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Transonic Cavity-Convex Corner Interactions

Kung-Ming Chung¤

National Cheng-Kung University, Tainan 711, Taiwan, Republic of China

An experimental study was conducted to investigate the transonic convex-corner � ows with and without the
presence of an upstream cavity. Measurements were made to investigate the geometric effect and the spacing
of a cavity on attached and separated convex-corner � ows. The upstream expansion and downstream initial
recompression are strongly affected by the upstream cavity, which includes the delay on the transition of subsonic
and transonic expansion � ows, the initial boundary-layerseparation, the characteristics of separated � ow, and the
intensity of surface pressure � uctuations.

Nomenclature
C p = pressure coef� cient, .pw ¡ p1/=q1
C¾ p = pressure � uctuation coef� cient, .¾p ¡ ¾p1/=q1
D; L = cavity depth and length
M1 = freestream Mach number
pw = static surface pressure
q1 = dynamic pressure
X ¤ = x=±
x = longitudinal coordinate
Z = distance between the cavity trailing edge and the corner
Z ¤ = Z=±
± = upstream undisturbed boundary-layer thickness
´ = convex-cornerangle, deg
» = separation length
¾p = Surface pressure � uctuation

Introduction

D EFLECTED control surfaces can be used in combination to
provide variable camber control during cruise � ight.1 A sim-

pli� ed upper de� ected surface (convex-corner� ow) was studied by
Chung.2 For subsonic expansion � ows, the presence of the con-
vex corner in a turbulent boundary layer results in strong upstream
expansion and downstream recompression. The interaction region
depends on freestream Mach number and the convex-cornerangle.
Transonic expansion � ows result in milder initial recompression
downstream of the corner, and the supersonic region may extend
throughout the measurement location at higher M2

1´. The � ow is
separatedat M 2

1´ D 8:96, and the peak interactionis observedat the
locationof separation.The measurementsof surfacepressure� uctu-
ations indicate the intermittentnature of the pressure signal, and the
amplitude of peak pressure � uctuations could be scaled with M 2

1´.
The unsteadiness of the � ows is related to the type of expansion
� ow and the shock wave excursion.

Furthermore, presence of a cavity in transonic � ow results in a
stronger expansion near the cavity trailing edge3 and induces large
vortical structure propagating downstream.4 The upstream cavity,
which may represent cutouts or gaps, upstream of a de� ected con-
trol surface, would have a signi� cant in� uence on its aerodynamic
characteristics. Furthermore, the boundary-layer development up-
stream of the corner would have a strong in� uence on the criterion
of initial separation. It is considered that the upstream cavity can
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be used for the passive control of the separated convex-corner� ow,
which includes the in� uence on the upstream expansion, the down-
stream recompression, and the recovery process. For the present
study, the test con� guration is shown in Fig. 1. A cavity is located
at about one to three boundary-layer thicknesses upstream of the
convex corner. The measurements of mean and � uctuating pres-
sures downstream of the corner were conducted to investigate the
cavity-convexcorner interactions.

Experiment
Facility

The Aerospace Science and Technology Research Center/
National Cheng-Kung University transonic wind tunnel is a blow-
down type. The operating Mach number ranges from 0.2 to 1.4,
and the simulated Reynolds number is up to 20 £ 106/m. Major
components of the facility include compressors, air dryers, cool-
ing water system, storage tanks, and the tunnel. The dew point of
high-pressureair through the dryers is maintained at ¡40±C under
normal operation conditions. Air storage tank volume is 180 m3 at
5.15 MPa. The test section is 600 mm square and 1500 mm long.
In the present study, the test section is assembled with solid side-
walls and perforated top/bottom walls to reduce the amplitude of
background acoustic waves.

For the data acquisition system, the NEFF Instruments System
620 and the LeCroy waveform recorders were used. The test con-
ditions were recorded by the NEFF system while the LeCroy 6810
waveform recorders were used for the surface pressure measure-
ments. A host computer with CATALYST software controls the
setup of LeCroy waveform recorders through a LeCroy 8901A in-
terface. All input channels were triggered simultaneouslyby using
an inputchannelas the trigger source.The outputrangeof waveform
recorderswas adjusted with an optimum resolution,and the relative
error of the mean pressure signals is estimated to be about 0.1%.

