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Approximate Convective-Heating Equations
for Hypersonic Flows

E.V. Zoby,* J.N. Moss, T and K. Suttonf
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Laminar and turbulent heating-rate equations appropriate for engineering predictions of the convective-
heating rates about blunt re-entry spacecraft at hypersonic conditions are developed. The approximate methods
are applicable to both nonreacting and reacting gas mixtures for either constant- or variable-entropy edge
conditions. A procedure which accounts for variable-entropy effects and is not based on mass balancing is
presented. Results of the approximate heating methods are in good agreement with available experimental
results as well as boundary-layer and viscous-shock-layer solutions,

Nomenclature

=defined by Eqgs. (9-13)
=skin-friction coefficient
=enthalpy
=form factor
=heat-transfer coefficient
=defined by Eq. (2)
=Mach number
=exponent in friction law
=mass loss rate
=reciprocal exponent in velocity profile

power law
= pressure
Pr = Prandtl number
q =heat-transfer rate
Ry, =nose radius
Ry =momentum thickness Reynolds number
w,d =freestream Reynolds number based on

base diameter
=radius of body of revolution
=body wetted length
= Stanton number
=temperature
=velocity
=distance normal to wall
=boundary-layer thickness
= displacement thickness
=viscosity
= density
=momentum thickness
=half-cone angle
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Subscripts and Superscripts

aw = adiabatic wall

c =convective-heating rate
e =edge conditions

) = freestream conditions
L =laminar
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r } =radiative-heating rate

=conditions determined by reference
enthalpy

=stagnation-point condition

=turbulent

=wall condition

TNe

Introduction

PROBLEM in the design of most re-entry spacecraft is

the prediction of the convective heating-rate
distributions. Frequently approximate methods, which have
been substantiated by experimental data and/or ‘‘bench-
mark”’ calculations, are employed in parametric or design
calculations. However, current interest in outer-planet entry
and advanced-transportation systems for Earth entry has
resulted in additional problems for convective-heating
analyses. Such problems as arbitrary reactive gas com-
positions, complex three-dimensional and/or variable-
entropy flows, and large surface areas with the possibility of
turbulent flow over most of the region are now encountered.
Thus, the spacecraft designer needs rapid, but reliable,
methods for assessing the effects of such problems on the
convective-heating rates.

Although many analytical "4 and detailed boundary-layer
methods '*'8 are available for convective-heating predictions,
mfany of these methods are restricted to a particular gas
composition, stagnation-point solutions, or a perfect-gas
analysis. Viscous-shock-layer (VSL) solutions, 1%2° provide a
direct means of computing heat fluxes as well as interactions
between inviscid and viscous flow regions due to heat trans-
fer, entropy-layer swallowing, and mass injection. However,
these methods require large computer run times and storage
and are not generally applicable to parametric studies or
detailed design calculations.

The purpose of this paper is to investigate existing con-
vective-heating techniques and propose laminar and turbulent
heating methods applicable to engineering calculations of
nonreacting or reacting flows about blunt re-entry spacecraft.
A procedure which accounts for the variable-entropy effects
on convective-heating distributions and is not dependent on
mass balancing is presented. Results of the approximate
methods are compared to experimental results and to
boundary-layer and VSL solutions.

Analysis
An approximate convective-heating method has been
developed for engineering calculations of laminar and tur-
bulent heating rates about blunt re-entry spacecraft. The
approximate method is applicable to nonreacting or reacting
gas mixtures for either constant- or variable-entropy edge
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conditions. This section briefly reviews several approximate
laminar and turbulent heating-rate methods and discusses the
factors considered in selecting or developing the present
methods. Also, this section presents the equations used to
calculate the heating rates along with the equations for
locating the boundary-layer edge for laminar and turbulent
flows influenced by variable entropy.

Existing Heat-Transfer Methods

For both the stagnation-point heating and laminar heating-
rate 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.5¢ 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 in a wide range of base gases and in mixtures of these
gases. The apalysis of Marvin and Deiwert® provides a
method calculating the laminar-heating distribution, but for
only a limited number of gas mixtures.

