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Transonic Shockwave/Turbulent-Boundary-Layer Interaction
with Suction or Blowing

G. R. Inger* and S. Zeet
Virginia Polytechnic Institute and State University, Blacksburg, Va.

An approximate nonasymptotic theory of weak normal shock-unseparated two-dimensional turbulent
boundary-layer interactions is given which includes the effect of surface mass transfer. Mainly as a consequence
of its influence on the boundary-layer profile shape away from the wall, it is shown that even small amounts of
suction (—rm,,/p,u, <5% 10~ %) appreciably reduce the upstream influence and thickening effects of the in-
teraction but hasten the onset of separation. Detailed results of a parametric study of typical suction and
blowing effects on interactive pressure, thickness, and skin friction distributions are also presented.

Nomenclature
B =mass transfer parameter =m,, /p,u,
op =skin-friction coefficient =27, /p,u,>
L =distance to undisturbed shock location
m, =mass flux rate (per second) across surface
=Py U,
M =Mach number
AP = pressure rise across incident normal shock
p’ =interaction pressure perturbation =p —p,

Re, ,Re; =Reynolds numbers=p,u,L/u,,p,u,b/p,
=absolute static temperature

u,v =flow velocity components along x, y, respectively
X,y =streamwise and normal coordinates, respectively
Y =ratio of specific heats
6 =undisturbed boundary-layer thickness
o* =displacement thickness
n =y/d,
An =interactive boundary-layer thickening (see Fig. 1)
U = coefficient of viscosity
v =kinematic viscosity coefficient, u/p
o =density
T =shear stress
o* =momentum thickness
Subscripts
1,2,3 =interaction regions (see Fig. 1)
e =edge of boundary layer
0 =undisturbed solid-wall boundary-layer conditions
ref = Eckert reference temperature value
w =wall surface conditions
Introduction

HE study of transonic interactions between shockwaves

and turbulent boundary layers is important in the
aerodynamic design of high-speed aircraft wings, turbine and
cascade blades in turbomachinery, and airbreathing engine
inlets and diffusors. Consequently, the control and sup-
pression of interaction effects in these applications by suction
or blowing is of great interest, since boundary-layer control
(BLC) by surface mass transfer has advanced to a very
practical status. Experimental studies have established the
practical value of using distributed suction normal to the

Received Oct. 7, 1977; revision received July 5, 1978. Copyright ©
American Institute of Aeronautics and Astronautics, Inc., 1978. All
rights reserved.

Index categories: Boundary Layers and Convective Heat Trans-
fer—Turbulent; Shock Waves; Transonic Flow.

*Professor of Aerospace Engineering. Associate Fellow AIAA.

tGraduate Research Assistant, Dept. of Aerospace and Ocean
Engineering.

surface for shock/boundary-layer -interaction separation
suppression on wings,'? porous wind tunnel walls,> and
within supersonic inlets.* There is also interest in normal
blowing effects in connection with transonic shock/boun-
dary-layer interactions on wings® and on mass-transfer-
cooled hot turbine blades.® Moreover, the study of in-
teractions in the presence of distributed normal mass transfer
is of fundamental interest in its own right’ and provides an
idealized model for optimum performance estimates of BLC
systems on wings and flaps and rational criteria for separation
prevention by suction.?

Although a modest body of basic theory for the transonic
shock/turbulent-boundary-layer interaction problem has
accumulated for the zero mass transfer case,”'! only rather
crude overall integral methods are presently available to treat
the effects of suction or blowing*; a more detailed basic
theory including mass transfer is thus desirable to provide a
proper analytical framework and understanding in the
aforementioned applications. Accordingly, the present paper
describes such a theory for the restricted but important case of
nonseparating flow with normal wall (unvectored) mass
transfer. It is based on an extension of the analytical theory of
weak normal shock/turbulent-boundary-layer interactions
developed by Inger and Mason.!!

