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ABSTRACT

Calculation of C, for satellites using accommodation coefficients is reviewed. A
phenomenological modal for accommodation coefficients due to Hurlbut, Sherman, and Nocilla is used
to obtain values for the accommodation coefficients for average satellite materials, thermosphere
copstituents and temperatures, and satellits velocities using a number of 1aboratory measurements. There
is a significant difference between these results and the traditional method of calculating C,. These
differences contribute as much as 20% error in use of thermosphere models for calculation of satellite
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1. INTRODUCTION

The drag force per unit mass (M) on an element of area (A) of a satellite is given by

F.—.—%Cd (%)QI/;V" ’

where p is the atmospheric density and V, is the speed of the satellite with respect to the atmosphere.
Analysis of satellite drag involves the product of three quantities: the projected area to mass ratio (4/M),
the ballistic coefficient (C,)), and the atmospheric density (p). None of these is known without emor.
General analyses [1-3) suggest that the error in calculation of drag ranges from 15% at 300- to 600-km
altitudes to 30% at 800- to 1200-km altitudes. This is true, even for sphetical satellites where the
projected area is known without error. Due to the complexity of thermosphere models, it has been
generally assumed that the error is due to inadequacies of these models. There is abundant evidence that
thermosphere models have these errors [2,3]. The purpose of this discussion is to evaluate the possible
error due t the uncertainty in the knowledge of €.

There are some limits on the focus of this report. Cook {4] provides an excellent review of the
issues, which are summarized here. The mean free path 4, in the thermosphere is over 200 m at an
altitude of 200 km and increases o more than 600 m at 250 km. If the satellite linear dimension is L,
then the Knudsen number K= 4 /L>>1 and free molecular flow occurs. Therefore, consideration is limited
to calculation of C, for fres molecular flow,

In low earth orbit (LEQ), the kinetic ensrgy of molecules relative to a satellite surface is about
0.323 ¢V/amu or about 5 eV for atomic oxypen. LEO velocity is approximately 7.5 kn/sec for circular
orbits, and bigh eccentricity orbits can excesd this.  Geosynchronous orbit (GEO) velocity s
approximately 3.0 kiv/sec. From Figure 1 the interest in molecule kinetic energy is determined to range
from 0.10 10 12 eV.
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Figure 1. Velocity vs. kinetic energy.
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Tae thermosphere constituents of concern here are H, He, N, O, N,, O,, and Ar. At 200 km, N,
and O are the major constituents and have nearly the same number density. Above 600-km altitude H and
He number densities are comparable with O, and N, has decreased. At higher altitudes H becomes the
dominant constituent. These results are shown in Figure 2, calculated from Hedin's MSIS84 thermosphere
model [4].

Finally, the numerical value of C, is different for each constituent. Therefore, the drag force
should be written
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Figure 2. Molecule number density.

whese p, is the deasity for the * constitueat, and C, is the comesponding ballistic coefficicnt.




2. ACCOMMODATION COEFFICIENTS

The general theory of the interaction of a surface and a gas is not yet at the state where a physics-
based model can predict the exchange of energy and momentum. Therefore, one must make use of
macroscopic averages. The formulation defines three accommodation coefficients defined by the thermal
accommodation coefficient

the tangential momentum accommodation coefficient

TI ‘Tr
o=

Ti Tw

and the ponmal momentum accommodation coefficient

a’aprpr
PPy

E, and E, are the enargy fluxes incidzat on and recmitied from a surface clement per unit time. The
_-quanlity E, is the energy flux that would be carried away if all the sccommodated molecules were
recinitted with a Maxwellian distribution with temperture 7, (the surface temperature). So, ads a
measure of the amount that molecules have their energy “accommodated” to what it would be if all those
seernmitted had an enexgy £, For complete accommedation a=1, while with no accommodation a=().
Complete accommodation (a=1) is often referved to as diffuse scattering, whereas the latter (@=0) is called

The treatment of momentam transfer originally dug to Maxwell postulated that a fraction (1-0)
- of the incident molecules had specular scattering, and the retmaining incident fraction (6) was scattered
diffusely. This formulation proved to be inadequate, which led to introducing two coefficients as defined
above in analogy to the expression for & In this case x and p are the tangential and notmal momentum
components. Now, p, and 7, are the normal and tangential momentum components recmitted with a
Maxwellian distribution T, Therefore, 1,=0. For the liniting cases of entirsly specular reflection—with
0o energy exchange—o=o='=0, and for completely diffuse scatteing, a=0=0'=1.

In general, these tiree parameters are considered independent and will depend on properties of
the gas and surface material states. In addition there is considerzhie evidence that these parameters vary
with incident angle. Thercfore, the accommodat. .o coefficieals are coasidered to be of the form

_E(0)-E(8)

O EwrE,
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_70)1(6)

=%

pi0)-p,(6)

o/(8)=
( ) pi(a)?’w

These accommodation coefficients are quite arbifrary, and a aumber of authors have introduced variants
of the momentum coefficients tha® display their data to advantage. The first variant [6] defines the
"relative normal momentum transfer RNT" as

a‘ E= e ]

Py

The second variant {7.8) is to view the normal momenum cosfficient as a vector quantity and define

a ﬁpl’pg
: ml’i‘?v

The third (8.9 uses both thess ideas to define

"y
aim pi»fr i
Pi

In the following, this last deRaition is used with the label
e

In ail cases, these cocfficients are assumed to depend oa the incideat angle .

Schamberg {10,11) introduced discussion of the scattening characteristics in addition to the amount
of sccommoidation. He considersd the angle of the (mean) reemitted beam 6, and the shape of the beam
¥; see Figure 3. Hurbut {8,12) reviews more modera data on these propesties.  The issues remain
Schamberg discussed a geoers] distribution function of scattered molecales abowt the mean reemitted
beam. Because general models wete a0t available at that time, be was only able to satisfactodily treat two
limiting cases. He did this by introducing a meathematical relation between the 8 and 0,
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Figure 3. Notation for surface interaction model,
g - First is the traditional case of specular reflection for which 8,=@. This is obtained when y=1. Here, the

particle reflects off the surface. Second is the case of diffuse reemission y=co. In this case, the mean

- “beam of reemission is at 6=r/?, and the particles are reemitted with a Lamberuan distribution, This is

W ~ . often characterized by saying that the paiticle has lost all knowledge of its incoming direction. Cook

BRI " {4,13] treats these two limiting cases. The actual function 6,(8) cannot be represented by such a simple

analytic function. The Hurlbut, Sherman, and Nocilla model (HSN) assumes a Maxwellian distribution

_ or «he function ‘¥, while leaving 6,(6) unspecified. Part of the task of this analysis is to determine this
. . function.




3. DRAG COEFFICIENTS

The modern treatment of molecular scattering of gasc. at a surface—leading to definition of the
drag coefficient C, and lift coefficieit C—is presented by Schaaf (147 and ".chaaf and Chambre [15].
Lacking detailed quantum mechanical models, it is customary to cxpress the scattering in terms of the
tangential momentum transfer coefficient ¢ and the normal momentum transier coefficient ¢'. It begins
by assuming a gas in Maxwellian equilibrium, at temperature 7, flowing past a surface element, with
velocity U, at an angle of attack 0 (defined in Figure 4) with the distribution function

(E-U sin®) (U cos9)+2
4

f~ 0 e RT ,

m(27RT)

3w

where the gas constant R= k/(N, M) = 8.3145112x10"/M (cm/sec)”/deg K, and M is the mass in atomic
mass units (amu). Table 1 lists some basic physical constants used in the analysis.

