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a  b  s  t  r  a  c  t

The  formation  of  explosive  gas  zones  (EGZs)  from  flammable  vapors,  gases,  or dust  pose  safety  hazards
to  many  industries.  In many  cases,  explosions  may  occur  in confined  areas  with obstacles  in the  path  of
flame  expansion.  By  studying  the  effects  of obstacle  shape,  turbulence  model,  and  spark  location  on flame
propagation  and  turbulence,  a more  complete  understanding  of the  flame  and  fluid  dynamics  interaction
has  been  achieved.  Reynolds  Averaged  Navier-Stokes  (RANS)  models  were  tested  to determine  if  these
simplified  turbulence  models  could  capture  the  flame  dynamics  and  propagation  velocities  using  fewer
computational  resources  compared  to the  higher  fidelity  Large  Eddy  Simulation  (LES) turbulence  model.
Results  showed  that  square  obstacles  caused  faster  flame  propagation  compared  to  hexagons  and  circles.
urbulence
lame
FD modeling

The square  had  an  average  flame  propagation  velocity  26  %  faster  than  the  circle,  and  the  hexagon  was  16
% faster  than  the  circle  using  a  k-�  model.  Modeling  results  indicate  variation  of  spark  location  by as  small
as  10  %  of the  obstacle  diameter  can  result  in  a  difference  of the  flame  propagation.  Findings  on  turbulence
model  accuracy  and computational  time  along  with  shape  comparison  can  be  applied  in  future  modeling
of  large  systems,  providing  crucial  information  for  safety  planning  and  explosion  prevention.

© 2020  Institution  of Chemical  Engineers.  Published  by Elsevier  B.V.  All  rights  reserved.
. Introduction

Methane-air explosions pose safety hazards to various indus-
ries, including oil and gas, agriculture, chemical, and coal mining
here methane is emitted in the process. Explosive gas zones

EGZs) can form from gas sources including natural gas wells, coal,
r the digestive byproducts of livestock. An ignition in the EGZ may
e caused by something as small as a static charge to friction caused
y falling rocks. The Occupational Safety and Health Administration
OSHA) states that a variety of materials, equipment, or operations
an be an ignition source if it can emit a spark or flame, ranging
rom static electricity to grinding operations and catalytic convert-
rs (The Occupational Safety and Health Administration, 2019). In
any cases, explosions occur in confined areas with various obsta-

les obstructing the flame propagation.
Chemical, mining, and petroleum are some of the industries
here methane and other chemical explosions pose a threat. In
he Jiangsu province in China, smaller industrial accidents are not
ncommon, but a recent explosion at the Tianjiayi Chemical Co. on

∗ Corresponding author at: Colorado School of Mines, 1610 Illinois St., Golden, CO,
0401, United States.

E-mail address: gbogin@mines.edu (G.E. Bogin Jr.).

ttps://doi.org/10.1016/j.psep.2020.08.023
957-5820/© 2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights
March 21st, 2019, killed 78 people and injured more than 600. The
explosion caused shock waves which traveled over 3 km and broke
windows, and the resulting flames spread to adjacent buildings
(Barrett, 2019; Shih, 2019). Methane explosions are also possible in
livestock facilities in the case of poor ventilation in confined areas,
which cause an accumulation of methane from manure. Small igni-
tions from motors or even pilot lights can set off a flash-over or
explosion (Chambers et al., 2013). In the Piper Alpha oil platform
explosion on July 6th, 1988, which resulted in 135 casualties, an
accumulation of methane clathrate in the pipe system caused a
build-up of pressure and resulted in an explosion (Cullen, 1990).
Since the oil rig also included a gas conversion process for com-
panies Tartan and Claymore, the explosion was  worsened since
gas production was unable to be immediately stopped. Fires were
also enlarged by an explosion from one of Tartan’s gas lines, which
caused over 16.5 tons per second of gas to feed into Piper Alpha
(Liley, 2013). In an underground longwall coal mining process,
methane emanating from the coal bed is diluted with ventilation air
circulated through the mine by large fans. Under certain conditions,
ventilation air mixing with methane can form EGZs that accumulate

in the production area, the “face,” as well as the mined-out area, the
“gob” (Brune and Saki, 2017; Juganda et al., 2017; Wang et al., 2014).
In the 2010 Upper Big Branch mine explosion that killed 29 min-
ers, investigators concluded that methane migrated from the gob
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nto the face where it formed an EGZ that ignited when the min-
ng machine, the shearer, cut sandstone rock in the “roof” above
he coal bed. The initial methane explosion ignited a subsequent
oal dust explosion that propagated through 68 km of underground
ine workings (Mine Safety and Health Administration., 2010;

rune, 2014).
Since industrial explosions often occur in enclosed spaces such

s buildings and mines, the resulting flame interacts with obsta-
les, whether that be production equipment, plant infrastructure,
r buildings. Due to the large scale of industrial explosions along
ith the wide range of systems where an explosion is possible, it is
ifficult to predict how the explosion will behave. Computational
uid dynamics (CFD) modeling of an ignition in a large-scale sys-
em can provide insight into explosion behavior for major hazard
ssessments and result in safer design and engineering controls
hat prevent injury and equipment damage. A major challenge in
imulating an explosion within a confined space is determining
ow to model the flame interactions with obstacles.

