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Collision integrals (transport cross sections) for atomic and molecular interactions of importance in 
high-temperature air are calculated based on accurate force laws whirh have recently become available. 
The tabulations include the collision integrals for diffusion, viscosity, and thermal conductivity, and 
the collision integral ratios A*, B*, and C* needed for mixture calculations, and cover the range from 
1000" to 15 000°K for the major interactions N-N, 0-0, N-0, N-NI, O a t .  0-N,, N2-Nf, 0As, 
and Nt-0,. Average potential energy functions, but no collision integrals, are given for the minor 
interactions 0-NO, 02-NO, Nf-NO, and NO-NO. The calculations all refer to atoms and molecules 
in their ground states only. Calculational errors are estimated to be about 5% over the temperature 
range, but may occasionally rise as high as 10%. The relative magnitudes of the average collision 
integrals are discussed briefly for their bearing on the qualitative behavior of the corresponding gas 
mixtures, and on the assessment of the errors involved in some approximations commonly used in 
calculations of transport properties of air. 

I. INTRODUCTION 

KOWLEDGE of the transport properties of air K a t  high temperatures is of obyious importance 
in many applications. Since experimental data in 
this range are very difficult to obtain, recent efiorts 
have becn largely theoretical. and a number of 
calculations have been reported in the past few 
years.' Unfortunately, the different calculations do 
not agree at all well among themselves, the spread 
between the lowest and highest viscosities, for 
instance, being more than a factor of 2 a t  8000°K.'*2 
The cause of this is the crude models of the inter- 
molecular forces which have been used. ' For several 
years work has been carried out in this laboratory 
on thd various intermolecular forces nmoug the 
species present in dissociating air at high tempera- 
tures. The availability of these r e s ~ l t s ~ - ~  makes 
possible the use of more refined intcraction models, 
50 that the uncertainty in the transport properties 
can be reduced from n factor of 2 to something on 
the order of 10 or 20'%. 

The purpose of the present paper is to tabulate 
collision integrals (transport cross sections) for 
dissociating air based on the more accurate inter- 

1 For a brief review and commentary on recent calculations 
see W. L. Bade, E. A. Mason, and K. S. Yun [J. Am. Itorket 
SOC. 31, 1151 (1961)l. 

2 P. E. Liley, Thermodynurnzc and Transport Propertzes of 
Gases, Liquids, and Solids (American Society of Mechanical 
Engineers, New York, 1959), p. 40. 

8 J. T. Vanderslice, E. A. hlason, and E R. Idppincott, 
J. Chem. Phys 30, 129 (1959). 

4 J. T. Vanderslice, E. A. Mason, and W. G Maisch, 
J. Chem. Phys. 31, 738 (1959). 

* J. T. Vanderslice, E A. hfason, and W. G. Maisch, 
J. Chem. Phys 32, 515 (1960). 

* J. T. Vanderslice, E. A. Mason, W. G. Maisch, and E. R. 
Lippincott, J. Chem Phys. 33, 614 (1960). 

molecular force results. We give direct tahulations 
of the collision integrals a('." (diffusion) and Q ( 2 * 2 '  

(viscosity and thermal conductivity), and the col- 
lision integral ratios A*,  B*, and C* (mixtures) for 
thc major interactions K-N, 0-0, Xu'-0, S-K2, 
0-O,, O-Kz, X2-S2, 02-Oz ,  and Nz-02-. :Ve also 
present results for the minor interactions 0-KO, 
02-N0,  K2-K0, and NO-KO, but no direct tabu- 
lations, since the rollision integrals for these inter- 
actions can be obtained with sufficient accuracy as 
averages of the ta tda ted  collision integrals. 

The tdwlations cover the range from lO00" to 
15 0oO"Ii. Below 10oO"K the transport properties 
of air are alwady known with reasonable acriiracy, 
and above 15000OOO"K we do not have sufficiently 
accurate intermolecular force information. 

The tabulatione refer to atoms and molecules in 
their ground states only. Above about 8000°K there 
will lie appreciable ionization and electronic excita- 
tion, and the tabulations aic no longer su5cient 
for a complete calculation of transport properties. 
They are still necessary, however, as long as col- 
lisions between ground-state atoms and molecules 
haye any influence on the transport propertics. 

II. CALCULATION PROCEDURE 

The details of our calculation procedure are 
outlined in a previous paper on the trailsport 
properties of dissociating hydrogen.? When two 
atoms can interact tllviig any one of a number of 
potential-enrrgv curves, it is necessary to calculate 
the collision integrals for each curve separately and 

7 J. T. Vanderslice, S. Weissman, E. A. Mason, and R. J. 
Fallon, Phys. Fluids 5, 155 (1962). 
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then average with a suitable statistical weight factor 
for each curve.' For nonsphericul, nonpolar molecules 
the procedure of first averaging the potential over 
all orientations and then calculating the collision 
integrals for the resulting single effective-potential 
curve is usually assumed to be adequate. The calcu- 
lation of collision integrals for a given potential 
usually involves some compromise in choosing an 
algebraic function which fits the potential fairly 
well in the important range of intermolecular 
separation distances, and for which calculations of 
collision integrals are already available (since these 
require extensive numerical integration). It may be 
necessary to fit a given potential piecemeal in order 
to cover an extended temperature range.' For the 
purpose of estimating what range of molecular 
separations is most important, in determining a 
given transport property in a given temperature 
range, the method of' Hirschfelder and Eliason lo is 
useful. 