Approximate turbulent heat-transfer expressions’ 4 are
primarily based on equating the skin friction to the Stanton
number through Reynolds analogy. In Refs. 8-13, the skin-
friction relation as a function of the momentum thickness
Reynolds number (R,) is determined by assuming a velocity
profile [u/u,=(Y/8)!’N] to compute the required constants
and exponents. For these references, a 1/7th power-law
velocity profile is assumed, and differences in the skin-friction
equations are due to either the form of the compressible
transformations or the value of the form factor (H.=6*/0).
In Ref. 14, the Spalding-Chi?! skin-friction relation is used.
The Spalding-Chi method has been shown?? to yield good

comparison with experimental ground-test data for heat .

transfer and skin friction over a wide range of test conditions.
However, the method has been shown not to produce the best
comparison with flight data.’

Present Heat-Transfer Methods

For the stagnation-point heat-transfer calculations, the
method of Cohen? is used for air calculations, and the
method of Sutton and Graves® is used for planetary gas
mixtures. The equation of Cohen? is given as

- d %
dy,s =0.767 (Pr,)) =% (H,~ H,,) (o1 %3 (op) 0 ( (fl;)

e,s

)
and the equation of Sutton and Graves? is given as
Gws=K(p;/Ry) " (H;—H,) @

where K can be determined by a simple but accurate
technique® over a wide range of gas mixtures. Note that the
latter method? is also applicable to air calculations and is in
good agreement with existing stagnation-point heat-transfer
methods. ! The Cohen? method is "also selected for this
investigation due to its wide recognition.

For the calculation of the laminar heat-transfer
distribution, a method similar to that presented in Refs. 2-4
and 6 is not available for application to a wide range of gas
mixtures. Thus, the laminar distributions are computed herein
by relating heat transfer to a skin-friction relation based on
R, through a modified Reynolds analogy form. This ap-
proach is useful since a momentum or boundary-layer
thickness will be required for approximating the variable-
entropy effects on the heat-transfer calculations. The laminar
heat transfer is computed using the incompressible Blasius 23
relation, with compressibility effects accounted for by
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Eckert’s reference enthalpy relation, 2 and is given by
Gu,r =0.22(Ry.) ! (0*/p)(p*/wp U,
x (H,,—H,) (Pr,) 06 3)
where 8 is computed by

N
6, =0.664(S0 p"‘u"‘uer2dS> “ / (o u.r) @

Equation (4) provides a technique to include the effect of
geometry and variable-edge conditions about a blunt body on
the laminar momentum-thickness calculation. The equation
reduces to the standard Blasius form for flat-plate assump-
tions.

The turbulent heat transfer is also computed by using a
skin-friction coefficient based on R,. Published results?!3
using this form for the skin-friction relation assume a 1/7th
velocity profile and use values of H, varying from —1.0 to
9/7. It is noted ?* that the 1/7th profile is not applicable over
an extensive Reynolds number range. Libby and Cresci®
illustrate the insensitivity of the turbulent heat transfer to the
form factor for values of approximately 1.0 or less. In Ref.
11, the authors present several reasons for using H,= —11in
hypersonic turbulent boundary-layer calculations. Also, since
this value of H, was used by Lees? in developing a hyper-
sonic laminar method, a value of A, = —1.0 is used in this
analysis. Although the turbulent-heating analyses®!3 adopt a
constant value of N equal to 7, experimental results?’ show N
to be a function of R, with values of N as low as 4 for R,
equal to approximately 1000. A compressible turbulent
analysis 22 has demonstrated the effect of a variable N on the
skin friction. In order to incorporate this effect in the present
analysis, the skin friction is assumed as

