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ABSTRACT

Satellites orbiting the Earth experience both a lift and a drag force due to the
atmosphere. Historically, only the drag force has been investigated. Lift and drag forces
are both related to the gas-surface interaction between the atmosphere and the satellite.
This study hopes to show that an improved model of the gas-surface interaction using a
variable model for the normal and tangential momentum accommodation coefficients can
increase the accuracy of orbit prediction programs. The orbit of the ERS-1 satellite was
analyzed by comparing changes in the semi-major axis and eccentricity of the orbit with
predicted changes using the traditional diffuse model and the improved variable model for
the accommodation coefficients. It was found that although the variable model predicts
much a much greater lift force on the satellite, improved modeling of the atmospheric
density is need to accurately predict orbital perturbations. A procedure for incorporating

a lift model into an orbit prediction program is suggested.
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Chapter I: Introduction

Space, the so-called final frontier, is beginning to have a tremendous impact on our
everyday lives. Satellites in the region of space near the Earth are used for many
applications. The impact of communication satellites on our lives is well known and
scientific satellites orbiting the Earth are giving us a better understanding of our planet and
the Universe. There are plans to launch hundreds of satellites into Low Earth Orbit in the
near future. This increased use of the space leads to the need to better understand the
environment in which these satellites operate and how that environment interacts with the
satellites.

Satellites are put into Low Earth Orbit (LEO) for a number of reasons. Small
communication satellites can pass signals back and forth and around the globe more
economically than larger satellites in a geostationary orbit. In fact several companies are
planning on launching large “constellations” of satellites beginning next year. Earth
observation satellites can view the Earth with more detail from lower orbits and the orbit
of the satellite can be adjusted to pass over the same spot on the ground at regular
intervals. Orbiting observatories, such as the Hubble Space Telescope, are placed in low
orbits so they can easily be maintained and retrieved by the Space Shuttle.

One of the problems presented by having so many satellites orbiting the earth is
accurately predicting their orbits. Earth observing satellites require their position in orbit
to be determined to within centimeters in order to make accurate measurements of the

ground below. Owners of communication satellites want their satellites in orbits that are



not going to decay too rapidly resulting in the loss of valuable equipment. Predicting the

orbit of a satellite would be simple if a point mass satellite was orbiting a point mass Earth
in a total vacuum with no other influences. The Earth however, is not a point mass. It’s
not even a sphere. Other bodies such as the Sun, Moon and planets exert a gravitational
influence on the Earth and satellites. Additionally, satellites orbiting as high as 1000 km
above the Earth’s surface can experience a significant effect on its orbit by the
atmosphere. Complicating matters more is that many of the effects are of the same
magnitude, making it difficult to distinguish what forces are acting on a satellite.

The effect of the atmosphere on satellites has been studied ever since the first
satellite Sputnik I was launched. Because early satellites where often spherical or
cylindrical in shape and tumbled through space only the drag force due to the atmosphere
was investigated. This was important because the drag force contributes to the decay of
the orbit and the effective lifetime of the satellite. Most satellites today however are
stabilized in orbit and have large flat solar panels and radar arrays that are fixed in
orientation or rotate at regular intervals. These panels can effectively act as wings,
producing a lift force and changing the shape of the orbit. Little work has been done to
this point to understand the lift effect on satellites.

This project was undertaken to better understand the effect of both aerodynamic
lift and drag on Earth orbiting satellites. A new model of the interaction between the
atmosphere and the satellite will be applied and a method for predicting the effect of lift on
the orbit will be demonstrated. Predictions using this new model will be compared with

current methods and areas for improvement will be suggested.
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Chapter II: Background

2.1 Free Molecule Flow

Satellites at orbital altitudes experience only a very tenuous atmosphere. This
results in a flow regime known as Free Molecule Flow (FMF). The defining characteristic
of free molecule flow is that the mean free path traveled by the gas molecules is much
larger than the length of the body in the flow. Under these conditions no boundary layer is
formed and molecules reemitted from the body do not collide with other molecules until
far away from the body. No shock is formed and distortion of the free stream velocity
distribution due to the presence of the body can be neglected. In free molecule flow the
gas does not behave as a continuous fluid but exhibits some characteristics of its coarse
molecular structure (1). One parameter of interest when defining free molecule flow is the
Knudsen number (Kn), defined as the ratio of the mean free path of the gas (7) to a

characteristic length (L).

Kn = Q2.1

[NINI

If Kn>>1 the flow is assumed to be in the free molecule regime.

Since reflected or emitted molecules do not interact with the oncoming flow
calculation of the aerodynamic characteristics of a body in free molecule flow can be
carried out by considering the flows of incident and reflected or reemitted molecules

separately. To do this one must have an understanding of the incoming flow distribution,




the interaction between the gas molecules and the surface and the resulting reflected flow

distribution.

The incoming flow field is typically assumed to have a uniform velocity profile,
superimposed on an equilibrium Maxwellian speed distribution. This is certainly the case
if the flow can be said to be hyperthermal. In hyperthermal flow the speed of the body in
the flow is much greater than the average random velocity of the gas molecules. The
molecular speed ratio (S) can be calculated to determine if a flow can be described as

hyperthermal.

s=—Y - Ly

ot V2 (2.2)

In the above equation, U is the velocity of the body, T is the temperature of the gas, M is

the Mach number of the flow and R and v are gas constants. If the flow is hyperthermal,

the Maxwellian velocity distribution of the flow can be ignored but because of the high
temperature in the exosphere S if often not that high.

The distribution of reemitted molecules is determined entirely by the interaction of
the gas molecules with the surface. If the gas molecules stay in contact with the surface
long enough to reach equilibrium with the wall conditions they will be reemitted with no
knowledge of their previous velocity. If the molecules are not in contact with the wall
long enough to reach equilibrium the distribution of reemitted molecules will retain some
knowledge of the incoming flow distribution.

