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Abstract: The trapped-vortex combustor (TVC) is an alternative combustor design to conventional
aeroengine combustors. The separate fuel and air injection of this combustor and its compact design
make it a perfect candidate for conventional fuel usage. Moreover, the performance of a trapped-
vortex combustor with alternative fuels such as ammonia and hydrogen in the actual operating
conditions of an aeroengine is not well understood. The present paper focused on the performance
evaluation of TVCs with the futuristic fuels ammonia and hydrogen including under the realistic
operating conditions of a combustor. The investigated fuels were injected into a cavity with 0-,15-,
30- and 45-degree transverse-angled air injectors to evaluate the mixing enhancement of the air and
fuel under idle and low-power conditions. The mixing behavior of hydrogen showed a significant
difference from the conventional fuel, i.e., propane. It was also noticed that the transverse injection of
the air helped to improve the mixing efficiency as compared to the normal injection configuration.
Mixing efficiency was higher for the 30- and 45-degree transverse-angled air injectors compared to
the 0- and 15-degree transverse-angled air injectors.

Keywords: aerodynamic; aerospace; computational fluid dynamics; propulsion; trapped-vortex
combustor

1. Introduction

Trapped-vortex combustors (TVCs) are combustors that rely on a cavity for flame
stabilization, and were designed by HSU et al. [1]. Commercial annular combustors use
swirl stabilizers which diverge hot products backwards in the primary zone of combustion
process to achieve better fuel-air mixing and establish continuous ignition sources [2—4].
The TVC eliminates the usage of the swirl stabilizer by implementing a cavity inside the
combustor. A vortex inside of the cavity is formed and air and fuel are directly injected into
the cavity. The direct injection of air and fuel provides control over the equivalence ratio
inside the cavity, acting like cooling agents around fuel injectors, and increasing air—fuel
mixing [1].

The first-generation trapped-vortex combustor concept was introduced by HSU et al. [1],
who were influenced by Little, Whipkey and Mair’s [5,6] bluff-body studies. In those
studies, they found that bluff body design could reduce the drag in an axisymmetric
configuration under atmospheric operating conditions [1,5,6], and they found the lowest
drag at a 0.6 cavity aspect ratio [5]. In parallel to this finding, it was also shown that the
lowest pressure drop of a trapped-vortex combustor was achievable at a 0.6 cavity aspect
ratio [1]. The pressure drop was found to be very small compared to commercial gas
turbines, which suggests that the fuel consumption of a well-designed TVC would be very
low [1]. Moreover, the lean blow-out limit of the TVC was found to be very low for various
operation conditions without disturbing the stability of the vortex, whereas the combustion
efficiency was adequate for a wide range [1].
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Numerical studies of this model were carried out in [7] for [1,5]. They used Direct
Numerical Simulation (DNS) and Reynolds-Averaged Navier-Stokes (RANS) k-¢ turbu-
lence models. Even though DNS produced more accurate results than the k-¢ turbulence
model, it was noted that the k-¢ model produced a relatively close result, especially for
the optimum cavity aspect ratio of 0.6 [7]. They also stated that the pressure drop was
minimum at a 0.6 cavity aspect ratio while vortex shedding occurred at the 0.4 cavity
aspect ratio.

Second-generation trapped-vortex combustors involved the first usage of struts with
increased temperature and ambient temperature [2]. The struts acted to block incoming
air from the mainstream to enhance the mixing of air and fuel, acted as a flameholder, and
disturbed the heat between the cavity and main section [2]. Also, the struts heated by
combustion acted as an ignition source. The combustion efficiency was slightly improved
with the implementation of the struts.

The fuels used for TVCs were gaseous until the invention of third-generation TVCs,
for which it was decided that liquid ethanol and jP-8 would be used as fuels [2]. This
fuel type was tested under a 650K temperature at atmospheric pressure. The design of
the combustor was similar to second-generation combustors, and in this experiment, the
effect of the fuel injection location was evaluated. It was found that injection locations that
produced a double vortex inside the cavity increased combustion efficiency, and showed
the lowest lean blow-out limit.

Since these combustors will be used in the aviation sector, it was necessary to test
this new concept under realistic conditions. The performance of the TVC under realistic
operating conditions (high temperature and high pressure) was evaluated with the fourth
TVC concept. The combustion efficiency was over 99%, the lean blow-out limit was 50%
lower than commercial gas turbines and the relight capacity of the TVC was superior to
conventional gas turbines under a wide range of operating conditions [2].

