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Engineering Flowfield Method
with Angle-of-Attack Applications

E. V. Zoby* and A. L. Simmonds
NASA Langley Research Center, Hampton, Virginia

An approximate inviscid flowfield method has been extended to include heat-transfer predictions and a
technique to account for the effect of variable-entropy edge conditions on the heat transfer. Results of the
approximate code have been validated by comparison with experimental data and results of detailed predictions.
The engineering code computes the inviscid flowfield and convective heating over hyperboloids, ellipsoids,
paraboloids, and sphere-cones at zero deg angle of attack (AOA). An application to angle-of-attack conditions
is included in the present method by using existing approximations to: 1) account for the streamline-spreading
effects on the heat transfer along the windward and leeward rays of sphere-cones and 2) to compute the
corresponding circumferential heating. Present results of the engineering calculations are shown to be in good
agreement with existing pressure and heating data over sphere-cones, even at high incidence values, with the
restriction that the sonic-line location remain on the spherical cap. The present technique has been demonstrated
to provide a rapid but reliable method for predicting surface-measurable quantities and flow properties through
the shock layer. The code represents a versatile engineering method for parametric or preliminary thermal design
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studies.

Nomenclature
H =enthalpy
H, =Streamline-spreading metric
= heat-transfer coefficient
=body length
= leeward heating-rate ratio, q, /¢~
= Mach number
=reciprocal exponent in velocity profile power law
= pressure
= heating rate
=radius of curvature
R, =momentum thickness Reynolds number
= cross-sectional radius
= surface-wetted distance
= tangential velocity
=normal velocity
=windward heating-rate ratio, ¢,/q,_,
= effective cone half angle, Eq. (10)
=shock arc length
= axial length
=angle of attack
= specific heat ratio
=meridian ray
= stream function
g, =second derivative of stagnation-point shock radius of
curvature
= momentum thickness
= cone half-angle
. =local shock angle
. =sharp cone shock angle

XV Z oS

Y

%eQQnggc:m\

s

0
0
0
0
Subscripts

a  =angle of attack
o  =freestream
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n =nose radius

s =shock

st =stagnation condition
w  =wall condition

Introduction

PPROXIMATE convective heating techniques!'® which

have been substantiated by experimental data!”?* and/or
“benchmark’’ calculations®>3? are employed frequently in
parametric or design calculations for most ballistic and
maneuvering reentry spacecraft. The approximate codes are
of practical importance, since the detailed codes typically
require large computer run times and storage. However, these
approximate methods are typically limited in application to
either a particular gas composition, stagnation-point solution,
perfect gas analysis, or constant entropy solution. None of the
above noted approximate techniques provide the flexibility of
determining flow property distributions through the shock
layer. For these approximate methods to have a wide range of
applicability (outer planet missions and Earth space trans-
portation systems) they should be capable of modeling a
variety of flow phenomena such as arbitrary reactive-gas
compositions and variable-entropy effects, as well as a wide
range of body geometries.

A recent investigation®* proposed approximate laminar and
turbulent heating techniques for use in nonreacting and
equilibrium hypersonic flow calculations. The heating
methods were coupled with inviscid flowfield codes 3% to
provide procedures for evaluating the impact of variable-
entropy conditions on the surface heating. The coupling of the
approximate flowfield code’® with the heating methods
constituted an engineering code which has been used in
aerothermal studies at Earth, Venusian, and outerplanet entry
conditions. In addition to calculation of the heat-transfer and
pressure distribution, the code provides detailed distributions
of flowfield properties which are not available in typical
engineering heating analyses. Heat-transfer results based on
the approximate code were shown to be in good agreement
with a range of ground-test data and with predictions based -
on detailed codes. Recently, heat-transfer predictions based
on the engineering code and using an ‘‘equivalent’”
axisymmetric body concept to define the shuttle windward-
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ray geometry were shown to be in good agreement with
Shuttle ground test’” and free-flight*® experimental heating
rates. However, this engineering code is an axisymmetric zero
angle-of-attack code with analytic expressions for bow shocks
capable of generating body shapes closely approximating only
hyperboloids or spherically blunted cones. In addition, due to
an assumption of & constant sharp-cone shock angle along the
sphere-cone frustum, inviscid flowfield solutions for half-
cone angles less tHan approximately 25 deg cannot be com-
puted.

