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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,
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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
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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

/
MCDONNELL DOUGL‘@



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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61



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.

/
MCDONNELL oou«u\@_



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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a small 02 gradient will occur at the Orbiter Atmosphere Revitalization
System (ARS) air flow rate of 1. 36 m3/min (48 cfm). The value of 0, 0015
Kg/cm2 (0.022 psi) is only about 4% of the tolerance of the O2 control sy=tem,

and is not expected to be measurable or have physiological effects on the crew.

As long as a reasonable flow path exists between Orbiter and SCB, the total
pressure will be essentially the same in both compartments. An open hatch

or duct for ARS interchange represents a sufficiently large flow path.

3.1.2.2 Oxygen and Nitrogen Supply
Up to 25.45 Kg (56 1lb) of O,

added for payload use. This amount represents about 30 man-days of oxygen

are available to the payload from each cryo kit

for metabolic use. As the crew size and mission duration increases, the
electrical energy requirements and the corresponding power cryo kits will
be increased. The rate of power increase is estimated to be about 1 kW
average power for each additional crewman for 30 days and the 25. 45 Kg
(56 lb) of O2

crewman. Additional oxygen rnust also be provided for leakage makeup,

in the kit will provide the metabolic O2 for the one additional

repressurization if required, and airlock usage above those chargeable to the

Orbiter (three two-man EVA's, 6-hour duration).

Nitrogen supply is not a planned resource to be supplied to the payload
except for EVA support, but can be implemented by the addition of nitrogen
storage tanks. The weight of additional tanks and associated mounting

provisions are chargeable to the payload.

The baseline Orbiter design provides 44 man-days of metabolic oxygen, of
which 16 man-days is for contingency use. Cabin leakage and EVA makeup
are also provided. All requirements above this are chargcable to the SC5

including oxygen, tunkage, and associated mounting equipment.

Locatiun of the oxygen supply interface is via a payload kit which provides

a 0.635 cm (1/4-in) line connection at the payload heat exchanger panel.
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3.1.2.3 Atmosphere Revitalization

The Orbiter is designed to provide 1. 36 mz/min (48 cfm) of revitalized air for
payload use. This resource would be useful in reducing the ECS equipment
needs for attached habitable volumes for the Shuttle-tended SCB. The 1, 36
m3/min (48 cfm) has the capability of providing CO2 control, humidity control,
particulate filtration, odor and contamination control, and sensible cooling.
Availability of these resources are limited by the air flow rate of 1. 36 m3/min
(48 cfm), the outlet conditions from the ARS and allowable return conditions.

Limitations are imposed on return air to prevent overtaxing of the ARS,

Table 2 addresses the capacity of the ARS supply air for an L' SCB in terms

of crewmen supported at nominal metabolic rates (164 Watts/man)., The

table data shows that the Orbiter ARS has the capacity to support up te a

5-man crew, limited primarily in the areas of humidity control and sensible
cooling. Cooling is particulary limited because the supply of air, at most,

can orly provide crew cooling, and equipment cooling requirements in an
attached habitable module would be expected to be orders of magnitude greater.
Equipment cooling is expected to amount to several kilowatts. The

ARS supply air cannot provide this but the Orbiter provides a generous active

thermal control capability; this will be discussed in the next section.

The resources for particulate filtration are somewhat limited because of the
low air flow and relatively coarse 300-micron filtration, This may not be
adequate for some habitable module requirements. Deterininaticn of
adequacy will be determined when detailed equipment requirements/particle

generation rates are knnwn.

Odor and contamination control in the Orbiter is based on a relatively short
seven-day mission and without consideration of payloads generating substantial
amounts of contaminants; the odor and contamination control capability
provided b+ the Orbiter AIS is expected to be marginal for longer-duration

missions with some payloads.

Use of the AR5 air flow invelves th: addition of equipment and expendables

whose weight is c..argeable to the payloads. Specifically, fixed weight
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chargeable to the SCB includes the duct kit, storage provisions for LIOH
canisters, and waste water tanks including tubing and mounting provisions.
Weight-chargeable expendables consist of LIOH canisters beyond the 22
normally provided, of which 14 are for normal use and 8 are for contingency
use. FEach canister provides two man-days of CO2 removal and odor and
contamination control. Stowage provisions beyond 29 canisters are SCB-

chargeable.

Humidity condensate and urine are stored in three tanks, each of 75 Kg
(165-1b) capacity in the baseline Orbiter design. This represents 42 man-days
normal capacity plus 16 man-days contingency mode capacity. Any capacity
required above this a'nount by the SCB will be chargeable to the SCB and will

consist of additional ctanks plus associated tubing,

With the ARS duct kit installed, the ARS duct interface is at Station X°660,

which is internal to the pressurized volume of the tunnel and adapter.

2 1.2.4 Active Thermal Control

Tn 2ddition to the 520W cooling available via the ARS air flow, the Orbiter
provides additional cooling to the payload via a coolant passage in the payload
heat exchanger. Additional air cooling is available for payload equipment
located in the aft flight deck. Table 2 shows the cooling which is available
for the varions mission phases. The cooling availzble at the payload heat
exchanger during on-orbit operation depends on the installation of a

radiator kit which increases radiator area and coolant flow rate. This kit

is payload chargeabie and increases the cooling available to the payload hy
2.2 kW,

Limitations also exist on oCB coolant loop inlet and exit temperatures at the
payload heat oxchanger. SCB suoply temperature cannot be below 1.67°-
3.33°C (35° - 38°F) (depending on operational mode . because these are the
Freon temperatures on the Orbiter side of the payload hect exchanger. Maxi-
mum SCB loop return temperature cannot ex-eed 54.4°C (130°F) and the i.ow
must be modulated .o not exceed the maximum allowable . at rejection !-ads

listed in Table 2. Depending upon the SCL return temperature, coc.ant flow
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rate, and Orbiter side coolant conditions, the SCB supply temuerature can he
determined by performance data given in STS Payload Accommodations.
JSC-07700, Vol XIV. Either Freon 21 or water are acceptable fluids for the

payload heat exchanger, which is designed with redundant fluid passages.

Cooling capability for the SCB is much less during prelaunch, ascent, descent,
and landing because the radiator is not deployed and Orbiter cooling is by
ground equipment, ammonia boiler, or flash evaporator. During these
mission phases, 1.52-kW cooling is available at the payload heat exchanger
and 0. 35-kW cooling is available in the aft flight deck. A peak aft flight

deck load of 0.42 kW is available for a 2-min period.

During ascent, when the Orbiter has no heat rejection capability, the Orbiter
side payload heat exchanger temperature can reach 26.7°C (80°F). This con-
dition can last for 2 min after lLiftoff until an altitude of 140, 000 ft is reached,

whereupon the flash evaporator becomes operational.

The payload heat exchanger is loc. ted at the forward bulkhead of the
payload bay in an unpressurized area. The payload side of the heat
exchanger is compatible with being serviced through interconnecting lines
prior to payload installation. This ''wet-mate' capability will require that
interconnecting lines contain service fittings or quick disconnects. SCB

coolant cannot exceed a pressure of 200 psia.

3.1.2.5 Potable Water Supply

Many Shuttle-tended concepts rely entirely or largely on the Orbiter fuel
cells for electrical power. The water produced by the fuel cells is available
for crew use or for supplemental cooling in the flash evaporator. The water
production rate is about 0.84 lb per kW-hr of electrical energy produced.
Two potable water tanks are provided in the baseline Orbiter; each holds

75 Kg (165 lb) of water.

During the normal 7-day Shuttle mission, water is generaterd at about
7.27 Kg/hr (16 Ib/hr) for a typical Orbiter power level of 19,5 kW total,
5.5 kW to the payload.
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Misrions of longer duration are expected to operate at a lower power level

and precise values are subject to detailed analyses. However, based on the
normal Orbiter crew water use rate of 4. 09 Kg/man-day (9 lb/man-day), a
fuel cell power level of 0.45 kW /man or 3.15 kW/7-man crew will produce all
crew water requirements. This power ievel would not produce any water for
supplemental cooling which may be required for certain geometrical configura-
tions of docked Orbiter-SCB attitudes and orbite. However, since relatively
low fucl cell power levels are expected in the L' SCB concepts, supplemental
cooling may not be required. However, if the power level falls below the 0. 45
kW /man level, some means of water resupply or water recovery may be

required.

Location of the potable water supply is in the mid-deck region of the Orbiter.
This location is compatible with the crew habitable area in the Orbiter but
not in the SCB.

Adequacy of the potable water tanks depends upon the cyclic production and
use profile. Excess water must be expended through the flash evaportor
periodically when the tanks are nearly full or when supplemental cooling is
required. It is felt that in the L' concepts which rely heavily on the Orbiter
support, the existing waste water tanks will be adequate for most cases. This
assumes that litile supplemental ccoling is required and that no experiments
or activity is occurring which precludes periodic operation of the flash

evaporator.

3.1.3 System Concepts for Shuttle- Tended Concepts

Synthesis of ECLS system concepts depends largely on other concepts for
SCB systems, operations, and objective elements. The concepts for ECLSS
presented were chosen relatively independent of these factors, based on
generally increasing capability for (1) time duration, (2) resources available
for objective elements, and (3) crew size. Three distinct levels of
capability are present which represent initial capability, intermediate
capability, and growth capability. The "L'' SCB, which is not Shuttle-tended

would be the logica! next step beyond the growth version,
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3.1.3.1 Initial Capability Shuttle-Tended SCB

This concept, shown in Figure 2, uses all Orbiter resources, the SCB
provides no ECLSS services by itself except for ducting and a fan to draw
the 1. 36 m3/min (48 cfm) of air from the Orbiter ARS. A single presurized
SCB module can be accommodated with this concept where the sensible heat

loads are either very small or are accommodated by passive means,

Inierfaces are a minimum, consisting only of a duct for the ARS air. All
habitability functions and maintenance of atmosphere are performed within
the Orbiter. Therefore, the hatch between the SCB and Orbiter must remain
open to maintain a habitable atmosphere. Depending upon the size and
occupancy of the SCB, a ventilation fan might be required in the habitable
SCB volume.

Some means is required in the SCB module if it is to be returned to earth
after it has been depressurized. A port or hatch must be opened during

reentry to prevent negative pressure collapse of the pressure shell.

When the Orbiter is not attached to the SCB, pressure decay will occur within
the SCB at a rate dependent upon the structural leak rate. No means of
active thermal control is present, s> passive thermal control methods are
required to prevent equipment and structural temperature from exceeding

limits.

3.1.3.2 Intermediate Capability Shuttle-Tended SCB

Figure 3 depicts an ECLS concept with intermediate performance. This con-
cept is identical with the one designed for initial capability except that the
Orbiter TCS is used for actively cooling the atmosphere and equipment within
the SCB. This addition substantially increases performance but complicates
the Orbiter-SCB interface somewhat because cf the need to make a '"'wet"
hookup on orbit. The intermediate concept increases the cooling capability
within the SCB to from 5.9 to 8, 5 kW, depending upon the cooling in the Orbiter
aft flight deck and the installed Orbiter radiator system (kit increases

capability).
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Normally, the intermediate concept will not be limited by the heat-rejection
capability. This is because the Orbiter heat-rejection system can reject all
the heat normally produced by the fuel cells plus a 7-man crew. Shuttle-
tended missions of longer duration will tend to use lower average power
lerels because of larger fuel cell reactant requirements for extended times.

£ major drawback of the intermediate capability concept is that no active
the*mal control or atmosphere maintenance capability exists when the

orbiier is not attached. Atmosphere maintenance can easily be added with

a simple assembly consisting of a high-pressure tank of air and total pressure

regulator for leakage mokeup.

3.1.3.3 Grqwth Capability Shuttle- Tended SCB

Several assemblies may be added to the intermediate capability concept to
accommodate larger crews for longer durations where more capability is
desired of the SCB. Figure 4 shows this concept, which has assemblies added
for total pressure and composition control, wash water recovery, and
heat-rejection capability. This concept relies on the Orbiter for atmosphere
revitalization, potable water supply, and supplemental heat rejection.

The rationale for this selection of Orbiter versus SCB provided functions is

discussed below.

The growth version L' SCB design is assumed to have the following
characteristics:

Orbiter powered down.

SCB has its own electrical power system.

Most habitability functions in Orbiter.

Long-duration Shuttle-tended mode.

Thermal control and atmosphere maintenance when SCB is not
Shuttle-tended.

