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Abstract—This paper will focus on the suitability of a trapped
vortex combustor as a candidate for gas turbine combustor objectives
to minimize pressure drop across the combustor and investigate
aerodynamic performance. Non-reacting simulation of axisymmetric
cavity trapped vortex combustors was run to investigate the pressure
drop for various cavity aspect ratios of 0.3, 0.6 and 1 and for air mass
flow rates of 14 m/s, 28 m/s and 42 m/s. A numerical study of an
axisymmetric trapped vortex combustor was carried out by using two-
dimensional and three-dimensional computational domains. A
comparison study was conducted between Reynolds Averaged Navier
Stokes (RANS) k-¢ Realizable with enhanced wall treatment and
RANS k-o Shear Stress Transport (SST) models to find the most
suitable turbulence model. It was found that the k-@ SST model gives
relatively close results to experimental outcomes. The numerical
results were validated and showed good agreement with the
experimental data. Pressure drop rises with increasing air mass flow
rate, and the lowest pressure drop was observed at 0.6 cavity aspect
ratio for all air mass flow rates tested, which agrees with the
experimental outcome. A mixing enhancement study showed that 30-
degree angle air injectors provide improved fuel-air mixing.

Keywords—Aerodynamic, Computational
Propulsion, Trapped Vortex Combustor.
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NOMENCLATURE

datt Afterbody Diameter
de Combustor Diameter
dea Diameter of the Cavity Air Injector
ds Forebody Diameter
Civel Fuel Injection Diameter
ds Spindle Diameter
g Acceleration due to gravity
k Turbulent Kinetic Energy (J)
L Length of the Combustor
Lairt Distance of Inner Cavity Air Injection
Lair2 Distance of Outer Cavity Air Injection
Lea Cavity Length
Lt Distance of Fuel Injection
NOx Nitrogen Emission
P: Prandtl Number
S Modulus of the mean-rate of strain tensor
taft Thickness of Afterbody
tr Thickness of Forebody

Greek
Gp Turbulence kinetic energy from buoyancy
Gy Kinetic energy from mean velocity gradient
0jj Stress tensor that generated by molecular viscosity
Sk Se Source Terms
Ue Turbulence viscosity
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vr Eddy viscosity
Yu Addition of fluctuating dilation in compressible
turbulence to overall dissipation

Abbreviation

PISO Pressure-Implicit with Splitting of Operators

PRESTO Pressure Staggering Option

QUICK  Quadratic Upstream Interpolation for Convective
Kinematics

RANS  Reynolds Averages Navier-Stokes

SST Shear-Stress Transport

TVC Trapped Vortex Combustor

I. INTRODUCTION

RAPPED VORTEX COMBUSTOR concept is an alternative

combustor design that could increase the combustion
characteristics, and it can be used for alternative fuels. It was
first introduced in [1], and it is considered to be good
replacement for conventional swirl stabilized gas turbine
combustor. Gas turbine combustors use a swirl-stabilizer to
create continuous source of ignition for incoming fuel which
reduces flame stability and combustion efficiency significantly
[2], [3]. However, trapped vortex combustor relies on vortex
that created in cavity to produce sustainable flame. Fuel and air
directly injected to inside this cavity, which gives control over
equivalence ratio at primary zone of combustion process.
Moreover, these cold fuel and air injected inside cavity act as
cooling agent for combustion zone the prevent over-heating as
well as it improves the mixing of air and fuel [4].

Main advantages of the first generation trapped vortex

combustors are [1], [4]-[7]:

e Extremely low pressure drops across the combustor.

e Low NO emission

e Low Lean-blow-out limit

e High combustion efficiency

e Operating under various inlet velocities and equivalence
ratios.

Trapped vortex combustor idea is stems from the drag
reduction studies of bluff bodies [8], [9]. In these works, it was
found that minimum drag can be achieved around cavity aspect
ratio of 0.6d; (forebody diameter). The same result was also
observed in [1]. Their experiment showed that lowest pressure
drop observed exactly at certain cavity aspect ratio under cold
flow conditions. Moreover, in their result it is stated that even
under combustion conditions this value is only subjected a
small change, with 0.6d¢. Therefore, it can be concluded that in
order to design combustor dimensions cold flow experiment is
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a good measure of deciding a configuration which has the
lowest pressure drop.

