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Shock/Boundary-Layer Interaction Control with Vortex
Generators and Passive Cavity

D. C. McCormick?*
United Technologies Research Center, East Hartford, Connecticut 06108

This paper describes an experimental comparison of two passive approaches for controlling the shock
interaction with a turbulent boundary layer: low-profile vortex generators and a passive cavity (porous wall with
a shallow cavity underneath). This investigation is the first known direct comparison of the two methods wherein
the advantages and disadvantages of both are revealed. The experiments were conducted with a normal shock
wave in an axisymmetric wind tunnel. The shock strength (M = 1.56-1.65) was of sufficient magnitude to induce
a large separation bubble, thus causing substantial boundary-layer losses. The low-profile vortex generators
were found to significantly suppress the shock-induced separation and improve the boundary-layer characteris-
tics downstream of the shock. However, the suppression of the separation bubble decreased the extent of the low
total pressure loss region associated with the lambda foot shock system which results in a lower mass-averaged
total pressure downstream of the shock. The passive cavity substantially reduced the total pressure loss through
the shock system (and thus wave drag) by causing a more isentropic compression over a larger lateral extent.
However, the boundary-layer losses downstream of the shock were significantly increased.

Nomenclature
Cy =skin friction coefficient
H = compressible shape factor, 6*/6
h = vortex generator height
L =length of passive cavity
M =Mach number
M, =Mach number upstream of shock
P,,, =mass-averaged total pressure
P, =inlet total pressure
P, =wall static pressure
R =local test section radius
Re = Reynolds number/m, U,/v
Res, =Reynolds number based on boundary-layer
thickness, Uu0,/v
U =axial velocity
U, = friction velocity
U, = freestream axial velocity
U*  =normalized velocity, U*/U,
U* = Van Driest transformed velocity
vg =Vvortex generator
X = axial distance from converging/diverging nozzle exit
X =shock location
X,c -=passive cavity leading-edge location
X,  =vortex generator location (downstream tip)
y =vertical distance from wall
yt =normalized wall coordinate, yU,/»,,
] = boundary-layer thickness (based on 0.995U,.)
6% =boundary-layer displacement thickness,

[ 11— oU/ (U dy
o = undisturbed boundary-layer thickness at shock
location (that is, smooth wall with no shock or
vortex generators present)
=relative shock location for passive cavity, X;— X,
=relative shock location for vortex generators,
X— X,

AX .
AX,,
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0 =boundary layer momentum thickness,
120U/ (pU)oel1 = U/Us) dy
v =kinematic viscosity in freestream
Vi = kinematic viscosity at wall
o = density
Introduction

NORMAL shock interaction with a turbulent boundary

layer occurs in many aerodynamic devices, such as tran-
sonic inlets, diffusers, and airfoils, with detrimental effects on
drag and pressure recovery. Two passive approaches for con-
trolling the shock interaction are vortex generators and a
passive cavity which are shown schematically in Fig. 1. The
former method dates back to the early 1950s, shortly after the
invention of the vortex generator, where the concept was
demonstrated in wind tunnel and flight tests on supercritical
airfoils."* Vortex generators alleviate shock interaction by
energizing the low-momentum wall flow in the boundary layer
with freestream flow via streamwise vortices, thereby, allow-
ing the boundary layer to negotiate the pressure rise without
separation. Note that the lambda-foot structure sketched in
Fig. la implies some separation is still present since in many
cases the vortex generators significantly reduce the size of the
separation but do not completely eliminate separation (as was
the case in the current investigation). The vortex generators
used in this study were not the conventional vane-type devices
used in previous investigations, but are low-profile (~0.1-
0.58) wedge-type vortex generators that are the invention of
Wheeler.’ The so-called ‘“Wheeler doublets’’ are a relatively
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Fig. 1 Passive shock-boundary layer control concepts.
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new class of vortex generators that have been shown to allevi-
ate subsonic separation as well as vane-type generators with
significantly less parasitic drag.® More recent drag measure-
ments of low-profile vortex generators (triangular ramps
pointing upstream and downstream) have shown that even for
the same height (2/6 = 0.4), conventional vane-type devices
possess twice the drag of the low-profile devices.” Low-profile
vortex generators are attractive for the transonic application
because they are submerged in the boundary layer and thus
disturb the outer supersonic flow less than vane-type genera-
tors (which are typically 1.0-1.28). In addition, the wedge
geometry is more robust, easier to apply, and, according to the
inventor, works over a larger flow incidence range (though the
shed vortex array changes from counter-rotating to co-rotat-
ing at large incidence angle).

