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Aerothermodynamic Study of Slender Conical Vehicles
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NASA Langley Research Center, Hampton, Virginia

A study was performed to assess the applicability of some current techniques which can be used for aerothermal
predictions over slender spherically blunted cones. Predictions using a viscous-shock-layer method and several
engineering approaches were compared with experimental results from flight- and ground-based tests, with each
other, and with other detailed results. Good agreement was obtained in comparisons with laminar and turbulent
heating data from the Reentry F flight vehicle and with the wind-tunnel data. In particular, the viscous-shock-layer
method was shown to yield excellent comparisons and to be useful in providing detailed flowfield and surface values
for slender blunted cones. Detailed comparison of the engineering code predictions with the viscous-shock-layer
results generally showed good agreement except for the laminar predictions at angle attack on the forward cone
surface.

Nomenclature
EQLB = equilibrium air
L = length, ft
M = Mach number
P = pressure, lb/ft2

q = heat-transfer rate, Btu/ft2-s
rn — nose radius, ft
s = surface distance, ft
x — axial distance, ft
a = angle of attack, deg
7 = ratio of specific heats
0C = cone half-angle, deg
$ = circumferential angle measured from

windward centerline, deg
Subscripts
o = stagnation point
w = wall value
ref = reference condition
oo = freestream value

Introduction

RECENT interest in hypersonic vehicles has increased the
need for verification and application of aerothermal pre-

diction techniques in many areas. These prediction techniques
are useful for design studies, and they can aid in developing
improved methodology for extrapolating wind-tunnel data to
flight conditions. However, before any method can be used
with confidence, it must be verified as accurately as possible.
This is especially true if future mission goals are so demanding
that excessive conservatism applied to computational predic-
tions (or experimental data) will inhibit the successful design
of these vehicles.

The present paper addresses the verification and application
of aerothermal prediction techniques which may be useful in
such design studies. A primary purpose of this paper is to
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demonstrate the applicability of several computer codes which
can be used for high-speed flowfield and aerodynamic heating
predictions over slender bodies. The codes considered in detail
herein range in complexity from "engineering" form-
ulations1'3 to finite-difference solution of the viscous-shock-
layer (VSL) equations.4'6 In general terms, the engineering
programs employ various levels of approximation in deter-
mining surface pressure, heat transfer, and real gas effects.
They are typically used for conceptual design because they are
quick running and can be used for extensive parametric
studies. The VSL method is also useful for studies of generic
body shapes and can provide detailed information such as
surface heat transfer and pressure distributions, force-and-
moment values at small angles of attack (where flow
is attached in circumferential direction), and shock-layer
properties.

To demonstrate the applicability of these codes, the results
of heating predictions are compared with flight7 and ground
test data,8'9 with each other, and with another detailed
method.10 This combination of data comparisons provides a
sound procedure for verification of prediction methods and
serves to illustrate potential errors or problems.

Computational Methods
Engineering Codes

The MINIVER program1 is an engineering code that can
be easily used in computer-aided design systems such as
AVID.11 The code provides the user with a menu for selection
of methods to compute postshock and local flow properties as
well as heating-rate values. The stagnation-point heating is
computed with the Fay-Riddell12 method; the local laminar
values are computed by the Blasius13 skin-friction method and
a modified Reynolds analogy with Eckert reference enthalpy14

to account for compressibility effects; and the turbulent levels
can be computed by the Shultz-Grunow15 skin-friction tech-
nique with reference enthalpy and a Reynolds analogy or with
the Spalding-Chi16 skin-friction method and a Reynolds anal-
ogy form. In addition, several boundary-layer transition crite-
ria are provided as well as methods to compute the heating
over the transitional flow regime (continuum to free molecule)
and for swept cylinder and interference heating conditions.
The calculations can be based on perfect gas or equilibrium
air chemistry. The flow can be computed for two-dimensional
or axisymmetric surfaces with angle-of-attack effects simu-
lated by a tangent-cone or an approximate crossflow option.
Axisymmetric effects are available only through use of the
Mangier17 transformation for flat plate to sharp cone condi-
tions. This option does not permit the user to study bluntness
effects, since me axisymmetric effects are treated as a constant.
Also, the^ode does not provide any method to account for
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the pressure overexpansion or variable entropy effects on heat
transfer along blunted vehicles.