The algebraic functions which we have used for 
the potential energy c p ( ~ )  are the exp-G potential," 

where a, E, and r ,  are constants; the 12-6-3 po- 
tential,"* l3 

where c o t  uo, and 6 are constants; the 8-4 p ~ t e n t i a l , ' ~  

where E and r ,  are constants; the exponential re- 
pulsive potential, l5  

(4) -or $49 = cpoe , 
where cpo and a are positive constants; and the 
inverse power attractive and repulsive potentials, 

*E.  A. Mason, J. T. Vanderslice, and J. M. Yos, Phys. 
Fluids 2, 688 (1959). 

I. Amdur and E. A. Mason, Phys. Fluids 1, 370 (1958); 
I. Amdur, Physical Chemistry in Aerodynamics and Space 
Flight (Pergamon Press, New York, 1961), p. 228. 

lo J. 0. Hirschfelder and M. A. Eliason, Ann. N. Y. Acad. 
Sci. 67, 451 (1957). 

11E. A. Mason, J. Chem. Phys. 22, 169 (1954); E. A. 
Mason and W. E. Rice, ibid. 22, 843 (1954). 

12E. C. Itean, A. R. Glueck, and R. A. Svehla, NASA 
Tech. Note D-481 (1961). 

13 L. Monchick and E. A. Mason, J. Chem. Phys. 35. 1676 
(1961). 

A125, 196 (1924); Phil. Mag., 12, 554 (1931). 

Fluids 3, 715 (1960). 

14 H. R. Hass15 and W. R. Cook, Proc. Roy. SOC. (London) 

16 L. Monchick, Phys. Fluids 2, 695 (1959). 
16 T. Kihara, M. H. Taylor, and J. 0. Hirschfelder, Phys. 

cp(r) = &K/r", (5) 
where K and s are positive constants. The only 
potential among the foregoing for which the existing 
tabulations were not adequate was the 8 4  potential, 
for which Has& and Cook tabulated only functions 
corresponding to Q ( l V * )  and Q ( 2 * 2 ) .  The values of 

nceded to calculate the mixture 
functions B* and C* were therefore generated as  
needed by means of numerical differentiation from 
the recursion formula 

+ [T/(n + 2)](dQ"'"'/dT). (6) 

Table I summarizes the potential forms we have 
used in calculating the collision integrals. 

The various atom-molecule and molecule-molecule 
interactions are obtained in a first approximation 
as the sums of the interactions between the con- 
stituent atoms, averaged over all molecular orienta- 
t i o n ~ . ~ . ~  Thus the N-r\T2, 0-02, O-K2, 02-02, and 
N,-0, intcractions listed in Table I have been built 
up out of the following atom-atom  interaction^^-^: 
cp(N . N) = 153.9 ev ,  

Q ( l . 2 )  and Q(1.3)  

f i ( l , n + l )  = ~ t " . n )  

1.3 A < r < 3.2 A, (7) 

ev ,  cp(W . . . 0) = 161 
1.8 A < T < 2.8 A, (8) 

ev, cp(0 . . . 0) = 812 e-3.5e5r 

1.8A < r < 2.5A, (9) 
where r is the atom-atom distance. Of these inter- 
actions that for 0-0, is the most uncertain, because 
a t  ccrtain favorable orientations and close distances 
of approach, a strong valence attraction can set in 
which corresponds to the reaction 0 + 0, = 0,. 

The minor interactions 0-NO, 0,-NO, N,-NO, 
and NO-NO have also been calculated from Eqs. 
(7)-(9). The results can be expressed as follows: 

0-NO: (cp(R)) = 795 e-z.''2R ev,  

1.9A < R < 2.7A; (10) 

0,-NO: (cp(R)) = 2003 ev,  

1.9A < R < 2.7A; (11) 

N2-NO: (cp(R)) = 751 ev,  

1 .5A < R < 3.1 A; (12) 

NO-NO: (cp(R)) = 1160 ev,  

1.8A < R < 2.9 A; (13) 

where the pointed brackets indicate an average 
over orientations, and R is the distance between the 
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T~BLE I. Potential-energy functions used for calculation of collision integrals. 

Potential energy, ev 
Interaction ( r  in A) Range Ref. 

5nI 
s-0, x91 

4n 

2 2  

4 2  

6n 
S-Nz 
0 - 0 2  

0 - N t  

No-Nz 

0 2 - 0 2  

N2-02 

- 98.C@,'r6.38 
-80.35/r6.88 
(exp-6): a = 12, E = 0.0477 ev, r,,, = 1.60 A 
317.8 e-2.753r 
-194.5/r7." 
- 123.4/r7.89 
- 1 4 1 . 6 / ~ ~ . ~  
(exp4):  a = 12, e = 0.6655 ev, r,,, = 1.597 A 

(exp-6): a = 12, t = 0.8239 ev, r, = 1.518 A 

(exp4) :a  = 1" -, c = 0.9157 ev, rm = 1.480 A 

717 e-a 6 6 j ~  

1057 e-a.W7r 

1433 e-3.5ffir 
2114 e-3.567r 

2455 e - 3 . 5 ~ 7 r  

- 480.6jr" ." 

