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FOREWORD

The SPS System Definition Study was initiated in June of 1978. Phase 1 ~£ this effort was
completed in December of 1978 and was reported in seven volumes (Boeing document number
N180-25037-i through -7). Phase Il of this study was completed in December of 1979 and was
completed in five volumes (Boeing document number D180-2°%61-1 through -5). The Prase IlI
of this study was initiated in January of 1980 and is concluded with this set of study re: .its
published in five volumes (Boeing document number D180-25769-1 through -5):

Volume | - Executive Summary

Volume 2 - Final Briefing

Volume 3 - Laser SPS Analysis

Volume & - Solid State SPS Analysis
Volume 5 - Space Transportaiion Analysis

These studies are a part of an overall SPS evaluation effort sponsored by the U. S. Depart-
ment of Energy (DOE) and the National Aeronautics and Space Admini..ration (NASA).

This series of contractual studies were performed by the Large Space Systems Group of the
Boeing Aerospace Company (Gordon Woodcock, Study Manager). The study was managed by
the Lynden B. Johnson Space Center. The Contracting Officer is David Bruce. The
Contracting Oificer's Representative and the study technica: manager is Tony Redding.

The subcontractors on this study were the Grumman Aerospace Company (Ron McCaffrey,
Study Manager) and Math Sciences Northwest (Dr. Robert Taussig, Study Manager).
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TRANSPORTATION SYSTEMS ANALYSES
1.0 INTRODUCTION AND SUMMARY

This report describes an investigation of alternative transportation options for the solar
power satellite, The options include alternative Earth-to-Orbit transportation and further
examination of electric orbit-to-orbit systems. Where the influences on the SPS and the
transportation costs are discussed, the DOE/NASA silicon reference SPS (Reference 7) has
been assumed.

1.1 PROBLEM STATEMENT

The earliest studies of large launch vehicles were conducted in the mid-1960's during the
development of Saturn V. With the initiation of shuttle development, such studies were
for a time dropped. As concept development for the solar power satellite began, there
again developed an interest in large launch vehicles. Boeing developed a concept of a
500,000 Ib. payload single stage-to-orbit ballistic vehicle in 1974. It used dual-fuel
propulsion with oxygen-hydrocarbon and oXygen-hydrogen engines. A later study, funded
by NASA-JSC and MSFC, examined heavy lift launch vehicles and concluded that staged
ballistic configurations would have a cost advantage over single staged systems. At that
time SPS payloads were thought to have very low density, on the order of 20 kilograms per
cubic meter. Consequently, the configurations of that time period employed very large
expendable shrouds.
Development of space fabrication concepts improved the payload density to about 75
kilograms per cubic meter and the launch vehicles were resized in response. JSC, in 1977,
developed a winged vehicle concept for horizontal land landing. A comparative
assessment of this versus the sea-landing ballistic system showed that the land lander
would be operationally preferable and atout equal to cost to the ballistic system, but that
the specific configuration had inadequate payload volume. I was subsequently reconfig-
ured to increase payload volume and became the reference system. The evolution
discussed here is shown in Figure 1.1-1]. 2

¥
During all of this, the question of the "right" vehicle for SPS, especially the "rightssize,"
was never specifically raised# The aims of the studies were to evaluate the performance
and cost potentials of large vehicles and to compare winged runway landers with ballistic
sea landers. (Winged vehicles were selected for their better operational characteristics,
i.e., shorter turnaround time.)

<

The reference SPS HLLV has an estimated payload capability of 420 metric tons and a
liftoff mass of 11,000 metric tons. It is between 3 and 4 times as massive as the Saturn V
moon rocket and nearly six times as massive as the Space Shuttie. Its large size and
development cost have become an SPS cost issue. Further, it is too large to be on an
evolutionary path from the Shuttle. (It does use the SSME in the secong stage.)

*An early parametric study by Dan Gregory of Boeing illustrated that an economically
optimal size exists and suggested a range of 200 to 500 metric tons payload for the
(then) SPS scenarios of 20,000 megawatts per year or more (the present DOE scenario is
10,000 megawatts per year).
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Figure 1.1-1 SPS Launch Vehicle Concept Evolution
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The utility of smaller vehicles is an important question for the SPS evaluation studies now
nearing completion. Accordingly, this study evaluated a "small" HLLV. Issues examined
included performance, sizing, influence on SPS hardware packaging and construction
operations, commonality with Shuttle subsystems and nonrecurring and racurring cost.

1.2 SUMMARY OF OPTIONS

There is, of course, no limit to the number of configurations and size options for launch
vehicles. Figure 1.2-] illustrates some of the winged and ballistic evolutionary paths that
have been conceived. (The winged HLLV at the lower right is the reference vehicle). A
range of sizes, payload volume and mass capabilities, and degrees of reusability are
shown. This figure was originally prepared about two years ago to illustrate evolution
potentials. At that time little work had been done on SPS development approaches and
none of the alternatives were investigated in any depth.

The reference orbit-to-orbit system is an electric orbit transfer vehicle of roughly 300
megawatts power, 4000 tons delivery transfer payload, using argon as propellant for its
ion engines. Recently, issues have been raised as to (1) thermal effects on array
performance in low Earth orbit; (2) sensitivity of the system's cost and life to radiation
degradation of the array and degree of annealing possible; (3) possible euvironmental
effects arising from injection of argon ions into the Earth's magnetosphere. Accordingly,
it was deemed desirable to perform a sensitivity analysis on the reference EOTV and to
re-open the question of chemical (LO,/LH,) orbit transfer systems, especially options
that might be derived from Shuttle hardware.
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Figure 1.2-1. Potential Launch Vehicles
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2.0 SMALL HEAVY LIFT LAUNCH VEHICLE

The present day use of the term "heavy lift" connotes a launch system with a payload
capability substantially greater than the 30 tonnes of the Space Shuttle. A "small" heavy-
lift system is a large vehicle; the term "small" is comparative to the very large SPS
reference system,

2.1 SIZE AND CONFIGURATION SELECTION

A preliminary investigation was carried out to select the appropriaie size range and adopt
a configuration approach.

2.1.1 Payload Volume and Mass Considerations

Certain of the hardware items in the reference SPS system were sized to take advantage
of the large (17-m diameter by 23-m length) payload bay of the reference launch vehicle.
Principal items are the electrical rotary joint (slip ring) and the crew habitats of the
orbital bases. Clearly, a smaller payload bay volume will impose penalties on these
elements of the system and require added construction labor in space. The realizable
reduction of size of the launch vehicle without reduction of the large payload bay
envelope would be extremely limited. Accordingly, it was necessary to make a reasonable
judgment as to how much envelope reduction could be accommodated by SPS systems
without excessive penalties. The electrical slip ring cannot be made appreciably smaller,
given the existing requirements for currents, number of busses, and voltages. It is,
however, a one-per-SPS unit and on-orbit assembly should not be an inordinate penalty
with proper design. A smaller crew habitat will house fewer crew per unit, but there is
nothing special about the 100-man reference capacity. Smaller habitats will incur
operational inconveniences but will provide nonrecurring cost reductions and may avoid
the necessity (presently shown in the reference SPS development scenario) to develop an
intermediate-sized habitat (larger than SOC but smaller than the ultimate article) for a
demonstration project.

Based on these and similar considerations it was concluded that the limiting article is the
power transmitter subarray. There are more than 7000 of thse units for each SPS, they
include most of the electronic complexity of the SPS (each subarray is fed by reference
phase and data fiber-optic cables and by power supply cables), and they require high-
precision mechanical assembly. The subarrays are 10.4 meters square by about 30 cm
thick. Accordingly it was decided to employ a square-cross-section payload bay 11 meters
square, with some convenient length. A study of technology requirements for Earth-to-
GEO transportation system (performed by Boeing for Langley Research Center) developed
configuration concepts for HLLV's in the 200-tonne payload range, control configured
without central vertical tails (Reference 8). The configurativns were quite amenable to
aft-located,square-cross-section payloau bays. It was decidea to adopt this design
approach.

The payload bay length was selected on the basis of performance and scaling considera-
tions and density indications from previous SPS payload packaging studies. The effects of
this smaller payload bay are discussed in detail in Section 2.3.

2.1.2 Performance and Scaling Considerations
The preliminary scaling analysis included consideration of the variation in structural

efficiency with stage size and propellant load. Simplified analyses of vehicle performance
are often based on the assumption of constant propellant mass fraction. This is a very
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poor assumption for this class of vehicle. A better scaling rule is that the inert mass has
a fixed and variable aspect. The variable part represents mass added as the propellant
load is increased. The fixed part is constant for a given vehicle diameter but varies with
diameter and other factors.

For this analysis, prior results were examined to select the "b" parameter (factor by which
propellant load is multiplied to get variable inert mass); the "a" parameter was selected
from the rough plot of a versus the square of diameter shown in Figure 2.1-1. (It is
regarded as plausible that "a" is proportional to the square of diameter).

Based on the SPS reference vehicle and the smaller vehicles designed by the study for
Langley, values of "a" were estimated as 140,000 kg and "b" as 0.08 for each stage. The
"a" value corresponds to a 12-meter tank diameter. The stage inert mass is given by:

Mlza-l-bMp

where M_ is mainstage impulse propellant load. Second stage inert mass includes on-orbit
maneuvel propellant and booster inert mass includes post-separation and flyback
propellant. Other assumptions are given in Table 2.1-1.

Initial sizing was based on a fixed ideal delta v to injection of 9200 ri/sec (30,183 ft/sec).

Given a fixed delta v, it is possible to represent the payload ratio for a parallel -burn
vehicle without crossfeed as:

me _ I_:_E;(J&;-l)_ b, L (- by (-] LG r[\—b;(m,u:i) 4 _a [-ba-]]
P A (ui=0) Ao, Ca A~

/“1 ("«“‘) P‘ P|

where r is the ratio of orbiter to booster thrust, U ,, and U ., are mass ratios of the
parallel burn and orbiter alone burn respectively, p | i]s the booster propellant load, and
CI/CZ is the ratio of booster to orbiter ISP.

The Isp of the parallel burn is given by:

(1+r)CCy
CaxCy ¥

-
-
-

The mass ratios for each burn are computed from the Tsiolkovskii equation,

ﬂ:e)&? —Ai\f;)

(In SI units the Isp is 18t velocity in m/s. In conventional units Isp in seconds should be
multiplied by g in the Tsiolkovskii equation).

For a series burn system, the payload is given by

g f e ELDI
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TABLE 2.1-1
SPS LAUNCH VEHICLE TECHNOLOGY ASSUMPTIONS
LO,-LCH, BOOSTER
LO,-LH, ORBITER
ENGINE TECHNOLOGY CONSISTENT WITH SPACE SHUTTLE MAIN ENGINE SPECIFICATION
CRYOGENIC ORBIT MANEUVERING PROPULSION
IN SOME CASES, CONTROL -CONFIGURED AERODYNAMICS

STATE-OF -THE-ART CONSTANT DIAMETER ALUMINUM TANKS: TITANIUM WHERE WARRANTED
FOR AERO SURFA CES: MODERATE USE OF COMPOSITES IN UNHEATED, DRY STRU“TURE

SERVICEABLE SHUTTLE-TYPE THERMAL PROTECTION FOR ORBITERS
REUSABLE LH2 INSULATION

SUBSYSTEMS GENERALLY CONSISTENT WITH SHUTTLE STATE-OF -ART
EVOL UTIONARY IMPROVEMENTS IN SUBSYSTEMS SERVICEABILITY
ONBOARD BIT /FIT

$69657081Q
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These equations were programmed on the minicomputer to plot payload and other
pertinent parameters versus staging velocity for a range of iota' mass values. Results for
series burn are shown in Figures 2.1-2 through 2.1-6. Th: parallel burn comparison for
4000 tonnes lif toff mass is shown in Figures 2.1-7 through 2.1-9.

The optima are relatively flat, i.e., insensitive. This results from the inert mass model.
Use of a constant propellant mass fraction (A') results in sharper optima. Cost optima
will be at higher staging velocities than mass optima because (1) LH, is more expensive
than hydrocarbon; {2z, orbiters are more expensive than bocsters.

In both instances, practical considerations require a staging velocity higher than the mass
optimum. In the series burn case, it is necessary to have about twice the propellant load
in the booster as the orbiter, or the booster becomes too short to arrive at a reasonable
configuration (assuming booster tank diameter equals orbiter tank diameter). In the
parallel burn case, the available ihrust-to-mass> ratio at staging forces a higher velocity.
In both cases the minimum practical values is about 2750 m/s ideal, near 5000 ft/sec
relative.

The ratio of payload mass to liftoff mass linproves with larger vehicles (as one would
expect). This is because the propellant fraction improves as propellant load is increased.
Figure 2.1-10 shows the decrease in Mi/Mt as liftoff mass is increased. Points from the
Langely study vehicles are also shown.  The latter assumed parallel burn with crossfeed
(from booster *o orbiter) and would be expected to perform somewhat better than the

vehicies represented here.

Based on these results, a liftoff mass of 400( tonnes was selected for a point design
study. The payload capability anticipted from these parametric analyses is 120 tonnes
(series burn) or 100 tonnes (parallel burn). SPS packaging studies have indjcated that tl‘f
payload bay density (lift capability/volume) should be in the range 75 kg/M~ to 100 kg/M~.
The forcing function is §he relatively low density of transmitter subarrays; they average
much less than 75 kg/M~ but by mixing subarrays with high-density items, an average in
the range stated is obtaired. At 120 tornes lift capability, an ]l-meter-square payload
bay cross-section requires a length of 13.2 m to reach 75 kg/m~. Anticipating the 120
tonnes estimate to be slightly conservative, a length of i4m was selected. Note that this
payload bay, although it has 5.6 times the volume of the shuttle payload bay, is actually
about 4 meters shorter. Accordingly, a check was made to evaluate the propellant
capacity of an orbit transfer vechicle constrained to these payload bay dimensions. Its
propeilant capacity was limited to about 230 tonnes see Figure 2.3-2). This was deemed
adequate. (More volume-efficient OTV arrangements are possible).

The analysis conducted did not include booster ‘iyback range as a parameter. For typical
boosters, flyback propellant is 10% to 20% of inert mass; the variation of flyback
propellant with staging conditions is a significant overall optimization parameter. Since
staging velocity selection was downward -limited to 2750 m/s (ideal) by other factors,
reducing staging velocity tc reduce flyback range is not a consideration. Adjusting
staging angle conditions to reduce flyback range remains an option. Flyback range may be
approximatead by the following algorithm:

r
a= z
2-¥
A

Orbit semimajor axis:

where v is Inertiai velocity, r is radius from Earth's center at staging, and | is Earth's
geopotential.
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Orbit eccentricity = e = {\ -

r(Za-¥) %V’-
a (l+tan™y)

where ¥ is inertial path angle. Our tra;ectory code gives only relative path angle, but
both rclative and inertial velocities. ¥ | is less than 'l by an amount

I
A} = s '{\L Cvst- 'Vo }

where Vo is the velocity of Earth rotation, ¥ 407 m/s at KSC. q VI Ve*
Flyback angle: o¢ =2 ('u'-e)
-k
where @ = cos | {-‘- [Q(\ e ) ]
e v -1
Flyback range = r.d where T‘ is radius of Earth

This algorithm is plotted parametricaliy in Figure 2.1-11. The downrange distance of the
staging point must be added to get total flyback range. Since range varies appreciably
with path angle, trajectory depression to reduce flyback range may be an important
consideration. This was to be investigated later by trajectory analyses.

2.1.3 Configuration Options and Selection

The configuration options examined included parallel and series burns vehicles. By prior
agreement with JSC, the series burn vehicles did not consider crossfeed (supplying orbiter
engines from booster tanks during mated flight). The advantage and disadvantages of
crossfeed may be noted.

Advantage

¢] Orbiter propellant fraction is improved since the orbiter tanks need not accommo-
date orbiter engine propellants consumed during mated flight. The equivalent
tankage inert mass is carried by the booster, where its effect on payload is 1/¢ to
1/6 that of orbiter inert mass.

Disadvantages

(1) Propellant flow to orbiter engines must be "handed off" from the booster to the
orbiter just prior to staging without interrupting orbiter engine operation;

(2) The booster must be configured to contain three propellants, i.e., O

CH, (or other
hydrocarbon) and HZ'

27

(3) At staging, large-diameter propellant delivery lines between the booster and orbiter
must be disconnected safely; if these lines penetrate a heat shield, protective doors
must be closed. (This problem, of course, exists in separating the external tank
from the space shuttle orbiter). If both stages are reusable, there is a problem of
protruding lines, presumably from the booster. If the lines cannot be retracted (this
would require large-diameter flex joints) it may be necessary to employ a jettison-
able line section.

15
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Three configurations were examined: a scries-burn option, and two paraliel burn options,
belly-to-belly and back-to-back. These are shown in Figures 2.1-12 through 2.1-14. The
series-burn design employs a "flower-petal" nose of six triangular struts that support the
upper stage, each covered by a partial external fairing. After stage separation, the
flower petal elements are retracted by actuators to form a smoothly-faired nose. With
the petals open, flow paths exist to allow the second stage engine start sequence to be
initiated prior to separation.

The belly-to-belly parallel burn configuration places the wings close together. This may
reduce transonic drag, but structural connections penetrate the heat shields of both
stages. The back-to-back option eliminates heat shield penetrations.

The series-burn option was selected for more detailed analysis. Rationale was as follows:

) The series-burn vehicle has slightly better performance - 120 tonnes compared to
100 tonnes;

o Stage separation is simpler; for parallel burn systems, the orbite: thrust after
booster cutoff tends to push the stages together rather than push them apart;

o] Boost aerodynamics is simpler; the booster wing is in the orbiter wing wake rather
than in an interfering location.

o Ground handling is expected to be simpler.
o The booster is more adaptable to use as a shuttle booster.

o Mated vehicle propulsion tests are not needed to qualify the boost phase propulsion
system.

o Load paths and structural dynamics are simpler. *

The principal disadvantage of series burn is the higher boost thrust required -about 1800K,
per engine versus 1450K.

The series-burn stack height is commensurate with that of Saturn V, indicating that
present facilities can be used in the developmental phase. The operational, high-launch-
rate, ground handing system will probably move the empty vehicles on their own landing
gear, mate in the horizontal position at the launch pad, and use a strong-back tilt-up
launcher.

2.2 VEHICLE ANALYSIS

The following discussion presents results of analyses of the series-burn vehicle.
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2.2.1 Trajectory Analyses and Vehicle Optimization

The vehicle launch trajectory employs zero-lift "gravity-turn' boost trajectory followed by
a roughly optimized second stage trajectory. ‘ajection conditions are 90km altitude, due
east, with injection velocity appropriate to coast to 477km altitude.

Shortly after liftoff, the mated vehicle (under booster thrust) executes a slight "tiit" away
from vertical flight, in the downrange direction. This initiates the "gravity turn." The
amount of tilt sets the staging conditions. With a fixed amount of boost propellant, more
tilt (a) reduces staging altitude; (b) reduces staging path angle; (c) increases relative
velocity at staging. It is intuitively logical that there should be an optimal tilt; this is
indeed true. The objective is to maximize injected mass (the sum of second stage inert
mass and payload). Figyre 2.2-1 shows variation in staging parameters and in injected
mass as a function of tift angle. Figures 2.2-2 and 2.2-3 show the characteristics of a
preliminary reference trajectory with near-optimal characteristics.

Final selection of a reference trajectory requires evaluaticn of flyback range effects. For
any flyback range, there will be an optimal booster wing area. Increasing wing area
increases the flyback cruise L/D, decreasing both installed thrust and flyback fuel. Since
increasing wing area reaches a point of diminishing returns, i.e., further increases in area
add little to L/D, whereas wing mass increases nearly linearly with area, it is apparent
that an optimal area must exi.t (for any given flyback range). Since booster inerts affect
payload (I kg of booster inerts is worth roughly 1/6 kg payload) there is a joint optimum
among staging conditions and booster wing area. These optimizations are nearly
decoupled, however, because of the sharpness of the optimum of tilt (= staging
conditions). The flyback range at optimal staging conditions will be between 250 and 300
km. Over this range the optimal wing area will change little. Consequently, our analysis
assumed these optirna to be entirely decoupled.

