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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 flow models
and methods of predicting the peak values suitable for engineering purposes. Theoretical
parametric studies were also conducted to determine the effect of flow 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 106 to 25.6 x 1068 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 methods developed in the
present investigation gave reasonable estimates of the measured peak pressure and heat
transfer when real-gas effects were negligible. Flow-visualization data are currently
necessary to utilize the methods since measured shock lengths and angles are required.
Pressure and heat-transfer peaks as high as 7.5 and 17 times stagnation 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 at 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

*Forngerly with Bell Aerospace Co., Div. of Textron, Inc., Buffalo, New York, and
presently with Science Applications, Inc., Arlington, Virginia.




hypersonic cruise aircraft. (See refs. 1to 5.) Extremely high pressure and heating can
occur in small areas on the vehicle's surface because of interfering flow fields which
also may be unsteady. These interfering flow fields or shock interference patterns are
sensitive to Mach number, free-stream flow conditions, and angle-of-attack changes as
the vehicle moves along its flight path.

Some previous investigations of shock interference flows are reported in refer-
ences 6 to 31 (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, free shear layer attachment, or supersonic jet impingement. Other
mechanisms resulting from shock interaction which cause less severe heating and pres-
sure effects are (1) the jet grazing the surface and (2) an expansion fan interacting with
the surface boundary 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 inviscid and viscous interactions as well as the peak pressure and heat
transfer for each type (computer programs generated from these methods are 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 stréngth (shock generator angles
up to 300). Center-line pressure and heat-transfer distributions and flow-visualization
data were obtained on several basic shapes.

Because of the large quantity of information gathered, the results are presented in
two parts. The first part includes a discussion of the flow models and methods of pre-
diction, a comparison of experimental and 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 are available
in references 36 to 39. y




TABLE 1.~ SUMMARY OF SHOCK INTERFERENCE INVESTIGATIONS

1 Shock i
Fin Fin Measurements | Visualization .
Reference|  puthor.and date M., e, w/m diameter,| BISTIOr | syeep, %rw Remarks
d, m 6y deg | M deg p Q |Schlieren|oOt1| “ref @)
8 Edney (1968) 4.6 4.06 x 106 to 47.29 x 106 Oto 15 x X X 10 Axisymmetric blunt bodies and
T 1,10 x 108 to 7.68 % 108 Oto 5 {ins. Novel techniques to
measure pp and Qpx-

7 Newlander (1961) 2.65 4.33 % 106 to 14.96 x 106 0.071 16.25 4] x x 1.8 Wedge and fin mounted on flat

3.51 2.0 plate, Partially immersed
4.44 3.1 in boundary layer.

8 Carter and Carr (1961) 2.0 0.019 * 0 x ®Not applicable. Shock generated
by hemisphere /cylinder
forebody.

2.53 to 5.5 52.36 x 105 to 98.42 x 108 | 0.019 * 0 x 0.110 0.5 Free flight to 3.2 km altitude.
(M, = 3)
1.5to 2
(M,, = 4)
9 Beckwith (1964) 4.15  |56.69 x 105 to 141.73 x 105| 0.028 0 20 x x x 2.5
10 Jones (1964) 6.0 2.36 x 106 to 28.74 x 108 0.027 0 60 *x X x 1to3 |*Onlyat NRe,m/m = 28.74 % 108,
Model yawed up to 30°.
11 Siler and Deskins (1964) 19.0 0.94 x 108 0.051 0 to 40 0 to 60 X x x 2.5t05
12 |Bushnell (1965) 8.0 3.03x 108 to 3.43x 106 | o0.025 12 [45and60 | x x x 3105
13 Francis (1965) 9.0 0.57 x 105 to 3.78 x 108 0.025 *6.34 0 x x 1to4 |*Cone and wedge with one cylin-
+20 20 drical and one wedge fin, both
{ixed.
14 Gulbran et al. (1965)
15 Knox (1965)
16 Popingki (1965)
7 Ray and Palko (1965) 6, *8, 10 | 1.89 x 106 to 11.81 x 106 0.051 0 to 60 0 to 60 x X X x [ 2.5t05 |*Data not presented for M, = 8.
18 Gulbran et al. (1967)
19 Heirs and Loubsky (1967) 14 0.31 x 108 0.025 0to 15 |0, 22.5, 45 x X x 10 Luminous photographs supple-
ment schlieren photographs.
20 Uselton (1967)
21 Bushnell (1968) 8 1.65 % 106 to 16.50 x 108 12 0, 76 x x 2
22 Watts (1968)* *Data generally not available.
23 Young, Kaufman, 3,5 1.77 x 108 to 4.65 x 106 0.019 0 0 x x x
and Korkegi (1968)
24 Jones and Hunt (1969) 8 x x 15.5 Apollo-antenna.
25 Mashburn (1969) 4.8 0.005 0 4] x x
to
0.038
26 Spurlin (1969)
21 Martindale (1970)
28 Teterin (1967) 5 0.041 10 0 x X 5
29 Holden (1972) 6.5t0 13 |32.80 x 106 to 328.00 x 108 0to 20 x x X 50
30 Kaufman, Korkegi, 2.5, 3.0 31.50 x 108 0.010, 0 0 x x x
and Morton (1972) 4.0 18.50 x 106 0.018,
0.025
31 Haslett et al. (1972) 8 118 X 106 to 11,80 x 106 L5to 15 X +x *x 1,15 "Shadowgraphs also.
*Thermocouple and phase-change
coating data.

2tems marked with asterisks and crosses apply to items so marked in other columns.




SYMBOLS
constant in equation (2) and figure 6
specific heat of model material
specific heat at constant pressure
diameter

heat-transfer coefficient

thermal conductivity of model material

model length

shock displacement length (see figs. 5 and 7)

distance (see fig. 44)

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

Mach number

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

Prandtl number

Reynolds number

pressure

sfagnation line pressure on cylindrical leading-edge fin
stagpation pressure on hemisphere or free-stream pitot pressure
wedée pressure

heat-transfer rate




|

]

XYy

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




8 heat-transfer parameter in figure 44

By impinging shock angle

v specific heat ratio

éj, s jet bow shock standoff distance (fig. 10)

bgr, shear layer thickness at wall in equations (2), (3), and (4)
6 body angle for hemisphere

9b local body slope

6; shock generator angle

?95 shear layer angle relative to surface (fig. 5)
A fin sweep angle

“ viscosity

e density

Subscripts:

aw adiabatic wall

cyl cylindrical leading edge

init initial

] jet

L laminar value

max maximum value

pitot pitot value




pk peak value

ref reference value

SH shock

SL shear layer

stag hemisphere stagnation point
T turbulent value

t total value

u undisturbed value

w wall value

wedge wedge value

0 free-stream value

Special notation:
,2,...,8 regions of flow pattern

BS, IP, IS, bow shock, impingement point, impinging shock, shear layer,
SL, TS transmitted shock (see fig. 1)

LIo... VI 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 its position relative to the body. (See ref. 6.) The six possible




shock interference flow patterns defined by Edney are 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, II, and V are
associated with a shock—boundary-layer interaction and type III is characterized by an
attaching free shear layer. Type IV is characterized by an impinging or grazing super-
sonic jet and type VI by an expansion-fan—boundary-layer interaction.

FLOW MODELS AND METHODS OF PREDICTION

The six flow models are similar to those discussed in reference 6; therefore, only
the model highlights and modifications are discussed in the following section. In general,
the methods of predicting the peak pressure and heating are semiempirical and are pri-
marily for engineering design calculations. The methods are based upon local two~-
dimensional flow models with the exception of types II and V where a tangent-cone
approximation is used for three-dimensional bodies. Computer programs generated
from these methods are described in reference 35.

Type I Interference

A type I interference pattern occurs when two weak shocks of opposite families
intersect as shown in figure 3. These weak shocks can be attached shocks generated by
wedges and cones or parts of detached shocks located well downstream of the sonic point.
{See fig. 2.) The actual rise 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 are 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 are specified. Unless the strengths of the two shocks are
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 at impinge-
ment, flow conditions in region 6 are 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 as shown in the insert of figure 3 with the
pressure rise from region 2 to region 6 at the wall approximated by the normal shock
relations. " :
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When the pressure rise 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 as good. A promising
method based on the Lax-Wendroff difference technique for the solution of the time-
dependent Navier-Stokes equations has been presented by MacCormack (ref. 47). How-
ever, any of these detailed methods require considerable computer time and are not suit-
able for rapid engineering calculations. In the present study, the following correlations
and constants developed by Markarian (ref. 48) were used for predicting the peak heating.
The correlations are of the form

N
pk _ (Ppk )
Qu Py

where N = 1.29 for laminar interactions and 0.85 for turbulent interactions and p Dk Py
is the inviscid pressure ratio Pg /p2 across the interaction. Calculation of the peak
heating requires a knowledge of the reference or undisturbed heating @Q,, upstream of
the interaction. In the present study, reference values Qwedge
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
is the undisturbed value ahead of the interaction on the wedge.

are obtained from

Py edge

Type II Interference

A type II interference pattern occurs when two shocks of opposite families intersect
as shown in figure 4. Both shocks are weak as in type I, but are of such 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 O inter-
ference occurs when the impinging shock intersects the bow shock nearer to the sonic
point than type I, as shown in figure 2. A detailed analysis of the complete 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

Pg/Py 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 or shock angle
are known, the triple shock at point A is solved by using an iterative procedure similar to
type I with the exception that strong shock relations are used between regions 1 and 5. A
Mach reflection with a nearly normal leg at 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 rise is determined by using equation (1) and Pg /pz. The reference
or undisturbed pressure and heating upstream of X; are also calculated in exactly the
same manner as for type 1.

Type III Interference

A type III shock interference pattern occurs when a weak impinging shock inter-
sects a strong detached bow shock as shown in figure 5. The shear layer emanating from
the shock intersection (point A) attaches to the surface with subsonic flow above the layer
turning upward and subsonic flow below the layer passing through an oblique shock in
order to turn parallel with the surface. Whether the shear layer attaches to the surface
depends on the Mach number in region 4 My, and the angle between the shear layer and
the surface @5. If My is sufficiently high and @5 does not exceed the maximum
turning angle for My, 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 at 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 or above the lower sonic point as shown in figure 2.

The conditions in regions 2 and 4 are obtained by solving the triple shock at point A
by using an iterative procedure. Required are 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 are 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 @5 is known. The peak wall pressure in
region 5 is calculated 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. 35) are used by assuming that
shock BC is conical. 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 are

10




used. The peak heating at attachment is

(- sin 55 )
Q. =4Ap,  gu.c (T . -T )} ———— 2
Pk w,5°5 p( aw w) pw,5u5GSL
where the shear layer thickness at attachment GSL is given by
Cer i 0.5 ‘
ogp, = 5| S22 (Laminar) (3)
A
bg1, = 0.1230¢y (Turbulent) 4)

The shear layer length Lo, (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 are 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 are 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 free 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 are 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 are also included. Since the shear layer in
the Mach 6 data at the lower Reynolds numbers (based on 6SL) may be transitional, both
the laminar and turbulent values are shown. It can be seen in figure 6 that more realistic
values of A are 0.40 for laminar and 0.06 for turbulent free shear layer attachments.
For a transitional shear layer attachment, both the laminar and turbulent values of GSL
are used with the turbulent constant to calculate the peak heating. Possible reasons for
this difference in the values of A are that the correlations in reference 50 for reattach-
ing separated boundary layers are for two-dimensional ramps and the attaching free shear
layers in reference 38 are three-dimensional in nature. Also, the shear layer angles

_relative to the surface are higher for the attaching shear layer than the reattaching
boundary layers.

