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FOREWORD

Enhanced capabilities for Orbital Transfer Vehicles (0TV) will be needed
in the mid to Tate 1990's to meet expanding payload requirements for trans-
porting materials and possibily men to high Earth orbit. It is anticipated
that the new OTV will embody significant departures in current design and
operational philosophy for upper stages. A 2-day conference at the NASA Lewis
Research Center focused on the issues for future OTV.

The status and technology needs of aeroassist maneuvering, propulsion,
and cryogenic fluid usage were presented. Industry panels discussed the
servicing of reusable space-based vehicles and propulsion-vehicle integration.

This publication is a compilation of the materials from the presentations
and panel discussions.

Larry P. Cooper
Conference Chairman

TOTS T0 /NI T v 7 -
ol 89 U5 NG PAGE RTTANK TN TN W A
L L raGii BLANK NOT MR

AN A LN T
LIV,

Preceding page blank






CONTENTS

Foreword

SESSION I - OTV PLANS AND NEEDS
Chairman: E. Gabris, NASA Headquarters

NASA OAST Perspective
Frank Stephenson, NASA Headquarters .

NASA OSF Perspective
L. Edwards, NASA Headquarters .

Shuttle/Centaur Project Perspective
Edwin T. Muckley, NASA Lewis Research Center

Space Station Task Force Perspective
C. Hicks, NASA Headquarters .

SESSION II - AFERO-ASSIST OTV
Chairman: R. Austin, NASA Marshall Space Flight Center

Performance Assessment of Aero-Assisted Orbital Transfer Vehicles
Richard W. Powell, Theodore A. Talay, Alan W. Wilhite, John J. Rehder,
Nancy H. White, J. Chrus Naftel, Howard W. Stone, James P. Arrington,
and Ronald S. McCandless, NASA Langley Research Center S

Low Lift-to-Drag Aero-Assisted Orbit Transfer Vehicles
Dana G. Andrews and Richard T. Savage, Boeing Aerospace Company .

Moderate Lift-to-Drag Aero-Assist
Dwight E. Florence, General Electric Space Systems Division .

Benefits of High Aerodynamic Efficiency to Orbital Transfer Vehicles
D. G. Andrews, The Boeing Company; R. B. Norris, U.S. Air Force Wright
Aeronautical Laboratories; and S. W. Paris, The Boeing Company

SESSION IIT - PROPULSION CONCEPTS
Chatrman: S, Gorland, NASA Lewis Research Center

OTV Propulsion Technology Programmatic Overview
Larry P. Copper, NASA Lewis Research Center .

Drives and Benefits Overview
S. D. McIntyre, NASA Marshall Space Flight Center .

Aerojet Advanced Engine Concept
L. Schoenman, Aerojet TechSystems Company .

Advanced 0TV Engines and Issues
J. R. Brown, Pratt & Whitney Aircraft .

Advanced 0TV Engine Concepts
A. T. Zachary, Rockwell International/Rocketdyne Division .

\

Preceding page blank

LANK

Page

. 1id

15

29

41

517

69

85

97

. 103

. 113

5 124

. 135



SESSION IV - PROPELLANT MANAGEMENT
Chatirman: J. Aydelott, NASA Lewis Research Center

fFarth to-Orbit Propellant Transportation Overview
D. fester, Martin Marietta Denver Aerospace .

Passive Storage Technologies
Peter Kittel, NASA Ames Research Center .

Active Cooling Requirements for Propellant Storage
Gail A. Klein, NASA Jet Propulsion lLaboratory

Propellant Transfer: Attached Depot
Ralph N. Eberhardt, Martin Mariciia Denver Aerospace

Propellant Transfer - Telhered Depot
K. Kroll, NASA Johnson Space Center

0TV Fluid Management Systems
L. Hastings, NASA Marshall Space Flight Center

Vehicle/Engine Integration
L. P. Cooper, Moderator, NASA Lewis Research Center; Tim Vinopal,
Boeing Aerospace; D. Florence, General Electric; Roy W. Michel,
Aerojet TechSystems Company; J. R. Byown, Pratt & Whitney Aircraft; and
R. P. Bergeron and V. A. Weldon, Rockwell International Corporation .

0TV Servicing and Operations
E. Moore, Moderator, NASA Kennedy Space Center; J. Greg McAllister and
Larry Reed, Martin Marietta Aerospace; W. J. Kitchum, General Dynamics
Convair; A. T. Zachary, Rockwell International; and Grahme Fischer,
Grumman Aerospace Corporation .

vi

. 149

« 157

. 165

» K19

. 191

. 207

. 229

. 253



5 e
S’
L

NASA OAST PERSPECTIVE

Frank Stephenson
NASA Headquarters

An advanced 0TV is one of a number of advanced STS vehicles that the NASA
0AST Space Systems Division Transportation Systems Office has identified as
candidates for future vehicle development. Vehicle requirements as well as
technology needs and need dates have been established and technology programs
initiated to support those potential developments in a timely manner.

It is assumed that the advanced OTV will be space based and fully
reusable for low cost operations, will use aeroassist for return to
low-Earth-orbit, and will evolve to a man-rated system. The propulsion system
will need to maintain high performance over a wide thrust range for mission
flexibility, ranging from the transfer of large, acceleration limited
structures from LEO to GEO, to demanding high reliability round-trip manned
missions. Technology advances are needed in propulsion, aerobraking,
Tow-gravity cryogenic fluid management, and in environmentally compatibie,
lTow-Toss cryogenic tankage. 1In addition, diagnostic instrumentation for
monitoring the health of on-board components and systems, and automated
check-out capability will enhance low-cost space based OTV operations.

The technology programs currently in place within OAST will provide the
technology base in time to support a mid-1990's 0TV 10C date, provided
proposed FY 86 augmentations in advanced propulsion and in aerobraking
technology, including a flight experiment, are approved, and if a focused
technology program in light-weight, low-loss cryogenic tankage is initiated in
the near future.
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AERO ASSIST IMPROVES OTV
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SHUTTLE UPPER STAGE PERFORMANCE
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NASA OSF PERSPECTIVE

L. Edwards
NASA Headquarters

No text available at time of printing.

WHAT’S AN 0TV

® A HIGH-PERFORMANCE UPPER STAGE FOR GENERAL USE IN THE 1990s,
- WAS SHUTTLE-LAUNCHED
- NOW SPACE-BASED (MAINLY? EXCLUSIVELY ?)
- MAINLY LEO TO GEO
- LOW COST (REUSABLE)

- CONFIGURATION TBD

Figure 1

ORBITAL
TRANSFER
VEHICLE

Figure 2

‘ i "
Pr ecedmg page blank PRECEDING PAGE BLANK NOT FHEMED

4



ORBITAL TRANSFER VEHICLE (OTV)

IN CARGO BAY BEHIND ET

Figure 3 NASA HQ MT82.1222(3)
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UPCOMING 0TV STUDIES

@ 2 CONTRACTORS, $1M EACH, 15 MONTHS

® BEST CONFIGURATION IN TWO SCENARIOS:

" MANNED )
\ i » —
/'\/ " MANNED )
&/SPD ) /\/7‘“\»»——/“ -
_BASED # :
L [ SPACE )
b i
gr S ~</
( GROUND 3
. BASED -

@ IMPACT OF OTV ON SPACE STATION

- HANGAR/MAINTENANCE
- PROPELLANTS
- CREW REQUIREMENTS

Figure 4

10



UTILIZATION OF SPACE—BASED 0TV
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RELATED OTV STUDIES
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CRYO vs STORABLE FOR QTV

UPCOMING CONTRACTS WILL INCLUDE TRADEOFFS

CRYD WILL BE NEEDED EVENTUALLY

CRYO TAKES’ADVANTAGE OF SCAVENGING FROM ET

ONLY CRYD PERMITS SINGLE REUSABLE STAGE FOR SPACE-BASED MISSIONS

INTERESTING POSSIBILITY FOR MANNED GEO MISSIONS:
- CRYO/EXPENDABLE GOING TO GEO
~ STORABLE/REUSABLE FOR LOITER AND RETURN

Figure 7

KEY REQUIREMENTS FOR OTV ENGINE

SUITABLE FOR SPACE BASING & REUSE
- LONG LIFE, MANY STARTS
- EASY CHECKOUT

- EASY SERVICING/MAINTENANCE/REPLACEMENT UNLESS THESE CAN BE
SHOWN TO BE UNNECESSARY

COMPATIBLE WITH AERGBRAKE
I, AT LEAST 460 SECONDS
THRUST 15-20K POUNDS (MR 6:1)

ALTERNATE THRUST ~- 1500 POUNDS (NO KITS)
- VARIABLE THRUST MAY BE USEFUL BUT NOT MANDATORY

STOWED LENGTH NOT OVER 55 INCHES

OCCASIONAL MANNED FLIGHTS
- MAY REQUIRE DUAL ENGINES

Figure 8
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RESUPPLY PER MISSION (K LBS)
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SHUTTLE/CENTAUR PROJECT PERSPECTIVE
Edwin T. Muckley

National Aeronautics and Space Administration
Lewis Research Center

The Shuttle/Centaur vehicle is being developed as an expendable, cryogenic
high energy upper stage for use with the National Space Transportation
System (NSTS). The stage is expected to meet the demands of a wide range
of users including, NASA, the DOD, private industry and the European Space
Agency (ESA). The Shuttle/Centaur will be a modification of the highly
successful Centaur stage, used extensively with the Atlas and Titan
boosters since 1966 to launch planetary, geosynchronous and earth orbital
missions for these aforementioned users. Thié paper describes the design
changes required for use with the NSTS. These are primarily related to:
1) tank resizing to take advantage of the orbiter payload bay dimensions;
2) provisions for physically adopting Centaur to the orbiter; and, 3)
accommodating safety requirements of the manned NSTS. The paper will also
describe the expected performance capabilities of two versions of the
Shuttle/Centaur. The initial version, designated G-prime, is the larger
of the two, with a length of about 9.1m (30 ft.). This vehicle will be
used to launch the Galileo and International Solar Polar Missions (ISPM)
to Jupiter in May 1986. The Galileo to be launched for NASA's Jet
Propulsion Laboratory, will orbit the planet, observe its satellites, and
a probe portion will separate and descend into the Jovian atmosphere. The
European Space Agency ISPM spacecraft will use Jupiter's mass to deflect
its trajectory out of the ecliptic plane and gather data in the sun polar

region.
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The second version of the Shuttle/Centaur designated the G vehicle, is
about 3.0m (ten ft.) shorter than the G-prime. This shorter stage also
takes advantage of the orbiter 4.6m (15 ft.) diameter, but maximizes the
spacecraft length capability in the payload bay to about 12.2m (40 ft.).
It is currently scheduled to launch payloads for the DOD, the NASA Venus
Radar Mapper and TDRSS Missions in 1988, and is expected to provide launch

services well into the 1990's.
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CENTAUR IS A MATURE, FLIGHT PROVEN,
HIGH-ENERGY UPPER STAGE
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SHUTTLE/CENTAUR IMPLEMENTATION POLICY

e Shuttle/Centaur is a NASA/USAF cooperative program

¢ Project management has been assigned to a joirt NASA/USAF
project office at the NASA Lewis Research Center

e Funding is provided by both agencies

Figure 3

SHUTTLE/CENTAUR PROGRAM
MANAGEMENT RELATIONSHIPS
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Figure 4

1°




SHUTTLE/CENTAUR REQUIREMENTS

General

® Design & develop a high-energy upper stage
for use with Space Transportation System

o Two versions will be developed
USAF

s Performance
— 10,000 Ib to geosynchronous orbit
— 11,500 Ib to 12-hr orbit

¢ Accommodate a 40-ft payload in orbiter/bay
e Support two USAF missions

NASA

e Performance

— Meet interplanetary velocity requirements
o Accommodate a 30-ft payload
e Support Galileo & ISPM missions in 1986

Figure 5

CENTAUR INTEGRATED SUPPORT SYSTEM
MINIMIZES CHANGES TO SHUTTLE
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CENTAUR CONFIGURATIONS
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CENTAUR INTEGRATED SUPPORT SYSTEM

Propellant disconnect panel
P P CISS electronics

¢ .
Deployment adapter Control units

Propellant disconnect
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CONDITIONER SIGNA SERVO WYERTER UNIT s
ép?:&f cHps REMOTE MULTIPLEX UNTS AMU
i s N PROPELLANT UTILIZATION Py
BNSTRUMENT \ ENGIE ACTUATORS C#DS COMPUTER CONTROULEA LAUNCH SET CCLS
\ SIGHALS ENGINE POSITION FEEDBACK PYROTECHNIC INITIATOR CONTROL UMIT  PICU
COMPUTER CONTROLLED VENT AND
N PU SERVO PGSITIONER CONTROL PRESSURLATION Y eTon CovAPS
R DUAL FALURE TOLERANT ARM/SAFE  DUFTAS
Data SIBHALS SEQUENCER
m BATTERY BAT
Control S/C POWER TRANSFER UNIT PTU
A TELEMETRY iNTERFACE UNIT ™
fmmmn"‘ Power ENCAYPTOR ECPTR
DoD-pecutiar BATTERY BUSSING LNIT 88U
; POWER TAANSFER UNIT PTU
Figure 9
- <> COUY .
< e $ N cou2 EZ — Data
sauts  SEYY S8y » 1 SR2 —
FIRING 4 L g 2in cus — Controf
CURBENT * RS S [l — power
a® 3 .
¢Iss g‘o“@s L8,/LHy g Cug — DoD-peculiar
LoAps /A8 LVL SENS (7 <
) N =5
IR By 8 cu3
s cu2

ORBITER
MAIN DC

CeLs

UPLINK
ABBREVIATIONS

DIGITAL COMPUTER UNIT ocu 2
CONTROL UNIT cu SIGNALZ2 10 DREITER
CONTROL DISTRIBUTION UNIT cou CONDITIONER] COWRLINK
REMOTE MULTIPLEXER UNIT RMU /////’/a/
PROPELLANT LEVEL INDICATING UNIT PLIY P 2 FROM CENTAUR
ELECTRICAL DISTRIBUTION UNIT EDU INSTH TO CENTAUR DCU ADDRESS/
BATTERY BAY SIGNALS oLy CLOCK
PYROTECHNIC INITIATOR CONTROL UNIT  PICU
UPLINK DOWNLINK UNIT upu

Figure 10
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ORIGINAL P
OF POUR QUALIT

CENTAUR MAIN PROPULSION SYSTEM

From pressure
regulation system —

> \?E! > A8
[‘,lgn .L—\/

[P
A ‘4 C1 Engine

[

A
4
Y
4

I3
*ﬁ

LHo tank/ LOo tank = I__*%i C2 Engine
Centaur-G’ Centaur-G

P&W engine RL10A-3-3A RL10A-3-3B

Mixture ratio 5:1 6:1

Thrust 16,500 Ibf 15,000 Ibf

Isp 446.4 sec 440.4 sec

Figure 11

CENTAUR VEHICLE MODIFICATIONS
FOR SHUTTLE COMPATIBILITY

New TDRSS-compatible
S-band transmitter
& RF system

Added star scanner (optional)

Forward adapter (composite

Dual failure-tolerant stub adapter)

arm/safe unit (DUFTAS)

New 170-in. diameter
tank cyiindrical
section & insulation

New conical

transition to ILHo tank
New propellant dump systern
Added cylindrical prop Py

section to LO2 tank
New aft adapter (composite skin)

& separation ring

Figure 12
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ORBITER MODIFICATIONS
FLUID CONNECT & OUTLET LOCATIONS

Dump panel
¢ |LH2 dump outlet
Opposite side
e LOo dump, LO2
purge vent,
GO ground &
ascent vent

outlet\

Midbody T-0 {(was T-4 OMS AV
¢ [ H2 ground fill & drain
e GH2 ground vent
e LHp purge vent

Aft fuel T-0 panel \
s Helium ground service
Opposite side
s LOp ground fill & drain

GH2 ascent & ' .
on-orbit vent on

starboard side

of tail

Figure 13

SHUTTLE /CENTAUR LAUNCH OPERATIONS FLOW — ELS

VPF — KSC OR  SPIF — ETA

. CCAFS SKID STRIP — ETR o FINAL CLEAN CENTAUR/CISS
N o MATE SPACECRAFT TO CENTAUR
Pra o COMBINED SYSTEMS COMPATIBILITY JMULTIUSE MISSION
< " FUNCTIGNAL TESTING SUPPORT cQUIPMENT
sUPER - o {MMSE) CANISTER!
GUPPY = CX36A — ETA TRANSPORTER
- o SYSTEMS BUILDUP, LEAK CHECKS & -5
~4 FUNCTIONAL TESTING v
HANGAR J — ETR 1 o TANKING & TERMINAL p
COUNTDOWN DEMONSTRATION
o RECENING INSPECTION 7 A 7/
o CIS§ REFURBISHMENT o HYDRAZINE TANKING \QM

/7 $
: :
\_.__.’_________Q\&g,
CiSS REFURBISHMENT
T0 HAHGAR § = v w, o+ COMBINED SYSTEMS
COMPATIBILITY TESTING
// s FINAL SERVICING.
ING & LAUNCH
SHUTTLE LANDING / TANKIG &
FACILITY (SLF) — KSC //
-
== 1
© LANDING & DRBITER OPF — KSC \ “{ 7
PRELIMINARY SAFING  REMOVE CISS FROM ORBITER BAY NS
° MOVE ORBITER TO OPF o PREPARE CISS FOR TRAMNSPORT
T0 HANGAR J
Figure 14 i B
g ORICINAL |
OF PCOR
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FLIGHT OPERATIONS

Ascent

X

White Sands
Ground Tracking
Station (WSGT)

Figure 15

Free flight

Deployment

o
D

Post-separation

-

—f”
Centaur
burn

Safe CISS

Pre-separation

%’mry

Landing

SHUTTLE/CENTAUR INTEGRATED SCHEDULE

Centaur G-prime — NASA

Centaur & Centaur integration Support
Structure {CISS) development

Software — GSE development

Centaur & CISS manufacturing

Eastern Launch Site
Complex 36

[

ACCEPT

CCLS SOF

AssEMBLY | sc No. 2

1981 1982 1883 1984 1985 1886 1867
SYST
COR /VERiCLE
PDR CDR 1.2 LOAD TEST

TWARE

FLIGHT
SOFTWARE ACCEPT

SC NO. 1

GALILEC
Vehicle processing ﬁ Cxass
ISPM
Vehicle processing l CX39A
Centaur G — DoD (ST VEHICLE
Centaur & Centaur Integration Support PDR , CDR 7 TEsT
Structure (CISS) development l
Software — GSE development s T
SIL POWER| CCLS SOFTWARE
ON ACCEPT  gLiGHT
SOFTWARE ACCEPT
SSEMBLY
MAJOR WELD SC NO. 3
Centaur & CISS manufacturing A —— __\D o «,S SC NG, 4

A START ¥V COMPLETE

Figure 16
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INTERNATIONAL SOLAR POLAR MISSION (ISPM)

o First ever exploration far from ecliptic plane & sun polar region
{out of ecliptic)

e Gravitational field of Jupiter used as *‘sling shot”

e Cooperative program with ESA (European Space Agency)
» Single launch using Shuttle & Centaur

o WWelght of spacecraft: 350 kg

o | aunch: May 1986

Figure 17

ISPM MISSION

OF THE
ECLIPTIC

CD-83-14023

Figure 18
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PROJECT GALILEO WILL INVESTIGATE THE . . .

Chemical composition & physical states
of the Jovian satellites

Chemical composition & physical state
of Jupiter's atmosphere

Structure & physical dynamics of the Jovian
magnetosphere

Figure 19

GALILEO

EARTH
MAY 1986

ORBITER
SEPTEMBER 1988

Figure 20
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SPACE STATION TASK FORCE PERSPECTIVE

C. Hicks

NASA Headquarters

No text available at time of printing.

PRESENTATION OUTLINE

® PRELIMINARY PROGRAM DESCRIPTION

— DEFINITIONS
= FUNCTIONS
— CAPABILITIES

- MANAGEMENT APPROACH

— SCHEDULES

® SPACE STATION SERVICING CAPABILITY

® SPACE STATION — ORBITAL TRANSFIEER VEHICLE (OTV) PROGRAM

INTERFACES

Figure 1

SPACE STATION PLANNING

GUIDELINES

MANAGEMENT RELATED

e Three year extensive definition

(5-10% of program cost)

e NASA-wide participation

o Development funding in FY 1987

e |[OC: early 1990°'s

¢ Cost of initial capability: $8.

e Extensive user involvement

— Sclenca and spplications
— TYachnology

— DoD

— Commurcial

* |nternational participation

Figure 2

Preceding page blank

0B
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ENGINEERING RELATED

°

Continuously habitable
Shuttle dependent

Manned and unmanned
eiements

Evolutionary
Maintainable/restorable
Operationally autonomous
Customer friendly

Technology transparent



SPACE STATION PROGRAM
ARCHITECTURE: WHAT IS A SPACE STATION

GROWTH ELEMENTS BASE UNMANNED PLATFORMI(S)

@
\
\
\

ADDITIONAL
LABORAYOARY >

LOGISTICS
MODULE

CONSTAUCTION
AND 25SLMBLY] |
MOLULE

BERTHING
AND
ASS(MBIY
MODULE

orv
sUPFORT

FUNCTIONS OF A SPACE STATION

® On-orbit laboratory
— Science and applications
— Technology

@ Permanent observatory(s)

Transportation node
Servicing facility

— Free flyers
— Platforms

Communications and data processing node
Manufacturing facility

Assembly facility

Storage depot

@ & ¢ @

A space station is a multi-purpose facility

Figure 4
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SPACE STATION
FUTURE

\Q\ > GEO
L NEx, TRANSPORTATION

LOW COST e

&

REUSABIE COMMUNICATIONS %
mmsnommon PLATFONM
TECHNOLOGY \ Gy saretuiTe
TESTING & ¥ PLACEMENT
’ DEMONS TRATION
i SATELLITE
SEAVICING
AEFUELING
MULTIBRODUCT TECHNOI OGY 4 AEPAIR

CCMMERCIAL
MANUFAC I\)HING

LIFE
SCIENCES
ko
3 > ﬂ
‘v PLATFORM
SEAVICING

PHARMACEUY!CAL S
BIOLOGIC.
SI:MDCONDUC TORS

~N
ENVIRONMENTAL

5 S
DL B SCIENCES

EARTH

RESOURCES

Figure 5

SPACE STATION
INITIAL

STRUCTURES SERVICING

b
FLUID TRANSFER

TECHNOLOGY]  assemBLe LARGE l SATELLITE

PLATFORM
SERVICING

k.
o

<
AYMOSPHERIC AND ]
C!ALJ LIFE SCIENCES

&

MICROGRAVITY
RESEARCH

SCIENCE &
| APPLICATIONS

SATEILITE
RERIEVAL

Figure 6
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ORIGHN
nE POOR Q

THE RELATIONSHIP BETWEEN THE SPACE STATION
PROGRAM AND OTHER PROGRAMS

LONG RANGE PROGRAMS
€.C. PUANE TANY SAMPLE Ki TURN

MANKED LUNAR DEV,
MANND D MARS £XPL ORATION

THER SCIENTIFIC/
O b RLICATIoNs \ USER COMMUNITY

SATELLITE PROGRAMS R .6 UIIZATION
oL AR — COMMEHCIAUIZATION
E.G. BOLAR MAX ASICMBLY, L AUNCH,
BPACK * sehvicing OFLHAFIONS cumnt
ICLLBCOPE SERVICEABLE eavionme, NATIONAL SECUMITY
SATCULITES g P

mr(nuny

SS PROGRAM
SPHERE OF
INFLUENCE

AN

TRACKING PROGRAMS
€.6. 870N
D5N

-
THE SPACE STATION PROGRA
£.0. BPACL BTATION (LOW)
SPACE B1ATION (POLAR)
EPACE PLAIFORM
SPACE FLAIFORM
SPACE SEAVICLS HW & BW
OMY MuU/SPACE SUIT
oMy

OTHER PROGRAM
SPHERES
OF INFLUENCE

/

atprads

ORBITER PAYLOADS
& LOGISTICS

UPPER STAGE PROGRAM
€0, PaM A
Pk O
CENTAUR
ws

STS PROGRAM
€.0. EXTENULD DURATION
EXPENDABLE LV
AF T CARGD CARRIER
HLLV

TYPICAL_
PROGRAM INTERFACES  08G~08

Figure 7

SPACE STATION DEFINITION
PRELIMINARY MISSION DATA BASE
{1981-2000)

SCIENCE AND APPLICATIONS
Astrophysics
Earth Science and Applications
Solar System Exploration

e Initial Deta Bass Lite Sclencaes
Materisls Sclence
¢ Darived from Shuttie and Communications
ELV Base
COMMERCIAL

Materials Procssaing In Space
Earth and Ocesans Observstions

Will Change 8a Station Capabilities
Becoma Bsatter Understood and

Mission Priorities Shift Communications
* Not the List of Mission/Payloads TESHNIO}OGJSDEYELOPMENT
the Station Will Fly in 1991 sterials and Structures
Ensrgy Conversion
Computsr Sclence and Electronics
Propuiston

Controis end Human Factors
Space Statlon Systems/Gperstions
Fluid and Thermal Physics

Figure 8
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ORIGINAL
OF POCR
SCOPE OF INITIAL SPACE STATION
MPS R&D LABORATORY CO-ORBITING
PLATFORM
LIFE SCIENCES
LABORATORY POLAR PLATFORM
INTERNAL PAYLOADS
LIVING QUARTERS ATTACHED PAYLOADS
LOGISTICS OMV SERVICING
CONTROL
SATELLITE SERVICING
o5 7 1251E% o
AR Z [S4Sm B | PAYLOAD/STRUCTURE
rez| m | 55en0 2 ASSEMBLY
rzm T o Cj{'; §>
@ry » (06 (Dn 'S
LI B Nl SCAR FOR OTV
INTERNAL EXTERNAL
Figure 9
ADDED SCOPE FOR INTERNATIONAL
AND COMMERCIAL PARTICIPATION
|
JAPANESE COMMERGIAL
LA ESA LA FREE FLYERS
o4
Z o | MPS RED LABORATORY CO-ORBITING
Qg . PLATFORM
E 3 LIFE SCIEHCES
£ 8 LABORATORY POLAR PLATFORM
[a =3 INTERNAL PAYLOADS
[&] KO
LIVING QUARTERS ATTACHED PAYLOADS g;;:g
oof
LOGISTICS OMV SERVICING 5538
[ =N
CONTROL o
x5 & SATELLITE SERVICING | & 3-
Yed fo~ o loras o m 5
g EE NEY T 103 oSmaR | PAYLOAD/STRUCTURE | & 2
azod |mrg|l u |S5000/Q ASSEMBLY -2
3 Ea |rzh 2 1323 a2y —
w2 |ursl 5 ¢ Slazw &
LRSIl I et (1T SCAR FOR OTV
4 4]
INTERNAL EXTERNAL
Figure 10
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SCOPE OF GROWTH CONFIGURATION

4 CO-ORBIT
MORE RAD MORE INTERNATIONAL | MORE COMMERCIAL PLATFORM
LABORATORIES LLABORATORIES FREE FLYERS CAPABILITY
- POLAR
MORE LIFE JAPANESE | o Lan COMNERCIAL ERe
SCIEHCES LABS LAl FREE FLYERS CAPABILITY
G | 2, | uPSRID LABORATORY CO~ORBITING VERY LARGE
ged | gy LIFE SCIENGES PLATFORM SPACE
@ = = CES 4
G uo w3 . STRUCTURES
225 £5 LABOHATORY POLAR PLATFORM CONSTRUCTION
5% | 32 INTERNAL PAYLOADS Mkt
R -
ad YIS LIVING QUARTERS ATTAGHED PAYLOADS | X4 2] X573
A LOGISTICS cofM| o0 0w
CAPABILITY LogioTIcs OMY SERVIGING S8 S AEQ
~ 3
2 CONTROI Uy " e
P AAILILY SATELLITE SERVICING | 28 | Fm 8 2
Li oy o Ll -~ e ODIQ?A m OOM»O
£33 G FE |90 z |0 [0Rm o | PAYLOAD/STRUCTURE | 52 |HZ2 5 Zm
352/ 3584 me2 3 (53l0n0 2 ASSEMBLY L2 evEx
aWol g = ® lrzml 2 (DZ(cal|E
HER WS g d ok » DG |IBYE INCREASED OMV
z oz & < [
R e I b SCAR FOR OTV S ARITY
AR AR SATELLITE
[e} [
oRE sy 1232185 m|onl 0TV DELIVERY OF SERVICING
avtonomrs  |P22lEm|ED o0l ox] SATELLITES T0 GEO AT GEO
FEEIO o, Sior -
m S|
AuTOMATION (P53 CEloc| M2 Geo pLATFORM 0TV PLANETARY
S {3 |Tm| -~ DELIVERY MISSIONS
INTERNAL EXTERNAL
Figure 11

THE SPACE STATION PR

OGRAM WILL EVOLVE

THROUGH A “BLOCK” SERIES

¢ MODULES

EBLOCK | DEVELOPMENT
10G 1991

» PLATFORMS
* FREE FLYLRS
¢ VEHIGL

ES
° ADDITIONAL MODULES

BLOCK Il DEVELOPMENT {

¢ OTY HANGERS
ADVANUCED TECHNOLOGY

¢ ADCITIONAL PLATFORMS

« ADDITIONAL OTV

{BLOCK ino

EVELOPMENT

1

BLOCK N DEVELOPMENT

FULL OPERATIONAL GAPABILITY

¢ ADDITIONAL CREW
e ADDITIONAL
° ADDITIONAL CAPAB.

TM3

B,

PRESENT 1980s

Figure
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SPACE STATION PROGRAM EXTENDED DEFINITION

e SCOPE AND DURATION BEYOND "PHASE B"
® TWO CONTRACTORS COMPETE FOR EACH WORK PACKAGE

® PRODUCTS ARE A BLEND OF DOCUMENTATION AND HARDWARE
DEMOMNSTRATIONS

FY 84| FY 85| Fy 86| Fy 87| FY 88]

- . ATP tRR
/SYSTEMS ANALYSIS A
o OVERALL CONFIG BASLLINE
e FIRM INTERFACE DEF.

s COMMON HARDWARE REQTS.

ELEMENT DEFINITION | wm——.AY

+ PHASE 8 PLANS AND
DESIGN CONCEPTS

< SUBSYSTEM SPECS.

BLOCKY | cey seecs. SOR

ELEMENT PRELIMINARY | ea——a
DESIGN

¢ PRELIMINARY DESIGN
» MOCKUPB AND SIMULATIONS
e FINAL DDTE PROPOSALS

HARDWARE DEMON. [:::‘_’:;lw POR

\DDT&E
BLOCK BLOCK Il DEFINITION  S———
il

Figure 13

SPACE STATION OVERALL SCHEDULE

FISCAL YEAR
6alp5]e6|a7]oa|eglen]9r]92]93]94]9s5][96]a7[9s]99]00

SPACE STATION

NASA CONGEPT DEV. —T

DEFINITION PHASE(S) BAVA

DESIGN, DEV., TEST & -

EVALUATION — )
QG {BASIC CORE C8P.)° -

OPERATIONS JS-_‘ ——r
SUBSEQUENT EVOLUTION AANAANANA Fa)

ORBITAL TRANSFER 10CA
VEHICLE

ORBITAL MAMEUVERING 08N
VEHICLE

USER REQUIREMENTS

COR =~ CRITICAL DEGIGN REVIEW A - INCREABED CAPABILITY

FOC ~ FUTURE OPERATIONAL CAPASILITY « ~ DN-BQARD EXPLRIMENTS, SERVICE, AND PLATFORMS
$0C - INITIAL OPERATIONAL CAPAHIITY

R~ INTERFACE REQUIREMENTS REVIEW

HLR ~ SYSIEM DESIGN REVIEW

SRR — BYSTEM REOUMREMENIS REVIEW
DSG-840

Figure 14
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SPACE STATIO

ORigmaL
OF BooR

N PLANNING SCHEDULE

FY'a3
1L C

FY's
1

FY'8e
BN

Fy'as
L147T

FY'86

il

4
r

FY’85
1L

DEFINITION PHASE
r a4
CUDGET Bt

¢ REQUIREMENTS & ANALYSIS i

Vi Viyas
Fy'as  BUDGL

1

~ MISSIOH AHALYSIS STUDY

i

CONTRACTS

I
1

I I

e

~ SYSTEM REQUIREMENTS &

ARCHITECTURE
© SYSTEMS DEFIMITION

- HOUSE

ATIP%Bﬁ §RE; F{sna

© ADVANCED DEVELOPMENT PROGRAM

@ TECHNCLOGY PROGHAM

DEVELOPMENT PHASE

Vever
auo4EY

POR
ATPy v GCDR
[

ey
1

|

|

ATP - AUTHORITY TO PROCEED

CUR = CRITICAL DESIGN REVIEW

BC = NTIAL OPERATIONAL CAPABLITY
A — WTERFACE REQUIREMENTS REVEW

PDR = PRELIMINARY DESIGN REVIEW
SOR = BYSTEM DESIGN REVIEW
SRR = BYSTEM REQUIREMENTS REVIEW

Figure 15

02/07/84
PEL-ZOTS

LEVEL A
NEAR—-TERM MILESTONES

SPACE STATION TASK FORCE
SUMMARY MILESTONES

MILESTONES

85
JIFIM

ESTABLISH INTERIM LEVEL B PROGRAM
OFFICES

ADVANCED DEVELOPMENT LEAD CENTER
ASSIGNMENTS

PRELIMINARY DETERMINATION OF INT'L MODE
OF COOPERATION

ADMINISTRATOR'S INT'L VISIT

FIRST DRAFT OF PHASE B WORK PACKAGE

MISSION REQUIREMENTS REPORT

INITIATE DEFINITION CONTRACT PHASE B
SEB ACTIVITIES

NSKUNK WORKS!" EXERCISE

REVIEW OF INT'L. POSITION

CONGRESSICNAL AUTHORIZATION CONFEREE
ACTION

CONGRESSIONAL APPROPRIATION CONFEREE
ACTION

INT'L. COOPERATION PHASE B FINAL DEGISION

PHASE B DEFINITION CONTRACTS

CENTER ROLES & MiSSION DECISION

ESTARLISH SPACE BTATION PROGRAM OFFICE

COMMERCIAL DEVELOPMENY REPORTS

DEFINITION CONTRACTS BEST AND FINAL
PROPOSALS SUBMITTED .

