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ABSTRACT

To improve the prediction of the combustion processes
in spark ignition engines, a 0D flame/wall interaction
submodel has been developed. A two-zones
combustion model is implemented and the designed

submodel for the flame/wall interaction is included.

The flame/wall interaction phenomenon is conceived
as a dimensionless function multiplying the burning
rate equation. The submodel considers the cylinder
shape and the flame surface that spreads inside
the combustion chamber. The designed function
represents the influence of the cylinder walls while
the flame surface propagates across the cylinder. To
determine the validity of the combustion model and
the flame/wall interaction submodel, the system was
tested using the available measurements on a 2 liter
Sl engine. The model was validated by comparing
simulated cylinder pressure and energy release rate
with measurements. A good agreement between
the implemented model and the measurements was
obtained.

INTRODUCTION

Modern automobile engines must fulfill challenging
conditions in terms of efficiency and pollutant
emissions while keeping performance. The answer to
these constraints has been the development of new
modes of combustion and the inclusion of mechanical
devices such as turbochargers, variable valve timing
(VVT) and exhaust gas recirculation (EGR). These
new developments improve dramatically the engines
performance, but their inclusion also results in a
less predictable combustion, which might alter the

proper functionality of the exhaust treatment systems.

Studies in this area have coincided with the fact that in
order to maintain the performance of these systems,

Maria Rivas
Renault, France

Pascal Higelin, Christian Caillol
PRISME, Orleans France

Olivier Sename, Emmanuel Witrant
GIPSA Lab, Grenoble France

Vincent Talon
Renault, France

a more accurate prediction of the phenomenological
combustion modeling is essential.

In the case of Sl engines, several combustion models
have been proposed, in most of them, the heat release
is modeled by the classical turbulent premixed flame
propagation. [1] provides a summary of different
common combustion models. The main differences
between the different propositions are associated
with the modeling of the wrinkling phenomenon of the
flame surface. Two different models were studied in
this work: coherent flame model (CFM) and Fractal
Combustion Model.

In [2], a 3D CFM model is developed. It describes
the rate of fuel consumption per unit volume by the
product of the flame surface density and the local
speed at which it consumes the mixture. This model
was reduced to 0D in [3]. In [4], [5] and [6], different
fractal combustion models are proposed and the
most relevant elements to characterize the fractal
representation of the burning rate are developed. In
this work, the fractal combustion model from [5] and
its complement from [7] are implemented.

The previous 0D models mostly focus on the laminar
characteristics and on the wrinkling phenomena of
a free developing flame, but they lack a suitable
approximation of the wrinkling phenomenon when
the flame reaches the cylinder walls. The cylinder
wall is a barrier that limits the fuel mobility. Besides,
the wall temperature is colder when compared to
the gases temperature, which decreases the gases
expansion. These phenomena reduce the burning
rate. This behavior might depend on the engine intake
geometry, the combustion chamber geometry and the
operating conditions [8]. Such a flame-wall interaction
is an essential issue in accurately modeling the
combustion process.



In this paper, a new model that takes into account
the impact of the cylinder walls in the burning rate
is proposed. This approach is based on the flame
surface distribution with respect to the combustion
chamber and the assumed linear decay during the
flame-wall interaction. A well defined geometric model
of the combustion chamber is designed in order to
have more realistic results. The model is included in a
0D two-zones combustion model and can be included
in several combustion schemes since it is conceived
as a dimensionless function multiplying the burning
rate equation. The model is tested taking as reference
the available measurements on a 2 liters engine. It is
validated with the data fit of the cylinder pressure and
the energy release during the combustion.

In this paper the two zones thermodynamical model
and the combustion model are described. A previous
model to represent the combustion close to the walls
is presented, this approximation was used before
moving to the current approximation and will help to
understand the improvements obtained with the main
result of this work. Subsequently, the submodel to
take into account the impact of the cylinder walls in
the burning rate is illustrated, this model constitutes
the main result of this work. Finally, comparison with
experimental results are presented.

TWO ZONES THERMODYNAMICAL MODEL

There are some assumptions in the spark-ignition

engine combustion process that permits a representation

of this process with a two zones approximation [9].
Those assumptions are:

e the fuel, air and residual gases charge is
uniformly premixed;

e the volume occupied by the reaction is small in
comparison with the clearance volume, which
means that the flame is a thin reaction sheet that
becomes wrinkled as it develops.

Under these assumptions it can be assumed that the
cylinder volume is divided into two zones: the burned
gases and the unburned gases zones separated by
the reaction layer. Each zone is defined by its mean
thermodynamics properties and the specific heat
of each gas component changes according to the
JANAF thermodynamic properties table [10].

