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ABSTRACT
An extensive experimental study of three-dimensional shock
wave turbulent boundary layer interactions caused by shock
generators defined solely by angles has been carried out at Mach
3. Sharp fins, sharp swept fins, swept wedges, and semi-cones
have been used to generate a wide range of shock waves. The
interaction of these waves with turbulent boundary lavers has
. been iuvestigated by surface flow visualization, mean surface
static pressure distributions, flowfield surveys of total
} pressurc and vaw, and several flowfield visualization techniques.
. Some exploratory high frequency surface pressure measurements
have been carried out to evaluate the steadiness of thesc
- interactions. Four major new data sets were generated: the
i flowfield tor a 10° sharp fin and a 24-40° swept compression
corner, surface pressure distributions and surface flow visuali-
. vation for sharp fins at angles of 12 to 22¢, and an extensive
sel of surface flow visualization tests of wedges up to 24°¢ and
swept from 0¢ to 60¢.
Scaling laws for both surface and flowfield features have
: been derived. Some limited studies were carried out at a Mach
number of 2. A flowfield study has shown that the initial part
f of interactions caused by the same strength and geometrical shock
wave gencerated by different shock generators are all similar.

The "footprints” of the interactions, as shown by surface flow
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visualization, can be categorized as approximately conical or
cvlindrical, and the boundaries between these two regions have
been defined for both Mach 3 and Mach 2. There are still
questions with regards to the detailed flowfield structures and
physical mechanisms, but the three-dimensional interactions
appeared to be less unsteady than that of two-dimensional

separated flows.
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I. INTRODUCTION

The subject contract covered a 3~year experimental and

analytic program in the Gus Dynamics Laboratory at Princeton

University. The facilities and instrumentation, the primary lEj
experimental tools of the present investigation, were developed }f:
under previous OSR support and were expanded, up-graded, and ﬁf

modified during the present program. The extensive results of
the study have beenr documented in detail in a series of reports
and publiculions and presented at many national and international
meelings. The present report is a brief overall summarv of the
activity under the subject contract, year-by-year, which led to

significantl advances of our understanding of the complex interac-

tion of a shock wave and a turbulent boundary layer. In the

following sections the report details the overall objectives :?ﬁ

of the program and the yearly programs which were designed to RN
mect the overall goals of the subject contract. The generul .ﬂﬂ
conclusions of the present study are summarized, a brief report :{}

is given on the staff and students that were involved in the

program, and the significant scientific interactions which

took place are noted.




I1. OVERALL OBJECTIVES_AND WORK STATEMENT

Previous studies which explored two-dimensional and three-
dimensional interactions of shock waves and turbulent boundary
layers provided the basis for the subject research program. The
early work revealed many new features and the exploratory studies
of several geometries began to reveal some of the underlying
phvsics, There appeared to he similarities in the interactions
generated by geometries which had no specific dimension, that is,
modcels which could be defined soley by angles. The subject
experimental research program had the goal of achieving a better
understanding of the overall scaling and flowfield structure of
this class of three-dimensional shock wave turbulent boundary
layer interactions. The interactions were generated by three
experimental geometries designated the "sharp-fin", "the swept
sharp-fin”, and the "swept compression corner,” with the semi-
cone added lale 1L the program, Fig. 1. The specific tasks posed
in the original work statement were:

1, examine the overall scaling of these interactions in
terms of shock strength, sweepback angle, geometry, and other
pertinent parameters.

2) perform experiments designed to reveal the Mach number
effect on the interaction scaling.

3) based on the results of these experiments and analyses,
attempt to construct an overall scaling framework which relates

the characteraistics of the individual interactions.
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4) by means of appropriate flowfield surveys and flow
visualization, examine the physical mechanisms and flowfield

structures which lead 1o the observed overall scaling behavior.

As the research progressed with the three original con-
figurations, the fourth geometry, a semi-cone was added as a
specific test of some of the new concepts of conical similarity.
The study of blunted fins, a geometry with a geomctrical dimen-
siot, which had been studied under previous OSHR support, was
scparated out as nolt being part of the class studied. This work
was continucd under separate Navy support.

The originu! contacts with computations, primarily carried
out with br. C. C. Horstman of NASA-Ames, was expanded consider-
ably in the latter phases of the present program with the
inclusion of Prouf. D. Knight of Rutgers. Although the involve-

ment wilbh corpuraiicr war nel part of the origive! ysouls,
| §

‘v "y
R

»
viae e

it becamc an important clement in the subject program. The

cooperation provided a key element of computational validation

e s
-' 1]

and a source for new insights into the flowfield which could not

be obtained directly in the present program.
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111. YEARLY PROGRAMS

The overall objectives of the subject contract were used to
lay out specific yearly tasks, formulated to build a structure
for the overall program which would provide the basis for the

final resolution of the problems tackled. In the following

sections the vearly objectives, a brief summary of the work

acconmplished, and a brief review of the detailed work carried out

during each of the conlract yeurs is presented.

1. Yearly Research Objectives

The research objectives for the 1981-82 contract year

were:

1 continue to reduce, analyze, and correlate existing

.l.l
1t h
Y "
A

data base,

o

2 design, fabricate, install, and calibrate a new, lower

“ e o .
4
5 , o,
et
.

Ma~l number nozzle for the 20 x 20 cm High Reynolds Number
Tunneti,

3 develop and use flow visualization techniques suitable
for high-speed 3D turbulent flows,

4> use the computer-controlled "cobra" yaw probe to
investigate the flowfield of a sweptback compression corner,

5) conduct tests and analyses aimed at defining the
boundary of cylindrical and conical flow symmetry in 3D swept

corner flows at Mach 3,
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6, build the data base at Mach 3 in certain important
areas, including surface pressure measuremenls, using the swept
fin.

by 1982-83

The research objectives for the 1982-83 contract year were:

1Y examine the applicability of the classical "independence
principle” for the scaling of swept cylindrical shock/boundary

laver interactions,

g evoluate the applicability of the established Reynolds

numboer scaling law for 3D interaction surface features to
interaction flowfields as well,

3) perform 2D compression corner experiments at Mach 2 as
& first step in extending the Reynolds number scaling law to
variable Much number conditions,

4 expand the Maclh 2 experimental data base for both fins
and swept compression corners,,

g find tlie cylindrical/conical flow regime boundary at

Mach 2 and combine this with previous Mach 3 results in order to

gain further insight on the physics of the phenomenon,

6) begin the formulation of an overall scaling scheme for

Ei non-dimensional 3D interactions generated by geometrically
i dissimilar shock generators.

t c) 1983-84

g The research objectives for 1983-84 contract year were:

1 with the addition of the semi-cone, consider the overall
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similarity conditions for conical shock wave turbulent boundary
layer interactions.

2) extend the sharp fin studies to higher angles to
provide an extended cross-check of strong shock interactions
generated by Lhe wedge studies.

