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ABSTRACT: The heat-transfer characteristics of the laminar 
compressible boundary layer on a hemisphere cylinder have 
been investigated at free-stream Mach numbers of 5, 6.5, and 
fe. The Reynolds number based on free-stream conditions and 
model diameter was varied from 70,000 to 700,000. Various 
conditions of steady-state heat transfer to the model were 
realized by circulating a coolant through the model, and by 
varying the tunnel supply air temperature. The wall to stag- 
nation temperature ratio was varied from 0.43 to 0.75.  Optical 
observations and Pitot pressure surveys of the boundary layer 
showed it to be laminar on both the hemisphere and the cylin- 
drical afterbody. The heat transfer was evaluated from the 
temperature differences measured across the model wall under 
steady-state conditions. Over the hemisphere, the local non- 
dimensional heat-transfer parameters are, on the average, 
approximately twenty percent larger than predicted for an 
isothermal body by Korobkin's modified incompressible theory. 
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This report Is an account of the hemisphere cylinder heat- 
transfer program carried out In the NOL 12 x 12 cm Hypersonic 
Tunnel No. 4. 

Knowledge of the heat-transfer characteristics of blunt-nosed 
bodies has become of particular interest. The blunt nose 
alleviates some of the design difficulties resulting from the 
high rates of heat transfer and low heat capacity near the 
nose of pointed bodies. 

A portion of the results contained in this NAVORD Report was 
presented at the 24th Annual Meeting of the Institute of Aero- 
nautical Sciences in January 1956. The present report con- 
tains additional results and a more detailed analysis of the 
data as well as a complete tabulation of the experimental 
results. 

This work was Jointly sponsored by the U. S. Naval Bureau of 
Ordnance and the U. S. Air Force. It was carried out under 
Tasks NOL-133-1-56, and NOL-291. 

The authors wish to express their indebtedness to Drs. R. E. 
Wilson, R. K. Lobb and Mr. I. Korobkin for many stimulating 
discussions during the course of the investigations. A large 
portion of the numerical evaluation was done by Mr. Moon H Cha, 
Mr. R. Garren, Jr., in addition to participating in the tests, 
was largely responsible for the model design and test prepara- 
tions. 

WILLIAM W. WILBOURNE 
Captain, USN 
Commander 

H. H. KURZWEG 
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SYMBOLS 

Cn pressure coefficient 

D model diameter 

h heat-transfer coefficient 

k thermal conductivity of air 

km thermal conductivity of model material 

M Mach number 

Nu Nusselt number 

p static pressure 

Pr Prandtl number 

Re Reynolds number 

Ar wall thickness of model 

T temperature 

AT temperature difference across wall 

TQ stagnation temperature 

Teff effective temperature (surface temperature for zero 
heat transfer) 

u velocity 

x model contour length, measured from stagnation point 

Ay effective model wall thickness, defined by Equations 
3 and 4 

oC angular position, measured from stagnation point 

B velocity gradient at stagnation point 

)i absolute viscosity of air 

y kinematic viscosity 

p density of air 
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Subscripts 

D diameter used as characteristic length 

e adiabatic wall conditions 

L local conditions at outer edge of model boundary layer 

w conditions at or on modal wall 

x contour length used as characteristic length 

öD free-stream conditions at infinity 

vl 
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HEAT-TRANSFER CHARACTERISTICS OF A HEMISPHERE 
CYLINDER AT HYPERSONIC MACH NUMBERS 

INTRODUCTION 

1. When the present investigations were initiated, experi- 
mental information on the heat-transfer characteristics of 
laminar compressible boundary layers on blunt-nosed bodies 
were still rather limited inspite of the great practical in- 
terest in such body shapes. Most of the available data were 
obtained at Mach numbers below 5, and for small rates of heat 
transfer (references a-c). In each of these investigations 
attempts were made to simulate isothermal bodies. For these 
data, incompressible and modified compressible theories repre- 
sent the over-all trend. 

2. In order to realize larger rates of heat transfer, and to 
perform the investigations at hypersonic Mach numbers, the pre- 
sent studies were carried out on a cooled hemisphere cylinder 
in the NOL Hypersonic Tunnel No. 4 (reference d), at Mach 
numbers 5, 6.5, and 8. Free-stream Reynolds numbers based 
on model diameter ranged from 7 x 104 to 7.7 x 105, and the 
model wall to stagnation temperature ratios from 0.43 to 0.75. 

