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FOREWORD

This is Volume IV - Transportation Analyses, of the SPS
Concept Definition Study final report as submitted by Rockwell
International through the Satellite Systems Division. In addi-
tion to effort conducted in response to the NASA/MSFC Contract
NAS8-32475, Exhibit C, dated March 28, 1978, company sponsored
effort on a Horizontal Take-Off, Single-Stage-to-Orbit concept
is included.

The SPS final report will provide the NASA with additional
information on the selection of a viable SPS concept and will
furnish a basis for subsequent technology advancement and veri-
fication activities. Other volumes of the final report are
listed as follows:

Volume Title
I Executive Summary
IT Systems Engineering
III Experimentation/Verification Element Definitien
v Special Emphasis Studies
Vi In-Depth Element Investigations
VII Systems/Subsystems Requirements Data Book

The SPS Program Manager, G. M. Hanley, may be contacted on any
of the technical or management aspects of this report. He may be
reached at 213/594-3911, Seal Beach, California.
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1.0 INTRODUCTION



1.0 INTRODUCTION

The SPS transportation system, not unlike the SPS, presents a formidable
challenge to our current concepts of space-—oriented endeavors. Cost, more
than ever, becomes the key denominator in transportation system selection.
Methods of reducing transportation costs contribute significantly to the
establishment of the SPS as a viable energy source option.

During previous phases of the SPS .Concept Definition Study (Exhibits A
and B), various transportation system elements were synthesized and evaluated
on the basis of their potential to satisfy overall SPS transportation require-
ments and of their sensitivities, interfaces, and impact on the SPS. Study
results led to the preliminary selection of preferred system concepts, as
illustrated in Figure 1.0-1. However, the limited scope of the previous
study effort precluded generation of sufficient substantiating data supportive
of the SPS point design. The objective of this phase (Exhibit C) was to pro-
vide that data.
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Figure 1.0-1. Transportation System Options—Vehicle Size Comparisons



Additional analyses and investigations have been conducted to further
define transportation system concepts that will be needed for the developmental
and operational phases of an SPS program. To accomplish these objectives,
transportation systems such as Shuttle and its derivatives have been identified;
new heavy-lift launch vehicle (HLLV) concepts, cargo and personnel orbital
transfer vehicles (EOTV and POTV), and intra-orbit transfer vehicle (IOTV)
concepts have been evaluated; and, to a limited degree, the program implica-
tions of their operations and costs were assessed. The results of these anal-
yses have been integrated into other elements of the overall SPS concept
definition studies.

Emphasis, in the area of HLLV analyses, was initially directed toward an
update of the Rockwell winged, single-stage, air-breathing HLLV and in perform-
ing a comparative evaluation of that configuration with a two-stage version of
that concept. Upon completion of the HTO-SSTO update, effort in this area was
redirected toward the development of an alternate vertical launch/horizontal
landing two-stage HLLV concept with a concomitant reduction of effort in the
operations definition tasks. Configuration updates and additional data rela-
tive to the feasibility and cost of the cargo EOTV and POTV concepts were
generated and requirements and concepts definition of an IOTV were pursued.
Within each of these areas, supporting programmatic data (e.g., costs and
schedule requirements) for the transportation system elements were developed.

SPS program and transportation system analyses continue to show that the

prime element of transportation systems cost, and SPS program cost, is that
of payload delivery to LEQO or HLLV feasibility/cost.
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2.0 TRANSPORTATION SYSTEM ELEMENTS

As identified in previous study phases (Exhibits A and B), the SPS pro-
gram will require a dedicated transportation system. In addition, because of

the high launch rate requirements and environmental considerations, a dedicated

launch facility for the vertical launch HLLV configurations is indicated.

The major elements of the SPS transportation system consist of the
following:

* Heavy-Lift Launch Vehicle (HLLV)—SPS cargo to LEO

* Personnel Transfer Vehicle (PTV)—Personnel to LEO (Growth STS)

* Electric Orbit Transfer Vehicle (EOTV)—SPS cargo to GEO

* Personnel Orbit Transfer Vehicle (POTV)—Personnel from
LEO to GEO

* Personnel Module (PM)—Personnel carrier from earth-LEO-GEO
* Intra-Orbit Transfer Vehicle (IOTV)—On-orbit transfer of

cargo/personnel

Two basic SPS HLLV cargo delivery options were considered—a horizontal
takeoff, single~-stage-to-orbit (HTO/SSTO) HLLV (Figure 2.0-1) and a two-stage
vertical takeoff horizontal landing (VTO/HL) HLLV (Figure 2.0-2). The latter

CREW < =
GLOW 1.95 X 10° 10 2.27 X 16 KG
COMPARTMENT CARGO BAY @4.3% 10870 5.0 X 105 L8)
91,000 KG PAYLOAD AIRPORT RUNWAY TAKEOFF
(200,000 L8) PARACHUTE RECOVERED LAUNGH GEAR

MULTICELL WET WING

WHITCOMS AIRFOIL WING-TIP

TRIDELTA LHZJULLAGE

LH2 AND L02 TANKS \ TAl K\
B e e —— ——c

MAIN LANDING GEAR
(JETTISONABLE LAUNCH
GEAR NOT SHOWN)

< SO S s AIRBREATHER
3 \' o~ g*_; ~ PROPULSION
X

"<7 (10 ENGINES)
ROCKET PROPULSION

(@ HIGH PRESSURE TYPE)
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5 SEGMENT RAMP LHy TANK
CLOSES FOR:
ROCKET BOOST
REENTRY

Figure 2.0-1. HTO/SSTO HLLV Concept
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Figure 2.0~2. VTO/HL HLLV Concept

configuration option was established as the preferred or '"baseline" concept
for this study phase because of the uncertainty in technology readiness of the
HTO/SSTO concept. A third, interim HLLV requirement was identified, to be
employed during the initial SPS program development phase (Figure 2.0-3). This
vehicle is designated as a Shuttle-~derived or "Growth Shuttle" HLLV (STS-HLLV).
This launch vehicle utilizes the same elements as the PLV (described below),

except the orbiter is replaced with a payload module and an auxiliary recover-
able engine module to provide a greater cargo capability.

Figure 2.0-3. STS-HLLV Configuration
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The Personnel Launch Vehicle (PLV) is used to transfer the SPS con-
struction crew from earth to LEO. This launch vehicle is a modified Shuttle
Transportation System (STS) configuration. The existing STS solid rocket
boosters (SRB) are replaced with reusable liquid rocket boosters (LRB), thus
affording a greater payload capability and lower overall operating cost,
(Figure 2.0-4). The personnel module (described below) is designed to fit
within the existing STS orbiter cargo bay. This vehicle will be utilized
throughout the SPS program for the VTO/HL HLLV cargo delivery concept.

' BOOSTER (EACH):
| GROSS WT = 871K L8
P = o PROP. WT = 715K L8
i INERT WT = 156K L8
AVE = SSME-15:
F = 453¢ L8 (S.L.) (EACH)
LAUNCH CONFIGURATION isp o lgsissc {s.L.}
- e =35
PAYLOAD = 100K L8 GLOW '« 3,670 (5 R
| 156 FT.
20,0 F1 DIA—
LHy TANK { L0, TANK

: .
{102x L8) ., (613x Lp) 7
LANDING ROCKETS LANDING ROCKEI".:

RCS FLOTATION STOWAGE

PARACHUTE STOWAGE ENGINE COVER
{OPEN)

Figure 2.0-4. Growth Shuttle PLV

The Electric Orbital Transfer Vehicle (EOTIV) is employed as the primary
transportation element for SPS cargo from LEO to GEO. The vehicle configur-
ation (Figure 2.0-5) defined to accomplish this mission phase utilizes the
same power source and construction techniques as the SPS. The solar array
consists of two "bays" of the SPS, electric argon ion engine arrays, and the
requisite propellant storage and power conditioning equipment. The vehicle
configuration, payload capability, and "trip time" have been established on
the basis of overall SPS compatibility.

The Personnel Orbit Transfer Vehicle (POTV), as described herein, con-
sists of that propulsive element required to transfer the Personnel Module
(PM) and its crew/construction personnel from LEO to GEO. The mated config-
uration of POTV/PM is depicted in Figure 2,0-6. The POTV consists of a single,
chemical (LOX/LH;) rocket stage which is initially fueled in LEO and refueled
in GEO for return to LEO. The POTV has been sized such that it is capable of
fitting within the existing STS cargo bay and the growth STS payload delivery
capability.
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Figure 2.0-6. POTV Configuration

2-4



The personnel module is designed to transport a 60-man construction
crew from LEO to GEO to LEO (Figure 2.0-6). Primary considerations in sizing
the PM were given to SPS construction crew demands and compatibility with the
PLV concept. A considerable degree of latitude remains in the ultimate defin-
ition of a PM/POTV concept.

The intra-orbit transfer vehicle is defined in concept only. Because of
the potential problems associated with docking and cargo transfer between the
HLLV and EOTV in LEO and the EOTV and GEO construction base, a transfer vehicle
capable of accomplishing this function is postulated. From cost and program-
matic aspects of the overall SPS program, this element is depicted as a
chemical rocket stage, manned or remotely operated.

In the following sections, each transportation system element will be
discussed in more detail and the rationale for configuration selection pre-
sented. However, in order to maintain a continuity of data presentation,
appendixes have been added to provide the substantiating technical analyses
and trade study results where applicable.
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3.0 TRANSPORTATION SYSTEM REQUIREMENTS

As previously identified, the SPS will require a dedicated transportatiom
system. In addition, because of the high launch rates and certain environmental
considerations, it appears that a dedicated launch facility will also be required
for SPS HLLV launches. Transportation system LEO operations are depicted in
Figure 3.0-1, The SPS HLLV delivers cargo and propellants to LEO, which are
transferred to a dedicated electric OTV (EOIV) by means of an intra-orbit
transfer vehicle (I0TV) for subsequent transfer to GEO.

LEO STAGING
BASE

Figure 3.0-1, SPS LEQ Transportation Operations

Space Shuttle transportation system derivatives (heavier payload capabil-
ity) are employed for crew transfer from earth to LEC. The Shuttle-~derived HLLV
is employed early in the program for space base and precursor satellite comnstruc-
tion and delivery of personnel orbit transfer vehicle (POTV) propellants. This
element of the operational transportation system is phased out of the program
with initiation of first satellite comnstruction, or sooner.



Transportation system GEO operations are depicted in Figure 3.0-2. Upon
arrival at GEO, the SPS construction cargo is transferred from the EOTV to the
SPS construction base by IOTV. The POTV with crew module docks to the construc-
tion base to effect crew transfer and POTV refueling for return flight to LEO.
Crew consumables and resupply propellants are transported to GEO by the EOTV.

EOTV

Figure 3.0-2. SPS GEO Transportation Operations

Transportation system requirements are dominated by the wvast quantity of
materials to be transported to LEO and GEO. Tables 3.0-1, 3.0-2, and 3.0-3
summarize the mass delivery requirements, and numbers of vehicle flights, for
the baseline transportation elements. All mass figures include a 107 packaging
factor. Table 3.0-1 summarizes transportation requirements for construction of
the first satellite. Table 3.0-2 is a summary of requirements during the total
satellite construction phase (i.e., the first 30 years). The average annual
mass to LEO during this phase is in excess of 130 million kilograms with more
than 750 HLLV launches per year. Table 3.0-3 presents a total program summary
through retirement of the last satellite after 30 years of operation. Mass and
flight requirements are separated between that required to construct the
satellites and that required to operate and maintain the satellites. As
indicated, the masses are nearly equal.
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Table 3.0-1.

TFU Transportation Reguirements

MASS x 106 K6 VEHICLE FLIGHTS
PLV | HLLV [ pOTV] EOTV [ 10TV
LEO | GEO LEO | GEO
SATELLITE CONST. MAINT, & A
CREW CONSUMABLES & PKG, 0,98{ 0,94 - | 4.3 - 0.2 y 4
POTV PROPELLANTS & PKG. 2,91 1.46] - | 12.8 - 03| 13 6
EOTV CONST.. MAINT. & PKG. 7.20] - 15 | 31.7 - - 32 -
EOTV PROPELLANTS & PKG. 4,79 - - | 211 - - 21 -
10TV PROPELLANTS & PKG. 0.13{ 0.06 - 0.6 - - 1 -
- - iZ4
TOTAL 53,13 39.58 | 60 |234.0 | 45 7.0 409
VEHICLE_REQUIREMENTS
TFU FLEET 2 5 y 6 [
GRONTH SHUTTLE VEHICLES— PERSONNEL (PLV) | GncogCARRIER/ENGINE .
PRECURSOR REQUIREMENTS:
*SPACE CONSTR, BASE 72 FLIGHTS 129 FLIG
. ' LIGHTS
EOTV TEST VEMICLE 1 VEHICLE 2 VEHICLES
Table 3.0-2. SPS Program Transportation Requirements,
30~Year Construction Phase
MASS x 100 KG VEHICLE FLIGHTS
PLV | HLLV | POTV [ EOTV 10TV
L _LF0 | GEO _LE0 [ _GFO
SATELLITE CONST. & MAINT.  |3.099,3|3,099.3| 3187 |13.653| 3051 |599.5( 13,653| 13.653
CREW CONSUMABLES 49| 717 - 330 - 13.9 330, 316
POTV PROPELLANTS 216.6| 108.3] - 954 - 20.9] 954|477
EOTV CONST. & MAINTENANCE 38.4| 3121 - 169] - 6.0 169 137
EOTV PROPELLANT 492,3 2.0l - {2.169{ - 0.4 2.169 9
10TV PROPELLANT 10.5| 4.8 - y7{ - 0.9 g71 21
17,322 14,613
TOTAL 3,932.0/3.317.3| 3187 |17,322| 3051 642 31,935
VEHICLE FLIGHT LIFE - - 100 300( 100 20 200
VEHICLE FLEET REQUIREMENTS - - 32 58 31 32 160
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Table 3.0-3. Total Transportation

Requirements, 60-Year Program

MASS x 106 KG

VEHICLE FLIGHTS

PLV HLLV POTV EOTV 10TV
LEO GEO LEO GEO
SATELLITE l
CONSTRUCTION 2197.8| 2197.8] 1340 9682 1220 425.1 9682 9682
OPERATIONS & MAINTENANCE | 1803.0| 1803.0] 3694 7943 3660 348.7 7943 7943
CREW CONSUMABLES
CONSTRUCTION 31.5 28.7 - 139 - 5.6 139 126
OPERATIONS & MAINTENANCE 86.8 86.0 - 382 - 16.6 382 | 379
POTV PROPELLANTS
CONSTRUCTION 82,7 41.4 - 364 - 8.0 364 182
OPERATIONS & MAINTENANCE 267.8 133.8 - 1180 - 25.9 1180 589
EOTV CONSTRUCTION
CONSTRUCTION 28,2 24.2 - 124 - 4.7 124 107
OPERATIONS & MAINTENANCE 22,2 19.0 - 98 - 3.7 98 84
EOTV PROPELLANTS
CONSTRUCTION 340.3 2.0 - 1499 - 0.4 1499 9
OPERATIONS & MAINTENANCE 304.0 - - 1339 - - 1339 -
10TV PROPELLANTS
CONSTRUCTION 7.2 3.3 - 32 - 0.6 32 15
OPERATIONS & MAINTENANCE 6.6 3.0 - 29 - 0.6 29 13
SUMMARY
CONSTRUCTION 2687,7] 2297.4] 1340 11840 1220 444 ] 11,840 |1Q0121
OPERATIONS & MAINTENANCE | 2490.4| 2044.8] 3694 110971 3660 396 | 10971 9008
TOTAL 5178.1] 4342.2] 5034 22811 4880 840 | 22811 [19129
VEHICLE FLEET
CONSTRUCTION - - 14 39 12 22 110
OPERATIONS & MAINTENANCE - - 37 37 37 20 100
TOTAL - - 51 76 19 42 210
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4.0 HEAVY LIFT LAUNCH VEHICLE

Initial Heavy Lift Launch Vehicle (HLLV) studies were directed toward a
horizontal takeoff single stage to orbit (HTO/SSTO) concept advanced by
Rockwell during Exhibit A and B study phases. After providing an update of
the HTO/SSTO, the reference launch vehicle configuration for the Exhibit C
study phase was changed to a two stage vertical takeoff-horizontal landing
(VTO/HL) configuration. This section of the report is directed toward the
"Reference Vehicle" concept only. A summary of the HTO/SSTO effort conducted
under a company sponsored program 18 included in Appendix A. An interim
shuttle derived or "growth" shuttle HLLV configuration has been identified to
satisfy early SPS precursor satellite construction requirements} and, because
of it's gimilarity to the personnel launch vehicle (PLV), is discussed in that
section of the report. In addition, the reference HLLV trade studies data are
included in Appendix B along with the reference HLLV trajectory.

4.1 HLLV REQUIREMENTS/GROUND RULES

The primary driver in establishing HLLV requirements is the construction
mass flow requirement (Section 3). Other factors include propellant cost/
availability and environmental considerations. The basic ground rules and
assumptions employed in vehicle sizing are summarized in Table 4.1-1.

Table 4.1-1. HLLV Sizing - Ground Rules/Assumptions

® TWO-STAGE VERTICAL TAKEOFF/HORIZONTAL LANDING (VTO/HL)

® FLY BACK CAPABILITY BOTH STAGES - ABES FIRST STAGE ONLY

o PARALLEL BURN WiTH PROPELLANT CROSSFEED

® LOX/RP FIRST STAGE - LOX/LH, SECOND STAGE

® HI P, GAS GENERATOR CYCLE ENGINE - FIRST STAGE {lg (VAC) = 352 SEC.|
e HI P STAGED COMBUSTION ENGINE - SECOND STAGE [Ig (VAC) = 466 SEC.]
® STAGING VELOCITY - HEAT SINK BOOSTER COMPATIBLE

-® CIRCA 1990 TECHNOLOGY BASE - BAC/MMC WEIGHT REDUCTION DATA

© ORBITAL PARAMETERS - 487 KM @ 31.6°

© PAYLOAD CAPABILITY - 227 x 10° KG UP/45 KG DOWN

© THRUST/WEIGHT - 1,30 LIFTOFF/3.0 MAX

® 15% WEIGHT GROWTH ALLOWANCE/0.79% AV MARGIN

The two stage VIO/HL HLLV concept with a payload capability of approxi-
mately 227,000 kg (500,000 1b) was adopted for a reference configuration. The
payload capability was limited in order to maintain a "reasonable" vehicle size.
Both stages have flyback capability to the launch site. The first stage only
utilizes air breathing engines for return to launch site; the second stage is
recovered in the same manner as the STS orbiter.
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The launch vehicle utilizes a parallel burn mode with propellant cross-
feed from the first stage tanks to the second stage engines. The first stage
employs high chamber pressure gas generator cycle LOX/RP fueled engines with
LHy; cooling and the second stage employs a staged combustion engine similar
to the space shuttle main engine (SSME) which is LOX/LH; fueled.

Although trade studies were conducted, a vehicle staging velocity compat-
ible with a heat sink booster concept is desirable from an operations stand-
point. Technology growth consistent with the 1990 time period was used to
estimate weights and performance. The expected technology improvements are
summarized in Table 4.1-2. Orbital parameters are consistent with SPS LEO
base requirements and the thrust to welght limitations are selected to minimize
engine size and for crew/passenger comfort. Growth margins of 15% in inert
weight and 0.757% in propellant reserves were established. An SIS scaling

program was adapted for SPS HLLV sizing.

Table 4.1-2. Technology Advancement
- Weight Reduction

80DY STRUCTURE 173
WING STRUCTURE 153
VERTICAL TAIL 183
CANARD 12%
THERMAL PROTECTION SYSTEM 203
AVION!ICS 15%
ENVIRONMENTAL CONTROL 15%
REACTION CONTROL SYSTEM 152
ROCKET ENGINES

Ist STAGE THRUST/WEIGHT = 120

2nd STAGE THRUST/WEIGHT = 80

4.2 HLLV CONFIGURATION

The reference HLLV configuration is shown in Figure 4.2-1 in the launch
configuration. As illustrated, both stages have common body diameter, wing
and vertical stabilizer; however, the overall length of the second stage
(orbiter) is approximately 5 meters greater than the first stage (booster).
The vehicle gross liftoff weight (GLOW) 1is 15,730,000 1b with a payload capa-
bility of 510,000 1lb to the reference earth orbit. A summary weight statement
is given in Table 4.2-1. The propellant weights indicated are total loaded
propellant (i.e., not usable)., The second stage weight (ULOW) includes the
payload welght. During the booster ascent phase, the second stage LOX/LHz
propellants are crossfed from the booster to achieve the parallel burn mode.
Approximately 1.6 million pounds of propellant are crossfed from the booster
to the orbiter during ascent.
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Figure 4.2-1. Reference HLLY Launch Configuration

Table 4.2-1. HLLV Mass Properties x 10~°

KG LB
GLOW 7. 14 15.73
Low k.92 10.34
Wpy b 49 9.89
ULOW 2.22 L. .89
Wpz 1.66 3.65
PAYLOAD 0.23 0.51

4.2.1 HLLV FIRST STAGE (BOOSTER)

The HLLV booster is shown in the landing configuration in Figure 4.2-2,
The vehicle is approximately 300 feet in length with a wing span of 184 feet
and a maximum clearance height of 116 ft. The nominal body diameter is
40 feet. The vehicle has a dry weight of 1,045,500 1b. Seven high P. gas
generator driven LOX/RP engines are mounted in the aft fuselage with a nominal
sea level thrust of 2.3 million pounds each. Eight turbojet engines are mount~
ed on the upper portion of the aft fuselage with a nominal thrust of 20,000 1b
each. A detailed weight statement is given in Table 4.2-2. The vehicle pro-
pellant weight summary is projected in Table 4.2-3.

4.2.2 HLLV SECOND STAGE (ORBITER)

The HLLV orbiter is depicted in Figure 4.2-3. The vehicle is approximate-
ly 317 feet in length with the same wing span, vertical height, and nominal
body diameter as the booster. The orbiter employs four high P, staged combus-
tion LOX/LHz rocket engines with a nominal sea level thrust of 1.19 million 1b
each.

4=3.



“B0.0M

RP-1 TANK
VOL = 1181.0 M3

#CROSS FEED, DUAL DELTA
DRY WING, L/D =7.5

ROCKET ENGINES . 7 REQ'D
TOTAL THRUST = 71,441,980 N(5.L.)

Sgivig“):‘:;a WT = 926,741 KG -
'V LO2 TANK AIR BREATHER
tg{IAzq:B M3\ . VO?, =2075.8 M3 210 FLYBACK
: WT = 3,300,392 KG . . ENGINES — 8 REQ'D
WT = 145,830 KG \ “ {180 TOTAL THRUST =
T T L 34.08 M 11L.716N
SN N T 544 . (REF) M=08h=08005M
B Y AR 778 | = -
12230 DiA I i
50.451 !
91728 M

Figure 4.2-2. HLLY First Stage (Booster)
-~ Landing Configuration

Table 4.2-2. HLLV Welght Statement
kgx10-* (1bx10-%)

SUBSYSTEM 28D STAGE 1ST STAGE
FUSELAGE 103.41  {227.98) 130.73 (288.22)
WIHG 39.20 ( 86.41) 78.17 (172.34)
VERTICAL TAIL 5.70 { 12.57) 7.21 { 15.89)
CANARD 1.29 ( 3.07) 2.21 ( 4.87}
P8 52.59 (115.94)} -

CREW COMPARTMENT 12.70 ( 28.00) ok
AVIONICS 3.86 ( 8.50) 3.40 ( 7.50)
PERSONNEL 1.36 ( 3.00) L
ENV I RONMENTAL 2.59 { 5.70) *ke
PRIME POWER S.44  { 12.00} *
HYDRAULIC SYSTEM 3.86 { 8.50} *k
ASCENT ENGINES 26.93 ( 59.38) 67.%5 {148.70)
RCS SYSTEM 9.59 { 21.18) *k
LANDING GEARS 18.38 ( 4o.51) *k
PROPULSION SYSTEMS * bb.g9 { 99.18)
ATTACH AND SEPARATION - 4.59 ( 10.12)
APU - 0.91 ( 2.00)
FLYBACK ENGINES - 28.55 ( 62.35)
FLYBACK PROPULSION SYSTEM - 18.39 ( 40.54)
SUBSYSTEMS - 25.76 { 56.80)
DRY WEIGHT 286.99 (632.71) (909.12)
GROWTH MARGIN (15%) 43,05 ( 94h.91) {136.37}
TOTAL INERT WT. 330.04 (727.62} (10k5,49)
*INCLUDED IN FUSELAGE WE!GHT
#k{TEMS INCLUDED IN SUBSYSTEMS
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Table 4.2-3. HLLYV Propellant Weight Summary X 10-%

FIRST STAGE SECOND STAGE
LB KG LB kG|
USABLE 9.607 4.358 3.481 1.579
CROSSFEED 1.612 0.732 (1.612) {0.731)
TOTAL BURNED | 7.995 3.626 5.093 2.310
RES1DUALS 0.040 c.018 0.020 0.009
RESERVES 0.045 0.020 0.024 0.011
RCS 0.010 0.005 0.018 0.008
ON-ORBIT - - 0.095 0.043
801L-OFF - - 0.010 0.005
FLY-BACK 0.187 0.085 - -
TOTAL LOADED | 9.889 4.486 3.648 1.655

®CROSS FEED, DUAL-DELTA
DRY WING, L/D =7.5

<®f= -t

80.0M
ROCKET ENGINES ~ 4 REQ'D

CREW COMPT %FL“E-OZSGCABY% M3 TOTAL THRUST = 21,129,060 N (S.L.)

VOL=84.94 M3 WT =228757KG | o, rank

VoL = 12690.26 M3 ...
\L/g{?a'::a.za M3 WT = 1,407,714 KG, 210
WT = 234,619 KG
! L ‘8o l 35.42 M (REF)
Voo r il B I Y
L :: o l’ y ‘.-E
e e 7.974
[ 29.028 53.218
96.760 M

Figure 4.2-3. HLLV Second Stage (Orbiter)
- Landing Configuration

The cargo bay 1s located in the mid-fuselage in a manner similar to the
STS orbiter and has a length of approximately 90 feet. The detailed weight
statement and a propellant summary for the orbiter is included in Tables 4.2-2
and 4.2-3 respectively.
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4.3 HLLV PERFORMANCE

The HLLV performance has been determined by using a modified STS scaling
and trajectory program. The tabulated trajectory data for both nominal and
abort conditions 1s contained in Appendix B. The vehicle can deliver a pay-
load of approximately 231,000 kg to an orbital altitude of 487 km at an
inclination of 31.6°. The engine performance parameters used in the analyses
are given in Table 4.3-1.

Table 4.3-1. Engine Performance Parameters

ENGINE SPECLFIC IMPULSE (SEC MIXTURE RATIO| THRUST/WEIGHT
SEA LEVEL VACUUM
LOX/RP GG CYCLE 329.7 352.3 2.8:1 120
LOX/CH, GG CYCLE 336.9 361.3 3.5:1 120
LOX/LH, STAGED COMB. 337.0 466.7 6.0:1 80

The vehicle relative staging velocity is 2127 m/sec (6978 ft/sec) at an
altitude of 55.15 km (181,000 ft) and a first stage burnout range of 88.7 km
(48.5 nmi). The first stage flyback range is 387 km (211.8 nmi). For the
reference HLLV configuration, all engine throttling to limit maximum dynamic
pressure during the parallel burn mode is accomplished with the first or
booster stage engines only (i.e., second stage engines operate at 100% rated
thrust).

Summary vehicle characteristics are given in Tables 4.3-2 and 4.3-3. The
computer CRT data are provided in Figure 4.3-1 through 4.3-35.
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Table 4.3-2.

Vehicle Characteristics (Nominal Mission}

SIaGe . i _< 3

LRUSS STAGE WELIGHTy (LD L1512 1558 o U S5Q40159%.0 46lo102.0

LRUSS STAGE THRUST/ WL IOGHT le30CY Japied J«Y00

THRUST ACTUALsLLY) 2y 4 Stk o0 415006440 415C00U 0

L5P VALUIMy (5EC) std=b91 4604140 4604160

STRULTUKE s (LB) 104 et -9 G20 BubilYeu

PROPELLANT LLB) ¥a5 66000 224031,0 3406429 .0

PeKboe FRACS9{NU) Uebl01l3 UaLého Ue (LT3

PROPLLEANT FRAG .y ENUG) UeU U4 Le QGG0 Ge BUST

BUNUUT Tlac, (56C) 154,695 rlo.T060 233 s3%0

bURNUUT VELULITY (FT1/75¢EL) ToYyYe 340U 8399 «10b 2599 .11

BURNUUT GAMMA 4 (DEGREES) 15,405 12.1@8 Geldd

oUKNUUT ALTLITULEY (FT) 115622 o4 PR R-P3"Y PR 219691 .4

BURNUUT RANGLEy (WM ) 44 4,3 boa.l B8lies

LOEAL Ve GCITY o (F¥/5cC) avblY el LAidWeu £97142+5

INJECTEOUN VELUCITY, (FT/5EL) Vel FLYSALK KANGELNM) b eb
INJELTIGN PRUPLLLAN G (LB) Geu FLYDALK PRUP (LSS 1o406LY e
Uit UKBLT LELTA-V{FT/S5E0) L3 &5

Uh DRBIT PRUPELLANT 4t iLE) Y5c6ueb

Ul URBET LSPy Sel) 4ooed

Vht A= L% .94

PARYLLADy (LD )

PLTOLH KAT o= euCi98
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ATTEMP TS Tu (uNVERGES 3




Table 4.3=3.

Summary Weight Statement (Nominal Mission)

‘UKBRITER WEIGHT BRoAKLOWN

ORY WEIGHT 1216230yl PUUNDS
PER SUNNEL 300Uedu. PLLNLS
RESIDUALS 207G.00u  PUUNUS
KRESERVES 33CG0C0 POUNDD
IN-FLIGHT LOSSES LLa39%eud  PUURDS
ACPS PRUPELLANT 182b8C040 rUunL>
OMS PROPELLANT G926ued b2 PUUNUSL
PAYLUAD 53Jo403.d0y PIUNUS
BALLAST FCR CG CONTROL el POUNDS
UMS INSTALLATION KETS Gel POUNDS
PAYLUAD MuJS JeU PLUUNLD
TGTAL END BOOST (OxiITER ONLY) L3003 72.v 0 POUNLS
OMS BUKNED DUKING ASC anT Gad PULNLS
ACPS BUKNED DUkINo ASUENT Ce0 POGLNDS
EXTERNAL MAIN TANK
TANK DRY WEIGHT 2040.30. prOUNDS
RES1DUALS A773Ge3qu  rUUNDS
PROPELLANT BlAS { 264i«306¢ ) YOUNUS
PRESSURANT ( 21232.000 ) PUUNTS
TANK ANU LINES { 9323.00uv POUNDLS
ENGINES { 365u.030 ) PLUNLS
FLIGHT PERFUKMANUL G RESchVE 2C93Ge30. PLUUNDS
UNBURNEY PRuUPELLARNT (MalIN TanK) Ceu rouNul
JaTaL END BOGST (EXTERKNAL TANK) 4i300e00UC  PUUNDS
USAGBLE PRUPELLANT (cXVERNAL TANK) 5.9¢6533,33 POUNDS
FLYBACK PROPELLANT (FiRS51 STAGE) 18469 67 FUNDS
SOLIU RUCKzT MUTUR (FIKST ST AGE) 9.405480 0 POUNDS
SRM CASE WEIGHT (<) ISRy | PUUNUS
SERM STRUCTUKRE & RLVY WELGHT 0.0 PLUNDS
SKM INCRT STAGINe WEL bl 104540887 PLUUNLS
USABLE SRM PRUPCLLANT T995000.0U FOUNDS
TUTAL GROSS LIFT—uFF wElGHT (GLOW) 15774583 PLUNLS
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PICTURAL VIEW OF THE FLYBACK MANEUVER OF THE HLLV BO0STER (SPS STUDY)
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4.4 TRADE STUDY OPTIONS

The trade study options data are given in Appendix B. The several trade
options evaluated included the following:

* First and Second Stage Engine Throttling

¢ First Stage Propellant Weight Semnsitivity

* Second Stage Propellant Weight Sensitivity

* Lift-off Thrust-to-Weight Sensitivity

* Alternate First Stage Propellants (LOX/CHy and LOX/LH:)

With the exception of the engine throttling trades, all trajectories
assumed 100% throttling by the first stage engines (i.e., second stage engines
operate at maximum thrust throughout the parallel burn ascent phase) in order
to. stay within maximum allowable load factor and dynamic pressure, 3 g and 650
psf respectively.

The engine throttling study shows little effect on vehicle payload capabil-
ity when doing 100%Z of the throttling with either stage. All intermediate
options (i.e., partial throttling of both stages) shows a degradation in pay-
load capability.

The first stage propellant weight sensitivity analyses show an improve-
ment in glow/payload weight ratio (smaller) as first stage propellant weight
is increased, however, the staging velocity exceeds the capability of a heat
sink booster. The second stage propellant weight sensitivity indicates an
opposite effect to the first stage data.

By combining the effects of throttling of second stage only and increas-
ing first stage propellant weight could result in a 10-15% improvement over
the reference HLLV configuration.

The alternate propellant trades, LOX/CH, and LOX/LH, show 7% and 37%
increased performance over the reference HLLV configuration., The LOX/LH,;
configuration, however, becomes extremely large (volume) and less cost
effective because of handling and propellant costs. The LOX/CH, booster
appears to be a viable option.

4=-20
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5.0 LEO-TO-GEO TRANSPORTATION - EOTV

It was previously shown that a chemical orbital transfer vehicle requires
a prohibitive propellant mass to place the SPS mass in GEO because of the
limited available specific impulse of chemical systems. An electric argon ion
orbital transfer system was therefore selected as a baseline for SPS cargo
transfer from LEO-to-GEO. This study phase was directed toward better def-
inition and a degree of optimization of the EOTV concept. Detailed electric
thruster analyses and parametric scaling data are included in Appendix C.

5.1 ELECTRIC ORBITAL TRANSFER VEHICLE CONCEPT

The electric OTV concept, Figure 5.1~1 is based upon a rigid design which
can accommedate two "standard'' solar blanket areas of 600 meters by 750 meters
from the MSFC/Rockwell baseline satellite concept. The commonality of the
structural configuration and comstruction processes with the satellite design
is noted. Since the thrust levels will be very low (as compared to chemical
stages), the engines and power processing units are mounted in four arrays at
the lower corners of the structure/solar array. Each array contains 36 thrust-
ers, however, only sixty-four thrusters are capable of firing simultaneously.
The additional thrusters provide redundancy when ome or more arrays cannot be
operated due to potential plume impingement on the solar array. Up to 16 thrust-
ers, utilizing stored electrical power are used for attitude hold only during
periods of occultation. The attitude determination system is the same as the
SPS, mounted in 6 locations as indicated. Payload attach platforms are located
so that loading/unloading operations can be conducted from “outside" the light
weight structure.

@ ATTITUDE DETERMINATION SYSTEM
4 LOCATIONS}

36 INCLUDES
‘,//’uiwuns

\ 4 ®
R aNY, -
Toa 5 r.m(0]
k..’i‘—<_lg.-
b —

Figure 5.1-1. EOTV Configuration
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5.1.1 EOQTIV SIZING ASSUMPTIONS

A list of primary assumptions used in EOTIV sizing are summarized in
Table 5.1-1. The orbital parameters are consistent with SPS requirements and
the delta "V" requirement was taken from previous SEP and EOTV trajectory cal-
culations. A 0.75% delta "V" margin is included in the figure given.

Table 5.1-1. EOTV Sizing Assumptions

» LEO ALTITUDE ~ 487 KM @ 31.6° INCLINATION

* SOLAR INERTIAL ORIENTATION

* LAUNCH ANY TIME OF YEAR

e 5700 M/SEC AV REQUIREMENT

* SOLAR INERTIAL ATTITUDE HOLD ONLY DURING OCCULTATION PERIODS
* 50° PLUME CLEARANCE

e NUMBER OF THRUSTERS - MINIMIZE

» 20% SPARE THRUSTERS - FAILURES/THRUST DIFFERENTIAL
= PERFORMANCE LOSSES DURING THRUSTING - 5%

« ACS POWER REQUIREMENT - MAXIMUM OCCULTATION PERIOD
» ACS PROPELLANT REQUIREMENTS - 1Q0% DUTY CYCLE
+.25% WEIGHT GROWTH ALLOWANCE

During occultation periods, attitude hold only is required (i.e., thrust-
ing for orbital change is not required).

Since it is currently anticipated that thruster grid changes will be re-
quired after each mission, a minimum number of thrusters are desired to minimize

operational requirements.

An excess of thrusters are included in each array to provide for potential
failures and primarily to permit higher thrust from active arrays when thrust-
ing is limited or precluded from a specific array due to potential thruster
exhaust impingement on the solar array or to provide thrust differential as
required for thrust vector/attitude control. A 5% specific impulse penalty was
also applied to compensate for thrust cosine losses due to thrust vector/atti-
tude control.

An all~-electric thruster system was selected for attitude control during
occultation periods. The power storage system was sized to accommodate maximum
gravity gradient torques and occultation perleds. A very conservative duty
cycle of 100% was assumed for establishing ACS propellant requirements. A 25%
weight growth margin was applied as in the case of the SPS.

5.1.2 EOTV SIZING APPROACH

The key criteria in sizing the EQIV are given in Table 5.1-2. As stated
previously the EOTV power source utilizes the same construction approach as the
basic SPS. Structural bays and solar blanket sizes are consistent with those
of the SPS.



Table 5.1-2. EOTV Sizing Approach

SAME CONSTRUCTION/CONFIGURATION AS SPS
o PAYLOAD CAPABILITY > 4x10% KG UP/10% DOWN
« SELF-ANNEALING SOLAR CELLS (GsAlAs)

TRIP TIME LEO-TO-GEOC ~ 120 DAYS
GEO-TO-LEO < 30 DAYS

~ END-OF-LIFE PERFORMANCE CRITERIA - 153 DEGRADATION
SAME CRITERIA USED FOR S1 EOTV CONFIGURATICN

L)

The payload capability of 4x10~% kilograms is consistent with previous
study results which indicated minimum transportation costs based on 8 to 12
EOTV flights and LEO-to-GEQ trip times between 100 and 130 days (see Trade
Studies). A 10%Z down payload capability is provided in order to return pay-
load packaging materials.

The GaAlAs cells are assumed to be self-annealing of electron damage
occurring during transit through the Van Allen belt. A lifetime degradation
in performance of 15% 1s consistent with basic SPS criteria. This end-of-life
performance was conservatively used in all performance calculations.

The issue of silicon cell annealing was not addressed. However, the same
assumptions used for the GaAlAs system were applied to the silicon cell config-
uration (see Trade Studies).

5.1.3 EOTV SIZING LOGIC

The logic employed in sizing the EOTV and thruster selection are summa-
rized in Table 5.1-3.

Table 5.1-3. EQTV Sizing Logic

SOLAR ARRAY CONFIGURATION - AVAILABLE POMER

GRID OPERATING TEMPERATURE ~ MAXIMUM TOTAL VOLTAGE
GRID VOLTAGE (PLASMA LIMITED) - SPECIFIC IMPULSE
*HUMBER OF THRUSTERS - BEAM CURRENT/DIAMETER/THRUST
s TRIP TIHE - PROPELLANT WEIGHT/PAYLDAD WEIGHT

*CONSISTENT WITH ACS THRUST REQUIREMENTS

Having adopted a basic solar array configuration, the available power is
thus established. The solar array consisting of two SPS bays has a total power
output of 335.5 megawatts. Line losses of 6% and an end-of-life cell degrada-
tion of 154 were assumed which yields a net power to the thruster arrays of
268.1 megawatts. The thruster array losses were determined to be negligible.
The power storage system was also sized on the same basis as for the SPS, 200
kilowatt-hours per kilogram weight.



The practical upper operating temperature-limit of 1900°K for molybdenum
thruster grids fixes the maximum absolute operating voltage of the thrusters
at 8300 volts (see Appendix C).

The solar array voltages must be as high as possible to reduce wiring
weight penalties, yet, power loss by current leaking through the surrounding
plasma must be at an acceptable level. There is no significant flight test
data available on plasma-current leakage. [Planned experiments aboard the
SPHINX satellite (February 1974) were lost due to a launch failure.]

K. L. Kennerud in 1974 predicted plasma power loss based on analysis and
plasma-chamber experiments, Figure 5.1-2. The plasma loss from a 90 percent
insulated array is plotted in the figure as a function of altitude with voltage
as a parameter. At 500 km altitude and very large arrays and high efficiency
cells, it may be possible to utilize 2000 volts.

SYNCHRONOUS
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- | ELECTRON
‘,':‘ COLLECTION
e
2
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-
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'g(w [ 1ON
& N COLLECTION
10 N\ 1~,2,000
\ VOLTS

1 (1) REFERENCE: KENNERUD, K.L.

