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HEAT-TRANSFER MEASUREMENTS AT A MACH NUMBER OF 8
IN THE VICINITY OF A 90° INTERTIOR CORNER
ALINED WITH THE FREE-STREAM VELOCITY

By P. Calvin Stainback
Langley Research Center

SUMMARY

An experimental investigation was conducted to determine the influence of
the interaction of the flow field with the boundary layer on the heat transfer
in the vicinity of an interior corner formed by the normal intersection of two
planes when the line of intersection was alined with the free-stream velocity.
The investigation was made at a nominal Mach numbeg of 8, and the6nominal unit
Reynolds number per foot was varied from 0.23 x 10 to 10.07 x 10~.

The results indicated that the peak heating rate in the vicinity of the
corner could be about 1.5 times the undisturbed flat-plate value outside the
mutual boundary-lsyer interaction region. This high heating rate was attributed
to the mutual interaction of the inviscid flow field with the boundary layer.
Within the mutual boundary-layer interaction region a decrease in the heating
rate was observed, and this result was in qualitative agreement with theoretical
results.

INTRODUCTION

The flow of a fluid in the vicinity of an interior corner formed by two
intersecting plates has received considerable theoretical and experimental
attention in recent years since this simple geometric configuration can be
expected to simulate adequately some of the major phenomena encountered on more
complex Jjunctions found in fluid machines, aircraft, and high-performance
spacecraft.

Most of the theoretical investigations have been limited to the study of
the boundary layer in the immediate vicinity of the corner. (See, for example,
refs. 1 to 11.) This flow regime is designated herein as the near-corner vis-
cous interaction region or simply the near-corner region. Until recently, most
of the experimentasl investigations were limited to the study of the inviscid
flow field and its ultimate interaction with the boundary layer outside the
near-corner region (refs. 12 to 15). This region is designated herein as the
far~corner interaction region. A theoretical study of the inviscid far-corner



interaction region can be found in reference 16 and an experimental study of the
viscous near-corner region in reference 17. Recently, experimental studies con-
ducted at a Mach number of 16 provided heat-transfer and pressure data in both
the near and far interaction regions (refs. 18 and 19).

The present paper presents heat-transfer and flow-visualization data taken
in both the near-corner and far-corner interaction regions at a Mach number of

8.00 and a range of Reynolds number per foot from 0.23 X 106 to 10.07 X 106.
The present data are presented in somewhat more detail than the heat-transfer
data of references 18 and 19 and because of the difference in the free-stream
Mach number and should serve to supplement the data of these references.

SYMBOLS
B
o e
h aerodynamic heat-transfer coefficient, Btu/sec-ft2-CR
My free-stream Mach number
Ngt Stanton number based on free-stream conditions
P pressure
a aerodynamic heat-transfer rate, Btu/sec-ft2
R unit Reynolds number (per foot) based on free-stream conditions
Ry Reynolds number based on free-stream conditions and distance from
leading edge
T temperature
X distance from leading edge of model
¥,z coordinate distances from corner of model
3] interaction boundary-layer thickness
Subscripts:
e effective flat-plate value
t stagnation conditions
w wall condition



DESCRIFPTION OF MODEL

The corner heat-transfer model was machined from a single piece of 17-4 PH
stainless-steel bar stock. Its overall dimensions were 4.50 by 4.50 by 11 inches.
(See fig. 1 for details.) The sides which formed the corner were 0.50 inch thick
and these produced a corner with an inside dimension of 4.00 inches in the ver-
tical and transverse directions. The model was instrumented from 0.050 inch to
2.00 inches from the corner and 0.50 inch to 9.75 inches from the leading edge.
The leading-edge thickness was approximately 0.002 inch.

The thermocouple statlons were formed by machining 0.50-inch transverse
slots 2.50 inches long in the reverse side of the model to produce a skin thick-
ness 0.015 inch. Near the leading edge, where the 0.50-inch slots would have
overlapped, a large cavity was machined to receive the thermocouples. All
cavities were shielded from the flow by the support system or by cover plates.

At the corner two milling operations, 90° apart, were made at each longi-
tudinal station in order to form a corner with 0.015-inch-thick walls. (See
fig. 1.) As a result of this method of machining, an excess mass 0.015 by
0.015 inch was formed opposite the line of intersection of the planes forming
the corner. This mass received no direct aerodynamic heating from the model
surface; the heat stored in this mass was received from adjacent metal by con-
duction. In an attempt to reduce this conduction, the inside corner of this
mass was chamfered 0.015 inch by 450, Thermocouples were located on the cham-
fered surface and were used to monitor the conduction effects of the excess mass
on the thermocouples located 0.05 inch from the corner. The elementary analysis
of reference 13 indicated that the effect of the excess mass on the heating rate
determined by the thermocouples 0.05 inch from the corner was less than 4 per-
cent. This possible error was not taken into account in reducing the present

data.

A total of 80 iron-constantan thermocouples (0.010 inch in diameter) were
installed in the model. The thermocouple junctions were made by spot welding
individual thermocouple wires on the reverse side of the model skin. The
coordinates of the thermocouple stations are given in the following table:

Yy, in. x, in.

.60 Lo.5o 0.75|1.00| 1.50 | 2.25 | 3.25 | 4.50 | 6.00| 7.75{ 9.75




A second model was made similar to the heat-transfer model and was used
for the temperature-sensitive-paint and oil-flow investigation. This model was
covered with plastic and fiber glass, except in the vicinity of the leading
edge, to provide an insulating surface desirable for use with the temperature-
sensitive~paint investigation.

