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Study of Passive Control in a Transonic
Shock Wave/Boundary-Layer Interaction

Reynald Bur,* Bernard Corbel,1" and Jean Delery*
ONERA, F-92320 Chatillon, France

Passive control applied to a turbulent shock wave/boundary-layer interaction has been investigated by consid-
ering a two-dimensional channel flow. The field has been probed in great detail by using a two-component laser
Doppler velocimetry system to execute mean velocity and turbulence measurements. Four different perforated
plates have been considered along with the solid wall reference case. These measurements have shown that passive
control deeply modifies the inviscid flowfield structure, the single shock being replaced by a lambda shock system.
This modified compression induces a substantial reduction of the wave drag associated with the interaction. On
the other hand, the combined injection-suction effect taking place in the control region provokes an increase of
the viscous drag, which nearly outbalances the reduction in wave drag. It was found that passive control induced
a modest decrease of the total drag compared to the solid wall case. Moreover, the experimental wall transpiration
velocity distribution in the control region is well represented by the usual laws.
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Nomenclature
= total drag coefficient of the surface without and with

control
= boundary-layer incompressible shape parameter

equal to

= cavity depth
= turbulent kinetic energy
= streamwise extent of the control region, 70 mm
= Mach number
= porosity of the perforated plate, open area/plate area, c,
= static pressure
= stagnation (reservoir) pressure
= stagnation temperature
= reference velocity, 377 m/s
= X- and F-wise instantaneous velocity components
= mean values of u and v
= fluctuating parts of u and v
= turbulent normal stresses
= turbulent shear stress
= streamwise coordinate along the channel lower wall,

origin at the test section entrance; see Fig. 1
= coordinate normal to the channel lower wall
= boundary-layer physical thickness
= boundary-layer displacement thickness equal to

- boundary-layer momentum thickness equal to

= boundary-layer mean flow kinetic energy thickness
equal to

^U~|dy
= density
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Subscripts
e = conditions at the local boundary-layer edge
/ = conditions at the end of the investigated domain,

where X is equal to 365 mm
w = conditions at the channel lower wall in the control

region
0 = conditions at the origin of the investigated domain,

where X is equal to 220 mm

Introduction

SHOCK waves and their interaction with the boundary layer play
a major role in determining the performance of transonic trans-

port aircraft. It has been suggested that one way to reduce the harm-
ful effects of strong shock waves at the off-design performance of
airfoils is to use a passive control device in the interaction region.

The principle of passive control consists of establishing a natural
circulation between the downstream high pressure face of a shock
and its upstream low pressure face. This circulation is achieved
through a closed cavity, placed underneath the shock foot region,
the face in contact with the outer flow being made by a perforated
plate. Experimental and theoretical studies have shown that passive
control may produce a reduction of airfoil drag, mainly by reduc-
ing its wave drag.1"11 Another advantage of passive control would
be to fix the shock location, preventing large amplitude oscillations
that may occur at high incidence (buffeting phenomenon). How-
ever, the boundary-layer manipulation resulting from the combined
injection-suction effect provokes an increase of the viscous drag,
which may outbalance the wave drag reduction. Thus, as far as air-
foil drag is concerned, the potential benefit of passive control results
from a delicate balance between two opposite tendencies.

The objective of this study was to contribute to the understanding
and modeling of the physical phenomena involved in a shock wave/
boundary-layer interaction under control conditions. The experi-
ments were executed in a transonic channel flow and considered the
interaction between the shock crossing the channel and the bound-
ary layer developing on one of the channel walls. This arrangement
allowed working with a boundary layer thick enough to permit ac-
curate definition of its properties during the interaction process.

The mean and turbulent properties of the interaction domain were
determined mainly by means of laser Doppler velocimetry (LDV)
explorations, first, in the absence of control (solid wall reference
case) and, second, under passive control conditions for four perfo-
rated plates, having different geometrical characteristics. A method
to determine the total drag in the control region is proposed to de-
fine an optimum passive control configuration. An experimental
wall velocity distribution in the control region has been obtained
and compared to usual control laws.
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Test Setup and Equipment
Test Setup Arrangement

These experiments were executed in the S8 transonic-supersonic
wind tunnel of the ONERA Fluid Mechanics Laboratory at Chalais-
Meudon, France. This facility is a continuous wind tunnel sup-
plied with desiccated atmospheric air. The stagnation conditions are
psto = 92,000 ± 50 Pa and Tst() = 300 ± 3 K. The test setup, shown
in Fig. 1, consists of a transonic channel having a test section with a
height of 100 mm and a span of 120 mm. The lower wall is rectilinear,
whereas the upper wall is a contoured profile designed to produce
a uniform supersonic flow of nominal Mach number equal to 1.4.