The work presented investigates the accuracy and computa-
ion efficiency of various RANS and LES turbulence models that
ould be applied to a combustion model, as well as the effects
f obstacle shape on flame propagation. The motivation for this
ork is to understand the flame interactions with rock rubble in

he gob and the impact of the ignition location within or near
he gob. To fundamentally understand both impacts, a simplified

odel for stoichiometric methane flame propagation was devel-
ped. Researchers investigated the impact of the obstacle shape,
ccuracy of RANS versus LES turbulence models, and effects of
gnition location relative to the obstacle. Prior research has shown
hat increasing blockage ratio (Masri et al., 2012; Park et al., 2007;
a’inna et al., 2014; Chen et al., 2016; Li et al., 2017; Zipf et al.,
013; Kindracki et al., 2007; Moen et al., 1982) and the quantity of
bstacles (Moen et al., 1982; Li et al., 2018a) both tend to increase
he flame propagation velocity. Researchers also investigated other
actors that may  impact the flame by maintaining a constant block-
ge ratio for a single obstacle. By modeling flame propagation over

 single obstacle, researchers can make a more informed decision
n which shape to use to model obstructions in a confined sys-
em.

. Background

.1. Turbulence

If an ignition were to occur in a confined space with various
bstacles, such as the gob of a longwall mine, it is expected that
he flow will become turbulent rather than laminar. Turbulence
s an important factor that can drastically impact the behavior of
ames and how they spread. With a highly turbulent flow, the flame

ront is expected to wrinkle and stretch, increasing the surface area
nd thus, the temperature and rate of combustion. If strain from
he velocity field causes the flame to stretch, the flame may  tear
nd cause localized quenching, preventing complete combustion
rom occurring (Turns, 2012; Law, 1989). Other researchers have
bserved that the introduction of an obstacle to a flow significantly
ncreases the turbulence, so selection of an appropriate turbulence

odel is crucial (Wen  et al., 2012; Ibrahim et al., 2009; Li et al.,
018b; Moen et al., 1980). With increased computing power over
he years, using a Large Eddy Simulation (LES) model has become

ore feasible and thus more common, but a simpler Reynolds
veraged Navier-Stokes (RANS) model may  still provide reasonable

ccuracy with less computational resources. Choosing a turbulence
odel that minimizes computational time while maintaining solu-

ion accuracy will allow researchers to produce larger scale models
t reasonable computation times.
mental Protection 146 (2021) 95–107

There are three main types of turbulence models commonly
used in CFD modeling: Direct Numerical Simulations (DNS), Large
Eddy Simulations (LES), and Momentum Models. Despite DNS being
the most detailed, it is also the most computationally intensive as
it resolves all scales of motion (Moin and Mahesh, 1998; Hawkes
et al., 2005). LES solves spatially filtered versions of governing equa-
tions where only large-scale flows are solved directly while smaller
scales are modeled, often with one of several sub-grid scale (SGS)
models. The spatially filtered Navier-Stokes equation used by the
LES turbulence model, shown as Eq. 1, filters out eddies whose
scales are smaller than the filter width used in the computations
(ANSYS, Inc., 2013). The left-hand side of Eq. 1 is the continuity
equation which shows how the velocity field changes as a function
of time (the first term) and space (second term). The right-hand side
of Eq. 1 represents the pressure gradient (second term of right-hand
side) and normal and shear stress effects (first and third term of the
right-hand side).

∂
∂t

(�ui) + ∂
∂xj

(
�uiūj

)
= ∂

∂xj

(
�ij

)
− ∂P

∂xi
− ∂�ij

∂xj

(1)

The Smagorinsky-Lilly model is the simplest and most com-
monly used as it can produce reasonable results for a wide range
of flows; the dynamic version of the model is able to update the
Smagorinsky constant based on resolved scales of motion (ANSYS,
Inc., 2013). While the Wall-Adapting Local Eddy-viscosity (WALE)
sub-grid scale model is better able to handle wall bounded flows,
the Smagorinsky-Lilly is able to handle flows with unstructured
numerical methods and without homogeneity, which is expected
of a highly turbulent flow seen in this case (Nicoud and Ducros,
1999). Moment models solve equations for lower-order statisti-
cal moments; RANS models are first-order single-order moment
closure equations while Reynolds Stress Models (RSM) are second-
moment closure. Two-equation RANS models, which includes k-�,
standard k-�,  realizable k-�,  and RNG k-�,  are more common. The
main differences between most two-equation models lie in the
empirical wall-damping functions and the model constants (Bailly
and Comte-Bellot, 2015). Turbulent viscosity of the k-�  turbulence
model uses Eq. 2 while the k-� model uses Eq. 3, where k is the
turbulent kinetic energy (J), ε is rate of dissipation (m2/s3), C� is
a constant, ˛* is damping coefficient, and ω is specific dissipation
rate (s−1) (ANSYS, Inc., 2013). Turbulent kinetic energy increases
with velocity of the fluid while the rate of dissipation is the break-
down of eddies. As the large eddies break down, turbulent kinetic
energy is cascaded down from large eddies to the smaller ones.
Turbulent kinetic energy is dominant at the larger scale, but at the
small scale, viscous forces become dominant. If turbulent viscosity
increases, shearing and heating of the fluid also increases.

