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Normal Shock/Boundary-Layer Interaction Control
Using Aeroelastic Mesoflaps

Everett S. Hafenrichter,* Yeol Lee," J. Craig Dutton,* and Eric Loth$
University of lllinois at Urbana-Champaign, Urbana, Illinois 61801

A normal shock/boundary-layer interaction control technique termed mesoflaps for aeroelastic recirculating
transpiration has been investigated in a planar Mach 1.37 wind tunnel. In this flow-control system, an array of
small flaps is mounted over a cavity; the flaps deflect aeroelastically under the pressure loads imposed by the
normal shock, thereby allowing recirculation from downstream of the shock to upstream. Qualitative analysis of
the mesoflap control was investigated with spark shadowgraph visualizations and oil-streak surface-flow visualiza-
tions, whereas quantitative analysis was achieved by measuring surface pressure distributions and boundary-layer
velocity profiles. Nine different mesoflap arrays were investigated, in addition to the solid-wall reference case.
It was found that flap thickness and, therefore, transpiration rate, had a demonstrable effect on static and total
pressure recovery, in addition to boundary-layer integral properties. Although some of the arrays did not provide
a performance benefit, one particular flap array was found to have significantly higher static and total pressure
recoveries than the solid-wall reference case, while simultaneously demonstrating a reduction in boundary-layer
momentum thickness and unchanged displacement thickness.

Introduction

Background

HE interactionof a shock wave with a boundary layer can have

a major impact on the inlet efficiency of supersonic vehicles.
The adverse pressure gradient associated with the shock system
typically leads to poor boundary-layer characteristics and can of-
ten cause separation. In addition, shock/boundary-layerinteractions
(SBLIs) play an instrumental role in determining the total pressure
recovery associated with any supersonicinletdesign. Thus, success-
fully controlling SBLIs has the potential to improve supersonicinlet
performance significantly.

One proven method for controlling SBLIs is to “bleed off” the
low-momentum portion of the boundary layer, thereby avoiding
boundary-layer separation and improving overall flow uniformity.
Boundary-layer bleed is currently employed in several supersonic
aircraft, most with cruising speeds above Mach 2 (Ref. 1). Although
bleed effectively controls the SBLI, there are several disadvantages.
Bleedingcan significantly increaseinlet capture area and, therefore,
weight and drag because more mass flow is needed to compensate
for the low-momentum flow dumped overboard. In addition, bleed
requires ducting, which occupies valuable space and increases the
overall weight and cost of the vehicle.

One alternative to boundary-layerbleed is recirculating control,
whichis often called “passive control’>~° This control method takes
advantage of the pressure rise across the shock system by placing
a cavity covered by a porous medium under the shock foot. This
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porous medium typically consists of a plate machined with normal
and/or angled holes or slots. The pressure rise across the shock is
communicated through this porous medium to the cavity, resulting
in a natural recirculation of the air from the high-pressure down-
stream side of the shock to the low-pressure upstream side. Pre-
vious studies’*® have shown that recirculating control can have a
positive impact on total pressure recovery, thereby improving wave
drag. Unfortunately, these studies have also shown thatconventional
recirculating control detrimentally affects the boundary-layer dis-
placement and momentum thicknesses, resulting in an increase in
viscous drag.

The present study takes a differentapproach to recirculatingcon-
trol than previous work. Instead of a machined plate, an array of
small flaps, termed mesoflaps for aeroelastic recirculating transpi-
ration (MART), is placed beneath the normal shock foot (Fig. 1a).
These flaps are fixed at their upstream end to a spar, whereas the
majority of the flap can aeroelastically deflect according to the pres-
sure loads imposed by the shock system, resulting in a recircula-
tion of the flow similar to conventional passive control. The flaps
downstream of the shock foot deflect downward, according to the
pressure increase across the shock. This allows for removal of the
low-momentum portion of the boundary layer in a fashion similar
to conventionalboundary-layerbleed. Upstream of the main normal
shock,however, the flaps deflectupward into the low-pressureregion
preceding the shock system. The flow bled off through the down-
stream flapsis reinjectedthroughthe upstreamflaps, thus potentially
energizing the low-momentum portion of the upstream boundary
layer and allowing oblique-shock precompression due to the up-
ward flap deflections. Because the deflections are kept relatively
small, the MART system possesses an aerodynamic advantage over
conventionalnormal or angled recirculating control by allowing for
nearly tangential bleed downstream and nearly tangential blowing
upstream. Furthermore, the flaps revertto a nearly smooth solid wall
for subsonicconditions(Fig. 1b), thereby minimizing the roughness
and increase in friction drag associated with conventional passive
control techniques at off-design conditions.

