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ABSTRACT    

Propane combustion in a trapped vortex combustor (TVC) is characterized via 
large eddy simulation coupled with filtered mass density function. A 
computational algorithm based on high order finite difference (FD) schemes, is 
employed to solve the Eulerian filtered compressible Navier-Stokes equations. 
While, a Lagrangian Monte-Carlo solver based on the filtered mass density 
function is invoked to describe the scalar field. The impact of injection strategy 
on temperature distribution and flame structure in a planar single-cavity TVC 
is investigated. A fuel jet and an air jet are injected directly into the cavity from 
the forebody and the afterbody, respectively.  Different injection schemes are 
contemplated by altering fuel and air jet locations representing the different 
flow and flame structures. The temperature distribution, along with cross-
sectional averaged temperature and flame structure, are compared for 
fuel/air injection strategies. The temperature field reveals that configurations 
in which both air and fuel jets are located at the cavity-walls midpoint or 
adjacent to the cavity inferior wall, lead to a more uniform temperature 
distribution and lower maximum temperature with the latter configuration 
performing slightly better. While, the former configuration provides the closest 
cross-sectional averaged temperature to the adiabatic flame temperature. The 
reaction rate distributions show that the configurations mentioned above lead 
to a more contained flame, chiefly due to more efficient fuel-air mixing at lower 
regions of the cavity. 
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1. Introduction 

Trapped vortex combustor (TVC), with a vortex 
trapped in a cavity providing flame stability, has 
attracted wide interests around the combustion 
community since 1995. The experimental 
investigations of Hsu et al. [1] proved that the 
TVC affords several remarkable advantages 
such as ignition enhancement, lower emission 
levels, and extended operating range compared 
to conventional swirl-stabilized combustors.  
 

 Corresponding author: Asghar Afshari 
School of Mechanical Engineering, College of 
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Tehran, 1439957131, Iran 
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The TVC concept invokes a cavity to provide 
a self-sustaining and continuous source of 
ignition and flame propagation into the 
mainstream. Many studies were subsequently 
concentrated on the TVC concept, chiefly for 
the applications to gas turbines [2,3]. Due to 
its exclusive characteristics, trapped vortex 
combustor has been an interesting topic for 
combustion researchers, and numerous 
experimental [1,4–11] and numerical [12–17] 
investigations have been conducted to shed 
lights on the different characteristics of this 
type of flame holder. 
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 In the TVC configuration, the pilot flame is 
protected from the mainstream by the cavity 
and stabilized inside even when the main 
airspeed is high. Hendricks et al. [2] 
investigated a laboratory-scale rectangular 
TVC with an inlet Mach number of 0.7. Their 
results indicated that with increasing the inlet 
Mach number, vortices remained trapped 
within the cavity, and the flame became more 
intense, more powerful, and shorter due to 
increment of reaction rate.  

Jin et al. [18] experimentally and 
computationally investigated a laboratory-
scale TVC. The experimental tests were 
conducted for mainstream flow rates 
comparable to real liquid-fueled aero-
engines. Results showed acceptable 
accordance between PIV measurements and 
numerical data obtained by RANS 
simulations. In another study, Zhang and Fan 
[6] investigated the vortex structure in non-
reacting and reacting flows for a trapped-
vortex combustor with methane. They 
reported flow field, vortex structure, and 
vortex core location within the cavity. Their 
results indicated that the vortex structure and 
position is considerably different in reacting 
and non-reacting flows. The fuel and air need 
to be introduced directly into the cavity to 
reinforce the formed pilot flame in a well-
designed cavity. Arrangement of fuel and air 
injectors is still one of the main challenges of 
cavity flame-holder design. 

Recently Kumar and Mishra [19] have 
conducted a numerical study to investigate 
the flow structure of a 2D twin trapped vortex 
combustor. Their results revealed significant 
differences in the velocity gradient at the 
shear layer between non-reacting and reacting 
flow conditions. The reacting flow provides 
higher levels of turbulent kinetic energy at the 
cavity zone due to volume expansion arising 
from combustion.  

Krishna and Ravikrishna [8] performed 
optical diagnostic measurements to 
investigate the impact of momentum flux 
ratio (MFR, the ratio of cavity injector to 
mainstream momentum) on the fuel-air 
mixing and vortical structure inside the cavity 
of a single cavity planar TVC. Their results 
indicate that the MFR parameter plays a 
significant role in mixing and combustion. 

