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motivated the need for evaluating other lower cost turbulent models. Consequently,
three RANS turbulence models were assessed in the present work; RKE, SST-KW, and
RSM, using 2D numerical computations. In addition, the effect of inlet flow Re on
cavity flow physics and stability was explored for more detailed physical insight.
Ansys Fluent 12 has been used in the computations with the steady state
compressible pressure based solver. RSM was found to have the least prediction
error percentage against experimental data with maximum value of 12.1% for all
cases studied compared with 23.9 % demonstrated by the SST-KW which was the
least accurate model. Increasing inlet flow Re by order of magnitude had no apparent
effect on the main flow structure for the same cavity size. However, the 300 % Re
increase from 9229 to 27687 has led to 10 times increase in turbulence levels and 3
times increase in recirculation zone strength which confirms the high stability range
of these combustors. Finally, multiple vortex structures, either behind the forebody
for smaller cavity sizes of H/D; < 0.6 or behind the afterbody for larger cavity sizes
H/D: > 1, were noticed to be the main reason behind increased pressure drop from
0.8 to 1.1%. This study was conducted as a ground base for future TVC analysis.
Keywords:
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1. Introduction

Flow over cavities is one of the classical problems that have been studied extensively by the
aerodynamic community through the past decades while trying to enhance pressure recovery and
reduce drag [1-5]. Little and Whipkey [3] experimentally investigated the effect of adding an
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additional disk downstream a bluff body using a system of two tandem disks connected by a central
spindle. Using several geometries, they concluded that for a minimum drag to be reached, the
cavity between the two disks has to be properly sized. They developed relations between both the
cavity length (H), and the afterbody diameter (Daft) and the forebody diameter (Ds) to achieve this
purpose. It was found that for D.i /Ds < 1 (nearly 0.75), minimum drag can be achieved using a
value of H/Ds around 0.6.

Following these efforts, Hsu et al. [4] investigated the potential of using cavity trapped vortices
in combustion as a new way of flame stabilization using a similar geometry. They developed a
‘Trapped vortex combustor’ where, beside the main stream air, primary air and fuel were injected
directly into the cavity to ensure continuous combustion and also to better control the local
equivalence ratio. The novel combustor demonstrated very low pressure drop (order of magnitude
lower than state of the art lean premixed combustors), wide stability range and high combustion
efficiencies. They suggested that the wide stability range is mainly due to the isolation of the
combustion reaction zone inside the cavity away from upstream flow variations. Motivated by
these results, and due to its showing potential, several studies were conducted to investigate the
application of trapped vortex combustors in gas turbines either alone [6-15], or combined with
other combustion strategies [16].

In addition, Katta and Roquemore [17, 18] conducted numerical computations to study flow
dynamics in different cavities geometries under both non-reacting and reacting conditions. Both
direct numerical solutions (DNS) and unsteady Reynolds averaged models (URANS) were used in
their work to predict drag coefficient with reasonable agreement. They suggested an initial
decrease in drag coefficient with the increase of cavity length till a minimum value is reached.
Following this minimum value the drag starts to increase for larger cavities. They also concluded
that drag force is governed by large scale fluid structures with minimal effect of small turbulence
length scales. Finally, using DNS, they related high drag of cavities with H/Ds < 0.6 to the multiple
vortex structure showed inside the cavity. They demonstrated one dominant stable vortex inside
the cavity and another one downstream the afterbody for cavities of H/Ds close to 0.6 which was
the main reason behind minimum drag at this condition. For larger cavities the same single vortex
existed inside the cavity while multiple vortex structure was shown behind the afterbody.

Transient simulations showed that the cavity vortex was not stable and was usually rotating
around the cavity center. DNS were able to correctly capture the flow physics compared with the
experiments unlike the URANS standard k-epsilon model used. However, DNS, although more
accurate, remains constrained by its high computational cost which limits its use to one and two-
dimensional geometries in most cases [19]. These results were confirmed by other numerical works
[20].

