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Abstract

Numerical simulations are used to investigate the
resonant instabilities in the flow past an open cavity.
The compressible Navier-Stokes equations are solved
directly (no turbulence model) for two-dimensional
cavities with laminar boundary layers upstream.
The computational domain is large enough to di-
rectly resolve a portion of the radiated acoustic field.
The results show a transition from a shear layer
mode, for shorter cavities and lower Mach numbers,
to a wake mode for longer cavities and higher Mach
numbers. The shear layer mode is well character-
ized by Rossiter modes. The wake mode is charac-
terized instead by a large-scale vortex shedding with
Strouhal number independent of the Mach number.
The vortex shedding causes the boundary layer to
periodically separate upstream of the cavity. The
wake mode oscillation is similar to that reported by
Gharib and Roshko (J. Fluid Mech.,177, 1987) for
incompressible flow with a laminar upstream bound-
ary layer. The results suggest that laminar separa-
tion upstream of the cavity edge is the cause of the
transition to wake mode.

1 Introduction

Recently, the possibility of using flow control to
reduce resonant oscillations in subsonic and tran-
sonic flows over open cavities has attracted much
attention. The (open-loop) introduction of flow
disturbances has been studied both experimentally
and numerically (e.g.'®). Significant reductions in
sound pressure levels (around 20 dB) have been
achieved through upstream mass injection* as well
as piezoelectric flaps.® Closed-loop feedback control
has also been studied,® 7 and promises similar reduc-
tions in noise, but with much lower power input.® It
should be noted that it has long been known that
passive devices, such as spoilers and ramps, can at-
tenuate cavity oscillations under certain conditions.
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In compressible flows, cavity resonance is thought
to arise from a feedback loop involving (i) shear
layer instability and the growth of vortices in the
shear layer, (ii) the impingement of the vortices
at the downstream edge, and subsequent scattering
of acoustic waves, (iii) the transmission of acoustic
waves upstream, and (iv) their conversion to vorti-
cal fluctuations at the cavity leading edge (receptiv-
ity). The first description of this feedback process is
credited to Rossiter.® His semi-empirical formula to
predict the measured resonant frequencies remains
widely used. Analytical models to predict the fre-
quency have been developed,’ and semi-empirical
models that predict the amplitudes are also avail-
able.19

While existing models are effective as general de-
sign tools, there is as yet no way, for a given set
of conditions, to determine the dominant mode of
oscillation, the amplitude of oscillation, and, espe-
cially, nonlinear interactions between modes. Feed-
back controllers can be designed without detailed
flow models (e.g. adaptive control), but a better
understanding of the flow physics will lead to more
effective and efficient control. Recent experiments!!
have underscored the complicated nonlinear inter-
action of the different modes, and the possibility of
mode-switching. Fabris and Williams'? have also re-
cently investigated these issues for low Mach number
cavities.

Direct Numerical Simulations (DNS) provide a
means to study the details of the modes of oscillation
and their interactions, albeit at low Reynolds num-
ber. In this paper we present a high-order-accurate
method for solving the compressible Navier-Stokes
equations in the cavity geometry and give results
for two-dimensional computations. The generated
acoustic field is directly resolved in the computation,
and the domain is made large enough to include a
portion of the radiated acoustic field. Investigations
of three-dimensional effects, and the introduction of
feedback control in the computations will be pre-
sented in future publications. Previous numerical
studies of compressible cavity flows have used the
two-dimensional unsteady RANS (Reynolds’ Aver-
aged Navier-Stokes) equations with a k-e turbulence
model.> 314 The effectiveness of compressible tur-
bulence models on separated oscillating flows, and
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especially their radiated acoustic field (which, as
noted above, is an integral part of the resonant in-
stability modes) remains an open question. It needs
to be stressed that in the context of two-dimensional
flows, we use the term “direct” simulation to imply
that there is no turbulence model. In this case the
flow is an unstable laminar flow that is confined to
evolve in only two-dimensions. The turbulent cavity
flow is of course three-dimensional, but it is thought
that in many cases the resonant modes are approxi-
mately two-dimensional.