Previous work!°~!® at the University of Illinois at Urbana—
Champaign has used experimental and computational methods to
study the performance of mesoflap arrays in the context of an
oblique-shock interaction (M = 2.45). The present work expands
on this by experimentally studying the potential of the mesoflaps to
controlnormal shock wave/boundary-layerinteractions(M = 1.37).
Spark shadowgraph visualizations, surface oil-flow visualizations,
surfacestatic pressuredistributions,and measurementsof boundary-
layer mean velocity profiles are presented.
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Description of Facility

All experiments were conducted in the Gas Dynamics Labora-
tory at the University of Illinois at Urbana—Champaign. The blow-
down normal shock facility (Fig. 2) is supplied with desiccated
high-pressure air and exhausts to the atmosphere. A description of
the test section in its original configuration can be found in Ref. 14.
Gefroh modified the facility for Mach 2.45 oblique-shock studies
of mesoflap arrays, as described in Ref. 13. For the present inves-
tigation, a new converging-diverging nozzle block was manufac-
tured using the method of characteristics design code of Carroll
et al.! This nozzle block provides uniform Mach 1.37 flow, with a
unit Reynolds number of 30 x 105 m~! in the 50.8 x 50.8 mm test
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b) MART array in subsonic flow
Fig. 1 Schematic of the MART concept.

section. A more detailed description of the facility in its normal
shock configuration can be found in Ref. 16.

The cavity in this investigation was located slightly downstream
of the exit of the nozzle contour, with the leading edge starting
10.03 mm downstream of the contour end. The cavity spanned the
entire 50.8 mm width of the test section and was 44.45 mm long
and 19.05 mm deep.

The position of the normal shock was controlled directly by vary-
ing tunnel stagnation pressure using a Fisher TL101 process con-
troller. The back pressureremainedconstantat alevel slightly higher
than atmospheric pressure, due to losses in the exhaust ductwork.
The tunnel stagnation pressure varied slightly depending on test
conditions and the particular MART array being studied, but was
usually around 210 kPa. Stagnation temperature remained approx-
imately constant throughout the experiments at 300 K.

Flap Array Descriptions

Figure 3 shows a schematicof the flap arrays studiedin the present
work. Figure 3a depicts a third-generation six-flap array, whereas
Fig. 3b depicts a four-flap variant of the third-generation design.
The first- and second-generationdesigns and their subsequent evo-
lution to the third-generationdesign are discussed by Gefroh et al.!®
and Gefroh."” The four-flap design allowed for the examination
of thicker, and, thus, more mechanically robust, flaps, while still
achieving sufficient deflections due to the increased length of the
flaps. In addition, preliminary computational fluid dynamics (CFD)
results indicated that four-flap arrays would perform better than
their six-flap counterparts. Each flap array, manufactured from a
nickel-titanium alloy termed Nitinol, measures 57.15 mm in length
and 50.8 mm in width. The flaps are mounted on a stainless steel
stringer plate, which supports the flaps in all static areas. The six-
flap stringer measures 1.19 mm in thickness, whereas the four-flap
stringeris 0.79 mm thick. The leadingedges of the spanwise-running
spars of the stringer are machined to a sharp angle for aerodynamic
purposes (Fig. 3). Each stringer is mounted to an aluminum frame,
which fastens over the test-sectioncavity via four hex-headedbolts.
Rubber gaskets of differing thicknesses are used to assure a tight
seal and flush fit between the frame and cavity.

Several flap thicknesses were studied to achieve differentlevels of
flap deflections, thereby investigating the effect of flap deflection on
flow recirculation, and, ultimately, the efficiency of the flaps in con-
trolling the SBLI. Five different six-flap mesoflap arrays were ex-
amined, with thicknessesof 63.5,78.2,101.9,127.5,and 150.6 um.
In addition, four different four-flap mesoflap arrays were studied,
with thicknessesof 127.5, 150.6, 190.5, and 228.6 um.

