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Oxygen Interaction with Materials III: Data Interpretation
via Computer Simulation

Jean-Frangois Roussel* and Alex Bourdon'
ONERA, 31055 Toulouse, France

The Evaluation of Oxygen Interaction with Materials III experiment, flown by NASA on STS-46, allowed the
characterization of the Space Shuttle local environmentand the products of material erosion by atomic oxygen (AO)
by mass spectrometry. Relatively complex transport mechanisms were involved in that environment, namely, gas-
phase collisions and wall reflections. Several situations were simulated by a numerical model: quiescent period or
thruster operation, orientation of spectrometer to analyze Shuttle environment or erosion products, and materials
directly exposed to ram flux or covered by a baffle. The comparison between numerical and experimental results
yielded good agreement. That contributed to the experiment interpretation and the validation of the model. It
pushed model parameters toward a large AO accommodation and a small Kapton® erosion efficiency at low AO

energy.
Nomenclature

E = kinetic energy of impinging atomic oxygen
(AO), eV

k = Boltzmann constant, J - K~!

m = molecule or atom mass, kg

n = number of molecules of CO resulting from the
erosion of one monomer of Kapton® by AO

M ambient = density of natural ambient environment, m~3

M hermal = density of species at thermal velocity in Shuttle
frame (outgassed molecules and AO after
reflections), m ™3

R = equivalentradius of Shuttle in a simple
analytical model, m

R, R, = rate of Kapton erosion by AO, cm*/atom

S, = ratio of random to average velocity in
Maxwellian distribution of reflected molecules
in Nocilla’® model (~Mach number)

V. = average velocity of reflected molecules in
Nocilla!'® model, m/s

V ambient = velocity of drifting ambient natural molecules
in Shuttle frame, m/s

Voutgassed = average velocity of outgassed molecules,

typically hundreds of meters per second, m/s

a, oy, 0y, 03 = accommodation coefficient

6 = angle of incident molecule velocity to surface
normal, rad

0. = angle of reflected molecule velocity to surface
normal, rad

Aambient = mean free path for self-scatter of ambient
molecules (natural atmosphere), m

Aambient-thermal = mean free path of natural ambient molecules

due to collisions with thermalized species, m

mean free path of outgassed molecules due to

collisions with the natural ambient

environment, m

o = elastic collision cross section, m?

= flux of outgassed molecules, molecule - m? -s'

= return flux of outgassed molecules into Shuttle
bay, molecule -m? - s

loulgasscd—ambicm =

¢oulgasscd

return
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Introduction

HE Evaluation of Oxygen Interaction with Materials III

(EOIM-III) flight experiment,'™ flown on STS-46 in 1992,
produced a large amount of data, essentially in the form of mass
spectra. It covered the characterizationof the Space Shuttle general
environmentin quiescent periods and during thruster operations, as
well as the very local environment of materials eroded by atomic
oxygen (AO).

In many situations, the observed molecular species had to un-
dergo a complex transport mechanism to reach the mass spectrome-
ter. Such is the case, for instance, for thruster effluent backflow into
Shuttle bay or for AO, which proved to be able to pass around a
cover to reach a priori protected materials. A good analysis tool for
molecular transport is numerical modeling (contrarily to contami-
nant production or effects, which are primarily taken from experi-
ment). The present study consisted in the modeling of the EOIM-III
environment, either limited to the Shuttle bay or with a larger ex-
tension around Shuttle. The aim pursued was twofold: first, to help
experimental data interpretationand, second, to validate the numer-
ical model.

The experimental devices and results are summarized in a first
section. Then the numerical simulations and their results are pre-
sented and compared to experimental data. Three successive cases
are considered:the backscatterof outgassedmolecules, the backflow
of thruster effluents in the Shuttle bay, and eventually the detailed
dynamics in the bay.

Experiment

A detailed description of the experiment, mass spectrometer cal-
ibration, and preliminary analysis of the results has already been
published by the designers of the experiment.!~® Only information
necessary for the comparison to modeling results, therefore, is pro-
vided here. The experimental data during thruster firings are as yet
unpublished.

