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ANALYTICAL AND EXPERIMENTAL STUDIES OF SHOCK 

INTERFERENCE HEATING IN HYPERSONIC FLOWS 

By J. Wayne Keyes and Frank D. Hains* 

Langley Research Center 

SUMMARY 

This paper presents an  analytical and experimental study of shock interference 

heating in hypersonic flows. The study included measurements of heat -transfer and 

pressure amplification from interference effects, and the development of flov models 

and methods of predicting the peak values suitable for engineering purposes. Theoretical 

parametric studies were also conducted to determine the effect of flour and geometric 

variables on interference heating. The experimental investigation was conducted in four 

facilities which encompassed a Mach number range from 6 to 20, specific heat ratios of 

1.27, 1.40, and 1.67 and free-stream Reynolds number from 3 x to  25.6 x lo6 per 

meter. Six interference flow patterns defined in previous investigations were generated 

by the interaction between a plane shock and the bow shock created by a 0.025-meter- 

and a 0.051-meter-diameter hemisphere, a cylindrical fin, and a 30' wedge. 

In most cases, calculations based on the flow models and methodls developed in the 

present investigation gave reasonable estimates of the measured peak pressuire and heat 

transfer when real-gas effects were negligible. Flow-visualization data a r e  currently 

necessary to utilize the methods since measured shock lengths and angles axe required. 

Pressure  and heat-transfer peaks a s  high a s  7.5 and 17 t imes stagnati~on values were 

recorded on the 0.051-meter-diameter hemisphere at  Mach 6. Values up to 11.5 and 

15 times undisturbed wedge pressure and laminar heating, respectively, were also mea- 

sured a t  Mach 6. Results of the parametric study indicated that shock. interference 

heating is strongly affected by Mach number, specific heat ratio, impinging shock strength, 

and model geometry. Because of real-gas effects, interference heating on the actual flight 

vehicle may be higher than that measured on a wind-tunnel model. 

INTRODUCTION 

Shock interference heating is a problem in the design of the thermal protection sys- 

tem and structural components of high-speed vehicles such as the space shuttle and the 

* Formerly with Bell Aerospace Co., Div. of Textron, Inc., Buffalo, New York, and 

presently with Science Applications, Inc., Arlington, Virginia. 



hypersonic cruise aircraft. (See refs. 1 to 5.) Extremely high pressure and heating can 

occur in small a reas  on the vehicle's surface because of interfering flow fields which 

also may be unsteady. These interfering flow fields or  shock interference patterns a r e  

sensitive to Mach number, free-stream flow conditions, and angle-of-attack changes a s  

the vehicle moves along its flight path. 

Some previous investigations of shock interference flows a r e  reported in refer-  

ences 6 to 36 (see table I) and references 32 to 34. Few of these references present a 

conclusive understanding of the overall shock interference problem. Edney (ref. 6) made 

a detailed study of the entire spectrum of interference flow patterns. Edney defined six 

types of shock interference patterns and showed that as a result  of the shape and type of 

pattern, the local ]pressure and heating peaks were caused by either shock-boundary- 

layer interaction, f ree  shear layer attachment, o r  supersonic jet impingement. Other 

mechanisms resulting from shock interaction which cause less  severe heating and pres- 

sure  effects a r e  (3.) the jet grazing the surface and (2) an expansion fan interacting with 

the surface boundairy layer. 

The present paper presents the results of a comprehensive analytical and experi- 

mental study of shock interference heating. The purposes of this study were 

(1) To determine the effects of Mach number, specific heat ratio, impinging shock 

strength, and geometry on the pressure and heat-transfer amplification for each type of 

interference pattern 

(2) To develop semiempirical methods using the flow models of reference 6 to cal- 

culate both the inviseid and viscous interactions a s  well a s  the peak pressure and heat 

transfer for each type (computer programs generated from these methods a r e  presented 

in ref. 35). 

The experimental study was conducted over a wide range of free-stream Mach numbers 

(Mach 6 to 20), specific heat ratios (1.27, 1.40, and 1.67), unit Reynolds numbers 

(3 x 106 to 25.6 X 106 per meter), and impinging shock strength (shock generator angles 

up to 3 0 ~ ) .  Center-line pressure and heat-transfer distributions and flow-visualization 

data were obtained1 on several basic shapes. 

Beczuse of the large quantity of information gathered, the results a r e  presented in 

two parts. The f i rs t  part includes a discussion of the flow models and methods of pre- 

diction, a comparison of experimental find calculated results, and the results of a para- 

metric study made by use of the prediction methods. The second part covers the exper- 

imental phase of the study. Included also is an appendix on interference heating for a 

typical space shuttle configuration. Some results from the present study a r e  available 

in references 36 to 39. I 



TABLE I.- SUMMARY OF SHOCK INTERFERENCE INVESTIGATIONS 

O t o 5  fins. Novel techniques to 

m e w w e  PPk " d  QPk 

0.071 16.25 0 x : .8 Wedge and fin mounted on flat 

0 plate. Partially immersed 

3.1 in boundary layer, 

y&cp" 

6 

Newlander (1961) 

8 Carter and Carr (1961) 2.0 

2.53 to  5.5 52.36 X lo6 to 98.42 X lo6 

Author and date 

Edney (1968) 

%ot applicable. Shock generate< 1 by h i m i ~ p h e r i ~ c y l i n d r i  

1 forebody. 

8 / Free flight to 3.2 km altitude. 

9 B e c b i t h  (1964) 4.15 56.69 x lo6 to 141.73 X lo6 

10 Jones (1964) 1 6.0 1 2.36 x 1 0  to 28.74 x 1 0  ::::: 1 : 1 :: 1 

M, 

4.6 

/*Only at N R ~ , - / ~  = 28.74 x lo6 

/ Model yawed up to 30'. 

11 Siler and Deskins (1964) 19.0 

12 Bushnell (1965) 8.0 

13 Francis (1965) 9.0 

N ~ e ,  -Irn 

4.06 x lo6 to 47.29 x lo6 

'Cone and wedge with one cylin- 

drical and one wedge fin, both 

fixed. 

14 Gulbran et al. (1965) 

15 Knax (1965) 

16 Poptnski (1965) 

17 Ray and P&o (1965) 6, $8, 10 

18 Gulbran e t  al. (1967) 

19 Helrs and Loubsky (1967) 14 

d~aFh'e;er, 
d, m 

1 "Data not presented for M, - 8. 
1 x 1 10 1 L u m i n r ~ s  photngrzphs supple- 

Shock 

g e z p ' p  
ob dek 
0 to 15 

20 Useltan (1967) 

21 Bushnell (1968) 8 

22 Watts (1968)' 

23 Young, Kaufman, 3, 5 

and Korkegi (1968) 

24 Jones and Hunt (1969) 8 

25 Mashburn (1969) 4.8 

26 Spurlin (1969) 

27 Martindale (1970) 

28 Teterin (1967) 5 

29 Holden (1972) 6.5 to  13 

30 Kaufman, Korkegi, 2.5, 3.0 

and Morton (1972) 4.0 

St&, 
A ,  deg 

1 115 * S h w g p h s  also. 

+Thermocouple and phase-change 

coating data. 
-- 

I 1.18 x 106 to 11.80 x lob 1 

Measurements 

p / Q 

x x  

31 Haslett et al. (1972) 1 
a ~ t e m s  marked with asterisks and crosses apply to  items so  marked in ather columns. 

Visual~zation 
. 

Schlieren I O U  
x 

-- Qrnm 

Q'ef 

0 

Remarks 

(a) 

Axzsymmetrxc blunt bodies and 



SYMBOLS 

consta.nt in equation (2) and figure 6 

specific heat of model material 

specific heat at  constant pressure 

diameter 

beat-transfer coefficient 

therm:al conductivity of model material 

model length 

shock displacement length (see figs. 5 and 7) 

distance (see fig. 44) 

shear layer length (eqs. (3) and (4), fig. 5) 

Mach inumber 

exponent in equations (1) and (2) and figure 6 

1Prandl:l number 

Reyno;lds number 

pressure 

Pcyl 
stagnation line pressure on cylindrical leading-edge fin 

Pstag stagnation pressure on hemisphere o r  free-stream pitot pressure 

Pwedge wedge pressure 

c? heat-t:ransfer rate  



Qcyl 

Qstag 

Qwedge 

Rb 

Rb,j 

Rc 

s 

laminar stagnation-line heat-transfer rate  on cylindrical leading-edge fin 

laminar stagnation-point heat -transfer rate  on hemisphere 

heat-transfer rate  on wedge 

hemisphere radius 

sphere radius of jet body (fig. 10) 

radius of jet bow shock (fig. 10) 

surface coordinate 

temperature 

phase-change-coating melt temperature 

velocity 

jet width at  impingement (see figs. 7 and 10) 

impingement location on wedge from leading edge (fig. 3,  fig. 4,  fig. 11, 

and fig. 12) 

axial coordinate 

coordinates of shock intersection location relative to stagnation point on 

hemisphere 

angle of attack 

inclination of jet relative to surface (fig. 10) 

shock angle 



- 
P heat-transfer parameter in figure 44 

Pi impin.ging shock angle 

Y specific heat ratio 

65,s 
jet bo'w shock standoff distance (fig. 10) 

6 s ~  shear layer thickness at  wall in equations (2), (3), and (4) 

B body angle for hemisphere 

Ob local body slope 

'i shock generator angle 

- 
@5 

shear layer angle relative to surface (fig. 5) 

X fin sweep angle 

I-1 viscosity 

P density 

Subscripts: 

aw adiablatic wall 

C Y ~  cylindrical leading edge 

init initial 

j jet 

L laminar value 

rnax rrlaxirnum value 

pitot pitot value 

6 



pk 

ref 

SH 

SL 

stag 

T 

t 

u 

W 

peak value 

reference value 

shock 

shear layer 

hemisphere stagnation point 

turbulent value 

total value 

undisturbed value 

wall value 

wedge wedge value 

00 free -stream value 

Special notation: 

1, 2, . . ., 8 regions of flow pattern 

BS, IP, IS, bow shock, impingement point, impinging shock, shear layer, 

SL, TS transmitted shock (see fig. 1) 

I, , . . . I types of interference patterns 

ANALYSIS AND COMPARISONS WITH DATA 

TYPES OF SHOCK INTERFERENCE PATTERNS 

In evaluating the effects of shock interference heating, it is necessary to determine 

the type of interference pattern that will exist when two shocks of different strengths 

intersect. The pattern that will occur depends on body geometry, the strength of the 

impinging shock, and i ts  position relative to the body. (See ref. 6.) The six possible 



shock interference flow patterns defined by Edney a r e  shown in figure 1. For the sake 

of simplicity an example of how the interference patterns can change on a hemisphere 

from one type to another with impinging shock location is presented in figure 2. 

The interference patterns can be further grouped according to the mechanism that 

caused the pressure and heat-transfer change at the surface. Types I, 11, and V a r e  

associated with a shock-boundary-layer interaction and type 111 is characterized by an 

attaching free shear layer. Type IV is characterized by an impinging o r  grazing super- 

sonic jet and type VI by an expansion-fan-boundary-layer interaction. 

FLOW MODELS AND METHODS OF PREDICTION 

The six flow models a r e  similar to those discussed in reference 6; therefore, only 

the model highlights and modifications a r e  discussed in the following section. In general, 

the methods of predicting the peak pressure and heating a r e  semiempirical and a r e  pri-  

marily for engineering design calculations. The methods a r e  based upon local two- 

dimensional flow models with the exception of types 111 and V where a tangent-cone 

approximation is used for three-dimensional bodies. Computer programs generated 

from these methods a r e  described in reference 35. 

Type I Interference 

A type 1 interference pattern occurs when two weak shocks of opposite families 

intersect a s  shown in figure 3. These weak shocks can be attached shocks generated by 

wedges and cones o r  parts of detached shocks located well downstream of the sonic point. 

(See fig. 2.) The actual r i s e  in pressure and heating at the surface is caused by the inter- 

action of the transmitted impinging shock and the wall boundary layer. The flow field 

associated with type I is supersonic throughout. 

