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Turbulent skin-friction coefficients directly measured on an 
axisymmetric five-degree-half-angle sharp cone by two floating-element 
skin-friction balances at a free-stream Mach number of 7.9 are 
presented.  Heat-transfer distributions are obtained simultaneously. 
These results yield directly the Reynolds analogy factor. 
Experimental data are used to evaluate feh* predictive methods^ of Van 
Driest, Spalding and Chi, Sommer and Short, and Clark and Creel. 
On the basis of measured skin-friction coefficients, which covered a 
range of wall-to-stagnation temperature ratios (Tw/To) of 0.24 to 0.41 
and Reynolds numbers at the location of the skin-friction balance of 
1,45 x 1Ö7 to 2.16 x 107, we conclude that the method of Van Driest 
and that of Clark and Creel predict the measurements within about 10 
percent, whereas the methods of Spalding and Chi and Sommer and Short 
underpredict the data by about 30 and 20 percent, respectively. 
Except for the relatively low-Reynolds-number case, the directly 
measured sharp-cone Reynolds analogy factor is between 1.01 and 1.07, 
which is in good agreement with U»e recent flat-plate measurements 
of Keener and Polek.  Finally, results indicate that the Stanton 
Number is essentially constant for fhrtfts  Ufftween f.20 and 0.36, whereat 
it decreases by about 10 percent at f»/To - 0.11. 
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HYPERSONIC, TURBULENT, COLD-WALL, SKIN-FRICTION 
AND HEAT-TRANSFER MEASUREMENTS ON AN 

AXISYMMETRIC SHARP CONE 

Prepared by: 
Kuei-Yuan Chiert 

ABSTRACT:  Turbulent skin-friction coefficients directly measured 
on an axisymmetric five-degree half-angle sharp cone by two floating- 
el», nent skin-friction balances at a free-stream Mach number of 7.9 
are presented.  Heat-transfer distributions are obtained 
simultaneously*  These results yield directly tbs Reynolds analogy 
factor.  Experimental data are used to evaluate the predictive 
methods of Van Driest, Spalding and Chi, Sommer and Short, and 
Clark and Creel.  On the basis of measured skin-friction coefficients, 
which covered a range of wall~to-/f tagnation temperature ratios 
(Tw/To) of 0.24 to 0.41 and Reynolds numbers at the location of 
the skin-friction balance of 1.45 x 10* to 2.16 x 107, we conclude 
that the method of Van Driest and that of Clark and Creel predict 
the measurements within about 10 percent, whereas the methods 
of Spalding and Chi and Sommer and Short underpredict the data by 
about 30 and 20 percent, respectively.  Except for the relatively 
low-Reynolds-number cas&, the directly measured sharp-cone 
Reynolds analogy factor is between 1.01 *nd 1.07, which is in 
good agreement with the recent fiat-plate measurements of Keener 
and Polek,  Finally, results indicate th&t the Stantcn number is 
essentially constant for Tw/To between 0.20 and 0.36, whereas it 
decreases by about 10 percent at Tw/To ■ 0.11. 
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HYPERSONIC, TURBULENT, COLO-WALL, SKIN-FRICTION AND HEAT-TRANSFER 
MEASUREMENTS OK AN AXISYMMETRIC SHARP CONE 

This report presents results of skin-friction and heat-transfer 
measurements obtained directly on an axisymmetric five-degree 
half-angle sharp cone at a free-stream Mach number of 7.9, 
Comparisons with the predictive schemes of Van Driest, Spalding 
and Chi, Sommer and Short, and Clark and Creel are also included. 
Except for the relatively low-Reynolds-number case, the measured 
sharp-cone Reynolds analogy factor is close to the classical value 
of unity and is in good agreement with the recent flat-plate 
measurements.  For the range of wall-to-stagnation temperature 
ratios covered in the tests, the method of Van Driest and that of 
Clark and Creel predict the measured skin friction within about 
10 percent, whereas the other two methods underpredict the data 
considerably more.  Heat transfer proves to be relatively insensitive to 
wall-temperature changes. 

