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PREFACE

The Space Station Systems Analysis Study is a 15-month effort (Anril 1976 to
June 1977) to identify cost-effective Space Station systems options for a man-
ned space facility capable of orderly growth with regard to both function and
orbit location. The study activity has been organized into three parts. Part 1
was a 5-month effort to review candidate objectives, define implementation
requirements, and evaluate potential program options in low earth orbit and
in geosynchronous orbit. It was completed on 31 August 1976 and was docu-
mented in three volumes (Report MDC G6508, dated 1 September 1976).

Part 2 has defined and evaluated specific system options within the framework
of the potential program options developed in Part 1. This final report of
Part 2 study activity consists of the following:

Volume 1, Executive Summary

Volume 2, Technical Report

Volume 3, Appendixes
Book 1, Program Requirements Documentation
Book 2, Supporting Data
Book 3, Cost and Schedule Data

The third and last portion of the study will be a 5-month effort (February to
June 1977) to define a series of program alternatives and refine associated
system design concepts so that they satisfy the requirements of the low

earth orbit program option in the most cost-effective manner.

During Parts ! and 2 of the study subcontract support was provided to the
McDonnell Douglas Astronautics Company (MDAC) by TRW Systems Group,
Aeronutronic Ford Corporation, the Raytheon Company, and Hamilton
Standard.
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Questions regarding the study activity or the material appearing in this
report should be directed to:

Jerry W. Craig, EA 4
Manager, Space Station Systems Analysis Study
National Aeronautics and Space Administration
Lyndon B. Johnson Space Center
Houston, Texas 70058

or
C. J. DaRos
Study Manager, Space Station Systems Analysis Study
McDonnell Douglas Astronautics Company-West
Huntington Beach, California 92647
Telephone (714) 896-1885
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SCB ORIENTATION CONFIGURATIONS
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Section 1l
SCOPE AND CONC LUSIONS

The orientation of the Space Construction Base (SCB) in its many manifesta-~
tions of configuration is important to both design and logistics resources.

The technical areas that are impacted are listed in Table 1-1. Of primary
interest for this study were the guidance and control, reaction control, and
electrical power subsystems, The amount of impulse required for orbit
keeping and attitude control was determined for a variety of orientations of
an SCB configuration with both Orbiter and a representative objective element
attached. A particular configuration was chosen for analysis of the amount

of shadowing of the solar arrays for ine electrical power subsystem.

The analysis techniques used were based on digital simulations of the vehicle
in orbit. One simulation involved the equations of motion with a complete
aerodynamic representation of the vehicle, a dynamic atmosphere, vehicle
products and cross products of inertia, and an earth gravity harmonic model,
The equations were time-integrated and produced copious outputs associated
with orbital geometry, forces, and moments. Another program was used to
solve the solar cell éhadowing by the vehicle. Various other routines were

used in support of the main analysis tasks.

The analysis performed in this study has provided insight into the major
variables and has formed the basis for extensions to other configurations. In
addition to orientation and configuration, one of the important parameters is
the angle between the orbit plane and the sun (defined as pg-angle). This
angle varies extensively as a function of time, and its extreme values are

limited primarily by the orbit inclination.

The broad conclusions are as follows:
e High p-angles are beneficial to both attitude control and solar cell
illumination; however, the low pB-angles are more prevalent and will

drive the designs,

MCODONNELL DOUGLL”%



Table 1-1
ATTITUDE ORIENTATION CONSIDERATIONS . SUMMARY

Guidance And Control Subsystem (G&C)

e Disturbing moments

e Orbit keeping maneuvers

e Optical sensors fields of view
Reaction Control Subsystem (RCS)

e Attitude control propellant

e Orbit keeping propellant

e Thruster location

Environmental Control And Life Support Subsystem (EC LSS)

e Heat rejection
e Radiator shadowing by components of the SCB

Electrical Power Subsystem (EPS) .

e Solar array orientation relative to the SCB and/or the sun
e Shadowing of the solar array

Information Subsystem (ISS)

® Antennae locations
® Antennae fields of view

Objective Element Requirements
e Pointing during construction
e Pointing during checkout
® Acceleration levels

Experiments

® Acceleration levels
e Field of view

MCDONNELL nouct%



e Gravity gradient/centripetal torques predominate over the aero-
dynamic torques in the 1984-85 time frame. Stabilization of the
orbital vehicle so that a principal axis of the moment of inertia
ellipsiod (rather than geometric axis) is vertical, is highly desired
for minimum impulse.

e The large, aggregate configurations are more demanding of impulse
than the simpler ones.

® The orientations with the X-axis (longitudinal) perpendicular to the
orbit plane (XPOP) are preferable to others from the standpoint of
solar cell shadqwing, but not to a greatly significant amount (~ 5%).
For minimum impulse, there is a slight preference for XPOP, but
this difference is overshadowed by the desirability for principle axis

stabilization,

The remainder of this appendix addresses the orientation analysis in detail.
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Section 2

CONFIGURATION SUMMARY, ORBIT SELECTION, AND
ATTITUDE ORIENTATIONS

2.1 CONFIGURATION DEFINITIONS
The configurations chosen for the Space Construction Base (SCB) orientation
study are variations of the configuration shown in Figure 2-1, The fcur
configurations considered were:

1. SCB

2. SCB + 30-meter radiometer

3. SCB + Orbiter

4. SCB + 30-meter radiometer + Orbiter

SCB is defined as the fabrication and assembly, space processing, and power
and core modules plus the solar arrays. The 30-meter radiometer and Orbiter
were attached to the SCB as shown in Figures 2-1 and 2-2, These configura-
tions were selected because they represented possible on-orbit configurations
for a construction base that was intermediate in size between the larger 14-

or 21-man configuration options and the smaller L' configuration options.

The center of mass loaction and principal moment of inertia axes orientation
with respect to the vehicle axes (prinicpal axes misalignment) varied consider-
ably between the selected configurations, which allowed the sensitivities to
these parameters to be demonstrated. The space processing module was
included to generalize the configuration to one which included a radially docked
module. The 30-meter radiometer was chosen as a representative objective
element that would have significant impact on the SCB mass and aerodynamic
properties. Figure 2-2 defines the basic dimensions assumed for the various

SCB components,

2.1.1 Mass Properties

The mass properties for each configuration described ahove are shown in
Tables 2-1 through 2-4. Included for cach configuration is the mass, center

of mass and the components of the inertia dyadic. Forthis study, the

MCDONNELL DOUOL‘@
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Table 2-1
MASS PROPERTIES

Configuration: SCB

Mass = 59050 kg
20.52
Center of Mases = 0 m
2.21
3,28 X 106 0 1.25 X 10° ,
Inertia Dyadic }: 0 1,11 X 107 0 kg-m
(About Center of Mass) 1.25 X 106 0 1.20 X 106
(1) 0.99025 0. 0.13931
(EVEC) 0. 1.0000 0. Unit-
-0.13931 0. 0.99025 Less
(2) 8.0081 90. 000 81.992
(ANGLE) ={ 90,000 0.40711E-12 90.000 Deg
98, 008 90, 000 8.0081

Principal Moments } 3.10 X 106 2
of Inertia 1.11 X 107 ) kg-m
1.22 X 107

(1) Principal inertia axes to body axes
direction cosine matrix s
(2) (ANGLE),; = COS'I[(EVEC)ij] COORDINATE SYSTEM—"

MCOONNELL DOUOLL“%



Table 2-2
MASS PROPERTIES

Configuration: SCB + 30m Radiometer

Mass = 78410 kg
29, 21
Center of Mags = 0 m
0.33
i 5.82 X 100 0 5.21 X 106
About Clnet’t‘a ?Vadic ( 0 3.18 X 107 0 ) kg-m2
(About Center of Mass) 5.21 X 10° 0 3.11 X 107
" 0.98102 0 o 0. 19391
(evec)) - 0 1.0 0 Urit-
-0.19391 0 0.98102 Less
) 11. 181 90. 000 78.819
(ANGLE)'4) = [ 90.000 0.40711E-12  90. 000 Deg
101.18 90. 000 11.181

6
L 4.79 X 10
Principal Moments }= ( 3.18X 107) kg‘mz

of Inertia 3. 22 X 107
(1) Principal inertia axes to body axes mmggeu_t
2) direction cosine matrix
(ANGLE)ij = COS [(EVEC )ij] . 2,
10
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Table 2-3

MASS PROPERTIES

Configuration: SCB + Orbiter

Mass = 149950 kg
5‘ 64
Center ol Mass = 0 m
3 -6. 73
7
Inertia Dyadic | _ [ 3"37 % 103
(About Center of Mass) -l: 17 X 107
(1) 0. 87689
(EVEC)' "’ = 0.29335E-03
0. 48068
(2) 28.730
(ANGLE) ={ 89,982
61,270
Principal Momeants 1.34 X 107

4.90 X 107

of Inertia )
4,12 X 107

-

(1) i’rincipal inertia axes to body
axes direction cosine matrix
(2) (ANGLE),; = cos-1 [(EVEC)ij]

-8.95 X 103 -1.17 X 107
4.90 X 107  -5.36 X 10,31 kg-m?
-5.36 X 103 3.48 X 10
-0.23250E-03 -0. 48068
1.0000 0.51468E-04) Unit-
-0.18614E-03 0. 87689 Less
90.013 118,73
0.17065E-01 89. 997 Deg
90.011 28.730
kg-m2
5/
4
CoORDINATE svarem —7 |

"
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Table 2-4
MASS PROPERTIES

Configuration: SCB + 30m Radiometer

Mass = 169320 kg
Center of Mass
11
Center of Mass = ( )
-6.5
Inertia Dyadic 2.16 X107 -1.43x10% .1.28 x 107
(About Center of Mass) = | -1.43 X 104 9,37 X 1.07 -5.49 X 103) kg m?
-1.28X 107  -5.49X 103 7.87 X 107
" 0. 97794 -0.15673E-03 -0. 20889
(EVEC)'*) = { 0.20201E-03 1.0000 0. 19546 E-03 ] Unit
o 20889 -0.23334E-03  0.97794 Less
@) 12. 057 90.009 102. 06
(ANGLE)'?) = { 89.988 0.16105E-01 89,989 ) Deg
77.943 90.013 12, 057

Principal Moments
of Inertia

1.89 X 107
9.37 X 103 kg-m?
8.15 X 10

(1) Principal inertia axes to body COORDICATE Sy erEM ="

axes direction cosi Pe matrix
(2) (ANGLE)i = COS~ [(EVEC )ij] Zm Yin

12
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inertia dyadic was not updated as a function of solar array position with
respect to the SCB., The mass properties correspond to the solar array
position shown on the tables. The mass properties coordinate system is

shown on each table.

Additional sets of data for each configuration define the principal moments of
inertia and the direction of the principal inertia axes (X , Yp’ Zp) with
respect to the mass properties axes (Xm, Ym’ Zm). The "EVEC" matrix
is the direction cosine matrix relating the "p'" and "m" coordinate frames

(P to m transformation matrix). For example, the first column of the EVEC
matrix are the components of the X_ unit vector in the m coordinate system.

The ANGLE matrix is defined (kjth element);
-1
(ANGLE);; = COS [(EVEC)ij]. (Degrees)
For example, (ANGI..,E)12 is the angle between the Xm(l) and Yp (2) axes.
For the study configurations, the principal axis misalignment about the X and
Z-body axes were negligible. The misalignments about the Y-axis (pitch)

ranged from 8 to 29 degrees.

2.1.2 Aerodynamic Coefficient Data

The aerodynamic coefficient data generated included all possible orientations
with respect to the orbital velocity vector (see Section 3). The three orienta-
tions used for this study (Section 2. 2) resulted in the orbital velocity vector
lying along the vehicle X axis (XAVV, YPOP, ZDN) and the vehicle 1Y -axis
(XPOP, YAVV, ZDN and XPPOP, YpOVV, ZpDN). The aero coefficients
for these conditions are shown in Table 2-5. Moment coefficients are refer-
enced to the center of the solar array gimbal system. The solar array
coefficients are treated separately since the solar array moves relative to
the rest of the vehicle. The aerodynamic force exerted by the solar array
was assumed normal to the array's surface and the solar array normal force
coefficient was resolved to the SCB btody coordinate system and added to the
other aero coefficients. Since the aero reference point was assumed at the
solar array gimbal centers, the solar array moment coefficient was always

zero,

13
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No aerodynamic shadowing from the relative air stream was included in the
aero coefficient calculations. This is evident in the radiometer data for the
X-axis along the orbital velocity vector (XAVV), The geometry of Figure 2-1
indicates that the Y-radiometer force coefficient should have a positive value
for this orientation. Table 2-5 shows the radiometer Y force coefficient to

be zero (Orientation No, 1), This is explained by noting that the radiometer
was modeled as a group of elementary surfaces and the forward (+X) portion

of the radiometer does not shadow the aft portions from the air stream. Thus,
the Y force coefficient of the aft radiometer sections cancel the Y force

coefficient of the radiometer forward sections.