DEFINITION COMTRAGTS SOURCES SELEGCTED

ATP UPDATE OF MISSION REQUIREMENTS

DEFINITION CONTRACTS AUTHORITY TO
PROCEED

54
EIMl Al gTATSTOTHITD
AR

2/0a
4
2/28
A

376 3748
L]

L7504,
4/43
4/2
o
4/2 [T 71
5/15 8.2}
HA RFF IMPUTE
8/1SACARLIEST

62’:15

gs20

REP msueoxze Wi{gngpoams
As/is
Ja¥- P2 b
DiGZ
Aiyszz

Aisia
Dz
Fay 231

Figure 16
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TNADE STUDIES “ADVANCED DEVELOPMENT"
© AMALYSIS OF SYSIEM S THANSTEN 6F APPRUPRIA(E
MISSION NEQUINEMENTS ARO SUBSYS TE3 OFHIONS TECHNGLUGIES INTO '
© ESSEMTIAL SPLOIFIC GEVELOPMENT PIOCRAM
TASKS OF SPALE §)ATION SIDENTIFY KEY ISSULS, r>
PUTH LECHMITAL AKD -1 o ESTABLISHSIIECIL
© ACUUINE THOROUGH PROGAAMMATIC ENGINELRING TESTBEQS
UNDLHSTANUING OF . Cl
POTERUIAL SIATION o % HOUSE ® M HOUSE
MISSIONS
« PROVIDE TECHKOLQGY
& PIIPARE SETIS) UF UPLIONS
1MI PHASED MiSSION
AEOUIREBIEN S O\ /O
© SPRING, CY 1981 ~— FEEDBACK
Fep, [CUNEE‘P’T‘I}EV PIEN
O ey ? Systams Enprsacing SYSTEMS
\ oRECUNCIIASIGN OF D DEEINITIN

COMPETING SYSTERS
REQUIREMENIS

ANCIMTECTUNE

GCONCESTUAL FRAMEWORK |+——FEEDBACK — '2{}?,‘,1",’3‘,’.‘,.";“

© ATFINE OPIIONS BASER E> SCHEUULE ERVELOPES
O SET(S} OF TIME FIASED o IDENTIFIES SYSTEMS
REQUIIERERTS UPIONY

SSELECT PREFIANED UPTION © CORTROLS INTERFACES

BY LATE TV 128} » ORCAISTRATES TRADE
sTuDILS
©FOLUS TRADE STUDIES o1l HOUSE
Figure 17

SPACE STATION SERVICING CAPABILITY

THE SPACE STATION BASE WILL HAVE THE CAPABILITY TO
SERVICE OR PROVIDE SERVICING SUPPORT FOR:
® PAYLOADS ATTACHED TO THE STATION

e SATELLITES BROUGHT TO THE STATION BY THE TMS OR
SERVICED REMOTELY BY THE TMS

& TMS BASED AT THE STATION
@ CO-ORBITING PLATFORM AND ITS PAYLOADS
e _ARGE SPACE STRUCTURE TDM'S

® PAYLLOADS TO BE PLACED IN ORBIT BY THE TMS AND TO
BE LAUNCHED TO HIGHER ENERGY ORBITS

& SPACE-BASED REUSEABLE OTV
® SATELLITES IN GEO SERVICED REMOTELY BY THE TMS

SERVICING FUNCTIONS AT THE SPACE STATION WILL INCLUDE:

® REPLENISHMENT OF CONSUMABLES

PROPELLANT S
PRESSURANTS
COOLANTS

RECHARGING/REPLACEMENT OF BATTERIES

CONSTRUCTION OF LARGE SPACE STRUCTURES

ASSEMBLY (POSSIBLE FUELING) AND MATING OF PAYLOADS
CHECKOUT

= SATELLITES
-~ TMS

- 0TV

= PAYLOADS

® REPAIR AND UPGRADING, PRIMARILY BY ORU EXCHANGE

Figure 18
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SERVICIMG FACILITIES AT THE SPACE STATION

COMMON FACILITIES

SUPPORT STRUCTURE
REMOTE MANIPULATOR SYSTEM (RMS) - RELOCATABLE
MANIPULATOR FOOT RESTRAINT (MFR)
MANNED MANEUVERING UNITS (MMU) - TWO
MODULAR EQUIPMENT STORAGE ASSEMBLY (MESA)
GENERAL STORAGE AREA — ENCLOSED
MMU'S, MFR, MESA
WORK AREA (CONSTRUCTION OF LARGE SPACE STRUCTURES)

® EXTERNAL WORK SITE MONITORING AND CONTROL STATION
(N A PRESSURIZED MODULE)

e @ 6 & ¢ e

@

MUL TIPURPOSE PRESSURIZED WORK
VOLUME-NEED TO BE DETERMINED

ORBITAL TRANSFER VEHICLE (OTV) FACILITIES

® BERTHS - TWO
& PROPELLANT AND PRESSURANT TANKS

® ELECTRICAL POWER STATION

® CHECKOUT EQUIPMENT

® HANGARS UNPRESSURIZED - TWO

® PAYLOAD ASSEMBLY/CHECKOUT AREA — ENCLOSED
® STORAGE AREA — ENCLOSED

SPARE ASSEMBLIES, ORU'S, MANNED GEO
MISSION MODULE

Figure 19

THE SERVICING FACILITY AND OPERATIONS

® PLACE SEVERE REQUIREMENTS ON THE SPACE STATION

SAFETY

CONTAMINATION

CONTROL STATION VIEWING OF SERVICING OPERATIONS

APPROACH/DEPARTURE CORRIDORS

THERMAL CONTROL OF FLUIDS STORED ON THE STATION

EVA CORRIDORS

ACCESS TO PRESSURIZED WORK VOLUME (IF DEEMED NECESSARY)

CONSUMABLES AMD CARGO TRANSFER

ATTITUDE CONTROL AND PROPULSION

RMS REACH CAPABILITY

~ POSSIBLE CRYOGENIC PROPELLANT BOIL-OFF USAGE (ECLS,
PROPULSION, POWER)

~ GROWTH CAPABILITY

e AFFECT OTHER ELEMENTS OF THE SPACE STATION

— SCIENTIFIC INSTRUMENTS FIELDS OF VIEW
- G LEVEL OF THE LABORATORIES
-~ CONTAMINATION OF ENVIRONMENT

[ T T A

o

THE SERVICING FACILITY AND OPERATIONS ARE A MAJOR DRIVER
FOR BOTH THE INITIAL AND GROWTH STATIONS

Figqure 20
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CRITICAL TECHNOLOGY DEVELOPMENT FOR
OMV/OTV/SATELLITE SERVICING

TOP LEVEL SERVICING FACILITY ISSUES

6€

e FLUID MANAGEMENT

- CRYOGENICS
- STORABLE FLUIDS

e LONG-TERM ORBITAL STORAGE OF CRYOGENICS

e CONTAMINATION CONTROL/REMOVAL

e [IMPROVED EXTRAVEHICULAR MANEUVERING UNIT (EMW)
e ROBOTIC SERVICING CAPABILITY

e RENDEZVOUS, APPROACH, AND BERTHING

- OMV

- 0TV

- SATELLITES
PLATFORM

1

i

Figure 21

DESIRABLE FEATURES FOR A SPACE STATION BASEDR OTV

SPACE MAINTAINABLE
MODULAR
HIGH REUSEABILITY

SIMPLE PAYLOAD INTEGRATION AND SERVICING
CAPABILITY

® SYNERGISTIC WITH SPACE STATION SYSTEMS/
ELEMENTS

e COMMONALITY WITH SPACE STATION SYSTEMS/
ELEMENTS

@ STANDARDIZED INTERFACES — OMV, SATELLITES,
SPACE STATION

GROWTH CAPABILITY

HIGH EFFICIENCY (LOW WEIGHT, HIGH I1SP)
NON~-CONTAMINATING

WIDE THRUST LEVEL CAPABILITY

e @& ¢ @

Figure 23

e OTV PROPELLANT DEPOT LOCATION
— ATTACHED
- TETHERED
— FREE FLYING

e DEGREE OF SERVICING AUTOMATION
~ INITIAL STATION
~ GROWTH STATION

e NEED FOR A PRESSURIZED WORK VOLUME

Figure 22

PROPOSED OTV TECHNOLOGY DEVELOPMERNT
FLIGHT EXPERIMENTS

SHUTTLE SORTIE FLIGHTS (1987 - 19920}

PROPELLANT TRANSFER, STORAGE, AND REFRIGERATION/
RELIQUEFACTION

DOCKING AND BERTHING

EMU/EVA OPERATIONS

PAYLOAD MATING/INTERFACE

OTV SHELTER STRUCTURE
SERVICING FACILITIES/EQUIPMENT

TECHNOLOGY DEVELOPMENT MISSIONS ON SPACE STATION
(1991 -

L]

&

@

PROPELLANT TRAMNSFER, STORAGE, AND REFRIGERATION/
RELIQUEFACTION

DOCKING AND BERTHING
MAINTENANCE
PAYLOAD INTEGRATION

SPACE-BASED OTY OPERATIONS (1995)

Figure 24



ORBITAL TRANSFER VEHICLE (OTV) -
SPACE STATION PROGRAM INTERFACES
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PERFORMANCE ASSESSMENT OF AERO-~ASSISTED ORBITAL TRANSFER VEHICLES

Richard W. Powell, Theodore A. Talay, Alan W. Wilhite
John J. Rehder, Nancy H. White, J. Chris Naftel, Howard W. Stone,
James P. Arrington, and Ronald S. McCandless
NASA Langley Research Center

The NASA Langley Research Center is performing analyses of aero-assisted
orbital transfer vehicles. The studies to date have been to determine the
aerodynamic characteristics over the flight profile and three- and
six-degree-of-freedom performance analyses.

The important results, to date, are: 1) The Aerodynamic Preliminary
Analysis System, an interactive computer program, can be used to predict the
aerodynamics (performance, stability, and control) for these vehicles; 2) the
performance capability, e.g. maximum inclination change, maximum heating rate,
and maximum sensed acceleration, can be determined using continuum
aerodynamics only; 3) guidance schemes can be developed that allow for errors
in atmospheric density prediction, mispredicted trim angie of attack, and
of f-nominal atmospheric interface conditions, even for vehicles with a Tow
1ift-to-drag ratio; and 4) multiple pass trajectories can be used to reduce
the maximum heating rate.
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FLIGHT PROFILES

APOLLO CAPSILE

b
/
— ATV

30 |
VELOCITY,
077 ft/sec g |-

10 - SHUTTLE URBITER

07 | ! | ]

100 150 200 250 300

ALTITUDE, 107> ft

Figure 1

AOTV CONFIGURATION FOR LOW LIFT/DRAG

PAYLOAD

50 ft O

DEPLOYABLE
AEROBRAKE
OX [LH2

\«26 ft et ———— 34, f{——

Figure 2
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LOW L/D CONCEPT PERFORMANCE AERODYNAMICS
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Figure 3

AOTV CONFIGURATION FOR MEDIUM LIFT/DRAG
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7
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Figure 4

43



MID L/D CONCEPT PERFORMANCE AERODYNAMICS
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Figure 5

AOTV CONFIGURATION FOR HIGH LIFT/DRAG
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Figure 6
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HIGH L/D PERFORMANCE AERODYNAMICS
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AOTV L/D PERFORMANCE COMPARISON
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GEOSYNCHRONOUS ORBIT MISSION USING AN
AEROASSISTED TRANSFER VEHICLE
TRANSFER BURN

_~GEOSYNCHRONOUS
ORBIT
GEO-LEO
TRANSFER 160 . mi. CIRCULARIZATION

ORBIT RENDEZVOUS 300 n. mi.
ORBIT /PHASING
SHUTTLE 400 ¢ ot
. DB INTERFACE
TRANSFER/ | &
BURN
AEROBRAKING ‘ r
CIRCULARIZATION
BURN AND
RENDEZVOUS

Figure 9

ANALYSIS TECHNIQUE

3-D PROGRAM TO OPTIMIZE SIMULATED TRAJECTORIES (POST)
GEO-LEOQ TRANSFER—TIMING, DURATION, ANGLE
ATMOSPHERIC PASS——400,000 FT INTERFACE (1962 U.S. STANDARD)
0 ALL VEHICLES HAVE A LIFT CAPABILITY
0 MAINTAIN CONSTANT ANGLE OF ATTACK DURING PASS
o ROLL VEHICLE ABOUT VELOCITY VECTOR TO VARY LIFT DIRECTION

0 TARGET TO 300 NMI PHASING ORBIT, 28.5° INCLINATION., SAME LONGITUDE OF
ASCENDING NODE AS SHUTTLE

0 3-BURN PROPULSIVE SEQUENCE LEADS AOTV TO RENDEZVOUS WITH SHUTTLE ORBITER

Figure 10
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ALTITUDE HISTORIES FOR MAXIMUM RETURN WEIGHT AOTV’S
400 x 103

350

300
ALTITUDE,
ft
250
* TRAJECTORY RESULTS BASED ON
200 - HIGH ALTITUDE VISCOUS FLOW
W/CpA BASED ON CONTINUUM FLOW
150 ] ] | | | ] ]
0 100 200 300 400 500 600 700
TIME, sec
Figure 11

ORBIT INCLINATION HISTORIES FOR MAXIMUM

RETURN WEIGHT AOTV’S

30 Low

=

S

20

INCLINATION_,15~
deg

AERODYNAMIC PLANE CHANGES BASED
ON HIGH ALTITUDE VISCOUS FLOW

10

| ] | | ] l |
0 100 200 300 400 500 600 700

TIME, sec
Figure 12
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DYNAMIC PRESSURE HISTORIES FOR MAXIMUM
RETURN WEIGHT AOTV’S

400 -
HIGH
L/D
300
ol TRAJECTORIES BASED ON
VISCOUS-INTERACTION
AERODYNAMICS
100
| | ] |
0 100 200 300 400 500 600 700
TIME, sec
Figure 13
ACCELERATION HISTORIES FOR MAXIMUM
) RETURN WEIGHT AOTV’S
HIGH
L/D
3...
‘ﬁ‘g’ TRAJECTORIES BASED ON

VISCOUS-INTERACTION
AERODYNAMICS

| . 1 i
0 100 200 300 400 500 600 700
TIME, sec

Figure 14
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REFERENCE HEATING RATE HISTORIES FOR
MAXIMUM RETURN WEIGHT AOTV’S

600

HIGH
5001 L/D
400+

Q TRAJECTORIES BASED ON
max’ L VISCOUS-INTERACTION
BTU/ft2-sec AERODYNAMICS
200}~
100}
| |

I
0 100 200 300 400 500 600 700

TIME, sec
Figure 15

PERFORMANCE COMPARISON OF AN ALL~PROPULSIVE OTV
WITH AOTV's FOR GEO ROUND-TRIP MISSIONS

0TV TYPE ALL PROPULSIVE LOW L/D MID L/D HIGH L/D
INITIAL
WEIGHT, LB 66,000 66,000 66,000 66,000

WEIGHT RETURNED
TO SHUTTLE, LB 9.666 15,833 16,396 16,987

MAXIMUM STAGNATATION
POINT HEATING RATE T0
A 1 FOOT RADUS SPHERE,

BTU/FT? -SEC 102 317 372
MAXIMUM SENSED

ACCELERATION,

G'S 2,40 2.51 3,50

Figure 16
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LIFT/DRAG

HISTORIES OF MAXIMUM RETURN WEIGHT AOTV’S
2.0

CONTINUUM FLOW

L5

SOLID CURVES
BASED ON
HIGH ALTITUDE

/D L0 VISCOUS FLOW

0.5

| { | ! { |
0 100 200 300 400 500 600 700
TIME, sec

Figure 17

AOTV WEIGHT RETURNED TO SHUTTLE

O—O CONTINUUM
17000 _ FLOW
< [—-JHIGH ALTITUDE
HIGH L/D VISCOUS FLOW
16750
30300 n. mi.
RETURN i MID L/D -
WEIGHT, 35300 n. mi.
Ih £
16250 |-
. - ’D/ -
16000 — _ =077 35%300 n. mi,
()
L]
15750 l ' i | : |
10 15 20 25 30 35 40

ANGLE-OF-ATTACK, deg
Figure 18
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SIX-DEGREE-OF-FREEDOM SIMULATION ANALYSIS
ANALYSIS UNDERTAKEN T0:

1) SIZE THE REACTION CONTROL SYSTEM (RCS)
2) EVALUATE GUIDANCE ALGORITHMS
3) CONFIRM THREE-DEGREE-OF-FREEDOM ANALYSIS

CONTROL SYSTEM DESIGNED UTILIZED RCS ONLY

THREE GUIDANCE ALGORITHMS EVALUATED
1) PREDICTIVE TECHNIQUE
2) DRAG REFERENCE ALGOTITHM DERIVED BY OLIVER HILL OF NASA-JSC

3) REFERENCE ORBITAL ENERGY ~ FLIGHT PATH ANGLE REFERENCE ALGORITHM

Figure 19

LOW L/D CONFIGURATION RESPONSE CHARACTERISTICS
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Figure 20
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GUIDANCE ALGORITHM

0 ADTV IS COMMANDED TO FLY THE OPTIMUM CRBITAL EMCRGY VS IMERTIAL FLIGHT PATH
ANGLE PROFILE THAT HAD BEEN DETERMINED FROM A 3 DEGRLE-GF-FREEDOM ANALYSIS
0 AOTV IS COMMANDED TO FLY CONSTANT ANGLE OF ATTACK

0 INCLINATION IS CONTROLLED BY ROLL REVERSALS

/ —Roll Reversol
1) gpp | //'/—lnltloted

Tolerance [ ~~-

ORBITAL ENERGY

Figure 21
OTV LOW L/D NOMIMAL ATMOSPHERE
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Figure 22
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SHUTTLE-DERIVED ALTITUDE-DENSITY PROFILES
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Figure 23

OTV LOW L/D NOMINAL ATMOSPHERE
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EXIT APOGEE,

EXIT PERIGEE, ANMI
EXIT INCLINATION, DEG

TOTAL ATMOSPHERIC
PASS TIME, SEC

PITCH RCS
ON~-TIME. SEC

ROLL RCS
e,

ON-TIHE, SEC

YAW RCS
ON-TIME. SEC

EXIT PLRIGEE, NMI
EXIT IHCLINATION,

TOTAL ATHOSPHERIC
PASS TIME, SEC

COMPARISON OF ATMOSPHERIC PASS FOR LOW L/D CONFIGURATION

ATMOSPHERES
1962 STANDARD +25% -25% STS-2 STS~4 STS5-6
NMI 306 287 323 313 311 314
34 31 35 35 35 35
28.5 28.5 28.5 28.5 28.5 28.5
392 380 407 408 399 4§19
19.44 22.48 24,44 18.72 19.96 28.00
18,16 22.28 20.72 18.56 18.68 20.92
20.08 23,60 24,48 21.76 21.2 29.84
Figure 25
COMPARISON OF ATMOSPHERIC PASS FOR LOW L/D CONFIGURATION
TRIMMED ANGLE-OF-ATTACK VARIATIONS
GT:: CID aT = aD"1 (IT = CXDH GT= GD"B GT= aD+3 GT= GD'S GT= GD+5
306 309 305 295 301 297 300
34 34 3y 32 33 32 33
DEG 28.5 28.5 28,5 28,5 28.5 28.5 28.1
392 393 392 393 330 393 389
19.44 23.52 17.16 29.52 3,20 36.40 2.36
18.16 20,48 17.84 19,84 12.28 24,08 11.08
20.08 26.32 13.56 29.84 14.0 36.48 17.68
Figure 26
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COMPARISON OF ATMOSPHERIC PASS FOR LOW L/D CONFIGURATION

ENTRY FLIGHT PATH ANGLE VARIATIONS
Yi= Yo Vi Y05\ Y= Ypme05| Y=¥p-u 1) Yp= Yptu1) Yi=Yp-.2) V= pte2,
VACUUM PERIGEE, NMI 45,4 4.9 45.9 4,4 464 43,4 47.3
EXIT APOGEE, NMI 306 298 312 263 326 156 394
EXIT PERIGEE, NMI 3 32 35 27 36 -8 40
EXIT INCLINATION, DEG 28.5 28.5 28.5 28.4 28.5 28.5 28.5
TOTAL ATMOSPHERIC 392 389 394 382 398 369 406
PASS TIME. SEC
PITCH RCS 19,44 21.56 23.48 | 21.68 23,12 | 15.76 13.72
ON-TIME, SEC
ROLL RCS 18,16 19.32 18,72 | 17.68 19.24 | 27.36 13.92
ON-TIME, SEC
YAW RCS 20.08 22.72 2232 | 23.u 18.4 22.4 13,04
ON-TIME, SEC
Figure 27
COMPARISON OF AOTV TRAJECTORIES
GEOSYNCHRONOUS
ONE PASS ORBIT TWO PASS
RETRO BURN RETRO BURN
CIRCULARIZE

A

AEROBRAKING

RENDEZVOUS

ORBIT

Figure 28

55

O

AEROBRAKING



L]

9]

o

EFFECT OF NUMBER OF PASSES ON HEAT RATE
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Figure 29

CONCLUSIONS

APAS IS APPLICABLE FOR AOTV's AND CAN BE USED TO PREDICT AERODYNAMICS FROM THE FREE
MOLECULAR FLOW REGION TO THE CONTINUUM REGION

THREE DoF ANALYSIS SHOWED THAT CONTINUUM AERODYNAMICS IS ADEQUATE FOR PERFORMANCE
EVALUATION

SIX DoF ANALYSIS SHOWED CAPABILITY TO TOLERATE OFF-NOMINAL ATMOSPHERIC DENSITY PROFILES.
MISS~PREDICTIVE TRIM ANGLE-OF-ATTACK, AND OFF-NOMINAL ATMOSPHERIC INTERFACE CONDITIONS

MULTI-PASS TRAJECTORIES OFFER POTENTIAL TO REDUCE MAXIMUM HEATING RATES

Figure 30

56




" N85 -1699 4

LOW LIFT-TO-DRAG AERO-ASSISTED ORBIT TRANSFER VEHICLES

Dana G. Andrews and Richard T. Savage
Boeing Aerospace Company

The results of a systems analysis study conducted on low L/D
aero-assisted orbit transfer vehicles (AOTV's) is presented. The objectives
of this activity were to (1) systematically assess the technology requirements
for this class of vehicle and formulate technology development plans and
funding levels to bring the required technologies to readiness levels, and (2)
develop a credible decision data base encompassing the entire range of low L/D
concepts for use in future NASA AOTV studies.

The study approach was to select suitable AOTV concepts, address major
feasibility issues, and generate workable configurations for use in
trajectory/ aerothermal analyses. Subsystem trades examined the impact of
different technology levels on vehicle performance and noted the Tevels
required to meet basic operating requirements. Finally, technologies were
ranked in order of importance towards meeting low L/D AOTV design goals, and
program and technology funding costs were estimated.

Study results showed that each of the candidate low L/D concepts, the
aerobrake, the 1ifting brake, and the aeromaneuvering concept could be made to
work with technologies achievable by the early 1990's. A1l of the concepts
required flexible structure with flexible thermal protection system (TPS) to
be successfully integrated into the shuttle orbiter for launch, all required
improvements in guidance and control (G&C) to fly the dispersed atmospheres at
high altitude, and all concepts had potential to evolve from ground-based to
space-based operations.

The critical advancements in technologies required to implement the Tow
L/D AOTY concepts were in TPS, especially flexible TPS, in aerothermal
prediction methods, and in G&C. Other areas where technology advancements
appeared to be cost effective (i.e., savings in use outweighted development
costs) were propulsion, atmospheric physics (prediction methods), rarified gas
aerodynamics, and composite structures.
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Study Objectives

® DEFINITION OF A TECHNOLOGY PLAN FOR LOW L/D AOTV'S
® ENABLING AND HIGH PAYOFF TECHNOLOGIES IDENTIFIED
€ AEALISTIC CONSTRAINTS ON TECHNOLOGY FUNDING LEVEL ASSUMED
® TIME PHASED PLAN DEVELOPED FOR REASONABLE 10C DATE
©® DEVELOPMENT OF A DECISION DATA BASE FOR FUTURE NASA AQTV STUDIES
@ INVESTIGATE CONCEPTS THROUGHOUT THE ENTIRE LOW L/D RANGE
® ADDRESS THE CRITICAL VEHICLE TECHNOLOGIES
@ INCLUDE OPS ANALYSES
® DEVELOP EVOLUTIONARY GROWTH SCENARIOS
® ESTIMATE COSTS (NON-RECURRING, RECURRING AND OPS)

Figure 1

Technical Approach

® SYSTEMS TRADES
¢ SELECT CANDIDATE CONCEPTS AND RESPOND TO FEASIBILITY ISSUES
®» USE WORKABLE CONFIGURATIONS IN TRAJECTORY/AEROTHERMAL ANALYSES
® USE MANNED MISSION TO DESIGN ALTERNATE OPERATIONAL MODES
@ SUBSYSTEM TRADES
® BUILD FROM PHASE A-OTV DATA BASE
® INCORPORATE ADVANCED TECHNOLOGIES
® ASSESS TECHNOLOGY PAYOFFS
® TECHNOLOGY PLANNING

e IDENTIFY CURRENT, NORMAL GROWTH, AND ACCELERATED GROWTH
TECHNOLOGIES

® RANK TECHMOLOGIES WITH RESPECT TO PROGRAM REQUIREMENTS
® PLAN TECHNOLOGY DEVELOPMENT
@ COST ANALYSES
o USE WORK BREAKDOWN STRUCTURE TO ESTIMATE SUBSYSTEM COSTS
o ESTIMATE PROGRAM COSTS
& ESTIMATE TECHNOLOGY FUNDING REQUIREMENTS

Figure 2
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Design Mission Requirements

® BASELINE DESIGN MISSIONS (65K STS)
® GEO DELIVERY
@ 6 x GEO DELIVERY
® 6 HR. POLAR DELIVERY
©® EVOLUTIONARY GROWTH MISSIONS
® UNMANNED SERVICING (NOT A DESIGN DRIVER)
© MANNED GEO MISSION {KEY DESIGN MISSION IN ALL MODELS)
e 14,000 LB. ROUND TRIP
© REQUIRES ALTERNATE OPERATING MODE

® BASIC TECHNOLOGY TRADES WERE DONE USING VEHICLES SIZED
FOR BASELINE MISSIONS

@ MANNED GEO MISSION WAS USED TO S1ZE EVOLUTIONARY GROWTH
CONFIGURATIONS AND DETERMINE WORTH OF ALTERNATE
OPERATING MODES

Figure 3

Low L/D AOTV Characteristics

(BASELINE CONCEPTS)

4
N
YRS
- L
L =u [
UL LE
~ -
»
AEROBRAKE (L/D=0) LIFTING BRAKE (L/D=0.25) AEROMANEUVERING (1./D=0.75}
BALLISTIC W
COEFFICIENT — ¥ — 510 PSF 510 PSF 25.45 PSF
D
CONTROL VARIABLE CpHA MOVEMENT QF CG VARIABLE BANK ANGLE
TECHNIQUE USING INTEANAL INY-Z PLANE USING REDUNDANT
PHRESSURE USING ELECTROMECHNICAL RCS THRUSTERS
ACTUATORS
METHOD OF NONE )
KEY GUIDANCE & CONTROL GUIDANCE & CONTROL TRANSPIRATION COOLING OF
ISSUES IN 3CATMOSPHERE IN 30TATMOSPHERE NOSE CAP
DYNAMIC STABILITY FLOW INPINGEMENT THERMAL CONTROL

OF INFLATED STRUCTURE ONBODY/PAYLOAD
Figure 4
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Lifting Brake Configuration

STUDY INITIATION

7

MAJOR
CHANGE:

B

NON-POROUS
&
INFLATABLE

BRAKE

AREAS OF CONCERN

& DEPLOYMENT MECHANISM
D ETRETCHABLE FABRIC

O POROUS HEAT SHIELD

@ BANK ANGLE CONTROL

@ GUIDANCE & CONTROL IN
ICTATMOSPHERE

@ FLOW IMPINGEMENT
ON BODY/PAYLOAD

PROPOSED DESIGN

AREAS OF CONCERN

@ NO RETURN PAYLOAD

@ FLOW IMPINGEMENT
ON BODY/PAYLOAD

© G&C IN 3TATMOSPHERE
® STS INTEGRATION

MAJOR

CHANGE:

o

EDGE
RADIUS

@ 5TS INTEGRATION

FINAL BASELINE

AREAS OF CONCERN

® CONTROL WITH RETURN
PAYLOAD

® STS INTEGRATION

RATIONALE FOR CHANGE:

2 NON-POROUS FABRIC: BOUNDARY LAYER
TEMPERATURE CONTROL

® EDGE RADIUS: ELIMINATES FLOW IMPINGEMENT

Figure 5

Aeromaneuver Configuration

STUDY INITIATION

BASELINE

MAJOR
CHANGE:

By

INFLATABLE
NOSE,

TRANSPIR ~
ATION
COOLED

AREA OF CONCERN

& LARGE DOORS/SEALS ADDS
COMPLEXITY, WEIGHT

AREAS OF CONCERN

© TRANSPIRATION COOLED
NOSE

RATIONALE FOR CHANGE
® LIGHTER

® HIGHER RELIABILITY
® CHEAPER

Figure ©
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Aerobrake Configurations

STUDY INITIATION

T

SALLUTE ASGLE .
“‘Igaik
.‘!!!l!lﬂ
N
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oty

AREAS OF CONCERN

@ DYNAMIC STABILITY OF
INFLATED STRUCTURE

@ GUIDANCE & CONTROL
IN 3 ATMOSPHERE

® INTERACTION BETWEEN
BALLUTE, JET COUNTER-

FLOW, & FREE STREAM
FLOW

@ FLEXIBLE TPS

BASELINE

) a0t 1 porert

/ DOUDARY LaVSN BATTAGHESNT

mranarie s
Mo

AREAS OF CONCERN

ALTERNATE

@ JET COUNTERFLOW
INTERACTION :

@ FLEXIBLE TPS

® INFLATED
STRUCTURE
STABILITY

AREAS OF CONCERN

® FLEXIBLE TPS

® INFLATED
STRUCTURE
STABILITY

@ TESTING OF FLEXIBLE BALLUTE AND TPS PRODUCED NO BALLUTE “SHOW STOPPERS"
@ ALTERNATIVE PROPOSED TO ELIMINATE JET COUNTERFLOW UNCERTAINTY