Another technique, due to DeJarnette and Hamilton,2 uses
the axisymmetric analog concept18 which has been applied
extensively19'20 to heating-rate calculations over three-dimen-
sional bodies. This method is used in the aerospace industry
and is referred to as NHEAT or AEROHEAT. For applica-
tion of the axisymmetric analog concept, the three-dimen-
sional boundary-layer equations are written in the streamline
coordinate system, and the crossflow velocity (tangent to the
surface and normal to the streamline direction) is assumed to
be zero. The resulting equations are identical to the axisym-
metric zero degree angle-of-attack forms if the distance along
the streamline is considered the surface distance and the
metric representing the streamline spreading is equated to the
axisymmetric body radius. Several techniques19'21 have been
employed by DeJarnette and associates for computing the
inviscid surface streamline paths and the metric coefficients
associated with the spreading. The basic Maslen22 method is
used to compute the shock shape corresponding to each
inviscid surface streamline, and mass balancing is used to
account for local entropy effects on the surface heating. The
approximate methods of Cohen23 are used to compute the
stagnation-point and local laminar heating values. Several
turbulent heating methods are also included. Local pressures
are computed analytically or can be input, and the gas
properties can be computed by perfect gas or equilibrium air
assumptions.

The INCHES code3 is an approximate inviscid plus
boundary-layer method that was initially developed for engi-
neering calculations of radiation and convective heating rates
for planetary missions. The code uses a modified Maslen
technique24 and computes the axisymmetric zero degree angle-
of-attack flowfield over paraboloids, ellipsoids, hyperboloids,
and sphere cones. Since the code computes the flowfield over
the desired body rather than the inverse method suggested by
Maslen, a better definition of inviscid properties is obtained.
For example, the code computes the overexpansion and re-
compression of the pressure for blunted cones. Variable en-
tropy can be included by using local inviscid properties
located a boundary-layer thickness away from the body sur-
face. The code uses the Cohen stagnation-point heating
method and a Blasius skin-friction coefficient based oh mo-
mentum thickness with Eckert reference enthalpy and a
modified Reynolds analogy to compute local laminar heating.
The turbulent heating equations also employ a skin friction
based on momentum thickness. The exponent on the
Reynolds number is computed with the velocity profile expo-
nent as a function of the momentum-thickness Reynolds
number. A recent study3 included angle-of-attack effects
(crossflow) in the heating calculations over the windward and
leeward symmetry planes of sphere cones through use of the
DeJarnette and Davis19 method. However, the inviscid shock
shape and flowfield at angle of attack are computed based on
the equivalent cone. The variable exponent for the momen-
tum-thickness Reynolds number is based on experimental
data25 measured in axisymmetric nozzles.

Viscous-Shock-Layer Code
The three-dimensional viscous-shock-layer method is based

on the solution of a subset of the Navier-Stokes equations in
which parabolic approximations are made in both the stream-
wise and crossflow directions. In the VSL method, the entire
shock layer is modeled with a single set of equations which are
valid through the inviscid and viscous regions and thereby
eliminate inherent difficulties encountered in matching
boundary-layer and inviscid solutions, e.g., accounting for
entropy effects. Davis26 developed the application of the
viscous-shock-layer equations for two-dimensional flows over
axisymmetric configurations. Murray and Lewis4 extended the
method to three dimensions and applied their code (VSL3D)

to spherically blunted conical configurations. Later, Thareja
et al.5 modified the VSL3D code to include transition and
turbulent flow and the capability for treating air in chemical
equilibrium. A further extension of the code was made by
Swaminathari et al.6 wherein the chemistry modeling was
changed to treat chemical nonequilibrium in the shock layer.

