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FOREWORD

This document presents the results of an experimental and an-

alytical invest igat ion of the effect of w ind tunnel tes t fac i lity

on the characteristics of the three—dimensional shock wave/turbulent

boundary layer interact ion. The study was conduc ted by the High

Speed Aero Performance Branch (FXG), Aeromechan i cs Divis ion , Air

Force Fl ight Dynamics Laboratory , Wright-Patterson Air Force Base,

Ohio. The work was performed under Project 1366, “Aeroperformance

and Aeroheat ing Tec hnolo gy;” Task 136603, Aerodynamic Heating to

Mili tary Veh i cles ;” Work Unit 13660334, “ In terference Hea ti ng to

Modu la r  Miss i le Confi gura ti ons .” This report covers work conducted

from January 1977 to May 1977.
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SECTION I

INTRODUCTION

The three—dimensional interactl,Ig flow field caused by the impingement

of an obliq ue s hock wave on a turbulent boundary l ayer has been inves ti-

gated extensively during the past several years. The interest in this

interacting flow field stems from the now well known fact that the aero-

dynami c heat ing rates and pressures in the interac ti on regi on are sev eral

times greater than for an undi stur bed flow. The shock wave /boundary

l ayer interaction can be idealized through the flow model shown in

Figure 1. The model consists of a sharp leading edge vertical fin

mounted on a sharp leading edge flat plate in such a position that the

oblique shock wave generated by the vertical fin impinges on the flat

p late. Judi c ious p lacement of pressure and heat transfer ins trumentati on

on the flat p late allows the surface effec ts of the interac ti on to be

investigated. Figure 2 illustrates the typical characteristics of the

interac tion and shows typi cal pressure and heat trans fer prof i les in a

plane normal to the undisturbed flow direction . Practical applications

of this type of interacting flow field are associated with the junctures

of wi ngs, control surfaces , and engines with the aircraft fuselage.

Deta i led knowl edge of the interact ing flow f iel d i s necess ary to allow

develo pment of methods to predi ct the hea ti ng rates and pressures on

actual a i rcraft at fl ig ht conditi ons.

In tensive study of the three—dimensional shock wave/turbulent

boundary l ayer interaction began approximately 10 years ago with the

work of Stan brook , McCa be, and Lowr ie (References 1 , 2, and 3). Neumann

and Burke (Reference 4) were among the first to successfully develop a

e~ —— ‘. — - — -~~~~ —— — —
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technique to predict peak heatin9 in a 3-D interaction , relating peak

heating to peak pressure on the surface. Hayes (Reference 5) has recently

extended and improved the prediction of both peak pressure and peak

hea ting through hi s comp ilat ion and anal ys i s of test resul ts from several

different facilities at Mach numbers ranging from three to six. Other

investigations of prediction methods have been carried out by Neumann and

Token (Reference 6), Korkegi (References 7 and 8), Holden (Reference 9),

and more recen tly, by Scuder i (Reference 10) and Hayes (Reference 5) who

have both develo ped methods for predi ct ing pressure and heat transfer

di strib uti ons across the interac tion regi on as well as peak values.

The investigation s of the three-dimensional interaction have been

carr ied out in several di fferent fac ili ties includi ng the AEDC Von Karman

tunnels “A” & “B” , the Langley UPWT , the AFFDL Mac h 6, an d the Pr inceton

hig h Reynol ds number fac ili ties. A conti nuing uncerta inty when comparing

and correlat ing data from the various fac iliti es is the extent of

“facility-peculiar ” effec ts on the tes t data , particularly the effect of

flow Reynol ds number. The primary purpose of the present study i s to

analyze the pressure and heat transfer data from three different test

fac i l it ies at the same Mach num ber to determine the degree of dependency

of the data on flow Reynolds number as a funct ion of the part icular

facil ity being used. The data used for this purpose were at Mach 3.

