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Transitional and Turbulent Heat-Transfer
Measurements on a Yawed Blunt Conical Nosetip

GEORGE F. WIDHOPF*
The Aerospace Corporation, Los Angeles, Calif.

AND
ROBERT HALLt

U.S. Naval Ordnance Laboratory, Silver Spring, Md.

Transitional and turbulent heat-transfer rates measured on a blunt (RN = 2.5 in.) nine degree half-angle cone
in a Mx = 5 air flow at various angles of attack are presented. Measurements were made at nominal freestream
Reynolds numbers of 48.5,19, and ll(10)6/ft and nominal angles of attack of a = 0°, 5°, 10°, 15°, 20 , and 27°. The
wall to stagnation temperature ratio varied between 0.20 and 0.29. Detailed circumferential (A0 « 30°) and axial
(S/RN ^ 5.25) distributions of both the heat-transfer rate and surface pressure were obtained over the entire model
at each test condition and angle of attack. Natural transition occurred on the hemisphereical cap near the stagnation
region at the Re^ = 48.5 and 19(10)6 test conditions. Heat-transfer rates computed along inviscid surface streamlines
using various simplified heat-transfer formulations are compared to the data. The Vaglio-Laurin type turbulent
heat-transfer formulations are shown to be in good agreement with the data at all test conditions, while those formu-
lations which use reference rather than edge conditions to define the local rate, substantially overpredict the heat-
transfer rate over the entire surface. The applicability of the angle-of-attack turbulent heat-transfer correlation
previously proposed by Widhopf is demonstrated for the present test results.

Nomenclature
A = defined by Eq. (5a)
h = heat transfer coefficient = qw/(Tr - TJ, static enthalpy
h2 = length element which characterizes the spreading of the

streamlines
H = total enthalpy
Hr = recovery enthalpy
/ = length element along a streamline measured from the most

forward point on the surface
M = Mach number
p_ = static pressure
P = nondimensionalized pressure, p/p0
Pr = Prandtl number (a value of 0.716 was used exclusively)
q = heat transfer per unit area per unit time
qcw = cold wall heat-transfer rate
Re = Reynolds number per foot
RN = nose radius
5 = surface coordinate
T — temperature
U = velocity
a = angle of attack
6 = wall thickness
e = defined by Eq. (5a)
[i — coefficient of viscosity
v = kinematic viscosity, ju/p
p = density
0 = circumferential angle measured from leeward ray
Subscripts
e = boundary-layer edge conditions
se = boundary-layer edge stagnation conditions
T = transition point
w = wall conditions
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0 = laminar stagnation point condition
1,3,4 = reference conditions used in Eqs. (2, 3, and 4) respectively,

which are defined using Eq. (5b)
oo = freestream conditions

Introduction

VERIFICATION of the accuracy of any proposed numerical
method of calculating the heat-transfer rate to the surface

of a hypersonic re-entry vehicle invariably depends upon its
subsequent agreement with experimental data. This becomes
even more pertinent when three-dimensional transitional and
turbulent flows are considered. At present, there is a need for
angle-of-attack heat-transfer data wherein the flow undergoes
a natural transition from the laminar to the turbulent state on
the blunt portion of the nosetip at a location close to the stag-
nation region. It is especially desirable to achieve the fully
turbulent state near the sonic point so that measurements of
the peak heating can be obtained In this regard, detailed meas-
urements over the entire region encompassing the first few nose
radii are needed. Also, since most re-entry conditions are
characterized by low wall-to-stagnation temperature ratios,
the test conditions should also adequately simulate this para-
meter. The simulation of these conditions will then provide a
good experimental data base which can then be used to deter-
mine the accuracy of the various proposed numerical methods.

Previous investigations have not adequately simulated all of
these conditions. In Ref. 1 an extensive investigation of the
fully turbulent heat-transfer rate on the conical surface of a
blunt cone at various angles of attack was presented Unfor-
tunately, in that study the spherical cap had to be roughened
in order to sustain the turbulent flow and prevent the flow
from relaminarizing. Thus, the heat-transfer rates on the hemi-
sphere could not be obtained. Included in Ref. 2 is a study of
the leeward plane heat-transfer distribution at angle of attack.