2 Numerical Method

The numerical method used here is very similar
to methods used previously for direct computa-
tions of sound generation in mixing layers and jets
and other canonical problems,'5!® wherein the fully
compressible Navier-Stokes equations are solved.
These studies have shown the efficacy of sixth-order-
accurate compact finite-difference schemes!® in re-
solving acoustic fields with velocity fluctuations five
orders of magnitude smaller than near field fluc-
tuations.!® Time integration is performed with a
fourth-order Runge-Kutta method. This combina-
tion of schemes results in very low numerical dissi-
pation, which allows accurate wave propagation, and
the method relies on physical viscosity for stability.

Boundary conditions play a key role in aeroa-
coustic computations.  Artificial boundaries (in-
flow/outflow /normal) must allow vortical and acous-
tic waves to pass freely, with minimal reflection. It
is important to distinguish between two types of
reflections that may occur: “smooth” reflections,
which arise due to approximations in the contin-
uous boundary condition formulation, and “spuri-
ous” or saw-tooth reflections, which arise due to the
dispersive nature of finite difference schemes.?? For
equations of motion linearized about a uniform mean
flow, it is possible to derive boundary conditions that
are nonreflecting for both types of waves, to arbitrar-
ily high order of accuracy.?’ For nonlinear equa-
tions, especially at outflow boundaries, the interac-
tion of disturbance amplitudes and mean flow gra-
dients severely limits the accuracy of such boundary
conditions developed for linearized problems. Sev-
eral treatments that rely on a “buffer” zone near
the computational boundary have been suggested
to remedy this situation. These include combina-
tions of grid stretching and filtering,?! and the ad-
dition of artificial convection velocities and damping
terms to the equations (e.g.?2). These “buffer” con-
ditions are usually combined with low-order accu-
rate, but robust, nonreflecting boundary conditions,
such as one-dimensional characteristic wave decom-

2

positions.?3 24

Figure 1 shows a schematic diagram of the com-
putational domain. A Cartesian grid is used, with
clustering of nodes near all the walls. Analytical
hyperbolic tangent mappings are used for the grid
stretching. The code is parallelized using a domain
decomposition method. Typical grids (see caption
of figure 2) contain about half a million grid points.
The code has been run on 8 to 32 processors of an
IBM SP2. The wall is assumed to be isothermal
at the same temperature as the freestream (there-
fore transport properties are assumed constant, and
the Prandtl number is taken as 0.7). For the inflow,
outflow and normal boundaries, the one-dimensional
boundary conditions of Poinsot and Lele?* are used,
together with artificial damping terms in a buffer
region.?? These terms, of the form o(q — Qtarget)
are added to the right-hand sides of the equations
in conservative form (q is a vector of the conserva-
tive dependent variables). The damping, o, varies
smoothly from a constant value at the boundary
to zero at the edge of the buffer. For the isother-
mal wall boundary conditions, including the cavity
edges, the formulation recommended by Poinsot and
Lele is also used.

"Buffer Zone"

3=u 3
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l @]
0
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L

Figure 1: Schematic diagram of cavity configuration
and computational domain.

The simulations are initiated by spanning the cav-
ity with a Blasius flat-plate boundary layer. The
equations are nondimensionalized with the cavity
depth, ambient density, and freestream velocity, U.
The following parameters may be independently var-
ied: the length of the cavity relative to the initial
boundary layer thickness at the cavity leading edge,
L/6 ; the Reynolds number, Rey, based U, 6, and
the kinematic viscosity in the ambient flow, v; the
Mach number of the freestream, M; and the cavity
length to depth ratio, L/D . Because of the ex-
pense, only a relatively small portion of parameter
space may be investigated. In the present paper, we
concentrate on two-dimensional computations with
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Run | L/D L/6 M Rey Mode (Cp)
L1 1 203 06 739 S (0.002)
L2 2 528 0.6 56.8 SL (0.008)
L3 3 75.0 0.6 60.0 M (0.031)
L4 4 1021 06 588 W (0.227)
L5 5 123.3 0.6 60.8 W (0.404)
4M2 4 102 0.2 58.8 SL