Outline of Theory

For unseparated turbulent interacting boundary layers
(M, <1.3) it is possible to construct a basic theory of the
problem wherein the flow consists of a known incoming
isobaric turbulent boundary-layer profile M, (y) subjected to
small transonic disturbances due to an impinging weak
normal shock. In the practical Reynolds number range of
interest here (10° <Re, =10%), we employ a nonasymptotic
disturbance flow model in the turbulent boundary layer
patterned after the Lighthill-Stratford-Townsend double-deck
approach 13 that has proven highly successful in treating a
variety of other problems involving turbulent boundary-layer
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Fig. 1 Interaction flow model (schematic).
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response to strong rapid adverse pressure gradients. This was
done because of the large body of turbulent-boundary-
layer/shock interaction data that strongly supports such a
model in this Reynolds number range*# (including the present
transonic regime), and the findings of a separate general
theoretical study'# suggesting that the results of the asymp-
totic theory approach for very high Reynolds numbers,®!0
although rigorous in this limit, may not extrapolate down to
the present Reynolds number range.

The resulting flow model consists of an inviscid boundary
value problem surrounding a nonlinear shock discontinuity
and underlaid by a thin viscous disturbance sublayer as
schemaltically illustrated in Fig. 1. An approximate analytical
solution is further achieved in the leading approximation by
introducing some engineering simplifications'' (including the
assumption of small linearized disturbances ahead of and
behind the nonlinear shock jump plus neglect of the detailed
shock structure within the boundary layer'*) which have been
shown to give accurate results for the overall properties of
engineering interest, provided M, is not too close to unity
(M; >1.05%). Thus, the supersonic disturbance flow in region
1 is governed by Ackeret’s classical linearized theory with
incoming waves ruled out, while the subsonic flow in region 3
(caused by the interaction-gencrated interface displacement
13 (x) plus the post-shock perturbations along x=0"* result-
ing from the impingement of region 1 Mach wave distur-
bances on the shock) is governed by a linearized elliptic
boundary value problem that can be solved by a Fourier sine
transformation approach. The rotational inviscid disturbance
flow region 2 within the boundary layer profile is treated by
Fourier transformation with respect to x in a manner similar
to one used earlier by Lighthill in a related problem,!” a
suitable model of M,(y) being a required input to this
solution. Finally, within the thin viscous disturbance sublayer
(which carries most of the upstream influence of the in-
teraction), a known solution!’” for a linear basic profile
u,=(7,/un,)y can be carried over to the present problem to
obtain the sublayer displacement effect (effective wall
position seen by the overlying inviscid disturbance flow) and
also the corresponding disturbance skin friction caused by the
pressure disturbance field.

The matching of the aforementioned regional solutions
yields readily solved linear integral equations for the
disturbance pressure along both the boundary-layer edge and
wall. ! The remaining interactive flow properties can then be
determined in terms of p,.”. For example, double integration
of the combined continuity and y-momentum equations
across the width of the inviscid rotational disturbance region
in the boundary layer yields the local increase in displacement
thickness. The viscous disturbance-flow solution in the un-
derlying viscous sublayer determines the interactive skin-
friction perturbation associated with p,.’. Upon extending
this solution to include downstream as well as upstream of the
shock and further correcting it for the important nonlinear
inertia effects in an adverse pressure gradient using the
general nondimensional wall shear-pressure solution ahead of
separation by the triple deck theory!'® (converted to turbulent
flow by expressing all results in terms of Cfo instead of Re,),
itis found that

=, (S5 ei (5 o

where the nondimensional function F is essentially unity
ahead of the shock x<0 and vanishes slowly behind it with
F~(x/8y) " far downstream. It is seen from Eq. (1) that

¥ As far as the overall interaction solution for 10° <Re, = 108 is
concerned, these nonlinear shock jump conditions plus the various
nonuniform viscous flow effects within the boundary layer reduce the
lower Mach number limit otherwise pertaining to the linearized
supersonic theory in purely inviscid potential uniform flow. (See Ref.
16 for a more detail discussion.)
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depending on Reynolds number (C,-U), a sufficiently strong
interactive pressure rise can cause incipient separation
(C,-—-O) near the shock.