DtN4

Figure 4. Coordinate system for surfuce
scattering calculations.




TABLE 1
Physical Constants

Boltzmann k = 1.3806858x10™* ergs/K
Constant

Avogadro's N, = 6.0221367«10% mol’
Number

Stephai's o = 5.67051x10° Wem? K*
Constant

M(p) = 1.007276470 g/mol

m, = 1.6726230x10%' | grams/amu

1.6021773x10™" ergs/eV

Schamberg {10,11] introduced the idea of expressing the drag coefficient in tenms of the thermal
accommaodation coefficient . Cook (4], based on Schamberg's idea, provided the treatment most often
used in asronoiny studies. Alfonso et al. [16) exteaded Schamberg's theory {0 account for the Maxwellian

properties of the gas.

The drag end lift from scattering off a flat surface element (Figure 4) at an incidencs angie 8 can
be obtained from Schaaf and Chambre {15] as

e ]

2N T §
w‘(”!i&glﬁnzgéng‘_gl_ Tw i

C, = sinffl *erﬂm{(z«fxsmzojéq)mzo.gj T, sinol
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/ T o
C = cose[1+enf(so)((2-0')(sin20+;§-5)+acosze+£’2- ff.ﬂ‘gﬁ

—
/
+sinfcosfe ‘(S")’{Z'“ A \J_T.’"

/S JmS 28%ing\ T

which depend on ¢ and &', the speed ratio S = UN (2RT), and, following Hurlbut [17]; S8 = S sin(8).
Note that

1% =/2RT »used here, is the most probable velocity, v, =/8RT/w »used by Alfonso et al.,

belcw, is the average velocity, and
V.. w=m is the velocity corresponding to the average thermal energy [18).

Schamberg [10,11] introdu-:d the idea that C, could be calculated from energy considerations

aul proposed

c,=t1+3ﬁ"-a sinf kinf

3 J

with the corresponding lift coefficient

c,=-“3-\/"‘1-a sing cosd
Schamberg's formulation cssumies the conditions $>>1 and T,<<T. Schamberg discusses a general
scatiering pattern acd adopts a Lambertian reemission model leading to these relations. However, this
formulation alsn assumes a relation between o and ¢ and ¢'. Such a relation, if indeed it exists, will be
more complex than implied by these relations.

The formulas for C for a snher. follow, usiug




=|

cphl ff a2 C, cosh dA df

N

where a is the radius of the sphere, A = na®, and CS*2= 0. In this case the integral in 8 runs from -7/2
to /2 t0 include the interaction of thermal motion on the down stream side of the sphere. The exptession,
assuming ¢ and ¢' are constant, is

1 1 1 . es 2a’|wTw
1.__—.___)e’fs 1+ Y -
“SZ 454 I 292’\/;.9)33 T

Using Schamberg's formulation, we have

= (2-0'+0)

T
-1 (152 11.2 /T sinBlsin cosh di d8=21+2/Ta
A{{a [1+3 “ sinfsing cos di d@ ‘g T«

Here, the integral in 6 runs from 0 to n/2. They do reduce to the same result for the limiting case where
Sy, T<<Tando=0=0"= 1.

Now Alfonso et al., tried to include the effects of the Maxwell gas average thermal velocity,
V,= ¥ (8RT/n), in Schambesg's formulation and derived

14
ekl

In the case when o = ¢ = ¢ = | and T,<<T, the Schaaf and Chambre formula reduces to the slightly
different relation
vV

V2 7T2 4
Phog T ) Tt
P37 57)

s

V>V

s ¢

1+—f1~_a

ol

Using V,, quygy for the thermal velocity, the relation becomes

10
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The Schaaf and Chambre [15], Schamberg [10,11], and Alfonso et al. [16] formulations cannot be
reconciled. We adopt the Schaff and Chambre formulation.
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4. THE HURLBUT, SHERMAN, AND NOCILLA THEORY

In a number of discussions of rare gas solid interactions for satellite regimes (i.e., with satellite
velocities and thermosphere composition), Hurlbut {8,12] has summarized the existing data on satellite
accommodation coefficients. Nocilla pointed out the characteristic of the scattered gas being a “drifting
Maxwellian," and Hurlbut and Sherman [19] developed a formalism for mathematically describing this
process, called the Hurlbut, Sherman, and Nocilla (HSN) theory. In this section, the results are given,
without approximation, in the form used for the subsequent analysis.

The HSN theory postulates an incident Maxwell gas with velocity U, temperature 7, impinging
a surface at an angle 6. The particles are scattered with a velocity U,, and temperature 7, at an angle 6,.
Given these six variables, the molecular weight, isentropic exponent y, and the temperature of the
scattering surface T,, the HSN theory predicts o0, and ¢'. Recall that the adiabatic exponent ¥ = 5/3 for
point atoms, ¥ = 7/5 for diatomic atoms, and y = 4/3 for polyatomic atoms [18]. The elements of the
theory, as described in Hurlbut [17], are as follows.

Following Schaaf, Hurlbut [17] finds the normal momentum flux p, of a particle scattered from
a surface

2
prz_ﬂ-—
2/wS?

+22_’_ ‘f_TT_w_ (e -(30)21.\/77(30)(1&11’(80))]

(1-a')((s9)e °<“>’+¢F(§+<80>2)<1+af<se)))

This leads to the expression for ¢' as

. T, %(S6) ..
p 4 (S0)° ? " ( s’o’)x (Sror)

o=
oL I."_Ti
x7(56) T 1(50)

1(58)=e "0/ (SO)(1+erf(S0))

where

L (SO=0)x(50)+ L (1erf(s)
Now the net tangential momentum ¢ imparted to scattered molecules leads to

SU} [T cos(8,)

o=1
UZS, T, cos(6)
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or

1 U cos( )
U cos(8)

which is somewhat more intuitive.

The equation for o can be obtained from Hurlbut and Sherman [19] as

S0 -
T[‘P(SO)+53Y (S )] { 28,) %(50) 5-3y X(56)

2(y-1) X( 5 2D

NoS-3Y Y*l
(S5 ooz us0)

where

¥(S,0)=(S 42)e Wsy/ms 2*%)(80)(1mf(.$8)) '
which for $>>1 reduces to W($,0)=2v' 5° (56). Then ¢ is approximately
7{“ 5-3y ] ¥(5,8,) 5-3y J
Ay-1)] 1 x(S8) 2Av-)

SZAS,?’Y -T, v+
2(*{-1)] “Uy-1)

A useful result obtained when S9>>! and T «<T' is

tan(s)) l3’-}«:(@)

The resulting equations provide a self-consistent computation for the three accommodation
coefficients o, 0, and o’ interms of U, T, 6, U, T, 8, T,, and y. These vatues of the reflected parameters
U, T,, and 0, must be determined from measurements. Assume that there are observations of «(8),0(6),
and 0'(0) for a given T, U, y, and 7., We can proceed as follows.