Adding all the components of the configurations together without regard to
zerodynamic shadowing is conservative from a drag force (force opposite
the orbital velocity vector) viewpoint and the orbit keeping requirements for

this study can be considered conservative from an aero coefficient viewpoint.

2.2 ORBIT SELECTION

The orbit selected for the orientation study was a 400 km altitude circular
orbit with an inclination of 55 degrees, Reference 1 shows that the Shuttle
useful payload weight to circular orbit begins to slope sharply downward at
400 km unless an OMS kit is added. Since OMS kits reduce Orbiter payload
bay useful volume, they may be undesirable. Preliminary orbit keeping
propellant weight calculations indicated 400 km was a viable altitude and was
chosen since at that altitude the Shuttle useful payload volume and/or weight

was not significantly reduced from the maximum available.

Selection of the 30-meter radiometer as the study configuration objective
element led to the 55 degree inclination decision, It was assumed that the
desired orbit inclination for the radiometer, once it was operational, would

be quite high in order to scan at least the continental USA and a major per-
centage of the rest of the world. Building the radiometer at the inclination

at which it was to operate appeared desirable, and other objective element
requirements for initial SCB configurations did not require a lower inclination,
The higher inclinations also result in a large range of B-angles (angle between
the sun vector and the orbit plane) which was desirable since the solar array

14
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Table 2-5

AERODYNAMIC COEFFICIENT SUMMARY-SCB

Force and Moment Coefficients

SCB (No Solar 30 Meter
Array)* Radiometer Orbiter
Force Moment|Force Moment | Force Moment
Orientation Coef Coef Coef Coef Coef Coef
X -6.,22 0 -11,78 0 -22.24 0
1 XAVY, YPOP, ZDN Y 0 -3.28 0 0 0 15.17
yA 0 0 0 0 -0.82 0
X 0 3,28 0 0 0 -7.82
2 XPOP,YAVV,ZDN Y -19.13 0 -11.78 17,27 -12.95 -0.91
VA 0 4,18 -7.01 -29.03 -0.51 21,38
X 0 -3.28 0 0 0 7.82
X_POP, Y, OVV, Z_DN
3 (lgrincipalplnertia A xes Y, 19.13 0 11.78 -17. 27 12.95 -0.91
YA 0 -4,18 7.01 29.03 -0.51 -21. 38

*Solar array force COEF ~75 SINZOISP (normal to solar array surface)
o SP is solar array angle of incidence

o

MCDONNELL DOUQL‘@.

COEFFICIENTS
REFERENCED
TO THIS
COORDINATE
SYSTEM

Aero reference point at center of solar
array gimbals

Aero reference length = 15.24 m

Aero reference area = 34. 37 m2
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motion relative to the SCB is a function of B, and sun shadowing effects are a
function of B. An inclination of 55 degrees was selected as a reasonable high
inclination and the associated B-angle range is £78,5 degrees.

At 400 km altitude, P-angles above about 70.2 degrees result in no sun
shadowing by the earth, and the earth shadowing effects range from no
shadowing (f > 70.2 degrees) to 39 percent of the orbit being shaded by the
earth (B - 0 degrees) for the orbit chosen, Three B-angles were used for this
study: -78.2, 0, and +31.8 degrees. A minus sign means that the vehicle is
orbiting clockwise as viewed from the sun, while a positive values denote
counterclockwise orbit projections as viewed from the sun. The intermediate
value of approximately 32 degrees represents the 50 percent probability con-

dition on B. A derivation of this is found in Section 5. 3. 2.

2.3 ATTITUDE ORIENTATIONS

Three attitude orientations were used in this study. They are denoted as
Orientations No. 1, 2, and 3 throughout this appendix. Table 2-6 defines the
orientations relative to the earth and clarifies the nomenclature (XPOP, YOVV,
etc.). Earth relative orientation was simulated (GVPAT program, Section 3)
by placing the desired vehicle axes along the inertial velocity (AVV and OVV)
and current position (DN) vectors. The third vehicle axis was perpendicular
to the orbit plane (POP) by definition because of the definition of the orbit
plane. Some effects of this orientation definition are discussed in

Section 5. 1.2. Earth oriented attitudes were assumed because gravity
gradient torques were very large, and inertial or sun-oriented attitudes
appeared from the start to be undesirable. Orientations No. 1 and 2 were
selected to demonstrate aerodynamic drag and moment effects and to show
the large gravity gradient/centripetal moments that were possible, Orienta-

tion No. 3 was picked to minimize the gravity gradient/centripetal moments.

2.4 SOLAR CELL SHADOWING

An investigation of the amount of shadowing experienced by the solar panels
was made to assess the adequacy of their location and possible orientations
for one of the configurations. The configuration analyzed is the all-up version

shown in Figure 2-1 representing the SCB + 30-meter radiometer + Orbiter.

16
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Table 2-6
SCB ATTITUDE ORIENTATION DEFINITION

Orientation Definition
XAVV, YPOP, ZDN
XPOP, YAVV, ZDN
X POP,Y OVV,Z DN
P p P
Nomenclature
X,Y,2Z Vehicle Axes as defined in Figure 2-1
Xp’ Yp’ Zp Principal Inertia Axes
AVV Along Orbital Inertial Velocity Vector
ovyv Opposite Orbital Inertial Velocity Vector
POP Perpendicular to the Orbit Plane (Defined to be the plane

of the inertial velocity and current position vectors)

DN Down (toward earth center of mass, not local vertical)

Each solar panel is capable of being rotated about the vehicle X-axis with a
second gimbal at a right angles to it to keep it normal to the sun, The
Orbiter and radiometer are the primary sources of orbiting vehicle shadow-
ing for each of the panels. Orientations No. 1 and 2 were studied in this
analysis for a limited number of B-angles. The time duration that the
vehicle is out of the earth's shadow and the amount of unshaded area of the
solar panels during this time control their power generating capabilities dur-
ing each orbit, This s*udy considers both the shadowing effects of the vehicle
structure on the solar panels and as well as the effects of the earth's shadow

time on their overall performance.

17
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Section 3
SIMULATION OVERVIEW

The primary simulation tool used for the orbit analysis portion of this study
was the MDAC General Vehicle Performance Analysis Tool (GVPAT). It is
a very general and powerful computer code which performs trajectory com-
putations for many different types of aerospace vehicles. A brief description

of the program's various major capabilities is given in the following sections.

3.1 EQUATIONS OF MOTION

Equations of motion for either three or six degrees of freedom are available
with the translational equations of motion derivatives being transformed via
direction cosines to an earth centered inertial coordinate system for inte-
gration. For six DOF the rotational equations of motion are integrated about
the vehicle's body coordinate system. For the analysis performed during this

phase of the study, three DOF analysis was done for fixed orientations.

3.2 EARTH AND GRAVITY MODEL

The earth model used in GVPAT allows the user to specify a spherical or
oblate, rotating or nonrotating earth with up to the fourth earth oblateness
harmonic simulated, The oblate earth model used is the one adopted by the
ad hoc NASA Standard Constants Ccmmittee and documented in report number
JPL TR 32-604, dated 6 March 1964,

3.3 ATMOSPHERE MODEL

The atmosphere model used for the SCB analysis is the MDAC 1975 Atmosphere
developed for the United States Air Force Office of Scientific Research under
contract number F44620-72-C-0084 and is documented in a final report titled
'""Response of the Magnetosphere and Atmosphere to the Solar Wind" and dated
December 1975. It includes the effects due to solar activity (10.7 ¢cm solar
flux), time of year, time of day (diurnal bulge), and earth geometric effects

on the earth's upper atmosphere. This atmosphere has been compared to and

18
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judged better than the well known Jachia atmosphere model in that MDAC

1975 better matches observed actual satellite data. The analysis performed
for this portion ofthe study was performed for the 1984-1985 time frame for
which it is estimated that the 10.7 cm solar flux level will be about at a mini-
mum level (a value of 73 was used). The solar flux level has an eleven year
period for its cyclic behavior. The solar maximum activity level should then
occur at about the 1990 time frame and should produce a 10.7 cm solar flux
level of about 200. Such a variation will increase the earth atmosphere at

orbit altitudes by approximately an order of magnitude.

3.4 MASS PROPERTIES
GVPAT can simulate a multiple mass stage vehicle with all three axes simu-
lated for center of gravity and moments and products of inertia. Staging of

the mass stages may occur at arbitrary times during the trajectory,

Gravity gradient and centripetal moments are generally lumped together since
they result from a common derivation of moment balance on a satellite in
orbit. The centripetal moment is sometimes referred to as centripetal force
gradient moment or distributed centripetal force moment. It results from
the internal force distribution within the rotating body and is an internal

moment in contrast to the external gravity gradient and aerodynamic moments.

In general, the six degree-of-freedom equations of motion of a rigid body may
be separated into the translational equations of motion of the center of mass
and the rotational equations of motion about the center of mass. The GVPAT
program was used in a three degree-of-freedom mode for this analysis which
meant that only the translational equations of motion were integrated. In
order to evaluate the attitude control requirements with respect to disturbing
moments, side calculations within the GVPAT program were made and output,

The calculations were based on the following discussion,

The rotational equations of motion about the vehicle center of mass are

M. :%(Y-Guax(‘f-a) (1)

19
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where

MT = total external moment vector about the center of mass
I = inertia dyadic about the center of mass and relative to the
rotating coordinate frame
@ = angular rate vector of the rotating body

The time derivative is taken in rotating body coordinator. The total moment

is

My = MC+MA+MGG (2)
where

1\71C = control moment

I\71A = aero moment and

I-‘;IGG = gravity gradient mnoment

Assuming that the vehicle is in a circular earth oriented orbit, the vehicle is
controlled to have a constant angular rate vector equal to the orbit angular
rate vector and

w =R = constant vector (3)

and

-

j‘l—(@):E (4)

combining, Eq 1, 2, 3, and 4 gives

MC-SZ x(I-m+MA+MGG=0 (5)
Defining the disturbing moment (I\?l d)
M, = (I~Q)xQ+MA+MGG (6)
20
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gives

Mo +My =0 (6)
which is the rotational equilibrium equation; the control moment plus the
disturbing moment is zero. The first term of I\7Id is the centripetal moment.

The gravity gradient moment is defined as

M (. F)xrF

Mg = [*P
where
M = earth's gravitational constant
¥ = theradius vector from the center of the earth to the center of

mass of the vehicle

This gravity gradient moment equation assumes a radial gravitational field

based on a spherical earth of uniform density.

The solar array motion relative to the SCB results in time varying moment
of inertia ch-racteristics for the SCB, These effects were not included in

this analysis, but will be accommodated at a later date.

3.5 AERODYNAMICS

The vehicle in its many configurations of growth consists of several compo-
nents in various arrangements, Although at a nominal orbital altitude (400 km),
only relatively small forces such as aerodynamic, magnetic, or radiative
pressure act upon it, the accumulated effects can be significant over a long
duration in terms of energy requirements. For this purpose, aerodynamic
force and moment coefficients for the SCB have been developed, and a com-

puter code has been prepared for their calculation.

At 400 km beight, the atmosphere is rarefied, and the appropriateness of

available methods were examined by criteria thoroughly discussed in

21
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Reference.2, In accordance with this analysis, using a characteristic flow
length, L, of 125 ft (solar panel length) and the mean free path, \, of
28,650 ft, the Knudsen number is found to be

A
K=L=ZZ9

The flow is concluded to be free molecular since any value above 10 suffices,
and an appropriate theory was used for the derivation of aerodynamic
coefficients, For the surfaces used in most spacecraft, the assumption of
completely diffuse reflection is a correct one and is used in the present

computation.