Fig. 2 Photograph of test section with sidewall removed.
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a) Six-flap MART array

b) Four-flap MART array
Fig. 3 Top view of MART arrays, with stringer profiles shown below.

Results

Flap Deflection Observations

Before the experimental results are presented in detail, some gen-
eral observations about flap behavior are discussed. In the case of
the extremely thin flaps, primarily the 63.5-um six-flap array and
127.5-um four-flap array, flap deflections were occasionally large,
that is, greater than 2 mm. Generally, these large deflections were
accompanied by fluttering of the flaps, which then often led to me-
chanical failure of the MART array within minutes of testing. The
failure was attributedto cracks propagatingfrom the stress-relieving
holes located at the leading edge of the flaps (Fig. 3). These cracks
would then propagate until a corner of the flap was torn off, or until
the entire flap array was sheared from the steel stringer. As a result
of limited testing time because of array failure, a reduced amount
of laser Doppler velocimetry (LDV) data were gathered for these
two cases. Slight fluttering was observed with the other MART ar-
rays investigated, with the exception of the 127.5- and 150.6-um
six-flap arrays and the 228.6-um four-flap array, which remained
motionless with an extremely small amount of flap deflection.

Shadowgraph Visualizations

Spark shadowgraphswere captured on Polaroid Type 55 land film
using a Xenon Model 457 Micropulser as the light source (1.4-us
spark duration). Shadowgraphs of the SBLI were obtained for the
solid-wallreference case, in additionto eight of the mesoflap arrays.
In the interest of space, a limited number of representative shadow-
graphs will be presented and discussed here. Additional details are
givenin Ref. 16.

Figure 4a shows the normal shock interaction with the solid wall
(flow is from left to right). Note that the lower black surface in
the shadowgraph is the lower wall of the test section, whereas the
upper wall is actually located 12.7 mm above the top edge of the
window. The interactionseenin Fig. 4a is consistent with a classical

normal SBLI: The boundarylayer thickenssharply at the shock foot,
resultingin arelativelyshortleadingobliqueshock. This givesrise to
the familiar “lambda” shape of the SBLI. The small triangularregion
of still supersonic flow downstream of the leading oblique shock is
terminated by a nearly normal trailing shock. The boundary layer
downstream of the interaction is clearly significantly thicker than
the incoming boundary layer. Analysis of the LDV mean velocity
profiles indicates an incoming boundary-layerthickness of 2.6 mm,
with an outgoing boundary-layer thickness of 7.0 mm, an increase
of almost threefold.

The Mach wave that intersects the normal shock near its center is
aresultof the small redirection of flow at the end of the C-D nozzle
contour. This wave, which is certainly weak, is visible in all of the
shadowgraphs discussed and is expected to have a negligible influ-
ence on the SBLI. Also, weak normal waves can be detected in the
flow downstream of the normal shockin Fig. 4a. These disturbances
are typical of transonic flow patterns.

Figure4bdisplaysthe interactionof the normal shock with the six-
flap 63.5-um thickness MART array. The shock structuredeveloped
in this interactionis in clear contrastto the solid-wall SBLI depicted
inFig. 4a. The shortleading oblique shock seenin Fig. 4ais replaced
with a series of three longer leading oblique shocks, resulting in a
much larger lambda shape. The first of these leading shocks is a
weak wave that originates from the junction of the flap array with
the tunnel wall. A close inspection of the shadowgraph reveals that
the first three flaps protrude into the incoming supersonic flow; the
locations of these three upstream flaps define the position of the
array sketched in Fig. 3a over the cavity. The “ramp” created by
the upward deflection of the first flap is the origin of the second
oblique shock. The third shock seems to be caused by the injection
of flow from the first flap and/or by the upward deflection of the
second flap.

