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Abstract. This paper presents an overview of some of the recent
developments that have taken place in the understanding, prediction
and control of two-dimensional shock-wave-turbulent-boundary-layer
interaction at high speeds. Following a brief description of the upstream
influecnce phenomena, detaled discussions of incipient and  fully
separated flows at supersonic and transonic speeds are presented. A
brief account of certain gross unsteady features ot shock-separated flows
is given next. Typical examples demonstrating the current ability to
predict these complex flows are also included. Finally. a review of
techniques using suction and tangential blowing for controlling shock-
separated flows is presented.
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1. Introduction

The subject of shock-wave-boundary-layer interaction continues to be an important
area of research in view of its many applications in both external and internal
aerodynamics. Shock-wave-boundarv-laver interactions occur on airfoils and in
turbo-machinery blades in transonic flow, in supersonic intakes, and ahead of control
surfaces and flares in supersonic flow, to cite just a few of the applications. Flow
separation, often associated with these interactions. generally leads to increased
energy losses in the system and degrades the performance of the aerodynamic
device: flow unsteadiness, often a result of separation, can cause additional
problems (¢.g. wing buffeting, air intake buzz etc.) which are undesirable in
p@cticc. Separation control by some active or passive means, in general, is
beneficial for improving the performance of the device under consideration.
It 1s now over three decades since the carly investigations on shock-boundary
layer interaction were reported. These include the studies of Liepmann (1946),
Ackeret et al (1946), and Liepmann et al (1951) from which emerged many important
observations on the nature of these interactions with laminar and turbulent
boundary layers at transonic speeds. Pearcey (1961, pp. 1164—1344) provided an
excellent summary ot earlier work on the subject of transonic interactions on
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airfoils and their control. Following these, research shifted to the supersonic/
hypersonic regimes as a result of increasing speeds of aircraft and developments in
space flight. In the last two decades, considerable experimental and theoretical
research has been carried out on the many aspects of this complex fluid dynamical
problem. This has led to some degree of understanding on the nature of these
interactions, and in identifying some of the important parameters affecting the
phenomena in the different speed regimes. While there has been significant
progress made in the understanding and analysis of laminar interactions, in general,
the structure of turbulent interactions is still poorly understood; progress is
hampered by our inadequate understanding of the dynamics of turbulence,
particularly in the presence of adverse pressure gradients. In spite of these
limitations, several engineering calculation methods, of varying degrees of
complexity and sophistication, have emerged for predicting these flows even when
there are small regions of separation.

This paper presents an overview of some of the important developments that
have taken place in the understanding, prediction and control of these complex
interactions. This article is not intended to be a critical review of all aspects or an
exhaustive survey of relevant papers in the published literature. Following Green’s
(1970, pp. 235-340) review paper, quite a few survey papers covering various
aspects of the problem have appeared (Charwat 1970, pp. 1-132; Stanewsky 1973;
Sirieix 1975; Brusseleers 1980; Adamson & Messiter 1980), the most recent being
that of Delery (1985); these publications may be referred to for more details. The
emphasis in this paper is on turbulent interactions because of their importance in
practical applications. Since most of the investigations have been carried out on
two-dimensional flows, the discussions to follow are limited primarily to two-
dimensional interactions, and without heat transfer at the wall (the adiabatic case).
In reality, shock-wave-boundary-layer interactions occur under rather complex
circumstances, for example, involving surface curvature, heat transfer at the wall,
nonuniform approaching flow and three-dimensionality. With the idea of under-
standing some of the basic features of these interactions, most investigations have
been carried out on relatively simple model geometries with the boundary layer
developing on a flat plate ahead of the interaction. These interactions have often
been referred to as ‘basic interactions’ and will form the major part of the material
in this paper.

The paper begins with a brief discussion of the upstream influence phenomena
which is followed by detailed discussion of incipient and fully separated flows at
supersonic speeds. Features of certain transonic shock-wave-boundary-layer
interactions are discussed next. A brief account of certain gross unsteady features
of shock-induced separated flows is given, although the data available is still very
meagre. Typical examples, demonstrating the current state of calculation methods,
are included. Finally, a discussion of techniques employing suction and injection
(or blowing) for controlling these separated flows are presented.

2. The mechanism of upstream influence in shock-boundary layer interaction

In inviscid supersonic flow, it is well-known that when a shock wave meets (or is
generated at) the surface, the surface pressure changes discontinuously through the
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shock (figure 1). However, with a boundary layer developing on the wall, such a
discontinuous pressure rise cannot occur because of the presence of the subsonic
part of the boundary layer close to the wall, which cannot support an abrupt
pressure rise. As a result, the pressure disturbances imposed by the shock are
propagated partly upstream and partly downstream on the surface. The thickening
of the subsonic stream tubes, in reaction to the adverse pressure gradients imposed
by the shock, generate compression waves in the supersonic part of the boundary
layer. These waves cause additional pressure rise and lead to further readjustment
in the subsonic part of the boundary layer. This process continues and an
equilibrium is reached so that the gradual pressure rise in the subsonic part of the
boundary layer is compatible with the rather discontinuous pressure rise in the
outer inviscid flow.

If the overall pressure rise across is not large, the boundary layer may not
separate. Under these conditions, the interaction is termed ‘weak’ implying that the
outer inviscid flow and the resulting shock pattern are only weakly altered (figure
1). On the other hand, if the total pressure rise associated with the shock system is
large, boundary layer separation occurs causing significant perturbations in the
outer flow as well as in the wave system (figure 1). These interactions are termed
‘strong’ implying strong coupling between the inviscid and the viscous part of the
flow-field.
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Figure 1. Schematic of wave pattern and wall pressure distributions at a compression
corner.
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The shock-wave-boundary-layer interaction zone, which in general depends on
the nature of the boundary layer. the flow conditions upstream of the shock and the
overall shock pressure rise. can extend over several boundary-layer thicknesses.
With a laminar boundary layer. the interaction zone can be several times longer
than the corresponding turbulent case for the same overall pressure rise.

3. Supersonic interactions without extended separation

3.1 Interaction without separation

If the total pressure rise associated with the shock system is either small or
moderate, the boundary layer can negotiate the pressure gradients without
separating. Typical examples of weak interactions for the cases of a compression
corner and an impinging shock wave are shown in figure 2. The pressure rise occurs
typically over a distance of 2-3 boundary layer thicknesses for the turbulent case.
In the inner subsonic region of the boundary layer. shear stress gradients normal to
the wall are important, while in the outer supersonic part the flow is largely
inviscid. A (weak) secondary wave system is generally formed as a result of the
interaction (shown dotted in figure 2). In the case of the compression corner. the
secondary wave system results partly from the streamline curvature arising from
thickching of the subsonic stream tubes and partly by the refraction of the outgoing
compressive waves which generate waves that get reflected at the sonic line. For the
case of the impinging shock wave, a second (secondary) wave system is formed due
to the refraction of the incident shock. The wave pattern in the outer supersonic
part of the boundary layer is essentially due to its vorticity or rotationality. This
process is described in detail by Henderson (1967). The boundary layer thickness
decreases across the interaction since a large fraction of the boundary layer flow is
supersonic.

3.2 Nature of turbulent separation

Before addressing the problem of incipient separation, it is important and
instructive to include a brief discussion of a fundamental feature of the turbulent
separation process. Unlike in the case of steady laminar flows, turbulent boundary
layer separation involves a gradual process before becoming separated in a
time-averaged sense. Fully developed (or time-averaged) separation occurs where
the mean wall shear stress is zero and flow downstream involves regions of back or
reversed flow (u < 0).

(a)

(b)

Figure 2. Schematic of wave pattern without separation
(from Green 1970), (a) compression corner, (b) incident
shock.
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It is now well-established (Sandborn & Kline 1961; Simpson et al 1977) that
turbulent boundary layer separation exhibits intermittent reversed flow near the
wall much ahead of the time-averaged separation point; this upstream zone has
been termed the intermittent separation region. Measurements (Simpson et al
1977) related to this unsteady behaviour of separation in the case of a low speed
separated flow on a flat plate is illustrated in figure 3. along with the associated
boundary layer edge velocity distribution in figure 4. Laser velocimeter measure-
ments of intermittency. vy, (defined as the fraction of the time the flow is in the
downstream direction, U > (), at a location near the wall, is plotted against
streamwise distance. After a careful examination of low speed data, values of vy,
near the wall of about 0-8 and 0-5, for the onset of intermittent separation and fully
developed separation, respectively, have been suggested (e.g. Simpson et al 1977);
the pressure gradient relief appears to follow the beginning of intermittent
separation. Measurements of v, in transonic scparated flows have also revealed
features qualitatively similar to low speed tlows (Delery 1981 Viswanath & Brown
1983); a further discussion of this aspect is contained in § 3.

3.3 Incipient separation

As the overall pressure rise across the shock system is increased. a situation is
reached which marks the beginning of a tiny separated region or a bubble. In the
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literature, considerable emphasis has been given to a rather (hypothetical)
condition in which the mean wall shear stress is positive everywhere except at one
location (or a narrow region), where it is vanishingly small. This flow condition has
been referred to as incipient separation (1S). From a practical or design view point,
it is important to know what conditions lead to incipient separation, since it marks,
in some sense, the onset of adverse effects.

Experimental determination of IS has not been easy because of the difficulties in
accurately measuring rather small values of wall shear stress in a region of strong
adverse pressure gradient. As a result, investigators in the past have proposed and
employed several indirect techniques to identify 1S. The emphasis has been to
identify the onset of a small bubble or some marked change in the tflow pattern. As
we shall see in the next section, the use of different techniques have partly
contributed to a somewhat confusing picture in the understanding of the 1S
phenomena, and the Reynolds number effects, in particular.

Kuehn (1959) proposed the appearance of a kink or a triple inflection point in the
surface pressure distributions as a condition for 1S. Another common method
involves extrapolation of a measure of the bubble size to zero value from a series of
experimental surface pressure distributions, which range from fully attached to
fully separated conditions. The bubble size (in the streamwise direction) can be
obtained, for example, from a surface oil flow technique. The first appearance of a
‘separation’ or an ‘induced shock wave’ as seen in a Schlieren/shadowgraph has
often been adopted to identify 1S. The orifice dam technique, which'is intrusive, has
been employed to detect surface flow direction. The various methods that have
been used, their merits and shortcomings are discussed by Settles er al (1976a).

3.4 Pressure rise to incipient separation

Determination of the pressure rise associated with 1S has been the subject of several
investigations. The relevant parameters of the problem include the Mach number
ahead of the interaction, M,,, a characteristic Reynolds number of the boundary
layer flow and the geometry of the shock generator. For boundary layers
developing in a zero pressure gradient upstream of the interaction, shape factor
effects are related through the Reynolds number; also, the boundary layer
thickness §, has been found to be a useful length scale. Although incipient
separation data exist from many different sources involving different shock
generators, reliable data covering a wide range of Reynolds number are only
available for a compression corner (or ramp) geometry around M,, = 3-0. Figure 5
shows these results (Settles et al 1976a) in a plot of «;,, the ramp angle at which a
tiny bubble is formed, as a function of Re; ; the pressure rise at IS can be calculated
from M, and «;,.

In the lower Reynolds number range (10* < Re; < 10%), a;, shows a decreasing
trend, which is consistent with the free interaction principle (to be discussed in § 4).
For Re; > 10°, mixed trends are seen; the data of Roshko & Thomke (1969, pp.
109- 138) and Law (1974) show an increasing trend, while the data of Settles et al
(1976) show little or no variation with increased Res; . The data of Settles and
coworkers cover a wide range of Re; and the near constancy of «; is observed for
all the different techniques employed by them. For the data shown in figure 5 no
systematic variation of H with Res is observed (figure 6) suggesting weaker
effects, if any, of H on a; in the range of Res; considered.
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Figure 5. Reynolds number effect on incipient separation at a compression corner:
M, =29 (from Settles er al 1976a).

