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Turbulent premixed characteristics of LPG are not restricted to change of laminar 
flame velocity with equivalence ratio. Sudden pressure rise resulting from the 
ignition of such flammable mixture, peak pressure attained and time required for 
such peak to be reached should be investigated and tabulated with the same level of 
attention for loss prevention requirements.  The current work is devoted to 
numerically examine thermodynamic effects of equivalence ratio and the way it 
would have on overall characteristics of the evolved LPG flame. The model used 
incorporates Large Eddy Simulation (LES) technique for turbulent reacting flows. 
The model is validated against available published experimental data. The 
combustion chamber under study is of 0.00625 m3 volume with square cross 
section involving three consecutive baffle-plates and a box to generate high 
turbulence level. A good numerical representation of experimental initial and 
boundary conditions resulted in good agreement with experimental data for 
generated propagating flame and pressure-time history. It was concluded that 
pressure gradient exists inside the combustion chamber. Peak pressure increases 
with equivalence ratio until it reaches a maximum at a slightly rich mixture before 
dropping with further increase of fuel concentration. Same conditions apply to the 
time required to reach the peak pressure. 
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1. Introduction 

Liquefied Petroleum Gas (LPG) which consists of 
Propane (C3H8) and Butane (C4H10) as major 
components is considered to be a reliable energy 
source among different fossil fuels. LPG is widely 
spread in engines, domestic stoves and power 
generation because of its outstanding combustion 
behavior and low-emission burning characteristics. 
However, to empower extensive applications of LPG 
in different uses, thorough investigations and 
analyses must be performed to understand different 
topics concerned with its combustion and explosion 

issues [1]–[7]. Premixed deflagration is considered a 
type of gas explosion where the flame marches 
rapidly producing damage and destruction of 
everything it approaches. The loss caused by 
overpressure of flame front propagation at explosion 
instant is worse than the fire itself [8]. Explosions are 
very complicated to investigate and analyze as result 
of unsteady interaction between turbulence, 
chemistry and configuration. At the beginning, they 
originate as premixed flame deflagration then 
develop to severe detonation. To diminish the risk 
accompanying to explosions, overpressures and 
flame propagation should be properly simulated in 
the proposed plant. Earlier studies [9] presented 
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prediction techniques and methodologies of reducing 
explosions. Many studies concerning vented 
explosions devoted to laboratory chambers [4], [5], 
[10] [11][12], but complexity of fine measurement 
was challenging issue. Different shapes of laboratory-
scale chambers having obstacles were investigated. 
Walker et al.[13][14] computationally investigated 
premixed flame propagation and generation of 
overpressure in a cylindrical vessel containing 
turbulence-inducing rings. They reported flame 
location and shape, flow velocities, and overpressure 
to interpret combustion dynamics inside the vessel. 
Moen et al. [15] studied the obstacles effect on 
cylindrical flames spread. They used obstacles 
formed from spirals of copper with altered pitch that 
make the flame encounters a sequence of spiral 
winding obstacles. In stoichiometric methane-air 
mixtures, obstacle configuration increases flame 
speed 24 times comparable with no obstacle case. 
Na’inan et al. [16] investigated the influence of 
blockage ratio and obstacle pitch on flame 
propagation and explosion in vented cylindrical 
vessel. For a low blockage of 30% double obstacle 
case, they reported separation distance of 1.75 m 
which generates the most severe explosions at which 
overpressure approached 3 bar while a flame speed 
was close to 500 m/s. Dorofeev and Dorofeev et al. 
[17][18][19] established different mathematical 
schemes formulating relations between blockage ratio 
and flame speed. Johansen and Ciccarelli [20]studied 
the initial stage of promoted flame acceleration in 
square channel with obstacles and showed its 
dependence on blockage ratio. At initiation phase of 
flame acceleration, it was remarked that both boosted 
turbulence generation and intensive burning rate 
caused at high blockage ratios enhanced flame 
acceleration. Yu et al. [21] experimentally studied the 
effect of various hollow cross-sectional (triangular, 
square, and circular) obstacles with the same 
blockage ratio. The maximum explosion 
characteristics (overpressure, turbulence intensity and 
flame propagation speed) were achieved for 
triangular profile. Wen et al. [22]studied the effect of 
various cross-wise orientations for three obstacle 
arrangements in vented chamber on deflagration 
behavior. For the configuration of three centrally 
located obstacles, deflagration dynamics expressed in 
flame speed and overpressure achieved the highest 
values, in which flame velocity speeds up to 82 m/s, 
whereas the lowest flame velocity is reported at 42 
m/s for the configuration with three obstacles 
mounted on one side of the chamber. Deflagration 
dynamics are easily reported in experiments for a 

small-scale configuration but the complexity of 
conducting fine measurements on a large-scale 
configuration is challenging issue [4][20].  