A second throat, of adjustable cross section, is placed in the test
section outlet to produce by choking effect a shock wave whose
position can be adjusted in a continuous and precise manner. It also
isolates the flowfield from pressure perturbations emanating from
downstream ducts, reducing unwanted shock oscillations.

Passive control is applied on the rectilinear lower wall in a re-
gion where the outer inviscid flow Mach number is M0 = 1.34. The
length L of the control cavity has been defined in such a way as to
approximately reproduce the ratio L/50 existing on an airfoil, i.e.,
L/8() ~ 18. In the present experiments 50 ~ 4 mm; therefore, the
value L = 70 mm has been adopted for all test cases (Fig. 1). Its
depth h is equal to 60 mm. A first study12 has demonstrated that
h has a negligible influence on the control mechanism, provided it
is not too small (at least 10 mm for the present conditions). The
interchangeable perforated plate is fixed to the wall, upstream and
downstream of the cavity, with the plate made flush with the wall.
For the study of the interaction without passive control (reference
case), a rectilinear solid wall extending from the entrance to the end
of the channel was manufactured to avoid the perturbations caused
by junctions between different parts.

The pressure orifices were located in the vertical median plane
of the test setup, with seven of them installed on the plates to deter-
mine the pressure distribution in the control region. Moreover, five
pressure taps were located on the bottom part of the cavity.

Techniques of Investigation
The flows under study were qualified by schlieren visualizations

and quantified by measurements of wall pressure distributions and
(instantaneous) velocity distributions.

For the present nominally two-dimensional flow, the latter were
obtained with a two-component LDV system.13 The light source
is a 5-W argon laser beam, which is separated into two beams of
wavelength 0.488 /xm (blue) and 0.5145 /xm (green). These beams
are split by classical beam splitters and traverse Bragg cells to en-
able the system to detect the velocity direction. The four beams
are focused to constitute two fringe patterns inside the measuring
volume, whose diameter was equal to 0.2 mm. The blue and green
fringe spacings are 13.30 and 13.82 /zm, respectively. The LDV sys-
tem was operated in the forward scattering mode. The flow is seeded
with submicronic (0.5-/xm-diam) droplets of parafine oil injected in
the wind tunnel settling chamber.

The flowfields have been explored along 30 vertical lines (Y direc-
tion), extending from the surface (Y = 0) to an altitude Y = 22 mm
and contained in the test section median plane. Their streamwise
locations X were in the range 220 < X(mm) < 365 (including the
control region). Reliable measurements with the LDV system, in
the two-component version, were limited to a minimum distance of
0.3 mm from the wall.

At each measurement point, a sample of couples of the instan-
taneous values of the velocity components u and u is acquired for
further processing. The size of the sample, equal to 2000, gives
an acceptable statistical uncertainty for the first- and second-order
statistical moments. The determination of the mean velocity com-
ponents allows the local Mach number to be computed and the
boundary-layer global properties (8*, 9,0*, and ///) to be defined.
The density and sound velocity are computed by assuming constant
stagnation temperature throughout the flow. The two-component
version of the LDV system did not allow the determination of the
spanwise velocity component w. Thus, the turbulent kinetic energy
k has been estimated by the following formula:

The LDV components give the field quantities with an accuracy
depending on uncertainties affecting the LDV system calibration
(uncertainties on the fringe distance, on the Bragg frequency), the
determination by the counters of the frequency of the light scattered
by the particles, and the statistical treatment of the sample.

For these experiments, the field properties have been determined
with a precision of 1) 1% of the maximum velocity modulus for the
mean velocity components, 2) less than or equal to 8% concerning
the normal stress components of the Reynolds tensor, and 3) less than
or equal to 10% concerning the turbulent shear stress component.

Tested Configurations
In addition to the solid wall reference case, four different plates,

numbered 1-4, whose nominal characteristics are given in Table 1,
have been tested. The holes were drilled by an electron beam tech-
nique. The thickness of the plates was equal to 1 mm. All of the
plates have the same porosity, i.e., P = 5.67%. For plates 1 and 2,
the holes are everywhere normal to the surface. For plates 3 and 4,
the holes are inclined with respect to the surface (in the downstream
direction) in the upstream half of the plate and normal to it in its
downstream half.

Table 1 Nominal characteristics of the tested plates

Plate number Porosity, % Hole diameter, mm Hole inclination, deg

5.67
5.67
5.67
5.67

0.15
0.30
0.15
0.30

90
90

45 and 90
45 and 90

Fig. 1 Passive control experimental setup in the S8 wind tunnel. Dimensions are in millimeters.
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The location of the shock wave in the outer part of the flow, i.e.,
outside the interaction region, was fixed at middistance between the
origin and the end of the control region.