Satisfactory explanation for the observed reversal in the trend of a;, vs. Re; ,
seen at the higher Reynolds number (for some of the data in figure 5), still does not
exist, although certain speculations have been made (Elfstrom 1972; Roshko &
Thomke 1969, pp. 109-138). Settles et a/ (1976a) have provided some explanation
in favour of their observations. They suggest that the IS phenomenon is a gradual
transition between attached and fully separated flow and does not involve an
abrupt change; therefore a small spread in «;, values (about 3°, depending on the
technique used, figure 5) is understandable. They further point out that the use of a
single technique over a limited range of Reynolds numbers could give misleading
results.

There is insufficient data in the literature concerning Reynolds number effects at
othér Mach numbers. Regarding the effect of Mach number available data show
an increase in the pressure rise to IS (or equivalently «;,) with M, which is to be
expected on general grounds and is consistent with the free interaction principle.

The turbulent separation process being intermittent in character, the difficulties
associated with locating 1S experimentally can be reconciled with since different
techniques would average the unsteady nature of the flow in a different manner.
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Figure 6. Shape factor variation with Reynolds number at M, = 3-0.
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Although information on mean properties is sufficient from an engineering or
practical view point, further understanding of the IS process and the effects of
Reynolds number may require deeper understanding and modelling of the
unsteady character of the turbulent separation process described carlier (§ 3.2).
Perhaps there is need to reexamine the concept of IS in view of the unsteady nature
of the turbulent separation phenomena.

4. Supersonic interactions: Fully separated flows

Progressive increase in the shock strength or overall pressure rise beyond incipient
separation leads to rapid thickening of the subsonic stream tubes and a
corresponding increased deflection of the supersonic part of the boundary layer. As
a result, the adverse pressure gradient in the interaction region increases leading to
significant deceleration of the flow near the wall. The boundary layer near the wall
eventually separates when it can no longer negotiate the pressure gradients
imposed by the outer inviscid flow. Boundary layer separation leads to a bubble of
reversed flow followed by reattachment. Further increase in the overall pressure
rise following separation generally causes a further increase in the separated zone.

4.1 Some general features

In figure 7 are shown some schematic representations of the wave pattern and
surface pressure distributions, for three different interactions, due to impingement
of a shock on a flat wall, in front of a compression corner and a forward facing step.
Wall pressures are shown for bpth laminar and turbulent cases to bring out
qualitatively some of the major differences. The separation and reattachment of
the boundary layer are indicated by S and R respectively. The pressure
distributions for the compression corner and the incident shock have much in
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Figure 7. Schematic of wave pattern and wall pressure distributions in supersonic
separated flows.
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common; three distinct regions, pressure rise due to separation, a reduced or zero
pressure gradient in the bubble region and pressure rise following reattachment
may be observed. The separated boundary layer grows as a free shear layer which
acquires kinetic energy as a result of mixing and is able to overcome the pressure
gradient at reattachment. For the interactions at a forward facing step, the
reattachment occurs on the step face and the separation location is free to move. In
the vicinity of separation the pressure distribution is similar to the two cases just
described earlier, while downstream, it looks somewhat different.

For laminar separated flows the pressure rise to separation and the pressure
gradients, in general, are relatively smaller than for the corresponding turbulent
case; furthermore, the interaction spreads over a longet streamwise distance for the
same overall pressure rise.

4.2 Free interaction concept

The basic mechanism that causes boundary layer separation involves a two-way
localized interaction between the boundary layer flow and the inviscid outer
supersonic flow. Based on an extensive series of expertments on various
experimental configurations, Chapman et al (1957) postulated the concept of “‘free
interaction.” They suggested that, if the separated region is large enough, the
interaction in the vicinity of separation is localized, free of downstream influences
(or geometry) and independent of the agency provoking separation. In essence, the
separation process would depend only on the Mach number and the boundary layer
characteristics ahead of the interaction.

Chapman et al (1957) used simple order of magnitude analysis to derive
expressions for similarity in pressure distributions in the separation region. For
supersonic flow under small rate of boundary layer growth, the local pressure
coefficient may be related to the growth of the displacement thickness:

¢y = (P~ po)Iqo = [2/(M>—1)"?] (d8%/dx), )

where o refers to conditions at the beginning of the interaction. For viscous flow,
boundary layer approximations are assumed valid; the momentum equation
applied at the wall gives

dp/dx = (01/9y),- 2)

Equation (2) emphasizes the importance of the flow near the wall for analysing
separation.

Applying order of magnitude considerations and introducing a length scale I
(characteristic of the free interaction region), (1) & (2) can be written as

(p=Po)/q, ~ [L/(M* = 1)!](8% /L), 3)

(p—po)ly ~ 7ol 8. (4)
Algebraic manipulation of (3) and (4) leads to

(P=Po) g0 ~ (o) /(M7= 1)1, (5)

17185 ~ [ (ero) (M3 = D™, (6)

These expressions are valid for both laminar and turbulent interactions provided
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Figure 8. Free interaction similarity in laminar flow (from Lewis 1967).

appropriate ¢; ~ Re, relationships are chosen. Good correlation of experimental
data at moderate Reynolds numbers were seen (Chapman et al 1957) in the
expressions suggested above.

Extensions and refinements of the free interaction concept have been reported in
the literature; two such examples are shown in figures 8 and 9. Pressure
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distributions, in the variables suggested (Lewis 1967), are shown in figure § for
laminar-separated flow at a compression corner at different values of M, and Re
including effects of surface heat transfer. Good correlation may be seen for the
separation including the plateau region although the similarity parameters are
expected to be valid only for the free interaction region in the vicinity of separation.
For the turbulent case, results of separation and plateau pressure rise are shown in
figure 9 from the semi-empirical theory of Erdos & Pallone (1962, pp. 239-254).
Reasonably good agreement may be seen except for some departure at the higher
M, for the plateau pressure rise, which has been attributed to the linearized
expression used in describing the inviscid flow. With turbulent interactions, unlike
the laminar counterpart, similarity in pressure distributions (for different geomet-
ries) are not clearly observed (Chapman et al 1957) beyond the separation point,
indicating relatively stronger influence of the downstream geometry.

4.3 Flow development through the interaction

Although a large number of experimental investigations with separated flows have
been reported, the flow-field has been explored only in very few of these. Certain
broad features of separated flows were discussed in the previous sections. Both
surface and flow-field data are now discussed based cn the measurements of Settles
et al (1976b) on a 24° compression corner at a Mach number of 2-85 and at high
Reynolds number.

Distributions of surface pressure and skin friction (obtained using a Preston
tube) distributions are displayed in figure 10. The pressure distribution shown is
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Figure 10. Experimental data for a compression corner flow: M,, = 2-9 (from Settles et a/
1976b), (a) skin friction distribution (b) wall pressure distribution.
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typical of compression-corner-separated flows. The ¢, distributions show a rapid
decrease towards separation and a more gradual recovery following reattachment.
Both surface oil flow technique and ¢, data reveal a bubble length of about 2 §,,.
The pressure gradients in the bubble region suggests that they are apparently
balanced by the Reynolds stress gradients, since the velocities in the reversed flow
are small. The maximum reversed flow velocity was only about 15% of the
boundary layer edge velocity in these experiments.

Development of streamwise mean velocity profiles through the interaction is
shown in figure 11. Significant retardation of the flow, particularly near the wall in
the separated zone, is evident. Static pressure measurements in this flow have
revealed significant normal pressure gradients near separation and reattachment,
arising out of streamline curvature. Gross features of the flow-field determined
from detailed measurements are shown in figure 12. The separation shock-wave
originates at a distance of about 2 §, upstream of the corner turning the outer flow
by 10°. The sonic line is displaced outwards considerably as a result of flow
separation. A system of compression waves is generated in the reattachment zone
which coalesce with the separation shock.

With flow separation, turbulence quantities in general undergo significant
variations through the interaction. At supersonic speeds, detailed information on
turbulence quantities like kinetic energy-and shear stress does not exist as yet for
shock separated flows. There are, however, some data available in the absence of
separation (Rose 1973; Rose & Johnson 1975) which show effects which are typical
of adverse pressure gradient flows. A discussion of turbulence behaviour for a
shock separated flow at transonic speeds is included in § 5.4.

4.4 Scaling of upstream influence interaction length

It is of considerable interest to determine scaling laws for different characteristic
lengths associated with the separated flow. Figure 13 shows suitably defined lengths
characterizing separation, reattachment and bubble size for fully separated flows;
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Figure 11. Mean velocity profiles in the interaction region: M,, = 2.9 (from Settles et al
1976b).
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Figure 12. Features of separated flow at a compression corner: M, = 2.9 (from Settles et
al 1976b).

these lengths can be determined without much difficulty from experimental
pressure distributions. In the literature, however, several attempts have been made
to determine the scaling for the interaction length, /,, associated with the upstream
influence phenomena (figure 13). The boundary layer thickness, 8,, at the
beginning of the interaction has been used for normalising /, in most earlier studies.
We shall now present two correlations that have been proposed in the context of
compression corner flows.

The free interaction principle provides a frame work for analysing and
correlating experimental data, in particular, to characterize certain gross features
of the separated flow as they depend on important variables like M,,, Re etc.
Doubts have often been raised as to the validity of these arguments at higher
Reynolds numbers, an example of which was seen in connection with the
experimentally determined pressure rise to incipient separation (figure 5).

For boundary layers developing on a flat plate ahead of interaction, in general,
we may expect [,/6,, to depend on M,,, Re; , and the ramp angle «. Resuits /,/8,
from different experiments at relatively higher Reynolds numbers show (e.g.
Roshko & Thomke 1969, pp. 109-138) the following general trend; it decreases
with increase in M,, (for fixed values of Re; and a) and Re; (for fixed values of M,,

Figure 13. Sketch defining characteristic
lengths in separated flow.
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and a); it increases with « for given values of M, and Re; . These results may imply
an increased resistance to separation with increase in Re; and M,,.

Roshko & Thomke (1976}, based on an extensive series of tests in the range
2<M,<45 and 10° < Re; < 10° found that, for M, > 2, their data /,/§,
correlated with ¢y, at each ramp angle independent of both M, and Re; (figure 14).
Other data from the experiments of Law (1974) and Settles et al (1976a), at
relatively high Reynolds numbers. were found to be in good agreement with the
above correlation. The physical reasoning behind this correlation is not known; the
trend of these results with Reynolds number is in clear contradiction with the tree
interaction principle.

The second correlation is due to Settles & Bogdonoff (1982) and is based on
simple dimensional arguments; for a compression corner, one can write

1,18, = [(M,. Re, , a).

Figure 15 shows their data at M,, = 3 as well as those of Law (1974) and Roshko &
Thomke (1969, pp. 109-138); at cach a, [,/8, decrcases with Re; . They obtain,
after choosing an average value of —1/3 for the slope.

(1,/8,)(Res )'"™* = 0-9exp (0-23a), at M, = 3-0.

To throw further light on these observations, Settles & Bogdonoff (1982), based
on their measurements at M, = 3. examined the varation of other relevant
boundary layer length scales (e.g. displacement, and momentum thicknesses,
distance to sonic line, sub-layer thickness) with Re; ; none of these exhibited the
Re,{”3 variation suggested by the correlation.

In conclusion, while engineering correlations for an interaction length associated
with separation are now available for compression corner flows over limited M,
and Re; ranges, our understanding of the influence of the Reynolds number,
particularly at the higher range of practical interest is rather poor. A similar
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situation can be expected with other interactions also (c.g. impinging shock wave,
forward facing step etc): sufficient data covering a wide range of Re does not even
exist for these cases to attempt such a correlation. It is therefore not surprising that
little information exists for the scale of the separation bubble or the reattachment
region (figure 13); even identifying relevant parameters for these cases may not be
eusy.

