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Surface-particle-interaction measurements have been carried
out by utilizing the torque and drag force on two paddle-
wheel satellites with perigee altitudes between 250 and
300 km. The angular distribution of the re-emitted mole-
cules was inferred to be ndarly diffuse, and the accomo-
dation coefficients were between 0.65 and 0.9. A proposed
satellite experiment, Project ODYSSEY, is described in
which the surface-particle-interaction and atmospheric
parameters will be measured with much improved accuracy.

1. Introduction

Approximately a dozen paddlewheel satellites have been sent
into orbit in the past 10 years. They have been designed
to study the magnetosphere and the solar wind. It is only
by accident that they have revealed information about the
interaction of air molecules with satellite surfaces. At
first, the aerodynamic interaction was regarded as a
nuisance. Afterwards, it was realized that this inter-
action could provide information about surface-particle
interactions which had hitherto been unavailable.

The designers of the first paddlewheel satellite, Explorer
VI, expected the momentum of the sir molectiles re-emitted
by the satellite surfaces to be described by Maxwell's

t classical model(l), with approximately 95% of the molecules
diffusely reflected( 2 ). A postflight analysls( 3 ) revealed
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that the spin had decayed three times as fast as expected,
and an order of magnitude faster than would have occurred
if the re-emission had been completely diffuse and accommo-
dated. The Explorer VI results remained unpublished, so
designers continued to underestimate the aerodynamic
torques on paddlewheel satellites. This caused difficul-
ties for Ariel I1, many of whose experiments became inoper-
ative after 3 months because of the rapid decay of the
spin, and the consequent attitude drift( 4 ,5).

Since Ariel II, higher perigee altitudes have been used for
paddlevheel satellites, thus reducing the aerodynamic
torques. Of more direct interest to this symposium, the
effects of aerodynamic torques on paddlewheel satellitcH
have been studied by several authors( 3 , 4 , 6 -11). These
studies have revealed information about gas-surface inter-
actions in the space environment which cannot at present
be obtained by simulation studies in the laboratory.

2. The Results of Measurements Using Paddlewheel Satel-
lites

Paddlewheel satellites reveal information on gas-surface
interactions which conventional satellites do not: The
reason is that conventional satellites furnish a single
aerodynamic measurement, which is proportional to the
product of the air density and the drag coefficient, while
paddlewheel satellites furnish two measurements, one of
which is very sensitive to the incident momentum, and the
other is most sensitive to the re-emitted momentum. The
first measurement, the aerodynamLc drag, is well known, and
has been extensively treated in the literature(12-16). The
second kind of measurement, the aerodynamic torque, is
little known although it has been studied by several work-
ers( 2 - 4 , 6 -11, 1 7 ). The simplest analysis of the effect of
aerodynamic torque on a paddlewheel satellite is the
original analysis of Leon and Reitir( 2 ), which was based
on Maxwell's classical model( 1 ) of gas-surface interaction.
Leon and Reiter's analysis is suarized in the Appendix.A more general analysis based on Schamberg's models of gas-
surface interaction(1 8 ) appears in Reference (10). The
analysis based on the diffuse case nf Schamberg's models
has been worked out in great detail in Reference (9).

Whenever a new method of measurement is used, it is natural

I



'U

SIXTH RAREFIED GAS DYNAMICS

to ask how its results compare with older, better estab-
lished methods. In thi- measurement of aerodynamic toeques.
one might wonder whether solar radiation torque had 1-een
correctly subtracted out, and whether charge drag oy some
other exotic effect could have invalidated the measure-
ments. Fortunately, bcth the drag and the torque are pro-
portional to the air density, so direct comparisons can be
made between the two types of measurement.

Three such comparisons have been made. (1) Densities at 278
km given by the CIRA 1965 model atmosphere(1 9 ) have been
compared with those measured by the spin decay of Explorer
Vl(10); (2) The corpuscular heating effect derived from the
spin measurements of Explorer VI(20) has been checked
against two curves for this effect obtained from satellite
drag data by Jacchia and his colleagues( 2 1, 2 2 ); (3) Density
scale heights measured by the paddlewheel satellites Ex-
plorer VI and IVP II have been compared with scale heights
obtained from drag data( 2 3 ). The good agreement found in
all three cases gives us confidence that the method is
accurate.

