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unpredicted the experimental reattachment length (xr/h — 12.3)
by about 15% owing to the combined effect of inadequacies of the
k-s model and numerical diffusion associated with UDS in such
flows.2"4 In the backward-facing step11 and the bluff plate4 cases,
k-s predictions are improved by invoking higher order schemes but
still yield reattachment lengths shorter than experimental values.
In contrast, in the rib flow considered here k-e/QDS computations
overpredict the reattachment length by about 8%, as shown in Fig. 2.
The better agreement in this case is fortuitous and is the result of
the more complex flow associated with the presence of two primary
separation bubbles. The underpredicted upstream separation bubble
causes an underretarded flow immediately upstream of the second
separation. This results in artificially higher momentum fluxes in the
shear layer separating from the upstream edge, thereby compensat-
ing for the overdiffusive properties of the k-s model; the net effect
is an overpredicted reattachment length. The values predicted by
the MS turbulence model with QDS converge to within 1% of the
experimental value. A small secondary recirculation zone behind
the rib is obtained with the fine grid QDS computations.

Various flow zones can be identified in the wall shear stress distri-
butions presented in Fig. 3. The distributions obtained from the k-s
and MS models show significant differences on top of and down-
stream from the rib. The upstream separation region is almost nonex-
istent in the k-s predictions, and the magnitudes of the shear stress
are lower than those of the MS model because of the over diffusive
properties of the k-s model.

The predicted longitudinal velocity profiles are compared in Fig. 4
to available measurements. The upstream profiles (at x/h = —2.0)
are almost identical for both models and show a distribution similar
to that of fully developed turbulent flow. Atx/h = -0.4, the effect
of the adverse pressure gradients caused by the obstacle becomes
more prominent and the two models start deviating noticeably, with
the MS model showing better agreement with measurements. The
maximum reverse velocity shortly after separation on the top surface
of the rib (x/h — 0.25) is overestimated by the MS turbulence
model, while the zero mean velocity line passes through 0.23 A above
the trailing edge of the rib compared to the experimental value of
0.3/z. Overall, improved predictions with the MS model are obtained
throughout. However, the first profile in the recovery zone (x/h —
13), though better predicted by the MS turbulence model, is not
entirely satisfactory. The excessive retardation of the boundary layer
in the recovery region is a discrepancy common to all available EVM
and Reynolds stress model computations of reattaching flows.

An important parameter in the MS model is the turbulent ki-
netic energy generation-to-dissipation ratio (Gk/st). This ratio de-
termines the location of the variable partitioning of the energy spec-
trum, which is central to the capabilities of the MS model in resolv-
ing nonequilibrium fields. The computed contour lines of the ratio
Gk/st in Fig. 5 show peak nonequilibrium state associated with large
turbulent kinetic energy production around the upstream edge of the
rib. The ability of the MS model to resolve turbulence dynamics in
this region yields less damping and hence improved predictions of
the downstream flow.
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Introduction

T HE presence of a cavity in a surface bounding a fluid flow
can cause large pressure, velocity, and density fluctuations in

its vicinity, as well as propagating acoustic waves. In addition, the
drag on the surface can be altered and structural failure due to res-
onance can occur. A persistent problem with the numerical simula-
tion of cavity flow is the choice of an appropriate turbulence model.
Many researchers have opted for the simplicity of the Baldwin-
Lomax algebraic model, although many modifications to its basic
form have been employed. Suhs1 applied the standard Baldwin-
Lomax model above the up- and downstream flat plates and bottom
wall of the cavity, while assuming laminar flow in the region above
the cavity. Rizzetta2 used the Baldwin-Lomax model with the re-
laxation model3 for three-dimensional supersonic open cavity flows.
Baysal et al.4 have researched supersonic open cavity flows using the
Baldwin-Lomax turbulence model and a combination of the relax-
ation modification, the Degani and Schiff5 first peak modification,
and the multiple-wall modification.

Although many turbulence model modifications for cavity flow-
fields have been proposed, little evidence has been offered as to the
suitability of a particular choice. Time-averaged surface pressure
data appear to agree quite well for all models but, apparently, dif-
ferent flowfield behavior has been reported. This Note presents the
numerical results6 of a two-dimensional open cavity flowfield study
that employed the double thin-layer Navier-Stokes equations and
various versions of the Baldwin-Lomax algebraic turbulence mod-
els, including the upstream relaxation,2'4 first peak,4 multiple-wall,4
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Fig. 1 Cavity geometry.

Suhs,1 and inverse approximation of Suhs,6 as well as two lam-
inar flow approaches. The inverse Suhs approach consists of the
Baldwin-Lomax turbulence model applied above the up- and down-
stream flat plates and above the cavity, with no turbulence model in
the cavity itself. The first laminar flow case utilized the Baldwin-
Lomax model only above the up- and downstream flat plates, and
the second employed laminar flow everywhere in the computational
space. The results are compared to the experimental data of Disimile
and Orkwis.7

Governing Equations
The unsteady Reynolds-averaged, double thin-layer Navier-

Stokes (DTLNS) equations were discretely solved in this work.
The DTLNS equations retain the thin-layer viscous terms in both
the x and y directions as opposed to the thin-layer Navier-Stokes
(TLNS) equations which retain terms only in the y direction. The
TLNS equations have been described by many researchers,8'9 and
as such they will not be included here. The governing equations
were solved using a DTLNS modification of the implicit approxi-
mate factorization scheme of Simpson and Whitfield.9 This scheme
is second-order accurate in both time and space, and employs a
Newton-like subiteration procedure. Four subiterations were used
in each global iteration with a time step such that the maximum
Courant-Friedrichs-Lewy (CFL) was 0.1.