A weak secondary normal shock can be observed downstream
of the interaction near the trailing edge of the cavity in Fig. 4b.
One hypothesis for the existence of this shock is as follows: Dur-
ing the initial portion of the interaction, the boundary layer can
be seen to thicken due to the adverse pressure gradient and flow
injection from the upstream flaps. As the downstream flaps bleed
off the low-momentum portion of the boundary layer, the bound-
ary layer begins to thin. The freestream flow sees the increase and
subsequent decrease of the boundary-layerthickness as an aerody-
namically formed converging—diverging nozzle and reacceleratesto
supersonic conditions. This phenomenon, which is closely related
to the behavior of classical shock trains,!” gives rise to the sec-
ondary recompression normal shock, which can be seen in all of
the MART shadowgraphspresented. The secondary shock suggests
that the downstream flaps effectively bleed off the boundary layer
because the resulting decrease in boundary-layerthickness is suffi-
cient to give rise to the secondary shock, which is not seen in the
solid-wall shadowgraph. Because this secondary shock appears to
be quite weak in the shadowgraphs, it most likely does not affect
the total pressure recovery substantially.

Figures 4c and 4d present shadowgraphs of six-flap arrays with
thicknessesof 101.9 and 150.6 um, respectively. Although the line-
of-sightintegrating nature of the shadowgraph method must be con-
sidered, the shock systems show slight differences when compared
to the thinner flap array of Fig. 4b. The first two leading oblique
shocks in Fig. 4c look similar to their counterparts in Fig. 4b, but
the third shock (due to injection from the first flap) shows subtle dif-
ferences. Indeed, there seem to be two separate shocks originating
from this single location. The first of these shocks looks strikingly
similar to a bow shock, whereas the second shock looks similar
to an oblique shock originating from a wedge. This suggests that
the upstream injection for these thicker arrays has become more
transverse, resulting in a bow shock typical of transverse jets in su-
personic flow.!® The second shock of this pair is likely the result of
the deflection of the second flap up into the supersonic freestream
flow. This same shock patternis even more evidentin Fig. 4d, where
the flaps are 150.6-um thick. In this case, there seem to be two such
two-shock structures, originating downstream of both the first and
second flaps. This indicates that the thicker flap arrays inject flow
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a) Solid-wall reference case

b) Six-flap 63.5-pm MART array

¢) Six-flap 101.9-um MART array

¢) Four-flap 190.5-pm MART array

Fig. 4 Shadowgraph visualizations.

transversely, instead of tangentially, as expected, because flap de-
flections are extremely small for these cases. Note that the flaps can
not be seen deflecting upward into the flow with the thicker arrays
of Figs. 4c and 4d. Also, note that transverse injection is likely to
be more detrimental to the resulting boundary-layercharacteristics
than is tangential injection.

Figure4e presentsashadowgraphofthe four-flap 190.5-umarray.
The shock structure is similar to the earlier shadowgraphs of the
MART arrays, with weak bow shocks present at the two upstream
injection sites. These injection locations define the position of the
four-flap array (Fig. 3b) over the cavity. The normal shock has a
tendency to sit further downstream of the center of the cavity with
the four-flap 190.5-um flap array, in a similar fashion to the six-flap
150.6-um flap array (Fig. 4d). Shadowgraphs of the other four-
flap arrays'® indicated that the thinner and thicker arrays yielded
shadowgraphs that reinforced the trends observed with the six-flap
arrays (discussed earlier).

These shadowgraphs for the mesoflap arrays suggest a probable
increasein stagnationpressurerecovery (or a decreasein wave drag)
with respect to the solid wall, due to the “shock smearing” effect
of the lambda-shock system, sometimes called the “lambda-shock

benefit.”® The injection of flow upstream of the normal shock weak-
ens the single normal shock strength by causing leading oblique
shocks. The irreversibilityinduced by the multiple-shock system is,
therefore, reduced compared to the single shock of the reference
case. This benefit is well documentedin the literature,>~° but is usu-
ally associated with an increase in viscous drag, primarily due to
increased boundary-layer momentum thickness® Quantitative re-
sults for the integral boundary-layer thicknesses will be presented
in a later section.

Surface-Flow Visualizations

A mixture of carbon black, STP oil treatment, and kerosene was
used to create oil-streak surface-flow visualizations on the bottom
wall and one of the window sidewalls. These samples were captured
on transparent tape and are depicted in Fig. 5.

