IS oA T S S R

¥ .

SR

ViR gt w o

£

P 15:53“*’4?"5« -

T’ o

Ew

— . T

A Reproduced Copy
OF

Reproduced for NASA
by the
NASA Scientific and Technical Information Facility

(NASA-CR-124091) SINGLE STAGE EARTH N73-18858
ORBITAL REUSABLE VEHICLE, VOLUME 6;

RESOURCES Final Report (Chrysler Corp.)
235 p HC $3.75 CSCL 228 Unclas
G3/31 16913

-

FFNo 672 Aug 65

4
s
1
-
b

¥




S

EJ T vl Dt

.

[ REPROUBCOIL TR TERDR (P TP O, .3

Final Report On Project

Single-stage  Earth-orbital  Reusable  Vehicle

SPACE SHUTTLE FEASIBILITY STUDY

volume 6 contract NAS8-26341

resources june 30, 1971

A A S e I I e sl Sk e T T e L Aol Che LS w}ﬁm,f,.n—-..p~wgmw,%,’,k”.,‘,_ra

4

e e . —— oy

e
L 3
. 3 E

\\".
vy R T
Yo, AR .
.\\ . ~
-
Sl

8 \‘. \W o ——
\
\
5

SPACE DIVISION w n Al,;%ﬁ NEW ORLEANS, LOUISIANA TR-AP~71-4

T T




Tyt T E 0wy

R R L et gt T

4 N g BT, 3
PRIESY1S S e e R e e

> T

DFD MA-095-U4 ' TR-AP-71-4

Final Report On Project
SINGLE-STAGE EARTH-ORBITAL REUSABLE VEHICLE

SPACE SHUTTLE FEASIBILITY STUDY

volume 6 , contract NAS8-26341

resources june 30, 1971

cpmoveds 00 Ssrra

C.E. Thorrat ———
Project Manoger - SERV

CHRYSLER CORPORATION SPACE DIVISION
P.O. BOX 29200
NEW ORLEANS, LOUISIANA

W i e by




o
@)
O
a.
A
&
e
<
-7
=
9
o
O
Li
pe
—
S,
O
>
o
0
O
)
O
O
(e 4
o
(Ve
%

g R S B e
VR e b e T e




Nty ty b oy

«._;!'.m‘,{xfg L

R e g 0y
5P S g

EEERT

oty e P gt T

T AV i

G TEEDI N ey g

FOREWORD

This volume is one of a 6-volume final report of the Study of a Single-stage
Earth-orbital Reusable Vehicle (SERV), The study was conducted by the
Chrysler Corporation Space Division (CCSD) for the National Aeronautics

and Apace Administration, George C. Marshall Space Flight Center under
Contract NAS8-26341, The purpose of the study was to evaluate the potential
of SERV as the boost element of a candidate space transportation system.

To establish the SERV potential, five key technical areas affecting concept
feasibility were identified for examination: engine performance, aerodynamic
characteristics, thermal protection, subsystem weights, and the landing
method. The results of these analyses are published in a final report cor
sisting of the following six volumes:

Volume 1 Summary

Volume 2 Aerodynamic Model Testing
Volume 3 Concept Evaluation

Volume 4 Vehicle Definition

Volume 5 Operations Definition
Volume 6 Resources

Chrysler gratefully acknowledges the cooperation and support of North American
Rockwell Corporation, Rocketdyne Division, who under subcontract assisted in
the model test, and analyzed the test results of the uniquely integrated SERV
engine-to-structure concept. Rocketdyne also generated parametric engine data
and designed the SERV aerospike engine. Chrysler also acknowledges the support
and technical assistance received from Detroit Diesel Allison Division of
General Motors Corporation who provided parametric engine data for advanced
technology direct lift gas turbine engines and the AVCO Systems Division whc
provided design and cost data for thermal protection systems. In addition,
acknowledgement is made to the following NASA and DOD agencies for their
cooperation during wind tunnel testing: NASA-Ames, NASA-LaRC, NASA-MSFC,

and AF-AEDC,

The study was managed and supervised by:

Charles E, Tharratt ~  Study Manager
William R, Baldwin Principal Systems Analyst
John H. Wood Principal Performance Analyst

Arthur P, Raymond, III  Principal Program Analyst
oflthe Chrysler Corporation Space Division, supported by Robert E. Scknurstein

of the North American Rockwell Corporation, Rocketdyne Division. The study
was conducted under the direction of Robert J. Davies, NASA study manager.

ii1




g PO PRGN < g

Ty R 7

e R

w

[ 2
"R TR

= 9 s e
L el Ay L et B T ik W 2 R

: o gt T By
O I A AR X & s R e et N

. P
Wog ok e BB o

LT

B T TP el WATE R« e e -

PRECEDING PAGE BLANK NOT FILMED

TABLE OF CONTENTS

Paragraph Page

Section 1 - INTRODUCTION
1.0 General S 000 08 000000000000 PP VPPN ARNRPINONINPINOIEONEOSEOLERNENPSPOEDIPDS 1-1

Section 2 - CONFIGURATION DEFINITION 2-1

General ® 0 004900 0 00 000000 RNOOERBOORNNPOEVIIOIOIERNINOIORNOIOEREPORRLOEINTCOS

0 2-1
1 vehicl(‘ Desc!iption 96000000000 00000 0000000000000 2'1
2 Typical Mission Profiles ,,.eeceeeesoosoescecsscnccae 2-3

Section 3 - COST GROUNDRULES AND ASSUMPTIONS

&neral 8 0 28000000 P P GOOSIOROOCESOPIOSEONIDNOELLILOESOLONEPRNTPSDS 3
Ptogram COSES sevescsocevsosvsosssosossscvcsscssccssnsse 3
Vehicle Test and Operations R R RN 3'
3
3
3

0
1
2
.3 Facilities 0000000000000 0000000000000CCOCOICOIOORROCEROOTOITITST
4
5

Traffic Models 00600 0 0800000080009 P0s000000rePRRPEES
Fleet Requirements 6000000000000 000000000Css0ORORES

Section 4 -~ PROGRAM REQUIREMENTS

4.0 &neral 0 000060 0080 3PP POSEONEOIRNIOBICSOEISIOIEBIBOEOSOLOESEOSNONONONDNNGSESE 4.1
41 Ptogtam Schedule $ 0860000000060 000000ss0800 0000000000 ‘01

Section 5 - WORK BREAKDOWN STRUCTURE

&neral 0 @0 0 009 000 S0P sCRPRRIRRNROOERRTVYTIONOEOSNPSINOSONOIAQGEBROISEONRAEYS
WBS Format 000000000000 000000000600000000000000000
WBS Element Content sceccccrvsccocscscscescassscenses

1 SERV (WBS 101‘00'00) se00s 00t 000t csessr st s0s0ROS

1.1 PrOPUISiOD (WBS 101"01'00) #0000 sss0000scetrenttsnsese

1.2 Avionics (WBS 101'02"00) 8000000000 000000 00000000008

1.3 Airframe (WBS 101-03-00) 0600000000000 00 0000000000000 d

1.4

1.5

nwuwmuuuun
]
O\ I LN 1 ot et s e

Power (WBS 101'0‘0'00) 0000000000000 000NN EOO0OOONY

Environmental Control and Life Support

(ECLS) (wBs 101.05-00) 0 600 0300000 0000000000000 00
N Asselnbly and Checkout (WBS 101'06'00) te0vescsscnves
o7 System Suppott (WBS 101'07'00) s000s00cecs0sscsrsnsee

Spacectaft (WBS 102'00‘00) #0000 000000000cs0s0s000nse

NNV O

® @ @& e » e 8 s @

[]
~NoOo

LY Y (S B R N R NV RV BV BV ]

e o @

NN

» o ®

(C BV RE BT ]
]



— o o n am
v EEEL G RS S T

= 555" Wﬁﬁ;'«.,ﬁ :"‘vé‘:i?

e

&4

§onat, 0 EXTY L
Far Rty DR A

:23'?,,'4«'\.5.1

%

L ™
s T g™

RN
e

. 'Wf’q"\'jw "szi‘( - -

e
PR

weRT e MLy

PEC U S

S TR
S

TABLE OF CONTENTS

o
Y
[e

Paragraph

Main Engine (WBS 103-00-00) 00000800000 0s00c000 o0t
Flight Test (WBS 104'00'00) 0000000000000 0c000000000
SERV (WBS 104'01‘00)oa--no.oooooooa-cooocoaoooocoocoo
Spacecraft (WBS 104-02-00)cececvscocccssnacsssaccsnss
Mated (WBS 104-03-00) @0 0 0000600000 PPA RO ONIQONINEPEEDIYTDS
Support (WBS 104‘04’00) ©0 00 I 00 EONGOCEOINIRNSOIBOEOCGROISOEES
Operations (WBS 105‘00'00) eseessetseserenssssctsens e
Management and Integration (WBS 106-00-00) ¢.cecceves
Systems Engineering and Integration (WBS 106-01-00)..
Program Management (WBS 106-02-00) ccesseoseseccesasae

(VR R RV RV NV R RV N R,
1
00 00 00 OC 00 00 00 S~~~

NN DN N
ccoounmpsabbpDW
-

£SO -

-
.
[ S

wmbhhuvuunuyuyton oo
- * L] - > -

Section 6 - COST ESTIMATION METHODS

General  ceveceicccecsititsctnnesncccsccnnssssonsanes
Cost Relationships .eecesovoessvsescecssossccscsnens
SERV (WBS 101'00'00) e0veeev0esssctsrrosreRRORRRO RS
1 Propulsion (WBS 101-01-00) eesssssesssesssesssnssee
2 AVionics (WBS 101‘02'00) s6000008 0008000000000 0s00
03 Airframe (WBS 101‘03“00) 0600000000000 0 000500000000
4
5

.