The acetone PLIF measurements showed that 
at high MFRs, the fuel-air mixing quality in 
the cavity is improved as MFR decreases, due 
to the modification of vortex structure in the 
cavity. 

The impact of strut length on the 
characteristics of a TVC was experimentally 
investigated by Li et al. [20]. Results showed 
that the longer struts lead to prominent 
improvements in lean-bow-out and ignition, 
while the combustion efficiency associated 
with the shorter struts is higher than long 
ones. Simulations indicated that weak 
ignition performance and lean-blow-out 
limits of the shorter struts raised from an 
extensive mainstream air entrainment into the 
cavity and the improved combustion 
efficiency associated with shorter struts are 
due to extended wake regions created behind 
the struts. In another study, Zbeeb [21] 
investigated the impact of fuel jet Reynolds 
Number on the emission performance of a 
two-after-body axisymmetric TVC with 
syngas fuel. Correlation plots for NOx, CO, 
and CO2 emissions versus fuel jet Reynolds 
Number were created.   

The first notable investigation of 
injection location effects on the trapped 
vortex combustor performance was 
performed by Ying et al. [22]. In their 
experimental study, the effect of front-wall-
fueling (FWF) and back-wall-fueling (BWF) 
schemes on the combustion characteristics of 
a planar TVC was investigated. Their results 
showed that the BWF scheme with a fuel 
injection position located farther from the 
mainstream results in higher combustion 
efficiency than the FWF scheme with a fuel 
injection position located closer to the 
mainstream. In another investigation, Chen et 
al. [16] studied an axisymmetric miniature 
ramjet TVC to evaluate the impact of fuel 
injection location on the fuel-air mixing 
quality by considering four different fuel 
injection locations. For the first 3 cases, the 
fuel is injected directly into the cavity, 
whereas in the last one at the upstream of the 
cavity. They concluded that due to the 
formation of a fuel-rich zone, cases in which 
fuel is directly injected into the cavity, cannot 
provide a stable pilot flame while injecting 
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the fuel into the mainstream increases the 
mixing efficiency. 

Zhao et al. [23] reviewed many aspects 
of the TVC concept as an alternative 
configuration for conventional swirl-
stabilized combustors. They considered TVC 
as a multi-physics subject and discussed 
many characteristics, including cavity/flow 
aerodynamics and aeroacoustics, fuel-air 
injection and mixing, emissions, and 
combustion of alternative fuels. They 
addressed challenges with the design and 
implementation of a TVC and mentioned the 
developments in its industrial applications. 

The filtered mass density function 
(FMDF), is now considered as one of the most 
efficient tools of employing large eddy 
simulation (LES) in turbulent reacting flows 
[24]. Reliability, consistency, and 
affordability of the hybrid scheme of 
LES/FMDF are demonstrated for unsteady 3-
dimensional simulating of turbulent reacting 
flows with large-density variations and strong 
turbulence combustion interactions [25]. 
Yilmaz et al. [24] overviewed the recent 
progresses in the simulation of turbulent 
reacting flows using filtered mass density 
function. They concluded that recent 
advances in FMDF simulation include (1) 
establishment of an irregularly portioned 
Lagrangian Monte Carlo FMDF solver and 
(2) implementation of (any) Monte Carlo 
solver on Eulerian flow fields covered by 
unstructured grids. 

As mentioned before, several studies 
have been devoted to investigating the impact 
of different parameters such as Reynolds and 
Mach numbers, momentum flux ratio, cavity 
dimensions, and combustor geometry on the 
combustion performance and flame structure 
in TVCs. However, only a few studies have 
focused on the effect of the fueling scheme 
and arrangements of fuel/air jets. A well-
designed injection scheme makes an 
appropriate fuel-air mixing inside the cavity, 
leads to more stable combustion, and reduces 
the flame length and residence times and, 
thereby, thermal NOx emission. In the present 
study, a relative positioning of fuel and air jets 
entering the cavity is considered to study the 
effect of fuel and air injection strategy on 
temperature distribution and flame structure. 

