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FOREWORD

The activities and results documented in this report
were supported under Project 63311F with Lt E. Taylor and

Captain R. Chambers of Space and Missile Systems Organization,
acting as project engineers. The report covers work conducted
during the period December 1, 1976 through November 30, 1977.

The technical advice and guidance by Mr Victor Di-
Cristina, Manager, Thermodynamics and Materials Test Department,
AVCO Systems Division, Wilmington, Mass., in the area of model
design and instrumentation was particularly valuable. The author
acknowledges the help of Mssrs Roger Conniasselle and Fernand
Vandenbroek in onerating the Longshot and Mr Jean-Claude Lobet
for the photography. Mr Guy White, of the Department of Aero-
nautics, Imperial College, London, participated in the tests,
data reduction and interpretation of the results, while carrying
out a "stage" at VKI.
J-P Ville of VKI and D. Hardie and W.G. Borland of Paisley
Polytechnic, Scotland, the latter also carrying out "stages"
assisted in the development of the calibration rig.
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1. INTRODUCTION

In the design of ablation type components for reentry
vehicles, it is critical to be able to predict the flow behaviour
on the complicated shapes evolved during flight. The full problem
involves understanding the processes in, for instance, a boundary
layer with mass addition from ablation with transition and maybe
flow instability present. A useful input can be obtained from
the testing of appropriate passive, i.e., non ablating models in
flow conditions similar to that expected to be encountered in
flight.

Because of lack of advanced facilities in operation at
present, and for economic reasons, most parametric test programs
are carried out at Mach numbers much below that encountered during
the most critical reentry region with regard to maximum decelera-
tion and maximum surface heating. Studies in the Longshot
facility, described in Ref. 1, have the advantage that mainly
exact simulation of Mach number and Reynolds number are achieved
with full size models. Hence, using this facility, checks can
be made on the lower Mach number studies as well as pinpointing
other areas of further necessary study.

Studies to date include heat transfer and pressure
distributions on simple 50°-8° biconic models and hemispheres.
The experimental measurements in laminar, transitional and
turbulent flow on a variety of smooth and rough walled models
of this type with and without nose-bluntness and at various
angles of attack, were compared with appropriate theories (Refs.
2 - 5). The studies on transition on the 50° - 8° biconic models
were later extended (Ref. 6), pressure measurements were made
on convex biconic shapes (Ref. 7) and studies were initiated
on heat transfer measurements on concave biconic surfaces in
steady flow (Refs. 9, 10) and unsteady pressures on concave
conic surfaces (Ref. 11). In all of these studies the level of
achievement has been in checking the feasibility of the measu-
rement technique and to developing initial analyses to explain




the results obtained. Some further analyses of the results, how-
ever, have been made by DiCristina et al (Ref. 12),

The present series of tests, the results of which are
here reported, concern the heat transfer measurements on a convex
model representing another stable ablating shape and deals in
particular with a methodical study of the effect of Mach number,
Reynolds number, surface roughness and model incidence.

Included within is the description and results of
the development of a heat transfer transducer calibration rig,
useful to provide on-site verification of heat sensors.
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2. EXPERIMENTAL APPARATUS AND PROCEDURE

2.1 Test facility

The von Karman Institute Longshot test facility as
schematized in Fig. 1 was used for this program. Longshot differs
from a conventional gun tunnel in that a heavy piston is used to
compress the nitrogen test gas to very high pressures and tempe-
ratures (Refs. 1, 11). The test gas is then trapped in a reservoir
at peak conditions by the closing of a system of check valves.
The flow conditions decay monotically during 10 to 20 milli-
second running times as the nitrogen trapped in the reservoir
flows through the 6° half-angle conical nozzle into the pre-
evacuated open jet test chamber. The extremes in supply condi-
tions used in these tests are approximately 55,000 1b/in2 at
1900°K and 38,000 1b/in2 at 2320°K. These provide unit Reynolds
numbers of 8.5 x 10% and 2 x 10® per ft at nominal Mach numbers
of 15 and 20, respectively. The two Mach numbers were obtained
at the 14 in diameter nozzle exit plane by using throat inserts
with different diameters.

