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1.0 INTRODUCTION

This doucment contains an analysis of heat-transfer and pressure data
(Reference 1) obtained during a multiple-protuberance heating test
(Project 925) conducted at the Langley Research Center, July and August

of 1970. The tests were conducted at Mach numbers of 2.49, 3.51 and 4.44
in t%e Unitary Plan Wind Tunnel with a nominal Reynolds number per foot of
3x10°,

The primary purpose of the test program was to investigate the effect of
aerodynamic heating in the shock impingement and wake heating regions on
and around multiple-protuberance configurations submerged in a turbulent
boundary layer. The protuberance models were arranged to allow measurement
of induced heating rates associated with single and multiple-protuberance
disturbances.

Existing McDonnell-Douglas protuberance models (References 1 through 3) were
refurbished and mounted to a new instrumented test plate in various
configurations.

The data have been plotted to show the heating effects of multiple-protuberances
and have been compared with analytical calculations and other data.
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2.0 GENERAL TEST CONDITIONS AND ANALYSIS

The multiple-protuberance test incorporates the use of nine separate models
(five instrumented) mounted in different combinations to an instrumented
flat plate to form 19 different configurations. These configurations are
shown in Figure 2-1 (configuration 1, the clean plate, is not shown).

All protuberance models and the test plate are shown schematically with
dimensions in Figures 2-2, 2-3 and 2-4, The general protuberance shapes
include a 15 or 30 degree forebody, constant cross-section centerbody,

and a 15, 30 or 90 degree afterbody. Wind tunnel installation photographs
of some configurations are shown in Figures 2-5 through 2-9. Additional
details on the fabrication and instrumentation of the models and test plate
are given in Reference 1.

The multiple protuberance configurations were tested at Mach numbers of 2.49,
3.51 and 4.44 at a nominal Reynolds number per foct of 3.0x1006. The total
temperature and pressure ranges were 610°R to 713°R and 2799 psf to 8686 psf
respectively. The test schedule is presented in Table 2-I and contains tunnel
total pressure, total temperature, Mach number, unit Reynolds number, and a
description of the configuration for each test run. Pressure measurements
were obtained for configuration 11, and heat-transfer measurements for

all other configurations.

The models were mounted on the test plate which was a part of the tunnel
wall during tests. The models were therefore immersed in the turbulent
boundary layer of the tunnel wall. The boundary layer profiles were not
measured during this test but have been measured in the past and are
contained in Reference 2. These boundary layer profiles have been used in
the analytical calculation (profiles do not agree with 1/7 power law
distribution).

2-1
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3.0 TEST PLATE ENVIRONMENT

Heating environments on the clean plate and stringer plate configurations and
the protuberance effects on the test plate are discussed in the following
paragraphs. A complete tabulation of test data is presented in Reference 1.
Heat-transfer coefficient ratios for the test plate are presented in
Appendix A for all test configurations and Mach numbers.

3.1 CLEAN PLATE AND PLATE WITH STRINGERS

Heat-transfer coefficients on the clean plate centerline are presented in

Figure 3-1 as a function of distance from the plate leading edge. Corresponding
measurements from a previous protuberance test (Reference 3) are included for
comparison. The differences between present measurements and those presented

in Reference 3 are attributable to data accuracy limits and variations in

test surface flatness.

Theoretical flat plate heat-transfer coefficients were determined by the

method of Van Driest for turbulent flow (References 4 and 5). The theoretical
values are based on tunnel conditions, measured wall temperatures, a 5.0 inch
boundary layer thickness, and Reynolds number per foot of 3.0x100. The Langley
Unitary Plan Wind Tunnel test section boundary layer profiles used in the
analysis were taken from Reference 2. Analytically determined heat-transfer
coefficients are compared with the test results in Figure 3-2. The calculated
coefficients exceed the test results at all Mach numbers. Heat loss through

the support structure, which reduces the experimentally determined heat-transfer
coefficient, was estimated to be about 10 percent. However, this accounts for
only a portion of the difference between experimental data and analysis. Previous
investigators (Reference 6) have reported similar non-correlation of analytical
calculations and Langley protuberance test data. Reference 6 indicates that
clean plate data correlation is-improved by using a calculated recovery
temperature (Ty) rather than the measured equilibrium temperature (Te) in the
data reduction equations. This procedure effectuates increases in the
experimentally determined heat-transfer coefficients by a factor of approximately
(Te - Tw/(Tr - Ty). Application of this correction factor to the present clean
plate data resulted in increases in the measured heat-transfer coefficient
ranging from about 10 percent at Mach number 2.49 to about 25 percent at Mach
number 4.44 as shown in Figure 3-2.

Heat-transfer coefficients obtained on the plate with longitudinal stringers
(configuration 10) are presented in Figure 3-3 compared to clean plate data
for each Mach number. The stringers reduce the clean plate coefficients
about 10 percent at M. = 2.49, 25 percent at M» = 3.51, and 35 percent at
Mo = 4.44. This reduced heating effect may be partially due to disturbances
caused by the stringer leading edges.
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3.2 PLATE ENVIRONMENT WITH ATTACHED SINGLE AND MULTIPLE-PROTUBERANCE
MODELS

Heat-transfer coefficients measured on the test plate with protuberance models
attached were reduced to ratio form (h/hg) by division of the measured value
by the clean plate heat-transfer coefficient obtained at the same measurement
location. These ratios are shown in Figures A-1 through A-48 of the Appendix.
Presentation of the data in ratio form reduced the effects of test plate
fabrication imperfections and uncertainties in the thermal properties of the
test plate material.