2.2.2 Aerodynamics
A further parametric study was conducted to select the reference wing area. Wing area
was dictated by landing speed with a desire to maintain landing speed a£ no more than 165

knots. The result was a selection of a reference wing area of 8200 ft” with a canard for
subsonic trim, as shown in Figure 2.2-4.
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A hypersonic trim investigation, summarized in Figure 2.2-5, showed that the vehicle
could be trimmed between 30 and 40 degrees angle of attack with reasonable aileron
deflections.

The orbiter wing area was also selected for landing speed of 1€5 knots. Again, a canard
was used for subsonic trim to avoid large wing areas. The landing speed paramnetrics are
shown in Figure 2.2-6.

Table 2.2-1 summarize the results of the aerodynamics investigations.
As a result of the aercdynamics investigation, the vehicle wings were resized.

Hlustrated in Figure 2.2-7 are the revised wing area as compared to the original wing
areas, shown on the original configuration. Revised wing areas are shown as dotted lines.

2.2.3 Selected Configuration

The small HLLV final configuration is shown in Figure 2.2-8. The orbiter includes a
swept-back delta wing with a small subsonic foldout canard. The payload bay is aft of the
propellant tanks and is 11 metres square by 14 metres long. The orbiter uses six space
shuttle main engines with extended exit bells. Four of the six engines are gimbaled; the
center two are fixed. The upper stage also uses a small yaw ventral for head-end steering
to improve controllability in yaw.

The vehicles are control configured in yaw, thus eliminating the large vertical tail.
Elimination of the vertical tail assists in balancing the vehicle and makes practical an aft
payload bay on the orbiter. The booster employs a “flower-petal” opening nose with a
truss structure as an interstage structure. This approach avoids expendible interstage
hardwere and allows the second stage engine start sequence 10 be initiated during the first
stage tail-off as the open nose allows room for gas venting during the start sequence.
After stage separation, a simple hinged actuator mechanism closes the nose to a
streamlined, aerodynamic configuration.

The booster empioys six oxygen-methane engines of approximately 1835 K/Ib thrusts.
Four high thrust air-breather engines are mounted on top of the wings for fly-back. The
air-breather engine inlets are ~losed by a blow-off cover until subsonic transition at which
time the engines undergo start sequence. Engine location was selected to avoid flow
attachment to either the wing or the body as a flow attachment will result in higher drag
during the ily-back.

2.2.& Mass Properties

Table 2.2-2 presents the mass statement for the small HLLV, based on the final
configuration. The estimated payload based on the detailed mass statement is 126 metric
tons as compared to a parametric figure of 120 metric tons.

2.2.5 HLLV Fleet Size Scenario

The SPS transportation and construction system interrelated transportation operations
scenario material presented in ine reference system description report from Phase Il has
been incorporated into software so that trade studies can be run. Shown in Table 2.2-3 is
the HLLV fleet scenario for the small HLLV. Nou the increased numbers of flights and
the increased production rate. These sceparic :esults provided the basics for cost
analyses.
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TABLE 2.2-1

SUMMARY OF RESULTS OF INITIAL ITERATION
ON SPS BOOSTER/ORBITER AERODYNAMICS

INITIALLY DEFINED CONDITIONS
- WEIGHT AT START OF FLYBACK
320 TONNES = 704,000 LBS
- FLYBACK RANGE
250 KM + 20 MINUTES RESERVE
- GG
X .. /BODY LENGTH = 0.7
- DRAWING OF CONFIGURATION
ADDITIONAL CONDITIONS DEFINED
- LANDING
o  ANGLE OF ATTACK = 15° MAX
o  SPEED = 165 KTS MAX.
- HYPERSONIC TRIM
o  TRIM BETWEEN 30° & 50° ANGLE OF ATTACK
o TRIM WITHOUT POSITIVE ELEVON DEFLECTION
RESULTS
- LANDING SPECIFICATIONS CONTROL WING AREA
o  ORIGINAL WING REF AREA FROM DWG = 6000 FT?
o  REQUIRED WING REF AREA = 8000 FT?

$6965T0814



TABLE 2.2-1 (Continued)

- FLYBACK
o Cpo -032(BASED ON WING REF AREA)
o ASSUME FLYBACK OCCURS AT L/D)y;  x AND
10,000 FT ALTITUDE
ASSUME TSFC = 0.8 FOR FLYBACK ENGINES
o  CONCLUSIONS
“JD)MAX = 6,73
67,000 LB FUEL REQD. (INCLUDING 20 MINUTES RESERVES)
VELOCITY = 500 KM/HR
WING LOADING AT START OF FLYBACK 86 LB/FT>
o 105,000 LB THRUST REQD. AT START OF FLYBACK
- HYPERSONIC TRIM
BOOSTER WILL TRIM AT 35° ANGLE OF ATTACK
wiTH O0° ELEVON DEFLECTION
- RECOMMENDED WING/CANARD DESIGN
REF AREA = 8200 FT2
ASPECT RATIO = 2.32
L.E. SWEEP = 55°
TAPER RATIO = .15
T.E. SWEEP = 9,2°
CANARD AREA = 400 FT2
LANDING TRIM CL = .83
ELEVON/WING AREA = .12
ELEVON DEFLECTION = 7.6°

0 0O O ©

LY4

$69%6sT-081a



2y

o

ORBITER
0

0

(o)

TABLE 2.2-1 (Continued)

INITIALLY DEFINED CONDITIONS

LANDING WEIGHT = 230 TONNES 516,000 LB
X /BODY LENGTH = 0.7

DRAWING OF CONFIGURATION

ADDITIONAL CONDITIONS DEFINED

LANDING ANGLE OF ATTACK = 15° (MAX)
LANDING SPEED = 165 KTS (MAX)

-
-

REDULTS

.

ORIGINAL WING REF AREA OF 5600 FT

2 WAS A LITTLE LOW FOR LANDING

RECOMMENDED WING/CANARD CONFIGURATION

(o}

O 0 O ¢ ©o ¢ o o

REF WING AREA = 6180 FT?
REF WING ASPECT RATIO = 2.25
REF WING TAPER RATIO = .186
WING L.E. SWEEP - 55°
WING T.E. SWEEP = 12°
CANARD AREA = 500 FT
LANDING TRIM CL = 0.88
FLEVON/WING RATIO = .12
ELEVON DEFLECTION = 11°

2
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TABLE 2.2-2

SMALL HLLV MASS PROPERTIES

BOOSTER

STRUCTURE-AEROSURFACES
WING
CANARD
TIPLETS
YAW VENTRAL
STRUCTURE - BODY & TANKS
NOSE
NOSE GEAR SUPPORT
METHANE TANK
OXYGEN TANK
INTERTANK
AFT BAY & FAIRINGS
THRUST STRUCTURE
BODY FLAD
FAIRINGS
TPS
MECHANISMS
LANDING GEAR
DRAG DEVICE
MAIN PROPULSION
ROCKET ENGINES
ENGINE ACCESSORIES
PROPELLANT SYSTEMS
AUXILIARY PROPULSION
FLYBACK ENGINES
FUEL SYSTEM

KG

28,235
25,509
1,452
1,020
254

69,107
9,761
693
9,684
13,610
10,592
10,513
8,130
1,860
4,264

0

9,
090
953

68,750
50,000
6,250
12,500

043
3,

LBM

$69657081Q
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TABLE 2.2-2 (Continued)

SMALL HLLV MASS PROPERTIES

BOOSTER-(CON'T)

RCS
SUBSYSTEMS
AUXILIARY POWER
ELEC. CONV & DISTR.
FLT CONTROL ACTUATION
FLIGHT CONTROL SYSTEM
AVIONICS
EC/LSS
GROWTH
TOTAL DRY
FLUIDS
BIAS PROPELLANT
PRESSURANT
RESIDUALS & TRAPPED
FLYBACK FUEL
NET INERTS
IMPULSE PROPELLANT
BOOSTER LIFTOFF MASS

ORBITER

STRUCTURE-AEROSURFACES
WING
CANARD
TIPLETS
YAW VENTRAL

KG

2,576
7,804
703
2,667
2,073

24,911
24,911
18,684
67,000
653,423

4,982,396
3,635,819

49,720
44,390
3,440

1,400

490

§69652-081Q
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STRUCTURE-BODY & TANKS

NOSE

NOSE GEAR SUPPORT

LH2 TANK

LO, TANK

INTERTANK

PAYLOAD BAY BODY SECTION

PAYLOAD BAY DOORS

AFT BODY

THRUST STRUCTURE

BODY FLAP

FAIRINGS

CREW CAB STRUCTURE
INDUCED THERMAL PROTECTION

WING RSI

BODY RSI

TANK SIDEWALL PANELS

WING TIPLETS RSI

LH2 INTERNAL INSULATION

PROPELLANT PURGE, VENT,

& DRAIN

MECHANISMS
LANDING GEAR
DRAG DEVICE

MAIN PROPULSION

SSME's

TABLE 2.2-2 (Continued)
SMALL HLLV MASS PROPERTIES
ORBITER (CON'T)

KG

66.328
2,440
529
10,928
11,719
6,231
10,282
2,255
10,979
3,390
2,270
2,137
3,168
19,923

4,799
10,136
1,571

386
2,169
862

7,198
759

31,694
19,336

$6965T 0810
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TABLE 2.2-2 (Continued)

SMALL HLLYV MASS PROPERTIES

ORBITER (CON'T) KG
ACCESSORILS 2,077
AFT BODY PROPELLANT SYSTEM 7,008
DELIVERY " INES & PROP. MGT 3,273

AUXILIARY PROPULSION 4,090
OMS PROPULSION SYS (DRY) 2,548
RCS PROPULSION SYS (DRY) 1,542

SUBSYSTEMS 9,960
FLIGHT CONTROL T,270
AVIONICS 1,978
EC/LSS 1,339
ELECTRIC POWER 5,373

CREW & PAYLOAD ACCOMMODATIONS 3,652
PERSONNEL PROVISIONS 305
FURNISHINGS 411
PAYLOAD PROVISIONS 1,380
CREW & ACCESSORIES 1,556

GROWTH 14,519

TOTAL DRY WITH CREW 179,916

FLUIDS & GASES 41,734
OMS PROPELLANT 28,263
OMS RESERVES & RESIDUALS 2,826
FUEL CELL REACTANT 254
TRAPPED MAIN PROPELLANT & 10,391

PRESSURANT

§69652-081a



TABLE 2.2-2 (Continued)

SMALL HLLV MASS PROPERTIES

ORBITER (CON'T)

*i
TOTAINERTS
ASCENT PAYLOAD
TOTAL ORBITER INJECTED

INTEGRATED VEHICLE

IMPULSE PROPELLANT
ORBITER AT LIFTOFF
BOOSTER AT LIFTOFF
VEHICLE AT LIFTOFF

KG

1,130,000
1,477,910
2,55€,375
4,034,285

§69657-081a
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Vehicle quantities were derived from the scenaric data in Table 2.2-3. The scenario
analysis establishes the number of vehicles required for the initial fleet. Spares were
added to this. Engines and auxiliary propulsion were incependently estimated. Since the
engines follow a different learning curve than the airframes, it is necessary to discretely
estimate engine costs. The scenario results also determine the number of new vehicles
required for life cycle operations. An additional set of equivalent vehicles is required to
maintain spares and maintenance. Table 2.2-4 summarizes the results of this analysis.
The figures used were based on the same assumptions as used to cost the reference HLLV.
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Table 2.2-3. Small HLLV Transportation Scenario

SPS-340%
HLLY FLEET
PROLRAIL k0. OF TUTAL PAYLODAD HLLY FLIGHTS = TOTAL BUULTERS ORYITERS O©OUSTER ORBITER CREW CAv,

YEAR sPS'S CONSTR HAINT CONSTR MAINT FLIGUKHTS REYD REYD BUYS syyYs REYD
1 (U 27304 v 69.7 .0 1.7 1 2 2.2 3.2 Y
Z v 6lsy 134 63.\ [V b3.0 1 1 L'.Z U.Z 3.2
3 ! 3he2? FE YR 33,5 (9% ) 334,99 4 L] 4,1 LI 1.6
4 2 luiece 8724 YHZ .Y b.? Yu9.5 12 1% 11.3 13,3 1.0
5 4 135518 B30Uu  13ud,.¥ 19,3 1328.1 16 U 8.4 Y. 4 1.7
6 b 134723 7708 1livB.0 34,3 1342,9 16 Zv 4,5 4.5 1.8
7 8 134741} $387  13ud.? 4Y.4 1354.1 16 20 4,5 4,5 1.9
[ 1v 134757 lubue 13v8.8 ol,u 13by.Y le 2 4.0 4.6 2.u
Y 12 134774 12196 1309.0 77,0 1385.9 le 21 4,0 5.6 2.1
| RV 14 138792 13923 13v9.1 9l.2 140V, ¢ 17 ¢1 5,7 4.7 2.2
11 io 134917 13712 1309.3 tul.y 1413,.2 17 21 4.7 4,7 2.3
12 is 13425 10732 13u9.3 118.7 14245,.1 17 21 4.0 4.5 ¢4
13 rav 134543 lu2ody 13vv.5 13v.8 1449, 17 21 4.0 4.0 ey}
14 22 134802 199Y%)  13uy,0 lay,n 14548, 6 17 22 4,9 5.9 2.5
i ry} 134877 ¢1l28Y 1309.7 lev.? 1470, 4 17 22 4,9 4,9 2.0
lo b 13a8y¥5 22908 130Y.8 173.7 14483.06 1y 22 5.9 4,4 2.7
i7 Iz} 135uv2)l  Z491¢  13lv.v l9u,.d s, b 14 2e 5.0 5.0 2.4
1o k1 13498y 254829 13lu,l 2ue.é 1s12.% Y-} Fxs Sat 5,0 2.y
1y k¥ 138940 27337 131v.2 ¢14.3 1524, ly 23 S.1 0,1l 2.9
FaC 3 134963 24956 131u¢.3 231.4 1541,7 18 23 5.1 5.1 3.
21 o 134942 3usnyes  L3lv.Y 246.0b 1557.1 is 23 542 9, ¢ .l
e in Lyayyy  3luvd  1310.0 258.3 1568.9 1y 23 FJ 5.2 3.2
¢3 4y 135uls  3devb  131lu.7? 272.2 1582,9 1y 23 k] 5.3 3.2
¢4 d¢ 135142 353917 1310.Y 288.4 1599.3 ly rLs .3 b.3 3.3
FE) 44 135050 38537 131l.¢ Jvl.2 lol2,1 19 24 S.4 5.4 3.4
T 48 135060 37982 1311,1 315.9 log?,\ 19 24 5.4 5.4 3.4
e? (Y} 139083 39453 1311,2 22,9 163y.1 19 24 5.5 5.5 3.5
<8 E1C 135%1ve - sllov 1311.4 344,1 1085,.4 P{U 25 6.5 bed 3.6
¢y ¢ 135118 8249y 1311.5 355.9 1667.4 20 5 5.6 9.6 3.7
EYC 54 135264 44503 1311.7 372.Y l1odd, b v 25 5.6 5.8 3.7
KBV 1) 135156 45737 1311.7 3se.v 1697.7 v 25 5.7 5.7 3.8
J¢ S8 135170 47v34 1311.9 399,06 1711.Y F4Y 2% 5,7 5.7 3.8
KX by 135187 ayd40 1312.¢ 4ll.0 1723.% 2V 20 5.7 6.7 3.9

TOTAL FLIGHTS: 45744.7
TOTAL BOOSTERS BOUGHT: 173.482" TOTAL ORBITERS BOUGHT: 179.482
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Table 2.2-4. Vehicle Quantities

SPS-341?

INITIAL FLEET & SPARES BOOSTER ORBITER.
ATRFRAME 17 22
MAIN ENGINE 102 133
AUX, PROPULSION 70 22
LIFE CYCLE

NEW VEHICLES ____ __
" ALRFRAME 173 179

MAIN ENGINE 1041 1077

AUX. PROPULSION 634 179
SPARES & MAINTENANCE

ATRFRAME 174 174

MAIN ENGINE 2744 2744

AUX. PROPULSION 101 174
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2.3 THE EFFECTS OF A SMALL HLLV ON PAYLOAD PACKAGING, SPS
CONFIGURATION, GROUND AND SPACE FACILITIES, AND OPERATIONS

. The m}mna! smail HLLV payload parameters that were given are as follows:

éargn Bay Eﬁveiope 1
Payload Mass n 4

Shern 7 . 120wT

" Following the guidelines established in previous packaging analyses (Reference: Section 5
in Reference 9), we have discounted these parameters to allow for packaging and pallets.
The working parameters become the following:

Max. envelope of components @
-- 104
Max. payload mass Lﬁ; 13

(without packaging}

, 108mT.
Table 2.3-1 lists the total payload that needs to be delivered to LEO for each year of the
SPS commercial program. This total payload includes components, spare parts, crew
supplies and propellants used at both LEO and GEO. This table also lists the -correspond-
ing number of mass-limited launches required per year and per day to deliver this payload.

2.3.2 Effects on SPS Program Elements -

The constraints identified in the previous section were used to define the effects on the
various SPS program elements. Table 2.3-2 lists the program elements directly or
indirectly effected by having a smaller HLLV. (The reader should refer to Reference 7 as
this table is examined.) Elements not identified in this table are not affected.

The interactions of these effects are more clearly shown in Figur: 2.3-1. It is seen that
there are eight primary effects. It should be evident from this map that if any of the 8
primary effects can be alleviated, the seccndary effects linked to them can also be
eliminated. The possibilities for alleviating the primary effects are discussed in .
Table 2.3-3. )

As a part of this analysis, the personnel OTV was rec&nﬁgured to fit the shorter payload
bay. The revised OTV concept is shown in Figures 2.3-2, 2.3-3 and 2.3-4.

2.3.2.1 Supporting Analyses

There were three supporting analyses that were conducted to derive some of the data
shown in the preceding tables. These were a cargo packaging analysis, a GEO Base
effects analysis, and alternative launch and recovery site concepts analysis.

2.3.2.1.1 Cargo Packaging Analysis

The primary objective of the cargo packaging analysis was to determine the configura-
tions of the primary payloads for the small HLLYV.

The cargo packaging data developed in Phase Il ¢ this study were used as the reference
(see Table 5-1 in Section 5.0—Cargo Packaging in Reference 9). These data were
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TABLE 2.3-1

ITiECIUEilC!UL(!UA!!TTT\'C!FlIASS—lJlH11ﬂDIJ\llitliES

TOTAL
PAYLOAD
el D

15059
. 17048

47095
107633
138589
137065
138990
1§010%
141661
155289
156457
153804
148352

162564

179013

THEORETICAL
TOTAL NO. OF
LAUNCHES [:::=_

140
158
437
997
1283
1270
1287
1297
1312
1438
1449
1471
137%

1506

1658

[ Reference: Di80-25461-2, Table 1.3-16 (p. 216

b Based on 108 MT net payload per launch (120 MT payload capability
discounted 10% to allow for packaging)

[3>= Based on 7 day per week launch schedule

NO. OF
LAUNCHES
PER PER
DAY WEEK
.33 2.66
.83 3.01
1.20 8.5
2.73 19.11
3.52 26.64
3.43 25.36
3.5 24.35
3.5 24.85
3.5 25.13
3.9 27.58
3.97 27.79
4.03 28.21
3.76 26.32
4.12 28.8%
%.5% 31.78
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WBS

1.1.1.1.1

1.1.1.1.2

f.1.1.3

.1.1.31

1.1.1.3.2

1.1.1.4.2

1.1.6.3

ITEM

TABLE 2.3-2

EFFECTS OF THE SMALLER HLLV ON THE SPS PROGRAM

Solar Power Satellite

Primary Structure o

Catenary System ¢]
Solar Blankets o]
0
Solar Cell Panels o
Interbay Jumpers o
Acquisition Busses )
Attitude Control and (o]
Stationkeeping
Power Distribution o]

[1/\)- Cost

Category
Code

DESCRIPTION OF EFFECT

Redesign Type A Beam (the 12,7m beam)
o Need battens every 7.5m

Redesign catenary system to be compatible
with the 7.5m wide solar array blankets

Redesign blankets to be 7.5m wide

Redesign cell string parallel and serles
interconnect scheme to alleviate need to
Interconnect 2 adjacent hlankets

Ravise panel size to be compatible with
7.5m blanket width

Will have a1 least one mor¢ interbay
Lumpers per 15m and their associated
ardware

Revise acquisition bus configuration to
accommodate 7.5  blankets

The ion propulsion panel will have to be
fabricated from 4 pieces Instead of 2 pieces.

