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INTRODUCTION

Work supported under Contract Number NAS8-28248 began in
January 1972 and has continued with varying degrees of effort to the
present time. The work has involved the applicafion of improved aero-
dynamic theory towards thé goal of obtaining more accurate knowledge
of the upper atmosphere. Advancements have been made 50th iﬁ fhe area
of aerodynamic ﬁheory and the idterpretation of the dynamic response
of objects traveling through the atmosphere. |

The work began as a study of ways of improving models of the
upper atmosphere as deduced from observation of satellite decay. In
the development of atmospheric models, it was found that the decay
of the orbit of a satellite due to drag had been modeled as simply a
sphere with a drag coefficient of 2.2 traveling through a rotating
atmosphere. The assumption of a sphere of CD = 2.2 was of course
recognized to be only an approximation and of particular use in the
analysis of the drag decay of foreign or some domestic satellites for
which limited knowledge existed concerning the shape or other physical
parameters. One of the goals of this work was to investigate the
magnitude of error made in the assumption of a sphere of CC = 2.2 and
to propose more accurate data reduction techniques.

Chapter 1 describes the major influence revealed in this study
concerning the influence of real satellite aerodynamics on the deter-
mination of upper atmospheric density. Chapter 2 presents a method

of analysis of satellite drag data which includes the effect of satellite

1lift and the variation in aerodynamic properties around the orbit.



The method was applied to the data from OVI 15 satellite. One of the
interesting results obtained from analysis of satellite orbit decay
has been the super rotation of the‘atﬁosphere deduced by King-Hele.
In Chépter 3, a study is presepted which shows that satellite lift
effects ﬁé; be responsible for the ébserved orbit precession rather
than a super rotation éf the upper atmosphere.

Emphasis of this work gradually camé to the lower altitude 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 which is constant in molecular weight and
the upper atmosphere which reaches out many thousands of km having
considerable variation in molecular composition. This important region
of the atmosphere has received little experimental étténtion due to
the difficulty and expense of performing measuremeééglat these altitudes.
The falling sphere method is found to be the\primary source of information
for this region. As with satellite drag measurements, it was found
that simple assumptions concerning the aerodynamics of objects were
ofteh employed in the falling sphere analysis. The influence of the
errors made due to the simplifying assumptioﬁs were evaluated and an
improved method of analysis was proposed and applied as reported in
Chapter 4.

The work on falling sphere data analysis also revealed that
most of the 80-120 km results were based on values of drag coefficient
in the transition regime that were extrapolated from wind tumnel results
that were far outside the transition regime. 1In the work reported here,
more recent wind tunnel data reported in the literature were obtained

and more accurate drag coefficient relationships were developed based

on these data. This work is reported in Chapter 5.
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Thé improved drag coefficient felationships revealed a con-
siderable error in previous falling sphere &rag interpretation. Thesé
data were reanalyzed using the more accurate relationships. Thé |
result -of this work is given in Chapter'G.

In this work the drag coéfficient has béen studied fof the.
enﬁire spectrum of Knudsen Number and speed ratio. One regioﬁ which
was of particular interest is in the'very low speed ratioffegion.

This region of the aerodynamic spectrum has received little exﬁerimentai
attention except for highly viscous flows due to the experimental
difficulty of obtaining drag data :in a low-density slow-flow situation.
The theoretical work in.this region is discussed in Chapter 7.

The recomme;éations for future work are presented in the form
of two proposals given in Chapter 8. Both proposals would involve
additional analytic work and subsequent experiments using the shuttle
space -craft.

The computer programs generated during the period of performance

a

of the contract are given in the appendix.



CHAPTER I
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 & iona! Cond on A P and Asronastical
Meteorology, May 12-26, 1972, Washington, D.C.; published by AMS, Boston, Mass.

INFLUENCE OF SATELLITE AERODYMAMICS ON ATMOSPHERIC DENSITY DETERMINATION®

and Robert E. Smith

Gerald R. Karr

Coordinated Science Laboratory
University of Illinois
Urbana, 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 a 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 {nfluence 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 aaero-
‘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 assrodynamic 1ift forces and widely
varying gas and surface properties. The follow-
ing will then be limited to a discussion of
aerodynamic drag effects only and the assumption
of constant satellite surface properties. The
atmospheric gas will be considered of single
species having the average properties associated
with a particular altitude.

*Thil 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
Fellowship Program at Marshall Space Flight
Center.

National Aeronautics and Space Administration
Marshall Space Flight Center
Huntsville, Alabama

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. For 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 is, 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 molecular flow will
occur in regions of high density, the assumption
of free molecular flow may be considered
reasonably accurate to an altitude of 100 lkm
where the mean free path is of the order of
meters. For convenience, free molecular flow
is assumed through out the altitude range being
considered in this discussion.

In the free molecular 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 surfaces. The drag properties of a
satellite are influenced primarily by the
exchange of momentum with the surface during the
molecular impact.

The description of the molecular impact to be
employed in this discussion is the generalized
gas surface interaction (GSI) model which has
direct application to the problem of satellite
drag, see Karr (1969). This model is represented
in Figure 1 showing a general non-specular type
of reflection. The reflected molecules produce a
momentum vector in the direction 8, with an .
average velocity of U,. The roflcéted properties
are assumad to depend upon the incident flow
propertiaes such that
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Fig. 1.

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
surface exposed to the flow. If the satellite
velocity is much higher than the random kinetic
motion of the gas molecules, the gas molecules
can be considered stationary as the satellite
sweeps out molecules in its 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

- Drag/ie v

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

Flat plate with angle of attack B

A = Area of plate
il

Cp = 2 ginB - Zdl-aj sinB cos 7 PJ-+(2-PJ)B

Cylinder with axis perpendicular to flow
A=DL , D = diameter , L = length
b
cos 3 P
Cp = 2 + Wiy (T-F ) 3-7,)

n
where the bracketed term is equal to Y when Pj =

1,0. A value of P
to this shape.

i = 3 is not meaningfully applied

Cone with axis parallel to flow
2

A = Area of base of cone = nr

1
CD 2 -ZJl-aj cos[I_Pj + (2-Pj)6]

where § is the cone half angle.

Sphere

A=T rz
4(l-cos g Pl)

cD =2 +./1-aj[ Pj(l"Pj)

where the bracketed term is equal to zero for
PJ = 0. A value of Pj = 4 {8 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, 03 and Pj' The results for

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

= =
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l.C%) 0.2 04 06 0X:] 10
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Fig. 2. Drag coefficient of sphere as a function
of gas surface interaction parameters.

3. THE EFFECT OF SATELLITE ORIENTATION

Satellites 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 important 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

6



hypervelocity flow, the following analytic
results are obtained.

Cylinder with spherical ends; Pj = 0, hyper-
velocity flow and angle of attack a.

_ 4L .
CD—Z[I I-;Dslna}

+ /l-0r f,—:-lﬁ sin 0[§- si.nzo' - 2.0]

where A = “rz and L/D in 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 ¢
value is that of a spherc when o is zero and is
progressively influenced by the cylinder as the
angle of attack is increcascd to a value of

n . 2 .
3. Since " r is used as the reference area at

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

For more complex shapcs such as the cone,
results must be obtainced numerically. Figure 3
shows such results for a 35° half angle cone.
The plot is a threce axis presentation of the
surface CD(P.,B) where 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 o, 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 1llustrate
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 I'. varies from zero to
two from front to-back and B varies
from zero to 180V from right to left.
The values of C, vary from 0.399 to
4.00.

Just as the instantancous values of C, 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 €y is given by

_ T
CD = CD dt.

[+

L

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

ul

2
1
Cb = 5;'{ ¢, da.

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 65 serves to oriente the

ng-a33

Fig. 4. Coordinated system describing
orientation of spin stabilized satellite

with respect to orbit plane.

spin axis with respect to the velocity vector
am. For a circular orbit, the veloclty 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 Cp 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 COEFFICIENT (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 = UmﬁJZRT/M

where R the universal gas constant, M the

av. rage molecular weight and T is the tempera-
ture of the gas. Hyperveloclity 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 altitude 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
cylinder with spherical ends. Utilizing data
from Karr and Yen (1972), Sentman (1961), and
Fan and Andrews (1969), the value of C_, for
threc 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

$ s
- 2.0

.8 2.106 + 0.450(2L/mD)
4 2.249 + 0.885(2L/mD)

second order polynomial approximation to the
variation in CD with S. The results are

c./c =1+ (0.350 + 1.166 L/D)/S

DD

S

+.(0.592 - .1528 L/D)/s%.

This function is plotted in Figure 7 for three
values of L/D. Two factors of importance are
i1llustrated 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, 1s seen to occur
over the range of interest from S=4 to S =20.

Combining the results of the polynomial fit
of C, values for a sphere with the change of §
with respect to altitude, the change in Cp 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.

tempcratures 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 satellites such as the cylinder with
spherical ends.

Of i{mportance is the fact that the noted
change in C_ with altitude is found to be
systematic with altitude. For this reason then,
it i{s 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
densities at high altitude in
densities at lower altitudes.
and conclusions were found by

discrepancies in
comparison to
Similar results
Lzakov (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 atmosphers. Velocities of as much as
400 m/seac have baen 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
atmospheric wind structure which includes the
rotation of the atmosphere at the rotation rate
of the Earth. 1In 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, @, measured
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 ) .

- / B_ -
u, T tﬂe Vmaxsina

where V is the peak wind velocity, r is the
distanc® *from the center of the earth and Qy

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
2 -
D = % pU_C/A.

The average drag over one revolution is found by
integrating over the time in the circular orbit

b= 5 j'%pu:cbi do

- - B 2 1 .2
%ocDA[/:.rne +3v x]

ma

the average drag is found to be increased by a
factor, Fwind' where

3t

F = .
wind .7E-rﬂ 2
r e

The increase in drag due to winds for a circular
orbit is found to be small enough to be
neglected. The increase is less than 1% 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
is 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 cbservations.

Congider the perigee passage at a=90°,
where the wind velocity subtracts, with the



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

D max

A L + - - 2
90° /'p Jite rpn. v

~

D o -
270 & r— .
l‘p lte rpne +vﬂlx

4v.
_max

1 -
—'lL— - .
v rp J1l+e rpﬂe

1t

where r_ is the orbit radius at perigee and e is
the eccgntricity of the orbit. In the altitude
range from 100 to 1000 km, rpﬂ. is approximately

.5 km/sec, and vi/r, is approximately 7.5 km/sec.
For e values less han 0.2, percentage
differences in drag of the order of three per-
cent are obtained for Vg, values of 200 to

400 m/sec. The wind effect 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 is explainable by wind effects. If

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 density 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
interaction is seen to dominate. Unfortunately,
values of P, and « have yet to be determined
accurately Anough to 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 Cp 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 minimum C,, 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 Cp values higher
than 2.2 are likely.

Although an absolute value for C, may be
lacking presently, the results obtained for

changes of clJ due to shape, orientation, and
altitude reveal that systematic variation of cE
around an absolute value would occur under most
circumstances. These variations should be
included in the analysis of future satellite
data vhere information on satellite orientation
may bes available.

The effects of atmospheric winds were .
illustrated assuming a simple model of the wind
structure. These results illustrate still

-~ snother 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 DEWSITY DETERAINATION FROM
SATELLITE DYNAMIC. RESPONSE

by
Gerald R. Karr:

ABSTRACT

A method for determining satcllite acrodynamic properties and upper
atmospheric density from obscrved 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
intcraction at the satellite surface. The dynamic response of the
satellite as it passes through the atmosphefe 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 specd flow, By proper correlation of the
observed dynamic response with the changing angle of attack of the
satellite, it is found that thc 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
arc known,

Employing accelerometer data from the OV1-15 satellite, analysis was
successful ly made of the aerodynamic properties of that satellite
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 aerodynamics. 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 Cp is considercd to have a constant value. Generally,
however, the assumption of constant drag coefficient is not valid and
the usc 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 (sce 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
atmosphere 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 molecules 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
satellitc aerodynamic properties. "

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 Karr, 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 observed
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, instantaneous 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 intersction.

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 1?-1. 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 Vv R 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 reac’cior_1,b
force ¥, which is colincar with the mass-motion velocity vector U;
of the molecules lcaving the surface., The direction of Uj is given
by the angle Oj.

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

U.=V1-0. U

J J
ej= J‘% Pj + (l-Pj) 8
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where 0; and P. are the parameters of the interaction. The subscript j

is used 1f more than one setl of interaction coefficients is to be considered
in the analysis. Unt#l more is learned of the interaction, these linear
relationships provide a useful first approximation to the interaction that
occurs at satcllite velocities. 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 surface shown in I‘1gure 1l is given by

dF = -(G-00;) » U- T 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 0 values must be unity,

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

Drag = 1/2 p U% Cp, (05, Pj,B) A

Lifty, , =1/20 U2 Cy (@

3o PJ-, B)A

Torquel’z’—j = I/ZDU2 CT1'2,3(aj, Pj’ B) AT

where A is an angle of orientation and the subscripts on Cj,and Cy are
to indicate that there are two components of lift and three components
of torque. The six aerodynarnic properties are found to be a strong
function of the gas surface interaction parameters. For non-spherical
objects, thc angle of orientation, B, also has a strong influence on the
drag, lift and torque propertics (sec Karr and Yen, 1970).



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 about
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

F=1/2 0% K(Cp D +Cp, L1+ Cp, 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 1,5 is porpendmular to the
cylinder axis and the velocity vector. The direction of L, is perpendi-
cular to both 1,; and D. Due to symmetry the lift forcc in the 1)
direction is zero.

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

o
= 2 4 -y - — . - .
Cp + 41 aj (1 -cos 2.t,) P; (4 - P;)

+ 2AR €08 fg ot

+ Agp 1 -0 - [cos 6 8ing €4 ~ cos 0s
sin® § (Cj+5;) 1d €
211

Cpp=-V1-a; Ap cos? 0g sing,) , sin? 2(Cy + 8,)ds

CL1 =

where the first two terms in Cpy are due to the spherical ends and the
remaining terms arc duec to the cylindrical section. The angle £ is a
cylindrical surface-integration angle. The quantity AR is the areca ratio
of the cylinder to the sphere given by

AR = Zch/Ksph = 2r1/Mr% = 4L/n D
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The quantities G; and Sj contain the parameter P; where

cos (/2 Pj+ (1 - Pj) 8)

GC: = —
J cos @
sinli72 Pj + (1 - Pj) g)
S: = .
o J sin @

9'-=_sin"'1_ (-~ cos Bg sinf)

The angle @_ is an angle of instantaneous orientation defined as the angle .
between the velotity vector and the longitudinal axis of the cylinder.

Since the OVI-~15 spin axis is perpendicular to the axis of the cylinder,
the anglec 05 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 (sece 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,

C. I =S. I =1
J - J =
Pj =0 PJ-O

For P; = 1 which corresponds to diffusive type reflection,

J
. =0 H S. = -1/cos 0 sin §
CJIP.:] J'P.:]_ / s
J J
For Pj= 2 which corresponds to perfect backscatter type reflections
c.l = -1 i S =1
NP2 JIszz

The values of C, and Cy,p at the three values of P. = 0, 1, 2, were

used to obtain an polynomial approximation for Cp an Cjy, as a function

Of Pj.

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

1-sin? Y cos 22 ] .

1

1 2 — . .
F/-- PU A =|-Cc.siny cos A (¢
/2 [ D I—l cos es
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Sinzy' cos \ sin'l_] )
J
cos 6

+[— Cp sin y sin A - o
' s

. siny cos y cos B k
+ -CD €os ¥y -CL cos es

where i, j, and k are unit vectors in the directions of the three axis of
the accelerorneters 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 X.
The results after averaging over one spin cycle were

2 .2

F, = siﬁ.’y%. pUS TS C (%, Py ¥)

2

T = egs w L )
Fz— cos ¥ > PU CF(aj’ J’Y)

where Cyq is the integrated force coefficient. * These results show that
Fy and F, measure the identical forces except for the factor sin y 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/ FY2+F2]

The force coefficient Cy. was found by fitting a 37d order polynomial
to the values of Cp and CL2 at the three values of Pj =0, 1, and 2.

e\ 2 3
Cp= A+Y1 -a; (G+HP; +QP;" + PPy )
L
where = -2 -4 Ap E(Y’T) /m
m
G=-4AR E (Y, 5)/3T
H=4F - 2G -2A
Q=-4F +5G/4 + 11 A/4
P=F - G/4-3A/4
F=~4/3 - nAR/z
m
where E(Y, 7) is a complete elleptic integral of the second kind resulting
from the average over once spin cycle.

*The accclerometer 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 ana]y51s.

The objective of the analysis is to f1nd the best values ofOtJ, Pj and
dens1ty which explains the observed accelerometer output of the OVI-15.
Although @;, Pj, and P are considered as uvnknowns in the analysis,
certain assumptions on the characteristic variation of p are made to
facilitate thc 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 nerlgee, differ-
ences in forces measured at points equa_l 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

) o . 2 _
Ul (T-8t) =7 U e, (T 40k

N

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 _ Fiz

CF (lej: I:)jl Yll) CF (aj: Pj’ le)

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

respecctively, and F =y 'FZZ + I':‘YZ- In the analysis, the quantity DEL; is
found {rom the preceeding relation, defined as,

where i is used to indicate a comparison made at T j:_/\ti. A solution in
the least squarcs sense is obtained by finding the values of @; and Pj
which provide a minimum to the sumeof«DIEL;=squared for a number of
observations near perigee

n
= 3 £1,.)2
SUM = T (DEL;)

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

J J
_ASUM) o a(suM) 0
s(iEy 0 T ey, T

in the region of 0 < Pj <2, and 0 < /1-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 maintain a ¥ =

° 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 ¥ changed considerably during a given orbit,
This factor resulted in a changing value of Cg over the orbit which pro-
vided a good sampling of Cp and ¥ 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 not provide
a perigee passage time, it was necessary to calculate that time from the
accelerometer output. Since the aerodynamic properties are changing
durmg a per1gee pass due to the changing angle of orientation, the peak
in the F curve is shifted in time from the peak in dynamic pressure.
The derivative of F during a perigee pass is

1

F =SCp +S 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 :
_K(T) '
F' (T) = CTHT) Cp (T)

This equation was employed to find the true value of T for each data set
employed. The quantities Cy and CF‘ are a function of®; and P, in
addition to the angle Y. The analysis was able to take into consideration
the expected shift in F output which was found to vary from 3 to 15 seconds
depending upon Otj, Pj and the rate of change in the angle Y.

4.3 Speed 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 =1 +.682/S+.56148/52
+.4 sin2 Y (1.66/8 - .1528/5%)
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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 ate 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

PR szsod PP N

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
410 ° 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 F, angle of orientationY ,
d time in seconds from the beginning of data transmission are given
in Table I. The units on F is in counts inwhich 5.3 counts equals 10'6g
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 refletion is
between a specular and diffusive type reflect]ion in direction and has
moderate accomadation of energy.
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5. 3 Aerodynamic properties.

