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OFF-CENTER-LINE SHOCK-INTERFERENCE HEATING PATTERNS ON
BASIC SHAPES IN HYPERSONIC FLOWS

By J. Wayne Keyes
Langley Research Center

"SUMMARY

Experimental off -center-line shock-interference heating results on basic bodies
are presented for a range of hypersonic Mach numbers, specific heat ratios, Reynolds
numbers, and impinging shock strengths. Three interference flow patterns explicitly
defined in previous studies were generated by the intersection between a plane impinging
shock and the bow shock created by a hemisphere or a cylindrical fin. .

' Heat-transfer rates higher than stagnation values were measured over much of
the off -center-line model surface. For example, heating levels equal to or much higher
than stagnation existed over most of the lower half of the hemisphere. Heating amplifi-
cations up to 17 times that for stagnation were measured on the hemisphere because of
jet impingemént. The results of this study imply that shock interference on a high-speed-
flight vehicle can cause severe heating over large areas near the interaction region,

INTRODUCTION

Shock-interference heating can be a serious problem in the design of high—speed
vehicles such as the space shuttle and hypersonic cruise aircraft. Heat-transfer values
several times the stagnation-point values can occur on vehicle surfaces because of the
interfering flow fields. (See refs. 1to 3.) These interféring flow fields are influenced by
free-stream flow conditions, real-gas effects, and angle-of-attack changes as the vehicle
moves along its trajectory.

Edney (ref. 1) made a detailed study of the entire spectrum of interference flows
and defined six types of shock-interference patterns. The local pressure and heating
peaks were a result of either shock—boundary-layer interaction, free shear-layer attach-
ment, or supersonic jet impingement. The results of an extensive analytical and experi-
mental study of shock-interference heating at hypersonic speeds are reported in refer-
ences 2 to 6. Reference 2 presented theoretical flow models and semiempirical methods
of predicting the peak pressure and heat-transfer levels for the six types of shock-
interference patterns; also included were center-line experimental pressure and heat-




transfer distributions on hemispheres, a 30° wedge, and a cylindrical leading-edge fin -
for different interference patterns.

This paper presents the effects of free-stream Mach number and Reynolds number,
specific heat ratio (shock density ratio), and impinging shock strength on the interference

'heating amplification away from the plane of symmetry. Heat-transfer data were obtained
over a range of nominal Mach numbers (6 to 20), specific heat ratios (1.40 and 1. 67),

and impinging shock strengths (5° to 25°). This investigation supplements the study
reported in reference 2. '

SYMBOLS

The measurements and values are given in SI units; calculations were made in U. S,
" Customary Units.

A

cylinder length (see fig. 2(a))

specific heat of model material
heat-transfer coefficient

thermal conductivity of model material
fin length

Mach number .

Reynolds number -

pressure

ré.dius of hemisphere

temperature

axial coordinate

coordinates of shock intersection in plane of symmetry (see fig. 2)



P3/P1

Subscripts:
aw
cyl
pk

ref

stag

ratio of specific heats
body angle for hemisphere (see figs. 2(a) and 5(a))

shock generator angle

. shear-layer angle relative to surface (see fig. 3(c))

sweep angle of fin
density of model material
normal-shock density ratio

angle in a plane perpendicular to axis of hemisphere or cylindrical leading -
edge fin (see figs. 2 and 5)

adiabétic wall

stagnation -line value

peak value

reference value

stagnation value at outer edge of boundary layer

total value
wall value

free-stream value

Abbreviations (see fig. 3):

BS

bow shock



IP impingement point

IS impinging shock
SL shear layer
TS - transmitted shock

APPARATUS AND TEST CONDITIONS

Test Facilities

The wind tunnels used in this study are summarized in table I:

TABLE L. - TEST FACILITIES

Facility | Test gas y M, Facility described
: in reference —
Langley 20-inch Mach 6 tunnel Air 1.40 6 -1
" .| Langley 22-inch helium tunnel Helium 1.67 20 8
Models

The experimental setup shown in figure 1 was designed to use interchangeable
models. These interchangeable models (shown in fig. 2) consisted of a 2.54-cm- and
a 5.08-cm-diameter hemisphere and a 2.54-cm-diameter cylindrical leading-edge fin,
A 15, 24-cm-wide by 25. 40-cm-long sharp leading-edge plate which can be set at angles
up to 30° was used as a shock generator. The main series of models were made of a
silica-base epoxy material. Additional models of solid stainless steel (type 347) were
used to measure peak heating in some tests.

The model thermophysical properties (density, specific heat, and thermal con-
ductivity) were measuréd on samples of material for each model. The value of the pro-
duct ock used was approximately 1.798 X 103 W\/sﬁ/mz-K for the epoxy models
and 7. 260 x 103 W\/s?é/mz—K for the stainless-steel models. Further details are
available in reference 2, 4 -

Test Parameters

A summary of the models, nominal flow conditibns, and types of interference
patterns investigated is presented in table II:




TABLE II. - SUMMARY OF TEST PARAMETERS

. P T Type of
Test Model M, | v |Py /.0»1 L ey t, | Npe ,/m |interference
N/cm K ’ (ref. 1)
6352 | 5. 08-cm-diameter | 6 |1.40] 5.5 83 478 | 7.9%x10% | mMand1v
hemisphere 290 25.6
6363 | 5. 08-cm-diameter | 6 1.40( 5.5 290 478 25, 6, III and IV
hemisphere .
6363 | Fin 6 1.401 5.5 290 478 25.6 IVaand V
373} 2. 54-cm-diameter {20.2 {1.67| 4.0 690 433 9.8 I0 and IV
hemisphere

The types of interference are discussed in a later section.
EXPERIMENTAL TECHNIQUE AND DATA ACCURACY

The methods of testing were similar for both facilities. The phase-change coating
technique described in detail in references 9 and 10 was used to measure the heating.
Because of the highly nonunifor_'m heat-transfer distribution on the models, some models
were tested with two or more temperature coatings.
so intense that the coating temperature that would be needed was near Tywe
dition would indicate short melt times and the possibility of large errors.) To measure
the peak heating in these cases, the stainless-steel model with its larger value of pock

In some cases, peak heating was
(This con-

was used; this model permitted the use of a coating with a lower melt temperature.

Phase-change heat-transfer data are subject to numerous errors. Errors in
measuring the thermophysical properties of the model material, the melt temperature
and time, 'the initial model wall temperature, and the initial time of exposure to the free
stream can affect the accuracy of the heat-transfer data. Another important source of
error is the determining of the adiabatic wall temperature distribution. In the present
tests, T, was assumed to be equal to the free-stream total temperature. An analysis
of these combined errors indicated that the heating amplification measured at Mach 6
in air may have a maximum error of about 29 percent (25 percent at Mach 20 in helium).

