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Thermodynamic Equilibrium-Air Correlations
for Flowfield Applications

E. V. Zoby* and J. N. Mosst
NASA Langley Research Center, Hampton, Va.

Equilibrium-air thermodynamic correlations have been developed for flowfield calculation procedures. A
comparison between the postshock results computed by the correlation equations and detailed chemistry
calculations is very good. The thermodynamic correlations are incorporated in an approximate in viscid flowfield
code with a convective heating capability for the purpose of defining the thermodynamic environment through
the shock layer. Comparisons of heating rates computed by the approximate code and a viscous-shock-layer
method are good. In addition to presenting the thermodynamic correlations, the impact of several viscosity
models on the convective heat transfer is demonstrated.
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Nomenclature
= least squares coefficients
= defined by Eqs. (19-23)
= skin friction
= enthalpy coefficient [Eq. (1)]
= temperature coefficient [Eq. (2)]
= enthalpy
= nondimensional enthalpy -hlRT0
-- defined by Eq. (12)
= order of least-squares polynomial
= exponents [Eqs. (1) and (2)]
= reciprocal exponent in velocity profile
power law

= pressure
= pressure at standard conditions = 1 atm
= nondimensional pressure =p/p0
- Prandtl number
= defined by Eq. (18)
= convective heating rate
= gas constant for air based on molecular
weight of 28.92

= body nose radius
= momentum-thickness Reynolds number
= radius of body of revolution
= surface wetted distance
= temperature
= temperature at standard conditions = 273 K
= nondimensional temperature = 77 T0
= velocity
= transformed velocity for enthalpy cor-
relation [Eqs. (3) and (5)]

= transformed velocity for temperature cor-
relation [Eqs. (4) and (7)]

= distance normal to wall
= boundary-layer thickness
= displacement thickness
= momentum thickness
= cone half-angle
= shock angle
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/>t = viscosity
p = density
P0 = density at standard conditions

= 1.292kg/m3

p = nondimensional density ==p/p0
Subscripts and Superscripts
aw = adiabatic wall
e = edge conditions
2 = conditions immediately behind shock
* = conditions determined by reference

enthalpy
oo = freestream conditions
L - laminar
s - stagnation-point conditions
t = turbulent
w =wall

Introduction

ACCURATE evaluation of the aerodynamic heating rates
is essential to the proper design of most entry vehicles.

Viscous-shock-layer (VSL) analyses1'2 provide a direct means
for computing these radiative and convective heat fluxes as
well as any interactions between inviscid and viscous flow
regions due to heat transfer, entropy-layer swallowing, and
mass injection. VSL methods eliminate the need of an
iterative boundary-layer, inviscid-flow solution since the VSL
governing equations are uniformly valid through the shock
layer. However, VSL methods require large computer run
times and storage; consequently, such solution techniques are
expensive to run and are not generally applicable to
parametric studies or design calculations. Thus VSL methods
serve usually as "benchmark" solutions while engineering
heating methods,3"12 which have been substantiated by ex-
perimental data and/or "benchmark" calculations, are em-
ployed in parametric or design calculations.

One aspect of the benchmark codes that consumes an
appreciable amount of computer storage and computational
time is the complex equilibrium code for calculating the
thermodynamic and transport properties. Obviously, it would
not be advantageous to include detailed chemistry codes
in the approximate heating analyses. Hence, correlation
equations13"17 based on results of detailed calculations are
incorporated in engineering analyses for computing the
thermodynamic environment about entry vehicles. Such
correlation equations, applicable to hydrogen-helium gas
mixtures,17 were incorporated recently in an approximate
flowfield code, which was demonstrated to provide rapid and
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reliable predictions for the radiative and convective heat-
transfer rates about probes entering the atmospheres of the
outer planets.12'18 Transport property correlations19 based on
detailed transport property calculations that employ the
complete kinetic-theory formulas for transport analysis were
used in the engineering heat-transfer predictions.

