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THERMODYNAMIC AND TRANSPORT PROPERTY CORRELATION
FORMULAS FOR EQUILIBRIUM AIR
FROM 1,000° K TO 15,000° X

By John R. Viegas and John T. Howe
SUMMARY

The thermodynamic properties, density and temperature, as well as
transport property parameters involving viscoslty, Prandtl number
(including diffusion effects), and gaseous radiation absorption coeffi-
cients have been correlated as a function of enthalpy at four pressure
levels (10-%, 10°, 10%, and 102 atmospheres). The correlation formulas
are written in a generalized form for which coefficients for a particular
property and pressure level are tabulated. The correlation formulas are
useful in digital computer programs for nonadiabatic viscous flow problems.

INTRODUCTION

Thermodynamic and transport properties of high temperature air as
well as thelr derivatives with respect to enthalpy at constant pressure
are often needed for the computation of flow fields on bodies in high-
speed flight. These properties are avallable in tabular form (refs. 1
and 2). However, this form is often not very convenient for use in
digital computers. To facilitate machine computations, it is sometimes
faster and easier 1f the properties are represented by analytical expres-
sions which can also be readily differentiated. Cohen (ref. 3) correlates
density and some transport properties independently of pressure for flight
speeds up to 29,000 ft/sec. Correlations are now required for high speeds
up to 50,000 ft/sec to facilitate studies of high-speed entry into the
earth's atmosphere.

At these higher speeds, in excess of approximately 30,000 feet per
second, the transport properties of air are significantly affected by
lonization. Furthermore, at these speeds, gaseous radiation effects can
also be important, depending on body size and altitude (ref. 4). Thus,
for entry into the earth's atmosphere on return from the moon, the planets,
or far out in the solar system, for which entry speeds will be between
35,000 and 50,000 feet per second, both ionization and radlation effects
may be important and should be considered. For these reasons, thermo-
dynamic and transport properties of equilibrium air at temperatures up



to 15 ,OOOo K (stagnation temperature for flight at 50,000 ft/ sec at
approximately 190,000 ft altitude) as presented in references 1 and 2,

are correlated as functions of enthalpy at the four pressure levels, 101,
10°, 101, 102 atmospheres in the present work. The Planck mean mass
absorption coefficient for gaseous radiation, as presented by both
references 5 and 6, 1s also correlated as functions of enthalpy at the
same pressure levels.

SYMBOLS
a,b,c,d,e constant and coefficients in equation (1)
h enthalpy, £t°/sec?
k Planck mean mass absorption coefficient, £t2/slug
js) pressure, atm
Pr Prandtl number
T temperature, °K
X independent variable in equation (1), ﬁL
T
y dependent variable in equation (1) (appropriate property)
o mass density, slug/ft>
" viscosity coefficient, 1b sec/ft2
Subscripts
a results obtained from reference 5
) results obtained from reference 6

1,2, . . .n e coefficients in equation (1)

r reference conditions in table II.



CORRELATTION FORMULAS

Many attempts were made to fit smooth curves through the desired
property values obtained from references 1, 2, 5, and 6. Polynomials of
all degrees up to 8 with coefficilents determined by the method of least
squares and the method of Tchebycheff were tried. Fourier seriles and
generalized conics were also tried. In some cases it was found necessary
to Joiln as many as four sectlons of curves smoothly in series to obtailn
adequate correlations. An attempt was made to minimize possible discon-
tinulties at the jolnts in segmented curves either by overlapping the
sections and choosing a suitable point in thls overlapped region to be
the limit of the various curves (this was done for conics), or by matching
the slope and property value of two adjoining curves at the same value of
enthalpy (this was done for polynomials). The curves presented in this
paper are the best results, from the methods attempted, for obtaining
accurate and smoothly varying property values as functions of enthalpy.

Although various methods of correlation are used, 1t is convenient
to express the correlation of all properties at a specific pressure level
by the general formula

a8 +by +cexy +dy2 +e1x +epx2 +egx3 . . . oenx® =0 (1)

where the independent variable x 1s the enthalpy ratio h/hr and the
dependent variable y 1is the appropriate gas property. It 1s seen that
if the coefficients es; . . . ey are zero, the equation is that of a
general conic with inclined axis, and if the coefficients ¢ and 4 are
zero, the equation is that of a polynomial of degree n.

To facilitate the use of equation (1), the coefficients for the
various properties at the pressure levels considered are presented in
table I. This table shows the type of correlating function used (general
conic or polynomial of degree mn) for each property, the upper and lower
enthalpy limits for the valildlty of each section of the correlation curve,
and, for those properties fit by a general conlc, the sign of the
appropriate root 1s alsoc given.

