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Simulations of Mesoflap Control for Ramp-Generated
Oblique Shock/Boundary-Layer Interactions

S. D. Kim,*E. Loth," and J. C. Dutton*
University of Illlinois at Urbana—Champaign, Urbana, Illinois 61801

A novel flow-control method called mesoflaps for aeroelastic recirculation transpiration was computationally
investigated for ramp-generated oblique shock/boundary-layer interactions (SBLIs). The numerical approach
was first validated for three different ramp SBLI flows with a solid wall, in terms of both pressure distributions
and velocity profiles. For the mesoflap flow-control method, a series of deflected flaps is placed over a cavity
centered beneath the inception point of an oblique shock. The flow-control performance was investigated by
measuring total pressure recovery and integral boundary-layer displacement thickness for a variety of preset flap
deflection magnitudes and incoming Mach numbers. The control of an SBLI for a 16-deg compression corner with
mesoflaps and incoming Mach numbers of 2.35-2.85 revealed significant improvement in total pressure recovery
(as compared to the solid-wall case), especially as the deflections of the flaps increased. The lowest incoming Mach
number investigated yielded the highest recovery of total pressure downstream of the shock. Although the flap
cases yielded some increases in the displacement thickness and momentum thickness of the outgoing boundary
layer as compared to the solid wall, the shape factor was maintained at approximately the same level as found for

the solid-wall cases.

Introduction

N a high-speed supersonic aircraft configuration, for example,

M., =2~5, aforebody compressionramp produces an oblique
shock to reduce the flow speed externally from the freestream value,
followed by a normal shock near the inlet through which the flow be-
comes subsonic. The interactionof a ramp-generated oblique shock
wave with a turbulentboundary layer yields large adverse pressure
gradients, which, in turn, cause rapid thickening and possible sep-
aration of the boundary layer. The resulting shock/boundary-layer
interaction (SBLI) may lead to stagnation pressure losses and dis-
torted boundary-layerprofiles thatcan seriously degradeengine per-
formance. In general, the severity of the problem becomes greater
as the flight speed of the aircraftincreases. Similarly, ramp surfaces
on other parts of the aircraft can yield significant drag penalties
if the compression is far from isentropic. Therefore, it is of inter-
est to study the effectiveness of flow-control systems for SBLIs in
high-speed flows because efficient aerodynamic performance can
minimize the total pressure losses and boundary-layer thicknesses
and, thus, significantly improve the overall aircraft performance.

Although bleed flow can be used to effectively control the SBLI,
it also results in drag and weight penalties that are roughly propor-
tional to the magnitude of the bleed flow. As such, a flow-control
techniquethat does not remove flow, while allowing good total pres-
sure recovery, would be useful for such conditions.

Several previous studies have investigated recirculating flow-
(passive-) control techniques as an alternative method of control-
ling SBLIs in high-speedflows.!~> Conventionally, the pressure rise
caused by the shockimposes a pressure gradienton a porous surface,
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consisting of a series of slots or holes, covering a plenum chamber
beneath the shock foot. This technique requires no external power
source because the pressure gradient induces a natural recirculating
flow resulting in both blowing upstream and bleed downstream of
the shock. This transpirationcan reduce the total pressurelosses and
wave drag, but is typically associated with a large increase in vis-
cous drag. In addition, the performance of these conventional recir-
culating flow-control systems has been limited due to the additional
viscous drag penalty incurred by the porous surface at no-shock or
offdesign conditions.

A novel method of recirculating flow control has been designed
to overcome these disadvantages. The aeroelastic mesoflap system
consists of a matrix of flaps covering a plenum chamber (Fig. 1).
The mesoflaps are designed to deflect aeroelasticallyin the presence
of the shock due to the aerodynamic pressure load, resulting in re-
circulation of the flow similar to conventional passive control. The
flap deflection may provide an aerodynamic advantage over con-
ventional passive control by promoting upstream tangential injec-
tion and downstream tangential bleed. Also note that the deflection
of the flaps will be larger as the shock pressure gradient increases,
thereby automatically increasing the transpiration rate as is qual-
itatively desired. The mesoflaps can also allow high aerodynamic
efficiency under subsonic flow conditionsbecause the flap array acts
as anearly smooth flat plate when no shocks are present. The perfor-
mance of the mesoflap system has been studied experimentally and
computationally at the University of Illinois at Urbana—Champaign
in the context of incident impinging oblique and normal SBLIs on
a flat plate >3 However, the present work is the first to investigate
the capability of the mesoflaps to control ramp-generated oblique
SBLIs for supersonic compression corners.

