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SUMARY

The drag of artificial earth satellites is reconsidered in the light of

recent studies of gas-surface interaoticn and atmospheric composition.

Between heights of 14 and 400 km 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 c height, and at present, because of 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 coefficient. It ust

be recognized, hoaver, that this value in subject to same umoertainty and m

be too low perhaps by as mch as 10 per cent. At heights abowe 400 km (low

solar activity) or 600 km (high solar activity) the drag coefficient Increses

with height, since both the degree of energy transfer and the mQieular speed

ratio decrease as the molecular veight of the atmosphere decrases.

Deprtmental Reference: Spae 87
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i INIRMUtTION

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

estimated ,assuming 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 surface phenomena in the appropriate

energy range, although recent theoretical studies have indicated the important

factors involved. In the light of these investigations it is now possible to

indicate how the drag coefficients may differ from the values currently in use.

2 FREZ-LiCLEUlE FLOff

The conventional requirement for free-molecule flow is that the mean

free path in the free stream, X0 , is large compared with a typical linear

dimension L of the body. The ratio XIJL is knonv as the Knudsen number K, so

that free-molecule flow occurs if K >> i. For a body moving at very high speed,

however, this condition is not sufficient to ensure free-molecule flow if the

surface temperature is lw and appreciable energy accommodation takes place.

If the number density in the free stream is no and the molecules impinge

on the body with a speed vi, the number of molecules arriving at unit projected

area in unit time is nov i . The molecules will be re-emitted at a speed vr

which generally differs fran vie The number density of re-emitted molecules

near the surface will then be of the order noVi/v r . Since mean free path is

inversely proportional to density, the mean free path of an incident molecule

passing through the re-emitted molecules near the surface is given by

V

0 vi

If free-molecule flow is to exist, the Knudsen number based on X must be greater

than unity and the true requiremnt is X/L >> i, i.e.

viX0 ± (I
r

In practice the largest valuae of v±/vr for a satellite is aboat 13, but this

will only occur when the molecules are re-cmitted with a apeed corresponding

to the surface temperature.
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Values of mean free path given by3 the U.S. Standard Atmosphere (1962) are

sufficiently accurate for order-of-magiitude studies and are shown in Fig. I for

heights between 100 and 250 "s. At a height of 200 km 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

few satellites, e.g. the large carrier rockets, axe likely to have entered the

transition region, where collisions between incident and re-emitted particles

lead to a reduction in the drag coefficient. A satellite whose greatest dimen-

sion is about I m will continue in free-molecule flow cwran to about 140 km.

An important parameter governing the drag coefficient of a body in free-

molecule flow is the molecular speed ratio s defined by

speed of satellite

most probable molecular speecl

The most probable molecular sieed vm at any altitude is given by

T- , (3)

where T is the atmospheric temperature, K the molecular weight and R the gas

constant. vm is related to the scale height H by the equation

v = ,

g being the local value of the acceleration due to gravity. Using values of H

from4 the COSPAR International Reference Atmosphere (1964), the most probable

molecular speed is found to increase from about 0.7 km/sec at a height of 150 km

to around 1.5 kw/sec at 700 Ioi, whereas the satellite's speed is always greater

than 7-5 km/sec at these altitudes. Consequently the molecular speed ratio at

perigee always exceeds 5 for perigee heights below 700 km and the random thermal

motion of the atmospheric molecules can be neglected, i.e. the flow is hyper-

thermal 5 . For a satellite with perigee at 1500 km, however, the molecular speed

ratio is less than 4 und the thermal motion cannot be ignored.