As a result, the present work aims at assessing the performance of more advanced URANS
turbulence models in terms of pressure drop and flow physics predictions within the scope of cavity
trapped vortices. It also aims at gaining more physical insight of the flow physics inside the cavity to
provide a suitable ground for its further use in combustion. The numerical methods used in the
present study are first re-visited followed by a demonstration of the computational framework
used. Subsequently, pressure drop computations using different turbulent models are presented.
After that, cavity flow structure is investigated in details at various cavity sizes and Reynolds
numbers. Finally, major findings and conclusions of this study are summarized.
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2. Methodology
2.1 Reynolds Averaged Navier Stokes Approach

The unsteady Reynolds averaged continuity and momentum Navier Stokes equations in the
compressible form are given as [21]:

2 i(pu-) = 0. (1)

d du; ou; 2 ou d —
(pu)+ (pu uj) = +— y(—+a—x’i— —35i]-a—x;)] +E(—puluj). (2)

ox; 0x;j
Where p is the density of the fluid, t is the time, and u; is a mean component of velocity in the
direction x;, p is the pressure, p is the dynamic viscosity, and u; is a fluctuating component of
velocity. Repeated indices indicate summation from one to two. The term —pu,u; expresses the

Reynolds stresses which are modeled using Boussinesq hypothesis [21, 22] which relates the
Reynolds stresses to the mean velocity gradients:

du;

- ou d
—puju = (ax + a—x]) - (pk + u") 8ij (3)

Where k is the turbulent kinetic energy, as defined by k = %u{uj’, and §;; is the Kroneker delta. An
advantage of the Boussinesq approach is the relatively low computational cost associated with the
computation of the turbulent viscosity u;. A disadvantage is that it assumes i is an isotropic scalar
guantity, which is not always the case. The Realizable k-epsilon model is an example of two-
equation models that use the Boussinesq hypothesis.

2.1.1 Realizable k-€ model (RKE)

The term “realizable” means that the model satisfies certain mathematical constraints on the
Reynolds stresses, consistent with the physics of turbulent flows. It is based on the work of Shih et
al. [23]and differs from other k-epsilon models in two ways:

® The realizable k-epsilon model contains a new formulation for the turbulent viscosity.

* A new transport equation for the dissipation rate,€, has been derived from an exact

equation for the transport of the mean-square vorticity fluctuation.
The transport equations for both k and € are shown below [23]:

9 9 -9 He) Ok _pe—
E(l)k) + a_x]-(pkuf) = o, [(u + ak) 6xj] +G,+G,—p€E—-Yy+S,

) ) F) "
SO+ (pew) = o | (1 +2) 35| + pCiSe = pCr oz + e ECacCi +5c

where

n k
C, = max [0.43,m], n=S-, 8= /ZSL-J-SU

G represents the generation of turbulence kinetic energy due to the mean velocity gradients, G, is
the generation of turbulence kinetic energy due to buoyancy, and Y), represents the contribution of
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the fluctuating dilatation in compressible turbulence to the overall dissipation rate. C, and C;¢ are
constants. oy, and g¢ are the turbulent Prandtl numbers for k and €, respectively. S; and Sc are any
other defined source terms.

2.1.2 Shear stress transport k-omega model (SST k — w)

The shear stress transport k-omega model was developed by Menter [24] to effectively blend
the robust and accurate formulation of the k-omega model in the near-wall region with the free-
stream independence of the k-epsilon model in the far field. To achieve this, the k-epsilon model is
converted into a k-omega formulation. The SST k-omega model is similar to the standard k-omega
model, but includes the following refinements:

e The standard k-omega model and the transformed k-epsilon model are both multiplied by a
blending function and both models are added together. The blending function is designed to
be one in the near-wall region, which activates the standard k-omega model, and zero away
from the surface, which activates the transformed k-epsilon model.

e The SST model incorporates a damped cross-diffusion derivative term in the omega
equation.

¢ The definition of the turbulent viscosity is modified to account for the transport of the
turbulent shear stress.

® The modeling constants are different.

The transport equations for both k and omega w are shown below [24] :

2 2 9 ok
E(pk)-l_a_xi(pkui) —a_xj(rka_xj>+Gk_Yk+Sk (6)

w

d 0 0
E(pw) +a—xi(pwui) _6_xj<rw6_xj> + Gw - Yw +Dw +Sw
(7)

Where, G, represents the generation of turbulence specific dissipation rate, I}, and I, represent
the effective diffusivity of k and w, respectively, Y, and Y, represent the dissipation of k and w due
to turbulence, D, represents the cross-diffusion term, S, and S, are any other-defined source
terms.