¢;/2=c;(Ry,) ™™ ©)

which, after substituting in the momentum equation and
integrating, yields an expression for the turbulent momentum
growth as

s C C,
0= <c2 Sop‘uey,‘”’r 3dS) 4/(peuer) ©6)

where m,c,,c,,¢;, and ¢, are functions of N.252 This integral
expression for the turbulent momentum thickness is similar in
nature to Eq. (4) for the laminar momentum thickness. A
curve fit of axisymmetric nozzle-wall data?’ produces

N=12.67-6.5log(R,,) +1.21(logR, )’ )]

The N values presented 27 for axisymmetric nozzle-wall tests at
R, less than approximately 104 are generally lower than
corresponding N values based on sharp-cone or flat-plate
conditions. Thus, for R, values less than 104, the present
skin-friction results would not be in good agreement with
standard flat-plate incompressible methods.

Relations for the coefficients and exponents in Egs. (5) and
(6) are given as

m=2/(N+1) ®
c;=1/c;) VWD [N/ (N+ 1) (N+2)]™ )

c;=(I+m)c, 10)
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c;=1+m (11
c,=1/cs (12)
c5=2.2433+0.93N 13)

With Eq. (5) and a modified Reynolds analogy form, the
resulting turbulent heat-transfer equation is

Gur=C;(Rye) "™ (0*/p.) (*/1e) "p i,
X(H,,W—Hw)(Prw)—‘“ (14)

The exponents used for the Prandtl number in Egs. (3) and
(14) are based on results presented by Kays.?® Also, the
Prandt! number is evaluated herein as the frozen Prandtl
number evaluated at the wall temperature.

Application to Three-Dimensional Flow

Based on the axisymmetric analog,3%3! simplifying
assumptions can be applied to the complex three-dimensional
boundary-layer theory which allows equations such as
presented herein to be modified for three-dimensional
heating-rate calculations. As a result of these assumptions,
the distance along a streamline is substituted for the distance S
along the body surface, and the metric coefficient for the
surface coordinate normal to the streamline is used rather
than the cross-sectional radius r. The calculated results of
procedures 32 using the axisymmetric analog have been
shown to be in good agreement with measured three-
dimensional heating data.

Local Conditions

Heat-transfer calculations, based on integral or detailed
boundary-layer techniques, require inviscid properties ex-
ternal to the boundary layer. Usually, the external flow is
assumed to be at a constant-entropy condition corresponding
to either the oblique-shock or stagnation-streamline 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
velocity gradients normal to the body surface.3? Streamlines
of varying entropy value, which pass through different points
on the shock, are gradually embedded in the boundary layer
as the layer grows along the surface. Thus, this process,
referred to as streamline swallowing, results in variable-
entropy conditions at the boundary-layer edge.

There are at least two techniques which account for the
effect of variable-entropy flows on the surface heat transfer
and skin friction. One method is the VSL solution %20 which
provides a direct means of accounting for the entropy-
gradient effects since the VSL equations are valid throughout
the shock layer. However, these methods do require large
computer run times and storage. Another method which is
employed in approximate integral or detailed 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.3® Hence, for mass-balancing procedures, the
shock shape and pressure distribution about the blunt body
are required. The results of such calculations have been
demonstrated for blunt bodies at 0-deg incidence.13-15:33-36
Note that these results are obtained primarily at high laminar
Reynolds number flow conditions and for turbulent flows at
stations far downstream on long slender blunt cones, i.e., at
such conditions where vorticity interaction is weak. At these
conditions, the comparisons of the computational and ex-
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perimental results are good. However, for regions of strong
vorticity interaction, e.g., turbulent flow over outer-planet
probes which are relatively short blunt bodies with large half-
angle afterbodies, calculated results of turbulent integral and
detailed boundary-layer analyses employing mass-balancing
techniques are shown to overpredict corresponding VSL heat-
transfer results by 30-40%.37 Anderson and Wilcox?? at-
tribute the too-rapid “‘swallowing’’ of the high-entropy flow
to the fact that detailed boundary layer codes do not usually
account for the nonvanishing value of (du/dy), in the
boundary conditions. This term tends to suppress the
boundary-layer growth. The discrepancies are greater in
turbulent-heating comparisons where the boundary-layer and
displacement thicknesses determine the scale of turbulence. A
boundary-layer analysis® which accounts for the (du/dy),
term reports good comparisons (within 10%) with VSL
results. For the approximate integral methods, the inclusion
of such a term is not feasible. In addition, the typically
assumed 1/7th power-law velocity profile may not always be
appropriate for the particular local flow conditions.