Total pressure and composition control is provided in the SCB to allow atmo-
sphere maintenance during unattended periods and also reduces the interface
between the Orbiter and SCB. This provision also enables repressurization
of the SCB within reasonable time periods and supports extensive airlock

repressurization for EVA.
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Wash water recovery within the SCB enables a crew hygiene concept, such
as full body shower, to be used, which is desirable for extended missions.
This provision is indicated because of the low assumed fuel cell power usage
with the attendaat low production of water. It is assumed that sufficient
fuel cell water will be produced for crew potable water needé: this amounts
to a power level of about 0. 3 kW/crewman. This power level is consistent
with anticipated power levels with the fuel cell in idling mode. The potable
water requirement of 2. 73 kg/maa-day (6 lb/man-day) would be reduced if
a wet diet was used which did not coatain primarily dried foods as Orbiter
uses., Adaption of a "wet'" diet, containing food with natural water content,
would reduce the lower limit of the fuel cell power required to produce ade-

quate potable water.

Heat-rejection capability has been added to the SCB elements to reject the
larger amounts of heat which will be produced in a growth-version SCB.
Additionally, the active thermal control system is needed to maintain thermal
control when the Shuttle is not attached.

3.2 PERMANENTLY MANNED CONCEPTS

A large number of permanently manned Space Station concepts were examined
in Part 2 of the study. An ECLSS design was selected which was applicable
to the entire range of concepts, which included both LEO and GEO applica-
tions. This ECLSS concept has traded favorably in recent Space Station
studies, in particular, the Modular Space Station Study, which had require-
ments and penalty factors similar to those of the systems analysis study.
Therefore, the basic ECLSS design resulting from this previous study was
chosen as baseline for the permanently manned concepts. The design was
modified only as required to meet requirements unique to the SSSAS concepts
and where updated data was available. The RLSE contract funded by NASA/
JSC was the focal point for most recent design data.

The chosen ECLSS concept features a closed water loop and a semiclosed
oxygen loop. Table 3 lists the functions and chosen concepts for the design.
Extravehicular activity support, waste management, hygiene, food, food
preparation, and related crew systems equipment are covered in another
part of this book,



Table 3
FUNCTIONS AND BASELINE ECLSS CONCEPTS FOR
PERMANENTLY MANNED SPACE STATION

Function

Concept

Atmosphere supply and control
e Makeup and repressurization

02 and Nz
o Pressure control

e Airlock pressure control

Atmosphere reconditioning
e Humidity control

e Trace contaminant control

e CO2 removal

Air temperature control
Oxygen generation

Oxygen recovery
Water recovery

Urine water recovery
Wash water recovery
Potable water treatment
Water storage

Water sterilization
Thermal control

e Active internal liquid cooling

Heat rejection
Coolant loop interchange
Liquid cooling

Passive thermal control

Emergency ECLSS
¢ 180-hr emergency ECLSS

Trace contaminant monitor

High-pressure gas storage

2 Gas control assembly and dump and
relief valves

Expendable initially, and pump down
for growth

¢ Condenser

e Charcoal and catalytic oxidizer

Electrochemical depolarized
concentrator

Mass spectrometer/gas chromatograph
Zone-sensible heat exchangers

Water electrolysis

Sabatier reactor

Vapor compression distillation
Hyperfiltration

Multifiltration

Bladder tanks

Iodine dispenser

Water loop/pumps

Freon 21 loop/pumps/external radiator
Heat exchanger and bypass controls
Cold plates

Superinsulation, low-conductivity
materials, and thermal coatings

Self-contained expendable unit (pallet)




A mass balance for the ECLSS is shown in Figure 5 and is based on the
following key performance assumptions:

Overboard leakage, 2.27 Kg/day (5 lb/day).

Oxygen pressure, 0.225 Kg/cmz (3. 2 psia) (nominal).

Cabin dew point temperature, 40.2°C (58°F) (maximum).

CO2 partial pressure, 3.8 mm Hg.

Urinal flush, 0.577 Kg/man-day (1.27 lb/man-day).

Food water, 0.436 Kg/man-day (0.96 lb/man-day).

Water intake (food preparation and drink), 3.83 Kg/man-day
(6.9 lb/man-day).

Urine output, 2 Kg/man-day (4.4 lb/man-day).

COZ output, 1 Kg/man-day (2.2 lb/man-day).

Oz consumption, 0.836 Kg/man-day (1.84 lb/man-day).
Crew latent output, 174 Btu/man-hour.

Fecal water, 0.09 Kg/man-day (0.2 lb/man-day).

Electrochemical depolarizer cell Oz consumption, 0.45 Kg/man-day
(1 1b/man-day).

Sabatier reactor efficiency, 95%.

Sabatier reactor condenser temperature, 27.2°C (45°F).

Wash water rejection, 10%.

Vapor compression distillation reject, at 50% solids.

Multifiltration efficiency, 99%.

Shower water, 3.43 Kg/man-day (7.55 lb/man-day).

Water vapor loss from shower, 0.023 Kg/man-day (0. 05 lb/man-day).

These assumptions and values of performance are from the RLSE program
documentation where available; Modular Space Station data was used when

RLSE data was not applicable or complete.

Based on these assumptions and performance data, the mass balance for the
permanently manned SCB shows an excess of 0,027 Kg (0. 06 lb) of water per
day. This results largely from the food diet, which has only 45% freeze-dried
foods; more than half the diet has natural water content. Additionally, 3.57
Kg/day (7. 85 lb/day) of water is generated in the CO, removal system (electro-
chemical depolarized concentrator), These two sources of water make it
unnecessary to recover all of the oxygen from the co, in the Sabatier reactor.
Material inputs to the SCB are 3, 05 Kg/day (6,72 lb/day) of water contained in
the food and 1.68 Kg (3.7 1b) per day of nitrogen. The Sabatier reactor

e
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provides 4.4 Kg/day (9.68 lb/day) of gases, mostly methane and carbon
dioxide, which could be used as propellant in a reaction control system. The
mass balance is highly sensitive to water and oxygen recovery unit efficiencies,

food water content, and overboard leakage.

Figure 5 shows the major interfaces between ECLSS assemblies.

3.2.1 Atmosphere Supply and Control

This assembly group stores atmosphere makeup and repressurization gases,
and supplies them as needed to maintain the atmosphere within specified limits.
It additionally protects against overpressure and excessive negative pressure,
and allows manually dumping of modules in the event of fire or contamination.
The assembly group also provides for airlock pump down, depressurization

and repressurization.

Atmospheric stores in the form of oxygen and nitrogen are stored as high-
pressure gases in the baseline design. This method has the advantage of

low initial cost, and the design is independent of use rate. The main
competitor with high-pressure gas storage is cryogenic storage, which is

a high-technology method resulting in a lower storage weight (tank) penalty.
Long-term storage is possible with cryogenics; however, some minimum use
rate is necessary, corresponding to boiloff caused by heat leaks into the tank.
Cryogenics have the disadvantage of being more costly initially and requiring
more time to repressurize large volumes. Although high-pressure stores
are baselined, cryogenic storage is a strong candidate for GEO missions

because of the low storage penalty.

Oxygen and nitrogen are supplied to the SCB via an assembly of pressure-
reduction valves, pressure regulators, and solenoid valves. Oxygen partial
pressure and total pressure are sensed, and this information is used by a
controller and pressure regulator to maintain oxygen partial pressure and

total pressure.

Overpressure protection is provided by a relief valve which relieves excessive
module pressure in the event of excessive O, or N, being admitted to the cabin,
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fire, or activation of the fire-suppressant system. The pressure-relief
function may also be used during launch to allow pressure relief if an on-
orbit pressure lower than 1 atmoephere ie desired. Negative pressure relief
is required if a module with a pressure lower than 1 atmosphere ie returned

to earth,

Early SCB designs are expected to use an expendable airlock pressurization
system where the airlock atmosphere is merely dumped prior to EVA.
On-board atmosphere storage is then used to repressurize the module upon
termination of EVA. This approach requires large O, and N, resupply, and
for frequent EVA, airlock pumpdown trades favorably. Prior to EVA, the
airlock atmosphere is pumped to an accumulator or into the cabin voluime if
cabin volume is sufficiently large to prevent excessive pressure vatriations.
After EVA termination, the airlock is repressurized from the cabin or
accumulator. Since it is impractical to remove all airlock air by pumping,
a small amount must be dumped to space after pumpdown and then made up

from on board stores.

3.2.2 Atmosphere Reconditioning

Atmosphere reconditioning refers to the assemblies which process cabin air
to remove water vapor, carbon dioxide, trace contaminants, and odors, and
to control air temperature. It also includes the equipment which processes
the CO, and the normal oxygen source, water electrolysis. Air ventilation

and distribution of reconditioned air is also provided.

Cabin air is continually processed through a condensing heat exchanger which
cools the air sufficiently to cause condensation of cabin humidity. The
condensate is removed by a static condensate remover and passed to the
water management assembly group. A portion of the condenser outlet air

is directed to the EDC when carbon dioxide is removed.

The EDC is an electrochemical method for continuously removing

CO, from a flowing air stream. The removal takes place in an electrochemical
module consisting of several cells arranged in parallel but packaged as one
unit. The cells consist of a matrix of aqueous carbonate solution with
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electrodes located on each side. Passageways are provided adjacent to the
electrodee for distribution and collection of gases. The overall chemical
reaction is as follows:

O, + 2COz + 2Hp ~2C0O, + 2H20 + Electrical energy + Heat

Carbon dioxide is passed from the cathode, process air side, to the anode,
concentrated CO2 side, in the form of carbonate ions, CO3=. The reaction
also requires the formation of hydroxl ions on the cathode side which migrate
to the anode side where they react with hydrogen to form water. These
reactions result in the consumption of O, and H, in a fuel-cell type reaction.
Therefore, cakin oxygen is consumed in the reaction, producing water which

can be recovered for reuse.

Hydrogen is provided to the. EQC unit from an electrolysis cell which also
produces makeup oxygen to the cabin, More hydrogen is produced than is
required in the EDC unit and this excess mixes with the concentrated COZ‘
This mixture, along with a trace of water vapor, passes to the Sabatier
reactor, which converts carbon dioxide and hydrogen into water and methane
as shown in the following reaction:

co, t 4H2—~CH4 + ZHZO

The Sabatier reactor consists of a catalyst bed maintained at a high tempera-
ture. There ie sufficient H, available in the incoming gas stream to react
about 60% of the COZ' The products of reaction leave the reactor as a
mixture of gas; the water is in the form of water vapor. The gas mixture is
passed through a low-temperature condenser where most of the water is
condensed and removed to the water management assembly group. The
remaining gas mixture passing through the reactor is vented overboard or

used in the reaction control system.

Trace contaminant control is provided by activated charcoal beds for odor
control, and a catlytic oxidizer converts low molecular weight contaminants
to products which can be removed by other ECLSS components., Continued
monitoring of the atmosphere is performed by the trace contaminant
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monitoring assembly, which is based on spectrometry and gas chromotography.
These instrumente monitor key constituents which could inadvertently be
generated within the vehicle atmosphere.

Control of air temperature is provided by zone heat exchangers in each module.
Cooling water from the thermal control system is circulated on the liquid

side of the heat exchangers to cool cabin air passed through the air side by
circulation fans. Temperature control is accomplished with a control valve
which bypasses coolant water around the heat exchanger as required to main-
tain cabin air temperature. Sufficient air flow is expected to be required for
air cooling to also satisfy ventilation requirements within the habitable
-volume. This is done by judicious placement of heat exchangers, possible

use of ducting for distribution, and incorporation of diffusers to obtain
satisfactory air velocity patterns within the volume.

3.2.3 Water Recovery

The water recovery assembly group collects water from the various sources,
treats it according to purity needs, sterilizes, stcres, and distributes the
water as required. Condensate water from the humidity control condenser
and the Sabatier reactor condenser is relatively pure and requires only
processing by multifiltration and sterilization for potable water. Wash

water is less pure and requires more rigorous treatment by hyperfiltration
prior to reuse., The wash water is kept separate from the potable water
system except for (1) hyperfiltration concentrates, which are processed in the
urine water recovery unit, and (2) makeup water from the potable water
supply to account for the loss of concentrate and water vapor lost to cabin
air. Urine water is the least pure water source, and a concept using a

phase change, i.e., vapor compresesion distillation is required. Water
recovered from urine water recovery is relatively pure, and, after treatment
by multifiltration and sterilization, is used for potable water.

The multifiltration unit is a static system consisting of colums of ion
exchange resin and charcoal and filters. Impurities are removed in the
columns; filters remove suspended particles and bacteria.
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A key component of the hyperfiltration concept, which is used for recovery of
wash water, consists of 2a module of semipermeable membranes. Wash

water from a holding tank is directed to one side of the membrane under

high pressure, causing relatively pure water to pass through the membrane.
Post treatment is performed on the processed water to remove trace impurities
which pass through the membranes. A concentrate solution which does not
pass through the membrane is passed to the VCD unit. The purified wash
water is stored in a storage tank heated to a sufficient temperature to

prevent bacteria growth.