-5G0.8/r9.44 

339 e--3.570r 

1358 e-3.6707 

(12-6-3): 6 = 0.131, eo = 3.095 ev, u 0  = 1.208 A 
-301 .O/r'0.*7 
(8-4): E = 0.26 ev, r,,, = 2.0 A 
430 e--3.570~ 

138 e-2.49Zr 

351 e-2 .S6r  

2162 e-.3.479R 
357 e 2.6038 

387.8 e--2.7a3R 

1 (exp-6) : a = 17, = 0.00872 ev, R,,, = 4.011 A 
(exp4): a = 15, e = 0.01036 ev, R, = 4.056 A 

1 595/R7.27 
l(exp-6): a = 17, c = 0.0114 ev, R,,, = 3.726 A {p""" e--3,3558 

exp4):  a = 17, c = 0.0100 ev, R, = 3.861 A 
,62 e-2.624R 

all temps. 
all temps. 
all temps. 
all temps. 
all temps. 
all temps. 
all temps. 
all temps. 
low temp. 
high temp. 
low temp. 
high temp. 
all temps. 
all temps. 
all temps. 
all temps. 
all temps. 
all temps. 
all temps. 
all temps. 
low temp. 
high temp. 
a!l temps. 
all temps. 
all temps. 
all temps. 
all temps. 
all temps. 
all temps. 
loa temp. 
intermed. temp. 
high temp. 
low temp. 
high temp. 
low temp. 
high temp. 

a 
a 
a 
b 
C 

C 
C 
C 

d 
d 
C 
C 
e 
e 
e 
e 
e 
e 
e 
f 
f 
f 
f 
g 
g 
g 
b 

g 
h 
h 
h 
g 
e 
e 
e 

C 

a Cun-e-fittinc of results reported in reference 3. 
b Reference 3. 
c Curve-fitting of resrilts reported in reference 5. 
d Curve-fittine of results reDorted in reference 6. 
0 Reference 5.  
f Curve-fitting of results reported in reference 4. 
K Reference 4. 
b Reference 9. 

centers of mass of the interacting molecules. The 
method of averaging has been given previously in 
connection with the nitrogen  interaction^,^ and the 
extension to heteronuclear molecules needed to 
obtain Eqs. (10)-(13) is straightforward. For a 
molecule AB interacting with a molecule CD, there 
are four terms, one for each of the atom-atom inter- 
actions AC, AD, BC, and RD. When the atom-atom 
interactions are described by an exponential re- 
pulsion of the form of Eq. (4), the average molecule- 
molecule interaction can be written as 

(&)) = cPoace-aACR(a~cR d ,  d4-l 

. [(aA& + 2)  sinh (aAC d,) sinh (aAc dc) 

- (asc dA) c o d  ( a A c  d,) si* (a*c dc) 

- (aAc dc) cash (aAc dc) si* ( ~ A c  d J l  

+ (3  similar terms for AD, BC, and BD), (14) 

where pOAC and u i c  are the parameters for the AC 
interaction, d ,  is the distance from the center of 
mass of molecule AB to atom A, and dc the distance 
from the center of mass of molecule CD to atom C. 
The atom-molecule interaction A-CD can be ob- 
tained from Eq. (14) by dropping the two terms 
involving atom B and setting d ,  = 0. 

The range of validity of ( q ( R ) )  obviously depends 
on the range of validity of the component atom- 
atom potentials. This range can be estimated by an 
averaging procedure3 whose extension to hetero- 
nuclear molecules gives 

(R)  = f h C [ l  + $(dA/TAC)' + $ ( d C / r A C ) 2 ]  

+ (3 similar terms for AD, BC, and BD). (15) 
The range of validity of an atom-n~olecule inter- 
action A-CD can be obtained from Eq. (15) by 
replacing B by A, and setting d A  and d ,  to  zero. 
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The potentials given in Eqs. (lo)-( 13) are approxi- 
mately equal to the geometric means of some of 
those listed in Table I. Thus the 0-KO potential 
of Eq. (10) is approximately equal to the mean of 
the 0-N, and 0-0, potentials, the 0,-NO potential 
to the mean of the 0,-K2 and 0,-0, potentials, 
the S,-NO potential to the mean of the N,-N, 
and N,-0, potentials, and the XO-KO potential 
to the mean of the K,-NO and O,-NO potentials. 

111. RESULTS 

The collision integrals obtained from the potentials 
listed in Table I are given in Tables 11-X. The 
calculational errors introduced by inaccurate curve- 
fitting, dur to incomplete data on the potential- 
energy curves and to the occasional necessity to fit 
a given curve piecemeal, amount generally to about 
5y0 over most of the temperaturc range, and may 
occasionally rise as high as about In this 
regard the S-S interaction corresponding to the 
8 ,  state of K, is the worst offender, since the 

experimental information really consists of only two 
points 011 the interaction curve, obtained from pre- 
dissociation d a h 3  An estimate of the maximum 
error to be expected from this source can be obtained 
by replacing the exp-6 potentid used for this intcr- 
action by the cruder rigid-sphere potential. The 
resulting change in the weighted average collision 
integrals for X-Pi interactions is less than 10%. 

The foregoing error estimates do not take into 
account the possibility of systeniatic errors in thc 
potential curvcs theniselves which formed our 
starting material. Should any of these potentials 
be found to be sensibly iri error, the error will have 
been propagated directly into the corresponding 
collision integrals, although in a weakened fashion. 

5 +  

TABLE 11. Collision integrals for N-N interactions. 