With the huge advances in computational 
technology, CFD is considered to be powerful tool 
and has been used in simulating the explosion in 
large scale platforms especially in buildings and off-
shore processing plants [23]–[25]. CFD predictions 
could assist engineers and designers in assessment of 
the optimal configuration and spacing between 
adjacent buildings in designing structures of 
processing plants and other facilities. Baraldi et al. 
[26] adopted (HYMEP) protocol whose goal is to 
construct model evaluation scheme for CFD in safety 
assessment simulation that could assist designers of 
explosion hazards and safety engineering.  The 
protocol scope is to set up standard booklet helping 
CFD engineers and researchers to evaluate their 
potentials of efficiently implementing CFD and to 
assess the precision of CFD schemes as well. 

As compared to RANS, large eddy simulation 
(LES) gainedits reliability as a rigid computational 
tool that is capable to predict the deflagration 
characteristics in both small and large-scale 
platforms. Its strength was revealed for its ability to 
predict the complicated phenomena of turbulent 
flows and model unsteady cases like flame 
instability, extinguishment and ignition. 

LES was employed to study phenomenological 
characteristics of explosions taking place in 
laboratory vented chamber of a unique 
obstacle[27];[28]. Di Sarli [29] differentiated 
between two phenomenological features; obstacle-
side combustion and pseudo-confined combustion, 
that resulted as the polarity between combustion rate 
and venting rate. Chen et al. investigates using large 
eddy simulation (LES) with the flame surface density 
(FSD) model the influence of blockage ratio of an 
obstructed chamber on the flame propagation and the 
induced vortex. Appropriate sub-grid-scale (SGS) 
model is considered to be the essence of perfect 
application of LES in predicting deflagration 
dynamics over a broad spectrum of combustion 
parameters. Its importance is underlined by its 
contribution to consider the role of chemical reaction 
rates. Earlier, large volume of studies adopted 
flamelet approach in different formulations however 
being restricted to thin wrinkled flame regime [33].  

Previous work [34, 35] adopting “dynamic flame 
surface density” DFSD scheme relying on laminar 
flamelets have been encouraging in simulating major 
features of turbulent premixed flames moving in 
obstructed chambers. Di Sarli et al. [28][29] reported 
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the significance of applying DFSD scheme as the 
most adequate SGS model of LES technique in 
modelling vented explosion of obstructed chambers. 
Further SGS schemes were used alternatively to 
flamelets to predict deflagration characteristics in 
vented explosions[30]–[39]. 

The literature survey indicates the need to 
numerically analyze the equivalence ratio effect on 
the maximum over-pressure attained and the time 
required to reach the peak pressure in a small scale 
combustion chamber that is featured by consecutive 
obstacles to induce further turbulence being filled by 
different mixtures of LPG-air. The understanding of 
such effect would greatly benefit safety engineers 
concerned with handling storage and transport of 
LPG utilities. 

2. THE VENTED COMBUSTION CHAMBER 

The vented combustion chamber is that of the 
University of Sydney, [12]. It is of volume of 
0.000625 m3. The chamber has a square cross-section 
of 0.05 m and a length of 0.25 m as can be seen in 
Figure 1. The experimental features for the flame 
configuration and generated pressure rise have been 
published in [40] [41] and are taken to the present 
study in order to perform the model validation. The 
chamber consists of three built-in exchangeable solid 
baffle plates to allow for different configurations as 
shown in Figure 1. This chamber is of special interest 
because of its small volume and potential to deliver a 
flame propagating in strong turbulence environment.  