In the present study the reference heating @Q used for type III interference is

sta,
the laminar stagnation-point value on a hemisphere (ref. 51) obtained from
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0.5
0.1

du
0.6 . 0.4
(pstag“ stag) (Tstag ) TW) (H?W>stag ©)

Q = O.TG(NPI.)*

stag Cp(pw‘uw)

where the velocity gradient (from ref. 52) is

0.5

d“w) Yoo [ - 1 2 1

_w == 1 - 6
( ds /stag Ry ) 7 [+ (y - 1)M°02:|< yMoo2> ©

and the subscript stag refers to values at the edge of the boundary layer. The refer-
ence pressure pstag is the stagnation pressure on a hemisphere.

Type IV Interference

When a weak impinging shock intersects the nearly normal part of the bow shock,
a type IV 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 as type III;
therefore, type IV interference can be considered a special case of type III interference
with a detached shear layer (55 > 94, 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 or
turbulent}, where all these quantities are interrelated.

Flow conditions and the geometry of this complex jet pattern shown in figure 7 are
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 are obtained in the same way as those for type III. Orientation of
the continuation of the bow shock between regions 3 and 5 and the shock between regions 4
and 6 are determined from the triple-point solution at 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 = pﬁ) . The location of point C is determined from the geometry of the triangle
enclosing region 4 by using the shock displacement distance LSH (which is obtained
empirically). The pressure differential between regions 2 and 5 (p5 > pz) causes the jet
to turn upward.

Since the flow in the jet passes through a series of expansions and weak compres-
sion waves, the conditions in regions 6 and 8 (pG = Py = Pg, etc.) and all subsequent

i2




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 as 6,

to 96 are 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 as observed in schlieren photographs. In this case
(denoted type IVa) even though impingement does not occur, regions of high heating are
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
as 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 10-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
Q p )
_pk _ 1,03<¥ __Ek_> (1)
stag W Pstag

where p ok and ka are stagnation values on a cylinder of diameter W (jet width)
and where pstag and Qstag are the stagnation values on a sphere of radius R,b

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
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to total temperature 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 Rb/i‘v ~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 strip 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, it was shown in ref-
erence 57 that results obtained by use of this method are in error for the low jet Mach

numbers (Mj < 2.5) which were encountered in the present study.

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 (Rb/\Tv >> 1), the stagnation velocity gradient
can be approximated by the gradient on a small sphere "jet body' immersed in a super-
sonic flow field of height 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 or 8) are 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 arc of
radius R.- (See ref. 36.) The orientation of the sonic line relative to the wall and the
jet boundary as shown in figure 10 is based on information in references 57 and 58 for
Mj <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 Mj depending on the region containing the bow
shock. The jet-body radius in this case Rb,j is computed by using a value of Gj,s W;
the calculated width W for a given region, and correlations of 5j,s/Rb,j as a function
of inverse jet normal shock density ratios obtained from reference 59. An approximate
value of 6j,s/v_v = (.45 was used for calculated jet Mach numbers from 1.2 to 2.5 at

= 1.4. This value of 6]-, s W seems to be realistic when compared with calculated
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
5j,s /\Tv Therefore, the velocity gradient at the jet stagnation point is calculated once the
necessary quantities are 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 are 0.701 mm, 562.02 m/sec, and
1.53, respectively. The jet bow shock standoff distance 5j,s is

5.
b: .= |-45)W=0.315 mm
i,s W
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8 o 5 o
where -£2=0.45. A value of I_{l;:. 0.54 is found in figure 17 of reference 59 by
w .
b,]
using the inverse normal shock density ratio for Mj = 1.53. Then the radius of the jet
body is
5. s
Ry, ; = — L5 -0.584 mm
" %,5/n,

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

0.5

du U
( w) =3 Jy-1hy . 2 (1 - ._1_> = 7.631 X 10° per second

ds stag Rb,j 14 (r - I)sz '}’sz

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) are also used to calculate the reference stagnation heating on the
hemispheric model. The reference pressure is the hemisphere stagnation pressure. It
was stated in reference 6 that the peak heating is directly proportional to the square
root of the jet width W which, in turn, is dependent on the measured displaced shock
length Loy (fig. 7) as a scale length. A simplified method that would give this length
as a function of free-stream conditions and body geometry would relieve the present
method from its dependence on experimental measurements of LSH and Gj,s w.

Other phenomena that may influence the peak heating, but are not considered in the pres-
ent study, are the type and growth of the shear layers bounding the jet and 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 II 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 heat transfer on
the surface is a result of the shock from point B interacting with the boundary layer.

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

(fig. 11) converge as the subsonic flow in region 4 accelerates to sonic velocity. 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 rise across
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the shock—boundary-layer interaction in the supersonic regions near the body are calcu-
lated by use of the same procedure as discussed for type IO and equation (1) for plane
surfaces.

In the present investigation the type V interference pattern was observed on a
swept cylindrical leading-edge fin. The pressure rise across the shock—boundary-layer
interaction was calculated by using the tangent-cone approximation discussed for type OI
and the heating rise was calculated by use of equation (1). The undisturbed or 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) are 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 are determined by using the oblique shock relations
and the specified free-stream conditions and flow angle in a manner similar to that for
type . Once Qb is 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 are 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 series 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 heat-transfer relation (eq. (1)) is used to calculate the reduction in heating by
using pG/p4. 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 comparison of type VI laminar data from the present investigation with the correlation
in reference 38 indicates that the same justification may be used for iaminar interactions.
The reference values in the present study are the undisturbed values ahead of the inter-
action on a wedge.
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COMPARISON OF CALCULATED AND EXPERIMENTAL RESULTS

In this section typical examples of experimental center-line pressure and heat-
transfer distributions, primarily peak values, are compared with calculated levels for
the six types of interference patterns. Flow-visualization photographs are 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 electrical strain-gage
transducers and heat-transfer coefficients were obtained by use of the phase-change
coating technique. In the interest of clarity, details concerning the models, test condi-
tions, and experimental techniques are discussed in the experimental study along with
tabulations and plots of experimental data not shown in the analysis. In general, the dis-
cussion presented in this section also covers the experimental results. The pressure
and heat-transfer data are presented in nondimensional form, stagnation-point values

(pstag and Qstag
heat-transfer values (pcyl and Qcyl) are used for the fin data. The reference pressure

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

for the wedge pwedge is the calculated wedge value without interference. Reference

heating for the wedge @Q is arbitrarily chosen as the local laminar value at the

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

taken as 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 0; = 10° and 6; = 15° are shown in figures 13 and 14, respectively. Mea-
sured peak pressure for both shock generator angles Gi is approximately 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 are probably also influenced by the separated flow.

Type I Interference

An example of a type I interference pattern on the 30° wedge at a= 25° and
0; = 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, refs. 32 and 33.)
Calculated peak pressure levels shown in figure 15 are obtained by assuming (1) a Mach
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reflection with a normal shock loss at the wall (upper line) and (2) the pressure rise for
an attached shock corresponding to the upstream Mach number M, . A pressure spike
was not measured, evidently because of the finite pressure tap spacing since the mea-
sured value should have occurred between the two calculated levels. The peak heat~
transfer level was underpredicted.

Type III Interference

Examples of type III interference on a 0.051-meter-diameter hemisphere at Mach 6
with 6 = 14.8° are 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 are underpredicted approximately 15 percent
probably because of viscous effects (shear layer deflection and growth and three-
dimensional flow). As expected, heating peaks, in general, are 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 times
stagnation heating) is shown in figure 16(c).

Typical results of tests conducted in the other three facilities with a 0.025-meter-
diameter hemisphere are 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 as good as that for the Mach 6 results, probably because of errors incurred
in measuring parameters from photographs and the finite pressure tap spacing (100) on
the model. 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(c).

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 air funnel. Additional tests were conducted

with the 0.025-meter-diameter hemisphere in the other facilities. /.,
e

Typical examples of type IV interference on the 0.051—meter-diameter hemisphere
at Mach 6 for 6; = 50, 100, and 15° are shown in figures 21 to 23. Jet impingement
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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

52
value at i‘_ﬁ’i= 0.45 bracket the measured peak pressure and heat transfer. Compar-

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 are presented in figures 24 and 25. Agreement
between the measured and calculated peak values was not as good as the Mach 6 results,
large differences occurring in the nitrogen tests. Better agreement would probably result

if the proper values of &, /W were known for each gas. Oblique jet impingement and

i,/
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 are 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 unswept 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 are perpendicular. In this case the supersonic jet curls upward
because of the higher pressure differential across the jet than that encountered on the
hemisphere or wedge. The peaks and dips observed in the pressure and heat transfer
are 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.

A type V interference pattern occurred on the cyhri\_ ‘1ca1 fin when it was swept
pack 25° (center line at 65° to free-stream flow) as showm m hgure 28. Good agreement
between measured and calculated heating peaks was obtaaned for all type V tests. Since
the fin bow s}iqek& was detached, the predicted heating Vallie Was ‘¢alculated by use of the

measured bOW

ek angle B3 below the shock 1ntersect" n_“and the maximum angle b
for a regular sﬁo%lectlon at the wall. The secondary Jeatmg peak occurring near
B

X=0.6 isa resu%%:ﬁthe thinning of the boundary layer by the grazmg jet and shear
layer. -
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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 first dip in the heating distribution is unknown. TUnlike 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 to good agreement with measured peak values for gases where real-gas
effects are negligible and good flow-visualization photographs were available. (See
table IL.}

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 Il) from flow-visualization photographs or
other empirical scurces. 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
interference heating.
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TABLE II.- SUMMARY OF COMPARISONS OF CALCULATED

AND EXPERIMENTAL DATA

Type of Test dits Pressure amplification Heat-transfer amplification
; est conditions
interference Calculated |Experimental| Calculated |Experimental
I M, = 6.0; y=1.40; ¢ =10% 5.6 6.5 Laminar, 8.5 14.8
(with separation) 300 wedge Turbulent, 13.5
I M, =6.0; y=140; ¢ =15% 10.2 117 Laminar, 18.8 11.5
(with separation) 300 wedge
if M, = 6.0; y=1.40; ¢ =15% a1.5 1.5 Laminar, 22.4 3.3
30° wedge
118 M, = 6.0; y=140; 6 = 15° 3.5 4.2 Turbulent, 13.4 13.9
0.051-m~diameter hemisphere
m M, =20.2; y=167; 6 =10% 6.3 7.2 Laminar, 7.4 8.2
0.025-m-diameter hemisphere
I M, =199; y=140; ¢ =15 8.3 4.5 Laminar, 10.2 5.9
0.025-m-diameter hemisphere
v M, =6.0; y=1.40; ¢ = 14.8% bg .4 7.5 b14.4 14.2
0.051-m-diameter hemisphere bg.3 6.5 b16.2 16.8
v M, =20.2; y=167; 6 =5 Pg.9 5.4 P16.5 5.7
0.025-m-diameter hemisphere
v M, = 19.8; y=1.40; g = 10% b3g.9 4.3 bga .5 6.4
0.025-m-diameter hemisphere
v M, = 6.0; y=140; ¢ =15% bg.5 7.5 P14.0 19.4
30° wedge
A M, =6.0; y=140; ¢ =20% 4.6 2.5 Turbulent, 3.9 3.6
cylindrical fin
Vi M, =6.0; y=1.40; ¢ = 59; 21-percent | 20-percent 22-percent l4-percent
30° wedge reduction reduction reduction reduction

8Regular shock reflection.
byet bow shock in region 8, figure 7.
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TABLE [I.- EMPIRICAL INPUTS FOR VARIOUS TYPES OF INTERFERENCE

Type of interference Empirical input

1 (1) Impinging and bow shock angles at intersection
(2) Impingement location on surface (sphere, wedge, fin, etc.)

i (1) Impinging and bow shock angles at intersection
(2) Impingement location on surface (sphere, wedge, fin, etc.)