Although the drag force and torque on paddlewheel satellites
can be accurately measured, this does not guarantee that the
drag coefficient (Cd) and accomsodation coefficient (AC) can
be found. A model of surface particle interaction must be
assumed before these quantities can be computed. In order
to determine the range of possible AC's and Cd's, five dif-
ferent models were used with the Explorer VI and Ariel II
data: Maxwell's classical model(l), two cases of Scham-
berg's model(1 8 ), an? two cases based on angular distribu-
tions observed by Alcalay and Knuth( 2 4 ) at 1 e.v. Polar
plots of the angular distributions of re-emitted molecules
are shown in Fig. I. All the cases except Maxwell's were
computed using the mechanics of Schamberg's models, so that
the speed of re-emission is assumed to be independent of
the angle of reflection. The angular distributions of mo-
lecular flux and momentum are identical in this formulation,
which causes the energy AC to be simply related to the speed , ---......

of incident and reflected molecules. The equations for cal-
culatiug Cd and AC from paddlewheel satellite data have al-
ready been published(10), so they will not be repeated here.

The AC's computed for the first month Explorer VI was in or-
blt(10), and for the first 5 days of Ariel II(11) are shown
in Fig. 2. Each paddlewheel satellite had two surface mate-
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rials, which were assumed to have the same AC. Regardless
of the angular distribution assumed, the AC is high. This
result has several implications: (1) The angular distrib'i-
ti•r, of rzflected mole-,,leR is nearly diffuse; (2) The sat-
ellite surfaces are contaminated.

These coaclusions fit in with other experimental facts: We
know that satellite surfaces are contaminated by adsorbed
atmospheric gases because the nude mass spectrometer on Ex-
plorer XVII continued to measure sizable concentrations of
atmospheric gases during the part of Its spin cycle in which
the ionizing source was completely shielded from the inci-
dent air stream( 2 5 ). In laboratory measurements on argon at
4 *.v.( 2 6 ), nearly diffuse reflection from contaminated sur-
faces was observed when the background pressure corresponded
to an altitude of 170 km in the atmosphere.

The three satellites mentioned in the preceding paragraphs
had perigee altitudes between 250 and 300 km. For that
range of altitudes, the results above suggest that satellite
surfaces are contaminated, the angular distributions are
nearly diffuse, and the AC's are between 0.65 and 0.9. The
Cd's implied by these measurements are about 2.25 for Ariel
II, which was in a moderately eccentric orbit, and 2.4 for
Explorer VI which was in a highly eccentric orbit(l 1 )

Thus it appears that the Cd of 2.2 which is conventionally
used to derive atmospheric densities from satellite orbital
decay(27) is close to the actual value for the satellites
in orbits of low or moderate eccentricity whicit usually are
used. However, the surface contamination is a function of
the ambient pressure, so this conclusion only applies to
perigee altitudes below 300 km. A satellite with a perigee
height of 700 km might have a Cd that was consideraoly
higher or lower, depending on the AC, the angular distribu-
tion of re-emitted most ;um, and the satellite geometry.

Laboratory measurements( 2 6, 28 , 29 ) and theoretical calcula-
. - tions( 30 -3 2 ) indicate that the AC's of contaminated sur-

faces do not depend greatly on the substrate material,
especially at the higher incident energies. We cannot say
from the satellite experiments how much the AC depends on
the substrate material, the level of contamination, or the
angle of incidence. The effect of angle of incidence could
be investigated by using some data from Ariel II which ex-
ist for many angles of incidence, but which have remained
largely unreduced because of lack of time and money. Unused



iU

SIXTIH RAREFIPI) GAS DYNAMICS

dnta also eyist for several other satel'tea. Most of
tlhese u|ncertalnties, however, will remain with us wutil

Hste!lftc ,xpt:ri~ments are conducted with the specific pur-

pose of investigating gas-surface interactions in the space
environment.

3. Project ut.

Because of the incompleteness and lack of coordination of

the measurements of air density, composition and surface-
particle interaction which have so far been performed in
space, the Marshall Space Flight Center has proposed the
ODYSSEY Program(33,34), which will perform a coordinated
set of measurements on several satellites simultaneously

launched into neighboring orbits. The part of this program
devoted to surface-particle-interaction measurements in the
free-molecular regime will now be described.