T "K (@1,1)), A2 ( f i @ , W ) ,  A2 A* B* C* 

1 000 
1 500 
2 000 
2 500 
3 000 
3 500 
4 000 
4 500 
5 000 
5 500 
6 000 
6 500 
7 000 
7 500 
8 000 
8 SO0 
9 000 
9 500 

10 000 
11 000 
12 000 
13 000 
14 000 
15 000 

6.235 
5.548 
5.106 
4.786 
4.538 
4.336 
4.166 
4.022 
3.895 
3.783 
3.683 
3.592 
3.509 
3.435 
3.365 
3.300 
3 2 4 0  
3.184 
3.131 
3.035 
2.949 
2.872 
2.801 
2.737 

7.039 
6.292 
5.812 
5.464 
5.193 
4.972 
4.786 
4 .628 
4.488 
4.365 
4 ,254 
4.154 
4.062 
3.979 
3.902 
3.830 
3.764 
3.701 
3.643 
3.536 
3.440 
3.393 
3.274 
3.202 

1.129 
1,134 
1.138 
1.142 
1.144 
1,147 
1.149 
1.151 
1.152 
1.154 
1.155 
1.156 
1.158 
1.159 
1.160 
1.161 
1.162 
1.162 
1.163 
1.165 
1.166 
1.168 
1.169 
1.170 

1.144 
1.144 
1.144 
1.143 
1.143 
1.142 
1.141 
1.141 
1.141 
1.141 
1.142 
1.141 
1.141 
1.142 
1.141 
1.141 
1.141 
1.142 
1.141 
1.141 
1 ,142 
1.142 
1.142 
1.142 

The over-all error will be fiist reduced by a factor 
of about 2 or 3 in passing from the potential function 
to the corresponding collisioii integral, and then 
further reduced by an amount depending on the 
statistical weight factor for that potential. 

The collision integrals in Tables 11-X are given 
in units of A2(10-'6 em2); their physical significance 
is that they would have the value (T' if the potentials 
had corresponded to rigid spheres of diameter u. 
In other words, the only difference from a con- 
ventional definition of a cross section is the lack 
of a factor of K. Thus the viscosity and self-diffusion 
coefficients of a pure gas are given in terms of the 
tabulated collision integrals by the  expression^^^ 

q(g,lcm-sec) = (26.693 X 10-6 ) (MT)5 / (Q'2 .2 ' ) ,  (16) 

TABLE 111. Collision integrals for C- 0 interactions. 
~~ 

"K (fi(l , l)) ,  A2 (fi(?,2)), A2 A* B* cy* 

1 0 0 0  G 193 7.182 
1 500 3 ti43 G ..?(;A 
2 000 5.271 G 189 
2 500 4.981 5 821 
3 000 4.746 5.567 

4 000 4.366 5.174 
4 500 4 243 5 016 
R 000 4.117 4 876 
.5 500 4.007 4 79% 
G 000 3 905 4.640 
G 500 3 813 4 537 
7 000 3.727 4.438 
7 500 3 648 4.352 
8 000 3.573 4 271 
8 500 3 ,509 4.194 
9 000 3.442 4 118 
9 ,500 3 389 4.03'4 

10 000 3 333 3.990 
11 000 3 23ti 3 ,8%1 
12 000 3.118 3.7ii2 
13 000 3 . O W  3.692 
14 000 2 996 3 609 
15 000 2 931 :3 ..-I3 L 

3 500 4 5<51 5.355 

1,lGO 1.141 0.925 
1 lfj3 1.156 0,922 
1.165 1.160 0.9lti 
1.169 1.163 0 913 
1,173 l . l ( i 8  0.911 
1.177 1.172 0.908 
1.180 1.180 0.907 
1 1x2 1.184 0 905 
1.184 1 185 0.903 
1 186 1.182 0.900 
1.188 1.182 0.8!)9 
1,190 1.181 0 898 
1.191 1.182 0.897 
1 193 1.181 0.897 
1 195 1.182 0.897 
1.105 1.182 0.896 
1.19G 1.181 0.895 
1 197 1.182 0.895 
1.198 1 181 0 89.5 
1.200 1.182 0.894 
1.201 1.184 0.894 
1 2 0 3  1.1'44 0.893 
1 20.5 1 1'46 0 893 
1.20G 1.186 0.8D3 

~- 

TABLE IV. Collision integrals for E-0 interact.ions. 

T "K (W.1)), A' (W*2)), A' A* B* C* 

1 000 
1 500 
2 000 
2 500 
3 000 
3 500 
4 000 
4 500 
5 000 
5 500 
6 000 
6 500 
7 000 
7 500 
8 000 
8 500 
9 000 
9 500 

10 000 
11 000 
12 000 
13 000 
14 000 
15 000 

7.156 
6.139 
5.518 
5.088 
4.767 
4.531 
4.347 
4.190 
4.034 
3.935 
3.828 
3.731 
3.644 
3.564 
3.491 
3.423 
3.360 
3.301 
3.246 
3.145 
3,055 
2.974 
2.900 
2.832 

8.418 
7.227 
6.494 
5.984 
5.606 
5.310 
5.075 
4.899 
4.745 
4.610 
4.490 
4.381 
4.282 
4.191 
4.108 
4.031 
3.959 
3.892 
3.829 
3.714 
3 611 
3.518 
3.433 
3.356 

1.176 
1.177 
1.177 
1.176 
1.176 
1.172 
1.168 
1 169 
1,170 
1.172 
1 173 
1.174 
1.175 
1.176 
1.177 
1.178 
1.178 
1.179 
1.180 
1.181 
1.182 
1.183 
1.184 
1.185 

1,192 
1.184 
1.178 
1.158 
1.138 
1.127 
1,126 
1 128 
1.129 
1.130 
1,129 
1.133 
1.133 
1,132 
1.134 
1.134 
1.135 
1.136 
1.137 
1.137 
1.137 
1.139 
1.139 
1.142 

0.877 
0.881 
0.884 
0.886 
0.887 
0.887 
0.886 
0.885 
0.885 
0.884 
0.884 
0.883 
0.882 
0 882 
0.881 
0.881 
0.880 
0 879 
0.879 
0.878 
0.876 
0.875 
0.874 
0.874 

17 J. 0. Hirschfelder, C. F. Curtiss, and R. B. Bird, 
Molecular Theory of Gases and Liquids (John Wiley tk Sons, 
Inc., New York, 1954), Chap. 8. 
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TABLE V. Collision integrals for S-S? interactions. 