As a result of the usual ballistic entries, the pending Shuttle
flights, and an increasing interest in advanced transportation
systems, an approximate flowfield analysis similar to the
planetary code should be advantageous for engineering heat-
transfer predictions at Earth entry conditions. The purpose of
this paper is to present equilibrium-air thermodynamic
correlations that can be incorporated simply into that code.
Transport correlations similar to those used in the planetary
studies19 are not presented since detailed transport
calculations for equilibrium air are not currently available.
Actually, it is difficult to evaluate the adequacy of even the
existing transport models.20'24 The detailed equilibrium-air,
normal-shock properties of Lewis and Burgess25 have been
used as the basis to develop the present thermodynamic
correlations. The correlation equations are applicable over a
range of freestream velocities from 1.829 to 7.925 km/s and
freestream pressures from 2 . 0 x l O ~ 5 t o l . O x l O ~ 1 atm.

The correlation equations as well as the methods used to
develop the correlations are reported herein. Thermodynamic
properties computed by the correlation equations, coupled
with the shock equations, are validated by comparison with
results computed by detailed equilibrium-air shock calcula-
tions.25"27 The thermodynamic correlations are incorporated
in an approximate inviscid-flowfield method with a con-
vective heating-rate capability. Heating rates computed with
this engineering method are compared with corresponding
VSL calculations at Earth entry conditions. Also, a quan-
titative assessment of the impact of several sets of viscosity
models on the convective heat transfer is presented.

Analysis
This section presents the procedures used to develop the

equilibrium-air thermodynamic correlations as well as the
resulting equations. The thermodynamic correlations are
incorporated in an approximate inviscid-flowfield code with a
convective heating capability. Thus the heat-transfer
equations are presented also in this section.

Thermodynamic Correlations
For the enthalpy and temperature, equations of the form

and
h = Chpm/p«

f=CTp*/pk

(1)

(2)

have been developed17 to calculate the thermodynamic
properties in hydrogen-helium gas mixtures and were shown
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to provide a rapid, but reliable, method of computing the
properties. The results of this previous study demonstrated
that by evaluating the proportionality constants, Ch and Cr,
at postshock conditions and correlating these values as a
function of the freestream velocity and shock angle,
satisfactory comparisons of calculated shock properties based
on the approximate correlations and on detailed chemistry
codes were obtained. Note that such thermodynamic
correlations have been incorporated in an approximate in-
viscid-flowfield method for calculating local shock-layer
properties.12'18

Similar correlation techniques for the thermodynamic
properties have been used herein at Earth entry conditions.
Thus the present thermodynamic correlations are applicable
only to flowfield calculations. The correlations are based on
the equilibrium-air, normal-shock properties of Lewis and
Burgess25 and are developed over a range of freestream
velocities from 1.829 to 7.925 km/s and freestream pressures
from 2 .0x lO~ 5 to l .OxlO.-1 atm. For this range of con-
ditions, values of Ch and CT were calculated from Eqs. (1)
and (2) for known normal-shock properties and values of the
exponents m, n, f, and k equal to 0.97, 0.98, 0.70, and 0.68,
respectively. The values of the exponents were selected based
on prior experience in developing these correlation equations
and results presented in Refs .13-17.

The trends of Ch as well as the CT curves for the assumed
freestream conditions were observed28 to be similar. A shift
of these curves was performed whereby the curves
representing different freestream pressures were collapsed to
the curve for /?«, =2.0x 10~5 atm, thus yielding a single
curve. The collapsing procedure required a shift of the curves
along the abscissa for Ch and along the ordinate for CT. The
results of these calculations are demonstrated in Ref. 28. As
an illustration of this procedure for this paper, the calculation
of the Ch term and subsequent transformation to a single
curve are shown in Figs. 1 and 2, respectively. The terms C*h
and C*T represent the values of Ch and CT after the collapsing
process and can be written in terms of normalized parameters
Uh and Ut, respectively, as

and
i=J

c*T=

(3)

(4)

