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Conical Turbulent Boundary Layer 
Experiments and a Correlation 
With Flat Plate Data 
Measurements in the turbulent boundary layer of unyawed cones for Mach numbers 
from 1 to 6 are presented. Specifically, the first measurements of total temperature 
profiles, directly determined skin friction, and local heat flux in the turbulent boundary 
layer of cone models are given. In addition, these experimental data are shown to 
justify the calculation of turbulent friction and heat transfer on unyawed cones by 
means of an incompressible plate friction law and simple auxiliary relations. 

Experimental Methods 
THE EXPERIMENTAL INVESTIGATION was performed 

in the wind tunnel facilities of the University of Minnesota Rose-
mount Aeronautical Laboratory. In Fig. 1 is shown a photo-
graph of the 15-deg cone model with boundary layer probes in-
stalled in the M „ = 3, 6 X 9-in. test section. An impact tem-
perature probe [1 ]' was mounted on the upper surface of the cone 

1 Numbers in brackets designate References at end of paper. 
Contributed by the Heat Transfer Division of THE AMERICAN 

SOCIETY OP MECHANICAL ENGINEERS, and presented at the A S M E -
AIChE Heat Transfer Conference, Storrs, Conn., August 9-12, 
1959. 

NOTE: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at A S M E Headquarters, April 28, 
1959. Paper No. 59—HT-6 . 

and an impact pressure probe on the lower surface at the meridi-
onal plane. The probes were adjustable from outside the tunnel 
during operation by means of push rods projecting through the 
model skin as shown. The probe tips were approximately 5 
inches downstream from the tip of the model. 

The impact pressure probe was made of 1/32-in. OD stainless 
steel tubing. The tip opening was 1.5 mils2 high and 17 mils 
wide with outside dimensions of 3.2 X 20 mils. The probe was 
designed for fast response [2], the response time being about 15 
seconds. 

The locations of the probes relative to the surface of the model 
were measured with a 20-power stereoscopic microscope. 

The surface of the model was instrumented with static pressure 
taps and thermocouples [3]. Static pressure orifices were 14 mils 

! l m i l = 0.001 in. 

•Nomenclature-
A = area of surface 

Cf — local skin friction coefficient, r/qi 
CF = average or total skin friction coefficient 

- H 

the wetted surface 
pir 

Q = 

St = Stanton number -

S = boundary layer thickness determined by taking y = 8 
when u = 0.995mi 

5* = boundary layer displacement thickness, 

C/A')dA' f [ i - —1 
J o L piUiJ 

dy 

cp — specific heat at constant pressure 
h = heat-transfer coefficient (quantity of heat per unit time 

per unit area per temperature difference) 
k = thermal conductivity 

M = Mach number without subscript indicates local value of 
Mach number in undisturbed boundary layer 

mil = one thousandth of an inch . . . roughly 1 /40 of a millime-
ter 

n — exponent in turbulent velocity profile 

Pr = Prandtl number = — based on thermal equilibrium at 
k 

f J 0 Ul 
dy 

based on conditions just out-
PlCpUl 

side boundary layer 
T = temperature 
u = velocity in the x-direction 
x = distance downstream from boundary layer origin on 

cone or plate 
y = distance perpendicular to the wetted surface 

y = ratio of specific heats cp/cv 

= boundary layer momentum defect thickness, 
pu 

1 o P i " i 
v = kinematic viscosity p/p 
p, — viscosity 
p = density 

a = boundary layer recovery factor — — 
To — T i 

Subscripts 

co = upstream conditions 
1 = conditions locally at outer edge of boundary layer 
0 = stagnation conditions 
e = properties based on recovery temperature (surface tem-

perature at condition of zero heat transfer) 
1 = incompressible 
t = either "transition" or "thermal boundary layer" as ap-

propriate 
w = conditions on surface of model 
x = as in Rx, characteristic length used in calculating R, 

Superscripts 

* = indicates values corresponding to equation (9) 
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Fig. 1 Installation of impact pressure and impact temperature probes on 15-deg total angle cone 

1 CENTRAL SUPPORTING SHAFT 
2 AFTERBODY FAIRING 
3 DRAG ELEMENT LOCK MECHANISM 
4 ACCESSORY PLATE 
5 GIB ADJUSTMENT SCREW 
6 BALL RETAINING CAGE 
7 ADJUSTABLE GIBS 
8 STATIC PRESSURE ORIFICE 
9 NOSE CONE 
10 DRAG SPRING DIFFERENTIAL ADJUSTMENT SCREW 
11 DRAG ELEMENT RESTRAINING SPRING 
12 AFTERBODY ADJUSTMENT SCREW 
13 REAR SLOT PRESSURE ORIFICE 
14 DRAG SENSING ELEMENT 
15 BALL BEARING 
16 FRONT SLOT PRESSURE ORIFICE 

Fig. 2 15-deg cone drag balance 
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in diameter and opened into V i r i n . OD brass tubing pressure 
leads. Orifice fittings were soldered into the model skin. Iron-
constantan thermocouples were installed by soft soldering in 
holes drilled through the '/32-in-thick model skin. 

