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- I SUMMARY

An extensive experimenta l Investigation has been made of
three—dimensional blunted fin—In duced shock wave turbulent boun—
dary layer Interactions. Surface pressures , heat t r a n s f e r  rate
distributions and oi l streak patterns were obta i ned over a range
of fin bluntnesses and incidences for two different Incom ing

• - •~~ boundary layers. These Incoming boundary layers had mean thick-
nesses in the ratio of approximately 4:1. A l l  the measurements
were ma de at a freestream Mach number of 3, a un i t R e y n o l ds num-
ber of 6.2 x I0~ m 1 (1.6 x 106 1n I) a Ith near adiabatic
wa l l  conditions. -

)Prellm inary analysis of these data Indicates that, over a
l arge reg i on of the i n t e r a c t i o n , the  proper ty  d i s t r ib u t i o n s  col-
lapse using purely geometric parameters. In contrast to its two—
d i m e n s i o n a l  coun te rp art , wh ich Is a highly Reynold ! number depen-
dent viscous phenomenon , the present results seem to In dicate
that the three—dimens ional case Is prim a r i l y  inv l sc i d.
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NOMENCLATURE
• A5 slug cross—sectiona l area

D leading edge bluntness . diameter (DIA) 
-

CH heat transfer rate coefficient

CH D heat transfer rate coefficient evaluate d using
V van Driest I I correlation

Cp specif ic heat at constant pressure

C5 s p e c i f i c  heat of s l u g  mat e r i a l

m5 s l u g  mass

M Mach num ber

P p ressure

heat t r a n s f e r  ra te  at the w a l l

Re Reynol ds number

T temperature

Tw w a l l  t empera tu re

Tr recovery t empera tu re

s l u g  t empera tu re

t t i me

Li ve l oc i ty

X coordinate parallel -to the tunnel axis measured
• from furthest poi nt forward of shock wave

distance along Instrumentation line measured from
the shock wave location

V coord i nate norma l to X axis In plane of test
surface measured from lead ing edge of shock
genera tor

aG shock generator inci dence

6 boundary layer thickness (DELTA )

5

~ 

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —.—--- -s~~~~~ --~-~--- ’ ~~~~~~~~~~~~~~~~~~~~~



NOMENCLATURE
(cont)

P density

Su bscripts

o stagnat ion conditions

f r ee s t r eam c o n d i t i o n s
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I. INTRODUCTION

A vast  amoun t  of research  e f f o r t , both e x p e r i m e n t a l an d
theoret i cal , has been and continues to be aimed at gaining a
better understanding of the i nteractIon between a shock wave and

• a tur bulent boundary layer. Of these studies , a l a r g e  propor-
tion have invo l ved the two—d i mensiona l interaction , ty p i f i e d  by 

-
-

• t-hat occurr ing on a compression ramp or on a plane wal l  with an
externally generated Impinging shock wave.

I I I n  p r a c t i c e ,- nearly a l l  interactions occI.~r r ing  on h i gh
~~ ~ 

speed flight vehicles are either f u l l y  three—dimensiona l or dis-
play some degree of three—dimensiona lity. It is only recently,
however , that any detailed Investigations have been made of these
three— dimensiona l interactions. These are briefly discussed in
the rev iew of previous investig ations given in Section 2.
Primarily, the neglect of three— dimensional interactions has been
du e to the experimenta l d i fficulties of resolving the complex
f l o w f l e I d . I t  i s a l s o  i n  pa r t  d ue to t he des i re to have  un der-
stood and have developed prediction techniques for the two—
di mens i ona l i nteract i on , before attempt i ng to mo del t he more
complicated three—dimensiona l flow. Very few of these interaction
stu di es , either two— or three—dimensiona l , have been carried out
at the high Reynolds numbers typica l of flight conditions.

The current experimenta l investigation , p lanne d as t he
f i r s t  st age of a cont i nu i n g p r o g r a m , I s  a majo r ex tens i on o f
earlier work carried out using a sharp leading edged shock gener—
ator. In this new study, an extensive parametric study of three—
dimensiona l blunted fin—induced shock wave turbulent boundary
layer interactions has been made. Surface property distributions
have been measured over a wide range of fin bluntnesses and m ci —
dences for twO diff erent incoming bound ary layers. These boun-
da ry l ayers  were  gener ate d on two mo del con f i g u r a t i o n s  an d ha d
th icknesses In the ratio of about 4:1. The test matrix covered
for both of these stu dies is shown in Figure I. Al I of the mea-
surem ents were made In the Princeton University Gas Dynamics
Labora tory ’s h igh Reynolds number supersonic blo wdown tunnel.
In thi s tunnel , unit Reynol ds numbers as high as 3 x 108 m 1 can
be generated. Based on length , Reyno l d s n u m bers c lose  to I b i l -
lion are possi ble.

The ma in aim in this study was to make the surface measure-
ments  an d to i ncorpora te  them In t o  a com p uter i ze d d ata ba n k , I n
a form su itable for a future In—depth analysis. From the large
and u n i q u e  dat a bank  b u i l t  up I n  t h i s  s tu d y ,  it should be possi—
b le to identify the key parameters controlling the surface pro-
perty distributions In different regions of the I nteraction.
Th is report describes the experimenta l program carried out to make
these measurements an d presents de tails of the preliminary analy—
sls ma de on these data.

7
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2. BRIEF REVIEW OF PREVIOUS THREE—DIMENSIONAL STUDIES

In the three—dimens ional domain , the  s tate of the  art i s
not very far advanced compared to two—dimensiona l flows. A num—
ber clf studies (Refs. 1—6 ) has been made of the three—dimensional
flowf ie- lds generated by protuberances , either partially or corn—
p lete ly immersed in the boundary layer. Such Investigations h-ave
prov ided u s e f u l  i n format i on on the  I n t e r a c t i on sca l e , the sur face
f l ow patterns , an d some q u a l i t a t i ve data on re gio ns of h i g h heat
transfer rate.

Other investigat ions have examined particular aspects of
the blunted fin—induced lnterac tic.i. Price and S t a ll ing s  (Ref.7)
l a id em pha s i s  on the  e f f e c t  of f i n  swee p a n g l e , fin thickness and
he ight upon the interaction pressure distribution. The shock
generator used had a hem i c y l i n d r i c a l  leading edge and was main-
ta i ned at zero incidence. Tests were made in the Mach number
range 2.3 to 4.4 an d at f rees t ream un i t Reyn old s n u m bers up to
15 x 106 m ’. G i l l e r l a i n  (Rets. 8,9) has used phase change paints
to study fin-body interference heating c~ a cone—fin model and
a lso made limited pressure measurements. Kaufmann , Korkegi and
Morton (Ref. 10) obta i ned surface pressu e distributions and pitot
profiles in the interaction region ahead of a he m l— c y l i n d r i c a l l y
blunted fin. Sch lieren photographs from trtis study showed the
interaction flow to be unsteady but no quantitative data were ob-
ta i ned. These measurements suggested that the amplitude of the

— 
- osci I lation was severa l times greater than the undisturbed bou n—

dary layer thickness.