A semi-infinite slab solution of the general heat conduction equation was used to
reduce the heating data. (See ref. 9.) In order for this assumption to be valid, the radius
of curvature must be much greater than the depth of heat penetration. As stated in
reference 10, the heat penetration depth for tlie semi-infinite slab is approximately inde-
pendent of the aerodynamic heat-transfer coefficient and depends only on the thermal

diffusivity of the wall material and the thermal diffusion time. The minimum distance



from peak heating for which the semi-infinite slab solution is valid can also be deter-
mined by using the melt time. (See ref. 10,) Although the phase-change method does
not account for lateral conduction errors; these errors can be important. (See ref. 10
for additional details.)

Details of the interference flow regions were observed by using the schlieren tech-
nique. Surface flow patterns were obtained by using a mixture of titanium dioxide and
silicone o0il in the Mach 6 facility. Further details of the flow-visualization technique are
given in reference 2.

P

TYPES OF SHOCK-INTERFERENCE PATTERNS

In _eétimating the effects of shock-interference heating, it is necessary to determine
the type of interference pattern that will exist when two shocks of different strength inter-
sect. The pattern that will occur depends on body geometry, Mach number, specific
heat ratio, and strength of the impinging shock and its position relative to the body. (See
ref. 1.) The six possible shock-interference-flow patterns as defined by Edney are shown
in figure 3.

These interference patterns can be further grouped according to the flow mechanism
that causes the heat-transfer change at the surface. Types I, II, and V are associatéd
with a shock—Dboundary-layer interaction and type III is characterized by an attaching ‘
free shear layer. Type IV is characterized by an impinging or grazing supersonic jet
(type IVa) and type VI by an expansion-fan—boundary-layer interaction. In the present
study, only types II, IV, IVa, and V were investigated. Types III and IV occurred on
the hemispheres and type IVa and V on the fin.

For a weak two-dimensional shock impinging on the bow shock of a hemisphere,
the interference pattern in the plane of symmetry depends on the relative shock locations
as shown in figure 4. The type of interference can be different away from the plane of
symmetry where the bow-shock strength is weaker: A detailed description of these six
types of shock-interference patterns and the transition from one type to another is given
in references 1 and 2.

PRESENTATION OF RESULTS

The heat-transfer data are presented as nondimensional heat-transfer contours
(h/href) along with off-center-line peak heating distributions and the center-line heating
distributions from reference 2. Selected schlieren photographs and oil-flow patterns are
also shown. The data are presented according to the type of interference occurring on
the center line, the free-stream Mach number and Reynolds number, the strengfh and




location of the impinging shock, and the model geometry. Table III provides an index to
the figures presented in this paper.

TABLE III.- DATA FIGURES

(a) Hemisphere

Fi T M, N Y s, /7. | no o§nal x./R /R d'xx?gteelr Test-run numbers
gure ype | My | Nge o/m 2/?1| ™ ’;‘ég X/ Rp | Vil Bp | hameter, (ref. 2)
ag m | 5.94] 7.9x10%) 1.40 | 5.5 15 ]0.214 [-0.621| 508 | ~=ec=ccemm-o-

m 7.7 10 228 | -.417] 6352-16,17,30
8 I 7.9 15 214 | -.621 6352-12,13
9 I 7.6 20 .262 | -.680 6352-21,22
10 m 7.8 - 25 262 | -.786 6352-25,26
11 HI | 6.00]25.9 15 .233 | -.548 6363-36,37
12 oI | 6.00]25.8 1 15 .209 | -.650 6363-39,40
13 m (20.2 | 9.9 1.67 | 4.0 5 SRR J— 2.54 373-19,20
14 I 9.7 5 SR [ 373-22,23,24
15 m 9.8 10 310 | -.370 373-11,12,26
16 11} 9.7 10 .260 | -.480 373-8,9
17 i1 9.8 15 S, . 373-5,6
18 I 9.8 15 SR . 373-2,3

a19 IV~ 6.00]|25.7 1.40 | 5.5 15 252 | -.427] 508 | —coomcmmmea--
20 IV | 5.94| 7.6 5 .200 | -.141 6363-48
21 4T 8.0 10 .218 | -.340 6352-14,15
22 v 7.5 15 257 | -.340 | 8352-27,28
23 | v | 7.7 15 .248 | -.513 6352-8,9,29
24 v 7.6 20 .288 | -.557 6352-18,19,20
25 v 7.8 25 201 | -.640 6352-23,24
26 IV | 6.00]25.6 5 204 | -.199 6363-46
27 v 25.0 10 223 | -.252 6352-31,32,33
28 v 25.7 15 .252 | -.427 T 6352-1,2,3
29 v 25.6 20 .282 | -.417 6363-41,42
30 v 25.4 25 .301 | -.534 6363-43,44

(b) Cylindrical fin
Oi A
Figure | Type | My, | Npe /m | v | /Py |nominal, | x;/L | y;/L | nominal, Test-z‘:gf.ng;nbers
’ deg ‘ deg

331 | 1va |6.00 |25.8x10%) 1.0 | 5.5 20 10.305 | 0.105 [ SRR
32 | 1va 594 | 8.1 10 .355 | .080 0 6363-24
33 | Iva 7.7 15 435 | 095 0 6363-22
34 | Iva 7.9 20 310 | .110 0 6363-18
35 | Iva |6.00 |26.2 1 10 340 | .075 0 6363-23
36 | 1va 25.4 15 425 | .090 0 6363-20
37 | Iva 25.8 20 305 | .105 0 6363-19
agg v 25.9 20 .300 | .070 P Y- T I —
39 v |[594 ] 72 10 .330 | .060 25 6363-6
40 v 7.3 15 .360 | .065 25 6363-3
41 v 7.6 " 20 310 | .065] 25 6363-14
42 v |6.00 |25.7 10 .300 | .050 25 6363-9
43 s l 26.2 15 .340 | .060 25 6363-10
44 v 25.9 20 .300 | .070 25 . 6363-13

4schlieren and/or oil-flow photographs.



The off-center -line peak heating data on the hemisphere are plotted by using the
coordinate system defined in figure 5(a); values of 6 and ¢ were measured by using the
intersections of the individual heating contours h/hstag with the attachment line or jet
impingement line. (See fig. 7(a), for example.) Since the body is axisymmetric, this
system collapses the off-center-line data on to the center line in the vertical plane of
symmetry. The values of § and ¢ are listed on the heating-contour figures., Off-
center -line peak heating data on the fin were plotted by using the coordinate ¢ as shown
in'ﬁgure 5(b). In this case ¢ is located in a plane perpendicular to the fin center line,
The undisturbed heating levels on the hemisphere and cylindrical fin are included for
comparison purposes.