A combination of an upstream directed air jet issuing from the 
cone tip and a roughness trip (shown in Fig. 1) was used to insure 
the existence of a turbulent boundary layer. 

Direct measurements of skin friction were made using the 
balance system [4, 5] shown as Fig. 2. A segment (truncated 
cone) of the conical surface was supported from the central shaft 
on 6 steel balls in such a way that it was free to "float" with a 
clearance of 1 mil afforded at the leading edge and trailing edge of 
the floating surface. Lateral adjustment of the floating element 
was achieved by the selective adjustment of an internal parallel 
inclined wedge system. A conservative estimate of the maximum 
floating element misalignment with the conical surface was 3/io 
mil. However, the average boundary layer thickness for the skin 
friction measurements was approximately 120 mils giving a ratio 
of boundary layer thickness to surface step of 400. During the 
testing no waves could be detected as originating from either the 
front or rear crack when observed with a double pass schlieren 
system at high sensitivity. 

Determinations of local values of heat flux were made both from 
electrically heated segmented models [6] and from a "heat sink" 
cone [7 J. 

Accuracy of Measurements. Random errors in temperature ratio, 
or in flow parameters determined by probing due to uncertainty 
in pressure and temperature measurement are:3 TJTa = ± 1 per 
cent; momentum thickness ± 5 per cent to ± 7 per cent; dis-
placement thickness ± 3 per cent to ± 5 per cent. 

For measurements on the model with the balance system, the 
experimental uncertainties are as follows: Reynolds number ± 3 

3 See reference [7] for details. 

per cent; friction coefficient ± 3 . 4 per cent; Mach number 
± 1 . 5 per cent. 

In connection with the direct determinations of skin friction 
(carried out in the blowdown wind tunnel), the pressure force on 
the floating element was determined by measurements of pressure 
on both the exterior and interior surfaces of the floating element. 
The pressure force was always less than 20 per cent of the friction 
drag for these measurements. 

The accuracy of heat-transfer measurements was determined 
from the uncertainties in the terms in the heat-balance equation. 
They are: (Tw - Tt) ± 2 cleg F; slope ± 4 % ; AW/AA ± 
1%. Thus the uncertainty in h was ± 5 % . The corresponding 
uncertainty in Stanton number was ± 8 % . 

Mach Number and Total Temperature Profiles. T h e first measure-
ment of a cone flow turbulent thermal boundary layer total tem-
perature profile was accomplished for this investigation. Simul-
taneously, an impact pressure profile was obtained. The measure-
ments were obtained at Mi = 2.8 and R x = 4 X 106. The results 
are shown as Fig. 3. 

As expected for a gas (Prandtl number less than unity), local 
total enthalpy values above the freestream value are observed 
near the outer edge of the boundary layer. The surface, in 
adiabatic equilibrium with the boundary layer flow, stabilized at 
Ta/Tai ]„_o = 0.928. This temperature ratio is one per cent lower 
than the recovery factor, according to the relation a = (Pr) ' / ' , 
would indicate. 

Comparison [7] of the present data with existing two dimen-
sional, nearly adiabatic data [8, 9], indicates that the cone 
boundary layer total temperature profile is similar to two-dimen-
sional profiles in the y/St versus T0{y)/Tm presentation. Further, 
indications are that similarity with respect to Reynolds number 
variations is also obtained over a moderate Reynolds number range 
at M , = 3. 
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Fig. 3 Mach number and total temperature profiles in the turbulent boundary layer of 15-deg total angle cone 
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Turbulent Boundary Layer Velocity Profiles. V e l o c i t y pro f i les m a y 
be calculated from the Mach profile number and free stream total 
temperature. A set of turbulent velocity profiles from a cone at 
Mi = 3.7 is presented as Fig. 4. The data were obtained from a 
fifteen-degree total angle cone at zero yaw and in thermal equi-
librium with the flow. A combination roughness (sand) and air 
trip [4, 5] was used to produce fully turbulent boundary layer 
for three of the five sets of data. One set was obtained with 
sand trip only and one with air trip only. 

Just as in the case of existing fiat-plate data over a relatively 
wide range of Reynolds number and Mach number, the cone 
data are well represented by l/7-power profiles for the outer 
region in combination with linear profiles assumed for the laminar 
sublayer. 