One satellite will be a diffusely reflecting sphere, a type
of satellite which was first suggested by Schaaf( 3 5 ). Its
Cd can be accurately calculated from the speed ratio and
the satellite temperature. STADAN tracking measurements of
its orbital decay will measure the drag force. This will
enable the average atmospheric density over 3-day inter-

vals to be determined within I or 2 percent.

The second satellite will be a paddlewheel satellite. Its
Cd will be directly calculable from its orbital decay, be-
cause the atmospheric density will be known from the dif-

fusely reflecting sphere. Knowing the absolute atmospheric
density from the sphere, and the satellite velocity from
the tracking data, we shall know the momentum imparted to
the paddlewheel satellite by incident air molecules. The
rates of orbital decay and spin decay of the paddlewheel

satellite can then be used to calculate -omponents of the
momentum of the re-emitted molecules.

In order to measure the momentum re-emitted from several
different materials, the central body of the paddlewheel

satellite will be coated with paint (whose principal func-

tion is to control the temperature inside the satellite),
and the two sides of the paddles will be of two other mate-
rials, such as silicon dioxide and gold. The paddles will

be movable like a variable pitch propeller, so that the ef-
fect of angle of incidence on the surface interaction par-
ameters can be measured, and the drag on the painted sphere

r(
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can be separately measured. By subtraction, the force com-
ponents on single materials can be found.

It is the force components which we measure, but we would
also like to know whether some simple model gives a good
macroscopic representation of the interaction of air mole-
cules with sazeiiirp r,!rfacee, Tt 4s vlanned to compare
the measured momtntum components with those given by Max-
well's and Schamberg's models, and superpositions of Scham-
berg's models with different AC's. Extrapolation of results
of the analysis of Explorer VI and Ariel II suggests that
AC's can he measured with an accuracy of a few percent every
3 days. Suitable equations for making most of these cal-
culations have been published in connection with work on
earlier paddlewheel satellite (2,10). The phvsics of the
problem is made clear in the Appendix, which I s a summary
of Reference (2).

Even with all these quantities being measured, it is pos-
sible that the measurements would not apply to any other
satellite: Adsorption and desorption proceed continuously,
so Cd probably changes continuously in the neighborhood of
perigee. A satellite with a different perigee height or
orbital eccentricity might have a different average Cd near
perigee. In order to detect such effects, the satellites
will be placed in highly eccentric orbits. Lunar and solar
gravitational perturbations will then raise and lower the
perigee altitude with periods of 14 days and 6 months,
respectively. Cd can be measured for many different peri-
gee heights. If the sun sensor which measures the spin
rate is sufficiently accurate (10 sec of arc), it should
even be possible to detect changes in the drag coefficient

Sthe satellite passes down through perigee and back up.

Several different investigators will make simultaneous
measurements of the atmospheric density, temperature, and
com4position by the mass spectrometric( 3 6 ) and extinction( 3 7 )
techniques. It is hoped that a nude mass spectrometer will
be able to correlate the level of surface contamination with
the AC at various perigee altitudes between 110 and 300 km.
(The use of mass spectrometers to study adsorption is dihs-
cussed in a companion paper( 3 8 ).) The level of solar UV
radiation will also be meastred in several energy ranges.
One experiment often illuminates some point which is
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obscure in another experiment, so it is hoped that by per-
forming all these experiments at the same place and time,
the present disagreements( 3 9 , 4 0 ) among satellite density
and composition measurements will be resolved.

4. Conclusions

Measurements made by paddlewheel satellites and mass spec-
LtoaLera 'in tIh altitude range 250 to 300 km indicate that
satellite surfaces at these altitudes are contaminnte(i with
adsorbed atmospheric gases, the AC's are in the range 0.65
to 0.9, and (by implication) the angular distribution of
re-emission is nearly diffuse. The Cd's implied by t-cse
measurements are 2.25 for Ariel II, which was in a moder-
ately eccentric orbit, and 2.4 for Explorer VI, which was
in a highly eccentric orbit. This appears to confirm the
Cd of 2.2 •,hich is conventionally used to reduce satellite
drag data. How'ver, the AC, Cd, and angular distribution
could vary wi.,' altitude, orbital eccentricity, angle of
incidence, and surface material, so the air densities in-
ferred from past drag measurements could contain sizable
errors, especially if perigee were above 600 km.

