
1406 AIAA JOURNAL VOL. 13, NO. 10

Finally, we can obtain the pressure and temperature at the
piston face from Eqs. (2) and (4) and the ideal gas equations.
The results are

T/T2 = [1 + (7 + 1) 7/2}

and

(9)

(10)

where Tis the gas temperature.
Figures 3 and 4 show the trajectory of Z vs T for 7 = 1.4 and

y = 1.66 plotted against initial piston speed instead of N. As
can be seen for large values of U the curves coalesce. This is
just due to the fact that TV approaches a maximum.

For very-high-speed models real gas effects must be in-
cluded. This is most simply done by estimating the value of 7
behind the shock. For air or easily excitable molecules, 7 is as
low as 1.1 - 1.15. However, for high-velocity models any
oxygen bearing molecule will probably generate an excessive
amount of free oxygen, which will react with the model. For
deceleration using nitrogen as the stopping gas, 7 will be close
to 1.35 for realistic model speeds. Using the real shock con-
ditions N can be found as well as P2> T2, and a2 for a given set
of initial catch tube pressure and temperature.

Two experimental points are available.2 In the first, the
point of reversal for a 46-g model was measured. Analysis in-
dicates this point should lie near 29.7m, while the actual value
is 28.0 m. The velocity for this measurement was 5.03 km/sec,
and the gas was nitrogen. In the second piece of available
data, the model did not reverse but was caught in a rag bundle
after traversal of the tube. The initial velocity was 2.55
km/sec and the theory predicts a total stopping length of
about 30 m. The model was traveling slowly enough to be
easily captured in the rag bundle after a deceleration length of
33 m with no evident damage.

Care must be exercised in the comparison of data with the
analysis since all the variables are sensitive to 7 and the sound
speed a2. Values as close to actual as possible must be used to
obtain good comparison.
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Correlation for the Viscosity of Air
Including Effects of Dissociation

Aemer D. Anderson* and Kimble J. Clarkf
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L METHOD with which the viscosity of air can be
ksimply and accurately calculated between a match point

with the Sutherland formula at 1050°R and the enthalpy level,
20,000 Btu/lbm, at which ionization is about to become
significant is presented here. The suggested expression, which
is a function of temperature and the degree of dissociation, is
a correlation of the results of Clark, et al. ! That analysis of
the transport properties of air is described briefly in the
following paragraphs.

In the investigation of Ref. 1, the thermodynamic and
transport properties of both air and pure nitrogen were
calculated for pressures in the range 1-200 atm and tem-
peratures in the range 1000-30,OOOK. This was done because
available and well- know calculations2"6 do not extend over the
range of pressures and temperatures of interest, or they are
based on outdated collision integrals. The present discussion
is confined to the calculations for temperatures below
10,OOOK, which is the regime of interest in the present note.
The thermodynamic properties calculated included the species
mole fractions which are needed to compute the viscosity and
other transport properties. The Aerotherm Chemical
Equilibrium (ACE) computer program was used to calculate
these species mole fractions, assuming the air system to be
comprised of the species N2, N, N+ , O2, O, O+ , NO, NO+ ,
and e~ . The ACE calculations were compared with the
tabulated results of Hilsenrath and Klein,7 and were found to
be within a few per cent at all times.

The transport properties were calculated using the mixture
rules of Yos.2 These expressions reduce to the results of
rigorous kinetic theory in the limit of a one-specie gas. For
mixtures, they are approximate in that they exclude the
higher-order terms in the first Chapman-Enskog ap-
proximation. However, calculations based on the simpler
mixture rules rarely differ from the more exact first ap-
proximation by more than a few per cent.2 A literature review
was conducted to determine the best set of collision integrals
to use in conjunction with the Yos mixture expressions. The
collision integrals presented in the original work of Yos were
used whenever they were confirmed through the literature sur-
vey. However, a number of these integrals required updating
(see Ref. 1 for details).

Using the formulation just described, we calculated the
viscosity, and in addition, frozen and reactive thermal con-
ductivity and electrical conductivity for air and pure nitrogen.
The results of these calculations were compared critically with
numerous experimental measurements of transport properties
in the temperature range 6000-24, OOOK.8"13 These data were
acquired from experiments utilizing cascade electric arcs at 1
atm pressure. In general, the calculated transport properties
agreed with the various measurements to within their
associated experimental uncertainties. In addition, the present
calculations were compared with several heavily referenced
calculations available in the literature for the pressure range
1-100 atm.2"6 In general, the present results and those of Peng
and Pindroh6 are in good agreement for all pressures and
temperatures of interest. However, Hansen's5 results, based
on outdated collision integrals, deviate considerably from the
present results.1 In summary, it is felt that the calculations
presented in Ref. 1 represent the best-validated and most
current state-of-the-art air transport properties now available.
They, therefore, provide a sufficiently firm foundation for
the viscosity correlation presented herewith.

A somewhat different approximate kinetic theory analysis
is employed in the Boundary Layer Integral Matrix Program
(BLIMP C9de).14"15 That analysis indicates that, for a mixture
of fixed composition, the viscosity is well represented by a
power law dependence upon temperature.
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This expression, with o> = 0.659 (which is the value used in the
BLIMP code) and with a modification which takes into ac-
count the effects of dissociation, is used here to correlate the
air viscosities calculated by Clark.
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The power law representation may be matched at the low
end of its range to the Sutherland expression for air viscosity,
which is of the form

Differentiation of the power law yields

For Sutherland viscosity

(T/n)(dtJL/dT)=L5-T/(T+198.60R)

With co = 0.659 the two expressions are matched at
T0 = 1050°R

where, from the Sutherland expression

1*0 = 1.992 x 10 ~5 Ibm/fps

This suggests, for undissociated air at temperatures above
i050°R,

fji = L992xlO-5 (T/1050°R)°-659 Ibm/fps

As shown in Fig. 1, this expression provides an excellent
correlation of Clark' s viscosity calculations except at tem-
peratures high enough for dissociation.