The author wishes to extend his thanks to Mr. S. Sacks (Exchange 
Scientist from Nav*Y Ship Research and Development Center) for his 
assistance in reducing the data and his development of a computer 
program for theoretical predictions, and to his colleague, Mr. R. 
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INTRODUCTION 

Recently» there has been considerable interest in  studying 
hypersonic, turbulent boundary-layer flows at low-wall temperatures. 
This is undoubtedly due to their significance in the optimal design 
of re-entry vehicles useful for defense and space applications. 
From an engineer's point of view, the desired goal of such a 
study is to establish the usefulness of a predictive scheme which 
is both simple and accurate.  In this respect, we might mention 
the rather extensive study of Spalding and Chi (Ref. (D), who 
compared 20 methods with a large number of directly and indirectly 
measured flat-plate skin-friction data.  Subsequently, heat-transfer 
data on cones and heat-transfer and skin-friction data on flat 
plates and nozzle walls have been used by  various investigators 
to evaluate different theories (Refs. (2) through (13)}.  Conclusions 
from these studies may be summarized as follows: 

1. The methods of Van Driest (Ref. (14)} and Coles (Ref. (15)) 
predict skin friction within about 10 percent of experimental 
flat-plate and tunnel-wall data for Tw/Taw > 0.3 (Refs. (8), (10), 
and (11)}, 

2. For Tw/Taw ^0,15, results obtained from the method of 
Spalding and Chi (Ref. (1)) agree reasonably well with the skin- 
friction measurements obtained in a shock tunnel (Ref. (4)). 

3. Evaluation of theories for heat-transfer predictions 
depends critically on the accepted value of the Reynolds analogy 
factor«  However, a recent survey conducted by Cary (Ref. (16)) 
indicates a definite need for more systematic studies on the 
subject. 

4. The effect of wall temperature on measured heat-transfer 
rate is still not yet settled.  For example, results of Cary 
(Ref. (I"?)) indicate little influence for 0.2 i Tw/To i 0.7, 
whereas Drougge (Ref. (18)} and Wilson (Ref. (7)) both suggest 
a rather large decrease in the Stanton number for Tw/To ^0.2. 

It is therefore clear that there is still a great need for 
simultaneously measured skin-friction and heat-transfer data 
obtained at low-wall temperatures,  Furthermore, directly measured 
skin-friction coefficients on pointed axisymmetric bodies, which 
are of great technical interest, appear to be quite limited.  For 
example, Wilson (Ref. (7)) deduced average skin-friction coefficients 
on a sharp cone from measurements of total drag and pressure 
distribution.  Local skin-friction coefficients could be inferred 
only when additional assumptions such as the functional dependence 
of the local skin-friction coefficient on distance were made. 
h  completely new approach has been taken in the present s*udy. 
The purpose of this report is to present turbulent skin-friction 
coefficients directly measured on an axisyametric five-degree 
half-angle sharp cone by two floating»element akin-triotIon 
balances designed and constructed at HOL.  In addition, heat-transfer 
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measurements are obtained simultaneously.  Therefore, the Reynolds 
analogy factor is directly determined.  These sharp~cone results 
will be used to compare with the existing data of the ^^ncle*s 
analogy factor obtained on flat plates.  Furthermore, the  effect 
of wail temperature on the Stanton number will be presented. 
Finally, comparisons with the predictive schemes of Spalding and 
Chi (Ref. (1)), Van Driest (Ref. (14)), Sommer and Short (Ref. (19)) 
and Clark and Creel (Ref. (20)) will also be made. 

P 
h 

SYMBOLS 

1       2 local skin-friction coefficient, T /— p U w 2  e e 

specific heat at constant pressure 

heat-transfer coefficient, q /(Taw-Tw) 