TVCs were tested using various fuels in the literature, which is good proof that they
are valid candidates for future combustors. Methane, hydrogen and propane are the
most common ones that are tested in TVCs [1,2,8-10]. Another alternative fuel biogas
was also tested in TVCs [11], and ethanol is another alternative fuel that was used in this
new combustor concept [2,12]. Recently, hydrogen fuel was tested in a trapped-vortex
combustor that generates a vortex aerodynamically instead of geometrically [13]. It is
further stated that fuel that contains 65% hydrogen by volume is able to burn in this
combustor with low NOx emissions without diluting the fuel blend [13,14].

Recently, when hydrogen-fueled TVCs that contained a swirling motion inside the
cavity were investigated by [15] using large eddy simulations, it was found that a swirling
motion was able to decrease pressure fluctuations when combustion occurred. Even though
increasing the swirl caused NO emissions to rise, the number was still at an acceptable
level, and the combustion efficiency reached around 99.8%. Another novel approach
was also tested experimentally by [16]. Their findings suggest that swirling TVCs can
enhance the combustion efficiency under different operating conditions; their temperature
distributions at the outlet can be improved with the swirl effect and their emission levels are
promising. Another approach to using TVCs is using a mixed flow, where the cavity acts
as a pilot stage for flame stabilization and works alone under low-power conditions, and
the fuel is also introduced at the main stage when the engine operates under high-power
conditions [17]. Mixed-flow TVCs were tested numerically and experimentally by [18].
Their focus was mainly on temperature distribution at the outlet area; they noted that the
temperature reached its peak just above the middle of the outlet section, which meets the
design requirements of a combustor. The cooling of mixed-flow TVCs was investigated
by [17], but they observed that the cooling design was not efficient because of the lack of
a liner wall which made it difficult to apply the film-cooling layer. Another approach to
altering combustion characteristics was achieved by implementing a wave rotor before a
trapped-vortex combustor by [19]. They stated that a stable flame forms under a low wave
rotor speed, and the flame becomes unstable when the rotor uses its 85% capacity. TVCs are
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also used in scramjet applications. Recently, a scramjet fueled with hydrogen was tested
numerically with a detached eddy simulation by [20], and their conclusion was that the
combustion instabilities and shockwaves stemmed from the combustion mode rather than
the equivalence ratios.

Scope of Current Work

The novelty of the current work compared to previous work is that the current config-
uration is optimized for a variety of fuels as compared with previous work, where it was
optimized for propane and methane.

In this study, the design of a trapped-vortex combustor which works under actual
operating conditions [1] will be used and improved in terms of air-fuel mixing. This study
firstly introduces transverse injection angles to observe mixing efficiency. The simulation
will be performed under realistic conditions as in fourth-generation TVCs to prove that it is
suitable for aviation applications. The final objective of this paper is to test alternative fuels
in this newfound combustor design. Propane, hydrogen and ammonia will be compared
in terms of air—fuel mixing with the new fuel injection locations. The most crucial aspects
of this study are that the usage of transverse angled air injection in this design improves
mixing efficiency and that alternative fuels are used in the TVC to evaluate their suitability
under realistic operating conditions.

2. Materials and Methods
2.1. Geometry

The combustors that are shown in Figures 1 and 2 are identical to the domains that
were used in [1,21]. The air injectors in the present study were transverse-angled, and the
fuel injectors remained normal to the afterbody. Two bluff bodies were used to form a
cavity, and propane was chosen for the axisymmetric trapped-vortex combustor (Figure 1).
A spindle, which had a 9 mm diameter, connected these two bluff bodies, and air and fuel
injection pipes were placed inside of it. Propane was injected inside the cavity with 8 fuel
injectors that were surrounded by 24 air injectors (Figure 2). The afterbody could be moved
along the spindle to change the cavity length (Lca), and hence the cavity aspect ratio. The
combustor’s overall diameter was 80 mm, where the main inlet section had a fore body
diameter of 70 mm (d¢), and the cavity was created by placing an afterbody that had a
50.8 mm dimeter [1]. The geometry dimensions of axisymmetric trapped-vortex combustor
is illustrated in Table 1.
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—
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Figure 1. Side view of axisymmetric trapped-vortex combustor adopted from [1].



Modelling 2024, 5

603

-

B

Figure 2. Cavity injection points of axisymmetric trapped-vortex combustor adopted from [1].

Table 1. Geometry dimensions of axisymmetric trapped-vortex combustor [1,21].