The electrical rotary joint assembly will have
to be assembled from at least 4 large sub-
assemblies instead of being delivered in one
piece,

P
I
]

Operations

MASS
MT

+196.7

+11.264

+4.46

+ l 908

+.931

Production ~ [Z== Cost of transporting additional
Investment mass has not been included,

COST
$M
+10.82 P

*3536 P

4"0223 P

4‘-73 P

+4.0P

§$69657-081Q



6¢

wBS

ll2.l.|.2

1.2.1.1.3

1.2.1.1.4

1.2.1.1.5

TABLE 2.3-2 (Con't)

EFFECTS OF THE SMALLER HLLV ON THE SPS PROGRAM

ITEM
Geo Base

Construction Equipment o

Cargo Handling and

DESCRIPTION OF EFFECT

12,7m Beam Machine will have to be revised
for a red)eslgned Type A Beam (see WBS
I.1.1.1.1

30m Cherrypicker-Add 4 more of these to
accommodate requirement to install twice as
many solar array blankets per bay, and 2 more
to assemble modular slip ring assembly.

To accommodate smaller and more numerous cargo

System pallets:

©

Subassembly Factories o

Test/Checkout ")
Facilities

Cost
Category
Code

Cargo Tug Docking Ports—Add 2 docking
systems

Cargo Pallet Handling Jig—Add 2 units

Transporters—Add 80 units (smaller size)
in lieu of 20 large units

Add a Electrical Rotary Joint Subassembly
area and equipment (refer to WBS 1.1.6.3)

Revice layout of thruster subassembly area

Beam and fitting subass'y revised to new
Type A beam

Add electrical rotary joint test facility,
support eyuip., etc.

P
1
P

Qperations

MASS
MT

25

20

7.5

7.5

Production I> Cost of transporting additional
Investment mass has not been included,

COST
=

418361

+2.61

+ l-‘ l
‘0‘7“02 I

+48.8 |

+48.8 1

$6965T081Q
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wBs

1.2.1.1.6

1.2.1.2.1

1.2.1.2.2

1.2.1.3

TABLE 2.3-2 (Con't)

EFFECTS OF THE SMALLER HLLV ON THE SPS PROGRAM

ITEM

SP'% Maintenance
Support Facilities

Crew Quarters Module

Work Modules

Operations

o]

O

Cost
Category
Code

DESCRIPTION OF EFFECT

The KTM Refurbishment Facility will have
to be redesigned to fit into the smaller

crew modules (see WBS 1.:,1.2.2)

Need small crew habitats (see WBS 1.2.1.2,1)

Revise envelope to 10m@x14m long
Revise interior arrangement

Revise quantity of crew quarters to reflect
both the smaller crew size/module and the
increased number of crew members.

Make same revisions as described for WBS
1.2.1.2.1

Add 56 crew members to crew size (additional
crew for additional solar arrav deployment and
subassembly operations).

o Crew habitat operations crew (+28)
) Solar array crew (+8)

o  Slip ring subass'y crew (+8)

) Cargo pallet ops crew (+12)

Add additional supplies for additional crew

size, more crew modules, additional cherry-
pickers, etc.

P
|
/

Operations

MASS
MT

168 to 504

339 t0 1014
+494

+393

(+28)
(+8)
(+8)
(+12)

Production D Cost of transporting additional
Investment rmass has not been included.

COST
=

+1429 1o 4288 |

+1431 to 42931
+2528 1

+1397 1

§69657081Q
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WBS

1.2.2.1.2
1.2.2.1.3

1.2.2.1.4

TABLE 2.3-2 (Con't)

EFFECTS OF THE SMALLER HLLV ON THE SPS PROGRAM

ITEM
Leo Base

Construction Equipment o

Cargo Handling/Dist

Subassemply Factories

o

o]

Cost
Category
Code

DESCRIPTION OF EFFECT

Add one set of solar array deployment equipment

Due to smaller and more numerous cargo

pallets:

o Cargo Pallet Handling Machine-
| more req'd—-revise to smaller
size

) 20 cherrypicker—18 more req'd
for cargo sorting

o Pallet Handling Jig~2 more req'd
—~revise to smaller size

o Cargo Transporters.-60 more req'd

o Cargo Sorting Systems—add 9 units

o Crew Transfer Tunne] Systems—add 3

systems

Revise the thruster subassembly factory for

P
I
p

smaller thruster panel subassemblies.

n

Operations

MASS
MT

HZIl

135

30
22.5

Production [Z=> Cost of transporting aaditional
Investment mass has not been included.

COST :
=

+45 1
0

+394 |

+1.81

§$6965T0810

+901
#20709 l
+31
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wBs

[.2.2.1.6

1.2.2.2

1.2.2.3

1.2.2.3.1

TABLE 2.3-2 (Con')

EFFECTS OF THE SMALLER HLLV ON THE SPS PROGRAM

ITEM

Space Transportation
Support Systems

Crew 5Support System

Operations

EOTV Construction
Operations

Cost
Category
Code

DESCRIPTION OF EFFECT MASS
MT

Add 3 HLLYV docking systems 7.2
o Smaller size
o 2 dedicated to propellant tankers
Add 2 cargo tug docking systems I
Add propellant transfer, storage, and 35
conditioning system (assume EOTV propellant
pallets can be assembled at LEO Base)
Revise crew and work habitat modules +596

per WBS 1.2.1.1

Revise supplies list (space parts) to reflect
changes in crew modules & subsystems.

Revise crew salaries

Revise solar array deployment ops to account
for addition deployment system,

o]

0

P
I
p

Add 4 crew members for additional
thruster subass'y

Add 4 crew members for other subassembly

i

Production
Investment
Operations

[Z= Cost of transporting additional
mass has not been included.

D Crew costs accounted for under
WBS 1.2,2,3

COST
M
+16.61

+30 1
+131

+3026 1
+45.5 0

4'905 o

>
>

>

$696S7-0810
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WBS

1.2.2.3'2

1.2.3

1.2.3.2
1.3

TABLE 2.3-2 (Con't)

EFFECTS OF THE SMALLER HLLV ON THE SPS PROGRAM

ITEM
MOBILE MAINTENANCE
Logistics Operations o
Mobile Maint. o
Support Systems
Crew Suport System 4]
SPACE °
TRANSPORTATION
Cost
Category
Code

DESCRIPTION OF EFFECT Mas_?

Revise the HLLV and EOTYV operations to reflect
more numerous operations/day

o Cargo pallet handling ops—add 20
people

0 Docking propellant handling ops—add
8 people
Revise to reflect changes in crew habitat size
(see WBS 1.2.3.2) and OTV resizing (see WBS 1.3.4)
Revise crew habitat module per WBS 1.2.1.2

Revise transportation scenarjo to reflect:

o More HLLV flights w/reduced payloads

o Revised resupply mass (as modified for
new crew modules, additional people,
etc.)

o More cargo tug operations

o Revised POTYV operations~trips

P = Proauction Cost of transporting additional
1 = Investment mass has not been included.
[/ z Operations

D Crew costs accounted for under
WBS 1.2,2.3

COST
i

+21

§69657081a
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wBS

1.3.1

1.3.2

1.3.4
1.3.5

1.3.6

1.3.7

i.2.7.1.1

TABLE 2.3-2 (Con't)

EFFECTS OF THE SMALLER HLLY ON THE SPS PROGRAM

ITEM DESCRIPTION OF EFFECT MASS
MT

HLLV o Total revision
EOTYV o Revise cargo platform for more and smaller +1

cargo pallets

o Revise thruster panel configuration to show

& sub-panels :
POTV o Modify OTYV to fit within HLLV
Orbital Personnel o Modify OPM to fit within smaller HLLV
Module
Cargo Tug ) Add 4 cargo tugs (2@ LEO, 2@ GEO) +40
GROUND SUPPORT o Reference location (Kennedy Space Center) may have
FACILITIES to to be changed due to more frequent HLLV operations

HLLV Launch Facilities o

Cost
Category
Code

Add 3 more launch systems—smaller size

P
1

Production
Investment
Operations

4 u

i

+11

+1001

-22731

§69657081Q
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wBS

L4

103.7.2.2

1.3.7.2.3

1.3.7.2.4

1.3.7.3

1.3.7.5

1.3.7.6

1.5

1.5.1

1‘5'3

EFFECTS OF THE SMALLER HLLV ON THE SPS PROGRAM

ITEM

HLLV Orbiter and
Payload Processing
Facility

HLLV Booster
Processing Facility
Engine Maintenance
Facility

Fuel Facilities

Operations Facilities

Operations 0 Revise headcount to reflect more frequent HLLV
ops.

OPERATIONS CONTROL

Facilities and Equip. o Revise to reflect more people associated with

Operations

TABLE 2.3-2 (Con't)

DESCRIPTION OF EFFECT

o Revise size of bays and quantity of bays req'd
to accommodate smaller and more numerous orbiter

stages.

o Revise size of bays and quantity of bays req'd
to accommodate smaller and more numerous booster

stages.

0 Revise size and support equipment to accomodate
different size engines and larger quantities

ot \
o Revise as req'd to retlect possible new launch
site location and the more frequent HLLV launch

ops.

o] Revise to reflect more frequent HLLV operations

HLLYV operations and maintenance

0 Revise headcount to reflect more people
associated with HLLV operations and maintenance.

.
§

= 1084 people @ $50k/yr

= cost

Category
Code

P
I
0

noun

Production
Investment
Operations

MASS
MT

-244 1

+781
+239Q

+189.7 1

+542 ¢

$-69657-0814
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Figure 2.3-1.  Interrelationships of the Effects of a Small HLLV
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EFFECT

7.5m Solar Array Blankets

Smaller lon Thruster Panels

Modular Slip Ring Assy’s

Smaller and More Numerous Cargo
Pallets

TABLE 2.3-3

ANALYSIS OF PRIMARY EFFECTS

ANALYSIS

Anything less than 15m leads to problems,
‘. cargo bay could be in excess of 15m long and if the blankets
could be shipped on end, then there would be no impact.

The thruster panels were to be assembled from 2 subassemblies
anyway, so having to assemble from 4 subassemblies is of only minor
impact.

Anything less than 1ém diameter is a probiem.
The assembly could be knocked down into cylindrical quadrants.

Smaller size units offset some of cost associated with having more
units.

There is some quantity of additional units that could be tolerated
before exceeding the capabilities of the presently defined set of
handling equipment and crew.

5696520810
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0

o

EFFECT

Smaller Crew Modules

More HLLV's

<

T

TABLE 2.3-3 (Cont'd)
ANALYSIS oF PRIMARY EFFECTS

ANALYSIS
L

The smaller HLLV leads to a 20 man crew habitat, see Section 2.3.2.1.2,

Wi&\ only 3 launch pads and a 7-day/2-shi{t launch schedule, only

I or 2 more launches per week could be realistically scheduled.
Each launch pad can support only 2.5 launches per week (on a 7-
day/2-shift schedule).

Going to a 3 shift schedule, 7 days per week, each launch pad can
support 3.75 launches/week,

6 pads will be required. (2 alternative arrangements of 6 HLLV
faunch pads at KSC are described in Section 2.3.2.1.3)

A 7-day/week, 24 hr/day launch schedule wiil probably be environ-
mentally unacceptable (noise level). Therefore, a remote, equatorial
launch site would probably be required.

The largest cost associated wi.h launch pads is the taxiways and
offshore causeways and break waters (over 70% of cost).

The LEO Base will have to have at least 3 additional HLLV Docking
Systems.

§-69657-081Q



6y

o

(o]

EFFECT

Smaller OTV

Smaller Orbital Passenger Module

TABLE 2.3,3 (Cont'd)
ANALYSIS OF PRIMARY EFFECTS

ANALYSIS

o
o Redesign OTY to be shorter and larger diameter and still keep baseline
performance capability see Figure 2.3-2,

o Could redesign to a shorter, larger diameter stage with double deck
to keep 75 passenger capacity, see Figures 2.3-3 and -4.

§6965T-081d
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Figure 2.3-4. Personnel Orbit Transfer Vehicle (PGTV)
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examined to find the components that 1) would be affected by the smaller cargo bay
envelope, and 2) those that are either the most numerous, the most massive, and/or the
largest (the so-called “Lrimary payloads®). These components are identified in Figure
2.3-5.

‘When comparing the small HLLV "primary payloads” identified in Figure 2.3-5 against the
"primary payloads” identified in Figure 5-5 of the Reference, it will be noted that the
Anmtenna Secondary Structure and the Propellant Pallets have not been included in
Figure 2.3-5.

The Secondary Structure package has changed for the baseline system (since the
Reference was published) to a fabricated structure instead of a deployable structure. The
material for this fabricated structure will be beam machine roll stock and has, therefore,
been included into the combined beam machine feed stock shown in Figure 2.3-5.

The POTV, SPS, and EOTV Propellant Pallets have been deleted as it is assumed that
there will have to be dedicated HLLY tankers.

The only components that are repackaged significantly are the solar array blankets, the
ion tiruster panels, and the electrical rotary joint (slip ring) assembly.
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2.3.2.1.2 GEO BASE IMPACTS FROM SMALLER HLLV

Smaller payload capability of the HLLV reduces the allowable cargo size an1 mass
that can be delivered into low earth orbit. At the GEO constvuction base, however, the
reduction in HLLV payload size will be important. The 11m x 11 m x 14m cargo bay
limitation 12ad to alternate SPS construction requirements, which impact GEO base
systems as shown in Fig. 2.3-6. When more construction tasks are added, extra equip-
ment and/or work areas are needed. The smaller cargo bay also limits the size and hence
the n'umber of required pressure vessels for habitation and work support functions. A
greater number of small car go containers must be handled and distributed through the intra
base logistic network. All of the above leads to a larter crew, additional housing, more
base support structure, etc.

Figure 2.3-7 shows the Phase 2 reference construction base and the zalternate base
which relies on the smaller HLLV. The alternate base, which uses smaller crew modules,
is 14% beavier and requires a larger crew to maintain the reference production rate.
Althougn the alternate GEO base has a higher unit cost, it also shares a lower development
cost with the LEO base crew module. The smaller crew module provides a significant
reduction in DDT&E expenditures at the outset of the investment phase. As a result, the
initial investment costs (DDT&E & unit) will only be 50% greater than the reference base.
The full deployment cost of the crew module could also be deleted from the investment
phase if the smaller module was developed for common use by the preceeding SPS demon-
stration phase. The following paragraphs discuss the major effect of the smaller HLLV
on GEO base operations and related crew support facilities.

GEQ Base Operations impact - The smaller HLLV cargo bay (11 m x 11 m x 14 m) af-

fects GEO base operations for satellite construction and intra base logistics. In par-
ticular, increased construction requirements lead to additicnal equipment and crew
staffing for the intra base logistics system as well as for zonstruction.

Revised satellite construction requirements include smaller solar array L.anket
cannisters (7.5 m vs 15 m), modifications to solar blanket interfaces (e.g., support
structure. .-.juisition buses, etc), and modular versus preassembled slip rings.

Those opeirations, which impose added equipments for the GEO base, are listed in Fig.
2.3-8 with their system impacts (i.e., delta mass and cost). To maintain the six month
reference construction scheduale, twice as many cherry pickers are needed to install

88 versus 44 solar array blankets in each bay of the energy conversion system. No
additional equipment is need2d to handle the other subsystems which interface with

the smaller solar array blankets. Howevear, the Level J subassembly factory must be
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© SMALLER HLLV PAYLOAD CAPABILITY
=X X HMmVS17mDIA X 23 m CARGO BAY
— 120 MY VS 400 MT

® ALTERNATE SPS CONSTRUCTION REQUIREMENTS
~75m VS 15m SOLAR ARRAY BLANKETS
— MODULAR V§ ASSEMBLED SLIP RING DELIVERY

© GEO BASE SYSTEMS IMPACT
— ADDED EQUIPMENT /WORK AREAS
— SMALLER HABITATS & WORK MODULES
— MORE INTRA-BASE LOGISTICS
—~ LARGER WORK FORCE

— ADDITIONAL BASE STRUCTURE
0847-001W

Fig. 238 Smaller HLLV Payload Effects on GEO
Construction Base

SASELINE WITH
SMALLER HLLV

& SPS PRODUCTION RATE 10 GW/YR 10 GW/YR
¢ CREW MODULE DEVEL COST, 19798 $ 5.168 $ 3.788
e BASE UNIT COST $ 9.018 $15.178
® BASE ANNUAL COST $ 1.308/YR 1.468/YR
® BASE MASS 6656 MT 7707 MT
¢ GEO CONSTRUCTION CREW 444 500
0847-002W
Fig. 2.3-7 Alternate SPS Construction Bases
OF ppan.. - TAG,
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expanded to accommodate the equipment needed to support the assembly and checkout
of the modularized slip ring. Finally, it is estimated that four times as many cargo
pallets must be docked/unloaded and handled.

GEO base crew operations are also increased to support the added tasks for sat-
ellite construction and intra base logistics. It is estimated that 56 crewmen will be
needed to cover the extra workload and furnish the required habitat and crew support
services. Figure 2.3-9 shows a breakdown of theses added crew operations, together
with the extra cost for annual operations.

Crew Support Facilities Impact - The reduced size cargo bay of the small HLLV results
in a smaller pressurized module to support habitation and work-related activities.

This module is now 10.5 m dia. x 13.5 m instead of the 17 in dia. x 23 m long module
that the reference HLLV can transport. Figure 2.3-10 considers the number of small

modules necessary to replace one large module.

