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FOREWORD

This report summarizes work accomplished under the Space Tug Economic Analysis
Study on Contract NAS8-27709. This study was performed for the NASA Marshall
Space Flight Center by Lockheed Missiles & Space Company, Inc. of Sunnyvale,
California, and Mathematica, Inc. of Princeton, New Jersey. The period of tech-
nical performance was nine months, starting July 26, 1971.

The NASA Contracting Officer's Representatives for this program were Lieutenant
Commander William C. Stilwell (USN) and Mr. Richard L. Klan. The study team
was led by Mr. Charles V. Hopkins of Lockheed and Dr. Edward Greenblat of
Mathematica. Task leaders on the Lockheed team were as follows:

John P, Skratt — Data Integration and Interpretation
William T. Eaton — Payload Data and Payload Effects Analysis
Richard T. Parmley —  Tug Definition

Other key team members included:

Anthony G. Tuffo —  Data Mechanization and Evaluation

Zoe A. Taulbee —  Computer Programming

Jolanta B. Forsyth —  Payload Costs and Benefits; Tug Cost Model
Kenneth J, Lugh — Program Costing Logic

This report is divided into three volumes as follows:

e Volumel ~ Executive Summary
e VolumeIl ~—  Tug Concepts Analysis
® Volume I ~ Cost Estimates

Volume III contains two important elements of the study data base, namely the Tug
costs and the entire payload data base. In addition to costs, the payload data includes

weight, sizes, orbital parameters, and schedules.
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Chapter 1
INTRODUCTION

Volume I, Cost Estimates, contains all of the Tug and unmanned-payload costs that
formed the basis for the comparisons and evaluations reported in Volume II. Included
in the cost data are point estimates, parametric cost data, and funding curves. Vol~
ume III also contains summaries of the technical approach, guidelines, and assumptions
used to derive these costs.

'The objective of the cost analysis tasks in the Space Tug Economic Analysis study was
to provide a data base from which comparisons of total Tug program cost (Tug cost.
plus Shuttle user fees and payload costs) could be made., Because of this the cost data
generated in the study had to be valid in two senses:

1. Proper overall maznitude for each configuration
2. Proper relative magnitude among the configurations

As a result the emphasis in cost analysis was on attaining relative accuracy, rather
than precision, in the results.

Volume III is organized in the following way. Chapter 2 presents the important guide-
lines and assumptions that were used to constrain the cost analysis, and the work break-
down structure (WBS) that was used to format Tug cnsts. Chapiers 3 through 5 then
present the specific approach and key results of the cost analysis, in the following
sequence:

¢ Chapter3 ~ Orbit Injection Stages
e Chapter4 - Reusable Space Tugs
e Chapter5 — Payloads

Chapier 3 presents the point costs estimated for the expendable orbit injection stages.
These stages are either existing vehicles or derivatives of existing vehicles, and be-
cause their sizes are established, no parametric cost data were gencrated for any of

the OIS configurations.
1-1
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Chapter 4 contains cost data for reusable Space Tugs and also for expendable versions
of these Tugs. The cost data include both point estimates and parametric data. The
point costs, presented in the work breakdown structure format, zre for the Tug sizes
and concepts that were selected for further study at the end of Phase I; RDT&E, first-
unit, investment, and operations costs are presented for each Tug concept. The para-
metric data are in the form of direct computer plots of cost vs propellant loading, or
cost vs activity level.

Chapter 5 contains payload data. This chapter comprises the comp! :te payload data
base for the study and includes payload costs, weights, dimensions, flight schedules,
and orbital parameters for the unmanned spacecraft considered in this analysis. DoD
payloads are describedin a classified appendix to Chapter 5. This appendix is distributed
on a limited basis.

1-2
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Chapter 2
GUIDELINES AND ASSUMPTIONS

COSTING ASSUMPTIONS

Important assumptions made in performing the cost analysis were as follows:

Constant year dollars were used. To be consistent with other studies of the
Space Transportation System, the year selected was 1970.

The reference value for the Shuttle user fee was set at $5 million per flight.
This value was used independently of the number of Shuttle flights required.

Prime contractor fee was omitted, but subcontractor and supplier fees were
accounted for in the magnitude of costs.

Tugs were assumed to be produced at a minimum efficient rate (roughly 5 per
year) to minimize the costs of sustaining a production base.

In calculating Tug fleet requirements, it was assumed that reusable Tugs ap-
proaching the end of their nominal (design) lifetime would be used on missions
requiring an expendable stage.

The recurring costs for Tugs and OIS vehicles do not include mission-peculiar
services or software.

All RDT&E costs include expenditures for a flight test program and also costs
for developing and building Shuttle interface hardware.

No costs for Government manpower (e.g., program management, tracking
network, mission control center) or Government-furnished equipment/services
are included.

WORK BREAKDOWN STRUCTURE

In reporting the Tug costs, a hardware-end-item-oriented work breakdown structure
(WBS) is used. This WBS (Figure 2-1) is organized in general accordance with Attach-
ment 2 to NASA Data Requirements Description MF-030, as contained in the statement
of work for this contract. The subsystem level (level-5 in MF-030) is the keystone;
the study WBS carries principal Tug subsystems and important services (designated as
floating items in MF-030) at this level.

2-1
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In accordance with Attachment 2 cited above, the Space Tug work breakdown structure
1> tailored to fit the parametric cost model that was used to generate reusable Tug esti-
mates. Consequently, this WBS has taken on some of the characteristics of the cost
model, as follows:
e The subsystem groupings are fairly broad, reflecting the generalized nature
of the data base

o The hardware breakdown is also intended to serve the Space Shuttle; conse-~
quently systems such as hydraulics, that are major elements of Shuttie hard-
ware, are identified as separate line entries even though hydraulic systems
are a minor cost element in space vehicles

To help reconcile the Tug costs quoted in this volume with the historical cost studies
that are now nearing completion under NASA sponsorship and that use the more detailed
WBS format of MF-030, the following important definitions of Space Tug WBS entries f

are provided:

3 ) Structures. In addition to costs for the major load-bearing structural members, this
% ( ‘ entry includes costs for thermal/meteoroid protection and propellant feed/management
£ systems. It also includes a proportion cf the analytical definition and support tasks

*

-4 e

" perform- _ at the total-vehicle level. These latter tasks, including weights, structural
dynamics, loads, and thermodynamics analyses, are sometimes carried under Systems
{‘ Engineering and Integration. Specific items of hardware carried under Structures are
as follows:
e All integral and nonintegral propellant tanks, including bulkheads .‘
e Al ’oad-carrying elements including thrust structure, intertank sections, and i
: interstages
’ -+ All pressurization system elements (tanks, plumbing)
g e All propellant feed, fill, and arain elements
% e Tank insulation and meteoroid shielding
4 e Propellant utilization systems !
e Propellant orientation and management systems (screens, baffles, zero-g
vent devices) ]

2-3
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Avionics. This entry refers to the major electronic systems required to guide, stabilize,
monitor, and communicate with the Space Tug. Specific items included under Avionics
are as fullows:
o Guidance and Navigation. Includes all inertial reference elements; navigational
sensors; stabilization and control electronics; rendezvous and docking electron-

ics; and central computers (regardless of whether the computers also serve
other subsystems)

e Communications. Comprises all rf equipment required to transmit information
between Tug and Shuttle, or between the Tug and ground stations. Equates to

X Telemetry/ Tracking/Command subsystem in unmanned spacecraft terminology.

'_E" e Instrumentation, Includes all sensors, data conditioning and data evaluation

5 hardware, and associated interconnections. Also includes displays and status
panels.

Power Supply and Distribution. This entry covers all hardware that produces either

5 electrical or hydraulic/pneumatic power. Specific elements subordinate to Power Sup-
§ ply and Distribution are as follows:

- e Electrical Power. Includes power supply (e.g., batteries, fuel cells), power
( : conversion, and power distribution (electrical harnessing, junction boxes).

o Hydraulic Power. Includes power packages, accumulators, lines, and actuators
(not used with reusable Tug because these vehicles have electromechanical gim-
bal actuators)

ot a4 o

Propulsion, This WBS entry covers all Tug propulsive systems: primary, secondary,
and orientation control. It includes engines for all systems, and feed/fill/drain/
pressurization functions for the secondary and orientation control systems. Systems s
subordinate to Propulsion are as follows:

e Main Rocket Engine. Includes the engine and its electromechanical thrust

vector control mechanism. Excludes main stage tankage, pressurization,
plumbing, and propellant management devices

e Orientation Control. Equates to Reaction Control or Attitude Control systems
in other nomenclature. Comprises engines, tanks, and all feed functions.

|
i

2-4
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Integration, Assembly and Checkout. This entry covers all stages between the

completion of subsystems hardware and the delivery of the completed Tug. It includes
the following steps:

e Final Assembly. Installation of subsystems, assembly of major segments,
alignment, and checkout

e Acceptance Test, Functional testing in specified environments, and all support-
ing test plans, quality assurance, and documentation activities

Tooling. This entry includes all costs associated with tooling and special test equip-
ment (STE). It specifically comprises the cost of planning, design, fabrication, assem-
bly, installation, mcdification, maintenance, and rework of all tooling and STE, as
follows:
e Tooling, Includes assembly tools, dies, jigs, fixtures, master forms, gauges,
and in-plant handling equipment

o Special Test Equipment. Includes simulators, test sets, ar 1 other hardware
designed to accomplish the in-process testing of avionics equipment

Ground Support Equipment. This entry includes the cost of development, engineering,

testing, and production of all ground-based equipment required to support the Space

Tug during test (development and acceptance), launch, and refurbishment. It comprises
checkout equipment, ground handling .nd servicing equipment, and launch monitor and
control equipment.

Test Hardware. This WBS entry covers all major test articles used during the RDT&E

phase of the Space Tug program, including ground- and flight-test articles as follows:

e Ground Test Hardware. Includes the cost of manufacturing mockups and the
complete vehicle elements needed for structural/dynamic testing, propulsion
system integration testing, and all-systems testing. Hardware for subsystems
development and qualification test is excluded from this element but is included
with the appropriate subsystem design and development costs.

e Flight Test Hardware, Includes the fabrication, assembly and acceptance-test
costs of all flight test articles.

/ LOCKHEED MISSILES & SPACE COMPANY
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Test Operations. This cntry comprises the direct costs of conducting all system-level

ground and flight tests. It includes manpower for test planning, test operations, and
data reduction/evaluation; it also includes all consumables used during these tests,
particularly propellants and gases. Specific test operations cost elements are aa
follows:

o Ground Test. Includes only system-level tests such as structures, dynamics,

cold flow, and hot firings. Excludes subsystem level tests (these are carried
under the appropriate subsystem entries in the WBS).

o Flight Test. Includes the costs for Tug launch, flight, and refurbishment op-
erations in the RDT&E phase; flight-test data reduction and evaluation; and
Space Shuttle user fees for the test flights.

Training. This entry covers the costs of initial personnel-training uctivities, design
and fabrication of simulators and teaching aids, and development of curricula. The
skills taught in the training program include Shuttle crew operations for Tug checkout,
deployment, and retrieval; mission-control crew functions; and launch base operations
with the Tug.