The vapor compression distillation unit for recovering urine water operates
on a phase change concept. A rotating distillation still is the key component
in the concept. A mixture of pretreated urine and hyperfiltration concentrate
enters the center of evaporator portion of the rotating still. The liquid
water collects on the outer shell due to the centrifugal force of the rotation.
A vapor pump reduces the pressure sufficiently to cause evaporation of the
water. The vapor is pumped to the outer annulus of the still where it
condenses on the shell of the still, Condensation occure on one side of the
shell; evaporation occurs on the opposite side. The condensate is removed
from the surface and pumped through an iodine sterilization unit and then to
storage tanks. A high concentration of impurities buildsup on the evaporator
section of the still, and this is removed and stored for return to earth.

3.2.4 Thermal Control
Thermal control includes both active and passive means and has the purpose

of maintaining Space Station equipment and atmosphere within acceptable
limits, Active thermal control consists of circulating fluid loops which
collect heat within the vehicle and reject it to space through radiators.

Two separate fluid loops are used in the design because no single fluid is
ideally suited for use in and out of the habitable area. A water loop is used
internally because of its good heat transport properties and non-toxicity
characteristics. The water is circulated through equipment, heat exchangers,

and cold plates to pick up waste heat. The condensing heat exchangers

108

emoamess soveelo



require the coolant temperatures, about 4.44°C (40°F), and these are the
first components in the water flow path. Heat exchangers which cool cabin
air are located next in the water loop because they also require a cool
temperature, ideally about 15, 6°C (60°F). Other equipment is located
downstream according to temperature needs.

Heat from the water loop is transferred to the freon 21 loop via a high
effectiveness liquid-to-liquid heat exchanger (interloop heat exchanger). The
freon fluid is then distributed to the radiator tubes located on the surfaces of
the modules. As the fluid circulates through the radiator tubes, the heat is
conducted to the outer skin on the module and is dissipated by radiation to
space. A thermal coating is used on the module surfaces which absorbs

little energy of the solar energy wave length, typically 10 to 30%. This
surface also has a high emittance in the infrared wavelength, thereby
radiating about 80 to 90% of the. maximum which can be ideally radiated. This
surface characteristic is ideal for use on a space radiator; solar energy is

not highly absorbed but a large amount of heat is radiated from the radiator.

Temperature control within the active fluid loops involves maintaining a

water outlet temperature from the interloop heat exchanger to about 4,44°C
(40°F). Additionally, the freon temperature in the heat exchanger must stay
above the water freezing point 0°C (32°F) to prevent the water loop from
freezing. This is done through the use of a regenerative heat exchanger in

the freon loop which passes sufficient radiator return fluid through the regener-
ative heat exchanger to maintain a 1, 67°C (35°F) inlet freon temperature to the
interloop heat exchanger. All of the radiator outlet freon flow passes through
the second side of the heat exchanger. This control method has the advantage
of precise control over a wide disparity between radiator capability and

cooling requirements.

Many Space Station elements, especially structure, cannot be efficiently
controlled thermally by the active systems. Passive thermal control is a
more appropriate method in these cases, Passive thermal control of the

structure involves use of superinsulation to maintain the pressure shell
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within tolerable limits, normally above 15, 6°C (60°F) to prevent water vapor
condensation on internal walls, The upper limit to pressure shell wall temper-
ature can be set by local crew touch temperature, 40.6°C (105°F), or by the
allowable heat loss or leak through the structure. In addition to the use of
superinsulation, use of nonconductive materials, localized electric heaters,
and special thermal coatings are used in the passive thermal control of the
structure. These same basic methods are also used to control other
equipment located external to the pressure shell. Passive thermal control

is particularly applicable to equipment of low “ower density and large

allowable temperature ranges.

3.2.5 Emergency ECLSS
A 180-hr emergency ZCLSS provides all essential ECLSS functions for the

time period required for emergency rescue in LEO by the Shuttle. This

self-contained unit is packaged on a pallet which can easily be installed or
removed from the Space Station with a minimum amount of interface
connections. The unit will be designed to accommodate expected increments
in crew buildup, for example 7 men. Sufficient total capacity is required

for the largest on-board crew, such as double crew when crew rotation occurs.

The emergency ECLSS provides the following functions:
e Oxygen for crew breathing and module leakage.

Water for crew intake and cooling.

LIOH for (302 control,

Water boiler for cooling.

Miscellaneous crew systems provisions,

Design of the unit is to provide the '"bare essentials'' to the crew in an

emergency situation,
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HIGH-VOLTAGE ARRAY PLASMA EFFECTS

INTRODUCTION
Satellite power system (SPS) design is based on a high-voltage solar array
output to keep system weights and sizes within practical bounds. However,
the low-energy charged-particle densities in low earth orbit (LEO) consti-
tute a plasma interface that is expected to cause a current drain which may
reduce the arrays' power output to zero. These losses are functions of solar
array voltage, array size, and orbit altitude. The latter dictates plasma
density, which is at a maximum in the LEO ionosphere, where the low-energy
electron and proton quantities are several orders of magnitude greater than
at GEO. Plasma power losses as functions of orbital altitude and array volt-

age are shown in Figure 1.
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The predicted loss rates for high-voltage solar arrays could make the proposed
SPS testing of array and power antenna at LEO impractical without significant
SPS changes.

SUMMARY
A detailed experimental investigation of the interaction between a high-voltage
solar array and a simulated space plasma has been conducted in a vacuum
chamber (Reference 1). The investigation considered pinhole failures common
to the normal insulating and encapsulating covers, plus the plasma current
power leakage and physical damage that can result from space plasma particles
collected by exposed high-voltage conductors, such as the bare interconnec-
tions between solar cells. Exposed conductors of a solar array may be at large
voltages of either polarity relative to the space plasma. Calculations for the
lower regions of the ionosphere indicate that the plasma currents collected by
the bare high-voltage interconnectors would result in power losses comparable

to the total array output.

The referenced study recognized the need for additional testing and for space
test data to confirm the experimental calculations. Space test data was to be
obtained from the SPHINX (Space Plasma High Voltage Interaction Experiments)
satellite in 1974; however, the launch failed and the next satellite launch is now
scheduled for 1980. Current plans (Reference 2) call for space test data to ver-
ify the plasma interactions and to provide bench marks for ground testing in

vacuum chambers,

SPHINX satellite test data should be obtained to determine the magnitude of
the problem and to permit final determination of changes necessary for the
SPS to conduct the desired test program in LEQ. Possible options include
array operation at low voltage, extensive solar array insulation, and unmanned

test at altitudes above 500 nmi.

Review of the space plasma leakage effects in LEO has led to speculation about
potential problems in other areas, as follows:
o Plasma-induced power leakage within the phase-~control electronic
equipment, which may lead to malfunction of the beam steering

equipment.
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o Plasma-induced leakage in the amplitrons and waveguides, which

could cause loss of power transfer capability.

o Plasma leakage inducing RF interferences, which could make it

extremely difficult to instrument and control the SPS operation,

Any of the above potential problems cov’?! cast doubt on the feasibility of
LEO test of either TA-1 or TA-2.

DETAILS
The current SCB approach proposes LEO testing of the SPS TA-1 and TA-2
for the purpose of assessing the technical and economic feasibility of large
satellite power generation stations. Proposed testing will include evaluation
of microwave power transmission and end-to-end space construction/system

performance verification,

Concern over the interaction of LEO space plasma with the high-voltage arrays
has arisen as a consequence of the experimental investigations (Reference 1)
which tezted solar array samples with a plasma source in a space vacuum
chamber. The investigation indicates that the plasma interaction extent is of
concern primarily in the ionosphere region from 100 to 500 nmi because of
low-energy high-density charged particles. Reference 1 has projected signif-
icant potential power loss consequences, as shown in Figure 2, for a LEO
solar array size of 1,500 ftz (15, 000W output). The projections are based on
experimental data with solar array segments of 1 ft2 area and solar plasma
interaction equations fromoriginal work done by Langmuir in 1924, Figure
2's specific plasma density at 300 km is assumed to be 4x1 06 electrons/cm3.
(The predicted loss rates reflect maximum particle densities and will be less
severe during minimum solar activity.) As indicated, the plasma current
leakage rates at 16, 000v are more than enough to dissipate all the array
output. Figure 3 is taken from Reference 1 also, and indicates the signifi-
cant dropoff in leakage rates at geosynchronous altitudes where the electron
density is lower by four orders of magnitude and the electron energy is

significantly higher.
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The uninsulated interconnections between solar cells will be at increasing
voltages depending on the cells' position within an individual string, and the
connections will act as biased plasma probes attracting or repelling charged
particles. At some location on the array the generated voltage will be equal

to the space plasma potential. Electrons are attracted to the connections
which are at voltages above the plasma potential. At voltages less than the
plasma potential, the connections will attract protons. The consequent particle
flow is a plasma current loop in parallel with the SPS load and will reduce the

power available from the array. This phenomenon is illustrated in Figure 4.

Experimental work at NASA/Lewis Research Center (Reference 2) verified the
earlier work done at the Boeing Aerospace space chamber. This LeRC work
also verified the Reference 1 observations on pinpoint failures in the solar
array insulation, with attendant large plasma electron currents, The consider-
able difficulty encountered by Boeing in obtaining insulation that was free of
pinholes or thin spots shows that it can be extremely difficult to provide leak~
free insulation on the TA-2 assembly. (Reference 1l reported complete destruc-

tion of solar cell interconnections that had been covered by adhesive material. )
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Since the plasma pinhole current potential increases with array size, the weight
penalty for ''adequate' insulation will be high, and the space environment of
micrometeoroids, thermal cycling, ultraviolet radiation, etc., offers risk

of pinholes despite significant insulation care, Vacuum chamber tests were
made on Kaptron, FEP Teflon, fused silica, and glass, as well as silicon
insulating materials. Evidently, all have pinhole defects or thin spots which

can fail within a short time at high-voltage space plasma conditions.

Lacking firm space plasma measurements, it appears that significant SPS sys-
tem design changes would be necessary to permit TA-2 testing in LEQO. Change
options include array operation at lower voltages (weight and size penalties),
extensive and heavy insulation application (with TBD risk), or testing at a
higher orbit altitude where space radiation will exclude man and will cause

rapid solar cell degradation.

It is important to obtain SPHINX satellite test data since it is possible that the
results may show less severe plasma interaction than has been calculated.
The 1980 flight schedule coincides with the next solar maximum and if the
plasma leakage rates are lower than predicted levels, design modifications

needed for the TA-2 power test could be less extensive.

REFERENCES
1. CR-12180, Final Report High Voltage Solar Array Experiments, Contract
NAS3-14364, by K. L.. Kennerud, Boeing Aerospace Company, March 1974,

2. Engineering Paper, Solar Array Experiment on the SPHINX Satellite, by
N. John Stevens, NASA LeRC, IEEE Photovoltaic Specialists Conference,
November 1973,
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CRANE OPTIONS

The crane represents a major subsystem of the space construction base
fabrication and assembly facility. The SCB operational buildup and construc-
tion characteristics defined in Section 10 of Volume 2 require assembly of the
SCB, the large space structures, and support of the local logistics. Each can
be satisfied by two basic system options: a crane or a local Tug. Considera-
tion of these options led to the selection of the mobile crane because of flex-
ibility in construction, positive berthing, and safety. Several crane options
were investigated. These options included a rail-mounted crane, a swing-
boom configuration, a stationary version and a mobile crane. Figure 1 is a

summary of the direct comparison between candidate configurations.

RAIL-MOUNTED CRANE

The rail-mounted crane, shown in Figure 2, incorporates two manipulator
arms mounted to a revolving body. The crane body includes the appropriate
docking/berthing mechanism to enable it to interface with various SCB
modules and/or the Orbiter., The crane body is mounted on a rail system
which provides axial mobility and controlled motion. Teleoperation control

is effected from within the SC operations module.

Although the rail-mounted crane provides good axial mobility, it results in
reduced berthing port availability and only two-dimensional mobility. As
illustrated, the crane rail blocks all berthing ports in the Z axis of the SCB
to provide a clear corridor down the X axis. In addition, a method to
transverse the solar array turret would be required. After evaluating the

pros and cons, this concept was rejected,

SWING-BOOM CRANE
The swing boom crane shown in Figure 3, incorporates two manipulators

mounted on the crane body which traverses the swing boom. The swing

PRECEDING p
OT FILMPY
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Figure 3. Swing-Boom Crane

boom mounts to the SCB as part of the space construction operations module
on a vertical pivot post. The vertical post allows access to any point in the
X-Y plane of the -Z axis of the base and most points on the +Z axis, Access
to any of these points is limited by interference from construction or opera-
tional modules., The swing-boom concept eliminates the clear corridor
restrictions imposed by the rail-mounted version, but requires a long,
movable cantilever beam. The complexity of such a concept, plus the pos-
sibility of objective element interference resulted in rejection of the swing-
boom concept.

