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Research Study to Identify Technology Requirements
for Advanced Earth-Orbital Transportation Systems
Summary Report

by
Martin Marietta Corporation, Denver Division

SUMMARY

This report summarizes the results of a study of dual-mode
propulsion concepts applied to advanced earth-orbital transporta-
tion systems using reuseable single-stage-to-orbit (SSTO) vehicle
concepts. Both series-burn and parallel-burn modes of propulsion
were analyzed for vertical takeoff, horizontal landing vehicles
based on accelerated technology goals. A major study objective
was to assess the merits of dual-mode main propulsion concepts
compared to single-mode concepts for carrying payloads of Space
Shuttle type to orbit.

INTRODUCTION

Studies have been under way during 1975 and 1976 to identify
technology requirements for advanced earth-orbital transportation
systems that will follow the present Space Shuttle program, These
requirements were derived by focusing on goals to develop fully
reuseable single-stage-to-orbit (SSTU) vehicle concepts. Projec-
tions of technology that could be available in the 1985 to 1990
time period as a base for developing such SSTO vehicles were made
under the assumptions of both '"nmormal" and "accelerated" growth
of technology.

This growth depends on the R&T (research and technology) ac-
tivities during the next 5 to 10 years, which could achieve the
desired goals through focusing on the future needs of SSTO vehicle
designers and program operations. The relative cost and perfor-
mance benefits of the various R&T activities can be assessed by
use of such figures of merit as vehicle weight improvements and
life-cycle cost reductions resulting from technology growth.

Among high-yield areas of technology are materials, structures,
and propulsion.

Previous technology agsessments, reported in reference 1, were
made using vehicle concepts with main propulsion engines burning
liquid oxygen and liquid hydrogen propellants (i.e., single-mode
~ngine concepts). Further assessments of the merits of dual-mode



propulsion concepts (i.e.,) burning high density fuels as well
as liquid hydrogen) were desired to help determine the future
direction of propulsion R&T activities.

The study results using dual-mode concepts are described in
this report. Both parallel and series propulsion concepts are
applied to vertical takeoff (VIQ) vehicle designs. Vehicle weights
and life-cycle costs are derived. Assessments of the merits of
dual-mode propulsion are made relative to single-mode propulsion
using figures of merit techniques. This study activity is a con-
tinuation of the study and results of reference 1, and the rela~-
tive assessments and conclusions are consistent with and augment
those of reference 1.
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SYMBOLS

characteristic velocity

engine vacuum thrust

thrust/weight ratio
figure ~f meritc

gross liftoff weight
acceleration of gravity

specific impulse
liquid hydrogen
liquid oxygen

mach number
net positive suction head
oxldizer-to-fuel mixture ratio

atmospheric pressure
thrust chamber pressure

hydrocarbon fuel, type RP-1
reuseable surface insultaiton
sea level

thermal protection system
vertical takeoff

weight

burnout weight

ascent propellant welght

payload welght



o

landing weight

L

W propellant flow rate

a angle of attack

AwDRY dry weight increment

ASLCC undiscounted life-cycle cost increment
A$LCCD discounted life-cycle cost increment
ASR undiscounted research cost increment
ASRD discounted research cost increment
AV1 mode 1 velocity increment

AV* ideal total velouity increment

€ nozzle expansion ratio

Subscripts:

1 mode 1

2 mode 2

c.g. center of gravity

SL sea level

T total
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TECIHNOLOGY BASE

The research study reported in reference 1 ldentified tech-
nology areas that have a potential for cost and performance ben-
efits with both "normal" and "accelerated" growth. The antici-
pated goals of the accelerated R&T activities In elght areas were
shown to have asipgnificant potential payoffs. These areas, de-
scribed in reference 1, were as follows:

(1) Thermal protection system (TPS)
(2) Propellant tanks;

(3) Wing and fin structure;

(4) Thrust structure;

(5) Subcooled propellants;

(6) Subsystem welghts;

(7) Miscellaneous structures;

(8) Integration engineering (including launch and flight
operations).

The goals for accelerated R&T activities in these areas, combined
with goals for normal growth in other areas of technology, were
used to derive vehicle concepts for vertical takeoff (VTO) and
horizontal takeoff (HTO) modes (ref. 1). Single-mode propulsion
concepts were used, that is, maln engine propellants were liquid
oxygen (LO,) and liquid hydrogen (LH,). The VIO vehicle concept

developed under these guidelines that assumed advanced technology
growth was used as a point of departure (a refercnce vehicle) for
the present study to determine the possible additional advantages
of dual-mode propulsion applications.

