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ABSTRACT NOMENCLATURE
Theoretical and experimental based modifications have
been investigated, such that the BML model can be applied to Letters and symbols
wall-bounded combustion modelling eliminating the wall flame A (-] Flame surface area
acceleration problem. Estimation of integral length scale of g {r_n]] giii‘:nﬁgoﬁgerftmr'si?ilg boundary
turbulence has been made dynamic so that allowance for spatial D (-] Fractal dimension in three dimension
inhomogeneity of turbulence is made. A new dynamic D [-] Normalized quenching distance
formulation has been proposed based on the Kolmogorov- Da (-] Damkaohler number
Petrovski-Piskunov analysis and fractal geometry to evaluate lo -] Flame front wrinkling factor
L . . k [m2s~2] Turbulent kinetic energy
the mean flame wrinkling scale. In addition, a novel empirical Ka -] Karlovitz number
correlation to quantify the quenching rates in the influenced I [m] Active flamelet length
zone of the quenching region near solid boundaries has been l; [m] Integral length scale of turbulence
derived based on experimentally estimated flame image data. lq [m] Quenched flamelet length
The proposed model was then applied to simulate the Ly bml Flamelet wrinkling scale
premixed combustion in spark ignition engines. Full cycle r Fi’]m ] Ezslzlt”Nelmeer
combustion in a Ricardo E6 engine for different operating OR -] Quenching rate
conditions was simulated. Results show that the present Re, [-] Turbulent Reynolds number
improvements have been successful in eliminating the wall Re; (-] Taylor Reynolds Number
flame acceleration problem, while accurately predicting the in- S [ms~] Laminar burning velocity
. . S, [ms~1] Turbulent burning velocity
cylinder pressure rise. u' [ms™1] Turbulent intensity
S [m] Laminar flame thickness
INTRODUCTION £ [m2s73] Dissipation rate of turbulent Kinetic energy
Optimisation of combustion performances in Internal v [m*s™']  Kinematic viscosity
Combustion (IC) engines is of extensive research interest due to e {fnrﬁ] I mgﬁedi‘;ge density
two key factors. First, it is the combustion process, which T -] Heat release factor
principally determines the engine performance. In-cylinder ) -] Fuel air equivalence ratio
combustion is extremely complex and still not completely @ [gm™3s™']  Unburned mass consumption rate
understood [1]. Second is the legislative requirements. With the €o [m] Outer cut off scale
€; [m] Inner cut off scale

demand of increasingly stringent emissions standards, engine
manufacturers are faced with the challenging task of producing Subscripts

vehicles that abide by these regulations with increased power e E gpilt)ilé;rl'ed

and eff|0|enc_y. _ _ _ max -] Maximum
The physical processes involved in the combustion chamber in [-] Intake

of IC engines are so complex and some phenomena may be wall (-] Near/On wall

hardly accessible to experimental investigations [2]. Q -] At quenching
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The traditional routine of engine design follows manual
engine modifications, excessive testing, and analysis of
experimental results in order to optimize the combustion
processes. This iterative process is profoundly slow, costly and
imparts no way itself in identifying the optimum conditions. In
present day research on this aspect, Computational Fluid
Dynamics (CFD) simulations play a vital role and appear to be
the best candidate for providing such a design tool that
evaluates the future combustion technologies, with a shorter
lead-time, avoiding difficult experimental investigations [2].

In the modelling literature of premixed charged Spark
Ignition (SI) engine combustion, several models with varying
degree of complexity are found. Eddy Brake-Up (EBU) [3,4]
type and Flame Surface Density [5] (FSD) type are the well-
established and widely used premixed combustion model types
in present-day combustion studies. Even though the EBU type
models have been used [6] in modelling engine combustion its
use is limited due to the inherent problem of wall flame
acceleration [7]. FSD approach also suffers from the same
deficiency to a certain extent and some ad hoc measures are
taken in both types of models to minimise the effects of this
problem [7-9].

The well-known Bray-Moss-Libby [10] (BML) FSD model
and its variants have been successfully used in premixed
combustion modelling studies for many years. Application of
the original BML model for the simulation of open-stagnation
flames has shown to be capable of producing comparably good
results when compared to other models. However, applications
of the BML model in wall bound combustion problems are rare.
This is due to the ‘near wall flame acceleration problem’, or in
simple terms, predicting excessively higher unphysical reaction
rates near solid boundaries. A number of alternative forms of
the BML model have been suggested in the literature to
overcome this problem, but most of them are based on ad-hoc
assumptions.

