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. Section 1
INTRODUCTION AND SUMMARY

SCOPE AND PURPOSE

Sensitivities of Space Shuttle System weight and cost to variations in
structural weights are critical parameters needed to compare design alterna-
tives at all levels of vehicle system design. . Applications vary from use

in program risk evaluation, comparing major configuration alternatives,
through system growth studies, needed to plan weight control programs, down
to engineering tradeoffs at the most detailed level of design. The objective
of this study is to evaluate system weight and cost sensitivities for the
five representative Space Shuttle configurations illustrated in Fig. 1-1.

A principal pcrpose in doing so is to enhance understanding of the range

of variation of system sen31t1v1ty values and of the causes for these
variations. - Sens1t1v1t1es vary w1dely from.one case to another and depend
significantly on the assumptions used when resizing the vehicle to retain
compliance with performance requirements. Thus, it is important to the user
of sensitivities to understand their derivation, and it is the purpose here

to delineate all significant features of the methods of derivation used.

Each of the five configurations in Fig. 1-1-is des1gned to meet the perform-
ance requirements imposed- by the Space Shuttle Request for Proposal (RFP)
issued by NASA on-17 March 1972. Configurations C‘and D utilize reusable
solid rocket motors (SRMs), which burn in parallel'with the orbiter main
engines, and an expendable external tank.to carry the hydrogen/oxygen
propellants for these main engines. These represent'the type of configuration
spe01f1ed by the RFP. ConfiguratiOnED'employs a delta- wing orbiter, the type
favored by NASA and proposed- by the potential contractors in response to the
RFP, while Configuration C uses a delta-body orbiter of a type studied for the

past several years by IMSC. Configurations A and B use larger versions of the .

1-1



2-T

211 FT

N\

STAGE-AND~
ONE-HALF

:

'3.90 MLB

STAGE-AND~ .DELTA-BODY - DELTA-WING TWO-STAGE
ONE-HALF WITH ~ ROCKET-ASSISTED ROCKET-ASSISTED WITH EXTERNAL
EXTERNAL TANK ORBITER ORBITER ORBITER TANK

- 3.56 MLB 4.58 MB 5.25 MLB 4.00 MLB

A BODY ORBITER — A WING ORBITER

Figure 1-1 TFive Configurations Same Performance



delta body configuration, incorpofating a sufficient main engine complement
(11 engines in A and 9 in B) to provide the total ascent propulsion thrust.
Configuration A employs, in addition to droptanks, reusable internal tanks

in the orbiter and is the latest stage-and-one-half version resulting from
extensive IMSC study of this system. Configuration B is also a stage-and-one-
half but carriesApropellants needed by the orbiter (after the droptanks are
staged) in an external tank which is carried to orbit. As in Configuration

C and D, the external tank incorporates a retro system to enable it to be-
deorbited on the first orbital revolution. Cohfiguration E uses a flyback
heat-sink booster, an external orbiter tank, and an orbiter essentially

identical to fhat of Configuration D.

After definition of the vaseline designs, the question is asked: "What -

would be the system weight and program cost effects, at Qarious specified
phases of the development program, of a change from the baseline in the estim-
ated structural subsystem weight of any one of the major vehicle elements
(orbiter, orbiter external tank, droptank, SEM booster, or flyback booster,

as applicable)?"” The following three phases of the development program are
specified, giving consideration to constraints impbsed on redesign when the
weight change occurs: (1) preliminary design phase, when all system elements
and systems can be resized to establish a new "optimized" configuration (2). de-
tailed design phase, when it is assumed that, while any required changes are
made to meet all performance requirements, only one vehicle element is fe-
siéed to maintain ascent performénce capability, and (3) test/operaﬁions
phase, when no redesign is allowed but a payload capability loss results from
an overweight vehicle element. Thus the problem of extimating sensitivities
can be considered a problem of predicting the behavior of the Space Shuttle
program organization, with respect to vehicle redesign, if weight trouble is
encountered. An estimation of the cost effect of payload capability loss

goes even beyond that organization, to consideration of the cost of payload

system redesign.



BASELINE WEIGHTS

Weight data for major elements of each of the baseline configurations are
summarized in Table 1-1. In designing each of these vehicle systems, the
_payload requirement of 40K to 90-degree inclination (polar) was the most
severe requirement of the three missions specified in the RFP, and this

mission was used to size the ascent propulsion systems qnd tankage.

The fact that Configuration B is somewhat lighter than Configuration A results
only slightly from the better mass fraction of external tanks compared to -

. internai tanks. Most of the effect comes from secondary weight savings in
main engines, on-orbit and retro propellants, thermal protection and landing
gear, and more nearly optimum staging (with less constraint on the orbiter
propellant quantity). The overall effect was.sufficient to allow reduction
of the orbiter length by 17 feet to provide even greater savings. While Con-
figuration B avoids the development risk of large reusable cryogenic tankage,

it involves increased TPS risk because of its higher wingloading.

Configufation C is lighter than Configuration D because of the lower weight
orbiter caused mostl& by less weight in structure, in the on-orbit maneuvering
system (OMS), and in the reaction control system (RCS). The delta body struc-
ture has less total surface area (11,210 £t2) than deltal wing vehicle (12,968 fte)
and the structure is distributed to cause lower line loads. A 7880-1b estim-
ated savings in structural weight is considered conservati#eiy low. The OMS
and RCS in the delta body vehicle take advantage of the greater internal
volume available to show é weight savings of about 11,000 1b by using hydrogen/
oxygen propellants rather than the less efficient storable propellants used in
the delta wing véhicle. An estimated increase in development éost for H2/O2
RCS of about $L4O million is more than compensated for by the effects of a
h,OOO-ib RCS weight saving, which yields a program cost reduction (500 flight

program) of over $100 million.

The orbiter of Configuration E is the same as that of Configuration D except

that 6,000 1b of abort rocket thrust structure is removed, plus the secondary



Table 1-1

WEIGHT SUMMARY
BASELINE CONFIGURATIONS

(103 Pounds)

Inert* Liftoff
Dry (W 40K P/L) (W 40K P/L)

Orbiter 300 345 692
A Droptank 135 145 T 3,207
Total | 3,899
Orbiter 257 ‘ 302 325
B Ext Tank 38 4 936
Droptank | o8 106 2,206
Total 3,557
Orbiter 160 203 ) 218
Ext. Tank 87 13 1,671
c SRM Booster ' 319 319 2,619
" Abort Motors 68 68
Total ‘ 4,576

Orbiter ) 171 215 , 241 .
Ext. Tank 68 73 | 1,681
D SRM Booster 383 383 3,252
Abort Motors : 76 ’ - 76

Total - o 5,250
Orbiter ' 165 ' 208 234
E Ext. Tank 55 59 _ 1,170
Booster 437 .. 492 - 2,599
Total 4,003

*Orbiter inert weight is lahding weight; other element inerts are staged weight




effects of- this removail.- The Configuration E-flyback booster-uses 12 liquid -
rocket engines with 8% overthrust.capability. With the failure of any one
engine, liftoff at essentially the normal thrust-to-weight would still be
possible. For this reason, it is assumed that no separate abort rocket

system need be incorporated.
BASELINE COSTS

Estimated program costs for the five baseline designs are illustrated in
Fig. 1.2, The stage-and—oné-half configurations (A and B) show slightly
greater development costs and considerably less operations cost than the
solid boosted configurations (C and D). The greater developmenf cost is
primarily due to the larger-sized srbiter needed to incorporate all ascent
rocket engines. It may be the uncertainty in this cost estlmate for develop-
ment of a large orblter which most detracts from the de51rablllty to NASA

of the stage-and-one-half approach. The lower recurring costs result

mainly from the lesser cost of operational hardware and propellants.

While advantage is taken in Configurations C and D of reuse of salid rocket
systems to a reasonable extent (average of 6 reuses for solid cases and sub-
systems), they are eventually expended and there is still a clear cost ad-

vantage of droptanks and ligquid propellants as expendables over solid rocket

systems.

Comparing Configurations A and B, the orbiter of Configuration B, being slightly
smaller than that of A, costs a little less to develop. The added recurring
costs for more expendable tankage compensates for development and production
savings to make the total program cost pattern for Configuration B almost
identical to that for A.

There is a saving of about $400 million in total program cost (500 flight pro-
gram) for Configuration C compared to Configuration D. - The lower weight delta
body orbiter allows a reduction in liftoff weight from 5.25M 1b to 4.58M 1b

and reduces SRM requirements so that the average recurring cost per flight
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drops about $750,000. These estimates have been made on a conservative basis
and more detailed study should show even greater savings. An area of cost
comparison between Configurations C and D which is probably not conservative
is the orbiter deﬁelopment cost> estimated for C to be only $11 miliioh more
‘than for D. This is the balance of a $4OM increase due to the H /O RCS
system and a savings due to llghter welght structure. Due to lack of data
no complex1ty factor has been introdueed to account for the more- complex
shape of the Configuration C delta body orbiter. If conservative factors of
1.1 for development and 1.2 for production were applied to the delta body
structure costs, an increase of about $50M would accrue in the Configuration
C orbiter non-recurring costs.  The 500 flight program results would then
show Configuration C'non-recurring ccsté to be $20M more than for D rather
than $30M less, and total program savings would be reduced from $hOOM to

: $350M. Thus, Configuration C clearly has a lower total program cost
than D, but its development cost could be slightly higher.

' The deveiopment cost of'Configurafion E, with its fully reusable booster,
is sufficiently gréeter than” that of D that it takes a full 750 flight pro-
gram to reach a breakeven point.

. In view of the various’aspectslof'costs,:a significant advantage of the
'currently proposed Configuration D over Configurations A, B, or C may be
minimum uncertainty in devéloﬁﬁent‘cost,estimgtes.’:It is beyond the scope
of this study to completely evaluete the magnitude of this advantage. How-
ever, as will be seen, the sensitivity values provided can contribute some

insight, since they would be some of ‘the important inputs t0 a risk analysis.

SENSITIVITY SUMMARY

A summary of cost sensitivity results of this study (considering "free" input
weight) is depicted in Figure 1-3. Further detail is ﬁrovided in extensive

tables in Section 5, including the breakdowns of total program cost sensiﬁif
vities for a 500 flight program into the contrioutions from development, pro-

duction, and recurring cost changes and by the system cost changes in each
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major vehicle element. Also, for Configurations A and D, results for a 250
flight program and a 750 flight program are included. For all cases, values
for both free and costed input weight are provided. (Free input weight re-
sults are applicable to design trade studies and are used throughout this
summary.) Performance and direct cost sensitivities are also delineated in
considerable detail. By providing this ﬁide_range of results and providing,
in Section 4, an extensive discussion of the methods used in their derivation,
it is hoped to enhance understanding of the subtleties of the variations in

these important parameters.

Fixed performance sensitivities are applicable for changes during.preliminary
design and detailed design phases when the vehicle can be redesigned to retain -
compliance with performance requirements. As seen in Figure 1-3, these sensi-
tivities.show a range of total prdgram cost effects from less than $2,000 berv
1b to about $42,000 per 1b. Much of this spread can be naturally aftributed v
to the rocket stage being considered (less sensitivity for booster input
weight than for orbiter), but there can be a factor of three between corre-

sponding cost sensitivities for different configurations.

The relatively high fixed performance sensitivities to orbiter weight of the
solid booéter vehicles (Configurations C and D) results principally from the
increase in the recurring costs for SRMs of increased size. This is such

a strong effect that the total program cost sensitivity of Configuration D
is considerably greater thaﬁ that of Configuration A even though'its<develop-
ment cost sensitivity during preliminary design is only about 50% of that
for A.

An apparent anomaly occurs in the change in sensitivity when going from the
preliminary design phase to the detailed design phase. The sensitiﬁifiés'

of the stage-and-one-half cases (and the two-stage case) decrease considerably,
while that for the solid-booster vehicles increases slightly. This iffegq;
larity results from the redesign constraints_appropriate for these two types

of vehicle during detailed design. The main engine thrust for the stage-and-

1-10




one-half system would be.frozen late in the preliminary design at a liftoff
thrust-to-weight ratio of 1.3, which is large enough to allow for a lafef
increase in droptank size. The resizing assumption for the stage-and-one-
half thereafter involves constant thrust engines (with decreasing thrust-
to-weight ratio down to 1.15). This involves minimal redesign of the orbiter.
The result is a considerably lower nonrecurring cost sensitivity. It can be
said that the cost penalty had already been taken when the orbiter and its
‘engines were oversized to provide a sufficient thrust-to-weight margin. A
thrust-to-weight decrease from 1.3 to 1.15 in Configuration A provides for
" approximately 20,000 1b of orbiter growth.

For the solid-boosted systems, the orbiter redesign is always "minimal”
since its main engines are not critical to liftoff and are assumed fixed
-even during preliminary design. This is the reason for low development

cost sensitivities (in both preliminary and detailed design phases) for these
cases.

In detailed design when the external tank size is fixed, there is a slightly
higher gross-weight sensitivity and the solids (which, to their benefit, are
still assumed to be resized with a constant thrust-to-weight ratio) grow

more than in the preliminary design phase..

An important advantage of solids is that they can be resized .in both propellant
guantity and thrust level fairly easily. This means that the vehicle does

not have to be oversized initially to allow for possible growth that may not
occur. This.advantage shows up here as an apparent disadvantage of a continued -
high cost sensitivity in the detailed design phase. This effect actually results
from the fact that more design flexibility can be retained with a solid

booster than in the case of stage-and-one-half (thrust, as well as propellant
capability, can be changed) . A

A point to be noted about the nature of cost sensitivities is that they must
be examined in context with the baseline design and baseline costs. Any vehicle

can be desensitized by ovefsizing the baseline so. that little or no redesign

1-11




is ever requiréd. EFach system approach has its own peculiar characteristics,

and direct sensitivity comparisons must be interpreted with care.
PERFORMANCE/COS? SENSITIVITY CORRELATION

Figure 1-4 provides a comparison of performance sensitivity (that of liftoff
weight With respect to orbiter weight) with total piogram cost sensitivity
to orbiter weight. It can be seen that good correlation exists between these
two sensitivities for Configurations A, B, C, and D during the preliminary
design phase. However, in the defailed design phase, or when Configuration

E is considered, very little correlation exists.

It appears that for Configurations with expandable booster systems, when
complete design freedom is available a program cost change éan be reasonably
‘well predicted from the value of a liftoff weight change. The program cost
of a system with a reusable Dbooster is, however, much more sensitive to
liftoff weight. Also when design constraints appropriate to a given system
are imposed{that is, in the detailed design phase), prediction of program cost

changes requires more careful analysis of each configuration separately.
CONCLUSIONS

'The results presented point fo these principal conclusions:

1. Space Shuttle cost sensitivities are quite high for all configurations.

The following table summarizes thé most important values, which

.are the sensitivities to orbiter weight for Configuration-D, the
currently planned approach. 4

CONFIGURATION D SENSITIVITIES
TO CORBITER WEIGHT

Program Phase Develépment Cost Total Program Cost
: _ (500 flights)
Prelim. Design $ho00/10 $34,900/1b
Detailed Design $hbkoo/1p - $36,900/1b
Test/Operations - - $85,000/1b

1-12




€T-T

3/18)

‘ SYSTEM COST SENSITIVITY
 APROGRAM COST/AORBITER WEIGHT ($10

'S
o.

3

20

10

+  PRELIMINARY DESIGN PHASE A
© DETAIL DESIGN PHASE B

| 250

D, DET DES PHASE,
500 FLIGHTS

0

- PERFORMANCE SENSITIVITY (AGLOW/AORBITER WEiGHT) :

. ~ AC/AGLOW
CA, DET DES
PHASE, 500
FLIGHTS
L ! L 11 R
10 20 30 40 50

Figure 1-4t Correlation Between Performance and Cost ‘Sensi'biv-ities'




2. Sehéitivity valﬁes‘vary widely with the various parametéfé of
this study. Figure 1-5 depicts the trends for the four principle
parameters. It also indicates the significance of each parameter
by the ratio between the maximum and minimum cost sensitivity over
the range of the parémeter (for the worst case with other parameters
held fixed).

Review of the methods used to obtain the results shows that to utilizé these
methods requires extensive Computerized system design and costing capabilities.
Since care has been taken to avoid overlooking any significant cest effects,
the sensitivity results are believed reliable within perhaps i25%., This is

sufficient accuracy for most applications of system sensitivitiés.

It is likely that simpler methods for deriving sensitivities with comparable
accuracy can be developed. The extensive results of this study could bve
used as a data bank of accurate results_(based on the assumptions made)

for testing the validity of simpler analysis techniques.
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BOOSTER CONFIGURATION
TOTAL PROGRAM COSTS

DEVELOPMENT COSTS
ORBITER CONFIGURATION

PROGRAM PHASE
LIQUID BOOSTERS

SOLID BOOSTERS

PROGRAM TRAFFIC

LIQUID WITH
EXPENDABLE TANK
(CONFIGURATION A
AND B)

SOLID

DELTA-BODY

DETAILED DESIGN

PRELIMINARY
DESIGN

250 FLIGHTS

INCREASING COST SENSITIVITIES >

SOLID WITH
SOME REUSE
(CONFIGURATION
CANDD)

LIQUID
(EXP. TANKS)

DELTA-WING

PRELIMINARY
DESIGN

DETAILED DESIGN

500 FLIGHTS

FLYBACK
REUSABLE
(COMNFIGURA=-
TION E)

FLYBACK
REUSABLE

TEST/OPS
TEST/OPS

750 FLIGHTS

MAX/MIN®

2.2

9.6

1.33

7.5

3.2

- 2.5

*ALL RATIOS ARE FOR TOTAL PROGRAM COST SENSITIVITIES EXCEPT THE 9.6 DEVELOPMENT COST RATIO FOR

BOOSTER CONFIGURATION.

Figure 1-5 Sensitivity Trends



Section 2’
.| GROUNDRULES AND ASSUMPTIONS
2.1 PERFORMANCE REQUIREMENTS

The performance requirements t0 be met by ail configurations are those defined
in "Space Shuttle Program Request for PropOSal No.'9-BCh21-67-2-hOP", issued
by NASA on 17 March 1972. This document contains approximately 4O pages of
technical requirements, ranging from the General System‘Requiremente,:in which
capabilities reqﬁired for three missions are defined,Athrough?quite detailed
performance requirements for each of the yehicle'subs&stems.~ By drawing on
the results:of the LMSC proposal effort, which defined Configuration D;'each
of five configurations are designed to meet all of these performance require—

ments.

The. Space Shnttle RFP specifies_a solid rocket booster-system_such as Con-
flguratlon C or D. These two conflguratlons are designed to meet all RFP
requlrements and have nearly identical capabilities. "As shown in Figure 2-1,
mlss1on performance capablllty of the other configurations varies somewhat
even though all conflguratlons meet the’ same m1ss1on requlrements. Other
spe01f19siofhperﬁormance, such as abort capablllty, will also vary with
configuration‘but designs are as comparable as possible.

2.2 DESIGN .GROUNDRULES

Groundrules“for the deeign”of each configuration are summarizedias.follows:

Conflguratlon Stage and One—Half

° Body shape and length “the Same as Model LS 200-11, as deflned
1n LMSC/A995931 Vol II Part 2, of Alternate Concepts Study.
Extens1on, Flnal Report dated 15 November 1971.

2-1
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REQUIREMENTS

MISSION NUMBER 1 2 3

ORBIT INCLINATION 28.5 DEG 55 DEG 90 DEG
V ON ORBIT (OMS + RCS)  [1070 FT/SEC 1520 FT/SEC 650 FT/SEC
PAYLOAD REQUIREMENT * 65K .| _W/O ABES | WABES . | 40K .
] | 25K | NONE
CAPABILITIES

A (1-1/2 STAGE) > ecl67.2K 38.9 | 7.4K 40

| B (1-L/2 STAGE S &5/67.6K 39.7K | 9.2K 40K

EXT. TANK) INJS .
C  (ABODY RAD) 66.7K - a5k | 2009k .| 40K
D (AWING RAD) o &/67.0K 39.7K | 19.0K 40K .
E (2 STAG EXT. TANK) '<§] 2 65.8K 41K | 205K 40K
. < @)

*MAXIMUM RETURN PAYLOAD REQUIREMENT = 40K
" VEHICLE SIZING CASE

‘Figure 2-1 Payload Requirements and Capabilities




e TFin size to be increased as needed to meet 150 knots landing
speed requirement '

e Structure weight to be modified to be consistent with titanium/
aluminum honeycomb used on Configuration D

® Weigﬁts of all subsystems to be updated to be consistent with
capabilities of Configuration D

e H,/0, on-orbit maneuvering propulsion system (OMPS) and reaction
control system (RCS) ' ‘

e OMPS and RCS fankagelto be common and to incorporate cross-
feed capability with main engine system for maximum mission .
flexibility (similar to Model LS-200-11)

e Addition of two airbreathing engines (to Model LS-QOO—ll), for
a total of six, to meet loiter capability at 10,000 ft altitude.

Configuration B, Sfage-and-One—Half with External Orbiter Tank

© Delta-body orbiter shortened from LS-200-11 by approximately
17 feet and internal ascent tanks removed

e Three tanks of same diameter, with twin'droptanks containing
added cylindrical sections as needed to establish a reasonable

design considering: .

(1) Near optimum staging
(2) Convenient attachment
(3) Center of gravity travel producing less than 10 degrees of
engine gimbal ‘ '
o Niné main engines and a liftoff thrust-to-weight ratio of

1.25
° H2/02 OMPS and RCS



Configuration C, Delta-Body Rocket-Assisted Orbiter

e Similar to Configuration D (IMSC proposal) but with delta body

orbiter

e Orbiter of minimum length to contain payload bay and subsystems
(Ref. length = 120 feet)

® Three main engines of same size as Configuration D - approxi-
mately 470K vacuum thrust in accordance ‘with interface control

document requirements
° H2/02 OMPS and RCS:

e Staging velocity for minimum GLOW

Configuration D, Delta-Wing Rocket-Assisted Orbiter

e Design as defined in detail in IMSC proposal in response to

Space Shuttle RFP (has staging velocity for minimum GLOW)

Configuration E, Two-Stage with Flybacklﬂ Heatsink Booster and External

Tank Delta—Wing Orbiter

e Orbiter same as Configuration D, except as stated below
e Orbiter engines started after stéging (series'burn)

° Removal of abort rocket system (1nclud1ng -abort thrust

structure removal from orbiter)

. ® Orbiter engines of same-size as used in booster, except

larger expansion matio (90:1 rather than 35:1)
e Smaller, series-burn type external tank

® Booster to have 12 H /O main engines of sufficient thrust
to provide 1.25 liftoff thrust- to-welght ratio

¢ Staging velocity for minimum gross liftoff weight but less
than 6,000 ft/sec to allow heatsink type thermal control on reentry

- 2-k
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2.3 RESIZING GROUNDRULES

Resizing groundrules for determining system sensitivities to weight changes
are of course different for the preliminary design and detailed design phases.
In addition, specific ground rules apply uniquely to each configuration. In
general, for the preliminary design phase all system elements can be redesigned
and resized as needed to determine a new "optimized” configuration. In the
detailed design phase, it is assumed that only one vehicle element is resized

to meet ascent performance.

Por both design phases, orbiter redesign is also needed in cases of orbiter
weight changes to (1) retain crossrange capability (affects the thermal pro-
tection system, TPS), (2) retain landing speed (affects wing or fin size),
and (3) meet flying and landing load requirements (affects structure and
landing gear). For Configuration E, these same factors apply to the flyback
booster when bodster weights change, and to reéizing of the airbreathing
engine system (ABES) as needed. These considerations are summarized in

Fig. 2-2 as they apply to each of the five configurations. '

2.4 COATING GROUNDRULES
The principal groundrules for COstiﬁg are listed in Fig. 2-3. More detail

on the traffic model, as well as data on the cost estimating relationships

(CERs), is included is Section 4.3.

2-5




9-¢

vy
uJ .
, 30 SYSTEMS RESIZED
' so ' S S
<&l . ORBITER Zele £
BASELINE | _RESIZING g’ﬁs INPUT - [GATN TWING OR| STRUCT | 77 (0G|~ & "35%5
CRITERIA | CONSTRAINTS: |[Q L | WEIGHT | ENGINE f ' =
S gLy ThuRsT |FVIN SIZE [BEEF-UP |THICKNESS GEAR X G| Q&S
A [VOLUME RETAIN ORBITER| P-D | ANY @ o © @ ® 8]
LIMITEDWp | BODY LENGTH| D-D |_ORB ) e @ @ o |
IN ORBITER D/T A o
B -|ALLTANKS |{TANK DIA P-D | ANY '
SAME DIA, |[GROWS IN P-D - -9 ® ® ® ® 0| 0
| DROP TANK D-D | ORB @ | o () C N
FIXED IN D-D EXT TANK 0
DROP TK Q@
C | MINIMUM [NEW MIN GLOW P-D | ORB ® ® ® ® & ©
" GLOW IN P-D _|ET OR SRM - : o | ©
EXT TANK D-D| ORB o © @ () 5]
FIXED IN D-D ET OR SRM B | ®
D |[MINIMUM |NEW MIN GLOW] P-D | ORB ® ® ) e |[o]| ©
GLOW IN P-D '|ET OR SRM , 1 el ©
EXT TANK D-D | ORB . @ @ e | o L]
FIXED IN D-D ET OR SRM o @
E | MINIMUM |NEW MIN GLOW P-D | ANY e e | @ | o |®@|0| o
GLOW IN P-D , ' |
- BOOSTERSIZE | D~D | ORB ® e ¢ | ®
FIXED IN D-D | EXTTK @ «
BOOSTER | ©

*STRUCT, LDG GEAR, ABES CHANGED BUT NO CHANGE IN ROCKET

PROPELLANT CAPACITY IN BOOSTER

Figure 2-2 Resizing Groundrules
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o COSTS IN 1971 DOLLARS
© NO PRIME CONTRACTOR FEE INCLUDED

~ @ NO GOVERNMENT INSTITUTIONAL COSTS INCLUDED

| 3 ORBITERS FOR 250 FLTS (2 BOOSTERS CONF E)
@ OPERATIONAL FLEET CONSISTS OF: 5 ORBITERS FOR 500 FLTS (4 BOOSTERS, CONF. E)
" 8 ORBITERS FOR 750 FLTS (6 BOOSTERS CO\!F E)

9 FIRST TWO ORBITERS ARE PROVIDED FRONI DEVELOPMENT PROGRAM (2 BOOSTER" CONF. B

9 OPERATIONAL PROGRAM CONSISTS OF 500 FLIGHTS‘ IN TEN YEARS IN ADDITION TO SIX
FLIGHTS CHARGED TO DEVELOPMENT

o ONE OPERATIONAL LAUNCH FACILITY (KSC)

*SELECTED RESULTS TO BE COMPUTED FOR
50 AND 750 FLIGHTS IN TEN YEARS '

Figure 2-3 Costing Groundrules and Assumptions



Section 3

' CONFIGURATION BASELINES

Before system sensitivities can be computed, fairly complete baseline designs
must be defined. The design choices made for the baseline can have ‘significant
effects on sensitivities. Conservative designs are-generally less sensitive
since less redesign is required to retain compliance with requiremenﬁs. The
five baseline configurations, whose characteristics are summarized in this
section, have been designed to a common set of}requirements and, to ‘the extent
possible, with the same degree of conservatism. ‘They are each distinctive ™
apprbaches, however, and -each must be-considered in light'of’ité'bﬁn>beeulié%
characteristics. - BRI

ST | LR

3.1 CONFIGURATION A: STAGE-AND-ONE-HALF

The stage-and-one-half concept (Orbiter Configuration depicted in Figure:
3.1-1)* employs a fully reusable orbiter vehicle in combination with-a.single
set of expendable droptanks the stage-and-one-half system shown is basically a
derivative,pf_an existing Lockheed desigh (Mogel LS—QOO-ll)**. Primary.
differences are subsystem weight increases (comparable to configuration D),
increased fin area to provide capability for a. landing speed of 150 knots,
(the effects of which are included in the Weight data) and the use of LO2/LH2
for the RCS subsystem, ’

All rocket and airbreathing engines andzattitude.control thrusters are
assembled in the orbiter.- The droptank assembly contains only the elements

necessary for storing the propellants during ascent, and the plumbing and

* Configuration drawings are at the end of the section.