Figure 7

System/Concept Findings

©® NONE OF LOW L/D CONCEPTS ELIMINATED BY TECHNOLOGY ISSUES
@ MUCH OF THE TECHNOLOGY REQUIRED IS COMMON

® ALL CONCEPTS SIGNIFICANTLY BETTER UNDERSTOOD/IMPROVED

@ PERFORMANCE AND OPERATIONAL FLEXIBILITY ADVANTAGE TO AEROBRAKE

@ LIFTING BRAKE AND AEROMANEUVERING APPLICATIONS LIMITED BY AFT C.G. AND/OR
FLOW IMPINGEMENT CONCERNS

@ ALTERNATE OPERATIONAL SCENARIOS

© ACC: EXCELLENT CONFIGURATION FOR LIFTING BRAKE; NO SIGNIFICANT IMPACT
ON AEROBRAKE; AEROMANEUVERING IS NOT APPLICABLE

© SPACEBASING/MANNED MISSION: NOT A SIGNIFICANT DISCRIMINATOR EXCEPT FOR

PERFORMANCE

® SDCLV: ATTRACTIVE OPTION WITH AEROASSIST

® FOR ALL CONCEPTS THE MAJOR UNRESOLVED ISSUES CONCERN REAL GAS FLOW EFFECTS
AND THE DYNAMICS OF FLEXIBLE STRUCTURE AT THESE CONDITIONS

e MORE TESTING REQUIRED TO PROVIDE DESIGN DATA
@ FLIGHT EXPERIMENTS NEEDED TO RESOLVE ALL DOUBTS

® FOR ALL CONCEPTS UPPER ATMOSPHERIC DISPERSIONS ARE A MAJOR DESIGN DRIVER
@ DESIGN DATA NEEDED ~ SOME TESTING REQUIRED
® FLIGHT EXPERIMENTS IMPORTANT TO PROVE GN&C SYSTEMS

® NO SIGNIFICANT COST DISCRIMINATORS FOUND BETWEEN LOW L/D CONCEPTS

Figure 8
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Technology Drivers

TECHNOLOGY ISSUE COMMENTS
£ L T LR TS
N THERAMAL PEAK TEMPERATURE MNEED TO ACCELERATE TECHNOLOGY GROWTH
A PROTECTION CAPABILITY OF FLEXIBLE SURFACE INSULATION (FSI)
B
L AEROTHERMAL THERMAL ENVIRON- INCREASED ACCURACY IS REQUIRED TO FULLY
i METHODS MENT PREDICTION CHARACTERIZE THERMAL ENVIRONMENT
N
G GN&C ATMOSPHERIC AEROPASS REQUIRES MORE ADVANCED ADAPTIVE
GUIDANCE GUIDANCE SYSTEM
PROPULSION HIGHER PERFORM- DEVELOPMENT OF AN ADVANCED LHz/LOZ HIGHER
H ANCE ENGINE lgp ENGINE {8 COST EFFECTIVE
?G ATMOSPHERIC HIGH ATMOSPHERE BETTER UNDERSTANDING OF THE UPPER
Y PHYSICS DESCRIPTION ATMOSPHERE SIMPLIFIES GN&C AND THERMAL
s PROBLEMS
@ AERODYNAMICS RAREFIED FLOW ENHANCE GUIDANCE SYSTEM ACCURACY
o EFFEGTS
;‘.
F STRUCTURES STRUCTURAL UTILIZING ACCELERATED TECHNOLOGY GROWTH
WEIGHT REDUCTION IS COST EFFECTIVE
Figure 9
Technology Ranking
RANK TECHNOLOGY ITEM BENEFIT COST {FY 84—2-88)
{MILLIONS OF DOLLARS)
1 THERMAL PROTECTION SYSTEM | o INCREASE FLEXIBLE & RIGID INSULATION
TEMPERATURE CAPACITY 42
¢ IMPROVE OPTICAL COATINGS .
e DEVELOP TRANSPIRATION CODLING
2 AERAOTHERMAL METHODS e BLUNT BODY FLOW UNDERSTANDING
WITH AND WITHOUT JET COUNTERFLOW 42
o BOUNDARY LAYER TRANSITION CRITERIA -
o NON-EQUILIBRIUM RADIATION
3 GH&C o OPTIMAL GUIDANCE APPROACHES
o CONTROL FUNCTION DEVELOPMENT 5.3
s SYSTEM VALIDATION
o FLEXIBLE MATERIAL CONTROL TESTS
4 PROPULSION o RL1I0 HB ENHANCEMENT
e ADV EXPANDER ENGINE DEVELOPMENT 870157
s ADV ENGINE IMPROVEMENTS
& ATMOSPHERIC PHYSICS s TETHER DATA ANALYSIS 24
o LASER RALEIGH BACKSCATTER
] AERODYNAMICS e DETERMINE RAREFIED FLOW EFFECTS 3.8
o FLEXIBLE BALLUTE DYNAMICS
& FLIGHT DEMONSTRATION ® INTEGRATED SYSTEMS VERIFICATION
EXPERIMENT o DEMONSTRATE 8 GN&C ALGORITHMS
o PROVIDE AERCDYNAMIC/AEROTHERMAL
DATA 30
o VERIFY DYNAMIC STABILITY OF FLEXIBLE
BALLUTE
s VERIFY TPS PERFORMANCE IN ACTUAL
FLIGHT ENVIRONMENT

Figure 10
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Technology Plan Summary

© REASONABLE DEFINITION OF TECHNOLOGY REQUIREMENTS AND OBJECTIVES

@ CLEAR DISCRIMINATION BETWEEN REQUIRED VERSUS ENHANCED TECHNOLOGIES

©® ENABLING TECHNOLOGY PROGRAM CAN BE ACCOMPLISHED TO SUPPORT PROGRAM
START IN LATE 1980's FOR APPROXIMATE TOTAL $ = 65.6 MILLION

@ FLIGHT DEMONSTRATION EXPERIMENT(S) EXTREMELY DESIRABLE—POWERFUL

BENEFITS—

e DEMONSTRATES GN&C CONCEPTS AND ALGORITHMS

¢ PROVIDES NEEDED AERODYNAMICS/AEROTHERMAL DATA

e VERIFIES DYNAMIC STABILITY OF FLEXIBLE BALLUTE

® VERIFIES TPS PERFORMANCE IN ACTUAL FLIGHT ENVIRONMENT

@ ENHANCING TECHNOLOGIES APPEAR TO HAVE HIGH PAYOFF (NOT QUANTIFIED
IN ALL CASES)

® THIS IS STILL A “FIRST CUT” PLAN AND NEEDS ITERATION

Figure 11

AOTYV Thermal Criteria

SURFACE TEMPERATURE — 100 REUSES

MAXIMUM TEMPERATURE

TPS MATERIAL 1880 TECHNOLOGY (1886 10C)
CURRENT TECHNOLOGY
NORMAL GROWTH ACCELERATED GROWTH
FLEXIBLE SURFACE 1600°F — 1800°F 2500°F 3000°F
INSULATION (FSH (AFRSI)
RIGID SURFACE 2700°F (FRCH 3000°F 3600°F
INSULATION (RSi}
HIGH DENSITY 3200°F (ACC) 3600°F 4000°F
REFRACTORY {HDR)
BACKWALL TEMPERATURE
MATERIAL MAXIMUM TEMPERATURE

GRAPHITE/POLYIMIDE *

KEVLAR CLOTH

600°F

600°F

HIGHER TEMPERATURE STRUCTURES ARE POSSIBLE, BUT ARE NOT
CONSIDERED ADVANTAGEQUS BECAUSE OF THERMAL CONTROL
CONSTRAINTS

Figure 12
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Flexible Surface Insulation Technology Assessment

¥

ERATURE (9%}

LisE TEMP

AN

4000

NO ACTIVE COOLING
INCLUDES 60% FACTOR FOR NE RADIATION, ETC.

EMITTANCE = 0.8

A& NOLIFT

I500 -

ACCELEBRATED

3000 mowTH

| NORMAL

2506
GROWTH

2000 -

CURRENT
TECHNOLOGY

1500 -

O SIDE LIFT {(BANK = 90%)
) DOWN LIFT {BANK = 1809}

AEROBRAKE

LIFTING BRAKE

WITH JET
COUNTERFLOW

NO JET COUNTERFLOW
ACTIVE
COOLING
REQUIRED A UNMAR

5 x GEQ

BANK
MODULATION

AERCMAMEUVERING
5 x GE
UNMANNED

ACTIVE

COOLING
REQUIRED

4

a

[y
B x GEO
UNMANNED

1 x GEO
UNMANNED

INED nmmr}eo T
0

6 x GEQ
UNMANNED

1x GEO
MANNED

1x GEQC
MANNED

1x GEO
UNMARNED

¢ ACCELERATED TECHNOLOGY GROWTH REQUIRED

s AEROMANEUVERING REQUIRES TRANSPIRATION CQOLING

s AEROBRAKE MAY REQUIRE TRANSPIRATION COGLING

oLIFTING BRAKE MAY REQUIRE HEAT CONSTRAINED TRAJECTORIES

H

Figure 13

Rigid Surface Insulation Technology Assessment

URE (OF)

¥

MAKIMUM TEMPERA

EMITTANCE = 0.8
INCLUDES 50% FACTOR FOR NE RADIATION, ETC.

& NOLIFT

O SIDE LIFT {BANK = 90°)
O DOWN LIFT {BANK = 180°)

.. ACCELERATED

AEROBRAKE
NOSE CAP

LIFTING BRAKE
NOSE CAP

AEROMANEUVERING
0TV CORE

35
300 ROWTH

NORMAL

3000 GRowTH

CURRENT

0]
o—0

TECHNOLOGY

2600

ACCELERATED TECHNOLOGY GRAOWTH PROBABLY
REQUIRED ~ HDR COULD BE SUBSTITUTED AT
GREATER COST AND WEIGHT

Figure 14
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High Density Refractory Technology Assessment

EMITTANCE = 0.8

INCLUDES 60% FACTOR FOR NE RADIATION, ETC.

A NOLIFT

O SIDE LIFT (BANK = 909)

0O DOWN LIFT (BANK = 180°)

AEROBRAKE LIFTING BRAKE AEROMANEUVERING

- {NOSE CAP) {NOSE CAP) {OTV CORE)

T g0~ NORMAL

o [©  GROWTH A

£ 5 x GEO

);: CURRENT UNMANNED (o]

S TECHNOLOGY A B x GEO

w

% 3000 - 1x GEO MANNED

UNMANNED

& 5 x GEO

= UNMANNED |  1x GEO

g MANNED

= 1x GEOQ

§ MANNED .

S 2500

NORMAL GROWTH TECHNOLOGY OK
Figure 15
Examples of High Payoff Technology Assessment
DELTA GEOPAYLOAD | RELATIVE
SUBSYSTEM ﬁg&iﬁo TECHNOLOGY DELTCQ‘SDT'_)T&E COST SAVINGS
DEV COST > >
ACCELERATED GROWTH 280 LB > $ 35M 10,490 $/L.8 210 §/L8
STRUCTURAL
COMPONENTS (10%
WEIGHT REDUCTION)
NORMAL GROWTH 1,330 1.8 $ 8M $430M 10,013 /LB 887 §/LB
EXPANDER CYCLE
ENGINE (480 SEC 15P)
ACCELERATED GROWTH 1,803 LB $17M $630M 9,802 §/LB 898 $/L8
EXPANDER CYCLE ENGINE
{490 SEC 15P)
[ ACCELERATED GROWTH TECHNOLOGY COST EEFECTIVE FOR AOTV'S ]

{I> COSTS BASED ON 8 FLIGHTS/YEAR FOR TEN YEARS {NOM MISSION COST = $81.8M)
> BASELINE LCC = $6,832M, BASELINE GEO PAYLOADS = 526,400 LB {10,700 $/L8)
[(T> TECHNOLOGY DEVELOPMENT FINANCED BY OTHER PROGRAMS

Figure 16
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Recommendation

& AEROBRAKED AOTV IS RECOMMENDED CONCEPT (F DEVELOPMENT WERE TO START
TODAY

¢ BEST PERFORAMANCE, LEAST COST, MOST STS COMPATIBLE, ETC.

e CONTROL METHOD REQUIRES MORE DEVELOPMENT (NEEDS TESTING)
@ BEGIN DEVELOPMENT OF TECHNOLOGIES SUITABLE FOR GENERIC ADTV

e REUSABLE TPS (RIGID AND FABRIC) WITH CAPABILITY TO 3000°F

e MORE ACCURATE AEROTHERMAL PREDICTION METHODS

o GN&C SYSTEMS SUITABLE FOR AEROASSIST REENTRY TRAJECTORIES

e ADVANCED EXPANDER CYCLE ENGINE TECHNOLOGY

® |F SPACE BASING BECOMES PRIMARY OPERATING MODE THEN A SPACE ASSEMBLED
LIFTING BRAKE/AEROMANEUVERING CONCEPT SHOULD ALSO BE PURSUED

o DESIGN FOR COMPLETE REUSABILITY

@ USE L/D TO REDUCE PROPULSIVE AV, PEAK HEATING, AND EFFECT OF
ATMOSPHERIC DISPERSION

Figure 17

Fresh Look Lifting Brake Designed for Space Assembly

\\ ® COMBINE BEST FEATURES OF LIFTING
AN BRAKE & AMOTV TO INCREASE L/0
S AND REDUCE SCAR WEIGHT

@ SPACE ASSEMBLED PREFABRICATED
COMPOSITE PANELS

® RIGID OR FABRIC REUSABLE TPS

@ LARGE PLANFORM AREA REDUCES
TEMPERATURES ’

® NO IMPINGEMENT PROBLEM

@ STS COMPATIBLE OTV MOUNTED
USING SHUTTLE FIXTURES

@® OTY CAN BE EITHER GROUND
BASED OR SPACE BASED

@ NO NOZZLE RETRACTION REQUIRED

® GROSS TRIM ACCOMPLISHED BY
SLIDING GTV ON RAILS

® CONTROL WiTH AERODYNAMIC SURFACES
& RACS

Figure 18
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Objectives of Follow-on Study

® DESIGN DEVELOPMENT OF SPACE ASSEMBLED LIFTING BRAKE CONCEPT
© FURTHER APPLICATION OF OPTIC GUIDANCE CONCEPT TO GN&C TRADES
e AEROBRAKE CONCEPT
e LIFTING BRAKE CONCEPT
® PROPULSION SYSTEM TRADES
e SIZE AND NUMBER OF ENGINES OPTIMUM FOR AOTVs
@ TECHNOLOGY LEVELS OPTIMUM FOR LCC
® TECHNOLOGY DEVELOPMENT PLANNING
® ATMOSPHERIC DISPERSION TESTING
® TPS .
o AEROTHERMAL
e AERODYNAMICS

Figure 19
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MODERATE LIFT-TO-DRAG AEROASSIST

Dwight E. Florence
General Electric Space Systems Division

Grahme Fischer
Grumman Aerospace Corporation

Numerous potential technology advances have been identified and evaluated that
provide significant mission enabiing and mission enhancing features to a wide
variety of mid L/D AOTVs. In this paper, those advances associated with propulsion
subsystems will be highlighted.

INTRODUCTION

Significant performance benefits can be realized via aerodynamic braking and/or
aerodynamic maneuvering on return from higher altitude orbits to low Earth orbit,
Reference 1-5. This approach substantially reduces the mission propellant require-
ments by using the aerodynamic drag, D, to brake the vehicle to near circular velo-
city and the aerodynamic 1ift, L, to null out accumulated errors as well as change
the orbital inclination to that required for rendezous with the Space Shuttle
Orbiter. A study has been completed where broad concept evaluations were performed
and the technology requirements and sensitivities for aeroassisted OTV's over a
range of vehicle hypersonic L/D from 0.75 to 1.5 were systematically identified and
assessed. The aeroassisted OTV is capable of evolving from an initial delivery only
system to one eventually capable of supporting manned roundtrip missions to geo-
synchronous orbit. Concept screening has been conducted on numerous configurations
spanning the L/D = 0.75 to 1.5 range, and several with attractive features have been
identified.

Initial payload capability has been evaluated for a baseline of delivery to
GEO, six hour polar, and Molniya (12 hours x 63.4°) orbits with return and recovery
of the AOTV at LEO. Evolutionary payload requirements that have been assessed
include a GEOQ servicing mission (6K up and 2K return) and a manned GEO mission (14K
roundtrip).

AOTV Performance

Previous studies, References 3 and 4, have considered only missions from LEO to
Geosynchronous orbit and return. 1In this study, missions were defined to higher
inclination orbits, where an aeromaneuvering vehicle was expected to become more
attractive due to its ability to provide orbital plane change.

Performance studies have been conducted for return of mid L/D vehicles from
GEO, 5 x GEO, and 6-hour Polar circular orbits. Steering laws have been employed
that include constant deceleration cruise at the overshoot and undershoot bounds,
and constant bank angle cruise. Orbital plane change obtained is summarized in
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igure 1, where it is shown that plane change capability increases with hypersonic
L/D and entry velocity (maximum for the 5 x GEO return) for a specific steering
Taw. The 90° bank angle provides the maximum plane change.

The insensitivity of an L/D = 1.5 AOTV to variations from the nominal in the
atmosphere density or to errors in the apriori estimate of the drag coefficient have
been evaluated by personnel from NASA JSC and are jllustrated in Figure 2.

Configuration Development

Several classes of configurations exist that meet the hypersonic performance
requirements. Thse include axisymmetric and elliptical cross section cones, bi-
conics, cone cylinders and arbitrary bodies. Generally, the sphere cones are too
long to meet the length constraint and package the required propellant tanks and
payloads. Arbitrary bodies are generally geometrically more complex than necessary

» this aeromaneuver vehicle and exhibit poor propellant tank packaging efficiency.

Biconic and cone cylinders were selected for this study because they were the
best compromise on L/D and packaging efficiency; there is a large aerodynamic and
jesign data base; the basic maneuvering concept has been flight proven for this
lass of vehicles. This concept was thoroughly evaluated for the planetary aero-
apture mission and presents a feasible, well characterized, solution.

The aerodynamic configuration selected must: 1) meet the external dimensional
straints of the Taunch vehicle, and 2) provide packaging room for the propellant
inks and other subsystems so that the launch configuration with tanks full meets
he launch vehicle center-of-mass requirement and the entry configuration with tanks
udvy meets the center-of-mass requirement to trim the vehicle at the desired angle
"~ attack during the aeromaneuver. The desired angle of attack is obtained by
cing the entry center-of-mass at the AOTV center-of-pressure location for that
-of-attack. The selected angle of attack for the baseline vehicles will be
for which L/D i1s a maximum, thus insuring maximum plane change capability for

- o
the vehicle.

O
) (=]
= =

— —
1

+~ @ T O \U cl (
o))

\he aerodynamic configurations of mid L/D AOTV's evolved from review of an
existing computational aerodynamic data base supplemented with additional calcula-
céons. The initial data base consisted of existing flow field calculations for aft

rustum angles down to 4° and the AMOCOS results for frustum angles of 0 and 1/2°.
This data base was supplemented with new HABP, Reference 8, calculations for a
frustum angle of 2°.

The effect of increased nose length or increased vehicle Tength on increasing
vehicle hypersonic L/D is illustrated in Figure 3. Note the large effect that
reased nose length makes.

O (D

For packaging or aerodynamic reasons, a full nose bend, S}, may not be desir-
able. The effect of lesser nose bend on (L/D)pax is also 111ustrated in Figure 3.

Several major configuration classes are possible by employing different staging
techniques. Single stage vehicles were evaluated recently, References 1, 3 and 4,
where the propellant tanks are enclosed within thie AOTV and the entire vehicle makes
the round trip. Stage and-a-half vehicles,AMOS, Reference 6, 9, MOTV, Reference 7,
have been evaluated and were shown to offer payload delivery and cost advantages

over the single stage vehicles. Two-stage vehicles have been evaluated and shown to
offer payload delivery advantages. Specific configurations employing each of the
above staging techniques have been evaluated.
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For the single stage vehicles, propulsion stage packaging trends have been
evaluated to determine vehicle center of mass possibilities for combinations of
total vehicle length, Lv, and nose length, Ln. Two propulsion stages were used;
one representing an extremely short stage, (utilizes torroidal oxygen tank) and one
representing probably the longest stage possible (spherical tanks). Using these
results, in combination with the parametric center of pressure locations, three

for further evaluation.
MAJOR FACTORS FOR IMPROVING MID L/D PAYLOAD DELIVERY PERFORMANCE

The performance capability of a mid L/D AOTV can now be enhanced considerably
by combining many of the effects that incrementally improve performance of the AQTY
into one vehicle. The improvements can be categorized into: 1) those that fall with-
in current state-of-the-art, and 2) those that result from improvements in state-of-
the-art, and are summarized in Figure 5.

Considering all of these effects, a representative ideal Geosynchronous
delivery vehicle was defined for evaluation, Figure 6.

PROPULSION SUBSYSTEM TECHNOLOGY ADVANCES

As part of the Advanced OTV Propulsion System Program currently underway.
improvements in specific impulse for LOX-Ho, fueled engines are projected to reach
480 to 490 seconds, References 10, 11 and T12. The potential improvement in AOTV
payload delivery capability is illustrated for GEO and Polar delivery in Figure 7.
Note that the payoff for increased specific impulse is about 60-65 pounds of payload
for each second ot specific impulse improvement.

The advantage of variable mixture ratio (MR) operation to maximize the specific
impulse of a throttable engine was identified, Reference 10. In addition, increase
of the mixture ratic reduces the size of the hydrogen tank by one foot for the 65K
STS and 1.8 feet for the 100K STS at only a small Toss of payload delivery capability.

The wide range of engine size and thrust Tevel possibilities have been identi-
fied, Reference 10. The packaging advantages and the shorter (hence Tighter)
vehicles that result from use of multiple small engines have been evaluated. One to
six engines, providing a total thrust of 15,000 1bs, and man-rating requirements have
been considered. The results of this A0TV-engine weight trade are summarized in
Figure 8 where it is seen that for a representative Mid L/D AOTV, six engines resuit
in nearly a 5 foot shorter and 260 1bs Tighter vehicle.

Some of the AQTV configuration-engine location interactions that were found are
summarized in Figure 9.

SEVERAL ATTRACTIVE MID L/D AOTVs

Examples of several configuration classes were evaluated including both single
and muitiple stage vehicles, unmanned delivery and manned vehicles. Exampies of
these configurations employing some growth technology are illustrated in Figures 10
and 1T and their primary features enumerated.

Flight performance and payload delivery sensitivities across the mid L/D range
for a single stage AOTV are summarized in Figure 12. The incremental increase in
payload delivery capability, given a reduction in vehicle dry weight, or an incre
in vehicle L/D is illustrated for vehicles at both ends of the mid L/D range. Th

se

a
e
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incremental loss of payload delivery capability is illustrated for each degree of
plane change generated propulsively in the initial mission orbit. Note the large
differences in the effect of incremental L/D on payload delivery capability, AW P/L/
M\ L/D, between the GEO and 6 hr polar delivery missions.

ADVANCED TECHNOLOGY PAYOFFS

A detailed review of the current state-of-the-art in the various technology and
subsystems areas was conducted to serve as a baseline point of departure for this
study. Technology advancement possibilities identified in numerous recent studies
of 0TV, AOTV, SDV, and STS were reviewed. These results are compared with our in-
house data base and parameters selected that represent improvements due to nominal
expected growth resulting from normal funding of these technology areas. A number of
these improvements resulting in from 10 to 70% reduction of subsystem weight are
summarized in Figure 13. Other improvements include such items as increase of
maximum operating temperature of the thermal protection system elements and increased
confidence in the hypersonic aerodynamic characteristics.

Yarious techniques exist for ranking the technology benefits. The method
selected for this study is as follows: given a subsystem weight reduction or other
performance improvement possibility, the effect on increased payload weight was
determined and this payload gain was converted to a customer cost benefit, given a
nominal delivery cost to GEO of $8000 per 1b. The mid L/D AOTV payload delivery
sensitivities of Figure 12 have been combined with the delivery cost and the sub-
system weight reduction possibilities to generate the results summarized in Figure 14
for the 38 ft and OH-3 delivery vehicles. Note that the 38 ft single stage vehicle
has very different technology payoffs from the small OH-3 staged vehicle.

ﬁd itional technology advance benefits are summarized in Figure 15 for both

les. HAerodynamic uncertainties due to viscous and rarefaction effects will
t and could amount to as much as +0.1 of AL/D. This uncertainty requires a
opelliant cont1nqency wh1ch in turn decreases the payload de11very capab111ty
%.

:éc?& buh a much smaller effect for the OH-3 vehicle due to its much smaller size.
the GN&C subsystem area, the ability to obtain aerodynamic plane change is trans-
ed into payload gain and hence customer cost benefit. The value of an "optimum"
*éumﬁe system that has been selected because it is capable of obtaining the most

mamic plane change from a given vehicle configuration is illustrated for one
of incremental plane change. The value of an "adaptive" guidance system that
he capability of updating during the early portion of entry is illustrated for
h additional one degree of plane change that can be generated. The effect of
encountering a 30% density shear (pocket) similar to that experienced by a recent
STS flight has been demonstrated to have no effect on vehicle with L/D = 1.5 but to
have a small effect on a vehicle with L/D = 0.6.

CONCLUDING REMARKS
The major conclusions of this study include the following:
® Use of mid L/D AOTV provides significant aerodynamic plane change capa-

bility and control authority over trajectory dispersions and off nominal
atmospheres.




A11 mid L/D AOTV enabling technology is ready today.

Substantial performance improvements and hence cost benefit can be obtained
by developing enhancing technologies.

Six fixed, Tow thrust (=2000 to 3000 1b), advanced expander, LOX~hydrogen
engines operating at a MR >6.0 offer attractive packaging possibilities.

Manned mission to GEO with delivery of one ton payload is possible with the
65K STS, mid L/D AOTV, an advanced cryofueled engine and Tightweight ASE
(3000 1bs).

Delivery of very long payloads (45 ft) is possible by use of very short
AOTVs with drop tank.
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AOTV PLANE CHANGE CAPABILITY

STEERING LAW HAS SIGNIFICANT IMPACT MISSION HAS SIGNIFICANT IMPACT
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MID L/D AOTV IS RELATIVELY INSENSITIVE TO ATMOSPHERIC DENSITY AND DRAG
COEFFICIENT UNCERTAINTIES
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EFFECT OF NOSE BEND ON MAXIMUM L/D
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0TV CONFIGURATIONS SELECTED
FOR FURTHER SENSITIVITY
STUDIES

Dgase = 1%’
RN = 2’
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L/D = .75

\ Ly =45 Ly=75" &y =26°

o —

L/D =10

e R —— e - —- -

Ly =50" Ly =10 &, =26°

L/D =15

LV=60' LN=20' 5N= 10

FIGURE 4

MAJOR FACTORS FOR IMPROVING
MID L/D PAYLOAD DELIVERY
PERFORMANCE

WITHIN STATE OF ART
REDUCE AOTV DRY WEIGHT
e SHORTEN VEHICLE
@ COLD SOAK TPSPRIOR TO ENTRY

INCREASE L/D
e LENGTHEN NOSE
e STEEPEN FRUSTUM CONE ANGLEg

,

LL.OSE
(BETTER ch)
» PACKAGING
e DECREASE NOSE BEND ANGLE VOLUME

e DECREASE NOSE RADIUS
(HEATING LIMITATIONS?) _}

IMPROVEMENTS IN STATE OF ART
REDUCE SIZE OF PROPULSION CORE
e INCREASE ISP
e INCREASE MR - REDUCES LH, TANK SiZE
e INCORPORATE MULTIPLE SMALL ENGINES

REDUCE AOTV DRY WEIGHT
@ STRUCTURAL SHELL, FRAMES AND SUPPORT

A 38 FT GEO DELIVERY VEHICLE

0F=4°

o FLAPS
@ AVIONICS
e EPS
o PROPELLANT TANKS, TPS, ACS AND PRCOPULSION
FIGURE 5
P/l TO BE DELIVERED : RE%Q 7.6 FT

6" = 260

|

Wp/ = 14200 LBS

|
|
i
|
|
|

- 2FT —

L/D=15INV Xep/by = 052
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FIGURE 6
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PAYLOAD DELIVERY - KLBS

INCREASED SPECIFIC IMPULSE PROVIDES

MAJOR AQTV PERFORMANCE PAYOFFS FOR
BOTH GEO AND POLAR MISSIONS

Ly=45FT
12 T
GEO DELIVERY
i=28.5
1 65K STS
10 A /////‘
T A%
1.5 1;5'-/
9

\

O.V
0.75

_—
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7 - POLAR DELIVERY-

i =599

56K STS
6
5
440.0 460.0 480.0

Igp - SECONDS
FIGURE 7




NUMBER OF ENGINES vs AOTV WEIGHT (MAN RATED)

® REPRESENTATIVE LARGE AOTV fe.g., H-1M)

- 14.5'¢ AT AFT END
~ AEROSHELL (TPS + STRUCTURE) WEIGHT =~ 80 LB/FT OF LENGTH

@ ADJUST PROPULSION SYSTEM TRADE FOR RETRACTABLE NOZZLES
—~ ADD = 10 LB/ENG FOR NOZZLE EXTENSION

® INCORPORATE RESULTS OF ENGINE/VEHICLE LENGTH TRADE

- 15° GIMBAL ANGLE FOR 1—#5 ENGS

- MAXIMIZE ENG RADIAL LOCATION WITHIN AOTV

— WITH ENG G PARALLEL TO VEHICLE ¢, NOZZLE EXIT PLANE
DEFINES END OF AEROSHELL

GIMBALED FIXED
NUMBER OF ENGINES M 2 3 4 5 6 !
A VEHICLE LENGTH (FT) 0 - 0325 - 225 - 317 - 483 - 492
A VEHICLE WEIGHT (LB) 0 -20 -180 -253 -387 -393
A PROPULSION SYSWT (LB) 0 +14 + 1 + 93 +185 +134
NOZZLE RETRACT ADJ (LB) 0 +24 + 33 + 40 + 50 0
¥ = AOTV AWT (LB) 0 +18 146 -120 -152 -259

MIN AOTV WEIGHT

WITH SIX ENGINES PREFERRED

FIGURE 8

SOME BI-CONIC AFT END & ENGINE INTERACTIONS

e CURRENT AOTV GROUNDRULE: “ALL REUSEABLE AOTV COMPONENTS MUST
BE PROTECTED BY AEROSHELL"”

FIXED NOZZLE, FIXED ENGINE
e REQUIRES MULTIPLE ENGINES =>"LOW THRUST"” PER ENGINES =3> SHORT ENGINES

® SMALL ENGINES FIT INTO “CORNERS & HOLES”
— SHORT AOTVs RESULT

FIXED NOZZLE, GIMBALED ENG RETRACTABLE NOZZLE, GIMBALED ENG

PLUME
DAMAGE
\ IMPINGEMENT \

ZONES

¢ k

\‘#,4\
/ '
/' PROBABLE

e APPEARS TO BE DAMAGE e SHORTER VERICLES
UNACCEPTABLE ¢ NO PLUME IMPINGEMENT
DAMAGE
FIGURE 9
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SMALL MANNED AOTV "H-1M'

a) ORBITAL OPERATIONS

BARE BONES LOy
CREW CAPSULE

U
PAYLOAD ADVANCED ENGINE

AQTV

ON-ORBIT e FIXED NOZZLE
MISSION EQUIP @ FIXED ENGINE
® Iy, = 479 SEC AT
O/F = 6.5:1
Y
b} ATMOSPHERIC ENTR ® Ty = 3000 LB
RN =7 (

N e

S

3.8

FIGURE 10

80




PERFORMANCE COMPARISON OF OH-3 & OH-1

~ s ,‘Q\\F LAP

v/

~

\
f’ | \ DEPLOYED

FAFLap

DEPLOYED
FLAP

QOH3

e FOUR ADVANCED EXPANDER
ENGINES

€ =400:1

Igp = 475 SEC
TOTAL THRUST = 12,000
EFFICIENT FOR OFFSET C.G.
POSSIBLE ENGINE OUT CAPABILITY
4000 LB DRY WEIGHT
PAYLOAD DELIVERY TO GEO
TRANSFER ORBIT WITH 11,930 LB
OF PROP: Wppy - 11,400 LB

e % ¢ @ &

o1

s TWO ADVANCED EXPANDER
ENGINES

¢ = 1000: 1

igp = 480 SEC
TOTAL THRUST = 6000 Lt
4000 LB DRY WEIGHT
PAYLOAD DELIVERY TO GEO
TRANSFER ORSIT WiTH

11,930 LB OF PROPELLANT:
Wppy = 11,400L8

FIGURE 11

SUMMARY OF PAYLOAD DELIVERY
SENSITIVITIES FOR A SINGLE STAGE
AOTV-65K STS

PARAMETER MISSION | P/L SENSITIVITIES
/D= 075 15
AOTVDRY | AWp), GEO 1.65 -1.65
WEIGHT —— = | pELY
AWTpRy
6 HR 17 15
{LB/LB} | poLAR
ENGINE N GEO 64 64
Igp |——— | DELY
blgp
{LB/SEC)
LIFT-DRAG | AWp), GEO 430 430
RATIO —= | DELY
AL/D
{LB} 6 HR 2000 1700
POLAR
GEO 800 80O
MANNED
RY
PROPULSIVE | AWp, GEO 34 34
PLANE = DELY
CHANGE AT | “'PROP
MISSION (LB/o) 6 HR 183 183
ALTITUDE POLAR
FIGURE 12
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TECHNOLOGY ADVANCEMENT POTENTIAL

AOTY SUBSYSTEM ELEMENT EXPECTED IMPROVEMENT
STRUCTURE (SHELL, FRAMES, SUPPORTS 10 TO 30% WEIGHT REDUCTION
& FLAPS)
THERMAL PROTECTION SYSTEM UP TO 69% WEIGHT REDUCTION
TRANSPIRATION COOLED NOSE 7° PLANE CHANGE INCREASE FOR 5 X GEOQ
RETURN

AVIONICS 50 TO 70% WEIGHT REDUCTION
ELECTRICAL POWER SUPPLY 20 TO 38% WEIGHT REDUCTION

NEW CRYOFUELED ENGINE Isp UP TO 480 SEC

FIGURE 13
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OTV PROPULSION SYSTEM CHALLENGE

GOALS
VACUUM SPECIFIC IMPULSE Ibf-sec/lbm 520
VACUUM THROTTLE RATIO 30:1
NET POSITIVE SUCTION HEAD, Ibf-ft/Ibm 0
WEIGHT, Ibm 360
LENGTH (STOWED), INCH 40
RELIABILITY 1.0
SERVICE LIFE
BETWEEN OVERHAULS, CYCLES/hr 500/20
SERVICE FREE, CYCLES/hr 100/4
REQUIREMENTS
PROPELLANTS HYDROGEN/OX YGEN
TOTAL VACUUM THRUST, Ibf 10,000 - 25, 000
ENGINE MIXTURE RATIO 61
FIGURE 16




BENEFITS OF HIGH AERODYNAMIC EFFICIENCY TO
ORBITAL TRANSFER VEHICLES*

D. G. Andrews
The Boeing Company

R. B. Norris
U.S. Air Force Wright
Aeronautical Laboratories

S. W. Paris
The Boeing Company

An analysis of the benefits and costs of high aerodynamic efficiency on
aeroassisted orbital transfer vehicles (AOTV) 1is presented. These resuits
show that a high Tift-to-drag (L/D) AOTV can achieve significant velocity
savings relative to low L/D aerobraked OTV's when traveling round trip between
low Earth orbits (LEO) and alternate orbits as high as geosynchronous Earth
orbit (GEQ). Trajectory analysis is used to show the impact of thermal
protection system technology and the importance of 1ift loading coefficient on
vehicle performance. The possible improvements in AQTV subsystem technologies
are assessed and their impact on vehicle inert weight and performance noted.
Finally, the performance of high L/D AQOTV concepts is compared with the
performances of low L/D aeroassisted and all-propulsive OTV concepts to assess
the benefits of aerodynamic efficiency on this class of vehicle.