2.1.3 Reynolds Stress Model (RSM)

Founded by Launder et al. [25], Reynolds stress model does not follow Boussinesq hypothesis
and takes account for anisotropic turbulence by solving Reynolds stresses using a developed
transport equation for each of them along with a transport equation for the dissipation rate. That
means additional five transport equations to be solved for 2D problems and seven equations for 3D
problems which makes the model computationally more expensive than the two-equation models.
However, it usually gives more accurate predictions when it comes to problems involving swirling
flows, flow rotations or rapid changes in strain rate.

2.2 Computational Domain
Two domains have been investigated in the present study. The first one is a complete 3D

domain shown in Fig. (1) which will be used to validate the 2D axisymmetric assumption, and the
another one shown in Fig. (2) is the 2D section for the upper half of the combustor which will be
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used in all the subsequent computations. The experimental findings of Hsu et al. [4] will be used for
validation of our numerical scheme results and assessment of turbulent models.

Computational
Fluid Domain \
v
Center Body /

Combustor —\

Wall Boundary

Fore Body

y After Body
Z/I\‘ ;i

Fig. 1. 3D schematic of the computational domain used in present work

’ 272400

6915

‘/I\ 2D AXISYMMETRIC 3D

NUMBER OF CELLS (1TMM SPATIAL STEP)

Fig. 2. 3D and 2D Computational grids used in present work

2.3 Numerical Set-Up and Boundary Conditions

In this study, simulations were performed using the ANSYS Fluent 12.1 CFD software. The
prescribed compressible form of governing equations has been solved by means of steady state
solver using a pressure based finite volume methodology. PRESTO was used to solve the pressure
correction equation while ideal gas law has been used for density. A second order upwind scheme
was used for the momentum, turbulence kinetic energy, turbulence dissipation rate, and the
energy equations. Convergence criteria were set to four orders of magnitude reduction for
continuity equation and fifth order of magnitude for all other equations. All simulations have been
run on a desktop computer with an Intel core 17 CPU (3.2 GHz, 16 GB RAM).
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2.3.1 Boundary conditions

Table 1 shows the operational cases included in the present work. Mass flow inlet was applied
at the inlet boundary, while pressure outlet was set at the exit. To determine mass flow inlet at
various cases included in table (1), preliminary numerical computations have been conducted using
the experimental data of pressure drop across the combustor in [4] at various annular air velocities
studied. Computed mass flow rates at various Reynolds numbers studies are shown in table (2).
Adiabatic and no-slip boundary conditions have been used for all combustor walls.

Table 1
Cases under investigation in present work
Annular Velocity Annulus Reynolds
Ds (mm) Dast (mm) H/D¢ (m/s) Number
70 50.8 0.2,0.6,1,1.4,1.8 42 27687
70 50.8 0.2,0.6,1,1.4,1.8 28 18458
70 50.8 0.2,06,1,1.4,1.8 14 9229

Mass flow inlet was applied at the inlet boundary, while pressure outlet was set at the exit. To
determine mass flow inlet at various cases included in table (1), preliminary numerical
computations have been conducted using the experimental data of pressure drop across the
combustor in Hsu et al., [4] at various annular air velocities studied. Computed mass flow rates at
various Reynolds numbers studies are shown in table (2). Adiabatic and no-slip boundary conditions
have been used for all combustor walls.

Table 2
Mass flow inlet at various Reynolds numbers studied
Annular Velocity (m/s) Annulus Reynolds Number Computed Mass Flow Inlet (g/s)
42 27687 47.6
28 18458 33.6
14 9229 17.1

3. Results and Discussion

In this section, both validation of numerical assumptions and grid independent study will be
first demonstrated. Then, pressure drop predictions will be made at various cavity length and main
stream Reynolds number. Different turbulent models performance will be assessed as well against
experimental data. Finally, the effect of both cavity length and main stream Reynolds number on
flow structure and strain rate will be investigated.
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3.1 Validation of 2D Axisymmetric Assumption against 3D Complete Domain

The two dimensional axisymmetric assumption of the combustor was investigated against the
3D complete solution using a case of 59 g/s inlet mass flow rate and a grid resolution of 6900 cells
for the 2D section and 272400 cells for the 3D section. Fig. (2) shows the 2D and 3D sections and
the grid used. The main target of this study is to get confidence about the ability of the 2D domain
to capture the same physics of the flow as the complete domain. Fig. (3) shows the locations at
which comparisons were made.

v-375mn S
v-20nn_ [

Fig. 3. Locations of velocity and pressure distributions for 2D-3D comparisons

Figure (4 a-f) demonstrates comparisons of both axial velocity and pressure distributions along
the locations mentioned above for both cases; 2D axisymmetric and 3D domains. From Fig. (4a-f) it
can be concluded that there is a perfect agreement between axial velocity and pressure
computations using 2D axisymmetric geometry and 3D complete domain at all locations studied
which suggests the validity to use the 2D axisymmetric domain in the following computations with
confidence.
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3.2 Grid Independent Study

Before going through pressure drop and flow physics predictions, three grid resolutions were
tested to determine a grid independent solution. Fig. (5) demonstrates the three grids under
investigation against the grid spacing in each case. It's noteworthy to mention that wall refinement
has been applied at all near wall regions.