Numerical Method

The presenttwo-dimensionalcomputationalanalysis of compres-
sion corner flows generating an oblique shock wave was achieved
using the FLUENT code together with the GAMBIT mesh gen-
erator. The numerical method is based on a control-volume tech-
nique that integrates the governing equations on hybrid structured—
unstructured grids with a second-orderupwind implicit scheme for
the convection terms of the conservation equations. The flow was
modeled with the Reynolds-averaged Navier—Stokes equations for
a thermally and calorically perfect gas, employing the Boussinesq
hypothesis for turbulence modeling. The two-layer k—¢ turbulence
model was selected to close the Reynolds-averaged conservation
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Cavity Mesoflaps

Fig. 1 Schematic diagram of a supersonic compression corner with
mesoflaps.

equations because of its superior performance and stability as
compared to other turbulence models for these ramp-compression
flows.® The details of the conservation equations and the two-layer
k—¢ turbulence model are well documented in the literature.”-8

To obtain solutions to the conservation equations, proper bound-
ary conditions are needed for the computational domain shown in
Fig. 1. At the inflow boundary of the compression corner, for a
supersonic freestream Mach number, the incoming flow properties
were prescribed by the profiles obtained from the solution of a flat
plate turbulent boundary-layerflow. At the compression corner, the
flow is turned by angle 6. At the outflow boundary where the oblique
shock exited the computational domain, the flow is mostly super-
sonic except for a small region next to the wall, so that all flow
variables were extrapolated. The no-slip boundary condition and
adiabatic wall condition were imposed on the wall surfaces. In the
two-equation turbulencemodel, the turbulentkinetic energy and the
dissipationrate were set to zero at the wall.

The grid systemis composed of a structuredboundary-layermesh
in the near-wall region and an unstructuredmesh in the outerregion.
The structured viscous mesh employed a first-gridpoint placement
from the wall at y™ less than unity. A stretching function was used
to cluster gridpoints near the wall and the oblique shock. Once the
normal wall distance exceeded twice the boundary-layerthickness,
the unstructured grid region was constructed for the rest of the do-
main. To providehighresolutionnear shocks, the grids were adapted
based on density gradients. Typically, around 25,000 nodes were
used for the initial mesh, and each mesh refinement (4 levels) in-
creasedthe totalnumber of nodesby about 10% such thatthe adapted
mesh employed about 40,000 points. Convergence of the solutions
was considered to be achieved when the L? norm of the maximum
residual reached 107,

Validation for Solid-Wall Compression Corners

The computed results for validation of the numerical scheme and
the turbulence model are for solid-wall compression corner with
0 =38, 12, and 16 deg. The freestream Mach number M, was 2.94
and the incoming boundary-layerthicknessd, was 8.7 mm for the 8-
and 12-deg compression corners. For the 16-deg ramp, M, and §
were 2.85 and 25 mm, respectively. The experimental data of Kuntz
et al.” (for the 8- and 12-deg ramps) and Settles et al.!” (for the
16-deg ramp) were compared with the current numerical results for
evaluation of prediction fidelity. Figure 2 shows the surface pressure
distributionsalong the wall for all three validationcases considered.
The surface pressure is identical to the approach freestream value
until the oblique shock occurs slightly upstream of the ramp, where
the pressureincreasesrapidly. The pressure gradient then decreases
downstream of the corner. The predicted pressures eventually reach
a level close to the theoretical inviscid pressure rise far downstream
of the shock, as expected.!!