** See IMSC-A995931, Final Report, Alternate Concepts Study Extention,
Vol II, Part 2, One-And-One-Half Stage System, dated 15 November 1971.
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instrumentation required for propellant transfer and pressurization, and
pressure, temperature, and fluid level control. Thus, by reducing the
function of the droptanks to that of a tank proper, and by selecting a
gonfiguration permitting a highly weight-effective design, a very high
propellant fraction is obtained fpp this elemeﬁt of the vehicie.system.
Conséquently, optimum staging is achieved at a high velocity, exceeding
18,000 ft/sec. | ‘

_Usiqg‘eleven 460,000 lblsea-level'thrustimain rocket ehgipes and with all
engines operating at liftoff, a‘payload capability of 40,000 1b is achieved
With a npﬁinal gross liftoff Wéight of 3.9 x 10" 1b, corresponding to a .
ﬁbminal liftoff thrust-to-weight ratio of 1.30. Weight and cost summaries.
are shown in Tables 3.1-1 and 3.1-2.

A typical development schedule showing key milestones related to orbiter
and tank development is shown in Figure 3.1-2. The relationship -of

performance and vehicle sensitivities to the program schedule is illustrated.

Orbital maneuveringlcapébility.is'provided by an orbital maneuvering -
propulsion system (OMPS) consisting of two RL1O engines -in combination
with LOQ/LH2 propellant tanks and a feéd system designed for the long
storage time requirement. -The main engines may also use some of these
_propellants when not needed on orbit. Only one RL1LO engine is used. for
normal operation, the second being a standby providing engine-out cap-
~ability. - Full attitude control capability is obtained during the. ascent.
phase by gimbaling. 5 of the 11 main engines,.and pitch and yaw control.

during orbit maneuvers by gimbaling the operating RLI1O engine.

A reaction control propulsion system (RCS) using L02/LI-I2 propellant provides
roll control during RL10O engine operation and full attitude control capa-
bility on orbit and during the .initial reentry phase. It is also used for
supplying the three-akis translatory_i@palses for doéking and.similar

maneuvers. The L02/LH2 propellants were chosen because of low contamination,
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TABLE 3.1-1

DELTA-BODY STAGE-AND-ONE-HALF
"MISSION WEIGHT SUMMARY

CONFIGURATION A
System Orbiter Droptank | GLOW

Wing Group N/A
Tail Group 21,644
Body Group 62,602
Induced Envir. Protection 36,183
Landing, Recovery, Dockmg 16,017
Propulsion — Ascent 108,230
Propulsion — Auxiliary 7,942
Prime Power 4,123
Elect. Conver. and Distr. 2,915
Hydra Conver. and Distr. 2,091
Surface Controls 4,293
Avionics 7,344
Environmental Control 4,456
Personnel Provisions 1,269
Growth/Uncertainty 20,780

Subtotal (Dry Weight) 299,889 | 134,726
Personnel 1,621
Cargo 40,000 '
Residual F1u1ds 3,453 © 10,512

Subtotal (Inert Weight) 344,963 | 145,238
Reserve Fluids' . . 1,953 8,080
In-Flight Losses - 5,850 7,170
Propellant — Ascent 319,919 | 3,046,469
Propellant — Maneuv/ACS .19,351

Total Orbiter. 692, 036

Total Droptank 3,206,957

GLOW 3,898,993
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TABLE 3.1-2

CONFIGURATION A COSTS

(Millions of Dollars)

Flights. System Nonrec . , Av Rec
An- Element Rec Total Cost.
Program _ Dev Prod Per FIt
Orbiter 3,181 292 944 4,417
250 - Booster (or Droptank) 252 - 916 1,168.
. System 698 30 191 919
Total 4,131 322 2,051 6,504 8.20
Tot. Nonrec/Peak 4,453/1,073 ' B
~ Orbiter _ 3,181 | 761 1,647 5,589
500 Booster (or Droptank) 252 - 1,641 1,893
- System 698 78 | 326 1,102 A
Total 4,131 839 -| 3,614 8,584 7.23
Tot. Nonrec/Peak 4,970/1,073 | o
Orbiter 3,181 1,409 2,335 6,925
750 Booster (or Droptank) 252 - 2,305 2,557
System 698 144 475 1,317
| Total . 4,131 | 1,553 | 5,115 | 10,799 6.82
' 5,684/1,073 -

Tot. Nonrec/Peak
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10% FINAL  90%

START

| DETAIL
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. ; ph Py
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 SENSITIVITIES |
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Figure 3.1-2 Typical Development Schedule - Configuration A




acceptable hazard and cost effectiveness relative to other alternatives

(for delta-body vehicles when sufficient volume is available).
3.2 CONFIGURATION B: STAGE-AND-ONE-HALF WITH EXTERNAL TANK

Conflguration B (Figure 3.2- l) employs a ‘delta-body orbiter similar to that A
used in Configuration A with the reference length reduced from 150 ft to
133 £ft. -The Conflguration B compos1te launch vehlcle is composéd of this
orbiter in conjunction.with vee-type droptanks and an external orbiter tank.
The droptanks are staged during,ascent prior to injection; the external_HO
tank is carried into orbit after propellant depletion. For this configuration,
. the 1O /LH propellant requlred for the OMPS and RCS subsystems is carried :
internally within the orbiter Weight. and cost summaries are shown in
Tebles 3.2-1 and 3.2-2. . . . | o

The nine orbiter main engines havelh95,QOO 1b sea-level thrust each to
provide a liftoff thrust to weight‘ratio of 1.25. This value of thrust-
to-weight was used, ratherxthan the 1.3 chosen for configuration A, in the
intesest of providing a small competitive configuration B orbiter. This
‘choice results in a slightly greater risk since the lesser sen51t1v1ty of -
iGLOW to orbiter weight only partially compensates for the smaller thrust- -
to-weight margin. The configuration A orbit could grow over a‘6%_of'its

ary weight before the thrust-to-weight‘ratio drops to 1.15. The corres-

" ponding value for configuration B is less than 5% of orbiter dry weight
growth potential. - o '

Durlng ascent, propellants are initially fed from the twin droptanks
ASlightly prior to their depletion (perhaps 3 sec), 2 engines w1ll have
‘been shut down to stay under a 3g load factor and 5 of the remaining
engines are then throttled to 50% thrust and switched to the external
orbiter tank. The other 2 engines will continue to be fed from the drop-
tanks until depletion (soft shutdown) S0 that unused propellants are
minimal. After droptank staging, the 5 engines are brought back to full
thrust, to be appropriately throttled and/or shut down later as needed
to avoid exceeding the 3g limit. Since the engines to be switched?are
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-TABLE 3.2-1
STAGE-AND ONE HALF WITH EXT. TANK
'MISSION WEIGHT SUMMARY

. CONFTGURATION B

: External Drop- ;
System Orbiter - Tank tank GLOW
Wing Group N/A
Tail Group 18,393
Body Group 56,264
Induced Envir. Protection 33,065
Landing, Recovery, Docking 14,412
Propulsion — Ascent 85,306
Propulsion — Auxiliary 7,376
Prime Power _ 4,123
Elect. Conver. and Distr. 2,616
Hydra Conver. and Distr. 1,943
Surface Controls 3,165
Avionics , 7,344
Environmental Control 4,456
Personnel Provisions 1,269
Growth/Uncertainty 17,633
Subtotal (Dry Weight) 257,365 37,670 98,014
Personnel - 1,621 '
Cargo 40,000
Residual Fluids - 2,797 3,049 7,539
Subtotal .(Inert Weight) 301,783 40,719 105,553
Reserve Fluids 1,757 | 8,106 0
In-Flight Losses | 4,844 2,821 11,645
Propellant — Ascent L 885,694 - 2,178,365
Propellant —" Maneuv/ACS © 17,003
Total Orbiter 325,387
Total Orbit Tank 936,340
Total Droptank 2,295,563
_GLOW' 3,557,290




TABLE 3.2-2
CONFIGURATION B COSTS

‘(Millions of Dollars)-

8-

. System Noweewr | g | rotal Cost
Program B : Dev Prod : Per Flt
Orbiter | 3,116 270 923 4,309
| External Tank ] 250 - 1,022 1,272
250 Booster (or Droptank) .
System 696 28 199 923
Total . 4,062 298 2,144 | 6,504 8.58
Orbiter | 8,118 | ‘700" | 1,609- | 5,425
External Tank ] 250 - 1,830 2,080
500 Booster (or Droptank) o . ,
System A 696 72 352 1,120 |
Total o 4,062 2 | 3,791 8,625 758
. . 4,834 | B
Orbiter ) 3,116 1,202. | 2,280 6,688
External Tank & - B , IR :
750 | Booster (or Droptank ] A T 2,821
; System ] 696 132 - 497 1,325
Total . 4,062 1,424  |5,348 - | 10,834 7.13
5, 486




the bottom row engines, less than 10 deg. of gimballing is need to track
the c.g. This leaves a reasonable margin for control within\the + 7 deé |
gimbal limits. T

The relationship between ‘the. development schedule and resizing constralnts

for computing sensitivities is shown in Flgure 3.2-2.
3.3 CONFIGURATION C: DELTA-BODY ROCKET-ASSISTED ORBITER (RAO)

The configuration C launch vehicle (Figufe 3.3-1) consists of a delta-body
_ orbiter, an external propeliant tank, two recoverable 156-in. soliﬁ-rocket
motors, and two abort solid-rocket motors. _The'orbfter engines and main

solid-rocket motors burn in_pafallel~at liftoff;*the abort motors ere not

" burned during normal operatiens. Liftoff thrust-to-weight ratio is l.hS{

Configuration C utilizes a deita~bodyiorbiter aerodynaMiciconfiguretion
similar to Configurations. A and B reduced to 120 £t referenced length. .
The orbiter main propuleion eonsists of three engines of 470,000 1b vacuum
thrust. The OMPS and RCS subsystems for the o‘rbitef use 02/ H2 pfopellants.
Weight and cost summaries are shown ip Tables 3.3-1 andu3.3-2.‘ A typical
development schedule showing key milestqnes:relating td_sizing assumptions

for sensitivity analysis is shown in Figure 3.3-2.
3.4 CONFIGURATION D: DELTATFING'ROCKET-ASSISTED ORBITER

Configuratien D'vehicle (Figure 3.4-1) is of the type currently planned

for deﬁelOpment It is the same approach as Configuration C except that

a delta-w1ng orbiter is used 1nstead of a delta-body orbiter. Parallel

burn of orblter main englnes and maln solid-rockeét motors is used for ascent.
System weight and cost summaries are shown in Tables 3.h-l,and 3.4-2. The
weight and cost increases over Configuration C are due primarily to a less

efficient structural shape and the use of storable propellants for the OMPS
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REVIEW  RELEASE FREEZE RELEASE HARDWARE  REPORT
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Figure 3.2-2 Typical Development Schedule - Configuration B




'TABLE 3.3-1

DELTA BODY ROCKET ASSISTED ORBITER
MISSION WEIGHT SUMMARY
CONFIGURATION. C BASELINE

: | External A _
- System Orbiter -} Tank SRM ARM - GLOW
Wing Group ° N/A
Tail Group 12,353
Body Group 46,091
Induced Envir. o
Protection 23,200
Landing,
Recovery, ° PR
Docking 10,746
Propulsion — ‘
Ascent 22,881
Propulsion — '
Auxiliary 6,924
Prime Power 4,123
Elect. Conver. o :
and Distr. - 2,810
Hydra, Conver.
and Distr. 1,773
Surface Controls 2,620
Avionics 7,344
Envir. Control 4,456
Personnel ' S
Provisions 1,269
Growth/ . : '
. Uncertainty © 12,946
Subtotal S
(Dry Weight) - 159,536 67,354
Personnel 1,621
Cargo ‘ 40,000 . >
" Residual Fluids 1,962 5,698
Subtotal . ‘
(Inert Weight) - | 203,119 73,052 318,721 (594, 892)
Reserve Fluids 1,624 '6,485
In-Flight Losses 4,705 9,011
Propellant —~ o .
Ascent 1,582,845 | 2,300,000-
Propellant — o e S
. -Maneu/ACS 11,364 |
Orbiter Total 220,812 (220, 812)
Ext. Tank Total 1,671,393 . (1,671,393)
SRM Total ' 2,618,721 1 (2,618,721)
ARM Total . o 68,500 (68, 500)
| GLOW (4,579,426)
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TABLE 3.3-2
CONFIGURATION C COSTS

(Millions of Dollars)

c1-¢

Fliigl-};ts S{stem - o Nonrecur . ’ ' Av Rec
Program Element o Dev Prod _ Req | Total lic;‘s;‘ "
- Orbiter 2,789 184 822 3,795
. - External Tank . 211 - 519 730
250 Booster (or Droptank) 188 - 1,454 1,647
System | om 19 286 1,076
Total . 3,959 | 203 3,081 7,243 12.32
- ' 4,162
“Orbiter ' | 2,789 454 1,415 | 4,658
External Tank . |- 211 -~ 925 1,136
500 Booster (or Droptank) | 188 - 2,664 2,852
System . 771 47 513 1,331
Total ’ 3,959 501 5,517 9,977 11.03
S 4,460
Orbiter 2,789 - 823 1,995 5,607
External Tank o211 | = | 1,298 - 1,509
750 Booster (or Droptank) 188 - ' 3,819 | 4,007 N
System . 771 84 729 | 1,584
Total ' 3,959 907 7,841 12,707 10.45
4,866 '
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" TABLE 3.k-1
DELTA WING ROCKET ASSISTED ORBITER

MISSION WEIGHT SUMMARY

. CONFIGURATION D

3-14

. External - .
System Orbiter | Tank SRM ARM GLOW |
Wing Group 16,974
Tail Group 4,345 ‘ .
‘Body Group . 45,005 49,878 309,467 13,796
Induced Envir. : .
- Protection 20,946 6,760 25,620 1,402
Landing, Recovery, ’
Docking 11,733 19,518
Propulsion — ' .
. Ascent 22,880 6,690 14,730 3,884 |
Propulsion — o _
Auxiliary 9,783 2,665
Prime Power 4,123
Elect. Conver. :
and Distr. 2,914 300
Hydra Conver. : : c
. and Distr. - «1,417
Surface Controls 3,995 ’
Avionics 7,344 120 942 170
Envir. Control 4,456
Personnel
Provisions . 1,269
Growth/ , , _
Uncertainty 14,005 . 1,327 12,780
Subtotal : : ,
(Dry Weight) 171,189 67,740 383,057 19,252
Personnel - 1,621
Cargo o 40,000 ‘
Residual Fluids 2,051 5,698
Subtotal (Inert
Weight)- 214,861 73,438 383,057 19,252
Reserve Fluids 2,445 6,889
In-Flight Losses 4,705 4,868
Propellant —
Ascent 1,595,781 | 2,869,338 56,248
Propellant —- : '
Manéuv/ACS 19,429
Total 241,440 1,680,976 | 3,252,395 75,500 5,250,311




aT-€

TABLE 3

CONFIGURATION D COSTS

.4-2

(Millions of Dollars)
Fliignhts ; FS:{ stem . Nonrecur Reo Total %'01::’0
Program ement. Dev Prod Per Flt
Orbiter 2,778 188 820 3,786
External Tank 216 - 520 736
250 Booster (or Droptank) 1202 - 1,639 1,841
System 781 19 305 1,105
Total 3,977 207 3,284 7,468 13.13
Tot Nonrec/Peak 4,184/1,033 i L
Orbiter 2,778 465 1,412 4,655
External Tank 216 - 928 1,144
500 Booster (or Droptank) 202 - 3,004 3,206 |
System 781 - 48. 547 1,376
Total - 3,977 513 5,891 | 10,381 11.78
Tot Nonrec/Peak 4,490/1,033 ‘ o
Orbiter 2,778 842 1,990 5,610
- External Tank 216 - 1,303 1,519
750 Booster (or Droptank): 202 - 4,311 4,513 -
System | | 81 86 779 1,646 4
Total 3,977 928 8,383 13,288 11.18
- Tot Nonrec/Peak . 4,905/1,033




and RCS systems. The volume requiremehts of L02/IH2 systems would necessi-

tate an increase in fusalage dimensions.,

The orbiter vehicle is sized to carry a four-man flight crew and provides
facilities for a 6-passenger complement. Airlock/docking facilities are
provided between the crew cebin and payload bay.- A pair of structural
doors protect the 15 ft by ft 60 payload bay. Orbiter-mounted abort
rockets are located on each side of the orbiter at the‘aft area of the
wing-to-fuselage intersection. These solid-propellant rockets are siéed
to permit. off-the-pad abort-and to permit escape from the vehicle tank and

SEM.

An airbreathing propulsion system of U4 engines is provided as mission
equipmént. The ABPS is installed in the payload bay for mission opérations

during approach and landing.

'An-all-aldminum'external tank is used to carry tlie main'impulse propellants,
It consists of two tanks (hydrogen and oxygen) connected by an intertank
section. It is attached to the orbiter at three.separable points in a

tripod arrangement.

Orbiter ascent boost is brovided by two parallel-burn 3.52 MIB thrust each,

solid propellant, 156 in diameter rocket motors.

A set of lateral-firing separation solid rockets are.installed at the

forward and aft ends of each SRM to provide for direct translation of the

boost rockets away from the orbiter at.staging. A parachute recovery
system is installed in the nosecone to.decéleraté and position the spent

rockets for aft-end water impact and recovery.
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The development schedule is the same as for configuration C and is shown

in PFigure 3.3-2.

3 5 CONFIGURATION E: TWO STAGE TANDEM (FLYBACK BOOSTER AND
DELTA -WING ORBITER)

Configoration E is‘a>tﬁo-stage tandem léunch éystem which empioys a fully
reusable 02/Hé booster in conjunction with a delta-wing orbiter/ekternél
tank second stage. The orbiter vehicle is essentially that of Configuration
D, but uses & smaller external tank, since it burns in series with the
booster. The booster vehicle is of the heat-s1nk type, fully reusable, w1th
a ratlo of fuel welght to. total welght l at llftoff of about O. 805

The booster contains sufflclent JP-L fuel for powered flyback after

staging. Orbiter main propulsion consists of three 480,000 1bf vacuum
thrust engines. Since the launch vehicle has tandem staging, the abort
rocket motors are removed, giving an orbiter dry weight approximately

6000 1b lower than the configuration D orbiter by removal of thrust ' .
structure. Liftoff thrust-to-weight ratio for configuration E is 1.25,
thrust being supplied by 12 booster main.02/H2lengines of 418,000 1bf

sea level thrust each (same power lead as orbiter engines). The launch
vehicle conflguratlon is shown in Figure 3.5-1, weight and cost summaries

are shown in Tables 3.5-1 and 3. S 2. A typlcal development schedule is
shown in Figure 3.5-2.
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TABLE 3.5-1

TWO STAGE WITH EXTERNAL TANK

MISSION WEIGHT SUMMARY
CONFIGURATION E_

External .
~ System Orbiter Tank Booster GLOW

Wing Group 16,974 65,815
Tail Group 4,345 27,187
Body Group 39,005 121,018
Induced Envir. Protection 20,946 6,207
Landing, Recovery, Docking 11,733 22,097
Propulsion — Ascent 22,880 86,300
Propulsion — Cruise ’ 29,740
Propulsion — Auxiliary 9,783 12,118 |
Prime Power = 4,123 11,603
Elect. Conver. and Distr. 2,914
Hydra Conver. and Distr. 1,417
Surface Controls ' 3,995
Avionics 7,344
Environmental Control 4,456 2.693
Personnel Provisions 1,269 ?
Ballast Other System 19,319
Growth/Uncertainty 13,406 33,210

Subtotal (Dry Weight) 164,590 55,000 437,307
Personnel 1,621 1,621
Cargo 40,000 - S ‘ :
Residual Fluids 2,044 3,960 52,796%

Subtotal (Inert Weight) 208,255 58,960. 491,724
Reserve Fluids 2,393 6,532
In-Flight Losses 4,705 4,868 18,046

" Propellant — Ascent _ 1,100,000 2,088,942
Propellant — Maneuv/ACS 18,838 .
Total 234,191 1,170,360 2,598,712 4,003,263

*Including 30,916 Ib JP4 fuel
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TABLE 3.5-2 .
CONFIGURATION E COSTS

(Millions of Dollars)

6T-€

Fligil:lts . System ) B Nonrecur ' ' Aé’olzfc
Program | . ‘Elgment B Dev Prod Rec . Total Per Flt
| Orbiter 2,712 189 805 3,706
External Tank 202 U 469 671
250 [ Booster (or Droptank) © 6,634 730 . 526°. 3,190
. System o 1,052 [ 23 184 1,259 |
Total 6,600 242 1,984 8,826 7.94
o L 6,842 - " ' | ' R
Orbiter B , 2,712 470 1,384 4,566
External Tank 202 S0 836 1,038
500 .| Booster (or Droptank) 2,634 423 970 4,027
| system | 1082 | a1 s27 | 1,470 | |
Total 6,600 | 984 | 3,517 | 11,101 7,03
‘ 7,584 S N
Orbiter ' 2,712 851 1,949 5,512
.| ExternalTank 202 o | 1,173 1,275
750 - | Booster (or Droptank) 2,634 . . 773 | 1,407---| - 4,814
System ' 1,052 166 464 1,682
Total | 6,600: 1,790 4,993 13,383 6.65 -
8,390 |
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Section 4
-ANALYTICAL METHODS AND EXAMPIES -

4.1 SENSITIVITY ANALYSIS OVERVIEW

Weight and cost sen51tlv1tles measure the change in these 1tems when an 1nde-
pendent parameter (such as weight of an element of the system) is varled

as certain design and performance re_uirements are imposed. Mathematically,
‘they may be either open- or closed-loopfpartial derivatives subject to a
glven set of constraints. An open-loop derivative is the standard bartlal ’
derlvatlve, a closed-loop derivative 1mpl1es a reoptlmlzatlon of the per-

turbed system in some sense (mlnlmum launch weight or minimum cost).
4 1.1 Design Factors

One of the most important factors in understandlng sensitivities is the
effect of the des1gn approach used in der1v1ng them on their values. As an
example, cons1der the situation if a subsystem of the orbiter for Configura-
tion D undergoes a weight growth of 1000 1b relatlvely early in the design
process resultlng in a payload loss unless the system is 1ncreased in size.
Several des1gn alternatives exist to recover the payload and other perform-
ance requlrements How may thls best be done? The external tank, or solid-
rocket motors, or both may be 1ncreased in size. If both are 1ncreased, in
what proportion should they be 1ncreased? Should the thrust level of the
liduid engines or solid-rocket motors be changed. Wthh of the above opt1ons
result in the minimum gross weight increase? Which options result in the ’
minimum DbT&E, recurriné, or total'cost’increases? Also, what is the effect
if the orbiter wing size 1s increased to maintain crossrange? More important,
what is the weight and cost increase in each element of the system9 These
increases in weight or cost divided by the value of the input welght (lOOO
lb) determine the sens1t1v1ty of ‘the system to weight growth. The values

'



of the sensitivities are highly dependent on the design approach selected to
maintain system performance and design requirements. These subtleties are

discussed in more detail for Configuration D in Section 4.6.2.
b,1.2 Time of Weight Growth

At different times in the development program, differentvcorrective actions
will be taken to maintain system requirements. Barly in the program, char-
acteristics of all elements of the system may be changed; i.;., yhe systen

is completely rubberized. ‘Later on, certain elemeﬁts of the system are pro-
gréssively frozen as the design opecomes better defiﬁéd. FPinally, the vehicle's
design is completely fixed and any furthervweight growth causes performance .
degradation. At each time point in the development program, differeﬁi weight
andAéost éensitivities result. These diffefenceS'are'discu5sed in more detail
in Section 4.k and L.5. | |

4.1.3 Derivation of Sensitivities

Weight or cost sensitivities may be classified as either fixed-capability 6r
fixed-vehicle sensitivities. Fixed-capability sensitivities are derived by
changing one or more elements of the vehicle's design to accommodate input
weight changes, maintaining certain vehiclé performance charactéristics such
as payload, on-orbit velocity, crossrange, énd orbiter (or booster) landing
speed. Fixed-vehicle sensitivitiesrare derived by determining thé chénge

in péyload of a vehicle when an input weight ié added to an element of the
system (orbitgr, tank, or bodster) and the vehicle's design is not éhanged.
Fixed-capability sensitivities are used during the vehicle preliminary design
and detailed design phases; fixed-ﬁehicle sensitivities are used after the
design has been frozen, such as during the manufactﬁring, flight test,. and

- operational phases.

The derivation of fixed-capability weight sensitivities is considerably more

complex than thaﬁ of fixed-vehicle weight senéitivities. Fixed-capability
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sensitivities require parametric weight secaling and performance reiationships
which define the system and its capability over a range of different propellant
loadings and thrust levels for each element in the system. These relation- »
ships may be combined in a vehiplefsizing/synthesis computer program and a
solution solved for iteratively, subject to the various design constraints.

A baseline vehicle is first defined and a solution obtained. The vehicle

is then perturbed by adding an input weight to an element of fhe system
(orbiter, tank, or booster) and a new solution is obtained, subject to design
constraints ﬁhich hold defined characteristics of the baseline unchanged

(e.g., same booster or tank propellant as the baseline, minimum gross weight,
same thrust or thrust-to-weight ratio, etc.). The change in weight of each
element of the system from the baseline to the perturbed vehicle is then ‘
divided by the input weight to calculate the weight sensitivities. The sen-
sitivities derived in this manner are numerical derivatives. Alternately,
analytical derivatives may be determined using these parametric relationships,
but the procedure is quite complex because of the number of terms fhat vary '
as a parameter is changed, especially for certain design constraints such as
minimum gross weighf. In this report, all weight sensitivity values were .
derived by using the numerical method with a vehiele-sizing/synthesis com-
puter program. However, a further discussion of analytical sensitivities

is given in Section L4.7.

After the fixed-capability weight sensitivities are determined, the weight
sensitivity of each item in the system is multiplied b& its direct cost
sensitivity (see Section 4.3) and the terms summed to derive the cost sensi-
tivity of the total system. The cost of the system increases in.size and .

weight. This process is described in more detail in Section L.L.