Using 0; = . 64 and P; = .44, the aerodynamic force properties
of the OVI-15 satellite may be 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 Cy is dependent directly on the reference
area, A, chooscn to represent the satellite. The plot is given for two
acceptable areas (1) the maximum cross sectional area seen by the flow,
nr2+2r1, and {2) the minimum cross sectional area seen by the flow, Tr2,
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 Cy 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 assumed in drag analysis. The speed ratio
correction will cause these valucs 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 ki, the value of U at the data points are
obtained and density values arc given by ;

P(1, J) = 2amF(I, J)/ U1, J)A CF(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 = 106g/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 coxresponds, 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 each data point by

s=u/J2rRT/M

where R is the universal gas constant. Values of densily calculated in"
this manner arc 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 for™; and P; are the
most accuratc of measuremecents of the gas surface interaction parameters
at satellite velocity. Third, the values of CF: 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 precsented 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 acrodynamics and more accurate
measurement of accelerations and angles of orientation. The accuracy
of angle measurements was about X 1° while the force measurements

e o £ o e ~ e e P v 1 A Ao~ ue

werc accurate to £ 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 INE 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
OVI-15 to reveal a number of propertics of the upper atmospherec. In
these analyses, accelerometer data was used only when the satellite
was broadside into the flow, This instantaneous attitude would correspond
exactly to the 0° or 180° spin axis orientation of the OVI-15. At this
attitude Cpy is equal to Cg as given in Figure 5 and would have a value
of 2.5396 for the case of infinite speed ratio and a; =. 64 and P; =, 44,

This value of Cpy 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 correcctions 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 Cp 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 mrZ 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 ofczj 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 Cyy 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 analysxs is lower than could be
expected for most shapes witha; = .64 and P. = .44, A sphere for
example would have a Cp 2.352 which is 7% higher than the 2.2
value often used. It shouf(?lil)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 g;: and P; and result in a change in aerodynamic properties,
More data must be collected before a firm value of aj 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(i,2)

O UL A N e [

317.5 137.75 320.0 134.8 647 697
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)

U W e (M

292.0 141.75 292.0 137.25 650 712
282.0 142. 75 283.5 135.0 625 737
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)

U WN =

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
270.5 137.5 256.0 125.0 575 775
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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CHAPTER III
AERODYNAMIC LIFT EFFECT ON SATELLITE ORBITS

A paper submitted to the ATAA 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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Huntsvilla, Alabsma 35807
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NASA-Marshall Space Flight Center
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Abstract

Numerical quadrature is employed to obtain
orbit perturbation results from the general per-
turbation equations, Both aerodynamic 1lift 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 aerodynamic effects, Results indi-
cate that aerodynamic 1ift 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 lift vector,
The results reveal the importance of including
aerodynamic 1lift 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 C. and a ref-
erence area A, the aerodynamic drag force, D, 1is
given by

?--%—pvzcni-[%- L

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 sdtellite with respect to the at-
mosphere, Asrodynamic 1lift forces arise when a
nonspherical satellite travels through the at-
mosphere at an attitude such that atmospheric
molecules are deflected by the satellite in &

*Thil research was supported in part by the
National Aeronautics and Space Administration,
Marshall Space Flight Center, Huntsville, Ala-
bama, through Contract NAS8-28248,

#Assistant Research Professor, Mechanical Engi-
neering Department, Associate Member AIAA,
#iMaster's Degree Candidate, Mechanical Engi-
neering Department,

*ikSpace Science Laboratory, NASA-MSFC, Member
ATIAA,
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nonsympetric pattern with respect to .the velocity
vector, Consider, for exsmple, a cylinder or

cone with an axis ofiyynn.try along the direction
of the unit vector a. If such an object wers to

.travel through the gtmosphere with a 1in the

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

by
L2 Gxt) x7
a3 = x x
Fo="27pV C LA 25 @
V" sin 9s
where _ is the 1ift coefficient of the object
and A Y8 assumed the same as the A used in

the drag equation (Eq. 1).

The drag and 1lift 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,

1 E)
veyt Greco ks ®

where a and e are the osculating elements of the
orbit and E 18 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 This difference is due to the mo-
tion of the atmosphere, , at the satellite,

The velocity ¥ 1s then modified by the atmospher-
ic motion to give

Vv =9-7 %)

Orbital perturbations under the action of
pure drag (i.e., P - 0), with and without atmog-
pheric motions with 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 £ 0) has received
little attention due to a nu#ber of factors which
have been cited to reduce l1ift effects to negli-
gible values, PFor example, random tumbling of a
nonspherical satellite is often cited as a reason
for neglecting 1ift since the 1lift vector would
be randomly oriented and tend to average to zaro



under such conditions. Second, 1ift forces are
thought to be nagligible for satellites based on
the argument that the satellite i{s a poor reflec-
tor of wmolecules since the gas surface interaction
is assumed to be inelastic. However, the assump-
tion of inelastic reflection is not verified and
the possibility still exist# of significant 1lift
coefficients, While many of the earlier satel-
lites were nearly spherically symmetric and ran-
domly tumbling (uncontrolled altitudes), 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 l1ift 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 forceas may have been wrongly attributed.to
other effacts, such as atmospheric motions, At-
mospheric motions that are riot colinear with the
inertial velocity can give rise to pure drag
forces with components perpendicular to the in-
ertial velocity vector. One of the major motions
of the upper atmosphere often included in drag
studies. 18 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 atmasphere 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 ate
mospheric rotation because there is strong evi-
dence to suggest a co-rotating atmosphere for
the earth, We will show, however, that 1lift
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 reduction 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 pilane, Kumer-
ical integration of the perturbation equations
was made using an exponential atmosphere for pur-
poses of illustration of the aerodynamic 1ift
effects, Special emphasis is given to the de-
pendence of 1lift 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 asro-
dynamic effects at the perigee region since the
atmospheric density drops off exponentially away
from perigee. '

'II. Aerodynamic Lift

In the free molecule environment at orbital -
altitudes, aerodynamic lift 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 wall
understood. The gas surface interaction is de-
scribed in J@}’arnl manner using a wmodel devel- .
oped by Karr 2ii‘which the. force acting on an sle-
mant of surface exposed to the flow is divided
into two componeants, With reference to Figure 1,

Incident
Flow

—
-
Up

FPIGURE 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
momentuni carried by the incoming molecules and ’

¥- which is the reaction force associated with
mSlecules leaving the surface. The group velocity
of molecules leaving the surface, U,, is assumed
to be some fraction of the group wioc:l.ty of the
incoming molecules, U, dus to possible inelastic
collisions with the surface, The relationship
between U, and U is given by

3
uﬁ1 .."1-:1‘1 U ()

vhere the proportionality term is expressed as

1 ~0a, in order that the parameter g, resemble
what ﬂ customarily termed the thermal Ommo-
dation coefficient., A second parameter is 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, Oj, given by

ej-¥rj+(1-rj)e (O]

where Pj is the adjustable parsmeter with PJ =0



giving specular reflection (9, =0) and P, = 1
giving diffusive reflection (é =mn/2, 1naependent
of 8). The mass-flux impinging on an element of
surface is given by

m =-pU.% dA (¢))

where B is the unit cutward normal of the sur-
face. The exchange of momentum that takes place
. at the surface gives the net force acting on the
surface

J’:-(U-'ﬁj)p!f.ﬂ d A (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 above equations show that forces perpen~
dicular to the velocity vector can only arise
through the U, temm in equation 8, Since.the
magnitude andddirection of U, are functions of
a, and P, the lift force acéing on any object is
dlrectlyjrelated 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 1lift-induced
orbit perturbations, flat plate drag and 1lift
properties will be used, given by

Cp

2 gin 9 -
8
2T - ¢ o.J' sin @ cos[.g_ B +(2-R)) e;

€))

™
cL -21- aj sin ea sin[-f- PJ+(2-Pj)GJ

(10)

where 6 is the angle of attack >f the flat
plate. "For 8 = 0 the plate is edge-on into the
flow while for 6 = m/2, the plate has the out-
ward surface normal iInto the flow, Equation 10
shows that the factor</l - o, plays an important
role in determining the liftjmagnitude. 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 near unity,
and the 1lift very small, Tﬂe perfectly elastic
or perfect specular reflection (P, = 0, a, = 0)
would provide the highest poasiblé valuesjof
11ft,

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 l{ulpke8 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, aoccu-
rate determinations of the gas surface interaction
from drag studies alo )is not feasible, Recent
work by Reiter and MoZ?_however, 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 ¢, 1is
in the range of .75 - ,95, This would put:-‘L/l-O.'l
in the range of .5 to .22, The accommodation c3-
efficients coming from their studies are high,
indicating inelastic collisions, The value of

1 -qa, 1s seen to be significant even at high
accoum$dation coefficient values (for example,
a, = .99 givesV1 - = .1) which implies that
llft forces may also Aave significant values,

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

1y

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
inelaStic collisions (@, = .99, P, = 1) cause
lift forces which are aimost 10% Sf the drag
force, The values of o, = .75, P, = 1 were cho-
sen to simulate the gas-surface igteraction 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 tge effect)of reflections
other than specular and diffuse, The 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
i8 an ideal 1lifting 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 18 seen to occur at near 252 angle
of attack. While this L/D is much smaller than
flat plate values, the 1ift 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
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orbital perturbations that are characteristic of
these forces will be presented. In view of the
f :~¢ ¢tnat the aerodynamic drag force is the prin-
ciple source of orbital perturbations, a lift
forca 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 tims, 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 1

Flat Plate Lift to Drag Ratios

2] Specular

. Diffuse Diffuse Inter.
a,=0,P.=0 a,=75, a, =.99 a,=5,
] ] PJ 1 Mol PJ- 5

l B

Go 0.5 0.1 1.0
2 28,636 0,491 0.100 0.997
5° 11,430 0.477 0,099 0.985
10° 5.671 0.453 0.097 0.947
15° 3.732 0,428 0.094 0.896
25o 2,145 0,374 0,087 0.772
35o 1,428 0.318 0.078 0.642
450 1,000 0,261 0,066 0.514
55o 0,700 0,203 0.053 0.392
65° 0.466 0.145 0.039 0.276
85 0,088 0,029 2.906 0,054

Table II

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

_Angle of Attack L/D

(o] 0.0

10 0.037
15 0,041
25 0.044
35 0.033
45 0.023
55 0,013

ITI, Orbit Perturbation Equations

The approach will be similar to that taken
by others in that the expressions for perturbing
force will be substituted into the genaral per-
turbation equations for the time derivatives of
the osculating orbital elements a, e, i, w, and
f1; the semi-major axis, eccentricity, inclination,
argument of perigee, and right aseension of tha
ascending node, respectively. Numerous good re-
ferences provide details of the derivation of
these equations with specific application to drag
forces (sees, for exmmple, Ref. 11), The forms of
the equations most useful for this work are given
as
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+_(1-ez) sin B N] (13)

$- gl w0

e (1-e)

a@Q r sin (9 + w) W (15)
dt W .)1/2 (1-e ) 1/2.“l 1
1/2 o
dw 1 a 2 sin K
da " of (T) T-ecos E T (16)

3}

2 1/2
- 'Lg I_—g—)—a 1-e ] (e + cos B) N (17)
J

r sin (6 + w) W (18)
- 12 2 1/2
(La) ((Q-e°) tanti
wvhare
2 1/2 -1/2
fm [(l-e ) (1 + ecos E)] (l-e cos E)
(19)

The angle 8, the true anomaly, can be exprassed 1n
terms of E, the eccentric anomaly, by

8 = cos™t (—:%:—;a:—i) (205

and the radius, r, can aleso be expressed as a
funiction of E by

r=a(l-aecosE) (21)

The T componant of force is tangent to the orbit .
path and positive in the direction of motion; the
N component is po.i.thn in the direction of the



outward normal to the orbit path and is in the
orbit plane; the W component is the force per- :
pendicular to the orbit. plana with poutiw being
in the samé 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 K, T, W coordinate system, The unit
vector & will be taken as the normal to the flat.
Y mbem wod felh e e B e AL . Yy AR AP o

pidaLe witll compousuals i1n Tné l‘. L' L ul“cclm-

given by

a, = cos 0" cos ON'.I.'

a, = cos Gw sin Gm (22)

sin ﬂw

aw

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-
rection is radially outward from the geocenter
and S is perpendicular to R and W with positive
being in the direction of motion. An atmosphere
rotating at the earth's rotation rate, {i , 18 to
be considered the only atmospheric motiof for
purposes of this study, The velocity field pro-
duced by the atmospheric rotation is given by

VA=ﬁe x T

A A
r ne [cos 1S-s8ini cos(Gw)H] (23)

A A
wvhere S, W, and r are unit vectors, The inertial
velocity of the satellite is given by

¢ «r R + 68 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,, «,, and
in the R, S, W system. The tranu:%ma‘fon
rom the N, T, W system to the R, S, W system is
obtained from the following relationship between
the unit vectors

ﬁ=—é-[(1+ecose)a-eun0/3\]

(25)
A 1 A A
TgT[esinGR + (1 + e cos 8) S]

Using equations 25 and 22, we find
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[eoc f. sin ;ﬁ ,6(1 + @ cos 8)

+co|."cu.m. e une]

(26)
ag = —}-l‘eollg eolim.(lq-ce'oce) '

- cos l" sin lm. e sin 9]

a; = sin iﬂ

The angle 6 _ called for in the drag and 1lift re-
lationships can be obtained in terms of the orbit
parameter and the angles 'H and 'N'!.‘ from

o, = sl (%W—-‘> @n
where
Verk+ (r é-ﬂe r cos i)e ¢[ﬂ° r cos(0+w)

A
sin 1 W) (28)

It 1is convenient to write the velocity Vasa
function of E and E, To do this, the following
relationships are employed

r = aesinE E

. 2 1/2 .,
ré = a(l-a) E
5/2 (29
r = (1 - e cos E)z i

Ny
. i

3/2(1 - @& cos K)

Substitution of these relationships into t
equations, and taking components in the
directiom we obtain the following conpon.ntl of
force R, S and T,

fgm

A

R - {_.T‘eé_

(1-ecos k)

-%-linl(nl.cote.+ln)} (30)
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1/2 Qg cos 1
-[(1-;) - (1-e coc!)]

(+) (8, cot 0, + nb)} | 31)

W -pvzi {%g—— (1 - e cos E)
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(BL cot 9' + BD)} 32)

(1 - e cos E)z cos (0.4 wysin £

c, A c, A
D L
vhere By = —3n B -

of satellite and n = 4 u/ 33 .

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

[-3
»

& " f‘(ch cD' 'wn 'M’ a, e, i, w, 0, E)

$ -, 0,0, 0, 8 e 1, v0 5

etc, 33)

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

p () = p, o BB/ (%)

vhers o 1is the demnsity at perigee, h_1is the
height B perigee, H is the scale hei.gﬁt at
perigee, and h is the height of the satellite
given by h =r - RE where RE is the radius of
the earth,

IV. Method of Calculations

The orbit perturbation equations were inte-
grated numerically using E as the independent

variable, A modiﬂzwungo-xutta fourth oxder
process-due to Gill discusgsed in ref.13was used.

Double precision was used to maintain accuracy,

The step size on AE was taken as small as 0.1 de-
gree depending on the rate of variation of the ore
bital elements. The accuracy of the results is
not expacted 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 @ 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 Gook
(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 expansions 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 18, 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, {1 = 0, 1lift forces do affect
the value of a ove% 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 2T were done assuming all parameters remain '
constant over the interval,

V. 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.

A, Lift Perpendicular to the Orbit Plane

For a flat plate with angles of orientation
with respect to the N, T, W coordinate system
given by (@, = constant other than zero, ¢, = 0),
1ift forces will be produced in the W diretfion
which is perpendicular to the orbit plane. The
aeffect 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 atmoaphere, For comparison, we took the
case of a non-rotating atmosphere with an aero-
dynamic 1lift 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 1 and right asrension of the ascend=-
ing node () As pointed out in referpnce 15, the




perturbations in {} caused by asrodynamic forces a, The atmospheric rotation effect on 1 de-

perpendicular to the orbit are less than .1% of creases since it is proportional to the ratio of
those caused by the oblateness of the earth. The V_ to v which decreases with eccentricity. The
inclination 41 1is not affected by earth oblate- afrodynamic 1ift force is not affected by e since
ness to such an extent and is therefore a sensi- L/D 1is independent of velocity.
tive indicator of asrodynamic forces perpendicu- -
lar to thé plane, : B, In-Plane-Lift Forces Constant in Direction
The characteristics of orbital inclinatiom Consider now a flat plate with angles of
changes caused by asrodynamic 1ift were found to orientation such that § . = O and §__ = constant
be not much different from those caused by atmo- (other than zero), '.t‘h:l.g orient:at:lgz would pro-
spheric rotation acting on a pure drag satellite. duce a 1lift force that is in the N direction and
One difference is, of course, that the imagnitude constant in sign around the orbit, Two cases will
of component of drag force in the W directiom be considered, (1) L/D = .5 with the 1ift force
caused by atmospheric rotation is proportional to directed always in the positive N direction and
8in 1 whereas aerodynsmic lift forces are inde- (2) L/D = .5 with the 1ift force directed always
pendent of i, Therefore, inclination changes of in the negative N direction, As pointed out above,
near zero inclination orbits must be caused by equation 12 shows that these 1lift forces do not
aerodynamic 1ift effects only, since atmospheric cause g change in a to first order,
rotation can have no influence at zero inclina-
tion, For comparison purposes, the 1ift induced We investigated the change in a and & (A a/
rate of change in inclination with no atmospheric At and A e/A t) at a point near perigee, but al-
rotation was normalized with respect to the in- ways after perigee, using the numerical methods
clination rateg of change for a pure drag satel- described, The results are given in figures 3, 4,
lite at 1 = 45 1in an atmosphere rotating at the and 5 in which the effect of 1ift and the effect
earth's rotation rate, These results are pre- of atmospheric rotation are both compared to the
sented in Figuge 2 for L/D = ,5 ind L/D = .1 effacts caused by pure drag only with no atmospher-
with By = .2 m /Rg and B = .1 m“/Kg. i{c rotation, The notation is used to signify

that the lift force is in the N direction,

Figure 3 shows that A a/A t is positive or
negative depending upon the orientation of the
LwiD - 6 11ft vector, The magnituda of the effect is de-
pendent on the eccentricity, being larger for
smaller values of e, Also plotted in Figure 3
(66t = Rate ematting from rorath is the effect gn A a/A t due to a rotating atmo-

0 monphers (481 T sphere (L = 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-
CE lone. The 1lift effects are second order effacts
;_I'\ 50 as pointed out above while the atmospheric ro-

- tation effects are first and second order, The

|

10

T T T

Lw/D =1 first order effect due to atmospheric rotation
- comes in because the force in the T direction 33
28 / decreased by the wind for 1 between 0 and 90°.

