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Detached-eddy simulations for the M219 experimental cavity geometry and the 1303 uninhabited combat air

vehicle cavity geometry are presented. First, results from three computations are presented with the aim of studying

the effect of imposing synthetic velocity fluctuations at the inflow boundary. Bothmethods employed (synthetic-eddy

method and fluctuations from a precursor large-eddy simulation) increased the high-frequency content in the

boundary layer upstream of the cavity. Averaged profiles showed little change in the streamwise velocity; however,

the profiles of normal velocity were noticeably different. The influence of the upstream boundary layer on the cavity

flowfieldmeans that the full aircraft geometry needed to bemodeled. Consequently, advancedmultiblock topologies

had to be used to properly represent the planform of the uninhabited combat air vehicle and all the details of the

cavity, including doors and hinges, while sliding meshes were needed to insert the store into the uninhabited combat

air vehicle configuration. Results with an empty cavity were encouraging for such complex configurations.

Visualizations using the Q criteria revealed the added turbulent content due to the door leading edges and the door

hinges. The addition of a store in between the doors had little effect close to the front wall. However, averaged

flowfields showed that the proximity of the shear layer to the apex of the store deflected it downward into the cavity

and restricted its growth. Outside the cavity, shedding was observed from the sting and force balance.

I. Introduction

C AVITY flows are encountered in many aerospace applications,
the most common being the flow over a weapons bay, and have

recently received attention from the computational fluid dynamic
(CFD) community due to the challenges they pose for turbulence
models. Recent computational works have used large-eddy simul-
ation (LES) [1–3] and detached-eddy simulation (DES) [3–5] to
study the viability of using these techniques for the problem. A
summary can be found in Lawson and Barakos [5].

For idealized geometries, reasonable agreement with wind-tunnel
data is obtained. The acoustical signature in the cavity is composed of
two parts: broadband noise and narrowband tones. The broadband is
low-energy noise contributed by the freestream, the shear layer, and
turbulence. The tones, called Rossiter modes [6], can vary in
magnitude and are caused by specific interactions in the flow. Many
numerical computations overpredict the overall sound-pressure level
(OASPL) along the cavity floor by 3–5 dB, which is usually attrib-
uted to an overprediction of the amplitude of the Rossiter modes [5].

For many applications, inflow turbulence can influence the results
of unsteady simulations [7]. LES and DNS computations sometimes
use turbulent inflow conditions that are synthetically generated,
especially those that includewall boundaries. This reduces the cost of
a simulation as a shorter inflow domain can be used. Several methods
exist for generating a turbulent inflow, including adding random
white noise, inverse Fourier methods [8], precursor or parallel
simulations [9], the recycling method [10,11], and synthetic-eddy
methods [12–15].

Many computational results given in the literature do not use any
of the methods above for the inflow condition. Therefore, there may

be differences between the computational simulations and
experimental tests in how the instantaneous structures in upstream
boundary layer seed the shear layer. LES results from Gloerfelt et al.
[16] on a cavity with a length L to depth D ratio of 2 at Mach 0.8
found the sound-pressure spectrum levels (SPLs) for a laminar
upstream boundary layer to be 3 dB higher than a turbulent one.
Chang et al. [17] implemented realistic turbulent inflow conditions
on the same cavity and concluded that the upstream velocity
fluctuations increased the range of turbulent eddies present in the
cavity. Sagaut et al. [7] applied inflow fluctuations to a deep cavity
(L=D ratio of 0.42) and showed that at small distances upstream of
the cavity, the streamwise (u) and normal (v) components of the
velocitywere unaffected by the addition of inflowfluctuations. It was
concluded this was due to the strong two-dimensional pressure
waves traveling upstream from the cavity. Therefore, the inflow
condition had little influence on the mean flowfield and the only
effect was to make the boundary layer more three-dimensional.

The CFD analysis of the full aircraft geometries with weapons bay
exposed and possibly with stores inside presents a formidable task in
terms of mesh generation and computation. For this reason, the study
of the isolated cavity would be desirable, but only if the obtained
results were similar to the real configuration. However, the con-
flicting views within the literature on the influence of the flow
upstreammeans that to simulate theflow inside theweapons bayof an
uninhabited combat air vehicle (UCAV), the full geometry may be
needed to gain a realistic solution. Published works on UCAVs and
their performance are relatively rare. Wong et al. [18] presented
results from The Technical Cooperation Program studying a design
designated 1303 UCAV, which resulted in experimental and
numerical data. These results showed that the Reynolds-averaged
Navier–Stokes equations (coupled with various turbulence closures)
gave a reasonable overall prediction for the external flow at modest
anglesof attack. In a separate study,whenaweaponsbaywasadded to
theUCAV[19–21], a small overprediction in theOASPLwas seen all
along the cavity floor compared to experiments by Hill and Lawson
[22] and had amaximumof 3 dB at around themidpoint of the cavity.

In view of the above, this paper attempts to obtain a set of
numerical results for the cavity flows with the aim of obtaining more
favorable comparisons to experimental data. First, results are pre-
sented for an ideal cavity geometry with and without turbulent
forcing at the domain inlet to determine the extent of the influence of
the boundary-layer structure. Then results of computations of a
realistic UCAV geometry are presented. It is the view of the authors
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that this is the first time that such calculations have been performed
and compared against experimental data.

II. Numerical Methods

A. CFD Flow Solver

The parallel multiblock flow solver of Liverpool has been
successfully applied to a variety of problems, including cavity flows,
hypersonic film cooling, spiked bodies, flutter, and delta wing flows,
among others [23]. The governing equations are the unsteady three-
dimensional compressible Navier–Stokes equations, written in
dimensionless form as
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whereQ contains the unsteady terms andF,G andH are spatial flux
vectors and have been split into their inviscid (inv) and viscous (vis)
parts. The source vector is denoted by S.

The code solves the governing equations on multiblock structured
grids using a cell-centered finite volume method. The convective
terms are discretised using either the Osher–Chakravarthy [24] or
Roe [25] approximate Riemann solvers. MUSCL interpolation [26]
is used to provide formally third-order accuracy and the van Albada
limiter is used to avoid spurious oscillations across shocks. The time-
marching of the solution is based on the implicit dual-time-stepping
method of Jameson [27]. The final algebraic system of equations is
solved using the generalized conjugate residual method [28], in
conjunction with block incomplete lower–upper factorization. A
number of turbulence models, including one- and two-equation
statistical models as well as LES and DES formulations, have been
implemented into the code.More details of the employedCFD solver
and turbulence models are given in Nayyar et al. [3].

