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CHAPTER 1: INTRODUCTION

Contrary to what most people believe, the science of anorbtting satellite is
not perfect]y understood. As more and more satellites are being launched into low-
earth orb1t and NASA is looking at the next generatron of launch vehlcles, a better
understandmg of bodies in orbital condrtlons is vital. There are two. basrc reasons

that scientists are interested in obtaining good information on the orbital

‘ environment: determining precise satellite orbits and finding the bridging relation

between ¢ontinuum and free-molecule flow for single-stage-to-orbit vehicles.

Two recent events show just how important a good understanding of orbital

condrtlons is. Fora long time, scientists have been unable to explain why satelhtes

observe a coolmg trend in the troposphere while ground stations have. observed
warmlng trends and climate models show warming both on the ground and in the
troposphere Recently, however, two sc1entlsts discovered a problem in the
satelhte data ana1ysrs that ca]culates the temperature of the atmosphere
Apparently, the satellite orbit decay was not taken into account.' Once the satellite
orbit was corrected data from the satellite agreed with the other measured data

(Hansen et al,, 1998) Durin; g the ﬁrst Space Shutt]e ﬂrght the body flap deﬂectron

necessary to maintain the desired trim was 100 percent larger than expected
- Fortunately, the flaps had large enough margins to satisfy the need, allowing the

) Shutt]e to land safely (Knox, Collins and Liver, 1991). Both of these situations

could have been avoided with a better understanding of the low-earth orbit

. .
environment.
| X




Current methods used to calculate satellite orbits and the amount of lift and
drag present on satellites and space vehicles use accommodation coefficient models
in the calculations. In low earth orbit, the forces present on a satellite are all of
comparable magnitude. The forces are on the order of 10" Newton, and all have a
high level of uncertainty. It is difficult to measure forces and accelerations of this
size, and the measurements that have been made are very uncertain. Traditionally,
evaluations of the forces on satellites have neglected any lift present on the satellite,
assuming that there was none, or what lift there was had little or no effect.
However, recent studies have shown that there is lift acting on the satellite. If this
is the case, yet another uncertainty is added to already questionable results. To
eliminate some of these uncertainties, we need accurate estimates of the lift, drag,
moment, and other forces acting on a satellite in orbit. More accurate
accommodation coefficient models would be part of the solution to the problem.

In developing Single-Stage-to-Orbit (SSTO) vehicles, the heating of the
spacecraft is very important. We want to maximize the payload fraction (amount of
payload a spacecraft can deliver to orbit compared to the amount of fuel required to
reach orbit) while minimizing the fuel requiréd. To accomplish these goals, the
aerodynamic properties of the vehicle in all the flow regimes must be known. This
data forms a “bridging function” anchored at each end by known flow conditions.
The behavior of fluids in the continuum region is understood, but much is still not
known about the free-molecule (or rarefied) flow region. Free-molecule flow
aerodynamics are a function of accommodation coefficients. More accurate
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accemrnodation coefficient medelscould greatly imprqve our understanding of the
free-molecule regime, which would hetp define the bridging function, eventually
makingithe single-stage-to-orbit vehicle a reality.

To cerrectly reproduce orbital conditions, data is needed for atmospheric
molecules in their ground state at 5—15eV relati\;e energy colliding with
“en gineiering surfaces,” which are polycrystalline and contain adsorbed gases.
These are conditions that have not been reproduced in the laboratory. Some data
does ex1st but it is pr1nc1pa11y for ions accelerated to this energy range. Frank
Co]lms from the University of Tennessee Space Instltute examined all of the data
that is in any way related and generated curve fits to the data.” All of these data
indicate lobular scattering pattems rather than the circular scattering patterns
~ suggested by the traditional diffuse model. A study by Peter Demerest (1996) used
one of these curve fits to show that the orbital prediction of one satellite with very
large selar paneis was improved relative to the orbital prediction using the
traditional diffuse model. This improvement was thought to be due to the
predic‘tlion of increased lift by the nenv accommodation coefﬁeient curve fit that was
used.

The purpose of this, the51s was. to 1mprove the aerodynamic prediction for
the Space Shuttle Orblter by using two partlcular accommodation coefficient
models. The mode]s were integrated into an existing computer program used to

calculate the aerodynamic lift and drag for the Orbiter, and the calculated results

were then compared with the measured values. Also, tests were done to check the

3



sensitivity of the accommodation coefficient models to various physical factors
such as wall temperature, speed, and angle of attack. It was not the purpose of this
study to validate a particular accommodation coefficient model or pro;/e the
existin g data incorrect. Instead, the need for more aerodynamic measurements

under orbital conditions is shown.



CHAPTER 2: BACKGROUND

21 Free-molecule Flow

At high altitudes, the density of the atmosphere is so low that the molecules
reflected from the surface of the vehicle héve no effect on the incoming molecules,
and Vthe‘incomin g and reflected mormentum streams are basically independent of
each other. This region is defined as free-molecule flow (Collins and Knox, 1995).
Free-molecule (rarefied) flow is different from continuum flow in four basic ways.
First, rarefied flow has no boundary layer or shock wave formed on the surface of
the body. Second, in free-molecule flow, the aerodynamic forces are a direct result
of momentum transfers between the atmosphere particles and the body. Third,
incident and reflected particles have no influence on each other, i.e. there are no
secondary collisions to worry about. Fourth, the free-stream molecules have a
Maxwellian distribution of thermal velocity superimposed on their bulk velocity,
which is true because the atmosphere as a whéle is in thermal equilibrium
(Crowther and Stark, 1991).

IAs the atmospheric density increases, collisions begin to occur between
incoming and reflected molecules, and the momentum streams are no longer
independent. This region is called the transition regime, where the flow cannot be
defined as strictly continuum flow or strictly free-molecule flow. In order to make
any sense of the behavior of satellites in low-earth orbit, an understanding of free-

molecule flow and transition flow is vital.



Knudsen Number

The Knudsen number is the dimensionless quantity used to define what type

of fluid flow is present around a body. Itis defined as
N :
Kn=—, {11
L

where 2 is the mean free path (average distance between collisions) of the
molecules in the atmosphere, and L is the characteristic length (typically the length
of a satellite c;r the cord of a winged body) of the body in question. Generally, if
Kn <<1, the body is in standard'continuum flow. If Kn > 50, the body is in free-
molecule flow. If the Knudsen number is between 0.1 and 50, the body is in
transition flow, which is a combination of the two regimes (Moore and Sowter,
1991). |

The speed ratio is a dimensioﬁ]ess number used to determine whether or not
a fluid flow is hyperthermal. It is defined as the ratio of the vehicle speed to the

most probable random speed of the atmospheric molecules (Collins and Knox,

- 1995). A high spéed ratio indicates that the flow is hyperthermal, which in turn

means that the random velocity given by the Maxwellian velocity distribution can
be ignored. However, this is rarely the case in the atmosphere since the

temperatures are so high. The speed ratio is defined as

S= =M,.|=, | . [2]

NN

Vv
~2RT

where S is the speed ratio, V is the velocity of the body, R is the gas constant, T is

the gas temperature, and ¥ is the specific heat ratio (Demerest, 1996). The second
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part of Equation [2] is misleading, as the Mach number has no significance in

rarefied flow since there are no sound waves. Also, in rarefied flow, only the heat
transfer is dependent on the specific heat ratio. The only reason to include the
second part of the equation is that the computer codes currently uéed to calculate
lift and drag require the Mach Numbef as an input qﬁantity. For a general satellite

in low-earth orbit, the speed ratio ranges from 8 to 15.