2.2 Models and instrumentation

The convex conic model is supplied by AVCO Systems
Division and had a 0.25 in radius nosetip and a 6.25 in base
diameter (see Fig. 2). The radius of the generator defining the
convex forebody was 4.843 in giving a surface angle change from
64° to 11°45' to the model axis. The unmodified model was de-
signated Model K. Model K(R) consisted of this same model but
with the whole of the convex surface roughened by glueing metal
spheres of 0.065 in diameter to the original smooth surface.
A photograph of the latter model is shown in Fig. 3.

Twelve copper calorimeter heat transfer gauges manu-
factured by BBN and supplied with the models were mounted flush
axially along the model surface as illustrated in Fig. 2. An
additional gauge was placed on the nose of the model. Twelve
pressure taps were identically spaced along the surface but at




180° around the model from the row of heat transfer gauges.
Details of the heat sensors used and associated recording
equipment is given in Refs. 3, 13. The calibration of these
transducers is described in Chapter 3. Steady pressure measu-
rements on these models were made using PCB piezoelectric
transducers.

The reservoir pressure is measured using Kistler
Type 6201 piezoelectric gauges. The reservoir temperature was
assessed from signals from a tungsten-rhenium thermocouple
mounted in the reservoir. Pitot pressures are measured with a
PCB piezoelectric transducer. The tunnel test flow has under-
gone detailed calibration at the four standard test conditions
using fine wire stagnation temperature probes as described in
Ref. 14.

2.3 Schlieren photography

An 18 in conventional single pass Toepler schlieren
system equipped with high quality optical components is used.
With the exception of one 24 in diameter plane mirror to bend
the light 90° (due to the vicinity of a wall near the test
section) the light beam takes a Z-shaped path. A single spark
light source with a spark duration of 1 usec is used in all
tests to record the visualization of the flow on 3% x 4% in
sheet fiim.

2.4 Test matrix

Table 1 gives the scope of the test series and iden-
tifies the test number with each model and flow configuration.
It can be seen that the test series provides cross sections of

a complete matrix involving the parameters of flow Mach number,

Reynolds number, surface roughness and angle of incidence. The
test conditions given in this table are nominal values. The

actual test conditions were calculated from appropriate measure-

ments using the Longshot data reduction program (described in
Ref. 3) and summarizecC in Table 2.
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3. HEAT TRANSFER SENSOR CALIBRATION

Up until presently, the calorimeter heat sensors have
been pre-calibrated by a oxy-acetylene flame or laser source by
AEDC before mounting in the model. It has been recognized that
an on-site calibration would be much more effective. Some expe-
riments in the use of an isentropic light piston tunnel (a con-
cept originally devised by Jones et al, Ref. 15) have suggested
the adaptation of this facility to heat transfer sensor calibra-
tion. The experience so far gained in operating such a facility
for studies of a turbine cooling system (Ref. 16) is that highly
repeatable and steady performance at moderately high heating
levels can be obtained. This performance is achieved economically
with a relatively cheap facility and accompanying electronics
and its adaptation to a calibrator seemed worth exploring. Tests
so far made have used the VKI CT1 facility.

The method of applying the hot gas on the uncalibrated
sensor was considered. Normally, in tests in CTl, the sensors
are fitted flush with a test section side wall, the test section
being used to simulate, for example, a passage between blades and
end walls in a turbine. Disadvantages in using the same set up
in the calibrator version would be lack of flexibility in mounting
the sensors, and a poor usage of the heated flow since side wall
heat transfer rates are low. A careful choice of streamwise posi-
tion would also have to be made to ensure the gauge was always
in fully laminar or fully turbulent flow.

The decision was made to directly impinge the test gas
normally on the gauge flush mounted on a flat surface as shown
in Fig. 4. This configuration would be expected to give higher
heat transfer rates and furthermore gauges can be mounted easily
as the heated gas can be allowed to exhaust into the laboratory
and directly onto the sensor mounting plate. It is then required
to choose an impingement configuration which will provide a
spatially slow varying heat transfer distribution in the region
of impingement, such that the lateral positioning of the gauge




is unimpartant. Examples are a siagle hole or a matrix of smaller
holes through which the heated gas can escape. Preliminary tests
were made using thin film platinum surface temperature sensors
and copper calorimeter sensors of the type used in the Longshot
study, with impingement from gas escaping through an array of
holes as illustrated in Fig. 5 and through a single 10 mm hole.