A companion computational analysis of low-profile vortex
generators (triangular ramps) and alleviation of shock-in-
duced separation is given by Mounts and Barber.? Since the
analysis is for an unbounded two-dimensional planar config-
uration, a direct comparison of their results and the experi-
mental data presented here is not possible. However, strong
similarities are observed between the prediction and the exper-
iment which are discussed in more detail in Ref. 8.

The passive cavity concept was suggested by Bushnell and
Whitcomb for reducing drag on a supercritical airfoil and
experimentally demonstrated by Bahi et al.” in the early 1980s.
Their encouraging results have led to many experimental and
analytic investigations that have been summarized fairly re-
cently by Raghunathan.!® As shown in Fig. 1b, the pressure
rise across the shock induces a passive suction downstream of
the shock, which tends to close down the separation bubble,
and an injection of flow upstream of the shock. The fluid
injection enhances the boundary-layer thickening upstream of
the shock, causing a series of compression waves to form
(resulting in a more isentropic compression) and the pressure
rise to spread over a larger axial distance (which tends to
suppress separation). Schlieren photographs of the passive
cavity suggest a single oblique shock wave emanates from the
leading edge of the cavity in contrast to the series of Prandtl-
Meyer compression waves shown in. Fig. 1b. This results in a
shock structure that looks much like a lambda-foot structure
of the solid wall shock-induced separation but much larger in
size (for example, see Ref. 9).

The experimental approach for this investigation was to
generate a normal shock inside a wind tunnel duct, as opposed
to generating a normal shock on a supercritical airfoil. The
latter approach has been used for most of the vortex generator
and passive cavity studies. The current experiment is a more
controlled approach since shock position is located directly
with an adjustable downstream plug, and thus the shock posi-
tion variability of the airfoil approach has been removed from
the problem. An axisymmetric test section was selected over a
rectangular section in order to avoid the three-dimensional
corner interaction that occurs with the rectangular geometry
(e.g., see Green!!),

Experimental Arrangement

The wind tunnel is shown schematically in Fig. 2. Regulated
dry air (nominally 10°C total temperature) was introduced
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into the 30.5-cm-diam plenum where the flow was conditioned
with perforated plates, honeycomb, and screens. Downstream
of the plenum, the flow was accelerated through a converging/
diverging (CD) nozzle (converging/diverging) to M = 1.4, the
inlet. Mach number for the test section. The boundary layer
was tripped well upstream of the CD nozzle throat to avoid
three-dimensional transition. The test section (11.4 c¢m inlet
diameter and 63.5 cm long) was a machined acrylic conical
section that diverged slightly at 1 deg (half-angle) as shown in
Fig. 3. Because of this divergence, the Mach number upstream
of the shock wave varied in the current experiments from
M =1.56 to 1.65, depending on the shock position in the test
section (X, = 17.8-27.9 cm). Downstream of the test section,
the flow encountered a second choke created by an adjustable
plug. The plug position controlled the test section normal
shock wave. Downstream of the second choke, the flow en-
tered a Roots blower vacuum system.

Test Section Configurations

The vortex generator arrangement, as shown in Fig. 3a,
creates a counter-rotating array of vortices. The doublet gen-
erators were installed at the axial location X, = 12.7 cm. The
height of the vortex generators was # = 0.14 cm and the lateral
spacing was 0.89 cm, or 6.44. The undisturbed boundary-
layer thickness (no vortex generators present and shock far
downstream) at the vortex generator location was é,, = 0.39
cm, and thus the height of the vortex generator relative to the
boundary layer was # = 0.366,,. In addition to this configura-
tion, the upstream wedge of the doublet was removed and a
“‘singlet” configuration was tested to evaluate the merits of
the double-wedge arrangement.

The passive cavity arrangement is shown in Fig. 3b. The
dimensions of the cavity were 7.62 cm long by 1.17 cm deep,
or in terms of the displacement thickness at the start of the
cavity, 806* long by 126* deep. The porosity of the wall was
10% with a hole size of 6*/d = 1.3. These dimensions and
porosity were chosen to be within the range shown to be
effective by previous experiments.!? The passive cavity began
at X,. = 17.8 cm such that the cavity was approximately lo-
cated in the shock region where the vortex generators provided
the most alleviation (see Fig. 3). In this way, the results from
each alleviation method are the most comparable.