Fixed-vehicle weight sensitivities do not invoive veight-scaling relationships,
since the dry weight of all elementé of the vehicle is fixedi These segﬁiti-
vities can be determined directly from a computer program which calculates

the vehicle's ascent trajectory (PRESTO). An optimum.(maximum payload) tra-

Jectory is first run'for the baseline vehicle, and then a second optimum
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trajectory is run for the weight-perturbed‘vehicle. The difference in pay-

load is divided by the input perturbed weight to find the sensitiVity.

Fixed-vehicle cost sensitivities are fundamental;y different from fixed-capa-
bility cost sensitivities, in that the cost of loss of payload is considered,
rather than the additional cost for a larger vehicle. Fixed-vehicle sensi-

tivities are discussed in Section 4.5.
4.1.1 Use of Sensitivities

; Weight and cost sensitivities may be used for vehiele design tradeoff studies,
F growth ellowance anaiyses, and program risk studies. The role of sensifivities
for these uses is shown in Figure 4.1-1. Fixed-capebility,sensitivities are
most useful in condueting weight/cost tradeoff studies. In comparing two
alternative subsystems, the first of which is hiéher in weight but less costly,
the effect of the additional weight on the total system cost must be known (via

sensitivities) to evaluate the total cost differences between the systems.

In using cost sensifivities, it is important to dietinguish between "free"
and "costed" input weights. Free input weight cost sensitivities do not
include the cost of the input weight in the value of the sensitiﬁity. The
cost of the input weight must be accounted for separately, as it might be
in a weight/cost trade study, where the input weight mightvbe a difference
in weight between two subsysteme, the costs of both of which would be known.
Sensitivities utilizing costed inputs assume that the input weight is
additional vehicle structure at a certain cost per pound (DDT&E, production
and operations). This direct cost of the input weight is added to the in-
direct cost using the free input weight cost sensitivity. This type of cost
sensitivity is used for growth allowance analyses and program risk studies,
wher# uncertainties in weights must be translated to uncertainties in costs.
Since the free input weight cost sensitivity (which includes cost effects
for indirect growth but not for the input weight itself), is more useful,

and since the costed input weight sensitivity (which assumes the input weight
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to be costed as stfuctural_growth of the vehicle element involveé) may be
easily determined from the free input weight sensitivity; major emphasis in

this report .is plaéed on the free input weight cost sensitivities.
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k.2 ° PARAMETRIC DESIGN RELATIONSHIPS

For the fixed-capability sensitivities, weight-scaling and performance
relationships are required to,ﬁredict the inert weight, specific impulse,
and velocity requirements of the system as propellant loading, engine thrust,
and input weights vary for the various elements of each system. The specific

design relationships themselves are not given in this report.

The basic use of these parametric design relationships is to synthesize
a vehicle, stage by stage, that performs the specified mission subject to ..
certain design requirements. This is done by utilizing the basic performance

equation.

(1) AV = g Ispi’ T WIGNi/W'BOi where AV is the required ideal

velocity, Iép is~the‘vactum specific impulse of stage i, and’WiGN and
: i . : i

WBO' are the respecfive ignifion weight and burnout weights of stage i. A
i ' - . S ’ o '
stage is defined as a portion of flight between inert weight drops. The

relationships between ignition and burnout weights, and propellant and inert

(dry plus payload plus‘nonpropulsive fluids) weights are given as:

(2) W,y '=vw

IGN, Bo, * Vp,
i i i
(3)  WBO; = Wy Wy
i-1 i
where WP’ and.WIN are. the imbulsé propellaﬂt and inert>weights of stage i.
i i . .
For a two-stage vehicle (1) becomes: . 7
W + Wt W+ W W +
: P, IN P
(4) AV = gIspl Ny 1 2 2 + gIsp I, w'rP2
: W. + W + W 5P Ty
w F ', TR I,



Notice that for a cbnstant AV, if W increases by adding an input

IN

weight to it, then either WP or WP or both must increasé to maintain the
1

2
system's velocity capability.

The inert weight of stage i is in general an increasing function
of its propellant loading, so that as the propellant increases to maintain
the system velocity (AV), the inert weight of the stage increases, céusing
an additional increase in propellant loading;(over and above the initial
input increase in inert Weight). This additional increment is denoted;as
an indirect increase in inert weight, as opposed to the direct increase

(the input weight).

In generél, the relationship of a stage's inert weight to its
propellant loading, the input weight, and any other parameters such as thrust
level of engines, staging velocity (flyback booster for Configuration E) and
other stage gross weights (structural loading) is called a weight-scaling
relationship. These have been defined for all elements in the system fdr each

configuration, and are further discussed in Section 4.2.1.

The ideal velocity regquirement (AV) is in general not a constant, but
depends upon the shape of the ascent trajgctory. This ideal velocity ( some-
times called total velocity) is actually a sum of the actual relative'(aero-
dynamic) velocity at orbit iﬁjection, plus various velocity ldss terms
(gravity, attitude, drag, and engine backpressure). When the acceleration _
time history of a vehiéle changes, its optimum (maximum payload) trajectory
shape also changes; this can be reflected in differences in its velocity

losses, or equivalently, its ideal velocity requirement. Vehicle characteris-



tics which affect the vehicle's acceleration time history are thrust, weight,
and drag characteristics. As an exaﬁple, for fixed-thrust engines,-whenever
a weight is increased, the thrust-to-weight ratio decreases at all +times in
the trajectory (except at the 3g,acceleration limit) and additional gravity
losses result, increasing the ideal velocity requirement. Thus the idéal
velocity requirement for a given injection orbit can be expressed as a
function of the vehicle's thrust-to-weight ratio at launch and at staging,
its staging velocity, and its drag-to-weight ratio, all of which uniquely
determine its acceleration history for given specific impulse of each stage
and the maXimum acceleration limit (aséumed to be 3g). The ideal velociﬁy's
dependence upon these parameters is discussed in more detail in Section h.2.2.1
" A1l of the parametric data used in predicting ideal velocity requirements
were generated with the use of an optimized ascent trajectory computer pro-
gram, PRESTO. .

Using the weight—scaiing and velocityrrelationships, the basic perfor-
mance equation (1) may be solved iteratively. A baseline vehicle is first
‘defined and a solution obtained. For fixed-capability sensitivities, an
input. weight is added to the inert weight of a stage and a new solution is,
sought, resulting in new propellant loadings and inert weights.for some or
all of the stages, depending upon the désign constraints imposed. This
solution for the perturbed case reflects a new design for some or all of the
stages and a new reoptimized ascent trajectory. Using the parametric design
relationships for weight and velocity allows a rapid, reasonably accurate
solution to the vehicle redesign problem which incorporates many complex
interactions and satisfies all perfofmance requirements. yet does not require .
individual ascent trajectories to be generated for eéch sénsitivity. This
method of handling weight and performance characteristics of a vehicle in
a single vehicle sizing/synthesis computer program has been used by IMSC
successfully for the past six years on a wide variety of candidate Space -

‘Shuttle configurations.



h.o.1 WEIGHT-SCALING RELATIONSHIPS i : Tt s -

Weight-scaling relationships express an element's inert ﬁeight (ary
weight plus nonpropulsive propellants plus payload, if applicable) as a func-
tion of other vehicle design variables, the most important of which are
propellant loading and engine thrust. These exist for all elements of the
vehicle (orbiter, external tank, solid-rocket motor, flyback booster) for
each configuration. They have been derived either from analytical considera-
tions, empirical data (including parametric point-design data), or a combina-
tion of the two. The most common procedure is to determine a functional
relationship by analytical considerations, and then to calibrate coefficients
in the functional relationship by comparison with one or more design points.A
For example, an internal tank may be designed by pressure so that its weight

is proportional to its volume, or equivalently, its propellant load, i.e.,
Tank Wt = k x Propellant Load

Then the coefficient k could be derived from a singlé point-design tank of
this type (from its weight and propellant load). Often, examination of a
detailed weight statement of a single point-désign will allow weights whicH
vary with a parameter to be separated from weights which are independentAof
that parameter, thus allowing two coefficients to be calibrated'from'a single

point-design.

In the following séctions, a discussion of the functionsl form of
the weight-scaling relationships of each major element found in any of the
configurations under study is given. In general the values of the coef-
ficients for any given weight-scaling relationship will be different for

each configuration and may not be applicable to some configurations.
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4.2.1.1 ORBITER. The inert weight of the orbiter for all configurations must
be.given as a function of inﬁut weight (carried throughout the flight,
including landing), and main engine vacuum thrust (Configurations A, B, C,

and E). To determine these effects accurately, certain subsystem weights must
be expressed as a function of orbit'maneuvering and reaction control propellant,
fin area (Configurations A, B, and C) or wing area (Configurations D and E),
and landing weight. The fin or wing area is itself a function 6f~landing
ﬁéight (so that landing speed is maintained) and landing center-of-gravity

(so that stability margin is maintained). The functional form of the weight-
scaling relationships for each of the subsystems in the orbiter is given

in the following paragraphs, along with a short discussion of how the re-
lationwhip was obtained. .Only>those subsystems whose weight changes

during the generation of a sensitivity are discussed; the constant weight )

terms have no effect on the value of the sensitivity.

WING GROUP. Configﬁrations D and E (delta-wing orbiters) have a
wing designed by the landing speed requirement;- Cbnfigurations A, B, and C
(delta-body orbiters) do not have.a ﬁihg as such;‘the fins on these configura—
tions are used to control ianding spéed. In both cases, the freéstream
landing speed (VL) can be»éxpressed as:

(1) v, = W,

S
pCL 3
where WL is the landing weight of the orbiter,: P the sea-level atmospheric
density, CL the orbiter's 1ift coefficient at tailscrape attitude, and S the
orbiter's aerodynamic reference.area, which is related to the exposed wing v
area. For Configurations D and E, the relation between CLS and exposed wing

’ area AW is given as:

(2) ¢ 8 = 287 + 0.99A.
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From equations (1). and (E)J the exposed wing area can be expressed in terms
of the landing weight, where the requirement that the minimum freestredm

landing speed be 150 knots is met. Thus
(3) A, = 0.0133W - 290

The unit weight/area of the wing increases with landing weight nearly

linearly so that the wing weight plus control surfaces can be expressed as:

(k) Ving Weight = 6704 + 430 X 107° A, wL‘93

The coefficients and the exponent on landing weight were determined from
detailed structural analysis and was baséd on the assumption that if the
wing area were to remain constant while the landing weight increased,
then the increased loads on the wing would be reflected in heavier spars
and webs, but the depth of the wing would be unchanged. Note that if

the landing weight of the orbiter ihcreases, as when an input Veight'is
added, then the wing weight increases due to two different effects: the
iﬁcfease in wing area to maintain landing speed, and the'incrgase in wing
weight even if wing area is held constant to maintain thé'Structural

integrity through heavier loadings.

TAIL GROUP. For Configurations D and E, the -tail weight is indepen-
dent of the parameters under consideration (input weight, propellant, thrust,
ete.). For Configurations A, B, and C, the delta-body configurations, the side
fins are utilized to control the landing speed as well as balance the vehicle
for pitch stability. This additional requirement, not explicitly considered
for-the delta-wing orbiter, is importantfespecially'for Configurations A and
B because in these configurations orbiter engine thrust is increased when
"weight growth occurs, causing an aft shift in the center-of-gravity which

must be compensated for by a change in side fin area and toe-in aﬂgle.
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For Configuration C, the fin area is determined by the relation:
= 0. + 0. -
(5) AF 0.0074 Wt 0.009 X ACG - 529

where AF is the total fin afea (bdth sides), WL is the 6fbiter landing
weight and ACG is the shift in center-of-gravity from the baseline system.
The fin area. for Configurations A and B is predicted by similar relations,
with identical coefficients for WL and ACG but a different constant term.
When Equation (5) for the delta-body configurations is compared
with Equation (3) for the delta-wing configurations, it can be seen that
the delta-body's fin area is less sensitive to landing weight than the
delta-wing's wing area. The principal reason for this is that much of the
increased 1lift reqﬁired to maintain_landing speed is provided in the delta-
body by altering the fin's toe-in angle rather than incfeasing its welght,

which resulis in negligible weight gain.

For the delta-body orbiters (Configurations A, B, and C), the total

aerodynamic surface group weight is given by Equation (6):
(6) Aerosurface weight - ky +k, Ag

where kl and k2 are different constants for each configuraﬁibq. Note that
changes in landing weight do not affect the weight/unit'of the fin or

flap on the delta-body Qrbiters, whereas the wing weight/unit aféa ﬁaé strongly
.affected by landing weight for the delta-wing orbiter. The fins on the
delta-body are designed by maximum «q and Bq loads rather than'landing

loads.

BODY GROUP. The body group structure weight for the orbiters can
be conveniently separated into four categories for the purpose of this
analysis: (1) cabin, skin, and minor fremes, (2) major landing frames, (3)

thrust structure, and (4) fin support frame (delta-body orbiters only) .
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For a given configuration, the cabin, skin)‘and minor frames are not a
function of the parameters under consideration. The méjorAlanding frames
are scaled with orbiter landing weight to the 0.5 power; thrust structure
weight is proportional to the sea-level thrust level of the main engines.
For the delta- -body orbiters, the fln support frame weight is proportional
to the fin welght to the 0.5 pOWer

THERMAL PROTECTION SYSTEM. The thermal protection system weight of

the orbiter increases with the orbiter's_wetted surface area and increased
flight t ime during reentry. Increased flight time, and thus total heat
load, may be caused by an increase in the parameter W /C S (reentry weight
divided by hypersonic 1lift coefficient and aerodynamic reference area)

For a fixed aerodynamlc shape, C and S are constant so that the parameter

W /C S increases as reentry welght (W’) 1ncreases

For the delta- body orblter (Conflguratlons A, B, and C), as re-
’entry Welght increases,. fin area also 1ncreases (see the sectlon Tall
Group' ), thus changlng the value of the subsonic 1lift coefflclent to
maintain landing speed. This alteration has very little effect on the
hypersonic 1lift coefficient, hewever, since the‘body of the delta-body
orbiter provides nearly all of the 1lift at hypersonic speeds. Thus, when
anAinput weight is added'to the orbiter, the parameter W’/C S increases
_llnearly w1th reentry welght S0 that the reentry time increases to maintain
the crossrange reqnlrement (for the same temperature constralnts), causing
an 1ncrease in the thickness of the thermal protectlon system. This effect
can be approximated by scallng the thermal protectlon system weight to -the
0.5 power of reentry wing-loading (wE/S), based on the results of previous

reentry trajectories.
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For the delta-wing orbiter (Configurations D and E), the wing
area increases with landlng weight (or equlvalently, reentry weight) to
maintain landing speed. Thus the parameter W, /C S (landlng weight
divided by subsonic 1ift coefficient and. aerodynamic reference_area)
remains constant as landing weight increases. For the delta-wing orbiter,
the hypersonic lift coefficient increases as wing area increases at nearly
the same ratio as the subsonic lift coefficient increases, since most of
the 1lift is prOV1ded by the wing, rather than the body, at hypersonlc ‘
speeds. Thus the parameter W /C S remains nearly constant as weight is
added to the orbiter because of wing growth, and the total heat load and
thus the thermal protection system thickness does not change. The area
. covered by the thermal proteetion system does increase, however,_sincevthe

area of the wing increases.

PROPULSION. The ascent propulsion system for the orbiter is a
function of the main engine thrust leyel for a given configuration and a
fixed number of engines. The main engine weight is a .linear function of
sea-level thrust (obtained from parametrlc Rocketdyne englne data) 'A
Plumbing is scaled by thrust to the 0. 8 _power, and Varlous other subsystems

are held constant.

The cruise propulsion. system ls not onboard_for the eritical sizing
mission (polar), 80 no scaling laws were developed. The orbit maneurering
system englnes and the reaction control system thrusters were held constant
as the .orbiter weight changed, but the propellant tankage vas assumed
proportional to the. propellant used, whlch is a function of the orbiter's
weight in orbit. The delta -body orbiters have an 1ntegrated H /O OMS/RCS
system, whereas the delta-wing- orblters have an N OH/MMH OMS system and a
hydrazine RCS system. The greater volume avallable in the delta- body
orbiters allows the Hé/O system to be effectlvely ut1llzed The 1ntegrated
system used in the delta-body has a much lower sensitivity to weight growth
in the orbiter.than the separate system;used‘ia the delta-wing,las well as a

lower baseline dry weight.
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OTHER SUBSYSTEMS. Other subsystems in the orbiter are either

constant or a function of landing weight. The landing gear is prbporpional
to landing weight (for constanf landing speed). The hydraulic and surface
control system weights are linear with reentry weight and fin area (delta-
body orbiter) or wing érea'(delta—wing orbiter). Prime power, electrical
éonversion and distribution, avionics, environmental control, and personnel
provisions are constant. Contingency, 10 percent of the orbiter dry weight

less main engines, increases when any other subsystem increases.

FLUIDS. Orbiter nonimpulsive fluids such as residuals, reserves,
and inflight losses are scaled linearly with tank volumes and main engine
thrust level,vwherever appropriate. Engine startup and shutdown losses and
manifold losses are proportional to engine thrust level. Tank residuals are

proportional to tank volumes.

Orbiter impulse propellants are computed using the basic performance
relation (Equation (1) in Section 4.2) for each burn, with a weight sequence
defined from'laﬁnéh to landing with approximately'lS weight drops between
engine burns. OMS and RCS propellants increase.with the orbiter weight at
the time of the burn. The only configuration with internal ascent pro-
pellants, Configuration A, has a constant ascent propellant load, consistent
with the internal volume available. Determination of the ascent propellant

for the external tank is discussed in the Section 4.2.1.2. .

ORBITER CONFIGURATION COMPARISON. A summary of the sensitivities

of the vafious orbiter subsystems to an input weight carried in the orbiter
from launch to landing is given in .Tables 4.2-1 and 4.2-2. The orbiters
for Configuration C and D are used as examples. The main engine thrust level

is held constant in both cases.
The sensitiVity of orbiter dry weight to input weight is considerably

higher for the delta-wing orbiter than the delta-body orbiter (0.452 versus
0.287). This results primarily from the higher sensitivity of the wing of the
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Table L.2-1
SENSITIVITY OF DELTA-BODY ORBITER WEIGHT
TO INPUT WEIGHT (MAIN ENGINE THRUST CONSTANT)

CONFIGURATION C

ITEM BASELINE .~ MODIFIED WEIGHT A ITEM
© . WEIGHT INPUT WEIGHT = A IRPOUT WIL.
LB. . 1000 LB.
1 Wing Group A 0 A 0 ' 0
2 Tail Group 12,353 12,423 - 0.070
3  Body Group : , 46,091 46,118 0.027
4 Thermal Protection 23,200 23,301 0.101
5 landing/Docking o 10,746 10,796 0.050
6 Propulsion - Ascent - 22,881 22,881 0
T Propulsion - Cruise . 0 ) 0 ’ 0
8  Propulsion - OMS/RCS 6,924 . 6,936 0.012
9  Prime Power 4,123 4,123 : 0
10 Elect. Conv/Dist. o 2,810, 2,810 - 0
11 Hyd. Conv/Dist 1,773 - 1,775 - 0.002
12 Surface Controls o 2,620 2,628 0.008
13 Avionics ' 7,34 - 7,34k . . ¢
14 Environment Control L ,h56 - k4,456 . 0
15 Personnel Provisions . 1,269 1,269 o 0
18 Contingency o 12,946 - - 12,973 0:027
Dry Weight - 159,536 159,833 . 0.297
20 Personnel . . 1,621 1,621 : 0
21 Cargo 40,000 40,000 -0
23 Residuals 1,962 . 1,963 ‘ 0.001
25 Reserves 1,624 _ 1,630 0.005
Input Wt o 0. 1,000 1.000
Landing Weight . 204,743 206,046 1.303
26 Infiight Losses o L ;705 4,705 o ' ‘“6-
29 Propellant - OMS _ 7,475 7,521 0.046
30 Propellant - ACS 3,889 3,912 00023
Gross Weight C 7 0,812 202,18k 1.372

T
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SENSITIVITY OF DELTA-WING ORBITER WEIGHT TO INPUT WEIGHT

Table L.2-2

(MAIN ENGINE THRUST CONSTANT)

CONFIGURATION D

ITEM BASELINE MODIFIED WEIGHT A ITEM
WEIGHT INPUT WEIGHT = - A INPUT WT.
1000 LB :

1 Wing Group 16,97k 17,144 0.170

2 Tail Group 4,345 4,345 0

3  Body Group 45,005 45,067 0.062

4  Thermal Protection 20,946 21,010 ] 0.06k

5 Landing/Docking 11,733 11,787 0.054

6 Propulsion - Ascent | 22,880 22,880 0

7 Propulsion - Cruisd 0 ' 0 0

8 Propulsion - OMS 3,892 3,907 0.015

8a . Propulsion - RCS 5,891 5,926 0.035

9  Prime Power 4,123 k,123 0

10 Elect. Conv/Dist 2,914 2,91k 0.

11 Hyd. Conv/Dist 1,h17 1,420 0.003

12 Surface Controls 3,995 4,003 0.008

13 Avionies 7,30k 7,344 0 -

14 Environment Control L,456 4,456 o

15 Personnel Provisions 1,269 1,269 0

18 Contingency 14,005 1k ,046 0.041
Drvaeight 171,189 171,641 0.452

20 Personnel 1,621 1,621 0

21 Cargo 40,000 40,000 0.

23 Residuals 2,051 2,059 0.008

25 Reserves 2,445 2,481 0.036
Input Weight S0 1,000 1.000
Landing Weight 217,306 218,802 1.496

26 Inflight Losses 4,705 4,705 0

29 Propellant - OMS 11,682 11,760 0.078

32 Propellant - ACS 7,747 7,801 0:054
Gross Weight 23,068 1.628

21,410
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delta-wing compared to the fin of the delta-body (see "Wing Group" and "Tail
Group" above), and the higher sensitivity of the separate Néoh/MMH OMS and
hydrazine RCS of the delta-wing orbiter compared to the integrated H2/O2
OMS/RCS system of the delta-body orbiter (see "Propulsion" above). The
body group structure weight of the deltaQWing orbiter is also more sensitive
to landing weight than that of the delta-body, primarily because the large
cross-section of the delta-body orbiter provides a 1argef bending moment-

of inertia which is less sensitive to landing loads. Also much of the body
structure for the delta-body orbiter is minimum gage thickness because of

low loads, and is not a function of the landing and reentry loads.

The OMS and RCS propellant weight sensitivity of the delta-body is
‘lower than that of the delta-wing because of the higher specific impulse
from the H2/0é propellants. The lower sensitivity in propellants is also
reflected in the lower sensitivity in propellant tankage weight.
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k.2.1.2  EXTERNAL TANKS

DRY WEIGHT. The H2/O2 external tank dry weight is in ggnerél a
function of propellant load and to a lesser extent engine vacuum thrust. An
increased propellant load requires a tank of larger volume, with higher
stfuctural and insulation weights; As main éngine thrust is.increased on the
orbiter, propellant flowrate must also increase so that larger diameter
feedlines are required. For all configurations, the external tank dry weight
is computed by the expression:

Tank Dry Weight = k) +k, W+ kT

2 3

where Wb is the tank propellant ioad, T is the main engine sea-level thrust
and gi k2, and k3 are constant coefficients established for each of the five
configurations by comparison of parametric point designs. For Configurations
A and B, the drbptanks (set of tanks staged first) are also regarded as
external tanks.

FLUIDS. The nonimpulsive propellants in the external tank are a
function of tank volume and engine thrust level. Residuals are proportional
td tank volume and main engine startup and shutdown transients. Line losses
and engine vents are proportional to engine sea-level thrust (or propellanf

flowrate).

The impulsive H2/02 propellant may be either input or calculated,
depending on the design constraints. For some sensitivities, the tank size
is fixed, so the propellant load and dry weight do not change. For other
sensitivities, the tank size varies, and the propellant load is selected to
meet the orbit injection feqpirements determined by the basic performance

relationship (Equation (1) of Section 4.2).
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h.,2.1.3 SOLID ROCKET MOTORS. The 156 inch diameter solid-rocket motor
(SRM) dry weight is computed on the basis of propellant load and burn time.

The burn time of the SRM is determined from the propellant load, specific

impulse, and thrust level of the motor. The relationship of these parameters
that is actually used is complicated because the thrust-time history utilized
is rather complex (to reduce peak dynamic pressure and maintain a 3g maximum

acceleration). However, it may be approximated by the equation below:

WI
tg = _P Sp
T

av
where Wb is the propellant load, Isp is the vacuum specific impulse, and Tav is the
average vacuum thrust of the SRM. DNote that the burn time increases with
propellant load but decreases with thrust. In general, during the generation

of weight sensitivities, both SRM propellant load and thrust level will increase
(for a poéitive input weight), so that the burn time may either increase or
decrease. For Configurations C and D, the system launch thrust-to-weight

ratio is maintained for maximum performance, causing a change in SRM thrust

(main engine thrust is constant).

The relationship between SRM dry weight, propellant loading, and

burn time is of the form:

SRM dry weight kl + kEWp + k3 tB

where kj_and k, are positive constants and k, is a negative constant. An

increase in pripellant loading causes an inciease in SRM length (diameter is
constant at 156.in.) and an increase in case weight. An increase in burn
time implies a decrease in throat diameter so that the volumetric efficiency
inside the case increases. This allows a smaller case length to be used for
the sémé‘prépeliant loading,‘causing'a decrease in céée dry weight.b Changes
.in either propeilant loading or burn time thus imply a complete motor re-
design. It is assumed that the maximum expected operating preésure (MEOP)

and the nozzle exit diameter are not changed when either propellant loading or

burn time are changed.
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h.2.1.4 HFAT SINK BOOSTER. The heat sink booster, used in Configuration E,
is scaled from data generated during the Alternate Space Shuttle Concepts (ASSC)

study performed by Grumman/Boeing during 1970 and 1971. This booster design
was valid for staging velocities of less than TOOO ft/sec. A linearized

equation was derived from these data of the form:

o+ .
hvstage 1 k5 e

P
1 2 5

Dry Weight - k. + kW +k3 (T/W) +x
s}

where %, is the booster's propellant load, (T/W)o is the system's thrust-to-
weight ratio at launch, Vstage is the relative (aerodynamic) staging velocity
of the booster, and wiGN is the ignition weight of the orbiter plus external
tank. The coefficients El’ k2, k3, k, ; and k5 are all positive constants.

Dry weight increases (1) with propellant load, because of the larger surface
area and loads on the booster; (2) with thrust-to-weight ratio, Because of the
greater engine thrust and higher peak dynamic pressures encouﬁtered; (3)

with staging velocity5 because of the higher reentry temperatures and ionger
cruiseback rangé; and (h) with orbiter/tank ignition weight because of tha
higher structural loads (ana indirectly, because of the greater engine thrust
required'to maintain the same thrust-to-weight ratio). This equation for
booster dry weight does not give information about the subsystem weight;
breakdown. For costing purposes, the major weight elements contributing to
cost sensitivity (structure, thermal protection, plumbing, and main engine
weight) were also scaled with propellant loading, thrust-to-weight ratio, stag-

ing velocity, and orbiter/tank ignition weight.