The first case in table (1) (Re=27687) was used in the grid independent computations as it is the
highest Reynolds number investigated in the present study. A Cavity length to forebody diameter
ratio (H/Df) of 0.6 cavity was chosen. Realizable K-epsilon model was used in all computations. Fig.
(6a-c) demonstrates the results of the grid independent computations. From these figures it is
noted that both grids 30000 and 100000 lead to similar solutions although they are order of
magnitude apart. The coarse grid (8800 cells) has slightly under predicted the axial velocity values
at annular inlet at some locations, see Fig. (6-a). It has also over predicted the static pressure at the
inlet of the combustor as seen in Fig. (6-c). For these reasons, it seems possible to use the medium
grid (30000 cells) in all the following computations.

m Number of Cells

1 MM SPATIAL STEP 0.5 MM SPATIAL STEP 0.25 MM SPATIAL STEP
Fig. 5. Grid resolutions used vs. grid spacing
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Fig. 6. Velocity and pressure distributions at different grids and combustor locations

3.3 Pressure Drop Predictions and Turbulence Models Assessment

Pressure drop across the combustor has been estimated at different Reynolds numbers and
cavity sizes. Three turbulent models; RKE, SST-KW, and RSM, have been used in the present
computations to assess their performance in terms of their ability to predict the pressure drop
correctly. Fig. (7 a-f) demonstrates these numerical computations. Experimental data from [4] have
been used for comparison and validation.
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It can be noted from Fig. (7-a, 7-c, 7-e) that minimum pressure drop occurs at certain cavity
length regardless the main stream conditions (Reynolds number). This cavity length corresponds to
H/Df ratio of 0.6 which is consistent with the experimental data of Hsu et al. [4] and also the results
of Little and Whipkey [3]. For cavity sizes smaller or larger, pressure drop starts to increase. It is also
noted from the mentioned figures that variation of pressure drop with cavity length becomes more
noticeable as main stream Reynolds number increases which is also consistent with the results of
Hsu et al. [4] . It is noteworthy to mention that the highest pressure drop encountered through the
present cases is 1.1 % which is considerably lower than values encountered in the state of the art
lean premixed combustors. This offers a great potential to use trapped vortex in gas turbine
combustion application.

Figs. (7-b, 7-d, 7-f) show the percentage of prediction error for each of the turbulence models
used for various cases compared with the experimental findings. It can be noted that the Reynolds
stress model has the most accurate predictions over the other two models. It has the least
prediction error percentage against experimental data with maximum value of 12.1% for all cases
studied compared with 23.9 % demonstrated by the SST-KW which was the least accurate model.
This is expected as it accounts for the turbulence anisotropy which is apparent in this type of
problems that involve both rotating flow and high strain rates. However, all turbulent models were
able to capture the pressure drop variation with cavity size in a correct qualitative manner. It is also
noteworthy to say that SST-KW sometimes gives better results compared with RKE [26, 27].

3.4 The Effect of Re and Cavity Width on Flow Structure

Numerical computations using the RSM model have been conducted to investigate the effect of
both cavity size and main stream Reynolds number on the flow structure of the trapped vortex
combustor. Fig.8 (a-f) shows the steady state flow structure at different Reynolds numbers for a
cavity size of H/D=0.2. Three Reynolds numbers have been investigated; 27687 (Fig. 8(a, b)), 18458
(Fig. 8(c, d)), and 9229 (Fig. 8(d, e)) which correspond to annular air velocity of 42, 28, and 14 m/s
respectively. Velocity vectors and stream lines represented demonstrate multiple vortex structures
inside the small cavity as shown in Fig. (8-a, b). This multiple vortex structure contain 3 vortices;
two upper vortices and a corner one. The two upper vortices appear to rotate in opposite directions
relative to each other; clockwise for the upper one and counterclockwise for the lower one, which
agrees well with Katta and Roquemore [17] direct numerical solutions for this cavity size. This
supports the confidence about the ability of RSM model to correctly capture the flow physics for
cavity flows. On the other side, a single large vortex was noted behind the afterbody. The increased
pressure drop at this cavity size is apparently because of this multiple vortex structure inside the
cavity.