In order to obtain shadowgraphs of the shock inside the corner, a third
model was constructed of steel; and a flat, front-surfaced mirror was set into
the vertical side an inch from the leading edge. With this model it was pos-
sible to obtain double pass shadowgraphs of the shock generated by the trans-
verse side of the model.

TEST PROCEDURE AND DATA REDUCTION

Testing of the corner model was conducted at the Langley Mach 8 variable-
density tunnel. This tunnel is of the blowdown type and has an axially symmetric
nozzle with contoured walls. The average test-section Mach number variation with
stagnation pressure is presented in figure 2. The Mach numbers used to reduce
the present data were obtained from an earlier partial calibration of the tunnel
and except for the low stagnation pressure, where the earlier calibration curves
were extrapolsted, the results of the two calibrating curves were essentially
the same.

The test-section unit Reynolds number per foot ranged from 0.23% X 106 to

10.07 x lO6 for the heat-transfer tests; from 0.56 x 10° to 3.15 x 106 for the
shadowgraph tests; and for the oil-flow and temperature-sensitive-paint inves-

tigation the Reynolds number per foot was 1.77 X 106.

The heat-transfer data were obtained by the transient-heating technique.
This technique provided for the establishment of steady flow in the test section
with the model outside the tunnel; after steady operation had been obtained the
model was inserted into the test section. The model was removed from the test
section after about 4 seconds and was brought to isothermal conditions at approx-
imately room temperature. The transient-heating times required to move the model
through the tunnel boundary layer was about 0.05 second, and care was taken to
eliminate this effect on measured temperature during data reduction.

The heat-transfer data were obtained by recording the temperature-time
history of the model on magnetic tape with a digital data recorder. The tempera-
ture data were reduced to heating rates and Stanton number on a digital computing
machine. (See ref. 20 for the details of data reduction.)

The temperature-sensitive-paint, oil-flow, and shadowgraph tests were sim-
ilar to the heat-transfer tests. The temperature-sensitive-paint model 1s shown
mounted on the test-section injection mechanism in the retracted position in

figure 3.



The temperature-sensitive paint has the characteristic that the paint
changes color as its temperature is increased. The paint used was a four-color-
change type; however, only one color change was experienced during the present
tests. This color change occurred from pink, the original color, to blue. A
more detailed description of this paint and testing technique can be found in
reference 21.

DISCUSSION OF RESULTS

The heat-transfer data in the form of Stanton number are presented in fig-
ure 4 as a function of Reynolds number for various unit Reynolds numbers and
distances from the corner. The data are presented in tabular form in table I.
Theoretical low-speed laminar (ref. 22) and turbulent (ref. 23) flat-plate
heating curves are included in the figure for comparison with the present data.
For reference, the leading-edge boundary-layer induced shock location, obtained
from the shadowgraph results presented in figure 5, is also included in the fig-
ure. In figure 5(a) the shock location is indicated by its reflection from the
mirror which is set into the vertical side of the model. Also presented in fig-
ure 5(b) are plots of shock locations for various unit Reynolds numbers. Some
of these curves were obtained by extrapolating the measured data. It should be
noted that the Reynolds number based on the shock distance from the leading
edge is outside the Reynolds number range shown in some of the plots in figure L.

At y = 2.00 and 1.50 inches, the Stanton number (fig. 4) agrees quite well
with the theoretical leminar values except for Ry > 4 x 10 where the disagree-
ment can be attributed to transitional or turbulent flow. Although the shock
crosses the y = 1.50 location ahead of the last thermocouple, there is little
if any indication of this disturbance on the heating rate except for the afore-
nmentioned transition which will be discussed subsequently. As y 1is decreased
to 1.00 inch there is some indication of an increase in the Stanton number
behind the shock. This phenomenon is most evident at the lower unit Reynolds
numbers. A further decrease in y +to 0.60 inch reveals a pronounced increase
in heating behind the shock and this increase is evident as y 1is decreased to
0.05 inch. At y = 0.05 inch +the Stanton number is substantially less than the
theoretical laminar value for large values of x. This decrease can be attrib-
uted to the mutual interaction of the boundary layers in the vicinity of the
corner, & result in agreement with the near-corner interaction theories.

The regions with heating rates higher than the undisturbed laminar wvalues
are located in the far interaction regions and result from the mutual interaction
of the two inviscid flow fields associated with the two plates forming the corner
and their ultimate interaction with the boundary layer. The maximm value of
this increased heating is about 1.5 to 2.0 times the theoretical laminar value
and occurs at about 0.35 inch from the corner.

The area where the increase in heating occurs is well downstream of the
projected shock location. This result can be seen from figure 4 and also from
figure 6. This latter figure presents the temperature-sensitive-paint results.
The dark areas (blue) represent regions with higher heating rates than the
light areas (pink). The shock position has been superimposed on the photograph
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and the high heating region 1s located downstream of the shock. This condition
is more evident at large distances from the leading edge as a result of the
"oconical like" disturbances which originate at the leading edge of the corner.

It is interesting to note from figure 4 that if data were available only
over & limited Reynolds number range, the increase in heating might erroneously
be attributed to transition. However, for sufficiently large values of the
Reynolds number the heating rate downstream of the peak heating region tends to
decrease toward the laminar value. In fact, a comparison of the transition data
at Ry = 10.07 X 106 (per foot) for decreasing values of y from 2.00 to
0.05 inch indicates that the corner flow which causes the increased heating
tends to suppress transition.