STATIONARY-MOUNT CRANE

The stationary crane, shown in Figure 4 is the least complex of all the con-
cepts., Because of its stationary feature, two cranes would be necessary to
assure access to all parts of the SCB. The concept incorporates two
remotely controlled manipulator arms attached to a revolving body section.
The body section is configured to interface with any discrete SCB berthing

port. The body section is designed to permit shirtsleeve maintenance of the

MCDONNELL DOUGML%
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Figure 4. Stationary-Mount Crane
mechanical devices. In addition, the body section provides emergency EVA
and/or rescue capabilities through the crane interface. Location of the crane

on the SCB will depend on the mission objective element being constructed.,

The crane command system, power, and video display consoles are located

in the SC operations module and hardwired to each crane.

Although it is the least complex, the stationary-mount concept requires two
cranes, and the transfer of items or modules axially would necessitate a
hand-off mode of operation. As the result of the above, the stationary mode

was rejected in favor of the mobile crane concept.

MOBILE CRANE

The mobile crane concept, shown in Figure 5, is extremely versatile.
Although it requires a berthing port, and must either contain its own power
supply or have power pickup points at numerous locations, it possesses the
capability for full three-dimensional mobility, In addition, it can be moved
to any large structure to aid in assembly operations.

MCDONNELL DOUGILA.%\
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Figure 5. Mobile Crane

The SCB baseline crane system consists of two manipulator arms mounted
on a 2, 23m (88-in,) dia. body section and a control station located in the SC
control and support module, The manipulator arms can be operated sequen-

tially and simultaneously.

Basic Functions
The mobile crane system is capable of performing the following space
operations:
e Large space structure assembly
e Removal of payloads from the Orbiter P.I. D. A, system and deploy
to a stabilized berthed position.
Configuration and reconfiguration of the SCB assembly,
Stabilization of payload logistic elements and transportation to
assembly position.

[ ] Transportation of EVA crewman,
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Operation
The mobile crane system is configured for a two-man console operation
located in the SC support and control module as shown in Figure 6. Four
manipulator operational modes are required:

A. Remote control (manual or aided manual)

B. Robet (automated)
C. Combined modules
D.

Cherry picker (direct visual and manual access at point of work)

The remote control mode will permit operation from any one of the three
systems: central control station, crane base using direct vision, or the
cherry picker end effector. The automated mode would zllow the crane to be
programmed to perform repetitive tasks automatically. Incorporated in the

program would be a clearance envelope and a position-hold autopilot system.

The combined mode would enable the operator to control one arm manually
from the various control positions, while allowing the second arm to perform
its programmed tasks. In addition to the above, it will be necessary for the
EVA crewman to have direct manual control of both crane arms at the point

of work, Therefore, control capability will be required from the cherry
picker platform, It will also be necessary to provide manual controls at a
position where the operator has direct vision of the work area and the location
of each EVA crewman to enable the operator to agsist the crewman at the

direct point of work,

System Description
The selected system configuration is shown in Figure 5 and consists of two

manipulator arms, a crane body section, and a command control system,

Manipulator Arm

The manipulator arm is a 35m (114 ft) long, 0.6m (24-in.) diameter tabular
structure consisting of upper and lower arms, wrist assembly, and end
effector. Both upper and lower arme are 15m (50, 5 ft) long between pitch
jointg. The wrist agssembly is 4m (13 ft) from the pitch joint to the tip of
the end effector. Six joints provide six degrees-of-freedom for handling
payloads in the zero-gravity environment. The geometry is shown in Fig-

ure 7,
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Figure 7. Mobile Crane Geometry

Body Section

The body section, shown in Figure 8 is 2. 23m (88 in,) in diameter X TBDm
(TBD in.) long and incorporates an active berthing port assembly plus an
international docking mechanism. The active berthing port assembly con-
tains rings, seals, latches, wedge, and guides to mate with the passive
berthing assemblies and effect a scaled interface. The ingorporation of an
active port assembly permits the crane to interface with any berthing port
on the SCB.

Dynamic Characteristics

The preliminary dynamic analysis assumed a very simplified arm motion. It
is assumed that a 32,000 1bm mass is swung through 180 degrees with a fully
extended 35m crane arm. It is highly unlikely that a transfer would be made
in exactly this manner. However, it provided a conservative estimate of
torque, power, and energy requirements as well as a basis for parameteriza-
tion of transfer time and stopping distance. Figures 9, 10, and 11 present
torque, power, and energy requirements in that oraer. These figures do not,
however, include orbital effects. Time required for the hypothetical transfer

is parameterized from 5 to 90 minutes. Continuous torque as well as torque
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applied only at the beginning of the transfer are considered. In the latter
case, the distance through which the mass travels while the arm is under
torque is also the distance which would be required to stop the motion. Safety
considerations would favor a relatively short stopping distance. Distances of
0.6, 1.5, and 3.0m (2, 5, and 10 ft) were considered. The continuous torque
case correspnonds to roughly a 54m (180-ft) stoppins distance. An examina-
tion of Figure 10 shows that shoulder torque, and its associated normal tip
force vary over three orders of magnitude for the range of transfer times
considered. For a given transfer time the effect of stopping distance on tor-
que requirement is highly nonlinear. Torque and tip force for a constant
stopping distance vary in a manner inversely proportional to transfer time
squared,

The shorter the stopping distance, the higher the torque requirement. The
power isequirements in Figure 10 are more drastically affected by transfer

time. They are inversely proportional to the transfer time cubed. As a
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result, the variations in Figure 10 cover almost 6 orders of magritude, The
relative effect of stopping distance is approximately the same, When energy
requirements are considered in Figure 11 everything is reversed. The
shorter the stopping distance, the less the total energy required for the
transfer. For a given transfer time the effect of stopping distance is not as
nonlinear as it is with torque and power requirements. For a constant stop-
ping distance, energy requirement varies in a manner inversely proportional

to transfer time squared.

Up to this point, no orbital effects have been considered in our hypothetical
crane transfer. Figure 12 represents an effort to evaluate how significant
these effects might be. The figure presents tip force perpendicular to the
crane arm (F,) as a function of time for a 30-minute transfer with a 0, 6m
(2-1t) stopping distance. Due to symmetry, only the first half of the transfer
is considered. Segment A is under a constant angular acceleration and seg-
ment B is at a constant angular rate. If the SCB were in a void, F, would be
a constant during segment A, and zero during segment B as is shown by the
solid line in the figure. In order to evaluate orbital effects, use was made of
the same orbit coordinate system and linearized equations discussed in

Section 2.1. The dashed line corresponds to Fo for a translation along the

Y axis of the orbit system with a displacement in the X direction. During
segment A, the force required is almost identical to the force required in a
void, During segment B, the force required due to orbital effects rises to
about 0,09 kgf (0. 2 1bf) and then goes back down. Although thisis very small
compared to the segment A torque, it is continued for a much longer time,
The total area under the force/time curve is increased by almost 50% For
a Y translation with Z displacement (long and short dashes) the effect is more
pronounced with 15% increase in area. In conclusion, the orbital effects
appear insignificant in terms of maximum torque and power requirements

but quite significant in terms of energy requirements.

The international docking system is an androgynous unit designed to function
on either an active or passive mechanism for docking and undocking with an

identical system. The system has three guides, 120 degrees apart around an
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extendible guide ring. Impact energy is dissipated on the active system by
s8ix hydraulic attenuators. The incorporation of the international docking
mechanism adds the advantage of providing a direct interface with the Orbiter
docking module. This has the advantage of supporting crew rescue from an
isolated module by docking the Orbiter to the crane, The crane thereby
becomes an airlock to effect crew rescue. Also, it provides an interface
with the Orbiter at any of the SCB berthing ports by locating the crane to the
selected docking position. A l.0m (40 in,) dia. hatch is incorporated at each
docking/berthing interface with appropriate viewports.

End Effector

An end effector will be provided for all payload handling operations with the
capability to exchange end effectors at the work position, End effector con-
cepts for payload handling are shown in Figure 13. In the EVA crewman
restraint capacity, the crane manipulator arm would utilize a portable cherry-
picker work station as the end effector thus enabling the crewman to be
exactly positioned at the work site. Various work station concepts are shown
in Figure 14.
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LOW-COST MODULE STUDY
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LOW COST MODULE STUDY

The purpose of this portion of the study was to determine how much influence
the selected design had on the Space Station module cost. By developing cost
data for several candidate design options, the study aids in the selection of

the least expensive option consistent with uncompromised manned safety.

The module configuration with Orbiter mounting points shown in Figure 1 was
selected for the study. The 17, 68m (58-ft) length was arbitrarily selected

to match some construction base configurations developed earlier in the
Space Station study and currently obsolete, but should serve to magnify the

delta cost for integral machining the pressure shell cylinder,

The 27,216 kg (60, 000 1b) module gross weight equals the Orbiter payload
capability to a 220-nm 28, 5° orbit with integral Orbiter maneuvering system
tankage., It was arbitrarily selected to make maximum use of the available
payload capability but serves also to emphasize cost rather than weight

savings in development of candidate structural design options,

The launch reactions derived fromthe 27,216 kg (60,000 1b) module weight
and selected attachment locations are shown in Table 1, The module cg at
Srition 1015 is located as far forward as permissible with a 27, 216 kg
(60,000 1b) payload., The Orbiter angular rates and the dynamic response
of the module to the launch environment are neglected in this simplified
loads analysis which illustrates the approximate magnitude of the concen-
trated reactions that must be distributed to the pressure shell during each
mission phase, The loads at entry and landing are included to cover an

abort and are not planned.

The damage resistance of the pressure shell must be sufficient to preclude

explosive decompression from any reasonably conceivable accident. The

PRECEDING PAGE BLANK NOT FILMED
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desired damage resistance can be achieved by the use of a sufficiently
thick membrane or by the addition of integral ribs to increase the local

bending stiffness and impact tolerance.

Critical crack length is a measure of the damage resistance of the pressure
shell membrane. An accident which produces a rupture or tear smaller
than the critical crack length will result in a leak rather than explosive
decomnression. Critical crack length is plotted as a function of membrane

thickness in Figure 2.

If minimizing the pressure shell cost has primary importance and the
pressure shell weight is secondary, the wall thickness of the optimum
monocoque cylinder will be the thickness required at the longitudinal welds.
The weld thickness selected for Spacelab is 4 mm (0.157 in). If this thick-
ness is used for the low-cost module monocoque cylinder, the resulting
critical crack length, as shown in Figure 2, is 74,2 cm (29. 2 in) and the

monocoque cylinder weight is 2,179 (4, 803 1b).

With the single pitch fitting forward and the yaw fitting located at the keel
241 cm (95 in) from the centerline, the torsion in the pressure shell between
the yaw fitting at Station 1010 and the X-Z fittings at Station 1187 is

(177) P, (94)

T = 5—38—1-95Py.

6

3 am (8.48 x 10° in-1b).

At liftoff, T = 9,58x 10
The maximum beam shear is approximately
1/2
.
y

at liftoff V = 88, 399 lbs and the maximum shear flow q = V/(nR) + T/(ZTI’RZ) =
986 n/cm (352 + 211 = 563 1b/in).

2

(361 P_+14P )
vV = < X
538
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From the Theory of Elastic Stability, by Timoshenko and Gere, Second
Edition, 1961, page 507, the critical shear flow for a 13.67m (538 in) long
cylinder with 4 mm (0.157 in) wall thickness, under pure torsion is 187 lb/in,
Since this is below the applied shear flow at liftoff from torsion alone, the
unpressurized monocoque cylinder will buckle under the combined compres-

sion, bending, and torsion at liftoff.

The lowest cost approach for stabilizing the monocoque cylinder against
buckling is to pressurize it to the relief valve setting prior to liftoff. It
requires about 240 kg (530 1b) of added atmosphere to pressurize to 10. 34
n/cmZ (15 psig) before launch, but since 90% of this added weight will have
vented by 15 km (50, 000 ft), it has a very small effect on the useful payload.
Since the module will normally have stored gas provisions for one or more
repressurizations on orbit, this stored gas can be used to maintain 10 n/cm2
(15 psig) in the event of an abort reentry if the repressurization system is
modified to maintain a specified pressure differential rather than an absolute

pressure in the module.

One option for joining the end closure and the monocoque pressure shell
cylinder is shown in Figure 3. With the bulkheads welded on as shown,

two options remain for installing the internally mounted equipment. One
option is to mate all the equipment with its support structure and to install
it in the pressure shell as an integrated, completely assembled and checked
out unit, prior to welding on the end bulkhead. This option necessitates
leaving space for the internal chill bars that are required for the bulkhead
weld. An obvious second option with the end bulkhead welded on is to install
the internally mounted equipment through the hatch in the end bulkhead.
This option may require the use of removable work platforms. With the end
bulkheads welded on, the radiator/meteoroid shroud must be installed in two
clam-shell sections or be designed with a longitudinal joint that permits

springing it open to fit over the end frame.