The transformed data were curve fitted by a tenth-order,
least-squares polynomial for C£ and an eleventh-order, least-
squares polynomial for C£. The coefficients for the least-
squares polynomials applicable to C*h and C^ are given in
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Fig. 1 Enthalpy proportionality constants for shock solutions.
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Fig. 2 Transformed enthalpy proportionality constants.
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Table 1 Least-squares coefficients for transformed
enthalpy and temperature proportionality constants

a Transformed enthalpy
proportionality constant

b Transformed temperature
proportionality constant

M M

al
a 2

"3
a4
as
a6
a7
a8
a9
aw

4.529228633899 bl
4.476970720900 b2
1.386555275431 b3

-13.142746144615 b4
6.997767376225 bs

21.914473834036 b6
-34.236435659858 b7

20.407570958029 b8
-5.668335244460 b9

0.611030863675 bw

bn

12.297991101529
-8.238094255731

2.419592541157
-0.335380942364

0.02067595608575
0.0001046732310838

-0.0001014180246941
0.688828 1850264E-05

-0.2245678457584E-06
0.3725350878072E-08

-0.2518960222376E-10

Table 1. (The user is cautioned that such high-order
polynomial curve fits are not applicable usually outside the
correlation range.) The value of Uh in Eq. (3) is given by

Uh=A(U00sm6.s-2A3&4)/2A3&4 (5)

(6)

(7)

Thus the values of Ch and CT can be computed for a specified
freestream velocity (km/s), freestream pressure (atm), and
shock angle by using Eqs. (3-7) in conjunction with the ap-
propriate polynomial coefficients and the relations

where

Also, the value of UT in Eq. (4) is given by

and
ch = ci

T = C*T/ec'B

where

C=[(UT- 20.0)718.0] {[(£/r-12.0)/12.0]2

and

(8)

(9)

(10)

(11)

For convenience, a brief outline for the application of the
correlation methods is given as follows:

1) Given freestream pressure and velocity as well as 6S and
appropriate polynomial coefficients, compute Uh and C*h
from Eqs. (5) and (3), respectively.

2) Compute Ch from Eq. (8).
3) With the equation given for h [Eq. (1)], an equation of

state in the form of h = h (p,p) has been obtained.
4) Shock properties for enthalpy, pressure, and density can

be computed with the oblique-shock relations and equation of
state from step 3. The corresponding temperature may then be
computed with Eqs. (4), (7), and (9), and the equation for T.

gas mixtures for either constant or variable-entropy edge
conditions. The equations are repeated herein for com-
pleteness. A brief review of why the particular equations were
selected is also included.

For the stagnation-point, heat-transfer calculations, the
equation of Sutton and Graves3

(12)

is used. Stagnation-point, heat-transfer results computed with
Eq. (12) are in good agreement with results computed by the
Cohen method5 at equilibrium-air conditions. Since the
constant K in Eq. (12) can be determined by a simple but
accurate method over a wide range of gas mixtures and is
simple to program, the method of Sutton and Graves3 is used
in the approximate flowfield analysis rather than the more
widely recognized Cohen5 method.

The laminar heat-transfer distributions are computed by
relating heat transfer to a skin-friction relation based on Re
through a modified form of Reynolds analogy. This approach
was used in Ref. 11, since existing laminar heating methods
are not applicable over a wide range of gas mixtures. The
approach is useful for approximating the variable-entropy
effects on the heat-transfer calculations and is used also in this
investigation. The laminar heat transfer is computed using a
standard incompressible skin-friction relation with com-
pressibility effects accounted for by Eckert's reference-
enthalpy relation29 and is given by

(13)

(14)

The turbulent heat transfer is also computed by relating
heat transfer to a skin-friction relation based on RQ through a
modified form of Reynolds analogy. The skin-friction
relation is determined by assuming a velocity profile,
U/Ue= ( Y / d ) I / N , to compute the required information.
Primarily, the existing approximate turbulent methods, e.g.,
Refs. 7 and 8, assume a constant l/7th power-law velocity
profile. However, experimental results30 show N to be a
function of Re and the effect of a variable N on the skin
friction has been demonstrated.31 In order to incorporate this
effect, the analysis of Ref. 11 assumed a skin-friction relation
as

Cf/2 = Cl (R$)-« (15)

With compressibility effects again accounted for by Eckert's
reference-enthalpy technique, the turbulent heating-rate
expression is

x(haw-HJ(Prw)-°-6

where 6 is computed by

x(haw-HJ(Prw)-°-4

where 6 can be written as

,= (c2 J* UeP^

(16)