1 - \\l HIGH VOLTAGE SOLAR ARRAY EXPERIMENTS.
NASA LEWIS RESEARCH CENTER

I DOCUMENT CR-121280 1974

10-1 ] | [ !

100 1,000 10,000 100,000
ALTITUDE (KILOMETERS)

Figure 5.1-2., Plasma Power Losses from a 15 kW Solar Array
with 90% Insulating Surface

An upper limit of +2000 volts was therefore assumed in order to preclude
the possibility of arcing due to LEO plasma effects. A specific trade of con-
ductor insulation requirements as a function of positive voltage is indicated.
The screen grid voltage establishes propellant specific impulse at 8221 sec,
The number of thrusters selected establishes the remaining thruster parameters.,

S5=4



(The number of thrusters should be selected such that the individual thrust is
consistent with attitude control thrust requirements in order to preclude the
need for dedicated ACS thrusters.) Thruster characteristics are summarized in
Table 5.1-4.

Table 5.1-4. EOTV Thruster Characteristics

« MAXIMUM OPERATING TEMPERATURE - 1500° K

+ TOTAL VOLTAGE - 8300 VOLTS

» GRiD VOLTAGE - 2000 VOLTS MAXIMUM

« BEAM CURRENT - 1887 ANP

o SPECIFIC IMPULSE ~ 8213 SEC

« THRUSTER DIAMETER ~ 76 CM

~ THRUST/THRUSTER - 69.7 NEWTON

« NUMBER OF THRUSTERS =~ 14k (INCLUDES 25% SPARES)
« HAX!MUM OF 64 THRUSTERS OPERABLE SIMULTAHEOUSLY

By establishing trip time (see Trade Studies), the maximum quantity of
propellant which can be consumed during transit is established; which in turn
fixes maximum payload capability.

5.1.4 EOTV WEIGHT/PERFORMANCE SUMMARY

Based upon the assumptions, approach and logic described above, the EQTIV
weights and performance are essentially established. The selected EOTV weight
and performance summary is given in Table 5.1-5, and the configuration is shown
in Figure 5.1-3.

Table 5.1-5, EOTV Weight/Performance Summary (kg)

SOLAR ARRAY 588,196
CELLS/STRUCTURE 299,756
POWER CONDITIONING 288,440
THRUSTER ARRAY (&) 96,685
THRUSTERS/STRUCTURE 10,979
CONDUCTORS 4,607
BEAMS/G IMBALS 2,256
PROPELLANT TAMKS 78,843
ATTITUDE CONTROL SYSTEM 186,872
POWER SUPPLY 184,882
SYSTEH COMPONENTS 27k
PROPELLANT TANKS 1,716
EOTV INERT WEIGHT 871,753
25% GROWTH 217,938
TOTAL INERT WEIGHT 1,089,691
PROPELLANT WEIGHT 666,660
TRANSFER PROPELLANT 655,219
ACS PROPELLANT 11,k
EOTV LOADED WEIGHT 1,756,351
PAYLOAD WEIGHT 5,171,318
LEO DEPARTURE WEIGHT 6,927,669
PROPELLANT COST DELIVERED ($/KG P/L) 4.72
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Figure 5.1-3. Selected EOTV Configuration

The solar array weights are consistent with baseline SPS weights criteria.
The thruster array welghts are dictated by the size/performance of the individ-
ual thruster whose performance is fixed by available power and voltage/tempera-
ture limitations.

The major element of attitude control system weight, (the power supply)
is based on the same sizing criteria as the SPS battery system.

The transfer propellant weight of 666,660 kg is the maximum that can be
consumed by the thrusters during the assumed transit time of 120 days up
(100 days thrusting) and the resultant return trip time of approximately
30 days (22 days thrusting).

The EOTV dry weight (including growth) 1s approximately 1.09x10° kg and
has a payload delivery capability to GEO of 5.17x10° kg with a 10% return pay-
load capability to LEO.

The estimated cost of $4.72/kg-payload reflects propellant costs only
(delivered to LEO).
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5.2 ELECTRIC ORBITAL TRANSFER VEHICLE TRADE STUDIES

Several trade studies were conducted with the objective of achieving a
near cost-optimum EOTV configuration. In addition, parametric sizing data
were generated for thrusters, thruster arrays, conductors, and overall EOTV
sizing. These data are contained in Appendix C. The results of selected
trade studies are summarized herein.

5.2,1 SOLAR ARRAY VOLTAGE, GRID TEMPERATURE, NUMBERS OF THRUSTERS

The effects of lowering the total solar array voltage from the baseline
of 8300 volts to 5300 volts was evaluated and the results were found to be
negligible. The thruster diameter increased to 120 cm and the grid tempera-
ture was lowered to 1500°K. Although the thruster array weight increased
approximately 2.5 times the total dimpact on EQOTV inert weight 1is negligible.
In addition the added array weight could be offset by a reduction in conductor
insulation weight, A lower total voltage would appear to be advantageous only
if the power conditioning weilght would be effected significantly which present
data indicates would not be the case.

Similarly, the number of thrusters in the baseline was reduced by 50X,
thus doubling the unit beam current and thrust. The thruster diameter in=-
creases to 108 cm with no significant change in thruster array weight. The
higher thrust appears to be disadvantageous from the standpoint of ACS re-
quirements (i.e., dedicated lower thrust units might be required to satisfy
minimum ACS demands).

Three EQTV configurations reflecting changes of the type described and
also trip time are summarized in Table 5.2-1. As may be seen the relative
propellant costs between configuration 1lA and 11B show an increase with a
decrease in trip time from the baseline. Configuration 12 also shows an in-
crease in cost with increased numbers of thrusters with lower accelerating
voltage. Although configuration 1lA appears to be more efficient than the
baseline, it 1s noted that only 10%Z spare thrusters and a 15% weight growth
was allowed in these configurations. When these corrections are made, all
three configurations exceed the baseline selection.

5.2.2 POWER DISTRIBUTION AND CONTROL WEIGHT

A simplified block diagram, Figure 5.2-1, illustrates the EOTV power dis=-
tribution interface for the solar photoveoltaic concept. The distribution sub-
system consists of interties, main feeders, summing bus, tie bar, switch gears,
and dc/dec converters. The solar arrays feed the load buses with a direct
energy transfer. Provisiong are included to switch power from any bus to any
thruster location. The basic voltages supplied are +2000 V dc and -~6300 V dc.
Individual power supplies will be included as required at the thrusters to
supply other voltages.

Figure 5.2~2 shows the power distribution and control weight comparisons
for several EOTV configurations studied. A solar array voltage output of
2080 V dc was selected as the upper limit for power gemeratlon to stay within
tolerable plasma power losses for low earth orbit operations. The lowest weight

-7



Table 5.2-1l. EOTV Configuration Trades

CONFIGURATION 11A 11B 12
THRUSTER DATA
ACCELERATING VOLTAGE, ¢ 2000 2000 1268
SPECIFIC IMPULSE, SEC 8213 8213 6540
DIAMETER, CM 127 127 127
GRID SET TEMP., 9K 1300 1300 1300
NO. (INCLUDING 10% SPARES) 1186 116 180
TRIP TIKE, DAYS
LEGC-GEO 100 80 100
GEC-LEQ 22.3 20 20.9
PROPELLANT, XG {859,739) (540,766) (1,009,000)
LEO-GEO 532,444 425,952 824,636
GEO-LEO 118,712 107,188 171,930
ACS 8,583 7,628 12,434
EOTV WEIGHTS, KG
SOLAR ARRAY & COND. 588,198 588,196 588,196
THRUSTER ARRAY 112,588 96, 489 200,388
POWER SUPPLY 60,413 67,029 54,524
TOTAL DRY WT. (INCL. 15% 875,374 864,448 869,578
GROWTH)}
~*PAYLOAD ¥T., KG 5,458,250 4,186,384 6,758,069
**PROPELLANT COST (DELIVERED)
($/KG PAYLOAD) 4.51 4.81 5.57
*Based on 10% down peyload capsability.
#*Rockwell reference conflguration—$4.72
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Bonon | 101 1007 T Sinin
CONFIGURATION B | Bl I8 '3
Ligald LR | L] ]
CELL MAT'L GaAs SILICON
xR 2 )
TRANS, VOLTAGE +2080V -6300v | -6300v
PANEL CONFIG. SPLIT SPLIT SPLIT SPLIT SPLIT sPLIT SPLIT

2 PANELS | 4 PANELS | 4 PANELS| 2PANELS | 4 PANELS 2 PANELS | 4 PANELS

WEIGHTS (108 KG)

INTERTIES 221,940 67,260 177,550 177,550 177,500 19,540 19,540
MAIN FEEDERS 144,520 119,230 57,810 57,810 57,810 22,850 83,740
SUMMING BUS 177,550 44,390 177,550 177,550 55,490 68,800 68,800
TIE BARS 24,660 24,660 24,660 24,660 24,660 8,140 8,140
SW GEARS 2,290 2,290 2,290 2,290 2,290 9,460 7,310
POWER CONDIT. - - - - - 75,490 75,490
INSUL, 4,400 4,400 4,400 4,400 4,400 4,400 16,150
SEC., STRUCT, 57,540 26,220 44,200 44,430 3,220 20,870 27,920

TOTAL 632,900 288,440 486,180 488,690 354,420 229,550 307,090

NOTE: CORRECTION FACTORS
T2AR,, EFF e 1_94-. % .
FACICR 7 7587770 10319

Figure 5.2-2. EQTIV Power Distribution and
Control Weight Comparisons

concept results in a power distribution subsystem weight of 288,440 kg. This
configuration is a direct energy transfer to the engines. This weight was cal-
culated at a distribution (line lossg) efficiency of 947 (i.e., 6% line loss).
The weight calculations ranged up to 632,900 kg dependent upon specific con-
figuration details. A negative voltage system was compared to show impact of
higher voltage. A negative 6300 volts was selected for this purpose since
this is the second voltage requirement of the EOTV thruster system. This con-
cept requires power conditioning at the thrusters to provide the +2000 volt
inputs required. The silicon system was compared for the lowest weight ap-
proach and results in a weight penalty of ~33% (307,090 kg vs 229,550 kg).

The +2080 volt concept is the recommended approach since it does not require
major power conditioning (i.e., direct power transfer) and the -6300 volt
system is susceptable to arcing problems in the plasma environment.

5.2.3 GALLIUM ARSENIDE VERSUS SILICON SOLAR CELLS

A comparison was made of the EOTV requirements using GaAs and silicon
solar cells. The configurations used in the comparison are shown in Figure
5.2-3 with a tabulation of solar array parameters and values. The silicon
solar array weights are 725,904 kg compared to 263,511 kg driven by higher
specific weight (.426 kg/m2 vs .252 kg/mz) and requirement for large area
(1,704,242 m* vs 886,950 m?). The impact of reflector weight on the GaAs
configuration is negligible.
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\-/~( masm g
GaAs CONFIGURATIONS v SILICON CONFIGURATIONS

PARAMETER GaAs SILICON
SOLAR INPUT 1319.5 w/M2 1319,5 Ww/m2
ENERGY ONTO CELLS 2414.7 (CR = 1,83) 1319.5 (CR = 1)
nm 424,98 (17.6%) 221,17 (16.74%)
DESIGN FACTOR 278.24 (.89 196,85 (.89)
POWER OUTPUT (ARRAY) () | 335,48 MEGAWATTS 335.48 MEGAWATTS
NOTE: AREA REQM'T 886,950 M2 1,704,242 Mg
R) ARRAY AREA 900,000 M2 1,800,000 M
NO SPACE DEGRADATION | AppaY WEIGHT (KG) 223,511 (.252 KG/MD) | 725,904 (.426 KG/M?)
ALLOWANCES REFLECTOR AREA 2,210,000 M2 -
REFLECTOR WEIGHT 40,000 KG -
SUBTOTAL 263,511 KG 725,904 KG

Figure 5.2-3. EOTV Solar Array Comparisons
(GaAs versus Si Solar Cells)

Estimated weights and performance for two representative EOTIV configura-
tions are given in Table 5.2-2. The increased solar array weight for the
silicon solar cell configuration results in a 14% reduction in payload capabil-
ity and a longer return trip time. Because of these factors and the unknowns
in annealing of the silicon cells in space, the gallium arsenide approach is
more desirable.

5.2.4 ATTITUDE CONTROL SYSTEM

The selection of an "all-electric" propulsion system was based on prior
studies which indicated a prohibitive propellant requirement for chemical
thrusters, even when used in the ACS mode only.

The Rockwell EOQOTV concept utilizes attitude hold only during the shadowed
period of orbit. Electric thrusters powered by storage batteries are used for
ACS during this period. Worst case ACS requirements during Earth shadow periods
were evaluated in order to determine battery power and thruster requirements;
the objective being to minimize ACS requirements.

Thruster redundancy in each thruster array was also considered to preclude
thruster exhaust impingement on the solar array.
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Table 5.2-2. GaAlAs and Silicon Powered EOTV
Weight Comparison (kg)

ELEMENT GaAlAs SILICON
SOLAR ARRAY 493,056 1,032,991
THRUSTER ARRAY 104, 046 113,355
ATTITUDE CONTROL SYSTEM 50,471 50,576
EOTV INERT WEIGHT 641,573 1,196,922
GROWTH - 25% 161,893 299, 231
TOTAL EOTV INERT WT, M, 466 1,496,153
DELTA V PROPELLANT 540, 420 593,170
ACS PROPELLANT 6,874 7,411
TOTAL EOTV LOADED WT. 1,356,760 2,096,794
PAYLOAD WEIGHT 5,310, 568 4,570,534
LEO DEPARTURE WT. 6,667,328 6,667,328
TRIP TIME (UP/DOWN) 12016 120/28

EOTV dry and loaded inertia data, Table 5.2-3, were generated for two pay-
load stowage options. These data were generated for comparison with MSFC data

and for ACS thruster requirement determination for the reference EOTV configura-
tion described earlier.

Table 5.2=-3. Preliminary Moments of Inertia
o EOTV REFERENCE CONFIGURATION

MOMENTS OF INERTIA
KG-M< X 10"

% ly 1z

INERT EOTV WITHOUT
PAYLOAD & PROPELLANT 3.0 -5 3.5

ON EACH SIDE AT ¢/2 6. i 11.37

¢ PAYLOAD DISTRIBUTED
ABCOUT C.M, 6.96 .21 8.14

EQTV FULLY LOADED G
@ PAYLOAD CONCENTRATED

The approach to sizing ACS power requirements was to integrate the overall
thruster requirements over the earth shadow period rather than taking maximum
values which lead to ultra conservative design requirements, Figure 5.2-4.
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Figure 5.2-4. Typical Gravity Gradient Torgque Curves
Based upon average gravity gradient torques, the number of thrusters re-
quired were determined for two vehicle orientations, three beta angles, and
two payload locations. The calculated thruster requirements are summarized
in Table 5.2-4.
Table 5.2-4. Thruster Requirements in Shadow*

® LONG AXIS INITIALLY POP

AVERAGE NO. THRUSTERS

BETA PAYLOAD DISTRIBUTED PAYLOAD CONCENTRATED
(DEG) ABOUT C. M. ON EACH SIDE AT L2

10 86 3.0

30 16.2 19.9

&5 132 17.7

® LONG AXIS INITIALLY IN ORBIT PLANE

10 15.2 15.6
30 16.0 2.9
L] 19.9 23.3

*BASED ON 487 KM ALTITUDE
AVERAGE SHADOW PERIOD 36.7 MIN.

Although the number of thrusters required to satisfy all ACS requirements
are greater than previously estimated (i.e., 16 in lieu of 4, nominal), other
options are available to further reduce ACS requirements. These include EOTV
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configuration changes, off-set solar pointing, attftude maneuvers to lower
gravity gradient torque during shadow periods, etc.

Potential methods of reducing thruster requirements by configuration
changes are illustrated in Figure 5.2-5, Many other configuration options
also exist.

¢ ' « PRESENT CONFIGURATION

I | *CAN REDUCE IMPINGEMENT
PROBLEMS BUT REQUIRES
8 CLUSTERS {VS 4)

oREDUCES IMPINGEMENT CONSTRAINTS,
INCREASES MOMENT ARMS,
INCREASES STRUCTURE AND POWER

. CABLING REQUIREMENTS

*+OTHERS

Figure 5.2-5. Alternative Thruster Configurations

Another method of providing reduced ACS thruster requirements is to roll
the vehicle relative to the solar inertial axis. Although some logs in solar
blanket efficiency might occur, the reduction in numbers of thrusters may off-
set those losses. The effect on solar blanket efficlency with off-set pointing
is shown in Figure 5.2-6.

Although alternate configurations are recommended for future evaluation,
the current concepts are adequate for this phase of program definition.
Table 5.2-5 summarizes the current ACS trade study results.

5.2.5 TRIP-TIME OPTIMIZATION ANALYSIS

An analysis was performed to define an approach for comparing EOIV's
having differing LEO-to-GEO trip times on a $/kg-of-payload basis. Although
the number of EQTV variables assessed are limited, the basic study result is
believed to be valid. Later studies might include variations and refinements
on any major parameter (i.e., electric engine size, thrust level and specific
impulses). (EOTV and COTV are used synonymously in this section of the
report.)

The basic equations used are presented in Table 5.2-6 to give the reader
sufficient data to check succeeding calculations if desired. Note that the AV
of 4508 m/sec is applicable to an equatorial departure orbit at 300 nautical
miles. TFor departures from inclined orbits, the Edelbaum equations are suggest-
ed. The calculation of initial EOTIV mass in LEO, Mi, was modified slightly to
account for ACS propellant use.
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Figure 5.2-6. Partial Solar Pointing

Table 5.2-5. ACS Trade Study Results

® LONG AXIS INITIALLY POP WITH PAYLOAD DISTRIBUTED ABOUT C.M. IS THE
PREFERRED ORIENTATION

o FOR ATTITUDE HOLD IN SHADOW PERIOD, THE AVERAGE NUMBER OF THRUSTERS
1S 8,6 FOR LOW f§ AND 18.2 FOR WORST-CASE B.

® PRESENT YTHRUSTER CONFIGURATION OF FOUR CLUSTERS REQUIRES 36 THRUSTERS

PER CORNER INCLUDING 20% SPARING; COSINE LOSSES N VERTICAL PLANE DUE
TO 15° PLUME CONSTRAINT (APPROX. WORST CASE COSINE LOSS « 12%

® PARTIAL SOLAR POINTING ATTRACTIVE FOR HIGH p ORBITS

© CONSTRAIN MISSION TO REDUCE MAXIMUM £ (AND CONTROL REQUIREMENTS)
APPEARS FEASIBLE; REQUIRES FURTHER MISSION ANALYSIS TO DEFINE

MAXIMUM B
© INVESTIGATE ALTERNATIVE THRUSTER CLUSTERING CONFIGURATIONS

By "freezing" the electric EOTV size and non-propulsive subsystems, trip
time variations are introduced by varying the payload to change the thrust-to=-

weight relationships.

From computer data, the following LEO~to~GEQ trip times

and thruster burn times were established.

LEO-TO-GEQ TRANSFER

Total Trip Times

Thruster Burn Times

(Days) (Days)
30 20.8
60 47.0
90 73.2

120 99,4
150 125.7
180 151.8
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Table 5.2-6. Basic Equations Used in Analysis

THRUSTER PROPELLANT FLOW RATE

glsp

. 13.02
9. 806513, 0000

h e 10.23x107

ELECTRIC COTV GROSS WEIGHT IN LEO

M, = MASS OF PROPELLANT (LEO-T0-GEO)

M = MASS REMAINING IN GEO AFTER EXPENDING PROPELLANT M,

M; = INITIAL COTV MASS IN LEO

R\
M' . M,( eglsp - l) WHERE AV = 4,508 m/sec (NO PLANE CHANGE)
L)

- 0.03606 My

M= My o+ M- 28T3M

With these data, one can compute the LEO-to-GEO argon propellant requirements
and multiply by 0.2 to estimate tankage and line masses needed to calculate
GEO-to-LEO propulsive requirements. The return trip-time results which cor-
relate with the above LEQO-to-GEO transfers are as follows:

GEQO-TO-LEO TRANSFER

Total Trip Times Thruster Burn Times
(Days) (Days)
21.1 14.0
21.3 14,2
21.6 14,4
21.8 14.6
22.2 14.9
22.4 15.1

The payload mass capabilities for the various EOIV trip times are summarized
in Table 5.2-7.

Minor adjustments were made to the gross weights (i.e., from ~10,000 to
~20,000 kg) to account for expended ACS propellants during the transfers. The
weight growth margins are reflected in the propellant mass calculations since
they had been added to the non-variable EOIV masses.

The assumptions affecting EOTIV trip-time cost are summarized in Table 5.2-8.
The numbers shown for each assumption are not "hard" in the sense of being fully
justifiable and the reader is encouraged to introduce his own where discrepancies
may appear. The EOTV operations cost variable is introduced to account for the
slightly higher degree of activity at the LEO base for the shorter trip time
concepts, and 1is not to be taken as tha cost of LEO base operations. EOTV turn-
around times were based on total trip times plus assumed delays per trip and
loading/unloading operations times.
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Table 5.2-7.

Sizing the EOTV -~ Payload Mass Capabilities

NON=VARIABLE COTV MASSES (KG)

|

STRUCTURES AND SUPPORTS 252,000
SOLAR BLANKETS 226,300
REFLECTORS 25,200
THRUSTER MODULES 32,400
ROTARY JOINT 6,540
PWR DISTRIB. & CONTROL 46,500
IMS 11,400
ACS HARDWARE {ALL) 30,800
ACS PROPELLANT - LED 10,800
I YPRATY
+30% GROWTH MARGIN 186,730
H63,1/0
i LEQ~TO-GEQ TRIP TIMES
{ TRIP~TIME VARIABLE MASSES {xcﬂ} 30 DAYS 60 DAYS 90 DAYS | 120 DAYS | 150 DAYS | 180 pavs

LEO-TO-GEQ ARGON PROPELLANT 42,210 95,390 148,560 201,740 255,110 308,080

6E0-TO-LEQ ARGON PROPELLANT 28,460 28,880 29,300 29,720 30,140 30,560

ARGON TANKAGE/LINES 1h,130 24,860 35,570 46,290 57,050 67,7130

ACS FLIGHT PROPELLANT 5 400 10,500 16,200 21,600 27,000 32,400

SUBTOTAL 306,200 159,930 229,630 293,350 369,300 %38,770

NON-VARIABLE COTV MASS 809,170 809,170 809,176 869,170 809,170 809,170

ELECTRIC COTV HASS 899,370 363,100 | 1,038,800 | 1,108,520 | 1,178,470 | 1,267,940

GW IN LEO 1,221,740 | 2,751,620 | 4,261,230 | §,811,110 | 7,346,460 | 8,870,310

PAYLOAD CAPABILITY 322,370 | 1,782,520 | 3,242,430 | &,702,590 | 6,167,990 | 7,622,370

Table 5.2-8.

LEQ-TO-GEO
TRIP TIMES

30 DAYS
60 DAYS
90 DAYS
120 DAYS
150 DAYS
180 DAYS

MLLY PAYLOAD COSTS TO LEO » $30KG PAYLOAD

HLLY PAYLOAD INTEGRATION PENALTY OF 10%

HLLY ADDITIONAL PAYLOAD INTEGRATION PENALTY OF 20% FOR PROPELLANT
CONTAINMENT

EOTV RESUPPLY PROPELLANT COSTS AVERAGE $1/KG

EOTV THRUSTER GRIDS REPLACED AFTER 4,000 HOURS BURN TIME

£0TV THRUSTER GRIDS WEIGH 4 KG/GRID AND COST $500/GR1D

EOTV "LIFE" IS DEFINED AS 100% REPLACEABLE AND IS BASED ON FOTV
FLIGHT TIMES USING 360-DAY YEARS

EOTV OPERATIONS COST VARIABLE 1S $200,000 FOR EACH FLIGHT TURNAROUND

EOTV INITIAL ON-ORBIT COST 15 $150x106

SATELLITE INVESTMENT AT $sx16?

DISCOUNT RATE 15 7.5%

EOTV TURNAROUND TIMES AS LISTED:

TURNAROUND
TIMES

51.6 DAYS
94.1 DAYS
130.6 DAYS
160. 8 DAYS
203.9 DAYS
240.4 DAYS

Assumptions Affecting EOTV Trip-Time Cost Comparisons

An example calculation is shown in Figure 5.2-~7 for the 180-day LEO-to-GEO
trip time case with its up payload capability of 7,622,370 kg to demonstrate

how costs are apportioned on a $/kg payload basis.
GEO trip~time cases are also presented and summed.

has yet been made for the initial/replacement cast of the vehicle.
be considered in the material to follow.
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VI EXAMPLE CALCULATION ' 180-DAY LEO-TO-GEO TRIP TIME CASE ~ PAYLOAD = 7,622,370

RESUPPLY :
HLLV_DPERATIONS COSTS
® ALL PROPELLANTS (385,080 KG) » 1.1 (PAYLOAD INTEGRATION)

x 1.2 {CONTAINMENT) x $30/KG {LAUNCH TO LEO) = $15,249,170

e GRID MASS REPLACEMENTS (4 KG/GRID x-270 GRIDS x 1.3 GROWTH)
% {166.9 BURN DAYS x 24 HRS/DAY + 4,000 HRS)x 1,1 (P/L) x $30/KC = 46,400
$15,295,570

= $2.007/¢G PL
MATERIALS/PROPELLANT COSTS

o PROPELLANT MASS (3B5,080) x §1/KG = $335,080
® THRUSTER MODU.E REPLACEMENT GRIDS - 135,190
$520,270

$0.068/KG PL

SPACE -OPERAT |ONS:

TURNARQUND COSTS
& AT 5200,000 PER FLIGHT, DIVIDED BY PAYLOAD

$0.026/KG PL

l}AlL TRIP=TIHE CASEY I

LEQ~-TO-GEQ TRIP TIMES
30 DAYS 60 DAYS ! 90 DAYS | 120 DAYS ! 150 DAYS 180 DAYS
RESUPPLY ~ HLLY OPERATIONS $11.099 $3.322 $2.550 §2.255 $2.101 $2.007
~ MATERIALS/PROP. 5 0.367 $0. 71 $0.086 $0.076 $0. 0 $0.068
SPACE OPERATIONS $ 0.620 $0.112 $0.062 $0.043 $0.032 $U.026
TOTALS $12.086 $3.545 52.698 §2.3/4 $2.204 $2.101

Figqure 5.2-7. Apportioned Resupply and Operations
Cost/kg of EOTV Payload

The definition of vehicle "life" was stated in the assumptions as requir-
ing 100% replaceability. An example is given here assuming that vehicle life
is limited to 5 years of flight time. For the 180-day LEO-to~GEO trip~time
case, 5 years times 360 days/year divided by 202.4 flight days per trip yields
an average vehicle life of 8.8933 flights. From this data, program buys can
be computed and are shown in Figure 5.2-8. Also from the data provided, fleet
size calculations can be made for each trip~time case. Note that a l0-year
"11ife" would halve the program buy requirements but would not alter the fleet
size demands.

The investment streams for capital purchase of the EOTV's is developed
from consideration of average vehicle cost, fleet size, total program buy, and
vehicle life. For this analysis it was assumed that the average vehicle cost -
in place - would be $150x10° regardless of the total numbers purchased. The
example shown in Figure 5.2~9 is for a S5-year vehicle “"life" and assumes that
the initial fleet production investment was.begun six years prior to the first
SPS I0C date. All LEO-to-GEO trip-time cases are shown except the 30~day case
which is now recognized as not cost-effective. If the last purchase of l0-year
life point was plotted for the 60-day trip-time, it would appear at $9.15 B on
the ordinate and 18.728 years on the abcissa, but the initial fleet complement
investment point would remain unchanged.
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EXAMPLE CALCULATION FOR 1BO-DAY LEQ-TO-GEO TRID TIMNE .

® LIFE OF VENICLE IS 8.8933 FLIGHTS

OURING THE VEHNICLE LIFE, IT WILL TRANSPORT 8.8833 x 7,622,370 KG = 67,788,020 KG.
THE PROGRAM REQUIREMENTS ARE 120 SATELLITES AT 40 x 10% KG EACH DIVIDED BY
67,788,020 KG YIELDS THE REQUIRED PROGRAM BUY OF 71 VEHICLES

® ASSUMING THAT A SINGLE SATELLITE MASS OF 40 x 108 KG MUST BE DELIVERED DURING A
90~-DAY INCREMENT, THEN THE FLEET SIZE REQUIREMENT IS 90 DAYS DIVIDED BY TURNAROUND
TIME OF 240 DAYS TIMES THE PAYLOAD = 2,858,390. THIS IS THE EQUIVALENT PAYLOAD
DELIVERED BY ONE VEHICLE OVER 90 DAYS. SINCE 40 x 10% KG 1S REQUIRED, THEN DIVIDE
BY THE EQUIVALENT PAYLOAD TO GIVE A FLEET SIZE OF 14 VEHICLES,

ELECTRIC COTV LEO-TO-GEC TRIP TIMES
30 DAYS 60 DAYS | 90 DAYS | 120 DAYS | 150 DAYS | t80 DAYS
CALCULATION 79,412 23.462 17.902 15,793 14.692 14.017
FLEET SIZES ™ pounpED 80 24 18 16 15 14
CALCULATION |422.703 ]121.626 91.783 80.410 74.449 70.809
PROGRAM BUY ROUNDED 403 1292 a2 81 75 71
Figure 5.2~8. Electric EOTV Fleet Sizes and Program Buys
CUMGLATIVE INVESTMENTS TOTAL PROGRAM BUY
{BILLIONS OF DOLLARS} 5 LAST PURCHASE -
518,30
24,213 YK
18 p~
16 =
LEO TO GEO -
TRIP TIME CASES $13.80 B
- {DAYS) 24,149 YR
60 $13.15 §
12 20 24,108 YR
120 $11.25 B
150 24.,080_YR
10 180 $10.65 B
"\\ 24.061 YR
AY
INITIAL FLEET 8 r
COMPLEMENT BUY
{5 BILLIONS) o k S
3.60 S
2'?0\
2,040 - -
2025
2.10 =
f/flﬂgg!ggggézy
o I t 1 ! ! { I W L ! L ! |
-6 -k =2 0 2 4 6 g 10 12 ih 113 18 20 22 24 26

YEARS FROM FIRST SPS 10C

Figure 5.2=-9. EOTV Capital Investment Streams

5-18




The time-value of money impact on cost comparisons is discussed in
Figure 5.2~10 and expressed for all trip-time cases in terms of $/kg of EOTIV
payload. The investment dollars were subtracted from the 180-day trip time
case and only the A differences are tabulated.

THE TIME-VALUE OF MONEY MUST BE CONSIDERED IN THE COST COMPARISONS OF THE
ELECTRIC COTYV ALTERNATIVES.

(1) SATELLITE CAPITAL INVESTMENT

LEO-TO-GEQ TRANSFER TIMES SHOULD BE CONSIDERED A8 PERIODS OF TIME DURING
WHICH THE INTERGST ON A CAPITAL INVESTMENT (E.G., THE SATELLITE VALUED
AT APPROXIMATELY $5 BILLION) I8 LOST. FOR EXAMPLE, THE "INTEREST LOST"
FOR A 180-DAY PERIOD AT A 7.5% DISCOUNT RATE IS APPROXIMATELY

3182.% MILLION. APPORTIONED ON A SATELLITE MASS BASIS EQUATES TO
$4.603/KG.

(2) COTV CAPITAL INVESTMENT

FROM THE PREVIOUS CHART IT IS TO BE NOTED THAT THE SHORTER TRIP-TIME
CASES NOT ONLY REQUIRE HIGHER INITIAL INVESTMENTS, BUT ALSO THE INVEST-
MENT STREAM 18 HIGHER. AGAIN, USING A 7.5% DISCOUNT RATE, FUTURE. VALUE
COMPUTATIONS WERE MADE FOR EACH INVESTMENT STREAM AND THE DIFFERENCES
IN $/KG PAYLOAD (AGAINST THE LOWER COST CASE-——E.G., THE 180-DAY TRIP-
TIME CASE) WERE ESTABLISHED.

LEO-TO-GEO TRIP TIMES

30 DAYS | 60 DAYS | 90 DAYS |120 DAYS |150 DAYS | 180 DAYS
INTEREST LOST '
($/K0) 0.755 1.516 2.280 | 3.050 3,824 4.603
CoTV INVEST-
MENT A's 40.128 5.877 2,403 | 1.158 0.192 -
($/KG)

Figure 5.2-10. Time~Value of Money Impact on
Cost Compariscons

Cost in terms of $/kg of EOIV payload for resupply, operations, "lost™
interest, and invegtment A's were summed and plotted for each of the LEO-to~-
GEO trip time cases, Figure 5.2~11. The results are presented for EQTV life-
times of 5, 10 and 15 years illustrating the shift in minimum cost ranges
toward the ghorter LEO-to-GEQO trip-times. These results are encouraging from
the standpoint of long-duration transfer palatability. Within reasonable
bound and for the performance values and cost assumptions presented, the
physical size of the elactric EQTV vehicle can be changed without appreciably
altering these results.
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COMPARATIVE COSTS
($/KG PAYLOAD)

10

-

EOTV "LIFE"
5 YEARS

10 YEARS
15 YEARS

30-DAY MINIMUM
COST RANGES

- 1

—
30

%0 %0 120 5180

LEO-TO-GEQ TRIP TIMES (DAYS)

Figure 5.2-11. Electric EOTV Cost Comparisons
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6.0 ON-ORBIT MOBILITY SYSTEMS

On—~orbit mobility systems have been synthesized in terms of application
and concept only. On-orbit elements considered here are powered by a chemical
(LOX/LH2) propulsion system. At least three distinct applications have been
identified; (1) the need to transfer cargo from the HLLV to the EOIV in LEO
and from the EOTV to the SPS construction base in GEO; (2) the need to move
materials about the SPS constructiom base; and (3) the probable need to move
men or materials between operatiomal SPS's. Clearly the POTV, used for trans-
fer of personnel from LEQO to GEO and return, is too large to satisfy the on~
orbit mobility systems requirements. A "free-flyer"™ teleoperator concept
would appear to be a logical solution to the problem. A propulsive element
was synthesized to satisfy the cargo transfer application from HLLV-EQOTIV-SPS
base in order to quantify potential on—orbit propellant requirements. This
transportation element has been designated intra-orbit transfer vehicle
(101V) .

Sizing of the IOTV was based on a minimum safe separation distance be-
tween EOTV and the SPS base of 10 km. It was also assumed that a reasonable
transfer time would be in the order of two hours (round trip), which equates
to a AV requirement on the order of 3 to 5 m/sec. A single advanced space
engine (ASE) is employed with a specific impulse of 473 sec. (see Sectiom 7.2
for complete engine description). The pertinent IOTV parameters are summariz-
ed in Tahle 6.0-1.

Table 6.0-1. IOTV Weight Summary

SUBSYSTEM WEIGHT ({kg)
ENGINE (1 ASE) 245
PROPELLANT TANKS 15
STRUCTURE AND LINES 15
DOCKING RING 100
ATT!ITUDE CONTROL 50
OTHER 100
SUBTOTAL 525
GROWTH (10%) 53
TOTAL INERT 578
PROPELLANT 300
TOTAL LOADED 878
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7.0 PERSONNEL TRANSFER SYSTEMS

The personnel transfer systems consist of three basic elements: a person-
nel launch vehicle (PLV) to transfer construction persomnnel within an independ-
ent personnel module (PM) from earth to LEO; a personnel orbital transfer
vehicle (POTV), a single chemical propulsive stage to transfer the PM from
LEO to GEO; and the PM, a self-contained crew/personnel module containing all
the necessary guidance, navigation, communication, and life support systems
for comnstruction crew transfer from earth to LEO.

7.1 PERSONNEL LAUNCH VEHICLE (PLV)

The PLV is a derivative or growth version of the currently defined Space
Shuttle Transportation System (STS). The configuration selected as a baseline
for SPS studies is representative of various growth options evaluated in
Rockwell-funded studies and NASA contracts, NAS8-32015 and NAS8-32395.

The current STS configuration is depicted in Figure 7.1-1, and the growth
version (PLV) is shown in Figure 7.1-2. As indicated in the figures, the growth

\

122,3 FT ORB

*331 IN.
DIA ET

146 IN,
DIA SR8

ORBITER 151K LB (INERT) : . L
215k LB (LIFTOFF) N : \_</SRB q
€T 1628k LB (LIFTOFF) 184.2 FT N
SR8 2573k LB (LIFTOFF OVERALL \ l
GROSS LIFTOFF WEIGHT = \‘)
4316K LB - 32K LB PAYLOAD

70 50 X 100 NMI AT 104 DEG * | ESS EXTERNAL INSULATION
INCLINATION

Figure 7.1-1. Baseline Space Shuttle Vehicle
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BJQSTER (EACH|:

GROSS W7 = 371X L8
PROP. WT = 715K L8
INERT W7 = 156K LB

£ 42K LD J LTACi)

S.L.)
306 SEC !S.L. )

LAUNCH CONF IGURATION iy e d
PAYLGAD = 170K L8 SLOW = 3.670M L3 w !
f= 156 FT

20.0 FT DJA—

>

TANK /' L0, TAK

LH2

(102¢ LB) (613K LB) g ; o
"LANDING ROCKETS LANDING ROCKETS

//// \ 5SME-35
RCS FLOTATION STOWAGE // 1 RED

PARACHUTE STOWAGE / ENGINE COVWER
{OPEN)

Figure 7.1-2. LO2/LHy SSME Integral Twin Ballistic Booster

version or PLV is achieved by replacing the existing solid rocket boosters (SRB)
with a pair of liquid rocket boosters (LRB). The existing orbiter and external
tank are used in their current configuration. The added performance afforded
by the LRB increases the orbiter payload capability to the reference STS orbit
by approximately 54%, or a total payload capability of 45,350 kg (100,000 1b).

The STS-derived heavy 1lift launch vehicle (STS-HLLV), employed in the
precursor phase of SPS, is derived by replacing the STS orbiter on the PLV with
a payload module and a reusable propulsion and avionics module (PAM) to provide
the required orbiter functions. The PAM may be recovered ballistically or,
preferably, as a down payload for the PLV. These modifications yield an STS-~
HLLV with a payload capability of approximately 100,000 kg (Figure 7.1-3).

7.1.1 LIQUID ROCKET BOOSTER (LRB)

The LRB illustrated in Figure 7.1-Z has a gross weight of 395,000 kg,
made up of 324,000 kg of propellant (278,000 kg of LOz and 46,000 kg of LH,),
and 71,000 kg of inert weight. The overall length of the LRB is 47.55 meters
with a nominal diameter of 6.1 meters. Four Space Shuttle main engine (SSME)
derivatives are employed with a gross thrust of 412.7 newtons (sea level),
providing a 1liftoff thrust-to-weight ratio of 1.335.

Unique design features of the LRB, as compared to an expendable liquid
booster system, are presented in Table 7.1~1. The necessity to preclude ice
damage to the orbiter requires the LH; tank to be located forward since the
insulation system, which must be internal to avoid water impact damage, is not
compatible with LO,. 1In addition, the thickness of insulation required on the
LH2 tank is about two times that required to maintain propellant quality.
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Figure 7.1-3,

REUSABLE ENGINE

POD

(10° kg)

PAYLOAD
EXTENAL TANK
LRB (2)
REUSABLE POD

TOTAL

LIFTOFF WEIGHTS

100.0
738.3
790.0

13.7

1642.0

STS HLLV Configuratien




Table 7.1-1. Shuttle LRB Unigque Design Features
" ORBITER ICE DAMAGE

* LH2 TANK FWD, INSULATED TO PRECLUDE ICE

AVOIDANCE
ENTRY * RCS TO ORIENT BOOSTER
PROVISIONS * CLAMSHELL COVERS FOR ENGINE PROTECTION
* HEAT SINK STRUCTURE
* PARACHUTES & RETRO-SUSTAINER ROCKETS
WATER LANDING ¢ INTERNAL LH2 TANK {NSULATION
PROVISIONS * RCS FOR WAVE ALIGNMENT

* REINFORCED STRUCTURE
= AVIONICS TO CONTROL LANDING

» CLAMSHELL COVER FOR ENGINE PROTECTION
WATER PROTECT!ON SEALED STRUCTURE

) ]
PROVISIONS « FLOTATION BAGS FOR ORIENTATION
RECOVERY - RADIO BEACON AND LIGHTS
PROVIS | ONS « HANDLING HARDPOINTS

Other unique features are the provisions required for entry, water landing,
water protection, and recovery. In addition to these supplementary provisions,
the structure (unlike that of an expendable system) must act as a heat sink for
reentry heat loads, be reinforced to absorb landing loads, and be sealed to
prevent sea water contamination.

