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SUMMARY

The drag of artificial earth satellites is reconsidered in the light of
recer.t studies of gas—-surface interactions and atmospheric compesition.
Between heights of 140 and 4OO lkm at times of low solar activity, or beights
of 140 and 600 km at times of high solar activity, the drag coefficient is
almost independent of height, and at present, because of the lack of decisive
evidence, there is perhaps not sufficient reason to sbandon the value of 2.2
which has been widely used in recent years foar the drag coeffioient. It must
be recognized, however, that this value is subject to scme unceriainty and mey
be too low, perhaps by as much as 10 per cent. At heights above 400 km (low
solar activity) or 600 lm (high solar activity) the drag coefficient increeses
with height, since both the degree of energy tranafer and the mQlecular speed
ratio decrease as the molecular weight of the atmosphere decreases.
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1 INTRODUCTION

Since a satellite normally experiences free-molecule flow, knowledge of
the mechanism of molecular reflexion at its surface is necessary if the aero-
dynamic drag is to be determined. When the early satellites were launched
only meagre information on gas-surface interactions was available; drag was
estimated1~assunxing the atmospheric molecules were diffusely re-—emitted with
velocities corresponding to the surface temperature of the vehicle. Even today
there is still no experimental evidence on surfacc phenomena in the appropriate
energy range, although recent theoretical studies have indicated the important
factors involveds 1In the light of these investigations it is now possible to
indicate how the drag coefficients may differ from the values currently in use.

2 TREE-LCLECULE FLOW

The oconventional requirement for free-molecule flow is that the mean
free path in the free stream, 7\0, is large compered with a typical linear
dimension L of the body. The ratio A c/L is known as the Knudsen number K, so
that free-molecule flow occurs if K >> 1. For a body moving at very high speedz,
however, this condition is not sufficient to ensure free-mclecule flow if' the

surface temperature is low and appreciable energy accommodation takes place.

If the number density in the free stream is n o and the molecules impinge
on the body with a speed Vyo the number of molecules arriving at unit projected
area in unit time is n Ve The molecules will be re—emitted at a speed A
which generally differs from vye The number density of re-emitted molecules
near the surface will then be of the arder n oVs/ Vp* Since mean free path is
inversely proportional to density, the mean free path of an incident molecule
passing through the re-emitted molecules ncar the surface is given by

v
N
i
If free-molecule flow is to exist, the Knmudsen number based on A must be greater
than unity and the true requirement is A/L >> 1, i.e.

7\) Vi
-ﬁ' > ‘;; . (1)

In practice the largest value of v:l/vr for a satellite is about 13, but this
will only occur when thc wmolecules are re-cmitted with a speed carresponding
to the surface temperature.



3 the U.S. Standard Atmosvhere (1962) are

sufficiently acourate for order-of-magnitude studies and are shown in Fig.1 for
heights between 100 and 250 kme At a height of 200 ki the mean free path is over
200 m and free-molecule flow will probably be experienced by all satellites so
far launched. Even at 175 km, where the mean free path is over 100 m, only a

Values of mean free path given by

few satellites, e.g. the large carrier rockets, are likely to have entered the
transition region, where collisions Letween incident and rec-emitted particles
lead to & reduction in the drag coefficients A satellite whose greatest dimen-
sion is about 1 m will continue in frec-molecule flow dovm to about 140 km.

An important parameter governing the drag coefficient of a body in free-
molecule flow is the molecular speed ratio s defired by

speed of satellite
most probable mclccular speed

. (2)

The most probable molecular speed Va at any altitude is given by

= ‘Z-il" ’ (5)

where T is the atmospheric temperature, i the molecular weight and R the gas
constant. v, is related to the scale height H by the equation

v = Yig , ()

g being the local value of the acceleration due to gravity. Using values of H
froml' the COSPAR International Reference Atmosphere (1964), the most probable
molecular speed is found to increase from about 0.7 ia/sec at & height of 150 km
to around 1.5 km/sec at 700 ku, whereas the satellite's speed is always greater
than 7.5 km/sec at these altitudes. Consequently the molecular cpeed ratio at
perigee always excceds 5 for perigee heights below 700 km and the randam thermal
motion of the atmospheric molecules can e neglected, i.c. the flow is hyper-
thermals. For a sateliite with perigee at 1500 km, however, the molecular speed
ratio is less than 4 and the thermal motion cannot be ignared.