A1l the tests were carried out with a compression ratio
of approximately 5 to 1 giving a test gas temperature of 470 K.
A typical heat transfer and surface temperature trace for the
thin film gauge is presented in Fig. 6. The analogue circuit used
to process the surface temperature variation to give heat transfer
was designed to give a rise time of 50 psec, a running time of
50 msecs and a system sensitivity of about 65 uV per W/cm? (1 volt
across the gauge, 2x1073 per °K temperature coefficient of resis-
tance). Except for a weak unsteadiness for the first 20 msecs,
the trace is seen to be quite steady with a slight decay in heat
transfer caused by the significant surface temperature rise. The
trace was extrapolated to the start of the test to rationalize
the results.

A trace from the copper calorimeter gauge is given in
Fig. 7. The trace, however, is not linear as one would expect for
a perfectly constructed device sensing a near constant heat trans-
fer distribution (again not quite constant due to the rise in
temperature of the calorimeter), since in approximately 100 msecs
the slope has decreased by a half the initial value. This indicates
that the gauge suffers from important heat losses at the calori-
meter temperature achieved in these times. These sensors, however,
are designed for the Longshot running time of 10 msecs, and Fig. 7
indicates that good linearity is obtained during this time.

Using the thin film gauge, surveys across the free jet
ejected through the array of holes were made at 24.3, 34.3, 44.3
and 59.3 mm downstream of the plate and at 0 and 1.6 mm from the
horizontal centerline of the array. The most favourable distribu-
tion was found at 59.3 mm downstream of the plate and 1.6 mm
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above the horizontal centerline and the result is presented in
Fig. 8. It can be seen that a flat heat transfer distribution

at a level of 15.8 watts/cm?2 + 2.5% is achieved over the central

8 mm. During 15 tests carried out in a period of about an hour,
the operating pressure varied by only 0.02 kg/cm?2 from 4.93 kg/cm?
and the ambient temperature of the model changed from 22°6 C to
23°2 C. At the same test condition nearly 40 watts/cm was achieved
by placing the sensor at 10 mm from a single hole of 10 mm dia-
meter, however, the heat transfer distribution varied rapidly with
change in lateral position and hence this configuration was con-
sidered unsatisfactory.

The calibration rig having thus been developed, it was
used to calibrate the heat transfer sensors before mounting in the
model. The study proved more useful than at first was envisaged
since the traces obtained showed up small idiosyncrasies in these
individual hand-made products, which either enabled more favourable
interpretation of the traces from the Longshot tests to be made
or, if sufficiently unfavourable, rejection of the sensor. Further-
more, since the environment subjected to the sensor was not di-
similar to that in the Longshot tunnel, the few faultily fabricated
sensors could be determined before mounting in the model.

During the subsequent Longshot test program to be des-
cribed, some of the heat sensors failed and new ones had to be
manufactured. Some old ones used in previous tests were also used.
The record of the heat sensors used during this test program, with
the values of calibration from the present tests or from earlier
tests at AEDC, are given in Table 3. The new gauges were given a
nominal calibration constant and will be calibrated when the CT1
calibrator is next made available.




4. RESULTS AND DISCUSSION

4.1 Presentation of results and general remarks

The overall basic results of the study are presented in
Figs. 9, 10, 11. These are displayed in such a way as to facilitate
the discussion of the effects of changing various parameters. The
schlieren photographs, dimensional heat transfer rate, normalized
heat transfer rate and normalized pressure are given in the figures
designated a, b, ¢, d, respectively. Figure 9 represents the results
taken on models K and K(R) at nominal conditions of M = 16 and
Re = 9x10® per ft; Fig. 10 gives those on the same models at
M = 20 and Re = 9x106 per ft. The final Fig. 11 presents results
on these models at M = 16 and Re = 4.5x106 per ft, and M = 20 and
Re = 2x10® per ft at zero agles of attack.

The experimental and normalized results for all tests
are also presented in Tables 3-6. The pressures are normalized
with respect to the pitot pressure, which is assumed to be the
same as the stagnation point pressure. The heat transfer rates
are normalized with respect to the theoretical stagnation point
heat transfer on a 0.25 in radius hemisphere, whose value is
given in Table 2, and which is calculated from free stream condi-
tions using the Fay and Riddel formula as presented in Ref. 3.