Lo o X e e a e e
'
OV W N

Power (WBS 101_04'00) 00 00cerseeresrssetsurtse0re
Environmental Control and Life Support

(WBS 101‘05‘00) €S 0 e 0000 0RO CPIROPIENIESITIIENRNROORGOOVLOIOROIOS
Assembly and Checkout (WBS 101-06-00) csccearrnenne
System Support (WBS 101-07-00) .ccevcecrsecccasccssae
Spacecraft (WBS 102'00'00) 0Sesvsveeetsveceenetsosce
Main Engine (WBS 103'00’00)otooooco-ooaoooooootoo-u.o
Flight Test (WBS 104'00'00) 0ecs0000 00000 r0s000000 0
SERV Flight Test (WBS 104‘01'00) tsees000snss0scsccor
spacecraft (WBS 104'02'00) 0000000000000 00s000000
SERV Spacecraft Mating (WBS 104-03-00) c.vesesorenses
Support (WBS 104‘04‘00) s060 0000 re0oersrenesIRssR S
Opetations (WBS 105‘00'00)-.noooocnc.oooooonooooo'ooo
Management and Integration (WBS 106-00-00) ..cce0cse0
Systems Engineering and Integration

(WBS 106'01'00) 680 0000000000050 08000000000000000000
Program Maﬂagement (WBS 106'02'00) tessesescresesane
Cost Distribution ceeeecececsssnssscvcssstsssssscones
Distribution of RDT&E Cost tecsesssnssecsccnsecoee
Distribution of Investment Cost 09 2000000000000 00 0
Distribution of Operation COBL  ssevoecncoscossecrnss
Progtam Cost Model $0600000000000 0000000 ORIRIIIS
Model Description 900600006000 00000000000000000 0000
Model Opetation 0000000000800 0000000 000000000 000000

CTRRTTORC O
et b b ek ek pt e O
.

s ® o e & @ o

o »
-~ O
!

[
Pt b e s = el b gt e 0D OO OO

N s 2 O OO

E VRN S

Pk Gk fod it ) et o ot ek Pmd pd b
*® ® © e ® 8 & o » o &
[ N W BN R N G TR R
.
[}

¥ ameanas S NP RN

oo ODONOANONOVNONOVNOY ON
O\O\O\O\O\?\O\O\O\G\O\O

* e e o @

-
—

Lo

.
(<]
.

N

O\O\O\O\?\O\O\O\O\
Ped b b b pod b foed st Pt
wmummunnnbnunip oo N

e o o o o
e ® e
W N -

]

OO OO
WWWR NN

s o
N -

vi




. e

PRl S BN

Paragraph

APPENDICES
A

B

TABLE OF CONTENTS

Section 7 - COST ANALYSIS RESULTS

General PO P 0L 000 0P P PPRSRNORSOESIOOISEOPNOIOSNRPOIOSETRNROPOSROSOEOSIOSEDNPOEONPOTOTNS

Configuration IdentificationNcsssecrsecsecsocccossccancs
cost Analysis Results 90800 0N OPOCPISIOCOOEOIOINPRPRORNOEOIEBTROIUVPIPOPOEPOEOTOETS
Program Costs 00 0 00 0000000 P0C00NRNGIISEBIOIRNROIROEEORTVEOROGOODS
NASA Cost Data FOIMS seeesssccsccsscsscosncerscosscscasne

Program Cost Model - Flow Diagram R xx

Cost Estimate -~ Data Form A, Technical Characteristics
~ Data Form C, Funding Schedule -~ Data Form D .vceeeee

Detail FaCility Coat AnaIYSis R RN Iy

Detail Cost Summary arnd Total Program Distribution,....

vii

B-1

Cc-1

D-1




PHNSIRT VPR 5530 o o, -

Section 1
INTRODUCTION

1.0 GENERAL

This volume presents the results of a conceptual study of the resource re-
quirements for a Single-stage Earth-orbital vchicle (SERV). All aspects of
program cost for the design, manufacture, test, transportation, launch, and
facility modification, have been considered for implementing the vehicle con-
cept through Phase C/D; and also, the subsequent 10 years of space shuttle
operations, consistent in depth with the requi.cments of the study plan.

This qualification is important because the primary objective of the SERV
study was to examine concept feasibility by wind tunnel tests, trade study
analyses, and the identif cation of a recommended configuration through more
detajiled subsystem analyses,

Prior to the commencement of the resource studies reported herein, a wide
range of vehicle trade studies was performed and these are as reported in
volume 3. Nine key trade study subtasks were identified: aerodynamic
characteristics, aerospike parametric analyses, parametric flight performance,
thermal analyses, subsystem concepts, operations concepts; parametric costs;
and a vehicle sizing analysis and point design characteristics identification.
The program costs for the selected vehicle configuration are documented in
this volume of the report and presented in the following manmer:

¢ Section 2 - Configuration Definition

e Section 3 - Guidelines and Assumptions

® Section 4 - Program Requirements

® Section 5 - Work Breakdown Structure

® Section 6 - Cost Estimation Methods

® Section 7 - Cost Analysis Results

® Section 8 - Conclusions and Recommendations

The following is a lict of cost category definitions used througiiout this
volume of this report:

1) Non-recurring Cost (RDT&E). These costs are necessary to develop
the pre-production items that are not quantity related bue in-
clude: developmental engineering and support; test hardware; de-
velopmental captive and ground tests; ground support equipment;
manufacture of tooling and special test equipment; site acti-
vation; trainers and simulators; and facilities.

B .
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2)

3)

Recurring Cost (Production). These are defined as those costs

associated with producing flight hardware up to and including ac-

ceptance of the hardware. Includes all costs associated with: the

fabrication, assembly, and checkout of flight hardware; ground

test and factory chcckout of flight hardware; spares to support air-

borne hardware during flight operations; maintenance of GSE and >
spares for GSE; and maintenance of tocling and special test equip-

ment . I

Recurring Cost (Operations). These are defined as the costs

associated with those activities occurring subsequent to acceptance
of the flight hardware. They are further identified as:

a) Launch Operations - The cost of: receiving the flight hardware;
static firings; refurbishment of static test stand; assembly of
the vehicle; checkout; prelaunch test and checkout; servicing;
launch; and refurbishing the launch pad.

b) Flight Operations - The cost of: mission control; mission
planning; flight crew training; and simulation and aids required
for crew training (excluding the cost of those identified as
test articles).

c¢) Refurbishment Costs - The cost of those activities required to
restore a previously flcwn reusable system to a flight readiness
condition.




Section ~.
CONFIGURATION OEFNITION

2.0 GENERAL

This section presents baseline features of the SERV configuration that were
used in the development of the resource requirements. The final selected
configuration differed from the baseline in diameter, weight and performance.
However, the differences are not significant and have been accommodated in
the resources analyses.

2.1 VEHICLE DESCRIPTION

The SERV configuration is a single-stage-to-orbit vehicle with the capability
of transporting passengers and cargo to and from a near earth orbital space
station. The prime payload is a 12-man personnel module (PM) in conjunction
with 25,000 pounds of cargo. A winged spacecraft is included as an alternate
payload.

Overall dimensions of the SERV personnel module configuration, see figure
2.1-1, are 88 feet in diameter by 93 feet in height, with a cargo hold 15

feet in diameter. Four clusters of five engines are buried within the vehicle
contour and equally spaced around the vehicle circumference at the thrust

ring to provide the thrust for attitude control and deorbit. There are 36
1ift jet engines employed to land the vehicle at KSC. These engines are ar-
ranged in four banks of nine and attached to the outer ylindrical wall in

the engine compartmen: at the base of the vehicle.

Four landing gear leg assemblies, using a telescoping arrangement enclosed in
a cannister, are mounted on the LO2/LH; tank outer cylindrical bulkhead
common skirt, and situated between the lift engine banks. Just prior to
landing, protective doors are opencd and the legs are extended through the
reentry bulkhead. A hydraulic shock absurber system built into each landing
gear assembly provides a soft landing, with loads well within the capability
of the vehicle structure.

The vehicle avionics system is installed in four separate equipment bays,
located immediately forward of the LHy tank upper bulkhead and equally, spaced
around the circumference. Supporting power supply systems are mnunted in the
engine compartment.

Basic dimensiuns ave given in figure 2.1-2 for the two spacecraft under con-
sideration. :. ese two spacec.;aft were specified for study to evaluate the
effect of large and low crossrange reentry vehicles aboard SERV.
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Major dimensicns and key SERV configuracion features are shown in figure
2.1-1, The standard vebicle has a PM aspacecraft that returns to earth on
SERV. The alternate MURP spacecraft is clso shown. SERV is designed for
fully automatic unmanned operation. For this mode of operation a nose c¢ne

of the PM external cnnfiguration would be installed in lieu of the space-
crafe,

Figure 2.1-3 shows the horizontal profile with key dimensions and major con-
figuration features. Locations of the gas turbine 1ift engines, aeroapike
protective doors, and landing gear are shown., Note the location of the lift
engine fuel supply, diametrically opposite the ballast tanks. Figure 2.1-4
shows the location of one quadrant of the direct-lift gas turbines, air in-
let doors, landing gear, and fuel tanks. Figure 2.1-5 shows key features

of the engine compartment layout. The gas turbine fuel and transfer tanks,
and the electrical power generating and distribution systew are located
within the engine compartuwent but are not shown.