Description of Models and 
Experimental Procedure 

3. The pressure and heat-transfer models are 3.8 cm diameter 
hemisphere cylinders made of type 302 stainless steel. They 
have a constant wall thickness, and can be cooled or heated 
internally to temperatures ranging from 210OK to 800OK. Pres- 
sure data were obtained at 10 positions along the hemispheri- 
cal nose and the cylindrical afterbody with the pressure model 
shown in Figure 1. The pressure orifices, arranged in a spiral 
starting at the stagnation point, are 0.635 mm in diameter, 
which corresponds to an angle of 1.9 degrees on the model, or 
to an arc length, Ax/D, of 0.0167. Mercury manometers or oil 
manometers which have reading accuracies of ± 0.1 mm Hg and 
♦ 0.001 mm Hg, respectively, were used to measure the pres- 
s"iires. A reference pressure orifice is located in both the 
pressure and the heat-transfer model at x/D - 0.869. 

4   The heat-transfer model, shown partially assembled in 
Figure 2, has thermocouples located at 11 stations on both 
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^ . * «<«^ «an * Tvoe 302 stainless steel was 
the exterior and interior *»1t^* ^£^1 conductivity varies 
selected for the models because its ^ermal con      Jred 
linearily with t^ ^0^105^? of th«Sl conductivity 
for the tests. Also, JJ« ^""i";! t0 assure a fair accuracy 
li  rsu^r/ie^arJrS^JL^ficJoss the model wall. 

5.  The coolant (silicon on fJOO 2 centutoKeRenters^he 

model through a tube J^1?^1? ®??Xre nose. The coolant re- 
is then discharged into th® ^^e"t°een the inlet tube and turns through the annular clejrjnce between     ^ o   e 

the model wall. ^t!S model support. The cooling system 
coolant are part of *he "?°5 hv eaualing the heat transfer 
requirements were calculated ^ *q^nfhe „odel to the coolant. frSm the air to the model to Jhat from the moae     ^^ 
This is done by assuming the following U>   the\efit  transfer 
bution to the over-all ^eat transfer is      distribution 
to the hemispherical ^^XX theory of reference (a); 
of the latter can be Predicted by «« ™ion point can be taken 
and (3) the absolute ^lu« ^r^n5ai

g5ata JeSorted in refer- 
as the mean value of the e^P^im^LeJ with the available 
ence (a). From this ^^f^Ji/^Tcirculation rate of 
engineering data for the silicon °^' *  temperature rise 
4 ialions/minute was computed if the ^ ™?^ l0C for all 
of the coolant should ^^^"f^^^^^ise for this flow 
test conditions. The ;easur^J^^Jf eexcept at the lowest 
rate was well within the f^^fwJere it amoSnted to 30C. 
coolant temperature J^^^^ned tem^rature bath 
An exterior, thermost*ncally ^J^Jtemperature within the 

6.  The interior thermocouples are made of 30-gauge iron 

.A first model ^^"^1^1^ «ÄcSi«'^ »i^tÜ 
stations. The model wall ^ickness «s MI     U     t0 
results of refere,1«e(a}'S?0n that for a constant interior 
the shoulder in such a J»^1™*??* temperature should have 
temperature also a constant •»^""Xn placed on calcu- 
beerohtained. The ««»"M^^ftÄ test results 
S^Soi'^i"68^ tile rhfrioJoiiles were located on isotherms. 

The model descrihed ^»ve^» simpler construction^hicha- 

^rant^oS'^iSÄÄl readings at each station. 
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constantan Ceramo wires.* The exterior thermocouples, located 
radially above each interior one, are made of 36-gauge iron 
constantan wires and are imbedded in grooves on the model sur- 
face with an insulating cement.** The sizes of the grooves, 
of the thermocouple Junctions, and of the spherical recesses 
into which the interior Junctions are welded, are such that 
the thermocouples are located with an accuracy better than 
±  0.025 cm. To reduce the conduction losses along the ex- 
terios thermocouple wires, the grooves into which the wires 
are imbedded form at least a semi-circle around the model and 
then they lead the wires straight back to the base of the after- 
body. The exterior and interior temperatures were recorded on 
two synchronized operating 12-polnt Brown recorders which have 
printing intervals of two seconds. Temperature readings, ac- 
curate to ± O.IOC, were taken after practically steady-state 
conditions were reached, which required 5 to 10 minutes opera- 
tion at the desired test conditions. 