Accommodation Coefficients

in the late 1870s, Maxwell developed the idea that a fraction (f) of the
incident molecules would adhere to the surféce of a body long enough to come to
thermal ‘equilibrium with the surface and would then be reﬂeéted from the surface
in a diffuse manner. The rest of the molecules (1 - f) would be reflected specularly.
This assumption is still used today even though it does not accurately describe the

4 gas/surface interactions and results in inaccurate aerodynamic force predictions
(Collins and Knox, Parameters, 1994b).

The next development allowed a more detailed description of the
gas/surface interaction. Following Schaaf and Chambre’s suggestion (1961), three
accommodation coefficients were developed that describe the degree of
accommodation of the normal momentum,"tangential momentum, and kinetic
energy incident to the surface. Accommodation coefficients are statistical lave'rageS
over the distribution function of the re-emitted molecules and over the distribution
function of the incomin g molecules. Because they are averages, detailed
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information about the distribution functions is removed, so knowing the

accommodation coefficient§ does not uniquely define the re-emitted distribution
functior;. Accommodation coefficients are functions of the energy of the incoming
molecule, incoming molecule/surface pair, and the material, surface temperature,
and con‘dition of the surface. Also, recent studies have shown that the values
depend on the angles of the incident and reflected rr;olecular streams. This
discovery has led to the development of partial accommodation coefficients, which
have not normally been incorporated into engineering design procedures (Collins
and Knox. Parameters, 1994).

The accommodation coefficients are defined by a ratio of momentum flux
differences. Components both normal and tangential to the surface must be taken

into account separately. The following equations were first suggested by Schaaf

and Chambre (1961), and have since become widely accepted:

Pi—Pr ‘
o= 3
Pi—‘Pw [ ]
oo BT (4]

Ti
where o is the normal accommodation coefficient, & is the tangential
accommodation coefficient, P is the normal momentum flux and 7 is the tangential
momentum flux. The subscripts denote whether the flux is incident or re-emitted,
and the w subscript refers to the component produced by a diffuse re-emission at
the temperature of the surface, i.e. when the molecule comes to thermal equilibrium

with the surface before being re-emitted.



Maxwell’s two types of molecule reflection, specular and diffuse, are
incorporated into the limits of the momentum accommodation coefficient
coefficients. These models have generally been assumed to bracket the extremes of
the aerodynamic coefficients. However, further studies have shown that this may
not be the case after all (Collins and Knox, 1995). In the specular model, the
normal momentum of the incoming flow is reversed, but the tangential momentum
remains unchanged, so ¢* = ¢ = 0. The diffuse case assumes that the re-emitted
flux has completely accommodated to the wall temperature and follows a
Maxwelllian distribution; therefore, 6* = ¢ = 1 (Demerest, 1996).

When the accommodation coefficients are substituted into the governing

equations for free-molecule flow, the resulting equations are

N
2— Ssn5+— M.J —(Ssin8)>
szslzﬁ (2- O')(S sin 5+2) r [5]
o (1+ erf(Ssin 5))
o ’7[ » Ssind
\L 2 T,, - | ’
C - M{e;(mnmz +J7Ssin 5[1+e;f(Ssin 5)]} [6]
i _\/E

where Cp is the pressure coefficient, Cris the shear coefficient, S is the speed ratio,
and & is the angle between the incoming velocity and the surface tangent (see

Figure 1) (Schaaf and Chambre, 1961). Equations [5] and [6] are integrated over



Figure 1. Coordinate System for Gas-Surface Interaction (Schaaf and

Chambre, 1961)

the surf. afce of the body exposed to the flow to determine the aerodynamic
coefficiénts for lift (C.) and drag (Cp).

Cne of the most useful methods of determining the aerodynamics of a body
in the tr‘apsition and free-molecule regimes is the Monte Carlo computational
techniq'ue. This technique requires knowledge of the velocity distribution function
of the rinolecules that are re-emitted after colliding with the surface. Traditionally,
this iméra;tion has been accounted for by the introduction of accommodation
coefficjents, bui they are averages over the velocity distribution function and do not

provide the statistical information necessary for the Monte Carlo calculations. .
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Collins and Knox (Parameters, 1994) suggested that a better option would be to
use the Nocilla model instead of the accommodation coefficients. The Nocilla
model gives an analytical form to the reflected distribution function, which is what

is necessary for the Monte Carlo technique.

2.2 Previous Work

| Satellite aerodynamics were first modeled in the 1960s. At that time, there
was a]lready a great deal of knowledge about the thermal accommodation
coefficient, but not much was known about the momentum accommodation
coeff’ iéients. In 1958, Schaaf and Chambre first introduced the now-accepted
definitions for the momentum coefficients (Moore and Sowter, 1989). Since then,
numerous papers have been published supporting one model or another. In fact, a
recent paper by Knox, Collins and Liver (1991) identified over 200 references for
analytical or experimental work dealing with gas-surface interactions. However, no
measdrerﬁents of the accomvmodation coefficients for satellite surfaces in orbit have
ever béen made.‘

. Recently, Lyons4 and Hur]but (1993) proposed an experiment to measure the
lift produced by the Magellan spacecraft during the aerobraking maneuvers
necessary to place Magellan in orbit around the planet Venus. Aerobraking is a
method used to lower the satellite’s orbit that involves using aerodynamic forces to
slow the spacecraft. The proposed experiment would measure the aerodynamic
forces produced on the two symmetric, flat solar panels at equal angles of attack in
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what they called the “windmill” configuration. From these measurements, the lift

and draé present on the spacecraft could be determined. This experiment would
have been vital to the study of gas/surface interac.tion as it would have been the first
direct measurement of momentum accommodation coefficients ;)n well-defined
geometry in orbit. Unfortunately, the proposed experiment never occurred, as there
were no funds available. However, some data was collected during the aerobraking

maneuvers that demonstrated the feasibility of the experiment.

Results lof Studies by Collins

Although a great deal of research has been done in the area of ‘gas-surface
imeracti;)n measurements, there has generally been no attempt to correlate all the
work and evaluate it. However, a recent study by Knox, Collins and Liver (1991)
attempted to accomplish just that. They examined 17 curve-fit ﬁodels and five
empirical constants models to the applicable measurements (those which dpplied to
orbital conditions) in an effort to take the very scattered work and apply it to real-
life examples, namely a sphere, sphere-cone, wedge, and the NASA Aeroassist
Flight Experiment (AFE). Theil found that all of the models basically agree on the
value of atmospherié drag bréseﬁt oﬁ a body, but the atmospheric lift predictions
varied gréétl); from the traditi'onal diffuse model.