The test plate surface heat-transfer coefficient ratios presented in Appendix A
indicate significant increases in the regions influenced by protuberance
forebody compressions and protuberance wakes.

Two dimensional free stream oblique shock angles have been superimposed-on
selected figures in the Appendix for comparison with the heat-transfer
coefficient ratios. It is evident after studying these figures, that the
increases in heating begin a little ahead of the free stream shock locatien
and extend down stream. The thick tunnel wall boundary layer causes the
shock to affect the surface forward of the free-stream shock location.

The test plate heat-transfer coefficient ratios (h/hy) as a function of

distance (X) along the test plate at a constant distance (Y) from the plate
centerline are presented in Figures 3-4 through 3-12 for various single and
multiple-protuberance combinations at each test Mach number. These distributions
are considered to be representative of the prominant heating effects measured

on the test plate surface.

Figures 3-4 through 3-6 compare the heat-transfer coefficient ratios obtained
on the plate centerline (Y = 0) for a double-wedge model (Model 1Z) mounted in
the center of Model 1 wake to those obtained with Model 1 wake alone and

Model 12 wake alone. The maximum h/hg value for the Model 1 and Model 12
combination was greater at each Mach number than that for the Model 1 wake
alone, and did not exceed a magnitude of 1.83. These increases occurred near
the Model 12 base and did not persist over appreciable distances along the
plate. At extreme downstream measurement locations the influence of Model 12
on the Model 1 wake was small. The double-wedge model generated less of a heating
effect than Model 1 due to the double-wedge height of 0.6325 inches compared to
Model 1 height of 5.0 inches. The h/hg values in the Model 1 (15 degree
afterbody) wake did not consistently increase with free-stream Mach number

and exhibited a maximum value of 1.66 at M, = 2.49, The heat-transfer
coefficient ratio distributions obtained at the higher Mach numbers are, in
general, more irregular (compare Figures 3-4 through 3-6) because of the
decreased data accuracy at the higher Mach numbers.
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3.2 (Continued)

Other configurations tested which consisted of a single protuberance model
mounted in the proximity of the Model 1 wake did not generally increase
the h/ho magnitudes above those obtained in the Model 1 single wake.

Figures 3-7 through 3-9 compare the plate heat-transfer coefficient ratios
obtained at locations 8.0 inches from the plate centerline (Y = 8.0) for
Model 5 mounted in the aft double wake of Models 1 and 2 to those for

Model 2 wake alone and Model 5 alone. Model 5 mounted in the double

wake of Models 1 and 2 produced h/hgy magnitudes which exceeded those obtained
at the same measurement locations in the Model 2 single wake or in the single
Model 5 forebody compression region. However, this increase was not present
at all locations upstream of Model 5. The maximum h/hg values obtained in
the double wake region near Model 5 were about equal to those obtained at
locations further upstream in the Model 2 single wake (approximately 2.0).

The single wake of Model 2 (30 degree afterbody) induced maximum h/hg values
which did not consistently increase with free-stream Mach number, and did not
exceed a magnitude of 2.08.

Figures 3-10 through 3-12 compare the plate heat-transfer coefficient ratios
obtained for Model 4 mounted in the forebody compression region of Model 1 to
those for Model 4 alone. The largest heating influence occurred near the
forebody-centerbody junction of Model 4, and increased consistently with
increasing free-stream Mach number to h/hg = 2.20 at M = 4.44, The maximum
heating rate obtained in the Model 4 (30 degree forebody) compression region
was about equal for Model 4 single and Model 4 and Model 1 mounted in
combination. '

Heating environments were also obtained with Model 4 mounted in the afterbody
expansion region of Model 1 (configuration 16). As seen in Appendix A,
Figures A-37 through A-42, the heating effect of Model 4 forebody compression
was decreased from that for Model 4 alone by the flow expansion around the
Model 1 centerbody-afterbody junction.

The single Model 1 (15 degree forebody) compression effects are given in
Appendix A, Figures A-46 through A-48 (configuration 19). The maximum h/hg
magnitude induced by the 15 degree forebody also occurred near the forebody-
centerbody junction, but was lower than that for the 30 degree forebody of
Model 4. The influence of Model 4 did not significantly increase the h/hg
magnitudes in the proximity of Model 1 forebody.

Theoretical values for the test plate heat-transfer coefficient ratios induced
by the 15 and 30 degree forebody shocks were estimated using Van Driest's
turbulent flat plate theory and flow properties behind the forebody shock.
These estimates were divided by the theoretical clean plate values given in
Figure 3-2. The calculated ratios are shown in Figure 3-13 as a function of
free-stream Mach number for 15 and 30 degree forebodies. Included in Figure
3-13 are the single model ratios from measurements for Model 1, Model 5 and
Model 4 (15, 15 and 30 degree forebodies, respectively). The experimental
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3.2 (Continued)

values chosen for comparison are the peak ratios occurring along measurement
locations 4.0 inches from the model centerline in the forebody compression
region. The measured maximum ratios appear consistently lower than calculated
values by 10 to 14 percent for the 15 degree forebody and 12 to 26 percent

for the 30 degree forebody throughout the Mach number range. The calculation
method thus yields valid effects of Mach number and forebody angle and heat-
transfer coefficient ratio magnitudes which compare favorably but are
consistently greater than measured maximum ratios. No analyses were made to
evaluate protuberance wake flow fields and consequent heating effects.