3 :CICUWid REFIFOIiZ, AT A SCLJD SURFACE

3.1 The acccumodation coefficient

The degree of energy transfer between a gas molecule and a murface is

usually expressed in terms of the accommodation coefficient a, which is defined

as the ra'cio of the energy change experienced by the impinging molecules to the
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maximum energy change that could take place. If the average kinetic energies of

the incident molecules and the re-emitted molecules are denoted by Ei aNA d r

respectively, and the average kinetic energy of a molecule re-emitted with a

velocity corresponding to the surface temperature is Es, then

E. _
1 r (5)

E i -E s

At satellite speeds the incident molecules are almost uni-directinal and

they impinge on the surftce rith energies in the range 0.2 aV (hydrogen atom at

6 km/sec) to 12 eV (oxgen ata at 8.5 kic/zec). Corniequently we are interested

in incident energies which are high compared with the energy at whicn molecules

are likely to be trapped at the surface by physisorption, but still well below

the level at which aprTeciable sputtering will occur. So far no experimental 6
measurements of accoaLiodation coefficients have been itade in this energy range 6

Over the past few years, however, a number of theoretical studies have been

performed and these have indicated the main factors affecting the energy

accoixmodation.

3.2 Theoretical values of a

The theoretical investigation of accommodation coefficients is extremely

difficult because of t-,e large number of ftuidamental assumptions requixed to

make progress. These assumptions concern the motion of the gas atom and the

configuration and motion of the surface atoms. It is also usual to assume

that the surface is clean.

In terms of classical theory the simplest possible model is obtained by

considering the incident and surface atoms to be smooth and perfectly elastic

spheres. The energy exciange is then independent of gas temperature and is

greatest in a head-on collision for which we have tbe elementary result

a 41 (6)

where p is the ratio of the mas of the incident gas atom to the mass of the

surface atoms The value given by (6) is valid for p < 1, when only a single

collision takes place. For 1A > I the incident gas atom is still travelling

towards the surface after a single collision and The accommodation coefficient

cannot be estimated without consiaering the motion of the surface atoms. For

an oblique collision, when the velocity of the incident atom is inclined at
2

an angle 0 to the line of centres at iIIpact, a factor cos 2 is introduced on

the right-hand side of (6).
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Using classical mechanics Goodnan7 "9 has recently nade an extensive study

of accommodation coefficients astuaing the surface to be a sLiple cubic lattice.

The incidont atom is assumed to impinge directly onto one of the surface atoms

and the latter are considered to be initially at rest. In his latest paper' a

Morse potential is used to represent the interaction between the gas ator and the

surface atom. For a single atom the general form of the variation of the

accomiodation coefficient with incident energy E i is independent of the gas-

solid system and is as shown in Fig, 2. At lo., temperatures (i.e. lo incident

energies) the gas atom is trap ped ay-d the energy acca odatio.-L is complete.

Above a certain temperature the gas atom has sufficient energy to escape and

the energy accomnodaticn is incomplete. After reaching a vinim-n the accorimoda-

tion coefficient increases towads the value given by the elastic-spheres model

as the incident energy becomes large. Usi-g the calculated values of

accommodation coefficient for single atoms, Goodman proceeds to find the 'true'

accommodation coefficient on the assurantion that the incident beam has a

one-din:nbional Laaxnellian velocity distribution. If the parameters of the

Morse potential are suitably chosen, the resulting values of accammodation

coefficient show adequate quantitative agreeaent with the experimental data

of Thomas and Schofield (ientioned in Ref. ') over a limited range of gas

temperature.

The high energy l:L.it given by equation (6) will only apply when a single

collision takes place. It appears for the elastic-spheres model and also for

other one-dimensional lattice models that a second collision does not occur

until ,i exceeds I. With a three-diionsional lattice model, however, Goodman has

found that there is always a second collision when i. exceeds 0.84. Consequently

the acconuodation coefficient is reduced below the vilue given by (6) for

0.84 < 0 < I and it beocres small as t tends to infinity. Poor accomodation

for large values of j hzs also been noted by Gilbey for a continuum model of

the surface. This phenomenon is due to the fact that a threu-diwensicnal

lattica possesses rigidity and always copletely restores itself after a series

of collisions, whereas a one-dLmensional lattice does not.