Reference values hstag for the hemispheres are obtained from an expression
for laminar stagnation-point heating in reference 11. Laminar stagnation-line heating
hcyl calculated from a method in reference 12 is used for the cylindrical leading-edge

fin,
DISCUSSION OF RESULTS

Type III Interference

An extensive investigation of type III interference (shear-layer attachment) on
hemispheres was conducted at Mach 6 in air (v = 1. 40) and Mach 20 in helium (y = 1. 67)
Typical schlieren and oil -flow photographs for a type III interference pattern on a hemi-
sphere are shown in figure 6. The reshaped bow shock and the attaching free shear
layer which emanates from the shock intersection can be seen in figure 6(a). The
attaching shear layer with its accompanying high shear flow appears as a "feather"
pattern on the surface with the flow moving away from the attachment line (fig. 6(b)).

Hemisphere (5. 08-cm diameter). - Heat-transfer results for the 5. 08-cm-diameter
hemisphere at Mach 6, v = 1.40 (rg/rq = 5.5) are presented in figures 7 to 12 for a
range of shock generator angles and two free-stream Reynolds numbers. The attaching
shear layer has a strong influence on the heating along the lower surface of the hemispheré
as shown in part (a) of figures 7 to 12. For example, the attachment line (dashed line
on contour plots) extends from the vertical plane of symmetry around to the tangent point
of the hemisphere and cylindrical afterbody. The extent of the high heating region near
the nose decreases as the local umt Reynolds number increases for a given ¢; "and o pk-
(See, for example, figs. 8(a) and 12(a).) The size of this region is also 1nﬂuenced by
the location of the impinging-shock—bow-shock intersection (Xi /Ry, Vi /Rb) relative to
the sonic point (6 ~ 47°) for a given 8; and Reynolds number. (See figs. 11(a) and 12(a).)




Comparisons of the undisturbed heating on the model with the vertical center-line
heating and the off-center-line peak heating (along the attachment line) are presented
in parts (b) and (c), respectively, of figures 7 to 12. Peak heating values from 7.5 to 14
times the stagnation values were measured on the vertical center line. It was shown in
reference 2 that this peak heating is a function of shock generator angle ¢ i the shear-~
layer angle relative to the surface OSL’ and the state of the shear layer at attachment
(laminar, transitional, or-turbulent). The shear layers at Mach 6 are either transitional
or turbulent. (See ref. 2.) The entire heating on the center line is considerably higher
than the local undisturbed level (for example, 10 to 15 times at 6 = -80°), Off-center-
line attachment heating distributions indicate that heating levels of comparable severity
to center-line heating are also observed over large parts of the hemisphere surface.
These results show that even though the maximum peak is located near the center line,
severe heating can extend over much of the model surface.

Hemisphere (2. 54-cm diameter). - Heating contours, center-line, and off-center--
line peak heating distributions are presented in figures 13 to 18 at 6y = 59, 100, and 15°
for various shear-layer attachment locations on the 2. 54-cm-diameter hemisphere at
Mach 20, v = 1,67 (02/91 = 4.0). In general, the heating data in helium followed the
same trends as the Mach 6 air data. However, the peak heating ratios were lower in
- helium as é result of the lower normal-shock—density ratio and the laminar shear-layer
attachment (refs. 5 and 6) as opposed to transitional or turbulent attachment for the
Mach 6 data. '

Type IV Interference

Of the six types of interference, type IV (supersonic jet impinging in a subsonic
region) results in the most severe heating (refs. 1 and 2); therefore, considerable inter-
ference heating data were obtained, A typical schlieren photograph of the shock and jet
patterns is shown in figure 19(a) at Mach 6 in air. The effect of jet impingement on the
surface oil flow on a hemisphere is shown in figure 19(b). At ¢; = 159, the surface flow

_pattern appears to be similar to the pattern for shear-layer attachment (fig. 6(b)). The
model stagnation region is severely displaced since the jet stagnation pressure can be as
high as 6 to 8 times the model stagnation value. (See ref. 2.) ' 4

Hemisphere (5. 08-cm diaméter). - Heating data at two Reynolds numbers for shock
generator angles from 5° to 25° are presented in figures 20 to 30 for the 5.08-cm-diameter
hemisphere at Mach 6, v = 1,40 (» 2/ oq= 5.5). The contours and center-line distribution
at 6, = 5° in figures 20 and 26 are very similar to the shear-layer attachment patterns
, of type III; however, as 05 increases, the heating patterns become very complex as shown
in figures 21 to 25 and 27 to 30. The secondary areas of high heating appearing in these
patterns are a result of flow distortions caused by shocks and expansions in the jet flow




moving along the surface. (See ref. 2.) Peak heating values 17 times the stagnation
heating values were measured on the vertical center line, The variation of the maximum
off -center-line peak heating along the jet impingement line (dashed line in part (c) of
figs. 20 to 30) indicates that high heating extends far back on the model similar to type III
off-center-line heating. The interference pattern may also change from one type to
another with increasing distance from the vertical center line.

Cylindrical fin (2.54-cm-diameter leading edge). - A typical schlieren photograph
of a type IVa grazing jet pattern is presented in figure 31 for a 2. 54-cm-diameter leading-
edge cylindrical fin at Mach 6, v = 1.40 (02/91 = 5.5)., In this case the jet is turned
upward and flows parallel to the model surface since the pressure in the lower subsonic
region is higher than that in the uppér_ region. The dark and light areas near the surface
above the shock interaction are compressions and expansions in the jet flow. The flow
in this region is unsteady as indicated by the wavy bow shock.

Heating contours, center -line, and off-center-line heating distributions for type IVa
interference are shown in figures 32 to 37. The peaks and dips observed in the heat- v
ing distributions are caused by the compressions and expansions in the grazing jet flow
interacting with the fin boundary layer. The sharp increase in heating and the spike
appearing near the lower end of the fin (figs. 33 and 36) are a result of the expansion waves
from the trailing edge of the shock generator interacting with the lower segment of the
bow shock. Heating levels as high as the stagnation-line values were measured on the
_ cylindrical leading edge as far back as ¢ ~60°, (See part (c) of figs. 32 to 37.)

Type V Interference

A schlieren photograph showing the complex flow pattern on the 2.54-cm-diameter
leading-edge cylindrical fin at Mach 6, v = 1.40 (» 2/ £y = 5.5) is shown in figure 38(a) at
A =259 and 0, = 20°, This photograph also shows that the jet flow is unsteady as for
type IVa. The oil-flow pattern for the fin leading edge is shown in figure 38(b).