Both zones are assumed to have the same uniform
in-cylinder pressure. The thermodynamical model
describes the energy balance inside the combustion
chamber. Each zone is considered as a separate
open system. The mass flow rate into each zone is
deduced from a balance equation corresponding to
the mass transfer through intake and exhaust valves.
The mass transfer between the two zones is modeled
by the two zones combustion model detailed next.

The energy equation for each zone is inferred from
[11] as:

AU; = 6Qun s = pdVi + (D hydm;) (1)

i
J

where the subscript ¢ denotes the zone: i = b for
burned gases or ¢« = u for unburned gases, U; is the
internal energy of the cylinder gas mixture, 6Q:.;
expresses the heat transfer of the cylinder contents
to the surroundings, pdV; corresponds to the work
delivered by the piston, >_; h;dm; is the total energy
flowing into or out of the zone ¢ and h; is the specific
enthalpy of each zone.

The left hand side of (1) can be written as:

dU; = u;dm; +m; Z U kY5 1 + micy :dT; (2)
k

where u; ;. is the internal energy of species k in the
zone i and u; corresponds to the internal energy of the
whole mixture, Y; ;, corresponds to the mass fraction of
species k in the zone i. m; is the total mass in zone ¢
and T; corresponds to the temperature of the mixture
in the zone 1.

Solving (1) and (2) for d7T', two ordinary differential
equations are implemented as governing equations
for the system temperatures dynamics:

1
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where V, is the unburned gases volume, V; is
the burned gases volume. The cylinder charge is
supposed to be premixed and homogeneous, which
implies that dY; ,, = 0.

The term dQy,; has been replaced by —0Q. ;
because the heat transfers to the surroundings are
considered as heat losses into the cylinder walls.
The heat losses from the gases in the combustion
chamber to the cylinder walls are given by:



5Qw,i = hcAw,i(Ti - Tw) (5)

where A,, ; is the wall transfer area for each zone, T; —
T, is the temperature difference between the gases
(burned or unburned) and the cylinder walls and h. is
the heat transfer coefficient computed from Woschni’s
equation [12].

The volume V; in each zone is defined by the algebraic
relation:

mpre Ty
V; = ‘/('1 6
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Vu = chl - VZ (7)

where r; is the mixture specific gas constant in zone
i and V., is the cylinder volume. Finally, putting
together equations (3) and (4) and solving for dp, the
in-cylinder pressure dynamics is modeled as:
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Figure 1: Two zones model scheme: the fresh gases are
locally dragged to the wrinkled flame front at the laminar
speed S;

Recent combustion models are generally based
on the flamelet assumption, where the combustion
reaction is assumed to be fast enough so that the

dominant effect of turbulence on the flame is to wrinkle
the flame surface while the inner flame structure is
not significantly altered by the turbulent flow field
[13].Under these assumptions, the mass burning rate
is proportional to the density of the unburned mixture
pu, 10 the turbulent flame speed S; and to the laminar
flame area A;, considered as a spherical surface
centered in the spark plug location, which implies
that:

dmy = py AySy 9)

After ignition, the flame surface propagates freely
across the combustion chamber, the fresh gases
reach the flame front at the laminar flame speed 5;
and they get burned in a thin front layer. In Figure 1,
a schematic view of the two zones is presented. The
main idea of this model is to describe the burning rate
of the fuel and the fresh air while they get burned in
the combustion chamber.

The turbulent flame speed is defined as S; = S,E,
where S; is the laminar speed of the flame, derived
from experimental measurements in [14] as:

T.\“ s
S, = Sypq (TO) (;O) (1-221X27%)  (10)

The parameters Sy, « and  are characteristics of
the fuel. In [15], specific data to characterize these
parameters are given. For the study considered here:

a=24-0.271¢>°" (11)
B = —0.357 + 0.14¢>"" (12)
Sro =5m+5¢(¢_¢m)2 (13)

where 3, = 30.5em/s, ¢, = —54.9cm/s and ¢ is the
equivalence ratio of the mixture.

= is the turbulent wrinkling coefficient; this factor
represents the increase in the flame surface,
= A;/A;, where A; is the wrinkled turbulent
flame surface. Thus, the burning rate of the fuel is
expressed as:

(1]

dmb = puAlSlE (14)

During the combustion process, the wrinkling
coefficient = increases the turbulent burning rate. At



the beginning of the combustion the flame surface is
not wrinkled by turbulence, while the flame surface
reaches a given radius, it is supposed to be laminar
(2 = 1). Once the transition radius is reached,
the wrinkles in the upper layer of the surface are
significant and this phenomenon is taken into account
by the wrinkling factor that multiplies the burning rate
(=2>1).

