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Algebraic Turbulence Model Simulations
of Supersonic Open-Cavity Flow Physics
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A time-accurate double thin-layer Navier-Stokes computation is performed for an unsteady supersonic open
cavity with a length-to-depth ratio of 2, The results are used to determine the flow-physics mechanisms responsible
for the cavity oscillation cycle. A new cycle is described and compared to previous descriptions. It is found that
a shed vortex impinges on the cavity aft lip and forms a pressure pulse that augments or forces, at the vortex
shedding frequency, an internal upstream moving wave that has been reflected from the aft corner. This upstream
moving wave eventually reflects off the cavity forward wall and forces the shedding of a new vortex. It was found,
however, that the reflected wave dissipates before it reaches the aft wall. Instead, a second wave forms beneath the
shed vortex and eventually reflects from the aft corner and is forced at the shedding frequency by the shed vortex

wave, completing the cycle.

Introduction

HE basic physical structure of cavity flowfields can be de-
scribed as either closed, open, or transitional.!™* Closed cav-
ities are typically long and shallow with a length-to-depth ratio
(L/ D) greater than 13. These are characterized by a shear layer that
impinges on the cavity floor, producing two large recirculation re-
gions. Closed cavities are associated with higher drag coefficients>~#
and heat transfer properties”~!! than those of open cavities; as such,
they are less desirable. Open cavities are short and deep with an
L/D < 10. They contain shear layers that span the cavity and are
more typical of those found in aircraft applications. Open-cavity
flowfields are remarkably complicated, with internal and external
regions that are coupled via self-sustained shear-layer oscillations.
Coherent shed vorticity, unsteady weak shock or pressure waves,
and interactions between the shed vortices and the vortices that re-
side in the cavity also are present. Flowfield characteristics appear
to depend primarily on the shape of the cavity and the Mach number,
with Reynolds number effects considered to be less important.!> 13
Several issues remain to be understood for open-cavity flowfields.
Researchers appear to agree that an oscillating shear layer exists,
that the primary and secondary vortices residing within the cavity
are driven by the shear layer, that a mass breathing effect occurs
within the cavity, and that pressure oscillations exist. However, the
mechanisms driving this flowfield have not yet been agreed upon.
Because of the unsteady nature of supersonic open-cavity flow-
fields, the measurement of field properties within the cavity is dif-
ficult experimentally. As such, surface properties, such as time-
averaged pressure and time-averaged sound-pressure level (SPL),
are usually reported in the literature. Unsteady quantities typically
are presented in terms of the spectral SPL. Recent experimental
work!? for subsonic to transonic open cavities provides a bench-
mark for comparing the effects of different Mach numbers, aspect
ratios, flowfield dimensionality (i.e., two- and three-dimensional),
and surface heating. However, no field data were reported to enable
an examination of the pressure oscillation driving mechanisms. This
is not uncommon because few experimental works have provided
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flow visualization about supersonic open cavities. In spite of this,
experimental efforts have contributed useful information about the
pressure oscillation cycle mechanisms. Prominent works have at-
tempted to describe the details of open-cavity flowfields.!*~!5 Their
proposed physical mechanisms are discussed in detail in the follow-
ing section.

Numerical results have produced considerable evidence regard-
ing the nature of the cavity resonance cycle. A number of researchers
have attempted to simulate the open-cavity resonance cycle.'6=23 All
of these efforts employed a Reynolds-averaged Navier—Stokes equa-
tion approach with an algebraic turbulence model. More advanced
turbulence models, such as one-equation?* and two-equation?’ mod-
els, also have been attempted, although with no greater success. The
general results indicate that a variety of solutions can be obtained
with the various turbulence models, but that the large-scale features
are similar for the best performing models. Good results are typi-
cally obtained for time-averaged surface properties such as pressure
and shear stress. However, unsteady properties such as SPLs and
cavity resonance frequencies are not computed consistently. This is
not surprising because turbulence models are typically not tuned to
unsteady applications.