2.2 TYPICAL MISSION PROFILES

Figure 2.2-1 shows schematically the recommended mission profiles for the two
spacecraft concepts. The profiles apply to the 55-degree inciination, space
station cargo delivery, reference mission. For both spacecraft profiles the
injection altitude is 50 n mi.

For the SERV-PM profil:, both the SERV and PM go into a high altitude (260 :
n mi) phasing orbit. Terminal rendezvous and docking of the PM and cargo ;
axre acconplicshed using a propulsion system in *he PM. Upon micsion com-

pletion, the PM with its return cargo rejoins SERV. The SERV, plus cargo,
and PM, reenters and lands as a unit.

In the SERV-MURP profile, the SERV with its payload cstablishes a circular
orbit at a low altitude (110 n mi). The MURP, plus cargo, proceeds to the
space station while the SERV remains in the lower orbit. At mission cem-
pletion the MURP rejoins SERV and transfers the return cargo. The MURP

then separates, reenters, and lands, while the SERV, plus cargo reenters
and also lands.

e T
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Section 3
COST GROUNDRULES AND ASSUMPTIONS

3.0 GCENERAL

This section contains the basic cost ground rules and assumptions used to cost
the SERV shuttle program. Cost ground rules furnisined by NASA are incorporated,
and assumptions used for vehicle test and operations, facilities, and operation
traffic model are discussed.

3.1 PROGRAM COSTS

The groundrules listed below were applied in the determination of the program

cost:
1)
2)
3)
4)
5)
6)

7)
8)

9)

10)

11)

12)

13)

Costs to be presented in CY-1971 dollars,

A 1972 technology base was assumed,

Phase C/D starts on January 1, 1972,

The primary manufacturing site is baselined at MAF.
The primary launch site is baselined at KSC,

First manned orbital flight (FMOF) occurs in the last quarter of
FY-19780

The baseline operational program extends for 10 years from FMOF.
RDT&E funding is concluded 24 months after FMOF.

Four traffic models are to be used, consisting of the NASA standard
traffic model of 445 operations flights plus three alternatives at
100, 220, and 365 operational flights, respectively,

I0C is scheduled for first quarter FY-1980,

Costs reported do not include contractor's fee or NASA management
costs.

Discount costs are based on a 10 percent rate applied to CY-1971
dollars,

Investment costs are based on four SERV and three winged spacecraft
(identified as MURP) or three PM.

3-1
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14) Production vehicles to be procured at a rate that minimizes peak
funding.

15) Fxpendable hardware procured in the year in which it 1s used during
the operational phase.

16) A 90 percent learning curve to be used for all SERV hcrdware except
TPS ablative panels. An 85 percent curve to be used for TPS ablative
replacement panels,

3.2 VEHICLE TEST AND OPERATIONS

The groundrules listed below are applicable to vehicle test and operations:

1) A structural test vehicle (STV~1) will be used for structural test-
ing of the SERV vehicle.

2) A static fire vehicle (SFC-1) will be used for propellant flow and
hot static fire testing.

3) The flight test program will require two flight test vehicles. FTV-1
will be used for Horizontal Flight Testing and FIV-2 for Vertical Flight
Testing.

4) All operational launches will occur at equal intervals.

5) Seventy-five percent of all reusable vehicle test and checkout
assumed to be accomplished by onboard checkout equipment.

6) Costs shown reflect contractor effort only, Costs for support, such
as mission control and range safety are not included.

3,3 FACILITIES

The cost of facilities considered the following guidelines:

1) New facility requirements to be minimized,

2) Manufacture will be at Michoud Assembly Facility (MAF).
3) Existing LC-39 facilities and GSE to be used wherever possible.

4) Launch Complex 39 assumed to be available exclusively for shuttle
use, '

3.4 TRAFFIC MODELS

At the initiation of the SERV study, NASA estsblished a standard traffic model

which built up from 10 to 75 flights per year, accumulating a total of 445 flights .
for a 10 year baseline operational program. To establish cost sensitivities to

launch rate and total program flights, three additionel traffic models were de-

fined with peak launch rates of 10, 25 and 50 flights per year. These alternate ’
models resulted in program flight accumulations of 100, 220, and 365 respectively.

The launch rate profile of the standard and slternate models are shown in figure
3.4-1,
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3.5 FLEET REQUIREMENTS

The requirements for operational fleet vehicles, see table 3.5-1, have been
based on the following assumptions:

All test vehicles will be converted to an operational status at
the conclusion of their test activities with the exception of
the structural test vehicle (STV-1).

Operational launches occur at equal intervals.

Vehicle turnaround time is 2 weeks,

Operational spacecraft missions are held constant at 7 days duration
each,

Vehicle operational life time equals 500 missions,

Representative SERV mission duration is 3 days.

R

TOTAL FLIGHTS 445
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Table 3.5-1, SERV Vehicle Requirements !

No. of Vehicles

Test Operations

? Structural Article 0.75
Static Test* 1.0 ’
Flight Test% 2.0 f
f ‘:
Operational Fleet Requirements g
Total Fleet - 100 flights 2.0 i
Total Fleet = 220 flights 2.0 i
Total Fleet - 365 flights 3.0 i
Total Fleet = 445 flights 4.0 :
|
|

*Static test vehicle STV-1, and first flight test vehicle FTV-1,
are converted to operational flight standard. FTV-2 is modified
to operationsl flight status by removal of test instrumentation,
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Section 4
PROGRAM REQUIREMENTS

4,0 GENERAL

This section presents a brief description of the program requirements to provide
insight to cvents as depicted in the program schedule.

4.1 PROGRAM SCHEDULE

The program schedule, figure 4.,1-1, is a projection of activities for those
elements having a major impact on the initiation of the program through to the
first manned orbital flight (FMOF)., The schedule shows a 12 month phase B
study commencing in the last quarter of CY 1971, followed by phases C and D
starting at the beginning of CY 1973 with 90 percent engineering release at the
end of CY 1974 and 10C percent release 10 months later, Facility modifications
are identified at MAF and KSC, Modifications of MAF facilities are scheduled
for the start of CY 1973, with the emphasis directed toward the modification,
tooling and fixtures for building 420, Modifications of KSC facilities can be
delayed a year after the start of MAF modifications.

It is proposed to build one structural test vehicle (STV-1) which will be used
for handling and transportation equipment checkout, a mode and frequency test,
and a static loads and life cycle test followed by a test to destruction. These
tests will be conducted at KSC and take approximately 20 months to complete.

A static fire vehicle (SF-1) will be utilized in the program for propellant load,
cold flow and static fire tests, Turbojets and other subsystems will not be in-
stalled. The tests, of 15 months duration, will be conducted at KSC and after
completion the vehicle will be overhauled, refitted and cycled as a production
vehicle,

The first flight test vehicle (FT-1) will be fitted with turbojets and associated
subsystems and used for horizontal and vertical translation flight tests at KSC,
An aerospike engine will not be installed in this vehicle, The translation tests
are scheduled to take six months and will be completed three months before the
completion of checkout of the first orbital flight vehicle. Following satis-
factory completion of the horizontal and vertical translation tests, the vehicle
will be returned to MAF for recycling as a production vehicle, .

The second flight test vehicle (FT-2) will be utilized for orbital flight test
and will be delivered to KSC twelve months prior to the first manned orbital
flight, Prior to the first manned flight, two unmanned orbital test flights will
be accomplished.
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Throughout the aforenentioned development period, subsystem and component

development and qualification tests will be performed at MAF and other govern=

ment and subcontractor facilities,

The critical path for the schedule is as follows:

1)
2)
3)
4)

5)

6)
7)
8)
9)
10)

11)

12)

Complete model tests,

Initiate MAF and building 420 modifications,

Commence installment of major tooling and fixtures.

MAF facility complete and checked out.

90 percent engincering release, start final assembly of structural
test vehicle (STV~1) and static fire test vehicle (SF-1) and start
facility installations at KSC.

100 percent installation of major tooling at MAF.

100 percent engineering release and shipment of STV-1.

Delivery and installation of first aerospike engine modules,

Delivery and installation of first direct lift gas turbine engines.

Completion of vehicle static loads, static fire, translation tests
and completion of subsystem development and qualification tests.

Two unmanned orbital flights prior to FMOF,

Manned /unmanned flights prior to IOC,




DI AT S o = weoane RO G PRI AR e vt

<

Section 5
WORK BREAKDOWN STRUCTURE

5.0 GENERAL

This section deseribes the work breakdown structure (WBS) used for assembling
cost inputs to a cost anulysis of the SERV space shuttle. The elements of
the WBS are identified from level 2 through level 5.