In the literature, different ways to model this wrinkling
coefficient are proposed. In this work, a fractal theory
based wrinkling coefficient developed in [5] was
implemented. It is detailed in the next section.

FRACTAL THEORY BASED WRINKLING
COEFFICIENT

Applying fractal geometry concepts to the modeling
of the wrinkled flame front surfaces has shown to
give suitable estimations of the turbulent speed
[16]. In the fractal model, it is assumed that the
wrinkling phenomenon may be represented by a
fractal dimension Ds for a range of length scales L.,.;n
and L,,... The wrinkling coefficient = is expressed
as:

[1]

Lmaz D2
- (L 4 ) (15)

Substituting (15) in (14) gives:

L Ds3—2
Mty = St (7225 ) (16)

min

The fractal dimension Ds is a function of the turbulent
flow behavior inside the chamber. For this model, a
simple phenomenological 0D turbulence model from
[17] is retained. It is presented at the end of this
document in the appendix.

The Kolmogorov’s scale Ly is chosen as the minimum
wrinkling scale L., [5]. The maximum wrinkling
scale is a function of the flame radius times a
calibration constant L,,., = c¢. Ry, where Ry is the

mean flame radius of the flame spherical surface A;.

The fractal dimension D3 depends on the turbulence
intensity «’ and the laminar flame speed S; as [5]:

2.35u 4 2.055;

D
3 u' + .5

(17)

Note that the computation of this process is assumed
to start at the end of the kernel initiation process. The
fractal burning rate approximation is finally obtained
as:

D3—2
_ R\
Ity = 51 () (18)

FLAME SURFACE

In order to implement the combustion model a well
defined design of the flame surface is necessary. The
flame surface model is the basis for the combustion
close to the walls model. To model the combustion
chamber and the flame surface progressing inside it,
the following parameters are taken into account:

e cylinder geometry (Bore,
chamber height);

spark position,

e piston height;

e burned gases volume during combustion.

With these parameters, a simplified geometric
model of the combustion chamber is obtained. The
values that define this model are stored in a data
map. Following the same principle, a geometric
spherical surface of the flame progressing inside the
combustion chamber is designed as presented in
Figure 2. The data map is inverted to obtain the
flame radius and the flame surface as a function of
the piston height and the burned gases volume.

The input parameters to define the flame surface
evolving inside the combustion chamber are the
piston height and the available volume.  Using
the surface geometrical model and the burned
gases volume from the two zones model, the input
parameters of the surface model map are extrapolated
during the simulation in order to obtain a flame radius
and a flame surface.

Cylinder top ~_ £

Piston head

Flame surface

Figure 2: Scheme of the flame surface developing inside
the combustion chamber

When the combustion takes place, the burned
gases increase and the flame surface expands,
occupying the available volume in the combustion
chamber. This behavior results in changes in the
burned gases density, but the burned gases volume



never decreases. In the flame surface model, the
ratio between the volume of the burned gases and
the available cylinder volume V,/V,,, is taken into
account as an input parameter. The volumes ratio
increases in time as a function of the piston height
and the burned gases volume: it starts at zero at the
beginning of the combustion and increases towards
one, when the burned gases volume equals the
available cylinder volume. This surface model is the
basis to characterize the amount of flame that is close
to the cylinder walls.

COMBUSTION MODEL WITH FLAME/WALLS
INTERACTION

When the flame front approaches the cylinder wall,
there is a deceleration of the burning rate because
the boundary layer of the walls surface acts as a
barrier that extinguishes the gases expansion and
the relatively low temperature of the walls colds
the gases. A considerable fraction of the unburned
mixture actually burns in this combustion mode
[18]. Consequently, the wrinkling coefficient = as
presented in the previous sections is valid when the
flame surface propagates freely across the chamber,
but the combustion close to the cylinder walls is not
well represented.

Many studies have been performed in order to predict
the flame-wall interaction. In [19], the flame-wall
interaction is modeled by a semi-empirical expression,
the Weller's approximation, but it lacks of information
about its implementation. In [20] Weller's work is
cited omitting the flame-wall interaction; it is replaced
by a quenching law, where the burning rate near
to the walls is estimated as a function of the mean
burning rate and the mass fraction species (fresh
gases and quenched gases). It is assumed that
the quench distance is inversely proportional to the
square root of the pressure. In this approximation it
is not well established how to define the boundaries
for the quenching zone and the estimation of the
quenched gases fraction. Another approximation is
proposed in [21], where the flame-wall interaction is
related to the enthalpy close to the walls region, this
model requires a third zone between the burned and
unburned zones. In [22], a quenching coefficient is
calculated measuring the length of the wrinkles in the
vicinity of the piston. A linear decrease in the burning
rate from a given distance to the cylinder walls was
found. This result is used as an hypothesis for the
final contributions of this work. This section is focused
on the implementation of a submodel that represents
the influence of the cylinder walls in the burning rate.

