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INTRODUCTION

Work supported under Contract Number NA58—28248’began in
January 1972 and has continued with varying degrees of effort to the
present time. The work has involved the application of improved aero-
dynamic  theory towards thé goal of obtaining more accufate knowledge
of the upper atmosphere. Advancements haﬁe been made both in the area
of aerodynamic theory and the interpretation of the dynamic response
of objects traveling through the atmosphere.

The work began as‘a study of ways of imprdving models of thé
upper atmosphere as deduced from Obéervation of satellite deCa&. In-
the development of atmospheric models, it was found that tﬁe decay
of the orbit of a satéllite due to drag had been modeled as simply a
sphere with a drag coeﬁficient of 2.2 traveling through a rotating

atmosphere. Thebassumpgion of a sphere of C_ = 2,2 was of course

D
recognizéd to be only an approximation and of]barticular‘use in the
analysis of the drag decay of foreign or some @omestic satellites for
which limited kndﬁledge existed concerning the’shape or dfher phySical
parametefs.'-One of the goals of this work'wasvto investigate the :
_mégﬁitddé of error made iﬁ cheaéssum?tionbof a sphere Qﬁ_CC'='2;2 aﬁd'
to propose;more-accurate;daﬁé»feduction,techniques. .
Chapﬁer 1'des¢ribeé the major influencg revealed in this study
conCerning>thevinfldéﬁcefof real sétellite éerodYﬁamics bn the deter-
minatidn~of,upper:atmosphetic density. VChapter’Z preséﬁts a methodk
~of analysis of'sapéilite‘dfag data which inclu@es thé effect of satellite

lift and the variation in aerodynamic properties,around;the‘orbit.



The method was applied tg the daté from OVI 15 satellite. One of the
interesting results obtained from analysis of satellite orbit decay
has been the super rotation of the atmosphere deduced by King-Hele.
In Chapter 3, a study is presented which shows that satellite lift
effects may be responsible for the observed orbit precesSion rather
than a super rotation df the upper atmosphere.

Emphasis of this work gradually came to the lower altitpde regime
and the 80 to 120 Km region in particular. This region of the atmo-
sphere is of great importance since it serves as a major boundary
between the lower atmosphere thch is constant in molecﬁlar weight and
the upper atmosphere which reaches out many thousandé of Km having
considerable variation in molecular compOSition.. This important region
of the afmosphere has’ received little expefiméntal attention due to
the difficulty and expense of pefforming measurements at these altitudes.
The falliﬁg sphere method is found to be the primary source of information
for this region. As with satellite drag measurements, it was found
that simpie assumptions concerning the aerodynamics of objects were
.often employed in the falling sphere analysis. The influence of the
érforS‘ﬁéde:due to the simplifying assumptions were evaluated and an.
impqued method of anlaysis was proposed and applied as reported in
Chapter 4. | | k

Thé work on,faliing sphere déﬁa analyéis élso revéaléd that
‘most of the 80-120 Km results weré‘based oﬁ,Qalﬁeé,of dfag‘é6efficient’
o iﬁ the transition regime that were:extrapolated froﬁfwind:tunnel'results

;that Were far outSide~tﬁe ﬁransitionfregiﬁg., In the wétk ;epbrted,here,

km@re'fe@éﬂt wind,tunnel~data reported in'fﬁé litératgrgyweré obtéined‘
énd ﬁore aééuré;e‘drag coefficient reiatibﬁéhiﬁgjweré déveioped based
on thése’déta. :This wofk is répOrted in'Chapéér‘sfv’
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The improved‘drag:COefficiént relationships revealed a con-
siderable error in previous falling sphere drag interpretation. These
data were reanalyzed using the more accurate relationships. The |
results of this work is given in Chépter 6.

In this work the drag coefficient has been studied for the
entire spectrum of Knudsen Number and speed ratio. One region which
was of particular interest is in the very low speed ratio fegion.

This region of the aerodynamic spectrum has received little experimental
attention except for highly_viséous flowé due to the experimental
difficulty of obtaihing drag data in-a ldw density slow flow situation.
The theoretical work in this region is discussed in Chaptér 7.

The recommendations for future work are presented’in‘the form
of two proposals given in Chaptet 8. Both proposals would involve
additional analytic work and subsequeﬁt exﬁeriments using the shuttle
space craft.

| The computer programs generated during’the period of performance

E of the contract are given in the appendix.



CHAPTER 1
INFLUENCE OF SATELLITE AERODYNAMICS ON ATMOSPHERIC DENSITY DETERMINATION

A preprint of a paper by G. R. Karr and R. E. Smith from Preprint
Volume of the International Conference on Aerospace and Aeronautical
Meteorology was published by AMS, Boston, Mass. Presentation was given

May 22-26, 1972.



Reprinted from Preprint Volume of the International Conference on Asrospace and Aeronautical

Meteorology, May 22-26,

19172, Washington, D.C.; published by AMS, Boston, Mass,

INFLUENCE OF SATELLITE AERODYNAMICS ON ATMOSPHERIC DENSITY DETERMINATION*

Gerald K. Warr
Coordinated Science Laboratory
University of Illinois

Urbara, Illinois

1. INTRODUCTION

Drag-deduced densities of the upper atmos-
phere have been a primary source of data in the
development of atmospheric models and to the
study of the upper atmosphere. In the past, the
determination of atmospheric density has been
through the observation of satellite orbital
decay over a long period of time which neces-
sarily required knowledge of only the average
drag properties of the satellite. However, as
tracking techniques become more accurate and. the
use of sensitive accelerometers increases, the
assumption of average drag properties is no
longer valid and & more accurate treatment of
satellite aerodynamics must be made.

The purpose of the following discussion will
be to focus on three principle satellite aero-
dynamic factors which influence the interpre-
tation of satellite dynamic response; these are,
(1) the influence of satellite orientation and
shape on the drag coefficient, (2) the effect of
changes in the gas flow properties with altitude,
and (3) the .influence of upper atmospheric winds
on the interpretation of data.

The. three topics to be treated are effects
causing the greatest source of error in current
data reduction. Other factors such as aero-
‘dynamic 1ift, changing atmospheric composition,

- and changing satellite surface properties will
~not be treated here but such factors could be of
importance for particular satellite systems

“having large aerodynamic 1lift forces and widely

" varying gas and surface properties. The follow-
ing will then be li-ited to a discussion of
serodynamic drag effects ‘only and the assumption

_of constant satellite surface properties. The
atmospheric gas will be considered of single
species having the aversge propertiel nlloctlted
with a parttcullr altt:ude.

This work was supported in part by the Joint

Services Electronics Program (U.S. Army, U.S.
Navy, and U.S. Air Force) under Contract DAAB-
07-67-C-0199; and in part by the National

" Aeronautics and Space Administration and the -
American Society for Engineering Education
through the 1971 ASEE-NASA Summer Faculty
Fellouship Program at lelhlll Splce Flight

. Center.
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National Aeronautics and Space Administration
Marshall Space Flight Center
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- The three factors to be discussed are of
importance in the interpretation of past data as
well as the application to future more accurate
measurements. Fur this reason, an estimate will
be made of the possible correction to present
density models based on the results of the
present study. As a basis for calculation and
comparison only, the Jacchia (1971) model is
employed in the analysis. Other current models
could be used for the same purposes with similar
results.

2. SATELLITE AERODYNAMICS

The aerodynamic flow regime experienced by
the majority of satellites is. free molecular.
That 1is, the mean free path between collisions
of molecules in the upper atmosphere is greater
than the dimensions of the majority of Earth
satellites. This assumption is certainly true
for altitudes greater than 200 km where the near
free path is on the order of kilometers.
Although departures from free molécular flow will
occur. in regions of high density, the assumption
of free molecular flow may be considered
reasonably accurate to an altitude of 100 lam
where the mean free path is of the order of
meters. For convenience, free molecular £low

‘is ‘assumed through out the altitude range being

considered in this discussion.

In the free molacul.r flow of space, by

definition, collisions of molecules with the

satellite surface predominate. For this reason,

‘the study' of satellite aerodynamics requires an

understanding of the interaction of gas molecules
with solid lurfncoo. The drag properties of a
satellite are influanced primarily by the
exchlngc of momentum with the lurfnca during the
molecular impact., :

The doacription of the:molecular impact to be
employod An this discussion is the generalized
gas surface interaction (G51) model which has
direct application to the problem of satellite
drag, see Karr (1969). This model is represented
in Figure 1 shcwing a general non-specular type
of reflection. The reflected molecules produce a
momentum vector in the direction 6, with an ' :
average valocity of Uj .The refleéted properties

upon the incident flow :
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where o, and P, are parameters of the interaction.

8 P, + (1-P )8
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Fig. ‘1. . Description of the gas surface inter-
action.

Using the model of the interaction described,
the force components in the direction of drag can
be expressed locally at the surface. The total
force is obtained by integrating over the entire
suirface exposed ‘to the flow. I1f the satellite
velocity is much higher than the random kinetic
motion of the gas molecules, the gas molecules
¢an be considered stationary as. the satellite
sweeps out molacules in 1its path. The assumption
of such conditions (the hypervelocity assumption)
allows one to determine the drag coefficient
based upon the area projected to the flow.

Under the assumption of hypervelocity flow
and the generalized gas surface interaction the
following results are obtained for. four shapes of
interest. The drag coefficient is defined as.

c, = Drag/3p vii

where A 18 a reference area’taken to be a
constant, independent of angle of attack.

Flat plate with angle of attack B
A = Area of plate

CD fk?sinﬁ- 2«1-aj sinB cos ngj+(2-Pj)B’

Cylinder with axis gergendiculaf to flow

A= DL, , D = diameter , . L = length
RS | S
) cos 3 P
CD = 2‘ + ZV l-dj —-———-l—-(l_Pjr) (3‘Pj)
“where the bracketedftetm is equal to 2 when Pj =

1.0. A value of P

to -this: shape. ]

‘Cone with axis parallel to flow

2

A = Area of base of cone = Tr

= 3 ig not meaningfully‘applied .

"
CD - 2 -ZJI-QJ COB[E'Pj + (2-Pj)6]
where § is the cone half angle.

Sphere

A= r2
n

4(l=cos 7 P,)
- - 2
CD =2+ aj PJ(I"PJ)

where the bracketed term is equal to zero for
Pj = 0. A value of Pj = 4 18 not applicable,
The above results clearly illustrate the
influence of the GSI and the shape on the drag
properties.. The results for a sphere are
shown plotted in Figure 2. A range of C. from a
minimum of 2.0 to a maximum of 4.0 is seen
depending upon the values of gas surface inter-
action parameters, aj and P..  The results for

the cone shape reveals that depending upon the
cone half angle, CD values less than one are
pogsible. Thus, it is seen that satellite
shape and satellite surface properties are
strong influences on the drag properties.

40

3.0
Co
2.0
i | S N L | | | 1
1OO c2 04 06: 08 10
Rs-443

Fig. 2. Drég‘coefficient of'sphere as 'a function

of gas surface interaction parameters.

3. THE EFFECT OF SATELLITE ORIENTATION

Sacellites rarely present the same:shape to
the flow during an orbit, - For this reason, the

~effect of satellite orientation,which is

important in determining the instantaneous drag
properties of a satellite, is also impor:ant'in
determining the average drag properties. - In

“order to illustrate the effect of angle of

attack, consider first a cylinder with spherical
end caps with an angle of attack @, ' For the

‘special case of specular reflection (Pj»=0) and



hypervelocity flow, the following analytic
results are obtained.

Cylinder with sphorical ends; P, = O, hyper-
velocity flow and angle of atta%k .

4 L
CD-2[1:;501na]

P
+ /l=a 8L sin o g sinza - 2.0
j"bDd )
whate k.= Wt and L/D 1o the length to diameter

ratio of the cylinder.

These results reveal that C_,for the cylinder
with spherical ends,changes considerably depend-
ing upon the angle of attack and the shape
(length to diamcter ratio). As cxpected, the C
value is that of a spherc when @ is zero and is
progressively influenced by the cylinder as the
angle of attack is incrcased to a value of

n 3=
3 Since mr is used as the reference area at

all angles of attack, Cj; will reach high values
for large valucs of L/D.

For more complex shapcs such as the cone,
results must be obtained numerically. Figure 3
shows such results for a 35° half angle cone.
The plot is a three axis presentation of the
surface C,(P ,B) wherc P. varies from zero at
the front to’a value of '2 at the rear. The
angle of attack is varied from zero on the right
to 180° on the left. The value of @, was taken
to be zero in constructing this plot: The
function has a maximum value of 4.00 and a
minimum value of 0.399. These results illustrate
further the strong dependence of aerodynamic
drag on the shape, orientation, and GSI.

Fig. 3. Computer generated plot of surface
CD(Pj,B) for a 35° half angle cone with

flat base where P, varies from zero to
two from front to’back and B varies
from zero to 180° Jrom right to left.
The values of C; vary from 0.399 to
4.00.

Just as the instantancous values of Cp are
influenced by angle of attack, the average value
of Cp over an orbit alsu depends upon the
attitude history the satcllite experiences over
the orbit. In order to illustrate this factor,
consider the determination of the average drag
coefficient over an orbit of the satellite. The

time average of Cp is given by

ORIy,
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For a circular orbit the satellite will travel at
a constant rate and, for this case,

2n
cn"z%{‘:n“'

Consider now a spin - stabilized cone shaped
satellite with a flat base. The orientation of
the satellite spin axis with respect to the
orbit is given by the angle A as shown in
Figure 4. The angle 8. serves to oriente the

o

Fig. 4. Coordinated system describing
orientation of spin stabilized satellite
with respect to orbit plane.

spin axis with respect to the velocity vector

U . For a circular orbit, the velocity vector
will rotate about the spin stabilized satellite
at a constant rate. Since the instantaneous
value of C, for each point in the orbit can be
determined, the average C, over the orbit can
also be determined by numerical quadrature. The
results of such a study are presented in Figure
5 for five cone half angles and for A from O to
90°. The base area of the cone was chosen as the
reference area in each case and the same GSI
parameters used for each plot.

The results given in Figure 5 illustrate the
importance of taking the satellite orientation
history into account in selecting an average
drag coefficient. Since the satellite orbit and
the satellite spin axis will tend to drift in
space, the average drag coefficient should not be
expected to remain constant. The amount of
variation is seen to increase as the amount of
non-symmetry of the satellite is increased. Only
spherically symmetric shapes will experience no
variation.
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Fig. 5. Average drag coefficient for spin’
stabilized cone shaped satellites as a
“function of spin axis orientation with
“respect to orbit.

4. EFFECT OF ALTITUDE ON DRAG COEFFLCIENT (THE
SPEED RATIO EFFECT) ‘

The assumption of hypervelocity flow used in
obtaining the results of the preceding sections
will now be examined. A discussion of this
assumption is facilitated by introducing a flow
parameter termed the speed ratio, S, defined as
the ratio of the satellite velocity to the
random velocity of the gas molecules in thermal
equilibrium. -The speed ratio is given by

s = um/Afza'r/M

wheraz R the universal gas constant, M the

av.rage molecular weight and T is the tempera-
ture of the gas. Hypervelocity flow, the

assumed flow in the preceding work, is approached
as the speed ratio approaches infinity.

Two. factors influence the value of the speed
ratio as the altitude of the satellite orbit is
changed.  First, considering circular orbits
only, the velocity of the satellite decreases as
altitude increases. Second; the temperature of
the atmosphere and therefore the thermal velocity
of the molecules increases with increasing
altitude. - These two factors combine to cause a
considerable decrease in.speed ratio as altitude
increases. This effect is illustrated in -
Figure 6 which shows the value of the circular
speed -ratio as a function of sltitude for four
exospheric temperatures.  This plot was
constructed using values of temperature .and -
mean molecular weight from Jacchia (1971):.

In order to investigate the influence of
speed ratio on the drag coefficient, consider a
sylinder with spherical ends. Utilizing data
from Karr and Yen:  (1972), Sentman (1961), and
"Fan''and. Andrews (1969), the value of 'C_ for
three speed ratios were obtained giving the’

- following results. for ‘the zero angle of attack
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Fig. 6. Circular speed ratio as a function of
altitude for four exospheric tempera-
tures based on Jacchia 1971 model.

case. These three values were used to obtain a

C

s D
o 2.0
8 2,106 + 0.450(2L/mD)
4 2.249 + 0.885(2L/mD) |

second order polynomial approximation to the
variation tn Cj with. S. -The results are

cyle, =1 + (0.350 + 1,166 L/D)/S
D
S vy

S+ °(0.592 - . 1528 L/D)/s".

This function is. plotted {n Figure 7 for three

“values of L/D. “ Two factors of: importance arc

illustrated in these results. - First, long
slender object at low angles of attack are
strongly influenced by speed ratio effects-
Even at relatively high values of speed ratio,
there is ‘strong sensitivity to the length to
diameter ratio for long slender objects.
Second, for a given satellite shape, consider-

~-able change in the value of C  is seen to occur
“‘over the range of interest from S=4 to 5=20.

"Combining the. results of the polynomial fit"
of Cpy values for.a sphere with the change of'S

with respect to altitude, the change in C, for a

sphere over ‘the altitude range from 100 to 1000
km is obtained and presented in Figure 8. These

results, for the same" four exospheric
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Fig. 8. Change in drag coefficient as a function
of altitude for four exospheric
temperatures.

temperatur#ss as in Figure 6, show that a sphere

will experience a change in Cp of from 2 to 10%

depending upon the atmospheric temperature.

Even greater changes would be expected for non-

spherical satéllites such as the cylinder with
; spherica! ends. '

) Of importance is the fact that the noted
change in C_  with altitude is found to be

systematic with altitude. . For th1u~xelson‘then,

it is to be expected that present drag deduced
density values will have these systematic errors’

“incorporated into the results. This factor
could account for some of the discrepancies in
densities at high altitude in comparison to
densities at lower-altitudes. Similar results
and conclusions were: found by Izakov (1965)
using an analytic expression for CD of a sphere
as ‘a function of S.

S. EFFECT OF ATMOSPHERIC WINDS ON DRAG STUDIES

Recent analytic and experimental studies
point to high velocity atmospheric winds in the
upper atmosphere. Velocities of as much as
400 m/sec have been reported. Since satellite
velocities are of the order 7 km/sec, atmospheric
winds are expected to be an influence on the
satellite motion. In order to investigate such
influence, consider a simple model of the upper
atyospheric wind structure which includes the

‘rotation of the atmosphere at the rotation rate

of the Earth. In addition to the rotation,
consider an east-west wind which varies in both
magnitude and direction. Results of Challinor
(1969), suggest that the east-west component
could be assumed to approximate a sinusoid
variation with a longitude angle, @, messurer
from a reference point of zero wind. The
velocity of a satellite with respect to the
atmospheric gas in circular orbit is then given
by

U =JE-n v sina
r e max

]

where Vmﬂx is the peak wind velocity, r is the
distance from the center of the earth and Q)
is the angular velocity of the earth. At some
longitudes, the wind is seen to subtract from
the atmospheric velocity while adding at other
longitudes.

The instantaneous drag acting on a satellite
at any point in the orbit is given by
1 oulc . ’
D=3 DUQCDA-
The average . drag over one revolution is:found by
integrating over the time in the circular orbit

=]

= 5= [hov’c X da
T reE 2 2
= 3 oc A [ Eora) 4%y ]

the éverage drag is found to be increased by a

~-factor, Fwind’ where

Faind =

The increase in drag due to winds for a circular
orbit is found to be small éenough to be
neglected. The increase is less than 17 for
typical values of velocities:

Consider now a more severe case when a’
satellite in an elliptic orbit has its perigee
at the peaks of wind velocity. ~Such a situation -

~i8 likely since, often times, observations of

elliptic satellite orbits are made to determine

-atmospheric. properties in the region of perigee.-

Much of the knowledge of latitude and longitude
variations in the atmosphere have developed
from such observations.

Cbhsidet the perigee passage é: o=90°,
where the wind velocity sub;rICCS, with the



perigee passage at 270°, where the wind velocity
adds. For similar orbits and conatant density,
the ratio of drag at perigee for these two cases
could be taken to be

B . . 2
D ‘/T Jite rpn. v

900 D max
D,
270° amy
J . Jl+e rpne Vo

1

“ Vmay

JE/Te -0
T pe

12

where r_ is the orbit radiuc at perigee and e is
the eccgntrictty of the orbit. Ir the altitude
range from 100 to 1000 km, r 0 is zpproximately

.5 km/sec, and Vii/r, 18 approximntely 7.5 km/sec.
For e values less ghnn 0.2, percentage
differences in drag of the order of three per-
cent are obtained for V values of 200 to

400 m/sec. The wind ef?:ct is found to be much
larger for this case than for the circular orbit
case. Due to the lag in solar heating of the
atmosphere, the & =90° point would occur after
sunset while the 270° point would be after sun-
rise. The results obtained reveal that a
difference in drag of a maximum of 3% at about
200 km {8 explainable by wind effects. 1If

these wind effects were not taken into considera-
tion, the difference in drag would be misinter-
preted as being caused by a corresponding
difference in atmospheric density. Therefore,
wind effects could explain some of the day-night
variation in denaity deduced from satellite

drag.

6. CONCLUSIONS AND DISCUSSION OF RESULTS

The preceding discussion has emphasized the
variability of satellite drag coefficients. In
particular, the effect of the gas surface i
interaction is seen tc dominate. Unfortunately,
values of P, and o have yet to be determined
accurately énough‘CO be used in satellite drag
studies. This factor leads to considerable
uncertainty in the specification of satellite
drag coefficients which could cause errors of
‘as much of 50% in the values of Cp ™ 2.2 used
in past data reductions.

In view of the influence on drag coefficients:

of non-spherically symmetric: shapes and the

“speed ratio, values of C; of around 2.2 are
likely too low for most satellite shapes. This
observation is based on the fact that for a
sphere the minimum C, for S~ is 2.0, Speed
ratio effects cause the minimum value to be
increased to values of 2.1 or higher. In order
for the sphere to have the “wnimum Cp» the gas
surface interaction would have to be specular’
or the accommodation coefficient would have to
be unity corresponding to reflection at near
zero velocity. = Such:-limiting interactions
appear unlikely, meaning that CD values higher
than 2.2 are 11ke1y

Although an absolute value for C, may be
lacking presently, the results obta?ned for

ORIGINA
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changes of C, due to shape, orientation, and
altitude reveal that systematic variation of
around an absolute value would occur under mos
circumstances. These variations should be
i{ncluded in the analysis of future satellite
data where information on satellite orientation
may be ‘available.

The effects of atmospheric winds were
{llustrated assuming a simple model of the wind
stiucture. These results illustrate still
amother source of error in drag deduced
density values. Future planned work will
consider a more sophisticated model of the wind
structure. This study is expected to lead to
improved knowledge of the upper atmospheric
density and wind structure.
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SATELLITE AERODYNAMICS AND ATMOSPHERIC DENSITY DETERAINATION ~FROM
SATELLITE DYNAMIC. RESPONSE

by
Gerald R. Karr-

ABSTRACT

A method for determining satellite acrodynamic properties and upper
atmospheric density fron observed satellite dynamic response has been
successfully developed and tested.

The aerodynamic drag and 1ift properties of a satellite are first
expressed as a function of two parameters associated with gas-surface
interaction at the satellite surface. The dynamic response of the
satellite as it passes through the atmosphere is then expressed as

a function of the two gas-surface interaction parameters, the
atmospheric density, the satellite velocity, and the satellite
orientation to the high speed flow., By proper correlation of the
observed dynamic response with the changing angle of attack of the
satellite, it is found that the two unknown gas-surface interaction
parameters can be determined., Once the gas~-surface interaction
parameters arc known, the aerodynamic properties of the satellite at
all angles of attack are also determined. The atmospheric density
may then be accurately calculated once the true aerodynamic properties
are known, S ‘

Employing acceleroncter data from the OVi-15 satellite, analysis was
successfully made of the aerodynamic properties of that satelljte '
and a determination was made of the absolute value of atmospheric
density near the orbit perigee. These results constitute the first
successful application of the proposed method of analysis. These
results also serve to illustrate the potential of the technique in
the analysis and prediction of satellite orbit decay in the atmos-
phere and the accurate determination of upper atmospheric density

from satellite dynamic responsc.
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1. Introduction ' : '

The problem of satellite orbit decay prediction and the problem of
upper atmospheric density determination have encountered a common
source of unknown error which can be traced to a lack of knowledge of
satellite acrodynamics. The basic equation employed in both orbit
decay and density determination is the familiar drag equation:

Drag = 1/2 pU2CpA

where p is the density, U is the velocity'of the satellite with respect

to the atmosphere, Cp is the drag coefficient, and A is a suitable
reference arca. In most applications of this equation to satellites

the value of Cpy is considered to have a constant value. Generally,
however, the assumption of constant drag coefficient is not valid and
the use of such an assumption can lead to considerable crror (see
Karr, 1972). The uncertainty in satellite aerodynamics has prevented
the assignment of even an approximate value of drag coefficient with a
known range of uncertainty. A value of Cp of 2.0 or 2.2 is often used
in satellite drag studies and in the determination of atmospheric density,
These values of Cp are likely too small and, combined with the fact
that Cp is not constant, have resulted in an overestimation of upper
atmospheric densities (see Karr and Smith 1972).

A more accurate treatment of satellite aerodynamics has obvious
benefit to the determination of upper atmospheric density and the pre- =
diction of satellite orbit decay. Satellites traveling in the earths upper
atmospherec experience the acrodynamic flow regime termed the {ree
molecular flow regime. In this flow regime, the collision of atmospheric
gas molecules with the satellite surface dominate the flow and collisions
of gas molecules with other gas molecules may be ignored. Satellite
aerodynamic properties are then the result of the interaction of high
speed gas anolecules with the solid satellite surface. Unfortunately,
very little is known about the gas surface interaction at satellite veloci-
‘ties and this lack of information is the basic source of uncertainty in
satellite aerodynamic properties. o '

~In the interest of developing a more accurate treatment of satellite
aerodynamics for application to orbit decay prediction and density determi-
nation, a model of the gas surface interaction has been developed which
utilizes two paramecters to describe the interaction (see Kar‘r,‘ 1969 and
- Karr and Yen, 1970), The advantage in this treatment of satellite
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aerodynamics is that no a priori assumptions of the aerodynamic
properties need be made. The gas surface interaction parameters
are considered as unknowns to be determined from the cbserved
dynamic response of the satellite as it travels through the atmosphere,
The determination of the gas surface interaction parameters serves

as the key to the subsequent determination of both the aerodynamic
properties and the atmospheric density.

To test the proposed method of analysis, accelerometer data from
the OVI-15 satellite is used. The accelerometer data provide an
accurate, instantanecous measure of the level of aerodynamic force
and the attitude of the satellite with respect to the flow. As is pointed
out in the paper, accurate satellite attitude informatin is essential to
the analysis. The OVI-15 satellite, although less than ideal in shape
for an aerodynamic study, provided a good basis for the test of the
proposed method of analysis. The results serve to illustrate the
potential that this method of analysis has to future determinations of
aerodynamic and atmospheric properties.

2. Satellite aerodynamics and the gas surface interaction.

Consider a local satellite surface element in which the high speed
flow of molecules is incident at an angle of 6 as shown in Figure 1,
Associated with the incident flow is the incident momentum which
gives rise to the incident force ?i' This force is colinear with the
satellite velocity, U, with respect to the atmosphere, Assume for
now that the speed ratio is infinite where the speed ratio is defined
as the satellite velocity divided by the thermal velocity of the gas
molecules. The thermal velocity of the gas molecules is taken to be
equal to VR T/M where R is the gas constant, T is the temperature,
M is the mean molecular weight.

The molecules reflected from the surface cause a net reaction
force F; which is colincar with the mass-motion velocity vector
of the molecules leaving the surface. The direction of U is given
by the angle Oj. : :

Modeling of the interaction is performed by providing relationships
between the incident and reflected quantities, The relationships are
given by

UJ =y 1 -aj U
Oj" g‘ Pj + (I‘Pj) 8
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where 0 ; and P. are the parameters of the interaction. The subscript j

is used if more than one sct of interaction coefficients is to be considered
in the analysis. Unttl more is learned of the interaction, these linear
relationships provide a useful first approximation to the interaction that
occurs at satcllite velocitics. The parameters @; and P; are capable

of describing a much wider range of possible interactions than other
models. The development of this model and the capabilities are
described in detail in Karr 1969 and Karr and Yen, 1970,

The model described above is particularly useful in the determini-
nation of forces acting on the satellite surface. The total vector force
acting on the element of surfoce shown in Figure 1 is given by

dF = -(U-0;U;) o U-n dA

where oj is employed if more than one gas surface interaction is
employed in the analysis. In order to conserve mass at the surface,
the sum of the g values must be unity,

The magnitude and direction of U; is determined by the parameters
aj and P:., The vector force acting on the local element of surface is
then expresscd as a function of @;, P;, U, p, andg. For a given satellite
shape (assumed to be convex) the total aerodynamtc forces and torque
acting on the satellite are found by integration of d¥ and RxdF over the
surface exposcd to the flow, In general, the results will be of the form

= 2 : :
Drag=1/2p U CD (aJ, PJ,B) A
2 Q. -

Torquel,2’3 = I/ZDU CT1.2’3(a-, Pj, B) AT

where A is an angle of orientation and the subscripts on Cj and Cq are
to indicate that therc are two components of lift and three components
of torque. The six aerodynamic properties are found tc be a strong
function of the gas surface interaction parameters. For non-spherical
objects, the angle of orientation, B, «lso has a strong influence on the
drag, lift and torque propertics (seec Karr and Yen, 1970).
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3, Aerodynamics of the OVI-15 satellite,

. The approximated shape of the OVI-15 satellite is a cylinder with

spherical ends as shown in Figure 2. The satellite spin axis was
normal to the longitudinal axis of the cylinder with a spin rate of alout
10 rpm. Near the center of the satellite a three axis accelerometer
detected the forces acting on the satellite, Since the data to be used in
the subsequent analysis has been filtered and averaged over a number
of spin cycles,the aerodynamic properties averaged over a spin cycle
are developed.