There is a slight indication that the heating rate in the immediate vicinity
of the shock is reduced below the undisturbed value. This phenomenon can be seen
a little clearer when the parameter Nst;/a; is plotted as a function of x.
Such a plot is presented in figure 7 for y = 1.50 inches, 0.60 inch, and
0.35 inch. If the data for y = 1.50 inches are assumed to represent the undis-
turbed flow over the model and a curve is faired through the data for all values
of y, then a slight reduction in the heating rate in the viecinity of the shock
can be discerned. This result suggests the possibility that the shock tends to
produce an incipient boundary-layer-separation condition with its attendant
thickening of the boundary layer.

In reference 11 the reduction in the heating rate within the mutual
boundary-layer interaction region was found to vary linearly with distance from
the corner. This variation can be expressed as

A

3) (1)

o<

(0sy

8 |

If the definition of the aerodynamic-heat-transfer coefficient is used and the
wall is assumed to be isothermal, equation (1) can be expressed as follows:

=§ (0 Sy < 8) (2)

& |~

This equation can be given in terms of the Stanton number and Reynolds number,
based on free-stream conditions, as

Nt VRx  _ g (0<y<s) (3)
[?Stvfﬁg}e °

The interaction boundary-layer thickness can be expressed as (ref. 1)

- L (%)



where C is a constant for a corner model with zero streamwise pressure gra-
dient. Substituting equation (&) into (3) gives

NstJE:B%J?X (o

where B 1is a constant and equal to [#St /R%]e/c, provided the streamwise pres-
sure gradient is negligible.

A

y < 8) (5)

The heat-transfer data are presented in terms of the parameters of equa-
tion (5) for several free-stream unit Reynolds numbers in figure 8. This figure
indicates that the variation of the heating rate with distance from the corner
in the interaction region is essentially linear within the limits of the present
investigation and tends to confirm the theoretical finding of reference 1l.

For the present test conditions, the "undisturbed" conditions exterior to
the near-corner viscous-interaction region are not the flast-plate values but
would be the conditions between the near-corner region and the high heating
region in the far-corner region.

From figure 8 this value of [?St ’Ré]e appears to be constant for all unit
Reynolds numbers and has a value of about C.475. Curves fitted to the data near
the corner indicate that the value of B varies with unit Reynolds number and
if [?St ’BéJe is assumed constant, the value of C must vary with unit
Reynolds number. This variation is shown in figure 9, where C is determined
by the intersection of the failred curve with the assumed constant value of
[yst,/RéJe of 0.475. Values for C can also be obtained from figure 4 for

Y = 0.05 inch if it is assumed that the near-corner interaction region begins
when the Stanton mumber deviates from the flat-plate-like variation that it has
near the leading edge. Values for C calculated in this manner are also shown
in figure 9 and the agreement in estimating C by the two methods is good. A
curve fitted to the data indicated that C ~ RO-*9. The power of the unit
Reynolds number is nearly 0.5 and indicates that & 1is almost independent of
unit Reynolds number and, therefore, 1s almost proportional to Urg. Also, the

heat-transfer parameter Ngi Jﬁ; in the boundary-layer interaction region
should correlate in terms of the geometric quantity y/\X. In figure 10 the

heat-transfer parameter NSt\/Rx is plotted as a function of y/\f§' and shows

that in the near-corner region the heat-transfer parameter can be correlated
reasonably well in terms of this geometric quantity.

That & 1is almost independent of unit Reynolds number can be seen by
calculating & for R = 0.23 X 106 and R = 10.07 X 106 from the values of
C obtained from the curve in figure 9. These calculations would reveal that
® changes only 16 percent, whereas if C were a constant, & would vary by
a factor of 6.6.

Attempts were made to determine the reason for the relative invariance of
& with unit Reynolds number. The variation of 8 can be influenced by the



boundary-layer induced pressure on the plate, which would be more effective in
thinning the boundary layer for low unit Reynolds rnumber than for high values.
Reference 11 indicated that for Mach numbers greater than about 3.5 the boundary
layer in the corner is "square,” that is, the interaction boundary layer is equal
t0 the undisturbed value. From this result the undisturbed boundary-layer thick-
ness was approximated by estimating the pressure distribution, the ratio of the
boundary~layer thickness in a pressure gradient to the zero-pressure-gradient
value, and the zero-pressure-gradient boundary-layer thickness fram refer-

ences 24, 25, and 26, respectively. The results of these calculations are shown
in figure 9 as a crosshatched area since C wvaries with x for cases where a
pressure gradient exists. (It should be noted that C for the present case
probably varies with x for a given unit Reynolds number, but the data are not
sufficiently detailed to reveal this variation.) From figure 9 it can be seen
that for the lowest unit Reynolds numbers the measured values of C and also

® are about one-half the estimated undisturbed values. This result indicates
that some other phenomenon must be responsible for reducing the extent of the
interaction boundary layer.