Out of this study, Knox, Collins and Liver (1991) recommended a curve-fit
model, hereafter referred to as Model 17, as being a very promising model. This
model allows for varying accommodation coefficients that depend on the incident
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angle. The accommodation coefficients are defined as follows:

O" =1- e-—2.1(cose)1 6 , [7]
1.6687
c=06- 0.4(%2) if 6 <45°, [8.1]

c=06 if 6>45°, [8.2]
where 8 is the angle between the incoming flow and the vector normal to the
surface (see Figure 1). Another model believed to have merit will be referred to as

Model] 15. For that model, the accommodation coefficients are defined as follows:

o' =1-09¢ ), 9]
o =0.9—12747me’ ™ if g g0, [10.1]
o =09—12¢" 1608’ if g <go [10.2]

where 8 is defined as before. This model yields results very similar to Model 17. It
must be remembered that these models are the results of curve fits to the limited
experimental data that is currently available and not assumed to be accurate without
orbital measurements. Figure 2 shows measured data for the accommodation
coefficients under orbital conditions. As can be seen, the data is widely scattered,
which accounts for the fact that there are so many possible curve fits. Figure 3
shows how the normal and tangential accommodation coefficients for Models 15
and 17 vary with the incident angle. From the figures, the normal accommodation
coefficient does a fair job of modeling the data, but the tangential accommodation

coefficient is much more uncertain.
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Figure 2. Momentum Accommodation Coefficient Measurements. (a) Normal

Accommodation Coefficient, and (b) Tangential Accommodation Coefficient.

(Collins and Knox, Parameters, 1994)
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Figure 3. Momentum Accommodation Coefficients Given by Models 15 and 17

(Collins and Knox , Determination of Wall, 1994).

Results of Study by Demerest

The first European Remote Sensing Satellite (ERS-1), shown in Figure 4,
was launched in 1989 for the purpose of increasing the understanding of interaction -
between the Earth’s atmosphere and the oceans. The satellite was placed in a sun-
synchronous polar orbit at about a 780 km altitude. Due to the nature of the orbit,
the solar érray only had to rotate about one axis (normal to the orbital plane) to
maintain alignment with the sun. The main body of the 2.3 ton satellite was
‘basically a box with a2 m x 2 m base and 3 m high. A deployable solar array on

one side of the satellite measured 12 m x 2.4 m, and was capable of rotating 360°
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Figure 5. Geometric Model of the ERS-1 Satellite.

bemerest's calculations showed that while drag on the satellite remained
basically the same for the two accommodation coefficient models, there was a
substantial. difference in the 11%t present on the satellite in orbit. The results of these
calculatlons are shown in Flgure 6. The calculated coefficients of hft and drag were
then used in a computer prooram de51gned to calculate satellite orbits. The
resulting orbital predrctron was an 1mprovement from the predlctlon using the
aerodynamic coefficients based on the diffuse aecommodation coefficients.

However, there were still substantial differences between the measured and

predicted orbits.
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2;3 Viscous Effects on Complex Configurations Computer Code

The Viscous Effects on Complex Configurations (VECC) computer code is
an updated version of the Supersonic/Hypersonic Arbitrary Body Program
(S/HABP) developed for NASA by McDonnell Douglas Aerospace. The program
takes an entered geometry and, for a given set of parameters, calculates the
aerodynamic properties of the body. The original core of the S/HABP code was
kept in tact, but it was surrounded with a graphical interface to make the program
easier 1o use.

The VECC program is a combination of techniques and capabilities
necessary in performing a complete acrodynamic analysis of supersonic and
hypersonic shapes. “Although the program primarily uses local-slope pressure
calculation methods that are most accurate at hypersonic speeds, its capabilities
have been extended down into the supersonic speed range by the use of embedded
flow fiéld concepts.” The purpose of the VECC program is as an engineering tool,
not a research tool. Therefore, the accuracy of results for shapes and conditions
where Fhey are designed for may not be as good as other methods. However, for
problems outside the range of linear or more exact methods, the results are very

useful (Gentry et al. 1973).

The basic geometric unit used by the program is the surface element or
quadrilateral method. This method allows any body to be represented as a set of
points in space. A set of four points connected by straight lines becomes a
quadrilateral surface element. To calculafé forces, the surface element must be
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converted to a plane e]emént by calculating the vector normal to the surface, -
located ’at the center of the quadrilateral.

The aerodynamic characteristics of a body are calculated by finding the
pressure and shear stress at the centroid of each surface element. The user may
choose the method of force calculation. Several options (modified Newtonian,
shock expansion, etc) are available, but this study is only concerned with the free-
molecule flow method. The stresses calculated at the centroid are assumed to be
the stresses over the entire surface: After the surface s‘tresses are known, they are
integrated over the entire body to give the aerodynamic forces and moments.
(Demerest, 1996)

The free-rrl‘lo]ecule flow method calculates pressure and shear stress on a
body for given Mach Number, geometry, angle of attack, and atmospheric
conditions. The accommodation coefficients are assumed to be constant in the
original VECC code, and are used directly in Equations [5] and [6]. An

explanation of how to use the VECC program is given in Appendices A and B.

2.4  The Space Shuttle Orbiter

Since the late 1970s, the Space Shuttle has been America’s transportation
into space. The Shuttle fleet was designed to orbit earth at altitudes of 185 — 402
kilometers, and can carry payloads 60 feet long and 15 feet in diameter to space.
The Orbiter carries a normal flight crew of eight, but can carry up to 10 in an
emergency. The basic mission lasts for seven days. The Space Shuttle Orbiter is
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121 feet long. 57 feet tall, and has a wingspan of 78 feet. The baseline center of
gravity (cg) is as follows: X¢g = 1096 inches, Y = 0.38 inches, and Zc; = 377
inches (DeLombard, 1996). Obviously, these values vary slightly for each mission.
The center of gravity information for all Shuttle missions is available on the World |
Wide Web at Johnson Space Center’s website. Figure 7 shows a picture of the
geometric model used in the analysis.

For this study, we were concerned with ten Space Shuttle flights: STS-6, 7,
8,9.11 (41B),.13 (41C), 24 (51B), 26(51F), 30 (61A), and 32 (61C). These
particular missions were examined because the aerodynamic lift-to-drag
measurements are readily available. Table 1 shows the designed centers of gravity
for the ten missions during reentry. A complete listing of center of gravity

locations for all missions is found in Appendix C.

| Figure 7. Geometric Model of the Space Shuttle Orbiter.
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" Table 1. Space Shuttle Orbiter Centers of Gfavity (cite website)

Flight | Center of Gravity | (inches from | origin) Launch
Number Xeg | Yo Z, Date
STS-6 -1101.2 0.4 368 4/4/83
STS-7 -1091..2 -0.6 370.1 6/18/83
STS-8 -1091.9 -0.1 370.4 8/30/83
STS-S -1087.1 -0.1 370.7 11/28/83
STS-]] (41B) |. specific \;alues ﬁot available 2/3/84
STS-13 (41C) ”-1 101.6 . -0.1 368.2 4/6/84
STS-24 (51B) -1085.41 -0.3 370.3 4/29/85
STS-26 (51F) -1081.3 -0.6 370 7/29/85
STS—V3O (:6]A) A-1085‘.2 -0.4 371.1 10/30/85
STS-éZ (61C) | -1085.1 0.4 368.3 1/12/86
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CHAPTER 3: CALCULATIONS

3.1 Lift-to-drag Ratio

Calculating the force coefficients for the Space Shuttle not only requires
measuring the accelerations present on the Shuttle, but also requires knowledge of
the freestream atmospheric conditions. However, the current experimental data that
exists does not include any atmospheric measurements. Therefore, the lift-to-drag
ratio, or. L/D, is used as the aerddynamic parameter because the local dynamic
pressuré in each term cancels. The lift-to-drag ratio can be determined directly by

the equation

L.—.M, [11]
D 1+R tanc

where o is the angle of attack obtained from the onboard navigation gyro data, and
R, is the ratio of measured accelerations. The L/D measurement is of particular
interest because it is sensitive to the gas/surface interaction, and therefore can
reflect the differences in accommodation coefficients.