Experimental Device

The EOIM-III mass spectrometer was mounted on a rotating de-
vice that allowed operation in two different orientations. In the so-
called tilt-up orientation (first part of Fig. 1), the spectrometer was
pointed out of the Shuttle bay, which was the ram direction during
(almost) all of the EOIM experiment. The bay-to-ram attitude of
Shuttle was aimed at maximizing AO fluence. The AO flux and the
Shuttle localenvironmentwere characterizedin thatorientation. The
tilt-down orientation, also shown in Fig. 1, allowed the detection of
the products of the erosion of the materials covering the five sectors
of the carousel. The five materials were '>C-labeled Kapton®, an-
odized aluminum, Chemglaze Z306 black paint, FEP Teﬂ0n®, and
Parylene-C. However, most of the erosion products of these materi-
als were already presentin the local induced atmosphere of Shuttle,
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Fig. 1 Mass spectrometer and carousel in tilt-up position for ambient
atmosphere measurements (mass spectrometer faces ram direction) and
tilt-down position for measurements of erosion products.
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Fig. 2 Typical mass spectrum of ambient environment in tilt-up
position.

and only the '*C-labeled Kapton turned out to be really suitable for
quantitative measurements because of the labeled carbonated prod-
ucts *CO and '3CO,. A baffle could also be moved above the sector
facing the spectrometer, prohibiting the direct impingement of AO
onto the considered material. It can be seen over another sector of
carousel in Fig. 1. Calibration of the mass spectrometer was first
performed on the ground at the Los Alamos National Laboratory
(LANL),? but the decay of sensitivity was different in-flight, and a
new in-flight calibration was necessary.!

Overview of Experimental Data

Three typical spectra taken at the beginning of the EOIM-III
experiment, at 231-km altitude, are shown in Figs. 2-4. The first
one, in tilt-up position, shows, as is well known, that the Shuttle
local ambient environmentis not only composed of natural species
(0, N,, O,, and Ar), but also of species emitted by the Shuttle (H,O,
CO, and CO») or resulting from gas-phase or surface reactions (NO,
NO,, etc.). Human contamination is also visible (Na and K), and
most other species are the result of cracking in the spectrometer
ionization chamber.

The spectrumof Fig. 3 shows the species coming from the Kapton
sector, not covered by the baffle, measured in tilt-down position.
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Fig. 3 Typical mass spectrum in tilt-down position facing Kapton
coated sector, without baffle.
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Fig. 4 Typicalmassspectrumin tilt-down positionfacing Kapton, with
baffle.

Most of the species are similar to the preceding spectrum, with a
decrease by a factor close to 2, which simply shows that the species
of the local environment can bounce on Kapton and reach the spec-
trometer. New mass peaks are, however, present, denoting the emis-
sion of '*C-labeled molecules *CO and '*CO, due to AO erosion.

The Kapton used in that experiment contained approximately
50% of 1*C and 50% of 12C. Thus, it is not surprisingto see a peak of
12C0, a little larger than the peak of *CO,, because ambient 12CO,
adds to the first peak. A crude quantitative computationcan already
be attempted at that level. It follows from the equal quantity of '>C
and 1*C originatingfrom Kapton erosion that the contributionof am-
bient CO, must be the difference between mass 44 and mass 45, that
is, approximately2 X 107 — 1 X 10™* =1 X 10~* uA, concerning
peak maximum. Consideringthe maximumof2 X 10™* u A of ambi-
ent CO, visible on the precedingtilt-up spectrum (Fig. 2), this value
is consistentwith the approximate general reduction of peak heights
by a factor 2 between tilt-up and tilt-down spectra, due to bounces.

The most striking feature of the next spectrum (Fig. 4), with the
baffle covering the observed Kapton sector, is its similarity with
the preceding one, without baffle. The species are identical, and
most currentintensities are almost unaffected by the presence of the
baffle. In fact, the peaks of ambient species (O, H,O, N,, NO, O,,
and CO,) are almost unchanged, whereas the products of erosion
("3CO and '*CO0,) are approximately reduced by a factor of 5.

The absence of signal decrease for the molecules of the ambi-
ent environment shows that they can pass around the baffle. The
carousel and spectrometer have effectively been designedin such a
way that the 27 -sr view of the spectrometer was almost completely
covered by the carousel sector facing it and the baffle. Moreover,
gas-phase collisions in spectrometer field of view cannot be in-
voked because the mean free path is always at a minimum tens of
meters, even in case of the largest ram pressure increase. Hence,
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the ambient molecules observed, including AO, really go under the
baffle, certainly due to bounces on walls of the bay and mass spec-
trometer support. However, AO seems to have a reduced eroding
power. Simulations reported subsequently will show that all of this
is consistent with bounces and AO energy reduction resulting in a
lower erosion efficiency.