The flow conditions in regions 2 and 3 a r e  calculated from the Rankine-Hugoniot 

shock relation of reference 40 once the flow conditions in region 1 and the strengths of 

the bow and impinging shocks a r e  specified. Unless the strengths of the two shocks a r e  

equal, a shear layer will be produced at point A and between regions 4 and 5 where the 

static pressures  must be equal and the flow directions parallel. An iterative procedure 

is utilized to obtain the strength of the transmitted shocks and the orientation of the shear 

layer relative to the free-stream direction which satisfy these conditions. From the 

strength of the transmitted impinging shock and the local surface inclination a t  impinge- 

ment, flow conditions in region 6 a r e  calculated by using the Rankine-Hugoniot shock 

relations. When the regular oblique shock reflection at the surface is no longer possible, 

a Mach reflection (refs. 41 and 42) will occur a s  shown in the insert  of figure 3 with the 

pressure r i s e  from region 2 to region 6 at the wall approximated by the normal shock 

relations. 



When the pressure r i s e  is known, the heat transfer can be obtained from shock- 

boundary-layer interaction studies. Calculations based on methods developed in several 

of these studies, for example, references 43 to 45, were compared with experimental 

data in reference 46. It was found that these methods gave good heating estimates for 

weak shocks at  low supersonic Mach numbers. For  a strong shock-boundary-layer 

interaction and a higher Mach number, the agreement was not a s  good. A promising 

method based on the Lax-Wendroff difference technique for the solution of the tirne- 

dependent Navier-Stokes equations has been presented by MacCormack (ref. 47). How- 

ever, any of these detailed methods require considerable computer time and a r e  not suit- 

able for rapid engineering calculations. In the present study, the follouring correlations 

and constants developed by Markarian (ref. 48) were used for predicting the peak heating. 

The correlations a r e  of the form 

where N = 1.29 for  laminar interactions and 0.85 for turbulent interactions and p 
P~/P.  

is the inviscid pressure ratio p6/p2 across  the interaction. Calculation of the peak 

heating requires a knowledge of the reference o r  undisturbed heating QU upstream of 

the interaction. In the present study, reference values Qwedge a r e  obtained from 

expressions in reference 49 for laminar and turbulent boundary layers  on plane surfaces 

by using the measured location of the impingement point. Also, the reference pressure 

Pwedge 
is the undisturbed value ahead of the interaction on the wedge. 

Type 11 Interference 

A type 11 interference pattern occurs when two shocks of opposite families intersect 

as shown in figure 4 .  Both shocks a r e  weak a s  in type I, but a r e  of sue11 strength that 

in order to turn the flow, a Mach reflection must exist in the center of the flow field with 

an embedded subsonic region located between the intersection points (A and B) and the 

accompanying shear layers. (See also ref. 42, p. 557.) On a blunt body, type TI inter- 

ference occurs when the impinging shock intersects the bow shock nearer  to  the sonic 

point than type I, a s  shown in figure 2. A detailed analysis of the comp1.ete flow field is 

difficult because the extent of the subsonic region (region 5) is unknown and depends on 

the size and shape of the body (ref. 6). The conditions in the supersonic regions (4 and 6) 

can be calculated, since the influence of the impinging shock on these regions is small 

compared with the influence of the bow shock (ref. 6). The inviscid pressure ratio 

p6/p2 across  the reflected shock at the shock-boundary-layer interaction can be calcu- 
lated from these conditions. 



If the free-stream conditions in  region 1 and either the body angle o r  shock angle 

a r e  known, the triple shock at point A is solved by using an iterative procedure s imilar  to 

type I with the exc:eption that strong shock relations a r e  used between regions 1 and 5. A 

Mach reflection with a nearly normal leg a t  the wall apparently forms when the regular 

shock reflection between regions 4 and 6 is no longer possible. (See sketch in fig. 4.) 

The heat-transfer r i s e  is determined by using equation (1) and p p . The reference 
6/ 2 

or  undisturbed pressure and heating upstream of Xi a r e  also calculated in exactly the 
same manner as for type I. 

Type 111 Interference 

A type n?i: shiock interference pattern occurs when a weak impinging shock inter- 

sects a strong detached bow shock a s  shown in figure 5. The shear layer emanating from 

the shock intersection (point A) attaches to the surface with subsonic flow above the layer 

t u rnbg  upward and subsonic flow below the layer passing through an oblique shock in 

order to turn paraallel with the surface. Whether the shear layer attaches to the surface 

depends on the Mach number in region 4 M4, and the angle between the shear layer and 

the surface g5. If M4 is sufficiently high and B5 does not exceed the maximum 

turning angle for M4, then the layer will be attached. If, however, the maximum angle 

is exceeded, the shear layer will detach and a type IV pattern will be formed. If it is 

assumed that the shear layer attaches a t  point C and the oblique shock does exist, then 

another triple shock will occur at point B. (See fig. 5.) On a blunt body the shock inter- 

section occurs near o r  above the lower sonic point a s  shown in figure 2.  

The conditions in regions 2 and 4 a r e  obtained by solving the triple shock a t  point A 

by using an iterative procedure. Required a r e  the impinging shock strengths and the 

free-stream flow conditions. The iteration also requires the use of the strong shock 

relations between regions 1 and 2. Results from this exact analysis a r e  used in an 

approximate analytic technique to  determine the peak pressure and heat transfer at shear 

layer attachment. The strength of shock BC is determined by assuming the angle between 

the shear layer and the local body slope J5 is known. The peak wall pressure in 

region 5 is calcula~ted by using the flow conditions in region 4 and the Rankine-Hugoniot 

shock relations for attachment on a two-dimensional body. For attachment on a three- 

dimensional body, tangent- cone approximations (ref. 3 5) a r e  used by assuming that 

shock Be is conic:%l. In the present study the tangent-cone method is used since the 

model configuration consisted of a plane shock impinging with the bow shock of a 

hemisphere. 

Peak heating caused by an attaching free shear  layer is analogous to a reattaching 

separated boundary layer. (See ref. 6.) In the present study, correlations proposed by 

Bushnell and Weinstein (ref. 50) for reattachment heating on two-dimensional ramps a r e  



used. The peak heating at attachment is 

p, sin i5 
Qpk = A ~ w ,  5u~cp(Taw - Tw) 

where the shear layer thickness at  attachment 6SL is given by 

(Laminar) 

(Turbulent) 

The shear layer length QSL (AC in fig. 5) is calculated by use of the measured shock 

displacement length LSH and the geometry of the shock shear layer triangle ABC. 

Shear layer transition data presented in reference 39 a r e  useful in determining the state 

of the shear layer at attachment since it has been shown in references 6 and 38 that the 

heating for turbulent attachment is higher than that for laminar attachment for the same 

pressure rise.  The constants A and N in equation (2) as obtained from data in ref- 

erence 50 for a laminar shear layer a r e  0.19 and 0.5 and for a turbulent: shear layer, 

0.021 and 0.2. 

A comparison which was made in reference 38 of peak heating for f ree  shear layer 

attachment (data from present study) and reattaching separated boundary-laye- curves 

(from ref. 50) is reproduced in figure 6 with some modifications. The flagged data based 

on the calculated laminar shear  layer thickness a r e  corrected for the difference in con- 

stants (five in eq. (3) and four in ref. 38). Corrections to the helium data (solid symbols) 

using revised calculated shear layer lengths a r e  also included. Since the shear layer in 

the Mach 6 data a t  the lower Reynolds numbers based on ijSL) may be transitional, both ( 
the laminar and turbulent values a r e  shown. It can be seen in figure 6 that more realistic 

values of A a r e  0.40 for laminar and 0.06 for turbulent f ree shear layer attachments. 

For  a transitional shear layer attachment, both the laminar and turbulent values of 
GSL 

a r e  used with the turbulent constant to calculate the peak heating. Possible reasons for 

this difference in the values of A a r e  that the correlations in reference 50 for reattaeh- 

ing separated boundary layers a r e  for  two-dimensional ramps and the attaching free shear 

layers in reference 38 a r e  three-dimensional in nature. Also, the shear layer angles 

relative to  the surface a r e  higher for the attaching shear layer than the reattaching 

boundary layers. 

In the present study the reference heating Qstag used for type I1:I interference is 

the laminar stagnation-point value on a hemisphere (ref. 51) obtained frlom 



where the velocity gradient (from ref. 52) is 

and the subscript stag re fers  to values at  the edge of the boundary layer. The refer- 

ence pressure ps.tag is the stagnation pressure on a hemisphere. 

Type IV Interference 

M e n  a weak. impinging shock intersects the nearly normal part  of the bow shock, 

a type W interference occurs. This interference results in a complex flow pattern with 

a supersonic jet embedded in the subsonic flow region between the bow shock and the 

surface. (See figs,. 2 and 7.) Up to region 6 the flow model is the same a s  type III; 

therefore, type TV interference can be considered a special case of type III interference 

with a detached shear layer (i5 > Q4, fig. 5 . From figure 7, it can be seen that the jet ) 
consists of triangular regions, the actual number of regions being dependent upon the 

standoff distance of the entire configuration. Upon impingement on the wall, a jet bow 

shock is produced that creates a small stagnation region with high pressure and heating. 

As stated in reference 6, the peak heating is dependent upon the peak pressure,  the jet 

width, the jet angle of incidence with the surface, and the state of the jet (laminar o r  

turbulent), where all these quantities a r e  interrelated. 

Flow conditions and the geometry of this complex jet pattern shown in figure 7 a r e  

calculated by assuming zero shear layer thickness and neglecting jet mixing with the 

slower moving flow in regions 2 and 5. Conditions in regions 2, 3, and 4 and the shear 

layer deflection angle a r e  obtained in the same way a s  those for type 111. Orientation of 

the continuation of the bow shock between regions 3 and 5 and the shock between regions 4 

and 6 a r e  determined from the triple-point solution a t  point B. It is assumed that a 

shear layer emanates from point B to form the lower jet boundary between regions 5 

and 6 p5 = p The location of point C is determined from the geometry of the triangle 
6) 

enclosing region 4 by using the shock displacement distance 
Lm 

(which is obtained 

empirically). The pressure differential between regions 2 and 5 p5 > p causes the jet 

to turn upward. 
( 2) 

Since the flow in the jet passes through a ser ies  of expansions and weak compres- 

sion waves, the conditions in regions 6 and 8 p6 = p5 = p8, etc. and all subsequent ( ) 



even-numbered regions in the jet are the same. Likewise the conditions in all odd- 

numbered regions are  the same. The total pressure in the jet is assumed to be constant. ' 

The incremental increases in the flow deflection angle between regions such a s  0, 
to e6 a re  constant. Based on this reasoning, an expansion fan centered at E and 

intersecting the lower jet boundary at F complete the jet geometry through region 8. 

Good agreement between measured and calculated flow patterns was realized in refer- 

ence 6 by using these assumptions. 

It has been shown in reference 6 that two possible shock configurations can occur 

at the intersection of the bow and impinging shocks depending on their relative strengths. 

Figure 8(a) shows sketches of the jet configuration for a downward sloping shear layer 

with the jet bow shock located in region 8 whereas figure 8(b) shows the configuration for 

an upward sloping shear layer. Only the downward sloping shear layer was seen in the 

present study. In some configurations the jet was turned sufficiently to graze or move 

parallel to the wall without impinging a s  observed in schlieren photographs. In this case 

(denoted type Na)  even though impingement does not occur, regions of high heating a re  

produced because of the interaction of the jet flow with the boundary layer. 

A typical example of how the calculated total pressure varies in a type IV pattern 

a s  a function of free-stream pitot pressure is presented in figure 9. The jet total pres- 

sure, the total pressure in region 4, and the wall stagnation pressures of the jet in, 

regions 7 and 8 remain relatively high compared with the free-stream pitot pressure. 

The wall stagnation pressure is obtained from normal-shock relations by using conditions 

in region 7 or 8. Also an approximate 1 0-percent difference in wall stagnation pressure 

occurred with a small shift in jet bow shock location from region 7 to region 8. 

In order to calculate the peak heating at jet impingement, the jet stagnation velocity 

gradient along the wall must be determined. Several methods have been suggested for 

calculating the velocity gradient and the peak heating; (See refs. 6 and 36.) A method 

discussed in reference 6 for impingement on a sphere suggests that the peak heating is 

analogous to that on a blunt body (diameter equal to the jet width) submerged in a super- 

sonic flow field (jet flow). An expression based on this analogy is 

0.5 

Qstag 

where p and Qpk a re  stagnation values on a cylinder of diameter G (jet width) 
pk 

and where pstag and Qstag a re  the stagnation values on a sphere of radius Rb. 

