B Loughborough
University

This item was submitted to Loughborough’s Institutional Repository
(https://dspace.lboro.ac.uk/) by the author and is made available under the
following Creative Commons Licence conditions.

@creative
ommon

COMMONS D EE D

Attribution-NonCommercial-NoDerivs 2.5
You are free:
» to copy, distribute, display, and perform the waorlk

Under the following conditions:

Attribution. ¥ou rmust attribute the wark in the manner specified by
the author or licensor,

MWoncommercial. vYou may not use this work for commercial purposes,

Mo Derivative Works, vou may not alter, transform, or build upon
this work,

& For any reuse or distribution, vou must make clear to others the license terms of
this work,

® Any of these conditions can be waived if you get permission from the copyright
holder,

Your fair use and other rights are in no way affected by the above.

This is a hurman-readable summary of the Legal Code (the full license).

Disclaimer BN

For the full text of this licence, please go to:
http://creativecommons.org/licenses/by-nc-nd/2.5/




The citation for this article is:

Gubba, S.R., Ibrahim, S.S., Malalasekera, W., and Masri, A.R., Measurements and
LES calculations of turbulent premixed flame propagation past repeated obstacles
Combustion and Flame 158 (2011) 2465-2481,
doi:10.1016/j.combustflame.2011.05.008

Measurements and LES Calculations of Turbulent Premixed Flame
Propagation past Repeated Obstacles

Sreenivasa Rao Gubba®* ", Salah S Ibrahimb,dWeertunge Malalasekera® and Assaad R
Masri

*Wolfson School of Mechanical and Manufacturing Engineering
Loughborough University
Loughborough, LE11 3TU, UK
S.R.Gubba@L eeds.ac.uk

bAeronautical and Automotive Engineering
Loughborough University
Loughborough, LE11 3TU, UK
S.S.Ibrahim@lboro.ac.uk

“Wolfson School of Mechanical and Manufacturing Engineering
Loughborough University
Loughborough, LE11 3TU, UK
W.Malalasekera@lboro.ac.uk

9 School of Aerospace, Mechanical and Mechatronic Engineering
The University of Sydney, NSW, 2006, Australia
masri@aeromech.usyd.edu.au

*Corresponding author

' Current Address: School of Process Environment and Materials Engineering
University of Leeds, Leeds, LS2 9JT, UK
S.R.Gubba@Leeds.ac.uk
Tel: +44 (0) 113 343 3824 Fax: +44 (0) 113 246 7310

1



mailto:S.R.Gubba@Leeds.ac.uk
mailto:S.S.Ibrahim@lboro.ac.uk
mailto:W.Malalasekera@lboro.ac.uk
mailto:masri@aeromech.usyd.edu.au
mailto:S.R.Gubba@Leeds.ac.uk

Abstract

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 stoichiometric propane/air mixture, ignited from rest. A wide range of
flow configurations are studied. The configurations 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
number 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 configurations during the course of flame propagation.

Key Words: LES, dynamic flame surface density, turbulent premixed flames, influence of the

obstacles, Propane/air mixture



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 characteristics of
complex reacting flows including those of practical combustors [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 occurs 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 et al. [12].
Recently, Di Sarli and co workers [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 functions (FDF) [15], the
conditional moment closure [16] and the linear 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 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 selected
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 experimental 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 organized as follows: Section 2 briefly describes the experimental combustion
chamber. Details of the newly developed 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 drawbacks 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 Figure la is only briefly described here
and more details can be found elsewhere [22, 23]. It has internal dimensions of 50x50x250
mm giving an overall volume of 0.625 Litres. Up to three turbulent generating grids (also
referred to as baffle plates or simply obstacles) may be placed in the chamber at 20mm,
50mm and 80mm from the base. Each baffle plate consists of five strips, 4mm wide, evenly
separated by six gaps, 5mm wide, thus creating an overall blockage ratio of 0.4. Downstream
of the baffle plates, a further obstruction with a square cross section may be placed such that
its bottom surface is maintained at 96mm from the base plate. Two obstruction sizes are used,
a small one with a cross section of 12x12 mm and a large one with a 25x25 mm cross section.
The blockage ratios of these square obstructions are 25% and 50%, respectively.

The fuel used throughout these experiments is Liquefied Petroleum Gas, LPG (88% CsHs,

10% C3Hg and 2 % C4Ho by vol.) at an equivalence ratio of ¢ =1.0. The mixture is ignited

from rest and ignition is achieved by focusing the infrared output from a Nd:YAG laser 3mm
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
configurations are rendered using this test chamber as shown in Figure 1b. These are
clustered into four different “groups” as shown in Table 1 to test the following aspects:

o 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)
o 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)



o The effects of using the same number of baffles plates (two) positioned at different
locations (Group 3, Configurations: 2-3-4)

o 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. Modeling 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 90x90x336 (2.7 million cells) is adopted in the present calculations, as further
refinement to 3.6 million cells shows no significant improvement in the results [19] for the
present configuration. The filter width A is calculated using a box filter, which is generally
related to grid resolution by 2.0 (6xdyz)"? and fits in with the finite volume discretisation.