Apart from computing the unsteady cavity flowfield, experimen-
tal and computational studies of cavities with suppression devices
have been performed by many researchers. Sarno and Franke? stud-
ied the effects of manipulating the shear layer over the cavity leading
edge by using static and oscillating fences as well as steady- and
pulsating-flow injection at the leading edge of the cavity. Pereira and
Sousa?’ measured the time-averaged velocity flowfield and turbulent
velocity characteristics of different cavity trailing-edge geometries
(sharp, nose-shape, and round) using laser Doppler anemometry.
Baysal et al.?® performed computational simulations for the two-
dimensional transonic turbulent flows past a cavity with a rear face
ramp and then with a spoiler at the front lip. Kim and Chokani®
conducted a computational investigation to study the effect of pas-
sive control on a supersonic flow over a two-dimensional cavity. The
passive control was implemented by using a porous surface over a
vent chamber in the cavity floor. Jeng and Payne®® further computed
the effect of porous walls, separately placed at the forward bulkhead,
floor, and aft bulkhead, to suppress the pressure fluctuations within
the cavity. Suhs'® used an implicit Navier-Stokes code with a thin-
layer approximation to compute the flow over a three-dimensional
rectangular cavity with and without a solid spoiler at the leading-
edge lip. All of these results show the effect of passive controls on
the pressure oscillations in the cavities. However, few details of the
unsteady field properties were reported to help explain the inherent
flow physics.

Understanding of the flowfield in the cavity can help to determine
the driving mechanisms for the cavity oscillation cycle and can be
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used to create an effective method to suppress the undesired reso-
nance frequencies and to avoid structural damage. Computational
fluid dynamics is uniquely able to visualize this highly unsteady
flowfield and to illustrate time histories of flow properties that can
be used to better understand the physical mechanisms leading to the
oscillation cycle.

The main goal of the current research was to determine the flow-
physics mechanisms about the supersonic two-dimensional open
cavity (defined earlier) that are responsible for the resonance cycle.
A numerical method was applied that uses the double thin-layer
Navier—Stokes (DTLNS) equations and a modified version of the
Baldwin-Lomax algebraic turbulence model applied previously,?
which has been compared with the experimental data of Disimile and
Orkwis.?! The following sections discuss the numerical scheme; the
physical mechanisms associated with supersonic two-dimensional
open cavities proposed by Heller and Bliss!* and mentioned by
Rockwell and Naudascher'3; the results obtained in the current re-
search, including a new description of the cavity oscillation mecha-
nism and a discussion of the similarities and differences between the
new cycle and those mentioned above; and the conclusions drawn
from this study.

Numerical Scheme

The equations solved discretely in the current work are the
DTLNS equations. The multiblock finite volume scheme developed
by Simpson and Whitfield*? and modified by Tam et al.?> was used.
The current procedure was detailed in earlier works?>? and are
not included in the present discussion. The scheme utilizes Roe
flux difference splitting for the residual and an approximate Steger—
Warming splitting for the Jacobian matrix. It is third-order accurate
in space and second-order accurate in time when a Newton-like
subiteration procedure is employed.>? Four subiterations per global
iteration were used, in the manner of Simpson and Whitfield,*
because this reduces the subiteration residual sufficiently to attain
second-order temporal accuracy.

In an earlier work,?® several different modifications of the
Baldwin-Lomax turbulence model and a laminar calculation were
tested for application to supersonic two-dimensional open-cavity
flowfields. The results showed that an increase in eddy viscos-
ity caused the flowfield solution to be more dissipative, and that
highly dissipative models, such as the standard Baldwin-Lomax
model, underpredicted the dominant frequencies and the over-
all SPLs. The laminar case (without the eddy viscosity) had the
opposite effect on the surface-property predictions. The authors
later found that the version of the Baldwin-Lomax model em-
ployed previously by Baysal et al.,”® which was modified to em-
ploy upstream relaxation,*3* multiple walls,?>-?® and the first peak
modification,?*-3¢ had the best overall predictions as compared to
experimental data®! based on time-averaged surface pressure, time-
averaged SPL, dominant frequencies, and SPL vs frequency.