4.5 Certain experimental uspects

Experimental rescarch has provided the most valuable information on the subject
of shock-wave-boundary-layer interaction. Two aspects of experimental testing
which have proved to be very important are now discussed.

4.5a Three-dimensional effects in nominally two-dimensional interactions: To
realize nominally 2D interaction in cxperiments i1s a difficult task, particularly in the
presence of strong adverse pressure gradients. Differences in the experimental
resuits amongst experiments conducted in different tunnels on similar geometrical
configurations and in similar flow conditions. have often been due to varying
degrees of three-dimensional (3D) effects. It 1s very important to make as many
checks as possible to assess departare from two-dimensionality or the degree of 3D
effects in any experiment. 3D effects arise largely from shock-boundary layer
interactions on the side wall when the model spans the wind tunnel side walls.
Isolating the central part of the model flow by some means or use of side fences are
known to minimize 3D effects (Scttles er al 1976b). Use of axisymmetric geometry
is a good remedy. but would require a model of a larger size so that the transverse
curvature effects are reduced to a minimum; furthermore, large size of the model
would imply a larger size for the wind tunnel. Another source of error could arise if
the scale of separation (e.g. extent of separated zone) becomes comparable to the
span of the tuanel, which is in essence an aspect ratio effect.

Various methods are available for assessing the degree of two-dimensionality.
The surface oil flow technique is widely emploved to assess the spanwise uniformity
of the surface flow and to locate the separation-reattachment points: it has been a
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very valuable tool in separated flow experiments. An assessment of spanwise
variation of flow or surface parameters would be very useful. The 2D boundary
layer momentum balance through the interaction region should be assessed; this
exercise would involve measurements of streamwise mean velocity profiles and
surface parameters like skin friction and pressures.

Every attempt should be made to keep the 3D effects to a minimum in
experiments. This is important from the point of view of understanding the true
behaviour of the flow, for providing quality data for validating calculation methods
and for providing the necessary feedback to the modeller.

4.5b Tripping device and occurrence of transition: An assessment of the state of
the boundary layer ahead of the interaction is an important requirement since the
interaction, in general, is strongly dependent on the nature of the boundary layer.
Most experiments reported in the litcrature have been conducted in relatively small
tunnels which imply smaller models; this combined with the stagnation pressure
supply generally available have lead to insufficiently high Reynolds numbers in
which natural transition can occur well ahead of the interaction. Therefore the
boundary layer is often tripped downstream of the leading edge of the model to
ensure a turbulent boundary layer ahead of the interaction; the presence of the trip
also avoids varying transition locations at different Reynolds numbers. Having
tripped, checks have rarely been made to assess the state of the boundary layer. It
is well-known that tripping becomes more difficult at relatively lower Reynolds
numbers and higher Mach numbers because of the increased stability of the laminar
boundary layers.

It has often been argued (e.g. Green 1970, pp. 235-340) that, in experiments
conducted in tunnels at relatively low Reynolds numbers with a tripping device, the
boundary layer upstream of the interaction may not have been fully developed or
close to equilibrium. This effect may have contributed to another source of error
while comparing different sets of data on similar configurations and flow
conditions. Realizing their importance, boundary layer velocity profile measure-
ments have been made ahead of the interaction in many recent studies. In some of
the experiments (e.g. Settles er al 1976b) care has been taken to ensure that the
boundary layer exhibits the well-known law of the wall and wake regions.

5. Transonic interactions

5.1 Some general features

Normal shock-wave-boundary-layer interactions occur in a variety of flow
situations; on airfoils at transonic speeds, in supersonic intakes, in supersonic
nozzles/diffusers etc. Interactions at transonic Mach numbers, in general, have not
received much attention; the renewed interest in transonics after 1970 has triggered
many new investigations in the last decade. Transonic-shock-boundary-layer
interactions exhibit certain features distinct from those at supersonic speeds, as
illustrated by the following two examples.

The first is the interaction between a normal shock wave and a flat plate
boundary layer, studied by several investigators (Seddon 1960; Kooi 1975; Sawyer et
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al 1977). Figures 16 and 17 show some of the important features of the separated
flow and the surface pressure distributions as observed by Seddon (1960). The
strong normal shock wave bifurcates near the wall (leading to what is often called
lambda shock) as a result of flow separation; the leading shock results from free
interaction between the boundary layer flow and the outer inviscid flow. Behind
the rear shock there is a supersonic region, often referred to as a supersonic tongue,
which generally occurs for M, = 1-40. Because of the differences in the static
pressures and flow directions in regions 1 and 2 of figure 16 a vortex sheet or slip
line originates at the lambda intersection. The downstream flow is subsonic, hence,
downstream conditions can exert significant effects on the entire interaction. The
surface pressure increases continuously in the interaction zone towards the inviscid
value and the distribution in general does not exhibit a plateau region like in
supersonic interactions at relatively higher Mach numbers. The overall total
pressure rise through the interaction is, in general, decided by the strong
interaction between the viscous flow and the outer inviscid flow and is not known a
priori. In view of the fairly extensive region of separation, and because of the
influence of the downstream subsonic flow, interactions at transonic speeds are
relatively less localized, adding further to the difficulty in prediction of these flows.

0-7

o6k
/inviscid

p/Py

Figure 17. Surface pressure dis-

tribution due to normal-shock-

turbulent-boundary layer interac-

0 10 20 30 40 50 tion: M, = 1.47 (from Seddon
x/6g 1960).




62 P R Viswanath

The second example illustrates additional complexity that can arise if the
separated shear layer does not reattach to a surface. as often happens on an airfoil
(figure 18). The flow is seen to separate at the foot of the shock wave and leaves
downstream a massive separated flow. Two main differences relative to flat plate
interactions may be observed here. The boundary layer upstream of the shock
interaction develops in a region of continuous favourable pressure gradient caused
by the airfoii contour; depending on the shock strength and the airfoil geometry,
the separated shear layer may close only in the wake downstream of the airfoil
trailing edge (figure 18). adding further complexity to the modelling of the
reattachment process.

5.2 Unseparated flows

Figure 19 shows a sketch of a normal shock wave interaction for which the
boundary layer does not separate (M,, < 1:30). The flow downstream of the shock
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is subsonic and the interaction is not localized in contrast to the supersonic case.
Thickening of the subsonic stream tubes, as a result of upstream influence,
generates compression waves at the foot of the shock wave. The subsonic part of
the boundary layer. having a large fraction of the boundary layer thickness. plays
an important role in the generation of the wave system. The boundary layer
thickness increases across the interaction.

5.3 Incipient separation

Very few investigations have dealt with the problem of incipient separation at
transonic Mach numbers. The difficultics in experimentally determining incipient
separation discussed in connection with supersonic interactions are present in the
transonic case also. Experimental results (Delery 1985) obtained by different
techniques are shown in a plot of M,, vs. Re; (or H;,) in figure 20. The shape tactor
has only a weak influence in determining incipient separation; a slight rise in M, at
low values of H,, is indicated. which is consistent with fuller velocity profiles
associated with low values of the shape parameter. Inger’s (1981) result based on a
triple deck analysis shows (figure 20) fair agreement with the data.

Certain important features of the flow just following incipient separation, taken
from the experiments of Delery (1983), are shown in figures 21 and 22.
Measurements were made in the intcraction zone at the diverging end of a
symmetric nozzle at M, = 1-30. The mean velocity profiles. as a result of the
adverse pressure gradients imposed by the shock, go through a significant
deceleration particularly near the wall (stations 2, 3); following the pressure
gradient relief beyond station 4, the velocity profiles recover again near the wall.
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shock-induced incipient separation in

Ref’o(“‘:lt plate) transonic flow (from Delery 1985).
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Figure 21. Experimental data at nearly incipient separation condition (from Delery
1983), (a) wall Mach number distribution, (b) mean velocity profiles.

location; following the relief in the pressure gradients, H; decreases and returns to
the flat plate value downstream. The streamwise velocity intermittency data
(described in § 3.2), measured using a laser velocimeter, are shown in figure 22, in
terms of the probability for the instantaneous value of U, to be negative, i.e.
P(U <0), which corresponds to (1 —,). These measurements reveal a tiny bubble
about 2 §, in streamwise length. The intermittent flow reversal near the wall is
spread over a distance of about 2 8, upstream of the mean separation point.

5.4 Fully separated flows

Experimental results indicate (figure 20) that-the turbulent boundary layer at
transonic speeds separates for M; = 1-30; with a fully separated flow, dissipative
phenomena play a major role in determining the dynamics of the mean flow. There
have been, in recent years, quite a few experimental investigations (Delery 1981;
Bachalo & Johnson 1979) wherein the flow-field with separation has been

u
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Figure 22. Experimental data at necarly incipient separation condition (from Delery
1983), (a) shape factor and wall Mach number distributions, (b) lines of constant value
for P(U = 0).
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have been. in recent years, quite a few experimental investigations (Delery 1981
Bachalo & Johnson 1979) whercin the flow-field with scparation has been
explored. The flow development through such an interaction will be discussed
based on results obtained by Delery (1983) on a bump in a transonic channel.

Figure 23 shows the wall Mach number distributions and an interferogram of the
flow-ficld. The shock interaction occurs at M; = 1-37; a well-defined separated
flow results and reattachment occurs on the flat wall downstream of the bump
trailing-edge. The Mach number distributions suggest a pressure plateau in the
bubble zone followed by a pressure rise associated with the shear laver
reattachment.

Results of mean velocity and turbulent quantitics measured with a laser
anemometer are shown in figures 24 to 26. The mean velocities are shown
normalized with respect to boundary layer edge values; the turbulent kinetic energy
and shear stress data are normalized by the stagnation speed of sound so that
absolute changes across the interaction can be clearly seen. In the separated zone.
maximum reverse flow velocities reach about 20% of local boundary layer edge
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Figure 23. Shock-induced separated flow on a bump: M, = 1-37 (from Delery 1981),
(a) interferogram of the flow-ficld. (b)Y  wall Mach number distribution.
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Figure 24. Mean velocity profiles in the interaction region: M, = 1.37 (from Delery

1983).

velocities and the vertical extent of the bubble is as large as about 10 times the value
of 8* at the beginning of interaction. The velocity profiles, otherwise, are
qualitatively similar to what one would find in low speed separated flow.
The turbulent kinetic energy and shear stress profiles show streamwise variations
which are qualitatively similar. Following the start of the separation process, both
kinetic energy and shear stress levels increase rapidly with streamwise distance.
These profiles, in the separated region, exhibit clear maxima in the neighbourhood
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Figure 25. Turbulent kinetic energy profiles in the interaction region: M, = 1.37 (from

Delery 1983).
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Figure 26. Turbulent shear stress profiles in the interaction region: M, = 1.37 (from
Detery 1983).

of the maximum mean velocity gradient, du/dy (well away from the wall). Data on
streamwise evolution of the maximum kinetic energy and shear stress (figure 27)
show that they reach peak values well downstream of separation and rather close to
the reattachment location. Following reattachment, these peak values diminish
gradually as the flow develops into a new equilibrium state.

