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Section 1

INTRODUCTION

In the performance of this contract, Chrysler conducted various studies
to evaluate advanced technology relative to chemical upper stages and orbit-
to-orbit stages. The objectives of these studies were essentially three-
fold: 1) to provide NASA with data to provide a quantitative basis for making
decisions for future allocation of available resources in the continuing
development of propulsion technology, 2) parametric data for use in other
studies, and 3) quantitative information to be used in the selection and
direction of other studies.

To meet the objectives of this contract, three different tasks were
undertaken. Two of these tasks (1 and 3) were small in nature, and dealt
entirely with the modification and documentation of the stage sizing computer
program developed for a use in contract NAS7-790(1), while the third and
main task (Task 2) of this contract dealt primarily with the application of
the computer program in accomplishing various task assignments made by NASA.
Six work orders (summarized in table 1-1) were assigned by NASA under Task
2. Analytical studies were performed under each of these assignments, with
the exception of work orders 3 and 4, which called for additional computer
program modifications.

Under Task 1, a cost model, developed specifically for preliminary
design tradeoff studies and long-range program cost projections, was included
in the stage sizing computer program. This permitted parametric sensitivity
and optimization analyses to be performed on the basis of cost as well as
weight during Task 2.

Although the majority of the effort expended under this contract was
associated with the development of analytical data under Task 2, Work Orders
3 and 4 involved the modification of the computer program. The objectives
of these two assignments were to provide the capability to handle other
types of potential propellants. Under these work orders the thermal
routines in the sizing program were modified to permit the use of storable
propellants, and 14 new monopropellant stage geometries were added to the
sizing program.

Documentation of the Tasks and Work Orders, which were concerned with
the sizing program itself, has been included in the program utilization
report under Task 3, and published as two separate reports (2, 3).

3



Table 1-1. Task 2 Work Orders

e
Sra——r ey

Work Order Description of Work

1 Developed LH)/LOX stage data

2 Developed data to indicate stage sgnéitiyigy to engine
tolerances -

3 Modified thermal routines to accomodate storable
propellants

4 Added stage geometries.to computer program for mono-

propellant configurations

5 . Determined the relative gain obtainable through
improvement of stage mass fraction.

6 ‘ Studied future propulsion concepts.

The work conducted under the remaining four work orders (1, 2, 5 and 6)
issued for Task 2, quantitatively assessed the merits’ of advances in various
technologies related to improved performance of space vehicles. The results
of the analyses conducted under these work orders are contained in this

report.

The purpose of Work Order 1 (of Task 2) was to assess the merits of
technology advances in space propulsion in the areas of increased chamber
pressures and reduced engine weight. This was accomplished by developing a
set of general data which covered a wide range of engine specific impulses
and weights, and stage sizes. In addition, more detailed analyses were
undertaken to determine the implications of ultra-high chamber pressures
(up to 10,000 psi), moderate increases in chamber pressures (up to 3,000 psi)
and the reduction of engine weight.

At the completion of Work Order 1, it was mutually decided that it would
be advantageous to investigate other methods to improve the mass fraction of
a stage. Such investigation provided a comparison of the various means of
increasing stdge performance, Therefore, Work Order 2, ''Stage Sensitivity
to Engine Tolerances' was replaced with two additional work orders- (5 and 6),

Under Work Order 5, "Relative Gains Obtainable Through Improvement of
Mass Fraction,' a set of quantitative data was developed to show the relative
gains which might be realized through the use of more advanced structural
material, a reduction in subsystem weights, etc.,

The purpose of the last work order (6), was to determine the relative
merits of various distant future propulsion concepts, such as the use of
metallic and atomic hydrogen, activated oxygen and compounds of activated
helium, and metastable activated helium. However, because thermochemical
property data for these propellants were difficult to obtain, it~waslpossib1e

to investigate only two of these propellants: metallic hydrogen and activated
‘helium.



The results of the analyses of these future propellants, as well as the
results of the other analytical work conducted under Task 2, are presented in
the remainder of this report.



Section 2

TASK 2 - WORK ORDER 1,
LOX/HYDROGEN STAGE DATA

2.1 GENERAL

The objective of this work order was to provide quantitative data which
could be used in assessing the merits of technology advances in space pro-
pulsion, such as increases in chamber pressure, or decreases in engine weight.
This was accomplished by the development of general data for a range of
specific impulses and engine weights and several different missions. In
addition, more detailed data were developed for ultra-high chamber-pressure
increases, moderate chamber-pressure increases, and reductions in engine
weights. These data are discussed in sections 2.2 through 2.5.

2.2 GENERAL LOX/HYDROGEN STAGE DATA

A set of generalized parametric data was developed for LOX/Hydrogen
stages which relates engine specific impulse and weight to stage size and
cost. These data: .are presented for a wide range of specific impulses and
engine weights, and for three missions having different constraints. The
three missions considered were: 1) earth orbit to synchronous orbit and
return; 2) a single-burn Mars planetary orbit insertion; and 3) a two-burn
Mars planetary mission.

Data presented in these generalized curves can be used to evaluate any
technology advancement which will result in an improvement in either engine
weight or specific impulse. In addition to being useful in estimating stage
weight and cost, the curves can be utilized to determine partial derivatives
(i.e., Wstage, Cost, etc,) and the break-even point for certain propulsion

Isp Weng
technology developments, An example would be to determine how much money could
be saved in the area of program costs if the engine weight was decreased by 10
percent through the use of lighter turbomachinery. Other examples of the use
of these curves are described in section 2,2.,4, Sample Solutions.

The generalized data developed in this task are presented in subsections
2.2.1 through 2.2.4. A



2.2.1 Data and Assumptions

Throughout the study, certain constraints, guidelines and pertinent
design data were used. These are summarized for the géneralized data in this
section. Table 2-1 gives the design constraints used for both the synchro-
nous and Mars missions. Table 2-2 presents the primé structure data used in
computing the weights of the shell and thrust structure. Table 2-3 summa-
rizes the assumed tankage design data, including pertinent thermal and
meteoroid protection data. These data are shown forieach mission. The
weights assumed for the astrionics systems and for other miscellaneous
systems are given in Table 2-4. The subsystem weights shown for the synchro-
nous mission reflect the fail-operational/fail- operatlonal/fail -pafe design
philosophy currently being considered in the orbit-to-otbit shuttle prelimi-
nary designs. '

The stage geometry selected as the baseline for thi§ analysis was the
tandem tank configuration (10111). This geometry was selécteéd primarily as a
matter of convenience because the structure conversion factors (complex-to-
monocoque structure weight ratios) used in the sizing program were more
accurate for this configuration than for others. A typical stage geometry is
illustrated in figure 2-1.

The costs, excluding the engine costs which were input, generated during
this analysis were based on cost estimating relationships Z?ich are predicated
on historical cost data and pertinent vehicle parameters. ( In general, the
cost estimating relationships of any cost element contain coefficients which
indicate the technology level and complexity of that;}ndLVLdual element.

Table 2-5 presents the technology base assumed for the main systems on the
stage. Table 2-6 lists the percent learning curves used to compute the invest-
ment costs.

The program cost data developed during this analysis include only the
RDT&E, investment, and upper stage propellant costs. The program costs pre-
sented do not contain the other cost elements normally included in the
operations costs, because they are mainly launch vehicle and mission model
oriented, and for identical missions and similar size upper stages the ‘
operational costs are relatively insensitive to variations in upper stage
weight. Hence, any program cost sensitivities which are determined from these
program cost data will be of sufficient accuracy.

2.2.2 Synchronous Mission

2.2.2.1 Mission Profile

The profile selected for the synchronous mission was the transfer of
payloads between a low inclination, low altitude, earth (parking) orbit and a
synchronous orbit. This mission would require the liquid hydrogen-liquid
oxygen stage to perform one of the following maneuvers:

1. Delivery of a payload from low earth orbit to synchronous orbit
and return without a payload.

2. Transport a payload from low-parking orbit to synchroenous orbit
and return with the same or a different payload; and

22



Table 2~1. Summary of Stage Design Constraints

: Single Stage Interplanetary
Constraint Mission‘ Synchronous (Mars)
Maximum Stage Diameter (In.) 260 260
Shell - Tank Spécing (In.) B 9.0 9.0
Tank - .Tank Spacing (In.) : S | 9.0 9;0
Engine - Tank Spac¢ing Factor (Chamber) 4.0 ' 4.0
Engine - Tank Spacing Factor (Exit) 0.8 | 0.8
Engine - Boosfer Sbacing (In.) 0.0 0.0
Engine Gimbal Angle (Degreeé) - 3.0 3.0
Thrustl- To - Weight Ratio =~ _ - 0.25 _ 0.25
Axial Acceler#;ion (G's) : 1.00 1.00
Lateral Acceleration (G's) . - - 0.05 0.05
Payload Density (Lb/Ft3) ' 25.0 25.0
Inert Weight Contingency Factor (%) 7.5 7.5




Table 2-2.

-

Sumniary of Structural Deéigh Data

N3 S

ke

-

Sttucture
Data

Zay

Shell

" Thrust
Cone

Material T, Alumifits Aluminum
Dénsity fiB/féﬁj 183:0 183.0
Material Strergth (psi) ‘ 4
Tersion 67,060 L 67,000
Conptession 46,000 46,000
Modulus of Elasticity (psi) ipi 107
Safety Fictors
Ten$ion i;zg_ 1.25
Compression 1.00 1.00
Moh6c0quefto:Comp1ek Structure %* *
Weight Ratio '
- Spider Beam Multiplication Factor | wa. | wa

% A function of diameter afid limit load; see appendix Cs*




*9 xTpuadde o9s fuorzean8ryuoo uodn juspuadaqg 3

*o xtpuadde 93s {sSauUOTYl pue danjeasdwsl] JO UOTIdUNY ¥ 4

3 xo030eg 3xoddng yueg
0°02 0°02 (sd3) £370°0712A MOTI SUTTPaa4
0°2/0°¢ 0°2/0°¢ (%) uor3ldBIg I9ZTPTX0/19Nd TENPISY
0°5/0°S 0°S§/0°S (%) suntop °3BTIN 192TPTXQ/I9NI WNWTUTK
SNOBUBTT2OS TN
S10°0 V/N (*uI) sa8nep umPi§ WNWIUTK
000°0L V/N (1sd) ssaa3g pIaTA [EIISIEY
0°€81 V/N (¢33/q1) 4315ueQ TeTavIel
wnutunyy V/N TeT1938W PIATYS
000 “00¢ V/N ("wru) SpNITITY UOTSSIW TBUTWON
$66°0 V/N sean3dung ou yo £3IT1TqeqOag
UOT302301g PIOI02IOR
* * (do=-3d-1H/n3g) £3ITATIONpUO) [eWIALY], UOTIBINSUT
1 Sy Amuw\nﬁv £3Tsusq uolleInsul
0°0Z%/0°00% 0°0L%/0°0S% (do) @2anjeiodws], UOTJIRINSUT EBUISIXY
0°S1/0°¢St 0°S1/0°ST (rsd) @anssaag 192z1pIXQ/T1°ond [BIITUI
9°291/0°9¢ 9°291/0°9¢ (¥o) @anjeaadws] 192IpIXQ/T°nd 1®TITUI
. uoT309301g Jewiayf,
m0.0 m0.0 AﬂOHuomm ._”mu.m.uvc,m._”%nuv §$1030¢y puel
010 01'0 (speayiIng) si03deg pueq
G200 6T0°0 (*u1) ®8neg uTHg wnUIUK
01°1 0T'1 . £393eS JOo J030B4
00009 00009 (18d) ssaa3s 31qeMOTTV
0°€81 0°€81 (g33/41) £3tsusq
wnuiunyy wnuTwNyy’ 1BTI92318BR
a8eyuey,
(saeR) snouoxyoufsg . eleRQq
Laejsueidiajul UOTSSIH A

eleq ulyssq s3euel jo Lieummg ‘g~z 9TqRl

2-5



Table 2-4. .Mi3ce11anéous Subsystem Weigﬁts (Pounds)

Interplanetary

4500

o . Mission
SpryStem : Synchronous ' (Ma;s) ,
" Hydraulic/Pneumatic 550 - 60
Destruct 50 20
Propeliant Utilization 500 ; 50
Communications 400 110
.InStrumentation 200 50
Guidance, Navigation and Control 600 256
Electrical 200 30
Electric Power and Distribution 2000 110 -
Total 680




Figure 2-~1, Tahdem Tank Stage Configuration (10111)



Table 2-5.

i,

Techhology Level of Systéms

‘

'

i

Area Téchnology Level and Technique¥
Structures .
Shell SOA - Aluminum Sheet Stringer
Thrust Structure SOA - Aluminum Sheét Stringer
Tankage SOA - Aluminum Monocogue ‘
Meteoroid Shield SOA - Aluminum Mondcogque
Tank Support ADV - Composite
Propellant Feedlines SOA - Alufiinuii
Propulsion
Main Engines N/A - Cost Inpiit
Reaction Control Thiusters SOA - Monopropellaiit

Miscellaneéous Subsystems
Electrical Powér-and Distribution
Electrical
Communication
Instrunentation
Guidance, Navigation and Control
Hydraulic/Pneumatic

Adaptation of
existing hdardware

to a new unmanned,
reuseable upper stage

Propellant Utilization
Deéstruct

¥ S0A - Stite-of-the-art Techiology
ADV - Advance Technology

2-6.

Table Investment Learning Curves
System Léarning Cirve
Structures 90%
Propulsion 959
Miscellaneous Subsystéms 90%
Assembly and Checkout 90%




3. Fly empty from the parking orbit to synchronous orbit, and return
with a payload to the original departure orbit.

The typical profile for this mission is depicted in figure 2-2. This
involves a HobBmann-type transfer maneuver from low earth orbit to synchronous
altitude, a plane change and circularization at synchronous orbit, a return
Hohmann transfer and plane change at synchronous orbit and circularization
into the original low earth orbit.

The four velocities used for this mission assumed a Hohmann-type trans-
fer betwéen a 28%-degree inclination, 100-nautical-mile circular orbit and an
equational (0O-degree inclination) synchronous orbit. The velocities were
corrected to account for the effects of the stage's initial thrust-to-weight
ratio and specific impulse. However, the effect of orbital regression on the
velocity requirements was not considered.

2.2.2,2 Stage Weights for the Synchronous Mission

Stages were analyzed with payloads which ranged from O-pound round trip
to 15,000-pound round trip, and various combinations of specific impulses and
engine weights. Specific impulses of 455,465 and 475 seconds, and engine
weights of 100, 1000, and 3500 pounds were selected to ensure that most, if
not all, possible combinations were included. The results of the stage
sizing analyses are presented as carpet plots in figures 2-3 through 2-11.
These nine figures show the stage weights for different sets of payload up
and payload down, and various combinations of engine specific impulse and
weight.

2.2.2.3 Cost Data for the Synchronous Mission

RDT&E, Theoretical First Unit (TFU), and program costs were determined
for the various stages sized in this analysis (section 2.2.2.2), The costs
were computed with a computer routine, developed specifically for uzger
stages, which determines costs from cost estimating relationships.( How~
ever, in this analysis the various combinations of engine RDT&E and TFU costs
were input to the program to ensure-that the results would be applicable to a
wide range of developments in engine technology. Engine RDT&E costs of 50.0,
225.0 and 400.0 million dollars, and TFU engine costs of 0.5, 1.0 and 1.5
million dollars were selected for this analysis. The resulting costs are
depicted in figures 2-12 through 2-22.

vStage,RDT&E costs, independent of engine first unit costs, are presented
for the 3-engine RDT&E costs as a function of stage weight.

Figufe 2-13 shows the TFU stage costs for the 3-engine TFU costs as a
function of stage weight. The TFU stage costs are independent of engine
RDT&E costs.

