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ABSTRACT

The spacecraft of the Geopotential Rescarch Mission (GRM) are cylindrical in form and designed \
ta tly with their longitudinal axes parallel to their direction of tlight. The ratio of length to

diameter of these spacecrift is roughly equal to 5.0, Other spacecraft previously tlown had corre-

sponding ratios roughly cqual to 1.0, and therefore the drag produced by impacts on the lateral

surfaces of those spacecrait was not as large as it will be on the GRM spacecraft. Since the drag

coefficient is essentially the drag force divided by the frontal area in flight, lateral impacts. when

taken into account make the GRM drag coefticient significantly larger than the coefficients used

betore for shorter spacecraft. A simple formula is derived for the drag coefficient ot a cylindrical

body flying with its long axis along the direction of flight, and it is used to estimate the drag for

the GRM. The formula shows that the drag due to Lteral surface impacts depends on the ratio of
length-to-diameter and on a coetficient O ¢ Uateral surface impact coetficient) which can be deter-

mined from previous cvlindrical spacecraft lown with the same attitude, or can be obtained from

laboratory measurements of momentum accommodation coefticients. In this report O, is
obtained trom tlight data, and then used to estimate the accommodation cocfficicnt at the large
angles of incidence that occur on the lateral surface. On this basis, the GRM drag coetticient.
without solar panels, is computed to be between 2.7 and 2.9 using a nose ¢ ae of half-angle of
about 12° Laboratory measurements at large angles of incidence are difficult to make with
present techniques, and therefore are scarce or not reliable. The results show that previous extrap-
olations using accommodation coefticients measured at angles of incidence less than 05° are in

error. and it used to compute the drag coefficient, would result in overestimates by 30 or more.
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PREFACE

This report is the result of a review of the scientific literature on drag coefficients for space-
craft flying above 150 km altitude. The principal reason for the review was the large uncertainty in
the estimate of the drag coefficient for the Geopotential Research Mission (GRM) spacecraft.

Considering the large body of data on drag estimates of previous missions it came as a surprise
to see that there was large uncertainty in the magnitude of the drag coefficient for this mission.
However, it soon became clear that most spacecraft that have been flown in the past either were
not shaped like the GRM (long cylinders), or if cylindrical in shape, were tumbling in the decaying
part of the orbit and appeared spherical on the average for the determination of their drag coeffi-
cients. Apparently the GRM spacecraft are among a very small number of spacecraft with long
cylindrical form that are required to fly at critically low altitudes with guidance control to main-
tain minimum drag attitude.

Laboratory data on the applicable momentum accommeodation coefficients have been surveyed,
and measurements of the drag coefficient of one previous cylindrical spacecraft have been found
in which attitude was controlled. This has been done with a view to converge upon a reasonable
estimate of the drag coefficient for the GRM mission.

The study shows that extrapolations of laboratory data to obtain the momentum accommo-
dation coefficient at large angles of incidence may be in error by a significant amount. Additional
laboratory measurements of atom-to-surface momentum transfer are needed to understand this
problem, and to fill the data gap that exists now at large angles of incidence. Perhaps experiments
of a different nature from previous ones may be necessary in order to obtain reliable information
in the large angle region. Previous experiments have relied on the sensitivity of the microbalance

in order to detect the momentum transferred to the surfaces by atomic or molecular beams of
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sufficiently high intensities. The molecular beams are produced by neutralization of an ion beam
at the selected energy. Spacecraft velocities are of the order of 8 km/s and the relative kinetic
energies of the atmospheric species (H, He, N,, O, Ar, . . . ) range from about 0.3 to about 15 V.
The most important energies for drag above 150 kmcorrespond to atomic oxygen, 5.3 eV, and

N,. 9.4 eV. At those energies it is very difficult to obtain sufficiently high intensities from most
ion sources, and the accuracy of the experiments is then limited by the sensitivity of the micro-
balance. Standard methods using ion energy loss spectrometers could provide the required sensi-
tivity and the capability for large angle measurements.

The concern expressed by Tom Keating, Study Manager of the GRM has been the driving
force behind this study. and happily. we have found that there is sufficient data available to make
a realistic estimate of the drag coefficient. 1 would like to acknowledge many helpful discussions
with J. C. Ray of the APL/JHU, and in particular, his contribution of a copy of the report by
A. Robertson. In the process we have also found a new method to compute the drag on the

lateral surfaces of spacecraft.