Consider the three simultaneous equations

g 4{ G(U,.g’.)
[0 "o (UnT,8,)
a}|a(U,.T,.6)
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where U, T, 6, T,, and ¥ are known constants. Given the three quantities o, ¢, and ¢, the values of U,
T,, and 0, are not independent but must be determined as a set. A numerical invsrsion of thess equations
can be obtained without making the $>>1 and S>>1 approximation. An importani side result is that
because U, and 7, must both be positive quantities, not all combinations of &, ¢', and «a arc possible.

Start by using the equation for 6 to obtain U, as a function of §,and 6, U =U(1-¢)-> g
cos 8,

Then, use this value in the equation for ¢ to obtain 7,. This is done by iteration. With a little algebre
one can obtain the following equation, which converges rapidiy by iteration.

. T )
PO RIS COSARLITED) U@mg}z ,

T= LRI sind (1+
where

— e-(s.".)2 ’

VI(SH,)(1+erf(S,6))

X(SO)=e v r(SO)(1+erf(S8)

and

KOOSO LT (1oeflS9)

where x contains the only dependence on T, In effect we have the fuaction 7,(0,) withoul any
spproximation. One can now compute o(U,(0,),7(0,).8,), and numerically find the value of 3, that
corresponds to the given value of oo In doing this calculation for the full range of 8, it is immeciately
apparent that a limited range of « is obtained for a given pair of ¢ and ©'.

As an illustration, we take the example from Huribut [17] for a proposed Magellan Aeropass of
Veaus. Table 2 provides the atmospheric parameters for Veaus at 140-km altitude,

- Hurlbut was illustrating the relation between the accommodation coefficients (a,0,0°) and thie
scattered parameters (U,7,.6,). His results were based on approximations, where this computation is done
without approximation. The computation begins by choosing the values for a, 0, and ¢’ given in the first
thres columns, The numerical inversion is performed as described above. The first two lines of the table
give good inversions. Added to the table are values of the minimum and maximum values o, and @,
and the angle corresponding to thie latter 6,.,,,). For the other cases chosen by Hurlbut, rows 3 through
8, the value of a falls outside the allowsble range. Four additional lines to the table were added, choosing
a value of o within the allowable range, and the inversion is successful.

15




TABLE 2
Atmospheric
Parameters for
Venus

T,=39K

T=225K

S =2327

U = 7.85 km/sec

R = 253

'{?..1.42

Mol.wt. = 32.86

0 =30 deg

Altitude = 140 kmn

This analysis leads to a question. Tho range of a could be restricted further by assuming that
T>T,. Intuitively, it would seem plausible the! an accommodated molecule would always scatter with a
tempcerature greates than the scsuering curface. However, this seems to impose some physics from what
is fundamentally a phenomenological model. In addition intuitively one might belicve that >8. This
is bourn out by the data on neutral molecules but, as will be shown in Table 3, not for ions.

16




TABLE 3
HSN Model for Accommodation Coefficlants

] o a 8, U, T, S iy e B
0.60 0.60 0.80 28.9 3106 1880 3.185 0.693 0.835 337
0.80 0.80 0.75 17.6 2853 4780 1.835 0.6938 0.835 33.7
0.90 0.90 0.90 0.539 0.968 0.993 47.8
0.90 0.90 0.80 0.381 0.968 0.993 478
0.80 0.80 0.80 1.298 0.906 0.859 39.1
0.80 0.80 0.80 0.830 0.506 0.959 39.1
0.80 0.85 0.80 0.630 0.951 0.988 63.7
0.80 0.85 0.95 0.870 0.951 0.988 54.7
0.85 0.?0 0.80 0780 0.959 0.883 6.3
0.85 0.90 _ 0.95 1.118 0.859 0.9883 36.3
0.99 0.80 [1X: 14 5.6 ;1) 1306 A 0.840 0.968 0.993 47.8
0.80 0.80 063 » 231 1478 1643 1.626 0.906 0.958 39.1
0.80 0.85 0.86 28 187 1680 0.628 0.951 0.988 63.7
0.85 0.90 0.86 24 1021 1343 1.238 0.859 0.983 36.3

17




5. GOODMAN AND WACHMAN THEORY

The Schamberg theory for calculation of ballistic coefficients uses the thermal accommodation
coefficient o to characterize the scattering. Many aeronomy studies use the formulation by Cook [4] for
this calculation. The basic idea is as follows. From the simple classical theory, the energy exchange
between two smooth, hard spheres leads to the elementary result

A

(L)

for the mass ratio p = M/M, <1, where M is the mass of the incident molecule and M, is the mass of the
surface atom. Cook [4] argues that for most satellite surfaces, the outer layer is primarily oxygen. This
is either from aluminum oxide or silicates that are used for solar cells or adsorption of atomic oxygen.
Therefore, we adopt M, = 16 in the following analysis. In Baule's original analysis [20], with collisions
between hard spheres, for averages over all angles of incidence, the result is

a= .
(L)
Goodman and Wachman [21] derived a formula for a(T) based on a :attice theory and experimental data.

Though not directly applicable to the satellite context, it gives a working relation to be used in the context
of the Schamberg formulation. Goodman and Wachman find the relation

a=

c0)a 2t
) (1+)?

for the hard sphere limit with $<0.84. The final result is

Lo L
a(T)=1-¢ T*a(w)tanhi[a‘ﬂ(\—gl} T '

where T, a, and A are physical properties of the scatiering surface. From Table Il of Goodman and
Wachmnn,wecanadoptﬂmfollowmg values for typical satellite surfaces: 7,= 0, a = 1.45A%, and A =
670 (g* deg™/mole* A). This reduces to

For the range of temperature considered here, we use ae) in the following numerical examples for the
thermal accommodation coefficient.

19




The Hurlbut, Sherman, and Nocilla (HSN) theory is based on properties of the incident flux (U,
T, 6) and the reflected flux (U, T, 8,) as well as M, T,, and . U, T,, and 6, would be the underlying
variables of the scattering process. We would like to have a reductionist model that predicts U, (U, 7,
6, T,, v, gas constituents, scattering surface properties), T, (U, T, 6, T,, v, gas constituents, scattering
surface properties), and 6,(U, T, 6, T,, v, gas constituents, scattering surface properties). Today, no such

model exists.

There are some experimental data and, therefore, we seek an empirical model that is limited to
the satellite context as defined above. The experimental data sets are listed in Table 4.

6. EXPERIMENTAL DATA

TABLE 4
Data Used in Modei
Source Energy Velocity < o

(eV) (km/sec)
Selde!l and Steinheil He 0.05 1.77 -0.001 0.012
Musanov and Nikiforov N, 2.0 42 0.000 0.008
Liu, Shamna, Knuth He 1.0 6.946 -0.007 0.046
Baoving and Humghris N, 8.0 7.42 0.003 0.021
Doughty and Ar 25.0 10.89 ° 0.001 0.031
Schastzle
Boring and Humphris N, 260 13.13 -0.051 0.102
Doughty and N, 250 13.13 -0.001 0.020
Schaetzle
Knechtel and Pilts N, 100 8.3

These ars all dasa of the momentam accommodation coefficients in nearly sstellite coaditions. There is
no data of the thwee accommodation coefficients together. We have selected data sets with velocitics
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corresponding to near-earth orbits. In addition, data sets were limited to those cormresponding to Cook's
prescription, i.e., where a reasonable assumption that oxygen was the principal scattering atom.