It is Inforimtive to consider the high-energy limit obtained when a

quantum theoretical approach is used. Again an incident gas atom is assumed

to impinge directly onto a lattice atom. It was originally believed that

first-order quantuLt-mechanical perturbation theories were inadequate for the

treatment of high ener&y collisions. Gilboy 0 has recently re-examined

Devcnshire's theory anA shwnm that it can succcs.fully predict naIti-honon

transitions and should, therefore, predict correct values of accocmuxation
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coefficients for both small and large energy transfers, provided the accomcda-

tion coefficient is itself small. When the incident energy of the gas atom is

sufficiently high, he found that Devonshire' s result reduces to a = 4fi. This

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

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 i

initial investigations it is difficult to tell how the predicted values will

differ from the values which occur 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 solid along a normal to its srface. In Baule's original

treatment 1 1 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 0. The result, obtained

assuming only a single collision with the surface, gave

21 (7)±

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 lie somewhere betw;een these two

extremes. Zpik 12 has also attempted to calculate average values of accoammxda-

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 these from other theoretical models. Lore recently, Oman, Bogan,

Weiser and Li 1 3 have used a detailed classical model in which gas atom

trajectories are not confined to head-on collisions. The results of sample

calculations for helium., neon and argon on nickel are shamn in Fig.3 for

atomic beams incident at 15 or 5 0 to the surface normal. These results

suggest that a value between the two curves representing equations (6) and (7)
is of the r3ght order at energies of a few electron volts.

3 3 Distribution of reflected molecules

As with the accommodation coeff'cient no measurements of the distribution

of reflected molecules have been made in the appropriate energy range. Experi-

mental evidence +hat does exist is to some extent conflicting, and, in contrast

to the accomodation coefficient, there are no theories which can be used to

assist in the reconciliation of the results.
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The extreme mechanisms of re-emission are generally regarded as specular

and diffuse. Specular reflexicn occurs when the angle of reflexion of a particle

is equal 'j 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 0 and 0 + 80 from the normal to the surface is proportional to

At thermal energies both diffuse re-emission and lobate reflexion near the
specular ray have been obtained in laboratory experiments with molecular beams.

The early investigations using this technique were principally concerned with

scattering by cleaved alkali halides and this work has recently been discussed

by Hurlbut 1 5 . For 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, !!oore and Taylor 1 6 , who found that the angilr

distribution conformed to two patternso depending on the temperature of the

surface. On a surface at room temperature the distributions were diffuse, whereas

on a high temperature surface (about I 9000C) they were remarkably specular. For

both gases the beam reflected frnm the hot surface was found to lie cre nearly
along the specular ray as the beam temperature was increased, an effect that has

been noted by several investigators. The reflexion of low energy beams of rare

gases, nitrogen and oxygen from polycrystalline platinum and nickel has been

studied recently by Hinchen and Foley1 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 5000C. The lobe maxima were

found to be displaced from the specular ray towards the normal, 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.

3.-4 Application to satellites

For light gases on clean surfaces both theory and the limited experimental

evidence now available suggest that low values of the acca=odation coefficient

are appropriate. The success of Goodman's theory in predicting the correct

dependence of the accomnodation coefficient on various parameters cannot be

ignored, and, for a clean surface, the acccnmodation coefficient will probably

vary with incident energy in the manner shown qualitatively in Fig.2. The

accommodaticn coefficient at the surface of a satellite can probably be com-

puted on the basis of the lard-spheres model so that a is proportional to



VA/( + )2 for V < 1. Since the factor of proportionality is likely to lie

between 2 and 4, the accomorlatin coefficient will probably have a value

between the continuous and dashed curves shown in Fig.3.

Before an accamcnUtiox, coefficient can be chosen for a particular

satellite at a specific ,ltitudc it is necessary to decide on an average value

for i. The main c cmospheric constituents are N2' 02, 0, He, A and H. Atomic

oxygen predori.nates over most of the altitude range of chief interest

(150 to 800 m) .hile atomic hydrogen is only present in significant quantities

above 500 km. Strictly the drag due to each constituent should be computed

Eeparately, but because of other uncertainties it is adequate to take the mass

of the incident molecules equal to the ambient molecular weight if V is less

than one. The variation of molecular weight with altitude, as given by the

COSPAR International Reference Atraosphere, 1964, is shown in Fig.4 for extreme

levels of solar activity and local times correspcnding to maximum and minimum

values of the diurnal density variation.

