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Fig. 2 Langmuir probe characteristic curves.

negative ion and electron terms, we obtain the saturation
current ratio
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for a partially quenched plasma. For the case where all
temperatures are approximately equal, particle velocities are
inversely proportional to the square root of the molecular
weights m. Thus, for a neutral plasma where n, + ni—) =
nicpy and if Mmigy = M,
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The mass ratio factor in the denominator typically has a
value of several hundred for heavy ions; therefore, if, as has
been observed, j/J p is of order one, it follows that n./ni
« 1, and the number of electrons is reduced to a negligible
value compared with positive and negative ions. Notice
that, as shown in Fig. 2, little change was observed in posi-
tive saturation current, indicating no significant change of
plasma, ionization level. -

IV. Results

Most of our tests were performed at a channel static pres-
sure of 30 mmHg and an average velocity of about 2000 fps.
The average plasma equilibrium temperature was 3300°K
at the quench injector station and 2500°K at the downstream
diagnostic region where the electron number density was
4(10)**/cm3.  From the many additives tested,* the fluorine
compounds listed in Table 1 were effective midstream quench-
ants when added in a mass ratio to air of a few per cent or
less, as indicated. Quench effectiveness was determined by
a decrease in integrated n. to less than the microwave inter-
ferometer sensitivity range, and/or a decrease of 30 to 100
in the Langmuir probe negative saturation current, so that
Jeo/iw = 1-3. As shown in Table 1, the flush wall probe
results indicate that near the cool wall, quenching was ef-
fective at mass ratios about 10 times less than the midstream
values. Results were found to be independent of the injec-
tion scheme used. Operation of the channel at higher tem-
peratures and n. = 3(10)!/em3 indicated that for these com-
pounds quenching was not obtained in those portions of the
test region profile where temperatures exceeded 3000°K.
The fact that quenching was most effective near the cool
wall and not at all effective in high-temperature regions indi-
cates possible attachment to compounds only present in the
flow below their dissociation level near 3000°K. Consider-
able experimentation was performed with water injected both
as superheated steam and in liquid form. No effective
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Table 1 Test results

- Mass /il /il
Additive ratio centerline wall
SFs - —

CBng} s 13 ,
CF.4 °
C.Fp 5(10) —1 3 1
2(10)—1 © 3
NFg 5(10)—3 2 1
2(10)-3 © 2
CoFp 1(10) ~2 3 1
1(10) -3 @ 2

a Indicates j(_) >>> j(+) (no quenching).
b Injection 4 in. downstream (transit length 8 in.).

quenching was noted even when the water was injected in
quantities up to 15% of the air flow.

It is interesting to note that, as previously mentioned, little
change was noted in the probe positive saturation currents
prior to and subsequent to quenching, whereas major de-
creases in positive current were reported for the argon tests
of Ref. 1. This points out the different mechanisms respon-
sible for quenching in the two experiments. In our tests
negative charge exchange alone appeared to be dominant;
the results of Ref. 1 indicate that in the argon experiments a
deionization of the plasma occurred.
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Vibrational Energy Exchange on
N,-O, Collision
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ECENTLY, some studies on vibrational energy exchange

of gas mixtures by using shock tube technique have been
reported.¥3 White and Millikan* found that small amounts
of CO in Nj represented the vibrational state of N; and they
used CO as a tracer of N, in observing the vibrational relaxa-
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tion of air. Taylor, Camac, and Feinberg? have estimated
the probability of vibration-vibration (V-V) exchange in
N0, collision by using the data of White and Millikan® with
the assumption that the coupling parameter « is equal to 0.75.
Their estimate was a little lower than values calculated by the
theory of Schwartz, Slawsky, and Herzfeld.®

The V-V probability of N»-O; exchange has been measured
by White® over the temperature range of 1000° to 3000°K and
by Breshears and Bird” between 3500° to 4000°K. Their
measured probabilities were about 20-30% of the estimation
of Taylor et al. and the measured probabilities seemed to
depend less on the temperature than indicated by Taylor et al.