Results and Discussion
Flow Visualizations

The schlieren photograph in Fig. 2 shows the flow structure for
the reference case. One notes the thickening of the boundary layer
in the shock foot region and the associated compression wave pat-
tern forming in the outer inviscid flow. This front zone is followed
by a small triangular region of still supersonic flow terminated by a
nearly normal shock, sometimes called the trailing shock. The com-
pression waves and the trailing shock meet in a region from which
the single shock crossing the channel starts. The present flow pattern
corresponds to a situation nearly coincident with incipient shock-
induced separation, which occurs for an upstream Mach number of

50 ..

0..

235 305

Fig. 2 Schlieren photograph of the flowfield, reference case (solid wall).

50 ..

305

Fig. 3 Schlieren photograph of the flowfield, with passive control
(plate 2).

1.30. The present value M0 = 1.34 should lead to the formation of a
tiny separation bubble. However, LDV measurements have not de-
tected negative values for the streamwise velocity component. Thus,
if it exists, the bubble must be excessively small.

The schlieren visualization of the flow under passive control (with
plate 2) is shown in Fig. 3. Now, the boundary layer starts to thicken
suddenly at the cavity origin. Then, it takes a wedge-like shape un-
til it meets with the trailing shock; afterward, its thickness remains
nearly constant. Hence, passive control can induce an increase of
the viscous drag. The rapid thickening of the boundary layer, which
is provoked by the injection effect taking place in the upstream part
of the control region, is felt by the contiguous supersonic flow as a
ramp effect. This leads to the formation of the oblique leading shock
Ci, downstream of which the Mach number is still supersonic. This
supersonic region is terminated by the trailing shock C2, through
which the velocity vector changes from an upward direction to be-
come nearly parallel to the wall. The two shocks C\ and C2 meet at
the triple point /, from which starts the single shock Cs, to consti-
tute a well-defined lambda shape. In this case, a single strong shock
is replaced by two weaker shocks over a large part of the channel
flow. The rise in entropy (or loss in stagnation pressure) is smaller
through the consecutive shocks C\ and C2 than across the single
shock Cs. Therefore, passive control can reduce the wave drag.

The schlieren pictures obtained with plates 1,3, and 4 have shown
similar modifications of the flow structure in the control region.

Surface Pressure Distributions
The surface pressure distributions on the channel lower wall for

the reference case and the four control cases are plotted in Fig. 4.
The decreasing part of the distribution corresponds to the expan-

sion in the supersonic part of the channel. In the reference case, the
interaction with the shock wave produces a rapid rise of the pressure
to a downstream nearly constant level p/psio = 0.63, giving an outer
flow Mach number equal to 0.84. The general shape of the curve is
typical of a transonic interaction without (noticeable) separation.

The surface pressure distribution obtained with plate 2 shows that
the start of the pressure rise practically coincides with the cavity
forward edge. The local outer flow Mach number just upstream of
this abscissa is equal to 1.31. The curve exhibits the three inflection
points typical of interaction with separation. In this situation, the
pressure first undergoes a rapid rise associated with the leading
shock Ci. Then, the slope decreases with the tendency (weakly
marked in the present case) toward an intermediate constant level.
Thereafter, the pressure gradient increases again, remaining less
intense than in the first part of the interaction. Finally, the pressure
tends toward the constant downstream level.

The surface pressure distributions measured for the three other
plates lead to no obvious differences between the four distributions.
It is to be noticed that the cavity pressure is slightly higher for
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cavity pressure : Plate 3

cavity pressure : Plates 1,2 & 4

1 cavity i i X(mm)
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Fig. 4 Comparison of the surface pressure distributions: •, reference case; o, plate 1; X, plate 2; D, plate 3; and A, plate 4.
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plate 3 than for the other plates (p/psto = 0.480 instead of 0.472).
No convincing explanation of this difference has been found. Hence,
by considering these results as well as the visualizations, it is not
possible to define a significant influence of the diameter and/or in-
clination of the plate holes.

LDV Measurements
Because the influence of the plate characteristics is weak, only

the case of plate 2 will be thoroughly discussed and compared with
the reference case.