7. In addition to the pressure and temperature distributions, 
measurements were also made of the surface temperatures for 
zero heat transfer. For these tests hot air was circulated 
through the model and the temperature adjusted until a locally 
zero temperature gradient was observed successively for each 
station. 

8. Information on the flow pattern and the condition of the 
boundary layer around the model was obtained from schlieren 
observations and boundary-layer surveys. 

Data Reduction 

9.  The free-stream conditions were determined from measure- 
ments of the wall static and Pitot pressures in the test 
section, and from recordings of the stagnation temperature. 
To, in the nozzle Inlet. The Raylelgh formula was used to 
compute the Mach number. The local flow conditions around 
the model, in terms of ML, TL, pL, and UL were calculated 
from the measured pressure distributions and TQ.  In making 
these calculations, the flow was assumed to expand isentropi- 
cally over the model, and the stagnation point pressure was 
set equal to the Pitot pressure. The boundary-layer surveys 
Indicated that these assumptions are Justified. 

♦Manufactured by Thermo Electric Co., Inc., Fair Lawn, New Jersey, 

♦♦Technical B copper cement, manufactured by W. V-B Ames Co., 
Fremont, Ohio 
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10. Other relations and quantities used in the further evalu- 
ation ol the data are the pressure coefficient 

cp - (PL-POD )/(^)(PoD«flD2 ) <!> 

The Nusselt number based on either the model diameter or the 
arc length are: 

NUD - T - (Te.Tw)kair 
; NUX  k  (Te-Tw)kair 

The heat transferred from the air to the model, q, is calcu- 
lated from the heat conducted through the model shell where 
the contribution of radiation heat transferred to or from 
the model is neglected. The heat transfer, q, is equal to 
the average conductivity, km, of model material multiplied 
by the temperature gradient at the model surface (reference 
1). Assuming one-dimensional conduction, that is neglecting 
the transverse conduction along the body contour, the temper- 
ature gradient at the model surface is (reference 1), 

41. ^L  (D-2Ar) (3) 
Ay  DAr 

for the hemisphere, 

/&       24T 
Ay D (4) 

D logejirrar) 

for the cylinder. The adiabatic wall temperature Te for a 
laminar boundary layer is 

Te - ( PTATO-TL) + TL (») 

Consistent with the usual representations ^^Z^^lh nr 
data, the Nusselt numbers are ratioed to either (BD2/j/ )V^ or 
Rex1/'2 where ß is the velocity gradient at the stagnation point 

• -^) « -o (6) ■Gr) 
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and 

UL x 
(7) 

Fnt. the viscosity of air Sutherland's formula was used (NBS 
?aWe 1.39)! The ?heJ«al conductivity of air was obtained 
using the empirical formula 

k m  0.6325 X 10-5 T3/2   cal/cm gec 0c     (8) 

T + 245.4 x 10"12/T 

fNBS Table 2 42). Prandtl number values were taken from the 
NBlMSle 2 44  Th"thermal conductivity of the 302 stainless 
s?eel wis m^sirei on a sample cut from the model stock by the 
National Bureau of Standards (reference f). 

11  In addition to computing the heat-transfer coefficient on 
tie  basis of (?e-Tw). experimental values of the surface temper- 
ature ?o? locally zeio  hSat transfer, Teff, have also been used 
instead of Te  In general, the measured Teff data are not free 
fro! rad?atioA lossis, sinie the tunnel walls are, in some cases, 
cooler t^ntSemodel'by a factor of 2.5. !hes%df an!f ^here- 
5ore corrected assuming a cylindrical geometry of tunnel and 
model, and an emissivity of 0.7. 

RESULTS 

Pressure Measurements 

12. The Mach number distributions stained from the pressure 
me^urements over the model are shown in JJf^ 3« ^ Jistri 
bution over the hemisphere is consistent with the results ol 
^firpnces (a-c)  Over the cylindrical afterbody the Mach 
number continues*to rise slowly approaching a value which ap- 
pears to depend on the free-stream Mach number. 