The basic structure consists of the propellant tank assembly and an engine
compartment. The tank assembly is made up of the LH, tank and the LO: tank,
with a common bulkhead similar to the Saturn S-II separating the propellants.
The engine compartment comprises a skirt section, thrust structure, launch
support structure, heat shield, and movable covers that protect the engines
during atmospheric reentry and water recovery. The locations of the landing
rockets, the APU, avionics packages, parachutes, the flotation bag, and RCS
system are indicated in Figure 7.1-~2.

The structural design of a recoverable LRB is governed by five basic load
conditions: water impact, high-Q boost, internal tank pressures, prelaunch
loads, and maximum thrust.

The nose cap primary structure and tank frames are designed to withstand
loads due to initial water impact and subsequent water penetration with result-
ant slap-down loads being reacted by the tank ring frames. Launch maximum
aerodynamic pressures (high-Q) loads influence the structural design of the
main frames, forward portions of the LH, tank, and engine thrust structure.
The LH; and LO, tank walls and domes are structurally sized for maximum
internal tank pressures. Equivalent tank wall thickness due to internal
pressure exceeds those required by other load conditions. The maximum body
bending moment occurs at the aft end of the booster. The design of the aft
skirt and frames is governed by prelaunch loads when the boosters are loaded
and free-standing on the launch pad. The ET attachments thrust structure are
designed by maximum thrust loads at launch.
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There are four structural attachments between the ET and each booster.
The three aft attachments take lateral shears and bending moments, and the
forward attachment takes lateral shears and thrust loads. This four-point
interface is statically determinate, so that structural loads are not induced
by deformations in the adjacent body. This interface arrangement is the same
as that for the baseline Shuttle.

The electrical interface between the booster and ET is accomplished by
external cables mounted on one of the aft struts. They are separated at pull-
away connectors when the strut is cut. The increased number of wires required
for the LRB may increase the number of cables and connectors.

7.1.2 LIQUID ROCKET BOOSTER ENGINE (SSME-35)

The LRB utilizes a derivative of the Space Shuttle main engine (SSME).
The only difference between the LRB engines and the SSME is in nozzle expansion
ration, 35 in lieu of 77.5 to 1. The SSME-35 and its characteristics are
depicted in Figure 7.1-4,

THRUST, LBF 459,000 (S.L.)
503,000 (VAC.)
EXPANSION AREA RATIO 35:1
CHAMBER PRESSURE, PSIA 3230
MIXTURE RATIO 6.0:1
SPECIFIC IMPULSE, SECONDS 406 (S.L.)
445 (VAC.)
ENGINE WEIGHT, LBF 6340
SERVICE LIFE, HOURS 715
STARTS 55
ENVELOPE: LENGTH, INCHES 146
DIAMETER, INCHES
1k POWERHEAD 105
NOZZLE EXIT 63

Figure 7.1-4. Liquid Rocket Booster Main Engine (SSME-35)

7.1.3 LIQUID ROCKET BOOSTER RECOVERY CONCEPT

After the boosters separate from the orbiter-ET, the engine covers close
and the reaction control system (RCS) fires to pitch the boosters over and
align them for reentry (Figure 7.1-5). The drogue and then the main chutes
deploy to slow descent. Retro motors are fired to minimize landing velocity.
Upon splashdown, the chutes release and flotation bags inflate at the aft end
to hold the engine area out of the water.



[

P

The booster will be commanded by the recovery vessel to start depressuriz-
ing (one propellant at a time) upon landing. The recovery vessel will pick up
chutes during booster depressurization. After the booster is depressurized,
the aft end of the ship is aligned to the booster, the aft gate is lowered,
and the compartment is flooded (<30 minutes). A craft is then launched to
attach tow lines to the booster, which is then pulled into the ship. The
booster is positioned over contour supports or lifted in a crame cradle,
rear gate is closed, and the compartment is pumped dry. The booster undergoes
washdown and inspection as the ship returns to port. Utilizing this system,

a booster can be retrieved and returned to port in 20 to 24 hours maximum {(a
function of distance and sea state). Booster recovery will be accomplished in
waves up to eight feet. The booster recovery system is shown in Figure 7.1-6.

"” ENTRY

ENGINE co;\s.n\\s“)
~ CLOSED ‘
) PITCHOVER .
) MANEUVER — peeLoy

. DROGUE
/ RCS INITIATES
" PITCHOVER

TURNAROUND TIME: Eg/
SSME: 15 CALENDAR DAYS DEPLOY MAIN

SSBE: 17 CALENDAR DAYS MFLATE | CHUTES
AIR BAGS o
8OOSTER " Jj RETRO MOTOR
16NITION

SEPARATION

- T TR SPLASH OOWN
RECOVERY OPERATION RELEASE CHUTES
*FLOATING DRYDOCK® SHIP DEPRESSURIZE TANKS

Figure 7.1~5. Integral Booster Recovery Concept
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SYSTEM ERRORS

3 MAIN CHUTES

ERROR SOURCE VALUE
CHUTE VARIATIONS +4.7 FPS
‘ e = @0 :3.47 FPS
AIR DENSITY 337 s
THRUST +1%
LANDING ROCKETS - WEIGHT +2615 LB
§5§¥21N£n ?5: : 3:3 ALTIMETER 2 FT
NOMINAL IMPACT SIGNAL TIME +4 FT

YELOCITY = 8 FPS

STRUCTURAL WEIGHT PENALTY

EFFECT OF VELOCITY ERRORS ON IMPACT VELOCITY 0
0F . DESIGN CRITERIA
- 18.5 FPS ,
TANK ™~
WATER 20 HEISHT 8T 90° 10 waves '
IMPACT (CaALTY .3 PARALLEL TO WAVES
YELOCITY (e x ) oat (AZIMUTH C2%TROL}
(FT/SEC) o)
2 L.
0 1 i i L A e 0 a— A i J
3€ 420 2 4 6 8 0 s 18 15 20 25 10
VELOCITY ERROR (FT/SEC) WATER IMPACT VELOCITY (FT/SEC)

Figure 7.1-6. Booster Recovery System
7.2 PERSONNEL ORBITAL TRANSFER VEHICLE (POTV)

As stated previously, the POTV is the propulsive element used te transfer
the personnel module (PM) from LEO to GEO and return. In previous scenarios,
the POTV reference concept used two common stage LO,/LH, propulsive &lements.
The first stage provided an initial delta-V and returned to LEO. The second
stage provided the remaining delta-V required for PM ascent to GEO and the
requisite delta-V for return of the PM to LEO.

The alternate concept described herein uses a single stage to transport
the PM and its crew and passengers to GEO (Figure 7.2-1). After initial delivery
of the POTV to LEO by the STS or SPS~HLLV, the propulsive stage is subsequently
refueled in LEO (at the LEO station) with sufficient propellants to execute the
transfer of the PM to GEO. At GEO, the stage is refueled for a return trip of
crew and passengers to LEO. The HLLV delivers crew consumables and POTV pro-
pellants to LEO and the EOTV delivers the same items required in GEO. The
PM with crew/personnel is delivered to LEQ by the PLV.

Although significant propellant savings occur with this approach, as
compared to the reference concept, the percentage of total mass is small when
compared with satellite construction mass. However, the major impact is
realized in the smaller propulsive stage size and the overall reduction in
orbital operations requirements.
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\ CREW MODULE
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" LEO STATION
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& TRANSFER
1otV CREW

© CONSTRUCTION PAYLOAD DELIVERY

» CREW EXPENDABLES

» POTV PROPELLANT

SHUTTLE ORBITER

Figure 7.2~1. POTV Operations Scepnario

7.2.1 PERSONNEL ORBITAL TRANSFER VEHICLE CONFIGURATION

The recommended POTV configuration is shown in Figure 7.2~2 in the mated
configuration with the PM. Either element is capable of delivery from earth
to LEO in the PLV; however, subsequent propellant requirements for the POTV
will be delivered to LEO by the HLLV because of the lesser $/kg payload cost.

2 ASE-
ENGINES

i
0T\ 1

" 0] o eTemm]| ammT;

| 3

|

&
1

%50 MAN CREW MODULE 18,000 KG

® SINGLE STAGE OTV 36,000 KG
{GEO REFUELING)

« BOTH ELEMENTS CAPABLE OF GROWTH STS LAUNCH

Figure 7.2-2. Recommended POTV Configuration
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Individual propellant tanks are indicated for the LO2 and LH» in this
configuration because of uncertainties at this time in specific attitude control
requirements. With further study, it may be advantageous to provide a common
bulkhead tank as in the case of the Saturn-II, and locate the ACS at the mating
station of the POTV and PM, or in the aft engine compartments——space permitting.

The POTV utilizes two advanced space engines (ASE), which are similar in
operation to the Space Shuttle main engine (SSME). The engine is of high per-
formance with a staged combustion cycle capable of idle-mode operation. The
engine employs autogenous pressurization and low inlet NPSH operation. A two-
position nozzle is used to minimize packaging length requirements. The ASE and
pertinent parameters are shown in Figure 7.2-3, A current engine weight state-
ment is given in Table 7.2-1.

THRUST (LB) 20,000
CHAMBER PRESSURE (PSIA) 2000
EXPANSION RATIO 400
MIXTURE RATIO 6.0

SPECIFIC IMPULSE (SEC) 473.0

DIAMETER (IN.) 48.5
LENGTH (IN.)
NOZZLE RETRACTED 50.5
NOZZLE EXTENDED gh.0

Figure 7.2-3. Advanced Space Engine
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Table 7.2-1. Current ASE Engine Weight

Fuel boost and main pumps 74.5
Oxidizer boost and main pumps 89.8
Preburner 12.4
Ducting 25.0
Combustion chamber assembly 62.8
Regen. cooled nozzle (€= 175:1) 58.4
Extendable nozzle and actuators (€ = 400:1) 122.0
Ignition system 6.1
Controls, valves, and actuators 74.0
Heat exchanger 14.0

Total (1lb)* 539.0
*Based on major component current measured weights.

Since the POTV concept utilizes an on-orbit maintenance/refueling approach,
an on~board system capable of identifying/correcting potential subsystem problems
in order to minimize/eliminate on-orbit checkout operations is postulated.

The recommended POTV configuration has a loaded weight of 36,000 kg and
an inert weight of 3750 kg. A weight summary is presented in Table 7.2-2.

Although the current POTV configuration provides a suitable concept for
identifying and developing other SPS programmatic issues, further trade studies
are indicated such as tank configuration and ACS location(s). Also, future
studies might be directed toward the evolution of a configuration that would
be compatible with potential near~term STS OTV development requirements.

Table 7.2-2. POTV Weight Summary

Subsystenm Weight (kg)
Tank (5) 1,620
Structures and lines 702
Docking ring 100
Engine (2) 490
Attitude control 235
Other 262
Subtotal 3,409
Growth (10%) i 341
Total inert 3,750
Propellant 32,750
Total loaded 36,000




7.2.2 PERSONNEL MODULE (PM)

~In Volume IITI, a construction sequence has been developed which requires a
crew rotation every 90 days for crew complements in multiples of 60. The PM was
synthesized on this basis. A limitation on PM size was established to assure
compatibility with the PLV cargo bay dimensions and payload weight capacity

(i.evs 4.5 m X 17 m and 45,000 kg).

The PM shown in Figure 7.2-2 is based on parametric scaling data developed
in previous studies., It is assumed that a command station is required to moni-
tor and control POTV/PM functions during the flight. This function is provided
in the forward section of the PM as shown. Spacing and layout of the PM is
comparable to current commercial airline practice., Seating is provided on the
basis of one meter, front to rear, and a width of 0.72 meter. PM mass was
established on the basis of 110 kg/man (including personal effects) and approx-
imately 190 kg/man for module mass. The PM design has provisions for 60 passen-

gers and two flight crew members.

Several POTV/PM options were evaluated (Figure 7.2~4 and Table 7.2-3).
All options utilize a single~stage propulsive element which is fueled in LEO
and refueled in GEQ for the return trip. The various options considered trans-
fer of both crew and consumables as well as crew only. Transfer of consumables
by EOTV was determined to be more cost effective. Another potential option,
which is yet to be evaluated, is a 30-man crew module and integral single-stage

capable of storage within the PLV cargo bay.

® OPTION #1 CREW MODULE - 60 MAN OTV STAGE

2 ASE
ENGINES
- 7M - - 13M %
« OPTION #2 (CREW MODULE SAME AS OPTION #1)
RESUPPLY MODULE - 60 MAN ) OTV STAGE :
T 4 ASE
T Cr : = t I ' ENGINES
458 = 4.5M-:'§~R — Dé—-
: : = P
J_. ] . { ‘ N
f= - M ﬁ-%
@ OPTION #3 CREW/RESUPPLY MODULE - 30 MAN OTV STAGE ‘
Y ) i | 2 ASE
{ ENGINES
e —
e
J
| ! | o
b 6.7 M —] - 7 M ;

Figure 7.2-4. POTV/PM Configuration Options
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Table 7.

2=3.

POTV/PM Options-~~Element Mass

60-man crew module

60-man resupply module

Integrated 30-man crew/resupply

module
Option
Option
Option

1 01V
2 01V
3 orVv

kg
18,000
26,000

22,000
36,000
87,000
44,000
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8.0 COST AND PROGRAMMATICS

A summary of transportation costs and schedules are presented. More
detailed data and costing assumptions are included in Volume II, Part 2.

Table 8,0~1 presents a summary of the SPS program development cost. The
transportation system elements (WBS 1.3) account for approximately 42 percent
of the total program development cost. In Table 8.0~2 it may be seen that the
PLV and STS-derived HLLV (WBS 1.3.3) contribute almost 26 percent to the trans-
portation development costs.

Table 8.0~3 presents a summary of SPS program average cost, where the
transportation cost is approximately 15 percent of that average cost. The PLV
and STS~derived HLLV accounts for approximately 22.57% of that cost (Table 8.0-4).

The amortized HLLV cost/kg to LEO can be obtained by multiplying Column 1
(Investment per Satellite) by the number of satellites (60), and adding the
product of Column 4 (Total Operation) and the number of satellites (60) and
the number of satellite years (30); then divide that quantity by the product
of total number of HLLV flights from Table 3.0-3 (22,811) and the HLLV payload
(0.231x10° kg).

(C1%60) + (C4*60x30)

NXPL = HLLYV S$/kg

The results of that calculation yields a payload cost to LEO of $62/kg ($28/1b).

SPS transportation schedules are presented in Figures 8.0-1 and 8.0-2.
The schedules show the need for major technology development programs commitment
in CY 1981, and a commitment for full-scale development of transportation elements
by 1990 in order to meet an IOC date at the end of CY 2000, '
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Table 8.0-1. Satellite Power System (SPS) Program Development Cost

TDEVELOPMENY
wWes 4 UESCRIPTION DOTLE TFU TOTAL
U T T SAREULTTE PGWER SYSTEM (SPS) PROGRAM 33401.762 51103, 242 84505.000
kel . SATELLITE SYSTEM 7933570 7950,.922__ _ 15884.492
1.2 SPACE CUNSTRUCTIUN & SUPPORT 7331,180 8602.523 15933,703
t.3 7 TTTRANSPORTATION 12468.816 228664199 35335.016
A GKOUND RECEIVING STATION. 115,699 3618.,72T ___ 3134.427
1.5 MANAGEMENT AND INTEGR ATION 1392.463 2151.918 35444382
1.6 T MASSTCONIINGENCY ‘ 4160.031 5912.945  10072.977
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103. 3' 2.1
1.3. 3.2.2

1.3.4

DEVELOPMENT

DESCRIPT ION DLUTEE TFY TOTAL
TRANSPORTATION 10748.816 19671.199 30420.016
SPS=HEAVY LIFT LAUNCH VEHICLE(HLLV) 8600,000 9530.492 18130.492

TSPS~HLLV FLEET ™~ T 8600.000 8950.176 17550.176
SPS-HLLV OPERAT]IONS 0.0 58G.320 560.320
CARGO ORBITAL TRANSFER VEHICLE(COTV) ~ 31.818 3625.720 ___ 3657.538 _
COTV VERICLES 31.818 3621.310 3653.128
PRIMAKY STRUCTURE 3.930 9.267 13.197
SECUNDARY STRUCTUKE  4.582 2478.750 2483,332
SOLAR BLANKET Te604 33841447 345.781
SK1TCHGEAKR AND CONVER TERS 24054 8.760 10814
CONDUCTORS AND INSULATION 2.205 8.584 10.789
ACS HAREWARE 9,697 762,015 771.712
INFO. MGMT. AND CONTROL 0.0 0.0 0.0

T COTV UPERATIONS 0.0 4,410 4.410
PERSONNEL. LAUNCH VEHICLE(PLV) 1549.000 6251.230 7800.230
STS-PLV FLEET 1549.000 _ 390b.082 "5457.082
STS-PLV ORBITER CoTTTT 0.0 1682.531 1682.531
STS=PLV EXTERNAL TANK 0.0 606,205 606.205
"TSTS=PLV L1Q. ROCKET BOOSTER 1304.000 873.985 2177.985
STS CARGO CARRIER AND EM 245,000 745.362 990.362
PLV & STS=—HLLV OPERATIONS R 0.0 _2343.150 2343,150__
PLV OPERATIONS . 0.0 1214.400 1214.400
STS HLLV CARGO OPERAT IONS 0.0 1128.750 1128,7%
PERSONNEL DRBITAL TKANS VEHICLE 350,000 56,282 4064282

TPOTV-FLEET . 350.000 54.To4 404.764
POTV~UPERATIONS 0.0 1.518 L.518
PERSONNEL MUDULE(PM) 118.000 . 201.910 319.910
PM FLEET 11€£.000 198.610 316.610
PM OPERATIONS 0.0 3.300 '3.300
INTRAURBITAL TRANSFER VEHICLE(IOTV) 100.0C0 54567 - 105.567_
10TV FLEEY 7 100.000 5.476 1054476
10TV UPERATIONS 0.0 0.091 0.091

Satellite Power System (SPS) Transportation Systems Development Cost
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Table 8.0~3. Satellite Power System (SPS) Program Average Cost

“Ta% 0PS COST PER SAT PER YEAR *% TUTAL

ke

WBS # DESCRIPTION INV PER SAT RCI 0tM TOTAL OPS

"1 T SATELLTTE POWER SYSTEM (SPST PROG 13677.668 451.531 193,713 645,244 14522.910
lel SATELLITE SYSTEM _ 93254422 205,265 0705 205.970 . 9531.391
1.2 SPACE CUNSTRUCTION & SUPPORT 11484332 51.428 11.274 62.701 1211.033
1.3 TRANSFORTATION 1949 . 004 119.343 80 ¢869 200,212 2149.216
le4 GROUND KECEIVING STATION _ 3590.822_ 0,275 18377 78.652 .. 3669.474
1.5 MANAGEMENT AND INTEGRATION 600,679 18.815 84561 27.377 628.055
‘1.6 MASS CUNTINGENCY 1263 .413 56.405 13.927 70,332 1333.745
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Table 8.0-4. Satellite Power System (SPS) Transportation System Average Cost

WEs » QESCRIPT ION

103

1.3.1
le351el
‘.3- l.z
le3s2
ledaZal
1s3:2e10l
1-3. ZDx.Z
l.jl 2.1.3
le3e24let
ledelolsd
ladecslsd
1.3“.- l'?
1.3. 2| l‘o
1.3. 2.‘.
leda3
1.3. 3’l
lede3seleld
143232102

1.3. 3. xls
13030044
lede3ed
leda3s2.1
1ede3a2a?
1a304
l.3.4‘1
1.3‘“‘2
1.3.5
1.3.5.1
1.3. 5.2
ledsts
1s3stel
1s34be2

w& OPS CUST PER SAT PER YEAR =& TUTAL

INV PER Sal RC1 OLM  TUTAL OFS

ThANS FORTATIUN 1695 754 115.7%4 79 094 194.588  2090.641
SPS-HLAVY LIFT LAUNCH VEMICLE(HLLV) 1256 .4C0 Ny beZ 39.372__ 139.014___ 139%.420
SPS-HLLY FLEED ToTTTTT k% IR P11 Yy.042 24,256 123,698 890.917
LPS-HLLV UFERATIONS 48Y 387 0.0 1%.110 15.110 Sth.532
CAKGO ORBIIAL TRANSFER VEHICLE(COTV) 2104343 1,957 64371 5.328  21d.671
L1V VERICLES 205 40651 1.951 ©a233 8.190 2i3.872
FKIMARY STRULCTURE bbb 0.0C5 0.017 0.023 0.589
SECONDARY STRUC YURE 142 .9 34 1.364 4,331 5.696 1484630
COUNCENIRATUK h [R5 T 0.00y 0.024 0.C36 Ce¥51
SULAR BLANKET 20,071 G.192 O.508 0.500 20.078
SWITCHOEAR AND CONVER TERS L 0465 0.C01 0.014 J.016 0.481
CUNDUCTURD AND INSULATION =~ 0.525 L C.002 0.010 0.0i7 G.542
ACS HARDWARL 404199 O.384 1.218 1.6G2 41.301
INFO. MGMT. AND CONTROL 0.0 0.0 G0 0.0 |00

COTv UPLKATIUNS A 4,662 0.0 6.139 0.139 «.80)
PERSUNNEL LAUNCH. VEHLCLE( PLV) 423,752 12.995 32.927 45,922 489,614
STS-PLV FLEET 468433 12.995 14,047 27.062 2154474
STS-PLV ORBITER T 1CG + 340 T 8197 H.250 14,047 116367
STIS-PLV EXTVERNAL TANK 416719 GeC 3.330 3.330 454010
STS~PLY LIu. ROCKET B0OOSTER ’ 334990 T 7.194 YN T 9,864 434655
STS CARGD CARKIEK AND €M 12,423 0.0 0.0 0.0 12.923
LY L STS~HLLY CPERAT IONS o 235,31y C.0 16.880 18,680 254,200
PLV UPERATIONS T 216 4507 G.0 18850 18630 ~ 232,347
STS HLLV CARGD OP LRAT JONS 18.613 0.0 0.0 0.0 .813
PERSONNEL UKBITAL TRANS VEHICLE 24408 V. 736 0.25 0.9%0 Beaits
POTV~FLEET TTTTTTT ez 0.736 0.1u5 0.w217 2,423
POTV-UPERATIONS 0.086 Ca0 0.069 0. 069 0.755
PERSONNEL MUUULEL PM) 1.2v4 0. 199 O.l26 0.324 .61
PM FLLET .74 0.199 ©a075 0.273 1.01y
PM UPLRATIUNS Uebad (T ) G.051 0.051 0.5v9
INTRALRBITAL TRANSFER VEHICLE(I1OTV) 1.471 0,265 0.045 0.310 1.760
1UTY FLEET . 1.3y Ce 265 0.042 0.307 1641
10TV UPERATIONS 0.Cbi €. 0 0.0C2 0.002 Uo0b4
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APPENDIX A

HORIZONTAL TAKEOFF - SINGLE STAGE TO ORBIT
TECHNICAL SUMMARY

A.0 INTRODUCTION

Evolving Satellite Power System (SPS) program concepts envision the
assembly and operation of sixty solar-powered satellites in synchronous
equatorial orbit over a period of thirty years. With each satellite weigh-
ing approximately 35 million kiolgrams, economic feasibility of the SPS is
strongly dependent upon low=-cost transportation of SPS elements. The rate
of delivery of SPS elements alone to LEO for this projected program is 70
million kilograms per year. This translates into 770 flights per year or
2,1 flights per day using a fleet of vehicles, each delivering a cargo of
91,000 kilograms.

The magnitude and sustained nature of this advanced space transportation
program concept require long-term routine operations somewhat analogous to
commercial airline/airfreight operations. Vertical-takeoff, heavy 1ift launch
vehicles (e.g., 400,000 kg payload) can reduce the launch rate to 175 or more
flights per year. However, requirements such as water recovery of stages with
subsequent refurbishment, stacking, launch pad usage, and short turnaround
schedules introduce severe problems for routine operations. Studies performed
previously showed that substantial operational advantages are offered by an
advanced horizontal takeoff, single-stage-to-orbit (HTO0-SSTO) aercspace vehicle
concept., Further analysis of this concept was needed to provide a promising
alternative to vertical launch hegvy 1ift launch vehicle approaches for LEO
logistics support of the SPS.

The technical problems requiring investigation were of two types: <{(a) the
need for further development of the vehicle system concept including a multi~
cell wet wing containing cryogenic propellants in a blended wing-body configura-
tion; and (b) technology issues, particularly the technical feasibility and
performance potential of an advanced hybrid airbreathing engine system, and
technical assessment of a flight mode involving horizontal takeoff, long range
cruise, subsequent insertion into an equatorial orbit and return via aeromaneu-
ver to the higher-latitude take-off site.

The general objective of this study was to improve system definition and
to advance subsystem technologies for a horizontal takeoff, single-stage-~ta-
orbit vehicle which can provide economical, routine earth-to-LEQ transportation
in support of the Satellite Power Systems program. Speclfic objectives were:

1. To improve the design definition and technical and operational
features of the HTO-SSTO vehicle concept primarily using exist-
ing aerodynamic, aerothermal, structural, thermal protection,
airbreather and rocket propulsion, flight mechanics and operations
technology integrated into a total systems design.
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2. To identify disciplines and subsystems in which the application
of advanced technology would produce the greatest increase in
system performance, and to advance technologies in specific
areas.

The primary elements of the HTO-SSTO study and the related technology
issues are summarized in Figure A-1. Technical briefings and study progress
briefings were given to NASA Headquarters, MSFC, JSC and LaRC, and to USAF/
SAMSO. A code showing the general level of technical assurance of the study
data as being suitable for feasibility confirmation is placed adjacent to
technology items. A filled square, J} , indicates a high degree of counfidence
in analytical methods and results. A half-filled square, [d , indicates data
requiring further technical analyses. The hollow square, [J, relates to
technology issues not analyzed or which will require detailed in-depth analysis

to produce data suitable for feasibility confirmation.
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Figure A-l. Study Summary =-=- Advanced Transportation
System for SPS

The combined systems design/performance and technology development studies

produced a number of significant results.



l. Demonstrated, with end-to-end simulation, the ability of the

' vehicle to take off from KSC, cruise to the equatorial plane,
insert into a 300 nmi equatorial orbit with 151,000-pound pay-
load, and then to re—enter and return to the launch site; also
to deliver a 196,000-pound payload with a due-East launch.

2. Devised a modified airbreathing engine cycle for operation in
turbofan, air-turbo-exchanger and ramjet modes to provide an
effective match with takeoff, cruise and acceleration require-
ments,

3. Showed that the HTO-SSTO lower. surface temperatures during re~
entry are several hundred degrees lower than the STS orbiter
lower surface temperatures because of a lower wing loading.

As a result, an advanced titanium aluminide system shows pro-
mise of being lighter than the RSI tile for this application.

This study was funded primarily by Rockwell IR&D funds and a summary only is
contained herein.

A.l OPERATIONAL FEATURES

The HTQ=-SSTO concept adapts existing and advanced commercial and/or mili-
tary air transport system concepts, operations methods, maintenance procedures,
and cargo handling equipment to include a space-related environment. The
principal operational objective is to provide economic, reliable transporta-
tion of large quantities of material between earth and LEO at high flight fre-
quencies with routine logistics operations and minimal environmental impact.

An associated operational objective was to reduce the number of operations
required to transport material and equipment from their place of manufacture
on earth to low earth orbit.

Operations features derived in the study are as follows:

* Single orbit up/down to/from the same launch site (at any launch
azimuth subject to payload/launch azimuth match)

* Capable of obtaining 300 nmi equatorial orbit when launched from
KscC

¢ Takeoff and land on 8,000 to 14,000-foot runways (launch velocity
= 225 knots; landing velocity < 115 knots)

* Simultaneous multiple launch capability

* Total system recovery including the takeoff gear which is jetti-
soned and recovered at the launch site

e Aerodynamic flight capability from payload manufacturing site to
launch gite, addition of launch gear and fueling, and launch into
earth orbit



* Amenable to alternative launch/landing sites

* Incorporates Air Force (C-5A Galaxy) and commercial (747 cargo)
payload handling, including railroad, truck, and cargo-ship con-
tainerization concepts, modified to meet space environment
requirements

* Swing-nose loading/unloading, permitting normal aircraft loading-
door facility concept application

* Propulsion system service using existing support equipment on
runway aprons or near service hangars

* In-flight refueling options (option not included in reference
vehicle data)

Av2 DESIGN FEATURES

The HTO-SSTO utilizes a tri-delta flying wing concept, consisting of a
multi~-cell pressure vessel of tapered, intersecting cones. The tri-delta plan-
form (blended fuselage-wing) and a Whitcomb airfoil sectiom offer an efficient
aerodynamic shape from a performance standpoint and high propellant volumetric
efficiency. The outer panels of the wing and vent system lines in the wing's
leading edge provide the gaseous ullage space for LH; fuel. LH; and LO; tanks
are located in each wing near the vehicle, c.g., and extend from the root rib
to the wing tip LH, ullage tank (Figure A-2). Approximately 20% of the volume
of the vertical stabilizer is utilized as part of the gaseous ullage volume of
the integral wing-mounted LOz tanks. In the aft end of the vehicle, three up-
rated high-P. rocket engines (thrust = 3.2x10° 1b) are attached with a double-
cone thrust structure to a two-cell LH; tank.

Most of the cargo bay side walls are provided by the root-rib bulkhead of
the LH2 wing tank. The cargo bay floor is designed similar to the C5-A military
transport aircraft. This permits the use of MATS and Airlog cargo lecading and
retention systems. The top of the cargo bay is a mold-line extension of the
wing upper contours, wherein the frame inner caps are arched to resist pressure
at minimum weight. The forward end of the cargo bay has a circular seal/dock-
ing provision to the forebody. Cargo is deployed in orbit by swinging the fore-~
body to 90 or more degrees about a vertical axis at the side of the seal, and
transferring cargo from the bay into space or to in-space receivers on telescop-
ing rails.

The forebody is an RM-10 ogive of revolution with an aft dome closure,
The ogilve is divided horizontally into two levels. The upper level provides
seating for crew and passengers, as well as the flight deck. The lower compart-
ment contains electronic, life support, power (fuel cell), and other subsystems
including spare life support and emergency recovery equipment.

Ten high-bypass, supersonic-turbofan/airturbo-exchanger/ramjet engines
with a combined static thrust of 1.4x10% 1b are mounted under the wing. The
inlets are variable area retractable ramps that also close and fair the bottom
into a smooth surface during rocket powered flight and for high angle-of-attach
ballistic re-entry.
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Figure A-2. HTO~-SSTO Design Features

Figure A-3 shows an inboard profile of the vehicle, illustrating the
details of body construction, crew compartment, cargo bay length, LH, tank
configuration, and location of the rocket engines at rear of fuselage. The
hinging and rotation of the nose section for loading and unloading the pay-
loads are illustrated, with indication of view angle from the rear of the
nose section during these operations. The multiple landing gear concept shows
the position of the nose gear bogie, the jettisonable takeoff gear, and the
main landing gear for powered landing.

Figure A-4 presents front and rear views of the vehicle showing the blended
wing, engine inlet ducts, landing gear arrangement, and vertical stabilizer.
Also shown are typical sections through the vehicle at:

« The hinge line section (B-B) aft of the crew compartment and
forward of the nose gear. Cross-sectional dimensions of the
cargo bay are indicated.

« The 40% chord line fuselage section (C-C) illustrating the
wing and fuselage construction and the profile of the wing/
fuselage fairing.

o The main landing gear station (D-D) illustrating the gear
retraction geometry, the relationship of the gear to the
engine air inlet ducts and the wing construction and profile
to the fuselage shape.
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Figure A-5 presents details of the basic multi-cell structure of the wing.
The upper portion illustrates the application of “Shuttle~-type" RSI tile thermal
protection system (TPS). The lower portion shows a potential utilization of a
“metallic" TPS.

The wing is an integrated structural system counsisting of an inner multi-
cell pressure vessel, a foam-filled structural core, an inner facing sheet, a
perforated structural honeycomb core, and an outer facing sheet. The inmner
multi-cell pressure vessel arched shell and webs are configured to resist
pressure. The pressure vessel and the two facing sheets, which are structural-
ly intercomnected with phenolic-impregnated, glass fiber, honeycomb core, re-
sist wing spanwise and chordwise bending moments. Cell webs react winglift
shear forces. Torsion 1s reacted by the pressure vessel and the two facing
sheets as a multi-box wing structure.
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Figure A-5. Wing Construction Detail with Candidate
TPS Configurations

The outer honeycomb core is perforated and partitioned to provide a con-
trolled passage, purge and gas leak detection system function in addition to
the function of structural interconnect of the inner and outer facing sheets.
The construction of the wing structure utilizes the "Inflation Assembly
Technique" developed by Rockwell for the Saturn II booster common bulkhead.

A.3 MULTI-CYCLE AIRBREATHER ENGINE SYSTEM
Takeoff and climb to 100,000 ft altitude and 5,800 £ps is by airbreather

propulsion. Parallel burn of airbreather and rocket propulsion occurs between
5,800 to 7,200 fps. Rocket power is then employed from 7,200 fps to orbit.



The multi-cycle airbreathing engine system, Figure A-6 is derived from the
General Electric CJ805 aircraft engine, the Pratt and Whitney SWAT 201 super-
sonic wrap-around turbofan/ramjet engine, the Aerojet Air Turborocket, Marquardt
variable plug-nozzle, ramjet engine technology, and Rocketdyne tubular-cooled,
high=-Pc rocket engine technology.
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Figure A-6. Multi-Cycle Airbreathing Engine and Inlet,
Turbofan/Air Turboexchanger/Ramjet

The multi-mode power cycles include: an aft-fan, turbofan cycle, a LH;,
regenerative Rankine, air-turboexchanger cycle; and a ramjet cycle that can
also be used as a full flow (turbojet core and fan bypass flow) thrust-
augmented turbofan cycle. These four thermal cycles may receive fuel in any
combination permitting high engine performance over a flight profile from sea
level takeoff to Mach 6 at 100,000 ft altitude.

The engine air inlet and duct system is based on a five-ramp variable
inlet system with actuators to provide ramp movement from fully closed (upper
RH figure) for rocket-powered and re-entry flight, to fully open (lower RH
figure) for takeoff operation.

The inlet area was determined by the engine airflow required at the Mach 6
design point. The configuration required 1.4x10° pounds thrust at the Mach 6
condition and at least 1.2x10° pounds for takeoff. This resulted in an inlet
area of approximately 1200 £t? or 120 ft?/engine for a l0-engine configuration.
In order to provide pressure recovery with minimum spillage drag over the wide
range of Mach numbers, a variable multi-ramp inlet is required. Inlet pressure
recovery efficiency vs. velocity is plotted on Figure A-7. Higher recoveries
are possible for the HIO vehicle than for military aircraft which must operate
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during more violent maneuvers. However, the pressure recovery must still pro-
vide a margin which prevents inlet instability and possible engine flameout
from expulsion of the normal shock during transients.

Estimated engine thrust (total of 10 engines) versus velocity is given
in Figure A-8. Initially, a constant thrust of 1.4 million pounds of thrust
was assumed for the Rockwell modified Rutowski energy method trajectory analysis
(dashed curve of Figure A-8). A tentative airbreather engine performance map
was estimated from engine data sources previously described. Subsequent anal-

yses produced the engine thrust versus Mach number estimate shown by the upper
solid curve of Figure A-8.
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Major engine companies were contacted to obtain assistance in advanced
cycle analysis and to obtain the results of any studies which investigated
this operating regime. Data from a Pratt and Whitney report (Reference 1)
on an advanced hydrogen burning engine, the SWAT 201 turbofan ramjet, were
evaluated and scaled up to the size required. However, this engine, which
uses a bypass valve to close off the engine core above Mach 3.1 and operates
the afterburner as a ramjet at higher speeds, did not provide a good match of
thrust requirements over the required operating range. Also because of the
high compression-~ratio design, the engine thrust-to-weight ratio (T/W) was
in the range of 4.5 to 5.5 for an installed system. Single-stage-to-orbit
launch vehicle analysis showed that a T/W of at least 8 would be necessary
to meet the wvehicle payload requirements. From Aerojet, (Reference 2) data
were obtained on an air turborocket concept which provides a potential for
meeting the required T/W values while providing a better match of thrust
required at takeoff, transonic and supersonic conditions. A modification of
this cycle was devised by Rockwell to best match the SST0 requirements. This
engine operates as an augmented turbofan for takeoff, a turbofan for high-
efficiency cruise, an augmented turbofan for acceleration, and as a ramjet
above Mach 3.



The engine components include a rotary vane assembly to close off the
compressor—-turbine assembly at higher Mach numbers. The use of LH; fuel per~
mits the use of a Rankine-cycle air turboexchanger concept to provide power
for the bypass fan. This allows elimination of approximately one~half of the
normal turbofan compressor stages normally needed for fan drive. Heating of
the LH, in outer walls and nozzle plug of tubular construction, in addition
to providing fan drive power, permits stolchiometric combustion in the aug-
mentor/ramjet by cooling of exposed surfaces. The 5500-degree combustion
temperature provides high cycle efficiency. During ramjet mode operation,
the fan is allowed to windmill and is cooled by flow of LHz through the fan
gulde vanes.

The scope of this study did not permit a detailed evaluation of engine
components to provide further, more accurate calculation of the performance
capability of this engine concept. Engine manufacturers are best equipped to
further refine the design and provide real data on concept feasibility and
system weight.

For preliminary estimation of ailrbreathing propulsion system size require-
ment, a computer program was developed for the Hewlett Packard computer. A
flow diagram of this program is showm in Figure A-9.
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Figure A-9. Computer Program Flow Diagram for Alrbreather
Propulsion System Sizing

A computer program which has the capability of computing performance of
mixed-cycle engines including JP and LH; fuel, as well as the air turbo-
exchanger c¢ycle was obtained from the Los Angeles Division of Rockwell (Refer-
ence 3). This program was developed under NASA contract in 1966 and is
currently used by LAD for calculation of JP-fueled turbojet and turbofan
engine data for advanced alrcraft.
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In order to maximize the payload boosted to orbit, an optimization tech-
nique is required tao define the proper engine sequencing over the flight
trajectory.

A.4 AERODYNAMIC CHARACTERISTICS

The selected wing shape is a supercritical Whitcomb airfoil with a rela-
tively blunt leading edge, flat upper surfaces and cambered trailing edges.
The trailing-edge camber and the tri-delta shape minimize translation of the
center of pressure throughout the flight Mach number regime. The blunt lead-
ing edge offers good subsonic characteristics, but produces relatively high
supersonic wave drag; therefore, further shape and refinements are required.
The wing has a spanwise thickness distribution of 10 percent at the root,

6 percent near midspan, and 5 percent at the tip, providing a large interior
volume for storage of fuel.

Aerodynamic coefficients (CL, Cp, C.P.) were calculated using the Flexible
Unified Distributed Panel program FA-475, which was developed by the LAD.Aero-
dynamic group. Because the governing equation is linear, singular behavior of
the linear equation and nonlinearity near M = 1.0 preclude the transonic solu-
tions. Also, the hypersonic solution cannot be calculated with this theory
due to the introduction of nonlinear terms. However, aerodynamic coefficients
computed at My = 5.0 can be frozen and can be used for hypersonic application.
Viscous drag due to the skin friction is not computed by this program. This
effect was added in a separate analysis. The resulting aerodynamic coefficients
are plotted versus flight Mach number in Figure A-10.

2~ 0S¢ /} 1 LIFT COEFFICIENTS DRAG COEFFICIENTS
. d \ 2,0
. - - "“:;7' - —
'u'-_ll \\ CL ’CL¢=° +CLa < 1.6 '“__A*\:/ - .
° .o} \ a=DeG I m
aal 2 N\ __-c
2 Tg ~ tLa
v .02} \\
cLa* o =~ T —— -
.ot ‘_\L .4
ob o L n n
o 1

CENTER OF PRESSURE |
.6
C.P./Crer

C.P. MEASURED FROM WING ROOT LEADING EDGE

CRrer 1S WING ROOT CHORD

L
1_ L I l i

0 1 2 3 4 S ) 7
MACH NUMBER Mo

Figure A=-10. Aerodynamic Coefficients
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Maximum lift/drag and corresponding lift coefficients and angle of attack
versus Mach number are given in Figure A~11l.

* Subsonic: (L/D)max v 16.0 at a v 1.0, CL v 0.22
* Supersonic: (L/D)max from 5.4 to 4.0 at 4.5° < a < 6.2°

* Hypersonic: For airbreather-OFF, rocket only (L/D)max " 3.4

W0y ux VS M € LaAVS Mg AT(L/D)MAX

Figure A-ll. Maximum Lift/Drag
The wing bending moments are based on the following data:

* Differential pressure distributions computed by the Unified
Distributed Panel Program

* X = 10°
* 2 g loading on wing
e GLOW = 4x10° 1b

Lift force (Lp) and bending moment (BM) at the wing root for the above con-
ditions are shown in the following tabulation.