B. Postprocessing Methods

The power spectral density (PSD), OASPL, and band-integrated
sound-pressure level (BISPL) provide a means of comparing the
numerical results to the experimental unsteady pressure data along
the cavity floor. The PSD is used to study the frequency content of a
signal at a given location and is based upon the unsteady pressure p0,
wherep0 � p � �p. The PSDwas calculated using the Burg estimator
[29] (also known asmaximum-entropymethod), as it produces better
resolved peaks for short signals than traditional fast Fourier
transforms [2]. For a description of the PSD in terms of decibels, the
natural definition is that of the sound-pressure spectrum level [30]:

SPL �f� � 10LOG10

�
PSD�f��fref

p2
ref

�
(2)

where�fref is a reference frequency, usually set to 1 Hz, and pref is
the international standard for theminimum audible sound, which has
the value of 2 � 10�5 Pa [30].

The variation in pressure levels along the cavity floor was studied
using the rms of the unsteady pressure, p0rms, and can be obtained
from the measurements using the following equation:
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Although p0rms is measured in pascals (or any other unit of pressure),
it is customary in cavity flow studies to report it as the OASPL [30]:
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which has the units of decibels. BISPL plots show the energy content
within a particular frequency range and is calculated using the
following equation:
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where f1 and f2 are the lower and upper limits of the desired fre-
quency range. Although the magnitude of the BISPL aids in identi-
fying which frequencies are significant, the shape of each banded
mode is also important as it represents how each frequency band
varies along the cavity length. For cavity flow studies, the BISPL
plots are usually centered around the first four Rossiter modes [6].

Comparisons of numerical data to experimental data for an
unsteady flow is not a simple one. In particular for cavity flows, a
mode switching phenomenon occurs [4]. Therefore, in processing
the experimental data, it is split into segments equalling the length of
the numerical signal, with each segment having a 90% overlap. Each
segment is then processed using themethods given above and at each
location the maximum and minimum levels in the OASPL and
BISPL are recorded. These are represented on the plots by error bars.
The curve plotted in the PSD is the segment deemed to be the best fit
to the numerical data, where the metric used to define the best fit was
the OASPL. Note that the maximum or minimum limits may not be
from the same segments of data. Therefore, the segment used to plot
the PSD is also plotted in the OASPL and BISPL to give a reference
of how the shape varies along the length. This segment will therefore
not necessarily lie in the center of the error bars.

The tones in the PSD are usually termed Rossiter modes [6] and a
semi-empirical formula is available for the estimation of their
frequencies. Rossiter based the formula on experimental results over
a range ofMach numbers from 0.4 to 1.4 and onvarious cavity aspect
ratios. However, outside this range the accuracy of the predictions
decreases and so Heller et al. [31] modified the original formula to
compensate. The modified version is as follows:
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where fm is the frequency of modem,U1 andM1 is the freestream
velocity andMach number, respectively, andL is the cavity length. �
is the ratio of specific heats, � represents a phase shift and �� is a
constant dependant on the cavity geometry and test conditions. These
constants have the values 1.4, 0.25 and 0.57, respectively. The
formula is used here for comparisons with CFD results.

Experimental studies ofmixing layers found that close to the origin
there was a dependence on the speed ratio �, which is defined as
���U=2 �U, where�U is the difference invelocity between the two
fluids (for a cavity, � has the values of 1.0). However, after a distance
�x=�0m 
 400–500, the results followed a single linear growth rate
[32]. Values for the gradient (d�m=dx) range between 0.03 and 0.04
[2]. Studying data from difference speed ratios, Browand and Troutt
[32] found a value of 0:034�. Huang and Ho [33] found similar
values, even if the mixing layer was forced at a different frequency.
The LES computation from Larchevêque et al. [2] gave a value of
0.035. Here, as with other studies, the incompressible definition is
used and the influence of the recirculation region is neglected [2].
Therefore, the momentum thickness is defined as

�m�x; z� �
Z 1
y0�x;z�

u�x; y; z�
U1

�
1 � u�x; y; z�

U1

�
dy (7)

where y0�x; z� is the y location, and u�x; y; z� � 0.
Turbulent structures are inherently three-dimensional and so to

better identify themwithin the flow, theQ criteria is used. Hunt et al.
[34] proposed the Q criteria to identify vortex cores and reflects the
amount of strain and vortical motions in a vector field. Letru denote
the gradient of the velocity field. TheQ criteria is then defined as the
positive second invariant of the velocity gradient tensor:

Q � 1
2
�u2i;i � ui;juj;i� � �1

2
�ui;juj;i� � 1

2
�k�k2 � kSk2� (8)

where S and� are the symmetric and antisymmetric components of
ru. The strain tensor is defined as the symmetric part and the
antisymmetric part is closely related to the vorticity. Thus, the Q

1606 LAWSON AND BARAKOS



criteria represents the local balance between shear strain rate and
vorticity magnitude [35]. When Q> 0, vorticity dominates strain
and so identifies a vortex region.

III. Ideal Cavity Computations

The authors have carried out numerous computations on idealized
cavity flows with unsteady Reynolds-averaged Navier–Stokes
(URANS) and DES using the multiblock solver of Liverpool
[4,5,36–38] and are discussed in the following sections.

A. Results of Unforced Simulations

DES results for ideal cavities (Fig. 1) were compared with the
M219 cavity experimental data from Nightingale et al. [39], where it
was shown that the OASPLwas within 5 dB all along the cavity floor
for all cases presented [5]. The agreement was found to improvewith
mesh size and signal length. Figure 2 presents the results for the clean
cavity (i.e., no flow control devices attached) with bay doors using
the Spalart–Allmaras (S-A) DES model [40]. The PSD (Fig. 2a)
shows that the frequency and magnitude of the second tone were
predicted well, with the magnitude of the fourth mode being slightly
overpredicted. Also the level of the broadband noise was similar to
the experimental data.

