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In this paper, a computational study is presented on the turbulence structure and aerodynamics of a Trapped Vortex
Combustor (TVC) by means of Reynolds—Averaged Navier—Stokes (RANS) calculations. The aim is to assess the ability of
three turbulence models — RSM, Realizable k—¢ and SST—k® — in predicting flow characteristics and pressure drop
within the combustor. Fluent of ANSY'S was used to simulate the scratching process under different Reynolds numbers and
cavity geometries, and simulation results were compared with data from literature. A grid insensitivity analysis
demonstrated 30,000 cells to be the optimum mesh refinement. It is also found from the results that RSM model provides the
best predictions of pressure loss and gives a maximum discrepancy slightly above 12.1% compared SST—kw (23.9%) and
Realizable k—¢ (26.7%). Parametric studies showed that for Reynolds numbers up to 300% the recirculation zone would
strengthen factor of three and turbulence intensity by an order of magnitude, respectively, while flow imprints did not show
a considerable shift. The authors suggest an optimum H/Df ratio of the depth—to—flow diameter is found to be around 0.6,
where a pressure drop reduction (to less than one—third) due to vortex generation inside and downstream of the cavity is
minimum. Both small (H/Df 1) cavities generate multiple vortices, resulting in higher aerodynamic losses. The novelty is to
compare RANS models for TVC optimization and determine Reynolds number and cavity geometry effects. These results
provide useful information for the design and optimization of TVC—based propulsion systems, highlighting the significance
of turbulence model and combustor geometry in favoring combustion efficiency and stability.
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Introductions under varying fuel and flow conditions—particularly

Trapped Vortex Combustion (TVC) represents a
modern approach in propulsion systems, offering
benefits such as stable flame anchoring, broad
operating limits, and reduced pressure loss compared
to conventional combustors. TVCs stabilize the flame
using a recirculating vortex inside a cavity, enhancing
combustion efficiency and enabling robust operation
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valuable for high—speed aerospace applications. Due
to the complexity of internal flow physics, turbulence,
and heat transfer in TVCs, Computational Fluid
Dynamics (CFD) has become an indispensable tool in
TVC research. CFD simulations allow for detailed
examination of the interactions between turbulence
structures and cavity geometry, essential for
optimizing combustor design. TVCs are an innovative
propulsion technology which has been developed to
provide increased combustion performance and
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stability in high—speed applications such as
aerospace with supersonic to hypersonic flow fields.'
In—depth knowledge of complex fluid mechanics
that take place within the combustors is critical in
designing and operating these combustors efficiently.?
In this study, a computational fluid dynamics is used
to investigate the turbulence and flow behavior inside
a TVC, focusing on the prediction ability and
performance of different RANS turbulence models.’
Computational Fluid Dynamics using CFD packages
such as ANSYS Fluent, and STAR—CCM+ are
indispensable in order to predict properly airflow
patterns through numerical analysis and solving
complex equations based on the selected turbulence
model and the finite volume method.* The first aim of
this study is to evaluate the ability of three different
RANS based methods (RSM, Rk—¢ and SST k—m) to
represent the complex flow physics and pressure loss
behavior in TVC. The RSM has been chosen as it has
the capability to directly calculate the Reynolds
stresses, hence resulting in a more physically accurate
representation of anisotropic vortices than that
obtained from simpler eddy viscosity models.” The
Realizable k—e model is used due to its robustness
and wide application in engineering practice, which
takes into account the balance between computational
cost and accuracy in the description of the turbulent
flow. The SST—km model is selected for its effective
behaviour in predicting adverse pressure gradient
flows and resolving viscous sublayer near wall
boundaries, and thus is appropriate for modelling
near—wall  turbulence phenomena as  well.’
Comparison between the simulation results of these
three models and the experimental data will be carried
out —This is aimed to offer valuable information
about the applicability of each model in the TVC
design and optimization. The approach exposes the
TVC flow fields at different Reynolds numbers and
cavity configurations in the design—space.