3) initiate a review of the work carried out under the
present and previous contracts to integrate surface flow visual-
ization, pressure distributions, and flowfields, in the light of
the concepts of separation and reattachment, conical and cylin-
drical flows, and to provide the first basis for the studies of
slcadiness,

4) expand the interactions with the computational groups
at NASA-Ames and Rutgers,

HO initiate the initial high frequency studics {o determine
the steadiness of the three-dimensional interactions which are
the primary subject of the current contract, these studies to
include hot-wire and high frequency surface static pressure

measurement s,

2. Summary of Work Accomplished

A brief summary of the work accomplished during each of the
contract yecars is noted below:

a) 1881-8:

Progress during the 1981-82 contract year includcd the

experimental definition of cylindrical and conical flow regimes
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v
. . . . L4
in interactions generated by swept compression corners at Mach Y

5
3, and a tentative physical explanation of these phenomena. A ol
parallel study of interactions generated by sweptback fins W
indicated conical interaction symmetry. The character of flow 387
unsteadiness at the beginning of a separated shock/boundary N

o
layver interaction was studied and was found to be of greater 2

importance than was generally thought. The experimental testing
capability was extended through the fabrication and calibration

of a Mach 2 nozzle and the use of a computer-controlled auto- e

nulling vaw probe. An initial study of three-dimensional :;
high-specd fiow visualization uncovered several promising new {}
techniques. Finally, cooperative efforts were initiated with :{;
other investigators who had developed computational methods to {;
predict flovwe ¢of the type under investigation. :#

b 19wz-sn =

Progress during the [1982- 8% contract year included an ,3;
experimental test of the "independence principle" applied to .j?
swept ceyvlindrical interactions. Two major experimental flowfield &1

survey programs proved that the Reynolds number scaling law O

previously developed for 3D interaction surface features holds ?E
for the corresponding flowfields as well. A series of 2D ;i
interaction experimenits at Mach 2 were carried out as the first iﬁ
step in extending this scaling philosophy to variable Mach E%
number. Also at Mach 2, the swept compression corner és
cvlindrical/conical flow regime boundary was found and compared &\
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to previous Mach 3 results. The Mach 2 studies, although

limited, were used to explore the general extension of the Mach
3 results to lower Mach numbers. Although the scaling results
are similar, the coefficients of the derived empirical laws for
Mach 2 are significantly different, and the general use of the
scaling parameters requires broader Mach number vaeriation to
substantiate variable Mach number predictions. Finally, a
"conical similarity"” hypothesis was proposcd as a means of
correlating and understanding the behavior of interactions
produced by geomcetrically dissimilar shock generators. Addi-
tional experiments using fin, swept corner, and scmiconce shock
generators lent strong support to this hypothesis. Detailed
interactions with the computational activities at Ames and
Ruty¢cre were continued with interchanges of data and computa-
tional results and consultation on specific tests and computa-
tions for the future.

c! 1983-84

The man emphasis was on the concepts of similarily con-
ditions which integrated the studies of fins, wedges, and cones.
1t was found that the interaction characteristics depend pri-
marily on the inviscid shock wave strength and shape, and conical
similarity was found for disparate shock generators. A signhi-
ficant effort was expended in expanding the data base for sharp
fins. With the extensive swept wedge studies, the shock

strengths generated varied over a much wider range than those
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available from the fin results. A new model and test program
have extended the fin results to as high as 22¢, providing the

base for an extended study of strong shocks generaled by this

geometry. The range from 12¢ to 22¢ reveals the development and

.

then disappearance of a feature called "secondary separation"

S
)
M

for tests with thin boundary layers. This phenomena was not
found for the thick boundary layver case. A critical review was
initisted in an attempt 1o integrate the significant data sets
which have been gencrated recently with the previous work and, in
particular, to focus on questions of separation, conical/cvlin-
drical boundaries, and steadiness. There are still unanswered
questions regarding the concepts of separation, and the defini-
tive conclusions can not yet be supported by the data base. The
concept of a rathcer sharp division between conicual and cylindri-
cal flows, uas rreviously suggested, has been re-examined in
detail., Although there appears to be regions in which the flow
is approximately conical or cylindrical, the boundary between

the two regions is not as sharply defined s previously proposed.
The lack of specific data available to evaluate steadiness of
the flow required the development of a new program in that srea.
Initial results were obtained using hot-wires and high frequency
surfac presure gauges which indicated that the three-dimensional
flows under consideration were unsteady, but they appeared to be
considerably more steady than two-dimensional separated flows.

The flowfield scaling predicted by experiment has now been
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compared with a series of computational studies covering a fairly 5?

> -
: . {
. wide range of geometries. Generally, upstream influence predic- f
) b
N ¢
' tions arc¢ reasonably closc to experiment, deviating somewhat at ’
higih sweep angles. !
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- 3. Brielf P'rogress RHeviews “

-2 d

. In the following sections we briefly review the progress !%i

. ~oy

made each vear in support of the research objectives. s

e

a. Jrogress during 1981 82 S

17 Conical and Cvlindrical Flows: Existing Data

Base and New Experiments

Our initial! exploratory work with sweptback compression
corners (carrled out under AFOSR sponsorship in 1979 and 1980)
reveualed the existence of both cylindricaul and conical 3D
shock/boundary laver interaction regimes. The limited investi-
patsone praoor o this time had shown some evidence of such
regimes, but no single studv had previously revealed the fact
that both arc poussible within the parametric variation of a
single experimental geometryv. One of our major goals was to
understand how and why it happens, so as to gain a better grasp
of the overall scaling rules which govern 3D interactions in
general. The existence of either conical or cylindrical symmetry

offered the possibility of a powerful simplification of 3D

interaction scaling, i.e., that one of the three space dimensions

might be degenerate, so that quasi-two-dimensional (2D) scaling

.
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might apply. It would then be necessary only to know the form
of the quasi-2D scaling rules and the boundary between cylin-
drical and conical regimes.

While the appropriate quasi-2D scaling rules werce still
subject to ongoing study, a possible "breakthrough” in under-
standing the cylindrical/conical boundary was made by examining
the existig matrix of parametric swept corner experiments in a-2
coordinates, where o is the strecamwise compresion corner angle
and A is the sweepback angle (see Fig. 4;. We developed experi-
mental criteria with which to judge whether a given swept corner
interaction was asymptotically cylindrical or conical. Plotting
these points in o- 2 space, a rough outline of the cvlindrical/
conical boundary appeared. We then carried out experiments for
additional a-2 combinations in order to define this boundary
wilh an accuracy of about *3° in X (see Fig. 2). We noticed a
similarity between the observed flow regimes boundary and the
conditions for inviscid shock wave detachment from the swept
compression corner. Inviscid detachment appecured to approximate
the asymptotic shape of the interaction , subject to two condi-
tions of interpretation: 1) that the "effective" detachment
Mach number in the boundary laver is less than that in the
freestream, and 2) that, for sufficiently high o and low )\, no
practical experiment can be done without the effects of finite

model geometry becoming important.
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27 Mach 2.0 Experimental Capability

In order to assess the effect of Mach number on 3D shock/
turbulent boundary laver interactions, we designed, built, and
calibrated a Mach 2 nozzle for our high-Revnolds number test
facility. The results of the calibration revealed that the new
nozzle is successful in providing a clean Mach 2 freestream but

the wall boundary laver was not as uniform as required for our

tests. The pitot traverse along the centerline of the test :&
h ,\-'
s
section showed no tlow disturbances other than weak waves from P}

"

the nozzle exit, window plugs, ctc. The mean Mach number was
found to be 1.95. The turbulent boundary layer on a flat plate
installed in the test secltion was surveyed extensivelv and
exhibited the expected wall-wake criteria for equilibrium.
Figure 3 illustrates the boundary laver growth in the streamwise
direction. The results define the incoming conditions for 3D
interaction studies to be carried out at Mach 2?2 durine the
following contract year.

