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In this work, an assessment of different sub-grid scale (sgs) combustion models proposed for large eddy
simulation (LES) of steady turbulent premixed combustion (Colin et al., Phys. Fluids 12 (2000) 1843–1863;
Flohr and Pitsch, Proc. CTR Summer Program, 2000, pp. 61–82; Kim and Menon, Combust. Sci. Technol.
160 (2000) 119–150; Charlette et al., Combust. Flame 131 (2002) 159–180; Pitsch and Duchamp de Lagen-
este, Proc. Combust. Inst. 29 (2002) 2001–2008) was performed to identify the model that best predicts
unsteady flame propagation in gas explosions. Numerical results were compared to the experimental data
arge eddy simulation
nsteady flame propagation
remixed combustion
bstacles
ub-grid scale combustion models

by Patel et al. (Proc. Combust. Inst. 29 (2002) 1849–1854) for premixed deflagrating flame in a vented
chamber in the presence of three sequential obstacles. It is found that all sgs combustion models are able
to reproduce qualitatively the experiment in terms of step of flame acceleration and deceleration around
each obstacle, and shape of the propagating flame. Without adjusting any constants and parameters,
the sgs model by Charlette et al. also provides satisfactory quantitative predictions for flame speed and
pressure peak. Conversely, the sgs combustion models other than Charlette et al. give correct predictions

g of c
only after an ad hoc tunin

. Introduction

Modeling premixed flame propagation in gas explosions is
difficult task given that explosions are intrinsically unsteady

henomena, with flames transiting through different combustion
egimes [1,2].

When the flame starts propagating away from an ignition
ource, a weak turbulence, which is not able to affect the flame
ropagation, develops. From this, the increasing turbulence level,

nduced by the interaction between the moving flame and obstacles
n its path, allows the vortices formed ahead of the flame front to

rinkle the flame, increasing its surface area. Eventually, the vor-
ices can also enter the flame structure, increasing the transport of
eat and mass in the preheating zone (and thus the flame thickness)
r disrupting/quenching the flame either locally or globally.

To capture the transient flame-vortex interaction is the key step
hen modeling gas explosions.

Thanks to the growing computational power and the avail-

bility of parallel computing algorithms, large eddy simulation
LES) is becoming a standard tool to model turbulent combustion.
he attraction of LES is that it offers an improved representa-
ion of turbulence, and the resulting flame-turbulence interaction,

∗ Corresponding author. Tel.: +39 0817622673; fax: +39 0817622915.
E-mail address: valeria.disarli@irc.cnr.it (V. Di Sarli).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.03.006
onstants and parameters.
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with respect to classical Reynolds-averaged Navier–Stokes (RANS)
models.

LES explicitly resolves the large turbulent structures in a flow
field (up to the grid dimension), modeling the small structures
that, however, exhibit a more “universal” behavior. Unfortunately,
chemical reactions in combustion processes occur at characteristic
scales that are generally smaller than the affordable mesh resolu-
tion. Thus, combustion has to be modeled at the sub-grid level.

In LES of turbulent premixed combustion, the flame front is
too thin to be resolved on the computational grid. To overcome
this obstacle, three main approaches have been proposed based on
an artificially thickened flame (TF) concept, a flame front tracking
technique (G-equation) and a flame surface density (FSD) descrip-
tion [3,4]. In all cases, sub-grid scale (sgs) models are needed to take
into account the effect of the small vortices on the combustion rate
(the effect of the large vortices on the flame surface area is directly
simulated in LES).

The choice of the sgs combustion model is the crucial point
for LES of unsteady premixed flame propagation in explosions. It
is important to identify combustion models able to quantify the
coupling between sub-grid turbulence and reaction rate in each

combustion regime, and also to capture the transition between
regimes. In addition, these models should provide quantitative pre-
dictions with minimal dependence on constants and parameters.