The OASPL (Fig. 2b) includes points on the cavity floor
(y=L��0:2 where x=L > 0) and on the plate ahead of the cavity
(y=L� 0wherex=L < 0). It shows that themagnitudeof thepressure
fluctuations was generally overpredicted, although the over-
prediction was relatively constant along the whole length of the
cavity, as also seen inother studies [5]. The similarity of the numerical
and experimental curves suggests that the flow structures inside the
cavitywerewell predicted by theDESmodel. The averagedflowfield
shows a small recirculation region in the lower front corner; however,
toward the rear of the cavity, the primary vortex filled most of the
cavity volume. Further results for clean cavities and cavity with
passive flow control devices can be found in [4,5,36–38].

Although the OASPL data on the cavity floor shows good
agreement with experiments, PSD plots for locations ahead of the
cavity show that the numerical data does not have the correct

frequency content. Figure 3 shows the PSD for locations x=L�
�0:35 and x=L��0:2 ahead of the cavity (where x=L� 0
corresponds to the cavity leading edge) for the doors-on clean-cavity
configuration. Both plots showed a lack of content above a frequency
of 500 Hz. The plots also show an overpredicted second mode,
especially at x=L��0:35, where the mode in the experimental data
was only about 5 dB above the broadband level and had a magnitude
of approximately 115 dB. In the numerical data, the second mode
was about 30 dB above the broadband noise level and had a
magnitude of 130 dB. In summary, the boundary layer upstream of
the cavity did not contain the correct frequency content.

B. Inflow Forcing

For the unforced cavity computations, the flow variables at the
inflow boundary were set to freestream conditions and a nominal
amount of eddy viscosity was prescribed which corresponded to the
freestream levels of turbulence in the experimental tests. Also. in the
DES formulation, the boundary layer was resolved using URANS
and so contained no instantaneous turbulent structures. Therefore, it
was decided to impose some artificial fluctuations at the inflow to
energize the boundary layer. The precursor LES simulation and the
synthetic-eddy method (SEM) were chosen to assess the differences
the boundary structure has on the cavity dynamics.

1. Precursor LES Simulation

An LES simulation was performed for a channel flow at a Mach
number of 0.5 using a separate fourth-order finite difference code
developed to produce inflow fluctuations. To gain the LES data with
reasonable computational cost, the Reynolds number of the calcu-
lation was set to 20,000 based on half the height of the channel (H).
The computations used a regular mesh of approximately 185,000
cells, where the domain extended 1:3H, 1:0H, and 1:0H in the
streamwise, normal and spanwise directions, respectively. A no-slip
condition was imposed on the solid surface, while in the spanwise
direction periodic conditions were used. The upper surface in the
normal direction was given a symmetry condition. The flow through
the outflow boundary was recycled and used as inflow.

2 L 1.55 L L 1.05 L 2 L 2 L 2 L

No−Slip ConditionNo−Slip Condition

5 L

Farfield Condition Farfield ConditionFarfield Condition

Slip ConditionSlip ConditionSlip Condition

0.85 L

0.2 L

0.30 L0.35 L

0.2 L

Fig. 1 Geometry and boundary conditions for the M219 cavity computations.
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The code was run for 50,000 time steps, with slices taken at the
center of the domain (in the streamwise direction) for thefinal 10,000
steps. The mean (using 40,000 steps) was then extracted and the
fluctuations were interpolated (in both space and time) onto the
inflow domain of the cavity grid at each time step of the cavity
simulation. The data were stored in one file per block and read into
memory at the beginning of the cavity computation.

2. Synthetic-Eddy Inflow Method

The SEM used here was proposed by Jarrin et al. [13,14] and is
based on the classical view that turbulence is a superposition of
coherent structures. The velocity fluctuations are generated over the
inlet through turbulent spots. Each turbulent spot khas a location xj, a
length scale �j, and a sign "j. The contribution to the velocity field ui
from each spot is estimated by

uki �xj� � "ki f�j �xj � xkj� (9)

where f�j is a symmetric shape function that characterizes the decay
of the fluctuations generated by each turbulent spot. The employed
shape function was

f�j�r� �
������
3

2�

r �
1 �

���� r�j
����
�

(10)

The velocity fluctuations at point x is the sum of the contributions
from all the turbulent spots:

u0i�xj; t� �
����
1

N

r XN
k�1

"ki f�1�x1 � xk1�t��f�2�x2 � xk2�t��

� f�3�x3 � xk3�t�� (11)

The turbulent spots are randomly generated on ���x; �x	 �
���y; Ly � �y	 � ���z; Lz � �z	 and are convected through the inlet
plane with reference velocity U0 using Taylor’s frozen turbulence
hypothesis:

xk�t� dt� � xk�t� �U0dt (12)

When a turbulent spot reaches the end of the domain (xk > �x), it is
regenerated upstream at xk ���x. The position in the normal (y) and
spanwise (z) directions are randomly generated, along with the sign
"j. The method was added to the existing CFD solver as an addition
boundary condition and so performs the additional calculations at run
time.

C. Details of the Computations

To preserve the velocity fluctuations imposed at the inflow, the
mesh upstream needed DNS scale resolution and so would increase
the size of the mesh dramatically. Therefore, to conserve grid cells, a
mesh for a quasi-3-D (Q3D) geometry was designed. The domain of
the grid, based on the M219 cavity geometry [39], was reduced to a

slice of width 0:5D. The sides of the domain were given a symmetry
boundary condition. The first cell size in the normal direction (�y1)
was set to 10�4L. 40 cells with equal spacing were used in the
spanwise direction, which gave a maximum cell spacing of 2:5�
10�3L, or 25�y1. To match the spacing in the cavity, 540 cells were
used in the streamwise direction and 160 in the normal direction,
giving a total of 3.5 million cells inside the cavity.

The plate ahead of the cavity had a length of 1:55L, which needed
3120 cells in the streamwise direction to maintain a maximum
spacing of 5 � 10�4L (5�y1). In the normal direction, 40 cells were
used between the plate and 0:01L above the surface, where the cells
were stretched from 10�4L to 5 � 10�4L using a hyperbolic
distribution. This meant that the cells in the boundary layer remained
relatively orthogonal. Above the first layer of 40 cells, another 40
cells were used to the far field, which extended 3L above the
plate. 120 cells were used to describe the plate behind the cavity,
which had a length of 1:05L, which gave the cells a maximum
spacing of 0:025L. In total, the grid for the quasi-3-D cavity
contained 16.8 million cells.