This expression was obtained by using equations in reference 53 and assuming the jet to 

be laminar with nearly normal impingement. The constant in expression (7) is a function 

of the heating parameter in reference 53. (Value shown is for ratio of a wall temperature 



to total temperaturce of 0.5 and a Prandtl number of 0.7.) Good agreement between 

experimental and calculated values was obtained in reference 6 for a Mach number of 

4.6 and R ~ / G  = 17.5 by use of this method. 

A more detailed method for finding the stagnation point velocity gradient is pre- 

sented in reference 36, where the Belotserkovskii s t r ip  integral method (based on 

refs. 54 to 56) is used. The velocity gradient is found to be a function of jet Mach num- 

ber, specific heat ratio, and jet shock standoff distance. However, i t  was shown in ref- 

erence 57 that results obtained by use of this method a r e  in e r r o r  for the low jet Mach 

numbers M- < 2.5 which were encountered in the present study. ( 1 1 
The velocity gradient used in the present investigation is obtained from an analogy 

similar to that of reference 6. Even though in reality the jet is impinging on a plane 

surface when compared with the jet size w >> 1 , the stagnation velocity gradient (931- i 
can be approximated by the gradient on a small sphere "jet body" immersed in a super- 

sonic flow field of hieight equal to the jet width. The flow model of the jet impingement 

region is shown in figure 10. Flow conditions upstream of the jet bow shock (for example, 

in region 7 o r  8) a r e  known from the previous flow analysis once the jet bow shock loca- 

tion is specified. Inclination of the jet aj is assumed to be normal to the wall on the 

basis of experimental data. The jet bow shock is assumed to be a circular a r c  of 

radius Rc. (See ref. 36.) The orientation of the sonic line relative to the wall and the 

jet bornndary a s  shown in figure 10 is based on information in references 57 and 58 fo r  

Mj i 2.8 at y = 1.4. Equation (6) is used to calculate the velocity gradient for a speci- 

fied jet velocity u and Mach number M depending on the region containing the bow 
j j 

shock. The jet-body radius in this case Rb,j is computed by using a value of 6 j, ~ 1 % ;  

the calculated width G for a given region, and correlations of 6 j, s / ~ b ,  a s  a function 

of inverse jet norm,al shock density ratios obtained from reference 59. An approximate 

valueof 6 E=01.45 wasusedfo rca lcu la t ed je tMachnumbers f rom1.2 to2 .5a t  
j , s/ 

y = 1-4. This value of 
G j F s  G 

seems to be realistic when compared with calculated 1 
values given in reference 56 to normal impingement and jet Mach numbers from 3 to 5. 

Also, the present schlieren data and data from reference 6 verify this value (0.45) for 
- 

9 , s  
w. Therefore, the velocity gradient at  the jet stagnation point is calculated once the 

necessary quantities a r e  known for the given region that includes the jet bow shock. 

A sample calculation of the velocity gradient for the jet bow shock located in 

region 8 for M, = 6 and y = 1.4 follows. The calculated jet width, jet velocity, and 

Mach number ahead of the jet bow shock in region 8 a r e  0.701 mm, 562.02 m/sec, and 

i.53, respectively. The jet bow shock standoff distance 6j,s is 



6 .  6 .  
where @ = 0.45. A value of J'S = 0.54 is found in figure 17 of reference 59 by 

W 
Rb,j 

using the inverse normal shock density ratio for NI. = 1.53. Then the radius of the jet 
J 

body is 

Finally, the velocity gradient is obtained from equation (6) modified for jet nomenclature 

0.5 

5 

iy  - iiMj?](l - ----&)I = '7.631 x 10 per second 

The peak heating rate  for a given region is calculated by using equation (5) and the 

calculated flow condition and velocity gradient for that region. In the present study, 

equations (5) and (6) a r e  also used to calculate the reference stagnation heating on the 

hemispheric model. The reference pressure is the hemisphere stagna1,ion pressure.  It 

was stated in reference 6 that the peak heating is directly proportional to the square 

root of the jet width T? which, in turn, is dependent on the measured displaced shock 

length LSH (fig. 7) a s  a scale length. A simplified method that would give this length 

a s  a function of free-stream conditions and body geometry would relieve the present 

method from i t s  dependence on experimental measurements of LS, and 9, 
Other phenomena that may influence the peak heating, but a r e  not consitlered in the pres-  

ent study, a r e  the type and growth of the shear layers  bounding the jet a.nd jet turbulence. 

(See ref. 6.) 

Type V Interference 

Type V interference involves the intersection of two oblique shocks of the same 

family which occurs just above the upper sonic point as illustrated in figures 2 and 11. 

Type V is analogous to type I1 with the exception that a thin jet appears at the shock 

intersection at point A instead of a shear layer and the impinging shock directly influences 

the flow upstream of the model. The actual increase in pressure and hleat transfer on 

the surface is a result of the shock from point B interacting with the boiundary layer. 

The small jet from point A and the shear layer emanating from the triple point at  B 

(fig. 11) converge a s  the subsonic flow in region 4 accelerates to sonic yireloeity. Both 

the jet and shear layer intermix and may graze the surface and thus cause some increase 

in heating. (See ref. 6.) Flow conditions and the pressure and heat-transfer r i s e  across  



the shock -boundary -layer interaction in the supersonic regions near the body a r e  calcu- 

lated by use of the same procedure a s  discussed for  type II and equation (1) for plane 

surfaces. 

Ini the present investigation the type V interference pattern was observed on a 

swept cylindrical leading-edge fin. The pressure r i se  across  the shock-boundary-layer 

interaction was calculated by using the tangent-cone approximation discussed for type In1 

and the heating r i se  was calculated by use of equation (1). The undisturbed o r  reference 

values used in this case were the laminar stagnation-line pressure and heat transfer on a 

cylinder, (See ref, 60.) 

Type VI Interference 

The supersonic flow pattern for type VI interference shown in figure 12 consists of 

the intersection of two weak shocks of the same family and results in a weak bow shock. 

A shear layer and an expansion fan (that interacts with the boundary layer) a r e  also 

formed at the intersection (point A). The interaction at the surface results in a local 

decrease in pressure and heating. (See ref. 61.) 

The flow conditions in region 3 a r e  determined by using the oblique shock relations 

and the specified free-stream conditions and flow angle in a manner similar to that for 

type I. Once Qb i s  specified, the flow in region 4 is calculated. An iterative scheme 

is used to determine the location of the coalesced bow shock that separates regions 1 

and 2 to satisfy continuity of the pressures  and flow direction across  the shear layer 

between regions 2 and 5. The flow from region 4 must pass through the expansion fan to 

turn parallel to the shear layer. The relations for a Prandtl-Meyer expansion from ref- 

erence 40 a r e  used in this iteration to go from region 4 to region 5. In order to turn 

parallel with the surface, the flow passes through a ser ies  of weak reflected expansion 

waves in going from region 5 to region 6. The total reduction in pressure from region 4 

to region 6 is twice the decrease across  the first expansion fan for low Mach numbers 

and small turning angles (ref. 42, p. 451). 

The heal-transfer relation (eq. (1)) is used to calculate the reduction in heating by 

using p6/pq This procedure is justified since it has been shown in reference 61 that 

this equation gives a good prediction of the heating reduction for turbulent interactions. 

A eolnparison of type VI laminar data from the present investigation with the correlation 

in reference 38 indicates that the same justification may be used for laminar interactions. 

The reference values in the present study a re  the undisturbed values ahead of the inter- 

action on a wedge. 



COMPARISON OF CALCULATED AND EXPERIMENTAL BlESULTS 

In this section typical examples of experimental center-line pressure and heat- 

transfer distributions, primarily peak values, a r e  compared with calculated levels for 

the six types of interference patterns. Flow-visualization photographs a r e  presented to 

indicate the type of interference and details of the flow field. Experimental models used 

in this investigation included hemispheres, a cylindrical leading-edge fin, and a 30" wedge. 

Surface static pressures  were measured by using conventional electx-ical strain-gage 

transducers and heat-transfer coefficients were obtained by use of thie phase-change 

coating technique. In the interest of clarity, details concerning the models, tes t  condi- 

tions, and experimental techniques a r e  discussed in the experimental. study along with 

tabulations and plots of experimental data not shown in the analysis. h general, the dis- 

cussion presented in this section also covers the experimental resul1.s. The pressure 

and heat-transfer data a r e  presented in nondimensional form, stagnation-point values 

(  stag and Q 
stag) 

being used for the hemisphere data. Stagnation-line pressure and 

heat-transfer values p and Q a r e  used for the fin data. The reference pressure ( C Y ~  CYl) 
for the wedge pwedge is the calculated wedge value without interference. Reference 

heating for the wedge Qwedge is arbitrarily chosen a s  the local laminar value at the 

midpoint of the wedge (X = 0.5) with the exception of type VI where thie reference value is 

taken a s  the maximum measured wedge value ahead of the interaction. 

Type I Interference 

Type I interferences on the 30' wedge at a =  0' (wedge center line parallel with 

flow) for Qi = 10' and Qi = 15' a r e  shown in figures 13 and 14, respectively. Mea- 

sured peak pressure for both shock generator angles 
Qi is approxilnately 10 to 15 per- 

cent higher than the calculated value. This difference is probably due to the extensive 

separation of the laminar boundary layer on the wedge (caused by the shock-boundary- 

layer interaction) and the resulting complex shock system which allows a greater pres-  

sure recovery than the nonseparated case). Differences between the measured and cal- 

culated peak heating levels a r e  probably also influenced by the separated flow. 

Type 11 Interference 

An example of a type IT interference pattern on the 30' wedge a.t a! = 25' and 

Oi = 15' is presented in figure 15. The reflected shock that occurs at the upper triple 

point in the bow shock interacts with the wedge boundary layer and causes the increase 

in pressure and heat transfer.  A region of transonic flow exists behind the reflected 

shock between the surface and the shear layer. (See, for example, rlefs. 32 and 33.) 

Calculated peak pressure levels shown in figure 15 a r e  obtained by assuming (1) a Mach 



reflection with a riormal shock loss  at  the wall (upper line) and (2) the pressure r i se  for 

an attached shock corx-esponding to the upstream Mach number 
M2. A pressure spike 

was no-measured, evidently because of the finite pressure tap spacing since the mea- 

sured value shoultl have occurred between the two calculated levels. The peak heat- 

transfer level was underpredicted. 

Type 111 Interference 

Examples of type 111 interference on a 0.051-meter-diameter hemisphere at Mach 6 

with Bi = 14.8' a r e  shown in figures 16 and 17. The basic difference between these 

two examples is that the shear layer attaches at a lower point in figure 17 than in fig- 

ure  16. The measured pressure peaks a r e  underpredicted approximately 15 percent 

probably because {of viscous effects (shear layer deflection and growth and three- 

dimensional flow). As expected, heating peaks, in general, a r e  underpredicted approxi- 

mately 50 to 65 percent by use of the constants of reference 50. Better agreement is 

obtained by using the constants from the correlation of reference 38 (based upon the pres-  

ent data) and the calculated laminar and turbulent shear layer thicknesses. The maxi- 

mum heating amplification measured in this study for a type III interference (14 t imes 

stagnation heating:! is shown in figure 16(c). 

Typical results of tes ts  conducted in the other three facilities with a 0.025-meter- 

diameter hemisphere a r e  presented in figures 18 to 20. The type of interference was 

determined from the location of the shock intersection and the shape of the peaks. In 

general, the agreement between measured and calculated pressure and heat-transfer 

peaks was not a s  good a s  that for the Mach 6 results, probably because of e r r o r s  incurred 

in measuring parameters from photographs and the finite pressure tap spacing (10') on 

the moclel. Viscous effects, in addition to these reasons, may explain the poor agreement 

in the nitrogen tests.  (See fig. 18.) Flow condensation due to a low stagnation tempera- 

ture  may have influenced the pressure measurements in the CF4 facility. A good indica- 

tion of how the surface flow is affected by an attaching shear layer can be seen in 

figure 20(e). 