So far, great effort has been devoted to the development and
validation of sgs combustion models for LES of steady turbulent

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:valeria.disarli@irc.cnr.it
dx.doi.org/10.1016/j.jhazmat.2010.03.006
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Nomenclature

a constant
A constant
b1 constant
b3 constant
c reaction progress variable
cms constant (≈ 0.28)
c� constant
Ck Kolmogorov constant (≈0.15)
d exponent
D diffusion coefficient
Da� sub-grid scale Damköhler number
f function
fRe function
fu function
f� function
Ka Karlovitz number
Pr Prandtl number
Ret turbulent Reynolds number
Re� sub-grid scale Reynolds number
Sc� sub-grid scale Schmidt number
SL laminar burning velocity
S∗

L local burning velocity of the broadened flame [11]
t time
u velocity
u′

�
sub-grid scale turbulent velocity

w local burning velocity
Yf local fuel mass fraction
Yo

f
fuel mass fraction in the unburned mixture

Greek symbols
ˇ parameter
� parameter
� efficiency function
ıF laminar flame thickness
� filter size
� kinematic viscosity
�� sub-grid scale flame wrinkling factor
� fluid density
�0 density of the unburned gas
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˙ sub-grid scale flame surface density
ω̇c reaction rate

remixed combustion, such as that encountered in combustors and
urners (see, e.g., [5–18]). It has been demonstrated that these mod-
ls are able to take into account the flame-turbulence interaction in
ully developed turbulent combustion regimes. However, it is still
nclear whether they are fit for transient combustion phenomena
uch as explosions.

All LES models proposed for premixed flame deflagration in the
resence of obstacles are based on the FSD approach [19–24]. It
as been shown that the identification of the combustion regimes
hrough which the flame propagation evolves (ranging from the
aminar regime up to the thin reaction zones regime) is consistent

ith the flamelet assumption on which such an approach relies
20,22].

In most of the works by Masri’s group [19–21], the algebraic
losure for the sgs flame surface density by Boger et al. [5] was

sed. Although this sgs combustion model exhibits a weak depen-
ence of the combustion rate on the unresolved vortices, the results
btained show good predictions in terms of flame position, struc-
ure and interactions with flow and turbulence. The discrepancies
bserved with regard to the pressure trend have been attributed to
Fig. 1. Schematic diagram of the explosion chamber by Patel et al. [25].

the sgs combustion model. Ibrahim et al. [24] obtained more accu-
rate predictions using the dynamic FSD formulation by Knikker et
al. [15].

In our papers [22,23], the power-law flame wrinkling model by
Charlette et al. [12] was used and a satisfactory agreement with
experimental data has been found (shape of the propagating flame,
flame speed, pressure peak, velocity vector fields). Large eddy sim-
ulations were also run with the effect of the sgs combustion model
eliminated, thus separating the role of the large (resolved) vor-
tices from that of the small (sgs) vortices [22]. The results obtained
demonstrate that the large scale vortices play the dominant role in
dictating all trends, including the development of the flame struc-
ture along the path. Conversely, the sgs vortices do not affect the
qualitative trends. However, it is essential to model their effect on
the combustion rate to achieve reliable predictions for both flame
speed and pressure peak.

In the present work, large eddy simulations of unsteady pre-
mixed flame propagation around three sequential obstacles in a
vented chamber were carried out for different sgs combustion mod-
els. More precisely, we tested five sgs models developed for steady
turbulent combustion [9–13]. These sgs models significantly differ
in quantifying the strength of the combustion–turbulence interac-
tion.

Numerical results were compared to experimental data with
the aim at identifying the sgs combustion model that best pre-
dicts unsteady flame propagation with no tuning of constants and
parameters used in the model itself.

2. Test case

Simulations were run of the experiment by Patel et al.
[25]. A schematic diagram of the explosion chamber used
for the experiment is presented in Fig. 1. The chamber was
a 150 mm × 150 mm × 500 mm volume constructed from

polycarbonate to provide optical access. Three obstacles
(150 mm × 75 mm × 12 mm) were positioned at 100-mm spacings
within the chamber. The bottom end of the chamber was closed.
The upper end was sealed by a thin PVC membrane whose rupture
during the combustion process allowed the burned gases to escape.
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he set-up at the exit of the chamber was essentially an air gap
ollowed by a fume extraction system.