These data sets have a number of limitations. First, there is no data on the thermosphere
constituents: N, O, H, and O,. Second, al! the results are given in graphical form. Lacking tabular data,
the numerical values of ¢ and o' were necessarily read from the curves with a consequent increase in
error. The mumerical values are given in Table 11. The standard error of fit of the model to the data is
0.026, and the mean and standard etror for each data set is given in Table 12. Finally, the experimental
conditions are not thoroughly known. For example, we do not know the appropriate values for the
Maxwell gas teraperature T' (700 K was assumed), though we do know the velocity. Also, the temperature
of the scattering sample T, was not given and was assumed to be 300 K. A brief description of each data
set follows.

6.1 SEIDEL AND STEINHEIL (1974)

The description of the experimental set up stated that the He velocity was 1770 m/sec. However,
it was also stated that this corresponds to an energy of 0.05 eV. He at 1.770 km/sec has a energy of 0.065
¢V, and He with an energy of 0.05 eV has a velecity of 1.553 km/sec. We have chosen to characterize
the data with a velocity of 1.770 km/sec.

Seidel and Steinheil chose to give their results in teams of ¢ and the "relative normal momentum
transfer RNT” ;. For use here, it was converted o 0" = 2.0,

Seidol and Steinbeil plotted results for He scattering off copper, shellac, wngsten, gold, glass, and
sapphire. Following Cook's reasoning, we stlecied the sapphite data s a sapphire, ALQ,, surface is most
liknly 10 present oxygen as s scattering object.

These data are used (0 cbtain an initial svaluation of the reflectad scatting angle 9,. Using the
appeoximnte formula for 8, we can calculate 6, from 0,0°, wid 8. As scen in Figure 5, for He a1 1.77
knvsec, 6, is a mmonotonically increasing function of 0. At incidest angles approsching 90 deg, it is nearly
equal t0 0. This is the conditioa for specular reflection.

62 MUSANOV, NIKIFOROV, OMELIK, AND FREEDLENDER (1985)

These authors {22] provide data for N, scattering off of aluminum, duralium, steel, and a variety
of tin surfaces. The N, velocity is given a5 2 eV or 4.2 kn/sec. They claim a velocity ratio of § =
5.510.7, which would suggest a Maxwell temperativre of T = 982 K. Because of the uncertainty of S, we
have aidopted T = 700 K consistent with the othes data sets. The authors also state that T, = 310220 K
Because of the uncentainty, we have adopied T, = 300 K consistént with the other dala sets.
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Figure 5. Scattering angle: helium on sapphire.

‘Musanov et al. have reduced their data and provide an analytical expression that can be used
to obtain ¢ and ¢'. We have chosen the data for aluminum, assuming that it is in fact AlQ,. The
expressions are

=101
and

¢' = 0.5906-0.1044 cos(260)

These expressioas were evaluated between 0 and 90 deg at 10-deg intervals. These become the tabular
data used in the Isast squares determination of model parameters.
6.3 LIU, SHARMA K AND KNU1H (1979)

Thest: experiments used 1 eV (6946 knvsec) He particles impinging on an aluminum plate and
an anodized eluminum plate. They studied scattéring as a function of incident angle in terms of the
dic.cibution of scattered particles in the plane containing the incident beam and the surface normal as well
gs the distribution out of this plane. They adopted the representation of uy,, = ¢ 3ad Oy, to represent the
data. The Julter were converted to ¢ using 7, = 300 K.

6.4 KNUTH (1530)
Kauth did not publish any new measurements. However, he converted & nusaber 0f existing

normal momentum accoramodatio~. coefficient's measurement; into the varisble 0" = 0y, and published -
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th : numerical values. The purpse was to demonstrate that a simple model could be used for this variable,
ie,c" =1+ 0/90, 6 expressed in degrees. He did provide a table of values taken from the same authors
described here. With the view of sxamining this simple relation, this data were 2iso included in the
determination of the HSN model parsmeters.

6.5 BORING AND HUMPHRIS (1970)

This experimenta! data [23] wns of N, in the energy range 8-200 eV, 7-37 km/sec. The
expeximents were done on samples of the material used for the Echo I and Echo II satellites. Echo I was
aluminum evaporated on Myiar, and Echo II was aluminum with a coating of Alodine, an amorphous
phosphate. The Echo I data was chosen for this acalysis. Data was read from the curves at 8 ¢V, 7.4
km/sec aad 25 eV, 13.13 km/sec, the higher velocities being much greater than an expected satellite
velocity.

Boring and Humphris provide the observable

P
.}_)’1‘.=(2-o"a')cosze—(1~o-)+0.055 cosf

[

This is used directiy in the computation of the HSN model parameters.

6.6 DOUGHTY AND SCHAETZLE (1989)

Doughty and Schaetzle {24] made measurements of N,, air, and Ar covering the energy range
4-200 eV. Schaetzle [25] describes the experimental setup. Their scattering materials included aluminum
and fresh varnish. Only data on normal scattering, 6 = 90 deg, was given covering the full energy range.
The data for different incidence angles were given for 25, 75, and 150 ¢V. Only the 25 eV dats (10.99
km/sec for Ar and 13.13 km/sec for N,) are used in this analysis. All of this data exbibits the
characieristic 6>1.0 for some range of 8. This leads to "farward scattering,” i.e., ,>90 deg where the
scattcred molecule reverses direction. This is shown in Figure 6. Note the range for 6, is 0 to 180 deg
and that @, = 112.6 deg 2 6 = 60 deg for both N, and Ar, In other words, the lobe of the reflection
pattern is bent rearward rather than in the forward direction.
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Figure 6. Scattering angle: aluminum.

6.7 KNECHTEL AND PITTS (1969, 1973)

The data [26,27] are taken with N,* at 5, 10, 15, and 20 eV (5.87, 8.30, 10.17, and 11.74 km/sec).
The scattering surface is aiuminum. Figure 7 plots the reflected scattering angle 6, The behavior of 8,
is quite different than the two previous examples. We found that the ion data could not be made
consistent with the other data used in this analysis, and the data were not included in the determination

of the HSN mode! parameters.
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Figure 7. Scattering angle: N;* on aluminum.




7. DATA ANALYSIS

The data analysis began by computing, where possible, 6, from the approximate formula. The
evidenced backscattering mentioned by Hurlbut is seen. This is particularly evident in the high-velocity
measurements of Doughty and Schaetzle where the scattering angle exceeds 90 deg. In general, for each
data set, 8, increases monotonically with 6 and 6,>6. However, the data for N,* is anomalous in that 6,<6
and monotonically decreases. The data on N,* were not used in the analysis. We assume that this model
is inappropriate for ions.

Motivated by the Banle model for o, an attempt was made to find a relation in terms of the mass
ratio. In this data, the mass ranges from 4 to 40 amu. However, the large difference in mass for N, and
Ar, and the small difference in ¢ and ¢’ for the two constituents, frustrated this model dependence.