It was postulated in reference 27 that the leading edge of the corner pro=-
duced a vortex system in the vicinity of the corner. If this postulate were
correct, the vortex could influence the extent of the near-corner region by
altering the flow at the outer edge of the boundary layer. In order to investi-
gate the existence of a vortex system in the vicinity of the corner, several oil-
flow tests were conducted. These tests were performed both by coating the corner
model completely with a mixture of oil and lamp black and by using discrete dots
of the mixture. Results of the test at a unit Reynolds mumber per foot of
1.77 x 10° of the completely coated model is shown in figures 11(a) and 11(b);
results of the discrete-dot method are shown in figure 1i(c). The two photo-
graphs in figures 11(a) and 11(c) show the general flow pattern obtained from
both test methods. The other (fig. 11(b)) shows a closeup of the flow pattern
in the vicinity of the corner and leading edge.

The flow pattern obtained from the model completely coated with the oil-
lamp~black mixture reveals a high shear region near the leading edge in the
viecinity of the corner. This result is in general agreement with the temperature-
sensitive-paint results presented in figure 6, that is, the high heating region
revealed by the temperature-sensitive-paint results is due to the fact that the
shear stresses in the boundary layer are higher in the region of high heat-
transfer rate than in adjacent regions. This result could be indicative of a
vortex system in the vicinity of the corner.

The oil-flow results indicate some outflow from the corner which is greater
than the outflow that could be expected from displacement effects. This effect
could also be indicative of a vortex system.

CONCLUSTONS

The experimental investigation, at a Mach number of 8, of the flow in the
vicinity of the corner formed by two perpendicular plates alined with the free-
stream velocity permits the following conclusions to be stated:

8



1. A high heat-transfer region exterior to the mutual boundary-layer-
interaction region is assoclated with the flow-field interaction between the two
plates and its ultimate interactions with the boundary layer. The heating in
this region is approximately 1.5 theoretical flat-plate value without the flow~
field interaction. .

2. Within the mutual boundary-layer-interaction region a decrease occurs
in the heating rate that is in qualitative agreement with rates from recent
compressible~flow theory.

5. The matual boundary-layer-interaction thickness as deduced from heat-
transfer tests is relatively insensitive to the free~-stream unit Reynolds number
and is therefore almost proportional to J}; where x 1s the distance from the
leading edge.

L. A slight reduction in the heating that takes place in the vieinity of
the boundary-layer induced shock is apparently associated with a thickening of
the boundary layer due to incipient boundary-layer-separation conditions caused
by the shock.

Langley Research Center,
National Aeronsutics and Space Administration,
Langley Station, Hampton, Va., May 13, 196k.
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TABLE I.- HEAT-TRANSFEK DATA

(8) R =0.23%105 T, = 11050 R; (b} R =0.h2 x 205; T, = 12000 R; (c) R = 0.56 x 305; T, = 1285° R; (d) R = 0.9 x 105; T, = 13200 R;

Py = 36.6 psls; M, = 7.72 Py = 73.2 psia; My = T.7h py = 122 psia; M, = 7.765 py = 211 psia; M, = 7.81
a, h, q b, q h, q, n,
X, Btu Tw Btu ’i‘: 5:\'1 T Btu 31‘: Bt\‘.\ Ty Btu ’;’ Btu Tws Btu
in. sec~rt2 F sec~ft2-OF e | sec-1t2 F sec-ft2.OF gl F sec-Tt2-OF ™ | sec-ree | F sec-£t2-OF
¥ = 0.05 1in. y = 0.05 in. y = 0.05 in. ¥y = 0.05 in.

0.50 0.260637 78.03 | 0.00059 0.50 d.‘nhgn 78.67 | 0.00085 0.50 | 0.64086 | 89.06 | 0.00109 0.50 | 0.89662 | 88.19 | 0.00146
.75 | .21610 | T7.37 00049 .75 | 35987 | 80.08 . 00068 .75 | .54181 | 87.29 . 00092 L5 | L7146 | 86.7T .00L15
1.00 | .16720 | 75.97 . 00038 1.00| .2903k |79.28 . 00055 1.00 | .bU5629 | 85.77 . 00077 1.00 | .56021 | 85.k2 . 00091
1.50 | .14%209 | 75.97 [ .00032 1.50 | .23508 | 77.88 | .000k5 1.50 | .36157 |83.90 | .00061 1.50 | .hu630 |84.20 | .000T2
2.25 07739 | 74.81 00017 2.25 2.25 | .20423 | 82.83 .00035 2.25 | .15408 | 83.57 .000k3
3.25 06237 | Th.91 00014 3.25 3.25 | .1b413 (8e.26 0002k 5.25 | .16600 | 83.00 00027
5,50 [ =mmmmom | mmmam | emmeeee k.50 4,50 | ~ememmn Pt BT k.50 | .01158 | 73.28 00002
6.00 02822 | 4.52 00006 6.00 6.00{ .07022 |83.32 .00012 6.00 | .07297 | 82.76 .00012
T.75 02109 | 74.51 00005 7-75 7.75 | .obki2 |83.44 00007 7.75 | -01388 | 83.30 .00002
9.75 01610 | 73.67 0000k 9.75 9.75 | .03602 | B2.97 . 00006 9.75 | .01350 | 82.75 .00002
¥ = 0.15 in ¥y = 0.15 in. y = 0.15 in
0.50 | 0.26145 [ 77.95 | ©.00059 0.50 0.50 | 0.59579 | 89.61 [ 0.00101 0.50 | 0.76446 | 88.89 | 0.0012k
.75 | .20379 | 76.07 . 00046 .15 .75 .51599 | 87.8L .00087 751 .6207h | B7.49 .00101
1.00 | .18100 | 75.9% .000kL 1.00 1.00| .h2bos |89.25 .00072 1.00 | -54628 | 86.35 .00089
1.50 | .16122 |75.75 . 00036 1.50 1.50 [ .39649 | 88.49 .00067 1.50 | .61971 | 85.80 .00100
2.25 | .12897 | 15.39 .00029 2.25 2.25 | .3%3427 |85.13 . 00056 2.25 | .471L3 | 85.48 . 00076
3.25 | .08811 [76.2h4 .00020 3.25 3.25} .26902 [84.78 .000k6 3.25 09272 | 85.31 .00061
k.50 05310 | T4.b2 .00012 %.50 L.50{ .1k297 | 85.59 .oo024 k.50 | .56753 | 86.28 .00092
6.00 | .06102 | T4.93 . 00014 6.00 6.00§ .1kg9hk [85.11 .00026 6.00 | .20079 | 83.83 .00033
T.75 | 06248 | T4.82 00014 1.7 7.75{ .15182 | 84.8% 00026 T7.75 | .174k1 [ 8L.88 .00028
9.75 | .02u58 | T4.65 . 00006 9.75 9.75| .10382 | 85.85 .00018 9.75 | .11276 |85.86 .00187