A bolted joint for joining the end bulkheads and the monocoque pressure shell
cylinder is shown in Figure 4. The cost difference between the bolted and
welded joints must be weighed against the ease of equipne nt installation or

removal that the bolt on end bulkhead makes possible, as with the Spacelab
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design where ease of changeout and turnaround timne are paramount considera-
tions. In the joint design shown, the bolts are installed from outside the
pressure shell and an "O" ring seal is used rather than a bead of RTV sealant
so that no interior volume need be reserved for making up the joint.

Provisions must be made for distributing inertia loads from internally
mounted equipment to the monocoque pressure shell. Some options for
attaching four axial ribs for this purpose are shown in Figure 5.

Provisions must also be made for distributing the launch inertia loads from
the Orbiter interface fittings at Station 1187 and the yaw fitting at Station 1010
to the monocoque pressure shell. This requires external frames at Sta-
tions 1010 and 1187, and two external longerons extending between them.
Two options for attaching the frame at Station 1187 are shown in Figure 6.

If huck lockbolts are used, they must be pressure-tight through installation
with the proper interference fit, or sealed with an RTV sealant or equivalent
so that they remain pressure-tight after exposure to the shock and vibration
loading that accompanies Shuttle launch. Comparison of the cost of the
modified monocoque cylinder with integrally machined alternatives designed
to satisfy the modular Space Station mission requirements is the purpose of
this study., The combination radiator and meteoroid shroud, though an
important feature of Space Station modules, is not included in this low cost
module study beyond recognizing its existence and the need to provide for its
installation. The radiator and meteoroid shroud design configuration that

is optimum for the monocoque pressure shell cylinder will also be optimum
for the integrally machined isogrid, lending justification to this study

simplification,

MONOCOQUE CYLINDER

The monocoque cylinder configuration selected as a result of the advance
manufacturing cost estimates for the options shown in Figure 5 and 6 is
shown in Figure 7. Frames fabricated from stretch-formed extrusions
(shown in View F) are huckbolted to the skin to distribute the pitch and yaw
launch loads. Extruded tee-section longerons are fusion-welded to the skin
as shown in View B to distribute the axial launch inertia loads from internal
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equipment. Four beams (shown in View A) support the Z-direction loads
between frames. Four beams (shown in View B) support the Y-direction

loads between frames.

Thr manufacturing cost trade shows the weld-on end bulkhead option costs
$15,520 per module less .han the bolt-on option. However, the bolt on
option is shown in View C because it is anticipated that the small additional
cost of the bolt-on provisions will be considerably more than offset by the
reduction in the cost of equipment installation that the improved access

provides,

Provisions for mounting the support pins which interface the Orbiter at

Station 1187 are shown in View D and Section E.

Eight sheets are joined by four longitudinal welds and one circumferential
weld to make the monocoque cylinder. The resultant sheet size is approxi-
mately 320 cm (126 in) wide by 772 cm (304 in) long. At this width, the
tolerance on the as-rolled sheet is +0.058 cm (0,023 in) in the thickness
range 0. 358 to 0.437 cm (0.141 in to 0.172 in) and + 0.066 cm (0. 026 in) in
the thickness range (0.173 in to 0.203 in). The standard gage thickness
nearest the 4 mm (0,157 in) thickness desired at the weld is 0,406 cm
(0.160 in), but the +0.058 cm (0. 023 in) tolerance for this gage and width
results in a possible 0. 348 cm (0.137 in) thickness at the weld which is below
that dictated by the fracture mechanics analysis completed for Spacelab,
Several options remain, The next standard gage 4.83 +0. 66 mm (0.190
+0.026), can be used in the as-rolled concition, giving a minimum thickness
at the weld of 4.17 mm (0. 164 in), or 0..90 sheet can be purchased and
mill-polished to 0.157 +0. 005 at a cost of about $500 per sheet. Since the
mill-polishing cost of $4,000 per module produces a weight savings of about
183 kg (1,010 1b), this appears to be the most cost-effective way of accom-
modating the broad thickness tolerance that standard rolling mill practices
require with this premium width sheet. A third alternative is to purchase
sheets requiring special rolling-mill practices to reduce the thickness
tolerance to +5%, or 4.06 +0.2 mm (0,160 +0, 008) for the as-rolled sheet.
The cost of special rolling-mill operations for 48 sheets was not compared
with the costs of mill polishing, but may represent a viable alternative.
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ISOGRID CYLINDER

The isogrid cylinder machining details and provisions for mounting in the
Orbiter, which were prepared for cost comparison with the monocoque
cylinder details, are shown in Figure 8. The launch loads are introduced
tangentially into the isogrid shell by the four machined structs shown in

View D. The details of the strut-to-cylinder joints are shown in Section C-C,.
The machining anomalies in the isogrid pattern required to accommodate the
tangential strut attachment to the cylinder are shown in View B. The details
of the attachment of the struts to the Orbiter interface pin are shown in
Section A-A.

The ability of the isogrid cylinder to rapidly distribute concentrated loads
which are tangentially introduced eliminates the requirements for frames
and longerons which are replaced by the tangential struts. Elimination of
frames and longerons, and care in the design of the strut-to-cylinder joint,
eliminate huckbolt penetrations of the pressure shell and the attendant
potential for low leakage which might be of some significance over the life of
the module.

External and internal ribs are viable alternative options for the isogrid
cylinder skins. The external option, shown in Figure 9, simplifies machining
of the integral bolting flange. The internal option, shown in Figure 10,
requires that the skin be turned over to machine the bolt-well pockets.
However, the isogrid nodes, which are used for equipment support, are visible
from the inside with the internal rib option, and MDAC brake-forming experi-
ence with internal ribs is considerably more extensive than with external

ribs, For these reasons, the internal rib isogrid configuration was selected

for cost comparison with the monocoque cylinder design.

Provisions for the attachment of secondary structure to the isogrid cylinder
are shown in Figure 11. As indicated, 280 inserts are installed (140 each
side) to provide a standardized array of attach points for joining the secondary
structure to the module. With this arrangement, the racks and floor, together
with the complete complement of equipment they contain, can be assembled
outside the pressure shell on a piece of GSE and installed using that GSE as

an integrated, checked out unit; or, alternatively, each rack with its equipment
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can be installed individually. The preferred approach will depend on the
contents of a particular module, but with either approach, the isogrid shell
minimizes requirements for secondary structure, but requires that socket
wrench clearance through the racks be maintained to permit installation

of the mounting bolts.

STRUCTURAL COSTS

The costs of engineering, manufactur.ng, and materials for the cylinder
configurations shown in Figures 7 and 8, are summarized in Table 2. In
addition to design laycuts, analysis, and production drawings, the engineering

estimate includes the system costs for sustaining engineering and liaison.

The materials and manufacturing costs for the monocoque cylinder are
changed from those given at the January 28 presentation to reflect the
substitution of stretch-formed extrusions for machired ring forgings for the
three frames required to distribute the launch loads with the monoccque
skins. With a materials cost of $66,000 for the three large ring forgings,
they are not a competitive alternative for stretch-formed extrusions with a

materials cost of $2,800,

SUMMARY

As indicated by the results summarized in Table 2, structural costs cannot
be used as the criteria for choosing tetween the isogrid and monocoque
cylinder configurations., The difference in cost is within the accuracy of the
engineering estimates alone. Alternative criteria must be reviewed to

determine the superior approach,

The isogrid design provides a weight saving of about 1,500 1b and eliminates
huckbolt penetrations of the pressure shell. The monocoque skins provide
improved radiation and meteoroid shielding. Both configurations are
compatible with installation of the complete complement of equipment as an
integrated unit, or in i~dividual racks, the preferred choice depending on

the equipment inventory for a particular module.

From MDAC manufacturing experience on Saturn and Celta, coupled with the

design and analysis capability shown in the external tank proposal, the isogrid
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cylinder is preferred. Another company, without this background experience,
would, in all probability, prefer the monocoque configuration. Both appear

to present equally viable low-cost approaches for the Space Station module,
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MASS PROPERTIES

This material presents the preliminary mass properties that have been
generated for the SCB and related objective element hardware. The first
section contains the individual elements, with the second section being

the summary of the various elements in the SCB program options configura-
tions as illustrated in the referenced figures., The third section contains

OTV mass properties,

SCB MODULES AND OBJECTIVES MASS PROPERTIES OF ELEMENTS
Freliminary mass properties have been generated for most elements based
on definitions developed to date. In all cases a 25% contingency on total
mass was added for lack of detailed design definitions. The actual design

requirements and definitions are contained in the Volume 2 of this report,

Figures 1 through 6 present the mass statements, CG's, and MOI's plus

graphic -epresentations for the coordinate axes references,

The next five figures illustrate and summarize the total mass of all major

elements used in the various SCB configurations,

Figure 7 contains the space construction material handling equipment;
Figure 8 the space construction tooling jigs/fixtures. Detailed mass proper-
ties for the universal truss assembly jig and solar collector F/A jig can be
found in Figures 6 and 5 respectively. Figure 9 lists the space construction
tooling/equipments mass. Figure 10 lists the space construction support
modules mass summaries and module sizes. Figure 11 is the listing of the

SCB modules.

SCB CONFIGURATION COMPUTERIZED MASS PROPERTIES
An analysis of typical configuration buildup was riade using the previously
defined elements plus the SCB modules as defined in the Volume 2 of this
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report. The computer program used is the MDAC H253, which prints H for
the longitudinal cg (Xo), V for the vertical (Zo) and L for the lateral (Yo).
All inputs were in English units but are converted by the H253 program to
international units at the summary level. The specific characteristics of
the resulting cg's, moments of inertia, products of inertia and direction
cosine are highly dependent upon configurations and buildup schemes.
Therefore, mass properties were generated for three different buildup

options.

The first, the SCB (L') is a Shuttle tended-strongback configuration as
illustrated in Figure 12. Five steps that were generated are described in
Table 1.

The second configuration is another L' option, but with direct growth for a
permanently manned SCB. Figure 13 illustrates this configuration and

Table 7 is the summary of configuration steps.

The final configuration is the direct growth, permanently manned, 7-man
SCB with full fabrication and assembly capability. Figure 14 illustrates
this configuration. The mass properties model used a 30m radiometer,
the MBL antenna, and TA-2, which is illustrated. Table 16 lists the steps.
To define the optimum location and related impact for RCS, CMG's, etc,
the Orbiter was clocked from the +Z to the -Z and then +Y in Tables 27,
28, and 29.

OTV MASS PROPERTIES

The OTV mass was defined using DAKTUG, an MDAC-developed interaction
computer program. Using an external data file and program prompting
questions for subsystem and design options for DAKTUG to define the inter-
relation between subsystems and then sizing the OTV, the resulting printout
options give areas, volumes, configuration dimensions, detailed burnout
mass, detailed propellant printouts, performance capability, power level,
etc. Table 38 is an example of this printout and is for the OTV-1 booster

stage.
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The advantage of this program, beyond that of rapid access to detailed mass
estimates and sizing conditions, is that subsystems have been integrated with
other subsystems for related mass and sizing impacts as applicable, As an
example, a change in usable propellant would impact the tank size and
related structure, plus PU system, wiring runs, paint, layers of insulation,
vented propellant, etc. Another example would be if mission durz'ion was
changed; power, RCS, vented propellant, again tankage and resulting resizirg
if the resize option was selected. If not, then shortages or excess tankage

capacity is printed oat.

Details of the subsystems were defined and integrated during the Phase-B
Cryogenic Tug Study. Therefore only a 10% contingency was chosen based
on the depth associated with that study and the similarity between these

vehicles,

Table 39 is * .e configuration printout that references the dimensions hased on
the data [..es and program options. All units are in inches with a summary
of total propellant loaded and the tankage capacity., Tankage volume is also
included. Current Tank Diameter is 161,4 inches and the program will be

rerun to correct for this.

Table 40 is an option table giving the detailed printout for surface areas and
envelope volumes, Table 41 is the detailed burnout weight (1lbM), including
primary and secondary structures. The majority of secondary structure is
identified as supports under the subheading Body Structure. This includes
support allowance for wiring, avionics mounting, RCS, and fuel cell mounts,
etc, The majority of these are based on past programs using a variety of
functidnal relationship for curve fitting. The thrust structures and sumps
are similar examples. The thermal cortrol and propulsion subsystems were
handled ir a similar manner, with the avionics being a series of subroutine
data files for the option selection. Instrumentation and circuitry is also
dependent upon stage size, The electrical power was sized for a 0.7 kW
average power level for the OTV plus an allowance of 0,3 kW average for

payload support. The power water storage with fuel cells is 25%, with
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dumping during main engine burns. The avionics thermal control assumes
15m2 (50 ftz) of heat sink surface area with local housing support for the

avionics mounted there.

The residuals include FPR, PU, pressurization gases, and systemn trapped

gases » ' propellants.