Three computations were performed: one with no inflow (NI)
fluctuations, one with SEM imposed at the inflow boundary, and one
with the LES fluctuations applied at the inflow. The approach for the
computations with the inflow forcing is termed stimulated DES [41].
All the computations used the DES S-A model [40] and were
performed at Mach and Reynolds numbers of 0.85 and 1 � 106. A
dimensionless time step of 1 � 10�3 was used for all computations;
therefore, 1000 time steps correspond to the time it takes a particle to
travel the length of the cavity in the freestreamflow. The computation
without any inflow fluctuations was initially ran for 15,000 time
steps, which based on previous experience was adequate to create a
fully developed turbulentflowfield. This solutionwas then stored and
used as the starting point for all three computations. Once the inflow
boundary conditions were imposed, the computations were ran for a
further 10,000 time steps to allow the synthetic fluctuations to
influence the flowfield. Data were then recorded from time steps
25,000 to 35,000. Although the sampling time was relatively short
compared to the other cavity computations performed, it was long
enough to assess the methods employed. Probe data were sampled at
every time step, while flowfield data were stored every 100 time
steps, which equated to a sampling frequency of approximately
5500 Hz. Note that the imposed fluctuations did not affect the profile
of the boundary layer in the averaged flowfields.

D. Results of Forced Simulations

The pressure fluctuations at the inlet are shown in Fig. 4a and the
corresponding frequency spectrum is shown in Fig. 4b. The
computation with no inflow showed a slow oscillation in the pressure
trace, which gave a large tone at around 180 Hz and a smaller tone at
around 350Hz. However, the signal contained little content at higher
frequencies. With the inflow fluctuations applied, both the SEM and
LES computations exhibited high-frequency oscillations. Compared
to the NI computation, the tones occurred at slightly higher
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Fig. 3 PSD plots for the M219 clean cavity with doors-on comparing results from computations to the M219 experimental data from Nightingale et al.
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frequencies for the SEM computation and at slightly lower
frequencies for the LES.

Pressure spectra at distances of 0:35L and 0:2L ahead of the cavity
are shown in Fig. 5, which are the same positions shown in Fig. 3 for
the M219 clean-cavity computation. Along with the Q3D NI, SEM,
andLES results, the experimental data for theM219 clean cavitywith
doors is also shown. First, the Q3D cavity had different charac-
teristics to theM219 cavity. The low-frequency part of the signal had
a much higher magnitude and thus the first modewas larger than any
other mode. However, the magnitude of the high-frequency part of
the signal (above about 800 Hz) still falls off similar to the M219
cavity when compared to the experimental data (as shown in Fig. 3).
Second, the two inflow methods affected the signal in slightly
different ways. The LES inflow data added some content at fre-
quencies above 2 kHz, while having a relatively small effect on the
lower frequency range.At both locations, thefirstmode had a slightly
higher magnitude, while in the second plot the second mode shifted
to a lower frequency. The SEMhad amuch larger effect on the signal
than LES inflow data.Muchmore high-frequency content was added
at frequencies above 1 kHz and the modes also had slightly higher
magnitude.

The effect of reducing the width of the computational domain was
very evident in the spectra upstream of the cavity. It was shown in the
clean-cavity results that when the doors were attached, they
channelled the flow and so the pressure waves propagated upstream
had larger fluctuations than if the doors were not attached [4]. Here,
with the whole domain reduced to the cavity width, the pressure
waves traveling upstream modulate the pressure fluctuations as far
upstream as the inflow plane (Fig. 4b).

Figures 6 and 7 show the effect of the forced inflow on signals on
the cavity floor. PSD plots at the front and rear of the cavity revealed
that although the domain was reduced to the width of the cavity, the
spectral pattern for the NI case did not resemble the doors-on clean

cavity (where a single peak for the secondRossitermode dominated).
Instead, it resembled the multiple peak spectra of the doors-off case.

The addition of the inflow forcing increased the magnitude of the
firstmode at both locations, but also decreased the secondmode,with
the LES inflow having the larger influence. The effect along the
cavity floor can be seen in Fig. 7a, where the shape of the OASPL
changed from a W shape (which was actually similar to the M219
clean-cavity doors-on data, despite the existence of multiple peaks)
to a V shape. Surprisingly, the OASPLs for the two computations
with inflow forcing were almost identical, with the only difference
occurring close to the front of the cavity.

TheBISPL plots for the first threemodes are shown in Figs. 7b and
7d. These revealed the cause of the change in the OASPLwhen using
the inflow conditions, as the magnitude of the first mode was
increased almost all along the cavity floor, while the second mode
was decreased. The SEM computation also increased the third mode
at the front of the cavity, which was consistent with the earlier
observation that the SEM added more higher frequency content.
However, further down the cavity, this extra energywas dissipated by
the shear layer and so had similar levels to the other computations.

The reduction of the secondmode is encouraging and suggests that
the addition of velocity fluctuations at the inlet influences the flow
and reduces the amplitude of the highest-amplitude modes. The
increase of the first modewas overlooked here, since it appeared that
this mode was amplified greatly by the reduced computational
domain.

1. Instantaneous and Averaged Flowfields

The influence of the fluctuations on the creation of small scale
structures is shown in Fig. 8, which presents instantaneous
isosurfaces ofQ criteria for the computations. The levels ofQ shown
pick up the vortex cores inside the cavity, but are not low enough to
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been offset by adding 10 dB. The PSD is presented in terms of SPL.
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identify the structures in the upstream boundary layer. Comparing
the three computations, the flow was more three-dimensional with
the fluctuations added, which was especially evident close to the
front edge of the cavity in the SEM computation.

Comparing the current findings to those of other studies, Sagaut
et al. [7] concluded that the actual structure in the upstream boundary
layer was not important. This was a result of the main cavity
mechanism being two-dimensional and so the upstream pressure
fluctuations were dominated by the reflected pressure waves. This
can be seen in the PSD spectra of both the M219 cavity and the Q3D
cavity computations. Lin and Rockwell [42] found that values of the
cross Reynolds stress in the shear layer were much larger that the
values found in the turbulent boundary layer and so suggested a
dominance of the shear-layer dynamics. However, it was identified
that additional mechanisms may exist relating to a small scale
instability resulting from the hairpin vortices in the boundary layer.
The visualization of Q tends to agree that the structure does make a
difference. Not only can more structure be seen close to the leading
edge, but the size of the structures was also altered. The NI

computation exhibited quite large structures, especially toward the
rear, whereas the SEM and LES computations seemed to contain
much smaller structures.

