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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 t e s t  
(Project 925) conducted a t  the Langley Research Center, July and August 
of 1970. 
in  the Unitary Plan Wind Tunnel with a nominal Reynolds number per foot of 
3x106. 

The t e s t s  were conducted a t  Mach numbers of 2.49, 3.51 and 4.44 

The primary purpose of the t e s t  program w a s  t o  investigate the effect  of 
aerodynamic heating i n  the shock impingement and wake heating regions on 
and around multiple-protuberance configurations submerged in  a turbulent 
boundary layer. 
of induced heating rates associated with single and multiple-protuberance 
disturbances . 

The protuberance models were arranged t o  allow measurement 

Existing McDonnell-Douglas protuberance models (References 1 through 3) were 
refurbished and mounted t o  a new instrumented t e s t  plate i n  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. 

1- 1 



2.0 GENERAL, TEST CONDITIONS AND ANALYSIS 

The multiple-protuberance test  incorporates the use of nine separate models 
(five instrumented) mounted i n  different combinations t o  an instrumented 
f l a t  plate  t o  form 19 different configurations. 
shown i n  Figure 2 - 1  (configuration 1, the clean plate,  i s  not shown). 

These configurations are 

A l l  protuberance models and the test plate are shown schematically with 
dimensions i n  Figures 2-  2 ,  2-3 and 2-4. 
include a 15  or 30 degree forebody, constant cross-section centerbody, 
and a 15, 30 or 90 degree afterbody. 
of some configurations are shown i n  Figures 2-5 through 2-9. 
detai ls  on the fabrication and instrumentation of the models and test plate  
are given i n  Reference 1. 

The general protuberance shapes 

Wind tunnel installation photographs 
Additional 

The multiple protuberance configurations were tested a t  Mach numbers of 2.49, 
3.51 and 4.44 a t  a nominal Reynolds number per foot of 3.0~106. 
temperature and pressure ranges were 610'R t o  713'R and 2799 psf t o  8686 psf 
respectively. 
to ta l  pressure, t o t a l  temperature, Mach number, unit  Reynolds number, and a 
description of the configuration for  each test run. 
were obtained for  configuration 11, and heat-transfer measurements for  
a l l  other configurations. 

The models were mounted on the t e s t  plate which w a s  a par t  of the tunnel 
wall during tests. 
boundary layer of the tunnel w a l l .  The boundary layer profiles were not 
measured during th i s  test but have been measured i n  the past  and are 
contained i n  Reference 2 .  
the analytical calculation (profiles do not agree with 1 /7  power l a w  
distribution) . 

The to t a l  

The test schedule is  presented i n  Table 2 - 1  and contains tunnel 

Pressure measurements 

The models were therefore immersed i n  the turbulent 

These boundary layer profiles have been used in  

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 i n  the following 
paragraphs. 
Heat-transfer coefficient ratios f o r  the t e s t  plate  are presented in  
Appendix A for  a l l  test configurations and Mach numbers. 

A complete tabulation of test data is presented i n  Reference 1. 

3.1 CLEAN PLATE AND PLATE WITH STRINGERS 

Heat-transfer coefficients on the clean plate  centerline are presented i n  
Figure 3-1 as a function of distance from the plate leading edge. 
measurements from a previous protuberance test (Reference 3) are included f o r  
comparison. The differences between present measurements and those presented 
in  Reference 3 are attributable t o  data accuracy limits and variations i n  
t e s t  surface flatness. 

Corresponding 

Theoretical f l a t  plate  heat-transfer coefficients were determined by the 
method of Van Driest f o r  turbulent flaw (References 4 and 5). 
values are based on tunnel conditions, measured wall temperatures, a 5.0 inch 
boundary layer thickness, and Reynolds number per foot of 3.0~106. 
Unitary Plan Wind Tunnel t e s t  section boundary layer profiles used in  the 
analysis were taken from Reference 2. 
coefficients are compared with the t e s t  results in  Figure 3-2. 
coefficients exceed the t e s t  results a t  a l l  Mach numbers. 
the support structure, which reduces the experimentally determined heat-transfer 
coefficient, w a s  estimated t o  be about 10 percent. 
only a portion of the difference between experimental data and analysis. 
investigators (Reference 6) have reported similar non-correlation of analytical 
calculations and Langley protuberance t e s t  data. 
clean plate data correlation is *improved by using a calculated recovery 
temperature (Tr) rather than the measured equilibrium temperature (Te) i n  the 
data reduction equations. 
experimentally determined heat-transfer coefficients by a factor of approximately 
(Te - Td/(Tr - Tw) . 
plate data resulted i n  increases i n  the measured heat-transfer coefficient 
ranging from about 10 percent a t  Mach number 2.49 t o  about 25 percent a t  Mach 
number 4.44 as shown i n  Figure 3-2. 