In the Phase 2 analysis of crew habitation requirements, it was judged that one
large module, sized for the reference HLLV could comfortably house 100 men. On a
direct volume basis, five of the smaller modules would provide approximately the same
volume as one larger module. (In fact, the equivalent volume ratio is probably greater
than 5 to 1, since packaging given items into a smaller volume is less efficient than
packaging the same items into a larger volume. This holds for all crew support facil-
ities where the initial allocation of functional areas is either believed to be correct or
is perhaps not well defined.) The GEO base work modules for command and control,
base maintenance, etc have yet to be analyzed. When the functional requirements
for these activites are developed, the area needed for crew and equipment could either
meet or exceed the current assumptions. Hence the 5 to 1 ratio is used to establish
equivalent work modules for the smaller HLLV. Crew habitation requirements, how-
ever, were examined in Phase 2 to the level of compartmental partitioning of major
crew areas, considering furnishings and equipment. The larger crew module pro-
vided about 17.44 m3 of free vilume for each crewman. This is about 2.5 times
Celentano's recommended rree volume peir man (7.08 m3) for acceptable crew perfor-
mance over 90 days. Therefore, a brief study was performed to .ake another look at
the crew accommodation packaging arrangements for the smaller crew module. By
reducing the free volume crew allocation to 10.35 m3, we judge that 100 men can be
adequately housed in three of the smaller modules.
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R __ GEOQ BASE SVSTEM IMPACT
REVISED OPERATIONS ADDED EQUIPMENT AMASS | ACOST
o INSTALL 88- 7.5 m SOLAR ARRAY
BLANKETS/BAY (TWICE BASELINE) {8) 30 m CHERRY PICKERS WOMT | S B7.6M
@ LEVEL H ANCHORS
o ASSEMBLE & C/O MODULAR SLIP {2) 30 m CHERRY PICKERS, 15T | S 97.6m
RING RACKS & TOOLS,
TEST & C/0 EQUIP.
@ LEVEL J FACTORY
© DOCK/UNLOAD & HANDLE MORE {2) CARGO TUG DOCKING 2MY | S 7Tam
NUMEROUS SMALL CARGO PALLETS PORK,.S
{FOUR TIMES BASELINE) (2) CARGO PALLET
HANDLING XG
{80) TRANSPORTERS {SMALL)
0847-003W @ LEVELJ
47 MY | s26am
Fig. 2.3-8 GEO Construction Operations impact Due to Smaller HLLV
CREWMEN
® BASELINE GEO CONSTRUCTION CREW 444
® ADDED CREW OPERATIONS 56
— SOLAR ARRAY INSTALLATION 8
—~ SLIP RING ASSEMBLY & C/O 8
— CARGO HANDLING & DISTRIBUTION 12
— HABITAT & CREW SUPPORT 28
{UTILITIES, HOTEL, FOOD MGT,
MAINT, ETC)
ADJUSYED BASE CHEW 500
e OPERATIONS COST IMPACT
— ADDED CREW SALARIES $833m_
—~ ADDED CREW SUPPLIES ($143M/MANYR) $80.1
0847-004W $163.4M

Fig. 2.3-9 Effect of Smaller HLLV
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REFERENCE HLLV © SMALLER’ HLLV

© MODULE SIZE 17mDIAX 23m 105m ™A~ i25m

® FREE VOL/MAN® 174403 174403

@ MODULES/100 MEN 1 5

® FREE VOL/MAN® 1035 m3

® MODULES/100 MEN 3
CELENTANO PERFORMANCE": 90 DAYS = 7.03 m3/MAN FREE VOL.
*FREE VOL ASSUMED TO BE 50% OF TOTAL VOLUME

0847-005W

Fig. 2.3-10 Impact of HLLV Size on GEO Base Modules

é S Z;E 2 g. CREW QUARTERS

/ ® STATEROOMS

\ , ® MEDICAL
o LIBRARY
40 MEN
L JUN
i SERVICES
. ® RECREATION
. i ® FITNESS
SERVICES \_ & ] ® services
sussvs X
EVA PREPN
® GALLEY

® DINING

0847-006W

o STORM SHELTER

Fig- 2.3-11 Crew Module Size for “Smaller’” HLLV Launch — Thrae
Modules House 100 Men
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' Re’vised layouts for these smaller habitation modules are shown in Figure 2.3- 1L
Allowing for wall thickness, insulation and radiation protection, the inside diameter of
each deck is 10 m and floor to ceiling height is 2.15 m. One module provides quaters
for 60 men and each of the four decks has the same layout of 16 comparably sized
quaters; except that on two of the decks, two quarters are eliminated on each to pro-
vide hygiene and waste management. The second module hus one deck of 14 quarters
plus toilets, laid out as the first module, then two decks with 12 larger quarters each.
A fourth deck provides medical facilities, a library and two staterooms for the two
most senior officers. The third module provides services on two of the four decks.
One deck provides a gymnasium, a recreation lounge, a thirty seat theatre for movies,
church services and meetings, a laundry and a hygiene/waste mar - jement facility.
The other service deck has the galley, food storage for emergercies and eating accom-
modation for 28. Main food stroage is in an attached logistics mudule. This deck also
serves as the storm shelter with suitable distribution of equipments and wall thicknesses
to provide protection. The free area available for 100 men during solar storm events
is 0. 54:m2 (5.8 ftz) per man, The remaining two decks in this module house subsystems
and EVA preparation.

Comparison of the smaller module to the larger baseline module, Fig. 2.3-12 shows,
as alternates, the estimated total number of GEO base crew support facilities. Mass
and cost data are shown for each modu% and the estimated penalty is identified for
the smaller module. The number of crew habitats and related wc;rk modules are de-
fined for support of GEO construction and SPS maintenance. When the appropriate
small module to baseline module ratio is applied (i.e., 3:1 habitats and 5:1 work), 33
small modules (10.5 m dia) are required for initial GEO construction (vs 8 at 17 m dia).
Later in the program when 60 satellites have to be maintained, 99 of the smaller mod-
ules will%e needed for habitation and work support functions.

Figure 2.3-13 shows a comparative breakdown of the major elements covered by
the estimates for crew module mass and average unit cost. The smaller module retains
the reference cabin wall design for protection against trapped electron flux. A one
deck storm shelter is also provided, as in the reference, for environmental protection
against solar flares. Environmental control subsystem weights are based on 60 men,
as defined in Fig. 2.3-11. Weight estimates for the other subsystems of the small
module (i.e., communicatinns, electrical power and crew accommodations) are alsc

adjusted for the 60 man crew. As shown in Fig. 2.3-13, the latter subsystems
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BASELINE SMALLER HLLV PAYLOAD
17mDIAX23m | 105mDIAX 13.5m | A MASS, MT ACOST, 8
GEO CONSTRUCTION SUPPORT
® CREW HABITATS s 18
— TOTAL (UNIT) MASS, MT 1215 (243) 1710 (95) 494
~ TOTAL (AVG UNIT) COST, 1979 $M | 1923 (384.6) 4451 (247.3) 2528°
© WORK MODULES 3 15
~ TOTAL MASS, MT 413 807 393
- TOTAL COST, $M 631 2028 1397*
SPS MAINTENANCE SUPPORT
{20 TO 60 SATELLITES)
® CREW HABITATS 471012 127026
- TOTAL MASS, MT 972 — 2916 1140 — 3420 168 TO 504
— TOTAL COST, $M 1538 — 4615 2967 — 8903 1420-4288°
® WORK MODULES 2706 10 70 30
— TOTAL MASS, MT 354 - 1062 692 — 2076 239 7O 1014
— TOTAL COST, $M 646 — 1938 2077 - 6231 1431-4293*
TOTAL A MASS 1393 TO 2405 MT
*EXCLUDES FULL BENEFITS TOTAL ACOST $ 6,785M TO
OF LEARNING $12,500M*
0847-007W
Fig. 2.3-12 HLLV Impact on GEQ Base Crew Support Facilities
17m DIA REF 10.5m DIA
ENVIRON
SFRUCTURE PROTECTION
UNIT o
MASS  comma
DATA ELECTRICAL
HANDL POWER SUPPLY
& CREW ACCOM
ENVIRON CONTROL &
LIFE SUPPORT
95 MT
AVG UNIT
cosy =
(1979 §)
$384M L
0847-008W

Fig. 2.3-13 Crew Module Comparison — Mass & Cost
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represent less than 25% of the reference module mass but a'most half of the smaller
module mass. From a cost point of view, the latter subsystems account for more than
half the cost of either module. This is because these subsystems contain basic com-
ponents (fixed costs) which are insensitive to changes in crew size or module geom-
etry. Lower crew module costs are possible, of course, if the smaller modules were
defined differently and compared in terms of their respective functions and capebili-
ties. It should be noted that the cost penalty attributed to the smaller pressure
vessel in Fig. 2.3-12 is probably too high since these cost data do not include the
full benefit of production quantity learning.

The large number of crew modules resulting from the smaller HLLV raises the
question as to how they might be accommodated on the base. The center of GEO base
logistic activities occurs at the top deck, Level J, which includes the crew quarters/
operations center and areas for growth. For example, at the end of the 30 year ref-
erence scenario, the crew quarters/operations complex could grow to 99 modules.
Figure 2. 3-14 shows that Level J has ample area to mount as many small modules as
needed.

Net Impact of Smaller HLLV on GEO Base - The net impact of the smaller HLL" " on

GEO base mass and cost is summarized in Fig. 2.3-15. The reference work facilities

must be revised primarily to support the added crew support facilities, accommodate
extra construction equipment, enlarge cargo handling/distribution, and expand the
subassembly factory. One benefit of the smaller crew module is that it provides a
significant reduction in DDT&E expenditures which occur at the outset of the invest- .
ment phase. It also provides a programmatic option that would make one crew module
size serve needs for both the demonstration and investment phases of the program.

In that event, only one module would be developed and funded to meet earlier dem-
onstration phase objectives. This option would then avoid $3.8B (with wraparound

factors) for developing another small crew module for the investment phase.

It should be noted again that the crew module production costs are probably
too low since they exclude the full benefits of high production learning. In addition,
the range of crew modules costs cover an expenditure over 30 years with no dis-

counting inecluded.
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BASELINE
CREW QTRS/OPERATION
CENTER

{8 TO 20 MODULES

=17 m DIA)

9 REVISED i
CREW QTRS/OFERATION (K >
CENTER NS
{33 70 93 MODULES N
-10.5 m DIA) <O

S
0847-009W L

Fig. 2.3-14 GEO Base: Levsl J Facilities — Impact of Smaller HLLV

£ MASS, A COST 1979 $M
GEO BASE ELEMENT mT DOTAE PROD.

WORK FACILITIES

— STRUCTURE 17 4 2

— CONSTRUCTION, EQUIPMENT 10 0 88

— CARGO HDLG/DISTRIBUTION 22 0 79

— SUBASSEMBLY FACTORIES 15 0 97
CREW SUPPORT FACILITIES

.- CREW QUARTERS {0 TO 60 SPS) 494 7O 998 -613 2528 TO 6816

— WORK MODULES 393 7O 1407 0 1397 TO 5690
WRAPAROUND FACTORS

— DEVMT 127% -773 .

— PROD. 47% 1969 T0 6002 |

TOTAL  951TO2469MT  -£1380M $6160 TO 18770M
$4,780 TO $ 17,390M

ANNUAL OPERATIONS

SALARIES & TRAINING (+56 CREW) 83
RESUPPLY 142 MT/YR 80
$163M/YR
0847-010W

Fig. 2.3-16 Net Impact of Smaller HLLV on GEO Base
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23.2.1.3 Mﬁwmd\mdkmyﬁtew

In the analysis of the effects of a smail HLLV on the SPS program elements, it was found
that one of the most sigrificant effects would be on the launch and recovery site. This
analysis was prepared to amplify the basis of this assessment and to show some
alternative solutions.

Calculation of the Number of Launch Pads—In Table 2.3-1, it was shown that at year 12
(when 20 SPS's are in orbit, per year) that 1471 mass-limited flights would be required.
Multiply this by 1.05 to account for non-optimal packaging and we get 1545 flights per
year. The pad time per vehicle is 34 hours. This leads to the capability of each pad to
support 257 flights per year (assuming 2% hours per day/365 days per year operations).
This results in a requirement for 6 launch pads for the small HLLV.

Launch Pad Locations—If we assume that it will be environmentally acceptable to launch
up.to 5 vehicles per day every cay of the week at KSC, then we are given the requirement
to find space for 6 HLLV launch pads. In Task 4210111, we found that for the small HLLV
that the minimum pad separation distance required is 8000 ft.

We examined 2 possible arrangemen®s of 6 HLLV launch pads at KSC that meet the
8000 ft separation requirement. Figure 2.3-16 shows an off-shore arrangement sunilar to
the baseline concept for the large HLLV. Figure 2.3-17 shows an arrangement where the
6 pads are located on-shore. In this arrangement, 3 of the HLLV pads will be at the 33C,
39D, and 39E pad locations (shcwn to be in locations previously reserved for them). The 3
additional HLLV pads are shown to be located at the 37, 40, and 41 pad locations. (It is
assumed that the current user of these pads will no longer be operational or that they can
be moved to other pad locations. In addition, pads 34, 20, and 19 will have to be
demolished to provide the 8000 ft clearance).

Cost Analysis High'ights—The cost estimates for the alternative launch ana recovery sites
are summarized in . :ble 2.3-4. The 5 alternative concepts are described below:

[ Large HLLV—Reference
o This is the reference concept for the large HLLYV, described in the Reference
System Description, WBS 1.3.7.

o Large HLLV—Piers
o This concept substitutes a 200 ft wide steel pier system in lieu of the rock
causeways. Brown and Root estimates this steel pier arrangement to cost
$50,000 per lineal foot.

o Small HLLV Causeways

o This arrangement of this concept is shown in Figure 2.3-16.

o The causeways are 100 ft wi{e and 50 ft high.

o] The launch pads are scaled '~ be 35% as large and expensive as that required
for the large HLLV.

o The HLLV Orbiter and Booster processing facilities were scaled down to the
smaller vehicle sizes and additional bays were provided as required. Scaling
down the verticai clearance height and the strength required resulted in
substantial cost savings.
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337

Figure 2.3-17. On-Shore Arrangement of SPS Launch and Recovery Site Facilities
at KSC Configured for a Smaii HLLV
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WBS
1.3.7.1.1

1.3.7.2
1.3.7.2.1
1.3.7.2.2
1.3.7.2.3
1.3.7.2.4
1.3.7.2.10
1.3.7.3
1.3.7.4
1.3.7.5

TABLE 2.3-4

COST COMPARISON OF ALTERNATYTIVE LAUNCH AND RECOVERY SITE CONCEPTS

ELEMENT

HLLV Launch Facilities

o Causeways & Taxiways
o Breakwater

o Launch Pads

o Equip/utilities/etc.
Recovery Facilities

o Landing Site

HLLYV Orbiter Proc. Fac,

c o0 O

other facilities
Fuel Facilities
Logistics Support

Operations

INVEST. TOTALS

HLLYV Booster Proc. Fac.

(949)
180
234
335

(676.53)
20.5
265
201
190

$-69657-68140

8D
(6)
(156.6)

COST, $M
LARGE HLLYV SMALL HLLV
REFERENCE  PIERS CAUSEWAY PIERS SHORE
(3222) (3345) (3828) (4828)
1727 1850 1950 2950
673 673 1109 1109
336 336 234 234
486 486 535 535
(1770) (1770) (676.5) (676.5)
20.5 20,5 20.5 20.5
1114 1i14 265 265
445 445 201 201
190 190 190 190
TBD TBD TBD TBD
(40) 140) (40) (40)
(78.3) (78.3) (156.6) (156.6)
$5.11B $5.23B 4.78 $ 5.7

$1.88
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o  Small HLLV Piers
o This arrangement for this concept was identical to that described above.
o The only difference is that 100 ft wide steel piers are used in lieu of the rock
causeways. Brown and Root estimated the cost to be $42,000 per lineal foot.

o  Small HLLV On-Shore
o  The arrangement for this concept was shown in Figure 2.3-17.
o The ship and barge basin were eliminated.
) The scaled-down orbiter and booster processing iacilities were also used here.
] The cost of the new causeway was included.

RECOMMENDATIONS-It is obvious that the so-called "on-shore® pad arrangement is
substantially cheaper than the "off-shore™ alternatives. These cost estimates were fairly
crude, so it is suggested that a task be provided in future studies to derive more detailed
cost data.

The environmental effects of a 24 hour per day, 7 day per week launch schedule cannot be
ignored. A more detailed study is required to define the maximum launch rate that could
be tolerated at KSC.

2.3.3 Conclusions

The mass and cost deltas associated with each of the 8 primary effect chains are

summarized in Table 2.3-5. It is evident that the smaller crew modules are the
dominating effect.

67



89

PRIMARY EFFECT

7.5M SOLAR ARRAY

BLANKETS

o]
[/

0

SMALLER ION
THRUSTER PANELS

o

0
0
(o]

L.EO Base
GEO Base
SPS

SPS
EOTV
LEO Base
GEO Base

TABLE 2.3-5
SUMMARY OF MASS AND COST DELTAS DUE TO PRIMARY
EFFECTS OF A SMALL HLLV

MASS COST
Investment Production Invest Production Operations
MT MT M M $M/YR
+12 +45 +1.03
+10 +87.6 +1.03
+232 +12,3

COMMENTS

Additional deployment
equipment and crew

0

o O O ©

Mostly Type A beam
revisions
{(more battens)

Negligible effect
Negligible effect
Negligible effect
Negligible effect

$-69652-081d
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TABLE 2.3-5 (Continued)

SUMMARY OF MASS AND COST DELTAS DUE TO PRIMARY

EFFECTS OF A SMALL HLLV

MASS COST

Investment Production Invest Production Operations
$M/YR

PRIMARY EFFECT MT MT M M

o MODULAR SLIP RING

ASSEMBLY
o SPS +9 +4
o GEO Base +15 +97.6

o SMALLER AND MORE

NUMEROUS CARGO

PALLETS

o LEO Base +52 +171.8

o GEO Base +22 +78.8

o EOTV +1 +l

o SMALLER CREW MODULES
("] LEO Base +596 +3026
o GEO Base +1394 to 2405 +6785 to 12575

*Only half of these new crew members are in space—other half is on the ground.

+2.06

"‘2-6
+206

+5l¢5
+80.6

COMMENTS

0  Added subassenbly
and test/checkout
facilities, equipment,
crew

Primarily extra transporters
and cargo tugs and associated
crew

0 74 new crew members*
o 116 new crew members*

$69657-081Q
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TABLE 2.3-5 (Continued)
SUMMARY OF MASS AND COST DELTAS DUE TO PRIMARY

EFFECTS OF A SMALL HLLV
MASS COST
Investment Production Invest Production Operations
PRIMARY EFFECT MT MT M M $M/YR COMMENTS

MORE HLLV'S

o HLLV's

o Launch/Recovery Site -3049 o On-shore launch pads
decrease cost
dramatically
(see Appendix 2-B)

o Ops Control +189.7 +54.2

o LEO Base +34.6 +2.06

SMALLEL OTV o Deltas can be eliminated
by redesign

SMALLER OKFITAL o Deltas can be eliminated

PASSENGER MODULE by redesign

$°69657 0814
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2.8 ESTIMATE OF DELTA ENVIRONMENTAL EFFECTS
2.8.1 Introduction

The objective of this task was to assess the environmental effects of the smaller and more
numerous HLLV. These environmental effects include launch and reentry overpressure
(sonic boom), launch facility noise, launch pad explosions, and effluent deposition in the
upper atmosphere.

These environmental effects have been assessed for the baseline HLLV. The sonic boom,
launch site noise, and launch pad explosion effects were reported in Reference 1. The
effluent deposition etfects were reported in Reference 2. The authors of these analyses
(References 3, 4, 5 and 6) were asked to make judgments as to the delta environmental
effects when comparing the smaller HLLV to the baseline HLLV. This report presents the
results of these assessments.

2.4.2 Launch and Entry Overpressure

The sonic boom characteristics for the small HLLV during reentry are described below.
The ascent sonic boom characteristics were not assessed as the ascent trajectory for the
small HLLYV is substantially different than that for the large HLLV. As the ascent sonic
booms will occur over the ocean down-range from the launch site, it was judged that the
ascent sonic overpressure characteristics do not need to be recomputed.

Sonic Overpressure Calculation—In Reference 1, the sonic overpressure of the SPS vehi-
cles were computed using "the modified Witham equation™ shovn below:

PP
2 ,,1/8 d
p= ( w (kg) % (g,_T‘x 4) Kv
where AP =  Bow shock overpressure in psf
P A = Atmosphere pressure at vehicle altitude in psf
PG = Atmosphere pressure at ground level in psf
h = Perpendicular distance from flight path in feet
Ko = Reflection factor (usually about 2.0)
MT = Vehicle Mach number
d = Vehicle diameter
L = Vehicle length
Ky =  Vehicle volume shape factor (.54SKv$.87) ; assumed to be
0.3

For our purposes in the analysis of the small HLLYV, the only facior that will be different
from those used for the large winged HLLV analysis is the d/I” factor. It was judged
(Reference 3) that the under flight track overpressures for the small HLLV could be
scaled from the large HLLV data.