When the incident erergy of the impinging molecules is sufficiently large

for the 'hard-spheres' model to be valid, the mass of the surface atoms used in

calculating wili depend on the nature of the outermost layer of atoms on

the surface, and not on the actual material used in constructing the vehicle.

For only a few satellites have the surface materials been publicized. Typical

materials used on the outside of satellites are gold, stainless steel, aluminium,

plastic, quartz, synthetic sapphire and various paints. Quartz or synthetic

sapphire is used to protect solar cells from radiation damage, while paints are

used to vary the surface chaacteristics and hence to control the temperature

of the vehicle.

It is extremely difficult to define the exact state of a solid surface

wing to the case with which gases are adsorbed. The type of adsorption

depends on the nature of the attractive force holding the adsorbed gas to

the surface. Physical adsorption depends on van der 'Jals' forzez and the heat

of adsorption is relatively lcw, i.e. a few kca/mole. Chemisorption displays a

large heat of adsorption, implying the existence of a chemical bond. In contrast

to physisorption, chemisorption is not readily reversible, high temperatures

low pressures being required to produce desorption.

Chemisocrption tah-:s place under conditions il which incipient chemical

reaction between gas and surfuce m.ight be expected. For example, most metals

are capable of reacting with ozygen to form oxides, so that it is not sur-

prising that oxygen is cheLisorbed by all metals except gol . Although an

energy of autivution is saat-c iez nece.3sary before chcmisorption occurs, it can
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occur extremely rapidly, especially with oxygen, and a complete monolayer can

be formed on a metal surface in a few seconds, even at a pressure of 10 "6 mm

of mercury (which corresponds to a height of about 200 kin).

Since oxygen is fairly abundant 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 mnolayer of adsorbed oxygen.

Many metals would possess more than a Lonolayer since oxide films can be formed

by a diffusion mechanism. Aluminium is known to form an oxide film in this

manner, while stainless steel oves its 'stainless' property to the formation

of a film of chromic oxide. It is reasonable to suppose that in the final atomic

arrangement the metallic surfaces of a satellite would most probably present

oxygen atoms to the ambient atmospheric particles; only gold-plated surfaces

are likely to remain uncontaminated. Although an atom will occasionally be

desorbed, adsorption sites are unlikely to remain vacant for long in the

presenct of energetic atoms of oxygen.

For non-metals the nature of the outermost layer of atoms is not so easily

defined. Physisorbed atoms will be readily desorbed by the incident atoms

while the cheisorption of energetic atoms on non-metals is virtually unexplored.

Sapphire is Al203 and, since the ionic radius of aluminium is small compared

with that of oxygen, a gas atom is unlikely to hit aluminium. 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 to remain unfilled for long. Since

quartz possesses a somewhat open structure, an occasional hit on a silicon atom

cannot be ruled out. The atomic weights of aluminium and silicon are, however,

not so very different from oxygen, and the small uncertainty in g will not

sigiificantly contribute to the already large uncertainty in the accommodation

coefficient.

The outerm)st atoms of a painted surface are even more difficult to specify.

Paints consist of inorganic pigments and binders of silicone, acrylic or epoxy

resins. These resins are synthetic polymers with organic groups on the polymer

chain. Since the organic groups contain hydrogen, the surface atoms may some-

times be lighter than the incident atoma, which would then undergo a second

collision. At present it is Lupossible to specify even an approxiiate value of

a under these circumstances. Fortunately it is not usually necessary to paint

more than 20 to 30Z of a satellite's surface for thermal control purposes.
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A topic which should be mentioned at this stage is sputtering. A few

years ago it was comnon practice to discuss threshold energies below which

sputtering did not occur, values of 50-60 eV being quoted for most materials.