The effect of stringers on plate heating distributions with attached
protuberances was generally to lower the ratios induced on the clean plate
(Figures A-22 through A-27), At measurement locations where the stringer
plate heat-transfer coefficient ratio was larger than the corresponding
clean-plate ratio, the conversion to heat-transfer coefficient magnitude
yielded in most cases a lower heating rate in the presence of stringers.
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CLEAN PLATE HEAT-TRANSFER COEFFICIENT, hg, BTU/FT2SEC-°R

— VAN DRIEST (REF. 5)
Re= 3.0x100/FT.
Ty = 564°R, & = 5.0 IN.
EXPERIMENTAL MEASURE-
MENT VARIATION ON
0 008 \ PLATE CENTERLINE
) \ . I RECOVERY TEMPERATURE
N\ MEASURED (Te)
\ T RECOVERY TEMPERATURE
Y 4 CALCULATED (Ty)
0.003 T
i
A
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0.002 \\
AN
-
]
i
L
A
0.001 a
i
=
1
0
2.0 3.0 4.0

FREE STREAM MACH NUMBER, M,

FIGURE 3-2., CLEAN PLATE HEAT-TRANSFER COEFFICIENT VARIATION WITH MACH
NUMBER - CONFIGURATION 1
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" SYM. CONFIG. MODEL
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FIGURE 3-4. EFFECT OF DOUBLE WEDGE (MODEL 12) IN MODEL 1 WAKE ON PLATE

HEAT-TRANSFER COEFFICIENT RATIO DISTRIBUTION AT MACH NUMBER
2.49 - CONFIGURATIONS 2, 3 AND 4
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HEAT-TRANSFER COEFFICIENT RATIO, h/hg

SYM.  CONFIG. MODEL
O 4 My
O 3 M1,M12
\Y 2 M17
FLOW
l MEASUREMENT
— 12| LINE (Y = 0)
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FIGURE 3-5. EFFECT OF DOUBLE WEDGE (MODEL 12) IN MODEL 1 WAKE ON PLATE

HEAT-TRANSFER COEFFICIENT RATIO DISTRIBUTION AT MACH NUMBER

3.51 - CONFIGURATIONS 2, 3 AND 4
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HEAT-TRANSFER COEFFICIENT RATIO, h/hg

SYM, CONFIG. MODEL
8 4 M1
3 M; M
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FIGURE 3-6. FEFFECT OF DOUBLE WEDGE (MODEL 12) IN MODEL 1 WAKE ON PLATE

HEAT-TRANSFER COEFFICIENT RATIO DISTRIBUTION AT MACH NUMBER
4.44 - CONFIGURATIONS 2, 3 AND 4
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SYM. CONFIG. MODEL
O 6 Mg
O 7 M2
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FIGURE 3-7. EFFECT OF MODEL 5 IN MODEL 1 AND 2 DOUBLE WAKE ON PLATE
HEAT-TRANSFER COEFFICIENT RATIO DISTRIBUTION AT MACH NUMBER
2.49 - CONFIGURATIONS 6, 7 AND 8 '
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HEAT-TRANSFER COEFFICIENT RATIO, h/hg

SYM, CONFIG, MODEL
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FIGURE 3-8. EFFECT OF MODEL 5 IN MODEL 1 AND 2 DOUBLE WAKE ON PLATE
HEAT-TRANSFER COEFFICIENT RATIO DISTRIBUTION AT MACH NUMBER
3.51 - CONFIGURATIONS 6, 7 AND 8
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SYM. CONFIG., MODEL
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FIGURE 3-9. EFFECT OF MODEL 5 IN MODEL 1 AND 2 DOUBLE WAKE ON PLATE
HEAT-TRANSFER COEFFICIENT RATTIO DISTRIBUTION AT MACH NUMBER
4.44 - CONFIGURATIONS 6, 7 AND 8
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SYM. CONFIG. MODEL
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FIGURE 3-10. EFFECT OF MODEL 1 FOREBODY SHOCK COMPRESSION ON MODEL 4
INDUCED PIATE HEAT-TRANSFER COEFFICIENT RATIO DISTRIBUTION
AT MACH NUMBER 2.49 - CONFIGURATIONS 14 AND 15
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HEAT-TRANSFER COEFFICIENT RATIO, h/h,
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FIGURE 3-11. EFFECT OF MODEL 1 FOREBODY SHOCK COMPRESSION ON MODEL 4
INDUCED PLATE HEAT-TRANSFER COEFFICIENT RATIO DISTRIBUTION
AT MACH NUMBER 3.51 - CONFIGURATIONS 14 AND 15
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HEAT-TRANSFER COEFFICIENT RATIO, h/hg,
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FIGURE 3-12. EFFECT OF MODEL 1 FOREBODY SHOCK COMPRESSION ON MODEL 4
INDUCED PLATE HEAT-TRANSFER COEFFICIENT RATIO DISTRIBUTION
AT MACH NUMBER 4,44 - CONFIGURATIONS 14 AND 15
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4.0 PROTUBERANCE MODEL ENVIRONMENT

Heating environments on the protuberance models tested are presented and
discussed in the following paragraphs. These environments were measured on
both single-protuberance and multiple-protuberance configurations. A
complete tabulation of test data is presented in Reference 1. The heat-
transfer coefficients on protuberance models were divided by an average of
the clean plate values (hy') obtained in and near the test plate surface
area covered by the model base in order to obtain heat-transfer coefficient
ratios. These ratios are presented in Appendix A of this report. Test
configurations are shown in Figure 2-1.