Analysis of turbulence data has revealed (Delery 1983) that (i) the turbulent
normal stress term assumes importance in the vicinity of separation, both from the
point of view of mean flow dynamics as well as in the production of turbulence
energy; and (ii) that the turbulent shear flow, as a result of flow separation,
undergoes significant departures from equilibrium (see figure 42 on p. 181). Following
separation, there is a significant lag in the turbulent shear stress. Downstream of
reattachment, the relaxation towards a new equilibrium state is a rather long
process due to the memory of the large scale structures. These results suggest the
strong need for one or more transport equations for modelling turbulence in these
complex interactions.
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Figure 27. Maximum turbulent shear stress and kinetic energy variation in the streamwise
direction: M; = 1.37 (from Delery 1983).
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In addition to modelling history effects, there appears to be a need to account for
the direct effects of shock waves on turbulence. The analysis of Anyiwo & Bushnell
(1982) combined with available experimental information has shown that shock
waves can amplify turbulence in the shear layer through three major mechanisms:
(i) direct amplification of incident turbulence across a shock region, (ii) genera-
tion of turbulence from incident acoustic and entropy fluctuations, and (iii) con-
version of mean flow energy into turbulence by shock oscillations. Their results,
based on linear analysis, show that amplifications by as much as 100% of the
incident turbulence intensity are possible across shocked regions. They suggest that
these effects could be a significant factor in the observed large increase in the
turbulent shear stress and kinetic energy across the shock in regions of separation.
In the absence of a shock wave, for example, at low speeds one would normally
expect a frozen or nearly frozen Reynolds stress behaviour along streamlines in
regions of rapidly varying pressure gradients as a result of rapid distortion of
turbulence (e.g. Narasimha & Sreenivasan 1973; Narasimha & Prabhu 1972).

5.5 Interaction length

Since, in general, transonic shock-boundary 'ayer interactions involve both
supersonic and subsonic regions in the outer inviscid part of the flow, one can
expect more difficulty in trying to correlate experimental data. The attempts,
therefore, have been to look for a correlation for a suitably defined ““interaction
length” for the supersonic domain of the interaction, and in the absence of
separation (Sirieix et al 1981, pp. 149-214).

Figure 28 shows a typical interferogram and wall Mach number distribution at
M, = 1-3 (Sirieix et al 1981, pp. 149-214). Domain I is characterized by rapid
supersonic compression to a local Mach number of 1-0 and domain II primarily
involves gradual subsonic diffusion depending on downstream conditions, shape of
the wall etc.

As in supersonic interactions, the primary variables include the Mach number
M, ahead of the shock, a characteristic Reynolds number Re, the overall shock
pressure rise and a boundary layer shape parameter to take into account (in a gross
manner) the pressure gradient effects, if any, upstream of the interaction. However
the pressure rise itself depends on M,,, Re and model geometry. For domain I, M,,
can be taken to represent the pressure rise.

In figure 29 is shown [*/87, vs. M, with Re; - as a parameter for a fixed value of
H,,, the incompressible shape parameter; figure 29 shows significant effects of H,,
for fixed M. The boundary layer displacement thickness 8 appears to be a useful
normalizing factor, which takes into account the effect of Re. The correlation
suggests that the extent of interaction decreases with increase in Re,-. The weak
dependence of M, (for a fixed value of H,,) seems surprising (figure 29) since an
increase in /* with M, (or equivalently shock pressure rise ) is to be expected;
perhaps this increase is compensated by the decreased upstream influence arising
out of the thinning of the sonic layer for a fixed value of H;,. A correlation for the
transonic ‘supersonic interaction length’, based on data obtained from different
facilities and different states of the boundary layer ahead of interaction, has been
suggested by Sirieix et al (1981, pp. 149-214); the empirical law is of the form

1*18% =70 (Hyp—1).
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Figure 28. Definition of interaction length in transonic interaction (from Sirieix et al
1981), (a) interferogram of the flow-field, (b) wall Mach number distribution.

With flow separation. a simple picture is unlikely to result for reasons indicated
earlier. Results presented by Kooi (1980) for the length of the separation bubble as
a function of Res with M,, as a parameter are shown in figure 30; these data refer to
boundary layer interactions on a flat plate obtained in different facilities. Although
there is some scatter in the data {which may be due to effects of three-
dimensionality. different techniques used for defiming separation bubble etc), a
strong dependence on both M, and Re; is quite evident as in the case of supersonic
interactions. There appears to be insufficient data to examine if there -is any
systematic effect of the shape parameter on the non-dimensional bubble length.



70 P R Viswanath

(a)
R'S: x165
o 015 (b)
30, e 0.28 -
s 0-50 Hio
s 1.08
%*
l /60 - 3us bat A .3 1.3
20f -
° —> o o 2 1.28
L[] [ ]
-] )
T e e 2120
10 . - . .
1 12 13 11 12 13
Mo Mo

Figure 29. Data of interaction length in transonic interaction (from Sirieix ez al 1981),
(a) effect of Reynolds number (b) effect of incompressible shape factor.

6. Certain unsteady features of shock wave-turbulent boundary layer interactions

An important unsteady feature of a turbulent separating flow, namely its inter-
mittent character of separation, was briefly touched upan in § 3.2. There are several
examples in the literature (Kistler 1964; Eaton & Johnston 1982, pp. 162~170;
Dolling & Murphy 1983; Driver e a/ 1983) indicating that, even when the mean
flow approaching separation is nominally steady, turbulent separated flows often
have in them some gross or large scale unsteadiness (e.g. oscillation of the bubble,
oscillations of separation and reattachment points, excursion of a shock wave). A
basic question is whether such low frequency unsteadiness is an inseparable
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Figure 30. Variation of bubble length with Reynolds number (from Kooi 1980).
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ingredient of all turbulent separated flows, and if so, how important it is in
modelling mean flow dynamics. In the literature, not much attention has been paid
to this modelling aspect.

There is now growing evidence (e.g. Dolling & Or 1983) that the shock wave,
when it interacts with a turbulent boundary layer, is generally unsteady even in the
absence of separation; the shock oscillations or excursions appear to be driven by
turbulence in the shear flow (Plotkin 1975; Grande & Oates 1973). These
oscillations can amplify turbulence (Anyiwo & Bushnell 1982) in the flow thereby
adding another element of complexity in the turbulence modelling of these
interactions. Two examples of the unsteady character of shock-separated flows at
supersonic speeds, as revealed by surface measurements, are briefly discussed.

Unsteady surface pressure fluctuations obtained by Dolling & Murphy (1983) for
a separated compression corner flow at M, = 2-9 (discussed in § 4.3) are displayed
in figure 31. A large peak upstream of separation and a second (weak) peak close to
reattachment in the r.m.s. values may be seen; these are presumably a result of the
unsteady shock wave structure in the vicinity of separation and reattachment.
Pressure-time history of the signals just upstream of separation displayed in figure
32 shows strong intermittent character of the wall pressure — jumping back and
forth in a random fashion between a low level characteristic of the undisturbed
boundary layer to a higher level that varies with the instantaneous shock position
and strength. Similar features have also been observed by Kistler (1964) in a
separated flow induced by a forward facing step at M, = 4-0. Presumably the mean
wall pressure is generated by the superposition of these relatively low frequency
large amplitude fluctuations on the undisturbed wall pressure. An intermittency
factor, suitably defined to represent the fraction of the time the wall pressure is
disturbed (upstream of separation) from its undisturbed value, shows (Dolling &
Murphy 1983) that it reaches a value of 1-0 near the location of the peak r.m.s.
value (figure 31); shock excursion is assessed to be of the order of §, based on these
measurements. These measurements also show that the extent of upstream
influence continuously varies with time. Power spectral measurements in the
intermittent and in the separated zone show (e.g. Dolling & Or 1983; Coe et al
1973) show that there is an enormous increase (at least a factor of 100) in the power
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Figure 31. Wall pressure distributions in a compression corner separated flow (from
Dolling & Murphy 1983), (a) mean value, (b) r.m.s. value.
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levels at relatively low reduced frequencies in comparison with the attached
boundary layer flow upstream.

Observations of separated flow unsteadiness in hypersonic (impinging) shock-
wave-turbulent-boundary layer interactions (Horstman & Owen 1974) on an
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Figure 34. Normalised energy spectra in the interaction zone (from Horstman & Owen
1974).

axisymmetric model are shown in figures 33 and 34. Normalized r.m.s. voltages
measured by a surface mounted heated thin film gauge (figure 33) indicate
significant increases in r.m.s. values upstream of separation and just downstream of
reattachment, which are broadly similar to those of the compression corner flows
discussed earlier (figure 31). The normalized power spectra in the separated region
reveal (figure 34) a pronounced periodicity around a frequency of 15 kHz
(f8,/u, = 0-5); such a peak was not observed either in the upstream attached
turbulent boundary layer or in laminar separated flow on the same model at lower
Reynolds numbers. These suggest an oscillatory nature of the separated flow which
is confirmed by correlation measurements as well. What causes this observed
periodicity is not known; there is insufficient information in literature to judge if
the periodicity is peculiar to separated flows caused by impinging shock waves. The
length scale of unsteadiness for this flow was found to be of the order of the

streamwise extent of the separated zone (figure 33).
In transonic flows, although the frequent occurrence of such unsteadiness has

been known for a long time [for example, in wind tunnels (Liepmann 1947; Meier
1975), on airfoils (Finke 1975) and in supersonic intakes (Seddon & Goldsmith
1985)], detailed information on the unsteady aspect of shock interactions even for
simple geometries (e.g. on a flat plate) seems absent. Since normal shock-boundary
layer interactions often involve massive separation, unsteady effects in transonic
interactions may be even more severe and important than at higher speeds.
Investigations of unsteady features in connection with normal shock-boundary
layer interactions would be of considerable interest, both from the point of view of
basic fluid mechanics as well as in practical applications.

7. Calculation methods for shock wave-boundary layer interaction

The last fifteen years have seen considerable development in the ability to calculate
both laminar and turbulent separated flows. This has been made possible by the
rapid developments in computer speed and memory and parallel advances in the
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development of efficient numerical algorithms for solving the equations governing
fluid motion. Progress has also been made in the asymptotic description of laminar
supersonic free interactions and turbulent interactions in the transonic regime in
the absence of separation. In this section, following a brief presentation of results
obtained from asymptotic methods, we shall highlight features of viscous-inviscid
interaction methods and Navier-Stokes methods, and then show results from
state-of-art calculations and comparison with experiments. Approximate/semi-
empirical calculation methods, which are useful for design purposes, are omitted
from the discussion here; examples of these may be found in the publications by
Green (1970) and Stanewsky (1973).

7.1 Asymptotic theories

Results from asymptotic theories provide considerable insight with regard to the
dominant physical mechanisms operating in the different regions of flow, and
provide appropriate scaling laws. In general, they can also be very useful for
assessing the accuracy of numerical schemes since they become more reliable at
higher Reynolds numbers where numerical computations become more difficult.

Asymptotic theories, valid for Re — o, are now fairly well developed for the
analysis of laminar free interactions in supersonic/hypersonic flows. These are
based on the original ideas of Lighthill (1953) and have been developed further in
detail by Neiland (1969), Messiter (1970) and Stewartson & Williams (1969). These
theories indicate that as Re — o, solutions of the Navier-Stokes equations develop
a multi-layered structure widely referred to as the “triple-deck”. Applications of
the asymptotic theory to various problems have been summarized by Stewartson
(1974). Adamson & Messiter (1980) have presented a comprehensive survey of the
investigations employing asymptotic techniques to shock wave-boundary layer
interaction problems. Asymptotic flow structures for two problems are described in
the following paragraphs.