Table 42 includes the inflight losses plus the resulting propellant bulk density
and mixture ratio. Initial sizing MR was 6:1 with the CAT IIA RL-10 with

trapped gases, reserves, and losses shifting the ratio by 3 to 4 %.

Table 43 is a comparison summary of the OTV-1 and -2 stages. The
resulting X' using all expendables to define stage efficiency X is 0.9205 and

0.9290. Figure 15 is a summary of the mass for the fueled OTV-1,
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y4 CR5-3-2

X ‘ DOCKING MECHANISM
TANKAGE — 2219 7
DOCKING ALUMINUM, MINIMUM v (SEPARATION PLANE)
MECHANISM GAGE 0.635 MM
TANK SUPPORTS
i
A LA
RL-10 CAT 1A
LHo TANK ENGINE
LO5 TANK
1
FUEL CELL -
MODULE ~
TWO PLACES”]
r=»>a
/ ) &
STA 14.64M \ GIMBAL STA 0.0
AVIONICS, LOAD-CARRYING SHELL
SYSTEMS
ATTITUDE CONTROL SYSTEM
CENTER OF GRAVITY MOMENT OF INERTIA
MASS X Y pa ROLL Y AW PITCH
63.424 KG 6 6M 0.0 00 106 1470 1474
{139,822 LBM)
Figure 15. Fueled OTV Mass Properties KG * M2 * 103

183

/
MCDONNELL DOUGLAS
(



Table 1

SCB (L') SHUTTLE TENDED-STRONGBACK
MASS PROPERTIES STEPS

Table Configuration
Number Number Description
2 501 Strongback with support systems
3 502 501 plus SC support module
4 503 502 plus Orbiter (+Z)
5 504 503 plus 30m radiometer (-Y)
6 505 503 less Orbiter

184
/

4
MCDONNELL DOUOL‘{:/L



2 v 39vd LLINVIET vXANSyYy V@ 477 NOTid0O 3Sva LSNOD 3
y0+30190b0G?" G0e302¢C028Z" G0+3622062187 vi'od 90 e 0070 LU 609¢C
Zhe9d 2= 2n=9Y $43134  S¥3IL3Y SY3LlIn SW9N

T EEINYA'A A S A G0+3ZVITpEG "  GU*30GC066G?T

214=1S 2L14+13 2l.4% 1§
g0+363¢L26T" 60300699£3° 6d¢360L9¢(L2 uo*Q 682 00°0 00°€g45 aviol T0c * 4NOD
90+30000»0T (030000085 " 0043900000T 02+0 00°0 909 £orege 370004 AKX £0¢

0 0 o 00°4a 000 00°0 0313522 SAVHYYY 20¢

£0+30009691" 60030058:92"° 60+3006p0v2°* 03°'0 00°pges  00°0 00'agug N3v8 9NGuis 306

Tow H3LiTy TOH MvA TOW 1104 CEL AN HYY A WHY W ICRIED NOTLdI®ISIAg WLl

7 379vL NOLLVMIAYILAT gI14U1d0Hd SSYW F1IIHIrN-<pvionNdd 9634

<

AGE I8
UALITY

ORIGINAL p
OF POOR

186

MCDONNELL DOUGLAS



€ Vv 39vd

LLNVM6T v¥nSyy V@

47 NDLi40 3SYG 4S400 3

90+32g8828223" 90#326¥2982° 90+35670027 09°0 6t 69'ce 99°03716
__ZH=0¥ W=Dy Zd=9y S43434  S¥3L3N  SYAAZh LRI
90*38LvI09T! 90¢30€2T¢7¢° §0+3990£48L"
214418 2L4%7s 244978

60+3952929L°"  60¢3LSpTaLs’ 60e4JpasT08 00°0 gb°Gle  30°¥22e N0*6@002 wioL 205 *J30d
"0 D 10 0000 00°*/2%+ 000 gasaeey 12ydfiteswy 996

80+30005T 10 8043000%08<" 280430030218 Cl+0 30°+0 00°G 8w G010z T dow 1044402 ¢3¢

80+30000¥%97T" 40430000085 §0+4020094T¢ L300 gge0  00°+0 03¢ 310004 danM_ 3¢
0 "0 (A R gf+ov ™ no°d C0vgL2e SAYHUY 20§

L0+3000p69T" 60+320gL%92"’ 6U*300600792" vi'o p0'vge 00°0 0N*384d¢ MIcg €n0HLS  T06

10w HILTJ TOW MvA (dw 779 WAy 7 WHY A WYk IYHEEL NOTLdI¥IS 40 WL

(/1) € 319ve

NOTLYNTNgT13d g31183d0d ] SSYA F1IIHIN«=p72n0ud 052H

186

MCDONNELL DOUGLAS



T 2 39vd

LLNYTET 9y INSvYy Y@

7 NO14d0 3SY8 LSNOD 3

21421S 9030969987

TZNT78Y sUe3T6cEb/8"

1 2713TWdT+xv id1)

Toed0gS5bgrt =

* 4309 NOlivanivS3q

930 w0'0 =7+ wWOH{ 630 0U’06 3Ae WON{ 930 3000 ai*e yOnd S3ITUNY IY4IININd
$0¢3000000%°  =1S0) 85233962621  2AS23) 64923¥354N82°  =mysng SINIS0Q N0141341Q
ZW=9) 90#32€02822°  2ZL4¥TS 9043649991 2N1/87 63439020294 £ 10d WJIINIyd
93@ u0'05 =1+ A0Y4 910 9T°96 ahAs 40N/ 930 $3'7 =4+ 4Ou4 S31UNY 1V41ONIyd
09%3926262T"% €1509 00+3¢9L5LU% e =4780) 00*3vgl2v66°  €4509 s3INTS0D nOrLa3nta
2ri=9M GUe30TZ20L6°  2ZLI?TS GU*3L969T2L°  ¢NIZgl 60¢d9plzves’ Z2_10W_IV41INIHg
930 00°'06 =7+ WOY A n3d 9%°'9  3Ae 40y 030 »8°C8 a v ,Nud S3TUNY IV 4I1INTNd
66*39828792°  =1309 00+3p912966°  2AS0D 00+3€9£££93" =u4S02 S3ANIS02 vOIg23ulQ
Z.i=9% 90+30spvane’ 214975 9u+30»pi232" ENLI78T 60436639686 T 10w TvygIoNTud
EA=UM GUeIpyePTOZ * <cLI4TS GU+3£26005% '« &NI/8T 80+31G905G69 104 #3114
2WeON ‘g 213478 ‘0 2NI/80 ‘90 104 VA
2= ‘D 2id47s ‘0 2AI/8N ‘0 13d 104
2A%OM G0e3ZET2E22”  clIW§ 9ueIELvIviTs  ENI79T 6n%39¢2a2os’ 104 HI1ld
2A=0) 90432692992° 213415 9030523TT2°  2A1/81 61993Lgh10ss" 104 MyA
Cu=UX 90426630001  21347S G0+3890L48L° 2N1/871 60430p9,.T00"° 10w 10y
SYIIIT 00" SsrIN[T0A'D ) Wyve1l
Sildu 68°- §zrIN] Gp'GTa HNT®A
SH41L3A 69"« SZHIN] I 'vEaa HHVeH
SHIX 99°UTE6 SSvhe1 00768002 119134

206 Motivunsl 4N0?

Aﬂ\dv £ 379V.L AITLINTWe3L30

vivd S3aXY AV4TINIMY
S314UdaIHd SSVW 3731434

*dYLLCNHA FG2 4

187

V4
m,
MCDONNELL DOUGLAS | -



y Vv 30vd LINVIST vX¥INSYY VA ¢9 NOLid0 3SVE LSNOD 3

L0eapslslsl! »JT vE' 4 LELT 19781966

AL LE LY 2499 SMILIA  S¥ILII §H3L3Tw Sun
LU*3PE0UCwEY  L0%32Cqr 186" IPEETZAPEAA A
2L4=18 2147y 2L 4%1%
Tieap6089ch' 813650500y’  OL#369016EG! 90'« 28'0T2 4G0°'2ps 00°'6410<2 av104  £05 *4NOD
37420083992 $Te3006Lu0%° 03430042268 Obra 00°:'£872 00°47T9 004300002 43i1Hm9 406
L) M) o0 UJp 09%¢eVa 00T BRI laMdniesuy 908
90420005830 80630003 Jy2" 8031030248 07 000 Nd*GL5 e 03010027 Gon 04dn0d 606
804300U0PITY  £0437000.80° 90+3J00602Ts  03+0 00°0 000 003e¢ ERIUNER TR L -
0 WD) 70740 904y 00°0 0074.2¢2 SAVAuv g2ug
£0+3000v69T" 60030055.19¢° §0*3006p292° 630 00°'¢s2e 0n0'0 cotsydy Wive 9i04ls  T0¢
TOn HJ114 TOA 4VR T 104 1Y)y WIV T AHY A "EER 11T 3n NOT1dTEIS 30 Wigl
(2/V) & 370w . OTLVNTWYIL3T §1ABTd0H 1SSV 31ITHIA==hTEN08Y £520

188

(™

MCDONNELL DOUGLAS

«



ZLNVFGY VYANSVY Vd - 47 NO11d0 3SVa 18N0J 3

¢ldels (0e3908P

LHIY] FEIR) £0¢366G2601' = * 4303 NOILV¥NAYS3AQ

930 vt' €7 4083 930 0v°06 sAe WO | 930 66°68 =1* woy4 AVAIONTud
00036966666° 31509 20232804893« 22809 £043v902925* 34509 NO1493410
W) 8003282842T°  21441S L0°386082v6°' ¢N1/87 TIepeluocy’ WJlONIN4g

930 10°06 ale wQOu4 930 06°v0 sAe WOY4 930 06°'S s i* WONJ IWVdIININd
£0#3c620591°'® #1509 $0°3622%8%6°  5AS00 00+3r66E666°  =uS0) nO113341Q
2u=9% (0+3T66TLyT"  214%7S Lu*3299482T°  2N1/87 0ted8z200806" WATINI ¥

930 96°68 =1+ WONd 910 VU5°G  3aAe WOM | 930 36°G6 3+ LNMJ WA IINI NG
20-38260%34%° 21502 00+30968866°  2AS0D $0=2vg1Ta66°%a  =24S0d N014J34la
W=Dy B0+3¢0066eT° CLd N A1) dToNTwd

ZA=0N 039740407 21398 90+3864920T8°  CNI/87 D1+3Cg65648° 104 Holld

24®94 p0e3GTpT09T e 214478 bUe3269320T°«  ¢N1/A7 £093G92L4610"a 104 nvA

2u=Yd £00396T6I8G"= 213475 SU+3ILGRGTLE s  2N1/97 LN+38025T8T " 104 104

TSIV 80632929727 cld41g Luea860u2P6T ZNI7d T TteivadaoLh” 10w HIlld

ZA49N B8U¢ jRUGAART"  2L4441S L0*3226£166°  2N1/R7 TTe36¢0580vp’ _LoW MyA

ZA=9Y L0039 46T 214978 L0*3PL989TT  ¢N1/97 03+369LT6LC’ 1ow 04

SHIld4 T0'= SIFSNT 98 '~ LS

SHiLIl PG $ZkIND 22°0%2 HWYVep

SH4ldnW L4821 SoHIND Ga*2rg WV eH

SWOY 19°CTa66 S§VhA1 00'680022 1H913N

206 101l¥y¥NolaNg)

vivUd 3KV AVYIINT 14
(/%) » vy

ALLYNIANY3L3A ST LuAdINd SSYw 31D IHIA=NVLECH.s €624

ORIGINAL PAGE IS

189

OF POOR QUALITY,

MCOONNELL DOUGLAS

\



§ v 39vd

LLNVLET w¥ANSYyy V(]

41 ND1LdO 3SVY3 LSNOI 3

190

8032T84002°  809389.9292° 9030928974 69°'¢ 28°2 L°TT L2610ty
Zn=9oX ZWe9y WYy $43L3W  S¥3LA  SMILdM SAOM
gl+38166€4%" g0e3v2eGn6s" 80+346002tT2T
214%78 213« 243418
3T39L9¢€34" 3114346726963 131183394 £G'EyT 02°TIT ,T°T9» 00687862  Yvips  #0¢g *4vpa
03+3000¢0g¢8 0T+300¢T by 0T+300%.2,6¢ Vd'pog 00°pgre 0040 00030990 ntavy «08 g0¢
ﬂntJocwﬂmwN. ﬂﬂid:QOhuon. oﬂQmsonNN,\.m. Opora co.nmm 00419 co.aaoccw d3Alqun 206
O 0 1) 0J°0 00°z2%a 03790 Gavagee L:lgMNtesey 606
8030005318 0,3007082° 90439000258 00 00°+0 00+Ggsge  00t30J2T 0ow 0ulup) €06
80030004p3T!  (037000u86°  §743900093Ts 0300 30'0 __ 00°+0 001 38 37nG0A ipq_ €96 _
) T 030 00'0%  00°0 00 Ge22 T OSAVanv 236
L0+3000069T'  60¢300G8T9C°  4043006pN92¢ 09°0 00*pyge 00’0 00'and¢ %ove 2.0:14S 106
TOn 47114 TOX AVA TOW 110§ RV T W8V A WHV F INRET NOT 14150570 Wil