- 

Type IV Interference 

Since the type IV interference results in the most severe heating (ref. 6), an exten- 

sive investigation was conducted by using the 0.051-meter-diameter hemisphere, the 

30" wedge, and the fin model in the Mach 6 a i r  tunnel. Additional tes ts  were conducted 

with the 0.025-meter-diameter hemisphere in the other facilities. , 5' 
Typical exannples of type IV interference on the 0.051-meter-diameter hemisphere 

at Mach 6 for Bi =: so, lo0, and 15' a r e  shown in figures 21 to 23. J e t  impingement 



occurs between 20' and 30' below the axis of the hemisphere with nearly normal impinge- 

ment. In general, calculations based on conditions in regions 7 and 8 and the measured 
6. 

value at J'S= 0.45 bracket the measured peak pressure and heat transfer.  Cornpar- 
W 

isons of the measured and calculated (no interference) pressures  and. heat-transfer dis- 

tributions on the hemisphere indicate the strong influence of the jet flow along the surface. 

Results in helium at Mach 20.2 and nitrogen at Mach 19.8 obtained on the 

0.025-meter-diameter hemisphere a r e  presented in figures 24 and 25. Agreement 

between the measured and calculated peak values was not a s  good a s  the Mach 6 results, 

large differences occurring in the nitrogen tests.  Better agreement would probably result 

if the proper values of 6 w were known for each gas. Oblique jet impingement and 
j, s/ 

shear layer growth could also explain the lower measured peak values. However, the 

predicted values provide conservative estimates. 

Comparisons of measured and calculated values on the 30' wedge at a! = 50.3' and 

at Mach 6 a r e  presented in figure 26. Good agreement exists between the pressure 

results whereas the heating peak is underpredicted. The high measured heating peak 

may be the result of turbulent jet impingement. (See ref. 6.) 

An example of a type IVa interference (grazing jet) on the unsmrept cylindrical fin 

at Mach 6 is shown in figure 27. The plane of symmetry of the fin and the leading edge 

of the shock generator a r e  perpendicular. In this case the supers0nj.c jet curls upward 

because of the higher pressure differential across  the jet than that ellcountered on the 

hemisphere or  wedge. The peaks and dips observed in the pressure and heat transfer 

a r e  the result of shocks and expansions in the grazing jet interacting with the fin boundary 

layer. Agreement between the data and the calculated stagnation line values on the lower 

part  of the fin is only fair, probably because of the curved bow shock. 

Type V Interference , 

A type V interference pattern occurred on the cyliti@$cal fin when i t  was swept 

back 25' (center line a t  65' to  free-stream flow) a s  shown$iq>igure 28. Good agreement 

between measured and calculated heating peaks was obtadhed\for all type V tests.  Since 

the fin bow snack ..- . was detached, the predicted heating v d d e  wiL'(6alculated by use of the 

measured bo angle p3 below the shock interseetidn analthe maximum angle Q6 

lection a t  the wall. The secondary heating Qeak occurring near 

e thinning of the boundary layer by th'k grk.zing jet and shear 

layer. 



Type VI Interference 

An example of type VI interference on the upper surface of the 30' wedge is shown 

in figure 29. The theoretical pressure reduction from the expansion-fan impingement 

agrees well with the experimental level. Although equation (1) was developed for shock- 

boundary-layer interactions, the use of the laminar form and the calculated pressure 

reduction gives a good indication of the amount of local heat-transfer reduction. The 

reason for the f i rs t  dip in the heating distribution is unknown. Unlike the other wedge 

data, the reference heating is taken as the maximum measured value ahead of the 

interaction. 

Summary of Comparisons of Calculated and Experimental Data 

In summary, for most cases calculations made for the different types of interfer- 

ence were in fair  t.o good agreement with measured peak values for gases where real-gas 

effects a r e  negligible and good flow-visualization photographs were available. (See 

table E.) 

Empirical Inputs for Methods of Prediction 

The main problem that exists in using these local two-dimensional methods is 

their dependency on measurements (see table 111) from flow-visualization photographs o r  

other empirical sc~urces. These inputs along with the specified upstream flow condi- 

tions, surface geometry, and pressure and heat-transfer distributions without interfer- 

ence can be used to calculate interference heating on complex configurations. Other 

problem areas  include the effects of (1) shear layer growth, (2) oblique jet impingement, 

(3) jet bow shock standoff distance, (4) gas chemistry, and (5) three-dimensional flow on 

ira$erierenee heating. 



TABLE 11.- SUMMARY OF COMPARISONS OF CALCULATED 

AND EXPERTMENTAL DATA 

Type of 
interference 

(with separation) 

Test  conditions 

M, = 6.0; y = 1.40; Bi = 10'; 

30' wedge Turbulent, 13.5 

M, = 6.0; y = 1.40; Bi = 15'; 10.2 11.7 Laminar,  18.8 

30' wedge 

M, = 6.0; y = 1.40; Bi = 15'; a1.5 1.5 Laminar,  a2.4 

30' wedge 

I 111 M, = 6.0; y = 1.40; Bi = 15'; 1 3.5 1 4.2 ~ u r b u l e n t , 1 3 . 4  

0.051-m-diameter hemisphere 

I 111 M, = 20.2; y = 1.67; Bi = lo0; 7.2 I ~ a m i n a r ,  7 4 1  

0.025-m-diameter hemisphere 

M, = 19 9; y = 1.40; ei = 15'; 1 8.3 ( 4.5 i l a m i n a r ,  10.2 
0.025-m-diameter hemisphere 

M, = 6.0; y = 1.40; Qi = 14.8'; b8.4 7.5 "14.4 
0.051-m-diameter hemisphere 1 b8.3 1 6.5 1 b16.2 

M, = 20.2; y = 1.67; Bi = 5 ; 

O I bg.g I 5.4 1 b16.5 / 5.7 1 
0.025-m-diameter hemisphere 

IV M, = 19.8; y = 1.40; Bi = 10'; b36.9 4.3 

0.025-m-diameter hemisphere 

IV M, = 6.0; y = 1.40; Bi = 15'; b8.5 7.5 

30' wedge 
I 

V M, = 6.0; y = 1.40; Bi = 20'; 4.6 2.5 

cylindrical fin 

VI M, = 6.0; y = 1.40; Bi = 5'; 21-percent 20-percent 

30' wedge reduction reduction reduction reduction 

aRegular shock reflection. 

b ~ e t  bow shock in region 8, figure 7. 



TABLE DI. -. EMPIRICAL INPUTS FOR VARIOUS TYPES OF INTERFERENCE 

Type of interference Empirical input 

I (1) Impinging and bow shock angles at intersection 

(2) Impingement location on surface (sphere, wedge, fin, etc.) 

I1 (1) Impinging and bow shock angles a t  intersection 

(2) Impingement location on surface (sphere, wedge, fin, etc.) 

ITI (1) Impinging and bow shock angles at  intersection 

(2) Shock displacement length o r  shear  layer length for computing 
thickness of shear layer at surface 

(3) Shear layer angle relative to  local body slope 

WT (1) Impinging and bow shock angles at  intersection 

(2) Shock displacement length o r  shear  layer length for computing 
jet coordinates and width 

(3) Ratio of jet bow shock standoff distance to jet width 

V (1) Impinging and bow shock angles at  intersection 

(2) Impingement location on surface (sphere, wedge, fin, etc.) 

(1) Impinging and bow shock angles at  intersection 

(2) Impingement location on surface (sphere, wedge, fin, etc.) 

PARAMETRIC STUDY USING COMPUTATIONAL METHODS 

Calculations were carried out for each type of shock interference at a variety of 

flow conditions to determine the dependence of peak pressure and heating on the specific 

heat ratio y, free-stream Mach number M,, and impinging shock strength (shock gen- 

erator angle O i ) .  Body angle Ob, shear layer angle g5, and shock displacement 

length LSH 
were also varied to  determine their effect on the peaks for some types of 

interference. Tlne free-stream total conditions and wall temperature remained fixed for 

all types. These calculations were made by assuming impingement on a wedge at 

Xi = 0.305 meter for types I, 11, V, and VI and on a 0.305-meter-diameter sphere for 

types I41 and HV. The heating results were calculated by use of a recovery factor of 

( N ~ , ) ' . ~  for laminar and ( N ~ ~ ) ~ . ~ ~  for turbulent (Npr = 0.72). Also these calcula- 

tions a r e  based on ideal gas relations and do not account for real-gas effects. 



Type I Interference 

The results of a parameter variation study for type I interference a r e  presented in 

figures 30 and 31 for laminar and turbulent boundary layers  with a fixed impiwement 

location and body angle. Figure 30 presents the variation of pressure and heat-transfer 

amplification with shock generator angle for several free-stream Mach numbers and 

specific heat ratios. Both the pressure and heat-transfer amplification increase with 

increasing impinging shock strength and free-stream Mach number until the transition 

from a regular reflection to  a Mach reflection takes place. Beyond this point the ampli- 

fication remains constant until the beginning of a type II interference. For  a given Mach 

number and Bi, the amplification decreases with increasing y. The high heat-transfer 

amplification for the laminar case (fig. 30(b)) is the result of the low heating rates  ahead 

of the shock-boundary-layer interaction Q2 for Xi = 0.305 meter .  Figure 31 shows 

that the amplification decreases with increasing body angle for the case of a regular 

shock reflection and for a fixed M,, y, and Bi. The reason for  this decrease is that 

the reflected shock becomes weaker with increasing Bb and thus results in a lower 

pressure r i s e  from region 2 to region 6. 

Type I1 Interference 

The variation of the pressure and heat-transfer (laminar and tu.rbdent) amplifiea- 

tion with body angle is shown in figure 32 for a type I1 interference at several values of 

M, and y for a regular shock reflection. Calculations of the flow near the wedge a r e  

independent of Bi. The amplification decreases with increasing body angles and spe- 

cific heat ratio for the same reason a s  type I. For a given Bb, the amplification also 

increases with Mach number. 

Type 111 Interference 

Pressure and laminar and turbulent heat-transfer amplification a s  a function of 

shock generator angle a r e  shown in figure 33 for attaching shear layers. The shock 
- 

displacement length LSH and shear layer angle B5 a r e  fixed. He:~t-transfer peak 

calculations a r e  based on constants from reference 38 a s  discussed previously. The 

maximum amplification occurs between Qi = 10' to 8, = 20' depending on the Mach 

number and y. The pressure amplification increases and the heat-transfer amplifica- 

tion decreases with increasing Mach number for a given Qi and y. Actually, the 

heating amplification will follow the same trend a s  the pressure.  (Se'e ref. 6.) This 

reverse trend for the heating in  the present study is the result of using constant total 

pressure and temperature for M, and y instead of varying these (conditions for each 

M, and y. For  a given Bi and M,, the amplifications decrease with increasing y. 

The variation of the stagnation reference values with M, and y is shown in figure 34. 



The effects of variations in shear layer angle and shock displacement length (shear layer 

thickness) on the pressure and heat-transfer amplifications for M, = 10 and y = 1.4 

a r e  shown in figures 35 and 36, respectively. 

Type IV Interference 

The variation of the pressure and heating amplification with the shock generator 

angle for an impi:nging laminar jet is presented in figure 37 for a constant shock dis- 

placement length. These calculations a r e  made by assuming the jet bow shock in 

6 .  
region 8, = 0.45, and jet impingement normal to the wall. Both the pressure and 

w 
heat-transfer amplifications increase with increasing Mach number for a given Qi, a 

0 
maximum occurring between Oi = 10 and Oi = ZOO, whereas the amplification decreases 

with increasing y for a given M, and Oi. The large increases in pressure and heat- 

ing a~nplification at different y values a r e  primarily due to the decrease in reference 

values shown in figure 34. The reduction in heating due to increasing the shock displace- 

ment length (or jet scale length) is shown in figure 38. 

Type V Interference 

The pressure and heat-transfer amplification a s  a function of Oi is presented in 

figure 39 for a regular shock reflection a t  the wall. Both the pressures  and heating 

amplification increase with increasing Bi and M,. At a constant M, and Oi, the 

amplification decreases with an increase in y. The effect of increasing body angle on 

the amplification is shown in figure 40. 

Type VI Interference 

Pressure  a.nd heat-transfer reduction ra tes  a s  a function of Qi for an expansion- 

fan-boundary-la,yer interaction (laminar and turbulent) a r e  shown in figure 41. The 
0 largest reduckiorl occurs between O i  = 7 and O i  = 9'. For a given Oi the amount of 

reduction becomes larger  with increasing Mach number, whereas for a given M, and 

Bi the reduction is lower for an increase in y. 