Boundary-Layer Measurements

Boundary-layer profiles were measured upstream and
downstream of the shock wave with a boundary-layer pitot
probe shown in Fig. 3a (tip dimensions of 1.17 X 0.15 mm).
The probe spatial resolution was 0.2% of the test section
radius (0.15 mm) in the radial or vertical direction from the
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Fig. 5 Baseline wall static pressure distribution.

wall. The support shaft (3.2 mm diameter) of the probe head
extended across the diameter of the test section, so that a
constant probe blockage was introduced to the flow over the
course of a survey. This feature fixed the shock location
independent of probe head position. Integral parameters (dis-
placement and momentum thickness) were determined by as-
suming constant static pressure through the boundary layer at
the wall value and adiabatic wall conditions (i.e., constant
total temperature). Surveys along different test section diame-
ters (to investigate azimuthal flow variations) was approxi-
mated by slightly rotating the probe head about the probe
shaft.

- Inlet Conditions

The Reynolds number based on conditions upstream of the
shock wave was nominally Re = 1.5 X 10’7/m. The undis-
turbed boundary-layer thickness (that is, smooth wall with no
shock present) at the shock location ranged from 8, = 0.46 —
0.58 c¢cm for the corresponding shock locations X, =17.8
—27.9 cm (X =0 is the CD nozzle exit plane). These values
give Re;, = 6.8-8.8 x 10%, which is the relevant Reynolds
number for shock-boundary-layer interaction. The profile of
the undisturbed boundary layer in law-of-the-wall coordinates
(using the Van Driest transformation!?) indicated a well-be-
haved logarithmic and wake profile for a turbulent boundary
layer as shown in Fig. 4.

Results

Complete data sets (pitot surveys at several axial locations,
wall static pressure distribution, and surface flow visualiza-
tion) were obtained at 4-5 shock wave positions for each case
(smooth-wall baseline, the vortex generator, and passive cav-
ity). The complete set of data is presented below in terms of
the boundary-layer integral parameters. For brevity, only typ-
ical distributions at one shock location are given for static
pressure, pitot pressure surveys, and flow visualization.

Baseline

A typical wall static pressure P, distribution normalized by
the inlet total pressure P;, for the smooth-wall baseline case is
shown in Fig. 5 (X, = 20.3 cm, M, = 1.58). The abscissa in
this plot is the distance from the shock normalized by the
undisturbed boundary-layer thickness at the shock location
(6,). The solid line represents the ideal, inviscid flow distribu-
tion which is based on the inlet static pressure, shock location,

and area variation in the test section. Initially, the data follows
the ideal distribution very closely. Just upstream of the shock
location, approximately 78, , the wall pressure rises rapidly up
to the point (X—X,)~ — 28, where the pressure gradient
suddenly becomes more moderate (labeled “‘inflection point™’
in Fig. 5). The pressure increase upstream of (X—.X;) =0 is
due to the upstream propagation of the pressure rise through
the subsonic portion of the boundary layer. The ““inflection
point’’ in the pressure rise corresponds roughly to where the
boundary layer separates.!*> Downstream of (X—X;)/8, =
50 + 5, the pressure distribution begins to parallel the ideal
distribution at a depressed level. The lower static pressure
value of the actual flow is due to the blockage caused by the
considerably thickened boundary layer. The interaction length
(axial distance from the initial pressure rise to where the
distribution parallels the ideal curve) is approximately (57
=+ 5)5,.

The surface flow visualization is shown in Fig. 6 for the
same shock location. The visualization technique is a fluores-
cent tracer/oil flow technique (similar to kerosene/lamp
black). The flow is left to right in the photograph. Upstream
of the reattachment location, the flow traces moved to the left,
or upstream, until they reach the separation location where the
pigment builds up and becomes a circumferential ring around
the test section. Downstreams of the reattachment location,
the flow is downstream in the axial direction. The length of the
separation was nominally 6.6 cm or 136,. For the range of
shock locations X; = 17.8-27.9 cm, the average separation
length varied from 5.8 to 7.1 cm. Scaling these values by the
local undisturbed boundary-layer thickness §, the separation
length was nearly constant with a value of 134,.

The boundary-layer development in the test section in terms
of the displacement thickness and momentum thickness is
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shown in Figs. 7 and 8, respectively. The abscissa is the nor-
malized distance from the shock and the ordinates have been
normalized by the undisturbed boundary-layer thickness. The
data in the figures correspond to four shock locations (X, =
17.8, 20.3, 22.9, and 25.4 cm). In terms of this scaling, the
data is seen to collapse onto similarity curves, independent of
shock location. This similarity is somewhat surprising since
the Mach number upstream of the shock varies from M, =
1.56-1.63 (in contrast, Kooi!* reports nonsimilar distributions
and a separation length variation of 4.6-106, for a Mach
number range M, = 1.40-1.46). The boundary-layer thick-
nesses (6* and 6) are seen to undergo very large increases
typical of strong shock interactions. The corresponding com-
pressible shape factor distribution is shown in Fig. 9. The
shape factor starts at approximately the equilibrium value for
turbulent M = 1.6 flow (H = 2.41) rises rapidly through the
interaction, before relaxing back toward the equilibrium value
for M = 0.7 flow (H = 1.5").