This paper presents the results of a test program wherein the
previously outlined conditions were simulated. Heat-transfer
and static pressure distributions over a blunt cone at various
angles-of-attack are presented at three different freestream
conditions. The results of some numerical calculations of the
turbulent heat-transfer rate, utilizing various (five) methods
proposed in the literature, are compared to the data and the
applicability of an angle-of-attack turbulent heat-transfer cor-
relation3 previously proposed by one of the authors is also
investigated.
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Experimental Facility and Test Conditions

The test program was conducted in the U.S. Naval Ordnance
Laboratory Hypersonic Tunnel 8 Facility.4'5 The measurements
were made in an air environment at a freestream Mach number
of 5 and at nominal freestream Reynolds numbers of 48.5, 19
and ll(10)6/ft. The model was cooled with liquid nitrogen and
the resulting wall to stagnation temperature ratio obtained
using this procedure varied between 0.20 ^ TJT0 ^ 0.29. The
nominal angles-of-attack considered included a = 0°, 5°, 10°,
15°, 20° and 27.5°.

Model Configuration and Instrumentation

The configuration utilized was a spherically capped (RN =
2.5 in.) 9° half-angle cone. Two models were fabricated for use
in this test program. A thick wall (d = 0.187 in.) model was
constructed of brass and used during the pressure measurement
phase of the program. The heat-transfer model consisted of a
thin wall shell (d = 0.025 in.) fabricated of ARMCO 17-4PH
stainless steel. After fabrication, the surface was heat treated
to condition H-1150 and polished to an 8 // finish. Webs were
used for internal support and were positioned so that they
would not interfere with or influence the measurements.6 Both
the surface pressure (95 gages) and heat transfer (73 gages) were
measured at each freestream condition previously described,
at approximately eleven axial stations (S/RN = 0.15, 0.30, 0.45,
0.60,0.75,0.90,1.05,1.30,1.50, 2.0, 3.5, 5.25), along seven circum-
ferential rays (<p •= 0°, 40°, 70°, 90°, 120°, 150°, and 180°). The
detailed location of both types of instrumentation is given in
Ref. 6.

The heat-transfer measurements were made utilizing 0.005 in.
diam chromel-alumel thermocouples, whose response were
automatically recorded by the NOL high-speed data acquisition
system.7 The resulting data were then reduced using the calori-
meter technique described in Ref. 8, and corrected for initial
transient conduction errors using the method of Ref. 9. A
detailed description of the data reduction technique is included
in Refs. 6 and 10. Possible sources of error were examined and
are discussed in these references. The heat-transfer coefficient h
was directly determined from the thermocouple output and sub-
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Fig. 1 Surface pressure distributions along the windward and leeward
rays for various angles of attack. \

sequently corrected for initial transient conduction errors/The
data presented herein, is in terms of the cold wall heat-transfer
rate q^ defined as q^ = hTse.

The pressure measurements were made utilizing surface
pressure taps connected to strain-gage pressure tranducers11

housed in two sealed water-cooled containers mounted in the
test cell.

The accuracy of the heat-transfer measurements is estimated
to be ± 10% for most of the range of the measurements, whereas
the accuracy is approximately ± 15% near regions of somewhat
discontinuous slope in heat transfer distribution (i.e., transition
region and sphere-cone junction) and near the stagnation region
at the higher angles-of-attack. The accuracy of the pressure
measurements is approximately ±5%.

Experimental Results
Only representative data plots which depict the pertinent

results determined in this study are included in this paper.
Tabulations of the data at each of the individual test conditions
are included in Ref. 6. Initially, an overview of the data will
be given and then comparisons with various numerical cal-
culations will be presented and discussed in the next section.