Studies such as these , as well -as m any others , have re—
suIt ed In a greater understanding of certain aspects of the inter-
action. This is particularly true in the region around and ahead
of the fin nose and on the latter itself. As far as is known , no
studies have been extensive enough in their variation of geometric
an d f l o w  pa r a m e t e r s  to su ccess f u l l y  det er mi n e thos e par ameter s
whic h contro l the surface property distr ibutions.

Up u n t i l  r e c e n t l y ,  the majority of the data av a i l a b l e  on
these interactions came from the studies of McCabe (Ref. II ) ,
Lowr ie (-Ref. 12 ) , Token (Ref. 13) and Peake (Ref. 14). These In—
vestigat lons , al l -  in the Mach number range 2 to 4~ invo l ved a
shoc k wave emanating from a sharp leading edged shock generator.
I n  these stu di es , the area of ‘he interaction examined was limited
In extent and little detail of the flowfield itself was provided.

A considerably more extensive and detailed study, carr i ed
out under contract to the Air Force Flight Dynamics Laboratory,
was made at the Gas Dynamics Laboratory during the period 1973—75.
T hi s s t u dy ,  also Involving a sharp le ading edged generator , is re—
por te d on I n  deta i l I n  Ref erences  1 5 to 1 7 . In a well def lneU

• experimental set—up, detailed surface and f u l l  f l owf l e l d prope rties

9
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were measUred through the Interaction regIon. Surface data from
this study Illustrated the sharply contrasting trends between
two— and three—dimensional InteractIons. Upstream Influence was
shown to be Independent of shock strength with the interaction
length -decreasing with Increasing Fnci dence. More Importantly,
the detai le d fl owf le ld surveys showed the flow ahead of the shock
wave to be dom i nated by an extensive Inv i scid flow Interference

- between the upstream compression waves and the main oblique shock
Itself. Data from this study have been used by Hayes (Ref. 18)
as part of a data base for developln .g prediction techni ques for
the character istics of these Interactions.
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3. EXPERIMENTAL PROGRAM 
.

3.1 Genera l Objectives. The aim at the start of this
investigation was to conduct an experimenta l program which would
yiel d sufficient relevant data to Identify those key parameters
c o n t r o l l i ng the Interaction surface property distributions.
Extensive use was made of equipment develope d previously at the
Gas Dynamics Laboratory for Investigations of three—dimens ional
shock wave—turbulent boundary layer Interactions (Refs. 15 , 16 ,
17). A large proportion of this equipment was deve loped under
contract to the Air Force Fl ight Dynamics Laboratory .

3.2 Test Equ i pment.

3.2.1 Wind tunnel facility . The experimenta l study was
carr ied out In the Princeton University high Reyno lds number

• su personic blowdown tunnel. This tunnel has a working section
20 cm x 20 cm (8” x 8”), a nom i n a l  f r e e s t r e a m  Mac h n um ber of 3

• an d may be operated at s t a g n a t i on pr essures  r ang i ng f rom 4 x l 0~
Nm 2 to 34 x j~~~5 Nm 2 (60 psia to 500 psla). The tota l temper-
ature of the flow is typically In the range of 250°K—270°K (450°R—
485°R). The actua l value at any given time is determ i ned by the
loc a l ou ts id e t e m p e r a t u r e , the Joule—Thompson drop across the
ma i n r e g u l ator v a l v e  a n d t he amou n t  of heat  t r a n s fer re d f rom the
inlet piping.

In the curr ent study, a l l  of the  tests were ca r r i ed out at
a stagnct3on pressure of 6.8 x l0~ Nm 2 (100 psia ) corresponding
to a freestream unit Reynolds number of about 6.3 x lO~ m ’ (1.6
x 106 in 1 ). With the above mentioned temperature considerations
the model was at near adiabatic wall conditions for all tests.
A fu l l  description of this fac il i t y  can be found in Reference 17.

— - A photograph of the tunnel showing the nozzle and test section Is
g iven In Figure 2.

3.2.2 ThIc k boundary layer — Model I. Two model confi gu-
rations forme d the basis of- this experimenta l inves tigation. The
Model I c o n f i g u r a t I on used the  boun da ry l a y e r  d e v e l o pi ng on the
tunnel wa l l .  This is a two— dimensional f u l l y  turb ulent boundary
l a y e r  w i t h  a t h i c k n e ss ~ 1.27 cm (~ .5 in ) in the region of
the interaction. The shoc k generator used spanned the tunnel
vert ical l y  and was 25.4 cm (10 In ) in length. The edges of the
shock gener ator whi ch mated with the tunnel floor and ce iling
were prov id ed w i t h  a n y l o n  sea l to e l i m i n a t e  any  l e a k s  an d re d uce
marr ing of contacted surfaces. The shock generator was supported
by bear i ngs near  the  lea di ng edge and an  a rm e x t e n d i n g  i n f rom

• the si dewall. This arm was lin ked to a screw drive mechanism
wh ich allowed manua l adjustment of the angle of Incidence by an
external drive wheel. Since the center of rotation of the shock
generator was displaced from the leading edge by a small distance,
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the value of ‘(/6 or Y/D for a given Instrumentat ion row
change d slightly with generator Incidence. This change was small
an d had no effect on the analysIs. Values of ‘(ID In the test
matrix (figure I ) are for an incidence of 0°. A schematic of the
shock generato r and d r i v e  m e c h a n l s n~ is shown in Figure 3. A
photograph of the test section and shock generator drive mecha-
nism Is shown In F igure 4.

Four different bluntnesses were used with the thick boun-
dary layer (Model I) study as well as the sharp leading edge
shock-generator. The blunt leading edges measured .318 cm (.125
In ) to 1.27 cm (.500 In). This resulted In a range of D/6 of
about .25 to 1.0. A photograph of the Model I shock generator
w ith the various leading edge bluntnesses is shown in Figure 5.