(d/21/%)  Small HLLV
(d/R1/%) Large HLLV

(12.5/112.71/% 3,336
= (15.25/140.731/% % 4427

Scale factor =

.8665 {use .37)

Sonic Overpressure Patterns—The overpressure along the vehicle flight track predicted by
the modified Witham equation is shown in Figure 2.4-1. These overpressures were used
together with the data from program TEA-251 to determine sonic boom overpressure
patterns lateral to the ground track, see Figures 2.4-2 and 2.4-3.
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The reentry sonic boom pressure signatures (AP vs time) at selected locations are not
scalable (Reference 3).

Etfects of the Sonic Overpressures—In Reference 1, the physical and behavioral effects on
humans of sonic overpressures and the strictural damage effects of sonic booms were
enumerated, From this data, it was recommended that the maximum allowable
overpressure of 2.0 psf outside of the government reservation perimeter shall not be
exceeded.

What this translates to for the small HLLV is that the perimeter of the government
reservation must be at least 25nm from the landing site on the line of approach (based on
Figure 2.4-2) and at least 13nm downrange (based on Figure 2.4-3)& The corresponding
exclusion ranges for the large HLLV &c.e 27nm and 17nm respectively.

2.4.3 Launch Noise 9

Launch Noise Calculation—In Reference 1, the launch noise was predicted by a procedure
that utilizes the basic jet noise generation influencing parameters (jet velocity, density,
mass flow, temperature and nozzle area). The small HLLV uses 6/16 of the number of the
e engines that were used in the original analysis. The scaling factor is 10 log 6/16_=
.26 db.., For convenience, it was recommended (Reference %) that -5 db be used (
predicti6his are only accurate to 0.5 db) to adjust the data plots found in Reference 1.

Launch Noise Data—The predicted launch Overall Sound Pressure Level (OASPL) contour
map for the small HLLV is shown in Figure 2.4-4. The predicted Perceived Noise Level
(PNL) contour is shown in Figure 2.4-5. These contour maps represent the maximum noise
emitted by the launch vehicle at the site, These noise predictions are limited to the
static case where the vehicle is considered to have no forward motion.

As a measure of relative comparison, the building damage noise limit (as suggested on the
basis of a literature survey) of 147 db OASPL is prescribed. For habitation, the PNL
levels should not exceed 108 db.

Figure 2.4-6 shows the OASPL and PNL levels for the small HLLV as a function of radial
distance along the ground surface ( = 90°). F.om extrapolation of this curve, it can be
seen that the maximum OASPL level for building damage occurs at about 400 ft (for the
large HLLYV, the corresponding location was 1000 ft). The PNL limit of 108 db takes place
at 21,000 ft (for the large HLLYV, the corresponding location was at 32,000 ft).

Figures 2.4-7 through 2.4-9 present the polar plot of the predicted OASPL for 1000,
10,000, and 100,000 ft distances. The PNL predictions for the same distances are shown
in Figures 2.4-10 through 2.4-12. Figures 2.4-13 to 2.4-15 show the sound spectrum along
the ground plane for the above distances.

2.4.4 Explosive Hazard Due To The Propellant Combinations

The explosive hazard of the propellant combinations used in the small HLLV was
estimated using the procedures used for the large HLLV, see Reference 1. To adjust the
data from this reference it was necessary to define the scaling factor shown below
(Reference 6):

Small HLLV

Booster: l.O2 +LCH, = 4.823xi061b X .2 = 964,600 Ib of TNT equivalent

4
Second Stage: L02 +LH, = 2.491x10%b x .6 = 12#9’4260(6) Ib. of TNT equivalent
2,459x10" 1b. of TNT equivalent
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. 3 6
Scaling _ 459x10° _
Factor  ~ 3$6.200x 106 = 077
Large HLLV
TNT equivalent

The predicted overpressures from an on-pad explosion of the small HLLV are shown in
Figure 2.8-16. Using the same 0.75 psi overpressure limitation as was used for the large
HLLV, the minimum pad separation distance for the small HLLV becomes 1.32nm
(3000 ft). The corresponding pad separation distance for the large HLLV was 2nm
(12,156 £t).

2.4.5 Effluent Deposition in the Upper Atmosphere

In Reference 2, the deposition of !-l2 and H,O into the upper atmosphere by the large
HLLV's was assessed. The corresponding eﬁects for the smaller HLLV was estimated
from this data (Reference 5).

For the large HLLYV, there were approximately 8 flights per week. For the sinaller HLLV,
there will be 35 flights per week (for the c'. responding year of SPS construction). There
will, therefore, be 35/8 = 4.38 times as manv * ghts per week.

The second stage propellant mass for the large HLLV was 5.1x10% kg. For the small
HLLYV, the corresponding mass is 1.13x10" kg. Therefore, each of the small HLLV's will
inject 51% as much of the effluent as the large HLLV.

The net effect will be 1.73 times a5 much effluent injected into the upper atmosphere
each week by the small HLLV when compared to the large HLLV. However, this may not
be as bad as it may seem.

The density of effluents for each of the smaller HLLV's will be approximately half of that
for the larger HLLV's. Furthermore, these effluents will be spread along a smaller
diameter line source for each vehicie flight. The speed of diffusion will, itherefore, be
decreased due to the more rapidly decreasing concentration gradients. This will allow
more time for favorable chemical reactions to occur before the effluents difiuse to the
ionosphere.

As with the previous analysis (in Reference 2), the provision must be made that these
predictions are very preliminary in nature in that some very important simp;ifying
assumptions have been made to aliow the analysis to be done. More detailed analyses
should be done as there may be some subtle effects that may either harm or help the
effluent probiem.

2.8.6 Surmary

In this report, we have presented the results of a comparative assessment of the
environmental effects of the sma!l HLLV versus those of the baseline large HLLV.

The series-burn stack height is commensurate with that of Saturn V, indicating that
present facilities can be used in the developraental phase. The operational, high-launch-
rate, ground handing system will probably move the empty vehicles on their own landing
gear, mate in the horizontal position at the launch pad, and use a strong-back tilt-up
launcher.
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Sonic Boom-The second stage vehicle reentry will be the source of the most severe sonic

booms at the launch and recovery site. The recommended sonic boom overpressure at the
of the government reservation is 2.0 psf. Figure 2.4-17 shows that this 2.0 psf

boundary for the small HLLV is somewhat less than that required for the large HLLV.

Launch Noise and Blast—The launch noise levels for the small HLLV will be substantially
less than that for the large HLLV. Figure 2.4-18 shows that adjacent structures can be
60% closer to the small HLLV launch pads when noise level structural damage is
considered. Figure 2.4-19 shows the minimum pad separation raquired based on an on-pad
explosion. The pads can be over 4000 ft closer together than was required for the large
HLLV. This figure also shows that the minimum distance to habitable areas can be 12000
ft closer, based on human noise exposure limitations.

Upper Atmaosphere Effluents—The small HLLV will deposit 1.7]1 times as much effluent
into the atmosphere per week as the large HLLV. However, this increase may be
substantially offset by a slower rate of diffusion that will allow the effluents to be
chemically decomposed into non-harmfu! constituents.
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Figure 2.4-17. M.nimum Distance fromn a Launch Pad to Adjacent-Structures
Based on Noise Level Criteria
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2.5 COST ANALYSIS

It was estimated that the small HLLV would inherit several subsystems and technologies
that could be used with suitable modifications. The principal ones are the following:

FROM SHUTTLE
o ORBITER MAIN ENGINES
o THERMAL PROTECTION SYSTEM
o AVIONICS & POWER
o CREW SYSTEMS
o REACTION CONTROL SYSTEM

FROM OTV
o ORBIT MANEUVER ENGINES

FROM MILITARY OR COMMERCIAL AIRCRAFT

o BOOSTER FLYBACK ENGINES

Cost estimating factors are summarized in Table 2.5-1. The top part of the table
indicates the DDT&E costs. The center part shows the commonality credits from the
shuttle and OTV, and the bottom summarizes the theoretical first unit costs and learning
slopes for vehicle production.

The development costs figures from the Table 2.5-1 are shown in pie chart fashion in
Figure 2.5-1. Note that totals are also indicated. The relatively small main engine
contribution for the orbiter results from the assumption that the space shuttle main
engine is to be used essentially as is.

The principal contributors to cost per flight are enumerated in Table 2.5-2.

The scenario indicated a nominal launch rate of 1500 flights per year. The program
average cost per flight is shown in pie chart fashion in Figure 2.5-2, As was true for the
reference HLLV, flight hardware for amortization of vehicles and spares and maintenance
dominates the total. Ground system and operations include those people cirectly involved
in vehicle turnaround operations. Site manpower and program support are indirect people
ch~rgeable to launch operations. Tooling sustaining reflects a 10% a year figure based on
initial tooling costs. Finally, propellants were costed as they were costed for the
reference HLLV.

The delta costs between the small HLLV and the large reference system are summarized
in Table 2.5-3 page. Satellite design changes resulted ir. increased costs for the space
construction systems that were reflected as nonrecurring invesment costs in hardware.
The necessity to use smaller crew modules results in a DDT&E savings, but an investment
increase from the need to buy more of the smaller modules. Transportation includes
direct DDT&E savings on the smaller launch vehicle, savings resulting from less complex
facilities and increase in the fleet investment and in the HLLV factory and savings
resulting from less development activity on shuttle derivaiives as a result of having the
small heavy lift launch vehicle. It may be noted that the large increase in HLLV factory
and tooling costs probably, in part, reflects an underestimate in iooling for the large
HLLY. The cost model has been updated since the .iginal figures were developed and
now reflect higher tooling costs. In the recurring column, results include the cost of SPS
hardware under SPS, the cost of transporting the additional SPS mass under Transporta-
tion, and the cost of construction operation in the third column. Recurring cost for the
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Tabie 2.4-1. Smell HLLV Cost Summary

[ ]
DTaE
BOOSTER ORBITER

AIRFRNE 1977 3120
MAIN ENGINE 1619 25
AUXILIARY PROPULSION 151 %
SUBSYSTENS 316 38
GROUND & FLIGHT TEST VENICLES 00 525

ORBITER COMMONALITY CREDITS (DRTEE)
MAIN ENGINE 0.95 (SSE)
oS 0.8 (OV)
RS 05 (SWTME
ELECTRIC POER
AVIONICS 0.7 (SWME)
EC/LSS

PRODUCTION
BOOSTER ORBITER
LLi SLOPE LU auore

AIRFRME ¢ SUBSYSTENS ) 3 19 &5
MAIN ENGINE (6 PER STAGE) R 20 18 .90
MIXILIARY PROPULSION A 88 5.1 88

(4 rea’p)

AINFRANE

a
F

TOTAL» 4 AN
-mm

Figure 2.5-1. Small HLLV Development Cost
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Table 2.5-2.  Cost per Flight {1500/yr)

ITER COST IN MILLIONS (79%)
PROGRAM SUPPORT Bt
FLIGHT HARDMARE 2,358
GROUND SYSTEM & 0PS 0.35
TOOLING SYSTEMS 0.18
PROPELLANT 0.617
SITE MANPOMER 0.612
‘.m
-~

~ i
/ m7s o
/ FLIGHT HAROVARE
! 2a: | grvom
GROUND
SYSTEN &

OPERATIONS

To0L1'G
SATAINING  TOTAL= 4.231

Figure 2.5-2. Small HLLYV Cost per Flight

87



D180-25969-5

Table 2.53. Delta Cost Summary—Smell HLLV
E - ]
RECURRING
NORRECURRING SPs  TRANSPORTATION  CORSTRUCTION
SATELLITE DESIGN CHANGES 230 (sase cuanes) | 16.3 0.4 512
CARSO LOGISTICS %0.1 - - 5.2
SMALLER CREM MODULES — - 132.1
DOTeE 2521 >
IWVESTMENT 3925 + 3.4
TRANSPORTATION - 1000 Giew) — —
DOTSE 3075 =400 (pLv)
FACILITIES INVESTMENT -3089
FLEET INVESTMENT 7™
HLLV FACTORY 1619
LESS SHUTTLE M0DS 3204
mTM. ‘m.s 16.3 m'q 1“1;“2
TOTAL = 887

[E>> INCLUDES CREDIT FROM DEMONSTRATION PHASE
[ TooLING UMDERESTIMATED FOR LARGE HLLV?
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small HLLV is higher than for the large one, but the small HLLV also accomplishes crew
rotation from Earth to low Earth orbit, resulting in a savings. The net recurring result is 887
millions per year, about 440 millions per SPS, or roughly 3% increase per SPS.

2.6 CONCLUSDNSI%ECOMIENDATDNS

In summary, the small HLLV has positive features and some negative features. Table 2.6-1
summarizes these positive and negative features. In general, the positive features outweigh
the negative features and it is recommended that the small HLLV be adopted as an SPS
reference system.

o LESS NONRECURRING COST: MORE COMMONALITY WITH SHUTTLE
o REDUCED MOISE & SONIC OVERPRESSURE

¢ LESS FACILITIES COST: OFFSHORE PADS NOT NEEDED

o SIZE APPROPRIATE FOR ALTERNATIVE MISSIONS

o CREW AS WELL AS CARGO DELIVERY

o SLIGHTLY HIGHER RECURRING COST

+ GREATER NUMBER OF CONSTRUCTION CREW
« MORE PROPELLANT CONSUMED

o MORE FREQUENT FLIGHTS
o MORE EFFLUENT DEPOSITED IN UPPER ATMOSPHERE

Figure 2.6-1. Small HLLV Net Effects
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~ 3.0 SHUTTLE-DERIVED SPS TRANSPORTATION

The goal of the shuttle-deriveu SPS transportation system concept was to minimize
transportation development cost. The question related to this goal was determination of
the recurring cost for SPS production if this transportation system were adopted.

- 3.1 Initial Concept

The concept involves use of shuttle orbiters and external tanks both for Earth-to-orbit and
for orbit-to-orbit transportation. In order to reduce costs and increase performance, a
new booster is to be designed and developed. This concept was developed by Jim
Akkerman of the Johnson Space Center. An initial configuration was provided as a part of
the Phase lIl task statements. The configuration had certain known problems. First of
all, very little volume was available for SPS hardware payloads. These ihardware payloads
are relatively low in density and require a large-volume payload bay to achieve efficient
transportation operations. Further, the original concept included a redesign of the
satellite, fairly complex construction operations, and raised certain questions as to
whether the large secticas of satellite built at low Earth orbit could be transported to
GEO. Thirdly, accommodations for crew delivery for LEC to GEO were not provided.
Finally, the system included a ballistic booster. Earlier studies of ballistic versus winged
boosters had indicated that winged systems would provide lower transportation costs due
to more rapid turnaround.

A revised configuration was developed that included a redesign of the external tank and
the use of a flvback booster. It had also been suggested that the orbiter be redesigned to
provide increased payload accommodations. This, however, a_peared to be in conflict
with the desired objective of minimizing devel ent costs. If one were to redesign the
orbiter and provide a new booster, one wouﬁ: effect, have a small heavylift launc:
vehicle, (That option was reported in the pre s section of this report),

Figure 3.1-1 shows the principal features of the modified system, Cargo space is provided
in the external tank. The shuttle cargo bay provides sufficient volume for personnel
accommodation. The flyback booster and interstage structure provide for launch of the
shuttle and external tank to the proper staging conditions.

Cargo is launched to low Earth orbit with the configuration illustrated. Some of the
external tanks with cargo space are to be used for orbit-to-orbit transportation. These
are provided with better thermal insulation for roughly a week's stay time in low Earth
orbit. Additional launches with relatively conventional external tanks bring propellant to
low Earth orbit to fill the orbit transfer ET systems. The relatively high performance of
the large flyback booster allows the system to arrive in orbit with substantial propellant
remaining in the external tank. This is then transferred to the orbit transfer ET's until
they are fully loaded with propellant.

In order to provide an adequate mass fraction for orbit transfer and allow the shuttle
orbiter to go along as a propulsion syste:n and crew transfer syste=m, several external
tanks are docked together end-to-end to provide a very large orbit transfer system with
great propellant mass.

types of external tanks are r-:quired. cargo for launch from Earth to orbit is housed
internal! ; to the external tank payload bay. For orbit transfer, this is not necessary and

e 90
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SHUTTLE CARGO BAY FOR
— ADDED CARGD OR PERSONNEL

NEW L0, UPPER DOME

\—nocxmc HATCH roa\_.F
ORIGINAL LO, UPPER DOME PROPELLANT TRANSFER LYBACK BOOSTER

“FLOMER PETAL NOSE FOR { TANK-TO-TANK OR
TANK-TO-TANK JOINING ORBITLR-T0-TANK)

Figure 3.1-1.

Table

Modified Shuttle SPS Transportation System
Cargo Launch Configuraiion

3.1-1.  Features of Revised System

CARGO SPACC IN ET ALLOWS DELIVERY OF
CARGO TO GEO & ALL CONSTRUCTION AT GEO.

ADEQUATE VOLUME CAN BE PROVIDED.
ORBITER BAY AVAILABLE FOK PERSOWNEL
THREE ET VERSIONS

(1) “REGU'AR® - PROPELLANT DELIVERY TO LEO -

MODIFIED ONLY FOR PROPELLANT
ACQUISITION ANU TRANSFER

(2) CARGC TO LEO - CARGO BAY ADDED

(3) LEO-GEO
o CARGO BAY

o FLOWER PETAL NOSE
o BETTER INSULATION
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cargo brought to Earth orbit by those external tanks not configured for orbit transfer will
be stored externally to the orbit transfer ET's for the orbit transfer.

3.2 Analysis

A number of questions were raised as to how to configure this system for minimum cost.

The three principal variables are the booster size and attendant staging velocity, booster

uyback optimization, and the number of external tanks to be provided for each transfer
ight. Crew accommodations in the orbiter were a secondary question.

1% order to conduct the optimization analysis, the ISAIAH Systems Mod:ling Software
$ystem was employed. The ISAIAH software, in effect, allows one to very quickly develop
a "omputer program to analyze a complex systems model by standardizing those things
that normaliy cause most of the difficulty in developing computer models. Table 3.2-1
summarizes the features of this system.

The ISAIAH System operates with the computer network at the Boeing Kent Space
Center. The system is accessible through remote terminals and all card image files are
maintained on disk files to avoid card deck handling. The software runs on a large IBM
mainframe and plot files are transmitted to the interactive computer graphics facility for
rapid plotting of results. Figure 3.2-1 illustrates the computer network.

The systems model is summarized in Figures 3.2-2 and 3.2-3. The segment of the model
shown in Figure 3.2-2 includes the booster flyback optimization with principal variables
being the booster wing area, dry inerts, and the booster propellant load and staging
velocity. The iterations implied in the network are handled automatically with the Isaiah
software.

The analysis of the upper stages is diagramed in Figure 3.2-3. As the ideal staging
velocity increases, the upper stage injected mass increases thus increasing the cargo mass
and the propellant deliverable. However, as the ideal staging velocity increases, larger
and larger boosters are required so one would expect a minimum cost point.

The next several figures shown modeling inputs that were incorporated into the model as
lookup tables. The estimated relationship of booster wing mass to the booster mass and
booster-wing area is shown in Figure 3.2-4. This is a key relationship for establishing the
flyback optimization.

The staging relative path angle decreases with increasing staging velocity as shown in
Figure 3.2-5; the path angle is important in establishing flyback range.

Shown in Figure 3.2-6 is the relationship of relative staging velocity to ideal staging
velocity.