The total instantaneous vector force acting on the satellite is given

by
P=1/20U° K(Cp'D+Cp, L1 +Cyp, L)

where D, L), and L, are mutually orthogonal unit vectors in the drag
and lift directions. The Lj and L, directions are defined with respect
to the instantaneous orientation such that 1,; is perpendicular to the
cylinder axis and the velocity vector., The direction of 1., is perpendi-
cular to koth I; and D. Due to syminetry the lift force in the L)
direction is zero.

From Karr, 1969, Cp and CLZ are obtained for the infinite spced
ratio case, given by

-
- - . - .-'): . - .
Cp=2+4 V1 @j (1 -cos 2.‘,) Py (4 - Py)
+ ZAR COS es : 21.’, 3
[ R cos §_sing C3 - cos™ §
+ Ag V1 -q I’n L F . .

sin® § (Cj+8;)) 1d €
21

. =
= -41 -0 Ag cos? Og smeJ,, se- s, ¢+ Sj)di

Q
e
N

I

Q
Sy

n

(=]

where the first two terms in Cp are due to the spherical ends and the
remaining terms are duc to the cylindrical section, The angle £ is a
cylindrical surface-integration angle. The quantity Ap is the arca ratio
of the cylinder to the sphere given by

AR = XCYI/Ksph = Zrl_,/"r2 s 4]_/11 D
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The quantitics C; and S,j contain the parameter Pj where

cos (11/2 Pj + (1 - Pj) 6)

J cos B
sin{/2 Pj 4 (1 - Pj) @)
- X sin §

0 = sin~1 (-~ cos Bg sinf)

The angle §_ is an angle of instantaneous orientation defined as the angle
between the velocity vector and the longitudinal axis of the cylinder,

Since the OVI-15 spin axis is perpendicular to the axis of the cylinder,
the angle §g is a function of the angle the spin axis makes with the velocity
vector,y, and a spin angle, A , which changes from 0 to 2m every spin
cycle (see Figure 3),

For certain values of P; the surface integrals over the angle £ are
easily performed. For Pj= 0, which corresponds to specular type
reflection,

\

£ 1

=S. =
1o "5
Pj-O PJ-O

For P.

y = 1 which corresponds to diffusive type reflection,

= =0 Ea = -l/cos 4} sin §
JI P.=1 Jl P.=1 ’
J J
For Pj= 2 which corresponds to perfect backscatter type reflections

= =1 : 1

c-l = =
J = J -
The values of C and Cp,, at the three values of P; = 0, 1, 2, were

used to obtain an polynomial approximation for Cp anc'] Cj, as a function
of P..
J

Since the accelerometers were body fixed, the output of the acceler-
ometers were a function of both drag and lift forces given by

1-s:|.n2 Y coszl]

cos fg

1

F/;— PU2K = [-chinv s .0
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'ainzy cos A sin l]j

+| ~-Chsiny sin ) - C
[ D J L cos Os

siny cos y cos B ]k
+|-Cp cosy -C; cos §

where i, j, and k are unit vectors in the directions of the threce axis of
the accelerometers with i along the axis of the cylinder, k is in the
direction of the nominal spin axis and j is orthogonal. Since the data
being used in this analysis has been averaged over spin cycles, the
component of force as expressed above were integrated over the angle A,
The results after averaging over one spin cycle were

1 py2m?

Z

1
2

F = siny

y CF(aj' Pj' Y)

2 2

Fz= 'COB.'{ PU” Tr CF (ajn Pij )

where Cp is the integrated force coefficient. * These results show that
'F‘y and PF measure the identical forces except for the factor siny and
coS y. This property was used by Fess and Young to obtain the angle Y
which the spin axis makes with the velocity vector,

Y = cos™} [f‘z /ﬁ";é—-}-;_;z]

The force coefficient Cy was found by fitting a 37d order polynomial

to the values of Cp and CLZ at the three values of Pj =0,1, and 2.

= 2 3
Cp=A+{T-0j (G+HP;+QP;"+PP;)

where A= -2 -4 Ag E(Y,;_) /n
= -4 Ap E (Y, ‘;)/3"
H=4F - 2G - 2A
= -4F 4+5G/4 + 11 A/4
P=F-G/4-3A/4
F=~4/3 - TAR/2

n :
where E(Y, ¥) is a complete elleptic integral of the second kind resulting
from the average over one spin cycle.

¥ The accelerometer in the x direction did not function so only F'y and
F, are treated in the analysis,
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4, Method of analysis.

The objective of the analysis is to find the best values of @ j» Pj and

density which explains the observed accelerometer output of the OVI-15.
Although @;, Pj, and P are considered as unknowns in the analysis,
certain asSumptions on the characteristic variation of p are made to
facilitate the analysis, The assumption made is that the density varia-
tion is symmetric with respect to the perigee of the orbit. The absolute
value of density is still treated as an unknown quantity.

4.1 Least squares fit,

Assuming symmetrical density variation about perigee, differ-
ences in forces measured at points equal distance from perigee must
be due to changes in the aerodynamic force coefficient, Cp. Since the
density is equal at these two points, we can write

3 UIZ p, (T-8t;) =3 u,%0,(T 40t

where the subscript 1 indicates approach to perigee, subscript 2 indicates
recession from perigee and T is the perigee passage time. The aero--
dynamic properties and forces measured at these two points must then
satisfy the following relationship

Fi - i

where yi) and y;p are the angles of orientation at T=At; and T +4¢t;

z respectively, and ¥ =y -Fzz + Fyz- In the analysis, the quantity DEL, is

found from the preceeding relation, defined as,

DEL; = F;, C Vo B
1 il Fiz i2 ¥ il
where i is used to indicate a comparison made at T & At;, A solution in
the least squarcs sense is obtained by finding the values of a; and Pj
which provide a minimum to the sumeof~DELjesquared for a number of
obscrvations near perigee >
n
= - 2
SUM L5 (DEL;)

The best values of 0; and P; are those which satisfy

J J
AISUM) . stsuM)
3(ﬂ-3}7 - 3 Py =0

in the region of 0 < P; <2,and 0 < /l-aj <2
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4.2 Perigee passage time.

The analysis requires first that the aerodynamic properties be
- different at the comparison points used in the analysis. If the Cp were
not different, then the last equations would be satisfied for all values of

and P;. Although the OVI-15 satellite was designed to maintaina Y =
90° thoughout the orbit, considerable uncontrolled drift in the spin axis
was found to occur., This malfunction was desirable for purposes of this
analysis since the angle I changed considerably during a given orbit,
This factor resulted in a changing value of Cp over the orbit which pro-
vided a good sampling of Cp and F values for a wide range of angles of
orientation., The analysis also requires that the perigee passage time
be accurately known since the comparisons are made at equal points on
each side of this time, Since the report of Fess and Young did no! provide
a perigce passage time, it was necessary to calculate that time from the
accelerometer output, Since the aerodynamic properties are changiug
during a perigece pass due to the changing angle of orientation, the peak
in the I curve is shifted in time from the peak in dynamic pressure.
The derivative of F during a perigee pass is

1

F =scp+8 Cp

where S is the dynamic pressure. At the perigee passage time, the
dynamic pressure is maximum and § =0, Therefore, at the perigee
passage time

: F(T)

e =

F' (T)= Co1) Cp (T)

This equation was employed to find the true value of T for each data set
employed. The quantities C. and C.. are a function of®; and P, in
addition to the angle Y. The analysis was able to take intJo cons{’deration
the expected shift in ¥ output which was found to vary from 3 to 15 seconds
depending upon % Pj and the rate of change in the angle Y.

4.3 Specd ratio effect,

As discussed by Karr 1972 and Karr and Smith 1972, changes
in speed ratio with altitude result in a systematic increase of Cp with
altitude. The amount of increase was found to be a function of the
satellite shape and orientation., This factor was taken into consideration
in the analysis of data of the OVI-15 by approximating the expected change
in aerodynamics properties with respect to speed ratio. Using information
from Karr and Smith 1972 and taking into account the average over a spin
cycle, the following speed ratio correction factor was obtained.

COF =14 .682/S4.56148/82
4.4 8in2 Y (1. 66/8 - .1528/8%)
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The correction factor is a function of the angle of orientation which must
be taken into account in the determination of @; and P,;. For the altitudes
of interest for the OVI-15, speed ratios of about 10 are obtained which

" result in an increase in the aerodynamic force coefficient of about 5%.
The determination of density is then strongly influenced by the speed
ratio effect.

5. Results,
5.1 Data used in the analysis,

An example of the data employed in the analysis is shown in
Figure 4. Data from orbits number 890, 893 and 896 were employed in
the least squares fit to @ and Pj. These orbits had significant changes
in Y during perigee passage and experienced approximately the same
atmospheric conditions, These nearly polar orbits occurred in mid-
September 1969 with perigees at 150 km, perigee latitude at 10 °S latitude
with a local perigee time at about 1930, Since the sun declination
was near 43 °, the variation in density with latitude near perigee is
approximately zero according to the Jacchia 1971 model of the atmosphere.

The choice of orbits used in the analysis contributed to the
reduction of errors resulting from any nonsymmetry of density variation.
Further reduction in this type error was made by using only data within
£10° of perigee. In addition, since data from three orbits was used,
the errors due to wave motion or other short duration density disturbances
would contribute only to the random error,

The values of accelerometer output ¥, angle of orientationY,
and time in seconds from the beginning of data transmission are give%
in Table I. The units on F is in counts inwhich 5.3 counts equals 10" °g
of acceleration. The angle Y is given in degrees. The data is seen to
cover an angle of attack range of about 28 degrees. All the data falls
within 150 seconds of perigee which for these orbits means that the data
is taken within £ 10 ° of perigee. Since the true perigee is always within
4+ 20 seconds of the peak F, corrected perigee times will not change the
range of data significantly,

5.2 Gas Surface interaction parameters.

Using the data given in Table I and taking into account the perigee
passage time correction and the speed ratio correction, the results of
the sum-of-the-squares-of-DEL,; are given in Figure 5. These results
show a unique minimum of the sum-of-the-squares-of-DEL; at P; = .44
and /1 - = .6, These values for @; and P; mean that the reflection is
between a specular and diffusive type reflection in direction and has
moderate accomadation of energy.
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5.3 Aerodynamic properties,

Using @; = , 64 and P, = , 44, the aerodynamic force properties
of the OVI-15 sdtellite may bt found using the equations already derived.
The results are shown in Figure 6 which gives Cp as a function of angle
of orientation. The level of Cp is dependent directly on the reference
area, A, choosc¢n to represent the satellite. The plot is given for two
acceptable areas (1) the maximum cross sectional area seen by the flov?
nr242rL and (2) the minimum cross sectional area seen by the flow, Tré,
These results are for the infinite speed ratio case and must be modified
according to speed ratio influence.

At angles of 0, 90 and 180°, the quantity Cp is equal to the drag
coefficient. At all other angles, Cy is influenced by both drag and lift
coefficients. These results show that the drag coefficient is higher than
the valuc of 2.2 normally assuimmed in drag analysis. The speed ratio
correction will cause these values to be increased by about 5% to 10% for
the altitudes at which the data was taken.

The atmospheric density values may be obtained since the values
of Cy throughout the orbit have been calculated. Assuming an orbit of
¢ = .113 and perigee at 150 km, the value oi U at the data points are
obtained and density values arc given by

P(1, J) = 2amF(I, 1)/ U?(1, NACp(1, J) COF

where COF is the speed ratio correction factor dependent upon the angle
Y(I, J), a is the conversion factor needed to convert accelerometer counts
into accelerometer values (a = 10°g/5,3 counts), and m is the satellite
mass = 214 kg, The speed ratio correction requires an estimate of the
speed ratio, For the date, time, and region of the atmosphere for which
the data corresponds, an estimate was made of the exospheric temperature
from information provided by Smith, 1972, In this region of the atmosphere
the exospheric temperature remains essentially constant and was taken to
be 1100°, Using the Jacchia 1971 model atmosphere, a value of T/M versus
altitude were fitted to a polynomial over the altitude range of interest from
140 km to 220 km. The specd ratio is then given at cach data point by

s =U/J2RT/M

where R is the universal gas constant. Values of density calculated in
this manner are about 5 to 15% less than those predicted by the Jacchia
1971 model. A more complete discussion of these results will be made
at a later date.

6. Discussion of results.
The results of this analysis are important for a number of reasonms.
First, the analysis illustrates a new method for the analysis of satellite.
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dynamic response. Second, the results obtained foro; and P; are the
most accuratc of measuremcents of the gas surface interaction parameters
at satellite velocity, Third, the values of Cl;i obtained in the analysis

are the most accurate of measurements of satellite aerodynamic proper-
ties. Finally, the rcsults obtained for density are the most accurate

of measurements of absolute values of upper atmospheric density.

Past drag analysis have required that critical assumptions be made
on Cp or p or some of the gas surface interaction parameters. The
analysis presented here on the other hand has employed very few assump-
tions in comparison. The assumption of symmetrical density variation
about perigee is most subject to error. However, the possible error
introduced by nonsymmetry is expected'to be much less than the errors
committed in past drag studies. The method presented here is far
superior in terms of error than previous methods.

Improvement of the errors in the present analysis could be made
by a more accurate treatment of aecrodynamics and more accurate
measurement of accelerations and angles of orientation. The accuracy
of angle measurements was about L 1°© while the force measurements
were accurate to X 5% for the data used. The aerodynamic description
of the OVI-~15 could be improved by employing a more accurate expression
for the variation in Cy with Py. The polynomial approximation employed
in the analysis could be improved or the exact expressions could be
employed at the expense of computer time.

The results obtained for Cy as a function of angle of attack for the
OVI-15 is of special interest because of the many drag analysis which
have been performed on the satellite. For example, Champion, Marcos
and Mclsaac, 1970; Marcos and Champion, 1972; Marcos, Champion,
and Schweinfurth, 1971; have analyzed the accelerometer data of the
OV1-15 to reveal a number of properties of the upper atmosphere.
these analyses, accelerometer data was used only when the satellite
was broadside into the flow. This instantaneous attitude would correspond
exactly to the 00 or 180° spin axis orientation of the OVI-15. At this
attitude Cp is equal to Cy as given in Figure 5 and would have a value
of 2.539¢€ for the case of infinite speed ratio and a; =. 64 and P; =, 44,

This value of Cp is 15.4% greater than the value of 2.2 which was employ-
ed in these analysis. Additional correction would have to be made if
speed ratio effects were.taken into account. These corrections would
result in substantial decrease in densities reported using a Cp, of 2.2,
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OVI-15 orbital data has been analyzed by Ching 1971 and King-Hele

~ and Walker 1969. The King-Hele and Walker-analysis employed a
constant Cpy of 2.2 independent of the satellite orientation. The reference
area used by King-Hele and Walker was midway between the maximum

of 2.578 nrZ and the minimum of mr2 shown in Figure 5. On the basis

of the reference area employed by King-Hele and Walker, a Cp value of
between 4.543 and 3. 889 would correspond to the values ofaj and Pj
found in the analysis.

The orbital decay analysis reported by Ching 1971 includes a factor
to represent the changing aerodynamic drag properties of the OVI-15,
The factor is based on the changing cross sectional area seen by the flow,
The drag coefficient is considered constant while the reference area used
in the analysis is changed by as much as 25%. A 25% correction factor
is too large in view of the results of Figure 5 which show that the maximum
change in Cp A would be 16%,

In addition, the effect these results have on past analysis of OVI-15
data in particular, the results indicate that the assumption of Cp used
in most drag studies have been too low. The value of Cp = 2.0 or 2.2
which has been used for most past drag analysis is lower than could be
expected for most shapes witha, = .64 and Pj = .44, A sphere for
example would have a Cpy_ ., = 2,352 which is"7% higher than the 2.2
value often used. It shoufcr%e noted, however, that the results obtained
here are for one satellite surface and one atmospheric composition. It
is expected that other surfaces and other compositions should change the
values of o; and P; and result in a change in aerodynamic properties.
More data must be collected before a firm value of @; and P, can be
assigned to a given gas and surface combination. Future work should
be directed towards this goal.
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TABLE I

Orbit Number = 890 Time of Peak F = 672

F(i,1) GAMA(i,1) F(i,2) GAMA(i,2) TIME(i,1) TIME(,?2)

O U D W N = ™

317.5 137.75 - 320.0 134.8 . 149 697
307.0 139.50 306.0 133.25 622 722
291.5 141.75 291.0 132.25 597 747
270.0 142.50 268.0 130.0 572 772
251.0 144.0 244.0 129.0 547 797
225.0 145,75 214.0 127.5 522 822
Orbit Number = 893 Time of Peak F = 681

F(i, 1) GAMA(i, 1) F(i, 2) GAMA(i,2) TIME(i,1) TIME(i,2)

N UT D W e

292.0 141. 75 292.0 137.25 650 12
282.0 142. 75 283.5 135.0 625 Y . g
264.0 144.50 263.0 132.75 600 762
243.0 146, 20 239.5 132.0 575 787
218.0 147.50 215.0 130.0 550 812
199.0 148. 20 190.5 128.0 525 837
Orbit Number = 896 Time of Peak F = 675

F(i, 1) GAMA(i, 1) F(i,2) GAMA(i,2) TIME(i,1) Time(i,2)

N W =

306.0 133.5 302.5 129.5 650 700
302.0 135.0 291.0 127. 7 625 725
289.0 136.25 275.0 126.75 600 750
270.5 13%.5 256.0 125.0 575 775
250.0 138.0 231.0 123.0 550 800
226.5 141.0 200.5 120.5 525 825
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Figure 1. The gas surface interaction and the forces of the interaction.
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Figure 2. Configuration of the OVI-15 satellite.
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Figure 3, Orientation of OVI-15 with respect to flow velocity U.
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CHAPTER III
AERODYNAMIC LIFT EFFECT ON SATELLITE ORBITS

A paper submitted to the AIAA 13th Aerospace Sciences by
G. R. Karr, J. G. Cleland and L. L. DeVries. Presentation was made

during meeting held at Pasadena, California, January 20-22, 1975.
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AERODYNAMIC LIFT EPFECT ON SATELLITE ORBITS

Dr, G, R, Karr* and J, G, Cleland¥*
University of Alabama in Huntsville
Huntsville, Alabama 35807
and

Dr. L. L, DeVrieawi
NASA-Marshall Space Flight Center
Huntsville, Alabama

Qctnct

Numerical quadrature is employed to obtain
orbit perturbation results from the general per-
turbation equations, Both aerodynamic 1ift and
drag forces are included in the analysis of the
satellite orbit, An exponential atmosphere with
and without atmospheric rotation is used, A com-
parison is made of the perturbations which are
caused by atmospheric rotation with those caused
by satellite gerodynamic effects, Results indi-
cate that aerodynamic lift effects on the semi-
major axis and orbit inclination can be of the
same order as the effects of atmosphere rotation
depending upon the orientation of the 1ift vector,
The results reveal the importance of including
aerodynamic 1ift effects in orbit perturbation
analysis,

I, Introduction

The perturbations of a satellite orbit
caused by the interaction of the satellite with
the earth's atmosphere has been a topic of con-
siderable interest since orbital flight was pro-
posed, The forces acting on a satellite during
its passage through the atmosphere at speeds of
near 8000 m/sec are predominantly the drag force
which we will define to be that force which acts
parallel to the velocity vector, V, of the sat-
ellite with respect to the atmosphere, For a
satellite having a drag coefficient and a ref
erence area A, the aerodynamic drag f8rce, D, is
given by

.;Ds -;—szcnx"% (1)

where p is the density of the atmosphere, An-
other aerodynamic force which may act on the
satellite is the aerodynamic lift force which
we define as the force perpendicular to velocity
vector of the satellite with respect to the at-
mosphere, Aerodynamic 1ift forces arise when a
nonspherical satellite travels through the at-
mosphere at an attitude such that atmospheric
molecules are deflected by the satellite in a

"l'hu research was supported in part by the
National Aeronautics and Space Administrationm,
Marshall Space Flight Center, Huntsville, Ala-
bama, through Contract NAS8-28248,

*Assistant Research Professor, Mechanical Engi-
neering Department K Associate Member ATAA,
*#*Master's Degree Candidate, Mechanical Engi~
neering Department,

*¥*Space Science Laboratory, NASA-MSFC, Member
ATAA,
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nonsymmetric pattern with respect to the velocity
vector, Consider, for example, a cylinder or

cone with an axis of symmetry along the direction
of the unit vector @, If such an object were to
travel through the gtmosphere with a in the

same direction as V, then only drag forces would
result, However, if @ were at an angle § with
respect to ¥, then a 1ift force will arise given

by
B 1 - ) x 7
rL.-TpvchAﬁj—J—L @
sin 0.
where is the 1lift coefficient of the object
and A Ts assumed the same as the used in

the drag equation (Eq. 1),

The drag and 1ift forces given in equations
(1) and (2) are both defined using the velocity
with respect to the atmosphere as distinguished
from the inertial velocity of the satellite v,
The inertial velocity is defined here as the ve-
locity given by the orbital elements of the oscu-
lating orbit at the satellite,

where a and e are the osculating elements of the
orbit and E is the eccentric anomoly, Since the
atmosphere at orbital altitudes may have motions
with respect to inertial space, the inertial ve-
locity ¥ 18 not necessarily the same as the ve-
locity of the satellite with respect to the at-
mosphere V, This difference is due to the mo-
tion of the atmosphere, V , at the satellite,
The velocity ¥ is then mofified by the atmospher-
ic motion to give

v.o-vA %)

Orbital perturbations under the action of
pure drag (i.e., ¥. = 0), with and without atmos-
pheric motions wttk respect to inertial reference,
have received considerable attention for the pur~
poses of (1) predicting the orbit of a satellite
into the future (dee, for example, Ref, 1) and
(2) deducing atmospheric properties from observed
perturbations (see, for example, Ref, 2)., The
influence of nonzero lift (F, 4 0) has received
little attention due to a m&or of factors which
have been cited to reduce 1ift effects to negli-
gible values, For example, random tumbling of a
nonspherical satellite is often cited as a reason
for neglecting 1ift since the 1ift vector would
be randomly oriented and tend to average to zero



under such conditions, Second, lift forces are
thought to be negligible for satellites based on
the argument that the satellite is a poor reflec-
tor of molecules since the gas surface interaction
is assumed to be inelastic, However, the assump-
tion of inelastic reflection is not verified and
the possibility still exists of significant lift
coefficients, While many of the earlier satel-
lites were nearly spherically symmetric and ran-
domly tumbling (uncontrolled cltitudes), many
recent satellites are now spherical and may have
large wing-like configurations (such as Skylab)
and generally require altitude control by either
active or passive means, Such satellites may
then experience 1ift forces of greater magnitudes
than experienced by past satellites,

Another reason that lift forces have re-
ceived little attention is the possibility that
orbital perturbations that have been caused by
1ift forces may have been wrongly attributed to
other effects, such as atmospheric motions, At~
mospheric motions that are not colinear with the
inertial velocity can give rise to pure drag
forces with components perpendicular to the in-
ertial velocity vector, Ome of the major motions
of the upper atmosphere often included in drag
studies. is that movement which is correlated
with the rotation of the earth, The atmosphere
is assumed to rotate in inertial space with
about the same angular velocity of the earth, A
pure drag satellite in an inclined orbit would
then experience components of the drag force
which are perpendicular to the orbital plane,
These forces cause the orbit plane to rotate in
space, The observation of rates of change of
the orbital plane of selected satellites has
been used as evidence of the rate of rotation
of the upper atmosphere under the assumption of
pure drag only (see Ref, 3), We will show that
aerodynamic 1ift forces can give rise to orbital
plane changes of magnitudes comparable to those
caused by rotation of the upper atmosphere,
This is not meant to imply that there is no at-
mospheric rotation because there is strong evi-
dence to suggest a co-rotating atmosphere for
the earth, We will show, however, that 1ift
forces of seemingly small magnitude can at least
produge orbital plane changes that are of the
same magnitude as those assumed to be caused
by atmospheric rotation, On this basis we feel
that 1ift effects should be examined carefully
in the re'uction of orbit perturbation data for
the purpose of deducing upper atmospheric mo-
tions,

The purpose of this paper is to examine the
essential characteristics of orbit perturbations
that result when a satellite has lifting prop-
erties, Comparisons will be made with pure drag
cases where appropriate and comparison will also
be made with the effect of the atmosphere ro-
tating at the earth's rotation rate. The basic
aerodynamic relations will be presented and em~
ployed in the general perturbation equations,
Lift forces will be divided into two classes:
(1) 1ift forces in the orbit plane and (2) 1lift
forces perpendicular to the orbit plane, Numer-
ical integration of the perturbation equations
was made using an exponential atmosphere for pur-
poses of illustration of the aerodynamic 1lift
effects, Special emphasis is given to the de~
pendence of 1ift effects on high eccentricities
in order to expand on previous work valid at low
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eccentricities, High eccentricity orbits also
have the effect of concentrating all the aero-
dynamic effects at the perigee region since the
atmospheric density drops off exponentially away
from perigee,

1L, _Asrodynemic Lift

In the free molecule environment at orbital
altitudes, aerodynamic 1ift and drag forces are a
direct function of the interaction of the atmos-
pheric gas molecules with the exposed surfaces of
the satellite, The characteristics of the gas
surface interaction for collision of upper atmos-
pheric molecules with satellite materials at ve-
locities of the order of 8000 m/sec is not well
understood, The gas sroface interaction is de-
scribed in J"rnk manner using a model devel-
oped by Ka which the force acting on cn ele-
ment of surface exposed to the flow is divided
into two components, With reference to Figure 1,

FIGURE 1, Illustration of Forces Acting Due

to Gas Surface Interaction

the force acting on the surface will have compo-
nents F, which is the force associated with the
mtd carried by the incoming molecules and

F- which is the reaction force associated with

lecules leaving the surface. The group velocity

of molecules leaving the surface, U,, is assumed
to be some fraction of the group n‘ocity of the
incoming molecules, U, due to possible inelastic
collisions with the surface, The relationship
between U, and U is given by

[
v, -J-l_-_a? v ()

?_Lt‘hc proportionality term is expressed as

1 -a, in order that the parameter o, resemble
what 1‘ customarily termed the thermal ommo-
dation coefficient, A second parameter i{s intro-
duced to provide the direction of the reflected
force, The angle of reflection law chosen is a
linear relationship between the angle of inci-
dence, 8, and angle of reflection, Gj, given by

o,-!}rj+(1-rj)e )

where P

3 is the adjustable parameter with P’ =0



giving specular reflection (8, =6) and P, = 1
giving diffusive reflection (‘ =mn/2, ln‘omd.nt
of 8), The mass flux imping on an element of
surface is given by

m =-pU.% dA )

where # is the unit outward normal of the sur-
face, The exchange of momentum that takes place
at the surface gives the net force acting on the
surface

r--(o-oj)pu.a daA (8)

The total drag and 1ift forces acting on an ob-
ject are obtained by integrating equation 8 over
the exposed surface of the satellite, Detailed
results for spheres, cylinders, cones, and flat
plates are given in reference 4 and 5.