The purpose of this paper is to present the results of an
investigation initiated to develop a more flexible engineering
code. The approach is to couple the heating and the constant
or variable-entropy edge assumptions, based on perfect or
equilibrium gas calculations with a different approximate
inviscid code.’® The engineering code used in this in-
vestigation (inviscid plus heating and entropy methods) has
the capability to compute the inviscid flowfield and heating
distributions for a range of analytic shapes, i.e., paraboloids,
hyperboloids, and ellipsoids, as well as moderately blunt
(supersonic flow along flank) or slender sphere-cones at zero
angle of attack (AOA). The inviscid code assumes an initial
bow shock which is iterated until convergence of computed
and desired body is obtained. The current engineering code is
validated with the same data as the original code. For sphere-
cones at incidence, existing approximations which account for
the effect of streamline spreading'® on the windward and
leeward convective heat-transfer rates and which provide
procedures to compute meridian pressure distributions and
the peripheral heat-flux distributions*® are also incorporated
in the present method. In this paper, capabilities of the
present engineering code are demonstrated by comparing
predictions with experimental pressure and heat-transfer data
over slender blunt cones at incidence. The necessity of in-
cluding an approximation for the streamline metric H, (a
measure of streamline spreading) in the heating calculations
compared to using only the equivalent-cone method is noted.

Analysis

In this section, several important aspects of the present
engineering method are reviewed: the assumptions and basic
equations of the approximate inviscid code,? the flow op-
tions, the laminar and turbulent heating equations, and the
procedures to account for streamline-spreading effects on the
windward and leeward symmetry plane heat transfer to
compute the circumferential heating distributions and
meridional pressure distributions over cones at incidence
levels for which the sonic-line location remains on the
spherical cap.

Inviscid Code

An approximate inviscid code® based on the Maslen*
technique is used in the analysis to compute the zero AOA
flowfield over paraboloids, ellipsoids, hyperboloids, and
sphere-cones. There is an important difference in the present
inviscid technique® compared to the initial inviscid method?
that was used in previous aerothermal analyses. The previous
inviscid method employed analytic expressions for the shock
that resulted in only closely approximating the desired body.
The present solution techniques assumes an initial bow shock
wave which is iterated until satisfactory convergence with the
desired body is obtained. The inviscid method has been
presented in detail and only a brief description is given herein.

Maslen applies the Von Mises transformation to the
governing equations so that the independent variables are the
distance along the shock, x, and the stream function, .
Calculations proceed along rays normal to the shock. The
calculation procedure is significantly simplified based on an
assumption by Maslen that the streamlines for hypersonic
flow are nearly parallel to the shock. The assumption leads to
the determination of an explicit algebraic expression for the
normal pressure distribution through the shock layer. In a
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later investigation,*> Maslen presents another approximation
to account for the contribution of the normal velocity
component through the shock layer to the pressure level. The
pressure equation is

PO =Pt —2 — (h— ) —

vstand, ( 1 N cos()s) 2 —y?
I'SRS rs

Ry 1 2y
M

Calculated results based in Eq. (1), in contrast to calculated
results based on the first pressure relation,*! yield improved
comparisons’® with detailed predictions of the surface
pressure. Note that with Eq. (1), an approximate expression
for the normal velocity component was included in the energy
equation in the present method.

The iterative flowfield method, which was initially
discussed in Ref. 43 and later modified,*® is divided into two
regions, subsonic and supersonic. For the region referred to as
the subsonic region, the shock shape is represented by a
Taylor series as

Rs (x) =R:,sl + asr')f;i (2)