A negative incidence, a, in the figures represents a
"leeward" surface, and a positive value a "windward" surface.
Since during one particular test, the heat transfer gauges are
on a windward surface when the pressure taps are on a leeward
surface and vice-versa, the figures are rearranged to align data
on surfaces with the same attitude to the flow rather than in
terms of run numbers.

It is pointed out also that for the rough model, the
heat transfer gauges and pressure taps lie below the mean sur-
face, and may be sensing local interactions caused by the roughness
elements themselves. It is hence expected that the results on the




rough surfaces models will be more scattered and less accurate
than those on the smooth models.

There is a distinct indication that the heat sensor at
position 4 (at approximately 1.2 in from the nosetip) is giving
low readings, despite calibration before the test. In the follo-
wing discussion, the reading from this sensor is increased mentally
by 30% above its reading. It is intended to recalibrate this sensor
when next the calibrator becomes available.

The missing readings arose because of heat sensor
breakages. At the time of testing no spares were available to
replace them for that particular phase of test.

4.2 Discussion

4.2.1 Pressure_measurements

The pressure data was checked for the purpose of the
report with simply applied modified Newtonian theory, and tangent
cone theory. Both these theories overpredicted the measurements,
however, closer agreement was obtained by the Newtonian theory
(which is compared with the data in Figs. 9d, 10d, 11d) even though
tangent cone theory is usually considered realistic. The reason
for this is that both theories neglect the centrifugal effects
and the inaccuracy of the former theory is offset by this. A
small error also arises from the neglect of the conicity of the
flow in applying the theory. No other code for prediction of the
flow field is available to the author at present for predicting
the pressure distribution and the data awaits further analysis
from codes available at AVCO Systems Division for example.

More scatter is seen in the rough wall data, mainly
because of the roughness elements creating local flow interactions
thus distorting the overall flow field.
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4.2.2 Heat_transfer measurements

Only qualitative examination of the data was made at
this stage due to the lack of availability of a code for predic-
ting the flow field at the Institute at present.

The most striking result is that the heat transfer
rate due to roughening the surface is decreased over the first
half of the body in most cases and fairly unchanged over the rear
part. The schlieren photographs indicate that the roughness
elements greatly increase the thickness of the initial shock
layer and it is thought that this modification in the flow field
causes this unusual phenomenon. It should also be mentioned that
the heat sensors are generally 1ying below the average surface
of the roughened wall, and will not be sensing the overall heat
transfer to a roughened surface.

From experience in earlier studies, completely laminar
flow was obtained over bodies, similar to the ones under test at
present in the high Mach number low Reynolds number flow condition;
hence it is expected that laminar flow will also be achieved under
the same flow conditions. Comparison of the normalized heat trans-
fer distribution plots given in Figs. 9c¢, 10c, 1llc with those in
Fig. 1lc iii) and 11lc iv) should give a reasonable indication of
the state of the boundary layer. Taking the smooth model zero
incidence cases first, such a comparison illustrates that the
M = 20, Re = 3x106 /ft is also fully laminar, but that the two
low Mach number cases (i.e., high Reynolds number cases) undergo
transition at an early stage as indicated by the overall increase
in heat transfer rate. The rough model zero incidence distributions
remain remarkably little affected by Mach number and Reynolds
numbers as found by comparing Figs. 9c¢ iv), 10c iv), 1llc ii) and
11 ¢ iv).

The effect of incidence on a lTaminar heat transfer
distribution on the smooth model is illustrated by comparing
Figs. 10c i), iii) and iv). Similar changes in heat transfer as
in the pressure distrioutions are seen, such that a small increase
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is obtained with positive incidence and a small decrease with
negative incidence with no change in distribution shape. On the
rough model (10c ii), iv) and vi)) little change in heat trans-
fer distribution is seen.

The effect of incidence on the smooth model data at the
higher Reynolds number case when the presence of turbulent flow
is discerned is found by comparing Figs. 9c i), iii) and v).
Very little change at negative incidence is seen, but a distinct
increase in heat transfer rate is seen for a positive incidence
of 3 degrees. For the rough wall case (Figs. 9c ii), iv) and iv))
there is seen to be a small general increase in heat transfer for
the negative angle of incidence and a larger increase for the posi-
tive 3 degree incidence case.