The SGS combustion model used is described 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 characterized by propagating thin reaction layers which are thinner than the smallest

turbulent scales. In the present simulations, the SGS chemical reaction rate, @, is the source

term in the Favre filtered reaction progress variable equation (see Eq. 1) and this is modelled
using the laminar flamelet concept. The filtered conservation equation for the reaction

progress variable may be written as:
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In the above equation, p is the density, ¢ is the reaction progress variable, u; is the velocity
component in x; direction, 4 is the dynamic viscosity, Sc is the Schmidt number and «, is the

rate of chemical reaction. An over-bar describes the application of the spatial filter, while the

tilde denotes Favre filtered quantities. The reaction rate in Eq. 1 is modelled as:
we = (pu), £ = puur® )

where p, is the density of unburned mixture, u. is the laminar burning velocity, and X is the

flame surface density (FSD). The filtered FSD term in Eq. 2 (X =|Vc|), can be split into two

terms as resolved and unresolved:

T =I(c,A) + A5, A,TI(G, A
(6 A)+A@G A1 A)

Resolved Unresolved ®)
The resolved term in the above equation is evaluated as [24]:
II(c, A) = 4\@% (4)
The unresolved term in Eq. 3 is evaluated using the following expression:
AE, AII(g A) =X —II(¢,A) = [V -II(g,A) (5)

The ratio of test filter to grid filter, i.e. AIRA is defined as y such that the test filter A s

greater than the grid filter A . In this study, test filter to grid filter ratio is considered as 2.0.

Applying the test filter to FSD i.e. to equation 3 gives:
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From the above equation, contribution of the unresolved-FSD? at the test filter level can be

written as:
A= [W -1, Z)] (7)

Assuming that the SGS contribution of unresolved-FSD as the difference of the SGS

contributions, at test and grid filter and relating 4 and A by using the Germano identity [25]

gives:
A-3=[¥d-16h)| - V- 1G2)] (%)
A-3= [11(/5,\5) ~11(3,A)] (8b)

In the present simulations the SGS flame surface density contributions from the above
equation can be added to the resolved-FSD with a model coefficient Cs. Hence the total-FSD

can be expressed as:
¥ =TI(;,A) +Cs [11(5/,\5) ~1( A)] ©)

The model coefficient Cs in above equation is dynamically obtained by identifying sub-grid

flame surface as a fractal surface [2].

1 A D-2

2 Unresolved-FSD: FSD due to unresolved progress variable in the solution field.
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where ¢ is the lower cut-off scale, taken equal to three times of the laminar flame thickness

[2] and D is the fractal dimension, calculated dynamically [2] as:

, e (e 2)/(1G )

p=20 log (Z/A)

(11)

In the above equation, angular brackets () denotes conditional averaging within the flame

bounded by € =0 to €=1. The numerical model described above is implemented in an in-

house, compressible version of the LES code called PUFFIN [26].

The simulations are performed using an initially stagnant propane/air mixture of equivalence
ratio 1.0. The code solves fully compressible, strongly coupled, Favre-filtered flow equations
discretized using a finite volume method. The discretization is based on control volume
formulation on a staggered non-uniform Cartesian grid. A second order central difference
approximation is used for diffusion, advection and pressure gradient terms in the momentum
equations and for gradient in the pressure correction equation. Conservation equations for
scalars use second order central difference scheme for diffusion terms. Third order upwind
scheme of Leonard, QUICK [27] and SHARP [28] are used for advection terms of the scalar
equations to avoid problems associated with oscillations in the solution. The QUICK scheme
is also sometimes used for the momentum equations in areas of the domain where the grid is
expanded and accurate calculation of the flow is less important. The equations are advanced
in time using the fractional step method. Crank-Nicolson scheme is used for the time
integration of momentum and scalar equations. A number of iterations are required at every

time step due to strong coupling of solved equations.

The computational domain is shown in Figure 1c. It should be noted here that LES

simulations presented in this paper were carried out using thel2x12 mm square obstruction.



The combustion chamber has dimensions of 50x50x250 mm where the flame propagates over
the baffles and solid obstacle. Solid boundary conditions are applied at the bottom, vertical
walls, for baffles and obstacle by setting the normal and tangential velocity components to
zero, which ideally represents impermeable and no-slip conditions. The walls and obstacles
are considered to be isothermal and the same temperature is maintained thorough out the

simulations. The wall shear is calculated by the 1/7™ power-law wall function of Werner and

Wengle [29] taking the form of 7, :W(U, y), where 7, is the wall shear stress, W is a

functional dependence, y is the distance of the grid point form the wall and 0 is the tangential
velocity at y. Outflow boundary condition is used at the open end of the combustion chamber.
To ensure that the outflow boundary condition at the open end of the domain is accurate and
allows the pressure waves generated within the chamber to leave the computational domain
without reflection, the numerical domain is adequately extended to 325mm in x, y and
250mm in z direction with a large grid expansion ratio of approximately 1.25. A non-
reflecting boundary condition [26] analogous to commonly used convective boundary
condition, in incompressible LES is used to prevent reflection of pressure waves at this
boundary. The initial conditions are quiescent with zero velocity and reaction progress
variable. Ignition is modelled by setting the reaction progress variable to 0.5 within a radius
of 4mm [30] at the bottom centre of the chamber, in order to achieve the initial quasi laminar

phase corresponding to experiments.

