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and back portion of the airfoil is shown in Figs. 2b and 2¢, respec-
tively. The smooth transition of the grid from one type to another
and the decency of the grid at sharp corners and between close sur-
faces are clearly shown, which indicate excellent compatibility and
communication between the two grid strategies as controlled by a
common background grid. The grid was generated using a Silicon
Graphics IRIS 4D/210 VGX workstation. The code’s performance
is about 360 triangles/s on that workstation and 2350 triangles/s
on a Cray Y-MP. The total turnaround time required for generating
a grid around a complex geometry, including the setup time, is
about 1 h.

To examine the fidelity of the grids generated with the present
method, a turbulent viscous-flow computation was performed on
the grid shown in Fig. 2. The flow solution was obtained with an
available node-based, upwind flow solver® using the Baldwin-
Barth turbulence model at a Mach number of 0.2, an angle of at-
tack of 16.2 deg, and a Reynolds number of 9 X 105, Comparisons
for surface pressure distributions and velocity profiles are shown
in Figs. 3a and 3b, respectively. Excellent agreement with experi-
mental data confirms the viability of the generated grid.

Concluding Remarks
A new method of unstructured viscous grid generation has been
introduced. The approach is conceptually simple but powerful, and
capable of producing high-quality viscous unstructured grids for
complex configurations with ease. Being based on a totally un-
structured grid strategy, the method is fully automatic and flexible
and, thus, alleviates the difficulties stemming from the structural
limitations of the existing structured or semi-unstructured tech-
niques. Because of an efficient grid-marching strategy and a sim-
ple front-detection algorithm, the method is highly efficient and
operational on small workstations. The method is also self-suffi-
cient for insertion of grid points in the boundary layer and beyond.
The method has been applied to two-dimensional problems with
satisfactory results. The basic elements of the technique, however,
have been primarily designed for its subsequent extension for gen-
erating three-dimensional highly stretched tetrahedral grids which
is currently in progress. The full benefit of the method will be real-
ized for generation of three-dimensional viscous grids where the
complexity of the problem becomes excessive.
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Influence of Impingement Edge
Geometry on Cavity Flow Oscillations

J. C. F. Pereira* and J. M. M. Sousat
Instituto Superior Técnico, 1096 Lisbon, Portugal

Introduction

HERE is a variety of engineering flow applications and sys-

tems that can be modeled as single or as series of cavities, in-
cluding slotted-wall wind and water tunnels, aircraft components,
depressions in submarine and ship hulls, computer boards with
closely spaced chip carriers, or even the gasdynamic laser cavities.
Experimentally, it has been observed that the fluid flow in and near
cavity-type geometries is unsteady, usually exhibiting large-ampli-
tude oscillations of pressure and velocity. Although it is undeni-
able that the flow oscillations may be beneficial in certain cases
(e.g., to enhance heat transfer rates), in most cases they are
pernicious, causing structural vibration and noise, as well as in-
creasing drag. Therefore attenuation of cavity oscillations is a rele-
vant subject.

The experiments of Sarohia' for laminar axisymmetric flow
have proved that the reported flow oscillations were not a result of
resonance phenomena based on the interaction of the separated
shear-layer deflection and internal cavity pressures. The mecha-
nism that sustains the oscillations in such impinging flows was
later investigated by Rockwell and Knisely.? In their work, they
have shown that these flows are dominated by vortical structures
that form upstream, in the vicinity of the separation edge, and im-
pinge at the downstream edge of the cavity. The presence of this
edge leads to an enhancement of the organization of the aforemen-
tioned shear layer. Moreover, the interaction between the vortical
structures and the impingement corner was found to generate a
feedback mechanism, sustaining markedly coherent fluctua-
tions.>* Hence, it is reasonable to expect that modifications of the
downstream cavity edge geometry will give rise to important
changes in the specific characteristics of cavity flow oscillations.
Simple modifications may, from this standpoint, allow for the
achievement of a major reduction in the oscillations amplitude.