The gas surface interaction (GSI) can adequately be represented by certain average

parameters known as accommodation coefficients. Of interest to us are the normal and



tangential momentum accommodation coefficients that compare the momentum carried

away in the normal and tangential directions to the momentum that would be carried away
if the molecule were reemitted diffusely from the wall with a Maxwellian distribution
corresponding to the wall temperature Ty, , i.e. if the molecules come to complete

equilibrium with the wall conditions. Symbolically these coefficients are:

' pl_pr
o' =——=
Pi—Pw (2.3)
_ T;—7T,
T, =Ty (2.4)

where p and 7 are the normal and tangential momentum flux components. The subscripts i

and r refer to the incident and reflected fluxes while the subscript w refers to the
conditions if the flux was reemitted with a Maxwellian distribution at the wall temperature
(1).

There are two hypothetical extreme cases of these two coefficients. Specular
reflection refers to the case where the normal momentum of the incoming flow is reversed
while the tangential component remains unchanged. For this case ¢’ = ¢ = 0. The other
extreme case is diffuse remission, where the remitted flux has completely accommodated
to the wall temperature Tw and follows a Maxwellian distribution. Then¢'= o= 1.

Historically, when computing the effect of the atmosphere on satellites the GSI has
been assumed to be well known and to result in diffuse reemission (2). This assumption is
erroneous, especially if the body has plates presenting a low angle of attack to the

oncoming flow (3). Numerous studies have been conducted to determine the momentum



accommodation coefficients for a large number of gases, surfaces, and energy levels. A

survey of these studies has been conducted by Collins (4,5) resulting the following model

for the two momentum accommodation coefficients:

c'=1- exp[—2.1(cose)l‘6] (2.5)

45-06

1.6687
o=06- 0.4( ) ;8 £ 45deg

2.6
o = 0.6;06 > 45deg (2.6)

where 0 is the angle between the incoming flow and the surface normal as shown in Figure
1.

The normal pressure and shear on a surface element in free molecule flow were

shown by Schaaf and Chambre' (1) to be as follows:

2-¢ Ssin® +G_ _Tl e—(Ssinef +
pc_,Uz \/T? 2\7T

p=2= S @.7)
{(2 -0o' )[(Ss.ine)2 +—} +G—1/n—‘”(Ssin6)}[l +erf(Ssin®)]
i 2 2N T |
_ 0p U?cosO [ _sinep . | .
T ———ZJ—E——{e +\/;t—(Ssm6)[1+erf(Ssm6)]} (2.8)

where p_ is the free stream density, U is the free stream velocity, Ty, is the wall
temperature, and S is the molecular speed ratio. Equations 2.7 and 2.8 can be integrated
over the surface of a body, using a model for the accommodation coefficients, to

determine the aerodynamic coefficients Cp and Cy.
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Figure 1. Coordinate System for Gas-Surface Interaction (1)

2.2 Orbit Determination

If the motion of a satellite around a larger body could be completely explained by
the two-body problem prediction of that orbit would be very simple. Once the position
and velocity of the satellite were know at any one time, Kepler’s equations of motion
could be applied to find the position of the satellite at any time in the future or the past. In
the real world however many other forces effect the motion of a satellite. These other

forces are referred to as perturbations and include Earth gravity harmonics, gravitational



attraction by the Sun, Moon, and other planets, atmospheric drag, solar radiation pressure,

Earth radiation pressure, and ocean and solid Earth tides. In order to accurately predict
the orbit of a satellite each of these perturbing forces must be accounted for and modeled.

There are several approaches to solving the equations of motion with
perturbations. Most often used are the “special perturbation” techniques. These special
perturbation techniques involve the step by step numerical integration of the equations of
motion. Two special perturbation techniques are Cowell’s method and the Variation of
Parameters method.

Cowell’s method is the simplest and most straight forward of all the perturbation
methods. It was developed in the early 20th century and is especially popular now that
computers are becoming faster and more powerful. Cowell’s method is to write the

equations of motion in the following form:

N
r+r—3r—ap (2.9)

where 7 is the position vector to the satellite, [t is the gravitational constant of the central

body, and @, is the sum of all perturbing accelerations. The main advantage of Cowell’s

method is its simplicity in formulation and implementation. Some disadvantages include
the need for a small integration step when near a large attracting body and the relatively
long time needed to integrate the full equations of motion when compared to other
methods (6). Despite these shortcomings today’s high speed computers make Cowell's
method very practical and it is used in several large-scale orbit prediction and

determination programs.



The method of variation of parameters has been used since the 1700’s and was the

only successful perturbation method until the development of modern machine oriented
methods such as Cowell’s method. A two body orbit can be described by any consistent
set of six orbital elements, the most commonly known are Kepler’s classical set (a, €, i, @,
€, M). The essence of the variation of parameters method is to determine how the set of
elements varies with time due to the perturbations. If there where no perturbations the
orbital elements would remain constant. Once expressions for the rate of change of the
orbital elements are known, they can be numerically integrated to find the values of the
elements at some later time. Since the variation in the orbital elements is small compared
to the variation in position and velocity, larger integration steps can be taken then with
Cowell’s method (6).

Satellite orbits are determined from the reduction of tracking data. This tracking
data may consist of laser range measurements, visual sighting, radar tracking data, or data
from other sources. Tracking data can be entered into a program such as the GEODYN II
program to determine the orbit of that satellite. Statistical estimation techniques are used
to determine the orbit that best fits that data. This technique requires that several
parameters are left as "solved for" parameters (7). The coefficients of drag and radiation
pressure are often left as the solved for parameters. This means that these parameters are
not entered into the program but are varied by the program until the residuals between the
tracking data and the calculated orbit are minimized. These solved-for parameters are able
to account for uncertainties in the true coefficients as well as systematic errors in the

atmospheric model (8).




2.3 S/HAB Program

The Gentry Supersonic Hypersonic Arbitrary Body Program (S/HABP) (9) is a
system of computer routines capable of calculating the supersonic and hypersonic
aerodynamic characteristics of arbitrary three-dimensional shapes. The program consists
of a geometry generation routine and several aerodynamic routines that apply proven
engineering methods to the problem of calculating the aerodynamic characteristics of a
body. The program primarily uses local slope pressure techniques. These techniques are
most accurate at hypersonic speeds but the first order interference effects of one surface
on another can be accounted for to improve accuracy at supersonic speeds (9).