7.1a Laminar flow past a compression corner: An example of triple-deck structure
that develops in front of a compression corner in supersonic laminar flow (Burggraf
et al 1979) is shown in figure 35. If the ramp angle a* is of order Re™"*, separation
first occurs and a triple-deck structure develops with a longitudinal length scale of
the disturbed region of order Re™** centred about the plate compression corner
junction; with further increase in «, separation moves upstream and a well-defined
plateau region forms between separation and reattachment (Burggraf 1975).
In the interaction region, there are three distinct scalings in which different
physical mechanisms dominate. The middle (or main) deck has a transverse scale of
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Figure 35. Asymptotic flow structure at a
compression corner (from Burggraf er of
1979).
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Re™ "2 and is simply the streamwise continuation of the upstream boundary layer.
Since the interaction region is short, the dominant mechanism is an inviscid turning
of streamlines in the upstream boundary layer. The lower deck is characterized by
viscous flow essentially to satisfy the no-slip condition at the wall; this deck has a
traverse length scale of order Re™™® and is governed by classical boundary layer
equations. Because the wall layer is very thin, flow here is essentially incompressi-
ble. The boundary conditions involve the no-slip condition at the wall and a new
edge condition which results from the maiching of the inviscid rotational middle
deck. The flow in the lower deck responds strongly to the compressive disturbances
producing large vertical motions which displace the main deck outwards, which in
turn displaces the upper deck. The upper deck has a transverse length scale of order
Re™** and consists of fluid which is disturbed by the flow in the interaction region
through the outward propagation of Mach waves. The flow in the upper deck is
inviscid and irrotational.

The mathematical problem has been dealt with in detail by Stewartson (1974)
and by Rizetta et al (1978). Approximate analytical as well as numerical solutions
have been obtained for the shock interaction problems (e.g. Stewartson 1974,
Rizetta er al 1978, Burggraf et al 1979). Comparisons of pressure distribution
predicted from triple-deck analysis (Rizetta er al 1978) and experiments (Lewis et al
1968) are shown in figure 36 for a 10° ramp at M, = 4-0 and Re, = 68,000. The
triple-deck result, while giving a good qualitative trend, is seen to overpredict the
upstream pressure rise. It is of course to be remembered that the triple-deck
solution is only valid in the limit Re — .

7.1b Normal-shock-turbulent-boundary-layer interactions at transonic speeds:
Weak shock interactions with a turbulent boundary layer developing on a flat
plate have been analysed by several investigators (e.g. Melnik & Grossman 1974;
Adamson & Feo 1975); all these analyses correspond to interactions without
separation. Basic features of these interactions, as revealed by the studies of
Melnik & Grossman (1974, 1975, pp. 262-272. 1977, pp. 415-433) are described
next.

In the transonic case, two basic parameters appear in the problem, namely, the
Mach number ahead of the interaction and the Reynolds number. The analysis
involves asymptotic expansion of the Reynolds-averaged Navier-Stokes equations
in the double limit M, — 1 and Re — . The Reynolds number parameter is
expressed in terms of a non-dimensional frictional velocity, £ = u,./U... so that the
solution is obtained in the double limit M., — | and E — 0. Melnik & Grossman

3—
2k
P/, experiment
N O (Lewis et al 1968)
—  triple deck
position of ramp
R { . | Figure 36. Comparison of predicted
0 05§ 1.0 15 2.0 surface pressure distribution with ex-

X/Xo periment (from Rizetta et al 1978).
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(1974) define a parameter X, = (M —1)/E which controls the relative rates at
which the two parameters M, and E approach their respective limits. Two
distinguished limits, corresponding to weak and strong shocks, respectively, were
considered.

The main features of the interaction problem and the asymptotic flow structure
corresponding to the weak shock limit, X, = 0(1), are shown in figure 37. In the
regions upstream and downstream of the interaction zone, the flow exhibits the
conventional turbulent-boundary-laver-inviscid-flow structure, with the former
having the well-known law of the wall/law of the wake structure. In the
shock-interaction zone, the boundary layer develops a three-layer structure: (1) an
outer layer (or main deck) extending over most of the boundary layer which is
inviscid but rotational, (2) a wall layer which is a continuation of the upstream wall
layer in which the total shear stress (laminar plus turbulent) is constant across it;
and (3) a blending (or Reynolds stress) layer coupling the inner and outer layers.
In the outer layer the Reynolds stresses are nearly frozen because of the short
streamwise scale of the interaction zone. In the inner layer, on the other hand,
Reynolds stresses are in equilibrium with the local skin friction, which varies in the
streamwise direction. The mismatch in the Reynolds stresses across the outer and
inner layers is resolved by the blending layer solution; in this layer there is a
balance between the inertia, the pressure gradient and the Reynolds stress terms.
The derivation of the governing equations and the boundary and matching
conditions are contained in the papers cited above. Fairly good agreement of

shock wave
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theoretical wall pressure distributions was obtained with Gadd’s (1961) ex-
perimental data obtained in an axisymmetric internal flow.

It is of interest to note some of the similarities and differences between the
laminar and turbulent interactions. In both, the major part of the boundary layer
flow is governed by inviscid equations. A four-layer structure in the interaction
zone appears for a turbulent boundary layer. in contrast with a three-layer structure
for laminar flows; this is because the former has a two layer structure as opposed to
a single layer structure in laminar flows. For laminar flows, the growth of the
viscous layer has strong effects on the main deck and the outer flow. and solutions
for all three layers have to be determined simultaneously. This is in contrast to a
turbulent weak interaction, wherein. to a first approximation, the wall layer does
not influence the outer layer and the inviscid flow. This is because the wall layer in
which flow deceleration takes place is much thinner (a fraction of §,) than in the
corresponding laminar flow. This feature allows calculation of wall pressure
distributions without taking into account the wall layer in turbulent interactions.
These results would of course become inaccurate once separation sets in. There are
~examples in the literature (Roshko & Thomke 1969, pp. 109~138; Elfstrom 1972)
to show that. for unseparated turbulent interactions at supersonic/hypersonic
speeds, the surface pressure distributions calculated ignoring the sub-layer are in
good agreement with experimental data. The results from the asymptotic analyses
also suggest that the choice of a turbulence model could influence the wall skin
friction distributions, but may only have a weak effect on prediction of surface
pressures. Numerical calculations of Viegas & Horstman (1978) for shock
interactions in an axisymmetric internal flow support these findings.

To summarize, for turbulent interactions with a shock wave, asymptotic methods
have been applied to steady, two-dimensional attached flow situations at transonic
speeds; approximate theories based on the two-layer hypothesis of Lighthill (1953)
have also been reported (Inger & Mason 1976); an example of such a calculation
was seen in figure 20. With boundary layer separation, complications arise from
reversed flow zones, normal pressure gradients and turbulence closure problems.

7.2 Viscous-inviscid interaction methods

The term ‘“‘viscous-inviscid interaction” refers to all flow situations wherein the
viscous flow in the boundary layer has noticeable influence on the pressure
distribution. In ‘weak’ interactions the viscous effects on the potential flow pressure
distributions are generally small; viscous effects on an airfoil in subcritical flow
without separation is an example. On the other hand, for example, in the vicinity of
unseparated shock-boundary layer interaction and in the separation-reattachment
regions of a separated flow, viscous effects are significant and the interaction is
generally termed ‘strong’ because of the strong coupling between the viscous and
inviscid parts of the flow field. Calculations of turbulent interactions therefore
involve modelling both strong viscous-inviscid interactions as well as turbulence in
the shear layers.

Considerable progress has been made in the development of very sophisticated
viscous-inviscid interactive methods. Although there are many differences in the
details of these methods, the three main elements of such a method are:

(i) a technique for obtaining a solution of the inviscid part of the flow-field; in
principle, any inviscid flow “‘solver” can be used;
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(i1} a method for obtaining a solution for the viscous boundary layer flow {with
flow separation, special treatment is necessary):

(iii) a coupling equation to link the inviscid and viscous flow solutions at a suitable
location in the tflow, and an eftficient iterative scheme providing convergence
of the interactive calculations.

A variety of procedures is now available for solving both potential as well as
Euler equations. With regard to items (ii) and (iii) mentioned above, some further
discussion seems appropriate.

7.2a Viscous flow solurion: There is now growing evidence (Cebeci et al 1984, pp.
1-40; McDonald & Briley 1984, pp. 141-162) that boundary layer approximations
are uscful and adequate for analysing flows with small separated zones. Favourable
comparisons of boundary layer solutions (used in an interactive calculation) with
triple-deck and Navier-Stokes results for laminar flow problems are now available
(c.g. Rizetta er al 1978: Burggarf er al 1979). However, in the solution of the
boundary layer equations, two problems arise when applied to flows involving
separation. The first is the classical Goldstein singularity at separation which arises
when the pressure distribution p(x) is prescribed; the second involves difficuities
associated with the appearance of reverse flow velocities following separation. The
singularity can be avoided by specifying not p(x) but rather an interaction law
between the viscous and inviscid flows, as suggested by Crocco & Lees (1952).
Solving the boundary layer equations in an “inverse mode™ also eliminates the
separation singularity. In the inverse mode, the classical outer boundary condition,
im u, ,.(x, y) = u, (x). is replaced by prescribing a displacement thickness
distribution *(x), or a wall skin friction distribution ¢,(x), which must be satisfied
by the solution; the pressure gradient p(x) [or u,(x)] comes out as part of the
solution. The problem associated with the reversed flow arises because of the
forward marching along the flow into the separated region. Several numerical
schemes have been devised to overcome this difficulty (e.g. Klineberg & Steger
1974, Carter 1975). Interesting discussions on the use of boundary layer equations
in interactive calculations may be seen in the paper by McDonald & Briley (1984,
pp. 141-162).

Integral methods have been favoured in most interactive methods primarily
because of their simplicity and ability to give good engineering predictions when
properly tailored. It seems much easier to incorporate empirical information into
such methods than into finite difference calculations. First-order boundary layer
equations are generally adopted in the derivation of the momentum integral
equations, although some of the recent methods (e.g. La Balleur & Blaise 1985)
include an allowance for non-zero pressure variation across the boundary layer. In
addition to the momentum integral equation, additional auxiliary equations, for
example the mean kinetic energy equation or an equation for entrainment, are
used.

Certain closure relationships including modelling turbulent shear stresses are
generally necessary before the complete set of equations can be solved. These
involve specification of (i) relationships among boundary layer integral thicknesses
and shape parameters, (ii) a skin friction law, and (iii} information required to
evaluate the entrainment equation or dissipation integral etc. For the calculation of
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separated flows, it is also important to model the nonequilibrium or history effects,
which is done through the use of a lag equation in calculating the entrainment or
the dissipative integral. Simplified turbulent transport integral equations may also
be employed for determining the lag effects.

More details on some of the integral techniques currently used in connection with
interactive methods may be seen in the publications by La Balleur (1981), Lock
(1981) and Whitfield er al (1981).

7.2b Viscous-inviscid coupling: The coupling algorithm relating the viscous and
inviscid parts of the flow-field plays a crucial role in the successful calculation of
these complex flows. Considerable attention has been paid to the mathematical and
numerical aspects of these coupling techniques (e.g. La Balleur 1984, pp. 259-284,
Carter 1985. Veldman 1984, pp. 343-363). Three schemes which have been
frequently employed are shown in figurc 38.

7.3 Navier-Stokes calculation methods

In this approach, mean flow solutions of the “Reynolds-averaged™ Navier-Stokes
equations (RANS) are obtained numerically. The approach has an inherent
advantage since the viscous-inviscid interactions are naturally built into the
equations, so that the potential exists for assessing turbulence modelling aspects in
a systematic manner.

Rapid advances have been made in the development of efficient algorithms for
solving RANS. Notable amongst these are the methods of McCormack (1976, 1982)
and Beam & Warming (1978). The equations are parabolic in time and elliptic in
space, and are solved numerically in time until steady-state solutions are rcached.
Surveys of various methods in use have been presented by McCormack & Lomax
(1979) and Mehta & Lomax (1982).