The governing equations, discretized by the finite volume method, are solved using a Bi-
Conjugate Gradient solver with an MSI pre-conditioner for the momentum, scalar and
pressure correction equations. The time step is limited to ensure the CFL number remains less
than 0.5 with the extra condition that the upper limit for ot is 0.3ms. The solution for each
time step requires around 8 iterations to converge, with residuals for the momentum

10



equations less than 2.5e-5 and scalar equations less than 2.0e-3. The mass conservation error

is less than 5.0e-8.

4, Results and Discussions

Results are presented in this section for the base flow configuration followed by those for the
four groups of cases listed in Table 1. Calculations are compared with available averaged
measurements which include pressure-time traces, mean and rms fluctuations of velocity, as
well as high-speed video images of flame emission (2000 frames per second). It should be
noted that the high-speed video images are not space-resolved and mark the leading edge of
the propagating flame front. These are compared with calculated reaction rates to validate the
location of the flame leading edge and the global degree of contortion in the flame. Video
images from experiments are only available up to 25cm of the test facility and no information
is available after this. It is worth mentioning at this stage that all experimental measurements
are highly repeatable. For example, Figure 2a shows five individual pressure-time histories of
experimental measurements for configuration 1 together with averaged curve in black solid
line. The variation and standard deviation of overpressure are calculated as 11.46mbar (<
10%) and 3.38mbar respectively. The variation of peak overpressure occurrence (time) is
0.02ms. The variation of peak overpressure in other configurations is < 5%. Figure 2b shows
axial velocity data for configuration 3 from over 50 individual experiments together with
mean velocity obtained using an ensemble averaging technique with a time interval or bin
size of a quarter of a millisecond [31]. It should be noted here that the measurements were
carried out at the middle of the chamber (x-axis) and half-way up the side of the square
obstacle i.e. 102mm from the base (z-axis) and 16mm from the central axis (y-axis) using the

Laser Doppler Velocimetry (LDV) technique. The mean profile obtained is further processed
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using a least squares fit polynomial to alleviate the errors imbedded in the flow data arising

from the ensemble mean.

4.1 Base Flow Configuration

The base flow configuration, noted here as configuration 0, has no internal baffle plates, but
include a built-in solid square obstacle (12x12 mm cross section) running across the chamber
such that its base is 96mm from the ignition end. Time series of the overpressure and the
flame position from LES are plotted against experimental measurements in Figure 3. Since,
solid baffle plates are not present in this configuration; the flame travels relatively slowly as
seen from both measurements and calculations. The overpressure trend from LES is in
excellent agreement with experimental measurements for the duration of flame travelling
from ignition to the exit of the chamber. The time at which pressure rises is at about 11.5ms
and peak overpressure occurs at about 13.5ms. The LES predicts a peak overpressure of
36.6mbar at 13.5ms compared to a measured value of 34mbar at 13.5ms producing an over-
prediction of about 7.6%. It is evident from Figure 3 that the pressure reflections once the
main flame left the chamber are in reasonable agreement with the experiments. It is observed
that the trapped unburned mixtures up and down stream of the solid obstacle are consumed
once the main flame leaves the chamber leading to subsequent pressure oscillations. The
flame position shown in Figure 3 confirms this observation with a good match of up to the

peak overpressure and thereafter with a slight, but considerable deviation.

Figure 4 shows a sequence of images for the calculated reaction rate contours compared to
the measured high-speed video images at various times after ignition. It is evident from these
images, that the LES technique is capable of reproducing turbulent flame structure and
propagation rates with high level of accuracy. For instance, the semi-circular shape of the

flame is gradually flattened as it approaches the obstacle as seen in the images at 12ms.
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Similarly, at 13.5ms (peak overpressure incidence) both LES and measurements demonstrate
the entrainment of unburnt mixture on the upstream edge of the obstacle as it is engulfed by
the flame. This trapped mixture is seen to burn before 14.5ms. However, there is some
unburnt mixture trapped in the formed recirculation zone downstream the solid obstacle and
this burns after the leading edge of the flame has exited the chamber. It is also noted from
Figure 4a that the predicted turbulent flame thickness is about 1 to 3 computational grid
widths and the development of flame stretch is clearly noticed once the flame starts

interacting with the square obstacle.

Figure 5 shows the measured mean and rms values for the axial and radial flow velocity
components plotted against corresponding LES results at the same location defined in section
4. Experimental axial (W) and radial (V) velocity measurements shown in Figure 5 are the
ensemble averaged velocity data from over 50 repeatable individual experiments with a time-
bin of 0.25ms [31]. Accordingly, the rms fluctuations of W and V are estimated from the

variance between a polynomial fitted to the ensemble mean velocity data.

In case of LES, the data are available from only one simulation where the flame is totally
unsteady, so ensemble averaged velocity information is not available. The only alternative
choice is to take a suitable calculation time span (time-bin) over which mean and rms
fluctuations can then be obtained. From the LES calculations, there exists a large number of
data points (~100 to 500) for every one millisecond of the flow due to the limitation of
Courant—Friedrichs—Lewy (CFL) condition. Therefore, a time-bin size of 0.25ms is chosen to

extract average and its variance at the same location in the chamber.

It is evident from Figure 5a that the maximum axial velocity has reached 32m/s at
approximately 14.5ms as obtained from both experiments and LES. Mean and rms velocity

profiles of the LES are in reasonable agreement up to approximately 15ms after ignition but
13



deviate slightly thereafter. Notwithstanding the uncertainty in the measurements, the rms
fluctuations in Figure 5a provide good estimates of the turbulence levels at various stages of
flame propagation. It can be seen that, the rate of increase in turbulence and its decay is fairly

well predicted at peak pressure incidence i.e. 13.5ms and during the blow-down phase.