A stoichiometric mixture of methane and air was purged
hrough the chamber and ignited at the center of the closed end
tarting from rest. The presence of multiple obstacles in the flame
ath allowed the flame to achieve a wide range of combustion
egimes [22,25].

The experiment provided highly resolved data for model valida-
ion. A high-speed laser-sheet flow visualization (HSLSFV) system
as employed to image the flame propagation at an image record-

ng rate of 9000 Hz. From the high-speed video sequence, the flame
peed as a function of the axial distance from the ignition face was
lso derived. The speed was calculated as the displacement of the
aximum downstream location of the flame front.
The pressure time history was taken from recordings obtained

sing a high-speed piezoelectric pressure transducer located close
o the point of ignition.

The experiment demonstrated a high level of reproducibility
ith flame shapes and speeds being directly comparable between
ifferent combustion events. However, there was a slight variation

n the time taken for the flame to reach the first obstacle of ±0.5 ms.
his variation, which was maintained throughout the combustion
rocess, can be attributed to the time taken for early flame kernel
evelopment. As a result of this repeatability in combustion behav-

or, the pressure traces demonstrated little deviations between
vents other than the temporal shift of ±0.5 ms with respect to
gnition.

. Model description

The large eddy simulation (LES) model used in this work has
een described previously [22].

The model equations were obtained applying a Favre-filter (i.e.,
mass-weighted filter) to the Navier–Stokes equations for conser-
ation of mass, momentum, energy and chemical species, coupled
o the constitutive and state equations.

The species transport equation was recast in the form of a trans-
ort equation for the reaction progress variable, c, which is zero
ithin fresh reactants and unity within burned products [26]:

= 1 − Yf

Yo
f

(1)

In Eq. (1), Yf is the local fuel mass fraction and Yo
f

is the fuel mass
raction in the unburned mixture. The conservation equation for c
eads as follows:

∂� c

∂t
+ ∇ · (� u c) = ∇ · (� D ∇c) + ω̇c (2)

In Eq. (2), the two left-hand side terms correspond respectively
o unsteady effects and convective fluxes, while the two right-hand
ide terms correspond to molecular diffusion and reaction rate.

The filtering process filters out the turbulent structures whose
cales are smaller than the filter width so that the resulting equa-
ions govern the dynamics of the large scale structures. However,
wing to the non-linear nature of the conservation equations, the
ltering operation gives rise to unknown terms that have to be
odeled at the sub-grid scale (sgs) level [3].
The unknown terms arising from the momentum equation and

he energy equation are the sgs stress tensor and the sgs heat flux,
espectively.

The LES Favre-filtered c-equation can be written as:
∂�̄ c̃

∂t
+ ∇ ·

(
�̄ ũ c̃

)
+ ∇ ·

[
�̄

(
ũc − ũ̃c

)]
= ∇ · (�D ∇c) + ¯̇ωc (3)

where the overbar (−) denotes a filtered quantity and the tilde
∼) a Favre-filtered quantity. In Eq. (3), there are three unknown
s Materials 180 (2010) 71–78 73

terms: the sgs reaction progress variable flux (third term on the
left-hand side), the sgs molecular diffusion (first term on the right-
hand side) and the sgs reaction rate (second term on the right-hand
side).

3.1. Sub-grid scale (sgs) closures for stress tensor and scalar fluxes

The closure of the sgs stress tensor was achieved with the
dynamic Smagorinsky-Lilly eddy viscosity model [27]. The model
coefficient was dynamically calculated during the LES computa-
tions using the information about the local instantaneous flow
conditions provided by the smallest scales of the resolved (known)
field. This allowed the resulting eddy viscosity to respond properly
to the local flow structures.

The sgs fluxes of heat and reaction progress variable were mod-
eled through the gradient hypothesis [3]. The sgs turbulent Prandtl
and Schmidt numbers were assumed to be constant and equal to
0.7 [28].