Averaged profiles for the streamwise velocity, the normal velocity
and the turbulent kinetic energy are shown in Fig. 9. The profiles
showed that the streamwise component was little affected by the
inflow fluctuations, with only small differences in the profiles near
the cavity floor. Although there were noticeable differences in the
normal component in the aft half of the cavity, someof the differences
could be due to the relatively short averaging time (only 100
instantaneous flowfields were used). The profiles of turbulent kinetic
energy showed similar levels inside the cavity between the three
computations, although again the main differences occurred close to
the floor in the aft part of the cavity.

Contours of OASPL are shown in Fig. 10 for the three
computations. It was discussed previously that the PSD spectra for
the NI computation resembled the M219 doors-off cavity case,
whereas the OASPL along the floor resembled the doors-on case.
Here, the flowfield for the NI simulation again resembled the
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Fig. 6 PSD plots for the Q3D cavity comparing results from the NI, SEM, and LES computations: a) front and b) rear transducers on the cavity floor,

presented in terms of SPL.
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doors-off case. The shear layer and aft wall were surrounded by area
of high OASPL, while an area in the bottom front corner had lower
OASPL. The flowfields with inflow conditions were very similar,
where the small area of high OASPL at the front corner extended
down to the cavity floor and the noise propagated into the far field
was increased. The fluctuations in the SEM computation caused
higher OASPL upstream of the cavity and also behind the cavity in
the far field as observed in the velocity dilatation flowfields. For the
LES, therewas a reduction of OASPL in themiddle of the shear layer
and so high OASPL only occurred near the downstream wall. This
may suggest a different shear-layer structure.

2. Shear-Layer Analysis

The momentum thickness along the shear layer of the averaged
flowfield was calculated and presented in Fig. 11. Here, all three of
the computations had similar profiles along the length, with the main

section of the curve having a gradient of 0.031. Therefore, the
imposed fluctuations seemed to have little effect on the spread rate,
which agreeswith the conclusion ofHuang andHo [33]. In the rear of
the cavity, the behavior for the NI computation was similar to the
doors-on clean-cavity configuration, where the gradient decreased
[4]. However, the forced computations had a larger thickness as a
result of increased mixing and frequency content.

The effect of the inflow conditions on the shear layer can be seen in
Figs. 12 and 13. At the front of the cavity (Fig. 12a) the LES inflow
increased the magnitude of the first mode and decreased the second.
The SEM increased the first mode’s frequency and magnitude,
slightly decreased the second mode and also added content at
frequencies above 1 kHz. At the rear of the cavity, the same trends
were observed, with the exception that the content at higher
frequencies was comparable for all three cases.

The OASPL and BISPL along the shear layer for the three cases
(Fig. 13a) revealed the same pattern as along the cavity floor. The
OASPL was significantly altered in the front half of the cavity by the
forcing and was the result of an increase in the first mode and a
reduction in the second mode. The third modewas slightly increased
by the SEM, but slightly decreased by the LES. The BISPL plots for

Fig. 8 Instantaneous isosurfaces of Q criteria for the Q3D cavity

comparing results from the a) NI, b) SEM, and c) LES computations.

Isosurfaces at Q� 2000 are shown and shaded with dimensionless
streamwise velocity, ranging between �0:5 and �0:5.

Fig. 9 Averaged profiles for the a) streamwise velocity, b) normal

velocity, and c) turbulent kinetic energy at the cavity centerline

(z=L� 0:05). Results shown compare NI, SEM, and LES computations.
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modes 1 and 2 show that the LES increased the first mode and
decreased the second mode more than the SEM.

Figures 13e and 13f show the BISPL for the Rossiter mode and
broadband noise contributions, respectively. As in the OASPL plot,
the shape of the plot showing the contribution from the Rossiter
modes was changed by the SEM and LES fluctuations, especially in
the front part of the cavity. As expected, the SEM had a higher
contribution from the broadband noise at the leading edge of the

cavity. However, further downstream where the dynamics of the
shear layer were dominant, the contributions were similar from all
three simulations.

IV. UCAV with Weapons Bay

The influence of the upstream flow means that to obtain more
realistic predictions for weapons bay flow, the whole aircraft geom-
etry should be modeled. Here, a UCAV geometry designated 1303,
was used as experiments were performed with weapons bay exposed
and also with stores at various positions.

The geometry for the 1303 UCAV was modeled on the wind-
tunnel experiments by Bruce and Mundell [43] and are detailed in
Wong et al. [18]. For the CFD computations, the geometry was
nondimensionalized by the maximum wing chord length c. The far-
field boundaries were then located at a distance of 15c away from the
model in all three directions. The weapons bay had a length of
approximately 0.25 m and a depth of 0.046 m, giving an L=D ratio
of 5.45. The width was approximately 0.06 m, yielding aW=D ratio
of 1.32. These dimensions are only approximate as the opening of the
bay followed the lower surface of the UCAV, which meant that the
cross section was not orthogonal. In fact, the bay was not symmetric
about any axis line. The store studied in conjunction with the weap-
ons baywas of a generic type. Computations for the UCAVwithout a
weapons bay and the mesh generation for the empty-cavity
configuration are presented in previous works by Lawson and
Barakos [19–21].

A. Empty Weapons Bay

The computation for the UCAV with cavity was performed at
Mach and Reynolds numbers of 0.85 and 10.375 million per meter,
respectively, and used DES with the S-A [40] turbulence model. The
computations used a time step of 3:14 � 10�6 s, which equated to a
frequency of 318 kHz and was then down-sampled to match the
sampling frequency of the experimental data. The total runtime of the
computation was 0.1 s, where the first 0.02 s were discarded and so
gave approximately 0.08 s of data. This signal length is equivalent to
over 25 periods of thefirst Rossitermode (calculated usingRossiter’s
formula [6]).