Mach number 

P 

% 

r 

Re/L 

Re x 

Re * x 

Re9 

St 

t 

T 

D 

x 

6* 

e 

M 

pressure 

convective heat-transfer rate to the surface 
per i?nit area 

recovery factor 

-1 unit Reynolds number, p ü /p , ft e e  e 

Reynolds number, p U x/y e e   e 

Reynolds number based on x', p U xVu e e    e 

Reynolds number based on the momentum thickness, 
p U 9/u «* *  e 

Stanton number, q /p U C (Taw-Tw) w  e e p 

time 

absolute temperature 

velocity 

distance along surface from the cone tip 

distance along surface fro» the virtual origin 
of turbulent flow 

3?oS#2 »kx,n  thickness 

momentum thickness 

coefficient of viscosity 

I     i 
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P 

T 

Subscripts 

density 

shear stress 

variable transformed to the equivalent constant- 
flow-property case 

aw adiabatic wall 

e boundary-layer edge 

SXP experimental 

m model 

THE theoretical 

w wall 

o stagnation condition 

OJ free-stream condition 

APPARATUS AND TEST 

The experimental investigation was conducted in the NOL 
Hypersonic Tunnel at a   free-stream Mach number of 7.9 in air.  A 
sharp, sting-supported* five-degree half-angle cone was used for 
the test.  This combination of free-stream Mach number and cone 
half-angle yielded a local Mach number of 7.IS at the edge of the 
boundary layer.  The model was made of Armco 17-4 PH stainless 
steel and was equipped with four pressure taps (for model alignment), 
two floating-element skin-friction balances and 40 thermocouples. 
A sketch of the cone together with some pertinent dimensions is 
shown in Figure 1. 

A cooling box was used to control the surface temperature of 
the model.  liquid nitrogen, liquid C02# and compressed air 
(heated or unheated) were employed in the investigation to obtain 
a rather wide range of wall-to-stagnation temperature ratios. 
Two thermocouples were used to measure the surface temperatute 
of tae floating elements of the skin-friction balances.  Two other 
thermocouples were located at the flexures of the two balances. 
A casing made of epoxy, nylon bolts, and insulating materials 
were used to shield the flexures, the moment arms and the linear 
variable differential transformers of the balances fro« conduction 
^nd radiation exchanges during severe cooling or heating periods. 
The transient-thin-wall technique was used to measure the heat- 
transfer rate.  Thirty-six thermocouples \mre  distributed along 
four rays on the model.  The skin thickness of the model, 6m,   and 
the location of the thermocouples are listed in Table 1. 
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During a test, the model was first lowered into the cooling 
box.  To protect the okin-friction balances, a lock was applied 
to hold them in position.  The tunnel pressure was then reduced 
and the coolant introduced into the cooling box.  Except for the 
case of liquid-nitrogen cooling, the air flow could first be 
established*  The coolant was then shut off when the desired wall 
temperature had been reached.  The lock was released for taking 
a tare reading, and then the balances relocked and the model quickly 
injected into the air stream.  Liquid nitrogen solidifies for 
pressure below 94 tons.  Consequently, for this case we hr d to 
shut off the coolant before the tunnel pressure could be pilled 
further down from about 100 torrs to the desired level to establish 
the flow.  Aluminum feil was used to avoid any accumulation 
of solid co2 on the model surface during cooling.  Visual inspection 
thro v/h the tunnel window was routinely done to ensure no frost 
formation on the model surface.  Data such as the voltage output 
from the linear-variable-differential transformers of the skin- 
friction balances, the thermocouple«  the balance-lock indicator, 
and the potentiometer indicating the position of the injecting 
system were recorded on the NOL Data Acquisition and Recording 
Equipment System (DARE II)•  There are ten channels and ten scans 
available on DARE II»  However, to reduce the time interval 
between two successive recordings of the voltage output from an 
instrument, only three scans of each channel were employed. 
Therefore, some of the thermocouples were connected instead to 
an oscillograph (Midwestern).  This information is also listed 
in Table 1.  Test time is typically about 10 seconds.  The test 
conditions are summarised in Table 2. 

DATA REDUCTION 

HEAT TRANSFER 
The recorded temperature history of the model wall wrs used 

in the well-known transient-thin-wall technique to obtain the 
heat-transfer data.  ro utilise the technique, we need, in addition, 
to know the density, p , and the specific heat, C  , of the model- m p» 
wall material.  For stainless steel, the density was taken to be 
constant at 490,75 lbm/ft5.  The specific heat was measured for us 
by the University of Massachusetts and the results are shown in 
Figure 2.  Calculation indicates that errors due tc normal conduction 
through the thin skin of the model are negligible.  At each 
thermocouple location, a least-squares, second-degree polynomial 
fit to 16 successive temperature readings was employed to 
calculate the derivative of the wall temperature with respect 
to time» 3Tw/3t.  A history of measured heat-transfer coefficient, 
h_, was obtained from the relation 