CHARACTERISTIC INTEGRAL LENGTH SCALE

A main issue to understand the flame/walls interaction
is the condition where the flame surface is supposed
to be influenced by the cylinder walls. As the mean
flame surface is assumed to be spherical, when the

flame radius reaches a given length from the cylinder
walls, the influence can be considered.

Cylinder
Wall

Figure 3: Scheme of the flame approaching to the cylinder
walls and the distance to take into account the flame/wall
interaction

In order to find the distance where the walls influence
the combustion process, the fluid dynamics behavior
of turbulent flows is considered.  The turbulent
behavior depends on the spatial distribution of the
gases in the chamber and the influence of the piston
movement. These characteristics are explained by
the spatial and time scales of the eddy flows. The
length scales are explained from 3D turbulence
models, i.e [23], but 0D approximations are mainly
represented by geometrical models or measurements.
[24], [25] and [26] provide some estimations for the
characteristic length scales .

The large scale eddies, characterized by the integral
length scale L;, represent the largest turbulent eddies
occurring in a given geometry (refer to the Appendix
for a more detailed explanation) as depicted in Figure
3. In this case, the integral scale seems to be a
suitable reference to consider the walls influence.
Thus, when the flame radius reaches a value such as
Ry > R.,i — L, /2, the walls influence is considered.

GLOBAL APPROACH

In this section, a weighting term w that represents
the transition between the turbulent combustion
mode and the walls combustion mode similarly to
[5] is implemented. w increases linearly with time:
it models which one of the two combustion modes,
fractal or near to walls, has more influence on the
process. The resulting burned mass dynamics is:

(19)

dmb

overall walls

= (1 - w)dmbfractal + wdmy,

where w is given by:

m—my

(m —my),,

(20)

w=1-

In [5], tr is the time when the transition between the
turbulent combustion mode and the walls combustion
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Figure 4: Heat release rate and cylinder pressure for
the burning rate model (19)

mode occurs. It is computed at a fixed distance from
the cylinder walls, called the transition length, where
the combustion model shifts from a fractal burning rate
to a linear deceleration:

dmb (21)

walls

The characteristic time 7 is computed in the transition
length, thus the burning rate speed during the rest of
the cycle is assumed to be equal to the one computed
from the fractal mode at the transition time ¢r as:

r = MM (22)

dmbf'r‘actal

Even if this approximation gives an acceptable
result for the cylinder pressure computation, various
concepts are questioned from this approximation:

e the unburned mass available in the combustion
chamber m — m,, is not necessarily close to the
cylinder walls at a given time ¢r: the assumption
of a linear decay of this mass is consequently
not consistent with the model;

e the approximation for 7 suggests that the
burning rate when the flame gets close to the
walls equals to the one derived in the fractal
approximation, which is not accurate since the
burning rate tends to be more similar to the one
corresponding to a laminar flame [22] close to
the walls. Even if w might supply the desired
effect, it lacks a physical sense.

e the combustion chamber shape is not taken into
account to consider the flame-wall interaction.

Figure 4 shows the system simulation using (19).
In Figure 4a, it is possible to see that there is
an overestimation in the heat release rate. This
overestimation is reflected in the cylinder pressure,
depicted in Figure 4b. In the figures, the crank
angle is referenced from 0° to 720° for a complete
cycle, starting in the admission stroke and the top
dead center (T'DC) is placed at 360°. The test was
performed at an engine speed of N = 5250 rpm, and
a brake mean effective pressure BMEP = 11.4 bar.

Aiming to propose a more realistic approximation of
the combustion process behavior close to the cylinder
walls than the global approach, the cylinder shape
and the flame surface distribution in the combustion
chamber have to be taken into account. This allows
to model in which proportion the cylinder wall affects
the flame expansion inside the combustion chamber.
A local approach of the flame-wall interaction has
been modeled. This new approach complements the
fractal combustion model introducing the flame-wall
interaction during all the combustion phase instead
of switching to a linear deceleration from a given
moment of the combustion as the global approach
has suggested. This new approach is exposed in the
next subsection.

LOCAL APPROACH

As mentioned before, the burning rate during the
combustion exhibits a deceleration when the flame
surface is getting close to the cylinder walls. In order
to model this behavior, the term ¥ is introduced in
equation (14) as:



dmb = puAlSlE\I/ (23)

overall

Differently from the global model (19) presented in the
previous section, in the local approach, ¥ introduces
a deceleration in the burning rate while taking into
account the cylinder geometry and the burned gases
volume in the combustion chamber. Moreover, ¥ does
not switches from a combustion mode to another, but it
proportionates a continuous calculation of the cylinder
walls influence during the whole combustion process.