Finally, a model that depended only U, 6, and the mass ratio p was found to be acceptable. The
model dependence adopted is then U, = U U,8,u), T, = T(U,8), and 8, = 8,(U,6). This was done by
referring all the constituents to He. The He model was implemented as follows. A grid of points (U,8;)
is defined separately for U, T,, and 6,. For a given U,0 combination, linear interpolation is used within
this grid, i.e., aruled surface. The values of the functions (U,, T,, and 8,) at the grid points are determined
by a least squares computation, as described below. Then, the values of U, for the constituent x is
computed from

U*=U/*-0.01427

2
4

where 1 is computed assuming oxygen is the scattering atom. The values for T, and 6, are used without
correction.

The grid point values were detsrmined with an iterative least squares program that accepts as input
the grid point model and observations of ¢, ¢, ¢',0", and the linear combination observed by Boring and
Humphris (2-6-6")c0s%0-(1-6)+0.055c0s0. This nonlinear least squares computation was iterated until

convergence. It is found that, because of the large value of the speed ratio S = UN(2RT), the coefficients
for U and T are almost completely correlated numerically. This was overcome by applying weak prior
knowledge [28], using an initial variance of the temperature variable of £1000 K. This required choosing
the initial values of 7, which was done by experiment. In addition, from symmetry considerations, the
values of 6,(6 = 90 deg) were constrained to be 90.0 deg. The final least squares solution used 105
observations, had a mean esror of -0.003, and a standard error of 0.025. The total data set fit this model
with an accuracy of 2.5%. Table S lists the grid values for U,, Table 6 lists the grid values for T, and
Table 7 lists the grid values for 6, Tables 8, 9, and 10 give the formal standard error ¢ for each grid

point.
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TABLE 5§

Grid Values for U (km/sec)
U(km/sec)\o 0.0 45.0 90.0
1.77 2.146 0.840 0.225
420 2.806 4.041 3.989
6.946 4.020 3.143 3.174
10.990 7.367 7.557 5.649
13.130 7.744 4944 4.474

TABLE 6
Grid Values for 7, (K)

U(knvsec)\d 00| 450 0.0

1.77 1 35 75

13.130 992 1003 997
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TABLE 7

Grid Values for 6, (deg)
U(km/sec)\8 00| 30| 450 60.0 75.0 90.0
1.770 7431 701 | 658 67.1 714 0.0
4.200 965 | 912| 913 90.8 90.4 90.0
6.946 894 | 918 908 90.6 89.7 90.0
7.400 538 | 61.1| 624 54.3 62.3 90.0
10.990 00| 650] 1041 1113 | 1284 ] 900
13.130 00| 673 81.6 1258 | 1275 | 900
TABLE 8
Grid Value o for U (km/sec)

U(kmvsec)\8 0.0 50| 900

1.77 009 | o008| 013

420 002| 004]| 007

6.946 011 | 008| 008

10.990 049 | o010| 0.6

13.130 008| o012| o018
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TABLE 9
Girid Value ¢ for 7, (K)

Ukmiseche | 00| 450 900

1.77 24 23 | 22
13.130 25 25 25
TABLE 10
Grid Value o for 6, (deg)
U(km/sec)\e 0.0 30.0 45,0 60.0 75.0 90.0
1.770 5.6 1.8 3.0 31 5.2 0.0
4.200 10.6 4.1 3.1 1.8 0.7 O.Q
6.946 57 25 22 1.6 0.8 0.0
7.400 10.8 5.3 98 8.1 122 0.0
10.980 276 3.8 3.8 3.0 0.0
9.5

13.130 243 4.3 5.5 4.1 10.5 0.0

The full data set and residuals are given in Table 11. The residuals for the Knechtel and Pitts N,*
data are also included, though they were not used in the least squares adjustment. It does not fit with this
model. Table 12 provides the statistics for each data set separately.
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N2
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N2
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N2
N2
N2
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N2
N2
N2
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N2
N2
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N2
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N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2

U
kn/s

4.200
4.200
4.200
4.200
4.200
4.200
4.200
4.200
4.200
4.200
4.200
4.200
4.200
4.200
4.200
4.200
4.200
4.200
4.200
4.200
7.420
7.420
7.420
7.420
7.420
7.420
7.420
7.420
7.420
7.420
13.130
13.130
13.130
13.130
13.130
13.130
13.130
13.130
13.130
13,130
13.130

T
K

. 700

700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
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700
700
700
700
700
700
700
700
700
700
700
700

Tw
K

300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300

300
300
300
300
300
300
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th

90
90
30
80
70
70
60
60
50
50
40
40
30
30
20
20
10
10
0

0

90
75
60
30
15
90
75
60
45
30
60
30
15
90
50
45
30
15
90
90
90

TABLE 11
Residuals for Least Squares Fit

obs

0.695
1.010
0.689
1.010
0.671
1.010
0.643
1.010
0.609
1.010
0.572
1.010
0.538
1.010
0.511
1.010
0.492
1.010
0.486
1.010
0.160
C.130
0.100
0.040
<0.020
0.195
0.137
0.080
0.070
0.001
0.070
0.030
-0.040
0.100
0.050
0.020
-0.010
<0.130
0.857
0.886
1.140

1es

-0.003
0.001
-0.002
0.000
-0.001
0.000
0.004
-0.000
0.024
-0.001
0.021
0.000
-0.015
0.003
-0.026
-0.001
0.001
<0.002
0.030
0.002
-0.001
-0.004
0.010
0.020
0.037
0.034
0.004
-0.010
0.000
-0.019
-0.140
<0.026
0.163
-0.092
-0.160
-0.121
-0.066
0.073
<0.006
0.023
<0.022
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o]

0.646
1.009
1.010
1.010
1.010
1.010
1.010
1.010
1.011
1.011
1.010
1.01C¢
1.007
1.007
1.011
1.011
1.012
1.012
1.008
1.008
0.763
0.754
0.829
0.894
0.875
0.763
0.754
0.829
0.898
0.894
1.204
0.885
07117
1.376
1.204
0.962
0.885
0717
0.850
0.850
0.850

0.698
0.698
0.691
0.691
0.672
0.672
0.639
0.639
0.585
0.585
0.551
0.551
0.553
0.553
0.537
0.537
0.491
0.491
0.456
0.456
0.894
0.896
0.887
0.710
0316
0.894
0.896
0.887
0.836
0.710
0.851
0.544
0.307
0.863
0.851
0.757
0.544
0.307
0.863
0.863
0.863

H

1.363
1.363
1.371
1.371
1.391
1.391
1.426
1.426
1.482
1.482
1.524
1.524
1.541
1.541
1.590
1.590
1.694
1.694
1.843
1.843
1.151
1.151
1.165
1.361
1.742
1.151
1.151
1.165
1.223
1.361
1.177
1.487
1.726
1.162
1.177
1.273
1.487
1.726
1.162
1.162
1.162

0.879
0.879
0.878
0.878
0.877
0.877
0.876
0.876
0.8374
0.874
0.896
0.896
0.934
0.934
0.964
0.964
0.986
0.986
1.000
1.000
0.973
0.971
0.969
0.955
0942
0973
0.971
0.969
0.966
0.955
0.961X
0.925X
0.884X
0.969X
0.961X
0.957X
0.925X
0.884X
0.969
0.969
0.969




TABLE 11 (Continued)