The program costs for the synchronous mission are presented for the nine
combinations of engine RDI&E and TFU costs as a function of stage weight.
Although presented as program costs, the costs shown in these figures include
only the RDT&E, investment, and upper stage propellant costs. They do not
contain the other cost elements normally included in the operations costs,
because they are mainly launch vehicle and mission model oriented, and for .
identical missions and similar size upper stages the operational costs are

2-9
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STAGE WEIGHT ( 103 POUNDS )
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relatively insensitive to variations in upper stage weight. Hence, any pro-
gram cost sensitivities which are determined from these data will be of
sufficient accuracy.

The costs of propellants for various sizes of stages are presented in
figure 2-23. These costs are based on $0.35/1b and $0.02/1b, for hydrogen
and oxygen, respectively. They have been included so that missions which
required reusable stages could be priced.

2.2.3 Planetary Missions

2.2.3.1 Mission Profiles

In addition to the data developed for the synchronous mission, general
LOX/hydrogen stage data were generated for two planetary missions. The first
corresponded to a mission in which a relatively small stage circularlized a
payload into an orbit about the planet Mars after a long interplanetary coast.
The stage was assumed to be placed on a Mars trajectory by another stage or
booster. This mission profile, for this single-burn case, is shown in figure
2-24. The selected coast times and AV's correspond roughly to a typical Mars
mission.

The second planetary mission required a single stage to perform two
major burns. The first burn provided the transfer velocity to place the
stage on an interplanetary Mars trajectory. The second burn performed the
same function as discussed for the previous planetary mission; i.e., circu-
larization into an orbit about Mars. The mission profile for the two-burn
Mars stage is shown in figure 2-25. Again, velocities and coast times were
selected to approximate a typical Mars mission. '

Hereafter, the two cases are referred to as the single-burn and dual-
burn Mars missions.

2.2.3.2 Stage Weights for the Mars Missions

Stages capable of carrying payloads ranging from O to 10,000 pounds on
the two selected Mars missions were sized for engine specific impulses of
445, 465 and 475 seconds, and engine weights of 100, 1000 and 3500 pounds,
As with the synchronous mission, these values of specific impulse and
engine weight were selected to ensure that most possible combinations were
included in the analysis. The results of the interplanetary stage sizing
are presented in figures 2-26 through 2-28, and’in figures 2-29 through
2-31 for the single-and dual-burn Mars missions, respectively,

2.2.3.3 Cost Data for the Planetary Mars Missions.

As in the analysis of the synchronous mission, RDT&E, TFU, and program
costs were determined in the same manner for the stages sized for the two
Mars missions. The stage RDT&E costs, which are independent of engine TFU

costs, are given as a function of stage weight in figure 2-32, for the 3
different engine RDT&E costs,

The TFU Mars stage costs are depicted in figure 2-33, for the three
different engine TFU costs as a function of stage weight, The TFU stage
costs are independent of the engine RDT&E costs.
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The program costs for the Mars missions are presented in figures 2-34
through 2-42, for nine combinations of engine RDT&E and TFU costs, as a
function of stage weight. As stated above, these costs reflect only the
RDT&E, investment, and upper stage propellant costs; they do not contain
other cost elements normally associated with operations (see subsection
2.2.1.),

The cost of the upper stage propellants is presented in figure 2~43 for
various sizes of stages. These costs are based on $0.35/1b and $0.02/1b for

hydrogen and oxygen, respectively.

2.2.4 Sample Solutions

The generalized data presented in the preceding subsections can be used
to solve a variety of problems; e.g., the determination of partials of stage
weight and cost with respect to specific impulse. In order to reduce the
need for interpolation, assume the stage of interest will be designed to
retrieve a 15,000-pound payload from synchronous orbit and return it to low
earth orbit. Also assume that the engine to be used with the stage has a
specific impulse of 465 seconds, a weight of 1000 pounds, and the following

costs:

® Engine RDI&E Cost $225M
® Engine TFU Cost $1.0M

The weight of this stage (189,500 1b) can be determined from figure 2-7.
The stage weights for the same mission and engine weight, but with specific
impulses of 455 and 475 seconds, can be determined from figures 2-4 and 2-10,
respectively. These stage weights are shown in table 2-7. Figure 2-44 shows
these data in graphic form. The partial of stage weight with respect to
specific. impulse can be found from the slope of the curve. The weight of a
stage corresponding to any specific impulse between 455 and 475 seconds can
also be determined from figure 2-44.

_ Table 2-7. Stage Weights for Various Specific Impulses

I (sec) W (1b)
sp STAGE
455 206, 500
; 465 189, 500
475 175,100

Similar data pertaining to the RDT&E, FIU and program costs can be
determined from figures 2-12, 2-13 and 2-18, in the same manner. These data
are listed in table 2-8, for the three specific impulses, and graphically
presented in figures 2-45 through 2-47. The partial derivates, as determined
from the figures, are depicted in table 2-9. :
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Table 2-8. Costs for Various Specific Impulses
ISp (sec) 455 465 475
wSTAGE (1b) 206,500 189,000 175,100
RDT&E Cost ($M) 937.3 923.9 912.7
FTU Cost ($M) 26.20 25.43 24.75
e 5 Stages 1107.0 1089.0 1075.0
g6 | — N SR
B |10 Stages 1231.0 1210.0 1191.0
-3 M R
*3 |20 stages 1459.0 1431.0 1406.0
Table 2-9. Partials with Respect to Specific Impulse
a X
'Y._“Stagé 9'Isp
.A |
Stage Weight 1540 et
Stage RDTSE Cost -1.23 F5= :
Stage TFU Cost -0.0725 . |
g, | 5 Stages -1.60 'S'S%E
u P F M
§’§ .10 Stages -2.00 S%E ;
[2¥] :
20: Stages -2.65 F=¢ Af
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The versatility of the generalized data can be further demonstrated by
expanding the problem. Assume that it is desired to increase stage perfor-
mance by improving the turbo-machinery efficiency through some means which
will provide an additional two seconds of specific impulse. The changes in
stage weight and cost can easily be computed from the following differential:

_ 98X I
That is,
AW
. " USTAGE = (-1570 ——gp2) (2 sec) = -3140 1b,
A RDT&E = (-1.23 g_és’kci) (2 sec) = -$2.46 M,

-$0.145M,

A TFU = (-0.0725 —2L) (2 sec)
sec
A PROGRAM . = (-1.60 —2L) (2 sec) = -$3.20 M,

(-2.00 -y (2 sec)

~ APROGRAM | = . = -$4.00 M,
A PROGRAM , = (-2.65 ._?g_é_) (2 sec) = -$5.30 M.

These delta savings can be utilized to determine the break-even point
for the cost associated with the technology improvement. Because the stage
being evaluated is larger than the payload capability of the shuttle, the
stage must be launched by a regular launch vehicle, and any savings which
would be realized by the gain in additional cargo space (due to the smaller
stage) need not be taken into consideration. Therefore, the computed pro-
gram savings will be equal to the break-even point in the cost of technology
improvement. The number of stages which must be built in order to break-even
can be determined by plotting the computed program saving data versus the
number of stages in the program. The data are depicted graphically in
figure 2-48, which shows the number of stages that must be built in order
for the cost associated with the improvement in technology to equal the
savings obtainable in the program. If a larger number of stages is built
than is indicated for a given technology cost, then a net savings would be
realized.

2.3 EFFECT OF ULTRA-HIGH CHAMBER-PRESSURE INCREASES

A detailed analysis was conducted to assess the merits of ultra-high
chamber-pressure increases. This was accomplished by determining the vari-
ation in stage size and cost due to changes in specific impulse and engine
weight for chamber pressures ranging from 2500 to 10,000 psi. To ensure
that a wide variety of conditions was included in this study, the effect of
chamber pressure on both theoretical and delivered specific impulses was
investigated for two different missions and a wide range of payloads.

The ultra-high chamber-pressure data developed in this task are presented in
subsections 2.3.1 through 2.3.4.
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2.3.1 Data and Assumptions

Throughout the study, certain constraints, guidelines and pertinent
design data were used, which are summarized in this subsection. Table 2-10
gives the design constraints used for both the synchronous and Mars missions.
Fable 2-11 presents the prime structure data used in computing the weights
of the shell and thrust structure. Table 2-12 summarizes the assumed tankage
design data including pertinent thermal and meteoroid protection data. These
data are shown for each mission. The weights assumed for the astrionics
systems and for other miscellaneous systems are given in table 2-13. The
subsystem weights shown for the synchronous mission reflect the fail-
operational/fail-operational/fail-safe design philosophy currently being
considered in the orbit-to-orbit shuttle preliminary designs.

The stage geometry selected as the baseline for this analysis was the
tandem tank configuration (10111). This geometry was selected primarily as
a matter of convenience because the structure conversion factors (complex-
to-monocoque structure weight ratios) used in the sizing program were more
accurate for this configuration than for others. A typical stage geometry
is illustrated in figure 2-49.

Early in the study, parametric performance data for ultra—?i h chamber-

pressure hydrogen/oxygen engines were obtained from Rocketdyne These
data covered theoretical performance, delivered vacuum specific impulses,

vacuum specific impulse efficiency and turbo-machinery efficiency data for
both open- and closed-cycle engines. These data cover chamber pressures
ranging from 2500 to 10,000 psi. These parametric engine performance data
are presented in appendix B.

The engine weights used in this analysis were computed from scaling laws
for a fixed-nozgle, pump-fed engine. The equations used for the engine
weights were (6 .

[}

2
Weng = 5.0 + 0.0183F + 2.5 X 1079(&E); 1b. (1000 1bs<F < 8000 1bg)

(Pc )
2 '
Weng = 80.0 + 0.0105 F + 2.5 X 10'52%; lbe (8000 1bg < F < 8000 1byg)
Weng = 110.0 + 0.00966F + 2.5 x 10-5$&2E). 13 (30,000 1be < F < 250,000 1by)
eng = . . . (P )’ £ s fSF= s f

where F is the engine thrust in lbg,
Pc is the chamber pressure in psi, and
€ is the nozzle expansion ratio.

The costs generated during this analysis were based on cost estimating
relationships which are predicated on historical cost data and the pertinent
vehicle parameters . In general, the cost estimating relationships of any
cost element contain coefficients, which indicate the technology level and
complexity of that individual element. Table 2-14 presents the technology
base assumed for the main systems on the stages. Table 2-15 lists the
percent learning curves used to compute the investment costs.

A set of reference cost data was developed for the range stage weights
considered. The reference RDT&E, TFU, and 20-stage program costs are shown
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Table 2-10, Summary of Stage Design Constraints

. Constraint

Mission

| single Stage

Synchronous
LR R

Interplanetary

 (Mars)

Maximum Stage Diameter (In.)

s T

Shell - Tapk Spacing (In,)

Tank - Taqk Spacing (In.)

Epgine - Tank SPaSiné Factor (Chamber)
Engine - Tank Spacing Factor (Exit)
Engine - Booster Spacing (In,)

Engine Gimbal Angle (Degrees)

Thrust - To - Weight Ratio

Axial Acceleration (G's)
Lateral Acceleration (G's)
Payload Density (Lb/Ft3)

Inert Weight Contingency Factor (%)

Lo

260

Toate

9.0~

2.0
4.0

0.8

o

3.0
0.25
1.00
0.05
25.0

7.5

AT

0.25
1700
0.05
%§,Q

7.5

M
N




Table 2-11, Summary of Structural Design Data

Structure Thrust

Data : Shell Cone
Material Aluminum Aluminum
Density (1b/ft>) 183.0 183.0
Materiai'Strength (psi)

Tension 67,000 - 67,000

Cqmpfession 46,000 46,000
Modulus of Elasticity (psi) 107 107
.Safety Factors

Tgnsion 1.25 1.25

Compression 1.00 1.00
Monocoque-to-Complex Structure * *

Weight Ratio
Spider Beam Multiplication Factor N/A N/A

* A function of diameter and limit load; see appendix C,
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Table 2-13, Miscellaneous Subsystem Weights (Pounds)

Mission Interplanetary

Subsystem Synchronous (Mars)
Hydraulic/Pneumatic: 550 60
Destruct 50 20
Propellant Utilization 500 50
Communications 400 110
Instrumentation 200 50
Guidance, Navigation and Control 600 250
Electrical 200 30
Electric Power and Distribution 2000 -110

Total 4500 680
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Figure 2-49, Tandem-Tank Stage Configuration (10111)
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Table 2-14. -Technology Level of Systems

Technology Level & Technique *

Area’ .. :

Structures
Shell S0A - Aluminum Sheet Stringer
Thrust Structure SOA - Aluminum Sheet Stringer
Tankage SOA - Aluminum Monocoque
Meteoroid Shield SOA - Aluminum Monocoque
Tank Supports ADV - Composite
Propellant Feedlines SOA - Aluminum

Propulsion
Main Engines
Reaction Control Thrusters

New, advance, reuseable LHp/LOX

SOA

- Monopropellant

Miscellaneous Subsystems
Electrical Power and Distribution
Electrical
Communication
Instrumentation
Guidance, Navigation and Control
Hydraulic/Pneumatic
Propellant Utilization
Destruct

Adaptation of
existing hardware to a
new unmanned, reuseable

upper stage

* SOA - State-of-the-art Technology
ADV - Davance Technology

Table 2-15. Investment Learning Curves

System Learning Curve
Structures 90%
Propulsion 95%

i Miscellaneous Subsystems 907%

i Assembly and Checkout 90%
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8 CK

in figures 2-50, 2-51 and 2-52, respectively. These data were used as the
bas1s for determining the cost varlatlons dlscussed 1n the subsequent para-
graphs of thlS section. :

The program cost data developed during this ana1y51s include only the
RDT&E, investment, and upper stage propellant costs. “The program costs pre-
sented do not contain the other cost elements normally 1nc1uded in the
operations costs, because they are malnly launch vehlcle and misgion model
oriented, and for identical missigpns and similarly Slzed upper stages the
operational costs are relatively 1nsens1t1ve to varlatxons in upper stage
weight. Hence, any program cost sensitivities whlch are determlned from
these program cost’ ‘data will be of sufficient accuracy

2.3.2 Mission Profiles

The two missions considered in this study were: 1) an earth orbit to
synchronous orbit and return, and 2) a two-burn Mars planetary m15510n The
mission profiles selected for thlS ana1y31s are discussed in the next two
paragraphs

2.3.2.1 Synchronous Mission Profiles

The proflle selected for the synchronous mission was the transfer of
payloads between a low- inclination, low- altitude earth (parklng) orbit and
a synchronous ‘orbit. This mission would requlre the llqu1d hydrogen liquid
oxygen stage .to tramsport a payload from low- parklng orb1t to synchronous
orbit and return with the same or a dlfferent payload of equal welght.

The typical profile for this mission is depicted in figure 2-53. This
1nvolves a Hohmann-type transfer maneuver from low earth orb1t to synchro-
nous altitude, a plane change and c1rcular1zat10n at synchronous orb1t and

zatlon into the or1g1nal low earth orblt.

The four velocities used for this mission assumed a Hohmann-type
transfer between a 28%-degree incllnatlon, 100- naut1ca1 m11e c1rcular orbit
and an equatlonal (0-degree inclination) synchronous orbxt. The velocities
were not corrected to account for the effects of stage 1n1t1a1 thrust-to-
weight ratio and specific 1mpulse nor those of orb1ta1 regreSSLOn on the
veloclty requlrements.

2.3.2.2 Mars Mission Profile

In add1t10n to the data developed for the synchronous mission, data
were generated for a planetary mission. This mission requlred a single
stage to perform two major burns. The first to provide the necessary
velocity to place the stage on an 1nterp1anetary traJectory, the second burn
to circularize the stage and payload into an orbit about the planet Mars.