The geometry generation routine in S/HABP uses the surface element or
quadrilateral method. Any arbitrary body can be entered as a series of surface points.

Sets of four points are grouped together to form a quadrilateral surface element. This
surface element is then described by a surface normal vector located at the centroid of the
quadrilateral.

The aerodynamic characteristics of a body are calculated in the following manner
by the S/HAB program. The pressure at the centroid of each surface element is calculated
using a selected pressure calculation method (modified Newtonian, tangent wedge, shock
expansion, free-molecule, etc.). This calculated pressure is assumed to be the pressure
over the entire surface element. Once the surface pressures are known they can be
integrated over the entire body to give the aerodynamic forces and moments.

The pressure calculation method that we are most interested in is the free molecule

flow method. When the free molecule flow routine is called the program first determines
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whether the panel is facing into the flow or away from it. If the panel is facing away from

the flow it is said to be in the shadow region and the pressure and shear are assumed to be
zero. This is a very accurate assumption if the speed ratio is large i.e., if the flow is
hyperthermal. If the panel is facing into the flow the pressure and shear are calculated
using the formulas given by Schaaf and Chambre (Equations 2.6 and 2.7) (9).

The program accepts the momentum accommodation coefficients as input
variables and treats them as constants. It is a simple matter however to modify the
program to use accommodation coefficients that vary with the relative flow angle such as
equations 2.4 and 2.5. Other parameters that must be entered into the program are the

free stream temperature and pressure, and the Mach number of the flow.

2.4 GEODYN II Program

The GEODYN II program was developed at the NASA/Goddard Space Flight
Center for the purpose of satellite orbit determination, geodetic parameter estimation, and
many other items relating to satellite geodesy. The GEODYN II program operates in two
main modes, an orbit generation mode using Cowell’s method of integrating the orbit, and
a data reduction mode using a Bayesian least squares statistical estimation procedure (8).

We are primarily interested in the orbit generation mode of the GEODYN II
program. This mode uses the direct numerical integration outlined in Cowell’s method.
The GEODYN II program models the following perturbation accelerations: nonspherical
Earth harmonics, luni-solar potentials, planetary potential, radiation pressure, solid Earth

and ocean tidal potential, atmospheric drag, and general accelerations. The models of



each of these forces will be briefly discussed below. The equation of motion used by the

GEODYN program is of a slightly different form than Equation 2.9. If terms are
regrouped and it is recognized that gravitational attractions can be described by a potential

field the equation of motion can be written as
F=VU+Ap + Ag (2.10)
where U is the potential field due to gravity and Apand Ay are the accelerations due to
drag and solar radiation pressure respectively.
The Earth’s Gravity field is expressed by the potential of an ellipsoid of revolution
and small irregular variations expressed as a sum of spherical harmonics. The GEODYN
system uses this formulation:

2.11)

max n
U= w 1+n2 Z[ ] B(sin¢' [C cosmh + S, smmk]
r n=2 m=0

where G is the universal gravitational constant, M is the mass of the Earth, r is the

distance to the satellite, n max is the summation limit, a. is the Earth’s mean equatorial
radius, ¢' is the satellites geocentric latitude, A is the satellites east longitude, P" (sin ¢')
indicates the associated Legendre function, and C,y, and S,, are the denormalized

gravitational coefficients.

Perturbations due to a third body are treated by defining a third body disturbing

potential Rq. This potential is of the form



Gm 2r, rt|e
R, =—1 [1—-—S+—2} - (2.12)

where myq is the mass of the disturbing body, rq is the distance from the geocenter to the
disturbing body, and S is the cosine of the angle between the position vectors of the

satellite and disturbing body.

The GEODYN system incorporates several methods for calculating the
perturbation due to solid Earth and ocean tides. Most result in spherical harmonic
variations in the gravitational potential similar in form to Equation 2.10. A complete

description can be found in the GEODYN II Systems Description (10).

The GEODYN program can account for the force due to the radiation pressure for
radiation directly from the sun and reflected off the Earth. The acceleration due to solar

radiation takes the form

sTs (2.13)

s
where V is the eclipse factor, Cy is the coefficient of reflectivity, A, is the cross sectional
area of the satellite, m; is the mass of the satellite, P; is the solar radiation pressure in the
vicinity of the Earth and 7, is true of date unit vector pointing towards the Sun. The
acceleration due to the radiation reflected by the Earth is modeled in a similar manner with
the Earth represented by 19 reflecting surfaces.

The acceleration due to atmospheric drag is of the form



- __l_ A -
Ap == CommpvY (2.14)

where Cp is the drag coefficient, p is the density of the atmosphere at the satellite position,

and Vv is the velocity of the satellite relative to the atmosphere. The GEODYN program
uses the Jacchia 71 model to calculate the density of the atmosphere. This model is the
most accurate available and accounts for the effects of solar activity, geomagnetic activity,
and diurnal, latitudinal and seasonal variations in the upper atmosphere. The rotation of

the upper atmosphere is also accounted for when calculating the drag force (10).

2.5 The ERS-1 Satellite

The first European Remote Sensing Satellite (ERS-1) was launched to increase our
understanding of the interaction between the Earth’s atmosphere and oceans in order to
improve global climate modeling. It was launched into a Sun-synchronous polar orbit
allowing it to view the entire Earth as it rotates beneath it. The Sun-synchronous orbit is
designed so that the orbital plane will always maintain its position relative to the sun. This
is beneficial in that the solar array only needs to rotate about one axis normal to the orbital
plane. ERS-1 is able to change its orbit slightly to vary the repeat period of its ground

track.
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The primary instruments on ERS-1 are a number of microwave radars used for
measuring surface and wave heights, a radar altimeter, and a passive Laser Retro-
Reflector used as a target by ground-based laser tracking stations. The ERS-1 Satellite as
depicted in Figure 2 consists of a prismatic payload section measuring approximately 2 m
X 2 m x3 m, a large solar array measuring 12 m x 2.4 m which is free to rotate a full 360°

over the course of one orbit, and several radar antennas (11).