The present experiments embrace visualization of the shear-
layer flow past three different cavity edge geometries (sharp, nose-
shape, and round), as well as detailed laser Doppler anemometry
measurements of the time-averaged velocity flowfield and turbu-
lent velocity characteristics. The information reported herein aims
to characterize the influence of the impingement edge geometry on
unsteady cavity flow and it is further used to assess the effective-
ness of the modified configurations (nose-shape and round cor-
ners) in attenuating the flow oscillations.

Experimental Procedure and Instrumentation

The experimental setup consisted of a cavity model formed on
the floor of a water tunnel made of PERSPEX, 0.170 m in depth,
0.200 m in width, and 7 m in length. The water was drawn from a
constant-head discharge tank and pumped, in a closed-circuit, into
a pressurized tank, as described by Durdo et al.’ The cavity model
spanned the test section by a combination of appropriate upstream
and downstream plates, yielding a depth-to-cavity length ratio of
h/b = 0.5 and a depth-to-width ratio of #/w=0.12 forh/H = 0.141,
where H is the channel height. The incoming turbulent channel
flow Reynolds number was Rey = 20,440, the turbulence intensity
at the channel centerline was approximately 4%, and the corre-
sponding cavity flow was characterized by a Reynolds number,
based on the cavity depth /# and channel centerline velocity Uy,
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Fig.1 Time-averaged flow streamlines (dots indicate measuring loca-
tions). Level values: -0.100, -0.088, —0.068, —0.052, -0.035, -0.026,
-0.018, -0.008, —0.004, —0.001, 0.000, 0.002, 0.018, 0.028, 0.035, 0.068,
0.210, 0.350: a) sharp edge, b) nose-shape edge, and c) round edge.

Rey, = 3360. Besides the standard rectangular cavity (sharp edges),
two modified downstream cavity edges were employed: a nose-
shape edge, consisting of a half-circle of radius #/4 added to the
top half of the forward-facing step of the cavity; and a round edge,
obtained by smoothing the sharp impingement edge in the shape of
a quarter-circle of radius 4/2.

To adequately visualize the separated shear-layer structures, a
fluid tracer was utilized (a solution of Rhodamin 6 G particles). A
laser light (Spectra-Physics 2540 Ar-Kr laser) from above illumi-
nated the channel centerplane and video-recorded pictures were
then taken, at right angles to the sheet of light, using a charge-cou-
pled device camera. The images were later processed and digi-
tized, allowing a frame-by-frame analysis, aiming to produce a de-
tailed characterization of the impingement edge effect on the
organization of the flow. A 15-mW (nominal) He-Ne laser (NEC
GL G5600) was employed as laser source for the velocimeter,
which was operated in the dual-beam forward-scatter mode with
sensitivity to the flow direction provided by light-frequency shift-
ing (0.2 MHz) from Bragg cells. The photomultiplier output signal
was bandpass filtered and processed by a TSI 1980B frequency
counter. Time-averaged velocities and turbulent velocity statistics
were evaluated by ensemble averaging, calculated from 20,000 to
60,000 samples of the validated data read into a digital computer.
It should be mentioned that the systematic errors due to nonturbu-
lent Doppler broadening® were found to be negligibly small. Also,
the random (statistical) errors’ have never exceeded 1 and 3%,
concerning the mean and variance values, respectively, by virtue
of the large number of samples used to form the averages.

Results and Discussion

The results presented in this section include flow visualization
and detailed time-averaged and turbulent velocity characteristics,
obtained in the centerline of vertical planes across the cavity. The
Reynolds number was kept unchanged and equal to Re, = 3360.
Figure 1 shows the time-averaged flow streamlines, corresponding
to the investigated geometries, evaluated from the measured
streamwise velocity component. The mean flow patterns reveal the
dissimilitudes of the flow structures inside the cavity, depending
upon the geometry of the downstream corner. One should note that
the assumption of flow two-dimensionality was satisfactorily veri-

Fig. 2 Flow visualization of the separated shear layer, for different impingement cavity edges, showing the vortex-edge interaction.
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Fig.3 Turbulent velocity characteristics at various locations across the cavity: a)variance of streamwise velocity fluctuations, b) variance of verti-

cal velocity fluctuations, and c) Reynolds shear stress.

fied for the aforementioned moderate Reynolds number, through
the comparison between the actual streamwise velocity profile and
two others measured at spanwise locations w/4 and 3w/4.

