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Abstract

The preliminary results of plume contamina-
tion from a 5-pound thrust single-doublet, bipro-
pellant rocket engine on the tramsmittance of
quartz and the reflectance of a silicon monoxize
overcoated aluminum mirror have been presented.
Changes in quartz transmittance were found to be
significant and were due to both absorption and
scattering effects. Contaminant absorption ef-
fects were predominant at the short wavelengths
and scattering effects were greatest in the vis-
ible wavelengths. Measured changes in mirror re-
flectance were due primarily to contaminant ab-
sorption. Scattering effects were found to be as
much as 9 percent of the total reflected energy
from the mirror. There were no noticeable chemi-
cal or erosion effects on either the quartz or the
front surface mirror.

Introduction

The successful completion of any space mis-
sion requires that the space vehicle, its many
system components, and its experimental packages
all be maintained within certain prescribed speci-
fications. 1In general, the specifications depend
upon the space environment as well as the mate-
rials used, and the stability of the optical prop-
erties in the operational environment.

For a number of years the Lewis Research
Center has been investiﬁating the optical proper-
ties of various metals( ), paints and coatings
primarily in the low temperature range from 100°
to 500° K. More recently, however, our endeavors
have been directed towards investigating the ef-
fects of the local spacecraft environment (such as
rocket plume impingement and waste gas venting) on
optical properties. For long-term missions it is
necessary to control the vehicle orientation by
means of small attitude control thrusters. As a
result, the exhaust products of these engines may
present a serious contaminating source for such
things as thermal control materials, optical sen-
sors, and solar cell arrays, to name a few. These
sources of contamination may or may not be of im-
portance. The contamination effect is of concern
only when the functional thermal or optical prop-
erty of a material of interest is measurably al-
tered. For example, it is well established that
optical sensors or imaging devices are particu-
larly vulnerable to very thin film contamination
that can absorb critical wavelengths or cause off-
axis radiation to be scattered into their optical
path. As a result, the degree and severity of
rocket plume contamination under fairly realistic
space simulation must be determined for a variety
of materials.

The purpose of this paper is to present pre-
liminary results for the effect of contamination
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due to rocket plume exposure on the spectral
transmittance and absorptance of a fused quartz
sample and the reflectance of a silicon monoxide
overcoated aluminized mirror sample.

Experiment

The experimental program was carried out in
the Lewis Research Center's 6~ by 12-foot liquid
helium-cooled space simulation chamber described
in reference 3. The rocket engine and the test
samples are located in this facility as shown in
figure 1. The thruster being used is a scaled
5-pound thrust version of the R-1-D MOL reaction
control system thruster (Marquardt Co.). This
engine is a pressure-fed, bipropellant, single
doublet unit with a stainless steel radiation-
cooled nozzle. The fuel is MMH and the oxidizer
is NZOA' Both were maintained at a temperature of
20° C. A pulsed firing mode typical of a proposed
Skylab duty cycle was used. This operation mode
included a firing time of 50 milliseconds, an off-~
time of 100 milliseconds, and a train of 4 pulses.
The following table lists the primary engine de-
sign and nominal performance features.

Table I

(a) Dribble volume oxidizer

manifold = 0.00058 in.3
(b) Dribble volume fuel manifold = 0.00113 in.3.
(c) Injector = Single doublet
(d) Oxidizer injector orifice diameter = 0.0186 1in.
(e) Fiel injector orifice diameter = 0.0158 in.
(f) L" = 4.5
(g) Nozzle throat area = 0.0298 in.2
(h) Nozzle area ratio = 39.2
(i) Nozzle contraction ratio = 4.2
(3) Oxidizer-fuel ratio = 1.6
(k) Fuel and oxidizer valve opening time = 8 msec
(1) Fuel and oxidizer valve closing time = 10 msec
(m) Thrust = 5 1b
(n) Specific impulse = 286 sec
(o) Total flow rate = 0,01Y5 lo/sec
(p) Combustion chamber pressure = 100 psi