The solid baffle plates used are of 0.05 x 0.05 m 
aluminum frames manufactured from a sheet of 
thickness of 3mm. Itis made of five 0.004 m wide 
bars each of  0.005 m wide space separating them, 
resulting in a blockage ratio of 40%. The plates are at 
90 degrees to the solid box in the chamber used in the 
present study. The baffle plates are denoted  B1, B2 
and B3 are located at 0.02, 0.05 and 0.08 m above the 
bottom of the chamber where ignition takes place. 
The combustion chamber has a built-in solid box of 
0.012m in cross-section, which is centrally located 
0.096 m above the ignition point extended throughout 
the chamber cross-section, which causes significant 
formation to the flow turbulent streamlines. The 
pressure history is recorded via Piezo-resistive 
pressure transducers with a range of 0–1bar and a 
response time of 0.1ms. Two pressure transducers are 
positioned at top and the bottom of the combustion 
chamber.  

 
 

 
Figure 1: Experimental chamber available for [12]. a) 
Dimensions of the chamber, three baffle plates; B1, B2 and 
B3 and the square obstacle, b) Details of the baffle plates, 
dimensions in mm. 

3. THE MATHEMATICAL MODEL 

The LES code used here is originally developed 
by [42]. It solves governing equations of 
conservation of mass, momentum, energy and the 
progress variable cwhich takesthe value of zero for 
the unburned gases andunity for the fully burned 
products, respectively. Favre filter is used for the 
governing equations resulting in some unclosed terms 
which are modeled.  

The flow field is spatially filtered; a flow variable 
φ(x, y, z, t) is decomposed of resolved 
component,φ�(x, y, z, t) and unresolved 
component, φ̀(x, y, z, t). Scales are separated using 
the filter function G, which is mathematically 
represented by convolution product as: 

 
𝜑𝜑�(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡) = ∫𝑣𝑣𝐺𝐺(𝑥𝑥 − 𝑥𝑥′,𝑦𝑦 − 𝑦𝑦′, 𝑧𝑧

− 𝑧𝑧′)𝜑𝜑(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡)𝑑𝑑𝑥𝑥′𝑑𝑑𝑦𝑦′𝑑𝑑𝑧𝑧′ 
  (1) 

The function Gused as a filter is related to cut-off 
length Δ, which is in the range between the 
Kolomogrov and integral length scales. The filter 
functions may be taken as the cut-off filter, Gaussian 
filter and box filter. The box or top hat filter is 
preferred here due to its simplicity, it is expressed as: 
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𝐺𝐺(𝑥𝑥 − 𝑥𝑥′) = �
1
Δ�

      𝑖𝑖𝑖𝑖 |𝑥𝑥 − 𝑥𝑥′| ≤ ∆�

2
0          𝑜𝑜𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑒𝑒𝑒𝑒 

                         (2) 

 
 

The top hat filter is used and the filtered governing 
equations in finite volume format are written by the 
application of box filter width of: 

 
∆= (∆𝑥𝑥∆𝑦𝑦∆𝑧𝑧)1/3(3) 

 
Where ∆x,∆y, and ∆z are the dimensions of the 

computational cell. The Favre filtered (mass 
weighted) equations of continuity, momentum, 
energy and  progress variable are respectively given 
by: 

 
The Favre-filtered continuity equation: 
 
𝜕𝜕𝜌𝜌�
𝜕𝜕𝜕𝜕

+ 𝜕𝜕(𝜌𝜌�𝑢𝑢𝚥𝚥�)
𝜕𝜕𝑥𝑥𝑗𝑗

= 0 (4) 

   
The Favre-filtered Navier-Stokes equation: 
 

𝜕𝜕�̅�𝜌𝑢𝑢𝚤𝚤�
𝜕𝜕𝑡𝑡

+
𝜕𝜕��̅�𝜌𝑢𝑢𝚤𝚤�𝑢𝑢𝚥𝚥� �
𝜕𝜕𝑥𝑥𝑗𝑗

= −
𝜕𝜕𝑃𝑃�
𝜕𝜕𝑥𝑥𝑖𝑖

+
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�2�̅�𝜇 ��̃�𝑆𝑖𝑖𝑗𝑗 −
1
3
𝛿𝛿𝑖𝑖𝑗𝑗�̃�𝑆𝑘𝑘𝑘𝑘��

−
𝜕𝜕𝜏𝜏𝑖𝑖𝑗𝑗

𝑠𝑠𝑠𝑠𝑠𝑠

𝜕𝜕𝑥𝑥𝑗𝑗
 

(5) 
Where  

     
𝑆𝑆𝚤𝚤𝚥𝚥� = 1

2
(𝜕𝜕𝑢𝑢𝚤𝚤�
𝜕𝜕𝑥𝑥𝑗𝑗

+ 𝜕𝜕𝑢𝑢𝚥𝚥�

𝜕𝜕𝑥𝑥𝑖𝑖
)                                                   (6) 