Computational fluid dynamics has an important role
nowadays to estimate fluid behaviors, which reduces cost of an
experiment  subsequently.  Because the  combustor
configurations can be tested first with the numerical simulations
to estimate optimum dimensions with lowest pressure drop and
drag. After deciding most suitable configuration via numerical
simulations, experiments can be conducted by manufacturing a
combustor that meets all the combustor criteria. Therefore, it is
important to have turbulence model that can estimate the cold
flow behavior for trapped vortex combustor. This paper will
investigate the most suitable turbulence model for
axisymmetric trapped vortex combustor. It will also investigate
effect of air injectors angle on fuel air mixing.

II.PROBLEM DESCRIPTION

Axisymmetric trapped vortex combustor is used with two-
dimensional computational domain to reduce the computation
time, but it was necessary to use three-dimensional domain for

mixing enhancement study because of the injections inside
cavity.

The axisymmetric configuration was adopted from [1]. The
cavity is between two bluff bodies, which are called forebody
and afterbody, and propane used as a fuel for this configuration
(Fig. 1). Two bluff bodies are connected via with a spindle (9
mm), which is used for carrying air and fuel to afterbody where
air and fuel injectors located. 24 air injection points are placed
surrounding the 8 fuel injectors (Fig. 2). Cavity length (Lca) is
an important parameter, and it is adjustable by moving
afterbody along the spindle. The forebody has 70 mm (dy)
diameter and afterbody has 50.8 mm diameter, which are
surrounded by an 80 mm diameter and 150 mm long Pyrex tube,
and the blockage ratio at the inlet is 76% [1]. The cavity air and
fuel injectors turned off for non-reacting experiments to
measure pressure drop across combustor, therefore injectors
turned off for the simulations as well. Three different annular
velocity (14, 28, and 42 m/s) and the cavity length were
changed to observe their impact on vortex aerodynamics. In
Fig. 5 cavity length normalized with forebody diameter is
shown to demonstrate pressure loss percentage.
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Fig. 1 Side-view of Axisymmetric Trapped Vortex Combustor adopted from [1]

[II. NUMERICAL METHODOLOGY

A.Governing Equations

In this study, RANS k-¢ realizable and RANS k-0 SST
(Shear Stress Transport) models are used. The equations to
solve RANS k-¢ realizable are [10]:
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Fig. 2 Cavity Injection Points of Axisymmetric Trapped Vortex
Combustor adopted from [1]

TABLEI
GEOMETRY DIMENSIONS FOR AXISYMMETRIC TRAPPED VORTEX COMBUSTOR
Abbreviation Description Dimension
L (mm) Combustor Length 150
dr (mm) Forebody Diameter 70
d. (mm) Combustor Diameter 80
Qare (MM) Afterbody Diameter 50.8
ds (mm) Spindle Diameter 9
Lca (Mm) Cavity Length 413
ryer (MM) Fuel Injection Diameter 1.75
dea (Mm) Cavity Air Injection Diameter 2.29
Lairs (MM) Distance of Inner Cavity Air Injection 11
Lair2 (Mm) Distance of Outer Cavity Air Injection 19
L¢(mm) Distance of Fuel Injection 14
tare (MM) Thickness of Afterbody 18
tr (mm) Thickness of Forebody 5
Momentum Equation:
_ S5 5p 5T
= (pu) +31 (pu-u,-) 5wt % @

a;; refer to stress tensor that generated by molecular viscosity,

5“1 LN 2, s
oy = [nGE + 5] - 2usls, ®)
and 87;; is the subgrid-scale stress, which is described as,
Tij = pU; — Pl 4)

Transport equation of k is defined as:
s s y=2L By Ok — pg—
P (pk) + 5%, (pku]) = o [(u + ak) M}] + Gy + G, — pe
Yy + Sk (5)
Gy, is turbulence kinetic energy from mean velocity gradient,

whereas Gy, is turbulence kinetic energy from buoyancy. Yy, is
the addition of fluctuating dilation in compressible turbulence
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to overall dissipation.

G = u;S? (6)
_1 5“/ Su;

Sij T2 6x; 6x]) (8)
_ Mt Sp

Gb - ipPre 6x; (9)

U; 1s the turbulence viscosity, S is the modulus of the mean-rate
of strain tensor, Pr; turbulent Prandtl number and g is the
gravity while transport equation of & can be expressed as:

82
E(pe)&c (peu])__[( O¢ 6x]+p(:158 pczr\/ﬁ-l-
Cre 7y C3Gp + S (10)

oy and o, are Prandtl numbers for k and € while S;, and S, are
user defined source terms. C; is calculated with (11) and (12):