The single-mode VIO vehicle is illustrated in figure 1, where-
as its materials and thermostructural features are identified in
figure 2. This vehicle uses load-carrying, aluminum, integral-

membrane tanks for carrving its L0, and LH, main propellants,

The hvdrogen tanks are a mult{lobe design vvhercas the oxveen tanks
are cylindrical., Reuseable surface lnsulation (RSI) is used to
thermally protect the vehicle structures during ascent and entry
flight. Seven mailn rocket enpines are usaed, three of which have
two positions so they can operate at high altitudes with a largaer
expansion ratio than at sea level., Some performance characteris-
tics of these engines, considered to be of the SSME type with ap-
proved performance obtained by normal technology pgrowth and pro-
duct development, are as follows:

i



Single~position Two-position

Number per vehicle 3 4
Thrust, SL - 10° N (10° 1bf) 2198 (494) 2198 (494)
Thrust, vacuum - 103 N (103 1bf) 2462 (553) 2554 (574)
I » SL - 8ec 39900 39900

sp

Isp’ vacuum - sec 445.2 466.3
Engine weight - kg (lbm) 1865 (4112) 3850 (8489)
Chamber pressure - lO6 N/m2 27.6 (4N00) 27.6 (4000
(psia)
Expansion Ratio 55 55/200

The dual~mode engine characteristics used in this study are
results of the parametric engine studies of reference 2. Applied
to an SSTO vehicle, the parallel burn concept (figure 3) uses two

types of engines at liftoff, one type burns LH2 fuel and the sec-

ond type burns a high-density fuel (RP-1 is used for the present
study). During the flight, the RP-1 engines are shut down and

one or more LHZ engines continue to operate until orbit is achieved.

The series-burn concept uses an RP-1 engine as well as a dual-fuel
engine; the latter capable of burning RP-1 at liftoff, and switch~
ing to LH, fuel later in the flight.

A number of dual-mode engine parameters were examined for
their effects on vehicle size, including engine cycle, thrust
level, nozzle expansion and chamber pressure. Selections of the
optimal values are presented later along with vehicle designs.
Variations of engine thrust-to-weight ratios with thrust level
are lllustrated In figure 4 (based on results of ref. 2). Typ-
ical engine performance data are tabulated in table 1.
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VEHICLE ANALYSIS AND DESIGN

Approach

The potential benefits of dual-mode propulsion compared to
all LOZ/LH2 single-mode propulsion were derived by examining

variations of vehicle parameters and design concepts leading to
optimal, minimum dry-weight vehicles, and program costs. Design
iterations were made using design layouts to establish bases for
vehicle sizing, thermostructural loads and mass properties, to-
gether with flight performance analyses to establish mass ratio
requirements and engine utilization strategies. The ascent stra-
tegies for optimal performance included use of two-position noz-
zles, engine throttling to 60% full throttle, sequential time-
phasing of mode 1 (RP-1) engine shutdowns, and gimbaled nozzles
on mode 2 (LH2 and dual-fuel) engines. The relative amount of

RP~1 fuel to be consumed was varied to determine the near-optimal
propellant loading fractions for each vehicle design.

Guidelines for design such as orbit requirements acceleration
limits and aerodynamic performance wieve the same as reported in
reference 1. For exampl=, ascent accelerations were limited to
3 g. The dual-mode vehicles also use the same thermostructural
concept as for the baseline, extended performance VIO vehicle.
Variations in internal arrangement of subsystems, however, were
made to maintain good volumetric efficiency and minimum vehicle
slzes.

Vehicle Design Parametrics
Variations of eangine parameters were studied initially with
a goal of achieving minimum vehicle weight., Of particular sig-

nificance, the analyses showed the following features:

(1) Chamber pressures should be as high as practicable; the
upper limits recommended in reference 2 were used, namely

LOZ/LH2 engine: 27.6 nm N/m2 (4000 psia)
L02/RP-1 engine: 27.6 m N/m2 (4000 psia)

Dual-fuel engine: 27.6 m N/m2 (4000 psia) for RP-1
cycle and 20.7 m N/m2 (3000 psia) for LH2 cycle.

(2) Tradeoffs among ascent flight performance, specific im-
pulse and nozzle weight lead to nozzle expansion ratios of 55 at
sea level and 200 at altitude (similar results were shown in ref-~
erernce 3). Packaging and geometric features of two-position
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nozzles optimally should be determined in conjunction with the
vehicle design. Nozzles are extended as soon as possible when
the ambient pressure during ascent becomes less than three times
the nozzle exit pressure.