—— - —— o




5. CONCLUSIONS

Pressure and heat transfer measurements and visualization
of the flow were made on a convex conic shape with a spherical nose-
tip tested in the flow of the von Karman Institute Longshot facility
at nominal Mach numbers of 16 and 20 and Reynolds numbers of 9.0x10°
and 4.5x10%, and 3.0x10°% and 2.0x10° per ft, respectively. The
effect of surface roughness and flow incidence of *3° on the mea-
surements was studied.

Modified Newtonian theory slightly overestimates the
pressure measurements. Fromsimple comparison of the heat transfer
measurements with themselves and previous exoeriments carried out
on similar bodies, it is concluded tentatively that the Mach 20,
and hence low Reynolds number cases are generally laminar, and
the Mach 15, i.e., high Reynolds number cases are transitional
or turbulent. Roughness caused the heat transfer measurements to
decrease, such an unexpected result was tentatively ascribed to
the modification of the inviscid flow field, but also somewhat
due to the difficulty in measuring (or interpreting) heat transfer
data to rough surfaces. Only small changes in heat transfer rate
are found due to changes of incidence of +3°.

The development of an onsite heat transfer calibrator
proved to be most useful, not only for calibrating the supplied heat
heat sensors, but also simplifying the interpretation of signal
traces and selecting the best performing transducers.

T
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TRBLE 3 ST EST THENTIFIECATION
INCIDENCE 0° +3°4 -3°
MODEL K | K(R) K ! K(R) K | K(R)
M =-16% 573 |
! 566 575 | 582 | 572 583
Re = 9x10°© 574 .
g
| M= 16% 576 |
! 567 = e = =
| Re = 5x10° 577 |
M = 20% |
; 568 | 579 | 570 | 581 | 571 580
' Re = 3x10°
. M = 20%
‘ 569 | 578 | - - - -
. Re = 2x108

“ nominal test conditions see Table 2 for measured values

4
positive incidence means pressure surface "leeward"
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TABLE 3 - HEAT SENSOR CALIBRATION INFORMATION
POSITION | GAUGE | Runs usep | CALIBRATION WHERE
CONSTANT USED B
No BThU/ft"’sec/mV/sec
1 12A 566 1.016 AEDC
38 575 1.00 uncalib.
78 577-583 1.00 uncalib.
2 8A 566~576 1.023 VKI
5A 577-583 1.225 VKI
3 1A 566 0.762 VKI
48 575-583 1.00 uncalib.
4 13A 566-583 1.236 VKI
5 2A 566<576 1.119 VKI
18 577-583 1.070 uncalib.
6 5A 566-576 1.225 VKI
68 577-583 1.00 unealiib.
7 11A 566-583 0.800 VKI
8 9A 566-583 0.796 VKI
9 15A 566-576 1.179 VKI
2B 577-583 1.00 uncalib.
10 13 566-583 1.315 VKI
11 15 566-583 1.355 VKI
12 18 566-583 1.682 AEDC
13 6 566-574 1.00 uncalib.
8B 575-583 1.00 uncalib.
c— o — e
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2-Stage vacuum

pump. 14 Hg. in
1/2 hour
Dump tank -test section
Volume, 9m?
/ \L Reservoir -

Volume, 320cm’

Test Gas
Pure Ny

Vacuum

Piston -

Mass 2-10kg.

U— Low pressure
storage

Driver gas -
Industrial N,

3-Stage
Diaphragm
Compressor
T 0-1000 ATM

Tl 1 ut]

Valve section

6° Half-angle nozzle
0.36m Exit Diameter

Table support

120° Sector support

ey

Diaphragm station

6m E "m’w

During test, all syste:

remotely in control room. -

2 runs per day.

ms operated

FIG. 1 SCHEMATIC OF THE LONGSHOT FREE PISTON TUNNEL
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HEAT
TRANSFER

6250014

PRESSURE

DIMENSIONS IN INCHES.

Pos 2 3 z 1 & 6 7 |8 9 18118112 1 13
64 [5925154.5|4975{ 45 |a025]35.5[3¢c75| 26 [o1.2916.511175

FIG. 2 SCHEMATIC OF THE CONVEX CONIC MODEL K.
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1. THIN FILM SURFACE TEMPERATURE SENSOR
3mm x 1mm

2. COPPER CALORIMETER SENSOR
3nm D.

FIG. 5 GEOMETRY OF ARRAY OF HOLES USED IN IMPINGEMENT
HEAT TRANSFER CALIBRATOR

10watt/cm?