Facilities and Equipment. This entry covers the costs incurred to design, build, and

activaie new facilities for the Space Tug. Because existing facilities are sufficient for
manufacturing and testing of the Tug, and because Shuttle launch facilities will serve
both vehicles, the only faciliues required for the Tug are refurbishment and mainte-
nance shops.

Systems Engineering and Integration. This entry covers two separate elements from

the Tug cost model, namely Systems Engineering and Vehicle Integration., Systems
Engineering is defined in the model to include: eatablishing engineering design charac-
teristics; determinirg criteria for design review; establishing procedures for testing
components, subsystems, or vehicle elements; integration of ground and flight test re-
sults into the vehicle design; developing procedures for vehicle maintenance; quality
planning and administrative engineering. Vehicle Integration is defined as the cost of
engineering and development activities relating to the definition of vehicle and payload
interfaces, and the proper integration of the Tug with other vehicle system elements.
Some of the costs identified under Systems Engineering and Integration in historical
studies are prorated to the subsystems (particularly Structures) in the Tug cost model.

2-6
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Program Management. This entry covers the costs for prime~contractor direct costs
associated with managing the Tug program. It includes the cost of maintaining a project
office to perform such functions as overall technical direction and coordination; pro-
gram control (schedules and costs); and documentation (reports, specifications, manu~
als). This WBS entry specifically excludes salaries of managers and executives work-
ing for the contractor; these persons are indirect employees.

Launch Operations and Services. This WBS entry covers all events between the time
that a new Tug arrives at the launch site (or a refurbished Tug is delivered from the

maintenance shops) to the time the Shuttle is launched. Specific cost elements subordi-
nate to this entry are as follows:

e Launch Operations. Includes the costs for manpower to perform receiving
inspection, Tng checkout, payioad mating and checkout, prelaunch handling

(in support of Shuttle crew), Tug propellant loading, and participation in the
countdown

e Propellants. Comprises costs for main-stage and orientation-control propel-
lants, and all gases, flushing compounds, and miscellaneous fluids.

e Facilities and Equipment Maintenance. Refers to the recurring costs for main-
tenance and operation of all Tug facilities and GSE at the launch site

e Engineering Support. Includes sustaining engineering, liaison and engineering
services activities performed at the contractor's plant and at the launch site
during the Operations phase of the Tug program

e Program Management and Integration. Comprises costs for administration
and management services in support of the Tug launch-base activities, e.g.,
cost and schedule control and reporting, management, and clerical salaries

e Range/Base Support. Refers to the costs of services (usually provided by a
support contractor) that support the direct launch and maintenance operations.
Includes range safety and control; shop and repair services; standards and in-
strument calibration; and base services such as food, mail, reproduction,
security, fire protection, utilities, communications, transportation, health
and custodial services, and logistics support.

Flight Operations and Services. This WBS entry covers all Tug activities from launch
of the Shuttle through recovery of the Tug at the completior of its mission. Specific
cost elements subordinate to this study are as follows:

e Communications and Control. Also known as Mission Control. Includes
costs associated with ground command, control, and tracking from Tug launch
through inission completion and returr. Includes such functions as flight con-
trol, telemetry, communications, data processing and data analysis.

2-7
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o Replacement Training. Includes the cost of training qualified Shuttle and
mission-control crew personnel, to replace those lost by rotation or attrition,
in order to mainiain manning at levels necessary to meet flight and ground
operation schedules.

e Recovery Operations. Includes the cost of assisting in recovery operations,
propellant purging, vehicle deactivation and servicing. Assumes that the Tug :
returns within the Shuttle bay.

Refurbishment. This WBS entry covers all activities between the time when a deacti-

vated Tug is returned froin the flight cycle an.. he time that this Tug is delivered to the ”
launch facility ready for a new prelaunch cycle. Cost elements specifically included

under this entry are as follows:

e Vehicle Maintenance. Includes the cost to restore a reusable Tug after mission
completion to a readiness condition for subsequent missions. All costs per- :
taining to inspection, maintenance, replacement of necessary parts, repair k
(as necessary) of components, and testing are included. This activity is com-
pleted when the vehicle is ready for launch operations. Includes both normal ]
turnaround between flights and regularly scheduled overhauls.

e Follow-on Spares. Refers to the costs of spare parts and components produced
to replenish initial spare stocks in support of Tug maintenance and overhaul,
both scheduled and unscheduled.

Transportation. This WBS entry accumulates costs for Space Shuttle user fees incurred
in delivering the Tug and its payload to low earth orbit. A baseline user fee of $5 million

per flight was used in this study.

2-8
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Chapter 3
ORBIT INJECTION STAGES

This chapter reports cost estimates derived for the orbit injection stage (OIS) clase of
Space Tugs. The OISs are existing stages, or growth versions of existing stages,
modified for Shu‘tle compatibility and flown only in the expendable m de. Important
aspects of the OIS cost analysis are as follows:
e Point costs were derived rather than parametric data because the OIS
sizes were generally well established

o The emphasis in costing was on deriving estimates that were comparable
betwecn concepts, especially for the unit production and operations costs
that drive OIS total-program expenditure levels,

® The recurring production costs cited for OIS concepts are average unit
values at a givea production rate. Theoretical first-unit costs were not
presented becruse the OIS concepts represent mature space-vehicle
designs whose costs are influenced by production rate rather than
learning effects.

APPROACH

The estimates of OIS costs were derived using a two-step procedure. First, a set of
preliminary estimates was made so cost comparisons could be made using the STAR/
ANNEX computer program. The unit costs were estimated on the basis of current
pricing data for the existing Agena and Centaur stages. RDT&E costs for the con-
version of thosc stages to OIS configurations were estimated by extrapolation from

comparable development programs.

Then, as the NASA-funded studies of Agena and Centaur OIS vehicles (NAS9-11949 and
NAS3-14389, respectively) were completed, the results of the more detailed estimates
formulated on these contracts were compared with the preliminary values. Differences
between the two sets of estir tes wera evaluated and reconciled.

The results of this analysis are presented in th» following sections.

3-1
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OIS COST DATA

Agena

The preliminary cost estimates used to represent the existing Agera (modified for
scrvice as an orbit injection stage) were as follows:

Recurring Production $ 2,29 Milli . j
Recurring Operations $ 0.68 Mill. . ' .l
RDT&E $43, 90 Millic - J

The recurring costs were calculated assuming the production and launch rates needed
to sustain a best-mix family of Agena and Centaur (i.e., 378 Agenas und 116 Centaurs)
over the 12 year mission model. A tabular breakout of Agena OIS recurring production
costs formulated in this analysis is presented in Table 3-1.

Table 3-1. AVERAGE RECURRING PRODUCTION COST FOR THE AGENA OIS

item Cost ($ Millions)
Structure ) (0.26/)
Structures and Thermal Protection 0.191
Propeilant F2ed and Management 0.076
Avionics (0.809)
Guidance and Navigation 0.747
Communictions | 0.062
Power Supply and Distribution (0.104)
Electrical 0.076
Hydraulic 0.028
Propulsion (0.523)
Main Rocket Engine 0.468
Orientaiion Control 0.055
Integration, Assembly, Checkout, and Test 0.225
Program Management 0.061
Systems Engineering 0.245
Spares 0.058
Total 2,292
3-2
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(: In the Shuttle/Agena study performed by Lockheed for NASA/MSC (NAS9-11949) these

costs were completely recalculated using a rigorous bottom-up estimating methodolu;ry.
In general, the rccalculated costs were found to be in agreement with the preliminary
values once rate differences were accounted for. Specific comparisons of the cost

data are as follows:

e Recurring Production. The delailed analysis of Agena OIS unit production
costs gave an estimate of $3.41 million per vehicle at 2 manufacturing rate
of six per year; projected cost reductions with higher rates are shown in
Figure 3-1. When extrapolated to the Agena/Centaur best-mix launch rate
of over 30 Agenas per year, the unit costs drop to around $2.2 million
e..2h; this is in excellent agreement with the preliminary estimace.

e Recurri erations. The detailed cost analysis resulted i1 an estimate of
$780, 000 per flight for recurring operations (launch ..d flight operatious/
services) at a rate of 6 lIrunches per year. This compares ¢ the preliminary
estimate of $682, 000 at over 30 Agena OIS launches per year. When meas-
ured against other Agena launch rate/cost projections, the original estimate
of $682,000 at more than 30 launches per year is conside:'eu quite conservative.

® RDT&E. In the detailed Agena OIS cost analysis it was estimated that devel-
opment of the Agena for service as an orbit injection stage (including fubri-
cation of six sets of Shuttle interface hardware and one flight test artic.e)
would cost $40.469 million. This compares to an original estimate of
( $43.9 million, a variation of less than 10 percent. i

(TYPICAL AGENA OIS VALUES)

3
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Figure. 3-1 Typical Unit Cost vs Rate Curve for Agena OIS
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In summary the preliminary values used for the Agena OIS in cost comparisons were

equivalent to the refined estimates, or were slightly more conservative.

Large Tank Agena (LTA)

The preliminary estimates used to represent the Large Tank Agena OIS in cost com-~
parisons were as follows:

Recurring Production $ 2.59 Million
Recurring Operations $ 0.68 Million
RDT&E $51.90 Million

The recurring costs were based on production and launch rates needed to sustain the
12 year mission model using exclusively the Large Tank Agena OIS, that is, rates in
excess of 40 per year. Tie RDT&E costs were based on a development program in
which the OIS development would proceed directl& to the large-tank version of Agena
rather than evolving from a 5-foot diameter Agena OIS.

In t... refined cost analysis performed under contract NAS9-11949 the LTA orbit in-
jection stages were estimated at the same level of detail as the Agena OIS. Comparing
the results of this refined analysis with the preliminary estimates just discussed, the
following specific observations can be made:

¢ Recurring Production. In the detailed cost analysis, unit production costs
for the LTA orbit injection stage were estimated at $3.86 million for a
manufacturing rate of six vehicles per year, whereas the preliminary esti-
mate was $2.59 million based on a production rate of 40 vehicles per year.
Although no unit-cost-versus-rate chart was formulated for the LTA orbit
injection stage, the $2.59 million cost at 40 per year appears consistent
with the $3.86 million at six per year if the trend of the baseline Agena
rate curve applies.

e Recurring Operations. The derived operations cost of the LTA OIS was
$844, 000 per launch at six flights per year. This compares with the
$682, 000 preliminary estimate based on 40 launches per year. In rec-
onciling these two values it appears that $682,000 is a reasonable-to-

slightly-conservative extrapolation of the operations costs at over 40
launches per year.

e RDT&E. The RDT&E cost for a Large Tank Agena OIS was estimated at
$417. 662 million in the detailed cost analysis and at $51.9 million in the pre-
liminary, a difference of less than 10 percent.

3-4
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In summary, the LTA orbit injection stage costs as used in the preliminary comparisons

agree reasonably well with the detailed estimates derived in the Agena O'S study.