5.1 WBS FORMAT

The basic WBS format for levels 2, 3 and 4, is shown in figure 5.1-1. The ;
SERV space shuttle is shown as a level 2 element consisting of six level 3 !
elements; SERV, Spacecraft, main engines, flight test, operations, and manage- {
ment and integration, respectively. Of these, SERV, flight test, operations, 1
and management and integration, are subdivided to level 4 and, in the case of
SERV the subdivision goes down to level 5, see figure 5.1-2. The level 3
spacecraft and main engines elements were not taken to lower levels as, for
the purpose of this study, these components were assumed to be GFE. For the
purpose of program visibility, the WBS identification number is included with
each element shown in figures 5.1-1 and 5.1-2, A compilation of the WBS
elements is presented in table 5.1-1; this tabulation is used as the starting
point for the cost estimation methods described in section 6.

5.2 WBS ELEMENT CONTENT

A brief description of the content within each level 3 element is presented
"in the following paragraphs.

5.2.1 SERV (WBS 101-00-00)

The level 3 SERV element consists of seven level 4 elements; 1) propulsion;
2) avionics; 3) airframe; 4) power; 5) environment control and life support;
6) assembly and checkout; and 7) system support.

5.2.1.1 Propulsion (WBS 101-01-00)

This element of cost is developed from the summation of the lower level 5 h&%
elements of 1ift engines and attitude control: e ‘

1) Lift Engines. This element includes the design, development and
production cost of turbojet 1lift sngines and does not include
the testing of complete engine installation or any vehicular activi-
ties with SERV,

—
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g WBS Elcment Name Level WBS Identity No.
i * } SEKV Space Shuttle 2 100-00-00
‘ SERV 3 101-00-00
i Propulsion 4 101-01-00
! Lift Engines 5 101-01-01
' Attitude Control 5 101-01-02
; Avionics 4 101-02-00
; Guidance and Navigation 5 101-02-01
; Instrumentation 5 101-02-02
: Communications 5 101-02-01
H Airframe 4 101-03~00
. Structures 5 101-03-01
: Thermal Protection 5 101-03-02
i Landing Geac 5 101-03-04
i Power 4 101-14-00
¢ Electrical Supply and Distribution 5 101-04-01
b Hydraulic and Pneumatic S 101-04~02
ECLS 4 101-05-00
Assembly and Checkout 4 101-06~00
System Support 4 101-07-00
Systems Engineering and Integration 5 101-07-01
Project Management 5 101-07-02
, Facilities and Equipment 5 101-07-03
! GSE 5 101-07-04
Training 5 101-07-05
Initial Operating Spares 5 101-07-06
Ground Test 5 101-07-07
Sustaining Engineering 5 101-07-08
Spacecraft 3 102 -00-00
Main Engine 3 103-00-00
Flight Test 3 104-00-00
SERV 4 104-01-00
Spacecraft 4 104-02-C0
Mated 4 104-03-00
Support 4 104-04-00
Operations 3 105-00~00
Management and Integration 3 106-00-00
Systems Engineering and Integration 4 106-01~00
Program Management 4 106-02-00

benmassnm—
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Table 5.1-1. Program Work Breakdown Structurc (WBS)
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5.2.1.2

Attitude Control. This element referc to the cost of all activities
necessary to design, develop, qualify and produce gaseous LHy/LOp
attitude control thrusters. Note: The attitude control thrusters
perform the multipurpose function of attitude control, orbit maneu-
vering, station keeping and deorbit,

Avionics (WBS 101-02-00)

This element of cost is developed from the summation of the lower level 5
elements of guidance and navigation, instrumentation, and communications:

1)

2)

3)

Guidance and Navigation. This element includes the design, develop-
ment, and production for all sensors, prime reference, computation,
and data processing elements for this function; also, includes cost
of central computers, even though they may provide services for
other subsystems,

Instrumentation. This element includes the design, development and
production o: all sensors, data conditioning and data evaluation
elements.

Communications. This element includes the design, development and
production cost of all communications elements.

5.2.1.3 Airframe (WBS 101-03-00)

This element of cost is developed from the summation of the lower level 5
elements of structures, thermal protection system and landing gear.

1)

2)

Structure. This cost element refers to the cost of designing,
developing and manufacturing the SERV structure. Included are all
direct and indirect labor costs, materials and subcontract cost
related to the engineering design and analysis, procurement, test,
and evaluation of components and subsystem in this category. Sub-
sysiems included in this category are: integral propellant tanks
and bulkheads; load carrying elements; propellant feed, fi1ll, and
drain elements; tank insulation; PU subsystem; attitude control
propellant tanks and feed system; and landing gear (development cost
only).

Procurement and evaluation of mockups, special test rigs, and other
supporting engineering activities are included in this category.
Assembly of subelements into major structural elements are also
included.

Thermal Protection. This element refers to the ¢+ . of designing,
developing and manufacturing the SERV thernal pro:«:tion system.
Included are all direct and indirect labor costs and materialeand
subcontract cost. Component level test hardware and piece parts
costs are included. The principle hardware elements are cover
panels, attach structure, insulation, and ablator panels,




3) Landing Gear. This element refers to the cost of manufacturing the
SERV landing gear. Included are all direct and indirect labor costs,
and material and subcontract costs. Applicable hardware elements are
struts and braces, pads, controls and structure.

5.2.1.4 Power (WBS 101-04-00)

This element of cost is developed from the summation of the lower level S
elements of electrical supply and distribution; and hydraulic and pneumatics.

1) Electrical Supply and Distribution. This element refers to the
design, development and production cost of the primary and secondary
electrical power supply and distribution elements. Included in the
cost are the following applicable hardware elements: fuel cells,
fuel cell subsystems, batteries, power conversion equipment, and
power distribution equipment.

2) Hydraulic and Pneumatic Power. This element includes all the primary
and secondary hydraulic and pneumatic power supply and distribution
elements.

5.2.1,5 Environmental Control and Life Support (ECLS) (WBS 101-05-00)

This element refers to the design, development and production of the environ-
mental control and life support subsystem.

5.2.1.6 Assembly and Checkout (WBS 101-06-00)

This element is the cost for all vehicle contractor activities for integrating
and assembling vehicle elements and subsystems into an operational vehicle and
includes all system calibration and checkout, as well as the necessary accept-
ance testing.

5.2.1.7 System Support (WBS 101-07-00)

This element of cost is developed from the summation of the lower level 5
elements of systems engineering and integration, project management, facili-
ties and equipment, GSE, training, initial operating spares, ground test and
sustaining engineering.

1) Systems Engineering and Integration. This element refers to che cost
of vehicle contractor system integration and engineering activities,
such as: definition of vehicle and payload interfaces; system trade
studies; system effectiveness analysis; and system interface analy-
sis.

2) Project Management. This element includes the effort associated with
the prime contractor's centralized direction of effort in the area
of program planning, control, and administration.

3) Facilities and Equipment. This element includas the cost for new
and modifications to manufacturing, launch, and test facilities.
All tooling, sustaining tooling and special test equipment cost are
also included in this element.

5-6
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4) Ground Support Equipment. This element refers to the cost of develcp-

ment erngiuneering, testing and production of all ground-based equip-
ment required to support the launch, recovery, and maintenance phases
of the vehicle during flight test operations, and flight operations.

5) Training. This element includes the cost of instruction, audio and
visual teaching aids, and parts and accessories required to train
ground crew personnel to maintain SERV. Also included is the cost
to determine training requirements and planning of training programs
and all cost associated with t he development, manufacture and mainte-
nance of simulators, trsainers, mockups and models.

6) Initial Operating Spares. This element reflects the manufacturing
cost of spare parts for the initial spares stock which is required
for operations.

7) Ground Test. This element refers to the cost of structural testing
(static, hydrostatic, fatigue, dynamic, etc.) as well as propulsion
system testing during vehicle hot firing, and a propellant loading
system test.

8) Sustaining Engineering. This element includes the cost of engineer-
ing effort that is in direct support of manufacturing; involves the
coordination of the various manufacturing activities on an inter-
departmental basis and with subcontractors and vendors, and also
includes continued engineering analyses of test results and other
supporting activities.

5.2.2 SPACECRAFT (WBS 102-00-00)

This element includes the design, development and manufacturing cost associ-
ated with the complete air frame and installed equipment. Also includes space-
craft and flight test integration effort, ground and flight crew training,
training equipment, ground support equipment, ground test and equipment, and
propellants and gases, initial spares, and GSE cost.

5.2.3 MAIN ENGINE (WBS 103-00-~0C)

This element includes the cost asscciated with the design, development, and
production of the main engine developed under a separate contract and supplied
as GFE; also includes the cost of engineering and development activities,

test hardware and engines, test operations, and propellants consumed by the
engine contractor's facility.
5.2.4 FLICHT TEST (WBS 104-CQ-00)

The element of cost is developed from the summation of the lower level 4
elements of flight test: SERV, spacecraft, mated and support. -

5.2.4.1 SERV (WAS 104-01-00)

Thic element includes cost associated with the translation and vertical flight
tests of SERV and also the cost for flight test hardware.

5-7
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5.2.4.2 Spacecraft (WBS 104-02-00)

This element includes the cost associated with ground and horizontal flight
tests of the winged spacecraft, or ground and drop tests of the PM.

5.2.4.3 Mated (WBS 104-03-00)

This element refers to the cost for flight test integration of SERV to space-
craft.

5.2.4.4 Support (WBS 104-04-00)

This element includes the cost for engineering support from detail planning,
support, data acquisition and analysis, reports and material consumed through
to flight test activities.