The mission profile for the two-burn interplanetary miss1on is shown in
figure 2-54. The coast times and velocities were selected to approximate a
typical Mars mission.
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2.3.3

The Effect of Ultra—H1 h Chamberalressure Increases

Cost variations due to increases in chamber pregsure were determined for
each of the following types of engine performance

1) Theoretical specific impulse,

2) 97 Percent of theoretical specific impulse,-

3) Closed-engine cycle-delivered specific impulse, and
4) Open-engine cycle-delivered specific impulse.

The results of the analyses for each of the above are discussed in the sub-
sequent paragraphs. A comparison for the closed and open englne cycles is
made in subsectlon 2.3.4.

%,3,3.1 Variations for Theoretical Specific Impulses

The effect of ultra-high increases in chamber pressure was analyzed by
determining the variation in stage size and cost which result from the corre-
sponding changes in theoretical specific 1mpulse The lnfluence of ultra-
hlgh chamber pressure was determined for stages whlch had the capablllty of
carrying payloads of up to 15,000 pounds on a round- tr1p synchronous mission,
and 10,000 pounds on a two- -burn Mars mission. The welght of stages corre-
spondlng to various payloads is shown in figure 2-55, for both the synchro-
nous and Mars missions. These weights are presented for a chamber pressure
of 2500 psi.

Figures 2-56 through 2-58 depict the savings in RDT&E, TFU and program
' costs, which might be realized through increased chamber pressure on a
stage(s) designed for a synchronous mission. These cost savings do not re-
flect the cost required to develop the technology assoc1ated with the ultra-
high chamber pressures. The cost savings are presented in each figure for
round -trip payloads of 1000, 7500 and 15,000 pounds, which correspond to
stages weights of 67-68,000, 127-130,000 and 196-200, ,000 pounds, respectively.
Slmllar data, but for the two -burn Mars mission, are shown in figure 2-59
through 2-61. The stage welghts which correspond to the 1000- 5000- and
10,000-pound payloads are 14-15,000, 36- 37,000 and 62-64, 000 pounds
;espeptlvely

2.3.3.2 Variations for 97 Percent Theoretical Specific Impulse

An analysis, similar to the one based on theoretical specific impulses,
was conducted for the specific 1mpulses equal to 97 percent of the theoreti-
cal value. Figure 2-62 depicts the range of stage sizes and corresponding
payloads investigated durlng this ana1y51s These weights are for a stage
w1th an engine having a chamber pressure of 2500 psi.

The cost savings in RDT&E, TFU and a 20-stage program, which might be
obtained for a synchronous mission stage through increased chamber pressure,
are presented in figures 2-63, 2-64, and 2-65, respectively. The cost
saving presented in these figures does not reflect the cost associated with
the technology required to increase the chamber pressure. ‘The cost savings
are presented in each figure for stages capable of carrying round-trip
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" SYNCHRONOUS MISSION
THEORETICAL SPECIFIC IMPULSE
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Figure 2-57, TFU Savings for a Synchronous Mission Stage
(Theoretical Specific Impulse)
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payloads of 1000, 7500 and 15,000 pounds. The correspondlng stage weights
are 74-76,000, 142-146, OOO and 219-224,000 pounds.

A similar set of data for the two-burn Mars mission is shown in figures
2-66 through 2-68. The stage weights which correspond to the 1000-, 5000-
and 10,000-pound payloads are 16-17,000, 39- -40,000 and 68-70,000 pounds,
respectlvely

2.3.3.3 Variations for a Closed-Engine Cycle

In addition to the effects of theoretical specific impulses, analyses
were conducted to determine the effect that ultra-high increases in chamber
pressure would have on the delivered specific impulse of the stages, and
hence the stage's weight and cost. Two different engine cycles were investi-
gated The first was the pump-fed closed-engine cycle, such as a topping or
expansion cycle. Although the pump-fed closed-cycle engines are limited, by
a turbo-machinery efficiency of approximately 80 percent, to a maximum
chamber pressure of 4000-5000 psi, chamber pressures up to 10,000 psi were
studied (see appendix B). The results of this analysis for the synchronous
(0-15,000~1b'payloads) and Mars (0-10,000-1b payloads) missions are depicted
in figures 2-69. through 2-75, The stage weights correspondlng to the various
payloads are presented for both the synchronous and Mars missions in figure
2-69, These stages were designed with a closed-engine cycle having a chamber
pressure of 2500 psi.

The cost savings for RDT&E, TFU and program, which might be realized
through increased chamber pressure on a stage(s) designed for a synchronous
mission, are presented in figures 2-70, 2-71 and 2-72, respectively. These
cost savings do not reflect the cost required to develop the technology
required to aobtain these ultra-high chamber pressures. The cost savings are
illustrated in each figure for round-trip payloads of 1000, 7500 and 15,000
pounds, which' correspond to stage weights of 75-78,000, 144-148,000 and
221-228,000 pounds,.respectively. ' '

Similar data, but for the two-burn Mars missions, are shown in figures
2-73 through 2-75. The stage weights which correspond to the 1000-, 5000-
and 10,000-pound. payloads are 16-17,000, 39-41,000 and 68-70,000 pounds,
respectively. '

2.3.3.4 Variations for an Open-Engine Cycle.

The second type of engine cycle studied was the pump-£fed open-engine
¢ycle. Although this cycle is capable of operating at chamber pressures
hlgher than the previously discussed closed cycle (see section 2.3.3.3), the
spec1f1c impulse efficiency of the open-cycle engine begins to decay rapidly
with increased chamber pressure. Hence, for stages using engines with open
cycles, the stage weight and costs increase with increasing chamber pressures.
The results of the open-engine cycle investigation are presented in figures
2-76 through 2-82, Figure 2-76 depicts the weights of stages using an open-
cycle engine with a 2500 psi chamber pressure, as a function of payload.

Presented in figures 2-77, 2-78 and 2-79 are the RDT&E, TFU and program
negative cost savings, respectively, which would be incurred for a synchro-
- nous mission stage through increased chamber pressure. These indicated
increased costs associated with the open-cycle engine do not include the
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ESTIMATED SAVINGS FOR A 20 STAGE PROGRAM ( MILLIONS OF DOLLARS)
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technology costs associated with obtaining the ultra-high chamber pressures.
The delta costs are presented in each figure for stages capable of carrying
round-trip payloads of 1000, 7500 and 15,000 pounds., The stage weights

which correspond to these payloads are in the order of 82-102,000, 157-195,000
and 197-242,000 pounds, respectively.

For the Mars mission, a similar set of data is presented in figures
2-80 through 2-82. The variations in cost are presented for stages designed
to carry 1000-, 5000- and 10,000-pound. payloads, which correspond to stage
weights of 17-20,000, 42-48,000 and 73-83,000 pounds.

2.3.4 Comparison of the Closed- and Open-Engine Cycles

The most probably effect that ultra-high increases in chamber pressure
would have on stage size and cost is best illustrated by comparing the re-
sults of the analyses of the open- and closed-engine cycles. Figures 2-83
through 2-86 show the stage weight variations and the differences in cost
for stages designed to carry a 15,000-pound payload (round trip) on the
synchronous mission. This size stage was one of the largest investigated
during this study. Because the open-cycle engine has a lower delivered
specific impulse (7 seconds) at 2500 psi than the closed-cycle engine, the
stages using an open-engine cycle weigh more at the 2500-psi reference
chamber pressure. This is why the stage weight curves for the two cycles
do not intersect at 2500 psi in figure 2-83.

The higher stage weights also result in higher costs for the open-engine
cycle stages at the reference chamber pressure. The RDI&E, TFU and program
savings depicted in figures 2-84, 2-85 and 2-86, respectively, indicate a
higher cost associated with the open-engine cycle. The cost associated with
developing the ultra-high chamber pressure technology are not reflected in
these cost comparisons. The data presented in these figures are referenced
to the cost of a stage with a 2500-psi closed-cycle engine.

A similar set of data is presented for a Mars mission stage in figures
2-87 through 2-90. This stage, which was designed to carry a 1000-pound
payload, was one of the smallest considered in this study.

_ In both instances, the large synchronous stage and the small Mars stage,
the use of the closed-engine cycle yields stages which are smaller and less
expensive. However, as indicated in the engine performance data (see
appendix B), the closed-engine cycle is limited by turbo-machinery efficien-
cies to maximum chamber pressures of 4000-5000 psi. Present statesof-the-
art turbo-machinery has efficiencies in the order of 80 percent, which
correspond to a chamber pressure of 4200 psi. Hence, for all practical
purposes, open-engine cycles must be selected for all chamber pressures in
excess of 4000-5000 psi. But, because the delivered specific impulse of an
open-cycle engine operating at these chamber pressures is 15 to 17 seconds
less than that of the closed-cycle engine; stages using open-cycle engines
will weigh and cost more. In fact, as chamber pressure is increased further,
the stage using an open-cycle engine becomes even more costly because the
delivered specific impulse drops rapidly with chamber pressure increase.
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2.3.5 Conclusions Concerning Ultra High Chamber Pressures

This analysis indicates that, unless another engine cycle is developed,
chamber pressures will be probably limited to less than 4000 psi for two
reasons. The first being that the most efficient of engine cycles (closed)
is theoretically limited to chamber pressures of about 6200 psi, and practi-
cally to pressures of 4000-4500 psi.

The second reason is that if there are no overriding considerations,
such as additional performance is required to perform a necessary mission,
then the high chamber pressures cannot be justified on the basis of cost
savings. That is, the difference in the savings which would be realized
during a program (five million dollars for 20 stages and less for fewer
stages) and the cost required to develop the higher chamber pressure would
not yield a larger enough return, if any, to base the need for higher
chamber pressure on cost alone.

2.4 EFFECT OF MODERATE CHAMBER-PRESSURE INCREASES

As a result of the analysis of ultra-high chamber-pressure increases, a
study was undertaken to assess the implications that decreases in stage
length (due to moderate increases in chamber pressure) would have on program
costs, including the shuttle transportation costs. This was accomplished by
determining the number of shuttle launches required before the savings
obtained from the smaller stages would equal the cost of developing the
necessary chamber-pressure technology resulting in a smaller stage.

Three different synchronous mission stage sizes were considered for
chamber pressures ranging from 500 to 3000 psi. The results obtained in
this study are discussed in the subsequent portions of this subsection.

2.4.1 Data and Assumptions

Through the study, certain constraints, guidelines and pertinent design
data were used. These are summarized in this section. Table 2-16 gives
the design constraints used. Table 2-17 presents the prime structure data
used in computing the shell and thrust structure weights. Table 2-18
summarizes the assumed tankage design data, including pertinent thermal and
meteoroid protection data. The weights assumed for the astrionics systems
and other miscellaneous subsystems are given in table 2-19. These weights
reflect the miscellaneous subsystem %hglosophy recently being considered
in an in-house MSFC Space Tug Study 7).,

The stage geometry selected as the baseline for this analysis was the
40121 configuration, which has a large single hydrogen tank with ellipsoidal
domes, and four small oxygen tanks with hemispherical bulkheads suspended
below the thrust cone. This stage was selected instead of the tandem tank
configuration because a shorter stage geometry will be more advantageous for
use in the cargo bay of the shuttle. A typical stage geometry is shown in
figure 2-91.

The parametric oxygen-hydrogen engine system performance, weight and
geometry data used in this study were obtained from Rocketdyne for use in
the "LOX/Hydrogen Engine Technology for Advanced Missions' study, contract
NAS7-790. These data covered engines utilizing topping, expander and gas
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Table 2~16, Summary of Stage Design Constraints

 Constraint Mission :;ziliiorstzige

" Maximum Stage Diameter (In.) | 1740
Shell - Tank Spacing (In.) | - 6.0
Tank - Tank Spacing (In.) 1. 6.0
Engine - Tank Spgg;né Factor (Chamber) 4.0
Engine - Tank Spacing Factor (Exit) 0.8
Engine - Booster Spacing (In,) . 0.0
\Engine Gimbal Angle (Degrees) ‘ 3.0
fhrust - To - Weight Ratio 0.25
Axial Acceleration (G'SZ ; 1.00
Lateral Acceleration (G's) 0.05
Payload Density (Lb/Ft3) : 25.0
Inert Weight Contingency Factor (%) 7.5
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Table 2-17, Summary of Structural Design Data

Structure Thrust.
Data : Shell Cone
Material Aluminum Aluminum
Density (1b/ft3) 183.0 183.0
Material Strength (psi)
Tension 67,000 - 67,000
Compression 46,000 46,000
Modulus of Elasticity (psi) 107 107
.Safety Factors
| Tension 1.25 1.25
Compression 1.00 1.00
Monocoque-to-Complex Structure * %
Weight Ratio
Spider Beam Multiplication Factor N/A N/A

* A function of diameter and limit load; see appendix C,
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Table 2-18, Siitmary of Tankage Design Datd

. ) Mission ) .
Data - e e Syhichtonbus
Tankage
Matetial Alumlnum
DenSLty (1b/ft3) . ' 183 0
Allowible Stress (psl) 60 000
Fdctdr of Safety 1 10
Minimim Skih Gauge (Ia: ) 0:025
Land Factors (Bulkheads) 0 10
Land Factors (Cyllndrlcal Sectlon) 0 05
Thermal Protectlon
Initidal Fuel/Oxidizer Temperature (SR) 36: 0/162 6
Initidl Fuel/Oxidizér Pressiite (psi) 15 0/15.0
Exterfial Insulation Temperature (°R) 450+ 0/470 0
Ihsulation Density (1b/£t3) 4;5
Insulatlon Thermal Conduct1v1ty (Btu/Hr Ft °R) *
Meteor01d Protection ,
Probablllty of no Punctures 0,995
Nom1na1 Mission Altitude (n.m.) 200
Shield Material A1um1num
Mateéridl Density (1b/ft3) 183,0
Matérial Yield Stress (psi) 70 000
Mlnlmum Skin Gauges (In ) 0.015
Miscellaneous B )
Minimum Fuel/Oxidizer Ullage Volume (%) 5.0/5.0
Residual Fuel/Oxidizer Fractidn (%) ZrQ/2¥0
20.0

Feedline Flow Velocity (fps)
Tank Support Factor )

- PPN

* A function of temperature and thlckness, see appendlx C.

¢ Dependent upon configuration; see appendix Co




Table 2-19. Miscellaneous Subsystem Weights (MSFC Tug)

Item Weight

' (1b)

Electric Distribution 200
Electric Power 300

Power Systems
Fuel Cell Reactants

Communication/Instrumentation 295
Communications
Data Management
Instrumentation

Guidance, Navigation, and Control 210

Guidance, etc.
Rendezvous and Docking Radar

Hydraulic/Pneumatic 145
Purge
Umbilical
Tug/Orbiter Service
Propellant Utilization 35
Miscellaneous B 1515

Destruct System
Docking Adapter
Subsystem Mounts
Orbiter Interface
Payload Interface
Purge

TOTAL 2700

2-117



ad

| 4

#

i

HE1

iR
"

o T e et i e ]

-

! I
! “)
! !
! |
t !
1 |
! t
] 1
1 o
+ +
! 1
) N
1 -1

A
_ |
[

]
! |
a !
" |

Se e e e o dee~

S\
AN
\

\
4}
=\
f
2]
1
1
]
1
[
!
[
X4
/
-.\ <
v

0121).