Centaur

The preliminary Centaur cost estimates used by Lockheed to compare OIS concepts
were as follows:

Recurring Production $ 4.75 Million
Recurring Operations $ 1.20 Million
RDT&E $61.50 Million

The recurring costs were calculated assuming the production and launch rates needed
to sustain a best-mix family of Agena and Centaur (116 Centaurs over 12 years). A
tabular breakout of Centaur OIS recurring-production costs, as used in the Tug con-
cept comparisons, is presented in Table 3-2.

MRS /PR B TR TR b Y Y R B R P 2 AR W e *mmmgdwﬂﬁﬁmrmmmﬁ A e

O Table 3-2. AVERAGE RECURRING PRODUCTION COST FOR CENTAUR OIS
item Cost ($ Millions)
Structure (1.462)
Structures and Thermal Protection 0.662
Propellant Feed and Management 0.800
svionics (1.341)
Guidance and Navigation 1.056
ratromeniation. | 0.285 :
Power Supply and Distribution (0.197)
Electrical 0.095 ’
Hydraulic 0.102
Propulsion (1.411)
Main Rocket Engines 0.880
Orientation Control 0.531 ;
. i Integration, Assembly, Checkout and Test 0.335 ;
: Program Management * ‘
§ Systems Engineering * :
o ( Total 4,746 1
: *Distributed among Subsystems z
3-5 i
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In the study '"Compatibility of a Cryogenic Upper Stage with Space Shuttle, " performed
by General Dynamics/Convair Aerospace for NASA Lewis Research Center (contract
NAS3-14389), a systematic analysis of Centaur OIS costs was conducted. The results
of this analysis show that there is general agreement between these costs and Lockiiead
preliminary estimates in all areas except RDT&E funding requirements. Specific com-

parisons are as follows:

e Recurring Production. The recurring production costs estimated by Convair
Aerospace totaled $5.24 million each at a production rate of fonr vehicles
per year. A curve of the expected Centaur OIS cost versus production rate
was also formulated by Convair; this curve is presented as the upper plot
in Figure 3-2. When extrapolated to the Centaur launch rate for an Agena/
Centaur best-mix (approximately nine per year) the :mit cost of a Centaur
OIS declines to about $4.7 million, which is in excellent agreement with the
preliminary estimate.

o Recurring Operations. The detailed Convair Aerospace cost analysis esti-
mated Centaur OIS recurring operations costs at $1.69 million for a launch
rate of four per year, with cost reduction for higher rates as shown in the
lower curve of Figure 3-2. When extrapolated to nine launches r~r year
this estimate drops to approximately $1.2 million, which agrees exactly
with the preliminary estimate. The Convair costs, however, exclude
propellants and gases.

o RDT&E. Convair Aerospace estimated the cost to modify the Centaur D-1T
to an orbit injection stage configuration at $30.6 million. This estimate is
based on the assumptions that there would be no flight test of the Centaur
OIS, and that two operational sets of Shuttle interface equipment would be
procured. This estimate differs by a factor of two with the preliminary
costs estimated by Lockheed. Obvious sources of difference between the
two values are (1) the inclusion of a flight test program in the Lockheed
estimate and (2) the difference in amount of operational Shuttle interface
equipment procured (six sets assumed by Lockheed and two by Convair
Aerospace). The other variances apparently arise from differing inter-
pretations of relative complexity in Centaur modification to the OIS
configuration.

In summary, the preliminary estimates for Centaur OIS used in cost comparisons were
in agreement with Convair Aerospace estimates, except in the area of RDT&E cost.

However, inasmuch as development costs were not a factor in the economic ranking
of OIS concepts, the importance of the RDT&E cost discrepancies was minimal,

!
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The preliminary cost estimates formulated by Lockheed for the Growth Tank (GT)

Centaur were as follows:

Recurring Production

$ 5.25 Million

Recurring Operations

$ 1,20 Million

RDT&E

865,50 Million

The recurring costs were calculated assuming production and 'aunch rates of nine

vehicles per year.

Under contract NAS3-14389, Convair Aerospace estimated, on a preliminary basis
the costs of a Growth Tank Centaur orbit injection stage. The results of this analysis

may be comnared to the preliminary costs as follows:

e Recurring Production.

Growth Tank Centaur OIS recurring production

costs were estimated to be $5.5 million at a rate of four per year. This
contrasts with Lockheed's estimate of $5.25 million at a production rate

of nine vehicles per year.

No cost-versus-rate curve was generated by

Convair Aerospace for the GT Centaur OIS; however, based on Centaur
trends it is estimated that the preliminary values are about $200,000
higher at nine per year than an extrapolation of the Convair estimate.

e Recurring Operations. Convair Aerospace did not identify any increase

in recurring-operations costs in going from the D-1T to the GT version of

a Centaur OIS.

However, the Convair estimates specifically exclude

propellants and gases, one of the launch cost items that would definitely
increase for the larger GT Centaur. After adjusting the Convair estimates
of $1.69 million per launch (at four per year) for rate variations there
results a cost identical Lo the preliminary value of $1.2 million. Both
values are low by the cost of propellants and gases.

e RDT&E. The RDT&E cost estirmated by Convair Aerospace for developing
an OIS to the GT Centaur configuration (without the intervening step of a

D-1T Centaur version) is $36.2 million,

preliminary estimate of $65.5 million.
cussed with relation to the differences between Convair and Lockheed
estimates for the D-1T Centaur OIS apply here,

This compares to the Lockheed
The same factors that were dis-

In summary, the comparative costs used by Lockheed in the Space Tug Economic
Analysis for the GT Centaur OIS were slightly higher in recurring-production cost
than Convair's value. Both values were identical in recurring operations, but are

/
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probably low because of propellant/gas requirements. The RDT&E costs estimated
by Convair were just over half the value estimated by Lockheed; the differences re-
flect varying assumptions and differing estimates of the development complexity.

FUNDING REQUIREMENTS

Tug funding requirements by year were calculated for all OIS configurations as part
of the STAR/ANNEX program. Standard statistical spread functions were used to
distribute costs over the applicable time spans. No smoothing of expenditure curves

was performed.

To typify the funding pattern 1or the entire class of orbit injection stages, the annual
expenditure requirements of a promising OIS configuration (the Large Tank Agena)
have been plotted by fiscal year. This graph is presented as Figure 3-3. The funding
requirements shown here represent expenditures for RDT&E, recurring production
(i..estment in the expendable Tug fleet), and recurring operations for the .2 year
duration of the mission model. These costs specifically exclude Space Shuttle user
fee, and all payload costs. The characteristic funding curve for an orbit injection
stage features low early-year funding ($20 million peak for LTA in FY 1976-77);

this is of importance because peak Shuttle funding requirements occur in this same
general time period. However, Large Tank Agena OIS funding requirements increase
to a level of about $150 million during the operational period. The total funding for
the Large Tank Agena OIS amounts to $1.64 billion.
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Chapter 4
REUSABLE SPACE TUGS

Chapter 4 reports the cost estimates derived for the general class of reusable Space
Tugs (both reusable and expendable versions of the Tugs). This chapter is organized
in the following manner. First, the approach used in costing reusable Tugs is
summarized briefly. Then the cost data for specific Tug concepts are presented in
detail. The sequence of data follows a time-phased order, as follows:

1. RDT&E costs
2. Investment phase costs (including theoretical first-unit values)
3. Operations costs

Within each phase, the costs are compared by concept in the following sequence:

e Single-stage, LOg/LH2
e Single-stage, LF2/LH2
e Single-stage FLOX/CHy
e Stage-and-one-half, LOg/LHg

Point costs are given (in the WBS format) for the reference Tug sizes selected at the
end of Phase I and then parametric cost curves are given to extend the data across
the spectrum of Tug sizes. In the first-unit cost data, parametric estimates are
presented for both expendable and reusable versions of the Tug concepts.

The final section of Chapter 4 discusses funding requirements for these reusable Tugs.

APPROACH

The costing of reusable Space Tug concepts was accomplished by the use of a parametric

cost model that was automated within e logic of the STAR/ANNEX computer program.
This cost model was based on an earlier model derived by Aerospace Corporation 1

1STS Cost Methodology, Volume II, "Orbit-to-Orbit Shuttle Cost Methodology, "
Aerospace Corp., TOR-0059(6759-04)-1, August 31, 1970, as revised.

4-1
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for chemical orbit-to-orbit shuttle systems. This basic model was augmented as
other data from NASA or Lockheed sources became available. Certain of the cost
estimating relationships in the model were replaced and certain of the complexity

factors were modified.

The resulting model reflects the most detailed estimates attainable with the given
historical base. In this model costs for major categories of subsystems and services
are estimated using cosl estimating relationships (CERs). These CERs relate cost
to technical parameters (primarily weight); they are based on broad historical data
for launch vehicles, manned and unmanned spacecraft, and liquid-propellant ballistic
missiles. Because the data base is so broad and the data are in inconsistent formats,
the categories of costs for CERs are also very broad. For example the CER for
Structures includes in addition to load-carrying structural members, insulation
(thermal protection), propellant feed/fill/drain, and pressurization systems; it also
includes some share of overall-system design and sustaining-engineering costs.

Any costs not estimated directly by CERs are derived by other mathematical relation-
ships that take into account both the hardware costs (as derived from the CERs) and
external factors such as activity level.

Complexity factors are applied to the resulting costs, to account for differences of
propellant type, design concept, or lifetime. In addition, learning curve factors
are applied to the theoretical first-unit costs to adjust for production improvement
effects; these learning factors are also assumed to compensate for size~of-buy
efficiencies.

The output of this model is a breakdown of reusable Tug dollar estimates to major
cost-producing elements for the RDT&E, investment, and operations phases. NASA
is now in the process of building a cost data bank with far greater detail than the
sources used for this Tug cost model; moreover, these studies are being conducted
with a common reference format so the results will be more directly comparable.
When the data bank is complete, a Tug cost model of far finer detail will become
feasible.

4-2
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RDT&E COSTS

The costs for the rescarch, development, test, and evaluation (RDT&E) phase of the

reusable Space Tug program are presented here. The RDT&E phase costs include all

nonrecurring expenditures that would be made for the Space Tug program from the

start of Phase C (Design) through the date of initial operational capability (IOC) for

the full Tug system. Specific activities included in this phase are design and develop-

ment of the Tug systom; fabrication of ground- and flight-test hardware; test operations

(ground and flight); design and fabrication of tooling and ground support equipment

sufficient for the RDT&E phase; and training. :

Important assumptions governing these RDT& . costs are as follows:

o A total of five equivalent vehicl:2s was costed under the WBS entry for Test A
Hardware; of these, three were ground-test articles and two were flight- |
test articles.,

e Test Operations costs include 20 equivalent full-duration firings.

C; o Costs for Concept Feasibility and Definition phases of the program (Phases
A and B, respectively, under Phased Project Planning criteria) were omitted.
Technology program costs (normally funded under Supporting Research and
Technology expenditures) were likewise omitted.

For definition of the individual WBS entries, refer to Chapter 2.
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Single-Stage LO2/LHy Tug RDT&E Costs

The RDT&E co. is for single-stage, reusable, ground-based Space Tug configurations
that use LO2/LH2 propellants are presented in this section. Point estimates for the
RDT&E costs of two reference sizes (36,300 lb and 50,200 b propellant loading) of
this class of Tugs are presented in Tables <-1 and 4-2, respectively.