(3) For parallel burn, the RP-1 engine (and vehicle) is
better using a gas generator cycle with LH, cooling than a staged

combustion cycle. For series burn, the staged combustion cycle
i3 desirable,

(4) Near-optimal designs result when the numwbers of mode 1
engines and mode 2 engines are the same. Vehicles with only mode
1, dual-fuel engines are too heavy.

(5) For parallel burn, the LOEILH? engine should have thrust

levels similar to SSME thrust levels to lower the engine DDTAE
cnsts. For series burn, the RP-1 and dual-fuel engines should
have the same sea level thrust for lower DDT&E costs,

Typical vehicle weight variations are shown in figure 5 as
functions of the mode 1 velocity increment ratio. Data are showm
for series and parallel burn vehicles, as well as for the refer-
ence single-mode vehicle (Lll2 fuel). Increasing values of avl

correspond to increasing amounts of RP-1 propellants consumed
and used in the vehicle designs. The mass ratio requirements

and tank volumes were, of course, varied as avl was varied. The

selected RP-1 propellant weight yields near-minimum dry weight.
The LH, weight is plotted in figure 5 because this fuel costs

20 times more than LO, or RP-1. It was determined, however, that

mir ‘mum program cost occurs for vehicles with near-minimum dry
weight.

The results of vehicle resizing with variations of design
features are summarized in figure 6. In addition to features
previously discussed, these results indicate the following:

(1) Mode 1 engines with two-position nozzles lead to heavier
vehicles than with single-position nozzles;

(2) Dry wing designs, with no RP-1 tanks in wing or wing box
areas, are heavier than wet wing designs;

(1) Minimum vehicle dry weights are achieved using a large
number (12) of main engines, as a result of the F/W data of fig-
ure 4. Cost ronslderations, however, lead to selecting designs
with fewer englines;

(4) Liftoff accelerations of 1,2Y g are better than 1,34 g,



Vehicle Dasigns

The dual-mode propulsion vehicle designs that result from the
design iterations and parametric analyses are shown in figures 7
and 8. The parallel-burn vehicle (figure 7) uses four LO,/RP=-1

gas generator engines with four LGEILH2 engines. Vacuum thrust

levels are 1809 kN (407 klbf) and 2050 kN (461 klbf), respectively,
for each RP-1 and LH, engine. Whereas the LH, and LO§ tanks are

in the body, the RP-1l 1s stored ir the central wing. This RP-1
is pumped from the wing tank outlets to the lower enginas. The
OMS tanks are located above the wing box. The series-burn vehi-
cle (figure 8) uses six staged-combustion engines; three are L0,/

RP-1 engines and three are dual-fuel engines. For this vehicle,
RP-1 i3 stored both in the wing and in two body tanks nested aft

of the LQE tanks. The structural arrangements and load paths are

identical to those of the reference single-mode VIO vehicle. The
wing splice {figure 9) is just outboard of the wing tank, provid-
ing for efficlent assembly and leak tests of the t..x section, The
composite wing skin structure is bonded to titanium fittings at the
wing splice sections.

Summary mass properties of the vehicles are given in table 2.
Figure 10 illustrates the percentage weight reductions that re-
sult from application of dual-wmode propulsion. Both advanced
technology and normal technology growth are used as bases for
comparison. The relative weight advantages of dual-mode are more
when applied to the larger (normal technology growth) vehicles.

]



LIFE CYCLE COSTS

Approach

The life-cycle costs (LCC) were calculated using the same
methods and pisis as in reference 1, but with the addition of
cost estimating relations (CER) for the dual-mode engines. The
cost model has as a basis the work breakdown structures, system
development, s.-hedules, traffic models, and operations schedules
consistent with SSTD programs focused towards a 1995 I0C (inicial
operational capability).

The schedule permits 1 time span of up to 10 vears for support-
ing research and technology (R&T) activities. The main engine
DDT&E extends from 1983 through 1991, with manufacturing begin-
ning in 1989. An engine delivery schedule is presented in table
3. Five vehicles are used in flight operations, with 1,710 flights
scheduled over a 15-vear period after IOC.