3 LCLECULAL REFIEXTON AT A SCIID SURFACE

3e1 The accommodation coefficicnt

The degree of energy transfer between a gas molecule and a surface is
usually expressed in terms of the accommodation coefficient a, which i1s defined
as the ratio of the energy change experienced by the impinging molecules to the



maximun energy change thet ocould take place. If the average kinetic energies of
the incident molecules and the re-emitted molecules are denoted by Ei apd Er
respectively, and the sverage kinetic energy of a molecule re—emitted with a
velocity corresponding to the surface temperatwre is Eg, then

B, .B
i

r
oa = . (5)
Ei - Es

At satellite specds the incident molecules are almost uni-directional and
they impinge on the surfzce with energies in +he range 0.2 sV (hydrogen atom at
6 km/sec) to 12 eV (oxygen ato at 8.5 lkuy'sec). Connequently we are interested
in incident energies which are high compared with the energy at whica molecules
are likely to be trapped at the surface by physisorption, but still well below
the level at which apprecishle sputtering will occur. So far no experimental
measureients of accomucdation coefliclents have been made in this energy range »
Over the past few years, however, a nunber of theoretical studies have been
performed and these have indicated the mein factors affecting the energy
accomnodation.

3«2 Tueaoretical values of a

The theoretical investigation of accammodation coefficients is extremely
difficult because of the large nunber of fundamental assumptions required %o
make progress. These assumptions concern the motion of the gas atom and the
configuration and motion of tlie surface atoms. It is also usual to assume
that the surface is clean.

In terms of classical theory the simplest possible mcdel is obtained by
considering the incident and surface atoms to be smooth and perfectly elastic
spheres. The energy exchange is then independent of gas temperature and is
greatest in e head-on collision for which we have the elementary result

— (6)
(1 + W)=
where p 1is the ratio of the massy of the incident ges atom to the masa of the
surface atame The value given by (6) is velid far p < 1, when only a single
collision takes places For u > 1 the incidcent gas atom is still travelling
towards the surface after a single collision and the accarmodation coefficient
cannot be estimated without consilering the motion of the surface etoms. For
an oblique collision, when the velocity of the incident atom is inclined at
an angle ¢ to the line of centres at inmpact, a factor c:os2 ¢ is introduced on
the right~hard side of (6).



Using classical mechanics Good.man.,—9 has recently made an extensive study

of accanmodation ccefficients essuming the surface to bec a siuple cubic lattice.
The incident atam is assumed to impinge directly onto one ¢f the surface atoms
and the latter are considered to be initially at reste In his latest pape19 a
lorce potential is used to revresent the interaction between the gas atom and the
surface atome For a single atom the general form of the variation of the
accammodation coefficient with incident energy Ei is independent of the gas-
solid system and is as shom in Pig. 2. At lov temperatures (i.e. low incident
energies) the gas atom is trapped and the energy sccaumodstion is complete.
Above a certain temperature the gas atom has sufficient energy to escape and
the energy accomnodaticn is incampletes After reaching a winimum the accormoda-
tion coefficient increases towerds the value given by the elastic-spheres model
as the incident energy becones large. Usiag the celculated values of
accommodation coefficient for single atams, Goodman proceeds to find the 'true!
accorrrodation coefficient on the assumption that the incident beam has a
one-dinknsional kexwellian velocity distribution. If the parauneters of the
Morse potential are suitably chosen, the rzsulting values of accarmodation
coefficient rhow adequate quantitative agreement with the experimental data

of Thomas and Schofield (uentioned in Ref.S) over a limited range of ges
tenperature.

The high energy li.it given by equatien (6) will only apply when a single
collision takes place. It appears for the elastic-spheres model and also far
other one~-dinmensional lattice models that & second coliision does not occur
until p exceeds 1. With a three-diiionsional lattice model, however, Goodman has
fo.md7
the accamodation cocfficient is reduced below the valus given by (6) for
Ou84 < p < 1 and it becaes small as p tends to infinity. Poor accommodation
for large values of  hos also been noted by Gi.l'boay"0 for a continuum model of

the surface. This phenonenon is due to the fact that a three-dimensional

that tuere is always a second collision when p excceds O.84. Consequently

latticz possesses rigidity and always caupletely restores itself after a series
of collisions, whereas a one-diensiocnal latticc does not.