From kinetic theory of gases, expressions for the normal pressure and shear

stress, as given in Reference 2, are

T . 2
1 2 1 2 - fn . fn b -(s sin @
P = -Z_pwU“’ x-s? [ (s sm6)+7 —T‘o]e( )
2 .2 1\.fn Ty
+|(2 - fn) (8° 8in“d + =) + VT s sin6| {1 + erf(s sin g}
z) *2 T
1 th cos 8

. 2
T =3 Poo Uan s {e'(s sin 0) +V¥rs sin 0 [1 + erf(s sin 0)]}

where
8 = speed ratio = U,,Nm'f; = VY/Z2 M,
6 = flow impact angle
Tb/T‘“ = body-to-free-stream temperature ratio
fn = normal momentum accommodation coefficient = 0,95
ft = tangential momentum accommodation coefficient = 0. 95
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For cylindrical bodies, integration about the meridian angle, a, yields the

normal and tangential force coefficients

Lr
C = p 8in o d«
n,cyl 1 2 [
2 P=Us AREF

>

_ ir .
Ct,cyl = .1_ 5 ZA f’r gin o da
2 PoPw SREF

For flat plates, they are

c pAplate
n, plate 1 2
2 Polo ARrzp
C _ TAplate
t, plate = 1 2

7 PoUs ARpr

With the above basic relations, computer codes for calculating the aerodynamic
force and moment coefficients are developed for the vehicle, Two possible
configurations, one involving the Orbiter during docking, and the other involv-
ing the radiometer have complex geometries. For these studies, approxima-
tions were used in representing their surface geometry to facilitate the
analysis, Also, the extremely complex and difficult problem of shadowing
has been neglected, and the present results generated by the code should be
considered as the upper limit in most cases. The computer program for any
given attitude of the SCB, in terms of the roll angle and the angle of attack,
generates the aerodynamic force and moment coefficients of a chosen con-
figuration, They are expressed in vector components in the body oriented

coordinate system.

A variable number of aerodynamic stages may be simulated in GVPAT using
either body force and moment coefficients or body force and center of pres-

sure coefficients with respect to an aerodynamic reference point for each of

23

MCDONNELL DOUOL%



of the vehicle's three axes. Alternately, lift and drag force coefficients can
be used instead of chord and normal force coefficients. The aerodynamic
coefficients can be functions of up to five arbitrary variables. Changes in
the aerodynamic coefficients and their reference lengths and areas may

occur at arbitrary times during the trajectory.

The volume of the aerodynamic data generated by the aerodynamics program
proved to be large for hand transfer to GVPAT., Therefore, a special pro-
gram was written which extracted from the aerodynamics computer code
print file (again stored on disk) the appropriate data needed for input to
GVPAT. This special program read the aerodynamics code print file and
output the data in a form ready for direct input to GVPAT. This approach
avoided the error-prone hand manipulation and transfer of such a volume of

data from computer program to computer program.,

3.6 THRUST

From 1 to 16 gimballed engines of arbitrary body placement, with thrust-
weight parameters and nozzle exit area input in variable length tabular form
as a function of time, may be simulated. Any two of the engines can be
restarted multipie times wita thrust buildup and tailoff simulation capability

for each burna.

3.7 NUMERICAL TECHNIQUES

GVPAT uses a Runge-Jutta integration technique which has second, fourth,
and seventh order integration capability all contained within one algorithm.
It includes capability for single step automatic step size selection for all
user selected orders of integration. During this study seventh order inte-
gration was used wherein the automatic step size selected according to an

error criterion was approximately 400 sec of trajectory time.

The program has coupled equations which equate sets of input variables with

the same dimensions of specified numerical differences.
A multivariable test procedure is available in the program for determining

the times at which specified values of selected variables occu: and, ac those

times, cause changes in trajectory calculations.

MocooONNELL nouonf%
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3.8 COORDINATE SYSTEMS

Various coordinate systems are available for the calculation of vehicle position,
velocity, and body orientation. Included in these is a vernal equinox oriented
earth centered inertial right-handed coordinate system which is the primary
integration coordinate system used to integrate the SCB position and velocity.
The body coordinate system used in GVPAT is situated at a user-desired
location on the vehicle with the X-axis positive forward, the Y-axis positive

wing right, and the Z-axis positive in a downward direction.

3.9 INITIAL CONDITIONS
Initial position, velocity, and orientation of the vehicle may be input in a

variety of ways.

3.10 OUTPUT

Any data computed by the program and stored in the primary program work-
ing array, called the D array, may be output for printing or user viewing at
interactive termirals, Up to 200 parameters may be printed for any one
trajectory time point. The units of any parameter can be arbitrarily changed
starting at any print time point. The output files which were produced in the
process of performing this orientation analysis were preserved both on
microfiche and on magnetic tape should there develop further questions at a

later date about the behavior of the trajectories generated during this study,

The following list presents a description of the parameters which were

selected to be printed for each time point.

TIME The trajectory time in seconds from the start of
simulation.,
X1, YI,ZI The earth centered inertial (ECI) coordinate sys-

tem position of the SCB. The XI axis points
towards the vernal equinox of date, the ZI axis
points out the north celestial pole, and the YI
axis lies in the equitorial plane to form a right-
hand coordinate system. (ft)

XID, YID, ZID The velocity components of the vehicle in the ECI
coordinate system, i.e., (e time rate of change

of XI, YI, and ZI respectively. (ft/sec)

25
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XIDD, YIDD, ZIDD
XBDD, YBDD, ZBDD

CHORD, YNORMF,
ZNORMF

MXCG,MYCG,MZCG
MXAR,MYAR,MZAR

CSUBX,CSUBY,
CSUBZ

CSUBMX, CSUBMY,
CSUBMZ

ALPHAP

PHIA

MCDONNELL DOUOL‘“%

The acceleration components of the SCB in the
ECI cocrdinate system, i.e., the time rate of
change of XID, YID, and ZID respectively.

(ft/ sec*%2)

The acceleration components of the SCB in the
body coordinate system. These parameters
include all forces acting on the body other than
gravity. (ft/sec*%2)

The aerodynamic force acting on the body
expressed in the aerodynamic coordinate system
wherein CHORD is positive along the negative
x-body coordinate, YNORMF ig positive along the
positive y-body coordinate, and ZNORMTF is
positive along the negative z-body coordinate.
These aerodynamic forces are considered to act
at the aerodynamic reference point which for
this SCB orientation analysis was chosen to be
the attach point of the solar panels., (lb)

The total aerodynamic moment acting on the body
about the center of gravity. (ft-1b)

The aerodynamic moment on the vehicle about
the aerodynamic reference point.

The total aerodynamic force coefficients used to
produce CHORD, YNORMF, and ZNORMF
respectively.

The aerodynamic moment coefficients used to
compute MXAR, MYAR, and MZAR
respectively,

The angle between the air relative velocity
vector and the X-body coordinate axis. Often
referred to as the total angle of attack of the
vehicle,

The aerodynamic roll angle. It is the angle
between the projection of the air relative
velocity vector onto the Y-Z plane of the body
coordinate system and the Z-axis of the body

system, (deg)
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ALPHA The pitch angle of attack of the vehicle. The
angle between the X-body coordinate axis and the
projection of the air relative velocity vector onto
the X-Z plane of the body coordinate system,
Positive for the air relative velocity vector pro-
jection below the X-axis, (deg)

BETA The yaw angle of attack. The angle between the
X-body axis and the projection of the air relative
velocity vector onto the X-Y plane of the body
coordinate system. Positive for the air relative

velocity vector to the left of the X-axis, (deg)

E The eccentricity of the orbit of the vehicle. (deg)
INC The inclination of the orbit, (deg)

OMEP The argument of perigee. (deg)

RI The radius vector length, i.e., the distance of

the vehicle from the center of the earth. (ft)

VI The inertial velocity of the vehicle. (ft/sec)
RIA The radius of apogee. (ft)

RIP The radius of perigee. (ft)

TAU The orbit period. (min)

NUTA The true anomaly of the current position of the

vehicle along its orbit. (deg)
ASCN The right ascension of the ascending node of the
orbit plane measured from the ECI X-axis (i.e.,

measured from the vernal equinox). (deg)

NODREG The nodal regression rate, i.e., the time rate
of change of ASCN.,
U The argument of latitude. The angle measured

along plane of the orbit between the ascending
node and the current vehicle position. Useful
for circular orbits where perigee is not well
defined. (deg)
S-LAT,S-LONG The latitude and longitude of .iie sun .neasured
with respect to the vernal equinox ECI coordinate
system. Note that S-LONG is not an earth
relative longitude but is rather an inertial longitude.
(deg)
27
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XISUN, YISUN,
ZISUN

XBSUN,YBSUN,
ZBSUN

SPROLL, SPPICH

SPPHIA, SPALFA

VCF

VR

XRDB, YRDB, ZRDB

IX,1Y,1Z, IXY, IXZ,

IYZ

GX,GY,GZ

IAMX,IAMY,IAMZ
IGGX, IGGY, IGGZ
ITMX,ITMY,1ITMZ

SUNANG

McOoONNELL oouau%
o

The components of a unit vector in the vernal
ecuinox ECI coordinate system which points from
the center of the earth towards the sun.

The components of a unit vector in the body
coordinate system which points from the vehicle
body to the sun.

The roll and pitch Euler angles necessary to rotate
through in that sequence in order to make the solar
panels perpendicular to the rays of the sun. (deg)
The aerodynamic roll angle and total angle of
attack respectively of the solar panels after they
have been made to be perpendicular to the suns
rays. See PHIA and ALPHAP for more detail.
(deg)

The total impulsive velocity loss due to
atmospheric drag on the vehicle. (ft/sec)

The velocity of the vehicle relative to the local
wind. (ft/sec)

The velocity components of the vehicle relative to
the local wind expressed in the body coordinate
system (ft/sec)

The moments and products of inertia used for
making gyroscopic and gravity gradient torque
calculations. (slug-ft¥*2)

The gravity gradient torque acting on the vehicle
in orbit about the vehicle body coordinate system.
(ft-1b)

The integrals of MXCG, MYCG, and MZCG
respectively with respect to time. (ft-lb-sec)

The integrals of GX, GY, and GZ respectively
with respect to time. (ft-lb-sec)

The integrals of the total moment acting on the
vehicle, e.g., ITMX=IAMX+IGGX, etc. (ft-lb-sec)
The angle between the earth-sun vector and the
earth-vehicle vector., Ordinarily such an angle
would only be in the range of 0 to 180 deg, however,
if the vehicle is in earth shadow, this angle is

forced to be negative. (deg)
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SUNBSA The sun beta angle, i.e., the angle between the

' rays of the sun and the plane of the orbit. (deg)

GYROX,GYROY, The gyroscopic moments acting on the vehicle

GYROZ about the body coordinate system.,

GIX, GIY,GIZ The acceleration of gravity acting on the vehicle
expressed in ECI coordinate system components,
(ft/sec*%2)

HGT The altitude of the vehicle above the local earth.
(ft)

RHO The geodetic latitude of the vehicle. (deg)

UMU The earth relative longitude of the vehicle
measured positive west of the prime meridian.
(deg)

UMUI The inertial longitude of the vehicle measured

positive in a counterclockwise sense from the
vernal equinox ECI X-axis coordinate. (deg)
PICHAZ2,ROLLA2 The pitch and roll Euler angle sequence which
must be rotated through (in that order) to make
the solar panels be perpendicular to the rays of
the sun. (deg) These angles were computed for
compatability with the solar panel shadowing
analysis code, P0333, which could only accept

angular rotations in this order.

3.11 TRACKING STATIONS
Up to 12 tracking stations with one antenna each may be simulated. The

tracking stations can be arbitrarily located.