M_ L, x 107° 1 BM x 107° fr-1p
0.5 4.0 318
0.8 4.0 322
1.2 3.94 334
2.0 3.87 278
3.0 3.8 251
5.0 3.0 185
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A.5 FLIGHT MECHANICS

The majority of the ascent performance analysis for the SSTO vehicle con-
cept was accomplished using a recently developed lifting ascent program based
on a modified Rutowski Energy Method (Ikawa Method). This technique accurate-
ly estimated payload and propellant performance; however, it did not provide
a bona fide integrated time history of trajectory state from liftoff to orbit.
insertion. A second computer program, the Two-Dimensional Trajectory Program
(IDIP), was then used to compute the ascent trajectory timeline.

In order to do an end-to-end simulation of the SSTO (i.e., airbreather
horizontal takeoff, climb, cruise, turn, airbreather ascent, rocket ascent,
coast, and final orbit insertion) with flight optimization including aero-
dynamic effects, Rockwell acquired the Langley POST computer program (program
to optimize simulated trajectories, developed by Martin-Marietta). POST was
installed on the CDC system at Rockwell and several launch cases were executed.

The SSTO uses aircraft-type flight from airport takeoff to approximately
Mach 6, with a parallel burn transition of alrbreather and rocket engines from
Mach 6 to 7.2, and rocket-only burn from Mach 7.2 to orbit. Figure A-12
illustrates a nominal trajectory from KSC to 300-nmi earth equatorial orbit.
Prime elements of the trajectory are:

* Runway takeoff under high-pass turbofan/airturbo exchanger (ATE)/
ramjet power, with the ramjets acting as supercharged afterburners

* Jettison and parachute recovery of launch gear
* Climb to optimum cruise altitude with turbofan power

* Cruise at optimum altitude, Mach number, and direction vector to
earth's equatorial plane, using turbofan power

* Execute a large-radius turn into the equatorial plane with turbofan
power

* Climb subsonically at optimum climb angle and velocity to an optimum
altitude, using high bypass turbofan/ATE/ramjet (supercharged after-
burner) power

* Perform an optimum pitch-over into a nearly constant-energy (shallow
Y-angle) dive 1if necessary, and accelerate through the transonic
region to approximately Mach 1.2, using turbofan/ramjet (supercharged
afterburner) power

* Execute a long-radius optimum pitch—up to an optimum supersonic
climb flight path, using turbofan/ATE/ramjet power

* Climb to approximately 29 km (95 kft) altitude, and 1900 m/s (6200 fps)
velocity, at optimum flight path angle and velocity, using proportional
fuel-flow throttling from turbofan/ATE/ramjet, or full ramjet, as re-
quired to maximize total energy acquired per unit mass of fuel consumed
as function of velocity and altitude
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Figure A-12. SSTO Trajectory

» Ignite rocket engines to full required thrust level at 6200 fps and
parallel burn to 7200 f£ps

¢ Shut down airbreather engines while closing airbreather inlet ramps
* Continue rocket power at full thrust

+ Insert into an equatorial elliptical orbit 91x556 km (50x300 nmi)
along an optimum lift/drag/thrust flight profile

e Shut down rocket engines and execute a Hohmann transfer to 556 km
(300 nmi)

* Circularize Hohmann transfer

The re-entry trajectory is characterized by low gamma (flight path angle)
high alpha (angle of attack) similar to Shuttle. The main re-entry trajectory
elements are:

* Perform delta velocity (AV) maneuver and insert into an equatorial
elliptical oxbit 91x556 km (50%x300 nmi)

* Perform a low-gamma, high-~alpha deceleration to approximately Mach 6.0

* Reduce alpha to maximum lift/drag (L/D) for high-velocity glide and
cross-range maneuvers to subsonic velocity (approximately Mach 0.85)
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» Open inlets and start airbreather engines as required

¢ Perform powered flight to landing field, land on runway, and taxi
to dock

Flyback fuel requirements include approximately 300 nmi subsonic cruise and
two landing approach maneuvers (first approach waveoff with flyaround for
second approach).

Typical ISp characteristics of AB/rocket engine system are:

* Subsonic range - Linear reduction of Igp from 9700 to 4000 sec at
1200 fps

» Supersonic range - Reduction of Isp from 4000 sec at 1200 fps to
3500 sec at =5600 fps (AB)

* Rocket - Igp = 435 sec

The airbreather cruise mode, which results in an economical orbit plane
change from the launch site to the equatorial orbit, was analyzed. The esti-
mated fuel requirements to cruise 1000 statute miles down~range for alternate
propulsion modes are given below.

v Altitude At AWp
(ft/sec) (k-ft). (sec) (1lb) Engine
800 20 6600 72,000 Turbofan Jet
6000 85 880 386,000 Ramjet

Although subsonic cruise takes a longer time (110 minutes), the amount of fuel
consumed is substantially less when the orbital plane change is accomplished
with subsonic cruise at maximum L/D.

A transition maneuver from high-lift configuration to (L/D)pzx configura-
tion is performed shortly after liftoff (begimning at 3000 ft altitude). The
maximum angle of attack of 13 degrees 1is reduced gradually to 1 degree for
subsonic (L/D)pay climb configuration.

Velocity and angle of attack vs flight time indicate the time required to
reach 300 nmi orbit (not including subsonic cruise leg) varies from 1800 to
2300 sec, depending upon (W/S)p, (T/W), and engine operational mode.

Variation in load factor, altitude, and dynamic pressure with respect to
velocity and time during supersonic ascent show a maximum load acceleration
less than 2.3 g. Maximum dynamic pressure is 940 psf, which is within load
limits. From takeoff to burnout, the ascent profile is quite shallow - with
flight path angle ranging between -0.7 and 4.5 degrees.

Ascent and descent trajectories of the SSTO and the Space Shuttle missions

are compared in Figure A-13. Because the performance of airbreathing engines
and aerodynamic lifting of winged vehicle depend on the high dynamic pressure,
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Figure A-l13. Ascent and Descent Trajectory Comparisons

the SSTO flies at much lower altitude during the powered climb than the verti-
cal ascent trajectory of the Space Shuttle for a given flight velocity. Light
wing loading of the SSTO contributes to the rapid deceleration during deorbit.

The total enthalpy flux histories which indicate the severity of expected
aerodynamic heating are shown in Figure A~13. As expected, the aerodynamic
heating of ascent trajectory may design the SSTO TPS requirement. The maximum
total enthalpy flux of 6000 Btu/ft?-sec is estimated near the end of airbreather
power climb trajectory. Except in the vicinity of vehicle nose, wing leading
edge, or structural protuberances, where interference heating may exist, most
of the ascent heating is from the frictional flow heating on the relatively
smooth flat surface.

The descent heating i1s mainly produced by the compressive flow on the vehi-
cle windward surface during the high-angle-of-attack re-entry, and is expected
to be considerably lower than the Space Shuttle re-entry heating.

Weight in orbit is summarized in Table A~1. The data entries identified
by an asterisk are revised reference vehicle data resulting.from Rockwell and
NASA/MSFC data exchange in May 1978. Calculations reflect additional fuel
reserves, performance losses and a l0-percent growth factor. Inert weight in
orbit was_ increased from 694,510 1b to 775,800 1b and ailrbreather engine thrust
of 1.4x10° 1b constant was rev1sed to reflect increase in airbreather thrust
potential shown in Figure A-8.
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Table A-l. SSTO Weight in Orbit Summary

T MOCKET Igp = 455. SEC ROCKET igp » 488 SEC
(SHUTTLE VALUES) (LaRC VALUES)
GLow ENERGY METHOD POST ANALYSIS ENERGY METHOD
oRgIT wox108 18 Wi (LB PAYLOAD (L8} Wi (e PAYLOAO (LB) Wy (LB) PAYLOAG (LB)

EQUATORIAL o 787.400. 92.3%.

CRBIT 431 (r8) $01,700. 107,190 790,000, 95.490. £32.500. 132.290.
CRUISE 4528 45,800. 151,290

FROM KSC __so0(rsl 95,300 200,790.

INCLINED 43 864.500. 169,990, €97.000. 202,490,
ORBIT 318 882,600 138,080, $49,000. 154,450 917,300. 222,190.
Ksc¢ a52(PB 925,100. 230590.

DUE EAST °5.00 (PB) *972,400 °196,580

@ DATA FOR 300 N MI. ORBITAL INSERTION

REFERENCE WING AREA (SREF) = 40.900. SQ. FT.

@ WEIGHT IN ORBIT (EXCLUDING PAYLOAD) = 694510. LB ° = 775,800 L8
® LAUNCH FROM KSC ® PB = PARALLEL BURN
@ AJRBREATHER e ROCKET
® THRUST = 1.4 x 106 LB, ® THRUST =32 x 105 L8
e lgp - VARIABLE o 1gp = SEE CHART
® VELOCITY = 0 < V 7 6200 FT/SEC ® VELOCITY = 6200 < V < VoRgIT FT/SEC

A.6 AERODYNAMIC AND STRUCTURAL HEATING

Preliminary aerodynamic heating evaluation of the SSTO configuration was
performed for several wing spanwise stations and the fuselage centerline.

For the wing lower surfaces, heating rates were computed including the
chordwise variation of local flow properties. Effects of leading edge shock
and angle of attack were included in the local flow property evaluation.
Leading edge stagnation heating rates were based on the flow conditions normal
to the leading edge neglecting cross—-flow effects. All computations were per~
formed using ideal gas thermodynamic properties.

Wing upper-surface heating rates were computed using free-stream flow
properties, i.e., neglecting chordwise variations of flow properties. Heating
rates were computed for several prescribed wall temperatures as well as the
reradiation equilibrium wall temperature condition. Transition from laminar
to turbulent flow was taken into account in the computations. Wing/body and
inlet interference heating effects were not included in this preliminary
analysis. The analysis was limited to the ascent trajectory, since the descent
trajecteory is thermodynamically less severe.

These parametrically generated aerodynamic heating rate data were used

for thermal analysis of the various candidate insulation systems. Radiation
equilibrium temperatures for emissivity, € = 0.85, are based on:
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* Leading edge stagnation heating rates peak at M = 16.4,
alt = 196,000 ft

¢ Upper wing surface uniform static pressure assumed, temperatures
peak at M = 6.4, alt = 86,500 ft

* Lower wing surface heating rates and temperatures peak at M = 7.9,
alt = 116,000 ft

¢ Local flow property variation, angle of attack, and leading-edge
shock effects are included

* Inlet interference effects were not included

Isotherms of the peak surface temperatures for upper and lower surfaces
(excluding engine inlet interference effects) for the SSTO and Orbiter are
shown in Figure A-14. Leading edge and upper wing surface temperatures have
similar profiles. The SSTO lower-surface temperatures are from 400°F to 600°F
lower than the orbiter due to lower re-entry wing loading (23 versus 67 psf).

SSTO ORBITER-TRAJECTORY
—~= LOWER SURFACE

LOWER SURFACE -—l-—— UPPER SURFACE UPPER SURFACE -

700°F

40
ENTRY/ASCENT

700F /7 50F
750F /830F
850F/900F

i% 2300F
2625F

Figure A-l4. Isotherms of Peak Surface Temperatures During Ascent

Structural heating analyses include: (a) typical variations of heat leak
rate (BTU/ft®-hr) and total heat flux (BTU/ft2) as a function of HRSI tile
thickness for typical LH» upper and lower wing tank surface locations; (b) vari~-
ation of bondline temperatures versus tile maximum temperature to thickness ratio
for RSI tile insulation, including bondline temperatures for the dry, wingtip
ullage tank, the wetted lower surface of the LH; tank, and the dry upper surface
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of the LH; tank; and (c¢) typical thermal response as a function of launch
trajectory exposure time of the insulation system.

Figure A~l5 shows HRSI tile thickness profiles for bondline temperatures
of 350°F. Preliminary data indicate that the titanium aluminide system des~
cribed in the TPS section of this report may be lighter than the RSI tile for
the SSTC TPS system due to the low average temperature (1000°F to 1600°F)
profiles occurring over 80 and 85 percent of the vehicle exterior surface.

LOWER SURFACE ~—er

LOWER SURFACE UPPER SURFACE

ULLAGE

Figure A-~15. HRSI Tile Thickness Contours
for 350°F Bondline Temperature

A.7 THERMAL PROTECTION SYSTEM

Ceramic cocated RSI tile,used on Shuttle, and metallic truss core sandwich
structure, developed for the B~l bomber, were investigated as potential thermal
protection systems for the SSTQ, Figure A-3.

The radiative surface panel consists of a truss core sandwich structure
fabricated by superplastic/diffusion bonding process. For temperatures up to
1500/1600°F, the concept utilizes an alloy based on the titanium=-aluminum
systems which show promise for high-temperature applications currently being
developed by the Air Force. For temperatures higher than 1500/1600°F, it is
anticipated that an alloy will be available from the dispersion-strengthened
superalloys currently being developed for use in gas turbine engines. Flexible
supports are designed to accommodate longitudinal thermal expansion while
retaining sufficient stiffness to tranmsmit surface pressure loads to the primary
structure. Also prominent in metallic TPS designs are expansion joints which
must absorb longitudinal thermal growth of the radiative surface, and simulta-
neuously prevent the ingress of hot boundary layer gases to the panel interior.
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The insulation consists of flexible thermal blankets, often encapsulated in
foil material to prevent moisture absorption. The insulation protects the
primary load~carrying structure from the high external temperature.

During the past two years, Rockwell and Pratt and Whitney Aircraft have
participated in an Air Force Materials Laboratory sponsored program, F33615~75-
C-1167, directed toward the exploitation of Ti3Al base alloy systems. The
titanium aluminide intermetallic compounds based on the compositions TijAl
€oz) and TiAl (y) which form the binary Ti-Al alloys have been shown to have
attractive elevated-temperature strength and high modulus/density ratios.

Titanium hardware of complex configurations have been developed, utilizing
a process which combines superplastic forming and diffusion bonding (SPF/DB).
This Rockwell proprietary process has profound implications for titanium fab-
rication technology, per se. In addition, the unprecedented low-cost hardware
it generates promises to revolutionize the design of airframe structure. The
versatile nature of the process may be shown by the nature of the complex deep-
drawn structure and sandwich structure with various core configurations which
have been fabricated. This manufacturing method and the design freedom it
affords offer a solution to the high cost of aircraft structure. Manufacturing
feasibility and cost and weight savings potential of these processes have been
established through both IR&D efforts at Rockwell and Air Force contracts.
These structures may be used for engine cowling, landing gear doors, etc., in
addition to providing major TPS components.

Unit masses of the SSTO TPS concept, state—of-the-art TPS hardware and
advanced thermal-structural designs are compared with the unit mass of the
orbiter RSI in Figure A-16. The unit mass of the RSI includes the tiles, the
strain isolator pad, and bonding material. The hashed region shown for the RSI
mass is indicative of insulation thickness variations necessary to maintain
mold line over the bottom surface of the orbiter. The RSI is required to pre=~
vent the primary structure temperature from exceeding 350°F., The unit masses
of the metallic TPS are plotted at their corresponding maximum use temperatures.
The advanced designs are seen to be competitive with the directly bonded RSI.

A.8 STRUCTURAL ANALYSIS

The multi-cell wiag tanks provide a structure which 1is capable of sustain-
ing pressure while, at the same time, reacting aerodynamic loads. The tanks
are sized based on ullage pressures of 32-34 psia (LH;) and 22-22 psia (LOX).
Maximum wing bending occurs at about Mach 1.2. The LH; and LOX wing tanks are
the major load path for reacting these loads. The wing also supports the air=~
breather engine system.

The primary wing attachment is to the cargo bay structure. The cargo bay
aft section, in turn, is connected to the LH, tank. The LH, interconnects the
cargo bay, aft portions of the wing, the vertical surface, and the rocket engine
thrust structure.

An ultimate factor of safety of 1.50 was used in the analysis. The prime

driver in the structural sizing of the multi-cell wing tanks is the bending
moment resulting from air loads-at Mach 1.2. The net bending moment on the
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Figure A-1l6. Unit Mass of TPS Designs

wing is the difference between the 1ift moment and the relieving moment due to
LOX remaining in the wing. Trades were performed to determine the structural
wing weights required to sustain these bending moments plus internal pressure.
An intermediate location was chosen for LOX propellant where lift moment ~2
times relieving moment. Locating LOX outboard results in a lower net flight
bending moment, but the critical design condition then becomes prelaunch under
full propellant loading. To sustain this prelaunch bending moment, the wing
weight would be in excess of 200,000 1b.

The wing LH; tank was designed to sustain the loads from both internal
pressure and wing bending. Al 2219~T87 was chosen for the tank material on
the basis of high strength at cryogenic temperatures, fracture toughness, and
weldability. Loads resulting from wing bending moments are dominant in deter-
nining membrane thickness, which is based on a maximum tank ullage pressure of
34 psia, and an ultimate factor of safety of 1.50. Figure A-17 shows material
thickness versus wing station due to pressure and wing bending. The column
showing bending only relates to wing-bending contribution, not an unpressurized
wing design.

The fuselage LHz tank is the primary load path for reacting total vehicle
mass inertias during the maximum acceleration condition (3.0 g). Approximately
27 percent of the propellant remains at that time. The tank has a twin-cone
"Siamese'" configuration which is required in order to fit in the fuselage at
maximum propellant volume. The forward end of the tank is cylindrical, while
the aft end is closed out with a double modified ellipsoidal shell. The bulk-
heads react the internal pressures while the sidewall carries pressure and
axial compression locads. The bulkheads are monocoque construction while the
sidewall is an integral skin-stringer with ring frames construction. Tank
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**FOR 0 =60 DEG ONLY

Figure A-17. Material Thickness Versus Wing Station

configuration and bulkhead membrane and sidewall "smeared" thickness require-
ments to sustain the internal pressure and axial compression loads have been
determined. The structural design of all cryo tanks is based on cryogenic
temperature material properties and allowables.

A.9 MASS PROPERTIES

SSTO mass properties are dominated by the tri-delta wing structure, the
thermal protection system and the airbreather and rocket propulsion system.
The initial reference vehicle data, shown in Table A-2, were generated by
Rockwell during the period of December 1977 - January 1978. These data were
reviewed by NASA MSFC/LaRC during February and March 1978, resulting in twe
extremes of mass estimates. A reassessment by Rockwell during May produced
the final reference vehicle data. The data presented in this report are con-
sidered to be reasonably achievable targets. The technology items coded on
Figure A-1 require study in greater depth and degree of sophistication to
confirm SSTO mass property data.
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Table A-2. SSTO Weight Summary
T ROCKWELL MSFC ROCKWELL
TINITIAL FINAL
REFERENCE NORMAL ‘ACCELER REFERENCE

{TEM DESCRIPTION VEHICLE | TECHNOLOGY | TECHNOLOGY VEHICLE

AIRFRAME, AEROSURFACES, TANKS AND TPS 367,000 458,000 249,000 370,000
LANDING GEAR 27,700 $3,000 29,000 27,700
ROCKET PROPULSION 63,700 40,000 40,000 71,700
AIRBREATHER PROPULSION 148,000 200,000 148,000 140,000
RCS PROPULSION 4,000 16,000 11,000 10,000
OMS PROPULSION 1,200 9,000 7.000 5.000
OTHER SYSTEMS 35,500 41,000 22,000 37.800
SusTOTAL 647,100 817,000 16,000 662,200
10% GROWTH 81,700 51,600 66,220
TOTAL INERT WEIGHT (DAY WEIGHT) 647,100 896,700 567,600 728,420
USEFUL LOAD (FLUIDS, RESERVES, ETC.) 47,400 -— —_— 47,400
INERT WEIGHT & USEFUL LOAD 694,500 775,820
PAYLOAD WEIGHT 107,200 - - 196,580
ORBITAL INSERTION WEIGHT 801,700 972,400
PROPELLANT ASCENT 3,438,080 — - 4,027,600
" GLOW (POST-JETTISON LAUNCH GEAR} 4,239,780 —_ — 5,000,000

=
00 M8l EQUATORIAL ONBIT

E’\:——'
00 NeM, 28 4°
INCLINED OAMT ]
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APPENDIX B

HLLV REFERENCE VEHICLE TRAJECTORY
AND TRADE STUDY DATA

B.0 INTRODUCTION

The reference heavy lift launch vehicle trajectory data and a summary of
the various trade studies performed are contained in this appendix. The
several trade options include:

* First and Second Stage Engine Throttling

* First Stage Propellant Weight Sensitivity

* Second Stage Propellant Weight Sensitivity

* Lift-off Thrust-to-Weight Sensitivity

» Alternate First Stage Propellants (LOX/CHy and LOX/LHj;)

With the exception of the engine throttling trades, all trajectories
assumed 100%Z throttling by the first stage engines (l.e., second stage engines
operate at maximum thrust throughout the parallel burn ascent phase) in order
to stay within maximum allowable load factor and dynamic pressure,3 g and 650
psf respectively.

The engine throttling study shows little effect on vehicle payload capabil-
ity when doing 100% of the throttling with either stage. All intermediate
options (i.e., partial throttling of both stages) shows a degradation in pay-
load capability,

The first stage propellant weight sensitivity analyses show an improve-
ment in glow/payload weight ratio (smaller) as first stage propellant weight
is increased, however, the staging velocity exceeds the capability of a heat
sink booster. The second stage propellant weight sensitivity indicates an
opposite effect to the first stage data.

By combining the effects of throttling of second stage only and increas-
ing first stage propellant weight could result in a 10-15Z improvement over
the reference HLLV configuration.

The alternate propellant trades, LOX/CH, and LOX/LHz, show 7% and 37%
increased performance over the reference HLLV configuration. The LOX/LH»
configuration, however, becomes extremely large (volume) and less cost
effective because of handling and propellant costs. The LOX/CHy booster
appears to be a viable option.



B.1 HLLV REFERENCE VEHICLE TRAJECTORY

This section contains the tabulated reference vehicle characteristics
and trajectory data. The nominal and abort modes [once around and second.
stage return to launch site (RILS)] data are included. Because an adaptation
of the space shuttle transportation system scaling program was used, certain
vehicle parameters are listed under headings of "External Tank" and "Solid
Rocket Booster."

The first two pages of the tabulated data list the pertinent ground rules
and assumptions employed in making the computer run. In the list of 'Vehicle
Characteristicg"” (third page), the structure weight given refers to the booster
total inert weight plus residuals and reserves but exclusive of flyback propel-
lant. The propellant value given is the total usable ascent propellant loaded
in the first stage (i.e., includes that propellant crossfeed to the second
stage during first stage burn).

In the summary weight statement (fourth page), the "Orbiter" and "External
Tank" listings refer to second stage weights. The "External Tank" values apply
to main propulsion residuals and reserves. The total usable propellant (Exter-
nal Tank) is the total propellant burned in the second stage (i.e., propellant
loaded plus crossfeed from first stage). The usable SRM propellant listing is
the total propellant burned through the first stage engines. To determine the
amount of crossfeed propellant, the usable SRM propellant may be subtracted
from the total propellant loaded in the second stage which is given under
Vehicle Characteristics, third page of data.

CRT plots of significant HLLV parameters are included following the
tabulated data.

The reference vehicle has a gross liftoff weight of 7,135,492 kg
(15,731,068 1b) and a payload capacity of 231,195 kg (509,653 1b),

B-2



£-g

vENERAL ASCENT TKAJtC1URY JAND STZING PROGRAM BY R.L.POWFLL

DATE - O1/15/771% TIME ~ 1€8318:27

bAf&LLITL POWER SYSIFM (SPS) CONCEPT DEFINITION STUDY

THWO~STAGE VERTICAL TAKE-UFF HORIZONTAL LANDING HLLV CONCEPT

BOTH STAGES HAVE FLYBACK TAPABILITY TO LAUNCH SITE (KSC)
'

klRST STAGE HAS AIRbREATHtR FLYBACK AND LANDING _CAPABILITY

FLYBACK PROPELLANT HAS A SPECIFIC FURL CUNSUMPTIUN UF 3500 SEC

SFCOND STAGE USES THE ABORT-ONCE-ARUUND FLYBACK MODE (AQA)

FIRST STAGE HAS LOX/RP/LHZ TRIPROPELLANT SYSTEM

WITH HZ COULED HIGH PC ENGINES (VACUUM ISP = 3E2,.3 SEC)

TTSECUNO STAGE USES TUX/THZ PRUPELLANT WITH VACUUM [SP  466.7 SEC
IHL QESIGN PAYLUAD SHALL RE 500 KLB INTO A CIRCULAR ORBIT OF

270 Ne MILES AND AN INERTIAL INCLINATION OF 31.6 DEGREES

TTASCENT SHAPED TU THE NOMINAL ASCENT MISSION

MECU CUNOI1IDN$‘AR& tU A THtURtlICAL OKBIT OF 169,22 NJMILES

BY 50e42 No MILES (CUASTS 10 APUG:E OF 16U NeMILES)

T ON=DRETT DECTA VELOCTTY REGUIREMENT UF 1115 FECT/SECOND
KCS SYSTEM SI2EU FOR A DELTA VFLOCITY RFQMT U 220 FEET/SFCUND

THE vERIGLE SIZED FUR A THRUST/WEIGHT RATIN AT LIFT-0FF OF 1.30
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MAXTIMUM AXTAL LOAD FACTUR DURING ASCENT 1S 3.0 G'S

TRAJECTORY HAS A MAXIMUM AERO PRESSURE OF 650 LBRS/FT2
MAXIMUM AERD PRESSURE AT STAGING LIMITED 13 28 vessevz

LUIRECT ENTRY FRUM 27C N.MILES ASSUMMECD (DELIA V = 41% FT/SEC)

PFIGHT PERFORMANCE RESERVE = 0.75% TUTAL CHAC ASCENY VELOCITY

WEIGHT SCAUTNL PER RUCKWELL IR AND D HLLV STUDIES -

A WE IGHT GROWTH ALLOWANCE OF 15% 1S ASSUMMED FOR RUTH STAGES

FIRST STAGE BURNS 7vv¥5060 PUUNDS UF ASCENT PROPELLANT
SECOND STAGE "(ORGITERY ENGINES BURN 5(92633 L3S OF PROPELLANT

__SECOND STAGE DRY WEIGHT WITHUUT PAYLUAD EQUALS 727620 LBS

SECOND STAGE THRUST LEVEL 7 STAGING EQUALS 4750020 LES
" SECOND SYAGE ASSUMEYS 4 ENGINES FOR ASCENT WiTH 1 OUT FOR ABORT

SECOND STAGE EPL THRUST LEVEL FOR A3URT IS 112 % FULL POWER

SECOND STAGE UVERALL BOUSTER MASS FRACTION = (.8489 W/0 MARGIN

"SECOND STAGE WEIGHT BREAKDOWN : . — —

ReSTDUAL WE IGHT

#

2070 POUNDS

RESERVES WEIGHT 3300 POUNDS

Lt

RCS PROP WEIGHT = 18280 PUUNDS 777

BURN=CUT ALTITUGE AT SECUND STAGE THRUST TERMINATION = SC N. MILES

ADVAMNCED TECHNOLUGY wltLL BE COMPATABLE WITH THE YEARS 1990 '6 ON

IHIS RUN TS MADe WITH A CONSTANT KICK ANGLF - LOX/%%P-1 HASEL INE




VERICLE CHARACTEeRISTICS (NOMINAL MISSTION) CASE &5
STAGE L - o
GROSS STAGE WEIGHT«(LB) 15731068.0 4891645.0 4817477.0
GROST STAGE THRUST/WETGHT 1,3C0 0.971 0.9866
_I§8Q§I ACYU&EL(LE) 20450352.0 475600040 4756000.0
ISP VACUUM,{StC) 370.3566 466,700 466, T00
STRULTURE, (LB} 1042488.9 0.0 BO6C09.0
PROPELLANT(LS)  9607CeY.C  T4168.0  3406460.0
PERF. FRAC .y {NU) 0. 6107 0.0152 0.7071
PROPEVTANT -FRAC, 5 INUEBT] C.9019 1.0GG0 G.8087
CBURNOUT TIME,(SEL) 15.387  165.674 507,15 _
EBURNDUT VELOCITY o (FT/SEC) B23L.75C 8407,0%£1 259544109
BURNUUT GAMMA (DEGREEST 14,396 13.338 0.187
BURNOUT ALTITUDEL(FT) 18Cy48.6  19544T.z 3196575 ;
BURNGUT RANGE y{NM) 4845 5heb 1097
TIDEAT VELOCUTITYSTFT/SFTY 109603 1118%.7 2962840
INJECTION VELOCITY,(FT/SEC) G.0 FLYBACK RANCE(NM) 211,99
INJECTION FROPELLANTHELBY 777 7 " 7777 " 0.0 " 777 FLYBACK PRUPILBS ] 186804.9
ON ORBIT DELTA-V{FT/SEC) 1083.%
CON-ORBLT PROPFLUANTY (LEY I53540T o
ON ORBIT 15P,(SEC) 46647

THETA= 2E.14 PITCH RATE= D.C0192

PAYLUAD, (LB) 50965340

CTATTEMPTS TO CONVERGF= 3
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SUMMARY WEIGHT STATEMENT

{NOMINAL MISSIuN)

CASE 6%

GREITER WHIGHT BREAKDUWN
DRY WE IGHT

727620.090 PUUNDS

PERSONNEL =~ ~ 77 7 T TTT3000.000  POUNDST T T T
RESIDUALS 267C.G0C  POUNDS
RESERV (S 3300.000 PGUNDS
IN=FLTGHT TUSSES 10435.00G  POUNDS
ACPS PRUPELLANT 18280.600 POUNDS
OMS PROPEL LANT 95354 ,125  POUNDS o
PAYLOAYD W0 T TTTTTT T T 0463 ,6G00° POUNNS
PALLAST FOR (G CONTROL C.C POUNDS
OMS INSTALLATIUN K1TS 0.0 POUNDS
TTTPRYLUA T MOUS 0.0 POUNDS

TOTAL END ROOST (ORBITER ONLY)

UMS BUKNED DURING ASCENT

.. 1309716.00  POUNDS

0.C POUNDS

ACPS BURNED DURING ASCENT 0.0 POUNDS
EXTERNAL MAIN TANK

TANK DRY WFIGHT 2640,000 POUNDS

RESTOUALS T T T T T T T T30 . 000 T POUNDS

PROPELLANT BIAS ( 2640,000 ) POUNDS

PRESSURANT { 21206.000 1} POUNDS

““““““ TTANK AND LINES U 9320.00077) POUNDS

FNG INFS { 3650.300 ) POUNDS

FLIGHT PFRFOURMANCE RESERVE 20420.C00  POUNDS

UNBURNED PROPELLANT (MAIN TANK) = 7~

TOIAL END BOOST {EXTERNAL TANK)

413G0.CC0  POUNDS

.07 T POUNDST

TUSARUETPRUPEL UANT (EXTERNAT "TANK)
FLYBALK PROPELLANT {FIRS1 STAGE)

SULID ROCKET MOTOK (FIRST STatk)
SRM CASE WEIGHEEZ)

5062633.00 POUNDS

186£64.937  POUNDS

T SRAMT STRUCTURE B RCVY WEIGHT
SRM IN:RT STAGING WFIGHT

USABLY SR™M PRUPELLANT

9040548 .00 POUNDS
1045488 ,87 POUNDGS

C.T POUNDS
10494568 .07 PIUNDS

7995060 TG T POUNDS T

15731069.0 POUNDS
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TIME VREL ALT GAMMA QB AR LOAD FACTOR
W VOOT GDY VGRAV VURG THRUST
ALPHA MACH LIFT RANGE DRAG THROTTLE
THRUST 1 VAC THRUST 1 THROTTLE 1 FTHRUST 2 VAC THRUST 2 THROTTLE 2
0. 0 0.0 0.1830C0E+03 0.9COCCGE+C2 0.0 0.1301C1E+0)
O I573ITEF0S U.974453E+01 0.0 0.0 0.0 0.2040662E+408
0.C 0.0 C.0 0.0 0.0 0.100000E+01L
0.170419E+08 0.182167E+08 0.10CO00E+01 04 342432E+07 0e473192E+407 0.100C00E+01
0s 100000E+C1 0.982707E+01 G.187900E+03 Oe YCO00CE+O2 0.110324E+00 0.13C0616E+01
U. I568692E+08 0. 99ICO0SE+D] ~U.0 0.32164085F+02 0.1552685-03 0.204666E+08
0.0 0.864182E-C2 0e941394E+02 C.C 0.226589€E+03 C100000E+0)
Ga L7042 1E+08 C.182167E+08 C.10CCCCE+QL Oe342454F+07 0.473192€+07 0.1GOCOOE+01
0.199999¢+01 0.198209E+02 0.202710F+03 0«930000E+02 0.448634E+00 0s131137E+01
Ce ISE0TIEFUN U ICO7I9E+02 0.0 Oe643897E+C2 0.1251946E~02 0.2046T79E+08
0.C 0e174313E-01 0.382519t+03 0.0 0.9Y16862E+(C3 0.100000E+01
Oe 170427E+08 0.182167E+08 0.100C00E+01 Ue 3425226+ 07 0.47T3192E+07 0.100000E+01
Ge 299999F+01 0.2998306F+02 Ge227598E+03 Ce900000E+C2 0.102594E+401 0.131665E+01
VIS SYSGEFOB 0+ T024B0E+F0? ~—U.0 U0.965844E+072 0.427170E-02 0.204T01E+0Y
0. 0 0.263713E-01 0.875430E+03 0.0 0.20866T7E+0C4 0.1C0CI0E+01
0. 17C437E+08 O0el82167E+08 0.100000E+01 e 342635507 344T73192E+037 0.10C000E+01
Ce 399998E+QL 0.403174E+(2 0.262154E+03 Ue YUO000E+02 0.185321E+GY Ge132200E+0G1
IS8 3I6E+40T 0. TCG202E+T2 C.C Ce 123779E+003 0.102408E~-C1 0.204731E+CB
0.0 0354 650F-01 041581345404 C.0 0.375194E+04 0.100000E+01
0e 17C452F+08 0.182167TE+0R U« 10COC0E+GE Qe 3427955407 0.4T31928+07 0U«1000J0E+01
G. 499993E+401 0.508246E+C2 Ce3UB289E+03 Ue 900CCCLE+CZ 0.294136E+01 0.132742E+01
eI a21Tt¥ 0y O 10594 TEFT2Z .0 0. 160G 74E+T3 0.202311£-01 Ge20LGTTIEXOD
0.0 Ge4aqT154E~01 Ce25L98TF+04 Cal 0.5928066E+04 0.1 00000L+0D1
Cal7C47CLH0E ColB2L6TEUY CelUOQOCE+OL 0e3430G02E+CT O.473192E+07 0.100000£+01




¥
«

TImt VREL ALT GAMMA QAR LOAD FACTOR
W vbOT (M) VGRAYV VDRG 1HRUSTY
ALPHA MACH LIFY KANGE DR AG THROTTLE
THRUST 1 vaC THRUST 1 THROTTLE 1 THRUSY 2 VAC THRUST 2 THROTILE 2
Qe 5999575401 C.615073E+02 Ue304419F+073 Qe QO0UOUET Q2 0s430121E+01 Coal133291E+01
U YS3S9BEFUE UTUTTI3E+TZ 0.0 O 19316LE+03 0e35361CE~01 Ge204519E+08
0.0 0.541258E-01 O 367C22E+04 Cu O BE32H85E+04 0.100G000E+01
0e 170493F+0% 0.18216T7E+CH 0+100C00E+01 Ca34325TE+(C7 0.4T3192E+07 C.lGUCG0E+Q]
0. £99957E+01 O723619E+02 Ca431361E403 Ge90000OCE+G2 0.594342£+40]) 0.1330846E+01
U 1829 T9EFUS U TU9503E%02 0.0 C.225362E+03 C.567T3ETE~01 G«2048T7TTE+(GS
G O 0.636992E-01 0e507151E+C4 Qe Ce118BCHE+GS G.1CG000E+Q1
0. 17C5Z21E+08 0.182167E+08 0.100000%+01 0.343960E+07 Ce4aTAIG2E40T G.1CGO0G00E+GL
Ue TOYYHHE+O] 0,834085E+02 <E092336+03 0eSLO0GGOELC2 O, TB7844E+0Y 0.1 34409401
IS Z3IHTERTE CVTIT314E+07 C.0 Ca257556E+03 C.85T4E5E~C1 Ce204943E+08
Os O 0uT34391E-01L Neb61.26TE+04 Ga 0 G. 1560 T6E+05 G.100C00E+0L
O 17CH52F+08 0.16216TE+08 0« 10GOUOE+D] O 3439126407 0.475152E+07 0,100000£+01
0. 8959555401 Qu94b314E+ CeH98236t+03 C.H00C00E+0Q2 0.,101L6EE+C2 0413497BE+0]
VIISTTHZEFTS O I3T49E+02 0.0 O« 289 T748E+03 0.123481E+00 0e205020E+08
0. 0 0.8334537F-01 UB64243F+04 0.0 0.200699E+05 0.100000&+01
Ce17058LE+(CH Ce182167TE+(CE 0., 100000kE+01 G 344314E+07 0.473192E+07 0.1000600E+01
0, 9969%51L+01 Olib03ISE+03 CebyB5555+403 0, 900000E+02 Q1260 T6E+02 Gel35595E401
Te151123E+0T O T1ISCOTEFDZ ($PRH U.321941F+03 Ua1lT15304E+CT 0.205105€£+08
Ca O 0.934315€=-C1 Ce1CELCYIE+DH Cel 0.250430E+(% G.100000E+01
Ge L7CH629E+0G3 0. 162157E+0b Ge LLCGUUESQL Ce 344T066E4+0T7 et 73192E+017 C.1C0000E+01
Ce 1OGOUOE+OQ2 Q0. 1066040E+03 UebGb560E+03 Ve BY63YHEHGD 0.1208T0F+ 02 Cal38555L+01
Cel51123E+08 7 CLV1IYSCTI3ERT? =CTT429TTE-DT Ue32T942E+03 O.YTI30TECGD 0.2051056+CE
Oe U 0.934319E~C1 Ge LGBVUGES(S Ue U Ce250453E+05 0.1C0000E+0O1

Ce LTU629E+D0E

0.1&2167&{88

0.1&UUOUEtO}

(0o 34476065407

XA LEL ST

C.1C0000E+31



TIME VKEL ALT GAMMA WH AR LOAD FACTOR
T UTWTTTTTTTTTTT O TTTTTNDOT T TTTTGET VGCKAY VDRG THRUST

ALPHA MACH LIFT RANCGE DR AG ThROTTLE

VHRUST 1 VAC TRRUST I . TRROITLE L THRUST 2 VAC THRUST 2 THROTTLE 2
0. 1200006402 0.129420E+03 0.93391TE+C3 Ce8945T73E+C2 Ce197475F+02 0.136729F+01
0. T438B6E+07B 0. TI860RE+02 ~Co1T0452E+CT Ge3B46326E+C) 0.302954E+00 Ce205305E408
0.0 0114 133E+(0 0.159975E+0b Ge353495E-03 0436H251E+05 0.1060U00k+01
0:170724++0c  0+18216TE+C6 C.100000E+01 0.24520E+07 0.473152E+01 0.100000E+01
0.140000£+02 0.153569E+403 C.121679E+04 GeB92766E+(2 0.261905E+02 G,137931E+401
U 148648C%08 G TZZE99E+0Z =0s13C656E+00 Caab0709E403 0.491951E+400 Ce205544E408
0.0 0.135570E+400 (1.223484E+405 Oey58813:-03 0.511527E+405 0.10G0000E+01
Ce170836E+08  0.182167E+08 G.100000t+Cl  0.347078E+CT  0.473192E+07 _ 0.1G0GOUE+GL_.
0. 160000E+02 01 7B507E+03 0e154872E+04 Us ELSA2IE+ 02 0.350003E402 0.139162E+01
CI15TRTIF+0T OL126E56E+02 ~Gu164226E+00 0.515079E+(3 0.7505T5E+00 0.205822E+08
0e G 0.157774E+00 0e299170E+05 OelvalllE~-G2 0.6814C03E405 0.,100000E+0}
017096640~ 0s162167E#08  O.10CO00E+31 0.348541E407  0.473192€+67 . 0.1COCU0E+OL

!