P. C   6 pa  m 
(Taw-Tw) 

3Tw 
at (1) 
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The Thom&s-Fit«simmons initial-lateral-conduction-correction method 
(Ref. (21)) was then applied to this data block to yield a heat- 
transfer coefficient at time zero, the time at which aerodynamic 
heating began.  Ten »uch data blocks conse utive in t»me and the 
corresponding heat-transfer coefficients at time zero* h(o), 

were generated. When the variation in h (o) from several a 
consecutive data blocks was small , their average was selected to 
be the proper value.  Repeated applications of the same process 
at different locations en the model then produced the desired 
heat-transfer distribution.  The method was checked with two low- 
supply-pressure runs and good agreement with the well-kncwn 
laminar boundary-layer theory was obtained in both cases. 
Additional confirmation may be found in the Results and Discussion, 
where agreement between data (before transition occurs) and the 
laminar theory is again good.  The estimated accuracy of the heat- 
transfer data is about +5 percent. 

SKIN FRICTION 
~A simulator was used to install the two skin-friction balances 

for bench-top calibrations.  A picture showing the setup together 
with the model can be found in Figure 3>  Typical calibration 
results arc shown in Figure 4.  Based on a least-squares linear 
fit, the balances proved to be linear within about 0.3 percent. 
An average of the repeated calibrations conducted between runs on 
site were used in the final data reduction.  The surface area of 
the floating element is 0.4<il ina *  For every run, two tare 
readings were recorded, one before and one after the test.  The 
result would be discarded if the difference between the two tare 
readings proved large.  Some measurements were rejected because 
of other reasons.  For example, there was a drastic difference 
(about a factor of.   40) in wall thickness between the location of 
the skin-friction balance and the thin skin part of the model 
where heat transfer was measured.  This made the maintenance of 
a uniform model-wall temperature even more difficult.  Ir, addition, 
a lock could be applied to hold the balances in position during 
the model-injection period.  This avoided the Inertlal effect 
caused by the acceleration and deceleration of the injecting 
mechanism.  However» chi extent of the modification of the model- 
temperature distribution due to aerodynamic heating before the 
lo*?k could be released manually was difficult to control. 
Several runs were conducted without the application of the lock« 
However, the initial transient effect on thf skia-friction 
balances was quite large.  Despite these difficulties, four runs 
yielded good skin-friction data* although the number of successful 
heat-transfer runs is almost three time  *s much.  The skin-friction 
results are also listed in Table 2.  The accuracy is estimated to 
be about +5 percent. 

PREDICTIVE METHODS 

LAKIKAE   FLOtf 
The well-known Blasius solution with Mangier transformation 

yields, for flow over a sharp cone, the relation 

ftr'mi 
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0.664 (2) 

sc 

The reference-teaperature method of Rubeain and Johnson (Ref. (22)) 
can then be used to give 

0.664 
cf - *~ &r 

(3) 

where the reference temperature is given by 

T* « T [1   +   0.032 M   ♦ 0.58 (Tw/T  - 1)] e e e (4) 

The heat-transfer result is obtained by using the well-known 
formula of the Reynolds analogy factor for a laminar flow 
(Ref. (23)) 

2S. 
f>r 

-2/3 
(5) 

and Equation (3) .  The Frandti number la taken as constant, 
Pr « 0.725. 

TURBULENT FLOW 
In the interest of simplicity, the turbulent-flow methods 

of Scalding and Chi (Ref > CD), Van Driest (Ref. (14)), 
Sommer and Short (Ref. (19)), and Clark and Creel (Ref. (20)) are 
considered.  The incompressible formula of Kariaan and 
Schoenherr relating Cf to ReQ (Ref. (10)) is used for predicting 

the compressible skin-friction coefficient from each of these 
methods.  Since only surface properties were measured, the 
Reynolds number based on the mov.sntum thickness is calculated 
from the momentum integral equation 

(6) 

The experimental results reported by Richard* (Ref. (3)) 
suggest that the effective turbulent distance, n*, may b« 
determined from the condition of matching the momentum thickness, 
0, from a turbulent-flow theory to that of the laminar theory 
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at the midpoint of the transition zone, 
that differences between this procedure 
matched at the end of the transition (a 
Wallace# Ref. (4)) are (at the location 
balance) about four percent for Re -^15 

two percent for Re -*22 x 10s.  Finally, 

Calculations indicate 
and that where 6 is 

s was suggested by 
of the skin-friction 
x 10*, and only about 

Karman's formula for 

the Reynolds analogy factor as modified 
(Ref. (2)) is used to calculate the hea 
Present data to be shown in the Section 

by Bertram and Neal 
t-transfer predictions, 
on Results and Discussion 

suggest :ie  ■ 6 x 10* at the midpoint of transition.  More details x 
can be found in Reference (24). 