— e
C, = max [o.43,n+s] (11)
k
n=s% (12)
Other model constants defined:
€, =144,0,=19,0,=1,0, =12
Turbulent Viscosity (i4;) can be obtained with (13)-(17):
He = qC — (13)
1
C, = —— 14
° A0+Ask% a4
0i; = 0y = 2&;wy, (16)
0y = 0y — ey (17)
0; ; is the mean rate of rotation tensor, where Ay = 4.04 and Ag
is calculated as:
As =+6sing (18)
Q= écos_l(\/6W) (19)
W= SijSjkSki (20)

S3

Continuity and governing equations are similar for k- SST
model, but transport models and closure of uncertain terms are
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different from k-g¢ Realizable. Equations (21)-(27) are used to
solve k- ® SST model.
Turbulence kinetic energy (k) equation is:

5k sk . K 8k
U= P fko + 5 [(v + avp) 5"1] @1
s s
6—(‘:+UJ§— aS? — Bw? +—[(V+ava) ]+2(1 -
Sk &
Fl)awzi)sx 5:)( 2)
Eddy viscosity calculated as:
vy = —2k (23)

max (a,w,SF;)

Equations (24)-(27) are used to closure of uncertain terms of

(21)-(23):

P, = min (T” ox, 10/5’ w) (25)
. vk 500 40, k

F; = tanh [[mln {max (B*wy' Vo v CDi:y ] ] (26)
1 8k & _

CDyy = max (2p0ua 5 5~ 6:’ 1071%) 27

and the model constants are a; = 5/9, a, =044, B, = 3/40,

B, =0.0828, p* =
and o,,, = 0.856.

9/100, O = 085 Ok = 1 Op1 = 05

B. Boundary Conditions

Air is injected both at the front of the domain and the directly
inside the cavity whereas fuel is only injected into cavity, and
outlet is located at the rear of the TVC (Fig. 1). Main air inlet,
cavity air inlet, and fuel inlet was set to velocity inlet, and outlet
was defined as pressure outlet. Walls are set as adiabatic and

2
F, = tanh [[max ( 2:/’; ) 5020"] ] (24)  no-slip condition. Table II represents the all the cases that are
Fray yio considered in this paper.
TABLE II

BOUNDARY CONDITIONS FOR AXISYMMETRIC TRAPPED VORTEX COMBUSTOR

Turbulence Model

Case  Main Air Velocity (m/s) Cavity Aspect Ratio

Case 1 14 0.3
Case 2 28 0.3
Case 3 42 0.3
Case 4 14 0.3
Case 5 28 0.3
Case 6 42 0.3
Case 7 14 0.4
Case 8 28 0.4
Case 9 42 0.4
Case 10 14 0.6
Case 11 28 0.6
Case 12 42 0.6
Case 13 14 0.6
Case 14 28 0.6
Case 15 42 0.6
Case 16 14 1

Case 17 28 1

Case 18 42 1

Case 19 14 1

Case 20 28 1

Case 21 42 1

k-¢ Realizable with enhanced wall function Model
k-¢ Realizable with enhanced wall function Model
k-¢ Realizable with enhanced wall function Model

k-o SST Model

k-0 SST Model

k-o SST Model

k-0 SST Model

k-o SST Model

k-0 SST Model
k-¢ Realizable with enhanced wall function Model
k-¢ Realizable with enhanced wall function Model
k-¢ Realizable with enhanced wall function Model

k-0 SST Model

k-0 SST Model

k-0 SST Model
k-¢ Realizable with enhanced wall function Model
k-¢ Realizable with enhanced wall function Model
k-¢ Realizable with enhanced wall function Model

k-0 SST Model

k-0 SST Model

k- SST Model

C.Solution Procedure

In the present study, k-o SST turbulence model is selected as
a baseline turbulence model because it can predict the reversed
flow conditions better [11]. Due to the unsteady nature of the
vortices generated in TVC, transient simulations are considered
in the present work. Coupled scheme is used for pressure-
velocity coupling whereas momentum and pressure are solved
with second order upwind scheme, and all the residuals are
solved till reaching 10°.

In order to make a comparison study between turbulence
models, additional simulations were run for k-epsilon

International Scholarly and Scientific Research & Innovation 18(7) 2024

Realizable model with enhanced wall treatment. PISO
algorithm was used for pressure-velocity coupling. Quadratic
Upstream Interpolation for Convective Kinematics (QUICK)
scheme was implemented for Turbulence Kinetic Energy,
Turbulence Dissipation Rate, Momentum. Pressure will be
solved with Pressure Staggering Option (PRESTO) Scheme.