Proper simulation is necessary if useful
plume contamination data are to be obtained. Re-
action control thrusters typically operate with a
pulsed-mode duty cycle of 50-200 milliseconds of
firing time and a similar period between firing
pulses. The number of pulses during a given fir-
ing period generally varies from 2 to 20. Simula-
tion chambers which use conventional vacuum sys-
tems consisting of mechanical and diffusion pumps
along with liquid nitrogen cryopanels experience
rapid decay in simulation pressures during such a
firing period because of the limited pumping
capability of such systems. This introduces ser-
ious simulation problems and can compromise the
accuracy of the contamination data that are ob-
tained from such facilities. Early cryopumping
studies in the Lewis Research Center's liquid
helium-cooled facility showed two significant ad-
vantages of this facility over the conve:ntion-
ally pumped space chambers, First, large






amounts of room temperature hydrogen (3 liters/sec
at standard conditions) could be cryopumped at a
pressure of 3x107” torr. Second, the amount of
hydrogen that could be cryopumped was increased by
the addition of condensible gases Since the
exhaust products of a bipropellant engine using
MMH/N204 contains hydrogen as well as conventional
and condensible gases such as HZO, COZ, C0, and
Ng, it was expected that these condensible gases
would provide additional cryopumping of the hot
hydrogen gas. Rocket plume pumping tests per-
formed in this facility show that starting with an
initial pressure of 2x10~2 torr, a 50 millisecond
firing of the 5-pound thrust, bipropellant
thruster increases the ambient pressure only to
2x107- torr. Subsequently the ambient pressure
was cryopumped very quickly back to the 2x1079
torr level within 100 milliseconds. These results
established that good space simulation could be
achieved if the minimum time between firing pulses
was 130 milliseconds.

Rocket engine design and performance charac-
teristics can also strongly influence the forma-
tion, type, and character of the contamination.
Design considerations such as the volume between
the valve seats and the injector face (dribble
volume), propellant flow distribution over the
face of the injector, engine and propellant tem-
peratures, valve timing characteristics, and the
shape of the combustion chamber are all parameters
that must be considered. 1In addition, the pulse
firing mode of rocket engines introduces special
concerns which are probably of the utmost impor-
tance in considering plume contamination. Pulse
mode operation 1s inefficient because start-up and
tail-off times are relatively large compared to the
the total pulse time. During these transients,
unreacted fuel and oxidizer, and the intermediate
products of combustion are formed. Also rapid
valve response can form hydraulic pressure waves
in the propellant flow system which can cause a
pulsing-type flow having an approximate duration
equal to the total firing time. If the fuel or
oxidizer valves lead or lag each other, these
transients can combine with the hydraulic pulsing
and the start-up and shut-down transients and
cause nonuniform oxidizer/fuel ratios which vary
with time and position in the plume. All of these
variables cannot be considered in a single experi-
mental program but their importance and possible
influence on contamination must be appreciated.

Ambient pressure instrumentation within the
cryopumped facility consists of a buried collector
hot-ionization gauge and a mass spectrometer.

Each instrument has an electrometer connected di-

rectly to the collector. The total response time

of the electrometer and the buried collector gauge
is 100 microseconds per decade. The response time
of the nude mass spectrometer and the electrometer
is 200 milliseconds to scan the mass number range

from 2 to 200.

For the specific experiment described herein,
the thruster was fired in a 4 pulse train mode con-
sisting of 218 trains or 872 firing pulses. Each
pulse consisted of a firing period of approxi-
mately 50 milliseconds, and an off time of 100 mil-
liseconds. The samples were exposed to propellant
exhaust products for a total exposure time of ap-
proximately 44 seconds. The duration of the test
firings occurred over a period of approximately
20 days.

Eight samples were mounted within the test
chamber on the temperature-controlled (approx.
20° C) test pallet shown in figure 2. Four of the
test samples are 5 mm thick fused quartz (Amersil
T-08 commercial grade) samples. Two of the sam-
ples are 3 mm thick fused silica (Corning 7940)
samples. The remaining two samples are silicon-
monoxide-overcoated aluminized mirrors. All sam-
ples are approximately 2.5 cm in diameter. The
samples are mounted in aluminum cup-shaped holders
which are mounted flush with the test pallet sur-
face so that only the top surfaces of the sample
are exposed to the thruster discharge.

Spectral measurements of the optical proper-
ties of the samples were made both before and
after exposure of the samples to the thruster dis-
charge. The after-exposure spectral measurements
were made during a period of 3 to 30 days after the
samples were removed from the test facility. No
special precautions were taken during this time to
insure that the surface contamination layer would
not change. The samples however were handled as
carefully as possible but were stored only at room
conditions.