Heat-transfer coefficients obtained on the plate  w i t h  longitudinal stringers 
(configuration 10) are presented i n  Figure 3-3 compared t o  clean plate data 
for each Mach number. 
about 10 percent a t  M, = 2.49, 25 percent a t  M, = 3.51, and 35 percent a t  
M, = 4.44. 
caused by the stringer leading edges, 

The theoretical 

The Langley 

Analytically determined heat-transfer 

Heat loss  through 
The calculated 

However, th i s  accounts f o r  
Previous 

Reference 6 indicates that  

This procedure effectuates increases i n  the 

Application of this correction factor t o  the present clean 

The stringers reduce the clean plate coefficients 

This reduced heating effect  may be par t ia l ly  due t o  disturbances 
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3.2 PLATE ENVIRONMENT WITH A l T A W D  SINGLE AND ~ L T I P ~ - P R O ~ E ~ C E  
MIDELS 

Heat-transfer coefficients measured on the t e s t  plate with protuberance models 
attached were reduced t o  ra t io  form (h/ho) by division of the measured value 
by the clean plate  heat-transfer coefficient obtained a t  the same measurement 
location. These ratios are shown in  Figures A - 1  through A-48 of the Appendix. 
Presentation of the data i n  ra t io  form reduced the effects of t e s t  plate  
fabrication imperfections and uncertainties i n  the thermal properties of the 
test plate material. 

The t e s t  plate  surface heat-transfer coefficient ra t ios  presented i n  Appendix A 
indicate significant increases i n  the regions influenced by protuberance 
forebody compressions and protuberance wakes. 

Two ‘dimensional free stream oblique shock angles have been superimposed*on 
selected figures i n  the Appendix f o r  comparison with the heat-transfer 
coefficient ra t ios .  
increases i n  heating begin a l i t t l e  ahead of the free stream shock location 
and extend down stream. 
shock to  affect  the surface forward of the free-stream shock location. 

I t  is evident after studying these figures, that  the 

The thick tunnel wall boundary layer causes the 

The t e s t  plate heat-transfer coefficient ratios (h/ho) as a function of 
distance (X) along the t e s t  plate  a t  a constant distance (Y) from the plate 
centerline are presented in  Figures 3-4 through 3-12 for  various single and 
multiple-protuberance combinations a t  each t e s t  Mach number, 
are considered t o  be representative of the prominant heating effects measured 
on the t e s t  plate surface. 

Figures 3-4 through 3-6 compare the heat-transfer coefficient ratios obtained 
on the plate centerline (Y = 0) fo r  a double-wedge model (Model 12) mounted in  
the center of Model 1 wake t o  those obtained with Model 1 wake alone and 
Model 1 2  wake alone. 
combination w a s  greater a t  each Mach number than that f o r  the Model 1 wake 
alone, and did not exceed a magnitude of 1.83. 
the Model 1 2  base and did not persist  over appreciable distances along the 
plate.  
on the Model 1 wake w a s  small. 
effect  than Model 1 due to  the double-wedge height of 0,6325 inches compared t o  
Model 1 height of 5.0 inches. 
afterbody) wake did not consistently increase with free-stream Mach number 
and exhibited a maximum value of 1.66 a t  M, = 2.49, The heat-transfer 
coefficient ra t io  distributions obtained a t  the higher Mach numbers are, i n  
general, more irregular (compare Figures 3-4 through 3-6) because of the 
decreased data accuracy at  the higher Mach numbers. 

These distributions 

The maximum h/ho value for  the Model 1 and Model 1 2  

These increases occurred near 

A t  extreme downstream measurement locations the influence of Model 1 2  
The double-wedge model generated less of a heating 

The h/ho values i n  the Model 1 (15 degree 
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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 i n  the Model 1 single wake. 