3.2.3 Thin boundary layer — Model 2. The Model 2 confIgu-
ration made use of the boundary • layer developing on a sharp
lea ding edged plate which spanned the tunnel horizontally. The
Incom ing two—dimensional f u l l y  turbulent boundary layer had de-
velope d over a distance of about 30 cm (~ 1 2 I n ) r e s u l t i n g I n  a

-

. thickness 6 .38 cm (.15 in ) In the reg ion  of the  i n t e r a c t i o n
start. The shock generator was mounted vertically between the
plate and the tunnel ceiling and held and contro l led In the same
way as the Mo d el  I conf i gurat ion. A photograph of this arrange—

— ment is shown in Figure 6.

- • 

- L i ke Mo de l I , Mo d el  2 had f o u r  b l u n t  lea di n g edges i n
addition to the sharp leading edge configu ration. The bluntnesses

-
~~ varied from .102 cm (.040 In ) to .406 cm (.160 In ) in increments

of .102 cm (.040 In). In •a s i m i l ar way to the Model I configu—
r a t l o n  us i ng the  th i ck I ncom i n g boun dary  l a y e r, th i s r e s u l t e d I n
a range of D/6 of about .25 to 1.0. A schematic of the two
model configurations is shown In FIgure 7.

3.3 Experimenta l Measurements.

3.3.1 Shock wave shape determination. Of- primary impor-
tance i n  th i s stu dy was a k n o w l e d ge of the  shoc k wave locat i on at
each incidence for a l l  of the blunt tip diameters used In the in—
vest igation. To achieve th ls,a ser i e s  of d ummy mo de l s  was con-
structed which spanned the range of Inc idences and bluntnesses

-j  encountered during the study. -

Four le ad i n g  edge dia meters  were use d for these a l u m i n u m
dummy models; .102 cm (.040 In ), .318 cm (.125 in ) , .635 cm (.250
in ) and 1.27 cm (.500 in). To include the effect of incidence on
shoc k shape , four models were made for each of the above tip di e—
meters. Each of these mainta i ned a 12° included angle , I.e. 00
an d 12°, 2° and 10°, 4° an d 8°, an d 6° and 6°. ThIs allowe d two
lnc idences to be covered by one model. Shadow photographs were

12
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taken for each of these models , two of which are sho~vn In Figures
8 and 9.

The X—Y coordinates of the shock waves were read from the
shadowgraph negatives using a Kodak Model 2A Contour Projector.
W ith a ten power lens In place this offered excellent spatial
resolut ion as well as repeat ability . The X-Y coordinate system -

just mentioned has the X axi s parallel to the undisturbed free—
• stream and the origin at the farthest point forward of the shock

wave , as shown in Figure 10. The resulting X—Y coord inates of
the shock wave were then non— d imens l ona l ized by their respective
t I p  d i ameters , D . For each a n g l e  of I n c i dence the data f rom each
of the  f o u r  t i p d iameters were plotted on fu l l y  log arithmic graph
pa per. This resulted in a tota l of seven plots of (X/D) vs. ( ‘( ID) .
Two of these , the 0° -and 10° cases , are  shown on the  same set of
axes in Figure Il .  Knowledge of the stand—of f distance of the
shoc k wave from the nose was necessary to determ i ne shoc k location
w ith respect to instrumentation. For consistency a value of 0.3
x D was use d. This fi gure was obtained from a compilation of an
extens ive amount of data presented by Liepmann and Roshko (Ref.l9) .
Use of th is technique for the assessment of the stand—off d is—
tance introduces no significant errors i nto the data analysis.
An explanation of the method of use of these shock shape curves
an d a discussion of their application is given in Section 4.2.

3.3.2 Surface pressure distributions. For both the Model
I an d Model 2 confi gurat ions surface pressure distributions were
measure d along four different streamwlse tapping rows. Each row

• cons isted of about 50 tappIng holes (.102 cm (.O4Oin) in diameter )
i n a l i ne p a r a l l e l  to the , shock genera tor  su r f ace when I t  was set
at 0° incIdence. For the thick boundary layer (Model I) case
these were at Y values of 2.29 cm (.9 i n) , 4.83 cm (1.9 In ) , 7.37

— cm (2.9 In ) and 9.91 cm (3.9 In), For the thin boundary layer
(Model 2) case , p r essure  t app i ng rows were s i t u a t e d at Y va l u es of
2.92 cm (1 .15 in ) , 5.46 cm (2.15 in ), 8.64 cm (3.4 In ) and 11 . 1 8
cm (4.4 In).

The large num ber of pressure taps was necessary to ensure
the -capture of the complete I nteract ion for a l l  bluntnesses and
Incidences. A cons iderable length of the test section required
Instrumentat lon ,slnce the shock shape an d location and hence the
p o s I t i on of the  I n t e r a c t i o n  reg ion var i ed c o n s i d e r a b l y w i th gen-
erator bluntness.

The extent of the i nteraction downstream of the shock
which Is free of I nterference effects Is determined by two fac—
tors. F i rstly, the finite length of the shock generator results
In the tra i l i n g  edge expansion restrict i ng the downstream dis—
tance available free from thIs interference effect. Secondly,
for i nterference free measurements In the direction away from the

13
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generator (I.e. the V direction ), the  r e f l e c t i o n  of the  shock wave
from the tunnel wal l  oppos ite the generator surface Is the
limiting factor. The latter becomes progressIvely more Important
with Increasing generator angles of IncIdence for any given blunt
leading edge. This Interference can be clearly seen In the sur—
face oil flow photograph of the interaction generated by the
Model  I , .635 cm (.250 In) diameter blunt leading edge shock gen-
erator at 10° incidence shown in Figure 12.

For both model c o n f i g u r a t l o n s ,surface pressure data were
taken at seven angles of inc idence ,-0° through 12° In 2° incre—
ments. The maximum Incidence was l imited by tunnel stall which
occurred at a generator angle of about 1 3°. The pressures were
sampled by a 48 port Model 48J4 Scanivalve In conjunction with a
Druck strain gauge type transducer (Model PDCR22). The pressure
tappings were-scanne d at a rate of approximate l y 3.75 readIngs

• per second. The output of this transducer was then digitized and
processed by an I.B.M. System 7 on line to an I.B.M. 360—91.

3.3.3 Heat transfer distributions. The local convective
heat trans fer rate was experimentally determined using the quasi—
transient slug calor imeter method. The time rate of change of a
copper s l u g  of known phys i ca l p roper t i es gave the heat t r a n s f e r
rate d i rectly. This method was selected for three main reasons.
It coul d be easily incorporated i nto the test section in use , it
gave acceptable spatial resolution and had been used successfully
In previous exper imenta l work at the Gas Dynamics Laboratory.