The goal was to show either that the data are essentially independent

of facility effects as long as the Mach number is the same or, that the

data can be modified in such a way that facility effects are cancelled

out. The secondary purpose of this study was to provide data illustrating

2

- _ ‘ - _ .~~~~~~~~~‘ - ~~~~~r’ ~~~~~s a— ~~~~~~~~
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the phys i cs of the interact ion process for compar i son wit h prev ious Mac h

3.7 results (Reference 6) and to add to the general body of information

on three-dimensional interactions. The purpose of this report is to

present the results of the above described investigation . The three

test programs from which the Mach 3 data were obtained will first be

described , followe d by a di scussion of the results of the data anal ys i s

and the conclus ions drawn from the stu dy

.3
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SECTION II

DESCRIPTION OF TEST PROGRAMS

The win d tunnel data used in this investigation were obtained

from test programs run at Arnold Engineering Development Center (AEDC),

the NASA Langley Research Center, and Princeton University . The wi nd

tunnel models used and the test conditions for each test program will be

descri bed in this sect ion.

1. NASA LANGLEY RESEARCH CENTER TEST PROGRAM

The Langley Research Center test program utilized a large flat

plate model 72 inches l ong and 52 inches wide mounted vertically on

20 inch high standoffs on the Unitary Plan Wind Tunnel sidewall. The

model spanned the entire height of the wind tunnel . A remotely operated

fin 24 inches l ong and 9 inches high was mounted on the plate . This

model is shown in Figure 3. The model was tested at free-stream Mach

numbers of 3.0 and 3.7, and unit Reynolds numbers of 1.50 x 106 per foot

and 3.5 x 106 per foot . Surface stat ic pressures and heat transfer data

were obtained for fin incidence angles of up to 200.

2. AEDC TEST PROGRAM

The AEDC test program employed a flat p late model 18 i nches long

and 10 inches wi de. A fin 7.5 inches long and 3 inches high was

moun ted on the plate . This model is shown in Figure 4. The model

was tested in AEDC-VKF tunnel “A” at a free-stream Mach number of 3.0

and unit Reynolds number of 3.25 x io6 per foot. Surface static

pressure and heat transfer data were obtained for fin incidence 
angles4
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of up to 100 . This model was also tested at Mach 3.75 and 4.5 in

Tunnel “A” and at Mach 4.75 and 5.04 in AEDC-VKF Tunnel “8” . These

additional test programs are discussed in References 5 and 6.

3. PRINCETON UNIVERSITY TEST PROGRAM

The Princeton Univers ity test program utilized a sharp flat

plate , 8 inches wide by 10 inches long, mounted vertically between

the top and bottom walls of the high Reynolds number boundary layer

channel . The angle of incidence of the flat plate could be remotely

adjusted . The Princeton model configuration Is shown in Figure 5.

The model was tested at a Mach number of 2. 9 and a unit Reynolds

number of 1.92 x 1O7 per foot. Surface stat i c pressures and heat

transfer were obta i ned for plate deflection angles of up to 14°.

5
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SECTION III

DISCUSSION OF RESULTS

1. FACILITY DEPENDENCY OF INTERACTION DATA

The facil ity dependency of the three-dimensional interaction

data w i ll be di scussed based on the surface measurements of static

pressure and heat transfer.

The di stributions of surface pressure and heat transfer across

the interact ion regi on and normal to the undisturbed flow di rec ti on

have been plotted in the coordinate system shown in Figure 6. This

coordinate system was shown in Reference 6 to be the best method for

comparing data from diverse model configurations and facilities on

a comparable non-dimensional basis.

It is not the intent of this report to d iscuss the shapes of

the pressure and heat transfer prof i les . The features of these pro-

files have been d iscusse d in depth in References 5, 6, and 10.

a. Surface Stat ic Pressure Distri bution

Surface static pressure distribution for the three sets

of test data were compared at as nearly equal physical distances

downstream from the fin or shock generator leading edge as possible

to cancel out pressure differences due to flow length effects. The

pressures were then nondimenslonal ized using the static pressure

measured in the undisturbed flow outside of the interaction region .

The data location was also nondimensional ized by dividing the

y-distance of the pressure tap location by the x-distance from the

6

- .—‘— _ _ _ _ -.. 
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lea di ng edge. Thi s was foun d to be a successful way to el imina te