3.12 GUIDANCE MODES

A variety of open and closed loop guidance modes are available. The guidance
mode logic is modularly written to easily accommodate additional modes.
Such a capability is highly desirable since almost every vehicle has its own
peculiarities of flight mode. There were essentially three types of flight
modes uscd for the SCB orientation analysis. The first is called XPOP and

is achieved by having the SCB X-body axis perpendicular to the plane of the

orbit, and in these analyses the Y-body axis was placed along the inertial

29
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velocity vector. The second flight mode is called YPOP and is simply an
interchange of X and Y in the above description of XPOP. A minimum gravity
gradient orientation was also utilized wherein a specified orientation of the
SCB body coordinate system axes with respect to the inertial velocity vector
was maintained for the trajectory. In all of the cases studied for the current
analysis, the Z (or Z ) axis was aligned with the local vertical, i. e., the SCB
was flown in an earth-oriented flight mode rather than a solar inertial flight

mode.

3.13 ORBITAL ELEMENTS

A variety of orbital parameters can be calculated.

Due to the volume of data that was generated during this study, a special
program was developed which would read a GVPAT print file stored on
computer mass storage (disk) and produce plots of the output GVPAT param-
eters. These plots were displayed on interactive CRT display terminals from
which hardprints could be made directly. Thus, the analyss performing the
work for this study could see plotted results virtually immediately after the
trajectories for a given set of cases had been completed.
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Section 4
SOLAR CELL SHADOWING PROGRAMS

The Orbital Thermal Radiation Analyzer Computer Program (P0333) was
used to determine the shadow area of the solar panels due to elements of the
orbiting vehicle. The program has various options that allow the user to
compute geometric radiation shape factors, gray body f_.ctors, and time
dependent incident and absorbed solar and earth emitted IR heat fluxes for
surfaces in a specified orbit, Surface shapes consisting of flat plates,
trapezoids, cylinders, spheres, cones, and paraboloids may be input. The
program has an option to generate pictorial plots of the surface data to verify
that the various surfaces are oriented properly with respect to one another.
The program also generates pictorial plots for specified view angles of the
surfaces with respect to the earth and sun for a designated orbit. Figure 4-1
shows a pictorial plot of the configuration studied as presented by the com-

puter graphics capability.

This last option was the method utilized to determine the amount of shadowing
experienced by the solar panels. Orbital views of the Space Station, as seen
from the sun, were specified for five orbit positions of the vehicle, orbital
noon, and positions located 45° and 90° before aad after orbital noon, The

shadowed area was then computed from the plots by numerical integration.

The determination of the orbit fraction in which the solar cells are not
shadowed by the earth was accomplished by a small computer routine. The
formulation consists of simple trigonometric functions, and, for circular
orbits, the sunlit fraction is a function of only altitude and P-angle. The
variation of B-angle as a function of time is a function of the earth-axis tilt,
earth position around the sun, and satellite orbit regression rate about the
earth's polar axis. Orbit regression is a function of altitude and the
gravitational parameter associated with the earth's equatorial bulge., These
parameters were also programmed in a small computer routine utilizing
simple trigonometric functions in order to provide insight into the variation of
B-angle with time,

N
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Figure 4-1. Computer Graphics Pictorial Plot
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Section 5
SIMULATION RESULTS AND ANALYSIS

The results of this study are divided into RCS impulse and propellant
requirements for orbit keeping and disturbing moment control, and shadowing
effects on the solar array efficiency. Also included are example plotted outputs
of the GVPAT program which illustrate the raw data used to generate the
impulse requirements and shows some of the other relevant outputs that were

available from the program.

In all, 36 cases were analyzed for impulse and control moment sizing. This
represents all possible combinations for the following three parameters:

A. Four configurations (Section 2. 1)

B. Three orientations (Table 2-6, Section 2. 3)

C. Three P angles (Section 5. 3.2)

The average aerodynamic drag force, disturbing moments and RCS impulse
and propellant requirements are defined for each case. The solar array
shadowing effects are also described for two orientations and two f angles

for the maximum configuration (SCB + orbiter + 30-meter radiometer).

5.1 EXAMPLE OF GVPAT OUTPUT FOR DRAG, CONTROL MOMENT, AND
IMPULSE SIZING

The case chosen for the example was the following:
A. SCB + orbiter + 30-meter radiometer configuration,
B. XPOP, YAVYV, ZDN orientation, and a
C. PB-angle of 31.8 deg.

For all 36 cases evaluated, four complete orbits were simulated and plotted
out. Section 3.10 has defined the output variables of the GVPAT program.
The independent variable for the plotted outputs is either time (sec) or U

(deg). U defines the angular position (measured in the orbit plane) of the

.
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vehicle with respect to the line formed by the interaction of the orbit and
equatorial planes. U is useful for plotting parameters which are cyclic for
each orbit revolution and all four orbits of each case are overlayed on each
plot. Figure 5-1 shows U as a function of time. Note that for the circular
orbit, U is a linear function of time so that averaging with respect to U is
essentially the same as averaging with respect to time.

5.1.1 Geometrical Parameter Outputs

The sun was modeled as orbiting around the earth and this effect for four
orbits is shown in Figure 5-2. Over the course of a year, S-LAT has the
range of +23. 5 deg (earth's tilt with respect to the ecliptic plane) while
S-LONG ranges from 0 to 360 deg. Over the four orbit simulation time,

sun motion had insignificant effect on the results.

Figure 5-3 shows a parameter which defines the earth's shadow on the orbit.
As discussed in Section 3. 10, a negative value of SUNANG indicates the SCB
is shadowed by the earth from the sun. For a § angle of 31.8 deg, about
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37 percent of the orbit is in earth shadow. The apparent ambiguity in when
the shadow begins and ends is due to a relatively coarse plot interval between

successive values of U.

The solar array orientation with respect to the SCB is defined by Figure 5-4.
T!.. rotation sequence is roll-pitch. Roll is rotation about the SCB X-axis
and pitch about the rotated Y-axis. Direction is defined by the right hand
rule and both roll and pitch solar array angles are defined zero when the
SCB-to-sun vector ig in the minus vehicle Z direction. The roll angle
continually decreases while the pitch angle is essentially constant for the
XPOP, YAVV, and ZDN orientation used for this example. Note that the
pitch angle is the negative of the B-angle for this orientation. The discontinuity
in roll angle is not a physical jump in solar array position, but rather a
mathematical jump from -180 to +180 degrees in defining the same angle.
Again, the apparent ambiguity in the -180 degree crossover point is due to

a coarse plot interval.
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B-angle is plotted on Figure 5-5. The nominal p-angle for this example case
is 31.8 deg but, as Figure 5-5 shows, P ic not constant. The variation is
primarily due to effects of the oblate earth gravitational model and a long
term effect due to the earth's orbital rate about the sun.

5.1.2 Aerodynamic Drag and Disturbing Moment Outputs
Figure 5-6 is a plot of orbital velocity loss (VCF) due to drag as a function of

time. This parameter was generated by integrating the vector dot product
of the orbital velocity unit vector and the aerodynamic force vector and
dividing by themass. The variability due to the varying solar panel angle
to the relative wind is evident. VCF was used to define the average
aerodynamic drag force which was used in calculating the orbit-keeping

impulse requirement,

The components of the aerodynamic moment vector about the center of mass
along with their time integrals are shown in Figure 5-7. The moments vary
with the orbit angular positions (U) primarily because the solar panel
orientation with respect to the air stream varies and because the air stream
varies with respect to the orbit plane as a function of U. The latter effect
results when the orbit inclination is not zero. The atmosphere model assumes
that the air moved with the surface of the earth and so moved eastward. Orbits
with a nonzero inclination have a sinusoidal north-south component which,
when a vector summed with the easterly wind speed, results in a sinusoidal
angle of attack for an orbit-plane-oriented satellite. Minor effects due to

the earth's oblateness also exist.

The YAVYV orientation of this example has the solar array parallel to the air
stream when the roll solar array gimbal angle (SPROLL) is about zero or
+180 deg. The aerodynamic force due to the solar array is essentially zero
for these roll gimbal angles and Figure 5-4 shows the corresponding orbit
angular position (U) to be about 90 and 268 degrees. The X and Z aerodynamic
moment plots have minimum values at these two values of U and the Y

moment reaches a local minimum near 90 degrees. The Y aerodynamic
moment has its minimum value near U = 210 deg where the positive moment

due to the radiometer is cancelled by the negative Y moment from the solar
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array. The aerodynamic moments for SPROLL = 0 are the moments

resulting from the configuration excluding the solar array. These moments
are nearly constant and range from 0.1 to 0.27 n-m (0. 07 to 0.2 ft-1b.). The
moments due to the solar array alone range peak at about 0.9 n-m (0. 66 ft-1b).
about the Z-axis. The time integral of the aero moments shows the Z-axis

to have the largest average value at -0. 56 n-m (-0. 4 ft-1b).

The gravity gradients and centripetal (gyroscopic) moments are shown in
Figure 5-8. The Y-axis components show significant values while the X
and Z-axis values are insignificant. The large Y moment values are
attributable to the 12 deg principal axis misalignment (Table 2-4) about the
Y axis for the example configuration. The oscilating character of the plots
results from orbit perturbations due to the oblateness of the earth. The
sum of the Y-axis gravity gradient and centripetal moments was about

66 n-m (48 ft-lb). As shown in Section 5.2, these moments result in large
propellant usage rates for attitude control and reorienting to reduce these
moments is required. The third orientation (Table 2-6) rotates the vehicle
12,1 deg about the Y-axis and greatly reduces the gravity gradient and

centripetal moments.

5.2 ORBIT KEEPING AND ATTITUDE CONTROL RCS IMPULSE AND
PROPELLANT REQUIREMENTS

This section contains a summary of the results for the 36 cases that were
investigated as part of this orientation study. The data consists of average
aero drag force and average aero, gravity gradient, and centripetal mor.ents.
Also included are RCS impulse requirements for 3C days for orbit keeping
and attitude control for each case. These impulses were summed to provide
a total impulse requirement which was used to calculate propellant mass
requirements for 2 30-day period. Hydrogen/oxygen RCS thrusters with a

glsp of 3920 m/sec (Isp = 400 sec) were assumed.

5.2.1 Orbit Keeping Impulse

Tables 5-1 through 5-4 define the average aerodynamic drag force ana
Tables 5-5 through 5-8 show the drag force impulse per 30 days for each
configuration. Certain facts about the data are evident. They are:

A. The average drag force increases with configuration number

(see Section 2. 1),
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Table 5-1

AVERAGE AERODYNAMIC DRAG FORCE SCB ONLY
CONFIGURATION NO. 1

L3

Drag Force** (n)

Orientation B = 0x* f = 31.8% P =-78.2%
1 XAVV, YPOP, ZDN 0.023 0.019 0.005
2 XPOP, YAVYV, ZDN 0.031 0. 027 0.013
3 XpPOP, YpOVV, ZpDN 0.032 0. 027 0.014

(Principal Inertia Axes)

*B = Orbit plane to sun vector angle (deg)
**Time averaged over four orbits

Table 5-2

AVERAGE AERODYNAMIC DRAG FORCE SCB + 30-METER
RADIOMETER CONFIGURATION NO. 2

Drag Force** (n)

Orientation B = 0% B =31.8x% p=-78.2%
1 XAVV, YPOP, ZDN 0.031 0.027 0.013
2 XPOP, YAVV, ZDN 0.039 0.035 0.023
3 XPPOP, YpOVV, ZpDN 0.039 0.037 0.022

(Principal Inertia Axes)

*B = Orbit plane to sun vector angle (deg)
*¥Time averaged over four orbits
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Table 5-3°

AVERAGE AERODYNAMIC DRAG FORCE SCB + ORBITER
CONFIGURATION NO. 3

Average** Drag Force (N)

Orientation g =0x% f =31.8% g =-78.2%
1 XAVV, YPOP, ZDN 0.036 0.034 0.021
2 XPOP, YAVV, ZDN 0. 040 0.036 0. 023
3 XPPOP, YPOVV, ZPDN 0. 040 0.036 0.023

(Principal Inertia Axes)

*B = Orbit plane to sun vector angle (deg)
**Time averaged over four orbits

Table 5-4

AVERAGE AERODYNAMIC DRAG FORCE
SCB + ORBITER + 30-METER RADIOMETER CONFIGURATION NO. 4

Average* Drag Force (N)

Orientation B = Ox g =31.8=x g=-78.2%
1 XAVV, YPOP, ZDN 0. 045 0.042 0.030
2 XPOP, YAVV, ZDN 0. 047 0. 044 0.032
3 XPPOP, YpOVV, ZpDN 0. 047 0. 044 0.031