Turbulence modeling in the VSL3D code is achieved using
an algebraic eddy-viscosity model. This two-layer turbulence
model accounts for pressure gradients27 and three-dimen-
sional effects in the inner layer.28 The outer layer model is that
given by Clauser29 and Klebanoff.30 During transition to
turbulence, the composite eddy viscosity is modified using the
Dhawan and Narashima method.31 Thermodynamic and
transport properties for equilibrium air calculations with the
VSL3D code were obtained from Hansen.32

Experimental Data
Reentry F Flight Test

One purpose of the present paper is to draw attention to
available experimental data which can be used for code
comparison and verification. Most notable of the data pre-
sented in this paper are laminar, transitional, and turbulent
heating data measured on a slender conical body during free
flight.7 This flight experiment, known as Reentry F, was
performed in 1968 to provide accurate measurement of turbu-
lent heating rates on a nearly sharp conical vehicle in regions
where Mach number, Reynolds number, freestream enthalpy,
and ratios of wall-to-total temperature could not be obtained
by ground-based experiments. The Reentry F vehicle was a
5-deg sphere cone, 13 ft in length with an initial nose radius of
0.1 in. A graphite nosetip extended for the first 7.69 in. fol-
lowed by a conical beryllium frustrum. Temperature measure-
ments were obtained for the prime data period at altitudes
between 120,000 and 60,000 ft at freestream Mach numbers
near 20. These temperature data were reduced to heating rates
and compared with prediction techniques existing at that
time. In addition, the measurements provided experimental
information33 on hypersonic boundary-layer transition in the
flight environment. These data hold importance today since
they are useful for comparison with prediction techniques,
and practical application of transition criteria continues to be
of primary importance.

Wind-Tunnel Data
Many sources of hypersonic wind-tunnel heat-transfer data

over blunted conical bodies are available in the open litera-
ture. For this paper, the ground test data presented in Refs. 8
and 9 were used for comparison. The data of Ref. 8 include
both laminar and turbulent heat transfer for an 8-deg sphere
cone under perfect gas, relatively low Mach number condi-
tions. In Ref. 9, laminar heat-transfer data for a blunted
15-deg cone in perfect gas, Mach 10.6 flow were obtained and
are compared with VSL3D predictions to illustrate angle-of-
attack capability.

Results and Discussion
In this section, comparative analyses of the VSL3D and

engineering code predictions with experimental data, other
computational results, and each other are presented and
discussed. Actual heating rates for most of these cases have
been normalized with a reference heating rate, but the relative
comparisons are unchanged.

Comparison of Detailed Prediction Methods
One step in the verification of prediction methods is the

comparison of results obtained with different codes. For this
paper, specific comparisons of heating rates obtained with
VSL3D and a parabolized Navier-Stokes (PNS) code10 were
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Fig. 1 Comparison of heating predictions from detailed codes.
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Fig. 2 Comparison of heating predictions with Reentry F data.

made. These results are presented in Fig. 1 for a very long,
5-deg spherically blunted cone at Mach numbers of 15 and 25
and 0-deg angle of attack. The predicted heating-rate distribu-
tions using equilibrium air chemistry in both codes are in
excellent agreement over the length of the vehicle.

Comparison of Predictions with Experimental Data
Figures 3-5 contain comparisons of flight data and heat-

ing-rate predictions using the detailed viscous-shock-layer and
approximate codes for three Reentry F trajectory points.
Equilibrium air chemistry was used in all of the Reentry F
calculations. Figure 2 represents data at an altitude of
120,000ft with a freestream Mach number of 19.4. The flow
in this case was laminar over the entire vehicle, and angle of
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Fig. 3 Comparison of VSL3D prediction with Reentry F data.
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Fig. 4 Comparison of engineering code predictions with Reentry F
data.

attack was approximately zero. The comparison between ex-
periment and VSL3D prediction shows agreement within 10%
in this case. A heating distribution computed using the
INCHES code is in similar agreement with the data and
VSL3D result.