Work is carried out study based on the accurate and
versatile CFD package ANSYS Fluent. A grid
independent study is conducted to find a suitable
mesh size in such a way that the computational results
are independent of grid and represent the real flow of
the physical field.” The results of this investigation
showed that the mesh of 30,000 cells best balances
the computational accuracy against resource
requirements and thus a mesh of this size was adopted
for all further simulations. The computational FVM is
a numerical model which is employed to simulate and
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analyse the physical model considered.® The
sensitivity of numerical simulations to the choice of
closure is further validated against experiments
conducted by the well documented and benchmarked
research of Hsu et al., thus ensuring the credibility of
the numerical simulations.” The results of this work
highlight the manoeuvrability of the RSM model in
predicting pressure drop in the TVC, with a maximum
relative difference of 12.1% relative to experimental
data."® On the other hand, the SST—ko and
Realizable k—¢ models show larger deviations of
23.9% and 26.7% respectively, which emphasizes the
need of an accurate choice for the turbulence model
applied for TVC simulations.'' Parametric studies are
performed systematically to understand the effects of
Reynolds number and cavity geometry on the flow
structure in the TVC. This analysis shows that
enhancing the Reynolds number 300% amplifies the
strength of the recirculation zone but a factor larger,
threefold in strength.'” In addition; the turbulence
intensity gains a significant rise to one magnitude
order higher, which shows that the Reynolds number
greatly influences the turbulent properties of the flow.

It is worth mentioning that although there are large
differences in recirculation zone strength and
turbulence level, the overall flow structure is not
significantly changed with the Reynolds number.
Optimal H/Df 0.6, where minimum pressure drop
occurs, is reported in the paper that can be attributed
to the influence of two dominating vortices: the one in
the cavity and the other downstream. For cavities of
low aspect ratio (H/Df 1) xl, multiple vortices are
created and provide higher aerodynamic losses and
decreased combustor performance. This is meaningful
to the TVC design and optimization in practice, which
can help vehicle's propulsion system to improve the
combustion efficiency and stability.”” The unsteady
flow process shows that the formation, breakdown,
reformation, and collapse of double vortices may play
an important role in the complex flow field in TVCs."
Both the Reynolds number and the speed ratio have a
great impact on the generation of vortices.”
Meanwhile, the performance of the vanned diffusers
can be improved by reasonable arrangements of
tangential and meridional velocity distributions.'®
Katta and Roquemore'”'® have carried out numerical
simulations (DNS, URANS) to investigate the flow
characteristics ~ in  cavities  with  different
configurations. It was found that the drag coefficient
first decreases with the cavity length up to the
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minimum value and then rises up. They found that the
drag forces are mainly controlled by large scale fluid
structures. Dinmore—Herring—Norris modes were
found to have high drag due to multiple vortices
within the cavity as inferred from DNS analysis of
H/Df < 0.6. In contrast, cavities in which H/Df was
close to 0.6 exhibited a single primary vortex in the
cavity and a secondary one downstream the after body
of the cavity, showing the least amount of drag. In the
case of larger cavities, a single vortex remained inside
the cavity, and multiple vortices appeared behind the
after body. Flow physics was well—represented by
DNS as compared with experiments, and exceeded
the standard URANS k—epsilon model. Despite the
accuracy of DNS, it is computationally expensive and
is only practical for 1D and 2D cases'’, as also
observed in other works.””** This work presents an
assessment of advanced URANS based turbulence
models for PD and FP predictions for the CVTV
scenario, with relevance to combustion applications.
Numerical methods and computational schemes are
discussed before thorough investigation into pressure
drop, cavity flow structure; cavity size and Reynolds
number are provided. Key results and conclusions are
presented at the end.

Despite various modelling approaches, a systematic
comparative  assessment of advanced RANS
turbulence models—such as RSM, Realizable k—=¢,
and SST k—aw—specifically applied to Trapped
Vortex Combustors (TVCs) under varying Reynolds
numbers and cavity geometries, remains scarce.
Additionally, the influence of Reynolds number on
flow development and vortex structure across a range
of H/Df ratios has not been thoroughly quantified in
previous literature. This lack of comprehensive
evaluation creates uncertainty in selecting the most
appropriate turbulence model for accurate TVC
simulations and optimization. This study focuses on
evaluating the performance of three turbulence
models RSM, Realizable k—e, and SST—KW—in
capturing the flow physics within a TVC. The
analysis investigates the effects of Reynolds number
and cavity geometry on turbulence intensity,
recirculation zone strength, and pressure drop. By
identifying the most suitable turbulence model and
optimal cavity dimensions, this research aims to
provide a computational framework for improving
TVC design and efficiency in practical applications.