Close inspection of the mean streamlines presented in Fig. 1
leads to the observation that the nose-shape and round edge geom-
etries, with particular emphasis to the latter, induce a more nearly
perpendicular impingement of the stagnation streamline than the
sharp edge geometry. As a consequence, the size of the primary
eddy is larger. The maximum negative values of the nondimen-
sional stream function inside the cavities are —0.102, —0.070, and
—0.096, corresponding to Figs. 1a, 1b, and 1c, respectively. Thus,
one may further conclude that the use of the round, and particu-
larly of the nose, edge geometries implies a decrease in the drag
force appertinent to the presence of the cavity, in comparison with
the standard cavity geometry (sharp edge).

The unsteady nature of the flow is illustrated in Fig. 2, showing
the possible fates which may occur as a typical shear-layer vortex
approaches the cavity impingement edge. The snapshots suggest
the presence of organized flow oscillations. This was confirmed by
the spectral information extracted from velocity time series, mea-
sured in the shear-layer region past middle impingement length,
which displayed a quasiperiodic behavior. The power spectra of
the vertical velocity component indicated a dominant frequency of
oscillation, corresponding to a Strouhal number S, = 1.1 (S, = fb/
Uy, where f is the dimensional frequency). A striking feature is
that, despite the evident differences in the flow structure, the same
dominant frequency was measured in the three cavity flows. The
obtained Strouhal number is in excellent agreement with previ-
ously reported measurements,® for a standard rectangular cavity
(sharp edge), corresponding to the designated second mode, the

most frequent mode for b/h = 2. The presence of the same domi-
nant frequency in the shear layer, using the three different im-
pingement edges denotes that, for the present geometries, the recir-
culating flowfield does not alter dramatically the inner shear-layer
structure. However, in the following paragraphs, it will be demon-
strated that the shape of this edge plays an important role in deter-
mining the extent of the upstream influence, which in turn is asso-
ciated with the vorticity distribution of the incident vortex.

Figures 2a and 2b portray the most frequent events for the case
of a sharp impingement edge, termed by Rockwell and Knisely® as
“partial escape” and “partial clipping,” respectively, where a part
of the vortex is severed and swept downward. A less frequent
event, described as “complete escape” of the vortex, can be ob-
served in Fig. 2c. In this case, the vortex is not clipped and contin-
ues downstream retaining its integrity. Finally, Fig. 2d depicts the
most unfrequent event, the “complete clipping” of the impinging
shear-layer vortex, whereby the entire structure is swept down-
ward. In contradistinction, when using the round impingement
edge geometry, “complete clipping” is frequently observed (see
the sequence formed by Figs. 2e and 2f), constituting the predomi-
nant event. It is associated with the large displacement of the im-
pinging vortex core location, allowing the whole structure to be
swept downward. The injection of fluid into the recirculation re-
gion then augments the amplitude of the flow oscillations. In the
near region of the downstream comer, the flow is usually less or-
ganized than for the other investigated geometries, displaying an
important three-dimensional character. As will be discussed at the
end of this section, the present round corner geometry does not
lead to an attenuation of the oscillations amplitude, although
Ethembabaoglu!® found a significant reduction of these oscilla-
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tions using a similar edge. However, in his experiments, the edge
was formed by a 1:5 ellipse instead of the one-quarter circle em-
ployed in the present investigation. Concerning the case of a nose-
shape impingement corner geometry, the preferred event corre-
sponds to “complete escape” of the approaching shear-layer vor-
tex, as shown in the sequence of Figs. 2g and 2h. Moreover, the
roll-up of the shear-layer vortical structures is generally incipient,
implying that the arising vortices rarely achieve the maturity evi-
denced by those observed for the remaining geometries, hence fa-
cilitating a “complete escape.”