Initial/Boundary Conditions
Boundary conditions were obtained from a flat plate computation

that matched the experimental wind-tunnel wall boundary-layer mo-
mentum thickness 6 as discussed by Orkwis et al.10 The cavity shown
in Fig. 1 was tested with flowfield conditions M^ = 2, Ree =
3.69 x 104 and 9 = 0.979 mm. Initially, the flow above the cav-
ity was set equal to the flat plate solution at the location matching
the experimental value of 9. The nondimensional initial conditions
within the cavity were density and pressure set equal to the wall
values, pu = 0.5, pv = pw = 0.0, and total energy defined from
these quantities.

Results and Discussion
The results are grouped into surface and field properties. The sur-

face properties include time averages of pressure and sound pressure
level. Field properties are presented in the form of streamline con-
tours. Comparison of the surface pressure frequency content was
performed in an earlier work.6

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,
respectively, 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.

Surface Properties
Figure 2 is a comparison of the time-averaged surface pressures

obtained from the experiment and the tested turbulence models.
The general results can be grouped according to their performance
on the forward/bottom walls and the aft wall. The best performers
for one case were the worst performers for the other. For example,
the best models for the front and bottom walls were the standard
Baldwin-Lomax (SBL), inverse Suhs (ISU), fully laminar (FL),
laminar in and above the cavity (LIA), relaxation (REL), and first
peak (FP) approaches. The worst performers over this range were
the Suhs (SU) and multiple-wall (MW) models. This situation was
reversed for the aft wall, with SU and MW performing best and
SBL, ISU, LIA, REL, FL, and FP models performing poorly. This
points to the fact that none of these models provide adequate surface
pressure results over the entire cavity.
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Fig. 2 Time-averaged surface pressure.
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Fig. 3 Time-averaged sound pressure levels along the cavity floor.

In general, the results do not differ greatly between models. In
fact, even the FL computation performed reasonably well on the
aft wall. The FL result, however, contained the most oscillations,
whereas the SBL result varied in the smoothest fashion. This is a
consequence of the turbulent viscosity levels and will be discussed
subsequently in greater detail.

Sound Pressure Level
The time histories of the surface pressures were recorded and

used to form the time averaged sound pressure level (SPL) along
the cavity floor, which is computed by the equation

where

= ~ / ( p - p Y d t

(1)

(2)

and pKf is the standard reference value, 20 /uPa. The comparison
with experimental data shown in Fig. 3 at \ X/L along the cavity
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Fig. 4 Streamlines at time of maximum aft pressure: a) SBL, b) REL,
c) ISU, d) SU, e) MW, f) FP, g) LIA, and h) FL.

floor shows that the REL results agreed best. All of the other ap-
proaches were at least 3 dB from the experimental values, with the
SBL giving the maximum difference of 8 dB.

The surface property results provide clues as to the behavior of
the respective turbulence models. It can be conjectured that tur-
bulent viscosity plays an significant role in both the p and SPL
results. Smoother p and lower SPL values were obtained as the

viscous dissipation increased. This general trend is also reflected in
the streamline results.

Streamlines
Instantaneous streamline results are quite useful in sorting out the

behavior of the respective models and further establishing the ef-
fect of viscosity. Figure 4 illustrates the streamlines for each model
plotted at the time of maximum center aft wall pressure. Note
that in all cases, mass ingestion can be observed at the aft cavity
wall. The general trends show that increasing viscosity decreases
the number of vortices resident in the cavity and the frequency of
vortex shedding.6 Figure 4a shows a distinctly different flowfield
topology for the SBL model when compared to the lower viscos-
ity models. In contrast, Fig. 4f shows a wealth of vortices and,
indeed, inflow separation for the FL case. Results between these ex-
tremes are quite similar. A left-hand-side secondary vortex appears
to various degrees in all plots. Corner vortices appear in several
cases.

Summary
A study of several modified versions of the Baldwin-Lomax tur-

bulence model applied to two-dimensional supersonic open cavity
flowfields was performed. The results were clearly affected by the
levels of turbulent viscosity imposed in the cavity. The standard
Baldwin-Lomax model was found to be the most dissipative and
produced the worst overall performance, even when compared to
fully laminar computations. The general effect of increased viscos-
ity was a reduction in dominant frequency and overall cavity sound
pressure levels. Elimination of turbulent viscosity led to increased
resident vortices and unacceptably high-dominant frequencies. The
tuned damping offered by many of the modifications produced
considerable improvements. Although no model performed best in
all areas, the multiple-wall modification provided the best com-
promise. Combinations of the models might produce a better
result.
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