The shock shape is computed to an arc length location defined
by a shock Mach number of approximately 1.3 or 1.7 for
perfect gas or equilibrium chemistry conditions, respectively.
This requirement ensures a continually increasing shock
radius of curvature between the subsonic and supersonic
regions, The local flow properties and geometry are computed
until the body (¢ =0) is reached. The computed body is scaled
to the desired body and the scaling yields a new shock-shape
definition. The process is repeated until the computed and
desired body locations are within a specified convergence
criterion. In the supersonic regions, a step-by-step marching
procedure is used to compute the shock shape and flowfield.
The same equations used in the subsonic region for the
calculation of the flowfield properties and geometry are
applicable. On subsequent iterations the increment in the
shock radilis of curvature is varied until satisfactory con-
vergence is.obtained. The shock arc length is held constant for
the iteration process in the supersonic region. For sphere-cone
solutions, additional analysis is required. The shock arc
length is held constant, rather than the shock angle during
iterations in the supersonic region, since the sphere-cone
minimum shock-inflection point was found easier to com-
pute. However, a present procedure different than the version
in Ref. 39 is used for computing the flowfield downstream of
the sphere-cone shock inflection point. This approach, which
is based on related sharp cone techniques and yields improved
predictions of surface pressures and heat transfer, is used
since it is difficult to obtain satisfactory convergence by
applying the upstream solution techniques to the nearly
constant shock angle and relatively large values for the shock
radius of curvature that are typical of this flowfield region of
sphere-cones.

Flow Options

In addition to the range of axisymmetric geometries, the
code provides additional options for computing the flowfield
solutions. Inviscid flowfield or inviscid plus heating solutions
can be computed for perfect gas or equilibrium chemistry
conditions. Eqilibrium gas calculations for air, C0,-N,, H,-
He and CF, gas mixtures are based on correlation equations
for the enthalpy and temperature in terms of pressure-density
relations. The flow properties used in the heating methods are
based on either constant or variable-entropy edge conditions.

Heat-Transfer Methods

Laminar and turbulent heating methods appropriate for
engineering predictions of the convective heating rates about
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reentry spacecraft at hypersonic flow conditions have been
reported.’* These approximate techniques were determined
initially for outer-planet entry conditions, but are general in
nature and can be applied to both perfect gas and equilibrium
gas mixtures, i.e., no constants are adjusted for different
gases and for either constant or variable entropy edge con-
ditions. The results of the present heat-transfer predictions
have been shown to be generally within 10% of experimental
data or results of detailed prediction methods for Earth,
Venusian, or outer-planet entry conditions. The set of
equations for heating and variable-entropy edge conditions
has been reported® in detail and only a brief discussion is
presented herein.

Background

For both the stagnation-point heating rate and laminar
heat-transfer distribution, results based on several analyses!™
are in good agreement, but the analyses are restricted to air.
For gas compositions other than air, approximate methods
are also available.’® The analysis of Sutton and Graves,’
while limited to the stagnation point of a blunt body, provides
a versatile technique of calculating the stagnation-point heat-
transfer rate in a wide range of base gases and in mixtures of
these gases. The analysis of Marvin and Deiwert® provides a
method of calculating the laminar-heating distribution, but
for only a limited number of gas mixtures.

Approximate turbulent heat-transfer expression,’!* are
primarily based on equating the skin friction to the Stanton
number through the Reynolds analogy. In Refs. 8-11, the
skin-friction relation as a function of the momentum
thickness Reynolds number (R,) is determined by assuming a
velocity profile [uw/u,= (Y/8)"""] to compute the required
constants and exponents. For these references, a 1/7 power-
law velocity profile is assumed. Differences in the skin-
triction equations are due to either the form of the com-
pressible transformations or the value of the form factor. In
Ref. 12, the Spalding-Chi* skin-friction relation is used. The
Spalding-Chi method has been shown* to yield good com-
parison with experimental ground-test data for heat transter
and skin friction over a wide range of test conditions.
However, it has been shown that the method does not produce
the best comparison with flight data.’

Selected Method

The technique of Sutton and Graves’ is used tor the
calculation of the stagnation point heat-transfer rate, since
the method can be applied by a simple but accurate procedure
to a wide range of gas mixtures.

IFor the calculation of the laminar heat-transter distri-
bution, a method similar to those presented in Refs. 2-4 and 6
are not available for application to a wide range of gas
mixtures. Thus, the laminar distributions are computed herein
by relating heat transter to a skin-friction relation based on
R, through a modified Reynolds analogy torm. This ap-
proach has a twofold purpose since a momentum or boun-
dary-layer thickness is used in the method tor approximating
the variable-cntropy effects on the heat-transfer calculations.