Another major concern to contamination scientists is constituted
by thruster effluents. Although only the lightest and, thus, the most
volatile of them could be measured by the EOIM spectrometer, the
study of their flux into Shuttle bay is very interesting because it
involves complex transport mechanisms, namely, wall reflections
and gas-phase collisions, which also are of concern with heavier,
more condensable effluents. Comparison to the modeling of that
process in next section will be particularly profitable because the
major contribution of such models is in the transport model, the
outgassing or thruster emitted fluxes being taken from experiment.

An example of a Vernier reaction control system (VRCS) firing
is shown in Fig. 5. The grid current of the spectrometer ioniza-
tion chamber is representative of the total pressure. That current
increasesto 3 X 107% uA during the period 662,535-662,554 s mis-
sion elapsed time (MET), whereas it is quite constant at 2 X 1073
HA during quiescent periods. Contrary to the too short operating
periods of the primary reaction control system (PRCS), this 18-s
VRCS firing is long enough for several spectra to be acquired dur-
ing thruster operation inasmuch as the 72 masses are swept within
5.12 s. The first and second spectra of Fig. 5, before and during the
thrusterfiring, respectively,are representedin detail in Figs. 6 and 7.
Several of the thruster effluents can be identified. The water peak
increases significantly while new peaks appear: mass 46 is NO,,
and masses 26 and 27 are almost certainly CN and HCN but could
also be C,H, and C,Hj;, although no mass 25 revealing C,H is ever
visible. Other species, such as CO, N,, NO, and CO,, are masked by
the high level of the ambient environmentfor those masses. Others,
such as OH, are also due to cracking in the ionization chamber.
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Fig. 5 Total pressure and spectra over a period including an operation
of VRCS R5D thruster.
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Fig. 6 First spectrum of Fig. 5: before thruster firing.
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Fig. 7 Second spectrum of Fig. 5: during thruster operation.

Modeling and Comparison to Experiment

Shuttle External Environment in Quiescent Periods

The first situation that was modeled is the induced environment
around the Shuttle in quiescent periods, that is, in the absence of
thruster firing or any other operation. It is certainly the simulationin
which the possible comparison to experiment is expected to be the
crudest. Although the natural environment (O, N,, etc.) is correctly
known due to EOIM measurements in tilt-up position, the sources
of species contributing to the induced environment, essentially out-
gassing, are not known accurately. In particular, outgassing fluxes
depend on the temperature of the surfacesat the time considered but
also earlier in the mission. Because these data were not available,
simple average data for Shuttle outgassing after one week in space
were used. A total outgassing rate of 10" molecule -m~2 -s™! was
assumed, composed of 60% of water, 20% of N, and 20% of CO,
molecules.It was assumedto be homogeneous,althoughtiles, forex-
ample, are known to outgas, more water than othersurfaces. The time
interval studied was MET 554,000-554,600 s, during which tilt-up
measurements were performed. The natural environment was deter-
mined directly from EOIM experimental data, which for AO gave
a flux of 5.0 X 10" m~2 57!, and thus a density of 6.2 X 10" m™3,
which amounts to assuming that the natural atmosphere reaches the
spectrometer almost unperturbed.

Suchambientdensitiesyield typicalmean free paths for outgassed
molecules through collisions with the natural ambient environment
of the order of

loulgasscdfambicm = (l/anambicm) X (Voulgasscd/vambicm) ~ 100 m (1)

Collisions are, thus, a second-order phenomenon that cannot be
neglected yet because Shuttle typical dimensions are tens of me-
ters. Hence the Boltzmann equation is to be solved. This was done
with the particle method direct simulation Monte Carlo (DSMC) us-
ing Bird’s time counter method.*> The computation box was about
100 m in each of the three directions. It was considered sufficient to
extend it to several times the Shuttle size rather than several times
the mean free path because the outgassed molecules that encounter
their first collision farther than 100 m from Shuttle, although nu-
merous, have little chance to return to the Shuttle because of the
small solid angle it covers, when seen from that distance.

The DSMC model® was included in the more general code for
simulation of local environment and contamination of spacecraft’
(SILECS). Figure 8, where the AO densityis representedin a median
fictitious plane, also gives an idea of the Shuttle surface meshing.
Theram AO densityincreaseis by a factor 5 at maximum (ram flux is
downward in Fig. 5). The depleted wake, also visible, extends more
behind the wings than the fuselage because of their larger breadth.