RESULTS AND DISCUSSION 

The comparison between the skin-friction measurements 
and the turbulent theories is shown in Figure 5.  Present 
data cover a range of Tw/To of 0.24 to 0.41 and Re  of 1.45 x 107 

to 2.16 x 10;.  Results indicate that the methods of Van Driest, 
Sommer and Short, and Spalding and Chi underpredict the data 
by about 10, 20 and 30 percent, respectively, whereas the 
recently proposed reference-temperature method of Clark and 
Creel predicts the measurements within about +10 percent. 
These observations are in general agreemen  with the conclusions 
of other investigators whose results were obtained on flat 
plates and nozzle walls (Refs. (10), (11), and (20;,. 

Heat-transfer distributions along the cone surface for 
various wall-to-stagnation temperature xa/fcios are depicted in 
Figure 6.  The data exhibit the familiar picture of a laminar, 
then transitional and finally turbulent flow.  Except for the 
case of the lowest Tw/To («0.11), the agreement between the 
laminar solution and the data is quite good.  This again 
confirms the general reliability of the testing technique and 
the data-reduction method for heat-transfer measurements.  On 
the other hand, the degree of agreement between the turbulent 
data and the theories depends more strongly on Tw/To.  This 
dependence is better seen in Figure 7 for Re  « 2 x 107, 

Because of the scatter in the original data* a nean value for 
each run is used to construct the plot.  In agreement with the 
results reported in References (5) and (?), th* presently 
measured Stanton number is essentially constant for Tw/To 
batveen 0.20 and 0.36.  However, at Tw/To « 0.11, there appears 
a decrease in the Stanton number by about ten percent.  This 
is in the same trend as that reported by Drougge (Ref, (18)) 
and Wilson (Ref. (7)), although the decrease measured here is 
smaller.  Because of the rapid change in the specific heat of 
the model material at very low temperatures (Fig* (2)}, th* 
present result at Tw/To * 0.11 should be regarded as tentative. 
More systematic studies are required before a definitive conclusion 
can be reached. 
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As can be seen in Figure 7» none of the theoretical schemes 
considered here predicts the measured trend over the complete 
range of Tw/To.  However, the level of tho prediction depends 
on the particular Reynolds analogy factor employed.  For the 
conditions considered, the modified Karman's equation yields 
values between 1.10 to 1.14.  With this form for the Reynolds 
analogy factor, the method of Van Driest predicts the data 
reasonably well for Tw/To > 0.2.  On the other hand, in 
agreement with Pearce (Ref. (9)), at Tw/To ■ 0.11* only the 
method of Spalding and Chi gives a value that is within 10 
percent of the measurement. 

Finally, the Reynolds analogy factor as determined from the 
simultaneously measured skin-friction and heat-transfer data 
on the sharp-cone model is depicted in Figure 8.  Also shown 
are the flat-plate results of Wallace (Ref. (4)}, Heal (Ref. (25)), 
Keener and Polek (Ref. (26)), Holden (Ref. (27)), and that of 
Hironlmus (Ref. (28)) as rereduced and tabulated by Cary (Ref. (16)) 
The symbol represents the average and the bar the variation at 
any given flow condition.  The range of the Mach number included 
in Figure 8 is from 6.6 to 8.1.  For edge Nach numbers of 
5.9 to 7.7, Keener and Polek (Ref. (26)) found no distinct 
effects of Mach number on the Reynolds analogy factor.  Despite 
this fact, a considerable amount of scatter among all the data 
is still present in Figure 8.  Except for the relatively low» 
Reynolds-number case (Re  ■ 1.45 x 107 at Tw/To ■ 0.41), the 
present sharp-cone data agree reasonably well with the flat- 
plate results of Keener and Polek, which suggest a value close 
to the classical limit of unity.  Note that the rate of 
decrease of the Stanton number for Re  > 8 x 10* as shown in 

Figure 6a is distinctly faster for the lower total pressure 
runs (filled symbols).  Whether this suggests a flow th^c is 
not yet fully turbulent is not clear.  If no discrimination is 
applied to all of the data shown, Figure 8 suggests that the 
Reynolds analogy factor is independent of Tw/To and equal to 
1.1 which is quite close to the predictions given by the Karman's 
equation.  Obviously, more systematic investigations, especially 
at low-wall temperature rat'js, are definitely required. 

