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ABSTRACT

An extensive experimental study of three-dimensiona] shock

wave turbulent boundary layer interactions caused by shock 7

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 layers has

been i nvert i gat ed by surface f'low visual] izat ion, mean surface

static pressure distributions, flowfield surveys of total

* pressu)(° and yaw, and several flowfield visualization techniques.

"* Snome exploratory high frequency surface pressure measurements

have been carr id out to evaluate the steadiness of these

interactions. Four major new data sets were generated: the

flowfield for a 10J sharp fIin and a 24-4011 swept compression

corn,., surf';i,, pressur c distributions and surface flow visuaIi-

vat ion for sharp fins at angles of 12 to 2120 ard an extensive

set of surface flow visualization tests of wedges up to 240 and

swept fromi 00 to 60c,

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

of interactions caused by the same strength and geometrical shock

wave generated by different shock generators are all similar.

Tine "footprinits" of the interactions, as shown by surface flow

.. *--2-,,
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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
sep~arate'd flow',. •'.
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I. INTRODUCTION

The subject contract covered a 3-year experimental and

analytic program in the Gas Dynamics Laboratory at Princeton

University. The facilities and instrumentation, the primary

experimental tools of the present investigation, were developed

under previous OSR support and were expanded, up-graded, and

modified during th, present program. The extensive results of

the study have beez: documented in detail in a series of reports

and pub Ii cat ions and presented at many nat ional and international

meetings. Tihe present report is a brief overall summary of the

activitv under the subject contract, year-by-year, which led to

significant 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

,of the pro'graml and t he yearly programs which were designed to

meet tht overall goals of the subject contract. The general

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.

e". . . . . . .
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II. OVERALL OBJECTIVES AND WORK STATEMENT

Previous studies which explored two-dimensional and three-

dimensional int eractions 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

physics. There appeared to be similarities in the interactions

generated bL geom,.tries which had no specific dimensior:, that is,

modLis Whiih ccould b' 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- f in", and t he. swvpt compression corner," with the semi-

cuxie added lat. ii, tthe program, Fig. 1. The specific tasks posed

in the oripinall work statement were:

1ý 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 characteristics of the individual interactions.

.............

e.' v o. • ::-............ . . -
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4) by means of appropriate flowfield surveys and flow

visualization, examine the physical mechanisms and flowfield

structurev; which lead lo the observed overall scaling behavior.

As the research progressed with the three original con-

figurations, the fourth geometry, a semi-cone was add.d as a

specific test of some of the new concepts of conical similarity.

The study of blunted fins, a geometry with a geometrical] dimen--

sion, wLich had beer studied under previous OSR support, was

sepaj ated out as not beiing part of the class studi vd. This work

was continued under separate Navy support.

The, originial contacts with computations, primarily carried

out with Dr. C. C. Horstman of NASA-Ames, was expanded consider-

ably in the latter phases of the present program with the

inclusion of Ptrof. D. Knight of Rutgers. Although the involve-

n f:(.It ., 1. " 1 vIIt ; ' ('l, v ie- n,.•t :rp t of tI1 ' or, i .ivzil, t cu .r

it bec•'m: an imjportant element in the subject program. The

CUIoopvratioii prov-d~d a lw,.v .lemciici of comiutat ional validInt ion

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

be obtained directly in the present program.

S. . . .. .".. .. , . .'.. . . . .. ."..., .. , ... :.. ,.,.. .. , *.- c ' ... . . .. . . .". ... .. .. • . . .. ... '. -.. .
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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 -

r ~final resolution of the problems tackled. In the following".

sect i ons the yearl y object i ves, a bri ef summary of the work

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

during oach of th. contract years is presented.

1. 1'eariv _ Psear rch Objectives

"a. 1981-EL

"The jesearch objectives for the 198]-82 contract year

"were:

I' continue to reduce, analyze, and correlate existing

data base,

2 d!ccig•i. fabricate, install, and calibrate a new, lower

MrI, number noz;'le for the 20 x 20 cm High Reynolds Number

I unne I"-

3 ~de'lo, a'i1d us' flow visunl izat. ion 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 F

boundary of cylindrical and conical flow symmetry in 3D swept

corner flows at MNc:h 3,

• . . ..
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6, build the data base at Mach 3 in certain important

areas, iiiclud ijig surl ace pressure measui ements, usi zig the swept

fir.

b 1982-82

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

1) examine the applicability of the classical "independence

principle" for the scaling of swept cylindrical shock/boundary

layer interactioui,.

(-N I uat t hi app] Jicat, i ity o f the est ab I ished IreynoIids,

number scalitig laý, for 3D interaction surface features to

intcraction flowfield,,, as well,

3) perform 21) compression corner experiments at Mach 2 as

a first sttp in extendidng the Reynolds number scaling law to

variable, Much number c.onditions,

, expand the MIdcl 2 experimental data base for both fins

ln s p'[t ('ril] ori f (I-fonl('rv . ,

r find thl, cylindrical/conical flow regime boundary at

Macli 2 atid corriie ihis wit I, 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

non-dimensional 3D interactions generated by geometrically

dissimilar shock generators.

c) 1983-84

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

I with the addition of the semi-cone, consider the overall VA

S* ** . . .. !
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similarity conditions for conical shock wave turbulent boundary

]ayc.J int (.1ra( t n .

2) extend the sharp fin studies to higher angles to

provide an extended cross-check of strong shock interactions

generated by the wedge studies.