Since the failure of the correlation at higher temperatures is
associated with changes in composition, a modified
correlation in terms of the degree of dissociation is suggested.
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Fig. 1 Comparison of air viscosities calculated by Clark with the co
= 0.659 power law expression.

Fig. 2 Correlation of the effects of dissociation on air viscosity.

In Fig. 2, the departure of the viscosity from the power law
expression is shown correlated in terms of the parameter

x= (28.86/M)/(lbm/\b-mole)-1.0

The maximum dissociation shown corresponds to an enthalpy
of about 20,000 Btu/lbm. The power law modified for the ef-
fects of dissociation becomes

H = 1.992 x 10~5 (LO + 0.43X

-0.04x2) (T/1050°R)°-659\bm/fvs

This expression is accurate (that is, it correlates Clark's
viscosities) to within ±2% in the range from 1050°R to the
20,000 Btu/lbm enthalpy level.

References
^icolet, W.E., Shepard, C.E., Clark, K.J., Balakrishnan, A.,

Kesselring, J.P., Suchsland, K.E., and Reese, J.J., Jr., "Analytical
and Design Study for a High-Pressure, High-Enthalpy Constricted
Arc Heater," Aerotherm Final Rept. 74-125, AF Contract F40600-74-
C-0015, prepared for Arnold Engineering Development Center, Dec.
1974, Aerotherm, Mountain View, Calif. (Also, AEDC-TR-75-47,
July, 1975).

2Yos, J.M., "Transport Properties of Nitrogen, Hydrogen, and
Air to 30,OOOK," TM RAD-TM-63-7, March 1963, Research and Ad-
vanced Development Division, Avco Corp., Wilmington, Mass.

3Capitelli, M. and DeVoto, R.S., "Transport Coefficients of High-
Temperature Nitrogen," Physics of Fluids, Vol. 16, Nov. 1973, pp.
1835-1841.

4Sherman, M.P., "Transport Properties of Partially Ionized
Nitrogen, I. The Collision Integrals, II. Method and Results,"
R655D43 and R655D44, NASA Contract NASr-32, July-Aug. 1965,
Space Sciences Lab., Missile and Space Division, General Electric,
Philadelphia, Pa.

5Hansen, C.F., "Approximations for the Thermodynamic and
Transport Properties of High-Temperature Air," NASA TR R-50,
1959.

6Peng, T.C. and Pindroh, A.L., "An Improved Calculation of Gas
Properties at High Temperatures: Air," Paper 1995-61, Fourth Bien-
nial Gas Dynamics Symposium, American Rocket Society, North-
western University, Evanston, 111., August 23-25, 1961. Also,
Document D2-11722, Category Code No. 81205, Feb. 1962, Boeing
Airplane Co., Seattle, Wash.

7Hilsenrath, J. and Klein, M., "Tables of Thermodynamic Proper-
ties of Air in Chemical Equilibrium including Second Virial Correc-
tions from 1500K to 15,OOOK," AEDC-TR-65-58 and related
publications, March 1965, Arnold Engineering Development Center,
Air Force Systems Command, Arnold Air Force Station, Tenn.

8Schreiber, P.W., Hunter II, A.M., and Benedetto, K.R., "Argon
and Nitrogen Plasma Viscosity Measurements," Physics of Fluids,
Vol. 14, Dec. 1971, pp. 2696-2702.

9Schreiber, P.W., Hunter II, A.M., and Benedetto, K.R., "Elec-
trical Conductivity and Total Emission Coefficient of Air Plasma,"
AIAA Journal, Vol. 11, June 1973, pp. 815-821.

10Schreiber, P.W., Hunter II, A.M., and Benedetto, K.R.,
"Measurement of Nitrogen Plasma Transport Properties," AIAA
Journal, Vol. 10, May 1972, pp. 670-674.

11 Morris, J.C., Rudis, R.P., and Yos, J.M., "Measurements of
Electrical and Thermal Conductivity of Hydrogen, Nitrogen, and
Argon at High Temperatures," Physics of Fluids, Vol. 13, March
1970, pp. 608-617.

12Asinovsky, E.I., Kirillin, A.V., Pakhomov, E.P. and Shabashov,
V.I., "Experimental Investigation of Transport Properties of Low-
Temperature Plasma by Means of Electric Arc," Proceedings of the
IEEE, Vol. 59, April 1971, pp. 592-601.

13Neuberger^ A.W., "Composition, Electrical Conductivity, and
Total Radiation of Nitrogen Plasma," AIAA Journal, Vol. 13, Jan.
1975, pp. 3-4.

14Kendall, R.M. and Bartlett, E.P., "Nonsimilar Solution of the
Multicomponent Laminar Boundary Layer by an Integral Matrix
Procedure, "AIAA Journal, Vol. 6, June 1968, pp. 1089-1097.

15Deblaye, C. and Bartlett, E.P., "An Evaluation of Ther-
modynamic and Transport Properties for Use in the BLIMP Non-
similar Multicomponent Boundary-Layer Program," SC-CR-69-
3271, July 1969, prepared for Sandialabs, Albuquerque, N. Mex.