The abcve equations show that forces perpen-
dicular to the velocity vector can only arise
through the U, term in equation 8, Since the
magnitude anddirection of U, are functions of
a, and P, the lift force achu on any object is
dluctlyjrolnud to the gas surface interaction
parameters, This observation provides added mo-
tivation for the study of lift-induced orbit per-
turbations, since measurements of such perturba-
tions could yield information on the gas-surface
interaction,

For purpose of illustration of lift-induced
orbit perturbations, flat plate drag and lift
properties will be used, given by

C, = 2l1n6' -

D
241 - aj sin e_ coo[-'-z'- Pj+(2-l'j) GJ
9
°1. ==2J1 =a, sin @ lln[-E- P, +(2-P )GJ
i s S i |

(10)

where 6 is the angle of attack >f the flat
plate, For 6_ = 0 the plate is edge-on into the
flow while fof 6 - m/2, the plate has the out-
ward surface normal into the flow, Equation 10
shows that the factor+1 - a, plays an important
role in determining the liftjmnitudc. If the
molecules have an inelastic collision with the
surface, the velocity of reflection may be ex-
tremely low, the value of a, would be nmear unity,
and the 1ift very small, The perfectly elastic
or perfect specular reflection (P, =0, a, = 0)
would provide the highest possibld valuesdof
1life,

Laboratory experiments at velocities corre-
sponding to satellite velocities are not con-
clusive on the gas surface interaction to expect
at orbital altitudes. Work by Hulpke® for ex-
ample tends to show elastic collisions while
other experimenters have found diffusive type
reflection (Ref. 9) or both (Ref. 6), Due to
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uncertainties in upper atmospheric density, accu-
rate determinations of the gas surface interaction
from drag studies Q.l‘n, is not feasible, Recent
work by Reiter and ,)hovmr, on the analysis
of drag and torque acting on a paddlewheel satel-
lite provides the best values of gas surface in-
teraction parameters since atmospheric density is
eliminated in the analysis, Reiter and Moe, em-
ploying a number of gas surface interaction models,
concluded that the energy accommodation q, is

in the range of .75 - ,95, This would putj\ﬁ-a.

in the range of .5 to ,22, The accommodation cL
efficients coming from their studies are high,
indicating inelastic collisions, The value of

JI - a, 1is seen to be significant even at high
acc aticn coefficient values (for example,

a, = .99 givu\/l = a, = ,1) which implies that
l'lft forces may also have significant values,

The ratic of 1ift forces to drag forces act-
ing on an object is a nondimensional measure of
the magnitude of lift effects, For the flat plate,
this ratio is obtained from equations 8 and 9

The 1ift to drag ratio given in the above equa-
tion is tabulated in Table I for four sets of gas
surface interaction parameters, The values are
tabulated as a function of angle of attack and
show that (1) small angles of attack of a flat
plate yield the highest L/D values, (2) specular
reflection causes the highest L/D values (L/D =
tan 6 _, for specular reflection) and (3) highly
inelaftic collisions (a, = .99, P, = 1) cause
11ft forces which are aimost 10% 3f the drag
force, The values of a, = .75, P, = 1 were cho-
sen to simulate the gu"luthce Aternetion re-
sults obtained by Reiter and Moe, This set of
parameters produced L/D values of near 0,5 and
this value of L/D will be used to illustrate the
orbital perturbation caused by lift forces, The
intermediate case (@, = .5, P, = .5) was chosen
only to illustrate tL efteetjof reflections
other than specular and diffuse, Th\e L/D values
for the intermediate case are seen to be near
unity at the small angles of attack,

A typical satellite would not have the high
L/D values as experienced by the flat plate which
is an ideal lifting body at orbital altitudes,
For comparison, Table II gives the L/D values
obtained from results given by Sentman (Ref, 10)
for a typical satellite shape and typical gas
surface interaction values, The shape is a cy-
linder with a conical end and having a total
length of 4 times the diameter, The values of
L/D are generally lower than the flat plate val-
ues because this object maintains a high drag
profile at all angles of attack., The peak value
of L/D of ,044 is seen toc occur at near 259 angle
of attack, While this L/D is much smaller than
flat plate values, the lift force will be nearly
5% of the drag force for this typical satellite

~shape,

Having now established the likely existence
of aerodynamic 1ift forces of magnitudes from a
few percent of the drag force and greater, the



orbital perturbations that are characteristic of
these forces will be presented, In view of the
fact that the aerodynami: drag force is the prin-
ciple source of orbital perturbations, a 1ift
force of even a few percent of the drag force is
expected to be significant, In order to enhance
the 1ift effects and to reduce computer time, an
L/D value of ,5 was chosen for most of the stud-
ies, The computer simulation employed a light
satellite weight also for the purpose of enhanc-
ing the aerodynamic effects, For these reasons,
the results obtained are not likely to simulate
any known satellite but are presented only to
illustrate the character of lift-induced orbit
perturbations,

Table I

Flat Plate Lift to Drag Ratios

L] . Specular Diffuse Diffuse Inter,
«,0,P=0 a,=.75 & o9 805
j ’ J * » . & ’
o BIT

o° 0.5 0.1 1.0
2 28,636 0,491 0,100 0,997
5 11,430 0,477 0,099 0.985
1o° 5.671 0.453 0,097 0,947
1s° 3.732 0,428 0,094 0,896
25° 2,145 0.374 0,087 0,772
35° 1.428 0.318 0,078 0,642
bso 1,000 0,261 0,066 0,514
sso 0,700 0,203 0,053 0,392
650 0,466 0,145 0,039 0.276
85 0.088 0,029 Q2.006 0,154

Table II

L/D for Typical Satellite Shape
(from Sentman, Ref, 10)

Angle of Attack L/D

0 0,0

10 0,037
15 C.041
25 0,044
35 0,033
45 0,023
55 0,013

III, Orbit Perturbation Equations

The approach will be similar tc that taken
by others in that the expressions for perturbing
force will be aubstituted {nto the genaral per-
turbation equations for the time derivatives of
the osculating orbital elements a, e, 1, w, and
{1; the semi-major axis, eccentricity, inclination,
argument of perigee, and right aseension of the
ascending node, respectively. Numerous good re-
ferences provide detuils of the derivation of
these equations with specific application to drag
forces (see, for example, Ref, 11)., The forms of
the equations moet useful for this work are given
ez
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$-—it—r+
(ua) (1-02)

/2
& > =
qt - lu + : l!.- P eoo'! z

1/2

+ (1ee®) oias u] (13)

#- it ag, v a4
we) (1-¢)

i
§. Lihlag v o

(4 a) (1-e") ein 1

_g_)llz 2 sin E

dw 1
K':‘—(u -leoolr (16}
1-.2 4/2
-—h ALH—LJ (e + cos E) N (17)

r ein (6 + w‘ w (18)

%

(4 a) (l-e tan 1
where
2 1/2 -1/2
f = [(1-. ) (1 + @ cos l)] (l1-e cos E)
' (19)

The angle 8, the true anomuly, can be expressed in
terms of E, the eccentric anomaly, by

0 - cor” (felz2s) (20)

wnd the radius, r, can also be expressed as a
tunction of E by

r=a(l~ecos E) (21)

The T component of force is tangent to the orbit
path and positive in the direction of motion; the
N component is positive in the direction of the



outward normal to the mumu in the
orbit plane; the W ¢ is the f pctb
pendicular to the orbit plane with positive being
in the same direction as the orbit angular mo-
mentum vector, The asrodynamic force acting on
the satellite will be expressed in components a-
long N, T, and W,

Consider a flat plate in orbit with the
orientation of the plate held constant with re-
spect to the N, T, W coordinate system, The unit
vector & will be taken as the normal to the flat
plate with components in the N, T, W directions
given by

a, = cos .' Gﬂ.'r
-coll"

sin 8 (22)
a, = sin ."

Equations 1 and 2 give the 1ift and drag force as
a function of the relative velocity ¥, The re-
lative velocity ¥ is first found with respect to
the R, S, W coordinate system in which the R di-
rocuon 1- radially outward from the geocenter
and S 1is perpendicular to R and W with positive
being in the direction of motion, An atmosphere
rotating at the earth's rotation rate, (i , is to
be considered the only atmospheric motiofl for
purposes of this study, The velocity field pro-
duced by the atmospheric rotation is given by

VA = ﬁ. x ¥
A A
= r0, fcos 1 8 - sin 1 cos(Bw)W] (23)

A
where 3, W, and r are unit vectors,
velocity of the satellite is given by

The inertial

®er R+ r68 (24)

The relative velocity V 1s siven by equation 4,
Equations 4, 23, and 24 are substituted into
equations 1 and 2 to obtain the components of 1ift
and drag in the R, S, W coordinate system, The
unit vector ¥ will have components a,, g, and

in the R, S, W system, The trthon
:’o- the N, T, W system to the R, S, W system is
obtained from the following relationship between
the unit vectors

Ne—t[(1+ecos8) R-eatnd$)

(25)
A

r.-}-[.meﬁ o(l+¢co¢0)3]

Using equations 25 and 22, we find

36

a - +[m|', ouﬂn(l+om0)
4-»00'0000" - luO]

(26)

ag = +[coo0' eooln(l+ocoo0)
-eu!uunO“ .uue]

= ltnl"

The angle 9 called for in the drag and 1ift re-
lulouhm can be obtained in terms of the orbit
parameter and the angles ." and . from

-1
6, = sin (Lh_gv 27)

Cacis (r é-ﬂ. r cos 1)3 .[n. r cos(8+w)

where

A
sin 1 W) (28)

It is convenient to write the velocity ¥ as a
function of E and E, To do this, the following
relationships are employed

; = aesinkE l

. 1/2 .
rb -l(l-cz) E

5/2 (29
-4- (I-OG“nzi
m

(1 - e cos E)

Substitution of these relationships into :hg £
equations, and taking compoments in the i, 8
directions, we obtain the following components of
force R, S, and T,

R =p VE {-_21,-12!;.- (1-ecosk)

.-‘-ahlﬂtmi.+ln)} (30)



A

S -pfi{éﬁ— (1 - e cos E)

1/2 Qcos 1
faeeh - e e con 2 ]

SR ()

H-p'zl{;%-.%.— (1 - & cos E)
5 :
- o (1 - ecos E) cos (8 + w)ein 1

(chote.+lb)} (32)
CpA c. A
e Shims R SE =il

of satellite and n = Ju/ ls :

This concludes the development of the orbit
perturbation relationships, Equations 30, 31,
and 32 along with the transformation relations
given in equation 25, provide the necessary re-
lations to write the orbit perturbation equations
in the form

£ -1, by by o0, L, v, 0, B)

ﬁ - !.(cLo nb’ ‘"0 '“n a, e, i, v, (1, E)
etec, (33)

The atmosphere density called for in tie pertur-
bation equations is given by

pr) = p, e - G (34)
where p 1s the density at perigee, h_ 1is the
height Bf perigee, H is the scale height at

perigee, and h is the height of the satellite
given by h-r-l!wluul.!u the radius of
the earth,

thod of Calculations

The orbit perturbation equations were inte-
grated numerically using E as the independent
variable, A modifi e-Kutta fourth order
process-due to Gill
Double precision was used to maintain accuracy,

e e R VR

discussed in ref,L13was used,

The step size on AE was taken as small .

gree depending on the rate of variation of the
bitel elements, The accuracy of the resuits is
not expected to be good near the final stages of
decay since the orbital elements are changing rap-
idly, Errors also build up at low eccentricities
due to the high rate of change in w which invali-
dates the assumption of constant orbital angular
momentum implied in equations 29,

The integration of the equutions stepwise
in E is a departure from previous work by Cook
(Ref, 14) in which a series expansion was employ-
ed to facilitate the integration analytically
from 0 to 2, We did not take this approach for
two reasons: First, the results obtained by Cook
are only valid at low eccentricities (less than
.2) and expansione for high eccentricities were
not found, Second, we were interested in the lift
effects on orbit decay which are not apparent if
one takes, as Cook did, equation 12 to imply that
11ft forces have no effect on decay of the semi-
major axis, Equation 12 shows that the rate of
change in a 1is, to first order, a function of
only forces tangent to the orbital path, For a
non-rotating atmosphere, drag forces only would
produce tangential components and lift forces
would not effect a. We find that in a non-ro-
tating atmosphere, (I = 0, lift forces do affect
the value of a ovef that of drag alone., This
is clearly a second order effect which we find is
comparable to the effect of atmospheric rotation
on a for L/D = .5, Results such as these are
found by stepwise integration of the orbit equa-
tions and would be lost if integration from E = 0
to 27 were done assuming all parameters remain
constant over the interval,

¥, Results

The results are grouped into three classes
of 1ift orientation: (A) Lift forces perpendicu~
lar to the orbit plane, (B) Lift forces in the
orbit plane and in the same direction around the
orbit, and (C) Lift forces in the orbit plane
which change direction at perigee and apogee,

The first and last type of 1ift orientation serves
to approximate cases in which satellites maintain
an orientation with respect to inertial space,
The second type of lift orientation serves to ap-
proximate the earth oriented object.

ift Pe icular to the Orbit Pl

For a flat plate with angles of orientation
with respect to the N, T, W coordinate system
given by (4, = constant other than zero, =0),
11ft forces will be produced in the W di ion
which is perpendicular to the orbit plane, The
effect on the orbit of aerodynamic forces perpen-
dicular to the orbit plane have been studied by
Cook and Plimmer (Ref, 15) and Cook (Ref, 16) for
the case of a satellite having pure drag with the
perpendicular forces arising due to the rotation
of the atmosphere, For comparison, we took the
case of a non-rotating atmosphere with an aero-
dynamic 1ift force of L/D = .5 and ,1 acting per-
pendicular to the orbit,

The orbit parameters most sensitive to forces
perpendicular to the orbit plane is the orbital
inclination { and right ascension of the ascend-
ing node () As pointed out in referpnce 15, the



perturbations in () caused by aerodynamic forces
perpendicular to the orbit are less than ,1% of
those caused by the oblateness of the earth, The
inclination i is not affected by earth oblate-
n8s to such an extent and is therefore a sensi-
tive indicator of aerodynamic forces perpendicu-
lar to the plane,

The characteristics of orbital inclinatiom
changes caused by aerodynamic 1ift were found to
be not much different from those caused by atmo-
spheric rotation acting on a pure drag satellite,
One difference is, of course, that the magnitude
of component of drag force in the W direction
caused by atmospheric rotation is propustional to
8in 1 whereaes aerodynamic 1ift forces are inde-
pendent of 1, Therefore, inclination changes of
near zero inclination orbits must be caused by
aerodynamic 1lift effects only, since atmospheric
rotation can have no influence at zero inclina-
tion, For comparison purposes, the 1ift induced
rate of change in inclination with no atmospheric
rotation was normalized with respect to the in-
clination rateg of change for a pure drig satel-
lite at 1 = 45 1in an atmosphere rotating at the
earth's rotation rate, These results are pre-
sented in Figuge 2 for L/D = .5 gnd L/D = 1
vuhln- .ZnI_I;MIL- .1 m“/Kg.
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FIGURE 2, Out-of-Plane Effects On Orbital

Inclination

The notation is used to signify that the 1ift
force is in thé W direction, Figure 2 shows that
the rate of change in inclination for L/D = .1 is
over twice that that would be caused by atmo-
spheric rotation, The curve for L/D = .5 shows
that the éffect is proportional to L/D, Figure

2 also shows a esnpn-uon of the atmospheric ro-
tation at 1 = 90° with respect to that at 1 = 45°,
The effect is proportional to the ratio of the
sines of the angles as would be expected,

Figure 2 shows an increase in the rate ratio
as a function of e, The reason for this iacrease
is due to the decrease in di/dt for the atmo-
spheric rotation effect as e 1s increased since
the inertial velocity near perigee increases with
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@, The atmospheric rotation effect on 1 de-
creases since it is proportional to the ratio of
V_ to v which decreases with eccentricity, The

ynamic 1ift force is not affected by e since
L/D is independent of veloecity,

B, In-Plane-Lift Forces Constant in Direction

Consider now a flat plate with angles of
orientation such that w0 and @ = constant
(other than zero), Thi ortentnti“ would pro-
duce a lift force that is in the N direction and
constant in sign around the orbit, Two cases will
be considered, (1) L/D = .5 with the 1ift force
directed always in the positive N direction and
(2) L/D = .5 with the 1ift force directed always
in the negative N direction, As pointed out above,
equation 12 shows that these lift forces do not
cause a change in a to first order,

We investigated the change in a and e (A a/
At and A e/A t) at a point near perigee, but al-
ways after perigee, using the numerical methods
described, The results are given in figures 3, 4,
and 5 in which the effect of 1ift and the effect
of atmospheric rotation are both compared to the
effects caused by pure drag only with no atmospher-
ic rotation, The notation is used to signify
that the 1ift force is in the N direction,

Figure 3 shows that A a/A t is positive or
negative depending upon the orientation of the
1ift vector, The magnitude of the effect is de-
pendent on the eccentricity, being larger for
smaller values of e, Also plotted in Figure 3
is the ei'fect gn & a/A t due to a rotating atmo-
sphere (i = 45°), The magnitudes of the two ef-
fects are comparable and are seen to be of order
5% of the drag-nonrotating-atmosphere effect a-
lone, The lift effects are second order effects
as polnted out above while the atmospheric ro-
tation effects are first and second order, The
first order effect due to atmospheric rotation
comes in because the force in the T direction sl
decreased by the wind for i between 0 and 90",
Figure 4 shows that the effect on e has much
the same character as the effects on a.
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ruuuSIhwothodcpendmofAdAt on
perigee height for two eccentricity values e = .2
and e = .8, Below a perigee altitude of 130 Km,
the rotating atmosphere effect is seen to tend to
reverse while the 1ift effects become larger and
do not change sign as does the atmospheric rotation
affect,
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The effect of constant 1ift on the orbital
lifetime is shown in Figure 6, The lifetime is
computed from time of initial comditions until the
altitude becomes circular. Although the computation
technique was not desirmed to handle zero eccentric-
ities, little error is involved since the orbit
eccentricity usually would become zexro from ini-
tially high values only very near final decay., The
lifetimes arc normalized with respect to the life-
time of a pure drag satellite having the same drag
as the 1ifting satellite, The atmosphere was taken
to have zero rotation in order to clearly show the
effect of 1ift, The results show that in-plame 1ift

effects tend to dec the lifet(me for high ec-
centricity orbits, %ﬁ,d tha direction of
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the 1ift vector N (assumed to be constant in sign
around the orbit), At low eccentricities, the ef-
fect on lifetime is less but there is separation of
the effect according to the sign and magnitude of
the 1ift vector, The results at low eccentricities
contain some error due to the rapid rotation of the
orbit in space. For this reason, the magnitudes of
the influence on lifetime may be in error at low
eccentricities by an unknown amount, The curve is
presented here in order to show the clear tendency
of 1ift effects to reduce lifetime as eccentricity
is incressed,

With reference to equation 16, the effect of
sonstant 1ift force around the orbit should have a
significant effect on & since the N component of
force is multiplied by cos E, This was also noted
and evaluated by Cook (Ref, 14) for low eccentrici-
ties, Using the same aerodynamic values used by
Cook, we evaluated § for low and high eccentrici-
ties and compared the results as seen in Figure -
The comparison with the Cook result is seen to be
good at the lowest eccentricities used in our numer=
ical work. In addition, our results show that
for higher eccentricities continues to decrease with
increasing e,

Pl Lift P Which

e in S at

Consider a flat plate flown such that the
angle of attack in the NT plane changes discontinu-
ously in sign, but remains constant in magnitude, at
perigee and apogee. This special case is of interest
since it has the effect of approximating a space-
craft with attitude controlled with respect to in-
ertial spate, Two cases arise; (1) lift in positive
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direction of N before perigee and in negative di-
rection after perigee and (2) 1ift in negative di-
rection of N before perigee and in positive di-
rection after perigee, These types of lift his-
tories have the effect of making the N sin E temm
in the equation for de/dt (Eq. 13)either always
negative, case 1, or always positive, case 2,
Case 1 is the same as that considered by Cook in
reference 14, Instantaneous values of A a/A t
and A e/A t at a point just past perigee for both
positive and negative values of lift are given in
figures 3 and 4, Values of A e/T where T {s
the orbit period were com uted and found to agree
well with the results published by Cook and will
not be presented here, Of special interest, how-
ever, was the effect of the discontinuous 1lift
cases on orbit lifetime which was not considered
by Cook,

The lifetime of the orbit was found to be
strongly affected by the discontinuous lift cases,
The results are given in Table III in which the
lifetime is normalized to the lifetime of a satel-
lite having drag of the same magnitude as the 1ift-
ing satellite and with no atmospheric rotation,
The lifetimes for case 1 1ift histories were seen
to be increased by 1,7 to 3.5 times over the drag
only lifetimes, Only three lifetimes were com~
puted due to the long computing times required as

Table III
Discontinuous Lift Effect on Lifetime (L/D=.5)

(Lifetime) /(Pure Drag Lifetime)
e

Case 1 Case 2

N sin E is Neg. N sin E is Pos,
% 3 7 .52
% 3.2 48
= PR W41

the eccentricity was increased, The case 2 1ift
history is seen to reduce the lifetime to about
half compared to the drag-only case, Careful anal-
ysis of our results shows that the case 1 1ift
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history has the effect of reducing the perigee de-
cay rate of the orbit, thereby reducing the drag
effect, whereas the case 2 1ift history causes the
perigee height to decrease faster than the pure
drag case, This effect is best understood by con-
sidering the relationship for perigee radius, r_,
given by P

rp =(l-e)a (35)
The time derivative of tp is
dr
da de
ER =(l-¢) ¢ -8 T (36)

The values of da/dt and de/dt are negative for pure
drag and for both case 1 and case 2 lift histories,
The action of case 1 and case 2 1ift histories is
to modify the decay of perigee height with respect
to the pure drag case in the following manner:

dr

dr
th = (14 X)(TEE)O + (higher order terms)
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where X is a number of magnitude .1, The plus
sign is taken for case 1 and the negative sign is
taken for case 2, The subscript o refers to the
pure drag values of i'P,

VI. Conclusions

Satellite 1.ft forces were shown to be of the
order of a few percent of the drag force for an
ordinary satellite and may range up to near unity
for a satellite designed to have high 1ifting forces.
Reference to figure 2 concerning the lift effects
on the orbit inclination leads us to conclude thac
an L/D of only .01 would produce an orbital in-
clination rate of change of a magnitude nearly 25%
of that attributed to atmospheric rotation. Clear-
ly, then, an attitude stabilized satellite with a
1ift force consistently perpendicular to the orbit
plane could produce large changes in the inclina-
tion which may be wrongly attributed to high ve-
locity upper atmospheric winds,

The results obtained concerning the effect
of different 1ift histories on the lifetime of the
orbit are conclusive on three points: (1) constant
11ft directed either positive or negative along N
about the orbit causes a reduction in lifetime at
high eccentricities, (2) a discontinuous lift with
change in sign at perigee and apogee, such as to
have positive 1ift before perigee,causes increased
lifetime over a drag-only satellite, (3) a discon-
tinuous 1ift change of the other type, in which
the 1ift is negative before perigee, causes a re-
duced lifetime of the satellite, These conclusions
are apparent from the results given in figure 6
and those given in Table III.

Due to difficulties we had in the numerical
procedure near final decay of the satellite, the
numbers on lifetime may be in error. For this
reason, we stress that the results merely provide
the character of the orbital perturbations due to
11ft and may be in error in absolute value, We



found {t difficult to put a realistic estimate of
error on the results obtained, All work was car-
ried out in double precision and the step size was
decreased until no changes in previous results were
found, We did find variations from the smooth
curves of figures 3, 4, and 5 of the order of 1 to
5%. The results are considered accurate enough to
indicate the controllability of satellite orbits by
1ife,

The results show the influence of satellite
11ft on the orbital elements and also open the
possibility of utilizing satellite 1ift to non-
propulsively control the satellite orbit plane and
orbital lifetime, A flying spacecraft would have
an advantage over the propulsive satellite if the
aerodynamic shape could be incorporated into the
design without increased weight, The weight of the
propulsion system and its fuel could then be used
as payload,

Future work should be done on the observation
of 1lifting effects on existing satellite orbits in
order to confirm the results obtained here, 1In
addition, analytic work and further numerical
studies need to be done on the influence of 1lift
on the orbital elements,
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Abstract

A new approach to the analysis of falling
sphere drag data is described in which the data
from two trajectories through the same region of
the atmosphere are analyzed simultaneously. The
analysis provides important aerodynamic infor-
mation which i{s used to obtain an improved value
of atmospheric density. The technique is applied
to a set of falling sphere data in which a sphere
transition-flow parameter and atmospheric demsity
results are obtained in the 80-120 km region from
published data for falling spheres over Kwajalein.
Another set of data for a falling sphere test over
Wallops Island is also analyzed with comparable
results.

Introduction

The falling sphere technique has been the
prime source of measurements of atmospheric
density and temperature in the important altitude
range of 80 to 120 km, In particular, the results
from three falling sphere experimental groups
provided the information used to supplement the
1962 U. S. Standard Atmosphere.'*? These groups
were Peterson, Hansen, McWatters and Bonfanti,’ of
the University of Michigan; Faire and Champion" of
the Air Force Cambridge Research Laboratories; and
Pearson’ of Australian Weapons Research Establish-
ment. The results obtained by these groups are
summarized in the 1966 supplements to the U. S.
Standard Atmosphere.’ The method of analysis in
all these experiments was to first measure the
acceleration, a, acting on the sphere from either
trajectory analysis or accelerometer readings. The
drag equation

Drag = % pVCDA = ma (1)

is then employed to deduce the density, p, where V
1s the velocity, Cp is the drag coefficient, A is
a reference area and m is the mass. The mass,
acceleration, velocity, and area are all measured
quantities, leaving only p and Cp as unknowns in
equation (1). A table of Cp as a function of
Reynolds number, R,, and Mach number, M, ie usually
employed to obtain a value of Cp. A density value
is then determined by solving equation (1). Since
Cp is a function of Reynolds number and Mach
number which are density and temperature dependent,

*This work was supported by the National Aero-
nautics and Space Administration under Contract
NAS8-28248 through NASA/MSFC, Huntsville,
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the analysis of the drag data usually involves a
number of interations until there is convergence
to a final density value.

The work reported here is the result of an
examination of the falling sphere technique for
the purpose of proposing possible improvements,
particularly in the area of aerodynamics. As with
all drag deduced density experiments,,the values
employed for the drag coefficient in the data
reduction is a major source of error. The possi-
bility of error due to drag coefficient is largest
in the 80 to 120 km region, due to the passage of
the sphere through various aerodynamic regimes. A
typical falling sphere trajectory will be in a
free molecule flow regime at high altitude and will
pass through transition flow into continum flow at
low altitudes during descent. In addition, the
speed of the falling sphere may pass from subsonic
to supersonic and back to subsonic during a typical
trajectory.

A considerable improvement in knowledge of
sphere drag coefficients has been made recently
through a comprehensive experimental program at
ARO which was sponsored by AFCRL for specific
application to the falling sphere program. The ARO
work reported by Bailey and Hiatt® covers a
velocity range from 0.1 to 6.0 in Mach number and
a Reynolds number range from 20 to 100,000. While
this data is extremely useful, there is still a
lack of accurate information for the near-free
molecule drag coefficients which would correspond
to Reynolds numbers below 100.

In the work reported here, two new methods
of falling sphere data analysis are proposed
which should find application in the low density,
high altitude region of the atmosphere where
accurate aerodynamic information is sti1ll lacking.
The proposed methods involve the simultaneous
analysis of the trajectory of two spheres
travelling through the same region of the atmo-
sphere with different velocity. As an 1illus-
tration, the falling sphere data of Peterson,’
et al. and Peterson and McWatters’ is analyzed
using one of the proposed techniques.

Ba r Dual Falli
Sphere T ts

Consider an experiment in which two sphere
drag measurements are performed in the same
region of the atmosphere but at different
velocities.



Dy = % P Vl' col :1 (2)
pz-%pvz' szxz (3)

Since the spheres are in the same region of the
atmosphere, the values of density are the same for
equation (2) and (3). Assume also that the
dependence of Cp on p, V and a third quantity B,
which will be discussed later, is well understood.
Then, in general

ch (p, B, v]_) ¢ c°2 (p, B, Vz) %)

and equations (2) and (3) represent a set of two
equations in the unknowns p and B. The values of
p and B are found by solvin; equations (2) and (3)
simultaneously.

p=p (Dlo Dzv vll v2| Ilo XZ) (5)
2 vl' VZ' A1
In the process, not only is a value of density
obtained but also the two drag coefficients are
determined for the two cases.

B=38 (nl, D ’ Az) (6)

The basic theory of dual falling sphere
analysis depends on the fact that the drag
coefficient is not independent of the velocity and
can be written as the function of two other
parameters at most. The dependence of the drag
coefficient on density and the quantity B must be
known in order to write equations (5) and (6). The
quantity B will be seen to be the temperature
for the first case discussed below and the
transition flow parameter for the second case.

If the drag coefficient were a function of more
than two unknowns, for example

cD - CD (pn l'n "0 ’)c Sl B H) )

then two possibilities exist. One could consider
multiple falling sphere experiments designed so
that m + 1 drag measurement would provide infor-
mation necessary to invert the m + 1 drag
equations, giving

p=p (DI'DZ E¥Y DI‘fl'vl' V2o"" .*rAloAz".Ml)
'1 - '1 (nl' Dz. e D“'l' vl ooo.a)

'z - 'z (Dl' Dz' e D-+1. vl seeee) (8)

l- . .. (Dl’ sene D-'fl' vl' seeee)

The second possibility, and the one more
practical to consider, would be to assume all but
two of the quantities needed to determine the drag
coefficient in equation (7). An error is of course
made depending upon the accuracy of the
assumptions but the total error is expected to be
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less than in single falling sphere analysis where
all the By quantities must be assumed. The approach
taken in the following discussion is to reduce the
unknowns in the drag coefficient to the density and
one other quantity called B in the above. The
potential of the dual falling sphere technique
appears to be greatest in the high altitude region
in which the flow is free molecule and the drag
coefficient is very sensitive to the atmospheric
temperature as discussed in the next section.

Temperature and Density
Determi in Free Molecule Flow

In the free molecule flow regime the drag
coéfficients of a sphere is ltron;l.y' dependent
upon the speed ratio for speed ratios of order
unity and less. The speed ratio is deiined as the
ratio of the sphere velocity to the thermal
velocity of the gas given by

§ = V/\/2Z RT (9)

the free molecule sphere drag coefficient is
obtained from free molecule theory to be

1 -
ch- .3 [(1+S1'-Er) erf S +

-§2
+ (-;z+1%‘-) \'/"_ ] (1 +K)

where K is a factor of order unity dependent on
the gas surface interaction.