The main purpose of that modeling, however, was the compar-
ison of quantitative results of the numerical simulation to experi-
mental data, namely, to fluxes into the bay, measured in the tilt-up
position. The results are summarized in Table 1, where the return
fluxes of the three outgassed species (H, O, CO,, and N,) are given.
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Table1 Fluxes of outgassed molecules backscattered into Shuttle bay

Numerical simulation

Analytical
Experiment Return Outgassed Return flux return flux
Species  return flux® flux? flux? ratio, % ratio, %
H,O 0.23 0.47 6.0 7.8 4.6
Ny ? 0.18 2.0 9.1 5.7
CO, 0.25 0.23 2.0 11.8 7.1

“Fluxes X 10'® m=2 -5~

Normalized Density
5.07
2.54
1.27
0.64
0.32
0.16
0.08
0.04
0.02

0.01

Fig. 8 AO density (ambient flux is going down).

The return flux of outgassed N, could not be determined in the
experiment because it is a major constituent of the natural environ-
ment. The agreement between the experimentand simulationreturn
fluxes for H,O and CO, (first two columns of Table 1) is within a
factor2, whichis satisfactory,consideringuncertaintiesin outgassed
fluxes. These values were obtained as a result of calibration factors
measured on the ground® for thermal H,0 and CO,. In a previous
publication by the present authors? these calibration data were not
known to the authors and a high-velocity AO calibration factor'-3
was used for H,O and CO,, which led to important discrepancies
with numerical results.

The fourth column of Table 1 also gives the ratio of backflow
flux to outgassed flux. The values of the order of 10% are quite
high but typical of the very low altitudes (230 km) and relatively
high densities (~5 X 10" m™3) of the EOIM-III mission. Table 1
indicates that the heavier the molecules are, the larger the return
ratio is. From one molecule to the other, three factors change, which
could explain that: the cross section, the molecular mass and its
consequences on kinematics, and the emission velocity. The major
factor turns out to be the third one, the velocity, which is slower for
heavier molecules emitted with thermal distribution from the same
surface (at 300 K in the present simulations). This resultsin a longer
stay in the vicinity of the Shuttle, where an impingementby AO can
lead to a return to the Shuttle. The cross sections used [variable hard
sphere® (VHS)] for collisions of AO with H,O, N,, or CO, are all
in the range 13-15 A? at orbital velocity, which excludes the first
factor. The second one, that is, kinematics, also seems to be of little
effectbecause the high velocity of AO guaranteesa velocity oriented
backward after one collision even for the heavy CO, molecules.

The last two columns of Table 1 compare the numerical predic-
tions of backflow ratio with those of a simple analytical model.’
Approximation of the Shuttle as a sphere gives the following value
for return flux:

¢rctum = ¢0utgasscd(R/lambicnt)(vambicnt/Voutgasscd + 1) (2)

where the sphere radius R =2.4 m is often used.” The variation
of the return ratio for the three outgassed species is similar to the

numericalsimulation. As in the simulations,itis due to the outgassed
species velocity, as it is can be seen in Eq. (2). The absolute values
of the return ratio are smaller, but this is certainly due to the crude
approximation of the Shuttle as a sphere. A larger radius R, more
representative of the Shuttle breadth, especially around the rear of
the bay (taking the wings into account), could of course give quasi-
identical values.

Note that the assumption that the natural unperturbed atmo-
sphere (O, N,, etc.) was correctly measured by the spectrometer was
checked a posteriori. Natural species could effectively be perturbed
by a too dense Shuttle-induced environment and only reach the
spectrometer after many collisions, if ever. The mean free path for
collisionsof natural ambient molecules with molecules (quasi) ther-
malized in Shuttle frame (outgassed species and AO after bounces)
of density nyemmal 1S

Aambient-thermal = 1/ OMhermat ~ 300 m (3)

for ngerma Of the order of several 10'® molecule -m~>, which was

obtainedin simulationsin the nearestproximity to the Shuttle. More-
over, because this mean free path rapidly increases with distance to
Shuttle, it could be expected that few of the ambientmolecules were
deviated by collisions before reaching the spectrometer. Eventually
it was checked in simulations that about 94% of them reached the
Shuttle bay without scattering.