*Work supported by U.S. Air Force Wright Aeronautical Laboratories and Boeing
Aerospace Company.
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o s

ORJECTIVE
FLY OVER SAME 8POT

ON EARTH IN TWO
SUCCESSIVE ORBITS
RESULTS
Az = 0.00861 (H1HCOS 6 SIN ()
OR
BAz = 0.3737 COSO SIN (i 4y)

FOR h » 100 NMI

%

21.4 DEQREES

MAXIMUM PLANE CHANGE OF
FOR ZEROQ
OE ANO POLAR INITIAL

PERTINENY FORMULA
Har +h

B8 «2mr, (T, /241 COS O
X = BLsIN G- 0)

Xe AzH

B Az~ 2Wr /M (T,/24) COSO SIN (i )}

WHERE:

A Az = INSTANTANEOUS AZIMUTH
CHANGE

oL = LATITUDE

i« ORBIT INCLINATION

h = AVERAGE ORBIT HEIGHT

v, * EARTH RADIUS

T, = ORBIT PERIOD = 21/3000 (H) 1

Figure 3. Synergistic Plane-Change Maneuver for Ground-Based

AOTV
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bHp = 800018 CHINE ’)
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Figure 15. Space-Based Sortie Mission
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Figure 17. Space-Based Sortie Mission

Figure 18. Synergistic Maneuver in Velocity Space
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Figure 20. Round Trip GEO Mission Performance Comparison
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OTV PROPULSION TECHNOLOGY PROGRAMMATIC OVERVIEW

Larry P, Cooper
NASA Lewis Research Center

To meet the propulsion needs for future Orbit Transfer Vehicles (0TV), MASA has
established the Advanced OTV Propulsion Technology Program. An overview of this
program is presented.

For the 1990's and beyond it 9s envisioned that an advanced 0TV will be an in-
tegral part of the National Space Transportation System (fig. 1), carrying men and
cargo between low Earth orbit and geosynchronous orbit as well as performing plane-
tary transfers and delivering large acceleration limited space structures to high
Earth orbits. This 0TV will be driven by the need to achieve significant reductions
in the operational costs for orbit transfer.

To support this scenario, the Advanced 0TV Propulsion Technology Program was
initiated in 1981. 1Its objective (fig. 2) is to establish an advanced propulsion
technology base for an 0TV for the mid 1990's. The program supports technology for
three unique engine concepts. Efforts are being conducted in generic technologies
which benefit all three concepts as well as specific technology which benefits only
one of the concepts.

Figure 3 shows the program goals and requirements. These goals have been es-
tablished as technology challenges to generate options and tradeoffs although they
may not be achievable singularly or concurrently.

NASA Lewis Researach Center has responsibility (fig. 4) for the overall accom-
plishment of the program's objective, under the cognizance of the Transportation
Systems Office of the Office of Aeronautics and Space Technology and with assistance
from other NASA Centers. An Advisory Committee has been established to provide tech-
nical support to the Program Managers at Lewis Research Center and Marshall Space
Flight Center. The overall management structure is shown in figure 5.

The program elements (fig. 6) include concept and technology definition to
identify propulsion innovations and subcomponent research to explore and validate
their potential benefits. Approximately one-half of the program resources support
the three engine manufacturers and the remainder supports university grants,
in-house work at NASA Centers, and generic research with industry.

An expansion of the program is being proposed for 1986 (fig. 7) by NASA QAST to
enable validation of component and systems level engine capabilities in a realistic
operating environment. Support for this research engine proposal has been estab-
lished through a series of reviews (fig. 8) with government and industry. The total
program (fig. 9) will extend into 1992 with approximately one-quarter of the addi-
tional resources supporting component evaluation at NASA Centers and the remainder
being expended by the three engine manufacturers for hardware, software, and testing
of the components and integrated research engines. This expansion of the program to
include research engines is designed to be a precursor to a development program
(fig. 10) and will allow the latest technology to be incorporated in the advanced
engine while providing a low risk, minimum cost development program.
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INTEGRATED SPACE TRANSPORTATION
1960’s SCENARIO

LEO

/ / » STATION OPERATIONS
¢ SERVICE OPERATIONS
o LAUNCH AND RECOVERY OPERATIONS

(=gt

Figure 1

ADVANCED ORB

ITAL TRANSFER PROPULSION

BJECTIVE

TO ESTABLISH THE TECHNOLOGY BASE FOR A HIGHLY VERSATILE,

SPACE BASABLE, REUSABLE, MAN RATABLE ENGINE FOR ORBITAL
TRANSFER VEHICLES FOR MID-1990’s 10C

APPROACH

MULTI-ELEMENT PROGRAMS SUPPORTING TECHNOLOGIES FOR UNIQUE
OTV ENGINE CONCEPTS AT AEROJET, PRATT & WHITNEY,
AND ROCKETDYNE

- CONCEPT SPECIFIC PROGRAMS
- GENERIC RESEARCH PROGRAMS

» PROPULSION/VEHICLE ANALYSIS ¢ TURBOMACHINERY *NOZZLES
s THRUST CHAMBERS sHEALTH MONITORING eCONTROLS

Figure 2
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OTV PROPULSION SYSTEM CHALLENGES

GOALS
VACUUM SPECIFIC IMPULSE  Ibf-sec/Ibm 520
VACUUM THROTTLE RATIO 30:1
NET POSITIVE SUCTION HEAD, Ibf-ft/lbm 0
WEIGHT, Ibm 360
LENGTH (STOWED), INCH 40
RELIABILITY 1.0
SERVICE LIFE
BETWEEN OVERHAULS, CYCLES/hr 500/20
SERVICE FREE, CYCLES/hr 100/4
REQUIREMENTS
PROPELLANTS HYDROGEN/OXYGEN
TOTAL VACUUM THRUST, Ibf 10,000 - 25, 000
ENGINE MIXTURE RATIO - 6t1
Figure 3
e NASA OAST - TRANSPORTATION SYSTEMS
OFFICE

e | eRC LEAD CENTER

e LeRC AND MSFC ARE FIELD CENTERS
RESPONSIBLE FOR PROGRAM TASKS

e ADVISORY COMMITTEE FROM LeRC,
LaRC, MSFC, & AFRPL

Figure 4
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FUNCTIONAL DESCRIPTION

® APPROVE LONG RANGE &

ANNUAL PLANS
® REVIEW PROGRESS

© AUTHORIZE ANNUAL FUNDING

“NASA
HEADQUARTERS
BAST

© DEVELOP LONG
RANG

£&
0TV PROPULSION TECHNOLOBY ANNUAL PLANS
PROGRAM MANAGERS R A OVED
/ LeRC MSFC
|
LeRC 0TV PROPULSION TECHNOLDGY MSFC
ADVISORY COMMITTEE
SPA&ETE&'REQLQGY’ CHAIRMAN, LeRC SC'E‘NCE
STRUCTURES, LeRC MSFC MSFC ENGINEERING
AERORAUTICS DIR. LeRG MSFG AFRPL DIRECTORATE
o REVIEW OF 0TV & RELATED
 CONDUCT/DIRECT PROGRAMS o CONDUCT/DIRECT

ASSIGNED TASKS

@ EVALUATE TASKS
® RECOMMEND TASK PRIQRITY

Figure 5

PROGRAM ELEMENTS

FISCAL YEAR

ENGINE CONCEPT &
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] I

TECHNOLOGY DEFINTION s

SUBCOMPONENT
TECHNOLOGIES
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ASSIGNED TASKS
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| —
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Figure 6
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RESEARCH ENGINE INITIATIVE

OBJECTIVE
TO VALIDATE COMPONENT AND SYSTEMS LEVEL PERFORMANCE/

CAPABILITY FOR A HIGHLY VERSATILE OTV ENGINE WITH I0OC IN
THE MID 1990's

APPROACH
EVALUATE WITH EACH ENGINE MANUFACTURER SUBCOMPONENTS,

COMPONENTS, AND SYSTEM LEVEL INTERACTIONS FOR RESPECTIVE
ENGINE CONCEPTS

PAYOFF
ASSESSMENT OF INTEGRATED ENGINE CONCEPTS IN REALISTIC
OPERATING ENVIRONMENT

Co-3-1am

Figure 7
BACKGROUND &REVIEWS
JAN 1983 JULY 1983 JAN 1984

(A U T R e U R Y A e B
INITIATIVE FORMULATION

SSTAC CHEMICAL PROPULSION

AIR FORCE SPACE TECHNOLOGY CENTER
OFFICE OF SPACE FLIGHT

DEPUTY ADMINISTRATOR

INITIATIVE INDUSTRY/ GOVERNMENT TEAM

® MARTIN MARIETTA e AERQJET

© ROCKWELL @ PRATT & WHITNEY
e BOENG @ ROCKETDYNE

@ McOONNELL DOUGLAS e LeRC

© GRUMMAN o MSFC

© GENERAL DYNAMICS
OAST MANAGEMENT COUNCIL

Figure 8
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PROGRAM ELEMENTS

RESOURCES
FISCAL YEAR .
81 82 83 84 85 85 317 8;3 ng 9‘0 9; 9x2$M’LUON
' T R R

ENGINE CONCEPT &
TECHNGLOGY DEFINITION

SUBCOMPONENT RESEARCH

BASE TECHNOLOGY o 467
PROGRAM RESQURCES, TOTAL
$ MILLION
INTEGRATED COMPONENT ; ;CEZ%%QSSY
TESTING
SYSTEM TECHNOLOGY 470
INMATIVE RESOURCES, P 1oTaL
§ WILLION
TOTAL PROGRAM — ETRETRETALT, 937
RESOURCES, § MILLION REERI X EESRENRIARCARFALYIL Sy

R R A SN T N SO SO N O I
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FISCAL YEAR e
Figure 9
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ADVANCED ENGINE EVOLUTION
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P
s
mms;\\\

" eCONGEPT
| / DEVELOPMENT
N ; /
M""’A\V/
SYSTEM /

" TECHNOLOGY

CCONSERY o SPACE BASABLE
VERIFICATION o AERQ ASSIST
*TECHNOLOGY COMPATIBLE
pat sasg  EADINESS o MAN RATED
*CONCEPT o LOW G TRANSFERS
GENERATION © PERFORMANGCE/
BN VERSATILITY

& REDUCED COSTS
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Figure 10
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DRIVES AND BENEFITS OVERVIEW

S. D. McIntyre
NASA Marshall Space Flight Center

The presentation covers the major technology issues for an advanced OTV
engine to be used in conjunction with a space based, reusable orbit transfer
vehicle. A brief summary of the results of the space station studies
conducted in 1983 as they relate to the 0TV is given as well as a brief review
of ground rules and guidelines for a reusable OTV vehicle study which is
currently being initiated at MSFC. The technology drives are presented and
related to benefit categories j.e., mission versatility, increased reliability
or reduced cost. The technology drivers and the associated benefits are then
covered in detail with regard to relative significance and impact on the
on-going OTV engine technology program. The concluding summary recommends
that based on the maintenance opportunity afforded by the Space Station, the
broad range of mission requirements and the long term potential cost benefits
a new engine is needed for the space based reusable QTV.
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OTV PROPULSION ISSUES
DRIVERS & BENEFITS

® IN THE MID 1890'S THE U. S. WiLL NEED A NEW SPACE BASED OTV WHICH WILL BE PART
OF AN INTEGRATED SPACE TRANSPORTATION SYSTEM CONSISTING OF:

@ SHUTTLE ORBITER (STS) (EXISTING)
® SPACE STATION (SS) {1990)
© SPACE BASED ORBIT TRANSFER VEHICLE {OTV) (1995)
® ORBITAL MANEUVERING VEHICLE (OMV) (1990)
@ OTV VEHICLE STUDIES ARE BEING INITIATED NOW AT MSFC TO DEFINE REQUIREMENTS

AND CONCEPTS. A SUMMARY OF GROUND RULES AND GUIDELINES FOR THESE STUDIES
ARE AS FOLLOWS:

@ INVESTIGATE USE OF SYSTEMS/SUBSYSTEMS FROM EXISTING AND PLANNED

VEHICLES
@ ALL CONFIGURATIONS SHALL EVOLVE TO BECOME: (OR BE THAT WAY FROM OUTSET}
©REUSABLE ‘

©SPACE—BASED
©INCORPORATE AERO ASSIST (OR ALTERNATE APPROACHES)

eMAN RATABLE
o CRYOGENIC (OR ALTERNATE APPROACHES)
@®SUFFICIENT DETAIL TO DETERMINE COST AND VIABILITY OF EVOLUTIONARY APPROACH

®GROUND BASED CONCEPTS SHALL INCLUDE OPERATION IN CONJUNCTION WITH THE
SPACE STATION

Figure 1

INTEGRATED SPACE TRANSPORTATION
1990’s SCENARIO

—

o

PLANETARY

ay

@\950

e OTV FLIGHT
OPERATIONS

e STATION OPERATIONS
° SERVICE OPERATIONS
e _AUNCH AND RECOVERY OPERATIONS

Figure 2
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Mature Configuration (ACC)

Modular ACC Option
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SPACE STATION ECONOMIC BENEFITS
(1984 %)

_1.16 billion

Research

Satellite &
Servicing | o duction
(14%) D(W%)\
S .
$240 million/year\~——'/$285 million/year

Total economic benefit: $1.685 billion

Figure 4
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OTV PROPULSION ISSUES
DRIVERS & BENEFITS

TECHNOLOGY DRIVERS AND BENEFITS

BENEFITS
MISSION INCREASED REDUCED
TECHNOLOGY DRIVER VERSATILITY RELIABILITY  COST
SPACE BASED v v v
MAN RATED v v
THRUST LEVEL v
AERO ASSIST COMPATIBLE v v
PERFORMANCE N
REUSABILITY/LIFE v v

Figure 5

OTV PROPULSION ISSUES
DRIVERS & BENEFITS

SPACE BASING BENEFITS FOR OTV MISSIONS

@®SPACE STATION SERVES AS A HOLDING AREA FOR:
®PROPELLANTS ® 0TV SYSTEMS ®PAYLOADS
THESE ITEMS CAN BE LAUNCHED, STORED AND ASSEMBLED IN MOST COST
EFFECTIVE WAY
@®POTENTIAL ECONOMIC BENEFIT FOR OTV MISSIONS IS ESTIMATED TO BE $58 THRU CY2000

@BPACE STATION CREATES OR ENHANCES OPPORTUNITY FOR:
® L.OW COST DELIVERY OF OTV PROPELLANT TO SS
© MULTIPLE PAYLOADS ON OTV
® MISSION VERSATILITY WITH MODULAR OTV SYSTEMS

IMPACT OF SPACE BASING ON EXISTING OTV PROPULSION TECHNOLOGY DRIVERS
@PERFORMANCE — REDUCED PROPELLANT DELIVERY COST

@ LIFE - SERVICE AND MAINTENANCE OPTIONS CREATED

®SIZE -- FINAL ASSEMBLY AT SPACE STATION

NEW TECHNOLOGY DRIVERS INTRODUCED
® MODULAR DESIGN — ON—-ORBIT ASSEMBLY

S HEALTH MONITORING, DIAGNOSTICS AND IN-FLIGHT CHECKOUT

Figure 6
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PROPELLANT DELIVERY SYSTEM CONCEPTS

Honeybee scavenging 75
4
PO i _
E‘ © ;___‘ & e o o

Docking/propellant transfer port
Performance

e Propellant delivered to station per mission —
11,300 pounds

¢ Propellant delivered to station per year —
230,000 to 270,000 pounds

¢ Propellant delivery cost —
$250/pound

Figure 7

ROTV PROPELLANT REQUIREMENT
CY 1990 — 2000

SINGLE-STAGE ——— SINGLE PAYLOAD DEPLOYED
_ 3084000 000 | ewewe- MULTIPLE PAYLOAD DEPLOYED
o 3
o EXCLUDES DOD PAYLOADS
o
-l
=
2
g 21 AERO-BRAKE
g 1,480,000
o 1,333,000 TWO-STAGE
o
E o 988,000
=
P 736,000
- 581,000
- fm—————
1w ]
oo )
2 '
0 b
G H

Figure 8 -
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STS/SPACE BASEABLE PACKAGING CONCEPTS

ADVANCED PACKAGING CONCEPTS

CONVENTIONAL PACKAGING

OPEN PACKAGING FOR
EASE OF MAINTENANCE

MODULAR PACKAGING
PULL OUT/PLUG IN MAINTENANCE

ADVANCED ENGINE PACKAGING AND DIAGNOSTICS FACILITATE SERVICE & MAINTENANCE

Figure 9

DIAGNOSTICS FOR MAINTAINABILITY APPROACH

ACHIEVED BY USING A BETWEEN FLIGHT AND/OR IN-FLIGHT CONDITION MONITORING
SYSTEM CONSISTING OF STATE OF THE-ART AND/OR NOVEL AUTOMATED DETECTION
TECHNOLOGIES AND TAILORED DATA PROCESSING AND COMPUTERS

Y

BETWEEN FLIGHT MAINTENAN
DETECTORS INTERFACE compuTER <
[=o g @ => GO -NO - GO
COMMANDS
- o DATA BAMK
INFLIGHT & ALGORI THMS INFORMATION
L DETECTOHS o LIMITS
® COMDITIONS
@ SIGNATURES
® TRENDS

o PAAINTENANCE
® RECORDS

i
- INFLHT
INTERVACE

/

FUIGHT DATA

PROCE SSING

!

Figure 10
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OTV PROPULSION ISSUES
DRIVERS & BENEFITS

MAN RATABLE OTV BENEFITS

® ENABLES COMPLEX SATELLITE SERVICING TASKS
® ENHANCES MISSION VERSATILITY AND RELIABILITY

@®COULD SAVE REPLACEMENT OF A COMPLEX PAYLOAD

MAN RATABLE OTV PROPULSION TECHNOLOGY DRIVERS

® MAN RATING MEANS REDUNDANCY OR THE ELIMINATION OF ALL SINGLE
POINT FAILURES

® LARGER MARGINS OF SAFETY ON STRUCTURAL COMPONENTS
® CONCENSUS IS MAN RATED OTV WOULD HAVE 2 ENGINES

® MAN RATING THEN LEADS TG ENGINE THRUST LEVEL ISSUE
©® TOTAL THRUST FOR OTV ESTIMATED TO 10 — 20 K LB.
® SINGLE ENGINE THRUST ON 2 ENGINE VEHICLE IS THEN 5 — 10 K LB.

Figure 11

OTV PROPULSION ISSUES
DRIVERS & BENEFITS

THRUST LEVEL BENEFITS

® MISSION VERSATILITY WHICH INCLUDES LOW g AND MANNED MISSIONS

@ CONTINUOUS LOW THRUST THROTTLING TO MAINTAIN CONSTANT T/W RATIO
ON LARGE DEPLOYED STRUCTURE PAYLOADS

@ SELECTION OF A PROPULSION/ENGINE SYSTEM WHICH BEST ACCOMMODATES THE
RANGE OF KNOWN OR ANTICIPATED MISSION REQUIREMENTS

THRUST LEVEL RELATED OTV PROPULSION TECHNOLOGY DRIVERS

@ THE SMALL LH/LO, PUMP FED ENGINE (5 ~ 10K) IS ITSELF APPROACHING
A NEW TECHNOLOGY AREA

@ DESIGN AND MANUFACTURING TECHNIQUES FOR SMALL DIAMETER
HIGH SPEED PUMP COMPONENTS 1S A NEW TECHNOLOGY AREA

@ BOUNDARY LAYER EFFECTS ON HEAT TRANSFER AND PERFORMANCE
BECOME MORE SIGNIFICANT AS THE SIZE OF ENGINE iS REDUCED

% SPACE BASING AND MODULAR ENGINE DESIGN ENHANCES OPPORTUNITY TO
USE “KITS TO ACHIEVE A LOW THRUST ENGINE CONFIGURATION, i.e., PUMPS,

INJECTORS, THRUST CHAMBER OR NOZZLES DESIGNED FOR LOW THRUST OPERATION
AND MAXIMUM PERFORMANCE.

Figure 12
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GOAL

PERFORMANCE

SYSTEM CONTROL

ENGINE CONDITIONING

MANUFACTURABILITY

MAINTAINABILITY

SYSTEM DESIGN

LIFE

AERO ASSIST BENEFITS

EASE OF
ACHIEVEMENT

MORE DIFFICULT AT
LOWER THRUST

MORE DIFFICULT AT
LOWER THRUST

MORE DIFFICULT AT
LOWER THRUST

MORE DIFFICULT AT
LOWER THRUST

MORE DIFFICULT AT
LOWER THRUST

MORE DIFFICULT AT

LOWER THRUST

MORE DIFFICULT AT
© LOWER THRUST

Figure 13

TECHNOLOGY SCALING

IMPACTS

LOW PUMP AND TURBINE EFF.
HIGH COOLANT JACKET AP
LOWER TURBINE ADMISSION

LOWER FLOWRATES
GREATER INSTRUMENT PRECISION
REQ.

HIGHER MASS PER UNIT FLOWRATE
LARGER SURFACE AREA PER
UNIT FLOW

LESS METAL TO CUT
TIGHTER TOLERANCES
TURBINE, PUMP, AND T/C FAB
LIMITS

o SMALLER PASSAGES

MORE DIFFICULT INSPECTION
DIAGNOSTIC SENSORS NOT
SCALEABLE

SMALLER TOOLING

BETTER MATERIALS REQUIRED

HIGHER AP FOR EQUAL LIFE
HIGHER SURFACE TEMPERATURES

OTV PROPULSION ISSUES
DRIVERS & BENEFITS

@ REDUCED PROPELLANT REQUIREMENT BY USING ATMOSPHERE AS BRAKE

@ TWO STAGE OTV IS EQUALLY EFFECTIVE FOR DELIVERY ONLY MISSIONS

@ AERO ASSIST MOST EFFECTIVE FOR DELIVERY AND RETURN MISSIONS,
i.e., MANNED MISSIONS OR PAYLOAD SERVICING AT SPACE STATION

AEROQ ASSIST RELATED OTV PROPULSION TECHNOLOGY DRIVERS

@ MEDIUM TO HIGH L/D CONCEPTS HAVE STRONG PREFERENCE FOR SMALL ENGINES
WHICH CAN BE CONTAINED WITHIN THE VEHICLE PROFILE.

@ LOW L/D BALLUTE CONCEPT REQUIRES THE ENGINE TO PROVIDE A GAS LAYER THERMAL
BARRIER OVER THE INFLATED BALLUTE MATERIAL.

® LOW L/D RIGID SHIELD CONCEPT IS SENSITIVE TO ENGINE LENGTH SINCE DEPLOYMENT
OVER THE ENGINE IS REQUIRED FOR THERMAL PROTECTION.

Figure 14
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ROASSIST

o
o

ROUND TRIP PAYLCAD TO GEQ WITH A

1000°s OF POUNDS

OTV PROPULSION ISSUES
DRIVERS & BENEFITS

PERFORMANCE BENEFITS

@ REDUCED PROPELLANT REQUIREMENT AND PAYLOAD DELIVERY COST

@ ADVANCED CONCEPTS ARE PREDICTED TO DELIVER ~ 480 SEC ISP OR A 40 SEC.
INCREASE OVER RL—10~3A REF. ENGINE (440 SEC)

@ INCREASED PERFORMANCE (440 — 480 SEC) REPRESENTS 20% REDUCTION IN
PROPELLANT REQUIRED OR 20% INCREASE IN PAYLOAD

@ THE OVERALL SIGNIFICANCE OF THIS IMPROVED PERFORMANCE (S A FUNCTION OF:

® PROPELLANT DELIVERY AND STORAGE COST AT LEO OR S8S
® USE OF AERO ASSIST OR STAGING CONCEPTS

PERFORMANCE RELATED OTV PROPULSION TECHNOLOGY DRIVERS

20

15

10

@ HIGHER CHAMBER PRESSURE AND PUMP SPEEDS
@ ENHANCED HEAT TRANSFER TO PROVIDE MORE POWER TO PUMPS

@ HIGH AREA RATIO NOZZLES WHICH, DEPENDING ON ENGINE SIZE, MUST BE SEGMENTED
IF ENGINE LENGTH IS CONSTRAINED.

Figure 15

EFFECT ON SPECIFIC IMPULSE ON OTV
PROPELLANT REQUIREMERTS

SPECIFIC
IMPULSE

492

- ADYANCED
EHGINE
4
RL-10
u g,
KANNED SORTIE MISSION

//,/”

\

.
=

I 4 I { i 1

30 40 50 60 70 80 50

0TV PROPELLANTS, 1000's OF POUNDS

Figure 16
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ADVANCED ENGINE PROVIDES PERFORMANCE FLEXIBILITY
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Figure 17

OTV PROPULSION ISSUES
DRIVERS & BENEFITS

REUSABILITY AND EXTENDED LIFE BENEFITS

@® REDUCED OPERATING COST

LIFE RELATED OTV PROPULSION TECHNOLOGY DRIVERS

@ IMPROVED BEARING, SEAL AND GEAR MATERIALS AND DESIGNS
® IMPROVED THRUST CHAMBER MATERIALS AND DESIGNS
® IMPROVED NOZZLE MATERIALS AND DESIGNS

® NEW CONTROL SYSTEMS, HEALTH MONITORING AND DIAGNOSTIC SYSTEMS
TGO CONTINUOUSLY MONITOR ENGINE STATUS OVER THE LIFE OF ENGINE

OTV PROPULSION TECHNOLOGY PROGRAM PERSPECTIVE

@ THE 1995 SPACE BASED OTV WILL NEED A NEW HYDROGEN/OXYGEN FUELED ENGINE

@ PROVIDES FOR BROAD RANGE OF MISSIONS FROM LOW g TO MANNED
FOR NEXT 20 — 40 YEARS

@ WILL TAKE FULL ADVANTAGE OF SERVICING OPTIONS AFFORDED BY THE
SPACE STATION

@ PROVIDES IMPROVED RELIABILITY WITH INTEGRATED CONTROL AND
HEALTH MONITORING SYSTEMS

©® EXTENDED LIFE AND INCREASED PERFORMANCE WILL PROVIDE A LONG
TERM COST BENEFIT

Figure 18
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AEROJET ADVANCED ENGINE CONCEPT

L. Schoenman
Aerojet TechSystems Company

The future OTV requirements defined in figure 1 dictate the need for a highly
versatile, highly reliable, reusable propulsion module. Aerojet's engine design
approach (fig. 2) will provide a total thrust capability of 500 to 18 000 1bF, using
one to six continuously throttleable engines. The selection of a nominal thrust
level of 3000 1bF best fulfills the overall 0TV requirements with a single propulsion
system.

In order to attain maximum operational economy, space-basing will be essential.
This requires a reausable, maintenance-free engine. The design features of this
space-based engine are defined in figure 3.

A new engine cycle and its advantages, shown in figure 4, allow all the main-
tenance goals of figure 3 to be attained. Rubbing contact and interpropeliant seals
and purges, etc., are eliminated when GO, is used to drive the LOp pump, as shown
in figure 5. The TPA design shown has only one moving part.

The use of both GH, and GO, to drive the turbines lowers the turbine temper-
atures to the values shown in figure 6. In addition, Tower GHp temperatures and
pressures allow improved chamber cooling and longer 1ife.

The use of GOy as a turbine drive fluid, even at the low temperature of 400° F,
is a concern which 1s being addressed through extensive materials testing. Friction
rubbing and aluminum particle impact test results (fig. 7) indicate that proper
selection of materials can eliminate the metals ignition experienced in the past.
Stainless steel alloys are a notably poor choice for oxygen service.

Space-based engines will require an integrated control and health monitoring
system (fig. 8) to improve system reliability and eliminate all scheduled maintenance.

Engine length is a major consideration when aero-assist return from GECQ is
employed. Examples of the importance of length are shown in figures 9 to iZ.

Figures 13 and 14 show that the use of multiple engines has only minor impact on
total propulsion system weight.

The issues associated with low-G transfers are presented in figures 15 to 17.
Significant performance losses will develop when a single 15 000 1bF engine is oper-
ated at 500 to 1000 1bF. Also, the optimum mixture ratio shifts to the fuel-rich
direction during throttling. This, in turn, increases stage volume and dry weight.
Figure 17 indicates the relative performance benefit of one or two 3000 1bF engines
operated at reduced thrust in comparison to one or two 15 000 1bF engines operating at
the same thrust Tevel. Figure 17 also demonstrates that the installation of three of
four smaller engines versus two 15 000 1bF engines for a fail-operaticonal capability
always results in higher performance during nominal operation.

The superiority of multiple engines for mission success and man rating is shown
in figures 18 and 19.

Figure 20 summarizes the advantages of the Aerojet 3000 1bF thrust engine design
concept, which is shown in figure 21. Photographs of test hardware that closely par-
allels the designs and technology required for this engine are shown in figures 22 to
24.