With the more accurate measuring techniques now available, very snall yields

have been neasured at lower energies. Extrapolation of these results1 8 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 tLe removal of momentum by sputtered material, and

indirectly through the modification of j. by the removal of adsorbed atoms.
* 19McKeown and his collaborators claim to have measured sputtering on two

Discoverer satellites at a height of about 200 Iu The erosion rates were

found to be 0.1 t 0.05 R/day for gold and 0.15 ± 0.05 1/day for silver, corres-

ponding to sputtering yields of 1C - 6 atoms/molecule and 2 x 10 - 6 atoms/molecule

respectively. These values have recently been disputed 2 0 , hovever.

4 DRAG OF SUJME ._3 ES IN jY=F.HERi L FRE -MO0ECUIE FLOW

From equation (5) the ratio of the speed of a re-emitted molecule vr to

U&e speed of an incident molecule vi is related to the thermal acccmmodation

coefficient by the equations

V. r Cr2  2+ a

and (8)

E. T.8

where Ti is the kinetic temperature 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 vr . After making this assumption, there is

little point in taking into account the randcA thermal motion for molecular

speed ratios above 5.

The drag of satellites in hyperthermal free-molecule flow has been studied

by Schamberg 5 and his results for certain simple shapes are quoted in Table I.

The drag coefficient % is defined by

D (9)
' pV p V 2. 9
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where D is the drag acting in the opposite direction to the satellite's velocity

vector V, p is the air density and S is a representative cross-sectional area.

The ratio v/v 1 is donoted by r. Since Twi is very azll, r is approximately

equal to 41 -.

Table I

DRAG IN HYPETHRMAL -. M-MOICUI FLOW

Drag coefficient
Shape (based on projected area perpendicular to direction

of motion)

Diffuse re-emission Accomodated specular reflexion

Flat plate 2
(normal. to flow) 2(1 r) 2(1 + r)

Flat plate at
incidence 0 2(1 +-3 r sine) 2(1 - r cos 2 0)

Sphere 2(1 + A 2

Cylinder perpendicular
to flow 2(1 +. r) 2(1 + Ir)

Cone of semi vertex
angle * with vertex 2(1 + r
forwards and axis 3 sin r) 2(1 -r cos2 *)
parallel to flow

The variation of the drag coefficient with a is shown in Figs. 5 to 7 for

a flat plate, a sphere and a circular cylinder of infinite length respectively.

was evaluated assuming Tw./r i = 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 C would not

necessarily exceed 2 if there were appreciable reflexion of rolecules 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 C.

5 lIRAG OF A SPIN]NING CIRCU.AR CYLINDER IN IUMTHAi. 1  -MOLECUlE FLOW

Most satellites used for density deterninaticn are unstabilized, so that

their attitudes are variable. It is knmcn that a spinning satellite will

eventually rotate about its axis of maximum moment of inertia if it is either
21 2acted upon by small external torques or experiences energy dissipation internaly

Hence, to evaluate drag, a non-spherical satellite is nornaly assumed to rotate

about its axis of maxirum moment of inertia after it has been in orbit for 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 inolined

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 (a) and (b).

Many spinning satellites are approximately circular cylinders and this

is the only shape which need be cosidered in detail. The drag under mode (a)

has already been given in the previous section; it remains to oonsider the

drag under mode (b).

Using the equations given by Schamberg for the forces acting on an

element of area, the drag coefficient of a circular cylinder tumbling end-over-

end is readily shown to be given by

C ;
+ 64 +d) rj (10)OD = 2 6 (4+ x)

for diffuse re-emission. Hero 4 is the length of the cylinder and d is its

diameter. The reference area, which is taken as the mean of the projected

area perpendicular to the direction of motion, is given by

a= ;. (11)

The drag coefficient given by equation (10) is almost independent of the

length/diameter ratio as can be seen from Fig.8. It is worth noting that the

drag coefficient of a rotating body is close to the value for a sphere if the

mean projected area is taken as the reference area.

6 DRAG AT LW MOlECULAR SMED RATIOS

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 considered. 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 duo to the incident

molecules only is the same as the total drag with specular reflexin. If i

refers to incident molecules and S to specular roflexion, the oorrespuding

drag coefficients are given by



OD = I D f () er+(s) s 3 2( (12)
CD < % -4 -s 1;) - 2  . (

When considering drag with diffuse re-emission most authors 1 ' 2 3'24 assume that

the most probable re-emission speed vr is constant over the entire surface.

