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The integral Eq. (5) was solved by Lighthill,6 and its solu-
tion is

(13)

Here,

_ 2*" [0i(0) r i gi'(x)
" V 11^ + Jo (I - s

)dx

) = R'(x)/a, and Si the resolvent forKi'(z). K\(z)
is the differentiation of Ki(z), and

1

(2 + z)1/2 (15)

where EI and Fi are the complete elliptic integrals. Both
Ki(z) and Si(z) are tabulated in Table 1 [part of Si(z) data
was obtained previously by Lighthill6].

Having obtained the source distribution of the streamtube
in terms of the disturbances on the streamtube, we may find
the F function of this streamtube in terms of these disturb-
ances. By substituting Eq. (12) into the nondimensional
form of Eq. (1), we obtain

F(V) w(t)T(y - t}dl

with

= j-_ r
z1/2 Jo

S(z -
z\1/2 (17)

Since w(l) and g(t) are also related by Eq. (14), then

F(y) = g(0)U(y) g'(x)U(y - x)dx (18)

where

"»>-;/.' y(g - ?)
£1/2 dt = 1 - S(z)dz (19)

With U(G) = 1. By integrating Eq. (18) by parts and then
by substituting Eq. (19), we obtain

= g(y) - g(t)S(y - t)dl (20)

In the dimensional form, the F function is related to the
pressure distribution P(x) in the form,

/9/vP> \ l /2^A/CtZl/y

Similarly, by substituting Eq. (13) into Eq. (1), we may ex-
press the F function in terms of the streamline deflection Rf on
the streamtube,

<22)
(2<

Flow disturbances on the streamtube may also be expressed
in terms of the corresponding F function by solving integral
equations (1) and (22), respectively,

and

/o* (24)

Now Eqs. (23) and (24) [or Eqs. (21) and (22)] are exact
relations between the flow disturbances and the F function on
the streamtube (r = R). Since the radius R of the stream-
tube was chosen arbitrarily, these relations are valid at any
distance from the body. Consequently, x and R in Eqs. (23)
and (24) may be replaced by y and r, respectively, y is now
determined by an exact characteristic equation,
x = a(r - R) +

y - kF(yW* - RU*] -

with

-, R\ dt (25)

(7 - + 2
2a2 1̂  (26)

Here, R is the local radius of a slender body or the mean radius
of a particular streamtube. Now the F function at any loca-
tion r may be obtained from a known F function at R(R < r)
by relating their arguments by Eq. (25) V. The F function
at r is generally not a single valued function at certain regions
of its argument. These multiple valued regions are remedied
by the presence of shock waves. The flow disturbances at r
may be determined from the local F function obtained by the
exact relations (23) and (24) with R replaced by r.

By comparing the exact relations (23-25), with Whitham's
asymptotic relations (2) and (3), it is observed that the last
terms in Eqs. (23-25) are modifications of Whitham's rela-
tions, and these terms vanish at large distances. It is also
interesting to note that these modification terms may be ex-
panded in power series of [(y — t ) / r ] l l z , and this series expan-
sion is consistent with that suggested by Whitham.4
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Electron Quench Effects of SF6 in Air
and Argon Plasmas
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Introduction

SINCE sulfur hexafluoride (SF6) has been shown to be ef-
fective for reducing electron concentrations in a plas-

ma,1'2'3 an equilibrium thermochemical study was made on
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the electron quench effects of SFe in air and argon plasmas for
wide ranges of temperatures and pressures of re-entry applica-
tions. The equilibrium study was made because of its ap-
plicability to the re-entry plasma at low altitudes and the
establishment of the reaction limits for the nonequilibrium
re-entry plasma at high altitudes. The air-SF6 mixture was
selected for Earth re-entry applications, while the argon-SF6-
mixture was selected for comparison with the air-SF6 mixture
and with laboratory experiments using argon plasmas.