�t = �C�
k2

ε
(2)

�t = ˛* �k

ω
(3)

The k-�  model is able to handle shear flows but has difficulty
with flows with adverse pressure gradients and separation. Devel-
opments in the k-� model have allowed for higher accuracy in
solving the boundary layer and effects of the adverse pressure gra-
dient (Argyropoulos and Markatos, 2015; Kuo and Acharya, 2012).

2.2. Modeling flame interaction with obstacles

Past experiments have investigated the effect of blockage ratio

and the shape of obstacles, but not many have modeled a single
obstacle in detail by varying the turbulence model or spark location
due to the complexities of modeling turbulent flame interaction
with solid surfaces (Wen  et al., 2012; Ibrahim et al., 2009; Moen
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t al., 1980; Na’inna et al., 2017). Masri et al. (2000) found that
bstacles with square cross sections had the fastest flame propaga-
ion velocities in an experiment with a single obstacle in a vertical
ombustion chamber (Masri et al., 2000). In addition to the obstacle
hape, increasing the blockage ratio also increased flame propaga-
ion velocity (Park et al., 2007; Masri et al., 2000). Modeling of the
xperiment by Masri et al. (2000) has also been done by Kirkpatrick
t al. (2003) with an in-house code, developed by Kirkpatrick called
UFFIN, using the Large Eddy Simulation (LES) turbulence model
ith a Smagorinsky-Lilly subgrid scale (SGS) model (Masri et al.,

000; Kirkpatrick et al., 2003; Ranga Dinesh et al., 2013). Di Sarli
t al. (2009) has used an LES model to study the increase in over-
ressure caused by an obstacle of three different shapes, blockage
atios, and three different fuel equivalence ratios (Di Sarli et al.,
009). Rather than modifying PUFFIN or developing our own in-
ouse code, the commercial software, ANSYS Fluent 17, was  used
ue to ease of use and to reduce development time of a new model.

By using a commercial software, the model will be readily avail-
ble to those in need of a combustion model that may  be used for
esign and mitigation plans along with many other applications. An
xperiment conducted by Chen et al. (2016) also paired results with

 CFD model using ANSYS Fluent (Chen et al., 2016). Instead of a ver-
ical combustion model with the obstacle centered in the chamber
o allow two paths or the flame to travel, Chen et al. (2016) used

 horizontally oriented chamber with the obstacle placed on the
ottom where the flame could only pass over the obstacle; vary-

ng blockage ratio was  tested but not the shape of the obstacle.
hen et al. found that increasing the blockage ratio will increase
he flame propagation velocity. ANSYS Fluent (version 6.3.26) has
lso been used to model a vertically oriented combustion chamber
n the model by DiSarli et al. (2009) (Di Sarli et al., 2009). DiSarli
t al. found that sharp-edged obstacles compared to round-edged
bstacles increase flame reactivity.

The turbulence model is important when determining how
bstacle shape impacts flame propagation. Previous models by
brahim et al. (2009), Kirkpatrick et al. (2003), and Chen et al. (2016)
sed an LES turbulence model but used a flame surface density SGS

nstead of a 2-step methane-air reaction to model the chemistry
ike the model to be presented in this paper (Chen et al., 2016;
brahim et al., 2009; Kirkpatrick et al., 2003). Modeling results by
rasad et al. (1999) shows that the flame profiles are significantly

ifferent based on which flame surface density (FSD) model is used,
ven when flow parameters and initial and boundary conditions
re the same due to constants in the production and destruction

Fig. 1. Diagram of solution domain in 3D. 2D model is of the XY plane with g
mental Protection 146 (2021) 95–107 97

rate equations (Prasad and Gore, 1999). Using the 2-step methane-
air reaction rather than the FSD limits model sensitivity to initial
conditions. While most models consider chemical reactions with
a transport equation using a progress variable (Li et al., 2018a;
Ibrahim et al., 2009; Kirkpatrick et al., 2003; Ranga Dinesh et al.,
2013; Di Sarli et al., 2009; Boger et al., 1998), the model discussed
in this paper uses a simplified 2-step methane-air reaction. When
modeling the reactions using a progress variable, the transport
equation is reliant on equations for conservation of mass, momen-
tum, and energy; the scalar terms in these equations are also reliant
on whether the flame is premixed and its equivalence ratio (Bray
et al., 2005). The 2-step equation used in this model uses an Arrhe-
nius rate equation, with constants determined from experimental
results, to model the reaction (Dryer and Glassman, 1973). By using
the Arrhenius rate equation, the model will be more flexible to
changing variables.

3. Combustion model setup

3.1. Geometry

Numerical and experimental results from Masri et al. (2000) and
Kirkpatrick et al. (2003) are used as an initial reference to build the
2D model [35, [36]. Results from Masri et al. (2000) and Kirkpatrick
et al. (2003) are being used as Masri et al. have continued to fur-
ther investigate the effect of obstacle arrangement impact on flame
propagation while Kirkpatrick’s PUFFIN model has been used and
referenced in other experiments and LES modeling of turbulence
interaction with obstacles, such as Ibrahim et al. (2009) and Ranga
Dinesh et al. (2013) [24, [37]. A 0.195 × 0.745 m 2D vertical solution
domain was  created with the center of the obstacle located 0.15 m
from the bottom. The original experimental combustion chamber
was 0.545 m in height, but 0.2 m was  added in the model to fully
capture the flame behavior towards the open end. Obstacles were
centered 0.15 m from the bottom, and the ignition location was
centered 2.5 cm from the bottom. Fig. 1 shows a diagram of the
model along with dimensions used in the 2D model.