Figure 4 shows that the effect on e has much

the same character as the effects on a.
12 90" Lw from rotating stmosphers
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FIGURE 2. Out-of-Plane Effects On Orbital 10 \
Inclination .

The notation I.‘g is used to signify that the 1ift .9
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 e igctor Ly = 0
2 also shows a comparison of the atmospheric ro- w7

tation at 1 = 90° with respect to that at i = 45°. /
The effect is proportional to the ratio of the )
sines of the angles as would be expected, i 2

[ - - - - -

. I ' i 1 1
. . .7 ]

Initiel Eccentricity, ¢

1
-

. Pigure 2 shows an increase in the rate ratio
as a function of e. The reason for this increase FIGURE 3, In-Plane-Lift Effects on Semi-Major
is dus to the decrease in di/dt for the atmo- Axis Decay Rates
spheric rotation effect as e 1s increased since
the inertisl velocity near perigee increases with
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Figure 5 shows the dependence of A a/A t on
perigee height for two eccentricity values e = .2
and ¢ = .8, Below a perigee altitude of 130 Km,
the rotating atmosphere effect is seen to tend to
reverse wvhile the 1ift effects become larger and
do not change sign as does the atmospheric rotation
affect,
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FIGURE 5. In-Plane-Lift Effects on Instanta-

neous Semi-Major Axis Decay Rates
as a Function of Perigee Height
The effect of constant lift on the orbital

1ifetime 13 shown in Figure 6. The lifetime is
couputoc‘i from time of initial conditions until the
altitude becomes circular, Although the computation
technique was not desirned to handle zero eccentric-
ities, little error is involved since the orbit
eccentricity usually would become zero from ini-
tially high values only very near final decay, The
1lifetimes are 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-plane 1ift
effects tend to decrease the 1lifetime for high ec-
centricity orbits, independent of the direction of
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PIGURE 6, In-Plane-Lift Effects on Satellite

Lifetimes

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 increased,

With reference to equation 16, the effect of
constant 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 agerodynamic values used by
Cook, we evaluated & for low and high eccentrici-
ties and compared the results as seen in Figure 7,
The comparison with the Cook result is seen to be
good at the lowest eccentricities used in our numers
ical work, In addition, our results show that
for higher eccentricities continues to decreasea with
increasing e. )

C. In-Plane-Lift Forces Which Change in Sign at

Perigee and ae

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 space., Two cases arise; (1) 1ift in positive



10.0000
Cpa30
‘A/m« 01 mzlkg
1.0000 Angle of incidence = 45°
Hp = 200 km
Cook (14)
© Computer program
Cor L1000
>
.35| 3 o
o
0100
-]
©
q
010
0001 — A S S S
1 2 3 4 5 6
Eccentricity, @
FIGURE 7. Argument of Perigee Rate of Change

with Lift and Drag

direction of N before perigee and in negative di-
rection after perigee and (2) 1lift 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 term
in the equation for de/dt (Eq. 13)either always
negative, case 1, or always positive, case 2.
Case 1 i8 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 1lift are given in
figures 3 and 4, Values of A e/T where T 1{is
the orbit period were computed and found to agree
well with the results published by Cook and will
not be presented here. Of spacial interest, how-
ever, was the effect of the discontinuous 1ift
cases on orbit lifetime which was not considered
by Cook,

The lifetime of the orbit was found to be
strongly affected by the discontinuous 1ift 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 1lift-
ing satellite and with no atmospheric rotatiom.

The lifetimes for case 1 lift 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 8in E i8 Neg. N sin E 18 Pos.
.1 1.7 .52
.2 3.2 .48
3 3.5 .41

the eccentricity was increased, The case 2 lift
history 18 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 lift 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 ..

=E=00 S H

given by

r, = (1-¢e)a (35)
The time derivative of rp is
TR _ (e 2, de 36)
e dt dt

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

o dr
HE =1+X (d_tz) + (higher order terms)
o

a7

where X 18 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 fp,

VI. Conclusions

Satellite 1ift 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 that
an L/D of only .01 would produce an orbital in-
clination rate of change of a magnitude nearly 257
of that attributed to atmospheric rotatiom. 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
1ift directed either positive or negative along N
about the orbit causes a reduction in lifetime at
high eccentricities, (2) a discontinuous 1ift with
change in sign at perigee agnd apogee, such as to
have positive 1ift before perigee, causes increased
lifetime over & drag-only satellite, (3) a discon-
tinuous 1ift change of the other type, in which
the lift 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
1lift and may be in error in absolute value. We



found it difficult to put a realistic estimate of
error on the results obtained., All work weas car-
ried out in double precision and the step size was
decreased until no changes in previcus results wersa
found., We did find variations from the smodth
curves of figures 3, 4, and 5 of the order of 1 to
5%. The results are considersd accurate enough to
indicate tha controllability of satellite orbits by
1ift,

The results show the influence of satellite
1ift on the orbital elements and also open the
poasibility of utilizing satellite 1ift to nomn-
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 syastem and its fuel-could then be used
as payload.

. Future work should be done on the observation
of lifting 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 analyais'of falling
sphere drag data is deacribed 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 1a used to obtain an improved value
of atmospheric dennity. The technique is applied
to a set of falling sphere data in which a sphere
transition-flow parameter and atmospheric density
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
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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 Petersgon,- Hansen, McWatters and Bonfant:l,3 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 = % p VZCD A = ma (1)

is then employed to deduce the density, p, where V
is the velocity, Cp is the drag coefficient, A s
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, is usually
employed to obtain a value of Cp. A density value
18 then determined by solving equation (1). Since
Cp 18 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,
Alabama.
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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 aerodynamica. 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 a8 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 still 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 illus-
tration, the falling sphere data of Peterson,’
et al. and Peterson and McWatters’ is analyzed
using one of the proposed techniques.

Basic Theory of Dual Falling
Sphere Experiments

Consider an experiment in which two sphere
drag measurements are performed in the same
region of the atmosphere but at different
velocities.
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-Dl E- [e] 1 CDl Al. . (2)
Da = l 0 V.2 Cn. A. 3)
Do 2 2% Dy \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

CD1 (D, Ba v]_) * CDZ (D, n: Vz) (4)

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

P = p (D1, Dy, V3, Yy, Xl: xz) (5)

B=B(®,D,V,V,A,A) (6)
4L L 4 &

2 2
In the process, not only is a value of density
obtained but also the two drag coefficients are

determined for the two cases.

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 (, B’! B‘! B}- e Bm) €
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 “ee Dnﬂ-l!vl’ vz' sees IIH‘IAI’AZ”.AIIH'I)
By = By (Dl' D2, *** Dp41s V3 seens)

By = By (Dl' Dy, *** Dpigs vl seees) (8)

Bm - Bm (Dl’ e e Dm-f-l’ vl' ..'-I)

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 tdtal 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

Determination in Free Molecule Flow

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

s = V/\/2 RT (9

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

o 2 (bl e

2
1,1 e
=4 == 1+K
(s zs’) N ]( )
where K is a factor of order unity dependent on
the gas surface interaction.

(10)

The drag coefficient 1s found to be inde-
pendent of density in a free molecule flow. The
nature of the dependence of CD on S is better
illustrated by the expansion of equation (10) for
the cases of large and small values of S. The
results are

2 Ts1, 8 8 .
c -2 81,8 g_ 8 o)
Dm n[as 15 240 ]( )
(11)
S < 1.25
1 1
CDfm- 2[1+—S-2- Q—Sr] (1 + K)
(12)

S > 1.25

Equation (11) shows that Cp.  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 feagible and fruitfully applied in this
region. Consider two sphere drag measurements
at free molecule conditions
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2 PV Cpgy (T ¥y, Ky) (13)
my ay/Ay = %‘pvz* Cpey (S20 K2)
=Llov2cy, (T, V,, K,) a4)
20%? Gy (T, Vy, Ky

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

.1 .1
1.2
(15)
)

1.
2 ViCp, (T Vau Kp) Ay

Equation (15) now containe the unknowns T, Ky and
Kg. 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,

Kl - K2 = K (16)
and the common factor (1+K) can be eliminated
from equation (15), leaving a single equation in
the unknown temperature T. Therefore, from
equation (15)

Tw=T (m1 a;, my &, Vl, Vz. Ay, Az) a”n
and either equation (13) or (14) may be used to
obtain

oo [=a oy (1, v, W) (18)
Notice that the value of K becomes important in
determining the value of density but is not
required in determining temperature.

Discussion of Proposed Free
Molecule Analysis

The above procedure would provide a more
accurate measurement of temperature at high
altitudes than that proviged 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,
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however, is independent of the density 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 the 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 1s 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 i8 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

Kna.———
pr

where r is the sphere radius. Therefore, write

E/kn 2 C3pr (20)
where Cq will be termed the tramsition flow onset
parameter. Since Cpgp 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 (2D)

CD = ¢Cp (Ps C3, T, V, K) (21)

Since Cp contains four unknown parameters,

two parameters must be assumed in order to perform
dual fuldy sphere analysis in the transition (falling)
Legime. The value of temperature will be assumed



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 = 0, independent of the degree

of accommodation to the surface temperature. -
Therefore, C3, 18 chosen as the unknown parameter
which will be determined in the analysis in
addition to the density p. The value of C3 1s 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 gimilar to the free molecule
flow analysis. Consider two drag measurements
in the transition regime at the same region of the
atmosphere but at different velocities.

1 -
Dp=5 PV ["%1+ (CDgpy = Cpcy ) € C3pt] A

o (22)
1 -
Dj =3 0% [CDcz+ (Cogny = Cpcp ) € CSpr] A

where the spheres are taken to be the same size so
that Aj = Ay =Aandr, = r, =r, The quantity
exp (~C3pr) can be eliminated in the above
equation giving a single equation in the unknown
density p.

1,2 1y2
. (Dl/-ZV].A) (CDfmZ_Cncz)_(DZ/'szA) (CDfml-chl) 23)
.y ®Deny” Doz CDemy

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

1 2 1
3 (D/5 V5 A 5 ~C
C3--%ln 2 p D¢

(24)

Cpfm ~ Cpc

~ 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 consist 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 isopentane having an inflated diameter of
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0.66m and a mass of 50 grams. The 0élocityl
altitude history of a typical flight is ghown in’
Figure 1. In this particular f£light 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 ag 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:

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

Sounding 2;

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 ¢ in the
following relationship

G cD)published 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 than
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 (iT) 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. S. Standard! for the region between 80 and 120
km.

Discussion of Results for 66 am Spheres

Values of C, were calculated in the region
of overlap for each of 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 '

C5(8) = 3.8200 x 10% o?/kg

C4(13) = 3.2352 x 10° m?/kg
c3(14) = 5.2345 x 10* m?/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 associlated 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 Cq 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

pumpn X T RN

to a small leak in the inflated s

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
McWattera’ consisting of results obtained from the
first tests of the accelerometer system. The
method of analysis was the same as used on the
66cm data. The result obtained was

C3 (7 in) = 1.5583 x 10° n¥kg

This result 1s 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
66cm. 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 Density Calculations and
Discugsion of Results

After determining a value for Cj, the drag
data taken in the origindl 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
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C3 = 4 x 10°m?/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 18 correct in this region as
discussed in the following:

In the 90 to 100 km region, the 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
is8 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 102 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 10X higher density
18 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\/;73Sw was used where S, is the speed
ratio molecules would have if they obtain the
temperature of the sphere wall, Tw = 300°Kk. Values
of K which would compare more to the assumption
made in reference 3 were attempted but the results
for C3 obtained for higher values of K were not as
consistent as the ones obtained with K = 0. 1In
some cases, no solution for C3 could be found for
K greater than zero. These results tend to



indicate that K = 0 is a proper choice but more
conclusive evidence 18 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 C3 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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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 much
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 molecule 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 sphere 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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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 results. 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 67 accuracy the sphere drag results obtained by the
ballistic range method by Bailey and Hiatt.5 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 (Tw/’l‘°° 1). The results then have
application, for example, to falling sphere data analysis where Tw/Tm;a 1

but would not be applicable to wind tunnel data where typically Tw/T°° >> 1.

The Bridging Relationship
The bridging relationship used in ﬁhis work is a modification of
that developed by Matting6 and also given by Rott and Whittenburg.7
Using a first collision, two fluid flow approximation, Matting obtained

the result which can be written as

c.=c¢ +(c -c ) e - E/kn (1)
D D D D
c FM c

where CD is the drag coefficient, CD is the continuum drag coefficient,
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 Remf 104,
FM

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

D °
which is what is observed e;pe:imentally. 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.5
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

- E/(Kn)x
c.=C_+ {C - C e (2)
D b, (DFM D, )
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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.

Méfﬁoh of:Dete¥h1nétibhlof Fréé Paraﬁeters

-Tﬁe:véldéé'af freé ﬁar;metéré afe determinéd ffom a bégi.fit to
expefiméﬁtél.dété.. fhe ekpériméﬁtal dafa ﬁsed heré is that repoftéd by
Balley and Hiatt® which are obtained by the ballistic range.méfhod for
whiéﬁ'&w/Tm.= 1 and édvérs a,range in Méch Numbers from 0.1 t6“6.0 and
a ranéé in Reynéld's ﬁumbers.from 15 to 50,000, Due to a lack of coverage
in.the tfansitioﬁ regime at the lowest Mach Numbers, thé data used in
this work is limited to between M ~ .72 and M_ ~ 6.0. Also, since only
6 of the 356i data points in the range have 104 < 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 application 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 M@’ Rem, and CD are given from

which a Knudsen Number can be derived using1

1
Y M
Kn=%=(-499€)ﬂe_ N

[=~]

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 coefficient8

is given by
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where erf 1s 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 Equa;ion 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
¢ el =8 L8 5.8 Slaiy 5
Doy r‘n [ 3 s 15 210 ]
1
CD (6 >1.25) = 2 1+-—2-—4 (1 + K) (6)
M sZ  4s

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

G, (M2 1.0) = .92 + .166/M - .366/1 1)
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

G, (1 <M<1.0)=.403 - .162 W+ st (8)
[ o]
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Using the relations given above, the data in a given Mach Number
group were used to find the best vélues of x and E 1; a least squares
sense. .The least squafes equétibn was written and the partial derivatives
with respect to x and E were found. A computer program wasldeveldped to
find.tﬁe values ﬁf %x and E which made the derivativeé_zero and thefeby :

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 secomes
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 piot 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 thg bridging reiationéhip to underestimatelthe CD value in
the iO-3 < Kn < 16-2 range by about 5% intsome cases. This is likely

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 E 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 .96 - .97 10 L4144 .212  -,020 .123
.989 .98 - .,998 8 L4148 .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 - 1.45 28 .4210 .212  -,028 .075
1.55 1.45 - 1.65 32 .4238 .212 -,031 .050
1.75 1.65 - 1.85 23 .4270 .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 5.8 -6.2 33 .4950 .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 and 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/Tm ~ 1.

Due to the unique nature of the Bailey and Hiatt data (i.e.,
Tw/Tm = 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, CD vs M,
(Fig. 2) for 0 < Kn < o 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.1 The results
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at M = 6, Kn = 5 give CD/CD = ,956 which shows that the free molecule
fm '
limit has not been reached at this value of Knudsen Number. A value

of CD/CD = ,99 is found to be réached for M = 6 at a value of Kn =
fm Co :
100,

The free molecule limit was found to be of importance in the de-
velopment of the bridging relationship since K had to bé adjusted to neg-
ative wvalues in order to obtain an accuréte fit, This implies a free
molecule drag coefficiént_less than two for the ﬁigh values §f ﬁach
Number tésted. 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 others are obtalned in low density W1ndtunnels
whereas the experimental data employed in this study was obtained ex-
clusively from ballistic range data, The'higher surface-to—gas—tempe;a-
ture ratios that occur in windtunnels cause higher free molecule drag
due to the energetic reflection of molecules at the surface. This effect
is clearly shown in recent sphere drag experimentsg’10 in which C
1s found to decrease as Tw/Tm is decreased. 1In fact, an extrapolai?on
of the data of reference 10 down té 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 Céok11 iq which he proposes that the
lowest possible free molecule drag:of a séhere is 1.5. The lowest value
implied in this work is 1.844 at M = 6 whgre 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
. sg :



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/T°° # 1 experiments.
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FIGURE CAPTTONS

Figure 1. Comparison with Equation 2 of Sphere Drag Coefficient-Data

Figure 2,

(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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CHAPTER VI

IMPROVEMENTS IN FALLING SPHERE DATA ANALYSIS IN THE 80 TO 120 KM REGION
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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 énalysis.of falling spﬁere drag data is a principle means of
density and temperature determination in the 80 to 120 Km rggién 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
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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 1s then used in the drag equation

Drag = —%— p v2 Cp A ¢y

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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2z
p(z) = - f gpdz +p (z) 3)
Z

(o]

_ The temperature at z is obtained by substituting the values of p and p

SO :

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, f;om 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 ;he practice of downyard 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/m3) and the low Mach numbers
66 ~ -
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(1 to 5) experienced by falling spheres in this Tegion, the aerodynamic
flight regime is classified as the transition flow regime (Ref. 2). Thel
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 fo be ésnsidef;d
free molecule but two rarefied to be considered continuum. While thé‘freé
molecule and continuum valpes of sphere drag coefficients have long been
well known, the values of CD in the transition flow region have only re-
cently been measured to adequate accuraéy;

The purpose of this paper is to report on improvemehfs madé‘iﬁ fhe
falling sphere method of.analyéi;. The most important of which is é; im-
proved relationship fér the sphere drag coefficient which hés estimated.
accuracy of at least 5% over the range applicable to falling sphere tra-
jectories, The second improvement in the analysisiié to employ both the
ascent and descent trajectory data in the data reducéién. These improve-

ments are applied to published falling 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 anmalysis (0.1 <.
M_< 6.2 and 20 < Re < 105). These data were obFained 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. 1In 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.4 The sphere drag bridging

relationship thus developed is given. by

x
c =c +e "E/a®M)T . -Chy (5)
D D D c
c FM
where a = ,499 8 and where C and C are the continuum and free
i
c FM

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 by4

3
¢, (s<1.25) = —i ( e ) (1 +K) (6)
FM : 3 m
- 1 1
CD (s >1.25) = 2 (1 + — - —4> (1 + K) (7)
FM S 45
C, (M3>1.0)= .92+ .166/m - .366/M° (8)
Cc
2 4
C, (\1<ME1.0)=.403 - 142" + .459M (9)
c

where

S = V/4J2 RT and M = V/vYRT (10)
W L .

where y is the ratio of specific 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 (11)
K = -.002438 - 01842697 M (12)
E = .212 (13)

The use of Equations 6 through 13 in the spheré drag bridging rela-
.tion given in Equation 5 provides 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, wvalues 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, L, to the
characteristic length of the object., We take the characteristic length

to be the sphere diameter, 4 . Therefore,

Kn =4/ d (4)
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 = (2 W nod (15)
where ¢ 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 - w—/-tgi— 02) (16)
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where NA "is the Avogadro constant. Using a value of g = 3.72 x 10-10m'

which is representative of airs, we obtain

-9 W
Kn = 2.7 x 10 ~pd . (17)
3
for p in units of Kg/m~ 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 we{ght$; 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 z2 (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 5
density profile is obtained (to be discussed in the next paragraph) using
the assumed temperature profile, a new temperature profile ﬁay be con-
structed. This process is repeated until the values of both temperature
and density no longer change beyond a specified error limit,

cnofficient hae haan written ae a function nf dengitv
ceerficient nasg been written as a runcition or densit

L%~

the drag equation becomes of the following form

1 2 -bp* ’
Drag = ——p V A C +e P (. -c.) (19)
D D D
c FM .: ¢
where b is defined through Equation 17 and 5.
b = E/(2.7 x 1072 w/d)y* (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 liké Equation 19 by iterating between tabulated‘CD values
and using the siéple 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 dens??yf;esults 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
fa}ling sphere measurements made by the group. The data of interest is
the density, Py? 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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1
(Dmg)n 5~ P Vo Sp A

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 5%?