3: 4D Flow Visualization

Recognizing that the inability to visualize complex 3D
flows at high speeds was a major stumbling block to our work and
that of others, we initiated a research effort to develop new
techniques for that purpose. A number of potentially promising
concepts were tested at Mach 3 and high Reynolds numbers. Five

of these gave useful results which were put to general use in

our research program where appropriate.
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One of the most useful of these techniques, as illustrated

."!

W
-

in Figs. 4 and 5, is the "local vapor screen." Instead of

Iy
V)

3 "v..;l

attempting the complex procedure of seeding the entire wind
tunnel flow with an aerosol, we inject a volatile liquid only
through a suitable orifice in the immediate flow region of
interest. The action of boiling and turbulent unsteadiness
creates a locul "fog" from this injectant, which is rendered
visible by appropriate lighting.

All of the flow visualization techniques which proved
successful have been made available to the research community in
a publication by Settles and Teng. Meanwhile, our flow visuali-
zation development continued with emphasis on high-speed photo-
graphy.

4 "Cobra" Probe Surveys

The automated "cobra” probe for 3D flowfield yuw surveys
was completed and tested during the previous contract year.
This year we began to use it to obtain data on the flowfield
structures of 3D interactions. The initial experiments were
done using the swept corner geometry at Mach 3, which is depicted
in Fig. 4. However, we chose the swept shock interaction
generated by a sharp-leading-edge fin for the first major test
using this new flowfield diagnostic instrument.

The swept shock interaction, as diagrammed in Fig. 6, takes

place both on the tunnel floor and on a flat plate, yielding a

difference in incoming turbulent boundary layer thickness of
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about 3:1. Our previous work under AFOSR support has shown that

1/3

its "footprint”, when scaled by 8o, varies as Reso at Mach 3.

The question of whether or not the entire flowfield also follows

this scaling rule was an important one which the experiments

r
%
Ll

addressed. Specifically, we chose survey planes at appropriate

v
) n:n
, r
L)

AP A 4
. L

s’

r’r"l

distances, Z, from the fin leading edge, according to the above

O S “p dy

) L
L‘

scaling rule, for both the flat plate and tunnel wall interac-

*
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tions with a; = 10+, We then carried out detailed flowfield

e
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surveys in both cases using the automated cobra probe.
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Typical results of these survevs are illustrated in Figs. 7

@ and 8, which depict maps of both pitot pressure and yuw angle

contours for the tunnel wall case. The crux of the experiment
involved comparing the survey results for the tunne)l wall and
flat plate, scaled appropriatelv, to determine whether or not
the previously established scaling law was effective for flow-

field as well as "footprint” shape and size. Preliminary

indications were that the scaling law was successful in the ?;

interaction flowfield. L

5) Data Base Extension: Swept Fin Geometry E:*
Additional surface pressure measurements were made to

extend the current Mach 3 data base for the case of the swept

fin geometry. An example of these measurements is shown in Fig.
9. Depicted in this figure are streamwise surface pressure

distributions at various distances spanwise from a swepl fin
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with 55 leading-edge sweepback angle. After an ipnitial "incep-
tion length” from the leading edge, the length scale of these
distributions was obscrved to grow almost linearly with spanwise
distance y. By finding a virtual origin for this growth (denoted
by &v) we collapsed pressure distributions at various spanwise

distances onto a common curve in conical coordinates, as shown.

This illustrated that the swept fin interaction in question
obeved a quasi-conical svmmetry. This result is consistent with
the previous svmmetry arguments stated for swept compression
corners.

In addition to support from the subject contract, the swept
fin experiments were partially funded by Grant NAG-2-109 from
NASA-Ames Research Center.

6) Wall Pressure Fluctuations

High-frequencv-response Kulite pressure transducers were
used te obturn tine-resolved measurements of the surface pressure
near the beginning ot the two~-dimensional 24° compression corner

flowfield illustrated in Fig. 10. The rationale for this

experiment arose from earlier tests in which it was found that

the three-dimensiocnal separated flow ahead of a blunt fin was

5 unsteady. The question then arose concerning the steadiness of a
E nominally 2D interaction. The resulis showed that

s large-amplitude pressure fluctuations exist near the beginning

S of the interaction iu the region where the mean wall pressure

rises rapidly. There is a strong indication that the flow in
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this region is dominated by an unsteady shock wave structure
undergoing random streamwise excursions on the order ot the
incoming boundary laver thickness. Thus, the familiar shape of
the mean wall pressure-rise is actually due to the superposition
of intermittent, high amplitude, shock-induced fluctuations on
the pressure signal of the undisturbed incoming boundary laver.
This phenomenon is illustrated by pressure-time histories at
threce selected points near the beginning of the interaction in
Fig. 11.

These results have some important implications: numerical
solutions of the Navier-Stokes equations for such interactions
generallyv do not account for such high-frequency unsteadiness,
so that an importunt physical mechanism may be overlovked in
these solutions. It is clcar that mean wall pressure distribu-
tions and surface strealk patterns display some tvpe of average of
the fluctuatine fiow. but the nature of this average is unclear.
Thus the proper interpretation of such mean measurements is
somewhiat clouded.  This subjcectl clearly deserves additional study
and must also be considered in the three-dimensional cases.

This work was supportced primarily by Contract N60921-82-K-
0064 from the Naval Air Systems Command. However, the develop-
ment of the high-frequency Kulite cell and data acquisition and
reduction capability has been under AFOSR support as a necessary

capability for the three—-dimensional work to follow.
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1) A Test of the "Independence Principle”

in Swept Cylindrical Interactions

Our past research had shown that cylindrical interactions,
in which the inleraction scaule becomes constant with respect to
the spanwise dimension, comprised an important 3D interaction
flow reginece. It is this regime which bridges the gap between
two-dimensional (20, and conical {(3D: shock-induced flows.
Further, our previous work had identified both the cylindrical--
conical regime boundary at Mach 3, and the probable physical
explanation of its occurrence. We approached this problem using
the classical notion of quasi-2D flow. Since one of the three
space dimensions is degenerate for cylindrical interactions, one
may begin by assuming that the flow in any plane normal to the
crlindricul axis of symmetry is identical to an "equivalent™ 2D
{fiow. This wssumption has been termed the "independence prin-
ciple,” since it requires that flows in the normal and crossflow
directions be independent of one another. It was reasoned by
early investigators that the independence principle could not
hold for turbulent flows at any speed, since the inherent
nonlincar 3D nature of turbulence precludes a simple decoupling
of normal and spanwise flows.

Thus, even though there is good reason to doubt a simple
applicabilily of the independence principle to cylindrical 3D

interactions, a proper expcrimental test of the principle has
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never been made in such flows. We have been able to carry out a
rigorous test of the independence principle as outlined above.
1t required, in addition to our extensive data set on swept 3D
interactions, a knowledge of how the 2D interaction scale varies
with Mach number. This was obtained from the comprehensive
experimential dats of Hoshko and Thomke (AIAA J., July 1976). We
were able to recast their experimental data correlation form in
a wav that reveals both Mach and Reynolds number effects expli-
citly as a tunction of compression corner angle, Q.