Two main aspects are taken into account to build ¥:

the distribution of the flame surface with respect to the
cylinder walls and an extinction function to consider
the influence of the wrinkling phenomenon depending
on the distance of the flame surface to the cylinder
walls.

Flame distribution with respect to the walls

Using the flame surface model exposed before, it is
possible to compute the normal distance from the
flame surface to the cylinder walls during combustion
and express it as a fraction of flame surface. This
distribution is a function of the flame radius and the
piston height. This concept is presented in Figure
5, where A, is the total flame surface and Ay is the
flame surface in a given point which is at a distance
d; from the cylinder walls.

Cylinder walls
d1 4
L

Figure 5: Flame surface distribution with respect to the
cylinder walls distance.

The flame surface is divided in n parts. Each part
is considered as tangential to the flame surface
centered at a point. The distance between each one
of these points and the cylinder walls, in the direction
normal to the surface is calculated, resulting on a
distribution of the flame surface with respect to the
cylinder walls distance. With this distribution it is
possible to compute the flame surface fraction at a
given distance (i.e (di,ds,....dy,)), from the cylinder
walls. The surface fraction in Figure 5 is computed as
the sum of the area at a fixed normal distance from
the flame surface to the cylinder walls divided by the
total flame surface:

> Ad,
g
fa; A,

where Ay, ; is the surface of all the j flame surface
points at a distance d; from the cylinder wall ( < n)
and

The flame surface fraction A, is calculated for a set
of distances from the cylinder wall, which provides the
map of flame surface distribution with respect to the
cylinder walls distance. The map has as inputs the
flame radius Ry, the piston height and the distance to
take into account the walls influence d;. The output is
the flame surface fraction at a given distance d; from
the cylinder walls. In the simulation, the values of the
two-zones model are used into the map to obtain the
global distribution of the system. Figure 6 shows the
obtained distribution with respect to the flame radius
during simulation. As expected, when the flame radius
is small, the flame surface fraction which reaches the
cylinder walls is small. When the radius increases, the
flame fraction tends to 1.

As presented before, the distance from the flame
surface to the cylinder is L;/2, to consider the
influence of the walls. Figure 7 shows a simulation
of the flame surface distribution with respect to the
crank angle when the distance to the cylinder walls is
below L;/2. As it is expected, when the combustion
has not started the flame fraction is null. Once the
combustion starts, the flame wrinkles start to appear
and the flame surface starts to get closer to the
cylinder walls. The flame surface fraction which is
close to the cylinder walls then increases, until the
moment when the whole flame surface has spread
inside the cylinder, vanishing into the walls (flame
surface fraction equals to 1).

1.4

1.2¢

0.8+

Flame surface fraction close
to the cylinder wall

0 002 004 006 008 oA
Flame Radius [m]

Figure 6: Flame Surface Fraction at a distance d; <
L;/2 as a function of the flame radius
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Extinction function implementation

The extinction function is used to consider the
influence of the cylinder walls while the flame surface
is developing in the combustion chamber. It is defined
as a function of the distance from the flame surface
to the cylinder walls. For larger distances between
the flame surface and the cylinder walls, the value
of this function is assigned to one; it means that
the flame surface is developing completely free in
the combustion chamber, without attenuations in the
burning rate.

When the flame is getting close to the cylinder walls,
the flame surface can be considered as decreasing

linearly as a function of the distance to the wall [22].
Figure 8 extracted from [22] supports this assumption.

In this figure, in the graphic 8a Qr is the ratio between
the length of reactive flamelet (localized at a distance
greater than the quenching zone, but in the vicinity of
the piston where the flame is extinguished, Figure 8b),
to the total flamelet length in the same vicinity and ¢
is the equivalence ratio [22].

In Figure 9, the designed extinction function is
presented. It represents the flame surface behavior
with respect to the wall interaction. For distances that
reach L;/2, there is a linear decrease, represented
by the 1/L; slope in the extinction function. When
the distance to the cylinder walls is zero (I = 0),
the function value is assigned to 0, representing the
flame surface which has been extinguished (negative
distance).

Flame/Wall Interaction sub model implementation

The extinction function is applied to the flame surface
fraction in (24). The result is integrated across the
distance to the cylinder wall up to L;/2 as:

d (mm)

(a) Evolution of Qi respect to the distance
to the cylinder walls. [22]

QuenchinM

:
zone ¥ Cylinder wall

N\

(b) Extinguishing zone

Figure 8: Linear deceleration of the burning rate close
to the cylinder walls [22].