On the Space Shuttle, these accelerations were measured by the High
Resolution Accelerometer Package (HiRAP) experiment, which measured
accelerations down to 1.0 pg along the Orbiter’s principal axes during reentry. The
HiRAP experiment provides a time history of aerodynamic accelerations, from
whichlthé lift-to-drag ratio was calculated by averaging the data over a 1.0 second
interval (roughly 175 data points) (Blanchard and Rutherford, 1984). At the start of
re-entry, the Orbiter travels at an average speed of 7km/s. During a 1.0 second
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interval. the atmospheric properties change very rapidly, which results in a change \
in the Kn‘udsen Number. For example, as the altitude goes from 170 km to 163 km,
the mean free path changes from 82 meters to 61 meters (U.S. Standard
Atmosphere, 1976), resulting in the Knudsen Number changing from 2.05 to 0.656.
The lift-to-drag ratio is a function of thé Knudsen Number, so the change must be
taken into account in some way. Obviously, averaging 175 data points taken in
such varying conditions adds another uncertainty to the analysis.

The Orbital Acceleration Research Experiment (OARE) was the next
generation of L/D measurement experiments to be flown on the Space Shuttle. The
purpose 6f the experiment was to corroborate the HIRAP results and provide more
precise measurements of L/D at high altitudes. The first OARE flight was in 1991
on STS-40. but no L/D measurements were made. Instead, it was determined that
the device was working correctly, and two of the primary atmospheric models were
evaluated (Blanchard et al. 1992). The OARE also flew on Space Shuttle mission
STS-50. While acceleration measurements were made, no L/D information was
available. This flight again served as a calibration flight, during which it was
determined that there were some unknown causes of disturbance in the Shuttle

environment that needed further exploration (Blanchard et al., 1993).

3.2  Experimental Measurements
Dr. Robert Blanchard, from the NASA Langley Research Center, has

published a number of papers showing the experimental lift and drag measurements
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from several Space Shuttle missions. For all the flights, he assumed a constant

speed ratio and terﬁperature ratio. The angle of attack was also assumed to be
constant at 40°, since the Orbiter is required to reenter the atmosphere at that angle
in order to complete a safe landing. Measurements of the angle of attack show that
it was 40° + 2° for all flights, but the specific value for any data point was not
given.

Dr. Blanchard’s initial analysis of the first six flights (6,7,8,9, 11, and 13)
produced an average L/D value of 0.13 at an altitude of 160 kilometers, which was
much higher than anyone had expected, especially since the diffuse scattering
mode] predicted L/D = 0.035. Scatter in the data between flights was attributed to
atmospheric conditions and the fact that the Orbiter altitude was near the threshold
of the sensors (Blanchard, 1986). It must be noted, however, that atmospheric
conditions were supposedly accounted for already in the fact that the L/D ratio was
measured directly from accelerations. Further analysis on all ten flights resulted in
a mean free-molecule flow L/D value of 0.056 at 160 kilometers altitude. This
value assumes the Orbiter is in free-molecule flow, which is not the case, as will be
explained in Section 3.4. This value is still greater than the traditional diffuse
model.value, but much lower than thé previous estimate. Blanchard and his
associétes attributed the significant reduction in the lift-to-drag ratio in part to
corrections for the auxiliary power unit (APU) and other biases from earth
calibrations in a 1 g environment. Figure 8 shows the measured values of the L/D

parameter for a number of flights. The data points in column (a) are from the first
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Figure 8. Measured Lift-to-drag Ratio for the Space Shuttle Orbiter (Blanchard and

Larman:1987)'.l

six flights, column (b) shows the results of all ten flights with ground calibrations
accountéd for, and column (c) shows the results for the same ten flights after in-

orbit biases are removed.

3.3 . Input Parameters/Conditions ,

For this study, the same Orbiter conditions documented in Dr. Blanchard’s
papers were used to make the assumptions as realistic as possible. Therefore, we
used a constant speed ratio of 9.03, temperature ratio of 0.25, and an altitude of 160
km (524,934 feet). At thi§ altitude, the Space Shuttle is in reentry, and the angle of

attack is 40°. Basic Orbiter dimensions were used, but the exact center of gravity
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location for each mission, exéept STS-11 (41B), was used. Since the information

for STS-11 (41B) was unavailable, the baseline locations were used.

The method used to calculate the aerodynamic coefficients was simple. The
two variable accommodation coefficient models mentioned in this thesis were
added to the existing computer code, as described in Appendix A.1 (the diffuse
model was already in the code). Then, for each mission, the lift and drag
coefficients were calculated using each of therthree different models. This process
resulted in three different sets of aerodynamic coefficients for each Orbiter flight,
~ allowing the author to compare the effect of the accommodation coefficient models

on the calculations.

3.4 Assumptions
Free-molecule Flow

In the Earth S atmosphere for the Shuttle to be in free-molecule flow, and
assummo a characterlstlc length of 40 meters, the altitude would have to be about
250 km ‘At 160 km, Wthh is the altltude used in this thesis and also where Dr.
Blanchard made his hi ghgst elevation measurements, the Knudsen number is closer
to one. Therefore, the Shuttle at a 160 km alﬁtude during reentry is in a transition
flow rc:: gime, which is the region where neither continuum flow nor free-molecule
flow alone defines the fluid behavior. Blanchard assumes free-molecule flow to
oceur at 200 km, but this is still in the transition regime. Regardless of this fact, the
assumption was made that the free-molecule equations applied.
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Constant Value for Specific Heat Ratio

No mention was made in any of the documentation about the specific heat
ratio, y, most Jikely because it is not necessary in the measurements. However, the
computer program requires a value for Mach Number, so 1.4 was used as the
assumed value of the specific heat ratio. This is not accurate as the standard
atmosphere shows there to be almost equal parts of nitrogen, Na, and atomic

oxygen, O, in the atmosphere at 160 km.

Constant Temperature Ratio

Since the atmospheric temperature was not recorded for each Shuttle
mission, the value must be assumed from traditional atmospheric models. We
know, however, that the temperature of the atmosphere changes over time, so
assuming a constant atmospheric temperature for a number of Orbiter flights is
questionable. Even though the temperature may change, the temperature ratio is
thought to only vary between the values of 0.20 to 0.50, which are considered to be

the limiting values that the Orbiter could encounter (Blanchard, 1986).

Constant Speed Ratio
Blanchard’s results assume a constant speed ratio of 9.03. For this to be
true, the speed of the Orbiter must be around 6600 m/s (assuming standard

atmospheric properties, see Appendix D). From comparisons with published
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values of orbital speed versus altitude (see Figure 9), at altitudes of over 100 km,

the speed of the Orbiter is more on the order of 7400 m/s. If the speed of 7400 m/s

is used, the resulting speed ratio is 10.5, which seems more reasonable.
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CHAPTER 4: RESULTS

4.1  Results of Calculations

Tt was found that the minor changes in the center of gravity for each mission
did not measurably affect the results. For each mission, the center -of gravity was
kept within such tight margins that the change from the baseline value was not a
factor in the calculations. Therefore, the resulting aerodynamic coefficients for
each mission were not listed, But the value was simply noted once for each model.

In the ;:omparison of results, the meésured L/D is the result of averaging the
re-ehtr)' v;alues from the ten flights. The preliminary data point is the L/D value éf
0.13 that Blanchara published after analyzing the first six flights. The corrected -
L/D value of 0.056 is an average for all ten flights with biases taken into account.
No measured values for the coefficients of lift and drag were given with the data,
* only the lift-to-drag ratio. Table 2 shows the results of the calculations.