Parameters Values (mm)
Combustor Length, L 150
Forebody Diameter, d¢ 70
Combustor Diameter, d. 80
Afterbody Diameter, d, 50.8
Spindle Diameter, ds 9
Cavity Length, Lca 413
Fuel Injection Diameter, dfuel 1.75
Cavity Injection Diameter, dca 2.29
Distance of Inner Cavity Air Injection, L,jq 11
Distance of Outer Cavity Air Injection, Lyj;o 19
Distance of Fuel Injection, L¢ 14
Thickness of Afterbody, tag 18
Thickness of Forebody, t; 5

2.2. Governing Equations

The equations used to the solve RANS k-¢ Realizable model are defined as follows [21,22]:
Continuity Equation:

dbp 6, |
5t (5_xi<P”i) =0 @
Momentum Equation:
6, _ 6, __\ 0 op 0T
57 (0i) + 57},(!’”1”]) = 5_x]-(0”) Tdx oy 2

0jj is the stress tensor generated by molecular viscosity,

o 5ﬁi éﬂ] 2 5ﬁl
oij = [V(Tx] + (5—xl>] gﬂ(s—xl(sz] 3)
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and 47; is the subgrid-scale stress, which can be calculated as
Tjj = PUllj — PU;ll; (4)
The transport equation of k is written as:

o 4 NS Pty Ok e
&(Pk)+5x],(Pk”])—5le(V+ )5 + Gr+ Gp —pe — Y + Sk 5)

Gy is the turbulence kinetic energy from the mean velocity gradient, whereas Gy is
the turbulence kinetic energy from buoyancy. Y) is the addition of fluctuating dilation in
compressible turbulence to overall dissipation.

Gy = S (6)

S = 251']'51']' (7)
1 (511] ou;

Sz] - E(Txl ij) (8)
_ M op

Gy = ipPry 6x; ®)

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

+0C1Se — pCo——— + c1€£c3scb £S5, (10)

82
k+ Ve

oy and 0, are the Prandtl numbers for k and ¢ while Sy and S, are the user-defined
source terms. C; is calculated with Equations (11) and (12):

1) 1) 1) Ut Je
(St (Ps) ] (pgu]) 5.7( [(ﬂ + 05)(5

Cy = max [0.43, 7715] 11)
k
n= SE (12)

The other model constants are as follows by default:
Ci=144,C =19, =10, =12

Turbulent viscosity () can be calculated with Equations (13)—(17):

k2
Ut = qcy? (13)
1
C (14)
: Ag+ Ag kU
SijSij + 4, (15)
(N) Qi' - 2£i]~kwk (16)

Q Q €i]'kwk (17)
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ﬁij is the mean rate-of-rotation tensor, where A = 4.04 and Ag is calculated as:

Ag = V6sin ¢ (18)
_ 1 -1
Q= gcos (\/6W) (19)
SiiSikSki
w = 202K (20)
S

After the species transport model was applied to the simulation, the software predicted
the local mass fraction for all of the species (Y;). The conservation equation was altered to
Equation (21).

) —
S (oY) +V-(pVY;) = =V-] i+ R +5; (21)

where R; represents the net production of species, S; stands for the rate of creation by
addition from the dispersed phase and user-defined sources.

i
The diffusion flux of species ( J ;) is calculated by using Fick’s law for turbulent flows

as follows:
vT

— - ‘ut
Ji=—\pPDim+ - |VY— DT,iT (22)

SCt
in which Sc; is the turbulent Schmidt number, the default number of which is 0.7. y; is the
turbulent viscosity, and Dy is the turbulent diffusivity.

Ut
Scp = +— (23)
: pD,

The transport of the enthalpy that stems from the species diffusion is calculated as:

[2=mﬁ] (24)
i=1

2.3. Solution Procudure

The simulations were run using ANSYS Fluent 21.1.0. The Reynolds-Averaged Navier—
Stokes (RANS) k-¢ Realizable model with a standard wall function was used to model
the turbulence inside the combustor. The RANS k-¢ Realizable model is a very common
turbulence model in this research area [23-29]. The turbulence model was also used in
the application that used ammonia and hydrogen as fuels [30,31]. It was also stated that
the k-¢ Realizable model is superior to the k-w Shear Stress Model (SST) and the k-w
standard in terms of capturing results and computational efficiency [31]. However, the
above is true for subsonic speeds; for high-speed airbreathing engines such as ramjets and
scramjets, large eddy simulations, which are a compromise between RANS and DNS, are
recommended due to computational time constraints [32]. This entails resolving larger
turbulent scales than grid spacing while subgrid scales and their impacts on larger grid
scales are modeled, enabling the flow physics of transient phenomena such as shock—
shock and shock-to-boundary layer and turbulence chemistry interactions to be captured.
For locking the flame inside the cavity, enhancing fuel-air mixing, and hence improving
combustor performance characteristics, the location of the direct fuel injection into the
cavity demonstrated superior performance on the back wall of the cavity as compared
to the front wall and farther away from the mainstream combustor inlet [33]. The PISO
algorithm was used for pressure—velocity coupling [4,34], and governing equations were
discretized by using the Quadratic Upstream Interpolation for Convective Kinematics
(QUICK) scheme [25,35], whereas the pressure terms were discretized by using the Pressure-
Staggering Option (PRESTO) Scheme [35]. The solution was run until 5.10~° convergence
criteria met.