4M3 4 102 03 588 M

4M4 4 102 0.4 588 W

4M5 4 102 0.5 588 W

4M6 4 102 06 588 W

4M7 4 102 0.7 588 W

4M8 4 102 0.8 588 W

2M2 2 52.8 0.2 56.8 S

2M3 2 52.8 03 56.8 S

2M4 2 52.8 04 56.8 SL

2M5 2 52.8 0.5 56.8 SL

2M6 2 52.8 06 56.8 SL

2M7 2 52.8 0.7 56.8 SL

2M8 2 52.8 0.8 56.8 SL

Table 1: Run parameters. Abbreviations for modes
are: S = Steady, SL = Shear Layer, W = Wake, M
= Mixed.

laminar upstream boundary layers. Table 1 shows
relevant parameters for the runs performed.

For the present flow, and for resonant flows in gen-
eral, it is of critical importance that instabilities are
independent of the location of the boundaries, and
the boundary treatment. This is because repeated
spurious reflections of waves can lead to self-forcing
of the flow, in a process indistinguishable from the
physical instability (e.g.2%). We have run several
cases with variable boundary location and grid spac-
ing, in order to find appropriate boundary locations,
as well as grid convergence. The results of one such
test are shown in figure 2. Plotted is the normal
velocity at a single point, y = 0 and =z = 3.13D,
with the same parameters as run L4. Other probe
locations yielded similar results. Note that time is
normalized by the freestream velocity and the total
length of the computational domain for the reference
case. Over 3 to 4 flow-through times, the results are
nearly identical, independent of grid resolution and
boundary location. Small differences are apparent
at later times, which is not unexpected given the
chaotic nature of the flow. We conclude that the lo-
cation of the boundaries and grid resolution for run
L4 (see the figure caption) are sufficient, and similar
locations and resolutions were used in the other runs
in table 1.

3

Domain Flow Throuah Times

Figure 2: Effect of boundary position and grid res-
olution on the normal velocity at y = 1.57D and
x = 3.13D. Reference case ( ) has downstream
boundary: 10.6D, upstream: —4.3D, normal: 9.2D.
Grid has 1152 x 384 points above the cavity in
the streamwise and spanwise directions, respectively,
and 384 x 94 points in the cavity. Finer grid case
(-—--) has same boundaries as run L4, but 50%
more grid points (in each direction). Larger domain
case (-------- ) extends to 15D downstream and 15D in
the normal direction. Note that the dotted line falls
nearly directly on top of the solid line.

3 Results
Shear Layer and Wake Modes

The two-dimensional computations with laminar up-
stream boundary layers reveal an transition between
two fundamentally different modes of cavity oscilla-
tions. These modes are termed, following Gharib
and Roshko,?® as shear layer mode and wake mode.
The runs performed show that transition from shear
layer to wake mode occurs as the length of the cavity
is increased relative to the upstream boundary layer
thickness (for constant L/6 and Rey), and as M is
increased with other parameters constant.

The shear layer mode is characterized by the roll-
up of vorticity in the shear layer and impingement
on the downstream cavity edge. The frequencies are
in reasonable agreement with those predicted by the
Rossiter equation, and consist primarily of Rossiter
modes 1 and 2.8 Spectra and frequencies of oscil-
lation are discussed in more detail below. Qualita-
tively, the iso-contours of vorticity depicted in fig-
ure 3 (for run L2) are representative of the shear
layer mode of oscillation. The cavity is relatively
quiescent, with a weak vortex occupying the lat-
ter half of the cavity. Vorticity of the opposite sign
(to boundary layer vorticity) is generated along the
walls of the cavity. Note that at two different in-
stants in time, while the phase of the disturbances
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in the shear layer has shifted, the vorticity contours
in the cavity are nearly the same. Animations of the
contours confirm that the interaction of the flow in
the cavity with the shear layer is relatively weak.