Fext

-Li/2 0 Li/2
Cylinder Wall

Figure 9: Extinction function Fg.+

I=L;/2
U= / FunAy, _, ol (26)
I=—L,;/2

The Figures 10, 11 and 12 show a scheme of
the flame surface propagating inside the combustion
chamber and the flame surface fraction distribution
that corresponds to each piston height and flame
radius lengths multiplied by the extinction function.
In the figures, L; is set to a constant value to give a
simpler view of the process, but in the combustion
model L; varies with time. The original flame surface
fraction and the extinction function are overlapped in
the figure for a better understanding.

The results are stored in a map which represents
the flame wall interaction when it approaches the
cylinder walls, and is denoted by ¥. ¥ depends on the
flame radius, the piston height, and the integral scale.
During the simulation, the values of the map are
interpolated, resulting in a ¥ function that represents
the deceleration of the burning rate depending on the
flame surface distribution in the combustion chamber.
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Figure 10: Ry = 21mm, H, = 40mm, L; = 3mm,
¥ =0.985

Including the submodel ¥ in the burning rate equation,
the proposed burning rate for the combustion model is
represented by (23).

MODEL VALIDATION

The model was tested taking as reference the
measurements on a 2 liters engine.  Table 1
summarizes the main characteristics of the test
engine. The data to fit the model are the pressure and
the rate of energy released. The test was performed
at N = 5250rpm, BMEP = 11.4bar. Figure 13
shows a resulting ¥ for a simulation when the chosen
distance to have the walls influence is set to L, /2 with
L; = 0.05/V,,; according to [7]. At the beginning of
combustion, ¥ is one because all the flame surface is
propagating freely across the chamber. This means
that the flame surface is not influenced by the walls
(2 is weighted by ¥ = 1). Once the flame starts to

Displacement: 1998 cm3
Bore x Stroke: 82.7x93 mm
Number of cylinders: 4
Number of valves: 16
Volumetric ratio: 9.3:1
Max Rev: 6000 rpm
Min Rev: 1000 rpm

Table 1: Engine Test Characteristics

0 10 20 30 40 50 60
Distance to wall(mm)

Figure 11: Ry = 30mm, H, = 30mm, L; = 3mm,
¥ = 0.89

get close to the walls, ¥ decreases because part of
flame has already touched the walls, thus decreasing
the burning rate. In the figure, ¥ exhibits a saw tooth
behavior: at each computation step, W is interpolated
depending on the current flame surface that reaches a
distance d; < L;/2 from the cylinder walls. If the free
flame surface spreading in the combustion chamber
is smaller than the flame surface lost in the barrier
(i.e. the cylinder head), it might happen that the flame
surface used to compute the flame surface fraction
Ay, at the current step is smaller than the fraction
computed in the previous step, then ¥ decreases for
the current computation.

The main results are shown in Figure 14, where the
comparison of the simulations when ¥ is included
with respect to the first studied model are presented.
In Figure 14b, the cylinder pressure has its maximum
after the top center crank angle, but before the
cylinder charge is fully burned. It coincides with the
moment when the flame reaches the cylinder walls [9].
For this reason, when ¥ is not included in the system,
the heat release rate shown in Figure 14a and the
cylinder pressure in Figure 14b show an abrupt rise
because the burning rate deceleration is not taken
into account. Similarly, the cylinder pressure shows a
bigger peak than expected when compared with the
measurements. When ¥ is included, the heat release
rate is reduced at the end of the combustion process
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Figure 13: Evolution of ¥ during simulation.

because of the deceleration on the burning rate. As
a consequence the peak on the cylinder pressure is
equally reduced. It shows that the introduction of a
deceleration on the burning rate is required before
the cylinder charge is fully burned, which coincides
with the moment when the flame reaches the cylinder
walls.

Special care must be taken into account when
analyzing the results under low load conditions. The
figures 16 and 15 show two operating points at low
load condition. These figures present a less accurate
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Figure 14: Heat release rate and cylinder pressure for
the burning rate model (19)., BMEP = 11.4 bar, N =
5250 rpm.

behavior when compared with figure 14. In low load
conditions, the cyclic variation of the engine tends
to be greater than in high load operating conditions
[27], this behavior alters the combustion process. To
represent such behavior, an appropriate model of
the cyclic variation can be included. In the case of
this work, the cyclic variation is taken into account,
however, it does not make part of the main subject
of this work, therefor this topic is modeled in a basic
way. For the reason mention previously, prudence
is suggested when using the flame-walls interaction
submodel under low load conditions.