¥y = 0.3 in. 7:0351:1
0.50 0.50 | 0.62005 | 90.01 | 0.00106 0.50 | 0.73740 | 89.62 | 0.00120
- .75 | .uk326 188.08 .00075 .75 | .5187k |88.13 . 00084
1.00 1.00 | 34627 {86.63 00059 1.00 | 46248 [86.94 .00075
1.50 1.50| .33887 {85.10 00057 1.50 | .39597 | 85.68 . 00064
2.25 2.25| .30401 |85.19 00051 2.25| .37127 [85.86 . 00060
3.25 3.25 | .30L77 | B7.47 . 00051 3.25 | .38912 185.98 00071
L.s0 %50 .30495 | 86.17 00051 k.50 37681 | 86.09 . 00061
6.00 6.00 | .26586 |88.57 . 00045 6.00 | .36806 {86.21 . 00060
7.75 7.75] .26863 {86.91 . 00045 7-75| -33%56 | 86.77 . 00055
9.75 9.75 | .20635 | 87.96 .00035 9.75 | 27649 | 87.91 00045
¥ = 0.60 in. ¥y = 0.60 in
0.50 |0.27347 [76.65 | 0.00062 0.50 [ 0.45138 | 78.42 | 0.00086 0.50 | 0.63261 | 91.56 | 0.00108 0.50 [0.7T748 [91.19 | 0.00127
15 20382 | 75.90 00046 75 | 36107 | 79.38 . 00069 .75 | 050099 | 89.5% .00085 .75 { .60935 |89.67 00099
1.00 16001 | 76.64% 000% 1.00 | .28200 | 78.32 .00053 1.00 | .hos8k |89.89 00069 1.00 | k7864 |87.93 . 00078
1.50 13992 | 75.20 00031 1.50 | .22271 | 77.25 .000k2 1.50 | .31966 | 85.39 . 00054 1.50 ] .39685 | 86.17 . 00064
2.25 11761 |75.75 000%0 2.25 | .16561 | 75.34 . 00031 2.25| .22179 | 84. 77 . 00037 2.25 | .3024k7 |85.97 .000kg
3.25 08499 [75.55 00019 3.25 | 14618 | 7h.93 .00028 3.25 | 1841 |B84.67 . 00031 3.25 | .33988 |85.68 00039
4.50 o969 | 76.00 00022 %.50 | .15917 | 76.52 . 00030 k.50 | .21520 | 85.63 .0003%6 4.50 26072 |85.95 .000k2
6.00 09951 {75.45 00022 6.00 ) .13710 |76.87 .00032 6.00 | .22681 ) 86.74 .00038 6.00 | .287% [86.80 .000%6
7.75 [¢] .98 00022 7.75 | 17137 | 7+.95 .00032 T7.75 | .23147 [ 87.% .00039 7.75 | .27761 |87.26 .000kS
9.75 10528 |Th.79 00023 9.75 | .162k9 | 75.10 00031 9.75 | .19778 | 89.76 00034 9.75 | .26705 | 88.34 .000kk
= 1.00 in = 1.00 in ¥y = 1.00 in ¥y = 1.00 in
0.50 |0.25799 |77.83 | 0.00058 0.41207 | 77.99 | ©.00078 0.50 [ 0.60323 | 91.93 | 0.00103 0.50 | 0.73763 |91.82 | 0.00121

.33251 | 79.27 . 00063 S5 | L45616 | B9. 76 00078 .75 | 57505 189.98 L0009k
.27h06 | 76.61 00052 1.00 | .40965 | 88.15 .00069 1.00 | .hg932 | 88.76 .00081
2067 | T7.29 .00039 1.50 | .33968 | 88.61 00058 1.50 [ .02166 |86.20 . 0000k
L17686 | 76.91 .0003k 2.25 ] .25272 | 85.93 .000k2 2.25 [ .31941 | 87.32 . 00052
00025 3.25 | .20050 | 86.76 . 00034 3.25 | .26219 [86.84 .000k3

.75 | .18498 |75.99 .000k2
1.00 | .148hk2 |76.57 | .00033
1.50 | 12642 |75.21 .00028
2.25 | 09445 |76.02 .00021

VAR @R e O
JdI8BBBB3IS
=
£
k]
oy
I

3.25 | .OT797 |75.39 00018 .