5.2.5 OPERATIONS (WBS 105-00-00)

This level 3 element includes the costs associated with the effort and
material necessary to operate the SERV shuttle system and maintain it in an
operable condition after initial operational capability has been established.
Specifically, this includes maintenance and refurbishment of the SERV and
spacecraft after each flight in preparation for the next mission, and mainte-
nance and refurbishment of the GSE and facilities 5 .cessary to launch, recover
and maintain the vehicles.

5.2.6 MANAGEMENT AND INTEGRATION (WBS 106-00-00)

'This element of cost is developed from the summation of the lower level 4

elements of Systems Engineering and Integration, and Program Management.

5.2,6.1 Systems Engineering and Integration (WBS 106-01-00)

This element refers to the cost of the overall integration of development
activities, Included is the establishment of engineering design character-
istics; determination of criteria for design review; establishment of pro-
cedures for testing components, subsystems or vehicle elements; integration
of ground and flight test results into the vehicle design; development proce-
dures for vehicle maintenance; and quality planning and administrative engi-
nee.ing.

5.2.6.2 Program Management (WBS 106-02-00)

This element includes the activities within the program management disciplines;

data management, configuration management, and program control.
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Section 6
COST ESTIMATION METHODS

6.0 GENERAL

This section describes the methods used to estimate the cost of elements
identified in the work breakdown structure (WBS), see section 5. Both RDI&E
and investment costs are considered. These costs were developed from cost
estimating relationships (CER's) and direct estimates. The parametric CER's
were generated for hardware elements and development tasks through collection
and analysis of cost data from various hardware and study contracts. The prime
source of CER's was the '"STS Cost Methodology Study", prepared by the Systems
Cost Office of Systems Planning Division of the Aerospace Corporation, dated

31 August 1970, and the National Space Booster Study conducted by the Chrysler
Corporation Space Division for NASA under Contract NASW-1740. These cost
relationships plus cost distribution curves provided by NASA were incorporated
in a computerized cost model; the results are presented in section 7. A des-
cription of the CER's, direct estimation methods, cost distribution curves, and
structure of the cost model is presented in the subsections to follow.

6.1 COST RELATIONSHIPS

A description of the cost relationship used for each element of the WBS, see
section 5, is given in paragraph 6.1.1 through 6.1.6. Note that the total
investment cost of each WBS element is obtained by multiplying the first unit
cost (TFU) of that element by 1.9. Pertinent technical characteristics
applicable to this subsection are presented in NASA Data Form C format,
appendix B.

The total program cost of the level 2 SERV space shuttle (WBS-100-00-00) is
the sum of the RDT&E and investment costs for each of the six level 3 elements
identified as SERV, spacecraft, main engines, flight test, operations, and
management and integration.

6.1.1 SERV (WBS 101-00-00)

The total cost of the level 3 SERV is the sum of the RDT&E and investment
costs for each of the seven level 4 elements identified as propulsion,
avionics, airframe, power, environmental control and life support (ECLS),

assembly and checkout, and system support.
*

6.1.1.1 Propulsion (WBS 101-01-00)

This element contains the cost of the direct 1lift gas turbine engines and the

attitude control system, Note that the deorbit propulsion is integrated with
the attitude centrol system,
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6.1.1.1.1 Direct Lift Engines (WBS 101-01-01)

Engineering estimates for the lift engine development, and investment costs
were obtained from the Detroit Diesel Allison Division of the General Motors
Corporation as follows:

e Development Cost - $133 M |
o Investment Cost =~ $0.4M/engine

A 28 million dollar sustaining engineering cost was added to the investment
cost estimate, based on a 100-man level for 8 years at an annual cost of
35,000 dollars per man,

6.1.1.1.2 Attitude Control System (WBS 101-01-02)

The devclopment cost of the attitude control system was determined from the
following CER:

RDT&E (M$) = (Comfac)(2.2)(Vacuum Thrust)o'38

The complexity factor (Comfac) for the attitude control system is a function
of engine technology, type of engine, and operational mode. For the IDZ/LHZ
advanced, reusable system to be utilized un SERV, a factor of 2.0 was
recommended by the Aerospace Corporation. The vacuum thrust for each thruster
is 4000 pounds,

The first unit cost (TFU) of the attitude control system is determined from
the following expression:

TFU (M$) = (Number of Thrusters)(0.4)
There are twenty thrusters on each SERV.

6.1.1.2 Avionics (WBS 101-02-00)

This element contains the cost of the guidance and navigation, instrumentation
and communications.

6.1.1.2.1 Guidance and Navigation (WBS 101-02-01)
The guidance and navigation cost was determined from specialist estimates, and

there are two important considerations which influence the development and in-
vestment cost estimates:

® The guidance and navigation scheme is state of the art
e.g., the platform {8 used in the Centaur program, the
computer is being manufactured for the Viking Program

® NASA is already spending funds on G&N development for the
space shuttle.

6-2
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6.1.1.2.2 Instrumentation (WBS 101-02-02)

The development cost of the instrumentation was determined from the following
CER:

RDTSE (M$) = (Comfac)(l.5)(weight of system)®:’
The Comfac chosen for this system, and the total Avionics system, was 1.0.
This is the highest factor recommended by the Aerospace Corporation. The
factor is a function of commonality and complexity. No reduction of the
complexity factor was taken due to adaptation of the system to the spacecraft.

The weight of the system was obtained from detailed estimates. The weights
used are listed on NASA Data form C, appendix B.

The first unit cost was developed from the following expression:

TFU (M$) =.(Comfac)(0.088)(system weight)0‘7
6.1.1.2.3 Communications (WBS 101-02-03)
The CER's for determining the development and first unit cost for the
communications system are as follows with the Comfac and weights obtained as
explained in paragraph 6.1.1.2.2:

RDTSE (M$) = (Comfac)(l.7)(system weight)0:7

TFU (M$) = (Comfac)(0.042)(system weight)0'7

Elements considered under the airframe WBS are structures, thermal protection,
and landing gear.

6.1.1.3.1 Structures (WBS 101-03-01)
The RDT&E cost was developed from the following CER:
RDTSE (M$) = (Comfac)(3.88)(dry weight)0.347

The Comfac is a function of structural development required and complexity of
the configuration and materials. The structural Comfac used in the SERV
calculations was 1.98.
The dry weight includes the following:'

® Primary structure

e Thermal protection on upper and lower frustrums

e Landing gear and support

o Turbojet fuel tanks and lines

T e e s
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® Propellant feed and preasurization
® Aerosplke doors

Each of the above are obtained directly from a dry weight summary chart such
as table 6.1-1 with the exception of the thermal protection. For this case,
the weight used is that associated with the outer honeycomb on the upper and
lower frustums and is approximately 46.7 percent of the thermal protection
system weight shown in table 6.1-1.

To estimate the structures element investment cost, the first unit cost was
determined from the following CER:

TFU (M$) = (Comfac)(0.00141)(dry weight)?:805

The dry weight used in the RDT&E CER was used to estimate TFU. The Comfac

for the first unit cost is a function of configuration, propellants, materials
and type of construction. The driving parameters of the factor is material
and type of construction. The material factor is a function of the percent
material by weight used in the fabrication of the vehicle. The SERV vehicle
material Comfac was computed as a weighted average based on a percent weight
distribution of the following different materials:

e Inconel-718 67.1 percent

e Stainless steel Honeycomb 13.1 percent

e Stainless steel Beams 9.4 percent

e lMiscellaneous 10.4 percent
The propellants factor is a function of the insulation, pressurization and
feed system complexity. for SERV, the Inconel-718 honeycomb requires no
insulation inside the LH, tanks, and therefore the complexity of the fabrica-
tion 18 reduced.
The Comfac for estimating TFU was determined as follows:

Comfac = (Configuration)(Propellants)(Material/Construction)
=10 x 1.5 x 3.629

Comfac = 5,44

The material/construction factor was derived from above material percentages
as follows:

Fraction Comfac
[ 4
0.094 x 1.3 = 0,122
0.131 x 1.9 = 0,249
0.104 x 1.0 = 0,104
0.671 x 4. =_3.15
Material/Construction factor = 3,629




Table 6.1-1, Dry Weight Summary

Primary Structure h48.297
Thermal Protection System 20,438
Landing Gear and Support 7,711
Actuators for Doors and Covers 4,419
Turbojet Engines 35,775
Turbo jet Control 2,574
Turbojet Fuel Tanks and Lines 2,036

Propellant Feed and Pressurization| 15,076

GN&C, Power, and Communications 6,681
Aerospike Rocket Engine 83,930
RCS and Deorbit Subsystem 5,573
Aerospike Doors 11,168
Contingency (10%) 34,368
TOTAL DRY WEIGHT (LB) 378,046
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6.1.1.3.2 Thermal Protection System (WBS 101-03-02)

The development cost for the SERV thermal protection system (TPS) is determined
from the following CER:

RDTSE (M$) = 0.2502 (TPS weight)?+808

The weight of TPS used in this equation is obtained from a weight summary such
as table 6.1-1 by taking 53.3 percent of the weight shown for the TPS.

The first unit cost for the thermal protection system was determined from the
following CERS

TFU (M$) = {Comfac)(0.0298) (TPS weight)?-610
The Comfac is a function of configuration and material:
Comfac = (Configuration)(Material/Construction)
=1,2 x 1.9
= 2,28

The weight used in this equation is the same weight used to estimate the
RDT&E cost.