— Heat transfer rate distributions were determined for the thick
boundary layer case (Model I). This was carried out for each of
the  f i ve lea d i n g  edge conf i gurations at seven angles of Inc idence,
0° throu gh 12° in 2° increments (as in the surface pressure study).
These distributions were measured along f o u r  rows p a r a l l e l  to the

— 
- shock -generator (when set at 0° incidence ) at distances of 4.19 cm

(1.65 in ) , 5.46 cm (2. 15 in ) , 9.27 cm (3.65 in ) and 10.54 cm
(4.15 In). -

For th is study, a 5.08 cm (2 In ) diameter plug containing
8 copper slugs was used. These slugs were .224 cm (.088 In) in
diameter and were .051 cm (.020 In ) thick , giving a mass of 17.8
m i l l i grams. Each copper slug was h eld In place in the plug by a
l i n en based pheno lic ring - .635 cm (.250 In) In diameter , t h u s
minIm izing any heat conduction between the slug and the brass
plug. Two holes .015 cm (.006 In) in diameter were dr i l l e d  near
the center of the slu g to accommodate two .013 cm (.005 In ) dia-
meter w i res to form a Chrome l-Alume I thermocouple. The thermo-
couple junction was then soldered to the slug. Chrome l —A lume l
thermocouples were Installe d symmetrically In the surface of the
brass plug between the rows of slugs , s i nce the  p r o c e d u r e  to be
used in the data analysis required a knowledge of the wall temp-
erature history.

14
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Compressed a ir at about 8.3 x l0~ Nm 2 (120 p~~la ) was

passed through a boi l i n g  water heat exchanger and then fed to the
• 

plug to serve as a heat source for the slugs. A small tube with
an Inside diameter of .102 cm (.040 In) was located .305 cm (.12
in ) from the rear face of each slug. These ei ght  tu bes were
brought together and fed by a single 1.27 cm (.50 In) diameter
tube which was externally connected to the hot air supply. A
three way han d operated valve In the line Just ahead of the plug
coul d be set to either heat the slugs or to exhaust the hot air
into the tunnel room. -

A photograph of the heat transfer plug used Is shown In
F igure 13. Deta i Is of the geometric arrangement of the calori-
meters and the two wall thermocouples are given in Figure 14.

The heat t r a n s f e r  p l u g  was des i gne d to f i t i n t o  an
eccentr ic rotatable system. The test section features two 30.48
cm (12.0 in ) diameter observation/instrumentation ports which
face each other on the top and bottom tunnel wa i ls. These are
i n d epen dent of the  shock generator an d its actuating mechanism
a n d can accommo date op t i ca l w i n dows , su r face i n s t r u m en t a t i o n , (as
In the case of heat transfer studies ), and p ro be d r i ve mechan i sms
(as wou ld be used in au extension of this study to flowfie l d mea-
surements). The up per of the two ports can be seen in the photo-
g r a p h  of the  test sect i on shown I n  F i gure 4. The eccentric rota-
ta b le  system a l l o w s  the heat t r a n s f e r  p l u g  to be loc ate d a n y w h e r e
w ithin a 20.3 cm (8.0 In ) diameter circle flush with the tun nel

• w a l l .  A l ine drawing of this system is shown in Fi gure 15.

The actual procedure for taking heat transfer measurements
cons i s t ed  of s tar t i ng the  t u n n e l  an d a l l o w i ng the  s l u g s  to rema i n
at a temperature close to the tunnel wa ll temperature. With

— stea d y f l o w  esta b l i she d , the  shoc k wave genera tor  w o u l d be set at
the desired incidence and the three—way valve opened to allow the
hot air to heat the slugs. The slugs were heated typically to
about 30°C above the wall temperature. With the constant temper-
ature air supp ly, the  ove rhea t  obta i na b l e  was  a f u n c t i on of the
loca l convective heat transfer rate In the particular interaction
un der study. The heating jet would then be cut off and the high
speed data acquisition system started. After abou+ 3 to 7 seconds
the slugs wou l d have reached a temperature well below that of the
tunnel wall an d the data record i ng system would be stopped.
Rea dings were taken at a rate of 200 per second. W i th I D  channe l s,
this resulte d In 20 readIngs per -thermocouple per second. The
data were then digitized and processed via the in—house I.B.M.
System 7 an d I.B.M. 360-91 computers.

The temperature—t ime gradient of the slug from which the
heat transfer rate was calcula ted was determined when the slug

15
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calor imeter temperature equalled the surrounding wal l temperature.
Th is minimized non—uniformities in the test surface temperature.

A ful l  discussion of this quasi—transient heat transfer
technique as used at the Pr inceton University Gas Dynamics Labor-
atory can be foun d In Reference 20. Presented therein Is a brief
review of heat trans fer methods used at the laboratory, an d for
the qua~ -transient technique spe cifically, model  c o n s t r u c t i o n ,
test pr Jures and data acquisition and reduction.

3 ~.4 Surface oil flow patterns- . Photographs of surface
o i l f l o w  pa t t e rns  fo r  each b l u n t n e s s  were t aken  fo r  both the Mo del
I an.d Model 2 studies at each shock generator inc idence. These
were obtained by using a low viscos ity commercial oil as a vehicle
for a pow dered fluorescent dye. If necessary, th is mixture could
be made thinner w ith kerosene. A thin coat of the mixture was
applied to the test surface. The tunnel would then be started and
the shock generator set at the des ired incidence . Once a steady
flow pattern was established , u s u a l l y a f t e r  1 0 to 20 secon d s, the
photograph  was ta ken t h rough  an o p t i c a l  w i n d o w  w i th the  t u n n e l
running. The streak patterns were recorded on 35mm Kodak
Panatomlc—X f i l m  in conjunction with a Wratten 2B filter. The
filter served to el iminate ultra-v iolet reflections coming from
the meta l surfaces.

These surface flow patterns were reduced to quantitative
data by measur i ng the  a n g l e s  of l oca l  o i l l i nes w i th respect  to
the X ax is along a lin e  of V = constant. For consistency, t he V
values chosen were those used in the surface pressure measurements .

3 . 3 . 5  AddIt iona l measurements. I~u r I n g  s u r f ace p re s su re
d l s t r l bu t i o n s ,,measuremen t s  of tota l p r e s su r e were t aken  by a —

H transducer located in the stagnation chamber. The output of this
was recorded by the data system each time a pressure tapping row
was scanne d. 

-

Both the Model I and 2 shock wave generators were Instru-
mented with four surface pressure taps. One of. these was con—
nected to Its own pressure transducer an d the output recorded by
the data system during surface pressure distributions.