4,50 | 05780 (Tk.64 .00013 .1065% | 75.13 . 00020 k.50 | .16310 | B7.3h .00027 4,50 § .21387 | 87.04 .00034
6.00 | .0643%0 |75.08 00014 .10217 | Th.61 .00018 6.00 | .1423k | 87.52 00024 6.00 | .o1bsk | 86.12 00002
T.75 | -068% |75.7L . 00015 .11819 | 75.67 .00022 7.75 | .15722 | 88.57 00027 7.75 | .01k37 |87.21 . 00002
9.75 | .0616% |75.%0 00001 .09945 | Th.96 .00019 9.75 | .16828 | 89.59 .00028 9.75 | .17338 |88.82 00028

0.50 |0.25564 |76.07 | 0.00058 0.50 | 0.42234 [77.80 | 0.00080 0.50 | 0.6053% | 92.28 | 0.00103 0.50 | 0.75748 {92.15 | ©.0012k
.75 | .20065 |75.47 . 00045 75 | 33488 [ 76.82 . 00063 75 JWThS9 | 93.19 00081 .75 | -6113k | 90.69 . 00100
1.00 | .15915 [75.3%0 .00036 1.00 [ .27941 | 76.38 00053 1.00 | .L13hk0 ;8B.43 .00070 1.00 [ .50156 [89.16 . 00082
1.50 | .15420 |74.96 . 00034 1.50 [ .20%62 [76.79 .00038 1.50 | .31799 | 87.18 00054 1.50 [ .hhos52 | 88.35 . 00071
2.25 | .10557 |[Th.T2 .00023 2.25 [ .18393 [75.03 .00035 2.25 | .26288 | 88.55 L0004k 2.25 32252 | 88.12 00053
3.25 | 07555 |75-09 .000XT 3.25 | .14k3k (75.20 .00027 3.25 | .22308 {87.95 00037 3.25 27247 1 87.88 000k
4,50 | .0609k |Tk.69 00014 k.50 | .1270 [75.05 .00021 L.50 | .15250 | 86.99 00026 L.so | .21578 |87.92 00035
6.00 | .05295 |74.86 .00012 6.00 | .08984 [7h.bo .00017 6.00 [ .1%071 | 88.59 .00022 6.00 19222 | 88.13 00031
7.75 | 05515 [Th.T2 -00012 T-75 | 09649 |7h.69 .00018 7.75 | .109% | 88.71 .00019 7.7 16917 | 88.2 00028
9.75 | .05006 [T7k.6L4 .00011 9.75 | .08765 |75.13 00017 9.75 | .11633 [ 90.26 . 00019 9.75 13265 |89.85 00022
¥y =2.00 in ¥ = 2.00 in ¥ =2.00 in y = 2.00 in
0.50 |0.25476 |78.25 | 0.00058 0.50 | 0.4bh79 | 78.37 | 0.00085 0.50 | 0.57875 | 97.48 { 0.00099 0.50 | 0.77322 |92.38 | 0.00126
RN T7.33 . 000k 75 | < 354sh | 77.33 . 00067 .5 47811 1 94.96 .00082 .5 61822 | 91.23 00101
1.00 | .16406 |T7.14 .00037 1.00 | .29029 | T7-08 .00055 1.00 4030k | 93,32 . 00069 1.00 | .53411 | 90.45 . 00087
1.50 | .13503 [75.30 .00030 1.50 | .20770 | T7.81 .00039 1.50 3102k {91.19 .00053 1.50 | .h391k [89.52 .0007L
2.25 | .10346 [Th.92 | .000235 2.25  .17947 [T*.9% [ .0003% 2.25 | .26741 (85.18 { .o00k6 2.25 | .3hs65 [8B.55| .c0056
3.25 08289 |7h4.81 .00019 3.25 15138 | 75.13 .00029 3,25 21939 | 88.5 . 00037 3.25 | .28786 (88.23 . O00LT
4,50 | 06316 |75.38 0001k 4,50 | .12017 {Tk.83 .00023 4.50 17804 | 87.63 . 00030 k.50 | .02800 |87.38 . 0000k
6.00 | .06029 [TH.73 | .000LM 6.00 | .10064% [74.0k | .ooO019 6.00 | .13790 | 89.80 | .00023 6.00 | .18%7 |89.0k .000%0
T1-T5 05413 [75.03 00012 T.75 | 08795 |T4.%6 .00017 7.75 12439 | 89.73 .00021 T.75 | -16779 |89.28 00027
9.75 | .05300 |T4.T9 00012 9.75 | .07858 |75.02 . 00015 9.75 12321 | 90.08 .00021 9.75 | .13260 |{90.46 00022




TABLE TI.- HEAT-TRANSFER DATA - Concluded

(e} R=1.77 x 106; Ty = 1358° B; (£) R = 3.15 x 105; Ty = 1392° R; (g) R =10.07 x 106; T, = 1467° R;