Figure 18 shows an experience under low
speed conditions (N = 1000rpm). The results
are satisfactory, but prudence is required when
interpreting those results. In [28], it is shown that
while increasing engine speed, the characteristic
wrinkling scale and the Kolmogorov scale decrease.
Therefore, the time arrival of the flame surface to
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Figure 15: Heat release rate and cylinder pressure
for the burning rate model (19) BMEP=4.723 bar,
N=4400rpm.

the wall becomes smaller, lowering the influence of
the quenching phenomenon. Contrary, in low speed
operating conditions, the quenching phenomena
become more significant. In the case of this work,
even if the quench model is based on an integral
scale computed with a geometrical aspect, it is also
related to the wrinkling phenomena via the flame
radius. For this reason, the function ¥ might be
used in low speed as well as in high speed operating
conditions. For the submodel proposed in this work,
a bigger integral scale in low operating conditions
means a less steep slope on the extinction function
presented earlier; giving a bigger deceleration of the
burning rate, which would be the desired effect for
low speed conditions. To be more coherent with the
phenomena, a more accurate approximation of the
integral scale taking into account the engine speed is
recommended.
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In the figures, the measures are presented in
solid lines and the model results before and after
the inclusion of ¥ are in dotted and dashed line,
respectively. The errors on heat release rate and
cylinder pressure are reduced approximatively by a
factor of 3 thanks to the proposed local approach.
Complementary results are shown in figures 15, 16
and 17.

CONCLUSIONS

A two zones combustion model has been implemented
to model the combustion process in a S.| engine and
the definition of a new submodel that models the
impact of the cylinder walls in burning rate has been
proposed. This new model takes into account the
impact of the cylinder walls using to the flame surface
distribution with respect to the combustion chamber
and the assumed linear decay during the flame-wall
interaction. A well-defined geometric model of the
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Figure 17: Heat release rate and cylinder pressure for
the burning rate model (19), N=1700rpm

combustion chamber has been designed in order
to have more realistic results. The proposed model
has been included in the 0D two zones combustion
model and might be included in several combustion
schemes as it is conceived as a dimensionless
function multiplying the burning rate equation.

The model has been validated against experimental
measurements on a 2 liter engine. When the flame-
wall interaction is not well taken into account, the
energy release is usually overestimated at the end
of the combustion process, as well as the cylinder
pressure. When the proposed flame-wall interaction
model is included, very satisfying results are obtained;
the model improves dramatically with an enhanced
fit to the measurements when compared to less
accurate approximations, in terms of heat release rate
and cylinder pressure estimation.
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APPENDIX

0D PHENOMENOLOGICAL k — e TURBULENCE
MODEL

The turbulence model defines the eddies characteristics
of the turbulent flow field. Thanks to the turbulence
model, the turbulence intensity «' and the integral
scale L; are defined. These variables have an
important impact in the SI model and in the flame/wall
interaction modeling.

This turbulence model is based on the Reynolds
stress tensor T, where the kinetic energy per unit
volume of the turbulence fluctuations is assumed to
be proportional to the trace of the Reynolds stress
tensor equation [23]. The dynamics of 7 is given as:

Ory y Omg U oU
at  *oz, %oz,  Uom, Y
(27)
4 8 8Tij + C
Tij &’Ck Ual'k ik
Ou; ~ Ou;
Tij P (8$] 8%1) (28)
Oou; Ou;
=92 t- 2
¢ Maxk 6xk ( 9)
Cijk = PU;u;uy, + pud;i, + pujoy (30)

where w is the fluid velocity, U is the mean fluid
velocity, 7;; is the pressure strain correlation tensor,
e is the dissipation rate and Cj;; is the turbulent
transport tensor. (Notice that in the appendix, U
makes reference to a velocity, contrary to the other
sections of the article where U makes reference to
internal energy).

The Reynolds-stress tensor describes the random
fluctuations of the various flow properties. According
to Reynolds, all the quantities are expressed as sums
of mean fluctuating parts. These equations are too
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complex for the purpose of this work, and will not be
explained in details. They are exposed here in order
to show the reference for the 0D turbulent energy
model used in the qualitative analysis results and
various dependencies.

Reynolds stress tensor equation 0D reduction

The model reduction is based on the work developed
in [29]. The kinetic energy per unit mass is defined
according to Prandlt as:

1
SUi;

2

k= (31)

Based on the the Reynolds stress tensor, it is
possible to derive the corresponding dynamics for
k. The tensor (28) vanishes for incompressible flows.
Rearranging the equation (27) under the assumption
(31), the following transport equation for the turbulent
kinetic energy is obtained [30]:

% +7.% — —W@
81& J@xj o ! J@xj

_i PCyl —|—1U'U‘ Ui
Oz, p 2 )

0%k Ou,; Ou;

V—— —
ax]’fﬂj 83:]- 8xj

(32)