’fhe current ca]culationsl, as well as previous work (Knox; Collins and
Liver, 1991), show that the drag calculated by al] three accommodation coefficient
models is comparable. Both Models 15 and 17 predict a Jift value that is one order
of magnitude greater than the diffuse model suggests. If we assume that the drag
calculated by the diffuse model is correct, we can calculate a lift-to-drag ratio
normalized by the diffuse drag coefficient. When the lift-to-drag ratio is normalized
by the diffuse drag, the difference between the Models 15 and 17 disappears. The

normalized results are in Table 3.
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Table 2. Calculated Aerodynamic 'Coeffici‘ents

Model CL Cp L/D
Measured Data (10 flight | average) 0.13 (Preliminary) .
0.056 (Corrected)
Diffuse 0.41302 11.94725 0.03457
Model 15 3.84603 9.89306 0.38876
Model 17 3.85521 ©10.54914 0.36545

(Assuming S=9.03, y=1.4, Tu/Tinr = 0.25)

Table 3. Normalized Calculated Aerodynamic Coefficients

Model

L/D gitruse

L/D (calculated)

Measured (average

Diffuse
Model 15

Model 17

for 10 flights)

0.03457
0.3219

0.3227

0.13 (preliminary)
0.056 (corrected)
0.03457
0.38876

0.36545

(Assuming $=9.03, y=1.4, Tw/Tins = 0.25)
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From the Tables 2 and 3, it is clear that the measured lift-to-drag ratio is

lower than the values predicted by the variable accommodation coefficient models,
but hi g};er than the diffuse model’s prediction, even when the biases are removed.
Therefore, the diffuse model under-predicts the amount of lift present on the
Shuttle Orbiter, as was suspected. However, it is also clear that the variable
accommodation coefficient models vastly over-predict the amount of lift present.

Figure 10 shows how the present calculated result compares with the measured lift-

to-drag ratios.

4.2 Sensitivity Tests

Many assumptions of atmospheric conditions were made in the previous
work, in measurements, and in this thesis. In order to test the validity of these
assumptions, sensitivity tests were performed to see how varying certain
parameters affected the aerodynamic properties. Also, the effect of environmental

conditions on the accommodation coefficient models was of interest.

Tempefature Ratio

To test'how sensitive the aerodynamic properties were to varying
temperature ratios, the lift-to-drag ratio for one mission was calculated with
temperature ratios ranging from 0.20 to 0.50 (where 0.25 is the value from the

experiments). As can be seen from the Table 4, the temperature ratio has an effect
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Table 4. Effects of Varyving Temperature Ratio

Tw/Tins L/D L/D L/D L/D
Diffuse Model 15 Model 17 Measured
0.20 0.03155 0.38698 0:.:36390
0.25. 0.03457 0.38876 0.36545 0.13/0.056
0.30 0.03728 0.39036 0.36685
0.40 0.04207 0.39319 0.36933
0.50 0.04624 0.39565 0.37149

(Assuming $=9.03, y=1.4)
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on the lift-to-drag ratio. Moreover, notice that the temperature ratio has a much

greater influence on the diffuse calculations than on those using the variable
accommodation coefficient correlations. Thus, knowledge of the temperature ratio
is much more important for diffuse scattering than for Jobular scattering, and

should have been reported in each paper published on the subject.

Speed Ratio

éince there is a great deal of uncertainty in the published speed ratio value,
the calculations were.done using two different speed ratios in an attempt to
determine the effect it had on the lift-to-drag ratio. The first speed ratio was
Blanchard's published value of 9.03; thé second speed ratio was the more realistic
10.5. Assuming a specific heat ratio of 1.4, the resulting Mach Numbers were
10.79 and 12.55, respectively. -From Table 5, we can see the change in speed ratio
makes a smal] impact on the lift-to-drag ratio for the diffuse model. Models 15 and
17 are not affected by the varying speed ratio. Again, it is much more important to

know the actual speed ratio for diffuse scattering than for lobular scattering.

Angle of Attack
Another assumption Blanchard made in his measurements was a constant

angle of attack for the Orbiter during reentry. He states that the angle of attack

only varies by #2°, and therefore does not affect the results. In an attempt to verify
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Table 5. LEffects of Varying Speed Ratio

Speed Ratio LD LD ~LD
Diffuse . Model 15 Model 17
503 0.03457 0.38876 036545
10.5 ©0.02952 038757 0.36417

(Assuming y=1.4, To/Tins = 0.25)

this assumption, calculations were done with the angle of attack varying from 38°
" 10 42°. As Table 6 shows, the angle of attack does have an effect on the
aerodynamic coefficients, althqugh it is minor. The coefficient of drag was more
affected by the change in angle of attack than the coefficient of lift, but all three
models were affected equally. So, the angle of attack is an important factor in
Ealcuiatin g the aerodynamic forces present on a body regardless of what
aécommoda;ion coefficient model is used, but a two-degree change makes little

difference.

Other Factors

There are a variety of other factors that may affect vehicles in low-earth
orbit that cannot be examined in this study. One such factor is the solar cycle

activity. Solar radiation has been known to exert a force on satellites of equal
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Table 6. Effects of Varying Angle of Attack

Angle of L/D L/D L/D L/D
Attack Diffuse Model 15 Model 17 Measured
38° 0.03544 0.39429 Q.37598
40° 0.03457 0.38876 0.36545 0.13/0.056
42° 0.03361 0.38232 0.35382

(Assuming $=9.03, y=1.4, Tw/Tins = 0.25)

magnitude to the acrodynamic forces of lift and drag. Also, the solar activity

changes the composition and temperature of the atmosphere at a given altitude.

Both are factors in the speed ratio. Since no data on the solar cycle activity was
noted during the experiments, there is no way we can draw any conclusions about

how it may have affected the measured forces on the Space Shuttle Orbiter. Figure

11 shows the solar cycle activity for each year with the dates of the ten Shuttle

missions noted. As can be seen, the missions under consideration are all within a
four-year period during which time the solar cycle activity was decreasing. During

the four years, the number of sunspots decreased from about 70 per year to about

10 per year.
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CHAPTER 5: CONCLUSIONS

Although there has been a great deal of research done to model the free-
molecule flow regime, there is still much work that needs to be done to increase
understanding of the low-earth or‘bit atmosphere. Orbital conditions are difficult, if
not impossible, to recreate in the laboratory, so scientists have to rely on
theoretical, statistical models, Previous studies on satellites have shown that new,
variable accommodation coefficient models can produce more accurate values for
the aerodynamic coefficients than the traditional diffuse model, but the data is full
of uncertainties. This data, however, was obtained for smooth surfaces, while the
Shuttle Orbiter tiles are very rough and irregular.