T?  The measured pressure distributions presented as pressure 

%  fo^rThan H i o "n ^ "pJeSIcts, but .re dosely repre- 
sented^v a curve calculated using Pitot pressure to determine 
c£l.    The ^ee»ent Is good for small values °* ^g. ""* the 
*Si;_.>;t.i ?„ dat« deviate from the calculated cos^ 2 x/D 

fufve ft «^sP of Ärger than about 0.5. Hear this point, 
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for the Mach number range 5 to 8f the pressure distribution 
has the same slope as one assuming a Prandtl-Ueyer expansion 
and good agreement with the data is obtained if the ftandtl- 
Meyer calculation is started at the point of equal slopes. 

14. The velocity gradient at the stagnation point used in 
correlating the heat-transfer data was determined from graphs 
of the velocity distribution over the hemisphere. The local 
velocity was calculated from the measured pressure distribu- 
tion and the stagnation temperature. Values of the normalized 
velocity gradient, BD/uoo, are plotted in Figure 5. Values 
obtained from the experimental Mach number distributions are 
compared with the data of references (a, b, c, h, i, J, and k) 
and with a theoretical curve based on the Newtonian pressure 
distribution. The present velocity gradients are about 10 
percent higher than theory predicts. 

Boundary-Layer Surveys 

15. The boundary layer was surveyed at 5 stations along the 
model at a free-stream Mach number, Moo» of 8. For these 
tests, hot air was circulated through the model at the temper- 
ature necessary to achieve practically zero heat transfer at 
the stagnation point. Pitot probes of a half-height of 0.005 
inch were used for the surveys. To evaluate the Mach number 
distribution across the boundary layer, the measured Pitot 
pressures were referred to the local wall-static pressure 
value. The surveys shown in Figure 6 are characteristic of 
laminar boundary layers. A slight overshoot was measured 
beyond the Juncture of the hemisphere and the cylinder x/D - 
0.869, which is probably due to an over-expansion at the 
Juncture. For each station, the Mach number at the outer 
edge of the boundary layer agrees closely with the Mach 
number. ML, obtained from the ratio of the local wall-static 
pressure and the pressure measured at the stagnation point. 
A comparison of these data with theory was felt not to be 
Justified because their further evaluation would require 
measured distributions of the boundary-layer temperature 
which were not obtained during the present investigations. 

16. For the free-stream Mach numbers 6.5 and 5, schlieren 
optical observations were made which also confirmed a laminar 
boundary layer for the entire model. 

Heat-Transfer Measurements 

17. The measured temperature distributions deviate con- 
siderably from an isothermal wall. For small rates of heat 

6 
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traufer, the temperature varied fro« 330°K »tjhe stagna- 
tion poiit to 304OK at the shoulder (see Appendix A M»- 
iion pw*   hlirher rate8 of heat transfer a variation fro« 
ai^K'to SeÄS oSsSJved (Appendix A MCD- 4.9). Because 
III  iniide wall tesperature re«ained relatively constant in 
I?? cllll   ISe noS-SothS«al surface te«perature distribu- 
tiinS SrrefleS?ed in the relative tesperature difference, 
which are shown in Figure 7. 

18  The calculation of surface heat transfer fro« the «easured 
SiJatuSe differences was based on the •••«•P^0» jj ^J; 
i!«J«.T«n*i h«at flow across the «odel wall. The deviation 
fJS « ?SitKJLl twrature distribution ^ows this is 
Z?t t firet aDProxi«atlon. An atte«pt was «ade to obtain 
a ätteJ wSSSiS by evaluating the •«•S^*;* «J?- 
duction along the «odel. The principal procedure tried as- 
JSJi So conductivity variation and «•• ^ »^J^» ^i8 
Limiace's eauation in spherical coordinates with flow axis 
££"Jywlththe inside and outside tesperature distribu- 
?i^« aJ the boundary conditions. This procedure did not 
^ coSsistant wsults, «ainly because the nmber of «easure- 
fin?« we insufficient tö define the derivatives of the 
SiStJilutioi 5S"hicS the longitudinal conduction depends. 

la  The over-all behavior of the curves of Figure 7 differs 
i?*two DUceS fro« the distribution predicted by inco«pres- 
iibirthewy  The te«perature difference has a »axi«u« at 
x/S ! 0 0975 (i-11°); and not at oc - 0. An increased 
^«raiure difference occurs, in so«e cases quite pronounced, 
It ^D ITSM U- 450) which corresponds approxi»ately to 
?L intersiction of the sonic line with the body contour. 
SL^e^UiS addition to those presented in Figure 7 
Sol^ ThSt thS «axi«u« off the stagnation point decreases 
JuSdecwisSg Ste S heat transfer and disappears for 
lücJseo? zwo Seat transfer. Recently published data 
rr^fwence h Figure 10) obtained by the transient techni- 
i^! indicStei thete«perature distribution develops a 
SSiiSi Sp^ox^teir* 1/2 degrees fro« the stagnation 
point as steady-state conditions are approached. 