For this, vortical structure, the variation of 
cross-sectional averaged temperature and 
reaction rate distributions are invoked. In 
brief, the main objective of this study is to 
identify the best arrangement of fuel-air 
injection with more efficient combustion. A 
hybrid Eulerian-Lagrangian solver is 
employed to achieve this aim. In this scheme, 
a computational algorithm based on high 
order finite difference schemes is employed 
to solve the Eulerian filtered compressible 
Navier-Stokes equations, while a Lagrangian 
Monte-Carlo solver is invoked to describe the 
scalar field. The scheme mentioned above is 
utilized for the first time in the simulation of 
TVC-based reacting flows.  
 
2. Theoretical formulation and numerical 

method 
 
The LES/FMDF scheme solves a hybrid 
system of Eulerian and Lagrangian equations 
for capturing the flow and scalar (temperature 
and mass fractions) variables [25–30].  These 
equations are given separately in two 
sections.  
 

2.1. LES governing equations 
 
The set of Favre-filtered LES governing 
equations for compressible flow represented 
in the generalized coordinate system are 
summarized as [25]: 

𝜕

𝜕𝑡
𝐽𝑈 +

𝜕𝐹̂

𝜕𝜉
+
𝜕𝐺̂

𝜕𝜂
+
𝜕𝐻̂

𝜕𝜁
= 𝐽𝑆̂ 

(1) 

In the above equation, 𝑡 is the time, 𝜉, 𝜂, 𝜁 
are generalized coordinates, and 𝐽 represents 
the determinant of the coordinates 
transformation Jacobian.  
F̂, Ĝ, and Ĥ fluxes are given by: 
𝐹̂ = 𝐽[𝜉𝑡𝑈 + 𝜉𝑥(𝐹 − 𝐹𝑣) + 𝜉𝑦(𝐺 − 𝐺𝑣)

+ 𝜉𝑧(𝐻 − 𝐻𝑣)] 

𝐺̂ = 𝐽[𝜂𝑡𝑈 + 𝜂𝑥(𝐹 − 𝐹𝑣)

+ 𝜂𝑦(𝐺 − 𝐺𝑣)

+ 𝜂𝑧(𝐻 − 𝐻𝑣)] 

𝐻̂ = 𝐽[𝜁𝑡𝑈 + 𝜁𝑥(𝐹 − 𝐹𝑣)

+ 𝜁𝑦(𝐺 − 𝐺𝑣)

+ 𝜁𝑧(𝐻 − 𝐻𝑣)] 

(2) 

In the above equations, 𝐹, 𝐺, and 𝐻 indicate 
the inviscid fluxes, and, 𝐹𝑣, 𝐺𝑣, and 𝐻𝑣 denote 
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the viscous fluxes. And 𝜉𝑡, 𝜉𝑥, … , 𝜁𝑧 are the 
metric coefficients. These fluxes can be 
represented by the filtered variables as 
follows: 
𝐹 = {𝜌̅𝑢̃, 𝜌̅𝑢̃2 + 𝑝̅, 𝜌̅𝑢̃𝑣̃, 𝜌̅𝑢̃𝑤̃, (𝜌̅𝐸̃ + 𝑝̅)𝑢̃} 
𝐺 = {𝜌̅𝑣̃, 𝜌̅𝑢̃𝑣̃, 𝜌̅𝑣̃2 + 𝑝̅, 𝜌̅𝑣̃𝑤̃, (𝜌̅𝐸̃ + 𝑝̅)𝑣̃} 

𝐻 = {𝜌̅𝑤̃, 𝜌̅𝑢̃𝑤̃, 𝜌̅𝑣̃𝑤̃, 𝜌̅𝑤̃2 + 𝑝̅, (𝜌̅𝐸̃ + 𝑝̅)𝑤̃} 

(3) 

viscous fluxes can be written as: 
 
𝐹𝑣

=

[
 
 
 
 
 
 

0

𝜇𝑒 {2𝐿1[𝑢̃] −
2

3
(𝐿1[𝑢̃] + 𝐿2[𝑣̃] + 𝐿3[𝑤̃])}

𝜇𝑒(𝐿1[𝑣̃] + 𝐿2[𝑢̃])

𝜇𝑒(𝐿1[𝑤̃] + 𝐿3[𝑢̃])

𝑢̃𝐹𝑣2 + 𝑣̃𝐹𝑣3 + 𝑤̃𝐹𝑣4 + 𝜆𝐿1[𝑇̃] +
𝜌̅𝜈𝑡
𝑃𝑟𝑡
𝐿1[𝐻̃]]

 
 
 
 
 
 

 

(4) 

𝐺𝑣

=

[
 
 
 