Shown in Fig. 1 are the windward and leeward pressure distri-
butions on the conical surface for the angles-of-attack considered
in this test program. Included in this figure are the numerical
results obtained using the angle-of-attack inviscid flowfield
computer code described in Ref. 12. Good agreement between
the numerical calculations and the measured distributions is
noticed (except in regions where viscous-inviscid interactions
should be important) for all angles of attack at which the calcu-
lations could be made.

Included in Figs. 2 are the corresponding plots of the heat-
transfer distributions on the conical surface for the three differ-
ent freestream conditions at which tests were conducted. It
should be noted that the distributions of both the heat transfer
and the pressure are similar. Also, as the angle of attack is
increased, it is seen that the heat transfer on the leeward side
decreases at a faster rate than it increases on the windward ray.
It should be pointed out that the flow is transitional6 along
the windward ray for a = 20.25° and 27.5° at the Re^ = 11(10)6

freestream condition.
Shown in Fig. 3a is the nondimensional cold wall heat-transfer

(qcw/qcwo) distribution on the hemispherical cap plotted with
respect to the nondimensional streamline coordinate l/RN.
(All values of qcwo appearing in the paper are calculated values
obtained using the Fay and Riddell13 relationship). Here the
data for each, of the angles-of-attack considered at the Re^ =
48.5(10)6 condition have been superimposed on one figure.
This type of plot is convenient, since the angle-of-attack dis-
tributions on the hemisphere should be self-similar in this
coordinate system. Indeed, within the stated experimental error,
this is the case. At this freestream condition, the flow-becomes
transitional at approximately station l/RN = 0.2 and achieves
the fully turbulent state at approximately l/RN = 0.4, thus, the
peak heating point has been measured The TJT0 ratio varied
between 0.24 to 0.27 for these tests and to a small degree some
of the broadening of the transition region14 can be attributed
to this variation. Similar plots for individual tests at Re^s of
19(10)6 and 11(10)6 are shown in Figs. 3b and 3c. In these figures,
each of the individual circumferential data points have been
indicated and the transition from the laminar to the turbulent
state is clearly shown. It is also interesting to note (Figs. 2-3)
that the peak heating point is still on the hemisphere for angles
of attack up to three times the cone half angle.

The location of the transition point at each of these freestream
conditions was determined by plotting the heat-transfer distri-
butions on a log-log scale and determining the intersection of
two straight lines drawn through the laminar and transitional
data.15 The transition points were also determined by matching
the distributions with a numerically calculated heat-transfer
distribution of the type discussed in the next section. Each of



1320 G.F. WIDHOPF AND R. HALL AIAA JOURNAL

180°)

3

S/RN

= 5; Reoo * 19 no)
—— NUMERICAL RESULT EQ. 1

10°

these methods is subject to error,6 but are accurate enough to
allow for a relatively accurate determination of the transition
point.

The results obtained for a few runs at the Re^ — 48.5 and
19(10)6 conditions are shown in Fig. 4. The results obtained by
the two methods discussed previously are indicated by the
designations Method 1 and 2, respectively. Included in this
figure are various transition data obtained on smooth blunt
nosetips, which were originally compiled in Ref. 16. Here the
value of Re& at the transition point has been plotted against
the corresponding edge Mach number, MeT. Each of the test
conditions are indicated in the legend of the figure and the
variation in the TJT0 ratio should be noticed. These present
variables (Re&T and Mer) certainly cannot adequately represent
the variation of the transition location with all the pertinent
variables which effect the transition process, but it is evident
from this figure that natural transition was achieved at these
two test conditions. Similar results obtained for the Re^ =
11 (10)6 condition, indicate that the boundary-layer was pre-
maturely tripped by some surface roughness which probably
resulted from particle impacts. This occurred even though the
model was hand polished between runs.
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Figs. 2 Heat-transfer distributions along the windward and leeward
rays for various angles of attack.