It is inforiative to consider the high~energy limit obtained when a
quantun theoretical eprroach is useds Again an incident gas atom is assumed
to impinge directly onto a lattice atoms It was originaliy believed that
first-order quantun~mechanical perturbation theories were inadequate for the
treatment of high energy collisions. G,:I.l’be;,(10 has recently re-examined
Devonshire's theary and showm that it can succcasfully predict nmlti-rThonen

transitions and should, therefare, predict correct values of accamodation



coefficients for both small and large energy transfers, provided the accormoda-
tion coefficient is itaelf small. When the incident energy of the gas atom is
suffioiently high, he found that Devonshire's result reduces to a = 4Lyt This

is an approximation to (6) valid for small values of L.

So far we have only mentioned theories which assume the incident gas atom
to impinge directly on a lattice atom. Although this assumption is useful in
initial investigations it is difficult to tell how the predicted values wi
differ from the values which occcur in practice. It seems that only three
attempts have been made to consider collisions in which the gas atom does not
approach and leave the so0lid aleng a normal to its surface. In Baule's ariginal
1'.z'ead;ment‘H the surface was represented by an oscillating cubic lattice.
Collisions were based on the elastic-spheres model and the energy transfer was
determined by averaging over all angles of incidence ¢. The result, obtained
assuming anly a single collision with the surface, gave

R il @

which is half the value predicted by equation (6).

In practice, neither equation (6) nor equation (7) will give the correct
result, and the true value of a will probably lic scomewhere between these two
extrenes, Upik12 has also attempted tc calculate average values of accoumoda—
tion coefficients using the elastic-spheres model. He made some allowance
for the fact that all impacts are not head-on collisions and determined an
average accommodation coefficient. His computed values of a, which are
slightly less than those predicted by equation (1), are shown in Fig.3,
together with thcse from other theoretical models., licre recently, Oman, Bogan,
Weiser and L:i.13
trajectories are not confined to head-on collisions. The results of sample

have used & detailed classical model in which gas atom

calculations for heliur, neson and argon on nickel“" are shown in Fige3 for
atomic beams incident at 15 or 1;50 to the surface normal. These results
suggest that a value between the two curves representing equations (6) and (7)
is of the right order at energies of a few electron volts.

3 3 Distribution of reflected molecules

As with the accommodation coefflcient, no measurements of the distribution
of reflected molecules have been made in the appropriate energy range. Experi-
mental evidence +hat dces exist is to some extent conflicting, and, in contrast
to the accamodation coefficient, there are no theories which can be used to
assist in the reconciliation of the results.



The extreme mechanisms of re-emission are gencrally regarded as specular
and diffuse. Specular reflexion ocours when the angle of reflexion of a particle
is equal '5 the angle of incidence, Diffuse re-emission takes place according to
the Knudsen cosine law, which states that the number of molecules emitted between
the angles ¢ and ¢ + O¢ from the normal to the surface is proportional to
cos ¢ bge

At thermal energies both diffuse re-emission and lobate reflexion near the
specular ray have been obtained in labaratory experiments with molecular beams.
The eerly investigations using this technique were principally concerned with
scattering by cleaved alkali halides and this work has recently been discussed
by Hurlbut 5 « PFor these surfaces quasi-specular reflexion can occur at all
angles of incidence. The scattering of deuterium and helium from polycrystalline
platinum has been studied by Datz, Loore and Taylor1 6, who found that the angilar
distribution conformed to two patterns, depending on the temperature of the
surface. On a surface at room temperature the distributions were diffuse, whercas
on a high temperature surface (about 1900°C) they were remerkably specular. For
both gases the beam reflected fram the hot surface was found to lie wmore nearly
along the specular ray as the beam temperature was increased, an effect that has
been noted by several investigatoars. The reflexion of low energy beams of rare
gases, nitrogen and oxygen fram polycrystalline platinum and nickel has been
studied recently by Hinchen and ’r“oley‘l 7. Again diffuse re-emission was observed
when the surfaces were at room temperature. For argon on platinum a change
from diffuse re-emission to lobate reflexion was found as the surface was
heated, the transition occurring in the region of 500%. The lobe maxima were
fournsi to be displaced from the specular ray towards the noarmal, the displacement
being greater for incident angles nearer the surface. The difference in the
observed distributions between the hot and cold surfaces is most probably due
to the presence of adsorbed gaseous contaminants at low temperatures.