In the present study, this inherent wall acceleration problem
in BML type models is addressed via newly developed
correlations, which provide the necessary allowance for the
anisotropy in turbulence and thermal quenching near walls.
Premixed combustion in Sl engines is analysed as the
immediate application of the novel formulation, as it is one of
the most practically important cases of wall bounded premixed
combustion. Moreover, the evaluation of several BML model
constants has made dynamic here, so that only a single
adjustable constant is left for fine-tuning.

BML FORMULATION OF FLAME SURFACE DENSITY
The mean unburned mass consumption rate @ in FSD
approach is expressed as;

M

where, X is the flame surface density: the available flame
surface area per unit volume. p,, is the unburned gas density
and S; is the unstretched laminar burning velocity. The factor I,
accounts for the stretch and curvature effects of flamelets on
the burning velocity.

In the BML formulation, the flame surface density is given

by:

@ = py 1bS;E
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where, ly is the integral scale of flame wrinkling and ¢ is the
mean progress variable of reaction. Formerly, o, was
considered to be a universal constant having a value of 0.5.
However, recent studies [11-13] suggest a value close to 0.7.
Successful applications of the standard BML model in
stagnation flames have been reported by several authors
[14,15]. If the mean spatial distribution of flamelet crossing
points on the iso-¢ surface is exponential, g is taken to be 2.0 or
if a symmetric beta probability distribution is assumed, a value
of 1.0 may be taken. In practise, this distribution is found to
vary in between symmetric and exponential range. Aluri et al
[14] have used a value of 1.0 for g in Bunsen flame
simulations, at the expense of tuning some of the other modal
constants to match with experimental results. However, recent
studies of Chew et al [16] and Patel & Ibrahim [17] show that
scatter of crossing lengths are more biased towards an
exponential distribution with an average g value of around
1.7-2.0. Further, they suggested that it would be better
approximated for varying degree of reactions by g = 1 + 2¢,
thus adopted here for the present study. [; is the integral scale of
turbulence and u' is the turbulent intensity for homogeneous
isotropic turbulence. Using dimensional arguments, an
expression can be derived for the integral scale of turbulence in
isotropic homogeneous turbulence as;

C3/4 k1_5 u,3
l. = #__ = Cl_ (3)
K e €

where ¢, and K are constants having the values 0.09 and 0.41
respectively. k is the turbulent kinetic energy and the ensemble
proportionality constant ¢; has an approximate value of 0.76.

C, and n in Eq.(2) are model constants in the order of unity.
Bray [18] proposed a value of 1.0 for n , though different fine-
tuned values are found in the literature: for example, Aluri et al
[14] recommended a value of 1.2. On the other hand, the scatter
of model parameters C,and n is so wide [11-18] and no
reasonable mean value can be specified. This has become a
major implication on standard BML model and all the above
authors strongly suggest an alternative description for the flame
wrinkling scale. In fact, Abu-Orf & Cant [9], Ranasinghe &
Cant [19] and Watkins et al [8] have used alternative empirical
correlations with the BML model in order to calculate the
wrinkling scales in SI engine combustion.

Application of the standard BML model in wall-bounded
systems is very rare. The reason behind this is the issue of wall
flame acceleration: an inherent problem of this type of models.
The BML relations initially proposed for the stagnation flames
seem to severely over predict the burning rate near solid
boundaries. Physically, this is unacceptable, as flames tend to
extinguish at walls due to thermal quenching. BML model
assumes isotropic turbulence. Thus, its application in the core
region of the flame (where sufficiently homogeneous turbulent
can be expected) provides satisfactory results. Conversely, near



solid boundaries, the homogeneous assumption is no longer
valid, owing to the presence of a sharp gradient of turbulent
properties. Furthermore, the turbulent intensity u’ rapidly
decreases towards zero, which eventually leads to very small
values of the integral scale given by [;~ u/e . Consequently,
the flame surface density becomes infinite, so as the reaction
rate. To overcome this unphysical nature of the original BML
model close to solid boundaries, alternative expressions have
been proposed by Watkins et al [8], and Abu-Orf & Cant [9].
In these models, the flame wrinkling is assumed to be an
empirical function of laminar flame thickness and the turbulent
intensity. Necessary damping of the reaction rate near walls is
artificially embedded via an exponential correlation. The
fundamental disadvantage of these substitutions is that they
neglect the well-known direct dependency of the integral scale
on the flame wrinkling.