The flyback range is composed of two principal components: the range at staging and the
coast range after staging. Shown in Figure 3.2-7 is the range at staging as a function of
ideal staging velocity. On the next Figure (3.2-8), the coast flyback range as a function
of path angle and inertial staging velocity are shown,

The booster theoretical first unit cost is modeled as dependent upon the booster wet inert
weights (booster inerts including residual ascent propellants but not including flyback
propellant). The model included learning curve relationships to allow the booster average
unit cost to be computed from the theoretical first unit cost. The TFU is shown in Figure
3.2-9.

9



D180-25969-5

Table 3.2-1. ISAIAH Description

& STADANRIZED, STRUCTURED PROCEDURE AMD SOFTWARE SYSTEN FOR
INTERRELATIONSHIPS ,m SENSITIVITY AMALYSIS
. MODELING METHODOLOGY
. INPUT LANGUAGE
. IRERRAL LOGIC
. DIAGNOSTICS
. OUTPUT FONRATTING
. PLOT ROUTINES
o RINETY PERCENT OF THE CODE D 952 OF THE TROUBLE IN A LARGE
COMPUTER PROGRAR IS IWPUT, OUTPUT, LOGIC STRUCTURE, ‘ﬂ FILE
HADLING. THE RATIO IS SOMEMMAT MORSE IF COMPUTER GRAPHICS IS
USED. WITH THE ISAIAH METHODOLOGY ALL OF THIS STUFF IS ALREARY
THERE AND DOESN’T NEED CHANGING.
eNin
- |\ =z Nl
DESCRIPTIONS
® 11 3032 M0 gt @ ms, sovmce coves ww

ISAIAH PROCESSING
AND OBJECT CODE FILES

T FILE FILE MAINTENMNCE

\V’ ——— e
——~— P\ Aot Ry’
@ REMOTE TERMINAL
FILE EDITING AND
JOB LAUNCH CONTROL

INTERACTIVE COMPUTER
GRAPHICS FACILITY

Figure 3.2-1. ISAIAH Computer Hookup
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Figure 3.2-2. Shuttle-Derived System Optimization (Booster)
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Figure 3.2-3. Shuttle-Derived System Optimization (Upper Stages snd Total)
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ET costs were computed based on the theoretical first unit for the basic ET and on a delta
theoretical first unit for the additional mass of payload bay which in turn depends upon
the payload deliverable per flight. The delta TFU is shown in Figure 3.2-10.

The propellant transferrable is dependent upon the propellant remaining at staging. For
relatively low values of propellant remaining, very little propellant is transferrable since
most of it will be vaporized by the tank vapor residuals and the tank wall mass. The
model relationship is shown in Figure 3.2-11.

The next several figures summarize results.

The first run of the mode! examined the importance of booster wing area. Wing area was
found not to be a very important parameter as shown in Figure 3.2-15.

Large wing areas actually reduce booster start flyback inerts as the improvement of L/D
is more important than the increase in wing mass. This is shown in Figure 3.2-12.

The orbit transfer propellant-to-cargo is the kilograms of propellant per kg of orbit
transfer cargo. It improves with greater numbers of ET's but degrades with larger
boosters because the ET mass grows with increased cargo capacity. The trend is shown in
Figure 3.2-14. Figure 3.2-15 shows the variation in annual numbers of orbit transfer
flights. Figure 3.2-16 shows the variation in orbiter personnel capacity for orbit transfer;
as expected, the trend is opposite to the numbers of flights.

Figure 3.2-17 shows the annual number of propellant launches. This is driven by the
propellant transferable and is a primary cost driver.

Displayed in Figure 3.2-18 is the total annual cost for construction of two SPS's per year
as a function of booster propellant load and number of ET's per orbit transfer. It is
evident that large boosters are important and that using at least six ET's per orbit
transfer is desirable.

The same results are displayed in Figure 3.2-19 in terms of cost per kilogram.

The previous case was rerun for larger booster propellant loads showing some additioral
reduction in total annual cost up to 6,000 ton boosters as illustrated in Figure 3.2-20. The
total annual cost here is about twice that for the small HLLV whereas the booster size is
approaching the booster for the large HLLV which had a propellant load of about 7,000
metric tons.

3.3 CONCLUSIONS

A number of developmental requirements are necessai'y in order to implement the shuttle
derived system. These are summarized in Table 3.3-1. Several changes to the external
tank are required and orbiter crew accommodations of up to 30-40 crew are needed for
the orbit transfer. These crew accommodations can be provided in the payload bay. A
new large booster is required and the orbiter/external tank flight operations technology
involved in transferring propellant and flying LEO to GEO orbit transfers must also be
developed.

The most significant results relate to cost. The recurring cost for the shuttle-derived
system is estimated as about twice that of the small heavy lift launch vehicle and the
DDT&E, including the large booster and the ET mods is estimated at 60 to 70 percent of
the small heavy lift launch vehicle. The shuttle derived system optimizes with payload to
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Table 3.3-1.  Shuttle-Derived Development Requirements

!5340

® ET CARGO BAY (CARGO ET’S ONLY)

® ET IMPROVED INSULATION (ORBIT TRANSFER E1'S)
® ET DOCKING (ORBIT TRANSFER ET'S)

® ET PROPELLANT TRANSFER EQUIPMENT

(PROPELLANT ET’S AND
ORBIT TRANSFER ET'S)

® ORBITER CREW ACCOMMODATIONS = 30 TG 40
© NEW BOOSTER 5000 TO 6000 TONMES GROSS BOOSTER MASS
® ORBITER/ET FLIGHT OPERATIONS
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orbit per flight in the range of 300 tonnes. This payload capacity is too large for many
other applications, a criticism also directed at the large SPS reference heavy lift launch
vehicle.

It is recommended that the small heavy lift launcih vehicle be selected as the SPS
reference system. That small vehicle was described in the previous report section. The
shuttle derived concept, however, should be retained as an option for further considera-
tion and reexamined in light of shuttie operating experience after a few shuttle flights
have been accomplished.
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4.0 ELECTRIC ORBIT TRANSFER VEHICLE (EOTV) ANALYSES
4.1 INTRODUCTION

The electric orbit transfer vehicle analysis conducted sensitivity studies relative to the
reference EOTV system. The principal subjects of investigation were thermal effects in
low Earth orbits and the sensitivity of the vehicle system design to the success of solar
array annealing technology.

4.2 TFERMAL EFFECTS

The original analyses of the electric orbit transfer vehicle presumed that the solar array
output would be equivalent to that expected at geosynchronous orbit without significant
thermal radiation effects due to the proximity of the Earth. Much of the orbit transfer
propulsion op=rations, however, take place near the Earth where reflected solar radiation
and infrared radiation from the Earth raise the so'.: array temperature from the
geosynchronous orbit value of 40°C to as much as 70°C. The result is a reduction in
output from the solar array. Silicon solar celis have a temperature coefficient of
approximately 0.4% per degree C. Thus, a 20°C increase in temperature reduces the
output by about 8%.

Unlike power supplies for satellites where the supply output must always exceed the
demand from the satellite, an electric orbit transfer vehicle may be designed to utilize
whatever power output is available from the array. Consequently, in order to investigate
the significance of thermal effects, it was necessary to develop a simulation which
determined the output of the array as a function of orbit geometry and then applied this
output to thrust generation to simulate the orbit transfer riission with thermal effects. In
order to do this, thermal analyses were conducted to predict solar array temperature as a
function of orbit altitude and aspect angle. Results of these simulations are presented in
Figure 4.2-1. These results were incorporated into a table look-up that was made a part
of the orbit transfer simulation routine. The orbit transfer simulation was then used to
predict orbit transfer performance with thermal effects included.

A second concern is the question of start-up time for the electric thrusters. Once the
EOTV emerges from the Earth's shadow, the solar array temperature must stabilize and
the electric thrusters must be started before electric propulsion for raising of the orbit
can commence, Estimates of the time required to start electric thrusters span a wide
range. The most reasonable estimates appear to be a time delay of approximately 10
minutes. This is also consistent with the time required to stabilize the solar array
temperature after emergence from shadow. Therefore, a time delay of i0 minutes was
examined in the orbit transfer simulations to ascertain sensitivity of orbit transfer
performance to time delay. Figure 4,2-2 compares the ortit transfer performance with no
time delay or thermal effects to performance with thermal effects only, and to
performance with thermal and time delay eifects.

The range of solar array temperatures results from changes in orbit aspect. Every 400th
integration step is plotted; roughly every five revolutions of tiie Earth. For this reason
the temperature data look like a random sampling. Darkside temperatures were not
included in the table lookup as the electric thrust is "shut off" on the dark side by an
occultation subroutine included in the simulation.

Chemical thrusters are used in the dark side to maintain attitude control. The thrust is

just sufficient to counter gravity gradients; the orbit is not raised by the chemical
thrusting. This non-impulse propellant flow reduces the effective specific impulse of the
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transfer. As the orbit altitude increases, the cumulative average specific impulse
increases because shadowing and gravity gradients both decrease.

Thermal effects slightly increase the iransfer time and slightly decrease specific impulse
(the latter because the delivered electric impulse is slightly decreased while the chemical
is not).

The ten-minute time delay is much more significant as may be seen from the figure. In
this case, the chemical impulse delivered is increased at the same time the electric is
decreased.

These degradation effects may be expressed in terms of a correction factor that corrects
the trip time performance of the system for reduced output due to thermal effects and
increased trip time due to start-up delay effects. The estimated Isp correction factor
derived from these results was 0.785 (The actual Isp is 0.785 of the electric Isp
considering thermal and time delay effects). Similarly, the actual trip time is extended
about 35% from the idealized, unocculted case. The systems analysis results employed
correction factors representing the combined effects of thermal and time delay.

8.3 MAGNETOSPHERE ALTERATIONS

Further speculation has been directed to the question of disruption or alteration of the
Earth's magnetosphere by the high-power electric propulsion plumes. It is not presently
known if this is a significant problem. If it is, substantial mitigation of the problem
should be available through use of hydrogen in place of argon as an electric propulsion
propeuant and use of either arc jet or magnetoplasmadynamic (MPD) thrusters rather than
ion thrusters. The reasons are that hydrogen, unlike argor, is quite plentiful in the
magnetosphere and further, that the arc jet or MPD thrusters will produce a plasma
relatively little ionized compared to that expelled by argon ion engines. MPD thrusters
are expected to exhibit somewhat better efficiency at low specific impulse and poorer
efficiency at high specific impulse compared to ion thrusters. Figure 4.3-1 shows a
projection of MPD thruster performance. It may be compared with the ion engine
thruster performance estimate shown in Figure 4.4-6.

4.4 PERFORMANCE UPDATE

Systems analysis of the electric orbit transfer vehicle was conducted employing the
ISAIAH computer program routine for operation of an EOTV systems model. The
performance segment of the model was based on the generalized trip time equation
discussed in Appendix A. This trip time equation allows analysis of orbit transfer,
performance, mass, and cost based on closed form expressions employing iteration of
electric orbit transfer vehicle mass properties.

The most important part of the simulation is the transfer performance simulation. This is
diagrammed in Figure 4.4-1. The critical part of this computation network is the
derermination of required jet power. The one-way mass ratio is computed from the
electric specific impulse, a specific impulse degradation factor determined by 6° of
freedom orbit transier simulations that includes chemical attitude control in Earth's
shadow, and the one-way delta v. The electric propulsion power system is sized for the
available electric power at the beginning of the up trip. During the up trip, the available
electric power will be degraded as a result of passage of the vehicle through the Van Allen
radiation belts. Consequently, the trip time expression is divided into an expression
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relating that portion of the trip time that occurs prior to degradation and a second portion
that relates trip time subsequent to the radiation degradation effects. These segments of
the trip time expression are incorporated in a mass ratio function.

A second important function is a power function dependent upon the required up trip time,
the time factors related to occulatation and thermal effects, and the electric specific
impulse and its degradation factor. The power function and the mass ratio function are
multiplied together with the electric orbit transter vehicle mass, arriving at geosynchron-
ous orbit in order to determine the required jet power. This required jet power specifies
the power required for the nth trip, (the first trip, the second trip, fifth trip, or
whatever). The vehicle design jet power is based on the first trip. Consequently, it is
related to required jet power through a power ratio derived from prior exposure to
radiation degradation and whatever annealing assumptions way be employed. The design
jet power is also transiated to design electric power based on thruster and power
processor efficiency which in turn is based on the electric specific impulse. The design
electric power determines the mass of all elements of the electric propulsion system
except the solar array. The solar array itself is designed to provide an initial or array
design power that is based on no degradation, thus it is larger than the design electric
power by an additional de_radation power ratio. The array design power determines the
array area and the latter then determines the array mass through incorporation of the
array mass per unit area, in turn a function of cover glass thickness. These mass
estimating factors allow determination of the total EOTV mass which is then fed to
calculation of the mass arriving at geosynchronous orbit which in turn is fed back to the
required jet power. The iterations implied in this network are handled automatically by
the ISAIAH methodology.

Several of the input interrelationships were provided in the form of tables. These are
displayed in Figure 4.4-2 through #.4-10.

&.5 MASS AND COST ESTIMATES

The EOTV mass is calculated from high-level mass estimating factors relating the solar
array mass, the power processor mass, thruster mass, and auxiliary propulsion masses to
array and design electric powers respectively. These masses are then apportioned to
lower level mass estimates as described in Figure 4.5-1. Cost estimating includes
consideration of investment cost, HLLV lift cost, and EOTV amortization and trip time
costs as diagrammed in Figure 4.5-2.

Four cases were investigated. The first is the reference EOTV case with 75 micron cover
glasses, argon ion thrusters with solar array annealing. The cost per kilogram results for
this case are illustrated in Figure 4.5-3. The second case examined was the same systemn
without solar array annealing. Array degradation is so rapid that one may expect no mcre
than 3 trips. The system cost with 3 trips was hand calculated as about 80/kg.

Increasing cover glass thickness allows substantially more trips (up to 10). The fluence: for
180 day trip as a function of cover glass thickness was presented in Figure 4.4-2, The
resulting cost effects are presented in Figure 4.5-4. This clearly shows that thicker
coverglasses are preferable to short life.

Figure 4.5-5 shows the expected cost effects of the use of the MPD thrusters with an
otherwise reference system. Figures 4.5-6 and -7 compare the cost effects on the
thick-cover argon ion system and the MPD system of the thermal and time delay effects
predicted from the orbit transfer simulation analysis.
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Finally, Figure 4.5-8 is a bar chart comparing costs of the various systems investigated to
a chemical orbit transfer vehicie system cost, all based ca the same HLLV launch cost
estimates. Results of Figure 4-5-8 were taken for trip times near 180 days. Longer trips

are somewhat more cost-effective for the penalized EOTV cases as was shown on the
earlier charts.

Additional data and plots from these studies are included in Appendix B.
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3.0 TECHNOLOGY

No new technology was developed as a result of this study. Three transportation
technology recommendations were developed:

L

Hydrogen MPD arc jets appear to be viable as a backup propulsion mode for electric
orbit transfer vehicles, should argon ion engines prove to be environmentally
detrimental. This conclusion is based on forecasts of MPD performance developed
by Princeton and JPL, with duty cycle assumptions developed by Boeing. EOTV
costs are sensitive to specific impulse and efficiency. For the hydrogen MPD
thruster to be a viable backup it needs an Isp of at least 5000 seconds and an
efficiency of at least 50%. (Present projections exceed these targets). Furtherance
of MPD technology to provide a more concrete assessment of capabilities is strongly
recommended.

The EOTV was found to be very sensitive to electric propulsion start delays. A ten-
minute delay (after leaving Earth's shadow) increases LEO-to GEO costs almost
10%. Accordingly, research lezding to minimal propulsion startup times is strongly
recommended.

Further research on solar cell radiation degradation and annealing should be given
high priority.
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6.0 CONCLUSIONS

The shuttle derived transportation system was found to be of sufficient interest to
be retained as an option for further consideration. Its launch-to-orbit cost
performance approaches that of a more conventional HLLV, but only at large
payload capabilities exceeding 250 tonnes. The orbit-to-orbit cost performance is
significantly less than that for the EOTV.

A "small" heavy lift launch vehicle was found to be highly attractive for SPS
transportation. Significant nonrecurring cost advantages are obtained with only
minor recurring cost penalties. The specific vehicle analyzed has about the right
characteristics:

Payload Bay Volume 22 x 11 meters cross-section
15 meters long

Lift Capability 125 tonnes to 500 km
30" orbit

Lutoff Mass 4000 tonnes
This vehicle is compared with others in Figure 6-1.

The electric orbit transfer vehicle is a viabie option without annealing. If annealing
cannot be developed, significantiy more shieiding (150 microns to 20G microns
coverglass) should be used to increase array lifetime. Thermal effects in low Earth
orbit are not very important; the effects of electric thrust start delays are more
significant. A ten-minute start delay leads to about a 10% cost penalty.

Hydrogen MPD arcjets can be used if argon ion engines prove unsuited for EOTV use

because of magnetosphere effects. With present estimates of MPIC performance,
the ion option provides about 10% better cost performance.

123



"R
SATURN ¢
-100 Toms .
LIFTOFF
3000 Toms
SPACE SWGTTLE
-30 Tons - .
LIFTOFF !
1900 Tans b
A
S

Launch Systems Size Comparison

D180-25969-5

AL TERNATE MLV
-120 Toas -

UIFTOFF ,f?\

4000 Tons | -

L

REFERENCE SPS MLLY
- 420 Tons

LIFTOFF
11,000 Tons

RS,

R e o s

s @ W e
e



1.
2,

3.

“.

D180-25969-5

7.0 RECOMMENDATIONS
The small HLLV should be adopted as the SPS refereice launch vehicle.

A study should be performed to assess applicability of this small HLLV to alternate
missions in the post-1990 period. The study should attempt to develop an evolution
strategy for national heavy-lift transportation capability, including interim systems
employing shuttle elements as well as shuttle improvements.

The shuttle-derived transportation option should be retained as a backup and
examined further after initial shuttie flight experience is obtained.

The electric orbit transfer vehicle (EOTV) should be retained as the reference orbit-
to-orbit cargo system. Three technology efforts were identified:

a. Hydrogen MPD arcjets

b.  Rapid startup of electric propulsion
c.  Additional research cn solar array radiation degradation and annealing
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APPENDIX A

ELECTRIC PROPULSION SYSTEMS ANALYSIS
USING THE TRIP TIME EQUATION

Presently contemplated applications of electric propulsion include
planetary and comet missions and Earth orbital missions. Analysis of the
former is complicated by the fact that mission delta V and trip time are
interrelated; trajectories must be found and optimized by numerical integra-
tion. The mission delta V for Earth orbit missions, however, is essentially
independent of trip time. Analyses that are good approximations (within a
few percent) are possible using closed-form equations.

Delta V

The mission delta V for coplanar circular orbit transfers, e.qg.,
LEO to GEO, is well-approximated by the Tsieu formula. This states that
the low-thrust delta V to change orbits is just the difference in orbit
velocities. Example: the orbital velocity at 500 km altitude is 7613 m/s.
The velocity at GEO is 3C75 m/s. Hence the low-thrust delta V is 4538 m/s

If a plane change is required (as is usual) the delta V calculation
is no longer so simple. An optimization is required, because thrust can be
used to change plane and altitude at the same time.

Retaining the circular orbit approximation of Tsieu, one can perform
an explicit double integral to get delta V to change plane and altitude.
An optimal law for plane and altitude change yields about 5850 m/s for
orbit transfer from 30°, 500 km to geosynchronous orbit. 6000 m/s was used
for this analysis.