T (QUJ)) , -  4 3  t ~ u , ? ' ) ,  -42 ;i* B* C* 

1 000 
1 500 
2 000 
2 .io0 
3 000 
3 500 
4000 
4 5 0 0  
5 0 0 0  
5 500 
6 000 
6 500 
7000  
7 500 
S O 0 0  
8 .m 
9000  
9 500 

10 000 
11 000 
12 000 
13 000 
14 000 
1.5 000 

8.214 
7.396 
6.842 
6.427 
6.098 
5.S27 
5.596 
5.397 
5.223 
5.067 
4.927 
4.800 
4.684 
4.577 
4.479 
4.387 
4.301 
4.221 
4.146 
4.008 
3.684 
3.772 
3 669 
3 575 

9 824 
8.697 
8.272 
7.802 
7.427 
7.115 
6.850 
6.622 
6.419 
6.238 
6.080 
5.933 
5.799 
5.676 
5.558 
5,453 
5.355 
5.259 
5.170 
5 010 
4.S67 
4.734 
4.612 
4.501 

1.196 
1.203 
1.209 
1.214 
1.218 
1.221 
1.224 
1.227 
1.229 
1.231 
1.234 
1.236 
1.238 
1.240 
1.241 
1.243 
1.245 
1.246 
1.247 
1.230 
1.253 
1.255 
1.257 
1 .23!) 

1.157 
1.165 
1.171 
1.176 
1.180 
1.184 
1.167 
1.190 
1.193 
1 .  I96 
1.198 
1.201 
1.203 
1.205 
1.207 
1.209 
1.210 
1.212 
1.214 
1.217 
1.220 
1.223 
1.225 
1 228 

0 916 
0 911 
0 908 
0 905 
0 903 
0 9 0 0  
0 899 
0 897 
0 895 
0 893 
0 892 
0 891 
0 889 
0 888 
0 887 
0 886 
0 Sb5 
0 883 
0 882 
0 881 
0 879 
0 877 
0 875 
0 674 

TABLE VI. Collision integrals for 0-02 interactions. 

I' (Q(i, i)) ,  # ( Q ( ~ J ) ) ,  A2 -I* B* C* 
~~ ~~ 

1 000 7 .\500 8 778 1.169 1 131 0.931 
1 500 6.890 8.093 1.175 1.137 0.92a 
2 0 0 0  6.467 7.624 1.179 1.141 0.925 
2 500 6 .  148 7 269 1.182 1.144 0.024 
3000  p.894 6.98.5 1.185 1.147 0.022 
3 500 a .  663 6.749 1.188 1.149 0.921 

4 ,500 J .347 6 374 1.192 1.154 0.918 
p 000 .5.210 6.219 1.194 1.1.56 0.917 
<, ROO 5 087 6 OS2 1.196 1.157 0.916 
6 000 4.976 .5 936 1 .l!li 1 .159 0.91.5 
6 500 4.875 5.x43 1.199 1.160 0.914 
7 000 4 ,783 5.739 1 200 1.162 0.913 
7 500 4.697 5.642 1.201 1.163 0.913 
8 000 4.618 5.5.53 1.202 1.164 0.912 
6 ,500 4.54.5 5.470 1.204 1.166 0.911 
9 000 4.476 5,392 1.203 1.167 0.911 
9 .500 4.411 .5.319 1.206 1.168 0.910 

10 000 4 . 3.-,0 .5.230 1.207 1.169 0.909 
11 000 4.23s 5.123 1.209 1.171 0.908 
12 000 4.137 5 006 1.210 1.173 0.907 
13 000 4.04.5 4 903 1.212 1.17.5 0.906 
14 000 3 .961 4.SOR 1.214 1.176 0.905 
13 000 3.884 4.719 1.215 1.178 0.904 

4 O 0 0  q.503 6 . 2 8  1,190 1.152 0.919 

TABLE VII. Collision integrals for 0-Ns interactions. 

T "K (@1.1)), A2 (fi(Z.Z)), A2 ,4* B* C* 

TABLE VIII. Collision integrals for Nz-N? interactions. 

B* C* T aK @1,1'), A? {a,! ?)/I, A? _4* 

1 000 
1 500 
2000 
2 500 
3000 
3 300 
4 0 0 0  
4 500 
5000 
5 500 
6000 
G j o o  
7000 
7 m  
So00 
8 500 
9000 
9 500 
10 000 
11 000 
12 ooo 
13 wx) 
14 000 
13 OOO 

10 07 
9 ,363 
8.794 
8.297 
7.845 
7.450 
7.137 
6.844 
6.599 
6.369 
6.187 
6.023 
5.863 
5.708 
5.595 
5.480 
5.373 
5.284 
5 199 
5.069 
4.907 
4 610 
4.727 
4.630 

11 17 
10.54 
10.01 
9.520 
9.071 
8.697 
8.3.50 
8.100 
7 .SO4 
7.592 
7.394 
7 -209 
7.03.5 
6.873 
6.721 
6.611 
6.474 
6.375 
6.279 
6.097 
5 .952 
X815 
5.703 
5.599 

1 110 
1.126 
1.139 
1 147 
1.156 
1 167 
1.170 
1.184 
1.183 
1.192 
1.195 
1.197 
1.200 
1.204 
1.201 
1.206 
1.205 
1.206 
1.208 
1.203 
1.213 
1.209 
1.207 
1.209 

1 096 0.918 
1.107 0.941 
1.115 0.937 
1.120 0.933 
1.125 0.930 
1.130 0.927 
1.133 0.925 
1.138 0 922 
1.142 0.920 
1.144 0.918 
1.147 0.916 
1.150 0.914 
1.152 0 912 ~~ 

1.152 0 . 9 2  
1.155 0.910 
1.155 0.911 
1.156 0.908 
1.158 0.908 
1.158 0.909 
1.158 0.908 
1.157 0 909 
1.158 0 909 
1.158 0.908 
1.158 0 909 

TABLE IX. Collision integrals for 01-02 interactions. 