The investment cost includes only the cost for the initial ablative shields
installed on the vehicle during manufacture. The ablative replacement panels
cost is included in the operations cost.

6.1.1.3.3 Landing Gear (WBS 101-03-04)

The development cost of the landing gear is included in the development cost
of the structures,

The firat unit cost of the landing gear is developed using the following CER:

TFU (M$) = 0.003 (TFU Structures)
where "TFU structures" is obtained from paragraph 6.1.1.3.1

6.1.1.4 Power (WBS 101-04-00)

This element contains the crat estimates for eloctrical power and distribution
and hydraulic power,

6.1.1.4.1 Electrical Power and Distribution (WBS 101-04-01)

The development cost for the fuel cell electrical power and dietribution was
determined from the following CER:

RDT&E (M$) = (Comfac)(Fuel cell technology) 2.07 (dry weight
per fuel cell) 0.7 &4 0 35 (weight of
distribution nyatem)

8‘, Foe =

(<%0 4



The Comfac is a fuaction of ccmmonality and complexity of the system. The
calculation is as follows:

P Prn e, e e s

Comfac = Commonality x complexity

(' } =0.65 x 1.0

-

* = 0.65

A factor of 0.5 was chosen for fuel cell technology because an adaptation
from existing technology will be used. The weights used in the equation are
obtained from app'ndix B,

. e Ay M TR

The first unit cost was developed from the following CEK:
TFU (M$) = 0.000191 (Battery dry weight) +
0.0124 (number of fuel cell) (fuel cell dry weight)0'7 +
0.034 (electrical distribution dry weight)0'7
The data used in this equation are obtained from data form C, appendix B.
Note that the dry weight of the electrical distribution system contains the !
weight of the actuator and mechanism for the doors and covers.

6.1.1.4.2 Hydraulics (WBS 101-04-02)

The development costs for the hydraulic system were developed from the
following relationship:

et A ——————— IR i 5L U S W W s o oy OB

RDTSE (M$) = (Comfac)(0.05) (system dry weight)C:’

The Comfac is a function of commonality and complexity of the system and was
calculated as follows:

Comfac = Commonality x Complexity

=0.8 x 1.0

=0.8

The factors chosen for commonality and complexity were the highest recommended
by the Aerospace Corp. 7The weight of the system, shown in data form C,
appendix B, includes thc accumulator and associated system for the four
landing gears.

The first unit cost is determined from the following CER: Eg;
TFU (M$) = 0.0045 (system dry weight)?-80 . ;

The weight for this equation is the same as that used in the development CER.

g
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6.1.1.5 Environmental Control and Life Support (WBS-101-(5-00)

No specific ECLS enuipment has been identified for the uamanned SERV configura=
tion. All ECLS equipment is associated with the spacecraft and cargo.

6.1.1.6 Assembly and Checkout (WBS 101-06-00)

Ascembly and checkout costs were determined from a CER which reflects the
complexity of the vehicle assembly as a function of the firxst unit costs of
the major vehicle subsystems.

TFU (M$) = (0.02)(TFU airframe + TFU main engine + TFU landing
gear + TFU propulsion) + (0.10) (TFU ~nvionics + TFU
power system)

The TFU cost for each element of the system is obtained by the methods des-
cribed elsewhere in this section.

6.1.1.7 System Support (WBS 101-07-00)

This element contains systems engineering and integration, project management,
facilities and equipment, GSE, training, initial operating spares, ground
tests, and sustaining engineering.

6.1.1.7.1 System Engineering and Integration (WBS-101=07-01)

The system engineering and integration elements was determined by specialist
estimation,

6.1.1.7.2 Project Management (WBS 101-07-02)

The project management element was determined by specialist estimation.

€ 1.1.7.3 Facilities, Tooling and Special Equipment (WBS-101-07-03)

The facilities, tooling and special equipment cost were determined from CCSD

specialists cost estimates. These detailed estimates are in appendix C.

g;;:lining tooling for the investment phase was estimated ft?m the following
MS =(0.15) (0.199)(dry weight) 0.593

The dry weight i{s that used in 6.1.1.3.1 for determining the structure cost.

6.1.1.7.4 GSE (WBS 101-07-04)

The cost of GSE was developed from the following CER:

RDT&E (M$) = 0,02 (airframe RDT&E) + 0.10 (propulsion RDT4E +
avionics RDT&E + power RDT&E + main engine RDT&E)

Inputs to the equation are obtained from calculations of system development
cost presented elsewhere in this section.

6-8
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The GSE investment cost is taken as 70 percent of the development cost, or:
GSE (M$) = 0.70 (GSE RDT&E)

6.1.1.7.5 Training (WBS 101-07-05)

The development cost for training was determined from the following CER:

RDT&E (M$) = 0.15 (number of personnel to be trained) +
0.20 (first unit cost of SERV)

The number of personnel to be trained is shown in data form C, appendix B.
6.1.1.7.6 1Initial Operating Spares (WBS 101-07-06)

Tnitial operating spares were costed for the investment phase of che program
using the following CER:

Total inv- stment cost = 0.10 (total SERV hardware cost) +
0.30 (TFU structures)

The total SERV hardware cost is the cost of two test vehicles plus two flight
vehicles, The right hand element in the cost equation is an allowance for a
set of spare doors. During refurbishment, the aerospike doors, gas turbine
exhaust doors, and landing gear doors will be removed to a separxate area for
replacement of the ablative protection material. To accomodate this rype of
refurbishment operation, a spare set of doors is provided.

6.1.1.7.7 Ground Test (WBS 101-07-07)

The development cost associated with ground test of the SERV was determined
by the following CER:

RDT&E (M$) = 0.05 (airframe RDT&E) + 5 (number of enginea)°'26 ®
(thrust) 0.14 4 9.15 (propellant weight) x (number of
static tests) + 1.55 + 0.02 (wind tunnel test hours)0.68
+ ground test hardware cost.

The input requirements tor this equation are listed in data ‘form C, appendiy B.
The ground test hardware cost was estimated at $150M which is the cost for the
structural test vehicle. This cost is approximately 0.50 of the SERV first
unit cost.

6.1.1.7.8 Sustaining Engineering (WBS 101-07-08)

The sustaining enyineering cost for SERV was based on specialist estimates
which considered the project manning relationship between the RDT&E and pro-
curement phases. A prime consideration was the duration of the RDT&E phase
vhich extends two years past FMOF. Using this as a base, the sustaining engi-
neering cost during the RDT&E phase was estimated as 0.12 of the total SERV
investment cost. Sustuining eng.neering during the operation phase was
estimated at 200 personnel at MAF at 35,000 dollars per man year.
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6.1.2 SPACECRAIT (WBS 102-00-00)

Because spacecraft analysis and sizing was speci{fically excluded from the SERV
study, the following spacecraft costs from NASA sponsored studies were used
with NASA approval:

® Costs for the MURP N=-34 winged spacecraft arc shown in data
form A, appendix B, and werc olitained fron a document entitled
"Integral Launch & Re-entry Vehicle”, reference SP 69-11 dated
May 1, 1969, prepared by North American Rockwell Space Division
under contract NAS9-9205.

® Costs for the PM spacecraft are shown in data form A, appendix B,
and were based on data obtained from a document entitled '"Advanced
Logistics Spaceccraft System", Volume VIIL reference Report No. F738
dated October 31, 1967 prepared by }chonnell Astronautics Company
under contract NAS9-6801.

6.1.3 MAIN ENGINE (WB5 103-00-00)

The aerospike engine development cost was estimated to be $556M. This was
obtained from specialist estimates and data provided by North American
R.ckwell Rocketdyne Division. A breakdown of the development cost is as
follows:

e $500M Development
o $14M Test Facility Modirication
o $42M4 Propellant and Other Fluids

The test facility modification cost is based on infocrmation from previous
Rocketdyne studies, The $14M is comprieed of:

o $75M Capital expenditures and ejuipment at the
Rocketdyne Sant:. Susanna Flight Laboratory
(SSFL) anc Nevada Flight Laboratory (NFL).

o $7M To activate two test stands at ejther Edwards
Flight Laboratory (EFL) or the Missxsoippi Test
Faciliy (MIF)

The first unit cost for the aerospike engine was provided by Rocketdyne. A
sustaining ¢ngineering cost of $28M was sdded to this based on eight years of
sustaining engineering effort with 100 man level at $35,000 per man year.

6.1.4 FPLIGHT TEST (WBS 104-00-00)
Costs for the SERV vehicle flight test program are included in this elemefit,
They were developed frun a combination of CER's and specialist estimates. The

relationships expressing these cost estimates are given in the following
paragraphs.

6-10

[PV O

s e A o




Nenem

6.1l.4,1 SERV Flight Test (WBS 104-01-00)

The SERV flight teat development cost was estimated with the following CER:
RDT&E (M$) = 42,5 + 2,84 (number of months in test program)
4+0.15 (propellant weight) + 2,0 (TFU of SERV)
6.1.4.2 Spacecraft (WBS 104-02-00

The spacecraft fiight test costs are included in the spacecratt development
cost (WBS 102-00-00) .