Tank_Stage Configur:

izer

id

le Ox

P

gure 2-91, Multi

Fi

2-118



generator cycles. The data for the topping and expander cycles included
thrust levels from 15,000 to 120,000 pounds, area ratios from 100 to 400,

and mixture ratios of 5.0, 6.0 and 7.0. Data were supplied for chamber
pressures of 500 to 1000 psi, and 1000 to 3000 psi, for the expander and
topping cycles, respectively. The gas generator cycle data covered lower
thrust engines (5,000 - 15,000 1b) and chamber pressures of 800 and 1000 psi.
These parametric engine data were published in appendix B of the final
report 1) for the study cited above.

The costs generated during this analysis were based on cost estimating
relationships which age predicated on historical cost data and pertinent
vehicle parameters.(4 In general, the cost estimating relationships of any
cost element contain coefficients which indicate the technology level and
complexity of that individual element. Table 2-20 presents the technology
level assumed for the main systems on the stage. Table 2-21 lists the
percent learning curves used to compute the investment costs.

The program cost data developed during this analysis include only the
RDT&E, investment, and upper stage propellant costs. The program costs pre-
sented do not contain the other cost elements normally included in the
operations costs, because they are mainly launch vehicle and mission model
oriented, and for identical missions and similarly sized upper stages the
operational costs are relatively insensitive to variations in upper stage
‘weight. Hence, any program cost semsitivities which are determined from
these program cost data will be of sufficient accuracy.

2.4.2 Mission Profile

The mission profile selected for this analysis was the return of
variously sized payloads from synchronous orbit. This mission profile,
illustrated in figure 2-92, is similar to one being considered for a MSFC
Space Tug. This two-burn mission would require the liquid oxygen/liquid
hydrogen stage to be launched and placed in synchronous orbit by another
stage or by itself with 'thé-use of external drop tanks. That is, the stage
has a full (internal) propellant load at the beginning of the synchronous
orbit coast. The first burn.utilizing the 'on-board" propellants is the
retro maneuver associated with the return Hohmann transfer and plane change
at synchronous orbit. The second and final burn circularizes the stage into
a low earth orbit.

The velocities used for this mission assume a Hohmann transfer between
an equatorial (0O-degree inclination) synchronous orbit, and a 28%-degree
inclination, circular 100-nautical-mile orbit. The velocities were not
corrected to account for the effects of the stage's initial thrust-to-weight
ratio (T/W = 0.25) and specific impulse, nor were the effects of orbital
regression on the velocity requirements considered.

2.4.3 Stage Size and Cost

Stages were analyzed with engines having chamber pressures ranging from
500 to 3000 psi and engine nozzle expansion ratios of 100:1, 250:1 and 400:1.
The results of the stage sizing analyses are presented in figures 2-93
through 2-97. The stage weights which correspond to various engine area
ratios are depicted as a function of chamber pressure in figures 2-93, 2-94,
and 2-95, for stages capable of carrying payloads of 1000, 20,000 and 50,000
pounds, respectively.
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Table 2:20. Technology Level of Systems
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Main Eiigines

Reaction Cortrol Thrusters

1 —— - —
1 Area Technolegy Level & Technique *
Structures ‘ B )
Shell SOA - Aludiinum Shéét Stringer
Thrust Structure SOA - Alufiinum Sheét Strirger
Tankage SOA - Alufiinuim Monoeéque
Meteoroid Shield SAO - Alurinuti Motidcéque
Tank Supports ADV - Conposite
Propellant Feedlines SOA = Aliimitiuii
Prdpulsiﬁﬁ'

New, advdnce, réli§eable low
Pc, LH,/LOX

SOA = Moiepropellait

s &

Miscelldrieous Subsystems
Electiricdl Power and Distribution
Electrical
Commutiication
Instriméntdtion
Guidainice; Navigation aid Cont¥ol
Hydrdulic/Pneumatic
Propellant Utilization
Destriict

Adaptation of existing
hardware t6 4 new
uninianiied; retiseable

upper stage

#S0A + State-of-the-art Technology

ADV - Advance Technology

Table 2-21,

Investment Léarning Cutves

System Learniiig Cutve
Structures 90%
Propulsion 95%
Miscellaneous Subsystems 90%
Assembly and Checkout 90%
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The overall stage lengths are presented as a function of chamber pressure
in figure 2-96, B e — - e

The shuttle cargo bay volume required for the stages sized during this
study are shown in figure 2-97, Although the maximum stage diameter varied
from 123 inches (on the small 12-13K stage) to 174 inches (the maximum allow=-
able diameter on the larger stages), the required shuttle cargo bay volume was
computed on the basis of a useable cargo bay diameter of 174 inches, That is,
there would be additional clearance, and hence unused space around stages whose
diameters are less than 174 inches,

The RDT&E, TFU and program costs were determined for the various stages
sized in this analysis. The costs were computed with a computer routine,
developed specifically for upper stages, which determines costs from cost
estimating relationships. The resulting RDT&E, TFU and program costs are
depicted for various stage sizes in figures 2-98, 2-99 and 2-100,
respectively.

The 20-stage program costs shown in figure 2-100, include only the

RDT&E, investment, and upper stage propellant costs. Other costs which are
normally included in operations have not been included (see subsection 2.4.1).

2.,4.4 Variations in Stage Size and Cost

The differences in stage size and cost were determined for the various
stages investigated, using the stages with engines having 500-psi chamber
pressures as references. The results, depicted in figures 2-101 through
2-106, show the reductions in stage size and cost which accompany increases
in engine chamber pressure.

The reductions in stage weight, stage length and shuttle cargo volume
required for the stage, which result from moderate increases in chamber
pressure, are given in figures 2-101, 2-102 and 2-103, respectively. These
data are presented for three differently sized stages and two area ratios,
The payloads which correspond to the stage weights of 12-13,000, 51-55,000
and 109-119,000 pounds, are 1000, 20,000 and 50,000 pounds, respectively.

Figures 2-104, 2-105 and 2-106, show the estimated RDT&E, TFU and
program cost savings obtained through increased chamber pressure. These
data are presented for the two smaller sized stages and two nozzle expansion
ratios. These cost data do not reflect the cost associated with developing
the higher chamber pressure technology.

2.4.,5 Technology Break-even Points

Because the costs of obtaining the higher chamber pressure technology
were unknown, it was necessary to "back-into' the problem in order to ascer-
tain the technology break-even points. These were found by determining the
technology cost which would equal the cost saving resulting from a smaller,
higher performance stage. That is,

Break-even Investment Costs = Stage RDT&E Savings
+ (Number of flights) (Investment Savings/Stage + OperatidﬁsA

Savings/Stage + Launch Savings/ Launch),
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Although the RDT&E savings are independent of the program size, the other
savings terms in parentheses are functions of the number of stages used in
the program,

The savings associated with the stage RDI&E and program(investment and
operations) can be readily found from the savings data presented in figures
2-104 through 2~106, and similar program cost data developed, but not pre-
sented, for programs having various numbers of stages. However, for the
launch cost savings, it was necessary to assess the implications that the
smaller stages (due to increased chamber pressure) have on shuttle launch
costs.

This was accomplished by determining the number of shuttle launches
needed before the additional extra payload gained in each launch of a stage
(because of lighter, shorter stages) would equal the equivalent payload of
a single shuttle launch without a stage. The extra cargo bay volume which
can be utilized for other additional payloads is equal to the reduction in
cargo bay volume required for the stage (see figure 2-103). The shuttle
cargo bay criteria used in this analysis are presented in table 2-22.
Various densities were assumed for the additional payload, and the computed
extra payloads were checked to ensure that the volume and weight limitations
of the cargo bay were satisfied.

Table 2-22. Shuttle Cargo Bay Criteria

Cargo Bay Length 60.0 ft '-
Cargo Bay Diameter 15.0 ft
Maximum Allowable Cargo Diameter 14.5 ft
Maximum Allowable Cargo Volume 19908  ft3
Maximum Allowable Cargo Weight 65000 1b

The results of this analysis, which show the number of stage launches
required to save one shuttle flight, are presented in figures 2-107 and
2-108, for two different stage sizes. Only the volume-limited cargo space
case is presented in figure 2-107, for the smaller stage, because the criti-
cal density of the extra payload (the ratio of maximum allowable extra.pay-
load weight to volume) is unrealistically high for the weight limited case,
Although the opposite is true for the larger stage (51-55,800 1b), similar
data are presented for the larger stage in figure 2-108, for both the weight-
and volume-limited cases.,

The launch cost savings were computed from the number of stage launches
required to save one shuttle flight, and used in conjunction with the stage
savings data (figures 2-104 through 2-106) to determine the technology
break-even points. '
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The number of shuttle plus stage launches required to break-even (tech-
nology. investment costs = savings) are depicted in figures 2-109 through
2-111, for the two stage sizes, various technology investment costs and
various expenditure rates for technology investment costs. As indicated in
these figures, approximately 6 to 7 shuttle plus stage launches would be re-
quired before a cost of $5 million for higher chamber pressure technology
would be made up by the savings realized through the use of smaller stages.
The unrealistic volume-limited cargo space case, flgure 2-109, indicates
that net return will occur after only 2 to 3 flights.x

In computing the technology break-even points, it was found that the
stage investment and propellant cost savings (A Program - A RDT&E) consti-
tuted only a small part of the total savings which might be realized. That
is, the stage RDT&E and shuttle launch savings made up almost the entire
savings. Whether the stage RDT&E or shuttle savings were dominant, depends
upon the level of technology investment and the chamber pressure. The’
savings in stage RDT&E are the overriding factor at the lower technology
investment costs and the higher chamber pressures.

2.4.6 Conclusions Concerning Moderate Chamber Pressure Increases

The results of this analysis indicate that the cost of developing the
technology required for moderate chamber pressure can probably be recovered
through stage and program savings. However, the net total savings will be
marginal. These data also show that the possibility for recovering the
technology development cost increases with both stage size, engine nozzle
expansion ratio, and shuttle launch costs. This last fact is the consequence
of the savings in shuttle launch costs being an order of magnitude larger
than the potential savings which might be realized in stage investment and
operations cost ( A Program - A RDI&E). B

Although some benefit in the form of monetary savings will be dervived
from increased chamber pressure, the major justificatiom probably will be
dictated by other constraints; such as the need for additional performance
from higher chamber pressures, to perform a certain design mission.

2.5 EFFECT OF REDUCTION OF ENGINE WEIGHT

While the analysis of moderate chamber pressures was being conducted,
a study was undertaken to assess the implications that reductions in engine
weight would have on stage and program costs. Three different synchronous
mission stage sizes were considered for various reductions in engine weight
ranging from O to 30 percent. The results obtained are discussed in the
subsequent portions of this subsection.

2.5.1 Data and Assumptions

Throughout the study, certain constraints, guidelines and pertinent
design data were used which are summarized' in this section. Table 2-23
gives the design constraints used. The prime structure data used in comput-
ing the shell and thrust structure weights are shown in table 2-24. Table
2-25 summarizes the assumed tankage design data, including pertinent thermal
and meteoroid protection data. The weights assumed for the astrionics
systems and other miscellaneous subsystems are given in table 2-26. These
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Table 2~23, Summary of Stage Design Constraints

: Mission ‘§i§£ié Stége.
- Constraint - Synchronous
Maximum Stagé Diameter.(ln;} .l o 'ww‘iiééq-
Shell - Tank Spacing (Im.) - 6,0
Tank - Tank Spacing (In.) 6,40
Engine - Tank Spaciné Factor (Chamber) 4.0
Engine - Tank Spacing Factor (Exit) 0.8
Engine - Booster Spacing (In.) .) 0.0
Engine Gimbal Angle (Degrees) 3.0
ihrusﬁ - To - Weight Ratio 0.25
Axial Acceleration (G's) ' 1.00
Lateral Acceleration (G's) ‘ ' 0.05
Payload Density‘(Lb/Ft3) ' 25.0
Inert Weight Contingency Factor (%) j 7.5
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Table 2-24. Summary of Structural Design Data

Structure Thrust
Data . Shell Cone
Material Aluminum Aluminum
Density (lb/ft>) 183.0 183.0
Material Strength (psi)
Tension 67,000 - 67,000
Compression 46,000 46,000
Modulus of Elasticity (psi) 107 107
.Safety Factors
| Tension 1.25 1.25
Compression 1.00 1.06
Monocoque-to-Complex Structure * *
Weight Ratio
Spider Beam Multiplication Factor N/A N/A

% A function of diameter and limit load; see appendix C,
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Table 2-25,

Summary of Tankage Design Data

A 7 Mission

Feedline Flow Velocity (fps)
Tank Support Factor

Data Synchroenous
Tankage
Material Aluminum
Density (1b/ft3) 183.0
Allowable Stress (psi) 60,000
Factor of Safety 1.10
Minimum Skin Gauge (In.) 0.025
Land Factors (Bulkheads) 0.10
Land Factors (Cylindrical Section) 0.05
Thermal Protection ,
Initidl Fuel/Oxidizer Temperature (OR) 36.0/162.6
Initial Fuel/Oxidizer Pressure (psi) 15.0/15.0
External Insulation Temperature (°R) 450.0/470.0
Insulation Density (1b/ft3) 4.5
Insulation Thermal Conductivity (Btu/Hr-Ft-OR) *
Meteoroid Protection
Probability of no Punctures 0.995
Nomindl Mission Altitude (n.m.) 200
Shield Material Aluminum
Material Density (1b/ft3) 183,0
Material Yield Stress (psi) 70,000
Minimum Skin Gauges (In.) " 0,015
Miscellaneous
Minimum Fuel/Oxidizer Ullage Volume (%) 5.0/5.0
Residual Fuel/Oxidizer Fraction (%) 2&8/3;0

% A function of temperature and thickness; see appendix C.

¢ Dependent upon configuration; see appendix C,
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Table 2-26. Miscellaneous Subsystem Weights (MSFC Tug)

Electric Distribution 200 1b

Electric Power 300
Power Systems
Fuel Cell Reactants

Communication/Instrumentation 295
Communications
Data Management
Instrumentation

Guidance, Navigation, and Control - 210

Guidance, etc.
Rendezvous and Docking Radar

Hydraulic/Pneumatic 145
Purge
Umbilical
Tug/Orbiter Service

Propellant Utilization 35

Miscellaneous 1515
Destruct System
Docking Adapter
Subsystem Mounts
Orbiter Interface
Payload Interface
Purge

Total 2700 1b
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weights reflect the miscellaneous subsystem philosophy being considered in
. an in-house MSFC Space Tug Study(l)-

The stage geometry selected as the baseline for this analysis was the
40121 configuration, which has a large single hydrogen tank with ellipsoidal
domes; and four small oxygen tanks with hemispherical bulkheads, suspended
below the thrust cone. This stage geometry was selected instead of the
tandem tank configuration because the shorter stage would be more advan=
tageous for use in the shuttle's cargo bay. A typical stage having this
configuration is illustrated in figure 2-112. :

The parametric oxygen-hydrogen engine system performarce, weight and
geometry data used in this study, were obtained from Rocketdyne for use in
the "LOX/Hydrogen Engine Technology for Advanced Missions" study, conttact
NAS7-790. These data covered engines utilizing topping, expander and gas
generator cycles. The data for the topping and expander cycles included
thrust levels from 15,000 to 120,000 pounds, area ratios from 100 to 400,
and mixture ratios of 5.0, 6.0 and 7.0. Data were supplied for chamber
pressures of 500 to 1000 psi, and 1000 to 3000 psi, for the expander and
topping cycles, respectively. The gas generator cycle data covered lower

thrust engines (5,000 - 15,000 1b) and chamber pressures of 800 and 1000 psi.
These parametric engine data were published in appendix B of the final report
for the study cited above.

The costs generated during this analysis were based on cost estimating
relationships which are predicated on historical cost data and pertinent
vehicle parameters. In general, the cost estimating relationships of any
cost element contain coefficients which indicate the technology level and
complexity of that individual element. The technology level assumed for the
main systems on the stage is presented in table 2-27. Table 2-28 lists the
percent learning curves used to compute the investment costs.