Py = 395 psia; Mo = 7.87 Pt = 725 psia; Ma = 7.93 Pt = 2510 psia; M, = 8.0
LY h, 9, h, » h,
x, Btu Tus Btu x, Btu Tues Btu %, Bon Twr Btu
in- | Sec-rt2 oF sec-ft2-OF in. | Secort? °F sec-ft2-OF i sec-rt2 °F sec-rt2-OF
¥ = 0.05 in. ¥ = 0.05 in. ¥ = 0.05 in.
0.50| 1.18067 | 96.18 | 0.00184 0.501{ 1.68831 | 113.24 | 0.00255 0.50 | 3.72948 | 115.28 | 0.00516
LT5( .92570 1 99.14% . 00145 .75 { 1.38643 | 98.39 00205 LT5 | 2.75568 | 110.62 . 00379
1.00| .79925 | 91.62 0012k 1.00| 1.1882k | 96.05 00175 1.00 | 2.34176 | 107.15 .00320
1.50| .6676% | 89.6% .00103 1.50 97563 | 93.56 00143 1.50 | 1.8721% | 104.03 .00255
2.25| .42lso| 90.85 . 00066 2.25 59972 | 90. 00087 2.25 | 1.04051 | 100.00 .00141
3.25( .32436 | 88.37 L0095 3.25 45875 | 91.60 00067 3.25| .88400 |102.78 00120
5,50 [ ——rmmmm | e 5,50 | mmcmmme Lo [ e k.50 .13662 | 79.02 .00018
6.00| .16529 | 86.38 00256 6.00 24koB | 88.72 000%5 6.00} .47279 | 98.7L . 00064
T.75{ 13060 | 86.37 .00020 7.75 20317 | 88.77 000%0 7.75 | 45977 | 97.0% . 00062
9.75] .06981 | B84.85 .00010 9.75 09795 | 86.26 00013 9.751 .52759 | 95.22 .0007L
¥ = 0.15 in. ¥y = 0.15 in. ¥ = 0.15 in.
0.50| 1.11039 | 95.08 | 0.00L73 0.50 | 1.64696 | 110.93 | 0.00248 0.50 [ 3.24096 (112.9% | 0.00447
.T5| 86229 | 92.64 ,00133 .75 | .2770 | 97.10 .00188 .75 | 2.49640 {209.45 .00342
1.00{ .76050 | 91.19 00117 1.00 | 1.10138 | 95.32 00162 1.00 | 2.2k97T | 107.54 00308
1.50| 77347 | 91.2k .00119 1.50 | .99801 | 102.61 .00148 1.50 | 2,00339 {121.20 00279
2.25{ .59261 | 90.43 .00918 2.25| .66884 | 97.48 .00099 2.25 | 1.72469 | 105.29 .00236
3.25| .45180 | 92.40 00070 3.25| 71191 | 92.95 .00105 3.25 | 1.k2793 | 102.48 . 00154
4.50| .28290| 89.85 .00k 32 k.50 | .40036 | 90.20 . 00058 k.50 | .74798 |104.81 .00102
6.00 28727 | 87.35 . 00kko 6.00| .38951( 93.25 .00057 6.00 | .81768 | 105.kg .00111
7.75| .25451| 87.72 .000%9 7.75| .37873| 90.02 .00055 T.75] .88123 | 97.48 L0011k
9.75| .19271| 89.78 .00299 9.75| .2808L| 92.68 00041 9.75| .83055 | 10k.52 .00113
y]= 0.35 1in. ¥ = 0.35 in. ¥ = 0.3 in.
0.501 1.06218 | 95.72 | 0.00165 0.50 | 1.56191 | 110.70 | 0.00235 0.50 | 2.93024 | 113,14 | 0.004OK
75| 76616 | 92.77 .00119 275 { 1.15%6h | 103, 44 00172 .75 | 2.0k17h | 108.05 .00280
1.00fF 63644 | 91.1h4 .00098 1.00| .91613 | 9%.58 .00135 1.00 | 1. 74474 | 2105.85 .00238
1.50) .57922 | 89.71 00089 1.50| .79839 | 98.08 .00118 1.50 [ 1.51715 | 112.71 00209
2.25| .51kkg | 90.13 00797 2.25| .73859 | 99.35 00109 2.25 [ 1.51356 | 103.99 00206
3.25| .50652 | 93.39 L0078k 3.251 .73%k | 98.98 .00108 3.25 | 1.55390 | 105.30 00212
L.so| .h3km | 93.96 .00720 k50| .66078 | 99.63 .00098 L,50 | 1.34300 | 103.84 .00183
6.00| .Leuk1 | 89.96 .00720 6.00| .64T50 | 93.63 00095 6.00 | 1.19450 | 102.78 .00162
7.75| .b1630 | 92.24 00064 T.75 ] .56551 | 96.11 .00083 T.75 | 1.09803 | 200.15 0019
9.75| .33050 | 92.80 .00513 9.75| .45810 | 96.5% .00067 9.75{ .88%16 | 99.90 .00119
¥ = 0.60 in ¥y = 0.60 in ¥ = 0.60 in
0.50] 1.13061 | 10k.40 | 0.00178 0.50 | 1.60334 | 113.19 | 0.00242 0.50 | 3.10556 [114.84 | o.00L2g
75| .92766 | 100.28 .001k5 .75 | 103459k | 107.25 00201 I R s s [eeem—
1.00| .68331 | 9%6.73 00106 1.00 | 1.0%3916 | 96.37 .00153 1.00 | 2.08627 | 107.46 00285
1.50| .58871| 90.%9 . 00091 1.50| .85168{ 94.11 .00125 1.50 | 1.68529 | 10k.20 00230
2.25| .h2917 | 92.54 00067 2,25 .60915 | 97.39 00090 2.25|1.18331 | 101.77 00160
3.25| .3 90.94 00054 3.25| .52801 | 94.95 00077 3.25 97137 | 99.63 00132
k.50 .3s1ko | g92.11 .00054 k50| .53356 | 92.72 . 00078 550 | cmmmmmm [ e | e