When the heat-transfer ratio along any ray (or rather for any
specific point on the surface) was plotted on a semilog scale as
a function of angle of attack, the variation was found to be
approximated very well by a straight line. This was the case
as long as the flow was fully turbulent and not separated. An
example of this is shown in Fig. 5 for specific locations on the
windward and leeward rays at the Re^ = 48.5(10)6 freestream
condition. Analagous examples for the other freestream con-
ditions are included in Ref. 6. This behavior was also observed
in Ref. 1 and simplifies interpolations of the data to any inclusive
angle of attack. As was found in Ref. 1, the yaw plane heat-
transfer rate on the conical surface is a very weak function of
angle-of-attack. An example of this can be seen in Fig. 6 where
the variation of the circumferential turbulent heat-transfer distri-
bution with angle of attack, at station S/RN = 5.25, is shown
for the Re^ = 48.5(10)6 freestream condition.

The variation of the circumferential heat-transfer distribution
for various axial surface location, measured with respect to the
model centerline, is shown in Fig. 7. This type of planar section
is interesting since it shows the circumferential variation in the
geometric plane. In general, once the flow has become fully
turbulent, the circumferential variation can be described by a
cosine type variation. However, the distributions in the transi-
tional regime become varied indeed, since at angle-of-attack,
the windward transition point moves rearward, with respect to
a coordinate system centered at the a = 0° stagnation point,
while the leeward transition point moves forward. The sub-
sequent effect of this type of heating distribution on nosetip
ablation and the resulting shape change can be visualized.

Comparison with Numerical Results
Heat-transfer rates computed along inviscid surface stream-

lines traced1'6 over the surface of the blunt cone at each angle
of attack were compared to the data. The Fay and Riddell
relation13 was used to calculate the stagnation heat flux and
Vaglio-Laurin's laminar relation17 was used to obtain the
laminar heat-transfer distribution. Four separate formulations
were used to calculate the fully turbulent heat-transfer rate,
whereas the method of Ref. 18 was applied to the angle-of-
attack case and used to determine the distribution in the transi-
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Figs. 3a-c Heat-transfer distribution on the hemispherical cap.
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Fig. 4 Smooth wall transition data on blunt nosetips.

tional regime. The four methods are those proposed by Vaglio-
Laurin,19 McCuen et al.,20 Walker,21 and DeJarnette and Tai.22

These formulations are given below, in their respective order
- - i / 5

qw = A(Hse - Hw)pe

(1)

Mo = 5 S/R
RCoo « 48.5 (10)6

 am K05
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Fig. 5 Heat-transfer variation with angle of attack at various stations
along the windward and leeward rays.
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Fig. 6 Comparison between experimental and calculated circumferential
turbulent heat-transfer distributions at station S/RN = 5.25 for various

angles of attack.
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Fig. 7 Circumferential variation of the heat-transfer at various stations
on the hemisphere.

Equations 5b define the reference enthalpy which is used together
with the pressure to define the reference conditions pl9 ju1? p3,
^3, and v4 used in Eqs. (2-4).

Substitution of Eq. (5a) into Eq. (3) demonstrates that Eqs. (2)
and (3) are of exactly the same form, except that the definition
of their respective reference conditions [Eqs. (5b)] are slightly
different. Similarly, a comparison of Eqs. (1) and (4) will show
that Eq. (4) is only slightly different than Eq. (1), being very
weakly dependent on reference conditions.

The major difference between the two groups is the use of
edge and/or reference conditions to define the local heat-transfer
rate. In general, the heat-transfer level predicted by these two
groups is different, with the disagreement increasing as the
TJT0 ratio decreases. In this regard, the data obtained from
this test program are especially suited to determine which is
the better approximation at moderate cold wall conditions.