Figure 2. The ERS-1 Satellite (12)
15



Chapter III: Methodology
3.1 Aerodynamic Modeling of ERS-1

The first step in understanding the effect of aerodynamics on a satellite’s orbit is to

develop a model of the aerodynamic characteristics of the satellite. This task is easily

Figure 3. Geometric Model of ERS-1
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performed using the S/HAB program.

The relatively simple geometry of the ERS-1 satellite can easily be represented by
a number of flat plates. The satellite consists of three sections, the payload and support
structure, the solar panel, and the radar antenna. Figure 3 shows the geometric
representation of the satellite as entered into the S/HAB program. The body of the
satellite is 2 m x 2 m x 3 m, the solar panel is 12 m x 2.5 m, and the radar antenna is 1 m x
10 m. The solar panel and radar antenna are modeled having both a front and a back side;
this is important so that all the shear force can be accounted for. Several geometries have
been developed, each representing the solar panel in a different position as it rotates about
the y-axis of the satellite. Since the satellite is stabilized in orbit, only the solar panel
changes position relative to the oncoming flow.

The free molecule flow routine of the S/HAB program was used to calculate the
lift and drag coefficients of the satellite. Two cases were run, first the diffuse case where

o=0°‘=1, and the second case where ¢ and ¢* vary with the incoming flow angle.

Parameters that have to be entered into the S/HAB program are the ratio of the
satellite wall temperature to the free stream temperature, the free stream Mach number,
the altitude, and the cross-sectional area of the satellite. The ratio of wall temperature to
frebe stream temperature varies depending on the solar heating of the satellite and the
atmosphere, magnetic activity, time of day, and the position of the satellite above the
Earth. For the purpose of our analysis, it was assumed that the satellite had an average
wall temperature of 300 K and the free stream temperature averaged 850 K during the

period of interest from May to December 1993. The free stream Mach number was

17




entered as 6.3 (S=5.3) based on this same temperature and the velocity of a satellite in a

near circular orbit 780 km above the Earth. The altitude of the satellite was entered as
780 km and the nominal cross sectional area of the satellite is 36 m” when the solar panel

-

is perpendicular to the flow.

3.2 Conversion of Orbital Data from IERS to ECI

A set of position and velocity vectors has been provided for the ERS-1 satellite by
Dr. B.E. Schutz at the University of Texas Center for Space Research. A position and
velocity vector is given every three and a half day for the period from May 31, 1993, till
December 17, 1993. This set of orbital data was created from laser ranging data using a
program similar to the GEODYN II program. These orbits represent a best fit of the
current perturbation models to the laser tracking data for an arc length of 3.5 days. There
may be discontinuities of 10-20 cm between adjacent arcs but the first point in the arc is
the most accurate prediction of the satellites position available. In the reduction of the
tracking data, the drag coefficient and the coefficient of reflectivity are the solved-for
parameters. These parameters are treated as constants and adjusted once a day to produce
an accurate orbit.

The data provided was referenced in the International Earth Rotating System
(IERS), a rotating coordinate frame. This fact leads to the need to convert the data to an
Earth Centered Inertial (ECI) or True of Date (TOD) coordinate system for entry into the

GEODYN Program and for analysis. To perform this transformation the IERS coordinate
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frame simply must be rotated about the z-axis through the Greenwich angle. The

following equations are used to rotate the coordinate frame:

X; =X, cos0 -7, sin0 (3.1)
Y; =X,sin0 + Y, cosB (3.2)
Xi = Xe cosO — Ye sin® (3.3)
Y,- = X'e sin® + Ye cosO (3.4)

where 0 is the Greenwich angle, @, is the angular velocity of the Earth, and the subscripts

i and e represent the inertial and Earth centered frames respectively. The Greenwich angle
is obtained from the Astronomical Almanac. Once the observations have been converted
to ECI they can readily be entered into the GEODYN program and the corresponding

orbital elements obtained.

3.3 Development of Baseline Orbit and Separation of Drag Perturbation

While the data provided by UTCSR provides a set of initial positions for our
comparison of perturbation models, a more complete baseline orbit is need to conduct our
analysis. This baseline orbit can be developed using the GEODYN II program. Each data
point provided can be entered as a starting point for the GEODYN orbit prediction
routine. The most current perturbation models incorporated into the program will be used
to project the orbit forward until the next data point is reached. Since the baseline orbit
will represent a typical orbit prediction the Drag Coefficient will be taken as a constant of

2.0. This value is the limit for diffuse scattering on a sphere as S—eo, and has historicaily
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been used for the prediciton of satellite orbits. The coefficient of reflectivity will be taken

as 0.083 which is the average of solar panel with a reflectivity of 0.0 and the satellite body
with a reflectivity of 0.5. These reflectivity values were provided by UTCSR.

The actual orbit of a satellite can be represented by a Keplerian orbit and a sum of
perturbating effects, such as atmpospheric drag, non-spherical harmonics, and third body

effects.

Ouctual = Okepler + X AO; 3.5)
This fact will allow us to separate the effect of aerodynamic forces from the rest of the
orbit. The GEODYN program can be used to create an orbit that accounts for the
Keplerian orbit as well as all perturbations except the drag perturbation. This orbit can

then be subtracted from the baseline orbit leaving the perturbation due to aerodynamic
forces.

AO4F = Opaseline ~ ONoDrag (3.6)
This is possible since any of the pertubations on the orbit are small when compared to the
Keplerian orbit and their influence on each other can be neglected. The perturbation due
to the aerodynamic forces can then be compared to the perturbation predicted by our new

model using the technique outlined in the next section.