Two different spectrometers were available
for making bench-type spectral transmittance meas-
urements. These are (1) Gier-Dunkle magnesium
oxide-coated integrated sphere with a lithium
fluoride prism monochromator4:>), and (2) a
l-meter, 15 degree Robin mount ultraviolet scanning
spectrometer with a 590 grooves per mil%imeter con-
cave grating blazed at 0.15 micrometers(®), Inte-
grating sphere transmittance measurements were made
by the sample-in/sample-out technique with the
sample mounted at the inlet port of the integrating
sphere. Transmittance measurements are made over
the wavelength range from 0.25 to 2.2 micrometers.
Integrating sphere absorptance and reflectance
measurements were made by mounting the sample in
the center of the integrating sphere. The uv spec—
trometer was only used to make transmittance meas-
urements at the shorter wavelengths from 0.2 to
0.6 micrometers. These measurements were also made
by the sample-in/sample-out technique with the sam-
ple located at the entrance port of the spec—
trometer.

Results

The results to be presented are limited to the
fused quartz sample (FQ-A) and the mirror sample
M-A. The data for these two samples are typlcal
and represent the general character of the effect
of contamination at all plume locations {llustrated
in figure 2.

Photographs of the resulting contamination on
both the fused quartz sample FQ-A and mirror sample
M-A are shown in figure 3. The contamination can
be qualitatively described as composed of small,
discrete, colorless and transparent droplets. The
general character of the contamination on the two
samples is somewhat different. On the fused quartz
sample, the contamination consists mainly of large
irregular shaped droplets with mean diameters in the
the 20 to 500 micrometer range. Much of the quartz
surface however appears to be uncontaminated and
unaffected by the exposure to the engine exhaust.
On the mirror sample the contamination occurs in
generally the same droplet size but the droplets
are all very nearly circular (probably hemispheri-






cal) in appearance except for the largest droplets
which are oval. In addition, the surface area be-
tween the larger droplets is covered with many
small droplets whose diameters are less than

10 micrometers. The entire surface of the mirror
sample appears to be affected to some extent by
the exposure to the engine exhaust. It should be
noted that the droplet distribution on both sam-
ples may be affected to some degree by gravity be-
cause of the orientation of the experiment.

The transmittance measurements of the fused
quartz sample, before and after a total exposure
of 44 seconds of pulse mode firing are shown in
figure 4 for the wavelength range from 0.2 to
0.6 micrometers. The change in transmittance as
measured by the two different spectrometer meas-
urements is shown in figure 5. Data are not pre-
sented at wavelengths greater than 0.6 micrometer
because (1) measurements could not be made with
the uv spectrometer beyond 0.6 micrometer and
(2) no noticeable change in total transmittance
was indicated from the integrating sphere measure-
ments. As can be noted from figures 4 and 5, the
after-exposure transmittance measurements obtained
with the two spectrometer systems are different.
(No noticeable difference was noted between the
measurements for the uncontaminated samples.) The
primary reason for the difference is that the two
spectrometers make different transmittance meas-
urements. The transmittance that is measured with
the integrating sphere i1s a hemispherical trans-
mittance in that all of the energy passing through
the sample is measured. The transmittance that is
measured with the uv spectrometer is a more direc-
tional (or specular) measurement in that not all
of the energy transmitted by the sample is meas-
ured. Only the transmitted energy that is con-
tained within a small solid angle alined along the
optical axis is measured. Thus, the difference
between the measurements of the two instruments is
basically due to the scattering effect of the con-
tamination. The data from both instruments show
the increasing effect of the contamination with
decreasing wavelength.

The changes measured with the integrating
sphere are due to absorption by the contaminating
layer and changes in the front surface reflection
of the sample. The incident energy that is ab-
sorbed by the contaminated sample can be deter-
mined explicitly by mounting the sample in the
center of the integrating sphere. In figure 6,
the absorptauce is compared with the change in the
transmittance (fig. 5) as measured with the inte-
grating sphere. The curves are very similar and
indicate that contaminant absorption accounts for
the major portion of the transmittance change.
(Absorption by a clean fused quartz has been meas-
ured and is negligible.) However, there does ap-
pear to be some change in the front surface reflec-
tion due to the contaminants (accounting for the
remaining difference between the two curves).

Also shown in figure 6 is the difference be-
tween the change in transmittance as measured by
the two different spectrometers. The difference
is essentially the "scattering” effect of the con-
taminant. The effect is small at the short wave-
lengths but increases with wavelength and becomes
the predominating degration mechanism in the vis-
ible wavelength range.

Figure 7 shows the effect of the contaminant

on both the hemispherical reflectance and the dif-
fuse reflectance of a silicon-monoxide overcoated
aluminum mirror as measured by the integrating
sphere spectrometer system. The diffuse reflec-
tance measurement can be used as a qualitative in-
dication of the change in specularity of the
mirror reflectance. The diffuse reflectance meas—
ured with the integrating sphere is the reflected
radiation that is not included in a 15 degree
solid angle normal to the sample for radiation at
normal incident. For the wavelength range from
0.35 to 1.6 micrometers, the diffuse reflectance
is approximately constant at a value of 0.09. For
wavelengths less than 0.3 micrometers the diffuse
reflectance decreases with decreasing wavelength
similar to the trend exhibited by the effect of
scattering on transmittance. For a clean mirror,
the diffuse reflectance is nominally zero as is
the scattering on a clean uncontaminated quartz
sample.