Shuttle External Environment During Thruster Firings

The Shuttle environment was then modeled during the R5D
VRCS operation reported earlier. At that time, AO density was
5.0 X 103 m™3. The VRCS plume was describedby Simons’s model
(seeRef. 10), thatis, an analyticalfit of experimental fluxes on plume
freezing surface. The total mass flow rate was simplified to 13.6 g/s
of H,0, 18 g/s of molecules of mass 28 atomic mass unit (amu)
(CO and N, together), and 1.67 g/s of CO,. No thruster exhaust
quantitative data were found about the traces of mass 26 and 27
(certainly CN and HCN) detected experimentally; thus, they could
not be included in the model.

The density of water stemming from thrusteris shown in Fig. 9 in
the symmetry plane of the simulation. The ambient flux still comes
downward in Fig. 9 because the EOIM attitude is bay to ram. The
relatively important density of thruster effluents above the Shuttle,
while the R5D thrust direction is downward, is simply explained
by the reflections of some molecules on the Shuttle wing, which
intercepts the external part of the plume. Reflected molecules can
then be backscattered into the bay by ambient atmosphere, which
explains why thruster firing in the oppositedirectioncan be detected
by a pressure increase in the bay.

The experimental fluxes into the bay (tilt-up measurements) just
before thrusterignition and during thruster operation are presented
in Table 2. The differenceis interpretedas the extraflux coming from

Normalized Density

[

Fig. 9 Density of water effluent from RSD VRCS. (Ambient flux is
going down.)



328 ROUSSEL AND BOURDON

Table2 Fluxes of thruster effluents reaching Shuttle bay

Experiment

Averaged intensity, nA

Before  During

thruster  thruster Simulation

Species firing firing Difference  Return flux*  return flux®
H,O 0.6 5 4.4 0.44 0.45
N,/CO 27 30 3 1.6 0.42
CO, 0.28 0.41 0.13 0.023 0.023
(6] 13 15.5 2.5 —_—

“Fluxes X 10'® m=2 -s~!.

thruster and is compared to the modeling results (last two columns).
The agreementis very good concerningH, O and CO, backflow. This
accuracy is of course only the consequence of chance because the
uncertaintiesof those computationsare quite high and could crudely
be estimated to a factor 2. [A very approximate assessment could be
10% from Monte Carlo statistical fluctuations, 30% for reflection
and collision modeling, 20% for ambient flux measurements, and
perhaps more due to the simple Simons’s model (see Ref. 10) of the
thruster plume.]

That was the main achievement of that simulation. The case of
mass 28 (CO and N,) shown in Table 2, for which, however, there
seems to be a large discrepancy between computed and measured
backflows, can also be studied. Note that the experimental signal
increase during thruster operationis of the order of 10% for N,/CO,
whereas it is about 700% and 50% for H,O and CO,. Thus, the dif-
ferenceis much more subjectto errors and couldsimply be discarded
as not significant. However, the discrepancy with the model result
can certainly be understood and is thought to be an artifact due to a
variation of the calibration factor with velocity. To understand that,
a small parenthesis about velocity influence on calibration factor is
in order.

The calibration factors relating signal to flux were measured on
the ground®® in a range of velocity of 3-6 km/s, and the calibra-
tion factor for AO was found to be independent of velocity and
equal to (3.6 = 1) X 10?* (atoms cm™2 s~1)/A. However, the large
uncertainty of this calibration, associated with the small range of
velocity tested, does not guarantee that there is no velocity effect
at all. Moreover, two arguments are in favor of an increased cali-
bration factor at smaller velocity. First, calibration factors relating
a flux to a detector signal are only constantin theory for closed ion-
ization sources, whereas they depend linearly on velocity for perfect
open sources'! (fly-through), in which signal is in fact proportional
to density rather than flux. The ionization source of the EOIM-III
mass spectrometer is of an intermediate semi-open type,> which
should, thus, exhibit some dependence on velocity, but not as im-
portant as a linear dependence. The second argument comes from
the calibrationsthat, for one species, namely, argon, were performed
both at thermal velocity® and at high velocity»® showing that the
calibration factor was about seven times larger at thermal velocity
than at orbital velocity.!! (The analysis of Ref. 11 requires a trans-
lation of the density-to-signal calibration factor given in Ref. 8 for
thermal species into a flux-to-signal calibration factor such as the
ones given for high-velocity species in Refs. 3 and 8.) The variation
is not as large as the velocity change, which is about a factor 50, but
the variation seems to prove some velocity influence.