EXPEFUMENTAL STUDY 

OBJECTIVE 

The objective of the experimental phase of the study was to determine the type of 

interference pattern generated for a given shock configuration and to investigate the 

effects of Mach number, unit Reynolds number,,specific heat ratio, and strength of the 

impinging shock on the center-line peak pressure and heat transfer on basic shapes. 
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APPARATUS AND TEST CONDITIONS 

Test Facilities 

A brief outline of the tunnels used in this study is presented in table IV: 

TABLE 1V.- TEST FACILITIES 

Facility Test gas 

Langley 20-inch Mach 6 tunnel Air 1.40 6 362 

Langley 22-inch helium tunnel Helium 1.67 20 2069 

Langley hypersonic nitrogen tunnel Nitrogen 1.40 19 6895 64 and 65 

Pilot CF4 facility at the Langley Research Center Tetrafluoromethane *1.27 *8.9 2000 

P F 4 )  

*M, and y a r e  effective values calculated by using the method of reference 66. At Tt,, = 291 K some flow condensa- 

tion was present. 

Models 

The experimental setup shown in figure 42(a) was designed to use interchangeable 

models and was employed in the Mach 6 a i r ,  Mach 20 helium, and Mach 19 nitrogen tests.  

A slightly different arrangement was used for the pressure test  in the smaller scale 

CF4 facility. (See fig. 42(b).) 

The inter changeable models included a 0.025 -meter -diameter hemisphere, a 

0.05 1-meter -diameter hemisphere, a 0.025-meter -diameter cylindrical leading-edge fin, 

and a 30' included angle wedge. Both pressure and heat-transfer models were eon- 

structed for each configuration. Pressure  models were constructed of stainless steel 

and the heat-transfer models were constructed of silica base epoxy material. Solid 

stainless-steel (type 347) heat-transfer models were also used to measure peak heating 

in some facilities. Sketches of the models showing the center-line pressure tap locations 

a r e  in figure 43. 

The thermophysical properties (specific heat, thermal conductivity, and density) 

were measured on samples of material for each heat-transfer model. The value of @ 

used was approximately 1.80 kw-sec1/2 
for the epoxy models and 7.26 k ~ - s e c ' / ~  for the 

m2 m2 

stainless-steel models. 

Test Parameters  

A summary of the models used, type of test ,  nominal flow conditions, and types of 

interference patterns studied is presented in table V. 



TABLE V.- SUMMARY OF TEST PARAMETERS 

/ Test / Model Type of test 
Shock generator angles 

and plate size 

6352 0.051-m-diameter 
henlisphere 

6344 

6358 1 Fin 

0.051-111-diameter 
hemisphere 

I 30° wedge 

6363 

357 

16 0.025-m-diameter 
henlisphere 

0.051 -m -diameter 
hemisphere, 
fin, 
300 wedge 

0.025-m-diameter 

373 

63 0.025-m-diameter 
henlisphere 

1 hemisphere 

0.025-m-diameter 
hemisphere 

Pressure  and schlieren 

Heat transfer 

Pressure  and schlieren 

Heat transfer 

Pressure  and schlieren 

Heat transfer 

Pressure,  heat transfer,  
and electronic beam 

Pressure,  shadowgraph, 
and oil flow 

Types of 
interference 

I11 and IV 

I11 and IV 

IV, v 

I ,  11, VI 

111, IV 

IV, v 
I, 11, VI 

III and IV 

I11 and IV 

III and IV 

111 and IV 



EXPERIMENTAL TECHNIQUES AND DATA ACCURACY 

The method of testing used in all facilities was to measure the center-line pressure 

distribution on the model and a t  the same time photograph the shock patterns by use of 

schlieren, shadowgraph, or electron-beam techniques. The hemispheric model position 

relative to the impinging shock was varied vertically while the shock generator angle 

remained fixed. The hemisphere was moved in small increments to measure a s  close a s  

possible the peak pressure and to  form various shock interference patterns. The fin 

model was mounted vertically and positioned so that impingement occurred at approxi- 

mately the same location on the model for both the unswept (0') and swept (25') cases. 

Various types of interference flows were studied with the 30' wedge by varying the wedge 

angle of attack. Conditions for the heat-transfer runs were selected after evaluating the 

pressure and flow-visualization data. 

Pressure  Tests  

Conventional wind-tunnel pressure-measuring techniques were usled for all tests.  

Electrical strain-gage pressure transducers were used for model static, tunnel free- 

stream pitot, and tunnel stagnation pressure measurements. 

All pressure transducers were calibrated to an accuracy of 0.25 percent of full 

scale. Based on this calibration accuracy and the repeatability of data, the pressure 

ratios measured in a i r  and helium have a maximum deviation of k0.08. The maximum 

deviations in  the nitrogen and CF4 tes t s  a r e  somewhat greater.  The reason for this 

deviation is that the models were instrumented primarily to measure the peak value and 

not the lower pressures  on the undisturbed regions of the model. 

Heat-Transfer Tests  

The heat-transfer tes ts  were conducted by using the phase-change coating technique 

and methods described in reference 67. Because of the highly nonuniform heat-transfer 

distribution on the models, some models were tested with two o r  more temperature 

coatings. In some cases,  peak heating was so  high that the coating needed was near 'Taw; 

thus, short melt t imes and the possibility of large e r r o r s  were indicated. To measure 

these peaks, the stainless-steel model with i t s  large value of was used. This 

procedure permitted the use of a lower melt temperature coating and resulted in longer 

melt times. 

Heat-transfer data a r e  subject to numerous and often large sources of e r ror .  

E r r o r s  in measuring the thermophysical properties of the model material, the melt tem- 

peratures and times, the initial model wall temperature, and the initial t ime at exposure 

to the f r ee  stream can affect the accuracy of the heat-transfer data. A very important 



source of e r ro r  in most heat-transfer tes ts  is in determining the adiabatic wall temper- 

ature distribution. For the present test, Taw was assumed to be equal to the free-  

stream total temperature, since it is very difficult to determine the adiabatic wall tem- 

perature in such complex flow patterns a s  occur in shock interference regions. An 

analysis of these combined e r r o r s  indicates that the peak heating ratios measured at 

Mach 6 in a i r  may have a maximum e r ro r  of about 29 percent (25 percent at  Mach 20 in 

helium). The e r r o r s  in the heat-transfer data in other a reas  will be less .  Inaccuracies 

due to e r r o r s  in Taw, Tm, and Tinit would be less  in the nitrogen tests  since Tt,, 

was higher. 

A semi-infinite slab solution of the general heat conduction equation is used to  

reduce the heating data. (See ref. 67.) In order for this assumption to be valid, the 

radius of curvature niust be much greater than the depth of heat penetration (ref. 67). 

As stated in reference 68, the heat-penetration depth for the semi-infinite slab is approx- 

imately independent of the aerodynamic heat-transfer coefficient and depends only on the 

thermal diffusiviqq of the wall material and the thermal diffusion time. The minimum dis- 

tance from peak heating for which the semi-infinite slab solution is valid can also be 

determined by using the melt time. (See ref. 68.) The expression for this distance is 

shown in figure 44 for Mach 6 tes t  conditions. For example, for a heating amplification 

of 10 at a melt temperature of 394 K, the minimum distance over the body diameter 

is 0.0084. Although this method does not account for lateral conduction e r rors ,  this 

figure does indicate where these e r r o r s  can occur. 

Flow Visualization 

Schlieren, shadowgraph, or  electron-beam photographs were taken in all tests.  

For  the Mach 6 a i r  and the Mach 20 helium tests,  details of the interference region were 

observed by using the schlieren technique. The electron-beam flow-visualization tech- 

nique described in reference 69 was used in the Mach 19 nitrogen tunnel. Shadowgraphs 

using nonparallel light were obtained in the CF4 tests.  Oil-flow patterns were also made 

in this facility with the use of a mixture of titanium dioxide and silicon oil. 

The best flow-visualization photographs were obtained in the Mach 6 a i r  facility. 

Details observed in the Mach 6 photographs were used to determine the type of inter- 

ference from photographs taken in the lower density facilities. 

PRESENTATION OF EXPERIMENTAL RESULTS 

Pressure  arid heat-transfer data not included in the analysis a r e  presented a s  data 

plots (see table V1:) or  in tabular form. Tabulations of the test  flow conditions, reference 

pressures ,  and lengths measured from flow-visualization photographs for a l l  pressure 



tes ts  a r e  given in table VII. These lengths include the shock displacement length LSH 

and the coordinates xi,yi of the intersection of the impinging shock and the heimsphere 

bow shock. All lengths have been nondimensionalized with respect to the helnisphere nose 

radius Rb. Wall temperatures (T, = T,), reference heat-transfer rates,  and model 

material a r e  presented in table VdII for all  heat-transfer tests. Peak heating values mea- 

sured in the Mach 19 nitrogen tunnel (test 16) a r e  also presented in table mBI(d). P r e s -  

sure  data not plotted a r e  given in table IX in nondimensional form. The reference pres-  

sure for the hemisphere tests is the stagnation pressure on the nose or the free-stream 

pitot pressure pstag On the fin the calculated stagnation-line value 011 the qlinc%rical 

leading edge p is used. The wedge reference pressure pwedge i s  the calculahed 
cyl 

value on the wedge without interference with the exception of the or = 50' case where 

the measured free-stream pitot pressure is used. The reference heating for tlbe hemi-- 

sphere Qstag is calculated by using equations (5) and (6). (See ref .  51.) Bagnation- 

line values Qcyl obtained from an expression in reference 60 a r e  used for the cylin- 

drical fin. The reference heating for the wedge Qwedge was calculatc~d by using an 

expression in reference 49 and was arbitrarily chosen as the value at the mic"apoint of the 

wedge (X = 0.5). Tables VII to IX a r e  presented before the figures. 

The plotted data (figs. 45 to  79) a r e  grouped by configuration, Mach number, 

specific heat ratio, and type of interference a s  outlined in table VI. 

Calculated peak pressure and heat-transfer levels obtained from the analytical 

methods a r e  shown in the figures for comparative purposes. The dashed curves shown 

on the hemisphere figures (figs. 45 to 57, 69 to 79) a r e  the pressure (modified Newtonian) 

and laminar heat-transfer distributions without interference and the solid curves a re  

data fairings. Undisturbed pressure and heat-transfer levels (dashed lines in figs. 58 

to 67) for the cylindrical fin were calculated by use of the stagnation-line expressions 

in reference 60 by assuming that the bow shock is parallel with the leading edge. The 

pressure calculation shown in figure 68(a) a r e  the total and static pressures  behind a 

normal shock. 



TABLE 19.- INDEX TO PRESSURE AND HEAT-TRANSFER FIGURES 

Figure Model 

Cylindrical fin 

30' wedge 

0.02 5 -m -1diameter hemisphere 

I 

1 Oi' 1 Type of interference 
deg 

No interference 

No interference 

No interference 

111 

No interference 

I11 

JSJ 

No interference 

111 

I11 



CONCLUDING REMARKS 

An extensive analytical and experimental study of shock-interference heating has 

been conducted on simple shapes. This study covered a wide range of free-stream Mach 

numbers, specific heating ratios, Reynolds numbers, and location and strength of the 

impinging shock. 

In most cases, calculations based on semiempirical methods developed in the 

present paper gave reasonable estimates of the measured peak pressures  and heating for 

the six types of interferences (for tes t  gases where real-gas effects a r e  negligible). Cor - 

relations of pressure and heat transfer based on previous studies gave fair  estimates of 

the heating levels for  shock-boundary-layer interactions (types I, 11, and V interferences). 

Correlations of the present data indicate that heating levels for  attaching shear layers 

(type III interference) a r e  from 50 to 65 percent higher than the peak heating for 

reattaching separated boundary layers. Calculations for peak heating due to an impinging 

supersonic jet (type IV interference) were made by assuming that the flow i s  analogous 

to the stagnation heating on a small sphere submerged in the jet flow. 

The highest experimental pressure and heating amplification were obtained in the 

Mach 6 a i r  investigations (along with good-quality flow-visualization photographs). 