Parametric RDT&E cost data for single-stage LO2/LH2 reusable Tugs are presented
in Figures 4-1 through 4-4. Figure 4-1 is a summary of RDT&E cost as a functiop of
propellant loading. The variation in cost is caused solely by the overall size effects
(e.g., larger tooling, costlier test articles, increased test-phase propellants). The
primary breakdown of costs in Figure 4-1 follows 2 nomencluiure peculiar to the cost
model. Each of the cost entries on this chart is further broken down as follows:

e Airframe., Consists of the structures, avionics, and power subsystems.

The parametric breakdown of these costs is given in Figure 4-2.

e Propulsion. Consists of main-engine and orientation-control systems. The
breakdown of these costs is presented in Figure 4-3,

e Miscellany. Equates to floating-item (services) type costs. The breakdown
of these costs is presented in Figure 4-4,
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Table 4-1. RDT&E COST FOR LOy/LHs SINGLE-STAGE, GF.OUND-BASED TUG

(W = 36.3K)
Item Cost ($ millions)
Structure 87.191
Avionics (28.9913)
Guidance and Navigation 16.834
Communications 9.991
Instrumentation 2,173
Power Supply and Distribution (21.010)
Electrical Power 21,010
Propulsion (132,775)
Main Rocket Engine 105,876
Orientation Control 27.899
Initial Tooling 23,499
Ground Support Equipment 11,678
Test Hardware 80.047
Test Operations 35.082
Training 4,801
Systems Engineering and Integration 22.406
Program vanagement 25,177
Facilities 36.284
Total 509.948
4-5
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é% % ‘Table 4-2, RDT&E COST FOR L()z/Lllz SINGLE-STAGE, GROUND-BASED TUG
g (Wp  50.2K)
£
i item Cost ($ millions)
§ Structure ¥5.832
}Q Avionics (28.998)
z Guidance and Navigation 16.834
ét Communications 92.991
Instrumentation 2.173
Power Supply and Distribution (21.010)
Electrical Power 21.010
Propulsion (134.106)
Main Rocket Engine 105.876
Orientation Control 28.230
Initial Tooling 26.334
Ground Support Equipment 12,677 :
Test Hardware 81.941
Test Operations 35.559
Training 4,839
Systems Engineering and Integration 23.355
Program Management 26.444
Facilities 37.083
Total 528.178
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Single-Stage LF.,/Lu2 Tug RDT&E Costs

This scction presents RD'T& I costs for single-stage, ground-based, reusable Space
Tugs that usc LFZ/ L112 propellants. A point estimate for the RDT& I cost of the one
reference LI, /Ly 'Tug concept, sized at 47, 800 1b propellant loading, is presented

in Table 4-4.

Parametric cost data for the RDT&E costs of single-stage LF2/I..H2 rcusable Space
Tugs arc presented in Figurcs 4-5 through 4-8. The general format of these graphs
is similar to the L02/ LH2 series presented in the previous section; that is, the total
RDT&E cost curves are given first, followed by detailed parametric breakdowns of the

RDT&E cost elements.
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'Table 4-3. RDT&E COST FOR LFg/Llly SINGLE-STAGE, GROUND-BASED TUG

(Wp -~ 47. 8K)
Item Cost ($ millions) :
Structure ~ 91.649 3
Avionics (28.998)
Guidance and Navigation 16.834
Communications 9.991
Instrumentation 2.173
Power Supply and Distribution (21.010)
Electrical Power 21,010
Propulsion (189.563)
Main Rocket Engine 161,334
Orientation Control 28,229
Initial Tooling 23,087
Ground Support Equipment 11,548
Test Hardware 82.835
Test Operations 35.342
Training 4,857
Systems Engineering and Integration 25.164
Program Management 25,959
Facilities 36.181
Total 576.193 )
F
o
r
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Single-Stage FLOX/CHy Tug RDT&E Costs

This scetion presents RDT& 1 costs for single-stage, ground-based reusable Space
‘Tugs that use FLOX/Cll4 propellants. A point estimate of RDT&E cost for the one
reference FLOX/CHy Tug concept, sized at 52,000 Ib propellant loading, is presented
in Table 4-4. ;

Parametric RDT& I cost data for single-stage reusable FLOX/CH4 Tugs are presented
in Figures 4-9 through 4-12. These graphs follow the format and sequence used with
the LOg/LHy and I.Fy/LHg Tug parametric data (i.e., total RDT&E costs first,
followed by details of the major cost elements).
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Table 4-4, RDT&E COST FOR FLOX/CH 4 SINGLE-STAGE, GROUND-BASED TUG

W, - 52,0K)
ltem Cost ($ Millions)
Structure 64,204
Avionics (28.998)
Guidance and Navigation 16.834
Communications 9.991
Instrumentation 2.173
Power Supply and Distribution (21.010)
Electrical Power 21.010
Propulsion (133.965)
Main Rocket Engine 105.876
Orientation Control 28.089
Initial Tooling 21,265
0 Ground Support Equipment 10,344
Test Hardware 72,918
Test Operations 33.983
Training 4,658
Systems Engineering and Integration 20.033
Program Management 22.233
Facilities 35.617
Total 469.728
4«
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Stage-And-Onc-flalf L02/ Ll12 Tug RDT&E Costs

This scetion presents RDTEE costs for ground-based Space 'fugs using 1‘02/ LII2

propeilants. An RD'T& I cost point-estimate for a reference stage-and-onc-half
L02/ Lll2 f'ug concepl is presented in Table 4-5; this concept features a reusable
corc stage of 30,000 tb propellant loading and a set of expendable propellant tanks
with total propellant capacity of 27, 000 1b,

Parametric RDT&E cosl data for the drop tanks, only, are presented in Figure 4-13.
Applicable parametric RDT&E costs for the core stage are contained in Figure 4-1,
previously referenced.
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Vol III
Table 4-5. RDT&E COST FOR L02/ LH2 STAGLE-AND-ONE-HALY,
GROUND~-BASED TUG
(CORE Wp - 30K)
-
Item Cost ($ Millions)
Structure (121.,903) {

Core Stage 83.756

Drop Tanks 38.147
Avionics (28.998)
Guidance and Navigation 16.834
Communications 9.991
Instrumentation 2,173
Power Supply and Distribution (21.010)
Electrical Power 21,010
Propulsion (133.741)
Main Rocket Engine 105.876
Orientation Control 27 .865
Initial Tooling 22,388
Ground Support Equipment 11.236
Test Hardware 80.470
Test Operations 36.798
Training 4,809
Systems Engineering and Integration 25,661
Program Management 28.262
Facilities 35.931
Total 551,207

1
4-24 |

LOCKHEED MISSILES & SPACE COMPANY




'

REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR.

b

o

b

cr mae ek i e e o

LMSC-D153<08
Vol III

DROP TANK R.D T. AND E. COST LOX HYDROGEN PROPELLANT
20000 LBS. THRUST 460 SEC. SPECIFIC IMPULSE

e

T

34

8000 10000 12000 14000 16000 18000 20000 22000 24000 28000 B

PROPELLANT WEIGHT LBS*
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INVESTMENT COSTS

The costs associated with the ITnvestment phase of the Space Tug progeam ave reported

in this section.  ‘This investment phase, which overlaps the RIYP& E phase, includes
the acquisition ol vehicles, lacilities, and cquipment needed to support an operational
Space Tug system, Corsts specifically included in this phase comprise recurring-
production expenditures for the acquisition of the reusable Tug fleet and spares; the
expendable Tugs, drop tanks, and their spares; and the facilities, tooling, and GSE
above and beyond RDT&E phase requirements. These costs also include management
and support services incurred during the Investment phase.

The Investment phase cost data present the breakdown of total Investment costs

(as point values and parametric data) as well as theoretical first-unit costs. The
term theoretical first unit denotes that such values are of use primarily in costing
multiple~unit vehicle buys and have little value as anticipated unit cost estimates.
Learning curve factors used in calculating Investment phase costs werc as follows:

O e Tug core vehicles - 95 percent
e Expendable drop tanks - 88 percent

For definition of the individual WBS entries used in the first-unit cost data, refer
to Chapter 2.
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LOo/LHy Single-Stage Tug Investment Costs

Point cost data for Investment phase expenditures in LOy/Lily reusable ground-based
Tugs are presented in Tables 4-6 through 4-9.  These costs arve for single-stage Tugs
sized at 36,300 1b and 50,200 b propellant loading. Tables 4-6 wad 4-7 present theo-
retical first-unit costs for the two Tug sizes, while Tables 4-8 and 4-9 present the

total Investment phase costs for the two point designs.

Parametric Investment cost data for the spectrum of potential LOg/LHy single-stage
Tugs arce presented in Figures 4-14 through 4-17. Figures 4-14 and 4-15 present curves
of parametric first-unit costs for reusable and expendable versions, respectively, of
the basic LOy/LHg Tug concept. Note that the effect of omitting hardware for retrieval
and reuse is to reduce the first-unit cost of the expendable version by more than 50
percent. Figures 4-16 and 4-17 contain parametric data on the total Investment costs

for reusable and expendable versions of this Tug.
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Table 4-G. FIRST-UNIT COST FOR LOg/LHy SINGLE-STAGE, GROUND-BASED TUG

(Wp - 36.3K)
Item Cost ($ millions)

Structure (Including Insulation and Propellant Feed) (3.168)
Core Stage 3.168

Drop Tank 0.000
Avionics (8.419)
Guidance and Navigation 5.524
Communications 1,995
Instrumentation 0.900
Power Supply and Distribution (2.371)
Electrical Power 2,371
Propulsion (1.338)
Main Rocket Engine 0.406
Orientation Control 0.932
Integration, Assembly, Checkout and Test 0.714
Total 16,010

Table 4-7. FIRST-UNIT COST FOR L02/ LHy SINGLE-STAGE, GROUND-BASED TUG
(Wp = 50.2K)
ltem Cost ($ millions)

Structure (Including Insulation and Propellant Feed) (3.470)
Core Stage 3.470

Drop Tanks 0.000
Avionics (8.419)
Guidance and Navigation 5.524
Communications 1.995
Instrumentation 0.900
Power Supply and Distribution (2.371)

Electrical Power 2,37
Propulsion (1.351)
Main Rocket Engine 0.406
Orientation Control 0.945
Integration, Assembly, Checkout and Test 0.778
Total 16.389
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Table 4-8. INVESTMENT COST FOR LOz/LH2 SINGLE-STAGE, GROUND-BASED TUG

(Wp - 36. 3K)
Item Cost ($ millions)
Reusable Fleet Cost (14 Tugs Plus Initial

Spares and Support) 235,044
Expendable Hardware Cost (468.903)
Expendable Tugs (64 Units Plus Spares/Support) 468,903
Drop Tanks (O Sets) 0.000
Facilities and Equipment 22,458
Total 726.405

Table 4-9. INVESTMENT COST FOR LOZ/Lﬂg SINGLE-STAGE, GROUND-BASED TUG

(Wp = 50.2K)
item Cost ($ millions)

Reusable Fleet Cost (17 Tugs Plus Initial
Spares and Support) 312.275
Expendable Hardware Cost . (116.793)
Expendable Tugs (14 Units Plus Spares/Support) 116.793
Drop Tanks (0 Sets) 0.000
Facilities and Equipment 23.896
Total 452,964

4-29

LOCKHEED MISSILES & SPACE COMPANY

R




d

;‘_’VREPRODUCIBILITY OF THE ORIGINAL PAGE—Ig POOR‘.