D.Grid Independent Study

A typical mesh used for two-dimensional axis-symmetric
computational domain is shown in Fig. 3. Structured mesh
generated in ICEM-CFD, a pre-processor tool of ANSYS has
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been used in this study. Grids were systematically refined near
the wall so that it can capture the sharp gradients. A typical cell
spacing in wall normal direction is kept 0.003 mm and averaged
cell spacing in the domain is kept below 0.2 mm. Three meshes
with overall cell count, 100,000 (Mesh Number 1), 170,000
(Mesh Number 2) and 325,000 (Mesh Number 3) were
investigated (Table III). The cell count in these meshes were
systematically increased such that the refined mesh has at least
1.5 times cells in the critical areas as compared to the previous
mesh on the recommendation of [12]. The pressure drop is one
of the critical parameters which is considered to obtain a grid
independent solution. The variation of pressure drops in the
radial direction from bottom of the cavity to top of the cavity at
an axial position of 9 mm is presented in Fig. 4. It can be
observed that numerical predictions of these meshes overlaps
with each other.

TABLE III
GRID INDEPENDENCY STUDY FOR AXISYMMETRIC TVC
Case Mesh Number Error (%)
Mesh Number 1 100000 1.6059
Mesh Number 2 170000 2.2139
Mesh Number 3 325000 2.1869

Total pressure drop across cavity was observed higher at the
bottom of the cavity for Mesh Number 1, but it settled once we
increased mesh number and there was no difference between
Mesh Number 3 and 4 (Fig. 4). Since the error between these
two-mesh numbers was only 0.027%, it was decided to use
Mesh Number 2 for Axisymmetric configuration.

IV. RESULT AND DISCUSSION

A.Comparison of Turbulence Models of Axisymmetric
Trapped Vortex Configuration

The suitability of two turbulence models viz. k- SST and k-
¢ Realizable is investigated for various aspect ratios and
mainstream air velocities. The results obtained from the
numerical investigation are presented in Fig. 5 along with the
experimental results of [1]. It can be observed that the
numerical simulations are sensitive enough to capture the
pressure drop trends of the experimental study for all the
investigated parameters. In the experimental study pressure
drop first decreases with the increase in cavity aspect ratio from
0.3 to 0.6 and thereafter increases as cavity aspect ratio
increases to 0.9. This trend is identical for the investigated
mainstream air velocities of 14 m/s, 28 m/s and 42 m/s. It can
be noticed from Fig. 5 that both turbulence models could
capture this trend and predicting optimal cavity aspect ratio
accurately.
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Fig. 3 A typical mesh used for axisymmetric trapped vortex
combustor and zoomed view near the wall
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Fig. 4 Grid Independent Study for Total Pressure Drop at x =9 mm
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W14 m/s HSU
experiment

W28 m/s HSU
experiment

W42 m/s HSU
0,7 experiment

A 14 m/s k-0
Turbulence Model

A28 m/s k-0
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0,3 ® 14 m/s k-g
Turbulence Model
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0
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Fig. 5 Compression Study of k- SST and k-¢ Realizable turbulence
models by total pressure drop percentage for 0.3, 0.6 and 1 cavity
aspect ratios for 14 m/s, 28 m/s, and 42 m/s main air inlet velocities

It can also be observed that the employed turbulence models
can predict different mainstream flow conditions. The total
pressure drop inside the combustor is investigated for three
mainstream flow conditions i.e., 14 m/s, 28 m/s and 42 m/s. The
total pressure drops inside combustor measured lowest around
0.11% for 14 m/s main air inlet velocity at 0.6 cavity aspect
ratio. When main air inlet increased from14 m/s to 28 m/s, the
pressure drop is almost quadruple, but the lowest pressure drops

were still observed at 0.6 cavity aspect ratio with 0.41%.
Increasing main air inlet velocity further to 42 m/s made total
pressure drop reach to around 0.9%. Even though this increase
has increased pressure drop substantially, the lowest total
pressure was again at 0.6 cavity aspect ratio. It also should be
noted that increasing main air inlet velocity enhanced the
difference between maximum and lowest pressure drop among
cavity aspect ratios. These trends are well captured by the
employed turbulence models.