Figure 3: Instantaneous vorticity contours at two
different instants during the oscillation cycle for run
L2 (shear layer mode). 15 contours between % =
-5 and 1.67. Positive contours are dashed. Ounly a
small portion of the computational domain near the

cavity is shown.

The wake mode is characterized by a large scale
shedding from the cavity leading edge, in a manner
similar to wake flows. The shed vortex has dimen-
sions of nearly the cavity size, and as it is forming,
boundary layer fluid is directed into the cavity. The
vortex is shed from the leading edge and ejected from
the cavity in a violent event. The vortex is large
enough to cause flow separation upstream of the cav-
ity during its formation, and again in the boundary
layer downstream of the cavity as it convects away.
We believe the upstream separation is a key feature
of the transition to wake mode, and is discussed fur-
ther below. Figure 4 shows two snapshots of the
vorticity field in wake mode for run L4.

Time traces of the normal velocity at y = 0 and
x = 3.13D are shown in figure 5, for the series of runs
L1-L5, where L/6 was varied, with constant D /6. It
is evident that the transition from shear layer mode
to wake mode occurs as L/ is increased through
75. For L/0 = 25, the oscillations are damped and
the flow becomes steady. For L/ = 75, it appears

4

Figure 4: Instantaneous vorticity contours at two
different times during the oscillation cycle for run
L4 (wake mode). 15 contours between “2 = -5 and
1.67. Positive contours are dashed. Only a small
portion of the computational domain near the cavity

is shown.

that there is mode switching, with wake and shear
layer modes being present at different times. The
transition is also a function of M, and for L/0 = 102,
shear layer mode exists for M < 0.3 and wake mode
for M > 0.3. Again, time traces for flows near the
transition indicated the presence of mode switching,.

Another important difference between the two
modes is their radiated acoustic field. The instan-
taneous iso-contours of dilatation are plotted over
the entire computational domain (except for the un-
physical buffer region) in figure 6 for runs L4 and
L2. The former is oscillating in wake mode while
the latter is in shear layer mode. The acoustic fields
are quite different. For shear layer mode, the acous-
tic field, centered at the downstream cavity edge, is
dominated by a single frequency, corresponding to
Rossiter mode 2. The most intense radiation occurs
at an angle of approximately 145 degrees from the
streamwise direction. The acoustic field is intense
enough to display nonlinear steepening of the waves.
The compressions are dark contours, the expansions
are light contours. The acoustic field in wake mode
is much more complex, and displays a wide range
of frequencies. Again, there is intense upstream ra-
diation from the cavity edge, but the wavelength is
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Figure 5: Time traces of the normal velocity, relative
to U, at y =0, x = 3.13D for the series of runs L1-
L5. The vertical axes have been artificially shifted
to show all the data clearly, with major tick marks
representing 1 unit.

longer by a factor of about 2, and the amplitude
larger by a factor of about 4, compared to the shear
layer mode. A very sharp acoustic pulse also em-
anates from the downstream edge. The origin of
this wave is the ejection of the shed vortex from the
cavity, depicted in figure 4.

Gharib and Roshko?® performed experiments on
incompressible cavities (an annular gap in an ax-
isymmetric body in water), where the upstream
boundary layer was also laminar. Transition be-
tween non-oscillatory, shear layer, and wake modes
occurred at L/§ = 80 and L/# = 160. Our data
show that the change from wake mode to shear layer
mode depends also on the Mach number. In table 1,
we have indicated for each run the observed mode
of oscillation. Note that for very short cavities, os-
cillations are damped and the flow eventually be-
comes steady, which was also observed in the exper-
iments. As in the experiments, the drag is signifi-
cantly higher in wake mode. The drag for several
runs with different L/6 is given in table 1.