Noting that this flow is a highly dynamic and transient combustion situation the peak values
of the mean and rms of radial velocities shown in Figure 5b are in adequate agreement
between LES and measurements. The computed mean velocity trend is in good agreement
with experimental trend. However, the computed rms fluctuations show some disagreement
with measurements. This is expected considering that neither measurements nor LES
calculations of rms are presenting true values of local turbulence. The experimental rms
includes shot-to-shot variations associated with the repeatability of the measurements. It is
worth noting here that given the transient nature of the flame, measuring true turbulence is
not a trivial task as experienced by other researchers too in the past [32] and requires a

technique with data collection ability in the range of tens of kHz.

4.2 Overview of Groups 1 to 4

In order to facilitate the discussion in the remainder of this paper, overall trends obtained
from the various groups of configurations are first presented. Figure 6 show plots of the peak
overpressure and the time to reach the peak (referred to hereon as (“time-to-peak™) for
Groups 1 to 4. It is evident from Figure 6a that, as expected, the overpressure generated is
higher and the time-to-peak is shorter in the case of configuration 1 since it has 3 baffle
plates. It is very interesting to note that the time-to-peak in this group of experiments
maintains a linear relation within the group while overpressure is non-linear as seen in Figure
6a. The magnitude of the overpressure is approximately increased by 50% and 75% due to

the addition of one and two baffles in configurations 2 & 1 respectively, when compared to
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the overpressure of configuration 5, which has only one baffle plate. However, the time-to-
peak decreased by 11.5% and 23% in configurations 2 & 1 respectively. The non-linear
relation of the peak overpressure in this group is postulated to be due to the increase in baffle

plates and their respective positions in the configurations.

Figure 6b presents overpressures and time-to-peak for Group 2. It is evident that both
overpressure and time-to-peak are non-linear in this group. The overpressure has increased by
71% and 206% in configurations 4 and 1 respectively compared to the measured overpressure
in configuration 7. The time-to-peak has decreased by 11% and 6.4% in configurations 4 &1,
respectively, as compared to configuration 7. The measured time-to-peak in configuration 4 is
about 9.8 ms and found to be the fastest compared to any other configuration studied in this
investigation. By comparing configurations 4 & 1 in Figure 6b, the increase in time-to-peak
when relatively moving from configuration 4 to configuration 1 is clearly noticeable. It is
evident that, the number of baffles in these configurations may increase the magnitude of the
overpressure as noticed in Groups 1 & 2. Also, it is clear that the time-to-peak trend in Group
2 is different compared to Group 1 and highlights that the time-to-peak is mainly dependent

on the relative position of the baffles to the ignition source in any configuration.

Figure 6¢ presents overpressures and time-to-peak in Group 3. It is very interesting to note
that having two baffles at different positions in this group has produced different pressures
and time-to-peaks. The recorded overpressure is found to be higher in configuration 2 and
lower in configuration 4. Similarly the time-to peak is higher in configuration 2 and lower in
configuration 4. Figure 6d presents overpressures and time-to-peak in Group 4. Experimental
measurements for configurations 6 & 7 are not available to compare. However, indicative

overpressure and incident time from the work of Hall et al. [20] using a rich mixture (¢ =1.1
15



) in the same test facility having one baffle and square obstacle at the same locations are used
here. It should be noted that these measurements used here just to give an approximate

indication.

Remarkably configuration 5 having one baffle plate at S3, away from ignition end, has
resulted in higher overpressure of 71mbar at 13.3ms. Configuration 7, which has one baffle
plate at S1 near to the ignition bottom, has produced the lowest over pressure of 58mbar at
12.5ms. Configuration 6, with one baffle plate at S2, has produced an overpressure of 65mbar
at 12.1ms, which lies in between the other two configurations. The overall overpressure
trends obtained in Groups 3 and 4 are found to be very similar. A slight difference in the
measured and LES time-to-peak trends of Groups 3 and 4 are noticeable from Figures 6¢ and
6d respectively. This is mainly thought to be due to the additional baffle plate and its
respective position in Group 3 configuration. However, Groups 3 and 4 evidently confirm
that the farther the location of the baffles from the ignition bottom, the higher the peak
overpressure. Also, closer the baffles to the ignition bottom, the lesser the magnitude of peak
overpressure. More details will be discussed in the next sections for individual groups of test

cases.

4.3 Results for Group 1 Test Cases

Group 1 consists of configurations 5-2-1 with progressively increasing the number of baffle
plates from one to three starting with the position farthest from ignition source as detailed in
Table 1. The time histories of overpressure and flame position from LES and experiments are
shown in Figures 7a & 7b respectively. It is evident from Figure 7a that the overpressure
trend is in good agreement albeit slight under-predictions. Figure 7a also highlights the

impact of the number of baffles and their position with respect to distance from the ignition
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source. In configuration 5, the time taken to reach the first baffle plate is long compared to
configurations 2 and 1 and the turbulence generated in the latter two configurations is
expected to be higher due to progressively higher blockage ratio leading to higher
overpressure as evident from the results. Similarly, the flame position shown in Figure 7b is
also well predicted and the trends are as expected, that the flame propagates faster is

configuration 1 as compared to configuration 5.