"K (Q(l. l)) ,  -42 ( f i ( 2 . % ) ) ,  A2 A* B* C* 
- 

1 000 
1 500 
2 000 
2 5 0 0  
3 000 
3 m  
4 000 
4 500 
3 000 
5 500 
6 000 

,O00 
7 m  
8 0 0 0  
8 500 
9000 
9 500 

10 000 
11 000 
12 OOO 
13 000 
14 000 
1.5 OOO 

6 500 

8 873 
8.381 
8.044 
1.810 
7.608 
7.437 
7.279 
7.128 
7.012 
6.868 
6.748 
6.622 
6.505 
6.402 
6.306 
6.217 
6.132 
6.0.53 
5.978 
5 844 
5.716 
5 .606  
5.506 
5.412 

9 .SO6 
9 470 
9 226 
9 020 
8 840 
R.672 
8..516 
8.368 
8 ,246 
8.090 
7.963 
7.627 
7.70' 
7 .56ti 
7.479 
7.379 
7.283 
7.197 
7.114 
6.960 
6 .822  
6.696 
6.580 
6.473 

1.11.5 
1.130 
1.147 
1,155 
1.162 
1.166 
1.170 
1.174 
1.176 
1.178 
1.160 
1.162 
1.184 
1.185 
1.186 
1.187 
1.168 
1.189 
1.190 
1.191 
1.193 
1.194 
1,195 
1.196 

1 099 
1.109 
1.117 
1.124 
1.12s 
1.131 
1.134 
1.137 
1.138 
1.141 
1.143 
1.144 
1 -14.5 
1.146 
1.147 
1.148 
1.149 
1.150 
1.151 
1.153 
1 .1M 
1.156 
1.157 
1.156 

0.939 
0.935 
0.933 
0.931 
0.930 
0.926 
0.927 
0.927 
0.926 
0.925 
0.924 
0.923 
0.923 
0.922 
0.922 
0.921 
0.921 
0.920 
0.920 
0.919 
0.918 
0.917 
0 916 
0.916 

TABLE X. Collision integrals for N 2 4 ~  interactions. 

T "K (Q(1,1)), A2 ( Q ( 2 A ) ,  A2 A* B* C* 

1000  8.867 
1 500 7.975 
2 0 0 0  7.371 ~ ~~ 

2 500 6.919 
3 000 6.561 
3 500 6.265 
4 0 0 0  6.015 
4 500 5.796 
5 000 5. 605 
5 500 5.439 
6 000 5.287 
6 500 5.149 
7 000 5 023 
7 500 4 907 
8 000 4 799 
8 500 4 700 
9 000 4 607 
9 ,500 4 520 

10 000 4 438 
11 000 4.288 
12 000 4.153 
13 000 4 -032 
14 000 3.920 
15 000 3.818 

10.61 
9.610 
8.926 
8.406 
7.996 
7.659 
7.374 
7.126 
6 899 
6.712 
6.535 
6.374 
6.228 
6 .094 
5.971 
5.851 
5.744 
5.641 
5 . S S  
5.369 
5.213 
5.068 
4.940 
4.618 

1.197 
1.205 
1.211 
1.215 
1.219 
1.223 
1.226 
1.229 
1.231 
1.234 
1.236 
1.238 
1.240 
1.242 
1.244 
1.24.5 
1.247 
1.248 
1.250 
1.252 
1.253 
1.257 
1.260 
1 262 

1.159 
1.167 
1.173 
1.178 
1.182 
1.1% 
1.189 
1.193 
1,195 
1.198 
1.201 
1.203 
1.203 
1.207 
1.209 
1.211 
1.213 
1.215 
1.217 
1.220 
1.223 
1.226 
1.229 
1.231 

0.915 
0.911 
0.907 
0.904 
0.902 
0.899 
0.897 
0.899 
0.694 
0.692 
0.891 
0.889 
0.688 
0 .  886 
0.885 
0 .  884 
0.883 
0 8S2 
0 881 
0.879 
0.877 

0.873 
0.872 

o .a75 

l o 0 0  
1 500 
2000  
2 500 
3000  
3 .500  
4 0 0 0  
4 500 
5 000 
3 500 
G O 0 0  
6 500 
7 000 
7 500 
8 000 
8 300 
9 000 
9 500 

10 000 
11 000 
12 000 
13 000 
14 000 
15 000 

9.258 
8.709 
8.371 
8.134 
7.689 
7.705 
7.535 
7.375 
7.233 
7.095 
6.971 
6.853 
6.742 
6.631 
6 ,529 
6.40.5 
6 29'5 
6.186 

i) 907 
5.745 
5.597 
5.460 
5.335 

5 088 

10 48 
10 05 
9 802 
9 598 
9 412 
9 246 
9 080 
8 916 
8 766 
8 620 
8 484 
6 354 
8 232 
8 110 
7 991 
7 653 
7 724 
7 603 
7 488 
7 276 
7 089 
6 918 
6 760 
6 615 

