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Abstract

Detached Eddy Simulations are performed for
unsteady three-dimensional supersonic turbulent flow
over an open L/D = 5 cavity at free-stream Mach
number of 1.19. Numerical results are obtained from
the explicit solution and Shear-Stress-Transport
based simulations using the 3rd order Roe scheme.
Computational results are presented for the unsteady
vortex and shock structures. The acoustic response of
the cavity is presented in the form of pressure
fluctuations and sound pressure level spectra. The
computational results are compared to existing
experimental data and to results obtained from two-
dimensional Reynolds Averaged Navier Stokes with
algebraic turbulence model.

Introduction

Numerical investigations of flow over open cavities
based on time dependent Reynolds Averaged Navier-
Stokes (URANS) simulations have failed in general
to capture the flow unsteadiness1,2,3, and in some
cases the solution even became steady4. This was
attributed to excessive turbulent dissipation in the
used turbulence models. Most of these models were
developed for steady flows and much less
complicated environment.  In particular, URANS
simulations did not capture the acoustic turbulence
coupling effects, which are important in open
cavities.

Direct Numerical Simulations (DNS) offer a mean
for resolving the range of length scales in turbulent
flow without recourse to conventional turbulence
models. However, its computational resources
requirement has limited it’s application to low
Reynolds numbers and laminar or transitional
boundary layer5,6 in 2-D cavities. Colonius et al.5,
used a sixth order compact difference scheme to
study subsonic flow over two-dimensional cavities.
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The study demonstrated the change from the shear
layer mode to the wake mode as the Mach number
and cavity length to depth ratio increased. Hamed et
al.6 used a sixth-order compact scheme in conjunction
with tenth order implicit filter and Beam-Warming
implicit time integration to study unsteady flow over
two-dimensional cavity. They predicted a dramatic
increase in pressure fluctuations amplitude and sound
pressure level at supersonic conditions. The
computational resources requirement restricted both
studies to low Reynolds number.

Large Eddy Simulations (LES) model the small-scale
isotropic turbulence below the smallest grid size
while simulating the larger length scales. Rizzetta et
al.7 simulated a supersonic L/D = 5 cavity flow field
using LES at a Reynolds number of 0.12_106/ft. They
used a fourth order spatially compact scheme with
tenth order compact filters, and an implicit second
order time-accurate method for temporal
advancement. The predicted SPL spectra were
compared with experimental results8, obtained at a
Reynolds number of 1.86_106/ft. The computation,
which involved 21x106 grid points, was performed in
a parallel computing platform of IBM SP3 with 254
processors.

Sinha et al.4 performed VLES (Very Large Eddy
Simulations), but only for a 2-D cavity flow field,
and compared the solutions with URANS predictions
using the Baldwin-Lomax turbulence model. The
VLES results for SPL spectra at the cavity floor
exhibited broadband turbulence that was absent in the
URANS results, which only exhibited the principal
acoustic tones and the higher harmonics. Sinha et al.9

subsequently applied a hybrid RANS-LES method to
cavity flow fields simulations. Their methodology
was based on a combination of one-equation LES
model and k-_ RANS model such that RANS
solutions are recovered in coarse mesh and LES type
solutions in finer mesh regions4,9.

The inception of Detached eddy Simulations (DES)10

was motivated by the need to extend the LES
capabilities of resolving turbulence in the shear layers
and separated flow regions to flows at realistic
Reynolds numbers. This was achieved using a single
turbulence model, to function as a sub-grid scale
model in the LES regions and as one equation11
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turbulence model in attached boundary layers RANS
solutions. DES has since been applied to a variety of
problems such as flow over an airfoil12, subsonic
flow over cavity13, cylinder14, surface mounted
cube15, and more recently for the flow over F-15E16.
In all these simulations the Spalart-Allamaras11 (S-A)
one equation model was used as originally proposed
by Spalart et al.10. Subsequently, Bush et al.17

implemented SST18 based DES model through the
introduction of an equivalent length scale, that
depends on the grid size and /or distance from wall.
They conducted SST based DES for flow over
backward facing step, flow over airfoil, and lifting jet
flows. The DES simulations yielded finer flow
structures compared to URANS on the same grid.
Strelets19 discussed many of the issues involved in
DES simulations and presented computational results
that demonstrated remarkable improvements in the
predictions of the pre and post stall average lift and
drag coefficients.