0.1800L05+02 02042566403 0s192129E404 De8850T5E+ 02 0.454118F+02 0.140421E+01
G146 TIE+08 O T30804EFC? -0.200588E+00 Oal¥9444E+(3 0.10919LE+G]L 0.206139E+08
e O 0.1807716E+0U U.3B7099E+Cy Oe 34632CE~C2 Ve BTHAGKE+OY Ce10GGO0E+CY
0o 171118E408 O.182166E408 ~  0.10CC00E+01 0.350211€+407 044731926407 0.100003E+01
U l999y9 b2 «23053BE+03 Ga236€61CE+04 Oe£51232E+C2 0.572882E+02 0.141710E+01
"0 144936T+08 U.T35034E407 =0.23855KE+TT Cab&3794E+ L3 0.15297TE+G1 C.206495E+08
0.0 0.20461CE400 U4 U884 UE+OD CebT2962E-02 0.1i1Ub12E+0U0 U+1C0000E+0L
0, 171286¢+08 C.1b210tE+CE 0.1000G00F+01  0.3520¢6E+07  0.473192E407  0,100000£+01
0. 2199998402 Ou2oB279E4(3 Ge2854T6E20 4 L. 876 104E+L2 Co7CTLI94E+C2 0143027E+01
"0 1436FEF+ 08 T OVT3T394FF 0T =~ 2735488 +T00 C.TORTZAE+ LY Ue 2078 L1E+01 U.2060890E+0¢
Ce U 0.2s9211E+C0 Ue60344UF+0H 0e89903: F=12 0.136GTTE+0S U.100000L+01
Co171473E+CH Celh2166E+0E ColUOLCUE+0L  Cl354166E+407  0.4T3192E+(1 0.100000E+01 _



014

Ge 1729570408

0 1b216bE+08

U.lOOGUOL+Ol

Qe 370 6YSF+ 07

Oe4aT3152E407

_0.1G0G00E+01

TImt VREL ALY GAMMA RUAR LUOAD FACYOR
W VOUT GOT VGRAY VURG THRUST

ALPHA MACH LIFY RANGE DR AG ThROTTLE
THRUST 1 VAC TrRUST 1 THRUTlLE 1 THRUST 2 VAC THRUST 2 THRAOTTLE 2
04 2399595402 0« 266006E+0 Ge339b%93E+04 0.,2T0116E4G2 Q0 85T205E+02 0.144372€+01
TULTRZEEITFCE 77 0L.143698E+07 ~0e31587T5E+00 Ue F12425E4G3 0.275436E+01 0u20T323E408
0. 0 0.254919E+00 U 1314526408 0.135434E-01 01646 62E+06 0.100000E+01

O 1716726400 G. 1821665*08 +1C0000E+01 0.356448E+07 Cats73162E+G1 _ B 1CCCUCE+CY
Ca25999¢402 0.315850E+03 Le400025E+04 0. 863305E+02 e lU22G1E+ 03 0.145T746E401
U T4 T2Z3E+UB UTEa9558E+02 . 3612736+00 CeB366H4E+03 Oe35724TE+0L 0.207793E+03%
Os O 042814T4E+0Q 0.872845E+05 0.197378E-01 0.196321E+C6 G.10C000E+01
0.171901F+08 0.1&;1665408 0L 1C0000E+01 0.35%8926E+0G7 0.473192E+07  (.100000E+01
0. 2799945+02 0.346042E+03 Getb6035E+04 O BEHELSE+(2 0s12C412E4072 Uuela7148E+0]
T TAYYBREF(S 0 I53392E+07 ~C e CZhTEEFTUD G OL08RGE+CS 0.454980E+(1 0.,208300E+08
0. O 0.3090G23€400 0.102747E406 0.279755E-01 +231094E+06 0.100000£+01
00 17214)E+0H 0.182166F+08 0 1000LOE+01 Oe 561597&+07 CudT3192E+07 _0.1060000E+01
Co 299990 E+U L D.AT¥226E+03 CeB36CBIEYCa CeB4TZLLIE+C? 0.140057E+C3 Co14B612E+01
Gy I3IBT4EF¥CE 0L 1585 26EF07 UL a4 I8ESFETG 0. 965G 19E+G3 Ceb6957T66E+01 (0«208842E+08
Oe O 0.337622E+00 U.119506F+06 G.387124€-C1 0.264158E+06 0.1C00008+01
0. 1723976408 C. 182166E+La C.10UCO0E+DY 0e364453E+07 0 4T3192E+07 0.100000+01
0. 3199906%+402 0.4054T4E+03 Ceb16I46E404 GeB3TG2LEFQD 016110484073 0.1%0141E+01
OVI3TESTIEF 0T O YE3GEIEFCZ o4 e3TETEFTC Us IUZGURF+{ 4 0. T6006%9E+01 Ce209418L+08
Ca( 0.367358E+(0 Cel37538E+06 .,L45Loc—01 U.2954G0E+ 04 0.100000E+01
O LT2670LE+LB .182100E¢0& U 100(00&*01 307456F+L? Qe T3192E407 0.100C00E+01
U 33494 T++02 De442040F+03 UCaTUUGTTF+0S UaBITELGEH(2 Da.13237«8E+03 D151 704E401
136213 E+ GO TS TCTESD? =0 H?2ESBESFQT OTICS IS REFRTS U.846TELEFT] 0.210025E+08
Ce U O.3%8302E+00 DelbOtS2E404 Qe 69FHE6E~01 0a328968E+06 C.10CCO0E+GL



GAMMA 0B AR LOAD _FACTOR
VGRAV VORG THRUST
RANGE DR AG THROTTLE
VAC THRUST I VHROTTLE 1 THRUST 2 VAC THRUST 2 THROTTLE 2
0.359997E+02 0.477374E+03 0.792137E+C4 CoBITOIOE+ 02 0.207661E+03 0.153300E+01
UL Y35036F+08 UL I756BTE¥CZ  =C.559987E+00 T 1I56TIE+CA 0.101127E+02 0.210662E+08
0.430531E+£0 G.17T197E+06 0.913211£-01 043048 57E+06 0.100000E +01
0.173258E+03 0.152166E+08 0.100000£401 04374040E+07 0.473192E+07 0.100000E+01
0.379997TE+02 0.513133E+03 C.8899E2E+04 0.8C5473E+02 0.232826E+03 0.154928E+01
0. T33796€+08 UVIBIS49E+02 —0.595465E400 0.122023E+ 04 0.119502E+02 0.211326E+08
0.464132E+00 C.198671E+06 0.117738E+00 0.403004E+06 0.160000E+01
0.173572E+08  04182166E+08  0,1000CUE+OL 0.377539E+07  0.473192E+07 0.100600E+01
0. 399996E+02 0550 176E+03 0.994655E+04 0.793227E+02 04259129E+03 0.156590E +01
U 13I56TE+UD U.188hZ4+02 =0.62b830F+0U 0.1728362E+(C4 0e139944E+02 0«212015E+008
0.449201E+C0 Us221114E+06 Ce 1497 T4E+00 0.443330E+06 0.100000E+01
Go 173898E+U8  04162166E+06 0.10UGOGE+D] 04 381166E+G7 0.473192E+07 0.100000E+01
¥
00 41995 6F+02 0.588531E+03 0.11G629E+05 e T60356F+02 0.20064C5E+03 0.158170E+01
T I3T323E+ 0T G TYSUSBEF02 =0.6576B4E+00 C.I346E9E+C4 0.162944E+02 0.212725E+08
0.535816E+00 0e236397E+06 0418321 1E+00 0.500546E+06 0.100000E+01
0o 174234£+086 0.182166E+06  G.100000E+C1  0.3349065+07  0.473192E+07 0.1G0GLO0E+D1
04 435996E+02 0.628216E+03 0.122459E40% 0.766933E+02 0.314461E+403 0.159749E+01
0130086 E¥08 U ZUTEI6E¥02 =0, 584006E+00 U. 140945E+C5 GU1B9TZ6E+C2 C.213453E+CH
0.574062E4G0 042501856406 D4 233866E400 0.563645E 416 0.100000E+01
0. 1745 (9£+03 0.182166E+08  0.100000E+01 Co338743F+CT  0,473192E+07 0.100G00E+01
0s 459995 E+02 0.669275E+03 0.135086E+05 0.753018E+C2 0.343115E+C3 C.161325E401
“OTIZ884BE#0E U 20 EUYEF0Z =0, TG TT10EF00 G I47IB5E+ (4 0. Z16639E7D2 0.214156E+08
0.614051E+00 0.262292E+06 0. 2BT5STE+CO 0.632537E+06 0.1COGM0E +01
0.174931E+C8 C.182 166E+CY Ce1CLULCE+CY 0+392659E+07  0.473192E+07 0.100GI0E+01




0. 177055+ 08

0.182166E+0B

0.1G0GOOE+01L 0.4167475+C07

0ea73152E45T

TIME VREL ALT GAMMA QP AR LOAD FACTUR
A VA VTV } § GOT VGRAV VDRG THRUST
ALPHA MACH LIFT RANGc DR AG THROTTLE
THRUST 1 VAC THRUST 1 TRKOTYLE L THRUST 2 VAC THRUST 2 THROTTILE 2
0e 479955F+02 0.711756E+(C3 0e148396E+05 Oe 1386T12E+02 0e372167E+03 0a162895E+01
0, TZTETIF+UE 0.216031E+C2 ~0.7ZT110GE+QO 0e153384E+ 04 0e252444E+02 0.2149515+08
0.0 0.655916E+0C 0.2723625+006 Ue 350294E+CO 0.707378E+06 0.100000E+01
Oe 17528LE+08 0.1821l06E+08 0.10C000€E+01 0e396635E+07 0.473192E+07 0.1CCCUOE+0L
00 4999955402 0.75% 1048403 0.162437E+05 0.T723957TE+02 0.4014CTE+03 0.164452E+01
Ve 126373E+08 0.2234T4E+02 ~0.743%61E+00 0e159537E+Ca 0.290324E+02 0.215714E+08
0 C 0.6994H04E+CO 0.280035E+06 0.422877E+ 00 0.7883C9E+CH 0.1CCCCOE+C1
0. 175649£+08 0.152166E+08 0.1COGUOE+QL = 0.40065:E+07  0.472192€+07 _  0.,1G0CQ0E+0Ll
Coe 519995E+02 0.801161E+03 Uel77210E+0S C.TUB937TE+02 0.430604E+03 0.165995E+01
0. T25136E+03 0.231126E+02 ~0.757658E+C0O 0.165638E+04 0.332876E+02 0.216481E+(CB
0.0 0.7458173E+00 Ge284948E+06 0.506293E+00 0.8754215+G6 0. 100000E+Q1
0. 176012E+0h 0.182166E+(8 0.2006000E+C1 0.404691F+07 0.473192F+Q7 U.1L0000E+01
Oe b39564E+02 0.848168E+D3 0.192718E+05 Ca69367T4E+C2 0e459514E+C3 Col67518E+C1
T0.1Z23B9BE+08 UL Z23BYTREFDZ ~C. 7682755 +00 0.1716833%+0C4 0.380514E+02 04217248BE+08
0. 0 0.794296E+00 0.286743F+06 Ce 60150 TE+CU Ua968T48BE+00b 0.10000CE+01
0.176375t+C8 C.lt2166E+08 CelGCCLGE+OL Ce4UAT3I3E+ 0T 0.473192E+07  (0.100000E+01
0. 5599494 F+ (2 O.896T64E+L3 GecOBYLOEHGS D.618231F+02 0.467868E+03 0.169018E+01
TCS12266TTF 0T 0247003 E+ 02 =0.TI15735E+00 e lTT66LF+ (4 0.433663E+02 0.218012L+08
Ca G 0.845252E+(0 Ue.285063E+0¢e Go 709494%E+00 0.106825E+07 0.100000E+01
0e176736E+US O.1t2166E+(B 0.100U000E+(L 0.4127158E+C7 Oe413192€4C7 0.1C0000E+01
Oe 5799 94++0 2 Co94TL24E+03 0.225533E+05% Ue 66266TF+02 De515419L+(3 0.170633E+01
G214 23E4+0T 0725554 2E+07 =C.78C230E+0C C. 183583+ 04 0.492330E+02 0.218169E+C8
C. 0 0.8984%T0E+CO De2195USEHOH C.631257E+00 Cell56Y6E+07 0.1C0GC00E+0]

__0.100000€+01



TIME

VREL ALY GAMMA @8 AR LOAD FACTOR
W vooT GDT VGRAV VDRG THRUST
ALPHA MACH LIFTY RANGE DR AG THROTILE
THRUST 1 VAC THRUST 1 . THROTTLE 1 THRUST 2 __VAC THRUST 2 THROTTILE 2
Oe 59%993E+02 04999 034E+(3 Ce2436340E+05 Co64TO43E+ Q2 0.541900F+03 041 T2238E+01
012085 E¥ 03 U BG4 BIEFUZ W W LTI TIAY C.IR9478E+ (04 De55642CE+ G2 0.219516E+08
0.0 0.%55692E400 0. 270013E+06 ~0.967TRSE+ (0 Qel2498B1E+07 0.100000E+01
Oe Y TT448E+GE 0.182166E+08 0.,10C0005+01 Coa20682F+uUT 0u4T31925+07 0,100000E+01
0. 6199Y3E+02 0.105285€E+04 02620616405 0.631414E+02 D.566972E+C3 OW1738TTE+DL
VT TIB894BEF0B U2 T3REBEFTZ =0. 781096+ 00 C. 195197E+ 04 Oe626114E+02 04220249E+08
0.0 0.101963E+01 042596466406 0.112009E+0C1 0.1341176+07 04100000E+01}
Ou 177795E+0CB 0 o182166E+C8 0.100009§+Cl De424545E407 _0.473192E+07 0.10G000E+01
0. 639993402 0.110844E+04 G.281203F+05 U.615805F+02 0ebG0182E403 041 75296E401
OITTTITEF OB — 0, 2823T2E+02 UL TT9393F+00 0. 2C0B66E+(% U.702285E+02 Ge220966E+408
Ce 0 0.107890E+01 Ue256421E+(6 0.128917E+01 0+ 146094E+07 0.100000E+01
0. 178134408 0.182166E+08 0.100009E+01 04283156+ CT Ce&73192E+G1 0.100000€+01

?

G 04 659992¢+02 0¢1165TTE+OH Ce301L0S1FE+05 Ue60025CE+(2 0611013403 0.176658E+01
CoYTe4 T3 E¥0E U290 YS9EFO? =0, TTSTZS5E+0U Ue ZChATIE+ T4 0.786063E+02 Ua221662E+408
0. 0 0.114559E+¢1 Ue25G355E+006 0. 147604F+01 0.158874F+07 0.1C0000E+401
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1IME VREL ALT GAMMA 08 AR LUAD_FACTOR
W VOOT GOT VGRAV VORG THRUST

ALPHA MACH LIFT RANGE DR AG THROTTLE

THRUST 1 VAC THKUSI 1 THROTTLE 1 THRUST 2 VAC THRUST 2 THRUTTLE 2
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0. G 0.169C0LE+01 0e110428E+06 o335 264E+4C1 0.204336E+07 0.100000E+01
Ue 160363E+08 0.182165E+08 Lel0ULGLE+OL 0e453353FE+07  0.473192E+07  0.1C0000E+01
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TIME VREL ALT GAMMA QB AR LOAD FACTOR
W o vVooT GOTY VGRAY VOKRG THKUST
ALPHA MACH LIFT RANGE DR AG THROTTLE

THRUST 1 VAC THRUST 1 THROTTLE 1 TRRUST 2 VAC THRUST 2 THROTTLE 2
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0. 160779L+08 0.182165€+0¢F CelOGUODE+CT 0. 45TTELF+(T G.473192E+07 0.1G0000E+0O1
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0.181242E+08 0.1E2165C+008 U.10C000LE+01 (e 46291 5E+07 0.473192E+D7 01100000E+01
Ca9199EBE+02 0.210862E+04 O.614v38E+0E Ue416656E+02 0.5006748E+03 0«213042E+01
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Timr

91-4

VREL ALY GAMMA QF AR LUAD FACYDR
W vooT GOT VGRAV VORG THRUST

ALPHA MACH LIFT RANGE DK AC THROTYTLE

THRUST 1 VAC THRUST 1 THROTTLE 1 THRUST 2 VAC THRUST 2 THROTTLE 2
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TIME VREL ALT GAMMA 06 AR LOAD FACTOR
W vioT GOT VGRAV VIRG THRUST
ALPHA MACH LIFT RANGE DRAG THROTTLE
THRUST 1 VAC THRUST 1 THROTILE 1 THRUST 2 VAC THRUSY 2 THRUTTLE 2
0, 107994E+03 0.295026E+04 0.8 T612E+05 0s 33090GE+ 2 04289T746E+03 Ce245644F 401
0L 90B3TSEFTT U.HT6303E+02 ~L.«703B8E+TU Ue 301336E+C4 0.273249E+03 0.228954E+08
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TIME

VREL ALT GAMMA QB AR LOAD FACTIOR

W o VvDoT - GDT VGRAV VDRG THRUST

ALPHA MACH LLFT RANGE DRAG THROTTLE

THRUST 1 VAC THRUST 1 THROTTL: 1 THRUST 2 VAC THRUST z __THROTTLE 2
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0.0 0.374331E+01 U.0 0.171C4EE+02 C.38T322F+C0 0.100000E+01
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"0 BI97STE+07 0. 74186TE+02 =-0.3716728+00 003237295+ 0% 04297538TE+03 0.229303E+08
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0e U 0.39926BE+C1 0.0 Ce 1941925402 0.290137€E+CH 0.100000E+C]
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TIME VREL ALT GAMMA QB AR LUAD FACTOR
) W vhoT DT VGRAV VOKG FTHRUSYT
! ALPHA MACH LIFT RANGE DRAG THROTTLE
! THRUST 1 VAC THRUST 1 THRUOTTLE 1 THRUST 2 VAC THRUST 2 THRUTTLE 2
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: 0, 182125408 0o182165E+08 0.100030F+01 Ce 727528407 Oe4T31926+0G7 0.1060000E+01
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Ce € 0.490938E+01 0.0 0.292200E+02 0.1360686E+06 0.94Y718E+00
Oe 17C604E+08 ODe1821065E+CH Ue93060L2E+00 O0.472915%6+07 DeaT13Y92E+07 0.100000E+01
U 139993¢4+0 % 0.539386E+04 La14580ue+06 Ua.214624F402 0.6837T91E+02 0.3000088+01
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TIME

VREL

i

:
H
H
i

ALY GAMMA OB AR LOAD FACTOR
W voovy GOt VGRAV VDRG THRUST
. ALPHA MACH LIFY RANGE DR AG THROTTILE
THRUST 1 VAC THRUST 1 THROTTILE 1 THRUST 2 VAC THKRUST 2 THRUTTLE 2
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~Ce117T796E+02 0.873114E+00
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0 351674E+03 0. I37658E+0S =G, 182EB90E+0D U, 35222 E+ T 0435T153E+(3 0e162409€+01
002924458407 0.1503874E+05 ~(L o1 66B33E+CU 0e192434E+02 0.282413E-C1 ~0e272542E+02




TImge

VIR)

GAM(R)
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DRBITER ABORT DATA

TTTTVERICTE CHARACTEKTSTICS CASE 65
GROSS STAGE WEIGHT,(LB) 4817477.0 A83L4Tu .0
GROST STAGE THRUST/WEIGHT 0.828 D994
__THRUST ACTUALyLS) /39500006 36150000 .
ISP VACUUM,(SEC) 466,700 466,700
TTSTRUCTURE, (LB 0.0 796009.0
PRIPELLANT,(LB)  978958.6  2470349.0 B
PERF. FRAC.y (NU) 0.2032 0. 6436
TPROPELLANT FRAC, S TNUB) 1.6000 0.7563
BURNOUT TIME,(SEC) 2804185 582,390 L .
EBURNDUT VELOCLTY y(FT/SEC) 10940,555  25580.176
“"BURNOUT “GAMMAT(DTGREES) §UI0% 0.650
BURNOUT ALTITUDE,(FT)  2472y3.4  362190.%
BURNDUT RANGE 5 (NM) 208.2 96642
TTIDEAL VELOCITY; TFTZSECT 14600.9 300v1.5
ON-DRBIT PROPELLANT USED,(LB) 42891.0 ) o 3
TOMS~DRBIT " 9%354,1 7 OMS=ASCENT = 7G0T T T T T
ON ORH1T PROPELLANT AVAIL, (LB} Y5354, 1
DELTA UN ORBIT PKUPELLANT, (LB) 5246341

ON-ORBIT MISSION FROP REW'Dytib)  23%£5.%

THET A= 38.47

PITCH RATL= (.002¢6

ATTEMPTS 10 CONVERGE= &



sy

SUMMARY WEIGHT STATEMENT (ARQORT MODF)

CASE

65

OREITER WEIGHT BREAKDOWN

DRY WEIGHT 727620.000 POUNDS L
TTUTPERSONNEUTT T T T T T T T T TR EEC L 000 T POUNDS

RESIDUALS 2070.60C PUUNDS

RESERVLS 33060.C00 POUNDS

IN=FLTGHT TOUOSSTES 10439 .G00 PUOUNDS

ACPS PKOPELLANT 4280.0600 POUNDS

(MS PROPELLANT 52463.125 POUNDS

T PAYLOAD T T

509653,000 POUNDS

BALLAST FOR (G CONTROL 0.0 POUNDS
OMS INSTALLATION KITS 0.0 POUNDS
PAYLOAUD MOUS 0.0 POUNDS
TOLAL END BUOST (URBITER OUNLY) 1315825.0Q__MEQQ§Q§_ L
UMS BUKNED DWRING ASCENT 42891.000 POUNDS
ACPS BIRNED DURING ASCENT 10000.000 POUNDS
EXTERNAL MAIN TANK

TANK DRY WEICGHT 2640.00C POUNDS

T "RESTIDUBRLS - 17730.000 POUNDS
PROPELLANT bIAS ( 2640.,000 ) POUNDS
PRE SSURANT ( 2120.000 ) POUNDS
TANK AND TCINES U 9320.000 ) POUNDS
ENG INES { 3&50.000 ) POUNDS
FLIGHT PERFORMANCLE RESERVE 20930.000 POUNDS
T UNBURNED PROPE LLANT (MAIN "TANK) 0.0 POUNDS
TUTAL END BOUST (EXTERNAL TANK) 41300.,000 POUNDS
TUSABLE PRUPELTANT (EXTERNAL TANK] 509¢633.00 POUNDS

FLYBACK PRUPELLANT (FIRST STACGE) 186864.937 POUNDS .

SOLID ROCKRET MUYOK (FIRST STAGE) 904548 . (0 POUNDS
SKM CASE WEIGHT(Z2) 1345488 .87 PUOUNDS
T TSRMTSTRUCTURE € RCVY WTZIGHT U.0 POUNDS
SRM INYRT STAGING WFIGHT 1045488 .47 POUNDS

USABLE SRM PROPELLANT =~ 77 "7~ 77 77 7" 7I94R080 .00 T POUNDS ™

TUTAL GROSS LIFT=uUFF WEIGHT (GLUW)

15731068 ,0

POUNDS
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SUMMARY WEIGHT STATEMENT (RTLS MODk) CASE 65

UKBITER welGHT EREAKDOWN

DRY WE AGHT 7£1620.0C6  POUNDS
TPERSONNEL T T T T T T T T 3506 L,000° POUNDS o
RESIDUALS 2070.000 POUNDS
RESERV+S 3300.000 POUNDS
IN=FLTITFHT LUSSES 10439.C00 POUNDS
ACPS PHROPELLANY 530,000 POUNDS
OMS PRUPEL LANT G.C POUNDS
T T T PAYLOATD 504656,187 POUNDS
BALLAST FOR (G CONTROUL 0.0 POUNDS
OMS INSTALLATIUN KITS 0.0 POUNDS
T PAYLOAD MODS G.0 POUNDS
TGTAL END BUOST {(URBITER UNLY)_WW. __1263615.00  POUNDS _ L
UMS BURNED DURING ASCENT 95354 ,125 POUNDS
ACPS BURNED DURING ASCENT 1u?50.000 POUNDS
EXTERNAL MAIN TANK
TANK DRY WEIGHT 2640.000 POUNDS
COTTT RESTDUALS T T 1T71356.C006 POUNDS
PROPELLANT BIAS { 204C.C00 ) POUNDS
PRE SSURANT { 2120.C00 ) POUNDS
TANK ANULINES™ %320, 000} POUNDS
ENG INES { 32650.000 ) PUINDS
FLIGHT PERFUKMANCE RESERVE 11837,600 POUNDS
T TUNBURNED PROPELLANT IMAIN TANKY 7 7484 Yz9 6127 POUNGS 7 -
TOYAL END BOUST (EXTERNAL TANK) 4E6336,812  POUNDS
TTUSABUETPRUOPYLLANT (FXTEFRNAUTANKY 489 1596.00 POUNDS

FLYBACK PKOPELLANT (FIRST STAGE) 186864.937  POUNDS

SULID RUCKET MUTUR (FIRST STAGE) 9040548.00 POUNDS

SRM CASE WFIGHT(2Z) 1045468 467 POUNDS

T TSR M TS TRUCTURE T ROVY WETGHT 0.0 PGUNUS

SRM INLRT STAGING WEIGHT 1645488 .87 POUNDS
USASBLE SRM PROPELLANT ™ oo T 935060 .G T POUNDS T

TOTAL GRULS LIFT-ubF WEIGHT (GLOW) 1573106840 POUNDS



STAGE

VFHICUE CHARACTTSRISTICYT

TSTRUCTURE;(CE]

{RTLS MUD¥) LASD 6%
. Y LS . & 2

GROSS STALE WeIGHIS(LB) 481147740 4711475.0 4711475 .0 304641%.C 252665240
TTGRUSE STAGE THRUST/WETGHT G. 192 0.810 CeBBL2 l.31¢C 1.51¢C
thkusT‘fQIHAE:!}}QNm___Umw_“_m”wgﬁlzggg:p 381500040 4015600.0 369 0C00, 3615000, U
ISP VACUUM(SEC) 466, TLO 4664700 46,592 466.70G0 466,700
0.0 0.0 G.0 0.0 T86166.0
PRUPELLANT 4 (LE) . leeucreT . Cel  1663056,C 51976k.9 _ T76699.2
PERFe FRAC .y (NU} 6G220 L0 0e3554 0.17C8& Ce3074
TPROPELUANT FRACT L INUTY 1.0000 0.0 1.00C0 1.00060 044970
BUKNOUT Time,(ScC) 17e.64C 178,640  372.14C  432.93¢ 526.708_
BBURNOUT VELOCITY L IFT/SEC) §33%.742 8335, 73y 2572.2%1 TL1le336 3476.763
TBURNOUT GAMMAS ({D(GREES) 124690 12.64C =-1z.711 ~61.3228 175.863
BURNOUT ALTITUDE ((FT) L 2198T%.d 0 219965.0  302c94.1  263349.4  230004.1
BURNOUT RANGEy{NM) T1l.1 7l.1 L0 Y 201le9 159 .4
TIDEALTVELDCTITYS TFT/Z5cC) 1125%4.¢ 11254 .6 17600 04 20609, 4 2612441

THET A=157.04

UNBURNED MAIN PRUPELLANT,{LB)

“PAYLOAD  (LE) —— ="

PITCH KATE= 0.00232

4H4179.8

- 1 17 1Y i

_ATTEMPTS TU CUNVERGE= &




PROPELLANT SUMMARY FOR THE ABORT MODES FOR

ASCeNT TRAJECTORY SHAPED TO THE NOIMINAL MISSION MOGE UP TO 165.674

SECONDS

TUNRURNED MAIN PRUPFLUANT IN Thy ARORT MUDE = (.U POUNDS

EXCESS ON-ORBIT PROPELLANT IN TH:r ABORT MODE = 26497,250 POUNDS

UNEURNTD MAIN PRUPELLANT IN THE RTLS MODE = =  454129.812 POUNDS

FXCESE ON-ORBIT PROPELLANT IN THE RTLS MODE = 0.0 POUNDS

MINUS SIGN INDICATES PROPELLANT SHURTAGE IN BURN MODE INDICATED

""""""""" SHUTYLE SYSTEM NEY PAYLJAD WITAOUVY OMS KITS = 509653.000 POUNDS

MAIN PRUFELLANT BURNED Ta ADA/RTLS ABORY TIMe=  1686177.00 POUNDS

SHUTTLE GRUSS LIFT-UFF WEIGHT (GLUW) = 15731068.0  POUNDS

T T UPRUPELCANT TCRUSS TFUEDTFRUM FIRST ~"SECOMD STAG:=" " 1612C09.,09 POUNDS

SECUND STAGE PROPELLANT CAPACITY - CROSS FEEQ_ = 35§952“790 POUNDS
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B.2 HLLV THROTTLING STUDY

This section contalns the results of variations in throttling percentage
between first and second stage engines to stay within the maximum load factor
and dynamic pressure constraints, 3 g and 650 PSF respectively.

The propel-

lant weight consumed by the first and second stage during ascent was held
constant and the amount of crossfeed propellant from the first to second stage
was allowed to vary accordingly (i.e., the second stage propellant loaded

weight was allowed to vary).

payload, staging velocity and gross liftoff weight (GLOW).

in the tabulated sheets for each case.
vehicle characteristics.)

Table B.2-~1.

Engine Throttle Trade Summary

An assessment was made as to the effects on

A summary of the

results are tabulated in Table B.2-l1 and vehicle characteristics are included
(Refer to Section B.l for reference-

STAGING

PAYLOAD

2ND STAGE

GLOW

GLOW/PAYLOAD

CASE NO. 1ST STAGE
THROTTLE % VELOCITY (FY/SEC) (Lex107) PROEé‘%g/‘.\DED Lex1o*

REF. CONFIG. 100 6978 509.7 3.481 15.73 30.87
85 86 6893 505.9 3.509 15.73 3l.10
65 68 6887 499.6 3.543 15.72 31.46
4s 50 6808 499,5 3.574 15.72 Nn.n
66 ] 6646  508.4 _3.6:1 | 15.73 ~30.92

As may be seen from Table B.2-1, a 2.87% decrease in payload is realized
when the throttle level of the first stage is reduced from 100Z to 50% with
a similar decrease in staging velocity.
the second stage, essentially the same payload capability as afforded by the
reference configuration was achieved at a significantly lower staging velocity

(Case 66).

B-62

However, when throttling 100Z with




VEHICLE CHARACTERISTICS (NOMINAL MISSION)

CASE 85
STAGE | Y - ~ 3 ) o
GROSS STAGE WEIGHT,(LB) 15733913.0  4920108.0  4842005.0
E“““CKQSS’STABE THRUST/WEIGHT 1.300 0.565 0.981
© THRUST ACTUAL,(LB) 20454048.0  4750000.0 475000040
1SP VACUUM, (SEC) 370.883 466,760 4664700
STRUCTURE, (LB) 1045488.5 0.0 809575.0
__ FROPELLANT,(LB) 9518332.,0  18103.0  3431252.0 S
PERF. FRAC.y (NU) 0.6G88 0.0159 0.7086
PROPELLANT FRAC., (NUB) 0.9010 1.0000 0.8091
__HURNOUT TIME,{SEC) 157.588 165.261 504,240 .
g BURNOUT VELUCITY.(F1/SEC) 8149.641 8323.281  259%4.121
BURNGUY GAMMA, (DEGREES ) 15.057 13.95% 0.187
BURNGUT ALTITUDE,(FT) 182132.3  197947.2  319657.5 — e e
BURNOUT RANGE y (NM) 47.3 5547 510.9
TOEAL VELOCTITY, (FT/SEC) 10t68.8 11129.1 29646 .4
INJECTION VELOCITYy(FY/5EC) _CeG FLYBACK RANGE(NM)  216.4 .
TTTINJECTTON PRUPELLANTY, (LB) 0.C FLYBACK PROP(LBS) 189983.5
ON ORBIT DELTA=Vy(FT/SEC) 1063.5
ON URETT PROFPELCLANT, (LH) G5225.3
ON ORBIT 1SP,{SEC) 46647
TTTTHETASE 27039 T T UTRITCH RATE= 0.00182 77 77T AYTEMPTS 10 CONVERGE= 3T T T
PAYLUAD, (L1} 505852, 0




SUMMARY WEIGHT STATEMENT (NOMINAL MISSION) CASE 85
ORBITER WEIGHT BREAKDOWN
DRY WEIGHT 731000.000 POUNDS o
PERSUNNEL 7 3000.000 POUNDS
RESIDUALS 207G.,C00  POUNDS
RESERVES 330C.000 POUNDS
IN-FLIGHT LOSSES 10566.000 POUNDS
ACPS PROFELLANT 18280.000 PUUNDS
OMS PROPELLANT 95325.312 POUNDS
- PAYLUAD TTT5GRB52.000 POUNDS
BALLAST FUR CG CONTROL 0.0 POUNDS
OMS INSTALLATION KITS 0.0 POUNDS
PAYLOAD MGDS 6.0 POUNDS
TOTAL END BOOSY (ORBITER ONLY) 1369335.00  POUNDS o
OMS BURNED DURING ASCENT 0.0 POUNDS
ACPS BURNED DURING ASCENT 0.0 POUNDS
EXTERNAL MAIN TANK
TANK DRY WEIGHT 2640.000 POUNDS . o
z RESTIDUALS ' - 17847.000 POUNDS
e PRUPELLANT BIAS { 2640.000 ) POUNDS
PRESSURANTY { 2120.000 ) POUNDS
TANK AND LINES U 9437.000 ) POUNDS
ENGINES { 3650,000 ) POUNDS
FLIGHT PERFORMANCE RESERVE 20930.0600 POUNDS o
UNGURNED PROPELLANT TMAIN TANK) 0.0 pounNDS T T T
TOTAL END BOOST (EXTERNAL TANK) 41417.000 POUNDGS
T USABLE PROPECCANT TEXTERNAL TANK) 5092633.00  POUNDS

FLYBACK PRUPELLANT (FIRST STAGE)

‘ 189983.500 POUNDS
SOLID RUCKET MUTUR (FIRST STAGk) ¥040548.00  POUNDS

SRM CASE WLIGHT(Z2) 1045488 .87 POUNDS
SKM STRUCTURE & RUVY WEIGHT 0.0 POUNDS
SRM INERT STAGING WEIGHT 1045488.587 POUNDS
- "USABLE SRMTPROPELUANT T T T9G5060 .00 POUNDS 7T T o o e

TOTAL GROSS LIFT-0FF WEIGHT (GLODW) 15733%13.0 POUNDS




VEHICLE CHARACLTERISTICS (NOMINAL MISSION) CASE 65
5____”S]'_&Iiﬁ___..., SR T 2 B e
| GROSS STAGE WEIGHT,(LB) 15719436.0 4952269.G 4873984 .0
GROSS STAGE THRUST/WEIGHT 1.300 0.959 0.97%

— THRUST ACTUAL.ULB)Y =~ 20435232.0 475G000.0  4750C00.0 -

. TnElA= 31.41

PAYLOAD (LB)

FITCH RATE= 0.00220

49265140

1SP VACUUM, (SEC) 370.900 4664700 466,700
STRUCTURE s (LB) 1045488.9 0.0 814780.0
o PROPELLANT 9 (LB) _ 54508040 .. TB285.0 _3464330.0 - SR
PERF. FRAC., (NU) 0.6072 0.0158 0.7108
PROPELLANT FRAC.y{NUb) 0.9013 1.0000 0.80%6
___BURNOUT TIME{SEC) _157.0bb 14,277 500,964 ... —
; g BURNUUT VELOCITYs(FT/SEC) 8152.324 8331.051  25954.117
BURNOUT GAMMA, (DEGREES ) 13.752 12.493 U.187
___ BURNOUT ALTIVYUDE,.(F¥) . 173901.4 . 188242.0 _ _31%6S86.45.. ... _
BURNUUT RANGE, (NM) 47.6 5640 817.6
IDEAL VELOCITY, (FT/SEC) 1062640 11065.3 29693.2
ANJECTIUN VELOCITY (FV/5ECY 0.0 FLYBACK RANGEANM) . 396e8 .
INJECTION PROPELLANT,(LB) 0.0 FLYBACK PROPILBS) 176597.2
ON ORBIT DELTA-V,(FI/SEC) 1083,5
UN ORBIT PRUPELLANT,(LB) Y5236.b
ON OREIT 1SP,(SEC) 40041

ATTEMPTS 10 CONVERGE= 3




SUMMARY WEIGHT STATEMENT {(NONMINAL MISSIUN)

ORBITER WEIGHT BREAKDUWN

DRY WEIGHY 135930.600 POUNDS . S
PERSONNEL 3000.050 POUNDS
RES1DUALS 2070.000 POUNDS
RESERVES 2300.000 POUNDS
IN-FLIGHT LOSSES 16610.G50 POUNDS
ACPS PROPELLANT 18280.000 POUNDS
OMS PROUPELLANT 95236.812 POUNDS
PAYLOAD 499637.000 POUNDS
BALLAST FOR (G CONTRUL 0.0 POUNDS
OMS INSTALLATION KITS Gul £OLUNDS
PAYLOAD MODS 0.0 POUNDS
TOTAL _END BOOST (ORBIJER ONLY) . 1368063.00_ .__POUNDS e
OMS BURNED DURING ASCENT 0.0 POUNDS
ACPS BURNED DURING ASCENT 0.0 POLINDS
EXTERNAL MALIN TANK
TANK_DRY WEIGHT 2640.000 _POUNDS — -
¥ RESIDUALS 18620.000 POUNDS
& PROPELLANT BIAS { 2640.0006 ) POUNDS
PRESSURANT  2120.000 ) POUNDS
TANK AND LINES ( 9616.000 ) POUNDS
ENGINES { 3650.000 ) POUNDS

FLIGHT PERFURMANCE RESERVE

20930,490 POUNOS

UNBURNED FROFELLANT (MALN TANK)

TOTAL END BOOUST (EXTERNAL TANK)

0.0 POUNDS

41590,000 POUNDS

USABLE PROPELLANY (EXTEKNAL TANK)

FLYBACK PRUPCELLANT (FIKST _STAGE)

5092633.00 POUNDS

e 11659102530 POUNDS .

SULID ROCKET MOTUR (FIRST STAGE) 9040548.00  POUNDS
SRM_CASE WEIGHI(2) 10454868,67  POUNDS
SKM STRUCTURE & RCVY WEIGHT C.0  POUNDS
SRM INERT STAGING WEIGHT 1045488.87  POUNCS

''''' USAELE SRM PROPELLANT  1995060.00 POUNDS
TOTAL 6ROSS LIFT-OFF WEIGHT (GLOW) 15719436.0 _ POUNDS




VEHICLE CHARACTERISTICS (NOMINAL MISSION) CASE 45

STAGE

1 2 3. ——

GRUSS STAGE WEIGHT,(LB)

1572073040 4983925.6 4902416.0

GROSS STAGE MTHRUST/WEIGHI

THRUST ACTUAL,(LB)

1.300 0.953 Oe9by

£04936912,0 4150000.0 4150000 .4

ISP VACUUM, (SEC) 370.598 466,700 466.700
"STRUCTURE, (LB) 1045488.9 0.0 819097.0
_PROPELLANT,(LB) 95135510 B1509.0  3492634.0
PERFo FRACay (NU) C.6052 0.0164 0.7124
PROPELLANT FRAC.y (NUB) 0.9010 1.0000 0.81C0
BURNOUT 1IME, (SEC) _1564267 . 164,275 _ 509.249 i

L9-4

BURNOUT VELOCITY,LFT/SEC)

BOTUL.58% 8252.945 25654,113

BURNOUT GAMMA,(DEGREES)

BURNOUT ALTITUDE,(FE)

14.160b 12,575 0.187

173832.4  189C42.4 31965649

BURNOUT RANGE, (NM) P 55,2 §19.0
IDEAL VELOCITY,(FI/SEC) 10750.5 10998.1 2571240
INJECTION VELOCITY, (FT/SEC) 0,0 FLYBACK RANGE(NM) _. 198.5 .
INJECTION PROPELLANT, (LB ) 0.0 FLYBACK PROF(LBS) 17776442
ON ORBLT DELTA=V, (F1/SEC) 10£3.5
UN ORBIT PRUPELLANT,(Lb) 9523547
ON ORBIT ISPy {SEC) 406e7
TTHETA= 31.24 FITCH RATE= 0.C0215 " ATTEMPTS 10 CUNVERGE= 3
PAYLOAD(LB) 4954454 0




SUMMARY WEIGHY ASTATEMENT (NOMINAL MISSION}

ORBITER WEIGHT BREAKDUWN

DRY WEIGHIT e 140019.000___POUNDS - - S
PERSONNEL 3000.C00 POUNDS
RES1DUALS 2070.000 POUNDS
RESERVES 3300.000  POUNDS
IN-FLIGHT LOSSES 10695.000 POUNDS
ACPS PROPELLANT 18280.000 POUNDS

OMS PROPELLANT 95235.750 _ POUNDS

PAYLOAD 495449.000 POUNDS
BALLAST FUR CG CONTRUL G.0 POUNDS

IS INSTALLATION KXYS (.0 POUNDS

PAYLUAD MODS 0.0 POUNDS

_YOTAL ENO BQOST (ORBITER _ONLY)

1368048.00 __POUNDS. . ..