(10)

The drag coefficient is found to be inde-
pendent of density in a free molecule flow. The
nature of the dependence of on S is better
illustrated by the expansion of equation (10) for
the cases of large and small values of S. The
results are

siik s ki~ P
Dem ﬂ[38+15 ztos] o
(11)
$ < 1.25
CDgq = 2[1+%; st'](1+K)
(12)

§ > 1.25

Equation (11) shows that Cpf tends to infinity
as S tends to zero while equation (12) shows that
Cpgy tends to 2 (1+K) as S tends to infinity.
Values of S of order unity and less are seen to
cause the greatest variation in Cpg .

Since falling sphere velocities at high
altitudes typically correspond to speed ratios
of unity or less, a dual falling sphere analysis
may be feasible and fruitfully applied in this
region. Consider two sphere drag measurements
at free molecule conditions



2
-1 .1,A1 - % P vl cn(- (sl. ‘1)

1 2
=30V Opg (T, ¥y, Ky (13)

Iz .2/‘2 - % pv; Cof- (52. Kz)
® 2
%og Cpgg (T Vas Kp) (14)

where the speed ratio has been written as a
function of temperature which must be the same for
both measurements. Since free molecule drag
coefficient is independent of density, the density
can be eliminated in the above equations giving

s Bk @
%v’c,,f|l (T, vy, X)) Ay
(15)
e B

1.:
3Y-6. ¥l

Equation (15) now contains the unknowns T, K;, and
Ky. If the two spheres have the same surface
properties and Viis not much different from Vj, one
would expect the gas surface interaction to be the
same for both spheres, Therefore,

K3 = Ko =K (16)

and cthe common factor (1+K) can be eliminated
from equation (15), leaving a single equation in
the unknown temperature T. Therefore, from
equation (15)

T=-T (-1 a.‘.. 'Z'.z .2. Vl, V2. Al. Az) (17)

and either equation (13) or (14) may be used to
obtain

D=0 [- 5 Opp 00 % x)] (18)

Notice that the value of K becomes important in
determining the value of density but is not
required in determining temperature.

Discussion of Fro
Molecule Analysis

d Free

The above procedure would provide a more
accurate measurement of temperature at high
altitudes than that provided by single sphere
experiments. In single falling sphere experiments,
the temperature is deduced from the density values
by integration of the hydrostatic equation
beginning at the high altitudes. As discussed by
Bartman, Chang, Jones and Liu,’ this method of
determining temperature is subject to large errors
at the high altitudes. The dual sphere analysis,

however, is independent of the deasity determi-
nation and becomes more accurate at higher
altitudes where free molecule conditions prevail.

A survey of published falling sphere data did
not produce data of the type needed for an example
analysis of the free molecule type. The proper
data could be obtained by launching two spheres at
near the same time but with different velocities.
Another technique would be to track the sphere
both during ascent and descent since the veloci-
ties would be different due to drag effects. Data
of the latter type is available but only at lower
altitudes where the flow is transition rather
than free molecule. Analysis in the transition
regime is considered in the following section.

Dual Falling Sphere Analysis
in thr. Transition Regime

As a falling sphere passes into regions of
greater density, the drag coefficient must change
from a free molecule value (2 and greater) to a
continuum value (1 and less), The flow regime
between the limits of free molecule and continuum
is termed the transition flow regime, Since no
theoretical expression is available which can be
accurately applied to the transition flow regime,
empirical and semi-empirical relationships are
commonly employed. One such relationship given by
Matting® has application to drag coefficient
determination in the near-free molecule side of the
transition regime. The expression is given as

Cp = Cp. + (Cpgy - Cpe) e E/Kn (19)
where Cp. is the continuum drag coefficient, Kn is
the Kundsen number, and E is the parameter which
must be determined from experiment. The above
equation is semi-empirical based on a first
collision analysis of near-free molecule flow.

For application to falling sphere analysis
the quantity E/Kn can be expressed as a function
of density since

1

&« ——
Kn r

where r is the sphere radius. Therefore, write

E/kn = C3 p r (20)

where C3 will be termed the transition flow onset
parameter. Since Cpg, and Cp, are functions of
velocity, temperature, and the gas surface inter-
action, the functional dependence of the
transition flow drag coefficient is written from
equations (19) and (20)

CD-

Since Cp contains four unknown parameters,
two parameters must be assumed in order to perform
dual €uldy sphere analysis in the transition (falling)
«ugime. The value of temperature will be assumed

CD (po cs. T, V, ‘) (n)



to be given by the usual methods of integration of
the hydrostatic equation since Bartman,® et al.
point out that the temperature deduced by the
integration methods becomes more accurate at the
lower altitudes. The second parameter to be
assumed in the analysis is the gas surface inter~
action parameter, K. The value of K = 0 will be
employed in the analysis for reasons discussed
later. A gas surface interaction in which
molecules are reflected in the specular direction
corresponds to K = (, independent of the degree
of accommodation to the surface temperature.
Therefore, C3, is chosen 4s the unknown parameter
which will be determined in the analysis in
addition to the density p. The value of C3 is not
well established due to a lack of experimental
results in the near-free molecule regime. The
analysis will then help establish the value of
this important parameter for use in future experi-
ments,

Having chosen the unknown parameters, the
method of analysis is similar to the free molecule
flow analysis. Consider two drag measurements
in the transition regime at .ne same region of the
atmosphere but at different velocities.

1 -
Dl 4 i (4 vlz [obcl*" (chll- CDCI e Cjol‘] A

1 (22)
bj=ge v [cl’c:z+ (Cogmz = Cne2 )‘-Capr] 5

where the spheres are taken to be the same size so
that Ay = Ap) = Aand r, = r,=r. The quantity
exp (-C3pr) can be eliminated in the above
equation giving a single equation in the unknown
d.”ity Pe

(D1/39]A) (CpgpyCDe2)= (D2/3V3A) (Cpgp; ~Cpey)
p= (23)
%1 Dgmz” D2 Dem

and C3 is found from either of equations (22) once
a value of p is determined from equation (23).

In ‘D/i va % = cbc

Cotm = Cpc

Cy =~ % (24)

The transition flow analysis has been
successfully applied to five sets of falling sphere
measurements over Kwajalein made by the University
of Michigan group in 1963 and 1964 as described in
the next section.

Analysis of Kwajalein Falling
Sphere Measurements

The University of Michigan falling sphere
measurements coneist of data taken both during
ascent and during descent for one of the three
spheres ejected from the rocket during the ascent
phase. The spheres were made of Mylar inflated

with {sopentane having an inflated diameter of 46

0.66m and a mass of 50 grams. The velocity-
altitude history of a typical flight is shown in
Figure 1. In this particular flight there is an
overlap of ascent and descent data in the region
between 90 and 110 km. Data of the type shown in
Figure 1 are suitable for analysis as a dual fall-
ing sphere experiment using the method outlined
above.

Unfortunately, not all flights had regions of
overlap. Of the 13 successful flights over
Kwajalein, only six have any overlap. The sounding
number and the region of overlap of the ascent and
descent are the following:

Sounding 2; 100 to 102 km
Sounding 3; 99 to 102 km
Sounding 8; 104 to 109 km
Sounding 12; 99 to 104 km
Sounding 13; 96 to 107 km

Sounding 14; at 102 km

The plots of these data are given in the reference
by Peterson,’ et al. The data used for the work
reported here was obtained in the form of computer
output of the University of Michigan analysis, a
sample of which is also given in reference 3. The
temperature data obtained in that analysis was
used directly in this work after smoothing over the
data in the region from 80 to 120 km using a third
order least squares polynomial, The drag term
required in equations (23) and (24) was obtained
using the published values of Cp and p in the
following relationship

i cD)publilhed values (25)

Due to noise in the data, the application of
equations (23) and (24) could not be made point
by point. A smoothing of the data was then
performed over the region of 80 to 120 km employ-
ing a second order least squares polynomial fit.
This meant that the ascent and descent
trajectories were smoothed over a distance of about
20 km.

The Cp,._values used were obtained from either
equations (H) or (12) and Cp, values were obtained
using a polynomial fit to the data given in
Reference 6 for the highest Reynolds numbers. The
mean molecular weight needed to determine speed
ratio or Mach number was obtained from a polynomial
fit to the mean molecular weight given in the 1962
U. §. Standard' for the region between 80 and 120
k.

Di ion of Results for 66 Spheres

Values of C, were calculated in the region
of overlap for each cf the soundings. Due to the
smoothing operations only one value of C, could
be obtained from each sounding. Soundings number
8, 13, and 14 were analyzed using all the data



points provided in the 80 to 120 km region. The
results are

C4(8) = 3.8200 x 10° w?/kg
C4(13) = 3.2352 x 10° m?/kg
c3(1b) = 5.2345 x 10° n?/kg

The data for soundings 2 and 3 were noisier
than the rest and a value of C3 could only be
obtained after eliminating a number of the most
divergent points. The results were

C3(2) = 5.852 x 10° m?/kg
C3(3) = 15.924 x 10° m?/kg

The noisy data associated with these results is
likely the cause for the values being higher than
for the other three.

The data for sounding 12 was smooth yet a
solution for C5 could not be obtained. It should
be noted, however, that sounding 12 was also cause
for concern by the Michigan group because of the
anomoulous behavior which they felt might be due
to a small leak in the inflated sphere.

Results From 7 In. Sphere

Additional overlapping falling sphere data was
obtained for an accelerometer instrumented 7 in.
sphere experiment over Wallops Island flown in 1961.
The data is published in NASA-CR-29 by Peterson and
McWatters’ consisting of results obtained from the
first tests of the accelerometer system. The
method of analysis was the same as used on the
66 cm data. The result obtained was

C3 (7 in) = 1.5583 x 10° mikg

This result is within a factor of two of that
obtained for soundings 8, 13, and 14. The factor
of two difference may be due to the different
surface properties of the 7 in. as compared to the
66 cm. Also, the 7 in. sphere enters the
transition regime at a lower altitude than does
the 66 cm sphere due to its smaller size, The
different molecular composition at lower altitudes
may cause a change in C3. These questions could
be answered by analysis of more 7 in. trajectory
data.

Atmospheric sit culat

Discussion of Results

After determining a value for C3, the drag
data taken in the original experiment may be
reanalyzed to obtain new values of density employ-
ing equation (22). An iterative technique was
employed using the unsmoothed temperature and
drag values given in Reference 3. A comparison
was made of the density values given in reference
3 with the density values obtained using 47

Cy = 4 x 10°n?/kg which represents an average of
the results for soundings 8, 13, and 14. A point
by point comparison was made for each of the
soundings 8, 13, and 14 and the average was
obtained. The results are presented in Figure 2
which shows that the densities calculated using
the methods described in this paper produce
generally higher values than obtained in the
original experiments.

Figure 3, obtained from reference 2, shows
the mean values of density obtained in all 13 of
the original experiments as compared to the 1962
U. S. Standard.' This figure shows that the
original analysis resulted in a nearly 10X lower
density value above 100 km than givem in refer-
ence 1. Application of the results of the current
work shown in Figure 2 would cause the density to
be nearly equal or somewhat greater than the
U. S. Standard above 100 km. Both methods of
analysis give a higher density in the 90 to 100 km
region than that given in the U. S. Standard, but,
neither analysis 1is correct in this region as
discussed in the following:

In the 90 to 100 km region, ‘he Knudsen number
is of order .1 as is shown in Figure 2. Transition
flow is considered to be within the limits of 10
to .1 which means that in the 90 to 100 km region
the flow is near continuum rather than near free
molecule. For this reason, equation (19), which
is derived on the basis of near free molecule
theory, is likely not valid in this lower region.
The results could be improved by employing a more
valid relationship. The method of analysis would
remain the same however.

The results obtained in the 90 to 100 km
region in the original analysis, reference 3, are
also not correct due to inaccurate values of Cp.
The recent work on Cp reported in reference 6 shows
that the values of Cp used in the original
analysis were about 10% higher than those measured
in the wind tunnel. Therefore, somewhat higher
values of density would be obtained in the 90 to
100 km region but not to the degree indicated by
the results shown in figure 2.

Above 100 km, an average 10% higher density
is found using the Cp values calculated from the
transition flow analysis. This difference can
partly be explained by the difference in the
treatment of the gas surface interaction. In the
current analysis, a value of K = 0 was used while
in reference 2 the treatment of the gas surface
interaction resulted in an additive term of the
form 2\/7135., was used where S, is the speed
ratio molecules would have if they obtain the
temperature of the sphere wall, Tw = 300°K. Values
of K which would compare more to the assumption
made in reference 3 were attempted but the results
for Cq obtained for higher values of K were not as
consistent as the ones obtained with K = 0. In
some cases, no solution for C3 could be found for
K greater than zero. These results tend to



indicate that K = 0 18 a proper choice but more
conclusive evidence is needed in order to fix this
important parameter.

Conclusions

The method of analysis reported here has
demonstrated potential for application in high
altitude falling sphere experiments. The values
of Cj obtained represent one of the first experi-
mental measurements of this quantity under high
altitude conditions. More accurate values of Cj
are needed to remove this unknown in the analysis
of falling sphere experiments could then be
designed to measure still other unknown quantities
such as temperature. Dual falling sphere measure-
ments of both temperature and density at high
altitudes have been proposed and appear to be an
experiment well worth performing.
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MACH NUMBER TRANSITION REGIME
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A Sphere Drag Bridging Relationship in the Low
Mach Number Transition Regine*
by
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Introduction

Transition flow is defined as the flow regime in which the mean
free path of the gas molecules is of the same order as a typical dimension
of the body under consideration.1 At the boundaries of the transition
regime are the free molecule regime (mean free path much larger than the
characteristic dimension) and the continuum regime (mean free path pu:ch
less than the characteristic dimension). The drag coefficient of a sphere
is known to change markedly in the transition flow regime between the
limits of free molecule and continuum flow and is a strong function of
Mach Number, The drag coefficient in the free molec.:le regime approaches
infinity at zero Mach Number and approaches a value near 2 at hypersonic
Mach numbers., At the continuum limit, on the other hand, the sph re drag
coefficient has a more complex nature which is known to depend on the
Reynold's Number and the turbulence or lack of turbulence in the flow.

In this work, however, the high density boundary of the transition regime
will be assumed to be at Re :'104 for which the drag coefficient has
a value of near 0.4 at subsonic velocities, increases in the transonic

regime to a value of near 1.0 and approaches 0.92 at hypersonic velocities.
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Assistant Research Professor, Mechanical Engineering Dept., Member AIAA.
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The continuum limit of the transition regime was taken as Re = 104 for
two reasons: (1) the sphere drag data employed in this work all corre-

sponds to Re < 105

and (2) sphere drag variations which occur above
Re = 104 are more clearly correlated with continuum parameters (Re and
turbulence) rather than what is normally considered transition flow
parameters (Kn and surface to gas temperature ratio).

Due to the lack of adequate theory of the aerodynamics in the
transitional regime, analytic determination of the sphere drag coefficient
is usually made through semi empirical relations which are based on near
free molecule flow theory and experimental resulis. These formulas are
called bridging relationships, a number of which are reviewed in refer-
ences 2, 3 and 4. The accuracy of a bridging relationship may be de-
termined by comparison with experiment and most formula have at least
one free parameter in order to obtain a best fit with given data, As
discussed in reference 4, it is found, however, that available bridging
relationships are typically accurate only over a limited range in
Mach Number and Knudsen Number. The purpose of this paper is to report
on a bridging formula which, with three free parameters, was found to
predict to about 6% accuracy the sphere drag results obtained by the
ballistic range method by Bailey and Hiatt.s Although Bailey and Hiatt
provide plots of curve fits of drag coefficient as a function of Reynold's
Number to a claimed accuracy of + 2%, the analytic results obtained here
are provided as a function of Knudsen Number and have the advantage of
allowing for ready interpolation as a function of Mach Number and Knudsen
Number. Finally, it should be noted that the results obtained here are
applicable only to fitting the Bailey and Hiatt measurements which are

somewhat unique for sphere drag data in that the sphere surface temperature
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was equal to the gas temperature (rw/rm = 1). The results then have
application, for example, to falling sphere data analysis where Tv/Tc“ 1

but would not be applicable to wind tunnel data where typically 'rw/'ru >>1.

The Bridging Relationship
The bridging relationship used in this work is a modification of
that developed by Mattin36 and also given by Rott and Hhittenburg.7
Using a first collision, two fluid flow approximation, Matting obtained

the result which can be written as

Cy=Cp + (Cn -cD) e = E/kn (1)
c FM c :

where CD is the drag coefficient, C_ is the continuum drag coefficient,

D
c

CD is the free molecule drag coefficient, Kn is the Knudsen Number
FM

(defined as Kn = mean free path/sphere diameter), and E is the free
parameter, Equation 1 is seen to provide the correct limits as Kn is

allowed to vary. At the free molecule flow limit, Kn = », which gives

CD = CD . At the continuum limit which in this work is taken as Rew- 104,
FM

Kn = 0, which gives CD = C The limits are approached asymptotically

D .
c
which is what is observed experimentally. As will be shown, however,

Equation 1 is not found to accurately predict the CD variation in the
low Mach Number transition regime for any value of the free parameter E.
Equation 1 is found to predict a much steeper variation in CD than what
is observed in recent experimental results of Bailey and Hiatt.s
In order to correct the failure of Equation 1, a second free
parameter was introduced which was found to improve the accuracy con-
siderably, The new form of the bridging relation is given by
5"t (CD -~y ) e’ /)" (2)
s FM c
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where x is the new free parameter introduced here. By raising Kn to a
power, the steepness of the variation of cD with respect to Kn may be

controlled, thereby better fitting the experimental results,

Method of Determination of Free Parameters
The values of free parameters are determined from a best fit to
experimental data, The experimental data used here is that reported by

Bailey and Hiatts

which are obtained by the ballistic range method for

which Tw/TQ = 1 and covers a range in Mach Numbers from 0.1 to 6.0 and

a range in Reynold's Numbers from 15 to 50,000, Due to a lack of coverage

in the transition regime at the lowest Mach Numbers, the data used in

this work is limited to between M~ .72 and M_ ~ 6,0, Also, since only

6 of the 356 data points in the range have 106 < Re_< 105, a value of

Re = 104 has been used as the continuum limit, This range in flow

parameters is of particular interest to falling sphere data analysis and

also has appiication to satellite reentry and sounding rocket trajectories.
Bailey and Hiatt provide tables of the experimental results

arranged in groups of approximately the same Mach Number. For example,

32 measurements of sphere drag coefficients were made for 1.45 < M_< 1.65

and 36 measurements made for 2.8 < M_< 3.2 (see Table I for complete

list)., For each measurement the values of Mm, Rem, and C_ are given from

D
which a Knudsen Number can be derived using1

-1
£ i ‘I;‘Mm
ot () B o

where £ 1is the mean free path, d is the sphere diameter, and y = 1.4.

The continuum and free molecule drag coefficients are assumed to
be functions of Mach Number only. The free molecule drag coeffic:l.ent8

is given by
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2
-8
1 1 1 1 .
C =2 (1 ¢ — —) erf S +( + ) 14+K)
Dy [ 52 4s® s 5] T

(4)

where erf is the error function and where S is the speed ratio given
by S = V/ ¢/ 2 RT , which can also be expressed in terms of Mach Number
as S = M ¢fy/2. The quantity K in Equation 4 is a factor of order unity
dependent on the gas surface interaction.

Since the evaluation of Equation 4 is complicated by the presence
of the error function, a useful expansion of Equation 4 for low and high

values of S was employed in the analysis. The results of the expansion

are

2 8 -1 8 8 3
CDFM (8 < 1.25) F[:‘ S + 15 S-‘Z—l—o S](1+K) (5)

1 1
c (321.25)-2[1+—-—-——-] (1 + K) (6)
Dem s? 48t

which are accurate to better than .17 with respect to Equation 4.

The continuum values of drag coefficient were obtained also from
Bailey and Hiatt using values of CD versus M°° for Re = 10,000 which, for
the Mach numbers of interest here, correspond to Kn ~ 10-4. The ex-

pression employed is given by

C, (13> 1.0)=.92+ .166/M - .366/M 7
c

which is found to give an accuracy of at least 5% with respect to the
experimental results, For Mach Numbers below 1.0, the following values

were used

C, (:1<Mg1.0)=.403 - .142 M + 450’ (8)
c
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Using the relations given above, the data in a given Mach Number
group were used to find the best values of x and E in a least squares
s:nse, The least squares equation was written and the partial derivatives
with respect to x and E were found. A computer program was developed to
find the values of x and E which made the derivatives zero and thereby

made the error a minimum,

Results and Discussion

For each Mach Number set tested, a root-mean-square (rms) value
was computed and used as a measure of the accuracy of the fit for that
set of data, The value of K required for the free molecule drag co-
efficient value was found to have influence on the results obtained.

The RMS value for a given Mach Number was found to be improved if the
value of K was taken to be a small negative number. Therefore, K becomes
a third free parameter of the fitting process.

The least square results showed that x and K have a Mach Number
dependence while E is nearly constant. The x and K values were found to
be nearly linear in Mach Number and approximated by the following rela-
tionships,

x = ,399 + 016 M 9

K = -.002438 - ,01842697 M (10)
and the average value of E was found

E = .,212 (11)
A set of x, K, E values are thus obtained over the full range of Mach
Numbers under consideration, Equations 9, 10, and 11 were employed in
Equation 2 and the results compared to the ARO drag data., The RMS values
that resulted are given in Table I along with the number of data points
and the values of x, K, and E. The average RMS value of the 16 sets of

data tested in Table I is .059.
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Figure 1 shows a plot of CD vs Kn for six of the seventeen sets
of data employed in the analysis. The bridging relationship is shown
as the solid lines which are calculated based on the midrange Mach
number of a given set of data, The figure illustrates the success of
the bridging relationship in the transition regime and shows that much
of the 6% rms error can be traced to scatter in the data which is nearly
+ 10% at some values of Kn. One failure worth noting, however, is the
tendency of the bridging relationship to underestimate the CD value in

3 ¢ kn < 1072 range by about 5% in some cases. This is likely

the 10~
a slip flow influence which has not been taken into consideration in

this work.

Table I
RMS Values of Curve Fit to ARO Data Using Equations 9,

10, and 11 in Equation 2

Midrange Mach Number of
Mach Number Number Range Data Points X ) K RMS
.72 70 - 74 7 4105 .212 -,016 .013
.81 79 ~ .83 9 4120 ,212 -.017 .076
.915 .88 - .95 20 4136 .212 -,.019 .065
. 965 9% - 97 10 LA4l44 212 -.020 .123
.989 .98 - ,998 8 4148  ,212 -,021 .082
1.135 1.08 - 1.19 24 4172 ,212  -,023 .036
1.25 1.2 - 1.3 15 4190 .212 -,025 .055
1.375 1.3 +~ 1,48 28 4210 .212 -,028 .075
1.55 1.45 - 1.65 32 .4238 ,212 -,031 .050
1.75 1.65 - 1.85 23 .6270 ,212 -,035 .051
2.05 1.9 - 2.2 30 4318 .212  -.040 .060
2.55 2.4 - 2.7 18 4398 .212 -.049 .059
3.00 2.8 - 3.2 36 4470 ,212 -,058 .054
4.00 3.8 - 4.2 28 .4630 .212 -,076 .060
5.00 4.8 - 5.2 40 4790 ,212 -.095 .041
6.00 3.8 - 6.2 33 24950 .212 -,113 .042
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Conclusions

A sphere drag bridging relationship has been developed for the
low Mach Number transition flow regime which fits recent experimental
results to an accuracy of about 67 rms. The experimental results used
were exclusively those reported by Bailey aud Hiatt in tests ran at ARO
and reported in March 1971 in which the sphere surface temperature was
equal to the gas temperature. The results of this work should have
application, for example, to the analysis of falling sphere data in
which Tw/'l‘m ~ l.

Due to the unique nature of the Bailey and Hiatt data (i.e.,
Tw/'l‘°° = 1), it is of interest to examine the conclusions these data

indicate concerning the nature of the transition flow regime. Using

the parameters found in fitting these data, Eq. 2 was plotted, C_ vs M,

D
(Fig. 2) for 0 < Kn < @ and .1 < M < 6 for constant values of Kn. Since
the highest Kn tested by Bailey and Hiatt was 10'1 and since there was
little transition flow data below M = 1, the curves for Kn > 10-1 and all
the curves for values of Kn for M < 1 are extrapolations. The results
obtained, however, point to two important conclusions: (1) the width of
the transition regime in terms of Knudsen Number is wider than usually
assumed and (2) the free molecule drag coefficient implied by the results
is less than usually assumed.

Since the value of x (which is a measure of the slope of the CD
vs. Kn curve in the transition regime) was found to be about .45, the
width of the transition regime is increased over that obtained using the
Matting relation which has x = 1 (Equation 1). This conclusion is

illustrated by substituting into Equation 2 the value Kn = 5 which is

the usually assumed upper limit of the transition regime.l The results
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at M = 6, Kn = 5 give CD/CDf = ,956 which shows that the free molecule
limit has not been reached a: this value of Knudsen Number. A value
of CD/CDf = ,99 is found to be reached for M = 6 at a value of Kn =
100, i

The free molecule limit was found to be of importance in the de-
velopment of the bridging relationship since K had to be adjusted to neg-
ative wvalues in order to obtain an accurate fit., This implies a free
molecule drag coefficient less than two for the high values of Mach
Number tested. Results from other experimenters9 show that the drag
coefficient in the free molecule limit is greater than 2 at Mach Numbers
from 4 to 6, This departure from the results of others is likely ex-
plained in that much of the sphere drag data at high Knudsen Numbers and
high Mach Numbers used by other:s are obtained in low density windtunnels
whereas the experimental data employed in this study was obtained ex-
clusively from ballistic range data. The higher surface-to-gas-tempera-
ture ratios that occur in windtunnels cause higher free molecule drag
due to the energetic reflection of molecules at the surface. This effect

9,10

is clearly shown in recent sphere drag experiments”’ in which C

D

is found to decrease as Tw/To is decreased. 1In fact, an extrapolai?on

of the data of reference 10 down to Tw/T°° = 1 indicates a CD of 2 or less.
A free molecule sphere drag coefficient of less than 2 requires that the
gas surface interaction be non uniform on the surface of the sphere.

This possibility is discussed by Cook11

in which he proposes that the
lowest possible free molecule drag of a sphere is 1.5. The lowest value
implied in this work is 1.844 at M = 6 where K = -,113.

The above conclusions are tentative but point to a need for free

molecule experimental data in the low Mach Number regime at surface
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temperatures close to ambient. Although the Bailey and Hiatt data do
not reach free molecule conditions, the extrapolation discussed above
show that the data lead to different conclusions than obtained from

Tw/Tu # 1 experiments.
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Figure 1.

Figure 2,

FIGURE CAPTIONS

Comparison with Equation 2 of Sphere Drag Coefficient Data
(Ref. 5) as a Function of Free Stream Knudsen Number for

Constant Values of Mach Number,

Sphere Drag Coefficient as a Function of Free Stream Mach

Number for Constant Values of Knudsen Number,
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Improvements in Falling Sphere Data Analysis in the 80 to 120 Km Region
by

Gerald R. Karr and Robert E. Smith

The analysis of falling sphere drag data is a principle means of
density and temperature determination in the 80 to 120 Km region of the
earth's atmosphere. This important method of atmospheric probing was
reported by Bartman, et a11 in 1956 and has found wide use in upper atmo-
spheric research., The method is particularly useful in the 80 to 120 Km
region which is above the altitude capability of most aircraft and balloon
probes but below normal satellite altitudes.

In a typical falling sphere experiment, a sphere is ejected from a
sounding rocket and the trajectory of the sphere is measured as it falls
through the atmosphere. The trajectory information is analyzed to de-
termine the velocity and acceleration as a function of altitude. This

information is then used in the drag equation

Drag = —%— 0 V2 CD A (1)

where density, p , is obtained for a given value of drag coefficient, CD’
and sphere crosssection area A.
Temperature values are obtained from the density measurement using

the hydrostatic equation

dp = -gpdz (2)

where g 1is the acceleration of gravity, z is the altitude, and p is the
pressure. Equation 2 may be integrated between any two limits in altitude

to give the pressure at z
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z
p(z) = - f g8 pdz +p (2) (3)
%o
The temperature at z is obtained by substituting the values of p and p

into the equation of state,
p(z) = p (2) (R/W(z)) T(2) (4)

where R is the universal gas constant, W is the molecular weight and T
is the temperature,

The temperature determination is seen to require knowledge of the
pressure or equivalent temperature at some reference altitude (p(zo) in
Equation 3)., 1In practice, the integration of Equation 3 is taken in the
negative direction, from the point of highest ascent down to the lower
altitudes. The temperature at z, is usually obtained from some atmospheric
model. The error caused by possible incorrect temperature selection is
minimized by the practice of downward integration since the term p(zo)
in Equation 3 becomes small in comparison to the first term as the inte-
gration proceeds to the lower altitudes. Thus, the effect of error in the
initial temperature selection should become unimportant at one to two scale
heights below the initial selection point., This was verified in the present
study by selecting temperatures from 0°k to 1000°k at 120 Km. The effect
on results below 100 Km due to such wide choices in temperature at 120 Km
was found to be negligible ( < 1%).