model scale effects . Figures 7 through 10 show a comparison of

Lang ley and Pr inceton pressure data at a di stance of app rox imatel y

7.5 inches from the fin lea di ng edge for fin deflect ion ang les of

4, 8, 10, and 12 degrees. It can be seen from these figures that

the data correlat ion i s excellen t. Figures 11 through 13 show a

sim ilar comparison for the Langley and AEDC pressure data. These

data sets do not correlate quite as well because the instrumentation

was not located at as nearly equal distance from the fin leading

edge as for the Lang ley and Pr inceton data . Thus , some Reynolds num-

ber effec ts are st ill apparent. Overall , however , the three sets of

data agree well enough to conclu de that the pressure d istr ibuti ons

are essent ially independent of fac i lity effects and flow Reynol ds

number i f flow length i s cons tant. The Langley data were used as

the standard against which the Princeton and AEDC data were plotted

only because there were no i nstrumen tation loca ti ons for whi ch the

Princeton and AEDC data could be compared directly. This was not

meant to imply that the Langley data was any better, or worse , than

the other two sets . The sol id line through the Langley data is not

a theory line but i s intended only to hel p di fferen tiate between the

data sets.

Figures 7 through 13 also show the peak pressures predi cted by

the methods of Hayes (Reference 5) and Scuderi (Reference 10). The

theory of Hayes provi des sl ightly better predi cti ons of pea k pressures ,

part icularly w i th increas ing f in deflec tion angle.

7
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b. Surface Heat Trans fer Data

Hayes in Reference 5 has shown that heat transfer data from

diverse model configurations and facilities can be correlated most

successfull y by compar ing data from compara b le “X /tS ” locations. The

parame ter “X /IS” is the ratio of the distance downstream of the fin

lead i ng edge to a reference boundary layer thickness. Th i s is the

method used for compar ing the three sets of heat transfer data con-

s idered in thi s study. The reference boundary layer thickness for

the AEDC and Princeton data was taken as the boundary layer thickness

at the f i n leadi ng edge s ince the thi ckness was nearly constant over

the instrumented portion of the flat p late. The reference thi ckness

for the Langley data was taken to be the local boundary layer thick-

ness for the particular gage row being consi dered because experimenta l

measuremen t showed significant variation in thickness over the in-

strumented area of the flat plate. The heat transfer data were non-

dimens ional ized us ing the heating rate measure d in the undi sturbed

flow region outs ide of the interact ion region and the data location

was nondimensionalized in the same manner as for the pressure data.

Figures 14 through 17 show a comparison of Langley and Princeton

heat transfer data for an X/iS 10 and fin deflection angles of 4,

8, 10, and 14 degrees. The data plots show that in spite of an in-

stability in the Princeton data , the data trends correlate quite

well . Figures 18 through 20 show the similar comparison for the

Langley and AEDC data for an X/IS 20 and fin deflection angles of

4, 8, and 100. The plots show the AEDC data to be much smoother

8
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than the Princeton data and the correlation with the Langley data

to be reasonably good . It will be noted that the AEDC data for a

fin deflection of 4 degrees apparently does not reach a peak (Figure

18). This is due only to gage placement on that row (Row 3). Peak

data were reac hed on later rows . The prev ious comments on the use

of the Langley data as the standard for comparison and on the solid

line through the Langley data apply for the heat transfer data i n

the same manner as for the pressure data .

Figures 14 through 20 also show the peak heat trans fer pre-

dicted by the methods of Hayes (Reference 5) and Scuderi (Reference In).

The method of Scuderi seems to have a slight edge in accuracy par-

ticularl y at the hig her fin deflection ang les. To further compare

the accuracy of these two prediction methods , Langley peak heating

data for X/IS 10 and X/IS 38 for fin deflection angle up to 20°

were plotted. In this case, nondimensionalized heat transfer data

were p lotted as a funct i on of “Mc,, sin 0” where 0 is the shock angle.

The parameter “Mc,, s in 0” i s the component of the free stream Mach

number normal to the obl ique f in shock and i s a measure of shock

strength. This parameter is another of those parameters found by

Hayes in Reference 5 to provide the most successful correlation of data

from di fferent models and fac i lit ies . These heat transfer data are

shown in Figure 21. The plot shows that Hayes method provides much

better correlation with wind tunnel data , particularly for values

of Mc,, sin 0 less than 1.5 (or equivalently, f in deflect i on ang les

less than approximately 12 degrees).