 
 
 
 

0
𝜇𝑒(𝐿1[𝑣̃] + 𝐿2[𝑢̃])

𝜇𝑒 {2𝐿2[𝑣̃] −
2

3
(𝐿1[𝑢̃] + 𝐿2[𝑣̃] + 𝐿3[𝑤̃])}

𝜇𝑒(𝐿2[𝑤̃] + 𝐿3[𝑣̃])

𝑢̃𝐺𝑣2 + 𝑣̃𝐺𝑣3 + 𝑤̃𝐺𝑣4 + 𝜆𝐿2[𝑇̃] +
𝜌̅𝜈𝑡
𝑃𝑟𝑡

𝐿2[𝐻̃]]
 
 
 
 
 
 
 

 

(5) 

𝐻𝑣

=

[
 
 
 
 
 
 
 

0
𝜇𝑒(𝐿1[𝑤̃] + 𝐿3[𝑢̃])

𝜇𝑒(𝐿2[𝑤̃] + 𝐿3[𝑣̃])

𝜇𝑒 {2𝐿3[𝑤̃] −
2

3
(𝐿1[𝑢̃] + 𝐿2[𝑣̃] + 𝐿3[𝑤̃])}

𝑢̃𝐻𝑣2 + 𝑣̃𝐻𝑣3 + 𝑤̃𝐻𝑣4 + 𝜆𝐿3[𝑇̃] +
𝜌̅𝜈𝑡
𝑃𝑟𝑡

𝐿3[𝐻̃]]
 
 
 
 
 
 
 

 

(6) 

In the above equations, 𝑢, 𝑣̃, 𝑤̃ and 𝑇 indicate 
the Favre-filtered velocity components and 
temperature, respectively. 𝜆, 𝜈𝑡, 𝑃𝑟𝑡 represent 
the thermal conductivity, sub-grid viscosity, 
and sub-grid Prandtl number, respectively. 
The filtered pressure and density are denoted 
by 𝑝 and 𝜌̅, respectively. 𝐹𝑣𝑛, 𝐺𝑣𝑛, and 𝐻𝑣𝑛 
indicate nth components of viscous flux 
vectors. 𝑒 indicates Favre filtered total energy 
and 𝜇𝑒 denotes the effective sub-grid dynamic 
viscosity. The sub-grid kinematic viscosity 
(𝜈𝑡) is calculated by the wall-adapted local 
eddy-viscosity (WALE) model [31]. 𝐻𝑖𝑗

𝑆𝐺𝑆is 

the sub-grid total enthalpy flux which can be 
modeled by using the gradient-diffusion 
model as follows [14,32]: 

𝐻𝑖𝑗
𝑠𝑔𝑠
= −(𝜌̅𝜈𝑡 𝑃𝑟𝑡⁄ )(𝜕𝐻 𝜕𝑥𝑖⁄ ).            

 𝐻 = 𝐸̃ + 𝑝̅ 𝜌̅⁄  

(7) 

All sub-grid terms have been represented in 
generalized coordinates [Eqs. (4-6)]. The 
Eulerian set of the Favre-filtered LES 

equations are solved by using a fourth-order 
finite-difference methodology. The spatial 
derivatives are obtained by using a compact-
differencing fourth-order scheme [33] and 
[34]. The time integration is performed by 
using a three-stage strong, stability-
preserving Runge–Kutta methodology [35]. 
The perturbations created by arising the 
numerical errors at very high frequencies is 
eliminated by applying a high-order spatial 
implicit filtering.  
 

2.2   The filtered mass density function 
(FMDF) 

 
The modeled governing transport equation for 
the scalar filtered mass density function can 
be written as [30] 

𝜕𝐹𝐿
𝜕𝑡
+
𝜕[𝑢̃𝑖𝐹𝐿]

𝜕𝑥𝑖
=
𝜕

𝜕𝑡
[(𝛾 + 𝛾𝑡)

𝜕(
𝐹𝐿
𝜌
)

𝜕𝑥𝑖
]

+
𝜕

𝜕𝜓𝛼
[Ω𝑚(𝜓𝛼

− 𝜙̃𝛼)𝐹𝐿] −
𝜕[𝑆̂𝛼𝐹𝐿]

𝜕𝜓𝛼
 

(8) 