Test Models
The test model consists of a � at plate, an interchangeable plate

with a cavity, and the instrumentation plate. It is supported by
a single sting, which is mounted on the bottom wall of the test
section. The boundary layer is developed naturally along the � at
plate, and the trailing edge of the cavity is located at about one
to three boundary-layerthicknesses upstream of the convex corner.
The length-to-depthratio L=D of the cavitiesis from2.0 to 35.0,and
the width is 60 mm for all of the test cases. Three instrumentation
plates, with 13-, 15-, and 17 § 0:1-deg convex-corner angle, were
fabricated. One row of 10 holes, 6 mm apart and 2.5 mm in diam-
eter, along the centerline of each instrumentation plate was drilled
perpendicularlyto the test surface.

All of the pressure transducers within the holes were � ush
mounted to the test surface and potted using silicone rubber sealant.
Flushness of the pressure transducerswas checked by a machinist’s
block to minimize the interference with the � ow. The side fences
at both sides of the instrumentation plate were installed to prevent
cross� ow.
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a) Instrumentation plate

b) Test model

Fig. 1 Test con� guration.

Experimental Techniques
For the surface pressuremeasurements,Kulite (Model XCS-093-

25A,B screen)pressuretransducerswereused.The outsidediameter
is 2.36 mm, and the sensing element is 0.97 mm in diameter. The
natural frequency is 200 kHz as quoted by the manufacturer. The
pressure transducersare powered by a TES Model 6102 power sup-
ply at 15.0 V. In addition, external ampli� ers (Ecreon Model E713)
were used.With a gain of 20, the rolloff frequencyis about140 kHz.
Note that there is high-frequency damping due to the transducer’s
size. Corcos’s criterion5 indicates that the maximum measurable
frequency of a given pressure transducer, fmax , is approximately
equal to Uc=2¼r , where r is the radius of the pressure transducer
and Uc is the convection velocity. Under the present test condition,
fmax ¼ 55 and 70 kHz for M1 D 0:64 and 0.83, respectively. The
sampling period is 5 ¹s (200 kHz). Furthermore, the uncertainty
of the experimental data based on the � at plate case is estimated
to be 0.43 and 0.15% for the static pressure coef� cient and surface
pressure � uctuation coef� cient, respectively.2

The oil-� ow visualization technique is used to check the two
dimensionalityof the � ow and to visualize the surface � ow pattern.
A thin � lm of the mixture (titanium dioxide, oil, oleic acid, and
kerosene) is appliedon the surface of the instrumentationplate.The
region of separation was visualized and compared with the surface
pressure measurements.

For the experiment, the test Mach number M1 is 0.64 and
0:83 § 0:01. The stagnation pressure p0 and temperature T0 are
172 § 0:5 kPa and room temperature, respectively. Undisturbed
boundary-layersurveyswere conductedat xle D 475 mm (or 25 mm
upstream of the convex corner). The normalized velocity pro� les
appear to be full (n ¼ 7–11 for the velocity power law). Moreover,
the study by Miau et al.6 showed that the transition of the boundary
layer under the present test condition is close to the leading edge
of the � at plate. This indicates turbulent � ow at the measurement
locations. The boundary-layer thickness is 7.3 and 7:1 § 0:2 mm,
and the Reynolds number Re±0 is about 14.9 and 16:8 £ 104 for
M1 D 0:64 and 0.83, respectively.

Results and Discussions
Oil-Flow Pattern

For the convex-corner� ow without an upstream cavity, the study
of Chung2 indicatedthat the limitedsizeof the testmodelhasa minor
in� uence on the surface oil-� ow pattern near the centerline region
of the corner surface. It was also found that the convex-corner� ow
is separated at M1 D 0:83 and ´ D 13 deg. The separation bubble
grows in both the upstreamand downstreamdirectionswith increas-
ing convex-cornerangle, and the separationpositionmoves slightly
upstream, and the reattachment position moves downstream. With
an upstream cavity, the limited width of the cavity shows some
edge effect on the surface oil-� ow pattern. However, the effect is
considered to be negligible for the present study. Furthermore, all

a)

b)

Fig. 2 Shock location.

test cases at M1 D 0:64 correspond to attached subsonic � ow. The
streamlinesnear the centerlineregion are straight and parallel to the
incoming � ow direction. At M1 D 0:83 and ´ D 13 deg, accumu-
lation of titanium dioxide is observed at X ¤ ¼ 2:20 » 2:94. This is
due to the shock-inducedadverse pressure gradient, and is taken as
the shock or boundary-layerseparation location X s . Farther down-
stream, it was found that the de� ection of streamlines is visible for
L=D D 23:3 and 35.0 (shallowcavity) at Z ¤ D 1. The end of stream-
line de� ection is observed at X ¤ ¼ 4:62 » 6:32, which is taken as
the reattachment location. For L=D · 21:0, the de� ection of the
streamline is hardly to be seen. This indicates that the presence of
an upstream deeper cavity delays the initial boundary-layer sepa-
ration of transonic convex-corner � ow. As the cavity moves away
from the convex corner (Z ¤ D 2), the de� ection of streamlines is
not visible for L=D · 7:0. It is clear that the upstream cavity effect
on the delay of initial boundary-layer separation is degraded. For
Z ¤ D 3, the separation of boundary layer is observed for the both
test cases (L=D D 2:0 and 7.0).