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 inifial_profile, the only one of importance is
the one given at the altitudg 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 460°k which is based
on the 15°N Annual model given in Reference 6. For cdﬁparison, 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 applicable 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 is 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 orig-
inaiﬁ analysis ﬁf thié-daté by Peterson,‘eﬁ al?; the asceﬁf énd descené. :
trajectories were analyéed separately; That is, the downward intégratibﬁ
requiréd for temperature determinafion was begun again-at the top of fhé
descéﬁt.trajectofy with a témperatﬁre éhoice based on USSA31;62.H The |
temperature thué chosen at the top of the descent trajectorfsis p;tentially
efroneous, 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 trajectéry whicﬁ
employs the ascent temperature values and an isentropic relationship. The
ascent temperature values in the 100 Km region are considered to be more
accurate than the higher altitude values since this corresponds to two
scale heights below Ehé 120 Km altitude where the temperature is taken
arbitrarily to be 460°K., |

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

Step 1. Density profiles aré 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 reiationship is employed to find

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

Yy -1
RORBRACH (SORENOY
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Qhéfe 9 ié the ratio 6f épecific heats. In using this relationship, wé
;ré aésﬁming that ﬁhé densities which have.been measured at the same
altikudé by tﬁe drag ﬁéthod Are different due to aﬁ isentropic process.
Theléphere‘tréaecisry is such ﬁhat at.abéut 100 Km altitude, the ascent
and deécent trajectories are about 80 Km apart. Wave motion in this
fegion of the aﬁ@osphere could then account for the differénces in density
which.aré seen. Over the length and time séales of Interest here, the |
assumption tﬁat such processes are isentropic is reasonable.

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

Step 5. Based on the new temperature values,léalculate 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 ;bove 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 gtx flights had only one point in common while flight # 13

was found to have 12 data points in common (data is provided approximately

every kilometer, on the kilometer).
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Results

Density and temperéture profiles were obtained by the methods de-
scribed above for the six falling sphere fiights 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

n

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 Qalue 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 Overla

Figure Number Sounding Number Time & Date of Flight Altitude Altitude Range
3 2 : 0257 March 29, 1963 100-120 102-80 100-10

4 3 . 0328  June 18, 1963 99-120 102-80 99-10

5 8 . 1458 Nov. 14, 1963 104-120 109-80 104-10

6 12 1820 March 13, 1964 99-120 104~-80 99-10

7 13 1125 May 12, 1964 96-120 107-80 96-10

8 ._14§ﬂ3 0101 June 17, 1964 102-120 102-80 120

5 E iy
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Srandard Devietion

DePARTURE (PERCENT)

Fig. 1. Departure from standard atmosphere of the mean and standard
deviations of 13 density measurements deduced in the original
experiments at Kwajalein Island (plot is copied from Ref. 2).

1000 1 Velssity, Seunding 3

Veloolty , m/eee

Fig. 2. Velocity-altitude history for falling sphere sounding 13
in which ascent and descent trajectory overlap.
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FREE MOLECULE DRAG AT SPEED RATIO LESS THAN UNITY
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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 one) and
(2) have velocity with respect to the gas which is much less thén 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 perfeét]y 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 of 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-sphericaT objects
ih order to investigate the influence of shape at very low speed ratios.
The drag coefficients were obtained by employing the expression
fof force acting on an element of surface in a free molecule flow valid
at any speed ratio and taking the component of that force which acts
sin 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

D

= _r
D= D, (1 + Di )

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

_ . 8
Di(sphere) = - e r? \’21r RT V

The attached figure presents examples of values of DE/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 Dr/Di 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-
tatidn 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 ve]ocity.yector, the force coefficient for
a given object would be an average value. 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 diffusé 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

Proposal 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-
scoplc 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. TFor 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 Brownian 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 and its application. However, with
the unique environment which will be provided by the Spacé éhuttle, 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 and 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

dt

»

m = -m ﬁ v + F(t) ¢H)

N

where B 1is a drag coefficienf and wﬁere 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

2 = ———2kT2 @t -1+e  PY (2)

m3

which has the limits for t large compared to B_l

— _  2kT
2 = Gt 3)

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

B-l the result is

t 4)

where u is the initial velocity of the particle.

Other quanéities’mmy.also be calculated. For example, the mean
square velocity of Brownian particles all starting at velocity u is
w = kT <u°2-3—1') 2Bt )

2 () m m
u

and the velocity distribution function of the particles is given by
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G(u, u, t) = = . exp{z= - .
o’ ~ : (2 mk T(l-e 2 Bty ) ‘ lzwr. 1 .- Bt

which shows that the particles eventually ;each_a_Maxwell-Boltzmanﬁ
distribution. o | o S

The above results are all fog what is called,& frée part%clg;'nu.
That is, the only forces acting on the Brownian particle are the drag
term mgv and the random forcing term F(t). For the case of Brownian
motiop in an external force field, 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 harmopic force field at frequency w . Three cases result
and the solutions for the mean square displacement under these conditions
are provided.

Overdamped case; 8 >> 2 w

—5 X = EEE + (x 2. kT%) e.Bt (cosh w't + _ﬁ__ sinh u)'t)2 N
x* % mw ° m 0 2 w
2
where ' = —%— - wz
Critically damped case; B = 2 w
2
= - sz +(x02’ sz) (1+ th) .-Bt ®
X ° m Y m g

: 2
=y =KL . (42 kT e Pt [cos w t + 5B~ sinw, ¢ 9
2 %o o 2 1 2w 1
X m L mw 1
2 2 EZ
where wy = woo- 4

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 (iL.e., for

t >> B-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 arraﬂge themselves in a barometric distribution with
respect to the gravity vector.

Solutions for other observable; 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 field
were not found in the 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. 1In 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 receiﬁed preliminary consideration.and_will be described
briefly. |
A. Particulate drag in the transition regime

As 18 well known, Brownian motion is observed in both liquids
and gases, The drag or friction coefficient, 8, 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 vary 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 has 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

Brownlan 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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moleculés of the surrounding medium. ' The free moiecule regime 18 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 partiéles 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 velocit& distribution. to determine the friction
factor B, ' The value of B determined in such an experiment can be di-
rectly related to the effect of the gas surface interaétion. 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 to 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
Ornstein 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 >> a—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 >> B are the same for both the Uhlenbeck-Ornstein and
the EinSEeiﬁ;Shoiuchowski theqries and thus such results can not be used
to distinguish the theories. Due to the difficulty in making measuré;'.
ments in the short tiﬁe on earth,'thére'apﬁears to be litﬁle, if any,
experimental verification of the Uhlenbeck-Ornstein theory. It is,
therefore, proposed that since the éero-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 forlthe 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 experiﬁental development will be
undertaken to test observation methods, data collection methods, and

data analysis techniques.
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B

An Experiment Using the Molecular Beam Apparatus Proposed for Space Shuttle

Title: Aerodynamic Force Measurements in Space

Principal Investigator: Dr. Gerald R. Karr, The Yniversity 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
becaﬁse of the lack of information the proposed experiment could provide.
Aﬁaiytic stﬁdies reveal that satellite aerodynamic properties are a strong
function of the character of the force-cause& 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
séfellites 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, 1ift, and
torque characteristics., Such knowledge 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 equipﬁent 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 objéC£ive of this study is ﬁo determine the feasibility of’
‘performing a gpace e#periment to measure the aerodynamic forces on sur-
faces as a function of gas and surface propefties and surface'orienfation.“
Th; study 15 diﬁided into three areas: (a) ﬁéthods of making measurements,
(b) Séléction of surfaces ahd'sﬁrfaée conditions, and (c) Correlation of
results with gas proberties.

(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 bf
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 facfors of interest are the influence of surface
material, aurfage 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-
fluencé of the individual factors. The surfaces selected will span éhose .
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 longitu&e,
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 éttached) who has done considerable work on the theory of the gas
surface interaction and satellite aerodynamics, Since Dr. Karr has pri-
marily theoretical experience and capability, there is a recognized need for
cooperatioﬁ 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, teﬁperaturé,
velocity and altitude measurements from falling sphere experimenfs.
Also in the input data are the densities and drag coefficients ém-
ployed by the original experimenters so that acceleration data can
also be deduced. Both ascent and descent data are employed. 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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RRUN» /TP LLSGA:UAHXXXXXXXXXrtNVIP-DYN-bKob'150

XXF(S)= «399+.U16%*S

GSIF(S) = «9975617977~.018426966*S"

DIMENSION C30(9nu)oC3A(900)oRHO(900)oCDCD(900)vDACHD(OOO)aCDFMD(Qo
10)-¢SRD(900) »CDCA(90U0) »DACHA(900) r COFMA(900) »SRA(S00) » VRATIO(900)

DIMENS1ON VAOR(900)VDOUR(900)

DIMENSION WVA(S0U0)wVD(900),CVA(900),CVD(900)»ALPHVA(900) »BETVA(90
10) +BETVD(900) +ALPHVD(900)

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

DIMENSION wWD(9UO0)

DIMENSION ALT(Y00)+YAOK(900)»YDORI(900)

DIMENSION WA(900)+:CA(900),ALPHAA(SUN) +BETAA(900),T1(900)¢T2(900),
173(900),YA(900) ¢ YL(900) +CD(90U0) ¢ ALPHAD (900) »BETAD(900) »BD(300) /BA
1(900)

DIMENSION AA(900) ¢RHOA(900) ,CDA(S00) +RHOD(900) »COD (900) +AD(900)
1TEMPA(9S00) » TEMPD(Y00) »VA(900) »VD(900)

10 READ (5,302) (SA)
302 FORMAT (13)

READ(5¢250) (C3/F)

READ(5+301) (MA/MDsNeALTM)

READ(5¢300) (AA(T) +RHOA(TI) »TEMPA(L) +CDA(T) s VA(TI)oI=1+MA)

READ(5¢300) (AD(T) ¢+ KHOD(I) o TEMPD (1) »COD(T) s VD(I)»1=1+MD)

WR1TE(6+251)(C3sE)

WRITE(6+304)MAIMDINIALTM

WRITE (6+,303) (AA(1) +RHOA(L) »+ TEMPA(TI)»CDA(I) s VA(I),I=1¢MA)

WRITE(6¢303) (AU(1),RHOL(L) ¢ TEMPD(I) +CDD(I)»VD(I)}»I=1sMD)

304 FORMAT(///3HMAZ» 14 +»3HMDZ ¢ Il y3H N=» I8 e SHALTMZ»EL1N.S)
303 FORMAT (L4XrFBe4r2XrEB4e2XrFBUr2XsFBolte2XeF9.4/)

GAMMAZ=1.4

PI=3.141592653

CONVEMZ (GAMMA X ,5) *%,5

DO 80 I=1.MA

AT(I)=AALI)

80 TEMP(I)=TEMPA(I)
DO 81 1=1.MD
AT(MA4I)=AD(]) , ’
81 TEMP(MA+1)=TEMPD(1L)
MT=MA+MD
300 FORMAT (F7e3+Ebe3+FB8.4sF5.3/FB.2)
301 FORMAT(313+F6.2)
DO 70 I=1,MA
70 WA(I)=1.0
DO 71 I=1,MD
71 WD(1)=1.0
WRITE (6,3U5) SA
305 FORMAT (4Xs 17HSOUNDING NUMRER =»13/)

WR1TE(6+201) -

DO 2 I=1,MD

YID=RHOD(I)*CDL (1)

SXL=SXD+AD(I)

WRITE(6,100)AD(T)»YID

YSALOG(RHOL (1) »CC0(I))

YD(1) =Y
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60

61

30

CONTINUE

WRITE(6+200)

DO 1 I=1l.MA :

YIA-RHOA(I)*LUA(I)

Y—ALOG(RHOA(I)*CUA(I)) :
YA(I)=Y : oo : !
WRITE(6»100)AA(TI)eYIA : :
CONTINUE

WRITE (60200)

DO 60 I=1,MA

WRITE (6+100) AA(l)'YA(I)

WRITE (60,201)

DO 61 I=1,MD

WRITE (6,100) ADU1).YD(I)

N=81

DO 30 K=1eN

ALT(K)=ALTM+ 5% (K=1)+10.0

LT=0

JT=0

KFT1=3

KT=3

KD=2

KA=2

KFA=2

KFp=2

KCA=2

KCDh=2

LA=O

L0=0

JAZ0

JD=0

KVAz=3

LVAZ=OQ

Lvu=0

KVD=3

JVA=(Q

JVO=0

KFvAZz3

KFVD=3

CALL ORWHLS (AT eTEMPoWTMT LT o JToCToALPHAT BETAT /KT rT1eT2»T3¢INDLT
1) -

CALL ORTHLS (AAY YArWAIMALAsJARCA)ALPHAA'BETAA KA TL1eT2:T3¢IND1A)
CALL ORTHLS (ADs YU r WD oML oLD»JDsCDsALPHADYBETAD'KD»TL1e T2 T30 IND1D)
CALL ORTHLS (AA»VAIWVAIMALVA,JVAPCVA ALPHVA'BETVAKVA,T1,T2,T3»IN
1D1vA)

CALL ORTHLS(AD VU eWVDsMDoLVN e JVD 2 CVD 1 ALPHVD ¢+BETVDeKVDeT19 T2, T3¢ IND
11vD)

11=0

WRITE(60103) INDIVArlIeCVA(L)»(TIIsCVACIT+1),ALPHVA(II)BETVA(II),
111=1,KVA)

I11=0

WRITE (6¢1U3)INDLIVLeIZeCVD(1) o (TXoCVD(IT+1) ALPHVD(II) BETVD(TII),
11I=1,KVD)

I1=0
HRITE(GDIOJ)lNUlelIoCA‘l)o(IIOCA(II*I)OALPHAA(II)vBETAA(II)OTI 1
1KA)

11=0
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WR1ITE(6,103)INDIO 1T sCOC1) o (ITrCO(LI+1)sALPHAD(TII) BETAD(II) »TI=1,
1KD) -
I1=0 :
WRITE(6+103YINUIT LT eCT(L)r (IToCT(I1I+1)/ALPHAT(TII) BETAT(II)»11I=1
1:KT) : ' -
103 FORMAT(/Z/713/7/772X e L4 o2XeE20e72/7(2X01lhe2Xe3E20,7))
CALL COEFS (JA2CA+ALPHAABETAAYKCAsBAYT1,T2,T3¢IND2A)
CALL COEFS (UD»CDrALPHAD'BETAD'KCD2BROeT1,T2, T3¢ IND2D)
CALL FITY(ALT NeJA'CArALPHAA)BETAA/KFA»YAOReT1,T2,IND3A)
CALL FITY(ALT/NeJLeCOsALPHAD'BETAD'KFDeYOOR»T1¢ T2 IND3D)
CALL FITY(ALT'NoJToCT,ALPHAT/BETAT+KFT+TOR»T1sT2+,IND3T)
CALL FITY(ALT/NrJVA,CVAPALPHVA'RETVA/KFVAIVAOR»T1,T29IND3VA)
CALL FITY(ALT/NedJVLUYCVD'ALPHVD 'BETVDKFVDeVDOR»T1,T2»IND3VD)
WRITE (6¢500) (KoALT(K) ¢+ TOR(K) ¢ VAOR(K) P VUOR(K) oK=1sN)
500 FORMAT(//3Xs1HK»SX»6HALT(K) »8X+s6HTOR(K) 18X s 7HVAOR(K)8X e 7THVDOR(K) »/
1(2Xe13¢F10e4¢3E15.0))
WRITE (6:450) (ToHA(L)sI=1,KCA)
WRITE (6,451) (I.BO(I)sIZ=1eKCN)
450 FORMAT (//74X21hYedoXeSHBRA(I) v/ (2X0e15¢3XeE20.7))
451 FORMAT (//74Xe1H1915XeSHBU(L) o/ (2XeI5¢3XeE20.7))
WR1TE(6:,202)
DO 3 I=1.N
EANMZ24 ,68+.1235%ALT(I)=,000875%ALT(I)*ALT(]Y)
RG=8314 . 34/EANM
SRD(II=VDOR(I)/(2.%RG*TOR(1) ) *x%*,5
IF (SRD(1)=1.25)1959195¢196
198 S=SRL(I)
CML = S/CONVSM
GS1 = GSIF(CMD)
COFMDIL) =(2./7(PL1%x%,5))*%(Be/(3:%S)4+8e%S5/15,~8+%5x5x%x5/210+)%GST
G0 TO 197
196 S=SRU(I)
CML = S/CONVSM
6S1 = G6GSIF(CMD)
SI2=1./(5%S)
SI4=5122512
COFMD(I)=2e2(1,.4+S512=.25*%ST14)%GS]
197 DACHD(I)=SRO(T)/CUNVSM
ODMZ=DACHD(I) :
COCA(I)=.924+,1660714/DM=,3660714/ (DM*DMX[DM)
VRATIO(I)=VAOR(I)/VDOR(I)
SRA(L)=VAOR(I)/(2.%RG*TOR(1) )*%,5
IF (SRA(])=1,25) 95,95¢96
95 S=SRA(1)
CMA = S/CONVSM
GSI = GSIF(CMA)
COFMA(L) =(2,/(PI*%,.5))%(B:/(3.%2S5)+08e%5/15,~8%S%kS%5/210)%6S]
GO Y0 97 :
96 S=SRA(I)
CMA = S/CONVSM
GS1 = GSIF(CMA)
SI2=1./(5%9S)
SIu=S12*S51I2
COFMA(]I)=2e%(1,.4S12=.25%SI4)%GS]T
97 DACHA(I)=SKRA(I)/CONVSM
DM=DACHA(I)
COLD(1)=:.92+.1066071U4/0M=,3660714/ (DMR*DM%DM)
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17
79
78
a7
89

a8

333
334
335

100
102
200
201
202

250
251

RHOCUAZEXP(YAQOR(I)) .. |

RHOCDDZEXP (YDOR (1))

DENOMTCDCA(I) *CDFMU(I)=COCD(I)*COFMA(T)

RHO (I)=(RHOCDA* (CUFMU (I)=CDCD (1) )=RHOCDD* (CDFMA (I)=COCA(I)))/DENOM
RHOINT1./RHO(I)

XX= (RHOCDA*RHOIN-LDCA(I))/(CDFNA(I)-CDCA(I))

IF(XX)T77:¢79,79

CSA(I)--IO

GO TO 78

X = XXF(CMA)

C3A(I)==(RHOIN®%X )#ALOG(XYX)
XY-(RHOCDD#RHOIN-LUCD(I))/(CDFND(I)-CDCD(I))

IF(XY) 8708989 . _ ,

C3D(1)=-1,

GO YU 88 . .