A DYNAMIC FORMULATION FOR THE FLAME
WRINKLING SCALE

In the original process of derivation of the BML model
constant n in Bray [18], the Kolmogorov — Pertovsky —
Piskunow (KPP) analysis has been used where fractal
combustion model was compared against the BML formulation.
As this analysis was based on the assumption of homogeneous
isotropic turbulence, its solution lead to the relation n = 1. In
the case of wall-bounded systems like engines, where turbulent
properties evolve in both the space and time, the validity of
these assumptions is questionable. Hence, in a better
combustion model, necessary allowance should be made to
introduce the local anisotropy.

In this section, the turbulent flame speeds of BML model
and the Fractal Flame combustion model (FFM) given by KPP
analysis is evaluated. A new expression for the BML mode
constant n is derived. Only the majors steps of the derivation
are shown here and interested readers may refer to [20-23] for
more details on KPP analysis. According to the KPP analysis,
an expression for the turbulent burning velocity predicted by
the BML model can be derived as:

g 1+t
n

e, ()

where S; gy is the calculated turbulent flame speed by the
BML model. Here 7 is the heat release factor and the C.r an
ensemble constant. Using the fractal geometry an expression
for the turbulent speed may be derived as:

St,BML = 4-Ceffu’1051 (4)

, €0\P2
St,FFM = CelyS, (E_) 5)

L

Equating the turbulent velocities of both models yields:

g 1+1

) €o D-2 B .
CCIOSl <6_l) = 4Ceffu IOSl HW (6)
o
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In the early stage of fractal modelling the parameter C, was
considered to be a constant. However, later it was recognized
that this would result in modelling deficiencies as shown by
Gulder & Smallwood [24] and Zhao et al [25]. Therefore, C,
can be more accurately interpreted by assuming proportionality
to (u'/S)Y?, giving

’ u, 1/2
Ct = Ct S_l

If the minimum and maximum scales of flame wrinkling is
represented using the Gibson scale given by I; = S2/¢ and the
integral scale respectively, the wrinkling scale becomes,

_ n 3(D-2)
o (s
€; G Sl

Substituting Eqgs.(6-8) the following final form is obtained.

U]

©)

1
b u/ /2 u/3(D—2)
CeloCq 5) s
3 4C I g 1 + T(uln+1) (9)
eff’o |0y| C, Sln—1

By comparing the dimensions of both sides of the equation, it
can be shown that:

n=6D—12 (10)

In Bray’s original model [18], C, was assumed to be a
constant. The inner and outer flame wrinkling scales were
assumed to be integral and Gibson scales respectively. This
resulted in n = 6D — 13. Further, the fractal dimension was
assumed to be a constant with a value D= 7/3and this
yields n = 1.

The advantage of our new formulation is that, for small
values of u': such as in near walls, n reaches to zero, making
the term (S;/u')™ term unity. For Sl engine applications the
fractal dimension is a variable. Complex nature of in cylinder
combustion dynamics generates spatially and temporally
varying flow properties. Thus, the use of a dynamic fractal
dimension that can adjust itself according to in-cylinder
conditions is essential. The relation suggested by Zhao et al
[25], for the fractal dimension has such dynamic properties and
used in the present modified BML model.

2351
200 + Re, MR T Re,

One of the main contributions for the near wall singularity
of the BML model is its use of classical definition of the
integral scale to calculate the mean flame wrinkling scale given
by Eq.(3). Initially, based on dimensional arguments, the above
expression has been derived for isotropic turbulence. In
contrast, for practical applications, corrections must be made to
account for anisotropy.

In this regard, Sreenivasan’s [26] work is brought to
attention here. Several experimental data sets of grid generated
turbulence length scales were compared in his study and a

D =205 (11)



functional dependence between the Taylor Reynolds
number Re; and the turbulent integral scale constant ¢; was
found. Based on the observations of Sreenivasan [26], Lindsted
and Vaos [27] obtained the following curve-fit correlation for
cy

1 a b

=1+ Re, + Re,12
where a and b are constants having the values 5.715 and
72.051 respectively. This expression has been used in the
present study for modelling the integral scale of turbulence.
One of the main advantages of this expression is that it
eliminates the singularity of the BML model at near zero
turbulent intensities. Lindsted and Vaos [27] version of the
BML model has shown to obtain comparable results in
stagnation flame modelling at low Reynolds numbers.