Figures 3- 7 through 3-9 compare the plate heat-transfer coefficient ratios 
obtained a t  locations 8.0 inches from the plate  centerline (Y = 8.0) for  
Model 5 mounted i n  the a f t  double wake of Models 1 and 2 t o  those for  
Model 2 wake alone and Model 5 alone. Model 5 mounted in  the double 
wake of Models 1 and 2 produced h/h, magnitudes which exceeded those obtained 
a t  the same measurement locations i n  the Model 2 single wake or in the single 
Model 5 forebody compression region. However, th i s  increase w a s  not present 
at a l l  locations upstream of Model 5. The maximum h/ho values obtained i n  
the double wake region near Model 5 were about equal to  those obtained at  
locations further upstream i n  the Model 2 single wake (approximately 2.0). 

The single wake of Model 2 (30 degree afterbody) induced maximum h/h, 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 ra t ios  
obtained for  Model 4 mounted in  the forebody compression region of Model 1 t o  
those fo r  Model 4 alone. 
forebody-centerbody junction of Model 4 ,  and increased consistently with 
increasing free-stream Mach number t o  h/ho = 2.20 a t  M, 
heating rate  obtained i n  the Model 4 (30 degree forebody) compression region 
was  about equal for  Model 4 single and Model 4 and Model lmounted in  
combination. 

The largest heating influence occurred near the 

= 4.44. The maximum 

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

As seen i n  Appendix A, 

The single Model 1 (15 degree forebody) compression effects are given i n  
Appendix A, Figures A-46 through A-48 (configuration 19). 
magnitude induced by the 1 5  degree forebody also occurred near the forebody- 
centerbody junction, but w a s  lower than that  for  the 30 degree forebody of 
Model 4. The influence of Model 4 did not significantly increase the h/ho 
magnitudes i n  the proximity of Model 1 forebody. 

The maximum h/ho 

Theoretical values for  the t e s t  plate  heat-transfer coefficient ratios induced 
by the 15  and 30 degree forebody shocks were estimated using Van Driest 's 
turbulent f l a t  plate  theory and flow properties behind the forebody shock. 
These estimates were divided by the theoretical clean plate values given i n  
Figure 3-2. 
free-stream Mach number for  15  and 30 degree forebodies. 
3-13 are the single model ratios from measurements f o r  Model 1, Model 5 and 
Model 4 (15, 15 and 30 degree forebodies, respectively). 

The calculated ratios are shown i n  Figure 3-13 as a function of 
Included in  Figure 

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 i n  the forebody compression 
region. 
values by 10 to  14 percent fo r  the 15 degree forebody and 1 2  t o  26 percent 
for  the 30 degree forebody throughout the Mach number range. 
method thus yields valid effects of Mach number and forebody angle and heat- 
transfer coefficient ra t io  magnitudes which compare favorably but are 
consistently greater than measured maximum ratios,  No analyses were made t o  
evaluate protuberance wake flow fields and consequent heating effects.  

The measured maximum ratios appear consistently lower than calculated 

The calculation 

The effect  of stringers on plate  heating distributions w i t h  attached 
protuberances w a s  generally t o  lower the ratios induced on the clean plate 
(Figures A-22 through A-27). 
plate heat-transfer coefficient ra t io  was larger than the corresponding 
clean-plate ra t io ,  the conversion t o  heat-transfer coefficient magnitude 
yielded in  most cases a lower heating rate  in  the presence of stringers. 

A t  measurement locations where the stringer 
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3-6 



0 P 

0 P 

0 P 

0 P 

0 P 

0 P 

0 P 

0 P 

0 P 

0 P 

0 P 

0 P 

*o P 9 
0 P 

0 P 

0 O0 % 
0 P 

O 0  B 

0 P 

O P  

0 P 

M 
1 
M 

3- 7 



2 .o 

1.8  

1 .6  

1 .4  

1.2 

1.0 

0.8 

SYM, CONFIG. MODEL 
4 
3 
2 

- _ -  
0 10 20 30 

DISTANCE, X - INCHES 

LINE (Y = 0) 

40 50 6 
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4.0 PROlUBERANCE MIDEL ENVIRONMENT 

