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a b s t r a c t

Measurements and Large Eddy Simulations (LES) have been carried out for a turbulent premixed flame
propagating past solid obstacles in a laboratory scale combustion chamber. The mixture used is a stoichi-
ometric propane/air mixture, ignited from rest. A wide range of flow configurations are studied. The con-
figurations vary in terms of the number and position of the built-in solid obstructions. The main aim of
the present study is two folded. First, to validate a newly developed dynamic flame surface density
(DFSD) model over a wide range of flow conditions. Second, to provide repeatable measurements of
the flow and combustion in a well-controlled combustion chamber. A total of four groups are derived
for qualitative and quantitative comparisons between predicted results and experimental measurements.
The concept of groups offers better understanding of the flame–flow interactions and the impact of num-
ber and position of the solid baffle plates with respect to the ignition source. Results are presented and
discussed for the flame structure, position, speed and accelerations at different times after ignitions. The
pressure–time histories are also presented together with the regimes of combustion for all flow config-
urations during the course of flame propagation.

� 2011 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Large Eddy Simulation (LES) is gradually replacing Reynolds-
averaging (RANS) method of solving the Navier–Stokes equations
to compute the structure of turbulent flames. Several recent works
confirm the high fidelity nature of LES in predicting key character-
istics of complex reacting flows including those of practical com-
bustors [1–5]. The main attraction of LES lies in its ability to fully
resolve features of the flow above a certain cut-off length scale
hence, making it possible to compute transient dynamics; this
being a clear advantage over RANS methods. The penalty, however,
lies in the additional computational cost and the need to model the
unresolved contributions, hence the issue of sub-grid-scale (SGS)
modelling. This is, particularly, an important issue in LES modelling
of turbulent premixed combustion given that chemical reaction oc-
curs at the molecular level and hence needs to be modelled at the
sub-grid scale.

A range of approaches to model combustion at the SGS are
being pursued at varying degrees and relevance to the spectrum
of turbulent combustion. The flamelet approach [6] was used by
many researchers in the past in various forms [7–9] and, although
limited to thin reaction zones, remains applicable to a wide range
of applications. Recent developments of this approach involve
flame generated manifolds (FGM) tabulated in terms of mixture
fraction, reaction progress variable as well as other parameters
such as a measure of flow strain [10]. Such formulations enable
the application of flamelet modelling in premixed, non-premixed,
as well as partially premixed flames. Two variations of the laminar
flamelet approach are the flame surface density (FSD) where a
transport equation for the FSD is solved [11] and the thickened
flamelet model which has been applied successfully by Poinsot
and co workers [12]. Recently, Di Sarli et al. [13,14] demonstrated
the importance of FSD based SGS model [1] to predict explosions in
a vented chamber using LES. SGS modelling approaches that are
seen as alternatives to flamelets include the filtered density func-
tions (FDF) [15], the conditional moment closure [16] and the lin-
ear eddy model (LEM) [17]. Each of these approaches suffers from
different limitations that are currently the subject of intense
research. It is worth pointing that the combined LES/LEM is a truly
multi-scale approach that is also receiving considerable attention.

In this paper the LES approach is used together with a recently
developed dynamic flame surface density (DFSD) model [18–20] to
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compute turbulent premixed flames propagating in a laboratory
scale combustion chamber containing a range of built-in solid
obstructions. Earlier studies [20,21] using the same DFSD model
showed promising results in computing key characteristics of the
propagating turbulent premixed flames but with only three se-
lected configurations. In the present study, the main focus is to
analyse the physics associated with flame–solids interactions and
extend the calculations to a wide range of configurations to explore
aspects such as the effects of location and number of the solid
obstacles as well as area blockage ratio. The calculated results
are validated against measurements taken from a novel experi-
mental test facility [22,23]. Eight different flow configurations
are studied both experimentally and numerically. Results reported
here also explore the effects of the resulting turbulence intensity
on the structure of the reaction zone as well as the burning rate.

This paper is organised as follows: Section 2 briefly describes
the experimental combustion chamber. Details of the newly devel-
oped SGS-DFSD model used in the LES calculations are outlined in
Section 3. Numerical predictions for four groups of configurations
are compared with available experimental data and reported in
Section 4. Results are discussed highlighting the merits and draw-
backs of the used model while discussing flame dynamics and
behaviour in these groups of flow configurations. Finally general
conclusions from the present investigation are summarised in
Section 5.