Comparing the 2D and cvlindrical 3D results, at the same
normal Mach number, is shown in Figs. 12a and 12b. As one might
expect, lhe c¢rossflow coupling i1s negligible at small sweepback
angles. The independence principle thus holds within the data
accurécy for sweepback angles up to 10 - 20, beyond which it
fails propressive]v,

Finaily, once may assuame gquasi-oD flow for the entire range
of swept cvlindrical interactions if an appropriate "crossflow
correction” can be found to remove the progressive failure of
the independence principle with increasing sweepback angle, X .

Such a correction,
%
1/(1 + K tan2}) ,

was suggested by Prof. George Inger, based on his ongoing

rescarch concerning the 3D law-of-the-wall and eddy viscosity.
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As shown in Fig. 13, an empirical value of K = 4 in this correc-

tion succeeds in accounting for crossflow coupling, thus permit-

v .
e Y,
] o

LR}
o

ting the general applicability of the quasi-2D assumption.

DS )

While this correction term suggests that crossflow coupling is a
purely geometrical function, our research is continuing to
scarch tor its complete physical meaning.

23y HRevnolds Number Scaling of 3D Interaction

:

lowfields

Our previous AFOSR--supported rescarch led to a scaling law
for Reynolds number effects on 3D interactions. We were able to
demonstrate the generality of this scaling law in that it

described both fin- and swept-corner-generated interactions at

Mach 3. HRowever, this demonstration had been made only for the

surface features of these interactions (static pressures, streak

o .

D

angles, ete, ), A more rigorous test including the entire

e
2.

s fe T
- .

.
VY

flowfleld wos requiresi. A sharp-leading-edge fin at 107 angle
of attach was tested with two different equilibrium incoming
boundary layers. Detailed yaw angle and pitot survevs were made
under both test conditions in order to map the respective
interaction flowfields. The major point of these experiments
was to correlate the flowfield maps of the two interactions
using the Reynolds number scaling law previously derived based

on surface measurements.

As illustrated by Fig. 14, the experimental results gen-

erally support this concept. In X and Z coordinates, scaled
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according to the established Reynolds number law, the thin and

thick boundary layer interactions exhibit a close similarity of

POy,

mean pitot pressure contours (PT). The Revynolds number scaling

law is shown to hold reasonably well for flowfields as well as

surface interaction features.

v
.
.

A series of flowfield surveys similar to those described

:
:

above for the a = 10¢° fin interaction were also carried out for
one swept compression corner interaction described by angles a =
24 and X = 40 . Cobra probe survevs were made with two incoming
turbulent boundary layer thicknesses. The purpose of these
experiments was twofold. First, i1t was desired to check the
appicability of the established Revnolds number scaling law to
the tlowfield features of an additional important interactioun

class. Second, thesc¢ measurements would provide the first

quantitative data on swept corner interaction flowfield features.

Frorw them we heped to gnin insiyht intoe the phvsical nature of
conicul UL corner flows.

Concerning the scaling law check, the results are illus-

trated in Fig. 15. Here the significant flowfield features
(separation shock, coalesced shock, and slip line) are shown in

scaled coordinates for both the thin and thick incoming boundary

.-v
I

layers. The comparison between the two is excellent, lending
further credibility to the established scaling law as a proper

representation of Heynolds number effects on 3D interactions.
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These results have been analyzed in detail in an MSE Thesis by
Mr. T. M. McKenzie.

The flowfield data for the 24~-40+ swept corner interaction
provided an important new test case for computational solutions
of the Navier-Stokes equations. In his cooperative AFOSR-
sponsored research program, Prof., Knight of Kutgers discussed
his plans to begin swept corner computations and Dr. C. C.
Horstman of NASA-Ames Research Center has computed the 24-40°
casc. The outcome oi these computational efforils and their
comparison with the experiment provided importani new informa-
tion, since the 24-40¢ swept corner interaction is 2 to 3 times
stronger (in terms of shock pressure ratioc) than the strongest
sharp fin-gencrated interaction which had been computationally
modeled thus far.

Ko 2" Compression Corncer Experiments at Mach 2

witai: bLas becs tearned sbout 3D interactions owed much to
outr priotr Kknowledge ot related 20 interactions. This Knowledge
was instrumental, for examplce, in our derivation of a gencrul
Reynolds number scaling law. A first step in our Mach 2 exper-
iments was to determine the behavior and range of the Reynolds
number scaling exponent, n. The Mach 2 results, with an average
value of n = -1/2, were quite similar to that previously observed
at Mach 3, except that n = -1/3 in the latter case. This
indicates that the Reg residual scaling effect was stronger at

the lower Mach number, which remains to be explained on a
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physicol basis through further research and analysis. It also

My

provides a basis with which to extend the present scaling ;ﬁ
philosophy to general 3D interactions at Mach 2. ?Ef
4) Sharp Fin Experimentis at Mach 2 Eg
A second phasec of our initial Mach 2 experiments involved $$
exploratory tests of sharp fin and swept corner interactions. iﬁ
el
These experiments were exploratory in the sense that they were i;
designed to provide an initial look at the possible interaction :i_
£
regimes ot the new Mach number, and also to discover the limits tif
of shock genevator size and shape within which tunnel stalling %;
could be avoided. Fin angles of attack above 8% were not :;;
possible to run, at least with the original model and test E;}
scction configuration, due to blockage generated by the strong };;
shoch wuve,ssidewall boundary laycer interaction. Both surface ;i‘
AN
flow visualizaticen traces and surface pressure distributions ES
were taken fer the available test conditions. The results of 'it
these tests, and limited 2D compression corner tests using the §$
Mach 2 tunnel floor boundary laver, indicated the prohlems with ;Ez
the two-dimensionality of that layer and the study was discon- S?
tinued.
Similar fin interaction experiments were carried out using j:V
a flat plate boundary layer at Mach 2, which has proved to be %ﬁ
two-dimensionul. Again, blockage prevented any tests at a fin ;?
angle of attack greater than 8¢, S;
¥
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5) Swept_ Corner Cylindrical/Conical Boundarv at Mach 2

An appropriate selection of models from our swept compres-
sion corner test matrix was also tested at Mach 2. The exper-
imental surtace flow pattern and static pressure data revecaled
the same twe interaction regimes already observed at Mach 3,
namely, cylindrical and conical flow. However, the boundary
between the two regimes, while having roughly the same shape as
at Mach 4, lies significantly lower in terms of the sweepback
angle, a . Thie result 1s consistent with our phvsical interpre-
tation otf the cylindrical-conical boundary in terms of invisid
shock wave detachment,

The cvlindrical/conical flow regime boundary at Mach 2 is
shown in Fig. 16. These results reveal that the boundary is
approximated bv an inviscid shock detachment line, as was the
case at Mach 3. However, the Mach number characterizing this
doetachment fine 1.80: is not significantly less than the
freestream Mach number (1.495). This contrasts with the earlier
results at Mach 3, wherein the detachment line was best charac-
terized by a Mach number of 2.2. There remains, then, the
significant problem of properly characterizing the effective
detachment Mach number (if there is one) before the cylindrical/
conical flow regime boundary can be considered as reasonably

defined and understood.
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Similarity and its Potential as

erc for Dimensionless

3b Interactions

As part of our work in the previous contract year, both
swept and unswept leading-edge fins were experimentally investi-
gated at Mach 3. At the end of that reporting period we had
found the resulting interaclions to be approximately conical in
all cases, regardless of sweepback variations in the fin shock
gencrator geometry. Further analysis of this data set revealed
a potentially powerful simplification: not only is the conical
nature of the interaction invarianl to sweepback, but also Lhe

detailed character of the interaction was found to be dependent

only upon the invisid shock angle impinging on the turbulent

boundary laver. Thus an unswept fin at moderate angle of attack ks
-
AN

produced an interaction similar to a swept fin at a higher angle :{ﬂ

’-‘1‘ o

-

of attack, so long as the inviscid shock angles (Bo) for the two
cases are equal.