An Engineering Prediction of Turbulent Skin Friction and Heat Transfer 
on a Cone at Zero Y a w at Supersonic Speeds. I t w a s i n d i c a t e d b } r 

the results of the present investigation [7] that velocity profiles 
from the turbulent boundary layer of both plate and cone at the 
same M, are congruent when presented as v/ui versus y/0. In 
other words 

C, = 
B 

•WSJ + 1 

(2) 

for both cases. It is further assumed that B, a parameter depend-
ing on Mach number, has the same dependence on Mach number 
for both cases. It follows that the friction coefficients will be 
related by 

C 
C/ H I ] 

2_ 
n + 1 

(3) 

Here and in what follows, a bar over a quantity indicates a 
two-dimensional (plate or axial flow cylinder) boundary layer 
quantity. 

For the plate, 

2 
de_ 
dx (4) 

— = a(y/eyi« 
u i 

(1) while for the cone 

for both plate and cone where a has the same dependence on 
Mach number for both cases over the range of Mach number in-
vestigated. It was found that n = 7 for the moderate range of 
Reynolds numbers investigated. 

If it is now assumed that a friction law of form Cf = B(Rs)h 

holds, this law together with equation (1) results in 

y. e 

u / u | 

Fig. 4 Turbulent velocity profiles on a cone 

C, dQ 0_ 
2 dx + x (5) 

Again, as a consequence of the congruence of velocity and tem-
perature profiles for plate and cone, the momentum defect thick-
ness for both cases has the same dependence on Mi. That is, 

- = -=- = / (Mi, » ) 
5 o 

(6) 

Using equations (2) and (6), equations (4) and (5) can be inte-
grated. These results together with equation (3) give 

Cj_ = [2(71 + 2)1 
C f L n + 1 J 

n + 3 
(V) 

at a specified Mi, n, Ui/ci, and x = x. This development, which 
explicitly considers variable Mach number, yields precisely the 
same result as that obtained by Gazley [10] for the case of con-
stant properties. 

It is general practice to obtain heat-transfer coefficients from 
skin friction coefficients for the turbulent boundary layer by use 
of the Reynolds analogy (see, for example, reference [11], p. 107). 
For compressible flow plate experiments, a form of the Reynolds 
analog}' modified to account for property value variation has 
proved useful [12]. This relation, proposed by A. P. Colburn 
[18], for incompressible flow, is 

St = •—• ( P r * ) - 2 / ' (8) 

where the Prandtl number (Pr*) is evaluated at the reference 
temperature 

T* = Tt + 0.5(7'„ - T,) + 0.22(re - Ti) (9) 

proposed by Eckert [12]. 
If it is assumed that equation (8) holds for cone flow as well as 

for plate flow, then 

S t _ Cy-

St ~ C, 
(10) 

if T* = T*. 

For n = 7, equation (7) yields for local values of Stanton num-
ber and skin friction 
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St c , 
= - = = 1.18 St c. (11) 

for T* = T* and Rx = JTX independent of Reynolds number and 
Mach number over the range covered by the experimental data 
discussed here. Note that for 5 < n < 10, equation (7) shows 
1.23 < Cf/Cf < 1.13. Thus the effect of variations of n on the 
transformation relation is small in this range. 

For obtaining the relation between mean skin friction and heat 
transfer on plates and cones, the relations 

CP - i r * Jo 
C,(x')dx' and Cl 

2_ r x 

~ * Jo 
Cf(x')x'dx' 

are employed. It follows from the above that for average fric-
tion and heat-transfer coefficients 

£*. = = 2 r 1 1 
CF St l_2 (n + 2) J 

n + l 
n + 3 

= 1.05 (12) 

for n = 7. The effect of variations of n on the transformation re-
lation equation (12) is negligible; for 5 < n < 10, 1.065 < CF/Cf 
< 1.035. 

Correlations of Direct Measurements of Turbulent Skin Friction and Heat 
Transfer. The results of the measurements at Mi = 3.7 are shown 
as Fig. 5 in comparison with the data of Coles [13] on a flat plate 
in the form Cf versus (Rx — Rx,) where the dashed line and the 
line through the cone data are drawn parallel to the faired line 
representing Coles' data. Rxl is the Reynolds number based on 
the distance between the measuring station and the beginning 
of transition as determined from schlieren observations. The 
dashed line is higher than the plate data by 18 per cent in accord 
with equation (11). The cone data are about 10 per cent higher 
than predicted by equation (11). 

Fig. 6 is adapted from Fig. 2 of reference [14], It shows the 
relation between the heat-transfer data (at constant surface tem-
perature) from two cones and a secant ogive and from the flat 
plate data of Pappas [15]. The mean line of the cone flow data is 
higher than the corresponding mean line of the flat plate data and 
parallel to the flat plate data mean line. The lines were obtained 
by least squares procedure from the data points. As predicted 
by equation (11), the mean line of the cone data is about 18 per 
cent higher than the plate data mean line. 