Observation of the shock location at M1 D 0:83 is summarized
in Fig. 2. The cases of transonic convex-corner � ow without an
upstream cavity are also shown for reference (Fig. 2b). At Z ¤ D 1
(Fig. 2a), presence of the transitional-type cavities (L=D ¼ 11:7–
14.0) shows a minor effect on the shock location while the shock
wavemovesupstream(ordecreasing X¤

s ) with decreasingor increas-
ing L=D (closed-or open-typecavities),particularlyfor ´ D 15 and
17 deg. This implies a more extensivelyseparatedregion.At Z ¤ D 2,
the variations of shock location with L=D show similar trends as
the cases at Z ¤ D 1. However, the shock wave for ´ D 13 deg moves
slightly downstream (or increasing X ¤

s ) with the transitional-type
cavity (L=D ¼ 11:7–14.0). For ´ D 15 and 17 deg, the upstream
movementof shockwave is more evident than in the cases at Z ¤ D 1.
This is considered to be due to the cavity effect on the initial ex-
pansion process upstream of the corner. Note that the in� uence of
the relative distance between the cavity trailing edge and the corner
(Z ¤ D 2 and 3) on the shock location is not signi� cant at L=D D 2:0
and 7.0 (Fig. 2b).

For M1 D 0:83 and ´ D 13 deg, the reattachment location for the
convex-corner � ow is located at X¤

R ¼ 7:93 (Fig. 3). With the up-
stream cavity, the initial boundary-layerseparation is delayed. Ob-
servation of the reattachment phenomena is only for L=D ¸ 23:3



CHUNG 1133

a)

b)

Fig. 3 Reattachment location.

at Z ¤ D 1, for L=D ¸ 11:7 at Z ¤ D 2, and for L=D ¸ 2:0 at Z ¤ D 3.
In addition, Fig. 3 shows that the cavity results in upstream move-
ment of the reattachment location, where X¤

R ¼ 3:97:0–6.91. For
´ D 15 and 17 deg, variationsof X¤

R show a similar trend. The reat-
tachment location moves slightly downstream for L=D ¸ 23:3 at
Z ¤ D 1. At Z¤ D 2 and 3, the cavity effect on X ¤

R is minimized.
Moreover, the separation length ».D X ¤

R ¡ X¤
S), which is de� ned as

the distance between the separation and reattachment positions, is
summarized in Fig. 4. For ´ D 13 deg, it is found that the separation
region decreases for all of the separated cases (Z ¤ D 1, 2, and 3).
This implies that the upstreamcavity may be used as passive control
for the initial boundary-layerseparationof transonicconvex-corner
� ows. For the separated � ows (´ D 15 and 17 deg), the in� uence
of the transitional-typecavities is minimized. However, the shallow
cavities (closed-typecavities)result in the growthof separationbub-
bles, which correspond to the upstream movement of shock wave
and slightly downstream movement of reattachment location. Note
that the effect of Z ¤ is not signi� cant.

Mean Surface Pressure Distributions
Examples of static pressuredistributionalongthe centerlineof the

instrumentationplates for the subsonicexpansion� ow (M1 D 0:64
and ´ D 13 deg) are shown in Fig. 5a. The origin of the x coordi-
nate is at the corner. Figure 5 shows an upstream expansion and a
downstream compression. With an upstream cavity at Z¤ D 1, the
� ow remains at the subsonicconditionfor all of the test cases.How-
ever, lower levels of static pressure are observeddownstreamof the
corner. This correspondsto stronger expansionnear the corner. The
initial recompression also increases, particularly with decreasing
L=D (or deeper cavity). At a farther downstream location, the � ow
is furthercompressed.The geometriceffect of thecavityhasa minor
in� uenceon the levelof thedownstreamstaticpressure.Note that the
downstream compressions (dp=dx) are roughly the same with and
without an upstream cavity. For the transonic convex-corner � ow
(M1 D 0:83 and ´ D 17 deg), the � ow is expanded to supersonic
speed and is separateddownstreamof the corner (Fig. 5b). The cav-
ity effect is limited near the corner. Higher levels of static pressure
are observedimmediatelydownstreamof the corner,particularlyfor
the closed-typecavities. The increase of static pressure is due to the

a)

b)

Fig. 4 Separated region.