P £ T I —"r

N S |

0 50 100 msecs

FIG. 6 TYPICAL SURFACE TENPERATURE AND HEAT TRANSFER TRACES FROM
THIN FILM SENSOR SUBJECTED TO CT1 CALIBRATOR




- TRACES DEFLECTIONS
g

OSCILLOGRAPH TRACE

FROM COPPER CALORIMETER
GAUGE.

SENSIVITY 25uV/cm

W e e
10 msec intervals

FIG. 7 TYPICAL TEMPERATURE TRACE FROM COPPER CALORIMETER
SUBJECTED TO CT1 CALIBRATOR

HEAT TRANSFER RATE 20
WATT/CM?
(o]
00O o - 00 o
15 o
o (o]
ARRAY OF HOLES
2 mm D
1ok 3.3 mm PITCH
X = 59.3mm
Y = 1.6mm
5 fs
R 1 | J
-8 -4 0 4 8

Y, DISTANCE ROM CENTRELINE MM.

FIG. 8 HEAT TRANSFER DISTRIBUTION ACROSS AN ARRAY OF JETS EMANATING
FROM HOLE GEOMETRY GIVEN IN FIG.5
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i1ODEL K MODEL K(R)

a = -3
i)RUN 573 ii)RUN 582
a = 0
iii)RUN 566 iv)RUN 575
a = +3
vV)RUN 572 vi)RUN 583

FIG. 9a SCHLIEREN PHOTOGRAPHS M = 16, Re = 9 x 10°




U/Ft2SEC.

) B.Th.
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RATE

HEAT TRANSFER
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MODEL K(R)
600
b RUN 583
HODEL K SR a = -3
400~
300

200

100

0

————  MEAN LINE

400 400

iii RUN 566 iv RUN 575
300T a = 0 300} a = 0
200 200‘>Xth\

s o ()Qo%bm
0 0 1 | L
5 i1 2 '3 & &
500
vi RUN 582
40a _ o RUN 573 e o s
3000 \_o X RUN 574 300}
200 200}
(o]
100,- 100}-© s
0 | 1L | 1 0 1 1 ! 1S -
§ 08 3 Lk R S T

DISTANCE FROM NOSE INS.

FIG. 9b. HEAT TRANSFER RATE MEASUREMENTS
M =16, Re = 9 x 105 /ft.
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MODEL K(R)
“56 o — :
MEAN LINE & RUN §83
o = =3
MODEL K
1.0 10F
i RUN 572
¢ = =3
05Foo0
S\ ©
O\ O
o
J 2l L L LO~
5 | 2 3 4 5
1.0
RUN 566 iv RUN 575
a = 0
0.5—x-
o
b\Q\ \Qn%
0 ] L 1 ] 0 1 1 L o
1 2 3 4 5 i 2 3 4 5
14
Qvi RUN 582
a = +3
10 10}
O RUN 573
X RUN 574
a = +3
05} X 05F o\ o
o O\©
0 | 1 = 1 o "R 1 ! | 1
1 2 3 4 5 1 2 3 4 5
DISTANCE FROM NOSE INS.
FIG. 9¢ NORHMALIZED HEAT TRANSFER RATE
M= 16, Re = 9 x 10%/f¢t.
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MODEL K - MODEL K(R)
100 100
i o RUN 573 ii RUN 582
X RUN 574 al = =3

=3
05 | 05
R e e 0
MODIFIED NEWTONIAN THEORY
100 1090

iiid RUN 566 iv RUN 575

P/Py,

NORMALIZED PRESSURE DISTRIBUTION

DISTANCE FROM NOSE INS.