Based on minimum Gibbs free energy methods, an initial
air SF6 plasma model consisting of 83 species was used in
calculating the equilibrium compositions. The 83 species are:
N2, N2+ 02, 02+ 02-, 0,, 0,+ 0,-, NO, NO+, N0~ N02,
N02

+, N02- N03, N03- N20, N20+, N203, N204, N205, N,
N+, 0, 0+, 0~, Ar, Ar+, e~ (29 pure air species), SF6, SF6~,
SF5, SF5+ SF6- SF4, SF4+ SF4~ SF3) SF3+, SF3~ SF2, SF2+
SF2~ SF, SF+ SF-, S2F2, S3, S2, S2+ F2, F2+ S, S+ S~, F,
F+ F- (29 pure SF6 species), SOF2, S02F2, SOF, S03, S02,
S02+ S02- SO, SO+, SO- SN, SN+ S20, FN02, FN03,
FNO, F02, FO, FO+ FN, FN + F20, F2N, F2N+ F3N (25
cross species). Extensive efforts have been made to collect
and review the necessary data for internal energy states and
heats of formation. Following major assumptions are made:

1) The electronic energy levels and the degeneracies of F~,
0~, and S~ are assumed the same as those of neutral species
(Ne, F, and Cl) with equal number of electrons. Only energy
levels up to the electron affinity values of F, 0, and S were
used. This assumption has previously been made by JANAF.4

2) For the species PN+ FO+, F2+, NS + N0~ SO+, S0~
SF+, SF-, S2+ F2N+ S02+, S02- SF2+, SF2~ SF8+ SF4+
SFs~, and SF6~, the rotational and vibrational energy levels
and the electronic ground state degeneracy are assumed to be
the same as for the neutral parent species.

3) For the species SF, the heat of formation is determined
from the dissociation energy in Ref. 5, and the heat of forma-
tion for F based on recent photoionization studies of F2 dis-
sociation in Ref. 6.

4) For the species SF5~ SF4~ SF3~ SF2~ and SF~, the
heat of formation is determined by assuming a zero energy of

reaction for SFre+i + e~ -* SFn~ + F for 1 < n < 5, as in-
dicated by Debolt.7

5) The electron affinity value of N02 has been reported to
be from 1.62 to 4 ev by various investigators.4'8'9-10 The
value adopted in this paper is 4 ev, as quoted by JANAF.

To facilitate the understanding of plasma composition, the
number of species in the plasma model was minimized as fol-
lows. The equilibrium composition of the initial 83 species
model was calculated using a computer program. The output
of this program listed the concentrations of all species includ-
ing the free electrons at specified temperature and pressure
values. Each plasma species was evaluated to assess its in-
fluence in changing the electron concentration. Selected
species were then deleted from the subsequent model, and a
new composition calculation was performed. A comparison
of the electron concentrations from both calculations was
made to verify the equivalency of the two models. The pro-
cess was repeated until no more species could be deleted with-
out causing more than 5% deviation in electron concentration.

The final result was a 39 species model which is valid for
SF6 mole % from 0.2 to 30 and for temperatures and pressures
from 1000 to 10,000°K and 10~4 to 103 atm, respectively.
For pressure ranges of 10"4 to 1 atm, usually associated with
the conditions in the re-entry vehicle wake flows, only 32
species need to be considered. For the 39 species model, the
heats of formation, which have greater sensitivity to the
equilibrium composition than the internal energy states, are
listed in Table 1.

The argon-SF6 model consisted of Ar and Ar+ plus the 29
pure SF6 species in the air-SF6 model.

Results and Discussions

For air-SFe plasmas, equilibrium compositions have been
calculated for pressures ranging from 10~4 to 103 atm, for
temperatures ranging from 1000 to 10,000° K, and for SF6 mole
percent from 0.2 to 30. For the sake of brevity, the results
presented in this note will be limited to the pressure range of
10~4 to 1 atm associated with re-entry wake studies. How-
ever, the general features observed in this pressure range are

Table 1 Heats of formation of species used in final model

Species

Air species
N2
N2+
02o2-
N20
NO
NO +
NO2
NO2~
N
N +
0
0 +
o-E-

AirSFe
Cross species

SO
S02

SOF2
SO2F2
FON

AHf at 0°K
(Kcal/mol)

0.0
359.3

0.0
-10.0

20.4
21.46

235.17
8.59

- 83.7
112.5
447.6
58.99

373.02
25.2
0.0

1.64
- 70.34
-133.87
-203.17
- 15.1

a Based on energy of reaction given in Ref. 13 and
b Based on dissociation energy of SF given in Ref.
0 Based on electron affinity of F given in Ref. 11 a
d Based on ionization potential of F given in Ref.