The goal of the present work is to assess the
capability of DES in predicting cavity flow fields that
involves not only unsteadiness but also complex
interactions between acoustics, turbulence and shock
waves. The computations were performed using the
WIND20 code with SST based DES model. The study
was conducted at the same flow conditions as that of
Rizzetta’s LES investigation7, but, with a resolution
equivalent to a RANS grid. The present computations
involved 0.8x106 grid points compared to the 21x106

grid points used by Rizzetta et al7 at the same
Reynolds number of 0.12x106/ft. Computational
results for the Mach number and vorticity contours
are presented to show the unsteady 3-D flow
characteristics including shock waves and their
interaction with boundary and shear layers. The
computed SPL and turbulent kinetic energy spectra
are also presented and the SPL variation along the
cavity floor mid-span is compared to existing
experimental data.

Methodology

Unsteady compressible viscous flow solutions for the
Navier-Stokes equations in conservation law form
were obtained using the WIND code20. WIND solves
the time-dependent, RANS equations for turbulent,
compressible flows using a cell-vertex, finite-volume,
time-marching approach on structured grids. A
variety of spatial discretization schemes, as well as,
algebraic, one-equation, and two-equation turbulence
models are available in WIND. In addition, two DES
formulations, based on the Spalart-Allmaras and
Menter SST models, have been incorporated in the

code. In the present investigation, the simulations
were conducted using the SST based DES model.

The solution domain for the L/D = 5 cavity is shown
schematically in figure 1. It allowed the turbulent
boundary layer to develop on the flat plate, which
extended 3D upstream of the cavity’s forward
bulkhead. Free stream conditions were set for the
supersonic inflow and first order extrapolation was
applied at the upper boundary, which was at 3D
above the cavity opening. First order extrapolation
was also applied at the downstream boundary, 3D
behind the rear bulkhead. The cavity width, W, was
equal to 0.5D and periodic boundary conditions were
applied in the span-wise direction.

The discretization of the solution domain was based
on a RANS type grid with 205 _94 _ 40 grid points in
the stream-wise, normal and span-wise directions.
The grid was packed near the walls, with a minimum
grid spacing of 1_10-3D, to maintain y+ < 3 for the
first grid point and 15 grid points within the 0.1D
boundary layer thickness at the upstream cavity lip.
The aspect ratio in the grid varied between 1 and 5 in
all three directions.

The solution domain was decomposed into three non-
overlapping zones upstream, across and downstream
of the cavity. The third order upwind-biased Roe
scheme was used for spatial discretization with TVD
operator to suppress the numerical instabilities in the
shear layer and near the shock waves. Though the
fifth order Roe scheme was available in the WIND
code it was not used because the corresponding
default zone coupling procedure was not available.
The parallel computations for the three zones were
performed using three clustered Linux machines.

Explicit time marching scheme with Newton like
sub-iterations was used for temporal advancement.
The DES simulations were initiated in the unsteady
mode and continued over 200,000 constant time-steps
of 4.2345 _10-7 seconds. It took 100,000 time steps to
purge out the transient flow and establish resonance
and the remaining 100,000 time steps to compute 20
cycles.

Results and Discussions

The DES simulations were performed for Mach 1.19
flow over an L/D =5 cavity at a Reynolds number of
2 _ 105 based on the cavity length. Figure 2 presents
sample Mach number contours at the cavity mid-
span. The figures show that an oblique shock is
formed upstream of the cavity with a subsequent
increase in the incoming boundary layer thickness
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due to shock interactions. The unsteadiness of the
flow field can be deduced from the change in the
Mach number contours with time.

Figures 3 and 4 show the corresponding mid span
vorticity components in the span-wise and axial
directions respectively. The roll up of the vortex and
the impingement of the shear layer at the rear
bulkhead can be seen in figure 3. The figures also
indicate the formation of eddies that are smaller than
the shed vortex within the cavity. The three-
dimensionality of the flow field solution can be
deduced from the contours of the axial component of
vorticity in figure 4. Contours of the normal vorticity
component on the cavity floor and the plane
downstream of the cavity rear bulkhead, which are
presented in figure 5, demonstrate the evolution of
the three-dimensional flow within the cavity.

Figure 6 and 7 present the pressure fluctuations and
the sound pressure level (SPL) spectra near the cavity
front and rear bulkhead. The SPL spectra were
calculated from the pressure fluctuations using 8192
sample points One can see that, in general, the
pressure fluctuations are chaotic and the amplitude as
well as the SPL is higher at the rear bulkhead. Figure
7 indicates that the SPL spectra have a broadband
content with a wide range of frequency scales.

Figure 8 shows three instantaneous turbulent kinetic
energy (TKE) profiles at mid-span near the cavity’s
front and rear bulkhead. One can see that the profiles
exhibit significant kinetic energy content across the
shear layer, and within the cavity beyond the front
bulkhead. Figure 9 shows sample TKE spectra in the
shear layer near the cavity’s front and rear bulkhead.
The spectra show a broad band content over a wide
range of frequency.