Comparisonsof the velocity profiles at several locationsalong the
surface for the 8-deg compression corner are shown in Fig. 3. The
distance x* from the shock location was nondimensionalizedby the
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Fig. 2 Wall pressure distribution showing comparison of the two-layer
k- prediction with the experimental data of Kuntz et al.” for 8- and
12-deg ramps and with the experimental data of Settles et al.l’ for a
16-deg ramp.

incoming boundary-layer thickness. The incoming boundary-layer
velocity distributionis a fully developed turbulent profile (Fig. 3a),
and as a result of the SBLI, the boundary layer is clearly seen to
thicken. The prediction fidelity is especially good at the measure-
ment locations far downstream of the shock (x* = 14 ~ 25). For the
stronger SBLI at 16-deg (Fig. 4), the experimental data were avail-
ableonly much closerto the shocklocation (x* =0 ~ 1.5). Although
the currentcomputationalresults show that the redevelopmentof the
boundary layer near the wall is somewhat slower downstream of the
SBLI than is indicated by the experimental data, the computed re-
sults are generally consistent with the measurements in the region
of this strong SBLI (with an especially good qualitative description
of theboundary-layershape in Figs. 4a and 4b). Based on Figs. 24,
the computed results are largely in agreement with the pressure
and velocity experimental data both upstream and downstream of
the interaction for these solid-wall validation cases. This level of
predictive fidelity was considered sufficient to have confidence in
computationally evaluating the effect of mesoflap flow control on
this type of SBLI.

Methodology for Mesoflap Simulations

The present computational analysis is the first study of a ramp-
generated oblique SBLI with mesoflap control. As shown in Fig. 1,
the ramp geometry and computational domain resemble the config-
uration of a supersonic forebody compression. All of the mesoflap
cases were fora6 = 16 deg compressioncorner and forinflow Mach
numbers of 2.35, 2.6, and 2.85, which were selected to be similar to
that of external precompressionramps of high-speed aircraft. In all
cases, a cavity covered by three flaps was placed under the oblique
shock where the first flap was deflected upward and the remaining
two flaps were deflected downward. As such, all of the arrays stud-
ied herein consist of one injection flap (upstream) and two bleed-
ing flaps (downstream). These three-flap arrays were chosen (as
compared to four-, five-, or six-flap arrays) because they gave the
best performancein terms of total pressure recovery and boundary-
layer thicknessin a preliminary study.® Note that the flap deflections
were fixed and that their magnitudes were selected based on a pri-
ori aeroelastic estimates, but were not varied according to actual
cavity pressure differences. Table 1 contains further details of the
flow conditions and mesoflap array geometries that were studied
herein.

Based on our previous study,® one of the most important parame-
ters for SBLI control effectivenessis the flap deflection magnitude
and is easily varied in these fixed-deflection computations. Detailed
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Fig. 3 Predicted mean velocity profiles compared with the experimental data of Kuntz et al.” for 8-deg ramp where a) x* =—2.8, b) x* =14,

¢)x*=19.5,and d) x* =25.

Table1 Flow conditions, geometry, and spacing of mesoflaps

Parameter Value
Incoming Mach number 2.35,2.6,2.85
Reynolds number per meter 6.3 x 107
8o, mm 25

86‘, mm 6

Flap length, /5y 5

Flap thickness, /83 0.1
Spacing between upstream flap tip and shock, /8y 5
Spacing between downstream flap tip and shock, /8o 8

results will be presented with various flap deflections of such three-
flap arrays for three differentincoming Mach numbers, M, =2.35,
2.6, and 2.85. The upstream flap deflection was designated as D1,
whereas the downstream flap deflections were set at D2, where both
D1 and D2 are nondimensionalizedby the incoming displacement
thickness of the boundary layer §;. The cases chosen to investigate
the dependence on deflection were initially designed for the deflec-
tion magnitudes to be on the order of the incoming boundary-layer
displacement thickness. However, as will be shown, the total pres-
sure recovery was not maximized until the flap deflections were
significantly larger than §; for the current ramp-generated oblique

shocks, such thatthe upstreamflap deflectionsexaminedherein were
varied from 0.36; to 3.05;.

Also note that certain combinations of flap deflections gave re-
sults that would not be consistent with aeroelastic deflections, that
is, generated by pressure difference across the flaps. For example,
some combinations with high fixed bleed-flap deflections, for exam-
ple D2 > 0.4 for D1=1.2 and M,, =2.85 led to cavity pressures
that exceeded the downstream static pressure above the wall. This
effect, which was attributedto recoveringmuch of the dynamic pres-
sure of the freestream fluid bled into the cavity when reducing the
flow speed, yielded a static pressure difference between the cavity
and the flow above which would be inconsistent with a downward
aeroelastic deflection of the bleed flaps.