The contour lines of the Mach number are traced in Figs. 5 and 6,
for the reference case and the passive control case respectively,
adopting the same scale (Figs. 5a and 6a) for the X- and F-wise dis-
tances and with an F-wise dilatation (Figs. 5b and 6b) to have a better
resolution of the boundary-layer region. The apparent thickness of
the shock is due to an insufficient refinement of the measurement
mesh (X-wise spacing of 5 mm). Figure 6 shows that the leading
shock C\ provokes a first supersonic compression of the flow from

an upstream Mach number of 1.30 to a downstream value of 1.18.
In the region situated between C\ and C2, the Mach number varies
from 1.18 to 1.10 as the flow undergoes an isentropic compression.
A region of supersonic flow, bounded by iso-Mach line M = 1, ex-
ists downstream of C2 as the outer inviscid flow undergoes a nearly
isentropic compression to a Mach number of 0.86 at the end of the
explored region.

The longitudinal evolutions of the boundary-layer characteristic
thicknesses are plotted in Fig. 7. For the flow under control, the
displacement thickness 8* reaches a maximum near of 4.8 mm at
X ~ 315 mm, leading to a ratio 8^J8% = 9.32, to be compared
with the value 5.10 of the reference case. Whereas the thickening
of the boundary layer is comparable in the two cases, this large
difference in the increase of 8* proves that passive control provokes
a greater destabilization of the boundary layer; i.e., the velocity
profiles are less full. After going through its maximum, 8* decreases
slowly in both cases. The evolution of the momentum thickness 9
is of special interest because it is a measure of momentum loss

Y(mm)

0
X(mm)

220 270
a) Identical longitudinal and normal scales

320

Y(mm)

220 270 320
b) Enlarged normal scale

Fig. 5 Contour lines of the Mach number, reference case (solid wall).
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Fig. 6 Contour lines of the Mach number, with passive control (plate 2).
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Table 2 Typical values of the boundary-layer global characteristics

Solid wall Plate 1 Plate 2 Plate 3 Plate 4
5max/55
Of/0()
"/ max

5.10
6.14
2.50

9.06
9.27
3.50

9.32
9.32
3.57

9.33
9.32
3.65

9.38
8.98
3.70

5r (mm)

0°o

X(mm)
0
200 250 300

Reference case (solid wall)
5 r (mm)

350 400

°o0°0o

o o

X(mm)
350 400200 250 300

With passive control (plate 2)
Fig. 7 Evolutions of the boundary-layer characteristic thicknesses: o,
6*;D, 0; and A, 0*.

undergone by the flow because of dissipative effects. For the flow
under control, 9 reaches a maximum near of 2 mm at the end of
the explorated domain, to which a ratio 0//0Q = 9.32 corresponds,
to be compared with the value 6.14 of the reference case. It can,
therefore, be expected that the viscous drag is greater when passive
control is applied.

The results relative to the other tested plates lead to no obvious ef-
fect of the plate characteristics on the mean flow properties. Table 2
summarizes typical values of the boundary-layer global character-
istics for all of the tested configurations by giving the final value of
0 and the maximum values reached by <5* and ///. These results do
not show any significant effect of the hole diameter or inclination of
the plates, the scatter being mainly due to measurement uncertainty.

The turbulent field properties are strongly modified by the pres-
ence of passive control in the interaction region. To allow a com-
parison between the reference case and all of the tested plates, the
Xwise variations of the local maxima of the turbulent kinetic energy
k and shear stress —u'v1 are plotted in Fig. 8. Passive control pro-
duces a higher rise in turbulence levels, which is mainly due to the
larger distortion of the velocity profiles. The plots reveal a some-
what different behavior between plates with normal holes (plates
1 and 2) and inclined holes (plates 3 and 4), the rise in turbulent
kinetic energy being more important for the inclined holes. The ef-
fect on the shear stress is less significant. The plots also exhibit the

out phasing between k and —u'v', the maxima in —u'v' occurring
farther downstream than the one in k for each configuration. This
lag of the shear stress is a feature commonly observed in shock
wave/boundary-layer interactions.u

Total Drag Coefficient in the Control Region
One way to evaluate the efficiency of the passive control device

is to compute the total drag force F (and its associated coefficient
Cp) acting on the surface where control is applied, for each tested
plate and the solid wall. For this calculation, the measured flow
properties were used. The drag computed here is the component
of the force applied to an element of surface (chosen as a portion
of the channel lower surface). This force is determined by calculating
the momentum balance for the control volume S defined as follows.

1) The surface element located at ordinate 7 = 0 comprises the
region between the abscissas X = 220 and 365 mm (the first and last
stations of the LDV probing, respectively) and includes the region
of control.

2) The upper boundary is rectilinear, parallel to the surface, and
placed at an ordinate higher than the maximum boundary-layer
thickness.