Detailed comparisons!? have shown that the results give a
good account of the important engineering aspects of the
interaction (e.g., dp/dy effects across the boundary layer near
the shock, interaction pressure rise along the wall,
displacement thickness growth, and interactive skin friction)
over a wide range of Mach-Reynolds number conditions at
very low computational cost. Hence the theory provides a
sound basis for interpreting experimental data on unseparated
flows and for further extensions. In particular, the theory can
be adapted to allow mass transfer through the surface, and in
the following we briefly highlight how this was done (full
details are given in Ref. 20).

Surface mass transfer influences the interaction in two
ways: 1) it alters the incoming undisturbed flow (on which the
disturbance solution depends) by changing Tw and 3§,, the
damping of turbulence across the laminar sublayer, and the
profile shape away from the wall; 2) it further introduces new
mass transfer-induced terms in the governing disturbance
equations. Now the first effects are by far the most important
and will be treated separately below. The secondary effects
may, in fact, be neglected with good approximation under the
assumed conditions of small-to-moderate normal mass
transfer rates (Ir'nw/peluel | <1073) typical of practical
applications, according to the following considerations.
Under the continued assumption that the viscous disturbance
sublayer lies within the laminar sublayer region of a turbulent
boundary layer, the mass transfer effect in the leading ap-
proximation does not introduce any curvature into the u,(y)
profile but only alters its slope (7,); consequently in the
viscous disturbance sublayer perturbation equations those
terms proportional to d%u,/dy? and Uy, (which in turn is
proportional to d?u,/dy*> via the mean flow momentum
equation near the wall) can be neglected, leaving the form of
these equations unchanged. Likewise, under the continued
assumption that turbulent fluctuations are uncorrelated with
the interactive disturbances, the explicit new terms in the
overlying rctational-inviscid perturbation equations that are
proportional to Uy, can be neglected also, since detailed
studies of the hydrodynamic stability equations (which are
very similar to those of the present problem) have shown?!
that these terms have an altogether negligible effect
throughout a high Reynolds number, parallel shear flow
boundary layer unless the surface mass transfer is quite large.
Thus to a consistent degree of first approximation, the form
of both the viscous and inviscid disturbance equations is
unchanged by moderate blowing or suction provided their
effect on the mean flow-based coefficients in these equations
is included. It is reemphasized that the primary mass transfer
effects on the viscous sublayer field and its thickness are thus
fully accounted for.

The present interactive perturbation solution in principle
may be used with any mean turbulent boundary-layer profile
input and hence could be coupled with either an experimental
measurement or any desired state-of-the-art numerical
prediction code. Here, to bring out clearly and efficiently
where the various mass transfer effects enter, we have chosen
an approximate but accurate analytical profile model that has
proven especially well suited to such noruniform flow per-
turbation problems.?> We assume for simplicity that the
blowing or suction is on the average uniform and normal to
the wall, that its streamwise extent is large compared to the
short interaction range, and that it extends far enough up-
stream to have established a well-defined local equilibrium
profile in the incoming boundary layer. Then the mass
transfer effect on turbulent skin friction can be described by
the relation??

c T,
—f=1—23< ref —1—)%-3 @)
c, T, 2G,
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where

T,

I

/T, =1+0.038M2+0.50(T,,/T,~1) for y=1.4
and C; ‘is the zero-blowing value. (We used a reference
temperature-based Schulz-Grinow relation.”) According to
Eq. (2), suction, for example, increases 7,,, and this should
have an influence on the interaction that is qualitatively
similar to decreasing the Reynolds number. The associated
mass transfer effect on boundary-layer thickness is estimated
assuming a Crocco energy integral and power-law-type profile
relationship between 6 and 6, with the momentum thickness
6* found by an approximate integration?® of the momentum
integral equation including mass transfer. In addition to 7,
there is also a mass transfer effect on the profile shape away
from the wall as, for example, incorporated in the following
turbulent boundary-layer shear stress profile relation
recommended by Conrad and Donaldson?* (similar ex-
pressions have been proposed by other investigators, see, e.g.,
Ref. 25):