Aerojet believes that all OTV propulsion requirements can be fulfilled with a
single engine. Our program is designed to develop the technologies required to
demonstrate that engine.
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ED OTV REQUIREMENTS

® SPACE-BASING

® AERO-ASSIST

e LOW G TRANSFERS
® MANNED MISSIONS

© LOW COST PAYLOAD DELIVERY

Figure 1

OJET’S NEW CORE
GINE CAN

® 3000 IbF THRUST MODULES

® THRUST SELECTIVITY:
200-18,000 IbF

WAL PAGE IS
OOR QUALITY

0
0

RIGH
P

Figure 2
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NEW FEATURES ENABLE
SPACE-BASING

—

® NON-WEARING SEALS AND
BEARINGS

® NO INTERPROPELLANT

SEALS OR PURGES REUSEABILITY
® NO GEAR BOXES :l'> NO

® LOWER OPERATIONAL

TEMPERATURES MAINTENANCE

® |INTEGRATED HEALTH
MONITORS

® SPACE-REPLACEABLE
UNITS N

Figure 3

DUAL PROPELLANT
EXPANDER CYCLE DELIVERS

® LOWER OPERATING TEMPERATURES

® CONTINUOUS THROTTLING

e SMOOTH STARTS

o LESS WEAR = ,,,,, m:fﬁ—“‘—?

'OXIDIZER

® LONGER LIFE

Figure 4
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; | 4oz IMPROVED e VENTED CAVITIES

o INTERPROPELLANT PURGES

4m Go2

%

GO2 TO INJECTOR

Figure 5

LOW TEMPERATURES YIELD
GREATER MARGIN

® TURBINE TEMPERATURE 400°F
® THROAT TEMPERATURE 600°F

® RADIATION SKIRT TEMPERATURE <2000°F

Figure 6
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Burn Factor Provides A Ranking Criterion For The
Selection Of Materials For High Pressure, Gaseous
Oxygen Applications

MATERIAL

Zr Cu

NICKEL 200

SILICON CARBIDE
MONEL 400

K MONEL 500
INCONEL 600

316 STAINLESS STEEL
INVAR

HASTELLOY X

BURN
FACTOR | OBSERVATIONS
35 NO IGNITION IN ANY TESTS > (790/1800°F)~
550 NO IGNITION WITHIN EXPERIMENTAL RANGE (825/2200°F)
1145 NO IGNITION IN LIMITED TESTING
1390 IGNITION ABOVE 1200°F FRT ONLY (800/1200°F)
2090 IGNITION ABOVE 1500 FRT (750/1500°F)
3226 IGNITION ABOVE 1100 (—/1100°F)
4515 IGNITION IN ALL TESTS (450/800°F)
5444 IGNITION IN ALL TESTS (675/340°F)
7160 IGNITION IN ALL TESTS (725/750°F)

“(TEMPERATURES FROM PARTICLE INPINGEMENT TEST/FRICTION RUBBING TEST. (FRT))
“‘FRT AT 1000 PS! 17,000 RPM

Figure 7

INTEGRATED CONTROL AND
HEALTH MONITORING

TI1 TF

e CLOSED LOOP CONTROL
e DATA COLLECTION AND ANALYSIS
e DATA FEEDBACK TO CONTROLLER
e PEAK PERFORMANCE
e FAILURE PREVENTION

e LIFE PROJECTION

REDUCES OPERATIONAL COST

Figure 8

117



SMALL ENGINES FIT ALL
AERO-ASSIST CONCEPTS

® SHORTER ENGINES ARE PREFERRED

® [DLE MODE OPERATION MAY BE

REQUIRED

Figure 9

EQUAL PERFORMANCE IN A

SMALLER PACKAGE

TO
OFF 260 l T I

THRUST, IbF 3000

3000

15,000

AREA RATIO 420

1500

1000

Isp 12E5€C 475

483

Figure 10
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LENGTH IS CRITICAL FOR ALL
AEROMANEUVERING CONCEPTS

T
50 FT DIA
FOUR
/3000 IbF
ENGINES
AEROBRAKE
Figure 11
MINIMUM LENGTH AOTV
DROP TANK 3000 IbF
INTERFACE /////rgﬂgﬂﬁg o
G- 7.5
¥ ;l\:;i' Ei A\ Fr
470 STOWED
¢ E:iiﬂﬁﬁf FLAP
\\::;:‘;jtlt
7.0 FT——]
DEPLOYED
FLAP
Figure 12
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MULTIPLE ENGINES ALSO PROVIDE
BOUNDARY LAYER CONTROL AND BOW
SHOCK SKEWING

Figure 13

MAXIMUM WEIGHT DIFFERENCE FOR
6 ENGINES = 135 POUNDS

3000 GIMBALS & ACTUATORS

SIX FIXED ENGINES: 2875 LB I
SINGLE ENGINE: 2740 LB |—- :?Df |
2500 | | ENGINES (15,000 LB TOTAL THRUST)
PROPELLANT FEED
/‘\_//
2000 } —""""" %  FIiLL DRAIN,
& VENT
PROPULSION —_—
SYSTEM 1500 | ~——— PRESSURIZATION
WEIGHT (LB) e ——
T ABORT DUMP
1000 ™~ INSULATION
& PURGE
500 - PROPELLANT TANKS
~—" & SUPPORTS

0-123456

NUMBER OF ENGINES

Figure 14
120




FOR LOW G TRANSFERS
LOWER THRUST ENGINES OFFER

e SMALLER SIZE

e LOWER WEIGHT

e HIGHER PERFORMANCE

e SINGLE OR DUAL ENGINES

e THRUST SELECTIVITY 200 TO 3000 IbF

Figure 15

HIGH OPERATING w1 oweR
PRESSURE PROPELLANT VOLUME

HIGHER PERFORMANCE

RELATIVE Isp

1.00

0.99-

0.98+

0.971

0.96 -

0.95+

7/

/7 Pc = 2000
s PSIA
//

/7\
OPTIMUM O/F ~, Pc = 500 PSIA

/
’
’
/

/

Pc =150 PSIA

4 5 6 7
O/F
Figure 16
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3000 LB THRUST MODULES
YIELD HIGHER PERFORMANCE

100% -

(TWO) 15,000 IbF
15,000 IbF
3000 IbF MODULES

RELATIVE Isp

90% -

3K 6K 9K 12K 15K 18K

THRUST, IbF
L_v__/\ v N\ -\
LOW G SMALL MANNED

PAYLOADS Pc = 2000 PSI
AT FULL THRUST

J

Figure 17

FOR MANNED MISSIONS

® MULTIPLE ENGINES = o ENGINE-OUT CAPABILITY
® MISSION SUCCESS

o MINIMIZES COMPONENT
REDUNDANCY

e MINIMIZES DEPENDENCE

ON HEALTH MONITOR
SYSTEM

Figure 18
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MULTIPLE ENGINES ENHANCE
MISSION SUCCESS AND CREW

40
30 .
LOSSES/1000 My MISSION LOSSES
MISSION VEHICLE AND

20 CREW LOSSES

10
TEST PILOTS ——=|

NO. OF ENGINES 1 2 2 3 4
NO. REQ’'D FOR MISSION 1 2 2+/1 2 3
NO. REQ'D FOR SAFETY 1 1 1 '
*FIRST BURN
Figure 19

AEROJET APPROACH PROVIDI

Y

LOW COST PAYLOAD DELIVEI
e SMALL SIZE e LOWER DEVELOPMENT
COST

® LOWER UNIT COST
o BETTER PACKAGING
e HIGHER PERFORMANCE

e MODULAR APPROACH e OPTIMUM THRUST FOR
ALL MISSIONS

e ONLY ONE ENGINE
DEVELOPMENT
REQUIRED

e MULTIPLE ENGINES e MISSION SUCCESS

Figure 20
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AEROJET’S NE!
ENGINE

CORE

£ 7 0 R

Y

N POOR QUALITY

17 TESTS - GH2/GO2
ANNULAR TCA

STABLE COMBUSTION

HEAT TRANSFER AND
PERFORMANCE DATA

C0184 007

Figure 22
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Figure 23

60,000 RPM LOW SPECIFIC
SPEED PUMP. Ns =700-100C

Figure 24
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ADVANCED OTV ENGINES AND ISSUES

J. R. Brown
Pratt & Whitney Aircraft

Over the last decade Pratt & Whitney has studied the propulsion system
requirements of Orbit Transfer Vehicles (0TV). Based on the current scenario
for orbital operations in the late 1990's we have defined a baseline expander
cycle engine which will meet those requirements.

The following presentation highlights the principal characteristics of
our baseline engine and discusses some options which are available to
accommodate OTV system optimization studies. A 1ist of engine program issues
are shown which are dependent on the mission scenario and the vehicle system
configuration. Finally, a summary of the rationale for a new cryogenic 0TV
engine 1is given.

LATE 1990’S SCENARIO

* LEO space station with propellant depot

¢ Operational OMV

Substantial LEO-GEOQ traffic
¢ Manned GEO sorties

» Reusable, cryogenic, aeroassisted OTV operational

Figure 1

REQUIREMENTS FOR OTV ENGINE

Must be compatible with:
» Space basing

* Aeroassist

* Man rating

Must have:

» High performance

° Long life

* High reliability

* Versatility

* Low operational cost

Figure 2

Preceding page blank
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OTV ENGINE OPERATING MODES

Thrust = 100 %
» Wide range » Conditions e Conditions
conditions normalized normalized
° Low inlet ° Low inlet e High performance
pressures pressures * PU capability
4 * Phase change * Zero NPSH * Low NPSH
Thrust e Prepres-
surization
Thrust
/. X Thrust = 5 - 25%
= /1% =~ 1.5%
I m—
_ Tank head idle _____ Pumped _’! Rated thrust
propellant settling idle | (high AV burns)
and tank
engine conditioning pre-pressurization
(low AV burns) (low thrust delivery)
Time =
Figure 3
Advanced expander cycle engine
Thrust : 15,000 Ib
Mixture ratio : 6.0:1 to 7.0:1
Chamber pressure : 1500 psia

Area ratio

lsp
Operation

Conditioning
\ Weight
Life (design TBO)

Figure 4
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1 640

: 482.0 sec at 6.0 MR

: Full thrust (low NPSH)
: Pumped idle

(1500 Ib thrust)
(saturated propellants)

: Tank head idle
427 |b
: 300 firings/10 hr



INSTALLATION - FOOR Quatry

Advanced expander cycle engine (1980)

120.0 o~
Engine 60.0 2

[ -
reference T
piang — T

Fuel Inlet valve {*'/

=137
Oxidizer :1 1.2—157—1 /— -

inlet valve —

e 63.65
(¢ = 640)
TTre—— 1
Figure 5
Advanced expander cycle engine at full thrust
180°R
66,070 rpm 1634 psia
2556 psia :qaw, TTTE 481°R 7 7
9750 rpm o] ’ 1608 psia W%
L Ry
0, 7(} . S [z O/F = 61
26.7 Ib/sec & H A > 7 N o ~ 482 s6C
P = 16.0 psia z N )y soese Ty e
NPSH = 2 ft H B y 9%, /R '
N & B % 7 %'”’4
H, 4‘% - : % .
445 brsec | 1507°R AT Ry,
: ) s B 2R 30 | 460 psi AP (%
P - 18.5 psia = / 3/0 bypass . '/2};/2
NPSH = 15 ft : Z | a5
45,120 rpm E | o ;
z U Z 5
N Gl A T ST 2
98°R é
3720 psia 2

147.060 rpm 859°R
3198 psia

Figure 6
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ADVANTAGES OF ADVANCED
OTV ENGINE

e High reliability
Substantial design margins
Simple control system
¢ Adequate life
» Health monitoring relatively simple
» High performance

« Options available

Figure 7

ENGINE OPTIONS AVAILABLE

Full thrust level

&

]

Engine geometric size

&

Throttling capability

@

Mixture ratio range

@

Special mission Kits

Figure 8
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ORiGH
@ IF p{f\s

R |

FULL THRUST LEVEL AND SIZE

Thrust levels evaluated: 500 to 30,000 b

Area ratios evaluated: 400 to 1,000

lsp (and size) proportional to thrust

Optimum area ratio: 700 to 900

[ ]

DDT&E cost not significantly affected by thrust

Limited applicability of technology for scaling

Figure 9

ADVANCED NOZZLE EXTENSION
MECHANISM

Extended length
120.00 - - —— : -]

T e ---,ﬁ.;/_,_,

(‘ y
x‘ Regeneratively Cooled Secnon
40.00 Radlation Coolsd Sectlons

Stowed length

Figure 10
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THROTTLING CAPABILITY

¢« Most missions

Full thrust for major burns

Very low thrust for trim burns (THI)

No requirement for intermediate levels
» Special G-level limited missions

“Continuous’ throttling to hold max allowable T/W will
yield higher average Igp

Continuous throttling requires more complex engine
system than a few discrete steps

* Potential throttled burn during aeroassist maneuver
Range and levels TBD

Figure 11

FULL THROTTLE RANGE CONCEPT

Continuous gaseous O, injection

5 N emnTT I IS

Figure 12
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MIXTURE RATIO RANGE

e Optimum mixture range function of Pc (for e ~750:1)
6:1 at Pc ~ 1000
5:1atPc ~ 500
4:1atPc~ 50

o Off-nominal range required for vehicle considerations
Boiloff
Tanking uncertainty

Special mission requirements

Figure 13

SPECIAL MISSION KITS

Examples

High thrust expendable mission
» Low thrust components might be eliminated
 Nozzle area ratio might be increased w/o aero assist
Low thrust expendable mission
o Control system might be mission specific

 Nozzle area ratio might be increased w/o aero assist

Figure 14
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ADVANCED OTV ENGINE ISSUES

* e

@

o

@

@

@

[}

fa

Engine thrust level(s)

Engine throttle requirements

Engine geometry constraints (including number of engines)
Engine operational life/servicing requirements

Basing mode

Engine/aeroassist mode interaction

Is “low thrust deployment” a viable OTV mission?

is manned GEO mission viable?

Figure 15

SUMMARY

&

®

A new cryogenic OTV engine will significantly enhance the capability of the
OTV system in the following areas:

Designed for space basing

Designed for aeroassist compatibility
Designed for man-rateability

Designed for versatility/very high performance

Commitment to DDT&E should be based on sound design, low risk
approach which for an advanced technology engine includes key
component demonstrations

6-10 year leadtime needed for high technology engine (depending on
preceding component technology demonstration programs)

OTV open issues exist

Continuing iterations with NASA/systems contractors required to
resolve issues and focus technology program

Figure 16
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ADVANCED OTV ENGINE CONCEPTS

A. T. Zachary
Rockwell International/Rocketdyne Division

Orbital transfer vehicles (0TVs) of the 1990 to 2000 period will deliver payloads
for the more energetic of the NASA missions currently defined: large structure de-
ployment, satellite servicing, and manned sorties to geosynchronous orbit. Along with
advances in vehicle design, advances in engine technologies are required to improve
overall engine capabilities, and thus vehicle performance, reliability, cycle fatigue
life, maintainability, and cost. This paper briefly presents the results and status
of NASA~LeRC-funded engine technology effort to date and related company-funded
activities.

Advanced concepts in combustors and injectors, high-speed turbomachinery, con-
trols, and high-area-ratio nozzles that package within a short length result in engines
with specific impulse values 35 to 46 seconds higher than those now realized by opera-
tional systems. Equally, if not more important, will be the improvement in life, re-
liability, and maintainability.

INTRODUCTION

Studies conducted under NASA contracts have identified near-term, intermediate-
term, and longer term technologies to meet the needs of a broad-based program of space
utilization. As shown in figure 1, the evolution of the development process for the
OTV leads to manrated service near the end of the century. The technology drivers in
meeting the goals of a viable, space-based system are space basing, aeroassist, manned
operation, and low-g transfers. As presented in figure 2, approaches have been iden-
tified; however, with specific challenges that must be met. These challenges of on-
orbit servicing, increased life, reliability, maintainability, reduced length, and
increased performance will be achieved through an evolutionary process as indicated in
figure 3.

The NASA plan for technology acquisition for the orbit transfer rocket engines of
the period 1990 to 2000 is a three-phase approach encompassing conceptual definition,
preliminary experimental evaluation, and critical component technology verification
stages. This approach is as follows, with the principal goals of the studies
identified.

PHASE 1 Conceptual Designs and Technology Definition

@ Identify, screen, evaluate, and select advanced technology
concepts

@ Provide engine conceptual designs and technology acquisition
plans
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TECHNOLOGY
DRIVERS

PROPULSION
SYSTEM CHALLENGES

o>

APPROACH

SPACE BASING e ON ORBIT SERVICING

e INCREASED LIFE

e HEALTH MONITORING

© ADVANCED INTERFACE
CONNECTIONS

e ACCESSABILITY

e EXPANDER POWER

& 6 00 o N

MAINTENANCE
e HIGH SYSTEM ® REDUNDANCY
RELIABILITY
MANNED e INCREASED e HIGH AREA RATIO
PERFORMANCE NOZZLE
e REDUCED LENGTH e HIGH CHAMBER
e REDUCED WEIGHT PRESSURE
LOW G e WIDE THROTTLE ® HIGH CHAMBER
TRANSFERS RANGE WITH HIGH PRESSURE
PERFORMANCE e CONTINUQUS vs
DISCRETE MODES
Figure 2. Engine Design Ratlonale

CAPABILITY w3

TEST BEDS

DEEP THROTTLING
ENGINE

L}
FL_!LL CAPABILITY ENGINE

© OXIDIZER COOLING

° IMPROVED ANALYTICAL TECHNIQUES
*MATERIAL IMPROVEMENTS
oLONG LIFE BEARINGS

o COMPOSITE MATERIALS FOR NOZZLES

o ADVANCED CONTROLS AND DIAGNOSTICS
¢ ENHANCED HEAY TRANSFER CONCEPTS

s TURBOPUMP PERFORMANCE ENHANCEMENTS

TIME —————

Figure 3.
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PHASE 1T Exploratory Research and Technology
® Unique and generic advanced technology concepts
® Simulation testing in test rigs

PHASE III Critical Component Design and Fabrication

@ Critical component design and fabrication readiness

An important first step in these plans has been taken with the completion of the
conceptual design and technology definition studies entitled, "Orbit Transfer Rocket
Engine Technology,'" with the primary objective of identification, and selection of
advanced technology concepts and technology acquisition plans that will benefit the
0TV engines of the 1990s.

ULTIMATE OTV ENGINE EVOLUTION

A phased approach has been selected for experimental development and verification
of the technologies that will be featured in the ultimate OTV engine (fig. 4). The
technologies will be evaluated in an integrated components evaluator upon which thrust
chamber, turbcmachinery, control system, and auxiliary system technologies will be
verified in an engine system environment. The integrated components evaluator will
facilitate the verification of advanced component concepts in three technology group-—
ings: near—term, intermediate-~term, and long-range categories, and their successive
integration into advanced engine cores. At the completion of each technology period,
an engine candidate and its technologies will have been defined that can be developed
according to NASA needs. Each of these engines would provide large performance and
operational benefits over the reference engine used in the studies (RL10A-3-3) and,
because of the technology approach taken, could be developed as a growth version of
the Advanced Core Engine. The near-term engine schematic and mockup are shown in
figures 5 and 6, respectively.

The development of the ultimate engine would occur in the mid-1990s. The engine
is planned as an expander cycle engine with a chamber pressure of 2000 psia, A nozzle
expansion area ratio near 1300:1, and a specific impulse greater than 480 seconds.

perationally, the engine will be capable of 20 hours of service-free life, deep 30:1
throttling, and, with its health~monitoring and control system, capable of full space
based maintenance and operation. For vehicles based in the Space Transportation Sys-—
tem (STS) and for medium lift-to-drag aeromaneuvering OTVs, the engine will be fitted
with a retractable nozzle to reduce stowed length to 40 inches.

The engine thrust level and number of engines will undergo final selection when
the vehicle crew safety and reliability approach are definitized. Since a large degree
of technology commality exists in the range of thrusts of 3000 to 15,000 pounds,
Rocketdyne's interim selection of 15,000 pounds engine thrust is appropriate for tech-
nology development.

KEY ENGINE DESIGN ISSUES

Key issues of the engine system and component design reside in the combustor/
injector, nozzle, turbomachinery, control system, and the auxiliary heat exchangers
as outlined in figure 7. High heat extraction in the combustor, injector, and nozzle,
with simultanecus efficient combustion and gas expansion, are required to provide high
chamber pressure and high specific impulse. A combustor and injector with extended

138



6EL

@ INTEGRATED ¢ ADVANCED ® NEAR-TERM ADVANCED @ ADVANCED OTV ENGINE
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Figure 4. Ultimate OTV Engine Evolution
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Figure 6. RS-44 Mockup

141



rAAS

e HIGH HEAT-LOAD

COMBUSTOR/INJECTOR e HIGH AREA RATIO NOZZLE

e HIGH G EXTRACTION
e LONG LIFE
e HIGH COMB. EFF.

|
|
|

STS/SPACE-BASED OTV

o LIGHT WEIGHT
e LONG LIFE
e SIMPLICITY/RELIABILITY

e ADVANCED CONTROL AND DIAGNOSTICS

e HIGH-SPEED, MULTI-STAGE
TURBOMACHINERY

& TURBINE-GAS
REGENERATOR

N4

e LIGHT WEIGHT

e ROTORDYNAMICS

e LONG LIFE

e HIGH STRENGTH MATL'S

e RELIABILITY/SIMPLICITY
¢ COMPACTNESS

o LIGHT WEIGHT

e LONG LIFE

b e COST
® HEAT TRANSFER EFF.

& o COMPACTNESS
o LIGHT WEIGHT

Figure 7. Ultimate Engine Design - Key Issues




heat transfer surfaces, providing high heat extraction, efficient wall cooling, and
wall strain management to maintain desired component life, are the technology chal-~
lenges in the cowbustor and injector. A large nozzle expansion area ratio with a re-
tractable nozzle is necessary for high specific impulse and envelope compactness. Ad-
vanced material technologies and retraction mechanisms that reduce weight and yet pro-
vide adequate reliability are key technology issues of the nozzle assembly.

High speed, multiple staging, small size, and high turbine and pump efficiency
are requirements of the OTV engine turbomachinery. The technologies and technology
issues to be addressed in achieving the high levels of performance required in each of
these areas are: bearing life; rotordynamic characteristics of multiple~staged impel-
lers; materials for increased turbine and impeller strength, life, and reduced weight;
and reduction of parasitic performance losses of small turbomachinery through use of
soft seals and efficient diffuser design of impeller—to-impeller crossover networks.

Low—torque, light-weight, electrically driven valves, and driver motors are tech-
nology issues to be developed for the advanced control system, as well as advanced
sensor technology and advanced multivariable controller systems.

A turbine gas regenerator will provide increased power cycle performance through
heat recuperation. For maximum benefits, the recuperator and the idle-mode heat ex-
changer will require high heat transfer efficiency in a compact envelope.

CONTROL SYSTEM TECHNOLOGY EVOLUTION

The near-term OTV engine shown in figure 4 uses a control and diagnostic system
based on the current state of the art (SSME program) with one notable exemption: con-
trol valves are low-torque devices with an electric motor providing the primary means
of actuation. Electrical power is desirable for upper-stage engines; however, low
power requirements are necessary to keep the power supply small. The near-term 0TV
engine control system provides functions similar to the SSME system: control of engine
operating modes, checkout and status monitoring, inmput/output data processing, and
protection of engine and manrated capability. The controller is a full-range system
providing closed-loop control of thrust and mixture ratio during mainstage, start,
and shutdown transients. Control during transients is required to maintain component
operating limits at levels compatible with the long life required in the near term
(300 cycles, 10 hours). Redundancy in the controller, valves, and valve actuators is
used to enhance the manrating capability of the system.

The longer range technology development of this system aims to improve control
accuracy during transients, improve control system weight and simplicity, and improve
control and diagnostic system reliability through improvements of the weakest link in
the system: the sensors. Control accuracy improvement procedures will address modern
multivariable control methodology and take advantage of modern miniaturization tech~
niques for controller components. FEmphasis of the long-range technology will be to
provide a highly reliable control and diagnostics system specially suited for space-
based 0TV engine maintainability. The system will do continuous wear monitoring and
fault prediction, and ideally be capable of fault compensation or avoidance. The diag-
nostic system is summarized in figure 8.
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ENGINE PACKAGING FOR SPACE-BASED MAINTAINABILITY

Several engine packaging concepts are shown in figure 9. Components in the near—
term OTV engine are packaged to conserve space in a volume-limited shuttle orbiter.
Power package components arranged around the combustor allow retraction of the extend~-
ible nozzle for stowage in the shuttle, and still provides required maintenance volumes
for ground-based maintenance operations. The component interfaces of the near—term
engine are designed with ground-based, line-replaceable unit philosophy.

For space-based operations, the overall maintenance, system and/or subsystem
changeout philosophy will determine the engine component packaging arrangement and
component interface design. Space-based maintenance costs and component changeout ease
will determine the final maintenance philosophy. If, after economic analysis, engine
changeout is the smallest maintenance module operation defined, then the near-term
conventional engine packaging design with advanced engine/vehicle interface connections
will be capable of space-~based operation and maintenance.

The open-pack engine design will allow changeout of key engine components in a
space environment. Increased maintenance volume will be defined for those components
and a packaging design selected to facilitate component maintenance and changeout. An
advanced control and diagnostics system will facilitate component changeout for cause
rather than mandatory scheduled replacement.

In a space-based maintenance scenario where any or all components are subject to
in-place maintenance and changeout, an advanced engine packaging configuration for
efficient and speedy checkout removal and replacement will be desired. The compenents
will be placed to facilitate access and their interface joints designed for minimum
checkout and uncoupling time. A diagnostics system to facilitate judgement of com-
ponents due for replacement and checkout of new components would then be required.

CONTRACT AND COMPANY-FUNDED ACTIVITIES

The current status of the NASA LeRC contract activities and Rocketdyne-funded
parallel effort is outlined in Table I. With the completion of the system study to
identify specific technology tasks to be studied, several of the tasks are now being
funded or are in the process of approval and will be initiated shortly. The specific
tasks in process are listed in Table II and encompass a number of critical technology
areas in support of providing the technology base for a full capability engine in the
1990s.

In conjunction with the NASA funded effort, key technologies have been under
study at Rocketdyne and are now entering the hardware stage for demonstration. The
key elements are shown in figure 10, and represent an important learning process in
design and fabrication of high performance engine components. It is planned to con-
tinue the evaluation of these components and thus develop a realistic perspective in
the problems of developing a high performance, reliable, maintainable engine system.
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ADVANCED PACKAGING CONCEPTS

CONVENTIONAL PACKAGING OPEN PACKAGING FOR MODULAR PACKAGING
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Figure 9. Engine Packaging for Space-Based Maintainability
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Table I. Contract and In-House 0TV Engine Activities

® NASA OTV ROCKET ENGINE TECHNOLOGY PROGRAM PLANNED TO
CONTINUE THROUGH 1990

e CONTRACT NAS3-23172 COMPLETED

e SYSTEM STUDY - DEFINITION OF NEEDED TECHNOLOGY
e CONTRACT NAS3-23733 STARTED

e COMPONENT TECHNOLOGY AND SYSTEM STUDIES

@ ROCKETDYNE IN-HOUSE COMPONENT ANALYSIS, DESIGN, AND
FABRICATION PROCEEDING ON SCHEDULE

Table II. OTV Engine Technology Contract NAS3-23773

Task Status

TWO-STAGE PARTTIAL ADMISSION TURBINE

ENHANCED HEAT LOAD THRUST CHAMBER

INTEGRATED CONTROL AND HEALTH-MONITORING SYSTEM
INTEGRATED COMPONENTS EVALUATOR

HIGH VELOCITY DIFFUSING CROSSOVER

SOFTWARE RING SEALS

HYDROGEN REGENERATOR

ADVANCED ENGINE SYSTEM STUDIES

CONCLUDING REMARKS

There are many potential problems in producing a high-performance, space-viable

rocket engine system for the OTIV.
the support of NASA and Industry.

The process will be evolutionary and will require
The process has been initiated with a well-ordered

plan for establishing the required technology base and continued future effort should

be strongly supported.
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f N85-17002

EARTH-TO-ORBIT PROPELLANT TRANSPORTATION OVERVIEW

D. Fester
Martin Marietta Denver Aerospace

~“Large quantities of cryogenic propellants are needed to support Space
Station/OTV operations. Two ways to get propellants into space are:
transporting them in dedicated tankers or scavenging unused STS propellant
(which promises significant cost savings). This discussion centers on
scavenging propellant, both with and without an aft cargo carrier system. An
average of two to four flights per year can be saved by scavenging and
manifesting propellant as payload. Addition of an aft cargo carrier permits
loading closer to maximum, reduces the required number of flights, and reduces
the propellant available for scavenging. Sufficient propellant remains for
OTV needs, however.

CRYOGEN PROPELLANT SUPPLY - DEDICATED TANKER

SPACE. STATION

¢ 70,000 LM SToRAGE ON SS
o ResuppLiep By STS

o Two ResuppLY TaNKS TO
Atp PAYLOAD SCHEDULING
o Common I/F rFor SS
STORAGE TANKS AND Seact STA 10
; . TTON
STS ASE (ABoRT Dump) : — s
E (As - CRYOGEN STORAGE
s STS Tanks 1o Use 4K| = Tank MobuLe
PRESSURE REGULATED ‘”",U
TRANSFER PrROPELLANT
TransrER N - —
8 SS Tanxs To Use UMBILICALS P
AuToGENOUS PRESSURIZATION I F
v /
OrRBITER DELIVERED s /
TRANSFER TANKS //
25K or 50KLBM R
J— \
fﬂM,w _,MWLMX
ABorT ASE ¢ e
» J—1
ATTACHED, FREE-FLYING, OR TETHERCD DEPDIS ARF BEING CONSIDERED FOR STORAGE OF CRYOGERLL PEOPLLLANTS AT THE SPACE
2{:\);/{\;):@ UL HAVE SIMILAR SIORAGE REQUIRCMINIS, QUANTITILS OF PROPELLANT RANGE TRUM 70,000 [0 gt ool LEM
FARLY DN, WE LOOKED AT TWO RESUPPLY TANKS OF 25,000 AHD S0 000 TBM EAPAM TTY Do ATD PAYEOAD MASEEESTIRG,  bip s
TAHKS HOULD BL DLLIVERED BY HHE ORBITER ANMD WOUL D HAVE A CHOMOR STS (ARDRL DURE Y AND SPACE STATIUN SHORGe BE PO
INTERFACE . THE PESUPPLY TAMKS WOUIO USE PRESSHRE REGULATEL TRANSTER WHTEE 1HL SPACE STATION TARES WNOULD 114
ATOGLHOUS PRESSURTZATION TO ASSIST IN REFILLING.
Figure 1
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Alternate Locations
for Propellant Scavenging Tanks

60" X15" DIA

3
CARGO VOLUME = 10,600 FT
|

ORBITER % |

ET

Y AN
g
___/ — 35
ACC VOLUME = 9,000 F73

TAVING ] K g CACE S W Wit SEE LATER
TWO VOCATIONS ARE SHOWN FUR SCAVENGIMG TANKS: [N LT OPRTIED PAYLOAD RAY /\N[!\[N THE /}((. S . N
VERY FEW OF THE FIIGIITS ARE WEIGHID LIMITED; MANY ARE VOLUMC LIMITED. tOCATING CAVENGING XANKS THOTHE i‘AYE“/\U
RAY, TILN, DUES NOT APCLAR ATTRACTIVE, TN TACT, MURP CARGO YOLUML JS MELDED H‘f HANY !NSI/\N(.FS, /\Nll’llll\l ‘l> THE.
REAL JUSTITTCATION FOR AN ACC .. ROV SCAVENGING. IT AN ACE 1% AVALLARLE, 1HE SCAVENGE TANKS WOULD BE LUCATED

THEPF |

Figure 2

GROUND RULES

1. NASA LOW MISSION MODEL - REVISION G, DATED OCTOBER 1982 (1991 - 2000

2. WTR AND DOD MISSIONS NOT USED

3. MISSION MODEL MANIFESTED ON GROSS YEARLY BASIS - LOAD FACTORS OBTAINED FROM
MSFC MODEL BASED UPON WEIGHT AND/OR VOLUME

4.  ALL FLIGHTS LOADED TO MAXIMUM PAYLOAD WEIGHT

5. DIFFERENCE BETWEEN AVERAGE CARGO WEIGHT AND MAXIMUM PAYLOAD CAPABILITY MADE UP
BY ADDING PKOPELLANT AND TANKAGE AS CARGO

6. SPACE STATION AT 28.5° INCLINATION, 250 NM ALTITUDE

7. 0TV PROPELLANT REQUIREMENTS FOR GEO MISSIONS ONLY

Figure 3
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Mission Concepts

No ACC With ACC
Orbital Holding Tanks
Tum.!u User [S— 4] User Tronsfer ) User Site User Site
Hok:(mq Site Site ACC Yanks 250 nm 250 am
Tanks
250 nm AV
with OMV 250 nm | with OM
. o
‘j"‘" a"’ Intermediate
Orbit
Orbitel Holding Tanhks
{Intermediste Orbit)
Esrth Esrth Earth Enrth

SCENARIOS WITH AND WITHOUT AR ACC ARC SHOWN.  WITH B0 ACE, ORBTEAL BOEDIRG TAMES ARE EILLLD AT (ED Al
TRANSEERRED TO INE USER SUIE Wil AN 0V, THE SAHE 1S IIE OF THF SCAVINGIHG TANKES WITIE AN ALE,

PN ALL CASES, TME ET IS VAKEN 10 ORRIT, ELTHER TO LEQ MR [0 THE SPATT STATION (DIRECT PRICEIONY, TO PROVIDC
SUFFICITHT TIME (HOURS) FOR SCAVENGING. ON A DIRECT ORRTT {NSERTION JLIGHT WITH THE ET DROPPED IN1O THL OCEAN,
INSUEEFCTERT TIME FXTSTS FOR 00y RENDE ZVONT AND DOCK NG,

Figure 4

STS Lift Capability for 28.5 Degree Inclination

80-
sTs
NORMAL ST:ECT
- MECO
3 5 = / ORBIT
z ST ~ INSERTION
3 2 9nary W /
a /T}/ £
w 4 RETRD MOTORS o
o .
[=)
=R
§ 6 RETRO MOTORS
jo]
x o,
" s1s 70 oneT it gace /e B
£ &n WHAECT INJECT) 8 RETRO MOTORS
o ~—
E
g SSME 1, = 4552 SEC
o SSME PERF = 109%
Lo STFLL CASE HPM T
=] OHBITER: OV - 103
USABLE PROPELLANT = 1,590,364 18
30 . , T T .
120 160 200 240 280 300
ORBIT ALTITUDE - NAUTICAL MILES
FOR THL STS CRITERJA CISTED, LI0) CAPABL [IY 1S SHOWH AS A TUHCTION DF ORRIY ALTEIORE.  THL TOWLR LURVES ARE ToR

THE CASES OF SIS AN ET 10 ORBIT (DIRCCT FNJECT) WiTU ANG WITHOUT AN ACC.