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

Heat-transfer coefficient data.measured along the centerline of Model 5 are 
presented in  Figures 4-1, 4-2 &d 4-3 f o r  test configurations 6 ,  5 and 8, 
respectively. Test data f o r  Model 5 alone (configuration 6) are presented 
i n  Figure 4-1 alone with analytically determined heat-transfer coefficients. 
I t  is evident i n  Figure 4-1 tha t  the analytical calculations and t e s t  data 
correlate i n  both magnitude and trends. 
distance along the conical forebody is caused by the variation i n  boundary 
layer properties. 
would decrease with distance along forebody. 
determined by the method of Van Driest (References 4 and 5) with local flow 
properties determined as follows : 

These environments were measured on 
A 

These rat ios  are presented i n  Appendix A of th i s  report. Test 

The increase i n  heating with 

If the protuberance were i n  a free stream flow the heating 
Analytical values were 

a) Forebody Surface 

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

Local 

b) Centerbody, Forward End 

Flow parameters a t  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. 
determined 

Local flow conditions are then 

c) Centerbody, A f t  End 

Flow a t  the aft end of the centerbody is assumed t o  have returned 
t o  free stream conditions. 
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4.0 (Continued) 

A plot of heat-transfer coefficient ra t ios  (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 t e s t  configurations 5, 6 and 8. A comparison of data from 
the three configurations indicates a decrease i n  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 i n  
Figures 4-5 and 4-6 for configurations 1 4  and 15,  respectively. 
configurations, Model 4 is located a t  attach point 4. 
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 ra t ios  are presented i n  Figure 4-8 for  points 
along the side of Model 4. 
configurations 1 4  and 1s. 
Model 4 side areas adjacent t o  Model 1 is to  increase the heating t o  
Model 4 sl ightly.  

In these 
A minor increase 

Data are presented in  Figure 4-8 for  
The effect  of the Model 1 wake region on 

Heat-transfer coefficient ra t ios  are presented i n  Figure 4-9 for  points 
along the side of Model 1. 
Model 4 forebody shock wave on the side of Model 1 centerbody are evident. 

The effects of shock impingement from the 

In test configurations 16, 1 7  and 18, Model 4 was located a t  attach point 5 
(17 inches a f t  of attach point 4). Heat-transfer coefficients along 
Model 4 centerline are presented i n  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 i n  Model 1 wakes): 

Heat-transfer coefficient ra t ios  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 i n  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 1 2  (double wedge) 
are presented i n  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 a f t  
wake of Model 1 (configuration 3) on Model 1 2  is t o  increase the heat- 
transfer coefficient values. 

Two basic model forebody angles were tested. 
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/6 i n  Figures 4-16, 4-17 and 4-18 for  Mach numbers 2.49, 3.51 
and 4.44, respectively. 
heating due t o  immersion i n  the boundary layer. 

These were the 15-degree fore- 

The t e s t  data indicate a reduction in  forebody 
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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 a f t e r  analysis indicated that hat sections which 
had been placed between stringers on the S-IVB forward s k i r t  would 
significantly increase the local heating environment. 
problem was  not the local increases caused by protuberance effects but 
high heating on the stringers caused by gaps which existed between the anti-  
f l u t t e r  hat sections and the stringers.  
flow f ie ld ,  th i s  configuration w a s  added t o  the protuberance t e s t  to  verify 
the analysis. 

The main heating 

Because of the complexity of the 

Only one of the four hat section models (Model 13) tested, produced 
sufficient data for  correlation purposes. 
provided only enough data t o  oBserve general trends (lack of instrumentation), 
These data are contained in  Appendix A as heat-transfer coefficient ra t ios  
(Figures A-64 through A-69) and i n  Reference 1 as basic coefficients. The 
following paragraphs describe the heating and pressure data obtained on the 
plate  around the hat section and i n  the gaps between stringers and hat 
sections. 

The other hat section configurations 

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 i n  Figure 2-1 
(configurations 11 -and 12). 
turbulent boundary layer. 
coefficient distributions on the plate caused by the hat sections (configuration 
11) for  Mach numbers of 2.49, 3.51 and 4.44. 
significant pressure increase ahead of the hat sections which diminishes with 
successive hat sections as would be expected with losses i n  to t a l  pressure 
with each hat section encountered. 
would-be caused by a normal shock (using Mach number a t  top of hat) and 
corresponds t o  tha t  which would exist  under flow separation conditions ahead 
of the hat sections. 
of the first hat section compared with data from Reference 8. 
data of this  test correlates with the other test data and shows a significant 
boundary layer effect ,  
free-stream Mach number as the w a l l  surface is approached, 
(Reference 9) shown on Figure 5-4 along with the data is sufficient t o  provide 
a method of estimating pressures ahead of a forward facing step submerged in  
a boundary layer. 