3.2. Spark model
The ignition was modeled with an ANSYS Fluent (version 17.0)
Spark Model; parameters of the spark model are shown in Table 1.
The initial kernel radius was  chosen as 2 mm as it was an aver-
age between initial radii of numerical cases (4 mm for Ibrahim

ravity acting in negative y-direction. Origin is along the chamber axis.
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Table 1
Parameters of ANSYS Fluent Spark Model used to initiate combustion.

Spark X, Y, Z Coordinates (0,0.025,0)m

Spark Start Time 0s
Spark Duration 1 ms
Ignition Energy 60 mJ
Kernel Expansion Model Laminar
Initial Kernel Radius 0.002 m

Table 2
Modeling methods of properties in the methane-air 2-step mixture.

Property Modeling Method

Mixture Species Names
Reaction Finite-rate
Mechanism Reaction-mechs
Density [kg/m3] Ideal-gas
Cp  (Specific Heat) [J/kg-K] Mixing-law
Thermal Conductivity [W/m-K] Ideal-gas-mixing-law
Viscosity [kg/m–s] Ideal-gas-mixing-law
Mass Diffusivity [m2/s] Kinetic-theory
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Thermal Diffusion Coefficient [kg/m–s] Kinetic-theory
Laminar Flame Speed [m/s] Metghalchi-keck-law

t al. (2008), 5 mm for Di Sarli et al. (2009), and 3 mm for Li et al.
2018)) and the spark gap of common spark plugs, used in experi-

ental results by Masri et al. (2000), which may  average anywhere
etween 0.4–1.7 mm (Ibrahim et al., 2009; Li et al., 2018b; Masri
t al., 2000; Di Sarli et al., 2009). Other papers have referred to
heir spark location as an ignition with no specification (Na’inna
t al. (2016), Li et al. (2018), and Masri et al. (2000)), but what as
ill be discussed later, the spark location will impact the shape of

he flame (Li et al., 2018a; Na’inna et al., 2017; Masri et al., 2000).

.3. Species transport model

A species transport model was used with a methane-air two
tep reaction. Parameters of the species model included volumetric
eactions, a stiff chemistry solver, diffusion energy source, full mul-
icomponent diffusion, and thermal diffusion. Modeling methods of
roperties in the methane-air 2-step mixture are listed in Table 2.
irect use of finite-rate kinetics with no turbulence-chemistry

nteraction was used. Values for the Arrhenius rate equation, Eq.
, came from experimental results from F.L. Dryer and I. Glassman
1973) (Dryer and Glassman, 1973). Values list in Table 3 are those
sed in ANSYS Fluent where the reaction order has already been fac-
ored in and units have been converted. Species in the model was
nitialized at stoichiometric conditions and velocity components

ere zero for a mixture at rest.

 = ATbe− Ea
RT (4)

.4. Boundary conditions and solver settings

Boundary conditions included a 0-gauge pressure outlet at the
op opening while the chamber walls, closed end, and obstacle

ere set as adiabatic no-slip walls. A transient pressure-based

olver with gravity as -9.8 m/s2 in the y-direction was selected.
he fluid body was set with the methane-air 2 step reaction and
nitialized with a stoichiometric methane-air mixture at rest with

able 3
rrhenius rate reaction equation coefficients for methane-air two step reaction (Dryer an

Reaction A [kmol/m3] Temperature Exp

CH4 + 1.5O2 −→ CO + 2H2O 5.012 × 1011 0 

CO + 0.5O2 −→ CO2 2.239 × 1012 0 
Fig. 2. Mesh of case with a 2 mm base mesh and temperature adaption on the
temperature gradient with 2 levels.

a temperature of 293 K and operating pressure of 101 kPa. Spa-
tial discretization of the model used second order upwind for all
parameters except for momentum, which used a bounded central
differencing method. Pressure-velocity coupling was modeled with
a PISO scheme and time integration used a bounded second order
implicit formulation.

Convergence was achieved by ensuring all residuals dropped at
least three magnitudes at every timestep. Each timestep size was
1 × 10−5 seconds and was allowed to reach a maximum of 350
iterations, convergence was eventually reached before 350 itera-
tions as more timesteps progressed. The residual criteria were set
to 1 × 10−5 for continuity, x-velocity, and y-velocity, 1 × 10-6 for
energy, and 1 × 10-4 for turbulence and species parameters. Other
turbulence models tested also used the same convergence criteria
where the turbulence parameters (k, �, �. . .)  were set to 1 × 10-4

to achieve convergence.

3.5. Meshing

Mesh independence was  determined by using CO mass fraction,
total temperature, and flame front location. The percent difference
of the three variables evaluated are shown in Table 4 while the
final mesh independent sizing for each turbulence model is shown
in Table 5. Each zone had a uniform mesh with no edge sizing or
inflation layers. Mesh adaptation by two levels was  also added on
the temperature gradient to further refine the flame front. As shown
in Fig. 2, mesh adaptation on the temperature gradient with two
levels allows for 4–10 cells to be at the flame front.