A thorough discussion of conical similarity for swept and
unswept fins has been given by Lu and Settles in AIAA Paper 83-
1756. The key figure from that paper is reproduced here as Fig.
17. This figure shows that the important conical surface
feature angles of fin interactions (upstream influence By,

primary separation Rg), secondary separation BSZ’ and attachment

I

?';,/',- °
Ty . v
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BA) are unique functions of the incident shock angle Bo, irre-

spective of a wide variation in the fin geometry. If conical
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similarity was found to hold for other shock generators as well,

then the cornerstoue ot an overall 3D interaction scaling scheme

(the primary goal of the present AFOSR contract) would be
established.

A compurison between the two major classes of conical
interactions which we have studied extensively, fins and swept
compression corners, seemcd a logical step in the extension of
conical similarity to a wider class of flows. This was not
straight{orward, however, since the impinging shock angles for
arbiltrary swept corners are not know & priori and are not simply

culculalb ie. An extensive set of preliminary experiments con-
sisting of flowficld shadowgrams was required to establish a
correlation ot swept corncer shock angle vs. the corner defining
angles. At the same time we extended the conical similarity
data base by running a limited set of interaction experiments
with a new shock gencrutory geometry, the semicone, becausc the
angles ot cone-generated shock waves are known a priori from the
classical Tavlor-Maccoll theory.

An initial test of conical similarity for fin, semicone,
and swept corner shock genrators is i1llustrated in Fig. 18 by
comparing interaction upstream influence angles B, on the basis
of the incident shock angle Bo. This figure reveals that the
results for the different geometries are generally close,

lending further support to the conical similarity hypothesis.

The semicone and ) = 70° corner results are quite close, while
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the fin dats arpear to describe a slightly different slope in

8

space.
g B, SP

Note that the A = 60° corner data approach conical similar-

ity asymptotically, since for low values of o (and thus of O and

Bo }) this shock generatory geomectry

drical boundary described previously.

corner intceractions must be far {1rom
to display conical similarity, which
at very high sweepback angles. Note

values of swept corner angles o and

swepl corner into correspondence with

lies near the conical/cylin-
It seems that swept

shock detachment in order

then appears to hold only

also that sufficiently high
2 tend to distort the

the fin geometry. This

demonstrates, intuitively, that there must be limits beyond

which conieal «imilarity will hold for both shock generators,

¢ FProgress during 1983-84

1} Study of the Conical Sir

milarity Principle

f 3-D_Shock Wave/Turbulent Boundary Layer

The previous research had indicated a possible conical

similarity principle. Such a principle could unite, in & common

framework, the features and behavior of 3D interactions produced

by geometrically dissimilar shock generators (fins, swept

corners, etc.;. The initiul indication of such & similuarity

principle was at hand, though it was already known from previous

work (Lu & Scttles, AIAA Paper 83-1756) that conical similarity

holds among interactions produced by fins of dissimilar geometry.
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An extensive effort to develop this concept of a conical interac-
tion similarily principle and to test it against the obscrved
data was undertaken. This effort required a new series of

cxperimenis as well as an extended analysis of the problem. The

i results thus far have shown the basis of a similarity principle
for fin and swept compression corner interactions, bul the cone
results have not been satisfactorily correlated. 1In the fol-
lowing sections some of the details of this study are discussed.

The 3D interaction problem is believed to depend upon

Ef stream Mach nuwber, shock generator geowetry, and the charac-

k teristics of the incoming turbulent boundary layer. In order to

limit the scope of the problem, in our studies the Mach number

has been held constant at a value of 2.95 and the boundary laver

Reynolds vuwber has been fixed at o value high enought o insure

mean profile equilibraum.

Four generic conical shock generators have becn chosen as
representalive cases for the prescent study: sharp swept and
unswept fins, swept compression corners (at swecep angles > 20¢),
and semicones, Fig. 1. These are the "building blocks"” of which
such practical aircraft components as conlrol surfaces, stabi-
lizers, inlel ducts, canopies, elc. are comprised. While the
semicone geometlry is specificd by a single angle, o ,
the other geometries require both a deflection angle, a , and a

sweepback angle, X , to specify them. Note furither that, given
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a sufficient range of o and A , the fin and swept corner geco-
metries seem to belong to the same family.

A knowledge of the position of the inviscid shock trace in
the plane of the boundary layer is required as a basis for the
coordinate frame. However, determining Bo is not trivial. It
is known a priori only for unswept fins (from the exact oblique
shock thceory) and for semi-cones (from Tavior-MacColl theory).
For swepl fins aud compression corners, no simple soluions
exist, and the theoretical determination of the shock shape
requires a shock-fitting computational Euler solver. Not having
such a code at hand, we have instcad messured a wide range of
shock shapes directly from shadowgrams of the flow over rhombic
cones and delta wings at angle of attuck. The latier results
were correlated and reported by Lu & Settles.

Por Jater use iU s dmportant to know not only the itnviscid
shock angie B., bul also the shape of the shock in the vicinity
of the swept corner, Prior to detachment the shock is, of
course, planar. Beyond detachment we can make a first approx-
imation that the shock follows some circular arc in the corner
vicinity, by analogy with previous studies of 2D detachment from
wedges. By taking shadowgrams of several rhombic cone models at
various roll angles, it was possible to plot the corresponding
shock shapes and thus obtain several r/x vs.0, (the detachment

angle: data points. M.D. Salas has also computed and published
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the shock shapes for five swept corner cases at Mach 3 in ATAA
N Paper 79-1611).

i Given the above background, we searched for an appropriatce
o form for a similarity principle to possibly unite the disparate
E characteristics of fin, semicone and swept corner interactions.
i in the simplest case, a single "interaction response function"”
} would express, in a global sense, the interaction characteris-
? tics. While it Js not obvious that such a function exists,

i expericncce has shown us thal a measure of the interaction

upstream influence (necessarily an angular measurc Bu in a

conical flow) serves this purpose admirably. However, the use of

. upsilrcam influence alone has been criticized on the grounds that
|

N it fails to indicate the downstream offects of the interaction,

t Therefore, as an improved response function, we propose to use

t' the ancluded conical anglc BSI‘ 6A1 between the two must obvious

featutes o! the interaction footprint: the sharp "convergence

line” shown by most of the 0oil flow studies and designuated as

: the "separation”, and the area of divergent surface flow line, ;j
designated as the "attachment.” It should be noted that this E;ﬁ
' definition is not applicable for all cases, i.e. at low deflec- fb
- tion angles of the fin and wedge, no such characteristics are :ﬁq
' * ..!
- observed. Ea
t As shown schematically in Fig. 19 for a swept corner e
\ “~
> L
i interaction, this parameter expresses the nondimensional lateral }:3
N
‘- spreading ratc of the interaction. In principle, the lines Sl &
o t. Y
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and Al are topological features of the interaction footlprint
corresponding to loci of confluence and divergence, respectively,
of the surface skin friction lines. For the present intersac-

tions, we have observed possible boundary layer separation at Sl

.