Computed flame speed and acceleration for configurations 5, 2 and 1 shown in Figures 8a &
8b are in good agreement with those derived from the measured flame images, except when
the flame is located downstream of the square obstacle in the blow-down region. This may be
partly due to the limited resolution of high-speed images. Within the blow-down region, the
flow condition is highly turbulent and the flame propagates at speeds of about 80-100 m/s. At
an imaging rate of 2000fps, the flame front could have moved about 8-10 mm between
subsequent frames. It is worth noting here that high-speed imaging of laser induced
fluorescence from reactive species such as OH (LIF-OH) would be extremely useful since
such measurements could be made at a rate of 5kHz or higher and would be spatially resolved
as well. Such capabilities are now available and LIF-OH imaging is planned for the

configurations studied here.

Figure 9 presents the reaction rate contours computed at 6.0, 8.0, 10.0, 11.5 and 12.0 ms after
ignitions for the three flames in Group 1. These plots, clearly, display the relative change in
the flame structure with respect to the addition of baffle plates. For instance, the plots at 8.0
ms for configurations 2 and 5 (Figures 9a & 9b) illustrates the semi-circular flame structure,
which is generally expected in chambers having length to diameter ratio greater than 3. At
subsequent times, the finger-like structures of the flame protruding from the channels of the
baffle plates are visible in all configurations. Figure 9b at 11.5 and 12.0 ms shows a clear

17



picture of entrapment of unburned fuel/air mixture around the solid square obstacle within the
recirculation zone. Figure 9c shows that the pockets of trapped unburned mixture in the case
of configuration 1 occurring at 10.0 and 11.5 ms are clearly noticeable. These extended
simulations have not been performed for all configurations due to computational resource
limitations. Similarly, Figure 9c at 11.5 and 12.0 ms shows the consumption of trapped
mixture, once the main flame left the chamber. Figure 9 also quantifies the influence of
baffles on overpressure and turbulence generation through the flame. This mixture is
consumed once the main flame has left the chamber causing pressure oscillations as observed
experimentally. The LES calculations found to capture these oscillations as shown in

configuration 0 (Figure 3).

The current work shows a clear improvement over earlier attempts made to calculate the
detailed flame structure [18] and this is believed to be largely due to the addition of
unresolved FSD contribution at SGS level. The contribution of the unresolved FSD is
expected to increase with turbulence levels as evident from the plots of Figure 10a which
shows the unresolved FSD plotted against turbulence fluctuation normalised with laminar
burning velocity (u'/u.). The velocity fluctuations are calculated as mentioned above in
Section 4.1. It can be noted that the trend is consistent for all three configurations where the
unresolved FSD sharply increases with higher values of u'/u.. The ratio of the unresolved to
the resolved FSD is found to be proportional to the turbulence intensity at any given instance.
It is noted that the contribution of the unresolved FSD ranges from 15 to 50 % of the resolved
FSD [33] and hence must be included. It is interesting to note that for values of u'/u. >20 all
configurations show a steeper rate of increase in the unresolved FSD; the highest being for

configuration 5. This might be one of the reasons for the under-prediction of overpressure
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and the slight shift of peak overpressure observed earlier. It should be noted that the estimates

of turbulence and FSD reported here are obtained at the leading edge of the flame.

Figure 10b shows the combustion regimes for configurations 5, 2 and 1 on a standard regime
diagram [34] for turbulent premixed flames. While results are shown for the leading edge of
the flame in each configuration, they illustrate the transition into different regimes as the
reaction zone propagates through different turbulence levels. Following ignition, during the
early stages of flame propagation, the flame is found to be within the wrinkled and corrugated
flamelet regimes for all three configurations. However, for most of its lifetime, the flame lies
in the thin reaction zone regime, where flamelet models are applicable. The findings of Di
Sarli et al. [10] for combustion in a rectangular chamber with multiple obstacles supports the
current observations. As turbulence level increases, it is likely that the flame enters into the
broken reaction zone and hence the laminar flamelet modelling approach would no longer be
valid. Such occurrences, while possible, are not likely to be frequent in the present flow

configurations.

To elaborate this further, the range of turbulence levels, corresponding combustion regimes
and the Karlovitz numbers and corresponding times spent under each regime for all three
configurations of this group are presented in Table 2. It is interesting to note that in all
configurations the flame progresses from wrinkled flamelet regime to the thin reaction zone
regime through a corrugated flamelet regime (see Figure 10b). The time spent within the
wrinkled flamelet regime by the flame in each configuration generally corresponds to how
long the flame maintains its laminar structure after ignition (see Figure 10b). From Table 2, it
is evident that the time spent by the flame within the corrugated flamelet regime in

configuration 5 is longer than that of configuration 1. This observation confirms that the
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flame is passing through various regimes of turbulent premixed combustion as it interacts
with different turbulence levels. However, it can be confirmed that the flame in these

configurations did not enter into the broken zone regime.