_|_

The left hand side of the equation (32) is due to the
convection phenomenon. On the right hand, the first
term corresponds to the turbulent energy production
term, the second term is the turbulent diffusion, the
third term is the diffusion due to molecular agitation
and the last term is the isotropic dissipation. The
speed U; in the direction i is defined as the sum of
the mean speed U; and a fluctuation u;:

Ui = Ui + u;

The turbulent diffusion term is modeled as:

0 Pcyl 1 0 VT urb ok
-9 S Vs ) = & ) (34
Ox; (( p - 2%”1) uj) Oz ( Ok 593;‘) 34)

where wvr,., is the thermal diffusivity and o is a
constant. The dissipation is based on the Prandil-
Kolmogorov hypothesis:

€ _

= = Udiss 57—
axj 6l‘j Li




where Cy.s iS a calibration constant fixed to 0.04.

Including (34) and (35) in equation (32), follows that:

%+U7%*7uu@+i /UTurb%
ot oxy 7 Ox; 9y \ op O
, 77 (36)
an o k3/2
+ vaxlj-rj diss Li

The turbulent kinetic energy k is supposed to be
homogeneous in the combustion chamber according
to [31]: it implies that k is constant with respect to the

spatial coordinates. Under this assumption 3‘9—;‘7 =0
and (36) is reduced to: '
ok oU; k3/2
. — _Tiz - iS58 37
8t b uJ axj d Lz ( )

In order to obtain a 0D expression, the last term
to define is the production term. This term can be
defined as a function of the spatial speed taking apart

the isentropic (i = j) and non-isentropic (i # j) parts.

For the isentropic part:

oU;
UiUj———
! 637]' i=j

UL U, U3
= U1U] —— + UsUs —— + UgUz——

or dy 0z

(38)

From equation (31), for the isentropic case, uiu; =
Uz = uzuz = k. Including this equality in (38) the

final expression for the production term is obtained as:

ou; 2 oU;
uiuja—xj = gk‘VU + UU;

(39)

J non—isentropic

where U is (U, Uy, U3).

Taking the continuity equation for fluids and assuming
that the density p is constant over the space:

@—&-pVU:O

9 (40)

It is also assumed that the density is constant
(incompressible gas), then the speed U divergence
is also 0. Including this result in (37), the production
term is only related to the non-isentropic speed as:

k3/2

ok
- Odiss TZ

a

oU;

Uiy —
axj non—isentropic

(41)
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The non-isentropic production term represents the
turbulent kinetic energy produced by the different
turbulent sources: the swirl, the squish, the spray
and the tumble. For a Sl engine, the effects of swirl,
squish and spray on turbulence can be neglected [17].
The tumble energy is then the only turbulence source
for the production term:

oU;
—WU —
axj non—isentropic

Ok
- Ot tumble

(42)

The turbulent kinetic energy due to the tumble can be
obtained assuming a linear decrease of the tumble
motion from the intake valve closure (IVC) to the top
dead center as it is suggested in [32]:

k 1
0 = —mw?

deumble
[P—e
8 eng (

dL
mbledd 7~ 4
dt + 2Ntu bleL dt) ( 3)

Ot tumble

where L is the piston height, w.,, is the engine speed
in rad/s and Niympie is the tumble number.

The computation of the tumble number N;y.mu. Can be
complex. For the purpose of this work it is concluded
that a data map of the initial tumble number would be
used.

Including (42) in (41) the turbulent kinetic energy is
obtained as:

N, L
% - 1mwgng L2w + 2NtumbleLd7
ot 8 dt dt
by (44)
- Cdiss T
NOMENCLATURE

All variables are in S.I Metric Units.

Ay Flame surface fraction

A; Laminar flame surface

A; Turbulent flame surface

A,, Heat transfer wall area

C, Calibration constant

¢, Specific heat at constant pressure
¢, Calibration constant

¢, Specific heat at constant volume
Fg,.; Extinction function

h Enthalpy

h. Heat transfer coefficient for wall looses
H, Piston height

L; Integral scale

L, Kolmogorov scale



m Total mass in the combustion chamber
my Burned mass

my Fuel mass

m,, Fresh mass

p Pressure

Q Heat

r Specific gases constant

R, Cylinder radius

R; Flame radius

S; Turbulent flame speed

S; Laminar flame speed

T Temperature

u Internal energy

U Energy

Veyi Cylinder volume

V, Burned gases volume

V., unburned gases volume

Y Species mass fraction

¥ 0D submodel to take into account the impact of the
walls in the burning rate

p. Unburned gas density

= Wrinkling coefficient

~ Specific heat ratio

Xegr Exhaust gas recirculation fraction
¢ Air to fuel ratio
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