Figure 14a shows the PSD on the cavity floor near the aft wall. The
largest tone can be seen at a frequency slightly higher than the
prediction of the second Rossiter mode. There was a slight peak
around the first mode but no tones can be seen above the broadband
level for the third or fourth modes. This trend is similar to the
idealized cavity casewith doors attached, although in that case a tone
around the third mode was seen [4]. In comparison to the experi-
mental data, the frequencies and magnitudes of the first two tones
were predicted well. The peak level of the second mode was within
2 dB of the experimental data at all locations along the cavity floor.
The general level of the broadband noise was also predicted well,
although a slight overprediction can be seen toward the rear of the
cavity.

The OASPL across the cavity floor was computed and is shown in
Fig. 14b. As the experimental data were shortened to the numerical
signal length, the minimum and maximum fluctuations in the full
signal are represented by the error bars. A small overprediction all the
way along the cavity floor can be seen in the OASPL. The over-
prediction has a maximum of 3 dB at around the midpoint of the
cavity. This is consistent with other computations for idealized cavity
flows, where overpredictions as high as 5 dB are reported [5]. Also
the error bars on Fig. 14b show that the fluctuations in the experi-
mental data are as high as 5 dB. It is thereforemore important that the
shape of the OASPL curve is consistent with the experimental data,
as this shows that the flow structures captured by the computations
are similar to those in the experiments. This is the case for the results
shown in Fig. 14b.

To see how the flowfield varies with time, joint time-frequency
analysis (JTFA) is used. It has been shown that mode switching
occurs in idealized cavity flows [2,4,44]. This is where energy
switches between modes and so negates the concept of a single

Fig. 10 Contours of OASPL at the cavity centerline (z=L� 0:05) for
the 1) Q3D NI, b) SEM, and c) LES computations.

Fig. 11 Momentum thickness of the shear layer of the averaged Q3D

NI, SEM, and LES cavity computations. Momentum thickness is

nondimensionalized by the cavity length.
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dominant mode. From the OASPL, it can be seen that fluctuations
still occur; however, in this flow the second tone is much larger in
magnitude than any other. Figure 15 shows that in both the numerical
and experimental data there were few instances in which the second
mode was not the largest in magnitude.

As no experimental flowfield data were available for the UCAV
cases, the numerical flowfield data were compared to the idealized
M219 cavity with doors-on data [3,4]. This cavity had a length to
depth ratio of 5 and a width to depth ratio of 1 and like the current
study, the freestreamMach number was 0.85, although the Reynolds
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Fig. 16 Instantaneous isosurfaces ofQ criteria for the 1) M219 cavity and b) empty UCAV cavity. Isosurfaces atQ� 2000 are shown and shaded with

streamwise velocity (nondimensionalized with respect to the freestream velocity), where levels are between �0:5 (black) and �0:5 (white).

Fig. 17 Contours of OASPL at the cavity centerline for the a) M219 cavity and b) empty UCAV cavity.
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number was reduced to one million. This case has been compared to
PIV data in previous studies [3,4]. Instantaneous isosurfaces of Q
criteria [34] are shown in Fig. 16. The door hinges and the shape of
the doors at the leading edge in the UCAV cavity generated large

amounts of small structures, which makes a comparison between the
two cases difficult. However, similar-sized structures existed inside
the cavity region for both cases.

Although the grid in the far field was not designed for studying the
acoustic field, the OASPL gives an idea of how the pressure waves
propagate outside the cavity (Fig. 17). It can be seen that for the
UCAV cavity, levels above 170 dB existed all across the aft wall and
levels were in excess of 165 dB for the aft two-thirds of the cavity
opening. Close to the front of the cavity, levels reduced to between
155 and 165 dB; however, at the area around the front lip of the cavity
levels were above 165 dB. There are strong similarities to the
idealized cavity case, especially in the front half of the cavity and
around the aft wall. Outside the cavity, levels between 140 and
150 dB are seen approximately one cavity length above the cavity
mouth. This is also very similar to the clean-cavity case.

B. Weapons Bay with Store

In the experiments, pressure measurements were taken with the
store statically placed in four locations: inside the cavity, on the exit
plane of the cavity, in themiddle of the bay doors, and in the far field.
Results presented here were from a computation of the UCAVwith a
store located between the doors of the cavity, where the apex of the
store had a position of y=L� 0:079.

Figure 18a shows the geometry with the store placed between the
doors. The extra store, sting, and force balance geometry would be
complex to block alone, without the added difficulty of incorporating
it into the already complex UCAV-cavity blocking. Therefore. to
accommodate the store, sting, and force balance in the UCAV grid
topology, sliding meshes were used [45]. The method involved
installing surfaces into the UCAV grid that represented the sliding
planes, then removing the sections of the grid inside the surfaces to

Fig. 18 Geometry for the a) UCAV with cavity and store and
b) surfaces of the sliding planes.

Fig. 19 Schematics showing the boundaries of the sliding-plane section from the a) UCAV grid and the store grid, b) matching cells close to the UCAV

surface, and c) matching issues along sliding-plane boundary.
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create a hole, into which a second grid that encompassed the store
was inserted. The sliding-plane section, shown in Fig. 18b, was able
to accommodate all store positions used in the experiments [22].

It should also be noted that the second grid extended the complete
depth of the cavity and so the bottom of the grid was not a sliding
plane, but the solid cavity surface. However, the was a gap between
the sliding planes and cavity surfaces around the front, back, and
sides. The cavity section of the grid contained 300 cells in length, 60
in width and 60 in depth, which gave the cavity section a total of
1.08 million cells. The removal of the sliding-plane section from the
original UCAV grid [19–21] reduced the total number of cells from
12.4 to 10.5 million, while the second grid had a size of 7 million
points. Although this is a large increase over the UCAV with cavity
grid, it is much smaller than the grid would have been if an attempt
wasmade to produce a blocking structure around thewhole geometry
in one. The blocking structure for the two grids on the sliding plane is
shown in Fig. 19a, which illustrates that both blocking topologies
were very complex and very different. This highlights the need for
using the sliding-mesh technique in this scenario. However, as a
consequence of the mesh refinement in the store part, matching the
spacings between the cells on either side of the sliding plane had to be
relaxed. Figures 19b and 19c show the mesh at the sliding-plane
boundary for a slice in the streamwise direction.