TTNN NS wmeeamas aeee w e .
R M v e el e et A1 7 Ao PET Fr IAR e CwONS sy

LMSC-D153408 i
Vol 111 :

BRSO ivle o, R s 2 gl e

[T SN TR0 RN KEUSEABLE MODL L MrURCHEH PROPLLLANY
IOt THR LT HOPER OF ENGINES EuiAl L Wik Gowbl PRCTE D [MPULSE
:
!
17 t v o EL or TN e
X H#ﬁ i-tﬁiﬂH“H“}'",hUHTUI'YI'I Fik NIT 1) ;
\ } ; J m ?H Hm # [ !} r i GY NV i
16 1 Uity 1 Aottt tateaan st iy 0044 4o { ! :
il ‘
! M H T J‘J kel | FROTL S TON
‘ﬁﬁ" T ' . ™ i
f T t f‘ 1 ] s 4.1 :
] L . i !
b b44 4 t et hi
- b4 444 34 +
; ! | ] f 1 t f;f ’§ H ELEY TRITAL FORER
13 g : L H | i i ‘ ¢4-4 5.’ [ERE IS /
L i i T R IR 2
1 I +4 -4 ] 4 = 23 f ::’ ! F » i
12H 1‘ e
! ' 181 b1 48
' y Ui | iR ;
* 1 I
* I 2 § f IR b } ;
10 ! ‘ yl 4 ‘l 41 !l Q;, .,1 eob )t M-
H SIS EEN Hers t HHTG 0T } }
. [ I ] I Il 4 tl iy 'Y I I 4
4 ‘ beigie ¢ 3 b4 . 3 T2 IO 4
] 9 i ‘z :{ + ¢ ! 198+
" 4 1 ﬂ L 14 144 1 0211 2348 ¢ 4
| - a 41 ': o
f 8 1 1 {apsehage 1»% 21868 hoad H Avionl
1 v H< 2 4 4 :;5
4} J 1 ) H }om 4 4 h
4 + -+ n‘l a '
7 t +
4 b3 4 s
! [ r 1 H w] | H o 4 S? H 14 L
s 2 4 1 [ Hj»' o b::: ' b :
H L $ 144
| HHH 8 3 ' 1.
s ML <1 H {14 4: M * H
= + H 1 1
e e i 3 + 1111
+ b4 -4 . :
Ll i i :
$
H t -1
4 = »1L - 1L
3 ! e s
I AR B astisiatnantls ? T s veuc ToRe
ei : retd i rlll 1'1 4 41 o : i
r >y o . 21 0% .
i 131}1}4. TR i AHRE
. " + +1e : + rt +
it il }_: P T it HH Y H
26000 24000 28000 32000 36000 40000 w4000 48000 60000 64000

FRUPELLANT WE JGHT  +LBG* )

Figure 4-14. Parametric First-Unit Costs for Reusable Versions of LO,/LH
2 2
Single-Stage Tugs i

4-30

l
b

/ LOCKHEED MISSILES & SPACE COMPANY } ,
i .



,ﬁu.

‘¢

A

g REPRODUCIBILITY OF THE ORIGINAL PAGE 1S F;OOR_

t

ke S A—— o " 2

Vol 11

LMSC-D153408

LOX HYDROGEN PROPELLANY

ExPENDABLE MODE

FIRST 1LY roe”

SPECIHIC IMPLSE

w0 SEC

NUMBSLR OF ENGINES EgQUAL L

Tri -t

.

X LTI

FXIC BN
=
-
.
-
L
<
—
- X
5% &z 3
s 2 2 . 8
% [=d w - [}
4 [+ 4 - [
— - m
"
w 3 =
- > ) > -
- 0 w < n
» o > g b o 4
4 S e e + . o
- < ? ;¢
e + -
yon & + -l < U“
< pE Lo o ool
A AP B S5 Spul§ - e
- - + 4+ ———
u T T ps - = o
e t 1 = of
P —— b - ek L s ™ |
I7T » 1 T
-+ + [ = S
Tt > T Tr:-
T + 4 - - 1
= 3o 3 3 Soge: s 3= t3 3
) + . 43
b o b 3 D o4 = o o= ey
+ + eyt -
- PP d e
+1-4-+ 4+ ¢ 3o ¥ mnu
+ -y + 4 T+ T e <4
» - -4+ 44 it
e M ¢ + PR s - g —tp
13132 P > bd —_—
»e T 3 o
4 =
¥ ¥ +4 —
T T + 3
TIT 1 T > e st o
1t by T 1 T3 1 T T3
4 + + — BS = 3+ B e
- 3 1 - s 3o
= o — 3+ pe p e o g =
— + +-—3
3 )y pas =T 11 1 ¥t
T e e
 ESsESeassans 3 : ===
P 0 3 o e d e yus —1
) T + ? 1 =
-~ - ——— -
1T -+t + * T e +
3 + -~ <14+ T2 + 1 + lnrH
e 4 M —— -t ey -+ ——
SO PP LD S S S mJ e - e jaten o o s
SSm Y thaipii g Hee | S B e S e Sl e a s a = aw
poven e — -y 1] +3-4-+ -+ g
B e e el s Tl B b g 1 P s & o a8 (o T
| Ty 33 P S T — 33 ot B Tiig
e —— ——t— —t + . e + - g —y b g 4
o e Shans e pasps oy e : 3 1T T e = el = Hir oo
o u shet re 3 — B4
T il 3o - T M - H oo @ o 1 T
DD U MR SUMERPES SSRGS S MY SRESTS ST Srutv e praM e tr —- -]
+ - by - e e — +—4- T 14 -4y + -
T p tJIHHﬂuv&Nk PEN SPEREDIEDE Saopdi S e bay T4 ] mnvxﬂn\
ot i i - gy i I T T T ST e et e { v v sy 3 3 > Y a1 5 Muﬁl
o s — AN S SRS | - 3
S Inmayed < [Pe HE I giberen & et s +5 bt 49 4 > + 104 QBB E S asda s
Soun QIR o SO SIERPEIEE S (e wend roagy TR wll a4
oA IE dn et dnm Iodaging o5 SNGPERIRS SRERapEPa S W blab S5 gia o 8 g b b 23 ¥ . h«. bat M
— -~ o~ P W anam
IR QDRI N - - REPEDe pe - e IS
ponne P ebeldbgnes Ghabaiing SREMREIES 5 S o M s v o PS sn Bl Badas =1
f— —f —— e e - v 3 —+-—§ >+ b=4
- T > g ey by " p o 3
S ESIEERSC oo sagesEesasEsaseh = : 3 SHISsEeiegs=asais.y
Py + e >t - —~ 4 b .
o PUPS S0 S S SN & E p o T3 s
by 4 - b o PEPEPES handi 4 - . — ~—+ — v P Sy - -
3¢ whiton Sbades sanat ol ¥ ¥ ¥ 3
- . < - — + - ——t
* bl >t - NL 1T T b4 f Sya ey *- >y
DD I TR 3 e g e T
. ;- D b alb S o) -
T o ST 50 T e T re b4 e
T »18 T — R
- -— - hal b Al ot = “ b
— . + i —t — —p-
~—1 ~ e — - I hab el & 1 8 T
i - anand ¥ XY
T e - T 2 s
- b & . b o 4
= = = =t r S22 Eas iess!
o < : T+ + - e L >
™~ L] n x> [ N - o [ 4 @® ~ © n L 4 L ~
- - - -~ - - - P4
L DV - . o T~ - e

o BSe

PROPELLANT WE {THT

P et e

of LOg/LHy

4~31

{-Unit Costs for Expendable Versions

metric Firs

Single-Stage Tugs

/ LOCKHEED MISSILES & SPACE COMPANY

e 4-15. Para

Figure



————

. i —

ARE

i

HE ORIGINAL PAGE |S POOR.

M t———— o

-

PRODUCIBILITY OF T

]

L PR,

Vol 11

LMSC-D1534908

Lo Hoome &0 PROPEL ! ANT

CEARLE fid

AT INRAS SEN

HEXNURL ]

LA

Wil b 4

toaA

offrk TN -

[ TR

N

Thafett

L

RSP

SR A

s ﬁ;.. i s ————r . as g
- o 5 w
b -l bed (™) -
- — - - Py
b barf = 2 pet
x I = I F
N [
¥ 2 > 4 >
- [ =] o -
r A A —
T T3 S5 SRR T TTHET T TS
+t ¢ ) 0 Whs b g + 3 ron e
re oo MOPPart Sipdpe B 11
rl - L_,
Y ey T IIT ¢ >t
= — hahalli gl ¢ > = wt
oy —a — o - - T
a3 bape " ® OGP DIiEE B b 4= e +
4 8 131:3 PERDER SbER R
—+ ¥4+ : s
> -~ T - o apgs smapatand ! T
p: bu ‘:17909& PRpgsane 1 - 24

DY S DD IDIREMpED e 3

e > mpy - - T — ) @ pe > A\-
pa WD SHEeDa £ e 4 e T ms ra

) Sw o 1‘Hl -~ 17. - -t e e - - - ——
— 4117 PR o Epaiuill S 9 B 3 3§
[y PERSHERS Sndpunane - - - +

Sy g seau-ms - > S S uDEIAYS Sgparps Ly P =y T

= s B e R R S s I ba Y ha e
- V‘«*lbl‘;vn - b - - 1—¢- +-- 1

———d + - L e ab Ah s ) & .
pa, b a0 W DD B ap Dt Hnu?\u‘&6obxw0tr TS T t

- ¢ thli -~ — e - - — 1T —1 -

—% + 1 3 - e |

-.lHMH%U' P enap g T o1 ¥ 3 3
hioe sgn Snd P Ny baion .o pm ¥ 1 '8 1 »are re e
Py o TIY P dogpgedss T %

- - pa—

pgps b Sy il oo i D DASEbEr Tbipene @ ) 6 4 1 )¢ e Ty

Dy b I + 2 TS ‘ = e & 4 .

D st ot I3 1 3 W >4
— - 4 & - —~ PR S SRR S5 S5 b Y
Is parghbes douing  Srayapeh $505dnings auibipenas Shel SEran S - + |- +. : B Gh G
g ety e e 4 - -~ PO SDaREb |- - e - - x - « vh
. . ST - - 4 +- — - -
aiin & oo 0.0 U Erapatos ahEvens 12z p pinapdbt -#T.ulﬁ.nn o o on ol b e = T B4 W
R I e R R R e D (o g o} 41§ e b + 3
e e T Low! G

e ——r— - o PURED VDA SRt + - 4t s
pand e + v 4 & IR e Tt S Sentl o el & & —— 1 - —r e -+ OHw
- el RS e « B ity v -4 - } . Wl 1- 44 = —

- + P S SN AF DDA RIS ¢ <+ R g —t -y b —- Jub O upEntuiba e -apates
= b8 b il B o i e : S a4 2 S dpdoas such qpdnsp e s GEEul SRhpy Sh e S £
PR Poaes BT EEEYE - SDADENMDE B pip e -+ rv Lo 1. o + - > b
-— — ¥ .