Residuals for Least Squares Fit

Sp U T Tw th obs res c c
km/s K K
N2 13.130 700 300
N2 13.130 700 300
N2 13.130 700 300
N2 13.130 700 300
N2 13.130 700 300
N2 13.130 700 300
N2 13.13¢ 700 300
N2 13.130 700 300
N2 13.130 700 300
N2 13130 700 300
N2 13130 700 300
N2 13.130 700 300
N2 13.130 700 300
N2 13.130 700 300
N2 13130 700 300
N2 13130 700 300
N2 13130 700 300
N2 13130 700 300
N2 13130 700 300
He 1770 700 300
1770 700 300
1.7 700 309
1.770 700 300
1.7 700 300
1770 700 300
1770 700 300
1770 700 300
1770 700 300
1770 700 300
1.770 700 300
1770 700 300
1770 700 300
1,770 700 300
1.770 700 300
6.946 700 296
6.946 700 296
6946 700 29
6946 700 296
6946 700 296
6946 700 296
6946 700 296
6946 700 296

(2]

80 0857 -0.010 1385  0.867 1.158 0.966
75 0.887  0.008 1382 0.879 1.147 0.965
75 1140 -0.007 1382  0.879 1.147 0.965
70 0857 -0.014 1292 0.871 1.155 0.964
60 0824 -0.027 1204  0.351 1.177 0.961
60 0838 -0.013 1204 0.851 1.177 0.961
60 1190 0.013 1204 0351 1.177 0.961
60 1237 0.033 1204  0.851 1.177  0.961
50 0764 -0.017 1.031 0.781 1.248 0.958
50 1000 -0.031 1.031  0.781 1.248 0.958
45 0792 0.035 0962 0.757 1273 0.957
45 1240 -0.033 0962 0.757 1273 0957
40 0676 -0.025 0938 0.701 1.330 0.947
40 0979 0.041 0938 0.701 1330 0.947
30 0538 -0.006 0.885 0.544 1.487 0.925
30 0.551 0.007 0885 0.544 1.487 0.925
30 1480 -0.007 0.885 0.544 1.487 0.925
30 0875 -0.010 0885 0.544 1.487 0.925
20 0781 0.011 0.770  0.387 1.645 0.899
90 1260 0.020 0.873  1.253 1.240 1223
80 1250 -0.009 0747 1.226 1.259 1220
80 0740 -0.007 0747  1.226 1.259 1.220
70 1270 -0.014 0718 1204 1.284 1215
70 0730 0.012 0.718 1204 1.284 1215
60 1300 -0.019 0721 1.176 1.319 1.206
60 0720 <0.001 0721 1.176 1.319 1.206
50 138 0.013 0.727 1.135 1.367 1.194
50 0720 -0.007 0727 1135 1.367 1.194
40 1480 0014 0719  1.009 1.466 1.159
40 0720 0.001 0.719  1.009 1.466 1.159
30 1620 -0.015 0.717  0.739 1.635 1.084
30 0720 0.003 0.717 0.739 1.635 1.084
20 1840 0.002 0.701  0.361 1.838 0.982
20 0700 -0.001 0.701  0.361 1.838 0.982
9 0618 0.026 0543 0592 1.489 0759
9% 1470 -0.019 0.543  0.592 1.489 0.759
75 0574 -0.005 0991  0.579 1.503 0.762
75 1510  0.007 0991 0.579 1.503 0.762
75 099 -0.001 0991  0.579 '1.503 0.762
60 0514 .0.014 1.010  0.528 1.555 0.765
60 1570 0.015 1010  0.528 1.555 0.765
60 1.010 0.000 1010  0.528 1.555 0.765
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TABLE 11 (Continued)
Residuals for Least Squares Fit
Sp U T Tw th obs res c o c” o
km/s K K

He 6946 700 296

He 6946 700 296

He 6946 700 296

He 6946 700 296

He 6946 700 296

- He 6946 700 296

He 6946 700 296

Ar 10990 700 300

Ar 10990 700 300

Ar 10990 700 300

Ar 10990 700 300

Ar 10990 700 300

Ar 10990 700 300

Ar 10990 700 300

Ar 10990 700 300

Ar 10990 760 300

Ar 10990 700 300

Ar 10990 700 300

Ar 10990 700 300
Ar
Ar
Ar
Ar
Ar
Ar
Ar
Ar
Ar
Ar

(o}

45 0375 -0.040 1.009 0415 1.664 0.767
45 1700  0.036 1.009 0415 1.664 0.767
45 1010 0.001 1.009 0415 1.664 0.767
30 1800 -0.155 1.016  0.060 1.955 0.732
30 1010 -0.006 1.016  0.060 1955 0.732
15 2,620 0.049 1.00  -0.932 2571 0.693
15 1.000 0.000 1.000 -0.932 2571 0.693
90 0.8% -0.001 0.884  0.897 1.128 0.980
90 1.100 -0.028 0.884 0.897 1,128 0.980
90 0926 0.029 0.884  0.897 1.128 0.980
80 0863 -0.010 1386  0.873 1.152 0.969
75 0887 0.013 1418 0874 1.152 0.963
75 1140 0012 1418  0.874 1152 0963
70 0813 -0.030 1306  0.843 1182 0.956
60 0736 -0.032 1.169  0.768 1.257 0.940
60 0745 -0.023 1.169  0.768 1.257 0.940
60 1280 0023 1.169  0.768 1.257 0.940
60 1193  0.024 1.169  0.768 1257 0.940
50 05654 -0.026 1.120  0.680 1.3¢5 0.920
50 1111 -0.009 1120 0.680 1.345 0.920
45 0656  0.035 1100  0.621 1404 0910
45 1370 -0.034 1.100  0.621 1.404 0910
40 0577 0.006 1.007 057 1.454 0911
40 099 -0.011 1.007 0571 1454 0911
30 0495 <0010 0862  0.505 1.524 0913
30 0509 0.004 0862  0.505 1.524 0913
30 1520 -0.004 0.862  0.505 1.524 0913
30 0864 0.002 0862  0.505 1.524 0913
20 0710 <0073 0.783 0459 1.579 0.915
90 0902 0.059 0.819 0843 1195 0.957X
80 0902 0.076 0853 0.826 1212 6.951X
75 0896  0.080 0846 0816 1222 0.948X
70 0884 0.079 0843  0.805 1233 0.945X
60 0854 0074 0.832 0.780 1261 0937X
60 0427 -0.405 0.832 0.780 1.261 0.937X
50 0787 0.063 0878 0724 1319 0.930X
50 0506 -0.372 0878 0.724 1319 0.930X
40 0701  0.051 0879  0.650 1395 0922X
40 0530 -0.349 0879  0.650 1395 0.922X
30 0585 0040 0851  0.545 1.503 0915X
30 0494 0357 0.851  0.545 1.503 0915X
9 0970 0210 0.740  0.760 1.268 0.923X

10.990 700 300
10950 700 300
10.990 700 300
10990 700 300
10990 700 300
10990 700 300
10.990 700 300
10.990 700 300
10.990 700 300
10990 700 300