The solid-wall surface-flow visualization (Fig. 5a) indicates that
a region of separation exists just downstream of the normal shock
interaction, due to the pooling of oil that occurs in this region. The
pattern on the sidewall also suggests separation, with a region of
roll-up clearly evident in the oil pattern. The increase in boundary-
layer thickness across the interaction is also clearly evident in the
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separated region

a) Solid wall
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b) MART array (six-flap 101.9 zom)
Fig. 5 Surface-flow visualizations.

surface-flow patternon the window sidewall. The small white-ringed
blotches on the oil-flow patterns are the result of small air pock-
ets trapped between the transparent tape and oil-streak pattern and
should be ignored.

The surface-flow visualization with a mesoflap array in place
(Fig. 5b) reveals several interesting characteristics of the flow. The
streaklines along the sides of the first few flaps are slightly curved
away from the streamwise-runningslots, indicating a transverse jet
effect from the cavity into the freestream in these regions. This is
consistentwith the bow shocks observedin the shadowgraph for this
case (Fig. 4c).In the side regions of the downstream flaps, the streak-
lines are curved toward the side slots, indicating flow ingestion into
the cavity in these regions. The oil patterns over the upstream flaps
suggest separation, although this separation is not as evident in the
sidewall oil pattern compared to the solid wall. The oil patterns over
the downstream flaps indicate that the flow is reattached, suggest-
ing that the flaps effectively bleed off the boundary layer, which is
again consistent with the shadowgraph visualizations. Overall, the
surface-flow patterns for the solid-wall and mesoflap arrays suggest
arelatively two-dimensional flow, exceptin the neighborhoodof the
streamwise slots, as discussed earlier.

Surface Pressure Distributions

Pressure taps located along the test-section spanwise centerline
recorded surface static pressure at 38 streamwise locations (spacing
of 3.18 mm), including 14 taps upstreamof the cavity, 13 taps along
the cavity bottom, and 11 taps downstream of the cavity. Static
pressuredata were notacquiredin the cavity region for the solid wall
because a blank plate with no pressure taps was mounted over the
cavity in this case. All data presented here represent the average of
50 individual pressure measurements. Measurements were acquired
with a Pressure Systems, Inc. digital pressure transmitter (model
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Fig. 6 Centerline static pressure distributions (note that the uncer-
tainty bars are smaller than the data symbols).

DPT 98RK), which possesses a measurement accuracy of +£0.05%
of the full-scale reading.

Figure 6a shows the static pressure distribution for the six-flap
MART arrays, as well as the solid-wall reference case. Streamwise
location, x* = (x — x¢) /8o, is nondimensionalizedby the incoming
boundary-layerthickness (§o = 2.6 mm) and is defined to be zero at
the cavity center x,. Static pressure is nondimensionalized by the
tunnel stagnationpressure Py. As expected, the incoming static pres-
sure distributionis nearly constant and is identical for all cases. The
static-to-stagnationpressureratio P/ Py is indicative of a Mach 1.37
incoming flow. The static pressurerises across the shock interaction
by a factor of 1.9 (compared to a factor of 2.0 predicted by one-
dimensional normal shock wave theory for Mach 1.37 flow), and
a static pressure between the high-pressure downstream side and
low-pressureupstreamside is achieved along the bottom of the cav-
ity. This medium cavity pressure indicates that the flaps perform
as predicted, with flow recirculating through the cavity. The pres-
sure in the cavity is similar for all flap arrays studied, with small
variations in magnitude. The 78.2- and 150.6-um flaps have the
lowest cavity pressure, whereas the 63.5- and 101.9-um flaps have
the highest cavity pressure. The 127.5-um flap array possesses a
cavity pressure between these two other pairs. In all cases, pres-
sure is essentially constant throughoutthe cavity length, as found in
previous studies >'%12 Although a trend linking cavity pressure to
flap thickness is difficult to decipher, one trend is easily observed:
The cases with higher cavity pressure also have higher downstream
wall-static pressures. For all six-flap arrays, however, the down-
stream static pressure is slightly lower than the solid-wall reference
case, with the 101.9-um array achieving the highest downstream
pressure.