All information dealing with the scalar field, 
i.e., species concentrations and temperature, 
is provided by solving this equation. In the 
preceding equation,𝜙𝛼, 𝜓𝛼  and Ω𝑚 denote the 
scalar array, composition domain of the scalar 
array, and the frequency of mixing within the 
sub-grid, respectively. The flow field 
variables (including velocity and pressure) in 
Eq. (8) are not known and can be calculated 
by solving Favre-filtered LES equations via 
an Eulerian finite difference (FD) scheme. 
FMDF equation (Eq. (8)) is solved by using a 
Lagrangian Monte-Carlo (MC) method. In 
such a methodology, each MC particle is 
transported in physical space due to filtered 
velocity plus the combined effects of 
molecular and sub-grid diffusivities, 
according to the following equation (SDE) 
[36]: 

𝑑𝑋𝑖(𝑡)

= (𝑢̃𝑖 +
1

𝜌̅

𝜕(𝛾 + 𝛾𝑡)

𝜕𝑥𝑖
)𝑑𝑡

+ √2 (𝛾 + 𝛾𝑡) 𝜌̅⁄ 𝑑𝑊𝑖(𝑡) 

(9) 

where 𝑋𝑖 denotes the physical location of the 
MC particle, and 𝑊𝑖 is the Wiener process 
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[37]. Each MC particle contains information 
on scalar variables, including species 
concentrations and temperature. This 
information can be updated due to mixing and 
chemical reaction according to the following 
equation: 
𝑑𝜙𝛼

+

𝑑𝑡
= −𝐶𝛺

𝛾 + 𝛾𝑡
𝜌̅

(𝜙𝛼
+ − 𝜙̃𝛼)

+ 𝑆̂𝛼(𝜙
+) 

(10) 

where 𝜙𝛼
+ = 𝜙𝛼

 (𝑋(𝑡). 𝑡) is the scalar variable 
describing each MC particle with the 
Lagrangian location vector 𝑋𝑖. The MC 
particle n contains information on its 
location,𝑥𝑛(𝑡), velocity, 𝑢𝑛(𝑡), and scalar 
variable, 𝜙𝑛(𝑡), 𝑛 = 1.2.… .𝑁𝑝. The 
integration of SDE (𝑑𝑥 = 𝐷𝑑𝑡 + 𝐸𝑑𝑊) can 
be performed using the Euler–Maruyama 
approximation [38], which yields to the 
following equation: 

𝑥𝑖
𝑛(𝑡𝑘+1)
= 𝑥𝑖

𝑛(𝑡𝑘) + 𝐷𝑖
𝑛(𝑡𝑘)∆𝑡

+ 𝐸𝑛(𝑡𝑘)(∆𝑡)
1 2⁄ 𝜉𝑖

𝑛(𝑡𝑘).  𝑖 = 1.2.3 

(11) 

where 𝜉𝑖
𝑛(𝑡𝑘) are independent standardized 

Gaussian random variables. For more 
information about LES/FMDF methodology 
and its implementation schemes, readers can 
refer to [25] and [30]. 

In the hybrid LES/FMDF methodology, 
filtered velocity components are determined 
by resolving LES governing equations and 
are utilized in the FMDF equation. However, 
chemical source terms are provided by 
Lagrangian FMDF solver. The fuel mass 
fraction and temperature scalars can be 
calculated by solving the FMDF equation, 
and it is not mandatory to solve a conservative 

Eulerian equation to obtain the scalar field. 
However, the consistency between the 
Lagrangian and Eulerian methods is indicated 
by resolving the scalar field via an Eulerian 
conserved scalar equation in which the 
chemical source term comes from Lagrangian 
FMDF solver. 
 
3. Results 
 
The utilized numerical scheme and flow 
solver have been verified by carrying out 
large-eddy simulations of various reacting 
and non-reacting flows, including internal 
combustion engines, round/planar turbulent 
jets, isotropic turbulence, jet in crossflows 
and turbulent flow in dump combustors [26–
29,39–41]. In the present study, this verified 
flow solver is utilized to simulate propane 
turbulent combustion in a single-cavity 
trapped-vortex combustor.  
  