X = XXF{(CMUL)

C3D(I)==(RHOIN®*xX )*ALOG(XY)

AOVRD=RHOCDA/RHOCUU

FMRAZ=CDFMA(TI)/CDFMD(T)

CONRA=CDCA(I)/CDCUL(I)

TMINS((1.=A0OVRU)/ (AOVROZ(VDOR(1)%%2,)=1./(VAOR(T)%%2.)))/7(2.%PG)
WRITE(6+102)ALT(I) s YAOR(I) ¢+RKOCDA,YDOR(I) RHOCDD+FMRA» AOVRD»CONRA,

1TMIN

CONTINUE

WRITE(6¢333) (ALT(4)eSRACL)»CDCA(I)»COFMA(I)»DACHA(I)»I=1¢N)
WRITE(60334) (ALT(I)sSRUCI)COCD(I)9COFMD(I) DACHD(I)»I=1rN)
WRITE(60335) (ALT(4)sC3A(1)eCID(T)»VRATIO(I)/RHO(I)I=1,N)
FORMAT(//4X s 3HALT ¢ 9X e 3HSRA»9X s 4HCDCA»9X» SHCDFMA»8X » SHDACHA» / (2XsF1

10.4+4E13.5))

FORMAT(//74X»3HALT ¢ 10X s 3HSRD» 10X e 4HCDCD»9X ¢ SHCDFMU »8X ¢ SHDACHD ¢ /7 (2X 0

1IF10.,4/,4E13.5))

FORMAT(//4X 9 3HALT 210X s 3HC3A»10X»IHC3D»8Xe 6HVRATIO»8X» 3HRHOe/ (2X¢F1

10,6/4E13.5))

60 7O 10

FORMAT(2X+F10,49¢2XeE12.6)

FORMAT (2XeF10.408E14,.6)

FORMAT (///5XeSHAALI) »10Xe3HYIA//)
FORMAT(///5XeSHADCL) 0 1UXe3HYIN//)
FORMAT(///76Xe3HALT 12X e2HYA»8X»6HRHOCDA» 10X+ 2HYN» 10X e 6HRHOCDD 18X o 4

1HFMRA» 10X » SHAOVRD » 9X » SHCONRA)

FORMAT(2E20.10)
FORMAT(//+o4Xr3HC3=9FE20.10,4Xe2HF=»E20.,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 iseﬁtrﬁpic 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.

111



PRUN /TP RHORAT ,UAHXXXXXXXXX yENVIR=DYN=GK,5, 150

XXF(S)® 4399¢¢016S

GSIF(S) = .9975617977-.018426966.5

EANMF (G)=24¢68+,12350G-.0008748g9g

PARAMETER NPP=200

DIMENSION M(500) yNAD{S00), NAA(SOO).TU(EDO) TUZ(SOD).TME(SOD).-

1S16(500),PU(S00),PU2(500) PME(500),51P{500), THSR(SOO).SxSRCSDO)

DIMENSION RHDD(100),RAISO(100),TRA(]100),C1S0(100)

DIMENSION TTA(NPP) 4WTA(NPP) ,CTA(NPP) ,APTTA(NPP)BETTA(NPP)

DIMENSION GR(100),G6RA({100),ALPHG(100),BETAG(100),GRD(100),CG(1001

DIMENSION TINA(NPP) ,TIND{(NPP),THA(NPP) THD(NPP)

OIMENSION SRA(NPP)COFMA(NPP) yDACHA(NPP) CDCA(NPP),SRD(NPP),COFMD

1 (NPP) ,DACHD (NPP) ,COCD(NPP)

ODIMENSION AA(NPP),RHOA(NPP),CDA(NPP),RHOD(NPP).CDD(NPP),AD(NPPI,

I1TEMPA(NPP) ,TEMPO(NPP) ,VA(NPP) ,VD(NPP),

IRHOGA(100) yNAN(100) yRHORA(100), CDGA(JIO00),CORA(100),RHOGD(100) 4NDN

1¢100),RHORD(100),CDGD(}100),CORD¢100)

DIMENSION RHLS(NPP) ;RHLSA(NPP) RHLSDINPP)

DIMENSION RHOSA (NPP),RHOSD(NPP)

DIMENSION ALS{NPP),RHOS{NPP) ,TES(NPR),TI(NPP),T2(NPP),T3I{NPP) , FPS(

INPP) ySMOL (NPP) s W(NPP) ,CSINPP) ALPS(NPP)BETS(NPP)

DIMENSION ATI(NPP)

1y XA(NPP) ¢ XD(NPP)yCIA(NPP),CID(NPP)

1 yRHA(NPP) ,CRA(NPP) ,APA(NPP) ,BEA(NPP),RHDINPP),TEMAD(100)

12 TTAINPP) ,TTO(NPP)

CC = 307072000064

KTA = B8

JTA = O

LTA = 0

READ (5,80}1) (MS)

READ (5,800) (ALS(1),RHOS(]I)yTES(]) FPS(I),SMOL(]),I=] ,MS)

READ (5,600) (GR(I1),1.] ,MS)

WRITE(6,599)
5899 FORMAT{IHO ,8X,*'ALT?,8X,'GRAVITY")

WRITE (6,601) (ALS(])4GR{1),1a} MS)
600 FORMAT (10X ,F10.5)

WRITE (46,803) (MS)

WRITE (698021 (ALS(]) yRHOS(I) yTES{TI) ,FPSUT) SMOL(T),I=] MS)
801 FORMAT (110) '
800 FORMAT (F15e85,E15e53F15e51E15¢5,F15,5)
803 FORMAT (/// 42X ¢3HMS=311042X)13HUeSe STANDARD /7 19Xy IHALS» 12X 4HRMHO

1S9 12X AHTES s 12Xy IHFPS , 12X 4 HHSMOL 4/ /)
802 FORMAT (2X4F15¢5)E1Se5)F15e¢5)E1545,4F155)

ER=,0001

DO 60 1m=j,MS
60 RHLS(1)=ALOG(RHOS (1))

KKK=é

CALL ORTHLS (ALS,RHLS,W,MS5,0,0,CS,ALPSyBETS KKK,T1,T2,7T3,INDI)

GAMMA=] o 4

CONVSM=(GAMMA® 5)88,5

PI=3+141592653

DO 84 }=80,120

M{l)=Q

TUCT ) =0

TU2(1)=0,0
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TME(1)1=0,0
SIa(t)=0U.
PU(I)SO.
PUZL(1)=De
PHE(T1)=0,
84 SIP(])=0,
10 READ (%,302) (S5A)
READ(5,310) (MAD)
READ (%,200) (C3,E)
READ(S,301)(MAMD,N,ALTM) _
READIS,300)(AACT) RHOALT) ,TEMPA(]),cDA(TI),VA(]), 1], ,MA)
RLAots.soO)(AD(l).Rnoo(l).TEHPD(I).CDD(I).voclb.l-l.ﬂo)
TEA = TEMPA(L]
TED = TEMPDI(1)
DO 48 | .= 1 +MA
NAA(l)=sAA(1)+e2
48 AT(1) = AA(])"
DO 85 I=1,MD
TEMAD(1)=0,0
RHDD(IV1=0.0
85 NAD (1 )=AD(])+e2
DO 49 1 = 1,5
49 wTAll) = o5
DO 47 I = 6,MA
47 WTALL) = 14U
CALL ORTHLS (ALS)GRyWyMS,0404CGALPHG,BETAG 4,T1,T2,T3,INDI)
CALL FITY (AA,MA,0,CG,ALPHG,BETAG,4,GRA,T1,T2,IND3)
CALL FITY (AD,MD,0,CG,ALPHG, BETAG 4,GRD,TI1, Tz INDJ)
600] FORMAT (4X,2F10e5)
WRITE (64,6010 (AA(1),GRA(]),yI=] MA)
WRITE (6,601) (AD(1),GRD{I),1=],MD)
DO S [=x1,100
COKA(I)=0.0
5 CORD(1)=0.0
WRITE (6,305) 5SA
WRITE(6,311)(MAD]}
WRITE (6,201) (C3,E)
WklfF‘6|30Q)HA’MD.N|“LTM
WRITF(64,303)(AA{T)4RHOA(T ), TEMPA(]),CDALT)VA(])sI=] MA)
) WRITE(6,303)(A0(1),RHOD(1),TEMPD(T) ,COD(T1),VD(1),1=1,MD)
30% FORMAT (4%X, 17HSOUNDING NUMBER =,137)
301 FORMATI(313,F6e2) .
300 FORMAT (F7e3)EBald4,FBed4yF543,FBe2)}
311 FORMAT (4X,4HMAD=,]147)
310 FORMAT (]2)
304 FORMAT(//7/73HNAS  [433HMDB, [4,3H N®,[4;SHALTM=,£]10.5)
303 FORMAT (4X Fbe242XsET7e242% FH4042X3FS5e392XsFba1/)
302 FORMAT (13)
200 FORMAT (2E20.10)
200 FORMAT (/744X +3HCI® ,E2061004X32HES,F20+10)
CALL FITY. (AA.HA'OQCS'ALPS'BETS.KKK.RHLSA.T' .TZ.!ND.’!)
CALL FITY (AD)MD 0 sCSsALPS RETS KKK ,RHLSD»T1,T241INDY)
MNO=Q
DO 55 [I=],MD
5% RHOGD({I1)=RHOODI(])
76 DU 12 I=]y4MA
ALTA=AA(T)
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?5

76 .

97

k1]

3
32

33
34

12

20
58

21
22

195

196

RG-B3]H»34/EANHF(ALTA)
SRAtx)-VA(I)/lz.-RG-TEnPA(li)--.s

IF. (SRA(1)=]e25) 95,95,96

SsSRA(1)

CMA = S/CONVSM

GS1 = GSIF(CMA) - ' ’

COFMA(T) -(Z.I(Plo..S))-(a./(3.-5)08.05/15.-5.0505051210.)QGSI
GO T0 97 - .

SeSRA(])

CMA = S/CONVSHM

GSI = GSIF(CMA)

S12x1,/(5¢S)

Sl4mS[2es(2

COFMA(] 182481 e¢S5]2~4250S]14)eGS]
DACHA{]1)sSRA(])/CONYSM

DM=DACHA(T)
COCA{])®e92+4¢1660714/0M=03640714/(DMeDMODM)
DCaCDOFMA{1)=CDCAC(])

NN=20

RHOO®RHOA(])

Kse}|

XA({]) = XXF{CMA)

X = XXF(CMA)

C3A(1) = 4212¢(CC/EANMF(ALTA))oeXA(])

C3 = C3A(l)
FXSRHOA(I)®CDA(I)/(CDCA(]1)+DCOEXP(=c3s(RHOO®®X )))
CALL WEGIT(RMHOUOU,FX4E K ,NN)

GO TO (30,31432,33),K

RHOGA(])=RHOO

GO TO 34

RHOGA(])=0.0

GO TO 34

RHOGA(l)==]40

NAN(])=NN

RHORA (] )=RHOGA(I)/RHOA(])
COGA({1)=CDCA(})+DCOEXP(=CI®(RHOGA(])oeX )
RHOSA(1)=EXP(RHLSA(]))
CORA(])=RHOGALI)/RHOSA(I)

CONTINUE

IF(MAD=50) 20,41,21

DO 58 JK=] ,MaAD

TEMAD{ JK)STEMPA (MA=MAD+JK)

RHDD (JK ) mRHOGA {MA=MAD+JK)

TEMPD(JK )sTEMAD (JK)® (RHOGD (JK ) /RHDD (JK) ) ®®{e4)

" 60 'TOo 22

TEMPD(1) = TED
00 1 I=j,MD

ALTD=AD(]) _

RG=B8314¢34/EANMF (ALTD)
SRD(T1)®=VDI(I)/(2.%RGOTEMPD(]))ee,5
IF (SRD(1)~1425)195,195,196

SaSRD (1)

CMD = S/CONVSHM

GS1 = GSIF(CMD)

COFMDI]) ®(20/(PJ00,5))0(8s/(3,05)48,85/15:=8,05¢505/72104)9GS]
GO T0 197 '

SeSRD(1)
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CMD = S/CONVSHM o
GS1 = GSIF(CMD) ' £ . o
S12=|,/7(SeS)
Sl4sS12+S12
COFMD(])m2¢0 (] e+S12=42595]4)0GS]
197 DACHD(I)-SRD(I)/CONVSM
DM=EDACHD (:T-)" - . : ' &
CDCD(I)3.920.16607lQ/DH-.3660714/(DMQDM¢DM)
DC=COFMD(I)=CDCDLT)
NN=2Q .
Kme] . Co
RHOGSRHOD () '
XD(l) = XXF(CMD)
X = XXF(CMD) -
C3D(1) = oZlZ'(CC/EANMF(ALTD,)'QXD([)
C3 = C3D(1)
40 FxcRHOD(l)'CDD(I)/(CDCD(l)*DC'EXP(-cBO(RHOOOOX Yy
CALL WEGIT(RHOOU FXoE 3K oNN) :
GO TO {40 ,41+42,43),K
41 RHOGD(1)=RHOO
GO TO 44
42 RHOGD(1)=0.0
GO TO 44
43 RHOGD(])==],.0
44 NON(T1)=NN
RHORD (I )sRHOGD(1)/RHOD(])
COGD (1 )=CDCD(1)+DCPEXP(~C3® (RHOGD (] jo®X ))
RHOSD(1)=EXPIRHLSDI(I1))
CORD(1)=RHOGD (] )/RHQOSDI(])
RAISO(1)=(RHDD(])/RHOGD(]))se,4
11 CONTINUE
WRITE (6,902)
WRITE (6,900) (AA(1),RHOGA(]) ,RHORA(1)y CDGA(]) CDRAC(]) NAN(T),
| x‘(l).CJA(l’.l-l.HA’
WRITE (6,901 ' R
WRITE (6,900) (AD(]1),RHOGD(I),RHDD(]) 4 CDGD(])4CORD(T) NDN(I),
1 XO(1),C3D(1),1lm] MD) . :
BB8=0.0
DO 6] Km2,MA
BB-BH-(AA(K)-AA(K—l))o(RHOGA(K)QGRA(K)-RHOGA(K-I)oGRA(K-]l)IALOG
l(RHOGA(K)OGRA(K)/(RHOGA(K-I)'GRA(K-ll)) :
6] TINA(K)=BB
BB’OOD
DO 63 K=2,MD i ' ' i
BB-BB-(AD(K)-AD(K-I))'(RHOGD(K)OGRD(K)°RHOGD(K-I)'GRD(K-I))/ALOG
2(RHOGD(K)®GRD (K )/ (RHOGD(K=]1)eGRD(K=~11})) '
63 TIND(K)=BB
THA(L)=TEMPALL)
DO 64 KK=2,MA
ALTA=AA(KK)
RG=8314,34/EANMF (ALTA)
64 THA(KK)-TlNA(KK)olouo./(RHoGA(KK)-RG;+RH06A1l)cTHA(lp/RHoGA(KK)
THD(1)=TEMPD( 1)
DO 65 KK-Z.HD
.ALUTO=AD (KK} -
R&-B314.34/EANMF(ALTO)
65 THD(KK)'TIND(KKDOlDOO-I(RHOGD(KK)ORG)*RHOGD(l)'THD(l)/RHOGD(KK’
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DO 57 =] ,MD
TRA(1)=TEMAD(])/TEMPD (1) . Cor :
57 CISO(1)=RAISO(1)/TRA(]) - - o S
WRITE (6,610) (AA‘I’.TEHPA(I)oTHA(I)o!'lvHA’
WRITE( 6, bxxptnot;).renpotl).THDcx).anlsotl) TEnhbtxi.c150l1
1),1=1,4D).
DO 71 1=} ,MA
o;FA-ABS((rEnPAtli-VHAt;»)/TuA(l))¢oer
71 TEMPA(1)=ABS{THA(I))
1F (MAD=50) 23,2%,24
23 MAl=MAD+ |
GO To 25
24 MA} = |
25 DO 72 I=MA]l,4MD
DIFD=ABS({(TEMPU(I)=THD(1))/THD(1))+DIFD
72 TEMPD(1)=ABS(THDI(1)) '
SUMD=DIFA+DIFD
TEMPA(1) = TEA
IF (SUMD=ER) 74,74,75%
75 MNO®MNO+]
IF (MNO=5) 78,78,74
78 GO TO 76
74 CONTINUE
DO 81 [s],MD
JCaNAD(1)
M(JC)sM(JC )+
TU2(JC)I®TU2(JC)+TEMPD( ) ee?2
PU2(JC)=PU2(JC)+CDRO(])®82
TU(JC)STU(JC)I+TEMPD(I)
PU(JC)I=PULJC)*CDRDI(])
8l CONTINUE
DO 82 I=] ,MA
JCENAA(T)
M{JC)IsM(JC)+]
PU2(JC)I=PU2(JC)+CDRA(I)ee2
TU(JC)=TU(JC)+TEMPA(])
PU(JC)=PU(JC)+CDRAI])
TU2(JCI=TUZ2(JC) e TEMPA(])ee2
82 CONTINUE
00 83 1=80,120
TME(T)sTUCT)/MLT) '
SlG(I)I((YUZ(l)/M(l))-THE(l)‘OZ)-Oos
PME(1)=PU(T)/M(])
J =& [=79
TMSR(]) = TME(1)/TES(J)
SISR(1) = SIGLL)/TES(J)
83 SIP(1)s((PU2(1)/M(1))=PME(])®®2)ee,5
WRITE(6,650) (T sMI1) 3 TMECT ) oSIGITI) yPMELTI)oSIP(I)sTMSRIT)HSISRIT),