Modelling 2024, 5

606

The species transport model was used for creating fuel mixture and energy equations.
The one-step reaction mechanism that is embedded in ANSYS software 21.1.0 was used
for the propane (Equation (1)) and hydrogen (Equation (2)) fuels. However, the San Diego
mechanism was adopted from an online source, shared in the Data Availability Statement
section, and used for the ammonia fuel [36].

C3Hg + 50, — 3CO, + 4H,0 (25)
1
Hy + 502 = Hy0 (26)

2.4. Boundary Conditions

Only air was injected at the main air inlet area, whereas air and fuel were injected into
the cavity at separate injection locations that were placed at the afterbody, and the outlet
area was located downstream of the TVC (Figure 1). The velocity inlet boundary conditions
were the main air inlet, cavity air inlet, and fuel inlet sections, and the outlet condition
was the pressure outlet. The fuel mass fraction and temperature of incoming air were set
for each boundary. Cavity walls were defined with adiabatic and no-slip conditions. The
operating conditions of pressure and temperature were set for each case. Table 2 shows the
boundary conditions of the cases that are numerically solved in this paper.

Table 2. Boundary conditions for axisymmetric trapped-vortex combustor.

Main Air Fuel Injection Air Transverse Lateral Air Operating
Case Velocity Velocity Velocity Air Injection Condition Fuel Type
(m/s) (m/s) (m/s) Injection Angle Angle Temperature (K)

Case 1 42 22 10 0 0 375 Propane
Case 2 42 22 10 15 0 375 Propane
Case 3 42 22 10 30 0 375 Propane
Case 4 42 22 10 45 0 375 Propane
Case 5 42 22 10 0 0 500 Propane
Case 6 42 22 10 15 0 500 Propane
Case 7 42 22 10 30 0 500 Propane
Case 8 42 22 10 45 0 500 Propane
Case 9 42 22 10 0 0 375 Hydrogen
Case 10 42 22 10 15 0 375 Hydrogen
Case 11 42 22 10 30 0 375 Hydrogen
Case 12 42 22 10 45 0 375 Hydrogen
Case 13 42 22 10 0 0 375 Ammonia
Case 14 42 22 10 15 0 375 Ammonia
Case 15 42 22 10 30 0 375 Ammonia
Case 16 42 22 10 45 0 375 Ammonia

2.5. Grid-Independence Study

A three-dimensional poly-hexahedral mesh approach was used for the meshing of
axisymmetric TVCs with the fluent meshing tool that comes with ANSYS (Figure 3). The
surface mesh was created with poly meshes whereas the volume mesh was discretized
with hexahedral meshes. Half of the actual domain was used to reduce the computation
cost. The mesh number increased around 1.5 times for each case to make the solution
grid independent as per the recommendation of [37]. Four meshes with the cell counts
of 2.97 million, 3.5 million, 4.69 million, and 6.95 million were used for this study, this is
illustrated in Table 3. Since this paper focuses on non-reacting simulations, total pressure
and velocity gradient are important criteria to solidify grid independence.
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Figure 3. Poly-hexahedral mesh.

Table 3. Grid-independence study for axisymmetric TVC.

Abbreviation Dimension
Mesh Number 1 2,970,000
Mesh Number 2 3,500,000
Mesh Number 3 4,690,000
Mesh Number 4 6,950,000

Total pressure drops and velocity magnitude inside the cavity at x = 0.036 were
observed. It was found that mesh number 3 generated a high total pressure at y = 0.038,
whereas mesh number 2 produced a high total pressure at y = 0.014 (see Figure 4) compared
with the results for mesh number 4. A similar trend can be seen in Figure 5 for velocity
magnitude. Nevertheless, the predicted pressure dropped, and the velocity distributions of
mesh number 3 and mesh number 4 were identical. On an average, a difference of 0.1% was
observed in the prediction of critical parameters using mesh number 3 and mesh number 4.
Finally, mesh number 3 was selected for further study as it was computationally efficient as
compared to mesh number 2, and as accurate as the predictions of mesh number 4.
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Figure 4. Grid-independence study for total pressure drop at x = 9 mm.
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Figure 5. Grid-independence study for total pressure drop at x = 9 mm.