6.1.4.3 SERV Spacecraft Mating (WBS 104-03-00)

The SERV spacecraft mating cost during flight test was estimated from the
following CER:

RDT&E (M$) = 0.15 (SERV flight test cost)
601'4.4 _S_gp_port NPS 104"04'00)_

.

The SERV flight test support cost was developed with the following CER:

RDT&E (M$) = 0.12 (SERV flight test cost) ;
"The data inputs for this equation are in data form C, appendix B. i
6.1.5 OPERATIONS (WBS 105-00-00)

Spacecraft operations costs are included in the spacecraft element, paragraph
6.1.2. Operations costs for SERV were subdivided into: ground operations;
propellants; flight spares; flight operation; training; facility maintenance;
prozram management; payload integration; and refurbishment of the ablative
lieatshield,

1) The ground operation costs were obtained through a detailed esti-
mate of the program operational requirements. A subdivision of
personnel utilization is contained in volume V of this report.

2) Propellant costs were calculated using vehicle propellant loads,
boil-off factors, flights per year, and cost of propellants, Pro-
pellant costs used were:

® 32¢ per pound for LHj

® 2¢ per pound for LOj

® 2¢ per pound for JP-4 fuel

The cost of gas for purges is included in this element and 130,000
scf of GHy was costed for each flight at $44 per 1000 scf.

6-11
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3) TFlight spares were costed using the Aerospace Corporation CER's for
spares, which is listed in table 6.1-2.

4) Specialist estimates were used for costing flight operations,
training, facility maintenance, program management, and payload
integration,

5) Refurbishment of the ablative heatshield contains the cost of the
thermal protection panels, attachment hardware and sealing material.
The labor cost associated with the refurbishment of the heatshield
are included in the operations cost element, The refurbishment
costs estimated for this element are based on data provided by the
AVCO Corporation. A cost of approximately $90 per square foot was
used.

6.1.6 MANAGEMENT AND INTEGRATION (WBS 106-00-00)

This element was estimated by specialist estimates which considered the total
program management manning relationships and the timing continuity of the
program.

6.1,6,1 Systems Engineering and Integration (WBS 106-01-00)

This element cost was estimated by specialist estimate.

6.1.6,2 Program Management (WBS 106-02-00)

This element cost was estimated by specialist estimate.

6.2 COST DISTRIBUTION

The time phasing of the cost estimates is discussed in this subsection. The
idealized cost distributions used in this study were those described in NASA
document MSFC-D"D-MF-030, The general expression for the cost distribution
curves is given by the following beta function:

F(s) = As? ((10+s (15-4s) §-20)) +Bs3 (10 + s (6s-15)) +
(1-(A+B)) (5-4s) &%

Where s is the fraction of time elapsed and F(s) is the fraction of cost con-
sumed. Since F(s) represents the accumulation of costs, successive intervals
must be differenced to obtain the cost estimate. The constants A and B are
vHtained from the referenced DRD document.

Spreading functions such as these have an important role in program cost estie~
mation. An ideal spread for the program will minimize the funding peaks and
also minimize the cost of the program in discount dollars, Utilizing tradeoff
data, program schedule requirements, program manpower bu*ldup requirements,
and program continuity requirements, a spreading functiu. for each WBS element
was developed, Figure 6.2-. shows the funcrions used in the study. They are
based on the idealized cost distribution factors identified in table 6.2-1,

6-12
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COST RATE CURVES
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PERCENT TIME

Figure 6.2-1, Idealized Cost Distribution Curves

Table 6,2-1 Idealized Cost Distribution Curves

1.0

Curve Distribution
Curve Type Scheduled Time
Designation Elapsed Cost Expended
(Percent) (Percent)
No. 1 50 80
No. 2 50 60
No. 3 50 50
No. & 50 40
No. § 50 20
6-14
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6.2.,1 DISTRIBUTION OF RDT&E COST

Each element of the RDT&E cost was assigned a beta distribution function,

The hardware elements were all assigned beta function No. 3. SERV systems
engineering and integration, project management, and ground test were assigned
a beta function No., 4. SERV facilities tooling and equipment, GSE, and train-
ing utilize a normal distribution, beta function No. 3. ALl SERV flight test
WBS elcments were estimated using beta function No. 3. Program management and
integration for the SERV, utilizea beta function No. 4, The spacecraft
development cost were spread utilizing beta function No. 2. This function was
also used for the main engine.

6.2.2 DISTRIBUTION OF INVESTMENT COST

Fach WBS element with an investment cost was spread utilizing beta function
No. 4., All conversion work connected with placing test vehicles into an
operational status werc also spread utilizing a No. 4 beta function.

6.2.3 DISTRIBUTION OF OPERATION COST
All operations cost were spread by FY quarter based on the mission model
launch rate. The costs were distributed equally over the quarter at a con-

stant rate.

6.3 PROGRAM COST MODEL

This subsection describes the cost estimating model used to analyze the SERV
Shuttle Program. The model computes cost for RDI&E, production, and opera-
tions. Cost model outputs consist of non-recurring and recurring costs for
each WBS element, annual program cost distributions, discounted program cost
distributions, and cost percentage distributions.

6.3.1 MODEL DESCRIPTION

The program cost model was developed so that parametric analysis of program
cost could be effectively performed. These analyses provide the basis for
cost-effective system design., The model is designed to accept a hardware
-oriented WBS, non-recurring ROT&E costs, recurring production costs, and
recurring operations costs. It will provide cost projections in this format
cver a 20-year period and analyze the data by quarter or by year. Figure
6.3-1 is a generalized flow diagram of the cost model and figure 6.3-2 depicts
the estimation flow. A detailed flow diagram of the cost model is contained
in appendix A. The program cost model is programmed in COBOL for the UNIVAC
1108 Exec-1I System. This model accepts all costs associated with a given
project by distributing cost among 100 possible WBS categories.

6.3.2 MODEL OPERATION

Input cost data can be fed into the computer utilizing two techniques: 13 the
cost for each WBS item to be used in the analysis can be placed directly into
the model; 2) for certain WBS items, the cost estimating relationships (CER)
have been developed so that only the vehicle parameter on which the CER of the
WBS item is based has to be put into the model, and from this the cost of the
WBS item will be calculated.

6-15
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o RDT&E
COST CATEGORIES
o INVESTMENT | 10 "6" LEVEL

e OPERATIONAL

I

OPERATIONS
e COST CATEGORY DIRECT INPUT

o COST CATEGORY CALCULATED
FRCM PROGRAMMED CER’S

e COST SPREAD - 6 POSSIBLE COST
DISTRIBUTION CURVES MAX 20
YEAR PROGRAM SPAN

:

OUTPUT
e TOTAL PROGRAM DOLLAR VALUE
o DOLLARS FOR EACH WBS

e PERCENT TOTAL PROGRAM COST
FOR EACH WBS

, e PERCENT OF TIME AND COST
FOREACH FY QTRAYR

Figure 6.3-1., Generalized Cost Model Flow Diagram
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The WBS items in the model are grouped according to the standardized WBS
levels so that if the higher level of any group item is input to the model,
the lower level WBS items of the same group will be bypassed. As an example
WBS-Airframe (level 4) consists of three level 5 elements, namely, structures,
thermal protection, and landing gear. Therefore, if WBS-airframe, (level 4)
is input, the level 5 items will be bypassed since they are the elements from
which the level 4 item-structures is calculated,

The inputs to the model are:
1) Dollar value of WBS item in millions of dollars
2) Parameter value for use in CER for calculating WBS item cost
3) Cost duration in FY quarters or years

4) Cost start in FY quarters of years; both duration and start of
cost must be in the same unit, i.e., either FY quarter or years,

5) 'A' beta function coefficient
6) 'B' beta function coefficient
7 Work breakdown structure name
8) Work breakdown structure level

9) Complexity factor

For the initial case, the model requires an input data card for each WBS item
of the model. Tach succeeding case requires data cards for only those WBS
items that h:¢ ¢ values to be varied.

The output of the model can be in two formats. The first format, figure 6.3-3,
is a cost summary listing each WBS item analyzed, its level, dollar value and
the percent of time and cost expended in that period. The second format,
figure 6.3-4, shows the total program cost in millions of dollars; and this is
the final output, The model contains sufficient flexibility to accept CER's

as new WBS items are developed.

In summary the model utiliz2s an idealized cost distribution curve for spread-

ing element cost. The cost of each WBS element is spread utilizing this
idcalized function to produce a total program funding curve.
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Section 7
COST ANALYSIS RESULTS

7.0 GENERAL

This section prescnts the final SERV configuration characteristics, and results
of the cost analysis.,

7.1 CONFIGURATION IDENTIFICATION

The final SERV configuration is presented in figure 7.1-1, The chief charac-
teristics are shown in figure 7.1-2 and the dry weight breadkown is presented
in table 7.1‘1-

7.2 COST ANALYSIS RESULTS

Costs of the configuration identified in subsecction 7.1 were analyzed and a
cost summary and total program cost distribution is presented in appendix D.

7.2.1 PROGRAM COSTS

The cost for each WBS element is shown in figure 7.2-1 and 7.2-2, These figures

illustrate the cost associated with each WBS element for both development and
investment. It is important to note that investment cost totals include the
cost for modification of three test vehicles, STV-1 and the two flight test
vehicles, into operational vehicles.

The SERV first unit costs are shown on table 7.2-1., Investment costs for the
SERV program are estimated from the SERV first unit cost utilizing a 95 percent
learning curve.