1/2 
on  Th« h«at-transfer data, expressed as Nu»/(Rex)  » ftr® 

in the tables. 

DISCUSSION OF DATA 

21. in general, the plots of the non-di«ensional heat-transfer 
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parameters exhibit, in either representation, the behavior 
already indicated in Figure 7. For each heat-transfer con- 
dition and Mach number, the individual distributions show a 
rather characteristic behavior which repeats itself, more or 
less, with variation in free-stream Reynolds number. Some 
characteristic features are, however, clearly shown by all 
distributions, the peaks at x/0 - 0.0975 (oc^ll0) and at 
x/D • 0.393 (* ■ 45°), as well as the rather large values of 
the parameter at the shoulder. It is difficult to draw any 
conclusions regarding a trend with either Mach number, Reynolds 
number or heat-transfer rate. The band representing all the 
data is considerably wider than can be explained by experi- 
mental scatter, which is of the order of ± 5 percent. 

22. The effect of reference temperature (at which the pro- 
perties of air are evaluated) is illustrated in Figure 9. 
While the selection of wall temperature or temperature at 
the outer edge of the model boundary layer as reference 
temperature has very little effect, not more than about 1.5 
percent for the Tw and TL values encountered, the use of Teff 
instead of Te has the tendency to flatten the distributions. 

23. In Figure 10a and 10b are shown the present data, to- 
gether with other experimental results, and with theory. 
The latter has been done only to orient the present data 
with reference to theoretical predictions which are based 
on the concept of an isothermal body and one-dimensional 
heat conduction. In comparison to Silbulkin's stagnation 
point value of 0.661 (reference g) all data are high. All t 
experimental data exhibit the same general behavior over 
the front portion of the hemisphere. The stagnation point 
value is not a maximum value.  (The Crawford and HcCauley 
data, reference h, show a similar effect near the stagnation 
point as their test approaches steady-state conditions.) 
Like the present results, Stine and Wanlass* data show a 
peak value atot-uo, and another one at <*. - 45°, and 60°, 
respectively. Beyond this point, Stine and Wanlass1 data 
decrease rapidly and approach the flat plate value. Not 
so the present data, the behavior of which is consistent 
with Gruenewald and Fleming's and Korobkin's results. The 
numerical values are, on the average, 20 percent larger 
than predicted by Korobkin's modified incompressible theory. 

24. Finally, in Figure 11, the local Stanton number values 
computed from the data obtained up to about 75° angular posi- 
tion are compared with St - 0.763 Pr-0.6 Rex"0*5 (reference a). 
Though the experimental data exhibit the same slope as the 
above relation, the numerical values are, on the average, 
about 12.5 percent larger. 

8 
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CONCLUDING REMARKS 

25. The heat-transfer characteristics of a hemisphere-cvlinder 
have been investigated at hypersonic Mach numbersf^om 5 to 

o 4-1 to*!! 7?  i^i1*^8**^**1011 ^Pewture ratios from 
0.43 to 0.75. The data have been evaluated from temperature 
difference measurements made across the wall on a cooled model 
after practically steady-state conditions were reached! 

26. The distributions of the pressure coefficient ratio CD/ 
Cpmax over the hemisphere follow the cos2-iaw on the forward 
part of the hemisphere. Near the shoulder they agree with 
those calculated by assuming a Prandtl-Meyer expansion. 

27. The wall temperature difference distributions exhibit a 
maximum at the U-degree angular position. This maximum was 
found to disappear for the case of zero heat transfer. 

28. The distributions of the local non-dimensional heat- 
transfer parameter show peak values for angular positions of 
about 11 degrees and 45 degrees, and high values at the shoulder. 

29. The numerical results are about 20 percent larger than 
calculated for an isothermal body by the modified incompressible 
theory, given by Korobkin. y 

9 
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