A useful parameter describing total pressure recovery improve-
ment downstream of the shock is defined as the pressure recovery
index, that is,

E - pt\sw

B= =
Po — pt\sw

1)

where P; is the mass-averaged total pressure for a controlled case
with mesoflaps. This quantity was determined by integration from
the wall to the oblique shock intersection point in the normal
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Fig. 4 Predicted mean velocity profiles compared with the experimental data of Settles et al.!’ for 16-deg ramp where a) x* =0.0, b) x* =0.25,

¢)x*=0.75,and d) x* =1.5.

direction,
E=/ ppv-ndl 2)
=0

In the definition of B in Eq. (1), P;sw is the mass-averaged total
pressure for the solid-wall case, and py is the inflow total pres-
sure. The total pressurerecovery improvementindex  will be unity
only for the isentropic compression of the flow and will equal zero
for solid-wall recovery. The value of 8 will be positive only when
the controlled case yields a higher total pressure recovery than for
the solid-wall case. A related performance parameter is the mass-
averaged total pressure recovery nondimensionalizedby the inflow
total pressure and is called the total pressure recovery parameter o,

o =7P;/Po 3)
Ao = o — agy 4)

where A« is the difference of the total pressure recovery parameter
o between the controlled case and the solid-wall case.

Figure 5 shows the computational grid for a typical mesoflap case
that has the same general configuration as for the solid-wall case.
The grid system consists of a structured boundary-layer mesh in
the near-wall region and an unstructured mesh in the outer region.
The unstructured grid was specially constructed in the vicinity of
the flap tips (Figs. 5b and 5c¢), to provide high spatial resolutionin
these resigns. A stretching function was used to resolve the high
transverse flow gradients near the wall. Note that grid adaptation,
based on the density gradient, was used to resolve the oblique shock
as in the case of the solid-wall simulations.

Figure 6 shows the grid dependenceof the total pressure recovery
improvement index f at x* =55 for the three-flap cases for which
D1/D2=0.9/0.3. In this grid-resolutionstudy, the number of grid
points N was increased by further grid adaption and by inserting
additional grid points on the boundaries, where N, is the baseline
number of grid points, set as 37,000. The results indicate that the
baseline number of grid points, Ny, used in the current study was
sufficientto resolve the SBLI and to quantify the performance of the
mesoflaps in terms of B because little change was noted for a near
doubling of the number of grid points in the vicinity of this value.
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Fig. 7 Mach number contours over the 16-deg ramp with three flaps
for D1/D2=1.5/0.5 and M, =2.85: a) overall flowfield, b) near an injec-
tion gap, and c) near a bleeding gap.

Results

The growth of the boundary layer through the SBLI for a typical
mesoflap case can be seen in the Mach number contour plots of
Fig. 7 for the 16-deg ramp with D1/D2 =1.5/0.5 and M, =2.85.
A fully turbulentboundary layer developsupstream of the shock un-
til the upstream flap is encountered. Weak compression waves result
from the upward deflection of the upstream flap, which are seen to
perturb the incoming boundary layer in Fig. 7b. The oblique shock
occursjust upstream of the compressioncornerand is strong enough



KIM, LOTH, AND DUTTON 1157

3 p—
r o
i ot
B ol
25 ®  Solid wall :!
i D1=0.6, D2=0.2 of
2 — — — - D1=1.2, D2=0.4
I . D1=1.8, D2=0.6 A
o I N/
W5l e - D1=2.4, D2=0.8 7y
> I
1E
o5
| o

0.9

Fig. 8 Mean velocity profiles for various flap deflections at x* =55 for
the 16-deg ramp and M, =2.85.

to cause boundary-layerseparation downstream of the shock. In ad-
dition, expansion waves are caused by the downward deflection
of the downstream flaps. Figure 7c shows that the low-momentum
fluid near the wall is bled into the cavity through one of the bleed-
ing gaps of the downstream flaps at about a Mach number of 0.5.
The resulting downstream boundary-layer thickness is noticeably
reduced. The bleed flow recirculates through the cavity at a very
low Mach number and is tangentially injected into the outer flow
through the gap of the upstream flap (Fig. 7b) at abouta Mach num-
ber of 0.8. This tangential injection results in a moderate increase
in boundary-layerthickness.