- Heating contours, stagnation-line heating distributions, and off -stagnation-line
peak values are presented in figures 39 to 44 for various 04 values and two free-stream
Reynolds numbers. In general, the heating contours and stagnation-line distributions
exhibit similar shapes and trends, respectively, regardless of the impinging shock
strength. The secondary peaks observed in the stagnation-line distribution are the
result of the grazing jet and shear layer interacting with the boundary layer. (For exam-
ple, compare the interactions shown in fig. 38(a) with the heating of fig. 39(c).) The peak-
off -stagnation-line distributions show that heating as high as stagnation-line values can
exist as far back as ¢ = 85°. (See fig. 30(c).) Small areas of high heating which appear
to be caused by vortices from the lower corner were observed in some runs. (See
figs. 43(a) and 44(a).)
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CONCLUDING REMARKS

The results of an extensivé experimental study of off-center -line shock
interference heating on simple shapes are presented for three interference flow pat-
terns. These patterns were formed by the intersection of a plane impinging shock and
the bow shock created by a hemisphere or cylindrical fin. The study covered a range
of hypersonic Mach numbers, specific heat ratios, Reynolds numbers, and impinging
shock strengths. A

Heating levels higher than stagnation values were found over a large percentage
of the off-center-line body surface. For example, in most cases the lower half of the
hemisphere was exposed to levels equal to or much greater than stagnation heating.
Maximum ami)liﬁcations up to 17 times the stagnation heating were measured on the

hemisphere near the center line for an impinging jet. These résults indicate that shock

interference on high-speed flight vehicles can cause severe heating over significant
areas in the vicinity of the interaction region.

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., September 19, 1973.
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Variable incidence
shock generator
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Figure 1.- Sketch of model test assembly.
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Figure 2.- Sketch of models and center-line coordinate system.,,

Dimensions are in cm.
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Plane of symmetry ¢=0° .

¢ peak

Attachment line, or jet impingement line

Typical contour

(a) Hemisphere.
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‘Peak heating line
A
(b) Fin.

Figure 5. - Off-center-line coordinate system.
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Bow shock (BS)

Impingin,
shock (IS

Peak heating

L-73-6871

(a) Schlieren photograph.

Figure 6.- Shock and oil-flow patterns on a 5.08-cm-diameter hemisphere at Mach 5.94
in air for a type III interference. 6; = 14.80; Npe w/m = 7.9 X 106.
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Shear-layer attachment

L-73-6872

(b) Oil-flow pattern.

Figure 6.- Concluded.
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stag

B 2 2
Test-run pt'w.NIcm Tt‘m. K Tw' K hstag' Wim K ei , deg| .

6352-30 o 81 474 436 306.42 9.9

6352-16 O 83 474 422 306.42 9.9
" 6352-17 O 82 472 394 306.42 9.9

Fairing
— — — Nointerference
12
_ 0
lﬂJ epk 36
10 Tr 8, - 37°
| l
4 Z
PR
2 (=] k!'h-r\ M
ST | g - 0%
0 P Nose e —
-100 -80 -60 -40 -20 0 20 a0 80
- 180° _ 0
=180 0. deg 0=0

(b) Center-line heat-transfer distribution.

12 =
ot @ = 160
10 5
.
8
hL 6 o
stag 8]
4 a
o
]
’ 5 0 - 116"
o 9 o
T — | | ‘
0 20 40 60 80 100
6, deg

(c) Off-center-line peak heating.

Figure 7.- Concluded.
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- 2 2
Test‘ run Pt o Nf/cm Tt, wor KT K hstag' WimeK 6, , deg
6352 -12 © 84 476 436 306.42 14.8
6352-13 O 85 474 394 306.42 14.8
12 Fairing
— - — Nointerference
10 o
| epk =-50
- 970
8 GSL 21
hstag ji
4 ,
ol gi
2 1-9/ N
G:Q,EJ‘D/—, TE)_Df — _TCF*D{
0 __b-==T7 7 | Nose Tl =
-100 -80 -60 -40 -20 0 20 40 60 80
0 0
0= 1‘80 6, deg ®=0

(b) Center-line heat-transfer distribution.

8 * 0
o—T © =168
6 o)
0.
_h o)
hstag o o
o ,
2 F
T T —|— c11=132°—/}j
\ - -
0 20 40 60 80 100
6, deg

(c) Off-center-line peak heating.
Figure 8.- Concluded.
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stag

Test-run 2 3
pt.'=°' Niem Tt.w, K Tw' K hstag' Wim=K E)i,deg,
6352 -21 © 81 477 422 306.42 19.7
" 6352 -22- O 83 476 394 306.42 19.7
Fairing
— — — No interference
12
0
ﬂ epk 47
0
10 [ \ 95L= 39
| T i
| j
4 :?! %ﬁﬂq
2 = S
a0 I e
=777 7] Nose I e S
-100 -80 -60 -40 -20 0 20 40 60
0 - 0.
0 =180 0=0
6, deg

(b) Center -line heat-transfer distribution.

12 Q\ i
o - 165
10
8
o]
h g
stag o
4 o
o]
o]
2 %5
ju]
T T T — — ] m=122°—F
\I
0 2 40 60 80 100
8, deg

(c) Off-center-line peak heating.

‘Figure 9.- Concluded.
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(b) Center-line heat-transfer distribution.

10
N 0 -170°
8
(o]
6
h .
hs'(ag . Y
4 : u!
a
2 g
8]
T e m=119°——/Jj
T
0 20 40 60 80 100

6, deg -

(c) Off-center-line peak heating.

Figure 10.- Concluded.

2
Test-run pt’ oo Nlcm Tt, e K TW, K hstag' W/m®-K ei , deg
6352-25 © 84 473 422 306.42 24.6
12 6352 -26 O 83 476 394 306.42 24.6
. Fairing
— — — Nointerference
10
0
f\ 6" 52
.0
8 % & GSL =42
— 6 l %r -
4
T8

) a)

b o —0—]

D’D) __________ —\E\D

=T Nose ~|-—_

-100 -80 -60 -40 -20 0 20 40 60 80
0 0
0 =180 ®=0
6. deg
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stag

14

12

- 2 2 -
Test-run pt',n.Nlcm Tt,w' K Tw' K hstag' Wim K ei,deg
6363-3% o 289 486 408 592.81 14.8
6363-31 O 292 488 436 592.81 14.8
Fairing
— — — No interference
. 20
Tg B~ %
240
ﬁ BSL =36
q
of o
” 5oy
@‘pﬂ:‘ _ __QJE:O:-._—Q_ d
R Nose T~
-100 -80 -60 -40 -20 0 20 40 60 80
0 0
o= -
180 0, deg 0=0

(b) Center-line heat-transfer distribution.