9
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2. PHYSICAL CHARACTERISTICS OF THE MACH 3 INTERACTION

As stated earl ier, the secondary purpose of this investigation

was to provide data illustrating the physics of the three-dimensional

interaction process at Mach 3 to add to the general body of infor-

mat ion on shockwave - turbulent boundary layer interac ti ons . The

data to be presented here have been divided into two groups. The

first  grou p i l l u s tra tes the physical , or geometric , character i sti cs

of the interaction region (i.e., shock sha pes , separation loca tion ,

pea k heatin g location , etc.). The second group of data illustrates

the surface effects of the interaction process (i.e., surface pressures

and heating rates). The data will be presented wi th minima l inter-

preta tion and analys i s , or comparison to data from other sources.

a. Geometric Data

The geometric charac ter i stics of the interac tion regi on

are shown in Figures 22 through 33. Figure 22 shows the angular

location of disturbance onset, se para tion, and the shock wave (see

Figure 2) for all three sets of data for a fin deflection angle of

10 degrees. Figure 23 shows the relative locations of peak pressure

and peak heating. As explained in References 5 and 6, and illustrated

in Figure 2, the inner heat ing peak shoul d occur at app roxima tely

the same location as the pressure peak. Each symbol in Figure 23

represents the normalized peak pressure (Y/X) location versus the

normalized peak heating location for a particular X/6 distance down-

stream from the fin leading edge and , while the values of Y/X will

10
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change depending on X/IS, the ratios of Y/X should be approximately

1.0 if the locations of the inner heating peak and pressure peak do

coinc ide. Figure 23 shows that this is , indeed, the case. The

Langley data are not included because surface pressure measurements

were not taken at the same location as heat transfer (the model has

alternating rows of pressure taps and thermocou p les space d three

inches apart). Figure 24 shows the angular location of separation

(again see Figure 2) as a function of fin deflection angle for a

value of X/IS = 20. The fin and f in shock locations are also shown

for reference. The Pr inceton data were not included in thi s p lot

because the separat ion po int Was determined from the heat transfer

data and the Princeton data were too unstab le to determine the

locat ion of the outer heat ing peak assoc iated with se para ti on . Note

that Korkegi’s incipient separation correlation (Mc,, 
~inc. = 0.3

from Reference 7) is also shown in this figure . Figure 25 shows a very

limited amount of data comparing the location of the separation point

with the point of onset of the inner heating peak. Neumann and Token

in Reference 6 found that the Y-location of these two points coincided in

the 3-0 interaction . In the present investigation this was true also

of the AEDC data. However , for the Langley and Pr ince ton data , the

value of St/Sty for the trough between the two peak heating points

was gererally less than 1.0 so that the location of the point of on-

set of the inner heating peak coul d not be located by extendi ng the

heating curve to the St/Stu 
= 1.0 line as shown in Figure 25. Fig-

ures 26 through 28 give the shock location as a function of fin

11
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deflect ion angle for all three sets of data in the X , Y coor d inates

ex p la ined in Figure 6. Information presented by Hayes in Reference 5

and data analyzed for this report strongly indicate that the shock

impi ngement loca ti on for the Langley and AEDC data co incides w i th

the indentat ion or trough in the pressure curve between the peak

and plateau pressure locations (illustrated in Figure 26). Thus ,

the s hock coordina tes for the Langley and AEDC data were determined

on this basis. The Princeton shock locations were determined from

obliq ue shock theory but were verified with the pressure curves in

the manner explained above. The AEDC data conform to oblique shock

predictions as well (see Figure 22). Figure 29 shows the shock angle

as a funct ion of f in deflec tion angle for various X/IS locat ions for

the Langley data. This plot demonstrates that the Langley shock

shape does not conform to oblique shock theory. (This is also illus-

trated in Figures 24 and 33). The reason for this difference in the

shoc k sha pe has not been determined. Figures 30 and 31 show the

l ocation of disturbance onset (see Figure 2) for the Langley data

determined by two different methods. The AEDC and Princeton data

were not inclu ded because of the limited amount of data available.