Heat-transfer coefficient data measured along the centerline of Model 5 are
presented in Figures 4-1, 4-2 and 4-3 for test configurations 6, 5 and 8,
respectively. Test data for Model 5 alone (configuration 6) are presented
in Figure 4-1 alone with analytically determined heat-transfer coefficients.
It is evident in Figure 4-1 that the analytical calculations and test data
correlate in both magnitude and trends. The increase in heating with
distance along the conical forebody is caused by the variation in boundary
layer properties. If the protuberance were in a free stream flow the heating
would decrease with distance along forebody. Analytical values were
determined by the method of Van Driest (References 4 and 5) with local flow
properties determined as follows:

a) Forebody Surface

An attached conical shock wave based on the tunnel upstream flow
parameters is developed on the protuberance model forebody. Local
flow properties in the boundary layer ahead of the shock wave are
determined from boundary layer distributions presented in Reference 2
at the height on the forebody for which heating is to be evaluated.
‘These properties are modified by passing them through the conical
shock and these properties are used in the heating calculation.

b) Centerbody, Forward End
Flow parameters at the edge of the boundary layer behind the shock
wave are expanded around the cone/cylinder junction with the use of
the Prandtly-Meyer relationships. Local flow conditions are then
determined.

c) Centerbody, Aft End

Flow at the aft end of the centerbody is assumed to have returned
to free stream conditions.
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4.0 (Continued)

A plot of heat-transfer coefficient ratios (protuberance heat-transfer
coefficients divided by clean plate value) versus Mach number is presented
in Figure 4-4 for points on the forebody and top of Model 5. Data are
presented for test configurations 5, 6 and 8. A comparison of data from
the three configurations indicates a decrease in heating to the Model 5
forebody when the protuberance is placed in the wakes of Models 1 and 2.

Model 4 centerline heat-transfer coefficient values are presented in
Figures 4-5 and 4-6 for configurations 14 and 15, respectively. In these
configurations, Model 4 is located at attach point 4. A minor increase

in heating on Model 4 centerline is noted from the interference effects of
Model 1 (a cross plot of Figures 4-5 and 4-6 are shown in Figure 4-7).

Heat-transfer coefficient ratios are presented in Figure 4-8 for points
along the side of Model 4. Data are presented in Figure 4-8 for
configurations 14 and 15. The effect of the Model 1 wake region on
Model 4 side areas adjacent to Model 1 is to increase the heating to
Model 4 slightly.

Heat-transfer coefficient ratios are presented in Figure 4-9 for points
along the side of Model 1. The effects of shock impingement from the
Model 4 forebody shock wave on the side of Model 1 centerbody are evident.

In test configurations 16, 17 and 18, Model 4 was located at attach point 5
(17 inches aft of attach point 4). Heat-transfer coefficients along

Model 4 centerline are presented in Figure 4-10 for configuration 17

(Model 4 alone) and in Figures 4-11 and 4-12 for configurations 16 and 18,
respectively (Model 4 in Model 1 wakes):

Heat-transfer coefficient ratios for Model 4 alone and Model 4 in Model 1
wake regions are presented in Figure 4-13 as a function of Mach number.
Generally lower values are observed on Model 4 in Model 1 wake regions.
The shock strengths from Model 1 are less than from Model 4 and would
therefore have less effect on Model 4 than Model 4 does on Model 1,

Heat-transfer coefficients along the centerline of Model 12 (double wedge)

are presented in Figures 4-14 and 4-15 for configurations 2 and 3, respectively.
Comparison of Figures 4-14 and 4-15 indicates that the effect of the aft

wake of Model 1 (configuration 3) on Model 12 is to increase the heat-

transfer coefficient values.

Two basic model forebody angles were tested. These were the 15-degree fore-
body (Models 1, 3 and 5) and the 30-degree forebody (Model 4). Data taken
along the forebody centerline of Models 1, 3, 4 and 5 are plotted as a
function of Z/§ in Figures 4-16, 4-17 and 4-18 for Mach numbers 2.49, 3.51
and 4.44, respectively. The test data indicate a reduction in forebody
heating due to immersion in the boundary layer.
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5.0 HAT SECTION AND GAP ENVIRONMENT

Hat section models (Models 13 through 16) were added as a part of the
protuberance test program after analysis indicated that hat sections which
had been placed between stringers on the S-IVB forward skirt would
significantly increase the local heating environment. The main heating
problem was not the local increases caused by protuberance effects but

high heating on the stringers caused by gaps which existed between the anti-
flutter hat sections and the stringers. Because of the complexity of the

flow field, this configuration was added to the protuberance test to verify
the analysis.

Only one of the four hat section models (Model 13) tested, produced

sufficient data for correlation purposes. The other hat section configurations
provided only enough data to observe general trends (lack of instrumentation).
These data are contained in Appendix A as heat-transfer coefficient ratios
(Figures A-64 through A-69) and in Reference 1 as basic coefficients. The
following paragraphs describe the heating and pressure data obtained on the
plate around the hat section and in the gaps between stringers and hat
sections.

The Model 13 hat sections were 0.5 inch in height and 0.5 inch wide

(Figure 2-3) and are mounted between stringers as shown.in Figure 2-1
(configurations 11 and 12). The hat sections are immersed in a 5-inch
turbulent boundary layer. Figures 5-1, 5-2, and 5-3 show the pressure
coefficient distributions on the plate caused by the hat sections (configuration
11) for Mach numbers of 2.49, 3.51 and 4.44. It is evident that there is a
significant pressure increase ahead of the hat sections which diminishes with
successive hat sections as would be expected with losses in total pressure
with each hat section encountered. The pressure rise is well below that which
would be caused by a normal shock (using Mach number at top of hat) and
corresponds to that which would exist under flow separation conditions ahead
of the hat sections. Figure 5-4 shows a comparison of the pressure data ahead
of the first hat section compared with data from Reference 8. The pressure
data of this test correlates with the other test data and shows a significant
boundary layer effect. The pressure also seems to be more dependent on
free-stream Mach number as the wall surface is approached. The equation
(Reference 9) shown on Figure 5-4 along with the data is sufficient to provide
a method of estimating pressures ahead of a forward facing step submerged in

a boundary layer.