WITH THIS SCENARIO, A SYSTEM J5 REQUIRCTN 10 DE-ORBIT THE £ TOLIDRTHG PROPELLANT STAVERGING.  SOLULD HOTORS WITH
HYORAZING ATTITHDE CONTROL WOUL D B0 USLD. MORT RLTRO MOTORD WOUUD BU RIQUIRED AT HIGHER ORBIIS, ACCOUNTIHG Tt
TRE SMALL STER DETREMENTS [N LIFT CAPAGILTIY.

Figure 5

151



Propellant Scavenging Definitions

UNUSABLE + FLIGHT PERFORMANCE RESERVE + FUEL BIAS

#

RESIDUAL PROPELLANT

PROPELLANT LEFT AT MECO MINUS RESIDUAL (NOT USED
DUE TO LESS THAN MAXIMUM PAYLOAD)

SURPLUS PROPELLANT

“SURPLUS” LOADED INTO SCAVENGING TANKS BEFORE
LAUNCH

1]

PAYLOAD PROPELLANT

ACC ENVIRONMENT ASSUMED EQUIVALENT TO ORBITER CARGO BAY

SINCE THE ET IS AIWAYS LOADFD FUIT, SURPLHIS PROPELLANT EXTSTS WITH 1ESS THAN MAXTMUM PAYOAN,  SOME OF THIS
SURPLUS PROPELLANT COULD BE LOADED INTO SCAVENGING TANES BEFORE LAUNCHE T A CHANGE IN LOADING PHILOSOPHY OCCURRED,

THE ACC ENVIRONMENT IS ASSUMED EQUIVALINE TO THE ORBTIER CARGD BAY.  THES 1S A DESIGN REQUIREMENT FOR THE ALC,
THE ACC SHROUD IS JETTISONED FOLLOWING SRB SLPARATTON.

Figure 6

Cryogenic Propellant
Scavenging Concepts

OPERATIONS
BASIC MISSION PROPELLANT PROPELLANT oMV OTHER
CONCEPTS TRANSFER SETTLING OPERATIGNS CONSIDERATIONS
TRANSFER TO STORAGE SPACE STATION e ET TRAP PROPELLANT DEQRBIT ET
TANKS AT SPACE 250 NM o THRUSTERS SETTLING
STATION - RCS
ULLAGE GASES
- G02/GH2 ENGINES
e TETHER
TRANSFER TO ORBITAL LEO =~ 160 NM e PROPELLANT
HOLDING TANKS IN LEO SETTLING
e HOLDING
TANK
TRANSPORT
TRANSFER TO HOLDING }D ECO o THRUSTERS HOLDING TANK
TANKS IN ACC SUBOR - RCS TRANSPORT
PAYLOAD BAY - ULLAGE GASES
- G02/GHZ ENGINES
POST MECO DEORBIT ET/ACC
ORBITAL
PRE MECO o SURPLUS AND FPR ONLY
o ET (QUANTITY MEASURE-
MENT
NOT REQUIRED e DEORBIT ET/ACC
PRELAUNCH s SURPLUS ONLY
o DEURBIT ET/ACC

THE BASIC MISSION CONCEPTS AND ASSOCTATED UPERATIONS ARE SHOWR.  PRUPEELANT TRANSFER PULT-MLCO BUT SUBORBEIAL §S
NOT FEASIBLE BECAUSE INSUFFICIENT TIME IS AVAILABLE FOR (RMV RENDEZVOUS (DISCUSSED EARUIER). PROFELLANT MUST BF
MAIRTAINED [N THE SETTLED CONDITION FOR ALL CASES WHFRE PROFTLIAND [S THANSFERREL OB ORBIT. WEHIH AN ACL, SURPTUS
PROPELIANT CAN BE LOADED IN THE SUAVENGING TANKS PRIOR 10 L AUNCH OK SURPLUS AND TLIGHY PERFORMANUE RESLRVE CAN HE
TRANSFERRED PRE-MECO; SEETLING WOULD NOT BE REQUIRED FOR THESE CASES.

THE OMy 1S ALWAYS USED 70 TRANSPORT SCAVENGE OR URBLIAL HOUDING TAMKS TO THE SPACE STATION. OBE-OR8IT OF HE ET
WITH OR WITIOUT THE ACC SUPPORT STRUCTURE 1S REQUIRED FOR ALt MISSION {ONLFPTS,

Figure 7
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Orbital Heating Rates and Propellant Boiloff
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PREDICTED ORBITAL HEATING RATES AND RESULTING PROPELLANT BOILOFF ARE SHOWN AS A TUNCTION OF TIME. THESE DATA
IST BE ACCOMPLISHED IN THE SHORTEST TIMU POSSIBLE.

PROVIOE FURTHER VERIFICATION THAT THE SCAVENGING OPERATION M
PRELIMINARY ASSESSMENT HAS SHOWN THAT OMY RUNDEZVOUS 1S THE TIME-CONSUMING OPERATION, MOT SCAVENGING.

Figure 8

Weight Volume Utilization

for STS Non-DOD ETR Flights
80 59
£
504 DVULUME
B weisht
40..4
E 30
s kL
20
12
10- L -
> 7
- | ;

4@ 45 50 55 60 65
% WEIGHT OR VOLUME USED PER FLIGHT

OF THE OVER 200 FLIGHTS SHOWN FOR THE NEXT 10 YEARS, NEARLY IIALF ARE VOLUME LIMITED, WHILE ONLY A FEW (LESS THAN
10 PERCENT) ARE WEIGHT LIMITED, INDICATING AN ADVANTAGE OF USING AN ACC.

Figure 9
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Payload vs Residual/Surplus Propellant

80 + 3 d RANGE
TN
60 i
AVERAGE STS LOAD FACTOR
—A—
40 I
NOMINAL RESIDUALS
! FPR
FUEL BIAS
201 UNUSABLE
0 T T - T T T T T
10 20 30 40 50 60 H)

RESIDUAL/SURFLUS PROPELLANT ~ 1,000 L8

I v AVLRAGE LDAD FACTOR
NOMIHAL RESIDUALS OF 9000 LBM ARE SHOWN TOR THE FULLY WFIGHT 1OABCD SITHATTON. HOWLVER, [H[ LOAD
15 ABOUY 40,006 LM WHICH RESULTS IN ABUOT 21,000 LBM OF SURPLUS PROPELLANT IROADDITION T THE 9000 LBM Of

AESTOUALS.

Figure 10

OTV Requirements vs
Scavenged Propellant Available

NASA LOW
MISSION MODEL
400 REV §
[=-]
00 -
2’ TOTAL
o AVAILABLE
P-4
3
1
[er]
a.
£ 2004
& MARGIN
(SURPLUS)
/ \\\ otV
- - REQUIREMENTS
//\/—\____
100 RESERVES
AND
UNUSABLES
0 v T 4 v
1894 1996 1998 2000

FISCAL YEAR

QUANTTTIES OF PROPELLANTS AVALIABLE FOR SCAVENGING ARF SHUWN FOR THE YEARS 1394 10 2000. 0TV REQUIREMENTS WERE
FSTABLISHED BY ROUTING ALL OTV MISSIONS TO GEC, ASSUMING APPROXIMATELY 45,000 1.BM OF PROPELLANTS. RESERVES AND
{NUSABLES AMOUNT 10 ABOUT 100,000 LBM PER YEAR AND SURPLUS 15 ABOUT 200,00C LbM PER YEAR, RESULTING IN A TOTAL OF
ABOUT 300,000 LBM PER YEAR.

NO LOSSES HAVE BEEM INCLUDED [N THIS ASSESSMENT. HOWEVER, THESE CURSORY RESULTS SHUM THAT THE SURPLUS ALONE
COULD MEET THE 0TV NEEDS.

Figure 11
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Typical Propellant Tank Installations in ACC

PAR.D
PAYLOAD (2}

SCAVENGE TANKS PLUS PAYLOAD SCAVENGE TANKS FOR TANKER RISSION
3,000 LB PROPELLANT 30,000 LB PROPELLANT

TWO POSSIBLE INSTALLATIONS ARE SHOWN. GONE INCLIIDES TWO PAM-D PAYLOADS PLUS TANKS FOR 9000 LBM PROPELLANT AN THE
OTHER HAS SCAVENGE TANKS OMLY TO ACCOMUDATE 30,000 LBM PROPELLANT.

Figure 12

Propeliant Tank Transfer with OMV

PROPELLANT
SCAVENGING

THE OMV HAS PICKED UP THE SCAVENGE TANKS FOR TRANSFIR TO THE SPACE STATION DEPOT. THE ET DEORBIT MOTORS AN BE
SEEN ATTACHED TO THE ACC STRUCTURE,

Figure 13

SUMMARY

@ AN AVERAGE OF 2 TO 4 STS FLIGHTS PER YEAR CAN BE SAVED BY SCAVENGING AND
MANIFESTING PROPELLANT AS PAYLOAD TO SUPPORT SPACE-BASED OTV OPERATIONS.

@ STS FLIGHTS SHOULD BE MANIFESTED TO CARRY MAXIMUM PAYLOAD WEIGHT.

e ADDITION OF AN ACC PERMITS LOADING CLOSER TO MAXIMUM AND REDUCES PROPELLANTS
AVAILABLE FOR SCAVENGING (162 VS. 172 FLIGHTS). OTV NEED STILL MET,

& ET RESIDUAL PROPELLANTS HAVE AN OXIDIZER/FUEL RATIO FROM 2 TO 4.

Figure 14

155






‘N85-17003

PASSIVE STORAGE TECHNOLOGIES

Peter Kittel
NASA Ames Research Center

Passive storage of cryogens in space has been used for sometime in
scientific instruments. This paper will describe some recent advances in
storage technology and how passive techniques could be applied to the storage
of propellants at the Space Station. The devices considered here are passive
orbital disconnect struts, cooled shield optimization, 1iftweight shields and

catalytic converters.

Cooled Shields

Cooled shields can greatiy reduce the tank heat load in cryogen storage
systems. This is the case for both passive and refrigerated systems. 1In
passive systems, the enthalpy of the effluent gas is used to cool shields
embedded in the insulation and thus intercept the heat before it gets to the
tank. In refrigerated systems, the shields and tank are cooled by an external
refrigerator. The use of cooled shields can reduce the overall refrigeration
power.

The analysis presented in this section are given in a parametric form.
This has the advantage of being insensitive to the exact model used for the
thermal conductivity of the insulation. The analysis also applies to
insulations that are penetrated by struts, plumbing, and wires. All of these
penetrating devices are assumed to be attached to the cooled shields and the
thermal conductivity function adjusted accordingly. We have also assumed that
the insulation is multilayered insulation (such as double aluminized Mylar
with silk net spacers). The analysis uses a tank temperature of 20 K and an
outer shell temperature of 256 K (460°R). It should be noted that the heat
Toads are extremely sensitive to the outer shell temperature.
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The use of cooled shields has the further advantage of allowing thicker
insulation. Practical Timitations Timit MLI to blankets of 5 cm (2 inches)
thick. Thus, an unshielded system can only have 5 c¢cm of insulation. In a
shielded system, each shield can support a blanket allowing more insulation.

The optimization analyses presented here are not the only ones that can be
done, and they may not be the appropriate ones in all cases. In doing the

optimization, I have not considered the mass or volume constraints on the
system.

PASSIVE ORBITAL DISCONNECT STRUTS (PODS-III)

0 VARIABLE CONDUCTANCE-VARIABLE STRENGTH TANK SUPPORTS

0 HIGH STRENGTH DURING LAUNCH
0 LOW CONDUCTANCE ON ORBIT

0 LAUNCH AND ORBITAL CHARACTERISTICS INDEPENDENTLY SPECIFIED
0 EXAMPLE

0 FOR LAUNCH RESONANCE FREQUENCY 35 Hz
0 FOR ORBITAL RESONANCE FREQUENCY 20 Hz

0 RESULTS IN x10 LOWER ORBITAL HEAT LEAK
0 WOULD IMPROVE IF ORBITAL REQUIREMENT WERE LOWER
0 STATUS
0 A SYSTEM OF 6 STRUTS TO SUPPORT A 430 K TANK Ié BEING LAB TESTED

0 THESE STRUTS ARE LIMITED BY A MINIMUM GAUGE REQUIREMENT
0 STRUTS FOR A BIGGER SYSTEM WILL PERFORM BETTER

Figure 1

COOLED SHIELDS

0 THE USE OF COOLED SHIELDS CAN GREATLY REDUCE THE TANK HEAT LOAD

0 SHIELDS ARE USEFUL IN BOTH PASSIVE AND REFRIGERATED SYSTEMS
0 ANALYSIS APPLIES TO COOLED STRUTS., PLUMBING, WIRES. ETC., ALSO

0 THE PERFORMANCE OF BOTH SYSTEMS IS SENSITIVE TO THE OUTER SHELL
TEMPERATURE

Figure 2
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The analysis of the passive system is based on the method of minimum mass
f]ow.s This type of analysis is appropriate for storage systems where there
is no internally generated (from a scientific instrument, for examplel heat
load. The heat Toad on the tank is converted to a mass flow which then cools
the shields. The mass flow is minimized with respect to position and
temperature of the shields within the constraints of thermodynamics. This can
be reduced to a system of 2N+1 simultaneous equations, where N is the number
of shields. These equations can be easily solved by an iterative procedure.
This gives the optimum Tocations, temperatures, and heat loads of the shields.
These are given in the attached Table. The shield Tocations have been
normalized by dividing by the total insulation thickness {(not including the
shield thicknesses). The temperatures are given in Kelvin. The resulting
heat Toads have been normalized by dividing by the heat load of an unshielded
tank with 2 inches (5 cm) of insulation, this being the thickest blanket that
can be easily manufactured. There are two columns of heat loads shown. The
first is for a total insulation thickness of 2 inches. The second column
assumes that the thickest insulation blanket (the outermost one) is 2 inches

and the others are increased proportionally.

An interesting result of this analysis is that the shields are not evenly
spaced in position or temperature. Rather, they are closer to the tank. This
is a result of the thermal conductivity decreasing with temperature. One can
also see that the heat load decreases as the number of shields is increased.
The first shield results in a large reduction. There is still a significant
gain by using 2 shields, but not for more than 2 shields. The relative heat

load for the case of an infinite number of cooled shields is given for
reference.

The analysis for refrigerated systems uses the same assumptions as above
but takes a different approach. 1t uses the method of minimum entropy
production. This method is appropriate for active refrigerated systems and
for passive systems with sufficient internal heat generation. The analysis
presented here is for the later case where the efficiency of the refrigeration
can be ignored {Carnot efficiency is assumed). For an active refrigerated
system the entropy produced by the refrigerator inefficiency would have to be
included. The entropy produced at the shields and at the tank is Si = @i/Ti
where Qi is the heat flux absorbed at the ith shield (or at the tank) and Tg

159



COOLED SHIELDS
PASSIVE SYSTEMS

0 BASED ON METHOD OF MINIMUM BOIL-OFF

0 OPTIMIZED LOCATION AND TEMPERATURE OF SHIELDS

0 ASSUMPTIONS: TANK AT 20 K. OUTER SHELL AT 256 K
DOUBLE ALUMINIZED MYLAR/SILK NET INSULATION

1

NUMBER NORMALIZED SHIELD RELATIVE HEAT LOAD

OF SHIELDS LoCcATION Temp., K 2" TOTAL2 2" THICKEST3
0 1.0 1.0
1 .35 14y L34 .22
2 .19, .50 77, 162 .26 .13
3 .13, .32, .60 61. 120, 188 .24 .097
® .18

1) TANK = 0, OUTER SHELL = 1, THICKNESS OF SHIELDS NOT INCLUDED

2)  TOTAL THICKNESS OF INSULATION (NOT COUNTING SHIELD THICKNESS) IS
TWO INCHES

3} THICKEST INSULATION BLANKET IS TWO INCHES THICK

Figure 3

is the respective temperature. The total entropy produced is S = - QO/TO +
Qﬁ/Tg where TO is the outer shell temperature and OO is the sum of the Qi's.
The most thermodynamically efficient system occurs when S is minimized with
respect to the location and temperature of the shields. (This will give the
system that requires the least refrigeration.) This method involves a simple
iterative process similar to the one used in the passive case.

The parametric results are shown in the attached Table. The values in the
last columns refer to the heat load refrigeration required on the tank due to
the insulation. The heat that must be removed from each of the shields is
also simple to calculate but has been left off the chart for clarity. More
heat must be extracted at the shields than in the storage case. In a passive
system this additional cooling must be supplied by an increased mass f1ux
caused by the instrument dissipation. The principal result of this analysis
is that the optimum location of the shields is slightly farther out in the
insulation and their optimum temperatures are slightly colder.
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COOLED SHIELDS
PASSIVE INSTRUMENT OR REFRIGERATED SYSTEMS

0 BASED ON METHOD OF MINIMUM ENTROPY PRODUCTION

0 OPTIMIZED LOCATION AND TEMPERATURE OF SHIELDS

0 ASSUMPTIONS: TANK AT 20 K. OUTER SHELL AT 256 K
DOUBLE ALUMINIZED MYLAR/SILK NET INSULATION

NUMBER NORHALIZEDi SHIELD RELATIVE HEAT LOAD
OF SHIELDS LOCATION Tewe., K 2" TOTAL2 2" THICKESI3
0 1.0 1.0
1 .42 95 .19 41
2 .26, .59 60, 141 L1 .0uy
3 .19, .41, .68 4B, 95, 168  .082 .026

1) TANK = 0, OUTER SHELL = 1, THICKNESS OF SHIELDS NOT INCLUDED
5)  TOTAL THICKNESS OF INSULATION (NOT COUNTING SHIELD THICKNESS)

IS 2 INCHES
3)  THICKEST INSULATION BLANKET IS 2 INCHES THICK

Figure 4

Both the passive and the refrigerated systems require good heat
exchangers. These are particularly difficult to model in the passive case
because the effluent gas passes through several flow regimes. It starts as
Taminar flow at the tank and ends as sonic flow at the exhaust nozzle. The
flow also spans a large temperature range with the concomitant variation in

the properties of the gas. Fortunately, there are models available to handle
this probiem.8

If shields are to be used, it is important that their mass be kept small
to keep the system mass down. However, the shields must be stiff enough to

meet the resonance requirements. A possible choice is to use thin aluminum
sheet bonded to aluminum honeycomb.1 We have done an analysis for a

2 m (70 ft3) instrument system. This analysis showed that a 0.13 mm (0.005")
Al sheet bonded to 0.64 cm (0.25") thick Al honeycomb (1.3 cells/cm of 0.033
mm gauge) should have sufficient thermal conductivity and strength. The

density of such a structure is 0.57 Kg/mz.
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COOLED SHIELDS

0 HEAT EXCHANGERS FOR PASSIVE SYSTEMS
0 DIFFICULT TO MODEL
0 LARGE TEMPERATURE DEPENDENCE OF GAS PARAMETERS
0 SPANS DIFFERENT FLOW REGIMES - SONIC AT EXIT
0 MASS OF SHIELDS ARE IMPORTANT IN EITHER PASSIVE OR ACTIVE SYSTEMS
0 USE LIGHTWEIGHT CONSTRUCTION

0 THIN AL SHEET BONDED TO AL HONEYCOMB
0  ~0.6 Ke/M° POSSIBLE

Figure 5

Para~0Ortho Conversion

The heat Joad in passive hydrogen systems can be reduced by using a
catalyst on the shie]ds.g The converter speeds up the conversion of para-
hydrogen to ortho-hydrogen. The equilibrium mixture of para (anti-parallel
proton spins) and ortho (parallel proton spins) is temperature dependent. At
20 K it is >99% para and at 300 K it is 25% para. The para-ortho conversion
is an endothermic reaction that is usually too slow to be of use. However, it
can be speeded up by using appropriate catalysts. The heat of conversion has
a maximum of 400 J/g at 100 K. This compares with the enthalpy of the gas of
900 J/g for a change in temperature from 20 K to 100 K. Thus, the reaction
can be used to supply additional refrigeration to the shields. Conversion
efficiencies of ~100% are possible with commercially available catalysts. For
example, the use of APACHI-1 would require about 100 g of catalyst for each
g/s of hydrogen flow.

One way of using a catalyst would be to increase the performance of a
passive system. This is most effective if the catalyst can be attached to a
shield running near the 100 K peak in the heat of conversion. From the
previous Tables it is seen that the 1 shield and 3 shield cases are jdeal for

this. An analysis of the one shield case is given in the attached Table. A
15% reduction in heat Toad can be achieved.
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PARA-ORTHO CONVERSION

0 TWO FORMS OF H,

PARA-ANTI-PARALLEL PROTON SPINS
ORTHO-PARALLEL PROTON SPINS

AT 300 K - 25% PARA

AT 20 K - >99% PARA

PARA TO ORTHO CONVERSION IS ENDOTHERMIC
PEAK HEAT OF CONVERSION ~400 J/e, ® ~100 K
{ENTHALPY 20 K - 100 K ~300 J/e6)

0 CONVERSION REQUIRES CATALYST

oo OO OO0

0 100% CONVERSION POSSIBLE
0 ~100 6 CATIGH2S.1 FOR APACHI-1

0  IMPROVED PASSIVE SYSTEM

RELATIVE HEAT LoAD

SHIELDS LOCATION TEMPERATURE 2" ToTaL 2% THICKEST
1 .35 106 .29 .19
Figure 6
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ACTIVE COOLING REQUIREMENTS FOR PROPELLANT STORAGE

Gail A. Klein
NASA Jet Propulsion Laboratory

Recent NASA and DOD mission models have ‘indicated future needs for orbital

cryogenic storage and supply systems. Cryogens required will include hydrogen
and oxygen. Tank sizes will vary from 32 ft3 to 1800 ft3 for applications
ranging from Space Station on board propulsion to Space Station Orbital Transfer
Vehicle (0TV) propellant storage. The storage durations may vary from a few
hours for such missions as OTV Low Earth Orbit (LEO) to Geosynchronous Equa-
torial Orbit (GEO) transfer and resupply, to several years for mission such as
Space Station station keeping and space-based laser systems. There is strong
economic incentive for reducing the boiloff losses for long duration missions.
It has been proposed that refrigeration be investigated to reduce the heat

load to the tanks and thereby minimize boiloff.

Two thermal control systems were evaluated in this analysis. These systems
showed the greatest promise for improving storage life and include:
0 An open cycle thermodynamic vent system with:
0o a refrigeration system for partial hydrogen reliquefaction located
at the LHp tank
o refrigeration at the LHp tank - vapor cooled shield for integrated
and non-integrated tank designs to reduce boiloff
0 A closed system with direct refrigeration at the LHy tank vapor-cooled

shield to eliminate boiloff

For storage tank designs utilizing active coolers, careful design of the passive
thermal control system is necessary to achieve the optimal refrigeration system
performance and minimal overall thermal control system mass.
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Individual subsystems must be integrated functionally and structurally to form
an operable propellant reliquefier. The liguefaction equipment in this sche-
matic includes the refrigerators (ex., reversed Brayton), their drive motors,
and large space radiators. Boiloff from the liquid hydrogen and 1iquid oxygen
storage vessels is recycled through the refrigeration equipment where relique-
faction occurs. However, the boiloff reliquefaction process requires refriger-

ator operation at cryogenic temperatures.

OPEN CYCLE-RELIQUEFACTION

RADIATOR
. , TURBINE
VENT
J-1) [C lf::::::::C
COMPRESSOR = ELECTRICAL POWER
-————.H

UNIMPROVED
TANK

- LIQUID HYDROGEN REQUIRES LOW TEMPERATURE
REFRIGERATOR OPERATION

Figure 1

In the present study, a reversed Brayton cycle unit was baselined for the
propellant processor. The Brayton cycle refrigerator was selected over Ster-
ling, Vuilleumier and other cycles because it has the lowest weight and volume
at the higher power refrigeration requirements. It uses gas bearing turbo-
machinery, resulting in high cycle efficiency, long life and high reliability.

Two refrigeration stages are required for hydrogen liquefaction.

A summary of the estimated liquefaction performance capability used for final

processor sizing is shown. Current refrigeration systems could practially
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reliquefy only a percentage of the total boiloff from an OTV propellant storage

depot tank.

Unless modifications are made to the tank design (with addition of refrigerated
or non-refrigerated vapor cooled shields) it would appear that religuefaction
systems may not be as attractive for minimizing propellant boiloff, as alterna-

tive thermal control system designs.

ELECTRIAL POWER REQUIREMENT FOR HYDROGEN

RELIQUEFACTION
100 ’ - TURBO BRAYTON
& i |
3} ,\\3’ REFRIGERATOR

80 /\f\’
’ L %“N_
¢ votE

40 | ED“W

20

RATIO OF RECONDENSED HYDROGEN TO BOILOFF - PERCENT

g 1500 3000 4500

ELECTRICAL POWLR REQUIREMENT - WATTS

Figure 2

The cryogenic storage system, described in the present study, is for aorbital
long~-term storage of subcritical 1liquid cryogens. The system consists of a
pressure vessel containing the saturated liquid cryogen, a structural support
system, multilayer insulation (MLI), and a vapor-cooled shield (VCS) with a

heat exchanger.
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Use of a vapor-cooled shield integrated with a refrigerator permits operation
of the refrigerator at temperatures higher than 20°K, thereby obtaining a

marked improvement in cooler efficiency.

Two thermal control open cycle systems were analyzed. These systems were eval-
uated for their ability to reduce boiloff losses while minimizing their environ-
mental impact. The systems include integrated and independent LOp/LHo thermal

control systems.

OPEN CYCLE - COOLED SHIELD

RaBraToR

ELECTRICAL PowER

- PERMITS REFRIGERATOR OPERATION AT HIGHER
TEMPERARTURE

- TWO APPROACHES
- INTEGRATED LO»-LHp THERMAL CONTROL

- INDEFENDENT 1 Do-LHo THERMAL COHTROL

Figure 3

For a given location, the shield temperature can be optimized to:
o minimize the combination of thermal control system, total propellant

and tankage mass.
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In the accompanying figure, a sorption refrigeration system which has been
coupled to the LHp and LOj propellant tanks is shown and is representative of
an integrated thermal control system qpsign for the LH2/L02 tanks. The vented
Tiquid hydrogen is passed over the surface of the fuel tank where it evaporates
and maintains the tank temperature at 20°K, before entering an intermediate
heat exchanger. Here, the refrigerator working fluid is precooled to 28°K,
thereby increasing the cooler performance. The hydrogen leaving the inter-
mediate heat exchanger would then be routed through the heat exchanger placed
around the oxygen tank, before being yented to space. The amount of boiloff
is governed by a requirement to remove all of the liquid oxygen tank heat

Toad, with no LOp venting.

The table gives a comparison of the thermal control system mass and LHp boiloff
for three thermal control options for a 15700 Kg (7800 ft3) LH, 0TV storage

tank. The amount of boiloff which directly evolves from the LH2 tank, when

OPEN CYCLE-INTEGRATED LO,-LH, TANK THERMAL
CONTROL

VEHT H)

HYBROGEN ROUTED
THOUGH
| WEAT EXCHARGER
SPAC SORPTION
mmmfn Rffg;g::ﬂm
ToTAL THERMAL
CONTROL SYSTEH
COOLING METHOD MASS LH% BOILOFF
Ckad kg hr)
MLI only less than 28 728
SSORPTION COOLER HITH 289K PRECOOLING TUSHUCS 1436.3 214
TUS+ 111.0 29z
REFRIGERATOR
Figure 4
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configured for passive cooling, will serve as a baseline., Using a TVS attached
to a 55°K hydrogen tank shield, all of the excess heat from the LH; and LOp
tank can be removed without the need for any additional refrigeration or oxygen
venting, With this design, the boiloff is reduced to 53 percent of its original
value. Because the system is constrained by the requirement that the boiloff
be large enough to intercept all of the heat leak into the LO2 tank, the
amount of LHp boiloff is not reduced substantially by Tlowering the shield
temperature to 20°% and coupling a refrigerator to it. However, by letting
the tank wall serve as a 20°K vapor cooled shield (VCS), the mass of the VCS
can be eliminated, Thus, the total thermal control system mass is greatly
reduced, In spite of the above efforts to reduce structural weight, the amount
of fluid vented during a long mission can be large. Vent losses can be greatly

reduced by providing an independent LHp tank thermal control system design.

In order to properly design a propellant tank thermal control system, it is
important to assess the impact of various parameters upon the vapor generation
of the cryogenic propellants stored within the tank. The accompanying figure
illustrates the effect of varying from its nominal value the magnitude of a
given parameter (i.e., MLI thickness, environment temperature, strut heat leak,
pipes and penetrations and para/orthos conversion efficiency) upon the calcu-
lated tank heat input relative to the tank's heat input using the parameter's
nominal value. The nominal values represented in this figure were obtained
from data representing the SOA technology as defined by Martin Marietta for an
OMV.* The tank heat inputs appear to be most sensitive to changes from nominal

values in the MLI thickness and environment temperature. Consequently, atten-

%

J. Robinson, Point Design and Technology Assessment, Long Term Cryo Storage

Study, Final Program Review, Sept. 20, 1983,
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tion was focused on the effects of these two parameters in developing a tank

thermal design which minimized boiloff within the system constraints.

LHo TANK PARAMETRIC HEAT INPUT SENSITIVITY

15

8.3

0
0
0
0

NOMINAL UALUE
HLI (S08)

- 50 LAYERS/INCH

- 3 INCHES THICK

SINGLE V(S

STRUT HEAT LEAK INCLUDING MLI
DEGRADATION DUE TO STRUTS = 3.9W
PIPES AND PENETRATIONS = 1.2W
BAY TEMPERATURE = 1979
ELLIPSOIDAL L0y TANK

PARA/ORTHO CONVERSION = .5

8 1

UALUE

NOMINAL UALUE

Figure 5

Mass and energy conservation equations have been applied to the system in order

to minimize the propellant boiloff. The accompanying figure shows the reduction

in boiloff for refrigerated and non-refrigerated tank designs versus the bound-

ary temperature ratio TH/Tg. The optimization study was performed for an

OMV3, LHo tank designed for a ten year mission duration. The boiloff from

this tank, configured for passive cooling (utilizing 2 inches of MLI and no

shield), served as a reference against which the boiloff from improved tank

designs were judged. The curves are represented successively from the top as:
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i) a non-refrigerated single shield tank which is temperature and

position optimized at T = 87°K nd x/t* = 0.44
i1)  a multiple shielded tank (i.e., an infinite number of cooling shields)

iii) a refrigerated single shield tank which is optimized at T = 45% and

x/t = 0.5,

Here, x/t represents the non-dimensional distance from the tank for a given

shield thickness, t. An optimized single shield refrigerated tank design

substantially reduces the boiloff as compared to that generated from single

and multi-shielded nonrefrigerated tank systems.