2.6. Validation Study

The domain used for the validation study was adopted from [1], and the geometrical
features of it are described in detail in Section 2.1. They were successfully able to measure
radial temperature via Coherent Anti-Stokes Raman Spectroscopy, and static pressure drop
by implementing a water manometer [1]. Since the scope of this study is non-reacting flow,
the only used parameter in our validation study was pressure drop percentage, which
is a very crucial parameter for combustor design. The validation study was conducted
for the cavity aspect ratios of 0.3, 0.6 and 1 for the main air velocities of 14 m/s, 28 m/s
and 42 m/s. The fuel and air injectors were turned off for the validation study, as was
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the case in the experiment in [1]. Figure 6 demonstrates the results of the simulations for
all velocities and cavity aspect ratios, with the error compared to the HSU experiment.
The lowest total pressure drop was observed at the 0.6 cavity aspect ratio for all main air
inlet velocities, which was similar to the experiment (see Figure 6). Total pressure drops
increased with an increase in the main air velocity. The total pressure drops decreased as
the cavity aspect ratio got closer to the optimum cavity length, which was 0.6 according
to the experiment and the numerical study. The findings of the numerical study showed
that the k-¢ Realizable model with a standard wall function could capture the turbulence
fluctuations inside the cavity and generate good results.

1.2
o = HSU Exp. (14m/s)
] ® HSU Exp. (28m/s)
- ®HSU Exp. (42m/s)
1 : I Numerical (14m/s)
- i ® Numerical (28 m/s)
g I I ® Numerical (42 m/s)
0.8 i Y [ Error toleance of HSU
. -_ z Exp.
QR
< 1
A 0.6 1
\ -
Q_‘ -
o . i
0.4 ] g
0.2 -
0 r———r r — v

[}
o
W
-

1.5
Lca/df

Figure 6. Total pressure drop percentage for the cavity aspect ratios of 0.3, 0.6 and 1 for the 14 m/s,
28 m/s and 42 m/s main air inlet velocities.

3. Results and Discussion

The propane fuel was firstly evaluated under idle and low-power operating conditions
for 0, 15-, 30- and 45-degree transverse-angled air injectors. The reason why air injectors
with higher transverse angles were not used is that the mixing point of air and fuel would
be too close to the fuel injectors. A high air—fuel concentration near the fuel inlet could
damage the fuel injector when ignition occurs. After that, ammonia and hydrogen were
tested in the operating conditions that was decided in the previous sections for the 0-,
15-, 30- and 45-degree transverse-angled air injectors. The evaluation was conducted by
comparing the mixing efficiency and mass fraction distribution of fuel.

3.1. Impact of Transverse Injection Angle for Propane under Idle and Low-Power Conditions

The impact of transverse injection was investigated under two realistic gas turbine
operating conditions [38] (see Table 2). The air injectors were angled in the transverse
direction whereas the fuel injectors were kept at 0 degrees, normal to the afterbody, for all
cases (see Figure 7). Four different transverse air injector angles were used (0, 15, 30 and
45 degrees).
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Figure 7. Air and fuel injector alignment.

The mixing of air and fuel was evaluated by using the mixing efficiency definitions of
Equations (27) and (28), which are adopted from [39]:

Wiy = jj Y&Hspu.dydz/ff Ye, Hgou-dyd (27)

st
YCSHS’ YCaHs < YC3H8

T —
YC3H8 - YSt 1_YC?HS
CsHg 1Y

(28)
YesHg > chngg

The fuel and air injectors were located inside the cavity at X/d¢ = 0.671. It is evident
that #7,,;, was high for the 0-degree angled air injectors, and the mixing efficiency decreased
downstream of the fuel injection. The highest efficiencies were near the fuel injectors at
0, 15 and 45 degrees; the only exception for this was 30 degrees, which had the lowest
Hmix = 0.26 at X/d; = 0.642. The 0- and 45-degree-angled air injectors showed a similar
trend, and the only difference was that the 45-degree-angled air injector had a better #,,,;
overall (see Figure 8). The highest mixing efficiency was 0.3 for 45 degrees near the fuel
injector location. The mixing efficiency near the fuel injector location should be lower
because a high mixing efficiency near the fuel inlet would cause high temperatures at this
location. The incoming fuel would immediately burn before it would be able to mix with
air inside the cavity. Moreover, a high-temperature flame could propagate inside the fuel
injectors, which would damage the injectors.