3e4 Application to satellites

For light gases on clean surfaces both theory and the limited experimental
evidence now available suggest that low values of the accamiodation coefficient
are appropriate. The success of Goodman's theary in predioting the carrect
dependence of the accammodation coefficient on various parameters camnot be
ignared, and, for a clean surface, the acoconmodation coefficient will probably
vary with incident energy in the manner shown qualitatively in Fige2. The
accommodation coefficient at the surface of a satellite can probably be com-
puted on the basis of the hard-spheres model so that a is proporticnal to
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p/(1 + p.)2 for p < 1. Since the factor of proportionaiity is likely to lie
between 2 and L, the accamnodation coefficient will probably huve a value
between the continuous and dashed curves shown in Fige3e

Befare an accommoda’ion coefficient can be chosen for a particular
satellite at a specific ultitudc it is necessary to decide on an average value
for pe The main e cmospheric constituents are N2, 02, 0, He, 4 and H. Atomic
oxygen predaninates over most of the altitude range of chief interest
(150 to 800 k) :hile atomic hydrogen is only present in significant quantities
above 5C0 km. Strictly the drag due to each constituent should be camputed
geparately, but because of other uncertainties it is adequate to take the mass
of the incident molecules equal to the ambient molecular weight if |» is less
than one. The variation of molecular weight with altitude, as given by the
COSPAR International Reference Atmosphere, 1964, is shown in Fige.l4 for extreme
levels of solar activity and local times carresponding to maximum and minimum
values of the diurnal density variation.

When the incident energy of the impinging molecules is suff'iciently large
foar the'herd-sphered model to be valid, the mass of the surface atoms used in
calculating p will depend on the nature of the outermost layer of atoms on
the surface, and not cn the actual material used in constructing the vehicle.
For only a few satellites have the surfece materisls been publicizeds Typical
materials uscd on the outside of satellites are gold, stainless steel, aluminiunm,
plastic, quartz, synthetic sapphire and various paints. Quartz ar synthetic
sapphire is used to protect sclar cells from radiztion damage, while paints are
used to vary the surface characteristics and hence to control the temperature
of the velicle.

It is extremely difficult to define the exact state of a solid surface
oving to the case with which gases are adsarbed. The type of adscrption
depends on the nature of the atiructive force holding the adsarbed gas to
the surfaces Thysical adsorption depends cn ven der Waals' forces and the heat
of adsorption is relatively low, i.e. a fow kcal/mole. Chemisarption displays a
large heat of edsorption, implying the existence of a chemical bonde In contrast
to physisarption, chemisorption is not readily reversible, high temperatures and
low pressures being required to produce desarption.

Chenisorption talics place under conditions in which incipient chemical
reaction between gas and surfuce night be expected. For example, most metals
are capable of reacting with oxygen to form oxides, so that it is not sur-
prising that oxygen is chewisorbed by all metals except golld. Although an
energy of activation is sdawtiies necessary befwre chemisarption occurs, it can
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occur extremely rapidly, especially with oxygen, and a complete monolayer can
be farmed on a metal surface in a few seconds, even at a pressure of 10-6 mm
of mercury (which corresponds %o a height of about 200 km).

Since oxygen is fairly ebundant at ground level and atomic oxygen is
usually the main atmospheric constituent at the orbital heights of interest,
we woull expect, on the basis of the foregoing discussion, that the surfaces
of all metals except gold would be covered by a monolayer of adsarbed oxygen.
liany metals would possess more than a monolayer since oxide films cen be formed
by a diffusion mechanisme Aluminiun is known to farm an oxide filu in this
menner, while stainless steel owes its !'stainless! property to the formation
of a film of chromic oxide. It is reasonable to suppose that in the final atamio
arrangement the metallic surfaces of a satellite would most probably present
oxygen atoms to the ambient atmospheric particles; only gold-plated surfeaces
are likely to remain uncontaminated. Although an atom will occasionelly be
desorbed, adsorption sites are unlikely to remain vacant foar long in the
presence of energetic atoms of oxygen.

