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Experimental Investigation of Turbulence Properties
in Transonic Shock/Boundary-Layer Interactions

Jean M. Délery*

Office National d’Etudes et de Recherches Aérospatiales, Chdtillon, France

Three flows resulting from shock wave/turbulent boundary-layer interactions occurring in a two-dimensional
transonic channel have been investigated. The first flow corresponds to incipient shock induced separation, the
second to a well separated case, the third to a situation where a large separated bubble forms. The flows were
characterized by using two-color laser velocimetry. The results include, for the three flows, mean velocity and
Reynolds stress distributions across the viscous layer. The turbulence measurements reveal that the first part of
the interaction process entails a very large turbulence production with the development of a very strong
anisotropy. In this zone, the neglect of normal stresses in the momentum and turbulence energy equation is not
justified. The downstream relaxation toward a new equilibrium state is a very gradual process due to the long
lifetime of the large structures which formed in the region of intense turbulence production.

Nomenclature

a =speed of sound
b = channel width
C, =maximum shear stress coefficient, 27/p,u?2
H; =incompressible shape parameter
J =equilibrium shape parameter, 1 -1/H,
k =turbulent kinetic energy,

Va({u' »2+{v" Y2+ w'y?)
M =Mach number
)2 =pressure
R =reattachment point
S =geparation point
T = absolute temperature .
u =velocity component in streamwise direction
v = velocity component in normal direction
w =velocity component in cross-stream direction
X =coordinate in the streamwise direction
X =reduced streamwise coordinate, (X—X,)/(8})
Y =coordinate in the normal direction
6 = dissipative layer thickness
o =displacement thickness
0 = fluid density
T = Reynolds shear stress, —pu’v’
Subscripts
e =edge of dissipative layer
t =stagnation condition
0 =origin of interaction
Superscripts
( )’ =fluctuating quantity
( ) =time-averaged quantity
< =rms value of quantity

Introduction

ISCOUS effects play a major role in transonic flows
where they can strongly affect the whole flowfield. This
problem is especially important in supercritical flows where
the strong viscous interaction occurring near the shock root
entails a rapid thickening of the boundary layer and can lead
to its separation if the shock is strong enough. These
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phenomena are encountered in. many domains of practical
interest: wings and airfoils, turbomachines, helicopter blades,
etc. This fact explains the sustained effort to develop accurate
predictive- methods able to cope with this very difficult
problem. Two kinds of approaches are followed at the
moment.

1) Interaction techniques where an inviscid external
flowfield and dissipative layers (boundary layers and/or
wakes) are computed separately and made compatible
through matching conditions. In these techniques, the
dissipative layers are frequently computed by integral
methods applied to boundary-layer type equations. These
procedures have achieved some success, even in the case of
moderately separated flows, with relatively short computer
time.!

2) Numerical solution of the full Navier-Stokes equations,
which seem the most appropriate procedure to predict the
flow structure in regions where the use of the Prandtl’s
equations is questionable (shock root, separation region,
trailing edge).

Considerable advances have been made in the development
of efficient and accurate numerical codes which solve the
Navier-Stokes equations. However, the numerous and
systematic applications made in transonic and/or supersonic
flows involving shock wave/turbulent boundary-layer in-
teraction (SW-TBLI) have frequently led to very poor
agreement with experiment, especially when separation oc-
curs.2% This inability to accurately account for viscous effects
is primarily due to the deficiencies of the models employed to
describe the turbulence properties of the flow. In fact, all the
models tested (algebraic as well as multi-equation models) are
appropriate for boundary layers undergoing relatively weak
pressure gradients; however, none seem able to describe the
nonequilibrium conditions typical of a shock induced
separation. To define more realistic turbulence models,
precise quantitative measurements of the turbulence
properties are needed.

This paper presents data on three SW-TBLI’s produced in a
transonic channel flow and ranging from the incipient shock
induced separation situation to the largely separated flow
condition. The data consist of mean velocity and Reynolds
stress tensor components obtained with a two-color laser
velocimeter.”