The #,,i value was slightly lowered as the fuel moved towards the forebody between
X/dg = 0.214 and X/d; = 0.428, which suggests that the presence of the vortex center in this
location had a great influence on #,,,;, and neglected the effect of the air injection transverse
angle, but the 45-degree-angled injectors showed relatively better 77,,,;, at this location. The
lowest 7,,,;y was achieved with the 0-degree-angled air injectors downstream of the fuel
injectors, which suggests that it provides lower air—fuel mixing at this area. The 15- and
45-degree air injectors had slightly better mixing compared to the 0-degree injectors, but the
30-degree air injector had superior #,,;, at the end of the cavity. The main reason for this is
that at 30 degrees, the fuel moves towards the lower vortex and this unburnt fuel can reach
the end of the cavity. It is evident that the 30-degree-angled transverse air injector changed
the trajectory of the fuel injection (see Figure 9). While the fuel injection concentration is
high around Y/d¢ = 0.17 for the 0-degree and 45-degree injectirs, there is more fuel observed
evenat Y/d¢ = 0.15 and Y/d¢ = 0.13 for the 15-degree and 30-degree angles, respectively.
Moreover, Figure 10 supports the mixing efficiency study, as the fuel concentration at the
bottom of the cavity is much higher for the 30-degree-angled air injector. The change in the
trajectory of the fuel injection allows more fuel to move towards the bottom of the cavity,
and hence it increases mixing efficiency at the end of the cavity. This is important because
the main purpose of the usage of the trapped-vortex concept is that it is desirable to be able
to diffuse fuel inside the cavity equally to create a more sustainable flame.



Modelling 2024, 5

611

0.35

<
w

0.25

idle_Odeg

e
[S—
(9]

—o—idle_15deg

e
[

q —m—idle_30deg

0.05 idle_45deg

Mixing Efficiency
o
[\S)

0.4 0.6 0.8
X/d,

o
S
()

Figure 8. Mixing efficiency inside cavity for idle operating condition for propane.

0.35 1
0.3 - o N W
> ] " gl .\.
2025 d
e ] /
= 02 3 ./
e . lowp Odeg
o0 0.15
g : —o—lowp_15deg
X019 M
z ] —m—lowp_30deg
0.05 E lowp_45deg
0 +—r—r—v—v—v—v—r—v—r—1 r—r—r—r—r—
0 0.2 0.4 0.6 0.8
X/d,

Figure 9. Mixing efficiency inside cavity for low-power operating condition for propane.

After changing the operating conditions to a low-power setup, the mixing efficiency
for all points increased slightly because the increased pressure inside the cavity increased
the velocity (see Figure 9). There was no significant difference between trends for the idle
and lo power operating conditions, but the trends of the 30-degree angle became more
significant. While the mixing efficiency at the inlet measured much lower than the other
angles compared to idle operating conditions, the #,,;, of the 30-degree angle became higher
downstream of the cavity at X/d; = 0.142 and X/d¢ = 0.085. Therefore, it can be concluded
that 30-degree transverse-angled air injectors distribute fuel inside the cavity more equally,
prevent overheating around the fuel injectors, and show rising effectiveness with realistic
operating conditions. The other important point about our results is the sudden drop at X/df
= 0.571 for the 15-degree transverse-angle air injector under both operating conditions. This
decrease stems from the lack of fuel presence at the lower vortex, and X/df = 0.571 goes
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through this vortex’s center, which causes a sudden drop. Figure 10 represents the mass
fraction of propane with streamlines inside the cavity. It is evident that the low-power
condition’s mass fraction of the propane is higher than that of the idle power condition
(Figure 11). When the idle condition has a mass fraction of propane of around 0.2-0.35 for all
air injector angles, this figure goes up to 0.3-0.4 for the low-power condition, reinforcing the
argument of increasing mixing efficiency as the operating conditions become more realistic.
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Figure 10. Mass fraction of propane with streamlines under idle operating condition for (a) 0-degree,
(b) 15-degree, (c) 30-degree and (d) 45-degree angles.
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Figure 11. Mass fraction of propane with streamlines under low-power operating condition for
(a) 0O-degree, (b) 15-degree, (c) 30-degree and (d) 45-degree angles.
3.2. Mixing Enhancement of Fuel and Air for Hydrogen and Ammonia

A mixing enhancement study was further conducted for pure hydrogen and ammonia
fuels. Both fuels were tested at four different transverse angles (0, 15, 30 and 45 degrees)
under the idle condition. The cases 9-12 used for the hydrogen fuel are shown in Figure 12.
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It is found that the mixing efficiency overall is lowered compared with the other fuels tested,
and the differences in mixing efficiency around the fuel jets and the end of the cavity were
specifically low compared to the propane and ammonia fuels. While the lowest 77,,,;,, was
0.25 for propane around fuel jets, the measured highest #,,;, was only 0.23 for hydrogen
(see Figure 12). The high diffusivity of hydrogen allows it to diffuse immediately inside the
cavity, and therefore the mixing efficiency of hydrogen was the lowest throughout the cavity
compared to propane and ammonia. Figure 13 shows that the hydrogen concentration is
mainly diffused at the top side of the fuel injection side; this is the reason why the mixing
efficiency was lower compared to the other fuels. However, it is observed that as the air
injector angle increased, the trajectory of the fuel injection moved towards the inside of the
cavity, which is the reason why the 45-degree-angled air injector configuration was found to
have the highest mixing efficiency. Due to this fact, it can be argued that the trapped-vortex
combustor needs some alterations to enhance hydrogen fuel mixing more efficiently.
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Figure 12. Mixing efficiency inside cavity for idle operating condition for hydrogen.
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Figure 13. Cont.
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Figure 13. Mass fraction of hydrogen with streamlines under idle operating condition for (a) 0-degree,
(b) 15-degree, (c) 30-degree and (d) 45-degree angles.