The program cost data developed during this analysis include only the
RDT&E, investment and upper stage propellant costs. The program costs pre-
sented do not contain the other cost elements normally included in the
operations costs, because they are mainly launch vehicle and mission model
oriented, and for identical missions and similarly sized upper stages the
operational costs are relatively insensitive to variations in upper stage
weight. Hence, any program cost sensitivities which are dete¥mined from
these program cost data will be of sufficient accuracy.

2.5,2 Mission Profile

The mission profile selected for this analysis was the return of a
variously sized payload from synchronous orbit. This mission profile,
illustrated in figure 2-113, is similar to one being considered for a MSFC
Space Tug. This two-burn mission would require the liquid oxygen/liquid
hydrogen stage to be launched and placed in synchronous orbit by another
stage or by itself with the use of external drop tanks. That is, the stage
has a full (internal) propellant load at the beginning of the synchronous
orbit coast. The first burn utilizing the "on-board" propellants is the
retro maneuver associated with the return Hohmann transfer and plane change
at synchronous orbit. The second and final burn circularizes the stage into
a low earth orbit.
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Figure 2-112, Multiple Oxidizer Tank Stage Configuration (40121)
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Table 2-27. Technology Level of Systems

= o o x i i e : J-g
: &%

Area _ Tec¢hnology Level and :.Technology

Structures
Shell SOA -~ Aluminum Sheet Stringer
Thrust Structure . SOA - Aluminum Sheet Stringer
Tankage SOA - Aluminum Monocoque
Meteoroid Shield SOA - Aluminum Monocoque

” Tank Supports ' ADV - Composite
L Propéllant Feedlines SOA - Aluminum

Propulsion
Main Engines New, Advance, Reuseable LH5/LOX
Reaction Control Thrusters SOA - Monopropellant

Miscellanéous Subsystems
Electrical Power and Distribution
Electrical Adaptation of existing
Communication ' ’
Instrimentation hardware to a new
Guidance, Navigation and Control
Hydrailic/Pneumatic : uniianned, reuseable
Propellant Utilization '
Destruct upper stage

% SOA - State-of-the-art Technology
ADV - Advance Technology -

Table 2-28. Investment Learning Curves

. a g s s

System | Learning Curve |
Structures _ 90%
"Propulsion 95%
Miscellaneous Subsystems 90%
Assembly and Checkout 90%

2=1.50
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The velocities used for this mission assume a Hohfiann transfer between
an equatorial (0-degree inclifiation) synchronous otbit; and a 28%-degree
inclination; circular 100 nautical mile orbit. The vélocities were not
corrected to account for the effects of the stage's initial thtrust-to-weight
ratio (T/W = 0.25) and specific impulse, nor were the effects of orbital
regression on the velocity requirements considered.

2.5.3 Stage. Size and Cost

Variously sized stages were ahalyzed with engines having chamber pres-
sures ranging from 500 to 3000 psi and nozzle expansion ratics of 100:1l;
250:1 and 400:1. The results of the sizing analyses are presented in
figures 2-114 through 2:116. The stage weights whicéh corréspofid to vatious
éngine area ratios are depicted as a function of chamber pféséﬁre_for stages
capablé of carrying payloads of 1000, 20,000 and 50,000 podnids. These data -
are based on nominal engine wéights; that is, 100 percent the hormal engine
weight.

The overall length of theé states investigated is preseiited ds a
function of chamber pressure (figure 2-117).

The RDT&E, TFU and program costs were determined for each 6f the stages
sized. The costs were computed with a computer routine, developed specifi-
éeily for upper stages,; which determines costs from cost estimatihg reldtion-
ships. The resulting RDT&E, TFU and program cOst$ are depicted for
various stage sizes in figures 2 118, 2:119; and 2- 120, respectively..

- The 20-stage program costs shown in figure 2- 120 ificlude orily the
RDT&E, investment, and upper stage propellant costs. Othér cost§ which are
normally included in operations Have not been included (see subsection
2.5.1). -

2.5.4 Variations in Stage Size and Cost

The differences in stage size and cost for each of thé three stages
(1,000; 20,000 and 50,000-pound payload capabilities) were determined for
various percent reductions in engine weight. The results; depicted in
figures 2-121 through 2-135, show the reductions in stdge size and cost
‘which accompany decreases in engine weight.

The reductions in stage weight and length, which fésoiﬁ from reduction
in engine weight, are presented in figures 2-121 and 2-222, respectively,
for a 12,000 to 13,000-<pound stage having a 1000-pound payload capability.

The RDT&E, TFU and program cost savings estimated for these 12-13,000
pound presented as a function of percent reduction in engine weight, in
figures 2-123, 2-124 and 2<125, respectively, These data aré presented
for several different combinations of engine chamber pressufes and area
ratios, The costs associated with developing the lighter enginés are not
reflected in these data, _

Similar data are presented for two differently sized stages in figures
2-126 through 2-135. Data for a 51-55,000-pound stage (20,000-pound payload
capability). are presented in figures 2-126 through 2-130; and for a stage
having a payload capability of 50,000-pounds (109-119,000-pound stages) in
figures 2-131 through 2-135.
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The data indicates that regardless of stage size, only extremely small
savings in stage weight, length and cost can be obtained through the
reduction of engine weight.

2,5.5 -Conclusions Concerning Reductions in Engine Weight

Although no analyses were conducted to determine the technology break-
even points, the conclusion that reduction of engine weight would not be
attractive from the stand point of cost savings is quite obvious. The
reasons were twofold. First, the stage RDT&E cost savings that are realized
through engine weight reductions are minimal at best. And second, the
smaller stage size associated with the lighter engines will not yield a
large savings in shuttle transportation costs. This last fact is obvious
when the 1000-pound and 3-inch variations (maximum) in stage size obtained
through engine weight reduction are compared to the 2,200+-pound and 120-inch
differences found during the analysis of moderate chamber pressure increases
(section 2.4). 1In addition, it is doubtful whether any overriding consider-
ations (i.e., the requirement for mass ratio improvement by weight reduction
in order to perform a necessary mission) can be found where the return on
technology investment would not be higher if the funds were invested in
other areas to correct the problem.
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Section 3

TASK 5 - WORK ORDER 5., RELATIVE GAINS
OBTAINABLE THROUGH IMPROVED MASS FRACTION

3.1 GENERAL

As a result of the analyses of the effects of moderate increases in cham- ..
ber pressure and engine weight reductions (subsections 2.4 and 2.5) conducted
as part of Work Order 1, it was decided to replace Work Order 2 with an
additional task assignment. The purpose of this task, Work Order 5, was to
study the relative importance of other means of improving a stage's mass
fraction. This was accomplished by varying different parameters, such as the
prime structure weight, miscellaneous subsystem weights, thermal conductivity
of tank insulation, etc., and determining the corresponding stage sizes and
costs. The break-even costs associated with developing the technology
required to obtain the various mass fraction improvements, including the effect
of stage size on shuttle transportation costs, were also determined.

The results obtained in this study are discussed in the remainder of this
section.

3.2 DATA AND ASSUMPTIONS

Throughout this study, certain constraints, guidelines and pertinent de-
sign data were used, and are summarized in this section. Table 3-1 gives the
design constraints used and table 3-2 presents the prime structure data used
in computing the shell and thrust structure weights. Table 3-3 summarizes the
assumed tankage design data, including pertinent thermal protection data, The
weights assumed for the astrionics systems and other miscellaneous subsystems
are given in table 3-4, These weights reflect the miscellaneous subsystem
philosophy recently being considered in an in-house MSFC Space Tug study (7).

The stage geometry selected as the baseline for this analysis was the
40121 configuration which has a large single hydrogen tank with ellipsoidal
domes, and four small oxygen tanks with hemispherical bulkheads, suspended
below the thrust cone. This stage geometry was selected instead of the
tandem tank configuration because a shorter stage appears to be more advan-
tageous for use in the shuttle's cargo bay.

The parametric oxygen-hydrogen engine system performance, weight and
geometry data used in this study, were obtained from Rocketdyne for use in
the "LOX/Hydrogen Engine Technology for Advanced Missions' study, contract
NAS7-790. These data cover engines utilizing topping, expander and gas
generator cycles. The data for the topping and expander cycles included
thrust levels ranging from 15,000 to 120,000 pounds, area ratios from 100 to

3-1



'Table 3-1, Summary of Stage Design Constraints

.

~ Comstraint )} Mission :;Ziﬁiorsngige
Maximﬁm Stage Diameter (In.) 17456
Shell - Tank Spacing (iﬁ.)‘ | 6;6
Tank - Tahk Spacing (In.) © 640
Engine - Tank Spaciﬁé Factor (Chamber) 4.0
Engine - Tank Spacing Factor (Exit) ‘058
Engine - Booster Spacing (In.} 0.0
Engine Gimbal Angle (Degrees) 3.0
ihrusc - To - Weight Ratio - 0.25
Axial Acceleration (G's) 1;60
Lateral Acceleration (G's) 0.05
Payload Density (Lb/Ft3) 25.0
Inert Weight Contingency Factor (%) 7.?5




Table 3-2, Summary of Structural Design Data

Structure Thrust

Data - Shell Cone
Material Aluminum Aluminum
Density (1b/£t>) 183.0 183.0
Méteriai Strength (psi)

Tension 67,000 - 67,000

Compression 46,000 46,000
Modulus of Elasticity (psi) 107 107
ASéfety Factors |

Tension 1.25 1.25

Compression 1.00 1.00
Monocoque-to-Complex Structure %* o*

Weight Ratio
Spider Beam Multiplication Factor N/A N/A

* A function of diameter and limit load; see appendix C,




Table 323,

Summary of Tankage Design Data

D T D

Feedline Flow Velocity (fps)
Tank Support Factor '

Mission
Data ' Synchronous
Tankage
Material Aluminum
Density (1b/ft3) - 183.0
Allowable Stress (psi) 60,000
Factor of Safety 1.10
Minimum Skin Gauge (In.) 0.025
Land Factors (Bulkheads) 0.10
Land Factors (Cylindrical Section) 0.05
Thermal Protection
Initial Fuel/Oxidizer Temperature (OR) 36.0/162.6
Initial Fuel/Oxidizer Pressure (psi) 15 0/15.0
External Insulation Temperature (°R) 450, 0/470 0
Insulation Density (1b/ £t3) : 4.5
Insulation Thermal Conduct1v1ty (Btu/Hr Ft= °R) %
Meteor01d Protection .
Probability of no Punctures N/A
Nominal Mission Altitude (n.m.) N/A
Shield Material ' N/A
Material Density (1b/f£t3) N/A
Material Yield Stress (psi) N/A
Minimum Skin Gauges (In.) N/A
Miscellaneous
Minimum. Fuel/Oxidizer Ullage Volume (%) 5.0/5.0
Residual Fuel/Oxidizer Fraction (%) 2.0/2.0
20.0

% A function of temperature and thlckness, see appendix C.

¢ Dependent upon configuration; see appendlx C.
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Table 3-4. Miscellaneous Subsystem Weights (MSFC TUG)

System

Weight

Electric Distribution

Electric Power
Power Systems
Fuéel Cell Reactants

Communication/Instrumentation
Communications
Data Management
Instrumentation

Guidance, Navigation, and Control
Guidance, etc.
Rendezvous and Docking Radar

Hydraulic/Pneumatic
Purge
Umbilical
Tug/Orbiter Service

Propellant Utilization

Miscellaneous
Destruct System
Docking Adapter
Subsystem Mounts
Orbiter Interface
Payload Interface

200 1b

300

295

210

145

35

715

TOTAL

1900 1b




400, and mixture ratios of 5.0, 6.0 and 7.0. Data were. supplied for chamber
pressures of 500 to 1000 psi, and 1000 to 3000 psi, for the expander and
topping cycles, respectively. The gas generator cycle data covered lower
thrust engines (5,000 to 15,000 1b) and chamber presSures of 800 and 1000 psi
These parametric engine data were published in appendix B of the final report
for the study cited above.

(€Y

In computing the break-even costs associated with the various improve-
ments in technology, it was necessary to assess the implications which changes’
in stage length would have on shuttle transportation-costs. The variations in
shuttle payload capability (stage plus extra cargo).were determined from the
shuttle cargo bay criteria depicted in table 3-5.

Table 3-5. Shuttle Cargo Bay Criteria

Cargo Bay Length 60.0 ft
Cargo Bay Diameter A 15.0 ft
Maximum Allowable Cargo Diameter . ‘14,5 ft
Maximum Allowable Cargo Volume 9908 ft3
Maximum Allowable Cargo Weight 65?000 1b
—————— : e A N S A

The density of the extra payloads used in this analysis was computed on
the basis of maximum allgwable shuttle cargo weight and carbo bay volume.
This density, 6.56 1b/ft3 is slightly greater than the average denstgy of
approximately seventy shuttle payloads congidered in a recent Study. Both
of these densities are considerably larger than the density (2 lb/ft ) which
would be required to fill the remainder of the cargo bay not occupied by the
stage, while maintaining the maximum cargo weight limitation of the shuttle.
This results from the large 64,000-pound stages being considered in this
particular analysis. However, if small 10-15,000-pound stages were being
considered, the density of the extra cargo requlred to fill remaining cargo
bay area would be approximately 10 1b/ft

3.3 MISSION PROFILE

The mission profile selected for this analysis was the round-trip transfer
of a payload between a low-inclination, low-altitude earth (parking) orbit and
a synchronous orbit. This mission would require the liquid hydrogen-1liquid
oxygen stage to tramnsport a 3000-pound payload from the low-parking orbit to
synchronous orbit and return with the same or a different 3000-pound payload.

The typical profile for this mission is depicted inffigure 3~1. This
involves a Hohmann-type transfer maneuver from low earth orbit te synchronous
altitude, a plane change and circularization at synchronous orbit, a return
Hohmann-type transfer and plane change at synchronous orbit, and circulari-
zation into the original low earth orbit.
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The four velocities used for this mission assiiied 4 Hohmann-type transfer
between a 28 %-degree inclination, 100-nautical:miie ¢iféular orbit and an
equatorial (0-degree inclindtion) synchronous orbit. Thée velocities were
corrected to account for the effects of the stage's initial thrust-to-weight
ratio and specific impulse. However, the effect of orbital regression on the
velocity requirements was not considered.

3.4 BASELINE STAGE

The selection of a baseline stage for this anal¥sis was made on the
basis of the maximum shuttle cargo capability‘(65,0@0_pdundé);’ Table 3-6
presents a weight statement for the baseline stage which was the largest stage
sized that satisfied the above weight limitation and could stlll carry a
3000-pound payload on the round-trip synchironous mission: This baseline stage
weighs 64,443 pounds at ignition and has a burn-out welght of 7169 pounds,
and exhlblts a propellant fraction of 0.884, Tabie 327 summarlzes some of
the more salient features of this stage; while its externil profile is illus-
trated in figure 3-2. A detailed cost summary is presented ifi table 3=8 for
a 20-stage program.

The costs generated during this analysis weré based oii cost estimating
relatlonshlps whlch(zge predicated on historical cost .data &id pertlnent
vehicle parameters. In general, the cost estlmatlng relationships of any
cost element contain coefficients which indicate the technology level and
complexity of that individual element. Table 3-9 presentés thé baseline
technology levels assumed for the main systems on the stage and table 3-10
lists the percent learning curves ised to compute the investment costs.

As indicated in the cost summary shown in tablée 3-8; the program cost
data developed during this analysis include only the RDT&E; irvestment; and
upper stage propellant costs. The program costs presented dd not contain the
other cost elements normally included in the operations costs; because they
are mainly launch vehicle and mission model orientated, and for identical
missions and similarly sized upper stages the operatiohal costs are relatively
insensitive to variations in upper stage weight. Hence, any program cost
sensitivities which are determined fiom thé program cost data will be of
sufficient acciiracy.