In the present study, two mixtures of No-0x-CO (69% N, -+
309, O, + 19, CO and 399, Ns 4 609 O. - 19, CO) were
used to obtain values of the probability of V-V exchange on
N2-O: collision. The profile of infrared emission of CO (4.7 )
was observed over the temperature range of 1300° to 2650°K.
The shock tube used in this investigation had a test section
4000 mm in length, 83 mm i.d. and a pair of CaF. windows
were located 3500 mm from the diaphragm.

The test section and the dump tank were made of stainless
steel. They were evacuated to a pressure of 5 X 1074 torr,
then flushed by the test gas at about 10 torr, and finally
evacuated again to the lower pressure before each run. A
leak rate of about 5 X 1076 torr/min was achieved.

Infrared emission behind the incident shock wave was
focused by means of concave mirrors on the slit of the mono-
chrometer and then sensed by the InSb detector. The signal
from it was fed into an amplifier and then into an oscilloscope.
Signals from a series of three piezo transducers which were
located 200 mm apart were used to determine the speed of the
shock wave.

Test gases were nitrogen (purity of 99.999%), oxygen
(purity of 99.9%,), and carbon monoxide (purity of more than
99.99,). To purify them, they were passed through a cold
trap, then mixed and stored at least 48 hr before use in three
12-liter flasks.

The relaxation equations for the mixture of N»-O; can be
approximated as follows:

—%‘=<1"C+ L)XN+
4 TNN TNO
c|1— exp(—9x) o ]
v l:l — exp(—6o) Iy —=Xo| (D)
—‘%X—O=<i+1_c>Xo+
¢ T00 ToN
(1 — ¢) expbo [1 — exp(—H0o) _ :l
7V expfx |1 — exp(—0x) Xo—Xy| @

Here, X = 1 — E/E (E is the local vibrational energy and E
is the vibrational energy at equilibrium with translational
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temperature T), 6 = Av/kT, c is the mole fraction of O; in
the mixture and subseripts N and O denote the characteristic
values of Ny and Og, respectively. 7xy and 7yo are the vibra-
tional relaxation times of N, by translation-vibration (T-V)
process with the collision partner of Ny and O,, respectively.
700 and 7ox are those of O; with the collision partner of Oz and
Ny, respectively, and 77 is the relaxation time of No-O» system
by V-V exchange.

In the preceding equations, the cross terms in XxXo were
neglected since Xy and Xo are very small at large dis-
tances from the shock front. Egquations (1) and (2) can be
solved with the initial conditions, Xy = Xo = 1 at{ = 0, and
with the assumption that roo = Tonand roo™2>> (1 — ¢)/7xn
+ ¢/mn0.> Then the following relation can be obtained:

™ = [far; — (i + fD700](1 = 700/7,) 7" 3)

where

— 1 — exp(—6n)
i a c) . ¢ 1 — exp(—fo)
and r; if the final vibrational relaxation time of gas mixture.
In this study, the emission profiles of CO were distorted
near the shock front by the effect of the V-V exchange, but log
X vs time gave a good straight line correlation at large dis-
tances from the shock front. As Sato, Tsuchiya, and
Kuratani*have interpreted analytically,each component in the
mixture has the same value for 7, so it can be determined by
observing the profile of the vibrational relaxation on CO.
According to the result in Ref. 3, in which V-V probabilities
on CO-N, and CO-O; exchange were obtained, the final re-
laxation time of Ny-O; mixtures may be assumed to be undis-
turbed by the existence of small amounts of CO. The
method of transforming laboratory relaxation time to par-
ticle one was the same as used by Taylor et al.2 The relaxa-~
tion times of N, O, and their mixture are summarized in Fig,.
1, where the straight lines for the relaxation times of Na, Oy,
and air are the data from Ref. 4, Ref. 8, and Ref. 1, respec-
tively. The vibrational relaxation time of O: on 0zO.
collision (r00) has been obtained in many papers, but the
analysis of the data in this study was based on the results of
Ref 8. The transition probability of V-V exchange can be
obtained by the following relation:

10 01
P(N,0y) = (+7Zn)™! ®

where, Z is the frequency of No-O. collision and n is the num-
ber density of the mixture.