Thus, assuming some increase of spectrometer sensitivity at re-
duced incident velocity, the 11% increase of N,/CO signal during
thruster operation can be interpreted as being partly due to the ve-
locity loss of some of the natural ambient N, molecules through
collisions with thruster exhaust. The increase due to backflow is,
therefore, drastically reduced. This effect can also be enhanced by
directionchangesbecausemost scattered N, moleculesare nolonger
directed along the spectrometerentrance axis. Moreover, thatis con-
firmed by a similar increase of AO signal by 19% (fourth row of
Table 2), which cannot presumably be explained by anything other
than a sensitivity increase. It is not surprising that the effect is larger
for AO than for N, because the velocity loss for the lighter AO
through scattering is larger. A more quantitative interpretation is
attempted in Ref. 11.

A specific study of O + N, collisions was performed in Ref. 12
and provides interesting insights. First, it confirms the validity of
the total elastic cross section used here (2.0 X 1072° m? here at
8 km/s relative velocity and 1.8 X 10 m? in Ref. 12 for the cor-
responding energy in center-of-masskinetic energy, 3.5 eV). Then,
the differential cross section for O + N, inelastic collisions shows
that energy losses due to such reactive collisions are important (half
of the losses are due to elastic scattering) even though the integrated
inelastic cross sectionis a decade smaller. The same effect certainly
happens for backscattering because the differential inelastic cross
section favors backscattering when compared to the isotropic hard
sphere differential cross section (in center-of-mass frame). How-
ever, this effect does not seem sufficient to explain the observed
discrepancy, which is as large as a factor of 4.

Shuttle Bay Environment
Modeling

Understandingthe experimental spectra obtainedin tilt-down po-
sition, when the spectrometer faced baffled or unbaffled carousel
sectors, required detailed modeling of the experiment and of the
inside of the Shuttle bay. The fluxes into the bay, measured in tilt-up
position, were taken as input to these simulations.

The dynamics of molecules and atoms in the bay is dominated
by reflections on the walls. The mean free path, although some-
times reduced to tens of meters, remains large enough for particles
to encounter at least 10 times more reflections than collisions. In
particular, concerning the experimental observation that particles
could pass around the baffle, reported earlier, gas-phase collisions
showed negligible effects when compared to bounces.

Thus, modeling of reflections was treated as carefully as possible,
using the lobular model introduced by Nocilla!* with recent exper-
imental parameters.!* The Nocilla'* model is intermediate between
purely specular or diffuse reflection models. For one direction and
one energy of impinging molecules or atoms, the distributionof ve-
locities after bouncingis assumed to be Maxwellian with an average
velocity V, and (pseudo) Mach number S, =V, /(2kT./m)"?. The
central velocity V, is described by its angle 6. to surface normal
and the classical accommodation coefficient a for its norm. From
the several studies reviewed in Ref. 14, some of them concerning
AO on various materials, the following values were extracted for
Nocilla!* model parameters:

a; =0.8c0s(0.86)
6. =1.410, a={a, =0.9co0s(0.46)
az; =0.95

S, =0.4+0.70,

“)

where S, is of the order of 1, and is even smaller around normal
incidence, which means a rather diffusive model. Three different
values were tested for a; the smaller ¢ corresponds to an average
of values of Ref. 14, and the larger «; is certainly more representa-
tive of reflections on reactive materials or polymers. Other studies of
AO diffusion'® and accommodation'® by inorganic materials (met-
als, glass, anodized aluminum) confirmed that these reflections are
rather diffusive and accommodative, but gave no data specific to
Kapton. Accommodation coefficients of about 0.6 were measured!'é
on inorganic materials and should by higher on the more reactive
Kapton.

Material erosion by AO was also modeled. It was limited to Kap-
ton because quantitative measurements were only available for 13C-
labeled Kapton. The global Kapton erosion rate by 5 eV AO is
about3.1 X 107** cm?/atom. It is known to produce essentially light
species. Because heavy species were not measured, Kapton erosion
was assumed to follow the reaction

C»nH,;(OsN, + (46-n)O — 5H,0 +2NO + n CO + (22-n)CO,
5)

where the ratios of oxidation products are determined by stoichiom-
etry, except for [CO,]/[CO], which was left open with parameter
n. A ground Kapton erosion experiment'’ indicated n ~ 2, that is,
[CO,)/[CO] ~ 10, but EOIM flight data rather favor [CO,] ~ [CO].
Only the sum [CO,] + [CO] shall be considered here.
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Table 3 Ratios of AO fluxes between different
spectrometer-carousel configurations

Simulation accommodation

coefficient

Ratio considered Experiment a a o
Tilt down/tilt up 0.39 0.47 0.47 0.49
Baffle on/baffle off 0.86 0.66 0.66 0.71
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Fig. 10 Ry and R; rates for Kapton erosion by AO.