A Chromel—A lume l thermocouple located In the tunnel stag-
nat ion chamber was used to monito r the stagnation temperature
h i story of the flow. It was recorded duri ng both surface pressure
an d heat transfer rate tests. These data were used quantitatively
In calculat ion of the freestream Reynolds number and In the heat
transfer ana l ys is. -

16
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3.4 Est imated Measurement Uncertainties

The sha dowgraph technique employed allowed for determina—
tion of shock location to an estimated accuracy of ± .13 cm (.05
In ). This length is of the s~ame order of magnitude as a pressure
tapp ing diameter and therefore Introduces effectively no error
I nto the analys is.

The shock generator IncIdence calibration was obtained
using a sine bar referenced to the opposite tunnel w a l l .  The
d e f l e c t i on an g l e  i s  c o n s i d e r e d  to be accu ra t e  to ±. .05°.

Al t  pressures in the study were measured by either Pace or
Druck  v a r i a b l e  r e l u c t a n c e  t r a n s d ucers  re fe r ence d to v a c u u m .
C a l i b r a t i ons were made be f o r e  eac h r u n  a n d  were  o b serve d to be
highly linear and repeatable throughout the test program. Surface
pressures were measure d via Scanivalves at a rate for whIch no
errors from pressure—time lag would occur. The overa l I uncer—
ta i n ty  of the  s t a t i c  p r e s su re  data i s  e s t i m a t e d  to be less  t ha n
± 2% of the upstream stat ic pressure l evel. The stagnation cham-
ber pressure during a run was ma i nta i ned accurately by the tunne l
operator by observing a nu l l  meter set -to zero at the desired
lev el. It is estimated that this is accurate to within 1% of the
operat ion value.

The largest source of error in the heat transfer rates re-
sults from basic Inaccuracies of the temperature measurements.
This becomes more critical in the subsequent diffe rentiation of
the data . It is concluded that the final heat transfer data in
the interaction has an accuracy of approximately ± 15%.

Pho tog raphs  of s u r f a c e  o i l  f l o w  pa t t e rns  were o b t a i n e d f or
— a l l  interactions Investigated and the angles from these are accu—

rate to ± 2°. However , the -nature of this technique provides
greater accuracy at higher o il flow angles.

A ll measurements in the test program were made under the
assumpt ion that flow varIables rema i ned “stea d y ” at any fi xe d
point with in the interaction. No time reso l ved measurements were
ma de- to confirm or invalidate this assumption . Of these measure-
ments  made , none gave any indIcation of unsteadiness.
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4. D I S C U S S I O N  OF THE DATA AND P R E L I M I N A R Y  A N A L Y S I S

4.1 Genera l Considerations

The ma jor portion of the contract period was spent In
making the experimenta l measurements an d establishing the data
bank now av ai l a b l e .  Only a preliminary analysis has been made. . 

-

Th i s exp loratory work has focussed on the pressure an d oil streak
data . Before present ing any of the data , th ree  po i nts  p e r t i n e n t
to these measurements are briefly discussed below .

I) The exper imenta l program was designed around
use of a tunnel test section o r i g i n a l l y  con-
st ruc te d an d i n s t r u m e n t e d f o r  us e w i th  a s h a r p
l ea d i n g  ed ged shock gener ator .  Use of b l u n t e d
shock gene ra to r s  r e s u l t e d i n t he I n t e r act i on
s tar t  occurr i ng f u r t h e r  ups t ream t h a n  the
av ai l a b l e  instrumentation. This was completely
reme di ed fo r  the  pr essure  d l s t r i b u t l o n ~ by
r e p l a c i n g a sect i on of the  t u n n e l  f l o o r  w i t h
a new p r e s su re  p l ate des i gned to ca p t u r e  the
I nteract ion start under a l l  test conditions.
For photogra phing the oil streak patterns
an d Installing the heat transfer rate instru—
m e n t a t i o n , both of w h i c h  use d the  av ai l a b l e
ce i l i n g  port , the pro blem could not be over—
come w i thou t  ma jor mod i f i c a t i o n s  to the test
sect ion. These restrictions imposed on some
phas es of t he ex per i menta l p rogram by u s i n g
the available test section have not seriously
hindered analysis of the data.

2) In the analysis , dat a are p re sen te d i n a
coor di na t e system where  di stance re l a t i v e  to
the shock location -ha s been non—d lmensiona ll zed
by t h e - b o u n dary  l a y e r  t hi ckness  6 . The
v a l u e  of 6 use d f o r  any  gi ven case i s the
lo cal value Immediately ahead of the In i t i a l
pres sure rise. For the Model I configuration,
thes e were  ob ta i ne d f rom the t u n n e l  c a l ib ra-
tIon tables . In the case of the Model 2 con-
f i g u r a t i o n , a ser ies of pitot surveys made by
Oskam (Ref. 15) on the same plate was . used
to determ ine 6 at any given point.

3) Early In the data analysis , both s h a r p  an d
b l u n t e d  lea di ng edge p r e s s u r e  d i s t r i but i ons
were  p l o t t e d  together  as a f u n c t i o n  of X5
(I.e. relat ive to the shock location ).
The sharp lea ding edged -shock location was
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calculated from oblique shock theory and the
blunted shock jocatlons were obta i ned from
the  shadow p hotographs. These comparisons

• of sharp and blunted f in data made it clear
- — that for consistency and accuracy the shoc k

shapes  fo r  the  sh a rp case s h o u l d be deter-
mined experimentally. This measurement w i l l
be carr ied out in the next phase of the pro—
gram.

4.2 Discussion of Shock Shapes

A c l o s e  exam i nat i on of t he shock shape curves , X10 vs. ‘(/D,
reveals Interesting informat ion on the shock waves encountered in
the test program. The motivation for plotting the shock shapes

S i n  these coor di nates on f u l l y  l o g a r i t hm i c sca l e s  came f rom t he
poss ib i l i t y  of an analogy with blast—wave theory.

One of the a p p l i cat i ons of b l a s t  wave theory  has been to
pred i ct the shock sh ape fo r  a b l u n t  l ea di ng edge d p l a t e  i n hy per-
son ic flow. An analysis of this type was made by Barade ll and
Bertram (Ref. 21) in 1960. Their analysis showed that the shape
of the detache d shock was dominated by D for a distance down—
stream many tImes greater than the tip d iameter. To predict the

— shape of the shock In this region Baradell and Bertram developed
an equat ion of the follow i ng form (Equation 3, Ref. 21).