3.4 Calculation of the Aerodynamic Perturbation

A variation of parameters approach can be taken to determine the aerodynamic
perturbation on a satellite orbit. This technique has been used by both Moore and Sowter

(13) and Crowther and Stark (14) to analyze the orbit of the Astronomical Netherlands
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Satellite (ANS-1). Their approach was to separate the forces acting on the satellite into
components acting along the satellite’s track, radially from the center of the Earth to the
satellite, and perpendicular to the orbital plane. These force components can be
substituted into Lagrange’s planetary equations, relating the change in semi-major axis (a),

eccentricity (e), and inclination (i) to the change in the eccentric anomaly (E).

da _ 2ra®V L

dE un 18 ! (3.7)
de _ I |2 2F[e+£(cosE—e)]+F 1-e? sinE
dE vip| L - r (3.8)
di ar 2 . .
— =————="cos®CcosE—y1l—e” sinosin E—ecos® {F,
LI (3.9)

In the above equations r is the distance from the center of the Earth to the satellite, V is
the satellite’s velocity, W is the gravitation constant for the Earth, o is the argument of

perigee, and F,, F,, and F,, are the forces acting in the radial, tangential, and normal
directions. Crowther and Stark (14) used this approach to derive values for the
momentum accommodation coefficients from analysis of the change in semi-major axis
and inclination. Moore and Sowter (13) derived values of the momentum accommodation
coefficients from analysis of the semi-major axis , eccentricity, and inclination. Both these
studies were limited by the accuracy of the available satellite ephemeris.

Our analysis is simplified by the fact that since the ERS-1 is stabilized in its orbit
the drag force acts only in the tangential direction, and the lift force acts only in the normal

direction.
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(3.11)
F, = D=—-=CppV? -
r=E==7tDpP : (3.12)
F,=0 (3.13)

Since no aerodynamic force acts in the direction normal to the orbit we are left with two
equations describing the change in the orbit. The radial position of a satellite in an orbit
and its velocity at that point can be related to the orbital parameters by the following
equations (6).

r=a(l-ecosE) (3.14)

H 1+ ecosE

v 0(1_82) 1-ecosE (3.15)

This results in two equations for the variation of two orbital parameters that
depend only on the eccentric anomaly and the density of the atmosphere. These two
equations can be integrated over one orbit resulting in the incremental change in that

orbital element over one orbital period (13).

2N g4
Aa = g)d_E-dE (3.16)

2% de
Ae = ({gg"E (3.17)

One of the more uncertain elements in any analysis of satellite orbits is the value of

the free stream density at any point. The most accurate model of the upper atmosphere
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available is the Jacchia 71 model. This model accounts for solar and magnetic flux effects,
the time of day, seasonal and latitudinal variations and several other factors and is based
on a large number of empirical measurements (15). Implementation of this model is rather
cumbersome requiring tables of solar and magnetic flux values on the day of interest, the
solar ephemeris, and temperature variations due to latitude and time of day. Since the
variational changes in density over time are better understood and modeled than the
absolute density, a simpler model to implement has been developed by King-Hele (16). In
this model the well-understood variations due to position and height in an oblate

atmosphere are referenced to the density at the perigee point of the orbit.

o= ppkleZCOSEI:I + ccos2(@ + E) — 2cesin2(@ + E)sin E +%02{1 + cos 4(o + E)}] (3.18)

~Z—=CCOS2M

ky=e (3.19)
1K o

Cc = 57511'1 ! (320)
=g

=7 (3.21)

In the above equations p, is the density at perigee, H is the atmospheric scale height, and x

is the ellipticity of the Earth. Both the density at perigee and the scale height can be

obtained from the 1966 supplement to the U.S. Standard Atmosphere (17).
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Chapter IV: Results

4.1 Aerodynamic Model

The aerodynamic characteristics of the ERS-1 satellite were modeled using the
Supersonic/Hypersonic Arbitrary Body Program. Two models were developed. The first
calculated lift and drag coefficients using the diffuse model for reemission. The second
used momentum accommodation coefficients that varied with the angle of the incoming
flow. Both models were created for a wall to free stream temperature ratio of 0.35 and a
molecular speed ratio of 5.27 (M=6.3) (Figures 4 and 5).

Figure 4 shows the drag coefficient calculated versus the angle of the satellite's
solar panel. Since the satellite is stabilized in orbit so that the radar arrays are always
parallel to the Earth, the solar panel is the only component that changes orientation
relative to the oncoming flow. It is interesting to note that the variable model predicts
lower drag at small angles to the incoming flow but at high angles it predicts significantly
more drag. Curves were fit to both sets of data for use in the orbital perturbation

program. These curves are as follows:

Chaiffuse = 1.22308+2.585725in(8) + 0.925154sin(8)> 4.1)

Chvariable = 111743+ 1.26263sin(8) + 2.65699sin(8)> 4.2)

where 0 is the solar panel angle in degrees.
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The lift coefficient versus solar panel angle is shown in Figure 5. It is immediately
obvious that the variable model predicts much more lift than the diffuse model. It can also
be noted that the peak lift shifts from about 35 degrees for the diffuse case to about 50
degrees for the variable case. The following curves were fit to the lift data for use in the

orbital perturbation program.

(8 (8 _(8)?

C Laiffuse = 0-272403 sm(;) — 0.0004020330 sm(;) — 0009971026 sm(;) 4.3)
(8 (8 (02

CL variable = 0.658977 sin E +0.01147950 sin 3 — 0.004064470 sin E (44)

4.2 Conversion of Orbital Data

The orbital data provided by the Center for Space Research at the University of
Texas required conversion from the International Earth Rotating System (IERS) to an
Earth Centered Inertial (ECI) coordinate system. This conversion simply required a
rotation of the IERS frame about the Z-axis. This rotation was performed by the

computer program entitled THETA found in Appendix A.

4.3 Calculation of the Aerodynamic Perturbation

The calculation of the orbital perturbation due to aerodynamic effects was
calculated using the approach detailed in section 3.4. This calculation was performed by
the PERT program listed in Appendix A. The PERT program uses a fourth order Runge-
Kutta integrator to calculate the perturbation in the semi-major axis and the eccentricity

over one orbit. All parameters (A, e, po, i, H) are assumed constant over one orbit and the
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initial orbital elements are based on a GEODYN orbit produced with a drag coefficient of
0.0. Figure 6 shows the progression of the semi-major axis and eccentricity of the No
Drag orbit over the course of a typical 3.5 day arc.