3) initiate a review of the work carried out under the

present and previous contracts to integrate surface flow visual-

izationt, pressure distributions, and flowfields, in the light of

thfi (co 'i.cpt f,0 s.-pa t on ind reattach,'ent , Corii crll] and c'yl in--

drical f]ows, and to provide the first basis for the studies of

Stcadl .l .leSS ,

4) expand the interactions with the computational groups

at NASA-Ames and Rutgers,

iihl t ilt, t hli ;ini t u hi glh Ii equenc'y studic,; I o det ermine

the steadiness of the three-dimensional interactions which are

thc prr ia?\' Y ;ulbert of I hi, current cont r ct, these studies to

includp hot-wire. and high frequency surface static pressure

2. Summary of Work Accomplished

A brief summary of the work accomplished during each of the

contract years is noted below:

a) 1981-82'

Progress during the 1981-82 contract year includ.d the

experimental definition of cylindrical and conical flow regimes

-. ..h, ..-& ° "'- -. ,-.-.-,--.. ."2 ""- '-"- .-- "-2



in interactions ger,'rated by swept compression corners at Mach

"" 3, and n t elt n 1( i ' ,hvý :i(a il exF, Ia nut i on of these phenronena. A

. parallel study of interactions generated by sweptback fins

indicated conical interaction symmetry. The character of flow

unsteadiness at the beginning of a separated shock/boundary

layer interaction was studied and was found to be of greater

importance than was generally thought. The experimental testing

capability %tas extended through the fabrication and calibration

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

hu 1 1 i ng yaw probe,. An i nit Il study of three-di imien i onal

higih- spe(d fiew v isuai izat ion uncovered several promis ing new

techniqu.s. Finally, cooperative efforts were initiated with

other investigators who had developed computational methods to

,',r i< fl, \-, 1, ( • ,. t ype unde'r j nvc,-, ift i tion.

b 19.8:• --8,

P'rogress duriini, tht, J.982- R3 contract year i cluded an

experimental test of the "independence principle" applied to

swept cylindrical inter'acttions. Iwo major experimental flowfield

survey programs proved that the Reynolds number scaling law

previously developed for 31) interaction surface features holds

for the corresponding flowfields as well. A series of 2D

interaction experiments at Mach 2 were carried out as the first

step in extending this scaling philosophy to variable Mach

number. Also at Mach 2, the swept compression corner

cylindrical/conical flow regime boundary was found and compared
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to previous Math 3 results. The Mach 2 studies, although
k

I inii t ed, were used to explore the genernl extlension nl 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 variation to

substantiate variable Mach number predictions. Finally, a

"Co0l: CiH I s 1mn I ar J t y" hypot hes is was proposed as i means of

correlatinri ani understanding the behavior of interactions

produ ,ced 1)y g ome i r i ca IIy di ss i xii I ar shock generat ors . Addi-

tiona) experiments using fin, swept corner-, and scniconr, shocL-

g(:nicrator; lent strong support to this hypothesis. Detailed

interactions with the computational activities at Ames and

Rut frcet tqvr'- coait i nuod wi t 1 i nt erehanges of dat a and comput a--

tiona] results end consultation on specific tests and compute-

tionjs for the futuure.

c) 1983-84

Thu, maxix ejujphns.is was on the concepts of similiiity con-

ditions which integrated the studies of fins, wedges, and cones.

It 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 signi-

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

I"--

. . . . . . . .
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available from the fin results. A new model and test program

ha'o e'•xt ended the fin results to as high as 22c-, providing the

base for an extended study of strong shocks generated by this

geometry. 1he range from 12' to 221 reveals the development and

then disappearance of a feature called "secondary separation"

for tests with thin boundary layers. This phenomena was not

found for the thick boundary layer case. A critical review was

initiated in in attempt to integrate the significant data sets

whicl, have beei, generated recently with the previous work and, in

part i cul ii , to focus on quest ions of separat oion, coni caJ]/cy] in-

drical boundiri' s, 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

con.epi of a rather sharp division between conic'el and cylindri-

cal flows, a-, previously suggested, has been re-examined in . -

det i iI. Although there appears to be regions in which the flow

-* is approximately conical or cylindrical, the boundary between

tht two rcgiwoilS is riot as sharply defined as pr( -iously proposed.

The lack of specific data available to evaluate steadiness of

the flow required the development of a new program in that area.

Initial results were obtained using hot-wires and high frequency

surfae 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 d
_ .1*
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compared with a series of computational studies covering a fairly

wide range of geometries. Generally, upstream influence predic-

tions arc reasoiatlv closc to experiment, deviating somewhat atI. high sweep angles.

"3. lBrief Pr'rovress5 Reviews

in the following sections we briefly review the progress

made each year in suprpot t of the research objectives.

a, I i ogu.rus, dut iji 1981 82

1 Conical and Cylindrical Flows: Existing Data

Base and New Experiments

Our initial exploratory work with sweptback compression

corne's (carried out under AFOSR sponsorship in 1979 and 1980)

revealed the existence of both cylindrical and conical 3D

shock/boundar% layer interaction regimes. The limited investi-

p,t- JUiý 1,1 Lot to ti I.- i i.it had showii some, evideinct, of such

regimes, but no single study had previously revealed the fact

that bout aiat t ussiblL within the parametric variation uof' a

single experimental geometry. 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

... . .... . . . . .. 4
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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-

drica] and conical regimes. A

While the appropriate quasi-2D scaling rules were 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 -t-X

coordinates, where( a is the streamwise compresion corner angle

and X 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 c- t space, a rough outline of the cylindrical/

conical boundary appeared. We then carried out experiments for

additional a-X combinations in order to define this boundary

with an accuracy of about ±30 in X (see Fig. 2). We noticed a

s liln I ar.i t - 1,(t wen t hfi observed fH ow regimes boundary and t hr

conditions for inviscid shock wave detachment from the swept

compression cornei. Inviscid detachment appeared 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 layer is less than that in the

freestream, and 2) that, for sufficiently high a and low A, no

practical experiment can be done without the effects of finite

model geometry becoming important.

N:
. . ... -.. .
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2) Mach 2.0 Experimental Capability

In order to assess the effect of Mach number on 3D. shock/

turbulent boundary layer interactions, we designed, built, and

calibrated a Mach 2 nozzle for our high-Reynolds 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 layer was not as uniform as required for our

tests. The pitot traverse along the centerline of the test

section showed no, flow disturbances other than weak waves from

th. noz','Iu vexit, window plugs, etc. The mean Maclh number was

found to be 1.95. The turbulent boundary layer on a flat plate

- installed in th• test. section was surveyed extensively and

exhibited the expected wall-wake criteria for equilibrium.

Figure 3 illustrates the boundary layer growth in the streamwise

direction. The results define the incoming conditions for 3D

int v(ra.t ion s t udl i 'S to tbc carri ed out at Mach, 2 dur i'r the

following contract year.