(Principal Inertia Axes)

*B = Orbit plane to sun vector angle (deg)
**Averaged over 4 orbits
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Table 5-5

AERODYNAMIC DRAG IMPULSE SCB ONLY
CONFIGURATION NO. 1

Impulse (n-sec/30 days)

Orientation $ = 0% B = 31. 8% B=-78.2%
1  XAVV, YPOP, ZDN 6.0x10%  4.9x10* 1.3x10%
2 XPOP, YAVV, ZDN g.ox10® 7.0x10% 3.4x10?
3 X_POP, Y OVV, ZDN 8.3x 100 7.0x10*  3.6x10%

(Principal Inertia Axe 8)

*B = Orbit plane to sun vector angle (deg)

Table 5-6

AERODYNAMIC DRAG IMPULSE SCB + 30-METER
RADIOMETER CONFIGURATION NO. 2

Impulse (n-sec/30 days)

Orientation B =0 g = 31.8% B=-78.2%
1  XAVV, YPOP, ZDN g.ox10® 7.0x10% 3.4x10%
2  XPOP, YAVV, ZDN 1.ox10° 9.1x10® 6x10?
1.0x10° 9.6x10% 5.7x10%

3 XPPOP, YpOVV, ZpDN
(Principal Inertia Axes)

*B = Orbit plane to sun vector Angle (deg)
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AERODYNAMIC DRAG IMPULSE SCB + ORBITER
CONFIGURATION NO. 3

Table 5-7

Impulse (n-sec/30 days)

Orientation B = 0% g =31.8x% B=-78.2%
1 XAVV, YPOP, ZDN 9.3x10% 8.8x10* 5.4x10%
2  XPOP, YAVV, ZDN 10.4x 10 9.3x10* 6.0x10%
10.4x10* 9.3x10* 6.0x10?

3 XpPOP, YpOVV, ZPDN
(Principal Inertia Axes)

*B = Orbit plane to sun vector angle (deg)

Table 5-8

AERODYNAMIC DRAG IMPULSE
SCB + ORBITER + 30-METER RADIOMETER CONFIGURATION NO. 4

Impulse (n-sec/30 days)

Orientation g = 0% B = 31.8% B =-78.2%
1  XAVV, YPOP, ZDN 1.2x10° 1.1x10° 7.8x10%
2  XPOP, YAVV, ZDN 1.2x10° 1.1x10° 8.3x10%
1.2x10° 1.1x10° 8.0x10?

3 X POP, Y OVV, Z DN
p P P

(Principal Inertia Aves)

*B = Orbit plane to sun vector

angle (deg)
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The average drag force decreases with increasing § angle,

C. The YPOP orientation has the lowest average drag force, and

=

The XPOP and XpPOP orientations have essentially the same average

drag force.

The first observation above is predictable based on the aero coefficient data
of Table 2-5. The force coefficient along the axis of the velocity vector is
larger for each successive configuration. Note that the orbiter has a larger
Y axis force coefficient than the radiometer for the YAVV orientation in spite
of the larger radiometer projected area to the air stream. The angle of
incidence on the radiometer surface is significantly less than 90 deg on most

of the radiometer which accounts for its relatively low force coefficient.

The B-angle dependence (A., preceding) is due to the solar array having
higher average angles of incidence with lower p angles. Consider the
following: for B = 0, the solar array reaches an angle of incidence of 90 deg
twice each orbit while at 2 B of 90 deg, the array remains at an angle of
incidence of zero throughcut the whole orbit. Intermediate p angles result
in average angles of incidence beiween the previous mentioned. The YFOP
orientation has the lowest drag force in spite of the large orbiter wing area
perpendicular to the air stream because the SCB force coefficient is about
65 percent less for the YPOP orientation than for XPOP. The fourth
statement preceding (D.) results from the fact that the Y force coefficient
has the same magnitude independent of whether the orientation is YOVV or
YAVV. In going from XPOP.to XPPOP, the vehicle was rotated about the
Y-axis and since the Y-axis was parallel to the velocity vector, the rotation

had no effect on the aero force coefficients.
The aero drag force impulse values were calculated by multiplying the
average drag force by the number of seconds in 30 days. The results are

contained in Tables 5-5 through 5-8.

5.2.2 Disturbing Moment Impulse

The disturbing moment values for each configuration are summarized in

Tables 5-9 through 5-12. Gravity gradient, centripetal gradient, and aero
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Table 5-9

AVERAGE DISTURBING MOMENT SUMMARY SCB ONLY
CONFIGURATION NO. 1

Biasg*%* Moment (n-m)

Disturbing
Torque Gravity Centri- Aerodynamic*
Orientation Gradient petal P=0 P = 3% 8 p=-78.2
X 0 0 0 -0.01 0
1 XAVV, YPOP, ZDN Y 4.8 0 0.02 0.0l -0.03
zZ 0 0 0 -0.01 0
X 0 0 -0.04 -0.03 0.0l
2 XPOP, YAVV, ZDN Y 4.8 1.61 0 -0.01 0
Z 0 0 -0.04 -0.03 0.01
Xp 0 0 0.04 0.03 -0.01
3 XPPOP, YPOVV, ZpDN Yp 0.01 0 0 0 0
(Principal Inertia Axes) Zp 0 0 0.04 0.03 -0.01

*B = Orbit plane to sun vector angle (deg)
**Time averagec over four orbits

Table 5-10

AVERAGE DISTURBING MOMENT SUMMARY
SCB + 30-METER RADIOMETER CONFIGURATION NO. 2

Average** Digturbing Moment (n-m)

Disturbing jok
Torque Gravity Centri- Aerodynamic
Orientation Gradient petal =0 p=31.8 Bp=-78.2
X 0 0 0 0 0
1 XAVV, YPOP, ZDN Y 20.9 0 -0.03 -0.03 -0.03
Z 0 0 0 0.02 -0.01
X 0 0 0.02 0.02 0.03
2 XPOP, YAVV, ZDN Y 20.0 6.7 0.13 0.15 0.16
Z 0 0 -0.01 -0.05 -0.14
Xp 0 0 -0.02 -0.02 -0.03
3 xpPOP, YPOVV. ZpDN Yp 0.01 0.01 -0.16 -0.15 -0.16
(Principal Inertia Axes) zp 0 0 0.01 0.04 0.14

#B = Orbit plane to sun vector angle (deg)
**Time averaged over four orbits
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Table 5-11

AVERAGE DISTURBING MOMENT SUMMARY
SCB + ORBITER CONFIGURATION NO. 3

Biag** Moment (n-m)

Disturbing

ic*
Torque Gravity Centri- Aerodynamic
Orientation Gradient petal =0 pf=31.8 Bp=-78.2
X 0.02 0 0.02 0
1 XAVV, YPOP, ZDN Y -45 -0.10 -0.10 0
Z 0 -0.01 0 -0.05 0.01
X 0.02 0 0.22 0.19 0.10
2 XPOP, YAVV, ZDN Y -45 -15 0.02 0.01 -0.01
Z 0 0.01 -0.45 -0.37 -0.12
XP 0 0 -0.22 -0.17 -0.10
3 XpPOP, YpOVV, ZpDN Yp -0.16 -0.05 0.02 0.01 0
(Principal Inertia Axes) Zp 0 0.01 0.44 0.36 0.10
*B = Orbit plane to sun vector angle (deg)
*%Time averaged over four orbits
Table 5-12
AVERAGE DISTURBING MOMENT SUMMARY
SCB + ORBITER + 30-METER RATTOMETER CONFIGURATION NO. 4
Bias** Moment (n-m)
Disturbing A
Torque Gravity Centri- Aerodynamic*
Orientation Gradient petal pP=0 pf=31.8 p=-78.2
X 0.02 0.0l 0 0.02 0
1 XAVV, YPOP, ZDN Y -50 0 -0.16 -0.15 -0.05
Z 0 -0.02 0 -0.03 0
X 0.02 0 0.26 0.24 0.15
2 XPOP, YAVV, ZDN Y -50 -16 0.24 0.25 0.24
Z 0 0.02 -0.60 -0.56 -0.42
Xp 0.01 0 -0.26 -0.24 -0.16
3 XpPOP, YpOVV, ZpDN Yp 0.26 0.08 -0.21 -0.26 -0.26
(Principal Inertia Axes) Zp 0 0.02 0.59 0.55 0. 40

*B = Orbit plane to sun vector angle (deg)
*%¥Time averaged over four orbits
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moments for each vehicle axis are shown separately, The gravity gradient
and centripetal gradient moments are dominated by the Y-axis component
values because of the principal axes misalighment about the vehicle Y-axis.
The gravity gradient orientations (Orientation No. 3) result in much reduced
gravity/centripetal gradient moments, though not zero, especially about the
Y-axis. The average gravity/centripetal gradient moments could have been
made essentially zero by very accurate orientation definitions that require
precision attitude pointing accuracies. For example, the 0.26 n-m Y-axis
gravity gradient moment for Orientation No. 3 of the SCB + Orbiter + 30-meter
radiometer configuration (Table 5-12) results from only a 0. 06 deg attitude
error from the theoretical zero gravity gradient moment orientation. An
accuracy of 0. 06 deg is considered tight from an attitude control system
design viewpoint. The gravity/centripetal gradient moment data presented
herein is of an illustrative nature and the Orientation No. 3 values do not
reflect an actual attitude controller design. One of the primary design drivers
for an SCB attitude controller will be to minimize the net disturbing moments
on the system for extended periods of time. Note that the gravity/centripetal
gradient moments increase with configuration number (increasing mass) for

all orientations.

The aerodynamic moments are small compared to the gravity/centripetal
gradient moments for all be Orientation No. 3. The larger configurations
tend to have larger aero moments as expected and the Z component of aero
moment exceeds 0.5 n-m for the XPOP orientations for the maximum
configuration (Table 5-12). The aero moments and gravity/centripetal
gradient moments nearly cancel each other in the Y-axis of configuration 4
for Orientation No., 3 (Table 5-12). The relatively large aero moments about
the Z-axis for the configurations which includes the Orbiter results from the
large mass of the Orbiter relative to the SCB and SCB + 30-meter radiometer.
The large Orbiter mass places the total configuration center of mass near
the Orbiter which results in a large aerodynamic lever arm for the solar
array and radiometer and a short aerodynamic level arm for the Orbiter.
For the XPOP orientations (No, 2 and 3), a relatively large net aero

moment about the Z-axis results.
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The net disturbing moments acting on the vehicle are shown in Tables 5-13
through 5-16 along with the corresponding moment impulses. For
Orientations No. 1 and 2, the gravity/centripetal gradient moments dominate
as expected. For Orientation Mo. 3, the net moments generally increase with
configuration masg. However, as mentioned above, the Y-axis net moment
for the maximum configuration (4) was relatively small due to cancellation

of the aero and gravity/centripetal gradient moments (Table 5-16).

The moment inpulses shown in Tables 5-13 through 5-16 may be compared to
control moment gyro (CMG) capabilities to gain an intuitive understanding of
their magnitude. The Bendix 6000H CMG has a nominal moment impulse
capability of 8200 n-m-sec. The largest moment impulse observed in this
study was 1.7 x 108 n-m-sec for 30 days for the maximum configuration
(7able 5-16, Orientation No. 2). Assuming three active CMG's, the CMG's
would need desaturation every 6 min. Considering the more realistic
Orientation No. 3 with 1.1 x 106 n-m-sec about the three axes, the desatura-
tion time interval for the same three CMG becomes a reasonable 16 nours.
The validity of the last calculatiorn depends on the ability of the attitude

controller to minimize net disturbing moments.

Calculating the RCS impulse required to cancel the disturbance moments
r.quired selecting thruster locations and a simple thruster select logic. The
thrusters were located at the ends of the core module and at a radius of 2.29m
from the centerline. The thrusters were assumed to fire in pairs, forming
pure couples (moment without any net lateral force). Each pair provided
control ranoment about the X, Y, or Z axis. The attitude controller was
assumed to li.. 't the motion to orbital angular rate and no other dynamic
effects were considered. The use of a couple concept allowed the control
moment to be independent of center of mass location. For a couple, the
coatrol lever arm length is on-half the distance between the firing thrusters.
For the thrueter locations selected, the lever arm for X-axis (roll) control
moment wasg Lx = 2,29 m while for the Y and Z-axes (pitch and yaw),

L = Lz = 7.6 m. Using these lever arms, the thruster impulse values shown
in Tabl .. 5-17 through 5-20 were calculated. Because of the shorter control
lever arm for roll control, the X-axis impulse values increase in significance
relative to pitch and yaw. This impulse will be required either to desaturate

the CMG or to control if no CMG's are used.