The turbulent heat transfer is also computed by using a
skin-friction coefficient based on R,. Published results®!'
using this form for the skin-friction relation assume a 1/7th
power velocity profile, but it has been noted*-*" that the 1/7th
power profile is not applicable over an extensive Reynolds
number range. Axisymmetric nozzle wall data*® which show
N to be a function of R, with values of N as low as 4 for R,
equal to approximately 1000 have been curve fit in terms of
R,. The subsequent expressions tor the turbulent heat-
transfer rate and momentum thickness reflect the dependence
onN.

t.ocal Conditions

Heat-transter calculations, based on integral or detailed
boundary-tayer techniques, require inviscid properties ex-
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ternal to the boundary layer. Usually, the external flow is
assumed to be at a constant-entropy condition corresponding
either to the oblique-shock or stagnation-point entropy. In
general, however, the assumption of a constant-entropy value
does not provide an adequate description of the external flow
properties over the entire length of a blunt body in high-speed
flow. This situation is caused by the highly curved shocks
produced by blunt bodies. These shocks generate entropy
gradients in the inviscid flow, resulting in inviscid tangential
velocity gradients normal to the body surface.*” Streamlines
of varying entropy value, which pass through different points
on the shock, are gradually embedded in the boundary layer
as it grows along the surface. This process is referred to as
streamline swallowing.

There are at least two techniques which account for the
etfect of variable-entropy flows on the surface heat and skin
triction. One method is with the Viscous-Shock-Layer
(VSL)**3 or Parabolized Navier-Stokes (PNS)*¥' codes,
which provided a direct means of accounting for the entropy-
gradient effects. However, these methods do require large
computer run times and storage. Another method which is
employed in approximate integral or detail boundary-layer
codes is mass balancing. The iterative mass-balancing
procedure equates the mass flow in the boundary layer at the
body point of interest to a streamtube of equal mass in the
freestream and requires knowledge of the shock shape and
pressure distribution about the blunt body. However, for
blunt bodies at incidence, the mass balancing technique
presents at best a complex procedure.™ In addition, in regions
of strong vorticity interaction (e.g., turbulent tflow in the nose
region of blunt bodies) calculated results of turbulent integral
and classical boundary-layer. analyses employing mass
balancing techniques have been shown to overpredict
corresponding VSL heat-transfer results by 30-40% 5!

Considering the inherent difficulties involved with applying
mass balancing to three-dimenstonal flow and the apparent
discrepancies resulting from approximate or classical
boundary-layer methods for axisymmetric tlows, a ditferent
approach for approximating variable entropy is used in the
study. An inviscid solution is computed, and by means of an
iterative process the momentum-thickness and corresponding
approximate ratios of boundary-layer thickness to
momentum thickness are used to determine the local flow
conditions. Thus, this analysis accounts for variable-entropy
effects by locally moving out into the inviscid flowtield to a
distance equal to the boundary-layer thickness. The inviscid
properties at this location are used as the boundary-layer cdge
propertics. Similar concepts for determining variable-entropy
cdge conditions have been employed in previous in-
vestigations.=”? It is of interest to note that these studies were
based on three-dimensional flow applications,

Streamline-Spreading Fifects

Analytical’*?7% and experimental " studies have demon-
strated that angle of attack has a significant impact on the
heating to bodies at incidence especially along the windward
ray where heating levels can be an order of magnitude greater
than the corresponding leeward rates.'™” Obviously, the
entire three dimensional viscous. flowficld solution®**' is
preferable it available; however, the computing cost may be
prohibitive even tor design calculations. A relatively simpler
solution is obtained for three-dimensional flows with the
axisymmetric analogue.'” ‘I'he three-dimensional boundary-
layer equations are written in streamline coordinates, and the
cross-tlow velocity is assumed zero. The resulting equations
are identical to the axisymmetric zero AOA forms if the
distance along the steamline is considered the surface distance
and the metric representing the streamline spreading (H,) is
cquated 1o the axisymmetric body radius. This *‘simpler’’
technique would still require the solution of the three-
dimensional inviscid tflowtield®? or a less rigorous method "
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of defining a surface streamline path with a computed
pressure distribution.