For blunt bodies at incidence, the required mass-balancing
technique presents at best a complex procedure.?® Currently,
there are existing solution procedures for sharp cones at
incidence® and for the windward ray of blunt axisymmetric
bodies. 4

Considering the inherent difficulties involved with applying
mass balancing to three-dimensional flow and the apparent
discrepancies resulting from approximate or classical
boundary-layer methods for axisymmetric flows, a somewhat
different approach for approximating variable entropy is used
in this study.

An inviscid solution is assumed to be known. Then, by
means of an iterative process, the momentum-thickness Egs.
(4) and (6) and corresponding approximate ratios of boun-
dary-layer thickness to momentum thickness are used to
determine the local flow conditions. Thus, this analysis ac-
counts for variable-entropy effects by locally moving out in
the inviscid flowfield at a distance equal to the boundary-layer
thickness. The inviscid properties at this location are used as
the boundary-layer edge properties. This concept was recently
suggested by Popinski!® for three-dimensional flows. Thus,
this method of determining variable-entropy edge conditions
coupled with the axisymmetric analog appears to offer a
simpler method for three-dimensional heat-transfer
calculations. In this investigation, the boundary-layer
thickness to momentum-thickness ratios*!**> used are

6/0), =5.55 15)

~and

(ﬁ )T=N+I+ [(NT::_Z e +1)

5 H,,
(1 129<P )0'333 “g)] (16)
x (I+1. . 3H,

The results of Eq. (16) when coupled with Eqgs. (6) and (14)
will be demonstrated herein to provide good agreement with
turbulent VSL solutions in regions of strong vorticity in-
teractions.

Results and Discussion

In this section, results obtained with the present ap-
proximate laminar and turbulent heating-rate equations are
compared with available experimental results as well as with
boundary-layer and VSL solutions. Initially, the results of the
approximate methods are compared with perfect and reacting
gas boundary-layer solutions and existing blunt-body ex-
perimental heat-transfer data. Secondly, the results of the
approximate methods are compared with perfect and reacting
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Fig. 1 Comparisons of convective heating-rate distributions at
constant-entropy conditions: a) 5-deg sphere cone, b) 40-deg sphere
cone,
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Fig. 2 Comparisons of boundary-layer momentum-thickness
distributions at constant-entropy conditions: a) 5-deg sphere cone,
b) 40-deg sphere cone.
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Fig. 3 Comparison of experimental and calculated laminar heating-
rate distributions.

gas VSL solutions. All comparisons are for 0-deg angle-of-
attack conditions. These comparisons should validate the
present approximate methods for engineering applications to
either nonreacting or reacting flows at both constant- and
variable-entropy edge conditions. For the constant-entropy
conditions, the local flow conditions are determined by ex-
panding the flow from the normal-shock stagnation-point
condition to the local pressure.
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Fig. 4 Comparison of experimental and calculated turbulent
heating-rate distributions: a) hemisphere, b) hemisphere-cylinder,
¢) 14V2-deg sphere cone, d) 25-deg sphere cone.

Constant-Entropy Conditions

Perfect-gas boundary-layer solutions!” of laminar and
turbulent heating rates about a blunt 5-deg cone at M, =19.5,
y=1.4, and H,,/H; =0.033 and about a blunt 40-deg cone at
M, =10.0,y=1.4,and H,/H, =0.1 are presented in Figs. la
and 1b, respectively. For both conditions, the approximate
heat-transfer results predicted by the laminar [Eq. (3)] and
the turbulent [Eq. (14)] methods are in good agreement with
the corresponding boundary-layer solution with differences of
less than 10% noted. Although not shown on the figure, good
agreement with existing approximate laminar methods** are
obtained for both conditions. However, results based on
existing turbulent methods®!? are as much as 20% lower than
the boundary-layer results for the blunt 5-deg cone and within
+40 and —20% of the boundary-layer results for the blunt
40- deg cone. For the two cases, the corresponding growth of
the laminar and turbulent boundary-layer momentum
thickness predicted by Eqs. (4) and (6) is shown in Figs. 2.
Good comparisons are obtained with the boundary-layer
solutions.!” .