This work is novel in its comprehensive
comparative  evaluation of advanced RANS
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turbulence models for TVC applications, validated
against experimental data. It quantitatively assesses
the effects of Reynolds number and cavity geometry
on flow dynamics and performance. The identification
of an optimal H/Df ratio (~0.6) that achieves minimal
pressure drop highlights a key design insight for
improving the efficiency and stability of TVCs in
practical propulsion systems.

Despite the extensive body of work on TVC, the
literature lacks a comprehensive, comparative
analysis of advanced RANS turbulence models—
particularly RSM, Realizable k—e¢, and SST k—o—
applied across varying Reynolds numbers and cavity
aspect ratios. The lack of validated, quantitative
evaluation limits the confidence in choosing
appropriate  models for TVC  optimization.
Furthermore, the impact of Reynolds number on
vortex structure and pressure dynamics across a range
of H/Df values has not been thoroughly quantified,
leaving a significant gap in design knowledge.

This work fills an important void in the TVC
studies which, to date, lack a systematic comparison
of high—order RANS models for multiple Reynolds
numbers and cavity configurations. The results
demonstrate the impact of model behaviour
differences on predicted pressure drop, vortex
strength and recirculation strength, all critical to
combustor performance. Comparing the applicability
of RSM, Realizable k—¢ and SST k-w algorithms
gives a guideline for the choice of appropriate
turbulence closures in future TVC design problems.
The results demonstrate the optimal cavity aspect
ratio that minimizes aerodynamic loss, and also reveal
sensitivity of model predictions to Reynolds number
effects, providing experimental validation for data
driven improvements in cavity shaping, flow control
and overall combustor geometry. These findings will
benefit the development of high—efficiency, stable
and low—pressure—penalty TVC systems for
practitioners and designers.

Methodology

The flow in the Trapped Vortex Combustor is
modelled by RANS equations. All equations
(continuity and momentum) are simply base form of
common simulations which its details can be found in
CFD textbooks. In this work, turbulence closures are
compared and not derived; thus only model specific
characteristics necessary for the comparison are
explained here. The RANS approach, combined with
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suitable turbulence models, offers a versatile
framework for studying complex turbulent flows with
acceptable computational effort and predictive
accuracy. Model selection depends on the flow
physics and required resolution, ensuring adaptability
across various engineering scenarios.

The flowchart shown in Fig. 1, a work flow is
proposed for the evolvement of turbulence simulation,
starting from defining the study objectives and
choosing turbulence models through domain
description to meshing and boundary conditions
specification. It then proceeds to simulation,
validation against experimentation and analysis for
the determination of the best—turbulence model and
geometry of cavity.

Turbulence Modelling Framework
Three different turbulence model options were
assumed and their capability of prediction in

Define objectives of the study (TVC
flow prediction, turbulence model
comparison, cavity geometry effects.).

¥

Select turbulence models: RSM,
Realizable k—¢, SST k-w.

v

Create 3D and 2D computational do-
mains and generate mesh

v

Conduct grid independence study
(8800—100000 cells) and finalize
30.000-cell mesh

v

Set boundary conditions and numerical
schemes (mass flow inlet, pressure outlet,
adiabatic no-slip walls).

v

Run RANS simulations for different
Reynolds numbers and H/D ratios.

Analyse pressure drop, recirculation
zone strength, turbulence intensity.

Fig. 1 — Methodology flow chart
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cavity—driven recirculating flow was investigated:
the Realizable k—e, SST k-, and Reynolds Stress
Model (RSM). Their choice is indicative of the
requirement to compare models built on distinct
assumptions and specific for strong shear layers,
anisotropic stresses and vortex generation as those
encountered in TVC configurations.