Figure 10c shows the time derivatives of the resolved and unresolved flame surface areas
plotted against averaged Karlovitz number for the entire lifetime of flame propagation in
configuration 1. The Karlovitz number is defined here based on the LES filter width [35].
Computed Karlovitz numbers within the reaction zone bounded by reaction progress variable
of 0 to 1 are averaged in the middle plane across the chamber. It is worth noting that, as the
flame propagates, the turbulence level progressively increases. However, the rate at which the
flame surface area grows is not uniform with Karlovitz number. From Figure 10c, it is
evident that absolute maximum of rate of resolved flame surface (dA/dt) occurs at a Karlovitz
number of Ka = 61 and corresponding to 10.1ms of flame evolution (time is not shown in
plots). However, absolute maximum of rate of unresolved flame surface (dA/dt) occurs at a
Karlovitz number of Ka = 72 and corresponding to 10.2ms. This behaviour may be due to
two reasons. Firstly, the Karlovitz number presented in Figure 10c is averaged as described
above. Secondly, after the flame leading edge leaves the chamber, the development of the
combustion is very much restricted to the trapped unburnt gases. Therefore, Figure 10c would

be more meaningful within the Karlovitz number below 100.

4.4 Group 2 Test Cases

Configurations 7-4-1 forming Group 2 have similar number of baffle plates as Group 1
except that the arrangement starts close to the ignition end as detailed in Table 1. Since the
details of configurations 7 & 4 are being discussed in next sections, they are not discussed

here to avoid repetition. Only one additional comment is made here.
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In general, overpressure increases with the number of blockages (see Figure 6b). However,
the rise of peak overpressure from configurations 4 to 1 and configuration 2 to 1 is very
noticeable (see Table 1 and Figures 6a & 6b). This finding is certainly helpful in positioning
the blockages (any equipment or workstations) in industrial environments or commercial
buildings, in order to reduce the risk of overpressure generated in an accidental explosion.
Recent explosion investigation reports of Buncefield oil depot, Hemel Hempstead, UK [36]
and Hayes Lemmerz International (HLI), Huntington, Indiana, USA [37], clearly identified
the influence of blockages on overpressure and highlighted the damage caused by the
generated overpressure. The Buncefield investigators identified that few 100 mbar of
generated overpressure in this explosion incident has caused severe damages as shown in
their report [36]. The HLI investigators recommended increasing the gap between the dust
collectors and the foundry building to 50 feet and felt that the previous arrangement had
increased the risk to personnel during explosion. Similar considerations could be given in the

design of offshore drilling platforms.

4.5 Group 3 Test Cases

Group 3 has three configurations 2-3-4 with two baffle plates at different positions and the
solid square obstacle at the fixed position. Figure 1la shows good agreement between
predictions and measurements of the rate of pressure rise and trend, including the first hump.
However, in configuration 4, the computed rate pressure rise is slower than measurements,
which indicates a faster decay of turbulence being predicted between the second baffle and
the square obstacle. Figure 11b shows the calculated and measured flame position in this
group. In configuration 3, the computed flame position is in excellent agreement with

measurements. The agreement in configurations 2 & 4 is good. However, faster flame
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propagation is predicted during the blow-down phase, where highest level of turbulence is

present.

Figures 12a & 12b shows comparisons between the computed and measured flame speed and
acceleration in this group. The highest flame speed and acceleration are recorded for
configuration 2. It should be noted that, configuration 4 has the lowest overpressure, flame
speed and acceleration. It is believed that this is largely due to the longer separation between
the second baffle plate and the obstacle. Such large separation allows the flame to re-

laminarise and hence lower its speed of propagation.

Figure 13 shows the reaction rate contours and corresponding video images at various
instances in this group. The flame-obstacles interactions in this group can be analysed by
combining the results presented in Figures 12 and 13. For instance at 6ms, the flame is seen
to be jetting out of the first baffle in configurations 3 & 4. However at 6ms, the flame is seen
to be relatively smooth in configuration 2. This observation is supported by the axial rms
velocity presented in Figure 14 of 2m/s in configurations 3 & 4 against 0.2m/s in

configuration 2 at 6 ms.

Similarly, the flame in configurations 2 & 3 can be seen to be interacting with the baffle plate
at S3 leading to a different flame structure at 10ms. The axial rms velocities are found to be 4
and 5 m/s respectively in the above configurations. However at 10ms, the flame in
configuration 4 is found to be more turbulent with axial rms velocity of 8m/s. Figures 13 and
14 also illustrate quicker flame exit in configuration 4 than in configuration 2. Though, the
flame in configuration 2 is at lower speed at the beginning, it became highly turbulent due to
jetting and contortion through repeated baffles. The rms of the axial velocity component in
this configuration is found to be progressively increasing and reaches a maximum of 9m/s at

11.5ms.
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In configuration 3, the flame is found to be distorted as it reaches the first baffle. However,
re-laminarisation of the flame between S1 and S3 slows the speed of propagation between S1
and S3 such that the flame front reaches the obstacle at a later stage compared to
configuration 4. This is also evident from the computed rms fluctuations at 10ms as 5 and 8

m/s and at 11.5ms as 5 and 7 m/s respectively in configurations 3 and 4.

4.6 Group 4 Test Cases

Group 4 consists of configurations 5-6-7 with only one baffle positioned at different locations
from the ignition end with the square obstacle. Figures 15a &15b presents the time histories
of overpressure and flame position respectively in this group. Evidently, Figure 15a illustrates
the agreement between computed and measured overpressure in configuration 5. From
numerical predictions, it is interesting to note that the configuration 7 has recorded the lowest
overpressure compared to configuration 5 in this group. This is believed to be due to the
position of baffle plate in the chamber from the ignition end. As the distance between the
baffle plate and square obstacle in configuration 7 is longer compared to configuration 5, re-

laminarisation of the flow might have occurred.