4. Results and discussion

4.1. Shape comparison

Various obstacle shapes were investigated to determine which
could be a simplified model for rocks within the gob. Three dif-
ferent shaped obstacles were investigated in the 2D model for

shape comparison: a circle, hexagon, and square cross section with
dimensions shown in Table 6. These shapes were chosen for sim-
plicity to capture flame interaction with geometric features such as
sharp corners or curved surfaces which may  be present in obsta-

d Glassman, 1973).

onent, b Ea

[J/kg · mol]
Reaction Order

2 × 108 [CH4]0.7[O2]0.8

1.7 × 108 [CO][O2]0.25[H2O]0.5
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Table  4
Percent difference of three variables used to determine mesh independence for k-� and LES turbulence models.

Turbulence Model Mesh Comparison CO Mass Fraction [%] Total Temp [%] Flame Front Location [%]

k-
�

4 mm v. 2 mm  54 22 7
2  mm v. 1 mm 6 3 6

LES
2  mm v. 1 mm  15 7 13
1  mm v. 0.5 mm 6 3 11

Table 5
Mesh sizing for mesh independent solution for each turbulence model used in the
investigation. The corresponding fluid zone is shown in Fig. 3.

Turbulence Model Zone 1 Mesh [mm]  Zone 2 Mesh [mm]

k-� 2 2
k-� 2  2
SST 2 2
LES 0.5 1

Table 6
Dimensions and shapes of modeled obstacles for shape comparison.

Shape Blockage Ratio [%] Hydraulic Diameter [m]  Side Length [m]

Circle 55 0.063 –
Hexagon 55 0.036 0.054
Square 55 0.108 0.108
Square 41 0.079 0.079

c
t
t
w
t
w
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4

p
F
i

Fig. 4. Flame front location as a function of time for 2D k-� turbulence model with-
out  an obstacle and with a square, circle, and hexagon obstacle. Flame begins to
Fig. 3. Diagram of mesh sizing of 2D single obstacle geometry.

les of more complex shapes. A blockage ratio of 55 % was chosen
o match the experiment of Masri et al. (2000) for model valida-
ion of shape comparison trends (Masri et al., 2000). The square
ith a smaller blockage ratio of 41 % rather than 55 % was  tested

o compare the model with results from Kirkpatrick et al. (2003)
hich used methane unlike Masri et al. (2000) which used liquefied
etroleum gas (LPG) (Kirkpatrick et al., 2003).

.1.1. Results using the k-�  turbulence model

Results show the square cross section has the greatest flame

ropagation velocity, flow separation, and formation of vortices.
rom Fig. 3, it is seen that introducing an obstacle to the flow
ncreases the flame propagation velocity and that the shape of the
approach obstacle at 12.5 ms  for all three obstacles. Temperature =293 K, Pressure
=  101 kPa, Eign = 60 mJ, Spark duration =1 ms.

obstacle also has an impact. Various methods can be used for track-
ing the flame front location, including tracking the OH radicals,
location of highest temperature gradient, and reaction rates (Masri
et al., 2012, 2000; de Goey et al., 2005). In the results presented
here, the flame front is defined as the highest location where the
temperature is 2200 K. Flame propagation velocity was  calculated
from the slope between the flame front location point at which the
flame impinges on the obstacle to the last point of each data set
(Fig. 4).

The average flame propagation velocity increased from 15.3 m/s
with no obstacle to 18.9 m/s  with the circle, an increase in velocity
by 24 %; the hexagon increased the velocity by 37 % and the square
by 42 %, relative to the case with no obstacle. Compared to the case
with no obstacle in the flow, the average acceleration increased by
21 % for the circle, 69 % for the hexagon, and 105 % for the square.
The trend where the shape of the obstacle has limited impact on
the flame propagation during early stages of expansion agrees to
the experimental results seen by Masri et al. (2000) and Yu et al.,
2016). All three obstacles showed pockets of unburnt methane gas,
shown as the black contour in Fig. 5; it is clear that areas of unburnt
gas were more present with a square cross section. The circle and
hexagon obstacles showed behaviors of vortex shedding with alter-
nating eddies in the wake zone, also seen by Masri et al. (2000).
Vortex shedding could cause vibrations in the gob as fluid moves
to fill in the low-pressure zones caused by the alternating eddies.
The square cross section, on the other hand, has more vortices and
flow separation in the wake zone, causing more of the methane to
be unburned as the flame progresses forward.

With the formation of boundary layers, it becomes more dif-
ficult to burn all the methane as the flame progresses. Shown in
Fig. 5, a square obstacle has much more unburnt methane due to
vortices which are formed directly behind the obstacle. CFD results
from Kirkpatrick et al. (2003) also show formation of vortices in the
same locations with smaller vortices at the leading corners of the
square and larger ones behind the square in the wake along with

the same flame propagation shape (Kirkpatrick et al., 2003). For
the square, the mixture continues to burn even after the flame has
exited the chamber since there is still a large quantity of unburnt
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Fig. 5. Flame propagation for 2D k-� turbulence model. Black contour represents
unburnt methane while white contour represents products. Spark location at 2.5
cm centered from bottom with opening at top. Temperature =293 K, Pressure = 101
k
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LES model captures more local variations in species concentrations,
Pa, Eign = 60 mJ, Spark duration =1 ms.

ethane, showing that there may  be incomplete combustion. The
-� model showed temperatures around 2300 K within the flame,
alling within expected temperature ranges for methane-air com-
ustion, seen in Fig. 6. Obstacle shape was found to have a negligible

mpact on the temperature of the flame. The slightly elevated aver-

ge temperature is potentially due to the model only being in 2D,
nd using a 2-step chemistry does not allow for dissociation.
Fig. 6. Temperature contour to show flame propagation for 2D k-� turbulence
model. Spark location at 2.5 cm centered from bottom with opening at top. Tem-
perature =293 K, Pressure = 101 kPa, Eign = 60 mJ,  Spark duration =1 ms.