The streamline patterns were determined1'6 using the exper-
imental pressure distributions and were computed from the most
forward point on the model to the most rearward station. Thus,
the effect of streamline spreading was included in all of these
calculations. Perfect gas properties were used and entropy
swallowing was neglected. This latter approximation is a good
assumption over most of the range of conditions examined
herein, except at the higher angles~of-attack on the leeward
side.1 It must be emphasized that the identical freestream
conditions, surface pressure distributions, edge conditions, vis-
cosity relation (Sutherland model) and Prandtl number (Pr =
0.716) were used in Eqs. (1-5) in evaluating the heat transfer
at a specific test condition. Thus, any variation in the subsequent
heat-transfer rate for a given test, is only due to the model itself.
Each relation [Eqs. (1-4)] was appropriately modified (Hrse —
Hw = Hse) so the numerical results could be directly compared
to the data.

Shown in Figs. 3a-c are the results of some of these com-
parisons. In general, the results obtained using Eqs. (2-4) are
shown downstream of the point where the fully turbulent rate
has been achieved. However, for the Vaglio-Laurin formulation
[Eq. (1)], the theory of Ref. 18 has been applied to describe
the transition from the laminar to the turbulent state. Here it
is noticed that the Vaglio-Laurin distribution agrees, within
the experimental error, with the data for each of the freestream
conditions tested. In all cases, Eq. (4) yielded essentially (always
a few percent higher) the same distribution as Eq. (1), thus it
was not included where it would degrade the clarity of the
respective figure. For each test condition, Eqs. (2) and (3) yield,
essentially, the same results for these test conditions except for
the effect of the different reference enthalpy formulation near
the peak heating point, and thus, only one numerical determined
curve in shown in most figures. The distribution in the transition-
al regime is adequately predicted by the theory of Ref. 18,
although more comprehensive statements cannot be made

NUMERICAL
RESULTS

a = 0°

EQ. 1 l^ = 0.425
EQ, 2 AND 3
CEBECI AND SMITH
/T = 0.40

= 18.3 (10)6

0.3 0.6 0.9 1.2 1.5 2.5 3.5 4.5 5.5

Fig. 8 Comparison between the experimental and numerical heat-
transfer distributions at a = 0° ; Re^ = 18.3(10)6.
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without a more detailed determination of the heat-transfer
distribution in this region.

Figure 8 shows the heat-transfer rate distribution for the zero
angle-of-attack case at the Re^ = 19(10)6 test condition. It
should be pointed out that for this particular case the neglection
of entropy swallowing effects is a very good approximation
since only the first five nose radii are being considered. Included
in this figure is a numerical result^: obtained using the finite
difference turbulent boundary-layer program described in
Ref. 23. The identical pressure distribution and edge conditions
were used in this calculation, as well. This boundary-layer
program uses an eddy viscosity model which accounts for
pressure gradient effects. The resulting distribution on the
hemisphere falls between the other results, and overpredicts
the level on the conical surface. Equation (1) shows good agree-
ment with the data, while Eqs. (2) and (3) substantially over-
predict the data over the entire surface. This trend was found
to hold for all the measured distributions at each angle of attack.
Examples of this trend along the conical surface are shown in
Figs. 9a-b, where the longitudinal distribution along various
rays are shown for two angles-of-attack, a = 15° and a = 20.25°.
Here it is noticed that the distributions computed using Eq. (1)
show good agreement with the data, while the corresponding
rates obtained using Eqs. (2) and (3) do not. Only the q> = 180°
and 90° solutions, obtained using Eqs. (2) and (3), have been
presented in these figures in order to clarify the presentation.
Further comparisons between the experimental data and the
numerical results obtained using Eq. (1) are shown in Figs. 2a-c
for the windward and leeward rays at various angles of attack
for each freestream test condition. In general, the agreement
is good.

The comparison between the numerical and experimental
circumferential heat-transfer distributions on the hemisphere
using Eq. (1) and the transitional theory of Ref. 18 is shown
in Fig. 7. The agreement in both magnitude and distribution
is good, even in the transitional regime. The calculated circum-
ferential distributions at station S/RN = 5.25 were compared
to the data for each of the angles of attack, and the results are
shown in Fig. 6. The agreement between the numerical results
and the measured distributions is good for all the angles of
attack, except on the leeward side at the higher angles of attack.
In this region, entropy swallowing should become important,1
thus agreement in this region would not be expected. Also,
at the higher angles of attack, separation has occurred on por-
tions of the leeward side, thus the approach used herein is invalid
in those regions. An indication of the location of the separation
region can be obtained from the circumferential pressure plots
included in Ref. 6.