- . - pD givan .“x".!u R (POPEiNR DI EDRES S e tnh F.W!W g o] |H.O‘rr R SS-uh a4 e c.yﬁw.! e~
RAMEDE SaPEEE SOERADEDAN EDGRANEPG G TAnEES SPARAPE - ~+ - o - - -1 - by - gl o u
PEMIDES DEMGDESTE I8 SoabEPE) SRERGPIE G G ARG EREDURasR volf:.uV. N e e s ey S - - W
-+ + i pED 94 >4
TR peneirguapdianis vt o Dipes peenat ey pas s aes PRpRS SnaeS weps g b1
piiapep Supgathes ioabinspdrPREPE & Sabqiel Sibdpasen cnfbandpel Sens Shis gl ip e Sy (pisdvay B & ¢ T3 e + 4%
-—-— PR SPEDGRaRED SRR Gk SEDIIPE S c— s -t - f e + S e e e
jangp4 . g - - - b - — + kY —— [PYPEPY UDERAMERD S EE
T .l|n|n4h&.oﬂd‘lq bt oSl Slibtavay dbdivana 1 .ﬁ»hH.fvaA P DS S Eahd soardbdpd wni bepd
pliag IO SpaRapang) Pt P o ST ITIES - - o S oo P

= e e apal Soapaums e Shed PENISUREN SRS (PN S —t — - . e~} LT
PRt TP RI RS o EER & RS PRt fer e e b8 SR T =SSR a5 pge dondd B 3=
— Alﬁ'Otxf PO g0 - P S s e — — - - —
am— D S :.“3 b - - - < - 4- - ———— —+—t b ——— p- = > W
[P B pipany ssinavgrel spepdpaids (b4 Sibdy ipdpesaun mefinioes grena o3 = s Py sy
—— - - - f = v o e o - - DR SRR PO TP S0 a0 - 4 e

b Sotnani Spibdbe s Sy SREDARIDI Subilaiegl god JEpebus b ung j e e
PP R ceTg Snesh Sethe S8 Prk ERE 1= " = S = P e =

+
— f - - - - - S + pm— pop e gt e
P B piodbeiioep Soiing = T S e 5 MG BN A B S
pubdyilh ip¢ Mandpis Shfogidind) SUNdbpan Jods 04 = Y e - -4
+ 4

pany [PERGDED SPESANEDAN Fhai - - — - - - bge —f e -
3= Hmﬂuiﬂ.l PESEDEbON gaigpe DRED e s 3T S Sodints Sna S b
————g -~ ERERENERGE EOMIDENID NN e . e - o 1 -+ —d— ——t

— —- - + —
= S GREnEn: S bt g pubanay ® pa MDA A S & b "] TPie
P Wapes iagiepd PEnipaia Ihpl St Epdihguis ppe '

b - - -
papans b fpbdbaben SR apas R Joah whnind : ————. .~ b of Pdbea
= h pomihg MPOP DIy Pf Supmete pu Daan Bau pappe <=
—— - - - - - - — e - 4 -~ - -—
=L = b DA Sodbalh Thih Snenghanen G ~— B — - —
Panabdl suain sgids QUongoeng PESPORES apguay e S —— e - —

o [=] o o [=)

=] 73 g R g

~ ¥ -
-— £y hal IR e 4 -

LS

FHOFELCANT WE LT

Oc/LHg

4
LOCKHEED MISSILES & SPACE COMPANY

Single-Stage "gs

Figure 4-16. Parametric Investment Costs for Reusable Versions of L




* w . . —
i e e+ ameene e C e e e e R ettt o ’ i arew

[ ] m e
b -z o
) =t IR
- L
- > = . n 0 n Ly
D - - - w L W] d
- —_ - ] d — %
] . - = I - =
(&} - - = T T I I
- - - w W d L
m = > > > > - =t
- - z o Q (=] -
L z - Ed @ Y] -— =]
voo- s ST SrEas SECEE TH Tz S I =g mam SSRas 1SRG SRT: 2
»” . B i D e T S ] - —— e 1 + W o
- = .- g - -+ —g - - - 41 >4 v .,.H —
ook P z g SR P S o s 1 i a
= ' » | Y
. TR I T pos e & > | ot
el el e e B P b - (] z
paeibats apipding plpends By pepd e ”: & : -8 S <
et Bk toe=) Sa=Ns F=ELT sECEE Sea—s 3} a <
fipts Edelreiu SEaiol Savipibis Itlbieds SAPPEAy Sahamenis taaswr pahi . S
PO SDEDEPUDES SN SEORDEDIINE SPe DG bl i Yens | + - 4 |- 4 e
PIEIECR S R asraipeyeis Sy B PRERIR ST o=y [P WS- - -— —d M
pEi Sl Boiebiots St Ebibaie Sdbdbaris Siles =
pipipes ipdhgiedpel ibarebbaian sptitibebes IDENIDIIE Sheidibal spdbuiemen Sane = 3 . by £ 0
PepER-p PHETEIIAD Su G S ST S SUPR TP PP PPl "y T3 pae o
— i St it sl I - . wrmh . ——— e + 4t 4 ‘» c
wel ubdiupt SAMBIIEE fhdidoess = e : ¥ e 3
PR B el I S T e R L -t e + 4 4. - - P
< P LR UG SSRGS WP P PAPCEDEEE pa - . - b M
. f iy srieatls il i oau shiplpebd SMP SpL dend Pan SR = 12z 2 w
- = Pt EREEE o lE EEnes SRS SRR EEREE pepeprens T : e »e wma , (§)
o= Bobals it weapios ISoinet SRDINIAE SIbIDIPEE Soiedi- b b
> pipgbts sangieene 3= SITYTITLETULS 7 e MM e o ey «
T |
To= patapal dpipangivg Shapibdnc (aapibinss ShApiapih SruEbiban Shdbabe = ¥ 1 % iy -W , 4 o
= - P Bl Seehundueds SRERAPARR SHERIREPDES TRApERAP S apY » + + ‘.01 s
- = R Soten o Sagd Bhuad Slihas ikt JEE SRS s s - % 0
F oo =T REbyn tp S aRaE (S SPNPT PEBaE SRS S 3 3 R w o .
T - Pibdiius b foandsitul Ibehupogurlss St P Endbdmand b = b o £ b.
0 = =] pes pabiasgs vodmapeidy Sbusupey fh o 1 @ "
=z — - i By PRSEPAD UNEDGPUED G PN S -~ + . C E
- ¥ —3 ey (o aihngy e re 1 + )
Fa 3> <1 = — - L
= JoEp-GIMED GREDERAP S ERAES SN - o - + - 4% + I n -
= PR Ghepinghgy Shababuie S ENupines § pe — +—t 3 L m hA n
‘ z - apapat - —¢- == 2 Q
—— + g 1 > pe W I m n
plaes gips iy rapdiine B PP - -
= P DT v pogenay aoas y s = 5 o R 2
ps ps maass y s = zZ )
pubgises apeuapapen o b — 1 w +1s < o
DTS SR II NPy ] et T - o o
e S Petehuras ipapasines o o 1 3 2 e ] w
. hﬂ—\{W < - 3 M .bv
T2 s Eitiies ST T : + e S £ o % —
PEDED SIEBuDsbER ShEne <+ - g pa e 3 an H
randibn sababuial Gediodbuneh Shabasapay sty e 3= 1 b ) gl arigl m
P (s -t} s e 3 2 Sp v X
PaiseTan QUSSR Sats SPSEIp Spapunapas wis = o = T3 T e i (8
IEES SEEEe Sees S Sl i : Fis °
peps jpsetae smepapinds e e v PREg me Puiy ppga o
- - - - e o pu ' Sen + pa -+ m =) |
P = TETET s =teaa ST X 2EeE M X
EY T opnd
5 p TITTTTTT TR > - e [ Smere @ oW
: Py et s e o = > P! Fr st n
PEDSOL GUUT D Grenganes SR AP g = I epa e Srgew eegap m
P P I e - - - . - - . e * et e - e P e 4 oo boes e oo .
Pl npapings (P qody Sebebiy Dl [ SPRP% e Papgreg  Sbals Pg o g4 pReSe of oRd SRS £ o~
- PYTIDTS SEIEPE s arup SMPEIPD GoupUIEpEY SDEEEE SrapEppe: (pTR MWD Sv SEIIAE IAISES PUS (P SMDIPS TESEII Sru SR P -t
PEPEDEE SROLEREGD WG G PUDEDES ENESETRE SDERAIUDE S —— —— A e - WA S apab & (-] 1
piSgee Sapgpion spapuntpds Ensivapaiiy It (hebdiandy shibapes Supinpman sl i sypipes shusgs wi Saiang Putchebn b P S [ -~
- - ——eefrs - - - - PSS S (LU (EDRO B s oy M - JQ.QITQUV‘ - -—g - . - v ] M 4
PRSI i QPSS SN - . PG SRS Sa — bo ¢ » B cd s e
i Paravites pdiuptg: gt Sbibies Sinabepd Gibibuneh gt ptaend wibipibd) shed Siidy IPibued o
PIPPEE SNy AP SI SULPAIP SPUPIOTIE SSRPEBIIR S g e WepEpaN Hpqy SpupAs M
= Uh.n“n\uu Pt Sl (el (AR IPbP i) Sdpihunas Solisanibe ) iyl wdpgbcnel (hdp SEney SoEDa M m
e ) o 3 m o S nm X
S
& 3 ] g 8 e 2]




LMSC-D153408
Vol I

LF2/Llly Single-Stage Tug Investment Costs

Point investment-cost data for szFz/l..H2 reusable ground-based Tug sized at 47,800 1b
propcliant loading arc presented in Tables 4-10 and 4-11. Table 4-10 contains the
theoretical first-unit costs for this Tug while Table 4-11 presents the total Investment

e

phasc cxpenditure requirements.