For non-metals the nature of the outermost layer uf atams is not so easily
defined. Physisarbed atoms will be readily descrbed by the incident atoms
while the chemisorption of energetic atoms on non-metals is virtually unexplared.
Sapphire is A1203 and, since the ionic radius of aluminium is small compared
with that of oxygen, a gas atam is unlikely to hit aluminiume With quartz
(si 02), a free space near a silicon atom would constitute a site for chemisorp-
tion of an oxygen atom and would be unlikely %o remain unfilled for long. Since
quartz possesses a samewhat open structure, an occasional hit on a silicon atom
cannot be ruled oute The atomic weights of aluminium and silicon are, however,
not so very different from oxygen, and the small uncertainty in p will not
significantly contribute to the already large uncertainty in the accamodation
coefficient,

The outermnst atoms of a painted surface are even mare difficult to specify.
Paints consist of inorgenic pigments and binders of silicone, acrylic ar epoxy
resins. These resins are synthetic polymers with arganic groups on the polymer
chain. Since the arganic groups contain hydrogen, the surface atoms may some-
tines be lighter than the incident atoms, which would then undergo a second
collision. At present it is iupossible to specify even an approxinate value of
« under these circunetances. Fortunately it is not usually necessary to paint
mare than 20 to 305 of a satellite's surface for thermal control purposes.
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A topic which should be menticned at this stage is sputtering. A few
years ago it was comnon practice to discuss threshold energies below which
sputtering did not ocour, values of 50-60 ¢V being quoted for most materials.
With the more accurate measuring techniques now available, very small yields
have been neasured at lower energies. LExtrapolation of these results18 suggests
that sputtering is insignificant at energies below 20-25 eV. It is therefore
reasonable to conclude that sputtering will have a negligible effect on drag,
both directly through the removal of mamentum by sputtered material, and
indirectly through the modification of p by the removal of adsarbed atoms.
McKeown and his collauborantors‘l9 claim to have measured sputtering on two
Discoverer satellites at a height of about 200 k. The erosion rates were
found to be 0.1 * 0.05 %/day far gold and 0.15 * 0.05 &/day for silver, corres-
ponding to sputtering yields of 16-6 atoms/molecule and 2 x 10-6 atams/molecule

respectively. These values have recently been disputedzo, however.

4 DRAG OF STIFIE SHATES IN HYPERTHERWMAL FREB-MOIECULE FLOW

From equation (5) the ratio of the speed of a re-emitted molecule v r to
e speed or an incident molecule vy is rclated to the thermal accommodation
coefficient by the equations

\

3 o~y

-‘-vz = <E—r) = r‘] + a@-a —“7

Vi o\ L i /)

and (3)

E T
K S ¢
- ’
Di Ti J

where Ti is the kinetic temperaturc of incidence and Tw is the surface tempera-
ture. Since we are unable to make any statement about the variation of a with
the angle of incidence of a surface element, all reflected molecules are
assumed to have the same value of v °° After waking this assumption, there is
little point in taking into account the randoni thermal motion for molecular
speed ratios above 5.

The drag of satellites in hyperthermal free-molecule flow has been studied
by Schamberg and his results for certain simple shapes are quoted in Table 1.
The drag coefficient CD is defined by

G = v (9)
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where D is the drag acting in the opposite direction to the satellite's velocity
vectar V, p is the air density and § is a representative cross-sectional area.
The ratio v 1/vi is donoted by r. Since T v/ri is very small, r is approximately
equal to V1 ~ .

Table 1
DRAG IN HYPERTHERMAL FREE-MOLECULE FLOW

Drag coefficient
Shape (based on projected area perpendicular to direction
of motion)
Diffuse re~emission | Accommodated specular reflexion
Flat plate 2
(narmel. to flow) 2(1 + 3 r) 2(1 + 1)
Flat plate at 2
incidence 6 2(1 + 3T sin 6) 2(1 = r cos 26)
Sphere 2(1 + -;—" r) 2
Cylinder perpendicular x
to flow 2(1 + Z r) 2(1 + ¥ 1)
Cone of semi vertex
le ith vertex 2 ,
;Zgwarstand Z;is 2(1 + 5T sin ¢) 2(1 - r cos 2¥)
parallel to flow

The variation of the drag ocoefficient with a is shown in Figs. 5 to 7 for
a flat plate, a sphere and a circular cylinder of infinite length respectively.
Cp was evaluated assuming T v/ri = 0,006, Fig.5, which gives the drag coefficient
of a flat plate based on the projected area perpendicular to the direction of
motion for various angles of incidence, serves as a reminder that GD would not
necessarily exceed 2 if there were appreciable reflexion of nolecules along the
specular ray. A flat plate is not a practical shape, however, and Figs.6 and 7
give a fairer impression of the likely value of CD.