Amplification factors up to 11.7 and 14.8 times the undisturbed wedge pressure and lam- 

inar heating, respectively, were measured for shock-boundary-layer iateractions. Peak 

heating 13.9 times the laminar stagnation point value was measured on a 0.051-meter- 

diameter hemisphere for  the shear layer attachment. Peak pressures  7.5 tames the 

free-stream pitot pressure and peak heating 16.8 times the stagnation point heating 

were measured on the hemisphere for the supersonic jet impingement. Pressure  and 

heating reductions of approximately 20 and 14 percent of the wedge values ahead of the 

disturbance occurred for  the expansion-fan-boundary-layer interaction (type VI inter- 

ference). Results of the investigation conducted in the other facilities .were affected by 

the limitations of the flow-visualization techniques and the smaller model size. 

The theoretical parametric study showed that shock interference heating is 

strongly influenced by free-stream Mach number, specific heat ratio, impinging shock 

strength, and model geometry. In general, pressure and heat-transfer amplification for 

shock-boundary-layer interactions increase with increasing Mach number and shock 

strength and decrease with increasing specific heat ratio. For a fixed Mach number, 

specific heat ratio, and shock strength, the amplification decreases with increasing body 

angle. P r e ~ s u r e  amplification for  shear layer attachment increases wi.th increasilag 

Mach number whereas the heating decreases. This condition is primarily a result of the 

magnitude of the actual peaks and the reference values used. Both the pressure and 

heat-transfer amplification increase with increasing Mach number and (decrease with 

1 
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increasing specific heat ratio for jet impingement. These results indicate that because 

of real-gas effects, interference heating on the actual flight vehicle may be considerably 

higher than ithat me,asured in a wind tunnel. 

The present methods of predicting peak heating a r e  dependent on length scale mea- 

surements from flow-visualization data. Semiempirical methods a r e  needed to relax 

this requirement, (Other problem areas  that require considerable investigations a r e  the 

effects of shear layer growth, oblique jet impingement, and jet bow shock standoff dis- 

tance a s  well a s  gar; chemistry and three-dimensional flow on shock interference heating. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Hampt;on, Va., January 22, 1973. 



APPENDM 

INTERFERENCE HEATING ON A TYPICAL SPACE 

SHUTTLE CONFIGURATION 

A limited analysis of heating along a typical space shuttle asclent trajectory indi- 

cates that interference heating can occur in several locations on a mated shuttle config- 

uration as illustrated in figure 80. Depending on the relative positiorls of the bodies, 

the free-stream conditions, and the angle of attack, one or  more of the six types of inter- 

ference may appear on the nose of the orbiter, between the fuel tank and the orbiter, and 

between the fuel tank and the rocket motors. Heating due to interfering shocks may also 

appear on the leading edge of wings and control surfaces depending on the amount of 

sweep. An example of how the type of interference pattern and i t s  location can vary on 

the nose sections of a mated configuration is illustrated in figure 81 for a typical s h u ~ l e  

ascent trajectory. Initially, there will be little o r  no shock interference between the 

bodies. As the vehicle accelerates, type V or type VI interference appears on the upper 

surface of the orbiter. With further increase in Mach number, the shock interaction 

moves downward on the nose of the orbiter and types N and I11 interferences will develop. 

Here the largest heating will develop a s  shown in the present study. A further increase 

in Mach number leads to a type I1 and finally a type I pattern. The reflected shocks can 

reflect back and forth several t imes in the region between the bodies to produce hot 

spots over an extended region on both surfaces. Some areas  of interference heating can 

be eliminated by the proper spacing and placement of components and by sweeping back 

wings and control surfaces. 
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TABLE VI1.- PRESSURE TEST CONDITIONS, REFERENCE PRESSURE, 

AND FLOW-VISUALIZATION DATA 

(a) Test 6344, 0.051-m-diameter hemisphere, Mach 6 air .  

Values of pstag a r e  the measured free-stream pitot 

*~s t imate t l .  
**No interference. 



TABLE VII. - PRESSURE TEST CONDITIONS, REFERENCE PRESSURE, 

AND FLOW -VISUALIZATION DATA - Continued 

(b) Test 6358, fin model, Mach 6 air  

%he values of p a r e  the calculated stagnation line pressure on an infi- 
CY 1 

nite cylinder without interference. In all other runs, pcyl is the measured free- 

stream pitot pressure.  

*%o interference. 



TABLE VII. - PRESSURE TEST CONDITIONS, REFERENCE PRESSURE, 

AND FLOW-VISUALIZATION DATA - Continued 

(c) Test 6358, 30' wedge, Mach 6 a i r  

/ q9 I % 1 a, I Pt,-'2 / Tv' I Pwedg 
Run 

deg deg deg N/cm N / c ~ $ '  / Type 

*Calculated wedge pressure without interference. 
**No interference. 

***Calculated wedge pressure including pressure r i s e  ac ross  impinging shock. All 
other values of pwedge a r e  measured free-stream pitot pressure.  Shear layer did not 

attach to wedge in runs 25, 26, o r  27. 

(d) Test  357, 0.025-m-diameter hemisphere, Mach 20 helium. Values of pstag a r e  measured 

free-stream pitot pressure.  

TV .26 
III 1 126 

*poor schlieren photograph. 
*%o interference. 

Y ~ / ~ ~  xi/Rb LSH/Rb 

ei 9 

Run 
deg K N / c ~  

P ~ t a g  i 
N / c ~  Type 



TABLE VI1.- PRESSURE TEST CONDITIONS, REFERENCE PFESSUR:E, 

AND FLOW-VISUALIZATION DATA - Concluded 

(e) Test 16, 0.025-m-diameter hemisphere, Mach 19 nitrogen. 

Values of pstag a r e  measured free-stream pitot pressure. 

**No interference. 

(f) Test  63, 0.025-m-diameter hemisphere, Mach 8.9 CF4. Values o:E 

pstag a r e  measured free-stream pitot pressure. 

Iv 
Iv 
IV 
I11 
rn 
111 
III 
111 
Iv 
Iv 
111 
111 
Iv 
IV 
111 
IV 

I 2  

**No interference. 



TABLE VIJ.I.- HEAT-TRANSFER TEST CONDITIONS, WALL TEMPERATURES, REFERENCE 

BEAT-TRANSFER RATES, AND MODEL MATERIAL 

(a) Tests 6352 and 6363, 0.051-m-diameter hemisphere, Mach 6 a i r  

Reference heating ra te  Q 
stag 

is the calculated stagnation point 

value on the hemisphere. 

1 Test 6352 

Model 
material 

422 
422 
394 
436 
394 
325 
436 
3 94 
436 
3 94 
422 
3 94 
422 
394 
436 
422 
3 94 
436 
3 94 
422 
394 
450 
394 
450 
436 
4 08 
394 
422 

Test  6363 

IV 
IV 
IV 
IV 
IV 
* * 
I11 
III 
IV 
IV 
III 
111 
IV 
IV 
IV 
111 
III 
IV 
IV 
111 
I11 
IV 
IV 
IV 
III 
IV 
IV 
TV 

Steel 
Epoxy 
Epoxy 
Epoxy 
Epoxy 
Epoxy 
Epoxy 
Epoxy 
Epoxy 
Epoxy 
EPOXY 
Epoxy 
EPOXY 
Epoxy 
Epoxy 
EPOXY 
Epoxy 
EPOXY 
Epoxy 
Epoxy 
Epoxy 
Epoxy 
Epoxy 
Epoxy 
Epoxy 
Steel 
Epoxy 
Epoxy 

I11 
III 
III 
III 
IV 
IV 
IV 
IV 
IV 
rv 

Steel 
Epoxy 
Epoxy 
Epoxy 
Steel 
EPOXY 
Steel 
Epoxy 
Epoxy 
EPOXY 

k e f e r e n c e  value for the calculated peak a s  well a s  the experimental data. 
*%To interference. 



TABLE VII1.- HEAT-TRANSFER TEST CONDITIONS, WALL TENIPERATUR.ES, REIFERENCE 

HEAT-TRANSFER RATES, AND MODEL MATERIAL - Continued 

(b) Test  6363, fin model, Mach 6 air. Qcyl is the calculated stagnation line value 

on an infinite cylinder without interference. 

ei A,  Pt, a t  Tt, co7 Tw, Q C Y ~  
Run 

deg deg ~ / c m ~  K K w/cm2 
Type 

3 15.0 25.0 8 0 481 394 5 . 7 2  V 
6 9.9 25.0 8 1 488 394 9 .97  V 
9 9.9 25.0 290 488 436 9 . 1 0  V 

10 14.9 24.9 292 485 436 9 . 9 4  V 
13 19.8 24.9 29 1 488 436 5 . 1 0  V 
14 19.8 24.9 8 1 473 422 "1.61 V 
18 19.9 0 8 3 47 1 3 94 9 . 8 5  IVa 
19 19.9 0 292 489 422 *4.39 IVa 
2 0 14.9 0 289 49 1 422 *4.87 IVa 
22 14.9 0 83 476 3 94 9 .58  IVa 
23 9.9 0 293 486 422 *4.56 IVa 
2 4 9.9 0 86 47 1 3 94 2 .83  IVa 

?Reference value for the calculated peak a s  well a s  the experimental data. 

(c) Test  6363, 30' wedge, Mach 6 air. Qwedge is the calculated heating a t  the 

midpoint of the wedge without interference for all runs except runs 63 and 64. 

For  runs 63 and 64, Qwedge is based on the maximum heating ahead of the 

expansion-fan-boundary -layer interaction. 

ei, @b' q Pt, .or Tt,m7 T ~ ,  Qwedge, 
Run 

deg deg deg ~ / c m ~  K K ~ / c m 2  Type 

26 9.9 -15.0 0 289 489 394 0.96 I 
27 9.9 -15.0 0 294 484 422 *. 64 I 
28 9.9 -15.0 0 288 488 367 1.25 I 
33 14.8 -65.0 50.0 292 484 436 *1.28 TV 
34 14.8 -65.0 50.0 292 484 450 92 IV *' 52 15.0 -15.0 0 278 486 436 .51 I 
53 15.0 -15.0 0 291 490 367 1.26 I 
55 0 -64.8 49.8 294 488 394 2.50 * * 
60 15.0 -40.3 25.3 291 489 394 *1.61 I1 
63 5.0 40.5 25.5 290 488 367 10.44 VI 
64 5.0 40.5 25.5 290 488 422 *5.67 VI 

kefe rence  value for the calculated peak a s  well as the experimental data. 
*Wo interference. 



TABLE VII1.- NEAT-TRANSFER TEST CONDITIONS, WALL TEMPERATURES, REFERENCE 

HEAT -.TRANSFER RATES, AND MODEL MATERIAL - Concluded 

(d) Test  373, 0.025-m-diameter hemisphere, Mach 20 helium. Reference heating 

ra te  Qstag is the calculated stagnation point value on the hemisphere. 

Run Twy Q s t a p  Model 
K / ~ / c m 2  I Type I material 

111 
I11 
111 
III 
111 
llI 
111 
111 
IV 
Iv 
In 
111 
I11 
** 

I 111 

Steel 
Epoxy 
Steel 
Epoxy 
Steel 
Epoxy 
EPOXY 
Epoxy 
Steel 
Epoxy 
Steel 
Epoxy 
Epoxy 
Epoxy 
Steel 

k e f e r e n c e  value for calculated peak a s  well a s  the experimental data. 
*%o interference. 

(e) Test  116, 0.025-m-diameter hemisphere, Mach 19 nitrogen. Qstag is 

the calculated stagnation point value on the hemisphere. 

Run 

15.0 
15.0 
10.0 
10.0 

Tw, 
K 

Gi' 

deg 

4309 
4368 
4296 
4226 

Q s t a p  
~ / c m 2  

Pt, my 

~ / c m 2  

1633 
1600 
1628 
1600 

Type 
Tt, 03) 

K 
Model 

material 

5 06 
547 
436 
533 

24.58 
23.13 
25.96 
22.95 

Ill 
IV 
ILI: 
IV 

Steel 
Steel 
Steel 
Steel 



TABLE 1X.- ADDITIONAL PRESSURE DATA 

(a) Test  6344, 0.051-m-diameter hemisphere, Mach 6 ai r .  