These modifications of the Baldwin-Lomax turbulence model
were used to account for both the flow features and the cavity ge-
ometry. For example, the relaxation modification was implemented
to eliminate the abrupt change in eddy viscosity from the flat-plate
boundary layer to the free shear layer at the mouth of the cavity.
The multiple-wall modification was used to include the effects of
all cavity walls on the computed eddy viscosity. For separated flows,
such as in the open cavity, the function F(y) has multiple peaks.
The first peak modification chooses the F function peak nearest the
wall. The details of these modifications were discussed previously®
and, for brevity, are omitted here.

Boundary and Initial Conditions

Boundary conditions for the computation were prescribed vari-
ables on the inflow plane, no-slip adiabatic wall on solid surfaces,
and extrapolation on the outflow boundaries. The upstream profile
was determined by using a flat-plate computation from which the
proper profile was chosen by finding the x location with the same
momentum thickness as that found experimentally.??

Initial conditions for the flowfield external to the cavity were ob-
tained by extrapolating the inflow profile, i.e., a constant boundary-
layer profile was set along the flat plates and above the cavity.
Flow inside the cavity was initialized by using the wall pressure

and density of the flat plate. The nondimensional velocity compo-
nents were prescribed via the equations pu = 0.5, pv = pw = 0.0,
which represented a slow uniform flow in the x direction inside
the cavity. The total energy then was defined from these quantities.
Note that these are arbitrary settings for the flow conditions inside
the cavity.

Grids

The block-grid dimensions for this study were 66 x 55, 66 x 120,
and 66 x 55 for the upstream, cavity, and downstream blocks, re-
spectively, with points clustered along all walls. This choice was
based on a grid-resolution study, the results of previous researchers,
and available computational resources. Half and double x- and y-
direction grid-point densities were tested, and the fine-grid results
were only marginally different.

Data Sampling

The results were obtained over a period of 71 characteristic times
t.. The total run time was approximately 212 h on a Cray 90 su-
percomputer. Data were sampled after 6z, as per the suggestion
of Suhs,”® which allowed the initial starting transient to decay. A
sampling rate of 4.292 x 10 s, which corresponded to a nondi-
mensional time step of 1 x 107#, was employed for surface pressure,
whereas 8.584 x 1077 s was used to sample the field properties for
the entire flow.

Physical-Mechanism Theories

The code as described above was employed to explore the va-
lidity of the flow-physics mechanisms described previously by ex-
perimental investigations. Notable efforts by Rossiter,'3 Heller and
Bliss,' and Rockwell and Naudascher!s have attempted to describe
the details of open-cavity flowfields. Surprisingly, the general de-
scriptions are, at first glance, quite different but can be reinterpreted
as different perspectives on the same events.

Rossiter’s Empirical Formula
Rossiter employed dimensional analysis and empiricism to pro-
duce the following formula for the cavity resonance frequencies:

U —
f=— _m=v e}

L[(1/K) + M]
where U is the freestream velocity, L is the cavity length, M is
the Mach number, m is an integer (1,2, 3, ...), and y = 0.25 and
K = 0.66 are constants. Note again that Rossiter’s formula does not
contain a Reynolds number. Rossiter’s formula predicts the domi-
nant frequency of the cavity oscillation with remarkable accuracy,
as demonstrated previously.?* This value can be obtained from nu-
merical simulations and is one of the more appropriated accuracy
metrics for this unsteady flow.

Rossiter’s model was derived using an edge-tone analogy and the
assumption that the acoustic radiation is attributable to shed vortices
impinging on the cavity aft wall. His experiments visualized the shed
vortices and the pressure waves external to the cavity, although they
did not visualize the standing waves described as existing within the
cavity. This work laid the foundation for the more comprehensive
theories regarding cavity resonance put forth by Heller and Bliss'*
and Rockwell and Naudascher.?

Heller-Bliss Wave Interaction Mechanism

The mechanism proposed by Heller and Bliss'* and cited by sev-
eral other researchers!’-? defines the shear-layer oscillation cycle
as dependent on unsteady planar compression waves. The upstream
traveling compression wave reaches the front wall, reflects back,
and becomes a downstream traveling wave. The resulting wave pat-
tern in the cavity causes unsteadiness in the shear layer. In turn, the
shear-layer motion is responsible for the aft wall mass addition and
removal that initially generates the cavity internal wave structure.
Figure 1 shows the process of the feedback loop in the cavity, as
follows.