2B
Toatosy vz + - (L) (22 3
Tw ue Cfo

where n=y/6. Further, Eq. (3) is to be used with the basic
turbulent shear stress definition that

dwiu) _Cr o, (1)( 7/7,, ) ' @
dny 2 ON\T, Ny /v,

Regarding the turbulent kinematic eddy viscosity distribution
veir, the available experimental evidence??® (including some
very recent detailed measurements?’) implies that its func-
tional form is significantly affected only by relatively large
surface mass transfer rates provided the mass transfer effect
on the value of 7, is taken into account. Thus the existing
B=0 two-layer piecewise-continuous viscosity formulation
developed for use in interaction problems by Inger and
Williams??> may be applied also to the weak-to-moderate
blowing or suction cases studied here (indeed this is fully
consistent with the aforementioned simplifications). Then
Egs. (2-4) plus the Crocco integral temperature profile 7(u)
and subsequent integral yield an accurate yet fundamentally
based determination of the incoming turbulent boundary-
layer velocity and Mach number profiles.including com-
pressibility, heat transfer, and moderate amounts of wall
suction or injection. The results satisfy the proper boundary
conditions, including vanishing gradients at the boundary-
layer edge; conform to the law of the wall near the surface;
are continuous across the entire boundary layer with a
velocity defect-type behavior in the outer part; and have been
shown to be in good agreement with experiment over a wide
range of transonic to moderately supersonic Mach numbers,?
including the effects of surface mass transfer.?

Discussion of Results

Figure 2a illustrates the typical mass transfer effect on the
Mach number profile, showing how this is dominated by the
influence on the profile shape away from the wall; including
only the 7,, effect gives a significant error in both magnitude
and sign of the profile changes. This may be verified from Eq.
(2)—inserting typical values in the right-hand side showed
that a given amount of blowing (for example) increases the
local shear stress outside the law of the wall region far more
than it reduces 7,. The typical consequences of this on the
interaction solution itself are illustrated in Fig. 2b, which
shows how the various contributions to the suction/blowing
effect influence the wall pressure distribution (analogous
results are obtained for the interactive displacement thickness
and skin friction?’). Whereas the contribution of the mass
transfer effect on § is negligible compared to that on 7, the
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Fig. 2 Typical suction and blowing influence on incoming Mach
number: a) profile, b) wall interaction pressure.

influence on profile shape is quite large (in fact completely
opposite to and overwhelming the 7,, effect) as indeed would
be expected from the aforementioned influence on M, (y).
This conclusion, which was found to apply over a wide range
of conditions, is concordant with the finding of Panaras and
Inger?® that transonic interactions are also very sensitive to
changes in the turbulent boundary-layer profile form factor
due to upstream pressure gradients in the incoming flow.

Referring hereafter to the complete mass transfer model,
we observe that suction, because of its predominant effect in
decreasing the Mach number gradient and hence enhancing
the profile “‘fullness’ away from the wall, reduces the
streamwise extent and thickening of the interaction, making it
appear more inviscidlike in character with a steeper adverse
pressure gradient. Thus suction is qualitatively equivalent to
an increase in Reynolds number. Blowing has the expected
opposite effects of spreading out the interaction pressure field
and increasing the displacement thickness.