Costs based on these schedules are presented in fiscal vear
1976 dollars and in dollars discounted at a 10% annual rate. The
costs include a 10% fee, and assume cost per pound of propellants
as $1.00 for LH,, $0.02 for LO,, and $0.06 for RP-1.
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costs, including main engine costs.
dual-mode candidates have not been derived as yet.

Engine Cost Estimating Relations

The relative merits of dual-mode propulsion compared to single-
mode (all L02/LH2) requires a comparison of relative total program

for this study, CERs for the engine DDTSE and production phases
were selected as functions of thrust level based on data from a
1971 engine cost study (NASA/OART working paper MA-71-3) as well
as expert engineering judgement including consistency with the

engine costs used in reference 1.

trated in figure 11.

These engine CERs are functions of vacuum thrust, as illus-

Cost estimating relation (SMillions)

The equations are as follows:

Definitive costs of the various
Nevertheless,

Engine
typs DDTSE Production
o i, | (@D = 13050 + 1605847 S agsa | (B« 130350 ¢ 0.6758 IO 1070 4 0
wyrme-1 | (@« 13650 + 0,865 4% - p3u | (@ = 13270 + 0.0 0T 1073 4 20
Dual-fuel | (A) = 0.55 x(2) © o

. » 1.15 x
Dual-fuel | (B) = 1.55 x '7)

where F is the vacuum thrust, and N is the number of engines per
vehicle,

ing lower and upper extremes.

For the dual-fuel engine, two equations are used, represent-

The CER A is based on the approach

that an RP-1 engine is developed, then additional development is

needed

and to add an extendible (two-position) nozzle,

on the

2

to add a capability for switching the fuel from RP-]1 to LH

2

The CER B is based

extreme approach that the complexities of the dual-fuel
engine require not only the addition of the LH

cycle and exten-

dible nozzle, but also requires duplicate development, tests and

evaluations of RP-1 components to achieve the high performance of
the RP-1 cycle in the dual~fuel environment.

Costs are shown in

subsequent tables to show the cost spread from CER A to CER B,

11




Figure 11 shows a point representing the DDT&E costs currently
quoted for the main engine now being developed for the Space
Shuttle (SSME - Space Shuttle Main Engine, F = 2090 kN, 470 klbf).
A CER curve has been drawn through this point parallel to curve

1 . The level of CER 1 was selected with considerations that
a LOzlLH2 engine for SSTO would cost less to develop than the

SSME engine inasmuch as the SSTO hvdrogen engine would be similar
to the SSME in thrust level and design, and also would have the
technology growth associated with normal research ~“.d SSME roduct
improvements over the next 10 years., If the S$570 were to use
hydrogen engines with thrust levels more than 20X, say, from SSME
thrust levels, the advantages of the similarity to SSME could

not be realized. The DDT&E costs then would more nearly be
represented by the CER that passes through the SSME point. The
CER for LOzlLH2 engines is therefore chosen, as shown in figure

11, with a discontinuity where the thrust is 201 from the SSME
thrust. The incremental cost at the discontinuity is $260
million. For the dual-fuel engines, also, where the hydrogen
vacuyum t -ust deviates more than 20T from that of the SSME, an
increment of 5185 million was added to CERs A and B . These
incremental values were only applied in the cost analysis to se-
lect the numbers of englnes for the series-burn and parallel-
burn vehicles. If these increments were as small as 107 (540
million), the selected numbers would not change, demonstrating
that the discontinuity assumed here is not affecting our gen-
eral decisions and conclusions.

SSTO Program Costs

The life-cycle costs are summarized in table 4 for the
single-mode and dual-mode vehicles. The spread in DDT&E costs
relate to the two dual-fuel engine CERs described previously.
The progran costs are less for vehicles with dual-mode than
with single-mode propulsion, with savings at least $435 million
up to 5812 million, with a maximum percentage savings of 8.47.
Total costs for the serles-burn and parallel-burn vehicles are
within 4.2%, indicating that tha LCC is not a strong driver in
selecting among these two modes.

Table 5 shows costs for selected items. The DDT&E costs for
engines are about 12% of those for the vehicle and other support.
Engine production and spares costs are about 137 more for parallel
burn, whereas LH, costs are more than twice as much. Variations

of cost with numbers of engines were calculated that indicated
lowest LCCs when tbriz RP-1 and three dual-fuel engines were used
for the series vehicie, and four RP~1 and four LH, engines were
used for the paralls) vehicle. <

12



Other perturbations on SSTQ dual-mode design parameters and
cost were studied. All perturbations showed cost variations of
less than 6% from the LCCs for the reference vehicles.