4.1.2. Results using the LES turbulence model
Major differences between the k-�  and LES model (using a

Smagorinsky-Lilly sub-grid scale model) are increased wrinkling of
the flame front and flame propagation speeds. The methane con-
tour and streamlines in Fig. 7 and temperature contour in Fig. 8
show that the flame front is not as smooth as the k-�  model. The
temperature, and velocity near the flame front that result in local
accelerations. This effect is more apparent with the square obsta-
cle. The velocity streamlines also show that higher velocities occur
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ig. 7. Flame propagation for 2D LES turbulence model. Black contour represents unb
rom  bottom with opening at top. Temperature =293 K, Pressure = 101 kPa, Eign = 6

owards the flame front and in areas where there are more eddies
s expected. Compared to the k-� model, the LES model captured
imilar behavior of small pockets of unburnt methane behind the
bstacle after the flame passed and in the bottom corners of the
hamber. Similar to the k-�  model, the LES model also showed aver-

ge temperatures around 2300 K within the flame. Obstacle shape
lso had negligible effect on the flame temperature. Like the k-�
odel, the square obstacle in the LES model had the fastest flame

ropagation (12 m/s) with a flame propagation velocity increase
ethane while white contour represents products. Spark location at 2.5 cm centered
park duration =1 ms.

of 219 %, 84 %, and 103 % compared to the empty case, circle, and
hexagon, respectively. Fig. 9 shows that, with the LES model, the
flame passing the square obstacle reached the end of the chamber
twice as fast as with the hexagonal and circular obstacles. Results
by Masri et al. (2000) also showed that the circular obstacle had

the slowest flame acceleration past the obstacle due to faster flame
reattachment, causing a shorter duration of higher turbulence com-
bustion (Masri et al., 2000). Since the size of the circulation zone
and vortices behind the obstacle play an important role in flame
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ig. 8. Temperature contour to show flame propagation for 2D LES turbulence mod
,  Pressure = 101 kPa, Eign = 60 mJ,  Spark duration =1 ms.

tretching and propagation, the ability of a turbulence model to
redict flame propagation past obstacles will be dependent on its
bility to resolve turbulent eddies. It is possible that the LES model
esulted in a greater difference between the flame propagation of
he square obstacle compared to the circle and hexagon because it
as able to resolve the large eddies more accurately than the k-�
odel.
Greater wrinkling of the flame increases the surface area of the

ame front, thus increasing the combustion rate. Kinetic rate of the
ethane reaction for the empty scenario and the three obstacles
re shown at 60 ms  in Fig. 10. It is seen that the three cases with
n obstacle have a large surface area for the flame front; this is
aused by the eddies stretching and bending the flame front com-
rk location at 2.5 cm centered from bottom with opening at top. Temperature =293

pared to it being fully smooth. At 60 ms,  the maximum reaction rate
of methane is 4567, 5160, 6092, and 7626 mol/m3s for the empty,
circle, hexagon, and square obstacle, respectively. As seen with the
velocity streamlines in Fig. 7, the square obstacle creates the most
mixing of the fluid out of the four cases as more eddies are formed,
followed by the hexagon and circle obstacle, and then the empty
case. The three cases with an obstacle also have methane reacting
behind the flame front, shown in the light blue and red contour
scattered inside the primary flame front outline. Reactions occur-
ring after the flame front has passed is due to eddies that may  have

trapped pockets of unburnt methane as the flame front passed by
and are then reacting later.
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Fig. 9. Flame front location as a function of time for 2D LES turbulence model with-
out an obstacle and with a square, circle, and hexagon obstacle. Flame begins to
a
1

4

t
l

of 2 mm.  The SST, k-�,  and k-�  turbulence models followed with

F

F
c
s

pproach obstacle at 30 ms  for all three obstacles. Temperature =293 K, Pressure =
01  kPa, Eign = 60 mJ, Spark duration =1 ms.

.2. Turbulence model comparisons
Fig. 11 compares velocity streamlines and methane concen-
rations for the four turbulence models at the same flame front
ocation. The LES turbulence model showed flame wrinkling on the

ig. 10. Kinetic rate of reaction of methane for the four obstacle cases at 60 ms  with the L

ig. 11. 2D model with various turbulence models with the flame front at 38 cm from th
ontour represents products. Spark location at 2.5 cm centered from bottom with openin
ize.  All cases initialized with a stoichiometric mixture. Temperature =293 K, Pressure = 1
mental Protection 146 (2021) 95–107 103

flame front, unlike the k-�  model, which showed a smoother flame
front. These differences are more visible when comparing temper-
ature contours of the flames further down the flow; see Fig. 6 for
the k-�  model and Fig. 8 for the LES model. Flame wrinkling is a
concern since the flame now has a greater surface area, increasing
the combustion rate, potentially resulting in increased tempera-
tures and increased propagation velocities. The SST and k-�  model
showed similar flame shapes as the k-�  where the flame front was
smooth.