Experimental laminar and turbulent heat-transfer data are
presented in Figs. 3 and 4. The laminar data* are compared
with results of Eq. (3), the heating distribution of Cohen,?
and a VSL solution.?® Note that no significant entropy-
gradient effects on the heat transfer are observed based on the
comparison of the constant-entropy and VSL results. The
turbulent data*>*® are compared with the results of Eq. (14)
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Fig. 5 Comparison of convective-heating data distributions at
constant-entropy conditions for equilibrium air: a) 5-deg sphere cone,
b) 40-deg sphere cone, c) 40-deg sphere cone.

2.0,
.
. S
. e LAMINAR
1.5F S — — REFII } CONSTANT
: ° PRESENT§  ENTROPY
" O~ o REF 19 % VARIABLE
95 PRESENT} ENTROPY
my oL Meo =
. « a
] Yy = 14 .
\ Ry = 0.3048m TURBULENT
MW = 0.1 REF 17 } CONSTANT
x w s P o PRESENT § ENTROPY
SEN\ O =4
\\‘ ——-— REF19 | VARIABLE
_ . PRESENT §  ENTROPY
\.&_\‘__ - -
B T
N L 1 1 i L L L L 3

0 2 .4 6 8 10 12 14 16 18 2

Fig. 6 Comparison of convective heating-rate distributions.

and, when presented in the cited references, the method of
Van Driest.¥ The comparison of the laminar and turbulent
data with the present approximate results is good (ap-
proximately 10%).

Calculated results for equilibrium air are shown for several
conditions in Fig. 5. Discrepancies of less than 15% are noted
in the comparison of the boundary-layer solutions!’ and the
approximate laminar and turbulent results.

Variable-Entropy Conditions

The effect of variable entropy on the heat transfer is
illustrated in Figs. 6 and 7. Boundary-layer!” and VSL!
solutions of the laminar and turbulent heating distributions
about a 40-deg cone at M, =10.0, y=1.4, and H,/H; =0.1
are presented in Fig. 6. For these conditions, results of the
laminar VSL calculations show only a slight increase (less
than 10%) over the boundary-layer results up to 20-nose radii.
However, over this same length, a 65% increase is noted in the
turbulent VSL results compared to the boundary-layer values.
The results of the present approximate laminar and turbulent
heat-transfer calculations for both constant- and variable-
entropy conditions are also shown in Fig. 6. The impact of
entropy swallowing on the heat transfer is approximately
accounted for herein by defining the boundary-layer edge
properties as the inviscid values located at a distance from the
surface equal to the boundary-layer thickness. For the
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Fig. 7 Comparison of convective heating-rate distributions.
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Fig. 8 Comparison of convective heating-rate distributions for
Venusian atmosphere: a) U, =11.38 km/s, b) U, =10.82 km/s,
¢) Uy, =7.54km/s.

variable-entropy heating results shown in Fig. 6, an iterative
solution is employed using an inviscid flowfield calculation, %
Eqgs. (3), (4), and (15) for the laminar predictions, and Eqs.
(6), (14), and (16) for the turbulent results. The approximate
variable-entropy heat-transfer predictions are in good
agreement with VSL!® results (less than 15% disagreement).
These comparisons are in contrast to the results presented for
the same conditions in Ref. 37 where discrepancies of 40%
were noted between VSL solutions and boundary-layer
methods using mass balancing. Similar comparisons are also
obtained for the results presented in Fig. 7 for a 40-deg blunt
cone at M, =19.6, y=1.4, and H,,/H,=0.033 and at these
same conditions for a 15-deg hyperboloid (results not
presented).