A.«\ 1) s 2MavL

NHOTLAYNEANILID 314U 340U SSYA I1)IMIN«ahVE90NS G2y

MCDONNELL DOUGLAS



213575 9032690467 TZNT787 YT+32.99916°

£ 0 37vd

LINYCG6T YYANSYY YO -4 NOTLdHO 3SVH LSNOD 3

3 ¢/(QIndlexyadl) T0+362486,0°

2 94309 NOTLVHNLYS3Q

930 L9°Yv ®1+ Wow4 n30 L8 L0TaAs WOB4 530 26'9% = 1% oy

SIVUNY IVSIIONINd
00+3p628.L69" 21509 00439617908« 24502 00+390¢3g9g9" £4S09 S3N1S00 NO14233s1Q

2u=yy 80«306492€2°  243%1S B0*38268TLT*  2N1/87 TTe3666606L° € 10W WAIINInd

930 90'vilee 0N { 530 69°G69 2Ae 40u4 030 S0°'vb a e 0N4 SITIONY VAL INIud
00+3T4TE096"* <=1503 00+3pG093 Ty " 2AS0D 00+3L6vi0bL°’ 845090 SaNTS03 NOILJ34la
ZA=9Y L0+3T£88066°  2L3¢7S LD*30.9p08L°  2N1/97 T3e3862p0E¢* 2 10W W4lONIlnd
930 d4L°65 sYe KONA4 530 98°0F ®mAe 4044 93d 34°66 s e Ldyd S3T1ONY WVOIININY
00939692806  =150) 00+3,2Tv6868*  3AS0D $0e30g¢C266's  =430) SaNIS03 NO1LO3u1q
CA“OX B0*32Lp8C08° 213375 80*3950%we2°  CNI17G7 Cre3veeer0t’ T 10N IValoNTyd

=0 [UeaV926Gay° 2138 [J+d6Z729TE "  eN[/aT Tteicc6.66%° J04 H2.114

CA=9N £003655620G°« 244475 Lue32299048** 2A1/87 T3+¢3008/TLT 104 MyA

Zu=UM (003929LGT9" '« 214475 L0*32(bT¥Gp°e  2N1/871 TT43T43pC0T2°s 104 M0y

Z=ON 809328879027  ZI33S 8U¥30T6aLTT T 2nT1797 $Te30,92637° 104 noltd

Zw=9Y 8U*489L¥292° 214475 83+3026405F°  2A1/97 TI€37¢240968" 1OW _4ya

Z2.449% BU+318IZEPYT" 214478 §u*36008T2T" eN1787 T1931186T96" 1oW 970y

ST 89T SZFONT £6"TvE AgVeq

SHiLIN 2u°¢ SZHIND 02°'TTg NNTVeA

S¥3L3 TLTT SSkIND LT'T9y WyVeH

SHJA L& 6TTLTs SSvhpY 00'689862 11913

p0s NOllvunogl 4Ng)

vV SAXV IWVGTINTTT
(z/2)s 3vwvL

HOJLYNINNIL 40 $3144960ud S5YA 3701 13A=eWyEcCyd 624

191

INAL PAGE IS
OF OOR QUALITY|

'

ORI

MCDONNELL DOUGLAS

‘N



9 v 39vd

LLNYP6T W¥NSYy va

47 NG1.d0 3S¥3 LsNOD 3

L0+323V58327  L0+3TVOVLTST  [Ge300@2139°" ULTol  ¢LTi« gble  £€797992
ZNu9Y ZHw9 A Zneny $43L34d  S¥IALI  sHiLHR SWyg
: T L0e3[a%alabT
214478 2L 1eYg ¢, 4418
03+36620L0pL! TTe3G0T4066"° Tle4Tv 402" £0°9L9 68°'20fN« p9°'9Le 00'6yn8G 4v104 S05 *4NQOD
0%300020g0r  0T43006TLpa® 0T4400T2246 00'v94 00¢bGba 000 00133998 01avy 108  gdg
70 - L) DL ) K 007.¢T- 0070 00vacee 1¥dNi+Suy 904§
8030006318+ g0e3N00%28¢° 80040000208 VLR 0040 00°G.8e 00000027 dow 0Mit0) Y8
80+3000009T¢  £0030000u86°  §0+3000000%s 00+ 00°0 00°9 00¢39¢ _310qC+_Haq_  £08
) 9 t9 0lg 000 000 0nvyeen SAvyuy 206
L0+42000969T? 60430068 ¢092° 60+3004py272" 610 J0'pg4 00°'0 patagde nave 92.i0u1s  1TI6
Tow AJiTa 1O AvR “TOA 1134 WiV T WHY A QYY M 1913y NOT1dTuISIG WLl
A 2/ 7 v 7 Novl 101LYNIAN LAY §31L4d0dd SSVw FNDIHIAA==AvE9084 2624

192

MCDONNELL DOUGLAS

[



b 0 39vd LINYCSBT vy¥ansSyy vd 471 NOILdO 3SVYH LSNOJ 3

R X LN A A L L A AR VA S IR A B P L A T A R YA P I L ACI R 2usT0G35Pgs® & $4300 NOTLIvUnLivSag
93Q JZ'Fsls e wOU 930 &4°T2TaAe w0y 3¢ §0°0Y s+ a4 S31ONY V410N Nd

00°30T0869¢°% 21§37 00+30022926'°  2AS0) 802386207070 zutesd  gan]s03 NO112341d
Z4eU¥ LO3RTOTP29*  2L421S £0+322T8008' 2N

-
~
-
3
i
-t
«f

LRI FIA 1A € 101 WJYIINIyd

93d 42°'¥2 =7~ WO 030 US*TTIT3Ae A0u 940 C0°6¢L (% wind §3TaNY IVIIONING

00+3098663T6°  31€39 00*3y22280¢ % T2AS90 00+3882694T° 21830 s3N1500 NOIL10341d

ZA®IN L0&3099090T" cLl341S £Li*3LpELAnT? ¢rT/27% _tedluGopapt 2 10W WVAIININd

030 94'6L ®1e WOy 910 SL'65% 3A¢ A0y { 530 11°2S = 4e 4Cud §379NY_I¥41INTud

00°3482ad4T 273090 00+3209R869¢" £AS0D 00e320129T9" 2S00 S3aNIY0D NO1L23M1Q

2r=0F LUe3YaYZLE0" 213395 Lu*3bpaebor’ ENT7<T Yve390bLF2" Y 10W WVd4IINTud

CHeUN 9044 TRT0 0y = 213978 90+3455T562 < NI/7G1 01%326b6765% = 16ad HOLT4
2u=YY 9U+3Z6E6PER° 214978 0Ue30sTuGTo" 211797 0ye3T2lpceR’ 10d_MvA
209N LLe30L89pL9T e 2L441S L0+30096A2T%= 2N1/87 03+4346L6068" 1td S04
ZieDN L0323 t9gT2"  ¢ldeIs Led6gnetytT 2NT78T 0193562 0Lve " 104 13itd
=DM LU*IATTOPL9G' 244978 L0*3L9869Y5° 2N1787 T1¢360T4F6T’ 104 _MyA
THeM L0+4009239°'  2Ld4%1S L0*3496808gv*  2Nn1/871 TT+4Tp00002° low 10¥
ST BT GT SSFONT TI'PE9 WuvVeq
SHIL4 2L'Le S3+3ND 63'€0¢qa WHYap
S¥31dA4 G6°Tw SIrIN] 99°9La WYY oH

SHOY SE'9199¢ SSvhg1 0376998q 41913

G06 "1014VHNY T 4NDD
viVT 33XY AV4TINT 13
Aﬂ\n.vw Aevy AVTLYNIWAILAT $1LNIdIND S5V I3TITHIA==NYESCHd $62H

193



Table 7

SCB (L') SHUTTLE TENDED-DIRECT GROWTH
MASS PROPERTIES STEPS

Table Configuration
Number Number Description
8 101 Core module with Orbiter adapter
9 102 101 plus power module
10 108 102 plus SC support module and
mobile crane
11 109 108 plus strongback and 30m
radiometer
12 201 101 plus Orbiter berthed (+Z)
13 202 102 plus Orbiter berthed (+Z)
14 206 108 plus Orbiter berthed (+Z)
15 209 109 plus Orbiter berthed (+2Z)
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Table 16

SCB (L) PERMANENTLY MANNED-DIRECT GROWTH

MASS PROPERTIES STEPS

Table Configuration

Number Number Description
17 120 Core module with Orbiter adapter
18 121 120 plus power module
19 221 121 plus Orbiter berthed (+Z)
20 122 121 plus crew support module
21 222 122 plus Orbiter berthed (+Z)
22 123 122 plus hab/control module
23 223 123 plus Orbiter berthed (+Z)
24 124 123 plus logistic module
25 224 124 plus Orbiter berthed (+Z)
26 125 124 plus mobile crane and SC support module
27 225 125 plus Orbiter berthed (+Z)
28 226 125 plus Orbiter berthed (-Z)
29 227 125 plus Orbiter berthed (+Y)
30 128 125 plus universal truss assy jig, composite

fabrication unit, and strongback

31 228 128 plus Orbiter berthed (+Z)
32 129 128 plus 30m radiometer
33 229 129 plus Orbiter berthed (+Z)
34 130 128 plus MBL antenna
35 230 130 plus Orbiter berthed (+Z)
36 131 128 plus TA-2
37 231 131 plus Orbiter berthed (+27)
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Table 38

DAKTUG COMPUTER PROGRAM OPTIONS

DAKTUG 07:44 FEB 17.,'77

VHAT IS DATA FILE NAME?

?DAKDATA

DO YOU WANT T@ CHANGE INPUT DATA?

?YES

?TDUR=720.

2%

D@ YOU WISH LOAD CARRYING TANK(S) @R SHELL(6)?
26

YHAT IS THE SIZING MISSION; DEPLOYMENT(1).,
RETRIEVAL(2),0R ROUNDTRIP(3)?

2?3

WHAT TYPE OF SHELL STRUCTURE: 1SOGRID-AL(S),HONEYCOMB-AL(6),1SOGRID-GR.

EP.(7),HONEYCOMB-GR.EP.(8)?

?7

WHICH MATERIAL:2219=1,7475=2,2024=3?

k4|

D@ VOU WISH TAPERED(17) @R CONSTANT(18) T DOMES?
217

WHAT MATERIAL IS TANK SUPP@RTS;FIBERGLASS~1S@GRIDC1),
TITANIUM-TUBULAR(2),0R FIBERGLASS-TUBULAR(3)?

23

WHAT MATERIAL IS THRUST STRUCTURE;ALUMINUM(4).,
F1BERGLASS EPOXY(S5),08R TITANIUM(6)?

?5

IS SHELL STRUCTURE OPEN?

NG

IS DBCKING SPINUP REQUIRED?

NG

IS METEOROID PRATECTIGBN @UER LH2 SW SAME AS SHELL?
7YES

1S VARIABLE DIAMETER DOCKING REQUIRED?

NO

WHICH INSULATION OPTION:COATINGC(1) @R MLI(2)?
?2

WHICH ENGINE 1S DESIRED:CATI/RL-10(1),
CATII/RL-10¢(2),CATIIA/RL-10¢(3),CATIV/RL=-10(4),
CATIIB/RL-10(5),AEROSPIKE(6),ADVANCE SPACE(7).,
CATIV W ZNPSH(B8),AERGSPIKE MR=5(9),

CATIIA W/8 ZNPSH(10)?

23

H@W MANY ENGINES?

72

D@ES ENGINE OPERATE INITIALLY AT ZNPSH?
?YES

250
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Table 38 (cont)
DAKTUG COMPUTER PROGRAM OPTIONS

WHICH PRESSURIZATION OPTIAN+1,2,3,4,5,6,7,8,9,10,11?

”

'ARE PRAPULSION LINES DIRECT DEVELOPMENT(1),0R PHASED LINES(2)?
>

'ﬁow MANY LINES; SINGLE=1,DUAL=2,ETC.

-

'iﬁﬁ VACUUMM JACKETED LH2 LINES DESIRED?

YES

VENT SYSTEM:NEW=1,DEVEL@PED=2?

21

TVC TRIDENT(1),0% APPOLLA(2)?

£

WHAT 1S MAX TOTAL IMPLUSE FOR APS SIZINGC(AIMPLU)?
7216000

D@ Y@U WISH NEW(!) OR DEVEL@PED(2) APS HARDWARE?
71

WHICH APS PROP; ©PRESSURIZED N2HA4(4), BL@WDOUN
N2H4(S),MMH:N204(6),8% CRY@ H2/02(7)?