Fi gure 30 shows the onset location determined by the intersection

point of the slope of the pressure curve in the undisturbed flow

region (P/Pc,, = 1.0) and the pressure curve between the onset and

separation regions. To determine how sensitive the onset location

is to change in pressure ratio , an arbitrary error of 10% was assumed

for the pressure ratio (i.e., P/Pa 
= 1.1). Figure 31 shows the onset

12
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location determined by the intersection of the pressure curve with

the P/PU = 1.1 line. The onset location determined by the two methods

were compared by p lott ing the Y/X value for the onset location deter-

mined by one method as a function of the Y/X location determined by

the other method as shown in Figure 32. If the onset point deter-

mined by the two methods i s the same , this plot will show a 1:1 re-

lat ionsh ip . From Figure 32 it can be seen that the data compar i son

does show a 1 :1 ratio , indicating that either method is acceptable

for determining the location of separation onset. Figure 33 shows

the relat i ve locat ions of the f in, shock , theoretical oblique shoc k,

an d d is tur bance onse t for the Lan gley model for a f in  deflec ti on

angle of 16 degrees.

b . Surface Effects Data

The effect of the i nteract ion process on the surface

pressures and heat transfer in the interact ion regi on is shown in

Fi gures 34 through 39. Figure 34 shows the normalized peak pressure

and plateau pressure for all ‘three groups of data as a function of

nondimensional d istance downstream from the f in leadi ng edge (X/cS )

for a fin deflect ion ang le of 10 degrees. Figure 35 shows the nor-

malize d peak heating data for the same condi tions. For compar ison ,

this figure also shows the peak heating predicted by pressure inter-

action theory. It is obvious that pressure interaction theory does

not adequately predict heating for a three-dimensional interaction .

Figure 36 shows the normalized separation induced heating peak for

13
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the Langley and AEDC data as a function of the shock strength para-

meter , Mc,, s in 0. The Pr inceton data aga in were not included be-

cause the data insta bi l i ty preclu ded determ i n i ng the locat i on of the

separation induced heating peak or its magnitude . Also shown is the

curve fit of Nes tler ’s data from F igure 19 of Reference 6. Figure

37 shows the same plot for the Lan gley data onl y. The di fference

between the two data p lots i s that the shock angle , 0, is determined

from obl iq ue shock theory in F igure 36 and from the surface pressure

data , as explained previously, in Figure 37. An error band of ±10%

for the curve f i t i s also shown in both Figures 36 and 37. The f ig-

ures show that the AEDC data are predicted very well by the curve

f it but that the Langley data generally fall below the predi cted

values by more than 10%. It may be noted that Langley row 5 data

differ mar ked ly from the other da ta , particularly at the higher Mc,,

sin S values. An explanation of this behaviour has not been deter-

mined . Figure 38 shows the normalized heat transfer data on the flat

plate at the shock imp ingement locat ion for the Langley and AEDC data.

As before , the Pri...,,eton data were not determinable because of its

instability . Figure 39 shows the same plot for Langley data only.

The difference between the two data plots is that in Figure 38 the

shock loca tion was determined from oblique theory, and in Figure 39,

from pressure data. Figure 38 shows the surface heating under the

shock to be constant up to a fin deflection angle of approx imately

10 degrees and to then monotonically increase. This data trend was

discussed by Neumann and Token in Reference 6 for data at Mach 3.7

14 
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and was explained as being due to incipient separation . The incip-

ient separation angle for the Mach 3.7 data was approximately 6 de-

grees and was shown to correlate closely with KorkegVs simplified

prediction. The data of Figure 38 was also compared to Korkegi ’s

predict ion (shown as the point where Mc,, ci = 0.3). Korkegi ’s method

predicts incipient separation at approximately 6 degrees instead of

the 10 degrees indicated by the data. Note , however , in Figure 39,

that when the shock location i s determined from the pressure data ,

the incipient separation angle is shown to decrease with normalized

di stance down stream from the lea di ng edge, eventually approaching the

angle predicted by Korkegi’ s method.

The parallel distribution of heating versus fin deflec-

tion for the increasing X/6 locations in Figure 39 rather than the

fan -shaped distribution of Figure 38 may be due to the shock curiature

evi denced when determining the shock locat ion from the pressure

data (see Figures 26 and 29). The shock curvature results in smaller

y—values and correspondingly higher heating values. In addition ,

It can be seen from Figure 29 that shock curvature decreases

with increasing fin deflection angle , approaching oblique shock

values at f in deflec tion ang les greater than 10 degrees . Thus ,

eleva tion of the heating values would tend to be great~’r at fin de-

flections less than 10 degrees thereby causing the curves to become

parallel . It may be, therefore , that Korke gi’s metho d i s strictl y

applicable only for oblique shocks or far downstream for flows with

shock curvature.