Figures 3 and 4 show the experimental data compared with
the VSL3D and engineering code predictions, respectively, for
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Fig. 5 Comparison of heating predictions with Reentry F data.

trajectory point at 80,000 ft. The Mach number remained near
20 for this case, but a small angle of attack (0.14 deg) existed
for the flight vehicle. In the VSL solution, a three-dimensional
flowfield was computed, and for the MINIVER code, the
equivalent cone approximation was used to account for the
pitch. Such a simplifying approximation in the MINIVER
solutions is adequate in this case but is not expected to be
accurate at larger angles of attack. The data and predictions
shown in Figs. 3 and 4 are for the most leeward plane (the
primary thermocouple ray). The data show that boundary-
layer transition occurred about halfway down the vehicle on
the leeward side. For the present calculations, the transition
location was taken at the reported distance.7 In Fig. 3, the
overall agreement between heating data and predicted results
is excellent except in the transition region. The VSL3D code
initially overpredicts the transitional heating, but then under-
predicts it as fully turbulent flow is reached. Reasons for this
discrepancy have not been investigated.

Figure 4 presents laminar and turbulent heating-rate predic-
tions using the INCHES and MINIVER codes for the same
conditions shown in the previous figure. Both engineering
codes assume instantaneous transition for this comparison. As
shown, the INCHES prediction is in good agreement (within
10%) with both the laminar and fully turbulent data. The
laminar heating method in MINIVER also yields results in
good agreement with the data. After transition, the results of
both turbulent heating methods used in MINIVER are com-
pared with the data. The first, based on the Schultz-Grunow
skin-friction relation, is in very good agreement with the data.
Conversely, the Spalding and Chi skin-friction relation results
in turbulent heating rates 15-20% lower than the data.
Similar results have been noted previously.34

The last comparison with Reentry F data is shown in Fig.
5. The freestream conditions for this case were at Mach 20 at
65,000ft, and the angle of attack was 0.715 deg. This figure
compares the laminar and turbulent VSL3D solution on the
windward plane and the turbulent windward and leeward
MINIVER predictions. A leeside heating prediction from
VSL3D for the full length of the vehicle was not obtained in
this case due to the code "dropping" the solution planes
between ^ = 135 and 180 deg. The failure of the VSL3D code
to compute the leeside flowfield is typical at high angles of
attack or for very long bodies at even lower angles of attack.
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Fig. 7 Comparison of angle-of-attack heating predictions with wind-
tunnel data.

The dropping of planes is a limitation of the VSL method and
is generally attributed to crossflow separation or to failure in
adequately resolving gradients on the leeside. Nevertheless,
the entire windward flowfield was computed for this case. An
axisymmetric transition location, obtained from the heating
measurements on the primary thermocouple ray (leeside), was
used in the calculations. The flight data actually indicate
transition more forward on the windward ray than on the
leeside. Thus, the VSL3D prediction on the windward ray is
not comparable with the data in the transition region, but
farther downstream the level of turbulent heating compares
fairly well (10-12%). Figure 5 also shows the leeward and
windward heating predicted with the MINIVER code. The
results predicted by the Schultz-Grunow method on the wind-
ward and leeward planes are within 10% of the data. A
leeside prediction using Spalding and Chi is again 20% lower
than the data.
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Fig. 9 Comparison of aft-cone turbulent heating predictions.

Additional comparisons of prediction and experiment were
made for this study using some of the test results from two
wind-tunnel experiments.8'9 These data were selected to illus-
trate the effects of turbulent flow and angle of attack, respec-
tively. Conditions for the first case were at Mach 5 and 0-deg
angle of attack. The blunt cone half-angle was 8 deg and the
body length was 6 nose radii. Natural transition occurred just

downstream of the blunted nosetip and is modeled in the
numerical solutions. A comparison of the heating rates pre-
dicted with VSL3D and INCHES is presented in Fig. 6 and
shows excellent agreement for this blunt-body-dominated
flow.

A second comparison of VSL3D prediction with wind-
tunnel data is presented in Fig. 7 for a 15-deg sphere cone at
20-deg angle of attack at Mach 10.6. The laminar heating
distributions on the windward and side ((/> = 90 deg) merid-
ionals only are shown in Fig. 7, since predictions on the
leeside were not obtained. However, this figure still illustrates
the good accuracy obtained for the windward side and adds to
the confidence level in the angle-of-attack capability of
VSL3D.