Comparing Fig. 8(a, b) with 8(c, d) and 8(e, f), similar flow structure was noticed regardless the
Reynolds number. As a result, Reynolds number is noticed to have apparently no effect on the flow
structure for the same cavity size. Also, it can be noted from Figs. (8-b, d, f) that turbulent kinetic
energy is very low which is apparently due to the dominant wall effect despite the multiple vortical
structures noticed inside the cavity.

Flow structure at cavity size of H/Ds=0.6 is shown in Fig. 9(a-f). The flow was noticed to be
divided into two large single vortices; one inside the cavity and another behind the afterbody. Both
vortices rotate in clockwise direction following the flow main stream. Again the results are
consistent with the direct numerical solutions of Katta and Roquemore [17]. These stable vortices
are apparently the reason of the minimum pressure drop at this cavity size. Similar to the previous
geometry, Reynolds number is noticed to have no apparent effect on the flow structure. However,
turbulence levels increased 10 times as noticed in Figs. (9-b), (9-d), and (9-f).

12
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Similar results were achieved at cavity size of H/Ds=1 as seen from Fig. 10(a-f). However, the
cavity vortex center appears to move downstream the combustor following the motion of the
afterbody. Also, turbulence levels increased inside the cavity as noticed from Figs. (10-b), (10-d),
and (10-f). This could result in better mixing characteristics and enhanced combustion stability if a
trapped vortex combustor cavity was selected in this range (0.6 to 1).

For larger cavity sizes; H/Ds > 1, multiple vortex structure appear to exist behind the afterbody.
This multiple vortex structure behind the afterbody can provide a possible explanation for the
increased pressure drop with cavity size. Fig. 11(a-f) and 12(a-f) demonstrates the flow structure for
cavity sizes H/Ds > 1.4, and H/D; > 1.8 respectively. Similar to previous smaller sizes, Reynolds
number has no apparent effect on flow structure except the increased turbulence levels. This could
be an advantage considering combustion as it implies that the flow field, hence the linked
combustion characteristics, are completely isolated from upstream conditions.

3.5 The Effect of Re and Cavity Width on Cavity Recirculation Zone

Fig. 13 to 17 show the axial velocity distribution along the cavity centerline for different cavity
sizes and Reynolds numbers. Increasing inlet flow Re by 300 % from 9229 to 27687, hence it can be
considered as one order of magnitude increase, leads to 3 times increase in the recirculation zone
strength. It can also be noted that the cavity recirculation zone strength increases with the increase
of cavity length while the vortex is squeezed more toward the center body. Finally, increasing cavity
size leads to an increase in the cavity recirculation zone strength for the same main stream
Reynolds number, hence it has the same effect as increasing Reynolds number for the same cavity
size.
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Fig. 17. Axial Velocity Distribution across vortex centreline — H/D; = 1.8

4, Conclusion

Extensive numerical computations were conducted to: 1) Assess the ability of different RANS
turbulence models to predict the flow physics of trapped vortices correctly, and 2) Study the effect
of both main stream Reynolds number and cavity length on the cavity flow structure. This study
was conducted to provide a ground base for future combustion analysis due to the high
demonstrated potential of trapped vortex combustors in terms of low pressure drop and wide
stability range. It was found that RSM turbulence model can correctly predict the flow structure
inside the cavity for the whole range of cavity length and Reynolds numbers studied. Regarding
pressure drop predictions, RSM was found to have the least prediction error percentage against
experimental data with maximum value of 12.1% for all cases studied compared with 23.9 %
demonstrated by the SST-KW which was the least accurate model. Increasing inlet flow Re by order
of magnitude had no apparent effect on the main flow structure for the same cavity size. However,
the 300 % Re increase from 9229 to 27687 has led to 10 times increase in turbulence levels and 3
times increase in recirculation zone strength which is good for mixing and flame stability, regarding
combustion. Finally, multiple vortex structures, either behind the forebody for smaller cavity sizes
of H/Ds< 0.6 or behind the afterbody for larger cavity sizes H/Ds > 1, were noticed to be the main
reason behind increased pressure drop from 0.8 to 1.1%.
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