= f (n Y) c 
1 1’3+n (X)

2/ 3+fl
D ‘ , D,n D

where: n = 0 or I for planar or axisymmetric
case , respect i v e l y

Y — rat i o of spec i f i c heats

CD,n 
— nose drag coefficient

Application of the above to the current study results In a pro—
port ionality of the form:

2/V X 3

F ~~~a (~~)

A plot of this equation on ful ly logarithmic paper would yield a
straight line of slope 2/3 . In Figure Il a lin e  of this slope
Is shown plotte d as a tangent to the shock shape curves of 0° and
10° Inc i dence for the present study. It can be seen that the 2/3
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power law relation for shock shape as developed from blast—wave
theory app lies very well to the region of 2 to 10 tip diamete rs
downstream of the leading edge. Further downstream than this
the shock generator Incidence starts to influence th-e shock —

shape. Before this poInt the shock shape is determ i ned only by
- the leading edge blu ntness. As X/D lncreases ,t he shock shape
curves of F i gure  I I  a re  asympto t i c to a l i n e  of s l o p e  equa l to I ,
Ind icating that the shoc k Is very nearly straight . . 

—

For pos i t i ve an g les ot Inc i dence,the shoc k wave must under-
go a t r ans i t i o n  f rom the  shape  i n d uce d by the  b l u n t  lea di n g edge
to the shape determined by the shock generator. Here the shape
I n d u c e d by t he shoc k gene ra to r  i s a stra i ght line of angle deter—
m i n e d us i n g ob l i que sho ck wave  the ory  for the  a p p r o p r i ate f l o w
t u r n i ng an g le. The tren d exhibited by the shock shape curves is
t h a t,as ang le  of i nc id ence i ncreases , the shoc k becomes less
curve d at the same X/D.

The shoc k waves resulting from the sharp, .635 cm (.250 in )
and 1.27 cm (.500 in ) diameter leading ed ges at incidences of 0°
and 10° a re shown i n  F i g u r e s  16 , 17 and 18 , respect ively. The
shock waves  fo r  the s h a r p  l eadi ng edge a re  at an g l e s  e v a l u a t e d
us ing oblique shock wave theory wi th the zero incidence case

S being a Mach Wave at the appropriate angle.

4 . 3  Surface Pressure Distributions

In present ing and analyzing such data , severa l poss ibl e
coordinate systems and/or scaling parameters are available.
S im i l a r  to the analysis of two—dimensiona l i nteractions , the in— S
com 3~ g boundary layer thickness has In the past been used to non—
dimensiona li ze the streamwise distance coord i nate (i.e. X5/6).

— 
If 6 Is assume d to be a sca l ing parameter , t hen  s tr i c t l y
spea ki ng, both the X and Y directions should be presented in —

non— dImensI onal form. In this study, the only comparison of pres—
sure dis tributions which can be made for a fixed Y/6 Is between
the most inboard tap row of the Model 2 configuration and the
furthest outboard of Model 1. Plots made of pressure distribu—
tlons In terms of X 5 16 for a fixed Y/6 from both the sharp and
blunted leading edge studies show that the data do not collapse
in this coordinate system. This Is clearly Illustrated by the
two pressure distributions show-n In Figure 19. This figure shows
data at an approximate ‘(/6 of 8 for leading edge bluntnesses of
.305 cm (.120”) and .318 cm (.125”) from the thin and thick boun-
dary layer stud ies respectively. Figure 20,wh lch shows the same
two plots In terms of abso l ute distance X 5, i n di cates t h a t  scal  I n g
X~ by 6 results in no semblance of collapse.

A second possi bi l I t y  was suggested by the behav ior of the
shock shapes as a function of fin leading edge bluntness and m ci—
dence. For a given Mach number the shock shape an d its location
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depend on l y on the fin bluntness D and the Incidence a~ . If in—
v i sc l d effects predominated , i t m i g h t  be a n t i c i p a t e d t h a t  the
pressure distributions would scale using a coord i nate system non—
dimens lona l ized by the fin leading edge bluntness , ID.

F I g u r e s  2 1 , 22, an d 23 each show five pressure distribu—
tlons plotte d as a function of X5, X5/6 and X~/D, respect ively. . -

These distr ibutions correspond to a mean (Y/D~ of 8.7 an d were
obtained for a fin incidence of 10°. Four of these distributions
are from the Model I study (thick boundary layer ) with the other
from the Model 2 study (thin boundary layer). Each distrIbution
was measured along a different pressure tapping row with a dif—
ferent f in leading edge bluntness. The on ly common factor , a
pu r e l y  geometr i c one , is that the mean va l ue of (V/ID) Is about
8.7.

From the three figures it .- can be seen that the obviousl y
separa te  di str ib u t i o n s  obt ai ne d w h e n  p lo t ted  i n t e rms  of X~ , or
X 5/6, can be collapsed when presented in terms of X 5/D . The p re-
dom i nant ly  i nv i sci d c hara cter i s t i c  of the i nteract io n in th i s
reg ion is forcefully illustrated by this collapse. In this purely
geometr i c coor di nate  system , the  p r e s su re  d i st r ib ut io n i s c l ea r l y
In dependent of the i ncoming boundary layer thickness. As seen
a bove , the fi gure  encompasses  both Mo d el  I an d 2 stu di es I n v o l v i ng
i n c om i ng boun da ry  l ayers  w i th th i ckness es i n the  ra t i o of ab out
4:1. The same series of plots as Illustrated by Figures 21 , 22
and 23, was cons t ruc te d over the  ent i re i nc id ence r an ge fo r  th i s
same Y/D of about 8. In a l l  cases,a goo d co l la p se of the  data
was ob ta i ne d when  s c a l e d by D. S i m i l a r l y ,  checks were mad e at
inc idences of 4° and . 10° for the two sets of data in the Model I
stu dy having a mean (Y/D) of about 4. Again , an exc e l l e n t  co l-
la pse was ob t a i n e d f o r  data p lotte d I n  terms of X5/D.

Al l  of the data referred to above , f e l l  i n a reg io n of the
Interact ion where the shock wave shape Is domin ated by the gen-
erator nose. This reg ion , exten di ng a bout l OD downs t ream of t he
nose and about lOD outboard of It , i s c l e ar l y shown i n the shock -

shape plot of Figure Il .. Further downstream of and outboard of
t h i s  re g ion the generato r incIdence starts to play a role in
determining the shock shape. Evidently, even fu r t h e r  dow n s t r e a m
an d outboar d of t hi s t r a n s i t i on area , the  shock wave  w i l l  become
t he ob l i que shock wave correspond i ng to the  f l ow t u r n i n g an g l e
d ictated by the main body of the fin.