It was found that the 45-degree-angled air injectors showed superior mixing efficiency
compared to the other transverse angle points for hydrogen fuel under the idle operating
condition. The lowest mixing efficiency measured around fuel jets for the 45-degree
transverse angle was 0.184, and the mixing efficiency was the highest inside the cavity
for the 45-degree angle for all points. However, the 30-degree transverse angle mixing
efficiency results for hydrogen were also acceptable and close to the 45-degree transverse
angle results, with the lowest result of 0.207 shown around the fuel jets and the highest
throughout the cavity.

Ammonia fuel was investigated using four different transverse angles under idle
conditions (see Figure 14). The overall mixing efficiency was lower compared to propane,
but the trend of the mixing efficiency was similar for these two fuels. Thee 45-degree
transverse angle has the highest mixing efficiency over other transverse angles. However,
in contrast to the hydrogen fuel, the mixing efficiency was the lowest for the 30-degree
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angle around the fuel jets, at 0.236. Moreover, the 30-degree-angled air jets showed the
second highest #,,;, throughout the cavity. Since it is beneficial to have a lower #,,
around the fuel jets and higher values inside the cavity (3.1. Impact of Transverse Injection
Angle for Propane under Idle and Low Power Conditions), it is suggested that 30-degree
transverse-angled air jets are suitable for this application to improve mixing efficiency.
Despite the fact that the 45-degree-angled air jets showed better results with hydrogen, the
30-degree-angled air jets showed better results for all three fuels.
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Figure 14. Mixing efficiency inside cavity for idle operating condition for ammonia.
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Figure 15 shows the mass fraction of the ammonia and streamlines for the 0, 15-,
30- and 45-degree-angled air injectors. The fuel trajectory trend was similar to propane
fuel. The trajectory of the fuel shifted to the bottom of the cavity for the 30-degree-angled
air injectors. The fuel concentration was around 0.4 at the bottom of the cavity near the
injectors for the 30-degree-angled air injector, whereas it was limited to 0.2 and 0.3 for the 0,
15- and 45-degree angles.

It is stated that the fuel trajectory behaviors of propane and ammonia are the same,
moving towards the cavity bottom. On the other hand, the hydrogen fuel distribution
tends to move to the top side of the cavity. Figures 16 and 17 clearly show that the fuel
concentrations of ammonia and propane accumulate towards the bottom of the cavity. It
also can be seen that the fuel concentration of propane was higher even at X/d; = 0.428
than ammonia X/d¢ = 0.514, which is the reason why the propane mixing efficiency was
found to be higher than ammonia. When it comes to hydrogen fuel, Figure 18 shows
that the hydrogen concentration moved upside of the cavity at X/d¢ = 0.642, and the fuel
concentration was very low beyond X/d¢ = 0.571.
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Figure 15. Mass fraction of ammonia with streamlines under idle operating condition for (a) 0-degree,
(b) 15-degree, (c) 30-degree and (d) 45-degree angles.
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Figure 16. Mass fraction of propane for 30-degree transverse air injectors on Y-Z plane for
(a) X/dg =0.642, (b) X/d¢ = 0.571, (c) X/d¢ = 0.5 and (d) X/d = 0.428 positions under idle condition.
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Figure 17. Mass fraction of ammonia for 30-degree transverse air injectors on Y-Z plane for
(a) X/d¢ =0.642, (b) X/d¢ = 0.571, (c) X/d¢ = 0.542 and (d) X/ds = 0.514 positions under idle condition.
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Figure 18. Mass fraction of hydrogen for 30-degree transverse air injectors on Y-Z plane for
(a) X/df =0.642, (b) X/df = 0.571, (c) X/df = 0.5 and (d) X/df = 0.428 positions under idle condition.
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It can be said that propane and ammonia are more suitable for the current design of
trapped-vortex combustors than hydrogen because hydrogen tends to diverge from the
cavity center. Figure 19a,b illustrate that propane and ammonia move directly inside the
cavity and accumulate at the center of the cavity around Z/d; =0. However, it is clear that
hydrogen moves upside of the cavity as soon as it enters the combustor, which suggests
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that the usage of hydrogen in this configuration requires some alterations and design
modifications of the combustor.
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Figure 19. Mass fractions of (a) propane, (b) ammonia and (c) hydrogen for 30-degree transverse air
injectors at X-Z plane for Y/d¢ = 0.142 under idle condition.
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4. Conclusions