URANS simulations were conducted using the same
discretization grid and 3rd order upwind Roe scheme
as in the DES simulations. WIND RANS simulations
based on two and one equation turbulence models
(SST and S-A) became steady for both 3D and 2D
configurations. However, the WIND URANS
simulations using the Baldwin-Lomax turbulence
model resulted in unsteady flow solution (Table 1).
Additional 2-D URANS simulations were performed
using FDL2DI21, the AFRL code developed by
Gaitonde et al.21, which also resulted in unsteady
flow solution. The 3rd order Roe-scheme and
Baldwin-Lomax turbulence model along with the
Beam-Warming implicit time integration were used
in the FDL2DI URANS simulations. That enabled a
larger time step of 6×10-6 seconds compared to
4.2345 _10-7 seconds for the WIND code. Figure 10

presents the computed time history of the pressure
fluctuations and the sound pressure level (SPL)
spectra near the cavity front and rear bulkheads from
the FDL2DI simulations, calculated using 65536
sample points. Comparing figures 6 and 10 one can
observe that unlike the DES results, the URANS
predicted pressure fluctuations are not chaotic and
SPL spectra have tonal frequencies and little or no
broadband content.

Figure 11 compares the computed overall SPL
(OASPL) along the cavity floor to the experimental
result of DERA22 for L/D = 5.0 cavity at M=0.85 and
Reynolds number of 4.07x106/ft. Proper scaling was
applied to the computed 3-D DES SPL which was
based on fewer sample points than the 2D URANS
SPL results. One can see that the experimental SPL
mean value is 160 dB and that the SPL near the rear
endwall is 15dB higher than the front endwall. The
figure shows that both 3D SST based DES and 2D
URANS predict the general rise in SPL towards the
rear end wall, but are higher than the experimental
value of the SPL by 5dB. However, the detailed SPL
variation along the cavity floor is better predicted by
DES.

Conclusions

Detached Eddy Simulations (DES) were performed
for unsteady three-dimensional supersonic flow over
an open L/D = 5 cavity at free-stream Mach number
of 1.19. The presented results reveal the basic flow
features, including the vortex shedding, shock waves,
and coupling of the acoustic and vorticity fields. The
presented vorticity contours demonstrate the three-
dimensional flow characteristics. The computed SPL
spectra had broad band content over a wide range of
frequencies even though the SST based DES
simulations did not predict a fully turbulent boundary
layer at the simulated Reynolds number of
0.12×106/ft. The calculated SPL distribution over the
cavity floor closely followed the experimentally
measured variation. The computations over estimated
the SPL by only 3-5 dB over most of the cavity floor
including near the rear endwall. The study
demonstrates that DES formulation is an effective
method for performing unsteady simulations for
cavity flow-fields at resources, which are moderately
higher than those required for 3-D URANS
simulations.
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Table 1: Summary of conducted numerical simulations

Simulation Turbulence
model

Code Grid Summary

3-D DES
SST based DES WIND 205 _ 94 × 40 Broad band content

over a wide range of
frequency

2-D & 3-D URANS SST WIND 205 _ 94 _ 40 Solution became
steady

2-D URANS SST WIND 205 x 94 Solution became
steady

2-D URANS Baldwin-Lomax WIND 205 x 94 Unsteady flow with
tonal frequencies

2-D URANS Baldwin-Lomax FDL2DI 205 x 94 Unsteady flow with
tonal frequencies

Figure 1  Schematic representation of the cavity configuration

             T=T1                                                                                                  T=T2

Figure 2 Mach number contours at the cavity mid-span
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                                 T=T1                                                                                       T=T2

Figure 3 Span-wise vorticity component (ωz) at cavity mid-span

T=T1                                                                                                 T=T2

Figure 4 Axial  vorticity component (ωx ) at cavity mid-span

                                 T=T1                                                                               T=T2

Figure 5 Normal vorticity component (ωy) over cavity floor and downstream plane
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Near Front bulkhead                                                                                    Near rear bulkhead

Figure 6 Pressure fluctuation history from 3-D DES

Near Front bulkhead                                                                  Near rear bulkhead

Figure 7 Sound pressure level spectra from 3-D DES (8192 sample points)
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Figure 8 Kinetic energy profiles in the cavity shear layer

  Near front bulkhead                                                                                       Near rear bulkhead

                   Figure 9 Turbulent kinetic energy spectra in the cavity shear layer
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Near front bulkhead                                                                                       Near rear bulkhead

Figure 10(a) Pressure fluctuation history from FDL2DI

Near front bulkhead                                                                                       Near rear bulkhead

Figure 10 (b) Sound pressure level spectra from FDL2DI (65536 sample points)
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Figure 11 Variation of SPL along the cavity floor