F. A. Herrero

May 5. 1983
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I. INTRODUCTION

The spacecraft proposed for the Geopotential Research Mission (GRM) are cylindrcal in shape
with a length-to-diameter ratio approximately equal to 5.0, It is a mission requirement that the
spacecraft must fly at an a'titude of 160 km for a minimum of 6 months beginning April 1989,
Both spacecraft will be fueled and propelled by hydrazine thrustors which will fire continually in
order to follow a drag-free orbit. Obviously. a minimum drag attitude should be maintained in
flight to optimize fuel usage. Details on thrustor operation to follow a drag-free orbit and on
attitude control for the GRM are given in a report by J. C. Ray and R. E. Jenkins. 1981. In that
report. they also present the details of their drag coefficient calculation in which proper account
is taken of the drag developed by impacts on the side surface of the spacecraft. The magnitude of
the drag coefficient is critical to the GRM because of fuel limitations using the size of collapsible
fuel tanks which are provided with current technology. The concern over its magnitude has arisen
because the drag coefficient values that have been obtained from past spacecraft orbit decays
suggest a value between 2.0 and 2.3. On the other hand. rigorous calculations (Ray and Jenkins,
1981 Fredo and Kaplan. 1980) that use commonly accepted values for the momentum accommo-
dation cocfficients (Knechtel and Pitts, 197 1) suggest a value of about 4.0 or higher for the bare

cyvlindrical body ot the GRM.

In this report. the main question addressed is that of the magnitude of the drag coefficient
of a cylindrical body. with 2 length to diameter ratio of about 5.0, and flying with its long axis

approximately parallel to the direction of tlight.

The drag torce on a body moving through the air is defined as that component of force
produced by the air in a direction oppaosite the direction of flight. The drag coefficient is given }

by the relation
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where F is the drag force. p the density of the surrounding air, and V the velcuity of the body.
The area A, is a reference area that must equal the area projected by the body along the direction
of flight. Care must be taken in defining this reference area to ensure that all computaions of the
drag coefficient are consistent. However, it must be recognized that the side surfaces of the space-
craft contribute drag in addition to the drag due to the projected area Ar' So, it is not surprising

that the drag coefficient increases with the length of the spacecraft.

The next period of maximum solar activity occurs in 1991. If put into orbit in 1989, the
GRM spacecraft will be flying during the onset of solar maximum, and may encounter very high
atmospheric densities and correspondingly high drag forces. The drag coefficient must be known
within certain bounds together with the atmospheric density in order to predict the expected life-
time of the mission with high reliability. In this report we obtain upper and lower bounds on the
drag coefficient of the bare GRM cylinders to be used in orbit lifetime calculations using upper

and lower bounds on the expected densities.

The next section reviews some of the basic notions which would apply at altitudes of 150 km or
more regarding drag forces. This is done mainly in order to point out the role played by the accommo-
dation coefficient and the importance of the lateral surface in the drag coefficient. In the third section
an expression is derived which gives the drag coefficient explicitly in terms of the diameter-to-length
ratio. and it is used in the fourth section to compute the GRM cylinder drag coefficient using only
previous flight data which give the drag coefficient of a cylindrical spacecraft flown with attitude con-
trol. The fifth section is not essential to this report and represents work in progress. However, it is
included to demonstrate a method of obtaining the accommodation coefficient at large angles of
incidence from flight data. In this regard, the GRM will offer a unique opportunity to measure the
drag and accommodation coefficients in flight with accuracies not achieved before if the density.
temperature and composition arc measured in-situ with a small sensor similar to those flown before

(Spencer et al., 1973). The last section gives the conclusions and recommendations.

tJ
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Il DRAG FORCE IN A RAREFIFD ATMOSPHERE

in this scction we review the basic theory of the drag force on a body moving with high
velocity in a rarefied atmosphere. We show that the drag above 150 km is due to individual
impacts on the surface of the spacecraft. and describe the basic parameters that are generally used

to compute the drag force.

The Knudsen Number

We can say that a spacecraft flies in a rorefied gas if the mean free path of the molecules in
the gas. A, (average distance beiween collisions) is much larger than the linear dimensions of the
spacecraft. The parameter commonly used to give the degree of rarefaction in a gas is the Knudsen

number defined by

K =2, )

where. for our purposes. L is some average linear dimension of the spacecraft. When K > 1. we
can be sure that molecules re-emitted from the spacecraft surface will not impact other gas mole-
cules until very far away from the spacecraft. So. under conditions of very high Knudsen number.
the free stream velocity distribution of the gas near (in front of and to the sides) the spacecraft
is not altered by the re-emitted molecules. Therefore, the velocity distribution of the free gas
stream is Maxwellian with a bulk velocity equal to the negative of the spacecraft velocity. That is.
f (V)= n(l_>3/: e~ vy = V)2 + Vi/ +v;l/a? Q)
ma?