Engineering methods based on the equivalent cone or
yawed cylinder approximations have been demon-
strated'®>12>27 10 be unreliable for predicting the shock
location and the pressure and heat-transfer levels, especially
the laminar heating rates. Thus, there is a need to use
satisfactory approximations which account for the effect of
the streamline-spreading on the convective heating in
engineering procedures. However, such correlations even for
axisymmetric bodies are available apparently only for the
windward and leeward symmetry planes of sphere-cones. 16:4
The method presented in Ret. 16 is selected tor the present
analysis and provides at least the flexibility of including the
impact of incidence on sphere-cones. The expression for the
metric can written as

Hy=(r-a)"<(d/a) 3)

In the notation of Ref. 16

a=(l+£k%)" 4)
b=k + tanacoseo (5)
¢=k (] —ktanacose) (6)
and
d = (I — ktanacosgp)cosa (7
where
k=tanf, (8)

The term cos¢ is introduced in this procedure to reduce Egs.
(3-7) 10 the corresponding forms given for H, in Ref. 16 for
flow in the windward (¢=0) and leeward (¢ = 180) planes.
The value r in Eq. (3) is the body cross-sectional radius at an
axial location measured along the geometric symmetry line.
The leeward-symmetry-plane calculations are restricted to the
condition that « is less than f¢. For the corresponding
peripheral heating distribution at an axial {focation, an
existing approximation* given as

Go/do=0={(Ws—Lg)cos(d)/2+ (W, +L,—~2)cos(2¢)/4
+ (W, +L,+2)/4 9)

is used in this investigation where W', represents the ratio of
local windward-ray heating at an angle of attack to the
respective zero deg AOA value and L, represents a similar
ratio for the leeward ray.

Pressure Distributions at o« >0

An existing concept> based on the extension of the tangent
cone method is used herein to model the flowtield along a
given meridian of a sphere-cone at incidence. The simulated
flow is computed for a blunted cone at zero AQA with an
ctiective halt-cone angle given®” as

w=sin"!(sinf,.cosa + cosd,.sinacose) (10)

The angle w represents the angle between a meridian line and
the freestream velocity vector. For the windward plane
(¢ =0), w equals 8.+ «a; tor the leeward plane (¢ =180), w
cquals 6. —a. Obviously fora=0, w=40,.

_As noted, investigations™*! which compared experimental
shock locations and windward-ray pressures to tangent-cone
predictions have shown that the predicted results, (in par-
ticular for conditions where the incidence angle is equal to or
greater than the cone half-angle) overestimate the measured
shock-layer thickness and pressure levels downstream ot the
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shock inflection point. However, at measuring stations up-
stream of the shock-inflection point the surface pressure
measurements and predicted results are in very good
agreement.”’

In the present code, the shock angle downstream of the
minimum inflection point approaches a shock angle value
given by

O, =sin~ [ (1/MZ%)+ (vy+1)sin’w/2] (1)

for sphere-cones at zero AOA. The effective cone angle w
defined by Eq. (10) is modified for use in Eq. (11) as

w=0.95 (w—0.)+86. (12)

The results of substituting Eq. (12) in Eq. (11) produce a
lower value of 6., and thus shock-layer thickness on the
windward side and the opposite trend in the l[eeward plane.

Results and Discussion

In this section, predicted results which demonstrate the
additional capabilities of the present engineering code are
compared with surface measurements on sphere-cones at
several AOA conditions, including incidence angles greater
than the cone half-angle. The importance of incorporating an
approximation to the metric defining streamline spreading in
heating calculations for sphere-cones at incidence is
demonstrated by comparison with predictions using only the
cquivalent-cone concept. This present engineering method is
limited to conditions for which the sonic line remains on the
spherical nose¢ and to leeward ray applications where the angle
of attack is less than the half-cone angle.