Fig. 7 shows a comparison between measured heat transfer and 
transformed skin friction measurements on cones at Mi = 3.7. 
Stanton numbers are calculated from measured skin friction co-
efficients by the Colburn relation, equation (8), where the 
Prandtl number is evaluated at the reference temperature pro-

posed by Eckert [12], equation (9). The agreement is satisfac-
tory. 

Fig. 8 shows a comparison between heat-transfer results and 
skin friction results for cones and plates over the present Mach 
number range. The data are evaluated at Rx = Rx = 3 X 106. 
In order to provide a comparison of results on a T* = T* basis, 
all Stanton number data were adjusted to Tw = Tt using the 
theory of Van Driest [17] (the same procedure was used in com-
paring the data of Fig. 7). The maximum adjustment required 
amounted to 5 per cent of the measured value. The average ad-
justment required was 3 per cent of the measured values. 

In nondimensionalizing the Stanton numbers and skin friction 
coefficients, incompressible flat plate theory was used in both 
cases. Values of Stanton number (incompressible) were calcu-
lated utilizing equations (8) and (9). The reference temperature 
value used to calculate St. was calculated using the wind tunnel 
adiabatic wall temperature at each Mach number. 

The vertical bars through many of the data points in Fig. 8 
indicate the maximum scatter of the data at that Mach number. 
The symbol location in each case represents the mean value of the 
data. Where no vertical bar appears, the scatter of the data is 
represented by the symbol size. 

The solid curve is the experimentally determined mean curve 
through the plate data points. Obviously, this relation should 
not be expected to hold for flow around cones at subsonic speeds 
or for cones with detached shocks. 

The data correlations indicated by Figs. 5 through 8 are re-
garded as justification for the calculation of turbulent friction 
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Heat Transfer Data Converted to M]_ • 2 .6 and r 
T^/T^ « T e /T x - 2.22 (r = 0.9) Basis by 
Van Driest 's Theory17 (Ave. Change 3 % ) 

O Preheated 30° Cone1'' t^ - 3.18 T v A 1 > 3.01 to 3.38 
• Precooled 30° Cone14 ^ - 3.18 T ^ . 2.50 to 2.63 
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<> Continuously. Heated 
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3.U3 T^Tj - 2.90 to 2.99 

2.6 Tw/ri " 2.6 
2.27 T w A l - 2.12 to 2.19 

105 10® 

Fig. 6 Comparison of direct measurements of turbulent heat transfer on 
cones and a plate at M I = 2.6 

O 15° Cone Balance System, Present Work 
• Coles13 Flat Plate Balance System 

105 I06 109 

c 

i o i • 

c 

- < 
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Fig. 5 Comparison of direct measurements of turbulent skin friction on Fig. 7 Comparison of heat transfer on a cone with skin friction on a 
a cone and a plate at M I = 3.7 ! at M I = 3.7 
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Fig. 8 A comparison between heat-transfer and skin-friction measurements on plates, axial flow cylinders, and cones 

and heat transfer on unyawed cones at supersonic speeds by 
means of an incompressible plate friction law and the simple 
auxiliary relations given as equations (8), (9), (11), and (12). 

As a summary of this procedure, suppose it is desired to calcu-
late the local heat flux at the surface of a cone at Mach number 
MI and Rx at the outside edge of the boundary layer. Starting 
with the Schultz-Grunow local skin friction law 

0.370 
Cn = (logio Rxy 

(13) 

where Rx = Rx, the corresponding incompressible plate Stanton 
number St< is calculated by equation (8). The compressible flow 
flat plate St is obtained by multiplying St,- by St/St,- from Fig. 8. 
The cone Stanton number St is obtained by increasing St by 18 
per cent in accordance with equation (11). The same procedure 
is followed for average values except the relation between cone and 
plate values is given by equation (12). 

Summary and Conclusions. T h e first measurements of the tota l 
temperature distribution through a turbulent conical boundary 
layer are presented. 

A comparison of directly measured local skin friction values on 
the cone with those on the plate at constant Mach number indi-
cates that cone skin friction is higher but that it has the same de-

pendence on Reynolds number as plate skin friction (Fig. 5). A 
comparison of local heat-transfer values on cone and plate 
similarly shows higher heat transfer on a cone at the same Mj 
and Reynolds number based on property values just outside the 
boundary laj'er (Fig. 6). 

It is confirmed that the modified Reynolds analogy of Colburn, 
equation (5), together with the reference temperature of Eck-
ert, equation (6), permits the calculation of cone heat-transfer 
values from known cone skin-friction values (Figs. 7 and 8). 

Finally, an analysis is presented which predicts that skin-fric-
tion and heat-transfer values on unyawed cone in supersonic flow 
should be approximately a constant times the corresponding flat-
plate values and this prediction is confirmed by experiment. 
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