3.5 ENGINE PARAMETERS

Bécause the baseline mission and stage Selected for this study differed
from those used in analyses of moderate chamber pressutre and engine weilght
conducted under Work Order 1, it was necessary to reevaluaté thé influence
of chamber pressure and engine weight. Thé results of thesé two analyses,
and an analysis of the effect of the engine nozzle expan310n fatio are pre-
sented in the remainder of this subsection.

3.5.1 The Effect of Chamber .Pressure

The influence of moderate ircreases in chamber pressure (750 to 3000 psi)
is depicted in figures 3-3 through 3-10. Variations in stage size are pre-
sented in figures 3-3, 3-4 and 3-5, which show the changes in stage weight,
length and volume, respectively. These data show that although an average
change in stage weight results from increased chamber pressure, a large
variation in stage length is obtained. This is mainly due to the decreases

3-8
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Table 3-9. Technology Level of Systems

Area Technology Level and Technique*
Structures
Shell SOA =~ Aluminum Sheet Stringer
Thrust Structure SOA - Aluminum Sheet Stringer
Tankage SOA - Aluminum Monocoque
Meteoroid Shield SOA - Aluminum Monocoque
Tank Supports ADV - Composite
Propellant Feedlines SOA - Aluminum
Propulsion
Main Engines New, advance, reuseable LHZ/LOX
Reaction Control Thrusters SOA - Monopropellant

Miscellaneous Subsystems
Electrical Power and Distribution .
Electrical Adaptation of existing
Communication hardware to a new unmanned,
Instrumentation ' reuseable upper stage
Guidance, Navigation and Control
Hydraulic/Pneumatic
Propellant Utilization
Destruct

¥SOA - State-of-the-art Technology
ADV - Advanced Technology

Table 3-10. Investment Learning Curves

System - |Learning Curve
Structures 90%
Propulsion 95%
Miscellaneous Subsystems 90%
Assembly & Checkout 90%
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in engine length. This fact becomes important in the case of a volume-
limiting payload being launched with the stage in the shuttle's cargo bay.

The effect of increased chamber pressure on RDT&E, TFU and program costs
is depicted in figures 3-6, 3-7 and 3-8, respectively. The savings presented
in these figures do not reflect the cost of the technology required to obtain
the higher chamber pressures.

In order to evaluate the influence of both decreases in stage weight and
length due to higher chamber pressures, it was necessary to determine the
number of shuttle launches needed before the additional extra cargo gained in
each launch of a stage (because of lighter, smaller stages) would equal the
equivalent payload of a single shuttle launch without a stage.

The results, which show the number of stage launches required to save
one shuttle flight, are presented in figure 3-9., These data are representative
of a weight-limited case. That is, although the total shuttle cargo weight is
65,000 pounds (stage plus extra payload), the extra payload does not completely
fill the bay volume not occupied by the stage. For the large stage being
considered in this analysis, this case is more realistic than the volume=-
limited case.

The launch cost savings were computed from data on the number of stage
launches required to save one shuttle flight, and used in conjunction with the
stage savings data (figures 3-6 and 3-8) to determine the technology break-
even points.

The break-even technology investment costs (technology costs = total
savings) for programs having various numbers of stages are depicted in
figure 3-10. These data are presented in a slightly different form then
previously shown in the analysis of moderate chamber pressure increases
(subsection 2.4), so that a comparison of the relative merits of the various
technologies can be made.

3.5.2 The Effect of Engine Weight

A set of data, similar to that prepared for chamber pressure, which
indicates the influence of engine weight reduction on stage size and cost,
is presented in figures 3-11 through 3-18.

These data show that stage size and cost are less sensitive to re-
ductions in engine weight than to increased chamber pressure, because large
reductions in engine weight decrease the total inert weight of the stage only
slightly, while not improving the engine's performance. Because the vari-
ations in stage weight and cost are small, the break-even technology invest-
ment costs are less than those found for the chamber pressures.

3.5.3 The Effect of Nozzle Area Ratio

‘Although the effect of engine nozzle expansion ratio was not originally
interidéd to be analyzed, toward the end of the study it was decided to investi-
gate its influence. Because the baseline stage had an area ratio of 400:1,
it was necessary to define a new reference stage in order to obtain positive
trends. A new stage having the same 3000-pound round-trip payload capability,

3-17
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NUMBER OF STAGE LAUNCHES TO SAVE ONE SHUTTLE LAUNCH

110

100 : g,_i_“m_ S TR
 SYNCHRONOUS MISSION
:STAGE PAYLOAD 3000 LB !
o :CONFIGURATION 40121 L T
ool = 'STAGE WEIGHT  61000-65000 LB :
] AREA RATIO 400: 1
)  MIXTURE RATIO 6.0: 13‘""
R ICARGO BAY VOLUME 9908 FT
ol [CARGO DENSITY 6.5 LB/FT3

........

., ..HZI

Figure 3-9,

2000

CHAMBER PRESSURE ( PSI )

Shuttle Flight (Chamber Pressure)

3-21

The Number of Stages Launches Required to Save One



BREAK EVEN TECHNOLOGY INVESTMENT COSTS ( MILLIONS OF DOLLARS )
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ESTIMATED SAVINGS IN FIRST UNIT COSTS ( MILLIONS OF DOLLARS )
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NUMBER OF STAGE LAUNCHES TO SAVE ONE SHUTTLE LAUNCH
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but with a higher chamber pressure (3000 psi) and a lower area ratio (200:1),
was selected for the new baseline for this analysis. Table 3~11 presents the
more pertinent data for this reference stage.

The results of the area ratio analysis are presented in figures 3-19
through 3-26. The technology break-even costs shown in figure 3-26 are only
slightly less than those obtained for increases in chamber pressure. The
reason for this is the lower cost savings obtained and not the fact that the
stages become longer as the engine nozzle expansion ratio is increased, as
shown in figure 3-20. This increase in stage length is due entirely to the
longer engines resulting from the higher area ratios, and not the height of
the stage (the distance from the gimbal point to the stage-payload interface),
which decreases. As discussed in subsection 3.2, the change in stage length
becomes important only when small stages are being considered for use with
the shuttle.

3.6 MISCELLANEOUS SUBSYSTEM WEIGHT

An analysis was undertaken to determine the influence of miscellaneous
subsystem weights (that is: fixed inert weights, such as astrionics, etc.)
on stage size and cost. The results of this analysis are presented in figures
3-27 through 3-34.

These data were based on equal percent reductions in all the miscellaneous
subsystem weights. Because of the limited duration of this study, no attempt
was made to determine the driving subsystem, or the effects of individual
subsystems.

The variations in stage size are illustrated in figures 3-27, 3-28 and
3-29, which show the effect of subsystem weight on stage weight, length and
volume, respectively. As would be expected because of the large amount of
fixed inert weight (1900 pounds) assumed, these figures indicate that stage
weight is quite sensitive to subsystem weight.

The effect of decreased subsystem weight on RDT&E, TFU and program costs
is depicted in figures 3-30, 3-31 and 3-32, respectively. These data indicate
that substantial cost savings might be realized through the reduction of sub-
system weight. However, because the cost savings presented in these figures
do not include the cost required to develop the lighter weight technology
(RDT&E) , nor the higher investment cost associated with lighter systems
(such as using integrated circuits instead of transistors in the electronic
systems), the actual savings will be less than indicated.

However, the data do give a true indication of the savings which might
be obtained through the elimination of components, such as redundant valves,
a secondary transponder, etc.

The number of stage launches required to save a single shuttle flight
and the break-even technology investment costs (technology costs = total
savings), are presented in figures-3-33 and 3-34, -respectively. Figure 3-34 -
shows that substantial investments can be made in order to reduce the
subsystem weights a slight amount, and still break even.
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Table 3~11. Baseline Stage Data for Area Ratio Analysis

A —

.r:AYLOAD (UP/DOWN ) 1 3K /3|<
TOTAL STAGE WEIGHT 64254
INERT STAGE WEIGHT | (5454)

STRUCTURE, TANKS, ETC. 2304 .
METEOROID PROTECTION 0
THERMAL PROTECTION 188
PROPULSION 566
MISCELLANEOUS SUBSYSTEMS 1900
CONTINGENCY 496
FLUIDS INVENTORY , (58800)
IMPULSE PROPELLANT 56892
NON=IMPULSE PROPELLANT 328
VENTED , 0
RESIDUAL ' 1580
ENGINE CHARACTERlSTICS
THRUST 16814
SPECIFIC IMPULSE . . 467.6
AREA RATIO 200: 1
CHAMBER PRESSURE 3000
_- MIXTURE RATIO 6.0:1
COST DATA” ($M) .
RDT&E 683,861
FIRST UNIT ' 17.659
PROGRAM (20 STAGES ) 1032.894

*Does not inc lude fechnology and normal Opercflons
cost, but includes propellant costs,
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ESTIM.ATED SAVINGS IN FIRST UNIT COSTS ( MILLIONS OF DOLLARS)
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ESTIMATED SAVINGS FOR A 20 STAGE PROGRAM (MILLlONS: OF DOLLARS)
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NUMBER OF STAGE LAUNCHES TO SAVE ONE SHUTTLE LAUNCH
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BREAK EVEN TECHNOLOGY INVESTMENT COSTS ( MILLIONS OF DOLLARS )
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REDUCTION IN: STAGE LENGTH (INCHES.)
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ESTIMATED SAVINGS: IN RDT&E COSTS ( MILLIONS OF DOLLARS)
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NUMBER OF STAGE LAUNCHES TO SAVE ONE SHUTTLE LAUNCH
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3.7 TANK INSULATION THERMAL CONDUCTIVITY

The influence of the propellant tank insulation thermal conductivity on
stage size and cost was also analyzed, and the corresponding break-even
technology costs determined. The results which are presented in figures 3-35
through 3-42 show that both improved thermal insulation and reduced engine
weight have about the same effect on stage size and cost. Although the weight
of the insulation is about half that of the engine, slightly greater savings
are obtained through improved insulation properties. The reason for this is
that the thermal conductivity not only influences the thickness of insulation
required, but also the propellant tank design pressure, and to a certain
extent, the tank's ullage volume. These, together with the propellant load,
determine the tank size and weight. 1In addition, the thermal conductivity of
insulation can also have an effect on the pressurant requirements, which
determine the weight of the pressurization system. Hence, the thermal con-
ductivity of the tank insulation affects other systems whose total weights
exceed that of the engine.

3.8 PRIME STRUCTURE WEIGHT

The last analysis conducted as part of this task assignment was the
determination of the effect of new materials, e.g., the use of honeycomb or
composite instead of aluminum sheet stringer, for the prime structure
components. The only portions of the structure considered in this analysis
were the load carry shell (which surrounds the single hydrogen tank) and the
thrust cone. Other areas, namely the tank supports, propellant feedlines,
etc., were not considered. The influence of prime structure weight on stage
size and cost was established by sizing stages with prime structures which
weighed various percents of the baseline aluminum sheet/stringer weight.
Costs were determined for the resized stages, taking into account the costs
of the respective technologies. An analysis was then undertaken to determine
the structural weight reduction which might be obtained through the use of
aluminum honeycomb and an advanced composite material. The results of these
analyses are presented in figures 3-43 through 3-49.

u. The effect of prime structure on stage size is presented in figures 3-43,
3~44, and 3-45, which show the variation of stage weight, length and volume,
respectively. The range of weight reduction which might be expected, is
indicated in each of these figures for both the honeycomb and the composite.
Figure 3-43 shoWws that structural weight reductions of 10 to 15 percent and
25 to 35 percent can be expected over the aluminum sheet/stringer for honey-
comb and composites, respectively. These correspond to decreases in stage
weights of 800 to 1200 pounds and 2100 to 2800 pounds, respectively.

The effect on stage length and volume, as depicted in figures 3-44 and
3-45, is considerably less than what might be achieved through increased
chamber pressure.

The effect of new structural materials on RDT&E, TFU and program costs,
is illustrated in figures 3-46 through 3-49. In each of these figures, the
cost variations for reductions in aluminum sheet/stringer structure weights
have been shown together with a range of costs savings for both the honeycomb
and the composite. Because these cost data include the new technology costs
which are difficult to determine, a range of costs has been presented for the
regions of weight reduction which are applicable to honeycomb and composite
structures.
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The RDT&E savings data, depicted in figure 3-46, show that a cost deficit
would be incurred if either honeycomb or composite were used in place of the
aluminum. Ihe data also indicate that substantial welght reductions would be
needed before a net savings could be incurred.

A similar trend is indicated for the investment costs, which are shown
"for the first unit in figure 3-47. 1In this instance, the cross-over points
occur at an even larger percent of weight reduction than was found in the
case of RDT&E costs,

Because of the large difference between the reductions in prime structure
weight required to break even in RDT&E and investment (TFU) costs, the cross-
over points for program cost savings will be dependent on the number of stages
in the program. This is illustrated in figures 3-48 and 3=49, which show the
savings estimated for a single-stage and a 20-stage program, respectlvely
For example, in order to break even with honeycomb, a 32 to 50 percent re-
duction in prime structure weight would be required in a single-stage program;
while better than a 60 percent reduction would be requlred if a composite were
used

Although the weight savings obtained through the use of these new materi-
als is too small to overcome their high costs, net savings might be obtained
through the use of these new materials. For instance, it might be possible
to use an existing engine if the stage's inert weight were reduced slightly.
This would eliminate the high development costs associated with a brand new
engine, and would probably more than make uyp the cost deflCitS associated with
the advanced materials.

3.9 RELATIVE GAINS

A comparison of the five methods of improving a stage's mass fraction -is
depicted in table 3-12. This table shows the necessary improvements required
in each discipline in order to recover the cost of developing the associated
technology. The break-even technologies are presented for three different
technology 1nvestment costs, and two different sizing programs.

For example, if $5 million were to be invested in technolggy development
for a single-stage program, then in order to realize a net savings, either
the chamber pressure would have to be increased to at least 1620 psi, or the
engine weight would have to be reduced by 40 percent, Likewise, the break-
even point for the engine nozzle expansiom ratio would be 310:1. In the case
of the propellant tank insulation thermal conductivity, the conductivity would
have to be reduced an infinite percent before a $5-mission technology invest-
ment could be recovered. Thus, it would be impossible to obtain a net return
on a $5-million investment to improve the insulation's thermal conductivity.

The technology break-even points presented in table 3-12 indicate that
the two areas in which the maximum return can be obtained are: 1) increases
in engine nozzle expansion ratio; and 2) reduction of miscellaneous subsystem
weights. The areas, excluding new structural materials, which offer the least
return are reductions in engine weight and insulation thgrmal conductivity.

3.10 CONCLUSIONS CONCERNING MASS FRACTION IMPROVEMENT

- Table 3-13 summarizes the effects of the six methods of improving the.
stage's mass fraction.
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Section 4

TASK 2 - WORK ORDER 6.,
FUTURE PROPULSION CONCEPTS

41 GENERAL

At the present time, NASA has identified seven concepts which may be
categorized as new horizons:

a,
b,
Ce
d.
e.

f.

e

Atomic Hydrogen

Metallic Hydrogen

Metastable Activated Molecules
Compounds of Aétivated Helium
Activated Oxygen
Laser-Energized Fluids

Planet Atmosphere Reactions

The purpose of this task assignment was; 1) to estimate what propellant
mass fraction might be associated with these concepts; and 2) to illustrate,
quantitatively, what these concepts might mean in terms of reduced stage sizes
and attainable velocities,

The following excerpts, taken from the ''Progress Report on New Horizons
for Propulsion', (9) briefly describe these new propulsion technologies:

ae

Atomic Hydrogen

"The energy of recombination of atomic hydrogen to form molecular

hydrogen is approximately 52 kilocalories per gram (kcal/gm). The
energy could heat the resulting molecular hydrogen to about 4000
degrees Kelvin, producing a calculated specific impulse of about
1700 seconds on expansion, The method of production and stabiliza-
tion of atomic hydrogen is to pass molecular hydrogen through a
discharge tube causing the dissociation, and trapping the atomic
hydrogen on a cold surface in the presence of a magnetic field of

70 to 100 kilogaus. The magnetic field theoretically should align
the spin of the electrons in the atomic hydrogen in the same .direct-

ion, thus preventing their recombination to form molecular hydrogen,"

4=1
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Metdllic.Hydrogen

"Hydtogen will conVert to a cloge- packed, Body-centered, cubic
structure under extreme pressures, on the order of 1 megabar.