The over-all limits of validity of these correlation formulas for
each property correspond to & temperature range of approximately l,OOOO
to 15,000o XK. For convenlence, each property 1s referenced to a standard
condition. The pressure 1s referenced to sea-level conditions. The
reference conditions of all other properties correspond to thelr values
at satellite enthalpy (hp = 3.125X108 ft2/sec2 or 12,474 Btu/1b) at each
pressure level. The reference conditions are listed in table II.



DISCUSSION OF RESULTS

The thermodynamic and transport properties as obtained from the
correlation formulas presented in this report and the properties they
represent from references 1, 2, 5, and 6 are compared in figures 1 through
5. In general, the agreement is good. The analytical expressions should
provide property values with sufficient accuracy for most machine calcula-
tions. In the remainder of this discussion, consideration is given to
certain fegtures of the correlations.

In figure 3 where the ratio of the density-viscosity product to the
Prandtl number 1s correlated, no attempt was made to fit the minor varia-
tion in the property values which occurred at low enthalples (near
h/hr = 0.3). It was felt that the effect of this variation would be
negligible in comparlison to the effects of the over-all variation. The
peak 1n each curve corresponds to the onset of ionization. The correlation
is seen to be very good in the ionization regime.

To study the effects of energy transport by gaseous radiation, the
Planck mean mass absorption coefficient is useful. It has been calculated
from theory in reference 6 and has been obtained by a combination of
theory and experiment in reference 5. The two references are in reason-
able, but not close, agreement. The results of both are correlated in
figure 5.

First the absorption coefficient of reference 6 as correlated for
all pressure levels 1s shown in figure 5(a). The fit is falr except for
the point at h/hr % 3.9 for 1 atmosphere pressure. The high point
at each pressure level corresponds to 15,0000 K and was obtalned by a
graphical and logarithmic interpolation of results in reference 6 at
12,000° and 18,000° K.

The correlation of the absorption coefficient at individual pressure
levels 1s shown in figures 5(b) through 5(e) corresponding to the results
of reference 6 and figure 5(f) through 5(1) corresponding to the results
of reference 5. Except for figure 5(f), the correlation is satisfactory.
No attempt was made to fit figure 5(f) because of the lack of a point
defining the middle range of the properties.

Finally, 1t is instructive to go back and examine the thermal
conductivity used in the Prandtl number of figure 3. This is especially
pertinent because the current lack of agreement between the stagnation
point convective heat-transfer rates in references 7 and 8 may be
attributed to the thermal conductivity of ionized air.

In the present paper, the thermal conductivity used in the Prandtl
number includes the effects of energy transfer by both molecular collisions
and diffusion of molecular species (ref. 2). The thermal conductivity
calculated for ailr by Hansen (ref. 2) agrees quite well with experimental
results at temperatures up to 5,000° K as reported by Peng and Ahtye



(ref. 9). At higher temperatures, Hansen's results can be compared with
the conductivity deduced experimentally for nitrogen by Maecker (ref. 10).
In this comparison, shown in figure 6, agreement is fairly good and the
relative magnitudes of conductivitles of the two gases are as expected
(see refs. 9 and 11). Results of King (ref. 12) for the thermal
conductivity of pure nitrogen agree very well with those of Maecker.

CONCLUDING REMARKS

Thermodynamic properties and transport property parameters have been
correlated as a function of enthalpy at four pressure levels. In general,
the correlation formulas represent the properties quite accurately.
Although the formulas are lengthy, they can be evaluated very rapidly by
digital computers. For example, a property represented by an eighth-
degree polynomial can be evaluated at 1000 peints in approximately O.7
second on an IBM 7090 data processing machine. Thils is one to two orders
of magnitude faster than having this machine look up the same number of
points in a table. Thus, the formulas are expected to be useful for
flow-field computation on digital computers.

Ames Research Center
National Aerocnautics and Space Administration
Moffett Field, Calif., June 21, 1962
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TABLE II.- REFERENCE CONDITIONS

Pressure Br
level, hy, Pr» Prir, pr“i’ Ty, (kr)z; (kr)a:
Sim £t2/sec? slug/ft3 12 sec3/ft6 £48/1b2 sec? K | £t2/slug | £t2/slug
101 3.125X108 | 0.6271X1075 | 1.8254x10-11 | 0.4777x10%1 |6400 | 1.66x101 | 2. kox10t
10° 3.125x10% | .5700x10-4 | 1.8065x10-10 L4694x1010 | 7200 | 6.68x10% | 9.68x10T
101 3.125x10% | .5185%10-3 | 1.7754x10-9 .4613%x10° 8150 | 2.11x102 | 3.87x102
102 3.125%108 | .L697X1072 | 1.7556%10-8 Lh60x108 9350 | 8.62%x10% | 1.82x103
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