Another source of error in the falling sphere method is the value of
cD used in the drag equation, Equation 1. The typical trajectory of falling
spheres in the 80 to 120 Km region is found to correspond to an aerodynamic
flight regime for which sphere drag coefficients have been highly uncertain.

Due to the low densities (10.5 to 10-8 Kg/ma) and the low Mach numbers
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() to 5) experienced by falling spheres in this region, the aerodynamic
flight regime is classified as the transition flow regime (Ref. 2). The
mean free paths of gas molecules in this region of the atmosphere vary
between 10'3m to 10m which means that the flow is too dense to be considered
free molecule but two rarefied to be considered continuum., While the free
molecule and continuum values of sphere drag coefficients have long been

well known, the values of C_ in the transition flow region have only re-

D
cently been measured to adequate accuracy.

The purpose of this paper is to report on improvements made in the
falling sphere method of analysis. The most important of which is an im-
proved relationship for the sphere drag coefficient which has estimated
accuracy of at least 57 over the range applicable to falling sphere tra-
jectories., The second improvement in the analysis is to employ both the
ascent and descent trajectory data in the data reduction. These improve-

ments are applied to published fa.ling sphere data and comparison is made

with the results of previous analysis.

Drag Coefficient Relationship

Recent sphere drag experiments reported by Bailey and Hiatt3 have

provided and improved the drag coefficient information in the transition
regime. The experiments were made in a Mach number and Reynold's number
range of particular application to falling sphere data analysis (0.1 <
M_< 6.2 and 20 < Re < 105). These data were obtained in ballistic range
in which the temperature of the gas and the sphere temperatures were
approximately the same. The data are obtained in a consistent manner by
one group of experimenters over the complete range of flow parameters
applicable to the falling sphere flight regime. In view of the importance
of this single source of drag data, a curve fitting relationship employing
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this data exclusively has been prepared by Karr.a The sphere drag bridging

relationship thus developed is given by

X
Cp = Cp + -E/a (Kn) (cn - ch) (5)
c FM
where a = ,499 % 5 and where C_ and C are the continuum and free
n L Dy

molecule drag coefficient, respectively. The quantities E and x are
parameters of the curve fit and Kn is the free stream Knudsen number.
The free molecule and continuum drag coefficients may be written as

functions of speed ratio, S , and Mach number, M, given bya

3
¢, (5<1.25) = 3 (;+§ - ?0)(14-1() (6)
FM I mn
& (sZ1.25)=2(1+L2-—14-) (1 + K) (7
FM s 45
C, (M3>1.0) = .92+ .166/M - .366/M° (8)
c
2 4
Cp, (.1 <M< 1.0)=.403 - 142 + .459 9)
c
where
S = V/42 RT and M = V/VY%T (10)
W

where vy is the ratio of specifi. heats of the gas, and (1 + K) in
Equations 6 and 7 is a factor or order unity which is related to the gas-
surface interaction. The least squares curve fit of the above relations

to the data of Bailey and Hiatt has revealed that Equation 5 will fit the
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data to an accuracy of about 5% (based on RMS value) for the following

values of the parameters

x = .399 + .016 M (1)
K = -.002438 - .01842697 M (12)
E= .212 (13)

The use of Equations 6 through 13 in the sphere drag bridging rela-
tion given in Equation 5 p-ovides values of drag coefficients which are
based on the most accurate and applicable information now available, 1In
order to use this relationship in the drag equation, values must be
available for the velocity V, temperature T, molecular weight W, and the
Knudsen number, Kn. The velocity is a measured quantity while values for

the others are obtained as discussed in the following.

Knudsen Number

Knudsen number is defined as the ratio of near free path, %, to the
characteristic length of the object. We take the characteristic length

to be the sphere diameter, d . Therefore,

Kn =4/ d (14)
The mean free path is inversly proportional to number density, n, for a

simple gas (c.f. Ref. 5) and given by

2 -1
L-(Znno) (15)

where g is the diameter of the gas molecules. Using the average molecular

weight, we write the mean free path as a function of density

L = (z n Wl%'_ oz\ (16)

A ’
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where NA is the Avogadro constant. Using a value of 0 = 3.72 x 1o“°m

which is representative of airs, we obtain

= -9 W
Kn = 2.7 x 10 od (17)
for p in units of Kg/m3 and d in meters.
In developing Equation 17, we have neglected the small effect tempera-

ture has on the value of g and we have assumed the gas molecules each

have a mass corresponding to the average molecular weight of the gas.

Molecular Weight

A value of molecular weight is required for the Mach number, speed
ratio, and Knudsen number expressions. (We assume y = 1.4, independent
of the molecular weight). The mean molecular weight is known to be a con-
stant of 28.964 up to about 90 Km altitude. At that altitude, the heavier
molecules begin to settle out causing a drop in molecular weight. Models
of this molecular weight with altitude are provided in Ref. 6. Representa-

tive values of the variation is given by the following equation

W= 24.68 + .1235 z - .000874 z° (18)

where z is the altitude. Equation 18 gives values of molecular weight
with an accuracy of better than 1% in comparison with a nominal spring/

fall values given in Ref. 6.

Temperature and Density Iteration

The temperature at a given altitude is determined as stated in the
introduction, by downward integration of the density profile. However,
since the drag coefficient is a function of temperature (i.e., Mach number

and speed ratio are inversely proportional to the square root of temperature),
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values of temperature must be available before determination of density
is made using the drag equation. Thus, we are lead to an iterative
procedure for finding both density and temperature. The procedure is
begun by assuming some initial temperature profile from which, given the
unusual velocities, the Mach number and speed ratio are found. Once a
density profile is obtained (to be discussed in the next paragraph) using
the assumed temperature profile, a new temperature profile may be con-
structed. This process is repeated until the values of both temperature
and density no longer change beyond a specified error limit.

Since the drag coefficient has been written as a function of density,

the drag equation becomes of the following form

>

x
Drag = —%— o ¥ A €. * e-bp .~ ) (19)

D D

Dc FM c

where b is defined through Equation 17 and 5.
b= E/(2.7 x 102 w/a)* (20)

Equation 19 is a nonlinear equation in the unknown density and must be
solved using numerical procedures.

Solving for density from the drag equation of the form given in Equation
19 has two advantages. First, as already pointed out, the relationship
for CD represents recent, accurate drag measurements. Second, by solving
Equation 19 for density directly, we eliminate the uncertainty of choosing
a drag coefficient from a set of values tabulated as a function of Mach
number and Reynold's number. Falling sphere experimenters effectively
solve an equation like Equation 19 by iterating between tabulated CD values
and using the simple drag equation. The solution of Equation 19 is obtained
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much faster and the solution is likely more accurate than that obtained

in such iterative procedures.

Application of the Proposed Method

The procedure outlined above was applied to sets of falling sphere
data reported by Peterson, et alz for measurements made over Kwajalein
during 1963 and 1964. One of the reasons for using this data to illustrate
the application of the proposed method of analysis is the importance of
the results which were obtained in the original experiment. This set of
data is of particular interest since it forms the basis for the density
and temperature model in the 80 to 120 Km region for what is labeled
"15°N, Annual" in the U. S. Standard Atmosphere Supplements, 1966.6 A
summary of the density results obtained by Peterson, et al? are given in
Figure 1 which is a copy of Figure 2.20 of Reference 6.

A second reason for using this particular set of data was the avail-
ability of the information required in our analysis, Through one of the
original experimenters, K. McWatters,8 we obtained the detailed computer
output (a sample of which for one flight is given in Reference 7) for the
falling sphere measurements made by the group. The data of interest is
the density, Po? temperature To’ drag coefficient CDo’ Reynold's number Reo’
Mach number Mo, and velocity Vn’ as a function of altitude, zn, which
resulted from their analysis of the falling sphere trajectory. Of these
quantities, only velocity and altitude were measured where the subscript
n is used to indicate this. The remaining quantities were deduced and we
use the subscript o to indicate this. The measured drag force, however,
can be found by taking the deduced density and the drag coefficient em-
ployed in obtaining that density, and substitute these values into the drag

equation. Therefore,
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where the area is based on 0.66 m sphere diameter. Thus, in this manner,
the values of altitude, velocity, and drag force are obtained as measured
in the original experiments. The accuracy of these measurements is ex-
pected to be at least 577

In order to begin the iteration for density and temperature, the data
analysis requires that an initial temperature profile be given. Of all the
temperatures given in this initial profile, the only one of importance is
the one given at the altitude at which the downward integration is begun.
For the Kwajalein data, the highest altitude for which data are available
is 120 Km since data above 120 was considered too inaccurate. In our
analysis we have taken the temperature at 120 Km to be 460K which is based
02 the 15°N Annual model given in Reference 6. For comparison, Peterson,
et al? used a temperature value of 361°K at 120 Km which is based on the
1962 U. S. Standard Atmosphere.9 The higher temperature was chosen in this
work in view of the fact that the results obtained in the original analysis
revealed that the temperatures were generally higher than the USSA 1962 at
the high altitudes. The effect the choice of a 100°k higher temperature has

on the final results will be discussed more in the conclusions.

Temperature Interpolation for the Descent Trajectory

At this point in the discussion, we describe another improvement to
the data analysis which is applicdable to the Kwajalein falling sphere data,
Much of the data obtained over Kwajalein consists of two trajectories;
ascent and descent. Soon after ejection of the sphere, the radar tracks
the sphere during its ascent to apogee. This tracking begins usually near
100 Km and data ‘s then terminated at 120 Km for accuracy reasons as dis-

cussed above. During the passage through apogee, the radars '"lose' the
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sphere. Also because of smoothness requirements, data processing during
(See Fig. 2)
descent generally does not start again until about 100 Km., In the erig-
inal analysis of this data by Peterson, et al?, the ascent and descent
trajectories were analyzed separately. That is, the downward integration
required for temperature determination was begun again at the top of the
descent trajectory with a temperature choice based on USSA 1962. The
temperature thus chosen at the top of the descent trajectory is potentially
erroneous, the effect of which will propagate two scale height down into
the descent trajectory. We have developed a more accurate procedure for
choosing the temperature value at the top of the descent trajectory which
employs the ascent temperature values and an isentropic relationship. The
ascent temperature values in the 100 Km region are considered to be mor
accurate than the higher altitude values since this corresponds to two
scale heights below the 120 Km altitude where the temperature is taken
arbitrarily to be 460°K.,

The temperature determination procedure employed in the present
analysis is as follows:

Step 1. Density profiles are determined for both the ascent and de-
scent trajectories, pA(z) and pD(z), respectively. The 15° N Annual model
is used to give an initial temperature profile.

Step 2. A new ascent temperature profile, TA(z), is determined for
the ascent data using the downward integration method.

Step 3. For the region of altitude for which both ascent and descent
data points are available, an isentropic relationship is employed to €ind

the temperature for the descent trajectory points, TD(z), given by

y -1
RORERON CICRENS)
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where y is the ratio of specific heats. In using this relationship, we
are assuming that the densities which have been measured at the same
altitude by the drag method are different due to an isentropic process.
The sphere trajectory is such that at about 100 Km altitude, the ascent
and descent trajectories are about 80 Km apart. Wave motion in this
region of the atmosphere could then account for the differences in density
which are seen. Over the length and time scales of interest here, the
assumption that such processes are isentropic is reasonable.

Step 4. For the remaining altitude points in the descent tra-
jectory, the temperatures are determined using the downward integration
method.

Step 5. Based on the new temperature values, calculate new
values of Mach number and drag coefficient to be employed in the
determination of new density profiles. That is, start again at Step
1 above and continue the iteration procedure until convergence is
reached in both temperature and density results.

The above procedure requires at Step 3 that at least one data
point of the descent trajectory be at the same, or nearly the same,
altitude as a point on the ascent trajectory. This requirement is met
for six of the thirteen flights made over Kwajalein and reported in
reference 7. Table I gives some of the characteristics of the flights
studied in this work including the range of overlap for the six flights.
Two of the six flights had only one point in common while flight # 13
was found to have 12 data points in common (dat.. is provided approximately

every kilometer, on the kilometer).
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Results

Density and temperature profiles were obtained by the methods de-
scribed above for the six falling sphere flights over Kwajalein which
had overlap in altitude coverage of the ascent and descent trajectories,
The density profiles were compared with that published in the U, S.
Standard Atmosphere 1962.9 The ratio of the density found in this work
to the USSA 1962 densities is shown for each of the six flights in Figures
3 through 8. Also contained in these figures are the temperature pro-
files obtained in the analysis., Table 1 lists the sounding number which
was designated by the experimenters, the time and date of the flight,
and the altitude range covered on the ascent and descent trajectories for
the six flights analyzed,

The mean and standard deviation of the density and temperature pro-
file ratios (with respect to the models indicated) are plotted in Figures
9 and 10, respectively. For the altitudes outside the region of over-
lap, six values were used in construction of the mean and standard de-
viation. For some altitudes within the overlap region, as many as 12 values

were used,
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Discussion of Results

The summary of density results given in Figure 9 show a signifi-
cant departure from that obtained in the original analysis of Peterson,
et al. 1966. This departure is found to be primarily because of the in-
complete information on drag coefficients available to the original
experimenter at that time. The drag coefficient values employed in
the present analysis are considerably more accurate and reveal a point
of maximum departure from the 1962 standard at 105 Km rather than at
92 Km.

The temperature results given in Figure 10 show better agreement
with the original analysis than does density. The departure at 120 Km
is artificial since the choice of a temperature value at 120 Km is
completely arbitrary. The departure in temperature between the present
and original analysis at high altitudes is not the cause for the de-
parture in density at these altitudes. In fact, if the value of
temperature at 120 Km used by Peterson, et al. were to be employed in
the present analysis, the departure in density results would be even
greater than given in Figure 9. The colder temperatures used by
Peterson, et al. would result in lower drag coefficients and therefore
even higher densities would be obtained from the drag equation. The
results we have obtained seem to clearly point towards the higher

values of temperature at altitudes near 120 Km.
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Table 1

Range of Range of
(GMT) Ascent Descent QOverlap
_Figure Number Sounding Number Time & Date of Flight Altitude Altitude Range _
3 2 0257 March 29, 1963 100-120 102-80 100-102
4 3 0328 June 18, 1963 99-120 102-80 99-102
9 8 1458 Nov. 14, 1963 104-120 109-80 104-109
6 12 1820 March 13, 1964 99-120 104-80 99-104
7 13 1125 May 12, 1964 96-120 107-80 96-107
8 14 0101  June 17, 1964 102-120 102-80 120
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Free Molecule Drag at Speed Ratio Less Than Unity

by
Gerald R. Karr
Assistant Research Professor

Mechanical Engineering Department
The University of Alabama in Huntsville

This work concerns results obtained in the calculation of the
drag force acting on objects which (1) have dimensions much less than
the mean free path of the gas (Knudsen number much less than ome) and
(2) have velocity with respect to the gas which is much less than the
thermal velocity of the gas (Speed ratio, S, much less than one). These
conditions are characteristic of those experienced by certain aerosols
and Brownian type particles which are suspended in a gas or which are
- forced to travel through a gas such as in separation processes.

The purpose of this work is to investigate the influence of two
factors which enter the calculation of the free molecule drag force;
(1) the shape of the object and (2) the gas surface interaction. Past

1,2,3 have concentrated on the second of these factors

investigations
while assuming the particles are perfectly spherical in shape. The
gas surface interaction has generally been taken to be composed of a
specular fraction and a second fraction which is purely diffusive (see,
for example, Ref. 4) or a modified diffusive such as the elastic-
diffusive reflection employed in Ref. 3. The form o° the diffusive
fraction of the reflected molecules has received considerable attention
because comparison of sphere drag calculations with experiment lead to

the conclusion that all the molecules must be diffusively reflected in

order to explain the observed high drag coefficients at low speed ratios.
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In the work reported in this paper, the drag coefficients for both
specular and diffuse reflection were obtained for non-spherical objects
in order to investigate the influence of shape at very low speed ratios.
The drag coefficients were obtained by employing the expression
for force acting on an element of sqrface in a free molecule flow valid
at any speed ratio and taking the component of that force which acts
in the direction of the velocity vector. The drag component of force
was divided into a part due to the momentum of impinging molecules,
Di’ and a part produced by the reaction force of the molecules leaving
the surface, Dr‘ Expressions for both specular Dr(specular) and
diffusive Dr(diffusive) reflections were developed. The total drag
force is then given by D = Di + Dr for an element of surface at any
angle with respect to the flow and any speed ratio. The expressions
were then integrated over the surfaces of various shapes including
oblate spheroids, cylinders with flat and spherical ends, and cones
with flat ends. The drag force coefficients were obtained for these
objects at low speed ratios for both specular and diffusive reflection.

The total drag force acting on an object is written
Dr
D= Di (1 + 5; )

where the ratio Dr/Di represents the effect of the reflection normalized
with respect to the incident contribution. For a perfect sphere, for

example, and for S << 1

Di(sphere) = % pmr? JZnRT v

The attached figure presents examples of values of Dr/Di for oblate

spheroid shapes as a function of the minimum-to-maximum radius ratio.
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The results show the sensitivity of the D',/D,i to both the reflection
characteristic and the object shape.

The results obtained in this work show that the magnitude of
the force coefficient is strongly dependent upon the shape and orien-
tation of the object for both specular and diffusive reflection. Since
non-spherical aerosol or Brownian particles would present randon orien-
tation with respect to the velocity vector, the force coefficient for
a given object would be an average vaiue. The results obtained in this
work provide the information needed to obtain the average force co-
efficient for various non-spherical shapes. One conclusion reached in
this work is that both specular and diffuse reflections can produce
high drag force coefficients at low speed ratios for non-spherical

objects and neither should be excluded from consideration in such cases.
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A

Propesal to Develop Zero-g Brownian Motion Experiments
by

G. R. Karr

Introduction

Robert Brown in 1828 is credited with establishing as an impor-
tant phenomenon the observed irregular and perpetual motion of macro-
scopic particles suspended in gases or liquids. The theory of this
motion, which has become known as Brownian motion, has received the
attention of Einstein, van Smoluchowski, Langevin, Uhlenbeck and
Ornstein, Chandrasekhar, and many others. The motion received much
early interest because it has been established through the theory that
Brownian motion is direct observation evidence of the molecular state
of matter. For example, from observation of Brownian motion, one can
measure Avrogodros number and this method was in fact considered to
provide the most accurate measurement of this quantity in the early
1900's., The theory of Browaian motion establishes that the motion is
described as a random process which is found to be a major step in the
development of the field of study now called stochastic processes,

Experimental investigations of Brownian motion has not received
the interest of physicists recently and modern interest in Brownian
motion is primarily in the theory amd its application. However, with
the unique environment which will be provided by the Space Shuttle, the
possibility now exists for performing experiments involving Brownian
motion that could not be done in a one-g environment. It is proposed
here to study possible experiments that may be performed in a zero-g

environment which involve the observation of Brownian motion, It is pro-

posed to assess the feasibility amd importance of such experiments.
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The Theory of Brownian Motion

The currently accepted theory of Brownian motion was presented
by Ornstein and Uhlenbeck in 1930. Beginning with the equation of
motion of a Brownian particle (called the Langevin equation) we have

d2
m ;:% = -mB v+ F(t) (1)

where 8 is a drag coefficient and where F(t) is a random forcing term
characteristic of the Brownian motion. Ornstein and Uhlenbeck obtain

the solution for the mean square displacement of the particle given by

s = 2EL_ e -14e” P 2)

m 2

which has the limits for t large compared to B-l

= 2kT
S mB

N
[l

t 3)

which is the result obtained by Einstein and for t small compared to

B-l the result is

=3 =
S u ¢t (4)
where u is the initial velocity of the particle.

Other quantities may also be calculated., For example, the mean

square velocity of Brownian particles all starting at velocity u, is

=3 % m

u u =3-;I+ (uoz-k-—g) e-zat (5)

and the velocity distribution function of the particles is given by
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m ‘ m (u-u,e B t)2
G(u , u, t) '(2 o T(l-e-z 8 t) ) expl2kT " }

which shows that the particles eventually reach a Maxwell-Boltzmann
distribution,

The above results are all for what is called a free particle,
That is, the only forces acting on the Brownian particle are the drag
term m3v and the random forcing term F(t). For the case of Brownian
motion in an external force fielu, such as gravity, theory is not so
clear nor as complete as for the free Brownian motion., Uhlenbeck and
Ornstein, for example, consider the Brownian motion of a particle which
is bound in a harmonic force field at frequency Wy Three cases resuit
and the solutions for the mean square displacement under these conditions
are provided,

Overdamped case; 8 >> 2 w

::% x = EIE + (x - kT;) S (cosh w't + £ sinh m't)2 (7
x> % m - m L 2 w'
2
where @' = —%— - w2
Critically damped case; 8 = 2 w
2
= = krz +(x2- sz)(1+—;5) e Pt (8)
X » m ad m g

Underdamped case; 8 < 2 w

2
_:-2- x = sz + (xo2 - ﬂf) Bt (cos w.t + == sin W, t) 9

X m W m w : 2w

2
STheyy
where wl W .

While Uhlenbeck and Ornstein obtained solutions for the harmonic
forcing cases, the case for constant forcing has not been solved as

completely. 94



For example, Wang and Uhlenbeck state in their 1945 paper that they
have been unable to find the general solution for the constant force
case, Solutions do exist, however, for the special case when the
friction force is high and the observation time is large (i.e., for
t->> S-l). Chandrasekhar, for example, obtains the time varying dis-
tribution of Brownian particles in a gravity field and is able to show
that the particles arrange themselves in a barometric distrioution with
respect to the gravity vector.

Solutions for other observables of Brownian motion in a constant
force field are apparently not available. For example, the mean square
displacement or the velocity distribution function in a gravity ficld
were not found in ti. references cited. Part of this study will be di-
rected toward a thorough investigation of the recent literature on this
subject. From the literature that has been searched, however, it is
apparent that Brownian motion in a gravity field will be much more com-
plex than the free motion and that sensitive experiments in one-g would
be strongly influenced by gravity.

Zero-g Experiments

The zero-g environment offers at least three advantages in the
performance of Brownian motion studies.
1. The theory of Brownian motion in zero-g is well established
while the motion under gravity is difficult at best to interpret.
2. Convection currents can be minimized or eliminated in zero-g.
3. In zero-g, particles of larger sizes and masses can be em-
ployed in Brownian motion studies.
The purpose of the proposed work is to study possible Brownian
motion experiments and to assess the value and feasibility of such

experiments, While it is expected that other experiments will be proposed
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and studied during this work, the following set of experiments have
already received preliminary consideration and will be described
briefly,
A, Particulate drag in the transition regime

As is well known, Brownian motion is observed in both liquids
and gases, The drag or friction coefficient, B8, in these media is,
however, considerably different. The friction factor in a liquid for
example is in the fluid dynamic flow regime called "Stokes flow' and
is described as a highly-viscous flow. For a Brownian motion in a
gas, however, the flow is free molecule if the mean free path of the
molecules is large compared with the size of the particle. It is
therefore proposed that a possible zero-g experiment is to var the
properties of the suspension medium or the particles, so as to obtain
friction factor information in the transition flow regime between the
Stokes regime and the free molecule regime. The proposed work would
consist of determining the range of particle and medium properties
that would be required to probe the transition regime. Also to be studied
is the limits imposed on such an experiment by the one-g environment.
The transition flow regime ha: proved very difficult to probe in ground-
based experiments and becomes progressively more difficult as the speed
is reduced. The experiments proposed here would provide data at the very
low end of the velocity spectrum, a region for which little or no data
now exists, This possibility of increasing the range of understanding
of fluid dynamic drag appears to be of great value.
B. Gas surface interaction

Brownian motion observations provide an excellent basis for
studying the interaction of molecules with surfaces. The motion is a

direct consequence of the bombardment of the particle surface with
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molecules of the surrounding medium., The free molecule regime is best
for such observations since the motion is isolated from the effects of
viscosity that occur in the Stokes flow regime. The proposed experi-
ments would consist of (1) the preparation of particles of known com-
position and surface properties, (2) the preparations of gases of known
composition and temperature, and (3) collection of data on the resultant
mean displacement and velocity distribution to determine the friction
factor 8. The value of B determined in such an experiment can be di-
rectly related to the effect of the gas surface interaction. The data
can then be correlated with respect to the gas and surface properties.

The physics of the gas surface interaction is not well understood
at present and experimental data of the type proposed here would be valu-
able in identifying the important characteristics of the interaction.
A factor of two variations in the friction coefficient, B, is theoreti-
cally possible due tc the effect of the gas surface interaction. Ground
based experiments such as the oil drop experiment do not have the sensitiv-
ity needed to determine these effects.
C. Verification of Brownian Motion Theory

The Brownian motion theory proposed by Uhlenbeck and Ornstein is
the currently accepted theory of the motion., The theory of Einstein and
Smoluchowski is found to be the limiting case of the Uhlenbeck and
Ornsteiu theory for large times (t >> B-l) for the free particle case.
Edward Nelson further proposes that the Einstein-Smoluchowski theory is
also limited to the case of large friction (B large) and points to ex-
perimental results of Kappler and of Barnes and Silverman to show that,
for the harmonic forcing case, the Einstein-Smoluchowski approximation
is invalid for the underdamped case even for t >> B-l. For the same

reasons as mentioned above, the presence of the one-g field requires
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that particles be small and light. For such cases then, it is difficult
to probe the Brownian motion for short times (t < B-l). The motion for
short times can be used to verify the Uhlenbeck-Ornstein theory. The
results for t >> 3-1 are the same for both the Uhlenbeck-Ornstein and
the Einstein-Smoluchowski theories and thus such results can not be used
to distinguish the theories, Due to tie difficulty in making measure-
ments in the short time on earth, there appears to be little, if any,
experimental verification of the Uhlenbeck-Ornstein theory. It is,
therefore, proposed that since the zero-g environment offers the
opportunity to adjust the size of B over a wide range, a properly de-
signed Brownian motion experiment in space would allow for the verifi-
cation of theory of Brownian motion., The proposed work will seek to
establish the conditions required to perform such an experiment.

Proposed Work

The three experiments proposed above are clearly of great value
and preliminary study indicates that they are also feasible. During the
proposed study, these experiments and others will be considered in detail
to determine the value of the experiment, the reasons that zero-g are
required, and the feasibility of performing the experiment, Extensive
literature searches and personal contacts will be made to ascertain the
state-of-the-art knowledge of Brownian motion theory, motion experiments,
friction coefficients, gas-surface interaction, etc. Experimental tech-
niques will be surveyed and recommendations made for space experiments.
It is also expected that preliminary experimental development will be
undertaken to test observation methods, data collection methods, and

data analysis techniques.
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An Experiment Using the Molecular Beam Apparatus Proposed for Space Shuttle

Title: Aerodynr’mic Force Measurements in Space

Principal Investigator: Dr, Gerald R. Karr, The Bmiversity of Alabama in
Huntsville, Huntsville, Alabama.

Summary of Proposed Work

The feasibility is to be determined of employing the satellite orbit
environment in the measurement of forces resulting from the interaction of
atmospheric gas with solid surfaces at satellite velocities, To be con-
sidered is an experiment designed to measure the aerodynamic forces acting
on surfaces exposed to the high-velocity, low-density gas flow which is
generated as a satellite travels through the upper atmosphere. 1In partic-
ular, the use of the proposed Molecular Beam Laboratory will be considered
for providing the required beam definition and orientation. Engineering
and scientific gains would be generated by the results of this experiment
which utilizes an aspect of the orbital flight environment not easily re-
produced in ground based facilities. The study would evaluate means for
measuring the aerodynamic forces on a selection of surfaces having a broad
range of material and physical properties. The study would determine the
desirable number of surface materials, the range of surface temperatures,
the range in degree of surface contamination, the number of surface coatings,
and the angles of attack to be tested in the proposed experiment. Finally,
the feasibility would be determined of correlating the force measurements

with changes in gas properties.

Justification

The determination of the feasibility of the proposed experiment is

desirable in view of the potential benefits the experiment would provide.
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At present, satellite aerodynamic properties cannot be predicted accurately
because of the lack of information the proposed experiment could provide.
Analytic studies reveal that satellite aerodynamic properties are a strong
function of the character of the force caused by the gas surface inter-
action. The gas surface interaction, in turn, is expected to be a strong
function of surface properties and surface orientation, The design of
satellites to take advantage of (or to reduce) the aerodynamic forces and
torques has not been possible because of the lack of information on the
forces caused by the gas surface interaction. Knowledge of the character
of the surface forces and the major influences on these forces is necessary
to the design of satellites to have specified aerodynamic drag, lift, and
torque characteristics., Such knowledgc is also needed in order to inter-
pret the dynamic response of satellites in the atmosphere as is done in
the determination of atmospheric density from satellite drag measurements,

In addition to the engineering information provided by the proposed
experiment, the results would also contribute to the scientific knowledge
of the gas surface interaction at satellite velocities. The expected
results would compliment both orbital and ground-based molecular beam
studies which provide force information indirectly. The proposed experi-
ment would then serve to guide future investigations into the more subtle
details of the interaction.

Finally, the study of the feasibility of the proposed experiment
is justified on the basis that the experiment may be a relatively in-
expensive method of obtaining valuable information. Consequently, the
experiment could require few equipment components with low development
cost and short development time. The information gained would be of
immediate engineering value and would be a valuable complement for future

gas-surface experiments.
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Method

The objective of this study is to determine the feasibility of
performing a space experiment to measure the aerodynamic forces on sur-
faces as a function of gas and surface properties and surface orientation.
The study is divided into three areas: (a) Methods of making measurements,
(b) Selection of surfaces and surface conditions, and (c) Correlation of
results with gas properties.