The change in the hemispherical reflectance
of the mirror due to contamination is shown in
figure 8. This change in reflectance is equiva-
lent to the change in absorptance attributed to
the contaminant. The effect of the contaminant
increases with decreasing wavelength and is simi-
lar to the absorptance curve obtained from meas-
urements on the fused quartz samples. The change
in reflectance however is significantly greater
than the measured absorptance for the transmitting
sample due to the multiple pass of the incident
energy through the contaminant on the mirror sur-
face. The significance of this comparison is
that, although the contaminant and its distribu~
tion may be identical, its absorption effects may
be radically different depending upon the optical
element being used.

Concluding Remarks

The preliminary results of plume contamina-
tion from a 5-pound thrust, single-doublet, bi-
propellant rocket engine on the transmittance of
quartz and the reflectance of a silicon monoxide
overcoated aluminum mirror have been presented.
Changes in quartz transmittance were found to be
significant and were due to both absorption and
scattering effects. Contaminant absorption ef-
fects were predominant at the short wavelengths
and scattering effects were greatest in the vis-
ible wavelengths. Measured changes in mirror re-
flectance were due primarily to contaminant ab-
sorption. Scattering effects were found to be as
much as 9 percent of the total reflected energy
from the mirror. There were no noticeable chemi-
cal or erosion effects on either the quartz or the
front surface mirror.

It should be recognized that the conclusions
which have been drawn from this data apply only to
the very specific set of experimental conditions
under which the contaminant was formed and the
manner in which the measurements were made. Prob-
ably the most serious limitation regarding the
data is the usefulness of the "on the bench"
rather than in situ measurements. The deposited
material which forms on the sample surface is ac-
cepted as being hygroscopic. The contaminant as
observed in the laboratory exists as clear, trans-
parent, liquid droplets due to its hygroscopic
characteristics. It is not known whether the
droplet form is the actual state of the contami-






nant as it exists in the simulator. Even though 6.

water is one of the exhaust products from the
engine, it is possible that the in situ contami-
nant is significantly different in appearance and
therefore causes different changes in the optical
properties of materials than those which have been
measured.

There also exists two interactions between
the plume and the sample pallet that may affect
the amount and possible type of contaminant en-
countered. First, there may be a gravity effect
and second, the pallet configuration used does not
simulate a large extended spacecraft surface. As
a result the boundary layer above the pallet can
be considerably different than that which exists
on an actual spacecraft configuration.

A first attempt has been made to determine
the effectiveness of the space simulator by plac-
ing witness samples in the simulator that were not
exposed directly to the plume. The witness sam-
ples were also found to be contaminated but to a
much lesser degree. The absorptance change due to
this contaminant is negligible but the effect on
scattering may be important.

One final limitation associated with the ac-
tual magnitude of the optical property change is
concerned with the nonuniformity of the contami-
nant on the sample surface. For the small slit
widths that are used for the spectrometer measure-
ments (especlally the uv spectrometer) large dif-
ferences can be noted in the data depending upon
the sample area that is viewed.

Future experiments are being planned to re-
duce these limitations and to provide quantitative
data on the contamination effects to be expected
under realistic space simulation.
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(a) Fused quartz sample, I'G-A,

, M-A.

(b} Aluminum mirror sample

Field of

- Photographs of contaminated samples.
2mmx 2 mm. Magnification X40.

Figure 3.

view
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transmittance (UV spectrometer and inte-
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(integrating sphere)

—=—== Contaminated directional transmittance (UV

spectrometer)
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Figure 4. - Effect of thruster contaminant on trans-
mittance of fused quartz sample FQ-A.
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Figure 5. - Change in transmittance due to contamin-
ation on sample FQ-A,
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Figure 6. - Effect of contamination on fused quartz
sample FQ-A,
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DIFFUSE AND HEMISPHERICAL REFLECTANCE
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08— ‘"""
06—/

ul s | l |

0 5 1.0 1.5
WAVELENGTH, MM
Figure 7. - Effect of thruster contamination on the
reflectance of mirror sample M-A.
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Figure 8. - Change in reflectance of mirror sample
M-A due to thruster contamination.
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