Parametric data on the Investment phase costs of single-stage LF2/LHg Tugs are
presented in Figures 4-18 through 4-21. Curves of first-unit costs for reusable and
expendable versions of the LFa/LHg Tug are given in Figures 4-18 and 4-19, respec-
tively; total Investment costs for these same two versions are graphed in Figures 4-20

and 4-21.
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(Wp = 47- 8]‘;)

LMSC-D153408

Vol III

Table 4-10. FIRST-UNIT COST FOR LFy/LHy SINGLE-STAGE, GROUND-BASED TUG

ltem Cost ($ millions)

Structure (Including Insulation and Propellant Feed) (3.498)
Core Stage 3.498

Drop Tank 0.000

Avionics (8.419)
Guidance and Navigation 5.524
Communications 1.995
Instrumentation 0.900

Power Supply and Distribution (2.371)
Electrical Power 2,371
Propulsion (1.432)
Main Rocket Engine 0.487
Orientation Control 0.945
Integration, Assembly, Checkout and Test 0.847
Total 16.567

L

o gt s S

C Rl h e Vgt M b

(Wp = 47.8K)

Table 4-11. INVESTMENT COST FOR LF/LHy SINGLE-STAGE, GROUND-BASED TUG

{tem

Cost ($ millions)

Reusable Fleet Cost (17 Tugs Plus Initial

Spares and Support) 327.977
Expendable Hardware Cost (17.812)
Expendable Tugs (2 Units Plus Spares/Support) 17.812
Drop Tanks (0 Sets) 0,000
Facilities and Equipment 22,272
Total 368.061
4-35
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FLOX/CH, Single-Stage Tug Investment Costs

Point Investment-cost data for a FLOX/Cll,4 reusable ground-based tug sized at 52,000 1b
propellant loading are presented in Tables 4-12 and 4-13. Table 4-12 contains the

theurctical first~unit costs for this Tug while Table 4-13 presents the total Investment

phasc expenditure requirements.

Parametric data on the Investment phase costs for single-stage FLOX/CH4 Tugs are
presented in Figures 4-22 through 4-25. Curves of first-unit costs for reusable and
cxpendable versions of the FLOX/ CH4 Tug are given in Figures 4-22 and 4-23, re-
spectively; the total Investment costs for these same two versions are graphed in
Figurcs 4-24 and 4-25.
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0 Table 4-12, FIRST-UNIT COST FOR FLOX/CH 4 SINGLE-STAGE,
GROUND-BASED TUG
(WP = 52. 0K)
Item Cost (3 millions)
Structure (Including Insulation and Propellant Feed) (1.694)
Core Stage 1.694
Drop Tank 0.000
Avionics (8.419)
Guidance and Navigation 5.524
Communications 1.995 |
Instrumentation 0.900 !
Power Supply and Distribution (2.371)
Electrical Powe 2.371
Propulsion (1.373)
Main Rocket Engine 0.433
Orientation Control 0.940
Integration, Assembly, Checkout and Test 0.727
Total 14,584
Table 4-13. INVESTMENT COST FOR FLOX/CH 4 SINGLE-STAGE, .
GROUND~BASED TUG
(Wp, = 52.0K) E
item Cost ($ million) E“
Reusable Fleet Cost (17 Tugs Plus Initial
Spares and Support) 281.596 -
Expendable Hardware Cost (58.085)
Expendable Tugs (9 Units Plus Spares/Support) 58,085
Drop Tanks (0 Sets) 0.000
Facilities and Equipment 21,257
Total 360,938 B
£
1O
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Figure 4-22. Parametric First-Unit Costs for Reusable Versions of
FLOX/ CH, Single-Stage Tugs
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292/_1_._}12 Stagc-and-One-Half Tug Investment Costs
’ The point cost data on Investment phase expenditure requirements for an L02/ Ll'l2 H

stuge~-and-one-half Tug sized at 30,000 1b core-stage and 27,000 1b drop-tank prope! -
lant weights arc presented in Tables 4-14 and 4-15, Table 4-14 contains the theoreti-
cal first-unit costs for this Tug while Table 4-15 presents the total Investment phase f

expenditure requirements. ;

Parametric data on the Investment phase costs of the expendable LOZ/ LH2 drop~-tank
set are plotted in Figurcs 4-2¢ and 4-27. Figure 4-26 grs .as the first-unit costs over
a range of sizes from 8000 1b to 26,000 1b propellant; Figure 4~27 presents the curves
of total Investment cost over the same size range.

L
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Vol Li
(’_} Table 4-14, TIRST-UNIT COST FOR L02/LH2 STAGE-AND~ONE HALT,
GROUND-BASED TUG
(CORE WP = 30K)
ltem Cost ($ Millions)
Structure (Including Insulation and Propellant Feed) (3.283) ;
Core Stage 3.048 !
Drop Tank 0.235
Avionics (8.419)
Guidance and Navigation 5.524
! Communications 1.995
Instrumentation 0.900
Power Supply and Distribution (2.371)
Electrical Power 2.3
Propulsion (1.337) ‘
Main Rc-i .~ Engine 0.406 i
Orientation Control 0.931 P
Integration, Assembly, Checkcut and Test 0.686
Total 16.096

Table 4-15. INVESTMENT COST FOR L(')z/LH2 STAGE-AND-ONE-HALF,

GROUND-BASED TUG
(CORE WP = 30K)
item Cost ($ Millions) B8
Reusable Fleet Cost (16 Tugs Plus Initial Spares 298.642 o
and Support)
Expendable Hardware Cost (37.151)
Expendable Tugs (1 Unit Plus Spares/Support) 8.189 )
Drop Tanks (236 Sets Plus Spures/Support) 23.962
Facilities and Equipment 21.821
Total 357.614 ]
%@}
:
;
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OPERATIONS COSTS

The costs associated with maintaining a reusable Space Tug program through its
twelve ycar operational phase (1979 - 1990) are reported in this scction., The
Operations phase includes all activities associated with preparing the Tug for launch
(handling, checkout, fueling, countdown); all activities associated with flight of a
reusable Tug (mission control, recovery); and all activities associated with reusable
Tug refurbishment (inspection, repair and replacement of hardware as nccessary,
periodic major overhaul, and spares provisioning). The Operations phasc also
includes basc management, direct range services, and facilities/equipment operation
and maintenance,

Important assumptions made in estimating Operations phase costs were as follows:
o The costs of Government manpower and equipment for mission control,
tracking and data acquisition were omitted

e Tug operations were assumed to take place at two sites, namely ETR and
WTR

For definition of the individual WBS entries used in the Operations costs, see
Chapter 2.
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LO,/LH,, Single-Stage Tug Opcrations Costs

Point-cost data for Operations phase cxpenditures with 1.02/LH2 reusable ground-based
Tugs are presented in Tables 4-16 and 4-17.  These costs are for single-stage Tugs
sized at 36,300 1b and 50, 200 1b propellant loading, respectively.

Parametric data on LOZ/LH2 single-stage Tug operations costs are presented in
Figures 4-28 through 4-31. These graphs cover selected activity-level-dependent
elements of Tug operations only. Figures 4-28 and 4-29 comprise plots of follow-on
spares costs as a function of propellant loading for reusable and expendable versions
of the L02/ LH, Tug, respectively; these are calculated on a total cost basis. Figures
4-30 and 4-31 are curves of other key Operations costs as a function of activity level;
these are plotted on a cost-per-flight basis and are for recusable and expendable ¢
versions of the LF2/ LH, Tug, respectively. ’

5

4-51

LOCKHEED MISSILES & SPACE COMPANY




Table 4-16. OPERATIONS COST BREAKDOWN FOR LOZ/LH2 SINGL E-STAGE,

LMSC-D153408
Vol 11

GROUND-BASED TUG
(W, = 36.3K)
item Cost ($ Millions)
Launch Operations and Services (493 Launches) (186.599)
launch Operations 110,487
Propellants 1.569
Facilities and Equipment Maintenance 7.007
Engineering Support 27.000
Program Management and Integration 27.000
Range/Base Support 13.536
Flight Operations (415 Reusable Tug Flights) (22.352)
Communications and Control 6.768
Replacement Training 14.403
Recovery Operations 1.181
Refurbishment (401 Refurbishment Cycles) (204.718)
Vehicle Maintenance 40,358
Follow~on Spares 164,360
Transportation Cost (511 Shuttle Flights) 2,555,000
Total 2,968.669
4~52
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GROUND-BASED TUG
(Wp = §0, 2K)

LMSC-D153408

Vol Il

Table 4-17. OPERATIONS COST BREAKDOWN FOR I..Oz/LH2 SINGLE-STAGE,

Item Cost ($ Millions)
Launch Operations and Services (519 Launches) (194.147)
Launch Operations 116.731
Propellants 2,274
Facilities and Equipment Maintenance 7.606
Engineering Support 27,000
Program Management and Integration 27.000
Range/Base Support 13.536
Flight Operations (488 Reusable Tug Flights) (22.568)
Communications and Control 6.768
Replacement Training 14,517
Recovery Operations 1.283
Refurbishment (471 Refurbishment Cycles) (240.557)
Vehicle Maintenance 45,182
Follow-on Spares 195,375
Transportation Cost (562 Shuttle Flights) 2,810,000
Total 3,267,272
4-53
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LT, /Lll, Singlc-Stage Tug Operations Costs

Point-cost data for the Opcrations phase expenditure requirements with a reusable
ground-based LF2/ Lii,, Tug sized at 47,800 1b propellant loading are presented in
Table 4-18, These costs reflect the added complexity of operations required with
LF2 oxidizer (compared to Loz), as well as the added cost of the propellant itself.

Parametric data on Operations costs for reusable and expendable versions of the
LFZ/ LN 2 single-stage Tug are graphed in Figuraes 4-32 through 4-35. Figures 4-32
and 4-33 plot total follow-on spares costs as a function of Tug size. Figures 4-34
and 4-35 plot the cost per flight of key Operations activities as a function of the
annual launch rate,
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é Table 4-18, OPERATIONS COST BREAKDOWN FOR LF2/LH2 SINGLE-STAGE,

- GROUND-BASED TUG

W W, = 47.8K)

Item Cost ($ Millions)

i Launch Operations and Services (519 Launches) (240.817)

A launch Operations 145.909

3 Propellants 20,443

Facilities and Equipment Maintenance 6.929
Engineering Support 27.000
Program Management and Integration 27.000
Range/Base Support 13.536

‘: Flight Operations (500 Reusable Tug Flights) (22,645)

- Communications and Control 6.768

E Replacement Training 14,570

i Recovery Operations 1.307

' 0 Refurbishment (483 Refurbishment Cycles) (255.332)

- Veliicle Maintenance 53.143
Follow=-on Spares 202,189

f Transportation Cost (535 Shuttle Flights) 2,675.000

. Total 3,193,794
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Point-cost data for thc Operations phase (¢ penditure requircments with a reusable
ground-based FLOX/CH, Tug sized at 52,000 1b propellant loading are presented in
Table 4-19. Thesc costs reflect the added complexity of operations required with
FLOX/CH 4 propellants (compared to LOs/ LH, ) as well as the added cost of the
propellant itsclf,

Parametric data on Operations costs for the reusable and expendable versions of the
FLOX/CH 4 single-stage Tug are graphed in Figures 4-36 through 4-39. Figures 4-36
and 4-37 plot total follow-on spares costs as a function of Tug size. Figures 4-38
and 4-39 plot the cost per flight of key Operations activities as a function of the annual
flight rate.
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Tuble 1-19, OPERATIONS COST BREAKDOWN FOR FLOX/CH 4 SINGLE-STAGE,
GROUND-BASED TUG
(Wp, = 52.0K)
F Item Cost ($ Millions)
Launch Operations and Services (506 Launches) (235.570) §
Launch Operations 141,985 :
Propellants 19,543 !
Facilities and Equipment Maintenance 6.506
Engineering Support 27,000
Program Management and Integration 27,000
Range/Base Support 13.536 3
Flight Operations (480 Reusable Tug Flights) (22,024) i
Communications and Control 6.768
Replacement Training 13.975
Recovery Operations 1.281
Q Refurbishment (463 Refurbishment Cycles) (237.408)
Vehicle Maintenance 51.7210
" Follow-on Spares 185.698
Transportation Cost (522 Shuttle Flights) 2,610.000
Total 3,105,002
4-65
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L0, /111, Stage-und-Onc-llalf Tug Operations Costs