I (1) Impinging and bow shock angles at intersection

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

(3) Shear layer angle relative to local body slope

v (1) Impinging and bow shock angles at intersection

(2) Shock displacement length or 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.)

VI (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 vy, free-stream Mach number M_, and impinging shock strength (shock gen-
erator angle 6j). Body angle 6, shear layer angle 55, and shock displacement
length LSH were also varied to determine their effect on the peaks for some types of
interference. The free-stream total conditions and wall temperature remained fixed for
all types. These calculations were made by assuming impingement on a wedge at
X; = 0.305 meter for types ], II, V, and VI and on a 0.305-meter-diameter sphere for
types OI and IV. The heating results were calculated by use of a recovery factor of
(NPr) Y for laminar and (NPr)O.33 for turbulent (NPr = 0.72). Also these calcula-

tions are based on ideal gas relations and do not account for real-gas effects.
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Type I Interference

The results of a parameter variation study for type I interference are presented in
figures 30 and 31 for laminar and turbulent boundary layers with a fixed impingement
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 O interference. For a given Mach
numbper and 6;, 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 X;= 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_, v, and 6;. The reason for this decrease is that
the reflected shock becomes weaker with increasing % and thus results in a lower
pressure rise from region 2 to region 6.

Type II Interference

The variation of the pressure and heat-transfer (laminar and turbulent) amplifica-
tion with body angle is shown in figure 32 for a type II interference at several values of
M, and y for a regular shock reflection. Calculations of the flow near the wedge aré
independent of ¢;. The amplification decreases with increasing body angles and spe-
cific heat ratio for the same reason as type I. For a given Qb, the amplification also

increases with Mach number.

Type III Interference

Pressure and laminar and turbulent heat-transfer amplification as a function of
shock generator angle are shown in figure 33 for attaching shear layers. The shock
displacement length Loy and shear layer angle ?95 are fixed. Heat-transfer peak
calculations are based on constants from reference 38 as discussed previously. The
maximum amplification occurs between 6; = 10° to 6; = 20° depending on the Mach
number and . The pressure amplification increases and the heat-transfer amplifica-
tion decreases with increasing Mach number for a given 63 and . Actually, the
heating amplification will follow the same trend as the pressure. (See 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 9y instead of varying these conditions for each
M, and y. For a given 6; and M_, the amplifications decrease with increasing 7.
The variation of the stagnation reference values with M_ and 1y is shown in figure 34.
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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
are 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 impinging laminar jet is presented in figure 37 for a constant shock dis-
placement length. These calculations are made by assuming the jet bow shock in

ol
region 8, -%_’—S— = 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 6, a
maximum occurring between 6; = 10° and 0; = 200, whereas the amplification decreases
with increasing y for a given M_ and 91. The large increases in pressure and heat-
ing amplification at different y values are 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 as a function of 6; 1is presented in
figure 39 for a regular shock reflection at the wall. Both the pressures and heating
amplification increase with increasing Gi and M_. Ata constant M and 91, the
amplification decreases with an increase in . The effect of increasing body angle on
the amplification is shown in figure 40.

Type VI Interference

Pressure and heat-transfer reduction rates as a function of Gi for an expansion-
fan—Dboundary-layer interaction (laminar and turbulent) are shown in figure 41. The
largest reduction occurs between 6;=T° and 6; = 9°. For a given 6; the amount of
reduction becomes larger with increasing Mach number, whereas for a given M_ and
63 the reduction is lower for an increase in 1.

EXPERIMENTAL 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 IV.- TEST FACILITIES

Facility Test gas y | M, (Pt =) e’ | (Tt ) Facility description
N/em?2 K
Langley 20-inch Mach 6 tunnel Air 1.40 6 362 561 62
Langley 22-inch helium tunnel Helium 1.67 | 20 2069 533 63
Langley hypersonic nitrogen tunnel Nitrogen 1.40 ] 19 6895 2222 64 and 65
Pilot CF 4 facility at the Langley Research Center Tetraﬂugll‘?c;riletha.ne *1.27 |-*8.9 2000 500 66

"Mm and y are effective values calculated by using the method of reference 66. At T, , =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 air, 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 interchangeable models included a 0.025-meter-diameter hemisphere, a
0.051-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 con-
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
are 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 \[pck

_secl/2 1/2
used was approximately 1.80 l_g_W_sezc______ for the epoxy models and 7.26 kW-sec™/ % / for the
m l'n ]
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.
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TABLE V.- SUMMARY OF TEST PARAMETERS

Shock generator angles pt,w t, = Types of
Test Model Type of test and plate size M., Y N/cm2 K NRe,w/m interference
6344 | 0.051-m-diameter | Pressure and schlieren 5° (5°) 30° 6 1.40 83 478 7.9 x 106 III and IV
hemisphere 0.152 m X 0.254 m 290 25.6 x 106
6352 | 0.051-m-diameter Heat transfer 59 (5°) 25° 6 1.40 83 478 7.9 x 108 Il and IV
hemisphere 0.152 m X 0.254 m 290 25.6 x 106
6358 Fin Pressure and schlieren 5° (50 25° 6 1.40 83, 290 478 7.9 X 106 v, v
0.152 m X 0.254 m 25.6 x 108
300 wedge 290 25.6 x 108 1,11, VI
6363 | 0.051-m -diameter Heat transfer 50 (5°) 25° 6 1.40 290 418 25.6 x 108 I, Iv
hemisphere, 0.152 m x 0.254 m
fin, 83, 290 7.9 x 108 v, Vv
300 wedge 290 25.6 x 106 I, 11, VI
357 | 0.025-m-diameter | Pressure and schlieren 59 (59) 15° 20 1.87 690 433 9.8 x 106 I and IV
hemisphere 0.152 m X 0.254 m
373 | 0.025-m-diameter Heat transfer 59 (59) 15° 20 1.67 690 433 9.8 x 108 I and IV
hemisphere 0.152 m X 0.254 m :
16 |0.025-m-diameter | Pressure, heat transfer, 50 (59 15° 19 1.40 (4137 to 4482 | 1644 3.0 x 106 IO and IV
hemisphere and electronic beam 0.152 m X 0.254 m
63 |0.025-m-diameter | Pressure, shadowgraph, 50 (50) 15° 8.9 1.27 | 896to 1034 | 292 5.6 x 108 I and IV

hemisphere

and oil flow

0.051 m % 0.089 m




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 at 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 as close as
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 used 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 air and helium have a maximum deviation of +0.08. The maximum
deviations in the nitrogen and CF, tests are 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 tests were conducted by using the phase-change coating technique
and methods described in reference 67. Because of the highly nonuniform heat-iransfer
distribution on the models, some models were tested with two or more temperature
coatings. In some cases, peak heating was so high that the coating needed was near T,y;
thus, short melt times and the possibility of large errors were indicated. To measure
these peaks, the stainless-steel model with its large value of \/pﬁ was used. This
procedure permitted the use of a lower melt temperature coating and resulted in longer
melt times.

Heat-transfer data are subject to numerous and often large sources of error.
Errors in measuring the thermophysical properties of the model material, the melt tem-
peratures and times, the initial model wall temperature, and the initial time at exposure
to the free stream can affect the accuracy of the heat-transfer data. A very important
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source of error in most heat-transfer tests is in determining the adiabatic wall temper-
ature distribution. For the present test, T,y 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 as occur in shock interference regions. An
analysis of these combined errors indicates that the peak heating ratios measured at
Mach 6 in air may have a maximum error of about 29 percent (25 percent at Mach 20 in
helium). The errors in the heat-transfer data in other areas will be less. Inaccuracies
due to errors in Tay, Ty, and Tjpj¢ would be less in the nitrogen tests since Ty oo
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 must 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 diffusivity 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 test conditions. For example, for a heating amplification

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

is 0.0084. Although this method does not account for lateral conduction errors, this
figure does indicate where these errors can occur.

Flow Visualization

Schlieren, shadowgraph, or electron-beam photographs were taken in all tests.
For the Mach 6 air 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 CF, 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 air 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 and heat-transfer data not included in the analysis are presented as data
plots (see table VI) or in tabular form. Tabulations of the test flow conditions, reference
pressures, and lengths measured from flow-visualization photographs for all pressure
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tests are given in table VII. These lengths include the shock displacement length Lggy
and the coordinates Xi,Y5 of the intersection of the impinging shock and the heimsphere
bow shock. All lengths have been nondimensionalized with respect to the hemisphere nose
radius Ry. Wall temperatures (TW = Tm>, reference heat-transfer rates, and model
material are presented in table VIII for all heat-transfer tests. Peak heating values mea-
sured in the Mach 19 nitrogen tunnel (test 16) are also presented in table VIII(d). Pres-
sure data not plotted are 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 on the cylindrical
leading edge Peyl is used. The wedge reference pressure Pwedge is the calculated
value on the wedge without interference with the exception of the a= 50° case where

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

sphere Qstag
line values Qcyl obtained from an expression in reference 60 are used for the cylin-

is calculated by using equations (b) and (6). (See ref. 51.) Stagnation-

drical fin. The reference heating for the wedge Q was calculated by using an

wedge
expression in reference 49 and was arbitrarily chosen as the value at the midpoint of the

wedge (X = 0.5). Tables VI to IX are presented before the figures.

The plotted data (figs. 45 to 79) are grouped by configuration, Mach number,
specific heat ratio, and type of interference as outlined in table VI.

Calculated peak pressure and heat-transfer levels obtained from the analytical
methods are shown in the figures for comparative purposes. The dashed curves shown
on the hemisphere figures (figs. 45 to 57, 69 to 79) are the pressure (modified Newtonian)
and laminar heat-transfer distributions without interference and the solid curves are
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) are the total and static pressures behind a
normal shock.
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TABLE VI.- INDEX TO PRESSURE AND HEAT-TRANSFER FIGURES

Figure Model M, v |Test gas de:g Type of interference
45 0.051-m-diameter hemisphere| 5.94|1.40| Air 0 No interference
46 | 10 m
47 15
48 20
49 25
50 5 v
51 10
52 15
53 15
54 20
55 25
56 6.00 10
57 6.00 20 ,

58 Cylindrical fin 5.94 10 IVa

59 15

60 20

61 6.00 10

62 6.00 15

63 5.94 10 v

64 5.94 15

65 5.94 20

66 6.00 10

67 15 \

68 30° wedge v \L y 0 No interference
69 0.025-m-diameter hemisphere |20.20 |1.67 | Helium 0 No interference
70 5 01

71 10

72 15

73 \ N/ 15

14 19.70|1.40 [Nitrogen | O No interference
75 20.60 10 It

76 20.20 | N/ 15 v

1 8.90 |1.27 CF, 0 No interference
78 10 1

79 l y 15 I
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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 test gases where real-gas effects are 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, II, and V interferences).
Correlations of the present data indicate that heating levels for attaching shear layers
(type I interference) are 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 is 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 air 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 interactions. 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 times 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. Pressure amplification for shear layer attachment increases with increasing
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
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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 that measured in a wind tunnel.