The calculated perturbation in the semi-major axis is shown in Figure 7. The first
thing to note is that the variable model predicts a larger perturbation than the diffuse case.
Also note that the calculated perturbation is relatively constant in each of the cases shown.
However, the GEODYN calculation shows tremendous variability and irregularity. The
different density models used in the GEODYN and PERT programs could account for the
differences between the two predictions. This effect will be examined later.

The calculated perturbation in eccentricity is shown in Figure 8. It is interesting to
note that the trends predicted by both the GEODYN and PERT programs show more
correlation for the eccentricity than they did for the semi-major axis. Magnitude
differences still exist, again probably relating to the different density models used in each
program.

The choice of atmospheric model and parameters plays a vital role in the prediction
of aerodynamic perturbations. Figure 9 shows the variation in predicted perturbations
using the variable coeffiecient model with different free stream temperatures and therefore
different perigee densities entered into the PERT program. It is obvious that the density
model can have a large effect on the calculated perturbations. The GEODYN program
uses the Jacchia 71 atmospheric model which can account for small scale and day to day

variations in the density at a given point. The exponentially varying oblate atmosphere
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used in the Pert program obviously does not account for enough variation in the
atmosphere to accurately predict the magnitude of the aerodynamic perturbations.

One approach to minimizing the effects of the atmospheric model on the prediction
of aerodynamic perturbations has been demonstrated by Moore and Sowter (13). Their
approach is to compare the ratio of two predicted perturbations. This should minimize the
effect of the perigee density value on the predicted parameter, provided the variations in
the atmosphere with respect to the density at that point are well modeled. The parameter

AA/Ae is presented in Figure 10. Several of the cases shown show a good correlation

between prediction models. Differences in density models are definitely minimized by
examining the ratio of parameters, although some inaccuracy remains due to the fact that
all the secular changes in the atmosphere are not modeled.

The last comparison that can be made is to look at whether the PERT aerodynamic
model does a better job of recreating the Texas data than does the GEODYN aerodynamic
model. Figure 11 shows the percent error in the prediction of the semi-major axis by the
three prediction methods. The perturbed orbit used in the percent error calculation is
calculated by summing the perturbations over an entire 3.5 day arc and adding this total
perturbation to the NoDrag orbit. In many cases the predictions using the PERT
calculations are slightly better than the GEODYN predictions. The percent error in

eccentricity predictions is shown in Figure 12. Again the PERT predictions are slightly
better in many cases. Figure 13 looks at the parameter AA/Ae . Similar trends are shown

by all three sets of data.
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The points that are significantly away from the other points on Figure 13 warrant
some discussion. These points correspond to cases where the calculated perturbation in
eccentricity went from positive to negative resulting in much lower total perturbation for
the 3.5 day arc. The variable model predictions are much greater in magnitude because of
the contribution of the lift force in the eccentricity perturbation. We can see in Equation
3.8 that the lift and drag forces contribute in opposite directions to the eccentricity
perturbation. It is inherent to the problem that a model that predicts a greater lift force
will greatly effect the calculated perturbation. Comparison of corresponding points on
Figures 12 and 13 show that the outlying points on Figure 13 correspond to points on

Figure 12 where the percent error has been reduced.
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Chapter V: Conclusions

It is quite apparent from this study that the gas-surface interaction can significantly
effect the prediction of orbital perturbations. Current prediction methods that do not
account for aerodynamic lift may inaccurately predict the change in the eccentricity of an
orbit. The gas-surface interaction greatly influences the amount of lift produced by a body
and needs to accounted for, especially if a satellite has large lift generating surfaces.

The most important factor when trying to predict the orbital perturbations on a
satellite is the atmospheric model. A model such as the Jacchia 71 model that can account
for the day to day variations in a baseline density value as well as variations due to
latitude, time of day, and season should be used if at all possible. However, in many cases
the ratio of two parameters can be used to minimize the effect of baseline density if a less
accurate model is used.

Instruments being launched on many Earth observing satellites are requiring that
orbits be predicted with centimeter and subcentimeter accuracy. Current prediction
methods are only accurate within a few centimeters. Improvements in the prediction of
the aerodynamic effects on the orbit could help to achieve this goal.

Two techniques are available to further improve and validate the aerodynamic
model presented in this paper. The first involves incorporating the variable model for Cp
and Cy, into an orbit prediction program such as GEODYN. This routine could then be
used when reducing tracking data and any improvement in the prediction of the orbit

would immediately be obvious. To do this, a routine for calculating the force due to lift
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must be added to the program. Routines for predicting the lift and drag coefficients as a
function of the satellite's position and orientation must also be included. These routines
then must be called at the appropriate times by the main program integrating the orbit of
the satellite.

The other approach uses telemetry data from the stabilizing flywheels used to
maintain the satellite's orientation in orbit. This data can provide accurate measurements
of the forces and torques experienced by the satellite. If this force data can be combined
with accurate density measurements around the satellite an aerodynamic force model can
be validated. If accurate density measurements are not available the approach of

examining the ratio of parameters could be used.
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Appendix A: Computer Programs

A.1 THETA.F

c DEFINE VARIABLES

REAL THETA, OMEGA, T, TO, TG
REAL THR, TMIN, TSEC

REAL TOHR, TOMIN, TOSEC

REAL TGHR, TGMIN, TGSEC,DELTAA
REAL YEAR, MONTH, DAY
CHARACTER*6 LABEL

REAL X, Y, Z, XDOT, YDOT, ZDOT
REAL TEMPX, TEMPY, TEMPZ
INTEGER NOBS, T

C READ DATA CARD
OPEN(9, FILE="texas.eph2")