N2+ 8300 700 300
N2+ 8300 700 300
N2+ 8300 700 300
N2+ 8300 700 300
) N2+ 8300 700 300
N2+ 8300 700 300
N2+ 8300 700 300
N2+ 8300 700 300
N2+ 8300 700 300
N2+ 8300 700 300
N2+ 8300 700 300
N2+ 8300 700 300
N2+10.165 700 300
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TABLE 11 (Continued)
Residuals for Least Squares Fit

t -

Sp U T Tw th obs res c o’ o’

km/s K K
N2+10.165 700 300
N2+10.165 700 300
N2+10.165 700 300
N2+10.165 700 300
N2+10.165 700 300
N2+10.165 700 300
N2+10.165 700 300
N2+10.165 700 300
N2+10.165 700 300
N2+10.165 700 300
N2+10.165 700 300
N2+10.165 700 300
N2+10.165 700 300

a

O

80 0970 0.237 1450 0733 1.294 0.905X
75 0963  0.237 1472 0.726 1.302 0.895X
75 0232 -1.240 1472 0.726 1.302 0.895X
70 0963 0272 1298  0.691 1.336 0.885X
70 0378 -0.920 1.208  0.691 1.336 0.885X
60 0933 0324 1.103  0.609 1.417 0.862X
60 0585 -0518 1.103  0.609 1417 0.8362X
50 0.8%  0.387 1.061 0509 1.515 0.838X
50 0.677 -0.384 1.061 0509 1.515 0.838X
40 0.841 0458 0.948 0383 1.639 0.824X
40 0.689 -0.259 0.948 0383 1.639 0.824X
30 0.738 0461 0.79¢ 0277 1.743 0.824X
30 0.683 -0.111 0.794 0277 1.743 0.824X
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In Tzble 11 the column labeled ¢ indicates the observation type. An "n" denotes an observation of ', a
“t" denotes an observation of 6, an "m" denotes an observation of 6", and a "b" indicates an observation
of the linear combination of ¢ and ¢' given by Boring and Humphris. The calculated values of o, ¢', 6",
and o are also given. An "x" at the ead of the line indicates that this observation was not used in the
determination of the model parameters.

TABLE 12
Individual Statistics for Solution

Specie Velocity <mean> c Author

He 1.77 -0.001 0.012 Seidel and Steinheil

N, 4.1 0.000 0.008 Musanov and
Nikiforov

He 6.69 -0.007 0.046 Liu, Sharma, and
Knuth

N, 7.42 0.003 0.021 Boring and Humphyis

Ar 10.99 -0.001 0.031 Doughty and
Schaetzie

N, 13.13 -0.001 0.026 Doughty and
Schaetzie

N, 13.13 -0.051 0.102 Boring and Humphris

All -0.003 0.026 All

As an aid to viewing the scattering results, Figures &, 9, and 10 show the two-dimensional
dependence of U, T, and 0, on U and 8. The scattering angle surface reveals three regions. For
intermediate 6>U>3 km/sec, 8, is between 60 and 90 deg, approaching a classical diffuse scattering regime.
For lower velocities, it tends toward specular scattering. For higher velocities the scattering exhibits
forward scattering where 6>90 deg. Also for higher velocity, and 8<45 deg, the scattering angle seems
to follow 8,=20. The scattering velocity exhibits a different taxonomy. The scattering velocity, at grazing
incidence =0, is well comelated but less than the incident velocity.
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At 6=90 deg, the scattered velocity U, has a maximum at about U=4 km/sec, a minimum at U=8
km/sec, and a maximum again at U=11 km/sec. At U=8 km/sec the velocity is relatively constant,
_which is consistent with diffuse scattering.
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Figure 8. Scattering angle: helium on oxygen.
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Figure 9. Scatiering velocity: helium on oxygen.

37




231741410

MPERATURE (X)

E

SCATTERING T

Figure 10. Scastering temperature: helium on oxygen.

38




8. CALCULATION OF C,

8.1 COMPARISON OF GOODMAN AND WACHMAN THEORY AND HSN THEORY

" The two formalisms for computing o can hardly be expected to give the same result as they are
based on quite different variables. The thermal accommodation coefficient of Goodman and Wachman
(G&W) depends on the mass ratio (u=M/16) in the temperature regime considered here. The HSN thermal
accomriodation coefficient depends primarily on the incident velocity U and secondarily on , 7, T,,, and
¥. The HSN theory also includes the effects of a molecule's internal energy, which is assumed to be
- unchanged in the accommodating process. In addition, G&W give the range of validity for the theory as
u<0.83. In Figure 11 we plot ¢ derived from the two formulations. The HSN values are obtained with
0=9C deg. The figure uses the inass ratio u as the independent variable and plots the values of o.. The
piotted points are in order of increasing w: H, He, N, O, N,, O,, and Ar. The G&W values are
consistently smaller than the HSN values. There is an observation of o by Krech et al. [29]. They
measured o by scattering atomic oxygen off of three substances: RCG, nickel, and gold. It is argued that
the atomic oxygen beam rapidly deposits an adsorbed layer of O atoms on the surface, and that the
scattering surface is then effectively O; i.e., p=1. Krech et al. give a value of a=0.6440.1, which is in
close agreement with the value from the G&W theory.
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Figure 11. Comparison of G&W with HSN.
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8.2 CALCULATION OF C, FOR FLAT PLATES

The HSN model obtained in Section 7 can now be used for calculation of C,. First, examples are
given for flat plates. In Figure 12 data are plotted as a function of 6 for N, at an altitude of 200 km. The
figure includes calculated values for o=sig, 6'=sigp, and ar=alp. Then, the Schaff and Chambre formulas
are evaluated for C, and C,. Finally, the Schamberg formula for C, is shown. This last formula does not
include any effects of the Maxwell thermal motion, though it uses the HSN derived value for o consistent
with ¢ and ¢'. There is a large difference between the two models for C,. Though it is not shown, the
difference between the two models for C, is similar.
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3.0 l - T T 1 T T |
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F“gwe 12. Flat plale C‘for N;.

A second example is given for He at 800-km altitude in Figure 13. Again, the calculated
accommodation coefficients and the resulting values for C, and C, are seen. In both cases, the difference
between the Schaff and Chambre formulation and the Schemberg formulation is substantial, often
exceeding a factor of two. In both cases, the Schaaf and Chambre formulation gives different results from
the Schamberg approach.

83 C, FOR SPHERES
The calculation of C, for spherical satellites can now be compared. In this case, C, is calculated
for each thermosphere constitueat at a number of altitudes, It is calculated using the Schaaf and Chambre

modsl C, the Schamberg model as modified by Alfonso et al. C,, and the Schamberg, Alfonso ct al.
mode! using the Goodman and Wachraan formula for o C,". C, attempts to account for the thermal
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motion of the Maxwell gas and the variation of o with 0, and C," only accounts for the thermal motion.
Recall that the quadrature in 6 runs from -n/2 to /2. The HSN model evaluated for 6<0 gives 0=c"=0=0.
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Figure 13. Flate plate C, for helium.

There are important contributions to C, for 0<0, especially when S=1. This is the case for the last
example given; there, the thermal temperature is assumed to be 10000 K. This last case is the one studied
by Alfonso et al., the Lageos satellite, that exhibits anomalous acceleration.

Table 13 gives the detailed results. In Figure 14, C, is plotted as a function of velocity for some
of the thermosphere constituents. In general the agreement between the Schaaf and Chambre model and
the Schamberg, Alfonso et al. model is always less than £10%. However, the disagreement between the
Schaaf and Chambre model and the Schamberg model with constant o can be as much as 21%, and is
generally greater than 10%. This is surprising given the much larger disagreement when the flat plate
models are compared.
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Figure 14, C, for spherical satellites.