Experimental Arrangement
The experiments were conducted in the S8 transonic
channel of the Fluid Mechanics Laboratory. This wind tunnel
is continuously supplied with dessicated atmospheric air, with
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the stagnation conditions as follows: pressure p, =95 kPa;
temperature T, =300 K. The test section, shown in Fig. 1, has
a span b equal to 120 mm and an entrance height of 100 mm.
Interchangeable nozzie blocks or bumps can be mounted in
the working section with a view to accelerating the flow up to
slightly supersonic velocities. A second throat, of adjustable
cross section, is placed at the test section outlet making it
possible both to produce, by choking effect, a shock wave
whose position, and hence intensity, can be adjusted in a
continuous and precise manner; and to isolate the flowfield
under study from pressure perturbations emanating from
downstream ducts. Such a device notably reduces shock
oscillations.

The SW-TBLI phenomena under investigation take place
on the lower wall of the channel at a station where the un-
disturbed turbulent boundary layer has a thickness 6, of
several millimeters (from 3 to 5 mm).

The “‘aspect ratio’’ b/8, is approximately equal to 30. This
value seems high enough to minimize three-dimensional
effects in the case of flows a and b (see the following) where
the thickening of the boundary layer during the interaction
process is moderate.

When a large separated region forms, the local ratio b/6
decreases more significantly; for flow ¢, b/6.is approximately
equal to 8 at reattachment. In this case, oil flow visualizations
show a rather strong distortion of the reattachment line.
However, the presence of three-dimensional effects is not
thought to alter radically the general features of the flow and
the behavior of turbulence.

Thus, the information obtained can be used as a guide to
improve the modeling of two-dimensional flows. On the other
hand, they can be helpful to test three-dimensional Navier-
Stokes codes.’?

Results and Discussion

Mean Flow Properties

Three SW-TBLI’s, considered as typical, have been
analyzed. The corresponding distributions of the ‘“‘wall”’
Mach number M, are plotted in Fig. 2 (M, is computed from
wall pressure medsurements assuming an  isentropic
relationship and considering the stagnation pressure as
constant and equal to its upstream value. The reduced
streamwise distance X is evaluated from the start of in-
teraction X, and scaled to the boundary-layer displacement
thickness at X,) . The locations of the transverse explorations
made across the dissipative layer are also indicated in Fig. 2.

Flow a: Interaction Corresponding to Incipient Shock Induced
Separation (Mt’o =1.318)

For this case, the test section was equipped with a sym-
metrical converging-diverging supersonic nozzle whose
contour was designed to produce a uniform flow having a
nominal Mach number equal to 1.4. The quasinormal shock
wave is situated near the end of the diverging part of the
nozzle at a station where the Mach number M,,, at the
boundary-layer edge, is equal to 1.30. The values of M, and
H,, in the present case, correspond to a situation which
nearly coincides with incipient shock induced separation. '?

movable_wall

: 28 adjustable_second throat
« 1 o
p =S5 kP AR vl
g |28 .
T,2300 K
S \
interchangeable bumps
— -
%0 ]
Dimensions in mm
Fig.1 Experimental arrangement.
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Flow b: Interaction with Separation (M, 0= 1.45 8)

Now, the supersonic flow is produced by a symmetrical
nozzle having a nominal Mach number of 1.6. The shock
wave is at a location in the nozzle leading to a Mach number
M,, at the start of interaction equal to 1.45, thus a rather
large separated bubble is formed.

Flowc: Interaction with Extended Separation (M o= 1.37LS)

Here, the transonic flow is produced in an asymmetrical
channel where a bump is mounted on the lower wall of the
wind-tunnel test section (the geometrical definition of this
bump can be found in Ref. 11). The shock wave takes place at
a location where the maximum Mach number in the flow is
equal to 1.42. The shock is strong enough to induce boundary-
layer separation upstream of the bump trailing edge. An
extended separation bubble forms due to the wall curvature
effect as is evidenced by the plateau of the wall pressure
distribution.

Some of the mean streamwise velocity profiles measured
across the dissipative layers are shown in Figs. 3a and 3b.
They concern flows a and ¢ which are the most typical. Here ¥
is the distance from the horizontal plane which contains the
flat downstream part of the test-section wall. The streamwise
component # is scaled to the value of it at the boundary-layer
edge. The bump surface has been sketched on the figures and
the profiles extrapolated to the wall value by a broken line,
which is only a visual aid.