The flat plate heating distributions for the hat section, configuration 11,

are shown in Figures 5-5, 5-6, and 5-7. There is a rapid rise in heating

ahead of each hat section with the peak values ahead of each hat in the train
being about the same. Behind each hat section the heating drops below flat plate
values. The average value of heating over the entire plate with hat sections is
approximately the same as if there were no hat sections (data oscillates

around h/hy = 1). Data from various Y-coordinate locations have been plotted

on these figures to more fully describe the interference region.
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5.0 (Continued)

Pressure measurements were made on both the stringer and plate immediately
ahead of the hat section and in the gap between the stringer and hat section.
These data are plotted in Figure 5-8 in pressure coefficient form for all Mach
numbers and for the first hat section in the train. It is evident at all
Mach numbers that the pressure on the leeward side of the hat section is
significantly lower than the front side pressures and indicates a choked flow
condition (M = 1) in the gap. Figure 5-9 shows the heating on the stringer
caused by the hat sections and gaps. The four double data points (at each
Mach number) indicate the heating data within the gaps. The first two double
data points are in the first hat section gap and the last two are in the second
hat section gap. There is a significant heating gradient within the gap and
the stringer heating ahead of and in the hat section gap is significantly
above the clean plate heating.

Attempts have been made to correlate analytical calculations with the measured
test data in the hat section gap. Since the flow in the gap was choked, it was
assumed the boundary layer was laminar. The familiar Colburn equation for
laminar flow was used with measured gap pressure to evaluate the heat-transfer
coefficient. Figure 5-10 shows a comparison of the measured gap heat-transfer
coefficient to the analytical calculation of an average gap coefficient and
also the coefficient at X = L where L is the gap length. It is evident that
the analytical calculations compare with the data when evaluated at X = L.

The flow properties for these calculations were determined by evaluating the
total temperature in the boundary layer at the top of the hat section using the
boundary layer data of Reference 2. The static temperature in the gap was then
evaluated using the total temperature at the top of the hat and a Mach number
of 1. The transport properties of the air in the gap were then evaluated using
the static temperature in the gap. "
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6.0 CONCLUSIONS
Flat Plate

1. The magnitude of heat-transfer coefficients measured on the clean plate
surface were in reasonable agreement with those available from previous
investigations, but were less than those predicted analytically.

2. The heat-transfer coefficient magnitude obtained on the plate with
longitudinal stringers was reduced by 10 percent to 35 percent compared
to the clean plate.

3. Multiple-protuberance interference heating effects in general were no
more severe than for a single protuberance although a few single
measurements on some multiple configurations were observed to have
higher heating conditions. The distribution and surface areas 4
affected by the increased heating have been modified. The maximum
heat-transfér coefficient ratios (interference coefficient divided
by clean plate coefficient) in the interference regions were
approximately 2.0.

4. The plate heat-transfer coefficient magnitude obtained with multiple
protuberance models with longitudinal stringers was generally less
than that obtained for the equivalent model arrangement without
stringers.

Protuberances

1. Protuberance forebody heating is significantly affected by the depth
of immersion in the boundary layer. Heating in the lower portions of
the boundary layer is considerably less.

2.  Protuberance forebody heating decreases when the forebody is immersed
in the aft wakes of other protuberances.

3. Analytically determined heat-transfer coefficients on a single
protuberance forebody and centerbody compare favorably with measured
values. No attempt was made to analytically determine flow properties
or heating in protuberance wake regions.

4. Protuberance created shock waves which impinge on an adjacent
protuberance will increase heating to that protuberance. The larger
the forebody angle the stronger the shock and the greater the increase
in heating. :

6-1



6.0

CONCLUSIONS (Continued)

Hat Section and Gap Heating

1.

Significant increases in heating and pressure are realized on the surface
ahead of hat sections (H/S = 0.1) placed perpendicular to the flow

between stringers. The pressure rise has been correlated with empirical
methods.

Pressures shead of and behind the gap indicate a choked flow condition
(M = 1) in the gap.

The heating in the gap between the stringers and hat sections can be
significantly higher than clean plate heating. Laminar boundary layer
theory with appropriate thermodynamic properties and length assumption
and using measured pressure has been correlated with the heating in
the gap. Peak heating in the gaps is reduced with successive down-
stream hat sections.

6-2



APPENDIX A

HEAT-TRANSFER COEFFICIENT RATIOS FOR
TEST PLATE AND PROTUBERANCE MODELS
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AIR FLOW
CONFIGURATION 2
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0.86® ®0.75

CONFIGURATION 3

NOTE: Values presented are the ratio of local heat-transfer coefficient to
an average of clean plate heat-transfer coefficients obtained in the
area covered by Model 12 base (0.00264 Btu/ftZsec-°R).

FIGURE A-49. EFFECT OF MODEL 1 WAKE ON DOUBLE WEDGE (MODEL 12) HEATING
DISTRIBUTIONS AT MACH NUMBER 2.49
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CONFIGURATION 3

NOTE: Values presented are the ratio of local heat-transfer .coefficignt_ to
dn ‘average of clean plate heat-transfer coefficients obtained in the
“area covered by Model 12 base (0.00133 Btu/ftzsec-9R) .