In ‘this condition, it ig metalllc and stores a large amount of
energy; about 52 kcal/gm. Theoretlcally, it will bé metastable
at ordinary pressure; if so, the metallic hydrogen could bé used
in the form of a slurry in 11qu1d hydrogen s1m11ar t6 slush
hydrogen now coming into practice., On proper "'gnitlon“ the

metailic hydrogen would revert to normal hydrogen, relea31ng its
energy and giving about 1700 seconds of specifie 1mpulse.

"Metallic hydrogeén hds never béen 1solated although some tiorkers
claim that it has existed for a very short time id dynamlc pres-
sure apparatus, that is, in exp1031ve-1n1tlated Experiments s

"It. should be mentionéd tHat metallic hydrogen i8 predlcted to be

‘a super-conductor; and thére is a poss1b111ty that it w111 rétain

super-conduct1v1ty at a relatlvely high témperature. The higH-_
préssure work to make it should have valuable outgrowth in sblid-
state physics and mdterial propertiesgs"

Metastable Activited Moleciiled

"These are atoms or molecules which have been energlzed by électronic
excltatlon, such as nicrowave d1scharge. In this conditlon, wh1ch

is called the triplet State, they contdin large amdunts of enhergy
which cannot be released by radiation, but must be rel"ased by recom~
bination or reactlon. The &léments of 1nterest are helium, which
would contdin 456.,5 kilocaloties per moléchile (114 kcal/gm) in the
excited state, néon &fd argong

"The activated material might bé used puire or in combindtion with
a hydrogen or helium carrier. The specific 1mpulse computed for
pure He* is about 2800 seconds; for Ne* 1100 seconds, for Ar* 700
seconds; Excited neon is computed to have a half, life of several
years at 5 degrees K; active oxygen, discussed below has a half
life of several weeks at liquid air temperatutes (mlnus 185 degrees
c)." :

Compounds of Activatéd Helium

"It may be p0381ble to stabilize the act1vated species by the
formation of compounds with other, normal specles. Helium is
usually consideréd to be a nonreactive element, but 4 number of
workers have found it in compounds with eleménts siich as _mercury,
iodine, sulfur, iron; platinum and paladiun, There is also a basis
for believing that activated helium may form weak combinations with
normal helium, :

"This molecule has béen observed spectroscopically, and the data
lead to a calculated specific impulse of 1920 seconds under condi-
tions of expansion from 1,000 psi to 14,7 psi. Helides of lithium
or hydrogen are also worthy of investigation,'

42
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Activated Oxygen

"Oxygen may be vibrationally excited to a high-energy state, and
theoretically should be stable at liquid air temperature for a few
weeks, While the energy availability does not approach that of
helium, the possible use of activated oxygen to supplement existing
hydrogen/oxygen propulsion systems is of considerable interest,

The liquid hydrogen/liquid oxygen combination is estimated to have
a specific impulse of 525 seconds on expansion from 1,000 psi to 1
atmosphere, which corresponds to 650 seconds under space conditions,
This performance would be very beneficial for a single-stage orbit-
to-orbit reusable tug where the velocity increment of approximately
28,000 feet per second means very high payoff from the increase in
specific impulse,

"LeRC and JPL have only recently become aware of this concept of
activated species, rather than atomic hydrogen as a potential
propellant, Both LeRC and JPL are reviewing literature and making
in-house surveys in order to define an appropriate course of action.
A cursory search was conducted through recent aerospace abstracts and
a good number of references to recent research in activated mole-
cules were found, not surprising in view of the growth of laser
science and technology in the last decade. For example, E, Muschlitz,
University of Florida, published a paper in Science, February 1968,
on metastable atoms and molecules, showing that helium has a number
of metastable states with very high energy; i.e., 19 to 20 electron
volts, equivalent to about 460 Kcal/atom. The lifetime of one of
these species, is stated to be very long. Neon and argon also have
long-lived metastable states, with energy about 370 Kcal/atom (Ne)
and 265 Kcal/atom (Ar).

"In sum, the use of activated metastable species for propulsion
appears to be a concept with potential for large performance gains
over the best normal propellants; viz., more than an order of magni-
tude in energy content, and four-fold increase in specific impulse,
The research to establish such new capability will benefit greatly
from laser research, because this also involves understanding of
activated states,”

Lasexr-Energized Fluids

"The essence of this technique is the use of the energy in laser
beams to heat a working fluid to yield thrust. The basic virtue of
this energy source is that it is not limited by the energy available
in the chemical bond, and it need not be located on the vehicle.

The working fluid can be brought to a condition whereby it can pro-
duce extremely high thrust per unit mass. Further, lasers can
react with solids to produce plasmas with very high expansion velo-
cities, i.e.,, 107 centimeters per second. These offer the possibility
for momentum exchange to produce thrust by a mode different from the
expansion of a heated working gas, In this mode, the selection of
the working substance would not be circumscribed by the need for
isentropic expansion of gases; thus solids, such as lithium hydride,
as well as liquids or gases could be considered for propulsive
elements, '

4-3
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"One concept of laser-=powered propulsion is beaming the laser

from a fixed station, which could be on earth or on a satellite,

to a vehicle, The energy is absorbed in a working fluid, typically-.
hydrogen, and converted into internal energy, The specific impulse
computed for this combination is limited by the heat transfer to

the nozzle and combustion chamber walls, and, of course, by the
power for the laser source., Some engineering studies have indicated
that material temperatures can be maintained on the order of 5000
degrees R, with the corresponding maximum spec1f1c impulse on the
order of 2500 seconds., If techniques for produc1ng materials with
high reflectivity can be perfected, wall temperatures as low as

2000 degrees R may be maintained, with spétific impulses of approxi-
mately 5000 seconds. A :

"Water and methane have been considered for propellants. These

will be dissociated and will produce spec1f1c impulses of 1250 and
1600 seconds, respectively, when the maximum temperature gives a
2500-second hydrogen specific impulse., The advantage from use of
other propellants would be reduced volume due to their greater
den31ty. ,

"A propulsion system based on the interaction of laser readiation
with a surface was analyzed in detail (AVCO)., Theé propulsive
mechanism involved the production of high temperature plasma with
strong laser absorption. The specifi¢ impulse exceeded 1000 seconds.

"It seems feasible to make very low thrust laser-powered systems,

to meet mission requirements such as station keeping or fine-point-
ing attitude control rockets, The source could be a sun-pumped laser
on the satellites, which would produce plasma with a specific impulse
at 1000 seconds or more, The propellant could be a splid such as
carbon, aluminum, teflon, lithium, tungsten, etc,"”

Planet Atmosphere Regctions |

"The atmosphére of Mars, Venus, and Jupiter will produce high-
energy reactions with selected propellants., Thus €Oy, the main
constituent of Mars' atmosphere, will react with beryllium to pro-
duce 11 kcal/gm; with boron, 7.5 kcal/gm. The nitrogen in Venus'
atmosphere reacting with boren gives 5,8 kcal/gm; with beryllium

5 kcal/gm. These can be compared to one of the most emergetic bi-
propellant reactions now available for propulsion: hydrogen fluo-
ride, approximately 3 kcal/gm of combined propellant., The atmo-
sphere of Jupiter is mostly hydrogen and has the potential for
reaction with oxidizers such as oxygen, fluorine or ammonium per-
chlorate,

"These potentialities were studied at JPL beginning in 1965, and
they are continuing to receive attention. It appears that air-
breathing power systems operating in the Martian or Venusian
atmospheres may result in reductions in the mass launch from earth,
in comparison with other chemical power systems, They also may be
competitive with nuclear systems for operating lifetimes of the
order of weeks or less,

b=t



; '"JPL is continuing to analyze the potential applications of air-
breathing systems and to rate them against competing rocket, nuclear,
or chemical power systems,"

¥

The results of the analyses performed under this work order are presented
in the remainder of this subsection.

4.2 PERFORMANCE AND SIZING CARPET PLOTS

In order to show the maximum attainable ideal velocities and various stage
sizing parameters (e.g., PL/Wg, W) as functions of specific impulse and pro-
pellant mass fraction; the following carpet plots were prepared:

a., Maximum ideal velocities attainable with a single stage
(figure 4-1),

be Maximum ideal velocities attainable with two equal-size
stages (figure 4-2),

cs Maximum attainable ideal velocities for a 50,000-pound stage
with a 1500-pound payload (figure 4-3),

d., Stage sizing for a round-trip synchronous-orbit mission with the
ratio of payload-to-stage weight as the dependent parameter (figure
4'4) .

es Stage sizing for a 3000-pound payload round-trip synchronous=-orbit
mission, with stage weight as the dependent parameter (figure 4-5).,

These charts may be used to show how new propulsion concepts extend the
range which is accessible by means of propulsion (i.e., the velocity plots)
and/or the reduction in stage sizes required to accomplish a given mission--
provided the user is able to estimate the propellant mass fraction associated
with the propulsion concepts. A part of this task was to prepare conceptual
designs to be used in estimating the packaging efficiency for various concepts.
Because of the limited amount of time remaining in the study, only two concepts.
were investigated--metallic hydrogen and activated helium, The activated helium
was selected instead of activated neon or argon because it results in a stage
with a lower mass fraction--i.e,.,, it will give a lower bound on the mass fraction
of stages using activated/metastable species, The reason helium packages with
the least efficiency is because it has the lowest density, the lowest critical
temperature and the lowest heat of vaporization, That is, it requires relatively
large tanks and has a low capacity for absorbing heat; thus requiring more ther-
mal protection,

The activated oxygen/hydrogen system was not examined, although it does
appear to be very attractive. This is because it would be necessary, at this
time, to assume that the activative.oxygen would have the same physical pro-
perties as normal oxygen., Thus, it would have a predicted mass fraction the
same as a normal LOX/Hydrogen stage.

4.3 SIZING DATA AND ASSUMPTIONS

Both the metallic hydrogen and the activated helium behave as monopropel-
lants; therefore, the monopropellant option of Chrysler Upper Stage Sizing '’
Evaluation Routine (CUSSER) was used to estimate the propellant mass fractions

4-5



(e8e3s 913ulS) 91qeuTeEIIY SIOTITOOTAA [BOPI WNWIXEH ° - 2an3T4

lm

(Sdd g01) ALIDOTIA WNWIXYW

_ t
1 I S +4-H
- , ; 1.
4 i . : | 1
I S .. - Y t : 1} . .
.ﬁ. f 1 7 _ I “ “ . lew
- . R . S il T -~ -
R O N S * i ,Tv 1 | _ .
4 et ot 4o tocl/ 1 L W
] TITITTE TN .N./f 4oL L Jusholubvdmdn b ol 13A Naksuy sirdn
- . 4 S . . “ . by / . e - . o —f— - S —4
i ,m;ﬂm “ 1 G TSR 0 s N O O e
g_goA /[ N ™ N //
| LN T -VA,.-N,///.; A tddd EERE
4oy \\ /VN i N /// N T N/VA 4 b .
.- SONURRRS RIS |
P GO WU N "3 - 4 L - ~t T R - .4 3 4 / [ . . / . .4 —
1 \@.A , 4t ;./VA,\. f JH./,J N ~ A N N $Aar-23vhe Jann -
Lt / \ A N [ N [ - / / B
, T 4 4 g -t e J/ P i V /// ~ 1IN N 1 n., 1.
L . iA“ly\..n. 4 VI vv\g N i N YAI adavhiot i (1o
J/ Lt // \L\ NN V [///. S N R B A
T+ ST T T LALLM 117 L] LT TTING N. TN Alsaia [aNg dinb
s m [ S /{ V|Ay\. P DR T o . 1....V,\‘h ) A\ U.IJ../ . \ ;_ ¥+ —3$—9
gt Il p : S N — 4. "
—+1 P41 1S A\\W 1 \\Vﬁ : T | e ho T shiay 1 (f
g P ™~ A o V.\\ wal1gdo NamLvp shiapy i1
. ;yA 4 L i /_/ i A d d 1
< TN D |
cetal 7[ 1] .\T _ L\TVT .
pe SullEs V CN o BN NULYS 30 BLidng
! ™ | | , { 1
I - PEEEREEY ERE=
B s6[ = | Vo i J
| V01 i ; . * .A__v .
HHT T w |



(s98e3s oMI) 91qeurelly S9T1T00T9A Te9pI WnuIXeW °g-% 2an314g

4=7

{44 ¢01) ALIDOTIA WNWIXYW

g ) | T T
| 1 ~ w 1 # : i -+
I 0 A A A R A A o
SERsEAR RN Y ]
+ 4 | % A S ﬁ ﬁl y-.i;l
I b T - ~+ 4 ~
T T e ] sEER AR RREREEE
™ 7 A 1930 HIIVIPRAT YWD T8 SRILDOTIA RO RS
AP BV P
! doo _ Pl L 4
T T UL AT TR T T
| . bod I QERRPY v A N 14 e
oboz_1—+T | /./V i\ I \\ i \V //.V i . 1
T LTl T T T T TR TN peosfos
TR T PN et
T T T B | | T F P
Nk L | L «HERRPD= ¢ g fJ | etk fuen
ann S S T g >
B \.\VW” 7[\ T T | P 431940 Heari v o
¥ Ji N \MTLXAJJJ ; /u_vv \AV\A\A‘ 4542,3 Ltﬁruex
,rr%zsm_gyﬂﬂ N ZUV e gl % -
T ITNN  HE T  H H H- |
i _ n.oT " Vo I _ # 4
“ ] . . b i -
| _ , NqT%#f 1 [ A0V Y i




(peo14eg q1-00ST

“08838 q1~-000°0S) STqEUTEIIV SOTITOOTIA TBIPL WNWIXEBH °E*Y 2an31d

i
- S A | _—
,len ;I. . e e % l . . —
. HIEV, ﬂaﬂwﬁﬁﬁaﬂ IETOPIINN OSSP

oL

LA N

ATd 1INV,
1560=Y -

- (w
71 SA9A1

J S

O¥d. ¥v105

4 ._.wZAa‘: xu—x.,DOhm .

ANCAA

P E—— -

|
!