3.2. Sub-grid scale (sgs) combustion models

Among the different approaches proposed to handle the flame-
turbulence interaction in LES [3], the flame surface density (FSD)
formalism based on the flamelet concept was here chosen. The
main assumption in flamelet models is that of a “thin flame sheet”,
which means that the flame, or at least the reaction zone, is thin-
ner than the smallest turbulent scale (i.e., the Kolmogorov scale),
thus remaining laminar. Furthermore, the high gradients within
the thin flame allow a balance to be established between molec-
ular transport and chemical reactions. This implies that diffusive
transport and chemistry cannot be modeled independently of each
other. Accordingly, the two filtered terms of molecular diffusion
and reaction rate (right-hand side terms in Eq. (3)) were included

in a single term, �w
∣∣∇c

∣∣, expressed as:

�w
∣∣∇c

∣∣ = ∇ · (�D∇c) + ¯̇ωc =
〈

�w
〉

S
˙ (4)

where ˙ is the sgs flame surface density (i.e., the sgs flame
surface per unit volume) and

〈
�w

〉
S

is the surface-averaged mass-
weighted combustion rate per unit flame surface.

In Eq. (4),
〈

�w
〉

S
was approximated by �0SL [29], where �0 is

the fresh gas density and SL is the laminar burning velocity. ˙ was
expressed as a function of the sgs flame wrinkling factor, ��, (i.e.,
the sgs flame surface divided by the projection of the flame surface
in the propagating direction):

� w
∣∣∇c

∣∣ =
〈

� w
〉

S
˙ = �0 SL��

∣∣∇c
∣∣ (5)

In Eq. (5), �� takes into account the effects of interaction
between flame propagation and unresolved sgs turbulence.

In the present work, an assessment of different sgs combustion
models proposed for LES of steady turbulent premixed combustion
was performed [9–13]. The model by Kim and Menon [11] was cou-
pled to the dynamic kinetic energy model for the sgs stress tensor
[30].

The sgs combustion models tested differ on the basis of the
formula for calculating �� (Table 1).

Fig. 2 shows the sgs wrinkling factor, ��, as a function of the
Karlovitz number, i.e., the ratio of the chemical time to the time of

the Kolmogorov scale, Ka (= [(u′
�

/SL)3 × (ıf /�)]
1/2

), for different

combustion models. The values of constants and parameters used in
each model are those suggested by the authors (Table 1). The x-axis
of the figure covers the range of interest (Ka = 0–10) for the various
stages of flame propagation within the chamber [22]. These Ka val-
ues fall within the limit of validity of the flamelet assumption made
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Table 1
Formula of the sgs wrinkling factor, �� , for each combustion model tested.

Sgs combustion model Formula for the wrinkling factor, �� Constants and parameters

Colin et al. [9] �� = 1 + ˇ 2 ln(2)

3cms(Ret
1/2−1)