Trip Time Equation

With the delta V for a given mission specified, a very simple equation
can be derived to characterize the electric orbit transfer vehicle. It is
often called the "trip time equation."
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It is the low-thrust analog of the Tsiolkovskii equation; it has the
same wide applicabiiity. It is very simply derived as follows:

t = mp/mp (trip time in seconds)
where mp is propellant mass and ﬁp is mass flow rate.
Jet power is expressed as:
Pj = fpuls2
where u is jet velocity.
mp is therefore exoressed as mp = 2p/u’

Substituting in the previous equation,
2
t = (mp/u")(2p5)

Employing now the definition of the terms s\ frow the Tsiolkovskii equation

Av 12
w=-e — - -
( %e‘*) A w - mp

where m is total startburr mass less propellant mass; and solving for mp;
mp = W ()
Substituting in the above,
T = m(a) W (2p;) = S(u-)ur/z

where ¢ is the specific power-to-mass ratio of the total inert mass, in
kg/watt. If it is desired to show separateiy the propulsion vehicle and
payload mass,

‘E = S‘ (‘4. Wi )(M"'>M1/2
Me
where t is trip time in seconds,

t'is specific mass of the (empty) propulsion vehicle in kg per watt
of jet power, not including propeilant,

"4‘-/VMQ5 is the ratio of payload to empty vehicle mass
uis expav/u,
u is jet velocity.
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APPENDIX A

Thus, this one relatively simpie equation relates power production performance,
payload ratio, mission Av, jet velocity, and trip time. Note that the
equation is in terms of jet power, i.e., cj = cé/n where n is net processor
and thruster system efficiency.

The specific mass of the vehicle will vary somewhat with propellant
load. It is possible to derive an expanded form of the trip time equation
that explicitly includes the dependence of vehicle mass on propelland load.
With the ISAIAH methodology, this is not necessary as the propellant system
mass can be computed from the propellant mass and fedback to the trip time
equation; the ISAIAH iteration procedure closes the loop.

It is important, however, to include other effects: Isp degradation
due to Earth shadowing and gravity gradients; trip time extension due to
Earth shadowing; and solar array power output degradation due to passage
through the Van Allen belts.

The first two of these effects must be assessed by detailed flight
simulation. Results of the simulations can, however, ve intrcduced into an
electric 0TV systems model in the form of "finagle factors."” This is done
by dividing the up-trip into two parts, a stepwise approximation to radiation
degradation.

Power available on up-trip is as sketched:

¢2Po

Q2¢3Po
|

|
-<-AV]. —-—y'(———-AVZ ——pd
|

where the 92 represents degradation from prior trips, e.qg., the down trip,
and perhaps earlier flights.

129



D180-25969-5

APPENDIX A

The effective Isp, considering chemical thrusting durirg occulations,
is

= )\IC = ‘FQ(‘-'@)

— T
@‘e(\-e)««mce

oy,

where ) is the correction to electric Isp for chemical thrust, o is a trip
time extension factor, and me and rﬁc are electric and chemical time-averaged
mass flow rates.

This yields
Ie,(‘ ‘9)
\ -G+ @

Nle =

vwhere o« is the ratio mc/my

~ = (1-N)(+-@)

Stoving foreg
\©

The time-averaged mass flow is

-

V?-;\ = me(\‘@>+\;\4(.@

= \:\,\e (t-@*okG)

and plugging in for oA s

moz (17O TG T 0)
. (1-0)
= WMo w——
<X
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Now we can write the trip time equation in two parts:

T . wp | (MarD Ml
- Mee T

- < /\‘9
M A Po \—

T, = Wpa _ (Mp-)MsUe

S . \‘6
" 2py (52
where it is noted that

< = - i'@} ks
- . T - | = 2 . —

The ISAIAH model was set up to solve for required jet power at start of trip,
as a basis for estimating the EOTV mass.

Trip time = Tl fTL = (*Uﬁa.‘ol"'\?u(’(lé + (ub"')M‘saz
= . (- )~ ©
P U) e ()

but Mz: M&)Mg

Mz = Moty aRrIvE GEO

and P\)z_:q),g Pd"
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APPENLIX A
Se T = (KaeDULUWe My (- Mg

APy l:,@B L O P&v((':i‘@’>

= .\'*____.._#“: [(ﬂa"')//{'b + (ﬂbﬁ\)lev
Ql\jj‘(“eb @3
and solving for PJI ., required jet power:
. - O-7)
Nl (:(,4(,? ‘ G-2) (a % l)]
: = - /‘a + — /\4
?J\ 2T (\, GB > oy

o,

where 77 is trip time split factor = 0.35
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APPENDIX B

SELECTED EOTV DATA
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PARASET N YaRTATION:
ELECTRIC SPFCIFIC JoPULS WALUS = 7883773
o 12PN waALUE = 1952072
lon engiee EOTY with 153-wi.ven {6-mil) cell covers., me anmealing.
SAMUTION SESULTS o therme! degredaticn or time delay. "

it MeE-ad¥ MASS eATIS LakiiEe3"

2 GR0sE PATLOAY RATEE 2 720002

3 MASS eATIO FunCTion 1.120€-31

. PANTY FoncTian t.e1aCe0>

S RIGUINED JET POt - R PMFESC) “EGAVAIT

& TET. DEGAAC. CU™ Puk wal T.818E-71 b

T 4P OC3RAY. PIuER RAVID a.436t-41 )‘QIC

% RETURM VAIP FLUENCE 1.1285 016 TICN2 o IN

+ UP IRIP FLUENCE “.221E16 CsC"2 /o AL FS
1. ETURY LO6 Cum FLUENCE Tebsouionl 'I-}(bk dce
il P TRIP L6 FLVE L€ lea?3e} -QU Q
12 FLUSACE FOR A2<JAY TAIF S.¥: Cels T/CE?

I3 ARRAY WASS/AdcA 1.187Eel” KE/M2 € 2.1F1E-31 LRAFT2 3 %
18 TATAL WPeRET. PoER Xal! v.38% 21 .
15 THAUSTER-DP3 EFF FCIENCY S. 956511
Ie iJEALIZTD JET PDJER 1.1515 2 SEGANATT

LT TamysTEa IrCCIFLIC MASS
13 2318 CHBRACTIALISTIC
19 Sywmy

S I22F<22 wGIRE [ 3 1257230 Lok )
1=638]-_2 a5 uAYY ¢ 3o3131~22 LOSNATY )
| B bt 2

T8 P 65K & D T¥S CosT

78 <P3 (I8¢

76 TRIP FIME COST

74 Ly COSY TO LEFT OTY

78 WLLV CIST ¥0 mSFuiL

79 MLV CO3Y TO LIFY ML

AC ETTV CAP AFCOV CIST/FLY
Al ABORTIZATION TINE PEATOD
B2 TITAL ROURD TRIP TIME
A3 STV TOVAL Ca® CosT

A% PATLLAD COSY

8% OIRCCY CIST/FLY

86 SOTY TITAL COST/FLY

87 TOTAL TRARNSP COSY

A8 TOTAL TRARSP COST/KG

89 AVERAGE/1ST TRIP TIME RA
9: ARRAY COST/ALA

B.560i051 RILLION

L1226£+32 MILLION

1.0335e2] AILLIOW

.31% +51 PILLION

20260581 RILLION

L1e2316+32 RILLIYA

3.793271 RILLION

T573 5" YEMS

2.T66E*02 OAYS ¢ 6e&IVESRI MRS »
281822 RILLION

3.27tTe30 AILLION

Je2une31l RILLION

$.9970+(1 RILLION

2e12)E+92 RILLIM

3.8485°31 $/RG < 2.671C+01 /L8 ’
1e343C05

T.42% 01 OOLLARS
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T
27 PHIP PRAC SIITIFIC MASE = 1.932Zeg" XGIaE L 8.236T0¢ LO/RNE )
TL AMR STS IPEC WA = 1620 =21 KGIxuE L 3.5%2C-91 LO/MNE )
22 ARRAY $P:C NASS =z EG/RuE € 1.392€+81 LA/MMuE )
23 JEGR P3=7R AT I?PRION =
20 JI6 PRI LIC FLUENCS =
% IEefy FIF:D =as: = ToNNts < 3.103+44 LB »
43 RETUSR PATLGA) H TORRES € 2. 859 +8% LR »
27 JESIOR T Pleth = RIGAMATTY
24 avE JET PR W2 z SESAUATY
29 JSI6w {LEC Poale = BESANATYY

2 APRAY BYSIG. PRu:l = ACGABAYY

31 SETURY TRIP TRIOE = S.1a1£+31 davs € 123 L3 uAS »
32 ZOFv =as; 6E0 maiv? = S.631Fe23 TONNES € 12435027 s ’
33 RETunn TRIP TIR: TERm = 26T o8
3e P PROPILLMY = $3.685 =72 TONWLS L 4 1.253E=2¢ L8 3
35 CETulN PROPILLANT = 1.682 TINSES € 3.7795CS LD ]
36 PRCPELLAST STST.w MaAST = 1.33+5e22 TOMSES € 1551582 1 ]
37 ®uR oKW { JISTR mASS = Tezoale 3 TORWES < 243220436 L8 ?
34 PPy, SYSTEN mASS = 2.9 ~02 TONNLS € 3.433+335 L8 ?
3% TIMUSTER 3 IWSTL ™ASS = S.60aie31 TOWNES < 1.916E235 18 H
*i AUR SYSTEN wmaASS = 2e:3NZe5) TOWNES L S.523L =508 LA »
a1 IE0Ty EnPTY w.SS z 184 el TIMNES ¢ 3. 2306086 LS 3
&2 TOTAL PROPELLANT mASS = 7345582 TOmIES L 4 1.620E 86 s 3
43 JTV STARTBURE mAsSS &0 Pt = 2,255 o0 TOMNES < 8.861E+06 LB 3
48 SLANKET =ass = Bo62% *52 TOWNES L 1.931E%46 LS »
o5 RLANKET STAUC B L3807 ¢ 22 TOMMES € 2.978E+a3 LB »
4% suUSSING ¢ NISC = $.699%C 21 TONNES < 1.336E=0% A0 ]
A7 POUEF PRICESIONS NASS = 1.5951ZC. TORNES t J.%18E°03 LB ?
o3 PPU INTANAL CONTa0L mAST = 6188521 TORMES € 1-360L+05 LA »
49 INSTRURMENTATION WASS = 106901 TOENES < 3.230C+00 L0 L
35 THRUSTESS %ass = T.364 20 TOMMES L§ 1.620€+25% LB »
31 PROPELLANT SYS FaACTION = 9.553~22
32 SRGIN TANKS WASS = 1.32TE+C1 TORNES € 2.926E04 L8 3
3% LI2/Ln2 TANKS =assS = 2.1855+2° TOMMES L *.817E+33 »
54 FELD SVS SASS = 1.2732+81 TOMWES ] 3.207258 L8 »
335 Lld & SAC RESID wasy = 1873751 TOWNES [ 3.207 =05 L0 »
3% AUX PRIP SYS RMASS = leselieg: TORMES < 8, 59€~84 LS »
30 P STRUCTURE mass = S.PeRiell TOWMES < F>91E*35 D ]
58 LI2/0M2 FRACTINY = P.893F-92
59 LI/ 42 PROP MaASH = To289% %3] TORWMES t 1.626L+35 s »
§° ARSIA 223 masSS = 636732 TONWES € 1-4538%04 LS »
61 ATMAY ARZIA = 1395303 ™2 € Lel70Ee27 FT2 3
62 TMRUST PI& THRUSTIER = 2.53%53 w { 5.923E-41 LOF L
63 ToMUSTEIA [NST CURRENT = T.7asE*31 ARPS
®e TOTAL TnRUSY = 2.6185+83 w L $.886€+32 LEF »
65 THRUSY PER Jonwte = eSW6ES2 N t 1.472€+82 LOF ]
% VOTAL ND. OF THRUSTERS = 1.78re0%
67 43, CF THRUSTEAS/CORNER = ZealBLON2
68 SUYPPLY wOLTASE = 1327E023 WYOLYS
6% Juemy = Lol Eel"
7. THRYUST INSTL SPIC MASS = GePaf=T1 RG/KNE t Leo78E+88 LO/MWE )
71 wlLV FLTS To LEIFY OWY = 3.86X 20
22 WLy FLES T9 afFute = 19370 +CC
73 IPS TOTAL waASS = . 205822 TOMRCS < 9.358E+05 LB )

=



PARANCY IS Faajaviin:
SRECTRIT S*ELIFIC [W°OL: WaL Y
o FArs e wh us

[

urIan FEsars with 150-micren {6-mil) crl! covers, ao asmealing.

Tudes srray tarmsl degrodation tartup delay.
oH_-5AY WIS SATID fnc selar -t ind

SA95S SATLEAY BATIQ
WAST wATIO LTINS
oyt FUNLTIOL

SLOPIRT) JEY FRITR

Y, BIGPEI. TUR P AT
P OATERRY, WIS PATE)
TN TRIF FRuEwt

o TAIP FWITME

AL TPl LO6 Tus FLoiel’T

TaTinoe . > MEGAUATY
Tl "1

LT S
1150741 TrIWT

“ 2217l THCW2

a =
» =
s -
- =

T % =
» =
k 4 z
- E
; =
1. i = te8li7e ;
13- UP TAIP L36 FRUIWNCC = HS A
52 TRi Wi ESS 1F -GAY ¥R = Za® -8l TF{m®

13 sitey Wi,50se e = e s e IR | -4 HE I 1 S B
1s TQIZ py*euTE, PRuia Asf) = aaBF= I
1S TdgiT-2-PPuy FCI.1 ¥ s RS TR
1% TERIFEDY 2T P82 = Ea¥) & I PrLaaTY
1T TR TYTR SPIFIC WSt = =¥ =l RGreeT g LT P Y
12 TIUN CMARMLETREGIEZ = Jep3-T= N AG/4a¥Y LB7aa¥Y 3
1T T =

S LIGI% PG IPCTIFIC WAL = € [Tl
£1 % ¥ SPIT ML, - o= | | Lief=at ¥
&2 aamay $*{ WAl = [§ LY 3
Z3 D55 MMt saud AN ] -
20 NHT P LM TLsTT- =
2y fxdvy Trace s = $.2;3"e £ g »
26 FToRl PATLIAT = 4 Rl $Ta H 0 ?
& FSEm 32T BT =

I8 AWE JET YN OB =
2% AT LTC PR Y -
. gamzv YISV FRU.R 2
1 SzTunn TRIP 11W = € JodB3 e g wdT »
33 AW WSS 6.7 EsTIET = T 1= 7 »
=y 4TTudn TRAIP TIME T4M =
33 UP e3P LiANY =  § .N80 > & LY ¥
35 FTIgER SEIPILAANT = € T.7Al7el% L8 »
3% ™A _adant SPITTW WAt = € Z.ieTis 3 4w ’
I wud LIm 4 31T SAST = £ J.i&T e 5 m »
3 PPG SYSTTR WMRLS = 4 T +% LA ]
3% IMRRETEE g IRiTe MALS =z [ § (X »
% SUR TYSPem szl z [ 4 L8 ]
«X 130Ty ZHPTY wess = [ n »
82 IOTig PRISTLLAAT NA;S = L LR »
&3 ITE STANTwmgmEN Wiis ) 3, T [ L] »
a8 ALAWTY WSS = Iaim¥ie ) TERN-R wn 1]
43 AT STaeT = 1853 ¢ T Tomwcs (8] »
=5 uS3Ime B ®I3C = newb3 e.1 TOMKIS € (€] ]
AT PONTY PIPCIIICRS MRS = Z.TemTetY TONNTS 3% LA »
4% PPy THSHEAL CONT20L Ml = P.367707) TOMRES  ( e ’
o9 [RSYAUMINTATICN =35 = 2o liTeTl TOWNT € s,838%e:e LA »
Tl THRGITIAS mas< = 9.%355"% i FONWTS € J.198<es5 @ »
S FRGFOLLANT TS FRATION LS LT ]

$2 A%GUN TANKS %ASS 1.851F071 TOWNTS (€ 3.1997+"3 1A »
$3 LO27LH2Z TandS Wass maed e, TOMKES & 1.R] "o .8 L8 »
Se FEC, SYS MASS 1af3i7e 1 TOMKS € 8.8 55e38 (8 ’
5% LIT x 63§ RISI3 mas:t T YMIe ! TONRTT [ 8,87%%eT8 LA ]
5% AUx 2ROP SYS PSS Ta853 671 TONNTS € 1.TYees gA )
ST -P3 STRUCTUA. ma35 HeTi "o § TGERES €& 1.07%7= 548 [}
8 LO2/ULN2 FRACT 108 ZeTINF=]
T3 LY/ M2 PROP PASS 2.7337072 ToRmES L 6.2 327835 LA 1
&. ARCOR 230F mASS Te2%5v- 052 ToRWES L 4 599 0l 1
&l ARRAY aARCa 5. %70 % w2 € 1.621°+"7 FT2 1]
42 Tmyst #C Thmas"In 29 ] € B.52:T~21 LBF ]
&3 THRUSTER [RST CuPRiwY TTR3: 0 ANPS
&4 TOVaL TwRySY 3.33% 23 N € V.VSSIen2 AT ]
65 THRYST PER CIPNER R.ASITeI2 & € 1.999% 2 L&F »
56 TOTAL 80. OF (HAUSTIRS Te815002)

67 %I, IF THRUSTIRS/CONT® 1.9397e 22
€A SUPPLY VOLTAGE 143 7#1% WCLTS
&% Jusny | PSR
7. TRRUST [usSTt SPEC Rass Ko7 5E=] REIXYE & JoSTRIOLY LB/awE )
7L WLy FLIS TO LIFY GTv SelB¥ 82
72 WALY FLIS TO SEFUEL 262N 02
73 €PS TOTAL MASY 7457812 TORNES t 126752356 LN ¥

Ts P GTN & D SV3 COSY

1% iPS Cast

7% TRir TimE COSY

7 MLv C3IST ¥O LIFY ovy
S WMLV CBST 19 ACFuULL

79 WLy COST T3 LIFT fL

87 SOTV CAP RECOYM COSI/FLY
81 ANQATIZATION VIME PLAIOD
82 TOTAL *OURD TRIP YINE
@3 EOTY TOVAL CAF COST

1173532 MILLION

1063 "3 mILLION

1-863T+31 FILLION

G18RE0. 1 NILLION

3 Tafall miLLION

1427437 MILLION

Sei- 69T} WNILLION

T.ASAFs  YOARS

287 £+"2 DJAVS [ 4 6.88NC+33 /RS 3
3.729€+32 NILLION

T R R R R R R N R I I B I O T O T I U T AT T T T T L ST ]

29 PAT.IAD COSY 3.27:%082 MILLEON

€3 DIRECT COST/FLY 4" TeTeT ] RILLION

86 0TV TOTAL COST/FLY ‘es-16072 mILLION

AT TOvaL TRAWMSP (OSY Te332Te22 MILLION

&8 TOTAL TRAMSP COST/WG 6.876E021 /KRG € 2.93R5821 /L8 »
89 AVERAGE/LSY TAIP TIRE *a 13, €3

*”*

AR®AY COST7amia T.825€+31 DOLLARS
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D180-2596%-S

FARARIIER galaficn:
SPICIFIC InPm 3 YELLF X 323703
W TRIF XIRE WALUE = LAEe2

. WD EOTY with 7S-microm {3-mil} cell covers
soLuTion RESULTS sompaling. %o therma) "-&i{: ot P