The cruiseback fuel (JP-h) increases linearly with booster cruise-
back weight and fapge. The cruiseback range is a nonlinear function of staging
velocity. Residuals are proportional to impulse propellant volume (and thus
weight), and othér inflight losses are proportional to main engine thrust level.

The main impulse propellant is determined from the basic perfdrmance equation.
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k.2.2 - PERFORMANCE RETATIONSHIPS

In the beginning of Section 4.2, it was stated that using the basic
performance equation (1) any launch system can be sized and sensitivities
derived if necessary, if certain other relations are established. The key

Aitems are the inert-weight scaling laws, £he dependence of the ideal velocity‘
reqyirement on vehicle characteristics, and the specific impulse variation (if
any) with certain design variables. In this section; these latter two items

will be discussed.

h.2.2.1 VELOCITY REQUIREMENTS. The energy required to achieve orbit

injection can be conveniently expressed in terms of the_ideal (total) velocity .
required. To get an acéﬁrate value for this parameter, it is necessary to run
a computer éimulétion of thé optimized (maximum payload) ascent trajectory with
all of the pertinent weight and pefformance characteristics of the. vehicle
simulated. Whenever the weight, thrust, or'aerodynamic drag of the vehicle is
changed,'the ideal velocity required for'orbit,injéétion changes, because the
vehicle's acceleration histdry changes. It is .the applied acéeleration history
which determines the ideal velocity requirements.. Thevapplied acceleration is

defined as

Applied Acceleration = T(t) - D(t)
Wit

where the vehicle's thrust is T, its drag is D, and its'weight is Wat time t.
- For Space Shuttle-type vehicles, the parameter T/W (thrust-to-

weight ratio) is the dominant factor in the applied acceleration term. All

of the configurations in this study have two ascent stages, both of which are

limited to a 3g maximum axial acceleration; i.e.,

/W < 3
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The value of T/W is (T/W)o at launch (t = o) and increases as the

1

vehicle's weight decreases,-fhe thrust increasing slightly with altitude
(except for Configurations C and D in which the solid-rocket motor thrust
varies to decrease peak dynamic pressure)._ When- the 3g acceleration limit

is reached, the thrust is reduced to maintain the acceleration limit. At
staging, the thrust level is usually reduced to below the maximum acceleration
and the process is repeated. A representative thrust-to-weight history is

shown in Figure |b.2-1 below: |

THRUST |
<IN IR AN REDUCED X MAXIMUM _
' ACCELERATION
L -
"~ CURVATURE ESTABLISHED
- . BY ENGINE SPECIFIC
] LAUNCH THRUST/ ‘ IMPULSE
" WEIGHT, (I/W.) STAGING -
0 - o THRUST/WEIGHT
|
STAGING ~ ORBIT TIME —>

| INJECTION
<—— FIRST STAGE —s»]@— SECOND STAGE—b>

Figure 4.2-1 Typical Thrust/Weight History

For this type of history, the profile can be established using only five
parameters: launch thrust/weight, staging thrust/weight, staging time, and the
specific impulse of both stages.. The time of orbit injectiohn can.be determined
from the ideal velocity requirement. Similarly, the time of staging can be
calculated from the ideai veloecity obtained from the first stage,1using the

equation below:

staging
Nstaging = / 0 T(e)/w(t) at
T - o
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For a given configuration, the specific impulse does not vary at all or only
slightly during generation of a sensitivity so that the variation of ideal
velocity with specific impulse need not be determined. Note that specific
impulse determines the propellant flowrate, and thus the curvature of the
increase in T/W with time. T/W for a given configuration as a function of
time is completely determined by the launch and staging thrust/weight, and

staging ideal velocity.

The other part of the applied acceleration term, drag/weight (D/W),
is determined approximately if the dfag coefficient at peak dynamic pressure
(CD ), the aerodynamic reference area , the peak dynamic pressure (qmax ), and
them%éight of the vehicle at time of peak dynamic pressure are all known. For

a given configuration Uax is primarily a function of(T/WQ.

The ideal velocity required for orbit injection for a given mission
and a given configuration can be computed for a wide variation in vehicle weights

and thrust if the following four parameters are known:

(1) launch thrust/weight, (2) staging thrust/weight, (3) staging ideal velocity,
and (k) c,8 /M.

: max

Fortunately, these parameters are easily computed from known,vehiclé éharacter—
istics. The procedure then is to determine thesé_ideal.velocity requirementé
for the polar mission from optimized ascent trajectory simulations using.the'
PRESTO (Preliminary Rapid Earth—to—Spacé Trajectory Optimization) computer A

program over a range of these four parameters for each configuration.

The variation of ideal velocity required with these parameters can
be easily explained in térms of the shape of the optimum ascent trajectory.
As either the launch or staging thrust/weight.decreases, or staging velocity
deéreases, the vehicle flies more vertically early in the trajeﬁtory causing é

"roller-coaster" effect in the latter part of the trajectory (see Figure 4.2-2).
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LOW THRUST/WEIGHT OR HIGH DRAG

: ALTITUPE / : HIGH THRUST/WEIGHT OR LOW DRAG

TIME —

Figure 4.2-2 Ascent Trajectory Shapes

This maneuver is necessary to keep the vehicle aloft with a lower spplied

acceleration, but increases the gravity velocity losses and thus the ideal
velocity required. Higher thrust/weight ratios cause flatter trajectories.
Increasing the drag causes a more vertical trajectory also, causing éreater

gravity as well as drag velocity losses.
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On-orbit velocities provided by the OMS and RCS system are inde-

pendent of vehicle characteristics, and so are known from mission requirements.

h.2.2.2 SPECIFIC IMPULSE. The specific impulse (Isp) of the engines of the

various. elements for each of the configurations show little variation with
vehicle parameters. The vacuum specific impulse of the main engines varies
slightly with sea-level thrust level, with an increase of 0.1 sec in ISp per
100,000 1bf change ‘in engine thrust level. The specific impulses of all OMS
and RCS systems are constant since the engine thrust levels are fixed.

The solid-rocket motors show the greatest variation Of specific
.impulse, since it is a function of both propellant load and burn time, given by

the relation below:

I, - 262.67 - 1.05 x 107 (Wp - 2869000) + .0943 (ty - 131.2)
v .

where ISPV is the vacuum specific impulse, W? is the propellant load and tB
is the burn time. As propellant load increases, the length of the SRM
decreases (diameter held constanﬁ at 156 in.).causing a decrease in nozzle
expansion ratio (nozzle exit diameter limited to 156 in.)'and a decrease in
vacuum specific impulse. Increasing the burn time decreases the throat
diameter, increases the nozzle expansion ratio and increases the vacuum
specific impulse. It is assumed that the SRM maximum expected operating

pressure_(MEOP) does not change with propellant load or burn time.
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. k.3 COSTING METHODS

There are basically two ways to estimate Space Shuttle costs. Parametric
costing based on Cost Estimating Relationships (CERs), and bottom-up
costing based on detailed projected manhour, materials, and facility
requirements. Bottom-up costing is more accurate but requires a degree
of design and program definition that is impractical to achieve in
preliminary design. Also, it is impractical to derive cost sensitivities
to design changes from bottom-up costing. TFor trade and optimization
studies, parametric cost estimation is necessary when cost elements are
linked by simple relationships to appropriate system design parameters
called "cost drivers". These CERs are usually simple, single-parameter
expressions which can be eesily evaluated. Also, for purposes of

sensitivity studies, they can be easily differentiated.
4.3.1 Assessment and Updating of Cost Estimating Relationships

Cost Estimating Relationships (CERs) are derived from historical data or
‘specific bottom-up cost estimates by making simplifying assumptions that
permit generation of the data. Cost estimates made on the basis of CERs
therefore have fairly large uncertainty. Much of the uncertainty,

however, is of a systematic nature over the range of costs for which the CER
is wvalid. Therefore, the cost derivatives can be expected to reflect cost

sensitivities to design changes with somewhat greater accuracy.

As this study pivots around the generation of cost/design sensitivities,
primary emphasis in updating existing CERs has been placed on cost slopes

rather than magnitude.
For a typical parallel staged solid-boosted orbiter with external tank

(similar to Configuration D), the significance of the major cost contributors

was assessed by calculating their contribution to cost increments due to
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adding 1 1b of inert weight to the orbiter (fixed performance sensitivities)

as shown in Table L.3-1.

Table 4.3-1

TYPICAL COST SENSITIVITIES DUE TO WEIGHT ADDITION TO ORBITER
(ROCKET -ASSISTED ORBITER, 500 FLT. PROGRAM)

3 ROTeE % OF T oF J| & TROG COST| % OF
d WORB | TOTAL|| & WORB TOTAL}| 4 WORB TOTAL

$/1B | % %o $/1B K,
Orbiter 502 2.2 | 1.7 |l 1033 3.9

. (20.6) (15.6) : (36.2) |

External Tank 379 1.4 17.5 || 5032 18.9
(2.5 (9.4) (11r.9)
Solid Rocket 816 3.0 68.0 ||18598 70.1
(2.2 (30.1) (32.3)
Subtotal 1787 6.7 86.2 [|24663 92.9
(25.3) (55.1) (80.4)
Other (11.5) (8.3)]] 1881 7.1
i - (]-9’6)

Total (36.6) (63.14)}|26541 100

Note: (x) = % of program cost represented by this element.
In addition to giving the percentage distfibution of the cost'sensitivities,
the table giﬁes, in parentheses, the percentage distribution of program
cost that is accounted for by the.same CERs. It is interesting to note that
while the major vehicle elements account only for some 80 percent of baseline
cost, they do account for 93 percent of the cost increment due to resiéing.
Also, while the orbiter accounts for 36 percent of cost, it contributes
only 4 percent of the cost increment. This drastic switch is, of course,
due to some extent to the selected concept with its high degree of hardware
.attrition in both solid rockets and external tanks. A fully reusable booster
will give more weight to the RDIT&E CERs because the booster CERs are largely’
identical with the orbiter CERs.
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The fact remains that there are many cost elements in the cost program
that will not change as a result of vehicle resizing, and that a small

number of CERs will reflect almost the entire cost increment,

Rather than trying to updafe CERs across the board, which would have
been beyond the scope and means of this study, the three most significant
CERs were picked for critical review and updating. These. are:
e Orbiter Structure Design and Engineering  ($519 of the $592
shown in Table 4.3-1) -
External Tank Recurring Production ($4286 of the $4653)
e Solid-Rocket Recurring Production and Refurbishment (the entire
$17,782) ‘ '

4.3.1.1 Orbiter Structure Design and Engineering Costs. The cost of

orbiter airframe development is reflected by two CERs in the LMSC
cost program:

e Orbiter Structure Design and Engineering

e Main Propulsion Design and Engineering )
Of these, the second item accounts for only about 17 percent of the first
in terms of cost and about 14 percent in terms of cost increment due to
orbiter weight change. We will therefore concéntrate on discussing the
Orbiter Structure Design and Engineering CER, which was previously listed
as:

0sDC = k.35 (2072) (OWS) 0.762

with costs in $lO6 and orbiter dry structure weight, OWS, in pounds.

» This CER was originally extrapolated from a subsonic airframe CER by
estimating the additional requirements primarily for aerodynamic con-
figuration development. The high-speed thermal environment does not
greatly affect this CER,_sincé the airplane structure, exclusive of its

heat shield, can be considered similar to that of a subsonic airplane.
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Heat shield development is accounted for under a separate CER. At the

time this CER was evolved, a 50 percent 1ncrease was allowed for structural
complexity and testing and about $9O million for aerodynamic configuration
development (mostly wind- tunnel testing). At the design point, this brought
the total up to 2.5 times the subsonic airplane CER Value. Since magnitude
of costrrather than slope was of primary concern, the coefficient in the |
CER was multiplied by that amount. This implied however, that the cost

of the aerodynamics program was a strong function of vehicle Weight
contributing to a steep cost slope. Further 1nvest1gat10n showed however,
that the cost of the aerodyhaﬂics program is essentially 1ndependent of '
vehicle weight as long as no switch in the mode of testing is 1nvolved

The $90 million for the aerodynamics program has therefore been extracted

from the CER and expressed in terms of cost per wind-tunnel hour.

The new Orbiter Structure Design and Engineering CER, brought up +to 1971-
dollar level is:
0.762 S T

™24 2 (1073 (m)
At an OWS of 72,956 1b and 145,000 hr {HR = hours of wind-tunnel occupancy)
the cost slope 1s reduced from $2307/1b to $1482/1b.

0SDC = 2.795 (1072) ~ (OWS)

A comparison of the old and the new CERs is shown in Figure 4.3-1.

Prior to developing the above logic for an improved CER for structure -.
development, other sources of data were revieved which gave indications that
the slope of the previous CER was too great. A source of particular interest
is an unpublished report entitled "A Model for Estimating Total Program

Cost of Aircraft, Spacecraft, and Reusable Launch Vehicles," prepared in
1971 by Darrell E. WiléOX of NASA OART, Advanced Concepts and Missions
Division. This peper gives cost estimating relationships based on data
from high-speed aircraft and spacecraft programs including X- 15, XB-7,

XF-104, XF-106, BGRV, Asset, and Gemini. The CER comparable to the LMSC
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CER for structure development has airframe weight and aircraft'spéed_as
parameters. A Mach number can be computed at which this OGART CER will
produce results comparable to those of the new IMSC CER. For the Configura-
tion D design point, a Mach number of 11.8 produces comparable cost and

a Mach number of 6.9 produces comparable sensitivity of cost to structure
weight.

This is a reasonable confirmation of the validity of the new LMSC CER
since the structural design problems of a high-speed aircraft for speeds
of Mach 7 and above could be expected to be similar to those of the Space
Shuttle orbiter. The slope of the OART CER (not a function of Mach number

on log log paper)/is depicted in Figure L.3-1 for visual comparison.

4.3.1.2 External Tank Production Costs. - Over the years, many companies

and government agencies have contributed to the improvement of CERs for
external tank production costs. At the time of this CER assessment, nine
production bid-type cost estimates were available for tanks with siightly
different but well-defined characteristics. Of thesé, four cost quotes
were available for a single tank specification. Of the sample tanks, the
stage-and-one half tanks had no deorbit system; all the other tanks had.
First, the tank weight and costs were normalized to exclude the deorbit

systems where applicable according to:

Cost of Deorbit System = 3 (10-6) W, ($10°)
Weights of Deorbit System = 0.05 W, (1b)
with W being the dry weight of an individual tank in pounds.

The new CER was generated by log log least-squares curve fitting. One
question arose as to whaf weight to attach to the group of four "identical
spec”" bids. A variation of this weighting factor was performed and resulted
in the following CERs for droptank first unit cost (DTTFU):

DITFU = A (W) B, ($109)
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Figure 4.3-1 Comparison of Orbiter Structtire Design and Engineering CERs




Selective

Weighting 0 ' 1.0 1.5 2.0

Factor
A - 16.79% (1073)  8.725 (1073)  7.895 (1073) 7.417 (1073)
B - 0.501 0.572 0.583 0.590 7
DITFU  M$ - kL.hos . 5.083 5.196 5.267) @7,740 1b
de $/ 32.6 43.0 b7 5.9 igzgars.
dw 1b . S

- It was concluded that the same level of detail was included in all cost
estimates and that a weighting factor of one should be applied. . This
decision was simplified by the fact that the cost slope does not change

mich if the weighting factor is changed from 1.0 to 1.5.

After adjusting to 1971 dollars, the new CER for External Tank First Unit

Cost becomes: I 0.572
CprTFU = 9.161 (1073) ( TN ) (DIK)
Where - DTFRYW = Drop Tank Dry Structure Weight
DODTW = Deorbit System Dry Weight
TPVN =  No. of Tanks per Flight Set
DTK = Complexity Factor

This CER is plotted in Figure 4.3-2 for several complexity factors along

with the nine design points used as a basis for least-squares'fitting.

4.3.1.3 Solid Rocket Recurring Production and'Refurbishment Costs. A

booster system for the Space Shuttle is considered here to consist of a

number of solid rocket motors (2 in Configurations C and D).

Each solid-rocket motor in turn includes a solid motor and the subsystems.
The focal point of solid—ro¢ket production cost estimation is the expendable
solid motor. Cost data from four contractors were available * to describe
the relationships between solid-motor average annual production costs,

solid-motor propellant weight, and total annual propellant batch production

*. Report, Alternate Concepts Study Extension, Vol. II, Concept Analysis
and Definition, Part 3, SRM Boosters, LMSC-A995931, 15 Nov. 1971, (U).
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as shown in Figure L.3-3. This presentation is based on having two solid
rockets per flight, as is the case for both Configurations C and D of
this study. ' o

Between propellant weights of 1 and 1.6 million pounds, the cost data are
approximated by C = A + B Wp.

The scaling factors- A and B are given in Figure 4.3-I as a function of
number of flights per year. The buildup schedule for flights per year is
patterned after but somewhat simplified from the schedule used by LMSC

fér the Space'Shuttle proposal effort. The three progréms of 250, 500, and
750 operationaliflights-each start after an invariant 6 R&D flights,
followed by a geometrically similar launch rate buildup as shown in Figure
L.3-5. '

. Sélid-motor subsystem first unit costs are given by:

Cost ($106) = 0.078 (10_3) (Wss)

Where Wsé = Subsystem weight in pounds

| The subsystem welght is a percentage of the Solid propellant weight (Wp)

aé’follows:

For recoverable solid rockets, the subsystem weight includes:

TVC ~0.3% Wp

Parallel Staging 1.1% Wp

Thrust Termination :

System , 0.1% Wp .

Recovery S/S Complex 0.5% Wp
.Wss = 2.0% WP
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Subsystems unit cost then is:
1.56 (wp) (CA), $1o6
Where (CA) is the 'cumuletiVe average learning factor_at 90
percent learning. ' '

The combined CER for production cost per new reusable -solid rocket is given

by:

Cost = 1.11 (cost of expendable solid motor + cost of subsystems)
The factor 1.11 accounts for an overall beefup of subsystems and motor to
provide reusability. '

The production cost per new reusable solid rocket is:

1.11-{A+B’wp + 1.56 (WP) %CA)J :

The cost of recurring solid-rocket refurbishment has been estimated to be
55 percent of the new production cost. Since production costs have been
found to be e“function of total annual propellant.production (both new
production plus refurbishment), the factors A and B are'functions of the
'total number of flights per.year. The three flight schedules are satisfied
with reusable solid rockets that are assumed td*be'good for n = 10 design
uses. If the probability of recovery failure is p=0.1, then the effective
number of uses is ngpp = % (1 - (1-p)?) = 6.51 which is rounded off to
6.0. Tt is assumed .-that solid-rocket refurbishment requires a 6-month
period. Previous studies showed that this was the pecing_time on laying

out solid-rocket production schedules.

For 500 total flights in 10 operational years, for example,'the,production
schedule is as shown in Table 4.3-2. Varying the total number of flights

by some factor can be shown not to affect the scheduling. Rather, a 1ateral
expansion on production v01ume occurs. Therefore, for our:three geometrically
similar flight schedules, the ratio of new to total production is only a

function of the calendar year rather than total production level.
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TABLE 4.3-2

SOLID ROCKET PRODUCTION SCHEDULE, 500-FLIGHT PROGRAM

OPERATIONAL ' 1

YEAR ! 1 2 3 L 5 6 7 8 9 10
SOLID ROCKETS '
REQU. PER YR. Lo 60 80 100 | 120 |120 [120 (120 |120 | 120
CUM SOLID ROCKET :
REQU. PER YR, Lo 100 |180 280 | 400 | 520 | 640 {760 | 880 {1000
NEW SOLID ROCKET '
PROD. PER YR. ‘ 1h 20 pel18 26 ol 22| 20 18 16 -
CUM NEW PROD, )
PER YR. 14 34 58 84 | 108 [ 130 [ 150 |168 | 184 184
NEW/TOTAL
PRODUCTION=a - - 0.35 |0.33 |0.30 0.26{ 0.20 0718 0.17 | 0.15] 0.13 0
% CcuM PRODUCTION . o | 4
LEAD @ - . 128 121|110 95 76 63 53 L6 | 36 20

6.51 FLTS/NEW




Due to scheduling effects, the average number of new production is a=0.18h4,
which is equivalent to 5.43 effective uses per solid rocket, 16;5 percent
less than theoretically available., This excess capability is in the program
in terms of production lead to reduce program risk and in residual life
of solid motors at the end of the program. The resulting solid-rocket
recurring cost CER is therefore conservative. '
The equation previously given for production cost per new reusable solid
rocket can be expressed as

A +B i

1 1 Wp with

A; = 1.11A and By = 1.11 [B + 1.56 (C.A.)])

. New Production . .
with Ny flights per year and Ay = Total Production i year i, and

assuming that the cost of a refurbished solid rocket is FR = 0.55 (new

éost), we obtain the total production cost of new solid motors and the total

refurbishment costs as follows:. -

Total New Production Costs = % aiNiAli + I_E aiNiB1i ] WP

Total Refurbishment Costs = FR % (1—gi) NiAli +[ Fr zi (l-ai)NiBli]Wp‘

The CERs are referred to solid booster propellant weight WPSB = 2 Wp, (2
solid rockets per booster). For reusable solids, WPSB is 0.88 of the total
solid booster weight. The resulting CERs are in $106 dndvbased_on WPSB

in 106 1b.

Total |No. New | Total New Production |No. Refurb| Total Refurbishment
Fits. Sets Costs (1) Sets Costs (2)

250 46 158.3 + 98.7 WPSB 204 380.5 + 232.4 WPSB
500 92 | 285.8 + 180.8 WPSB 408 | 685.0 + L27.9 WPSB
750 - 138 400.8 + 261.0 WPSB 612 956.6 + 620.3 WPSB

Total recurring solid booster cost = (1) + (2)
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4.3.2 Derivation of Direct Cost Sensitivities

As shown in Paragraph 4.3.1, the significant CFRs for the vehicle elements
take the general form:

Cost = A (W)B .
Where W is a primary costing parameter or "cost driver" (usually weight) and

A and B are cbnstants;

To derive direct cost sensitivity, the CER can be simply differentiated:

a (cost) = A B (W) aw
It can be seen that to compute a total change in cost resulting from changes
in several cost drivers, the contribution due to each driver with a
different value of the exponent (B) must be computed separately before
summing. Table h.3-3 1lists the principél.vehicle elements and the»
sensitivity exponents from both the RDI&E and'thebfirst unit CERs
applicable to Configurations A through D.

The total RDT&E cost for the orbiter includes the sum of the subsystem
development costs plus a percentage of these costs for management and
integration plus the cost of the development hardware. The total program
RDT&E costs include the orbiter, tank, SRM, and support system development
" costs plus the costs for development flight testing. The production
costs include the costs for building the flight hardware for the operational
program plus the costs for converting development flight orbiter té
operational status. Operational costs include the launch costs, orbiter
refurbishment. costs, tank production cbsts, and SRM production/recovefy

refurbishment costs.

While it is poégible to compute direct cost sensitivities by differentiating
the CERs and evaluating these expressions, a perturbation method was used
in this study. After computing baseline costs, a series of perturbed cases

. were computed by changing one cost driver at a time and computing a new
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Table 4.3-3 VEHICLE ELEMENT CER EXPONENTS

}‘E,Jleel;rilzlrft Subsystem Primary Costing Parameter RDT+§xponenlts t Unit
Orbiter Total Structure Structure Weight 0.762 0.716
Main Engines Engine Vac. Thrust. 0.504 0.536
Plumbing + Actuation | _ Plumbing + Acmatiqn_\_Vggg}li 0.312 0.805
Thermal Protection Thermal Protection Weight" 0.454 0.5
Airbreathing Propulsion Airbreather S, L, Thrust/Engine 0 0.824
Landmg Gear Landing Gear Weight 0.766 0.766
Orbit Maneufrg. Sys. Paramétric Cost Data 0 0
RCS Sys. Parametric Cést Data 0 0
External Total Structure Structure Weight 0.312 0.572
Tanke Deorbiting System Dedrbiting System Weight 1.0 1.0
SRMs Solid Motor (Incl, Case) Prépellant Weight/Motor 1.0 0.717
Subsystem Stége Weight . ‘1.0 1.0
Recovery Sys. Parametric Cost Data 0 0




set of costs. Direct cost sensitivities were then obtained by taking

system cost differences between the perturbed case and the baseline and
dividing by the amount of change in the driver. This approach was easily
accomplished using the costing computer program; it proﬁides assurance
that all the secondafy cost effects, sﬁch as those for-system‘engineeriné

and management, are included.
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4.4 FIXED-CAPABILITY SENSITIVITIES

Fixed-capability seﬁsiti#ites predict the change in weight or program

cost of various elements of the’system“when the weight of one of the elements
of the éystem is changed and the system is redesigned to meet all mission
and design reQuiféments. This would be the case during the preliminary

or detailed design phases of the vehicle development program.
L.h.1 Weight Sensitivities

Fixed-capability weight sensitivities are derived in the following manner.
First, a baseline design and ascent trajectory for the configuration is
estabiished_thfough detailed engineering analysis. The baseline design
is then perturbed by ‘adding an input weight to one of the elements of
the system, and using the parametric design relationships discussed in

Section 4.2, a new design meeting all system requirements is determined.
This perturbed design thus reflects the weight differences attributable

to the input weight for no change in system capabilityvor performance.
The procedure is illustrated in Figure 4. 4-1 for the case of Configura-
tion D. The process is iterative in nature and has been mechanized by

a computer program for each configuration.

The two most important factors in deriving fixed-capability sensitivities
are the following: What perfqrmance or capability requirements should
be maintained and what redesign approach should be taken to meet those
requirements? For example, delivering payload to a given orbit is a
‘given performance requirement. If weight growth occurs in Configuration
D should the external tank or SRM or both be resized to meet that

requirement?
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Different design approaches to accomodate weight changes are taken during-
the vehicle preliminary design phase than during the detailed design

phase. During vehicle preliminary design, more design parameters are
available to be changed; less vehicle elements have been frozen. Usually,
the propellant loadings for all elements may be varied in any way, and

both main engine and solid-rocket motor thrust may be altered (except for
Configurations C and D, in which the main engine thrust is fixed at the

ICD values to give more realistic values for the current Space Shuttle
Configuration). During detailed design, main engine tthst levels are fixed.
and only one element of the system, the one with the shortest development
time, is allowed to vary. The design approaches for the five configurations
are summarized in Figure L.k-2. Note that there is considerable variation
in the approach taken with different configurations. Each configuration
must be analyzed with its own characteristes in mind, making a comparison

of weight sensitivities between configurations difficult to interpret.