Fig. 5 Pressure distributions, Z¤ = 1.

upstream movement of shock wave, which is also observedwith the
oil-� ow visualization.

The minimum static pressure Cp;min near the corner is related
to the upstreamexpansionand initial downstreamcompressionpro-
cess for the convex-corner� ows. The study of Chung2 indicatesthat
the Cp;min values can be scaled with the parameter M2

1´. Stronger
expansion is associatedwith increasing M 2

1´ for the convex-corner
� ow, which also indicateshigherpeakMach numbernear the corner.
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a)

b)

Fig. 6 Downstream expansion, Z¤ = 1.

With the upstream cavities at Z ¤ D 1, the variations of the C p;min

value show a similar trend with and without the upstream cavity
(Fig. 6a). However, it can be seen that the upstream cavity results in
stronger expansionfor the subsonicexpansion� ows (M2

1´ D 5:33).
This could be due to the cavity effect on the development of up-
stream boundary layer. Less expansion for the separated � ows
(M 2

1´ D 11:71) is also observed, particularly with the closed-type
cavities. To further understand the geometric effect of the cavity on
the minimum static pressure near the corner, the data are replot-
ted in Fig. 6b. For the attached convex-corner � ows (M2

1´ · 6:96)
with open- or transitional-type cavities, the C p;min values increase
slightly with increasing L=D. This implies the delay on the transi-
tion of subsonic and transonic convex-corner � ows. For the sepa-
rated convex-corner� ows (M2

1´ ¸ 8:96), the C p;min valuesdecrease
(stronger expansion) with the L=D up to 11.7. An increase is ob-
servedat L=D D 14:0, particularlyfor M2

1´ D 11:71.When the cav-
ity moves away from the corner (Z¤ D 2 and 3), the minimum static
pressures are shown in Fig. 7. It can be seen that the cavity effect
is degraded with increasing Z¤ (Fig. 7a). There are only slight vari-
ations for the C p;min values with and without the upstream cavity.
Figure 7b shows that the L=D effect on C p;min values for a given
M2

1´ is minimized, except for M 2
1´ D 5:32 and Z¤ D 2. This shows

that the geometric effect of the cavity is more signi� cant for the
subsonic convex-corner � ows.

Surface Pressure Fluctuations
To furtherunderstandthecavityeffecton theconvex-corner� ows,

examples of surface pressure � uctuation distributions are shown in
Fig. 8.For the subsonicexpansion� ow(M1 D 0:64and´ D 13deg),
the pressure � uctuations C¾ p increase upstream of the convex cor-
ner and reach the maximum immediately downstreamof the corner
followed by a sharp decrease. The rise of C¾ p corresponds to the
initial compression (or adverse pressure gradient) downstream of

a)

b)

Fig. 7 Downstream expansion, Z¤ = 2 and 3.

Fig. 8 Pressure � uctuation distributions, Z¤ = 1.
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a)

b)

Fig. 9 Peak pressure � uctuations, Z¤ = 1.

the corner. With the upstream cavity at Z¤ D 1, lower levels of C¾p

are observed at X ¤ D 0:82 (Fig. 8a). This is considered to be due
to the stronger upstream expansion, as shown in the mean surface
pressure distributions. The peak pressure � uctuations, which de-
crease with increasing L=D, are detected at a farther downstream
location (X¤ D 1:64) followed by a gradual decrease. The approxi-
mately equilibriumlevelsof pressure� uctuationat the fartherdown-
stream location (X ¤ > 6:0) with open- or transitional-typecavities
(L=D · 14:0) are higher than the convex-corner � ow without an
upstream cavity. For the separated � ow [M1 D 0:83 and ´ D 17 deg
(Fig. 8b)], the characteristics of pressure � uctuation distributions
are roughly the same with and without the upstream cavity. How-
ever, note that the peak pressure � uctuations are related to the L=D
of the cavity, in which the peak pressure � uctuations are observed
at X¤ D 1:69 for L=D · 11:7 and at X ¤ D 0:85 for L=D ¸ 14:0. At
farther downstream locations, a sharp decrease of the pressure � uc-
tuations can be seen and the presence of the cavity results in higher
levels of pressure � uctuations except for the case of transitional-
type cavity (L=D D 11:7). The peak pressure � uctuations followed
by a sharp decrease indicate that the intermittent nature of the � ow
is a localized phenomenon of the shock wave excursion, which is
shown by the raw pressure signals.