NOBS=58
DO 500 I=1,NOBS

READ(9,10) LABEL, YEAR, MONTH, DAY
READ(9,10) LABEL, THR, TMIN, TSEC
READ(9,10) LABEL, X, Y, Z
READ(9,10) LABEL, XDOT, YDOT, ZDOT

10 FORMAT (10X,A6,4X,3E20.13)
C PRINT EPOCH OF OBSERVATION

WRITE(6,20) YEAR, MONTH, DAY
20 FORMAT ( 'DATE OF OBSERVATION ',3F10)

C READ THETAG FROM KEYBOARD

WRITE(6,30)

30 FORMAT ( 'ENTER HOUR FOR THETAG : ')
READ(5,40) TGHR

40 FORMAT (F2)
WRITE (6,50)

50 FORMAT ( ' ENTER MINUTE FOR THETAG: ')
READ(5,40) TGMIN
WRITE(6,60)

60 FORMAT (' ENTER SECONDS FOR THETAG: ')
READ(5,70) TGSEC

70 FORMAT (F7)
WRITE(6,80) TGHR, TGMIN, TGSEC

80 FORMAT ('THETAG: ', 2F3,F7.4)
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N QN0

90

130
140

500

WRITE(6,90)
FORMAT ('ENTER DELTA A (SEC):')
READ(5,40) DELTAA

CONVERT T, TO, AND TG TO SECONDS

T=TSEC+ (60*TMIN) + (60*60*THR)
TO=TOSEC+ (60*TOMIN) + (60*60*TOHR)
TG=TGSEC+ (6 0*TGMIN) + (60*60*TGHR)

CALCULATE THETA

OMEGA = 7.2921151467E-05
THETA= OMEGA* (T+TG)

CONVERT POSITION VECTOR

TEMPX=X*COS (THETA) -Y*SIN(THETA)
TEMPY=X*SIN(THETA) +Y*COS (THETA)
TEMPZ=7
X=TEMPX
Y=TEMPY
Z=TEMPZ

CONVERT VELOCITY VECTOR

TEMPX= (XDOT*COS (THETA) -YDOT*SIN (THETA) )
TEMPY= (XDOT*SIN(THETA) +YDOT*COS (THETA) )
TEMPZ=ZDOT
XDOT=TEMPX
YDOT=TEMPY
Z2DOT=TEMPZ

PRINT POSITION AND VELOCITY IN GEODYN FORM
WRITE(10,130) X,Y,2

FORMAT ( 'ELEMS114',2X, '0300',6X,3D20.14)
WRITE(10,140) XDOT,YDOT, ZDOT

FORMAT ( 'ELEMS2', 14X, 3D20.14)

CONTINUE

END
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A.2 PERT.F

IR R EEEERE RS EAR R EEESELEEEEEREEEES

* PERT- ORBITAL PERTURBATION *
* PROGRAM *

EEEEER SRR ESAESES SRS EREEREERE SRS

SRONONP]

REAL*8 A,E,I, BIGOMEGA, OMEGA, MEAN

REAL*8 ANGLE, DELTAA, DELTAE, DELTAAN, DELTAEN, H,
DYDXO0

CHARACTER DATE*22, HEADER*10

COMMON A, E, I,MEAN, OMEGA

INTEGER N, NMAX, M

NMAX=1000

C **** READ HEADERS FROM DATA FILE ***
OPEN(5, FILE="fort.05")
READ(5,10) HEADER
READ(5,10) HEADER
10 FORMAT (A10)
WRITE(10,15)
15 FORMAT ( 'DATE',T28, 'DELTAA',T57, 'DELTAE")

DO 50 M=1,51

C *** READ ORBITAL ELEMENTS ****
READ(5,20) DATE,A,E,I,BIGOMEGA,OMEGA, MEAN
20
FORMAT (A22,5X,F11.3,2X,F13.11,4X,F12.9,4X,F13.9,4X,F13.9, 4X,
F14.9)

OMEGA=OMEGA* (3.14159265359/180.0)
MEAN=MEAN* (3.14159265359/180.0)
I=T*(3.14159265359/180.0)

DELTAA=0.0
DELTAE=0.0
ANGLE=MEAN
H=6.28318530718/NMAX
DO 30 N=1,NMAX+1
CALL DADE (ANGLE, DELTAA, DYDXO0)
CALL RK4 (DELTAA,DYDXO, ANGLE, H, DELTAAN, DADE)
CALL DEDE (ANGLE, DELTAE, DYDX0)
CALL RK4 (DELTAE, DYDXO, ANGLE, H, DELTAEN, DEDE)
DELTAA=DELTAAN
DELTAE=DELTAEN
ANGLE=ANGLE+H
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IF(N .EQ. NMAX+1l) THEN
WRITE(10,25) DATE,DELTAA,DELTAE
25 FORMAT (A22,E20.10,2X,E20.10)
ENDIF
30 CONTINUE

50 CONTINUE

STOP
END

SUBROUTINE DRAG (ANGLE, CD)

COMMON A, E, I,MEAN,OMEGA
REAL*8 CD, THETA

THETA=ANGLE+OMEGA
IF (THETA .GT. 6.28318530718) THETA=THETA-
6.28318530718

C *** MODEL 17 CURVEFIT ***
CD= 1.11743+1.26263*SIN(THETA)+2.65699*SIN(THETA) **2

RETURN
END

SUBROUTINE LIFT(ANGLE, CL)

REAL*8 ANGLE, CL, THETA, THETAX
COMMON A, E, I,MEAN, OMEGA

THETA=ANGLE+OMEGA
IF (THETA .GT. 6.28318530718) THETA=THETA-
6.28318530718

IF (THETA .GT. 0.0) THEN
THETAX=THETA/2.0

CL=0.658977*SIN(THETAX)+0.0114795* (THETAX*360/3.14159265359)
*

1 SIN (THETAX) -
0.00406447* (THETAX*360/3.14159265359) *SIN (THETAX) * *2

ENDIF

IF (THETA .GT. 1.5707963268) THEN
THETAX=(3.14159265359~-THETA) /2.0

CL=-
(0.658977*SIN(THETAX)+0.0114795* (THETAX*360/3.14159265359) *
1 SIN (THETAX) -

0.00406447* (THETAX*360/3.14159265359) *SIN(THETAX) **2)
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IF (THETA .GT. 3.14159265359) THEN
THETAX=(THETA-3.14159265359) /2.0

