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the test configuration. This sting was moved stepwise
from the test section into the nozzle. In this configu-
ration the probes were always alizned with the flow
direction. A number of tests were run under the
same initial test conditions, at different stations in the
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Fig. 6. Response of a typical probe different plasma regimes.
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nozzle. The electron densities as obtained by the cavi-
ties and the ion currents of each probe were recorded.
It should be noted that the potentials of the probes
were all kept at the same constant value. negative
with respect to ground, for ion collection.

In Fig. 6, a few samples of the oscilloscope traces
of the collected ion currents are presented. These
correspond to traces obtained by the same rrobe at
different stations in the nozzle. As may be surmised,
they correspond to different regimes of probe oper-
ation. Not only are the mean free paths decreasing
as the probe rake is moved upstream, but also the
Debye shielding distance 2, is decreasing. It is noticed
that as the mean free path and the Debye shielding
distance is decreasing, the initial peak on the probe
response disappears. The data were reduced using
the peaks and the flats of the response traces.
The number densities obtained by ithe microwave
resonant cavity measurements were compared to
the nonequilibrium calculations of the nozzle flow.
Figure 7 shows the experimental as well as the
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Fig. 7. Electron number density along the nozzle,
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Fig. 9. Response of probes in the wake. Top to bottem
represent centerline to free stream responses,

In Fig. 11, a normalized plot of the electron
density, as obtained in this work at a station x/D = 3
in the wake, is compared with the normalized den-
sity at the same station obtained (Munz and Zempel,
1963) through the use of an electron beam. The good
qualitative agreement of the two techniques not only
supplement each other but establishes the electro-
static probe iechnique as a very simple and powerful
tool in field tracing. A composite of electron density
profilcs obtained by this method at several stations
in the wake of the cone at 0° angle of attack is shown
in Fig. 12. The composite data obtained behind
the same 10° half angle cone at 10° angle of attack is
shown in Fig. 13. In Fig. 14, a comparison of
the profiles at two different axial stations in the wake
of a 10° half angle cone at 0° and 10° angles of attack
is shown. A definite displacement of the symmetry
line of the profile from the centerline can be observed.
As can be seen in Figs. 12 and 13, there is an overshoot
in the electron density at the outer edges of the wake,
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Fig. 10. Nondimensional electron density distribution in the
wake of a 10° half angle cone at 0°,angle of attack at x/d = 0.25.
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Fig. 11. Comparison of electron and neutral density profiles
for x/D = 3.0.
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Finally, in Fig. 22, a photographic view is shown
of the Apollo Command Module model during a
test, taken by the luminosity developed in the stagna-
tion region as a result of ionization and recombination
occuring there.
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Fig. 22. Photograph of the luminous front of the Apollo
Command Module during a test.

VI. DISCUSSION OF RESULTS AND CONCLUSIONS

As is clearly evident from the experimental results
obtained, and in particular the results presented in
Figs. 1 and 8, the formal extension of the formulation
of Eq. (1) into the transitional and continuum regime
follow the same empirical curve as the extension into
the regime of r,/ip<3 In the free molecular colli-
sionless regime. The deviation of the experimentally
determined «, in the transitional and continuum re-
gime from the free-molecular collisionless values
determined by Laframboise is very much in evidence.
As has been noted previously, the condition imposed
by the Lafranmboise solutio of r,/4p>3 is satisfied
in this regime; however, the free-molecular condi-
tions are not. This is evident from an inspection of
Table I, where the mean free paths are tabulated. As
the test station is moved upstream in the nozzle, the
flow changes from free-molecular through transitional
to continuum with respect to some probes, at least as
far as the neutral-neutral and ion-neutral mean free
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TABLE 1
MEAN FREE PATHS
X Auen Am=i Men Ae-n Aot Ae-o Ai-e =i
cm cm cm cm cm cm cm cm cm
x10-2 x10+4 x10-2 x1041 x10§3

105 211 25 211 183 1.5 552 118 178
130 345 6.1 345 454 538 190 344 520
170 7.03 82 7.03 925 7.13 2520 394 595
260 19.60 362 19.60 25.80 27.0 955 1240 18.70
440 60.00 1200 60.00 78.80 93.0 3300 33.50 50.4

paths are concerned. The deviation from the free-
molecular collisionless theory of Lafiamboise was
therefore to be lexpected. The results of Fig. 8, in
conjunction with the data of Fig. 7, reaffirms the
validity of the Laframboise theory in the interval
where all the conditions of this theory are met. They
also provide the necessary values of the nondimen-
sional current o, to enable the experimentalist to ob-
tain easily the electron number densities from the
collected current densities. It should be noted here
that the dependence of the current collection vs. the
1/d ratio remained unaffected by the change in the re-
gime of probe operation. It remained essentially the
same as for the free-molecular collisionless regime
shown in Fig. 2. In reducing the collected current
to its corresponding ion number density, this effect
must be taken under account. At this point no attempt
is being made here to explain, through a theoretical
analysis, this behavior of the cylindrical probes, al-
though some work along this line is being pursued
in this and other laboratories. The experimental re-
sults, as presented in Figs 1, 2, and 8, are more
than adequate to permit the application of the cylin-
drical electrostatic probe to flow field diagnostsics
in most regimes encountered in many simulation
facilities and actual reentry. Caution should, however,
be exercised in the interpretation of the data. In
chemically frozen flow ficlds, the electron density
measured can be interpreted in terms of the neutral
densities, provided diffusion is negligible. In chemical-
ly active flows no such correspondence can be es-
tablished. As mentioned previously, the data obtained
in this work and in particular the data presented in
Fig. 11, where the electron density is compared
with the neutral density obtained by means of an elec-
tron beam technique and the data of Fig. 21, where