1 GMT-LAY MASE RATIC z (PS5 < o
2 GBiS5E PAMLTAD RATIS = 2.950Ee22
3 #ASS P Vi FURCTIGN = L5SeE-41
s SR FUACTION s S.202E+51
3 RIGVIREL JEY POuER z TISREsE] WEGABALY
& REZ, DIGRAT. CUM POl ARV = T.31RE-312
‘. 1 aF DEGRAS. PONER SATIC = R 2RI -
& REtoln TRIP FLGINCE = 27005015 €FOR2
2 LF TEDP FLUCREE z 1<313e1? FIC=2
. I RETUFS LOG CU™ FLGERCT = LehueEeT]
I1 UP TEEP LO6 FLUKACE z Ladiafsr}
12 FABESCE FIu i -DAY IRIF = E=.T E*)F £20%2 )
13 SRRAY WASS/ANTA. = BoIMAE~I ] RGINZ © 1.287C-91 LSHTZ )
1% TOUAL YPeRLY. PORER BAT] = S.848=I1
1% INRLLEE®-ppy EFFICIENCY - = S.83E~32
14 IDERLIZED JET Pt S LTI FEI2 *ECASAYY
17 TREGSTER SPECIFIC mass z S ITE-31 RG/AME € 1.270Cedi LBANE )
. 18 ZEYa CMBSRCTERISYIC = I-B926-22 KGFUATT € 2.1F3E-22 LOMATT )
19 STARTOURN Lantdas = 1538E-21
o 2. ®0uIB PROC SPECIFIC MASS = 1a9REe.T REINWE T $.276E%: LB/EME ¥
e 231 aus $¥S SPLC PASS = 1.3525-0% SGAWE (  2.979%~C1 LA/RME O
T 22 ARRAY SPTC MaA3S = 3.7A2 3" EG/HME (  8.25CE+748 LO/EME )
} 23 JTER PORER RATIO/PRIOR = 1439 Ter:
- 2% SEGE PRIk L6 FLUEALS z 183702}
25 1ESTY FL4EC =aASS = 1183+l TOMMES (  2.638E+86 LO »
Ze SETUEN PATLOAD = 2-3"Eel? TQMRES € 8,395 LB ]
2T JESTER JLY PoakR = T.158E+21 RESARALY
20 AWE JET PhER W = £.32uE 2] MECANWATY
29 ITSIER SLEC Paule S 1.%82€+32 mEcaualt
3 amhay DESICH POuESR = 20516402 MEGAWATY
33 REVEPN IRIE TINS = S.6:1Ee2] PATS € 1.138£e53 MRS »
32 Z0fY WASI SEO ARR I = S.3ET LT TOMNES ( 1.220E=77 0B 3
33 ALYuFs TRIF TIPE tear =z 2.550F «J€
36 uP PFCPELLAMT - TeoiSfel? TONNES € 1.5TTEe26 LB »
: 35 YITURN PACPELLANY 2,125 072 TORMES € o, S80S LB ]
o 36 PRCPILLAKY SYSTEW maSS = 1778222 TONMES @ 3. 768E+2% L8 »
37 PR €TH € ISR Wats = F.T96Ee ; TOMMES € 1.T19Eelg LB »
34 PPy SYSTER mASS = 2-827E0£2 TOMRES 1 §.232E+35 L8 »
3% TARUSTE® & INSTL mass s 1337E22 TOMNES € 2,223)Ee85 L& »
&, AUN TYSTIR mass = 27701 TOMNES € A.81%Ee%a LD )
a1 Ilcls EMPYY mass = 1350EeCY TOMRES (& 2.%M5Ee3¢ LB ]
42 TOIAL PROPELLARY PASS = S.I2NEC2 TOMMES € 2.185£936 L8 »
47 3Te STARVALRN RaSS = $.32TES3 TOPRES € 1.393€e37 LB ’
&« BLARREY SA3S = S0 Feol2 TORNRES € 1.820€2% LD »
95 BLARSEY SINUC B teli6Iec2 TOMMES (  2,.210€+35 LB »
o BuSSinNG & WISC = 3.5IAT01 VOMNES € T7.73E+08 LB »
o7 POREF PROCESSCRS MASS = 1.TIREeL? TOMRES € 3.9236+9% LB »
a8 PPL INEARAL CTRTROL MASS = T.ooeEect TOMRES € 1.566EeC5 L@ »
A% INSTRURENTATION MASS = 1.3540E21 TORMMES ( 2.98SE+4e L8 »
S. TARLSTER: mass = 8.567C+C1 TOMMES T 1.847C+33 LB »
S1 PRCPELLANY SYS FRaACTION = 1.756E-C1
52 WICRCGEN TARKS WASS = K. P66E+C1 TOMRES € 1.933Ee83 18 »
53 LO2/70iN2 TANKS WASS = 28865407 TORNRES € 6.36Xed3 W8 H
S8 FTEC SYS PASS = 1.906E+21 FONRFS (4,289 e384 LS »
5% LIG & €3S WESIC Mass = 1.906C+7] TORNES I 6.28%e3e LS »
S6 AUR FROP SYS WASS = 2.832€+51 TORMES € S.362Le0¢ LS »
$7 £PS STRUCTURE RASS = $.596E+71 TOWNES & 1.438E5S WD »
58 LEZI/ZANZ FRACTION = 98907 -82
59 LO2/1n2 PROP WASS = F621EeC1 TOMMES € 2.121E485 LB ’
61 WYCRIGER PROP WaALS = 8.765E+C2 TORNES € 1.933I36 LB »
61 ARBAY &REa B 1379 (s W2 € 1.484€987 FI2 ]
&2 TRRUST PCR TWMUSTER = SALM I N € 1.Y58E+33 LOF »
&Y THRUSTER INST CURARENT = 33935 BNPS
6% T8TaL TweysT = 2.782Ee53 W T $.253Ee+32 LWF »
&5 TRRYST PER CORMER = G YSIL o2 B € 1.5636+02 LOF »
&€ TOUAL BC. OF THRLSTERS =z A TT8E 402
#7 Y. CF THRUSTERS/COMMER = L 19E*52
6 SUPPLY SOLYAGL = ASIEEI2 RIS
65 DUPRY =z Le30LE Y0
7% THAUST INSIL SPEC PASS = 6. T3TE-C] NG/RRE € 1.999€e80 LA/RUE )
71 HLLY FLYS TO LIFY OTY = 3.561E+C,
72 WMAY FLTS TO REFUEL = 2,558 ¢ "
73 iPS 1QTAL MASS = S.IA3EeC2 TONRES € 1.266E¢C6 LB ’
TO P GE. & U SYS COST = 9.931E+01 AILLION
r: IPS COST = 6. TI9E+S] PILLION
Ts TRIP TEFC (oSt = 1.789C+01 WILLION
T? nLLE CUST 10 LEFT Oty = S.166E+C1 MILLION
TR willv COST Y6 REFUEL = 2.993Fe21 FILLION
73 miLy CIST 1O LIFT P =z 1-231€+02 WILLION
: £0TY CAP RECOW JOST/FLY = 3.17¢€+21 WILLLON 'GF
81 APCATYIZAYION TImc PLRIOC = T.218C0° YEARS - PO,.
A2 TITAL ROUNE TRIP VIPE = 2.635€+02 DAYS € 6320423 WS ’ Uj&»
n3 SOTv TGTAL CAP COST = 2.382C+02 wILLION Q(';‘
84 PATLCAD COST = 3.20¢7€902 mILLION g
85 DINECTY CAsI/FLY = 3.993€eC1 WILLI N
an SOTY TOTAL COST/FLY #.9%2E¢01 mILLIOA
A7 TOIAL TRANSP COST 2.126E+82 WILLION
A8 TOTAL TRANSP COST/KG S.905€+61 /%G € 2,679 +2]1 s/L8 »

1.15.E800°
7T.204Fe01 COLLARS
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D180-25969-5

PARAREIER VARIATIONS

SPECIFIC I SE SMLUE = S::?‘;E'; ;
= »:
w TRIP VIRE varue ' WP EOTV with 150-wicron (6-mil) cell covers, no ammealing, startup
SHLUTION JESWLTS delay, and selar array therml degradatios (EQTWN}
1 ONE-NAY RASS.FATIO = L P8 T 93 L,
2 GROSS PAVLOAD RATIS =z 1e86E+DR
3 MASS RAYIS FUNCTION L] 1. 73801
& POUCR FURCTION = B.6TCL
S REMIIRED JET FPOUER = 11256902 REGAUATY
& SEY, MEGRAD. TN PR BATY <= T-5720-81
7 WP SEGRAD. POMR RATIC = 8655681
& RETURR. TRTP FLUENCE = 1.538E+36 E/CW2
9 9P RIP FLWENCE = S.0S8Es16 €/CN2
16 RETURN L8 CUP FLUENCE = 1819941
11 UF TRIP LOG FLUTICE = 1.6755s8) -
12 FLUEIKE FOR 199-0AY TRIF = 3490 €016 EICW2
13 ARBAY WASS/AREA = 1226 Co NEIP2 € 1M=L LBAFT2 )
2% TOUAL WPRLET. POEER BATI = [ ¥ ]
15 TRUSTER-PPY EFFICIEMCY x S.BNE-£1
36 TOEALLITD Y PONER =z 128738622 REGANATY
47 THRUSTER SPECIFIC MASS ] S.TTRE-81 NG/HME € J.27AEell LBJWNNE )
© 38 ZEVA UMAMACTERISTIC = 24533542 RE/TIT SoSASE-I2 LOMNAIT )
I3 STARTEUPH LAREDA+ = 1.9516-812
20 PQUIR PROC SPECTFIC PASS = 1.9GBEe38 AG/RNE € 2.2063008 LA/EME )
21 AUX SYS SPEC WSS = 1.50 =01 NGIKUE € 3.3%E-11 LeruwE )
23 ARRAY SPEC MalS T Se3R3TeCZ NE/NME € 3392681 LOMNNE D
23 DEGR PQUER RATIO/PRIZR = 1.8C"Ev-
2% DEGR PRIOR LOC FLUEWCE = 1.83L5901
25 IEOTE FIEED MISS % 2.557C403 TORMES ¢ S.63T7L<l% 18 ’
26 RETYRE FAMLOAT = 23822282 TOMMES ¢ 424290402 18 L}
27 CESITeh JEV POMER = L1.115E+02 REGAUATY
26 AWG JET POUER WP = 1.C185eC2 REGAUATY
29 CESIGH ELEC PONER = 2.3535022 MEGANATT
3T ARRAY DESTCR FONER = 3.586E02 REGAUATY
31 RETURN TRIP TINE =z 7.C63E+E2 DAYS € 1.695E33 NRS :
32 EQTY NASS GED ARRIVE = T39I TOMNES € 1.611E+47 LD ]
33 RETUAR TRIP YIRE TERAM = 2.218te26
30 UP PROPELLANT = 1.17°Eef3 TOMMES (&  2.57%e3¢ 18 »
IS5 ACTURN PROPEL LANT = $,841EeL2 TOMNES (  1.767E<C4 LB )
36 PAOPELLANT SYSTER BASS = 2.683CeC2 TONNES {5, %WMIES L8 »
37 PuR CEN R DISWM WASS s 1.924EeC3 TOBRES € 4.202E+34 LS »
38 PPy SYSTER BASS = 80045432 TONRES € 9.T29ES LS »
39 TRRUSTER & INSTL mASS = 1.369%+82 VORMNES € 3.459C<33 LB »
M KGR SYSTER RASS = 3.555001 TOMMES € 78454 LS 3
&1 ICOTY EMPIY mISS = 20825T+03 TOMMES €  $.228E+26 L8 )
42 YOTAL PROPELLANT RASS = 1.6545083 TOWNES € 3.646E€C6 LS »
43 OVY STARTOUNE MASS z B.ATIC+E3 TOBRES ¢ 1.8695+37 L8 »
% BLANRET mASS = 1.389C483 TCRRES € 2,504E<CE 8 »
+3 BLARKEY STRUC = 2.0982E+02 TOMMES §  S.O726+¢5 LB ]
% MSSING & RISC = B.6997+P1 TONRES (  1.9°SE«S LO »
A7 POJER PROCESSIRS MASS s 2.772Ee82 TONRES € 6a16TESCS LN »
8 PPU TWERMAL CCNTROL MASS = 1.1055e82 TONNES € 2.437€+9% 18 ]
4% INSTRUNCRTATION RASS 2 2.825E+01 TONNES € 6.228€+34 L8 »
98 THRUSTERS WASS z 1+330€+02 TONNES € 2.97%E+3% LB ]
PROPELLANY IVS FRACTION 1.620€-41
HYOROGER TANKS MASS 1201682 TONNES € 2.640E«C3 LS »
LOZ/LMZ TANKS WASS 1.359€+C1 TONMES € 2.9%ECs L8 »
FEED SYS RASS 3.3995031 TONRES (€  7.292€+6% L8 »
LEO & GAS RESTD WASS 3.3(8Ee81 TORNES (& T 292654 LA »
AUX PROP SYS PASS 4.135Ce01 TOMMES € 9.113E+0¢ LB 3
EPS STRUCTURE RASS 1+829C+82 TONNES € 2.269%+"3 L® »
LO2/LNZ FRACT ION 2.73%-01
LO2/LNZ PROF M3S 8.AE82 TOMMES € 9.904E+"S LY »
WYOROGEN PROP BASS 1.201E063 TORNES (  2.648E+86 LB »
ARRAY AREA 2.917€+86 N2 € 2.1T1E+"7 F12 ]
THRUST PER THRNSTER S.81% 08 N € 3.308E+88 LOF ’
TWRUSTER INST CURRENT 349906 ANPS
TOTAL THRUST 9.332€+83 N € 9, 73VE<02 LOF »
THRUST PER COMKR 1.683E+03 N € 2.430€+42 LOF ’
TOTEL NO. OF WRUSTERS TotoaEeR2
0. OF THRUSTEAS/CORNER 1+061E082
SUPPLY JOLTASE 8.316E+82 VOLTS
ounsy 1.083E+97
THRUSY INSTL PEC MASS GeTITE=01 RG/RUE € 1.499C+88 LO/KNE )
MLV FLTS TO LIFY OVV ToAKEST
WLLY FLTS YO PEFUEL 8.3 teg0
€5 TOTAL mASS 9.888E+82 TORNES (  1.904E+04 LD »

® GER & D 3VS CosV

PSS CosY

TRIP TERE COSY

NLLY COST TO LIFT Oty
WLLY COST TO REFUEL
MLV COST TO LIFY M
EOTY CAP REICOV COST/FLY
ARORYIZATION 1IRE PERIGD
TOTAL ROUND TRIP TINE
COTY TOVAL CAF Cost
PAYLOAD COSTY

OIRECY COST/FLY

£OTY TotaL COSV/FLY
TOYAL VRANSP CBSY

TOTAL TRARSP COSV/KG
AVERASEZ13T TAIP TINE Ra
ARTAY COST/AREA

1«378E+82 NILLION

L1.030€+02 NILLION

1.868E+82 ANILLION

8.6932001 NILLION

S«88% e8] NILLION

122316002 RILLIOH

S.173C03 NILLION

7.806E+88 YEARS

2+883C+82 DATS €  $.213C+83 MRS 1
3.081Ce02 AILLION

3420)E+02 RILLION

6.389Ce01 MILLIOH

1313092 RILLION

2.540Ce82 NILLION

T+006L001 /%6 € 3.203E491 s/8 »
1.3008e0¢

T+825E+01 DOLLARS
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D180-25969-5

KEY
11ENSe -~ IS™ = S888 SECOMDS
171En57 - ISP = 4888 SECONDS

a3

[ 31

TOTAL TRANSE £OSI/KG

PLOTISE
{TENSS

o
s8.3 iTERS? O
TENSS O
B TENSS ©
Bitines &
57.%
152 175 F27) 225
P 1215 TINE (DAY,

Ion engine EOTV with 150-micron (6-mil) cell covers, no annealing.
No thermal degradation or time delay.

TOFL TRINSE CUSEHZRG

- —
%\ H\Z;:‘Q—Q
h PLOTIN

3¢ ’w s
N oo 1ER62

o
$35%s 17EM3 ©
o S—Orenes o
1E%5 ©
6000 s 1imes &
82
152 Zed 2% ve
uP TRIP Timf (LATS

MPD EOTV with 150-micron (6-mil) cell covers, no annealing.
Includes solar array thermal degradation and time delay.

139



D180-25969-5

TOTRL TRANSP COST/XG

joo0

N Nmm
TEMSs ©
: [1EM5T @
17ense &
TENSS O
TEnad &
62)
1582

175 70
P TRIP TIME (gars

Ion engine EOTV with 150-micron (6-mil) cell covers, no annealing.
Includes solar array thermal degradation and startup delay.

53.2 (134

\
%\
\

81.4

{TENS6 - ISP = S SECONDS
iTEmeS - [SP - 9888 5CCONDS

ETC.

2
»
~
2
3 sl
2
Z
5
2 $9. 4!
S
s8.3}
PLOTIOE
1TEMSE ©
57.2 TENS?
1TENSE O
ITENS9 @
TEMSE &
56.¢
12d 148 182 208 Y]

162 200
P TRIP TiNME (DRYS

lon engine (reference) EOTV with 75-micron (3-mil) cell covers and
solar array annealing. No thermal degradation or time delay.
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3]

15y

1Sp = 5080 5

1392

T0TR. PROSPELLANT RASS

0sie 5 PLUTIBT
T1Em38 o
a 17E%38
tTEmag ©
saul 9288 S 1TEnsd ©
TEnat &
J] 112 o
95,
159 17 200 2
P TRIP TInE {BARYS

Ion engine EQTV with 150-micron (6-mil) cell covers, no annealing.
No thermal degradation or time delay.

1629,
y
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& 3P~ o000 3
1329
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1i2sd
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TEM38
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‘ 8000 5 1TEM39
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L ¥ 4
' g 1TEMAZ
25,
: 175 ] R

up TRIP Timg {DAYS

Ion engine EOTV with 150-micron (6-mil) cell covers, no annealing.
Includes solar array thermal degradation and startup delay.

TOYA, PROFILLARY HASS

POODIO
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VOTRL PROMELLANT WASS

158 20 258 E1 ]
uP IRIP Timg (DRYS

MPD EOTV with 150-micron (6-mil) cell covers, no annealing.
Includes solar array thermal degradation and time delay.
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A L 9000 S 0 o oftM9 o
44 4 1TENNE O
AAAAA [TEMAl ©
TEM2 A
450
128 149 168 182 209 228 240
uP TRIP TInE (DAYS

Ion engine (reference) EQTV with 75-micron (3-mil) cell covers and
solar array annealing. No thermal degradation or time delay.
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IsPe quoss
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o
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LI
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150 7S

175 20e
uP TRIP TIME (DAYS

Ion engine EOTV with 150-micron (6-mil1) cell covers, no annealing.
Inc]qdes solar array thermal degradation and startup delay.
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Ion engine (referepce) EOTV with 75-micron (3-mil) cell covers and
solar array annealing. No thermal degradation or time delay.
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[EQTY EMPTY MASS

FLOTIET
[7E%38
[TEw3
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®

[

-3
EAr R N6 Ny

1228
158 208 258
UP TRIP TimE (DRYS

MPD EOTV with 150-micron (6-mil) cell covers, no annealing.
Includes solar array thermal degradation and time delay.
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2108
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1794
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(EQTY EMPTY MASS

13ge.
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902,
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lon engine EOTV with 150-micron (6-mi1) cell covers, no annealing.
No thermal degradation or time delay.
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UP TRIP TIME (DRYS

Ion engine EOTV with 150-micron (6-mil) cell covers, no annealing.
No thermal degradation or time delay.
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lon engine (reference) EOTV with 75-micron (3-mil) cell covers and
solar array annealing. No thermal degradation or time delay.
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¥

DESI(GN ELEC POWER

07384
TEMZE O
Nygnzy o
%\&N& Tricuz? &
17Ev23 O
\oe B 2 A
15¢ 175 289 225

UP TRIP TIME (uAvs

Ion engine EOTV with 150-micron {6-mil1) cell covers, no annealing.
Includes solar array thermal degradation and startup delay.

DESICGN ELEC POMWER

BLOT2ES
11E¥28 O
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TENZE O
o o
A TN A
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15¢ 280 252 v
UP TRIP TINME (DRYS

MPD EOTY with 150-micron (6-mil) cell covers, no annealing.
Includes solar array thermal degradation and time delay.
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