OMS BURNED DURING ASCENT 00 POUNDS
ACPS BURNED DURKING ASCENT 0.0 POUNDS
EXTERNAL MAIN TANK
TANK DRY WEIGHT 2640.000  POUNDS_. e e e
z RESIDUALS 18163.000 POUNDS
& PROPELLANT BIAS { 2640.000 ) POUNDS
PRESSURANT {  2320.000 ) PLHINDS
TANK AND LINES { 9753.0600 ) POUNGS
ENGINES { 3650.000C ) POUNDS
FLIGHT PERFORMANCE RESERVE _  _20930.000  POUNDS oo
UNBURNED PROPELLANT (MAIN TANK) G.0 POUNDS
LJOTAL END BUOST  (EXTERNAL TANK] 41733.000  POUNDS
USABLE PROPELLANT (EXTERNAL TANK) 5092633,00 POUNES
FLYBACK PROPELLANT (FIRSY STAGLEY . 177764.187 _POUNDS s
SOLID ROCKET MOTOR (FIRST STAGE) 9040548 .00 POUNDS
SKM CASE WEIGHTI(2) 104988 ,87 POUNUS
SRM STRUCTURE & RCVY WEIGHT 0.0 POUNDS
SRM INERT STAGING WEIGHT 104954884087 POUNDS
CUSABLE SRM PROPELLANT 7995060.00 POUNDS

_JO¥AL GROSS LIFI-UFF WELGHT (GLUW) 157207300 POUNDS




VEHICLE CHARALE ALKEISTLILS ¢NUMINAL MESSIUN)

LASE wb
SIAbLE i < 3
LRUSY STaGL ntlGhTy (LE) abletbee o0 20401 T9.0 4blos3zeU
Ghudd STaGE THRUST/ Wk iGHT F -1 £1) Ceriae GeYub
ThkUST ACTUAL,ILBI clabd Siag Wi 4Tounlley Ll IOV VIVRLY)
15P VAL UUM, (5cL) 310U 40064 1UG Gub, 10U
STRULTuRE st LbB) 14 Sq0B oY el SULUUY «uU
PRUPELLANT g 1LE) YabibYuat €e4uhlell  S40oab3.0
PiKte FRACS 2INU) CebUls CoCaub Co it
PRUPLLLANT FrRAL.y INUB } CeYul4 LabG0G LeuBbY
BURNUUT #1MEy (SEL) 1409 lio.104 S543.23)
.g bURNOUT VELLCLTYs (R I/75L0) T8 99029 B394 aibe 25954 4ii3s
BULKNUUT baMksy (DEGREL S ) abehau IVAva Nt Gesbd
bURNULT ALT ITULEsLF ) Li56,064 £lidagseb 319651 e
BURKNUOUL KANGE g (NM) LA Ooed blded
dubab vELLLLIY o (FT/5EL) LibLy e Licys.y P IE TN
INGECTILN VELULITYs (FT/70kL] el FLYSALK KANGELINME
INJECTLIUN PRUPELLANT, (Lb) Gau FLYBALK PRULFLDS)
UN UKBLT LELTA~VeiF /5] 1Cus ey
On Ghplt PKLPELLANT stLL) Yocad ot
UN UkblT 1oFetSEL) Hwob o 1

thb1A: cYeu3 Fiith

PAYLUAU gt LE )

AT = Leludby

LLbALL «U

ANTEMP IS HU

CUNVLRGE= 3




oL-€

2UMMALY e lebl STATEMENT (NJMINAL MINSRUNY === (AN 6b

Ukbpiith Wklohl bREAsULWN
UKY WEIGHT

1162000 PUUNLS
PLROSUNNLL 3uGlaliu  FUUNDS
KESILUALS LTG0 PUUNDS
KESERVES 330 «ulC  FUUNBLS
IN-FLIGHT LUSHES a3 .uuu PUUNDS
ALFS PRUPELLANT b260L.000  PUUNDS
UMS  PRUPE LL AN 45251, 850 PLUUNUS
rAYLUAL 5ub362.000  ruuhus
aLLAST FIR LG CuNYRULL Coed PuUNUS
UMS INSTALLATIUN KLTS el FUUNDS
PARYLUAD MLDS C.0 PLUNLS
TUYAL END BUGST stUKBATER UNLY) 1368348400 PUUNDS
UMb BURNE o LURINGL AMC enT Vel PUUNDLS
ALPS DURNEY DUKINGL AS CENT Gl PUUNUDS
EXTERNAL MaliN TANK
TANK DRY WL AUKHT 640000  PUUNDS
RESTDUALS LIT30LL00  FUUNDS
FRUPLLLANT blad { 2640.000 ) rFUUNUS
PhebSUkanT ( 2llia.00L0 § PUUNDS
TANK Anb LINGS ( Y3cueull ) FYLUNDS
ENGINE S { 3e50.000 ) FULNDLYS
FLIGHT PrhFunMaNLE REILERVE £C%aUaulU  POUNLS
UNBURNED PRUPLELLANE {MAIN TANK) Gl FuuNUL>
Tulal ENU BUuusl (o AlbivAL TANK) $isGUed U PuuNUS
USAplt PRUPELLANT (caTbkiat Tahk) Sv¥2053.0u PuliNug
FLYEALK PRUPLLLANE (FEIRST 3T AGED 184063.00L7 PUUNLS
SULlo ROULKLT Muluk (FEKRST ST ALe) YGals54b .04 rUUNLS
SrM LALE widbhite) ivababba.b ¢ PLUinUS
SkM O STRULTUkL & ROVY wiiGHT (] FLUND S
SkM INERT STAGING Wkl wHi Luao4bbeb 7 FuuNbs
LLABLE SKM PrukulblAand 1995060aUL POUNLS

TUVAL GhUSS LLIFT=ubF ablull (LLOWI

Ao lclonege o

PUUNDS




B.3 FIRST STAGE PROPELLANT LOADING STUDY

An analysis of the effects of varying first stage propellant loading was
performed. The results are summarized in Table B.3-1 and specific vehicle
characteristics are included in the attached data sheets. As expected, the
payload capability increases as the first stage propellant mass is increased.
The ratio of glow/payload weights is also improved. However, the staging
velocity also increases significantly. In this trade study the first stage
inert weight was not penalized for the additional TPS required at the higher
staging velocities. By including that delta weight the glow/payload ratio
would not be as favorable. By combining the results of this study with the
throttling trade results, however, a payload increase may be achieved without
the significant increase in staging velocity.

Table B.3-1. . First Stage Propellant Trade Summary

CASE 1ST STAGE PROP. GLOW PAYLOAD STAGING GLOW/PAYLOAD
(LBx10%) (LBx10%) | (LBx10%) | VELOCTITY
(FT/SEC)
REFERENCE 7.995 15.731 509.7 6978 30.87
2] 8.495 16.328 551.6 7281 29.60
22 8.995 16.921 589.0 7573 28.73
23 9.495 17.514 62%.9 7852 28.03
2k 9.995 18.108 | 659.3 8114 27.46

B-71




GENERAL ASCENY TRAJELILRY AND S1LING PRLIALKAM BY KeL.PUWELL

UATE ~ GUs/8B/7TYy 11IME - L62350: C

SATELL I~ Puwtk LYSTEM €3PS CUNCEPT LErInITIUN STUDY

Twlu~4TAbtr VERTICAL Takt-UFF aURIZUNTAL LANDING titaV CUNCiLbP]

bUIH STAGLS RAVE FLYBACK CAPABILITY 10 LAUNCH S11E (KSC)

FIRST STAGE had AlRbheaThiR FLYBALK AND LANULING CAPAGILELY

FLYBALR PRUPELLANT HAS A SPECIFIC FULL LUNSUMPTIUN UF 3500 SEC

SECUNL STAGE USES Tht ABULRI-UNCE~ARUUND FLYEALK MUt (AUA)

FARST STAGL HADS LUAZKRPZLHZ TRIPKUPELLANGE SYSTENM

PA A |

Wit s COULED HIGH PL ENGINLS (VACUUM 15F = 257.3 SEL)

SECUND STAGE UbLES LUA/LH: PRUPELLANT wllh valuuMm LSP 466.7 SEC

MHE DeLLGN PRYLUAU SHEALL BE %ol KB INIU A CIKCULAR DKBIT UF

TG Ne MILES Anb AN INLRTEAL INCLINATIUN UF 31.6 LEGREES

ASLENL SharkED U ThHe NUMINAL ASUENT MISSICN

MECD LULNILIAURS sk B0 A THEURKETICAL ORBIE UF 1€%.27 MeMILES

BY ble4e No BhLES (CUALTS T APUGLE UF 164 NoMILLES)

Un=OREIT UkLta Vo OCETY KEQUIKEMENT UF 1110 FEET/S:CURD

KLUS SYrBtM SHLeL FUR A wbLTA VELOCITY KewME ub 2206 REEd/Z5ECUNG

e Verdton Sl FUk A THRUSTZwbt loHT RATRA A LLFT-UfFF U 1.30




€-q

MAXIMUM +XLAL LUaD FACHTUK DUKINL aSCENT KIS 3.0L LS

TRAJELTLRY bAL A MAXIMUM AERU FKESSURE UF 6506 LESZFTZ

MAXIMUM AzhU PRESSUKEL AT LTAGING LIMITED TU L LBSAFTZ

CIRECT ENTRY FhUM 270 NJMILES ASSUMMEL (CELEA v = 415 FR/S5EC)

PRlonT PERKFURMANLE RESLKVE = Ul f5% TUTAL CHAC ALSCLNT VituCily

miluntl SCALING PER RUCAWtLr 1R ANU U HLLVY STUULES

A WEILRT GROWIH ALLUWANCE UF 15% 1S ASSUMMED FOR BUTH STAGES

FIRST STACE BUKNS 8495060 PUUNDS UF ASUENT PRUPLLLANT

SECUND STatk (URGITEK) ENGINES BURN 95092633 LBS CF PRUPELLANI

SECUND STAGE URY welohl wlTHUOT PAYLUAD EQUALS #le.r7 LBS

SLLUND SiaLt thHRLLD LEVEL o STAULING tUUALS 4750600 LES

SECUND STACE UVEKALL LUUSIER MASS FRACTIUN = U.baby WAU MAKRGIN

SELUND STAGE WLEGHE CREARLUWN 3

RESSAUUAL wWelGH] «L1C FUUNDS

#

hESEKVES WELLHT = 33us PUUNDS

FER kKt lbhl gla b vOUNDS

KLY FRUY wELGHT

]

Yriee pOUNLS

BUKN=~UULE ALlItubt AL SECUNL SYAGE FHKUS Y HERMINAIION = 50 Ne MILES

ALDVANCED TeCphULubY will Lt LUMPATABLE waTh THE YEAKS 1990 & UN

ASLENE HLLy T1alab RUSS MALL BY RelobPuwtil (PXT 3205 StAL BLALH)




vorlOLt CHARACTERISTICS (NUMINAL MISLSION)

Cast 23
STAGE 1 £ 3
LRUSS STALL WehlobhlstLtd LUseTeTh ol 4ERLY3Y .0 4b3b432 .0
GRUSS STALE TRRUST/ZwWe lth) I -1 Cebild Lel 4l
THRUSY aCiuaL,(LE) 21225950 .0 41500UGuG 4F50L00L0
15P vaCuuMstseC) 2T eent 466, 1L L Geb. L.
STRUCTURE y (LK} 1L0%4 350 Gatd 195165 .0

PRUPELLANT 9 (LB)

tuilalbsilb

353501.4

3LY3cc3e

24

PERFo FRAC ., (NU) Oa.tlil Cul123 VaGB1lb
PRUPELLANDY FRaAC.y (NUB) LDawl it 1.0060 Catuts
LUKNUUT T1ME 4 (SEC) 161etiy 15650k »Ci.E617
BUKNUUT VELUCITYs(F1/50L0 ) L9 LeUbu Y4lita51 PRI O £
BURNOUT GAMMA, {DELKLLES ) 13etid Yo lhtrhy Gadb?
BURNUUT AL BLIUDEy(F1) oLl £419Yl.5 219659 .1
BURNGULE Raabl o (M) Slal Y4.b i3 R A
LOEAL VELLCRTY 4 lbTrub L) 1lethete iesvilec Z%ubL .t
INJECTIUN vieLtllYytri/sit) Lab FLYBACK RANMGE INM)
INJECTIUN ERUPELLANT y(LE ) Gets FLYBALK PROPLLES)
UN URBIT Lol lA=-vy(F1/Z5E0L) 1lta b

UN URELT VROFLLLANT, (LL) 51533 .b

uN UkbIT 1SPy(sSEC) abbad

THETA= 21¢.5%

PAYLUADUs §LL)

Flilh KRaTb = Cevudbe

Shic it el

ATTENMPTS Tu CUNVLKGE= 3




Si-4

SUMMAKY wilbhl Stalimend

fneMIal MIvSalLNg

LALY 21

DkulTER WEIGHT ORLARLC-UBN

DRY Wk ichT TlobdsTaui G PLUNLYS
FERSUNNEL 3Lub Ll PUUNUS
KES1OUALS SUIC e b PUUNLS
KESERVES 3300 .00 PUUNLS
IN=FLIGHT LubsStes 16312 .060 POUNDS
ACKFS PRUPELLAND 17766 .. PUUNDS
UMS PRUPELLANT GUI833.012 PUUNDS
FAYLOLADL 516010 .LLd  PUUNUS
BALLAST FUR (6 LUNTKUL LG PUUNDS
UMS INSTALLATIUN KYIEA Lot PUUNDBS
PAYLUAD MULS V.t PUUNDS
Tulat END LUUST (URLITLR UNLY) 14047186 PLUNL >
UMS BURNED LULR NG ASCE nld Gels PLUNDS
ALIKFE BURNED LUKING ASCEND o0 POUNUS
EXSLRNAL MAIN 1ANK
TAlK DKY WElCHT 2640 0.4  PUOUNDS
wtSTUUALS 175 2.400  PUUNDS
PRUFPELLANT Lias ( zS6ba.iLU ) PUUNLS
FREMSURANT . 2U5%.000 ) POUNDS
TANK AND L1NES t “34l.00U ) POUNLS
ENGINES { 2ta46.000 ) PUUNDS
FLiGhT FEKrUKM.ALNCE KESLRVE 21 3%2c 600G PUUNLS
INBURKNED PRUPLOLANT (MeaN LANK)D LI PULNDS
TUtel ENU BOUST (LXSLRINAL T2mR 4 SLa%l 00 PULNLS
UbaslLt FRUPcLLANT (LXIERNAL Fand ) YUwidedh oLl PUUNDS
FLYDACK PRUPELLANG (FIRSE SIALLED L95c58.000 vOUNLS
SULIU RUGCKET MUTUR (FIRST STAGL) Whe9 36 JUe FUUNES
KM CASL whEIGHIL:) 1094325 0L PLGUNRLS
SKRM LTRUCTUKY & RLVY wWiluhi [N FUUNDS
SKM OINLKE STAGING wh et LuYa3es 00 FULNUS
Ubatt SKM PrutbLoaiT 49506000 PLUNLS
TLIAL GRUSS LIFI~tbF whibrl (LLUw] A3z tolY .. POUNLS




PRUPLLLANT SUMMAKY FUh [HL aLUDKT MUDES +UK . CASE il

ASCENT TRAJECTIURY ShaPtl 11U ThHE NUMINAL MISSIUN MULE UP TU 190.5U6  SECUNDS

UNBURNED MALIN +RUPLLLANT IN The &LUKT MUUE

Gl FOUND S

EXCeSS UN=JUKLAT PRUPZLLANT I The mboRT MULE

38491.150C POUNES

UNLURNED MAIN PRUPELLANT IN §ra RILS MUDLE

111306.,0060  FUUNDS

EXLESS UN=URBIT eRUPLLLANT 1IN THt KILS MUDE

Gau POUNDS

9/-4

MINUL SION INLDICAT - PRUPELLANT ShUKBAGE IN BUKN MoDE INUICATED

Shul bt SYSHLM Nol PaYLUaD WITHUUL UMS RLITS = 51610000 PJUNDS

MAAN FRUPELLAND CURNEUL 10U AUAZKTLS ABUKT TIME= 20wy cUdeur PUUNLS

SHUBNILE GRUSS LIFI-UFrF wWelonl (GLUm) = MeDbliots JC FUUND S

FRUFILLLANE LRULS Fotl FRULM ELIRLT = SELUND STALIE  1b904Y3 el PUUND S

SeCLnid STALE PRUFELLANT (A2ALLTTY = (RUSS FEEL = 3446732400 FUUNL S




L8

VihilLr CRARALTERILTILS INUMINAL MLISSIUN)

STAbL i

<

ey

CasSt

<

2

GRKUSS 5Taut wWuidbLHIo (L) Tevelslceel

H4B8Y:34Ue L

49731699 oL

LRUSS STaol 1HRULSEZAWELGHE o300

TuxkUST ALTuUAL,(LL) Sluvluba el

Cel1l

4i5LCuvau

| PV

‘.Q-I.JL\.'\.\.'.U

ISP VACUUM,(LEL) 365.5¢. 4060 1Ly q46be Tl
STRULTURE g (LB) 1159450.C Ve U ts9092 .0
PRUPCLLANT ot LE ) Lue1a43%.0 340621. U 30y 34¥9.0
PekFe FRACey (INU) Lebiot Lelbt Cab67066
PRUPLELLANT FRAC. 5 (NUL) Vel 3s 1o 0 Cel19604
LURNGUT TAME 9 (5EL) ibbev. i 150654y belebiz
HURNUUT vELOLLEY o tFT/7LE0 ) e DL Yo leatd 25934.01C
bUKNUUT GaMMA{DELKRELS) leaviz SelbYy Celc?
BORNUUT ALT1ToLLE»LF] ) 191051t 24b43t et J1vass,
BURNUUT RAMGE 5 (NM) Lodb Yoo d LZbeu
TLEAL VILULLTYy(FEZb5 L) 11606 .7 1ctubay %3943
Jowde CHIUN ve LULLIIY LEEZS-L) Cat FLYEALK KRANGLLE(NM)
L1NJECTIUN rROFLLLANT g (LD ) Golr LYEALK FRUPLLBS)
UN UKELT bYA=V trT/Z510) lieaay

UN URLAT FRUFLLLANY,, (LE) luecllet

UN URBLT 1SPy(SEL) qtb .1

ThHETA= 27410 FLiCh kalE = Laluloy

PAYLUAKLy (LE) LuuYltat

AfTuehbis

10 CUNVLEROLE=
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SOMMARY Wi lLHD Stal et vl

(NUMINAL XLSSIUNY)

LAaSE

22

URBLIEHR wELIGHT bER:-AADUwN

LKY Wt iGHI T126 300600 POUNUS
PER SUNNE L 3C0C LG PLUNDS
KESTLUALS 2070 GG PUUNDS
RESERVES 23006 .o POUNLS
IN=FL1GRT LUuLSceS 1ecedb6.L0 PUUINLS
ACPS PRUPELLANT 17564 0o PUUNDS
UMY PRUPELLANT 10O 562  PUOUNDS
FAYLUAD Su85 7.0 PUUNDS
LALLAST FUKR C6G CUNJEHUL V.0 FUUNDS
GMS INSTALLATIGN RIS [ FUUNDIS
PAYLUADL MUDS Ut PUUNDS
JUBAL InND BUGUST (EXULTeR UNLY ) 1430177 Jud PUUNUS
UMS BUKNED DR iNG ASCEND el POUNDS
ACPS BURNED LUREING ASCEND (R PUOUNDS
EXTERKNAL MAaIN TANK
TaNn DRY whtitH1 <640 .00 PUUNLS
RESIDUALS 17232 sLiuv  POUNLS
FRUPELLANT £ iAS t ¢9%3v.0.0 ) PULINDS
FRESSURAN | { d0b8.0L00C ) PUUNDS
TANK AanNb Llfed I 9245.0LCG ) PUUNI:S
ENGIMLS ( 351G.800 ) PUUNDS
FLIOHE PERFUKMANCE RESERVE cGl30.Lul PUUNUS
CNLORNED PRUOPE LLANT (MALIN Tann) G0 POUNLS
TulaL oND cUUS) LEXILANAL TANK) 4Ul0Z 0. L PUUNDS
USALLE PRUPELLANT (EXILANAL 1ANK) 206Y3433.0.. PUUNDS
FLYLACA PRUPtLLANT (FIRST STALE) 21910 e PUUNDS
SULLO KUCKed MUlUK (FIRLT LIALL) lul3abiuvat FIUNDS
SKRM CASe miltHIG,) 113v4as(C iU PUUNLIY
SiM StruClukt L KOVY wolbrd U el POuNDS
SKM ANLKT STAGING WLlunl Ils94buain PUUNDS
USKLLE SR PRUOPILLANT 9950060 (- PJUNUS

FUNAL CRULSS Litl=—Lkb weaGrt LGLUw)

J0Ychslcats

PUUNDS
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PRUPELLANT SUBMARY Lk Yhi ALuR) Miled tUR

ASCERT TRAJLCTORY SHAFLD TU e NUMINAL MESSIUN MUsE UP LU L6 bl Y
UNGcURNEL Malli PROPELLANT IN IHE ABuhRi1 MOULE = Cat FUUNDS
EXLeddS UN-URLIT PRUPLLLANTD IN Ikt ABUKE MULE = 6304 931 PUUNUS
UNEURKNEU MALN PRUPELLANT IN Yt KILS MUDE = L5007 «Uw s POUNLS
EXLLSS UN-URLIT FRUPLLLANT IN Tt KTLS MULE = Cat PUUNLS

Al SIOGN ENUDECAT -8 KROPELLANT ShUKRTAGE IN HUKN

MUbE INDILAKLD

SHUTTLE SYSToM NrT PaYiLuab Walnbll UMS nlly = SoB9T6.LL ..  PUUNDS
MidN PRUPELLANTD TURNc L AUAZKTLS arUKY 11Me= 20CLLOLLLY FUUNDS
SHUTTLE OGRUSS LaFT—~urF wiitnd (LLun) = 1bY¥¢ 131wy PJIUNDS
PRUFELLANT CRUSS F ol FnuM FEKST - StLUND STAGEE  XeTyaT9Y.ul Fuumps
SECuls Stabt PRukb et CATALLEY ~ CRUSS FrEb = 3414056 .00 FUUNDS

I

ML ImikEN EE
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vimllit CHARACTERIST ALS

(NOMINAL MLISSIUN)

LA <3
S TAGL 1 Z >
LRUDS sTALE WELAGHU UL LIslaaat .l 46%933723.0 4108e0) o C
GRUSS aTAaLE THRUST/ZWELuh ladue el leGCy
LHRUST ACHUALy(LE)D daloB et 4i5u0iugn ek 4fby. el
15P VACUUM L SEC) 36L.9YYB 4tbe iU 4Cbe 10y
STRUCIUKE ¢ (LB ) 1103603 .0 UaU {bzaly.0
PRUPLLLANTY JlLL) 1i12uobbyat ledl22er 3194050
PERFe FRAC Sy (MU) VelLITL UeC34 GeO1Y]
PRUPLLLANT FRAC. s INUE) VebL4ak Lo LG Leb03,
BURKNUUTY VTiME,(Lel) 1c el b 1bo.5LY Suleuld
BURNUUT VetULTTY 2 (F1/5:C) w1250 cd YEB3.203 2hutalsy
LURNOUT Lam1A LLEULREES) lieldca 1007 {s1t7
BUKNUUT s tlTuuts (1) 19205040 £LB3YIeld 3150564%
BURNUUT RAMNGL g (NM) (TP baei co3et
LOEAL VELUCEIY o (FT/5c0) Muoavad IPRLY I | cYhlUZah
LIEChHIux VELLLLIY g (FI/Z5 L) Ul FLYBACK =aANLL (NM) PELN )
INJuLTIUN PROPELLANT y LG val FLYLACK #rUPRLLBS) 231162 44
UN JRBIT LeeTa=veltl/stl) Leevan
UN URBLIT FRUPCLLANDy (LLE) lozsebaey
UN URBLT 1P 4tsEL) “Lo.

THel A=z 6ot FLICH Ralie = Cev b v

PAYLUAL (L) te4ciLal

ATREMEFES TU CURVERGES 3




18-49

SUMMARY wilihl

LEal - Mend

(NUMINKL M1SS IoN)

CASE

h.

L

UKEIVER WEROGHT FRiaRLLw

tic¥ milonl (Gilyeau. L PULUNDS
FERSULNNEL 300G .0L.0  Puuxts
Ke S 4BUALS ciduvadi-C  PUUNLS
hSthvtS 430000 PUUrDy
IN-FLIGhE Luistds Lutl?.50 0 PUULNDS
ACFS PRUPFLLAN 16413.G3  PUOUNULS
LMS PRUPLELLANT 1Ucbiy a1 FUURNIS
FAYLUAL 624871 .6U0U  PUURDS
LALLAST FUK (L CUNTKuLL C.l PLUNLS
UMS INSTALLATILN KIS Vel PUUNGS
FAY LUAD MULDS Cel PUUNLS
TULAL END BUULT GURELTIR uiLY) LaTuasn oCu PUUNLS
uMb LUKNLL LUK ANGL ASCENRT Cau PUUNL S
ACPS BUKNED LUKRING ASCENT C el PULINDS
EXTERNAL MAaIN IoeNK
TANe., DRY Wt 1CGHU 24Ul PUUNUS
RESTLUALS 171653.000  PUUNDS
PRUPLLLANT . 1AS t 2914.00C ) PUUNDS
FRESSUKANT ( cilbablU ) PuUNLS
TANKR aNo Ll S ( vluvv.ulu ) rUUADS
ENGINLS { 5476.000 PUURLS
FLIGRE FoKEPURMARMLE ReSTEKVE 199 34.000  FOUNLS
UGNEURNED PRUKFL LopNE (MALIN JAx ) U.u PUURKLS
Tulal LND Luls] (LXTerNaL [ aNs ) 39450 e )  PUUNL
USatit PRUPELLANT (5 XTekNaL T aNk) YL ILEY e PULNLS
FLYPALR PRUFELLANT (FIRLT SHAGLL) 231024519 PUUNUS
Sut il KOULKLE MUBIUE tRIabSTE SHACZ) LG (08365 .U FUUNDS
SRM CASE Walthite) lousbldal UGN S
SRM OSTRUCTURE @ RLVY weosortd Ueb PUUNDS
KM OINERE STab vt Wi Ll livsoiliden. PUUS LS
UsarLi SK4 PRUPILLANI 74950600 PLUNUS
TOU el GRGSS LIFV=LFE wLlbnl (LLUa) 1is 4448 .0 PUGYLS




PROPE LLANT SUMMARY HUK Toe ARURIT MULES FUR CASLE 23

ASCANT TKAJECTUKY SrAPEL MU ThE NORINAL MISSIUN MULE UP 1O 18650 SECUNUYS

UNBURNED MAIN rRuUPzLLANT IN THE ABURT MULL

Lol PUUND S

n

EXCESS ON-ORBST rRUPcLLANT AN Th: ABUKT MUUE Jb0fbe9st _LUUNDS

UNBURNED MAIN PRUPELLANT IN Tht RILS MUDE 11138 0600 PUUNDS

EXLESS UN—URB1T FRUPLLLANT 1IN THO RILS MUDE

H

.0 PUUNDLS

MINGS SIGN INDECATES PROPCLLANT SHUKVAGE AN bUKN MOLE INDLICAIEL

78-4

SHUTTLE SYSTEM Ntl PAYLUAD Willicol UMY KITS = C248181.01.0 PUUNDS

MAAN PRUPLLLANT LUKNLY Tu AUAZKTILS ABUKT 11IME=  1b98ZZleli PUUNUS

SHUTTLE GROSS LAIHE-UHFE wilGHT (GLUW) = 1151444840 FOUND S

PRUPLLLAMT UrUSS FoiU FRUM FaKLT — SECUND 3TAaGe= 1i1¢4a99.00 POUNLS

SECUny LTAGL PRUFELLANT CAFACLEY - CLRUSS Fiku = 53831300 FUUNDS




VERLILLE CHeRAGCTERLISTICS (NUMINAL MISSIuNh) CASE 24
S1AGL 1 Z 3
GKUSS STALE: WilGHE,(LE) 1bliBecbbel 48959507640 Ath;Zb.L
GRUSS STALE ThkUSI/WELLHT la30C Ve IG laGGs

THRUST ACHUAL(LE) €3540736.0

‘I—l‘)'d( Liveu

415500 e

18P VALUUMa(SEL) 36seabl 4864700 4064700
STRUCT UL 5 (LB ) 128251 .0 Ge 176916 G
PRUPELLANT o{LL) 11734172GCa0 156591. 0 319558960
PERF. FRAC.y (NU) Vet 0324 Uab6T471
PRUPLLLANY FKAC<y {NUL ) O.9C.2 1ol LU teBl4asy
BUKNUUT TImME(SEL) 17Le921 1tba5ULY S5U1e30¢E
g BURNUUT vilOCLIY s (FE/Z5EL ) Y3V a.5344 Pl(%e43¢ 2Y9L4,U66
BURNUUT GANItAy (DLLKEES) llebsi Yaboo Celt?
BUKNOUT ALT1TULE, (F1) 199c1lec Ldobbaet 3l1tabl .Y
BURNOUT RANGE ¢ (NM) b4y taet cilel
1DEAL VELUCLITY(FE/Z7S500) lcll3.e | AV I 294CT o2
INJECHIUN VELULLTIYLFT1/5:L) Leu FLYEALK KANGLENM)
INJECTIUN PRULPELLANT (LB ) Lol FLYBACK #KUP(LES)
UN URHIT LeLTA-Va(F1/7Lt0) lbbb.b.
UN URBAT PRUFLLLANT, (LE) e tls .y
UN URBILT 15P 9 (&EC) 4etalt
THETA= 6.1l F1ICR kale= GoalLULw] AlYEMPTS 1O CONVERLE= 3

PAYLUGALy LLL) oY 515 a0




SUMMAKY wElbhil Lial pMtM]

INUMEINAL MISS JUM)

{ASE

P

UKEBITEK WoiGHT ERTAKDLWN

DRY wkliehl T0ILBLLLL0  POUNDS
FERSUNNL L 3G00.L00 PUUNDS
KE SA0OUALS ZUTCC00  PUUNLS
KESERVES 3300.4uL.L0  POUNDS
In-FLLIGHY LUSS LY 10013000 PUOUNOS
ALPS PRUPELLANT 17252 .600  POUNLS
uMS PRUPELLANI 1647149437 PUUNDS
FAYLUAU 654315 .000 PUUNDS
LALLAST FUR (G LUNTROL Ual POUNLS
GMS INSTALLATRI LN K)R1S { ol PUUNLS
FAYLUAD MOULS Gal POUNLS
TUTAL END RUUST (HKELBEK UNLY ) 1%01544 .00 POQUNUS
uMS LURNEL LUR ING ASCENT U.0 POUNLS
ALPS BURNEU LAIKING ASCENT (VIR PUUNDS
EXTERNAL MALIN TaNK
TANK DKY WElGH 26406000 POUNLS
RESIDUALS 10G04% 006G POUNDS
PRUFeLLANT L 1aS { 2492.060 ) FOUKRDS
PRESSURANT U £000.L00 ) PUINDS
TANA AND LI xS { Yiileuul } PUUNLS
eNGINES { 3443.000 ) PLUNDS
FLIGHE PERFURMAaNCE KEStKVE 1vT50 .t PUUNLS
UNDURNED PRUPELLANT (MalN TANK) el PUUNDS
TOTAL oMU bubsd {EXTERNAL TANK) 39395 .000 PUUNDS
USabLt PRUPELL ANT (EXTERNAL [TANS} Suw36l3.cC PUUNDS
FLYBACK PRUPELLANY LFIRLT STAGLED 202U 1 PUUNUS
SULIL KUCKEY mMUNUK (FIRSE SHAcc) 11223311 .0 POURLS
LKM (abce Wiilhidc) ldcvelal . PUUNLS
KM OLTRUCTURE & ROVY WirloHT Vel PUUNDS
SKM AINEKT STaoinb wtlurd bectichl ol POUNLS
USaurlo SKM PRUPLL: ANT Yoo el Lt FUUNDS

TVl GRULS Lird=iFF wbdGrl (LLuw)

lbiveZb oL

rULNGS




PROPELLANY SUMMARY FOR THE ABORT MUODES FOR CASE 24

ASCENT TRAJECTORY SHAPED TO THE NOMINAL MISSION MODE UP TO 186.509 SECONDS

UNBURNED MAIN PROPELLANT IN THE ABORY MODE = 0.0 POUNDS
EXCESS ON-ORBIT PROPELLANT IN THE ABORY MODE = 40249,937 POUNDS

UNBURNEDC MAIN PROPELLANT IN THE RYLS MODE = 13047,000 POUNDS

EXCESS ON-ORBIT PRUPELLANT 1IN THE RTLS MODE = 0.0 POLNDS

MINUS SIGN INDICATES PROPELLANT SHORTAGE IN BURN MODE INDICAVED

c8-q

SHUTTLE SYSTEM NET PAYLOAD WITHOUT OMS K1TS =  659315.080 POUNDS

MAIN PROPELLANT BURNED TO ADAZRTLS ABORTY TIME= 1898221.00 POUNDS

SHUTTLE GROSS LIFT-OFF WEIGHT (GLOM) 16108288 .0 POUNDS

1t

PROPELLANT CROSS FEED FROM FIRST - SECOND STAGE:= 1739670.00  POUNDS

SECOND STAGE PROPELLANT CAPACITY - CROSS FEED = 3354143.00  POUNDS




B.4 SECOND STAGE PROPELLANT WEIGHT ANALYSES

The second stage propellant weights were varied in a similar manner as
the first stage (B.3). Vehicle characteristic data sheets for the various
cases are included in this section and the results are summarized in
Table B.4-1l. The results of thils analysis, as might be expected, are just
the opposite of those presented in the previous section for the first stage
weight variation. As second stage propellant weight is increased the pay-
load weight increases but -the staging velocity decreases and the glow/payload
weight ratio becomes worse. Also, when the throttling function is shifted to
the second stage, the penalties become worse rather than showing an improvement
as in the case of first stage propellant weight increases.

Table B.4-1. Second Stage Propellant Weight Study Summary

CASE SECOND STAGE | STAGING PAYLOAD GLOW GLOW/PAYLOAD
PROP. WEIGHT | VELOCITY | (LBx10%) | (LBx10%)
(LBx10°%) (FT/SEC)
REFERENCE 5.093 6978 509.7 15.731 30.87
30 5.570 6608 519.6 16.3%10 31.39
31 6.068 6238 g§21.1 16.918 32.46
32 6.565 585] 515.2 17.540 34.05

B-86



GENERAL ASCENT TRAJECIORY AND SIZING PRUGRAM BY R.L.POWELL

DATE — 01719779 FIME ~ 1735732

Cﬂ

SATELLITE POWER SYSTEM (SPS) CONCEPT DEFINITION STUDY

THO-STAGE VERTICAL TAKE~OFF HORIZONTAL LANOING HLLV CONCEPT

BOTH STAGES HAVE FLYBACK CAPABILITY 10 LAUNCH STIE (KSC)

FIRST STAGE HAS AIRBKEATHER FLYBACK AND LANDING CAPABILITY

FLYBACK PROPELLANT HAS A SPECIFIC Fubl CONSUMPTLION OF 3500 SiC

SECOND STAGE USES THi ABURT~UNCE-ARUUND FLYBACK MODE {ADA)

FIRST STAGE HAS LOX/RP/LHZ TRIPROPELLANT SYSTEM

18~4

WITH HZ COULED HIGH PC ENGINES (VACUUM ISP = 352.3 SEC)

SECOND STAGE USES LOX/LHZ PHRUPELLANT WITH VACUUM ISP 466.7 SEC

THE DESIGN PAYLOAD SHALL BE 500 KLB INTO A CIRCULAR ORBIT OF

270 N. MILES AND AN INERTIAL INCLINATION OF 31.6 DEGREES

ASCENT SHAPED TUO THE NROMINAL ASCENY MISSION

MECO CUNDITIONS ARE 10 A THEURETICAL URBIT UF 169.22 N.MILES

BY 5Ge42 No MILES (COASTS YO APOGEE OF 160 N.MILES)

ON-URBIT DELTA VELOCITY REQUIREMENT OF 111G Frb1/5ECOND

RCS SYSTEM SIZED FOR A DELTA VELOCATY RECMT OF (.0 FEET/SECUMS

THE VERICLE SIZED FOR A THRUST/wEIGHT RATIU AT LIFT-OFF OF 1.30




MAXIMUM AXIAL LUAD FACTIOR DURING ASCENT IS 3.0 6'S

TRAJECTURY HAS A RAXIRUM AERO PRESSURE OF 65C LBS/FT2

MAXTMUN AERD PRESSURE AY STAGING LIMITED TO 25 LBS/F12 T

DIRECT ENTRY FROM 270 N.MILES ASSUMMED (DELIA V = 415 FI/SEC)

PFIGHT PLRFOKMANLE RESERVE = 0.7%% YOTAL CHAC ASCENT VELOCLTY

WEIGHRT SCALTNG PER RUCKWELL IR AND U HLLY STUDIES o

A WE1GHT GROWTH ALLOWANCE OF 15% IS ASSUMMED FUR BOTH STAGES

SECOND STAGE (ORHITER) ENGINES BURN 5592633 LBS OF PROPELLANY

" 'SECOND STAGE DRY WEIGHY WITHOUT PAYLOAD EQUALS 792904 tBS

SECOND STAGE THRUST LEVEL @ STAGING EQUALS 5212010 LBS

SECOND STAGE OVERALL BOUDSTER MASS FKACTION = U.84B9 W/0 MAKRGIN

4 ) SECOND STAGE WEIGHT BREAKDOWN = o
[~
o0

RESERVES WEIGH] 3300 POUNDS

#

it

RESIDUAL WEIGHT 2070 POUNDS

KCS PROP WEIGHT = 19806 POUNDS T T

FPR PROP WEIGHT = 22673 POUNDS

BURN-OUT ALTITUDE AT SECUND STAGE THRUST TERMINATION = 50 N. MILES

"TADVANCED TECHNOLUGY wlthL bE COMPATABLE WITH THE YEARS 1943 & ON

ASCENT Huwv DIZING RUNS MADE BY R.L.POWELL (EXT 3703 SEAL BEACH)



VEHICLE CHARACTERISTLICS (NOMINAL MISSIUN) CASE 3¢

STAGE 1 2 3
GROSS STAGE WEIGHT,(LB) 16310355.0 5352967.C 5118293.0
—GRUSS STAGE TRRUSTZWRETGHT 1-300 9.974 1.018
THRUST ACTUAL,(LB) 21203424.0 5212010.0 5212010.0 L
ISP VACUUM,(SEC) 371.934 4664700 466.TC0
~STRUCTURE, (LB) 1063207.0 0.0 877407.0
PROPELLANT,(LB) 9710386, 0 234674.0  3619955.0
PERFe FRAC .y (NU) 0.5954 0.0438 0.7073
~ PRUPELUANT FRAC.,(NUE) 0.9013 1.000d G.8049
BURNOUT TIME,(SEC) 153.598 174.612 561149 e
_Z BURNOUT VELOCITY, (FT/5EC) 7862.922 8359.094  25954.102
~— BURNDUT GARHAA, (DEGREEST 15.246 12.193 G.187
BURNOUT ALTITUDE, (FT) 172889.17 212930.6 319656.2 o
BURNOUT RANGE » (NM) 43.9 66.5 796 .0
TDEAL VELOCITY,{FT7SEC]) 10527.5 11200.7 29646.8
INJECTION VELOCITY,(FT/SEC) 0.0  FLYBACK RANGE(NM) 20403
T T INJECTION PROPELLANTS (LBY ~ 7777 7Ga 077 7 FLYBACK PROP(LBS ) 183794.9
UN ORBIT DELTA-V, (FT/SEC) lubi.u'
~—UN ORBIT PROPELLANT, (LE) 101374.1
ON ORBIT 1SP,(SEC) 466.7
T THETA=729.187 T PITCH RATE= G.00200 ~ 7 ATTEMPTS 10 CONVERGE= 3~

PAYLOAD, (LB) 5196C6. 0




SUMMARY WEIGHT MTATEMENT (NUMINAL MISSION)

CASE 3G
ORBIVER WEXGHT BREAKDOWN
DRY WEIGHT o ... 192904.,000 POUNDS 00 e .
T T T BER SONNE L 3000.040 POULNDS
RES1DUALS 2076.000 PUUNDS
RESERVES 3300.000 POUNDS
IN-FLIGRT LOSSES 11496 .006 POUNDS
ACPS PROPELLANY 19806.000 PUOUNDS
MS PROPELLANT 101324.125 POUNDS
PAYLOAD 5196C6.C00 POUNDS
BALLAST FOR (G CONTROL 0.0 POUNDS
OMS INSTALLATION XIS 0.0 POUNDS
PAYLOAD MODY ) FOUNDS
o _._.. YOUAL END BOOST (ORBITER ONLY)  _  1453506.00 POUNDS
UMS BURNED DURING ASCENT 0.0 POUNDS
ACPS BURNEU DURING ASCENT 0.0 PUUNDS
EXTERNAL MAIN TANK
TANK DRY WEIGHT 2640.060  POUNDS L o
& RESTDUALS . 19518.000 POUNDS
8 PROPELLANT BIAS { 2860.0006 ) POUNDS
PRESSURANT t 2295.000 ) POUNDS
TANK AND LINES ( 10410.000 ) POUNDS
ENGINES { 3953,000 ) POUNDS
FLIGHT PERFURMANCE RESERVE ~~~ 22673.,000 POWUNDS =~
T TTTTTUNBURNED TPROPELCANT (MAIN TANK ) G.0 POUNDS
TOTAL END BOOST (EXTERNAL TANK) 44831.0UC POUNDS
USABLE PROPELLART TEXTERNAL TANK) 5569960.00  POUNDS
FLYBACK PROPELLANT (FIRST STAGE) _ 183794.875 POONDS - h
SOLID ROCKET MUOIOR (F1IRSYT STAGE) S0568267.00  POUNDS
SRM CASE WEIGHT(2) 1063207.00  POUNDS
SRM STRUCTURE & RCVY WEIGHY 0.0 PLUNDS
SRM INERT STAGING WEIGHT 1063207 .00 POUNDS
T T UTTUSABLE SRM O PROPELLANT T T T T TR GEG .00 POUNDS T T
TUTAL GROSS LIFT~UFF WEIGHT (GLiLUW ) 16310355.0 PGUNGS




i PROPELLANT SUMMARY FOR THE ABOR1 MODES FDR

CASE

.30 |

ASCENT TRAUVECTORY SHAPED TO THE NOUMINAL MISSIOX MUDE UP TO

174.612 SECDNDS

UNBURNED MATN PROPELLANT IN THE ABOURT MODE

EXCESS ON-ORBIT PROPELLANT IN THE ABORT MOUE

G.0 POUNDS

=7%20.250 POUNDS

UNBURNED MALN PRUPELLANT IN THE RTLS MUDE

361¢88.250 POUNDS

EACESS ON-ORBILIT PROUPELLANT IN THE RILS MUDE

C.0 POUNDS

MINUS SIGN INDICATES PROPELLANT SHORTALE IN BURN

MODE INDICATED

1649

SRUTTLE SYSTEM NET PAVYLOAD wilnOGul uMS k115 =

51%606.000 POUNDS

MAIN PROPELLANT BURNLU TU AOA/RTLS ABURT 11ME=

1950000 .00 POUNDS

SHUTTLE GROSS LIFT-QEE"HEEEﬂl_iggQ!)