In Fig. 2, the experimentally determined probabilities are
compared with the SSH theory. The present result is a little
lower than the theory but the temperature dependency seems
to agree well. Present results agree also with the estimation
of Taylor et al. This suggests that the assumption made in
their analysis is valid, namely that the extent of V-V coupling
for the various systems of diatomic-diatomie collision can be
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estimated by knowing the vibrational energy difference of the
colliding pair.
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Laminar Boundary Layers with Zero
Wall Shear, Large Suction, and Strong

Adverse Pressure Gradients

D. R. Kassov* anxp P. A. LiseYT
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HE solutions to the equations for similar laminar bound-

ary layers with zero wall shear have been developed by
several authors.™? Most recently, Fox® has performed
numeriecal calculations for these so-called ‘‘separated profiles”
when blowing or suction is present at the wall. In construct-
ing the solution for large suction, Fox confirmed the early
result of Prandtl* that the pressure gradient parameter must
be proportional to the square of the suction rate in order that
the wall shear be zero. In an attempt to find the constant of
proportionality and to develop higher-order corrections, Fox
simply patched together (at a somewhat arbitrary location)
the asymptotic expansion for large values of 5 with the con-
vergent series expansion valid near the wall. The result
derived using this procedure appears to contain an error in
functional form as will be seen below.

In the present Note a more formal asymptotic expansion
procedure is used to develop solutions with large suction when
the wall shear is absent. Besides providing a theoretical
analogue to Fox’s numerical results, the present calculation is
interesting because it deals with solutions for large negative
values of the pressure gradient parameter. Little is known
about the properties of such solutions beyond that given
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by the strictly numerical results of Libby and Liu,’ Steinauer,
and Rogers” in the absence of wall mass transfer.
The describing equations and boundary conditions are®

"B = =0 (la)
9" +fg" =0 (1b)

subject to
S =" =0,f"=0,g=gsatn=0 (ley
ff=Lg=1n1—>= (1d)

where the independent variable is the usual similarity vari-
able 9.

There are six boundary conditions for this fifth-order
system which, however, contains the parameter 8, considered
here to be unknown. Hence one aspect of the ensuing calcu-
lation will be to find the functional relationship, 8 = 3(&),
where the asymptotic parameter will be f, = &1 > 1.

It is convenient to apply the elementary transformation
f = &1 4+ F in order to place the parameter & in the equa-
tions rather than in the boundary conditions. The resulting
system is

P/ 4 (87t + PP + BE)g — F) =0 (20)

g+ @+ Fyg' =0 (2b)

subject to
F=F =F'=0,9g=¢gu,atn =20 (2¢)
Fr=1,¢g=1atg—> o @2d)

A solution based on the limit process 7 fixed, & — 0 will be
constructed first. Assuming that the basic functional rela-
tionship B ~ fu2 ~ &2 given by Prandtl and confirmed by
the numerical analysis of Fox is correct (subsequent calcula-
tions verify this point), we consider as the basiec approxima-
tion to Eqgs. (2a) and (2b) for & « 1

do = F ’2(] (33,)
g0 =10 (3b)
These equations produce solutions which are capable of satis-
fying boundary conditions only for large n. It also may be

observed that there are no higher-order corrections. Hence
the complete outer solutions are simply

g~1,F ~1

The outer limit process leads only to a trivial result.

In order to develop the complete structure of the boundary
layer there must be used another limit process whose form is
suggested by applying Eq. (2a) at the surface 7 = 0 to show
that F'"'(0) = —B(8)g. and hence that in the vicinity of the
wall there must be a balance of viscous and pressure gradient
forces. The transformations ’

H=FLs=938"LG=g¢g

lead to the desired formulation. Assuming in addition that 8
= K82+ KiBi(8)+ KoB:(8) + . . ., where

lim 82B1(8) = 0, lim (}8n+1/ﬁn) =0
g0 &0

and where the K, are to be determined, we find the basic
equations are

H'" + 1+ &HH" + Ko + K:&%6:(8) +
K:828,(8) & ... ](G — H™) = 0 (5a)

G+ 1+ 8&8HGE =0 (5b)
H=H =H"=0,G =gv,ats =0 (5¢)
H=1G=1s5s—> = (5d)

where Eqs. (5d) are derived from a matching condition