6.00| .28130 | 92.90 00059 6.00{ .56952 | 93.40 .00083 6.00 B60TT | 99.45 00117
7.75| .398hk2 | 92.20 00062 T.75] .5%10| 96.02 .00079 7.75 | 1.05230 | 100.17 00143
9.75( .34662| 90.86 .00053 9.75| .48059 | 93.74 . 00071 9.75 95960 | 100. 36 00180
¥ = 1.00 in. ¥ = 1.00 in ¥y = 1.00 in
0.50| 1.05975 { 104.28 | 0.00167 0.50 | 1.52225 | 112.57 | 0.00230 0.50 | 2.91540 | 113. 74 | 0.00402
. 82727 | 100,21 .00129 75| 1.21682 | 99.k9 00180 .75 | 2.35903 | 109.88 0032k
1.00 69375 | 93.38 .00108 1.00 [ 1.0205% | 97.45 .00151 1.00 | 2.14723 | 107.84 00294
1.50 59662 [ 91.93 .00092 1.50 88564 | 95.76 .00130 1.50 | 1.71379 | 104.39 00233
2,25} .45993 | o91.25 00071 2.25| .68159 | 9h.97 .00100 2.25 1 1.32315 | 102.86 00180
3.25 33137 | 92.26 .00051 3.25 5234 | 96.42 .000TT 3.25 [ 1.03208 | 99.92 00140
4,50 27781 | 89.86 . 00043 4,50 L1524 | 96.06 00061 k.50 .82846 | 100.51 00114
6.00 25982 [ 91.29 .000k0 6.00 38313 [ 91.92 .00056 6.00 74535 | 105.63 00102
1.7 26815 | 89.97 . 000k 7.7 ko270 | 95.03 00062 1.7 91254 | 99.74 oo12h
9. 75 27033 | 92.66 . 00040 .75 156k | 96.72 00062 9.75 | 1.32618 | 101.87 00180
¥ =1.50 in ¥ =1.50 in ¥ = 1.50 in
0.50 [ 1.04059 | 98.20 | 0.00016 0.50 | 1.53402 | 103.12 { 0,00228 0.50 | 2.87386 | 110.97 | 0.00396
.5 87012 | 95.96 .00136 .75 | 1.19533 | 107.50 .00179 .75 | 2.40453 § 108.02 .00329
1.00| .72503 | 93.91 .00113 1.00 | 1.03543 | 103.88 00155 1.00 | 2.05841 | 105.77 00281
1.50 53253 | 95.86 00083 1.50| .85058 1 96.22 .00126 1.50 | 1.67682 { 102.42 .00228
2.5 5 92,34 .00072 2.25 65629 | 101.01 00097 2.25 | 1.37387 | 101.65 00186
3.25 39026 | 9L.29 . 00061 3.25| .55597| 98.43 .00082 3.25 | 1.16576 | 99.66 00158
L.50 30356 | 91.01 . 0004T L.s0 466 gh.19 . 00069 4.50 | .91611 | 100.01 .00124
6.00 25190 | 92.7% .00039 6.00 37766 | 96.59 . 00056 6.00 8i179 | 99.96 L0011l
1.7 23033 | 91.60 .00036 1.7 36910 | 92.67 . 00054 7.75 | 1. 100.25 00141
9.75 20916 | 91.72 .00033 9.75 386h7 | ok.85 .00057 9.75 | 2.19916 | 107.49 .00300
¥ = 2.00 in ¥ = 2.00 in ¥ = 2.00 in
0.50 | 1.08857 | 100.57 | 0.00L70 0.50 | 1.5473%0 | 107.61. | ©0.00232 0.50 [ 2.94411 | 113.33 | 0.00406
Nl 88174 | 98.28 .00138 .75 | 1.27703 | 104.28 .00190 .75 | 2.41869 | 110.61 .00332
1.00| .75516 | 96.83 .00118 1.00 | 1.10767 | 102.42 . 00165 1.00 | cmmmmee | mmomae
1.50 | .6054%2 | 95.20 .0009% 1.50 | .919% | 100.21 .00136 1.50 [ 1.83%03 | 105.65 00250
2.25 Lgo20 | 96.18 .000T7 2.25| .7hoB2| 96.89 .00109 2.25 | 1.49223 | 101.05 .00202
3.25 Y33 | 9171 00069 3.25 .6 95.12 00093 3.25(1.25311 | 99.24 .00170
k.50 2| 93.76 .0004kg L.50} .520% | 94.T1 00076 4,50 | 1.040%2 | 99.60 .001h41
6.00 27571 | 91.64 00042 6.00 | .h2399 | 94.76 . 00062 6.00 | 1.08914 | 101. 7k .00148
1.7 2hBok | 91.33 00038 7.75| .hob79 | 96.81 . 00060 7.75 | 1.90754 | 118.53 . 00265
9.75 22102 | 92.11 00034 9.75 1 45788 | 99.4h .00068 9.75 | 3.38590 | 112.25 .00kTL
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Figure 2.- Tunnel-test-section Mach number variation with stagnation pressure.

L-64-309k

Figure 3.- Temperature-sensitive-paint corner model on test-section injection mechanism.
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Figure 8.- Heat-transfer parameter in the mutual boundary-layer interaction region.
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Figure 11.- Corner-flow model; o0il-flow results. R = 1.77 X 106.
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Figure 11.- Continued.
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Figure 11.- Concluded.
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