(17)

Approximate Heating Relations
Laminar and turbulent heating-rate equations appropriate

for engineering predictions of the convective heating rates
about blunt re-entry spacecraft at hypersonic conditions were
reported recently.11 The appropriate methods were
demonstrated to be applicable to both perfect and equilibrium

The coefficients and exponents \qt c;, c2, c3, and c4) in Eqs.
(15-17) are functions of TV and are given as

q = 2.0/(N+1.0) (18)

c] = (1.0/c5)2N/(N+»[N/(N+LO)(N+2.0)](* (19)
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C2=(1.0+q)c1

c3 = 1.0+q

C4 = 1.0/c3

c5= 2.24333+ 0.93N

(20)

(21)

(22)

(23)

A curve fit of the axisymmetric nozzle-wall data30 for N as a
function of Re yielded

N= 12.67-6.5\og(Re>e) +L21[log(R 6 t e )] 2 (24)

and was used to calculate TV in the present study.
Procedures for applying the heating methods to three-

dimensional and variable-entropy flow conditions were also
discussed in Ref. 11. For the purpose of this investigation, the
pertinent results applicable to variable-entropy conditions are
presented. As a result of inherent difficulties involved with
applying mass balancing to three-dimensional flows and
apparent discrepancies that result from applying approximate
or classical boundary-layer methods to mass balancing in
axisymmetric flows, the effect of variable entropy on the heat
transfer was approximated by a somewhat different approach
than mass balancing. An iterative process involving a known
inviscid solution, the momentum equations [Eqs. (14) and
(17)], and ratios of boundary-layer thickness to momentum
thickness is used to determine the local flow conditions. Thus
variable-entropy effects are accounted for locally by moving
out in the inviscid flowfield a distance equal to the boundary-
layer thickness. The inviscid properties at this location are
used as the boundary-layer edge properties. The boundary-
layer thickness to momentum thickness ratios were given11 as

and
(d/0L)=5.55 (25)

(26)

Results and Discussion
In this section, the validity of the thermodynamic

correlations is determined by comparisons with equilibrium-
air shock properties based on detailed chemistry calculations.
The correlations have been incorporated in an approximate
inviscid-nonradiating-flowfield analysis with convective
heating capability, and resulting convective heat-transfer
calculations are compared with corresponding VSL results. A
quantitative assessment of the impact of several existing
viscosity models on the convective heating rates computed by
the VSL code is presented also.

The present correlation equations for Ch and Cr, in
conjunction with the oblique-shock relations, the equation of
state [Eq. (1)], and the temperature equation [Eq. (2)] provide
a simple technique for rapidly computing postshock
properties over a wide range of Earth entry conditions. The
approximate results for the postshock static enthalpy, density,
and temperature have been compared in Ref. 28 with the
detailed calculations.25'27 A typical result for the normalized
postshock static enthalpy is shown in Fig. 3 as a function of
the product U00sinOs for a range of freestream pressures from
2.0xlO~ 5 to l . lxlO-.1 atm. The comparison of the ap-
proximate and detailed results is good. In general,
discrepancies of less than 1 % were noted for the enthalpy and
pressure comparisons and less than 4% for density and
temperature comparisons. The present correlations are noted
to be applicable only to flowfield calculations.
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Fig. 3 Comparison of approximate and detailed normal shock
solutions for static enthalpy.
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Fig. 4 Convective heat-transfer comparisons for a 45-deg sphere
cone at ballistic entry conditions.

For the aerothermal planetary studies,12'18 thermodynamic
correlations, similar in form to the present equilibrium-air
correlations, were incorporated in an inviscid-flowfield
.analysis with a convective heating capability for defining also
the thermodynamic environment through the shock layer. The
approximate flowfield analysis was demonstrated to yield
heat-transfer results that are suitable for parametric or design
calculations. Briefly, this flowfield technique is based on an
inverse method of solution; i.e., analytic shock-shape
equations are required such that the calculated body closely
approximates the desired body configuration. Presently, two
analytic expressions for bow shocks that are capable of
generating body shapes closely approximating either
spherically blunted cones or hyperboloids are used. The
flowfield analysis is based on the Maslen32 technique, which
permits an independent evaluation of the pressure through the
shock layer. Recently, a convective heat-transfer method11