A secon d series of pressure distributIons , p lo t ted a-s
f u n c t i ons of X~~, X /6 and X5/D has been made for a mean Y/D of 31
for a shock generator Incidence of 10°. These are shown in
F i gures  24 , 25 , and 26, respect ively. From the above discussion ,
it can be seen that a ‘(ID of 31 f a l l s  In what has been referred
to as the trans ition region of the i nteraction.

2 1
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S - I n  these th ree  f i g u r e s , f o u r  of the  p r e s s u r e  d i str ib ut i ons
are from the thin boundary layer study - (Mode l 2) and one Is from
the thick boundary layer stu dy (Model I). The collapse of these

• data Is poor compared to the collapse for a ‘(ID of 8.7. It
woul d seem that with increasing distance along the shock wave (In
terms of 0) the strongly Invisc id character of the I nteraction
starts to change. This trans ition region , o b v i o u s l y  o c c u r r i n g
I n  the  range  v/D between 8 and 31 , w i l l  be c lo s e l y  exam i ne d i n
the f u l l  a n a l y s i s o f the  da ta , p l a n n e d as th e n ext phase  of th i s
study. In conjunction with the ’s h a r p ’ stu d y an d any necessary
su pport i ng measure ments , the di f fe ren t  regi ons of t he i nteract i on,
the i r charac te r , an d their controlling parameters should be Iden-
tifiab l e.

A c lose r  exam i n at i on of the  data shown i n  F i g u r e s  2 1 to 26
prov i des further support for the concept of the Interaction being
primarily inv i scid . For the five pressure distributions pre—
sente d on any one of these p i ots,data are shown for Model I and 2•
conf ig u r a t i ons wh i ch not o n l y  have  the  same Y/D but have a l most
the same components V and D, i.e. for ‘(ID 8.7.

Model I : V = 2.66 cm (1.05”) , D = .318 cm (.125”)
Model 2: V = 3.29 cm (1.29”) , 0 = .406 cm (.160”)

S i nce these da ta c o l l a p se i n te rms of X5/D (figure 23), an d they
have almost the same value of D,t hen  they  mus t  a l s o col l a pse i n
terms of X~ alone. This collapse , which is particularly good ,
can be seen by referr i ng bac k .to Figure 21. For these two inter—
act io ns t he i n c o m i ng boun -da ry la yers  have  th i cknesses  I n  t he  rat io
of a lmost  5: 1 , yet the pressure distributions as a function of
absolute distance are almost identical. In terms of 6 , the in—
com i n g boun d ary  l a y e r  t h i c k n e s s , t he s t re amw i se extent  of t he

— 4 interaction is about 106 in the Model I case -and about 506 in the
Model 2 case. In absolute terms , the streamwise extent for both
is approximately 12.5 cm (5”). Scaling X~ by 6 , as sh own i n
F i gure  22 , only distorts and separates these distributions as is
read ily  obvious from the above remarks on the interaction length.
This Inde pendence of I ncom ing boundary layer thickness (or loca l
Reyno l ds number ), strongly suggests an- Inviscid govern i n g mecha-
n ism , rather than one result ing from the mutual Interaction -be-
tween the externa l i nv i sc i d flow and the boundary layer itself.

4.4 O il Flow Patterns

The test m a t r i x for s u r f a c e  o i l  flo w dat a was id ent i c a l  to
that for surface pressure distr ibutions (figure I). This in—
c lu ded the sharp leading edge configuration. The oi l  flow photo—
graphs were taken with the pressure plates as the test surface.
Pressure tappings served as points of reference for determination
of the surface oil flow angle an d measurements were taken along

- 22
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these rows. This prov i ded consistency as well as ease in data
a n a l y s i s, s i n c e  the  l o c a t i o n  of each p re s su re  t a p p i n g was known
i n the X~ , X5/6 an d X5/D coordinate systems. The techni que  p ro-
vi ded a picture of the entire surface flow region v i s i b l e  through
the optica l window. -

Surface flo w angles have been examined for values of ‘(ID
of approx imately 8.7 and 31 . These were selected to check whether
the  s u r f a c e  o i l  f l ow an g l e s  w o u l d s c a l e  i n  a man n e r  s i m i l a r to
the surface pressures. Data at these ‘(ID values were examined in
both the X 516 an d X5/D coor d i n a t e  systems to of f e r  a more complete
compar ison with results obtained in the surface pressure distri—
but lon part of the investigation. Surface oil  flow ang les at
Y./D 8.7 for a shock generator Incidence of 10° are shown in
Figures 27 and 28 in X5/6 and X5/D coordinates , resp ectively.
Th e sca l i n g of t he I n t e r a c t i ons b y 6 , as in Figure 27, does not
result in a collapse of the curves. The Model 2 (thin boundary
layer ) curve for Y/D 8.7 (the solid lin e  of Figure 27) was

— shifted well away from those of the Model I (thick boundary layer )
case at ‘(ID 8.7 because of scaling by the smaller 6. in this
f lg ur e,the reg ion for data acquisition allowed by the optica l win—
dow for each leading edge diameter can be easily seen. When
mov i ng f rom the shock gener ator outwards (increasing Y direction ),
the length of- the interaction region v i s i b l e  through the optical
wi n dow a l o n g  t he X5 axis progress ively increased.

The same data of Figure 27 scaled by the leading edge dia—
meter , D , is shown in Figure 28. The collapse of the data In
this form Is excellent and Is consistent with the surface pres—
sure data from the identica l locations (shown previously in
Figure 23). This supports the validity of the leading edge dia—
meter as a scaling parameter in thi s region and further demon—
strates the inviscid character of this type of three—dimensional

— interaction.

F igures 29 and 30 present surface oi l  flow data for the
five leading edge diameters having values of ‘(/D near 31 . When
s c a l e d by 6 (f igure 29) sim i l a r  trends are seen to exist , but
a collapse of the data does not result. The solid line repre-
sent ing the surface oil  flow angles of the Model I interaction ,
0 = .318 cm (.125 in ) at ‘(ID 31 lies we l l  inside of the others ,
all  of which are from the Model 2 (thin boundary layer ) conf lgu—
rat or~. This results from nondimen si ona l ization of X~ by t he
l a r g e r  v a l u e  of 6 . W hen these  i n t e r a c t i o n s  a re  s c a l e d b y the
lea di ng edge di ameter, the scaling is superior to that offered by
6, but Is poorer than that at YID ~ 8.7. As is the case at Y/D
8.7, the surface oil  flow an gles at ‘(ID 31 are consistent

with the surface pressure measurements.