(a) Measurement Techniques

The feasibility of making the measurements required will be
investigated taking into consideration the expected low level of force
and the perturbing influences of environmental factors. To be considered
is the feasibility of the aerodynamic forces acting on flat or shaped
surface samples exposed to the gas flow generated by the motion of the
satellite through the atmosphere. The perturbing influence of molecules
reflected from the satellite may require that the surface samples be ex-
tended on a boom ahead of the vehicle., Methods will be evaluated for
measuring the forces, orienting the surface samples, and changing the
surface properties.

The accuracy of the proposed measurements is to be evaluated
considering perturbing environmental influences such as upper atmospheric
wind and density fluctuations. Methods of calibration and monitoring of
the environment will be considered as means of increasing the accuracy of
the proposed experiment.

(b) Selection of Surfaces

The selection of surfaces to be tested in the proposed ex-
periment will consider the need to reduce satellite payload weight and
volume while yielding results of the widest possible interest. The se-

lection of surfaces will be on the basis of providing information of the
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many factors thought to influence the forces caused by the gas surface
interaction. Among the factors of interest are the influence of surface
material, surface temperature, surface roughness, surface coatings, sur-
face contaminates, and surface angle-of-attack to the flow, The feasibility
study would establish a series of experiments which best isolate the in-
fluence of the individual factors. The surfaces selected will span those
used in satellite construction so as to provide engineering information
for future design.
(¢) Measurement of the Influence of Gas Properties

Since the gas surface interaction is influenced by both the
surface properties and the gas properties, the feasibility is considered
of determining the influence of the gas properties on the surface forces.
The upper atmospheric gas composition, temperature, and degree of ioniza-
tion are a strong function of altitude, geocentric latitude and longitude,
and time, To be investigated is the possible correlation of the measured
forces with the changes in gas properties that occur naturally over the
orbit, The feasibility will be studied of identifying the gas-property
influences on the forces caused by the gas surface interaction. Study
will be made of the orbital parameters which provide the best conditions

for the experiment,

Personnel

The principal investigator of the proposed study is Dr. G. R. Karr
(resume attached) who has done considerable work on the theory of the gas
surfacs interaction and satellite aerodynamics. Since Dr. Karr has pri-
marily theoretical experience and capability, there is a tecogaizcdﬂpoed for
cooperation with personnel who have experimental capability and experience.
In view of the good working relationship which exists between Dr. Karr,

The University of Alabama in Huntsville, and NASA Marshall Space Flight
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Center, Huntsville, it is proposed that the theoretical expertise of
Dr., Karr be complemented with the experimental expertise of MSFC personnel
such as Dr. P. Peters (a surface physicist) and/or Dr. R. Smith (an atmo-

spheric physicist) both of the Space Science Laboratory at MSFC.
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APPENDIX

Listing of computer programs developed and employed under NASA Contract

Number NAS8-28248.

Program Name Page
LESQA 106
RHORAT 111
AFILIP-HIGH CM 119
AFILIP-LOW CM 123
CDCLEV 127
CFEVAL 130
RUFSPH 133
CLELAN 137
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PROGRAM LESQA

This is a computer program which analyzes density, temperature,
velocity and altitude measurements from falling sphere experinents.
Also in the input data are the densities and drag coefficients em-
ployed by the original experimenters so that acceleration data can
also be deduced. Both ascent and descent data are enploved. The data
are employed in an orthogonal curve fitting routine so that ascent and
descent data can be correlated at equivalent altitudes. Speed ratio
effects, molecular weight changes and drag coefficient variations are
all taken into consideration. A density is determined which best
represents the data based on the measured properties and those pre-
dicted by theory. A density profile is thus determined using both

ascent and descent information.
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10
302

304
303

80

81

300
301

70
71

308

KRUN» /P LESGArUAHXXXXXXXXX s ENVIP=DUYN=GCKeDs 150

XXF(S)= ,399+.ule*S

GSIF(S) = «9975617977=.018426966%*S

DIMENSION C3D(9N0) ¢CIA(900) +RHO(SNOD) +CDCO(GNO) v DACHD (900) »COFMD (GO
10) +SRD(S00) +CDCA(SU0) +DACHA(SND) » COFMA(SQD) »SRA(SNO) » VRATIO(SNO)
DIMENSION VAOR(SQU)+VDUR(S00)

DIMENSION WVA(SOU) eWVD(S00) +CVAISOU) o CVDIS0N) + ALPHVA(S00) +BETVAI(SD
10) +BETVD(SU0) +ALPHYD(S00)

DIMENSION AT(SUD)+ TEMP(S00) +wT(S00)+CT(S00) +ALPHAT(900)+BETAT(S00)
1. TOR(S00)

DIMENSION wD(SUD)

DIMENSION ALT(Y0U) +YROK(SOU) +YDOR(GNO)

DIMENSION WA(SUN) »CA(SOUD) +ALPHAA(SUN) vBETAA(SUN) v T1(800) ¢ T2(S00)
1T3(900)+YA(SOD) e YULS00) vLD(SUO) s ALPHAD(S(00) +BETAD(S00) »BL(Q00) rRA
1(S00)

DIMENSION AA(SO00) +RHOA(S(00) +CDA(SO0) »RHODIGNOD) $+CLD(S00) +AD(SUN) »
1TEMPA(SOO) f TEMED(SUND) + VA(SON) »VD(S0UN)

READ (5+302) (SA)

FORMAT (13)

READ(5¢250) (C3.F)

READ(5+301) (MA/MDINrALTM)

READ(5+300) (AACY) o RHOAC(TI ) » TENPACL) »CDA(T) o VA(TI) #I=1eMA)
READ(5+300) (AD(T) o kHOD(I) » TENPD(L) »COD(T ) »vD(I)e1=1+MD)
WRITE(6¢251) (C35E)

WRITE(E2s304)MANMDeNvALTM
WRITE(6+303) (AACL) yRHOACL) o TEMPA(T) »CDACI) yVA(I)»I=1eMA)
WRITE(6¢303) (AUCTL) o RHOUCL) o TEMPD(I) o COD(I) yVD(I) s I=1eMD)
FORMAT(///3HMAZ » J4 o BHMD= o T4 3H NZp U SHALTM=ELIN.S)

FORMAT (UXsF B4 12X PB4 e2XeFB Ue2XeFB 492X FO.4/)

GAMNAZ=]1 .4
PI=3.,141592653
CONVEMZ (GAMMA* . 5) %%, 5
DO B0 I=1/MA
AT(I)=AA(])

TEMP(I)=TEMPAI(])

DO 81 I=1.MD
AT(VMA+I)=AD(])

TEMP (MA+1)=TEMPED(L)

MT=MA+MD
FORMAT (F7«3/Eb.30FB.4sF5.3/FRe2)

FORMAT(313¢Fb.2)

DO 70 I=1.MA
wWA(I)=1.0
DO 71 I=1.MD
wD(I)=1.0

wRITE (6+30U5) SA
FORMAT (4Xe¢ 17HSOQUNDING NUMRER =¢13/)
wWR1TE(6e201) '

DO 2 I=1.MD

YID=RHOD(I)*CDL(1)

SXU=SXD+ADCI)

WRITE(6+10U)AD(T) P YID

Y=ALOG(RHOL(1)»CQL(I))

Yot(l)=y
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60

61

30

CONTINUE

WRITE(BrcOU)

DO 1 I=1sMA

YIAZRHOA(I)*CDALL)

Y=ALOG(RHOA(I)*CDA(I))

YA(I)=Y

WRITE(6+100)AA(T)rYIA

CONTINUE

WRITE (6.200)

DO 60 I=1,MA

WRITE (6¢100) AACL)PYA(TL)

WRITE (6:201)

DO 61 1=1.MD

WRITE (60100) aD(L)YD(I)

N=B1

DO 30 K=1¢N

ALTIK)ZALTM+ . S%(K=1)+10.0

LT=0

JT=0

KF1=3

KT=3

KD=2

KA=2

KFAz=2

KFL=g

KCA=2

KCu=¢

LAZOD

LD=0

JAZO

JD=0

KVA= 3

LVA=0

Lvb=0

KVD=3

JVAZ=OQ

JVD=u

KFVA=3

KFVD=3

CALL ORTHLS (AT eTEMPoWT eMToLT o JToCToALPHAT BETAT o KTeT1eT2oT3INDLT
1)

CALL ORTHLS (AA YAsWA'MALLA»JASCA)ALPHAAIBETAA KA T1eT2¢T3sINDL1A)
CALL ORTHLS (ADs YU WD eMUSLD» JD2CD2ALPHAD'BFTAD KD T19T2¢ T3 INDID)
CALL ORTHLS (AAsVAIWVAIMAILVA,JVAICVA ALPHVAYBETVASKVA,TLsT2¢T3¢IN
1D1vA)

CALL ORTHLS(AD¢VOeWVDeMDoLVN e JVD s CVD o ALPHVD yBETVD+KVD e T1¢ T2+ T3 IND
11vL)

11=0

WRITE(6+103) INDAVALIIeCVACL) o (TIoCVACIT#+1)ALPHVA(IL) +BETVA(TI)
11IZ1+KVA)

11=0

WRITE (601U3)INDIVULIIoCVD(1) o (TIoCVDCIT#1) ALPHVD(II)«BETVD(TI)
11I=1.KVD)

11=0
WRITE(6+103)INUIAP LT CALL) o (ITeCACITI+1)ALPHAA(TI) BETAA(TII)»TI=1,
1KA)

I11=0
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103

500

450
451

195

196

197

95

96

97

WRITE(6+103)INDID LT oCOCL) v (IToCOCLITI+1) sALPHAD(T L) +BETAD(IL) 0o T1I=1,
1KD)

11=0

WRITE(O 103V INUIT LI eCTOL) v (IToCTCLII+1) rALPHAT(TI) +BETAT(II)v11I=]
1:KT)

FORMAT(//ZY13/7772X 0 142X eF 20470/ (2Xe14e2%X23E2N,.T7))

CALL COEFS (JA'CA/ALPHAAIBETAA'KCASBAsT1oT2:T30INDRA)

CALL COEFS (UD2COrALPHAD»BETADKCD2RDeT1T2,T3eIND2D)

CALL FITY(ALTeNeJAICAPALPHAA'BETAAKFA:YAORT1+T2,1IND3A)
CALL FITY(ALT»NeJLsCOrALPHAD+BETADsKFDeYDOR#T1¢T2+IND3D)
CALL FITY(ALT o NeJT+CT+ALPHATBETAT+KFT+TORsTLeT2:IND3T)

CALL FITY(ALT/NeJVACVArALPHVA'RETVAIKFVA»VAORT1,T2»IND3VA)
CALL FITY(ALToNeJVUCVDrALPHVD'BETVD KFVDeVDORST1,T2¢IND3VD)
WRITE (6+¢500) (KeALT(K) v TOR(K) ¢ VAOR(K) » VUOOR(K) s K=1eN)
FORMAT(//3X s IHK s SXs6HALT(K) +8X o 6HTOR(K) o BX e THVAOR(K ) 8X ¢ THVDOR(K) o /
1(2X¢e13+F10e423E15.0))

WRITE (6¢450) (ToBA(L)I=1KCA)

WRITE (6+451) (TeBU(I)sI=10KCN)

FORMAT (//4X21H10105XeSHRA(I) o /7 (2X0e15¢3X+E20.7))

FORMAT (//4Xe1H1015XeSHBU(L) o/ (2X215¢3XeE2047))

WRITE(6:,202)

DO 3 I=1N

EANMZ24 .68+, 1235*ALT(I)=.000875*ALT(L)*ALT(])
RG=8314 . 34/EANNM

SRO(I)=VUOR(I) /(2.%RG*TOR(1) ) **,5

IF (SRD(1)=1.25)195¢195¢196

S=SRp(I)

CMU = S/CONVSM

GSI = GSIF(CMD)

COFMDII) =(2./7(PL*%,5) )% (Be/(3.%S5)+RBe*S5/15,=8%SxS%5/2104) %651
GO T0 197

S=SRU(l)

CMD = S/CONVSM

GS1 = GSIF(CMD)

S12z1./(5%S5)

SI4g=S12%512

COFMDII)=2¢%(1,4512=425*S14)%GS]

DACHD(I)=SRD(TY) /CUNVSEM

ODM=DACHD(I)

CDCA(T)=,92+.,1660714/0M=3660714/ (DMEDM%DM)
VRATIO(I)=VAQR(TI)/VDOR(I)

SRA(L)I=VAOR(I) /7 (2+xRG*TOR(1) ) **,5

IF (SRA(1)=1.25) 95¢95¢96

S=SRA(I)

CMA = S/CONVSM

GSI = GSIF(CMA)

COFMAGL) Z(2./(PI*%.5) )% (Be/(3.%5)4B.%5/15,=8%S» 5/210:) %651
GO TO 97

S=SRA(I)

CMA = S/CONVSM

GSI1 = GSIF(CMA)

SI2=1./(5%%)

SIu=S12#512

COFMACI)Z24%(1,.4S12=:25%*SI4)*GST

DACHA(I)ZSRA(TI) Z/7C0ONVSM

DM=DACHAL(T)

COLD(1)=.92+.1660714/DM~= 3660714/ (DM2DM*DM)
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RHOCUAZEXP(YAOR(I1))
RHOCDD=EXP(YDOR(1))
DENOM=CDCA(T) *CDFMUI)=COCD(I)*CUFMA(T)
RHO(1)=(RHOCDA* (CUFMU (1) =CDCD(T) }=RHOCDD* (CDFMA(1)=CDCA(I)))/NENOM
RHOIN=1./RHO(I)
XX=(RHOCOA*RHOIN=CDCA(L) ) /(CDFNMA(TI)=CDCA(I))
IF(XX)T77¢79¢79
77 C3A(I)==1.
GO T0 78
79 x = XXF(CMA)
C3A(I)==(RHOIN**X )*ALOG(XX)
78 XY=(RHOCUD*RHOIN=CLCD(1))/(COFVMD(I)=CDCD(I))
IF(XY) 87+89:89
87 C3D(1)=-1,
GO TU 88
8G X = xXXF(CMUL)
C3D(I)==(RHOIN**Xx )*ALOG(XY)
88 AOVRD=RHOCDLA/RHOCUUL
FMRAZCOFMA(T)ZCDFMULT)
CONRA=CDCAL(TI)/ZCDCOLL])
TMINZ((1e=AOVRU) ZLAOVRUZ(VDOR(I) %%2, ) =1./(VAOR(T)*%2,)))/(2.%PG)
WRITE(6+102)ALT(I) o YAORCL) +RHOCDA, YNOR(I) +RHOCDN+FMRA+AOVRD+CONRA,
1TMIN
3 CONTINUE
WRITE(6+333) (ALT(4)2SRACL) »COCACI) pCOFMA(I) »DACHA(I) #I=1rN)
WRITE(6+334) (ALT(I)oSRUCI)+COCD(I)oCOFMD(I) DACHD(I) »I=1¢N)
WRITE(6+335) (ALT(L)+C3ALL)+C3D(T) VRATIO(I)RHO(I) »I=1,N)
333 FORMAT(//4X s 3HALT +9X s IHSRA»OX s 4HCDCA 19X SHCDFMA » 8X » SHDACHA» /7 (2XeF1
10.4+/4E13.5))
34 FORMAT(//ZU4X s 3HALT 10X s 3HSRD » 10X s 4HCDCD 19X ¢ SHCDFMU » 8X ¢ SHDACHD ¢ /(22X »
1F1U.4/4E13.5))
335 FORMAT(//U4Xs3HALT 10X 3HC3A, 10X 3HC3D +BXe6HVRATIO8X e 3HRHO» /7 (2X¢F1
10.6:4E13,.5))
GO T0 10
100 FORMATI(2XsF10,4+2X0E12.6)
102 FORMAT (2XeFl0.4s8E14.06)
200 FORMAT(///5XeSHAACL) v+ 1UXs3HYIA/Z/)
201 FORMAT(///5XeSHADCL) »1UXe3HYIN//)
202 FORMAT(///76Xe3HALT p12Xe2HYA»B8X +6HRHOCDA» 10X 2HYDN s 10X 6HRHOCDD »BX v 4
THFMRA, 10X e SHAOVRD r 9X » SHCONRA )
250 FORMATI(2E20,.10)
251 FORMAT(// 84X s 3HC3ZsF20.1004Xe2HF=yE20.10)
END
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PROGRAM RHORAT

This program takes falling sphere data and performs the usual
analysis to determine the temperature and density profiles. The data
in the region of overlap of the ascent and descent trajectories is
treated as if the atmosphere were influenced by isentropic waves.

Thus, differences in density at the same altitude will result in
differences in temperature at that altitude according to the isentropic
relations.

The program also inputs various standard atmospheres so that
ratios of the measured density and temperature can be readily com-

pared to the standard values.
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599

600

801
800
803

802

60

ARUN, /TP RHOKAT ,UAHXXXXXXXXX ,ENVIR=DYN=GK ,5,150

XXF(S)= ,399+.016eS

GSIFIS) = ,9975617977=.0184246%9645
EANMF(G)=24468+,12350G-,000874¢geg

PARAMETER NPP=200

DIMENSION M(S00) yNAD(SOD) yNAAIROD) 4 7TU(S00),TU2(500),THE(500),
1516(500),PUIS00),PU2(500) PME(S00) ,51P(500),TMSRIS00) ,5]SR(S00)
DIMENSION RHDD(100),RAISO(100),TRA(100),CI1S50(100)

DIMENSION TTAINPP) WTA(NPP) ,CTA(NPP),APTTAINPP) ,BETTA(NPP)
DIMENSION GR(O100),GRA(I100)ALPHG(100n),BETAGI100),GRD(100),CG(100)
DIMENSION TINA(NPP),TIND(NPP) ,THA(NPP),THD(NPP)

OIMENSION SRA(NPP) ,COFMA(NPP) ,DACHA(NPP),COCAINPP) ,SRDINPP) ,COFMD
1 (NPP) ,DACHD(NPP) ,CDCD(NPP)

OIMENSION AA(NPP) ,RHOA(NPP),CDA(NPP) ,RHOD(NPP),COD(NPP) ,AD(NPP),
ITEMPA(NPP ) ,TEMPD(NPP ) ,VA(NPP) ,VDINPP),

IRHOGA(100) yNAN(100),RHORA(100), CDGA(100),CORA(100),RHOGD(100) 4NDN
1t100) ,RHORD(100) ,CDGD(100),4CORD¢100)

DIMENSION RHLSINPP) ,RHLSA(NPP) ,RHLSD(NPP)

DIMENSION RHOSA (NPP),RHOSD(NPP)

DIMENSION ALS(NPP) ,RHOS(NPP) ,TES(NPP),TI(NPP) , T2(NPP),TI(NPP),FPS(
INPP) ySMOL (NPP ) yWINPP) ,CSINPP) ,ALPS(NPP)BETS(NPP)

DIMENSION ATINPP)

1 s XA(NPP) 4 XDI(NPP) yC3A(NPP) ,CID(NPP)

1 s RHA(NPP) ,CRA(NPP) ,APA(NPP) ,BEA(NPP) ,RHD(NPP) ,TEMAD(100)
1sTTAINPP) ,TTD(NPP)

CC = 30707200000 eb64

KTA = 8

JTA = 0O

LTA = 0

READ (5,801) (MS)

READ (5,800) (ALS(I)yRHOS(I) TES(I) ,FPS(I),SMOL(T) Im] ,MS)

READ (5,600) (GR(1),Im] ,MS)

WRITE(6,599)

FORMAT(1HO ,8X,"ALT*,8X,*'GRAVITY")

WRITE (6,601) (ALS(1)4GR(1),I=] MS)

FORMAT (10X,F10e5)

WRITE (6,803) (MS)

WRITE (6,802)(ALS(])4RHOSIT),TES(I) ,FPS(1),SMOLIT),I=],MS)
FORMAT (110)

FORMAT (F1S5e5,E15¢5,F15e51E1545,F15,5)

FORMAT (//7/742Xs3HMS=,11042X,13HUeSe STANDARD ,// 49X 4 3HALS 12X 44HRKO
153 12X, 3HTES 12X, 3HFPS, 12X ,4HSMOL /7))

FORMAT (2X4F15e5415:e5,F1545,E1545,F15¢5)

ER=,0001!

DO 60 =] ,MS

RHLS(]1)=ALOG(RHOS (1))

KKK=b

CALL ORTHLS (ALS,RHLS,W,M5,0,0,CS,ALPS,BETS ,KKK,T1,T2,73,INDI)
GAMMA=] .4

CONVSHM=(GAMMA® 5 ) 00,5

PI®3.141592653

DO 84 1=80,120

M(]l)=0

TU(l)=0.

TUZ2(1)=040
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TME(T)=060
Slall1)1=0,
PUL1)=0,
PUZLT)=D.
PHE (1 )=0.
BY SIP(T1)=0,
10 READ (5,302) (5A)
READ(5,310) (MAD)
READ (%,200) (C3,E)
READ(S5,301)(MAZMD,N,ALTM)
READ(S,300) (AA(T) RHOALT ) yTEMPA(T ) cDA(TI),VA(]),]I=],MA)
READ(S,300)(AD(T) ,RHOD(1),TEMPD(1),cDD(I),VD(L1),Il=]l,MD)
Tea = TEMPAL(L)
TED = TEMPDI(1)
DO 48 | = | ,MA
NAA(T )=AA(])+e2
48 AT(]) = AAL(])
LO 85 I=]1,MD
TEMAD(1)=0,0
RHOD (1 )=0.0
85 NAD(T )=ADI(])+ed
DU 49 | = |],5
49 wWTAll) = o5
DO 47 1 = 6,MA
47 WIA(L) = JeU
CALL ORTHLS (ALS)GRyw MS40,0,CGALPHGBETAGy4,T1,T72,T3,INDI)
CALL FITY (AA,MA,0,CG,ALPHG,BETAG,4,GRA,T1,T2,IND3)
CALL FITY (AD,MD,0,C6,ALPHG,BETAG,4,GRD,T1,T2,INDJ)
601 FORMAT (4X,2F10e5)
WRITE (64,601) (AA(]),GRA(]),I=],MA)
WRITE (6,601) (AD(1),GRDI(I),I=],MD)
DO 5 1=1,100
CORA(]1)=0.0
5 CORD(])1=2040
ARITE (6,305) SA
WRITE(6,311)(MAD)
WRITE (6,201) (C3,E)
WHITF1A,304)MAsMD N, ALTM
WRITF(6,303)(AA(]) RHOAL]L) ,TEMPA(T]) ,COALT) yVA(])s]I=] MA)
WRITE(6,303)(ADC]1) RHODCT),TEMPD(]) ,CODIT),VD(I),yIm] ,MD)
305 FORMAT (4%, 17HSOUNDING NUMBER =,137)
301 FORMAT(3]13,Fb6e2)
300 FORMAT (F7e3,EBead4,FBe4,FSe3,FBs2)
311 FORMAT (4X,4HMAD=,147)
310 FORMAT (12)
304 FORMAT(///73HMA® , [433HMD=, 149,34 NB,J4,SHALTM=,£10.5)
303 FORMAT (4X,Fbe2y2XsET70242%X3F44042X4FS5e392X,Fb,17)
302 FORMAT (13)
200 FUOKMAT (2E20+10)
20 FORMAT (/744X 43HCA® ,E2061004%X42HE=,£20410)
CALL FITY (AAZMANCSyALPSBETS KKK, RHLSA,T1,T2,IND3)
CALL FITY (AD MDD sCSsALPS RETS KKK ,RHLSDT1,T2,4INDY)
MNO=0)
DO &5 [1=],MD
55 RHUGD(]1)=RHODILI])
76 DU 12 I=],MA
ALTA=AA(L])
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RG=83]4«34/EANMF (ALTA)
SRALT)=EVAIT)/ 1 24*RGO*TEMPAL]))ee,5
IF (SRA(]l)=]e25) 95,95,96
95 SaSRA(I)
CMA = S/CONVSHM
6S)] ® GSIFI(CMA)
COFMA(T) =(2,/(Plee,5))elge/(3,e5)43,85/15,25,45545/210,)46GSI
GO T0 97
76 S=ESRA(])
CMA = S/CONVSHM
GS] = GSIF(CMA)
S12%1./(505)
Sl4=S5[2eS12
COFMA(] )=240 (1 e¢S]12=¢2505]4)0GS]
97 DACHA(I)=SRA(1)/CONVSM
DM=DACHAI(])
COCAL ) =492+ 16460714/0M=e3660714/7/7(0DMeDMeDM)
DC=COFMA(1)=CDCA(I])
NN=20
RHOO=RHOA(T])
Kz=|
XA(l) = XXF(CMA)
X = XXF(CMA)
C3A(1) = +212¢(CC/EANMF (ALTA))oexAL(])
C3 = C3A¢(1)
30 FX=RHOA(]1)IeCDALT)/(COCA(T)+DCoEXP(=Cc3e(RHOD®®X i)
CALL WEGIT(RHOU,FX,E K ,NN)
GO TO (30,31432,33),K
31 RHUGA(])=RHOO
GO0 10 3N
32 RHOGA(]1)=0.0
GO TO 34
33 RHOGA(I)==].0
34 NANL(])=NN
RHORA (] )=RHOGA(])/RHOAC(I])
COGA(1)=CDCA(] )+DCO*EXP(=CI*(RHOGA(])eeX )]
KHOSA(1)=EXP(RHLSA(IT))
CORA([)=RHOGALI)/RHOSALT])
12 CONTINUE
IF(MAD=50) 20,21,21
20 DO 58 Jk=| ,MAD
TEMAD( JK ) =TEMPA(MA=MAD+ JK )
RHDD(JK ) =RHOGA (MA=MAD+ JK )
58 TEMPD (JK ) =TEMAD (JK ) ®* (RHOGD (JK ) /RHDD (JK ) )®® (¢4
GO T0 22
2] TEMPD(1) s TED
22 DO 11 I=],MD
ALTO=ADC(])
RG=B3 |4 34/EANMF(ALTOD)
SRO(TI )1 =VDII )/ (2.%RGOTEMPO(]))ee,5
IF (SRD(1)=1425)195,195,196
195 S=SRD(1)
CMD = S/CONVSM
GS] = GSIF(CMD)
COFMDIT) =(2e/(Ploe,5))0(Be/(3405)40¢085/15:¢=8,050505/2[04)2G6S1
GO T0 197
196 S=SRD(1])
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CMD = S/CONVSH
GS1 = GSIF(CMD)
SI2=)1,/(SeS5)
SI4=512512
COFMD(] )1 =240 (] e+S12=42505]4)GS1

197 DACHD(])=SRD(])/CONVSH
DM=DACKDI(T)
COCDI])=e92+41660714/0M=43660714/(DMeDMeDM)
DC=CDFMD(1)=CDCDI(])
NN=20
K==]
RHOG=RHODI( )
XD(1) = XXF(CMHD)
X = XxF(CMD)
C3D(1) = +212¢(CC/ZEANMF(ALTD) )®eXD( )
€3 s C30(1)

40 FX=RHOD(T)®CDD(I)IZICDCD(I)+*DCOEXP(=c3eo(RHOO®®ex )))
CALL WEGIT(RHOU FXsE 4K 4NN)
GO TO (40441942443 ,K

41 RHOGD(1)=RHOO
GO TO 44

42 RHOGD(1)1=0.0
GO TO 44

43 RHOGD(I1)==].0

44 NONC(])=NN
RHORD(1)=RHOGD (1) /RHOD(I])
COGD(1)=COCD(1)+DCOEXP (=C3® (RHOGD ([ )oeX ))
RHOSD(I)=EXPIRHLSD(]))
CORD(I)=RHOGD(I)/RHOSDI(])
RAISO(I)=(RHDDI(I)/RHOGD(1))ee 4

Il CONTINUE
WRITE (6,902)
WRITE (6,900) (AA(])RHOGA(]) ,RHORA(1)y COGAL]) CORAC(]) NAN(T),
1 XA(1),C3A(1),I=] ,MA)
WRITE (6,901)
WRITE (6,900) (AD(1),RHOGD(1)RHDODI(]) , COGD(])4CORDIT)NDNIT),
1 XD(1),C30(1),I=],MD)
BRB=0.0
DO 61 k=2 ,MA
BUeBR~(AA(K)=AA(Ke]))eo (RHOGA(K)eGRA (K)=RHOGA(K=])eGRA(K=]))/ALOG
1 {IRHOGA(K ) ®GRAIK)/IRHOGA(K=1)*GRA(K=1)))

6] TINA(K)=BSB
88'000
DO 63 K=2,MD
BBaBB(AD(K)=AU(K=1))®(RHOGD(K)#GRD (K)=RHOGD(K=1)®GRD(Kk=1))/ALOG
2({KHOGD(K)#GRD(K)/(RHOGD(K=])eGRD(K=11)))

63 TINDIK)=88
THA(L)=TEMPAL])
DO 64 KK=2 ,MA
ALTA=AALKK)
RG=B3|4,34/EANMFLALTA)

b4 THA(KK)®=TINAIKK)®|0UDe/(RHOGAIKK)ORG)+RHOGAL])®THA(])/RHOGA(KK)
THD( 1 )=TEMPDI( 1)
DO 65 KK-Z'"D
ALTO=AD (KK
RasB3|4434/EANMF (ALTOD)