that accounts for variable-entropy flow conditions has been
included in the flowfield calculations. Such approximate
flowfield solutions provide reliable engineering calculations
of the convective heat-transfer rates at Earth, Venusian, and
outer-planet entry conditions.11 The current equilibrium-air,
thermodynamic correlations have been incorporated in this
approximate flowfield code. Presently, the local ther-
modynamics are calculated along streamlines. The values of
Ch and CT [Eqs. (8) and (9)] are computed at postshock
conditions where the streamline crosses the shock and are held
constant along the respective streamlines. Certainly, other
reference points could be used to evaluate Ch and CT and the
accuracy of the approach can be determined. Also, the present
thermodynamic correlations could be incorporated in a
flowfield code that does not require streamline information in
its solution procedure.
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Table 2 Impact of transport models on convective-power calculations8

Case

I
II
III
IV
V
VI

^oo, Poo,
km/s kg/m3

6.096
3.048
6.096
6.096
6.096
6.096

.287 x!0~4

.197X10-3

.709X10-2

.709X10-2

.709x10-2

.709x10-2

Tw,
K

2000
2000
2000
2000
4000
4000

_ Flow

Laminar
Laminar
Laminar

Turbulentb

Laminar
Turbulent5

Peng
and

Pindroh20

14.94
2.82

148.06
1252.47
102.16
752.52

Armaly
and

Sutton21

14.62
2.75

143.95
1249.01

99.33
744.98

Convective power with transport models

Yos22

144.46
1244.84
100.03
742.67

Esch
et al.23

14.70
2.70

146.16
1233.88
101.81
740.53

Hansen24

13.38
2.58

129.98
1230.15

88.74
703.82

Sutherland

13.45
2.62

128.19
1235.71

87.23
706.53

a Power = teccL4 MW. bTransition at S/RN = Q. 1.

Convective heating rates computed with the approximate
flowfield method using the present equilibrium-air
correlations have been compared28 at freestream conditions
that are representative of ballistic as well as Shuttle-like
entries with corresponding VSL calculations.1 The
calculations are based on a 45-deg spherically blunted cone
with a 0.3048-m nose radius and a 20-deg hyperboloid with a
0.0254-m nose radius. All calculations are for a 2000 K wall
temperature, a 0-deg angle-of-attack condition, and employ
the Sutherland viscosity law. Simple body geometries are
selected for these heating-rate calculations since the purpose
of these comparisons is to validate the use of the present
equilibrium-air correlations in flowfield and heat-transfer
calculations. In general, the results of the approximate
laminar and turbulent calculations are found to be within 10-
15% of the VSL results. For this paper, typical results for the
45-deg spherically blunt cone at a freestream velocity of 6.096
km/s are shown in Fig. 4. The turbulent heating rates were
computed assuming instantaneous transition to turbulent
flow at a local Reynolds number of l .OxlO 6 based on
laminar flow conditions. The computational time required for
the approximate results is less than 45 s per case on the CDC
6600. This time is at least a factor of 10 faster than the time
required for a corresponding VSL calculation. Thus the
present equilibrium-air correlations can be incorporated in
flowfield codes to provide a rapid, but reliable, method for
predicting convective heating rates over re-entry vehicles at
Earth entry conditions.

While the effect of differences in transport properties on
the heat transfer is well documented, detailed transport
property calculations for high-temperature air are not
available. Thus it is difficult to select a "best" approximate
transport model. As a matter of consistency in the heating-
rate comparisons, the Sutherland viscosity law was used in the
approximate heating and VSL methods. For the purpose of
this investigation, a quantitative assessment of the impact of
several existing viscosity models on the convective heat trans-
fer is made. The viscosity models used in the present analysis
are Peng and Pindroh,20 Armaly and Sutton,21 Yos,22 Esch et
al.,23 Hansen,24 and Sutherland. The procedures used to
arrive at the mixture viscosity in Refs. 20-22 are considered to
be more rigorous than those used in Refs. 23 and 24 and the
Sutherland value. The ranges of freestream conditions, flow
conditions, and wall temperatures used in the present
assessment are presented in Table 2. The convective heat-
transfer results are computed with the VSL1 method over a
45-deg sphere cone with a 0.3048-m nose radius and a base-to-
nose radius ratio of 14.4. For the calculations, the Prandtl
number and Lewis number are assumed to be constant, with
values of 0.72 and 1.4, respectively. The maximum tem-
perature computed in the shock layer for these cases is less
than 7000 K. In Table 2, the convecting heating results
computed with various viscosity models are summarized in
terms of the convective power, \qdA. Note that any dif-
ferences in the convective-power results were observed also in
a consistent manner for the heating-rate distributions over the
entire body. The convective-power results based on the Yos22