Now for altitudes less than 1000 km, the agreement of the three models for N and O is 2 to 3%.
However, for all other constituents, the difference ranges from 11 to 19%. In particular, at 800 km, where
He and O are the principal constituents, the errors are 17 and 4%, respectively.

For the case of a deep-space sphere, with high Maxwell temperature, the principal constituent is
H. In this case, the error in C," is +21%, i.c., one overestimates the drag force by 21%.
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TABLE 13
C for Spherical Satellites

m‘
o

q \% T Tw M Y Cd Cqd' Cq"
km km/s K K amu

5800 5721 10000 295 14004 1667 3.1747 28608 2.8196 <10 11
5800 5,721 10000 295 15999  1.667 3.0663 27774 27487 <9  -10
5800 5721 10000 295 28013 1400 25311 23946 26439 <5 4
5800 5721 10000 295 31999 1400 23808 22974 26473 <4 11
5800 5721 10000 295 39948 1400 22660 2.2118 26632 «2 18
C,4using Schaaf and Chambre formulas with variable (@) and o'(6).

CJ using Schamberg, Alfonso et al. with variable o(8).

C4" using Schamberg, Alfonso et al. with constant o from Goodman and Wachman.

&'=100(C4-C/Cy.

e*=100(C;"-Cg/Cy

H 200 7784 700 295 1008 1667 27298 28629 31430 5 15
He 200 7784 700 295 4003 1667 23960 2.5645 26608 7 11
N 200 7784 700 295 14.004 1667 22589 24033 23075 6 2
0 200 7784 700 295 15999 1667 22403 23765 22993 6 3
N, 200 7784 700 295 28013 1400 21265 22049 23741 4 12
O, 200 7784 700 295 31999 1400 20913 21447 2407 315
. Ar 200 7784 700 295 39.948 1400 20773 20708 24654 O 19
H 400 7669 700 295 1008 1667 27271 28655 31534 5 16
He 400 7669 700 295 4.003 1667 23840 25610 26632 7 12
. N 400 7669 700 295 14004 1667 22459 23970 23082 7 3
O 400 7669 700 295 15999 1667 22277 23698 22999 6 3
N, 400 7669 700 295 28013 1400 21180 2193 2374 4 12
Oy 400 7669 700 295 31999 1400 20859 21362 24074 2 15
Ar 400 7669 700 295 39.948 1400 2079 20705 2465 0 19
H 600 7558 700 295 1008 1667 27252 28681 31637 5 16
He 600 7558 700 295 4.003 1667 23727 25576 26657 8 12
N 600 7558 700 295 14004 1667 22337 23908 23088 7 3
O 600 7558 700 295 15999 1667 22159 23632 23004 7 4
N, 600 7558 700 295 28013 1400 21105 21879 23748 4 13
O 600 7558 700 295 31999 1400 20817 21282 24077 2 16
Ar 600 7558 700 295 39.948 1400 20810 20704 24658 -1 18
H 800 7452 700 295 1.008 1667 27240 28707 31741 5 17
He 800 7452 700 295 4003 1667 23621 25543 26682 8 13
N 800 7452 700 295 14004 1667 22222 23847 2309 7 4
O 800 7452 700 295 15999 1667 22048 23568 23010 7 4
N, 800 7452 700 295 28013 1400 21039 21797 23751 4 13
O, 800 7452 700 295 31999 1400 20788 21205 24080 2 16
Ar 800 7452 700 295 39948 1400 20819 20702 24661 -1 18
H 1000 735 700 295 1.008 1667 27820 28738 31844 3 14
He 1000 735 700 295 4.003 1667 24102 25511 26707 6 1l
N 1000 7350 700 295 14004 1667 22574 23787 23100 S5 2
O 1000 735 700 295 15999 1667 22371 23504 23015 S5 3
N, 1000 735 700 295 28013 1400 21164 21717 23754 3 12
O, 1000 735 700 295 31999 1400 20858 21134 24083 1 15
: Ar 1000 7350 700 295 39948 1400 20826 20700 24663 -1 18
H 5800 5721 100000 295 1008 1667 61588 58562 74522 -5 2l
He 5800 5721 10000 295 4.003 1667 42973 39866 44837 1 4
N
0
N2
o)
Ar
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Figures 15 through 21 present the dependence of C# for each thermosphere constituent as a function of
velocity for a number of temperatures. Figures 22 through 28 present the dependence of C/* for each thermosphere
constituent as a function of temperature for a number of velocities.

8.4 COMPARISON OF C, WITH HERRERO

Herrero {30,31] tried to calculate the effective C, for a cylindrical spacecr. ft with motion along
the axis of symmetry. He showed that the contribution to C, of the lateral surface, parallel to the motion,
is 2(L/r)Cys, where L is the length of the cylinder, r is the radius of the cylinder, and Cy; is the drag
coefficient for the surface element. Though a novel approach, he estimated that 0.07<C,<0.06. The
theory here gives, for N, at 200-km altitude, C,=0.0378. If we adopt Hcuero's estimate for the
contribution of the nose cone as Cp=1.5, and L/r=10, we obtain

,L
Cd=CDf+27CU=1.5+0.76=2.26

Herrero's estimate ranged between 2.7 and 2.9,
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Figure 21. C, for sphere: argon.
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9. SUMMARY

We have developed a model for scattering that is appropriate for satellite conditions, i.e., satellite
velocities and materials and thermosphere constituents and temperatures. The model is based on the
formealism of Hurlbut, Sherman, and Nocilla (the HSN model) and uses published data on momentum
accommodation coefficients to determine the underlying parameters. The model agrees with observed
momentum accommodation coefficients to 2.5%. Though applied to the seven atmospheric constituents,
the model is limited to velocities between 1,77 and 13.66 km/sec and to scattering surfaces that can
reasonably be viewed as presenting oxygen atoms to the impinging particles.

The HSN model predicts the three accommodation coefficients, ¢, <5, and «, as a function of
incident angle. This allows a comparison of the ballistic coefficient model of Schaaf and Chambre [15]
(based on ¢ and ¢') and that of Schamberg {10,11] {(based on ¢). Schamberg's model is the basis of
many aeronomy analyses [4]. Schamberg's model does not account for the thermal motion of the
impinging molecules and assumes the scattered molecules are fully sccommodated and scattered diffusely.
Alfonso et al. [16] tried to extend Schamberg's model to account for atmospheric thermal motion for
spherical satellites. We have been unable to fully reconcile these two approaches. The Schaaf and
Chambre approach is adopted as more fundamental, making fewer assumptions.

The agreement of the Schaaf and Chambie model and the Schamberg model, using the HSN
theory to determine scattering properties, is no better than a factor of two. When applied to spheres,
taking into account the aspect dependence of o, the two models agree to better than 10%. However, using
a constant o, the Schamberg, Alfonso st al. model has errors exceeding 20%.

For applization of these models to calculation of satellite drag, one can expect an erfor exceeding
20%, using the simple ballistic coefficient. The errors are not constant, depending on altitude and
thermosphere consiituent, Therefore, one can expect a signilicant contribution to the calculation of
satellite drag from unmodeled efrors in accommodation coefficients and ballistic coefficients, cven for
spherical satellites.
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