6*(x)| inviscid ulx) |boundary|s*(x) inviscid | u(x)
direct > layer T direct '
direct
(a) |
- relaxation
6*(x) relaxation (c)
ulx) inviscid | §*(x) [boundary|y(x)
inverse |~ ]laver
inverse
(b)
boundary
relaxation > layer T
inverse ulx)

Figure 38. Calculation schemes used in viscous-inviscid interactive methods: (a) direct.
(b) inverse. and (c) semi-inverse.
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7.3a Turbulence modelling aspects: In the RANS, the turbulent stresses have to be
modelled to close the system of equations governing the fluid motion. Further-
more, in compressible flow applications, the product of density and velocity
fluctuations that appears in the equations of mean motion also needs to be
modelled. To overcome this difficulty, mass-averaging (or Favre-averaging) of the
governing equations is employed which reduces the equations to the incompressible
form. For a further discussion of compressibility effects in turbulence modelling,
the reader is referred to the paper by Rubesin, (1982).

The models that have been used may be classified as either eddy viscosity or
Reynolds stress models. In the former the Reynolds stresses are assumed
proportional to the mean strain rate or velocity gradient. The resulting eddy
viscosity is a property of the flow-field and can be looked upon as being
proportional to the product of a velocity and the length scale of turbulence. These
models may be further classified under zero-, one-, and two-equation models which
refer to the additional partial differential equations employed to define the eddy
viscosity.

The zero equation model represents an equilibrium model in which the eddy
viscosity is related algebraically to the mean-flow variables. The Cebeci-Smith
model is a typical example of this type. The one-equation model uses an additional
partial differential equation for the turbulent kinetic energy which defines the
velocity scale for determining the eddy viscosity; the length scale is prescribed by an
algebraic equation. Glushko’s (1965) model is a typical example of this type. In the
two-equation models, two partial differential equations, one for the turbulent
kinetic energy and the other for obtaining a length scale, are solved to define the
eddy viscosity function. The Jones-Launder (1971) and Wilcox-Rubesin (1980)
two-equation models have been used with RANS for shock separated flows. The
one- and two-equation models do account for history effects to some degree since
turbulent transport equations are utilized in arriving at the eddy viscosity. The
specification of boundary conditions for turbulent properties is an added
requirement with these models; the studies of Cebeci & Meier (1979) suggest that
the uncertainties introduced by the boundary conditions may not be small. Finally,
it may also be noted that all these models have been primarily developed for
incompressible unseparated boundary layer flows. \

In Reynolds stress models, all the equations for the relevant Reynolds stresses
are modelled and are free of the assumption that the stresses respond immediately
to change in mean strain rate. The difficulties in modelling at this level have led to
approximate methods (e.g. Bradshaw et al 1967). These models may also utilize
additional differential equations for either the length scale or rate of dissipation.
There appears to be hardly any attempt in which stress modelling is used for
computing shock-boundary layer interactions.

Excellent discussions of turbulence modelling aspects for high speed separated
flows may be seen in the papers by Marvin (1982, 1983) and Viegas & Horstman
(1978).

7.4 Computations and comparisons with experiments

In this section, examples of state-of-art calculations from both interactive methods
and RANS are compared with experimental data. Wherever possible, comparison
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from more than one calculation is shown. For more details on the computations or
experiments, the original references cited may be seen.

7.4a Transonic interactions: Viscous effects on airfoils, even under attached flow
conditions, can be significant at transonic speeds. An example of such effects on a
supercritical airfoil is shown in figure 39; also included are comparisons from
interactive calculations due to Stanewsky et a/ (1981). The calculations employ a
potential flow modelling for the outer flow, an integral method due to Rotta (1968)
for the boundary layer flow, and a triple-deck analysis (Inger & Mason 1976) to
model shock-boundary-layer interactions. Results of calculations, with and without
the triple deck analysis, are also inciuded in figure 39. The observed double-shock
system is fairly well-predicted when the local effects of shock-boundary-layer
interaction are included in the calculation.

The two experimental flows in a transonic channel discussed in §§ 5.3 and 5.4 have
recently been computed by La Balleur & Blaise (1985). Their calculations are
based on an Euler solver for the outer inviscid flow and an integral type method for
the viscous flow with an allowance for normal pressure gradients. Approximate
transport equations for turbulent shear stress and turbulent kinetic energy are
employed for modelling turbulence.

Results for surtace pressure distributions for the case of weak separation at
M, = 1-3 show (figure 40) reasonably good agreement (in figures 40 and 41, the
streamwise distance is normalized by channel height, B). Detailed comparisons
indicate (La Balleur & Blaise 1985) that both 6* and H are somewhat overpredicted
in the calculation. For the asymmetric channel flow at M, = 1-37 involving massive
separation, comparisons are shown in figures 41 and 42. There is an overshoot of
surface pressure near separation, and the pressure plateau is less well-defined; for
x/B = 3, 8* prediction 1s considerably lower than the data. The nonequilibrium
effects in this flow, mentioned briefly in § 5.4, are shown in figure 42. The transport
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computed surface pressure dis-
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models used seem to reflect the experimentally observed behaviour in the
separation region but are deficient in the reattachment and relaxation zones.
In the numerical calculations of flows involving strong normal shock waves, it is
often very important to simulate precisely the downstream boundary condition.
The back pressure in the subsonic flow can play a significant role in defining the
gross features of the interactions. In the calculations presented in figures 40 to 42,
the back pressure was so selected for each flow that the beginning of the
compression at the foot of the shock wave matched the experimental data.
The turbulent separated flow on a flat plate (discussed in § 5.1) at M, = 1-47
have been computed using RANS (Viegas & Horstman 1978) employing zero-, one-,
and two-equation models. All three models appear to predict the pressure rise upto

° experiment (Delery 1983)
0.8 ——— calculation(La Balleur & Blaise
R 1985)
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— displacement thickness distribu-
2 3 4 tions: M, = 1.37 (from La Balleur
x/p & Blaise 1985).
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separation reasonably well, but they all depart from the measurements downstream
(figure 43). The velocity profile comparisons (Viegas & Horstman 1978) did not
reveal any consistent picture amongst the three models; considerable disagreement
was evident for different models in different regions of the flow. As in the previous
case of massive separation, comparisons demonstrate again the inadequacy in

modelling turbulence.

An example of a successful RANS calculation for a periodic separated flow at
transonic speeds is shown in figures 44 and 45. Experiments on a thick circular arc
airfoil in a high Reynolds number channel (with contoured top and bottom walls)
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revealed oscillatory flow, switching between shock-induced separation and
trailing-edge flow separation in a narrow Mach number range (figure 44). On either
side of the unsteady zone, the flow was relatively steady. Levy (1978) made
calculations at three values of M., of 0-720, 0-754 and 0-783 (figure 44), using an
algebraic eddy viscosity model. These calculations revealed the observed steady
flow at M,, = 0-72 and 0-783 and periodic flow at M., = 0-754. Figure 45 shows
comparisons of surface pressure variations with time at four locations on the airfoil
for the unsteady case. Excellent reproduction of the unsteady pressure, including
the phase difference between the upper and lower surfaces of the airfoil, may be
seen in the calculations. The frequency of oscillations from predictions agreed
within about 20% of the measured value.

The success of the calculation with a simple turbulence model described above
may seem surprising since the evidence to-date suggests that none of the turbulence
models available can satisfactorily predict flow with significant separation. A
possible explanation is that, in the unsteady regime, the oscillations are sustained
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by the outer flow (inviscid mechanisms), and the turbulence modelling is only
important to the extent that the separation which is necessary for triggering the
large scale unsteadiness is induced in the calculation.

Recently Purohit (1987a) has computed levels of surface pressure fluctuations (at
M., = 0.8) arising from shock oscillations on a bulbous payload shroud using
RANS and an algebraic turbulence model. Although the paper does not contain
comparison of calculated unsteady properties with experiments, the computations
have revealed interesting unsteady flow features on such a configuration.

7.4b Supersonic interactions: Turbulent separated flows induced by compression
corners or ramps have been investigated by several authors at supersonic speeds.
Experimental results for two ramp angles of 20 and 24° at M,, = 2-8 are compared
with calculations in figures 46 and 47. RANS computations, employing a version of
McCormack’s algorithm, have been made (Viegas & Horstman 1978) for both
cases, while the 24° case has been computed recently using the interactive method
of La Balleur & Blaise (1985) discussed previously. The turbulence models used
with the RANS are indicated in the figures.

For the 20° ramp, pressure distributions are reasonably well-predicted by the
two-equation models, while the skin friction predictions seem deficient down-
stream of reattachment. For the flow with large separation (24° case), again, the
predictions with two-equation models are relatively better than the zero- and
one-equation models, but are still deficient in an overall sense. The results from the
interactive method are comparable to those obtained using the two-equation
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Figure 46. Comparison of ex-
perimental and computed surface
data: M, =238, Re; = 1.65%
10°, a =20° (from Viegas &
Horstman 1978), (a) surface
pressure, (b) skin friction.
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models. Surface pressure fluctuation measurements made recently (Dolling & Or
1983) for the two flows have revealed a certain unsteady character of these flows; to
what degree this might influence the mean flow field is still an important question
to be answered.

The importance of accounting for the history effects of turbulence in flows
undergoing rapid pressure gradients hardly needs to be stressed. Attempts have
also been made to modify, for example, the zero-equation eddy viscosity model to
reflect history effects in an approximate sense. Figure 48 shows comparisons of
measured surface pressure distributions with RANS calculations (Shang & Hankey
1975) for a 25° ramp at M,, = 2-96. Predictions have been made with three versions
of the zero-equation model; (i) the Cebeci-Smith equilibrium model, (ii) a frozen
model, and (iii) a relaxation model. The frozen model concept is relevant in flows
undergoing rapid pressure gradients (e.g. Narasimha & Srinivasan 1973). In the
relaxation model, the Reynolds stress relaxation phenomena are described by a
simple algebraic equation for the eddy viscosity coefficient, which involves a
relaxation length scale A to be described empirically; a value of A = 10 §, based
on available information has been chosen in these calculations (Shang & Hankey
1975).

The equilibrium and frozen models predict small and large separated regions,
respectively. The relaxation model, on the other hand, shows significant improve-
ment in a relative sense; the need for further refinements is also clear: Similar
success with an algebraic relaxation model is also seen in -the calculations of
separated flows caused by impinging shock waves (Shang er al 1976).
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The current state-of-the-art in computing two-dimensional shock-boundary layer
interactions may be summarized as follows. As long as the separated region is small
[0(8,)], both interactive and RANS seem to perform equally well in an engineering
sense. The wall pressure distributions can be predicted by any model, while the
two-equation models give better predictions of the skjn friction distributions. For
flows involving large scale separation, significant improvements in modelling the
dynamics of turbulence are necessary, and in general, calculations based on RANS
equations may be preferable; significant pressure variations normal to the flow
which arise in these flows are well-handled by RANS.

Although certain broad conclusions are drawn above based on the examples
discussed, some caution is required in the assessment of the calculation methods in
general. To perform a clean experiment with massive separation is not an easy task.
As discussed in § 4.5, unless sufficient care is taken. some degree of three-
dimensionality is present even in nominally two-dimensional flows; an assessment
of the departure from two-dimensionality is essential before conclustons about the
prediction method can be drawn. The experimentally observed large-scale
unsteadiness in the separated flows involving shock waves, which is not accounted
for in the methods of calculation, could lead to differences between calculation and
experiments.

8. Control of shock-wave-boundary-layer interaction

Separation control by active or passive means is often desirable and some times
necessary for improving acrodynamic performance. The use of suction and
tangential blowing for separated-flow-control is known for several decades. Suction
removes low momentum fluid in the boundary layer near the wall thereby
providing sufficient cnergy in the fluid close to the surface to overcome adverse
pressure gradients. Tangential blowing through a narrow siot. as commonly used,
energizes the boundary layer near the wall providing sufficient kinetic energy to
negotiate adverse pressure gradients. It may be useful to incorporate suction and
tangential blowing in a single device (or system) to exploit the benefit from both
schemes.
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In the context of shock-boundary-layer interaction control, there have been
several studies dealing with suction and tangential blowing in the different speed
regimes; a brief account of some of these may be found in the book by Chang
(1976). Most of the investigations even to-date have been either exploratory in
nature or focussed towards some design application. Systematic studies of these
control techniques with regard to ‘‘basic interactions™ are rather few. Many
questions remain both from the point of view of general understanding and of
applications.