The goal of this thesis was to integrate variable accommodation coefficient
models i‘mo the VECC computer code used to calculate the aerodynamic forces
present on a body, and then to compare the aerodynamic predictions using high
energy accommodation coefficient measurements with the measured values for the
Space Shuttle Orbiter. Measurements of the Orbiter’s lift-to-drag ratio during
reentry were at least twice as great as those predicted by the diffuse model,
signifying that there is more lift present than traditionally thought, and that the
molecules scatter from the Orbiter’s tiles in a non-diffuse manner. However,
calculations using the variable accommodation coefficient models predicted a lift-
to-drag ratio that was one order of magnitude greater than either the prediction

from the diffuse model or the actual measured values. From this analysis, it is
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obvious that the variable accommodation cc;efficient models do not apply to the
Space Shu‘tt]e Orbiter. The curve fits were developed from data for smooth
engineerin g surfaces, and the rough ceramic tile surface of the Shuttle Orbiter
obviously reflects the molecules in a more diffuse manner. Even though a previous
study by Peter Demerest (1996) used the variable accommodation coefficient
model to improve the orbital prediction for a satellite in orbit, the use of the same
model in this thesis did not improve the prediction for the Shuttle Orbiter.
Therefore, it must be concluded that the variable accommodation coefficient
mode]s do not apply to rough su}faces, but would most likely apply to the Space

. Station, its solar panels, and other smooth surfaces.

Finally, it was noted that the L/D predictions for the Shuttle Orbiter using
the diffuse scattering model were very sensitive to wall temperature, atmospheric
temperature, and the atmospheric composition. It is very important to measure
these parameters if there is ever any hope of comparing measurements and
predictions. From this, it must be concluded that atmospheric information and the

wall surface temperature are necessary, even for lift-to-drag ratio measurements.
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CHAPTER SIX: RECOMMENDATIONS

As previously stated,‘ we still do not have a good understanding of
aerodynami,cs in the space environment, including free-molecule flow and ~
especially the transition regime. With improved understanding come better designs\
for future s:pacecraft as well as better simulators here on earth. If single-stage-to-
orbit vehicles and precise orbit determination are ever to become reality, a great
deal of research needs to be done.

The biggest problem with the use of accommodation coefficient models for
calculating aerodynamic forces on a surface is the lack of actual measurements
taken in orbit. Experiments should be performed in orbit, coupled with direct
measurements of atmospheric temperature, density, etc, in order to produce real
data to use in comparing and improving the mathematical models. Scientists would
no longer have to depend on data from non-engineering surfaces, inappropriate
flow regimes, or accelerated ions here on Earth._ Experiments such as the Magellan
“windmill” experiment would give direct measurements of the momentum
accommodation coefficieﬁts, which could then be used to correct and/or verify
gas/surface interact}on models.

While we were able to add the two new accommodation coefficient models
to the \j’ ECC code, this is really only a temporary solution. A better option would
be to use a Nocilla model rdther than the accommodation coefficient models.

However, regardless of whether an accommodation coefficient model or a Nocilla
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model is used, there is still the task of integrating the equations into the code more

efficiently. Currently, the user must be able to access the source code in order to
change the chosen accommodation coefficient model. This is very cumbersome
and time:'-consumin g. If the different models are going to be used frequently (as in
a comparison study like this one), the source code should be changed so that a
specific model could be chosen from within the program. This could be easily
accomplished by adding a simple if-then loop to the force.f program. In this way,
all models would be accessible without having to constantly recompile the
program. Instead, the box labeled Free Molecular Flow in the Run Setup
subroutine could be used to select the model. A change of this nature would make
using the code easier and more efficient.

Once construction is completed, an analysis similar to this thesis should be
performed to see how the variable accommodation coefficients apply to the Space
Station. It is most likely that the results would show the diffuse model under-
predicting the amount of aerodynamic lift present, and the variable accommodation
coefficient models would produce a much more accurate prediction of the free-

molecule flow behavior and of the aerodynamic forces acting on the Space Station.
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APPENDIX A

THE VISCOUS EFFECTS ON COMPLEX CONFIGURATIONS
(VECC) COMPUTER CODE
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A.1  Running Viscous Effects on Complex Configurations

The Viscous Effects on Complex Configurations computer code, used to
calculate the aerodynamic coefficients for complex geometry, seems to work best
on a Silicon Graphics platform. The program is made up of five subprograms that
are compiled using the individual makefiles. There are several bugs that have to be
fixed before the program will compile correctly, mostly minor details such as
renaming Blank common blocks and personalizing some settings for the specific
computer being used. Once each subprogram has been compiled, the main
makefile (found in the main directory) can be compiled. This makefile results in
the executable file that runs the entire program. Once in the main program,
everything is menu-driven.

The VECC code is capable of creating geometry, but the process is
inefficient and time-consuming. However, a file created in a different program
such as CAD or VUAERO can be imported into VECC with little or no difficulty.
Once the basic geometry has been formed, VECC can be used to modify the object.

Certain changes were made in the main code to allow for various
accommodation coefficient models. Changes were necessary in only one place in
the code. The new coefficient models were added in the Mk5 sub-directory,
program force.f, line 420. At this time, there is no way to select which model is
desired once in the program. Therefore, before starting the program, force.f must

be modified to show the desired model. The three models used in this study have
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‘already been added to the program, so selection of a particular model is simply
accomplished by rémoving the comment notation from the chosen model, and .
commenting out the other models. The prograin must then be re-compiled, which
is easily accomplished in the MkS5. sub-directory by typing the command make -f
makefile5. Once this step is completed, the program is started and run as usual.
However, any time the user wishesv to change the accommodation coefficient model
used in the calculations, this process must be repeated. Note: The makefile will
only recompile programs that have been modified since the last compilation, so the

process only takes a few moments.
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A.2  Using Viscous Effects on Complex Configurations

Performing calculations using the VECC code is relatively simple. Once
the program is started, a geometry file can be opened. The latest version of the
code (version 5) uses files ending with the extension .mk5, but can read files with
the .geo extension. After the geometry file is opened, changes to the object can be
made by selecting specific points, cross-sections, or panels. All ge('>metry files are
made up of a series of panels. For example, the Space Shuttle has several panels
such as the wing, vertical tail, etc. Before any calculations can be done, the panels
have to be grouped together to make components. Analysis is doné on a particular
component, so any panel that makes up part of the geometry to be analyzed must be
included in the component.

Components are added by using the Panel Grouping option found in the
Edit meﬁu. The desired panels are highlighted by selecting them with the mouse
and clicking the left mouse button. Multiple panels can be selected by holding
down the shift key while selecting. Once all the panels are selected, the component
is created by selecting Add Component. The default name for the component is
zmnamez‘z’, but that can be changed by clicking on the name and typing a new name.
Once the component is added, the anélysis'can continue. After each step is
completed, the user would be wise to save the file by selecting Save/Save As in the
File menu. Regardless of whether the initial geometry file had the mk5 extension

or not, all files should be saved with that extension.
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Several editing options are now available. The user must define the units to

be used in the calculations. This is done by selecting the Input Units option in the
Edit menu. Units choices include meters, centimeters, millimeters, feet, and inches.
The location of a specific point can be followed through any geometry
manipulation. The point is selected by clicking on the desired point with the
middle mouse button (if available), or by pressing both mouse buttons together.
The point identification number and x-y-z coordinates will appear in the bottom of
the screen. Different viewing angles are also available in the Display menu.

The next step in the analysis is to create a specific run for the calculations.
This process begins by selecting Run Setup in the Edit menu. The program then
asks vou to select which component you wish to analyze. The next option is
whether viscous or inviscid analysis is desired. For this study, the inviscid flow
option was chosen. At this point, a sub-menu appears that requests values for
dynamic pressure ratio, temperature ratio (Tw/Ting), and two boxes for defining the
accommodation coefficients. These two boxes are labeled Free-molecular Flow
and 0=Newtonian 1=Diffuse. Due to additions made to the code, these boxes no
longer define the accommodation coefficients. Therefore, they are left at 1.0, and
the desired coefficient model is selected as described in the preceding section. The
"dynamic pressure ratio is left at the default of 1.0, and the desired value of

temperature ratio is entered. Once all the values are entered, pressing the OK
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button brings the user back to the main menu. Previously defined runs may be

edited by highlighting and selecting Edit on the first submenu.