The present methods of predicting peak heating are dependent on length scale mea-
surements from flow-visualization data. Semiempirical methods are needed to relax
this requirement. Other problem areas that require considerable investigations are the
effects of shear layer growth, oblique jet impingement, and jet bow shock standoff dis~
tance as well as gas chemistry and three-dimensional flow on shock interference heating.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., January 22, 1973.
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APPENDIX

INTERFERENCE HEATING ON A TYPICAL SPACE

SHUTTLE CONFIGURATION

A limited analysis of heating along a typical space shuttle ascent 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 positions 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 its location can vary on
the nose sections of a mated configuration is illustrated in figure 81 for a typical shuttle
ascent trajectory. Initially, there will be little or 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 IV and I interferences will develop.
Here the largest heating will develop as shown in the present study. A further increase
in Mach number leads to a type II and finally a type I pattern. The reflected shocks can
reflect back and forth several times 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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40

TABLE VII.- PRESSURE TEST CONDITIONS, REFERENCE PRESSURE,

AND FLOW-VISUALIZATION DATA

(a) Test 6344, 0.051-m-diameter hemisphere, Mach 6 air.
Values of Pgtag 2are the measured free-stream pitot

pressure.
Run 6 Pt o2, Ty o Pstag’ - x/R, vi/Ry Lgp/Ry
deg N/cm K N/cm ype 1 t
b 14.8 85 472 2.57 v 0.268 -0.395 0.268
4a 14.8 291 474 8.67 v .252 -.427 .284
4b 14.8 84 456 *2.56 v .253 -.389 .262
5a 14.8 294 477 8.73 oI .233 -.548 -456
5b 14.8 83 452 2.56 v -248 -.513 -408
Ta 14.8 292 476 8.78 11 -209 -.650 .612
To 14.8 82 479 2.58 i} 214 -.621 -563
9a 14.8 294 474 8.75 v .253 -.330 -204
9b 14.8 85 478 2.56 v .257 -.340 -204
1la 9.8 286 47 8.60 v .223 -.252 175
12a 9.8 293 475 8.74 v .224 -.369 .321
12b 9.8 79 472 2.42 v .218 -.340 .266
13a 9.8 286 472 8.62 I 1294 -.447 .466
13b 9.8 85 468 2.61 v .228 417 -389
16a 9.8 297 479 8.84 I 194 -.561 710
16b 9.8 87 472 2.65 I .204 -.515 -602
17a 4.8 291 475 8.68 v .204 -.199 179
1o 4.8 81 480 2.55 v .200 -.141 .088
18a 4.8 293 467 8.74 v 214 -.146 .079
18D 4.8 83 4173 2.60 v .233 -.253 -292
202 4.8 291 475 8.74 I 165 -.389 574
20 4.8 81 481 2.56 oI 175 -.340 -397
91a 4.8 293 476 8.72 v .185 -.243 2243
21b 4.8 8 473 2.47 v 1194 -.175 .146
222 19.8 295 4m1 8.83 vV .282 -.417 .252
220 19.8 85 486 2.71 v -301 418 -243
24a 19.8 293 476 8.64 v .292 -.544 -350
24D 19.8 85 469 2.57 v .286 -.524 .359
252 19.8 293 479 8.83 v 272 1593 .438
25b 19.8 84 469 2.57 v -292 -.602 457
262 19.8 296 475 8.83 oI 262 -.680 .564
26b 19.8 85 475 2.61 I .252 -.690 .568
27b 0 83 475 2.53 *x e B ---=
28a 24.8 291 476 8.75 v .301 -.534 .320
28b 24.8 85 474 2.64 v -330 - 544 -340
29a 24.8 298 480 8.87 v 311 -.632 .418
29D 24.8 84 477 2.58 v .291 -.640 437
30a 24.8 295 477 8.78 vV -301 -.690 -506
30b 24.8 85 476 2.60 v .301 -710 .524
31a 24.8 295 472 8.83 I 272 -7 -612
31b 24.8 83 471 2.55 10 -262 -.186 -641
332 29.7 293 473 *8.76 vV .330 -.826 .622
33b 29.7 83 472 2.53 IV -310 -.836 -660
343 29.7 293 474 8.77 v -379 564 2321
34b 29.7 83 475 2.51 vV .388 551 -340
362 29.7 295 472 8.81 v -388 -.551 -330
36D 29.7 84 472 2.56 v -388 -.551 .330

*Estimated.
**No interference.




TABLE VIL.- PRESSURE TEST CONDITIONS, REFERENCE PRESSURE,

AND FLOW-VISUALIZATION DATA - Continued

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

o., A b ’ T P P s
Run i ’ t, o t,o cyl
deg deg N/om> K N/cm? Type
1a 15.0 24.8 292 481 *7.15 %
1b 15.0 24.8 80 477 *9.05 \%
2a 15.0 24.8 291 486 *7.12 \%
2%b 15.0 24.8 83 468 *92.12 v
3a 10.0 24.7 292 477 *7.15 v
3b’ 10.0 24.7 85 472 *2.17 '
43 5.0 24.7 291 479 *7.15 \"%
4b 5.0 24,7 84 472 *2.16 \'4
5a 15.0 24,7 292 482 *7.16 Vv
5b 15.0 24.7 81 465 *2.08 \
6a 20.0 24.7 294 489 *n7.21 v
6b 20.0 24.7 84 467 *9.15 \
7a 19.9 24.8 293 473 *7 17 A%
o 19.9 24.8 83 469 *9.13 v
8a 24.9 24.8 294 488 *7.19 \%
8b 24.9 24.8 83 469 *9.12 \
9a 0 24.8 292 483 *7.15 Hok
9b 0 24.8 83 474 *9.14 Aok
10a 0 0 292 488 8.72 ok
10b 0 0 84 472 2.60 ok
11a 24.9 0 292 486 8.73 IVa
11b 24.9 0 86 470 2.68 IVa
12a 19.9 0 290 488 8.69 IVa
12b 19.9 0 86 468 2.68 IVa
13a 14.9 0 291 4817 8.72 IVa
13b 14.9 0 85 472 2.65 IVa
143 14.9 0 292 485 8.78 IVa
14b 14.9 0 83 471 2.62 IVa
153 10.0 0 288 484 8.72 IVa
15b 10.0 0 83 469 2.57 va
162 5.0 0 290 487 8.68 IVa
16b 5.0 0 81 473 2.51 IVa
172, 10.0 30.0 292 387 ¥6.52 v
1o 10.0 30.0 82 466 y1.84 v
182 5.0 30.0 292 487 6.52 \%
18b 5.0 30.0 83 467 *1.86 \

*The values of Peyl are the calculated stagnation line pressure on an infi-
nite cylinder without interference. In all other runs, Peyl is the measured free-
stream pitot pressure.

**No interference.




TABLE VIL.- PRESSURE TEST CONDITIONS, REFERENCE PRESSURE,
AND FLOW-VISUALIZATION DATA — Continued

(c) Test 6358, 30° wedge, Mach 6 air

., eb’ j 3 T ’ b »
i a, t, e t,» wed
Run deg deg deg N/ em? K N/ cn%PS Type

19 5.0 -15.0 0 290 491 *1.11 I
20 5.0 -15.0 0 292 488 *1.12 I
21 10.0 -15.0 0 290 488 *1.12 1
22 15.0 -15.0 0 291 493 *1.12 1
23 0.0 -15.0 0 292 501 *1.12 *ok
25 5.0 -64.1 49.1 294 494 8.74 m
26 10.0 -65.3 50.3 297 491 8.89 I
27 10.0 -65.3 50.3 293 494 8.75 oI
28 15.0 -65.3 50.3 292 492 8.73 v
29 0.0 -65.6 50.6 291 492 8.76 ok
30 5.0 -39.8 24.8 295 493 *5.46 o
31 10.0 -39.8 24.8 294 492 *5.44 I
32 10.0 -39.5 24.5 296 486 *5.40 I
33 10.0 -39.5 24.5 295 492 *5 .38 I
34 0.0 -39.6 24.6 292 491 *5.23 ok
35 10.0 -39.5 24,5 294 492 *5.36 I
36 10.0 -39.5 24.5 293 489 *5 34 I
37 15.0 -39.5 24.5 294 492 *5.36 i}
38 5.1 39.6 -24.6 296 492 **%6.93 Vi

*Calculated wedge pressure without interference.
**No interference.
**¥Calculated wedge pressure including pressure rise across impinging shock. All
other values of Dpyedge are measured free-stream pitot pressure. Shear layer did not

attach to wedge in runs 25, 26, or 27.

(d) Test 357, 0.025-m-diameter hemisphere, Mach 20 helium. Values of Pstag are measured
free-stream pitot pressure.

e- k) P b T ’ P ?
i t,© t,© stag
Run deg N/em? K N/cm? Type %/Ry, /Ry | Lsg/Ry,
2 0 701 434 1.92 ok 0.16 -——- -
3 14,9 699 434 1.91 v 138 -0.23 0.43
4 14,9 699 434 1.91 v 37 S 16
5 149 698 436 1.90 I 123 25 123
6 14,9 701 439 1.92 I 122 36 a1
7 9.7 701 452 1.92 v 39 =18 118
8 9.7 699 442 1.91 v 29 S 11
9 9.7 698 453 1.90 v 26 31 \25
10 9.7 699 444 1.91 I 126 48 49
11 45 701 444 1.92 * B B
12 4.5 700 442 1.92 v .25 0 .10
13 45 702 447 1.92 v 129 219 33
14 4.5 698 443 1.91 m 23 30 130
15 147 698 453 1.91 W 32 38 o7
16 147 699 443 1.91 v 33 -.32 22
17 147 702 447 1.92 v 34 25 22
18 9.6 701 445 1.92 HI 31 37 37
19 9.6 699 447 191 v 129 ~30 126
20 9.6 701 451 1.92 v 126 20 27
21 9.6 697 |- 440 1.90 v 129 _.37 130

*Poor schlieren photograph.
**No interference.




TABLE VII.- PRESSURE TEST CONDITIONS, REFERENCE PRESSURE,

AND FLOW-VISUALIZATION DATA ~ Concluded

(e) Test 16, 0.025-m-diameter hemisphere, Mach 19 nitrogen.
Values of pstag are measured free-stream pitot pressure.

O., p. 2 T ’ p s .
1 t,o t, stag
Run deg N/em? N/cm? Type x;/Ry, vi/Ry | Lew/Rp
1 15.0 43517 1622 0.444 v 0.29 -0.18 0.116
2 15.0 4411 1644 450 m 20 -85 1449
3 10.0 4360 1633 487 v 120 -16 -086
1 10.0 4492 1689 448 M-IV .20 -39 1185
5 10.0 4400 1678 419 I 13 -.68 415
6 10.0 4306 1644 445 v 120 -.31 133
7 10.0 4473 1678 466 v 120 -20 085
9 0 4471 1678 519 ok 12 . e

**No interference.

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

pstag are measured free-stream pitot pressure.
0., p. B T B P s
i t,o0 £, stag

Run deg N/cm? K N/cm2 Type

1 14.9 981 292 0.953 v

2 14.9 950 291 .924 v

3 14.9 912 289 879 v

4 14.9 972 289 952 11X

5 14.9 993 293 973 I

6 14.9 974 292 .960 I

7 14.9 930 289 919 I

8 14.9 965 292 .948 I

9 10.0 964 291 951 v
10 10.0 961 291 951 v
11 10.0 969 290 963 it
12 10.0 909 289 .889 I
13 10.0 981 293 .960 v
14 10.0 986 291 973 v
15 10.0 952 288 946 1Ir
16 5.0 1024 296 1.005 v
17 5.0 987 291 97 v
18 5.0 983 294 961 w
19 5.0 970 291 .956 i
20 0 . 969 293 .949 *k

**No interference.
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TABLE VIIL.- HEAT-TRANSFER TEST CONDITIONS, WALL TEMPERATURES, REFERENCE
HEAT-TRANSFER RATES, AND MODEL MATERIAL

(a) Tests 6352 and 6363, 0.051-m-diameter hemisphere, Mach 6 air.