3 31) Flow Visualizat ion

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.

r-.
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Ont' of thro most useful of these techniques, as illustrated

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

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 local "for" from this injectant, which is rendered

visible by appr-opriate lighting.

AJ] of thF, flow visualization techniques which proved

su-cpssful have been] made available to the research community in

1a publication by Settles and Teng. Meanwhile, our flow visuali-

zation development continued with emphasis on high-speed photo-

graphy.

4) "Cobra" Probe Surveys

1hc automated "cobra" probe for 3D flowfield yaw surveys

was completed and tested during the previous contract year.

This yea W WC 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
de.t

,,•*~~~~~~.................-% % %". . ...........-. ,...* ..*. -*** '.'.' .- -= . ". -" -'*- "" 4 - " -. '-.' 4== -. ". "."• ,'
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about 3:1. Our previous work under AFOSR support has shown that

1/3its "footprint", when scaled by 6o, varies as Re 6  at Mach 3.
0

The question of whetbher or riot the entire flowfield also follows

this scaling rule was an important one which tihe experiments

addressed. Specifically, we chose survey planes at appropriate

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

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

* tions with a- 10 . We then carried out detailed flowfield

surveys ini both cases using, the automated cobra probe.

Typical results of these surveys are illustrated in Figs. 7

and 8, which depict maps of both pitot pressure and yaw angle

contours for the tunnel wall case. The crux of the experiment

involved comparing the survey results for the tunnel wall and

flat plate, scaled appropriately, to determine whether or not

the previously established scaling law was effective for flow-

fitld as w,,Il as "Iootpr, nt'" shape and size. Preliminarv

indications wert, that the scaling law was successful in the

"interact ion flowfield.

5) Data Base Extension: Swept Fin Geometry

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 swept fin
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with 55' leading-edge sweepback angle. After an initial "incep-

tion length" from the leading edge, the length scale of these

distributlions was obsrved to grow almost linearly wilh spanwise

distance y. By finding a virtual origin for this growth (denoted

by ?.y) wc. collapsed pressure distributions at various spnnwise

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

This illustrated that the swept fin interaction in question

obeyed a quasi-conical symmetrv. This result is consistent with

the previous symmetry 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-frequency-response H(ulite pressure transducers were

U.s.•d t c( (,$0 , ii p#,- rT ,;o I ved mneas urementt ; of the nurfn(-, pressiure

near the beginning of the two-dimensional 240 compression corner

flowlild i11 lust rated in Fig. 10. The rationale for this

experiment arose from earlier tests in which it was found that

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

"unsteady. The question then arose concerning the steadiness of a

nominally 2D internction. The results showed that

large-amplitude pressure fluctuations exist near the beginning

of the i nt erac't ion iii the regi on where the mean wall pressur.

rises rapidl.. There is a strong indication that the flow in

. . . . . . .
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this region is dominated by an unsteady shock wave structure

undergoaitg random streamwise excursions on the order ol the

incoming boundary layer, thickness. Thus, the familiar shape of

the menn wall pressure-rise is actually due to the superposition

of intermittent, high amplitude, shock-induced fluctuations on

the pressure signal of th, undisturbed incoming boundary layer.

This phenomenon is illustrated by pressure-time histories at

th re.' s I 1-,,t •.d points near t he beginning of the interact ion in

Fig. 111.

fheste IesuIts haMI' some important implications: numerical

solutions of the Navier-Stokes equations for such interactions

generally do not account for such high-frequency unsteadiness,

so thit all importani physical mechanism may be overlooked in

these solutions. It is clear that mean wall pressure distribu-

tions and surface streal patterns display some type of average of

[I f 1 11 tu flti IT ru (Iw. 1) 11 t he n,: utnt, o f t h i ~-v rraf is unrel ear.

Thus the, projr interpretation of such mean measurements is

so)l']C( "l t r' otudad. 11his S;UbjC(t cluarly deserver. addiiiorna] study-

and must also be considered in the three-dimensional cases. "k-

This work was supported primarily by Contract N6092l-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 t hree--dimensional work to follow.
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h, Progress durinjg 1982-83

I) A Test of the "Independence Pr inciple"

iriSwept Cylindrical Interactions

Out past research had shown that cylindrical interactions,

in which the interaction scale becomes constant with respect to

the spanwise dimension, comprised an important 3D interaction

flow regin,,. It is this regime which bridges the gap between _

two-dimensional (21j. and conical 13D'. shock-induced flows.

SFuither, our previous work had identified both the cylizidrical--

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

c' li1d ical axis of symnietry is identical to an "equivalent" 2D

lIov,. This assumj tioii has been termed the "independence prin-

cip] c s since it requi rs 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

nonlinear 31) nature of turbulence precludes a simple decoupling

of normal and spanwise flows.

Thus, even though there is good reason to doubt a simple

applicability of the independence principle to cylindrical 3D

interactions, a proper experimental test of the principle has

.='

•-. •' •% . •°, - -° - . .. . . . . . . . . . . . ..°, ... . ... . ,. . , , . . , **, , . ., *.-- 1.*... .-..:.. . -.... '..- ,,. .-, .. ..
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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.

it required, in addit ion to our extensive data set on swept 3D1

interactions, a knowledge of how the 2D interaction scale varies

with Mach number. This was obtained from the comprehensive

experimental data of Hoshko and Thomke (AIAA J., July 1976). WeIwere able to recast their experimental data correlation form in

a way thaf revev-ct!! both Mach and Reynolds number effects expli-

citly as a function of compression corner angle, &.

Comparing the 21) and cylindrical 3D results, ft the same

normal Mach number, is shown in Figs. 12a and 12b. As one might

expect', the cross'l ow coupling is negligible at small sweepback

angles. The independence principle thus holds within the data

accuracy for sweepbal an g] es up to 100 - 201 , beyond which it

*fails propressiv %I ..

14- :1, , Mlit iI~I ass uic quasj 'II 1'1 o% I oi tite n t i-c> rangeg

of swept cylindrical interactions if an appropriate "crossflow

correct ion" can be found to remove the progressive failure of

the independence principle with increasing sweepback angle, X

Such a correction,

1/(1 + K tan2 X) ,

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

research concerning the 3D law-of-the-wall and eddy viscosity.
N' *
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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-

t ing the genera] appl icabi ) it y of' the quasi-2D assumpt ion.