65 THDIKKIETINDIKK)® 1000/ (RHOGDI(KK)®RG)*RHOGDII)I®*THDI1)/RHOGD KK

115



DO 57 1=],MD
TRA(])=TEMAD(I)/TEMPDIL(I)
57 CISO(1)=RAISO(I)/TRA(I])
WRITE (6,610) (AACT) o TEMPALT) yTHA(T) 1%l yMp)
WRITE(6,61 1) (ADI) o TEMPDIL) yTHD () ,RALSOL])4TEMADI]),C S0(]
'.l-l.no,
DO 71 l=] ,MA
DIpA=ABSI(TEMPA()=THA(]))/THA(]))+D]IFA
71 TEMPA(])=ABS(THA(I))
IF (MAD=50) 23,24,24
23 MALl=MAD+|
GO TO 25
24 MAl = |
25 DO 72 1=MA| MO
DIFD=ABS((TEMPU(I)=THD(I))/THD(1))+DIFD
72 TEMPD(]1)=ABSITHDI(I))
SUMD=DIFA+DiIFD
TEMPA(]1) = TEA
IF (SUMD=ER) 74,74,75
75 MNO=MNO+ |
IF (MNO=5) 78,78,74
78 GO TO 74
74 CONTINUE
DO B1 I=],MD
JCaNADL(])
M(JC)=M(JC )+
TU2(JC)ISTU2(JC)I+TEMPD( ] )ee2
PU2(JC)I=PU2(JC)+CDRD(])0e2
TU(JC)=TU(JC)+TEMPDI(])
PULJC)=PULJC)I+CDRDI(])
8l CONTINUE
DO 82 I=] ,MA
JC=NAA(L])
MIJC)=M(JC )+
PU2(JC)=PU2(JC)+CDRA(T)ee2
TU(JC)=sTU(JC)+TEMPA ()
PULJC)I=PU(JC)+CDRALT])
TU2(JC)I=TUZ{JC)I+TEMPA()we?2
82 CONTINUE
DO 83 1=80,120
TME(T)=TULT)/M(T)
SIGII)I=((TUR(I)/M(1))=TME(]l)ee2)0e,5
PME (1 )=PU(L)/M( 1)
J = =79
TMSR(]) = TME(I)/TES(J)
SISR(]) = SIG(I)/TES(J)
83 SIP(1)=((PU2(1)/M(]1))=PME(])*®2)00e,q
WRITE(A,650) (1 oMUT) o THMELT) oSIGUT) 4PMELTI) 2SIPUI)sTMSRIT)SISRIT),
11 =80,120)
650 FORMATIAX yIHI sb6X s 4HMUT ) 47Xy b6HTMELT), 9X4b6HSIGIT)y X 6HPMELT ),
1 IX 6HSIPUI) g 9X s 7HTMSRET) s X4 7HSISR(I)/Z/Z7(5Xs1345X313,6E1547})
610 FORMAT (66X SHAA(T) yIDXBHTEMPA(]) 314X 6HTHALT)/Z(4%X,F10e5,2E20410)
3)
611 FORMATIO6X SHAD!(I) s OX BHTEMPD( 1), 13x,BHTEMAD(]) 49X BHRAISO(T),
112X sAHTRA(T ) g lUX 3 7HCISO(1)// (4% ,F10,5,5E20.10))
Q00 FORNMAT (2X,FlO0e444E1446,110,2FE1444)
901 FORMAT (///7 46X 3HALT 49X 5HRHOGD ,9X6HANDD 10X, YHCDGD, 10X, 4HCDRD,

—
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LITXy3HADNs9X " XA",13X,%C3a")

902 FORMAT (/77 46X IHALT 99X, SHRHOGA ,9X, SHRHORA, 10X ,4HCDGA, 10X, 4HCDRA,
lllX.JHAAN.’X.'XD'0]3!.'(30',

GO0 Y0 10

END
BXQT

41

80 999 =£5180465 44065 “E£328+.964
81, lebb2 =~E5180465 44888 =E3728B.964
82, l1e382 =~ES5180465 5877 ~E328B.964
8. 1150 “E£5180.45 Te067 =E32R.964
54, Fe563 ~E&|BNWAS Bel494 =E328.964
85, 74955 =E6180465 1e021 ~E2284964
Bbe bebl? ~E4618BN445 le228 =~E£2284964
87, 56504 -E6180465 ley76 =“F22B.964
BB 44579 ~E6180445 le774 =“E2284964
B9, 3«89 =E6180465 24133 =E22B.964
90 34170 ~E6180465 24563 =£228.96
91 2.598 =E6183.463 3.127 =E228.96
92« 2137 “Eb18B6e442 3«802 “E228B.96
93. 1e763 =EL]1B9.59 44607 =E£228B496
94, le45% =E6192.56 5¢566 =FB28B.95
95 1¢211 “E£E6]195.5] 64702 =F228.94
Y6 1008 =E~ 198445 B.052 =EB2B.94
97 Beldl5 =£7201437 Fe643 ~EB28.92
98, 7044 =F£7204.28 lel51 =E128.91
99, 5911 -£7207.16 1e¢371 =F128+.90
100 44974 =£721002 leb29 ~E128B.88
101 4159 =E7214.86 1e946 =E128.86
102 34493 =E£E7219466 2316 =F]28.83
103 24945 =E7224443 24744 =E128.8]
104, 24492 -£7229.18 34240 ~E|28.78
105 20117 =E£7233.%90 3.810 =E128.75
106« 1804 =£7238,.58 4¢465 ~F128e72
107 1543 =£7243.,23 54215 “E12B+68
108 14323 =E7247 485 607 =E12Bebb4
109 lel39 =E7252.44 74045 “E128+60
110 9.829 -£8257.,00 Be150 =E128+56
111 Be360 =EB266444 568 =E128+51
112 74153 -EB275.85 lell? 28447
113, bel53 -£8285,20 1e296 2Be 42
1149 56321 =~EB294.92 le496 28437
115 4eb23 -~E8303.78 1e719 28432
1lbe 4.035 =gE8313.0] 1le966 28427
s 3.536 -£8322.19 24239 28422
116 Jell2 -EB331.33 24540 28417
119 2¢748 =EB340443 2870 28¢12
120 24436 ~EB349,.49 34233 28407
80 P.564
81 94561
82, 9.558
B3, 9.555
B4, 9.552
55, 9550
Bée 9¢547
B7. 9544

88, 94541
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0ul34)

ouuad42
0V0343
000344
NuL34%
QUL 3N4e
000347
000348
000349
0uudso
0u03s5]
nuuise
0u0353
0u0354
000355
0u0356
ouuas7
Oub358
000359
000360
U036
0UG362
000363
000364
000365
000366
0u03é67
0u03é8
N00369
ouo370
000371
0u0372

ouo

000
000
oou
000
ouo
000
000
000
000
000
ouo
ooo
000
000
000
00u
000
000
000
000
000
ouo
0go
000
000
000
000
000
000
000

89
90.
9[.
92
T3
8%
95
Fbe
97
98
99
100«
101«
102
103
104
105
106«
107«
108
109
110
I11e
112
113
114
115
116+
117«
118
119

118

9.538

94535
94532
94529
526
94523
9.520
9517
9514
94511
9.508
9.505%
9.502
F4499
F.496
F.4493
94490
F.488
4485
F.482
.479
Fe476
94473
9¢470
Y467
9464
.46
9.458
9455
452
Fe449
Fel447



PROGRAM AFILIP-HIGH CM

This program computes values of drag coefficient for various

values of Knudsen number and Reynolds numbers for Mach numbers above 1.
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WRUN, /TPC AFILIP UANXXXXXXXXX ,0RB]1T,5,400

HIGH CM
BFOR, IS MAINJMAIN
GSIFLS) = (9975617977=.01842696405
XFIS) = 4399+4016e5
COFMLFIS)®( 24/ (Plee,5))0(B8s/(3495)48:,05/15¢~84950505/2104)9GS1
COFMHF(S) = 240(]la*]e/1505)=:25/(S5050585) )8GS]
CUCFI(S)=2.92+41660714 /5=:3660714 /(5e5e5)
DIMENSION XM(1UO),RE(100),CD(100),BgkN(100),
1 COLSt100),CR(1UO0)
Pl = 3,14159265
GAMMA = | .4
CONVSM = (GAMMA® ,5)ee,5
10 READ(S,1,END=]JODQICH NI
| FORMATIFIO0«0y15)
READ(5,33) XL,EL,GSI
33 FORMATI(3F15.0)
READ(5,2) (XMUT)4RELLI)yCDUT), Im]lyNI1)
2 FORMAT(3F20.0)
GS] = GSIF(CM)
SELK = 0,0
SELKZ2 = 0.0
SY = .0
SYKN = 0.0
WRITE(6,11)
11 FORMAT(IHL 13X, "PRESENT EXPERIMENTAL SPHERE DATA')
WRITE(6,5)CM
S FORMATI(IHO /37 025X3'CM 3 "3 Fbel /37 11Xy XM | 7X,'RE*,19X,°CD*,/)
WRITE(6,6)(XMIT)yRE(]I)COtI)yI=]4NI)
6 FURMATISX yF10e49310X,Fl0e¢4,10X,Fl0e4)
AGEGAMMASe (=,5)
7 DO 20 I=],NI
A = 499« (Be/Pl)oe,5
A = |./A
BEN(I) = XM(I)/(RE(])®AG)
BEN(T) = AsBKNI(I])
SR = XM(])eCONVSHM
IFISR=1+25) 95,95,96
9% CDFM = COFMLF(SR)
GO YO0 97
96 CDFM = CDFMHF (SR)
97 GM = xM(1)
CDCN = CDCFI(GM)
DC = CDFM=CDCN
UC = CD(T)=CDCN
CrR(I) = UC/0C
WRITE(6,4)DCHUC,CRI])
4 FORMAT(I,/.IH 2 '0C I'.EZO.IU.SX,'UC .'.EZU.‘Q.SX.'CR(l) =* E20.10)
20 CONTINUE E
E =TI,
DO 41 J=],101
X=,0050(J=]) +0+35
FX-DSUX(CR.SKN.E.NI.X)
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41

42

7

FXsb X=X
WRITE(6,12)X3FX4N]
X = XF(CM)
DO 42 J=],101
E=s0NG0(J=] )¢l
FEEDSUE(CR ,BKN,E NI ,X)
FesFE-E
WRITE(6,13)E,FE NI
X = XF(CM)
=0 3232
FORMAT(/Z401ti o'X % E20e 05Xy *'FX =2 F20e10s5X,'N = *,13)
FORMATI(/431H o'E = 3E20e10,5X,'FE = ¢,E20410,5%X,*'N = *,13)
SGu=N,.0
DO 75 I=1,NI
SReCMeCONVSM
GM=CM
IFISR=]1425)85,85,86
8BS COLStI) = COCFIGM)*((CUFMLFI(SR)=CDCFI(GM))ISEXP(=E/(BKN(]))eeX))
GO Y0 70
86 CULSIT) = CDCFIGM)+(CDFMHF ISR )=CDCF (GM) )®EXP(=E/(BKN(]))eeX)
O SuD=SQuD+(COLS(1)=CD(]))ee2,
75 CONTINUE
RMS=(SQD/NI)®e,5
WRITE(6,74)
749 FORMAT(/ g/ 2/ 99X 'COLS 4 18X,'CO*,17X,*BKN*,/)
WRITE(6,73)(CDLSIN) CD(N) BKN(N) ,N=] ,NI)
73 FORMATI(IH ,3E20.10)
WRITFI6,3)CMyNI X,E,GSI
3 FURMATI(/ v/ s/ 0/ v/ 1IH .9!.'("'.!8!.'N|'././.IN s 7XsFbaly 16X 312070/ 4/
.l" .9!.'!',191.'5'.IBI.'GSI'././.IN |3£200‘°’
WRITE(&6,7]1)RMNS
71 FORMATI(/ /47" RMS=*' ,E20,10)
$l-sCH
S2 = CMeCONVSHM
DCF = CDCF(S1)
DFML = CDFMLF(S52)
DFMH = CDFMHF (S2)
WRITE(6,76) OCF, DFML, DFHH, SI, S2

——
w~N

76 FORMAT(/Z 3/ 4/l COCF="*,E20e10979s/91H COFMLF=*,£20,10,
| L5285 IN Y COFMHF=* ,E20109/74/741H ,°* SI=?  E20410474/741H ,
] S2=',£20.10)

D0 53 L=],5
D0 50 K=],9
BEKNI(K) = (040140010 (K=]1))®(|0s0®(Lal))
BEN(K) = BKN(K)®o(|Dsoe(=3))
SR = CMeCONVSH
GM = CM
[IFISR=1:25)55,55,56
55 CDLS(K) = CDCFIGM)*( (COFMLF(SR)=COCFI(GM))SEXP(=E/ BKN(K))eoeX))
GO TO S1I
S6 COLS(K) = CDCFlGHDO(CDFHHF(SR)-CDCF(GH)DOEXP(~E/( BKN(K))eeX)
S1 WRITE(6,52)CMySRyBKNIK) COLS(K)
S2 FORMATIIHO 16X, 'CHMY 314X 'SR,/ /73 1lH 12X FBeY44BXF10e65,/74/4/9s1H
] IX'BEKNT 1 7X,'COLS*y/4/y1H JIX,E1S5,8,5X,E15,.8)
S0 CUNTINUE
S3 CUNTINUE
GO0 TN 10
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100 STOP

65

66

FUNCTION DSUX(CRyBEKN,E NI, X)

DIMENSION CR(IUO) BKNL]OO)

SX = (0.0

DO 65 I=],NI

BENX = BKN(Il)weeX

SX = SX+(CRII)I~“EXP(=E/BKNX))*(EXP (=g /BKNX))®(ALOGI
CONTINUE

DSUX = X+SX

RETURN

FUNCTION DSUE(CRBENE NI X)

DIMENSION CR(100),BKN(100)

SE = 0.0

DO 66 I=m],NI

BEKNX = BEKN(])eeX

SE = SE+(CR(I)=EXP(=E/BKNX))®(EXP(=E/BKNX))/BKNX
CONTINUE

DSUE = E+SE

RETURN

END
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PROGRAM AFILIP-LOW CM

This program computes those same values as the AFILIP-HIGH CM

except that only Mach numbers lower than unity are employed.
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BRUN, /TPC AFILIP UAHXXXXXXXXX,0RB]IT,4,300

LOW CM
WFOR, ]S MAIN,MAIN
XF(S) = 4399+401605S
GSIFIS) = 49975617977=.018426964+S
COFMLFIS)I=(2¢/(Pl0®,5))0(Be/(3:85)4R¢25/154=8,954505/2]104)GS1
COFMHF (S) = 24®(1e*14/(505)=e25/(5050585))eGS]
COCFIS) = Ded0U297=041424799050540445950669¢(Se04,)
DIMENSION XMUI100),RE(100),CD(I00) BKN(10D),
1 CDLS(t100),CR(100)
Pl = 3,14159265%
GAMMA = | .4
CONVSM = (GAMMA® 5)ee,5
10 READ(5,1,ENDsJOO)ICM, NI
] FORMAT(FI10.,0,415)
READ(5433) XL,EL,GSI
33 FORMATI(3F15.0)
READ(5,2) (XM(I),RE(I)4CD(I),I=],NI1)
2 FORMAT(3F20.0)
GS] = GSIF(CM)
SELK = 0.0
SELK2 = 0.0
SY = Q.0
SYKN = 0.0
WRITE(6,11)
11l FORMAT(IH]I, 13X,'"PRESENT EXPERIMENTAL SPHERE DATA')
WRITE(6,4,5)CHM
S FORMATUIHO 3/ 3/ 925X 9 'CM = " 3 FbaY,/ 37 11X " XM 17X *REY,19X,°CD*,/)
WRITE(G6,6)(XMIT)RE(I)CDII)I=]4NI1)
6 FORMATISX  F10e4)10X3Fl0e4,10X,F10¢4)
AGEGAMMASS (=, 5)
7 D0 20 1=1,NI]
A = J499¢(B4/Pl)wes5
A = |,/A
BEKN(T) = XM(I)/(RE(])eAG)
BEKN(]) = A®BKN(I])
SR = xM(]1)eCONVSHM
IF(SR=14¢25) 95,95,96
95 CDFM = CDFMLF(SR)
Gu TN 97
96 CDFM = CDFMHF (SR)
97 GM = xMI(1)
COCN = CDCFI(GM)
DC = CDFM=CDCN
UC = ¢D(1)=CDCN
CR(l) = UC/0C
WRITE(SL,4)DC4yUC,CRILI])
4 FORMATI(/Z,/731H 4'DC =, E2041045X,'UC =*,E20+10,5X,'CR(]) =*',E20.10)
20 CONTINUE
E = o212
00 41 uJU=1,101
Xz2,0N05e(J=1) +0.35
FX=DSUXICR,BENJE NI X))
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41

42

12
13

85
86
70
75
74

73

71

76

S5

56
51
52

50
53

FX=fFXaX

WRITE(6,12)XyFX NI

X = XF(CM)

DO 42 Ju=1,1:01

E=,0050(J=]1)%.]

FEsDSUE(CR ,BKN,E NI ,X)

FEaFE~E

WRITE(6,13)1E)FEWNI

X = XF(CM)

€ = 212

FORMAT(/,1H ,'X =% ,E20410,5X%X,'Fx =% E204s10,5X,'N = *,13)
FORMATI(/431H 4%t =", E20410,5X4'FE = ¢ ,E201045Xy'N = *,13)
SQD=0,0

DO 75 I=] NI

SRe(CMesCONVSHM

GM=CHM

IFISR=1425)85,85,86

COLS(]) = COCF(GM)*((CODFMLFI(SR)«CODCFIGM))SEXP(=E/(BKN(]))eeX))
GO T0 70

COLS(1) = CDCF(GM)+(COFMHF (SR)=CNCF (GM) ) SEXP(=E/(BKN(]))eeX)
SQD=SQD+ (COLSII)=CD(]1))ee2,

CONTINUE
RMS=(SQD/N])ee,5
WRITE(6,74)
FORMATI(/ 37 4/ 349X, 'COLSY I
WRITE(64,73)(COLSIN),CDI(N
FORMAT(IH ,3E20.10)
“er[‘b.J)CH.Nl.x.E.GSl
FORMAT(/Z g/ s/ 0/ a7 0l 39X YCHMY L IBX "NT* /a7 0 lH 7X o Fbely 16X 120/ 0/ 4/
s lH JIX X Gl YEY L IBX'GS1"y/ /01N +3E20.10)

WKRITE(6,71)RMS

FORMAT(/ s/ s/ ! RMS=' ,E£E20.10)

S & CN

S2 = CMeCONVSH

DCF = CDCF(SI)

DFML = CDFMLF(52)

DFMH = COFMHF(S2)

WRITE(6476) DCF, DFML, DFMH, SI, S2

BXy*'CO' 17X, ,'BKN*, /)
'.BKN‘N).N'].N"

FORMATI(/Z 3/ /s lH ° COCF="' ,E204104/79701H COFMLF=?' ,£20.,10,
T i gun gew COFMHF=' [E204104/4/41H ,* S1=',E20,104/4/1H
: S2=' ,£20.10)

DO 53 L=],5

DO 50 K=],9

BEKN(K) = (0e01+0e01l®(K=]))®i'0sso(Lal))

BEKN(K) = BKN(K)e(]0s0e(=3))

SR = CM®CONVSHM

GM = CM

1F(SR=1425155,55,56

COLS(K) & CDCF(GM)+((COFMLF(SR)=CDCFI(GM))*EXP(=E/( BKN(K))®eX))
GO T0 51

COLS(K) = CDCFI(GM)+(CDFMHF (SR )=CDCF(GM))I®EXP(=E/( BEN(K))eoeX)
WRITE(6,52)CHMySRyBEKN(K)COLS(K)
FORMATIIHO 16Xy "CHMY y 14X 'SR 3/ s/ s lH 412X FBeY BXyF 1O,/ v/ 4/ 0iH
I IX 'BENY L 17Xy 'COLS 17970 lH 43X, E15,8,5X4E1548)

CONTINUE

CUNTINUE

GO 10 10
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100 sT0OP

65

b6

FUNCTION DSUXICR)BEKNJEZNI X))

DIMENSION CR{1UOD) BKN(100)

SX = 0.0

DO 65 I=] NI

BEKNX = BKN(])eeX

SX = SX+(CRIJI=EXP{=E/BEKNX) )@ (EXP(=E/BKNX))®(ALOG!
CONTINUE

DSUX = X+SX

RETURN

FUNCTION DSUE(CRyBKN,E NI X))

DIMENSION CR(IU0O) BKN(100)

SE = (0.0

DO 66 1=1,NI

BKNX = BKN(])eeX

SE = SE+(CR(I)=EXP(=E/BKNX))®1EXP(=g/BKNX) )} /BKNX
CONTINUE

DSUE = E+SE

RETURN

END
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PROGRAM CDCLEV

This program computes free molecular drag and lift coefficients
for flat surfaces at various angles of attacks and for a specified

range of speed ratios.
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WRUN /TP CUCLEV UAHXXXXXXXXX yFANTASTIC=GK, 5,150

ImPLICIT REAL®bB(A=H,0=2)

DIMENSION ANGD(20),CLI125,20),CD(25,20)

READIGS,100) PUJALJY WX

Su2%] 414213562137

PI=34141592653

SuPl=]e7724538509

Sw2®] 414213562137

E22.718261828459

KhsXepP] /180,

P=0,3275911

Al=()e 2548295952

Aszsw=() o 2B4496736

Ai=) o4214%13741

Alhsw] 4453152047

AS=]| ., 061405429

LOD=q ,e3,/P1

vug2l=],25

S=1]

DU 22 J=1,10

ANGaYR® (J=])

ANGD(J)=ANG* | 80./F1]

SA=SIN(ANG)

CA=COS(ANG)

12505 ,595A+5A

timsEoe(=2)

Tal/3.75

ES=Eee(~505)

Rl e/ 1e0+PeS)

ERFS=] oU=(Al*R+A22ROR4AIS (Ree3, ) sA4a(R**4,)sAG®(Res5, ) )eES
FESQP @ (S0S+ | eU=(0De25/7(505) ) )eERFS+(S+(U0e5/S))*ES
CuUm2,eF/(SeSeS5QP])

IF(2=3¢75)100010Uy11

BUS(Ze® 5)eE20(|e0+3,51562290To7 +3,0899424¢(Tee4,)
11620674920 (To0bs) +,2659732¢(TeeB,) +.0360768¢(Tees]0D,)
2+4:00458138(Tee|2,))

Bl=(Z0e]S)eEZ8(os5+,B78F0594¢TeT 44614988690 (Teey,)
240150849340 (Teebs) 4026587330 (TeeB,) +e00301532%(Tee )
3+¢000324110(Tew]2,))

60 T0O 12

BU= e 39R94226+¢01328592/T7+.00225319/7(TeT)
1=e00157565/7(TeTeT )+,00716281/(Teey,,
2=e02057706/(T085,4)+,02635537/(Teeh,)
I=eUL647633/( 70074 )+400392377/(Tee8,)
Bl=e39B9422E=e03988024/T7=400362018/7(TeT)
J*eUDL163BUL/ZITeTaT ) =01 031555/(Teey,)4,02282967/(Tea5,)
2=4U2895312/(T7%%64)+401787654/(T007,)=400420059/(Tee8,)
AL=g,eSAeS5A/3,

BLe=4,e5a05a¢FP 052

CeePle,Se0SA¢ beeSA®SA/ L)

Au=zal Y

CLll g ) =SQU2eSGP e SeCAe((BU+Bl)eA e (AL+BLOPJ+CeP P )
143000 [ a*(34=PJ)eAJ)/(SeS)+B 0 (| e%(]|,/73:¢*%PJ/3e)®AJ)/(Ses5))
Cetl o J)=(LOD/Z()e+LOD))CL(I,VJ)

Ausm=| ,+4,05005A/3,
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BUBPl=B,%57e5A/3,

CLD=3,/2s=P1¢5.05A85A/35,

DUs= L¢P /44=SA8SA/ 3,

KOSADBDeFJ+CLOEPJUOP L« DD*P ISP JsPY

IFlJ=1120,21,420
COM]4J)2SQ29SA¢((BO+B1)2( | ea+AJ kD )eaNe( | e+AJR(34=2,4P JeebePJePY))
1702e050S5 ) 4B 0( | o*ALJO( e/ 30%240PJ/3,=PJOPJ/b0s))/(240505))
24502 (BO4BL)*(lesALJU®(=losleS0P JeP Ju 50PJePJeP ) )/ (SASeS)
CO(I4J)=CD(1,yJ)eSQP]

COLI W)= (LOD/(1e+LOD))eCO(I4J)+CDO/(1++LOD)

GO0 70 22

COl1 4 J)=SAPI0(letAJs (=] e+l eSePJeP = GePJSPJOPY) ) /S
COClgd)=(LOD/Zt1e*LOD))IOCD(]4J)*CDO/(1++LOD)

CONTINUE

ARITE(6,200)PU ALY

WHRITE(6,2C1)IANGD(J)yJd=]1,10)

Lo 2 1'1925

WRITE(6,202)13(CD(14Jd)yd=1,10)

WRITE(6,203)PJ,ALY

WHRITE(6,201)(ANGD(J) yJ=],10)

DO 3 I=],25

ARITE(6,202)1,(CL(I,J)yJd=]1,10)

G0 T0 50

FORMAT(3010e5)

FORMAT(IHL 325X FHCOD IS, ANG) 4 BX 3 3HP YR EL1S eSS 4X ) 4HALI= ,F1545/)
FORMAT(4X 3y 7HS e o ANG=, J0UE12457)

FURMAT(3X,1296x,10E12:5)

FORMAT(IH]L 925Xy 9HCLIS ANG) 48Xy 3HPUm F1S5eS5,4X 4HAL IR E|5e5/7)
END
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PROGRAM CFEVAL

This program computes values of force coefficient for a
specified speed ratio as a function of gas surface interaction para-

meters and angles of attack.
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BRUN, /TP CFEVAL ,UAHXXXXXXXXX ,FANTASTIC=GK 5,150

IMPLICIT RZaLeb(A~H,0=2)

DIMENSION A(5042),G(50,2),H(50,2),0¢(5042),P(50,2)
DIMENSION E(%0,2)

DIMENSION GAM{25) ,ALJII1S),PJ(I15),CF(20,20,20)
DIMENSION AS(50,2)4G65(50,2),H5(50,2),Q5(50,2),P5(50,2)
DIMENSION FF150,2)

READ(S,100)18RA ]

SRA2=SRA I *5SRA|

AR=]|,5780

Al® 44325141463

A2=,06260601220

A3=,04757383546

A4=,01736506451

Bl=,24998368310

B2=,09200180037

B3=.04069697526

BY4=, 00526449639

AAU®]| . 38629436112

AALI=D 09666344259

AA2=0,03590092383

AA3=0,03742563713

AAY=D, 01451196212

BBU=05

BB 1=0,12498593597

BB2=0.,06880248576

BB3=N,.03328355346

BBY4=0,00441787012

PI®3,14159265359

LOSI1 [=1,19

GAM(])=5,08(]=])

GAMR=S 0% (=] )*P1 /18040

SING=SIN(GAMR)

COSA=COS (GAMR)

SINA=SING

FMI=] ,0=SING®*SING

FMZeFMleFm]

FMsmfFM|eFmM2

FM4afFMlefFM3

J=|

IF(FM1)21,31,21

El1yU)® ) a+A]OFM | +A20FM2+A3OFMI+A4eF uy+(BleFM|+B20FM2+B3eFMI+BYeFMY
1)eALNG(] 4 /7FM])

FFUL yJIBAAUSRAAL®FMI+AAZOFM2+AA30FMI4AAYSF MY+ (BBU*BBI®FM]|+BB20FM2
| +BBICFMI+BHYSEMY ) LOGITe/FM])

GO TO 4

EtlyJd)mt,

FFITI4J)=]1000

All J)m2.+4,0ARSE (] ,J)/P]

AStI J)=2e¢5s*ARSFF (1,0)/P1]

GULI J)=AR®H4®E (] ,J)/(3e*P1)+AR® | 6,0COSASCOSASFF (]I ,J)/(9«°P1)
GS(lyJd)m=pAROFF (] ,0)/P1

HUT )B4 /34¢ARO(E( ][4 J)®(=BRa/(94oP[)+4¢=164*CO0SACCOSA/(FaeP]))
| +PIsSINASINAe ,G=B aFF (] ,J)eCOSA®COSA/(3s0FP]))
HS(1,J)=4e/3e4AR®20eb (] ,J)/(3ePl)+aReFF (1, ,J)0(=1e42:4/(34%P1))
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51

211

LD
15

162

163
s
97

9997

9899
100

|*ARK® (=P IoSINA®SINA/Ye=Plo3ee(SINAGey,)/164)

Gl aJ) =) o/be*ARGE ([ 4 J) o 160/ (3eoP])ule+*B,eCOSAeCOSA/(3,0P]))
j*Ah e (fevE(]l 4 J)/Pl=e250P [ @SINACSINA+g*COSACCOSASFF(I,J)/(9e2P]))
STl e =l e/be=ARSE(] 4 J)®24/ 3 00pPl)eaReFFLLIgJ)olla*1be/(3e*P]))
|obhbho] oS5eFF (]l 3 J)/PI*ARCPIS(SINA®SINAGI ] «/Ba+342SINASSINAZIZY))
PllyJd)imemlo/be*ARSELN] yJ)®(=Bs/(9,0P] 4] e~B840COSA®COSA/(9.0P]1))
l1=ARk®2,.8E(1,J)/P]

PSllgJd)®m] o/ be*ARCE(13J)/(3e%P] )=ARGFF (I 4J)®(425+2.7/P])
1+eSeFF (I J)I®AR/PI

DO S1 JU=],ll

PU S1 k=],11

ALJ(J)=elo(J=1)

PUIK)me28(K=])

PJI=sPJ(K)

PuzsPJlePy]

FuldsPJlePy?