14

q\ 0 = 165°
12
(o]
10
o]
8
_h_
stag )
6
5]
4
[m]
a
[m]
2
Lo - 124°
[ — J\ —_—
0 2 a0 o0 30 100
6, deg

(c) Off-center-line peak heating.

Figure 11, - Concluded.
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stag

Test- run 2 2.
pt’w. Nicm Tt, o K Tw' K hstag‘ Wim™K ei , deg
6363 -40 © 290 489 436 571.98 14.8
6363 -39 0O 290 486 408 571.98 14.8
2
1 — Fairing
-—-No interference

10

0

. ka = -50

a0
| f i
4

u/ X
2 a7 ° 9
o T spootd o |
0 I Sl Nose Il SN
-100 -80 -60 ~40 -20 0 20 40 60 80
0 0
= 0=0
¢ =180 0, deg

(b) Center-line heat-transfer distribution.

8
o1
6
(@]
h 5
h
stag
O
2 0
' °© go-12°
L . Dtb/
—
L
4
0 20 a0 60 80 100
6, deg .

(c) Off-center-line peak heating.
Figure 12.- Concluded.

31



. RN 03" PR |
G01 x 6'6 = w/” Py ¢ yg=Tg |
"wniay Ut g°0g YoeN e 9J9yds1way J9j9WeRIp-Wd-HG g B U0 ddUdIdjIaul II] odAT - g1 aIndig
M-pW/M §8°G03T = wﬁm: ‘SInoju0d Suiray (®)

U] JUBWYIENY

- - ¥5°0

- L9°0
821 09 28°0
IE€T LS 90°1

281 %S 09°1 9
€61 S - £8'% fxody 03
gvl Iv - PI'E 4 4 §

—HONM PO

SPT_ 66 69°S o9 61 €L§
mw% m.m% FEISy/y  wareylos] [opoN  uny  3sel
suotyeo0] Jead : 006
aUIT-JI3jUd9-J30 ’

09 L8

32




stag

- 2 : 2
Test-run pt, oo NCm Tt, o K Tw' K hstag' W/m™-K Bi , deg
3713-19 o 704 428 381 1205.25 5.1
12 | 33-20 O 704 429 381 1205.25 5.1
Fairing
— — — Nointerference
10 i
- 20
ka A
8.
6 1]
4 ﬁ
\
i
2 E?/
= Ep— e
0 ’—‘,,D—"EL‘@‘:( .Nose 'D\~\~\\§
-10 -80 <60 -4 -0 0 20 4 60 80
on0 : )
® =180 6. deg 0=0
(b) Center -line heat-transfer distribution.
6 g T
S0 - 145°
: 4
_h L
hstag ) c
2
] :
SR B B P R
0 20 40 60 - 80 100
’ 6, deg )

(c) Off-center-line peak heating.

Figure 13.- Concluded.
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L

stag .
4

o 2 2
Test-run Pt oo N/icm Ttoo, KT, K hstag' Wim™-K 6. deg
313-22 © 705 43R 367 1205.25 5.1
373-23 0 707 434 367 1205.25 5.1
0 353-24 < 703 429 381 1205.25 5.1
1 , Fairing
— — — No interference
8 0
epk = -45
6
%} :_.' —_ e ’
_odp— Nose B~
0 20 40 60 80

0 |
-0 -8 -60 <40 -2
o = 180°

o =0°

6, deg

(b) Center-line heat-transfer distribution.

3 T
0 = 164°
o]
2 O
_h
h
stag
| == %
i 0
~— ® =140
A~no [‘L
0 20 40 60 80 100
-8, deg

(c) Off-center-line peak heating.
Figure 14.- Concluded.
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stag

- 2
Test-run P oo N/cm Tt. wr KTy K hstag' W/m4K 8 . deg
373-26 © 107 436 381 1205.25 10.1
3713-11 O 705 43] 381 1205.25 -10.1
10 3713-12 < 705 - 435 367 1205.25 10.1
Fairing
— — — Nointerference
8
)
E)p!( 28
6 : = 29°
% BSL 42
%ﬂ §
2
/m_—- -%"“—-'&'*—"—\—_—_——
0 [ -y Nose | &g ~ 4. _
~100 -80 -60 -40 -20 0 20 40 60 80
) .0
® =180 0, deg 0=0
(b) Center-line heat-transfer distribution.
10
[-cb-= 139°
8 Q
6
_h_ 4
stag -
4
o}
2 |-
o
_____ S o 109°
r O~ 0~ O l
0 20 40 60 80 100
6, deg

(c) Off-center-line peak heating.

Figure 15.- Concluded.
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stag

2 2
- /
Test-run m'w.Ncm ﬂ'w, KT« K hgm,WHn~K 6. . deg
3138 © 706 434 367 1205.25 10.1
10 3739 a 707 434 381 1205.25 10.1
Fairing
— — — Nointerference
8 0
pk -
0
6 BSL 42
2 i‘%ﬁ——&
_”_AEK%”— Nose 0=~ - |
0 ] - s —
-100 -80 -60 -40 -20 0 20 40 60 80
N . i} 0'_\ _ 0
0 =180 6, deg ©=0
(b) Center-line heat-transfer distribution.
6 f_
0 = 149°
4
_h_ o
'hstag
2 Q
o
| ° /o 118°
—
0 20 40 60 80 100
6, deg

(c) Off-center-line peak heating.

Figure 16.- Concluded.
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hstag

2 2
Test-run Pt oo N/cm Tt, o Ty K hstag' Wim™-K Bi , deg
3713-5 o 705 434 394 1205.25 15.1
10 373-6 O 708 432 381 1205.25 15.1
Fairing :
— — — No interference
8 0
757? 9pk = -32
R,
6 A B, = 40
. o .
| l
) ]
. _f_,_ié—'iﬁ"'—mse R e
-100 -80 -60 40  -20 0 20 40 60 80
o - 180° 0= o°
6, deg 0
(b) Center-line heat-transfer distribution.
8 T
cgrcb = 150°
6
q
T 4
stag
.
2 -
I e 0= 117°
— D\ _,5/_ L
.
0 20 40 60 80 100
6. deg

(c) Off-center-line peak heating.