model are presented at conditions for which tabulated
viscosity data are available. For laminar-flow conditions and
a 2000 K wall temperature (cases I, II, and III in Table 2),
comparison of the convective-power calculations show that
the maximum difference is about 10% for the six viscosity
models. Furthermore, these results show that the heating
predictions using the mixture viscosity values of Peng and
Pindroh,20 Armaly and Sutton,21 Yos,22 and Esch et al.23 are
in excellent agreement. A second grouping of convective
results obtained with the Hansen24 and Sutherland models are
in good agreement also. The discrepancy in the laminar
convective-power calculations is shown to be about 15% for a
4000 K wall temperature (case V). For turbulent flow and a
2000 K wall temperature, case IV, the convective power
predicted by the six viscosity models is essentially the same. A
similar comparison is obtained for a 4000 K wall temperature
(case VI). In the VSL turbulent heating calculations, the
turbulent viscosity dominates the molecular viscosity.

Concluding Remarks
Engineering heating methods which have been verified by

experiments and/or "benchmark" calculations are used in
parametric or design studies to predict the aerodynamic
heating rates about re-entry vehicles. The primary reason for
using these methods is that these techniques provide
significant reduction in computational time and computer
storage requirements compared to the more detailed methods.
Some aspects of the engineering methods that reduce the
computer time and storage are thermodynamic and transport
property correlations. An approximate flowfield technique
employing such correlations has been demonstrated to
provide rapid and reliable predictions for the aerodynamic
heating rates about probes entering the atmospheres of the
outer planets.

Thermodynamic correlations that are similar in form to
those developed for the outer planets have been developed for
equilibrium air. The thermodynamic correlations for both
enthalpy and temperature in terms of density and pressure are
applicable to a range of freestream velocities from 1.829 to
7.925 km/s and freestream pressures from 2 .0x lO~ 5 to
l .Ox lO" 1 atm. The correlation equations and the methods
used to develop the correlations are presented. The ap-
proximate postshock thermodynamic properties computed
with the present correlations are validated by comparison with
detailed equilibrium-air shock calculations. In general, the
comparisons of the approximate and detailed calculated
results yield discrepancies of less than 1 % for enthalpy and
pressure and less than 4% for density and temperature.

The thermodynamic correlations are incorporated in an
approximate flowfield method with a convective heating
capability. The heating method includes an option to ap-
proximate the effect of variable-entropy edge conditions on
the heat transfer. Laminar and turbulent heating rates are
computed about probes of simple geometry and at conditions
representative of Shuttle- and ballistic-like entries. The
comparison of the approximate heat-transfer results with
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corresponding viscous-shock-layer (VSL) results is good.
Thus the present thermodynamic correlations can be in-
corporated in approximate flowfield and heating methods to
provide a reliable engineering technique for parametric and
design calculations.

Currently, detailed transport calculations for high-
temperature air are not available and a "best" approximate
transport model cannot be determined easily. Consequently,
the impact of existing viscosity models on the convective flux
is demonstrated over a range of freestream conditions, flow
conditions; and wall temperature values. For a wall tem-
perature of 2000 K and laminar flow, the maximum dif-
ference in the convective power computed with the viscosity
models is about 10%. At a wall temperature of 4000 K, the
discrepancy is 15%. For turbulent flow and at both the 2000
and 4000 K wall temperature cases, the various viscosity
models are shown to have an insignificant impact on the
resulting convective-flux calculations.
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