A

-.‘.-

and attachment at Al by way of flow visuulization techniques cf. -Eb
LA

Settles & Teng, AIAA Journal, March 1983) but there is still o
—— .

some question of the interpretation of these results. We are

cautious, however, not to assume that such surface lines always s

correspond to sceparation and attachment in any given flows and

note again that these fealures are not ulwavs observed in all

flows.

An cxtensive sct of experiments and analyses were carried
out to study the concept of interaction response function. In
the connection of the response function to the observations of
surface o1l flows, it was found that the interaction charac-

teristics dependea priwmarsly on the inviscid shoch wave strength

and shaupwe. When characterized by an overall angular "interaction
responsc function,” the flow studied here can be correlated by a :;%
simple linear dependence on inviscid shock angle and radius of Ei‘
L curvature. It appcared to be that the pousition of the reattach- i} 
;f ment line, whether on the shock generator or the test surface, £
5 was a critical issue since there appears to be an apparent change ;
§ in the normal Mach number influence on interaction size. A
5 conical "free interaction"” principle, similar to that for 2D
~ flows, was derived. Given similar values of shock and
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upstream influence angles, the footprint topology of fin, semi-
cones, and swept corner interactions was found to be virtually
identical (Fig. 20 . . Surface pressure similarity was also demon-
strated {(Fig. 21,. These results form the basis of a general
conical similarity scheme which unites the features of several
geometrically dissimilar shock generator families. There are,
however, clearly somc kev unanswered questions although the
general concept noted above seems to be applicable for a rela--
tively wide range. One of the most striking features is what
appears to be the global connection between swepl corners and fin
interactions, but the lack of correlation with the cone results
at {his time. e have also no clear physical understanding of
the phenomena although we have been quite successful in our
scaling attempts.

2 High Angle of Atlack Sharp Fin Studices

e g study ol swept wedges cornploeted and providing
the base for extensive analyses, 1t became clear thal Lhe
or1ginul sharp fin studics generated shock strengtihs which were
not as strong as those for the wedge studies. Since the sharp
fin interaction, we believe, is a simpler interaction, and the
shock strength is an important parameter in our scaling, we
initiated a study to extend the sharp fin to much stronger shock
strengths. Physical limitations on the ability to "start" the

tunncl with high aunglc sharp fins of fixed geometry required the

construction of a new model of variable geometry, Fig. 2. This
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geometry provided the ability to start the tunnel at low angles

R
(1in angles of approximatcly 129). Once the tunnel flow was %i

0
.

established, the wedge angle could be increased until choking of
the tunnel took place. Results were obtained for angles of the
fin as high as 22°. The results of these studies were detailed
in the Master’'s degree of Scott P. Goodwin. Both surface
pressure data and surface flow visualization results were
obtained. The following conclusions could be drawn:

t1:; The surface {low features of strong shock-induced
interactions, with the exception of secondary separation, are
quualitatively similar to those observed at lower angles of
attack. The upstream extent of the interaction was seen to
simply increase with Increasing shock strength.

{2 Using both surface flow visualization and surface
pressute data, sharp fins have been demonstrated to produce
approinste iy o copical surface feature for angles of attack up to
22

ron The upstream influence scalig scheme of bolling and
Bogdonoff was shown to be valid for sharp fins at angles of up
to 22¢ at @ Mach number of 2.95, thus increasing the gcnerality
of the principle.

(4) The present data, uas well as that of Oskam, showed
that the streamwise upstream influence length was proportional

to the freestrean Mach number.
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In addition to the genecral conclusions a series of important
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obsrivatious were mude of importance in our general overail
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E scaling. A« the angle of attack of the fin was increased the gf

location of the virtual origin of the conical flow moved closer ;.
& to the fin leading edgce in both the streamwise and spanwise .Eﬁ
? direction. The line of convergence, "separation,"” was found to ;1

o

Alat

occur at a pressure level of approximately 85% of the plateau

vl QRS

PR |

pressure determined from the wall static pressure distributions.

i

e

3

This “"separation” pressure ratio increased with incressing angle
] 4 >

T
[
»
s

nf attack, increasiug unit Reynolds number, and decreasing

boundary JTuver thickness. A feature called "secondury separa-

tion,” which developed and then disappeared during the variation

of fin angle from 12° to 22°¢, was aslso found to depend on

boundary layer thickness as well as on shock strength. It

appcared to be associated with the dip in the streamwise pressure

distribution which was dependent on the boundary laver thickness.

Since this data sel was the Tirst for this configuration at high

- shock strengths, direct comparison with the computations of
D Knight and Horstman were of particular importance. Both the
computations of Knight at an angle of attack of 20¢, Fig. 23, and

those of Horsiman at 16° showed only fair agreement and has been

i the basis for continued refinement of the computational methods.
-

ﬁ Strong differences and similarities with two-dimensional interac-
',

5 tions were observed. The three-dimensional data were quite

different in that the initial pressure rise changed as the shock
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strength incrcased, getting stronger as the shoch strength

2,

Ca]
L

1"
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increascd. Iu two dimensions, the initial part of the pressure

N

v .
:
-

ol
"
W

distribution remained constant once the flow separated, and the

gradients were less than the weaker shock cases where the flow

was not separated. The Reynolds number dependence for both two-

! and three-dimensional interactions were markedly similar.

3) Heview of Different Data Sets

f Although reviewing the present and past work was a continu-

ing part of the subject contract, during this period special

emphasis was placed on trying to re—-examinc a serics of questions
which had arisen as Lhe research bad progressed. These questions
were primarily concerned with surface features, flow field
visualizatior, the conical’/cyvlindrical boundary, and the question
of steudsness. ke conlinucd to scarch for techniques which would
connect the surface features with the surface pressure distribu-
tions and the flowfiecld survevs that have been made. Many
comparisons were made of pressure distributions and surface flow
visualization. An example is Fig. 24. The upstrecam influence
line from surface flow visualization always seems to agree with
the first indication of the pressure rise from the wall static
pressure distribution. This also agrees with the first flowfield

disturbances that are determine from flowfield surveys. The line

of surface flow convergence, usually designated as "separation,"

was found by Goodwin to be at approximately 85% of the plateau

pressure. This pressure ratio depended weakly on the test
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variables butl increased with increasing shock strength. The
pressure ratio decrcased as the boundary layer thickness in-
creased. The pressure ratio also increased as the unit Reynolds
number was increased. With increasing shock strength, this
feature tended to occur further upstream of the inviscid shock
location. We have not, thus far, been able to connect any of the
flowfield surveys wilh this feature on the wall, although some

considerable effort has been spent in trying to do so.