/,
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Table 5-13

NET DISTURBING MOMENT AND MOMENT IMPULSE SUMMARY
SCB ONLY CONFIGURATION NO. 1

Net Moment (Moment Impulse

(n-m) (105 n-m-sec)
Orientation g = 0% g =31.8=% g =-78.2%
X 0(0 -3.01 (0.26) 0 (0)
1 XAVV, YPCP, ZDN Y 4.82 (125) 4.81 (125) 4.77 (124)
Z 0(0) -0.01 (0.26) O (0)
X -0.04(1.0) -0.03 (0.78) 0.01 (0. 26)
2 XPOP, YAVV, ZDN Y 6.4 (166) €.4 (166) 6.4 (166)
Z -0.04(1.0) -0.03(0.78) 0. 01 (0. 26)
Xp 0.04 (1.0) 0.03 (0.78) -0.01 (0.26)
3 XPPOP, Y OVv, ZPDN Yp 0.01 (0.26) 0.01 (0.26) 0.01 (0.26)
(Principal Inertia Axes) Zp 0.04 (1.0) 0.03 (0.78) -~0.01 (0.26)

*# = Orbit piane to sun vector angle (deg)

Table 5-14

NET DISTURBING MOMENT AND MOMENT IMPULSE SUMMARY
SCB + 30-METER RADIOMETER CONFIGURATION NO. 2

Net Moment Moment Impulse
(n-m) {10° n-m-sec)
Orientation g = O g = 31.8=% B=-78.2%
0 (0) 0 (0) 0 (0)
1 XAVV, YPOP, ZDN 20 /518) 20 {518) 2n (518)
0 (0) 0.02 (0.52) ~0.01 (0. 26)

0.02 (0.52) 0.02 (0.52) 0.03 (0.78)
26.8 (695) 26.9 (697) 26.9 (697)
-0.01 {0.26) -0.05 (1.3) -0.14 (3.6)

2 XPOF, YAVV, ZDN

¥ N < X N < X
©

-0.02 (0.52) -0.02 (0.26) -0.03 (0.78)
3 XPPOP, YpOVV, ZPDN YP -0.14 (3.5 -0.13 (3.4 -0.14 (3. 6}
(Principal Inertia Axes) Zp 0.G1 (0.26) 0.04 (1.0) 0.14 (3. 6)

*B = Orbit Plane to sun vector angle (deg)
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Table 5-15

NET DISTURBING MOMENT AND MOMENT IMPULSE SUMMARY
SCB + ORBITER CONFIGURATION NO. 3

Net Moment Moment Impulse
(n-m) (105 n-m-sec)
Orientation p = 0% g =31,8% p=-78.2%
X 0.02 (0.52) 0.04 (1.0) 0.02 (0.52)
1 XAVV, YPOP, ZDN Y -45.1(1170) -45.1 (1170) -45.0 (1170)
Z -0.01 (0.26) -0.06(1.6) 0 (0)
X 0.24 (6.2) 0.21 (5.4) 0.12 (3.1)
2 XPOP, YAVV, ZDN Y -60 (1560) -60 (1560) -60 (1560)
Z -0.44 (11.4) -0.36 (9.3) -0.11 (2.9)
XP-O.ZZ (5.7) -0.17 (4.4) -0.10 (2. 6)
3 XpPOP, YpOVV, Z DN YP-O. 19 (4.9) -0.20(5.7) -0.21 (5. 4)
(Principal Inertia Axes) 0.37 (9.6) 0.11 (2.9)

Z_ 0.45(11.7
p ( )

#*B = Orbit plane to sun vector angle (deg)

Table 5-16

NET DISTURBING MOMENT AND MOMENT IMPULSE SUMMARY
SCB + ORBITER + 30-METER RADIOMETER CONFIGURATION NO. 4

Net Moment

Momern. Impulse

(n-m) (10° n-m-sec)
Orientation p = 0% B=31.8% B = -78, 2%
X 0.03 (0.78) 0.05 (1.3) 0.03 (0.78)
1 XAVV, YPOP, ZDN Y -50.2(1,300) -50.2 (1,300) -50.1 (1, 300)
Z -0.02 (0.52) ~0.05 (1.3) -0.02 (0.52)
X 0.28 (7.3) 0.26 (6.7) 0.17 (4.4)
2 XPOP, YAVV, ZDN Y -66.2 (1,720) -66.3 (1,720) -66.2 (1,720)
Z -0.58 (1.5) ~-0.54 (14) -0.40 (10)
Xp -0.25 (6.5) ~0.23 {6.0) -0.15 (3.9)
3 XPPOP. YPOVV. ZpDN Yp 0.13 (3.4) 0.08 (2.1) 0.08 (2.1)
(Principal Inertia Axes) zp 0.61 (16) 0.57 (15) 0.42 (11)

*B = Orbit plane to sun vector angle (deg)

/
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Table 5-17

ATTITUDE CONTROL IMPULSE
SCB ONLY CONFIGURATION NO. 1

Impulse
(n-sec/30 Days)

" Orientation p = 0% $=31.8% pB=-78.2%

D' 0 1.1 x 104 0
1  XAVV, YPOP, ZDN Y 1ex10® 1.6x10° 1.6=x10°

z 0 3.4 x 103 0
X 4.5x10® 3.ax10® 1.1x10?
2 XPOP, YAVV, ZDN Y 2.2x10° 2.2x10® 2.2x10°
z lLax10* 1ox10* 3.4x10°
X, 4.5x 108 3.4x10®  1.1x10%
3 X POP Y OVV, ZDN Y, 34x10®° 3.4x103 3.4x10
(Principal Inertia Axes) 4 3 3

z, L.4x10® 10x10° 3.4x10

*p = Orbit plane to sun vector angle (deg)

Table 5-18

ATTITUDE CONTROL IMPULSE
SCB + 30-METER RADIOMETER CONFIGURATION NO. 2

Impulse

(n-sec /30 Days)

Orientation B = 0x* B = 31.8% B=-78,2%
X 0 0 0

1 XAVV, YPOP, ZDN Yy 6.8x10° 6.8x10° 6.8x10°
z 0 6.8x10° 3.4x10°

x 2.3x10%  2.3x10t  3.1x10?

2  XPOP, YAVV, ZDN Y 9.1x10® 9.2x10° o9.2x10°
z 3.4x100 1L7x10® 4.8x10%

X, 2.3x10%  2.3x10*  3.4x10%
3 XpPOR Y OVV, Z DN o i sx10t 44x10?  4.8x10t
(Pri.cipal Inertia Axis) P 3 4 4

z, 3.4x10° 4x10® 48x10

*B = Orbit plane to sun vector angle (deg)
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Table 5-19

ATTITUDE CONTROL IMPULSE
SCB + ORBITER CONFIGURATION NO. 3

Impulse
(n-sec /30 Days)

Orientation B = 0% p=31.8% p=-78,2%

x 2.3x100 45x10®  2.3x10%

1 XAVV, YPOP, ZDN Y 1.5x10° 1.5x10°  .5x10°

z 3.4x10° 2.0x10* 0

X 2.7x10° 2.4x10° 1.4x10°

2  XPOP, YAVV, ZDN Y 2.0x10° 2.0x10 2.0x10’
Z 1.5x10° 1.2x10° 3.8 x 10%

X, 2.5x10°  1.9x10° 1.1x10°

3 XpPOR Y OVV, ZDN y  .5x10® e.8x10*  7.2x10%
(Principal Inertia Axes) P 5 5 4

z, 1.5x10° 1L3x10° 3.8x10

*B = Orbit plane to sun vector angle (deg)

Table 5-20

ATTITUDE CONTROL IMPULSE
SCB + ORBITER + 30-METER RADIOMETER CONFIGURATION NO. 4

Impulse
(n-sec/30 Days)

Orientation B = 0% p=31.8% = =78, 2%

X 3.4x10® s5.7x10® 3.4x10%

1  XAVV, YPOP, ZDN Y 1.7x100 1.7x10° 1.7x10"
z 6.8x100 1.7x10% 6.8x103

X 3.2x10° 2.9x10° 1.9x10°

2  XPOP, YAVV, ZDN Y 2.3x10° 2.3x10° 2.3x10°
Z 2.0x10° 1.8x10° 1.4x10°

X, 2.8x 10°  2.6x10° 1.7x10°

3 XpPOP Y OVV, 2 DN o i ax10®  2.7x10% 2.7 x 10
(Principal Inertia Axes) P 5 5 5

Z, 2.1x10° 1.9x10° 1l4x10

*B = Orbit plane to sun vector angle (deg)
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It should be noted that these RCS impulse values do not reflect any impulse
for maneuvering, docking, construction disturbances, or attitude limit
cycling. The impulse values in Tables 5-17 through 5-20 are solely for
countering the disturbance moments discussed in this appendix. For the
axes where the disturbing moment changes sign, additional RCS impulse will

be required if momentum storage devices are not used.

5.2.3 Total RCS Impulse and Propellant Requirements
The RCS impulse requirements for orbit keeping and disturbing moment

cancellation discussed in Section 5.2.1 and 5.2.2 were summed to generate
the total RCS impulse requirements shown in Tables 5-21 through 5-24.
Implicit in the above procedure were the assumptions that the attitude control
impulse was the sum of the pitch, yaw, and roll requirements and that the
orbit keeping impulse was equal to the aerodynamic drag force impulse.

A more optimum thruster placement and thruster select logic could have
reduced the total impulse requirement to less than the sum of the parts
mentioned, but, for the purpose of this study, the simple RCS thruster

concept was adequate.

The propellant mass requirements are given in Tables 5-25 through 5-28.
They were calculated assuming a hydrogen/oxygen RCS propellant with a

glsp of 3920 m/sec (Isp = 400 sec). The propellant mass requirements
generally increase with increasing configuration mass and with decreasing
p-angle. The large propellant masses associated with Orientations No. 1
and 2 resulted from the large gravity/centripetal gradient moments. Orbit
keeping and attitude control each had significant contributions for Orientation
No. 3. Actual propellant requirements should be more on the order of those
shown for Orientation No. 3 since net disturbing moments will be minimized
by the orientation chosen. Additional propellant for maneuvering, docking,

and limit cycling will also be required.