For flow a (incipient separation) one observes, at first, a
strong destabilization of the profiles which entails an im-
portant decrease of # in the vicinity of the wall; yet, no
negative mean values were measured. If separation actually
occurs, it concerns a very small fraction of the flow too close
to the wall to be detected by the present measurements. The
maximum retardation effect is observed at station X =56;
downstream, turbulent viscous forces entail a gradual ac-
celeration of the fluid in the inner part of the boundary layer.
The thickness 8 of the boundary layer is increasing con-
tinuously during the whole process.

In flow b (separation), a noticeable reversed flow region is
formed which extends from X =18 to 132. The thickening of
the dissipative layer is now much more important than in the
previous case. (The velocity profiles for this case can be found
in Ref. 7.) ,

In the third configuration (large separation), a large
separated bubble exists with a maximum reduced negative

Flow (3) Mgy 130 ( lncipient Separation )
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Fig. 3 Mean streamwise velocity.

velocity approximately equal to 0.2. The length of the bubble
is comparable to the length of bubble in case b, but its normal
extent is significantly greater (note the change in vertical scale
in Fig. 3b). In this case, one observes a dramatic increase of
the boundary-layer thickness, which is practically multiplied
by ten between X, and the most downstream measuring
station.

The two flows b and ¢ lead to profiles whose shape and
behavior in the streamwise direction are similar to data ob-
tained in a subsonic reattachment behind a rearward facing
step.!2!3 The tendency of # toward zero, due to the no-slip
condition at the wall, takes place on a very short distance, so
that the separated profiles have a wake-like shape.

The major part of the profiles behavior between separation
and relaxation toward a new flat plate state, far downstream
of reattachment, can be represented by a profile family
function of a reduced number of parameters!! (the Reynolds
number and a shape parameter, compressibility effects being
negligible). This observation is of interest for the development
of predictive methods using integral forms of the boundary-
layer equations. 14

Turbulent Flow Properties

The profiles of turbulence kinetic energy are represented in
Figs. 4a-c. The kinetic energy k has been evaluated by the
formula

k= ({u’ ) +<v" )2 +<{w')?)/2

where (w’ }? has been taken equal to ({v' )2+ (w’>?)/2. For
the three flows, there is a very large increase of k in the first
part of the interaction process, near the shock foot. The
profiles exhibit an important maximum which is well detached
from-the wall. This behavior is still more pronounced for
flows b and ¢, which are separated.

For compressible flows, the Reynolds shear stress is given
by —pu’ v’ (assuming that the triple correlation p’#’ v’ is neg-
ligible). However, in the transonic flows under investigation,
the change in p across the dissipative layer is small, so the
distribution of —u’v’/a?is nearly the same as —pu’v’/p,a?.
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Fig.4 Turbulent kinetic energy profiles.

Thus, —u'v’/a?can, for practical purposes, be interpreted as
the nondimensional Reynolds shear stress. The —u’v’ /a? dis-
tributions are plotted in Figs. Sa-c. They are also charac-
terized by the existence of a well-defined maximum, which is
also well detached from the wall. For flows b and c, the
maximum values of shear stress and turbulent kinetic energy
generally coincide with the location of the maximum mean
streamwise velocity gradient du/dY. Such a coincidence is not
observed for flow a in the first part of the interaction, where
the maximum of —u’v’ remains closer to the wall than the
maximum of k.