The next step in setting up the analysis is to define the case. To begin this
step, select the Case Setup from the Edit menu. If a case has already been defined,
it is possible to edit the previous case by highlighting the case name. Otherwise, a
new case must be added. The program also asks what runs should be included in
the case. Any specific existing run or all runs may be selected and added to the
case setup. The physical properties of the body to be analyzed are found under the
option Edit Flight Conditions/Reference Quantities in the Case Setup submenu.
The first set of boxes allow for the geometric properties to be added, i.e., frontal
area, length, span, and center of gravity locations. The next section asks for
atmospheric conditions such as Mach number, altitude, and what type of
atmosphere is present. Finally, different angles of attack may be selected for
analysis. Once all the boxes have been filled, pressing the OK button brings the
user back to the main menu.

Now that the run and case have been set up, it is time to perform the
calculation. To start the calculations, S/HABP Mk V must be selected under the
Anal)'szl's menu. For relatively simple geometry (including the Space Shuttle),
analysis takes less than 30 seconds. The results can then be viewed independently
of the VECC program. The output is saved in a file with the same name as the

geometry file, followed by the .out extension.
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VECC MAKEFILES
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B.l  Main Program Makefile

all:
cd Gui/Quad; make -f makefileb
cd Gui; make -f makefile5 :
cd Plot; make -f makefiled
cd Mk5; make -f makefileb
cd Trim; make -f makefileb
clean

rm -f wvecc
# rm -f hplot
# rm -f mk5
# rm -f trim
rm -f Gui/*.o
rm -f Plot/*.o
rm -f Mk5/*.0
rm -f Trim/*.o
rm -f Gui/Quad/*.o

55




B.2  Gui Makefile

FOR

= £77 -32
DEBUG = -g
CFrLAGS = -D_NO_PROTO -DSYSV
FFLAGS =
LIBS = -1¥Xm -1Xt -1X11 -1PW -lsun -1m
LIRS . = -1¥Xm -1Xt -1X11 -1PW -1lm
INCLUDES = -I/usr/include/Xl11l
LDFLAGS =
X0OBJS =
OBRJS = main.o widgets.o  buttons.o flowf.o \
menubar.o menu.o xmenu, o busy .o
build.o \ ’
help.o fgl.o xdraw. o globals.o
habpio.o \
pscript.o futil.o 3dbuild.o fdraw.o
picking.o \
inoutput.o stream.o habp.o dialog.o case.o
trim.o
¢ special stuff for some SUN systems
#LIBS = -1¥Xm -1Xt -1X11 -1m
H®T

NCLUDES = -TI/usr/openwin/include-

¢ cpecial stuff for Hewlett Packard

£ ITNCLUDES = -I/usr/include/X11R5 -
‘T/usr/include/Motifl.2

1 DFLAGS = -L/usr/l1ib/X11R5 -L/usr/lib/Motifl.2
#FOR = fort77

#X0OBJS = hp_getarg.o

$LIBS = -1xm -1%t -1X11l -1m

../test: $(OBJS) $(XOBJS)
rm -f $@ -
$(FOR) -o $@ $(LDFLAGS) $(OBJS) Quad/*.o $(XOBJS)

$ (LIBS)

.C.0Y
rm -f $@
$(CC) -c $(CFLAGS) $(DEBUG) $ (INCLUDES) $*.c
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.f.o:

lint:

rm -f s@

$ (FOR) -c $(DEBUG) $(FFLAGS) $*.f

lint $(INCLUDES)

$ (OBJS) $(XOBJS)

*.c > lint.out
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B.3  MkS5 Makefile

#

4 Makefile for S/HABP Mk 5

#

¥

¢ set up logicals and flags for compile options
H

ks

RM = rm -f
CC = cc
FOR = £77 -32

#CTLAGS = -g

CFLAGS =

FFLAGS = -C -check_bounds

DEFINES = -DSYSV

INCLUDES = -I/usr/include

LIBS = -1X11 -1PW -lsun -1lm

LIBS = -1X11 -1PW -1m

#

4 list files that comprise the S/HABP Mk 5 program
(

Main Object files)

#

MORJ = . acone.o \
aero.o \
aircft.o \
arcos.o \
arsin.o \
atmos.o \
auxili.o \
bbstrt.o \
bl.o \
blcf.o \
block.o \
blunt.o \
blunts.o \
cada.o \
calc.o \
cfinpt.o \
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cmpexp .o \
compr .o \

cone.o

conea.o \

\

contrl.o \
cpinpt.o \

cubic.o \
cubspln.o \

curvit.o \

deriv.o \
dot_product.o \

egamma .o \

ellip.o \

elpl.o
erf.o \
erff.
erfh.
errf.
eval.

O 0 0O O

expan.o \

\

P

expand.o \
ffbody.o \
ffinpt.o \

ffree.o \

ffsose.
ffspec.
ffsurf.
fintrp.
flow.o

force.o \
formp.o \
forsf.o \

o
o
o
o
\

P

fprint.o \

fsubc.o \
funct.o \

fuse.o

\

gencut.o \

geom.o

getpdat.o \

gett.o

gradnt.
header.
headr3.

\

\
o
o
o

\
\
\
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heat.o \
idlgs.o \
iele.o \
intl.o \
int2.0 \
integ.o \
interp.o \
isort.o \
lamnar.o \
least_sqgr.o \
ledge.o \
lgrnge.o \
make_surf.o \
mark5.o \
merid.o \
mis2.0 \
modnew.o \
monitr.o \
rout.o \
nacel.o \
ncone.o \
newtpm.
normal.
nrml.o
obliOl.
oblidl.
oblige.
oblrgs.
obltbl.
order.o \
outd.o \
plate.o \
plunge.
poly.o
precal.
pres.o
. presot.
profil.
prop.o
punch.o \
gc.o \
rcstr.o \
'rdydx.o \

-

OO0 O0OO0OO0O-~020

P

\

-~ 0 0 ~~0 ~ 0
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rgs.o \’
rgsair.o \
rgsdr.o \
rgsfp.o \
rgsfr.o \
rgsi.o \
rgsp.o \
rgspl.o \
rgsrl.o \
rgsser.
rnewtn.
romu.o
root.o
rowfml.
rowfm2.
runkut.
sandf.o \
sandg.o \
sandr.o \

save.o \
search.o \
seprt.o \
setup.o \
sfntr2.o \
sfntr3.o \
sfntrp.o \
shepard_norm.o \
shield.o \
shkexp.o \
simpsl.o \
simpson.o \
skinfr.o \
smthna.o \
solvit.o \
sort.o \

sose.o \ .
sosec.o \
soset.o \

spec.o \

spfit.o \
spline.o \
spline2.0 \
splinf.o \

\
\

\
\
\

Oo0oo0o.~~00
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stag.o \
stats3.o \
strdat.o \
stream.o \
sum.o \
surf.o \

surf_int.o
surfcp.o \
surfp.o \
taper.o \
tcalc.o \
temp.o \
trans.o \
trim.o \
turbln.o \
ugas3.o
ugaséd.o
valu2.o
valu3.o
value.o
viscus.o \
vrtl.o \
wderiv.o \
wedge.o \
wfltref.o
wgtavg.o \
writms.o \
writsc.o \
wrtflo.o \
wrtvisc.o
wshock.o \
wsurf.o \
Z2ero.o

s

mk5: $(MOBJ)
$ (FOR) -0

\

\

$@ $ (MOBJ)

mv $@ ../$@

geom.o:

geom.f comp.cmn

merid.o: merid.f comp.cmn
monitr.o: monitr.f comp.cmn

mout.o:

mout.f comp.cmn
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pres.o:

presot.o:

sum.o:

viscus.o:

bl.o:
blcf.o:
calc.o:

cmpexp.o:

expan.o:
ffree.o:

getpdat.o:

heat.o:

idlgs.o:
ledge.o:

modnew.o:

nrml.o:
bl.o:

blcf.o:
calc.o:

cmpexp.o:

expan.o:
ffree.o:

getpdat.o:

heat.o:

idlgs.o:
ledge.o:

modnew.
nrml.o:
obliOl.
oblidl.
oblige.
oblrgs.
obltbl.