Correlations

A simple correlation of the nondimensional turbulent heat-
transfer rate (qw/qwo) with the nondimensional pressure ratio
(p/p0) for blunt cones at angle of attack was demonstrated in
Ref. 3 for a particular set of experimental turbulent heat-transfer
measurements.1 There it was shown that if the nondimensional
heat-transfer rate, at a given location on the cone (as measured
in a coordinate system whose origin is located at the most
forward portion of the body at a given angle of attack), was
plotted against the corresponding local nondimensional surface
pressure for a spectrum of angles of attack and circumferential
locations, it could be correlated at each station by a power law
of the form gcw/gcwo = ACPB. Furthermore, each of the power
laws (one for each streamwise surface location) in the set had
the same exponent, B. It was also shown that the coefficient Ac of
each of these power laws could be accurately determined from
the a = 0° heat-transfer distribution, when it was calculated
including the effect of entropy swallowing. Thus, given the angle
of attack pressure distributions and the a = 0° heat-transfer
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$ This result was graciously supplied by N. Jaffe of The Aerospace
Corp.

Figs. 9a-b Comparison between the experimental and numerical
longitudinal heat-transfer distributions on the conical surface.

distribution, the heat-transfer distribution over the entire conical
surface (axially as well as circumferentially) could be generated
in a simple manner over a spectrum of angles of attack. This
evaluation would include three-dimensional as well as entropy
swallowing effects. It was also shown that the exponent B was
a weak function of the specific heat ratio y and co, where \JL oc Tw.

Thus, the present experimental results were plotted in this
manner in order to determine if the correlation did indeed apply
at the present test conditions. The results are shown in Fig. 10
for the Re^ = 48.5(10)6 test condition. Here it is seen that the
present data can also be correlated by a set of power laws,
each having the same exponent (0.96) determined in Ref. 3. The
levels of these curves can also be predicted by the a = 0°
distribution.6 Thus, this type of correlation has been shown to
be applicable for another set of turbulent heat-transfer data.

Summary and Conclusions
The results of this investigation can be summarized by the

following:
1) Smooth wall heat-transfer measurements at low TJT0

ratios were obtained at two freestream conditions [Re^ = 48.5
and 19(10)6] over a range of angles of attack. Natural transition
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was obtained near the stagnation region at both of these test
conditions. Premature transition occurred at the Re^ = 11(10)6
test condition.

2) Measurements of the peak turbulent heating were obtained
on the hemispherical cap at the Re^ = 48.5(10)6 test condition.
Detailed measurements of the heat-transfer rate were obtained
over the entire nosetip at each test condition.

3) Numerical calculations performed using the Vaglio-Laurin
turbulent heat-transfer relation are in good agreement with the
data. Other formulations which were examined did not agree
with the data as well as the results obtained using the Vaglio-
Laurin relation. Each of these other relations use reference

700

4 6 8 10°

= P/Po

Fig. 10 Correlation of the turbulent heat-transfer data at stations
S/RN = 2, 3.5 and 5.25.

rather than edge conditions to define the local heat-transfer rate.
Specifically, the McCuen et al., and Walker relation substantially
overpredict the peak heating for these test conditions and, in
general, overpredict the rates on the conical surface as well.
The formulation of DeJarnette and Tai yields results for these
test conditions which are, in general, a few percent higher than
the respective rates calculated using the Vaglio-Laurin relation.

4) The turbulent heat-transfer correlation for blunt cones at
angle of attack which was previously demonstrated in Ref. 3
was shown to be applicable.

5) Numerical calculations of the surface pressure agree with
the measured distributions except in regions where viscous-
inviscid interactions become important.
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