 
τij
sgsis the residual stresses which represent the effect 

of the unresolved (Sub-Grid-Scale, SGS) momentum 
components on the resolved ones. It appears 
mathematically as a result of the non-linearity of the 
convective term in the Navier-Stokes equations. In 
the present work the residual stresses are modeled 
using the Smagorinsky model [43]based on linear 
eddy viscosity and it is expressed as: 
 

𝜏𝜏𝑖𝑖𝑗𝑗
𝑠𝑠𝑠𝑠𝑠𝑠 − 1

3
𝛿𝛿𝑖𝑖𝑗𝑗𝜏𝜏𝑖𝑖𝑗𝑗

𝑠𝑠𝑠𝑠𝑠𝑠 = −�̅�𝜇𝑆𝑆𝑆𝑆𝑆𝑆(�̃�𝑆𝑖𝑖𝑗𝑗 −
1
3
𝛿𝛿𝑖𝑖𝑗𝑗�̃�𝑆𝑘𝑘𝑘𝑘)          (7) 

 
The SGS eddy viscosity μ�SGSis expressed as a 
function of the filter size and the strain rate as: 
 
�̅�𝜇𝑆𝑆𝑆𝑆𝑆𝑆 = �̅�𝜌𝐶𝐶𝑠𝑠∆�2��̃�𝑆�  (8) 

where ��̃�𝑆� = �2�̃�𝑆𝑖𝑖𝑗𝑗�̃�𝑆𝑖𝑖𝑗𝑗 and 𝐶𝐶𝑠𝑠is the Smagorinsky 

model coefficient which is calculated by the dynamic 
procedure of [44] 
 
The Favre-filtered energy equation is written as: 

  
𝜕𝜕�̅�𝜌ℎ�
𝜕𝜕𝑡𝑡

+
𝜕𝜕��̅�𝜌𝑢𝑢′′𝑗𝑗ℎ′′�

𝜕𝜕𝑥𝑥𝑗𝑗

=
𝜕𝜕𝑃𝑃�
𝜕𝜕𝑡𝑡

+ 2�̅�𝜇 ��̃�𝑆𝑖𝑖𝑗𝑗 −
1
3
𝛿𝛿𝑖𝑖𝑗𝑗�̃�𝑆𝑘𝑘𝑘𝑘� :

𝜕𝜕𝑢𝑢𝚥𝚥�
𝜕𝜕𝑥𝑥𝑖𝑖

+
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�
�̅�𝜇
𝑃𝑃𝑒𝑒

𝜕𝜕ℎ�
𝜕𝜕𝑥𝑥𝑗𝑗

� + 𝑞𝑞�̇�𝑐�  

          (9) 
The progress variable equation is expressed in the 
following form: 
 
𝜕𝜕�̅�𝜌�̃�𝑐
𝜕𝜕𝑡𝑡

+
𝜕𝜕(�̅�𝜌𝑢𝑢𝚥𝚥� �̃�𝑐)
𝜕𝜕𝑥𝑥𝑖𝑖

+
𝜕𝜕(𝜌𝜌𝑢𝑢𝚥𝚥′′𝑐𝑐′′)����������

𝜕𝜕𝑥𝑥𝑗𝑗
=

𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�
�̅�𝜇
𝑆𝑆𝑐𝑐
𝜕𝜕�̃�𝑐
𝜕𝜕𝑥𝑥𝑗𝑗

� + 𝜔𝜔�̇�𝑐���� 

          (10) 
 
Scalar fluxes in equations (8) and (9) are modeled 
using a simple gradient transport model as: 
 
�̅�𝜌𝑢𝑢′′𝑗𝑗ℎ′′ = 𝜇𝜇�𝑆𝑆𝑆𝑆𝑆𝑆

𝑃𝑃𝑃𝑃𝑡𝑡

𝜕𝜕ℎ�

𝜕𝜕𝑥𝑥𝑗𝑗
(11) 

 
ρuȷ′′c′′��������� = μ�SGS

Sct

∂c�
∂xj

 (12)   