The point costs for Operations phase cxpenditure requirements with a stage-and-one-
half 1,02/ l.ll2 Space Tug concept are presented in Table 4-20, These costs are for

u concept with a core-stage propellant loading of 30,000 1b and a drop-tank propel’ 'u¢
loading of 27,000 1b,

4-70
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Table 4-20. OPERATIONS COST BREAKDOWN FOR LOZ/ LH2 STAGE-AND-ONE HALY,
GROUND-BASED TUG
(CORE WP = 30K)
ltem Cost ($ Millions)
Launch Operations and Services (496 Launches) (186.790)
Llaunch Operations 111,205
Propellants 1.308
Facilities and Equipment Maintenance 6.741
Enginearing Support 27.000
Program Management and Integration 27.000
Range/Base Support 13.536
Flight Operations (479 Flights with Core Stage Reuse) (22.475) ‘
Communications and Control 6.768
Replacement Training 14,428
Recovery Operations 1.279
O Refurbishment (463 Core Stage Refurbishment Cycles) (233.661)
Vehicle Maintenance 44,776
Follow=on Spares i88.885
Transportation Cost (628 Shuttle Flights) 3,140,000
Total 3,582,926 &
B
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FUNDING REQUIREMFENTS

T'he funding requirements, by fiscal year, of a reusable L02/LH2 Space Tug (50,200 1b
propellant loading) are graphed in Figure 4-40, This figure was presented to typify
the expenditure pattern of the entire class of reurable Tugs. The funding curve was
derived using development and procuirement span data (c.g., 5 vears for RDT&E) in
combination with standard statistical spread functions. No smoothing of the expendi-
tures was performed.  These costs include only ‘Tug expenditures (RDT&E, Invest-
ment, Operations); Shuttle user fees and payload costs were specifically excluded,

This characteristic reusable-~"Tug funding curve features a peak in funding during the
carly years (FY 1975 — 1979 peimarily caused by RDT&E expenditures and sccondarily
by Investment phasce requirements. The magnitude of the peak year requirement ex-
cceds $200 million, The RDT&L component of this funding can be alleviated slightly
by a vigorous program of supporting research and technology in the FY 1973 - 75, and
can be further decreased by accepting lower Tug performance (e.g., no retrieval
capability; storable propeliants\. However, no appreciable reduction in the early-
vear peak can be achieved without phased introduction of the reusable Tug and use of
the orbital injection stage for carly operational missions,

Once the operational phase of the reusable Tug program arrives, funding levels
decline to just over $50 millior per year., This efficiency in operations limits total
"T'ug expenditures to $1.41 billion, in contrast to $1.6G4 billion for the most competitive

orbit injeetion stage.
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Chapter 5
PAYLOAD COSTS AND CHARACTERISTICS

This final chapter in Volume [II presents cost data — and other important character-
istics — for the unmanned spacecraft delivered by the Space Tug system. The organi-
zation of this chaptler is as lollows. First the overall approach to payload costing is
reviewed to establish a basis for the estimates that follow. Then the contents of the
data sheets that make up the payload data base are described in detail to guide the
reader in interpreting this information. Finally the actual payload data sheets for
most of the unmanned spacceeraft in the mission model are presented. ‘This informa-
tion covers NASA and applications-agency programs only; Dol) payload data arce con-

tained in a separate classified appendix (limited distribution).
APPROACH

The starting point in the payload cost analysis was a mission model comprising 64
programs (433 spacecraft placements) that was supplied to Lockheed by NASA. This
modcl was limited to those missions for which a Tug is potentially required; hence it
excluded low-earth-orbit spacecraft directly deliverable by the Shuttle alone. User
agencies represented in the model werc NASA (both the Office of Space Sciences and
the Office of Applications), the Department of Defense, and various non-NASA appli-
cations agencies. Data included with thc model (augmented by Aerospace Corporation
results from the STS Economic Analysis study) also provided the orbital parameters,
sizes, weights (by subsystem), power requirements, and flight schedules for all of

the bascline payloads considerced in the mission modcel.

The costs for these bascline payloads were then calculated using a parametric cost
methodology applied against the spacecraft weights and characteristics. The cost es-
timating relationships used to perform these computations were historically-derived
curves of cost as a function of technical characteristics (primarily weight) for the
principal subsystcms of unmanned spacecraft. The resulting baseline payload costs
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were checked against comparable estimates derived by Acrospace Corporation in the

STS Economic Analysis study and found to be in agrcement.

llaving cstablished the baseline spacecraft costs, the final step in thc payload costing
task wis to develop algerithms to express the cost savings possible with Space Tug
systems.  Based on the work performed by Lockheed under the original Payload Effects
Analysis study (NASw-2156) three classes of payload cost savings were identified for
the Tug, namely:

e Mass/Volume: These are the savings possible when payload weight and volume

capacity (in excess of baseline requirements) are available, and low-cost fab-
rication techniques can be used because of the relaxed design tolerances.

e Payioad Retricval and Reuse: These are savings achieved when a spacecraft
retrieved from orbit is refurbished, experiments are replaced as needed, and
the spacecraft is returned to operational service (in lieu of purchasing a new
unit).

e Accessibility: These savings, formerly called risk acceptance, arise from the
fact that less testing (both RDT&E and acceptance) can be allowed for space-
craft that are accessible for repair in case of failure on orbit,

The savings attainable with each of these three effects were quantified in the form of
cost and weight estimating relationships, and other algorithms. These were automated
into the logic of the Lockheed STAR/ANNEX program in such a way that appropriate
low-cost spacecraft estimates could be generated 2s required by the available payload
capability of a given Tug in a given mode.

PAYLOAD DATA

This section contains data on the costs and characteristics of the unmanned payloads.
This information is arrayed on data sheets (one sheet per payload). Following is an
explanation of the payload data skeets. The payload data sheets for all spacecraft
except the DoD programs are presented in Tables 5~1 through 5-48. These are
arranged in numerical order in ace. ~lance with their assigned number in the reference
mission model. 'These sheets contain all of the mission and cost data necessary to
compute and spread all of the cost increments of one program from the mission model.
The data are grouped into blocks, details of which are given below. ‘The major blocks

are as follows:
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Mission identification

AN NN . o TN . .

; Mission definition

3 e Accoptable mission modes

§ « Schedule of all cost producing cvents

; ¢ Listing of weights and costs 1
% ¢ Miscellancous cost and weight parameters

% o Cost spread parameters and miscellancous data

The contents of each of these blocks is as follows:

Mission Idenufication. This gives the mission number in the so-called Fleming
model of March 1971 and the mission title. The subfield is provided to allow for
variance within a mission, such as sending the same payload to a variety of

orhits.

Mission Definition. ‘This lists the final orbit into which the payload is to he

placed, the AV required (above the velocity in a circular orbit at 100 nm), pay-
load life, and the number of active payloads required. The payload dimensions
and density are for the baseline payload, before application of payload effects

and repackaging; these dimensions are taken from Aerospace Corporation data.

Acceptabie Mission Modes. This lists the possible payload modes (expendable
or retrievable) and Tug modes (round trip placement and retrieval in one flight,
placement only, retrieval only, expendable Tug) and states which modes may be

used for the subject mission.

Schedule. 7The first two lines of the schedule are for expendable payloads and
are tatn from the mission model. The launch schedule also applies to payload
placement when the payload is retrieved and refurbished (in the present study
only refurbishment on the ground was considered). The retrieval schedule was
developed by LMSC during the study; it is designed to minimize new buys and
a{so to permit combinations of placement and retrieval on one flight as far as
possible. The resulting new-payload acquisition schedule for a retrievable pay-
(\) load is then shown. The schedule of new-experiment RDT&E, for these cases in
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which the experiment is changed every few years, is taken from Acrospace Cor-

poraticn analyvses.  ‘That part of operations cost associated with orbital support,

ek bl

independent of launch rate, is applied in every year in which an asterisk is shown,

Weight and Cost Parameters. Weights and costs are listed herc by subsystem.

These data are derived as follows:

e Baseline Weight From Aerospace data.

o Low Cost Weight From weight estimating rclationships (WERs)
developed by LMSC from results of Payload
Effects Study, for full application of low-cost

techniques.
e Baseline Costs From LMSC cost estimating relationships (CERs)
e Low Cost From LMSC CERs based on results of Payload
Effects Study, for full application of low-cost
techniques.

The sub-heading Risk denotes application of accessibility savings (formerly
called risk acceptance) in which a cost reduction is made, at constant total mis-
sion reliability and confidence, because it is possible to check out a payload
after placement and bring it back if it has failed. No Risk denotes costs when
this effect is not applied. The factors in parentheses beside the cost tabulations
for experiments, structures, and electrical power allow for complexity in these
subsystems and are applied to the costs derived from the CERs for a complexity

factor of unity.

The ratio of inert weight (less propellants) to total weight was maintained constant v,
at the factor shown, and the propellant weights were computed accordingly. The B
"minimum weights" are stops to prevent the payload weight from ever going below
the baseline weight for the expendable mode, or going below the baseline weight
(as modified by providing refurbishability) for the retrievable mode. The weight
increment for refurbishability is shown on the third line of the first column; it is
derived from an LMSC WER and applies to either baseline or low-cost payloads if
refurbishable. It results from spacecraft design modularization and hardware
provisions for retrieval (e.g., rendezvous/docking equipment). Provision was

(} made for fixing the weight of some subsystems (fifth line, sccond column) when it
. 5-4
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was [elt that tow=cost techniques were not applicable. ‘The low=cost paviomd weight
included provision for vefurbishability (for historieal reasons).  In ovder Lo intey-
polate (for partial application of cost reduction with weight increasce) the weight
changes due o low-cost techniques only, the factor (L/C — B/L — REF (L/C)), which
represents this increase, was computed.

The accessibility savings (i.e., Risk Acceptance) were applied in full to re- ;
trievable payloads. For expendable payloads, which could still be checked
out after reaching low earth orbit but before placement by the Tug, 40 percent
of the full savings was applied (third column).

Cost Spread Parameters and Miscellaneous Data, These entries are largely
self explanatory. The duration of the R&D phase (or phases, if new-experiment
R&D is required) and the investment phases (purchase of new units), and their
spread-function shapes are given. The launch-rate~dependent operating cost

. is that associated with a launch and is applied in the years of launch. The

\, O launch-independent costs listed are per-year per-vehicle active on orbit, and

¥ are applied as shown in the schedule. The Fixed Portion Initial Investment
(usually zero) provides for additional ground facilities if required by the mis-
sion. Provision was made (but not used) for retrieving less than 100 percent

of the placed payload weight. The Cost Confidence eniry is a subjective evalua-

tion of the validity of the cost data,
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