Figure 6b depicts the static pressure distributions of the four-
flap MART arrays, again with the solid wall shown as a refer-
ence. Although these results appear similar to the six-flap results,
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there are some important differences. The cavity pressure varies
greatly between the four-flap arrays, in contrast to the findings of
Bur et al.® for conventional porous plates and the modest variations
found by Gefroh et al.!'®!2 for oblique-shockMART interactions
(six-flap cases). Furthermore, the results indicate that cavity pres-
sure is maximum for the 190.5-um array. Downstream, the same
trend observed with the six-flap MART pressuredistributionsdomi-
nates: Higher cavity pressureis accompanied by higher downstream
pressure. The downstream pressures of the 150.6- and 228.6-um
MART arrays are almost identical to the solid-wall reference case,
whereas the downstream pressure of the 190.5-um MART array is
significantly higher than the reference case. It will be shown in the
next section that an increase in downstream static pressureis a pre-
liminary indicationof an increasein total pressure recovery, a result
that is consistent with the oblique-shock case of Gefroh et al.!*!?

Boundary-Layer Velocity Measurements

A TSI fiber-optic LDV system was used to acquire centerline
mean velocity profiles at several streamwise locations. The system
utilized the 514.5-nm line from a 5-W argon-ion laser, and was
operated in forward-scatter mode for maximum signal-to-noisera-
tio. One-component LDV measurements of the streamwise velocity
component were utilized to achieve maximum spatial resolution
near the wall (first measurement at y =0.20 mm above the wall).
The measurementprobe volume (diameterof 119 m) was traversed
throughthe flowfield using a computer-controlledtraversing sy stem
with spatial resolution better than 5 ym. The flow was seeded with
submicron silicone oil droplets,”” and all data were velocity de-
biased by the particle interarrival time method, as suggested by
Herrin and Dutton.?’ The mean velocity at each measurement point
in the flowfield was determined from 4000 instantaneous realiza-
tions, and the overall maximum uncertainty in streamwise velocity
was 2.1% of U, (Ref. 16). A more complete description of the LDV
system and the measurement method can be found in Refs. 10, 13,
and 16.

The incoming velocity profile at x* =—17.3 (17.3 boundary-
layer thicknesses upstream of the cavity center) is shown in Fig. 7.
Although these data were obtained with the solid wall in place, the
incoming profile at this streamwise locationis identical with MART
arrays mounted over the cavity. The velocity profile is characteristic
of a fully developed, turbulent boundary layer, with a freestream
velocity U, of 405 m/s and a boundary-layerthickness (99%) , of
2.6 mm. Numerically integrating the profile to obtain the incom-
pressibledisplacement and momentum thicknessesyields values of
85 =0.356 mm and 6, = 0.203 mm. These values will be used to
nondimensionalizeall subsequent plots.

Outgoing velocity profiles were obtained at four separate stream-
wise stations downstream of the SBLI. These stations were located
12.0, 15.7,19.3, and 23.0 boundary-layer thicknesses downstream
of the cavity center. Although a few representativeoutgoing velocity
profiles will be discussedhere (with the remainder given in Ref. 16),
the boundary-layerintegral parameters for all of the cases examined
will subsequently be presented.
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Fig. 7 Incoming velocity profile (x* = —17.3).
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Fig. 8 Outgoing velocity profiles (x* = 23.0).

Figure 8a depicts the outgoing boundary-layer profiles of
three six-flap MART arrays at the furthest downstream location,
x*=23.0. The solid-wall reference case is also presented for com-
parison purposes. As a result of the SBLI, the outgoing velocity
profiles for all cases are not nearly as full as the incoming boundary
layer (Fig. 7), as expected. Furthermore, the boundary layer is seen
to thickenby a factor of approximately three through the interaction,
consistent with the shadowgraph visualizations.

The velocity profiles of the six-flap 63.5- and 150.6-um MART
arrays studied are nearly identical and are clearly not as full as the
solid-wall reference case. The profile of the 101.9-um MART ar-
ray is significantly fuller than for the other two MART cases, and
it approaches, but is not quite as full as, the solid-wall reference
case. These observations, coupled with the static pressure distribu-
tions of Fig. 6a, suggest that the optimum thickness of the six-flap
MART arrays is near 101.9 um. For the 63.5-um thickness, the
flap deflections are apparently too large, causing excess recircula-
tion and injection/bleed of the boundary layer. At 150.6 pm, the
flap deflections appear to be too small, causing the system to re-
vert to a conventionalrecirculating control device, with transverse
injection and bleed. This supports the principle on which the flap
designs are based: Tangentially oriented injection and bleed will
lead to improved boundary-layer characteristics.