Realizable k—& Model

The main novelty of this model lies in the use of an
adjusted eddy—viscosity  formulation and a
mathematically consistent transport equation for
dissipation rate. Its formulation enhances the strength
of strain rate response and achieves a compromise
between accuracy and computer cost and is therefore
commonly employed for engineering applications.

SST k- Model:

This model combines the validity of k—w close to
the wall and stability in free—stream for k—e. The
incorporation of a damping function, cross—diffusion
term and new turbulent viscosity expression allows it
to be used in the adverse pressure gradients and
separation region that are encountered frequently in
cavity flows.

Reynolds Stress Model (RSM):

The RSM does not require the Boussinesq eddy
viscosity assumption, and instead solves transport
equations for each of these Reynolds stresses. Its
capability in representing turbulence anisotropy
allows for predicting the strength, scale and position
of vortices inside and below the cavity. Increased
accuracy comes with increased computational effort,
but is needed for flows characterized by swirl and
recirculation.

Through a definition of the standard equations and
by focusing on the discrepancies of these turbulence
closures, one ought to also have a sharper frame for
understanding how each model affects pressure drop
predictions, vortex stability and global flow physics in
TVC.

Computational Domain used

The study examines two domains: a 3D domain
(Fig. 2) to validate the 2D axisymmetric assumption
and a 2D section of the combustor's upper half
(Fig. 3) for further computations.

To assist in the selection of 2D axisymmetric,
Table 1 compares directly between 3D and 2D
validation domains. The 2D mesh has nearly forty
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orders of magnitude fewer cells than the 3D model,
which provides a substantial memory and solver time
saving. The two pressure drop data and the dominant
flow structure are in close agreement between the two
domains, which indicates that the axisymmetric
assumption is able to capture at least the most salient
feature of cold cavity flow. This trade—off between
accuracy and computational economy renders the 2D
domain to be suitable for the extended parametric

study in this paper.
v

4
1
X Y

Computational
Fluid Domain

Center Body

Combustor
‘Wall Boundary D

Fig. 2 — 3D Computational domain

6915

2D AXISYMMETRIC 3D
NUMBER OF CELLS (1 M SPATIALSTEP)

Fig. 3 — 3D and 2D computational grids for the current
investigation

1245

In order to make the reason for selecting 2D
axisymmetric domain explicitly, another comparison
is added. The 2D mesh is composed of 6,915 cells
while the 3D domain model uses 2,72,400 cells
which corresponds to an almost fortyfold decrease
in the number of elements and leads, on average,
to a solver time reduction from 6—7 hours down to
ca.18-22 minutes per RANS run. This save enables
the implementation of the extended parametric study
while accuracy is not significantly affected. The
difference in the pressure drop essentially remains at a
low value of 0.8%, and the overall flow dynamics
including strength of cavity vortex, structure of
recirculation zone downstream are reproduced in
both cases. These findings indicate that the 2D
axisymmetric model strikes a tractable balance of
computational cost and fidelity for detailed
investigation as conducted in this work.

Computational Setup and Boundary Conditions

CFD simulations were carried out with ANSYS
Fluent. The governing equations were solved in their
compressible form using a steady—state, pressure—
based finite volume method. The PRESTO algorithm
was employed for pressure correction, and the ideal
gas law was utilized for density calculations.

The operational scenarios studied in this work are
listed in Table 2. The inlet was assigned mass flow
and outlet was assigned pressure. The inlet mass flow
rates in all the cases were calculated from the
computed pressure drops at different annular air
velocities by fitting with measured pressure drops in
the experiments. All combustor walls were assumed
to experience adiabatic and no—slip boundary.