3.1  Spectra

The spectra of the oscillations are substantially dif-
ferent in wake and shear layer mode. Figure 7 shows
the spectra for a L/D =2 cavity with M = 0.7 (run
2MT7), which is oscillating in shear layer mode. In
figure 8, distinct peaks in the spectra are compared
to predictions from the modified Rossiter formula:

_JL_
==

m—«

M1+ M2+ 1

where m = 1,2,3,---. The values @ = 0.25 and
k = 0.57 were used.” Plotted in the figure are the se-
ries of runs (2M) with L/D =2 and L/6 =52.8. The
agreement is relatively good and within the scatter
of experimental data (e.g.!!). It needs also to be

St

(1)

5

Figure 6: Acoustic field from the DNS. Top: Run
L4 . Bottom: Run L2. Contours of dilatation are
plotted. The entire domain except the buffer region
near the boundaries is shown.

noted that the spectra were computed from compu-
tational data over relatively low numbers of periods
(compared to say, experiments). Short time series,
with necessary windowing techniques, can lead to
significant leakage among the low frequencies. Nev-
ertheless, the figure provides evidence that the basic
instability mechanism in shear layer mode is the one
envisioned by Rossiter.

The spectra in wake mode are very different. After
an initial transient, which at early times is similar to
shear layer mode, the flow becomes nearly periodic
in time, with the fundamental period correspond-
ing to the vortex shedding from the leading edge.
A typical time series and its spectrum (for run L4)
are shown in figure 9. After a transient, the funda-
mental mode oscillates at a Strouhal number of 0.25,
which is lower than Rossiter mode one (0.31), and
additional peaks in the spectrum are all harmonics
of the fundamental. Note that the initial transient
was not used in computing the spectrum. In addi-
tion, there is very little variation of the fundamental
frequency with M. For M = 0.4 to M = 0.8 the fun-
damental frequency varied less than 4%, compared
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Power Spectrum Amplitude

LAl

Figure 7: Spectrum of normal velocity at y = 0 and
x = 1.57D, for run 2M7.

to the expected variation of about 20% for Rossiter
mode one. The 4% variation is, in fact, within the
uncertainty in frequency associated with the total
sampling period. The lack of variation with M indi-
cates that the mode is not acoustically driven, and
it appears that the feedback in this case is provided
by the complicated recirculating flow in the cavity.

3.2  Wake mode and unsteady laminar separation

It should be noted that the transition from shear
layer to wake mode, detected in incompressible ex-
periments and the present compressible computa-
tions, appears not to have been noted in previous
compressible experiments. The very low Reynolds
number of the calculations, and the laminar state of
the upstream boundary layer could be the cause of
wake mode. For the computations, Rey is on the
order of 100, which is of the same order as in the
incompressible experiments,?® but much lower than
any compressible experiments. While it is unlikely
that the shear layer dynamics are highly dependent
on Reynolds number, even for Rey as low as 100,
the impact of the oscillations on an upstream lami-
nar boundary layer could be very different than for
a turbulent one.

The computations show that in wake mode, the
boundary layer alternately separates and reattaches
well upstream of the cavity edge, due to the oscillat-
ing adverse pressure gradient caused by the vortex
shedding. In fact, the computational results suggest
that laminar boundary layer separation upstream
of the cavity is the cause of the transition to wake
mode.

For steady separation, Thwaites method provides

6

Frequency (fL/U)

0.4 0.6 0.8 1
Mach number (M)

0 0.2

Figure 8: Strouhal numbers for peaks in spectra for
the 2M series of runs (shear layer mode). The square
symbols indicate the highest amplitude mode, circles
the second highest, and triangles, the third highest.
The open squares are peaks in the spectra at the first
harmonic of the highest amplitude Rossiter mode.
The lines are equation (1) with m =1, 2 and 3.

a simple way to estimate the magnitude of an ad-
verse pressure gradient needed to cause separation
(e.g.%"). The criterion is:

6% dpP

A= ——=20.09.

Uv dx 2)

For unsteady and oscillatory separation, this sim-
ple criterion is not expected to hold. However, the
Rossiter modes, and thus the oscillating pressure
gradient that the boundary layer sees, have fairly low
frequency compared to appropriate boundary layer
time scales, and it might be expected that the sepa-
ration criterion could be considered quasi-static.