Flame thickness for each turbulence model was  calculated based
on the temperature gradient when the flame front was 38 cm from
the bottom of the chamber. The flame thickness was  calculated
using Eq. 5, which has also been used to calculate flame thickness
by Lafay et al. (2007) and de Goey et al. (2004) (de Goey et al., 2005;
Lafay et al., 2008).

ı = Tb − Tu

dT
dx

∣
∣
max

(5)

Results from Fig. 12 show that the LES turbulence model had the
smallest flame thickness at the leading flame front with a thickness
3, 3, and 8 mm,  respectively. When the flame thickness was mea-
sured vertical centerline, the flame thickness decreased by 25–50
% except for the case of the SST turbulence model where there

ES turbulence model. Images are a close up of Fig. 7 and Fig. 8 at the 60 ms  case.

e bottom of the chamber. Black contour represents unburnt methane while white
g at top. RANS model used 2 mm mesh size. LES model used 0.5 and 1 mm mesh
01 kPa, Eign = 60 mJ,  Spark duration =1 ms.
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Fig. 12. Temperature across flame front for four turbulence models with the square
obstacle. The four cases are were all when the flame was  38 cm up the chamber.
Temperature data was taken in the y-direction through the leading flame front with
100 points.

Fig. 13. Flame front location as a function of time for various turbulence models in
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Table 7
Average flame propagation velocity after the flame impinges on the obstacle for five
different spark location cases.

Spark Location Above Bottom [cm] Flame Propagation Velocity [m/s]

0.5 19.1
1.0 18.2

the spark location is. Table 7 shows the flame propagation velocity
D with the square obstacle. Temperature =293 K, Pressure = 101 kPa, Eign = 60 mJ,
park duration =1 ms.

as negligible change. This shows that flame stretching is likely
ccurring behind the obstacle due to the eddies formed in the
ake. As the flame thickness decreases, the Karlovitz number, a
imensionless stretch factor, increases (Kuo and Acharya, 2012).
rinkled laminar flames have a flame thickness that is smaller than

he Kolmogorov microscale. The distributed reaction regime has
ames with flame thicknesses larger than the integral length scale.
etween the two regimes is the flamelets-in-eddies region. In the
rinkled laminar regime, the reaction regime, which occurs in thin

heets, is characterized by fast chemistry. The flamelets-in-eddies
egime has high turbulence intensities and moderate Damköhler
umbers. This regime has pockets of both burned and unburned
ases in the flame zone (Turns, 2012). Damköhler has pointed out
hat the turbulent combustion regime is primarily classified by the
cale of the turbulence compared to the flame thickness (Gülder,
991). Flame thickness can then be used to determine behavioral
haracteristics of the flame and the interaction with turbulence.

Fig. 13 compares the results of the 2D model with the square
bstacle for various turbulence models in addition to experimental
esults reported Kirkpatrick et al. (2003) (Kirkpatrick et al., 2003).
ince results by Kirkpatrick et al. used a 79 mm square, the square of
he 2D model was also changed to 79 mm for verification purposes.
lame front location of the experimental results was identified
sing photographs from a high-speed video camera operating at
00 frames per second in the experiment. With an average flame
ropagation velocity of 30 m/s  after the flame passes the obstacle,
he flame front location error is calculated as +/-3.75 cm for the

xperimental values.

The k-�  turbulence model extremely over predicted the flame
ropagation, propagating 4 times as fast as the experimental results
2.5 11.3
5.0 23.0

by Kirkpatrick et al. (2003), shown in Fig. 13. This makes the k-
� model less suitable for confined combustion through obstacles
when using ANSYS Fluent (Kirkpatrick et al., 2003). Large differ-
ences between the k-�  model results and experimental data are
most likely due to the model’s inability to accurately capture near-
wall effects. Even with an enhanced wall treatment enabled, the
model still produced the same over predicted propagation results.
Capturing boundary layers formed by walls is important to accu-
rately simulate the effect of obstacles on a flame, favoring a model
that can capture shearing of the fluid.

In addition to accuracy, a short simulation time is also desired
when determining requirements for a turbulence model. To simu-
late 25 ms,  the SST model took 40.5 h while the LES and k� both
took 29.5 h, each with a primary body sizing of 0.5 mm.  For the
k- � and SST models where mesh independence was  reached at a
larger mesh of 2 mm,  the computational time decreased to 3.5 and
7 h, respectively, to simulate 25 ms.  Each model was run on 8 cores
and 64 GB of RAM. Since high computing power is now more acces-
sible, the computational time of a higher accuracy model, like the
LES, is not as large of a restraint. If larger models were to be made
and computational time was of high priority, a simpler model such
as the k- � could be considered along with incorporating mesh-
ing techniques to minimize the number of cells as that also has a
significant impact on the computational time.