CONCLUSIONS 

Simultaneous measurements of skin friction and heat transfer 
directly measured on an axisymmetric sharp cone have been 
successfully obtained for an edge Mach number of 7*15 and for unit 
Reynolds numbers of 7.4 x 10* to 11 x 10* per foot.  Several 
conclusions may be drawn.  First of all, for Tw/To between 
Ö.24 and 0.41, both the method of Van Driest and that of Clark 
and Creel predict the skin-friction measurements within about 
ten percent.  Utilising the modified Kaman1 s equation for the 
Reynolds analogy factor, the scheme of Van Driest gives reasonable 
predictions for Tw/To > 0.2, whereas only the method of Spalding 
and Chi yields a value that is within 10 percent of the 
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measurement at Tw/To ■ 0.11. In addition, the wall-temperature 
effect on the Stanton number vroves to be quite small for Tw/To 
above 0.2.  If only the data at Re *   2.2 x 107 are considered, 

present sharp-cone measurements of the Reynolds analogy factor 
are between 1.01 and 1.07, which agree very well with the flat- 
plate results of Keener and Polek.  Finally, an examination 
of the present data and the results of the other investigators 
strongly suggests the need for more systematic studies for 
Tw/To £ 0.2." 
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TABLE 1 
THERMOCOUPLE LOCATIONS AMD THE MODEL-SKIN THICKNESS 

Thermocouple 
Number X, Inches 6, Degrees 6 9Inches m 

1 2 90 .0181 
2 3 180 .0177 
3 4 270 .0183 
4 5 0 .0194 
i 
■r 6 90 .0198 
6 6 180 ♦ 0191 
7 6 270 .0198 
8 6 0 .0204 
9 7 90 .0191 
10 8 180 .0194 
11 9 270 .0200 
12 10 0 .0200 
13 10 90 .0200 
14 10 180 .0202 
15 10 270 .0201 
16 12 0 .0224 
17 13 180 .0224 
18 14 90 .0226 
19 14 270 .0222 
20 15 0 .0225 
21 16 0 .0225 
22 16 90 .0223 
23 16 180 .0228 
24 16 270 .0226 
25 17 90 .0225 
26 18 0 .0222 
27 18 180 .££?$ 
28 19 270 .0224 
29 20 0 .0226 
30 20 90 .0226 
31 20 180 .0228 
32 20 270 .0224 
33 22 0 .0220 
34 22 90 .0218 
35 22 160 .0218 
36 22 270 .0218 
37 23.44 90 • 
38 23.44 270 - 
39 „ - • 
40 . - « 

Remarks 

On Midwestern 
On Midwestern 
On Midwestern 

On Midwestern 

On Midwestern 
On Midwestern 

On Midwestern 

On Midwestern 

On Midwestern 

On Midwestern 
On Midwestern 
On Midwestern 
Open During Test 

At Surface of Balance 1 
At Surface of Balance 2* 
At 1lexure of Balance 1 
At Flexure of Balance 2 

»Open During Test 
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TABLE 2 
TEST CONDITIONS AND SKIN-FRICTION DATA 

Run No. Po, psi   To, *R   10*6 Re/L, ft"1  Tv/To  rf x 10
3 

18 2139 1440 11.07 .197 
19 2188 1437 11.07 .322 1.15 
20 2183 1467 10.90 .194 
21 2186 1469 10.87 .351 1.21 
23 2185 1495 10.46 .351 
24 2196 1471 10.88 .362 
26 1470 1442 7.40 .340 
27 1470 1443 7.40 .409 1.17 
29 1481 1450 7.39 .366 
30 2188 1462 10.94 .108 
31 2191 1461 10.97 .242 1.26 

y 
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