Figure 8 shows the outgoing mean velocity profiles at x* =55
and M, =2.85 for various flap deflections.In all cases, the D1/D?2
ratio was kept as a constant to correspond to consistent changes in
the thickness (or elasticity) of all of the flaps. The particular ratio
employed, D1/D2 =3, yielded the best performance, as will be
discussed later. The near-wall velocity profiles of all flap cases are
similar to the solid-wall reference case, but in general indicate a
lower velocity at equivalent y/§y locations. However, the velocity
magnitude at the boundary-layeredge for the flap cases is slightly
larger (due to a reduced overall shock strength) than for the solid-
wall case. This change is associated with a nearly 15% increase in
boundary-layer thickness over the solid-wall case for most of the
mesoflap cases. In addition, the velocity profiles of the controlled
casesrecover from the SBLI more slowly within the boundarylayer,
resulting in an increased velocity defect near the wall as the flap
deflection increases.

An importantstudy of the effectivenessof the mesoflap systemon
the boundary-layer characteristics is a quantitative analysis of the
boundary-layer integral properties. Figure 9a shows a comparison
of the incompressible displacement thickness evolution for the var-
ious flap-deflection and solid-wall cases. The downstream displace-
ment thickness of the solid-wall case is similar to its upstream value
at x* =10 but then increases continuously as the boundary layer
develops. In most of the flap cases, the displacement thickness at
x* =10 1is significantly larger than the upstream value especially as
the flap deflection increases. Downstream of x* = 25, the displace-
ment thickness increases for the smaller flap deflections, although
remaining nearly constant for the larger flap deflections. Similar
trends are observed in the results for the incompressiblemomentum
thicknessevolution,as shownin Fig. 9b. In all cases, the momentum
thickness increases downstream of x* =25 with increasing stream-
wise distance from the shock. Figure 9¢ shows the shape factor
evolution for these cases, which is an indication of the health level
of the boundary layer, in particular, its susceptibility to separation.
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Fig. 9 Comparison of integral boundary layer parameters for

M, =2.85: a) displacement thickness, b) momentum thickness, and
¢) shape factor.

In all cases, the shape factor shows a fully developed and healthy
turbulent boundary layer that is far from separation for x* of 10 or
more because H is of the order of 1.25. The shape factor for all of
the flap cases starts out slightly larger than for the solid-wall case at
x* =15 because of the effect of the flow disturbance caused by the
upward deflection of the upstreamflap, butit decreasescontinuously
to a value approximately 3% lower than for the solid-wallcase. This
indicates that the boundary-layer fullness is not adversely affected
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Fig. 10 Performance parameters for different D1/D2 ratios: a) dis-
placement thickness and b) total pressure recovery index.

by the mesoflap deflections. This is important because improved to-
tal pressure recovery with conventional recirculating control (holes
or slots) typically comes at the expense of boundary-layer health,
with an associated increase in viscous losses.?

Figure 10 shows the effects of changing the flap deflection ra-
tio D1/D2 (while maintaining D1 at two fixed values of 1.2 and
1.5) on the displacement thickness and total pressure recovery im-
provement index at x* =55 and M, =2.85. The smallest ratio of
D1/D2 =3 provides the best recovery of total pressure and the
smallestincrease of displacementthickness over the solid-wall case
than does the largest ratio of D1/D2 =35 (for both D1 =1.2 and
1.5). This is particularly evident for the smaller upstream flap de-
flection (D1 =1.2). One might expect that an even lower ratio of
D1/D2 may furtherincrease performance. However, when the ratio
of D1/D2 =2 wasused (forboth D1 =1.2and 1.5), the cavity pres-
sure P, exceeded the downstream static pressure in the outer flow,
Pyown- This occurred because the higher bleeding flap deflections
captured more freestream momentum and, thus the cavity pressure
approached the freestream stagnation pressure. This condition of
P. > Pywn isinconsistentwith aeroelasticdownward deflections for
the downstreamflaps and, thus, not generally considered. Therefore,
the ratio D1/ D2 = 3 was employed as the baseline value for further
evaluation of the aeroelastic mesoflaps to be described.