1.132 
1.154 
1.171 
1.180 
1.193 
1 .zoo 
1.205 
1.209 
1.212 
1.215 
1.217 
1.219 
1.221 
1.223 
1.224 
1 236 
1.227 
1.229 
1.230 
1 232 
1.234 
1.236 
1.238 
1.250 

1.113 
1.128 
1.140 
1.151 
1.159 
1.165 
1 169 
1.173 
1.176 
1.176 
1.180 
1.162 
1.184 
1.1%; 
1.188 
1 189 
1.191 
1.192 
1.194 
1 196 
1.199 
1.201 
1.203 
1.203 

0.933 
0.924 
0.919 
0.915 
0.911 
0.909 
0.908 
0.906 
0 -905 
0.904 
0.902 
0 .go1 
0 .goo 
0.899 
0.896 
0.897 
0.896 
0.896 
0 89S 
0 893 
0.892 
0.890 
0.869 
0.888 
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TABLE XI. Fractions of average collision integrals contributed by individual states (same order as in Table I.) 
- 

Temoerature, lo3 'I< 
Statistical 1 5 10 15' 

State weight (Q(l.1,) 
1 5 10 15 

( f i ( 2 . 2  1) 

N-N, '2' 1/16 = 0.062 
3&+ 3/16 = 0.188 
5z0+ 5/16 = 0.312 
7Z"+ 7/16 = 0.438 

3/81 = 0.037 
2/81 = 0.025 
1/81 = 0.012 
1/81 = 0.012 
3/81 = 0.037 
6/81 = 0.074 
6/81 = 0.074 
2/81 = 0.025 
10/81 = 0.123 
6/81 = 0.074 
2/81 = 0.025 
5/81 = 0.062 
3/81 = 0.037 
1/81 = 0.012 
10/81 = 0.123 
5/81 = 0.062 
5/81 = 0.062 
10/81 = 0.123 

K O ,  x TI 4/36 = 0.111 
4n 8/36 = 0.222 
2 2  2/36 = 0.056 
4 8  4/36 = 0.111 
ez 6/36 = 0.167 
en 12/36 = 0.333 

0.106 
0.246 
0.108 
0.540 

0.045 
0.026 
0.011 
0.015 
0.027 
0.077 
0.056 
0.019 
0.112 
0.067 
0.022 
0.061 
0.037 
0.013 
0.131 
0.066 
0.071 
0.146 

0.131 
0.192 
0.086 
0.077 
0.174 
0.339 

0.103 
0.246 
0.109 
0,542 

0.045 
0.026 
0.011 
0.011 
0.030 
0.067 
0.053 
0.018 
0.111 
0.066 
0.022 
0.062 
0.039 
0.013 
0.134 
O.OG7 
0.074 
0.153 

0.146 
0.162 
0.046 
0.087 
0.181 
0.378 

0.103 
0.251 
0.115 
0.531 

0.046 
0.027 
0.012 
0.009 
0.028 
0.056 
0.051 
0.017 
0.111 
0.067 
0.022 
0.062 
0.037 
0.013 
0.137 
0.069 
0.076 
0.159 

0,150 
0.176 
0.042 
0.086 
0.172 
0.374 

0.103 
0.255 
0.120 
0.522 

0.048 
0.028 
0.012 
0.009 
0.026 
0.052 
0.050 
0.017 
0.110 
0.066 
0.022 
0.063 
0.038 
0.013 
0.138 
0.069 
0.078 
0.161 

0.153 
0.187 
0.043 
0.085 
0.164 
0.368 

0.095 
0.225 
0.106 
0.574 

0.042 
0.024 
0.010 
0.013 
0.025 
0.073 
0.058 
0,019 
0.114 
0.069 
0.023 
0.062 
0.037 
0.013 
0.132 
0.067 
0.071 
0.147 

0.116 
0.201 
0.080 
0.078 
0 180 
0.345 

0.090 
0.221 
0.108 
0.581 

0.041 
0.024 
0,010 
0.010 
0.028 
0.062 
0,055 
0,018 
0.114 
0.068 
0.023 
0.063 
0.038 
0.013 
0.136 
0.068 
0.075 
0.154 

0.130 
0.143 
0,044 
0.091 
0.195 
0.398 

0.089 
0.223 
0.116 
0.572 

0.041 
0.025 
0.011 
0.009 
0.026 
0,052 
0.054 
0.018 
0.114 
0.068 
0.023 
0.064 
0.038 
0.013 
0.187 
0.070 
0.077 
0.159 

0.132 
0.155 
0.040 
0.091 
0.186 
0.396 

0.089 
0.225 
0.121 
0.564 

0,042 
0.025 
0.011 
0.008 
0.024 
0.048 
0.053 
0.018 
0.114 
0.068 
0.023 
0.064 
0.038 
0.013 
0.140 
0.070 
0.078 
0.162 

0,134 
0.163 
0.041 
0.091 
0.179 
0.392 

D(cm2/sec) = (2.6280 X 1 0 - 3 ) T ~ / ~ ~ ~ ~ ( Q ' 1 ' 1 ) ) ,  (17) 

where AI is the molecular weight in g/mole, T the 
temperature in "IC, and p the pressure in atm. The 
pointed brackets around the collision integrals 
signify that these represciit averages over several 
potential-energy curves (atom-atom interactions), 
or over all orientations (atom-molecule and molecule- 
molecule interactions). 

