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modern air-to-air refueling operations. An additional 3 min
are available before the vehicles descent to an altitude of
10,000 ft, which is considered a safe altitude for completion
of docking and pulling out of the glide.

Concluding Remarks

An investigation has been made of the general operational
and design considerations for an atmospheric rendezvous
mode for orbital logistics vehicles that uses fully recoverable
vehicle elements. It is concluded that this mode of operation
is feasible, and that it would result in reductions in the size
of the orbiter and booster stages of the launch vehicle, provide
a powered landing with go-around capability for every
mission, and achieve additional lateral range performance.
A subsonic rendezvous in either a towing or docking mode
seems more attractive than the supersonic case. Recovery
of the booster stage in a subsonic towing mode seems to offer
some advantage in weight reduction and flexibility of operation.
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Fig. 1 Sketch of experimental facility (not to scale).

argon plasma (Fig. 1). The vacuum tank pressure was ap-
proximately 2 x 10~5 torr. The test specimens were mounted
on one end of a 3.2 cm-diam. cylindrical pyrex tube. The
ammeter used to measure the drainage current was located
between the high voltage power supply and the test specimen.
The electrical connecting lines and the ammeter were shielded,
with the shield at the potential of the test specimen. In all
cases the high voltage probe was biased positively with respect
to ground.
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Introduction

SOLAR cell arrays in the kv range are being proposed for
power generation on satellites. If the solar cell cover

glass or the dielectric material insulating the connecting tabs
between solar cells develops holes or cracks, a large drainage
current from the ambient plasma may ensue. Cole et al.1
measured drainage current on the order of milliamps through
0.0254 cm diam. holes in Kapton H polymide films biased
up to 3000 v in a 8 km/sec plasma. This paper reports results
for electron drainage current through known size holes in
three dielectric materials immersed in a 4 km/sec plasma
stream. The dielectric materials were a quartz solar cell cover
glass, Kapton H polyimide film, and fluorinated ethylene
propelene (FEP) type C. The experimental results are com-
pared with results calculated using a computer program
developed by Parker.2"5

Facility
The dielectrics were placed in a pyrex bell jar (45.7 cm in

diam, 76.2 cm long) attached to the side of a large vacuum
tank which houses a Kaufman ion thruster generating an
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Plasma Diagnostic
Two cylindrical tungsten Langmuir probes and a Faraday

cup were used to diagnose the plasma. One of the Langmuir
probes (25.4 cm long by 0.0254 cm in diameter) was located
on the centerline of the tank at the axial station of the port to
the bell jar. The other Langmuir probe (12.4cm long by
0.0127 cm in diameter) was located in the bell jar approxi-
mately 20.32 cm in front of the testing location.

Velocity
On a plane perpendicular to the axis of the tank at the axial

position of the bell jar, the ion number density in the ion
engine exhaust beam is larger than that in the bell jar. The
largest ion density is on the centerline of the beam. A poten-
tial difference exists between the engine exhaust beam and the
inside of the bell jar. This potential difference accelerates the
charge exchange ions in the beam radially. Some of these
enter the bell jar along with other scattered ions. The velocity
of the ions was calculated from

V=(2ekv/M)1/2 (1)

where Ay is the potential difference between the centerline of
the ion engine plasma beam and the plasma potential (assumed
constant) in the bell jar determined from the Langmuir probe
measurements, and M the mass of the ions.

Number density
The plasma number density in the bell jar was found from

I — v characteristic of the Langmuir probe located in the bell
jar. For the electron densities expected in the bell jar and
the beam, the Debye length is greater than the probe diameter,
therefore, a thick sheath is expected about the Langmuir
probe. According to electric probe theory,6 when there is a
thick sheath surrounding cylindrical electric probes operating
in the electron current saturated region and ev > kT9 the
square of the current should vary linearly with the applied
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biased voltage. The number density is related to the slope of
this curve by

n2 = (7T2/2A2e2)(m/e)S (2)
where S is the slope, A the probe area, m the electron mass,
and e the electronic charge.