5 DRAG OF A SFINNING CIRCULAR CYLINDER IN HYPERTHERLAL FREE-MOLECULE FLOW

Most satellites used for density determination are unstabilized, so that
their attitudes are variable. It is known thot s spinning satellite will
eventually rotate about its axis of maximum moment of inertia if it is either
acted upon by small external tarquesz'or experiences energy dissipation internall,y&.
Hence, to evaluate drag, a no-spherical satellite is normally assumed to rotate
about its axis of maxirum moment of inertia after it has been in orbit far a few
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days. Unfortunately the position of the axis of rotation is, in general,
unknown. The extreme modes of rotation for a long thin satellite spinning
about its axis of maximum moment of inertia are (a) spinning propellerwise
and (b) tumbling end-over-end. Since the axis of rotation may be inclined
at any angle to the direction of motion, it is best to take for the drag the
mean of its values under modes of rotation (2) and (b).

Many spinning satellites are approximately circular cylinders and this
is the only shape which need be considered in details The drag under mode (a)
has already been given in the previous section; it remains to consider the
drag under mode (b).

Using the equations given by Schamberg5 for the foarces acting on an
element of area, the drag coefficient of a circular cylinder tumbling end-over-
end is readily shown to be given by

o - ot S ) o

for diffuse re-emissione Herc £ is the length of the cylinder and d is its
diemeter. The reference area, which is taken as the mean of the projected
area perpendicular to the direction of motion, is given by

2 xa?
8 = ;(&d + T;) . (11)

The drag coefficient given by equation (40) is almost independent of the
length/diameter ratio as can be secen fram Fige8. It is worth noting that the
drag coefficient of a rotating body is close to the value far a sphere if the
mean projected area is taken as the reference area.

6 DRAG AT LOW MOIECUIAR SFEED RATI

As the altitude increasea above about 800 km the most probable molecular
speed becomes so large that the random thermal motion of the atmospheric
molecules must be considereds The drag produced by impinging molecules is
readily calculated, but, unless specular reflexion occurs, the drag due to the
re~emitted molecules is not so readily obtained.

Here we consider only spheres, for which the drag duc to the incident
molecules only is the same as the total drag with specular reflexion. If &

refers to incident molecules and S to specular reflexion, the corresponding
drag coefficients are given by
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2
o, = %, 2(1 +§5-ﬁ) ert(s) + Bt o (1) L (12

1,23,2 assume that

the most probable re-~emission speed v, is constant over the sntire surface.
The contribution of the re-emitted molecules to the drag cocefficient is then
given by Nn/}sr 8o that the total drag is

When oonsidering drag with diffuse re~emission most authors

D= B, T, (13

Although the assumption of constant re-emission speed is valid for complete
accamodation, it does not apply for poor accommodation; so, for molecular
aspeed ratios above one, the molecular speed ratio of re-~emission will be much
larger at the rear than at the front.

With present knowledge of gae-surface interactions, detailed calculations
allowing for variations in the re-emission speed over the surface are not
Justifieds For accammodation coefficients near zero and molecular speed ratios
greater than one, it is at present preferable to assume one re-emission speed
ratio 8, for all surface elements at the front and another re-emission speed
ratio sr' for all surface elements at the rear. It can then be shomm that the
drag coefficient due to diffuse re-emission ch is given by

6 - 23
a r T
4 {fn ert(s) + -21;3[1 + (26% - 1) exp (-sz):l (%; ';9}, (14)

80 that the total drag coefficient is
= . . (15)
G = % + G

We can calculate what is probably the largest possible value of CD by taking
s, = 1 and az! = 8¢ This means that we are assuming the molecules incident
on the front are re-emitted with a speed equal to the satellite's speed, and
the molecules incident on the rear are re-emitted at a speed corresponding

to the ambient atmospheric temperature. Fige9 indicates that a practical upper
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limit to the drag coefficient is probably best estimated by drawing a curve
from the hyperthermal limit at s = 6 to the upper limit for the drag at s = 1,