Reference heating rate Qstag is the calculated stagnation point

value on the hemisphere.

o, p Ty oo T Q
i t, 0’ t, o w2 stag? Model
Run deg N/cm?2 K K W/cm? Type material
Test 6352
1 14.8 271 478 422 *3.08 v Steel
2 14.8 290 471 422 2.76 v Epoxy
3 14.8 283 489 394 5.25 v Epoxy
8 14.8 85 484 436 *1.50 v Epoxy
9 14.8 86 473 394 2.43 v Epoxy
10 0 85 473 325 *4.55 Hok Epoxy
12 14.8 84 476 436 *1.24 111 Epoxy
13 14.8 85 474 394 2.46 I Epoxy
14 9.9 83 468 436 *96 v Epoxy
15 9.9 86 472 394 *2.41 v Epoxy
18 9.9 83 474 422 1.58 I Epoxy
17 9.9 82 472 394 2.36 I Epoxy
18 19.7 81 477 422 1.59 v Epoxy
19 19.7 84 473 394 242 v Epoxy
20 19.7 79 473 436 1.11 v Epoxy
21 19.7 81 477 422 *1.63 I Epoxy
22 19.7 83 476 394 2.49 oI Epoxy
23 24.6 83 474 436 *1.16 v Epoxy
24 24.6 84 476 394 2.49 v Epoxy
25 24.6 84 473 422 *1.55 111 Epoxy
26 24.6 83 476 394 2.47 I Epoxy
217 14.8 84 493 450 *1.33 v Epoxy
28 14.8 83 478 394 2.51 v Epoxy
29 14.8 85 493 450 1.33 v Epoxy
30 9.9 81 474 436 1.15 11 Epoxy
31 9.9 290 492 408 *4.69 v Steel
32 9.9 2717 486 394 5.02 v Epoxy
33 9.9 291 487 422 3.67 v Epoxy
Test 6363
36 14.8 289 486 408 *4.37 I Steel
37 14.8 292 488 436 2.94 I Epoxy
39 14.8 290 486 408 4.41 I Epoxy
40 14.8 290 489 436 *3.00 I Epoxy
41 19.8 288 486 422 *3.70 IV Steel
42 19.8 287 488 422 3.70 v Epoxy
43 24.8 290 494 422 *4.07 v Steel
44 24.8 287 487 422 3.63 v Epoxy
46 5.0 288 488 436 .95 IV Epoxy
48 5.0 82 4176 422 *1.62 IV Epoxy

*Reference value for the calculated peak as well as the experimental data.
o interference.
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TABLE VIII.- HEAT-TRANSFER TEST CONDITIONS, WALL TEMPERATURES, REFERENCE
HEAT-TRANSFER RATES, AND MODEL MATERIAL - Continued

(b) Test 6363, fin model, Mach 6 air. Qgy; is the calculated stagnation line value
on an infinite cylinder without interference.

0. P T T Q.v1s
is A, t, cor t,o0? w’ cyl Model
Run deg deg N/cm? K K W/cm? Type material

3 15.0 25.0 80 481 394 .72 v Epoxy
6 9.9 25.0 81 488 394 .97 v Epoxy
9 9.9 25.0 290 488 436 *3.10 v Epoxy
10 14.9 24.9 292 485 436 *9.94 \% Epoxy
13 19.8 24.9 291 488 436 *3.10 v Epoxy
14 19.8 24.9 81 473 422 *1.61 \ Epoxy
18 19.9 0 83 471 394 *2.85 Iva Epoxy
19 19.9 0 292 489 4292 ¥4.39 Iva Epoxy
20 14.9 0 289 491 422 4.87 IVa Epoxy
22 14.9 0 83 476 394 *9.58 IVa Epoxy
23 9.9 0 293 486 422 *4.56 Iva Epoxy
24 9.9 0 86 471 394 *2.83 Iva Epoxy

*Reference value for the calculated peak as well as the experimental data.

(c) Test 63863, 30° wedge, Mach 6 air. Qwedge is the calculated heating at 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.

Run ei’ eb’ a, Pt or Tt, o | Ty QWedge’ Tvpe Model
deg | deg | deg | N/cm? K K W/cm2 YP€ | material
26 9.9 | -15.01 0 289 489 394 0.96 I Epoxy
217 9.9 | -15.0, 0 294 484 422 * 64 1 Epoxy
28 99| -15.0}{ 0 288 488 367 1.25 I Epoxy
33 14.8 | -65.0 | 50.0 292 484 436 *1.28 v Epoxy
34 14.8 | -65.0 | 50.0 292 484 450 .92 v Epoxy
52 | 15.0 | -15.0 | 0 278 486 | 436 *51 I Epoxy
53 15.0 | -15.0} O 291 490 367 1.26 I Epoxy
55 0 -64.8 | 49.8 294 488 394 2.50 *k Epoxy
60 | 15.0 { ~40.3 | 25.3 2901 489 394 *1.61 1 Epoxy
63 5.0 | 40.5 | 25.5 290 488 367 10.44 VI Epoxy
64 5.0 | 40.5 | 25.5 290 488 422 *5.67 VI Epoxy

*Reference value for the calculated peak as well as the experimental data.
**No interference.
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TABLE VIII.- HEAT-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
rate Q is the calculated stagnation point value on the hemisphere.

stag
6'7 p ) T y T s Q taes
i t, oo t, W stag Model
Run deg N/cm? K K W/cm?2 Type material
2 15.1 705 432 394 *4.55 I Steel
3 15.1 703 432 394 4.47 I Epoxy
5 15.1 705 434 394 *4.82 1 Steel
6 15.1 708 432 381 6.25 I Epoxy
8 10.1 706 434 367 *8.19 I Steel
9 10.1 707 434 381 6.51 I Epoxy
11 10.1 705 431 381 6.09 I Epoxy
12 10.1 705 435 367 8.33 I Epoxy
19 5.1 704 428 381 *5.68 v Steel
20 5.1 704 429 381 5.82 v Epoxy
22 5.1 705 438 367 *8.60 I Steel
23 5.1 707 434 367 8.21 I Epoxy
24 5.1 703 429 381 5.81 II Epoxy
25 0 706 436 381 6.70 *ok Epoxy
26 10.1 707 436 381 *6.25 I Steel

*Reference value for calculated peak as well as the experimental data.
**No interference.

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

stag
the calculated stagnation point value on the hemisphere.

o, P T T Qsta
i’ t, t, %’ w’ stag» ‘Model
Run deg N/cm?2 K K W/cm?2 Type material
13 15.0 4309 1633 506 24.58 III Steel
14 15.0 4368 1600 547 23.13 v Steel
19 10.0 4296 1628 436 25.96 I Steel
20 10.0 4226 1600 533 22.95 v Steel
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TABLE IX.- ADDITIONAL PRESSURE DATA

(a) Test 6344, 0.051-m-diameter hemisphere, Mach 6 air.
Values of Pstag 2T listed in table VII(a).

p/ pstag

Run 2b Run 4b Run 9a Run 122 Run 13a Run 16a Run 16b Run 18a
0.548 0.568 0.570 0,342 0.326 0.330 0.316 0.175
.857 .879 .885 559 549 .618 .526 .299
1.329 1.342 1.344 .908 873 1.264 1,049 .508
1.556 1.587 1.565 1.078 .969 1.560 1.619 .627
1.823 1.849 1.816 1.216 1.248 1.758 1.897 .760
2,038 2.075 2,028 1.602 2.356 1.459 1.977 .923
2,251 2.310 2.257 1.515 3.118 1.000 1.399 1,245
2.451 2.502 2.455 2.188 1.751 1.009 .982 1,722
2.664 2,380 2.613 3.800 .955 .997 .992 1.525
4.522 5,702 3.147 1.067 .956 .992 .980 979
.594 574 1,981 .966 .993 .996 .980 1,011
1,011 1.030 458 976 1.007 1,002 .995 1.011
.934 .929 1.193 .989 1,006 1,009 .994 1.007
4.9 .968 .996 .901 .994 1.015 010 1.007 1.014
0 973 .980 .944 .986 1.003 1.006 1.004 1.010
5.0 .943 .958 .945 .967 .984 .992 .984 995
10.1 911 919 .898 L9317 .951 961 .956 .966
15,0 .856 .869 .854 .890 .905 915 .909 .920
20.0 .791 .809 .799 .837 .848 .856 845 .862
25.2 720 .738 124 172 .781 187 784 193
45.2 434 451 430 462 466 469 469 A3
65.3 .183 .206 191 .196 .199 197 .207 .201
85.4 .059 .061 .064 .066 L0687 .063 .073 064

p/pstag

Run 18b Run 20a Run 20b Run 21a Run 21b Run 22b Run 24a | Run 25a
0.179 0.174 0.171 0.180 0.185 0.784 0.779 0.765
.294 .310 .292 .302 .305 1,151 1.147 1.121
.506 564 .504 512 .510 1.659 1.660 1,695
.621 e 627 634 .625 1.877 1,883 2,066
155 .936 192 769 753 2,130 2,170 1,964
878 1,123 1,064 .900 .882 2.346 2.578 3,395
1,029 1.199 1.446 1.056 1.034 2,544 2,489 6,996
1,176 1.059 1,591 1.190 1.153 2,731 5.934 1.645
1,349 1.003 1.159 1.661 1.286 2.894 1.529 938
2.663 997 1.020 2.215 1.444 4.720 .676 954
1.066 .996 1,003 1.006 2.508 2,227 959 967
976 .995 1,008 971 1.091 .375 953 876
977 1,006 1.001 997 979 .554 959 981
4.9 1.013 1.010 1.011 1.008 L9917 1.272 .962 .974
0 1.001 1.016 1,015 1.002 1.003 .843 .958 .963
5.0 .989 1.004 .997 .988 .994 .949 930 938
10.1 .964 971 971 .962 967 866 .886 .906
15.0 .925 .929 .922 913 .908 818 836 857
20.0 858 869 .858 .856 .842 L7162 781 801
25.2 790 .798 .798 .786 .781 696 714 737
45,2 448 477 476 .469 475 425 433 446
65.3 .213 .198 .204 196 .206 .208 .191 .194
85.4 .070 .063 .068 .063 .069 076 .065 .064




TABLE IX,- ADDITIONAL PRESSURE DATA - Continued
(a) Concluded

P/Pstag

Run 25b Run 26a Run 28b Run 29a Run 30a Run 30b Run 31a | Run 33a
0.757 0.768 0.954 0.938 0.927 0.913 0.911 1.032
1.112 1,119 1.324 1.304 1.332 1.319 1.224 1.427
1.642 1.672 1.854 1.816 1.787 1.736 2,552 2.705
2.034 2.912 2.058 2,014 2,093 2.224 4.082 3,620
1.964 4,890 2.307 2,304 3.442 3.861 3.707 5.312
3.341 2.801 2.4719 2.885 5.311 5.428 1.596 1.639
6.299 1.087 2.638 4,918 1.967 1.949 .946 .938
2.029 965 4.567 3.823 .880 .891 .947 .964
.883 .959 4,842 .605 .936 .923 .950 974
.962 .978 .680 1.045 .951 955 .980 .986
.953 .995 483 .896 .950 915 981 992
973 .999 1.015 .958 .966 958 .992 995
975 1.001 .863 959 967 .953 .982 .993
977 1.000 918 .966 964 970 .988 .981
.964 .989 .945 954 .950 955 974 .9
.938 970 922 .924 927 .940 956 .944
918 .938 .889 .884 .895 915 .926 910
.861 .884 .822 .828 .845 .858 874 .862
.799 .825 .760 173 .790 192 .815 .802
139 156 703 L7106 125 132 .746 L7137
.448 454 427 426 .438 443 448 444
.208 195 .216 196 196 221 .199 190
073 .063 084 066 .065 076 .066 .064
e, p/pstag
deg Run 33b | Run34a | Run34b | Run 362 | Run 36b
-80.5 0.997 1.059 1.053 1.057 1.044
-70.7 1.388 1.400 1.396 1.400 1.387
-60.5 2,685 1.865 1.877 1.862 1.870
~55.5 3.812 2.047 2.084 2.042 2.077
-50,3 4.297 2.276 2.324 2.270 2.313
-45.4 1.973 2.463 2.487 2.450 2.446
~-40,3 .991 2,658 2,684 2.644 2.661
-35.3 924 2,756 2.800 2,746 2,759
-30.3 950 5.098 5,178 5,027 5.096
~-25.3 981 3.025 2.652 3.208 3.054
~20.1 980 .621 .582 .652 .621
-15.3 .985 .385 461 .378 438
-10.0 978 AT .593 .441 .540
-4.9 962 1.322 1.156 1.275 1,096
0 963 815 .901 .860 971
5.0 945 .733 823 710 .800
10.1 907 911 .838 904 .828
15.0 867 115 758 126 162
20.0 795 .679 .705 .667 696
25.2 739 671 661 664 654
45.2 447 .394 401 394 403
65.3 .196 175 .184 175 .187
85.4 .070 064 073 064 074




(b) Test 6358, fin model, Mach 6 air. Values of Peyl are listed in table VII(b).