   
The rate of the mean chemical reaction is modeled 
using the laminar flamelet approach [1], expressed as 
a function of the flame surface density and the 
mixture laminar burning velocity. The dynamics 
flame surface density model is used to calculate the 
sub-grid scale chemical reaction rate.  
The flame surface density, which describes the flame 
surface wrinkling by turbulence, is the flame surface 
area per unit volume, Σ.  The mean chemical reaction 
rate is assumed to be a function of the FSD as: 
 
ω̇c���� = RΣ� = ρuulΣ�    (13)  
     
Where ρu is the density of unburned flow, ulis the 
laminar burning velocity obtained for LPG from[45], 
and Σ � is the flame surface density (FSD). 
The mean filtered flame surface density is split into 
resolved and unresolved terms: 
 
Σ� = |∇c���| = ∏(c�,Δ�) + f(c�,Δ,∏(c�,Δ�))      (14) 
   
The unresolved term can be evaluated using the 
following formulation: 



Mohamed A. Yehia, et.al / LES Analysis of Equivalence Ratio Effect on Turbulent Premixed Characteristics of LPG Flame Front Propagation 
 

18 

 
 
λ = Σ� − ∏(c�,Δ�) = |∇c���| −∏(c�,Δ�)           (15) 
     
The sub-grid scale contribution of unresolved flame 
surface density at test filter is assumed to be similar 
to that at the grid filter and related to each other using 
Germano identity [3]. Test filter is applied to 
equation (14). Hence the mean filtered flame surface 
density is: 
 
Σ�� = �∇c����� = ∏�c��,∆��� + ��∇c����� − ∏�c��,∆���� (16)
     
The second term in the above equation is the 
unresolved flame surface density at the test filter, 
which can be expressed as: 
 
Λ = ��∇c����� − ∏�c��,∆���� (17)  
      
The unresolved contributions at test and grid filters 
are related to each other as follows: 
 
Λ − λ� = �∏(c�,Δ�)� −∏�c��,∆���� (18) 
      
The sub-grid scale flame surface density contribution 
in the above equation is added to  resolved term in 
equation (16) with the coefficient, Cs. Thus the flame 
surface density is written: 
 
Σ� = ∏(c�,Δ�) + Cs �∏(c�,Δ�)� −∏�c��,∆���� (19)
      
Using equations (17), (18) the unresolved terms in 
the above equations is: 
 

∏(c�,Δ�)� = Σ�� � Δ
�

δc
�
D−2

                                (20)
      

∏�c��,∆��� = Σ�� � Δ
��

δc
�
D−2

                                (21)
      
The model coefficient is dynamically deducted by 
obtaining the sub-grid scale flame surface as a fractal 
surface [4]. The two equations above are combined 
and γis defined as the ratio between the test filter and 
the grid filter (Δ��/Δ�), such that the test filter is greater 
than the grid filter.  
 

Cs = 1
1−γ2−D

�� Δ
�

δc
�
D−2

− 1� (22)  
     
The fractal dimension, D can be calculated using 
empirical equations [5], [6] or can be dynamically 

calculated. In the present work, the fractal dimension 
D is dynamically calculated from: 
 

D = 2.0 +
log(�∏(c�,Δ�)��/�∏�c��,∆����)

log(∆��/Δ�)
     (23)  

4. THE COMPUTATIONAL DOMAIN 

A computational domain with initial and boundary 
conditions is developed. The domain is extended in 
the direction normal to the outflow boundary so that 
no pressure reflections get back to the chamber.  

The computational domain is superimposed with 
numerical combustion chamber and obstacles as 
shown in Figure 2. The combustion chamber has 
dimensions of 0.050 x 0.050 x 0.250 m. The flame 
propagates over the baffles and solid obstacle 
surrounded by solid wall boundary conditions. To 
ensure that the pressure wave leaves the chamber 
smoothly, without reflections, the open end of the 
domain is extended to 0.250 m in the z -direction 
with a far-field boundary condition. Similarly, the 
domain is extended to 0.325 m in x and y directions 
with expansion ratios equal to 1.25 outside the 
combustion chamber. The 3-dimensional numerical 
model has been employed with a computational grid 
of 90×90×336 (2.7 million) cells, (Figure 2). Grid 
refinement beyond this grid has no significant impact 
on the results, not shown here. 