To eliminate the deficiency of knowledge in these areas,
the Marshall Space Flight Center has proposed Project
ODYSSEY. In this project, many different investigators
will make coordinated measurements of AC's, Cd's, satellite
surface contamination, atmospheric density, composition,
and temperature at many different altitudes, as well as the
solar UV energy source. The many techniques which will be
employed simultaneously make this the most detailed study
of the upper atmosphere and its interaction with satellites
which has yet been proposed. It is hoped that this con-
certed investigation will reveal how satellites interact
with the atmosphere, and will resolve present disagreements
among density and composition measurements made by differ-
ent methods.
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APPENDIX

Leon and Reiter's Analysis of the Aerodynamic Torques
on a Paddlewheel Satellite

Paddlewheel satellites are injected into orbit so that the
spin axis nearly coincides with the velocity vector at
perigee. The satellite spins like a four-bladed propeller,
with the incident air molecules continuously striking one
side of the paddles. The resulting torque increases or
4ecreases the spin rate during each perigee passage, depend-
ing on the orientation of the paddles.

Leon and Relter's( 2 ) original analysis is summarized here,
because it clearly illustrates the physics of the problem,
without the geometrical complications of a more detailed
analysia( 9 ). The velocity vector at perigee is assumed to
coincide exactly with the spin axis, so that scalar equa-
tions can be used. Maxwell's original model of surface-
particle interaction is employed, so a fraction o of the
incident molecules initially stick on the paddles, then are
perfectly accommodated and diffusely re-emitted, while a
fraction 1-o are specularly reflected.

The model of the satellite used in Leon and Reiter's
analysis is shown in Figure 3. In this figure, the velocity
of the satellite is V, the instantaneous velocity of a
paddle relative to the center of mass is wL, and the angle
between the satellite velocity vector and the paddle normals
is 8. The rate at which mass strikes each paddle is pV x
A cos 8, where p is the air density and A is the total area
of one side of a paddle. The drag force caused by the
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fraction, a, of particles temporarily sticking on each pad-
dle is

F. - - UPVA coo 0 V (1)I

There is only a s=•11 component of F 1 acting to retard the
spin, Fl (wL/V). The torque caused by air molecules strik-
ing the four paddles and sticking is then

- -4 ooVA L2 coo 8 (2)

The tor-que caused by diffuse re-emission is calculated by
beginning with the assumption that the rate at which mast
is re-emitted equals Che rate at which it sticks:

dm2 /dt - 4 aPVA coo 0 (3)

The torque caused by diffuse re-emission is then

T2  -4 o0VA cos eCnL sin 6 (4)

where C is the normal component of the velocity of re-
emissionn. The total torque caused by molecules which stick
and then are diffusely re-emitted at the surface temperature
is

Td " -4 apVA coo 8 L2 [w + C sin 0/L]. (5)

The mass rate for the specularly reflected particles is

dam /dt - 4 (1 - a) PVA coo 0 (6)

The force is normal to the paddles, and equal to

F W -4 (1 - a) oVA cos 8 2 V cos 8 (7)

The torque caused by the specularly reflectcd molecules
is then

i -4 (1 - a) pVA coo 8 2 V cos 8 L sin e (8)

Combining the torques caused by the particles which are
diffusely and spec-larly re-emitted (given by equations

(5) and (8), respectively), the equation of motion for the
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spin becomes

2 C sin 0
Iw - -4 apVAL cos 0 w + - .

L

+ 2 (1 - a) V cos 6 sin 8 (9

where I is the roll moment of inertia, and w is the angular
velocity of spin.
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FIGURES

1. The Models of Angular Distribution

2. Accomuodation Coefficient as a Function of the
Assumed Angular Distribution

3. Explorer VI Satellite at Perigee (after Leon and
Reiter)
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FIGURE 2. ACCOMMODATION COEFFICIENT AS A FUNCTION OF
THE ASSUMED ANGULAR DISTRIBUTION

10

K}-ARIEL 1
H { (A)

u- I -- EXPLORER

0

z
0

o 5-
0

0
()
0

0-
SPECULARI DIFFUSE QUAS- - FRESH OLD
+DIFFUSEi SPECULARI Ag GLASS

MAXWELLI SCHAMBERG ALCALAY AND
SI KNUTH

AN AJt AR DISTRIBUTION



LL-J

CD J

LIJ
.00

LJJ

-LJ-

z

clLLJ

LLAJ