Moreover, the quantified results indicate that the predictions
of k-® SST turbulence model are close to the experimental
results as compared to the k-g¢ Realizable. For instance, at 42
/s air inlet velocity and 0.6 cavity aspect ratio, the deviation
in the predictions of these turbulence models is noticeable i.e.
7.13%. Therefore, it will be advisable to use, k-o SST
turbulence model for all inlet velocity for two-dimensional
simulation domain. However, k-g Realizable turbulence model
is also able to produce correct result with minor error. Since
three-dimensional domain will have more mesh number to
solve, it is recommended to implement this turbulence model to
three-dimensional domain to reduce computational cost.

B. Mixing Enhancement of Fuel and Air

One of the main objectives of TVC is to enhance mixing of
air and fuel. Impact of air and fuel injector inclination is not
well studied and hence it was decided to extend numerical study
to investigate this. The influence of air injectors angle on the
mixing performance is studied by varying air injection angle
from transverse injection (labeled as O degree), and three
different angles, 15-degree, 30-degrees, and 45-degrees as
shown in Fig. 6. The numerical study was carried out for a
cavity air velocity of 10 m/s, with 42 m/s main air velocity and
22 m/s fuel velocity.

Air Injection

y=l6mm
Fuel Injection
Air Injection
y=Omm
x=0mm x=40 mm
Fig. 6 Axisymmetric Cavity Measurement Locations
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It was found that the fuel concentration was the highest at the
x = 40 mm, near the fuel injectors, for 0-degree air injectors.
Fig. 7 suggest that fuel concentration was in favor to 30-degree
air injectors because presence of the high fuel concentration
after x = 20 mm indicates that fuel can diffuse throughout
cavity. Moreover, fuel concentration at bottom of the cavity was
found lower for 30 degree and 45-degree air injection because
at these angles air reaches bottom of the cavity near the
afterbody, and the fuel is not trapped at the corner of the cavity
(see Figs. 9 and 10). This is the reason why fuel concentration
is also high for 30-degree air injections. Other significant
observation was that fuel concentration around fuel injectors
was lower for 30 degree and 45-degree air injector, which is
another proof that fuel does not diffuse around fuel injectors
and incoming air that comes directly above fuel pushes the fuel
inside cavity for oblique injector configuration.

It is also noted that fuel is not only rich on radial direction,
the proportion of the fuel was also higher at the axial direction
of the cavity for 30 degrees. Especially at the fuel injector
location x = 40 mm, fuel concentration was highest for 30-
degree air injectors domain, which makes it possible to inject
more fuel into main vortex that is shown in Fig. 9. This proves
that this configuration can transport fuel to the end of the cavity

(Fig. 8).

0,35
e (deg
15deg
o 03 30deg
=]
; 45deg
2025
2 0s
=
ﬁ 0,15 \\__’/ /
0,1
0 0,01 0,02 0,03 0,04 0,05

Axial Location in Cavity (m)

Fig. 7 Mass Fraction of the Propane inside Cavity at y = 16 mm

International Scholarly and Scientific Research & Innovation 18(7) 2024

1,2

1

0,8

0,6

0,4

Mass Fraction of Propane

0,2

0
0 0,005

0,01

0,015 0,02 0,025 0,03

Radial Location in Cavity from Bottom to Top (m)

Fig. 8 Mass Fraction of the Propane inside Cavity at x =40 mm

There was no change observed related to center of the cavity
vortex, but altering air fuel injection has effect on fluid at the
bottom cavity (Figs. 9 and 10). This aerodynamic change is the
basic factor that changes the fuel air mixing inside the cavity by
increasing fuel mass fraction after x = 20 mm.

V.CONCLUSIONS

In this paper, the suitability of the k-¢ Realizable and k-o
SST model for trapped vortex combustor applications was
evaluated. It was found that both k-@ SST turbulence model and
k-¢ Realizable with enhanced wall function model generate
favorable results compared with experiment. When it comes to
mixing enhancement study it is found that 30 degree diverted
air injectors promise high fuel air mixing inside cavity because
the fuel concentration was found higher at front of the cavity.

Effect of cavity aspect ratio, main air velocity, and cavity air
velocity on trapped vortex combustor was also investigated, and
the outcomes are as follows:

e Total pressure drop increases as the cavity aspect ratio
increases, with an exception at 0.6d¢

e The lowest total pressure drop is observed at 0.6ds for
axisymmetric TVC for 14 m/s, 28 m/s and 42 m/s

e Total pressure drop rises as the main air inlet velocity
increases

e Air injector inclination has a significant impact on the
mixing air-fuel characteristics. An injection angle of 30
degree is found to give better mixing.
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Fig. 9 Velocity Vectors (i) and Propane Mass Fraction (ii) at fuel inlet for 0-degree
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