(12)

FLAME QUENCHING AT SOLID BOUNDARIES

A flame front is quenched when it approaches a cold wall
due to the excessive heat loss. In engine applications, it is
believed that the unburned hydrocarbon formation is largely
associated with wall quenching which results in partial burning
of fuels. The quenching phenomenon is expected to be a
chemically driven problem. Rate of quenching is determined by
the relative intensity of heat release from combustion and the
rate of absorption of heat by the cold boundary. One of the
important recent findings on flame wall quenching is the
identification of the existence of two distinct quenching
regions. Closest to the wall, a total quenching region exists in
which no reaction is ever taken place. Poinsot et al [28],
through DNS data, estimated this length to be in
correspondence to a quenching Peclet number of 3.5, where the
Peclet number is defined as the ratio of the flame power to the
wall heat flux. A simplified expression for the local Peclet
number may be obtained as;

pe =/, (13)

where d is the distance from the wall and § is the unstrained
laminar flame thickness estimated based on dimensional
arguments. In the region above the total quenching region:
which is identified as the influence zone, the flame front senses
the presence of the wall and is subjected to partial quenching.
Estimated Peclet number corresponding to the distance for the
outer boundary of the influence zone is in the in the order of
10.0 [28]. Gruber et al [29] have published more supporting
evidence for the existence of two layers of quenching. Their
DNS result indicates a total quenching zone thickness in the
order of 3 flame thicknesses, while the influence zone is found
be approximately 10 flame thicknesses. Poinsot et al [28]
implemented their findings in the transport equation of
equilibrium FIST model to modify the source term near solid
boundaries. Their formulation is in the form of law of the wall
model and the flame surface density in the first cell (which was
assumed to be large enough so that the quenching zone is
totally inside the cell) was appropriately modified via a
simplified relation. Applied in engine combustion, it was found
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to show a significant rate of reduction of flame surface density
near solid boundaries.

Recent experimental investigations of Foucher et al [30]
and Foucher & Russel [31] provide a new insight into the
understanding of flame wall interaction. Laser tomographic
images taken during head on wall quenching in an optical
engine revealed the influence zone thickness could be as high
as in the order of 40 times the quenching zone thickness, which
is quite large compared to the DNS findings.

,,,,

Partial Quenching

——

Figure 1 Two distinct zones, identified in flame wall
quenching process. Exaggerated lengths of the reactive and
quenched flame front in the partially quenched region are
depicted in the dashed circle.

Foucher et al [31] extended their work in order to quantify
their findings in Foucher et al [30] and using a fractal based
method they were able to evaluate active flame surface area in
the influenced zone. For this region, the quenching rate
parameter QR has been defined as the ratio between the length
of the active flame and the total flame length. Referring to
Figure 1, this may be defined as;

Ly
R =
q lf+lq

(14)

where, I and [, are respectively the active length and the
quenched length of the flame front for a given length of the
flamelet segment. Partial flame quenching also significantly
results in reduced burning rates and incomplete burning of
fuels. This suggests the necessity of introducing the wall-flame
guenching effects into the burning rate integral in modeling
studies. Foucher et al [31] experimentally verified that burning
rate in the vicinity of a solid wall can be expressed in terms of
the quenching rate as;

where d,, is the near wall unburned gas consumption rate.
Evaluated quenching rates by Foucher et al [31] in head on
guenching near the piston surface have been plotted in Figure 2.
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Figure 2 Calculated quenching rate vs the distance from
solid wall for varying equivalence ratios. Adapted from
Foucher et al [31]

The exhibited trend in variation of quenching rate with the
distance from the wall for different air fuel ratios of methane air
mixtures was found to be reasonably linear near the wall and
then exponentially decay towards unity at the outer boundary of
the influenced zone.

Foucher et al ’s [31] estimation of QR was completely
based on experimental observations and no mathematical
formulation was presented to evaluate the quenching rate term.
In order to implement their findings in a computer code a
numerical formulation is needed. We have found that these
results can be correlated quite remarkably with the following
expressions.