At smaller impinging energies, Kapton erosion is not so well
characterized, and two different laws for energy dependence were
found in the literature:

Ri[E(eV)] = R (5eV)e **¥F (6)
in Ref. 18, and the Beckerle-Ceyer model
R,(5eV)
Ry[E(eV)] = TF o-0E—osm @)

in Ref. 2. Although both formulas are based on experiments at high
and low energy, they differ significantly at small energy, as shown
in Fig. 10.

The products of erosion were assumed to be emitted at thermal
energy (300 K). This assumption has no effect on the fluxes, at least
as long as no collisions are involved.

Results

The carousel-spectrometerapparatus was operatedin three differ-
ent configurations, tilt-up orientation, tilt-down orientation without
baffle on the observed sector, and tilt-down orientation with baffle
(see Fig. 1). Only the tilt-up orientationof spectrometer was relevant
to the study of backflow into the bay discussed in preceding sec-
tions. The modeling of molecular dynamics in the bay now allows
the prediction of experimental tilt-down data.

The existence of several different configurations is an opportu-
nity to circumvent calibration issues by considering ratios of the
same mass peak between these configurations. Although not dis-
cussed here, absolute measurements are a very delicate matter, and
the EOIM spectrometer calibration certainly suffers from relatively
large uncertainties.For example, the predicted AO sensitivity decay’
(a factor 3.8 over the whole mission) was to be corrected after the
flight' (to a factor 5.7). Moreover, the sensitivity decay is unknown
for species such as CO,, and, thus, the decay law of AO should be
used. However, ground measurements indicated that the decays for
Ar and O were different’ (a factor 5.2 and 3.8 over mission time,
respectively), and effectively, a detailed study of flight data'! seems
to indicate a faster sensitivity decay for CO, than for O.

The dynamics of AO are examined first. The AO density in the
Shuttle bay is represented in Fig. 11. The ram pressure increase in
the bay is due to random AO trajectories “trying to” exit from that
cavity, but also due to AO deceleration or accommodation. By the
following of the precedingidea, AO fluxes into the spectrometerare
given as ratios in Table 3, first tilt-down (without baffle) over tilt-up
fluxes, and then baffle on over baffle off (both tilt down of course).

Normalized Density
50.6
353
24.7
17.2

12.0

8.4

D4.1 . 59
Dw « &Y
Dz.o - 29

20 - 20

Fig. 11 AO density in Shuttle bay (accommodation coefficient c).

Normalized Flux

Fig. 12 AO flux onto carousel sectors with baffle on. (A dividing wall
was removed to visualize the sector covered by the baffle.)

The results of the simulation compare favorably to the experi-
mental data. This essentially checks the laws of AO diffusion by re-
flections. The AO fluxes are independentof the accommodation co-
efficient a used (up to statistical fluctuations), which was expected,
because o only governs the norms of velocities, whereas orienta-
tions are controlled by S, and 6. (unchanged here). The tilt-down/
tilt-up ratio, about 0.4 due to AO diffusion, is not surprising. On the
contrary, the baffle-on/baffle-off ratio, relatively close to 1, which
was already discussed when first looking at the spectra, was judged
more surprising. However, it is correctly reproduced by simula-
tions, which shows that AO can simply pass around the baffle due
to bounces on the walls of the bay or of the experiment. Another
enhancement factor for AO baffle-on flux is that most of the atoms
that go under the baffle come out in the direction of spectrometer,
whereas they can directly leave the bay in the absence of the baffle.
However, the real experimental ratio could be somewhat smaller be-
cause the sensitivity of spectrometer could be higher for the slower
oxygen atoms of the baffle-off configuration because they undergo
more bounces than in the baffle-on configuration (cf. the discus-
sion on calibration factor variation with energy in the section on
thruster firing). The computed AO fluxes under the baffle and on
the other sectors of the carousel can be seen in Fig. 12. Figure 12
shows that the AO flux onto the baffled sector is reduced by a factor
of the order of 0.3. This reduction factor is smaller than the one of
the spectrometer AO signal due to the baffle (~0.7 in simulations,
cf. Table 3) because AO coming back from under the baffle is also
preferentially direct toward the instrument as just discussed. Flux
enhancement around concave edges of unbaffled sectors is due to
reflected oxygen atoms.