?6

VYHICH DATA MANAGEMENT @PTION IS DESIRED:1A=},1B=2,
1C=3,2A=4,2B=5,2C=6,3A=7,3B=8,30=9,3D=10,3E=11,3F=12?
?5

WHICH GNC OPTI@ON:1,2,35,4,5.6,0R 7?

22

WHICH COMMUNICATIONS OPTION:1,2,3,0R 47

21

WHICH RENDEZV@US & DOCKING @OPTIAN:
NONE=1,5A=2,5B=3,5C=4,5D=5,& SE=6?

74

H@Y MUCH AREA F@R THERMAL PANELS(SN-FT)>?

350.

WVHAT IS LEVEL @F CHECKOUT,LIMITED=1,AUTONOMOUS=2?
72

D@ YOU WANT BATTERIES-@PTI@N 1 @R 2,8R
FUEL CELLS=-QPTION 3,4,0R 5?

?4

IF FUEL CELLS,D@ Y@U WANT PW(125 LB)=1,0R
GE(7S5 LB)Y=2,08R PV(34 LB)=3?

?2

D@ YOU WISH PROPELLANT PRINTQOUT?
?YES

D@ YOU WISH AREA &VOLUME PRINYQUTS?
?YES

DO Y@U WANT CONFIGURATION DRAVING?
?YES

IS TANKAGE DEFINED?

Ne

IS PERFORMANCE DATA REQUIRED?

NO
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Table 39
OTV—-PRELIMINARY CONFIGURATION PRINTOUT

LBAD CARRYING TANK CONFIGURATION

I I€ocovencnncncanr (8,7 mcecceccsccc=car] l=== 3.0
1 1 1 1
\Y 1 1 \Y
----------- “= 4+ + O+ + +E 4+ + 4+ + 44} emcecscwcacaa
A + * * % % * 4+ ecccccccves
I 39.a + * * + A
I ecw=- + x . . « % + 1
b + * o e ¢ o e o & + 590.7 1
1 23.3 + * . . . . . ' *® + S0.7
I eecee- +%X  + + o+ o+ e+t rr r Rt emee= ]
! A + + 0.0 VvV
I 1 + 4+ ceccccccane
1 I +€ccccncvcancncan~- cea2]bef-mmecacvnancccac=ads A
1 1 + + 1
1 1 + + 1
1 29804 + +* 2980“
1 1 + + 1
1 1 + * 1
687.7 1 + + v
1 1 + + mwee-
I \j + + 0.0
]l ece-- IS 2 R N T R T T TR S S I T T
1 * . . . . . Y *®*
1 23.3 + * s o PS o o %x +
I meeee s * . . . = + 1
1 A * x v
1 1 * * % %X *  eeee=
I I 10.0
I 138.63X+ *x % * x % 4 eow-e
1 1 + * » * A
I 1 [¢eccakeeacncaan 17209 cceccacccccagen==>] 1
1 I 1 * * 1
1 e w + X o o o o o o ¢ o o o s o o 8 o s ¥ +
1 X o o « ® o o . 0 PO s o X
l 20.0 ® L ) ® . [ ) L] * ® L ] ® L] L ]
eccmana I I R TR I Y I IR TP PP PRYY LT IR T X X
1 A I 1
1 1 I *x]
1 I I » * 1
1 S59.7 1 = * 1
1 I [€ecokncccansnne 1609 cvecccncccanena>]
I \Y * *
I coame- cevmmcconana=- 4 * * * +
1 15.0 + + MAX DIA= 173.4
1 cCoocecssesvecesnesseans (L X
1 A “ e o o V@LUME(CUBIC FT)
1 1 . » LOX = 1621.
1 70.1 X . LH2 = 4514.
I 1 . .
I 1 . N PROPELLANT
v \J . o CAPACITY=128781.
252
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Table 40
OTV=-1 AREA AND VOLUME PRINTOUT

SURFACE AREA - SO FT

FWD SKIRT COVER 8.
FYD SKIRT 96.
TANK SUPPORT 0.
SIDEWALL 1305.
TANK SUPPORT 0.
INTERTANK 530.
TANK SUPP@RT Bl
AFT LOX D@ME 246.
T@TAL VETTED AREA 2266.
LH2 D@MES 491,
LH2 SIDEWALL 1048,
LH2 TANK AREA 1539.
LOX DO@MES 491 .
LOX SIDEVALL 184,
LOX TANK AREA 676.

ENVEL@OPE V@LUME - CUBIC FT

LH2 D@MES 1003,

LH2 CLY TANK 3512,
LH2 TANK V@LUME asl4.
TANK SUPT & INTERTANK VOL 721,
LOX TANK VOLUME 1621.

TOTAL ENVEL@PE VGLUME 6856.
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/
MCDONNELL nouou@_



STRUCTURE

Table 41
OIV-1 DETAIL WEIGHT PRINTOUT

FUEL TANK AND SUPPORT
LH2 TANK SUPPORTS

DOMES
S1DEVALL
Y=-RINGS
BAFFLES
SUPP@RTS
ACCESS C@VERS
SUMPS

LOX TANK AND SUPPORT
L@X TANK SUPPORTS

D@OMES
SIDEVWALL
Y=-RINGS
BAFFLES
SUPP@RTS
ACCESS COVERS
SUMPS

BODY STRUCTURE
SHELL

FORWARD SKIRT

CeNIC SHELL

SIDEWALL SHELL
INTERTANK SHELL

AFT SKIRT
PAINT

ACCESS PROVISIONS

SUPP@RTS

THRUST STRUCTURE

SHELL
SUPPORTS

METEQGR@ID SHIELD

PAYLOAD INTERFACE
D@CKING - PAYLGAD
PAYLOGAD UMBILICAL PROVISIONS

7/

MCDONNELL oouot‘@_
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3665.

966.

38.
231.
658.
18,

0.

0.

18.

3.

452.

$3e.
234.
122.
18.

0.

OI

16«

8.

1642.
1459.
O
282.
627,
Sit.
0.
24.
15.
183.

33S5.
330.
Se

44.
226.

17%.
Ste.



Table 41 (cont)
OIV-1 DETAIL WEIGHT PRINTQUT

MCDONNELL DOUﬁL@_
§

255
/

THERMAL C@NTROL 1053,
FUEL TANK INSULATI@N (NO. LAYERS=]44.) 637.
LH2 DOMES 200.
LH2 SIDEWALL 427.
LH2 TANK SUPPORTS 9.
LOX TANK INSULATION (N@. LAYERS=149.) 320.
LOX DOMES 234,
LGX TANK SUPPORTS 36.
INSULATIGON PURGE SYSTEM 97.
PURGE LINER 78.
PLUMBING 19.
AVIBNICS 1524,
DATA MANAGEMENT 249.
C@MPUTER 32
MIU 206.
DCU B
RDP O.
MISCELLANEQUS 3.
GNC 80.
IMU 20.
STAR SENS@R 20.
SUUN SENSOR 0.
HBRIZON SENSOR 0.
HO@RIZON SENSGR ELECTRONICS 0.
RENDEZV@US & D@CKING ELECTRONICS 40.
MISCELLANEQAUS 0.
COMMUNICATI@N 152,
ANTENNAS 10.
MULTIPLEXERS 4.
POWER AMPLIFIERS 16,
TRANSPONDER 38,
COMMAND DECODER Se
PRGCESS@R 0.
COMMAND ENCODER 3.
COMSEC EQUIPMENT 12.
TAPE REC@RDER 40.
TRANSMITTER 0.
FREQUENCY SYNTHESIZER 0.
CMD UNITS 0.
MISCELLANE@US 24.



Table 41 (cont)
OTV-1 DETAYL WEIGHT PRINTOUT

INSTRUMENTAL1ON
SENS@RS
SIGNAL CONDITIOGNING
CIRCUITRY
PCM TELEMETRY

ELECTRICAL P@WER SOURCE
BATTERIES~PRIMARY
BATTERY=-TVC
BATTERIES~BACKUP
FUEL CELLS
REACTANT TANKAGE
PLUMBING
WATER ACCUMULATOR

PGWER DISTRIBUTION AND CONTRAL
P@WER DISTRIBUTION UNITS
BUS BAR
CIRCUITRY~-PWR

EQUIPTMENT THERMAL CONTROL
THERMAL PANELS
HEAT PIPES
SPLICE MECHANISM
HOUSING-C@VERS
MISC

PROPULSION

MAIN ENGINE (GFE)
MAIN ENGINE SUPPORT
GIMBAL ACTUAT@RS
PURGE PREVISIONS

UMBILICALS

ABORT PROVISISNS

FEED

VENT

FILL AND DRAIN

PNEUMATICS

PU SYSTEM

PRESSURIJZATION
BOTTLES
CONTRELS & LINES
HELIUM HEATER

ACPS ENGINE

ACPS ENGINE SUPP@RT
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275,
31.
44.
200.
0.

49S.

0.

40.

0.
150.
266,
25.
13.

112,
2]
20.
71.

162.
89.
26.
30.
15.

2.

2295,

9%2.
1143,
38.
44

S6.
36.
436.
258.
106,
93.
76-
0.

61.

139.



Table 41 (cont)

OTV-1 DETAIL WEIGHT PRINTOUT

DRY WEIGHT SUBTO@TAL

CONTINGENCC10%)?

TETAL DRY WEIGHT

FPR LOX
FPR] LH2
FLIGHT PERFORMANCE RESERVES

PU LeX
PU LH2
PREPELLANT UTILIZATION

L@X PRESSURIZATION
LH2 PRESSURIZATIEN
RESIDUAL G@2
RESIDUAL GH2
HE PRES-LOX TANK
HE PRES-Ln2 TANX
A< TRAPPED
PRESSURIZATION GASES

LOX PROPELLANT

LH2 PROPELLANT

APS

FUEL CELL RECANT
TRAPPED PROPELLANT

RESIDUALS

BURNOUT WYEIGHT

m’/
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11114,

8537.
854,

3391.

327
SS.
382.

27S.
4S.
320,

0.
O.
308.
418.
0.
0.
0.
726.

228.
39.
2.
26.
295,

1723.



Table 42
OTV-1 DETAIL INFLIGHT LOSSES PRINTOUT

EXCESS L@X TANKAGE ¢ 0.)
EXCESS LH2 TANKAGE 4 D¢
EXCESS-POTENTIAL USEABLE ¢ 0.)
USEABLE L#X 108096.
USEABLE LH2 18016,
USEABLE MAIN PROPELLANT 126112.
APS EXCESS (¢ 600.)
APS MMH/N204 192.
APS L@X C.
APS LH2 O.
APS N2H4 O
APS PROPELLANT 1SP= 272. 192.
LOX 0.
LH2 O«
CHILLDOWN 0.
LOX 548.
LH?2 353.
VENT PROPELLANT 901.
LOX 203.
LH2 137,
IDLE PROPELLANT 340.
LOX 501 .
LH2 62.
FUEL CELL REACTANTS 563,
LOX 0.
LH2 O
GAS GENERATOR PREGPELLANT O+
INFLIGHT L@SSES 128108.
TOTAL LOX IN TANK 109757,
TATAL LK2 IN TArx 19024.
TOTAL PREPELLANT IN TANKS 128781,
PROPELLANT BULK DENSITY 22.553
FINIAL MIXTURE RATIO 5.769
258
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Table 43 (Page 1 of 2)
OTV MASS SUMMARY

Stage Mass

(Kg)
Description Booster Upper
Structure 1,662 1,587
Fuel Tank and Supports 438 138
l.ox Tank and Supports 205 205
Body Structure 744 744
Thrust Structure 152 77
Meteoroid Shield 20 20
Payload Interface 103 103
Thermal Control 478 478
Avicnics 692 677
Data Management 113 113
GNC 3u 3u
Communication L9 9
Instrumentation 125 122
Electrical Power Source 225 215
Power Distribution and 51 50
Control
Fquipment Thermal Control 73 72
Fropulsion 1, 041 655
Engines 432 210
Support 518 348
ALPS 91 91
Dry Weight (3,873) (3,397)
Contingency 387 340
Total Dry Weight (4, 260) (3,737)
Residuals 781 725
F PR 173 173
Pu 145 145
Pressurization (GO, /GH ) 329 329
Trapped 134 78
259
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Table 43

(Pag. 2 of 2)

QOTV MASS SUMMARY

Stape Mass

Description Booster Upper
Burnout (5,041 (4,4¢2)
Inflight l.osses 58, 383 58, 383
APS Maximum Capacity 359 3549
Vent Propellant 409 109
idle Propellant 154 154
Fuel Cell Reactant 255 255
lisable 57,200 57,200
Ignition (63,424 (.2, 845)

7/
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