Here we have chosen the spacecraft velocity to be in the negative direction to the x-axis with
magnitude V. as shown in Figure la for a coordinate frame at rest in the gas. a = CkT/m)' * is the
most probable speed of the molecules of the gas. The velocity distribution of eq (3) is specified in

the spacecraft coordinates (shown in Figure 1b). and there V > 0.

—
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Figure 1. Distribution of molecular velocities in two coordinate systems.
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The molecular rays shown in Figure la. the gas rest frame, have lengths equal to the most
probable speed a. and they are randomly oriented. In Figure 1b, the spacecraft rest frame, the
molecular rays have lengths roughly equal to V. but we see that they are dispersed in direction
and magnitude by the thermal motion. represented by the width a. Both parts of the figure show
that. from any point in space above, below or to the sides of the spacecraft. as many molecules
move toward the spacecraft as move away from it. In other words, of all the molecules that have
sufficient speed to reach the sides of the spacecraft from any point in space., only one half of
those will reach it, the other half moving in the opposite direction.
Likely values of K may be obtained from a knowledge of the air density and the average
collision cross sections at the altitudes and temperatures of interest. The mean free path is
inversely proportional to the number density n, in particles/unit volume, and to the collision cross

section o, in units of area. It is given by (Loeb, 1961)

1

¥ ho 4)

-

and it is tabulated in the 1976 U. S. Standard Atmosphere as a function of altitude. Figure 2
gives the mean free path in the altitude range of interest here. For the GRM. the Knudsen number
is numerically equal to the mean free path since the GRM spacecraft diameter is roughly 1.0

meer.

When K is less than about 40. as it may happen at 150 km under extreme solar active condi-
tions. it is possible that the re-emitted molecules may undergo their first collision sufficiently
close to the spacecraft to begin to modify the incident stream in front and to the sides of the
spacecraft. Under these conditions. the re-emitted molecules partially shield the surface of the
spacecraft from direct impact by molecules in the free stream. Some reduction in drag may result.
This effect may be of some importance at 150 km because the thermal velocity of the re-emitted
molecules is about one-tenth of the free stream velocity. For further details on this effect. see

G. E. Cook (1969) and references cited therein.
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Figure 2. Mean free path in the atmosphere as a function of altitude.
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The Drag Force

We begin with a discussion of the drag force on a simple surface. Consider a flat square
surface A of side € moving through a rarefied zas with velocity V. and having its normal vector
otiented at an angle 6 with V (angle of attack) as shown in Fignre 3. We assume that the gas is
at test so that the iine of impact of ihe gas molecules with the surface is parallel with the line of
flight. A bulk velocity in the gas (e.g.. a wind) will have the effect of changing the angle 6. and
must be taken into account when measured. For the remainder, we assume that there is no bulk
velocity in the gas rest frame. If the Knudsen number A/¢ is much larger than 1.C, then the total
force on the surface may be expected to arise entirely from the sum of the forces exerted by the
individual free strcam molecules. Keeping in mind that the drag force is that component of force
along the line of impact, we compute the net momentum delivered to the surface per unit time
along that line by a stream of molecules impacting at an angle of incidence given by 6. If p; is
the momentum of the incident molecules, and p, the momentum carried away by the reflected or
re-emitted molecules along the direction of flight, the‘ net momentum delivered along this direction
is

pD =pi+pr' (4)

It is understood that the incident momentum p; is positive when directed toward the surface,
whereas the reflected momentum is positive when directed away from the surface. It is possible to
compute p; for a Maxwellian gas described by eq (3), but p, depends on surface condition and on
the specific molecule-surface interaction po*ential. If the surface condition were known and stable,
then, in principle. the interaction potentic ould be compu.ed, and with it a reliable value for p,
could be obtained. For example, experimental results show (Thomas, 1980) ihat the nature of
adsorbed layers may be very important in atom-surface interaction. It has been observed that atoms
linger on. or accommodate most easily when incident upon a surface covered with atoms of the

same species than when incident on a clean surface covered with atoms of a different species. and
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Pr
LINE OF IMPACT

Figure 3. Molecular momentum p; is incident on a surface element at angle 8 with the surface
normal. ﬁr is the component of rehected or re-emitted momentum along the line of ﬁ’i. labelled
the line of impact.

and this may be due to resonant exchange between identical particles, or to the optimum momen-

tum transfer that takes place between two equal masses. We note that the density at 160 km is

such that a monolayer of N, or 0 would be deposited in several seconds (Cook. 1965). So. onc

would expect that the impacting atoms and molecules should accommodate readily to spacecraft

surfaces. and perhaps predictable results may be obtained with surfaces of minimum roughness.