ADVANCED TECHNOLOGY RESEARCH PROGRAMS

In reference 1, twelve major R&T programs were identified as
having good potential cost and performance benefits for applica-
tion to SSTO program requirements. These programs, identified
by title in table 6, were described (ref. 1) together with asso-
clated estimates of R&T funding and scheduling. These advanced
programs ara considered to requlire accelerated funding above
the normal funding now projected to be allocated in these area.
In the context of this study, dual-mode propulsion requires
accelerated RST focusing, and is part of the main engine tech-~
nology area (programs 6, 7, and 8 of table 6).

Accelerated dual-mode propulsion R&T activities are required

to achieve the engine performance and weight goals of reference

2 and used in this report for vehicle design and technology

assessments., Objectives of these RAT programs are summarized
as follows.

Main Engine Injectors/Chambers/Nozzles

Objectives: Improve high-pressure L02/RP-1 engine technology

through intensive research of candidate components that may com-
prise the thrust chamber assembly. For dual-~fuel engines, addi-
tional effort is required to ensure performance and hardware con-
figuration compatibility with both RP-1 and LH2 fuel.

Main Engine Pumps

Objectives: Determine pump design characteristics to achieve

high (approximately 27.6 memg, 4000 psia) chamber pressures for
L02 and RP-1 propellants. Goals include increasing efficiencies

and life and reducing weight.

13



Main Engine Cooling

Objectives: Improve cooling techniques by performance im=
provement and weight reductions of chamber, nozzle, and turbine
cooling components. With parallel burn, improved LH2 cooling

at high chamber presaures is required using the gas generator
cycle for RP-1 engines. With series burn using dual-fuel engines,
research for regenerative LO2 cooling is required.

Estimated costs for dual-mode advanced technology programs
are shown in table 7. The annual funding levels for these R&T
costs are shown in figure 11 (fiscal year 1976 dollars). A sub-
stantial amount of this research needs to be completed by 1984
to provide the required R&T base for the DDT&E activities that
are under way then.

MERIT ASSESSMENTS OF DUAL-MODE PROPULSION

Various figures of merit (FOM) have been defined to help
assess the relative cost and performance benefits of technology
for SSTO applications. Important comparative parameters include
mass properties and costs (a.g., table 8), research costs (fig.
12), and LCC savings per R&T cost (ASLCC/ASR).

A set of FOMs is presented in table 9 for the dual-mode
propulsion technology area, referenced to the extended per-
formance, single-mode VTO vehicle. The estimated upper and
lower limits of lsp and engine welght, taken as 95X confidence

limits, were applied to vehicle resizing and program recosting.
These data then, together with maximum and minimum estimates
of R&T costs, yleld the maximum/minimum values of FOMs for
comparison with the expected values. As discussed later, the
dual-mode FOMs have values that show this technology area has
good potential cost and performance benefits compared to many
other technology areas listed in table 6.

Figure 13 shows the LCC savings as function of R&T cost for
expected values as well as maximum and minimum values of the param-
eters. The percentage variations in R&T costs for dual-mode
propulsion were assumed to be the same as for single-mode pro-
pulsion (ref. 1). The dashed line is reproduced from the results
of reference 1, dividing the technology areas with FOMs in the
upper quartiles from those in the lower quartiles. Data near
this line, or above it, indicate good potential FOMs, as the dual-
mode propulsion exhibits here. Data are also shown for the merit
of dual-mode applied to vehicles with normal technology goals
used in other than the dual-mode propulsion technology area.

14



Figure 14 shows the A$LCCD1A$RD FOM, the program cost sav-

ings per research cost required to meet the technology goals of
dual-mode propulsion. Here, as in figure 13, the FOMs show
significant potential benefits for dual-mode; these benefits are
larger when dual-mode 15 applied to vehicles with other normal
growth rather than advanced growth. Again, the relative merits
of parallel burn and series burn are about the same, but are
somewhat dependent on the CER (A or B) selected for the dual-
fual engine DDT&E.

These FOMs rank in the Quartiles I and II of reference 1,
indicating that dual-mode propulsion has a potential high yield.
It i8 exceeded in rank only by the technology areas entitled in-
tegration engineering, miscellaneous structures, and wing and
vertical tail structures.

A tabulation of high yleld and critical technology was pre-
sented in reference 1. This table is repeated here (table 10Q)
but with the addition of dual-mode propulsion technology. This
area 1is considered to be in the category of accelerated growth,
as it requires additional focusing of activities and funding
beyond normal expectations. It is a high yield area because the
present study has shown significant cost and performance benefits
can be achieved through application of dual-mode propulsion to
SSTO vehicles.