3.1. Geometry, mesh, and boundary 
conditions 

 
This paper's emphasis is on the investigation 
of turbulent flows in a planar trapped-vortex 
combustor via large-eddy simulation. A 
commonly used geometry for planar TVCs 
with one cavity is considered in this study, as 
shown in Fig. 1. The cavity aspect ratio (L/D) 
is set to be unity as it leads to stable 
combustion, lower pressure losses, and 
acceptable exit temperature pattern factor 
[42,43]. A gaseous propane jet and an air jet 
are injected from cavity forebody and 
afterbody, respectively. A mixture consisted  

(a)

𝐿 = 70 𝑚𝑚 

𝐷 = 70 𝑚𝑚 

𝐻 = 50 𝑚𝑚 

𝐿𝑖𝑛 = 40 𝑚𝑚 

𝐿𝑇 = 250 𝑚𝑚 

𝐿𝑜𝑢𝑡 = 140 𝑚𝑚 
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Fig. 1 (a) Geometry and dimensions of the considered typical trapped vortex, (b) Fuel jet 

entrance geometry on the cavity forebody (left)  
and air jet entrance geometry on the cavity afterbody (right) 

of propane and air with an equivalence ratio 
of 0.15 is entering as the main flow. Based on 
the air and fuel jet velocities, the cavity and 
the overall equivalence ratios are 1.85 and 
0.44, respectively. Five configurations of fuel 
and air jet positions are considered. The main 
objective of the present study is to compare 
the combustion characteristics of different 
configurations of fuel and air injection. 
Temperature field, flame shape, and 
combustion efficiency are invoked to 
accomplish this. 

A simple global-chemical-kinetics 
model is invoked to simulating turbulent 
reacting flow with pure propane combustion, 
according to Eq. (12). The reaction rate for 
this mechanism is represented in the 
Arrhenius form [44]. 

𝐶3𝐻8 + 5(𝑂2 + 3.76𝑁2)
          
→   

3𝐶𝑂2 + 4𝐻2𝑂 + 18.8𝑁2 

(12) 

At inlets, a characteristic inflow boundary 
condition is applied, and a perturbed velocity 
with a flat mean profile is imposed. Velocity 
magnitude, temperature, and fuel mass 
fraction for air/fuel injections are given in 
Table 2. The walls are treated as adiabatic no-
slip boundaries. A characteristic boundary 
condition is applied at the outlet. A periodic 
boundary condition is employed on the side 
boundaries, i.e., the flow is assumed to be 
repeatable in the transverse direction. 
 

3.2. Grid resolution   
 
The computational domain is covered by a 
multi-block structured mesh that is clustered 
in high gradient regions, near solid walls and 
shear layers. The blocks can exchange their 
flow information through common 
boundaries between the blocks. For the 
reference grid layout, the smallest grid size is  

Table 1. Fuel and air jet relative positions 
Configuration No. 𝒉𝟏(𝒎𝒎) 𝒉𝟐(𝒎𝒎) 

1 55 15 

2 15 55 

3 35 35 

4 15 15 

5 55 55 

Table 2. Inlet parameters for mainstream, fuel jet and air jet inlets 

Boundary Reynolds number Velocity (𝒎/𝒔) Temperature (𝑲) Fuel mass fraction 

Mainstream inlet 29000 8.4 500 0.01 
Fuel Jet Inlet 2200 7.1 500 1.00 
Air Jet Inlet 10200 23.6 500 0.00 

 

a

a

h
1

D

W

W/2

a

b

h
2

W

D

W/2

𝑎 = 4.4 𝑚𝑚 

𝑏 = 11 𝑚𝑚 

𝑊 = 14 𝑚𝑚 
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is 0.3 𝑚𝑚 in all three Cartesian directions, 
and the largest is 5 times larger. The results 
with various grid resolutions show very slight 
discrepancies in the solution vector.  

The resolution of the reference 
computational grid which the results are 
presented for is also evaluated by using the 
Pope criterion [45], that is at least 80% of 
turbulence kinetic energy be resolved in the 
grid nodes, meaning only up to 20% of the 
kinetic turbulence energy must be modeled. 
In other words, the turbulent resolution that is 
given by Eq. (13), must be less than 0.2. 