The voriable angle studies of Goodwin gave the opportunity

to examine the feature called "secondary separation". Secondary
sepatration seemed to coincide with the initial peak of the
streamnwise pressure distribution although many times it was
located past the peak. As with other features of the surface
flow, it moved closer to the shock as the unit Revnolds number
was increased, agreeing with other results available in the
literature. There was, however, a significant effect which
appeared to depend on the thickness of the incoming boundary
Javer., A1)l of the features noted above were clear when the
boundary laver was thin. When the results were compared to a
thick boundary laver {(factor of 4 thicker) the surface feature
was no longer visible and the pressure distribution was also
modified so that there was less of a dip after the initiul peak.
Again, there were no features of the flowfield survey which

appeared to be connected with this observation.

-_'n “x e et - . . DR v e .
e { \~ -\_ . . .. \/ -{ . -, " . ..« ..' W .._’ [N
F-'A!4 Sl N B D s ‘L‘ . l‘_l‘ W OFNP AP AR P,

- . » r - " R . - h
- e . e e e
Pl AR AR .. \.\ \,..'. - . \
L“nL---.A.A-L.LA_'O\A.L -L_a._s.'yrﬁ_ ‘-LL{L ;;AL- -.A.f

r.'f.




Local vapor screen has thus far provided one of the few
methods of {low visuulization which have been applicable to the
complex interactions under study. It was found, however, that
the interpretation of the data obtained was difficult because of
the highly threc-dimensional nature of the interaction which had
to be inferred from two-dimensional observations (light sheets).
Although the light screcens scem to show flows that 1ift from the
surface, it should be noted that this impression cannot be
validated in practice because no illuminated particle at one part
of the observation came from the initial part of the interaction
as obscrved trom the ltight screen. FEach particle obscrved comes
by a different path from a different location in the upstream
flow. These initial conditions are unknown. Considerable
further werh is required to interpret these results, and whot is
necded is a method for tracing streamlines rather than illumi-
nating particles in arbitrary two-dimensional planes.

The conical/cvlindrical boundary for swept wedge flows was
established by Teng & Settles, Fig. 2. The major conical
similarity work has been restricted to the upper right-hand area.
It should be noted that conical flows in the region designated is
an observation of the general characteristics. To try to use the
results in engineering calculations, one must know the location
of the virtual origin of the conical flow, and this is not known

a priori. As one approaches the suggested boundary, the virtual
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origin moves further and further from the physical apex of the
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model fit ebviocus!ly i1« at infinity when the so-called border is
crosscd and the flew becomes cylindrical®. Such a boundary was
alsv established for Mach 2. There still is some considerable
question as to the physics involved in the boundary and, in
particular, how the boundary at variable Mach numbers might be
estimated. At the same time, our studies have been able to
establish thut the boundary for the full flowfield is not as
sharply defined as suggested in the original test series.

The question of cteadiness has become more and wore impor-
tant as high frequency instrumentation has been applied to
turbulent shock wave boundary layer interactions. A study of the
unstecadiness of the scparation shock structure on a two-
dimensional compression ramp, by Dolling & Murphy, showed how far
from mean conditions this flow actually was during a large
fraction of the time. This work, aud the work on the blunt fin,
have posed a serious question which until now has been unanswered
for three-dimensional interactions. The specific application and
understanding of much of our modeling is based on the assumption
that the flow is steady. The usual assumption is that, in
turbulent flows the known unsteadiness does not significantly
affect {he mean values obtained from experiment or computation.
Questions of the effect of unsteadiness on turbulence modeling is

a complctely unexplored area. These considerations dictated
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initiation ¢f the new program noted in one of the following
sections.

43 Interactions with Computational Groups

The interactions with Dr. C. C. Horstman of NASA-Ames and
Prof. Dovle Knight of Rutgers were increased during the subject
period as closer and closer collaboration has been developed.

As noted earlier, the first results from stronger shocks gener-
ated by sharp fins stimulated a new sel of computations, In
general, the computations have always seemed to he approximately
correct Tor the upstrean influence line. They do not seem to be
able to predict a secondary separation line. For increased shock
strengtihs, which exhibit sharp changes in the pressure distribu-
tion, (as exhibited by higher swept wedges and strong sharp fin
shocks: the computations generally reflect the overall pressurec
distributions but much of the detail is missed. Many of the
stronger gradientis are usually underestimated. Continued
interplay between the computations and the experiments are
clearly importani. From the experimental point of view, if
validated computations can be obtained, the computations provide
a way Lo do studies of the flowficld which are thus far not
possible from experiment. From the computational point of view,
the major contribution is to dcliermine where the arbitrary
turbulence models and computational models used give reasonable

results.
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5) High Frequency Studies

The first studies of surface pressure fluctuations in a
three-dimensional shock wave turbulent boundary laver interaction
were carried out by Tan, et.al. on the 10° sharp fin, the
original configuration studied by Oskam and examined in consider-
able detail by McClure. A set of four high frequency gauges
located 0.2" apart, were aligned with the flow direction and also
parallel to the upstream influence line in separate tests.

Pressure fluctuations were found to be small, in contrast to the

very large disturbances found in a two-dimensional compression
ramp shock wave boundary layer interaction with the same shock
strength. Cross correlation analyses suggests some degree of
unstcecadiness in the shock structure. This initial study has
shown that appropriate measurements can be made using these new
techniques and clearly extension to variable shock angle is
requiren, ine data of Fie. 295 and 26 show that the hieh fre-
quency gaupes, when time-averaged, give about the same results

as the standard static pressure orifices. It also shows that
there are significant changes in the fluctuation levels through
the interaction. The details and structure of these fluctuations
arc not understood, but seem to follow the trend shown in other
work which indicates that pressure increases amplify the distur-
bances in the original turbulent boundeary layer. The effect of
the three-dimensional structure and of the "separation” (if it is

present i has vel to be examined.
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IV. CONCLUDING REMARKS

The subject contract has supported an extensive experimental
study of three-dimensional shock wave turbulent boundary layer
intcractions causcd by shock generstors defined solely by angles.
These geometries, sharp fins, sharp swept fins, and swept wedges,
the original group studied, was supplemented by u few tests of
semi-~cones during the latter part of the program. Surface flow
visuolization resuits were obtained for all geowetries, many
surface static pressure distributions were obtained, and two
detaited flowlicld survevs, of total head and yvaw were carried
out. Numerous attempts were made to visualize the flowfield and
some exploralory studies using high frequency surface pressure

gauges were carried ouvt to evaluate the steadiness of the flows.