The lowest ocurve in Fig.9 gives the drag coefficient of a sphere for
either specular reflexion or diffuse re~emiesion with T r/T =0, Tr being the
temperature of re-emission. The drag with diftuse re~emission end complete
accommodation can be obtained for any value of fT_ﬁ by linear interpolation
between the three lowest curves. The drag coefficient for diffuse re-emission
and incomplete accommodation can be cobtained by interpolating between the
practical upper limit discussed above and the eppropriate value far camplete
anccommodation, bearing in mind the variation of C'D with a for hyperthermal
free-molecule flow given in Fig.6.

For values of 8 near and below unity the most probable molecular speed
is close to the local escape speed and the assumption of a iiaxwellian
velocity distribution in the free stream is no longer justified. For a
circular aorbit the drag coefficient should not be taken fram Fige9 for mole-
cular speed ratios less than about 1.5.

7 CHARGE DRAG

4 satellite moving in the upver atmosphere can acquire an electric charge
and there will then be a contribution to the drag fram the interaction of the
vehicle with the ambient ions. Several analyses of charge drag have been mads
and many conflicting results obtaineds On the basis of the present evidence2 ’26,
charge drag appears to be negligible up to at least the altitude where helium
becomes the main constituent. This occurs near 550 km at night when solar
activity is low and at much higher altitudes at other times. Charge drag may

still be negligible at much greater altitudes, however.

An experimental investigation27 of the drag of six tin dipoles, 34 om long
and 0.043 cm in diameter, at an altitude of about 3000 km has shown that the
effect of charge drag on small satellites at this altitude is not catastrophic,
a8 has sanetimes been predicted, although it may exceed the neutral particle
drag. The emallness of the elcctric drag has been confirmed by observation of
the West Fard test beltzs.

8 DISCUSSION

In the light of the discussion on surface interaction in section 3, it is
evident that there is still comsiderable uncertainty in the estimation of
satellite drag coefficients. There is now ample evidence, both thearetiocal
and experimental, that low values of accommodation coefficicnt are appropriate
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for light geses incident on heavy surface atoms and a cen be taken to increase
from zero for a mess ratio p of zero to a value near unity for a mass ratio of
1o We have seen that the mass ratio depends on the outermost layer of atoms
on the surface and on the ambient molecular weight. iost satellite surfaces,
unless they are either gold plated or painted, will present mainly atoms of
oxygen to the incident gas so that p will be less than 1 when the ambient
moleocular weight is less than about 16. In the important region where the
molecular weight exceeds 16 it is probably best, at present, to take the value
of a appropriate tc u = 1 for the majority of surfaces. This is because high
energy collisions take place practically atom with atoms Also, since the
dissociation energies of O2 end N2 molecules are 5.08 and 9.76 eV respectively,
therc will usually be some dissociation at low altitudes and this will have

the effect of increasing the accommodatior coefficient,

The exact distribution of the reflected molecules is unknown and it is
probably best to assume Giffuse re-emission until further experimental evidence
is available. Fortunately, for accommodation coefficients near unity, the drag
coefficient is not particularly sensitive to the distribution of the reflected
molacules and little errar will ensue from assuming an incorrect distribution.
As the accommodation coefficient decrcases, however, the drag becomes more
sensitive to the distribution of the reflected molecules.

In the absence of a proper understanding of gas—surface interactions, it
is only appropriate to use an elementary model to calculate drage Far satellites
below 700 lon the molecular speed ratio exceeds 5 and the random thermal motion
of the atmospheric molecules can be ignared. The drag of various simple shapes
can be cbtained from the formulae in Table 41 or from Figs. 5 to 8, For purposes
of illustration the variation of the drag coefficient of a sphere with altitude
is shown in Fige10 for three variations of a with ye The four curves far each
variation of a correspond to the values of molecular weight shown in Figel.