Figure 17.- Concluded.
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. 'stag

2 2
Test-run |y oo NEM™ Ty 0 KT K Notag: WM =K | 6, deg
373-2 ¢} 705 432 -394 1205.25 15.1
10 373-3 O 703 432 394 1205.25 15.1
Fairing
— —— Nointerference
8
e
jé\ 8" ™0
6 6, = 40°
ol % ‘
P \
’ b
N s e Tose] " TTT--Fo2ol
-100  -80.  -60 -40 -20 0 20 40 60 80
o = 180° o=0°
‘ 6, deg
(b) Center-line heat-transfer distribution,
8
i¢=nﬁ
6
o
h
4
stag
2 0O
%5 %cn 127°
- 1 \ \.. i
—~—
0 20 40 60 80 100

6, deg

(c) Off-center-line peak heating.

Figure 18.- Concluded.
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Bow :
shock (BS) |
Shear
layer (SL)
> Peak heating
Impinging
shock (IS

1-73-6873

(a) Schlieren photograph.

Figure 19.- Shock and oil-flow patterns on a 5.08-cm-diameter hemisphere at
Mach 6 in air. 6; = 14.8% Np_ /m = 25.7 X 105,
€, 0



Jet im bingement

L-73-6874

(b) Oil-flow pattern,
Figure 19.- Concluded,
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. 2 2
Test-run pt’ o Nlcm Tt, o K TW, K hstag’ Wim™-K ei , deg
10 6363 -48 © 82 476 422 306.42 5.0
Fairing
g — — — Nointerference
0
epk- 10
6
_h ‘
hstag' }%
2 b\o\(
o . |
0 B S [ Nose- Q‘F‘\\\
-100 -80 -60 -40 -20 0 20 - 40 60 80
o = 180° 0=0°
B, deg

(b) Center-line heat-transfer distribution.

8
Q\Jm - 120°
6
o]
h 4 .
hs'tag o)
o
e}
2 55 -
Oﬂ—-‘@ = 96
P— —_—
0 20 40 60 80 100
6, deg

(c) Off-center-line peak heating,

Figure 20.- Concluded.
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stag

14

10—

— — — Nointerference

. 2 2 \
Test-run pt’w. N/cm Tt. o K TW, K hstag' Wim™~K Bi , deg
6352-14 © 83 468 436 306.42 9.9
6352-15 O 86 412 394 306.42 9.9
Fairing

)
epk- 28

Tl I B . 2

|
—~

0
-100 -80 -60 -40 -20 0. 20 a

‘0 -180° o-0°

60 80

(b) Center-line heat-transfer distribution.

14

: o = 17¢°
” d

10

hstag

—_ =}

o §m=1os°

0 20 40 60 80
6, deg

(c) Off-center-line peak heating.
Figure 21.- Concluded.
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- 2 2
Test-run Py oot Nfem TLOO. K TW. K hstag' W_Im-K Gi . deg
6352 -21 © 8 493 450 306.42 14.8
20 6352-28 O 83 478 394 306.42 14.8
Fairing
— — — No interference
16
)
ka 21
12 l
8 .
4 /SFJ R ir Nose
= g Y
od JRPS P | R i S =
0 SO 8 ected e NS 28NN Einhlnd il S
-100 -80 -60 -40 -20 0 20 40 60 80
0 0
01 0-
) 80 6, deg 0

(b) Center-line heat-transfer distribution,
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o‘\o= 157°

16

12

stag

0 =102°

-

——

- — L_ BD\

0 2 40 60 80 100
6, deg

(c) Off-center-line peak heating.
Figure 22.- Concluded.
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- 2 2 R
Test-run P, o Nfcm Tt, o K Tw . K hstag' Wim"K Bi , deg
6352-8 © 85 484 436 306.42 14.8
6352-29 0O 85 493 450 306.42 14.8
6352-9 © 86 473 304 306.42 14.8
16 f Fairing
— — — No interference _
14
)
Bpk- 39
12
10 l
A P g
stag % % .
] 9]
4 ﬁ;\ |
2 4 \\{\v
o O S MG 'y
o e Nose e
-100 -80 -60 -40 -20 0 20 40 60 80
0
0 -180° ©-0
180 0, deg

(o) Center-line heat-transfer distribution.

16 ,
é- 0 - 166
14
12
%
10
S
stag e]
6
%
4
°lo
o
2 } S
T — — o - 118"
= el
0 2 40 60 80 100
f, deg

(c) Off-center-line peak heating.

Figufe 23.- Concluded.
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. 2 2
Test-run pt,w' Nicm Tt'w. K TW. K hstag' Wim K 8i . deg
6352 -20 O 9 473 436 306.42 19.7
6352 -18 O 81 a7 422 306.42 19.7
6352 -19 . <O 8 473 394 306.42 19.7
16 “Fairing
— — — Nointerference
14 o
epk =-34
12
10
_hh_ 8 § %
Stag . 4 %
6 i %
’ l YQ?XQ ;
2 ] %{g oG]
o [ SRR S --\56"_090
0 =7 Nose D .
-0 <80 -0 -0 -20 0 20 40 60 80
0 0
o - 180 6. deg 0=0

(b) Center-line heat-transfer distribution.
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u 165
12
10
- h 8 u]
stag
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6
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4
2 S =R
oy oo 107%
I oo
——
—
0 20 a - 60 80 100
6, deg

(c) Off-center-line peak heating.
Figure 24.- Concluded.
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] 2 2
Test-run pt' oo Ncm Tt, o K TW I hstag' Wim"-K ei , deg
6352-23 © 83 414 436 306.42 24.6
12 6352-24 O 84 416 394 306.42 24.6
Fairing
— — — Nointerference
10 o
ka = 4]
8
h —
stag ﬂ;‘
LA R
: F =Y
0— 5
0 | e Nose I B S
~100 -80 -60 -40 - -20 0 20 40 60 80
‘ o - 180° 0=0°
6, deg

(b) Center-line heat-transfer distribution,

b'\_m - 168°
] .
O
h o, °© o
M tog 5
{:
]
2 = -
a_ lco=112
I S o By
] —— 4 ]
0 20 40 60 80 100

0._deg

(c) Off-center-line peak heating.

Figure 25.- Concluded.
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T 2 2
Test-run pt'w.Nlcm Tt',,o, KiT,» K hstag' Wim™K 8. . deg
6363 -46 o 288 488 436 571.98 5.0
12 Fairing
— — — Nointerference
10 ' -
epk = -20
8 fa
b
stag j &
| 1[ \\
2
o~ '
ol | ——F —Zro
0 -1+ Nose I e
-100 -80 -60 -40 -20 0 20 40 60 80
0 0
¢ =180 0=
6. deg 0
(b) Center-line heat-transfer distribution.
8 \ l 0 -
‘D =138
6
h
o —o
stag
o
2 "O
o] %\
I— 0
T — 1 0 - 109
0 20 40 60 80 100
6, deg

(c) Off-center-line peak heatin
Figure 26.- Concluded.
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- 2] ! 2
Test-run pt’m,N/cm .7'00- KiT,. K hstag' Wim'-K 6, . deg
6352-31 © 290 492 408 551.56 9.9
6352-32 O 2n 486 394 551.56 9.9
6352 -33 © 21 487 422 551.56 9.9 ~
16 Fairing *'1
— — — Nointerference
14 5
epk = -20
12
; J
g 7[
stag /
- %
4 5 {
o ___-——————“"-—-—sbbd
0 -1 Nose ~ -
-100 -80° -60 -40 -20 0 20 40 60 80
o - 180° 0=0°

6. deg

(b) Center-line heat-transfer distribution.