Computed Current

Two computer programs developed by Parker3 were used
to predict the current drainage through holes in the dielectric
covering of probes which are biased at high voltages relative
to the plasma. One of the computer programs solves
Vlasov's equation numerically for the current density when
the electric field distribution is given. The other program
computes the field distribution surrounding a planar probe by
solving Laplace's equation numerically. Laplace equation
applies where there is no space charge. For an infinite
sheath the space charge is zero. Parker3 shows that maximum
current was obtained when the Laplace field rather than the
realistic Poisson's field was used to solve Vlasov's equation.
Therefore, the Laplace field was used so as to compute the
maximum theoretical current through the holes in the di-
electrics.

The Laplace field program calculates the field at preselected
grid points surrounding an isolated cylinder with a planar
probe embedded flush in the center of one of its ends. Cylin-
drical coordinates are chosen such that the center of the probe
has coordinates z = 0, r = 0 with the positive z-space above
the probe. The size of the probe radius, the cylinder radius
and height, grid boundary, and probe voltage, are input data.
A dipole law is assumed for the potential between the grid
boundary and infinity. In the calculations presented herein
the following dimensions were used: probe radius 0.0254 cm,
cylinder radius 1.6cm, cylinder height 3.0cm, grid radius
50.0 cm, grid distance above cylinder (positive z) 100 cm, and
grid distance below cylinder (negative z) 100 cm. The total
grid points used were 633 with 594 points in the positive z-
space.

The current computer program utilizes the same geometry
as the Laplace field computer program. Assuming a Max-
wellian gas at infinity, this program numerically computes the
current density ratio J/J0 at the center of the probe for a given
field distribution, probe bias voltage, gas temperature at
infinity, and directed velocity at infinity. JQ is the current
density for zero bias voltage on the probe. It is given by

where n is the gas number density, T the temperature, and m
the mass of the particles. In the tests, the velocity gained by
the particles from the probe voltage was much greater than
average directed velocity of the plasma. Therefore, the

£ 10-'

808°
3°8 .

———THEORY
0 EXPERIMENT

0 400 800 1200 1600
PROBE VOLTAGE, V, VOLTS

2000

Fig. 2 Probe current as a function of probe voltage for 0.0508-cm-
diam hole in Kapton H film.
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Fig. 3 Probe current as a function of probe voltage for 0.0521-cm-
diam hole in FEP, type C.
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Fig. 4 Probe current as a function of probe voltage for 0.0516-cm-
diam hole in quartz.

directed velocity at distances far from the probe was assumed
zero in the calculations. However, as a check on this assump-
tion, a few cases were computed with a directed velocity of
5 km/sec. There' were no changes in the results.

Results and Discussions

Figures 2, 3, and 4 show the results for the Kapton H film;
FEP, type C; and quartz solar cell cover glass; respectively.
In Table 1 are listed values for the thickness, hole diameter,
and number density used for each specimen. These number
densities were determined using Eq. (2) from the experimental
saturation electron current of the Langmuir probe in the bell
jar. These number densities correspond to an altitude of
approximately 300km. The electron temperature deter-
mined from the I-v characteristics of the probe was approxi-
mately 3000° K (« 0.3 ev). Since the range of probe potential

Table 1 Test Conditions

Specimen

Quartz solar cell cover
Kapton H
FEP, type C

Thickness,
cm

0.0305
0.0127
0.0127

Hole
diameter,

cm

0.0516
0.0508
0.0521

n,
ions/cm3

1.4x 106

1.7
1.5
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v used was from +20 to +45 V, ev was very much greater than
kT in all cases; therefore, thick sheath electric probe theory
applied. In determining these number densities from the bell
jar Langmuir probe, at least 12 values of the square of the
current at applied bias voltages between +20 and +45 V were
fitted with a least square linear relation. This gave a rms
deviation, for all points, of less than 2 %.