Figures 11a and 11b show the total pressure profiles at x* =55
for the various flap deflections and the solid-wall reference case for
M., =2.35 and 2.85. The total pressure recovery improvements of
the flap cases are all in the region above the boundary layer and are
significant when compared to the solid-wall case. These improve-
ments are a result of a more gradual and, thus, nearly isentropic
turning of the flow. This is due to a successively increased extent
and strength of precompressionwaves associated with the upstream
flap deflection. Note thatthe profiles are notseverelydistorted within
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Fig. 11 Total pressure profiles for various flap cases at x* =55:
a) M, =2.35and b) M, =2.85.

the boundary layer even though the upstream flap deflection D1 was
increased up to 2.4 for both freestream Mach numbers. The peak
total pressurerecoveryis generally situated justabove the boundary-
layer edge, as was preliminarily indicated by the velocity profiles.
This improvement feature is only seen for the mesoflap cases and
indicatesa more gradual turning of the flow justabove the boundary-
layer edge. It is notable that the peak pressure recovery at this point
approaches unity (especially for the lower Mach number), indicat-
ing nearly isentropic compression locally. The improvement level
and the peak total pressure tend to increase as the deflection of the
flaps increases, except for the case of D1/ D2 =2.4/0.8 (the largest
deflections) at M., =2.35. At this condition, it appears that the
boundary-layerdegradation caused by the upstream flap deflection
has become substantial enough to impact negatively the precom-
pression advantages to the total pressure peak. At the higher Mach
number, M., =2.85, this degradation limit has not been reached
for D1/D2=2.4/0.8, and this geometry yields an integrated total
pressurerecovery improvementindex (up to the oblique shock inter-
section point) of 21.6% (Table 2). The boundary-layerresilience at
these large flap deflections s attributed to the benefit of the precom-
pression and the aerodynamicrecirculationby the mesoflap system.

Three different Mach numbers (with the same boundary-layer
thickness) were examined herein to find the effect of Mach number
on the integrated total pressure recovery of the mesoflap-controlled
cases (Fig. 12). The effectiveness of control of an oblique SBLI at
lower Mach number (lower Reynolds number) is much more pro-
nounced than at higher Mach number (higher Reynolds number).
This is attributed to the larger vertical extent of the precompres-
sion turning, for example, in Fig. 11, improvements were seen up to
y/8 =16 for M, =2.35butonly up to y/8y =12 for M,, =2.85.
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Table 2 Total pressure recovery indices,
displacement thickness, and shape factor

D1/D2 Aa, % B,% &§°/5; H
Mach number =2.35
Solid-wall case 0 0 1.8 1.3
0.3/0.1 0.3 25 2 1.287
0.6/0.2 2.0 15 2.1 1.28
0.9/0.3 2.4 192 22 1273
1.2/0.4 3.0 217 23 1275
1.5/0.5 34 25 24  1.276
1.8/0.6 3.63 267 2.5 1.28
2.4/0.8 3.5 259 267 129
3.0/1.0 34 25 2.8 1.31
Mach number =2.85

Solid-wall case 0 0 1.1 1.25
0.3/0.1 0.7 4 1.19 1.22
0.6/0.2 1.76 10.1 12 1.22
0.9/0.3 223 128 1.29 1.215
1.2/0.4 2.66 155 1.35 1.215
1.5/0.5 3.0 176 141 1.21
1.8/0.6 328 189 149 1.22
2.4/0.8 376 21.6 1.53 1.223
3.0/1.0 3.87 223 1.57 1.23
30
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Fig. 12 Effect of upstream flap deflection, where D2=D1/3 for all
cases.

The total pressure recovery improvement index increases with in-
creasing flap deflection until the case of D1/D2 =1.8/0.6 (whichis
a deflection greater than the sonic thickness) for the two lower Mach
number cases. These improvements are based on the increased up-
stream flap deflection and boundary-layer bleed, which increases
recirculationin the cavity substantially.In contrast to the two lower
Mach numbers, the total pressure recovery index at a Mach number
of 2.85 continuously increases with increasing flap deflection over
the range investigated. This is attributed to a higher Mach number,
as compared to the M, =2.35 and 2.6 cases, such that the impact of
boundary-layerdegradationis substantiallyreduced for M, =2.85.