While this correction term suggests that crossflow coupling is a

purely geometrical function, our research is continuing to

search for its complete physical meaning.

2) fievnold. Number Scaling of' 3D Interaction

FI ow-fit 1 ds

Our previous-- AFOSH--supported research led to a scaling laA

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

Ma.ch 3. However, this demonstral ion had been made only for the

s urfa.ce_ features of these interactions (static pressures, streak

an !es, etc.'. A more rigorous test including the cntire

f f i c -(I w r,, *:,.. A sharp-leading-edge fin at 10 ancIe

of attaci, %as tested with two different equilibriuj, incoming

bouridary layers. Detailed yaw angle and pitot surveys 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

. J.

. . ." .



*22

according to the established Reynolds number law, the thin and

thick boundary layer interactions exhibit a close similarity of

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

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

surface interaction features.

A scries of flowfield surveys similar to those described

above for the a = 10o fin interaction were also carried out for

Sone, swepi compression corner interact ion described by angles a =

24 aid X 40. Cobra probe surveys were made with two incoming

turlulcit boundiilvy layer thicknesses. The pui pose of these

experiments was twofold. First, it was desired to check the

appicabi I ity of the est abi ished Reynolds number sc:a]ing law to

the Ilowfield features of an additional important interaction

class. Second, these measurements would provide the first

quantitative data on swept corner interaction flowfield features.

I opT! 1(. 11 . h}',,1 d I(, 1:j'I i T I V11 t i ai o the phvs i cal nat ure of

coilicul 35 Corn:r f lo's.

Corcncr'ni n th( scal ' ing law check, the results are i]]us-

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

layers. The comparison between the two is excellent, lending

further credibility to the established scaling law as a proper

representation of Reynolds number effects on 3D interactions.
m••1•

C °b

F-.-
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These results have been analyzed in detail in an MSE Thesis by

Mr. T. M. McKenzie.

'Ihe flowfield data for the 24-40 swept corner interaction

provided an important new test case for computational solutions

of the Navier--Stobes equations. In his cooperative AFOSR-

sponsored research program, Prof. Knight of Rutgers discussed

his plans to begiin swept corner computations and Dr. C. C.

Horstman of NASA-Ames Research Center has computed the 24-40r

Qcaste. Ihe outoim4. oi these computational efforts and their

comparison with the experiment provided important new informa-

tion, since the 24-401- swept corner interaction is 2 to 3 times

stronger (in terms of shock pressure ratio) than the strongest

sharp fin-generated interaction which had been computationally

modeled thus far.

,5 2 1 Compression Corner Experiments at Mach 2

h iIl•• t"- .1 JtCill IIV, libOUt :il) Ilit (.r-tc't ionlM Oklo d V I Cu11h to

out prior knowiedge of related 2D interactions. This knowledge

was iinst'uitiu taJ , for example, in our- derivation of a general

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 Ihu6 residual scaling effect was stronger at

the lower Mach number, which remains to be explained on a

• _-':•..'_." .._,.'_. _4.,,.,.'...' -'. "..'.'..'.-'..' "."v. "'•" "" "•'k( "" "" "'""'..".......".""....."."..."".."."'..."."."......""...-".-"."".'."."."..."
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physical basis through further research and analysis. It also

t plovidL't, a basis 5 , ith %%hich to exterid tit: present scaling

philosophy to general 3D interactions at Mach 2.

4) Sharp Fin Experiments at Mach 2

A second phase of our initial Mach 2 experiments involved

exploratory tests of sharp fin and swept corner interactions.

These experiments were exploratory in the sense that they were

designed to provide an initial look at the possible interaction

reg;imf.s ot tht. nt-w Mac'h number, arid also to discover the limits

of shock generator si7e and shape within which tunnel stalling

could b,, avoided. Fin aifng cs ol attack above 8r- were not

possible to run, at least with the original model and test

Sseci ion conf'irgurnt ion, due to blockage generated by the strong

shock wuvuisidewall boundary layer- interaction. both surface

flov x isual i?!,i iop1 traces and surface pressure distributions

wert- takhen for th- available test conditions. The results of

the.se tests, and limited 21) compression corner tests using the

Mach 2 tunnel floor boundary layer, indicated the problems with

the two-dimensionality of that layer and the study was discon-

tinued.

Similar fin interaction experiments were carried out using

a flat plate boundary layer at Mach 2, which has proved to be

two-dimensional. Again, blockage prevented any tests at a fin

angle of attack greater than 8".

.1. "

• "

* .. .* ~ *... '.* ~ . *. ---7. **
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51 Swept Corner Cylindrical/Conical Boundary at Mach 2

An appropriate selection of models from our swept compres-

sion corner test matrix was also tested at Mach 2. The exper-

imentul surlace I'low pattern and static pressure data revealed

the same two 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 2. Jies sigrnificantly lower in terms of the, sweepback

ale•,, k This result is consistent with our physical interpre-

* tatiorn of the cyiindrical-conical boundary in terms of invisid

- ~~shod, wv de clrvn

The cyvindrical/conical flow regime boundary at Mach 2 is

shown in Fig. 16. These results reveal that the boundary is

approximated by an inviscid shock detachment line, as was the

case at Mach 3. However, the Mach number characterizing this

c•.dtachmeiit lin• 1 I.85.; is riot significantly less than the

freestreani Mach number (1.95). This contrasts with the earlier

results ai Mach 3, wherciin 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.

I;
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G'. Conical Similarity and its Potential as

ai O1 % r.] II Sc a 1i n g Sche ..r for D imens ion le s s

3D Interactions

As part of our work in the previous contract year, both

swept and untswept leading-edge fins were experimentally investi-

gated at Mach 3. At the end of that reporting period we had

found the resulting interactions to be approximately conical in

all cases, regardless of sweepback variations in the fin shock

ge,€erator geomet ry. Further analysis of this data set revealed

a potentially powerful simplification: not only is the conical

nat ui 4 of tht, interact! o D in t Iariant to sWeepI)Hck, Iut also the C

detailed character of the interaction was found to be dependent I
ogn]" upon the invisid shock angle impinging on the t.urhulent'

boundary y• -• i T hub. an urnswcp't fi it at nodcrit c anfl c of tat i ack.

produced an intteraction similar to a swept fin at a higher angle

of attack, so I ong as the i nvi scid shock angles (8o) for the two

cases are equal.