REDUCTION IN BOILOFF WITH ENVIRONMENTAL
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Figure ©
* x/t represents the non-dimensional distance from the tank wall for a given

insulation thickness, t.
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Material technology advances and vessel design ingenuity can reduce propellant
boiloff and overall system structural weight. In spite of these efforts, the
weight of fluid vented during a long mission can be large. Consequently, =&
comparison of the relative performance of open and closed cycle thermal control
schemes for a typical propulsion vehicle (OMV 3) is presented. It was assumed
that the mass of propellant required at the end of any given mission was held
constant. In addition, the shield temperature and position were optimized as &
function of mission duration,

The launch weight of a tank configured for open cycle passive cooling
utilizing two inches of MLI is shown to exceed the Taunch weight of the closed
cycle system with active cooling at the 20°K tank wall (reference system) for
mission durations greater than 1/2 year. Furthermore, an open cycle thermal

control system with an actively cooled shield is shown to be preferable to the

reference system for missions less than 1.6 years. Beyond this time, tThere

RELATIVE PERFORMANCE COMPARISON OF OPEN
AND CLOSED CYCLE THERMAL CONTROL SCHEMES

FOR SPACE STATION OTU STORAGE TANK

FEFERERCE AASS =

(0] PROPELLAT + TAUK+CLOSED C¥LE REFRICERATION
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Figure 7
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is a substantial mass savings to be gained by employing a closed cycle system
with direct refrigeration at the tank wall. Finally, the use of actively cooled

shields will enhance the overall thermal control system performance.

As an alternative to actively cooled, open cycle systems, a refrigeration
system can be employed that provides direct cooling of both cryogenic tanks.
Figure 1 shows a hybrid LaNip charcoal nitrogen (C/N2) propellant tank
direct cooling refrigeration scheme. Alternative designs could utilize Stir-

ling, Brayton and Veuillemier refrigeration systems.

CLOSED CYCLE THERMAL CONTROL

L0, LHy
TANK TAHK

OXYGEW TANK
REFRIGERATION SYSTER

SPALE

- E

HYBROGEN TANK
REFRIGERATION SYSTER

Figure 8

A preliminary investigation was made of the above refrigeration system design
to determine the overall closed cycle refrigeration system mass. An optimized
shield temperature and location were found which minimized the overall refrig-

eration system mass. For mechanical coolers, the optimized shield temperature
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and position is 94°% and x/t = 0,5.7 By adding a refrigerated shield to an
insulated tank (which utilizes a 20°K cooler to intercept heat at the tank
wall), the overall refrigeration mass was reduced by approximately 55% for the

mechanical coolers,

An assessment of the space station propellant thermal control system mass and
heat loads has been made, corresponding to the minimum and maximum size pro-
pellant tanks which could be maintained on space station. The Turbo Brayton
system was used to represent a typical mechanical refrigeration system, which
was attached to a vapor-cooled shield. The refrigeration system mass included
power supply, energy storage and radiator. The mass of the vapor-cooled shield
was not included in the analysis and the shield weight could become quite sub-

i

stantial, particularly if the mass of the tubing and supports are accounted
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Figure 9
x/t represents the non-dimensional distance from the tank wall for a given

insulation thickness, t.
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for. The shield masses for the onboard propulsion and 0TV tank farm storage

tanks could conservatively reach a maximum of 24.5 kg and 1340 kg, respectively.

Although these refrigeration systems represent a non-trivial mass penalty,
their employment can substantially reduce the mass of accumulated boiloff
expended over the life of a long duration mission. This translates into a

substantial savings in initial wet system mass transportation costs.

SPACE STATION PROPELLANT THERMAL
CONTROL SYSTEM MASS AND HEAT LOADS

System Propellant Voluma Propellant Heat Input Refrigeration
(fts) Masse (Kg) {watts) System Mase
Shielded {Unshielded
(Kg) e (Kg?

On Board Ho 32 61 2.22 40.0 89.9
Propulsion
System
aTv Tank Hp 7800 15,700 116.5 2097.0 4718.0
Farm

[
Assumptions

~ Shield mass not inlcluded
~ Gized for Turbo Brayton System

Figure 10
Increasing the storage life of state of the art, passive vented and non-vented
propellant tanks 1is essential in order to satisfy the requirements of long
duration missions within economic constraints. For a vented propellant storage
tank design, active coolers may be employed for propellant reliquefaction, or
for intercepting heat along a vapor-cooled shield in order to reduce the heat
load to the tank. Reliquefaction systems are shown to not be attractive for
minimizing propellant boiloff in an unshielded tank design. Careful thermal
design 1s necessary to achieve the minimum possible boiloff within the system
constraints. Independent storage tank thermal control, wutilizing actively

refrigerated vapor-cooled shields for vented propellant storage, results in a
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significant reduction in boiloff loss over alternative vented storage tank
system designs. However, open cycle systems may not be economically attractive
for long-term storage. The maximum fluid and vessel weight savings occurs if
the refrigeration capacity is chosen to match the vessel heat leak, thereby
allowing storage without venting. Use of refrigerated shields has been shown
to significantly improve the performance of mechanical coolers in non-vented,
as well as vented, storage tank designs. This type of storage tank, thermal
control system design, results in a significant reduction in refrigeration

system mass.

CONCLUSIONS

RELIQUEFACTION SYSTEMS ARE NOT ATTRACTIVE
FOR MINIMIZING PROPELLANT BOILOFF

OPEN CYCLE SYSTEMS MAY NOT BE ECONOMICALLY
ATTRACTIVE FOR LONG TERM STORAGE

A NUMBER OF REFRIGERATION SYSTEMS ARE
AVAILABLE TO ASSIST IN THE LONG TERM
STORAGE OF CRYOGENIC PROPELLANTS

SHIELDS CAN SIGNIFICANTLY IMPROVE THE
PERFORMANCE OF MECHAMNICAL COOLERS

Figure 11
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PROPELLANT TRANSFER: ATTACHED DEPOT

Ralph N. Eberhardt
Martin Marietta Denver Aerospace

Propellant transfer at an attached depot involves: 1) resupply
tankers (dedicated launch from the ground or scavenging from the
External Tank) to resupply the depot: 2) depot storage and supply
tanks (attached, free-flyer or tethered) from which liquid hydrogen
and liquid oxygen are transferred to fill the space-based OTV; and
3) the space-based OTV which is resupplied with cryogens from the
depot. Liquid storage and supply, thermal control and transfer/resupply
requirements for an attached depot are listed, and technologies defined.
The specific fluid management elements and approaches for an attached
depot are defined. The Cryogenic Fluid Management Facility (CFMF)
Shuttle attached-payload test bed, scheduled for a mid-1988 first launch,
will provide much of the needed technology.
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Three elements are involved in the propellant transfer operation associated with an
attached depot =a resupply tanker, a space station depot and a user system such as a
space-based OTV. The technologies that are involved for each are shown on this chart.
Liquid storage and supply is an element of each one of these systems as is thermal control.
For the resupply tanker the thermal control period is relatively short, on the order of
several days. For the space station depot the thermal control is relatively long, on the
order of several months, perhaps 90 days or 180 days. For the space-based OTV the thermal
control requirement is of intermediate length, perhaps on the order of several weeks. The
space station depot not only must be resupplied by the resupply tanker, but in turn is the
supply source for transferring propellant to the space-based OTV. The space station depot
must be resupplied and also must be a supply source. For the OTV, resupply to initiate the
next mission is accomplished prior to the mission. Fluid transfer is key to the space basing
of OTVs.

ON-ORBIT CRYOGENIC FLUID MANAGEMENT

RESUPPLY TANKER (RT) SPACE STATION DEPOT (SSD) SPACE-BASED 0TV (SB 0TV)
(DEDICATED OR STS (ATTACHED. FREE FLYER OR
SCAVENGING) TETHER) B S . -
® LIQUID STORAGE AND ® LIQUID STORAGE AND 0 LIQUID STORAGE AND
SUPPLY SUPPLY SUPPLY DURING MISSION
® THERMAL CONTROL 0 THERMAL CONTROL @ THERMAL CONTROL
(RELATIVELY SHORT (RELATIVELY LONG (INTERMEDIATE TERM
TERM~ SEVERAL DAYS) TERM~ SEVERAL MONTHS) ~ SEVERAL WEEKS)
0 RESUPPLY/TRANSFER @ RESUPPLY TO INITIATE
CAPABILITY INCORPORATED NEXT MISSION - FLUTD
IN DESIGN TRANSFER CAPABILITY

KEY TO SPACE-BASING

Figure 1
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The functions that make up cryogenic fluid management are liquid storage and supply,
thermal control and fluid transfer and resupply. Liquid storage and supply involves liquid
acquisition devices that acquire the liquid in low-g, and retain it in a position fo be
transferred as single-phase liquid using capillary or fine-mesh screen acquisition devices.
Thermal control can either be passive or active, and fluid transfer involves receilver Canks
as well ag a transfer line.

DEFINITION - IN-SPACE CRYOGENIC FLUID MANAGEMENT (CFM)

& LTQUID STORAGE/SUPPLY (LS/S)

- ACQUISTTION/RETENTION
- SINGLE PHASE LIQUID EXPULSION

¢  THERMAL CONTROL (TC)

- PASSIVE SYSTEMS
- ACTIVE SYSTEMS

§  FLUID TRANSFER/RESUPPLY (FT/R)

- RECETVER TANK
- TRANSFER LINE

Figure 2

This chart lists some of the fluid management requirements for an attached or free-flier
depot. Fluid acquisition devices are designed to feed single-phase liquid down to low
residuals, on the order of several percent of the loaded volume. Relatively high volumetric
flow rates may be required to transfer propellant to an OTV in a several-hour transfer
period. We would like not to have an imposed gravity or settling as part of the transt

o
er

ity Lo
1ty to

The depot must incorporate adequate meteoroid protection. A key technology is the abi
gauge the mass of liquid in the supply and receiver systems so we can determine when it
time to stop the resupply operation. Two particularly important requirements involve
contaminant or particle buildup in the tank over time when we are runaing basically a
filling-station type operation, and the impact that slosh forces generated by liquid moving
within the tank systems may have upon attitude control.

operation because some systems may be limited by having special low-gravity requirvements.
1
i

y
is

The purpose of the thermal control system is to minimize boil-off losses. Some studies
have indicated a 90-day resupply time period is a reasonable operational criterion, in which
case the thermal control system should be designed to provide up to 180 days for a
contingency storage period assuming the resupply launch does not occur as planned., One
attractive thermal countrol approach is to integrate the entire hydrogen—-oxygen system by
using a coupled heat exchanger which allows the boiloff from the hydrogen system to thermaliy
condition the oxygen system to prevent or minimize the boiloff of oxygen.

From a fluid transfer and resupply technology standpoint, the capacility is needed to top
partially full tanks. This is consistent with the concept of making the resupply operation
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somewhat similar to a fiiling station operation, where we would not empty the tanks every
time we were ready to refill, but merely top a tank that had already been filled and
partially used. Mass gaging is again a very key technology when we consider how we are going
to control the operations of transferring fluid from one tank to another, knowing when we
have completed the transfer process. It is important that we minimize rapid venting in the
vicinity of the space station or other payloads. It may be that separate catch tanks are
required for reliquefaction if venting of vapors, in particular non-condensibles, is damaging
to payload elements. Resupply on 90-day intervals has already been discussed. Diagnostics
for efficient operational control and safety will also be a part of any transfer system.

ATTACHED OR FREE-FLYER DEPOT FLUID MANAGEMENT REQUIREMENTS

¢ LIQUID STORAGE AND SUPPLY
- SINGLE-PHASE LIQUID FEED TO LOW RESIDUALS (~ 2 PERCENT)
- RELATIVELY HIGH VOLUMETRIC FLOW RATES
(FILL OTV IN SEVERAL HOUR TRANSFER OPERATION)
- NO IMPOSED GRAVITY/SETTLING REQUIREMENTS
- INCORPORATE APTQUATE METECROID PROTECTION
- GAUGE MASS TO DETERMINE TIME FOR RESUPPLY
- DESIGNED FOR ADEQUATE SUPPLY PRESSURE TO TRANSFER FLUID
- MINIMIZE CONTAMINANT AND PARTICI T BUILD-UP IN TANK OVER TIME
- MINIMIZE SLOSH AND ITS IMPACT ON SPACE STATION ATTITUDE CONTROL

®  THERMAL CONTROL
- PROVIDE 180 DAYS OF STORAGE, MAINTAINING DESIRED SATURATED CONDITIONS
(QUALITY OF LIQUID WITH TIMED
- MINIMIZE BOILOFF LOSSES
- INTEGRATE THERMAL CONTROL OF ENTIRE HYDROGEN/OXYGEN SYSTEM (COUPLED HEAT
EXCHANGER APPROACH)

® FLUID TRANSFER/RESUPPLY

- PROVIDE CAPABILITY TO TOP PARTIALLY FULL TANKS

- GAUGE MASS/METER MASS FLOW TO CONTROL OPERATIONS

- MINIMIZE NEED FOR RAPID VENTING INTO SPACE OF SIGNIFICANT QUANTITIES OF
VAPOR (INCLUDING NON-CONDENSIBLES). MAY REQUIRE SEPARATE ‘CATCH TANKS' OR
RELTQUEFACTION,

- RESUPPLY ON 90-DAY INTERVALS

- INCORPORATE DIAGNOSTICS FOR LEAK DETECTION, OPERATIONAL CONTROLS. ETC.

Figure 3

This chart shows a depot concept with a coupled tank thermodynamic vent system. In this
concept we refrigerate at the liquid hydrogen tank vapor-cooled shield. Circulators and a
radiator panel are included as part of the heat rejection system. Hydrogen is fed as
single-phase fluid from the total communication acquisition device, through an expander where
it becomes two-phase fluid, and into & thermodynamic vent heat exchanger. The heat exchanger
is attached to the vapor-cooled shield. Once the fluid reaches the end of the heat exchanger
on the vapor-cooled shield, it is routed to a heat exchanger that could either be on the
ligquid oxygen supply tank or on the shield around the tank. The hydrogen is then vented
overboard or reliquified. By coupling the heat exchanger of the hydrogen tank to the oxygen
tank we can minimize or prevent the boiloff of oxygen.
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DEPOT CONCEPT-COUPLED TANK WITH REFRIGERATION AT LH, TANK VCS
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Figure 4

tanker, the space station depot and the space~based 0TV was performed. This chart shows
various categories that were considered and a description of the prioritization criterien
each, Category ome includes technologies that must be addressed as an enabling rechnology
Category two contains technology items which must be addressed for efficient design, such
minimizing weight, minimizing losses of fluid such as boiloff losses, or maximizing
performance. Category three includes technologies which provide an intermediate performance
gain. Categories four and five represent technology categories which can either be desig
around with minimum impact or are not required for the application.

A prioritization of the cryogenic fluid management technologies relative to the resupp!

s
P

REQUIREMENTS PRIGRITIZATION CATEGORIES

CATEGORY DESCRIPTION
1 TTEM MUST BE ADDRESSED - ENABIING TFCHNOLOGY
2 TECHNOLOGY MUST BE ADDRESSED FOR EFFICIENT DESIGN
(MIN WEIGHT, MIN LOSSES, MAX PERFORMANCE, FT7.)
3 TECHNOLOGY WHICH PROVIDES INTFRMEDIATE PFRFORMANCE
GAINS

i TECHNOLOGY REQUIREMENTS THAT CAN BF DESIGNFD
ARGUND WITH MINIMHUM ADVERSE IMPACT

5 TECHNOLOGY NOT REQUIRED FOR APPLICATION

Figure 5
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The ligquid storage and supply technology priority assessment is shown for the resupply
tanker, the space station depot, and the space-based OTV. For fluid management systems
direct outflow with settling for the space-based OTV is an enabling technology. A total
communicatrion device which allows contact of the liquid in all locations of the tank is an
enabling technology for the space station depot because settling would be disruptive to the
stabilization of the space station. Autogenous pressurization is an enabling technology for
the depot because the interjection of a non-condensible pressurant, such as helium, to assist
in transferring the cryogen from the space station to user tanks, is disruptive to
resupplying the depot as a partially full tank. The filling of a partially full tank is
discussed in more detail on a later chart that addresses the transfer/resupply priority
assessment. Mass gaging and instrumentation are key technologies for the resupply tanker and
the depot because of the control required for the transfer process.

LTQUID STORAGE/SUPPLY TECHNOLOGY REQUIREMENTS PRIORITY ASSESSMENT

APPLICATIONS
RT SS DEPOT SB_OTV
¢ FLUID MANAGEMENT SYSTEMS
ACQUISITION/EXPULSION SYSTEMS
DIRECT OUTFLOW WITH SETTLING 5 5 1
TOTAL COMMUNICATION DEVICE 2 1 5
PARTIAL COMMUNICATION DEVICE 5
PRESSURIZATION SYSTEMS
AMBIENT HEL TUM 2 2 2
CRYO-COOLED HELIUM 2 2 2
AUTOGENOYUS 3 1 3
SLOSH CONTROL SYSTEMS 4 2 3
§  ADDITIONAL TECHNOLOGY ISSUES
START TRANSIENTS 4 4 3
OUTAGE/PULLTHROUGH 3 3 3
MASS GAGING/INSTRUMENTATION 1 1 2
NON-CONVENTIONAL TANKAGE 3 5 2

Figure 6
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A total communication acquisirion device is shown schematically in this chart. Fine-mesh
screen channels form the total communication device, allowing communication with all regions
of the tank. In low-g the liquid tends to fill in between the tank wall and the channel, and
therefore allows expulsion to a very small residual. Channel devices similar to this have

been considered for applications to tanks as large as l4~foot in diameter. Even with the low
surface tension of liquid hydrogen good expulsion efficiencies are obtainable.

TOTr COMMUNICATION LIQUID ACQUISITION DEVICE
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Figure 7

The technology priority assessment for thermal contrel is shown here.
ranker, thermal protection systems that will allow efficient ground operation and lightwe
tankage for launch operations would include purged MLI and foam underneath the purged MLI
The foam underneath the purged MLI allows gaseous nitrogen rather than gaseous helium to
used as the purge gas and this decreases the heat flux by about a factor of six while the
tanks are loaded and still on the ground. Internal and external heat exchangers as part of
thermodynamic vent systems are key technologies in terms of effective thermal control and
minimizing boiloff losses.

F e

o

Cne important issue

Some additional thermal control technology issues are listed here.
ig the degradation that may occur over time with the insulation system.
designed to a prescribed requirement and if that insulation degrades significantly over
severe thermal performance impacts will result.. It is important to pay attention to
contamination, meteoroid impacts, atomic oxygen degradation on the insulation performance.
Thermal conditioning of the outflow is also important to preserving the quality or condition
of the fluid that is being transferred from the resupply tanker into the depor or from the

depot into the space-based OTV.

I

Insulation can
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THERMAL CONTROL TECHNOLOGY REGUIREMENTS PRIORITY ASSESSMENT
APPLICATIONS

RT S8 DEPOT 5B 0TV
¢  THERMAL PROTECTION SYSTEMS
VACUUM JACKET/INSULATION (DEWAR? 4 3 5
PURGED - MLI 1 3 3
FOAM - ML1 1 3 5
&  THERMAL MANAGEMENT SYSTEMS
THERMODYNAMIC VENT SYSTEMS
- INTERNAL HEAT EXCHANGER 3 1 1
- EXTERNAL HEAT EXCHANGER 3 1 1
(INCLUDING VAPOR-COOLED SHIELD)
- COUPLED HEAT EXCHANGER 3 3 2
(VENT FREE STORAGE)
= PARA-TO-ORTHO CONVERSION 3 2 Y,
DIRECT TANK VENTING WITJ SETTLING 5 5 2
REFRIGERATION SYSTEMS 5 3 2
® ADDITIONAL TECHNOLOGY ISSUES
INSULATION REUSABILITY (NON-DEWAR) 1 y 2
INSULATION DEGRADATION (WITH TIME) 5 1 1
SUPPORTS/LINES/PENETRATION HEAT LEAKS 2 2 2
THERMAL ACOUSTIC OSCILLATIONS 3 2 2
CONVECTION CONTROL Y4 2 2
THERMAL CONDITIONING OUTFLOW 1 3 1

Figure 8

This chart illustrates schematically the tanker concept with a total communication liquid
acquisition device in the supply tank, and a depot which would also contain a total screen
acquisition device. For the depot we have shown the hydrogen autogenous pressurant system
which would be preferred comnsidering the topping of a partially full tank by a resupply
tanker. We would then preclude the problem of having to vent noncondensibles to precondition
the tank and Jower the pressure to allow the transfer process to occur. The resupply tanker
could use a helium pressurant system to expel liquid in the tanks since 1t will be taken back
to the ground, expelled and reconditioned for filling for the next resupply operation.

FLUID TRANSFER/RESUPPLY - TANKER TO DEPOT

vENT - CONTROL
SYSTEM

SCREEN  ——
ACQUISETTON
DEVICE

ACOUTSTITIUN
DEVICE

_________ i

M‘» 1.INE
rHTI DN
VENT
Figure 9 TARKER HvNuh&';‘X Ll e
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This chart depicts the depot and the space-based OTV,

Again, the depot has a spheric:i

tank with a total communication device and a gaseous hydrogen autogenous pressurant system.
The space-based OTV would likely be non-spherical tank similar to the cylindrical tank shown,

possibly having a start basket or partial acquisition device for fluid management.

Elements

of the system would again consist of mass gages and mass metering devices to allow us to

control

the operation and status when we had filled the system.

The space~based 0TV would

likely have some kind of chill and fiil system that would allow chilldown of the initially

dry and empty tank prior to the filling of the tank.
accomplished by what's called a no-vent fill operation.

FLUTH TRANSFER/RESUPPLY - DEPOT 10 SPACE-BASED 0TV

The filling of the tanl would likely
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This chart shows fluid transfer/resupply technology requirements. If we have initially
empty tanks, as we might have with a space-based OTV, then we would have to go through a
chilldown prior to accomplishing a no-vent fill. For the space station depot we would likely
be topping a partially full tank. No-vent fill is a preferred resupply technology and
venting of noncondensibles is undesirable. Transfer line chilldown and quick disconnects
represent technologies that are enabling for this kind of operation. As can be seen from
this chart compared to the charts for liquid storage and supply and thermal control, there is
much more enabling technology that is required.

The mass gaging and quality metering technology issues associated with fluid transfer and
resupply are again identified as enabling. Long-term effects are important, but the storage
periocds for the space-~based operations have not been clearly defined and the repeated cycling
derermination aspects have not been delineated. These could become enabling based on the
particular operational scenarios proposed and implemented.

FLUID TRANSFER/RESUPPLY TECHNOLOGY REQUIREMENTS PRIORITY ASSESSMENT

APPLICATIONS
RT SS_DEPCT SB 0Ty
¢ RECFIVER TANK
EMPTY 1
CHILLDOWN 1
ACQUISITION DEVICE FILL 1
VAPOR COLLAPSE 1
PURGE, NON-CONDENSIBLES 2
NO-VENT FILL 1
PARTIALLY FULL 1
VENTING NON-CONDENSIBLES 2
NO-VENT FILL 1
VENTED FILL 2
@ TRANSFER LINE
CHILLDOWN 1
QUICK DISCONNI CT 1 1 1
& ADDITIONAL TECHNOLOGY ISSUES
MASS GAGING 1 1 1
MASS/QUALITY METERING 1 1 7 1
PUMP VS. PRESSURIZED TRANSFER 2 2 2
LONG TERM EFFECTS
REPEATED CYCLING DEGRADATION 3 3 3
CONTAMINATION 2 2 2

Figure 11

This chart summarizes the fluid management technology requirements based upon the
previous prioritization assessment. The last item addresses an issue of scavenging
propellant from the Shuttle External Tank (ET) following boost. Since topping a nearly full
depot tank with propellant scavenged from the ET at different saturation conditious may be
difficult, it may be required to handle scavenged propellants in separate tanks.
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ATTACHED OR FREE-FLYER DEPOT FLUID MANAGEMENT TECHNOLOGIES

o  TOTAL COMMUNICATION LIQUID ACQUISITION DEVICE
&  AUTOGENQUS PRESSURIZATION

¢  INTERNAL AND COUPLED THERMODYNAMIC VENTS FOR THERMAL (PRESSURE) CONTROL AND
PROPELLANT CONDITIONING

®  THERMAL CONTROL SYSTEM PROTECTION FROM ENVIRONMENT (CONTAMINATION, ATOMIC
OXYGEN, ETC) TO PREVENT DEGRADATION WITH TIME

®  MASS GAUGING, INSTRUMENTATION, CONTROL SYSTEM AND DIAGNOSTICS

® MUST BE CAPABLE OF BEING RESUPPLIED AS A PARTIALLY FULL TANK AS WELL AS A DRY,
WARM TANK

@  DIFFERENT SIZE TANKS MAY BE REQUIRED TO HANDLE SCAVENGED PROPELLANT SINCE
TOPPING NEARLY FULL DEPOT TANKS WITH PROPELLANT AT A DIFFERENT SATURATION
CONDITION MAY BE DIFFICULT.

Figure 12

4 Cryogenic Fluid Management Facility (CFMF) has been planned to obtain much of the data
that has been discussed for attached depot operations. The purpose of the facility is to
carry a reusable test bed into space attached to the Orbiter to obtain basic data on
cryogenic fluid management. The facility uses liquid hydrogen as the test fluid and is
designed for seven Shuttle flights. The detailed design of the facility is nearly complete,
and mission planning is now proceeding for three flights. The facility will provide data to
allow low-g verification of fluid and thermal models that encompass methods of integrating
pressure controlyliquid acquisition device and liquid transfer concepts. The experimen
data will provide rhe data base for design criteria applicable to subcritical cryogenic
systems in space and will provide the technology required to efficiently and effectively
manage those cryogens.

CRYOGENIC FLUTD MANAGEMENT FACILITY CCFMF)

DESIGN, FABRICATE. AND CARRY INTO SPACE A REUSABLE TEST BED WHICH WILL BE
UTILIZED TO PROVIDE THE TECHNOLOGY REQUIRED TO EFFICIENTLY AND EFFECTIVELY
MANAGE CRYOGENS IN SPACE

- LIQUID HYDROGEN TEST FLU!D

- DESIGNED FOR SEVEN SHUTTLE FLIGHTS
CURRENT MISSION PLANNING FOR THREE FLIGHTS

- 1.0W-G VERIFICATION OF FLUID AND THERMAL MODELS - METHODS OF INTEGRATING
PRESSURE CONTROL, LIQUID ACQUISITION AND LIQUID TRANSFER CONCEPTS,

- ESTABLISHMENT OF DESIGN CRITERIA FOR SUBCRITICAL CRYOGENIC SYSTEMS 1N SPACE

Figure 13
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The Cryogenic Fluid Management Facility will provide enabling technology for the space
station cryogenic fluid elements, and associated cryogenic users such as the space-based
0TV, The emphasis of the facility is on liquid acquisition devices and thermodynamic vent
systems and how they can be integrated together for effective storage and thermal control,
and on liquid transfer and resupply operations. The seven-day Shuttle operation with an
attached payload does not permit thorough testing of long-term storage effects. Current
planning is for three missions with the first launch about mid-1988, and subsequent launches
on six to nine month intervals.

CFMF APPLICABILITY TO CRYO FLUID MANAGEMENT TECHNOLOGY NEEDS

8 CRYOGENIC FLUID MANAGEMENT FACILITY WILL PROVIDE ENABLING TECHNOLOGY FOR
SPACE STATION CRYO FLUID ELEMENTS AND ASSOCIATED CRYO USERS SUCH AS THE
0TV,

o EMPHASIS IS ON LIQUID ACQUISITION DEVICES, THERMODYNAMIC VENT SYSTEMS, AND
LIQUID TRANSFER/RESUPPLY

o MAXIMUM SEVEN DAY SHUTTLE FLIGHT DOES NOT PERMIT THOROUGH TESTING OF LONG
TERM STORAGE CONCEPTS.

8 CURRENT PLANNING IS FOR THREE MISSIONS: FIRST LAUNCH ABOUT MID-1988

Figure 14
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"' N85-1700¢
PROPELLANT TRANSFER - TETHERED DBEPOT

K. Krolil
NA&SA Johnson Space Center

Spacebasing of orbital transfer vehicles at a space station will reguire
a depot that will safely and efficiently store and transfer the resupply
propellants. 1In order to transfer propeliants, a method to effectively
acquire only Tiquid and vent only gas must exist. Unfortunately, the current
methods of transferring propellant, under the zero 'G' condition of random
Tiguid orientation, have several weaknesses. A method that produces a Jow
gravity to settle propellants would bypass these weaknesses, while allowing
ground-1ike operations. This low gravity can be passively produced using
gravity gradient techniques. A satellite with a large length to diameter
ratio, such as a depot attached to a space station with a tether, will
stabilize along an earth radial because of an outward acceleration
propoertional to the distance from the satellite's center of gravity. Analysis
indicates that liquid can be settled with relatively short tether lengths.
However, longer tether lengths may be required to prevent excessive residuals
due to suction dip, to allow transfer using gravity feed, and to allow slosh
control.

Currently the tethered refueling depot concept is being studied by Martin
Marietta Aerospace under contract to NASA, Johnson Space Center. The
objectives of this contract are to determine the feasibility, design
requirements, and operational Timitations of a tethered refueling depot with
special emphasis on slosh control.