The contribution of the re-emitted molecules to the drag coefficient is then

given by 2V/3sr so that the total drag is

3r
(13)

Although the assumption of constant re-emission speed is valid for complete

accommodation, it does not apply for poor acocmnodation; so, for molecular

speed 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 gas-surface interactions, detailed calculations

allowing for variations in the re-emission speed over the surface are not

justified. For acccmnodation coefficients near zero and molecular speed ratios

greater than one, it is at present preferable to assume one re-emission speed

ratio s r for all surface elements at the front and another re-emission speed

ratio s for alU surface elements at the rear. It can then be shown that the

drag coefficient due to diffuse re-emission is given by

d " r r)

+~ 1[1 erf(s) +~ i + (2s 2 ) exp (..2]j-..)](4

so that the total drag coefficient is

% = i + 9d

We can calculate what is probably the largest possible value of % by taking
a I and at = s. This means that we are assuming the molecules incidentr r

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 correspording

to the atkient atmospheric temperature. Fig.9 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 a - 6 to the upper limit for the drag at a = 1.

The lowest curve in Fig. 9 gives the drag coefficient of a sphere for

either specular reflexion or diffuse re-emission with T/T = 0, Tr being the

temperature of re-emission. The drag with diffuse re-emission and complete

accommodation can be obtained for any value of J-7 by linear interpolation

between the three lowest curves. The drag coefficient for diffuse re-emission

and incomplete accommodation can be obtained by interpolating between the

practical upper limit discussed above and the appropriate value for complete

accommodation, bearing in mind the variation of CD with a for hyperthermal

free-molecule flow given in Fig.6.

For values of s near and below unity the most probable molecular speed

is close to the local escape speed and the assumption of a Miaxwellian

velocity distribution in the free stream is no longer justified. For a
circular orbit the drag coefficient should not be taken from Fig.9 for mole-
cular speed ratios less than about 1.5.

7 CHARGE DRAG

A satellite moving in the upper atmosphere can acquire an electric charge
and there will then be a contribution to the drag from the interaction of the
vehicle with the ambient ions. Several analyses of charge drag have been made

and many conflicting results obtained. On the basis of the present evidence25,26
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 investigation2 7 of the drag of six tin dipoles, 34 am long
and 0.043 cm in diameter, at an altitude of about 3000 klm has shown that the

effect of charge drag on small satellites at this altitude is not catastrophic,

as has sometimes been predicted, although it may exceed the neutral particle

drag. The emallness of the electric drag IAs been confirmed by observation of

the West Foid test belt 2 ,

8 DiSCUSSIK

In the light of the discussion on surface interaction in section 3, it is
evident that there is still considerable uncertainty in the estimation of

satellite drag coefficients. There is now ample evidence, bot h theoretical

and experimental, that low values of accommodation coefficient are appropriate
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for light gases incident on heavy surface atoms and a can be taken to increase

from zero for a mass ratio V of zero to a value near unity for a mass ratio of

1. We have seen that the mass ratio depexds on the outermost layer of atoms

on the surface and on the ambient molecular weight. Most 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

molecular 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 to = I for the majority of surfaces. This is because high

energy collisions take place practically atom with atom. Also, since the

dissociation energies of 02 and N2 molecules are 5.08 and 9.76 eV respectively,

there 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 diffuse 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

molecules and little error will ensue from assuming an incorrect distribution.

As the acoammodation coefficient decreases, 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 modlel to calculate drag. For satellites

below 700 kn the molecular speed ratio exceeds 5 and the random thermal motion

of the atmospheric molecules can be ignored. The drag of various simple shapes

can be obtained from the formulae in Table I or from Figs. 5 to 8. For purposes

of illustration the variation of the drag coefficient of a sphere with altitude

is shown in Fig.10 for three variations of a with p. The four curves for each

variation of a correspod to the values of molecular weight shown in Fig.4.