TABLE IX.- ADDITIONAL PRESSURE DATA — Continued

< p/pcyl
Run la Run 1b Run 4a Run 4b Run 5a Run 5b Run 6a Run 6b
0,063 2.337 2.283 1.670 1.600 2.350 2.283 2.291 2.243
.094 2.261 2.205 1.635 1.558 2.279 2.215 2.213 2.171
125 2.211 2.166 1.614 1.531 2.227 2.180 2.152 2.117
.156 2,184 2.140 1.598 1.512 2.196 2.147 2.128 2.080
.187 2.163 2,120 1.582 1.500 2.169 2.128 2.178 2.356
219 2.150 2.110 1.569 1.488 2.156 2.122 1.746 2.314
.250 2.135 2.094 1.555 1.489 2,140 2,102 .954 1.185
.282 2.125 2.085 1.555 1,490 2,131 2,124 .683 726
313 2.097 2.079 1.644 1.504 2.099 2.053 665 877
.345 2.164 2.091 1.288 1.582 2.687 2.149 .793 .678
375 2.515 2.738 1.020 1.218 2.012 2.487 1.013 .883
407 1.415 1.892 .968 .980 1.098 1.399 1.155 1.080
438 871 1.013 1.044 .933 .803 .845 1,122 1.151
470 .653 197 1.043 997 .642 .652 1.035 1.013
500 .616 .667 1.012 1.043 .605 .644 1,021 1.022
531 135 .662 1.021 1.006 .850 118 1.009 975
563 .981 812 1.022 .988 1.036 933 1.012 .996
595 1.084 1.004 1.027 .990 1.136 1.060 1.013 991
625 1,176 1.089 1.025 .996 1.106 1.141 1.013 .986
.688 1.006 996 1.013 .995 1,027 987 1.005 .989
150 1.008 .997 1.005 977 1.007 .986 .995 975
.813 1.007 .996 1.009 979 1.003 .991 .998 .980
.876 .998 .981 1.009 976 .996 978 .998 978
938 993 976 1.007 978 .993 972 .995 977
% B/Pey1
Run 8a Run 8b Run 9a Run 9b Run 10a Run 10b Run 112 Run 11b
0,063 2,007 1.980 1.109 1,102 1.008 0.991 2.570 2.51
.094 1.939 1.920 1.092 1.090 1.019 .999 2.531 2.273
125 1.881 1.867 1,082 1.086 1.018 1.005 2.420 2.449
156 1.853 1.830 1.072 1.063 1.017 1.009 2.481 2,450
187 1.838 1.814 1.064 1.048 1,015 1,009 2.494 2,468
.219 1.848 1.834 1.064 1.056 1.013 1.006 2.519 2.497
250 1.861 1.842 1.060 1.048 1.012 .992 2.541 2,513
.282 2.381 1.987 1.066 1,067 1.017 .995 2.509 2.494
313 1.970 2.281 1,046 1.017 1,012 .992 2.338 9.380
345 1,113 1.268 1.037 .993 1.016 1.023 1,951 2.006
375 .951 925 1,045 1.015 1,012 1.009 1.492 1.580
407 .780 .885 1,043 1,029 1,006 .993 1.019 1.035
438 .708 721 1,048 1.022 1.007 .995 .940 .905
470 .7160 .658 1.032 .979 1.013 .993 1.152 1.034
500 .963 .870 1,048 1.057 1.014 1,008 1.133 1.145
531 1,023 978 1,031 1.009 1.014 994 1.014 997
.563 1.110 1.048 1.045 1.031 1.014 1.009 1.076 1.042
595 1,085 1,102 1.044 1.029 1.016 1,000 1.049 1.030
.625 1.037 1,021 1.042 1,024 1.017 1,004 1.046 1.031
.688 1.042 1.009 1.039 1,028 1.014 1.003 1.039 1.025
150 1.014 .983 1,035 1.011 1,017 1.002 1.020 1.009
813 1.012 .988 1,036 1,010 1.017 1,018 1.008 1.007
876 1.001 .982 1.034 1.010 1.009 .998 .999 .987
.938 1.000 978 1.030 1.012 1.006 1.001 962 979
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TABLE IX.- ADDITIONAL PRESSURE DATA — Continued

(o) Concluded

x p/pcyl
Run 13a Run 13b | Run 16a Run 16b Run 17a Run 17b Run 18a | Run 18b
0.063 2.644 2.584 1.640 1,584 2.105 2,098 1,689 1.669
094 2.654 2,585 1.650 1,583 2.039 2.035 1,644 1.624
125 2.637 2.575 1.644 1,576 1,987 1,991 1,603 592
.156 2.640 2.576 1.639 1.578 1,960 1.973 1,580 1.580
187 2,630 2.576 1.629 1,584 1,941 1.955 1,561 1.577
.219 2,619 2.580 1,610 1.577 1,920 1.925 1,543 1.556
+250 2.606 2,561 1.591 1.575 1.912 1.918 1,694 1.565
.282 2.547 2,537 1.520 1.558 2,186 1.909 1.167 1.724
.313 2.351 2,386 1,259 1.521 1,113 1.979 978 1,225
.345 1,805 1.980 1.048 1.149 908 .997 .958 899
375 1.188 1.349 1,044 1,026 136 ,883 1,015 919
407 .958 .903 1.040 1.026 .863 .787 1.054 1.031
438 1,154 1,054 1.029 1.014 1,003 .869 1.054 1.059
470 1,024 1.005 1.013 .986 1,058 .964 1.033 987
.500 1.068 1.048 1.008 1,012 1,037 1.080 1,037 1,045
531 1.044 1.007 1.000 978 1,011 1.017 1,027 1,006
.563 1,048 1.041 1.005 1,009 1,043 1,065 1,038 1,071
.595 1,041 1.033 1.000 .990 1.037 1,055 1.032 1,044
.625 1.034 1,026 1.004 987 1.033 1,053 1,025 1.045
.688 1.014 1.013 1.004 1.003 1,030 1,073 1,016 1.046
150 1.008 .992 1.006 .994 1,014 1,028 1,017 1.027
.813 1,010 1.008 1.005 996 1,007 1.020 1,024 1.028
876 1,006 995 1,002 .983 1.007 1,011 1,019 1.022
938 .994 986 .996 987 1,013 .022 1,022 1,030




TABLE IX.- ADDITIONAL PRESSURE DATA - Continued

(c) Test 6358, 30° wedge model, Mach 6 air. Values of Pyedge 2T€ listed in table VIl{c).

p/pweclge
X
Run 19 Run 20 Run 23 Run 25 Run 26 Run 27 Run 30 Run 31
0.216 1.181 1.096 1.083 1.000 1.019 1.006 1.405 1.394
.260 1.371 1,091 1,059 1.005 1.023 1,014 1.480 1.395
.303 1,441 1.101 1.066 996 1.013 1.006 1.434 1.402
.347 1.452 1.090 1.068 .996 1.004 1.001 1.430 1.412
.389 1.764 1.103 1.067 .993 1,004 1.001 1.436 1.417
433 2.632 1.082 1.093 .982 1.000 .994 1.428 1.424
476 2.854 1,158 1.121 .984 1.988 .996 1.429 1.425
.519 2.845 1,242 1.059 .986 .991 .993 1,433 1,419
563 2.847 1.320 1.058 .983 988 .983 1.441 1.424
.606 2.835 1,365 1,042 .989 .993 .989 1.449 1.429
.649 2,887 1.430 1.045 981 .980 985 1,438 1.433
692 2.849 2,198 1.059 .983 .984 .985 1.441 1,428
L7135 2,936 2.765 1.054 981 976 976 1.426 1.417
7180 2.954 2.873 1.038 .984 .985 .984 1.440 1.403
822 2,954 2.905 1.064 .982 .981 .989 1.432 1,391
.865 2,953 2.891 1,067 979 973 1.046 1.412 1.367
X p/pwedge
Run 32 Run 33 Run 34 Run 35 Run 36
0.216 1.534 1.480 1.114 1.417 1.464
.260 1.526 1,475 1.107 1.420 1.465
303 1.525 1,478 1,109 1,429 1.470
347 1.530 1.485 1.117 1.445 1.479
.389 1.530 1.487 1,123 1.450 1.483
433 1,528 1.493 1,132 1.470 1.500
476 1.522 1.483 1,108 1.458 1.479
.519 1.516 1,475 1.084 1.449 1,462
563 1,531 1.484 1.087 1.472 1.477
.606 1.531 1.484 1.069 1.474 1.487
.649 1.533 1,488 1.057 1.482 1,484
692 1,529 1.486 1.038 1.475 1.480
L7135 1.520 1.472 1.015 1.465 1.471
7180 1,512 1.460 997 1.465 1.462
.822 1.505 1.449 988 1.457 1.454
.865 1.489 1.424 970 1,438 1.429
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TABLE IX.- ADDITIONAL PRESSURE DATA — Continued

(d) Test 357, 0.025-m-diameter hemisphere, Mach 20 helium. Values of Pstag 2T listed in table VII(d).

o, %/ Pstag
deg Rm3 | Rm4 | Run? Run 8 Run 9 Run1l | Runi12. | Run 15
-0 0.421 0.418 0.269 0.265 0.283 0.036 0.119 0.424
~80 1665 1665 J464 1457 484 1053 1206 1639
270 1,070 1,076 812 798 ‘833 2049 415 1.040
-60 1,554 1,560 1,252 1.233 1,268 [076 703 1.549
~50 2.145 9.128 1.816 1,799 1,885 1198 1,134 2,293
40 2.740 2710 21339 9,323 2.509 673 1.666 2.913
Z30 3.189 31180 2.801 2.729 3.351 1.1 2.134 4372
250 3.442 3.454 3.326 31124 2141 2,768 2,557 9.941
-10 3.666 3.426 3.657 3,964 719 3.640 2.784 . '506
0 654 1.873 1553 1.790 895 3.835 2.396 1,014
10 725 4T 954 591 819 3310 1667 1842
20 803 653 72 801 737 1.962 793 132
30 604 1603 614 621 622 “621 615 597
o, p/pstag
deg
Run16 | Run17 | Run19 | Run20 | Run21
-90 0.431 0.423 0.281 0.275 0.283
-80 ‘647 636 (449 1443 1451
70 1.080 1,065 819 797 1820
260 1,590 1,557 1273 1,261 1,256
-50 9,207 2.136 1.839 1,798 1.874
230 2.793 2713 5.419 2.306 2.354
30 3.235 30151 3.216 2.771 5.417
-0 6.002 3.426 5.624 3.253 1,237
J10 730 3.675 658 3799 1930
0 903 1568 853 571 973
10 901 769 1805 931 893
20 762 803 29 3 197
30 613 1502 613 614 1660




TABLE IX.- ADDITIONAL PRESSURE DATA - Concluded

(e) Test 18, 0.025-m-diameter hemisphere, Mach 19 nitrogen.
Values of Pgtag 27€ listed in table VII{(e).

o, p/ Pstag
deg Run 4 Run 6 Run 7
-90 0.322 0.219 0.217
-80 146 318 1362
70 863 5 817
-60 1.271 1.142 1.223
-50 1.857 1.628 1,727
-0 2.824 2.350 2.397
-30 3,725 2.948 2.872
=20 2.628 3,703 3.534
10 883 1.542 3285
0 1.084 1890 1.418
10 979 837 1685
20 678 1.547 '548
30 ‘636 546 1554

(f) Test 63, 0.025-m-diameter hemisphere, Mach 8.9 CFy.
are listed in table VII(f).