Let, non-dimensional normalized distance D be taken as
(Refer to Figure 2);

d—d
D= ( cr) (16)
dmax
0<D<1 (17)

where d is the distance measured from the solid wall , d., is
the thickness of the total quenching zone and d,,,, is the
distance to the outer boundary of the influenced zone. For
physical and conceptual reasons the following limitations are
imposed.

D =0whend < d,, (18)

D =1whend > d 4 (19)

Then the relation of QR vs D was found to show a similar
trend seen previously with QR vs d. The above curves can be
best fitted with the following relations.
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R=1.0 _ 20 20
QR =10~ 1+ exp(D)« (20)
_ B
= (10-06D) 21)
B =37-2|¢p— 10| (22)

Here 8 is the only parameter that varies with the operating
conditions. Expression for [ is arrived based on the
assumption, that the minimum rate of quenching occurs at
¢ = 1. This assumption is valid as the variation of quenching
Peclet number of many of the fuels is symmetric about the
unity equivalence ratio or has only a small offset [32]. For
much accurate calculations, a fuel specific determination of g is
needed. However, due to the unavailability of experimental
data, the trend shown in Foucher et al’s [31] analysis is
assumed for all types of fuels used in the present study.
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Figure 3 Experimental and curve fitted quenching rate for
casel: d=1.0 and B = 3.7

Figures 3-5 show the comparison of curve fitted graphs
using the expression suggested by Eqgs.(20-22), for the
experimental cases considered. It can be seen that the
agreement is remarkably good for the entire quenching zone
thickness.

The usual practice in wall quenching studies is to represent
the parameters in terms of the Peclet number. The region of
interest, the quenching zone, is so small such that the variation
of temperature, pressure and the other fluid properties can be
negligible. This has been the basis of almost all the wall-
guenching studies [32]. Under those assumptions, the laminar
burning velocity and the kinematic viscosity of the fluid can
also be considered constant and hence the laminar flame
thickness (8).
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Normalizing of the wall distance d with respect to & leads;

L _@=do)_(Ys="/s)

(23)
Amax dmax/s
Using Eq.(13), D is obtained in terms of the Peclet number.
Pe—P
p = e Per) (29)
Pemax
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The critical Peclet number is usually termed the quenching
Peclet number in the literature and represented here by Pe,.
Even though there have been many studies, a comprehensive
mathematical formulation to evaluate the Peclet number at
guenching conditions is yet to be found. The empirical
expression used in this study is by Lavoie [33].

19 p

Peq = $(§)

It should be noted here that this expression does not account
for the effect of temperature variations in the quenching
distances, which should essentially be embedded.

Only a limited number of research studies have been carried
out to investigate the limits of maximum quenching distance.
Among those, Foucher et al [30] and Fouchet & Rousselle [31]
are the only experimental evidence for quenching distances in
engine combustion. As the aim of the present study is to model
the premixed combustion in SI engines, the maximum Peclet
number is taken to be 40 times the quenching Peclet number as
recommended by Foucher [30].

0.26min(1 ,1/0)2)

(25)

MODIFIED BML FORMULATION AND ITS VALIDATION

In this section, the application of the modified BML
formulation with proposed improvements to model the
combustion process in premixed combustion in Sl engines are
discussed. The final model form used in evaluating the
unburned gas consumption rate is given by;

Campr 1S, (1+2c)c(1—-2)QR
3 6D-12

|y | a b \u'’ (S,

(1476 * 7o) ()

where Cg,,;. is the integrated model constant for the new

version of the model. Flame stretching factor I, was modelled

using the relation proposed by Bray[18]. The correlation of

Gulder [34] was used to calculate the unstrained laminar

burning velocity. No allowance was made to account the flame

curvature effects assuming turbulent flame strain s
predominant compared to its curvature counterpart.

The above model was then implemented in the new KIVA 4
CFD engine code [35], which is capable of solving the
compressible Navier —Stokes equations in unstructured meshes
with moving boundaries. Governing equations were solved in
an Arbitrary Lagrnagian Eularian framework with standard
k —¢& turbulence model. Iso-Octane was used as the
combusting fuel in the present study. Fuel oxidisation is
considered to be a simple one-step reaction and the reaction
rate is calculated using the newly developed BML formulation.
Early stage of the flame kernel was simulated using the popular
Discrete Particle Ignition Kernel (DPIK) model and further
information on this model can be found in Fan & Reitz [36].