�

(
�
ıF

,
u′

�
SL

)
u′

�
SL

ˇ = 1

with �

(
�
ıF

,
u′

�
SL

)
= 0.75 exp

[
− 1.2

(u′
�

/SL )0.3

](
�
ıF

)2/3

Flohr and Pitsch [10] �� = 1 + a(Re�Pr)1/2Da�
−1/4 a = 0.52

Kim and Menon [11] ��
�

=
(

S∗
L

SL

)�

+ ˇ

[
u′

�
SL

(
1 −

(
A�

Pr�SL

S∗
L

SL

)2/3
)1/2

]�

ˇ = 1; � = 2; A = 6; c� = 0.05

with SL
∗

SL
= f

(
1.51.2c�

(
A
Pr

u′
�

SL

)4/3
Re�

−1/3

)
Charlette et al. [12] �� =

(
1 + min

[
�
ıF

, �

(
�
ıF

,
u′

�
SL

, Re�

)
u′

�
SL

])ˇ

� = 0.5

with �

(
�
ıF

,
u′

�
SL

, Re�

)
=

[((
fu

−d + f�
−d
)−1/d

)−1.4

+ fRe
−1.4

]−1/1.4

where fu = 4
(

27Ck
110

)1/2 ( 18Ck
55

)(
u′

�
SL

)2

f� =
[

27Ck�4/3

110 ×
((

�
ıF

)4/3
− 1

)]1/2

fRe =
[

9
55 exp

(
− 3

2 Ck�4/3Re�
−1

)]1/2
× Re�

1/2

d = 0.6 + 0.2 exp

(
−0.1

u′
�

L

)
− 0.2 exp

(
−0.01 �

)
c�

)
/

i
[

i
o
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m
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b
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S

Pitsch and Duchamp de Lageneste [13] �� = 1 + u′
�

SL
b3

[(
Da�/S

n the approach adopted to model the flame-turbulence interaction
3].

All sgs models recover the laminar burning velocity (i.e., �� = 1)
n regions of low turbulence activity. However, compared to the
ther sgs models, Colin et al. [9] predicts much lower wrinkling
actors. Conversely, Pitsch and Duchamp de Lageneste [13] predicts

uch higher wrinkling factors. Charlette et al. [12], Kim and Menon
11] and Flohr and Pitsch [10] are between these two extreme
ehaviors.

The differences in the trends of Fig. 2 have to be attributed to
he domain of validity of each sgs combustion model.

The sgs models by Colin et al. [9] and Charlette et al. [12] were
pecifically developed for LES, starting from direct numerical simu-

ation (DNS) of elementary flame-vortex interactions. An efficiency
unction, � , was introduced which takes into account the net wrin-
ling effect of all relevant turbulent scales smaller than the filter
ize, � (Table 1). In both models, � was constructed from a spec-

ig. 2. Sgs wrinkling factor versus the Ka number for different combustion models.
ıF(
1 + b3

2

b1
2Sc�

Da�

)]1/2

b1 = 2; b3 = 1

tral analysis of DNS data. However, two different approaches were
chosen for such kind of analysis. Furthermore, in Charlette et al.
[12], � was corrected such that the eddies whose characteristic
speed falls below SL/2 (very slow eddies) do not wrinkle the flame.

Charlette et al. [12] implemented the sgs combustion model in
an LES code in the context of the thickened flame (TF) approach,
and performed simulations of a premixed flame embedded in a
time-decaying isotropic turbulence in several different parameter
ranges. They also ran direct numerical simulations and success-
fully compared LES and DNS results in terms of total reaction rate.
In addition, comparisons between the predicted overall turbulent
burning velocity as a function of the root mean square velocity and
the experimental data by Abdel-Gayed and Bradley [31] showed a
close agreement over a significant range of parameters, which also
overshoots the corrugated flamelets regime.

The domains of validity for the sgs combustion models by Flohr
and Pitsch [10], Kim and Menon [11] and Pitsch and Duchamp de
Lageneste [13] range up to the thin reaction zones regime.

Flohr and Pitsch [10] and Pitsch and Duchamp de Lageneste [13]
extended to LES the RANS models by Zimont and Lipatnikov [32]
and Peters [33], respectively.

Kim and Menon [11] combined their broadened flame model
with the two flame wrinkling models by Pocheau [34] and Yakhot
[35]. Both formulations were implemented in an LES code based on
the G-equation method to simulate premixed flame propagation
in a realistic gas turbine combustor. Numerical predictions were
compared to experimental data on mean and fluctuating spatial
velocity profiles. The best agreement was obtained with Pocheau’s
formulation that was tested in this work (Table 1).
3.3. Numerics

The model equations were discretized using a finite volume for-
mulation on a tri-dimensional non-uniform structured grid. The
grid-independence of the solution was checked for each sgs com-
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Table 2
Total CPU time for each sgs combustion model tested.