In order to give a more vivid idea of the variations of the
turbulent quantities during the interaction process, Fig. 6
shows the streamwise evolutions of maximum turbulent
kinetic energy and Reynolds shear stress. The locations of
separation S and reattachment R, shown in Fig. 6, are ap-
proximate. They have been determined by interpolating laser
measurements which were not realized close enough to the
surface to allow a precise definition of these points; the
uncertainty being larger for separation than for reattachment.
There is a very large production of turbulence in the initial
part of the phenomenon, near the shock root. This production
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Fig. 5 Turbulent shear stress profiles.

is enhanced when separation occurs; then k£ tends to a
maximum level, which is between eight and nine times the
initial level in the undisturbed boundary layer. For flows b
and ¢, (k) ., starts to decrease upstream of the reattachment
point R. Downstream of R, the turbulent Kkinetic energy
diminishes rather slowly and tends gradually to a new
equilibrium state. The shear stress grows at a relatively slower
pace than k, and reaches its maximum value downstream of
the point where k& culminates. For separated flows, the
location of maximum shear stress coincides practically with
the reattachment point; there, the shear stress has reached a
level which is ten times the maximum initial value.

In fact, the separating boundary layer undergoes such an
overwhelming perturbation that, as Bradshaw!® postulated,
the development of the free shear layer is not influenced
significantly by its initial conditions, i.e., the initial bound-
ary-layer characteristics and that production of turbulence
continues in proportion to the growth of the large-scale
structures until reattachment occurs.!® Streamwise variations
of the maximum rms values {u#’)/a, and (v’ )/a, are plotted
in Fig. 7. In the upstream part of the interaction, the
streamwise fluctuations are seen to exceed the vertical fluc-
tuations by more than a factor of 3, in contrast to a mixing
layer where (u’) is only 30% higher than (v’). Similar
observations are reported in Ref. 17.

<y'>
3
<y'> .
= 04 Flow (3) M- 130 (1S)
02 ogromo.
/o/o 0—g—0~¢ 0\o\o_o§t,_o_o__°—° o
p— .
04 Flow (5) M= 145 (S)
o °’°T°‘°\°\o\
02| / oo
A .»r‘""_ PRt el e -0 --0--_e._____ o .:2:
04l 3% Flow (8) My 137 (LS)
(rofoAc 0“0;0
- 02 v ooy
5 g 00— § XX
,,—'»rc-c?:—.—ﬂ—o“'.'". * "““'g~>2~—3:3:8:9:8: X. 5 :
0 100 200 300 400

Fig.7 Maximum turbulence intensity variation.

‘The large increase in (u’)? is to be expected if one con-
siders the production term of the (u’)? transport equation
(written here in the case of an incompressible flow):

—— ou ou
P:__Z I 7 __2 I 2
wv Y ' 0X

In the first part of the interaction process, the term involving
the streamwise & derivative is as large as the term involving
the strain rate du/dY (see the following) due to the strong
retardation of the whole dissipative flow. Thus, P is here the
sum of two large positive terms. On the other hand, the
production mechanism for {v’)? involves terms whose
magnitude is far less important: P= —2u’v’ 30/9X—2(v")?
d0/8Y. The derivative 90/0X is small, dv/dY is equal to
—0u/0X (nearly equal for weakly compressible flows), so
that the second term tends to decrease (v’ »? production in the
first region where d4/8X is everywhere negative. Farther
downstream, a larger and larger part of the viscous layer is
accelerated, which explains the later growth of (v’ )2.

Furthermore, the shear stress coefficient (—pu " v’) .,/
p.tl reaches values which are significantly higher than the
values for an incompressible mixing zone (0.02 instead of
0.014). Further downstream, (v’) is still increasing when
(u’) has started to diminish, so that (v’ ) reaches its highest
level well downstream of the maximum <{u’) location.
Proceeding further downstream {u’) and (v’ ) become quite
comparable. The maximum fluctuation rates (u’)/u, for
flows a, b and c, are, respectively, equal to 0.2, 0.32, and
0.38. )
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Such a strong anisotropy of the flow can play a significant
role in the mechanism of turbulence kinetic energy produc-
tion. For an incompressible flow, and if the term involving the
derivative 00/dX is neglected, the production term of the &
transport equation is

P=—uwv’ 2 (quyr—quryy
| gy ~ ¥ v 5x

The first term, representing production by shear stress, is
generally predominant in shear layer and/or boundary-layer
type flows and frequently is only retained in predictive
methods. The two production terms have been evaluated for
flows a and b for which data in the very first part of the in-
teraction are available.