Comparison of VSL3D and Engineering Code Results
Additional comparisons between the engineering codes and

VSL3D are presented in this section. Calculations were per-
formed for two 5-deg conical vehicles with nose radii of 0.125
and 0.75 ft at angles of attack of 0, 3, and 20 deg, and some
of the results are included herein. Figures 8-10 compare the
windward centerline heating rates predicted with the three
engineering codes and VSL3D. Figure 8 compares the laminar
0-deg angle-of-attack case for the bluntest vehicle. To simplify
the remaining illustrations, Fig. 9 compares the turbulent
afterbody predictions, and Fig. 10 compares the laminar
forebody solutions in more detail. For the turbulent calcula-
tions, the Schultz-Grunow skin-friction relation in MINIVER
was used. The Van Driest35 skin-friction relation was selected
in the AEROHEAT code to compute the heating.

The heating predictions obtained using the engineering
methods and VSL3D for the completely laminar flow case at
0-deg angle of attack are generally in fair agreement (Fig. 8).
Results from the INCHES code are within 10% of the
VSL3D results over the entire length. The levels obtained
from AEROHEAT are in good agreement where the pressure
overexpansion occurs but are lower than the VSL3D predic-
tion after sharp cone pressure is reached. This can be seen
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near the aft end of the vehicle. This method also predicts an
unrealistic heating distribution downstream of the sphere-
cone tangent point as seen in Fig. 8. The reasons for these
descrepancies can be partially attributed to the use of
modified Newtonian pressure. Since completion of the present
work, Riley et al.36 have incorporated curve-fit expressions for
the pressure into the AEROHEAT code and have obtained
better agreement in both the tangent-point region and in
regions where sharp cone conditions exist. The MINIVER
code in this case yielded heating rates 20% higher than the
VSL3D values in regions affected by variable entropy, i.e., the
first 35 ft (half the length) of the blunted cone. Elsewhere, the
heating levels were within 10% of the VSL3D results. Com-
parison of the MINIVER heating perdictions did not improve
when normal shock entropy and modified Newtonian pressure
were assumed.

Turbulent heating levels for the smaller nose radius body
are shown in Fig. 9 for the three angle-of-attack conditions
with the turbulent flow occurring primarily under sharp cone
conditions. The general agreement between the engineering
codes and VSL3D is good for all the angle-of-attack condi-
tions. The largest differences observed are about 20%, but the
overall agreement is between 10 and 15%. Results similar to
these were found for the 0.75-ft nose radius body, although
the turbulent flow occurs in a region affected by the nose
bluntness.

Comparison of heating predictions for the laminar flow
regions are shown in Fig. 10 for the 0.125-ft nose radius body
at 3- and 20-deg angles of attack. These figures are enlarged
views of the fore-cone heating on the present vehicle. At 3-deg
angle of attack, discrepancies between the engineering codes
and VSL3D laminar results increase, as shown in the figure.
The VSL3D prediction exhibits a local maximum in heating
near a body location of 7 ft and the maximum is as much as
40% higher than the other predicted values. On the blunter
body, this maximum was shifted downstream and occurred
beyond the present laminar solutions. This local maximum in
heating has been shown in experimental and computational
results9'37 for blunt cones at angle of attack and can also be
observed in Fig. 8. Mayne37 has related this peak to a local
maximum in |d2/?/d(/>2| and showed that the location of maxi-
mum pressure after recompression was slightly downstream of
this point. The present VSL solutions also exhibit similar
behavior. In the present comparisons, the INCHES code
appears to predict the trend in local maximum but is low in
comparison to the VSL3D result. The heating levels from the
AEROHEAT code are similar to the INCHES results but do
not exhibit the same trend. Attempts were made in the present
study to isolate reasons for the heating discrepancy between
the VSL3D, INCHES, and AEROHEAT codes, and it was
concluded that the metrics computed in the engineering codes
to describe the streamline spreading for the axisymmetric
analog may not be adequate for small angle cones at small
angles of attack. Both codes employed the metric definition
given by DeJarnette and Davis.19 Subsequent to this study,
Riley et al.36 have found that the metrics are best computed
by using the pressure distribution. Comparisons of AERO-
HEAT predictions with VSL3D in Ref. 36 show marked
improvement and an acceptable heating prediction from
AEROHEAT after this modification. The prediction from
MINIVER in this case is higher than the other engineering
codes, but the slightly better agreement with the VSL result is
considered fortuitous. The comparison of predicted heating
rates for the small nose radius body at 20-deg angle of attack
is also shown in Fig. 10. The VSL solution again shows a
local maximum in heating which has moved forward and
become of lesser extent with angle of attack and corresponds
with the movement of the pressure distribution. Since this
effect is more confined in this case, the engineering codes are
in better overall agreement with VSL3D than for the lower
angle-of-attack case. The overall differences are about 15%
with larger disagreement near the heating peak.