Sgs combustion model Total CPU time [s] Relative additional total CPU time [%]

Colin et al. [9] 903 12.6
Flohr and Pitsch [10] 869 8.3
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Duchamp de Lageneste [13] simulate stronger and earlier peaks.
The sgs model by Charlette et al. [12] provides the best quantita-
tive prediction of the pressure peak which, as in the experiment, is
found at about 37 ms after ignition. However, also this sgs model
underestimates the maximum pressure (the maximum overpres-
Kim and Menon [11] 996
Charlette et al. [12] 862
Pitsch and Duchamp de Lageneste [13] 872
No sgs combustion model (i.e., �� = 1 in Eq. (5)) 802

ustion model. The results presented in Section 4 were obtained
mploying the same grid (the finest grid) in all simulations. This
hoice was motivated by the need to compare the performances of
he sgs combustion models keeping constant the ratio of resolved to
nresolved turbulence. The grid was composed of around 930,000
exahedral cells, with minimum and maximum resolutions equal
o 2 and 3 mm, respectively. Smaller cell size (2 mm) was used
lose to the walls owing to the presence of steeper gradients of
he solution field.

For the spatial discretization of the model equations, second
rder bounded central schemes were chosen. The time integration
as performed using the second order implicit Crank-Nicholson

cheme.
Adiabatic and no-slip wall boundary conditions were applied at

he solid interfaces (bottom and vertical faces of the chamber, faces
f the obstacles). To calculate the shear stress at the wall, a blended
inear/logarithmic law-of-the-wall was used [36].

Outside the combustion chamber, the computational
omain was extended to include a dump vessel. A condi-
ion of fixed static pressure (=1.013 × 105 Pa) was specified
t the boundaries of this additional domain whose volume
1650 mm × 1650 mm × 750 mm) allowed minimizing the inter-
erence between the reflected pressure waves and the pressure
eld inside the chamber.

Initial conditions had velocity components, energy and reaction
rogress variable set to zero everywhere. Ignition was obtained by
eans of a hemispherical patch, with a radius equal to 5 mm, of hot

ombustion products at the centre of the closed end of the chamber.
The specific heats of the unburned and burned mixtures were

pproximated as piecewise fifth-power polynomial functions of
emperature. The molecular viscosities were calculated according
o Sutherland’s law for air viscosity. The laminar burning velocity
as assumed to be constant with pressure and temperature and

qual to 0.41 m/s [37,38].
Computations were performed by means of the segregated

olver of the Fluent code (version 6.3.26) [39] employing the SIM-
LE method to treat the pressure-velocity coupling. The code was
arallelized on a 64-bit computing Beowulf cluster consisting of 3
ual-CPU nodes (6 processors) each of them being an AMD Opteron
60 with 2 GB of RAM. The solution for each time step required
round 20 iterations to converge with the residual of each equation
maller than 6 × 10-4.

Concerning the computing performances of the sgs combustion
odels, the values of the total CPU time (on 6 parallel processors)

eeded by each model for a single time step are given in Table 2.
It is worth saying that the CPU time depends on the flame sur-

ace area (i.e., on the number of grid cells where there is active
ombustion) and, thus, varies during the computations. The values
eported in Table 2 were calculated at the time instant when the
ame reaches the first obstacle and starts interacting with the tur-
ulence induced at the obstacle wake. In these conditions, the flame

urface area is substantially the same regardless of the sgs combus-
ion model implemented (the transition from laminar to turbulent
ame propagation is starting to take place).

The time needed without any sgs combustion model (i.e., assum-
ng �� = 1 in Eq. (5)) is also given in Table 2 along with the relative
24.2
7.5
8.7
–

additional time for each model. It can be seen that Kim and Menon
[11] has an additional time of 24.2% which is about two times higher
than the additional time of Colin et al. [9], and three times higher
than the additional time of Charlette et al. [12], Flohr and Pitsch
[10] and Pitsch and Duchamp de Lageneste [13].