In order to examine the flame-obstacle interactions, the computed reaction rate at 5 instances
i.e. 6, 8, 10, 12 and 13 ms are presented in Figure 16. These time instants are generally
matched with the flame evolution, interactions with baffle and square obstacle, formation of

recirculation zone and flame blow-down from the chamber.

At 6 and 8 ms, configurations 5 & 6 are found to have very similar flame structure and shape
with approximately the same flame thickness and reaction rate. Since configuration 7 has a
baffle plate at S1, the flame is found to be jetted through the baffle, which eventually changes

the flame shape. The flame position at 8ms in configuration 7 is almost equal to the other two
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configurations in this group (see Figure 15b). However at 10ms, the flame in configuration 7
is found to have a higher surface area. At 10ms, the flame in configuration 6 is found to
evolve through baffle slits and starts to form individual flame kernels. However, the flame in
configuration 5 at 10ms is still smooth and is found to have a finger shaped structure,
propagating in the axial direction at a rate proportional to the gas expansion ratio (defined as

the density ratio of the fresh and burned fuel/air mixture).

Reaction rate contours at 12ms in Figure 16 are very interesting and delineate information
about the flame entrapment around the square obstacle. Comparison of the reaction rate in
configurations 6 & 7 at 12ms confirms that the flame in configuration 7 has more flame
surface area with smooth outer and wrinkled inner flame structure. The inner flame structure
is responsible for trapping of unburned mixture. However, the flame in configuration 6 has
smooth inner structure, which engulfs a lesser amount of the mixture. Also, some flame
islands can be observed in configuration 6, which are believed to be responsible for slightly

higher overpressure at any given time compared to configuration 7.

Comparing reaction rate contours at 13ms in configuration 5, with the contours at 12ms in
configurations 6 & 7, enhances our understanding of how, individual flow configuration traps
the unburned mixture. Figure 16 also reveals that the mixture trapped in configuration 5 is
much less compared to configurations 6 & 7. This is believed to be due to the gap between

the baffle and the square obstacle, which has a greater influence on the turbulence intensity.

5. Conclusions

Measurements and LES simulations have been carried out for propagating turbulent premixed
flames in eight different flow configurations employing a newly developed SGS-DFSD
model. A stagnant, stoichiometric propane/air mixture was used in the current investigation.

All flow configurations were clustered into four groups based on the number and position of
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baffles, in order to understand the underlying complex mechanism of flame-flow-obstacle

interactions. Main conclusions from the current study can be categorized as follows:

5.1 Improvements in the Predictions due to the SGS-DFSD model:

In general, the LES predictions for all flow configurations are in good agreement with
experimental measurements of the flame structure, position and speed as well as the reaction
zone development. The time histories of the generated overpressure are in excellent
agreement with measurements in all test groups. The overpressure, which generally
represents the generated energy in any individual configuration, was identified to be

proportional to the number of solid obstructions and their relative location to the ignition end.

In the selected flow configurations, considered here, majority of the combustion is within the
thin reaction zone regime of turbulent premixed combustion. A progressive increase of the
unresolved FSD contribution with increased turbulence level is identified and this highlights
the importance of the unresolved FSD in the employed model in achieving accurate

predictions.

5.2 Improved Understanding of the Flame-Flow-Obstacle Interactions:

The blockage ratio, relative position and number of the solid obstructions, and their relative
position to the ignition source found to have a significant impact on the magnitude of
overpressure and the spatial flame structure. Extensive flame-flow interactions found to occur
as the flame propagates past the baffle plates and solid obstacle. This has resulted in a
progressive increase in acceleration. The formation of few disconnected flame islands are
attributed to the presence of the solid obstructions and formation of recirculation zones. That

is where the trapped unburnt mixture within these islands is burned at a faster rate. Moreover,
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the trapped unburned mixtures, up- and down-stream of the solid square obstacle are
consumed once the main flame exit the chamber, causing pressure oscillations. Although,
high turbulent burning velocities of about 12 to 14 m/s near the open end of the chamber
were noticed in some configurations, no evidence of flame quenching due to elongation,

stretching or distortion in the present study.

Large separation between solid baffles in all flow configurations, studied here, found to allow
for sufficient residence time for turbulence decay. This has resulted in a lower overpressure
and less distortion in the reaction zone, leading to a much smoother flame front. Extending
the distance between solid baffles furthermore, will allow turbulence to decay to a much
greater extent, even with the same blockage capacity. This new finding highlights the
transient nature of the interaction between propagating flames and local flow field. Finally, it
is found that location of the solid obstacles with respect to the ignition source has a direct

impact on the level of the generated pressure and the reaction zone structure.
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Tables

Table 1. Comparision of the measurements and the numerical predictions in various groups.