O:

O o0 O0Oo0O0

plate.o:

prop.o:

rcstr.o:
seprt.o:
setup.o:

stag.o:

strdat.o:

surfp.o:
tcalc.o:
trans.o:

pres. £ comp . cmn
presot.f comp.cmn
sum.f comp.cmn
viscus.f comp.cmn
bl.f level2.cmn
blcf.f level2.cmn
calc.f level2.cmn
cmpexp.f level2.cmn
expan.f level2.cmn
ffree.f level2.cmn
getpdat.f level2.cmn
heat.f level2.cmn
idlgs.f level2.cmn
ledge.f level2.cmn
modnew.f level2.cmn
nrml.f level2.cmn
bl.f level2.cmn
blcf.f level2.cmn
calc.f level2.cmn
cmpexp.f level2.cmn
expan.f level2.cmn
ffree.f level2.cmn
getpdat.f level2.cmn
heat.f level2.cmn
idlgs.f level2.cmn
ledge.f level2.cmn
modnew.f level2.cmn
nrml.f level2.cmn
obli0l.f level2.cmn

oblidl.f level2.cmn
oblige.f level2.cmn
oblrgs.f level2.cmn
obltbl.f level2.cmn

plate.f level2.cmn
prop.f levelZ.cmn
rcstr.f level2.cmn
seprt.f level2.cmn
setup.f level2.cmn
stag.f level2.cmn
strdat.f level2.cmn
surfp.f level2.cmn
tcalc.f level2.cmn
trans.f level2.cmn
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vrtl.o: vrtl.f level2.cmn
wedge.o: wedge.f level2.cmn

compile: $(MOBJ)
.f.o

$(RM) s@
$ (FOR) -c $(FFLAGS) $*.f
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B.4  PrepMk5 Makefile

#

4 Makefile for PREPMK5 (S/HABP Mark 5 Text Pre-
Processor)

# ! '

7

# set up logicals and flags for compile options
4

>
"o
.
3

|
Fh

CC = cc
TOR = £77
CFLAGS. = -g
FFLAGS = -g -C
DEFINES = -DSYSV
INCLUDES = -I/usr/include
LIBS?= -1X11 -1PW -lsun =-1lm
LIBS = -1X11 -1PW -1lm
4
£ ]ist files that comprise the PREPMKS program
2
orJ = addext.o \
aerocrd.o \
alfbet.o \
auxi.o \

.comorg.o \
‘cut_plane.o \
~ellgen.o \
ellipse.o \ -

ffield.o \
fltcon.o \
~fsum.o \
geomio.o \
hingel.o \
;icpcard.o \
‘infcard.o \
cinvisd.o \
12visc.o \
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panl-gen.o \
panl_grp.o \
pmcard.o \
prepmk5.0 \
readin.o \
readrl.o \
readthree.o \
rdline.o
refdim.
sctran.
sfelem.
sfgeom.
shieldc.o \
specrd.o \
viscs.o \
. wrtcomp.o

P e

O 00O

compile and link files as necessary

A= & 4

prepmk5: $ (OBJ)
$ (FOR) -o $@ $(OBJ)

.f.o:
$(RM) S@
S (FOR) -cC S (FFLAGS) s*. f

66



B.5  Plot Makefile

FOR = £77
FFLAGS =
CFLAGS =
DERBUG. = -g
DEFINES = -DSYSV
INCLUDES = -I/usr/include/X1l
LIBS = -1X11 -1m
LDFLAGS =
X0OBJS =
OBJS = pluto.o graphic.o xplot.o datamenu.o
pscript.o plotmenu.o \
fmain.o xdata.o misc.o convert.o egn.o
globals.o
¢ special stuff for some SUN systems
#INCLUDES = -I/usr/openwin/include
# special stuff for Hewlett Packard
£TINCLUDES = -I/usr/include/X11R5 -
I/usr/include/Motifl.2
#1LDFLAGS = -L/usr/lib/X11R5 -L/usr/lib/Motifl.2
£FOR = fort77
#X0ORJS = hp_getarg.o
#DEFINES = -DSYSV -Dpluto_main_=pluto_main

../hplot: $(OBJS) $(XOBJS)
rm -f S$@
$ (FOR) -o s@ $ (LDFLAGS) S (OBJS) $ (XOBJS) S(LIBS)

rm -f $@
s(cc) -c $ (CFLAGS) $ (DEBUG) $ (DEFINES) $(INCLUDES)

S*.cC
.f.o:

rm -f $@

$ (FOR) -c S(FFLAGS) $ (DEBUG) $*.f
lint: $ (OBJS) $(XOBJS)

'1int $(INCLUDES) *.c > lint.out
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B.6

RM =
FOR =
X0OBJS

¢ special stuff for Hewlett Packard

#X0OBJ

FFLAG

MOBJ

trim:

Trim Makefile

rm -f
£77

S

S

S
S

-32

hp_getarg.o

_g _.C

get_inpt.o \
polint.o \
rdinput.o \
rdline.o \
read_habp.o \
readin.o \
readrl.o \
rep_ext.o \
trim.o \
trimpost.o \
wrtrim.o

$ (MOBJ)

RM)
FOR)

se
-0 $@ $(MOBJ)

mv trim

$ (
S (

RM)
FOR)

se
-c $(FFLAGS)

$ (XOBJS)

$ (XOBJS)

s*.f
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APPENDIX C

SPACE SHUTTLE ORBITER CENTER OF GRAVITY

LOCATIONS
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APPENDIX D

STANDARD ATMOSPHERIC PROPERTIES
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Iﬁformation for the atmospheric proberties was taken from the U.S.
Standard Atmosphere, 1976. All properties were taken at an altitude of 160
ki]ometérs.
~ From Te;ble L. pg 69,

Temperature: 696.29 K

From Téble II, pg 93,
Number density: 3.162 (10'% m?
| Mean free path: 53 meters
Molecular Weight: 23.49 kg/kmol
From Table VIIL, pg 211,

Atmospheric Composi‘tion Number De'nsit§;
Nitrogen (Na): 1.774 (10'®) m”
‘Atomic Oxygen (O): 1.238 (10"%) m™
Oxygen (O2): 1,460 (10'%) m"
Afgon (Ar): 2.321 (10'3 m
Helium (He): 1.861 (10**) m™

Hydrogen (H): 2.911 (10" m™
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