 
Figure 2: The Computational Domain of the Combustion 
Chamber 

5. RESULTS AND DISCUSSION 

Unlike the RANS low resolution due to averaging 
approach no matter how much fine is the grid, LES 
analysis results shown in Figures (3-a and 3-b)   seem 
to enable capturing main features defining and 
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controlling the flame front propagation in turbulent 
environment, namely the wrinkling, stretching and 
interaction with the eddies, [46]. This, of course is 
still a far distance away from reality, as the main 
controlling processes, whether the mass transport 
with the turbulent eddies or the chemical reaction 
both take place at a much smaller scale, as the first 
takes place at the molecular level and the second at 
the thin fragile flame sheet. Both scales are much 
thinner than the resolved scales in the LES analysis 
which are controlled by the cut off ratio which is 
proportional to the cell dimension. Thus, we are still 
obtaining modelled values for the main mechanisms. 
Nevertheless, Figure 3 a and b shows contours of the 
predicted sub-grid scale application on the flame 
surface density model for calculating the progress 
variable at different times and locations. The 
contours shown are taken to represent the flame 
propagation. The predicted contours at 9.65, 18.8, 22, 
23.3, 24.36, 25.45 and 26 ms are only samples of the 
detailed results obtained by ANSYS R19 LES 
analysis. In figure 3.b the iso-lines for the same 
variable at a range of magnitude from 0.3 to 0.8to 
follow the thin flame sheet where the chemical 
reaction is taking place. It is evident that the 
hemispherical kernel at the bottom of the chamber 
resulting from the artificial ignition is developed and 
sustained. The transient propagation of the flame 
front through the hollow spacing of the baffle plates, 
the presence of unburned pockets in the vicinity 
downstream of the three baffles and the higher 
impact on turbulence generation and thus flame 
surface area of the obstruction box when compared to 
that of the box. Compared with LIF-OH images from 
experiment [41], shown in Figure 4, it can be 
observed that both the mathematical calculations and 
experimental images agree in demonstrating the main 
features of the flame propagation and the increase in 
turbulence leading to the occurrence of the peak 
pressure. The predicted images successfully 
demonstrate a good representation of the high-speed 
images for the jetting and reconnection of the flame 
sheets around and downstream from the solid 
obstacles. On each time the flame impinges 
obstructions, turbulence level, flame surface area, 
wrinkling and reaction rate also increase. The peak 
pressure is reached experimentally at a time of 19.8 
ms. This is earlier than the time calculated at around 
23 ms as indicated in Figures 3 and 5, as Figure 5 
shows a comparison between the experimentally 
measured and the predicted over-pressure with time. 
This discrepancy in the time needed to reach the peak 
pressure is a result of using the present flame surface 

density model. A recent parametric study by the 
present author [47] indicated that this discrepancy 
can simply be eliminated by varying the initial 
progress variable set to numerically ignite the 
mixture inside the chamber. 

Figure 6 shows the contours of the calculated 
pressure gradient inside the combustion chamber at 
the same time steps indicated previously in Figure 3-
a and 3-b for the progress variable. It is shown in the 
figure that the maximum pressure rise reached is 23 
mbar which is almost the same as that indicated 
experimentally by [41]. The figure demonstrates 
clearly a pressure gradient that is always highest at 
the bottom of the chamber and decreases in the 
upstream direction. This is repeated at each time step, 
a phenomenon that is not currently confirmed by the 
experimental data that only provides an average value 
as obtained from the two piezo-electric pressure 
transducers mounted at the bottom and the top of the 
chamber.  

The contours of the surface area of the flame are 
shown in Figure 7. Comparing this figure with the 
progress variable results shown earlier in Figure 3, 
we may conclude that both figures map the 
propagation of the flame front and the effect of 
obstacles on the increase of the level of turbulence. 
However, the flame surface area contours also 
demonstrate the continuous increase of that value as 
the flame front propagates upwards. It increases from 
values of 75 m-1 at the first time step shown which is 
at 9.65 ms until it reaches its maximum of 250 m-1 at 
time of 24 ms at some downstream locations.  