The aim of this paper was to enhance the mixing of air and fuel in a trapped-vortex
combustor for propane, hydrogen and ammonia. A numerical study was carried out for
four different (0, 15, 30 and 45 degrees) air injectors to investigate the effect of the air
injector angle on mixing efficiency. Propane fuel was also tested in the idle and low-power
conditions to observe the behavior of the mixing as the operating conditions became more
realistic, whereas hydrogen and ammonia were only tested in the idle condition. The
following outcomes were induced from the present study:

(a) As the operating conditions approach realism, the mixing efficiency also increases,
which suggests that the trapped-vortex combustor is suitable for operating under
realistic conditions.

(b) The 45-degree- and 30-degree-angled air injectors have superior mixing throughout
the cavity compared to the 0- and 15-degree angles for all three fuel types, with the
45-degree angle having slightly higher mixing efficiency overall.

(¢) The 30-degree-angled fuel injector had the lowest mixing efficiency around the fuel
injectors, which is important because this will lower the temperature around the
fuel jets and reduce the possibility of damage to them, reducing the chance of fire
reaching the fuel injectors. However, reacting simulations will require observation of
this phenomenon.

(d) Propane and ammonia showed similar trends in terms of fuel injection trajectory
trends. Fuel shifted towards the bottom of the cavity as the air injector angle increased,
but a significant difference was observed on the 30-degree angled injector, where
the fuel injection moved more towards the bottom of the cavity compared to the
other angles.

(e) Hydrogen, on the other hand, had completely different injection behavior compared
to the other two fuels. The fuel moved towards the upside of the cavity rather than
moving into the cavity. A promising event was that as the air injector angle increased,
the trajectory of the hydrogen moved towards the inside of the cavity. Even though
this is positive, it suggests that hydrogen usage in trapped-vortex combustors requires
some modification.

The present study provides valuable insights into the flow behavior and mass fraction
of species, which are essential for assessing air-fuel mixing, especially for non-conventional
fuels such as hydrogen and ammonia. A good validation of the numerical methodology is
presented for a conventional fuel (propane). However, extensive experimental verification
of the proposed mixing configurations for the novel fuel (hydrogen and ammonia) is
required before commercializing the proposed concept. Future work involves constructing
combustors and conducting experiments. In these experiments, fuel concentration inside
the cavity can be measured with sensors to validate the mixing efficiency data, and the
experiment could move on to igniting the fuel. Temperature distribution and species can be
measured at the outlet of the combustor to evaluate combustion efficiency, pattern factors,
and emissions. Moreover, the simulations could be performed by implementing large eddy
simulations, and mixing efficiency could be enhanced by using different fuel arrangements.
Furthermore, the combustion simulation could be carried out to observe the cavity flow
behaviors under combustion conditions by implementing the Eddy Dissipation Model as
well as combustion efficiency, pattern factor, and emissions.
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Nomenclature

doft Afterbody Diameter

de Combustor Diameter

dea Diameter of the Cavity Air Injector

ds Forebody Diameter

Afel Fuel Injection Diameter

ds Spindle Diameter

g Acceleration due to gravity

k Turbulent Kinetic Energy (J)

L Length of the Combustor

Lyin Distance of Inner Cavity Air Injection

Lyair Distance of Outer Cavity Air Injection

Lea Cavity Length

Ly Distance of Fuel Injection

NOy Nitrogen Emission

P Prandtl Number

S Modulus of the mean rate-of-strain tensor

taft Thickness of Afterbody

tr Thickness of Forebody

Greek

Gy Turbulence kinetic energy from buoyancy

Gi Kinetic energy from mean velocity gradient
0ij Stress tensor generated by molecular viscosity
Sy Se Source Terms

Ht Turbulence viscosity

vT Eddy viscosity

Yum Addition of fluctuating dilation in compressible turbulence to overall dissipation
Scy Turbulent Schmidt Number

Dy Turbulent Diffusivity

R; Production of species

S; Rate of creation by addition from the dispersed phase and user-defined sources
Y; Mass fraction of species

Abbreviation

PISO Pressure Implicit with Splitting of Operators
PRESTO Pressure-Staggering Option

QUICK Quadratic Upstream Interpolation for Convective Kinematics
RANS Reynolds-Averaged Navier-Stokes

SST Shear-Stress Transport

TVC Trapped Vortex Combustor
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