A thorough discussion, of conical similrarity 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 au,

primary separation BSl, secondary separation BS2, and attachment

BA) are unique functions of the incident shock angle Bo, irre-

spective of a wide variation in the fin geometry. If conical

S . . I -
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similIar ity was. found to hold for ot.her shock generators as we]l1,

t hen t he corriurstuone of ant overall 31) ir~teract ion scaling scheme

(the primary goal of' the present AFOSR contract) would be

established.

A comaparisoni between the two major classes of conical

*interactions which we have studied extensively, fins and swept

compression corners, seemed a logical step in the extension of

* ~conical similarity to a wider- class of flows. This was not

*st riti ph t foriwa rd, however, s1 nce t he imp i aging shock angl Ies for

* arbitrary swept corners are not know a__prtiori and are not simply

* Calculab'le. An e..Levs ive set of preliminary experiments con-

sistinig of' flowf~cld shadowgrains; was required to establish a

* correlation of swept corner shock angle vs. the corner defining

a -1 vl-, . At the c h t ifll( wo extended the conical similarity

*data base by runn~ing a limited set of interaction experiments

with a ne-w shock: Pencratory geometry, the semicone, because the

angles of cone-generated shock waves are known a~pjiori from the

classical 'laylor-Maccoll theory.

An initial test of conical similarity for fin, semicone,

and swept corner shock genrators is illustrated in Fig. 18 by

comparing interaction upstream influence angles on the basis

of the incident shock angle Bo . This figure reveals that the

results for the different geometries are generally close,

r. lendingr further support to the conical similarity hypothesis.

The semicone and )~701 corner results are quite close, while
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th, f i, 1 (1,1 t r Ia , t o describe a sI ight lv di ffvrfnt slope in

ýu B 0 space.u o

Note that the X = 600 corner data approach conical similar-

ity asymptotically, since for low values of a (and thus of a and

this shock generatory geometry lies near the conical/cylin-

drical boundary described previously. It seems that swept

'01 C ( i nt cract ions must be far fr omt shock detachment iit order

to display conical similarity, which then appears to hold only

at very high swee'.back angles. Note also that. sufficiently high

va]u,.s of swept corn,-r angles a and t tend to distort the.

*• fc', c(ri)',z' ijit, correspojidenxce with the fin geonhetry. This

demonstrates, intuitively, that there must be limits beyond

wh ! J. ir , imilarity ' ill hold for both shock fcntrators.

"% c ,~r P gLrj s~s _du r i n 1983-84

J Study of the Conica) Si i larity_ Principle

of 3-D Shock WaveITurbulent Boundary La.yer

I n_ teract ions

The previous research had indicated a possible conical

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

framework, the features and behavior of 3D interactions produced

by geometrically dissimilar shock generators (fins, swept

c corners, etc.;. The initial indication of such a similarity

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

work (Lu & Settles, 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-

tioi, s. iii lar i ty prni ciI, Ic and to test it againsI the ofscrved

data was undertaken. This effort required a new series of

experiments as wel Is an extended analysis of the problem. The

results thus far have shown the basis of a similarity principle

for fin and swept compression corner interactions, but the cone

results have not been satisfactorily correlated. In the fol-

lowinxif sections sowc of the detaiJs of this study are discussed.

The 3D interaction problem is believed to depend upon

st r'ain M'-li aUl't , .shok gf(il'att 41 geotiCet y, and t lie charac-

Steristics rif 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 layer

R(eyiold.. lluiwfij r l ws bei 1,'xcd at a value high enought to insure

mean profile equi iibrj url.

Four generic conicnl shock generators have been chosen as

representat' ýe cascs for the present study: sharp swept and

unswept fins, swept compression corners (at sweep angles > 200),

and semicones, Fig. I. These are the "building blocks" of which

such practical aircraft components as control surfaces, stabi-

lizers, inlet ducts, canopies, etc. are comprised. While the

semicon, geometry is specificd by a single angle, 0 ,

the other geometries require both a deflection angle, a , and a

sweepback angle, X , to specify them. Note further that, given

% o
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a suffici ent rangt, of a and X , the fin and swept corner gco-

mptries seem to belong to the same family.

A know],edge of thu position of the itnviscid shock trace in 1

the plane of the boundary layer is required as a basis for the

coordinate frame. However, determining ao is not trivial. It

is known a priori only for unswept fins (from the exact oblique

shuck t hcory) oand for sen, i.-cones (from Tay 1 or-MacCol 1 theory).

For swept f ins and compression corners, no simple soluions

exist , and the t heoret i cal det ermi nat i on of the shock shape

r'Cqu i r:- a shck-fit t i tig computational Euler solver. Not having

such j codc at hand, we have instead measured a wide range of

shock shapes directly from shadowgrams of the flow over rhombic

cones and delta wings at angle of attack. The latter results

wore cor'relatcd and reported by Lu & Settles.

I ,, IJail. uat j s iiirportant to know not only thc invi scid

shoci{ angii Ke, but also the- shape of the shock in tne vicinity

*" ~of th,' swep't corer. 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.o0 (the detachment

angle) data points. M.D. Salas has also computed and published

%o %

- - *. %m- m .ml. . . **.li .. ... . . .. . . ._:



%, . I

the shock shapes for five swept corner cases at Mach 3 in AIAA

Paper 79-1511.

Giveln thc above background, we searched for ar, appropriate

form for a similarity principle to possibly unite the disparate

charac:teristics of' fin, semicone- and swept corner in~teractions. .-.

in the simplest case, a single "interaction response function"

would (express., in a gilobal sense, the interaction characteris-

tics. hiJle it is not obvious that such a function exists,

cxperi3 (iic( has shown us that a measure of the interact ion

upstrearr influen,' necessarily an angular measure 6 in aU ,.

conic.•r flow) serves; this purpose admirably. However, the use of

upstream influence alone lids been criticized on the grounds that

it fails to indicatc the downstream t:ffect.s of the interaction.