CONCLUSIONS

A fundamental goal of this study of dual-mode propulsion was
to identify its potential cost/performance benefits applied to
future earth-orbit transportation systems with vertical takeoff
and horizontal landings. These systems used completely reusable,
single-stage-to-orbit (SSTO) vehicles and had mission requirements
similar to Space Shuttle, which the SSTO would replace in 1995.
Both parallel-burn and series-burn propulsion concepts using RP-1
and LH2 fuels were analyzed, based on engine characteristics de-~

fined by another current NASA-sponsored study.

The benefits of dual-mode propulsion were identified by
parametric analyses of 1its impacts on vehicle size and program
costs, and by aefining specific vehicle characteristics for near-
optimum designs based on minimum weight and cost considerations.
Figures of merit were used to assess the potential of the dual-
mode propulsion concepte and their relations to single-mode sys-
tems,

15



The major results of the study are as follows:

(1) Single-stage~to-orbit concepts have exceptionally worth-
while cost/performance merits as advanced earth-orbital transpor-
tation systems; '

(2) The application of dual-mode propulsion concepts can sig-
nificantly enhance the cost/performance benefits;

(3) The amount of enhancement using dual-mode depends on the
levels of technology in other important areas (such as material,
structures, surface insulation, and LH2 propulsion). The merit

of dual-mode propulsion is larger when applied with "normal”
technology projections;

(4) Merit indicators of parallel burn vehicle concepts com-
pared with series burn concepts were within 5%, showing a dry
weight and hydrogen cost advantage for series burn. The life-
cycle cost and life-cycle cost savings per dollar of requi.ed
research were about the same for both concepts. Within the
guidelines and tolerances of this study, therefore, both show
about the same merit and are beneficial compared to single-mode
propulsion concepts;

(5) Areas of dual-mode propulsion technology that need to
be pursued to realize the goals required for SSTO vehicles are
as follows:

a) High chamber pressure, high efficiency hydrocargon
engines;

b) Pumps for all propellants to achieve pressure and
performance goals;

¢) Cooling of chambers and nozzles with L02 and LH2 in

conjunction with radiation cooling techniques;
d) Nozzle extension with or without engine shutdown;

e) Dual-fuel engine switchover from hydrocarbon to
hydrogen fuel, preferably without engine shutdown.

(These are in addition to those high-yield and critical
technologies described in reference 1.)

(6) Inasmuch as dual~mode propulsion showed significant
potential for cost savings, more near-term R&T effort is in-
dicated to pursue better definitions of engine concepts, engine
coats and dual-mode vehicle concepts;

16



(7) Reduction of operations costs is a major goal for cost-
effective advanced transportation systems. Dual-mode propulsion
studies should therefore include analysis of relative costs of
launch operations with various types of engines;

(8) Other engine concepts and high density fuels for appli-
cations to advanced transportation systems continue to be offered
for potential assessment studies. These include, for example,
linear engines, new dual-fuel concepts, and synthetic and methane
fuels. Integration engineering is highly recommended as a con-
tinuing, accelerated program to assure focusing of these and
other R&T activities towards technology areas with best cost/
performance benefits,

17
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TABLE 1.- ENGINE PERFORMANCE PARAMETERS

Propellant Type Pc, mN/m2 (psia) C*, m/sec (ft/sec) € . vacm(sec)
LOZ/RP-I Parallel or 27,6 (4000) 1796 (5893) 40 351.0
dual-fuel 55 356,5
O/F = 2.9 (staged 125 369,1
combustion) 200 375,2
Parallel 29,3 (4250) 1796 (5893) 42.7 351.0
(gas 58.4 356,5
generator 132.8 369.1
cycle) 212.5 375.2
LOZ/LH2 Parallel 27.6 (4000) 2240 (7350) 40 439,0
55 445 ,2
O/F = 7,0 160 463.3
180 465,3
200 466,3
Dual-fuel 20,7 (3000) 2231 (7320) 40 433,2
55 439,0
160 456,8
180 458.8
200 460,5
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TABLE 2.- MASS PROPERTIES OF ADVANCED VIO VZHICLES