Mass flow rate at the inlet was similarly calculated
for each case by comparing the predicted pressure

Table 1 — Comparison of 2D axisymmetric and 3D domains used for validation

Parameter

Total cell count 6,915
Solver memory demand Low
Average wall-clock time per RANS run ~18-22 minutes
Pressure drop difference +0.8 %
Preservation of key flow features Yes
Suitability for parametric study High

2D axisymmetric model

3D model Notes
272,400 ~40x reduction in mesh size for 2D
High Large reduction for 2D
~6-7 hours Same numerical settings
Reference Based on grid-independent meshes
Yes Vortex structures and recirculation match
Limited 2D feasible for multiple cases

Table 2 — Summary of annular flow conditions and mass flow rates used in the simulations

Do (mm) D.x (mm) H/Do Annular velocity (m/s)  Annulus reynolds number Computed mass flow inlet (g/s)
70 50.8 0.2,0.6,1,1.4,1.8 45 29000 50.0
70 50.8 0.2,0.6,1,1.4,1.8 30 20000 36.0
70 50.8 0.2,0.6,1,1.4,1.8 15 10000 18.0
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drop with measured data of Hsu et al. for different
annular air velocities.’

Results and Discussion

This section verifies the hypotheses, performs a
grid—independent study, discusses pressure drop,
compares turbulence models and considers how
cavity length and Reynolds number affect flow
features and strain rate.

Validation of 2D Axisymmetric Assumption

To check the accuracy of the 2D axisymmetric
model of the combustor, its results were compared with
results of a full 3D simulation. A case with inlet mass
flow rate of 59 g/s was simulated, considering the grid
resolution of 6800 cells for 2D domain and 272 400
cells for 3D domain. The objective of the study is to
investigate the ability of the 2D domain to mimic the

Flow Direction
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flow physics observed in the full 3D simulation. As
illustrated in Fig. 4, the pressure drop varies
significantly with cavity aspect ratio (H/Df), showing a
minimum near 0.6, consistent with Hsu ez al.’

2D vs. 3D Velocity and Pressure Distributions
explained in Fig 5. The excellent agreement observed
between the 2D and 3D results for both axial velocity
and pressure at all locations validates the use of the
2D  axisymmetric = domain  for  subsequent
computations. Dimensional analysis between 2D and
3D simulations illustrates close trends of the axial
velocity profile and pressure distribution on all
sampled points. The good agreement of the predicted
fields demonstrates that it is possible to represent the
global flow in the combustor with a 2D axisymmetric
domain. This finding suggests that the principal flow
features — re—circulation within the cavity and
pressure recovery in the main passage — are well

>

o "

[

Fig. 4 — Velocity and pressure comparison points
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Fig. 5 — Comparative analysis of velocity and pressure distributions between 2D Axisymmetric and 3D Models: (a) axial velocity at
Z=0, (b) axial velocity at Y=37.5, (c) axial velocity at Y=20, (d) pressure variation at Z= —75, (e) pressure variation at Y= 37.5,
(f) pressure variation at Y= 20
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represented by means of a reduced 3D model. This
yields computational efficiency combined with
predictive accuracy.

Grid Independent Study

The grid independence is evident, as the size of
medium mesh (30,000 cells) provides prediction of
velocity and pressure very similar to those on fine
mesh (100,000 cells). The fine mesh has small
discrepancies, especially in the static pressure at the
inlet area. Based upon these conclusions, for all the
simulations, medium grid is selected. The capacity to
solve shear layers, cavity recirculation and near wall
gradients with sufficient accuracy is why it can be
used for investigating the performance of the
turbulence model in design space.

The simulations were carried out using the Table 2
highest Reynolds number case (Re = 27687) for
different H/Df = 0.6 and implemented Realizable
k—e model. The grid independent study is
presented in Fig. 6, we can draw the conclusion that
the solution using middle and fine grids (30,000 cells
from 100,000 cells) are almost the same with
number of grids increment. The coarse grid
underpredicted the axial velocity by only 1—2% for
some locations at the annular inlet as seen in
Fig. 6a, and the coarse grid did not make good
predication of static pressure at combustor inlet
which is depicted in Fig. 6¢ and the medium grid
(30,000 cells) was thus considered as the preferred
grid for all calculations of this work.
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The following summary shown in Table 3 the used
mesh levels in grid independence study and the
number of cells, near—wall resolution, and
pressure—drop oscillation. The comparison shows
that with smaller mesh size of medium the results
converge faster with much less computational work.