The results thus obtained are represented in Fig. 8. One
notices that production due to normal stresses is as high as
production due to shear stress over a streamwise distance
which is of the order of 5 6, and which grossly corresponds to
the region of steepest axial pressure gradient, where there is a
general retardation of the flow (du/dX <0). Further down-
stream, the normal stresses contribution becomes rapidly
negligible.

Let us now consider another important feature of the flow
in the shock region. It is the necessity to take into account the
Reynolds normal stresses in the momentum equation. The
terms involving Reynolds stresses are, for an incompressible
flow,

J — d
_ a7 - N2 7\2
a—Y(uv ) aX[(M ¥ —=(v’)*]

These two derivatives have been evaluated for flows a and
b. For these calculations, we have considered the flow as
incompressible. This simplification does not change
significantly the conclusions because of the small variation of
p across the viscous layer (5./p,=0.83 for M,=1) and
because of the relatively high uncertainty of this kind of
calculations, which involve differentiation of experimental
data.

It was seen (see Ref. 7) that, in the very first part of the
interaction process, the X derivative of normal stresses can be
higher than the shear stress Y derivative. Relatively far
downstream, - the normal stresses influence becomes
negligible. Simpson et al.'® made similar observations near
the separation of an incompressible turbulent boundary layer
and also showed that the neglect of the normal-stress t€rm in
the momentum and turbulence energy equations is not
justified in this region.

The whole history of the interacting dissipative layer can be
schematically depicted by plotting the square root of the
maximum shear stress coefficient C_ against the equilibrium
shape parameter J=1-1/H,. Following East et al.,! a
function G based on the maximum shear stress can be defined
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which will be constant for all equilibrium incompressible
boundary-layer flows and equal to the flat plate value. Thus,

G=(H,~1)/H~NC,/2=6.55

specifies the straight line in Fig. 9. If one plots VC, against J
for the present flows, the experimental points fall below the
equilibrium locus in the first part of the interaction, indicating
that, during this rapid interaction process, there exists a
departure from equilibrium characterized by a lag of the shear
stress. Then, as a consequence of the continuous increase of
C., whereas J passes through a maximum and then
diminishes, the corresponding curves bend and cross the
equilibrium locus at a point whose location is a function of
the intensity of the destabilization process. Thereafter, the
points are above the equilibrium locus and reach a new
situation of maximum departure from equilibrium. Down-
stream of this station, and in the absence of external per-
turbation (no pressure gradient), the flows relax toward a new
equilibrium state. In the course of this process, the
representative points follow a common trajectory which leads
to the equilibrium locus.

Conclusion

A study of shock wave/turbulent boundary-layer in-
teraction was undertaken in order to provide guidance for
turbulence modeling of flows submitted to strong interaction
processes. Experiments were performed with the boundary
layer developing on the wall of a transonic channel. Three
types of flows have been investigated; the first corresponds to
an incipient shock induced separation condition, the second to
a well separated case, and the third to a situation where a large
separated bubble is formed. These flows have been probed by
using a two-color laser velocimeter system allowing the
measurement of mean velocity and Reynolds stress tensor
components.

The turbulence measurements have shown that the first part
of the interaction process, which corresponds to the more
intense. deceleration effects, entails a very large turbulence
production which mainly affects the streamwise component.
Initially, the flow exhibits strong anisotropy, the streamwise
fluctuations exceeding the vertical fluctuations by more than a
factor of 3 when there is separation. Further downstream the
anisotropy of the flow diminishes gradually. Consequently,
the neglect of normal stress terms in the momentum and
turbulence energy equation is not justified near the shock
root, where the flow is submitted to intense retardation.
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During the course of interaction, the turbulent dissipative
layer can be strongly out of equilibrium; one notices two
‘maximum departures from equilibrium conditions, which are
situated on each side of the equilibrium locus. The relaxation
toward a new downstream equilibrium state is a rather long
process due to the long life time of the large structures which
formed in the region of more intense turbulence production.

The results of this study strongly suggest that only tur-
bulence models which rely on at least one or several transport
equations will be needed to represent correctly the dissipative
layer behavior. Special attention has to be paid to model
correctly the very first stage of the interaction, where a precise
prediction of all the Reynolds stresses is essential.
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