Before discussing the current results, previous applications
of the method are noteworthy. The present code has been
validated by comparison with the data and detailed predic-
tions used to establish the original engineering code. For
example, in Ref. 51, calculated results or turbulent integral
and detailed boundary-layer analyses employing mass-
balancing techniques were shown to overpredict corres-
ponding VSL results by 30-40%. However, calculated results
of the original™® and present engineering codes yield
discrepancies ot generally less than 15% when compared to
VSL. results. Also a point of interest, the present engineering
method required approximately 35 s on the CDC 6600
computer, while the corresponding VSL solution requied 240
s. A boundary-layer mass balancing procedure,*® which
includes the tangential velocity normal to the surface as a
boundary condition, required approximately 150 s. Experi-
mental results for shock shapes and pressure and heat-transfer
distributions over hyperboloids, paraboloids, and 45-deg
haltf-angle spherically blunted cones at zero AOA were
compared™? to corresponding calculated results based on the
present procedure and very good comparisons were noted.
Also, the heating equations and equilibrium-air correla-
tions,™* which can be used in the present method, have been
incorporated in an axisymmetric analogue method. The
resulting heating-rate calculations were compared with perfect
gas and cquilibrium heating based on heating options in the
code. As a result of those investigations,™** the present
equilibrium-air correlations have been selected as the basis of
calculation in the axisymmetric analogue code. The results of
the heating caleulations using the methods described herein
were tound to yield at least an equally good a comparison.
However, note that the present method produces also the
detailed distribution of the flowtield properties including the
mviscid surface pressure distribution.

In Figs. 1-3, comparisons of the computed and cx-
perimental pressure distributions are noted to be in good
agreement. The experimental® and calculated windward-ray
pressure distribution on a 7-deg half-angle blunt cone at 10
deg angle of attack and a freestream Mach number of 8.0 is
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Fig. 3 Comparison of predicted and measured surface pressures.

presented in Fig. 1. Selected experimental®™ and computed
meridional pressure distributions on a 12.84 deg blunt cone at
a treestream Mach number of 6.0 are presented in Figs. 2 and
3 at angles of attack of 10.55 deg and 21.0 deg, respectively.
In Fig. 2 the experimental and predicted pressure distributions
at ¢=90 deg are compared with corresponding predicted
resubts at zero AOA. Discrepancies of less than 10% are
noted. These comparisons are typical of conclusions in
existing investigations.'”'® The data and predicted values are
present only to ¢ =90 in Fig. 3, since a pressure minimum was
observed in the circumferential experimental data at ¢ =135
deg. This occurrence of a pressure minimum other than at the
lceward ray is indicative of flow separation.

Heat-transfer comparisons are present in Figs. 4 and S. In
Fig. 4 the predicted and measured!® heating data for a 15-deg
blunt cone at a freestream Mach number ot 10.6 and angles of
attack ot 0, 10, and 20 degs are presented. For both 10 and 20
deg AOA, experimental data are presented along the 0 and 90
deg circumferential locations and also along the leeward ray
for 10 deg AOA. At angles of attack of 0, 5, 10, and 15 deg,
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Fig. 4 Comparison of predicted and measured heating rates.
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Fig.5 Comparison of predicted and measured windward-ray heating
rates,

experimental®’ and calculated windward-ray heat-transfer
data for a 25-deg blunt cone at a freestream Mach number of
7.77 are compared in Fig. 5. For zero AOA, and for the
windward-ray conditons at angle of attack, the comparisons
of the experimental data with the calculated results shown in
Figs. 4 and 5 are good, with discrepancies typically less than
5% and maximum values less than approximately 10%.
However, the experimental leeward-ray data level presented in
Fig. 4 is approximately 50% of the present predicted results.
Similar discrepancies along the leeward ray are noted for
heating rates measured on the 15-deg blunt cone at a 5 deg
AOA condition (not presented herein). Fortunately, the
windward heating rates on these rather slender cones are as
much as a factor of ten greater than the corresponding
leeward rates, and thus the leeward rates are not critical to the
thermal design. For larger half-cone angles and similar in-
cidence levels (see Ref. 57 at 5-deg and 10-deg AOA),
predicted heating rates based on the present method more
adequately describe the experimental leeward heating levels
(within 20%). Note that the present calculated heating
distributions are in better agreement (= 10%) with the data
presented in Fig. 4 than the calculated rates based on the
approximate code'® using the axisymmetric analogue. The
calculation technique of Ref. 16 is based on a Newtonian
pressure distribution which may be a partial explanation for
the ditferences. The experimental leeward-ray data level is
about one third of the predicted values of Ref. 16. In Fig. 4,
experimental data for zero AOA and for 10 and 20 deg AOA
along the 90 deg meridian are compared with predicted zero
angle of attack values. The heating rates calculated for zero
AOA are shown to represent the experimental heating
distribution for both AOA conditions along the 90 deg
meridional plane adequately. Thus, tor the conditions con-
sidered herein, the effect of angle of attack on the heating as
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Fig. 7 Angle of attack effects on laminar and turbulent heating
rafes.