Figure 8b depicts velocity profiles for the four-flap MART arrays
at the same streamwise location, x* =23.0. With the four-flap ar-
rays, flap thickness has a more demonstrable effect on the velocity
profiles than with the six-flap arrays of Fig. 8a. The velocity profiles
in Fig. 8b indicate a trend identical to the six-flap velocity profiles,
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suggesting that the middle thickness, 190.5-um, is the optimum; in-
deed, the velocity profile of the 190.5-um array appearssignificantly
fuller than the solid-wall reference case near the freestream edge.
This indicates that the boundary layer is significantly thinner than
the reference case, as preliminarily indicated by the shadowgraph
visualizations.

Although total pressure P, distributions were not measured di-
rectly to avoid probe interferenceeffects, they were estimated herein
using the nonintrusivemeasurements. Combining the LDV velocity
profiles with the measured stagnation temperature, Mach number
profiles were constructed, under the assumption of adiabatic flow
conditions. The local static-to-total pressure ratio P /P, was then
computed using the isentropic relation. If the downstream stream-
lines are approximately straight and there is no interaction with a
shock wave or expansion fan, it can be reasonably assumed that
static pressure is constant across the boundary layer. The appropri-
atenessof this assumptionfor certain flow regions can be determined
by careful examination of the associated shadowgraphs. Thus, total
pressure profiles were estimated for certain regions using the local
P/ P, ratio and the measured wall-static pressure (Fig. 6).

The conditionsatx* =12.0and 15.7 did notallow for the constant
static pressure assumption, due to the interaction of the secondary
shock with the boundary layer near these streamwise locations
(Fig. 4); however, at x* =19.3 and 23.0, there are no interactions
with shock waves or expansion fans, and the streamlines can be as-
sumed to be relatively straight. This allows for the assumption of
constant static pressure across the boundary layer, and the subse-
quent calculation of the total pressure profiles illustrated in Fig. 9.
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Fig. 9 Total pressure profiles (x* =23.0).

The total pressure profiles of the six-flap MART arrays are pre-
sented in Fig. 9a. Again, the 63.5- and 150.6-um flaps perform
almost identically, and the 101.9-um flaps show the highest total
pressure recovery. None of the arrays, however, demonstrate im-
proved total pressure recovery when compared to the solid-wall ref-
erence case. This is consistent with the reduction in static pressure
recovery evidentin Fig. 6a and the mean velocity profiles presented
in Fig. 8a.

The total pressure profiles of the four-flap arrays in Fig. 9b con-
trast significantly with those of the six-flap arrays. The difference
between flap cases is much more pronounced, which is consistent
with the more pronounced differences in static pressure and mean
velocity profiles (Figs. 6b and 8b). Furthermore, the total pressure
profile of the 190.5-um flaps shows significant improvement over
the solid wall. This provides quantitative evidence that this array
does, indeed, provide a lambda-shock benefit, as qualitatively sug-
gested by the shadowgraph visualizations. Although other recircu-
lating control studies have demonstrated this benefit, the increase
in total pressure recovery demonstrated by the 190.5-um flaps is
significantly greater than that found in previous studies.>-6-10:12

An equally significant result of this study is the effect of the
MART system on boundary-layerintegral properties. Although the
velocity profiles of Fig. 8 give preliminary evidence of the behavior
of these parameters, Figs. 10 and 11 give a deeper insight into the
effect of the mesoflap arrays on boundary-layercharacteristics.

Figure 10a shows the streamwise incompressible displacement
thickness evolution of the six-flap MART arrays, again with the
solid wall as areference.Inall cases, displacementthicknessslightly
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Fig. 10 Displacement thickness evolution.
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Fig. 11 Momentum thickness evolution.

decreases with increasing streamwise distance downstream of the
SBLI. This behavioris characteristicof arecoveringboundary layer.
The 63.5-,78.2-,127.5-, and 150.6-pum flaps have very similar dis-
placement thicknessesat all four stations; however, the thinner flaps
(63.5 and 78.2 um) do have a slightly smaller displacement thick-
ness than the thicker flaps (127.5 and 150.6 um). It is clear, though,
that the 101.9-um flap array has the smallest displacement thick-
ness at all four stations. In fact, the displacement thickness of the
101.9-pum flap array is about 20% lower than the other four six-
flap MART arrays. The displacement thickness of the 101.9-um
flaps, is, however, consistently higher than for the solid wall by
about 10%.