Values of pstag

o, p/pstag
de
& Run 1 Run 2 Run 3 Run § Run 6 Run 7 Run 9 Run 10
-80 0.044 0.054 0.101 0.175 0.457 0.327 0.045 0.152
70 1238 1266 139 '635 1999 760 1194 1460
-60 770 778 1,128 1.386 2.078 1.425 1586 856
-50 1,722 1.683 1.936 2.052 1.581 2.031 1,181 1273
-40 2.499 2.451 2:475 2.548 991 2.615 1.660 1,702
-30 2.841 2.830 2.973 3.806 952 3.686 1.999 1.842
-20 2.919 2.837 2.914 ‘941 937 920 2.103 2.095
-10 2.325 2,977 1.223 1886 1.945 948 1.935 1.079
0 786 871 796 ‘955 967 071 1.394 1896
10 675 "649 822 1926 939 923 939 ‘948
20 1679 1658 78 823 842 831 825 859
30 1596 615 -603 1649 673 “687 ‘664 1696
o, B/Pstag
deg Rni12 | Run13 | Run14 | Run15 | Run16 | Run17 | Runi8 | Run 19
-80 0.294 0.186 0.170 0.293 0.133 0.080 0.098 0.107
70 522 492 1481 '521 o4 1201 1239 244
-60 872 1860 1859 847 1466 1403 J446 1420
-50 1.507 1.257 1248 1.412 -695 1668 671 ‘588
-40 1,164 1.698 1.675 1,702 991 ‘955 858 726
-30 997 2.623 1.990 1,009 1.250 1,228 932 "781
-20 933 917 1536 927 1.364 1,102 1880 807
-10 1959 1955 914 1955 1.342 1953 935 916
0 1963 949 ‘996 1953 1199 ‘961 962 962
10 1940 916 917 1925 932 928 1938 1043
20 1851 825 ‘831 838 821 832 842 846
30 702 1666 676 ‘684 674 1666 1693 ‘701
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Type VI
expansion wave Bow shock
impingement

Type V shock
impingement

Sonic point

,,,,,,,,,, M,
e B —_— .+...
Type IV
supersonic jet
impingement
Sonic point
Type III shear
layer attachment
Impinging
shock

Type II shock
impingement

Type I shock _/\\T
impingement

Figure 2.- Location of the types of interference on a hemisphere.
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Mach reflection
at wall

Bow shs

Peak pressure
and heat transfer

Transmitted impinging shock

MDO
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Impinging shock

Shock generator (wedge)

Figure 3.- Type I shock interference pattern.
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Mach reflection
at wall

Bow shock

- Peak
pressure and
heat transfer

- Shear layer

0og=206

3 i
L Shock generator (wedge)

Figure 4.- Type II shock interference pattern.
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Figure 5.- Type III shock interference pattern.
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2 x 1071

Flagged symbols N. m -
indicate laminar M, M, M, Re, 4/ 95’0
b1, values used O 5.94 (air) 4.6 2.1 12.5 x 105 32
o1 O 4,0 2.2 15.0 x 10° 27
— > 3.4 2.2 13.6 x 108 39
- A 2.9 2.0 11.9 x 10° 42
- N 6.00 (air) 4.0 2.2 48.9 x 10° 36
- D 4.0 2.2 48.6 x 10° 30
@ 20.2 (ne) 6.7 2.5 8.5 x 109 42
6
Laminar correlation z 6.7 2.5 8.4 x 106 42
A=0.40, N = 0.5 4.6 2.3 6.7 x 10 40
A 4.6 2.3 6.7 x 108 40
( ~
bk ~
Pw5% ~ ‘/ Data band
RN M — L O
n ~ -
— ~
S Turbulent correlati D\
— uroulent corre. 10n S—
| Laminar separation - A=0,06,N=0,2 [3}
reattachment (Ref, 50) T
- A=0.19,N=0.5
—
- \
— -
L Turbulent separation - B ~—
reattachment (Ref, 50) ~
A=0,021,N=0,2
1073 ; Lo i Lo L L1111
102 103 Py50s1, 10t 10° 2% 10°
;,stin 65

Figure 6.- Heat-transfer

correlations for laminar and turbulent free shear layer attachment (ref. 38).

Ty/Tt o0 = 0.9.



Bow shock

Jet bow shock

Shear layer

M 6y =6,

Shock generator (wedge)

Displaced bow shock length LSH = AB

Figure 7.- Type IV shock interference pattern.
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(a) Downward sloping shear layer.

(b) Upward sloping shear layer,

Figure 8.- Jet configuration for downward and upward sloping shear layers
with jet bow shock in region 8.
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- y =14
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Figure 9.- Total-pressure distribution for type IV interference.
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Figure 10.- Normal jet impingement model for Mj< 2.8 (ref. 57).
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Figure 11.- Type V shock interference pattern.
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Figure 12.- Type VI shock interference pattern.
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(a) Schlieren photograph.

2 2
Test run | By - Nicm Tl. wor K pwedge' Nicm 95 , deg 9b. deg
6358 - 21 290 488 112 10.0 -15.0
8
—O— Experiment
- - — No interference
Calculated peak
6 (
[
D 4
wedge
2 St of J
separation ~ o004
Ot
0 .25 .50 75 1.00
X

(b) Pressure distribution.

L.-73-232

. 2
Test run Py oor Niem?|T wr K|Ty o K|Qeqge - Whem o
: . 6= 9.9
6363-26 O 289 489 394 0.96 '__15 ©
6363-27 O} 294 a8 ] 4 0.64 6= 1>
16 6363-28 < 288 488 367 1.25
—O— Experiment
Calculated peaks
Turbulent
12 L
' Pl
Q 8 Laminar
Q
wedge
4 Z>
0 .25 .50 75 1.00
X

(c) Heat-transfer distribution.

Figure 13.- Type I interference on a 30° wedge at Mach 6.00 in air. 6; = 9.99;
=~ 6. . -
NRe,oo/m ~25.8 X10°;, y =14,
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(a) Schlieren photograph.
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(b) Pressure distribution. (c) Heat-transfer distribution.

Figure 14.- Type I interference on a 30° wedge at Mach 6.00 in air. 6; = 150;
~ 6. =
NRe’w/m ~25.3%X10% y=1.4,
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Bow.shock
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Impinging shock
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1.-73-234
(a) Schlieren photograph. (b) Sketch of shock pattern.
2 2 2|6 = 15.0°
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— | Regular refiection
Pt ] SR -— e
wedge Qwedge A
.5 1
0 25 .50 75 1.00 0 25 50 5 1.00
X X
(c) Pressure distribution. (d) Heat-transfer distribution.

Figure 15.- Type II interference on a 30° wedge at Mach 6.00 in air.
~ 150. ~ 6. . -
6; = 157 NRe,oo/m = 25.7T X10°% vy=1.4,
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Test run pt' o Nfem Tt, w K pstag ., Nlem ei , deg 65 , deg
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(b) Pressure distribution.
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(c) Heat-transfer distribution.

Figure 16.- Type III interference on a 0.051-m-diameter hemisphere at Mach 6.00 in air.
= . = 6. =
6, = 14.89; NRe,oo/m =25.9 X 10°; y = 1.4,
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(b) Pressure distribution.
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(c) Heat-transfer distribution.

Figure 17.- Type II interference on a 0,051 -m-diameter hemisphere at Mach 6.00 in air,
;= 14.8% Npe /m ~25.8 X 108, 5 =14,
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(b) Pressure distribution,
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(c) Heat-transfer distribution,

Figure 18.- Type III interference on a 0.025-m-diameter hemisphere at Mach 20.2 in
helium. 0; ~10% Nge /m ~9.8 X105 » = 1.67.
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(a) Electron beam photograph.

8
2 2 -
Test run pt'oo, N/cm Tt,oo, K pstag , Nicm ei , deg 65,deg
6 16 -2 - 441 1644 0.450 15.0 40.0
Calculated peak .
—O—— Experiment
L .33 i
5 . / §> — — — Nointerference
p stag
P 4
stag
2 /7 O\(
_ jﬁ&?xan
o I - Nose N
Qbem=m"" T — e ]
-80 -60 -40 -20 0 20 40 60 80
6, deg

(b) Pressure distribution.
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(c) Peak heat transfer (Run 16-13). -

Figure 19.- Type III interference on a 0.025-m-diameter hemisphere at Mach 19.9 in
; - 150. ~ 6. . -
nitrogen. 6; = 157 NRe,oo/m =~ 2.8 x10°; y =1.4,
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(b) Pressure distribution.

Figure 20.- Type III interference on a 0.025-m-diameter hemisphere at Mach 8.9 in
~ 6. . _
CF4. NRe’oo/m ~ 5.6 X 10%; v =1.27,
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Figure 20.- Concluded.
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(c) Heat-transfer distribution.

Figure 21.- Type IV interference on a 0.051-m-diameter hemisphere at Mach 6.00 in air,
~ 5O. ~ 6. ., =
6; = 5% NRe’oo/m ~25.6 X 10% = 1.4,
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Figure 22.- Type IV interference on a 0.051-m-diameter hemisphere at Mach 6.00 in air.
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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 v and free-stream

Mach numbers.
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Figure 31.- Pressure and heat-transfer amplification as a function of body angle for
type I interference (with regular shock reflection) on a wedge.

85




Py o= 276 N/cm®
T, o= 478 K; X, =0.3m
J 1

Ty = 382 K
30 30
20 \ 20
Pg Pg
1) Ps
N \
10 \ Moo 10 "
\10
§ 6 10
y =12 4 oLy =14 6
=20 -30 -40 -20 -30 40
6, deg 6y, deg
(a) Pressure amplification.
40 40
30 30
Q \ \\ Q
6 6
o~ 20 20
2 Q
M
10 A \\ N o 10 t = \\ 1(;0
NN N \ 0 N
~J0x >_J
~TSsh S
o= 1.2 4 y=1.4 T 6
-20 -30 -40 -20 -30 -40
9y, deg 6y, deg

(b) Heat-transfer amplification.

Figure 32.- Pressure and heat-transfer amplification as a function of body angle for
type II interference on a wedge at various values of 7y and free-stream Mach
number,




Py o= 276 N/cm?
T, ,=478 K

2
T =382 K R, = 0,15 m

A = 90
95—20

Lgy/Ry, = 0.45

(b) Heat-transfer amplification.