Figure 8 shows the contours for the dimensionless 
calculates u’ normalized by dividing it by the laminar 
burning velocity ul. Only in the early stage when the 
flame front just passed the first baffle at the time 9.65 
the value is below unity indicating a laminar flame 
velocity being greater than the turbulent induced u’ 
which then increases to reach 10 times the laminar 
burning velocity as a result of the repeated obstacles 
indicating the relatively low importance of the gas 
characteristics if compared to that of the geometrical 
configuration in the vicinity of the deflagration 
process. Figures 9 and 10 show contours of  
Damkohler number and Reynolds number. The 
contours indicate a range of   8.0 x 107to 108 and from 
150 to 500 for Damkohler and Reynolds respectively. 
This indicates that the flame front propagation 
belongs to the thin reaction zone as its combustion 
regime according to [48], which confirms the validity 
of the combustion model.  

The reasonable results of the validation study for 
cases of equivalence ratios 0.8 encouraged the 
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reliance on the model to investigate the effect of 
increasing the equivalence ratio to 1.23 which 
correspond to LPG concentration ranging from 3.36 
to 5.46% respectively. Though this whole range is 
falling within the range of the flammability of LPG 
which is known to be flammable between 1.81 and 
8.86%, Figure 11 suggests that the use of a premixed 
mixture of equivalence of 1.3 does not really result in 
a significant peak pressure as it just undergoes cyclic 
pressure rise and fall. As the equivalence ratio 
increases the peak pressure increases and the time 
required to reach the peak pressure decreases until 
the after a value of equivalence ratio of 1.1 when the 
peak pressure decreases and the time required to 
reach the peak pressure increases. 

Lastly, Figure 12 shows a summation distribution 
of the LPG laminar burning velocity, peak over-
pressure and time required to reach the peak pressure 
versus the equivalence ratio. This is a preliminary 
characteristic curve for the deflagration inside the 
obstacles used in this study. It is assumed that same 
qualitative features would be universal for other 
obstruction details and probably to other fuels. 

6. CONCLUDING REMARKS 

Thermodynamic effects on the performance of 
LPG-air premixed flame were numerically studied 
using an LES based mathematical model. The 
numerical results are validated against available 
published experimental data obtained from turbulent 
premixed combustion in a laboratory scale chamber. 
The CFD model enabled the demonstration of various 
variables including the progress variable, flame 
surface density, pressure, Reynolds number, 
Damkohler number and the rms velocity at different 
locations and time steps after ignition. It has been 
shown that a pressure gradient exists inside the 
combustion chamber. The values obtained for the 
characteristic parameters confirmed that the flow 
belongs the thin reaction zone which is adequate for 
the combustion model used. The numerical 
modification of the equivalence ratio enabled the 
mapping of the effect of equivalence ratio on the 
peak over-pressure and the time required to reach that 
peak compared to the well documented effect of the 
equivalence ratio on the laminar burning velocity. 

Figure 3a Predicted contours of progress variable at 9.65, 18.8, 22, 23.3, 24.36, 25.45 and 26 ms for a premixed mixture of 
LPG/air at equivalence ratio of 0.8 as simulated for the BBBS configuration of the Sydney University Combustion Chamber. 
 
 
 

Time 9.65 ms 18.8 ms 22 ms 23.3 ms 24.36 ms 25.45 ms 26 ms 
Progress 
Variable
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Figure 3b Predicted iso-lines of progress variable at 9.65, 18.8, 22, 23.3, 24.36, 25.45 and 26 ms for a premixed mixture of 
LPG/air at equivalence ratio of 0.8 as simulated for the BBBS configuration of the Sydney University Combustion Chamber. 
 
 
 

Figure 4 LIF OH images of experimentally deflagration of LPG/air mixture on the BBBS configuration as obtained by [41]. 
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Figure 5 Comparison between measured and calculated over-pressure history. 
 
 

 
Figure 6 Predicted contours of pressure gradient at 9.65, 18.8, 22, 23.3, 24.36, 25.45 and 26 ms for a premixed mixture of 
LPG/air at equivalence ratio of 0.8 as simulated for the BBBS configuration of the Sydney University Combustion Chamber. 
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Time 9.65 ms 18.8 ms 22 ms 23.3 ms 24.36 ms 25.45 ms 26 ms 
Flame 
surface 
Density

        
Figure 7 Predicted contours of progress flame surface density at 9.65, 18.8, 22, 23.3, 24.36, 25.45 and 26 ms for a premixed mixture of LPG/air at 
equivalence ratio of 0.8 as simulated for the BBBS configuration of the Sydney University Combustion Chamber. 
 