The simulation was ran at the same Mach number as the empty-
cavity computation; however, the added complexity from the
addition of the store, sting, and force balance meant achieving a grid
of high enough quality for a high Reynolds number computation was
difficult. Thiswas also problematic due to the inaccuracy of the initial
CAD model. Therefore, it was decided to reduce the Reynolds
number down to one million for this configuration.

The large size of the mesh and the use of the sliding-mesh method
made this an expensive case to compute. The computation used
approximately 74,000 CPU hours and has performed 8200 steps.
After discarding the transient data, the signal length was approxi-
mately 0.01 s, equivalent to about three periods of the lowest Rossiter
mode.Although this is a very short signal length, it can be analyzed to
give an idea of the accuracy compared to the experiments. Note that
no deliberate attempt was made to optimize the mesh size or sliding
plane. Limited experiments alsomeant that a thorough assessment of
DES was not possible.

The PSD spectra (Fig. 20) revealed that the second Rossiter mode
wasmuchmore dominant than any other. Themagnitude of the tones
in both the front and rear of the cavity compared well to the experi-

mental data, as did the frequency of the second mode. Although the
frequency of the first mode was underpredicted, the comparisons
were very encouraging, especially for such a complex geometry.

The OASPL and BISPL plots are shown in Fig. 21 and show the
same trends as discussed in previous cases. The numerical results
overpredicted the OASPL by 2–4 dB along the cavity floor. The
levels within the first mode were very similar to the experiments and
the second mode was slightly overpredicted. However, the shape of
both the first two modes compared well to experimental curves.
However, the same cannot be said for the third and fourth frequency
bands. The experimental data did not show any identifiable tones for
these modes and so were really just representative of the broadband
noise. Even so, the levelswere generallywithin the limits for the third
band and overpredicted for the fourth.

Figure 22 shows isosurfaces for the cavitywith store at the sameQ
level as presented for previous cases. Here, the vortical flow
emanating from the center of the doors and the door hinges is still
visible. In addition, small structures inside the cavity originated from
the rear end and the fins of the store. Structures were also seen at the
point where the sting attached to the store. The sting and force
balance had a strong effect on the flow and vortex shedding was
observed from the blunt trailing edge of the sting and the rear of the
force balance.

C. Flowfield Comparisons

Instantaneous contours of Mach number are shown in Fig. 23 for
the two UCAV configurations. The flowfields for the empty cavity
were comparable to the M219 cavity with doors attached since
oscillations of the shear layer close to the cavity leading edge could
be identified and thewave structures were also produced. However, it
appears that the motion of the shear layer was much more extreme in
this case, since the displacement was almost the full depth of the
cavity. This could be attributed to a few different aspects, including
the increased flow velocity over the top of the cavity, the thinner
upstream boundary layer and the fact that the UCAV body ahead of
the cavity was not parallel to the freestream flow due to the
aerodynamic shape used for the UCAV.

The addition of the store in between the doors had amajor effect in
reducing the oscillations of the shear layer. The boundary layer
separated from the UCAVat the leading edge of the cavity as in the
empty-cavity case; however, the store appeared to restrict the motion
of the shear layer above the cavity opening. Downstream of the store
apex, the thickness of the store deflected the shear layer down into the
cavity. After the midpoint, the reduced thickness allowed the shear
layer to oscillate, although at amuch reduced level than in the empty-
cavity configuration.

Figure 24 compares the averaged streamwise velocity profiles for
the cases. The first profile (x=L� 0:1) for the empty UCAV cavity
shows that the shear layer had diffused to a lesser degree and dipped
into the cavitymore than theM219 case. The same can be said for the
second profile, where the averaged flow was equal to the freestream
flowat the same level as the cavity opening.An interesting note is that
the profiles for the store configurationwere very similar to the empty-
cavity configuration. At the third (cavity midpoint) and fourth
profiles, the redirection of the shear layer by the store caused an
increase in flow velocity compared to the empty cavity. Comparing
the final three profiles of the UCAV configurations to the M219
cavity profiles, both UCAV configurations had a positive streamwise
velocity further down into the cavity, revealing the increased diffu-
sion of the shear layer.

The large oscillations of the shear layer in the empty cavity caused
the center of the primary vortex to be located in the front half of the
cavity, rather than in the rear. This allowed the shear layer to stay
coherent into the cavity to a much higher degree than in the M219
cavity configuration. In the store configuration, the center of the
primary vortex was located at slightly past the midpoint of the cavity.
There was also a vortex in the front lower corner of the cavity, which
was larger than the ones observed in theM219 cavity configurations.

The shear layer of the averaged flowfields can be further analyzed
using the momentum thickness. However, since the flow velocity

Fig. 22 Instantaneous isosurfaces of Q criteria for the UCAV cavity
with a store between the doors. Isosurfaces at Q� 2000 are shown and

shadedwith streamwise velocity (nondimensionalized with respect to the

freestream velocity), where levels are between �0:5 and �0:5.
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over the top of the cavity was higher than the freestream velocity, the
upper limit of the integral of the momentum thickness had to be
altered. Instead of evaluating the integral to infinity (i.e., the far-field
boundary), it was limited to the point where the flow velocity was
equal to the freestream flow velocity. For the M219 case, it was
observed that the doors caused a blocking effect and so gave high
values of �m at the leading edge. Then the flow accelerating through
the door opening caused a reduction in �m. Figure 25 shows that
although the UCAV cavities had doors attached, the same behavior
was not observed. The plot also shows the relatively thin boundary
layer at the cavity leading edge for the UCAV configurations.

Close to the front edge of the cavities, the growth rateswere similar
for all configurations. However, after x=L� 0:2, different flow
structures appeared. The growth of the shear layer for the store
computationwas halted due to the proximity with the store apex. The
empty cavity appeared to follow a similar trend, which was assumed
to be due to the location of the primary vortex. At this location, the
thickness of the shear layer was actually less than in the M219 case.
However, downstream of the vortex, the thickness increased at a
higher rate (approximately 0.041) and ended up with a higher peak
value. In the store configuration, the shear layer thickened at a much
reduced rate while underneath the store, which then drastically

Fig. 23 Instantaneous contours ofMach number for the emptyUCAVcavity (left column) andwith a store between the doors (right column). Planes are

located at the cavity centerline and Mach number levels range between 0 and 1.
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increased in the final third of the cavity. Close to the aft wall, the peak
value was actually similar to the empty cavity.

