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Wind tiumel t*> its were conducted to determine the effects of various 
protuberances on beat transfer rates to a flat surface . The protuberance 
models included three cylinders inclined degrees backward, two cylinders 
inclined Us degrees forward, two cylinders normal to the flow, one scad - 
cone-afterbody and one wed««-afterbody model. Tests were performed at Mach 
6.3 and at gas total tempera tur'11 ©f 4|p@ Tí. 

The degree and the lateral, extent of disturbances produced by cyl¬ 
indrical protuberances depend on the protuberance orientation with resrpect 
to the flow. Models inclined forward produced the highest heating rates 
while modal^ Inclined backward produced the lowest. 

Cylindrical protuberances inclined 45 degrees backward produced no 
eisHu if leant incraane in beating rates upstream af the models. Models in 
noi .r*\i or forward facing orientation produced aa increased heating rate 
are • that extends approximately 2-1/2 protuberance diameters upstream. 

The highest heating rate regio» in the vicinity of cylindrical 
protuberances Inclined 45 degrees backward occurred along the lines that 
are trailing the models at approximately 10 degrees with respect to the 
plate centerline. Cylindrical protuberances in normal and forward-facing 
attitudes produced the highest heating rates Just upstream of the models. 

Downstream and to the sides of the cylindrical protuberances dis¬ 
turbance® extended throughout the instrumented length. 

The highest heating rates, about 40 times the undisturbed value, 
occurred vqpstrea* of tbs forward-facing cylindrical protuberances. 

IHTRQDUCT10B 

Convective heat transfer rates on a surface exposed to a super¬ 
sonic flow may toe significantly altered by a surface protuberance. The 
degree and the lateral extent of disturbances appear to depend on pro¬ 
tuberance geometry, free stream conditions, and condition of the boundary 
layer. 

Interaction of protuberance shock waves with the boundary layer 
produces a flow1 field which at present cannot be adequately treated 
analytically. Experimental studies have been Initiated and data is avail¬ 
able for a number of specific protuberance configurations (References 1 
through 7). As at present, however, experimental investigations have 
included only a small percentage of the protuberance configurations of 
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lQt«re»t. Tïie available data Is still insufficient for e établi ab- eat of 
Bend.-empirical relations for beat transfer or flov paramotera in the dis¬ 
turbed regions. 

The purpose of tills investigation was to provide additional experi¬ 
mental heat transfer data for protuberance configurations that are of 
Interest in current missile design. The rocket-powered wind tunnel, avail¬ 
able for this investigation, provided a test environment that closely 
simulates typical missile flight conditions. 

‘TEST API ARATUS 

The heat transfer surveys were conducted in the Thermodynamics 
Inborntories*rocket powered wind tunnel. The tunnel working fluid was 
generated by burning gaseous hydrogen and air at a stoichiometric mixture 
ratio at 465 psia chamber pressure. A supersonic test Jet was obtained 
by expanding the combustion products through an axi-symmetric reflex noizle 

The teat section flow parameters are given in Table I. The method 
used to obtain these parameters is described in the Appendix. The com¬ 
bustion chamber properties and gas composition are given in Table II. 

The heat transfer surveys were made utiliting a plate with one 
surface flat and parstllel to the free stream. A twenty-degree copper wedge 
was attached at the leading edge to secure a flow of ¡alnlarum disturbance 
over the instrumented surface. Installation of the plate in the tunnel la 
shown In Figure 1. Details of construction are shown In Figure 2. 

The protuberance models included three cylinders of 0.75, 1.0, and 
1.5 inches diameter, a semi-cone with an afterbody, and a 30-degree wedge 
with an after-body. The two smaller diameter cylindrical models were 
tested at three different attitudes with respect to the flow; l) normal, 
2) inclined 45-degrees forward, and 3) inclined 45-degrees backward. 
Because of excessive wind tunnel blockage the 1.5 inches diameter model 
could not be tested in normal or forward attitudes. 