The peak pressure � uctuations suggest the intermittency of the
cavity-convex corner interaction and can be used as an indication
of � ow unsteadiness.For the convex-corner � ow (Fig. 9a), the am-
plitude of peak pressure � uctuations increases with M2

1´. The in-
tense pressure � uctuations are associated with the initial compres-
sion and excursion of the shock wave downstream of the corner.
With the upstream cavity at Z¤ D 1, the data of peak pressure � uc-
tuations C¾ p ;max for all of the test cases are summarized in Fig. 9a.
It is found that the open- or transitional-type cavities result in a
slight increase of C¾p ;max for the subsonic convex-corner � ows
(M 2

1´ D 5:32). Slight damping is observed with the closed-type
cavities (L=D D 21:0 and 35.0). For the attached transonic � ows
(M 2

1´ D 6:14 and 6.96), the cavities result in the increaseof C¾ p ;max.
This may be due to the superpositionof � ow unsteadiness induced

a)

b)

Fig. 10 Peak pressure � uctuations, Z¤ = 2 and 3.

by the initial compression and the downstream propagation of the
disturbanceby the upstream cavity.At M2

1´ D 8:96, the oil-� ow vi-
sualizationindicatesthe delayof boundary-layerseparationwith the
open- or transitional-typecavities, in which the decreaseof C¾ p ;max,
is observed. For the separated � ows (M 2

1´ D 10:33 and 11.71), the
peak interaction occurs at the location of � ow separation. The up-
stream cavity has a strong in� uence on the intensity of pressure
� uctuations.Higher levels of pressure oscillation are due to the in-
tense shock wave excursionexcept for the case with the transitional-
type cavity (L=D D 11:7). The data are replotted in Fig. 9b to help
understand the geometric effect of the cavity. It can be seen that
the levels of C¾ p ;max are related to the minimum static pressure for
the attached � ows. Larger C¾p ;max values are associated with de-
creasing C p;min (or higher initial pressure rise). For M2

1´ D 10:33
and 11.71, the oil-� ow visualization indicates that the separation
location moves downstream with the transitional-type cavity and
propagatesupstream with the open- or closed-typecavities.This re-
sults in the variation of peak pressure � uctuationswith L=D. When
the cavities move upstream (Z¤ D 2), the variationsof C¾p ;max with
M2

1´ or L=D show the similar trend as those at Z¤ D 1. Higher
intensity of C¾p ;max are observed with increasing M 2

1´ except for
the case at M2

1´ D 8:96 (Fig. 10a). For a given M 2
1´ (Fig. 10b), the

L=D effect is less signi� cant, particularlywith the transitional-type
cavity. At Z ¤ D 3, it appears that the amplitudeof C¾ p ;max is roughly
the same as L=D D 7:0 at Z ¤ D 2. The in� uence of Z¤ can be seen
at L=D D 2:0, in which C¾ p ;max is smaller at Z ¤ D 3.

Conclusions
The present study investigatescavity-convexcorner interactions.

The geometric effectsof the cavity, spacingdistance,Mach number,
and the convex-cornerangle are shown to be as follows.

1) The upstream cavity induces stronger upstream expansionand
downstream initial compression for the subsonic expansion � ows.
Delay of the transition of subsonic and transonic expansion � ows
is also observed. Higher levels of downstreampressure � uctuations
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are associated with the open- and transitional-typecavities for the
attached � ows.

2) The spacing has a signi� cant effect on the delay of the initial
boundary-layerseparation.

3) For the separated � ows with open- or closed-type cavities, the
shock locationmovesupstream,and the reattachmentexpandsslight
downstream.The cavity effect is limitednear the convexcorner.The
in� uence of transitional-typecavity is minimized.

4) Higher static pressure downstream of the corner is associated
with the upstream movement of shock wave, particularly with the
closed-type cavity.

5) The peak interactionsoccur downstreamof the corner and are
associated with the initial pressure rise and shock wave excursion.
For separated � ows, the intermittency(or peak pressure � uctuation)
is a localized phenomenon.

6) Open- or closed-type cavities enhance the unsteadinessof the
convex-corner � ows.
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