Table 5-29 summarizes the propellant mass requirements for Orientation
No, 3 for all four configurations as a function of B angle. The largest
propellant mass requirement of 167 kg/30 days corresponds to the largest
configuration for a B angle of zero. The lowest propellant usage rate

corresponds to the SCB only configuration with values of 14 to 37 kg/30 days.
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Table 5-21

TOTAL RCS IMPULSE REQUIREMENTS
SCB ONLY CONFIGURATION NO. 1

Impulse
(n-sec/30 Days)
Orientation B = 0% g=31.8% = -78.2%
1 XAVV, YPOP, ZDN 1.60 x 106 1.66 x 106 1.61 x 106
2 XPOP, YAVV, ZDN 2.3¢x10°  2.31x10®  2.25 x10°
3 5 5 4
XpPOP, YPOVV, ZPDN 1.45 x 10 1.08 x 10 5.38 x 10

(Principal Inertia Axes)

*B = Orbit plane to sun vector angle (deg)

Table 5-22

TOTAL RCS IMPULSE REQUIREMENTS
SCB + 30-METER RADIOMETER CONFIGURATION NO. 2

Impulse
(n-sec/30 Days)
Orientation p = 0% g = 31.8% B =-78.2%
1  XAVV, YPOP, ZDN 6.88 x10°  6.88x10°  6.84 x 10°
2 XPOP, YAVV, ZDN 9.23x10°  9.33x10° 9.3 x10°
3 X POP, Y OVV, Z DN 1.74x 10°  1.77x10°  1.87 x 10°

(Principal Inertia Axes)

*p = Orbit plane to sun vector angle (deg)
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Table 5-23

TOTAL RCS IMPULSE REQUIREMENTS
SCB + ORBITER CONFIGURATION NO. 3

Impulse
(n-sec/30 Days)
Orientation B = 0% B = 31,8 B =-78.2%
1  XAVV, YPOP, ZDN 1.51x10°  1.52x10°  1.51x10°
2 XPOP, YAVV, ZDN 2.05x10°  2.05x10°  2.02x10"
> 4.81x10° 2.80x10°

3 XDPOP, YPOVV, ZPDN 5.69 x 10
(lirincipal Inertia Axes)

#pB = Orbit plane to sun vector angle (deg)

Table 5-24

TOTAL RCS IMPULSE REQUIREMENTS
SCB + ORBITER + 30-METER RADIOMETER CONFIGURATION NO. 4

Impulse
(n-sec/30 Days)
Orientation B = 0 f = 31,8% g - -78,2%
1 XAVV, YPOP, ZDN 1.72x10°  1.72x10° 1.71x10’
2 XPOP, YAVV, ZDN 2.36 x 10 2.36x10°  2.34x 10"
3 X POP, Y OVV, Z DX 6.54x 10° 5.87x10° 4.17x10°

(Principal Inertia Axes)

*B = Orbit plane to sun vector angle (deg)
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Table 5-25

RCS PROPELLANT REQUIREMENTS
SCB ONLY CONFIGURATION NO. 1

Attitude Control Plus Orbit
Keeping Propellant
(kg /30 Days)

Orientation B = 0% B =31.8% g = -78.2%
1 XAVV, YPOP, ZDN 423 423 411
2 XPOP, YAVV, ZDN 597 589 574
3 X POP, Y OVV, Z DN 37 28 14
P p P

(Principal Inertia Axes)¥*%

*5 = Orbit plane to sun vector angle (deg)
*% 8 deg noseup from geometrical axes

Table 5-26
SCB + 30-METER RADIOMETER CONFIGURATION NO. 2

RCS Propellant
(kg /30 Days)

Orientation p = 0% B = 31.8% p = -78,2%
1 XAVV, YPOP, ZDN 1, 760 1,760 1, 740
2  XPOP, YAVV, ZDN 2,350 2,380 2,380
3 x POP, Y OVV, Z DN 44 45 48
p P p

(Principal Inertia Axes)¥**

* B = Orbit plane to sun vector angle (deg)
*%]11 deg noseup from geometrical axes

/
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Table 5-27

RCS PROPELLANT REQUIREMENTS
SCB + ORBITER CONFIGURATION NO. 3

Attitude Control Plus Orbit
Keeping Prcpellant
(kg/30 Days)

Orientation B = 0% B=31.8=* = =78, 2%
1 XAVV, YPOP, ZDN 3,850 3,880 3,850
2 XPOP, YAVV, ZDN 5,230 5,230 5,150
3 XPPOP, YpOVV, ZpDN 145 123 71

(Principal Inertia Axes)#**

* B = Orbit plane to sun vector angle (deg)
**¥29 deg nosedown from geometrical axes

Table 5-28

RCS PROPELLANT REQUIREMENTS
SCB + ORBITER + 30-METER RADIOMETER CONFIGURATION NO. 4

Attitude Control Plus Orbit
Keeping Propellant
(kg /30 Days)

Orientation B = 0% B =31.8% B = ~78.2%
XAVV, YPOP, ZDN 4, 390 4,390 4,360
XPOP, YAVYV, ZDN 6,020 6,020 5,970
X POP, Y OVV, Z DN 167 150 106

P p p

(Principal Inertia Axes)

*#(3 = Orbit plane to sun vector angle (deg)
%12 deg nosedown from geometrical axes
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Table 5-29

PROPELLANT REQUIREMENTS SUMMARY
XpPOP, YpOVV, AND ZPDN ORIENTATION

Propellant
(kg /30 Days)

Configuration B = 0% B = 31.8% B = -78.2%
SCB Only 37 28 14
SCB + Radiometer 44 45 48
SCB + Orbiter 145 123 71
SCB + Orbiter 167 150 106

+ Radiometer

*B = Orbit plane to sun

vector angle (deg)
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5.3 SOLAR CELL SHADOWING ANALYSIS

5.3.1 Vehicle Shadowing of Solar Cells

5.3.1.1 Orientation No. 1 (XAVV, YPOP, ZDN)

The results of the computer graphic shadowing analysis for the YPOP orien-
tation with B = 0 are shown in Figure 5-9 in which the vehicle is pictured as
viewed from the sun and the solar panels are oriented normal to the sun,

Five orbital positions are shown, progressing from prenoon (negative 9)
through noon (6 = 0) to postnoon (positive9). The first position shows the
vehicle following orbital dawn, and indicates that Panel No. 2 is shadowed
approximately 21 percent by the radiometer (which is on the sun side of the
panel); Panel No. 1 is unshadowed. There is no shadowing of either panel

for # = 45 deg and 0 deg. For the position in which the vehicle is 45 deg past
orbital noon, the Orbiter is on the sun side and both panels are shadowed
approximately 6 percent by the Orbiter wings. In the last position (just before
orbital dusk) both panels are shadowed approximately 7 percent by the Orbiter,

primarily the cargo bay doors.

5.3.1.2 Orientation No. 2 (XPOP, YAVV, ZDN)

The results of the shadowing analysis for XPOP orientation are presented in
Figure 5-10 for g = 0 deg and Figure 5-11 for§ = -78.5 deg. For P = 0 deg,
the vehicle orbit plane is depicted as normal to the plane of the paper. These
views show that neither solar panel is shadowed by structural elements of the

vehicle for any orbit position.

The results for § = -78.5 deg (Figure 5-10) with the vehicle at § = -90 deg
show that the Orbiter (on the sun side of the panels) shadows approximately

28 percent of solar panel No. 1; whereas panel No. 2 is unshadowed. It should
be noted that there is no dawn or dusk for this orbit since it is entirely sunlit.
At 9 = -45 deg, the view indicates that panel No. 1 is still shadowed approxi-
mately 25 percent by the Orbiter; Panel No. 2 is just beginning to be shadowed
by the Orbiter wing. At orbital noon, both panels are shadowed approximately
5 percent by the Orbiter wings and cargo bay doors. The conditions for

# = 45 deg and 90 deg are comparable to the conditions for # = -45 deg and

-90 deg except that panel No. 2 is now shadowed instead of panel No. 1.

MCDONNELL DOUOLL“%
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5.3.1.3 Analysis of Shadowing Data froin the Vehicle

The effect of vebicle tilt about the Y-axis associated with Orientation No. 3
wis reserved for later analytical cffort. An analysis was performed on the
data available from Sections 5.3.1.1 and 5.3.1.2 to determine general trends
of solar cell shadowing by the vehicle. Additional data at g = -20 deg were
determined by hand graphics in order to provide additional visibility on the
variation with §. All the data were faired and time-averaged for the two
panels over the sunlit portion of the orbit for a given B, and these averages
for botn orientations are given as a function of g in Figure 5-12. For Orien-
tation Nc. 2, three data points permitted a iairing of the data based on quali-
tative judgment. In the case of Orientation No. 1, no such assumptions were

made.

Although the data indicated in Figure 5-12 are incomplete, qualitative conclu-
sions may be drawn. Orientation No. 2 (XPOP) indicates a significant, but
not great, drop-off in illumination at the higher  -angles, but this should be
tempered by the fact that the earth-shadowing is minimized at these angles.
In the case of Orientation No. 1, the lowerf -angles are more affected by

vehicle-shadowing.

5.3.2 Earth-Shadowing Effects
The p-angle at which the vehicle in orbit seces the center of the sun at all times

is givea as function of altitude in Figure 5-13., It is indicated that at an alti-
tude of 216 nmi (approximately 400 km), the g -angle for 100 percent viewing
is 70.2 deg. Earth's atmospheric effects and the fact that the sun's mean

diameter subtends an angle of 0.533 deg were neglected in this analysis.

The illumination efficiency associated with earth-shadowing for a 216 nmi
(approximately 400 km) altitude orbit is given in Figure 5-14. Although the
neglected effects of sun diameter and earth atmosphere tend to broaden the
line, the trend is very clear. The increase in solar viewing at large p-angles
is very significant. The values from Figurc 5-14 were also used in determin-

ing the time spread for averaging the vehicle-shadowing effects.

An evaluation of the time-history of f-angle and the likelihood of exceeding a

given B-angle were determined. Figure 5-15 provides a history of g-angle
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for a period of time greater than a year. The circular orbit altitude is

216 nmi (approximately 400 km) in which the orbit regression about the earth's
. pole is 4,665 deg/24 hours. The earth's orbit rate about the sun was assumed
to be constant at 0. 986 deg/24 hours. The initial condition is one in which the
ascending node occurs at 6 pm (local time) at summer solstice. With only
first order orbit dynamic effects included, the general trend appears to be a
superposition of two near-sinusoids, one with a period of one year and the
other with a period of approximately 64 days. The extremes (+78.5 deg) in
B-angle are shown, indicating the nature of the containment of the angle. If
the initial conditions change from those shown, the extremes will be the same
but the phasing will be different. The maximum value for g -angle is the sum

of the orbit inclination (55 deg) and the earth's axis tilt (23.5 deg).

The data of Figure 5-15 were analyzed to determine the function of time spent
above a given magnitude of p-angle. The results of this are shown in Fig-
ure 5-16, indicating a nearly linear relationship from 100 percent at § = 0 deg
to a zero likelihood at |B] = 78.5 deg. The 50 percent likelihood point occurs
at ||3| = approximately 32 deg. Figure 5-15 indicates that the major portion
of time is spent at lower p-angles. For a lower inclination orbit (say,

i =28.5 deg), the zero likelihood point would occur at the sum of the orbit
inclinatior angle (28.5 deg) and the earth's axis tilt (23.5 deg), which is

[8] = 52 deg.

5.3.3 Total of Vehicle-Shadowing and Earth-Shadowing Effects on
Illumination Efficiency

The total illumination efficiency is the product of the earth-shadowing factor
and the vehicle-shadowed factor (averaged during the sunlit period). The
results for Orientation No. 2 (XPOP) are given in Figure 5-17 as a function
of B-angle. As shown, it is clear that, even though vehicle-shadowing is very
small at low B-angles, the earth-shadowing effect limits the illumination
efficiency at low p-angles, and these conditions are drivers for the solar cell
sizing. The limited data for Orientation No. 1 (YPOP) indicates the major
vehicle-shadowing effect occurs at low p-angles, which makes it more criti-
cal to solar cell sizing than the other orientation. Although it is expected to
be better at the lower likelikhood higher p-angles, the driving condition will
be at the lower p-angles. Therefore, from the solur cell design standpoint,

Orientation No. 2 (XPOP) is preferred.
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Section 6
SUMMARY AND CONCLUSIONS

.¢ orientation study succeeded in providing considerable insight into
various interacting technical aspects such as orbit mechanics, vehicle rigid
body mechanics, aerodynamics, vehicle shape, and orientation. The adapta-
tion of the highly flexible GVPAT computer program to orbit dynamics was
achieved to provide a responsive tool for vehicle configuration studies. It
models a2 dynamic atmosphere, an oblate earth, accepts inputs from a molec-
ular flow aerodynamic program, accepts moment of inertia components, and
determines the trajectory, force, moment, and impulse histories. It also
has the capability to drop the present orientation constraint and permit a full
six degree-of-freedom simulation with closed-loop attitude control. The
solar cell shado‘wing program models the shape of the vehicle and displays

solar cell shadowing by computer graphic techniques.

Four configurations, three p-angles, and three orientations were simulated,
and the results have been analyzed. The conclusions drawn are numerous
and are as follows:

° For minimizing orbit keeping and attitude control requirements over
a lor time interval, an orientation with the principal axes of inertia
(rather than the geometric axes) aligned to the center of the earth
reduces the propellant usage from approximately 600 to 40 kg/30 days
for the simplest configuration, and from approximately 6, 000 to
170 kg/30 days for the most complex configuration.

. The effect of configuration size and complexity on propellant require-
ments is also considerable as seen in the above numbers. Propel-
lant requirements for even the largest configuration are not severe,
if the principal axis orientation is maintained. (No allowance for
docking or other attitude transients has been included.)