Typical VSL convective-heating distributions about the
Venusian entry large probe (§, =45 deg, Ry =1.19 m) at
several trajectory points are presented in Fig. 8. The inviscid
flowfield technique of Falanga and Olstad’! is coupled with
the approximate variable-entropy heat-transfer calculations.
The VSL and approximate laminar heating-rate results are in
good agreement (within 10%). Generally, good agreement is
also obtained for the turbulent heating-rate comparisons with
a maximum discrepancy of approximately 18%. ‘

Comparisons for the nominal Jovian entry conditions are
presented in Figs. 9 and 10 with similar agreement. The results
presented in Fig. 9 are for an adiabatic flowfield, whereas the
results of Fig. 10 are computed for a radiating flowfield. The
inviscid flowfield calculation, which is coupled with the
approximate method, is based on the procedure of Zoby et
al.*? Note that for the calculation of the outer eddy viscosity
in the turbulent VSL solutions,? the location of the boun-
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Fig. 9 Comparison of convective heating-rate distributions for
Jovian atmosphere: a) U, =42.88 km/s, b) U, =39.28 km/s,
¢) Uy, =34.67km/s.

dary-layer thickness is assumed to be determined at a value of
H/H, =0.995 in nonradiative calculations and at an index of
dissipation equal to 0.95 for radiating flowfields. An
evaluation of these limits indicated a poor match of the
boundary-layer thickness for nonradiative calculations. A
value of the dissipation index equal to 0.98 gave a much better
comparison with the boundary-layer thickness predicted by
the H/H,; =0.995 limit. Thus, the VSL turbulent heating rates
presented in Fig. 10 use a dissipation index of 0.98.

Note that while good agreement is obtained with the present
laminar variable-entropy method and VSL solutions, com-
parisons at conditions of low Reynolds number flow or far
downstream on a blunt body may better substantiate the
validity of Eq. (15). However, the previous comparisons have
demonstrated that the present heating-rate methods provide
reliable estimations of blunt-body heat-transfer rates over a
wide range of gas compositions and in regions of strong
vorticity interactions (for turbulent flow).

For parametric or design calculations, the spacecraft
designer is concerned with the computer time required as well
as with the reliability of the heating method. For the variable-
entropy comparisons presented herein, the engineering
heating-rate methods have been coupled with rapid, but
reliable, inviscid flowfield methods.’*%? As a point of in-
terest, the present turbulent variable-entropy calculations
[(Egs. (6), (14), and (16) coupled with inviscid-flow
calculations® ] presented in Fig. 6 required approximately 22
s on the CDC 6600 computer, while the VSL solution required
240 s. The boundary-layer mass-balancing procedure, which
includes the (du/3y), term? (not presented), required ap-
proximately 150 s.

Conclusions
Approximate laminar and turbulent heat-transfer equations
are developed for the engineering prediction of convective-
heating rates about blunt-entry spacecraft in hypersonic flow.
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Fig. 10 Comparison of convective heating-rate distributions with
radiating flowfield for Jovian conditions: a) U, =42.88 km/s,
b) U, =39.28km/s, ¢) U, =34.67 km/s.

The equations are applicable to nonreacting or reacting gas
flows at conditions of constant or variable entropy. The
variable-entropy effect on the heat transfer was approximated
by defining the boundary-layer edge properties as the inviscid
values located a distance from the surface equal to the
boundary-layer thickness.

Details of the stagnation point and the local laminar and
turbulent heat-transfer equations are given. Also, equations
for computing the laminar and turbulent momentum
thicknesses and for computing the corresponding ratios of
boundary-layer thickness to momentum thickness are
presented.

The results of the approximate methods are in good
agreement with available experimental heat-transfer data as
well as boundary-layer and viscous-shock-layer solutions. The
method provides a rapid, but reliable, technique for the
prediction of convective-heating rates in parametric or design
studies.
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