The hat sections are immersed i n  a 5-inch 
Figures 5-1, 5-2, and 5-3 show the pressure 

I t  is  evident that  there is a 

The pressure r i s e  is  well below that  which 

Figure 5-4 shows a comparison of the pressure data ahead 
The pressure 

The pressure also seems to  be more dependent on 
The equation 

The f l a t  plate heating distributions fo r  the hat section, configuration 11, 
are shown i n  Figures 5-5, 5-6 ,  and 5-7. 
ahead of each hat section with the peak values ahead of each hat i n  the t ra in  
being about the same. 
values. 
approximately the same as i f  there were no hat sections (data osci l la tes  
around h/ho = 1).  
on these figures t o  more ful ly  describe the interference region. 

There is a rapid r i s e  in  heating 

Behind each hat section the heating drops below f la t  plate  
The average value of heating over the ent i re  plate  with hat sections is 

Data from various Y-coordinate locations have been plotted 

5- 1 



5.0 (Continued) 

Pressure measurements were made on both the stringer and plate immediately 
ahead of the hat section and i n  the gap between the stringer and hat section. 
These data are plotted i n  Figure 5-8 in  pressure coefficient form fo r  a l l  Mach 
numbers and for  the f i r s t  hat  section i n  the train.  
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. 
caused by the hat sections and gaps. 
Mach number) indicate the heating data within the gaps. 
data points are i n  the first hat section gap and the last two are i n  the second 
hat section gap. 
the stringer heating ahead of and in  the hat section gap is  significantly 
above the clean plate heating. 

I t  is evident a t  a l l  

Figure 5-9 shows the heating on the stringer 
The four double data points (at  each 

The first two double 

There is a significant heating gradient within the gap and 

Attempts have been made t o  correlate analytical calculations with the measured 
test data in  the hat section gap. 
assumed the boundary layer w a s  laminar. 
laminar flow w a s  usedwith measured gap pressure t o  evaluate the heat-transfer 
coefficient. Figure 5-10 shows a comparison of the measured gap heat-transfer 
coefficient t o  the analytical calculation of an average gap coefficient and 
also the coefficient a t  X = L where L is  the gap length. I t  is evident that  
the analytical calculations compare with the data when evaluated a t  X = L. 
The flow properties fo r  these calculations were determined by evaluating the 
to t a l  temperature i n  the boundary layer a t  the top of the hat section using the 
boundary layer data of Reference 2. The s t a t i c  temperature in the gap was then 
evaluated using the to t a l  temperature a t  the top of the hat and a Mach number 
of 1. The transport properties of the a i r  i n  the gap were then evaluated using 
the s t a t i c  temperature i n  the gap. 

Since the flow i n  the gap w a s  choked, it w a s  
The familiar Colburn equation for  
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6.0 CONCLUSIONS 

Flat Plate 

1. 

2 .  

3.  

4. 

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

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

Multiple-protuberance interference heating effects i n  general were no 
more severe than for a single protuberance although a few single 
measurements on some multzple configurations were observed to  have 
higher heating conditions. 
affected by the increased heating have been modified. The maximum 
heat-transfer coefficient ratios (interference coefficient divided 
by clean plate  coefficient) i n  the interference regions were 
approximately 2.0.  

The distribution and surface areas 

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

stringers w a s  generally less 

Protuberances 

1. 

2 .  

3. 

4. 

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

Heating in the lower portions of 

Protuberance forebody heating decreases when the forebody is immersed 
in  the a f t  wakes of other protuberances. 

Analytically determined heat-transfer coefficients on a single 
protuberance forebody and centerbody compare favorably with measured 
values. 
o r  heating i n  protuberance wake regions. 

No attempt w a s  made t o  analytically determine flow properties 

Protuberance created shock waves which impinge on an adjacent 
protuberance w i l l  increase heating to  that protuberance. 
the forebody angle the stronger the shock and the greater the increase 
i n  heating. 