The accomodation coefficient at the surface of most satellites probably

exceed1, 0.8 at heights up to about 400 km, at all times of day and for 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

ant be emphasized that this value may well be too lcw, perhaps by as much as

10 per cent, especially if a decreases appreciably as the angle between the

incident beam and the surface normal increases. Nevertheless the possible

range of values of C given by the theory discussed above is insufficient to

explain2 9 the large disorepancy (a factor of 2) between the density values
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measured 30 by ionization gauges aboard Explorer 17 (1963-09A) at a height of

280 lm and those obtained from orbital studies.

At altitudes above 400 km the wass ratio jt can be quite small, particu-
larly a+ times of low solar activity, and a eoewhat higher value f CD is then
appropriate. The drag coefficient of any particular satellite can only be
obtained after making a judicious choice of the various parameters involved.

The recent discussion of satellite drag by Izakov31 is oversimplified, since

the degree of energy transfer is assumed to be the same at all heights.

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 orbits are given in

Table 2 for various values of exospheric temperature and two values of molecular
weight. The values of wvre obtained from Fig.9 by interpolation, assuming

a = 3.4/(I + V)2) does not vary appreciably if the numerical factor in

this equation is changed to 3.2 or 4. A temperature of 7000K corresponls to

Table 2

MAG CO4EFICMTTS OF W fl .IG 4. IT2 E CIRWIAR ORBITS

Molecular weight 1 4

Temperature (OK) 700 1000 1000 1500 2000

Height (km)

1000 3.4 3.6 2.8
2000 3.5 3.7 2.8 2.9 3.1
3000 3.5 3.8 3.0 3.1

very low solar activity32 , when atamio hydrogen is likely to be the dominant
constituent above about 800 km. A temperature of 2000'k corro ads to very
high solar activity when there is a strong possibility that helium will be the
dominant constituent above about 1500 km, The drag coefficients given in
Table 2 apply if the surface atms have a molecular weight of 16. When hydrogen

is a major constituent these values of C serve as an upper limit, since for
some surfaces the outmost atoms szy not then be oxgen.

9 CONCIDSIONS

Between heights of 140 and 400 km at times of low solar activity, or
heights of 140 and 600 kn at times of high solar activity, the drag coefficient
is almost independent of height, and at present for moet satellites, because of
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the lack of decisive evidence, there is perhaps not sufficient roason to abandon

the value of 2.2 which has been widely used in recent years for the drag co-

efficient. It must be reoognized, however, that this value is subject to sme

uncertainty and may be too low, perhaps by as much as 10 per cent.

At heights above 400 ko (low solar activity) or 600 km (high solar

activity) the drag coefficient increases 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 accomoda-

tion coefficient is less when the molecular weight of the atmosphere is low.

This leads to only a 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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SYMIBOrS

% drag coefficient of satellite

"D contribution of diffusely re-emitted molecules to drag coefficient

C i contribution of incident molecules to drag coefficient

% drag coefficient with specular reflexion

d diameter

D drag of satellite

Ei  average kinetic energy of incident molecules

Er average kinetic energy of re-emitted molecules

E kinetic energy of a molecule re-emitted with a velocity corresponding to

surface temperature

g acceleration due to gravity

H scale height

K Knudsen number

1 length

L typical linear dimension

M molecular weight of atmosphere

no number density in free stream
V
rr W--

vi

R gas constant

a molecular speed ratio

r  molecular speed ratio of re-omission

S representative cross-sectional area of satellite

T atmospheric temperature

Ti kinetic temperature of incident molecules

Tr temperature of re-emission

Tw  temperature of surface

vi speed of incident molecule

vm  most probable molecular speed

vr  speed of re-emission

V velocity of satellite

aoccmodation co :fioient

O angle of incidence for a flat plate



20

SYL4OIS (cntd)

X mean free path near front surfaoe

X 0 mean free path in free stream

11 ratio of mass of gas atom to mass of surfaoe atom

p air density

sae section 3.2

* semi vertex angle of oone
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