1) The pressure wave from a previous trailing-edge disturbance
reaches the front wall of the cavity and reflects. Another wave, which
has already reflected off the front wall, approaches the aft wall of
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Fig.1 Typical oscillation cycle.
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the cavity. At this time, the shear layer is deflected above the aft
wall, and fluid leaves the cavity near the aft end.

2) The shear-layer oscillation travels downstream in a wave-like
pattern and eventually hits the trailing edge. A new compression
wave begins to form at the aft wall as the flow impinges on the
trailing edge, causing fluid to enter the cavity. The compression wave
reflected from the front wall travels downstream approximately in
phase with the shear-layer displacement.

3) The shear layer, which is now below the trailing edge at the aft
wall, forms an upstream traveling compression wave. The reflected
wave from the front wall continues to move downstream in phase
with the shear-layer displacement.

4) The upstream and downstream compression waves meet and
interact near the cavity center.

5) After interaction, the waves continue in their respective di-
rections. The external part of the upstream traveling wave moves
into the supersonic flow, thus causing it to be tipped more than
the external-flow Mach angle. The downstream wave moves in the
same direction as the external flow and travels at a subsonic speed
relative to it. At the aft wall, the shear layer reaches the trailing-edge
height.

6) The shear layer is now above the trailing edge. The wave
generated at the trailing edge approaches the front wall of the cavity,
and the downstream traveling wave approaches the aft wall of the
cavity. The oscillation cycle then repeats.

Vortex Interaction Mechanism

Rockwell and Naudascher'® and others®”+* provide an explana-
tion of the cavity resonance cycle, which stipulates that the shear-
layer oscillation is driven primarily by transient vortex motions
within the cavity. They contend that the vortices that form within
the oscillating shear layer sometimes impinge upon the aft wall
and then mix with vortices inside the cavity. The shear-layer vor-
tex/edge interaction adds mass to the cavity, the breathing-in phase.
This captured vortex then interacts with the internal cavity vortices,
displacing them and producing pressure oscillations within the cav-
ity. These fluctuations travel forward and eventually displace the
shear layer at the leading edge. This produces an external excitation
of the shear layer that initiates and locks in the shedding of another
vortex and closes the feedback loop.

Note that although the two descriptions appear to be quite differ-
ent, the two points of view are not mutually exclusive. The following

37,38

section discusses the results from the present calculation, com-
pares them with the two physical oscillation mechanisms mentioned
above, and describes a new oscillation-cycle mechanism.

Results and Discussion

The results include a comparison of the dominant frequency with
the Rossiter formula prediction and time histories of simulated
schlieren images and vorticity and pressure contours for one oscil-
lation cycle. The schlieren simulation was produced to numerically
create pressure-wave images and compare them with the Heller and
Bliss'* experimental results. Results were obtained to match the
experimental data taken previously>! for flow about an L/D =2
quasi-two-dimensional cavity in terms of dominant frequency and
time-averaged SPLs. The test parameters were Mo, = 2, Rey =
3.69 x 10*, and 8 = 0.979 mm. No flow visualization was available
from the experiment.

Dominant Frequency

The time history of pressure was taken along the wall surfaces
after every iteration of the computation. There were 325,000 data
points for each wall grid point. A fast Fourier transform (FFT) was
used to decompose the pressure signal along the cavity walls, i.e.,
the front wall, the floor, and the aft wall. The resulting FFT showed
that the dominant frequencies were the same throughout the cavity,
with a value of 26.2 kHz and a time-averaged SPL (SPL) of 167.54
dBatthe x/L = % point on the cavity floor. These numbers should
be compared with the dominant frequency described by Rossiter’s
formula [Eq. (1)] and the SPL value found from the experiment.’!
Rossiter’s formula predicts frequencies of f = 9916, 23,138, and
36,360 Hz for the first three modes, respectively. Rossiter notes that
the dominant peak is one of these values, although not necessarily the
first. The current numerical result agrees quite well with the second
mode, and also with the experimental measurements of approxi-
mately 23 kHz and 164.41 dB. Note that many other algebraic tur-
bulence models were tested previously by the authors.?* These other
results provided reasonable agreement with the dominant frequency,
but poor agreement with the SPL. This is noteworthy, considering
that SPL is measured on a decibel scale. For these reasons, the above
comparisons provide some confidence in the computed solution.