5 T
N

The technical results have been presented in detail in 21

<
NN

s 6

reports and pulblications and 7 presentations at national

mectings .,

1.1,

XA

Four major data sets were developed. The 107 sharp fin and

.
’

A

the 24-40¢ swept compression corner were used for full flowfield

MRS
7

surveys of total pressure and yaw angles. Sharp fin studies from
12° to 22° were carried out by examining surface pressure
distribution and flow visuualization. An extensive matrix of
surface flow visualization of wedge angles up to 24° and sweep
angles up to 70® has been carried out. These tests have provided

extensive new information on three-dimensional shock wave

A
g

TS AN

‘

s s

. N ¥ 7
il

e e e e Tt e T N L e L s e e e e e o e e S
e et T e T e e T A s e e e T e e e e S ey e T e e N T T T et At et T At et AT e
SR AN MVAIA O VLS MR S S S O A R SR L LR S TR RSO R L OO SIS




T N Y R Y W T I TN T Y T O T VT O
it Rl 4 B - i A . Ll Sl g St ad g o2 B0 10 2 A o'l s A 2’2 mid oin )a LA RS MRS ae ah _aa 4a P

O
\

7.

> A

(A

et

-
w

S T
«

3

'y

'
4

boundary Jlaver interactions and provided a broad base to check

n::\-

calculations. R
&,

oF

Significant contiributions were made in each area of "pro- ¢

poscd tasks" of the original proposal. Extension of the original

>
N
- . . . . . . ol
& scaling laws were derived, and a major contribution was made in NG
W “"-
. o
_I showing a flowfield similarity for the initial part of the t:
3 interactions of the same strength shock generated by different

shock gencrator geometries.

The major extension in the available data base has given
indirotions of posaible phyvsical mechanisms and flow structures.
Howevery, available instrumentation has not been adequate to
clearly define the details of the structure nor reveal the
complex physical mechanisms which are involved in this flowfield.
Several possible mechanisms have been proposed, each supported
to some degree by some of the results, but the available exper-
iments arc not conclusive. The classification of flows as

conical o1 cylindrical, the concept of "separation," and the
stcadiness of the flow have all been described in general terms.
The conicel/cylindrical boundary is not as sharply defined as
originally conceived, separation, as indicated by surface flow
visualizalion, has not been found to significantly influence the
flowfield and, although the flows have been found to be unsteady,

the unsteadiness is considerably less than that of

two-dimensional separated flows.
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JIST OF _PROVESIONAL PERSONKEL INVOLVED

|

IN THE CONTHACT EFFORT

Andrevpoulous, Yiannis, Resecarch Staff Member and lLecturer,
Mechanical and Acrospuace Engineering Department, Gas
Dynamics Laboratory. (Arrived May 1984.)

Bogdonof{f, Seymour M., Professor, Mechanical and Acrospace
Enginecring Departmenti: Director, Gas Dynamics Laboratory.

Dolling, David S., Research Staff Member and Lecturer, Mechanical
and Aerospace Engincering Department, Gas Dynamics Labora-
tory. tLeft July 22, 1983, to accept position as Assistant
Professor, Universitly of Texas, Austin.)

Settles, Gary S., Hesearch Engineer and Lecturer, Mechanical and
Acrospusce Lnginceeriny Department; Manager, Gas Dyvuamics
Laboratory. (Left July 31, 1983, to accept position as
Assistant Professor, Penn State.:

Smits, A. J., Associate Professor, Mechanical and Aerospace
Enginecring bepartment, Gas lynamics Laboratory.

Tan, David k. C., Research Staff Member, Mechanical and Aerospace
Engaineerinyg Dhepartment, Gas Dynamics Laboratory. (Arrived
October, 1983.:

Teng, HooY., beccarch Staif Merber, ‘Visiting Rescurch I'mgineer
from China - returned August 1982.)

Graduate Students

Lu, Frank K.-P., "An Experimental Study of Three~-Dimensional
Shock Wave Boundary Layer Interactions Generated by Sharp Fins,"
MSE Thesis #1584-T, December 1982.

McClure, William B., "An Experimental Study into the
Scaling of an Unswept-Sharp-Fin-Generated Shock/Turbulent
Boundary Layer Interaction," MSE Thesis #1597-T, January 1983.

Murphy, Mark T., "An Experimental Investigation of the
Separation Shock Wave Unsteadiness in a Compression Ramp Flow-
field," MSE Thesis #1605-T, May 1983.
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McKenzie,

bimenesonal Sbhoon. houndary Laver Interaction of the Swept
Compression Corner," MSE Thesis #1598-T, June 1983.

T

Kimmel, k.,

Laver Interaction,” Ph.D. Thesis in preparation.

Tran, 1.,

in preparation
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"Experimental Studies of Mach Number Effects in
Shock Wave/Turbulent Boundary layer Interactions,” Ph.D. Thesis
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VI. SCIENTIFIC INTERACTIONS
During the 3-vear period of the subject contract., staff and

students carrying out the rescearch program interacted strongly

with many organizations and individuals outside of the Gas

g

Dynamics Laboratory. The research program was a focus for a

'.l
i 4

[N

significant group involved in studies or applications of shock

2 5y

a0
.

wave turbulent boundary laver interactions. Many discussions
were verv helptul in the formulation of plans for the exper-~
iments, interpretation of results, and clarification of concepts.
Outside of the many usual contacts at technical meetings,
visaite and seming:e at other rescarch and industriat labora-

teries, and visits and seminars by others at the Gas Dynamics

lLaboratorv, several very strong and important interactions
developrd in collahorative efforts which had a significant

impact on the vescarch program.  Probsbly most important was

the early development of links with the strong computational
group at NASA-Awmes, through br. €. C. Horstman, and later the
close connection established with Prof. Dovle Knight at Rutgers.
These two groups are probably the foremost researchers working on
the development of computational techniques for the solutions of
the Navier-Stokes equations and the application of these solu-
tions to high-speed complex interactions. Many meetings and
telephone discussions were imporiant elementis in the planning of
the tests and computations, and in the review and critique of

both the data sets generated and the efforts of the
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computation to duplicate the results. The results of the
interactions have ended up in several jointly authored puapers.
These papers are rather unique and very important in the develop-

ment of not only understanding, but engineering techniques to use

SN AL 5, T ety T Y N R T s
d

the results in practical applications. The problem of turbulence

modeling in such interactions is one of the most difficult
I unsolved problems in fluid mechanics. The inadequacy of the
“ present turbulence models, in some cases, or the insensitivity of
. the phenomena to the turbulence model 1In others, could ouly be
5]
. determipned by the detusled comparisoen of specific experiments
and computation.
The interactions and collaboration with Prof. George Inger

. of the UGniversity of Colorado, ptouvided an input of analytic

L

study based oen trivice Jdeck (neory and attempts to model the

LR RS R

compler flows ¢! the 1nteractions under consideration. The many

deconne oo et b Ty ey vhaoh o were purticularty helpful in

developing physicul 1nsi1ghts ot the possible underlying princi-

ples on varzoue o of the flowlield.
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Fig. 1. Shock Generator Geometries
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ACETONE INJECTION TUBE PRESSURE TAPS

SIDE FENCE

TUNNEL FLOOR REATTACHMENT LINE

SEPARATION LINE

Sketch of Swept Compression Corner Geometry.

Stereo Pair Showing Acetone Injection
Upstream of Separation Zone (X = 40°).
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Fig. 6. Flow Configurations and Coordinates for Cobra Surveys of
Swept Shock Interaction.
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Fig. 19. Schematic Diagram of Conical Swept
Corner Interaction Footprint Topography
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