16316355.0  POUNDS

PROPELLANT CROUSS FEED fROM FIRST — SECOND STAGE=

SECUND STAGE PRUFELLANT CAPACLITY ~ CRusS FEED =

1715326 .CC POUNDS

_ 385463600 POUNDS



VERICLE CHARACTERISTICS (NOMINAL MISSIUN)

T IHETA= 28.63 T T

PAYLUAD, (LB) 521094.0

TUPITCH RATE= Geoidy3d

CASE 31
__STAeE o 2 IO B
GROSS STAGE WEIGHT,(LB) 16917112.C 82334640 5053636 .0
GROSS STAGE THRUST/WE IGHT 1300 0.981 1130
____THKUST ACTUAL,(LB) 219929920 57101100 5116110.0
ISP VACUUM,{SEC) 373.099 466,700 4664700
T STRUCTURE, (LB) 1076520.0 OaD 357G32.0
_PROPELLANT,(LB) _  9824750.0  T70310.0__ 3467647.0 .
PERFs FRAC., (NU) 05801 Cal3s3 C.6863
PROPELLANT FRAC., (NUB) U.9012 1-UGGOG Lo 7637
___BURNOUT TIME,(SEC) 149543 712,502 495,109 .
_g BURKNOUT VELOCITY,(FT/SEC) T480.551 9126.133 29954.066
BURNOUT GAMMA, (DEGREES) 16710 8.200 U187
__BURNGUT ALTITUDE,(FY) 168UT9.T  2zTu56se5  3196%6.9 ..
BURNOUT KRANGE ¢ (NM) 39.5 106.8 T8 b
TODEAL VELOCITY,(FT/S5£C) 10130.5 1c260.9 2666645
INJECTION VELOCITY,UFT/SEC) 0.C FLYBACK KANGEINM) 215.2 _
T INJECTION PROPELLANT ,(LB)Y 777 77 "0t 7 7 FLYBACK PROP{LBS) 1930695.1
ON ORB1T DELTA=-V, (FT/SEC) 10465
T ON ORBIT PROPELLANT, (LB) | EVY PPPICY
UN ORBIT 1%P4(SEC) 460601

" ATTEMPTS 10 CUNVERGE= 3




LN T I d TR T Y e N VR YL sk

CAME

3]

ORBITER WEIGHT BREAKDOWN
DRY WEIGHT

8605186.0.0 POUNDS

PERSONNEL o
RESIDUALS
RESERVES

“3000.0L6  POUNDS
2070.6L3  POUNDS
3300.000 POUNDS

IN-FLIGHT LOSES
ACPS PROPELLANT
UMS PROPELLANT

12644.000 POUNDS
21T84.000 POUNDS
107222.500 POUNDS

PAYLOAD
VALLAST FOR CG CONTROL
UMS INSTALLATION KiTS

5210%4.040 POUNDS
C.GC POUNDS
0.0 POUNDS

PAYLUAD MODS

WTEFAL END BOOST ‘“RBEIEB,Qﬂ}Y§_"

UMS BURNED DURING ASCENI

ACPS BURNED DUKING ASCENT

U.0 PUUNDS

C.0 POUNDS
C.0 POUNDS

1536300.60  FOUNDS

- EXTERNAL MAIN TaNK

TANK DRY WEIGHT

2640.000 PUUNDS

T RESTDUALS } Z1471.000 POUNDS
o PROPELLANT BJAS { 3146.000 ) POUNDS

- PRESSURANT { 2524.G00 ) PUUNDS
TANK AND TINES { 114537600 ) POUNDS

ENGINES { 4348.GG0 ) POUNDS

FLIGHT PERFURMANCE RESERVE

TOTAL tND BOOST

(EXTERNAL TANK)

24937.000 POUNDS

UNBURNED PROPELLANT (MAIN TARK) 0.0 POUNDS

49048 .0L.L  PUUNDS

USABLE PRUPELLANT TEXTERNAL TaNK)

FLYBACK PROPELLANT (FIRST STAGLE)

6061696 .00 PUUNDS

193095.750  PUUNDS

SOLID ROCKET MUTOK (FIRST STAGE)D 9071550.00 POUNDS
SRM CASE WEIGHI(2) 1076520 460 POUNDS
SKM STRUCTURE & RCVY WETIGHY (9% POUNDS
SRM INER1 5TAGING WEIGHT 1676520 .00 POUNDS
T T T TTUSABLE TSRM UPROPELLANT T T T T 5060 G0 T POUNDS T T T T T -
TOTAL GROSS LIFI-UFF WEIGHT {6LUW) LoY17712.0 POUNDS




PROPELLANT SUMMARY FOR THE ABURT MODES FUR

ASCENT TRAJECTORY SHAPED TO ThE NUMINAL MISSION MODE UP 10

__CASE 31

212.502 SECONDS

UNBGURNED WAIN PROPELLANT IN THt ABURT MUDE =

EXCESS ON-ORBIT PROPELLANT IN THE ABURT MUDE =

0.0

~22102.500 POUNDS

UNBURNED MAIN PROPELLANT IN THE RTLS MODE =

10886.750

EXCESS ON-ORBAT PROPELLANT IN THE RTLS MUDE =

POUNDS

0.0

POUNDS

MINUS S1IGN INDICATES PROPELLANT SHURTAGE IN BURN

MCDE INDICATED

¥

\D

&~
SHUTTLE SYSTEM NET PAYLOAD WITHOUT UMS KITS =  5Z1094.00C POUNDS
MAIN PROPELLANT BURNED TO AOA/RTLS ABORT T1ME= 2600GL0.00  POUNDS
SHUTTLE GROSS LIFT-OFF WEIGHT (GLOW) = 16917712.0  POUNDS
—— PRUPELLANTY CURUSS FEED FRGM FIRST = SECOND STAGE= 1629690.00  POUNDS
SECOND STAGE PRUPELLANY CAPACITY — CKOSS FEED = 4238006.03  POUNDS




VEHICLE CHARACTERISTICS (NOMINAL MISS10N) CASE 32
STAGE 1 2 3 -
GROSS STAGE WEIGHTs(LB) 17540464e G  6299794.0  5431321.0
GROSS STAGE THRUST/WEIGHI 1.300 0.985 l.143
THRUST ACTUAL ,(LB) 22802560.,0  6208210.0  6208210.0
ISP VACUUM,(SEC) 374.122 466,700 4664760
STRUCTURE, (LB) 1090G57. 0 0.0  1G38091.0
PROPELLANT(LB) .. 9926587.0 = BoB413.0  3765389.0 e e e e
PERF. FRAC.y(NU) 0.5659 0.1379 €.6933
PROPELLANT FRAC., (NUB) 0.9011 1.0000 0.7839
BURNOUT TI1ME,(SEC) 145,202 210,489 497,677 e
G BURNOUT VELOCITY; (FT/SEC) 7073.633 8770.648 25954.086
BURNGUT GAMMA, (DEGREES) 18.%40 B.941 0.187
BURNOUT ALTITUDE,(FT) 165060.7 28360345 319655 .5 o
BURNOUT RANGE » (NM) 34.8 102.2 767.9
TDEAL VELOCITY, (FT/SEC) 9731.0 11958.4 29103.8
INJECTION VELOCITY,(FT/SEC) 0.0  FLYBACK KANGEINM)  255.7 )
T INJECTION PROPELLANT, (LBY 7 7777 7 G0 T FLYUBACK PROPILBS) 2:.4025.2
ON ORBIT DELTA-V, (FT/SEC) 16687.5
T UN URBIT PROPELCANT, (LB) I112659.6
ON ORBIT 15P,(SEC) 466,17

:~i’ﬁ€i'i5“2' .09

PAYLOAD, (LE)

T PIVCH RAVE= O.GO0M77T

515181.0

“ATTEMPTS 10 CONVERGE= 3




CASE 32

SUMMARY WElGHT STATEMENT (NOMINAL MISSIUN)

ORBITER WEIGHT BREAKDOWN

DRY WEIGHT e .._._._93B763,000 POUNDS
PERSUNNEL 3000.000 POUNDS
RESIDUALS 2070.0ud  PUUNDS
RESERVES 3300.000 POUNDS
IN=FUIGHT LOSSES 135814.000 POUNDS
ACPS PROUPELLANT 23800.000 POUNDS
OMS PROPELLANY 112659.812  PUOUNDS o
PAYLOAD 51%181.000 POUNDS
BALLAST FOR (6 CUNTROL 00 POUNDS
OMS INSTALLATION K11S 0.0 POUNDS
PAYLOAD MODS 0.0 POUNDS
.. _VOVAL END BOOST (ORBITER ONLY) 1612587.00 _ POUNDS
OMS BURNED OURING ASCENY 0.0 POUNDS
ACPS BURNED DURING ASCEN) 0.0 POUNDS
EXTERNAL MAIN TANK
TANK DRY WE1GHT 2640C.060 POUNDS L
T T REST0UACS 23458.000 POUNDS
© PROPELLANT B1AS {  3437.000 ) POUNDS
PRESSURAN] { 2758.600 ) POUNDS
TANK AND LINES t 12513.0G0 ) POUNDS
ENGINES t 4750.000 ) POUNDS
FLIGHT PERFORMANCE RESERVE 27246.000 POUNDS e
UNBURNED PRUPELLANT "IMAIN TANK) 6.0 POUNDS
TOTAL END BOUST {EXTERNAL TANK) 53344.G00 POUNDS
USABLE PROPFLLANT (EXTERNAL TANK) 6565367 .00 POUNDS
FLYBACK PROPELLANT (FIRST STAGE) 224025187 POUNDS L o
SOLID ROCKET MDTOR (FLIRST SIAGLE) 9685117.C. POUNDS
SRM CASE WEIGHT(2) 1090057..00 POUNDS
SRMSTRUCTURE & RUVY WETIGHT 0.0 POUNDS
SRM INERT STAGING WEelIGHT 10960517 .00 POUNDS
T T T USABLE SRM PROPELCANT T T T T T TGOS 060.GG T POONDS T T T e
TOTAL GROSS LIFT-UFF mEIGHT (LLOW) 175434640 POUNDS




PROPELLANT SUMMARY FOR THE ABORT MOUES FOR

32

ASCENT TRAJECTORY SHAPED TO THE NOMINAL MISSION MOOE UP TO 210.489 SECONDS

] UNBURNED MATN PRUPELTANT IN THT ABORT MODE

#

0.0 POUNDS

EXCESS UN-URB1T PROPELLANT IN VHE ABUKT MODE =  -72984.562 POUNDS
; UNBURNED MAIN PROPELLANT IN THE RILS MUDE = 6693.000 POUNDS R
: EXCESS ON-ORBIT PROPELLANT IN THE RTLS MUDE = 0.0  POUNDS
!

MINUS SIGN INDICATES PROPELLANT SHORTAGE IN BURN MOUDE INDICAVED

16~

SAROTTLE SYSTEN NET PAVLOAD WITHOUT ONS KITS = 515181.000

POUNDS

MAIN PROPELLANT BURNED TU ADA/RTLS ABURT TIME= 2B80u000.00  POUNDS
SHUTTLE GROSS L1FI-OFF WEIGH1 (GLOW) = 17540464.0  POUNDS
————PROPECCANT CRUSS FEED FRON FIRST = SECORD STAGES 193152700 POUNDS

SECOND STAGE PROPELLANT CAPACITY = CRUSS FEED = 4633860.0C

POUNDS




B.5 LIFIOFF THRUST-TO-WEIGHT

The liftoff thrust-to-weight (T/W) was reduced from the reference value
of 1.30 to 1.25 in order to assess the effects. This variation in I/W result-
ed in approximately 1% veduction in payload capability without an apprecilable
change in staging velocity. The glow was also reduced slightly. The major
effect was a shift of approximately 70,000 1b of second stage stored propel-
lant over to the first stage crossfeed tanks. This shift in propellant weight
should bring both vehicles within the same volumetric envelope. Selected
vehicle parameters are compared with the reference HLLV configuration in
Table B.5-1 and vehicle characteristics are given in the attached computer
data sheets.

Table B.5~1, Comparison of Liftoff
T/W of 1.25 with Reference HLLV

THRUST/WE | GHT

1.3 (REF) 1.25
GLOW (LBx10%) 15.731 15.697
PAYLOAD (LBx10%) 509.7 503.9
GLOW/PAYLOAD 30.87 31.15
STAGING VELOCITY (FT/SEC) 6978 7000
FIRST STAGE PROPELLANT - LOADED {(LBx10%) 9,607 9.679
SECOND STAGE PROPELLANT - LOADED (LBx10%) 3.481 3.410

The lower thrust-to-weight system would be of advantage only if the impact
on engine size 1s of sufficlent magnitude to warrant paying the small penalty
in payload capability.

B-98
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GENERAL ASCENT TRAJECTORY AND SI1ZING PROGRAM BY R.L.POWELL

DATE - GL/17/19 TIME - 21:31:36

SATELLITE POWER SYSTEM (SPS) CONCEPY DEFINITION STUDY

TWO-STAGE VERTICAL TAKE-OFF HOR1ZONTAL LANDING HLLV CONCEPT

BOTH STAGES HAVE FLYBACK CAPABILITY TO LAUNCH SITE (KSC)

FLYBACK PROPELLANT HAS A SPECIFIC FUEL CONSUMPTION OF 3500 SEC

SECOND STAGE USES THE ABORT-ONCE-AROUND FLYBACK MODE (ADA)

FIRST STAGE HAS LOX/RP/LH2 TRIPROPELLANT SYSTEM

WITH H2 COOLED HIGH PC ENGINES (VACUUM ISP = 352.3 SEC)

SECOND STAGE USES LUX/LHZ PROPELL ANT WITH VACUUM ISP 466.7 SEC

THE DESIGN PAYLOAD SHALL BE 500 KLB INTO A CIRCULAR ORB1T OF

270 No. MILES AND AN INERTIAL INCLINATION OF 31.6 DEGREES

ASCENT SHAPED TU THE NDMINAL ASCENT MISSIUN

MECO CONDITIONS AKE TO A THEORETI1CAL ORBIT OF 169.22 N.MILES

BY 50e42 Ne MILES (COASTS TU APUGEE OF 160G NeMILES)

ON-ORBI1T DELTA VELOCITY REGUIREMENT OF 1110 FEET/SECOND

RCS SYSTEM SIZ2ED FOR A DELTA VELOCITY KEQMY OF 220 FEET/SECOND

THE VEHICLE S1ZED FOUR A THRUST/WE IGHT RAT10 AT LIFT-OFF OF 1.25




00T-9

MAX IMUM AX]AL LOUAD FACTOR DURING ASCENT IS 3.0 G*S

TRAJECTORY HAS A MAXIMUM AERO PRESSURE GF 6506 LBS/FT2

MAXIMUM AERD PRESSURE AT STAGING LIMITED TO 25 LBS/FT2

DIRECT ENTRY FROM 270 N.MILES ASSUMMED (DELTA V B 415 FT/SEC)

PFIGHT PERFORMANCE KESERVE = 0. 75% TOTAL CHAC ASCENT VELOCITY

WEIGHT SCALING PER ROCKWELL IR AND D HLLV STUDIES

A WEIGHT GROWTH ALLCWANCE OF 15% 1S ASSUMMED FOR BOTH STAGES

FIRST STAGE BURNS 7995060 POUNDS OF ASCENT PROPELLANT

SECOND STAGE DRY WEIGHT WITHOUT PAYLOAD EQUALS 713154 LBS

SECOND STAGE THRUST LEVEL @ STAGING EQUALS 4730000 LBS

SECOND STAGE ASSUMES 4 ENGINES FOR ASCENT WITH 1 QUT FOR ABORT

SECOND STAGE EPL THRUST LEVEL FOR_ABORT 1S 112 % FULL POWER

SECUND STAGE OVERALL BOOSTER MASS FRACTION = 0.8329

SECOND STAGE WEIGHT BREAKDOWN 3

RES IDUAL WEIGHT 2070 POUNDS

RESERVES WEIGHT 33G0 POUNDS

FPR WE 1GHT 20141 POUNDS

RCS WEIGHT

17594 POUNDS

BURN=OUT ALTITULE AT SECOND STAGE THRUST TERMINATION = 50 N. MILES

ADVANCED TECHNOLUGY WILL BE COMPATABLE WITH THE YEARS 1990 & ON
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VEHICLE CHARACTERISTICS (NOMINAL MISSION) CASE 25

STAGE 1 2 3
GROSS STAGE WEIGHT, (LB) 15696635.0 4796839.0 4794255.0
GROSS STAGE THRUST/WEIGHT 1.250 0.990 0.991
THRUST ACTUAL, (LB) 19620768 .0 47500¢0.0 4750000.0
1SP VACUUM, (SEC) 371.672 466 .700 466 4700
STRUCTURE 4 (LB) 1040199.7 0.0 189453 .0
PROPELL ANT, (LB) 9678653.0 2584.0 3407204.0
PERF. FRAC.y{NU) 0.6166 0. 0005 C.7107
PRUPELLANT FRAC.y(NUB) €.9030 1. 0000 0.8119
BURNOUT TIME, (SEC) 165.421 165.675 502543
BURNOUT VELOCITY, (FT/SEC) 8267.918 8274 .041 25954.113
BURNOUT GAMMA, (DEGREES) 13.522 13.477 0.187
BURNOUT ALTITUDE,(FT) 18 0447 .9 180938.1 319657.8
BURNOUT RANGE (NM) 49 .5 49.8 798.1
IDEAL VELOCITY(FT/SEC) 11149.8 11157.9 29780.8
INJECTION VELOCITY, (FT/SEC) 0.0 FLYBACK RANGE(NM)
INJECTION PROPELLANT, (LB) 0.0 FLYBACK PROP(LBS)
ON ORBIT DELTA-V, (FT/SEC) 1082 .7
ON ORBIT PROPELLANT,(LB) 93697.7

46607

ON ORBIT 1SPy (SEC)

THETA= 29.10

PAYLOAD,(LB)

PITCH RATE= 0.006205

503900.0

ATTEMPTS TO CONVERGE= 3
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SUMMARY WE1GHT STATEMENT

(NOMINAL M1SSION)

CASE

25

ORBITER WEIGHT BREAKDOWN

DRY WEIGHT 713154.000_ _POUNDS
PERSONNEL 3000.000 POUNDS
RESIDUALS 2070.000 POUNDS
RESERVES 3300.0CC POUNDS
IN-FLIGHT LOSSES 10212.000 POUNDS
ACPS PRUPELLANT 17594.000 POUNDS
OMS PROPELL ANT 93697.687 POUNDS
PAYLOAD 503900.,000 POUNDS
BALLAST FOR CG CONTROL C.0 POUNDS
OMS INSTALLATION KITS 6.0 POUNDS
PAYLOAD MODS 0.0 POUNDS
TOTAL END BOOST (ORBITER UNLY) 1346927.00 POUNDS
OMS BURNED DURING ASCENT 0.0 POUNDS
ACPS BURNED DURING ASCENT 0.0 POUNDS
EXTERNAL MAIN TANK
TANK DRY WEIGHT 2640.000 POUNDS
RESIDUALS 17342.000 POUNDS
PROPELLANT BIAS { 2540.000 ) POUNDS
PRESSURANT { 2040.000 ) POUNDS
TANK AND LINES ( 9250.000 ) POUNDS
ENGINES { 3512.000 ) POUNDS
FLIGHT PERFURMANCE RESERVE 20141.000 PQUNDS
UNBURNED PROPELLANT (MAIN TANK) 0.0 POUNDS
TOTAL END BOOSTY ({EXTERNAL TANK) 40123,000 POUNDS
USABLE PROPELLANT (EXTERNAL TANK) 5093422.00 POUNDS
FLYBACK PRGPELLANT (FIRST STAGE) 180942.250 POUNDS
SOLID ROCKET MOTOR (FIRST STAGE) 90C35259.00 POUNDS
SRM CASE WEIGHV(Z2) 1040199.75 POUNDS
SRM STRUCTURE & RCVY WEIGHT 0.0 POUNDS
SRM INERT STAGING WEIGH] 1C40199.75 POUNDS
USABLE SRM PKROPELLANT 7995060.00 POUNDS
TOTAL GROSS LIFT-0OFF WEIGHT (GLOW) 15696635.0 POUNDS




ORBITER ABORT DATA

CASE

VEHICLE CHARACTERISTICS 25
STAGE 1 2
GROSS STAGE WEIGHT, (LB) 4794255.0 3794201.0
GROSS STAGE THRUST/WEIGHT 0.832 1.005
THRUST ACTUAL,{LB) 3990000 .6 38150L0.0
ISP VACUWUM, (SEC) 466.700 466,700
SiRUCTURE,(LB) 0.0 179453.0
PROPELL ANT, (LB) 1000047.9  2451088.0
PERF. FRAC. s (NU) 0.2086 0. 6460
PROPELLANT FRAC.) (NUB) 1.0000 0. 7587
BURNOUT TIME, (SEC) 282.641 582 .496
§ BURNOUT VELOCITY,(FT/SEC) 10859.383 25586 .543
BURNOUT GAMMA, (DEGREES) holl4 0.650
BURNOUT ALTITUDE(FT) 335653 .9 362187.6
BURNOUT RANGE 9 (NM) 202 .6 951.8
IDEAL VELGCITY,(FT/SEC) 14670.7 30264.1
ON~-ORBIT PROPELLANT USEDy(LB) 43890.0
OMS-ORB IT 93697.7 UMS-ASCENT 0.0

ON ORBIT PROPELLANT AVAlL,(LB) 9369767
DELTA ON DREIT PROPELLANT, (LB) 49807.7

ON-ORBIT MISSION PROP REQ'Dy(LB) 25520.6

THETA= 39.55 PITCH RATE= 0.00236 ATTEMPTS TU CONVERGE= 0
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SUMMARY WEIGHT STATEMENT (ABORT MODE)

CASE

25

DRBITER WEIGHT BREAKDUOWN

DRY WEIGHT 713154.000 POUNDS
PERSONNEL 3000.000 POUNDS
RESIDUALS 2070.000 POUNDS
KESERVES 3300.000 POUNDS
IN-FLIGHT LOSSES 10212.0C0 POUNDS
ACPS FROPELLANT 1594.000 POUNDS
UMS PROPELLANT 49807.687 POUNDS
PAYLOAD 503900.000 POUNDS
BALLAST FOR CG CONTROL 0.0 POUNDS
OMS INSTALLATIUN KITS 0.0 PUUNDS
PAYLOAD MODS 0.0 POUNDS

TOVAL END BOOST (URBITER ONLY) 1293037.00  PODUNDS
OMS BURNED DURING ASCENT 43890.000 POUNDS
ACPS BURNED DUKRING ASCENT 10000.000 POUNDS

EXTERNAL MAIN TANK
TANK DRY WEIGHT 2640.000 POUNDS
RESTDUALS 17342.000 POUNDS

PROPELLANT BILAS ( 25404000 ) POUNDS
PRESSURANT { 2040.000 ) POUNDS
TANK AND LINES { 9250,000 ) POUNDS
ENGINES { 3512.000 ) POUNDS
FLIGHT PERFORMANCE RESERVE 20141.0C0 POUNDS
UNBURNED PROPELLANT (MAIN TANK) 0.0 POUNDS

TOTAL END BOOST {EXTERNAL TANK) 40123.000 POUNDS

USABLE PROPELLANT (EXTERNAL TANK) 5093422.,00 POUNDS

FLYBACK PROPELLANT (FIRST STAGE) 180942.250 POUNDS

SOL1D ROCKET MUTUR (FIRST STAGE) 9035259.06  POUNDS
SKM CASE WEIGHT(2) 1040199.75  POUNDS
SRM STRUCTURE & RCVY WEIGHT G.0 POUNDS
SRM INERT STAGING WELGH)I 1040199.75  POUNDS

USABLE SKRM PROPELLANT T7995060.00  POUNDS

TOTAL GROSS LIFT-UFF WEIGHT (GLOW) 15696635.0 POUNDS




VEHICLE CHARACTERISTICS (RTLS MODE)

CASE 25

STAGE i 2 3 4 5
GROSS STAGE WEIGHT, {Lb) 4794255.0 4690199.0 4690199.0 3025143.0 2543142.0
GROSS STAGE THRUST/WEIGHT 0.796 0.813 0.856 1.319 1.500
THRUST ACTUAL,{LB) 3815600.0 3815000.0 4015000,0 3990000.0 3815000,0
1SP VAC UMy (SEC) 466.700 466,700 46b.592 466.700 4664700
STRUCTURE y(LB) 0.0 0.0 0.0 0.0 T70399.0
_PRUPELLANT, {LB) 104055 .4 0.0 1665056.0 482000.2 T57731.1
PERF. FRAC.y{NU) 0.0217 G0 0e 3550 0.1593 042980
PROPELLANT FRAC.y (NUB) 1.0000 0.0 1.00600 1.0000 0.4959
BURNOUT T IME,{SEC) 178.403 178,403 371.903 42b.281 519,492
§ BURNOUT VELOCITY,{FT/5EC) 8i64.4065 BLB4 465 2421 .007 T02.479 3304.023
BURNOUT GAMMA, (DEGREES) 12.836 12 .836 -12.228 ~57.180 175.809
BURNOUT ALTITUDE, (FT) 204908 .4 204895.1 291505.2 258602 .7 229991.7
BURNOUT RANGE, (NM) 63.8 63.8 188.7 189.4 149.3
IDEAL VELOCITY,(FT/SEC) 11224.3 11224.3 178074 20413.5 25725.3

THETA=156 .66

PI1TCH RATE= C.00228

ATTEMPTS TO CUNVERGE= &

UNBURNED MAIN PROPELLANT, (LB)

511152.9

PAYLOAD y(LE)

503858 .1
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SUMMARY WEIGHT STATEMENT (RTLS MODE) CASE 25
ORB1ITER WEIGHT BREAKDUWN
DRY WEIGHT ) 713154.000 POUNDS
PERSONNEL 3000.,0060 POUNDS
RESIDUALS 2070.0C0 POUNDS
KESERVES 3300.000 POUNDS
IN-FLIGHT LOSSES 10212.0CC POUNDS
ACPS PROPELLANT 6844,00C POUNDS
UMS PROPELLANT 0.0 POUNDS
PAYLOAD 503858.125 POUNDS
BALLAST FOR CG COUNTROL 0.0 POUNDS
OMS INSTALLATION KITS 0.0 POUNDS
PAYLOAD MODS O.0 POUNDS
_TOTAL END BOOST (ORBITER UNLY) 1242436.00 __POUNDS
UMS BURNED DURING ASCENT 93697.687 POUNDS
ACPS BURNED UDURING ASCENT 10750.000 POUNDS
EXTERNAL MAIN TANK
TANK DRY WEIGHT 2640.000 POUNDS
RESIDUALS 17342,000 POUNDS
PROPELLANT BIAS { 2540.000 ) POUNDS
PRESSURANT ( 204C.000 ) POUNDS.
TANK AND LINES { 9250.000 ) POUNDS
ENGINES { 3512.000 ) POUNDS
FLIGHT PERFORMANCE RESERVE 11837.000 POUNDS
UNBUKNED PROPELLANT (MAIN TANK) 511152.875 POUNDS
TOTAL END BOOST (EXTERNAL TANK) 542971.875 POUNDS
USABLE PROPELLANT (EXTERNAL TANK) 4590573.00 POUNDS
FLYBACK PROPELLANT (FIRST STAGE) 180942.250 POUNDS
SOLID ROCKET MOUTOR (FIRST STAGE) 9035259,.00 POUNDS
SRM CASE WEIGHT (2) 1040199.75 POUNDS
SRM STRUCTURE & RCVY WEIGHT C.0 POUNDS
SRKRM INERT STAGING WEIGHT 1G40199.75 POUNDS
USABLE SRM PROPELLANT 7995060.00 POUNDS
TOTAL GROSS LIFT-UFF WEIGHT (GLOW) 15696635.0 POUNDS




PROPELLANT SUMMARY FOR THE ABORY MODES FOR CASE 25

ASCENT TRAJECTORY SHAPED TO THE NOMINAL MISS ION MODE UP TO 165,675 SECONDS

UNBURNED MAIN PROPELLANT IN THE ABORT MODt 0.0 POUNDS

H

24287.062 POUNDS

EXCESS ON-ORBIT PRUPELLANT IN THE ABORT MUDE

UNBURNED MAIN PROPELLANT IN THE RTLS MOODE 511152.875 POUNDS

#

EXCESS ON-QORB1T PRUPELLANT IN THE RTLS MODE 0.0 POUNDS

L}

MINUS SIGN INDICATES PROPELLANT SHORTAGE IN BURN MODE INDICATED

L01-¢

SHUTTLE SYSTEM NET PAYLOAD WITHOUT OMS KIIS = 503900.000 POUNDS

MAIN PROPELLANT BURNED YO0 AUA/ZRTLS ABORT TIMES 1686177.00 POUNDS

SHUTTLE GROSS LIFT-OFF WE1GHT (GLOW) = 15696035.0 POUNDS

PROPELLANT CROSS FEED FRUM FIKST -~ SECOND STAGE= 1683593.00 POUNDS

SECOND STAGE PROPELLANT CAPACITY ~ CRUSS FEED = 3409829.00 POUNDS




B.6 ALTERNATE FIRST STAGE PROPELLANTS

A performance comparison was made of the reference configuration using

LOX/RP with alternate propellant systems of LOX/CH, (Methane) and LOX/LH;.

The comparative vehicle characteristics are tabulated in the attached computer
data sheets and selected parameters are compared in Table B.6-1. Although the
LOX/LHy configuration affords significant gains in payload capability, the
considerably higher cost of LOX/LH2 and the larger vehicle volume requirements
result in a less cost effective configuration than the baseline. The increase
in performance (~6%) afforded by the methane system 1s significant and contin-
gent upon cost/availability in the quantities required for SPS, is the prefer-
red propellant system.

Table B.6-1. Alternate Propellant Concepts

VEHICLE FIRST STAGE PROPELLANT
WEIGHT (KGx10%) LOX/RP LOX/CH; LOX/LH,
GLOW 7.135 7.151 7.532
BLOW 4,831 4.849 5.109
Wp1 4.359 4.372 4,385
ULOW 2.177 2.186 2.260
W2 1.579 1.564 1.552
PAYLOAD 0.231 0.245 0.318
GLOW/PAYLOAD 30.87 29.]8 23.70

B-108
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GENERAL ASCENT TRAJECTORY AND SIZ ING PROGRAM BY ReL.PUWELL

DATE - 01/17/79 TIME - 21358324

SATELLITE POWER SYSTEM (SPS) CONCEPT DEFINITION STUDY

TWO-STAGE VERTICAL TAKE-OFF HORIZONTAL LANDING HLLV CONCEPT

BOTH STAGES HAVE FLYBACK CAPABILITY TO LAUNCH SITE (KSC)

FIRST STAGE HAS AIRBREATHER FLYBACK AND LANDING CAPABILITY

FLYBACK PROPELLANT HAS A SPECIFIC FUEL CONSUMPTION OF 3500 SEC

SECOND STAGE USES THE ABORT-ONCE-AROUND FLYBACK MODE (AOA)

FIRST STAGE HAS LOX/METHANE/LH2 TRIPROPELLANT SYSTEM

W1TH H2 COOLED HIGH PC ENGINES (VACUUM 1SP = 3361.3SEC)

SECOND STAGE USES LOX/LH2 PROPELL ANT WITH VACUUM ISP 466.7 SEC

_ THE DESIGN PAYLUAD SHALL BE 500 KLB INTO A CIRCULAR ORBIT OF

270 No MILES AND AN INERTIAL INCLINATION OF 31.6 DLGREES

ASCENT SHAPED TU THE NOMINAL ASCENT MISSION

MECO CONDITIONS ARE TO A THEORETICAL ORBIT OF 169.22 N.MILES

BY 50U.42 No MILES (COASTS TO APOGEE OF L60 N.MILES)

ON-ORBIT DELTA VELOCITY REQUIREMENT OF 1110 FEET/SECOND

_RCS SYSTEM S1ZED FOR A DELTA VELOCITY REQMT OF 220 FEET/SECOND

THE VEHICLE SIZED FOR A THKUST/WEIGHT RATIO AT LIFT-OFF OF 1.30
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MAXIMUM AXIAL LUAD FACTOR DURING ASCENT 1S 2.0 6'S

TRAJECTORY HAS A MAXIMUM AERD PRESSURE OF 65C LBS/FT2

MAXIMUM AERO PRESSURE AT STAGING LIMITED TG 25 LBS/FT2

DIRECT ENTRY

FROM 270 NJMILES ASSUMMED (DELTA V = 415 FT/SEC)

PFIGHT PERFORMANCE RESERVE = 0.75% TOTAL CHAC ASCENT VELOCITY

WEIGHT SCALING PER ROUOCKWELL IR AND D HLLY STUDILES

A WEIGHT GROWTH ALLOWANCE OF 15% 1S ASSUMMED FOR B0OTH STAGES

FIRST S1AGE BURNS 7995060 POUNDS OF ASCENT PROPELLANT

SECOND STAGE

SECOND STAGE

(ORBITER) ENGINES BURN 5092633 L8S OF PROPELLANT

DRY WEIGHT WITHOUT PAYLOAD EQUALS 719503,.L8S

SECOND STAGE

ASSUMES 4 ENGINES FOR ASCENT WITH 1 GUT FOR ABORT

SECOND STAGE

SECOND STAGE

EPL THRUST LeVEL FOR ABORT IS 112 % FULL POWER

OVERALL BOOSTER MASS FRACTION = 06,8489 wW/0 MARGIN

SECOND STAGE

WE IGHT BREAKDUWN @

RESIDUAL WEIGHT

2070 POUNDS

RESERVES WELGHT

330C POUNDS

RCS PRUP WEIGHT

"

17787 POUNDS

FPR WEIGHT 20362 POUNDS

BURN-=UUT ALTITUDE AT SECOND STAGE THRUST TERMINATION = 50 N. MILES

ADVANCED TECHNOLUGY WILL BE CUMPATABLE WITH THE YEARS 1990 & ON

ASCENT HLLV SIZING RUNS MADE BY R.L.POWELL (EXT 3703 SEAL BEACH])




VEHICLE CHARACTEKRISTICS

THETA= 27.13

PAYLOAD ,(LB)

PITCH RATE= 0.06193

540157.0

ATTEMPTS TO CONVERGE= 3

(NOMLNAL Miudduin WD e ¢
STAGE 1 2 3
GROSS STAGE WEIGHT, (LB) 15765263 .0 4882263.0 4776883.0
GROSS STAGE THRUST/WEIGHT 1.300 0.973 0.994
THRUST ACTUAL,{LB) 20494800.0  4750002.0  4750000.0
ISP VACWUM, (SEC) 378.691 466 .700 466,700
STRUCTURE 5 (LB) 1051005 .0 0.0 197077.0
PROPELL ANT, (LB) 96396500 105380.0 _ 3342640.0
PERF. FRAC.y(NU) 0.6115 0.0216 0.6998
PROPELLANT FRAC., INUB) G.9017 1. GOOO C. 6075
BURNOUT TIME, (SEC) 161.591 171 945 501 4922
EBURNOUT VELOCITY, (FT/SEC) 847243 44 8715.793 25954 .09
BURNOUT GAMMA, (DEGREES) 13.737 12 .388 0.187
BURNOUT ALTITUDE,(FT) 185572 .9 205651.7 319657.5
BURNOUT RANGE 5 (NM) 5147 63.6 614 .8
IDEAL VELUCITY,(FT/SEC) 11213.8 11531.4 29607.5
INJECTION VELOCITY, (F1/SEC) 0.0 FLYBACK RANGE(NM)
INJECTIGN PROPELLANT, (LE) 0.0 FLYBACK PROP(LBS)
ON ORBIT DELTA-V, (FT/SEC) 1083 .8
ON OKBIT FROPELLANT,(LB) STC06.6
ON URBIT 15Py (SEC) 46647
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SUMMARY WEIGHT STATEMENT (NOMINAL MISSION)

(RBITER WEIGHT BREAKDUWN

DRY WEIGHT 719503.0060 _POUNDS
PERSONNEL 3000.000 POUNDS
RES1DUALS 2070.000 POUNDS
RESERVES 33C0.0C0 POUNDS
IN—-FLIGHT LOSSES 10324.0C0 POUNDS
ACPS PROPELLANT 17787.0C0 POUNDS
OMS PROPELLANT 97008.562 POUNDS
PAYLOAD 540157.000 POUNDS
BALLAST FOR CG CONTROL 0.0 POUNDS
OMS INSTALLATION KITS G0 POUNDS
PAYLOAD MODS C.0 PGUNDS

_107AL END BOOST (ORBITER ONLY) 1333149.00 _POUNDS
OMS BURNED DUKING ASCENT C.0 POUNDS
ACPS BURNED DURING ASCENT 0.0 POUNDS

EXTERNAL MAIN TANK
TANK DRY WE IGHT 2640.000  POUNDS
RESIDUALS 17523.000 PUUNDS

PROPELLANT B1AS { 2560.000 ) POUNDS
PRESSURANT ( 2061.000 ) POUNDS
TANK AND LINES { 9352.000 ) POUNDS
ENGINES { 355040060 ) POUNDS
FLIGHT PERFOKMANCE RESERVE 20930.060 POUNDS
UNBURNED PROPELLANT (MAIN TANK) 0.0 POUNDS

TOTAL END BOOST _ (EXTERNAL TANK) 41093.000 POUNDS

USABLE PROPELLANT (EXTERNAL TANK) 5092633.00 POUNDS

FLYBACK PROPELLANT (FIRST STAGE) 192314.875  POUNDS

SOLID ROCKET MOTOR (FIRST STAGE) 9046065.00  POUNDS
SRM_CASE WEIGHT(2) 1051005.00_ POUNDS
SRM STRUCTURE & RCVY WEIGHT 0.0 POUNDS
SRM INERT STAGING WEIGHT 1051005.00  POUNDS

USABLE SRM PROPLLLANT 7995060.00 POUNDS

TOTAL GRUSS LIFT-UFF WEIGHV (GLUW) 15765263.0 POUNDS




PROPELLANT SUMMARY FOR THE ABORT MODES FOR CASE 26

ASCENT TRAJECTORY SHAPED TO THE NOMINAL MISS ION MODE UP TO 171.945 SECONDS

UNBURNED MAIN PROPELLANT IN THE ABORT MODE 0.0 POUNDS

EXCESS ON-ORBIT PROPELLANT IN THE ABORT MODE 30091.312 POUNDS

]