Dual mode
Single mode Parallel burn Series burn
Ttem kg 1bm kg 1bm kg 1bm

Dry weight 114 029 251 390 88 314 194 700 82 994 182 970
Landing weight

Without payload 117 430 258 888 91 335 201 359 85 956 189 500

With payload 146 913 323 888 120 818 266 359 115 439 254 500
Ascent propellant 1 041 766 | 2 296 700 923 405 |2 035 760 |1 010 401 j}2 227 553

Lﬂz 130 221 287 088 77 451 170 751 36 639 80 775

LO2 911 545 )2 009 612 761 841 |1 679 572 789 841 11 741 302

RP-1 0 0 84 113 165 437 183 921 405 476
GLOW 1 207 219 12 661 463 | 1 060 929 |2 338 948 |1 143 084 |2 520 068
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TABLE 3.- ENGINE DELIVERY SCHEDULE

Series Parallel
Basic requirements
5 vehicles x number of engines per vehicle 30 engines 40 engines
Spare engines, 20% 6 engines 8 engines

Component spares, 20%
Major overhaul, 50%

Vehicle test articles

6 equivalent engines

15 equivalent engines

8 equivalent engines

20 equivalent engines

1-1/2 equivalent vehicles + 30% spares 12 engines 15 engines

Total {(engines and equivalent engines) 69 91

Year 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999
Series burn 4 8 8 8 8 8 8 8 5 4 0
Parallel burn 4 8 10 10 10 10 10 10 10 5 4
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TABLE 4.- LIFE CYCLE COSTS

Single Mode Series Burn Parallel Burn
Cost Item
FY '76 $M| Discounted $M| FY '76 $M { Discounted $M] FY '76 SM| Discounted $M
DDT&E 5336 1588 5106 1519 5280 1569
to to
5367 1597
Production 1125 227 941 189 988 200
Operations 3216 239 2818 211 2974 219
Total 9677 2054 8865 1919 9242 1988
to to
9126 1997
First Article
Cost 283 -———— 239 - 250 ~———




TABLE 5.- COST COMPARISON

Series Parallel
Item FY '76 $M FY '76 $M
DDT&E Costs
Engines 435 573
to
696
Vehicle and support 4671 4707
Production Costs
Vehicle set of engines 34 39
Operations Costs
Lﬁz costs 144 300
Engine spares 180 204
RP-1 costs 42 19
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TABLE 6.- ADVANCED TECHNOLOGY PROGRAMS

Materigls, structures, and design optimization
l. Thermal protection systems

2, Propellaunt tanks

3. Wing and vertical tail structures

4, Thrust structures

5. Miscellaneous structures

Secomiaty technologies

11,

Subsystems weight reduction

Propulsion

6. Main engine Injectcrs/chambers/nozzles
7. Main engine pumps

8, Main engine cooling

9, OMS/RCS systems

16, Triple point propellants

Design criteria

12, Integration engineering
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TABLE 7.~ R&T COSTS FOR FOCUS ON DUAL-MODE PROPULSION

Parallel burn engines

LO2 + RP-1 LO2 + Lﬂz

Couling

Pumps

Injector/Chamber/Nozzles
Fuel switchover

Totals

$12.0M $7.8M

$14,. M None (use
SSME technology)

$20.0M None

None None

$46.0M $7.8M

$53.8M

Series burn engines
LO2 + RP~1! Dual-fuel
$12,.0M $ 7.8M
$14.0M $ 5.0
$20.0M $ 5.0
None $ 9.0
$46,0M $26.8M

' $72.8M
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TABLE 8.- COMPARISON OF VEHICLE CONCEPTS, WEIGHTS, AND COSTS

Vehicle
Dual mode
Single mode Series Parallel

Dry weight

kg 114 029 82 994 88 314

1b 251 390 182 970 194 700
GLOW

kg 1 207 219 1 143 084 1 060 929

1b 2 661 463 2 520 068 2 338 948
Total program costs, dollars in billions

Fiscal year 1976 9.67 8.87 to 9,13 9.24

Discounted 10% 2.05 1.92 to 2,00 1.99
Merit index*, dollars/kg (dollars/pound)

Fiscal year 1976 63.8 (28.9) 55.9 (25.4) |59.0 (26.8)

Discounted 107 4.7 ( 2.2) 4,2 ( 1.9) | 4.3 ( 2.0)

*(operations costs)/(number of flights)(payload)
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TABLE 9.~ FIGURES OF MERIT