The idea of accommodation is closely related to the time spent by the molecule “lingering”

on the surface and to the notion of diffuse reflection (Loeb. 1901). Diffuse reflection means

8
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that the molecules are re-emitted randomly from the surface, and this must mean that all correla-
tion with the incident momentum vector has been lost. It is difficult to think that all correlation
could be lost in a single collision, so we are led to conclude that the notion of diffuse reflection
means that the molecule has suffered several collisions on the surface before being r.-emitted.

That is. the molecule has “lingered” on the surface for several collision times.

At the other extreme, we have the situation of a single elastic collision before re-emission.
This leads to the notion of specular reflection. We may think that at high velocity impacts an
incident molecule is less likely to linger because the time spent moving toward the surface is
short, and the effects of the interaction potential are not felt until very close to one of the
surface atoms. If this were true, we would conclude that specular reflection should be important
only for velocities higher than some value. For velocities near that value, we might expect a
gradual transition from diffuse to specular until such a high velocity is reached that channeling
occurs and effective penetration of the surface occurs. The general picture we have just described
is consistent with experimental results (e.g., O’keefe and French, 1969: Jakus and Hurlbui, 1969;
Smith and Saltsburg. 1966: Devienne et al. 1966). However. the precise behavior at the velocities

of interest here is still somewhat nebulous.

Returning to eguation (4) above, we can write the momentum transferred along the direction

of 6 when the re-emitted molecules are fully accommodated to the surface as

paCC = pi + Ps ’ (5)

where Pg is the average momentum carried away in the direction of 8 by molecules that fully
accommodate to the surface temperature Ts' We turn now to the definition and discussion of the

momentum accommodation coefficients.
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Momentum Accommodation C oefficients

A gas that fully accommodates to a surface interacts in such a way that after colliding with

the surface, the distribution function of the re-emitted gas corresponds exactly to the surface

temperature. Thus, the term -accommodation’ is significant in a statistical sense. The term is

applied to accommodation in energy and momentum, and the usefulness of the definition stems

only from the fact that measurable parameters can be derived from it. We can see that it is possi-

ble to measure the degree of accommodation if we took the ratio of equations (4) and (5). For

100% accommodation, we must have the condition

Pnet = Pacc

So. we can define an accommodation coefficient to specify the degree of momentum accom-

modation with a surface by

p; - Pr
Pj - Pg

o (6) ’ (6)

where we show the coefficient as 1 function of 8 to indicate that it depends on direction, and is

basically a vector quantity. In this definition we have taken the differences between the momen-

tum components so that a(0) < 1 when the degree of accommodation is less than 100%.

Conventionally, the momentum accommodation coefficient is specified by two components,

the normal and the tangential ( Schaaf and Chambre, 1958). The normal, or perpendicular momen-

tum accommodation coefficient is given by

L= Pni ~ Pnr -
Pni = Ps

10
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and the taneential thy
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where the subsenpts noand ¢ stand for normual and tangential, respectively

Notice that since pg s alwavs perpendicular to the surfuce, the subseript o las been sup-
pressed. OF course, this tollows because the velocity distribution of 4 Maxwellian gas emitted from
the surtace i isotropic. and tfor the same reason Ppy = Q. and does not appear in the denominator

of ¢q (R)

Using the accommodation coetticients we can compute the drag foree on any surface as a

function of the angle of attack. The net pressure on the surface is given by
ey ) . - Yy . \
Pressure = pa by = O OGO Py Py, Py )
and the net shear comes from the difterence
Shear - Pri Prr 7 O Py [RIt))

The quantitics pyi. pppoand pgare castly computed, and are given in numerous references in

the literature (e 2. Schaat and Chambre, 1958, H S0 Tsien, 19400, The quantities py and poare

ur
usually measured in Liboratory experiments as discussed in section Vooor may be obtained from

drag and it coetticients measured in-tlight.

Schaat and Chambre (19587 have shown that the above coefticients can be used to obtain the
pressure pin terms of the normal momentum delivered (with o). and the shear stress (with o).

Lising their results, we write

» Tl S .
t " (l)..\“)*(_\.‘l\f._:_i)g(s)+____‘_\ll(l tort (s)) . (b
ME TN T N
11

s i i 0
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and
o, p V2 sin 6 g(s)
T =
2 s

where

- 2

Z(s) —f/%-.(e-s +s? (1 +erf(s) )

and

s=VY
a

cos .