The larger 

6 - 1  



6 .O CONCLUSIONS (Continued) 

Hat Section and Gap Heating 

Significant increases i n  heating and pressure are realized on the surface 
ahead of hat sections ( H J 6  = 0.1) placed perpendicular t o  the flow 
between stringers.  
methods. 

The pressure r i s e  has been correlated with empirical 

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

The heating i n  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 w i t h  the heating i n  
the gap. Peak heating i n  the gaps is  reduced with successive down- 
stream hat sections. 
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HEAT-TRANSFER COEFFICIENT RATIOS FOR 
TEST PLATE AND PROTUBERANCE MODELS 
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AIR FLOW I 

2.20. 02.11 2.20. 02.11 

- ~~~ 

CONFIGURATION 2 

2.48. a 2.51 

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-OR). 

FIGURE A-49. EFFECT OF MODEL 1 WAKE ON DOUBLE MlEDGE (MODEL 12) E A T I N G  
DISTRIBUTIONS AT WCH NUMBER 2.49 
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2.560 02 .60  

2.39. m2.22 

AIR FMV 
CONFIGURATION 2 I 
2.810 e2.62 

2.68 0 2 . 5 0  

2.38e a 2 . 3 3  

e 1.65 
0 1.41 
1.38 

00.95 
00.76 

0.74. 0 0 . 7 3  I 
OONFIWRATION 3 

MYE: Values presented are the ratio of local heat-transfer coefficient to 
;in average of clean plate heat-transfer coefficients obtained in the 
area cavered by Model' 12 base (0.00133 Btu/ft2sec-*R). 

FIGURE A-50. EFFECT OF MODEL 1 WAKE ON DOUBLE WEDGE @ODEL 12) HEATING 
DISTRIBUTIONS AT I@CH NUME3ER 3.51 
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2.650 e2.67 

2.61. 02.50 

2.38. 02.41 0 

1.97. 9 02.10 .1.88 

01.08 

0 00.70 
0.71 

AIR FLOW 
CONFIGURATION 2 I 

3.110 02.73 

2.63. e2.53 

CONFIGURATION 3 

NOTE: Values presented are the ra t io  of local heat-transfer coefficient t o  
an average of clean plate  heat-transfer coefficients obtained i n  the 
area covered by Model 1 2  base (0.00076 Btu/ftZsec-'R). 

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

CONFIGURATION 6 

AIR FLOW 

CONFIGURATION 5 

1.58 

0 00.35 
0.38 

i -  

CONFIGURATION 8 

CONFIGURATION 9 

NCJTE: Values presented are the r a t io  of local heat-transfer coefficient to  
an average of*clean plate  heat-transfer coefficients obtained i n  the 
area covered by Model 5 base (0,00255 Btu/ftzsec-OR). 

FIGURE A-61. EFFECT OF MULTIPLE WAKES (MIDELS 1 AND 2) ON MODEL 5 HEATING 
DISTRIBUTIONS AT MACH NUMBER 2.49 
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NOTE: * indicates measurement located on opposite side. 

CONFIGURATION 6 

AIR FLOW 

CONFIGURATION 5 

CONFIGURATION 8 

CONFIGURATION 9 

NOTE: Values presented are the ra t io  of local heat-transfer coefficient 
t o  an average of clean plate heat-transfer coefficients obtained 
in  the area covered by Model 5 base (0.00135 Btu/ftzsec-'R). 

FIGURE A-62- EFFECT OF MULTIPLE WAXES (JIODELS 1 AND 2) ON MODEL 5 HEATING 
DISTRIBUTIONS AT MACH NUMBER 3.51 
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NOTE: * indicates measurement located on opposite side. 

CONFIGURATION 6 

AIR FLOW 
___7 1.59-1.61 

CONFIGURATION 5 

CONFIGURATION 8 

CONFIGURATION, 9 

NOTE: Values presented are the rat io  of local heat-transfer coefficient t o  
an average of clean plate  heat-transfer coefficients obtained i n  the 
area covered by Model 5 base (0,00085 Btu/ft2sec-'R), 

FIGURE A-63. EFFECT OF ELS 1 AND 2) ON 
DISTRIBUTIONS AT MACH NUMBER 4,44 
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