T
Technology values
Ay AS As As
Ia s sec MRD max Awdry AGLOW DDT&ED PtodD Oplb uccn max MWCD - $RD Aﬂ-ﬁ
Technology program W, kg (lbm) * Tolerance $M  win kg (lbm) kg {1lbm) M M ™M M min 5M AR
Dual -mode propulsion
1. Parallel burn
- +
RE-1 engine, 1 356.5 + oo
¥ 1145 (2524) Mt
N 44,6 -25 537 ~-146 057 147 122 ;
) . 32.8 25.1 | (-56 300) (~322 000) 19 21 20 1] 32 3.2 .77 8.1
L}lz engine, T +1,9%
sp 466,5 112
-1, '
W + 10% 1
3062 (6750) o
2, Series burn
RP-1 engine, lsp 3156.5 t A
172 138
W 2024 (4463) ‘f 2(5)’% 69 k1] 28 135 16 90.7 " 11,2
60,3 ~30 858 ~ 49 895
Dual-fuel N 4.3 34.0| ¢-68 030) | (-110 000) te to re | e te te
=
engine, I,p 460,5 T1.1% rys 8 28 57 Eé? 12,7 -ng 1.6
d 1868 (8527) M

MMegative because of CER for engine uses 1,35 factor, Other negative values result
from low projections of minimum engine performance,

The As are relative to the extended performance single-mode VIO veaicle,
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TABLE 10.- HIGH YIELD AND CRITICAL TECHNOLOGY ASSESSMENTS

n 3 3y h
Technology area High yiald Crirical High yleld ] Critical
1 Tharmal protection

systens
Reusable wrfuce X X X
insulation Reusability for more
than 100 missions must
be demonstrated
2 Propellant tanks
Dry wings X X
Wet wings (applied X X X
to HTO) Large wet wing cryo-
genic tank technology
must be developed
Lightweight pressur-
ized structures
Propellant utilizs~
tion
3 Wing and wvertical rail
structuras
Comporite materials X X
4 Thrust Structures
Composite materials X X
3 Miscellaneous struc-
tures
Composite materials X X
6,7,8 Main engine pro-
pulsion
Multiposition nozzles | X X
2-position nozzle
development is required
Lxtension/retraction
Nozzle cooling
Seals
Dynamic loads
Dual-mode propulsion X
Parallel-burn
concept: high
rerformance
Lbzlhydrocarbon
engine required
X
Series~burn
concept: high
performance
dual-fuel
engine required
9 RCS/OMS Research not high
yield nor eritical
10 Triple-point pro- Not being vigor- X X
pellants ously pursued at {Based on time-
pregsent time liness) Terchnology
for large scale
applications must
be developed
Manufacture and
storage
11 Subsystems weight X X
reduction
12 1Integration engineering | X X X
Design integration Continued focusing of
Design criteria technology and evalua-
tions of SSTO concepts
are needed
High yield: 1) Attractive cost/performance/benefite and/or dry weight {mprovements.
2) Technology not highly developed at present (1975-1976).
Critical: 1) Technology development is necessary for SSTO cost and performance success.

2) Timely, near future, focus on S8TO~related resesarch is recommendad.
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Vehicle dry weight
114 029 kg (251 390 1b)

Gross Liftoff Weight
1 207 219 kg (2 661 463 1b)

(171.6 ft)

Figure 1.- Single-Mode VIO Vehicle
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KS1/strain isolstor /
direct /

skin - borsic/aluminem —-
SubsTrutureE = NMIN
—

Tarks = 2219 aluminum

BSI tiles
graphite/spoxy subpanals

RSI/strain isolator
direct bond

Intertank - graphite/epoxy

Aft skirt - grapht e/epoxy —
Skin - borsic/aluminum
Substructure - boron/epoxy

Skin - borsic/alusinum RSI/strain ipolator
Substructure - boron/epoxy direct bond

Engine mount structure - graphite/epoxy ./

Figure 2.- Thermostructural materials.
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Figure 3.~ Dual-mode propulsion terminology
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Notation:

3/3 means a vehicle design

M { with three RP-1 engines and
three dual-fuel engines.

(a) Series burn

9 Stazed Combustion )
07 Position LOZ/RP-1 ]
Du_winz ]

y BT IR l

§~ 576 Engines 1

-

Notation:

5 in
. 3/3 means a vehicle
2 4/4 Engipes ‘ design with three RP-1
engines and three LHZ
i—ﬂlm J engines.

(b) Parallel bum

.9 1.0 1.1
Dry weight/baseline dry weight

Figure 6.- Effects of Jdesign variations on dry weight.
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