Time 9.65 ms 18.8 ms 22 ms 23.3 ms 24.36 ms 25.45 ms 26 ms 
𝒖𝒖′ 𝒖𝒖𝒍𝒍�  

 

 

       
Figure 8 Predicted contours of u

′
ul�  at 9.65, 18.8, 22, 23.3, 24.36, 25.45 and 26 ms for a premixed mixture of LPG/air at equivalence ratio of 0.8 

as simulated for the BBBS configuration of the Sydney University Combustion Chamber. 
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Time 9.65 ms 18.8 ms 22 ms 23.3 ms 24.36 ms 25.45 ms 26 ms 
Damkohler 
number 

 
       

Figure 9 Predicted contours of Damkohler number at 9.65, 18.8, 22, 23.3, 24.36, 25.45 and 26 ms for a premixed mixture of LPG/air at 
equivalence ratio of 0.8 as simulated for the BBBS configuration of the Sydney University Combustion Chamber. 

Time  9.65 ms 18.8 ms 22 ms 23.3 ms 24.36 ms 25.45 ms 26 ms 

 
       

Figure 10 Predicted contours of Reynolds number at 9.65, 18.8, 22, 23.3, 24.36, 25.45 and 26 ms for a premixed mixture of LPG/air at 
equivalence ratio of 0.8 as simulated for the BBBS configuration of the Sydney University Combustion Chamber. 
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Figure 11 Predicted over-pressure histories for a range of equivalence ratios for LPG/air mixture inside the BBBS combustion 
chamber. 
 

 

Figure 12 Suggested distribution of Laminar Burning Velocity, Peak Over-Pressure and Time to Peak for LPG/Air Mixtures for 
Different Equivalence Ratios 
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Latin Letters 
 

 Reaction progress variable   
𝐷𝐷 Mass Diffusivity/ Fractal dimension  

 Convolution function or G field  
 Enthalpy, 𝑘𝑘𝑘𝑘 𝑘𝑘𝑘𝑘⁄  
𝐿𝐿𝐼𝐼 Integral length scale, 𝑚𝑚 

 Prandtl number  
 Turbulent Prandtl number  

 Pressure, kPa 
 Heat generation, 𝑘𝑘𝑘𝑘 
 Chemical source term, 𝑘𝑘𝑘𝑘 𝑘𝑘𝑘𝑘⁄  

 Mean reaction rate per unit surface area, 
𝑘𝑘𝑘𝑘 𝑒𝑒.𝑚𝑚2⁄  

 Stress tensor, (𝑚𝑚 𝑒𝑒⁄ )2 
 Schmidt number  
 Turbulent Schmidt number  

 Strain rate, 𝑒𝑒−1 
 Temperature, 𝐾𝐾 

 Sub-test-scale stress tensor, (𝑚𝑚 𝑒𝑒⁄ )2 
 Time, 𝑒𝑒 
 Velocity in x-direction, 𝑚𝑚 𝑒𝑒⁄  
 RMS fluctuations, 𝑚𝑚 𝑒𝑒⁄  

Greek Symbols 
 

 Unresolved flame surface density, 𝑚𝑚−1 
 Dynamic viscosity,  𝑘𝑘𝑘𝑘 𝑚𝑚. 𝑒𝑒⁄  

�̅�𝜇𝑆𝑆𝑆𝑆𝑆𝑆 SGS turbulent eddy viscosity,𝑚𝑚2 𝑒𝑒⁄  
𝜔𝜔�̇�𝑐 Chemical reaction rate, 𝑘𝑘𝑘𝑘 𝑒𝑒⁄  

 Fluid density, 𝑘𝑘𝑘𝑘 𝑚𝑚3⁄  
 Unburned gas density, 𝑘𝑘𝑘𝑘 𝑚𝑚3⁄  
 Kronecker delta 
 Flame thickness, 𝑚𝑚 
 Lower cut-off scale, 𝑚𝑚 
 Any fluid property 

𝜑𝜑 Equivalence Ratio 
 Residual stress,(𝑚𝑚 𝑒𝑒⁄ )2 

 Filter width, 𝑚𝑚 
 Flame surface density, 𝑚𝑚−1 

 Kolmogorov scale, 𝑚𝑚 
 Ratio of test filter to grid filter 
 Unresolved flame surface density at test filter, 

𝑚𝑚−1 
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