3) The entry and exit sections are perpendicular to the surface and
located at the abscissas X = 220 and 365 mm, respectively.

The momentum balance gives on this control surface S:

ff,
where the P and F vectors are associated with pressure and viscous
forces, respectively; V is the velocity vector; and n the unit normal
vector relative to the considered element of surface.

The projection of this relation on the longitudinal X axis allows
obtaining the friction drag F. To evaluate this balance, it is assumed
that the pressure in the entry and exit sections is constant along Y,
which may constitute an approximation. Also, having seen that the
pressure in the cavity is practically constant and that the velocities
are quite below those of the external flow, the possibility of the
cavity contribution to the drag was not considered. The associated
total drag coefficient is defined as

where F is the friction force per unit of surface and the reference
values po and f/o are the freestream values.

Table 3 gives the values of CF and indicates the percentage of
decrease in CF by comparison with the solid wall, defined as

-F(solid) -cF(porous)

CV(solid)

These results show a slight decrease (around 4%) of the perfo-
rated plates average coefficient value compared to the solid wall
value. This reduction of drag must be taken with caution because of
measurement uncertainties, especially on the mean velocity com-
ponents. Moreover, the results do not give clear indications about
differences that could be due to the characteristics of the plates
(diameter and inclination of the holes).

Transpiration Velocity Distributions
The present measurements result in a distribution of the nonzero

(transpiration) velocity component vw normal to the surface where
control is applied. The scatter of these measurements has several ori-
gins: first, there is the limited accuracy of the LDV measurements
(the uncertainty in v is of the order of 1 % of the outer flow velocity,
i.e., about 3 m/s); second, vw is not uniformly distributed, injection
or suction being performed through discrete holes (the measuring

Table 3 Total drag coefficient of the surface without
___________and with passive control___ ____

Solid wall Plate 1 Plate 2 Plate 3 Plate 4

CF 0.00991 0.00972 0.00926 0.00946 0.00952
ACF,% —— 1.9 6.6 4.5 3.9
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Fig. 8 Streamwise variations of the turbulent kinetic energy and shear stress maxima: •, reference case; o, plate 1; x, plate 2; D, plate 3; and
A, plate 4.
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Fig. 9 Transpiration velocity distributions for plate 2; comparison of semiempirical and averaged experimental laws: D, Poll16 law; o, isentropic
law15; A, Bohning and Doerffer9 law; and •, experimental distribution.

volume has to be aligned with the holes of the plate); and third, slight
deformations of the perforated plate due to the pressure difference
occur, rendering the exact location of the measurement point rela-
tively to the wall difficult. Moreover, at the retained altitude (0.3 mm
from the plate), the experimental normal velocity vw distribution is
an approximation of the one existing at the surface of the perforated
plate.

One can extrapolate from these LDV measurements an experi-
mental law with higher (and more accurate) velocities, respectively,

at the beginning and the end of the plate. This experimental law
is compared to semiempirical control laws used as wall boundary
conditions in numerical approaches to model the injection-suction
effect in the control region. The retained control laws are the isen-
tropic law of Abrahamson and Brower,15 the calibration law of
Poll et al.,16 and a law proposed by Bohning and Doerffer.9 These
semiempirical laws give the transpiration velocities by using the
measured surface pressure distribution along the control region.
In Fig. 9, a comparison between different transpiration velocity
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distributions is shown for plate 2. All of the curves fit rather well
with the experimental distribution, the law of Bohning and Doerffer
being the best in predicting both the injection and suction velocities.
Because of the large uncertainty of the near zero velocity measure-
ments, the behavior of the control laws in this region cannot be
discussed.

Conclusions
A detailed experimental investigation of transonic shock wave/

boundary-layer interaction under passive control conditions has
been performed in a channel type flow. The solid wall reference
case and four passive control configurations, with different perfo-
rated plates, have been studied by using a two-component LDV
system to determine the mean and turbulent flowfield properties.

Passive control induces a clear reduction of the wave drag, the
compression being achieved through a two-shock system instead
of a single strong shock, while the viscous drag of the boundary
layer is significantly increased. In the present situation, the balance
tends to be slightly positive but the gain is too small to deduce
clear tendencies about the effect of the characteristics of the tested
perforated plates (diameter and inclination of the holes) and also to
propose an optimal passive control device.

Considering the modest gain achieved with passive control, future
studies will be oriented toward the consideration of active control
where suction is performed in the cavity. Also, a combination of
passive and active control can be foreseen to limit boundary-layer
thickening, while maintaining the reduction in wave drag achieved
through passive control.

In addition, the present experiments provide well-documented
test cases to validate or/and improve the Navier-Stokes codes.
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