< —

4

d ——— . T -

v el = YO AT SNKys L[]

- / ] V_ > -

8 . - -

: . ~ ¥3019%0 NuNLYS SNIaYY Lt
L. —

" ¥3IQNYI NanLvs 30 ¥tudne
_w - vv
- i

mz&lJ:

W Loy

inn;iﬂl

g

(Sdd Con) ALIDOVIA WNWIXVYW



(sot3ey 2y8ToM 98e15-03-pBOTAR])
8utzTs 98318 UOISSTIKH uaghme:onohEoEnm diag-punoy °H-t 2an3Tg

T
I o
A
i

L

/"l"
1
'
|
~]
PR
|

-
—_—
i

@& . , VA ) f
KV Tt
éﬁoodw . “
. -

0
o
W
Lz
A
%
g
t
|
i

L

T

i

0l

LHO1IM IOVLS/AVOIAVY
4-9



(s3y81op °8835) peolded 41-000€ © 5
103 ‘ButzTs 93e3g UOTSSTH 31410 - snouoaydudg drag-punod °G-y IANSTI

P——

1

T

[

T

11T

B NV

ot

/5

{SANNOd ¢01) LHOIIM 3DVLS

-\:

4-10



ov

SUOTSST UOTIRINQ 3I0YS I0] SUOTIORII ssel Jue(adoid SATIOIFFY °9-% 2aIn31Td

( SANNOd mo_ ) LHO1IM 1DVIS

0g . 0z - ol

T v T

_ wni|ay PajoALOD
Aun|s o406 = uaboupAy oijjosow
uaBoupAy /xoj

70

90

8’0

0°1

NOILDVY¥4 SSYW LNVT13dO¥Ud

4-11



PIEYR

(0} 4

SUOTSSTK UoTieIng SUOT I0] SUOTIORII SSBR.Jue][2doxg DATIOIIF °/- 2andT4

(:SaNNOd 01 ) LHO1M IDVLS

0E 0z | ol

R A o v

: /W 3! - , .
| WA YA A ) . e S

\..._Om A BUQ S! Bl 4007 130N

m Nn Aunis o, 06 = cmm??ﬁ olj|o4dw

4udA aajspndosd - winijay payoAl oD
uaBoipAy /xoj

NOILDOVYd SSYW LNVT113dO¥d

l-12



Juwes CH TeuLtoN uotjezrxodep JO IBOH.

oues oy 'TVREONTH 6*0 + (S5°T) 6*0 =T pInbIT JO 3E9H OTIT09dS.

aues CH TeuLION 2aInssaxag Iodep.

ouesg CH TewIoN d S°0 + (#°C) . G°0 = d £31suaq £1anis.

sweyg ud80apAH TewioN utr ud80apAH OTTIBIOW %6S juasJ9g £IINIS.
VIVQ INVITId0dd *D

1:00%7 = » pue evIsd 000¢ = °d yaIm 3ISNIYL SUoTSuUswtQq

Qwes awes 3yl yo o3e3s uaB0IpAH/X0T Se owes pue Jy81aM ourduge.

ueg ¢Z*0 M/ Le

sweg CH TewxoN uoTloeij uo spuadeq dSTe
VIVQ NOISTINdQdd °d

1 1 suang oNe

aeox 1 anoH 1 uoTlIeINg UOTLSSIKHe
VIVd NOISSIH °V

1seo0) uotrieang Suonq

1SBO) UOTIRANG I IOYS

UOTISSTR/ B2y

98e3s ua30apAH OTITEIO - mﬁOHumasmm¢.uoﬂmz *1-% 31qe]

4-13



Ieak T

9FTTe-

66°0" 3 SITHON' 3O AT1Tqeqoige
. 2U0Y": 3§NIYY: pues . ; SR : - . F
k 11eus wate pesnwnupunpy. |, pasqy JoN -+ T1FTIoTER.: ;
VIVQ QTITAS qro¥omIaw @ |
m pazturldo peztIwiado: 2InSS91d JUSA MUBTe m
] (uoT3BINSUT Youl-¢ i
. 9 sazoddns >juel 30BIUOD 3
i -uou *bax L1qeqoag) gy (ssowptyy ‘Y o)y uoTie[nsul ysnoayyg ¢
; Sutaejuy 1BO9H UOTIORITe -
: SaYouI-¢. pazTwIldQ POMOTTY SSOUNOTYJL UMWTXB|e %
: swes cA3/atr ¢ | £3Tsus@ uoTIBINSUTe g
m . . H £3TATIONPUOY 4
- _ aueg: ¥ §99180p=a4=733/3F-131¢ ¢.0T X §2°C TEWIay], uorlensur, :
. ¥ s99139Q 00T . "9 s99185q ch - 9angyeiaodwo] TERUISIXTe :
X Q1 051 ‘s9x ONi- PTOTUS MOPBYSe ;
VIVd TO¥INOD TVIdTHL ‘a
31seo0) uotieaANg SuOT. 31§€0). UOTIRANG II0YS- UOTSSTR/ B2y
L (penutjuo)) 98e31S usBoipAy OTT1eI9N - suoridumssy Iofel °T-% @iqel

4-14



aesx 1 9FT'Te
S66°0 pesn 3ON S3TH ON JO %UHHMQNQO.H&.
2U09 3Snay] pue
1I2US UYITM pasn-wnutumiy 1eTI93 e
. VIV QTITHS dIOQYOHIAW  *H°
paz1wrado peztwr3zdQ 2aINSS9IJ JUD\ MuBTe
(soTleInsur Youl-¢ p aoddns
Mue3 30g3jU0d-UCU B S21Inb uotlelnsul y3noayyg
-92a £1qeqoag) 3jusoaad ¢/ (ssouo1ygL “mqavm Sutasjuyg IOl IO UOTIOBRIJe
sayout-~-¢ ¢3¥/91 6*% £3Tsuaq uorjeINSuUle
£3TATIONPUOYH
swes g so9a3op Iy-,33/33-1q -01 X 2°C TPUWLI3Y], UOTIBINSUTs
¥ s92a89q 001 ¥ se9a3eq oG¥ sanjexaduw], TEUIIIXFe
Q1 0ST °s°X ON PISTYS mopeySe
VIVQ TO¥INOD TVIWMEHL °d
suwes 93TUTJUT pauMssy 9311 JT1EHe
sweg untIaYy Jeurtou se dueg se13asdoag
oTweudpowray], pue TeITsAyd.
VLVd INVITZd0d9d °D
sweg 00% = 3 Ppue 000 = °d suoTsuawl(
YITH Isnayl odwes Jo 93e3s Nm\xoq se oauleg pue 3y31aM sur3ufge
aues $Z°0 T A
awes (Quetiadoad jo
®3TT /1> °9°T) Suijl jo juspuadapul dsIe
vlvd NOISTINdodd °*94
1 1 suang Ope
aBdX 1 anoy 1 uoTjeang UOTLSSTN:
VLVQd NOISSIW °V

1se0) worjzeang Suog

3sSpo) uoTIRAN] I IA0YS

UOTSSTIW/ B2y

2835 UNTI9H P931BATIIOY - suoridumssy Ioflel

*Z-% °14qelL

4-15



for stages using the two propellants. The major assumptions used in pre- .
paring the input to the sizing program are given in tables 4-1 and 422,

For the metallic hydrogen stage, the most critical assumption was that
the metallic hydrogen must be slurried in normal hydrogen which would serve
as a vehicle for pumping the fluid into the engine and as a medium f£or ab-
sorbing heat, The normal hydrfogen would also act as working fiuid when heated
by the energy released by the reversion of solid metallic hydrogen to normal
hydrogen. The delivered specific impulse would be heavily dependent on the
amount of metallic hydrogen slurried in the normal hydrogen, The stdge pro-
pellant mass fraction would also be affected by the slurry fraction; but not
td the same extent. The mass fractions presented herein are predicted on a
slurry fraction of 50 percent by weight: The density of the propellant was
éomputed as a weighted average of the den31ty of solid hydrogen (5. 41b/£t3)
and the density of liquid hydrogen which is a function of terperature, The
speciflc heat of the slurry was computed in the sameé fashlon. The other

mal hydrogen.

For the activated helium propellant, it was nécessary to assumé that
the activated helium would exhibit the same thermodynamic and physical proper-
ties as normal helium <~-<- a dubious assumption at best, This assumption is
' not nearly as important for the short=~duration missions as it is for thé long-
duration missions,

- The more important properties aré shown in table 4=3 together with those
of neon and argon. They will serve as a basis for soiné additional comments
in the next subsectlon.

—— . — . P —_

Table 4-3, Properties of Helium, Neon and Argon.

' *; Property/Element “Helium I - Neon = Aréoﬁ'-
Density (@ NBP) - 1b/ft7 7.80 78.0 | 87.39
Normal Boéiling Point = ©K 4,215 27,09 | 87.29
Critical Temperature - K 5,199 ANAY 150.7
Critical Pressure - ATM 2,26 26,19 | 48,0
Heat of Vaporization (@NBP) - B - .
Btu/1b 8451 | 37.0 -70.5(?)
Liquid Specific Heat (@BP) - . N
) . L ! . L )

For ‘the long ‘duration m1351ons, a l-year coast was arbltrarlly assumed
i,e,, it does not correspond to a specific mission, For béth the advance
propulsion concepts, the use of a shadéw shield was assumed as well as an
advanced type of tank support which could limit the amount of heat entering
the tank through the supports and plumbing to less than 25 percent of the
total heat leak, Such a tank support would possibly be a non-contact type
employing magnetic bearings to position the tank relative to the rest of the
stage, during the long zero-g.coast.

\
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4.4 SUMMARY OF RESULTS.

Analyses were accomplished using ''CUSSER" to predict the propellant
mass fraction of the two propulsion concepts as a function of stage size.
A long-duration mission was considered as well as a direct-injection mission
to identify the effect of meteoroid shielding and thermal control require-
ments. The results, shown in figures 4-6 and 4-7 are presented in the form
of propellant mass fractions plotted as a function of stage weight., Com-
parable LOX/Hydrogen stages are also shown to provide a perspective on the
relative packaging efficiencies., Sample weight statements are given for the
two advanced propulsion concepts in tables 4-4 and 4-5,

The data indicate that for the direct-injection (short coasts) missions,
the stages all have roughly comparable mass fractions which range from a low
of approximately 0,70 upwards, depending on stage size, One of the more
significant uncertainties is the weight of the engines which could be much
heavier than indicated due to the very high combustion temperatures which
would be incurred., However, even a 100 percent increase in engine weight
would not appreciably change the predicted propellant mass fraction,

The predicted propellant mass fractions for the long-duration mission
are much lower than those for the short-duration mission, because the require-
ments for thermal and meteoroid protection are so severe., However, with the
possible exception of the activated helium stage, the predicted mass fractions
are not unreasonable considering the requirements and the small stage sizes.
The helium stage has a poor mass fraction because it requires a very large vent
as.a result of its extremely low capacity for absorbing heat (see table .4=3).
However, the effective propellant mass fraction would be quite acceptable if
the vent were propulsive, especially at a high specific impulse, Such a stage
could "coast" in a low-thrust mode, with appropriate trajectory shaping, and
switch to a high-thrust mode at the end of the coast.

Although activated neon and argon were not investigated, they could be
more attractive than helium for the long-duration missions. This is because
they can be packaged more efficiently, due to their high densities and much
greater capacity for absorbing heat,

For missions having coasts which are longer than 1 year, the thermal
penalty: will not increase much beyond what is shown in tables 4~4 and 4-5.
This 1s because the thermal radiation from the sun decreases rapidly as the
stage moves away from the sun so that if a shadow shield is used, the insula-
tion external temperature can be reduced significantly below the 100 degrees R
assumed here.,

4.5 RECOMMENDATIONS

The results presented here are preliminary and are based on a limited
amount of data, However, even assuming that the projected specific impulses
and mass fractions are optimistic, the possible gains in terms of reducing
stage sizes and/or extending the range of missions are so great, that Chrysler
strongly recommends that the basic research necessary for developing and under-
standing of thesé propellants be pursued,
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Table 4-4, Weight Statement Activated Helium Stage

wmw__'”‘SYStéﬁ/MiSFioﬂ - ' Short Duration Stage | Long Duration Stage
- TOTAL STAGE WEIGHT 11,969 12,668
STRUCTURE - 783
*Tankage 252 ' 246 1,814
«Insulation 45 ' © 535 s
°Tank Supports 159 166
*Thrust Structure 101 83
*Shell . _ 226 224
sMeteoroid Shield N/A 410
Shadow Shield N/A ‘ 150
PROPULSION | 223
*Engine 125 114 337
*Feéd System 7 6
*RCS 52 190
sPréssurization (excl. ‘
gases) 39 : .27
ELECTRIC, POWER AND DISTRI- :
BUTION AND COMMUNICATIONS . 400 ‘ 130
 MISCELLANEOUS . 130 | - 130
CONTINGENCY 112 | 197
PROPELLANT INVENTORY 10,321 9,720
*Useable 10,037 3,434
*Residual 206 194
+Ullage 75 ‘ 74
eStart/Shuit 3 2
*Vented 0 6,016
EFFECTIVE PROPELLANT .
| MASS FRACTION, * A= 84 A eff = 0,443 Non
' Propulsive
Vent
pulsive Vent
(full ISP)
{ where
. . ) W )
PL{ YeAv/gisp-1 prop
A = + — eav = ¢ ,
. {1 Ws} {"e Kvégl' P or A= Wotagel
vent hon-vent

418



Table 4-5. Weight Statement Metallic Hydrogen Stage

SYstem/Mission Short Duration Stage Long Duration Stage
TOTAL STAGE WEIGHT 15,415 20,835
STRUCTURE 1,244 3,606
*Tankage 405 485
eInsulation 73 1,095
eTank Supports 206 270
«Thrust Structure 179 252
+Shell 381 582
eMeteoroid Shield N/A 772
*Shadow Shield N/A 150
PROPULSION 249 801
*Engine 134 ‘170
eFeed System 22 31
+RCS 52 546
ePressurization (excl.
gases) 41 54
ELECTRIC, POWER AND DISTRI-
BUTION AND COMMUNICATIONS 400 470
MISCELLANEOUS 130 130
CONTINGENCY 148 346
PROPELLANT INVENTORY 13,244 15,482
*Useable 12,933 15,098
sResidual 265 310
+Ullage 35 53
eStart/Shut 11 21
eVented -0~ -0=
EFFECTIVE PROPELLANT
MASS FRACTION = 0,84 = 0,72

where

x = § Yorop
Wstage
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Table C - 1. Monocoque to Complex Structure Weight Ratio
for Shell and Interstage '

DIAMETER (IN. )
LIMIT LOAD ( LB/IN. ) 120 260
0.0 0.6700 0.5575
753.5 0.6325 0.4900
1435.0 0.6000 | 0.4333
1671.4 0.5875 0.4100
5175.0 0.4200 0.1050
6000.0 0.3800 0.0325
Table C - 2, Tank Support Weight Factors
FACTOR FOR FACTOR FOR
CONFIGURATION LARGE TANK SMALL TANK
TANDEM TANK 0.0150 0.0150
2 MULTIPLE TANKS, 0.0150 0.0100
3 MULTIPLE TANKS 0.0150 0.0100
4 MULTIPLE TANKS 0.0150 0.0100
TRANSTAGE 0.0100 0.0100




Table C - 3. Monocoque to Complex Structure Weight Ratio
for Thrust Cone Type Thrust Structure

~—— DIAMETER (IN. ) 120 260

LIMIT LOAD ( LB/IN.)
0 0.7500 0.7500
200,000 - 1 o0.7500 0.7500

Table C - 4. Monocoque to Complex Structure Weight Ratio
for Spider Beam Type Thrust Structure

— DIAMETER (IN. ) ‘
LIMIT LOAD ( LB/IN.) 120 260
14,999 | 0.4050 0.4520
21,000 0.4210 0.4700
47,000 0.4950 - | 0.5500
84,000 0.5990 0.6625
110,000 0.6700 0.7410
120,000 ‘ 0.7000 0.7710




Table C - 5. Thermal Conductivity of Insulation ( Btu / Hr - Ft - °R)

THICKNESS ( IN. )
AVERAGE 0.01 9.00
TEMPERATURE (R )
40 2.10 x 10 4.20 x 107
100 2,29 x 10-9 4,60 x 10-2
150 2.50 x 10-5 5.00 x 10~5
250 4.60 x 1079 9.00 x 1072

c-3
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