a very difficult task
because the new engines must fulfill stringent pollutant emission standards with low fuel
consumption and sufficient output power. In order to satisfy the aforementioned design re-
quirements, several technical configurations such as variable valve timing and lift (in/out) and
variable compression ratio are adopted. The effects of these technical improvements are eval-
uated by a common engine test bench or numerical simulation.

In most models, the flame front of a SI engine is modeled as a laminar one front that
fluctuates due to aerodynamic turbulence, but does not account for the occurring of “near wall”
combustion when the flame approaches and reaches the combustion chamber wall. The cur-
rent research on the combustion model of Sl engines is the large eddy simulation (LES). An-
other important aspect of SI combustion is the post-flame oxidation of CO and HC when the
flame front reaches the vicinity of the combustion chamber wall [2, 3]. In the combustion
model of Sl engines in recent years, the decrease in the rate of heat release at the end of com-
bustion is entirely attributed to a special phenomenon, resulted from the interaction between
the flame and the wall is the cause of the decrease [4-6]. In this work, in the context of 0-D
physical modeling, the following method employs a simpler physical description to reproduce
the complex dynamics of the post-flame reaction. The CO concentration level is controlled by
chemical kinetics and exceeds its equilibrium value under exhaust pressure and temperature
conditions as a result of the decrease in combustion gas temperature during expansion and
exhaust stroke. This causes the CO oxidation reaction to freeze and the effect of CO kinetics
on the rate of heat release are primarily an effect on the fuel rich mixture. Involving a combi-
nation of various phenomena, the formation of the spark ignition engine HC is extremely
complicated. Nevertheless, the formation mechanism of HC is related to the flame quenching
of the cylinder wall closely. The unburned HC and air mixture do not react at the flame front.
It will maintain mixing with a large amount of combustion gas. After mixing, the temperature
rises and oxidation occurs. In the SI engine combustion model in recent years, the decrease in
the rate of heat release at the end of combustion is entirely due to a special phenomenon, and
the interaction between the flame and the wall is the cause of the decrease [7].

Reference is made below to a 0-D SI combustion model that includes the geometry
of the combustion chamber and a sub-model of the average flame surface, laminar flame ve-
locity, turbulent fluctuations of the free flame, and the interaction of the flame with the wall
[8]. In this paper, the combustion model of a 0-D Sl engine is embedded in the thermodynam-
ic and heat transfer model of a Sl internal combustion engine. Furthermore, the model consid-
ered the effect of post-flame reaction on heat release, and analyzed its effectiveness under
different working conditions. Finally, it compares with the experimental results and evaluates
the performance of the model.
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Combustion model and its submodel

Firstly, the turbulent combustion model is briefly introduced. In order to summarize
the principle of the model, the overall 0-D equation of combustion quality is proposed and
analyzed:

Qcomb = fo +pr (l)
Qf‘f = Iﬁfuel, ff Ahr,fuel (2)
pr = r‘hcoAhrco + mHCAhr,fuel 3)

The rate of heat release from combustion, Qum,, includes the heat release, Q'ﬂ , of
the flame front and the heat release of the reaction after the flame, Q, . The evaluation of Qg
is based on a flame propagation combustion model using the fuel consumption rate, Mge, # , Of
the flame front and the reaction, A« Of the fuel.

The schematic diagram of the combustion model (pre-flame model and post-flame
model) is shown in fig. 1, which provides the interaction between the sub-models and gives
the key variables of combustion modeling within the framework of each sub-model [9].

CO flame model HC post flame model [ Flame wall interaction
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to wall distance, A, S —

Calculation cycle of crank angular steps

Figure 1. Schematic representation of the entire model

Thermodynamic heat transfer model (dual zone model)

Energy, mass and material conservation equations

The two-zone thermodynamic model describes mass conservation and energy con-
servation in the combustion chamber [10]. In order to write these equations, some simplifying
assumptions must be made from the closing angle of the intake valve to the opening angle of
the exhaust valve. First, the total mass, M, is conserved and the loss is assumed to be zero:

=, +m, =0 4

where m, represents the mass burning rate, which is m, = « p+m,  determined by the
flame propagation model and the flame propagation model, where m, « is determined by the
flame propagation model and s, r corresponds to the mass of gas consumed by the reaction
after CO and HC flame. The mass ratio m, is one of the fresh gases.
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The instantaneous cylinder volume, V, is equal to that of the sum of the volumes of
the combustion zone, V,, and the unburned zone, V,. The derivative of the volume of the two
zones is equal to the derivative of the volume of the combustion chamber (given by the kine-
matics of the piston rod):

V=V, +V, (5)