Therefore, as an improvced response function, we propose to use

tih 1 111(1'Udt ii '(ni(CikJ Crlf C a •S I Al between the two most obvious

ueatuitcs ol thfe interraction footprint. the sharp "conlvergence

linie'" showni V mostl of' o it" oilI flow studies and des ignat ed as

the "separation", and the area of divergent surface flow line,

designated as the "attachment." It should be noted that this

definition is not applicable for all cases, i.e. at low deflec-

tion angles of the fin and wedge, no such characteristics are

observed.

As shown schematically in Fig. 19 for a swept corner
'.;

interaction, this parameter expresses the nondimensional lateral -"

spreading rate of the interaction. In principle, the lines S1

J'.

-.. . - . . . . . . . . . . . -
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and Al are topological features of the interaction footprint

corresponding to loci of confluence and divergence, respectively,

of th ( Sul face sl iI] fri ct ioi lines. ror the presenrit interac-

tions, we have observed possible boundary layer separation at Si

and attachment at Al by way of flow visualization techniques cf.

Settles & Teng, AIAA Journul, March 1983) but there is still

sont question of tha,- interpretation of these results. We are

caut o )uý., hcv,.e\x , not t o assumc t lint such surface lines always

corresporid to separatiun and attachment in any given flows and

noti, again t ,it the.s.e featt•, tes fre not always observed irt all

flows.

An extejzsive set of experiments and analyses were carried

out to study the concept of interaction response function. In

"" the co,,nnctli of th" reqsootis. funrtion to the observntions of

surface (-] 1 fJo•,'.., it was found that the interaction charac-

t(e. istics dup'l, l t , 0 l .hlill • iI ly oli thit ihi\ Scijd shocl, wi;%' str,'iiith,

and shij(-. When characterized by an overall angular "interaction

response furjntiorj," the flow studied here can be correlated by a

simple linear dependence on inviscid shock angle and radius of

curvature. It appearcd to be that the position of the reattach-

ment line, whether on the shock generator or the test surface,

was a critical issue since there appears to be an apparent change I.'N

in the normal Mach number influence on interaction size. A

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 virtual]y

identical ýFig. 20 . Surface pressure similarity was also demon-

strated (1ig. 21 1 These results form the basis of a general

conical similarity scheme which unites the features of several

geometrically dissimilar shock generator families. Therte are,

however, clearly so•ec key unanswered questions although the

gener;; co1,I(,pt (,ot1 d above. seems to be applicabl]e for a rela--

tiv.l w'idc rar,6c. One of the most striking features is what

al),jenr)s r , I b, I h( I alba] connect ion between sw(ept corners and fin

interactions, but the lack of correlation with the cone results

dt this t irn . ',, : havae lso 11c1 (:lA ar phyfsical understanding of

the phenomena although we have been quite successful in our

sc8al ing ItteCmpts.

2' IIi, i Angle of AtI ac'k Sharp Fin Stidics

t . ' .. : - ui, ," sd f, w..dges cOm lI t 'd iid piev i ding

the bese fobr xtensive analyses, it became clear that the

or g J~ri, Sh•p fiii studjiu's generated shock strczgthh; 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

tunnel with high angle sharp fins of fixed geometry required the

construction of a new model of variable geometry, Fig. 221. This

S - .. -
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geometry provided the ability to start the tunnel at low angles

-iii ant I es ol approxinautc:l y 121). Once the tunnel flov, was

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 22c. The results of these studies were detailed

in the Maste r's degree of Scott P. Goodwin. Both surface

pressure data and surface flow visualization results were l,_

obtained. Thc fol]lowing conc.lusions could he drawn:

rV1 Thfe surface flow features of strong shock-induced

inte a 't i on; , wit h t he except ion of secondary separation, are

qualitatively similar to those observed at lower angles of

attack. . he upst reaw extent of the interaction was seen to

siml, Iy iic-reast with inc reasing shock strength.

,2 L's j rg hot , surface flow visual I zat ion and surface

pressur e data, sharp fins have been demonstrated to produce

-frill?, FIaV I r rfar, feal ur, for nng]i ,; of at tac. up to

T'u1'11 t r!eamt , i nf-l1 ufnc-r s'al i g scheme of ol Ii ng and

Bogdonoff was shown to be valid for sharp fins at angles of up

to 22c' at a Mach number of 2.95, thus increasing the generality

of the principle.

(4) The present data, as well as that of Oskam, showed

that the streamwise upstream influence length was proportional

to the vfretst reani Mathi numb er.

o•I
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In addi t iol to the genci al conclusions a series of important

obs r cva tlolls vere ,,lade of importance in our general overaill

scaling. Aý. the nni]f, of attack of the fin was increased the

location of the virtual origin of the conical flow moved closer

to the fin leading edge in both the streamwise and spainwise

direction. The line of convergence, separation," was found to

occur at a pressure level of npproxim&itely 85% of the plateau

pressure determined from the wall static pressure distributions.

Thi.. '"s'pai ajt i o," pIrvssure ratio increased with inlcreas i ng arigle

of attar4;, increasing unit Reynolds number, and decreasing

buundairN Jl ui thichkn,.s. A feature called "secondary separa-

tion," which developed and then disappeared during the variation

of fi aini-i g from I', to 221 , was also found to depend on

boundary lay't thickness as well as on shock strength. It

app.ared to b( associated with the dip in the streamwise pressure

Sdist.-i but ion which waF. dependpnt on the boundary layer thickness.

S Since this data .cet was the, first for this configuration at hith ""

shock strengths, direct comparison with the computations of

Knight and Horstman were of particular importance. Both the

computations of Knight at an angle of attack of 20c, Fig. 23, and

* those of Horstman at 160 showed only fair agreement and has been

the basis for continued refinement of the computational methods.

Strong differences and similarities with two-dimensional interac-

t ions were observed. The three-dimensional data were quite
4. ir

di fferent in that the. initial pressure rise changed as the shock,'.

4....



st r engt h i iicrease(I gett i rg st ronger as the shoch sti ength

i I ea UeS k In two di ncns ions, the initial part Of theC pre-SSUr e

distribution remained constant once the flow separated, and the 1

gradients were less than the weaker shock cases where the flowOF

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

and three-dimensional interactions were markedly similar.