FIGURE A-50. EFFECT OF MODEL 1 WAKE ON DOUBLE WEDGE (MODEL 12) HEATING
DISTRIBUTIONS AT MACH NUMBER 3.51
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CONFIGURATION 2

NOTE: Values presented are the ratio of local heat-transfer coefficient to
an average of clean plate heat-transfer coefficients obtained in the
area covered by Model 12 base (0.00076 Btu/ftZsec-°R).

FIGURE A-51. EFFECT OF MODEL 1 WAKE ON DOUBLE WEDGE (MODEL 12) HEATING
DISTRIBUTIONS AT MACH NUMBER 4.44
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NOTE: * indicates measurement located on opposite side.
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CONFIGURATION 9

NOTE: Values presented are the ratio of local heat-transfer coefficient to
an average of-clean plate heat-transfer coefficients obtained in the
area covered by Model 5 base (0.00255 Btu/ftZsec-°R).

FIGURE A-61.

EFFECT OF MULTIPLE WAKES (MODELS 1 AND 2) ON MODEL 5 HEATING
DISTRIBUTIONS AT MACH NUMBER 2.49
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NOTE: * indicates measurement located on opposite side.
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CONFIGURATION 9

NOTE: Values presented are the ratio of local heat transfer coefficient
to an average of clean plate heat-transfer coefficients obtained
in the area covered by Model 5 base (0.00135 Btu/ft2sec-°R).

FIGURE A-62Z. EFFECT OF MULTIPLE WAKES (MODELS 1 AND 2) ON MODEL 5 HEATING
DISTRIBUTIONS AT MACH NUMBER 3.51

A-63



NOTE: #* indicates measurement located on opposite side.
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CONFIGURATION 9

NOTE: Values presented are the ratio of local heat-transfer coefficient to
an average of clean plate heat-transfer coefficients obtained in the
area covered by Model 5 base (0.00085 Btu/ftZsec-°R).

FIGURE A-63. EFFECT OF MILTIPLE WAKES (MODELS 1 AND 2) ON MODEL 5 HEATING
DISTRIBUTIONS AT MACH NUMBER 4.44

A-64



2T NOLIWENOIANOD ~ 6% ddGWIN HOVK

IV NOIINETHISIA DNIIVAH HIVId NO (PT QW €1 STHION) SNOIIDAS IVH HOIH HONI §°0 d0 IDH4dH  “$9-V HdDId
*UOT3IBI0T )
Ques oyl e @QQHNNDO u.ﬂ@.mu.n.%w”mcu
1aFsueay-3eey o3erd uesd Sy3
031 JUQTDIFISCI Jlafsueal-ljesy 18201
JOo 013X 9yl axe pojuesaxd sonfep  HION
6 e
60" L6*0®
. S
- : ; 222 04~ A
T 11 : 1
g : ; T \. m T Sa 9670 =
. . N £8” L
o N [eodis 1L amsedt 11 N -
L0708 SL°08 L0 BL°0® LA08 60708 8.°0@ @ U708 80700 00708 9Lp@ ran 8 ot x mmw,;; mwu M M_M %nwmﬁmm“%u“ _ M _ ®
o %wwtq,g,ww‘wlﬁ =
LL0e gL 0@ LL70® 9L°0D8 S,w hq\_ E’cw.oo 56°0 Hw : m_mf_-
i oo . 7 T L _ ~
(808 99t0R 2808 @ 0308 Sv° M* \j £5° % g0'le 3
160, L'0g
o i 5% & . .
rﬁﬂ.co ¥ 0% vio0® vL0® TLT0® TLT0e 69°p® u%.m L3 E.m £§7pe vL°0e (B'0® 78706 P5T0e L8°GR e am&)&p.mm& 8L ge E..M e
pRo0e 78'0® S8'Ce S8 0e 19°p@ ,mm.oo 16°0® g ge 1608 % 171 S.Hr 86" omh _mNN rwm Mm m ® B
wis 76°08  83"Qe 15°68 18°0% 92°1 b L- cote p
$8°D SE°T
16°0@ wie :
| . Tt
woe gL 0@ §.°0@ 8L Qe 6.°0% 800
{_1 s
8L0®
) s o . " i

A~65



Z1 NOIIVINOIANOD - TS°¢ ¥dGWON HOVKW
IV NOTINGTYISIA ONIIVAH HIVId NO (b1 GNV €T STHAOW) SNOIIDHS IVH HOIH HONI §°0 J0 IOHddH  "S9-V HUMOIA

*UOTIBI0]