In this section, a brief overview of the developments in control techniques using
suction and blowing is presented. A more detailed review of the subject may be
found in the recent article by Delery (1985).

8.1 Applications of tangential blowing

Tangential blowing for control of shock-boundary layer interaction has been
studied by several investigators (e.g. Chinneck et al 1955; Peake 1966; Wong &
Hall 1975; Wong 1977; Viswanath et al 1977, 1983; Schwendemann & Sanders
1982). These studies have revealed that blowing is generally effective in controlling
shock-induced separation in both two-dimensional and axisymmetric flows. Since
very few systematic studies on simpler geometries exist in the literature, our
understanding of some of the general features of the flow field and of the
parameters that may influence the effectiveness of blowing are still somewhat
unclear.

8.1a Parameters governing blowing performance: Since blowing involves injection
of additional mass and momentum into the boundary layer, the parameters
affecting its performance include the jet velocity. its density and the slot width b in
two-dimensional flows (figure, 49). The most widely used parameter is the blowing
momentum coefficient, C, defined by

C‘p, = miui/po uja(n

where m; is the jet mass flow rate, u; is the jet velocity, p, is the free stream
density, u, is the free stream velocity and 6, is the boundary layer momentum
thickness ahead of the interaction. Some investigators in the past have also used an
excess blowing momentum coefficient, defined in figure 49.

Figure 50 shows an example (Wong & Hall 1975) of the effectiveness of a
tangential blowing system consisting of discrete jets in controlling separation in a
supersonic inlet at M. = 2-0. A significant reduction in the separated region may
be inferred from the surface pressure distributions even for a value of C,, = (-9;
their results also showed an appreciable improvement in the total pressure
recovery and a low flow distortion for C,, = 1-5.

, milui-ug)
cpz__z_é__J )
Mo.Yg ?ouo [¢]
60 91 ,Uj o
“Tb
/ 7 ! Figure 49. Sketch defining notation
| | used with tangential blowing.
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There have been some attempts (Grin 1967; Lakshmikantha er a/ 1969) to suggest
correlations for blowing effectiveness based on their own limited data. It is
interesting to tcuch upon the correlation presented by Lakshmikantha er al (1969).
Based on a series of experiments involving impinging shock waves at M, = 2-2
and 2-6. they presented a correlation for the minimum blowing pressure (P))
required to suppress scparation which is of the form (tigure 51),

P, = 1258p (1/8,)"7",

Mo U-type injection

¢ 219 :
o 2'58}(Lukshm|kuntha etal 1969)

a 1-80 (Peake 1966)
» 2.4 (Manjunath 1973)

separation L )
0.4 not suppressed. 2.4 (Man junath 1973 )~ with
separation reversal
0.3 » v I typical uncertainty

N
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P; \A\O e
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0 } { | ]
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i /8o

Figure 51. Correlation of minimum injection pressure required to suppress separation
(from Lakshmikantha et af 1969).
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where Ap is the observed pressure rise across the shock wave, /; is the distance
between the injection slot and shock intersection point on the wall in inviscid flow
and 8, is the boundary layer thickness ahead of interaction. It is interesting to note
that, unlike the mass or momentum coefficient, the above correlation does not
involve the slot width b; in these tests, b/5, was varied betwen 0-1 and 0-4.
Although the data shown in figure 51 are suspected to have some interference
effects (Viswanath er al 1977, 1983), the trend indicates that the total mass or
momentum injected may not be an important factor at least for improving the
surface pressures in the separated flow; it is likely that the excess velocity injected is
the dominant factor.

8.1b Location of blowing slot: Among the various factors that may determine the
effectiveness of injection, several studics (Peake 1966; Krishnamurthy 1973;
Manjunath 1973), have revealed that the injection slot location is a critical
parameter. We shall examine this aspect in some detail.

At the outset it is convenient to distinguish -between two types of injection
depending on the location of the injection slot (figure 52):

1. U-type: injection is upstream of where the separation point would have been in
the absence of injection (i.e.. the conventional location adopted for boundary-layer
control).

2. D-type: injection is downstream of the same point, but within the recirculating
(or “*dead air) zone.

Based on detailed experiments at a free stream Mach number of 1-8 with U-type
injection, Peake (1966) made an important distinction between wall flow reversal
and wake (or outer flow) reversal, and found that there was an optimum slot
location at which both wall and wake flow reversals were avoided. For his
experimental conditions, this optimum was at /; = 64,,.

The experiments of Krishnamurthy (1973) and Manjunath (1973) with U-type
supersonic injection to control separation at a compression corner revealed some
interesting and unexpected features. The first is what may be called “separation
reversal”’; with increase in injection total pressure P;, the extent of separation first
decreases and then increases (as inferred from wall static pressure distributions)
after a certain value of P;, which seems to depend on /; and on the compression
corner angle (all other conditions remaining the same). This puts a serious
limitation on the range of P; that can be usefully employed to suppress separation.
The second feature is that the upstream influence or the extent of separation in the
absence of injection was much larger than would be expected from earlier
observations with similar flow conditions and ramp angles. It was demonstrated
(Sagdeo 1974) that this abnormal upstream influence was due to the effects of the
injection slot geometry on the oncoming boundary layer, which acts as a
backward-facing step in the absence of injection.

U-type D-type

tlow flow
—> - /R = {
S 3 Figure 52. Sketch showing U- and

injection injection D-type tangential injection.
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8.1c. Experiments with D-type blowing: Although therc was some indirect
evidence (Chinneck et ¢ 1955; Wong 1977) that D-type injection could be useful. a
quantitative assessment of its effectiveness resulted from the investigations of
Viswanath et al (1977, 1983). They studied D-type injection (by design) for two
values of /; namely. 0-77 8, and 1-54 6, at a ramp induced turbulent separated flow
at M, = 2-5.

Figure 53 shows surface pressure distributions with and without injection for
[; = 1-546,. A monotonic increase in the maximum slope of the pressure
distributions with increasing P; is evident and suggests a progressive reduction of
the length of the separation bubble. Similar results were scen at [; = 0-778,,.
Measured Mach number profiles in the interaction region for the case /; = 1-546,
(figure 54) shows conclusively the absence of wake flow reversal as well, suggesting
complete suppression of boundary layer separation.

Effectiveness of D-type injection for the above experiments was assessed using
two measures; (i) a suitably defined “reattachment length™, A, (figure 55), which is
related to the bubble size A, (Manjunath 1973) and (1) the pressure recovery
cocfficient ¢, defined as

('p/ = (prct(l) Al)rcl((:))/([)// - plcf(u))~

where p.;y and p,.q.,, denote the static pressures at a reference location on the
ramp with and without injection, respectively.

Figures 55 and 56 show the variation of normalized reattachment length and the
pressure recovery coefficient with injection pressure ratio (for both values of /;)
with D-type injection. These results are compared with those of Krishnamurthy
(1973) and Manjunath (1973) who used U-type injection under essentially the same
conditions as those in the experiments of Viswanath et al (1977, 1983). These

4~
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[ A a 124
’/ \ o 158
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) A ; o 365
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Figure S3. Wall static pressure dis-
0 L —L J tributions with injection: M, = 2.5,
-5 0 5 10 [, = 1.546, (from Viswanath et al

x/6q 1983).
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comparisons show clearly the superiority of D-type over the U-type injection. In
these experiments, the mass and momentum flux in the jet needed to suppress
separation is estimated to be only about 18 and 14% of that in the oncoming

boundary layer.

The success of the D- over the U-type injection suggests that mechanisms, other
than energizing the boundary layer near the wall upstream of the beginning of
adverse pressure gradients (as in the conventional U-type), exist for effective
separation control. It has been speculated (Viswanath et a/ 1983) that an important
factor in the D-type injection is the interaction of the jet injected at high total
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Figure 55. Variation of reattachment
length with injection (from Viswanath
et al 1983).
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Figure 56. Static pressure recovery in the
reattachment region with injection (from
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pressures with the (otherwise reverse flow) boundary layer, leading to eventual
removal of the reattachment point. It is likely that the entrainment of the
recirculating flow by the jet may play a role in the mechanisms involved.

8.1d Calculation methods: The problem discussed here certainly presents com-
plexity in flow modelling and in calculation methods. There has been hardly any
attempt to calculate these interacting turbulent flows with tangential fluid injection
at high speeds. From an engineering viewpoint, a viscous-inviscid interactive type
of calculation, with the viscous flow represented by an integral method, may be
adequate. Even with U-type injection, there is insufficient mean flow data at high
speeds covering a range of flow and geometrical parameters to enable construction
of a reliable integral method. Experience gained in calculating low speed wall jet
flow fields in adverse pressure gradients (Gartshore & Newman 1969; Hubbart &
Bangert 1970; Yegna Narayan & Narasimha 1973) could be utilized as a first step in
predicting these viscous flows at high speeds. With D-type injection, the complexity
may be even greater, and further understanding of the physical mechanisms at play
is essential before any modelling or calculation method can be formulated.

8.2 Application of suction

Boundary layer suction is a powerful tool (useful in many different speed regimes)
for controlling flow separation, apart from the other engineering applications it has.
Fluid near the wall is removed through slots or perforations, so that the new
boundary layer which is formed downstream of the suction zone can withstand the
imposed adverse pressure gradients. Suction generally leads to a fuller velocity
profile and a consequent reduction of the boundary layer thickness. As with
blowing, suction involves energy investment, and it is important in applications to
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determine the ““minimum suction volume™ or the power required to drive the
suction pump.

Several exploratory studies dealing with suction for control of shock-boundary
layer interactions have been reported (e.g. Pate 1969; Seebaugh & Childs 1970;
Tanner & Gai 1970; Mathews 1970; Wong 1974; Fukuda er al 1977). These studies,
while showing the general effectiveness of suction in the various situations studied,
contain little information on flow-field behaviour. Even engineering correlations
for suction effectiveness do not seem to have been attempted; this situation is
perhaps undesirable, since suction adds several new geometrical parameters to the
problem, which even otherwise is complex enough. In this section, we shall present
examples of application of suction and bleed (the distinction between the two being
that bleed does not require energy input but could still drain energy) for the control
of shock-boundary-layer interactions, and include an assessment of the state of the
calculation methods.

8.2a Parameters governing suction-performance: 1t is common practice to define a
suction quantity coefficient given by

Co = Q/Au,

where Q is the total volume rate of fluid removed, A denotes the wetted area and
i, 1s the free stream velocity. For the case of uniform suction (with a suction
velocity of —v,).

C(_) = — Vn'/u(J

As with tangential blowing, for a given shock pressure rise and upstream tlow
conditions, the suction performance would, in general, depend on where the fiuid is
sucked in relation to the interaction zone, the total mass flow removed and the
suction arrangement. At least three different arrangements have been employed in
the various investigations; they include porous (or perforated) wall suction, slot
suction and scoop suction. Several geometrical parameters are associated with each
of the above suction configurations. For example, perforated wall arrangement
(which is widely used) is defined by the number of bleed holes, their shape,
diameter and distribution; with siot suction, the width and number of slots, and
their orientation and distribution, are relevant parameters. For each of the
configurations, the plenum or bleed chamber geometry could have an added
influence. In view of the fairly large number of parameters associated with a suction
device, perhaps it may not be worthwhile to attempt generalized engineering
correlations for effectiveness even in the context of basic interactions.

8.2b Location of suction system: As may be expected, the location of suction in
relation to the interaction zone is an important factor governing suction
effectiveness. Since suction is often applied over a finite distance (in the range of
several §,), the definitions U- and D-type (described in § 8.1b) may not be strictly
applicable; we shall therefore use a much broader concept for suction location in
the examples to follow.