Weight sensitivities may either increase or decrease as the design freeze
progreséeS'(see Table 5.1-1 in Section 5). This depends on the relative
values of two conflicting effects: (1) early in the development program,
during the preliminary design phase more flexibility exists to minimize
weight changes by an optimum choice of deéign variables (such as propellant
1oads), causing lower sensitivities, and (2) later in the program, as

the deSign definition progresses, growth margins maintained early in the
program may be relaxed, allowing for-a lower weight change to maintain
requirements as growth occurs, which also causes low sensitivities.
Depending on which of these effects dominates weight sensitivities may
either increase or decrease in going from vehicle preliminary design to
detailed design.  Examining Figure'h.h—Z, it can be seen that for Configura-
tions C, D, and E, launcﬂ weight ﬁas minimized as weight growth occurs
during preliminary design, but was not minimized during detailed design;
therefore, the sensitivities during detailed désign}would be expected to

be higher (also see 'Tabie 5.1-1). For Configurations A, and B, the launch
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YES: ITEM VARIES | NO: ITEM FIXED NO ENTRY: NOT APPLICABLE

ORBITER | EXTERNAL | DROPTANK | MAIN THRUST | SRM SIZE | FLYBACK
WEIGHT TANK SIZE | SIZE ENGINE THRUST | BOOSTER
| ' R SIZE
PRELIMINARY DESIGN
CONFIGURATION A YES : vEs | yms3
B YES YEST YES* YES3
c YES YES?2 No | 'yEs?3
D YES YES2 - NO yEg?»3 |
. J E YES yEs® | yES2,3 - | YES
DETAILED DESIGN
CONFIGURATION A YES YES NO
| B YES YES NO NO
c YES N0 ] NO | vms3
D YES NO NO YESS
E YES YES NO NO

' (1): External tank and droptank varled with their lengths fixed and only the diameter (common
to. external tank and droptank) varied

(2): Launch weight (Glow) minimized by choosing optimum propellant loadings in tank and booster

(3): Launch thrust/weight ratio maintained at baseline value

Figure 4.4-2 Vehicle Design Approach to Accommodate Weight Growth



thrust-to-weight ratio was maintained at its baseline value for weight
growth during preliminary design so that further weight growth might be
accomodated during detailed design. During detailed design, the thrust
was fixed and the thrust/weight ratio was reduced as weight  growth occurs.
Since both these sensitivities have minimum launch wéights at thrust/
weight ratios lower than their baseline values, this effect reduced the

. sensitivities considerably during the detailed design phase. In effect,

a weight growth margin was utilized to reduce a weight sensi%ivity. This
is true in general: a system which is initially overdesigned for its
requirements will have a 1ower sensitivity to weight growth later. Another
example of this is the case in which Configuration C or D is initially
designed at a higher than optimum staging velocity (larger SRM and smaller
tank than for the minimum launch weight system). If this is done, and only
the tank size is changedbwhen weight growth occurs, the system will show

a lower sensifivity than if it were initially designed at the optimum
staging velocity, because as the tank size is increased the staging velocity
is reduced, moving toward the 6ptimum value. This effect is discussed

further in Section 4.6.3. ' . »
h. 4.2 Cost Sensitivities

Fixed capability cost sensitivites are determined by ealculating the cost

of the weight increases of the eléments and subsystems occurring during the
generation of fixed-capability Weight sensitivities. These weight increases
are costed by utilizing the direct cost sensitivities discussed in;Section
4.3, which are based on cost estimafing reiationships. The incremental cost
of each weight (or thrust) increase is calculated, and the total summed

to give the system cost. The input weight may be considered "free", with

no cost associated with it (its cost would be determined by separate analysis),
or it may be considered as structure weight, with its associated cdst. The
former type of cost sensitivity is used for design'weight/cost tradeoff studies.
The procedure described above is illpstrated in Figure 4.4-3, where an example

is given.
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A(COST) A ) Z . a(cosT) . 9(ELEMENT WT)  + 9(COST
A{INPUT WT) : EEEEEP%‘NT wry "9(INPUT WT) aélNPUT WT)

ELEMENTS
FIXED PERFORMANCE (ORBITER, TANK DIRECT COST ' FIXED CAPABILITY ADDITIONAL DIRECT
COST SENSITIVITY AND SRMs) _ SENSITIVITY WEIGHT SENSITIVITY COST IF INPUT WEIGHT
: NOT "FREE"
. EXAMPLE: CONFIGURATION D, DETAILED DESIGN RECURRING COST PER FLIGHT
A (RECURRING : COST) = 3(REC COST) . Oo(SRM PROP) + d(REC COST) = d(SRM DRY) + J(REC COST) . 3(ORB DRY)
3ESRM PROP%

A(ORBITER INERT) TANK
. FIXED :

= 0.38 (48.1) S+ 8.60 (5.47) + 0.85(0.45)

d(ORB INERT)  2d(SRM DRY) O(ORB INERT) O(ORB DRY)  3(ORB INERT)

$65/1v FER FLIGHT

Figure 4.4-3 Derivation of Fixed Capability Cost Sengitivities



4.5 FIXED VEHICLE SENSITIVITIES

During the early phases of the Space Shuttle development program, the
sizing of the various vehicle elements must be frozen. The last element
size freeze may be less than 18 months into a 6-year development program.
As design changes occur during the remainder of develdpment, weight
growth and reduction of contingencies can be expected. If remaining
contingencies épproach zero, either weight reduction design changes are
introduced, usuvally at considerable cost to the program, or planned pay-

load capability is reduced.

Estimating the cost of weight reduction program is best done on the basis
of specific design change possibilities. The value of such prbgrams can
be estimated, howéver, by considering the alternative of accepting reduced
payload and evaluating fixed vehicle cost sensitivities. These are
measures of program cost increases which would result from reduction of
payload capability. A fixed vehicle cost sensitivity can be expressed

" as follows, PCL being payload capability loss.

A Cost A Cost PCL,

A Input- Weight ' PCL : A Input Weight

The former factor is a direct cost sensitivity and the latter is a fixed

vehicle performance sensitivity.

b.,5.1 Fixed Vehicle Performance Sensitivities

The ascent payload loss resulting from changes in the weight of a system
element is computed by reference to ascent and reentry simulations which
assume the same vehicle, except for the addition of ﬁhe input dry weight.
The changes made in the operation of the vehicle allow for addition of
propellant up to tank capacities (OMPS and RCS tanks wereloffloaded in

the baseline design on those missions which established vehicle 31z1ng)
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Weight increases without redesign also often imply relaxation of secondary
requirements such as landing speed and structural design margins. In any
case, no redesign penalties are assumed in this analysis to maintain these

design values constant.

The primary driver of fixed vehicle performance sensitivities is the point
in the mission (ideal velocity) at which the input weight is staged relative
to that at which payload is delivered. If orbiter dry weight is increased,
and the return payload requirement is maintained, propellants must be added
to maneuver and retro fire after payload delivery and to control the greater
inertis during reentry. The ratio of ascent payload capability loss to
input weight is greater than unity in this case. On the other hand, it

can be argued that a decrease in ascent payload could be accompanied by an
equivalent decrease in the return payload requirement. This is likely

since most missions which are return-payload critical return the complete
ascent payload. In this case (to be assumed here), PCL/Input Weight

equals unity. If the input weight is in the external tank or booster,
PCL/Input Weight is always less than unity. More refined assumptions,
using different performance sensitivities for different missions, will be

appropriate when realistic mission models become available.
4.5.2 Cost Sensitivity to Payload Capability Loss

If payload capability of the Shuttle is reduced below the plahned level,

the program cost increase to accomplish a given set of missions is greater
than if the same potential loss had occured earlier, when it was still
possible to resize the vehicle to retain the planned payload capability.

An analysis summarized in this section provides an estimate (on a conservative
,bas1s) of $85 OOO of total program costs per 1b of payload 1oss(per flight)
on a 500-flight program. The 1argest corresponding value for resizing

is that for Configuration D and is $36,900/1b.
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An extensive economic study of missions which require a tug (or kick

stage) has been done by LMSC under contract to NASA (Maréhall'Space Flight
Center contract NMAS 8-27709, "Space Tug Economic Analysis", completed

in - June 1972). Since tug flights constitute about 70 percent of all

Shuttle flights in a typical mission model; it was appropriéte'to use the
capabilities developed in the tug study as the principal basis for estimating
the cost of payload capability loss. '

A computer program for the tug study sought the minimum cost approach to
meeting a given set of mission requirements. It employs a reusable tug and
either reusable or expendable payloads in various modes (including expending
the tug when appropriate to get sufficient benefit from larger payloads)

and - chooses the least costly mode for each mission. The particulér choice
for each mission depends on the Shuttle payload capability and tug size.

The program was designed primarily to seek the optimum tug design but was

found quite adaptable to the current problem.

One reservation in this application concerhs an aséumption used in the tug
study that only one mission type is considered in each Shuttle flight." The
introduction of multiple-mission flights would increase the load factor
from the 70 to 80 percent typically found in tug study resﬁlts. The‘COSt
effects of payload capability loss would be greater at greater load factors
and sensitivity results from the tug study program can be considered

conservatively low.

Figurg 4.5-1 summarizes the results of 5 runs of the tug economic study
computer prbgram,' All cases meet the same mission requirements of Yoo
payload placements for 57 space programs. The reference case gssumes
,i65 K1b Shuttle cépability on an east mission and an‘Hg/Og tug with

150 Klb'_propellant capacity which has been found optiﬁum for the 65
!Kiﬁﬂ Shuttle case. When the Shuttle payload is decreased, the mission
mod€s shift toward less reusable and more expendable payloads and more
cases of expending the. tug. Also, the tug is flown 'offloédediin more

cases and additional Shuttle flights are sometimes used for completion of

h-5k



661

57 Missions, 422 Placements, $10M Shuttle Users Cost

Same
Case Ref Tug Resized Tug
Shuttle Payloéd Capacity (East). 65K 45K 45K . 50K 55K
Tug, Payload Cep Loss 0 20K 20K 15K 10K
Tug, Propellant Capacity 50K 50K 36K 36K - 36K
No. of Shuttle Flights 498 597 523 449 447
Shuttle Load Factor (Overall) 0.698 0.785 0. 847 0.776 0.698
Costs - Shuttle 4,980 5,970 5,230 4,490 4,470
M) Tug 1,265 2,251 1,762 1,550 1,549
‘ Payloads 14,177 15,290 15,295 15,332 15,190
Total 20,422 23,511 22,287 21,372 21,209
ATotal Cost ($M) 0 3,089 1,865 950 787
ACost/Payload Loss ($/Lb) 0 154.5K. 93.2K 63.3K 78.7K
Average ($/Lb/Flight) 0 $310/Lb ($127/Lb |
(Per Ref Case Shuttle Flight) : : -

Fig. 4.5-1 Cost Effects of Payload Capability Loss — Tug Missions




fueling. In some cases, payloads are assumed to be redesigned to lighter

weight configurations using more costly technology.

If a significant payload capability loss occurs and the tug is not resized,
the penalty could be $15h,500 per 1b forlthis mission model (with 4o8
Shuttle flights in the reference case) or $310 per 1b per flight. If,

on the other hand, the amount of payload loss is accurately predicted and
an optimum-sized tug developéd for the new Shuttle capability (36 ;Kib,
tug is near-optimum for Shuttle with 50 K1b ‘east capability), the :
program cost penalty can be reduced to $63,300 per 1b, or $127 per 1lb per
flight.

To estimate the cost effects on a mixed missibn.model, reference was made
to a payload listing dated August 1971 and supplied to Phaée B extension
contractors in December 1971 (as attachment to Technical Direc%ive L-2,
"Payload Impact Analysis on Orbiter Subsystems"). This list totaled ,
695.missions (placements and revisits) and can be broken down as shown in
Fig. 4.5-2. An estimated 700 Shuttle flights may be required for the 695
missions distributed as shown. This might be 488 tug flights, greater than
the 413 placements by the same ratio as in the reference case in Figure
4.5-1. On the direct placement miséions, those with a ratio of payload

to capability near unity would of course require one flight per placement.
Those with payloads less than 1/5 capability (many are revisits With'only
a few hundred 1b) can either be flown on multiple missions or carried piggy-
back on other flights (e.g., on tug flights, the load factor is only

about 70 per cent). Perhéps 24 new multiple flights would be needed for
the 94 1light payloads; at an average of 3 missions per flight, 72 would

be handled, leaving 22 to be flown piggy back, about 2 per year.

A rationale for estimating A Cost/PCL for all mission types except the last
column of Figure L4.5-2 has been developed. As shown, proportioning the
previous 700 flights down to a 500-flight program leaves only 5 flights in

this last column. Tug mission cost sensitivity (the vast'majority of the
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Tug Direct Placement Missions Total
Missions WPL+ P/L Cap —1 <0.2 Other
Sta. Supply Specific
No. of Missions in 413 65 116 94 7 695
Reference Model
Estimated Shuttle Flights 488 65 116 24 7 700
Shuttle Flts — 500 Fit Prog. 349 46 83 17 5 500
Sensitivities to P/L Cap*
o Flt Cost/PCL ($/1b/flt) 125 250 350 0 200
o Prog Cost/PCL ($/1b) 43,600 11,500 29,000 0 | 1,000 $85,100/1Lb

*PCL = Payload Capability Loss

Figure 4.5-2 Cost Effects . of Payload Capability Loss
500-F1t Program




500) has already been discussed. -The $250/1b for station supply assumes:
(1) the airbreathing engine system is not used on the majority of these
flights so that the reference payload is about 40,000 1b, (2) the same
total payload weight must be delivered after loss in capability, and

(3) the Shuttle cost is $10 million per flight. Thus, the cost per 1b

per flight is $10M divided by 40,000 1b or $250/1b. If a small PCL occurs,
additional flights would be added at this penalty. A much larger penalty

(about $500/1b) occurs if airbreathing engines are assumed.

Many of the specific<purpose miseions which use most of the shuttle cap-
ability are flown at 200 to 300 mile altitude at 55 deg to 75 deg in-
cllnatlon and weigh 25 OOO to 30,000 1b.

A loss in payload capability would imply using more costly technology to
reduce weight in these payloads. - Such cost effects vary widely and depend
on the cheracter of the Baseline design case. If the payload baseline
design is driven by cost so as to minimize the sum of transportation and
payload costs, an estimate can be made. The users fee schedule might be
expected to have a derivative with respect to payload weight which is
approximately the ratio of Shuttle flight cost to payload capability on the
mission in question; $10M divided by 30,000 is about $350/1b. The user
would reduce his total cost to a minimum if his beseline design point were
chosen so that the slope of the payload total cost is the negative of the
slope of his transportation fee or A $PL/AWFL = - $350/1b. If a weight-
saving redesign is needed as a change from this baseliﬁe, the user would
need to make the most cost-effective changes at a rate slightly greater

than this value. No penalty is assumed for the 17 multiple-mission flights
w1th small payload, s1nce they are 11kely to be volume 11m1ted or opportunlty
llmlted and do not use full capablllty The 5 others are as51gned an average
value of $200/1b per flight.
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Multiplying the number of flights of each mission type by the cost per 1b
per flight and summing gives $85,000/lb for the total program cost effect
of payload capability loss on a BOO—flight program. Because of the
conservative assumptions throughout this analysis, this value may be
considered a lower limit. An upper limit may be estimated by assuming

that the same total payload weight is to be delivered by additional flights.

If the average payload is 40,000 1b the cost is about $250/1b/flt or $125,000/1b
for 500 flights. ' ‘
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4.6 FACTORS AFFECTING WEIGHT SENSITIVITY VALUES

The value of fixed-capability weight sensitivities is affect d by various
factors. These factors can make major differences in the values of sensitivites
(a factor of 2 or more). To understand sensitivities it is necessary to

understand how these factors can affect sensitivity values.

In general, the more stages a launch vehicle has, the.less sensitive it

is to weight growth. A single-stage system is much more sensitive to weight
growth of its single stage than a three-stage system is to its final stage.
Systems with high specific impulses have lower sensitivity to weight growth
than systems with low specific impulse. Vehicles with stages which have a
high structural efflclency (low structure welght/propellant ratio) have a

lower sensitivity than those with low structural efficiency. Space Shuttle
vehicles which take all of their main thrust engines to orbit (such as
Configurations A and B) show a higher sensitivity than if some of the

engines were dropped earlier in the tréjectory. The ratio of engine weight

to thrust has a very strong effect on such sens1t1v1t1es. The configurations
1n this study have many of these-éhAracteflstlcs, some tendlng to increase their
'sens1t1v1t1es and some tendlng to decrease them. Conflguratlon A has a

high specific impulse in both stages and a high structural efficiency in

the first stage (droptanks) but a low structural efficiency in the second

stage and carries its engines to orbit. The former characteristics '
giving low sensitivities are offset by the latter characteristics. Cdn-
figurations C and D have a low specific impulse and a relatively low structural
efficiency in the first stage (solid-rocket motors) but a high specific

impulse and high structural efficiency in the second stage (external tank).

Other factors which affect the. sensitivity values for a given configuration
are discussed in the following sections. These are categorized as follows:
requirements, design approach, weight-scaling relationships,\and baseline

design selection.
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4.6.1 Requirements

Performance and désign requirements are major drivers for fixed-capability
sensitivities. If there are no requirements, all sensitivities are
zero as welght growth occurs. The major performance and design requirements,
and their effect on the vehicle elements and subsystems, is shown in
Figure L.6-1 for Configuration D. A breakdown of orbiter indirect weight

i changes by requlrement for Conflguratlon D. is _shown in Figure L4.6-2,
If any of these requlrements ére relaxed, the orblter Welght sensit1v1ty .

(and hence the system gross weight sen31t1v1ty) will be reduced.
4.6.2 Design Approach

The design approach used in generating sensitivities is essentially the process
of aeqiding which vehicle parameters will be varied and which will be held '
cohstént. These decisions will affect the value of the sensitivities

somewhat. The only difference between preliminary design weight sensitivitieé
and detailed design weight sensitivities is in the design approach. The
requirements in both cases are identical. The design approach is dictated

by which items of the vehicle are available to be changed (no design freeze)

"and what>growth marglns are des1rable to maintaln. .2

The major items to be considered in the design approach are’propellant
load andAthrust of the major elements. Configuration D may Be used as an
example. Figure.h.6-3 demonstrates various options of resizing the system
to maintain paylbad. Either the external tank or the solid-rocket motor
or both may be increased as weight growth oceurs. Also, either the main
engine or solid-rocket motor thrust may be chahged (Qr both or neither).

These choices are shown schematically in Figure 4.6-3.
~ During preliminary design, both the tank and SRM sizes are varied to minimize

the launch weight increase when weight growth occurs. The main engine thrust
is fixed, but the SRM thrust varies to maintain the launch thrust/weight ratio.
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Fixed Capability Requirements and Resulting Design Changes

Configuration D - Delta Wing-Orbitér
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CONFIGURATION D

BASELINE
SYSTEM

ADD INPUT WEIGHT TO. ORBITER

INCREASE
TANK SIZE

SRM SIZE

INCREASE
DETAILED DESIGN APFRQACH :

~ N

INCREASE . THRUST INCREASE SRM SRM THRUST
ORBITER ENGINE THRUST UNCHANGED - TTHRUST o UNCHANGED .
(T/W MAINTAINED (/W DECREASEP) ( /W MAINTAINED) (T/W DECREASED)

Figure 4.6-3 Optional Modes of Resizing System to Maintain Payload




During detailed design, the external tank size is frozen and only the SRM
propellant and thrust is varied. An alternate approach (effects discussed
in Section 4.6.3) might be to freeze the SRM propellant and thrust

du;;ng detailed de31gn and change only the tank size. Th1s latter procedure.
is not used, since it provides only a small amount of additional weight
growth (since the main engine thrust is fixed as tank propellant is added
the staging thrust/weight is reduced, causing additional gravity velocity
losses which nearly offset the additional ideal velocity gained from the
added tank propellant). The three methods are shown in Figure 4.6-L,

where gross weight as a function of staging velocity is shown for two

cases: +the baseline system and a perturbed system, where an input weight

of 1800 1b is added to the orbiter. Note that'the baseline systém is chosen
at the minimum launch weight design'point. When the SRMs only are changed
(fixed tank) the staging velocity 1ncreases,_when the tank only is changed
_ (flxed SRM) the staging velocity decreases.- \The mlnlmum launch weiéﬂi""
sensitivity is obtained when both the SRMs and external tanks are changed
and staging velocity is approximately unchanged. The fixed capability

weight sensitivities for these three cases are shown in Figure L.6-5.
4.6.3 Baseline Vehicle Selection

Weight sensitivities are also a strcng function of the baseline selection.
As an example,.for Configuration D, if a system with a different staging
velocity (differen# sizes of SRMs and external tank), were chosen as the
baseline system, substantially different sensitivity values would be
obtained, especially for the case in which the SRM size is fixed. The
reason for this trend is illustrated in Figures 4.6+6 and 4.6-T7. As the
staging velocity of the baseline vehicle is 1ncreased “Eﬂé sen51t1v1ty of
gross weight to orbiter input weight. is reduced. For sufficiently low
- sbtaging velocities, this sensitivity approachea infinity; as propellant
is added to the tank, payload capability is actually reduced because the
_increased velocity losses resulting from a lower thrust/weight ratio are
greater than the increased ideal velocity supplied by the additional
propellant. This effect can be shown in a slightly diffe;ent manner in.
Figure 4.6-8. ‘ 4
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Figure h.6-5

Fixed Capability Weight Sensitivity Breakdown
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h.6.4 Weight-Scaling Relationships

As the ratio of inert weight increase to prdpellant weight increase (A‘WIN/
A WP) increases for an element in the system, fixed capability weight
sensitivities also increase, assuming that that element is resized when the
sensitivity is generaﬁed As an example of this effect, consider Conflguratlon
D when only the. external tank is resized to maintain payload capablllty
Figure 4.6-9 shows the variation of the launch weight-orbiter input Welght
sensitivity as the weight- scallng law of the external tank is changed. As
the structural eff1c1ency of the tank is reduced the sensitivity increases
rapidly. At.a certaln structural efflClency, this sensitivity Wlll approach
‘ infinity because the additional tenk weight carried to orbit decreases the
ideal velocity supplied more than the increased propeliant increases the
velocity. Similaf effects could be'shown for the SRMe or for elements of

the other configurations.
4.7 - ANALYTICAL DERTVATION

Fixed capability weight sensitivities can be derived analytically, but the
derivations are 1ong and complex because of the large number of varlables

that change.. Some sens1t1v1t1es, such as for minimum launch welght are f
virtually imposslble to express analytically. The analytical procedure 1s
tozdifferentiate the basic performance relation (Eqﬁatioﬁitl)'in Section

-~ 4,2) and to substitute in the derivatives of inert weight; i&eal velocity,

and specific impulse with respect to propellant load, thrust, and dependent
functions of these variables (such as burn time for the SRMs, staging velocity
forithe heat-sink booster, etc.)f- Thus, very complicated equations will

result.

As a very elementary example of how this might be done, this proeess

has been carried out for a single-stage vehicle with a constant ideal
velocity requirement (which is unrealistic, as has been shown in
Section 4.22-1), Furthermore, specific impulse is assumed to be constant,
the thrust effect on weight is not considered, and a linear scaling law of

the stage inert weight with propellant is assumed. With this assumptions,
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a derivation of the sensitivity ( ALaunch Weight/ AOrbiter ‘Input Weigh'y). is -
given in Figure h 7-1. An expression for the launch welght (WIGN) is

first derived in terms of the inert weight (WIN)’ ideal velocity requlred‘ l
(A V) and spec1f1c impulse (ISP) The stage inert weight-scaling law is

given as S el

i - ' = C + K = W
. IN 1Y

The launch welgh'b is then dlfferentlated giving the sensitivity'. Note
that the sens:Ltlv:.ty increases as the ideal velocity and the factor K

1ncreases .
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Section 5

STUDY RESULTS

5.1 SUMMARY OF RESULTS

The principal results of this study are the values of the sensitivities tab-
unlated in this seétion. Tables 5.1-1, 5;1—2, and 5.1-3 summarize the most

significant results, as follows:

e Table 5.1-1 summarizes-system weight sensitivities to orbiter

structure weight for each configuration and program phase.

e Table 5.1-2 summarizes the most significant program cost
sensitivities to structure weight of each vehicle element of

each configuration for the three program phases studied.

o Table 5.1-3 provides a complete listing of fixed-vehicle
sensitivity results. These are payload capability and
program cost sensitivifies applicable in the test/operations
phase when it is assumed that the vehicle can no'longer be

resized to maintain capability.

A final table in this section, Table 5.1-L4, provides an index to the 48
tables with detailed listing of fixed-capability sensitivities (Tables
5.2-1 through 5.6-6).

The preliminary design and detailed design weight sensitivities in Table:

5.1-1 are fixed-capability sensitivities.* That is they reflect vehicle
redesign to maintain fixed system performance capability. The pattern of

values may be understood by first observing the indirect‘dry weight sensitivi-
ties or the orbiter, detailed design phase,'whiéh_%apge from 0.23.to 0.45 pounds’

per pound. These values involve similar changes to different configurations to

*Also referred to as fixed-performance sensitivities.
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TABLE 5.1-1 SUMMARY OF WEIGHT SENSITIVITIES TO ORBITER STRUCTURAL WEIGHT

SYSTEM WEIGHT EFFECTS OF ORBITER WEICHT CHANGES (POUNDS PER POUND) |

~ TEST/OP .
PREDESIGN PHASE DETAILED DESIGN PHASE PHASE
IND DRY* | TOT DRY] LIFTOFF | TND DRY | TOT DRY | LIFTOFF | PAYLOAD
A. STAGE-AND- |ORBITER 1.35 2.35 2.36 0.23 1.23 1.23 |
ONE-HALF DROPTANIK 1.12 192 | 27.59 1.06 1.06 | 26.37
' . | TOTAL ‘ 29.95 27.60 1.00
B. STAGE-AND  |ORBITER 1.23 2.23 2.43 0.25 1.25 1.33
ONETHALE lEXTERNAL TANK | 0.28 0.28 7.03 | 0.98 0.98 | 24.32
EXTERNAL TANK| DROPTANIK 0.67 0.67 | 16.60 0 0 0
|ToTAL | " 26.06 25.65 1.00
C. DELTA-BODY |ORBITER 0.30 1.30 1.37 | 030 | 1.30 1.37
ROCKET~ o ‘
AoRE [EXTERNAL TANK | 0.20 0.20 4.97 0 0 0
ORBITER SRM 3.72 3.72 | 35.32 3.97 3.97 | 40.36
o TOTAL L 4161 41.73 1.00 -
D. DELTA-WING |ORBITER . 0.45 1.45 1.63 | 0.45 | 1.45 1.63
ROCKET= | evmremmisi van: POV .
Aesisten EXTERNALTANK | 0.7 | 0.27 6.66 0o 0 0
ORBITER SRM - 5.04 | 5.0 | 46.24 5.47 5.47 | 53.57
' TOTAL | 54.53 55.20 1.00
E. TWO-STAGE  |ORBITER 0.85 1.85 | 2.04 | 0.43 1.43 | 1.58
B oen MK {EXTERNAL TANK | 0.50 0.50 | 10.52 | 2.04 2.04 | 42.82
BOOSTER | BOGSTER 6.78 6.78 | 28.66 0 0 ~2.06
" [ToTAL #1.22 42.34 1.00

*INDIRECT WEIGHT {S GROWTH NOT INCLUDING INPUT WEIGHT AND REFLECTS THE CHANGES WHICH PRODUCE
THE “COST OF A FREE POUND".. ‘ .