R it o CoTeT owRe s T e E VNS - N - S TSR TR IR

(a2

(13

(14)

The drag force on a surface element dA moving with velocity V in a gas at rest may be com-

puted with the aid of Figure 4.
From the figure,
dFD =(pcos @ + 7sin 0) dA
where p and 7 are given by equations (1 1) and (12).
For zero angle of attack (8 = 0),

d F, =pdA .

where p must be evaluated using eq (11) for s = V/a. For a 90° angle of attack.

d FD = rdA

For this case. s = 0 and g(s) = 0. However, g(s)/s = 14/7. and

A\
dF, = af{’/_ dA
VA

12

-

(15

(1)

(amn

(18)
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Thus, the drag force on the sides of the cylinder may be obtained using equation (18). This

requires knowledge of a. at 90° incidence angle. As we will see below, this number is not known

from experimental data. The microscopic state of the surface will affect the value of «, for angles
very close to 90°, so that if known for some laboratory surfaces. its magnitude would not be relj-
able for application to spacecraft. We will see in section V that previous extrapolations (Fredo and

Kaplan. 1981) of the laboratory measurements of Knechtel and Pitts (1973) give a. = 0.6 at 90°,

and that this value would lead to an overestimate in the drag in our computation below.

tdA

pdA

Figure 4. Molecules incident on surtace dA from the left with velocity v
exert a force dFD which is the vector sum of the normal component pdA.
and the tangential component rdA.
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IIl. THE DRAG COEFFICIENT OF A CYLINDRICAL BODY

In the previous section we saw that it may be possible to use equations (11) and (12) to carry
out a calculaiion of the drag coefficient, but that in order to take proper account of the lateral

surface drag, the accommodation coefficient would have to be known for a 90° angle of incidence.

Now we pursue a description of the drag coefficient which will enable us to make direct use
of previous flight data in a calculation of the drag including the effect of the lateral surfaces. This
description depends on the fact that lateral surface impacts do not occur at 90° on the average,
but rather at some average angle 5i. close to but less than 90°, determined by the magnitude of the
thermal motion. as discussed with Figure 1b. The resulting equation derived below (eq (32) ) is
general in terms of the coefficient C, ¢ for the latcral surface. The value obtained for C ¢ below
depends explicitly on the average angle of incidence-l;i. Nonetheless, we emphasize that our drag
coefficient estimate does not require a knowledge of this angle at this point. The value of this
angle depends on the specific form given to the momentum flux, and this represents work in
progress at the moment. The relation of this work to the experimental work of Boring and

Humphris, Knechtel and Pitts, and Seidl and Steinheil will be given in section V.

Referring back to Figure 1b, we see that as many molecules will be moving in the positive
y-direction as in the negative y-direction. Therefore. no matter how fast the spacecraft moves,
there will always be some molecules striking the sides and imparting some momentum there. Also,
we see that of all the molecules above the spacecraft only those with negative vy may reach the
side. Similarly for the ones below, only those with positive vy may contribute to the lateral
surface drag. Now, the average velocity component in the x-direction is just V. The average upward
(or downward) velocity will be smaller than V, and app‘roximately equal to the most probable
speed: we call it V. Thus, the molecules will impact the lateral surface at an average angle of
incidence given by

v

B, = tan™! <_Y_> . (19)

14
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tFor our purposes. we take ¥ = a. and for the temperature. orbital velocity and composition at
160 km. we obtain 6; = 847 The average incident velocity vector is

~
1

he A
Vi=iV+jv o (20)

In the following we obtain an equation ( eq (24) Yfor the drag force on a body moving
through a gas with no thermal spread (v = 0). Then we modify the result to take into account the

thermal motion with eqs. (19) and (20).

The gas momentum flux density with respect to the spacecraft may be approximated for high

velocities by the flux in the direction of V:

-

- - 4
Jp pVYV . n

Consider the momentum delivered to an infinitesimal area element dA which moves through

the gas such that its normal makes an angle 6 with the velocity vector V as shown in Figure 4.

The net momentum delivered to da is given by eq (1). So. the fraction of the incident

momentum transferred to the surface is

. Pi * Pr
@ =—_=1+10) . (R
P
i
where we have defined f(8) = pr/pi. the fraction of momentum reflected or re-emitted in the
direction of i The function f(#) has been measured in the laboratory by Boring and Humphris

(1973), and those measurements formed the basis for the initial approach taken in this

computation.

Multiplying the incident momentum flux density. eq (21). by the area projected by dA gives
the total momentum intercepted per unit time by dA. Subsequent multiplication by f,(6). eq (2D,
gives the force on dAa in the direction of p; We get

15
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dFD'—‘(l+f(t9))pV2 cos 8 dA . (23)
The drag force on a body defined by surface Z is then

Fy =/ (1+£(6))p V? cos § dA , (24)
z
Where £ is made up of those parts of the body surface whose normals have non-zero positive

components in the direction of flight. Using the definition of the drag coefficient (eq. (1) above)

gives

Cp =2[1+— [ () cos 6 dA] . (25)

L
Al'

™

For a flat plat plate at angle 0, the drag coefficient is

Cp =2 1[1+£0) . (26)

This is precisely the relation used by Boring and Humphris (1973) to obtain the drag coefficient

from their measurements of the ratio f(8).