The profiles of Reynolds normal and shear stresses are pre-
sented in Fig. 3, at different longitudinal stations in the cavity re-
gion. The time-averaged fluctuating flow characteristics are a re-
sult of random and periodic contributions that have not been
decomposed in the present work. The development of the normal
and shear stresses reveals a qualitatively similar distribution in the
separated shear-layer region over the cavities, due to similar veloc-
ity fields and, hence, rates of strain. The magnitude of normal
stresses increases very rapidly in the first cavity half. However, the
variance of vertical fluctuating velocities displays much smaller
peak values for the nose-shape edge geometry than for the remain-
ing geometries. The results evince that the nose-shape geometry
yields an effective reduction of the vertical oscillations amplitude.
Based on flow visualization and time-averaged velocity character-
istics, one can associate the ocurrence of vortex escape to a de-
crease in the maximum values of fluctuating velocities, while both
partial and complete clipping contribute to the reinforcement of
the vertical velocity fluctuations. Large differences in the time-av-
eraged fluctuating velocity characteristics were measured inside
the cavity mainly as a result of the different time-averaged flow
structure.

Conclusions

Flow visualization and laser Doppler measurements have pro-
vided detailed information about the effect of the impingement
edge geometry on both instantaneous and time-averaged character-
istics of a cavity flow displaying organized oscillations. The use of
three different downstream cavity edge geometries (sharp, nose-
shape, and round) did not alter the corresponding Strouhal number
value, S, = 1.1, despite the fact that the recirculating flowfield in-
side the cavity was markedly influenced by the downstream corner
geometrical detail. Attenuation of the fluctuation peak magnitudes
was presented for the nose-shape impingement edge. The flow vi-
sualization bears that this attenuation is a direct consequence of the
most frequent escape of the separated shear-layer vortices ap-
proaching the impingement edge.
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Comparative Study of Higher Order
Turbulence Models for Compressible
Separated Flows
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I. Introduction

LTHOUGH turbulent separated flow has been the subject of

many studies in the past few years, little of the reported
research addressed high speed, as it related to the processes of sep-
aration, shear layer development, reattachment, and interaction of
shock wave/separation. Predicting compressible turbulent separa-
tion is challenging both numerically and physically because the
application of higher order turbulent closures requires solving
highly coupled and nonlinear transport equations. Most studies use
the algebraic turbulence models to eliminate the complexity of
numerical and physical modeling. Recently, several investigations
have incorporated a k-e two-equation turbulence model when solv-
ing for transonic flows over bumps,'2 where the results showed an
underestimation of shock-wave/boundary-layer interaction and a
mismatch in the measured and computed shock location. An alge-
braic stress model (ASM) has also been successfully implemented
and improves the predictions for the same problems.? Extensive
experience in the incompressible environment suggests that sec-
ond moment closure turbulence models are necessary for a satis-
factory prediction of recirculating, curved flows.? Use of the sec-
ond moment closure model sharply increases the difficulty in
numerical stability arising from the stiff problem near the wall.
Therefore, the solution algorithm is important in achieving conver-
gence with high accuracy.

The objective of the present study was to examine the perfor-
mance of Chien’s low Reynolds number k-e turbulence model,*
ASM/k-¢ two-layer model,? and Shima’s near-wall Reynolds stress
model® for predicting the transonic shock-induced separated flow-
fields over bump. Chien’s k-« model was chosen because of its
simplicity, easy implementation, and stability when applied to
complex flows. The inclusion of the high anisotropic effect of the
turbulent stresses in the immediate vicinity of wall and the easy
assessment of the empirical constants for the pressure-strain term
are the reasons for choosing Shima’s Reynolds stress model for
this study.

II. Physical and Mathematical Models

The governing equations used to describe the mean flow for this
study are the time-dependent, mass-averaged, compressible
Navier-Stokes equations. Depending on the two-equation k-e
model or Reynolds stress turbulence model used, the mean flow
equations are augmented by additional transport equations of (k
and €) or (u] u} and €) where k, € and u] u} are the turbulent
kinetic energy, dissipation rate, and Reynolds stress components.
The governing equation written in vector form in the (&, 1 ) coor-
dinate system can be expressed as

~

3,(0) +3(E-E) +3,(F-F) +j(H-H)=W (1)
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