From the observation of the averaged momentum thickness, it
appeared that the primary vortex in the empty-cavity configuration
stabilized the flow, which can also be seen in plots of the turbulent
kinetic energy (Fig. 26). Close to the front of the cavity (x=L� 0:1),
the empty cavity had high levels of turbulent kinetic energy, with the
store configuration having half the value. However, by x=L� 0:2,
the kinetic energy had reduced in the empty cavity, while it increased
in the M219 case. Levels for the first two profiles were very similar
in the store configuration. These profiles also show the lower
position in the normal direction of the shear layer for the UCAV

configurations. Only by the cavity midpoint had the kinetic energy
increased, for the UCAV cases, to higher levels than for the idealized
case.

Although averaged plots in the streamwise direction show the
influence of the store on the cavity dynamics, the influence in the
spanwise direction is not as great. Figure 27 shows instantaneous
contours of Mach number at the same time instants as in Fig. 23 for
both the empty bay and with the store. Although the store is
positioned so that it has little direct interaction with the shear layer, it
is successful in reducing the oscillations, as already noted from the
streamwise flowfields in Fig. 23. However, even with the large
differences in the instantaneous flowfields, the averaged flowfields
were much more similar. Figure 28 shows averaged contours at
x=L� 0:2, 0.5 and 0.8. Note that the UCAV with an empty cavity

Fig. 24 Averaged streamwise velocity u profiles at the cavity centerline
for the emptyUCAVcavity andwith a store in between the doors.Results

are compared to the numerical results from the M219 clean cavity with

doors attached.

Fig. 25 Momentum thickness of the shear layer of the averaged empty

UCAV cavity and with a store between the doors. Results are compared
to the numerical results from theM219 clean cavity with doors attached.

Momentum thickness is nondimensionalized by the cavity length.

Fig. 26 Averaged turbulent kinetic energy profiles (k) at the cavity centerline for the empty UCAV cavity and with a store in between the doors. Results

are compared to the numerical results from the M219 clean cavity with doors attached. Shaded areas indicate the location and thickness of the store.
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was averaged over a longer duration than the configuration with the
store. At all locations, the averaged flow on either side of the bay
(such as the vortices created on the outside of the doors, the boundary
layer on the UCAV surface and on the tops of the doors) is similar for
both configurations. At x=L� 0:2, the vortices on the inside of the
doors were more defined for the store configuration. The profile of
the shear layer is similar, however, for both cases. At the second
location, theMach number above the store is lower since the position
of the slice is just in front of the sting supporting the store. Again, the
profile of the shear layer is similar to the emptyUCAV configuration;
however, the reduced averaging period for the store configuration is
evident inside the cavity.At thefinal location, thefins on the store and
a section of the sting supporting the store are visible. Although not

shown in the plot, the force balance is above the section of the sting
and so areas of high Mach number are visible on either side of the
sting.

Finally, contours of OASPL at the cavity centerline revealed for
the store configuration, the levels in the front of the cavity had a
similar distribution to the empty cavity, although levels were 5 dB
lower. High values appeared at the aft wall, but the area was much
smaller than in the empty configuration. Outside the cavity, the
OASPL was effected greatly by the sting and force balance and so a
comparison with the empty cavity cannot be made. Even so, the
values were much higher, especially ahead of the cavity. It appears
that the store helped the shear layer to remain coherent and for this
reason the midpart of the cavity shows low levels of OASPL.

Fig. 27 Instantaneous contours ofMach number for the emptyUCAVcavity (left column) andwith a store between the doors (right column). Planes are

located at x=L� 0:5 and Mach number levels range between 0 and 1.

1620 LAWSON AND BARAKOS



V. Conclusions

Results from computation have been presented with the aim of
obtaining better comparisons with experimental data for flows in
weapons bays. Methods employed (SEM and fluctuations from a
precursor LES simulation) to increase the high-frequency content in
the boundary layer upstream of the cavity suggested that since the
inflow is important, the complete aircraft geometry should be
studied. Instantaneous flowfields for computations with inflow
forcing revealed the structure of the flow at the front of the cavity had
a more three-dimensional nature and the properties of the shear layer
(such as the shear-layer growth) were altered downstream. This was
also reflected in the OASPL along the shear layer. Averaged profiles
showed little change in the streamwise velocity; however, the profiles
of normal velocity were noticeably different. These results suggest
that the structure of the upstream boundary layer does affect the
cavity flowfield, where the most encouraging sign was the reduction

of the second Rossiter mode in the BISPL along the floor and shear
layer. If the effect was similar on the results for computations using
the M219 cavity, then the comparisons between numerical and
experimental data would be more favorable.

For the computations of the full UCAV configuration, advanced
multiblock topologies had to be used to properly represent the
planform of the UCAV and all the details of the cavity, including
doors and hinges, while sliding meshes were needed to insert the
store. Computations with an empty cavity and with a store between
the doors were carried out using the DES S-A model and compar-
isons to experimental data were very encouraging for such complex
configurations. Visualizations using theQ criteria revealed the added
turbulent content due to the door leading edges and the door hinges.
Analysis of the shear layer showed an increase in oscillations,
although this were restricted to the rear part of the cavity in both
cases. For the empty cavity, the primary vortex was located in the
front part of the cavity and this reduced thefluctuating components of

Fig. 28 Averaged contours ofMach number for the empty UCAV cavity (left column) andwith a store between the doors (right column).Mach number

levels range between 0 and 1.
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the velocities to lower values than in the idealized case. However,
downstream of the primary vortex, the energy in the flow increased
dramatically, causing the oscillations to extend almost the full depth
of the cavity. This could be attributed to the reduced thickness of the
boundary layer upstream and so less energy was initially contained
within the shear layer, making it more likely to break down.

The addition of a store in between the doors had little effect close to
the front wall. However, averaged flowfields showed that the
proximity of the shear layer to the apex of the store deflected it down-
ward into the cavity and restricted its growth. Further downstream,
the influence of the store reduced and the shear layer thickened at a
rate higher than in the empty case. Therefore, close to the aft wall was
peak values was similar to the empty case. Outside the cavity,
shedding was observed from the sting and force balance.
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