Table 1 Laminar stagnation-point heat transfer at Moo = 15, y - 1.4

VSL3D

Btu

INCHES with
viscous effects

INCHES without
viscous effects

0.125
0.75

404.8
163.9

390.1
159.2

336.8
137.5

Stagnation heating values from VSL3D and INCHES are
compared in Table 1 for the present case. The two sets of
heating predictions from INCHES result from assumptions of
edge conditions based on inviscid body streamline calculations
or calculations accounting for viscous effects along the stagna-
tion streamline. The results accounting for viscous effects are
in excellent agreement with the VSL3D values. The engineer-
ing prediction based on inviscid stagnation conditions are
typical of boundary-layer methods and are approximately
17% less than the VSL3D results. For decreasing Reynolds
number (increasing altitude), these discrepancies will increase.
Currently, the thrust of many analyses and design efforts is to
account for the lower heating rates associated with nonequi-
librium flow and low surface catalysis. However, many of
these investigations, in particular those related to the stagna-
tion region, utilize nonequilibrium boundary-layer methods
which are not coupled with flowfield solutions. Consequently,
the benefits derived by the nonequilibrium heating calcula-
tions may be obscured by neglecting effects of the viscous
dominated region.

Concluding Statement
Application of a three-dimensional viscous-shock-layer

code (VSL3D) and several approximate "engineering" tech-
niques were demonstrated in this paper. Comparisons of
predictions obtained with these methods with Reentry F flight
data showed excellent results for both laminar and turbulent
flow. The calculations included small angle-of-attack and
equilibrium air effects. Results of VSL3D predictions showed
excellent agreement with experimental ground test data for
turbulent and angle-of-attack conditions and also with corre-
sponding results of a parabolized Navier-Stokes code.

Comparisons of engineering codes and VSL3D results were
also made to evaluate the applicability of the approximate
methods. The predicted results showed generally good agree-
ment but illustrated some deficiences in the approximate
techniques. These results can be summarized as follows:

1) Windward centerline turbulent heating rates predicted
by the engineering and VSL3D codes were in good agreement
over the range of bluntness and angle of attack considered.

2) Laminar heating distributions computed with the
MINIVER code were 20-30% higher than other predictions
in regions affected by variable entropy. These results indicate
that the method may be unsuitable for studies where blunt-
ness influences a significant part of the flowfield.

3) Laminar heating rates predicted with the INCHES code
were in good agreement with the VSL3D results for the case
at 0-deg angle of attack. However, at small angles of attack,
the agreement on the windward centerline deteriorated and
large differences (as much as 40%) were noted. Similar results
were obtained with the AEROHEAT code. The discrepancies
are due to inaccuracies in the metric expressions used in the
engineering codes to describe the streamline spreading effect
for angle-of-attack conditions. Subsequent modifications36 to
AEROHEAT have improved the code's ability to predict
slender cone heating.

4) Approximate heating methods or boundary-layer codes
should be coupled with a flowfield procedure to account for
viscous effects in the stagnation region at low Reynolds
number conditions.
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