Mathews (1970) investigated the effects of suction in an (internal) axisymmetric
conical shock-wave-boundary-layer interaction at M, = 2-0. The suction geometry
consisted of one row of perforated holes located around the circumference and
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suction was applied “within” the interaction region. Both the shock strength and
the mass flow sucked were varied in his experiments. Figure 57 shows a schematic
of the wave pattern, measured wall static pressures and ¢, distributions in the
interaction region, both with and without suction, for a separated flow generated
by a 30° (total apex angle) cone. With a bleed mass flow of 7-5% of the approaching
boundary layer mass flow, separation was nearly suppressed; the skin friction
distributions show much higher values as a result of suction.

In a similar test set-up (Seebaugh & Childs 1970) at M., = 3-8, a separated zone
(of length approximately 2 §,) could be controlled with a bleed mass flow rate of
3% of the boundary layer mass flow rate with suction applied “within” the
interaction zone (figure 58). In this experiment, the suction geometry was similar to
that used by Mathews (1970), but had four rows of perforated holes around the
circumference and distributed over a length of about 1-56,. It was also found that a
similar suction performed ‘‘upstream’ of the interaction region was less effective.

Detailed experiments to determine the effects of bleed geometry and bleed rate
on the boundary layer development following shock-boundary-layer interaction in
an axisymmetric mixed compression inlet at M. = 2-5 revealed (Fukuda et al 1977)
that suction performed “‘upstream or downstream” of the interaction zone was
more beneficial than “within™; this assessment was made by examining the shape
factor following the interaction. This observation, which is in contrast with those of
Mathews (1970) and of Seebaugh & Childs (1970), might be a result of several
differences in the bleed geometries used in the three experiments. Furthermore,
the flow studied by Fukuda et al (1977) was more complex, involving multiple shock
reflections between the centre body and the inlet cowl.
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The experiments of Wong (1974) in an axisymmetric external compression inlet
at M., = 2-0 also showed the effectiveness of suction performed both “upstream”
and “within” the interaction region; suction was applied in a (nearly) continuous
fashion in these tests.

The results discussed above suggest that suction “within” the interaction zone
can be quite effective; there is very little information in the literature at comparable
conditions to make a better judgement on the best location for suction. The bleed
system arrangement can be expected to influence the overall performance
associated with suction.

Effects of slot suction, with the slot located “within” a separated flow, have been
studied by Tanner & Gai (1970) at M, = 1-93. The suction slot, formed between
the flat plate and the ramp under surface, was varied in the tests; there was also
provision for varying suction mass flow independently. An example of the
effectiveness of D-type suction for a 16° ramp is shown in figure 59 for different
values of suction coefficient (defined in figure 59). Progressive increase in the
surface pressure recovery and reduction in the upstream influence with increasing
suction rate is evident. For a value of suction coefficient of 1-5 (for which the
inviscid pressure level is reached), the mass flow removed corresponds to about
20% of the mass flow in the approaching boundary layer. Qualitatively similar
effects of suction were seen at other ramp angles.

8.2c Examples of natural bleed: Natural bleed has many similarities with suction
and does not involve any power input. The high pressure in the (separated) dead air
zone, if vented to a low pressure region, causes natural bleed or suction of the mass
flow from the dead air region, leading to an effective suppression of the separated
flow. This is a case of D-type suction or bleed in the sense defined in § 8.1b. Several
studies employing D-type bleed have been conducted (e.g. Crawford 1961; Ball &
Korkegi 1968; Ball 1970). Results from Ball & Korkegi (1968) and Ball (1970) are
shown to illustrate the suction effectiveness in such cases.

Ball & Korkegi (1968) studied effects of suction through a 2D slot at a
compression corner, formed by a flat-plate-flap combination (figure 60) at a
hypersonic Mach number of 12-3 and with laminar boundary layer conditions. The
slot formed at the intersection of the flat plate and flap could be varied in width
providing a variation of bleed mass flow. The effects of suction for various ramp
angles were examined. Static pressure distributions for a 20° flap deflection angle
(shown in figure 60) indicate a progressive decrease in the extent of the separated
region with increasing values of slot width d* (or bleed mass flow); the pressure
distribution corresponding.to d* = 0-22 cm resembles the inviscid case. In a later
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study, Ball (1970) showed the effectiveness of the D-type bleed (discussed above)
at other values of M, in the range 5 to 8. A simple correlation (figure 60) for the

minimum mass flow to be removed for complete suppression of separation was
given by Delery (1985).
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8.2d Calculation methods: Methods for the calculation of boundary layer develop-
ment with distributed or porous suction are fairly well-developed (Schlichting
1968). Porous suction, which can be realized in practice without much difficulty,
offers the simplest boundary condition at the wall; it is common practice to
prescribe the transpiration velocity (- v,,) as a function of the streamwise distance.
In experiments, the suction velocity is often estimated from certain gross
measurements (mass flow, pressure etc) in the bleed chamber. For other suction
arrangements involving either slots or perforations, the flow through these devices
is sufficiently complex such that an estimation of appropriate suction velocities at
the wall becomes very difficulit. There are very few experimental investigations
wherein attempts have been made to get some idea of the flow development
through the devices. So, the central problem in the calculation of effects of mass
transfer at the wall is concerned with the estimation of the true boundary condition
appropriate to the device.

For turbulent-shock-boundary-layer interactions with suction, there has been no
attempt to calculate the flow using RANS to the author’s knowledge. Effects of
porous suction on laminar shock-induced separated flows have been studied using
RANS by Tassa & Sankar (1979) and Purohit (1987b). The calculations made by
Purohit (1987b) show that vectored porous suction can be more beneficial than
normal suction. Don Gray & Maus (1981) have extended the Lees & Reeves (1964)
interaction method to the calculation of slot suction at a ramp-induced laminar
separated flow at M, = 6-7. Their calculations, assuming uniform flow through the
slot, indicate moderate agreement with the data of Ball (1970).

Engineering methods to calculate the variations of certain gross parameters of
the flow through the interaction have been attempted. Seebaugh et al (1968), using
a control volume approach and an integral method of analysis, present results for
the changes in boundary layer thickness, velocity profile shape and other thickness
parameters across the interaction; they consider porous, single slot as well as scoop
suction configurations. Their paper, however, contains very limited comparisons
with experiments, perhaps because of paucity of reliable data. The approach is
further extended by Sun & Childs (1974) to treat successive shock reflections
between an axisymmetric centre body and an outer circular cowl, including small
amounts of suction at the location of the second shock-boundary layer interaction
zone. Their results show fair agreement with experimental data for small bleed
rates of about 3% of the boundary layer mass flow.

To summarize, considerable difficulty exists in dealing with the problem of the
shock-turbulent boundary layer interaction with mass transfer at the wall. The
problems include formulation of the wall boundary condition for different suction
configurations, and modelling turbulence as affected by the mass transfer at the
wall.

9. Concluding remarks

Although considerable amount of research has been carried out on the problem of
shock-wave-boundary-layer interaction, our general understanding of turbulent
interactions and Reynolds number effects in particular still remains poor. The
progress is hampered primarily by our inadequate knowledge of turbulence
dynamics in these complex flows. In the author’s opinion, the principle of “free
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interaction” (now known for over three decades) still remains a significant step in
the understanding of high speed separated flows, despite the progress that has been
made on the various fronts. There is now growing evidence that fully separated
turbulent flows in reality are inherently unsteady and 3D to some degree; the
idealization that the mean flow is 2D and steady may be an over-simplification.

Use of modern diagnostic techniques like laser velocimetry has provided
valuable information on the complex behaviour of turbulence in these interactions.
Similarly, sophisticated computer codes are now available for predicting these
flows including regions of small separation which are of value to an engineer.
Regarding turbulence modelling, accounting rationally for history or nonequilib-
rium effects and shock effects on turbulence appear to be important to achieve any
success in computing separated flows; systematic research at high speeds of the
kind reported by Narasimha & Prabhu (1972) investigating memory effects of large
scale structures should prove valuable. Both surface and flow-field measurements
investigating the unsteady character of shock-separated flows are necessary before
modelling of large scale unsteadiness associated with shock waves can even be
attempted.

Shear layer reattachment, being a key element in the dynamics of separated
flows, has received very little attention in the literature. The role played by
viscosity in the reattachment process is still an open question. It would be
informative to examine if the general ideas of free interactions can be extended to
the reattachment process; in particular, to sec if the pressure rise to reattachment
and the pressure distribution in the reattachment region can be related to the
properties of the shear layer approaching reattachment for different shock-
separated flows at supersonic/hypersonic Mach numbers.

On control techniques employing tangential blowing and suction, the available
evidence suggests that interference with the flow in the separated zone or bubble
can lead to effective separation control. With D-type injection, further research,
both from the point of view of understanding the phenomena and assessing its
effectiveness in other separating flows, is needed. Several interesting issues with
regard to tangential blowing, including a suggestion for “‘intermittent blowing or
blowing in puffs” have been discussed by Narasimha (1978). As regards suction
“within™ the interaction zone (or D-type suction), the mass imbalance created in
the separated zone as a result of suction is likely to be a prime factor causing
suppression of separation. Base-bleed causing base-drag reduction is a clear
example of such a mechanism.

On the applications front, the situation is rather unclear regarding the best mode
(or technique) for separation control. Such an assessment or judgement will have to
be made on a case to case basis, giving due consideration to the energy input. For
example, in applications where shock excursions are large, perforated wall suction
spread over the required length is probably a good choice; on the other hand, if the
location of the separated zone is in some sense stationary, D-type injection is an
obvious choice. It would be rewarding to examine the usefulness of passive control
techniques of the kind being investigated on transonic airfoils (e.g. Bahi er al 1983;
Krogmann e al 1984) for shock-wave-boundary-layer interaction control in general.

Three-dimensional shock-boundary layer interactions are of greater interest in
practical applications. Attempts to understand certain basic features of relatively
simpler 3D interactions have begun in recent years (e.g. Oskam er al 1975; Settles et
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al 1980; Dolling 1982). Since, in general, 3D separated flows are vortex-dominated,
there is hope that turbulence modelling may not be as critical as in 2D flows, at
least for certain 3D interactions (Horstmann & Hung 1979; Hung & Kordulla
1983). There is a definite need for systematic and focussed research in the area of
3D shock-wave-turbulent-boundary-layer interaction.

List of symbols

ar stagnation speed of sound;

slot width;

airfoil chord;

skin friction and pressure coefficients, respectively;
mean voltage;

boundary layer shape factor;
incompressible shape factor;

turbulent kinetic energy;

model length;

upstream influence interaction length (defined in figure 13);
separation bubble length;

interaction length (defined in figure 28);
injection distance (defined in figure 49);
mass flow rate;

Mach number;

static pressure;

injection total pressure;

tunnel stagnation pressure;

dynamic pressure;

unit Reynolds number;

reattachment point;

separation point;

temperature;

instantaneous velocity components;
mean velocity components;

fluctuating velocity components;
coordinates along and normal to the wall;
ramp or compression corner angle;
velocity intermittency;

boundary layer thickness;

boundary layer displacement thickness;
boundary layer momentum thickness;
density;

turbulent shear stress;

wall shear stress;
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Subscripts

BL oncoming boundary layer;
d conditions downstream of the interaction;



Shock-wave-turbulent-boundary-laver interaction & its control 101

4 conditions at the edge of the boundary layer;

i conditions of injected fluid:

is conditions at incipient separation;

l local conditions;

o conditions at the edge of the flat plate boundary layer just ahead of the
interaction;

p conditions at the beginning of plateau region;

r conditions at reattachment;

§ conditions at separation;

w conditions at the wall;

aw adiabatic wall;

00 conditions at upstream infinity.
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