Values of p a r e  listed in table VII(a). 
stag 



TABLE M.- ADDITIONAL PRESSURE DATA - Continued 

(a) Concluded 

0, 
deg 

p/pstag 

Run 25b I Run 26a I Run 28b I Run 29a I Run 30a I Run 3Ob I Run 31a I Run 33a 





ITABLE M.- ADDITIONAL PRESSUFtE DATA - Continued 

(b) Concluded 



TABLE M.- ADDITIONAL PRESSURE DATA - Continued 

(c) Test 6358, 30' wedge model, Mach 6 a i r .  Values of pwedge a r e  listed in table VII(c). 



TABLE IX. - ADDITIONAL PRESSURE DATA - Continued 

(d) Test 357, 0.025-m-diameter hemisphere, Mach 20 helium. Values of pstag a r e  listed in table VII(d). 

Run 9 Run 11 Run 12. I Run 15 
1 



TABLE 1X.- ADDITIONAL PRESSURE DATA - Concluded 

(e) Test 16, 0.025-m-diameter hemisphere, Mach 19 nitrogen 

Values of pstag a r e  listed in table VII(e). 

(f) Test 63, 0.025-m-diameter hemisphere, Mach 8.9 CF4. 

Values of pstag a r e  listed in table VII(f). 

Run 2 1 Run 3 Run5  1 Run6 I Run7  Run 9 Run 10 

0.152 
.460 
.856 

1.273 
1.702 
1.842 
2.095 
1.079 
3 9 6  
.948 
-859 
.696 





Type VI 
expansion wave Bow shock -, 

Type V shock 

supersonic jet 
impingement 

/ 
Type I1 shock 
impingement 1 

Figure 2.- Locatiorl of the types of interference on a hemisphere. 



Mach reflection 
at wall 

Transmitted impinging shock 7- 

Shock generator (wedge) 

Figure 3 . -  Type I shock interference pattern. 



Mach reflection 
at wall 

1 "\J 

Bow shock- 

)- Shear layer 

7' \ 
-1 

Impinging shock 

\- Shock generator (wedge) 

Figure 4.- Type I1 shock interference pattern. 



\BOW shock 

, ,Shear layer Henlisphere 

\ 

\\ ,Reflected shock 

Shock generator (wedge) 

Shear layer length, I SL = AC 

Displaced bow shock length, LSH = AB 

\ 'yhea"ayer 

Figure  5. - Type I11 shock in ter ference  pattern. 



Turbulent correlation 
Laminar separation - A = 0.06, N = 0.2 
reattachment (Ref. 50) 
A = 0.19, N = 0.5 

Turbulent separation - 
reattachment (Ref. 50) 
A = 0.021, N = 0.2 

Figure 6. - Heat-transfer correlations for  laminar and turbulent f ree shear  layer attachment (ref. 38). 

T ~ / T ~ , ~  = 0.9. 



Bow shock 

I 
Shock generator (wedge) 

Displaced bow shock length LSH = AB 

Figure 7 .  - Type IV shock interference pattern. 



(a) Downward sloping shear  layer. 

(b) Upward sloping shear  layer. 

Figure 8.- Je t  configuration for downward and upward sloping shear  layers 

with jet bow shock in region 8. 



L PPk (Jet bow shock in region 7) 
ppitot 

Figure 9.- Total-pressure distribution for type IV interference. 



Figure 10.- Normal jet impingement model for Mj < 2.8 (ref. 57). 



Mach reflection at wall 

Shock generaior (wedge) -/wk 
/ 

Bow shock 

Figure 11.- Type V shock interference pattern. 



' Expansion fan 
/ .f- 

Figure 12.- Type VI shock interference pattern. 



L-73-232 
(a) Schlieren photograph. 

(b) P re s su re  distribution. 

6 

4 

0 

Figure 13.- Type I interference on a - 25 

(c) Heat-transfer distribution. 

30' wedge at Mach 6.00 in a i r .  Bi = 9.g0; 

.8 x lo6; y = 1.4. 

X 

---o-- Exper~ment  
---  NO in ter ference 

- Calcu laled peak 

- 

Start of 
separation -, 

I 

0 

- - 

.25 .50 .75 1 

- -- - - - - . - 



(a) Schlieren photograph. 

-+- Experiment 

-- ---- 

0 .25 .50 .75 1.00 

16 

(b) Pressure  distribution. (c) Heat -transfer distribution. 

Figure 14.- Type I interference on a 30° wedge at Mach 6.00 in air .  Bi = Iso; 
NRe,m/m = 25.3 x lo6; y = 1.4. 

Test run 

6358 - 22 

I 

pt _.  ~ i c m '  

291 

Tt, ,. K 

493 

pwedge. ~ l c r n '  

1.12 

Bi . deg 

15.0 

Bb. deg 

-15.0 



L-73-234 
(a) Sehlieren photograph. (b) Sketch of shock pattern. 

No interference 

( e )  Presrsure distribution. (d) Neat-transfer distribution. 

Figure 15.- Type I1 interference on a 30' wedge at Mach 6.00 in a i r .  

0. 1 = 15'; NRe,,/m = 25.7 X lo6; y = 1.4. 



-80 -60 -40 -20 0 20 40 60 80 

8. deg 

(b) Pressure  distribution. 

L-73-235 

(a) Schlieren photograph. 

(c) Heat-transfer distribution. 

Figure 16.- Type 111 interference on a 0.051-m-diameter hemisphere at  Mach 6.00 in a i r ,  
6 6, = 14.8~; NRe,,/m = 25.9 X 10 ; y = 1.4. 



L-73-236 

(a) Sehlieren p:hotograph. 

8 

6 

No interference 

- 
4 

- Calculated peak 

Pstag 

2 

# - -  y ! - - - e  Nose I 
0 --- - 
-80 -60 -40 -20 0 20 40 60 80 

8, deg 

(b) Pressure  distribution. 

( c )  Heat -transfer distribution. 

Figure 17. - Type 111 interference on a 0.051 -m-diameter hemisphere at Mach 6.00 in air .  

o i =  14.80; NRe,m/m =25.8x106; y =  1.4. 



L-73-237 

(a) Schlieren photograph. 

(b) Pressure  distribution. 

4 - 
'stag 

Test r u n  

373 - 26 0 

373 - 11 
373 - 12 0 

(c) Heat-transfer distribulcion. 

Figure 18.- Type 111 interference on a 0.025-m-diameter hemisphere z~t Mach 20.2 in  

helium. Bi -10'; ~ ~ ~ , ~ / m  -9.8 X106; Y =  1.67. 

2 
pt, ,. Nlcm 

707 
705 
705 

--a- Experiment 
--- No interference 

Tt, ,. L 

436 
431 
435 

Tw . K 

381 
381 
367 

O stag %zTz] 
6.25 
6.51 
8.33 

10.1 
10.1 
10.1 



L-73-238 
(a) Electron beam photograph. 

8 

6 

---o--- Experiment 
- - -  No interference 

4 

2 

0 
-80 -60 -40 -20 0 20 40 60 80 

8, deg 

(b) Pressure  distribution. 

4.4 (Ref. 50) 

Qstag 
10.2 (Ref. 38) 

(c) Peak heat transfer (Run 16-13). 

Figure 19.- Type I11 interference on a 0.025-m-diameter hemisphere at  Mach 19.9 in 
6 nitrogen. oi = 15'; ~ ~ ~ , , / m  2.8 x 10 ; y = 1.4. 

7 2 



Bow 

Impinging 

(a) Shadowgraph. 

8 

6 

U Experiment 
- - -  No interference 

L 4  
Pstag 

2 

0 
-80 -60 -40 -20 0 20 40 60 80 

8, deg 

(b) Pressure  distribution. 

Figure 20.- Type I11 interference on a 0.025-m-diameter hemisphere at Mach 8 3  in 



(c) Oil flow distribution. 

Figure 20. - Concluded. 



(b) Pressure  distribution. 

Test run 
2 

pt,,. Nlcm TtSm. K 

L-73-241 

(a) Schlieren photograph. 

(c) Heat -transfer distribution. 

Figure 21.- Type IV interference on a 0.051-m-diameter hemisphere alc Mach 6.00 in  air, 
6 ei = 5'; NRe,,/m = 25.6 X 10 ; y = 1.4. 



E-73-242 

(a) Sehlieren pho1;ograph. 

-80 -60 -40 -20 0 20 40 60 80 

6, deg 

(b) Pressure  distribution. 

(c) Heat -transfer distribution. 

Figure 22.- Type I'V interference on a 0.051 -m-diameter hemisphere at Mach 6.00 in air. 

Bi = 14.8'; ~ ~ ~ , ~ / m  = 25.7 X lo6; y = 1.4. 



L-73-243 
(a) Schlieren photograph. 

10 - 
Test 
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---&-- Experiment 
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8. deg 

(b) Pressure  distribution. 

(c) Heat-transfer distribution. 

Figure 23.- Type IV interference on a 0.051-m-diameter hemisphere at  lVIach 6.00 in  air, 

ei = 24.8'; NRe,m/m ' 25.4 X lo6; = 1.4. 



L -73 -244 

(a) Schlieren photograph. 

12 

10 

8 

- 6  %tag 

- ----- -->- 2--.- C -- 
Nose-, 

=O --- - - --- 
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e, deg 

(b) Pressure  distribution. 
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0 -.-- 
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8, deg 

(c) Heat-transfer distribution. 

Figure 24.- Type IV interference on a 0.025-m-diameter hemisphere a t  Mach 20.2 in 
6 helium. Bi = 5'; NRe,_/m = 9.9 X 10 ; y = 1.67. 



L--73-245 
(a) Electron beam photograph. 

--o-- Experiment 

8, deg 

(b) P re s su re  distribution. 

(c) Peak heat transfer (Run 16 -20). 

Q ~ k  

Qstag 

Figure 25.- Type IV interference on a 0.025-m-diameter hemisphere at Mach 19.8 in 
6 nitrogen. Bi = 10'; = 2.9 X 10 ; y = 1.4. 

Experiment 

6.42 
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(a) Schlieren photograph. (b) Sketch of shock pattern. 

- Calculated peaks 

-P 4 
'wedge Qwedge 

0 . 2 5  .50 I .  75 1.00 
X 

(e )  Pressure  distribution. (d) Heat-transfer distribution. 

Figure 26.- Type IV interference on a 30' wedge at Mach 6.00 in air. 

Bi 65'; NRe,,/m = 26.2 X lo6; y = 1.4. 
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shock 

L -73 -247 
(a) Schlieren photograph. 

(b) Pres su re  distribution. 

2 
Test r u n  pt,,, Nlcm Tt.,. 

6363-19 o 292 
3.0 

489 

---  Calculated, infr nite 

( c )  Heat-transfer distribution. 

Figure 27.- Type IVa interference on a fin a t  Mach 6.00 in a i r .  Oi = 19.9'; 

N ~ ~ , ~ / I ~  = 25.8 X lo6; = 1.4. 



"0 .25 .50 .75 1.00 

X 

(b) P re s su re  distribution. 

L-73-248 
(a) Schlieren photograph. 

X 

( c )  Heat-transfer distribution. 

Figure 28.- Type V interference on a fin at  Mach 6.00 in air .  Bi = 20°; 

* ~ e  ,calm = 25.9 x lo6; y = 1.4. 



L-73-249 
(a) Schlieren photograph. 

-C- Experiment 
No inter ference 
Calculated reduct ion 

(b) Pressure  distribution. (c) Heat-transfer distribution, 

1.5 

Figure 29.- Type VI interference on a 30' wedge at Mach 6.00 in air .  

8.  = 5'; - 25.7 X lo6; y = 1.4. 
1 
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Oi' deg 

(a) Pressure  amplification. 

250 
y = 1.4 - Laminar 

-- Turbulent 

(b) Heat-transfer amplification. 

Figure 30.- Pressure  and heat-transfer amplification as a function of shock generator 

angle for type I interference on a wedge at various values of y and free-stream 

Mach numbe:rs. 

84 



(a) Pressure  amplification. 

(b) Heat -transfer amplification. 

Figure 31.- Pressure  and heat-transfer amplification as a function of body angle for 

type I interference (with regular shock reflection) on a wedge. 



$ 9  deg @,,, deg 

(a) Pressure  amplification. 

(b) Heat -transfer amplification. 