4. Results and discussion

4.1. Comparison of the sub-grid scale (sgs) combustion models

The numerical predictions obtained using the sgs combustion
models [9–13] with the original values of constants and param-
eters (i.e., the values suggested by the authors, Table 1) are here
compared to the experimental data by Patel et al. [25] in order to
evaluate the predictive capability of the models.

In Fig. 3, the LES and experimental flame speed profiles along
the axial distance from the ignition face are shown.

All sgs models are able to reproduce qualitatively the experi-
mental trend with the steps of flame acceleration and deceleration
around the obstacles (the black rectangles in Fig. 3 indicate the posi-
tions of the obstacles). However, only the sgs model by Charlette
et al. [12] provides results that are in quantitative agreement with
the experimental data. Among the sgs models other than Charlette
et al., Colin et al. [9] predicts flame speeds lower than the experi-
mental ones. On the contrary, the sgs models by Kim and Menon
[11], Flohr and Pitsch [10] and Pitsch and Duchamp de Lageneste
[13] overpredict the flame speed.

Fig. 4 shows the pressure time histories calculated for different
sgs combustion models, together with the experimental trend.

The sgs model by Colin et al. [9] underpredicts the pressure peak
that appears much weaker and later than in the experiment. Con-
versely, Kim and Menon [11], Flohr and Pitsch [10] and Pitsch and
Fig. 3. Flame speed versus the axial distance from the ignition face: experimental
data by Patel et al. [25] and LES results for different sgs combustion models.
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ig. 4. Pressure time history at the bottom end of the explosion chamber: experi-
ental data by Patel et al. [25] and LES results for different sgs combustion models.

ure is around 20% lower than the experimental value). This can be
ttributed to the fact that the effect of the PVC membrane was not
imulated.

Figs. 3 and 4 reflect the dependence of the sgs wrinkling factor
n the Karlovitz (Ka) number and, thus, on the unresolved turbu-
ence of the models (Fig. 2). Colin et al. [9], which exhibits very

eak dependence, simulates the slowest flame propagation and
he weakest pressure peak. On the contrary, Pitsch and Duchamp
e Lageneste [13], which exhibits very strong dependence, gives
ise to the fastest flame propagation and the most severe pressure
eak.

In Fig. 5, the field profiles of the sgs combustion rate (=
0 Sl��

∣∣∇c
∣∣) are shown as obtained with (a) Colin et al. [9], (b)
harlette et al. [12] and (c) Pitsch and Duchamp de Lageneste [13].
hese profiles were taken at the time instants (also reported in
ig. 5) when the flame exits the chamber.

As would be expected, the lowest sgs combustion rate is
bserved with Colin et al. [9], the highest with Pitsch and Duchamp

ig. 5. Field profiles of the sgs combustion rate [kg/m3 s] as computed for different comb
e Lageneste [13]. (The profiles were taken at the central plane of the explosion chamber
s Materials 180 (2010) 71–78

de Lageneste [13]. However, whatever the sgs model, the flame
shape is substantially the same as found in the experiment by Patel
et al. [25]. The vortical structures induced behind the obstacles
wrinkle the flame and also disrupt the continuity of the front, giving
rise to the formation of flame pockets. With Pitsch and Duchamp de
Lageneste [13], the higher turbulence level associated to the flame
propagation leads to an early breakdown of the flame front at the
wake of the first obstacle.

It is worth saying that Patel et al. [25] also ran unsteady RANS
(URANS) simulations of their experiment. The comparison with the
results obtained here demonstrates that the LES approach over-
comes the difficulties of URANS in capturing the acceleration and
deceleration of the flame around the obstacles as well as relevant
features of the flame shape and structure (asymmetric shape, wrin-
kling of the flame front, pocket formation).

4.2. Adjusted sub-grid scale (sgs) combustion models

From the above comparisons, it is clear that the sgs combustion
model by Charlette et al. [12] provides good agreement with the
experimental data, both qualitatively and quantitatively. The sgs
models other than Charlette et al. [9–11,13] are all able to capture
the qualitative trends. However, they result in worse quantitative
predictions for flame speed and pressure peak.