The base plate was iastnmmsated with 59 thermocouples and three 
static pressure orifices. The therneceuples were spot-welded to the hack 
side of the surface plate. Arrangement of the thermocouples and pressure 
orifices Is seen in Figure 6. The cylindrical protuberance models were 
instrumented with thermocouples using the spot-welding technique. The 
semi-cene and wedge-afterbody models were instrunented with plug-type 
copper calorimeters. Locations of the instnmwnted points on the protu¬ 
berance models are shown In Figures 3, 4, and 5. 
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The conclltloB of the boundary layer over the protuberance-free hut- 
face wa* exaained by «nnparlng the BMsaaured heating rates to the ratee cal¬ 

culated for laminar and turbulent boundary layers. The theoretical values 

were obtained ualng the reference enthalpy method su^ested by Erkert in 

Reference 6. As seen in Figure 13, better agreement with experimental 

values was obtained using theoretical laminar values rather than theoretical 

turbulent values. 

DATA REDUCTION 

The rate of heat transfer to the exposed surface was determined from 

the following equation: 

q q* + qc ’ qr 

The left hand term represents the heat transfer rate received by a surface 

element from the hot gas stream; qg is the rate at which the energy is stored 

in the element; qc is the net rate at which the heat is conducted laterally 

to or from the element; and q^, is the rate at which the heat is radiated 

through the back surface. The radiation loss through the back surface of the 

skin was estimated to be leas than of the total at the maximum temperature 

measured. The lateral conduction loss depends on the second temperature- 

lateral distance derivative. To determine this correction using the tempera¬ 

ture derivative method an accurate temperature distribution in the lateral 

plane la necessary. In the vicinity of protuberance models, where the vari¬ 

ation In temperature gradients la large and rapidly changing, the temperature 

distribution was not known accurately enough to determine the second tempera¬ 

ture-distance derivative. As an alternate approach the following method was 

used to obtain the lateml conduction losses. 

The high total temperature environment provided a very nearly con¬ 

stant skin tempera.tur rise rate. Therefore, at points which were free of 

conduction losses the temperature-time traces were very nearly straight lines. 

Points with conductive heat losses produced traces deviating from a straight 

line. After the tunnel shut-off the temperatures at these points continued 

to rise or fall depending on whether the net conductive heat transfer was 

positive or negative. The correction for the lateral conduction was deter¬ 

mined by measuring the temperature-time gradient immediately after shut-off 

of the tunnel flow. 

The aerodynamic heating rates on the surface plate was then obtained 

from the equation: 

q , d.,o .Cp 
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where d is thiclmeas of the shin, p density of the shin, Cp - specific heat 
of the shin, and 4T - sMisured teaperature gradient oorrected for losses.

The aerodynaaic heating rates on the cylindrical protuberances were 
obtained froa a siailar equation;

d. p
R, + R2

Cp

where 2 R,
is a aurrature correction factor Introduced to acoowt forRjl + R^

Increased area of the exposed coneex surface. The lateral conduction effects 
were corrected la the seats asaner as for the base plate surface. The saai- 
cone and wedge-afterbody aodels were equipped with plug-typf.' caleziaetcrs.

The heating rates were calculated frea equation:

•P-Cp Sr
v/bere d and Cp arc the length, density.
riaeter and ^ T//. t the asasured temperature rise rate. 

RESUUS AND DISCUSSION

and specific beat of the calo>

Method of Presentation:

Heat transfer rates to the base plate in the riciaity of the pro­

tuberances are given in Figures 7 through 1^. To indicate the psethberance 
effects the data are presented in the foia of ratios of local disturbed to 
undisturbed (protuberance-free) beat transfer rates. The flat plate un­

disturbed beat transfer rates are given in Table III. The beat transfer 
rates on the protuberance aodels are given In Figures 16 and 1?.

Undlstxarbed Flat Plate

The undlstxirbed flat plr.te beat transfer rates were averaged for 
three or aore runs aad are presented in Table III. The data were tahsn 
along the centerline and along lines parallel to and 0.73 and 1.3 Inches 
away from the centerline. Tbs sgreeaent aaong the corrsspending values 
on thsss three Ujaes is considered satisfactory. A aorw proaounced dori-

fom tiai
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atloa of th« fartheat œ®aaure»&Bt» aear the trailing end Is probably due to 
the edge effects. Variation aloag the cesterline is shown, in Figure 18. 
The best transfer ratee nOjisured on the upstrea« imlf of the plate closely 
approach a parabolic distribution. On the downstream half of the plate 
the distribution is less regular but the valuea fall in the vicinity of 
the »use parabolic curve. 