A convergence criterion was based on the
scaled residuals of continuity and momentum
equations, as well as the scaled model residuals
(model for turbulent kinetic energy and its
dissipation/frequency). Simulations were progressed
to the point where residuals for continuity and each
momentum equation had dropped below 1075, and
turbulence parameters exceeded 1076, without drift in
global integral quantities (mass flow, pressure loss)
over refining iterations. Besides remnant reduction,
the mass—imbalance effect is limited to 10~ of the
inlet mass flow for all cases. Convergence criteria are
explained in Table 4.

Prediction of Pressure Drop and Evaluation of the Turbulence
Model

The pressure drop predictions of the three
turbulence models exhibit a significant discrepancy in
their ability to describe experimental trends. (RSM
model has the closest value to measurement, 12.1%
difference). Both the Realizable k—¢ and SST k-
models tend to underestimate and overestimate
pressure loses, especially at high Reynolds numbers.
All three models successfully reproduced the
minimum pressure drop at H/Df = 0.6 as reported in
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Fig. 6 — Grid independence study (a) axial velocity vs. radial distance at X = 0 mm, (b) axial velocity vs. radial distance at

Y =20 mm, and (c) pressure vs. radial distance at Y = 20 mm for 8800, 30000, and 100000 cell grids

Table 3 — Grid independence study results showing cell count, near—wall y*, pressure—drop variation

Mesh level Cell count Minimum y* y* range AP vs. fine mesh
Coarse 8,800 25.0 12-180 +4.6%
Medium 30,000 03-12 +0.8%
Fine (reference) 100,000 0.45 0.1-3 0.0%
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the experimental literature. The fitted optimum for the
cavity width corresponds to an increase in pressure
drop (above or below this value) and it is associated
to the generation of more vortices and higher transfer
of momentum on both sides of the cavities. This trend
indicates that the turbulence closure significantly
affects the quality of aerodynamic loss predictions in
TVC—Aflows. Pressure drop was predicted for various
Reynolds numbers and cavity sizes using the three
models, RKE, SST—KW and RSM respectively.
The results, compared to the data from are presented
in Fig. 7.

The minimum pressure drop occurs at H/Df = 0.6
for all Reynolds numbers, aligning with Hsu et al’
and Little and Whipkey.® Pressure drop increases for
smaller or larger cavities. Pressure drop variation with
cavity length increases with Reynolds number,

Table 4 — Recommended convergence criteria

Quantity monitored Convergence criterion

Continuity residual <1x10°
Momentum residuals (each <1x10
component)

Turbulence quantities (k, € or ® <1x10°¢
or RSM equations)

Energy (if solved) <1x10°¢

< 1x107* of inlet mass flow

Change < 0.1% over
500 iterations

Global mass imbalance

Engineering outputs (pressure
drop, velocities)

JSCIIND RES VOL 84 NOVEMBER 2025

consistent with Hsu ef al’ The maximum pressure
drop is 1.1%, much lower than typical lean premixed
combustors, highlighting the potential of TVC for gas
turbine applications.

The enhancement of the inlet momentum promotes
the shear layer at the cavity mouth and enhances the
circulation strength around the trapped vortex at
higher Reynolds numbers. The increased coupling of
the recirculating cavity flow with main passage near
downstream cavity edge leads to stronger local flow
separation and thus a greater adverse pressure
gradient. This separation, and increased mixing of the
high velocity external stream with the vortex within
the cavity, results in even more momentum loss
within this passage. These phenomena account for the
trend of pressure drop to rise with Reynolds number
in spite of a similar flow pattern among the tested
cases.