ouRS oyl B PouUTe1qo JUSTITFFO0D
JoFsueil-jeay a1eld ues[d 9yl

0] JUSTOTIFOO0D JoFsueil-iedy [ed0T

Jo oTBl oy} oae pojussaxd sonfep  HION

S6°0%® [}

16°0® £0°T®

k£ O I | I | |

- 298 .
® 7L 0@ 0% 1L° e ﬁ. mcuom w fr
2208 12708 2g|re &2 68°1
T Sl S T 3
. . k b bl " 08 9_.smvo "
9/°0® 65°0® 0L 0@ L 0@ YL 0% ZL080L° 0@ ®¢L0REL 09 ®zL°0@ 25% © seelb ese syr0® 8S°TIp [b° it 4 e @
000 0 0.0.0 T.l'l.o..hv
=L wiey—rh-h bR —aE -~ —
8L°0® 6L°0® LL°0® FAAKT ] g’ ﬁ — — [ YT : ~ _ 19°1e
1 VAL |1
i1 T c _ ¥ — )
98'0®  Sg'08 6'0e e 8,708 99" ~+ 2 QL 9L° ﬁ 76°08 w ® @ r @ a_mm e 2 e
2 59708 pprogf Lo 2 |2 S 1 S g
1 b =B B—3 -3 F—a e
65°0¢ 1.°0@ 1708 1.°0@ 0.°0® 69°0® 0L 08 M m. 9y'lego 0e 88709 7802 06'0® 88°0# 0I'I® 16°0%® & & w e 3 W 2
== 3=z [ T e
5.7 0@ 6L°0% 8.°0® 6L 0@ $8°0®  16°0® v6°0® S6°08  S0'Is @ [¥ARL 11| 06708 .0 Ble & g 2
g8 888
90°T® v6'0®  06°0% vs0e o 2L°0® 15°T8 wople gorre b
@ o |
o N (=3 wf
98°0@ o1° 1% - _
I ) -
L9'0® 8L 0® 187 0@ 187 0@ 18°0@® 987 0@
1 T

LLooe

A-66



IV NOLLAGIMISIQ ONILVHH HLvId NO (4T QNY ST STHAOW) SNOIIDHS IVH HOIH HONI §°0 40 109444 "99-V HuNdId

7T NOLIVYNOL:ANOD - vyt JHEWON HOVW

*UOT}EeD0T
sues ayy 1 ﬁmﬂ..nmu,@O wﬁ@ﬂﬁ%%mou
.Homnmﬁ.mhu‘u.‘mmﬂ mu.‘m.m& ueaTO 93
01 Uﬁ@..HUH.%.HQOU .Hmm..wﬂmhu\ﬂmmn_ T820T
Jo Oﬂu.‘m.ﬁ 2yl aJle ,mumpdmmo.ﬁﬂ senTeA “AION
€0 1@
8808 16°0®
LTI Py ded
8 T ¥S oY =
[T s I
I oo
e 2L°0% . “rﬁ L2 ] .W' ﬁ‘ WWOOMJr * ~ .mN...nﬂ
® 0 0.70® 59°0% l.o.Wo | So ngr —
w
01T T &3 SET08% <[ P78 0 ,
6L°0@ $9°0®  B9'0® g9°0® L9°0® YO 0® $9'0® ® 0,°0® 59° 0@ 99°0® 89°0% Lg% 8 |8 38 wu._.w L33 zy70® % mw £5°0 8 @
T sRg T akETE—R 8 T AN —
sg'g®  1,'p® OL'0e 01708 (385 T f “ “ 69°0% 890 _ # 8 18
i yZ°0e_ s 11 —
F4 ¢ m TT 0,'0 8.0 ¥8°0
. . ‘08 e 7L 08 S._L, FAA0L] _ No._a LL°0® 16'0e_ @ 2 n: e @& e
sLioe  TL0® %08 & ! _m,m,.co P sp-oel L 590 _ e 2 op-e 60
ST 290 - S8 018 96 0
19° 02 L970® 19 0@ 6502 0970® 99°0¢ 85°0e @ ) e9s 08 18°0% S8-0e 98°0e 06°08 90'1e 06°08 @& ® @ ® §L0% @ 9
1970 1608870 6T Ty
i 6L° 0 0870 z £6°0 L0°Tfe| 98 0@ S S.MIQ.N
‘ ' . * ‘0% ‘08 96°0@ ‘o . @ ‘T® i @ 2
78°0@ L 0@ @ 78'0@ 26°0 6 96°0 z0°1® 97°1 %30 ﬁoo.ﬁ 9 ﬁ
‘R . pL0@ 9808 o® £t #. ‘1@
06°0 LLroe %9 18°0% @ e IR
16" 0@ 0W'le ~ - ~ .
LT 1 3
SLt 0% 1L°0@ o8 .08 §170@ £8°0e
81 LT =
¢L'0e
[ s 1

A-67



¢T NOIIVMAOIANOD - 6%°C YH9WIN HOWW IV
NOILLNGTYISIA ONIIVAH IvId NO (9T NV ST STHION) SNOLLDES IVH HOIH HONI 0°T ONV S4°0 40 IOHddd  *L9-V HINOId

*UOTIBI0T]
oues 9yl JB PaAUTRI(O JUSTOTFFS0D
JIoJsuexrl-3yeay o3eTd ues[d a3
01 JUSTOTFFO0D I9FSuelIl-IROY TBIOT
JO oT3BX Syl oxe pojuasaxd senyep  HION
00'1e
@
20°'Te S0 Te
£2°1T®
@
L0°T o
L i £8 16°0% e
@ 00°'1e v0° 18 % ro (X ] 15°0@ e @
Il ol 60'1@
OO o~ NOw
. i . . N N OO.M rl- .VmM.N
50°1z 01" 1 e 0l'Te g0 1@ 60°1@ 60°'Te90 1& 2 S0'Te c0'18 20" I9 VO'I® .Oa.II e % IWW .w o.wt 1€ TR| L0°Te mv.mw @ @
g2h bk Jegy e Iy
£0'Te  80'Ie Ii'le  ZI'T® __ o0t 02 __ : 9g-pe |[68°0 s0°Te
82'18..8 —
— s . K 860" PST0T 1670 16°0
08'0e 6.70s 69°0e g 68°0® 88°0a 067 0@ | £€6'0@ 2018 __, & 8 ® @ %0600 e @
£L°0 t8°0e §8°0®  S0'T__ 70°T 86°0
A 1 J
; _n 9L°0® Sieoe gL 0@ L' 0e v0e @ @ 6.°0e ¥8'0% 68°0¢ 1670 oe «.o.ﬂag.oinm.o @ w.w.oe.mo.H
: N ¢ 0@ L7 L. . @ s N ‘0e ® 66" @ e @ e
%870 9470 2670 sL°0 £8°0 6 £870_98°0 0¥
E— —— 40 p0° T 8L"T 3
16'0e L6'0e L5 0@ 66'0@ S0'Te L0'1® O1'T® 80°T® 0Z'le ® 9 1@ 1870|2018 m wou ® @ ﬁ
96° .
. __-_ 09°2
or-1e 10°T® 00°'Te 56'02 @ 2L°0® ST"TRY 6l'Iple 62°Te
960 €T
00'1e® . 8T'1® _
f I T 1
18°0® y8°0® 68"0® 88'0e 06°0@ 96 0@
v6 0@