In addition, during compression and expansion strokes, pressure is considered to be
in an infinitely fast manner throughout the cylinder. Therefore, the pressure, P, is considered
to be spatially uniform and varies only with changes in the crank angle. Fresh and burning gas
zones are considered to be chemically balanced. During the flame propagation, it is assumed
that the fresh and burning areas are separated by an infinitely thin flame front with no heat
exchange between them. The energy of eq. (4) and fresh gas entropy (S, — fresh gas entropy
and s, — fresh gas specific entropy) conservation equations of eg. (5) and volume conservation
eq. (3) complete the equations of the thermodynamic model. (h is the specific enthalpy, u —
the specific internal energy, T, — the temperature of the fresh gas, and q — the heat exchanged
by the gas with the external environment, which is determined by using the wall heat transfer
model):

Q=mu+pV (6)
S.u = _musu _% (7)

u

All gases are considered ideal gases. The specific heat difference (r = ¢, —c,) is at
constant pressure, c,, and constant volume, c,. The g, and Ty, are unburned and burned den-
sity and temperature respectively.

Heat transfer model

The thermodynamic model requires input of initial pressure and composition, com-
bustion chamber volume and its rate of change as a function of crank angle, and a cyclic heat
transfer rate model. The wall temperatures of the cylinder head, piston crown and cylinder
liner are constant and equal to 453 K. The heat transfer rate (Q = Q, +Q,) is commonly used:

Qu = Ah,whc,u (Tu _Tw) (8)

Q= Ab,whc,b (Tb _Tw) )

The wetted area (A, and Ay ) of each zone was modeled as a function of combus-

tion mass fraction, hole and cylinder height. Convection heat transfer coefficient (HC) is
composed of pressure, temperature, cylinder inner diameter and average gas velocity. The
coefficients of the model were calibrated so that the cylinder pressures before ignition were

equal to their respective measured values, and the sum of the net heat release and heat transfer
was equal to the fuel energy for combustion.

Post flame reaction

Effect of CO on heat release rate

During Sl engine combustion, chemical equilibrium usually does not occur. because
of extremely short time and smaller scale of the engine cycle than the chemical scale of the
main reaction. Throughout the expansion process, the combustion gas, due to the high tem-
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perature, the combustion gas contains a large amount of CO and NO gas, so it participates in a
variety of CO oxidation reactions during the expansion process, so that the chemical reaction
cannot be balanced. If the system's chemical reactions are in equilibrium at this time, the con-
centration of each reaction can be ignored. Based on this, a CO concentration model con-
trolled by kinetics was established, and the effect of CO concentration on the heat release rate
are penetrated into.

In order to maintain the speed and simplicity of the global 0-D model, a simple
chemical kinetic model based on partial equilibrium technology is implemented. According to
Valerio et al. [11] , the most basic chemical equation for controlling the kinetics of CO is:

CO+OH «——>CO,+H (10)
0,+0«~2>CO+0, (11)

where K¢ and Kj, are forward and backward rate constants.
The previous formula gives the total formation of CO. Combining the two formulas
above can be obtained:

[€0] =k [CO][OH] +k,,[CO, ][0] ~k,, [CO][O,] (12)

Therefore, taking all factors into account, the formation rate of CO can be expressed:
: [CO]

CO |=(R*R,)| 1 - 13

|: :| (Rl 2)[ [Co]eq ( )

where R; and R, designed in the formula are:
Rl = kf,le[CO]eq [OH]eq = kb,l[COZ]eq [H]eq
RZ = kf,Z[COZ ]eq [O]eq = kb,Z[COZ]eq [O]eq
The reaction rate constants ks ; and k , are:

cm® T,
K,,| —— |=6.76-10" exp| —2 14
”[molsecJ p(llOZJ 14
3 pa—
K, M| _25.10% exp 24055 (15)
| molsec T,

The two-zone thermodynamic model takes into account the energy contained in the
equilibrium state because the combustion mixture contains multiple gases. However, energy
storage is not included in CO dynamics, so this energy loss has been calculated in eqg. (1).

Effect of HC on heat release rate

The main reasons for HC emissions from Sl engines with good premixing and stoi-
chiometry is [2]:
—  When the flame approaches the wall of the combustion chamber, the flame goes out,
leaving a layer of unburned HC near the wall.
— The blow-by gas leaking into the crankcase from the combustion chamber through
the gap between the piston and the cylinder.
— Absorption and desorption in lubricating oil during intake and compression.
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All of these mechanisms lead to high HC concentrations in adjacent walls.

Through the numerical analysis of the convection, diffusion and reaction phenomena
occurring during the expansion stroke, the effects of diffusion and oxidation on heat release
can be observed.