Flow Structure: Impact of Reynolds Number (Re) and Cavity
Dimensions on Flow Patterns

RSM simulations investigated how cavity size and
Reynolds number affect flow structure. The flow
structures for H/Df = 0.2 at Re = 27687, 18458, and
9229 could be seen in Fig. 8. Multiple vortices (two
upper vortices rotating in opposite directions and a
corner vortex) were observed within the -cavity,
aligning with Katta and Roquemore. A single large
vortex formed behind the after body. The multiple

Turbulence kinetic energy [J kg']

Fig. 7 — Pressure drop comparison for different H/Df ratios at varying annular velocities — (a) 42 m/s, (b) 28 m/s, and
(c) 14 m/s — for numerical (RKE, RSM, SST—KW) and experimental results
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vortices likely contribute to the increased pressure
drop at this cavity size. A comparison of Fig. 8
reveals that the flow structure remains largely
unaffected by changes in Reynolds number for a
given cavity size. This suggests that Reynolds number
variations have a minimal impact on the overall flow
pattern within the cavity. Furthermore, Figs. 8b, 8d,
and 8f demonstrate that turbulent kinetic energy levels

© Mmoo Mmoo

O - e

[ A G |
Velocity [ms?)

1249

are relatively low, likely due to the dominant
influence of wall effects, despite the presence of
multiple vertical structures within the cavity. As
shown in Fig. 9 two large vortices for H/Df = 0.6 are
there: one in the cavity and one behind the after body,
consistent with Katta and Roquemore.'® These stable
vortices likely cause the minimum pressure drop.
Reynolds number variations have minimal impact on

Turbulence kinetic energy

W kg']

Fig. 9 — Cavity flow structures and turbulence kinetic energy distributions for H/Df = 0.6 at different Reynolds numbers



1250

flow structure, but turbulence levels increase tenfold.
Similar flow patterns could be seen in Fig. 10 for
H/Df = 1, with the cavity vortex shifting downstream.
Turbulence levels increase, potentially improving
mixing and combustion stability for this cavity size
range (0.6 to 1). For H/Df > 1, multiple vortices form
behind the after body (Figs. 11 & 12), increasing
pressure drop. Reynolds number has minimal impact,
but turbulence levels rise. This suggests flow isolation
from upstream conditions.

Velocity
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Vorticity magnitude or stream function contours
provide more easily recognizable vortex cores,
which can be complementary to the velocity
vectors plots. These fields represent the rotation
strength and closed—Iloop flow within the cavity
more clearly, especially at places where vectors are
superposed or busied. The use of such contours allows
to clearly visualize the location, stability and
interaction of the primary and secondary vortices
with the surrounding shear layer, providing a more
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Fig. 10 — Cavity flow structures and turbulence kinetic energy distributions for H/Df = 1.0 at different Reynolds numbers

Fig. 11 — Cavity flow structures and turbulence kinetic energy distributions for H/Df = 1.4 at different Reynolds numbers
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Fig. 12 — Cavity flow structures and turbulence kinetic energy distributions for H/Df = 1.6 at different Reynolds numbers

Turbulence Kinetic Energy

Table 5 — Summary comparison of turbulence model performance

Criterion Realizable k—¢
Accuracy in predicting pressure  Moderate; underpredicts at Moderate; slight overprediction at
drop high Re
Ability to capture vortex Limited due to isotropic
structure and anisotropy assumption
Computational cost Low
Convergence stability Good

Applicability to TVC flows Preliminary studies

Overall suitability Rapid evaluation

Better near walls; limited in strong

Good; sensitive near separation
Flows with adverse pressure

Balanced performance

SST k-o Reynolds stress model (RSM)

Highest accuracy; deviation ~12.1%
high Re

Strong capability; captures vortex
scale, strength, anisotropy

High
Slower convergence

swirl
Moderate

Detailed cavity—flow and recirculation
gradients analysis

Most reliable for design assessment

accurate description on flow features within the core
of an entrapped vortex.

An increase in turbulent kinetic energy is observed
across the cavity and in the shear layer, confirming
that more local mixing of hot gases will take place.
This local mixing plays a dominant role for both
flame anchoring and fuel-air homogenization in real
TVC combustors. Given that the analysis presented
herein is for non— reacting flow, then however, an
increase of transport rates of momentum and scalars
might be a way to create quantitative additional
support for regions in which typically stable ignition
and combustion take place. The high TKE areas
around the cavity opening and downstream shear
layer suggest regions where increased entrainment
and more efficient mixing would be expected to take
place in a reactive environment. These trends suggest
that cavity patterns which give rise to stable vortices
with moderate TKE but having it distributed

uniformly throughout the vortex core, as in the case of
H/Df = 0.6, can provide optimal conditions for
favourable flame lie and reduced sensitivity to
upstream disturbances.