As an initial validation of our new formulation, Propane
combustion in the General Motor (GM) research engine
published by Kuo and Reitz [37] was modelled. This engine has
a pancake combustion chamber with a centrally located spark
plug. Then the validation was extended to the modelling of full
cycle combustion process in a Ricardo E6 single cylinder
experimental engine tests at Loughborough University.

W=

(26)




Specifications of E6 engine are given in the Table 1.
Computational meshes for both cases comprised of
unstructured hexahedron cells (Fig. 6). For both cases, the
squish region contained around 100,000 computational cells,
which corresponds to a cell dimension in the order of 1mm.
Operating conditions of E6 engine are summarized in Table 2.

Table 1 Geometric details of Ricardo E6 engine

Bore (cm) 7.62

Stroke (cm) 11.11
Squish* (cm) 1.4428
Connecting Rod Length (cm) 24.13

Intake Valve Opening 009 - BTDC
Intake Valve Closing 217 - ATDC
Exhaust Valve Opening 147 - ATDC
Exhaust Valve Closing 010 - ATDC
Max. Intake Valve Lift (cm) 1.156

Max. Exhaust Valve Lift (cm) 1.06

Fuel Gasoline

*Squish height is defined as the distance between piston crown surface and the
cylinder head at piston TDC position

Table 2 Operating conditions of Ricardo E6 engine

Ricardo E6 engine : Fuel - Gasoline

Case ¢ RPM  Spk. Ad. Comp. Ratio Tin Ty Fuel
(BTDC) (K) (K) Mass

(mg)

1 1.089 1500 16 8.7 298 360 425
2 0.967 1800 20 8.7 300 365 317

Figure 6 Computation mesh for Ricardo E6 engine simulations

Simulations of the Ricardo engine was started at 20 BTDC
on exhaust stroke. Initial properties and mass fractions were
calculated using a thermodynamic analysis. Based on exhaust
gas temperature measurements, in cylinder and exhaust gas
mixture temperatures of the Ricardo E6 engine were taken to be
750K at the start of simulation. In cylinder, fluid and turbulent
properties were homogeneously initialized except the
dissipation rate of turbulent kinetic energy, which was taken to
be inversely proportional to the distance from the cylinder wall.
Intake manifold pressure was slightly adjusted such that the
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trapped in-cylinder air and fuel masses were equal to the
measured quantities.

RESULTS AND DISCUSSION

One of the main objectives of the present study is to
investigate the suitability of the present improved BML model
in predicting wall-bounded combustion. Thus, the propagation
of flame in the vicinity of solid walls in the General Motors
research engine [37] was examined with the aim of assessing
the effects of each of the suggested improvements. As a
reference case, the standard BML model (MF1) with classical
definition for the integral scale and constant n = 1 was used
and the resultant flame evolution is shown in the first row of
Figure 7. The second row depicts the prediction of the new
BML model without the wall-quenching model (MF2).
Illustrated in the third row is the complete model results, which
comprises of dynamic calculation of model constants and the
quenching model (MF3).

Figure 7 shows the variation of burned mass fraction of fuel
across an axial cross section plane in the engine cylinder with
the crank angle. Reacting zone may be identified as the region
between zero and unit fuel mass fraction. Zero represents the
unburned zone and unity is for the fully burned zone. When the
burned mass fractions are close to unity near walls, the
excessive flame acceleration with the standard BML (MF1)
model is apparent even from the very early stage of the
combustion process. This is more noticeable in the figure
corresponding to -5ATDC where the burned fuel fraction
reaches unity much faster on the piston surface even before the
core area reaches its maximum. As a result, the propagating
flame front is seen to be concave in the inner region and nearly
flat in the leading front, where in reality both these regions are
observed to be convex.

Introduction of the dynamic calculation of model constants
(MF2) has made a considerable improvement over the standard
model and has resulted in a more physical convex and outward
flame front. However, in the vicinity of the walls a
comparatively high rate of reaction can still be seen. Dynamic
evaluation of model constants with the allowance for local
anisotropy has made a big improvement over MF1, but at walls
u’ becomes so small such that it overcomes the damping of
dynamically calculated c; and n.