3) R~eview of Different Data Sets

Al though revi ewing t he present aind past work was a cant inu--

ing pai t oif the subject contract, during this period special

ernpli~i~;is was, placed onl trying to re-examine a serier: of quest ionis

whhichi had arisen as the research had progressed. These quest ions

* were primarily conicerned with surface features, flow field

visualization~, the ronical'cylindricai boundary, and the question

* ~ 1 ofSte(iUidless . Vic (.oli iflucti toeac for techyji quv!! which would

connect the surface features with the surface pressure distribu-

t i ons j nd t fif f I owf i c I d s u rveys t ha t have b een made. MIny

comparisons were made of pressure distributions and surface flow

i sukhIi a t ioil. An VNEainpie is Fig. 24. The upstreamu inufluence

line from surface flow visualization always seems to agree with

the first indication of the pressure rise fromi 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

h pressure. This pressure ratio depended weakly on the test

7.,~
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variables but inereased with increasing shock strengthi. The

Spre-;ux ( l •,t lde(;,ca.•,d as the boundary Iayel t hickiess 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 a__n of the

flowfield surveys with this feature on the wall, although some

consid,.rabl eff ort has been spent ili trying to do so.

Thu varial.,i angle studies of Goodwin gave the opportunity

tIo cxam ine thlie feature, called "secondnry separation". Secondary

*" separation seemed to coincide with the initial peak of the

streamwise pressurc, distribution although many times it was

located past the peak. As with other features of the surface

fief, ;t noxc-d (cI ose. to t h- shoctk as the unit Reyrnolds number

was increased, agreeing with other results available in the

l it vr, t ure. There was, hwo-ver, a significant effct which

appeared to depend on the thickness of the incoming boundary

I av r. A] of the feat urcs noted above were clear whvn t he

boundary layer was thin. When the results were compared to a

thick boundary layer (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 initial peak.

Again, there were no features of the flowfield survey which 7...

appeared to bh connected with this observation.

%.
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Loc•i, vxapu sc'reen has thus far provided one of the few %

. icthods (i f lo" visual i7at ion which have been appl icable to tlt,.

* compleN interactions under study. It was found, however, that

the interpretation of the data obtained was difficult because of

"* the highly threu-dimensional nature of the interaction which had

to be inferred from two-dimensional observations (light sheets).

Although the( light screens sceem to show flows that lift from the

surlace, it should be noted that this impression cannot be

v itJ ,t cd n 17iact i c' because no il luminat ed part icle at one part

of the observation canme fronm the initial part of th(e interaction

ilas Ubse.l Vj.ed 11(31 t hit, iiht scree,. 11ach part ic C obsci-ved comvs

by a difhI.ent path from a different location in the upstream

f']'ow. The~sv, initial conditions are unknown. Conside rable

futit L• i wk i. revquired to interpret these results, and what is

neCded is a method for tracing streamlines rather than illumi--

nating particles itt arbitrary two-dimensional planes.

The conical/cylindrical boundary for swept. wedge flows was

established by Tetng 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

origin moves further and further from the physical apex of the



IT•,( it L :b\'iotu; Iy iý.. at infini ty when the so- (:alled border is

cross.d and t fhr, H ow bheom,.-s cy'lindrical' Such a boundary was

also established for Much 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 that the boundary for the full flowfield is not as

sharply defined as suggested in the original test series.

The quest 1utm of !. tea•ii ness has become more find mior(e impor-

tant as high frequency instrumentation has been applied to

tur-bul , it shuto , boun••iay. e ourdiry (-a t interact ionts. A I tidy of th"e

unsteadiness of the separation shock structure on a two-

dimensional compression ramp, by Dolling & Murphy, showed how far

from mc-ant condi tions this flow actually was during a large

fr11 t Ion ()l' th - I t- t ie. This woth, atid the work on th<e blunt fin,

have posed a serious question which until now has been unanswered

for three-dimensional interactions. The specific application and

understanding of muc-h 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 the mean values obtained from experiment, or computation.

Questions of the effect of unsteadiness on turbulence modeling is

a completely unexplored area. These considerations dictated

.. .-. .
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iri nt iat i on of the new program ,ot ed in one of the fo lowing

sect i•nos.

4 Interactions with Computational Groups

The interactions with Dr. C. C. Horstman of NASA-Ames and

Prof. Doyle 1Enight of Rutgers were increased during the subject

period as closer and closer collaboration has been developed.

As noted earliei, the first results from stronger shocks gener-

ated by sharp fin-s stimulated a new set of computations. In

general, thc computations have always seemed to be approximately

correct for the upstream influence line. They do not seem to be

able to predict a secondary separation line. For increased shock

strengiths, which exhibit sharp changes in the pressure distribu-

tion, (as exiNhibited by higher swept wedges and strong sharp fin

shocks, t he computatiions genera]]y reflect the overall pressure

*- distributions but much of the detail is missed. Many of the

stronger gradjenatE are usual]y underestimated. Cont i nued

interplay between the computations and the experiments are

clerly cai port ati. From the experimental point of view, if

validated computations can be obtained, the computations provide

a way to do studies of the flowfield which are thus far not

possible from experiment. From the computational point of view,

the major contribution is to determine where the arbitrary

turbulence models and computational models used give reasonable

results. "'VL
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5) High Freguency Studies

1he first studies of surface pressure fluctuations in a

thre--dimensional shock wave turbulent boundary layer interaction

were carried out by Tan, et.al. on the 100 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.

-PrT ssuri f uct uIt ons were f ound to be small , in cont rast to the

very largF.e disturbances found in a two-dimensional compression

ramp shoct. wave boundary layer interaction with the same shock

strength. Cross correlation analyses suggests some degree of'

uiistcaditicss in ihc shoco; structure. This initial study has

shown that appropriate measurements can be made using these new

technifju1;' and clearly extension to variable shock angle is

requit-,r It,- data of Fi P. 2.., and 26 show that the high fre-

quvjUc( gauges, ,ih,,n t imc-averaged, give( about the samie results

as th,. 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

are 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 boundary layer. The effect of

the three-dimensional structure and of the "separation" (if it is

prcsvt has yct to be examined.