2. Combustion chamber and test cases

The combustion chamber, shown schematically in Fig. 1a is only
briefly described here and more details can be found elsewhere
[22,23]. It has internal dimensions of 50 � 50 � 250 mm giving
an overall volume of 0.625 L. Up to three turbulent generating
grids (also referred to as baffle plates or simply obstacles) may
be placed in the chamber at 20 mm, 50 mm and 80 mm from the
base. Each baffle plate consists of five strips, 4 mm wide, evenly
separated by six gaps, 5 mm wide, thus creating an overall block-
age ratio of 0.4. Downstream of the baffle plates, a further obstruc-
tion with a square cross section may be placed such that its bottom
surface is maintained at 96 mm from the base plate. Two obstruc-
tion sizes are used, a small one with a cross section of 12 � 12 mm
and a large one with a 25 � 25 mm cross section. The blockage ra-
tios of these square obstructions are 25% and 50%, respectively.

The fuel used throughout these experiments is Liquefied Petro-
leum Gas, LPG (88% C3H8, 10% C3H6 and 2% C4H10 by vol.) at an
equivalence ratio of u = 1.0. The mixture is ignited from rest and
ignition is achieved by focusing the infrared output from a Nd:YAG
laser 3 mm above the base. Laser timing is controlled by the
Q-switch of the Nd:YAG laser and this marks the start of each
experiment or time zero. Pressure is recorded using two Keller type
PR21-SR piezo-electric pressure transducers with a range of
0–1 bar and a total error <0.5% located in the base plate and in
the wall of the chamber just upstream of the exit plane. Eight con-
figurations are rendered using this test chamber as shown in
Fig. 1b. These are clustered into four different ‘‘groups’’ as shown
in Table 1 to test the following aspects:

s The effects of increasing the number of baffle plates starting
with one baffle plate farthest from the ignition source (Group
1, configurations: 5–2–1).

s The effects of increasing the number of baffle plates starting
with one baffle plate closest to the ignition source (Group 2,
configurations: 7–4–1).

s The effects of using the same number of baffles plates (two)
positioned at different locations (Group 3, configurations: 2–
3–4).

s The effects of using the same number of baffles plates (one)
positioned at different locations (Group 4, configurations: 5–
6–7).

It should be noted here that configuration 0 with no baffle
plates is not included in any of the groups discussed here but it
is useful as a baseline case for rest of the cases considered here.

3. Modelling and numerical issues

The governing equations and other numerical details associated
with the LES model adopted in this paper are detailed elsewhere
[18–20] and only a brief description is given here. A grid resolution
of 90 � 90 � 336 (2.7 million cells) is adopted in the present calcu-
lations, as further refinement to 3.6 million cells shows no signifi-
cant improvement in the results [19] for the present configuration.
The filter width D is calculated using a box filter, which is generally
related to grid resolution by 2.0 (dxdydz)1/3 and fits in with the fi-
nite volume discretisation. The SGS combustion model used is de-
scribed below in detailed, considering its importance and novelty.

In LES, modelling the filtered chemical reaction rate in turbulent
premixed flames is very challenging due to its non-linear relation
with chemical and thermodynamic states, and is often character-
ised by propagating thin reaction layers which are thinner than
the smallest turbulent scales. In the present simulations, the SGS
chemical reaction rate, �_xc is the source term in the Favre filtered
reaction progress variable equation (see Eq. (1)) and this is mod-
elled using the laminar flamelet concept. The filtered conservation
equation for the reaction progress variable may be written as:

@�q~c
@t
þ @ð

�q~uj~cÞ
@xj

þ @ð
�qðfujc � ~uj~cÞÞ

@xj
¼ @

@xj

�l
Sc

@~c
@xj

� �
þ �_xc ð1Þ

In the above equation, q is the density, c is the reaction progress
variable, uj is the velocity component in xj direction, l is the dy-
namic viscosity, Sc is the Schmidt number and _xc is the rate of
chemical reaction. An over-bar describes the application of the spa-
tial filter, while the tilde denotes Favre filtered quantities. The reac-
tion rate in Eq. (1) is modelled as:

�_x ¼ hquisR ¼ quuLR ð2Þ

where qu is the density of unburned mixture, uL is the laminar burn-
ing velocity, and R is the flame surface density (FSD). The filtered
FSD term in Eq. (2) (R ¼ jrcj), can be split into two terms as re-
solved and unresolved:

R ¼
Y
ð�c;DÞ|fflfflfflfflffl{zfflfflfflfflffl}

Resolved

þ kð�c;D;
Y
ð�c; �DÞÞ|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

Unresolved

ð3Þ

The resolved term in the above equation is evaluated as [24]:Y
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The unresolved term in Eq. (3) is evaluated using the following
expression:

kð�c; �D;pð�c;DÞÞ ¼ R�
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The ratio of test filter to grid filter, i.e. bD=D is defined as c, such that
the test filter bD is greater than the grid filter D. In this study, test
filter to grid filter ratio is considered as 2.0. Applying the test filter
to FSD i.e. to Eq. (3) gives:
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