FIG. 9d NORMALIZED PRESSURE DISTRIBUTION.
M =16, Re = 9 x 106 /ft
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MODEL K

i) RUN 570

MODEL K(R)

ii) RUN 581

iii) RUN 568

v) RUN 571

FIG. 10a SCHLIEREN PHOTOGRAPHS

iv) RUN 579

vi) RUN 580

M= 20, Re = 3 x 10%/f¢t

A —




Q9 8 Th U/ft 2sec

HEAT TRANSFER RATE

R e T ———

MODEL K (R)
MODEL K 500,
J ii RUN 580
40 400 & = =3
i RUN 571
300— a = =3 300_
200} o 200}
100} 100
(o)
L L I J o 1
1 2 s LY el 1 2 3 & 5
—  MEAN LINE
400 400
iii RUN 568 iv RUN 579
300F a = 0 3004 @ =0
200} 200

100 —\ .

Nﬂ— h b\o'o'o
L 1 L ] I\owﬁftgilﬁbd
1 2 3 4

5 1 2. .3 N

409 v RUN 570 ‘Oohi RUN 581
300 a = +3 300( a = +3
200F 200
o e -N
(o}
] 1 1 | ot q O
| RN SR SRR 5 Foo2 34 8

DISTANCE FROM NOSE INS.

FIG. 10b HEAT TRANSFER MEASUREMENTS
M =19, Re = 3 x 105/f¢t.
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HEAT TRANSFER DISTRIBUTION Q/Qref

NORMALIZED

MODEL K(R)
18
- MEAN LINE ii RUN 580
o = '3
15 -
MODEL K
1. -
0 i RUN 571 18
o a = -3
0S5+ 05 |-
o s
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2
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o00 <
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NORMALIZED PRESSURE DISTRIBUTION
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MODEL K MODEL K (R)
10 o— 10
i RUN 570 RUN 581
L e o
(o}
0S| o 05
(@)
o
0 | | | 1 0 1 L [} —f
t 2 % 4B T e
MODIFIED NEWTONIAN THEORY
10 Q—— : 10 O——
i1 RUN 568 j“b1v RUN 5773

- vi : RUN 589

a = +3

0S|

Q
0 ) ] il
4

DISTANCE FROM NOSE INS.

FIG. 10d NORMALIZED PRESSURE DISTRIBUTION
M =19, Re = 3 x 106/ft.
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MODEL K MODEL K(R)

i) RUN 567 ii) RUN 577

M = 15 Re = 5 x 10%/ft.

iii) RUN 569 iv)RUN 578

M =19 Re = 2 x 106/ft.

FIG. 1la SCHIEREN PHOTOGRAPHS.ZERO INCIDENCE.
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HEAT TRANSFER RATE
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MODEL K(R)

400
Qi RUN 577
MODEL K
300 300¢-
i RUN 567
200} 200!-
O
100 100F
0RO
9
(o] MO
] 1 | MRS ¢
e AR T
M = 15 Re = 5 x 106/ft
4002 RUN 578
s MEAN LINE
(o}
300 300
iii RUN 569
200 200f
100F \ o 100
(o]
o o
1 1 | 1 1 1
1 2 3 4 5 1 2 3 4 S
DISTANCE FROM NOSE INS.
Wo= 19 Re = 2 x 108/ft
FIG. 11b  HEAT TRANSFER DISTRIBUTION .ZERO INCIDENCE.
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NORMALIZED HEAT TRANSFER RATE
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MODEL X(R)

15 [- et i v
i RUN 577
MODEL X
0 — e 10 |-
\; RUN 56
05 |- o 05 I\
2 Cfxz\
C O\)\ \0\\ "
'y SR TR SN S 0 plaie . o
1 2 3 4 ) t Z e L 5
M = 15 Re = 5 x 108/ft
Q o e s e e S i
v RUN 578
O
e=——  MEAN LINE 15k
10 —— — 1.0 -
iii RUN 569
0S|
o
o
o m\o\o
0 { L A e

1 2 3 4 5
DISTANCE FRO!M NOSE INS
M =19 Re = 2 x 10°®

FIG. 11c NORMALIZED HEAT TRANSFER . ZERO INCIDENCE.
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NORHMALIZED PRESSURE DISTRIBUTION
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MODEL K MODEL K(R)

10 109

i RUN 567 ii

RUN 577

M = 15 Re = 5.0 x 106/ft

Modified newtonian theory

RUN 569 iv RUN 578
0
%o
1 1 L 1
| 2 3 4
DISTANCE FROM NOSE IN.
M= 19 Re = 2 x 106
FIG. 11d NORMALIZED PRESSURE DISTRIBUTION
ZERO INCIDENCE.
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