This formulation ignores the effect of the thermal motion of the gas on the side surfaces of
a cylindrical spacecraft flying with its axis parallel to its velocity vector because we have neglected
the thermal motion of the molecules in the beam. That is, those surfaces which point at 90° to
V. Thus, equations (24) and (25) lead to serious error at surface angles of -ttack 6 = 90°.
Equation (25) is very similar to the equation used by Moe and Tsang (1972) to study drag coeffi-
cients of cones and cylinders. Figure 3 of their paper shows that the cylinder drag is zero for zero
angle of attack. However, we will show now that it is possible to use the experimental data
obtained by Boring and Humphris in conjunction with eq (24) to compute the total drag on the

spacecraft including the effect of the thermal motion on the side surfaces.

16



Figure Sa shows a ovlindrical body of length L oand radius r. For this example, we shall

assume that the front face is a tlat plate whose normal coinctdes with the cviinder’s axis as shown

in the figure. The arca of the front face is designated Ay, and the drag coctficient associated with

the tront tace (‘m-. The total drag force on the cylindrical body is wiven by
(27N

.'\" + F:s

where F\. s the drag force exerted on the sides of the cylinder.

pute the drag force on a thin strip on A, and then inte-

In order to obtain b we first com
grate over A, The drag component tor cach thin strip dA is obtained using eq. (23) above with

reference to Figure Sb. The angle 8 in this case is the average angle at which the gas molecules

strike the sides. This angle is given by equation (19). The force along \'i on dA s
{2X)

Jr = _l_ p Vi (L 1(0)) cos 0 dA

where the tactor ': i indicative of the fact that only one Lalt of the molecules given by the

density p may reach the side surtuces. The component of this foree that contributes to the Jdrag

on the cylinder is shown as d b n the figure, and is
(2N

d l:s =3 dF

Since 0 is the same for all strips on the side surtace, integration gives
(RIV)

F.=1p \‘ A sin 0 cos @ (1 + 1))

>

|_,|._..

Substituting (30) into (27), and using the arcas A = 2arl, and Ag = mre . the total drag

toree on the eviinder becomes
N ) “ 3 A
Fy =40 V3 ApICp+=k cos 6 (1 + 1)) (3
2 r

—
~d
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do /
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l
|
Vi 6; | dAg
|
n.__ .
dFs |
dF

Figure 5. (a) Cylindrical geometry for lateral surface drag computation. (b) dFg is the component
of force contributing to the lateral surface drag. The component perpendicular to dAg (not shown)
is cancelled by an identical component from opposite side of the cylinder.
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where we have eliminated Vi using eas (19) and (20). From this. we obtain the drag coefficient

tor the cylinder

e 2L
Cp = Cpr+==Crs - (32)

where we have defined the ateral surface ceetticient as

C

— o (1+£O) . (33)

Equation (32) is perhaps an obvious result. Intuitively. we know that the drag due to the
lateral surface must be directly proportional to the length of the cvlinder. Equation (24) tells us
that the length of the cylinder is to be specified in units of the radius of the cylinder, since the
radius is the basic parameter for the frontal area. We note that the ratio of lateral area to frontal

area is 2L/r. the factor that multiplies CLS.

IV. DRAG COEFFICIENT ESTIMATE FOR GRM

In this section we present the drag coefficient measured for a cylindrical spacecraft flown
with sufficient attitude control to maintain zero angle of attack. We use that drag coefficient with
the dimensions of that spacecraft to obtain the value of the lateral surface coefficient C, . and

then obtain the drag coefficient for the GRM.

Lateral Surface Coefficient Estimate

We refer to a report by A. Robertson (1971) in which the drag coefficient was ineasured for
an Agena rocket that was put into orbit in the altitude range from 140 to more than 180 km.
The spacecraft’s form was cylindrical with a nose cone of about 12° half-angle with a base
diameter of 1.5 meters. The base of the cone was continued by a cylinder of the same diameter
with a length of about 11 meters, and finally a tail section 2.7 meters long. For angles of attack

near zero. the tail section contributed very little to the drag because it was masked by the

19
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cylinder section. So the drag coefficient consisted of contributions from the nose cone and the

lateral surface of the main cylinder.