𝑀𝑝𝑜𝑝𝑒 =
𝑘𝑠𝑔𝑠

𝑘𝑠𝑔𝑠 + 𝑘𝑟𝑒𝑠
,      

 𝑘𝑟𝑒𝑠 =
1

2
〈𝑢𝑖
′𝑢𝑖
′〉 

(13) 

𝑘𝑟𝑒𝑠 and 𝑘𝑠𝑔𝑠 are the resolved and modeled 
portions of turbulence kinetic energy. In this 
equation, the sub-grid kinetic energy is given 
[45]: 

𝑘𝑠𝑔𝑠 =
〈𝜈𝑡
2〉

(√
2
3

𝐴

𝜋𝐾0
2 3⁄ ∆)

2 ,        

𝐴 = 0.44, 𝐾0 = 1.4 

(14) 

The nodes distribution over "turbulence 
resolution" for configuration 1 is given in 
Fig.2 It can be seen that the turbulence 
resolution in the entire domain hasa value of 
less than 0.2. Consequently, the mesh is 
suitable for our LES calculations. 
 

 
Fig.2. The nodes distribution over turbulence 

resolution for configuration 1. 
 

3.3. Temperature consistency 
 
As discussed in section 2.2, in LES/FMDF 
methodology, the fuel species conservation 
equation and energy equation are resolved in 
both Eulerian finite-difference and 
Lagrangian Monte Carlo schemes and the 
results obtained by two schemes must be 
consistent. A horizontal section on the center-

plane of the cavity at 
𝑦

𝐷
= −

1

2
 is considered in 

order to plot temperature profiles and 
evaluate consistency.  The instantaneous and 
time-averaged temperature distributions 
obtained from FD and MC schemes indicate 
an acceptable consistency between the two 
solvers in Fig.3. 

 

 

Fig.3. Temperature distribution on the cavity center-plane at 
𝒚

𝑫
= −

𝟏

𝟐
 for configuration 1 

 (a) instantaneous values, (b) time-averaged values 
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The temperature contours can also be used 
to evaluate the consistency. The 
instantaneous and time-averaged temperature 
contours of case 5 for both FD and MC 
solvers are shown in Fig.4. As expected, good 
consistency can be seen between FD and MC 
schemes. 

 
3.4. The flow and temperature field  

 
Investigation of the flow field is valuable due 
to its considerable effects on the flame 
structure and temperature distribution. Flow 
characteristics, including velocity contours 

and streamlines representing the vortical 
structure, are invoked to establish an 
insightful perception of the flow field and its 
impacts on the mixing and combustion inside 
the combustor. Figure 5 shows the 
longitudinal velocity normalized by inlet bulk 
velocity for case 1 at the TVC center-plane. 
Velocities up to 8 times mainstream inlet 
velocity are created due to chemical reaction 
and heat release. The flame is formed around 
the fuel jet, accompanied by a volume 
expansion which causes the flow to accelerate 
at the vicinity of the fuel jet.  
 

  
 

  
Fig.4. Temperature field for case 5  on the TVC center-plane obtained  by MC scheme (right) and FD 

scheme (left), (a) Instantaneous field, (b) Time-averaged field 

 
 

 
Fig.5. Normalized instantaneous longitudinal velocity at the TVC center-plane for configuration 1 

(a) 

(b) 
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The temperature field and maximum flame 
temperature are among the crucial features 
of any combustor. A more uniform 
temperature distribution provides complete 
combustion and hence, less CO and soot 
production. Also, a higher flame 
temperature results in high levels of NOx 
emission. 

Figure 6 depicts temperature 
distribution along with time-averaged 
streamlines on the TVC center-plane for all 
configurations. Configurations 1 and 2 have 
a relatively non-uniform temperature 
distribution, as the hot gases are trapped 
inside a vortex and 'don't spread throughout 
the cavity, which disrupts the ignition of 
inlet fuel and air. In case 1, a vortex created 
by flow separation near the cavity leading 
edge recirculates the hot gases within the 
cavity, while in case 2, a vortex steered by 
air jet does the same. Configurations 3, 4, 
and 5 establish relatively a more uniform 
temperature field since hot gases are well-
distributed by the vortical structures, which 

implies that a better mixing occurred in 
these three cases.   

The maximum flame temperature for 
every configuration, is identified in the 
contour legend. Configuration 3 with a 
maximum temperature by 2007 K and 
configuration 4 with a maximum 
temperature by 2353 K establish the lowest 
and highest maximum temperatures, 
respectively. Configuration 5 is in the 
second rank from the standpoint of the 
lowest maximum temperature. 
Configurations 1 and 2 also have a 
relatively high maximum temperature. The 
maximum temperature for cases 1, 3, 4, and 
5 occurs at the recirculation zone created 
right after the trailing edge of the cavity. 
That is because a recirculation zone after 
the trailing edge generates a stationary hot 
region. For case 2, such a recirculation zone 
'isn't created, and the maximum 
temperature occurs at the center of the main 
vortex formed within the cavity. 
 