Results of a systematic study of suction/blowing effects in
terms of the basic mass transfer parameter B for a typical
interaction case are illustrated in Fig. 3. In Fig. 3a it is seen
that even moderate amounts of suction significantly reduce
the upstream influence distance and overall streamwise extent
of the interaction and steepen the adverse wall pressure
gradient, whereas blowing has equally the opposite effect.
Concordant with these trends, suction also strengthens the
local shock jump at the boundary-layer edge while reducing
(perhaps even eliminating at high enough B) the degree and
extent of the postshock expansion region (Fig. 3b). The
corresponding interaction-induced growth of the boundary-
layer displacement thickness is of great practical interest since
this often has a significant back-effect on the inviscid flow
and shock position on an airfoil or in channel flows.' As
shown in Fig. 4 this thickening is strongly influenced by mass
transfer; for example, the moderate suction value B=
—0.0003 reduces A (o0) nearly threefold.
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Fig. 3 Mass transfer effect study of interaction pressure along
a) wali and b) boundary-layer edge.
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Fig. 4 Mass transfer effect on interactive thickening of the boundary
layer.

The interactive local skin friction also is of interest since it
bears directly on possible flow separation and/or
reinitialization of boundary-layer calculations downstream of
the interaction zone. As illustrated in Fig. 5, the interaction-
induced adverse pressure gradient decreases C,(x) down-
stream toward the shock with a minimum occurring slightly

B=3xi0* \

Fig. 5 Mass transfer effect on interactive skin friction.

-behind it," followed by a subsequent slow rise far down-

stream. The typical influence of mass transfer is also shown in
Fig. 5 and is seen to involve two opposing effects: far up-
stream or downstream the skin-friction-increasing effect of
suction dominates (which tends to delay separation), whereas
in the neighborhood of the shock foot (1x/61 <1) the suction-
induced steepening of the local adverse pressure gradient,
which reduces C,, becomes of controlling importance. Thus
in contrast to what occurs in noninteracting boundary
layers?® or laminar supcrsonic intcractions,?® suction here
actually has an adverse effect in hastening interactive incipient
separation under -the shock; rather, it is small amounts of
blowing which can delay (and in the present example eliminate
altogether) such separation. On the other hand, suction does
exert a beneficial influence on the downstream behavior of the
interaction by promotion a more rapid equilibration of the
turbulent skin friction.

It is noted that while there presently exists no systematic
quantitative experimental data on transonic shock-boundary-
layer interactions with surface mass transfer, some ob-
servations in a channel flow test! have been reported?' that
qualitatively support the foregoing conclusions. Some recent
experimental results on a supersonic compressive interaction
flow with wall suction?? also support our theoretically
predicted reduction of interactive thickening and upstream
influence. However, to the authors’ knowledge, there
currently exists no detailed experimental data in the shock
foot region of transonic shock-unseparated turbulent
boundary-layer interactions with surface mass transfer.

Concluding Remarks

This nonasymptotic study of weak normal shock/tur-
bulent-boundary-layer interactions for two-dimensional
nonseparating flows including mass transfer has shown that
even small amounts of suction (—m,/p,u,<5x10-4) ap-
preciably reduce both the streamwise scale and thickening
effect of the interaction but hasten the onset of separation
slightly behind the shock foot. Equal amounts of weak
blowing, on the other hand, can completely eliminate in-
teraction-induced separation. These results were found to be
mainly a consequence of the mass transfer effect on the in-
coming boundary-layer Mach number profile shape, which in

turn significantly affects the interaction pressure distribution

and hence the local skin friction. The present theory provides
a useful basic analytical framework for the evaluation and
parametric study of these interaction mass transfer effects in a
variety of practical applications. Moreover, it provides the
basis for further improvement—extension of the analytical

§ Although no longer valid for separated flow where Cf(x) <0 over
some portion of the wall, the present skin-friction solution is still
useful to indicate trends toward this situation, i.e., where and when
incipient separation (Cf—~0 at some x) first occurs.

11t should be noted that the often-important blockage corrections
in such tests due to interactive thickening of the wall boundary
layers!9 can be significantly reduced by suction (see Fig. 4).
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model to larger mass transfer rates by including their explicit
effect on the viscous disturbance sublayer and mean turbulent
boundary-layer eddy viscosity equations. With such added
features, it should be possible to examine the basic question of
how mass transfer influences incipient separation over a very
wide range of suction or blowing rates as well as Mach and
Reynolds numbers without the need for present-day em-
piricisms.
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