11 =80,120)
650 FORMATIOX s IHI sOXo4HMIT ) 47X o6HTME(T), 9XKesbHSIG(I) s FIXy64PMEL(L),

1 IX4s6HSIPUT) 39X s 7THTMSRITI) ¢ IXs7HSISR(I)//(5Xs13,5X91346E1547))
610 FORMAT (66X SHAA(T) o IOXsBHTEMPALT)Y 1 gX ,6HTHAIL)//7(4%X,F10:5,2E20.10)
3) '
611 FORMAT(O6XSHADII) ¢ )OXSHTEMPDIT )13 ,8HTEMAD(]) X BHRAISO(T] ),
F1IZXy6HTRACI ) 9 1UX,7HCISO(L )/ /714X ,F10,5,5E20010))
900 FORMAT (2X,FlOe494E14e6,110,2FE14064)
901 FORMAT (/77 46X sIHALT 19X ,SHRHOGD ;9Xs5SHRHDD +10X, 4HCDGD,10X,4HCDRD,
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TIIXgIHADN X " XA, 13X,%C3A"). _
902 FORMAT (///46X¢s3HALT9X45HRHOGA,9Xy SHRHORA, 10X, 4HCDGA, 10X, 4HCDRA,
1]1X.3HAAN.9X.'XD'.131.'C3D')

GO 70 10

END
9XQT

41

80. 10999 “£5180.65 : 44065 “E£328.764
81 1e662 ~£5180.65 4.888 =E328.964
82, 16382 =ES 180465 S5¢877 ~E3280964
813, 1¢150 =£S180.5865 7¢067 =£328.964
84. 94563 =E&]1B0e¢65 8+s496 =E£328,964
85, 74955 -E4180445 1021 =wE2284964
86 beb17 -£6180465 le228 -€£228.964
87, 5504 ~E6180.65 : led?76 '  =E2284964
B8 46579 =E6180+4565 1e774 : =E2280964
89. 3.819 =£6180.65 2133 =E£228,964
90, 3.170 «E6180465 265461 =£228.96
91 2598 =F£6183:63 3Jel127 =fF228,96
92 2¢137 =EbL18b6e62 3.802 =(228496
93. 1e763 “E6189.59 44607 ~E£2284¢96
94, 1489 =gb6192.56 S5¢566 =£828.95
95. 1¢211 «~E6195.5]) 66702 =F 228094
96 1008 =EbL198.45 84052 ~EB28.94
97« B8s415 =£7201¢37 9¢6413 -£B828.92
98, 7044 =F£7204.28 1el51 «£128+91
99, 5¢911 =E£7207.16 1¢371 =F128.90
100 Y4974 «g7210.02 ' 1629 ~£}28.88
101 4,159 =E72]14486 1e946 =£128.86
102 3.493 ~E7219466 2.316 «£128.83
103, 24945 =fET7224%+43 26744 wE128.81
104, 2¢492 -E7229.18 30240 ~E£}28.78
105 24117 «£7233.90 3.810 =E128+75
106 1804 «£72384.58 4e445 ~E£128¢72
107. 1543 wE7243423 54215 =E£128.68
108+ 1¢323 =f£7247 485 6¢071 “E128e¢664
109 1139 ~E7252¢44 7045 =£128+60
110, 9.829 =-£8257,00 84150 =£128+¢56
111 8360 =EB82664s44 9.568 =E£12851]
112 7153 =£B827%.85 1¢117 28e¢47
113 64153 -£8285420 16296 280,42
114 5321 ~EB8294.92 led496 28437
115, 4¢623 ~F8303.78 1719 2832
l1lbe 4.035 =~£B8313.01] 1e966 28427
117+ 3536 =£8322.19 2¢2139 28622
116 3.112 «£8331.323 2+540 28417
119 2¢748 «EB83IH043 2¢870 28012
120» 2.436 =E834%9.49 3e23) 28407
800 9.56“
81. 9.561
82. ' 9.5%58
83, 9555
84, 9.552
85, . 9580
86 9547
87, 9544
88. 9.54]
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ou034|

000342
000343
000344
Qu034s
ouL34s
000347
000348
000349
00u3so
ouoas|
ouu3s2
000353
0003584
0U03ass
0U03Se
ouuasz
ov03ss
00Uase
000360
0u03é1
0U0362
000363
000364
000365
0U0366
000367
000368
000369
oud370
00037
0U0372

0ugQ

000
000
oou
600
ouo
000
0oo
ooo
0uo
000
0uo
0oo
000
000
ooo
004Q
000
000
000
cuo
000
000
0ao
oou
000
000
000
000
ooo
000

89,
90
Pl
92
93
94
9S.
96
97
P8
99
100
101«
102,
103,
104,
105
106
107
108,
109
110
111
112
113
114
115
116
117
118
119,

118

9,538

9.535
9¢532
9529
94526
9523
9.520
9.517
?.514
?.511
?.508
9,505
9.502
F.499
P,.496
9493
?.490
?.488
9,485
9.482
P79
Fe476
P.473
P+470
467
Pe464
9.461
9.458
94455
9,452
Fe 449
P47



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,UAHXXXXXXXXX,0RBIT,5,400

HIGH CM-
BFOR, ]S MAINMAIN
GSJFls) = 09975617977'0019426966'5
XF{S) = ,399+40]1605 .
COFMLF(S =2 o/(Pll'.5))'(80/(3.05)05.IS/150-80 SeS#S/210.)#GS]
COFMHF(S) = 2¢s0(lat]e/(S58S5)=e25/(SegeS525))sGS]
CUOCF(S)3.92+41660714 /5=¢3660714 /(5%Se5)
ODIMENSION XMUIUO)},RE(100),CDL102),8kN(100),
i COLS(100),CR(100)
Pl = 3,14159265
GAMMA = | 44
CONVSM = (GAMMA®.5)ee,5
10 READ(S,]1,END=}ODICM,N]I]
] FORMAT(F]00,15)
READ(5,33) XL,EL,GSI
33 FORMAT(IFIS5.,0)
READ(5,2) {(XM{I)RE(TI)CD(]),ImlyNI)
2 FORMAT(IF20.0)
GSI = GSIF(CM)
SELK = 0,0
SELK2 = Q.0
SY = Ne0
SYKN = 0.0
WRITEtS6,11)
1l FORMAT(IH] »13X,"PRESENT EXPERIMENTAL SPHERE DATA')
WRITE(6,5)CHM .
5 FORMAT(IHO»/9/925X0'CM & "3 FbeHy/ o/ 11X g" XM 17Xy 'RE*,19X,°CD*,/)
WRITE(S6,6)(XMIT)yRE(I)yCOCL)yI=] NI
b6 FURMAT(SXsFl0e43l0X,FlOe4,10X,Fl0e4)
AGEGAMMAS® [ =45)
7 DO 20 Is=],N]
A B +499%{Be/Pl)oe,5
A = | ,/A
BKN(I) = XM(I)/(RE(])eAG)
BKN(T) = AsBKN(])
SR = xM(])eCONVSHM
IF{SR=1¢25) 95,495,996
95 CDFM = CDFMLF (SR)
GO T0 97
96 CDFM = CDFMHF {SR)
97 GM = xM(])
CDCN = CDCF(GM)
DC = CDFM=CODCN
UC = CD(1)1=CDCN
CR{1) = UyC/DC
WRITE(6,4)DC,yUC,CRI(])
4 FORMAT(/4/41H 4'DC =9 E20,10,5X,'UC = ,E20,10,5X,*CR(]) =2 ,E20.10)
20 CONTINUE
E = ,212
DO 41 J=],101l
X=,005¢(J=]1) +0.435
FXsDSUX(CRBKNE,NI,X)
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FXsF X=X

41 WRITE(6,12)X,,FXsN1
X = XF(CH)
DO 42 J=}i, 101
E=,0058(J=])¢el
FESDSUE(CR,,BKN,E N1 ,X)
FEeFE=E

42 WRITE(64313)E4,FEN]
X = XF(CM) ‘
E = 4212

A}

\

12 FORMAT(/1H "X ®9,E20e10,5Xs'FX 29 E20¢1045X,*N = *,123)
13 FORMAT(/,1H '€ =*4E20010,5X,*'FE = ¢,E20¢10,5Xs'N = *,13)

SQD=0,.0

DO 7% I=],Nl
SRaCMeCONVSHM

- GM=eCM
IF{SR=-]425)88,85,86

85 COLS({I) = CDCFIGM)+((CUOFMLF(SR)=CDCF(GM))ISEXP(=E/(BKN(]))ne)X))

G0 10 70

86 CULS(I) = CDCF(GM)+(CDFMHF(SR)~CDCF(GM))}*EXP(=E/(BKN{(T))w»sX)
70 SuD=SQD+(CDLS(1)=CD(]))es2,

75 CONTINUE
RMS= (SQD/NI)e#®,e5
WRITE(6,74)

749 FORMAT(/ 4/ /99Xy *'COLS®418X,°CO* 417X, BKN®,/)
WRITE(6,73)(CDLSIN),CD(N) BKN(N) N=j ,NI)

73 FORMAT(LIH ,3E20.10)
! leTE(6.3lCH.NIQX|E.GSI

3 FURMAT(/ o/ s/ 0787 s1H 49X,°CM?,

—

WRITE(6,7])RMS

1BX 2 *NL 7070 dH o7XsFbeldy16Xs120/07 4/

'lH .9X.’X'.I9X.'E'.IBX.'GSI'p/./.lH .3E20.lo)

71 FORMATI(/ /074" RMS® Y ,E20,10)

SI = CM

S2 = CMeCONVSHM
DCF = CDCF(SL)
DFHML = CDFMLF(52)
DFMH = CDFMHF(S2)

WRITE16,76) DCF, DFML, DFMH, Si, S2
76 FORMAT(/Z 4/ o/ slH 4 COCF=?,E20e109/s/s1H 4 COFMLF=*,E20,10,
AL COFMHF = JE20e109/4/41H ,° SImY E20,10,74/41H

1. S2=',£20.10)
DO 53 L=},5
00 50 Kw],9

BKNIK) = (0.01+0e0)@(K=1))e({1000e (L))
BKN(K) = BKN(K)®(]0.%e(=3))

SR = CM®CONVSHM
GM = CM
IFISR=1425155,55,56

86 CDLS(K) = CDCFIGM)+{(COFMLFISR)=~CDCF(GM))ISEXP{=E/l BKN(K})®®X))

GO T0 S1

56 COLS(K) = CDCF(GH»+(CDFHHF(SRi-CDCF(GM))-ExP(-E/( BKN(K))®esX)
51 WRITE(6,52)CMySRyBKNI(K)COLS(K)
52 FORMAT(IHO 16X "CHMY 314X 9 SR/ 4/ 3 1H 412X sFB8e44BXyF10e5,/4/4/01H

1 9X,'BKNY 1 7X,°COLS*y/,/y1H

90 CONTINUE
53 CONTINUE
G0 T0 10

03X, E15,8,5X,E15.8)
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65

66

STOP

FUNCTJON DSUX(CR)BKN,E NI ,X)
DIMENSION CR(1UO) BKN(]100O)
SX s Q.0

DO 65 1=] N1

BKNX = BKN(IlseX .

SX ® SX+(CR{IV=EXP(=E/BKNX))®(EXP{=g/BKNX))o(ALOGI
CONTINVE

DSUX = XeSX

RETURN

FUNCTION DSUEICRBKN,E NI X))

DIMENSION CR(100),8KN(100)

SE = Q.0

DO 46 1m] NI

BKNX = BKN(l)eeX

SE s 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.

e
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GRUN,/TPC AFILIP,UAHXXXXXXXXX,0RBIT,4,300

LOW CM
WFOR,IS5S MAIN,MAIN
XF(S) = 4399+e0168S
GSIFIS) = ,997568179772,018426964%5
CDFHLF(S)-(Zo/(PIOO.S))0(8./(3.05)0n.'5/15.-8.0505¢51210.)QGSI
COFMHF (S) = 2-'(l.’l-/(SOS)--ZS/(SOSOS'S))'GSI
COCFI(S) 3 0eld0297=06¢142497990S5¢S40.4595065690(Sew4,)
DIMENSION XM(100),RE(100),CD(100),BkN(100),
| coLs(ioal,CR(100)
P!l 8 3414159265
GAMMA = ] .4
CONVSM = (GAMMA®5)ee,5
10 READI(S,1,END=JQOICM NI
] FORMAT(FI10,0,15)
READ(5433) XLsEL 4GS
33 FORMAT(3F1540)
READ(5,42) {(XM(1),RE(TI),CD(1),1=]1,NI)
2 FORMAT(3F20.0)
GS1l = GSIF(CM)
SELK = 0.0
SELK2 = 0,0
SY = .0
SYKN s Q.0
WRITE(6,11)
11 FORMAT(IHY ,13X,*PRESENT EXPERIMENTA|L SPHERE DATA?')
WRITE{6,5)CM
S FORMAT(IHD /797 925Xs'CM 3 9 3Fb e/ 3/ 11X p" XM | 7X RE® {9IX,°CD?,/)
WRITE(S6,6)(XMIT),RE(I)CD(I),yl=] NI
6 FORMATISX )F10e9,I0X,Fl0s4,10X,F10s4)
AGEGAMMASS (=,5)
7 DO 20 Is=1,N]
A = 499¢(B8,/P[)®se5
A = |,/A
BKN(I) = XM{I)/(RE(])eAG)
BKN(]) = A®BKN(])
SR = XM(1)eCONVSM
IF(SR=1¢25) 95,95,96
95 CDFM = CDFMLF{SR)
GU TN 97
96 CDFM = CDFMHF ({SR)
97 GM = XM(])
CDCN = CDCF(GM)
DC = CDFM=~CDCN
UC = ¢CD(I)=CDCN
CR{I) = Uucs0C
WRITE(6,44)DCsUC,,CRII)
4 FORMAT(/4/s1H 4'DC = ,E20e10,5X,%UC ®m*,E20410,5X,'CR(1) =% ,E20.10:
20 CONTINVE
£ = ,212
00 41 J=1,101
Xs,0N58(J=1) +0435
FXeDSUX(CRIBKNJE NI X))
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41

42

7

FXsFXaX

WRITE(6,12)XFX N1

X = XF(CM)

DO 42 JU=1,101
Ezs,0058({J=1)%.]
FEmDSUE(CR,BKN,E NI, ,X)
FEsFE~E
WRITE(64,13)1E)FE NI

X = XF{(CM)

E = ,212

12 FORMATU(/,1H %X =%, E20,10,5%X,*Fx =% E20¢10,5X,*'N = *,13)

13 FORMATI(/41H o'k 336204 10,5X,'FE = ¢ ,E20s1045Xy*'N = ',13)
SQD=N,0
00 75 I=] NI
SRaCMsCONVSHM
GM=CM
IFISR=14+25185,85,864

85 COLS(]) = CDCF(GM)*((CDFMLF(SR)«COCFIGM))®EXP(=E/(BKN(]))seX)})
GO TO 70

86 CDLS(1) = CDCF(G")*(CDFHHF(SR)'CDCF(GH)).EXP(‘E/(BKN(]))"X)

Q0 SQD=SQD+(COLS(I)1=CD(I))ee2,

75 CONTINUE
RMS={SQD/N1)ee,5
WRITE(6,74)

74 FORMATI(/ 9747 43X,'CDLS, 1
WRITE(6473)(CDLSIN),CD(N

73 FORMAT(IH ,3E20.10)
WRITE(6,3)CM NI, X ,E,GSI

3 FORMATU U/ s/ 0/ e/ 2791l X 'CMY , 18X, "NI"s/s/slH 27X oFbelUy16X0120/4/7,/

s 1K .9X.'X'.19X.'E'.lBX.'GSl'././.IH .3E20.‘0)

WRITE(6,71)RMS

71 FORMAT (/47970 RMS=? ,£20.10)

Sl = CM

S2 = CM®CONVSH

DCF = CDCF(S1)

DFML = CDFMLF(52)

OFMH = COFMHF(S2)

WRITE(6,76) DCF,y DFML, DFMH, S1, S2

BXy'CD* 17X, *BKNY,/)
) sBKN(N) ¢Nu| (NIT)

76 FORMAT(/ 2/ /0 lH COCF®* ,E20410s/79/7s1lH COFMLF=?,E20,10;
l /./.1” " CDFHHF-'.EZDQ‘(J././"H .' Sl-.OEZOQ‘O'/’,"H .
1 S2=',£20.10)

D0 53 L=],5
DO S50 K=} ,9
BKN(K) = (DeD1+0¢01®(K=]))®(10ss®(Lal))
BKN(K) = BKN{(K)e(1Osoe(=3))
SR = CM®CONVSHM
GM = CM
IF{SR=1¢25)55455,56
S5 COLS(K) s CDCF(GM)*((COFMLF(SR)4CDCF(GM))*EXP(=E/( BKN(K))saX))
GO T0 51
56 COLS(K) = CDCFIGM)y+(CDFMHF(SR)=CDCF(GM))ISEXP(=-E/( BKN(K))eeX)
S] WRITE(6,52)CMySRIBKN({K),CDLS(K)
52 FORMATILIHO 16X "CMY 3 149X 'SRy /479 lH (12X FBel4,,8XsFlQOeSs/79/09/01H ,
1 IX 'BKNT q17X9"COLS /979 LlH 43X 4E1S,B8,5X4E15.8)
SU CONTINUE
53 CONTINUE
GO T0 Q0
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100

65

b6

STOP

FUNCTION DSUX(CR.BKN.E.N!.X)

DIMENSION CR{100),8KN{100)

SX = 040

D0 65 Is=] NI

BEKNX & BKN(]l)eeX

SX = SX+{CR(I)=EXP{=E/BKNX))®(EXP(=E/BKNX))*(ALOG(
CONTINUE

OSUX = X+SX

RETURN

FUNCTION DSUE{(CR)BKN,ENI1,X)

DIMENSION CR{10Q}),8KN(I1CO)

SE s Q.0

DO 66 [Is],N]

BKNX = BKN({])eeX

SE & SE+{CR(])=EXP(=E/BKNX))S({EXP({=g/8KNX))}/BKNX
CONTINVE

DSUE = E+SE

RETURN

END
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PROGRAM CDCLEV

This program computes free molecular drag and 1ift coefficients
for flat surfaces at various angles of attacks and for a specified

range of speed ratios.
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WRUN , /TP cocLev.UAHxxxxxxxxx.rANTAsrtc-sx.5.xsu

ImPLICIT REAL®B(A=H,0=2)

DIMENSION ANGD(20),CLI(25,420),CD(25,20)

READ(9,100) PUJALJ X

Sw2m) 414213562137

PI=3,.141592653

SuPlilo?724538509

Su2m)1.41421356237

E=s2.718281828459

XKsXepP]1/1804

P=0.3275911

A1l=0,254829592

Azm=(,284496736

Ad= ] ,421413741

Adm=} 453152047

AS=] ,061405429

LOD=Yy,03,/P1

DL¢21=],25

S=]

D0 22 usli, 10

ANGEXR® (J=])

ANGD(J)=ANG*180./P1

SA=SIN(ANG)

CA=COS(ANG)

Ix56Se,595A85A

tEimEse(=7)

Tal/3.75

ES=mEee(=505)

R} eQ/(1e0+PeS)

ERFSmle0=(Al®R+A20ROR+A3® (Ree3¢)+Al4e (R*84s)+A5® (RO85,) ) eES

FESQPIe(SeS+ | e0U~(0e25/(15¢S5)))ERFS+(S+(0e5/S5))*ES

CLOm2,0F/(1SeSeSQP] )

1F(Z2=3e¢75)100)0s1}1}

BUS(Zee®,5)eEZ0( ] e0+3,51562290TeT +3,08994249¢(Tosd,)
11620674920 (T00be) +,2659732%(T008,) +,0360768¢(Tee]0,)
2400458130 (Tee]2,.))