Thus we use equation (2) as a criterion for sep-
aration, and, hence, transition to wake mode. We
estimate the value of A at the cavity leading edge
as a function of time, starting from the initial con-
dition, for six different runs in figure 10. The mid-
dle frame corresponds to two different runs in wake
mode. It is apparent that the oscillations, starting
at zero, are initially in shear layer mode, and that
transition occurs only after a substantial period of
growth (in time) of the modes. The transition to
wake mode occurs around the time when —\ ex-
ceeds 0.09. For the runs that remain in shear layer
mode (bottom frame), —\ saturates around —0.02.
Finally, the top frame, corresponds to a run (L3)
that exhibited mode switching, and —\ reaching as
high as 0.07. Thus the simple laminar separation
criterion appears to predict the onset of wake mode
surprisingly well.
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Figure 9: Run L4. Top: normal velocity versus time
at y = 0 and = = 3.13D. Bottom: spectrum of the
normal velocity at y = 0 and z = 3.13D.

The estimates for A were based on the initial shear
layer thickness at the cavity edge, and the time-
dependent pressure fluctuations at the leading edge,
and we are currently exploring more refined compu-
tations of the upstream boundary layer characteris-
tics.

At present, we have detected the transition, hold-
ing D/6 constant and increasing L/D (and there-
fore also L/# ) and increasing M holding other
parameters constant. This result suggests that in
order to be relevant to typical compressible cav-
ity experiments, numerical simulations with laminar
upstream boundary layers should avoid parameter
regimes where wake mode can be expected. It is not
clear, at present, what role L/6 plays in the transi-
tion, although a previous study by Sarohia,?® which
had a laminar boundary layer upstream, suggested
that the shear-layer mode instability characteristics
were independent of D/6. Further numerical exper-
iments are planned to explore different trajectories
through parameter space to further characterize the
transition.

A turbulent boundary layer would be much more
resistant to such separation and may preclude the
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Figure 10: Estimated ThW4ifes parameter, )\, at the
upstream cavity edge. Top: mixed mode (L3). Mid-
dle: wake mode (L4 , 4dM4 ----). Bottom:
shear layer mode (L2 , R1 ——--, 2M4
The solid line indicates the approximate separation
criterion.

0 10

emergence of wake mode. We speculate that this
is the reason why wake mode has not been de-
tected in previous compressible cavity experiments.
Of course, it is impossible to rule out that other
Reynolds number and three-dimensional effects act
to preclude the wake mode. Further investigations
are needed to fully resolve the issue.

4 Summary

The results of the numerical simulations show that,
for shorter cavities, compared to the upstream
boundary layer thickness, and lower Mach numbers,
the cavity oscillates in a shear layer mode, which is
consistent with the shear layer instability/acoustic
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feedback mechanism of Rossiter.® The spectra show
peaks corresponding to Rossiter modes 1, 2, and 3.
Acoustic radiation is intense and directional, but
dominated by a single frequency corresponding to
mode 2. There is little interaction between the shear
layer, and a weak vortex that occupies the down-
stream half of the cavity. For longer cavities, and
higher Mach numbers, the cavity oscillations become
nearly periodic in time, with one cycle correspond-
ing to the growth, shedding, and ejection of a very
large vortex. In this wake mode the Strouhal num-
ber of the oscillations is nearly independent of Mach
number. During growth, the boundary layer fluid is
directed into the cavity and the cavity drag is very
large. Ejection is accompanied by a sharp acoustic
pulse. The vortex is strong enough to cause bound-
ary layer separation both upstream of the cavity,
during formation, and downstream of the cavity, af-
ter ejection. A similar transition was noted in the
incompressible experiments of Gharib and Roshko?®
(who also had a laminar upstream boundary layer),
but has not been seen in compressible experiments
at higher Reynolds numbers. The results suggest
that the laminar separation upstream of the cav-
ity is, in fact, responsible for the transition to wake
mode. We speculate that when the upstream bound-
ary layer is turbulent, the increased resistance to
separation may prevent wake mode oscillations.
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