Ref.

SF,
By definition

8
By definition

8
4
4
8
4
4
4

11
4
8
4

By definition

4
4
4 Arg
4
4

AHf of SFe and F given above.
5 and AHf of S and F given above.
nd AHf of F given above.
11 and AHf of F given above.

Species

5 species
SF6
SF5
SF5~
SF4
SF4-
SF3
SF3-
SF2
SF2~
SF
SF-
F2
S2
S2

 +

F"
F-
F +
S
s+

i;on species
Ar
Ar+

AHf at 0°K
(Kcal/mol)

-288.46
-228.0
-303.91
-168.4
-243.45
-110.0
-183.85
- 51.3
-125.45

4.1
- 69.99

0.0
30.8

254.0
15.45

- 66.63
417.23
66.1

304.95

0.0
363.42

Ref.

4
See0

7
5
7

12
7
5
7

Seeb

7
By definition

4
11
6

See'
Seed

11
11

By definition
11
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Fig. 1 Effect of
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rium electron
concentrations in
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also valid for the higher pressure ranges up to 103 atm.
Typical results for air-SF8 plasma are shown in Figs. 1 and 2.

Figure 1 illustrates the electron reduction (e~air + sF6/
e~air) caused by additions of SF6 in air plasma where the elec-
tron concentrations of air plasma (e~air) were calculated using
air species only. The results show the large electron reduc-
tion and its strong temperature and pressure dependence for
the 30 mole percent SF6 cases. Detailed examinations of the
plasma composition revealed the following physical interpre-
tation. F~ is the primary product causing electron reduction.
The other known SF negative ions (SF5~, SF4~, . . . , SF~) are
at least an order of magnitude below the F~ concentration
level. Below the maximum reduction temperature, the free
electron concentration is the result of a close competition be-
tween F~ and N0+. Above that temperature, the rapid
concentration rise, first in $2+ and then in S+, offsets the
electron reduction effect of F~. Eventually, S+ leads to
electron concentrations greater than those observed in pure
air plasma. A demonstration of the competition between F~
and other positive ions for the 30 mole % SF6 case at 1 atm
is shown in Fig. 2.

For the 0.2 mole % SF6 cases, the main feature from Fig. 1
is the relatively small electron reduction with its decreased
sensitivity to temperature variations. Detailed plasma
composition studies again indicated that F~ is the most
dominant negative ion and that close competition exists be-
tween F~ and N0+ for temperatures below the maximum
electron reduction range. Furthermore, above the maximum
electron reduction temperature, the situations are different
for different pressures. At 10~4 atm, both S2

+ and S+, found
important for 30 mole % SF6 cases, were not significant and F~
simply lost the competition to NO +, resulting in the electron
concentrations equal to that of air plasma after 2500° K. At 1
atm, the electron reduction effect of F~ continues into much
higher temperatures and is gradually cancelled by the in-
creasing concentration of S + until temperatures at which N +

and 0+ become dominant.

Fig. 2 Ionic
species in air +
SFe plasma with
30 mol % SF6 at 1

atm pressure.

1 2 3 4 5
Temperature - K

7 x 103

1.0 1.5 2.0 2.5 3.0 3.5 4.0 x l O 3

Temperature - K

Fig. 3 Effect of SFe on equilibrium electron concentra-
tions in argon.