The last results to be discussed are the fluxes of erosion products.
Table 4 gives the ratios of fluxes of carbonated erosion products
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Table4 Tilt-down/tilt-up ratios of fluxes of Kapton erosion
products, for two erosion rates and three accommodation
coefficients compared to experiment

Simulation accommodation

coefficient
Kapton
erosion rate Experiment a a a3
R, 0.14 0.55 0.45 0.29
R, 0.14 0.57 0.39 0.24

(computed from *CO, + '*CO signals) in the presence and in the
absence of a baffle. The experimental ratio, 0.14, is rather small
and shows that although an important amount of AO could pass
around the baffle, AO has lost some of its eroding capability, cer-
tainly because of energy loss in reflections. The mechanismis easy
tounderstand.Oxygen atoms reaching Kaptonhave undergonemore
reflections if they had to pass around the baffle; hence, they have
lost more energy because of accommodation, and finally they erode
less Kapton because the erosion rate is smaller at low energy.

Thus, it is not surprising that, in the simulations, higher accom-
modation, &, and o, or smallererosionefficiency, R, atlow AO en-
ergy yielda smallerratio. The averagekineticenergy of AO reaching
Kapton for ¢ is substantiallyreduced from 4.8 and 3.6 eV (respec-
tively, without and with baffle) to 3.3 and 1.1 eV when ¢ is used
in the simulation. Although the ratios computed by the simulations
for three different accommodation coefficients, a;, o, and oz, and
two reactionrates, R; and R,, are in general significantly larger than
0.14, the case with the largestaccommodation, oz, and smallest ero-
sionefficiency, R, atlow AO energy gives an approachingratio 0.24.

Thus, it can be concluded that numerical simulationsfavora large
accommodation coefficient and a small erosion efficiency at low
energy for AO. These parameters certainly constituted the most rea-
sonableassumptions: Accommodationis known to be quite large on
reactive polymers and «; was certainly too low; R, smaller erosion
rate at low energy? may also be thought to be more reliable than the
older R, rate.'®

A last remark can be done about absolute values of *CO, and
13CO fluxes, althoughrelative values, that is, ratios, were preferably
studied here until now. Whereas absolute fluxes of AO are correct
(thanksto in-flight recalibration), absolute fluxes of carbonated ero-
sion products are about a factor of 5 larger in the simulation than in
the experiment, when using the AO sensitivity decay law. Because
uncertainties on erosion rates and molecular dynamics are much
lower than that, that discrepancy is certainly due to a different de-
cay of spectrometer sensitivity to *CO, and *CO, as was argued
at the beginning of this subsection.

Conclusions

The Shuttle environment was modeled in several situations, for
which quantitative fluxes were predicted. All of them were com-
pared to the EOIM-III mass spectrometer measurements, and the
agreement was generally very satisfactory.

The first two cases simulated the backflow of outgassed species
and thruster effluents into the Shuttle bay, during the quiescent pe-
riod and VRCS operation, respectively. Because the absolute values
of fluxes to be compared were dependenton the spectrometer sensi-
tivity to the observed molecules, accuracy could not be expected to
exceed approximately a factor of 2. An agreement was effectively
found in that range. This essentially validated the DSMC model of
transport through collisions.

The last simulation dealt with gasdynamics in the Shuttle bay,
which is predominantly ruled by reflections on walls and erosion
by AO. Considering ratios of the same mass signal in two different
configurations (tilt-down/ilt-up or baffle on/baffle off) led to the
expectation of improved accuracy. Agreement was obtained within
25% for AO fluxes. It was only within 70% for fluxes of erosion
products, and simulations performed for several different accom-
modation coefficients and rates of Kapton erosion by AO exhibit a
better agreement for high accommodation and small erosion effi-
ciency at low AO energy.

It could be interesting to further validate the numerical model
used in the study by applyingit to other experimentalstudies. Quartz

crystal microbalance experiments may have the advantage of pro-
ducing quantitative deposit weight data. The major experimental
uncertainties, however, would lie in the knowledge of condensable
contaminantoutgassing,as well as the stickingcoefficienton crystal,
more than in transport mechanisms that were the main phenomena
tested in the model here.
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