Combined-Schlieren Simulation and Vorticity Contours

The pressure fluctuations in the cavity were reported by Heller
and Bliss* using water-table visualization. Density variations in
the flowfield can be observed with that technique. The numerical
results were used to obtain a combined-schlieren simulation of the
pressure-wave structure in the cavity, i.e., magnitude of the density

gradient:
2 2
) ]
Vol = /(=) +(2 @
dx dy

(Note that experimental schlieren images have a preferred direction,
i.e., they are either 3p/3x or 8p/dy, depending on the orientation of
the knife edge. The current combined simulation then is a merging
of results taken with both knife-edge orientations.)

The resulting pressure-wave patterns can be used to determine
the feedback mechanism for the oscillation cycle in the cavity, as
shownin Fig. 2. All of the cycle time histories were divided into eight
time-sequential events that form a continuous loop. Figure 3 is an
enhanced sketch of the original combined-schlieren simulation. This
diagram was produced by importing the original plot (Fig. 2) into
Microsoft Windows PaintBrush and highlighting the main features
of the pressure waves. The wave patterns are labeled a, b, ¢, and
v (their explanation is provided below). The prime indicates the
wave generated from the previous oscillation cycle and the asterisk
represents the beginning-wave pattern for the next cycle. A starting
point for the cycle is arbitrarily chosen, because it is necessary to
review the entire process to completely understand the conditions
throughout.

Observed Oscillation Cycle
The oscillation cycle observed in the numerical simulations can
be described as follows:
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Fig.2 Time history of schlieren simulation.

Fig. 3 Enhanced sketch of schlieren simulation.

1) A downstream moving compression wave a’ has been reflected
from the front wall. This reflection creates a compression wave ¢
that travels upstream of the separation lip, a second downstream
moving compression wave a approaches the aft-wall corner and is
reflecting off the cavity floor. At this point, note that although a’ had
previously reflected from the forward and aft walls (much like wave
a is preparing to do in the current cycle), wave a did not form from

Fig. 4 Time history of vorticity contour.

awave like a’. This is fundamentally different from the Heller—Bliss
cycle and is discussed further below. At the trailing-edge cavity lip,
a compression wave b is formed because of the impingement and
shredding of the shed vortex v’ (Fig. 4A), whereas another vortex v
is in the formation process at the leading edge.

2) The internal portion of the downstream traveling compression
wave a’ has been dissipated and does not propagate farther down-
stream. Meanwhile, the aft compression wave a impinges on the
cavity floor and begins reflecting from the corner, demonstrating
that a was not formed by the reflection of a’ from the front wall.

The pressure wave at the trailing-edge lip b travels upstream a bit,
but then remains quite stationary. At the same time, the shed vortex
v’ is torn into two parts at the trailing-edge lip; one is convected
downstream and the other moves into the cavity as shownin Fig. 4B.
The leading-edge vortex v continues the shedding process caused
by the high pressure (Fig. 5B) induced by the reflection of a’.

3) A compression wave a* starts to form just beneath the vortex
and travels downstream. This is the wave that eventually will strike
the aft-wall corner (like wave a in Fig. 3A). It represents a major
difference with the Heller and Bliss cycle.

Near the forward wall, the high pressure in the separation-lip re-
gion (Fig. 5C) continues to push the vortex v upward as it sheds. In
the bottom right comer, wave a reflects and moves upstream, The
torn vortex v’ travels downward (Fig. 4C) and provides an additional
forcing influence on wave a as it moves away from the aft wall. Note
that, unlike the Heller-Bliss'* and Rockwell-Naudascher'® descrip-
tions, the impinging vortex does not form the upstream traveling
wave. Rather, it appears to augment or force the wave at the vortex-
shedding frequency. This is likely the feedback mechanism needed
to attain the consistent oscillatory behavior seen in the cavity. The
nonlinear nature of this forcing also provides an explanation for why
the cycle is somewhat irregular, even though a dominant frequency
can be determined.