Table 7.2-2 illustrates the cost per year for operational cost by operations
element., Operations costs shown on this chart reflect a 60 percent unmanned
flight ratio for the mission model, which reduces the program opcrating cost.
The cost per flight is shown in table 7.2-3, This cost includes the cost of
amortization which is based on a 500-flight life vehicle.

Table 7.2-4 shows the effect of launch rate on operations cost. A mission
model of 100, 220, 365 and 445 was used and the associated costs for a tem
year program are presented.

SERV program cost distributions are shown on figure 7.,2-3 and 7.2-4, Figure
7.2-3 illustrates SERV Shuttle Program cumulative costs for the SERV only,
SERV-PM and SERV-MURP, The cumulative cost curves also show program cost in
discount dollars, The program cost in discount dollars was based on a 10 per-
cent discount rate in accordance with Buresu of the Budget circular No. A-94,
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dated June 26, 1969, subject: ‘'Discourt Rates and Procedures to be used in
Ivaluating Deferred Costs and Benefits', SERV Shuttle Program cost distribution
is shown on figure 7.2-4, Peak funding for the program optious are also presented,

A typical breakdown of the SERV Shuttle Program cost is presented in figure 7.2-5;
high cost arcas are presented in table 7.2-5. The table jdentifics the high cost
arcas by WBS clement, percentage of total program cost, and the cost drivers of
the WBS element; all other elements have lower percentage costs. Notc that the
five RDT&E high cost areas identified account for 28.06 percent of the program
cost and this represents 48.3 percent of the total RDT&E cost (see figure 7.2-5).

Restated, five areas account for approximately 48 percent of the program RDT&E

cost,

7.3 NASA COST DATA FORMS

NASA cost estimate forms 'A', 'C' and 'D' arc presented in appendix B. Separate
sets of Forms 'A; and 'D' are included for non-recurring (DDT&E), recurring
(Production) and recurring (Opcrations) costs. The forms display total cost and
distribution by fiscal year for the SERV Shuttle Program.

Table 7.1-1 DRY WEIGHT BREAKDOWN

Primary Structure 200,018
Thermal Protection 24,695
Landing Gear 11,631
Actuators for Doors 5,405
Turbojet Engines 48,845
Turbojet Controls 3,146
Turbojet Tanks, Lines 2,490
Propellant Feed, Press. 17,348
Avionics and Power 6,681
Aerospike Engine 110,804
Auxiliary Propulsion 6,071
Aerospike Doors 12,183
Contingency (10%) 44,932
Total Dry Weight 494,249
GLOW 6,053,400
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SPACECRAFT/PROFILE DESCRIPTION

NEM
PM (260 x 55) MURP (110 x 55)
PAYLO AU W IGHT (LB) 50,900 88,900
CARGO WEIGHT TO 270 x 55 (LB) 25,000 27,300
LIFTOFF THRUST (L8) 7,454,000 7,454,000
GLOW (LB) 6,046,000 6,049,000
VFRICLE DRY WEIGHT (LB) 494,249
o PRIMARY STRUCTURE 200,018
e AEROSPIKE ENGINE 110,804
o TURBOJET ENGINES 48,845
e THERMAL PRO TECTION 24,695
o ALL OTHER SUBSYSTEMS 64,955
o CONTINGENCY (10%) 44,932

Figure 7.1-2,

Final Vehicle Selection
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Table 7.2-1. SERV First Unit Cost

e e

[ T

WBS ITEM TOTALS :
PROPULSION
- AEROSPIKE ENGINE 60.0
- LIFT ENGINES 29.5 ;
- ATTITUDE CONTROL 8.5 )
98.0
i
AVIONICS ‘
- GUIDANCE AND NAVIGATION 8.0
- INSTRUMENTATION 5.6
- COMMUNICATLONS 1.4 3
14.8
AIRFRAME
X
- STRUCTURES AND TPS 202.0
- LANDING 1.0
203.0
POWER
- ELECTRICAL 22,7
- HYDRAULIC AND PNEUMATIC 2.1
24,8
ASSEMBLY AND CHECKOUT 9.5
FIRST UNIT COST TOTAL 350,1

v

(MILLIONS OF 1971 DOLLARS)
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Table 7.2-3.

Typical Cost Per Flight

TYPICAL COST PER FLIGHT

(445 FLIGHT PROGRAM) SERV-MURP SERV-PM

Operations 4,21 4,05

Fleet Amortization 0.86 0.83
Total ($M/FLT) 5,07 4.88

Table 7.2-4,

Effect of Launch Rate on Operations Cost

NUMBER OF LAUNCHES

TOTAL LAUNCHES IN

TOTAL COST FOR
10 YEAR PROGRAM

TOTAL OPERATIONWS
COST PER FLIGHT

IN LAST YEAR TEN YEAR PROGRAM SERV-MURP i SERV-PM SERV-MURP | SERV-PM
10 100 765.0 ] 760.0 7.65 7.60
25 220 1147.8 ! 1111.% 5.21 5,05
50 365 1615.5 ! 1557.2 4,43 4,27
75 445 1873.9 | 1803.9 4.21 4,05

(MILLIONS OF 1971 DOLLARS)
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PROGRAM COST (BILLIONS OF DOLLARS)
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Figure 7.2-3. SERV Shuttle Program Cumulative Cost
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PROGRAM COST (MILLIONS OF DOLLARS)

1600

8

®
-8

»
8

PKOGRAM COS1 SUMMARY (10° §;
CONFIGURAYION SERV SERV-PM | SERV-MURP
RDIAF 890 474 6530
- INVE STMENT 1405 ) 1489
~MUR
g SUBTOTAL 5795 6353 8219
OPLRATIONS 1437 1804 1873
. TOTAl 6732 8155 10092
I~ TOTAL (LESS 084 7476 9413
MAIN ENG.)

7 7 76 7 80
FISCAL YEARS

Figure 7.2-4, Program Cost Distributions

RDTAE
58 PERCENT

(347 14M)

OPERATIONS
22 PERCENT
($1804Mm)

INVESTMENT
. 20 PEPCENIT
($1639M)

Figure 7.2-5. Typical Breakdown of SERV Shuttle Program Cost
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APPENDIX A

PROGRAM COST MODEL-FLOW DIAGRAM
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APPENDIX C
. DETAIL FACILITY COST ANALYSIS

This Appendix contains the working papers which were generated in the estima-
tion of facility costs. The following working papers are presented:

e e A A A IS A D < B ANND PO TN T BN TR e w8 TS L
.

A. MAF Tooling Cost Summary
3. MAF Tooling Costs

C. Minor Facilities Cost for System, Subsystem, and
Component Test Program

D. MAF Facility Cost

E. KSC Facility Modification Cost

C-1
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i A. MAF TOOLING COST SUMMARY

O




e

A-1, MAF Tooling Costs Summary

Basic Tooling Cost 36,524,000
Facility . 21,141,600
Special Equipment 3,516,000
Handling Equipment 1,459,700
Total 62,641,700

— —

NOTE: For detailed breakdown of costs see

working paper B and volume V, appendix A

O



MAF TOOLING COSTS
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C.

MINOR FACILITIES COST FOR SYSTEM, SUBSYSTEM AND COMPONENT TEST PROGRAM
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C-1.

Minor Facilities Cost

for

System, Subsystem and Component Test Program

System Cost
Cryogenics $ 200,000
Pneumatics 75,000
Hydraulics 50,000
Shock 30,000
Electronics 200,000
Structures 200,000
Total $ 755,000
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D. MAF FACILITY COST
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D-1. MAF Facility Cost

' 1) Plant Modification - Building 420 - Stage Test

o Modification of building 420, stage test, by addition

f & b of 4 stations including all foundations with 130 foot .

: , clear height in one station and 90 feet in the 3 re-

? maining stations; also environmentally controlled and

1 separate power and chilled water capability 19,404,000 .
o Furnish and install 90-foot rotary table - Station No. 1 Part of tool-

: ing installa-

] tion

' o Furnish and install 150-ton gantry crane - Station No. 1 312,000

! o Furnish and install pneumastatic, pnecumatic, hydrostatic,
and clean facility - Station No. 2 2,500,000

o Furnish and install weight and CG test equipment (hori-
zontal) - Station No, 4 100,000

2) Plant Modification - Building 103

o Install three 90-foot rotary tables in the subassembly Part of tool-
areas ing installa-
tion
g o Enclosure for rotary table 580,000
-
' o Various crane modifications 500, 000

. 3) Plant Modification - VAB Building

o Install one 60-foot rotary table Part of tool-
‘ ing installa-
; tion
E 4) Tooling, Facilities and Special Equipment - All Buildings /
| 0 Install new tooling and special equipment 4,950,000 ’
. o Procure and install new facility items 4,495,000
| 9 Relocate existing facility equipment within the MAF 750,000
4 0 Re-install relocated facility equipment 445,000
o Various foundations 800,000, '

0 Modification of existing platforms and acquisition of
new platforms 1,760,000

5) Roadways and Transportation

d') o Provide access roads to and from building 420 aad from
building 420 to dock arca 1,175,000

Total All Costs J $37,479,950 JL

= T ——r 4




E.

KSC FACILITY MODIFICATION COST
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AND TOTAL PROGRAM COST DISTRIBUTION
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