It should be noted that the integral parameter estimates near
the shock wave [0<(X—X,)<208,] are somewhat biased due
to not accounting for the normal static pressure gradients that
exist near shock interactions.

Vortex Generators and Passive Cavity

The vortex generator and passive cavity configurations are
compared in terms of the wall static pressure distributions in
Fig. 10. The shock location was X = 20.3 cm (M, = 1.58) for
all of the data in this figure, and these distributions are typical
of other shock locations. For this data, the shock is 55 gener-
ator heights downstream of the vortex generators (AX,, =
55h), or in terms of boundary layer-thickness, AX,; = 206,,.
For the passive cavity, the shock position corresponds to
AX,.=0.33L. The baseline data is shown as the solid line in
the figure. Note that over the porous wall region, no static
taps were present.

The vortex generators (circular symbols) are observed to
eliminate the ‘‘inflection point’’ in the pressure distribution
indicating that the shock-induced separation has been signifi-
cantly suppressed and thinned. The interaction length (dis-
tance from the initial pressure rise to where the distribution
parallels the ideal curve) is reduced by a factor of 2.3 from 57
to 258,. The surface flow visualization given in Fig. 11 shows
the axial extent of the reversed flow region to be reduced by a
similar factor of 2-2.5. The vortex generators are also ob-
served to induce a complicated three-dimensional separation
with an “‘owl-eye’’ pattern aligned with each vortex generator.
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This surface pattern is similar to the predicted pattern given by
Mounts and Barber.® Downstream of the shock, the streaks in
the surface pattern indicate that the vortices are still coherent
and thus continue to energize the boundary layer.

The static pressure distribution for the passive cavity
(squares in Fig. 10) is very similar in shape to the baseline case,
but depressed in value. The interaction length appears to be
somewhat increased. This behavior is consistent with the idea
that the passive cavity spreads the pressure rise over a larger
axial length. In some ways, the passive cavity is meant to
increase the interaction (at least is terms of the length of the
pressure rise and the lambda-foot shock system). The de-
pressed value in static pressure relative to the baseline is par-
tially due to the decrease in static pressure rise through the
more oblique shock system and partially to the increased
thickening of the boundary layer (discussed below).

The boundary-layer characteristics downstream of the
shock for the vortex generators and the passive cavity are
compared with the baseline distributions in Figs. 12-14 in
terms of the displacement thickness, momentum thickness,
and compressible shape factor, respectively. The baseline data
is represented by the dashed line in the figures (solid line from
Figs. 7-9. The vortex generator data for a range of vortex
generator-to-shock spacings (AX,,) are displayed as the filled
symbols and the passive cavity data for a range of positions
over the cavity (AX},) are displayed as open symbols. Because
of the known three-dimensional nature of vortex generators,
different azimuthal locations were surveyed, however, only
small variations in the boundary-layer integral properties were
observed (a few percent). The scatter in the distributions in
Figs. 12-14 are representative of the azimuthal variation since
the vortices did not track straight downstream (see Fig. 11)
and thus, a set of surveys for a given vortex generator-to-
shock spacing correspond to different locations relative to the
vortex array.

The vortex generators are observed to cause a decrease in
the displacement and momentum thickness by 20-30% for the
vortex generator-to-shock spacings of AX,, = 20-334,,, or
55-97h (Figs. 12 and 13). At 396,, the boundary-layer thinning
capability of the vortex generators begins to diminish, defin-
ing the upper limit on the ‘‘range of effectiveness.”’* Note that
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in the range of effectiveness, thé boundary layer thinning
benefit is nearly constant, independent of AX,,. The momen-
tum thickness initially shows an increase over the baseline due
to the drag of the vortex generators (Fig. 13). However, the
suppression of the separation reduces the flow losses suffi-
ciently to overcome this drag and result in a significant net
reduction in boundary-layer losses. The shape factor displays
a dramatic reduction in the range of effectiveness of
AX,, = 20-336,, (Fig. 14). In addition to the doublet vortex
generator, a singlet configuration was also tested (upstream
wedge of doublet removed) to investigate the merits of the
double-wedge arrangement. The benefit in boundary-layer
thinning (20-30%) was found to be comparable to the dou-
blet; however, the range of effectiveness was somewhat re-
duced in both the upstream and downstream directions.