The displacement thickness evolution of the four-flap MART ar-
rays (Fig. 10b) yields more encouraging results. Although the dis-
placement thickness for the 150.6-um MART array is much larger
than for the solid wall, the 190.5-um MART array has a displace-
ment thicknessevolutionnearly identical to the solid wall. Indeed, at
the last three stations, the square markers that denote the 190.5-um
MART array are essentially covered by the filled circles that denote
the solid wall, with a slightly smaller displacement thickness at the
first station. The displacementthickness evolution of the 127.5-um
array was captured only at the fourth station and, interestingly, lies
midway between that of the 150.6- and 190.5-um arrays. The thick-
est four-flap array tested (228.6 um) possessesa displacementthick-
ness significantly larger than the reference case, but is markedly
lower than that of the 150.6-um array.

The evolution of incompressiblemomentum thickness of the six-
flap MART arrays can be found in Fig. 11a. In all cases, momentum

thickness increases slightly with increasing streamwise distance.
The momentum thickness evolution of the six-flap MART arrays
is qualitatively similar to the displacement thickness evolution: the
127.5- and 150.6-um MART arrays generally have the largest mo-
mentum thickness, followed by the 63.5- and 78.2-um MART ar-
rays. Again, the momentum thickness for the 101.9-um MART ar-
ray approaches that for the solid wall, butis slightly larger. Interest-
ingly, this trend is violated at the first station (x* = 12.0), where the
momentum thicknesses of all cases examined are tightly bunched
together, with a slight reduction in momentum thickness evident
for the 78.2- and 150.6-um arrays. Another point of interest is the
slope of the momentum thickness axial evolution. Specifically, the
rate of increase in momentum thickness is greater for the 63.5-,
78.2-,127.5-, and 150.6-um MART arrays, compared to both the
solid wall and the 101.9-um MART array. This is in contrast to the
displacement thickness evolution depicted in Fig. 10a, where the
downward slope of all cases is much more similar.

Figure 11b depicts the momentum thickness evolution of the
four-flap MART arrays. The momentum thickness of the 150.6-pum
array starts out slightly lower than for the solid wall at station 1
(x*=12.0), but quickly increases to a value approximately 20%
greater than for the solid wall. The 228.6-um array has a nearly
identical momentum thickness evolution, with a slightly larger mo-
mentumthicknessatstation 1. The 190.5-um MART array,however,
has a significantly smaller momentum thickness at all four stations
than for the solid wall, by about 10%.

These findings support a significant attribute of the four-flap
190.5-um MART array: the flaps not only perform the best in
terms of total pressure recovery, but also possess the best outgoing
boundary-layer characteristics in terms of reduced integral thick-
nesses. This finding is especially compelling when compared to
previous recirculating control studies, for which the increase in to-
tal pressurerecovery is invariably compromised by a significant in-
crease in boundary-layerintegral thicknesses, which typically leads
to increased viscous drag.® However, this result also demonstrates
the sensitivity of flow-control performance to flap design.

Summary

Experiments were conducted on a series of mesoflap arrays in
an effort to investigate the potential of the flaps to control normal
SBLIs with primary emphasis on supersonic inlet applications. It
was found that the thickness of the MART arrays and, therefore,
the deflection and transpiration rate, had a demonstrable effect on
both pressure recovery and boundary-layerintegral properties. Fur-
thermore, varying the thickness of the four-flap arrays had a much
larger impact on performance results than variations of six-flap ar-
ray thickness. Although some of the arrays did not provide a benefit,
one particularMART array, the four-flap 190.5-m thick array, was
found to have a significant increase in total pressure recovery over
the solid-wall reference case. Furthermore, the boundary-layer in-
tegral parameters for this array were seen to improve, with a 10%
reduction in momentum thickness while maintaining an unchanged
displacement thickness. These improvements demonstrate the po-
tential of the MART system to impact SBLIs positively, which can
be important for supersonicinlet design where total pressure recov-
ery and flow uniformity are of prime importance.
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