Blu(Z208]¢5)0E28(¢5+,878F0594¢TeT +e51498869¢(Toey,)
240 |90BY4934%(Toehe) +4026587330(Toe8,) +¢0030]532%(Tee|n.)
J+e0003241 10 (Tes]12,))

60 TO 12

BUS.39894226+401328592/T7+.,00225319/(TeT)
1=e00157565/7(TeToT ) +,00716281/(Tesd,)
2=-s02057706/7(Te85,)+402635537/(Teeb,)
3=e01647633/7(78074)+¢00392377/(Tesg8,)

Bil=e39894228=+403988024/T-¢00362018/7(TeT)
J1+s00163801/71TeToT)=e01031555/7(Te04,)4,02282967/(Teas,)
2=e02R9G5312/7(T*%6e¢)+e01787654/(T097,)=e00420059/(Tee8,)

AL=B,eSAeSA/3,

BLs=4,9SA0SA+PleSA

Co=Ploe,SeSA+(bee®SA®SA/ b))

AusaLy .

CL I gyU)BSQU29%SGPI®SeCA®((BU+Bl)esA s (AL+BLOPJY+CePY*PY)
1¢300( 1 e+ (Jg=PJ)OAJ)/(S5eS)*Ble([ev(],73e*PJ/3e)®AJ)/(Se5))

Cell oy J)=(LOD/(1a+LOD))eCL(],J)

AUse=] +4,05405A/3,
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BUBPl-B.®S5pe5a/3)

CLD=Y,/2,-P1+#5s95AeSA/ 3,

DUSw ¢ 54P[/4¢=SA®SA/ 3,

KOSAD+BDeFPJ+CODePJOPIDDPP ISR ISP Y

IF{J=1120421,420
CO(14J)12S5Q2¢SA4((BO+Bl)e(]e+AJsKD) 4RO {1 e+AJR(30=2,0P Jse58PJOPJ))
17(2e9S0S)+4B 10 (1 o+ALJUS(10/3¢%248PJ/3,=PJOPJ/b0))/(2+,%50S5))
2+45Q2¢(BO+BL)®(letALJU® (=104l e5OP PP Ju S0P JSPJCPJY) )/ (SA®SES)
COUl 4 J)=CD(1yJ)eSQPI

COCl 4 JIS{LOD/ (1 e+LOD))eCD(IJ)+CDO/(1s+LOD)

G0 T0 22
CO(I.Jl-SQPl'(l.+AJ*(-1o*l-S‘PJOPJ-.S‘PJ'PJ'PJi)/S
COMIyU)™(LOD/(1e+LOD))ISCD(I4J)*CDO/(1e+L0OD) :
CONTINUE

ARITE(64,200)1PJ4 ALY

WRITEI6,201)(ANGD(J) yJ=}410)

DO 2 I=1,25

leTE(b.ZOZ)I.(CD(I J).Jll.lO)

WRITE(6,203)1PJU,ALY

WRITE(64201)(ANGD(J) yJul,10)

00 3 I=),25 .

ARITE (6, 202)1.¢CL(I J).J'I.IO)

G0 TO0 50 . L.

FORMAT(30D10+5) , .
FORnAtt1H1.25x.9Hc0(s.ANG).ax.3HPJ-.515.5.4x.4HALJ-.515.5/)
FORMAT(Y4X ,7HS e s ANG® ,10E12657)

FORMAT(3X,12464,10E1245) :

FORMAT(1HI1 125X, 9HcL(s.ANG).8x.3HPJ-.ElS.5 HX.QHALJ-oEISoSI)
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 REALSBlA=H,02)

DIMENSION A{50:02),G(50,2))H(50,2),Q(5092),,P150,2)

DIMENSION E(50,2) ' '

DIMENSION GAM{20) ,ALJtL1S) ,PU(1S),CF(20,20,20)

DIMENSION AS(50,42),65(50,2),H5(50,2),Q5(50,2),PS(50,2)
DIMENSION FF(50,2)

READ(S,100)8RA]

SRAZ2=SRA1#SRAI

AR=}],5780

Almya 44325141463

A2%,06260601220

Al= 04757383546

A48 ,0173650645)

Bl=e24998368310

B2=,09200180037

B3=.04069697526

B4=m s 00526449639

AAU®] 038629436112

AAI=DDP6663I44259

AA2m20,03590092383

AA3I=0,03742563713

AAYmpD,01451196212

BBU=0O .5

BB120412498593597

BB2m0,06880248576

8B83=0N.03328355346

BBY=0,00441787012

Ple3,.14159265359

oSt [=1,19

GAM(] )=sS,08 (=]}

GAMRES 40O%( =} )®P}/18040

SINGsSIN(GAMR)

COSA=COS(GAMR)

SINA=SING

FMI=],0=SING®*SING

FMZmFM]SFM]

FM3mFMleFM2

FHysFMleFM3

Ju]

IF(FEMLE)21,31,421 .
E(pgU)® a+A®FMI+A28FM2+A3SFMI+A4eF 4+ {BleFMI+B20FM2+pIeFMI+BYeFMY
YSALDG(La/FM])) _
FFUIoJ)BMAAUCAALSFMI+AAZOFM2+AA3¢FMIGAAYCF MY+ (RBO+BBI*FMI+*BB28FM2
+BBISFMI+BHASEFMY4)SLOGI])e/FM])

GO TO 4]

EtlyJ)mt,

FFIl,J)m]1000

AlI yJ)m2,+4e0ARSE(],J)/PI]

AStI,J)lm2.+5,2AReFF (] ,J)/P1

Gl ,J)mAR®d448E(] ,J)/(3e*Pl)+AR®)6e0COSASCOSA®FF(]1,J)/(Fe*P1)
GS(l,J)m=ARSFF{1,0)/P]1

HUT9J)BY, /30 +AKS(E([9J)O(=BBe/(Fe®P)*40e=16s2COSAC®COSA/(Fe*P]))
1+P1#SINASSINA®,S=8BeaFF (] ,J)eCOSA®COSA/(3.8P]))
HS(1,J)24e/3¢+AR®2.0E(1,J)/(3e2P1)+ARSFF(I,J)0(=1e42e/(3e*P]))

-—
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51

21}

1118
15

l62
163
211}
9797

9997

9899
100

J+*AR® (=P I8SINA®SINA/4e=Ple3+%(SINASBG)/160)
QUEIsJ)®)le/b6e+ARSE(IsJ)e(lbe/(30eP])ule+BeeCOSACCOSA/(3.0P]))
J*+ARh@(pevE(1,J)/P1l=s258P|8SINASSINA+ge*COSASCOSA®FF(1,J)/(9e2P]))
GBS sJ) =1 e/6s=AR®E(]4J)92e/(3aoPl)*pAR®FF{IsJ)I®(le*t1b6e/(3e*P]))
J=LR®] +50FF (1 ,J)/PI*ARSPIS{SINA®SINAG (]l e/8e+3:0SINASSINAZIZ,))
Pll,Jd)lme]le/be*ARSE(] yJ)®(=Be/(F,2P])+]1e~8¢%CO0SA®COSA/(9.#P]))
1eAk®2.,2E(],J)/P1
PS{leJd)mmle/be*ARSE(]9J)/(3«%P])=AReFF(]yJ)®(425+2./P1)
1+eSO0FF(1,J)=AR/P]

DO 5} uU=l,11

DU 51 Kks=},11

ALJ(J)=e28(J=1)

PU(K)se20(K=])

PJlsPJ(K)

PJyzsPJUlePJli

FulsPJlesPy2

CFIKyJoel)mA(T g ) *AS(T41)/SRA2+ALJ(J)(G(I41)+PJUIO®H(],1)+PJ2eQ(1,1)
l*PJ3QP(l.l))*ALJ(J)O(GS(I,I)+PJ1-HS(I.|)+PJ2'QS(1.1)¢PJ3OPS(].1))
2/SRA2

CFIKyJyl)=CF(KoJdyl)}/(1a*AR)

CONTINUE

DO 15 J=]1,11

WRITE(6,211) JeALJ(J)

FORMAT(1X  4HALJlp1244H) = FBs2)

WRITE(6,9797)

WRITE(6,9997)

WRITE(6,9899)

DU 1115 Kmi,l}

WRITE(S6,211 1M ICF Ky Jyl),lm],7)

WRITE(6,2111)(CF(KyJyl),Im8,14)

WRITE(6,2111)1(CF(KyJyl)y1=15,19)

WRITE(6,162)

WRITE(6,163)

GC TO 99

FORMATI(//)

FORMAT(///77/)

FORMAT(IXEIS e 9 2XELIDeF12XEL1De 91 2XE15¢T92XEL1S5e¢912XELIDe992XEL15e9)
FORMAT(7X s 1HO o 16X s 1HE ) 16Xy 2HI0»15Xs2H1IDy 15X912H20,15Xy2H25,15X,2HA0

1)
FORMAT(7X12H351 15X+ 2H40 915X 92H45915%92H50 9 15Xy 2H55915X,2H60,15X42H

165)
FORMAT(7Xy2H70915X02H75,15X,2HB0,15%,2HB8,15X,2H90)

FORMAT(D!D.5)
END
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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.cbmpute the drag coefficient of ellipsoids of various eccentric-

ities and gas surface interaction parameters.
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WRUNS /TP RUFSPH,UAHXXXXXXXXXyENVIR=DYN=GK,5,1560

IMPLICIT REAL®8(A=H, 0~ Z)
DIMENS]ON Fstzx».;;(zl).THstzlwgtuF(zx).rxaczx» TXpl21)
DIMENSION DI(21),0R(214,210,X(21), w(g.).PJ(z|) COFt21,21),GAML2}),
ITHI(21 ) WW(21)
DIMENSION THX{40)
DIMENSION GAL1D)yGgA2(10)
DIMENSION GR(20)
DIMENSION F1(21),SS(2t)
DIMENSION RRI21)
X(1)=20,07652652113350
X(2)m0e22778585114165
X(3)20437370608871542
X(4)=0,51086700195083
X(5)%0.63605368072652
X(6)=0e74633190646015
X{71%0+83911697182222
X(8)m0e91223442825133
X(9)=0e96397192727791
X(10120.993128599185]
Wil)=p,1527533871307
W(2)®0e1491729864726
W(3)=0e1420961093183
W(4)30e1316886384492
W(5)®=0.1181945319615
W(6)20.1019301198172
W(7)3040832767415767
W(B8)=0s0626720483341
W(9)=0.0406014298004
WilD)=Ds017614007132
P20+3275911
Al=0,254829592
A2m=0,284496736
A3=],42141374]

A4ma] 453152027
AS=].061405429
PI®3,]14159265358976

00O 2 =1,10

Jelle]
GAM(T1)=P[#,50(1l,=X(J))
WWil)eswid)

D03[m],10

Js=l+10
GAM(J)=Pls,Se(leeXx(1))
WW(J)swi(l)

DO 40 M=l,s

ECC = 0.0001°M
GA2(M)=meSe([0e®e(M=]))oP[/ (36003600
GA(M)=ECC

AS=]1,0
BS=(1.=ECCeECC)®e®,5
Do4I=],2]

D04y=) , 21

DR(I.J).OQO

DO 29 I=},10
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29

27

31

33

S1

53

6l

SGAESINIGAM TN~ 277 e o
CoA=COS(GAM(L))

C2=CGA*CGA

S2=SGA®SGA

'RR(ll-(CZ/(BS'BS)OSZ/(AS'AS))C0|-05)

DROTH®( (RR(1))%®3,)8(BSee(=2,)=ASes(=24))9CGACSGA
GR(])=ATAN(DRDTH)

CONTINUE

DO 27 1=11,20

GR(1)=0.0

RR{])=}].0

CONTINUVE

D05]=1,10

SS(1)=l0,e8(=l)

Tesle/(leePeSS(]})

S=S5S(1])
ERFSH2¢98(5=5¢505/3:4(Se95,)/100a(See74)742,
14(See9,)/216e)/(Ples,5)

DI{1)=0.0

006ym] 4,20

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

T=le/(1e¢Poy)

ERFYR2 .0 (Y~YOYRY/Joa(Yoe5,4)/10e=(Yoa74)/42,
14(Ye89,)/216e)/(P]28,5)
CGA=COS(GAM(J))

IF(CGA)3}1,33,33

Y=oy

ERFYs~ERFY

PA= oS+ 5¢ERFY

A=SeYe (]|« +ERFY)+SeEXP(=YaY)/{(Plse,5)
FI{J)n(QoQe2.0PQPQeCGA+PQRsPQ)e ;5
THI(J)®P[#5=ACOS({(Q®CGA+PQRI/FI{J))
THX(J)=PleS=THI(J)

CONTINUE

00 70 J=}],20

ANBRGAM(J)=GR(J)

ANFaGAM(J)=GR(J)

YBueABS (S*COS(ANB))
YF=ABRS{S®*COS(ANF )

TB=]e/(1e¢+PeYB)

TFm)le/(lea*PeYF)

ERFYBaZ2e®(YB=YB®YB®YB/3e4+(YB*95,)/10e={YB*874)/42¢s(YBe®Pe)/21b64})/

[(Ples,5)

ERFYF®2e® (YF=YFOYFOYF/3:+(YF®05,)/ 100" (YF®eT7 )/ H2e+(YFee9,)/216e¢)/

l1{Ples,5)

CANB=COS(ANB)

CANF=COS (ANF )

IF(CANB)S],53,53

YBx=Yg

ERFYBus=ERFYB

PQB=.5¢,5¢ERFYDB

ABaSeYR* (| ++ERFYBI+*SeEXP(=YBOYB)/(P]®®s5)
FBIU)=(WB9QB+2.*PQBeQB»CANB+PQBaPQB)®® 5
THB(J)sPle ,5=-ACOS{(QBeCANB+PQB)/FB(yY))
IF(CANF )61 ,63,63

YFe=YF i

ERFYF=s=ERFYF
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63 PQF = 5¢5¢ERFYF
QF-SOYFO(l.oERFYF)oS.EXPg-YF-YF;/ngoo.S)
FFIJIB(QFeQF +2.,9PQF «QF 9sCANF+PQF ePQF ) ##,5
THF(J)I=P1®.5=ACOS((QF*CANF+PQFI/FF(y))
TXB(J)sPie,5=THB(J)

TXF(J)aPl®e5=THF (J)

70 CONTINUE
DO 85 L= 1,20
DIB=FB(L)*COSIGAMIL)=P]®e5¢THBI(| )mgRIL))
J*RR{L)ICRR(LI*WW(L)*SIN(GAMIL))/COS(GR(L))
DI(I)sDIB+DI(])

85 CONTINUE

DItl)sDI(l)ePle,5
DO7k=} 21
PJ(KIimolo(K=])
00O 8 L= 1,20
THRFEPJ(K)OP]® ¢S+ (]l e=PJ(K)I®THF (L)
DRF=FF(L)IOCOS(THRF*PI®e5=GAM{L)+GR(L))IOWW{L)®SIN
1(GAM(L))I®*RR(L)*RR(L)/COS(GR(L))
ODR(],K)=DR(],K)=DRF

8 CONTINUE
DRI K)=PJe.5¢DR({ 1K)
COF(1,K)sDR(I4K}/D1 (T

7 CONTINVE

5 CONTINUE
DO?I=),10
WRITE(6,101) SS(T1)010(1)
WRITE(4,103) GA(M)
DO10K=1,21
WRITE(69102) PJIK)sCOF(I9K)yDR(],K)

10 CONTINVE

9 CONTINVE

40 CONTINVE

WRITE(6,1085)
00 28 [=1,20
Al=s]
GR(I)=GR(1)e180,/P1
GAM(1)=GAM(1)®180./P]
WRITE(6,104)A1yGAMUT)yRR{TI)4GR(])

28 CONTINUE
105 FORMAT(//4%X o lHI ¢b6X2 6HGAM{TI) 16X ¢SHRR (1) e6Xy5HGR(1)/)

$049 FORMATI{2X s F10e5¢2XsE1DeS512X1EL1005,2%:E10e5)

103 FORMAT(4X)INGA®=EL10.5/7)
101 FORMAT(///7/4%92HSm E]0e592X16HDI(S)nyE13e5//78X92HPU,6X,7THK(PJ,4S)

ISXyBHDR(PJ,S)/)

102 FORMATIH4X yF10eS592X1EIDeS44X9EL1045)
200 FORMATI(//7/774X42HS2)ELO0e5 42X sb6HDI(S)Im)E10e59//78Xs1HK 10X 6HGAMIK])
16X, 6HTHI(K) 46X ySHFI(K)/)
201 FORMATU(H4X FlO0e5Sy)2X0ELO0e592X9E104592%9E105)
ENO
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PROGRAM CLELAN

This program was employed to calculate orbit perturbations

due to lifting satellite shapes.
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an NN

[aNa¥alaXaNe Xal

14
10
13

15

GRUN,/TPC CLELAN,UAHXXXXXXKXXX,ORBIT 10,400

CALCULATION OF SATELLITE ORBIT CHANGE CAUSED BY LIFT AND DRAG
PERTURBATIONSseees NUMERICAL INTEGRATION USING A MODIFIED RUNGAw

KUTTA TECHNIQUE

IMPLICIT DOUBLE PRECISION (A=H,0nZ)

DIMENSION YU7) ,W(7)4Q(7) ,PHINT(I0) PHINII0)AA(S)sYY(7,60),DEN(60
1) ,HT(40) N

DOUBLE PRECISION MU

REAL ESTEP,DIFFEQ,¥,Q

EXTERNAL OIFFEQ ,

COMMON TA MU, P FF o ACT s ¥R ACNIACK ) VMEAN

INPUY OF INITIAL VALUES

L ® NUMBER OF ECCENTRICYHTIES TIMES NUMBER OF PERIGEE MEIGHTS
M = NUMBER OF DIFFERENY SATELLITE ATTITODES

N = NUMBER OF AREA/MASS RAT10S

NO = UPPER LIMIT ON THE NUMRER OF ORBITS FOR A SINGLE LAUNCH
READ (5,3) NyM,L,NO

FORMAT (41%5)

READ (S34)(AA(]) 19 1 ,N )

FORMAT(E]IS.9)

READ (S ,14)(PHINT(K) PHEW(K), K = ] ,M)

FORMATY (2F15,10)