. Generally, Jower f-angles require more propellant than high p -angles;

however, the likelihood of having high p-angles is not very great

74
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(0. 15 likelihood of |B| in excess of 60 deg for a 55-deg inclination
orbit). The reasons that the higher angles are less stressing are
because ol the lower solar cell gimballing requirements and the
general avoidance of the atmospheric diurna’ bulge associated with
the dynamic atmosphere.

e Drag variations with orientations are not sever (3:1 for the simplest
configuration and approximately 1:1 for the raost complex), indicat-
int a high flexibility to allow a long-term minimum-moment
orientation.

e Earth shadowing effects (maximum of 39 percent) appear to be more
important than vehicle shadowing effects (maximum average of
12 percent on the vehicle solar panels.

e Lower f-angles result in more shadowing of the solar cells, and
the XPOP orientation is preferred slightly over the YPOP orienta-
tion (by about 5 percent shadowing).

In short, the only major preference in orientation is for the principal inertia
axis stabilization mode, and the associated orbit keeping and solar cell
shadowing compromises do not appear to be very great. This should be
tempered by the fact that consideration of radiator effectiveness relative to
the sun and the earth have not been analyzed. The low f-angles appear to be

the driving cases for both impulse sizing and solar cell shadowing.
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Section 1
INTRODUCTION AND SUMMARY

This part presents ECLSS design guidelines and criteria and typical ECLSS
design descriptions used to evaluate Part 2 program options. The number of
options considered in Part 2 were numerous but the appropriate associated

ECLSS designs could be conveniently divided into a few distinct types.

The discussion which follows specifically addresses ECLSS designs for
Shuttle-tended concepts and permanently manned concepts. Several levels
of Shuttle dependency are considered in the Shuttle-tended mode. A single
concept is presented for permanently manned vehicles. This single concept
is believed to be near optimum from a cost standpoint for most LEO and
GEO applications. This conclusion was reached upon review of past system
studies and trades while taking into consideration current state of the art.
Concepts were favored which are currently being developed because of the
substantial nonrecurring cost savings to be realized. Much information comes
from the current NASA/JSC-funded contract called, "Regenerative Life
Support Evaluation (RLSE).' The goal of this contract is to develop a
regenerative life support system for a Spacelab experiment. The concepts
selected for the RLSE are nearly identical to the design used on the earlier
Phase B Modular Space Station. Therefore, the design discussed in this
part is basically the Phase B design, modified as indicated by the results of
the RLSE program,

Also presented are the key ECLSS design guidelines and criteria which were
extracted from NASA/JSC document JSC-11867 entitled, ''Space Station
Systems Analysis Study, Space Construction Base, Design Guidelines and

Criteria. "

PLECEDING PAGE BLANK NOT FILMLD.
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Scection 2

DESIGN GUIDFELINES AND CRITERIA

Table 1 gives the significant design puidelines and criteria for the SSSAS

atl the program, system, and subsystem levels. Only guidelines which have
a significant impact on the FCLSS design are listed,  All information was
taken from the updated version of the SSSAS Space Construction Base Design
Guidelines and Criteria Document by NASA/J)SC, dated 22 October 1976,

The appropriate guideline paragraph number is noted in parentheses following

the item,

Table 1 (Page | of 4)
GENERAL ECLSS REQUIREMENTS AND GUIDELINES

GENIRAL

1.  The space construction base (SCB) program includes the design,
development, and operation of a TBD year orbital facility, Ti.c
individual modules can be transported to and from LEO internal to the
current space shuttle and to and from GEO by a COTV. If specific
clements are not transportable by the current shuttle, they will be
constructed on orbit, or in growth options, delivered to orbit by other
launch vehicles. The space construction base will be capable of growth
from an initial configuration capable of supporting up to TBD personnel
in an Orbiter-tended or permanently manned mode to a growth
configuration capable of supporting up to TBD crewmen. (1.01)

2 The SCB suall be capable of use in a LEO range of 0° to 90° inclination
at an altitude between 370 km (200 nm) and 650 nm 350 nm) and at
GEOQ with required design modifications. (1,03)

3. The initial SCB will be operational when it has the capability of being
continuously manned. To be continuously manned, the SCB will have
capability for environmental control and life support, electrical power,
stabilization and control, guidance and navigation, communications,
thermal control, and data management for a period of TBD days. (1.04)

4, Total cost of the program is a primary consideration. Primary emphasis
is on minimum cost including recurring costs through the initial SCB
operational period (I"Y85 to 1987). (1.07)

/,
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Table 1 (Page 2 of 4)
GENERAL ECLSS REQUIREMENTS AND GUIDELINES

5. The SCB shall be capable cf accommodating a mixed male-female crew
(5th to 95th percentile). (1.13)

MISSION OPERATIONS

1. The initial SCB shall have the capacity for independent operation with
the full crew for a period of at least 90 days in LEO and TBD in GEO.
(2.02)

2. At least 30 days of consumables, including those for habitability and mis-
sion objectives, shall be available beyond the scheduled resupply
missions. (2.03)

3. For emergency conditions, the following capabilities shall be provided:
a. Rescue by the Orbiter in 180 hours (LEO only).
b, Rescue by a POTV within TBD hours (GEO unly).

c. Isolation of any module containing haz.rdous/toxic materials
from the remainder of the SCB within TBD secords,

d. Rescue of up to TBD crewmen from an isolated module. (2.12)

CONFIGURATIONS

1. The initial SCB will be sized to accommodate at least TBD crewmen.
Provisions for double occupancy will be provided in cases requiring
exchange crew ovetlap periods that exceed the Orbiter's accom:unodations.
The maximum crew overlap will be TBD crewmen for TBD days. (3.01)

2. A minimum of two separate pressurized habitable volumes with indepen-
dent life support capability and habitability provisions will be provided
at each manned stage of SCB buildup and operation. (3.03)

GENERAL SYSTEMS GUIDELINES

All of the systems that incorporate an automated fail/operational capability
shall be designed to provide crew notification and data management system
cognizance of the malfunction until the anomaly has been corrected. (5.02)

SYSTEM OPERATIONS

Solid wastes shall not be dumped in space (6,03)

ENVIRONMENTAL CONTROL LIFE SUPPORT (EVA/IVA, INTERNAL
CONTAMINATION

1. e SCB and subsystems will be designed for an oxygen/nitrogen mix-
ture at TBD total pressure and TBD partial pressure of 02. (10.01)

MCDONNELL DOUOLL“%
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Table 1 (Page 3 of 4)
GENERAL ECLSS REQUIREMENTS AND GUIDELINES

10,

11.

12.

13,

Carbon dioxide partial pressure will be maintained below 7. 6mm Hg in
all habitable areas. As a design goal, COp partial pressure will be
maintained below 3. 8mm Hg in all habitable areas. In the event of a
contingency situation, CO partial pressure shall not exceed 15mm Hg.
(10.02)

The capability for rapid depressurization and repressurization of the
EVA/IVA airlock is required. This rate is not to exceed 1 psi/sec.
Depressurization control should be possible from inside and outside the
SCB as well as from inside the airlock. Repressurization control shall
be possible from botn inside the SCB and inside the airlock. Life support
umbilical connectors shall be available outside the airlock. (10.03)

As a design goal, atmospheric leakage of each module should be less than
0.5 lb/day with a maximum of 5 lb/day for the SCB pressurized
volume. (10.04)

Active thermal control coolant fluids in the pressurized volumes shall
be water and air. Freon-21 shall be used outside the habitable volumes.
(10.05)

Repressur.zation gas for at least one module shall be provided. As a
goal, one repressurizaticn of one pressurizable volume will be
provided. (10,06)

Overboard zas venting is permitted. Vents shall be nonpropulsive.
(10.07)

Crew-related consumatles storage shall be sized for TBD days based on
the 24-hour nominal man use rate. (10.08)

Particulate matter monitoring and filtration shall be provided in the
ECLSS for removal of particles above TBD micron size. (10.09)

Radiation doses which affect personnel safety must be ronsidered from
all sources, including natural environment, onboard isotope and reactor
sources, if any, microwave, and solar cosmic radiation. (10.10)

Module temperature shall be selectable +2°F between 65° and 80°F.,
(10.11)

N.zJule humidity level shall be maintained between 40°® and 60°F dew
point temperature. (10.12)

Ine concentration of mir - mal count in the environment of each of the
pressurized compartments containing crew quarters, process labora-
tories, or experimental facilities shall be monitored and controlled.
(10.13)
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Table 1 (Page 4 of 4)
GENERAL ECLSS REQUIREMENTS AND GUIDELINES

CREW SUPPORT SYSTEMS

1. Food composition shall be assumed to be 45% freeze dried, 30% frozen,
20% thermal stabilized, and 5% fresh foods. (19.05)

2. Provisi .ns will be made to prevent transmission of objectionable and
noxious odors emitted from food preparation and disposal areas to other
areas of the SCB. (19.06)
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Section 3
DESIGN DESCRIPTIONS

This section givis summaries of the ECLSS designs selected for (1) Shuttle-
tended (L') configurations and (2) permanently manned (L) configurations. It
initially describes what resources are available from the Shuttle, the
capacity and capability, and the interfaces required between the Shuttle and
SCB elements.

Then the L' concepts are grouped into three general categories: (1) initial
capability, maximum Shuttle dependency, (2) intermediate S'.uttle capability,
and (3) growth capability, minimum Shuttle dependency. In all cascs,
Orbiter resources were used in the design if it was available, adequate and

resulted in a workable in.erface.

Permanently manned concepts were assumed to fall into the category of
closed water loop, semiclosed oxygen loop. The concept presented is a
slight variation on the NAR Phase B design. Adequate water is available in
the diet presented in the 'Design Guidelines and Criteria for SSSAS'" to make
up for the oxygen loop being only semiclosed. In other words, sufficient
water is resupplied as natural water content in the food to make up for

oxygen lost overboard in the form of carbon dioxide.
3.1 SHUTTLE-TENDED CONCEPTS

3.1.1 General

The Shuttle-tended concept relies on a docked Orbiter to provide all or part
of the available Orbiter resources for the ECLSS functions, The degree to
which Orbiter resources were used depended upon the availability of the
resource, the requirements for the resource, and the penalty for using

the resource. These factors were treated primarily in a qualitative manner.
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In the following paragraphs, these factors are discussed and the logic given

for Shuttle resource use for SC bases of varying levels of capability.

3.1.2 Resources Available From the Orbiter

As a maximum, the Orbiter can supply all ECLSS resources for the Shuttle-
tended SCB. The Orbiter is designed to provide for all crew ECLSS needs
plus some additional support for payloads. Therefore, the Orbiter can
provide all needs for the L' SCB concepts with support capability no greater

than the Orbiter payload design values.

The minimum Orbiter support concept is essen*ially the non-Shuttle-tended
or autonomous concept, where minimal suppo.. is obtained from the

Orbiter.

Basic resources/available, capability or capacity, and the physical inter-
faces with the Orbiter are presented in Table 2. These are normally made
available to payloads and represents the basic ECLSS capacity of the Orbiter to
support the normal 4-man crew for 7 days. Orbiter capacity can be increased
to 7 men for 30 days with the addition of appropriate kits. The payload
interfaces described in Table 2 were designed for a payload locaied in the

bay, namely Spacelab. The L' SCB will interface at the docking port of the
docking adapter. Therefore, the ECLSS interfaces from the QOrbiter are not

located most conveniently for the SCB.

3.1.2.1 Atmosphere Pressure and Composition Contrsl

Oxygen partial pressure and total pressure and total pressure, by the

addition of oxygen and nitrogen, are maintained within the Orbiter cabin by
Orbiter systems. The design has sufficient capacity to also maintain pressure
and composition of the atmosphere of a payload, subject to the flow-rate

limitaticns of the oxygen and nitrogen supply systems.

Since the oxygen pressure and total pressure are sensed in the Orbiter,
sufficient flow rate must exist bet:veen the Orbiter and habitable volvmes of
the payload to eliminate excessive atmosphere composition gradients.
Oxygen partial pressure between the Orbiter and SCB due to a crew in the

SCB is shown in Figure 1. The resulis show that even with a crew of 6 men,
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