CL=-
(0.658977*SIN(THETAX)+0.0114795* (THETAX*360/3.14159265359) *
1 SIN (THETAX) -
0.00406447* (THETAX*360/3.14159265359) *SIN (THETAX) **2)
ENDIF

IF (THETA .GT. 4.71238898038) THEN
THETAX=(6.28318530718 - THETA)/2.0

CL=0.658977*SIN(THETAX)+0.0114795* (THETAX*360/3.14159265359)
*

1 SIN (THETAX) -
0.00406447* (THETAX*360/3.14159265359) *SIN (THETAX) **2
ENDIF

ENDIF
RETURN
END

SUBROUTINE DENSITY (ANGLE, RHO)

REAL*8 RHOO, ANGLE, RHO,I,A,E,OMEGA
REAL*8 K1,C,Z,RP,KAPPA, SCALEH
COMMON A, E, I,MEAN, OMEGA

C *** Tinf 900K ***
RHO0=7.628E-15
KAPPA=0.00335
SCALEH=191590.0

C *** KING-HELE OBLATE ATMOSPHERIC MODEL ***
Z=A*E/SCALEH
RP=(1.0-E)*A
C=0.5* (RP*KAPPA/SCALEH) *SIN(I)**2
K1=EXP (-Z*C*COS (2.0*OMEGA) )

RHO=RHOOQO*K1*EXP (Z*COS (ANGLE) ) * (1.0+C*C0OS(2.0* (OMEGA+ANGLE) ) -
2.0*C*E*

1
SIN(2.0* (OMEGA+ANGLE) ) *SIN (ANGLE) +0.25*C*C* (1.0+C0OS(4.0* (OME
GA+ANGLE))))

RETURN
END

SUBROUTINE DADE (ANGLE, DUMMY, DELTAA)
COMMON A, E, I,MEAN, OMEGA

REAL*8 MU, ANGLE, DELTAA, S, A, E
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REAL*8 RHO, CD, MASS,V2, V, R, FD

CALL DENSITY (ANGLE, RHO)
CALL DRAG(ANGLE, CD)
S=36.0
MU=3.986004359E14
MASS=1900.0

V2=(MU/(A*(1.0-E*E)))*(1.0+E*COS(ANGLE))/(1.0-
E*COS (ANGLE) )

V=SQRT (V2)

R=A* (1.0-E*COS (ANGLE) )

FD=-0.5*RHO*CD*S*V2/MASS

DELTAA=(2.0*R*A*A*V/MU) *SQRT (A/MU) *FD

RETURN
END

SUBROUTINE DEDE (ANGLE, DUMMY, DELTAE)

COMMON A, E, I,MEAN, OMEGA
REAL*8 MU, ANGLE,DUMMY,DELTAE,S,A,E,MASS
REAL*8 RHO,CD,CL,V2,V,R,FD,FL

CALL DRAG (ANGLE, CD)
CALL LIFT (ANGLE,CL)
CALL DENSITY (ANGLE, RHO)
S=36.0
MU=3.986004359E14
MASS=1900.0

V2=(MU/(A* (1.0-E*E)))*(1.0+E*COS (ANGLE) )/ (1.0-
E*COS (ANGLE) )

V=SQRT (V2)

R=A* (1.0-E*COS (ANGLE) )

FD=-0.5*RHO*CD*S*V2/MASS

FL=0.5*RHO*CL*S*V2/MASS

DELTAE= (R/V) *SORT (A/MU) * (2.0*FD* (E+ (A/R) * (COS (ANGLE) -
E))+FL*SQRT(1.0-E*E)
1 *SIN(ANGLE) )

RETURN
END

SUBROUTINE RK4(Y,DYDX, X, H, YOUT,DERIVS)

REAL*8 Y,DYDX,X, YOUT, YT, DYT, DYM
REAL*8 H, HH,H6,XH

HH=H*0.5
H6=H/6
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XH=X+HH

YT=Y+HH*DYDX

CALL DERIVS(XH,YT,DYT)
YT=Y+HH*DYT

CALL DERIVS(XH,YT,DYM)
YT=Y+H*DYM

DYM=DYT+DYM

CALL DERIVS(X+H,YT,DYT)
YOUT=Y+H6* (DYDX+DYT+2*DYM)

RETURN
END
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Appendix B: Comparision of Forces

One of the problems with trying to determine the forces acting to perturb a
satellite's orbit is that many of these forces are of the same magnitude. It is often difficult
to determine what forces are actually causing a perturbation. Assumptions made in one
modeling one perturbation can mask errors in the modeling of other perturbations.

The data available on satellite orbits also makes it difficult to determine perturbing
forces. Aerodynamic and solar radiation forces change perturb an orbit only a few
centimeters over one revolution of the orbit. Orbital data must be accurate to at least the
centimeter level in order to make accurate predictions of these forces.

Shown below are the relative magnitudes of three perturbing forces acting on

ERS-1, the drag force (D), the lift force (L), and the radiation pressure force (R).

1 2
D—;pv ACD (Bl)
D =1{7628E - 15| 7500 236 2)(4.5)= 3476E ~ 5N
= 7| 7OBE-15—% j(m)(-)—- ~ (B.2)
L=~ o2ac
o PvAtL (B.3)
=L 7628E—15%8 | 7500 ™ 236 2Y(1.0)= 7.712E~ 6N
L= | 7628E-15-5 | 7500 | (36m”)(10) = 7.772E - (B.4)
R =VvCpAP; (B.5)
2 N
R =(1)(0.083)(36.0m )(4.75«6—7J=1.405—5N (B.6)

67




It is easily seen that the lift force is much smaller than the drag and radiation forces. This
force is often neglected but as more accurate orbit predictions are required it is a force

that should be considered.
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