READ(S5,10)VE,RE MU

FORMAT(3E1549)

READ (S5,13) GA,PY

FORMAT (2F10.8)

READ (5,15) (CYY(MMaNN]L oMM = 1,7) ,DENINN)JHTINN)y NN = 1,L)
FORMAT (SC15¢9/2E15.9/72015,+6)

Pl = 3,]14159265359

PSTEP=m,2

STEPEX=,3010299954

DO 1010 I = §,N

AM = AA(D)

DO 1020 K = 1,M . .
PL = (P[/180¢) ¢ PHINT(K)
P2 = (PI/1804¢) o PHIW (K)
WRITE (6412) NyMoLyNO

12 FORMAT( N1,y 'FLAT PLATE IN AN ELLIPTIC ORBIT. ABOUT THE EARTH'®*,18X,

14164777 _
WRITE(&65146) AM,PHIW(K) ,PHINY(K) ,GA,PJ,VEYRE, MU,ESTEP

16 FORMAT (I1X,'"PARAMETERS' 3777, * SATELLITE AREA/MASS ® *,15X,F743,9X

19'M2/KG% 977" ATTITUDE ANGLE PHIW & 9 18X oF7e¢3,PX,'DEG* s/ /9" ATTIT
2UDE ANGLE PHINT = ¢ 14X, F7,349X,'DEG? /74 GA (GAS SURFACE PARAMET
3ER) = ¢ ,BX,FBs4,20%X,* (GAMMA) X SQRT(!*ALPHA) =~m===w REFe 1,7/,
4% PJ (GAS SURFACE PARAMETER) = *,8X,FBsl4,//,' EARTH ANGULAR VELOC!
5TY = Yy 1IX,E1408, 11Xy RAD/SECY /74" EARTH RADIVUS = " 323X)ELDe6
693X, 'MY /74" EARTH GRAVITATIONAL CONSYANT = *o7XsElLeT792X4"MI/SE
7C2%,//4" ECCENTRIC ANOHILY STEP SIZE = 37X Fl1e7sS5Xs'RAD /40 1HY)
AT=COS(P2)eCOSI(P])
ANSATeTAN(PL)
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24

2%

40
50

ARESINGP2ZY T -

llll-n-l-llllliuhlllllllllllilllllllllllllllllllllnnnllllnhll-nu.
MAIN ORaxTAL :LG:urs cow

Vl-:ccznvntc ANOHALV

Y2uSEMINAJOR AX1S

Y3ISECCENTRICITY -~ |

Y4sORBITAL lNCL!NATlON v

YSeARGUMENT OF PERIGEE tu;rn strtcr To Ascznotne NODE)
Y6=LONGITUDE OF :ASCENDING: Noot c!xrﬂ n:sr:ct To VERNAL EQUINOX)

" Y7=TIME OF PERIGEE PASSAGE"

TIHE'TIHE IN?O 0RllT|S'

llll.llll-!.llllillI'IlIllllllIIIIIIIl.ll.lllll.illilllllllllnll!

PO 1000 Il .= §,L L

00 20 MM = 1,7 R

Y(MM) = YY(MM,11)"

RHOO = DEN(l!)

HH ® HT(ID)

HPI = Y(2)0(1lemY(3))=RE

VP-SQRY((HU/V(Z))0|1007(3))/(lo-YIS)))
'y, ]

AVMADD e Dunﬁh\l.
VITNRT ¥ (A A A ‘

OLDY=0.0
OLDT=0,0
NORB!Tw}
ITER=O

J = |
NULL = D

CALCULATION OF VARIABLES

NEXTs=0

NDIP = O

ITERWITERSI

R = Y(2)e({leeY{3)ecoS(YII)))

HeER=RE

RPeY{(2)e(1e=Y(3))

HP = RP « RE

IF (HPoLTe0s0+0RsY(3)eLYe0e0) GO TO 9299
RHOSRHOOSEXP =(HoHP ) /HN)

FF = SQRT((1e=Y{3)082)0(1,6Y(3)0COStY 1))}/ (1e=Y(3)eCOSTLYL}))))
P = Y(2)e(leoY(3)002)

TA = ACOS((COS(Y (1))=Y (3))/7(1e=YI)eCOSIY(])
TASIN = (SINIY(1))eSART(14=Y(3)002))/(2e~V{d
IF (YASIN) 40,50,50

TAR(2.0P1)~TA '

UaTasv(S) ' ’

ARS {1 e/FF)SIATOY(3)eSINITA)GANG [ oaY(3)eCOSITAI))

ASE (1 e/FFIC(ATO (1 ooY(3)0COS{TA)IwANOY(I)OSINITA))
AnSQRT(ARO®2+ASee2+pKe0D)

VRm - SGRY¢NUIY(2|)o(vlsltslﬂtvtl!li/(lo-Y(SDOCOS(Y(ll'i
VSuSQRT(MU®(1eeV(3)eCOSITA))/R)> (VEOIOCOS(Y(*)))
VKsVESRecOS(U)ocOS(Y(8)?)

VeSQRTIVRee2+4VYSee2eyKee2)

1)
YeCcoS(Y(1)))
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VHEANSSQRTAMU/Y(2)ee3)
DOTs(ARGVROASOVSSAKSVK)IZ(ABY)
1F (ABS(DOTIILT,1¢0) GO TO 51

' DOT=l,

51
54

55
56

58
59

60

ANGAYK-ACOS(DOT)

TAS®ANGATK -

IF (TAS) 554854, ss
- COTAS = D.0
60 T0O. 56 o

COTAS = COTAN (YAS)

TAD = (P]/2¢=TAS)

CDOVE2+0SIN(TAJ) #2.0GASSIN(TAJ)@COS((P1/20)0PJe(2emPU)eTAY)

COR=(VR/V)eCDV

COSm(VS/V)IeCDY

COKm(VK/V)®CDV .

CL23e2,0GA®*SINITAU)SSINTIPI/2.0PJe(2,~PJ)*TAJ)

CLRu (AR (VR/V)®SIN(TAJ))*CLZ/SIN(TAS)

CLSm(ASH{VS/V)OSINITAJIYOCLZ/SINITAS)

CLKS(AKa(VK/V)IOSIN(TAJYISCLZ/SINITAS)

COV = CDVe1e484792117
CLZ = CDVe(SLI/SIN(P2))

AMM = AM/2.00

BL s CLZeAMM

BD = CDVeAMM

ACRe (RHO®VOS2)e ((BL ®AR/(VMEANOSINITAS)))e(le=Y(3)eCOSIY(})))=Y(2
1)eY(3)eSIN(Y(1))o(BL ¢ COTAS +8D0 )/V)

ACSs (RHOOV®®2)e((BL *AS/ (VMEANCSINI(TAS))) ®(1e=Y(3)eCOS(Y(L1))) e
1(SQRT(1:=Y(3)802)a(VECCOS(Y(4))/ VMEAN)IS(]e=Y(3)oCOSIY(1))) ®e2)e
1(YL2)/V)e(BL COTAS +pD ))

ACKm(RHOSVIC((VESY(2)/VNEAN)® SIN(Y(4)) ocOS{Ulel(le=Y(3)e CcOSLY!
11)))002) o(=BL oCOTAS .*8D )1+(BL OV/VMEAN)SAKR (=Y (3)0COS{Y I ))

ACNS {1 o/FF)I®((1,¢Y(3)eCOS(TA))I®ACReY(3)0SIN(TA)GACS)

ACTS {2 o/FFIOIY(I)eSINI(TYAIOACR®({14oY(3)0C0SITA)IOACS)

TIMER(Y(1)aY(3)eSINIY(1Y))/VMEAN +Y(7)

RAmY(2)e(lee¥(3))

DYNA = RHO®Vee2

IPC(DYNAZODYNAPP) oL Te100D>8) GO Y0 S8 _

ESTEP = (PSTEPO(DYNA/DYNAPPICO(+STEPEX)I®.01745329251)

GO TO S9

ESTEPs¢13946263401

ORBITENORBIT

IF (NDIP.EQel«ORSNEXT.EQe}) GO TO 81
IF (NORBIT,EQ.1 . AND,ITERL,EQ,1) &GO YO 40
GO YO 70

OLDRA = RA

oLDY = TIME

TAI=TA

Y2sY(2)

Yimyv(])

YqmY (4)

YS=Y(S)

YéuY(b)

HP ) =HP

OLDHPeHP)

oLDY3sY)

Visay
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70
80
83

82

700

610

620

ACTImACY

WRITE (6,18) (Y(MNN) MN®],7), TA.HP.RHOO

FORMAT(35Xy?0¢00000ee lﬁ!tlAL MAIN ORBITAL" :LEHENTS Qccotonoon.///
1e1Xo*ECCENTRIC SEMIMAJOR ECCENTRICITY ORBITAL" ARGUMENT
20F LONGITUDE OF'8Xs*TIME OF * y8Xs'TRUE! ySX, *"PERIGEE PERIGEE®+/»
3 ANOMALY® o 6X s 9AXIS 328X, INCLINATION PERIGEE ASCENDING NOpD
4E  PERIGEE PASSAGE  ANOMALY  HEIGHY - DENSITY ¢ / 4X,eYg0,.10X,
5'72'0'lx.'Y3'QIZXo'YQ'0!2!.'75'.111.'7".lsx"77'iizx.'vﬂ'nax"ﬂP'
6|7X0'RH00'o//pF906|E|~O7l P’o“.Fl‘i7.2f1“o7.Fl?o?lrl“osoztlnoﬂol /
7982X, Y (M=K=S=RADIANS)"4//7/7 )

IF (Y())=(2+%P1) ) .90,80,80

NORBITaNORBETS) =~ % f° .0 7

DELRASQOLDRA=RA

DELT=TIME=-OLDY

DELTA‘Z.'P!*(TA-TA])

DELASY2=Y(2)

DELACT=ACTI=ACTY

DELV=aV]ey

ODELHPRHP+KHP ]

DELERY(3)eY]

DELISY(4)eYYy }
DELW=Y(5)=Y5 i
DELWWaY(4)=Yd o
ADECAY = DELRA/TIME

THETA={80«*TA/P}

EE-IBD.’Y(I)/P! . _ o

1F . . NDIP,EQe) o OR(NEXT(EQ,13 60 TO 420
"OLDRA = RA’ ' ' )

OLDT - TIHE .

Tal=aTA ’

12-1(2)

Y3sY (1))

YquY (4)

YSmY(S5)

YénY(6)

HP j=slHP

OLDHPsHPL

oLDY3sY)Y

VisV

ACTI=aACT

IF (NULLEQe!) g0 TO 82

Y(1)mY(1)=2,0pP]

DYNAP=(RHO®VEee2)e,0000!

DYNAPP= (RHO®VSe2)

ouTPUT

IF(HPoGTs0s0eANDeY(3)sGTe0e0 ) GO TO 610

WRITE (6,7200)

FORMAT (//7,10X,¢ SATELLITE WAS CRASHED ON TH1S ORB]IT OR THE ORBIY
! MAS BEEN REDUCED TO CIRCULARY,///)

WRITE (6,800)

IF (NULLJEQel) GO TO 620

WRITE (46,801)

WRITE (64810) NORBITITHETALEEY(2),Y(30,Y(%)

WRITE (6,820)

WRITE (4:830) Y(S),Y(6)osY(7),TIME
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WRITE (4,840)

WRITE (6,850) VR VS VK sV sACN ALY JACK

WRITE (4,840)

WRITE (6,870) R, H,HP P sRHO,TAS

WRITE (6,880) ADECAY

WRITE (4,8085) DELHP ,DELEDELIOELW,DELWN
WRITE(6,890)0ELTYA,DELA)DELRA,DELT,,DELV,DELACT,ITER
WRITE (46,795) CLZsCLRICLS+CLKICOVy CDRICDS»CDK9AIARIAS 1AK
1F (NULLJEQe1) ¢0 YO 100D

IF (NDIPGEQ.I) GO 710 24

IF (NEXT.FQel) GO TO 24

795 FORMAT (37X,°R? 18X,°S*,18X,'K?,7 ,¢ LIFT COEFFICIENT?Y,/,0X,4D19,
110+7 +' DRAG COEFFICIENT®,/,9X,4D1%e10:s/ o ATTITUDE VECTOR®, /,
19X,4D0%:804/777777)

800 FORMAT (X, *NORBITOTIIX gOTANGRT7X Y10, 17X, 0729, 17X,0Y3%,17X,%v84¢,
10X,°TA,Y]l IN DEGREES®)
80! FORMAT(IX,*NEAR PERIGEE"®)
810 FORMAT (15,4%X,85D19,12,/)
820 FORMAT (18X, ?YSo 1 7Xo YR, 17X Y70 ,08X,¢TIME?)
830 FORMAT (9X,4D1%412,7)
B840 FORMAT (BX o 'VRY (16X VS o16X s VKT o 16XtV o 16X s ACNY y 15X, "ACT?, 15X,
1 'ACK?)
850 FORMAT (7D18411,/7)
B60 FORMAY (OX g RO 19X, PHY g 18X, *HPY 19X, 'RA* 18X, *RHO® 18X, *'TAS?)
B70 FORMAT (4D20¢13,//)
880 FORMAT (4X," THE APOGEE DECAY RAYE = ¢,1D20+9," METERS/SECOND?,//)
885 FORMAT (77X *DELHP O 13X 0DELE Y o 14X, 'PELI® s ISX, *DELW® (33X, ?DELWWY,/,
1SE18e¢12,/ )
890 FORMAT(7X oPDELTAY y 13X, "BAELAY y 14X, 'DELRAY s 14X "DELTY p 14X o 'DELY 13X
1o'DELACT® y 10X, *{TERATIONS Y, /,6F18012,8X,15,/)

1 o
1TER=D
J = 0
C
c NN OEOEREEE NN E RN AN RN AR NN NI AN I N AN R NI A ORI R RN RSy
C
90 CALL GILLI(DIFFEQ )Y ol ;ESTEP ,W,0,7 )
C
Cc AN EE DA NN RN AN R I A N IR I IO A NN AR NI RN N RN RNERORROER
C

IF (HPoLTe0eDsO0RVY(I)elLEeDs0) GO TO 999
IF (NORBITeNO}) ¢10,1000,1000
910 IF (HPeGTeloeBOOI  DHP)IeANDeY(3)eGToloB800LDYI)) GO TO 915
OLDMPEKP
oLDY3aY())
NDIPs}
WRITE (6,800)
GO 70 25
918 IF(DYNALGToDYNAPsORCJeERe}) GO TO 2%
920 Y(1)m2o0PjeY (1)
J = 1
NEXYT = |
WRITE (4,800)
WRITE (6,802)
802 FORMAT (IX,*NEAR APOGEE?)
€40 T0 25
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999 NULL = 1}

GO Y0 81
1000 CONTINUE

1020 CONYINUE
1010 CONTINUVE
END

RFOR+ 1S DIFFEQWDIFFEQ

NOO OO N

REAL FUNCTION DIFFEQ(Ys1)

DIMENSION Y1)

DOUBLE PRECISION Y 2y TASMU, P FF)ACT Uy R)ACNJACK,VMEAN

COMMON TAMU,P FF ACT,U,R,ACN,ACK,VMEAN
ﬂllu.lIlilﬂnl!llnluIllllIllllllllllnlllllllllll!llllllllll.llllll

DIFFERENTIAL EQUATIONS FOR ORBITAL PARAMETERS,Y2~Y7, WITH RESPECT
YO THE INDEPENDENY PARANETER, V!

SN ENN NI R Ay an AN IR NN E RN NN AR ENER RN RO RO OO REROURORY
GO TO (310:320+33D0,3490:350,360),!1

310 DOIFFEQm(2.,0(Y(2)002)/SART(MUSP))eFFeACT
GO TO0 400

"320 DIFFEQe(SQRT( P/MU)/FF)I®(2.0(COSITA)+Y(3))PACTSR® (oY (3)002)8SIN{

1TAYSACN/P)
GO TO 400

Ta1n NIrerrAndes
FIU VITTLEY"R~Y

GO YO 400
340 DIFFEQ®(SQRTIP/MUI/ZYL3))I® ((2¢0SINITAI®ACT®(R/P)IS(2,8Y(3)4COSITA)
1(Y(3)002)eCOS(TA))@ACN)/FFaROY(3)0SIN(U)SACT/(PeTAN(Y(4))))
IF (Y(4)) 400,399,400
350 DIFFEQu(ReSIN(UISACK)/(SQRT(PEMU)ESIN(Y(H)))
IF (Y(4)) 400,399,400
360 DIFFEQ@(Y(2)/MU)I®(2,8(P/Y(3)+ReY(3))eSINI(TA)/FF=3¢9SQRT(MU/P)eFF®
1Y(1)=Y(3)eSINIY(1)))/VMEANIGACT*((RePSCOSITA))/(MUSY(3)eFF))®ACN
GO YO 400
399 DIFFEQ=0.0
400 RETURN
END

AR 1IN o r ICADT futtiaB
VUINVISALR/ @R H

~ -
WrTTRuUSr

BFOR,IS GILL,GILL

2 XaXaNaNasXaNaNaXal

a N aRalal

SUBROUTINE GILL (DY YsZyH ,N,QyN)

DIMENSION YIN)oWIN) ,QIN) AL4)CtA),B(H)

DOUBLE PRECISION Y

DATACALL) pCUT i om (1) o1ml o4)/29085,2,,2%0292893283,14,2%)+70730671,
1109016666656865649085,2,/

THIS ROUYTINE 1S A MODIFIED RUNGA=KUTTA NUMERICAL INTEGRAT]ION

TECHNIQUE
-..-.---.-.---.'.------.-------ﬂ‘.-..-,._-'-"-.---.-
DXe IS THE INTERVAL SIZE,
We IS THE ARRAY USED TO STORE THE
VALUE OF Y%(X), W(1)sFO(X)ml
DX=H

Wi(l)ml,
FOR THE FIRST INTERVAL THE Q*S ARE.  SET Y0 ZEROs FOR
SUBSEQUENY INTERVALS THE PREVIOUSLY COMPUTED Q'S
ARE USED,
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NN N

28

....-..---..-....-‘-..---.-...D.O..-..--.-...--Q--.---

D0 S JUmj,N

QtJ)=0,

00 20 JUsl,%

N0 1S K=2,N

W(K)=DY (Y ,K=1)

00 20.Km] N

YI(K)I=YIK)eDXOA(J)o(WIKI=B(y)oR(K))

QIKIBQIK)I®Is®Al Yo (WIK)eB(J)eQ(K))aC(JI)eW(K)
TEST (F VALUE OF INDEPENDENY VARIABLE
HAS BEEN REACHED

IFIY(1)eDX0GTeZ) DXm2eY(1)

IF(OXeLTeABSIY(1))02.E=8) GO0 TO 25

IFiY(1)=2Z) 10,28,25

RETURN

END

#U,5, GOVERNMENT PRINTING OFFICE: 1976 - 735-004/13
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