Because many laboratory experiments involving SF6 use
argon as a carrier gas, the equilibrium concentration of argon
SF6 was examined. The effects of SF8 on the electron con-
centrations of argon plasma are shown in Fig. 3. As is readily
noted, the effect of SF6 in increasing the electron concentra-
tions in argon is opposite to its effect in air. An examination
of the plasma composition showed that the reason for this
electron concentration increase is the low ionization potentials
of S2 (9.7 ev) and S (10.3 ev) as compared with that of Ar
(15.8 ev). While in air, the low ionization potential of NO
(9.25 ev) allows the electrophilic action of F~ to reduce the
electron concentration. Since most argon-SF6 experiments
report a decrease in electron concentration with the addition
of SFe, the nature of these experiments is most likely chemi-
cally nonequilibrium.
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A Tractable Method for Estimating
Atomic and Molecular Transport

Coefficients

R. L. Fox* AND R. S. BERNARD*

Sandia Laboratories, Albuquerque, N. Mex.

TO calculate the flow in the vicinity of an ablating or
transpiration cooled surface, one often requires the values

of the transport coefficients of the various species injected
into the boundary layer. Sufficient experimental data does
not exist to obtain parameters needed for a semiempirical
determination of these transport coefficients. A method of
obtaining transport coefficients without recourse to experi-
mental data would thus be of great value. Such methods
have been studied in the past by other investigators.1

The purpose of this Note is to present a method of calcu-
lating transport coefficients, which is simple enough to be
carried out quickly and without the use of a computer. Com-
parison of transport coefficients obtained using this method
with experimental data show agreement which is generally as
good as those obtained from more elaborate computation.

The interaction between two neutral molecules is taken to
be of the form of a dispersion potential V(r) = — A/r6,2a

where r is the interparticle separation, and A is a constant
for a given set of molecules. The apparent collision radius
for the interaction is obtained by letting the potential be
proportional to the gas temperature T. The constant of
proportionality has previously been studied,3 where it has
been shown that transport coefficients depend weakly on the
proportionality constant. As shown below, the present
method is independent of the proportionality constant, but
introduces another parameter which will be discussed later.

It is assumed that for some gas temperature TI the collision
radius equals the root mean square radius of the outer shell
electrons in the molecule, rms. With this assumption, the
collision cross section cr becomes

The transport coefficients can be written in terms of the
mean square radius as

/z X 107 = 133.462r75/6(7kT*)/(IT
1

1/3rm.s)

D X 107 = 328

and
K X 107 = 248.6T5V(M*rmsT1

1/3)

(2)

(3)

(4)

where p is the viscosity in g/cm sec, D is the diffusion co-
efficient in cm2/sec, K is the translational thermal conduc-
tivity in cal/cm sec °K, p is the pressure in atmospheres,
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Fig. 1 Data used to obtain T] as a function of rms.

M* is the reduced molecular mass in a.m.u., TI and T are in
°K, and rms is in square Bohr radii, where the Bohr radius is
0.529 angstroms.

Calculation of the mean square radius for a single com-
ponent monatomic gas using screening constants is straight-
forward.213 For a single component polyatomic gas the mean
square radius can be obtained by averaging the screening
constants and effective principal quantum numbers of the
electron in the molecule's far field and near field. The far-
field values are obtained by considering the molecule as an
atom of nuclear charge equal to the sum of the atomic nuclear
charges. The near-field values are obtained by averaging
the effective quantum numbers and effective nuclear charges
of all the atoms in the molecule.

This method of obtaining mean square molecular radii ne-
glects the effects of inelastic processes and interactions caused
by polar molecules. These effects are important in developing
a rigorous theory, but can be neglected for the range of
accuracies expected from the method developed in this Note.

The extension to multicomponent mixtures can be carried
out by applying the approximate relation between the inter-
action coefficients of unlike molecules with the coefficients for
like molecules.20 When this relation is applied, an expression
relating the mean square radii is obtained. For molecules of
type 7 and /3 this relation is (rm8)\p = (rms)y(rms)p.

The choice of a value for TI will now be discussed. The
value of the temperature at which the collision cross section
is equal to irrm8, i.e., Ti} should decrease with increasing rms
due to the increased volume over which the valence electrons
are distributed in the latter case. The dependence of TI on
rms was obtained by calculating the transport coefficient
assuming TI = 1000° K for a variety of atomic and molecular
gases for which experimental data exist. The ratio of the
theoretical to the experimental values for each coefficient
were plotting against rms. Figure 1 is a plot of this ratio Y
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