A-68



ST NOLIVMMOIANOD - 1§°¢ YddWON HOVIW IV
NOLINETMISIA ONIIVAH SIVId NO (9T GNV ST STHAOW) SNOILOFS IVH HOIH HONI 0°T GNV S4°0 40 10344 "89-V DI

"UOTeD0T
sues 9yl 1B paurelqo JUSTOTIFO0D
Iojsuerl-jesy 93eld uBOTd a3
0} JUSTOTIFL0D Jajsuedl-~leay 18201
JO OTleX 9yl aJE ﬁuwuﬁmmmhnm santepA  <HION
66'0®
s0'Te 60'1e
$$°1e
50'Te
Ovl"l
— . - 96" 0% e
e v8°08 06°0% 8608 k2% wiospRe & 2018
@ o ol
S N 071l @ cpez
L0'1e 6018 £0°T® L0°T® L0°T® L0'1@ 211 ® ¢i'Te 01'Te Z1'1e £T'1e w«.c@ﬂ.ﬁ. W Li'0® ﬁlwx & 0,%1 6912} 8602 Nm.Nw @ @
ga SAd B A
g0'1®  01'Te 0U'le  TT'1@ : 00708 : : ) 90" 12
= s e =
- o . . - B . o *
19708 £9°0% 19°0° g 1808 sgioe L8708 . £6°09 1T e 22 28 g 2 & £
—I - 3 SO~ S - S ot S
15° 0@ 99° 02 oLoe S9'02 L9°02 6970% 1L°0% m 2 80808 £.°0%® $8°0% 5870 83°'0¢ 9T'Te 1(8°0® & & 2 % 00'T® e =@
[ T 23 PRt~ m———t S o
sL°08 - 98’08 [8°0® ) 060  20°1® £0°1®  L0°Te  p1'Ie e 9f°T@ y9°0pl| LL70® & w_ g 8 o r_
Se e ® @
ot o= N o
e 10°1e 96" 0® 6802 .m 95°0@ 96° 0| o tee  TTe "
2 & 5
Ve 0® e _
r T . " {
L9 0® 517 0® $g 0@ 78'0® 88° 00 16° 0@
z6°08

A-69



NOLINETYISIO ONILVAH HIVId NO (9T ANV ST STHOOW) SNOILILDHS [LVH HOIH HONI 0°T @GNV SL°0 40 10dddd *69-V MINDIA

¢T NOIIVINOIANOD - ¢¥ ¥ dHIWON HOWW IV

*UOTIEBD0T

oueS oY} 1B PIUTRIqO JUSTITFFOO0D
JIoFsuerl-ieoy 93eTd ueeTd ay3

01 JUSTOTFFO0D ISFSULIl-1BOY TBDIOT

MO O.mp.m.H 05 o1 @OPG@WOHQ SONTEA cHION
5.°0@
@
L8°08 [8°0®
Jte
v8°0 @
00!.
— 1870450 NS v 0@
® woe 69°0® 5,08 e o2 ehlee @
. L9°0 -2 6°0@
w0
. 2°1 L= 15°2
08 S6°0®  88°0% 88°0® C6°0® 88°0@ 7609 % £T'T@ 80°Te L0°T[® 90°T2 & 59°02 dhe & e ss 1| 967 0@ om.Nw ® @
oo » NN
228 @ 58 8 &R
16°0@  06°08 S6°0%  00°T® : woe : : svoe |leio v6°0@
. : 80°1% &
- B §0°1 550 8%
v o®  (p0@ 0s'0e 65°0@ 0,°0® T8°0.@ 76'0@ 78°0® & & e o & ® o
£5°0 $S° 08, 29°08 . 60°T ¥9°0 08°0 00°1
i 11 — R S—
. 5570 w80 00°1
weoe 25°0%® s0e 9v‘0e IS°C® L5'0@ S50 @ @ @(9°0% (9'0%® $3°0® S§'0@ 66°0€ Li°T® 09°0% @ & @ @ L] &
— 95°0 N 09°0__ S.°0 88°0 4881
B T a— 1
e - - 0870 18°0 721"
LLT0® 18°0% cg°'0® 160 @ 58°0® 06°0® gg' 0@ 96°0® 80°'T® © %1 e ¥orOR mo,oom\.n S“ ® @ :
0 &
. . JAN
£8°'0@® ALY 8.0® 08'0® e oV 0® 7870 =y £9'Ime 6118
. o (5°1
8'0® 96°0® _
[ q I
Y90 @ 89°00 9'0® ZL0® ¢80 808

MSFC—RSA, Ala

A-70