The dimensionless ratios A*, B*, and Cy* are 
defined as 

A* = (Q(Z.*))/(Q(lJ)}, 

c* = (Q(1 .2)  )/( Q ' l  l ) ) ,  

B* = [ 5 ( Q ( ' , ' ) )  - 4(Q'1,3))]/(Q(1-1)), (18) 

which are equal to  unity for rigid spheres. 
Collision integrals for the minor interactions 

0-NO, O,-iXO, IX-KO, and KO-NO given by 
Eqs. (lO)-(l3) have not been tabulated. They call 
be calculated directly from Eqs. (10)-(13) with the 
aid of Monchick's collision integral  tabulation^'^ 
for the exponential repulsions, or can be calculated 
approximately as averages of the present tabula- 
tions; Le., 0-NO as the average of 0-N, and 0-O,, 
O,-NO as the average of 02-iXz and 0,-0,, N,-T\;O 

as the average of N,-K, and S?-O,, and KO-SO 
as the average of N,-NO and 0,-XO. This approxi- 
mation should be adeqiiatc for most applications 
involving air. 

IV. DISCUSSION 

It is interesting to see how the individual pottwti:d- 
energy curves corresponding to the different spectro- 
scopic states of N,, 02, and S O  contribute to the 
average collision integrals. The fractional contri- 
bution of a curve is a combination of its a priori  
statistical weight and the magnitude of its collision 
integral. Table XI gives some fractions of average 
collisioii integrals contributed by the various states, 
as compared to the statistical weights. Several 
"anomalies" are apparent. For iiistance, the ' 2 ;  
state of N, contributes almost as much as the ' 2 ;  
state, although it has only one-fifth the statistical 
weight. 

The relative magnitudes of the average collision 
integrals are of interest in that they help to deter- 
mine the qualitative behavior of the corresponding 
gas mixtures. For instance, below 3000°K the S O  
collisioii integrals are larger than either the S-N 
or the 0-0 integrals, rather than intermediate in 
value as one would have expected if these atoms 
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had been valence-saturated. This “anomaly” would 
tend to  make the 1-iscosity of a mixture of X and 0 
atoms low, and might possibly even produce a 
minimum. l8  Of course, this atomic-gas mixture is 
unlikely at  such low temperatures, and above 
5000°K the ?;-0 collision integrals do lie between 
those for S-K and 0-0. We further find that the 
X-N2 collision integrals lie smoothly between those 
for K-K and X2-X2; those for 0-0, lie smoothly 
between those for 0-0 and 0,-0,; and those for 
0-K, lie smoothly between those for 0-0 and X2-K,. 
Such relations are what one expects for ordinary 
\-alence-saturated atoms and molecules, but there 
is no reason to  expect them to hold when valence 
forces betu-een atoms with unpaired electrons are 
involved. Hydrogen, for instance, docs not follow 
such relations; the collision integrals for H-H are 
abnormally large compared to those for H-H, and 
H,-H,.7 The significance of this rather unexpected 
regularity for most of the nitrogen and oxygen 
collision integrals is that nitrogen-oxygen mixtures 
of various degrees of dissociation will behave 
qualitat ively like mixtures of ordinary valence- 
saturated gases. This fact is of some importance 
because it pertains to the accuracy of several ap- 
proximate f o r n i u l a ~ ~ ~ - ~ ~  which are very convenient 
for the rapid calculation of transport properties of 
mixtures, especially niulticoniponent ones, but which 
were originally devised largely on the basis of results 
for valence-saturated gases. 

Inspection of the relative magnitudes of the 

la J. 0. Hirschfelder, h1. H. Taylor, T. Iiihara, and R. 
Rutherford, Phys. Fluids 4, 663 (1961 ). 

l9 C. R. Wilke, J. Chem. Phys. 18, 517 (1950); see also 
W. E. Francis, Trans. Faraday SOC. 54, 1492 (1958); and 
P. G. Wright and P. Gray, ibid. (to be published). 

2o R. S. Brokaw, J. Chem. Phys. 29, 391 (1958); see also 
R. S. Brokaw. Phusical Chemistru i n  Aerodunamics and 
Space Flight (PergaGon Press, Nea-York, 196lx p. 238; and 
NASA Tech. Rept. R-81 (1960). 

*lE. A. Mason and S. C. Saxena, Phys. Fluids 1, 361 
(1958); see also E. A. Mason and H. von Ubisch, ibid. 3, 
355 (1960). 

tabulated collision integrals also permits assessment 
of the errors invoked iii some approximations which 
have been used in calculations of the transport 
properties of air. In  the “atom-molecule’’ binary 
approximation, ?;,, O,, S O  are lumped together 
as molecules, and X, 0 as atoms. The correct com- 
position of equilibrium air is used, but only three 
interactions are considered, atom-atom, atom-mole- 
cule, and molecule-molecule, which are usually 
taken to  be the same as the corresponding nitrogen 
interactions. We see from Tables 11-X that devia- 
tions from this simple assumption are less than 20y0 
(usually much less); on recalling that there is four 
times as  much nitrogen as oxygen in air, we see 
that the simple “atom-molecule’’ binary approxi- 
mation is unlikely to be in error by as  much as  
5q.l This simple approximation is very useful 
because it avoids the enormously complicated calcu- 
lations necessary for niivtures with as  many as five 
components. The accuracy of a more elaborate 
“ternary” approximation” should be even better. 
In this approximation air a t  successively higher 
temperatures is considered to consist in turn of 
S2 + O,, Kz + 0, + 0, S, + S + 0, and finally 
S + 0. In other words, the oxygen is assumed to  
be fully dissociated before the nitrogen dissociation 
begins, so that air never consists of more than three 
species. In the light of the present results this can 
be seen to be an excellent approximation, provided 
that the concentrations of atoms and molecules are 
accurately calculated for equilibrium air without 
simplifying assumptions. 
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