In summary, the vortex generators result in a significart
thinning of the boundary layer downstream of the shock wave
and decreased boundary-layer losses with a considerably
healthier (lower shape factor) boundary layer.

The passive cavity, with the exception of the most upstream
shock location (AX,.=0.17L), increased the displacement
and momentum thickness over the baseline (Figs. 12 and 13).
This boundary layer thickening increased with increasing
AX,.. This trend is due to the increasing length of the porous
wall upstream of the shock injecting more fluid which tends to
thicken the inlet boundary layer (shock-boundary-layer inter-
action scales with inlet boundary layer). Also, the downstream
porous area providing suction is decreased, reducing the effec-
tiveness at closing down the separation bubble and thereby
increasing losses associated with separation. The shape factor
also increased over the baseline, indicating that the boundary
layer has been significantly aggravated by the passive cavity
(Fig. 14). Raghunathan'® suggests that a relative shock loca-
tion of AX,. = 0.67L is near the optimum location for a 9%
porosity wall. Based on the current results, this location
clearly does not correspond to improved boundary layer char-
acteristics. The current boundary layer measurements are con-
sistent with previous passive cavity investigations which ob-
served an increase in viscous losses.!?

The advantage of the passive cavity is the reduction of the
total pressure loss across the shock system that is created by
the fluid injection upstream of the shock. This feature is
shown in Fig. 15, which plots the mass-averaged total pressure
across the test section vs downstream distance for the shock
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position X, =23 cm (AX,; = 266, and AX,.= 0.67L). The
passive cavity is seen to have the highest mass-averaged total
pressure (and thus the lowest shock loss), followed by the
baseline and then the vortex generator data. The relatively low
total pressure illustrates the primary disadvantage of the vor-
tex generators. However, note that the rate of decrease (mix-
ing losses) is not as rapid ds the baseline and the passive cavity
due to the healthier boundary layer.

The trend in mass-averaged total pressure is physically ex-
plained by Fig. 16 which shows typical surveys of total pres-
sure through the boundary layer (y is normal to the wall). This
data was obtained 206, (10.4 cm) downstream of the shock
(shock location, X; = 23 cm). The baseline data shown by the
dashed line is typical of other shock interaction studies. The
region label ‘‘lambda-foot benefit’” represents the flow from
the lambda-foot shock system (shoek system due to the large
boundary-layer displacement caused by separation) which suf-
fers less total pressure loss than the normal shock value. The
vortex generator data (circular symbols) show that the
lambda-foot benefit is significantly reduced in radial extent
due to the separation suppression (note, the higher wall static
pressure and healthier boundary-layer shape). In contrast, the
passive cavity significantly enhances the transverse extent of
the lambda-foot benefit region (note that the term ‘‘lambda
foot’’ is used loosely here since it is not clear if the shock
resembles the Prandtl-Meyer compression waves shown in
Fig. 1b, or the leading oblique wave more like the lambda-foot
shock structure).

The total pressure profiles shown in Fig. 16 show for an
axial location of X — X, = 204, that the boundary-layer thick-
nesses for all three cases is about the same. Like the integral
thicknesses in Figs. 12 and 13, the thinning of the boundary
layer for the vortex generators (and boundary-layer thickening
for the passive cavity) appears further downstream. Thus, the
suppression of the shock-induced separation does not result
immediately in a thinned boundary layer, but rather alters
significantly the downstream growth rate.

Conclusions

An experimental comparison has been performed between
low-profile vortex generators and a passive cavity for con-
trolling the shock interaction with a turbulent boundary layer.
The low-profile vortex generators were found to significantly
suppress the shock-induced separation and improve the
boundary-layer characteristics downstream of the shock.
However, the suppression of the separation bubble decreased
the extent of the low-shock loss region associated with the
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lambda-foot shock system resulting in a lower mass-averaged
total pressure downstream of the shock. The passive cavity
substantially reduced the total pressure loss through the shock
system by causing a more isentropic compression over a larger
lateral extent. However, the boundary-layer characteristics
downstream of the shock were aggravated and mixing losses
increased. Thus the two methods offer different advantages
and disadvantages. For example, if wave drag reduction of an
isolated airfoil is required, then the passive cavity approach is
probably favored. However, if a supersonic diffuser is the
application then the vortex generator approach is probably
favored because the shock-induced separation, which usually
limits diffuser performance, is suppressed allowing more sub-
sonic pressure recovery to be obtained. The increased pressure
recovery should more than make up for the increased shock
loss. In conclusion, the approach chosen for shock interaction
control should depend on the application.
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