The accommodation coefficient at the surface of most satellites probably
exceeds 0.8 at heights up to about 40O km, at all times of day and far all levels
of solar activity. For a sphere the smallest value of the drag coefficient is
then 2,07 and occurs when a is unity. A drag coefficient of 2.2, which is the
value normally used in density determinations, corresponds to a & 0.95: it
must be emphasized that this value may well be too low, parhaps by as much as
10 per cent, especially if a decreases appreciably as the angle between the
incident beam and the surface narmal increases. Nevoertheless the possible
range of values of cD given by the theory discussed above is insufficient to
explain 2 the large discrepancy (a factar of 2) between the density values
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measured X by ionizution gauges aboerd Explorer 17 (1963-09A) at a height of
280 km and thosc obtained from arbital studies.

At altitudes above 400 km the mass ratio u can be quite small, partiocu-
larly at times of low solar activity, and a somewhat higher value of CD is then
appropriate. The drag coefficient of any particular satellite can only be
nbtained after making a judicious choice of the various parameters involved.

A is oversimplified, since
the degree of energy transfer is assumed to be the same at all heights.

The recent discussion of satellite drag by Izakov

For satellites above 700 to 800 km it is necessary to take the thermal
motion into account and the remarks made in section 6 must be borne in mind.
The drag coefficients of spheres in high-altitude circular arbits are given in
Table 2 for various values of cxospheric temperature and two values of molecular
weighte The valgea of GD were obtained from Fige9 by interpolation, assuming
a = 3e6u/(1 + " Gy does not vary appreciably if the numerical factar in
this equation is changed to 3.2 or 4 A temperature of 700°K carresponcs to

Table 2
DRAG CCEFFICIENTS OF SPHERES IN [IGH-ALTITUDE CIRCULAR ORBITS

Molecular weight 1 4
Temperature (%) [700 | 1000 |1000 [1500 {2000
Height (Xm)

1600 3 | 306 2.8

2000 35| 307 |28 2.9 [3.1

2000 3.5 1 3.8 30 }3e1

very low solar activityjz, when atamic hydrogen is likely to be the daminant
constituent above about 800 km. A temperature of 2000% coarresponds to very
high solar activity when there is a strong possibility that helium will be the
dominant constituent above about 1500 kme The drag coofficients given in

Table 2 apply if the surface atams have a molecular woight of 16, When hydrogen
is a major constituent these values of cD serve as an upper limit, aince for
same surfaces the outmost atoms noy not then be oxygen.

g CONCLUSIONS

Between heights of 140 and 400 lm at times of low solar activity, or
heights of 140 and 600 km at times of high solar activity, the drag coefficient
is almost independent of height, and at present for most satellites, because of
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the lack of decisive evidence, there is perhaps not sufficient reason to abandon
the value of 2.2 which has been widely used in recent years for the drag co-
effiocient. It must be recognized, however, that this value is subject to same
uncertainty and msy be too low, perhaps by as much as 10 per cent.

At heights above 400 km (low solar activity) ar 600 km (high solar
activity) the drag coefficient inoreases with height, since both the energy
transfer and the molecular speed ratio decrease as the molecular weight of the
atmosphere decreases. It should be noted that the uncertainty in the accommoda-
tion coefficient is less when the molecular weight of the atmospherec is lows
This leads to only & small spread in the possible values of drag coefficient
in the 700-800 km region at times of low solar activity, as can be seen from
Fig.10; under these conditions the drag coefficient can be predicted to within

a few per cent.
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SYMBOLS
drag coefficient of satellite
contribution of diffusely re—emitted moleocules to drag coeffioient
contribution of inoident molecules to drag coefficient
drag coefficient with speoular reflexion

diameter
drag of satellite
average kinetic energy of incident molecules

average kinetic energy of re-emitted molecules

kinetic energy of a molecule re-cmitted with a wvelocity correspanding to
surface temperature

acceleration due to gravity

scale height

Knudsen number

length

typical linear dimension

molecular weight of atmosphere

number density in free stream
v

-4 vi

gas oonstant

molecular speed ratio

molecular speed ratio of re-cmission
representative crose~-sectional area of satellite
atmospheric temperature

kinetic temperature of incident molecules

temperature of re-emission
temperature of surface

speed of incident molecule
most probable molecular speed
speed of re-emission

velocity of satellite
accammodation cod "ficient
angle of incidence for a flat plate
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mean free path near front surface
mean free path in free stream

ratio of mass of gas atom to mass of surface atam
air density

sse section 3.2

semi vertex angle of ocone
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