Figure 32.-  Pressure  and heat-transfer amplification a s  a function of body angle for  

type I1 interference on a wedge at various values of y and free-stream Mach 

number. 



ei, deg ei, deg 

(a) Pressure amplification. 

(b) Heat -transfer amplification. 

Figure 33.- Pressure and heat-transfer amplification on a 0.3-m-diameter sphere as a 

function of shock generator angle for type 111 interference for various values of y 

and free-stream Mach number. 



(a) Stagnation pressure.  

(b) Stagnation heat transfer.  

Figure 34.- Variation of stagnation pressure and heat transfer with free-stream Mach 

number on a 0.3-m-diameter sphere for  various specific heat ratios. 



Figure 

g5, deg 

(a) P re s su re  amplification. 



Figure 36.- Heait-transfer amplification a s  a function of shock displacement length (or 

shear  layer thickness) on a 0.3-m-diameter sphere for type 111 interference. 



Qi' deg Qi' deg 

(a) Pressure  amplification. 

(b) Laminar jet heat -transfer amplification. 

Figure 37.- Variation of pressure and heat-transfer amplification with shock generator 

angle for  type IV interference (jet bow shock in region 8) for various values of y 

and free-stream Mach number. 



Figure 38.- Laminar jet stagnation heating a s  a function of shock displacement length 

(or jet scale length) on a 0.3-m-diameter sphere for type IV interference. 



(a) Pressure  amplification. 

8., 1 deg 

(b) Heat-transfer amplification. 

Figure 39.- Pressure  and heat-transfer amplification a s  a function of shock generator 

angle for  type V interference on a wedge at various values of y and free-stream 

Mach number. 



(a) Pressure  amplification. 

(b) Heat -transfer amplification. 

Figure 40.- Pressure  and heat-transfer amplification a s  a function of body angle for 

type V interference on a wedge. 
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Figure 41.- Pressure  and heat-transfer reduction a s  a function of shock generator angle 

for type VI interference on a wedge at various values of y and free-stream Mach 

number. 
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(b) Mach 8.9 CF4 test. 

Figure 42.- Sketches of model test  assembly. 



(a) 0.025-m-diameter hemisphere. (b) 0.051 -m-diameter hemisphere. 

(c) 30' wedge. (d) 0.025-m -diameter cylindrical leading- 

edge fin model. 

Figure 43.- Sketch of pressure models showing center-line tap locations. 



Figure 44.- Minimum distance from peak heating location for which semi-infinite 

slab solution is a good approximation to the solution of the general heat con- 

duction equation. 



(a) Pressure  distribution. 

(b) Heat -transfer distribution. 

Test r un  

Figure 45.- Pressure  and heat-transfer distribution on a 0.051-m-diameter hemisphere at 

Mach 5.94 in air. Oi = 0'; NRe ,_/m = 8.1 X lo6; y = 1.4. 
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L-73-250 
(a) Sehlieren photograph. 

(b) Pressure  distribution. 

(c) Heat -transfer distribution. 

Figure 46.- Type 111 interference on a 0.051-m-diameter hemisphere at  Mach 5.94 in air .  

Bi - lo0; NRe,,/m -' 7.7 x lo6; y = 1.4. 
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(b) Pressure  distribution. 

L-73-251 
(a) Schlieren photograph. 

(c) Heat -transfer distribution, 

Figure 47.- Type I11 interference on a 0.051-m-diameter hemisphere a:t Mach 5.94 in air. 

ei = 14.s0; NRe,m/m - 7.9 X lo6; y = 1.4. 
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(a) Sehlieren photograph. 
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14 

Figure 48.- Type I11 interference on a 0.051-m-diameter hemisphere at  Mach 5.94 in air. 

Bi 5 20°; N R ~ , ~ / ~  = 7.6 X lo6; y = 1.4. 
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(b) Pressure  distribution. 

L-73-253 
(a) Schlieren photograph. 

(c) Heat -transfer distribution. 

Figure 49.- Type III interference on a 0.051-m-diameter hemisphere at  Mach 5.94 in air. 

B i  " 25'; NRe ,,/m = 7.8 x lo6; y = 1.4. 
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(a) Sehlieren photograph. 

(b) Pressure  distribution. 

2 I Test run 1 pt, ,. Wcm IT$, a I: 1 Tw . K 1 Qstlg. wbmZ 1 , deg 1 

(c) Heat-transfer distribution. 

Figure 50.- Type IV interference on a 0.051-m-diameter hemisphere at Mach 5.94 in air .  

Bi 1 5.0'; NRe,m/m = 7.6 x lo6; y = 1.4. 
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(b) Pressure  distribution. 

L-73-255 

(a) Schlieren photograph. 

8, deg 

(c) Heat-transfer distribution. 

Figure 51.- Type IV interference on a 0.051-m-diameter hemisphere at TvIach 5.94 in a i r ,  

Oi = 9.8O; ~ ~ ~ , , / m  = 8.0 x lo6; y = 1.4. 
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(a) Sehlieren photograph. 
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(b) Pressure  distribution, 

(c) Heat -transfer distribution. 

Figure 52.- Type IV interference on a 0.051-m-diameter hemisphere at  Mach 5.94 in a i r  

Bi = 14.8'; NRe,m /m = 7.5 X lo6; y = 1.4. 
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(b) Pressure  distributioln. 

L-73-257 

(a) Schlieren photograph. 

(c) Heat-transfer distribution. 

Figure 53.- Type IV interference on a 0.051-m-diameter hemisphere at  :Mach 5.94 in a i r ,  

Bi = 14.8'; ~ ~ ~ , , / r n  = 7.7 X lo6; y = 1.4. 
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(a) Schlieren photograph. 
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(c) Heat-transfer distribution. 

Figure 54.- Type I:V interference on a 0.051-m-diameter hemisphere at Mach 5.94 in air .  

ei = 20'; NRe,,/m 7.6 X lo6; y = 1.4. 
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(a) Schlieren photograph. 
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(b) Pressure  distribul~ion. 
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(c) Heat-transfer distrikbution. 

Figure 55.- Type IV interference on a 0.051-m-diameter hemisphere at Mach 5.94 in air. 

Oi = 25"; ~ ~ ~ , _ / m  = 7.8 X lo6; y = 1.4. 
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(c) Heat-transfer distribution. 

Figure 56.- Type I'V interference on a 0.051-m-diameter hemisphere at  Mach 6.00 in air .  

6, = 9.8O; NRe,m/m = 25.0 X lo6; y = 1.4. 
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(b) P re s su re  distribution. 

(a) Schlieren photograph. 

(c) Heat -transfer distribu1:ion. 

Figure 57.- Type I11 interference on a 0.051-m-diameter hemisphere at Mach 6.00 in air. 

$ = 19.8'; NRe,,/m = 25.6 X lo6; y = 1.4. 



Bow shock 

Impinging 
shock 

L-73-262 

(a) Sehlieren photograph. 
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Figure 58.- Type IVa interference on a fin at Mach 5.94 in air .  Oi - 10'; 

N ~ e  ,,Irn = 8.1 x lo6; y = 1.4. 
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(b) Pres su re  distribution. 

L-73-263 
(a) Schlieren photograph. 

(c) Heat -transfer distribution. 

Figure 59.- Type IVa interference on a fin a t  Mach 5.94 in air. Oi = 14.g0; 

N ~ e  ,a/rn = 7.7 x lo6; y = 1.4. 



shoc 

ingin 
ock 

I 1 I --c- Experiment / 
3.0 

Calculated stagnatiokl ine 
value on in f i n i te  cylinder 

- - - No interference 

.5 
0 .25 .50 .75 1.00 

X 

(b) Pressure  distribution. 

Test r u n  

6358-12b 
- 
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Figure 60.- Type IVa interference on a fin at Mach 5.94 in air .  Bi = 19.9'; 
, NRe,m/m = 7.9 x lo6; y = 1.4. 
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L-73-265 
(a) Schlieren photograph. 

I I I + Experiment / 

(b) Pressure  distribution. 
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(c) Heat-transfer dist:ribution. 
Figure 61 .- Type IVa interference on a fin at Mach 6.00 in air .  Bi = 10'; 

~ ~ ~ , _ / m  = 26.2 X lo6; y = 1.4. 
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(a) Sehlieren photograph. 
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Figure 63.- Type V interference on a fin at  Mach 5.94 in air .  Bi = lo0; 
6 ~ ~ ~ , ~ / r n  - 7.2 X 10 ; y = 1.4. 
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(a) Sehlieren photograph. 
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Figure 64.- Type V interference on a fin at Mach 5.94 in air .  6i = 15O; 

N ~ ~ , ~ / I ~  = 7.3 X lo6; y = -1.4. 
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(a) Schlieren photograph. 
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(b) Pres su re  distribution. 

(c) Heat -transfer distribution. 

Figure 65.- Type V interference on a fin at Mach 5.94 in air .  Qi = 20°; 

'l3e ,mJm = 7.6 X 10 6 ; y = 1.4. 
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(b) Pressure  distribution. 

(c) Heat -transfer distribution. 

Figure 66.- Type V interference on a fin at  Mach 6.00 in air .  Bi = 10'; 
6 

N R ~ ,  w/m = 25.7 x 10 ; y = 1.4. 
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Figure  67.- Type V interference on a f in  at Mach 6.00 in air. Oi = 15'; 

N ~ e  ,,Irn = 26.2 x lo6; -y = 1.4. 
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Figure 68.- Pressure  and heat-transfer distribution on a 30' wedge at Mach 6.00 in air .  

Bi = oO; ~ ~ ~ , , / m  26.1 X lo6; y = 1.4. 



(a) Pressure  distribution. 

(b) Heat -transfer distribution. 

Figure 69.- Pressure  and heat-transfer distribution on a 0.025-m-diameter hemisphere at 

Mach 20.2 in helium. Oi = 0'- , NRe,m/m = 9.6 X 10 6 ; y = 1.67. 
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Figure 70.- Type 111 interference on a 0.025-m-diameter hemisphere at Mach 20.2 

in helium. B i  = 5'; N R e , ~ / m  = 9.7 X lo6; y = 1.67. 
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(b) P re s su re  distribution, 

1 1 1 I I I +- Experiment 1 

L-73-273 
(a) Schlieren photograph. 

(c) Heat -transfer distribution. 

Figure 71.- Type 111 interference on a 0.025-m-diameter hemisphere at Mach 20.2 

in helium. Bi = 10'; ~ ~ , , , / m  = 9.7 X lo6; y = 1.67. 



(a) Sehlieren photograph. 

(b) Pressure  distribution. 
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(c) Heat-transfer distribution. 

Figure 72.- Type 111 interference on a 0.02'5-m-diameter hemisphere at Mach 20.2 

in helium. Bi = 15O; NRe,,/m " 9.8 X lo6; y = 1.67. 
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L-73-275 
(a) Schlieren photograph. 

8, deg 

(b) Pressure  distribution. 
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(c) Heat -transfer distribution. 

Figure 73.- Type I11 interference on a 0.025-m-diameter hemisphere at Mach 20.2 

in helium. Bi = 15'; ~ ~ , , _ / m  - 9.8 X lo6; y = 1.67,. 
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Figure 75.- Type I11 interference on a 0.025-m-diameter hemisphere at Mach 20.6 

in nitrogen. Bi = lo0; NR,,,/~ = 2.8 X 106; y = 1.4. 
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(a) Electron beam photograph. 
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(c) Peak heat transfer (Run 16 -14). 

Figure 76,- Type IV interference on a 0.025-m-diameter hemisphere at  Mach 20.2 

in nitrogen. Bi = 15O; ~ ~ ~ , , / m  - 3.0 X lo6; y = 1.4. 
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L-73-278 
(a) Shadowgraph. 

(b) Pressure  distribution. 

Figure 78.- Type III interference on a 0.025-m-diameter hemisphere at Mach 8.90 in CF4. 

Bi = 10'; NRe,,/m T 5.6 X lo6; % y = 1.27. 



(e)  Oil flow distribution. 

Figure 78.- Concluded. 
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(a) Shadowgraph. 
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Figure 79.- Type 111 interference on a 0.025-m-diameter hemisphere at Mach 8.90 in CF4. 
6 

Bi = 15O; NRe,m/m = 5.6 X 10 ; y = 1.27. 



(c) Oil flow distribution. 

Figure 79. - Concluded. 
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