We compute the drag coefficient for the nose cone first. Applying equation (25) to a cone of

half-angle ¢ = 12°, we get
CDf ~15+ 0.1,

where we have used Acone = 7r? [tan ¢ and f(78°) = - 0.25 + .05 estimated from the data on
Table I, section V. The lateral surface coefficient is found using Robertson’s high and low values

for Cp (Agena).
C, (Agena-high) = 3.6
CD (Agena-low) = 3.3

TL(Agena) ~ 15

_f_ (GRM) = 10.0

Using these numbers and CDf = 1.5 we get from eq (32)

Cis (high) = 0.07

CLS (low) = 0.06

The GRM upper and lower bounds follow from eq (32):
Cp GRM (high) = 2.9

Cp GRM (low) = 2.7

20
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V. COMPARISON WITH LABORATORY DATA

Measurements of momentum transfer parameters appropriate to this calculation have hen
found in the literature. They have been reported by Knechtel and Pitts (1973). Boring and
Humphris (1973), and Seidl and Steinheil (1974). Unfortunately. the definitions of the parameters
of interest are all different, and a brief description of each experiment is necessary in order to
reduce all parameters to one common definition. The three experiments were very similar in their
apparatus makeup. They used a molecular beam incident on a sample surface and measured the

resultant force on the surface with a microbalance.

By far the most straightforward parameter definition was given by Boring and Humphris
(1973). They were interested in determining drag coefficients only; therefore they measured the
momentum components along the direction of the incident beam only. The microbalance was used
to measure the momentum delivered to a sample surface whose plane could be oriented with
respect to the axis of the incident molecular beam. They measured the incident momentum p;
and the reflected momentum p, along the line of incidence for several orientation angles from 15°
to 75°. and reported the ratio of these quantities as a function of the angle of incidence. Their
results are given in the &th column of table I beiow. The results of all three experiments are given
in :hat Table. The first column gives the angle of incidence and the subsequent columns give o,
a, and pr/pi for cach experiment and for each angle. The following paragraphs describe the results

of the other two experiments and the derivation of pr/pi to compare all three consistently.

Seidl and Steinheil carried out similar measurements with a microbalance, except that they
made two measurements for cach angle of incidence. Those two measurements were done 90°
apart. and therefore could be used to separate the normal and tangential components of the
momentum to obtain the accommodation coefficients. They preferred not to include the momen-

tum of fully accommodated molecules issuing from the surface. so their normal accommodation
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coefficient is different (and more tractable) from the standard definition of equations (7) and (8)
above. Figure 6 shows the experimental configuration described by them, and their measurements
are listed in columns 2 and 3 of Table I. We use the vector and angle diagrams in the figure to
obtain the ratio p /p; in order to make valid comparisons with the data of Boring and Humphris.

They defined the momentum accommodation coefficients by

(normal) e, =w , 34)
Pni
and
(tangential) o =£Té;p1r_ , (35)
7i

From the figure, we can see that the ratio is

_p!.= Eﬂ cos —h sin 9;
Pj Pi bj

but, using equations (34) and (35) the components Ppr and p. are given by
Pnr = Pj cos 6; (1 —ap)

and
Prr=pjsin 0, (1 -ap)

so, the ratio is simply

%f; (1 - ay) cos?6; - (1 - a) sin? 6; (36)
1

Mow we can obtain the ratio p,/p; using the values of oq, and o of Seidl and Steinheil. Thes: are
tabulated in column 4 of Table I

22
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SURFACE NORMAL

Figure 6. Definition of momentum vectors used in the text. Note that p_is the component of
the total reflected momentum (shown by por) along the line of p;-
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The measurements of Knechtel and Pitts were reduced by them to the standard definition of
equations (7) and (8). However, they did not specify the surface temperature for their experiments,

and thus there is an uncertainty in the value of pg that should go into eq (7) We use the relation

given by them to obtain pg. Assuming a surface temperature T equal to room temperature, 300°K.

we get

0.038 p;
po~ P 37
coSs 01
We substitute eq (37) into (7) and get
_ Pni ~ Por (38)

®n = 751 - 0.038/cos?0;)

Using eq (38) in place of eq (34) we rederive the equation for pr/pi:

gl = (1 - &) cos?d; - (1 - ) sin?6; + 0.038 oy . (39)
i

The accommodation coefficients of Knechtel and Pitts are given in columns S and 6, and the pr/pi
ratios deduced from them with eq (39) are given in column 7. The difference between eqs (39)
and (36) is just the term 0.038 a,. The coefficient 0.038 was obtained using the temperature T
of 300°K above. The coefficient is proportional to+/Tg. 5o unless Tg was extremely high, the

uncertainty should remain small.