" TABLE 5.1-2 SYSTEM COST SENSITIVITY SUMMARY

DOLLARS PER POUND (FREE INPUT WElGHT)

. . EFFECTS OF =
EFFECTS OF ORBITER | EFFECTS OF EXTERNAL | BOOSTER (OR DROPTANK)
I 'WEIGHT CHANGES _ |TANK WEIGHT CHANGES WEIGHT CHANGES _
- FLTS " PRE-. | DET | TEST/ .|PRE- | DET | TESl/ | PRE- | DET | T£57/
S I cosT DES pes | ops’ | DEs DEs | ops | DES DES OPS
CONFIG PROG | CATEGORY | PHASE | PHASE | PHASE |PHASE | PHASE | PHASE | PHASE | PHASE | PHASE
STAGE-AND- | 250 | TOT 13,523 | 6,824 | | 4,446 | 1,943
ONE-HALF | NREC 8,839 | 1,664 ‘ - 2,872 259
| 500 | REC 10,977 | 9,603 Ina | A | NA el | 3,03 |
A TOT 19816 | 117267| 85,000 | . | &'553 | 37332 | 43,500
| [730 [ TTOT [26,305 | 15,428 , 8,725 | 4.618
'STAGE-AND= |. 500 | TOT 18,500 | 11,381 85,000 [13,037 | 7,719 80,000 | 3,119 | 1,663 | 20,600
ONE-HALF . - |
EXT TANK,
B Ky
“RAO, A BODY | 500 [ TOT 26,459 | 27,743| 85,000 {18,120 | 19,02580,000 | 1,574 | 1,675 | 7,100
. ) C . ‘
RAO, AWING| 350 | TOT 20,684 | 21,760 1,727 | 12,412 1,053 | 1,134
= NREC 4,395 | 4,410 1,408 | 1,420 — 18| 130
b soo | REC 30,519 | 32,515 197027, | 207294 1,705 | 1,854
TOT 34914 | 36.925| 85,000 | 20°435 | 21,714 | 78,000 | 1,833 | 1.984 | 8,400
750 | TOT 48,817 | 51.797] 128.882 | 30.774 2°590 | 2.812
TWO STAGE '
(WITH EXTERNAL - |
TANK) | 500 | Tor 41,647 | 27,546 85,000 | 25,073 | 13,785 | 78,000 | 4,259 | 3,623 | 7,800




=6

SINK BOOSTER

BOOSTER

0.083

TABLE 5.1-3 FIXED-VEHICLE SENSITIVITIES
INPUT  PAYLOAD CAPABILITY LOSS (1p/1g) | PROGRAM COST
‘ WEIGHT EAST RESUPPLY ~ | POLAR | CHANGE,* 500 FLTS.
CONFIGURATION TN MISSION | MISSION MISSION ($/18)
STAGE-AND-ONE-HALF - ORBITER - | 1.00 1.00 1.00° ' 85,000
S DROPTANK - | 0.446 0,455 0.512 39,500
. . STAGE-AND-ONE-HALF- ORBITER 1.00 1.00 1,00 85,000
WITH EXTERNAL TANK EXTERNAL TANK 0,925 0.885 0.943 78,200
o ' "DROPTANK 0.215 0.218 0.242 - 18,900
. DELTA BODY ROCKET~ ORBITER 400 : | 100 1.00. 85, 000
ASSISTED ORBITER _ EXTERNAL TANK  0.924 ~ 0.883 0.944 - 78,100
SRM .. | 0.073 0.074 0.084 6,460
: DELTA WING ROCKET-' - ORBITRR .- 1.00 | v.o0 1.00 85,000
~ ASSISTED ORBITER | EXTERNAL TANK  0.892. - 0.834. 0.918 75,100 .
B ‘ SRM - ] 0.086 0.087 0.099 171620
TWO-STAGE EXTERNAL - ORBITER . - | 1.00 1,00 1.00 . 85,000
TANK ORBITER, HEAT EXTERNAL TANK . 0,893 .| 0.836 < ' 0919 75,300
- T 0l081 AT

- *ASSUMES 50 PERCENT EAST MISSIONS, 25 PERCENT RESUPPLY, 25 PERCENT POLAR




TABLE 5.1-4 INDEX TABLE FOR FIXED-CAPABILITY SENSITIVITY TABLES

CONFIGURATION A TABLES

Preliminary Design Phase - - Detailed Design Phase
Orbiter .Drop Tank i Ofbitér Drop Tank
500-f1t. prog. 5.2-1-  5.2-2 523 - 5.2:h
250-f1%. prog. 5.2-5 5.2-6 5.2-T 5.2-8
750-f1t. prog.  5.2-9 5.2-10 5.2-1

1 5.2-12

CONFIGURATION B TABLES (500- £1%. Prog. only)

P—D Phase . . . D-D Phase R
Orbiter External Tank Drop Tank Orbiter External Tank Drop Tank

531 5.32 - 5.3:3 53k 5.3-5 5.3-6

CONFIGURATION C TABLES (500 flt. Prog. only)

P-D Phase o D-D Phase
Orbiter External Tank SRM ~ Orbiter External Tank SRM
5.h-1 5.4-2 5.4-3 5.4 5.4-5 5.4-6

CONFIGURATION D TABLES

P-D Phase ' * " D-D Phase

Orbiter Ext.Tank §__ Orbiter  External Tank SRM
500 Flts:  5.5-1 5.5-2 5.5=3 5.5-h 5.5=5 5.5-6 -
250 flts: 5.5-T 5.5-8 5.5-9 5.:5-10 5.5-11 5.5-12 ..
T50 flts: 5.5-13 5 5-1k 5 5-15 5-5-16 5.5-17 5.5-18
CONFTGURATION g TABLES (500 flt Prog. only)

P-D Phase Lo - .“D-D Phase

Orbiter External Tank Booster ‘Orbiter External Tank Booster

5.6-1 5.6-2 5.6-3 5.6-1 5.6-5 5.6-6



maintain the same set of requirements: on-orbit maneuvers, reentry crossrange,
flying and landing loads, and landing speed. The incrgaée from 0.23 to 0.30
from Configuration A through B to C reflects the increasing sensitivity of‘
smaller délta-body orbiters (a given change is a lérger percentage of the
basic structure).v The fact that the delta wing orbiter is abqut 50 percent
more sensitive than the delta-body (Configuration D versus Configuration c)

is an unexpected result and is discussed in some detail in Section 4.2. It

stems from three sources:

1. There is a significantly lower sensitivity of fin weight
to landing weight (delta-body) than wing weight to landing
weight4(delta wing) to maintain landing speed.

2. The body structure of the delta-body requires léss redesign
for structural integrity because line loads are smaller

(much of it is already minimum gage).

3. The auxiliary-propulsioh system (OMPS and RCS) for the delta-
body uses a common supply’system and has high specific impulse
rather than having separate systems (and modularized) with
moderaﬁe specific impulse so that thé tankage growth is much

less severe.

Other variations of the weight sensitivities arise from fesizing groundrules
(see Figure 2-2). ' For instance, the orbiter dry weight sensitivities for
Configurations A, B, and E are higher in preliminary design than in detailed
design because main engine thrust is changed ih the one case and not in the
other (Configufation E orbiter engine is changed to maintain commonality
with the booster englne ) Superlmposed on these engine welght changes are,

of course, greater changes in all the indirect effects.

Variations in the growth of lower stages also shows examples of the effects
of resizing constraints. For instance, the stage-and-one-half systems

(Configurations A and B) become less sensitive in the detailed design phase



than in the preliminary design phase, while the other configurations
become more sensitive. The former effect reflects a shift from conetant
thrust-to-weight sizing to coﬂstant thrust sizing. The orbiter growth
becomes much less with no engine change which more than compensates for
the effects of less efficient aseenﬁ (higher gravity losses at.lcrer
thrust- to-welght) The 1ncrea31ng sensitivity of Conf1gurat10ns C D

and E arises from less effectlve resizing when only one lower stage is
changed. The fact that these are small increases indicates that there is

little penalty for free21ng the size of the other stage.

The system cost sensitivities in Table 5.1-2 summarize the most important
results of the study. Several aspects of the varlatlons in these sen51t1v1t1es

are discussed in Section 1. One additional parameter shown in Table 5.1-2

1s the effect of program size on cost sensitivities for Configurations
A and D. Nonrecprrlng effects have a much bigger effect for A than D.
and a 50 percent change'in the eperatienal program size has a somewhat
smaller effect on Configuration A total program cost sensitivities than

is the case for Conflguratlon D.

Tables 5.2-1 through 5.6-6 provide detailed lisﬁings oféfixed;capability

sepsitivity.results. Each table gives:

(1) Performance sensitiyities for all significant cost drivers and
V for each vehicle element*
(2) Direct cost sensitivities for each cost driver
(3) System cost sensitivities computed by summing the products of

the approprlate performance and direct cost sensitivities.

These tables are numbered as shown in Table 5.1-h,

*The term - performance‘sen51t1v1t1es includes both weight sensitivities

and sensitivities of other parameters, specifically engine thrust in these
tables.
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Table 5.2-1
CONFIGURATION A SENSITIVITIES
(Stage-And-One -Half)

Effects of One Pound of Orbiter in Prelim Design Phase for 500 Flight Program

“Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur Recur Total
(Ib/1b) - Dev Prod | ° ~ Prog

Structure Wt 0.296 4,822 1,181 82 6,085 ‘
. Plumbing Wt 0.145 4,155 1,560 1,025 6, 740 i
2 | TPS Wt 0.187 2,363 353 1,713 | 4,429
8 Lndg Gear Wt 0.096 2,693 1,002 178 3,873 | .

S.L. Thrust/Eng 3.46 921 385 152 1,458

(W 11 Engines)
% | Dry wt 1.12 761 - 7,482 | 8,243
«
& | Prop Wt ©26.47 - - 59 59

- Indir | Total | Total System Cost Sensitivities — ($/1b)

System Element Dry | Dry | Wet’ : Total Total

; - - : >
Orbiter 1.35 | 2.35 | 3.26| 5,917 | 2,070 |: 1,036 | 9,023 |5 | 15,108 E
: T g
Drop Tank 1,12 | 1.12 [27.59 0 9,941 10,793 10,793 g 10,793 5
Total 29.95 | 6,764 2,070 10,977 | 19,816 | o | 25,590 3
: 8,839 & 3




- (Stage- And-One-Hal{)

Table 5.2-2
CONFIGURATION A SENSITIVITIES

Effects of One Pound of Droptank in Prelim Design Phase for 500 Flight Program

Performance Direct Cost Sensitivities — ($/1b)
Cost!Driver Sensitivities Nonrecur Recur Total
~ (1b/1b) Dev Prod Prog
Structure Wt 0.086 4,822. 1,181 82 6,085
., Plumbing Wt 0.039 4,155 1,560 1,025 | 6,740
§ TPS Wt 0.034 2,363 353 1,713 4,429
8  Lndg Gear Wt 0.018 2, 693 1,002 178 | 8,873
S, L. Thrust/Eng 1,29 921 - 385 152 1, 458
(W. 11 Engines) :
Y Drywt .38 761 - 7,482 | 8,248
& Prop. Wt 9,08 - - 59 59
Svatem EL . Indir | Total | Total| System Cost Sensitivities — ($/1b) ,
ystem Elemen Dry Dry | Wet , Total Total
Wt Wt Wi Dev | . Prod Recur Prog § Prog §
g =
. 5
Orbiter 0.420 | 0.420| .422 1,894 689 305 | 2,888 |§| 2,888 | B
Droptank 0.38 | 1,38 |10.41 289 0 3,376 | 3,665 || 11,908 %
. ) B QO
Total . 10,83 2,183 689 3, 681 6,553 E 14,796 | 3
O

2,872
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Effects of One Pound of Orbiter in Detailed Design Phase for 500 Flight Program

Table 5.2-3

CONFIGURATION A SENSITIVITIES
(Stage- And-One-Half)

Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur Recur Total
- (Ib/1b) Dev Prod Prog
Structure Wt 0.068 4,822 1,181 82 6, 085
§ Plumbing Wt 0 | 4,155 1,560 1,025 6, 740
3| TPS Wt 0.096 2,363 353 . 1,713 4,429 ‘
5 Indg Gear Wt 0.051 2,693 1,002 178 3,873
S.L. Thrust/Eng 0 921 385 152 1,458
(W. 11 Engines) _
—*5 Dry Wt 1,06 761 - 7,482 8, 243
B | Prop. Wt 25,31 - - 59 59
Indir | Total| Total]l System Cost Sensitivities — ($/1b) ‘
System Element Dry | Dry | Wet - Total Total | &
wt | wi | wt| Dev | Prod | Recur Prog | §| Prog |3
Orbiter 0.23 | 1.23 | 1.23 692 | 165 179 1,036 5. 7,121 | 8
Droptank 1.06 | 1.06 | 26.37 807 0 | 9,424 10,281 | @| 10,281 :g
Total ‘ 1,499 | 165 9, 603 11,267 | &1 17,352 | 8

27.60

1, 664




TT-§

Table 5.2-4

CONFIGURATION A SENSITIVITIES
(Stage-And-One-Half)

Effects of One Pound of Droptank in Detailed Design Phase for 500 Flight Program

Direct Cost Sensitivities ~

2569

: Performance ($/1b)
Cost Driver Sensitivities Nonrecur Recur Total
(Ib/1b) Dev Prod Prog
Structure Wt 0 4,822 1,181 82 6, 085
. | Plumbing Wt 0 4,155 1,560 | 1,025 6, 740
2| TS Wt 0 2,363 353 | 1,713 4,429
8 | Ludg Gear Wt 0 2, 693 1,002 178 3,873 |
|'S.L. Thrust/Eng 0 921 385 152 1,458
(W, 11 Engines) .
'§ Dry Wt 0,34 761 - 7,482 8,243
&~ | Prop. Wt 8.97 - - 59 59
Svstem El ; Indir | Total| Total System Cost Sensitivities — ($/1b) "
ystem Elemen Dry | Dry | Wet , } Total Total
Wt Wi Wi ‘Dev Prod Recur Prog § Prog 5
- + =7
=
Orbiter 0 0 0 0 0 o0& 0 5
Droptank 0.3¢ | 1,34 9,31 259 0 | 3,073 3,332 | g | 11,5753
Total | 9,31 259 0 | 8,073 3,332 (& | 11,5758
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CONFIGURATION A SENSITIVITIES

Table 5.2-5

(Stage-And- One-Half)

Effects of One Pound of Orbiter in Prelim, Des1gn Phase for 250 Flight Program

7,232

Performance Direct Cost Sensitivities — ($/1b)-

Cost Driver Sensitivities Nonrecur Reocur Total

' (Ib/1b) Dev . Prod S Prog

Structure Wt 0,296 4,822 432 75 5, 329

& | Plumbing Wt 0,145 4,155 570 558 5,283

% TPS Wt 0.187 12,363 129 866 | 3,858

8 | Lndg Gear Wt - 0,096 - 2,693 366 117 3,176

S.L; Thrust/Eng 3.46 921 135 83 1,139

(W. 11 Engines) ' ' : '

v Dry Wt S L2 761 - - 4,161 4,922

| & | Prop, Wt - 26,47 T—- - 30 30
. o Indir | Total| Total | - System Cost Sensitivities — ($/1b) £

. System Element Dry Dry | Wet Total | = Total
BiaCiAdean a Wi Wi WE Dev Prod Recur Prog E Prog E.
~ - 4 5

Orbiter 1.35 | 2.35 | 2.36| 5,917 712 538 7,217 | B 12,546 A
Droptank 1.12 | 1,12 | 27.59| 852 . 0 | 5,454 6,306 | | 6,306 g
Total. ' 29.95 6,520 712 | 5,992 13,523 | £ | 18,852] 8
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'CONFIGURATION A SENSITIVITIES

Table 5.2-6

(Stage- And-One-Half)

Effects of One Pound of Droptank in Prelim. Design Phase for 250 Flight Program

‘Direct Cost Sensitivities — ($/1b)

2,353

S Performance
Cost Dri_yer Sensitivities , Nonrecur Recur Total
. - (Ib/1b) . | Dev - Prod b Prog
Structure Wt 0,086 4,822 432 75 5,329
¢, | Plumbing Wt 0.039 4, 155 570 | 558 5, 283
' ﬁ TPS Wt 0.034 - 12, 363 129 - 866 . | 3,358
8 | Lndg Gear Wt 0.018 |2, 693 366 117 3,176
" | S.L:; Thrust/Eng 1.29 921 135 83 1,139
(W. 11 Engines) :
' g|ooywe : 0,38 761 -~ 4,161 4, 922
& | Prop. Wt - 9.03: - - 30 .30
o S Indir Total | Total | System Cost Sensitivities — ($/1b) |
System Element Dry Dry | Wet Total Total |
. ‘ Wi Wi Wi Dev -Prod Recur Prog § Prog 5
. - . ‘ =
Orbiter 10.420- | 0,420 | 0.422[ 1,826 238 161 2,305 | B 2,305 (&
Droptank 0.38 | 1,38 |10.41 | 289 0 | 1,852 2,141 g | 7,063 g
Total (10,83 | 2,115 238 | 2,018 | 4,446 |f 9,368 | 3
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(Stage~And-One-Half)

Table 5.2-7
CONFIGURATION A SENSITIVITIES

Effects of One Pound of Orbiter in Detailed Design Phase for 250 Flight Program

Performance Direct Cost Sensitivities — ($/1b)
- Cost Driver Sensitivities Nonrecur Recur Total
(1b/1b) Dev . Prod Prog
Structure Wt 0.068 4,822 432 " 75 5,329
¢, | Plumbing Wt 0 4,155 570 558 5, 283
§ TPS Wt - 0.096 2, 363 129 866 3,358
8| Lndg Gear Wt 0.051 2, 693 366 117 3, 176
S.L. Thrust/Eng 0 921 135 83 1,139
(W. 11 Engines)
'5 Dry Wt 1.06 761 - 4,161 4,922
& | Prop., Wt _ 25,31 - - 30 30
Indir- | Total| Total| ° System Cost Sensitivities — ($/1b) i
System Element Dry Dry | Wet . Total Total | &= |
Wi - Wt wt | Dev Prod Recur Prog § Prog 5
- )
=
Orbiter 0.23 | 1.23 | 1.28 628 /55 85 847 |8 | 6,176 f
Droptank 1,06 .| 1.06 | 26,37 807 | 0 | 5,170 5,977 | @ 5,977 | 8
Total 27.60|- 1,435 55 ‘| 5,255 6,824 (£ | 12,1538

1,490
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Table 5.2-8

'CONFIGURATION A SENSITIVITIES
{Stage-And-One-Half)

Effects of One Pound of Droptank in Detailed Design Phase for IZﬁ) Flight Program

1, 684

259

Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur Reour Total
‘ (1b/1b) Dev - | Prod Prog
Structure Wt 0 4,822 432 75 5,329 |
., | Plumbing Wt 0 4, 155 570 558 5, 283
Q P ) .
H | TPS Wt 0 2,363 129 866 | 8,358
& | Lndg Gear Wt 0 2, 693 366 | 117 | 3,176
S.L. Thrust/Eng 0 921 135 83 1,139 |
(W. 11 Engines)
% Dry Wt 0.34 761 - 4,161 4,922
= | Prop, Wt 8,97 - - 30 30
S . Indir | Total | Total System Cost Sensitivities — ($/1b) -
ystem Element Dry |. Dry | Wet | Total Total |z
: Wit Wt Wt Dev Prod Recur Prog § Prog 5
. o8 = 8
=
Orbiter 0 0. o 0 0. o |B o |[H
‘Droptank 0.34 1.34 | 9.31 ‘ - 259 11,684 1,943 8 6, 865 g
Total ' 9,31 259 1,943 |& 6,865 |
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Table 5.2-9
CONFIGURATION A SENSITIVITIES
(Stage-And-One-Half)

Effects of One Pound of Orbiter in Prelim, Design Phase for 750 Flight Program

Direct Cost Sensitivities —

Performance $/1b)
Cost Driver Sensitivities Nonrecur Recur Total
-(1b/1b) Dev Prod Prog
Structure Wt 0.296 4,822 | 2,190 - 89 |. 7,101
¢, | Plumbing Wt 0.145 4,155 2,892 | 1,493 | . 8,540
Q : ) .
E TPS Wt - 0,187 2,363 654 - 2,559 5,576
8 | Lndg Gear Wt 0.096 2,693 | 1,859 238 4,790
S.L. Thrust/Eng 3.46 921 741 222 1, 884
(W. 11 Engines)
% [Dry Wt 1.12 761 - 10,526 11,287
& | Prop., Wt* 26,47 - - 87 87
Indir | Total Etal System Cost Sensitivities — ($/1b) ol
System Element Dry Dry | Wet Total Total | =
o Wt Wt wt Dev Prod Recur Prog § . Prog 8
- <
=1
Orbiter 1.35 |2.35 | 2.86| 5,668 , 11,361 | &| 18,462 S
Droptank 1,12 | 1.12 {27.59| = 852 14,944 | g | 14,944 é
Total 29.95| 6,520 - 26,305 | & | 33,406 |3
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Effects of One Pound of Droptank in Prelim, Design Phase for 750 Flight Programs

Table 5.2-10

CONFIGURATION A SENSITIVITIES.
(Stage- And-One-Half)

Performance

Total - .. .

- 10,83

© 2,115

Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities . Nonrecur Recur ‘Total
‘ (lb/1b) Dev Prod Prog
Structure Wt 0.086 4,822 2,190 89 7,101
¢, | Plumbing Wt 0,039 4,155 2,892 | 1,493 8, 540
Q . ‘ .
5| TPSWt 0.034 2, 363 654 2,559 5,576
‘& | Lndg Gear Wt 0.018 2,693 | 1,859 238 | - 4,790
S.L. Thrust/Eng 1.29 921 741 222 1,884
(W. 11 Engines)
g | Py Wt 0,38 761 - | 10,526 | 11,287
& | Prop.: Wt - 9.03 - - 87 | - 87
o Indir | Total | Total System Cost Sensitivities — ($/1b) i -
' System Element Dry Dry | Wet - Total | ., | Total (=
A Wt we | weo | Dev | Prod | Recur Prog | B Prog |
T - + =%
. =
.Orbiter - 0.420 | 0.420| 0.422| - 1,826 3,650 | & 3, 650 5 ‘
Droptank 0,38 | 1,38 | 10,41 289 5,075 | g | 16,362 |3
| | 8,725 (& | 20,012 |8
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Table 5.2-11

CONFIGURATION A SENSITIVITIES
(Stage~- And-One-Half)

Effects of One Pound of Orbiter in Detailed Design Phase for 750 Flight Program

1,435

Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur Recur Total
1b/1b) Dev Prod Prog
Structure Wt 0.068 4,822 ' 2,190 89 7,101
¢, | Plumbing Wt 0 4,155 2, 892 1,493 8, 540
% TPS Wt 0.096. 2,363 654 | 2,559 5, 576
8 | Lndg Gear Wt 0.051 2, 693 1, 859 '238 4,790
S.L. Thrust/Eng 0 921 741 222 1, 884
(W. 11 Engines) : |
'é Dry Wt 1,06 761 - 10,526 | 11,287
B | Prop. Wt- 25,31 - - 87 87
Indir | Total | Total | System Cost Sensitivities — ($/1b) .
System Element Dry Dry | Wet ‘ Total Total |
Wt wt | wt Dev | Prod | Recur Prog |= Prog |4 |
X T -~ o
. \ =
Orbiter 0.23 |1.,28 | 1.23 628 1,262 | & 8, 363 f}
‘Droptank 1.06 | 1.06 |26.37 807 14,166 (@ | 14,166 |33
Total 27. 60 15,428 |& | 22,529 |3
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(Stage-And-One-Half)

Table 5.2-12
CONFIGURATION A SENSITIVITIES

Effects of One Pound of Droptank in Detailed Design Phase for 750 Flight Program

. Performance

o , Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur Recur Total
(1b/1b) Dev Prod Prog
Structure Wt 0 4,822 2,190 89 7,101
«. | Plumbing Wt 0 4,155 2,892 | 1,493 8, 540
% TPS WtI: ) 2,363 654 | 2,559 5,576
8 | Lndg Gear Wt 0 2, 693 1, 859 238 4,790
S.L. Thrust/Eng- 0 921 - 741 222 1,884
(W. 11 Engines) '
g Dry Wt 0,34 761 - 10, 526 11, 287
=~ | Prop, Wt 8. 97 - - 87 87
Indir | Total | Total System Cost Sensitivities — ($/1b) -
System Element Dry Dry .| Wet - Total Total |&
: Wt Wt Wt Dev Prod Recur Prog E Prog |w
Orbiter 0 o | o 0 0 0 0 g o |#
Droptank 0.34 | 1,34 |9.31 259 ' 4,618 | o | 15,905 Zi’z
Total : 4,618 |[£ | 15,905 |8

9.31

259
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Table 5.3-1
CONFIGURATION B SENSITIVITIES
(Stage- And-One-Half)

.Effects of One Pound of Orbiter in Prelim, Design Phase for 500 Flight Program

: Performance - Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities . Nonrecur Recur To
: (Ib/1b) Dev Prod ecu Prog
Structure Wt 0.272 | 4,996 1,222 85 6,303
., | Plumbing Wt 0.143 4,095 1,541 | 1,011 6, 647
Q : . o
S| TPs wt 0.189 . (2,741 | 368 | 1,790 4, 898
8| Lndg Gear Wt 0.096 le,771 - | 1,009 183 3,963
S.L. Thrust/Eng 3. 62 849 304 121 | 1,274
(W. 9 Engines) S ' o
Ext, Tank Dry Wt _ 0,281 769 o | 8290 9,059
Ext. Tank Prop Wt 6.75 0 0 59 59
Droptank Dry Wt 0.666 769 | o0 8, 290 9,059
Droptank Prop. Wt 15,93 o. .| o 59 59
S Indir | Total | Total | . System Cost Sensitivities — ($/Ib)
‘System Element Dry Dry | Wet | ' " Total Total
' ’ Wt | Wt [ Wt Dev Prod .| Recur "Prog Prog L
Orbiter 1.23 | 2.23 | 2.43| 5,802 ] 1,820 - 961 | -8,583 E 14,886 | &
4 RS . ¢ - . . t Lt . =
External Tank - 0,28 | 0,28 | 7.03 216 | 0 - | 2,728 | -2,044 | B| 2,944 5
Droptank Set . . ,0.67 | 0.67 | 16.60 512 | 0 6, 461 6,973 [g| 6,973 tg
Total 26.06| 6,530 | 1,820 | 10,150 | 18,500 [&| 24,8033

'8: 550
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Effects of One Pound of Ext. Tank in Prelim, Design Phase for 500 Flight Program

Table 5.3-2

CONFIGURATION B SENSITIVITIES
(Stage-And- One-Half)