  

  

Configuration 4 Configuration 3 

Configuration 2 Configuration 1 
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Fig.6. Mean flow streamlines together with the time-averaged temperature field

For further investigation of temperature 
distribution, one can utilize a cross-sectional 
averaged temperature. Figure 7 shows the 
cross-sectional mean temperature profiles 
versus axial location. Adiabatic flame 
temperature (Tad) based on the overall 
equivalence ratio is 1556 K, which is 
identified by a horizontal dashed line in the 
figure. As expected, configurations 1 and 2, 
which have the most non-uniform 
temperature distribution inside the cavity, 
provide the farthest mean temperature curves 
to Tad. By contrast, configuration 3 and 4 
provide the closest mean temperature curves 
to Tad within the cavity. Among these two 
configurations, case 4 has a lower mean 
temperature. The mean temperature for case 5 
is slightly lower than cases 3 and 4 in the 
cavity but with a more uniform distribution.  

Based on this examination, configuration 4 
could be considered as the most favorable 
configuration. 

 
3.5. Flame structure 

 
Reaction rate distribution is a common tool to 
identify approximate flame shape and 
location.  The formation of a short and well-
contained flame inside the cavity is desirable 
for any trapped vortex combustor. Due to the 
rich nature of fuel-air mixture within the 
cavity, the reaction rate distribution is more 
intense everywhere at which there is enough 
air, such as regions close to air jet.  Figure 8 
shows the instantaneous and time-averaged 
reaction rate distributions for all 
configurations discussed in this paper.  

 
Fig.7. Longitudinal variation of cross-sectional averaged temperature for all configurations 

Configuration 5 
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In case 1, the major part of the flame is 
present in the outlet channel, and the small 
part is an undistributed flame that is localized 
in the cavity upstream half. Referring to the 
flow field, the flame located inside the cavity 
is created by the reaction of the fuel injected 
and mainstream entrained into the cavity. 
However, the flame anchored in the outlet 
channel is formed by the reaction of cavity 
fuel and mainstream/cavity air. Thereby, case 
1 'doesn't provide good performance in flame 
stabilization inside the cavity, which is the 
main function of cavity flame-holder. The 
flame in case 2 is a weak flame located in the 
downstream half of the cavity and lower half 
of the outlet channel. Poor mixing between 
fuel and air, in this case, results in a flame 
with a non-uniform temperature distribution. 
Case 3 has a larger flame length but contains 
the flame inside the cavity better than two 

previous cases. In this case, the flame is 
mainly established in the cavity upper half 
due to the injection of the fuel and air from 
midpoints. The flame is more intense in the 
cavity right half, so there is a higher cross-
sectional averaged temperature in this region, 
as shown in Fig.7. 

In case 4, the whole flame is created 
closer to the mainstream and outlet channel as 
the injection points are close to the 
mainstream. The establishment of a zone with 
an intense reaction rate air jet's proximity, 
leads to an increase in cross-sectional 
averaged temperature. Case 5 provides a 
relatively short and well-contained flame 
inside the cavity. The cases 4 and 5 provide 
flames with approximately equal lengths, 
which are shorter than cases 1, 2, and 3; 
however, in case 5, the flame is better 
positioned inside the cavity. 

  

  

  

Case 1: 

Case 2: 

Case 3: 
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Fig.8. instantaneous reaction rate (left) and time-averaged reaction rate with an approximate flame 

location (right)  

4. Conclusions 

Turbulent combustion of gaseous propane in 
a planar single-cavity TVC with a fuel jet on 
the forebody and an air jet on the afterbody of 
the cavity was computationally investigated 
using the LES/FMDF methodology. Different 
injection schemes were contemplated by 
altering fuel and air jet locations representing 
the different flow and flame structures. The 
temperature distribution, along with flame 
structure, was invoked for combustion 
characterization of different injection 
strategies. The numerical results revealed that 
configurations in which both air and fuel jets 
are located at the cavity-walls midpoint or 
adjacent to the cavity inferior wall, lead to a 
more contained flame and low maximum 
temperature, with the latter configuration 
performing slightly better while the former 
configuration provides the closest cross-
sectional averaged temperature to the 
adiabatic flame temperature. 
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