- 2 _1 o•.'
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IV. CONC 1,U) 1 NG PFMA, IH {S, 1%

The subject c.ntract has supported an extensivc experimental

study of three-dimensional shock wave turbulent boundary layer

interactions, caused by shock generators defined solely by angles.

These geometries, sharp fins, sharp swept fins, and swept wedges,

the origirna] group studied, was supplemented by a few tests of

seni-cones dur ring the. latter part of the progranm. Surface flow

i s ua I; t : o I I r 1su tJ t were. obt ained for all gcoil I (eES, many

surface static pressur' distributions were obtained, and two

*( t ai IaI f'lov,'H V 1. ;I -t.v. of tot al head and yaw we, c carried

out. Numerous attempts wore made to visualize the flowfield and

some exploratory studies using high frequency surface pressure

gaupes wrorr, carried oat to evaluate the steadiness of the flows.

The' technical results have been presented in detail iin 21

reports and puLlications and 7 presentations at national

meet i ng:;.

Four maj or ldati setts we) , de\,e' oped. The 1O' sharp fin and

the 24-406 swept compression corner were used for full flowfield

surveys of total pressure and yaw angles. Sharp fin studies from

120 to 220 were carried out by examining surface pressure

distribution and flow visualization. An extensive matrix of

surface flow visualization of wedge angles up to 240 and sweep

angles up to 70c, has been carried out. These tests have provided

extensive new information on three-dimensional shock wave

7..
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boundary laver inter-actions and provided a broad base to check

cal cul at i orn .

Significant contributions were made in each area of "pro-

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

o* scaling laws were derived, and a major contribution was made in

N..
showing a flowfield similarity for the initial part of the

interact ions of t hf same strength shock generated by di fferent

shock gei1l at or geomet KieC,

Thc major extension in the available data bhse has given

ind~iotions f of possible physical mecharisms and flow structures.

However, civa i I ah I e inst rulment fit ion has not been adequat f to

clearly define the details of the structure nor reveal the

complex physical mechanisms which are involved in this flowfield.

Seveial possihbl" mechanisms have been proposed, each supported

to borr. (ldP.•;I{•A b somt of th. results, but the available exper--

iments are not conclusive. The classification of flows as

conical em cyl indii cal, the concept of "separat ion," and the

steadiness of the flow have all been described in general terms.

The conica]/cylindrical boundary is not as sharply defined as

originally conceived, separation, as indicated by surface flow

visualization, 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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\V. 1,7.ST OF PIROIYFSONAJ PERSONNEI, INVOLVED
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Mechanical and Aerospace Engineering Department, Gas
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Bogdonoff, Seymour M., Professor, Mechanical and Aerospace
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Do__i.ng, David S., Research Staff Member and Lecturer, Mechanical
and Aerospacre Engineering Department, Gas Dynamics Labora-
tot[". (elo t July 22, 1983, to accept position as Assistant
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Settles, Gary S., Research Engineer and Lecturer, Mechanical and
A''rosp•ice i, nvfireerlxg,, Departnmnt, Manager, Ga; Dyllanaics
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As;.7;istant Professor, Penn State. .
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_an, David h. C., Research Staff Member, Mechanical and Aerospace
Engineerinj Department , Gas Dynamics Laboratory. kArrived
October, l983.

a. . *. . . Visit ing Research Vnp iricer
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,"
MSF Thesis *15'84-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 #*605-T, May 1983.
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McKenzie, T. Michael, "A Flow Field Scaling of the Three-
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Compression Corner," MSE Thesis #1598-T, June 1983. -a-.

Kimmne, h., "Conical Similarity in Shock Wave boundary
Layer Interaction," Ph.D. Thesis in preparation.

Iran, 'I., "Experimental Studies of Mach Number Effects in
Shock Wave/Turbulent boundary Layer Interactions," Ph.D. Thesis-
in preparation.
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VT. S-CI.ENT.IFIC ..INTE.R!ACT.IONS

I)ur.inp the 3-year period of the subject contract, staff and W.

studcnts cairying out the research program interacted strongly

with many organizations and individuals outside of the Gas

Dynamics Laloratory. The research program was a focus for a

significant group involved in studies or applications of shock

wave turbulent boundary layer interactions. Many discussions

were very helpful in the formulation of plans for the exper-

imu, n ;i, ntirpt ata ion of results, and ,larificatiorn of concepts.

Outside of thp many usual contacts at technical meetings,

v i.il'. ,,nd sULIM:1! , at ot her research and indust ri al labora-

tories, ar,d visits. arnd seminars by others at the Gas Dynamics

Laboralory, several very strong and important interacttio ns

develop,.d in collaborative efforts which had a significant

imfla(ci o t hi, rc;car'h program. Probably most important was

thlc eat ly development of links with the- strong computational

groul. at NASA-Awes, through Dr. C. C. florstman, and later the

ciost: conn*.ection established with Prof. Doyle 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
tel-ephon& discussits were imprtant elements 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

.-4.
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computation to duplicate the results. The results of the

interactions have ended up in several jointly authored papers.

These papers are rather unique and very important in the develop-

ment of riot only understanding, but engineering techniqu.s to use

the results in practical applications. The problem of turbulence

model ir g in suc:h interactions is one of the most difficult

unsolved problems in fluid mechanics. The inadequacy of the

present t urbu J ericc mode Is., in soemi cases, or the inserisi t ivi ty of

tht. j'lieiiomn,-rd to t ir turbuleti,(e model in others, could only be

dt.tt,i ii, -i d b)y th, d-.tutiled cofi, arisor, of specific expeli meits

arid computat ion.

Thl int(ra( tioiiý: arnd co]] alorntion with Prof. George Inger

of thfe tUIiv, sits C. (,t iui)+du, pzu ided an input of anralytic

studyI basid ci t tit, J 'd ' i;(.)Jr and attempts to Diode] the

compI]e; f1uw, I t tj intez artions und.r consideration. The many

t.. It 1 . 61,1 pa ti icuh 'i y IN.1 li'ful ill

deuloitL pt.%sicul insights of the possible underlying princi-

~~* 11 Ic f ' :' ~ Ii 11 I~ 1 4 1 (1.
•. • - , • ,u : , < f t , f l •IA• ' d
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