Cylindrical Protuberances Inclined Backward 

Protuberance effects on beat transfer rates to the flat plate are 
shown in Figures 7,, B, and 9. The heating rates near the leading edge are 
about ¿OÍ higher than the undisturbed values. The rates decrease gradually 
to approximately 60^ of the undisturbed rates about one protuberance radius 
upstream of the models. Just upstream of the models the rates Increase to 
approximately the undisturbed values. Downstream close to tbe models the 
heating rates are less than 30$ of the undisturbed values. About U diameters 
downstream the rates increase to approximately 3 times the undisturbed 
values. To the sides the hottest regions trail the models at approximately 
10’ angle with respect to the plate centerline. In the area surveyed the 
highest rates occurred farthest away from the models. 

The maximum heating rates increased with the size of the model. The 
highest obtained with 1.5 inches diameter model is 8.37 times the undis¬ 
turbed value. 

Cylindrical Protuberances Normal to the Flow 

As seen in Figures 10 and 11 increased heating area extends approxi¬ 
mately ¿-1/2 diameters upstream of the protuberance. The heating rates in 
this region undergo the following variation: 1) an increase to approximately 
3 times the undisturbed value, 2) a decrease to approximately 1.U times the 
undisturbed value, and 3) a very pronounced increase Just upstream of the 
model. The highest values measured upstream of the 3/L and 1-inch diameter 
models were 31.8 and 10.3 times the undisturbed values. The difference in 
these aeftsureisents is probably due to dissimilarity in the instrumentation 
arrangement with respect to the flow fields for the tv® models. 

Downstream close to the models the rates are below the undisturbed 
values. About 2 diameters downstream the rates peak at approximately A times 
and 3 times the undisturbed values for the f/U and 1-inch dlax ter models 
respectively. Te the sides the hottest regions trail the models at approxi¬ 
mately 20-degrees with respect te the plate centerline. The highest rates 

I 
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racorded la the»« region« for the y 4 and. 1-lach dlamoter modal a ware 12.0 
and il .os times the undisturbed value. 

Cylindrical Protuberances Inclined V.1 Forward 

Heat transfer rates t© the base plate axe given in Figuren 12 and 13. 
Increased beating rates extend approximately 2-1/2 protuberance diameters 
upstream. The maxim® rates, approximately to times the undisturbed value, 
occurred lass than 1/2 protuberance diameters upstream of both modela. 
Directly downstream of the nwwlels heating ratea are higher than for the s*®e 

«odeie oriented normal to the flow. To the sides near the models the heat¬ 
ing rates are higher than for the same models normal to the flow. The rates 

farther away are somewhat lower than for normal cylinders. An increase-de¬ 
crease-increase pattern in the direction of the flow occurred as In the 

cases of normal and 45*-backward orientations. 

Sewd-done-Afterbody Protuberance 

In the close vicinity upstream and downstream of the model the heat¬ 

ing rates are approximately 50¾ of the undisturbed values. Farther down¬ 
stream the rate increased to I.36 times the undisturbed value. The highest 

heating rate, 2.66 times the undisturbed value,occurred to the side and down¬ 
stream of the model. 

Wedge-Afterbody Protuberance 

As seen in Figure 15 the heating rate about one protuberance thickness 
upstream of the model is approximately 50¾ of the undisturbed value. Down¬ 

stream, close to the model, the rate is less than 20¾ of the undisturbed 
value. Farther downstream the rate* increase gradually to 2.29 times the 
undisturbed values. , 

Heat Transfer Rates bo Protuberance Models 

The heating rates to the cylindrical protuberance models are shown in 
Figure 16. On protuberances Inclined backward the peak in distribution along 

the leading edge occurred 1/4-inch above the surface of the base plate. On 

protuberances in normal orientation the peak occurred 3/4-inch above the 
surface. On protuberances Inclined forward one peak occurred very close to 

the surface and the second peak approximately 1/2-Inch above the surface. 
The peak rates aa well as the overall heat transfer ratea were highest on 
smallest diameter protuberances. 