well as the pressure distributions along the 90-deg meridian
appears to be insignificant. Similar conclusions have been
reported P for /8, <2.0.

I'he technique to account for the effect of streamline
spreading on the heat transfer is applicable only to sphere-
cone windward or leeward symmetry planes. The empirical
relation® given by Eq. (9) can be used to determine required
circumferential heating distributions. Experimental cir-
cumferential heating distributions are compared in Fig. 6 with
approximate results calculated with Eq. (9). The flow con-
ditions represent laminar and turbulent flow in a test median
of air, nitrogen, or helium. The data are representative of
conditions with the angle of attack less than the body half-
angle for which flow separation is not apparent. The
predicted values using the experimental windward and
lceward rates are shown to be in good agreement with the
circumferential experimental data. Similar comparisons are
noted to approximately ¢ =90 deg when flow separation
occurs (results not presented in this paper). Note that
calculated windward and leeward heating rates resulted in
cqually good comparisons with the experimental data to
approximately the ¢ = 150-deg circumferential body location.
These experimental leeward rates have been noted to be
approximately one-half the predicted rates.

The significance of including the present approximation to
the metric for streamline spreading in the engineering heating
calculation is demonstrated in Fig. 7. Laminar and turbulent
heating rates using the approximation for the streamline
spreading metric are compared to corresponding results based
on the equivalent cone method. The predicted laminar heating
rates using the streamline-spreading approximation are shown
to be significantly larger than calculated values based on the
equilvalent cone method. The turbulent heating levels based
on cither including the metric approximations or using only
the equivalent cone technique are shown to be in much better
agreement. This comparison demonstrates only the capability
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of the present method to reproduce results which have been
reported in the literature.'®” Adams®’ reported that such
results should be expected based on an analysis of Vaglio-
Laurin.'® Due to large turbulent shearing stress, smaller
three-dimensional effects are computed for turbulent con-
ditions than for comparable laminar conditions.

_Conclusions

The applicability of an engineering inviscid flowfield
method has been extended to iniclude heat-transter predictions
applicable to perfect gas or equilibrium chemistry at con-
ditions of constant or variable-entropy. The variable-entropy
etfects on the heat transfer are approximated by defining the
local edge properties as the inviscid values located a distance
from the body equal to the boundary-layer thickness. The
approximate code computes the inviscid flowfield over
hyperboloids, ellipsoids, paraboloids, and blunt or slender
sphere cones at zero-deg angle of attack. An application to
angle-of-attack conditions is included in this engineering
method by incorporating existing approximations to account
for the streamline spreading impact on the calculated sphere-
cone windward or leeward ray heat transfer and to account
for the corresponding circumtferential heating distributions,
Pressure distributions can be computed along any arbitrary
meridian ray provided boundary-layer separation has not
occurred.

Predicted pressure and heat-transfer distributions are
compared with corresponding experimental data over an .
angle-ot-attack range including incidence angles greater than
the body half-angle. Discrepancies of generally less than 10%
arc obtained, except for leeward heating-rate comparisons.
The pressure and heat-transter data along the 90 deg meridian
arc observed to be essentially independent of angle of attack
and predicted by the zero angle of attack calculated results.
Circumferential experimental heat-transfer data are shown to
be adequately predicted by the approximate expression. The
cquivalent-cone method 1is illustrated to be unreliable in
predicting laminar heating rates but produces satistactory
turbulent heating levels.

The engineering code provides a rapid yet reliable method
tor defining surface-measurable quantities such as pressure
and heat transfer, and also flow properties throughout the
shock layer. The later capability is not available in usual
engincering heating methods. The present method represents a
versatile method for parametric or preliminary thermal design
studies.
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