15
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SECTION IV

CONCLUSIONS

The conclus ion which can be drawn from the results of this in-

ves tigat ion are as follows :

1. The distr ib ution of normal i zed pressure and heat transfer

data across the i nteraction region in a three-dimensional oblique

shock /turbulent boundary layer i nteract ion i s independent of fac ili ty

(i.e., Reynolds number) and model scale effects if the followi ng con-

di t ions are met :

a. Mach number must be cons tant .

b. Pressure and heat transfer data must be normal i zed

by the undis turbed flat p late values .

c . Pressure data mus t be compared at equal di stances

from the f in  lead i ng edge.

d. Heat transfer data must be compared at equi valent

X/IS locat ions .

e. All data mus t be compared at comparable Y/X locat ions

where Y and X have their origins at the fin leading edge (see Figure 1).

2. Additional data have been presented for the data base on

the three-dimensional oblique shock/turbulent boundary layer inter-

action for use in helping to better understand the physics of the

process .

16 
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Shock Generator

Interaction Region

Turbulent Bo undary Layer

Receiver Plate

Figure 1. General Interac ti on Regi on Type
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Figure 2. Bas i c Interac ti on Character ist ics

17

— ——--—- .——.-.-- —. —- .~~~~~~~~ ___e-~~~~~~~~~~~
_-_.- . — -- -  .— — —



AFFDL -TR—77—l 1 3

r~~~~~
J 

k~~
o

)
Tunnel

72 Tunnel
Floor

Figure 3. NASA Langley UPWT Test Configuration

FIgure 4. AEDC Model Configuration
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‘0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figure 5. Pr inceton Model Confi guration
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Figure 6. Coord inate System for Data Compar i son
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o LANGLEY DATA , X :7.68 IN. ( ROW Z ) ,Re :3.50(10’) I/ft.
0 PRINCETON DATA I X :7 .5 1N .(ROW5) ,R. : I.92(101) I/f t.

PpK / PFp, THEORY ( LANGLEY DATA ) , HAYES

— — — 

~PK /P FP,THEORY (PRINCETON DATA ), HAYES
2.0 

PPK / PFP, THEOR Y ( LAN G LEY DATA ), SCUDERI

1.9 . PPK / PFp, THEORY ( PRINCETON DATA), SCUDERI
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Figure 7. Comparison of Langley and Princeton Pressure Data
for 4° Fin Deflec t ion
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0 LANGLEY DATA , X :7 .68 IN.( ROW2) ,R, :3.50(I0’) I/ft.
0 PRINCETON DATA , X :7.5 IN . (ROW 5 ) , R,z I .92 ( 101) I/ft .

PPK / PFP, THEORY (LANGLEY DATA ), HAYES

— —— 
~PK / P FP, THEORY (PRINCETON DATA ) , HAYES

2.0  
~PK / PFP, THEORY (LANGLEY DATA), SCUDERI

~PK / PFp, THEORY ( PRINCETON DATA ) , SCUDERI
1.9 -~~~~~-~~~.~~~~~-::
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Figure 8. Comparison of Langley and Prince ton Pressure Data
for 8° Fin Deflection
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4 :  10
0 LANGLEY DATA , X : 7 .68 1N . ( ROW 2) ,R. :3.SO(I0’ ) l/ f t .
0 PRINCETON DATA , X :7. 5 IN .( ROW 5 ) , R. : I.92(101) I/ft.

2.3 - 
PpK / PFP, THEORY (LANGLEY DATA ), HAYES

~PK / PFp, THE ORY(P RINCET ON DATA ), HAYES

2.2 .

~

PK / PFp, THEORY ( LANGLEY DATA ) , SCUDER I

2.1 - PpK / PFp, TH EORY(PRINCETON DATA), SCUDER I
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Figure 9. Comparison of Langley and Princeton Pressure Data
for 10° Fin Deflection
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Figure 10. Comparison of Langley and Princeton Pressure Data
for 12° Fin Deflection
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4i 40

0 LANGLEY DATA , X .T.6S IN . (R OW2 ) ,R..3.5O (10 )  I/f t.

2.2 0 AEDC DATA , X • 6.65 IN, ( ROW 5), R. • 3 .25( 108) I/It.
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Figure 11 . Comparison of Langley and AEDC Pressure Data
for 4° FIn Deflection
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* • 80