cy 

7 SA# OW60 ii 

*'* a r i ; ,i'.j 

CUM OfcNIA 

GO 

10 March I.96I 



RKSUl/re AND DISCUSSION (Coat’d) 

The hi5atln¿ rates on semi-cone and wed^e-af terbody protuberance models 
are shown in Figure 17. The highest heating rates were measured nearest to 

the leading edges on both inodeis. At the trailing ends the rates dropped 

to and 1¾ of the respective highest measured values on the semi-cone 
and wedge -af te rbody protuberances. The highest rate on the serai-cone --«del 

was nearly four times the highest measured rate on the wedge-afterbody model. 

CCNCUBIOIS 

The degree and the lateral extent of disturbances produced by cylin¬ 

drical protuberances depend on the model orientation with respect to the 
flow, .Models inclined forward produced the highest beating rates while 

models inclined backward produced the lowest. 

Cylindrical models inclined U5* backward produced no significant in¬ 
crease in heating rates upetreaa of the models. Models in normal or forward- 

facing orientation produced an increased heating rate area that extends 
approximstely 2.5 protuberance diameters upstream. 

The highest heating rate region in the vicinity of cylindrical models 

inclined 45’ backward occurred along the lines that are trailing the models 

at approximately .10 degrees with respect to the plate centerline. Cylin¬ 
drical protuberances in normal or forward-facing attitudes produced the 

highest heating rates Just upstream of the models. 

Downstream and to the sides of the cylindrical models disturbances 
extended throughout the instrumented length. 

The highest heating rates, about 40 times the undisturbed value, 

occurred upstream of the forward-facing cylindrical protuberances. 

irsm ilti 
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Detenalnation of Test Section Flow Properties 

The test section flow properties were determined analytically and were 
checked using cali oration pressure and nassflow data. In the calculations 
the expansion process was assumed to take place at a shifting gas composition 
from combustion chamber pressure to pala and at a frozen gas composition 
from PS psift pressure to the test section static pressure. As shown in 
Reference ÿ the vibrational relaxation time for nitrogen-water vapor mixture 
Is very short. The vibrational relajeation time at the test section static 
conditions is of the order of 30 microseconds and is considerably less at 
higher pressures and temperatures. The nozzle travel time is approximately 
300 aderoseconds. The gases, therefore, were assumed to be In a thermo¬ 
dynamic equilibrium throughout the expansion process. The calculations for 
test section velocity, static temperature, and Mach number were carried out 
using a step expansion method. The measured test section static pressure 
was taken as the lower limit for the expansion process. 

The combustion chamber gas temperature and the test section total 
temperature were considered to be lees than the theoretical flame temper¬ 
ature. Direct measurements of this temperature could not be easily obtained. 
An approximate value for the chamber gas temperature was deduced from 
chamber pressure and propellant »assflow measurements. This temperature was 
used for calculating the test section properties. 

The gas viscosity and thermal conductivity in the test section were 
calculated using the method given in Reference 10. Since the products of 
combustion consist almost entirely of nitrogen and water vapor, the viscosity 
and the thermal conductivity were calculated considering these two components 
only. 

The experimental values of the test section Mach number and gaa 
specific heat ratio were obtained from pressure measurements taken across 
oblique and normal shocks of various Intensities. Oblique and normal shocks 
In tandem arrangement were obtained with a combined wedge-pitot probe. Ae 
seen in Figure 19 an oblique shock is produced at the leading edge ef the 
probe and a normal shock at the pitot probe. Varieties of attitude of the 
probe permitted establishment of shocks of various intensities. The free 
stream Mach number and gas specific heat ratio were determined by comparing 
experimental and theoretical pressures for a number of different probe atti¬ 
tudes as shown in Figure 19. It should be noted th&t, because of the pres¬ 
ence of a boundary layer on the probe, the experimental pressures, partic¬ 
ularly at lower angles of deflection, are expected to be slightly higher 
than the theoretical pressur«a. 
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