We have plotted the ratio f(8) = pr/pi for the three experiments in Figure 7. Before compar-
ing these results, we must review briefly the differences between the measurements. The data of
Seidl and Steinheil (SS) was obtained from the impact of a beam of He atoms on a sapphire
surface. Their beam energy of 0.05 eV corresponds to a velocity of roughly 2 km/s. The data of

Knechtel and Pitts (KP) corresponds to the impact of N, or N,* on Aluminum surfaces at an
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energy of 10 eV which gives a velocity roughly equal to 8 ks, The data of Boring and
Humphris (BHD represents Ny N3oand 0 or OF impact on test surfaces from satellite Feho |
and Explorer XXIV. The kinetic energy of 5 ¢V of the 0F beam also corresponds to an 8 Km s
velocity In general, measurements indicate that pp p, should decrease as the velocity increases,
and the difference between 88 (circles) and KPP (X7s) is consistent with this tact. The BH
(squares) values are markedly higher than the KP values. Additional measurements have been
made. but have not been included here because ot the preliminary status of this part of the

report.

We note that the KP values, extrapolated to 8 = 84° (see discussion regarding eq (190,
give £(8) ~ - 0.0 in Figure 7. This gives a lateral surface coetticient €, ¢ > 0.04 using e¢q (33). On
the other the BH data extrapolate to roughly f(8) = - 0.4 at § = 847, This gives Cis ~ 000 in
agreement with the value obtained in section 1V from the flight data. This agreement is probably
tortuitous. We point out that the angle 5i = 84° may be in error by perhaps + 3%, and caretul
computation including the angular distribution of gas molecules incident on the surface is
required before a better value of éi is known. However, it is clear that predictions ot drag using

the data of Boring and Humphris will be higher than with the data of Kaechtel and Pitts.

We noted in the introduction that previous extrapolations of the data Knechtel and Pitts
appeared to overestimate the drag coefficient. The extrapolation was presented by Fredo and
Kaplan (198 1), and they obtained a, > 0.0 and a, ™ 0.25 at @ = 90% Substituting these values
into c¢q (39 we get £(90°) ~ - 0.3, In our computation. the corresponding value 1(84°) would
be about - 0.25, and would give €, ¢ = 0.08. This is roughly 30 larger than the value ot 0.00

obtained above. and about twice as high as the value C, ¢ = 0.04. obtained witir the interpola-

tion done here.
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VL. CONCLUSIONS

1. We have derived an equation which allowed us to obtain the drag coefficient for the bare
GRM cylinder independently of laboratory measurements, and found that the value obtained leads
to a ratio p,/p; which is consistent with the published laboratory estimates. This degree of con-
sistency lends confidence to our estimate. Using flight data for a spacecraft with an L/r ratio of
15, we obtained upper and lower bounds for the lateral surface coefficient C, ¢ of eq (32). With
those values of C . we obtained upper and lower bounds of 2.9 and 2.7 for the bare GRM
cylinder with L/r = 10. The coefficient C ¢ indicates a value of pr/pi ~ - 0.4 at angles of incidence

near 84°. These values of p,/p; are reasonable extrapolations of the laboratory results.

2. It is implicit in the conclusion above and in eq (32) that the contribution to the drag
from the sides of the cylinder decreases as the angle 8 approaches 90°. It should prove useful to
compute the average angle ?éi of eq (19) when the lateral surface normal has a small component
in the direction opposite the direction of flight. Such a situation would occur if our cylinder was
deformed by reducing the diameter of the back plate slightly. The cylinder then becomes a frus-
trated cone of small half-angle flying with its base forward. The number of molecules impacting
the sides decreases with the half-angle of this cone. and significant reduction in drag should result.
Computations are in progress to estimate the reduction in C ¢ with the conical deformation of the

cylinder proposed here.

3. The solar panels and other smaller appendages on the GRM will contirbute to make the
actual drag coefficient larger than that obtained for the bare cylinder. The computation of Cis
and the work in progress mentioned above should provide the basis for an estimate of this effect

in the immediate future.

4. The comparison of laboratory data suggests that a more careful extrapolation of the

measurements of Knechtel and Pitts (1973) may give lower drag coefficients using the method

28
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outlined by Schaat and Chambre (1958). and used by Fredo and Kaplan (1981) and Ray and

Jenkins (1981).

5. Finally. every effort should be continued to acquire more information on drag coefficient

determinations for other cylindrical spacecraft such as the SETA-1 and SETA-2 in order to lend

more confidence yet to our estimates, and with a view to estimate the effect of solar panels and

the elficiency of shadowing of one surface by another.
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