As can be seen in the third row, employment of the novel
quenching correlation (MF3) has been able to successfully
hinder the flame wall acceleration and has made the flame front
agreeably convex. In addition, the flame brush thickness is also
has made thinner than the other model forms, which is more
acceptable in this type of low turbulence engines. This
observations are in good agreement with the optical imaging
results of Weller et al [7].

Next, the results from the full cycle engine simulation of
Ricardo E6 engine are discussed. Illustrated in Figure 8 is the in
cylinder flow structure of this engine at the end of the intake
period. Non-uniform complex velocity field with an eddy
structure centred below the intake valve and the bulk tumble
motion of the charge air mixture can clearly be seen. This bulk
flow motion has a major effect on the early flame kernel
formation.



Crank Angle

-05 ATDC

00 ATDC 10 ATDC

-15 ATDC -10 ATDC

: ol

>

~ r)

LL i

2 1

o

LL

=

')-.)‘-)]-Dl
-J_-D,—l-]

Burned Mass Fraction

0.0 01 02 03 04 05 06 07 08

Figure 7 Propagation of the turbulent flame front represented using the burned fuel mass fraction in the GM research engine
combustion chamber.

The emerging Kkernel is convected away from the spark
location by the surrounding flow motion so that the centre of
the turbulent flame is essentially locates away from the spark
location. These effects can be accounted only in a full cycle
simulation, where the evolution of the flow filed is modelled
right from the beginning.

The turbulent flow field in the vicinity of the spark plug
shown in Figure 9 appears less intense compared to the core
region of the cylinder. This would verify that the assumption
of ‘spherical flame kernel assumption’ made in the DPIK
model is valid for the present test cases of Ricardo E6 engine
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Figure 8 Distribution of the flow velocity field in Ricardo E6 engine for case
1, 20 CAD after the bottom dead centre of the intake stroke, across the intake
valve plane
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One of the main characteristics of turbulence, decaying
towards solid boundaries, can also be identified from the
Figure 9. The near wall intensity of the turbulent kinetic
energy is within the range 0-5000 cm?2s~2, which is
approximately about 15 times than the core region value.
Hence, the conventional approach of BML model should

result in flame wall acceleration when applied to this test case
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Figure 9 Turbulent kinetic energy profile on the spark
location plane at 344 CAD

In the application of the new BML model, Cg,,; Was set to
2.15 for all the test cases. Pressure trace predictions are
compared with the experimentally measured values and shown
in Figures 10 and 11. In general, the predicted and simulated
traces of in cylinder pressure are in good agreement. The
model has precisely captured the trends in in-cylinder pressure
variation for different engine operating conditions. Estimation
of the peak pressure was reasonably accurate. Predicted peak
pressure locations are slightly deviated by few crank degrees
within the range of 0- 4 degrees.

It is noted that the model over predict the pressure trace
during the last stage of exhaust stroke. This may probably be
due to the absence of a blow by model in the present study. In
the first case where there is a higher peak pressure and a lower
engine speed, the over prediction is much apparent compared



to the second case where engine speed is higher and the peak
pressure is low. In the second case, as less time and a lower
peak pressure is available less blow by mass is expected, so
that the predictions closely follows the experimental trace. In
general, the overall agreement in the pressure predictions
during the early and middle stage of the engine cycle is quite
satisfactory for both cases indicating the success in
combustion predictions.
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Figure 10 Comparison of measured and predicted in-cylinder
pressure: case 1
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Figure 11 Comparison of measured and predicted in-
cylinder pressure: case 2

CONCLUSIONS

Standard BML model involves several adjustable model
constants. It also produces poor results when applied to wall
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bounded combustion modeling, due to flame wall acceleration
problem.

A new comprehensive model based on the classical BML
model was developed with capability of evaluating most of the
model constants dynamically. Further improvements were
made so that it can also be applied to wall bounded
combustion simulations. A new empirical correlation was
derived to account the wall flame quenching effects on
reaction rate.

The new model formulation was then tested for predicting
premixed combustion in Sl engines. Classical BML model
was found to unrealistically high reaction rates near solid
walls. Simulations shows that the new model successfully
captured the expected and experimentally observed flame
front evolution. It has the capability of accurately calculating
the near wall reaction rates eliminating the wall flame
acceleration problem seen in previous model variations. The
proposed quenching rate model has also shown to predict
better results. Full cycle engine simulations with the improved
version of the BML model shows that modified model
satisfactorily predicted the experimentally observed pressure
data.
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