To consider simultaneously the aspects of both pressurerecovery
and boundary-layerthickness, 8 and §* were evaluated for a variety
of mesoflap deflections in Fig. 13. As the peak total pressure re-
covery index downstream of the shock increases, the displacement
thicknessalso increases. The lowest Mach number case particularly
yields a higher total pressure recovery at the expense of substantial
boundary-layerthickening for D1 > 1.8. However, all of the Mach
number cases for D1 < 0.6, thatis, cases 1 and 2, indicated substan-
tial improvements in pressure recovery with negligible increases in
boundary-layerdisplacementthickness. Therefore, this may be con-
sidered an optimum conditionif boundary-layerthicknessis critical.

Finally, Fig. 14 shows the Mach number effect on the relation
between the dimensionlesscavity pressure and total pressurerecov-
ery index. P, Py, and Py, are the static pressure in the cavity
chamber, upstream, and downstream of the shock, respectively. For

1A
1

o) PN SN N I WU PRI DU R S|

12 14 16 18 2 22 24 26 28

5*I5*,

Fig. 13 Mach number effect on total pressure recovery index and
displacement thickness where D1/D2 is given as 1, 0.3/0.1; 2, 0.6/0.2;
3,0.9/0.3; 4,1.2/0.4; 5, 1.5/0.5; 6, 1.8/0.6; 7, 2.4/0.8; and 8, 3.0/1.0.
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Fig. 14 Mach number effect on total pressure recovery index and cav-
ity pressure where D1/D2 is given as 1, 0.3/0.1; 2, 0.6/0.2; 3, 0.9/0.3;
4,1.2/0.4;5,1.5/0.5; 6, 1.8/0.6; 7, 2.4/0.8; and 8, 3.0/1.0.

flap deflections greater than D1/D2 =0.6/0.2, the nondimensional
cavity pressurefora givenMach numberdecreasedas the flap deflec-
tion increased. This suggests that larger deflections of the upstream
flap sufficiently degenerated the boundary-layerprofiles before the
bleeding locations to reduce consistently the velocity profile to be
bled and, thus, also to reduce the amount of overall dynamic pres-
sure recovered in the cavity chamber. Figure 14 also shows that, as
the Mach number increased, higher static pressure recovery in the
cavity occurred. In general, the good performance of the mesoflaps
at D1/D2=0.6/0.2 noted in Fig. 13 is correlated with the high
cavity static pressure recovery noted in Fig. 14. This suggests that
ensuring good aerodynamicrecovery of the incoming flow with tan-
gential bleed is critical to overall system performance. In addition,
maximizing the cavity pressure may be a reasonable way to opti-
mize approximately,system performance because measurements of
P, are relatively simple (as opposed to relying on detailed investi-
gation of total pressure and velocity profiles).

Conclusions

A computationalinvestigation was conducted to study the poten-
tial capability of mesoflap arrays to control ramp-generatedoblique
SBLIs. A ratio of 3:1 for upstream to downstream deflection mag-
nitude was found to be optimum and was used as the baseline case.
The total pressure performance improvements of the flap cases are
significant when compared to the solid-wall case, and the improve-
ment level increased generally with increasing flap deflections until
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the deflections became excessive, for example, upstream deflec-
tions greater than twice the displacement thickness. Although the
flap casesyield an increasein the outgoingboundary-layerdisplace-
ment thicknessand momentum thicknessfor a 16-degoblique SBLI,
the shape factor did not increase over the solid-wall case. This re-
sult indicates that boundary-layer characteristics are not seriously
affected by the mesoflap control systems.

Moderate upstream flap deflections (about on the order of the
displacement thickness) yielded substantial total pressure recovery
performance for the 16-deg oblique SBLI with a negligibleincrease
of downstream boundary-layer thickness. This precompression al-
lowed a nearly isentropic recovery just above the boundary-layer
edge, which is attributed to the upstream flap deflection. The nondi-
mensional cavity pressure was found to be maximized at about this
same optimum condition, indicating that efficient aerodynamic re-
covery was critical to overall SBLI improvements. However, the
cavity pressure must be less than the static pressure downstream
of the shock to allow aeroelastic behavior of the mesoflap control.
The performance enhancements seen in the current numerical sim-
ulations indicate the potential capability of the mesoflap system to
control oblique SBLIs in compression corners.
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