12

[0 <155

M =i

s}
T o100

0 20 40 60 80 100
-8, deg

(c) Off-center-line peak heating.
Figure 27.- Concluded.
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stag

- 2
Testrun py o Nem™ T, 0 KT, K hg Wim2K | 6., deg
6352-1 o 217 478 422 551.56 14.8
6352-2 0O 290 471 422 551.56 14.8
16 6352-3 © 283 489 394 551.56 14.8
Fairing
— - — Nointerference
14 0
ka = -3l
12
10 ’L
| ?i i
| lﬁ i
4
o (CF# % o
2 y
0 I R No;“__m\(%\\\
-100 -80 -60 -40 -20 0 20 40 60 -80
o = 180° =q°
180 6, deg 0=90

(b) Center-line heat-transfer distribution.

14 —0

12

‘stag

L%
<§>m - 106°

—

0 2 a0 60 80 100
6, deg

(c) Off-cenfer.—line peak heating.

Figure 28.- Concluded.
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stag

- 2 2
Test-run pt'm,Nlcm Tt',,o. K Tw. K hstag'WIm_K Gi.deg
6363-4 o 288 486 422 571.98 19.8
16 6363-42 O 287 488 422 571.98 19.8
Fairing
— — — Nointerference
14 0
TT PN epk= -25
12

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

- 180° 0=0°
6, deg

ot T
=== T | Nose ' \\\JF\
40 60 8

(b) Center-line heat-transfer distribution.

14
0 =152
e

12

I B el P

0 2 a0 60 80 100
6, deg

(c) Off-center-line peak heating.

Figure 29.- Concluded.
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stag

. 2 l 2
Test-run pt'w. Nicm T'co. K Tw' K hstag‘ Wim™=K Bi , deg
6363 -43 © 290 494 422 571.98 24.8
6 6363 -44 O 287 487 422 571.98 24.8
1 Fairing
— — — Nointerference
14
. 200
epk 32
12
10
8
6
4 i
) o i uﬁ:ﬁh
o] y - [F
P Nose -] _—\3\2‘%\\\\\
-100 -80 -60 -40 -20 0 20 40 60 80

6, deg

8 I
g o= 148°
6 )
_h_ 4 ]
h
stag o
2 Ot
Q
—_ 1 a
— —_— ] o107
—_—
0 0 . 40 60 80 100

6, deg
(c) Off-center-line peak heating.
Figure 30.- Concluded.
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Bow shock

Impinging
shock

L-73-6875

Figure 31.- Shock pattern for a type IVa interference on the cylindrical fin at
so. _ 0. 5 _ 0. _ 6
Mach 6 in air. 6, =19.97; A =07 NRe,oo/m =25.8 X10".



¢ (Stagnation line)

"/—»47
0° 45° 90°
/ Test Run Model Isotherm h/h;:yl
' 6363 24 Epo 1 2.13
9 POy 9 2.00
3 1.86
4 1,79
.5 1.71
8~ 6 1.52
7 1.38
T~ 8 1.26
6~ 9 1.21
10 1.17
N Y Y Y 11 1,02
3
2
1~ }
Peak heating line
10—~
Moo BS )
Jet ' Grid lines
IS
3_/
4\
1~ \

\
Zﬁ[ﬁll

(a) Heating contours. hcyl = 367.70 W/m2-K.

Figure 32.- Type IVa interference on a fin at Mach 5.94 in air.

_ o, - nO. _ 6
Gi—9.9 ; A=07; NRe,oo/m_B'leO .
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2 2
Test-run pt.w,N/cm Ty o KiT,» K hcy!' Wim®™K 6 «9.9°
= 9.

6363-24 O 86 an | 3 6770 | A=(°

—o— Fairing
— — — Calculated,infinite
cylinder, laminar

3.0

1.0 —— == .

0 0 0.25 0.50 0.75 1.00
X

(b) Center-line heat-transfer distribution. -

2.5 T

— ——|— No interference
o
2.0 —0—
o)
e
1.5 O
h (o]
—| Oo
cy
1.0 = :
T — Wf
\\
~
5 g
~
AN
N
0 20 40 60 80 100

0, deg

(c) Off-center-line heating, X = 0.57.

Figure 32.- Concluded.



¢ (Stagnation line)
¢

0° 45 90°

Test Run Model Isotherm h/hcyl

6363 22  Epoxy 1 2.65
- 2 2.23

3 2.00

4 1.78

5 1.73

6 1.68

7 1.65

8 1.39

9 1.30

10 1.07

11 1.02

0.94

| | Y 13 0.85

Peak heating line

Grid lines

b 4

Y.
10\X 13
12

(a) Heating contours. h, = 347.28 W/m?-K.

Figure 33.- Type IVa interference on a fin at Mach 5.94 in air.

_ 0. , _ nO. _ 6
6; = 14.97; x =07 NRe’Oo/m—7.7><10.
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cyl

3.0

2.0

L0

Test-run

Py oor NEM™ 1T, . KIT

t, »

. K|h .Wlmz-K

w cyl

6363-22 ©

83 476

394 347.28

q-mf

A=0°

—©0O— Fairing

— — — Calculated,infinite
cylinder, [aminar

/L .

0.25 0.50

~

0.75

1.00

(b) Center-line heat-transfer distribution.

2.5 T
— — — Nointerference
0
2.0 O
o)
o]
L.5
h %
cyl
1.0 9 =
—
~ Qo
\\

~

.5 ~
N
N
AN
0 20 40 60 80
0, deg

(c) Off-center-line heating. X = 0.75.

Figure 33.- Concluded.
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¢ (Stagnation line)

k——»¢
0° 45° 90°
Test R Model 1
6 es un ode sotherm h/hcyl
6363 18 Epoxy 1 2.15
7 2 2.06
3 1.98
6] 4 1.8%
: 5 1.6
5—] 6 1.52
7 1.48
4— 8 1.44
9 1.32
2 10 1,22
11 1.09
12 0.95

LPeak heating line

Grid lines

—

1

(a) Heating contours. hcyl = 367.70 W/m2-K.