CFIKgJol ) =ALT 3l )*AS(TI 1 )/SRA2+ALJIIYIS(GIIZ1)I*PJIOHIL, ] )+PJ200(1,41)
14PJU3eP LT, 1))1+ALJIJI@(GSI],1)4PJUleHS (1,1 )+PJU2eQS(],1)+PJ3ePSI(1,1))
2/S5KA2

CFIKgJyl)=CFIKaJyl)/(]1e*AR)

CONTINUE

Lo 1S J=],11

WRITE(6,211) JyALJILJ)

FORMAT (IX 4HALJ(y12,4H) = FB.2)

WRITE(6,9797)

WRITE(6,9997)

WRITE(6,9899)

DO 1115 K=m},11

WRITE(6,211 11 (CFIKyJyl),y1=],7)

WRITE(6,2111)1(CF(KyJyl), ImB,14)
WRITE(SL,2111V1(CFIKsJyl)y1=15,19)

WRITE(6,162)

WRITE(6,163)

GC 7O 99

FORMAT(/7)

FORMAT(/7/77)

CURMAT L IXE IS e s 2XE LS e 91 2XE LS e 91 2XE 1S e 91 2XELIS 099 2XE1549,2XEL1549)
FORMAT (7 Xy lHOw 16X s IHS 3 16X 2H10115Xs2H15915X92H20415X,2H25,15%X,2H30
1)

FORMAT (77X 2H35 0 15X 2H40 315X 3 2H45 4 15x 4 2H50 115X 42HE5,15% ,2KH60,15X,2HK
165)

FORMATI(7xy2H70s 15X +12H75,15X12HB0O,15x,2HB5,15X,2H%0)
FORMATI(DIOD.S5)

Evw
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PROGRAM RUFSPH

This program was used to compute drag coefficients for a
number of non-spherically shaped objects. The copy shown here was
used to compute the drag coefficient of ellipsoids of various eccentric-

ities and gas surface interaction parameters.
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WHUN, /TP RUFSPH UAHXXXXXXXXX yENVIR=DYN=GK, 5,150

IMPLICIY REAL®*8(A=H,0~2)
DIMENSON FBUZL D ypp (21 ) 3THBIZ2L) yTHR(21)2TXBL2]1),,TXp(2])
DIMENSION DIC21)4DRE2)42104%021),Wi21)4PJ021),CO0F12)1,21),6AM(2}),
ITHI(2] ) WWi21)
DIMENSION THX(40)
DIMENSION GALID)ygA2(10)
DIMENSION GR(20)
DIMENSION F1l(21),55(21)
DIMENSION RRI2])
X{1)1=0.07652652113350
X(2)=20422778585]1141645
X(3)=0+37370608871542
X(4)=0.51086700195083
X(5)=0+63605368072652
X(6)=0e74633190646015
X{7)=20.839)11697182222
X(B)=0+91223442825133
X(9)=0.96397192727791
X(10)=20.993]128599185)
Wil)=0.1527533871307
WI2)m0e 1491729664726
Wi3)=0.1420961093183
Wi4)=04 1316886384492
Wi5)=04 1181945319615
Wi6)=0.1019301198172
Wi7)=0,0832767415767
WiB)=0.0624672048334)
WiF)=0.0406014298004
Wil0)=0.017614007132
P=0s3275911
Al=0+254829592
A2==0,2844967136

Ad=] 421413741

A4m=] 453152027
AS=],061405429
Pl=3,]14159265358976

00 2 1=1,10

Jell=]
GAM(T)=P1e,5¢(]ls=X(J))
WWwil)asw(J)

DO3l=},10

Jel+]l0

GAM(J)=Ple ,Se(|leex(]))
WWiJ)i=wil)

DO 40 M=) ,5

ECC = 0.000]1°*M

GAZ(M)= 50 (J0e®e(M=]))OP]/1360s03600¢!
GA(M)=sECC

AS=],0
BS=(],~ECCeECC)09,5
DO41=1,2]

DO4u=],21

DR(1,J)=0,0

DO 29 1I=],10
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29

27

3l

33

51

53

61

SGA=SINIGAML]))

CuA=COSI(GAM(IT))

C2=CGA*CGA

52=SGAeSGA
RRI1)=(C2/(BS*BS)+S2/(AS*AS))es[=,5)
DROTH=((RR(]))Iv®3,)e(BSee(=2,)=ASew(=2,))*CGACSGA
GR(1)=ATAN(DRDTH)

CONTINUVE

DO 27 I=11,20

GR(]1)=0.0

RR(]1)=].0

CONTINVE

DOSI=],10

SS(H-!O.QQ(-H

T=]le/(1leePeSSI(]))

S=55(1)
ERFSu2,0(5=50505/34+4(S5e05,)/100e(See74)/424
1*(See9,)/2)6e)/(Ploe,5)

Dl(l1)=0.0

DO6J=|,20

Y=ABS(SeCOS(GAM(J)))

T=le/(1etPey)
ERFYa2,0(Y=YoYOY/3ua(You5,)/10e=(YoaT74)/42,
1+(Y009,)/2160)/(P]0s,5)

CGA=COSIGAMIJ))

IFICGA)I]1,33,33

Y=Y

ERFY'OERFV

PUx,5+,5¢ERFY

WxSeYa (| ¢+ERFY)+SeEXP(=YeY )/ (Plse,5)
FIllJ)m(QeQe2.*PQeQeCGA+PQRePQ)we,5
THI(J)=P | ,5«ACOS((QeCGA+PQI/FI(J))
THX(J)=Pley5=THI(J)

CONTINUVE

00 70 JU=],20

ANB=GAM(J)=GR(J)

ANF=GAM(J)=GR(J)

YB=ABS(S*COS(ANB))

YF=ARS(SeCOS(ANF))

TEB=le/(1e+PoYB)

TFa]le/(]e+PoYF)

ERFYBuZ2e® (YB=YBOYBOYR/ 304 (YB*eS5, )/ |00~ (YB®®874)/42¢4(YBeeT4)1/2164)/
1(Ples,5)
£RFYF-2.0(YF-YF'YF'YF/J.*(YFOCS.)/lo.-(YFoo7o)IHZoO(YrQOQo)I2lbo)/
1(Plee,5)

CANB=COS(ANB)

CANF=COS (ANF)

IF(CANB)S1 ,53,53

YB=e~YR

ERFYB==ERFYB

PAB=,5+,5%ERFYB

UBsSeYR® (1 e *ERFYB)I*SOEXP(=YBOYR)/(P[®e.:5)
FBIJU)I=(UBOQB+2.*PUBesUBesCANB+PQBaPQRB)*e .5
THB(J)=P e ,5«ACOS((QBeCANB+PQB) /FB(J))
IFICANF 161,463,613

YFe=YF

ERFYFe=ERFYF
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63 PUFm G5¢.S5¢ERFYF
QF xSOoYFO (1 oo ERFYF)4SOEXP (=YFaYFy /(Pleee5)
FFIJIm(QFOQF +2.¢PQF e QF sCANF+PQFePQF j*e .5
THF (J)®P1* 5=ACOS(IUFeCANF*PAF)/FFIg))
TXB(J)wPla,5=«THB(J)
TXF(J)aPl®eB=THF(J)
70 CONTINUVE
00 85 L= 1,20
DIB=pBIL)*COSIGAMIL)=P1os5+THBI(L)=gRIL
lORRtL)ORR(L)ONN(L)OSIN(GAH!LP'/COS(GR(
DIt1)=DIBeDI(I])
85 CONTINUE
DI(I)=DI(1)ePle,5
DO7k=],21
PJ(K)mglo(K=])
DO 8 L= 1,20
THRFEPJ(K)IOPI®# o5+ (1l e=PJ(K))I®THF (L)
DRF=FFIL)I®COSITHRF*PI®s5=GAMIL)+GRI(L))IO®WW(L)®SIN
IIGAMIL))®RRIL)*RR(L)/COSIGRI(L))
8 CONYINUE
DRI yK)=P]e5¢DR(]K)
COF(I,KI=DR(I1,K)/DI1(])
7 CONTINUE
5 CONTINUE
DO%1=),10
WRITE(6,101) SStI)s01 (1)
WRITE(6,103) GA(M)
DO10K=]1,21
WRITE(64,102) PJIK)yCOF(I4K) DRI 4K)
10 CONTINUVE
9 CONTINUE
40 CONTINUE
WRITE(6,105)
DO 28 |=],20
Al=]
GR(1)=GR(1)el180,/P1
GAM(1)=GAM(1)*180./P]
WRITE(6,104)A1, ,GAMI]T ) RRI1),4GR(])
28 CONTINUE
105 FORMAT(/Z/49X 3 1HI 16X 6HGAM(] ) 46X ySHRR (I )16XySHGR(I1)/)
1049 FORMATIZ2X Fl0e5 12X 4E1DeS5 12X sEL1045,2%4E10e5)
103 FORMAT(4X ) IHGA=,E10.57)
101 FORMAT(///779%+2HS=,E1Ds. 2Xsb6HDI(S)myE13¢5//8x42HPJ6X ,THKI(PJ,S),
ISXyBHDRIPJ,HS) /)
102 FORMATIU4X FI10e542X9E10e® “ . 4EL1045)
200 FORMATI(/Z//774%Xs2HSm 3 E100r 22Xy 6HD IS )myE1DeS /78X o IHK 10X 6HGAMIK)
16X 6HTHI LK) 86X SHFI(K)/)
201 FORMAT(HUX 3 F10e5 12X 1E1D0e532X4E10¢5,2%x4EL10e5)
END

1)
L

136



PROGRAM CLELAN

This program was employed to calculate orbit perturbations

due to lifting satellite shapes.
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2N aliala

aNaNalaRa sl

14

10

13

15

PRUN, /TPC CLELANUAHXXXXXXXXX ,ORBIT,10,400

CALCULATION OF SATELLITE ORRIT CHANGE CAUSED BY LIFT AND DRAG
PERTURBATIONSeeveee NUMERICAL INTEGRATION USING A MODIFIED RUNGA=-
KUTTA TECHNIQUE

IMPLICIT DOUBLE PRECISION (A=H,0=2)

DIMENSION YU7) Wi7)4Q07) yPHINTIID) JPHINIIOD)sAA(S)sYY(7460),DENCGD
) yHTL40)

DOUBLE PRECISION MU

REAL ESTEP,DIFFEQ,w,Q

EXTERNAL DIFFEQ

COMMON YA MUP FF ACT )W sRyACNJACK s VMEAN

e

INPUT OF INITIAL VALUES

L = NUMBER OF FECCENTRICYTIES TIMES NUMBFR OF PERIGEE HEIGHTS
M = NUMBER OF DIFFERENT SATELLITE ATTIT(DES

N = NUMBER OF AREA/MASS RAT10S

NO = UPPER LIMIYT ON THE NUMBER OF ORBITS FOR A SINGLE LAUNCH
READ (5,3) NyM,LNOD

FORMAT (415)

READ (S34)(AALT),1w 1 ,N )

FORMATIELIS.9)

READ (S,14)(PHINT(K) ,PHIW(K), K = | M)

FORMAT (2F15.10)

REAO(S.IO)VEN‘E."U

FORMATI3EL1S.9)

READ (S5,13) GA,PJ

FORMAT (2F10.8)

READ (5,150 (CYY(MMaNN) MM = 1,7) ,DENINN)yHTINN)y NN = 1,L)
FORMAT (S5FE15¢9/2F15.9/7201548)

Pl = 3414159265159

PSTEP=,2

STEP X=,301029995¢

PO iI0I0D I = |,N

AM = AAC(D)

DO 1020 K = |,M

Pl = (P1/1804¢) o PHINTIK)
P2 = (P1/180¢) o PHIW (k)
WRITE (6412) NyMyLyNO

12 FORMAT(IMNL, *FLAT PLATE IN AN ELLIPTIC ORBIT ABOUT THE EARTH',15X,

141643777
WRITE(G3146) AM PHIWIK) PHINY(K) ,GA,PJ,VE,RE, MU,ESTEP

16 FORMAT (IX '"PARAMETERS ' /7//7, * SATELLITE AREA/MASS ® ', 15X F743,9X

19"M2/KG* 9779 ATTITUDE ANGLE PHIW = *  ISXoF7e3¢9Xy'DEG /74" ATTIT
2UDE ANGLE PHINT = ¢ 14X, F7,3,9%X,'DEG",/7+* GA (GAS SURFACE PARAMET
3ER) = ¥, BX,FB+4,20X,"' (GAMMA) X SQRY(1«ALPHA) ====== REFe 1%,//7,
4* PJ (GAS SURFACE PARAMETER) = *,8X.FBe4,//4"' EARTH ANGULAR VELODC!
5Ty = CLLIXLEL448, 1Xy'RAD/SECY /74" EARTH RADIUS = Y 323X4E1De6
by3Xy'Mt /74" EARTH GRAVITATIONAL CONSTANT = YO TXWELLe7 42Xy "MI/SE
T€2',//7," ECCENTRIC ANOMALY STEP SIZE = 37X Fl1e7,5X3'RAD /41 HI1)

ATaCOS(P2)eCOS(P1)

ANSATOTAN(PL)
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20

24

40
S0

AK=SINIP2)

MAIN ORBITAL ELEMENTS

YI=FCCENTRIC ANOMaALY

Y2=SEMIMAJOR AXyS

YI=ECCENTRIC! Ty

Y4«ORBITAL INCLINATION

YSuARGUMENT OF PERIGEE (WITw RESPECTY TO ASCENDING NODE)
Yé6uLONGITUDE OF ASCENDING NODE (WITH RESPECT TO VERNAL EQUINOX)
Y7=TIME OF PERIGEE PASSAGE

TIME=TIME INTO ORBITI(S)

NO 1000 1! = |,L

DO 20 MM = 1,7

Y(MM) = YY(MM,I11)

RHOO = DENI(IY)

HH = HTY(I1)

HP! = Y(2)%(le=Y(3))=RE
VPeSQRY((MU/ZY(2))0(1esY(3))/701s=Y(3)))
DYNAPP= RNOO®SVPee2
OLDY=0D+0

OLDT=D,.0

NORB!Tw|

ITER=D

J = |

NULL = D

CALCULATION OF VARIABLES

NEXT=D

NDIP = D

ITER= | TERS]

R = Y(2)e(lewY(3)ecoSIYI)))

HuR«RE

RPuY(2)e(le=Y(3))

HP = RP « RE

IF (HPoLTe0e0«OReY(3)sLYeDen) GO TO 999
RHOSRHOO®EXP (= (HoHP ) /HN)

FF = SORT(( emY(3)002)0(14aY(2)0COSIY(1)))/(1a=Y(2)eCOSIY(}))))
P w Y(2)0(lewY(3)ee2)

TA = ACOS((COSEY (1)) =Y(3))/(e=YtI)eCOSILY(L))))

TASIN = (SINIY(1))eSQRT(1emy(3)002))/(1a=Y(I)OCOS(Y(I))}
IF (TASIN) 40,50,50

TA=(2¢*P1)=TA

UsTa+YL(S)
Al-(loIFF)'(AYOV(J)OS!N(YAioANO(looYtJ)OCOS(TA)i)

ASE (1 e /ZFF IS IAT®(1oaY(3)OCOSITA) ) =ANCY(I)OSINITA))
AsSQRT(AR®*24AS0024AK00})

VRe SQRTI(MUZY(2))e(y(S)@SINIY(1)))/t1e=Y(3)eCOS(Y(1)))
VSeSQRT(MUS (1 oY (3)eCOSITA))/R)=(VESRSCOS(Y(4)))
VKsVEeReCOSIU)ecOS(Y(4)])

VaSQRT(VRee24VSee2eyKee2)
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54

55
56

58
59

60

VMEANSSQRTIMU/Y(2)8e))

DOT=(ARSVR*ASOVESEAKeVK) 7 ARY)

IF (ABSIDOT)sLT ten) GO YO 51

DOTmle

ANGATK=ACOS(DOT)

TAS®=ANGAYK

IF (TAS) 55,54,8%

COTAS = DO

GO0 T0 54

COTAS = COTAN (YAS)

TAJ = (P1/24=TAS)

COVR2,0SINITAI) w240GASINITAJ)COS((PI/2:)0PJe(24mPUleTAld)

CORu(VR/V)®CDV

COS=(VS/VIechY

COKe(VK/V)®CDY

CLZmw240GA*SINITAJ)@SINIPI/240PUs(2.»PJ)e*TAY)

CLRe (AR (VR/V)SSIN(TAJ)JOCLZ/SIN(TAS)

CLS*IASHIVE/V)OSINITAJ)YSCLZ/SINITAS)

CLEK®(AKIVE/VISSINITAJ))SCLZ/SINITAS)

COV = CDVe1e486792117

CLZ = CDVeISI/SINIP2))

AMM = AM/2.00

BL = CLZ*AMM

BD = CDVeAMM

ACRe(RpOOPVee2)e((BL SAR/JIVMEANSSINITAS)))e(le=Y(3)eCOSIY(1)))mY(2
1YeY(3)eSINIYII))o(BL ¢ COTAS +BD »/V)

ACSm(RHOOVe®2)0((BL *AS/ (VMEANOSINITAS))) ®lle=Y(3)ocOSiYI(L))) =
1(SQRY(13=Y(3)002)a(VESCOSIYIH))/ VMEAN)®(Le=Y(3)oCcOoSIYILI))) %e2)s
1LYL2)/V)e(BL » COTAS +8D 1))

ACK=(RHOSVISIL(VESY(2)/VHMEAN)® SINIY(4)) #cOSIUIel(T1e=Yl3)e cOSIY!
110))0e2) wi(wBL oCOTAS »B8D (¢(RL eV/VMEAN)SAK®(JoemY(3)oCOSIYL]))))

ACNSILo/FF ) ot #Y(3)eCOSITA)I®ACRY(3)eSINITA)OACS)

ACTRlla/FF)tY ()OS INITAOACRA(L oY (I)0COSITA)IOACS)

TIMESIY(1)=Y(3)aSINIYULIY))/VMEAN ¢Y(7)

RAmY(2)0( eeY(3))

DYNA = RHO®V®e2

IFCIDYNAZ/DYNAPP) 4LTe1c0OD"8) GO YO S8

ESTEP = (PSTYEPC(DYNA/DYNAPP) GO («STEPEX))®,01745329251

GO T0 59

ESTEP=+ 1394263401

ORBIT=NORBIT

IF (NDIPEQel «ORSNEXT.EQe}]) GO TO 8]
IF (NORBIT.EQ.1.,AND,ITER,EQ,!) GO YO 40
GO Y0 70
OLDRA = RA
OLDY = TIME
TAI=TA
Y2uY(2)
Yi=Y(3)
YquY(H)
YSsY(5)
YéuY(4)
HP | =yP
OLDHPeHP I
OLDY3msY)
Visy
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70
80
81

82

ACTImACY

WRITE (6,18) (YIMN) MN®1 7)) ,TA 4P RKOO

FORMAT(3EXy"0ecssceee INITIAL MAIN ORBITAL ELEMENTS sesscsnnanr,//y
11X vECCENTRIC SEMIMAJOR ECCENTRICITY ORBITAL ARGUMENY
20F LONGITUDE OF*8X,*TIME OF " 48X, "TRUE! 85X, "PERIGEE PERIGEE"+/
3% ANOMALY " o8 X "AX S 28X, *INCLINATION PERIGFE ASCENDING NOp
4E  PERIGEE PASSAGE  ANOMALY  HEIGHY DENSITY o /. 4X,eYy3* 00X,
S Y 2 X Y X Y 2N Y 12X YA IS YT 2K TAY B, R
EaTX "RHOD Y 4 /7 3F el sl a7 FOoN R 1607 02F Y%7 sF 177 sF1485,2E100447,/
74S2X, "(M=K=S=RADIANS) /277 )

IF (Y())=(2e0P]) ) 90,80,80

NORBIT=NORBIT+|

DELRA=OLDRA=RA

DELT=TIME=-OLDY

DELYAR24#P1+(TA=TaAl)

NELA=Y2=Y(2)

VELACTACTI=ACY

DELV=V]=V

DELHPRHP NP

DELE=Y(3)eY)

DELI=Y(4)=Y4y

DELW=Y(5)=Y5

DELWW=Y(&6)=Y$

ADECAY = DELRA/YIME

THETA=|BO«oTA/7)

EE=|BDseY(1)/P]

1F « NDIPJEQe ) s ORJNEXT(EQs1) 60 TO 420

OLDRA = %A

OLDY = TIME

TAI=TA

Y2uY(2)

Y3e¥Y(3)

Y4uY(4)

YSeY(5)

YéuY(b)

HP | =P

OLDHP =PI

OLDY3mY)

VisV

ACTI=ACT

IF (NULL+EQel) 60 TO 82

Y(l)uY(])=2,0P])

DYNAP=(RHO®Vee2)s 0nNOO!

DYNAPP= (RHO®Vee2)

oOUTPUT

IF(HPsGTos0eDeANDY(3)sGBTe0De0 ) GO TO 410
WRITE (6,700)

700 FORMAT (//7,10X,v SATELLITE MAS CRASHED ON THIS ORBIT OR THE ORRBIT

I HAS BEEN REDUCED TO CIRCULAR',77/7)

610 WRITE (6,800)

IF (NULLEQel) GO TO 620
WRITE (6,801)

620 WRITE (446810) NORBITTHETALEEY(2),Y(3),Y(¥)

WRITE (6,820)
WRITE (44830) Y(S),Y(6)sY(7)TIME
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WRITE
WRITE
WRITE
WRITE
ARITE
WRITE

(6,840)

(6,850) VR, VS, VE Y ACNJACTY JACK
(6,860)

(6:870) R M, HP P ,RHD,TAS

(64880) ADECAY

(64885) DELHP ,DELE,DELI DELW,DELWN

WRITE(S,B90)DELYA,DELAWDFELRADELYDELV,DELACY,ITER

WRITE

(63795) CLZWCLRZCLSCLKICOVy CDRICOSHCOKsAsARIAS 1K

IF (NULL+EQe!) 60 YO 100D
IF (NDIPEQel) GO 710 2%
IF (NEXT+EQel) GO YO 24

796 FORMAY
11047

(37X, "R 18X, *SY 18X, 'K*, /7 ¢ LIFT COEFFICIENT?,/,0X,4D19,
' DRAG COEFFICIENT',/,9X,4019410,7 ' ATTITUDE VECTOR®, /7,

19X ,490194104/777727)

BOD FORMAY
10X, 'TA

(X *NORBIT S IX P TAY 17X Y 17X Y2 17X P Y3, 17X, A,
' Y1 IN DEGREES")

BO0! FORMATI(IX,*NEAR PERIGEE")

Bl10 FORMATY
820 FORMAT
830 FORMAT
840 FORMAT
1 *ACK?

850 FORMATY
B60 FORMAY
870 FORMAY
8RB0 FORMAT
BB5 FORMAT

(15,4%,5n019.12,/7)

(1B YS ey 17X oY B 17X 0 YTV RAX ' TIMEY)

(9X,4D19412,7)

(BX s "VRY 16X VS g 1o VY 1N 'V 16X "ACN JISXACTY 18X,
)

(7018411,7)

(OX g 'R IR, MY G IBX  "HPY 19X "RAYHIBX,"RHOY 18X, TASY)
(‘0200'3.//,

(6Xy* THE APOGEE DECAY RAYE = *,1D20+9,' METERS/SECOND?Y,//)
(7X g *DELHPY g 13X o 0DELE Y o 14X, *DELT Y o ISX YDELWNY 13X 'DELWNY,/,

15E18¢12,/7 )

890 FORMAY

(7 Y DELT A 1 AX 'O FLAY s 14X "DELRAY s 14X s 'DELT 14X, "DELY 413X

Lo 'DFELACTY  y 10X s Y ITERATIONSY ./, 6F18e12,8X,15,4/)

ITER=D
J =0

%0 CALL G

ILLIDIFFEQsY 1ol JESTEP ,W,0,7 )

IF (HP

oLYe0e0«ORY(3)eLELDLD) GO TO 999

IF (NORBIT=NO) 910,1000,1000

10 1F (HPeGT el eBOOLDHP)eANDeY(3)eGTeleBe0LDYI)) 20 7D €15
OLDHP=NP
OLDY3uY(Y)

NDIPw]
WRITE

(6,800)

GO Y0 25
915 IF(DYNAUGY+OYNAPWORGJEReL) GO T0 24
920 Y(1)m240P eY(])

J = |
NEXY =
WNRITE
WRITE
802 FORMAY

(6,800)
(6,802)

(I1X3*NEAR APOGEE")

GO YO 25
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2 EaEaNala s

999 NULL = |}
GO Yo 8}
1000 CONTINUE
1020 CONY INUE
1010 CONTINUE
END
FORIS DIFFEQ'DIFFENQ
REAL FUNCTION DIFFEQLY 1)
DIMENSION YI(I1)
DOUBLE PRECISION Y .Y‘."U.P.".‘C"U...‘CN.‘CKQV"EAN
COMMON YA MUP FF,ACT U ,R,ACNACK ,VMEAN
AR AN RN R S RN E AR OO DD ERNERORORDORARN NN

DIFFERENTIAL EQUATIONS FOR ORBITAL PARAMETERS ,Y2=Y7, WITH RESPECT
TO THE INDEPENDENTY PARANETER, YI

LA AR R AR AR R R R R R R R AR R R-R R R0 R AR R RN R T Y]
GO YO (310+4320,330,340:350,360),!
310 DIFFEQ=(2.%(Y(2)0e2)/SART(MUSP))ISFFeACT
GO TO 4p0O
320 DIFFEQu(SQRT( P/MUI/FFI®(2,0(COSITA)SY(I))OPACToRO®(TomY(3)002)0SIN{(
ITAYSACN/P)
GO YO 400
330 DIFFEQ=ReCOSIU)eACK/SQRTIMUSP)
GO TO 400
340 DIFFEQ®(SQRTIP/MU)I/ZYI3I)® ((249SINITAI®ACTw(R/P)®(2,0Y(3)4COS(TA)+
1(Y(3)0e2)0COSITA))OACN) /FFuReY(3)eSIN(U)SACT/(PeTAN(Y(4))))
IF (Y(4)) 400,399,400
350 DIFFEQu(ReSINIUIOACK)/(SORT(PeMU)SSINIY(H4)))
IF (Y(4)) 400,399,400
360 DIFFEQeu(Y(2)/MU)IO(2,0(P/Y(3)+ReY(I))eSINI(TA)/FF=3¢oSARTI(NU/P)eFF "
1YL ) =Y (3)eSINIY(I)))/VMEAN)OACT4((RePOCOSITA))/Z(MUSY(3)eFF))®ACN
GO YO 400
399 DIFFEQ=0,0
400 RETURN
END

FFOR,IS GILL,GTLL

2 EalaNaNaEalialia sl

ANANN

SUBROUTINE GILL (DY Y sZ H ,N,Q,N)
DIMENSION YIN) yWIN) ,QIN) ALN),ClH),BI1H4)
DOURLE PRECISION Y

DATACALI)IyCUI ) oty o lml o4)/72905,2¢92%4292893283,1442%)470710671,
11eyelbbb6A84666308,24/

THIS ROUTINE IS A MODIFIED RUNGA=KUYTA NUMERICAL INTEGRATION

TECHNIQUE
S e N T e e T R T R T e
DXe 1S THE INTERVAL SIZE.
We 1S5 THE ARRAY USED ToO STORE THE
VALUE OF Y'(Xx), Wil)mFO(X)m!
...-..-.......-D‘....-...-...-....-......-.....'-‘...
DX=H
Wil)=l,

FOR THE FIRST INTERVAL THE Q'S ARE SET TO ZEROs FOR

SURSEQUENY INTERVALS THME PREVIOUSLY COMPUTED Q'S
ARE USED,
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25

DO 5 U] ,N

QiyIwD,

DO 20 U=l N

DO 15 K=2,N

W(K)aDY(Y K=1)

DO 20 K= 4N

YiR)mY(K)+DXOA( Yo (wig)I=B( )eQiK))

QIK)I®Q(K)*Ie®Al ) o (WIK)wB(J)eR(X))aC(J)aWN(K)
..--..--......-.-.-.--...-'...........-.-.-.-.-..--.-
TESY |F VALUE OF INDEPENDENY VARIABLE
HAS BEEN REACHED
T e e T D O e e T R TR .

IFIY(1)eDXeGTel) DXmZ=Y(])

IFIDXeLTeABSIY(1))e2:E=B) GO TO 25

IFIY(1)=2Z) 10,28,25

RETYURN

END
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