From the results presented in these figures, the computed
current agrees within a factor of ~ 3 with that measured for
Kapton H. It is larger by approximately a factor of 4 for
that obtained with FEP, and larger by approximately a factor
of 10 for the quartz measured current, the magnitude being on
the order of microamperes. As previously stated, the current
calculated using a Laplace field in the space surrounding the
hole yields an upper current limit for a planar probe in a
plasma. Therefore, the apparent agreement between theory
and experiment for Kapton H is probably due to phenomena
not considered in the theory. One phenomenon that may en-
hance the experimentally measured current is sputtering of the
dielectric material. Sputtering produces a gas cloud near the
hole. As some of the plasma electrons travel toward the hole,
they make ionizing collisions with the gas cloud particles
creating more electrons. These ejected electrons along with
the original electrons now travel toward the hole, thereby
enhancing the measured current. If sputtering is present, the
results indicate that Kapton H is sputtered the most, FEP next,
and quartz is sputtered the least.

Although the magnitude of the computed current differs
from the measured current, the variation of the current with
voltage is in agreement with experimental trend. This sug-
gests that the theory may be used to estimate the drainage
current at higher voltages than those presented here. How-
ever, it is expected that sputtering and other effects may be-
come more severe at higher voltages for some materials.

Conclusions

Parker's method for calculating the current through holes
in dielectric covering of probes satisfactorily predicts the
trends in experimentally measured current in a dilute plasma
for voltages up to 2000V. A Laplace field was used to
numerically predict an upper limit for the drainage current.
For holes in quartz and FEP, the theoretical current was larger
than the measured current for all valtages presented. For
Kapton H the theoretical current and the measured current
were approximately in agreement over the full range of volt-
ages presented. Since the computed current is the theoretical
maximum current, this agreement suggests that other pheno-
mena may be occurring near the hole enhancing the measured
current.
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Nomenclature

A = liquid gas interface area, m2

KG = mass convection coefficient, moles/hr m2 atm
Nc = mass convection rate of helium into the propellant,

moles/hr
N,N0 = mass convection rate (and at 6 = 0), moles/hr
P,P0 = total pressure of the ullage gas (and at 6 = 0), atm
Ps = total pressure of the ullage gases when the propellant is

saturated with helium, atm
p = partial pressure of helium above the saturated propellant,

atm
R = universal gas constant
V = total volume of the ullage gases, m3

Z = compressibility factor for helium = P/pRT
8 = partial derivative of
A = change of or delta, AP = P — Ps
77,770 = number of moles of helium gas in the ullage (and at 8 = 0)
0 = time, hr

Introduction

THE solubility limits of helium into NTO and A-50 pro-
pellants have been identified, but the mechanism describing

helium absorption between the limits has not. A simplified,
yet unique, analytical technique has been developed and is
provided in this note for simulating the absorption phenomena
under closed storage conditions. The model developed has
been used to evaluate propellant conditions for Apollo mis-
sions. A study was initiated to predict Service Propulsion
System (SPS) tank pressures because Apollo flight data indi-
cates that ullage pressure decays were a direct result of helium
being absorbed into the propellants. The results of this
analysis were compared with Apollo 8-12 and 14 flight data
and were found to closely agree with the flight data.

Helium Absorption Mechanism

The formulation developed here requires the use of the mass
convection analogy, Dalton's law of partial pressures and
Henry's law for fluid solubility. This development was
initiated by assuming the following. 1) The system was
closed; i.e., no flow or leakage exists. 2) All diffusion is
normal to the gas/liquid interface. No cross-diffusion or
propellant vaporization exists.

Nc = - (1)
mass convection at the interface. 3) The driving force (AP)
at all times is

AP = P-PS (2)

where the saturation pressure (Ps) can be expressed as

KPpropellant (3)

The concentration (C) of helium in the gas can then be equated
to pressure as follows:

C = rlIV=pl(ZRT) (4)

For very low absorption rates, the assumptions that the
ullage gases are isothermal (dT = 0) and that the gas behavior
is pseudo-ideal (dZ = 0) are justifiable. With these assump-
tions, the concentration gradient within the ullage can be
simply expressed as

dC = dp/ZRT (5)
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