A summary comparison of the three turbulence
models is presented in Table 5, indicating their
accuracy,  computational  cost,  convergence
characteristic and applicability for TVC flow
forecasting. This short summary assists readers in
identifying the merits and pitfalls of each model and
explaining why the RSM treatment provides more
reliable performance compared to the other tested
closures.

Interpretation of Flow Behavior across Models

The qualitative behaviour observed in the RSM
simulations explain why this model is better than
two—equation models for pressure drop prediction.
The capacity of RSM to correctly model stress
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anisotropy, enables it to account for the right vortices
scale, strength, and position. This accounts for its
increased accuracy in predicting occurrence of
cavity—driven recirculation and near—wall shear,
which effect overall TVC performance. It is shown
that the difference in performance between the two—
equation models originated from isotropic eddy—
viscosity assumption, which could not represent
complicated swirling flow and vortex breakdown
well.

Limitations

The study is on the basis of time—averaged RANS
simulations, which does not allow to take account of
unsteady vortex movement and shear—layer
oscillation and transient interaction that happen in
realistic combustors. The 2—equation models
employed in the present study assume isotropic eddy
viscosity, restricting their capability to simulate
anisotropic  stresses that develop in strong
recirculation regions. The work also is limited to
reacting flow, and thus, the effects such as heat
release, density change of the mixture due to
combustion process (changing in p0), propagation of
flame or anchoring of flame in combustor, and
combustion—induced oscillations are not included in
the predicted fields. Based on these limitations it
should be noted that although the results are valuable
for designing a cavity, further work with unsteady and
reacting—flow models will gain better understanding
on TVC action.

The current work goes further by providing a direct
comparison amongst RANS turbulence models in a
three—dimensional system of interest to the VITML
group  with  quantitative  validation  against
experimental pressure drop measurements. Prior
studies were limited to single—model predictions or
individual geometric trends Most of the existing work
only correlates model behaviors with vortex structure,
recirculation strength, and/or cavity— dependent
losses for a few Reynolds numbers. The identification
of a best H/Df ratio and the evidence that RSM
models anisotropy and cavity— induced mixing better
give more solid ground for choosing turbulence
closures and optimizing cavities in future TVC
studies.

Conclusions
The study demonstrates that among the three
RANS turbulence models evaluated, the Reynolds

J SCIIND RES VOL 84 NOVEMBER 2025

Stress Model (RSM) offers the most accurate
prediction of pressure drop and vortex behaviour in a
Trapped Vortex Combustor (TVC), with a deviation
of only 12.1% from experimental data. An optimal
cavity aspect ratio (H/Df = 0.6) was identified,
minimizing pressure losses due to stable vortex
formation. A key limitation of this work is its reliance
on steady—state RANS simulations without
considering combustion reactions or transient effects.
Future investigations may incorporate unsteady
simulations and chemical kinetics to provide a more
comprehensive understanding of TVC performance.
The outcomes of this study contribute to improved
turbulence  model selection and  geometric
optimization, offering practical insights for the
development of efficient and stable combustion
systems in aerospace propulsion and gas turbine
applications.

Nomenclature

A = Area

Cp = Turbulence model constant
Df = Main duct diameter

H = Cavity height

H/Df = Cavity aspect ratio

k = Turbulent kinetic energy

1 = Mass flow rate

p = Static pressure

Ap = Pressure drop

Re = Reynolds number

TKE = Turbulent kinetic energy
U, V = Velocity components

y* = non—dimensional wall distance

Greek Symbols

¢ = Turbulent dissipation rate
o = Specific dissipation rate
p = Density

i = Dynamic viscosity

pt = Turbulent viscosity

Abbreviations

CFD = Computational Fluid Dynamics

DNS = Direct Numerical Simulation

RANS = Reynolds—Averaged Navier—Stokes
RKE = Realizable k— model

RSM = Reynolds Stress Model

SST k— = Shear Stress Transport k—® model
TVC = Trapped Vortex Combustor
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