S Performance Direct Cost Sensitivities — ($/1b)
Cost Driver " Sensitivities Nonrecur Recur Total
" (lb/1b) Dev Prod ecu Prog
Structure Wt 0.150 4,996 . | 1,222. .85 6, 303
., | Plumbing Wt 0.107 4,095 | 1,541 | 1,011 6, 647
% TPS Wt 0.066 2,741 368 | "1,790 4,898
8 | Lndg Gear Wt 0,032 2,771 1,009 - 183 3,963
S.L. Thrust/Eng 2,72 849 304 121 1,274
(W, 9 Engines)y : ‘
Ext. Tank Dry Wt 0,212 769 8,290 9, 059
- Ext, Tank Prop, Wt 5.08 0 59 59
- Droptank Dry Wt 0.501 769 8,290 9, 059
Droptank Prop, Wt 11,98 -0 59 59
: — Indir Total| Total System Cost Sensitivities — ($/1b) ‘
System Element Dry | Dry| _Wet Total Total
Wt Wt wt  Dev: '_P.md Recur Prog Prog =3
- . . - . . . g
Orbiter 0.74 | 0.74 | 0.81| 8,766 | 1,232 | 574 5,572 z 5,572 |
.. External Tank 0.21 | 1.21| 6.29( ~ 163 0 2, 057 2,220 | B| 11,279 A
_Droptank Set 0.50 | 0.50 | 12,48 385 | 0 4,860 | 5,245 (9| 5,245 é
Total 19.58 | - 4,314 | 1,282 | 7,491 13,037 |& | 22,096 |3
' 5,546
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CONFIGURATION B SENSITIVITIES

Table 5.3-3 _'

(Stage- And-One-Half)

Effects of One Pound of Droptank in Prelim, Design Phase for 500 Flight Prograni

Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur Recur Total
(Ib/1b) Dev Prod ec Prog
Structure Wt 0.039 4, 996 . 1,222 85 6, 303
., | Plumbing Wt 0.028 4,095 1,541 | 1,011 6, 647
§ TPS Wt 0.017 2, 741 368. | 1,790 4,898
5 | Lndg Gear Wt 0.008 2,771 1,009 183 3, 963
S.L. Thrust/Eng 0.720 849 304 121 1, 274
(W. 9 Engines) :
Ext. Tank Dry Wt 0,047 769 8,290 9,059
Ext, Tank Prop. 1.13 0 59 59
Droptank Dry Wt 0.111 769 8,290 9, 059
Droptank Prop, Wt 2.66 0 59 59
Indir  Total Total System Cost Sensitivities — ($/1b)
System Element Dry Dry - Wet Total Total
Wt Wt Wt Dev Prod Recur . Prog Prog §
. B =D
Orbiter 0.19  0.19 0.21 990 324 151 1,465 ?_, 1,465 |8
: =
External Tank 0.05 0.05 1,18 36 0 456 492 |& . 492 5
- Droptank Set 0.1 111 3.77| -85 0 1,077 1,162 [g| = 10,221 |3
Total ‘ 5.16 | 1,111 324 | 1,684 3,119 |&| 12,178 |3

1,435
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Effects of One

CONFIGURATION B SENSITIVITIES
(Stage- And-One-Half)

Table 5.3-4

Pound of Orbiter in Detailed Design Phase for 500 Flight Program

1, 657

; Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities - Nonrecur Recur Total
l (1b/1b) Dev Prod Prog .
Structure Wt 0.066 4,996 | 1,222 85 ‘6, 303
+, | Plumbing Wt 0 4,095 1,541 1,011 6, 647
) b
5| TPS Wt 0,098 12,741 368 | 1,790 4,898
8 | Lndg Gear Wt 0.049 2,771 1,009 183 3, 963
S. L., Thrust/Eng 0 849 304 121 1,274
(W. 9 Engines) :
Ext, Tank Dry Wt . 0,984 769 8, 290 9,059
Ext.: Tank Prop., Wt 23, 34 0 - 59 59
Droptank Dry Wt 769 8,290 | 9,059
Droptank Prop, W& 0 59 59
- Indir | Total | Total | System Cost Sensitivities — ($/1b)
System Element Dry | Dry | Wet ST Total Total
Wi wt. | Wt Dev | Prod _]?fecur~ Prog Prog §
g - - - R d
Orbiter 0.25 | 1.25 | 1.33 734 | 166 190 1,00 [B| 7,303 A
External Tank 0.98 | 0.98 |24.32 757 0 9, 534 10, 291 g. 10, 291 g
Droptank Set 0 0 0 - 0 0 0 0 2 o |3
Total 1 25.65| 1,491 166 | 9,724 11,381 |5 | 17,684|3




e~

(Stage- And- One-Half) -

Table 5.3-5
CONFIGURATION B SENSITIVITIES

Effects of One Pound of Ext, Tank in Detailed Design Phase for 500 Flight Program

Performance ' Direct Cost Sensitivities — ($/1b)
. Cost Driver Sensitivities “Nonrecur Recur Tota
' (1b/1b) Dev Prod : Prog
Structure Wt 0 4,996 1,222 85 6, 303
«, | Plumbing Wt 0 4,095 ‘1,541 | 1,011 6, 647
b _
3 | TPS Wt 0 2,741 368 | 1,790 4, 898
8 | Lndg Gear Wt 0 2,771 1,009 183 3, 963
S.L. Thrust/Eng: 0 849 304 121 1,274
(W. 9 Engines) -
" Ext, Tank Dry Wt 10,738 769 8, 290 9,059
Ext, Tank Prop, Wt 17.51 0 59 59
Droptank Dry Wt 769 8, 290 9, 059
Droptank Prop. Wt 0 59 59
Indir | Total| Total System Cost Sensitivities — ($/1b) ,
System Element Dry Dry | Wet ~ To Total
. Wt Wt | Wt Dev Prod Recur. Prog |, Prog & |
Orbiter o | 0. o 0 0 0 o |5 o |8
External Tank 0.74 | 1,74 | 19.25] 567 0 7,152 7,719 E. 16,778 |8
. Droptank Set 0 0 0 0 0 0 0 |g 0 g
Total 19,25 567 | 0 7,152 7,719 |E| 16,778|8|




Table 5.3-6
CONFIGURATION B SENSITIVITIES
~ (Stage-And-One-Half)

Effects of One Pound of Droptank in Detailed Désigﬁ Phase for 500 Flight Program

Ga-¢

Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities - Nonrecur Recur Total
(Ib/1b) Dev Prod - Prog
Structure Wt . - 0 4,996 1,222 -85 6, 303
¢, | Plumbing Wt . 0 4,095 1,541 1,011 6, 647
§ TPS Wt , 0 2, 741 368 | 1,790 . 4,898
‘8| Lndg Gear Wt 0 2,771 1,009 183 3,963
S.L, Thrust/Eng 0 849 304 121 1,274
(W. 9 Engines .
Ext, Tank Dry Wt 0.159 769 " 8,290 9, 059
Ext, Tank Prop, Wt 3.77 0 59 59
Droptank Dry Wt 769 8, 290 9,059
Droptank . Prop. Wt .0 59 59
: Indir| Total| Total | System Cost Sensitivities — ($/1b) 3
System Element Dry Dry | . Wet Total Total :
Wt wi | wi | Dev | Prod | Recur Prog Prog |«
Orbiter . 0 0 0 0 0 0 0 E o |8
External Tank 0.16 | 0.16 | 8.93 122 0 . 1,541 1, 663 E 1, 663 ;5
Droptank Set - 0 1,00 | 1..00 0| © 0 0 |g| . 9059 |3
Total 4,93 122 0 1,541 | 1,663 || 10,722 |8
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Table 5.4-1

_CONFIGURATION C SENSITIVITIES

(Rocket-Assisted Orbiter with A Body Orbiter)

Effects of One Pound of Orbiter in Prelim, Design Phase for 500 Flight Program

Co Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur Recur Total
(lb/1b) Dev Prod Prog
Structure Wt 0.106 5,441 | 1,309 192 6, 842
| Plumbing Wt 0 7,817 | 2,027 | 1,327 10, 671 |
Z| TPS Wt 0.111 3,011 439 | 2,187 | 5,587
8| Lndg Gear Wt 0.055 2, 953 1,100 194 4,247
S.L. Thrust/ Eng 0 766 112 44 922
" Ext. Tank Dry Wt 0.197 1,153 | 8, 399 9, 552
Ext. Tank Prop. Wt 4.72 0 0 59 59
SRM Booster Dry Wt N/A (7, 500)*
SRM Booster Prop, Wt 81,60 47 0 672 719
Indir | Total | Total System Cost Sensitivities — ($/1b)
System Element Dry Dry Wet Total Total
_ Wt Wt Wt Dev Prod Recur Prog Prog §
. g
Orbiter 0.30 | 1.30 | 1.37| 1,073] 248 258 1,579 | 2| - 8,421 g
External Tank 0.20 | 0.20 | 4,92 227 0 . 1,933 2, 160 E‘ 2,160 | &
o
SRM Booster 3.72 | 38.72 | 35.32| 1,485 0 21, 235 22,720 | 9| 22,720 | 8
Total 41.61| 2,785| 248 | 23,426 26,459 | £| 33,301 |8

*Needed only for costed pound of booster dry weight growth since all solid booster costing
is based on propellent we1ght




Effects of One Pound of Ext, Tank in Prelim, Design Phase for 500 Flight Program

Table 5.4-2
- CONFIGURATION C SENSITIVITIES
(Rocket-Assisted Orbiter with ABody Orbiter )

Performance

A Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur Recur Total
(Ib/1b) Dev Prod ' Prog
Structure Wt 0 5,441 1,309 92 6, 842
., | Plumbing Wt 0 7,817 2,027 | 1,327 10, 671
Q
£| TPSWT 0 3,011 439 | 2,137 5,587
8| Lndg Gear Wt 0 2,953 1,100 194 4,247
S. L Thrust/Eng 0 766 112 44 922
Ext, Tank Dry Wt 0,141 1,153 8,399 9, 552
Ext. Tank Prop. Wt 3.38 0 59 59
SRM Booster Dry Wt N/A (7, 500)*
SRM Booster Prop. Wt 23,05 47 0 672 719 |
Indir | Total | Total|  System Cost Sensitivities — ($/1b)
System Element Dry Dry | Wet , . To Total
Wt wt Wt Dev Prod Recur . Prog Prog E
- g
Orbiter 0 0 0 0 0 0 o [B o |8
. =
External Tank 0,14 | 1,14 | 4,52 163 0 1,384 11,547 ( & 11,099 f
SRM Booster 2,71 | 23,05 | 25.76| 1,083 0 15,490 | 16,573 | g| 16,573 |3
Total 30.28| 1,246 0 18,874 | 18,120 | &| 27,672 |8

*Needed only for costed pound of booster dry we1ght growth since all sohd booster costing
is based on propellent weight, ,
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Table 5.4-3

‘CONFIGURATION C SENSITIVITIES
(Rocket—Ass1sted Orbiter with ABody Orbiter)

Effects of One Pound of Booster in Prelim Design Phase for 500 Flight Program

Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities . Nonrecur " Recur Tot:
(Ib/1b) Dev Prod Prog
Structure Wt 0 5,441 1,309 92 6, 842
+,| Plumbing Wt 0 7,317 | 2,027 1,327 10, 671
q) .
%] TPS Wt 0 3,011 439 | 2,137 5, 587
8| Lndg Gear Wt 0 2,953 1, 100 194 4,247
S.L. Thrust/Eng 0 766 112 44 922
Ext. Tank Dry Wt 0.017 1,153 8, 399 9, 552
Ext. Tank Prop, Wt 0.40 0 59 59
SRM Booster Dry Wt ~ N/A (7, 500)*
SRM Booster Prop. Wt 1,93 47 0 672 719
. Indir | Total Total System Cost Sensitivities — ($/1b) _
System Element Dry Dry | Wet .. Total Total
Wt Wt Wt - Dev Prod Recur Prog  Prog L
B . e
Orbiter 0 o | o 0 0 o . o | o %
External Tank 0.02 | 0,02 | 0.42 20| 0 166 186 | & 186 |5
SRM Booster 0.28 | 1.28 | 3,21 91 0 1,297 1,388 | @ 8, 888 gz
Total 3.63 111 0 1,463 1,574 | & 9,074 |8

is based on propellent weight.

- *Needed only for costed pound of booster dry weight g'rowth since all solid booster costing
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Table 5.4-4

CONFIGURATION C SENSITIVITIES .

(Rocket-Assisted Orbiter with ABody Orbiter )

Effects of One Pound of Orbiter in Detailed Design Phase for 500 Flight Prograin

Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur Recur Total
(1b/1b) Dev Prod Prog
Structure Wt 1 0.106 5,441 1,309 C 92 |- 6,842
t | Plumbing Wt 0 7,317 2,027 | 1,827 10, 671
2| TPS Wt , . 0.111 3,011 439 2, 137 5,587
8 | Lndg Gear. Wt 0.055 2,953 1,100 194 | 4,247
S.L. Thrust/Eng 0o 766 112 44 922
Ext, Tank Dry Wt : 0 - 1,153 8, 399 9, 552
Ext. Tank Prop, Wt 0 0 59 59 -
SRM.Booster Dry Wt N/A (7, 500)*
SRM Booster Prop. Wt 36,39 a7 0 672 719 |
L Indir | Total| Total | = System Cost Sensitivities — ($/1b)
System ‘Element Dry Dry | Wet - Total Total
: : Wt we | Wt - Dev Prod Recur Prog Prog §
Orbiter. 0.30 | 1.30 | 1.37.| 1,073 248 258 1,579 z 8,421 B
External Tank o.| o | o 0 . 0 0 o |B 0 _j
SRM Booster 3.97 | 3.97 | 40.36| 1,710 | 0 24, 454 26,164 | 9| 26,1643
Total 41,73 | 2,783 | 248 |24,712 | 27,743 |E| 34,585|3

*Needed only for costed pound of booster dry weight growth since all solid booster costing
~is based on propellent weight.
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Table 5.4-5

CONFIGURATION C SENSITIVITIES v
(Rocket-Assisted Orbiter with ABody Orbiter)

Effects of One Pound of Ext, Tank in Detailed Design Phase for 500 Flight Program

 Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur Recur Total
(1b/1b) ‘Dev Prod ec Prog
Structure Wt 0 5,441 1,309 | 92 6,842
¢, | Plumbing Wt 0 7,817 2,027 | 1,327 10, 671
:‘g TPS Wt 0 3,011 439 | 2,137 5, 587
8 | Lndg Gear Wt 0 2,953 1,100 194 | 4,247
S.L. Thrust/Eng 0 766 112 44 922
Ext. Tank Dry Wt 0 1,153 8,399 9,552
Ext, Tank Prop. Wt 0 59 59
SRM Booster Dry Wt N/A (7,500)*
SRM Booster Prop. Wt 26,46 47 0 672 719
. Indir Total | Total | - System Cost Sensitivities — ($/1b)
System Element Dry Dry | Wet | ' Total Total
' Wt Wt | Wt Dev Prod Recur Prog | , Prog §
Orbiter 0 0 0 0 0 0 0 E 0 |B
=
External Tank 0 1,00 | 1.00 0 0 0 0 & 9,552 ;g
SRM Booster 2,89 | 2,89 | 29,35 1,244/ 0 17,781 19,025 | o| 19,025 | &
Total ' 30.35| 1,244 0 17,781 19,025 (& 28,577 | S

is based on propellent weight.

.*Needed only for costed pound of booster dry weight growth since all solid booster costing
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Table 5.4-6

CONFIGURATION C SENSITIVITIES '
(Rocket—Ass1sted Orbiter with A Body Orbiter)

Effects of One Pound of Booster in Detailed Design Phase for 500 Flight Program

, ; Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur Recur Total
(Ib/1b)- Dev Prod - Prog
Structure Wt 0 5,441 | 1,309 92 6, 842 ‘
| Plumbing Wt 0 7,317 2,027 1, 327 10, 671
5| TPS Wt 0 3,011 439 | 2,137 5,587
8| Lndg Gear Wt 0 2,953 1,100 194 4, 247
S.L. Thrust/Eng 0 766 112 44 922
Ext. Tank'Dry Wt 0 1,153 8,397 9,552
Ext, Tank Prop. Wt 0 59 59
SRM Booster Dry Wt N/A (7,500)*
SRM Booster Prop. Wt 2.33 47 0 672 719
- Indir { Total | Total System Cost Sensitivities — ($/1b)
System Element Dry Dry | Wet | Total Total
Wt we | wt Dev Prod Recur Prog Prog §
- =
Orbiter 0 0 0 0 0 0 0 |B 0 |E
. . - =
External Tank 0 o | o o | o 0 o |B o |4
SRM Booster 0.30 1,30 | 3.63 110 0 1,565 1,675 | g} 9, 175 g
Total 3. 63 110 | 0 1,565 | 1,675 gl 9,175|8

is based on propellent weight,

~ *Needed only for costed pound of booster dry weight growth since all solid booster costing
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Effects of One

Table 5.5-1

CONFIGURATION D SENSITIVITIES
(Rocket-Assisted Orbiter with A Wing Orbiter)

Pound of Orbiter in Prelim. Design Phase for 500 Flt Program

*Needed only for costed pound of booster dry we1ght growth since a11 solid booster costing is

_based on propellant welght

Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur ‘Recur Total
(Ib/1b) Dev Prod Prog
Structure Wt (Ib) .255 5,250 1,263 89 6,602
& | Plumbing Wt (Ib) 0. 7,302 - 2,028 1,328 1,058
S| TPS Wt (Ib) . 070 3,105 464 2,250 [ 5,819
[ . .
O| Lndg Gear Wt (Ib) . 060 2,890 "1,077 194 4,161
S.L. Thrust/Eng (Ib) 0 766 112 44 922
Ext Tank Dry Wt .27 1,150 8,381 9,531
Ext Tank Prop Wt 16.39 0 0 59 59
SRM Booster Dry Wt (Ib) N/A (7,500)%
SRM Booster Prop Wt (Ib) 41.20 47 0 672 719
. Indir | Total| Total System Cost Sensitivities — ($/1b) .
System Element Dry | Dry | Wet | , Total Total
_ Wit Wit Wit Dev Prod Recur Prog Prog ;
. L. = F=) .
Orbiter 0.45 | 1:45 | 1.63 | 1,730 419 192 | 2,341 E 8,943 ‘é
External Tank 27| 27| 6.66| 310 | 0| 2,640 | 2,950 g« 2,950 | &
. . o
SRM Booster 5.04 | 5.04 |46.24 | 1,936 10| 27,687 | 29,623 | o) 29,623 | &
Total ' '54.53 | 3,976 419 ,30,519 34,914 |£] 41,516 | S
4,395
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Table 5.5-2

CONFIGURATION D SENSITIVITIES
. (Rocket Assisted AWing Orbiter)

Effects of One Pound of Ext Tank in Prelim Design Phase for 500 Flight Program

*Needed only for costed pound of booster dry we1ght growth since all solid booster costing is based

on propellant welght

" Performance Direct Cost Sensitivities — ($/1b)
. Cost Driver Sensitivities Nonrecur Recur Total
: (Ib/1b) Dev Prod Ut | Prog
Structure Wt (Ib) 0 5,250 | 1,263 89 | 6,602
§ Plumbing Wt (Ib) 0 7,302 2,028 1,328 1,058
S| TPS Wt (Ib) 0 3,105 | 464 2,250 | 5,819
[ ' ) :
O | Lndg Gear Wt (Ib) 0 2,890 1,077 194 | 4,161
S.L. Thrust/Eng (lb) 0 766 112 44 922
Ext Tank Dry Wt 0.166 1,150 0 8,381 | 9,531
Ext Tank Prop Wt 3.92 0. 59 59 |
SRM Booster Dry Wt (Ib) N/A (7,500y%
SRM Booster Prop Wt (1b) 25.90 47 0 672 - 719
Indir | Total| Total | System Cost Sensitivities — ($/1b). .
System Element Dry | Dry | Wet Total ‘Total
Wt Wi Wt Dev Prod Recur Prog Prog
_ _ -
Orbiter o| o] o 0 0 0 0| g o |B
External Tank 0.17| 1.17 | 5.09 | 191 0 1,622 | 1,813 | 5| 11,344 %
. ) : u -
SRM Booster 3.17 | 3.17 | 29.07 | 1,217 o | 17,405 | 18,622 | | 18,622 |g
Total 34,16 | 1,408 0 | 19,027 | 20,435 | 3| - 29,966 | &
| 1 & 3
1,408
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(Rocket Assisted Orbiter With AWing Orbiter)

Table 5.5-3
CONFIGURATION D SENSITIVITIES

Effects of One Pound of Booster in Prelim Design Phase for 500. Flight Program

*Needed only for costed pound of booster'dry we1ght growth since all solid booster costing is
based on propellant weight.

: Performance Direct Cost Sens1t1v1t1es —($/Ib) .
Cost Driver . Sensitivities Nonrecur Recur . Total
(Ib/1b) Dev - Prod o Prog
Structure Wt (lb) 0 15,250 1,263 89 6,602
+ | Plumbing Wt (Ib) -0 7,302 2,028 1,328 | 1,058
% TPS Wt (ib) 0 8,105 464 2,250 | 5,819
1 &
O | Lndg Gear Wt (Ib) 0 2,890 1,077 194 4,161 .
.8.L. Thrust/Eng (Ib) 0 766 112 44 922
Ext Tank Dry Wt .019 1,150 8,381 9,531
Ext Tank Prop Wt 0.46 0 59. 59 .
. SRM Booster Dry Wt (Ib) N/A : | (7,500)*
- SRM Booster Prop Wt (Ib) 2.26 47 0, 672 719,
S ' Indir | Total | Total System Cost Sensitivities — $/1b)
System Element Dry Dry. | Wet ‘ : . Total ~ Total
. Wt [ Wt Wt Dev - ‘Prod .I.{ecuru . .Prog Prog |
Orbiter 0 0 -0 0. . 0 0 .0 | B 0lg|
. . R ..}
External Tank .02 | .46 | .47 22 0 | 186 208 g 208 | &
SRM Booster 0.33 | 1.33 | 3.59 106 0 1,519 1,625 | ol 9,125 | 8
) . , I _ = : of - @ .
Total 4,06 128 0 1,705 1,833 | £| 9,333 | g
128
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Table 5.5-4
CONFIGURATION D SENSITIVITIES
(Rocket Assisted Orbiter With AWing Orbiter)

Effects of One Pound of Orbiter in Detailed Design Phase for 500 Flight Program

*Needed only for costed pound of booster dry weight growth since all solid booster costing is
based on propellant weight.

Performance Direct Cost Sensitivities — (§/1b)
Cost Driver Sensitivities Nonrecur - Recui' Total
(Ib/1b) Dev Prod Prog
Structure Wt (Ib) .255 5,250 1,263 89 | 6,602
| ;, Plumbing Wt (Ib) 0 7,302 2,028 | 1,328 | 1,058
§ TPS Wt (Ib) . 070 3,105 464 2,250 | 5,819
&~ ’ ’ :
S| Lndg Gear Wt (Ib) . 060 2,890 1,077 194 | 4,161
S.L. Thrust/Eng (Ib) 0 766 112 44 922
Ext Tank Dry Wt 1,150 8,381 | 9,531
Ext Tank Prop. Wt 0 59 59
' SRM Booster Dry Wt (Ib) N/A ~ (7,500)*
SRM Booster Prop. Wt (ib) | 48.10 47 0 672 719 .
Indir | Total| Total| System Cost Sensitivities — ($/1b) ‘
System Element ‘Dry | Dry | Wet ' - ' ~ Total Total
wt | wt | we | D¢V Prod Recur | prog Prog |
- B
Orbiter 0.45 | 1.45 | 1.63 | 1,730 419 192 | 2,341 || 8,043 ”
. External Tank 0 0 0 0 0 0 o |2 o &
SRM Booster 5,47 | 5.47 | 53.57 | 2,261 0 32,323 | 34,584 'f 34,584 | 3
Total 55.20 | 3,991 419 | 32,515 | 36,925 E 43,527 §
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Table 5.5-5

- CONFIGURATION D SENSITIVITIES -
(Rocket Ass1sted Orbiter With Ang Orbiter)
Effects of One Pound of Ext Tank 1n Detailed Des1gn Phase for 500 Flight Program.

*Needed only for costed pound of booster dry We1ght growth since all solid booster costing is

based on propellant weight.

R Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sersitivities Nonrecur Recur Total
- (Ib/1b) Dev Prod : Prog
' Structure Wt (Ib) 0 5,250 1,263 89 6,602
& | Plumbing Wr (Ib) 0 7,302 2,028- | 1,328 | 1,058
F | TPS Wt (Ib) 0 3,105 464 2,250 | 5,819
=~
O | Lndg Gear Wt (Ib) 0 2,890 1,077 194 | 4,161
S.L. Thrust/Eng (Ib) 0 766 112 44 922
Ext Tank Dry Wt 0 1,150 8,381 | 9,531
Ext Tank Prop. Wt 0 o 0 59 59
' SRM Booster Dry Wt (Ib) ' N/A . | (7,500) %
. SRM Booster Prop. Wt (lb) 30.20 47 L0 672 719
, Indir | Total| Total System Cost Sensitivities —($/ 1b)
" System Element Dry | Dry | Wet - Total Total
o wt | wt | owt | DV Prod Rec‘uf Prog Prog
Orbiter 0 0| o 0 0 0 0 ¥ 0=
External Tank - 0 .f 1.00 | 1.00 0 0 0 o0 |35l 9,831 3
SRM Booster | .3.44 | 3.44 |33.64 | 1,420 0 | 20,294 | 21,714 g 21,714 | 3
[
Total 34.64 | 1,420 0 | 20,294 | 21,714 é’ 31,245 | 2
o o O
1420 '




LE=S

Table 5.5-6

CONFIGURATION D SENSITIVITIES _
. (Rocket Assisted Orbiter With AWing Orbiter) -

" Effects of One Pound of Booster in Detailed Design Phase for 500 Flight Program

*Needed only for costed pound of booster dry ‘weig‘ht growth since all solid booster costing ié ,

based on propellant weight.

, Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur " Recur | Total
o (Ib/1b) Dev Prod Prog-
Structure Wt (Ib) 0 5,250 1,263 89 | 6,602
o, | -Plumbing Wt (Ib) 0 7,302 12,028 | 1,328 | 1,058
% TPS Wt (Ib) , 0 3,106 | 464 2,250 | 5,819
8| Lndg Gear Wt (ib) | 0 2,890 1,077 194 | 4,161
S.L. Thrust/Eng (Ib) 0 766 112 44 922
Ext Tank Dry Wt~ 0 1,150 8,381 | 9,531
~ Ext Tank Prop. Wt 0 0 59 59
_ SRM Boostér Dry Wt (Ib) N/A (7,500)*
' SRM Booster Prop. Wt (lb) 2.76 47 0 672 719
: Indir | Total | Total | System Cost Sensitivities ~ ($/1b) .
System Element Dry Dry | Wet Total Total
| o Wt Wt | Wt Dev Prod Recur Prog Prog | |
" Orbiter o | o 0 0 0 0 0 |z 0 E
External Tank - 0 o | o0 0 0 0 0 | 0 5
SRM Booster 0.36 ] 1.36 | 4.12 | - 130 0 1,854 | 1,984 |8 9,484 | g
Total 14.12 | .130. 0 1,854 | 1,984 || 9,484 %
] A & o
130




Table 5.5-7

CONFIGURATION D SENSITIVITIES
(Rocket Assisted Orbiter With AWing Orbiter) '
Effects of One Pound of Orbiter in Prelim Design Phase for 250 Flight Program

Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur Recur Total
(Ib/1b) Dev Prod Prog
Structure Wt (Ib) .255 5,792
. | Plumbing Wt (Ib) 0 8,776
g TPS Wt (lb) | 070 4,414
O | Lndg Gear Wt (lb) . 060 3,417
S.L. Thrust/Eng (Ib) ‘0 828
Ext Tank Dry Wt 27 5,810
Ext Tank Prop. Wt 6.39 30
~ SRM Booster Dry Wt (lb) N/A (5,250) *
" SRM Booster Prop. Wt (1b) 41,20 411
System Element I!II)(:‘I; Tgﬁgl -’I‘;‘?;?l ' DSystem Cost Sensitivities — ($/1’ll)‘z>ta1 Total
wt | wt | wt ev Prod Recur | poog Prog | _
Orbiter 0.45 | 1.45| 1.63 1,991 |g| 7,793 z
External Tank .27 | .27 6.66 1,760 g 1,760 g-
SRM Booster 5.04 | 5.04 [41.24 16,933 | S| 16,933 e
Total 54.53 20,684 g 26,476 | B
: )

*Needed only for costed pound of booster dry we1ght growth since all solid booster costing is

based on propellant we1ght
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Table 5.5-8

: CONFIGURATION D SENSITIVITIES

(Rocket Assisted Orbiter With AWing Orbiter)

Effects of One Pound of Ext Tank in Prelim Design Phase for 250 Flight Program

_ ~ Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur Recur | Total
L (Ib/1b) Dev Prod Prog
Structure Wt (1b) 0 5,792
«, | Plumbing Wt (ib) 0 8,776
‘ § TPS Wt (Ib) 0 4,414
2 .
O | Lndg Gear Wt (ib) : 0 3,417
S.L. Thrust/Eng (Ib) 0 828
Ext Tank Dry Wt .166 5,810
Ext Tank Prop. Wt. 3.92 30
SRM Booster Dry Wt (Ib) : (5,250)*
SRM Booster Prop. Wt (Ib) 25.90 411
Indir | Total | Total System Cost Sensitivities — ($/1b)- ' '
System Element Dry | Dry Wet ; Total . Total
wt | wt | we |De Prod Reelr | prog | | Prog |g
Orbiter 0 |y 0|3
External Tank 1,082 | 5| 6,802 -
SRM Booster 10,645 | 8| 10,645 %
Total 11,727 & 17,537 |©

*Needed only for costed pound of booster dry weight growth since a11 sol1d booster costing is

based on propellant weight.
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Table 5.5-9

CONFIGURATION D SENSITIVITIES
(Rocket Ass1sted Orbiter With AWing Orbiter)

Effects of One Pound of Booster in Prelim Design Phase for 250 Flight Program

[4

Preliminary Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur Recur Total
(Ib/1b) Dev Prod Prog
Structure Wt (1b) 5,792
% Plumbing Wt (Ib) 8,776
= | TPS Wt (Ib) v 4,414
- o
O| Lndg Gear Wt (lb) 3,417
S.L. Trhsut/Eng (Ib) 828 |
Ext Tank Dry Wt .019 5,810
'Ext Tank Prop. Wt 0.46 30
SRM Booster Dry Wt (lb) (5,250)*
SRM Booster Prop Wt (Ib) 2.26 411

Indir | Total | Total

System Cost Sensitivities — ($/1b)

.System_ Element Igvrg ]‘)Vrgr \‘?)chit» Dev .Pr od Recur Total E . Total
Orbiter . o |8 0
External Tank | 124 |8 124
SRM Booster 929 E 6,179
Total 1,053

6,303

Costed Input Wt

*Needed only for costed pound of booster dry welght growth since all solid booster costing is based

on propellant weight.
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‘Table 5.5-10

CONFIGURATION D SENSITIVITIES
(Rocket-Assisted Orbiter with 4 Wing Orbiter)

‘Effects of One Pound of Orbiter in Detailed Design Phase for 250 Fit Program

Performance

; Direct Cost Sensitivities — ($§/1b)
Cost Driver Sensitivities Nonrecur Recur Total
(Ib/1b) Dev Prod Prog
Structure Wt (Ib) .255 5,792
& | Plumbing Wt (Ib) 0 8,776
§ TPS Wt (Ib) .070 4,414
O | Lndg Gear Wt (Ib) - .060 3,417
S.L. Thrust/Eng (1b) 0 828
Ext Tank Dry Wt 5,810
Ext Tank Prop Wt 30.
SRM Booster Dry Wt (lb) N/A - (5, 250) [
SRM Booster Prop Wt (Ib) 48,10 411
_ o Indir Total |Total System Cost Sensitivities — ($/1b)
System Element Dry Dry | Wet ‘ Total Total
S Wt Wt Wt Dev Prod Recur Prog Prog §
Orbiter 1,991 ?_, 7,783 |§
: o = - 1.8
External Tank 0 ,g- 0 -
SRM Booster 19,769 | @ 19,769 |3
Total 21,760 |& | 27,552 |8

based on propellant weight.

*Needed only for costed pound of booster dry weight growth since all solid booster costing is
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Table 5.5-11

CONFIGURATION D SENSITIVITIES
(Rocket-Assisted Orbiter with A Wing Orbiter)

~ Effects of One Pound of Ext Tank in Detailed Design Phase for 250 Flt Program

" Performance Direct Cost Sensitivities — ($/1b)

Cost Driver Sensitivities Nonrecur Recur Total

(ib/1b) Dev Prod Prog

Structure Wt (lb) 5,792

H Plumbing Wt (1b) 8,776

% TPS Wt (Ib) N 4,414

O | Lndg Gear Wt (lb) 3,417

S.L. Thrust/Eng (lb) 828

' Ext Tank Dry Wt ' 5,810

Ext Tank Prop Wt 30

SRM Booster Dry Wt (Ib) N/A 5, 250"
" SRM Booster Prop Wt (lb) 80,20 ° 411
E s Indir Total| Total| . System Cost Sensitivities — ($/1b)
System Element Dry .Dry. | Wet ' .Total Total
' Wi wi | wt | D¢V Prod | Recur Prog Prog "
b

Orbiter 0 E 0 aé
External Tank 0 g 5,810 |8
SRM Booster 12,412 | g | 12,412|8
Total 12,412 | 5 | 18,222|8

*Needed only for costed pound of booster dry weight growth since all solid booster costing is

based on propellant weight.




Table 5.5-12
CONFIGURATION D SENSITIVITES
(Rocket-Assisted Orblger with A Wing Orbiter)

Effects of One Pound of Booster in Detailed Design Phase for 250 Flt Program

Direct Cost Sensitivities — ($/1b)

f Performance
Cost Driver .Sensitivities Nonrecur " Recur Total
(1b/1b) Dev Prod Prog
Structure ‘Wt (lb) 5,792
g Plumbing W‘t (b) \ 8,776
g TPS Wt (Ib) 4,414
& | Lndg Gear Wt (b) 3,417
S.L. Thrust/Eng (lb) 828
Ext Tank Dry Wt 5,810
- . Ext Tank Prop Wt 30
SRM Booster Dry Wt (Ib) N/A - (5, 250)*
SRM Booster Prop Wt (1b) 2,76 411
' Indir | Total | Total System Cost Sensitivities — ($/1b) ,
System Element Dry Dry Wet Total Total
| Wi we | we [PV Prod | Recur | prog Prog |«
Orbiter 0 z 0 é
External Tank o |B 0 _'g
SRM Booster 1,134 8 6,384 |2
Total 1,134 | & 6,384 |8

*Needed only for costed pound of booster dry weight growth since all solid booster costing is

based on propellant welght
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Table 5.5-13

CONFIGURA TION D SENSITIVITIES
(Rocket-Assisted Orbiter with A ng Orb1ter)

Effects of One Pound of Orbiter in Prelim Design Phase for 750 F1t Program

Performance Direct Cost Sensitivites — ($/1b) :
Cost Driver . Sensitivities Nonrecur Recur Total
‘ (Ib/1b) Dev Prod Prog
Structure Wt (1b) . 255 7, 688
¢, | Plumbing Wt (1b) 0. . 1 13,019
% TPS Wt (lb) 070 7,328
8 | Lndg Gear Wt (ib) .060 5,152
S. L. Thrust/Eng (lb) 0 1,049
Ext Tank Dry Wt .27 12,945
Ext Tank Prop Wt 6.39 87
~SRM Booster Dry Wt (Ib) . N/A (9, 750) ¢
SRM Booster Prop Wt (lb) 41,20 1,019
: |Indir | Total | Total | System Cost Sensitivities — ($/1b)
System Element Dry Dry | Wet ' : Total Total

Wt wt | Wt Dev Prod Recur Prog Prog =

Orbiter .| 2,783 % 10,471 5

. B8 : 2

External Tank L 4,051 & 4,051 =

SRM Booster 41,983 | g 41,988| 2

- Total 48,817 | & 56, 505| 3

on propellant weight.

*Needed only for costed pound of booster dry we1ght growth since all solid booster costmg is based
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Table 5.5-14

CONFIGURATION D SENSITIVITIES _
(Rocket-Assisted Orbiter with A Wing Orbiter)

 Effects of One Pound of Ext Tank in Prelim Design Phase for 750 F1t Program

Performance

Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur Recur Total
(1b/1b) Dev Prod | Prog
Structure Wt (Ib) 0 7,688
& | Plumbing Wt (Ib) 0 13,019
H.| TPS Wt (b) 0 7, 328
8 Lndg Gear Wt (lb) 0 5,152
S.L. Thrust/Eng (lb) 0 1,049
Ext Tank Dry Wt .166 12, 945
- Ext Tank Prop wt 3,92 87
* SRM Booster Dry Wt (1b) - (9, 750)*
. SRM Booster Prop Wt (1b) 25,90 - 1,019
. ‘ Indir | Total | Total System Cost Sensitivities — ($/1b)
System Element Dry Dry | Wet Total Total
: Wt Wt Wt Dev Prod Recur Prog Prog §
Orbiter- 0 E é
External Tank 2,490 E‘ 15,435 5
'SRM Booster 26,392 | ¢ | 26,392 |3
Total 28,882 | £ | 41,827 |8

~ *Needed only for costed pound of booster dry weight growth since all solid booster costing is

. based -on propellant weight.
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Table 5.5-15

CONFIGURATION D SENSITIVITIES |
(Rocket-Assisted Orbiter with A Wing Orbiter)

Effects of One Pound of Booster in Prelim Design Phase for 750 Flt Program

2,590

Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur Recur Total
: (1b/1b) Dev . Prod Prog
Structure Wt (1b) 7,688
ty | Plumbing Wt (b) 13,019
5 | TPS Wt (Ib) 7,328
8 | Lndg Gear Wt (lb) 5, 152
S.L. Thrust/Eng (ib) 1, 049
Ext Tank Dry Wt .019 12, 945
Ext Tank Prop Wt 0.46 87
SRM Booster Dry Wt (Ib) - (9, 750)
SRM Booster Prop Wt (Ib) 2.26 1,019
Tndir | Total | Total System Cost Sensitivities — ($/1b)
" System Element Dry - | Dry | Wet Total Total
Wt} Wt Wt Dev .Prod_ Recur Prog Prog §
-~
Orbiter 0 E o |8
B 5 .
External Tank 286 | & 286 5
SRM Booster 2,304 |g | 12,054 |3
Total & | 12,310 (8

*Needed only for costed pound of booster dry weight growth since all solid booster costing is

based on propellant weight.
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Table 5.5-16

CONFIGURATION D SENSITIVITIES
(Rocket-Ass1sted Orbiter with A Wing Orb1ter)
Effects of One Pound of Orbiter in Detalled Design Phase for 750 Flt Program

Performance Direct Cost Sensitivities — ($/1b) |
Cost Driver Sensitivities Nonrecur Recur Total
' (1b/1b) Dev Prod Prog
Structure Wt (Ib) .255 7, 688.
y " Plumbing Wt (lb) 0 118,019
.| TPS Wt (lb) . 070 7,328
8 | Lndg Gear Wt (1b) . 060 5,152
'S, L. Thrust/Eng (1b) 0 1,049
Ext Tank Dry Wt 12,945
Ext Tank Prop Wt 87
' SRM Booster Dry Wt (Ib) (9, 750)*
~ SRM Booster Prop Wt (Ib) 148,10 1,019
Indir Total Total | System Cost Sensitivities — ($/1b) ‘
System Element Dry Dry Wet Total Total ‘
Wt Wi Wt Dev Prod Recur Prog Prog §
o )
Orbiter c2,783(% | 10,471(%
_ s 1T ,
External Tank 0 § 0 :5
SRM Booster 49,014 | 9 49,014 | 2
© Total 51,797 [& | 59,485 |3

‘*Needed only for costed pound of booster dry welght growth since all solid booster costing

is based on propellant weight.




gh=G

Table

5.56-17

CONFIGURATION D SENSITIVITIES
(Rocket-Assisted Orbiter with. A Wing Orbiter
Effects of One Pound of Ext Tank'in Detailed Design Phase for 750 F1t Program

30,774

438,719

Performance Direct Cost Sensitivities — ($/1b)
Cost Driver Sensitivities Nonrecur Recur Total
(1b/1b) Dev Prod Prog
Structure Wt (1b) 0 7,688
| Plumbing Wt (b) - 0 113,019
S| TPS Wt (1b) 0’ 7,328
8| Lndg Gear Wt (ib) 0 5,152
S.L. Thrust/Eng (lb) 0 1,049
. Ext Tank Dry Wt 0 12, 945
Ext Tank Prop Wt 0 87
SRM Booster Dry Wt (lb) © N/A (9, 7T50)[*
SRM Booster Prop Wt (lb) 30.20 1,019
- Indir | Total| Total| System Cost Sensitivities — ($/1b)
System Element Dry Dry| Wet - Total Total '
Wt Wt Wt Dev Prod Recur Prog Prog §
Orbiter 0 % o |3
External Tank 0 E 12,945|8
SRM Booster 30,774 | @ | 80,774 %
Total | & 8

*Needed only for costed pound of booster dry weight growth since all solid booster costing

is based on propellant weight.
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Table 5.5-18

CONFIGURATION D SENSITIVITIES
(Rocket-Assisted Orbiter with A Wing Orbiter)

Effects of One Pound of Booster in Detailed Design Phase for 750 Flt Program

L Performance Direct Cost Sens1t1v1t1es - ($/1b)
Cost Driver Sensitivities Nonrecur Recur Total
' © (Ib/1b) Dev Prod Prog
Structure Wt (lb) 0 7,688
5 Plumbing Wt (ib) 0 13,019
2 | TPs Wt (Ib) .0 7,328
8 Lndg Gear Wt (lb) 0 5,152
S.L. Thrust/Eng (lb) 0. 1,049
Ext Tank Dry Wt 0 12, 945
Ext Tank Prop Wt -0 87
"~ SRM Booster Dry Wt (lb) N/A (9, 750)|*
" SRM Booster Prop Wt (Ib) 2.76 1,019
Indir | Total | Total System Cost Sensitivities — ($/1b)
System Element Dry | Dry | Wet Total Total
. . Wt - wi | wi |Dev - Prod Recur Prog Prog s
Orbiter 0 % ‘é
External Tank . ‘ 0 E« 5
SRM Booster- 2,812 @ 12,562 %
Total ‘ 2,812 & | 12,562|8

“*Needed only for costed pound of booster dry we1ght growth since all solid booster costing is

based on propellant weight.




0§-6

CONFIGURATION E SENSITIVITIES

Table 5.6-1

Effects of One Pound of Orbiter in Preliminary Design Phase for 500 Flight Program

Performance Direct Cost Sensitivites ($/1b)
Sensitivities Nonrecurring Total
Cost Driver. (Ib/1b) Dev Prod | Recur | Prog
& | Structure Wt (1b) 0.452 5,425 | 1,311 90 6,826
2 | Plumbing Wt (Ib) 0.056 7,420 [ 2,040 | 1,300 | 10,760
2 | TPS Weight (lb) 0.090 3,168 477 2,213 5,858
O | Landing Gear Wt (Ib) 0.076 3,350 | 1,230 110 4,690
d | Ext Tank Dry Wt 0.498 1,400 0| 9,58 | 10,982
& | Ext Tank Prop Wt 10. 02 0 0 59 59
Structure Wt 4,94 2,956 323 285 3,564
“ Plumbing Wt 10.311 4,421 931 756 6,108
S | TPS Wt _ 0. 064 527 580 440 1,547
@ | Landing Gear Wt 0.331 2,642 535 - 452 3,629
é Main Eng Thrust/Eng* 4.30 1,091 284 235 1,610
ABES Eng Thrust/Eng 0.268 4,347 12,042 | 1,054 7,443
Booster Prop Wt 21,88 0 0 59 59
Indir Total | Total System Cost Sensitivities ($/1b) | .
. Dry Dry | Wet | Total | £ | Total | &
Vehicle Element Wt . Wt Wt Dev Prod | Recur Prog § Prog §
Orbiter 0.852 1.852 2.04 3,407 | - 843 322 4,572 | § | 11,398 5
External Tank 0.498 0.498-] 10.52 697 0. 5,363 6,060 g' 6,060 §' :
Booster 6.78 6.78 | 28.66 22,742 | 3,868 4,405 31,015 ° 31,015 —
Total 41.22 26,846 | 4,711 10,090 41,647 E 48,473 %
. ) 2

*Both Orbiter ahd Booster Engine Thrust changed together




Table 5.6-2
CONFIGURATION E SENSITIVITIES

Effects of One Pound of External Tank in Preliminary Design Phase for 500 Flight Program

66

Performance Direct Cost Sensitivities ($/1b)
‘ Sensitivities Nonrecurring Total
Cost Driver (Ib/1b) Dev Prod |Recur. Prog
& | Structure Wt (Ib) 0.095 B 5,425 | 1,311 90 6,826
& | Plumbing Wt (Ib) 0.035 7,420 | 2,040 | 1,300 | 10,760
2 ‘| TPS Weight (1b) 0.012 3,168 477 2,213 | 5,858
O | Landing Gear Wt (lb) 0.011 3,350 1,230 110 4,690
"é Ext Tank Dry Wt 0.319 - 1,400 0 9,582 10,982
&~ | Ext Tank Prop Wt 6.41 0 0 © 59 59
Structure Wt 3.12 2,956 323 285 3,564
Plumbing Wt 0.197 4,421 931 756 6,108
& | TPs Weight , 0.041 527 580 440 | 1,547
VOJ Landing'_‘Gear Wt - 0.209 ' 2,642 535 452 3,629 |
& | Main Eng Thrust/Eng* ' 2,72 - 1,091 - 284 235 1,610
M | ABES Eng Thrust/Eng 0.167 4,547 | 2,042 1,054 7,443
Booster Prop Wt - - 13.83 - - 59 59
‘ Indir Total | Total | _System Cost Sensitivities ($/1b) | .
Dry Dry Wet Total |5 | Total
Vehicle Element Wt - Wt | Wt ‘Dev Prod | Recur Prog g, Prog
Orbiter 1 0.27 0.27 0.29 850 215 82 1,147 8 1,147
External Tank 0.32 1.32 | 7.73 447 0 3,881 4,328 é‘ 15,310
Booster 4.29 4,29 | 18.12 14,369 2,445 2,784 19,598 ° 19,598
Total - 26.14 15,666 2,660 6,747 25,073 E 36,055

*Both Orbiter and Booster Engine Thrust changed together

Costed Input Weight




Table 5.6-3
- CONFIGURATION E SENSITIVITIES

Effects of One Pound of Booster in Preliminary Design Phase for 500 Flight Program

A%t

Performance : Direct Cost Sensitivities ($/1b)
Sensitivities : Nonrecurring Total
Cost Driver o (Ib/1b) Dev Prod | Recur Prog
- 4 | Structure Wt (ib) 0.0175 5,425 | 1,311 90 | 6,826
£ ) Plumbing Wt (Ib) 0.0065 7,420 | 2,040 | 1,300 | 10,760
2 | TPS Weight (Ib) 0.0023 3,168 477 | 2,213 | 5,858
O | Landing Gear Wt (lb) 0.0020 3,350 | 1,230 110 | 4,690
H | Ext Tank Dry Wt 0.0657 - 1,400 o| 9,582 | 10,982
= | Ext Tank Prop Wt 1.32 ‘ ol - .0 59 59
Structure Wt 0.352 - - 2,956 323 285 | 3,564
Plumbing Wt 0.0362 | 4,421 931 756 | " 6.108
§ | TPS Weight 0.0074 527 580 | 440 1,547
@ | Landing Gear Weight 0.0775 2,642 535 | 452 | 3,629
8 | Main Eng Thrust/Eng* 0.566 | 1,091 284 | 235 | 1,610
M | ABES Eng Thrust/Eng 0.0629 | 4,347 | 2,042 | 1,054 | 7,443 |
Booster Prop Wt 1.705 - - 59 59
Indir ‘Total | Total System Cost Sensitivities ($/1b) | ., :
Dry Dry Wet [ ' - Total 'gp Total
Vehicle Element - - wt Wt Wt Dev Prod- | Recur Prog - 'g Prog
Orbiter 10.05 1.05 | 0.05 | 157 -40| 15| @ 212|%B 212
External Tank 10,07 | 0.07 | 1.39 92 o 707 799 | & 799
Booster 0.66 1.66 ‘| '3.36- | 2,300 482 466 | 3,248 | o | 6,812
Total . - |- 4.80 2,549 522 | 1,188 | 4,259 E 7,823

*Both Orbiter and Booster Engine Thrust changed together

Costed Input Weight
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Table 5.6-4 , _
CONFIGURATION E SENSITIVITIES -

Effects of One Pound of Orbiter in Detailed Design Phase for 500 Flight Program

4

Performance Direct Cost Sensitivities ($/1b)
' , Sensitivities Nonrecurring Total
Cost Driver (Ib/1b) Dev Prod | Recur Prog -
. | Structure Wt (Ib) 0.302 5,425 | 1,311 90 | 6,826
& | Plumbing Wt (lb) 0 7,420 | 2,040 | 1,300 | 10,760
2 | TPS Weight (Ib) _ 0.070 3,168 477 ;1 2,213 5,858
O | Landing Gear Wt (Ib) 0.059 3,350 | 1,230 ‘ 110 4,690
d | Ext Tank Dry Wt 2.039 1,400 0| 9,582 | 10,982
& | Ext Tank Prop Wt 40.78 0 0 59 59
| Structure Wt 0 2,956 328 285 | 3,564
Plumbing Wt 0 4,421 931 756 6,108
8 | TPS Weight 0 527 580 440 1,547
~ @ | Landing Gear Wt 0 2,642 535. 452 3,629
& | Main Eng Thrust/Eng. 0 1,091 | 284 | 235 | 1,610
-1 ABES Eng Thrust/Eng - 0 4,347 1 2,042 . 1,054 7,443
Booster Prop Wt -2.06* ‘
Indir Total{ Total | System Cost Sensitivities (3/1b) | = b
' Dry | Dry Wet Total | &0 | Total '%f :
Vehicle Element wt SWE L Wt Dev Prod | Recur | Prog § Prog |&|.
. ; =
Orbiter 0.43 1.43 | 1.58 2,058 502| 188 | -2,748| 8 | 9,574 g.
External Tank 2,04 2.04 | 42,82 2,855 021,943 24,798 .? 24,798
Booster 0 0 -2.06%* 0 S0 0 0| g .0 '§
Total 42.34 4,913 502 | 22,131 27,546 ’:c 34,372 a
. : 3
. *Reduced JP54 flyback fuel because of lower staging velocity, cost savings neglected
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CONFIGURATION E SENSITIVITIES

Table 5.6-5

Effects of One Pound of External Tank in Detailed Design Phase for 500 Flight Program

Performance Direct Cost Sensitivities ($/1b)
Sensitivities Nonrecurring A Total
Cost Driver (b/1b) Dev Prod | Recur Prog
& | Structure Wt (lb) "0 5,425 | 1,311 90 6,826
& | Plumbing Wt (Ib) 0 - 7,420 | 2,040 | 1,300 | 10,760
2 | TPS Weight (Ib) 0 3,168 | 477 | 2,213 5,858
O | Landing Gear Wt (lb) 0 3,350 | 1,230 110 | 4,690
4 | Ext Tank Dry Wt - 1.281 1,400 o| 9,582 | 10,982
& | Ext Tank Prop Wt 25.60 0 -0 59 59
Structure Wt 0 2,956 323 285 3,564
' Plumbing Wt 0 4,421 931 756 6,108
8 | TPS Weight 0 527 580 440 1,547
@ Landing Gear Wt 0 2,642 535 452 3,629
& | Main Eng Thrust/Eng 0 1,091 |- 284| 235 1,610
M | ABES Eng Thrust/Eng 0 - 4,347 | 2,042 1,054 | 7,443
Booster Prop Wt -1.29% -
Indir Total | Total | System Cost Snesitivities ($/1b) | o g
. Dry Dry Wet » Total |5 | Total |2
Vehicle Element Wt Wt wt Dev Prod | Recur Prog g' Prog §
. : whad
Orbiter 0 0 0 0 0 0 ol 8 0 é’.
External Tank 1.28 2.28 |27.88 1,793 013,785 | 15,578| § | 26,560
Booster 0 0 |-1.29% 0 0 0] . 0l o |- 0%
Total 26.59 1,993 0] 13,785 15,5785 26,560| @
: &

*Reduced JP-4 flyback fuel because of decreased staging velocity, cost savings neglected
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CONFIGURATION E SENSITIVITIES

Table 5.6-6

- 'l'w'.'

Effects of One Pound of Booster in Detailed Design Phase for 500 Flight Program

Direct Cost Sensitivities ($/1b)

Performance
Sensitivities Nonrecurring Total
Cost Driver (Ib/1b) ~ Dev Prod- | Recur Prog
. | Structure Wt (ib) 0 5,425 | 1,311 90 6,826
2 | Plumbing Wt (lb) 0 7,420 | 2,040 | 1,300 | 10,760
2 | TPS Weight (b). 0 3,168 477} 2,213 5,858
© | Landing Gear Wt (Ib) 0 3,350 | 1,230 110 4,690
'§ Ext Tank Dry Wt 0.148 1,400 o] 9,582 | 10,982
& | Ext Tank Prop Wt 2.951 0 0 59 59
Structure Wt 0.325 2,956 323 285 3,564
Plumbing Wt 0 4,421 | 931 756 6,108
§ | TPS Weight 0 527 580 440 1,547
@ | Landing Gear Wt 0.0727 2,642 535 452 3,629
& | Main Eng Thrust/Eng 0 1,091 284 235 1,610
A | ABES Eng Thrust/Eng 0. 054 4,347 | 2,042| 1,054 | 7,443
Booster Prop Wt -0.10%* g
Indir Total | Total | System Cost Sensitivities ($/1b) 3 ' =
Dry Dry Wet Total | & [ Total | &
Vehicle Element Wt Wt Wt Dev Prod Recur | Prog g Prog | &
=)
: -
Orbiter 0 0 0 -0 0 0 o 3 0 E
External Tank 0.15 0.15 3.10 207 0 | 1,592 1,799 | 8 | 1,799 =
Booster 0.49 1.49 1.38 1,388 254 182 1,824 | 8| 5,388 @
Total 4,48 1,595 254 | 1,774 3,623 | & | 7,187| %
_ (&)
ot

*Reduced JP—4 flyback fuel because of decreased staging velocity, cost savings neglected.