0 LANGLEY DATA, X°?.68 IN.(ROW2), R,:3.50(10 ) I/ft.

O AEDC DATA , X .6.65 IN .(ROW5), R •3 .25 (10 ) I/ft.
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Figure 12. Comparison of Langley and AEDC Pressure Data
for 8° FIn Deflect ion
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~~~
. 10°
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Figure 13. Comparison of Langley and AEDC Pressure Data
for 10° FIn Deflection
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* ~ °

0 LANGLEY DATA , X • 4.16 IN. (Row I), x/8 ~~ 10, Re~ 3.50(10
6)1/FT.

~ PRINCETON DATA ,X • 4.10 IN. (ROw I) ,x/ 8 ~~ C, Re .  I.92(I& ’) I/FT.

— SIPK/SIFP, THEORY (LAN GLEY DATA) , HAYES
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Figure 14. Comparison of Langley and Princeton Heat Transfer Data
for 4° FIn Deflection
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* 
S 6°

0 LANGLEY DATA , X • 4.68 IN. (ROW I) , X/8 ~~ 10 , Re 3.50(106) I/ft.
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Figure 15. Comparison of Langley and Princeton Heat Transfer
Data for 8° FIn Def lection
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41 10°

0 LANGLEY DATA , X • 4~68 IN. (ROW I) , X/S 10, Re 3.50(106
) I / f t .
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F i gu re 16. Compar i son of Langle y an d Pr inceton Hea t Transfer Da ta
for 10° Fin Deflection
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4, 14°

0 LANGL EY DATA , x • 4.68 IN. (ROW I), xiS ~~ 10 , Re 3.50(10
6
) 1/It.

0 PRINCETON DATA , X • 4 .60 IN. (ROW I) , xiS ~~ 8, Re I.9Z (IO~) I /ft.

— St pK /S$Fp, THEORY (LANGLEY DATA ), HAYES
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Figure 17. Comparison of Langley and Princeton Heat Transfer Data
for 14° Fi n Deflecti on
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4 1 :4 0

0 LANGLEY DATA , X :  10 IN. (ROW 3), X/8 : 20, Re : 3.50(10
6
)1/ft.

G AEDC DATA , X :  2.65 IN. (ROW 3) X/8 :20 , Re :3.25(106)1/ft.

St PK /St FP, THEORY (LANGLEY DATA), HAYES
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Figure 18. Comparison of Langley and AEDC Heat Transfer Data for
4° Fin Deflection
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4 ’:  80

0 LANGLEY DATA , X :  IOI N. (ROW 3) , X/8 :20 , Ri: 3.50(106) 1/ft.
G AEDC DATA , x : 2 .65 1 N.( ROW 3 ) ,  X/8 ’  20, Re 53 .2 5 ( 10 ) I/f t .
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Figure 19. Compari son of Langley and AEDC Heat Transfer Data for 8°
Fin Deflection
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41
0 LANGLEY DATA , X : I O I N . ( R O W 3 ) , X /8 :20 , R, : 3.50(IO’) I/f f .

~ AEDC DATA , X :  2.65 IN. ( ROW 3) , X/8 :2O , R. z 3 .25(10 ) l/ f t .
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~~~~~~~~~~ 
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FIgure 20. Comparison of Langley and AEDC Heat Transfer Data for
10° FIn Deflection
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LANGLEY MACH 3 DATA ,R. : 3.50 (10
6
) I/f t.
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HAYES CORRELATION
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FI gure 21. Comparison of Hayes (Reference 5) and Scuderl (Reference 10)
Prediction Methods
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Figure 23. Comparison of Location of Peak Pressure and Peak Heating
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Fi gure 25. Comparison of Separation Location and Point of Onset of
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Figure 26. Shock Wave Location - Langley Data
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Figure 27. Shock Wave Location - AEDC Data
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Figure 29. Shock Angle as Function of Fin Deflection Angle
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Fi gure 33. Relat ive Locat ion of F i n , Shock , Theore ti cal Ob l ique Shoc k ,
and Disturbance Onset for 16° Fin Deflection - Langley Data
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Figure 36. Magnitude of Separation Induced Heating Peak with Shock
Angle from Oblique Shock Theory
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FIgure 38. Magnitude of Heating at the Shock Imp ingement Location
with Shock Location from Oblique Shock Theory
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Fi gure 39. Magnitude of Heating at the Shock Impingement Location
with Shock Location from Pressure Data
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