4 4
M, = y=1.4
| r Dtag = 0-640 .
5, / L £ Petag =T
Pstag = P —ix L
o stag / e
s ) — — ‘h_
pstag = 16,812 N/cm psta.g = 38,269
0 - 0
0 10 20 30 40 0 10 20 30 40
6, deg 9, deg
(a) Pressure amplification.
20 20 T
y =12 Lalminar y =14
—— — Turbulent
———
16 . ~ 16 ===t~
/ ~ s ™~
< ~ /1 \ =
M _=4:Q 4,401
/ 4. _ 2 / o0 > *stag
| y 7—M°°- 4 Qgppy = 2911 W/em? Y o=~
12 /- 12 ,I 4 =
—— o, =0 = 2.047
ok iy Q—E—Q X /ng > Q5t3§ e N
Qstag \ stag / T
o / M= 6 Q,, = 0.789 > e
/ stag —— 8 7 T
[ — ~
/I\ \\ ~
4 B iy S 4 T~
7 ~ 1. M A
//\ \\% M, = 10, Qstag = 0.658
M, =10, Q_, = 0.096
o0 t
0 | S 0
4] 10 20 30 40 0 10 20 30 40
ei, deg ei, deg

Figure 33.- Pressure and heat-transfer amplification on a 0.3-m-diameter sphere as a
function of shock generator angle for type III interference for various values of y
and free-stream Mach number.
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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.
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Figure 35.- Pressure and heat-transfer amplification on a 0.3-m-diameter sphere as a
function of shear layer angle at attachment for type III interference.
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Figure 36.- Heat-transfer amplification as a function of shock displacement length (or
shear layer thickness) on a 0.3-m-diameter sphere for type III interference.
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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.
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Figure 39.- Pressure and heat-transfer amplification as a function of shock generator

angle for type V interference on a wedge at various values of y and free-stream
Mach number,.
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Figure 40.- Pressure and heat-transfer amplification as a function of body angle for
type V interference on a wedge.
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Figure 41.- Pressure and heat-transfer reduction as a function of shock generator angle

for type VI interference on a wedge at various values of 3 and free-stream Mach
number,
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Figure 42.- Sketches of model test assembly.
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Figure 45.- Pressure and heat-transfer distribution on a 0.051-m-diameter hemisphere at

Mach 5.94 in air. 6; = 09 NRe,oo/m ~8.1x108;, 5 =1.4.
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Figure 46.- Type III interference on a 0.051-m-diameter hemisphere at Mach 5.94 in air.
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Figure 47.- Type I interference on a 0.051-m-diameter hemisphere at Mach 5.94 in air,
6; = 14.8%; NRe’oo/m ~7.9 %106, =14,
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Figure 48.- Type III interference on a 0.051-m-diameter hemisphere at Mach 5.94 in air,

6, =20% NRe ofm = 1.6 X 106, 5 =14,
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Figure 49.- Type I interference on a 0,051-m-diameter hemisphere at Mach 5.94 in air.
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Figure 50.- Type IV interference on a 0.051-m-diameter hemisphere at Mach 5.94 in air.
6, %5.0% Ngo fm~17.6x 105, »=1.4.
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Figure 51.- Type IV interference on a 0.051-m-diameter hemisphere at Mach 5.94 in air.
~ ~ 6
6; ~ 9.8 NRe’oo/m ~8.0 X 10% = 1.4
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Figure 52.- Type IV interference on a 0.051-m-diameter hemisphere at Mach 5.94 in air.
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6, = 14.8% NRe’oo/m ~7.5%10% y=1.4,
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Figure 53.- Type IV interference on a 0.051-m-diameter hemisphere at Mach 5.94 in air.

6; = 14.8% Nge ,/m ~7.7x10% =14,
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Figure 54.- Type IV interference on a 0,051-m-diameter hemisphere at Mach 5.94 in air.
6; 20 NRe ofm = 7.6 108, 5 =1.4.
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Figure 55.- Type IV interference on a 0.051-m-diameter hemisphere at Mach 5.94 in air,
~ 950, ~ 6. -
6; ~ 259 NRem/m ~7.8x100 y=14,

109




1.-73-260

(a) Schlieren photograph.

(c) Heat-transfer distribution,

2 2
Test run p,[,w.N/cm T,['w. K pstag.Nlcm e.l,deq
s 634 - 11a 286 477 8.60 9.8
l ~O—  Experiment
Region 8 ~ — — Nointerference
| Calculated peaks
° f
P Region 7
pstag
4
2
el e s Nose o~ o
-80 -60 -40 -20 0 20 0 60 80
6, deg
(b) Pressure distribution,
Test run ) Nlcm2 T, KIT Kl Q chm2 ., deg
1, o’ t, o’ w’ stag ’ P’
6352-31 © 290 492 408 4,69 9.9
6352-32 0O 217 486 394 5.02 9.9
16 6352-33 © 291 487 422 3.67 9.9
Region 8 O EXperiment
— — — Nointerference
al
y Calculated peaks
12
y -
egion
_Q j]—
) 3
stag /
| 551
4 /o/’ i{
5 e O [~ — P:D
0 P Nose ~—
-100 -80 -60 -40 -20 0 20 40 60 80
6, deg

Figure 56.- Type IV interference on a 0.051-m-diameter hemisphere at Mach 6.00 in air.
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Figure 57.- Type III interference on a 0.051-m-diameter hemisphere at Mach 6.00 in air.
- 0, ~ 6. =
6; = 19.8%; NRem/m ~25.6 X 10% =14,
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Figure 58.- Type IVa interference on a fin at Mach 5.94 in air. 6; ~ 109,
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Figure 60.- Type IVa interference on a fin at Mach 5.94 in air. b; = 19.99,
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Figure 61.- Type IVa interference on a fin at Mach 6.00 in air, 6; = 100;
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Figure 62.- Type IVa interference on a fin at Mach 6.00 in air. 6; = 14.99;
N o/ = 25.4 X 105 5 =14

116




2 210 =100
Test run Pt oo Nicm Tt, o K pcyl » Nlem®1 8 =10.0
0
6358-3b 85 472 217 A=247
3.0
—O— Experiment
Calculated peak-
R B
96 =547, 63 =69
2.5 Calculated stagnation-fine
~——— |value on swept infinite
cylinder
— — — No interference
f —— — With interference
20Pus
P
pCyl
1.5
1.0 — %‘{W"
0.5
0 0.25 0.50 0.75 1.00
5 X
| Transwitted
shock . . .
(b) Pressure distribution.
2 2 \
Testrun [ oo Nlem™ T, K|T, 0K Qcy].WIcm 6 =9.9°
8 : :
08336 © 81 48 | 9 291 |50’
i = Experiment
— - = Calculated, infinite
cylinder, laminar
g = 50°
Calculated peak ’ 6"
" 10 \ laminar py= 69
L-73-267 ‘
(a) Schlieren photograph.
Qcyl
&
L e R —
0
0 25 .50 75 1.00
X

(c) Heat-transfer distribution.
Figure 63.- Type V interference on a fin at Mach 5.94 in air. 6; =~ 109
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Figure 64.- Type V interference on a fin at Mach 5.94 in air, 6; = 159,
~ 6. . -
NRe’OO/m ~7.3%10°% y=-14,

118




= 1000

Test run|p, .. Nicm? T oo K Peyt Nicm? 8= 19.9

. . o

50 6358-7h 83 469 213 A=248

Calculated peak, p/pcy' =38

8= 56", By = 10" T —o— Experiment

Calculated stagnation-line

value on swept infinite
cylinder

— —~ No interference
k - e With interference
2.0 Lh%

1.5

2.5

Bow shocke r p/o\&=<
. ~ U . 1.0 {mm SOy 22 (9™

. Shear o .

. dayer ‘ 5

. . g s 0 .25 .50 75 1.00
,,’Ietyﬂ\ ; . . X

(b) Pressure distribution.

7 |

-
=

[ f .
T ‘ o Niem
Impinging ‘ ‘ | Test run \pt,w N/e

0, Wem?
oyl

N o

 shock

t, o K w’

ir
]
|

o3 o] 8

A

L-73-269
(a) Schlieren photograph.

9.|-19.8°i
O Experiment
. i Calcu lated, infinite
0
66 56
T I

0
| 4w L6 o | =749
cylinder laminar
—\— Calculated peak o
turbulent By= 70

|
|

% 2.0 } NS
eyl o
L0 l —T———*u
| |
i
00 .25 .50 75 1.00

(c) Heat-transfer distribution.
Figure 65.- Type V interference on a fin at Mach 5.94 in air. b; 209;
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Figure 66.- Type V interference on a fin at Mach 6.00 in air. 6; = 109,
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Figure 68.- Pressure and heat-transfer distribution on a 30° wedge at Mach 6.00 in air.
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Figure 69.- Pressure and heat-transfer distribution on a 0.025-m-diameter hemisphere at
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(c) Heat-transfer distribution.

Figure 70.- Type OI interference on a 0.025-m-~diameter hemisphere at Mach 20.2
in helium. 6 5% Nge . /m =9.7x10% y =167,
)
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(c) Heat-transfer distribution,

Figure 71.- Type III interference on a 0.025-m-~diameter hemisphere at Mach 20.2
in helium. §; =~ 10% Nge ,,/m ~9.7x105; »=1.67.
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(b) Pressure distribution.
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(c) Heat-transfer distribution.

Figure 72.- Type III interference on a 0.025-m -diameter hemisphere at Mach 20,2
in helium, 6; ~15% Ngg ,,/m =9.8 X105, y =1.67.
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L-73-275 8
a) Schlieren photograph.
(a) en photograph Ref. 38 { 05| |

Figure 73.-
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Test run Pt oo Nlcm2 T . K

2 _
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~—O-— Experiment
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Calculated peak
6 \
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(b) Pressure distribution.
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(c) Heat-transfer distribution,

Type III interference on a 0.025-m-diameter hemisphere at Mach 20.2
in helium. 6; ~15% Ngg ., /m ~9.8 x108; y =1.67.
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L-73-276

(a) Electron beam photograph.
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(b) Pressure distribution.
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pk 4.3 (Ref. 50
A 2.42 100 ERef. 38%
stag

(c) Peak heat transfer (Run 16-19).

80

Figure 75.~ Type III interference on a 0.025-m-diameter hemisphere at Mach 20.6
in nitrogen. 6; = 10% NRe ,,/m ~2.8x106; y = 1.4,
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L-73-2717
(a) Electron beam photograph.
8 2 2
Test run p,['oo, Nl/cm Tt’oo. K pstag , Nlcm ei , deg
Calculated peaks 61 1357 -
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6, deg

(b) Pressure distribution.

Experiment| Calculated (laminar)

ka 5.51 13.4 ERegion '7§
rstag . 49.5 (Region 8

(c) Peak heat transfer (Run 16-14).

Figure 76.- Type 1V interference on a 0.025-m-diameter hemisphere at Mach 20.2
in nitrogen. 6; = 15% NRe o/m = 3.0 X106, y =1.4,
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Bow shock

Impinging shoc

(a) Shadowgraph.

8
2 2 -
Test run Pt oo N/cm Tt, o pstag , Nlem Gi , deg 95 , deg
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—O—  Experiment
— — — Nointerference
Calculated peak
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D 4
stag
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A _ N 0 _
—”___,-— OSE—\ =~ —
o=z =i 1N 0 T mead
-80 -60 -40 -20 0 20 40 60
6, deg

(b) Pressure distribution,

Figure 78.- Type III interference on a 0.025-m-diameter hemisphere at Mach 8.90 in CFy4.
= 10°- ~ 6. . -
0; = 10%; NRe,oo/mNS'GXlO sy =1.27.
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(c) 0Oil flow distribution.

Figure 78.- Concluded.
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L-73-280

(a) Shadowgraph.

8
2 2 =
Test run pt, oo Niem™ T oo K pstag , Nlcm 9] , deg 95 , deg
6 63 -8 965 292 0.948 14.9 15.0
—o0— Experiment
— — — Nointerference
P ———  Calculated peak
p. 4
stag
‘ X
;/U __,,-—--—"""— Nose ‘ O~~~ __
O==="T T
-80 -60 -40 -20 0 20 40 60 80

6, deg
(b) Pressure distribution.

Figure 79.- Type II interference on a 0,025-m-diameter hemisphere at Mach 8.90 in CFy4.
~ 6. -
6; = 15% NRe ,,/m = 5.6 X10% y=1.27.
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ti:ac:hm ent

L-73-281
(c) Oil flow distribution.

Figure 79.- Concluded.
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