UNBURNED MAIN PROPELLANT IN THE RTLS MODE 349875.625  POUNDS

EXCESS ON-ORBIT PROPELLANT IN THE RTLS MOOE 0.0 POUNDS

MINUS SIGN INDICATES PROPELLANT SHORTAGE IN BURN MODE INDICATED

€19

SHUTTLE SYSTEM NET PAYLUAD WITHOUT OMS KIS 540157.000 POUNDS

MAIN PROPELLANT BURNED 10 AUA/RTLS ABORT TIME= 1750000.00 POUNDS

15765263.0 POQUNDS

SHUTTLE GROSS LIFI-UFF WEIGHT {(GLOW)

PROPELLANT CROSS FeEUD FROM FIRST ~ SECOND STAGE= 1644620.00 POUNDS

SECOND STAGE PROPELLANT CAPACITY - CRUSS FEED = 3448013,00 POUNDS




YIT-2

GENERAL ASCENT TRAJECTORY AND SIZING PROGRAM BY R.L.POWELL

DATE -~ 01/19/779 TIME - 17256354

SATELLITE POWER SYSTEM (SPS) CONCEPT DEFINITION STUDY

TWO-STAGE VERTICAL TAKE-OFF HORIZONTAL LANDING HLLV CONCEPT

BOTH STAGES HAVE FLYBACK CAPABILITY TO LAUNCH SITE (KSC)

FIRST STAGE HAS AIRBREATHER FLYBACK AND LANDING CAPABILITY

FLYBACK PROPELLANT HAS A SPECIFIC FUEL CONSUMPTION OF 3500 SEC

SECOND STAGE USES THE ABORT-ONCE-AROUND FLYBACK MODE (ACA)
FIRST STAGE HAS LOX/RP/LH2 TRIPROPELLANT SYSTEM

WITH H2 COOLED HIGH PC ENGINES (VACUUM ISP = 352,3 SEC)

SECOND STAGE USES LOX/LH2 PROPELLANT WITH VACUUM ISP 466.7 SEC

THE DESIGN PAYLOAD SHALL BE 500 KLB INTO A CIRCULAR ORBIT OF

270 N. MILES AND AN INERTIAL INCLINATION OF 31.6 DEGREES

ASCENT SHAPED TO THE NOMINAL ASCENT MISSION

MECO CONDITIONS ARE TO A THEORETICAL ORBIT OF 169.22 NeMILES

BY 50.42 N. MILES (COASTS TO APOGEE OF 160 N.MILES)

A R 3 ECOND
RCS SYSTEM SIZED FOR A DELTA VELOCITY REQMT OF 220 FEET/SECOND

THE VEHICLE SIZED FOR A THRUST/WEIGHT RATIO AT LIFT-OFF OF 1.30




MAXIMUM AXIAL LOAD FACTOR DURING ASCENT IS 3.0 G*S

TRAJECTORY HAS A MAXIMUM AERO PRESSURE OF 650 LBS/FT2

MAXIMUM AERO PRESSURE AT STAGING LIMITED TO 25 LBS/FT2
DIRECT ENTRY FROM 270 N.MILES ASSUMMED {DELTA V = 415 FY/SEC)

PFIGHT PERFORMANCE RESERVE = 0.75% TOTAL CHAC ASCENT VELOCITY

WEIGHY SCALING PER ROCKWELL IR AND D HLLV STUDIES
A WEIGHT GROWTH ALLOWANCE OF 15% IS ASSUMMED FOR BOTH STAGES

FIRST STAGE BURNS 7995060 POUNDS OF ASCENT PROPELLANT

SECOND STAGE (ORBITER) ENGINES BURN 5092633 LBS OF PROPELLANT
SECOND STAGE DRY WEIGHT WITHOUT PAYLOAD EQUALS 715166 LBS

SECOND STAGE THRUSY LEVEL 3 STAGING EQUALS 4750000 LBS

STI-4

SECOND STAGE ASSUMES 4 ENGINES FOR ASCENT WITH 1 OUT FOR ABORT
SECOND STAGE EPL THRUST LEVEL FOR ABORT IS 112 X FULL POMER

SECOND STAGE OVERALL BOOSTER MASS FRACTION = 0.8489 W/0 MARGIN

SECOND STAGE WE IGHT BREAKDOWN :
RESIDUAL WEIGHT = 2070 POUNDS

RESERVES WEIGHT = 3300 POUNDS

FPR WEIGHT 20202.POUNDS

L

RCS PROP WEIGHT 17648 POUNDS

BURN-OUT ALTITUDE AT SECOND STAGE THRUST TERMINATION = 50 N. MILES

"ADVANCED TECHNOLOGY WILL BE COMPATABLE WITH THE YEARS 1990 & ON



THETA= 26.21

PAYLOAD,(LB)

" PITCH RATE= 0.00183

700468 .0

VEHICLE CHARACTERISTICS (NOMINAL MISSION) CASE 35
_ STAGE ) 1 2 3

GROSS STAGE WEIGHT, {LB) 16604204 .0 5021797.0 4894494 .0

GROSS STAGE THRUST/WEIGHT 1.300 0.946 0.970

THRUST ACTUAL, (LB} 21585424.0 4750000.0  4750000.0

ISP VACUWUM, (SEC) 466.500 466,700 466 . 700

STRUCTURE , ( LB) 1596503.0 0.0  791663.0
 PROPELLANT, (LB) 9667757.0  127303.0 329336640

PERF. FRAC.s(NU) 0.5822 0.0254 0.6729

PROPELLANT FRAC.) (NUB) 0.8583 1.0000 0.8062
___BURNOUT T IME, { SEC) 1644350 176 .858 501,196
Eauamur VELOCITY, (FT/SEC) 9592,059  9888.875 25954.094

BURNOUT GAMMA, (DEGREES) 11.793 10.415 0.187

BURNOUT ALTITUDE, (FT) 195481.4  218899.2  319657.2

BURNOUT RANGE, (NM) 65 o2 82.0 864.2

IDEAL VELOCITY, (FT/SEC) 12154.0 12539.5 29318.1
___INJECTION VELOCITY, (FT/SEC) 0.0 FLYBACK RANGE(NM) 271 .6

INJECTION PROPELLANT, (LB) 0.0 FLYBACK PROP(LBS) 31814642

ON ORBIT DELTA-V, (FT/SEC) 1086 .9
~ON UORBIT PROPELLANT, (LB} 108996 .7

ON ORBIT ISP, (SEC) 466 .7

ATTEMPTS TO CONVERGE= 3




SUMMARY WEIGHT STATEMENT (NOMINAL MISSION)

CASE 35

ORBITER WEIGHT BREAKDOWN

L  DRY WEIGHT ~ 715166.000 POUNDS
T PERSONNEL 3000.000 POUNDS
RESIDUALS 2070.000 POUNDS
RESERVES 3300.000 POUNDS
TN—FLIGHT LOSSES 10243.000 POUNDS
ACPS PROPELLANT 17648.000 POUNDS
OMS PROPELLANT 108996.687 POUNDS
PAYLDAD 700468,000 POUNDS
BALLAST FOR CG CONTROL 0.0  POUNDS
OMS INSTALLATION KITS 0.0 POUNDS
PAYLOAD MODS 0.0 POUNDS
_____TOTAL END BOOST (ORBITER OMLY) _ 1560891.00  POUNDS
OMS BURNED DURING ASCENT 0.0  POUNDS
ACPS BURNED DURING ASCENT 0.0 _ POUNDS
EXTERNAL MAIN TANK
L  TANK DRY WEIGHT 2640.000 POUNDS
TR T T T RESTDUALS 17394,000 POUNDS
B PROPELLANT BIAS (  2548.000 ) POUNDS
S PRESSURANT {  2045.000 ) POUNDS
TANK AND LINES {9279.000 ) POUNDS
ENGINES { 3522.000 ) POUNDS
FLIGHT PERFORMANCE RESERVE 20202.000 POUNDS
UNBURNED PROPELCANT (MAIN TANK) 0.0  POUNDS
TOTAL END BOOST  (EXTERNAL TANK) 40236.000 POWNDS
NAL TANK] 5093361.00  POUNDS
 FLYBACK PROPELLANT (FIRST STAGE) 318146.,187 POUNDS
SOLID ROCKET MOTOR (FIRST STAGE) 9591563,00  POUNDS
SRM CASE WEIGHT(2) 1596503.00  POUNDS
SR STRUCTURE & RCVY WEIGHT U.0  POUNDS
SRM INERT STAGING WEIGHT 1596503.00  POUNDS
T T TUSABLE TSRMTPROPELLANT 7995060.00  POUNDS
TOTAL GROSS LIFT-OFF WEIGHT (GLOW) 16604204.0  POUNDS




PROPELLANT SUMMARY FOR THE ABORT MODES FOR

ASCENT TRAJECTORY SHAPED TO THE NOMINAL MISSION MODE UP TO 176.858 SECONDS

UNBURNED MAIN PRUPELLANT IN THE ABORY MODE

0.0 POUNDS
EXCESS ON-ORBIT PROPELLANT IN THE ABORT MODE = 40335.250 POUNDS

'UNBURNED MAIN PROPELLANT IN THE RTLS MODE = -31336.000 POUNDS

EXCESS ON-ORBIT PROPELLANT IN THE RTLS MODE = 0.0 POUNDS

MINUS SIGN INDICATES PROPELLANT SHORTAGE IN BURN MODE INDICATED

T

£

o0
SHUTTLE SYSTEM NET PAYLOAD WITHOUT OMS KITS = 100468.000 POUNDS
MAIN PROPELLANT BURNED TO AOA/RTLS ABORT TIME= 1800000.00 POUNDS
 SHUTTLE GROSS LIFT-OFF WEIGHT (GLOW) = 16604204.0 POUNDS
PROPELLANY CROSS FEED FROW FIRST — SECOND STAGE= 1672697.00 POUNDS

SECOND STAGE PROPELLANT CAPACITY — CROSS FEED = 3420664.00 POUNDS

TERE BEER 000 T T R NN i
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APPENDIX C
ELECTRICAL ORBITAL TRANSFER VEHICLE SIZING

C.0 INTRODUCTION

The data contained herein relates to preliminary sizing of large electric
orbital transfer vehicles (EOTV) capable of delivering payloads from LEO to
GEO of the order of 5x10° kg and return payloads (payload packaging) of 10% of
the LEO to GEC payload. Total trip times are of the order of 2700 hours.

The benefits to be derived from employing large electron bombardment ion
thruster systems using argon propellant have been discussed in References 1,
2, and 3. Maximum useful thruster size (diameter) for single grid systems
have been estimated in Reference 3 where it was shown that thruster system
cost 1s relatively insensitive to thruster size. A grid set span to gap ratio
of 600 1s considered a practical limit. In this study, the span to gap ratio
problem is alleviated by assuming multiple, concentric grid sets up to three
as required. Five grid sets have been tested in the laboratory at NASA Lewis
Research Center (LRC). Sovey (Reference 3), with the help of Child's law, has
determined an empirical expression for the ability of a grid set to extract
the maximum ion current (per hole) for minimum total accelerating voltage
(Perveance limit). Beyers and Rawlin (Reference 1) have projected the per=—
formance of 100 cm diameter thrusters based on identifiled constraints such as
perveance and temperature. They indicate that thrusters might operate at tem—
peratures as high as 1800 K. However, they used a conservative temperature of
973 K (where the grids begin to glow) in their own work. Since molybdenum
grids have survived temperatures of 1900 K for several hundred thousand hours
without significant creep (References 4 and 5), 1900 K was taken as the upper
temperature limit in this study.

The EOTV sizing philosophy used in this study is in harmony with the phi-
losophy found implicitly in References 1 and 3. That is, since thruster system
cost 1is relatively iunsensitive to component size, a considerable cost savings
can be achleved by operating at high thrust levels with a small number of
large diameter thrusters. This is in lieu of a large number of small thrusters
which impose a severe burden on orbital labor with respect to both construction
and refurbishment. The lengths of electrical conductors and propellant lines
can be many kilometers for small diameter thrusters. Further, the reduction
in the number of components associated with large diameter thrusters implies
an increase in .system reliability.

The grid sets are more subject to failure than other thruster components
because of bombardment by singly and doubly charged ions. It is therefore
assumed that the grid sets will be refurbished after each round trip. When
large payloads are returned it may be necessary to refurbish or replace grid
sets more cften, i.e., after each payload trangsfer. The grid set lifetime as
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a function of beam current (operating temperature) is not known for the opera-
tional time period under consideration. There is currently at least a decade
to improve thruster state-of-the-art. The data presented will therefore re-
flect what is believed to be the technology of the next decade.

The choice of argon as the working fluid is based upon its great abundance
and environmental suitability. Argon is currently obtained as a by-product in
alr reduction processes, The one billion kilograms of argon produced annually
are largely discarded thus affording a readily available and low cost propel-~
lant.

C.1 SsTUDY GUIDELINES

The following ground rules and assumptions were employed for the EOTV
study:

* The LEO parking orbit is at 500 km altitude and 31,6 degree
inelination.

o Transfer time from LEO to GEO will be 120 days of which 20 days
is in the Earth's shadow.

* The vehicles will eithexr return empty or with ten percent of the
up payload.

* Ten percent of the payload mass is packaging.
¢ The propellant utilization efficiency is 0.82.

s The steady state loss In thrust because of ilon beam divergence is
five percent. Ap = 0.93.

* The thrust vector steering loss is five percent. <yg = 0.95.

¢ Gallium aluminum arsenide solar cells are used with an assumed
self annealing capability at 125°C., It is assumed that all
electron damage due to radiation is annealed ocut and only proton
damage results in degradation to the cell., Those losses are
assumed as follows:

4% non-annealable loss due to proton damage over 10 year life
6% plasma loss when cperating in LEO

5% loss due to pointing errors

67 loss in line due to voltage drop

21% total loss in system efficiency

e Electric power is provided by two SPS panels with a blanket area of
900,000 m“. Solar reflectors are employed with a concentration ratio
of 2.

» A plane change with optimum steering to the equatorial plane is
assumed with a velocity increment of 5688 m/s.
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* A propellant reserve of 0.75 percent is assumed effectively
increasing AV to 5730 m/s.

* Attitude hold only is employed during periods of Earth shadow-
ing. Ion thrusters powered by storage batteries provide the
required thrust.

* Advanced storage batteries are used that yield 200 watt-hours/
kg of electrical energy.

C.2 ESTIMATING RELATIONSHIPS

The necessary formulas for estimating electric thruster system parameters
and payload masses are presented herein. An attempt is made to ensure that the
estimating relationships are self-consistent, realistic for the second decade,
and that power and energy are conserved. Each formula is discussed, referenced
when required, and derived when presented for the first time, or when additional
clarity is justified.

An objective of this study is to take advantage of economies of scale.
This coupled with the desire to have larger thrusters and fewer components
leads to high grid set temperatures. Grid temperature was therefore a driving
independent variable in this study, and ranged from 1900 K down to 1000 K, For
each temperature selected, three maximized dependent variables are automatical-
ly defined, i.e., total extraction voltage (Vr), maximum thruster diameter (d),
and maximum beam current (Jg).

C.2.1 Total Extraction Voltage — Vr (Volts)

Referring to Figure C-1, Vr 1s the potential difference between the anode
and the accelerator grid. The total extraction voltage is limited by the allow-
able grid-set temperature, and for the maximum thruster parameters considered
here, it is uniquely related to operating temperature. That is,

Vr = 0.0123077!-7778 1)

independent of thruster diameter. Equation (1) is derived from work by Sovey
(Reference 3) who found that the average measured temperature of the grid-set
corresponded to a model grid with an emissivity of 0.4, that absorbed 25 per-
cent of the discharge power. The discharge chamber loss €1 was taken to be
200 for argon..

€C.2.2 Net Accelerating Voltage - VN (Volts)

Once again referring to Figure C-1, Vy, is the positive part of Vp, re-
sponsible for imparting the initial momentum to the ionized argon.

For convenience the ratio R is used to relate Vy and Vp, i.e.,
R = Vy/Vp (2)

Thrusters have been operated with values of R ranging from 0.2 to 0.9.
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Figure C~1. Argon Ion Thruster Module
(not to scale), Modified from Reference 1

C.2.3 Propellant Utilization Efficiency - Ny

The electric ion bombardment thruster operates by accelerating argomn, or
other suitable ions, to high speeds by subjecting them to a suitable potential
difference. In the thrusters considered here, argon gas is first introduced
into the thrust chamber and ionized by a voltage of about 40 volts which is
high enough to ionize argon atoms with a single impact. The first ionization
potential is 15.755 electron volts. Argon atoms that are initially excited
but not ionized, may occasionally become doubly ionized (requiring 43.38 ev).
Doubly ionized argon atoms are apt to bombard the grid structure, causing
damage (sputtering) and penalyzing thrust and specific impulse.

In addition, some of the propellant remains un-ionized and is exhausted
at low speed as a diffusing hot gas. It is necessary therefore to introduce
a penalty, ny, on both thrust and specific impulse that can be determined by
measurement. The parameter Ty is called the propellant utilization efficiency.



By making two reasonable assumptions, one can acquire a feeling for pro-
pellant utilization. First, assume that all singly charged argon ilons are
accelerated to identical speeds, v, by the net potential difference Vy.
Second, assume that the fraction of doubly charged ilons is small compared to
the fraction of singly charged ions. Then from conservation of momentum

k k
Tvm =vim =vmnm
T R P

where v = v; = vz = ~ — - = vy, = jon speed,
v = mean speed of all exhaust materials,

and mp = mass of exhausted material (ions and neutrals).

The propellant utilization efficilency is then defined by

K
_ 2 my
0.8 snu=%a- i’;_p < 0.9 (3)

where the limits on ny apply to ionized argon.

C.2.4 Specific Impulse - Igp (seconds)

Actual specific impulse can be defined by
v
Isp - E (4)

where g = 9.807 m/s? the mean acceleration of gravity. This can also be
expressed in terms of electric parameters. If ions are accelerated through
a potential difference VN one can write (summing i from 1 to k)

¥z miviz =4t vikm=3Z Q4 Vy (5)

where q4 is the charge on each ion of mass m. Solving Eq. (5) for v?
yields

2V, Iq 2v,. (kq)
N1  °'N -
e 2V, (q/m)

v =
- 2 2 o .2 2 2
v /nu g Isp /nu

and

Isp = (,/8) V2V (a/m) . C))
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The ratio of charge to mass for argon is

q/m = 2.4162x10° C/kg, )
and

n, = 0.82.

After substituting the numerical values from Eq. (7) into Eq. (6) one obtains

- 8.5
Isp 223.96 n v (8)
= 183.65 VNO‘5 seconds,
and conversely
= 2 2 5
Vy =199 I /(n*x10%) (9)

2.9655 I 2 10~° volts.
sp

Specific impulse as a function of voltage ratio and grid temperature 1is depict-
ed in Figure C-2.

Ideal or "electrical" specific impulse is obtained by setting n, equal to
unity. The specific impulse used herein is as defined in Eq. (6). It is based
on conservation of energy and momentum and yields either a maximum ion speed
(ny=1) or a mean propellant exhaust speed. The fact that the beam may be
diverging and producing a useless component of thrust will be considered later
by introducing a thrust efficiency term, Yt. Thrust is a measurable quantity
and, in particular, the useful thrust along the thruster axis can be determined.

Estimated thrust vector steering losses (ys) will also be introduced at
the same time. With this approach there is no pseudo modification of maximum
or mean propellant exhaust speeds or of specific impulse. The modification
comes in the total propellant mass for rate (@p); part of it diverges and does
no useful work. This is taken into account empirically and avoids giving the
impression of an improvement in specific impulse.

Factors which enter into beam divergence include: (1) electric field in-
tensity divergence; (2) mutual repulsions of singly and doubly charged ions;
(3) the applied magnetic field; and (4) the discharge power that creates the
iong. The discharge may be ten percent or more of the total power provided.

C.2.5 Maximum Thruster Diameter - Dy (cm)

An expression for the maximum useful beam diameter, Dy, which is tantamount
to the maximum useful thruster diameter, d, was presented in Reference 2:

d = 1,5x10~8 ISPZ m/nqu (10)
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Figure C-2. Specific impulse as a function of voltage
ratio, R, for operation at temperatures indicated.

where m = 39,948, the molecular weight of argon, Taking this value for m, with
the help of Egs. (8) and (1), and using 0.82 for n, yields

d = 8.9117x10~7 13P2/R, (11)

= 3,0051x10~? Vip (cm)

The straight dashed line in Figure C-3 is a plot of Vr versus maximum
thruster diameter based on Reference 2. The maximum operating temperature
corresponding to Vr is shown as a solid line which is almost linear over the

range of Vp (5100 to 8300 volts).

C.2.6 Maximum Beam Current ~ Jp (Amperes)

The accelerator system, consisting of a screen grid and an accelerator
grid (Figure C-l), imposes a basic limitation on the obtainable beam current
density because of the "perveance" limit. The perveance limit in effect deter-
mines the point where any increase in the total accelerating voltage, VT, results

in high voltage breakdowm.
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Figure C=-3. Total extraction voltage versus selected
grid-set operating temperatures, based on Eq. (1), and
thruster diameter, based on Eq. (l11).

Sovey (Reference 3) has determined an empirical relationship for argon
thrusters which yields the maximum practical ion current, Jg, for dished grid
systems, operating near the minimum gap (0.06 = 0.008 cm). This is given by

- 2y 2425,90=10
JB 4,97 d VT x10 (12)
where Jg = beam current (amps),
and d = maximum thruster diameter (cm).
The maximum value for Vr has already been given by Eq. (1) where the select-

ed operating temperature, T, is the independent variable. In terms of T, the
maximum beam current becomes

Jg = 2.5072 d*T* 107'* (13)

C.2.7 Beam Electrical Power - Pg (Watts)

The beam electrical power is given by



Pg = JgVIR (14)
= JBVN

The beam power is controlled by the mass flow rate of argon entering the
thrust chamber. The discharge power, Pg, which is the power expended in ioniz-
ing the incoming argon gas, is necessary in order to have an lon beam but is not
part of the beam power. A plot of thruster module power as a function of extrac-—
tion voltage ratio, R, for operating under conditions of maximum beam power and
thruster size (as determined by the perveance limit, a grid-set span to gap ratio
of 600) for various operating temperature

100}

=)

MODULE POWER - P, /“z (MW)

= 1000 K

Figure C-4. Thruster Module power as a function
of extraction voltage ratio, R.
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C.2.8 Thruster Module Electrical Efficiency - ne

The electrical power efficiency, Ne, of a thruster module in achieving a
beam power, Pg, is given by

P

B
Ne = 35 + Pgg + Pp Py (15)

where Pgg = Grid set loss¥*,
= 0.0025 JgVy, (an empirical value)

Pp = Discharge power loss¥,
= 200 Jg,

and Py = Beam neutralization loss¥*,
= 300 Watts (assumed constant).

In terms of voltages and currents

JeVN
Me ® TV_ F 0.0025 J_V. + 200 J_ + 300 (16)
gy t O BVT B

_ RV, |

RV + 200 R + 0.0025 Vv + 300 §/J,
3

(R ¥ g.oozs) ; 300 ; goo

N B

For the large, high power thrusters considered in this study the efficiency
may be approximated by

ne = VN/(VN'I'ZOO)

within 0.6% at the extremes. When the beam power is small (i.e., < 300 W)
Eqs. (%5) and (16) should be used.

A plot of thruster electric efficiency versus R is presented in Figure C-5
for six values of Ig,. A temperature of 1900 K was considered the maximum allow-
able for extended operation of molybdenum grids. This is indicated by the dashed
line in Figure C-5, Operation in the shaded area is not permitted. At these
higher temperatures it is asgumed that the grids would be replaced periodically.

In Figure C-6 the electrical efficiency is plotted against R for various
selected operating temperatures. The efficiency increases with grid-set
temperature, and at a given temperature, also increases with R.

*Based on conversations with V. K. Rawlin, NASA, LRC
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Figure C-5. Electrical power efficiency as a
function of extraction voltage ratio, R.

Knowing the electrical efficiency, one can determine the required input
power per thruster, PrH, for operation at maximum beam power (i.e., maximum
thrust). This is given by

200
PTH PBanz PB (l + 7}}') an

However, Eq. (17) does not include electrical power losses or conductor
mass penalties attributable to the power input lines distributed within a
thruster array. This is the subject of the next section., Such penalties can
be serious when the number of thrusters becomes large. Figure C-7 indicates
the number of thrusters required for a total array imput power of 268.1 MW
as a function of extraction voltage ratio and grid-set temperature.

C.2.9 Thruster Performance

Electric and Mechanic Power. The ion energy, E, from Eq. (5) 1is

E.kmv=kqu
= My = Q Vy
where M = total mass of k ious

G = total charge of k ions.
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Figure C€~6. Thruster electrical efficiency
as a function of extraction voltage ratio, R

Power is the rate of change of energy with respect to time., Thus
Power = § Mv? = § Vy (Watts) (18)

But, differentiating Eq. (3) with respect to time yields
m, /v o= H (19)
Now eliminating M from Eq. (18) by using Eq. (19) gives

bmy Tv o IV (20)
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NUMBER OF THRUSTERS - N

Figure C-7. Number of thrusters for a fixed array
input power of 268.1 MW as a funection of extraction
voltage ratio and grid-set temperature.

where the beam current Jp is used for é. Now with the help of Eq. (3) and (4)
v and ¥ can be eliminated to give

bom, Vg = ¥ B587I % /ny
= JgVy = Fp

The propellant flow rate is therefore

h, = 2 37,/ (8 Igp)*s (ke/9) (21)
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or for N thrusters each with beam power Py

&p = 2N PBnu/(g Isp)z (kg/s). . (22)

Clearly, the mechanical power, Pp, is equal teo the electric power Pg, and is
Pp = & By g% Ig%/n, (23)

Thrust. Thrust is the rate of change of momentum with respect to time.
Since the propellant exhaust speed is constant, the thrust, F, is derived
from the mass flow rate. Thus

F = EPVY - mngspY (24)
where Y = YDYS =~ 0.9025.

As defined here ¥ 1s the thrust utilization.efficiency which accounts for
thrust losses caused by beam divergence (yp) and the thrust vector steering
(Yg). According to V. K. Rawlin of NASA, LRC, grid compensation techniques
should be able to maintain yp at 0.95 or more.

Equation (24) can be expressed in terms of beam power by employing
Equation (22).

F o= NPy Y/RI_ (25)

C.2.10 The Rocket Equation

Consider an EOTV with initial mass my, final mass (at burnout) me and a
required velocity increment AV.

The total propellant expended in time A4t is

-.At 2
m, o=@, (26)

Gravity losses for low thrust flights between LEO and GEO are assumed to
be small, The thrust acting on the EOIV is given by

F = mpvy = (mi~mpt) Vg Q27
where t = time, or thrust duration,
65 = vehicle acceleration,

and my = vehicle initial mass (t=0).

The acceleration of the spacecraft at any time, t, from Eq. (27) is

{zs - &xpi'ry/( t'ﬁitmpt) (28)
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Now substituting W = mi—ﬁpt,

and dW = Eapdt,

in Eq. (28) and integrating yields

At mi-mpAt
. - dw
AVx - f Vsdt - vy J 5 °f (29)
0 mi
Av = AVs - gIspyln [mi/(mi—mp)].

With the help of exponentials, Eq. (29) can be written

Av/gIspY

me = me s, where (30)

m, = mp+mf , and (31)

Av/gl v
mf(e SP .1 , oOr

B
¥

m

—Av/gIspY)
P

mi<l-e . (32)

C.2.11 Attitude Control Propellant

Some of the electric thrusters are used for attitude control while in the
Earth's shadow. (Batteries are used to provide the required power). The max-
imum control thrust requirement occurs in LEQO where the gravitational torques
are highest. Control requirements become quite small in GEO. In this analysis,
the average control thrust was taken to be 400 N, which is believed to be con-
servative.

The control propellant mass was estimated by taking appropriate fractions
of the total propellant consumed during the daylight thrusting period. Thus,
for a 120 day trip time and 100 days of thrusting time the shadow period is
close to 20 days, which gives a factor of 0.2. The propellant mass is further
reduced by the ratio of control thrust (400 N) to total thrust (F). Thus, the
control propellant mass, Mpe, 18 given by
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m At
400
() ()

o 400
= 17280 mpAt(days)X<?—§f—1F>

PT SP

= 780,945 At(days)/lsp

C.2.12 Thruster Array Properties

Total Distributed Conductor Length. Figure (-8 represents an upper
quadrant of a rectangular array of thrusters. The array is fed from a junc~-
tion at the center labeled P,. We shall consider only this quadrant and cal-
culate the total mass and total power loss of the power distribution wiring
between the thrusters in the quadrant and the terminals in the junction box.

Each of the N thrusters is connected by a pair of conductors that run
horizontally along the width L, of the array, and then vertically along the
height, Ly. This is illustrated for the kth thruster. The thruster diameter,
d, and the number of thrusters, determine the array dimensions. The separation
distance between thrusters, or between a peripheral thruster and the adjacent
edge of the array structure, is half the thruster diameter, i.e., 4/2. Thus,
the vertical distance i to the kth thruster is

Bo=d [1 + 1.5 (k-l)] =% (3 K-1) (34)

Figure C-8. Schematic representing one guadrant
of a rectangular array of thrusters
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If there are Ny thrusters in each column the cumulative length of Nj wires
(one way) is given by the sum

Ny

Z 4k = 4N 1+ 3N })/4& (35)
- (103

Since each thruster requires two wires the total vertical wire length per
column becomes

L, = N (1 +3 Nh)/2 (36)

Since there are Ny; columns, the total length of vertical wiring is

L, = N (1+3 N, )/2 (37)
There is also a horizontal component of wire, the total length, Lht' of
which is given by a similar type formula,
L, =any (1+3n )/2 (38)

If Equations (37) and (38) are added together the total required two-way
wire length, ¢, 1s obtained by

R, = NN [1 + 1.5 (Nh + Nw>] . (39)
For a square array
N, =N =N (40)

and L, = N [1+3JN_] ,

where N is the number of thrusters.

Array conductor length as a function of extraction voltage ratio for
several operating temperatures is presented in Figure C-9 for an array input
power of 268.1 MW.

Distributed Conductor Size, Mass, and Power Loss. Transmission of
electric power from the array input junction to each thruster is critical to
the array sizing problem, not only with respect to mass, length, power loss
and cost, but also with respect to orbital labor, ease of construction, and
refurbishment. It is desirable to have conductors that radiate heat efficient-
ly, but are not of excessive area so that the insulation is subject to numercus
pin holes from micrometeoroid impacts. Each such opening is a potential site
for plasma discharge losses when at low orbital altitude. Restrictions were
therefore applied to the size and shape of the conductors.
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ARRAY CONDUCTOR LENGTH (TWO WAY) - £ (cm)
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™

= 1300 K.

Figure C-9. Electrical Conductors (feeders) length
for an array of thrusters, operating at the indicated
grid-set temperatures, as a function of extraction

voltage ratio, R.
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In a point design there are good reasons why cylindrical conductors might
be preferred. For example, the conductor area exposed to meteor streams could
be reduced by an orxder of magnitude. This is important with regard to the
Kapton insulation which could deteriorate prematurely both thermally and
electrically. Small "pinholes" can yileld significant plasma discharge losses
in LEO (Reference 6). The reduction in conductor area permits an associated
increase in the Kapton mass density. Further, there is the possibility of
heating the argon by piping it through the cylindrical conductors. This also
tends to keep the conductors cooler and therefore yields more available elec~-
tric power. However, time did not permit a completion of this analysis. For
purposes -of this parametric study the conductors are assumed to be rectangular
and shaded at all times.

A conducting strip with a width/thickness (m/n) ratio of 20 can be a
reasonably good thermal radiator, and still retailn structural integrity. A
lower limit of 0.038 cm (15 mils) was placed on thickness. Strips of this
size can be handled during construction or repair phases without excessive
difficulties.

The power digsipated in a flat conductor is lost mostly by radiated heat.
A layer of Kapton ).002534 cm thick (one mil) was used to improve the radiation
efficiency and also for insulation to help prevent plasma discharges. Kapton
has an emissivity, £, of approximately (.68 which is an improvement on aluminum
(0.05 to 0.11).

The maximum allowable wire temperature from electric power loss heating
was assumed to be 373.16 K (100°C). A summary of the asgumed conductor char-
acteristics 1s gilven below:

T

A

373.16 K maximum conductor temperature,

m = 20 n width of conductor,

A= mn = 0,05 m® cross section,

v

n 0.0381 cm (15 mils) in thickness,

p = 2.70 g/cm® density,
and for the electrical resistivity
YE = 2.828x10”% [1+0.0039 (T-293.16)]1 ohm-cm
= 3,7103x10~% ohm-cm at 373.16 K
The thermal power radiated is given by
Py = 28meo T* + 24neoT*, (41)
= 20e0 T* (m + n)

where o = 5.66961x10"1% W/cm? /K",
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The Stephan-Boltzman coustant.

The thermal power radiated, Py, is balanced by the electrical power Py
lost, or dissipated, in the conductor. The power lost in a conductor of length
2, with a voltage drop AV and current I is

Py = AVI = IZ(YEQ/A) = 2012 (yEz/mz) (42)

Equating the rhs's of Equations (41) and (42) yields

mn (m+ n) = IZYE/(zsoT“) = 0.0525 m?, (43)
and m = 9.5238 IzyE/ecT“,
= 6.986x10% 12[1+0.0039(T-293.16)]/T" (44)

At the upper temperature limit (373.16 K)
m® = 4.72696x10~" 12, cm® (45)
and m = 7.78982x10-2 12/3, cm

The total conductor mass M., of length &, which includes a 10 percent penalty
for structural support is given by

Mc = 1.1 pAQ = 1.1 pmnl, (46)

= 1.485x10™* m® &_, kg

t’
the total power lost in the array wiring of length 2t is

5.656x10~° [l+0.0039(T—293.16)]£t2

Foe = w2 ”" 47

= 7.42067x10-°2 I?/n®, Watts at 373.16 K
Equations (45 through (47) can be used to size the array conductors once the
curreat I is known.

Solar Panel Bussbar Power. The required power. for the thruster array
from the solar panels is

- T
P N(Po + PTH) (48)
- 2
N [Pt/ m) + 3¥y/ng |
where P; = conductor panel loss per thruster,

N = number of thrusters,
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and L = lt/N, average two-way conductor length from junction box

to each thruster.

The net voltage drop, Vo, in the distributed wiring and thruster array
is assumed to be

v, = IYER,/(mn) + v.N (49)
where conservation of current requires that
L= J./ng (50)
Equation (48) can therefore be written
P, o= NI [V + Iyp2/(mn)] . (51)
The bussbar current for the entire array is therefore
Io - NJB/nE . (52)

Application to Electric Thruster Arrays. It is desired that the voltage
Vy at each thruster be fixed, for any given specific impulse, Ig,. In order
to keep the voltage, VN, at each thruster ideatical it will be assumed that
the thrusters are connected in parallel, each with a properly designed "fuse"
in case of a short circuit. The power losses, Pg in the distributed conductors
are assumed to be identical for each thruster. In order to make a fair compari-
son of required wire mass and sizes the conductor width m is determined initial-
ly from Equation (43) under conditions where the current per thruster is at a
maximum and therefore m is at a maximum. Thils occurs, assuming fixed total
available power, when the array size 1s at a minipum (R = 0.9), and the grid-
set temperature, and therefore Vp, are at the highest values to be considered
[see Eqs. (1) and (2)].

Equation (47) 1is then used to determine total conductor power loss. This
power loss Pg., is fixed thereafter in order to have a fair basis of comparison.
Thus, as R is increased, m can be determined from the relation

m = 8.6143x107°% I ,/Et/Pzt , cm (53)

which then leads to conductor mass.

Conductor masses are shown in Figure C-10. The increases in conductor
mass are phenomenal with decreases in R and/or T.

For subsequent point design studies it was found beneficial to keep the
ratio of Pi/Mc comparable to Mp1d/Po where Mpi4 is the mass of the payload.
In other words up to a point it pays to increase the array conductor mass,
and thereby reduce the array electrical power loss. This increases thrust
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Figure C-10. Electrical conductor mass of length
Ly required to feed N thrusters as a function of
P g

grid set temperature and extraction voltage ratio,

R.
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and may yield an increase in payload that exceeds the increase in conductor
masgs. Also, it enables operation at much lower wire temperature which reduces
resistivity. Thus, from Eqs. (46) and (47), and the relation

Poe/Me = M 14/%
it follows that
ik Po %
m = (0,78559 [1+0.0039 (T-293.16)1%1% 1] . (54)

Mpld

Thruster and Supporting Structure Mass. Referring to Figure C-8, the
height of the array is Ly and the width L. In terms of thruster diameter, d,
the array height and width is-given by

Lh = 1.5 Nh d,

and L = 1.5 N d.
W w

Also N = Nth,

where Ny and N, are the respective number of thrusters along the height and
width, and N the total number of thrusters. The total thruster module mass
is given by

M., = 120 N

h N d?®, kg (55)

h
where d is in meters.

The structure mass can be taken to be ten percent of the total thruster

mass. The total mass of thrusters and structure Msth is therefore

Mopp = 132 NN a?, kg, (56)

Thruster array mass as a function of grid-set temperature and extraction voltage
ratio are presented in Figure C-11.

Battery Mass. During periods of darkness when the EOIV is eclipsed by
Earth, a fraction of the thrusters are operated on batteries to accomplish
attitude control. The required battery capacity is determined by the longest
duration of darkness, tp, about 30 minutes. There is ample time between
eclipsaes for thae batteries to recharge. If F, is the required control thrust
and Eg is the watt-hours/kg capability of the batteries then the battery mass,
mp, is _
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Figure C-l1l. Mass of N thrusters including supporting
structure, as a function of grid-set temperature and
extraction voltage ratic, R.
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Adding ten percent for structure, yields

F

5.39385 1 ¢
sp d ¢

"8 YnunEEB

. (58)

For the parametric study the following values were assumed:
F_ = 1000 N
¢

tD = (0.5 hours,

and E; = 200 Watt-hours /kg.

Equation (58) can therefore be written

my = 18.22 I_ /ng, kg (59)

or in terms of Vy

AY)
m, = 3346 x B+200 ) (60)

N

C.3 PARAMETRIC EQTV SIZING

Figures C~12 through C-20 present some of the results of the parametric
study which, in effect, are estimates of thruster and spacecraft parameters as
a function of grid-set temperature and extraction voltage ratio. The tempera~
tures ranged from 1000 K to 1900 K. All of the figures have captiomns that
should be self-explanatory.

The electric power was assumed to be constant at the thruster array junc~
tion box. The total power available, after subtracting the various losses such
as 15 percent solar array degradatiom, and 6 percent line loss, etec,, at the
junction box was 268.1 mW. Initial power from two SPS bay solar arrays was
335.5 wW. The power available per thruster array for four arrays is 67.025 oW.
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LEQO TO GEO PROPELLANT -~ mp {kg)
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Figure C~l12. Propellant expended by the electric
QTV in transperting payleoads between LEO and GEO
for the indicated temperatures as a function of
extraction voltage ratio, R.
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Figure C-~13. Final mass, mg, remaining upon
arrival in GEQ after expending a mass of
propellant, mp as a function of R for the
indicated grid-set temperatures.
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Figure C-14. Empty EOTV mass as a function of
R for the indicated grid-set temperatures.
(Return propellant lines and tanks not included.)
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Figure C-15. Propellant reguired to return the

empty ECTV from GEO to LEO.
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MASS OF RETURN PROPELLANT TANKS AND LINES"Hrtl(kg)

10 '
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Figure (-16. Mass of return propellant tanks and
lines as a function of R.
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Figure C-17. Payload delivered to GEO with EOTV
returning without payload to LEOC.
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Figure C~19. Net accelerating veltage for the
indicated grid-set temperatures as a function
of the extraction voltage, ratio, R.
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The various EOTV fixed masses (kg) were:

Solar Array 588,196
cells/structure 299,756
power conditioning 288,410

Thruster Arrays (4) 2,256
beam/gimbals 2,256

Attitude Control System 1,000
system components 274

590,726 kg

An interesting result was deduced from the supporting calculations for
Figure C-17. The payloads delivered to GEO increase as the grid-set temperature
decreases, down to about 1300 K. At 1150 K the payload falls below the 1300 K
curve, as R approaches.0.2, because of excessive electrical conductor mass.

At 1000 K, and at R = 0.2, the payload drops almost two million kilograms more
but peaking at R = 0.32. Presumably, as the temperature 1s lowered this peak
would occur at increasing values of R.
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o Personnel Orbit Transfer Vehicle (POTV) -- Personnel from LEQ to GEO
o Personnel Model (PM) -- Personnel carrier from earth-LEO-GEQO
o Intra-Orbit Transfer Vehicle (IOTV) —- On-Orbit transfer of cargo/personnel
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