On the other hand, the differences among the sgs combustion
models tested are quantitative in simulating the strength of the
interaction between flame and turbulence (Fig. 2). LES computa-
tions were then run using values of constants and parameters in
the sgs models [9–11,13] different from those listed in Table 1. The
original values were modified (see Table 3) in order to obtain trends
of the sgs wrinkling factor versus the Ka number as close as possible

to the trend by Charlette et al. [12].

In Fig. 6, the sgs wrinkling factors are plotted versus the Ka
number, as obtained assuming for all models the adjusted values
of constants and parameters given in Table 3. The trends for these
adjusted sgs models match the trend by Charlette et al. [12].

ustion models: (a) Colin et al. [9]; (b) Charlette et al. [12]; (c) Pitsch and Duchamp
).
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Table 3
Original (literature) and adjusted (present work) values of constants and parameters for each sgs combustion model tested.

Sgs combustion model Constants and parameters for steady
flame propagation (literature)

Constants and parameters for unsteady
flame propagation (present work)

Colin et al. [9] ˇ = 1 ˇ = 9
Flohr and Pitsch [10] a = 0.52 a = 0.16
Kim and Menon [11] ˇ = 1; � = 2; A = 6; c� = 0.05 ˇ = 0.1; � = 2; A = 3.8; c� = 0.05
Charlette et al. [12] ˇ = 0.5 ˇ = 0.5
Pitsch and Duchamp de Lageneste [13] b1 = 2; b3 = 1 b1 = 0.24; b3 = 1
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ig. 6. Sgs wrinkling factor versus the Ka number for the adjusted combustion mod-
ls.

As an example of the results obtained with the adjusted sgs com-
ustion models, Figs. 7 and 8 show the comparison between the
xperimental data for flame speed profile and pressure time history
nd the corresponding LES predictions as found using the adjusted
odel by Flohr and Pitsch [10]. The results by Charlette et al. [12]

re also reported in these figures.
As found with Charlette et al. [12], the adjusted model repro-

uces well the experimental flame speed profile and, although
he structure of the pressure curve is different from the experi-

ent, it gives good predictions for both maximum pressure and
orresponding time. Similar good agreement for flame speed and
ressure peak is also found with the adjusted sgs models other than
lohr and Pitsch [9,11,13].
This confirms that the differences in the predictive capability of
he original (not adjusted) sgs combustion models [9–11,13] and
he sgs model by Charlette et al. [12] depend on the quantitative
ifferences in the trends of Fig. 2.

ig. 7. Flame speed versus the axial distance from the ignition face: experimental
ata by Patel et al. [25] and LES results as obtained with the sgs combustion model
y Charlette et al. [12] and the adjusted sgs combustion model by Flohr and Pitsch
10].
Fig. 8. Pressure time history at the bottom end of the explosion chamber: experi-
mental data by Patel et al. [25] and LES results as obtained with the sgs combustion
model by Charlette et al. [12] and the adjusted sgs combustion model by Flohr and
Pitsch [10].

5. Conclusions

An assessment of different sub-grid scale (sgs) combustion
models proposed for large eddy simulation (LES) of steady tur-
bulent premixed combustion [9–13] has been performed to
identify the model that best predicts unsteady flame propagation
through obstacles. Numerical results have been compared to the
experimental data by Patel et al. [25] for premixed deflagrating
flame in a vented chamber initially filled with a quiescent mixture
of stoichiometric methane and air. The chamber contains three
sequential obstacles that ensure the full development of turbulent
combustion.

It is shown that all sgs combustion models are able to reproduce
qualitatively the experiment in terms of step of flame acceleration
and deceleration around each obstacle, and shape of the prop-
agating flame. Without adjusting any constants and parameters,
the sgs model by Charlette et al. [12] also provides satisfac-
tory quantitative predictions for flame speed and pressure peak
(maximum pressure and corresponding time). Conversely, the sgs
combustion models other than Charlette et al. [9–11,13] give cor-
rect predictions only after an ad hoc tuning of constants and
parameters.
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