Rakopoulos et al. [12] gives a detailed explanation of the 1-D model and gave all as-
sumptions and equations, including the reaction diffusion process of the post-oxidation phe-
nomenon. In the 0-D model, the thermodynamics of the cylinder provides the temperature of
the combustion gas and the temperature of the fresh gas. These two variables are consistent in

their respective regions:
J—ﬁ(pD.%J—a’)I =0 (16)

o ox ) ax\U T ax

(avi o,
—+u
where i is the composition index, u — the flow velocity, x — the spatial dimension, D — the
species diffusion coefficient, p — the density, and @ — the reaction rate.

The flow near the wall of the combustion chamber is highly viscous, and the diffu-
sion phenomenon is dominant. Therefore, the convection term is negligible.

Analysis of the post-oxidation phenomenon indicates that the unburned HC-air mix-
ture diffuses from the cold boundary to the combustion gas [13]. This diffusion process brings
about the increase in the temperature of the mixture until it reaches the local thermodynamic
conditions of auto-ignition.

Fuel consumption is controlled by a special chemical time, zyc, which can be de-
fined as (Ync is the HC mass):

Oy = va:?; = _pYi (17)
The
Compared with other characteristic time scales, this one is shorter, indicating that
fuel consumption is very rapid after auto-ignition. The thermodynamic conditions and physi-
cochemical properties in the “near wall” region are considered to be uniform. The thickness
S is only 0.2 mm. Therefore, a global species diffusion coefficient of Dy is used [14]. The
conservation equation of HC is given:

o¢ o¢
S _p.. == 18
6t HC alz ( )
Among them, & =Y, —Y, . This equation has an analytical solution to independent
variables: the dimensionless variable &(7,f) = X (#)T(f) represents the dimension of space,
7= x/6nc , trepresents time, € = (t/#)r = 54 /Duc and so on. The X (7) has the form:
X (%)= Acos(A**7)+Bsin(1"*)

The value of 1 corresponds to the eigenvalue of the Sturm-liouville problem, and the
constants A and B are associated with the boundary conditions [15]. If the fresh gas has dif-
fused and reached the boundary of the opposite wall of the combustion chamber, then they are
completely consumed and the constants A and B can be calculated:

X'(7=0)=0->BA**=0->B=0 (19)

X (7=1)=0-> Acos(2?) =0 2"? =g(2n—1) (20)
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In this paper, the area studied is the “near wall” area, which can be regarded as a
thin-walled system. In the “near wall” region, the initial conditions can be thought of as uni-
form, and the initial value of the HC mass fraction originates from the combustion model [16].

In order to verify the HC sub-model, an ogerating point with an engine speed of
2000 rpm and an average effective pressure of 8 x 10° pa was selected as the influence of the
HC reaction diffusion mechanism on the heat release rate [17]. The evolution of the combus-
tion mass fraction, fig. 2, and cylinder pressure, fig. 3, supplies the calculation results of the
combustion model, as is shown in fig. 2.

x10°
5 T T T T T T T
0.9 — . A Model
4.5 R Expriment
T 08 _ [\
. : e 4 ‘
= o,
& OF 2 3s \
© 2
£ 06 ‘ 2 .
8 I = \ 8X10°Pa 2000 rpm
g 05 g 25
E 04 s s
5 | - \
o 03 1 1.5 A
0.2 | 2000 rpm I b9
5 ~
o 8X10°Pa ] 05 SSreEe
0 L L n L L L L 0 I L L I I I !
20 0 20 40 60 80 100 120 140 180 —20 0 20 40 60 80 100 120 140 160
Crank angle [°] Crank angel [°]
Figure 2. Calculation of combustion mass Figure 3. Measuring and simulating
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combustion efficiency

Conclusion

It has been verified that the CO model proposed earlier is correct because it predicts
that the CO concentration will increase as the fuel-air equivalent ratio rises, and accordingly
the available amount of oxygen decreases. Such being the case, the system is prone to incom-
plete combustion and CO generation cannot be avoided.

In this paper, the “near wall” combustion model of Sl engine is studied and studied.
By calculating cylinder pressure, the temperature, composition and heat transfer of fresh and
combusted gas, the chemical equation of the simplified CO sub-model is used to calculate the
dynamic process of CO in the expansion phase. The model can accurately predict the CO
change process. The HC emission is caused by several kinds of phenomena. For a mixed,
stoichiometric specific charge, the phenomena together prompt HC to squeeze into various
gaps, add a certain amount of HC during the compression process, and re-enter the volume
during the expansion stroke. Gas will be an improvement of flame reaction after HC.
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