Overpressure Incidence time

Group Description Configuration (mbar) (ms)
Exp LES Exp LES
Baffles are progressively 5 80 1 13.5 13.3
1 increased and kept 2 122 107 11.9 11.9
farthest from ignition end 1 138 125 10.3 11.0
Baffles are progressively 7 45* 58 11.0* 12.5
2 increased from ignition 4 77 60 9.8 10.8
source 1 138 125 10.3 11.0
Two baffles are 2 122 107 11.9 11.9
3 positioned at different 3 87 82 11.6 12.0
stations of the chamber 4 77 60 98 10.8
Only one baffle 5 80 71 135 13.3
4 positioned at different 6 63* 65 10.0* 12.1
stations of the chamber 7 45% 58 11.0* 12.5
Base Configuration 0 34 37 135 135

* Indicated pressure and time using rich mixture (¢ =1.1) in the same setup having same
obstacles at exactly same locations [23].

Table 2. Flamelet regimes and their corresponding times in various configurations of Group
1.

Karlovitz Time (ms)
u'/up Number

(Ka) Configuration 1 Configuration 2 Configuration 5

u'/uL <1 (Wrinkled

Flamelet Regime) Ka<0.8 0to25 0to25 0to2.5
1<u'fu. <3
(Corrugated Flamelet 0.8 <Ka<1l 2.6t04.2 2.6t05.5 2.61t05.5
Regime)

4.3 to until flame 5.6 to until the 6.1 to until the
1< Ka < 100 exits of the flame exits the flame exits the
chamber chamber chamber

3 < Uu'/u_<50 (Thin
Reaction Regime)
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List of Captions for the Figures

Figure 1: (a) Schematic diagram of the premixed combustion chamber. All dimensions are in
mm (b) Illustration of various flow configurations employed (Not to scale) (c) Illustration of
the computational domain. Combustion chamber and other obstacles are superimposed over
grid resolution.

Figure 2: (a) Pressure-time histories of five different runs of configurationl. Average
pressure-time trend is also shown in black solid line. (b) Velocity-time histories of 50
experiments together with their mean and fitted least-square polynomial of configuration 3
(reprinted with permission from author of reference 31).

Figure 3: Time histories of overpressure and flame position for configuration 0.

Figure 4: Series of flame images at 6.0, 12.0, 12.5, 13.0, 13.5, 14.0, 14.5, 15.0, 15.5 ms
respectively after ignition (a) LES (b) Experimental video images (false colourised).
Horizontal lines at top and bottom of the chamber seen in video images are draw bolts used to
hold the test facility.

Figure 5: Time histories of mean velocities and their rms fluctuations for configuration O at
the middle of the chamber and half-way up the side of the square obstacle i.e. 102 mm from
the base and 16 mm from the central axis. The scale on left hand side is for mean velocity and
on right hand side is for rms fluctuations. (a) axial velocity (b) radial velocity.

Figure 6: Variation of peak overpressure and its time of incidence compared from LES vs.
Experiments for four groups. (a) Group 1 (b) Group 2 (c) Group 3 (d) Group 4, experimental
measurements of configuration 6 & 7 are from Hall et al. [23].

Figure 7: Comparison of predicted (solid line) and measured (dashed line with symbols) time
traces of Group 1 (a) overpressure (b) flame position.

Figure 8: Comparisons between predicted (solid line) and measured (dashed line with
symbols) (a) flame speed (b) flame acceleration vs. axial distance. The location of baffle
stations (S1, S2 and S3) and the square solid obstacle are shown.

Figure 9: Predicted flame structure from three configurations at 6, 8, 10, 11.5 and 12.0 ms
after ignition (a) Configuration 5 (b) Configuration 2 (c) Configuration 1

Figure 10: (a) Unresolved FSD against normalised velocity fluctuations for three
configurations (b) Numerical estimates from three configurations are fitted in the turbulent
premixed combustion regime reported by Peters [34]. Here L: is the calculated strained
laminar flame thickness and this is different from the unstrained laminar flame thickness, L
which is a specified input parameter (Lyy = 0.3mm). (c) Time derivatives of resolved and
unresolved flame areas against averaged Karlovitz number in configuration 1.

Figure 11: Comparison of predicted (solid line) and measured (dashed line with symbols)
time traces of Group 3 (a) overpressure (b) flame position.

Figure 12: Comparisons between predicted (solid line) and measured (dashed line with
square symbols) (a) flame speed (b) flame acceleration vs. axial distance. The location of
baffles (S1, S2 and S3) and the square solid obstacle are shown.
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Figure 13: Predicted and video captured (false colourised) flame structure from three
configurations of Group 3 at 6, 8, 10, 11.5 and 12.0 ms after ignition. Horizontal lines at top
and bottom of the chamber seen in video images are draw bolts used to hold the test facility.
(a) Configuration 2 (b) Configuration 3 (c) Configuration 4

Figure 14: Time histories of mean velocities and their rms fluctuations of various
configurations in Group 3 at the middle of the chamber and half-way up the side of the square
obstacle i.e. 102 mm from the base and 16 mm from the central axis. The scale on left hand
side is for mean velocity and on right hand side is for rms fluctuations. Experimental
measurements are obtained from Hall [31] (a) Configuration 2 (b) Configuration 3 (c)
Configuration 4

Figure 15: Flame characteristics of Group 4 (a) Time traces of overpressure (b) Time traces
of flame position.

Figure 16: Snapshots of reaction rate contours at 6.0, 8.0, 10.0, 12.0 and 13 ms in various
configurations of Group 4 (a) Configuration 5 (b) Configuration 6 (c) Configuration 7.
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