23
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4 .5  Heat T r a n s f e r  Rate Measurements

No analysis has been made so far on the heat transfer rate
• measurements. This w i l l  be carried out in the fu l l  ana lysis

planned as the next phase of this program. A l l  of the measure-
ments have been made and the raw data assembled In the data bank.
The locat ions of the shock based orig Ins X5 = 0 have been ob-
ta m ed an d the slug coordinates - In the Xs,X 516 and X5/D systems

- • 
- 

are currently being eva l uated. Heat transfer data are being
stored i n  the fo rm of the r a t i o  of the l o c a l  heat  t r a n s f e r  rate
coeff icient to the undisturbed va l ue ahead of the i nteraction.
The latter has been estima ted from the van Driest II skin fric-
t ion correlation using a Reynolds analogy factor of 1.2.

The slug cajorimeter method used here is very s imilar to
the better known “thin skin ” technique , but u n l i k e  the l a t t e r
w h i c h  I s  g e n e r a l l y  use d i n short  d ura t i on f a s t  s ta r t  fac i l i t i e s ,

r the s l u g  c a l o r i meter I s  s u i t a b le  fo r  use un der c o n t i n u o u s  f l o w
conditions. Each slug is fitted wit h an external Interm i ttent
heat ing source which Is used to raise Its temperature above the
wall temperature during tunnel op eration. On cutting off the
heat input to the slug -its temperature time history was recorded
from which the heat transf er rate 4w cou l d be c a l c u l a t e d

— 
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w ith (dT~/dt)t t0 be i ng ev a l u ate d w hen the  s l u g te mp e r a t u r e  was
equa l to the wall temperature.

A l l  measurements were ma de with the wal l  at a uniform tern—
— perature. This is -ensured by the tunnel construction which uses

— 6.35 cm (2.5”) thick aluminum walls. It is an inherent operat ing
character istic of the tunnel that the stagnation temperature (and
therefore the recovery and wall temperatures ) decreases during a
run. Howev er , the  decr ease d ur i ng the  da ta  t ak i n g par t  of a run
(at max imum 5s) is small. To obtain the heat transfer coefficient
f rom the a b s o l u t e  rate 

~~ 
the driving potent ial (T r~

Tw ) is used
in the nondi mensionalizing process.

i.e. CH ~w / [P coUooCp (T r Tw )J

W i thout recourse  to e l t h e r .heated or cooled models the driving po—
tOnt ial (T r~Tw

) in the tunnel is typic ally 30°C to 40°C. This
calls for accurate knowledge of the stagn ation and wa l l  tempera—
tures since a 1°C overestimate In the former and 1°C underestImate

- 

S 
In the latter w i l l  result In an error of about 7% in CH. In a l l

_  _ _ _ _ _ _ _ _
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cases the recovery temperature was calculated from the measured
stagnat ion temperature using a recovery factor of .89.

A typica l example of the heat transfer data as a function
of X5 is plotted In Figure 31 . Thes.e data are for a bluntness
of .95 cm (.375”) for inc idences of 2°, 6°, 8° and 10°. It can
be seen that the heat transfer rate stays at the undisturbe d
value right up until the shoc k wave location. In contrast , the
pressure  di str ib u t i o n  f o r  t hese con d i t i ons show the I n i t i a l  pres-
sure r ise to occur about 6.7 cm (2.6”) ahead of the shock wave
an d In-the 10° case ris ing to a pressure ratio of about 1.5 at
the shock wave. This Is quite diffe rent from the two—dimensiona l
interaction where both pressure and heat transfer rate rise almos t
simu l taneously some distance ahead of the shock wave l ocation.

These aspects of the d istributions , an d I n  par t i c u l a r  t he
use of d ifferent scaling parameters w i l l  be examined in detai l In
the next phase of the program.

4.6 Concludin g5 Remarks  on the Pre l i m i n a r y  Data A n a l y s i s

From the p r e l  i m i n a r y  a n a l y s i s c a r r i e d out  so f a r , some very
interesting and important results have emerged. These have pro-
v ided considerable insight i nto the nature of diffe rent regions
of th is type of interaction.

The col l a p se of the  d ata when  s c a l e d  b y D , even fo r  cases
w i th i ncom i n g boun dary  l a y e r s  w i t h  th i ckness  r a t i o s  of a l m o s t  5: 1 ,
shows conclusively the inviscid character of the interaction.
T e n t a t i v e l y, it would appear that this type of scaling starts to
break down with increasing dIstance (in terms of 0) away from the
shock gen erator. Since a range of ‘(/0 from about 2 to 11 0 was
cov ere d I n  t h i s  stu dy,  i t i s hope d t ha t , I n  the  f u l l  a n a l y s i s to
be s tar ted s h o r t ly ,  the  r e g i o n  i n  wh i ch t h I s  s c a l i n g  I s  v a l id
shou l d be delineated. It would also seem that the use of the in-
coming - boundary layer thickness as a scaling factor is inappro-
pr ia te for any reg ion of the interaction.

The three— dimensional interaction , long cons id ere d as the
logic al extension of the current computational thrust aimed at
the two—d imensional case, may nee d a t o t a l l y  d i f f e r e n t  an d re la-
tively simpler approach. If the two— and three—dimensional inter—
act ions are Inherently differe nt phenomena , It may be more logi—
cal to attempt prediction of the latter without waiting for suc—
cessful pre diction of the former.

• 25
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BLUNTED STUDY TEST MATRIX

THICK BOUNDARY LAYE R: S= •50”
- 

BLUNTNESS AT PRESSURE TAPPING ROW
_ _ _ _ _ _ _ _ _ _  Y= O.9” Y= 1.9” Y=2.9” y=3.9’

.125 ” 7•7 23.7 317 
—

•250” 4’I 8~I - I2~l 16 1

2.9 5.6 8•2 0.9

.500” 2~3 4•3 63 83

THIN BOUNDARY LAY E R : S=•15”
BLUNTNESS % AT PRESSURE TAPPING ROW

D ‘~r= i.i~ ’ y=~ .5” y=3.4” y=4.4
h’

040” 29.3 54.3 85.5 110.

p080” 14.9 27.4 43.0 55.5

.120” 10.1 8.4 28.8 37.2

.160” 7.7 13.9 21.8 28.0

FIGURE I BLUNTED STUDY TEST MAT RIX
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DIMENSIONS IN INCHES
,

- 
/ - - I. FLOW DIRECTION

8 ,d 7 N 2. TUNNEL SIDEWALLS

3. WINDOW PORT
\ 4. SHOCK GENERATOR

I. N
5. BEARING OF 4. IN WALL

6. LINKAGE

7. SCREW MECHANISM

8. HOUSING.

FI gure 3. Line Drawing of Shock Generator Actuating f!echanlsm.
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