4.3. Effect of spark ignition location

Previous experiments and modeling, including those by Masri
et al. (2002) and Kirkpatrick et al. (2003), did not specify the exact
location of the spark ignition, simply stating that it was  centered at
the bottom of the chamber (Masri et al., 2000; Kirkpatrick et al.,
2003). Depending on the spark ignition system used, the actual
location of the flame kernel may  vary by a few centimeters. A sen-
sitivity analysis was done by varying the spark location to 0.5 cm,
1 cm,  2.5 cm,  and 9.1 cm from the bottom of the chamber. Results
presented thus far have all used a spark ignition location of 2.5 cm
from the bottom of the chamber.

Fig. 14 shows that the further away an ignition occurs from an
obstacle, the more unburnt gases there may  be in front of the obsta-
cle due to the stagnation pressure. This is especially apparent when
the spark location is located at 0.5 cm from the bottom of the cham-
ber where the layer of unburnt methane in front of the obstacle is 21
mm versus 4 mm when the spark is 5 cm from the bottom. Velocity
streamlines also show some of the flow being pulled into vortices
that form behind the obstacle while the flow downstream of the
flame and further away from the obstacle is smoother. With the
spark further away from the obstacle, the flame is able to spread in
all directions, and by the time it approaches the obstacle, pressure
has already built up in front of it, pushing the flame to the sides
where there is less resistance. Fig. 15 shows flame propagation as
a function of time for the varying spark location. Fig. 15 demon-
strates that the flame propagation is highly dependent on where
after the flame impinges on the obstacle for the five different spark
location cases. These results show that to replicate the flame propa-
gation after an ignition accurately, the spark location is critical. This
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Fig. 14. Methane contour with velocity streamline overlay of 2D LES model at 20 and 40 m
of  the spark location from the bottom. Black contour represents unburnt methane while 

60  mJ,  Spark duration =1 ms.

Fig. 15. Flame front location as a function of time of 2D LES model for varying spark
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Using a coarser grid with an adaptive mesh on a variable gradi-
ocations with the square obstacle. Locations listed are the distance from the bottom
f  the chamber. Temperature =293 K, Pressure = 101 kPa, Eign = 60 mJ,  Spark duration
1  ms.

lso underscores the importance of using a consistent spark plug
r ignition device as the location where the spark actually occurs
ay  vary on each device.
Having an obstacle in the flow introduces turbulence and thus

he turbulent kinetic energy. Fig. 16 shows that when the ignition
ocation is closer to the obstacle, there will be an increase in turbu-
ent kinetic energy as the flame is able to interact with the obstacle
aster. As the temperature increases during combustion, the dif-
usion will also increase, leading to a smaller Lewis number and
hus an increase in turbulent kinetic energy (Chakraborty et al.,
011). It was also seen in the model by Chakraborty et al. (2011)
hat higher pressure gradients and pressure dilation help to coun-
eract the decay of turbulent kinetic energy at Lewis numbers less

han 0.8 (Chakraborty et al., 2011). Since the current model shows
hat mass diffusion may  be greater than thermal diffusions, the
urrent assumption of a Lewis at unity may  not be appropriate to
s  with varying spark location. Values listed below each case is the vertical distance
white contour represents products. Temperature =293 K, Pressure = 101 kPa, Eign =

resolve highly turbulent flows. To address this, future work will
include exploring turbulence-chemistry interaction.

4.4. Conclusion and future work

Testing flame propagation in methane-air mixtures past three
shapes, a circle, a hexagon, and a square in a 2D model, shows that
the shape of the obstacle impacts the flame propagation, with the
square causing the fastest propagation. The sensitivity of flame
propagation from the obstacle shape is also dependent on the
turbulence model selected. When using an LES model, flame prop-
agation is more sensitive to the shape of the obstacle than using a
k-� model.

From the four turbulence models tested, it can be concluded
that the Large Eddy Simulation (LES) turbulence model is the
most appropriate for situations where high turbulence and flame
wrinkling is expected. Out of the four models, the LES accurately
captured flame wrinkling on the flame front while maintaining
reasonable simulation times. Even though the k-�  model had the
fastest computational time, it over predicted how fast the flame
would propagate.

Modeling results indicate that variation of the spark location by
as small as 1 cm,  which for this case corresponds to 10 % of the
obstacle diameter, can result in a difference of the flame propaga-
tion. Increasing the distance between the obstacle and the ignition
location resulted in a larger layer of unburnt methane in front of
the obstacle.

Since the flow around the obstacles examined here was
highly turbulent, researchers will further investigate turbulence-
chemistry interaction. To capture the full effect of turbulence,
future models will be brought into a three-dimensional model.
ent is a possible method of limiting the necessary number of cells
while also being able to capture the flame front. Temperature is not
a fully accurate way  to represent the flame front in this situation as
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ig. 16. Turbulent kinetic energy contour of 2D LES model at 20 and 40 ms  with var
1  ms.

he temperature diffused in large areas due to high turbulence, so
ther variables for gradient adaption should be tested. Tracking the
H radical would be a more accurate way of locating the flame front

ince the radical only exists in the reaction region; presence of the
H radical will require the number of steps used in the methane-air

eaction to be increased, increasing computational time.
By strategically determining a turbulence model to best model

urbulent flows in combustion, computational time can be reduced
hile still producing reliable results. Adaptive meshing methods
ill decrease the computational time, allowing researchers to solve

arger and more complex problems. Findings from this research can
e applied to a 3D model and give insight on turbulence model and
bstacle shape selection.
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