Figure 34.- Type IVa interference on a fin at Mach65.94 in air,
= 0. y - n%. =
6; = 19.97; x =07 NRe,oo/m— 7.9 X 10~,
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3.0

2.0

L0

2 0
Test run [Pt cor Nicm Tt, o K[Tye K hcyl' W/ m"-K ei - 13,9
=0
6363-18 O 83 an | 4 | 361.70 A
—O— Fairing
— — — Calculated,infinite
cylinder, laminar
\/ \\uw
[o]
— — —_— ]
0 0.25 . 0.50 0.75 1.00
X
(b) Center-line heat-transfer distribution.
2.5 T
— — — No interference
20 2
o
o)
L5
g
_h_
hcyl o] .
1.0
~ f
I~
~ )
5
N J
N
0 20 40 60 80 100
0, deg

(c) Off-center-line heating. X = 0.66.

Figure 34.- Concluded.




¢ (Stagnation line)

Peak heating line

-
0° 45° 90°
9_); Test Run Model Isotherm h/h eyl
1 6363 23  Epoxy 1 2.75
10— 2 2.25
3 2.08
§ 4 1.95
10— 5 1.84
6 1.74
¥ 7 1.63
9 9 154
8—1 10 1.20
7 : 11 1.17
5—] {! {V V 12 0.95
4/
3
2_
|
N

Jet

Ll
/

Grid lines

J

(a) Heating contours. hcyl = 653.70 W/m2-K.

Figure 35.- Type IVa interference on a fin at Mach 6 in air,

~00% 0. _ 6
6;=9.9; A=0"; NR%wﬁn—2&2X10.



2
Test run b . Nicm Ty or KTy K hcy|' Wim'-K ei-9.9°

-00

6%63-23 o | 293 a8 | a2 | 65370 |}

—O— Fairing

— — — Calculated, infinite
cylinder, laminar i

3.0

h
” \/f

0 0.25 0. 50 0.75 1.00
’ X

(b) Center-line heat-transfer distribution.

2.5 T
—— —+ — No interference
le)
o)
2.0 - 5
0
o)
1.5
e ©
cyl o)
1-0 e
[~ (e}
~
N~
5 ~
N
~N
0 20 40 60 8 100
0, deg

(c) Off-center-line heating. X = 0.57.
"Figure 35.- Concluded.
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¢ (Stagnation line)
¢
0° 45°  90°

9 -4 Test Run Model

Isotherm h/h

cyl

10—15
11—
81

6_/

6363 20 Epoxy

Peak heating line

Grid lines

IS

73

(a) Heating contours. hCyl = 633.27 W/m2-K.

Figure 36.- Type IVa interference on a fin at Mach 6 in air.

- 0. y _no. _ 6
6; = 14.9% 1 =0% Np, _/m=25.4x10°.

OO0=TMNU NI =

10

12
13

3.07
2,15
2.41
2.24
2,14
1,94

- 1.83

1.74
1,52
1,33
1.17
1.15
1,03

(N



2 2
Test run Py Nfcm Tt.w' Ty K hcyl' WIm'=K| 5 - 14.¢°
0
30 6363-20 o 289 491 422 633.27 A=0
) —O0— Fairing
— — — Calculated, infinite
cylinder, laminar
2.9 ™
-
hCY' o,
1.0 —————_—— —
0
0 0.25 0.50 0.75 1.00

(b) Center-line heat-transfer distribution.

cyl

78

3.0

T
— No interference

2.5

2.0

L5

1.0

N

N

20

40

60

0. deg

80 100

(c) Off-center-line heating, X = 0.59.

Figure 36.- Concluded.



¢ (Stagnation line)

¢
0'0/750

90°

Test Run Model Isothermal h/h

cyl

6363 19 Epoxy

QOO U W

[uy

Peak heating line

Grid lines

(2) Heating contours. h) = 653.70 W/ m2-K.

Figure 37.- Type IVa interference on a fin at Macg 6 in air.
- 0. y _qO°. -
Bi—19.9 ; A=07; NRe,oo/m 25.8 X 10°.

2.54
2.31
2.10
1.96
1.85
1.52
1.33
1.25
1.11
0.95

79



80

cyl

ol

2 2
Test run Dt oo+ Nicm Tt. ' K Tw' K hcyl' Wim-K 9l = 12.9
30 6363-19 o 292 439 422 653.70 =0
: —O— Fairing
— — — Calculated, infinite
cylinder, laminar
.0 \\ {\i\(‘w\
2 L
1.0 4 —— - — —
0 .
0 0.25 0.50 0.75 1.00
X
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(c) Off-center-line heating. X = 0.47.

Figure 37.- Concluded.
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Figure 38.- Shock and oil-flow patterns for a type V interference on a fin at
Mach 6 in air. 6 =19.9% A =24.8°; Ng, . /m = 25.9 x 10%.
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Figure 38.- Concluded.
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Figure 39.- Type V interference on a fin at Mach 5.94 in air.
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Figure 39.- Concluded.
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 (a) Heating contours. h,g) = 306.42 W/m2-K.

Figure 40.- Type V interference on a fin at Mac% 5.94 in air.
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(c) Off-center-line heating. X = 0.39.

Figure 40.- Concluded.
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Figure 41.- Type V interference on a fin at Mach 5.94 in air.
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(c) Off-center-line heating. X = 0.36.

Figure 41.- Concluded.
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Figure 42.- Type V interference on a fin at Mach 6 in air,
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(c) Off-center-line heating. X = 0.34.

Figure 42.- Concluded.
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Figure 43.- Type V interference on a fin at Mach 6 in air.
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(c) Off-center-line heating. X = 0.37.

Figure 43.- Concluded,

92



¢ (Stagnation line)
1

0° 45°  90°

{ Test Run Model Isotherm h/hcyl
) 6363 13 Epoxy 1 3.(’;1
ll:jZ: g 3:52
12 4 '2.05"
5 1.76
) 6 1.57
! 7 1.41
—H 8 .1.30
8 9 1.25
1? 1.20
1 1.13
3—\’55 \ _\7 Y / 12 0.96
i
7
\ -
11-|D
9 ‘4/ L\\\\\\
8~
GQ ? Grid lines
5
BS 4'\ NN
’\ ‘

Peak heating line

\

8
D)

N
N\

SN

R
=SS

=

/)

Vortex heating

—

(a) Heating contours. heyp = 592.41 W/m2-K.

Figure 44.- Type V interference on.a fin at Mach 6 in air.
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Figure 44.- Concluded.
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