4) The internal compression waves a and a* travel in their respec-
tive directions. The torn vortex v’ moves farther downward in the
cavity and mixes with the resident vortex (Fig. 4D). By this time,
the shed vortex v has detached from the separation lip and begins
to convect downstream, while a small portion of the next vortex v*
begins the formation process.

5) Inside the cavity, the upstream traveling compression wave a
interacts with the downstream compression wave a*; they then con-
tinue in their respective directions. However, wave a now becomes
more of a normal shock. The shed vortex v reaches the trailing-edge
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Fig. 5 Time history of pressure contour.

lip, as shown in Fig. 4E, while at the leading edge, the next vortex
v* continues to form.

6) The compression wave a propagates upstream like a normal
shock inside the cavity and approaches the forward wall, while form-
ing an oblique shock outside the cavity. The downstream traveling
compression wave a* moves toward the lower aft-wall corner. Figure
4F shows that the shed vortex v contacts the trailing-edge lip.

7) The internal portion of the upstream traveling pressure wave
a reflects off the front wall and begins to move downstream. The
external portion essentially stalls when it meets the shedding vor-
tex v*. The pressure wave b dissipates at the trailing-edge lip, at
the same time, the shed vortex v impinges on the trailing-edge lip
(Fig. 4G).

8) The impingement of the pressure wave at the separation lip
forms an upstream traveling compression wave ¢* forward of the
separation lip. Compression wave a convects farther downstream.
At the aft-wall corner, compression wave a* impinges on the cavity
floor and the aft wall. At the same time, the shed vortex impinges
on the trailing-edge lip and creates a compression wave b*, again
indicating that the mechanism that creates the upstream traveling
wave comes first (because of the downstream traveling-wave reflec-
tion), preceding the generation of the pressure pulse from the vortex
impingement. The next cycle starts with A, and the oscillation in
the cavity repeats.

The current results indicate that the pressure oscillation in the
supersonic two-dimensional open cavity is generated by the im-
pingement of compression waves on the bottom aft wall. This wave
is not formed by the impinging vortex but rather is forced by that
vortex in the same manner as a forced pendulum. This wave later
reflects off the aft wall and travels upstream, thus forcing another
vortex to shed at the leading-edge lip and initiating the next cycle.
However, this pressure wave eventually dissipates near the center
of the cavity and a new pressure wave forms below the shed vortex
that travels downstream and continues the cycle.

Cycle Differences

Note that there are some differences between the present pressure
oscillation mechanism and those proposed by Heller and Bliss'* and
Rockwell and Naudascher.'® In particular, note the following.

1) The compression wave formed at the bottom aft corner starts
not from the previous cycle wave but from the wave just below the
shed vortex, as shown in Fig. 3C.

2) The downstream traveling-compression wave that had reflected
off the front wall dissipates near the center of the cavity (Figs. 3A-
3C) and does not strike the aft wall. o

3) The upstream traveling compression wave does not have a
component outside the cavity until it interacts with the downstream
traveling compression wave (Fig. 3F), at which point it picks up the
downstream lip compression wave.

4) Although the shed vortex and the vortex impingement are ob-
served from the numerical results, little evidence exists to suggest
that the torn vortex entering the cavity is responsible for the pressure
oscillation mechanism as suggested by Rockwell and Naudascher.!
Rather, it appears to provide a forcing function for the pressure wave.

Conclusions

A study of the flow physics about a supersonic two-dimensional
open cavity has been performed using a time-accurate DTLNS equa-
tion flow solver. A combined-schlieren simulation, vorticity, and
pressure contours were used to show that a shed vortex impinges
on the cavity aft lip and forms a pressure pulse that augments or
forces, at the vortex shedding frequency, an internal upstream mov-
ing wave that has been reflected from the aft lower corner. This up-
stream moving wave eventually reflects off the cavity forward wall
and forces the shedding of a new vortex. However, it was found that
the reflected wave dissipates before it reaches the aft wall. Instead, a
second wave forms beneath the shed vortex and eventually reflects
from the aft corner and is forced at the shedding frequency by the
shed vortex wave, completing the cycle.
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