The purpose of this presentation is to introduce the tethered refueling
depot concept to the orbital transfer vehicle community. This should allow
the concept's effects on propellant resupply, space station, and orbital
transfer vehicle to be given some consideration during preliminary design.
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DEPOT COMPARISON

SPACE STATION

TETHER
RANDOM DEPOT
FLUID SUPPLY SETTLED
ORIENTATION TANK FLUID
SCREENS
TANK INTERNAL HARDWARE
FOR FLUID TRANSFER
SPRAYBARS
{ZaN
~N G
NO <&
VENT ~ o1V WHIL
el P RECEIVER WHILE
i< AR FILLING
A
ZERO GRAVITY DEPOT TETHERED DEPOT
Figure 1

A zero gravity depot is attached directly to the space station.
Becausze of the random orientation of fluid phazes this depot neesds
hardware internal to the tanks for acquiring liquid from the
supply tank and filling the receiver tank without venting. The
tethered depot i¢ connected by a tether to the space station.
Because of the settled condition of the fluid, the tethered depot
can acquire liquid from the supply tank and vent gas during fill
of the receiver tank without internal hardware. The supply and
receiver tank ullages can be interconnected to equalize the
pressure in both tanks or autogenocusly pressurize the receiver
tank, which will also reduce the venting of propellant intoe space.
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CURRENT TECHNIQUES TO SEPARATE
FLUID PHASES ON-ORBIT

@ TYPES
@ PHYSICAL BARRIERS (BLADDERS AND DIAPHRAGMS)
® SURFACE TENSION DEVICES (VANES AND SCREENS)
® ACTIVE PROPELLANT SETTLING (PROPULSIVE AND ROTATIONAL)

® PROBLEMS

COMPLEX HARDWARE

SUBJECT TO FATIGUE WITH REUSE

COMPATIBILITY PROBLEMS WITH PROPELLANT

SENSITIVE TO GAS FORMATION WITH CRYOGENS

COMPLEX VENTING AND VAPOR COLLAPSE TECHNIQUES

ACTIVE SETTLING INCOMPATIBLE WITH SPACE STATION CONTROL

® BASIC PROBLEM: RANDOM ORIENTATION OF LIQWID
IN ON-ORBIT ‘ZERO-GRAVITY' ENVIRONMENT

3 & ® ® o

S

Figure 2

Currently twoe tupes of techniques, pa ve and active, are used to
ceparate fluid phases on—orbit. Fazsive techniques include
proveical barrviers, such ss bladdere a diaphragms, and surf:
tencion devices, such ss vanes and screens., Thece devices are
internal to the propellant tanks which can present problems fov
long term veusability on & space station depot. They are complex
to design, fabricate, and installs subject to fatique with rvreuse;
gnd difficult to repaiv and replace. Hardware material selection
wWwill be limited because of incompatibility with oxidizers and
crvogens, Hardware will incresse sensitivity to gas formaticn in
cryogens which will increase the problem of separating the fluid
phases., Surface tension dewices are meant to insure that liguid is
acquired, but they can’t insure the gss position for venting:
therefore, complex venting and vapor collapse techniques are
regquired. Alternatively, active propellant settling, propulsive
thrusting oy rotation of =5 vehicle with offset propellant tanks,
can force the denser ligquid in the divection of the acceleration.
fictive propellant settling e incompatible with the space station
requirement for control of attitude and orbitsl position.

i
£
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ARTIFICIAL GRAVITY AT TETHERED SATELLITES
BODY
FORCE
@ BODY FORCES CANCEL AT CENTER COMPONENTS
OF GRAVITY (C.G.) BODY
® “ZERO GRAVITY” FORCE
TENSION _|CENTRIFUGAL
® NET BODY FORCE OFF THE C.G. GRAVITY
@ GRAVITY FORCE INCREASES
TOWARD EARTH
® CENTRIFUGAL FORCE INCREASES AWAY c.G _|CENTRIFUGAL
FROM EARTH ’ 6? GRAVITY
® CENTRIFUGAL AND GRAVITY FORCES
IN OPPOSITE DIRECTION
® BODY FORCE POINTS _| CENTRIFUGAL
AWAY FROM C.G. TENSION GRAVITY
BODY
® TENSION IN STRUCTURE REACTS FORCE
AGAINST BODY FORCE
o “ARTIFICIAL GRAVITY”
£

Figure 3

The cancelling of the centrifugal and gravity body faorces for a
tethered satellite in a circular orbit, "zero gravity®", occurs
only at the center of gravity. The gravity force ie stronger
toward the earth, while the centrifugal force 1 stronger sway
from the earth. The net body force, when not at the center of
gqravity, peints away from the satellite’s center of gravity along
an earth radial te be reacted against by tension in the depat
srvucture and tether resulting in "artificial gravity”. This
artificial gravity will stabilize & large length to width object,
such as 3 tethered satellite, pointing at the earvth. This
stsbilization is called "gravity gradient stabilization”.
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ARTIFICIAL GRAVITY FOR STATIC TETHER
ARTIFICIAL GRAVITY AT TETHER END
A 3* TL *Rg**2

Go  K* Rg**3

© APPARENT ACCELERATION

A= C-G
© CENTRIFUGAL ACCELERATION e VELOCITY OF ANY POINT
C = V*2/R ON TETHER
V = Ve*R/Re
® GRAVITATIONAL ACCELERATION ® SATELLITE VELOCITY
G = Gg (Ro/R)*"™2 Ve = V Ge*Re
SUBSCRIPTS PARAMETERS
O = EARTH'S SURFACE R = RADIUS FROM EARTH'S CENTER
¢ = SATELLITE CENTER TL = TETHER LENGTH FROM C.G.
OF GRAVITY K = 6076 FT/NM
Figure 4

The apparvrent accelevation that a peoint in orbit sees iz thes
differvance betwesn the centrifugal scceleration, which isg &
function of velecity and vadius from the earth’s center, and the
aravitationsl accelevstion, which is 3 function of the distancs
fram the earth’s center. For a static tether, the velccity for any
point on the tether can be found as =z function of its distsnce
from the earth’s center,which can be related to the tether length
from the satellite’ s center of gravity which 1 3 known distance
from the eavth’s center. The avtificial gravity, the ratioc of
apparent acceleraticn to the earth’s surface gravity, 1s found to
be & divect function of the tether length,
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TETHER LENGTH VS. ARTIFICIAL GRAVITY

108 —
— 100 NM
10°
— 10 NM
TETHER 104 —
LENGTH — 1 NM
FROM — .5 NM
C.G
(FT) 103 —
"ﬂ -
10
10-6 10-5 104 10-3 10-2 1071
(A/Go)
Figure 5

For a static ue£§ical tether the artificial gravity is 7.06*10-4
asnm or 1.1exl0 a97ft of tether length from the satellite center
of grawvity.

A7 Go TL

1078 8.6 ft
1073 86 ft
10, a6l frt
0 7 1.4 nm
ID_I 14 nm
1@ 140 nm
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CRITERIA FOR FLUID SETTLING

® DESCRIPTION OF FLUID SETTLING PARAMETER

ACCELERATION FORCE p*AFD* 2

BOND NUMBER (Be) = sRFACE TENSION FORCE =~ 4°Gg'o

= FLUID DENSITY (LBM/FT**3)
= ACCELERATION (FT/SEC**2)
EFFECTIVE TANK DIAMETER (FT)
Ge = 32.174 LBM *FT/LBF/SEC*2
o = SURFACE TENSION (LBF/FT)

® BOND NUMBER CRITERIA

Bo < 1 SURFACE TENSION DOMINATES ACCELERATION,
THEREFORE NO FLUID SETTLING

1 < Bo < 10 TRANSITION ZONE

O P>
1

I}

Bo > 10 ACCELERATION DOMINATES SURFACE TENSION,
THEREFORE FLUID SETTLES
Bo = 50 ALLOWS RELATIVELY FLAT FLUID PHASE INTERFACE

(CHOSEN AS MINIMUM BOND NUMBER FOR ANALYSIS)

Figure 6

Fluid settling is the basic veguirment on 3 tethered depot to
position liquid cver the outlet s¢ only liquid will be transfered
and only gas vented. The fluid settling parameter is the Bond
number which is the ratio of the acceleration force to the surfacse
tension feorce. The Bond number is primavily a function of the
fluid properties, the effective tank diameter, and the
gocelerstion, The Bond number can be used to divide the fluid
behavior into & number of zonmes with a value greater than ten
reguired to settle fluid. A value of fifty was chosen as the
minimum for analyeis for conservatiem while allowing a relatively
flat interface.
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MINIMUM TETHER LENGTH
FOR PROPELLANT SETTLING

5x107%
8o = 50
— 5000
axi0-4 4000
— 3000 pg 5.8
14
3x10-4 —| TETHER 77\
- 2500 TANK
DIAMETER
{(B/Gg) LENGTH (FT)
~ 2000
2x10~% — (F7)
— 1500
1x10-4 - 1000
— 500
0 PZZZA W/,l i A
OXYGEN HYDROGEN  NTO MMH  HYDRAZINE
p (LMB/FT**3) 70 4.3 90 55 63
o (LBF/FT) 8.1x107%  1.1x1074 1.8x10~3  23x10-3  4.6x10-3
Figure 7

The tether length reqguired for fluid settling is affected by fluid
propervties and effective tank diameter. Longer tethers are
requived for having higher surface tension or smaller liguid
denzity,., Decreasing the effective tank diameter aleo rveguivres 3
longer tether. This is a considerstion when looking at baffles for
clocgh control because because they can change the effective tank
diameter. With no baffles the cryogenice would require 230 feet of
tether length with 14 foot diameter tanks, the bipropellant
storvables would require 2180 feet with 5.8 foot tanks, and
hydrazine would require 3750 feet with 5.8 foot tanks to csettle
propellant.
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PROPELLANT SLOSHING

® ISSUE
® SLOSHING SHOULD NOT INTERRUPT FLUID TRANSFER
— DO NOT UNCOVER SUPPLY TANK OUTLET
— DO NOT COVER RECEIVER TANK VENT

® POTENTIAL SOLUTIONS

e INCREASE ACCELERATION LEVEL TO REDUCE SLOSH
HEIGHT

® INTERNALLY DAMP SLOSHING WITH BAFFLES

— DECREASE IN EFFECTIVE DIAMETER WILL INCREASE
REQUIRED ACCELERATION FOR SETTLING

@ EXTERNALLY DAMP SLOSHING
— MAY NOT BE EFFICIENT

® SLOSHING WILL BE STUDIED BY MARTIN MARIETTA UNDER
CONTRACT TO NASA, JOHNSON SPACE CENTER

Figure 8

Even though & liquid will eventually settle it can still =sloszh
when disturbed, changing the position of the liguid relative to
the tank ocutlet and vent. This slocghing should not cause the fluid
transfer to be interrupted by uncovering the the supply tank
cutlet or covering the receiver tank vent. Sloshing can be reduced
by increasing the acceleration to limit the slosh height,
internally dampening the sloshing with baffles, or externally
dampening the sloshing with devices such as reaction wheels,
dashpots, etc. Baffles may have 3 problem because they can reduce
the effective diameter of the tank, thus requiring greater tether
length to incsure settled propellant. The external dampening
metheds may not be efficient. This problem will be further studied
by Martin Marietta under contract to NASS, Johnson Space Center.
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RESIDUAL DUE TO SUCTION DIP

@ RESIDUAL IS REMAINING LIQUID WHEN

SUCTION DIP REACHES OUTLET DRAINING TANK
® SUCTION DIP HEIGHT (H)
H=.51*DL || — Dy —
Dy A*Dy
V = FLUID VELOCITY IN LINE

it

A = APPARENT ACCELERATION
DL = LINE DIAMETER
Dt = TANK DIAMETER

© PRIMARY VARIABLE AFFECTING RESIDUALS
RESIDUALS

® MASS FLOW
o LINE DIAMETER
» ACCELERATION LEVEL

Figure 9

“ problem that a tethered depot does have that 2 zero gravity
depot does not have is preventing the wapor from dipping into the
outlet due to suction from propellant cutflow. This is called
"euction dip". For the tethered tank, cutflow must be stopped when
vapor reaches the ocutlet, which can result in substantial residual
propelliant in the tank. The suction dip is primarily a function of
mass flow, line diameter, and the acceleration level; thevefore,
if the steady cstate mase flowrate during a transfer is decreased
te veduce residuale longer transfer times will result. Special
outlet provicions such as cutlet contouring and screens can limit
the affect of the suction dip. Howewver, 1f no special ocutlet
provisions are used, warving the flowrate, increasing line
diameter, and increasing the acceleration levels will be required
to minimize transfer times and residusls.
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TRANSFER
TIME
(HR)

TRANSFER TIME FOR 10% RESIDUALS

ZS'T

20 —

15

10

OXYGEN (42.853 LBS) CONSTANT

FLOWRATE

Dy =4IN

TRANSFER
———— TIME
(HR)

14 FT. DIA. TANK
Dy = LINE DIAMETER

- ~—
d===ramrn~;:::;2
! ] | !
105 10-4 10-3 1072
(A/Gg)
Figure 10

Each plotted point ics transfer time assuming a constant flowrmte
during the transfery; therefore, along the lings of constant
diameter showun, the mass flourate varies continuously. The
evception is the twe flowrate czse chown whers high initisl
flowrarte was assumed until the zuction dip from that flowrate
reaches the cutlet. A step change te 3 lower flowrate was then
assumed to ocour. Aleng this line the flowrate alsc varies in a
continuaeus manner. Assuming & tank with hemizpherical ends, no
special outlet provisions, and a gassliquid interface near the
wall that has a curvature corresponding to the local bond number.,
oxygen has langer transfer times than huydrogen for 10% residuals.
Largey propellant line diameters reduce the trancsfer time by
increasing the mass flow that will create a given suction dip
fieight. A& line diameter of two inches a3z currently used in the
Centaur would probably be unacceptable due to the long transfer
times or high accelevstion requirements. & four inch line diamster
woeuld appear te be acceptakle at about an 8 hours transfer time
with an accelevation of 10%%-4 g; furthermore, if 2 two step flow

ie

uysed toe limit the flaw near the end, the transfer
reduced to 2 hours, Therefore, a reasconshle accelerstion level can

time 1s

be used for reasonable residuals.
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GRAVITY FEED

® GRAVITY FEED USES HYDROSTATIC HEAD FROM ARTIFICIAL GRAVITY
TO COUNTERACT PRESSURE DROP IN FEEDLINE

® FLOWRATE IS DETERMINED BY BALANCE BETWEEN HYDROSTATIC
HEAD AND PHRESSURE DROPS

@ HYDROSTATIC HEAD SCURCES
@ WERTICAL LINES
¢ PROPELLANT IN TANK

@ PRESSURE DROP SOURCES
# LINE FRICTION
o COMPONENT LOSSES
¢ IMLET/OUTLET AND ELBOW LOSSES

@& COMPLETE ANALYSIS NEEDS DETAILED FLUID SYSTEM CONFIGURATION

® SIMPLE ANALYSIS LOOKS AT ONLY FLOWRATE FOR VERTICAL PIPE SECTION
e HYDROSTATIC PRESSURE HEAD FROM VERTICAL LINE ONLY
e PRESSURE DROP FROM VERTICAL LINE FRICTION ONLY
o INDEPENDENT OF LIME LENGTH

Figure 11

& tethered depot can possibly use gravity feed as 3 passive fluid
transfer technigue. Gravity feed uses hydrostatic head to provide
the driving force to counteract the pressure drop associated with
2 certain mase flow. The hydrostatic head is determined by the
vertical separation between the qgassliquid interfaces of the
supply and receiver tank and the density of the liquid. The
préessure drop resulte from line friction, companent losses, and
changes in the direction of the flow., & complete analveis would
require a detailed fluid system configuration. Howewer, an idea of
the minimum requirement for tether length can be determined bw
looking at & simple case wheve 2ll the pressure drop 12 in
vertical lines.
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GRAVITY FEED
FOR VERTICAL PIPE SECTION

WITH CONSTANT FLOWRATE

HYDROGEN (6429 LBS)

25 7] DL = 4 IN. DL = 2 IN.
DL = LINE DIAMETER
20
DL = & IN.
15 —
TRANSFER
TIME
(HRS)
10
5 o
0 — | 1 T !
10-5 10-4 10-3 10-2
(A/Go)
Figure 12

Fach plotted point is transfer time assuming
during the transfer:; therefore, flowrate var
each line of constant diameter. Hudrosgen is the limiting
propellant for determining gravity feed transfer time becauce of
1tz low density. If 8 hours is assumed to be the maximum
acceptable transfer time, the tether length with a line diameter
of four inches would be about one half @ nauticasl mile. This
cimple analvesis would say that gravity feed can be uvsed with a
veasonable tether length; however, because of the low denzite of
Frpdrogen and relatively low acceleration levelse a tether can
produce, 3 tether will require much more tether length te produce

a constant flowrste
iez o

=,

ontinuously slong

an increased hydrostatic head to compensate for 3 larger vezlistic

preszure drops. This may cause transfer time to become excessive,
al though this still mav be acceptable if gravity feed iz used as
bhackup mode of cperation.
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OTHER DEPOT RBEQUIRERMENTS

& DEPCOT SHOULD PROVIDE HAZARD CLEARANCE FROM
EXPLOSIONS AND CONTAMINATION

© BOTTOM END MASS SHOULD NOT DEORBIT WITH TETHER
BREAKAGE

© OPERATIONS BETWEEN THE END MASSES SHOULD NOT BE
EXCESSIVELY DIFFICULT

©@ DEPOT SHOULD NOT ADVERSELY AFFECT TETHER
DYNAMICS

® SPACE STATION MAY REQUIRE ZERO GRAVITY FOR
MICROGRAVITY LABORATORY

Figure 13
Beszides fluid transfer the tethered depcoct has 5 number of other
vequirements. The depot should provide hazard clesrance from cther
zpace station hardware to prevent catastrophic or long term damage
from explezion or contamination. If the tether breaks the bottom
egnd mass should not decrbit to prevent the lose of the bottom end
mazzs and damage ov injury on the gqround. The cperations between
19 end maszes, =zuch as transfey of the OTY, men, etc., zhould not
be excessively difficult so that the depeot can be fully utilized.
The depot should not adverzely affect tether moticon to insure
¢zfety and space station contrvol. A space statien depot
configuration may be required that allowe 5 low acceleration level
f

I

v & microgravity laboratery at the manned pasrt of the space
tation. Of these requirements , operationsz involving transfer of

noand materials between the end masses appesrs to be the hardest
o meet,

4]
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DEPOT/SPACE STATION CONFIGURATIONS

CRYOGENICS

CENTER

& OF ®
GRAVITY

SPACE STATION STORABLES EXTERNAL TANK

SIMPLE SPLIT COUNTERWEIGHT

CONFIGURATION CONFIGURATION CONFIGURATION

NOT TO SCALE

Figure 14

A osimple configuration waould be a depot,where an OTY would be
fueled, sttached with a single tether to a space station; howeguery
the resulting center of gravity of this svstem is not at the space
station, Options fo provide zero gravity at the space statian
include spliting the depot into cryogenic and stovable facilities
and tethering in opposite divectione from the zpace station or
using & counterweight, such as an external tank or other tethered
system. If =t least one piece of the depot ic the upper mass with
the space station kept at the center of grawvity of the system, the
bottom masse must have sufficient mass eo its tether length
limitation to prevent deorbit does not vesult in too little upper
mase tether length for depot rvrequirements.
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NDISERATIONS

BE REQUIRED
© BOTH FEEDLINE AND VENT DISCONNECTS

® FORWARD POSITION IF NO PAYLOAD ATTACHED DURING
TRANSFER

® AFT POSITION IF PAYLOAD ATTACHED DURING TRANSFER

— CONSIDERATION SHOULD BE GIVEN TO DUAL USE OF VENT
AND FEED LINES

@® BAFFLES MAY BE REQUIRED TO DAMP SLOSHING
@ MINIMUM TANK DIAMETER WILL BE LIMITED TO ENSURE SETTLING

® TANK OUTLET OR VENT MAY BE REQUIRED TO BE OFFSET
FROM CENTERLINE

® LARGER FEEDLINES MAY BE REQUIRED FOR GRAVITY FEED

@ A LOW GRAVITY FLUID QUANTITY GAGE MAY BE REQUIRED FOR
LOADING ACCURACY

Figure 15

SUMMARY

@® A TETHER CAN PRODUCE SUFFICIENT ARTIFICIAL GRAVITY TO
SIMPLIFY PROPELLANT TRANSFER TO AN OTV FROM AN
ON-ORBIT DEPOT

©® MARTIN MARIETTA UNDER CONTRACT TO NASA, JOHNSON
SPACE CENTER IS STUDYING THE FEASIBILITY, DESIGN
REQUIREMENTS, AND OPERATIONAL LIMITATIONS OF USING A
TETHER FOR PROPELLANT TRANSFER

o PRIMARY CONCERN IS SLOSHING

©® OPERATIONS TO TRANSFER MEN AND MATERIAL BETWEEN END
MASSES WILL REQUIRE EXAMINATION

® POSSIBLE TRANSFER ALONG TETHER

@ TETHERED REFUELING DEPOT APPEARS TO HAVE MINIMAL
EFFECT ON OTV

Figure 16
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* §85-17007

0TV FLUID MANAGEMENT SYSTEMS

L. Hastings
NASA Marshall Space Flight Center

Design, performance, and technology issues associated with reduced
gravity propellant management for Orbital Transfer Vehicles (OTV's) have been
reviewed. The inspace cryogenic management state-of-technology will
significantly affect the overall confidence level associated with a resupply
mission and propulsion performance. Thus, although mission requirements are
frequently used to determine technology requirements, it is also apparent that
technology availability drives mission requirements. Cryogen resupply
sequences, timelines, controls, and associated crew involvement are all
affected by the technology state. Additionally, OTV propellant tankage
configurations, tankage thermodynamic conditions, acceleration environment,
propulsion interfaces, and instrumentation are significant factors. Basic
propellant transfer phases examined that drive orbital servicing requirements
include: (1) tankage preconditioning (purging, venting, etc.), (2) tankage
chilldown, and (3) propellant fill. Propellant management support of the OTV
propulsion phases includes engine restart requirements (pressurization,
chilldown, burn duration, etc.) and orbital coast between engine burns.
Technology activities in support of identified technology issues are reviewed.
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OTV PROPELLANT LOADING
(KG X 103)

10

@_.4_.

SPACE-BASED OFV PROPELLANT REQUIREMENTS
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Figure 1

The average payload weight required to be transported from LEO to GEO
will be in the range of 5,000 to 14,000 pounds. The upper range of payloads
is normally associated with manned GEO roundtrip missions. The resultant
propellant requirements, based on these payload weights, ranged from approxi-
mately 24,000 to 78,000 pounds. The chart on the opposite page graphically

portrays these requirements.

208




OTY CRYOGENIC MANAGEMENT CONSIDERATIONS

PRESSURIZATION (MULTISTART)

® PRE-PRESS: HELIUM
- ® MAIN ENGINE RUN:

ZERO G THERMODYNAMIC VENT
o LH2 TANK: HOT GHa / ® VENTING WITHOUT RESETTLING
® L0 TANK: HELIUM

® DESTRATIFICATION

REUSABLE MULTILAYER INSULATION

@ LIMITS BOILOFF LOSSES

RESETTLING DYMNAMICS
@ DRIVES VENTING REQUIREMENTS

FLUID TRANSFER/RESUPPLY

START BASKET OR TANK

® VAPOR-FREE LIQUID FOR RESTART

t FEED SYSTEM INTERFACES
@ REFILL WITHOUT VAPOR l {
ENTRAPMENT REQUIRED 70 ENGINE ® NPSP
© FLOWRATE

OTHER CONSIDERATIONS ¢ PRE-START CHILLDOWN

@ STRUCTURAL SUPPORTS ¢ START-UP/SHUTDOWN SURGES

@ PIPES @ ACCELERATION (THRUST}
@ WIRES © HEAY LEAK
@ THERMAL COATING STABILITY © MASS GAGING

Figure 2

Fluid management of an OTV will regquire component, subsystem, and system
development emphasis. The chart on the opposite page pictorially shows the
major areas that must be addressed in the design of a cryogenic OTV. Some of
the major issues involved in the design are no-liquid venting, stratification,
vapor entrapment in the start basket, engine feed system requirements and
reusability. Several items will require orbital testing for verification of
their performance (e.g. thermodynamic vent, fluid dynamics, start basket,
fluid transfer, etc.). Also, it is important to note that the thermodynamic,
fluid mechanic and heat transfer interactions between components and subsystems
must be addressed/understood to assure proper system integration. For example,
the zero G vent system design is driven by heat leak control/distribution.
Similiarly, the start basket liquid retention capability is degraded by
increases in feed system heat leak, pressurization gas temperature, and propel-
lant temperature. FEngine system re-start/run requirements on propellant

conditions siqgnificantly affect thermodynamics within the tank and start basket
design.
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0TV CRYOGENIC MANAGEMENT CONSIDERATIONS

PRESSURIZATION (MULTISTART)

@ PRE-PRESS: HELIUM
® MAIN ENGINE RUN:

ZERQ G THERMODYNAMIC VENT
oLz TANK: HOT GHz //////f* ® VENTING WITHOUT RESETTLING
® L0 TANK: HELIUM

® DESTRATIFICATION

REUSABLE MULTILAYER INSULATION

® LIMITS BOILOFF LOSSES

® DRIVES VENTING REQUIREMENTS RESETTLING DYNAMICS

FLUID TRANSFER/RESUPPLY

STARY BASKET OR TARMNK

® VAPOR-FREE LIQUID FOR RESTART

8 FEED SYSTEM INTERFACES
@ REFILL WITHOUT VAPOR 1 !} l
ENTRAPMENT REQUIRED 7O ENGINE ° NPSP
© FLOWRATE

OTHER CONSIDERATIONS ® PRE-START CHILLDOWN

@ STRUCTURAL SUPPORTS ® START-UP/SHUTDOWN SUNGES

© PIPES ® ACCELERATION (THRUST)

& WIRES ® HEAT LEAK

® THEMAL COATING STABILITY

® MASS GAGING

Figure 3

Fluid management of an OTV will require component, subsystem, and system
develovment emphasis. The chart on the opposite page pictorially shows the
major areas that must be addressed in the design of a cryogenic OTV. Some of
the major issues involved in the design are no-liquid venting, stratification,
vapor entrapment in the start basket, engine feed system requirements and
reusability.  Several items will require orbital testing for verification of
their performance {e.g. thermodynamic vent, fluid dynamics, start basket,
fluid transfer, etc.). Also, it is important to note that the thermodynamic,
fluid mechanic and heat transfer interactions between components and subsystems
nmust be addressed/understood to assure proper system integration. For example,
the zero G vent system design is driven by heat leak control/distribution.
Similiarly, the start basket liquid retention capability is degraded by
increases in feed system heat leak, pressurization gas temperature, and propel-
lant temperature. FEngine system re-start/run reguirements on propellant

conditions significantly affect thermodynamics within the tank and start basket
design.
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ORBITAL CRYOGEN TRANSFER CONSIDERATIONS

SUPPLY TANK (DEWAR)

® STORAGE/VENTING/REFRIGERATION/RESUPPLY

® ACQUISITION/EXPULSION
e LIQUID ORIENTATION
© BOILING/SCREEN DRYING
@ PRESSURIZATION
@ QUTFLOW RATE
© RESIDUALS
® L1QUID SUBCOOLING

® MASS GAUGING

CAPILLARY CHANNELS 4
/
\
A}
VAPOR-COOLED SHIELD
ML
OUTER SHELL

One of the
of both LOX and LH
and delivery of th%
on the opposite
The supply tank
Station.

LT
- .‘.: "\\
o N\
5 )
e
] ;
4
X ¥
V/
7
-,
“\ -
——

RECEIVER {OTvV)
®PRECHILL

® INLET FLOWRATE/DISTRIBUTION
e WALL CHILLDOWN

® NO VENT FILL
® NON-EQUILIBRIUM THERMODYNAMICS
® HELIUM PRESENCE

® START BASKET REFILL

® MASS GAUGING

TRANSFER LINE

@ CHILLDOWN
® PRESSURE SURGES

® PUMP VS. PRESSURE TRANSFER

Figure 4

in a zero-g environment.
propellant to the engine must be considered.
page describes the major areas that must be investigated.
could be an orbital storage facility located at the Space
The receiver tank would be the OTV LOX and LH

Pt~ THEAMOD Y RAMIC VENT

tank.

i1ssues to be addressed on the 0TV are tank prechill, verit vs.

start basket refill and mass gauging.

START BASKET

primary fluid management requirements will be the transfer
Both filling of the OTV tanks

The chart

Primary
no~vent f£ill,

Other areas requiring study are

transfer line pressure and temperature transients and pump versus pressure

fed fluid transfer.

211



OTV TANK INSULATION EFFECTS ON VEHICLE PERFORMANCE
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Figure 5

The design of the insulation system for both the hydrogen and oxygen
tanks on a space based OTV will be optimized to provide maximum payload
delivery capability to GEO. A tradeoff between insulation weight and pro-
pellant boiloff provides a characteristic curve such as shown on the
opposite page. The design optimization is dependent on how much time after
propellant loading will be required at LEO, during transfer from LEO to GEO
and at GEO. Since the environment at LEO is generally warmer than at GEO
and assuming equal stay times at both LEO and GEO, the LEO environment would
dictate the insulation design. Based on the assumptions specified, a total
insulation weight of 180 1lb would be optimum.
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Figure 6

Based on the assumptions made on the previous page, the insulation
requirements for both the hydrogen and oxygen tank are shown in the graph
As indicated, based on an optimum total insulation
weight of 180 1b, the resultant insulation thicknesses for the hydrogen
and oxygen tank are approximately 0.7 and 0.1 inches, respectively. The
insulation thicknesses on each tank are tailored to maintain the proper

on the facing page.

propellant mixture ra

tio.
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OTV LHy TANK PRESSURES DURING ORBITAL COAST
STRATIFICATION/MIXING EFFECTS
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Figure 7

Propellant conditions during orbital coast periods between engine burns are important
from several standpoints. For example, tankage heat leak and its distribution within the
propellant determines the ullage pressure rise rates and resultant vent rates/cycling.

To minimize pressure rise rate and transient thermodynamic uncertainties, the general approach
is to assure that tankage sidewall and penetration heat leak is uniformly distributed within
the bulk liquid, and that good heat exchange between the ullage and liquid exists. To remove
uncertainties associated with passive mixing/destratification in reduced gravity, active
mixing techniques are generally employed in OTV concept designs.

Additionally, the energy distribution within the tank can significantly affect other
subsystem functions, If a capillary start basket is utilized, localized stratification within
and near the basket should be prevented, i.e,, localized superheating/boiling can occur. Also,
proper feed system thermodynamic conditions must be established for each engine burn,
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OTV LO, TORUS TANKS
PROPELLANT MANAGEMENT TECHNOLOGY ISSUES

@ NO IN-FLIGHT EXPERIENCE WITH REDUCED GRAVITY FLUID/HEAT TRANSFER
BEHAVIOR IN TORUS TANKS.

@ ACQUISITION DEVICE R&D REQUIRED
@ PROPELLANT SETTLING
® THERMAL ISOLATION
® RESIDUALS
@ ORBITAL PERFORMANCE VERIFICATION

@ PRESSURIZATION/VENTING
® MULTIPLE ENGINE RESTARTS/PRESSURIZATION EFFICIENCY
® ZERO G VENTING
® STRATIFICATION/DESTRATIFICATION
@ ACQUISITION SYSTEM INTERFACES

@ SLOSH
@ PROPELLANT C. G./VEHICLE CONTROL
@ BAFFLES

@ INSULATION
® UNIQUE TANK SHAPE EFFECTS ON PERFORMANCE
@ PURGE

Figure 8

The state-of-technology supporting LO, fluid management in torus tanks is weak. Due
to its unique geometry, the torus shape in%roduces a wide range of issues that have not been
addressed in past technology efforts. Propellant acquisition, pressurization, venting,
stratification/destratification, sloshing, insulation, and heat leak distributions are all
areas requiring R&D efforts specifically applicable to torus tanks.
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TANK PRE-CHILL PREPARATIONS SUMMARY

@ DILUTION OF HELIUM RESIDUALS PRIOR TO REFUELING REQUIRED TO PREVENT:
@ EXCESSIVE PRESSURES AT END OF FILL
® INACCURATE KNOWLEDGE OF PROPELLANT VAPOR PRESSURES
® START BASKET HELIUM ENTRAPMENT
® INACCURATE THERMODYNAMIC MASS GAUGING

@ APPHOXIMATE DILUTION LEVELS REQUIRED

®LHy < .45KG (1LBS) FURTHER DILUTION REQUIRED IF
THERMODYNAMIC MASS GAUGING
® L0y < .09 KG {.2 LBS) UTILIZED

@ PROCEDURAL/TECHNOLOGY CONCERNS
® DURATION OF VENT/HOLD CYCLES

@ KNOWLEDGE OF HELIUM RESIDUAL MAGNITUDE

Figure 9

The initial phase of orbital transfer is "prechill preparations." If no helium
pressurant gases have been used in the tankage to be filled, the prechill preparations
would be minimal, However, if helium is present then the tankage must be purged and
vented until the heliun 1s reduced to an acceptable level. The “acceptable level” is
determined based on end~of-fill pressures/achievement of maximum fill control, capillary
screen acquisition system pressure, and thermodynamic mass gaging (if used). The LO
system sensitivity to helium is significantly greater than with LHp. Lack of orbita
experience and in-orbit measurement of residual helium magnitudes are the primary concerns
in developing a suitable purge approach,
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TANK PRE—-CHILL PREPARATIONS SUMMARY

® DILUTION OF HELIUM RESIDUALS PRIOR TO REFUELING REQUIRED TO PREVENT:
® EXCESSIVE PRESSURES AT END OF FILL
@ INACCURATE KNOWLEDGE OF PROPELLANT VAPOR PRESSURES
® START BASKET HELIUM ENTRAPMENT
@ INACCURATE THERMODYNAMIC MASS GAUGING
@ APPROXIMATE DILUTION LEVELS REQUIRED

® LH; < .45KG (1LBS) FURTHER DILUTION REQUIRED IF
THERMODYNAMIC MASS GAUGING
® L0, < .09 KG (.2 LBS) UTILIZED

® PROCEDURAL/TECHNOLOGY CONCERNS
® DURATION OF VENT/HOLD CYCLES

® KNOWLEDGE OF HELIUM RESIDUAL MAGNITUDE

Figure 10

The initial phase of orbital transfer is "prechill preparations."‘ If no hel1gm
pressurant gases have been used in the tankage to be filled, the prechill preparations
would be minimal. However, if helium is present then the tankage must be purged anq
vented until the helium is reduced to an acceptable level. The "acceptable level" is
determined based on end~of-fill pressures/achievement of maximum fill control, capillary
screen acquisition system pressure, and thermodynamic mass gaging (if used). The.LO?
system sensitivity to helium is significantly greater than with LHp, Lack of orbital
experience and in-orbit measurement of residual helium magnitudes are the primary concerns
in developing a suitable purge approach.
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TEMPERATURE (OK)

OTV LHy, TANK THERMODYNAMICS DURING CHILLDOWN
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Figure 11

Chilldown is accomplished by introducing propellant into a tank in such a manner that good
heat exchange between the high temperature walls and chilldown 1iquid is assured. Thermodynamic
calculations indicate that the amount of propellant required to chill a tank should he relatively
smatl, 1t is therefore doubtful that chilldown procedure selection will be driven by minimization
of c¢hiildown Tiquid. However, the complicated thermodynamic, boiling heat transfer, and fluid
dynamic phenomena invoived cannot be analytically modeled with confidence. Hence, issues involving
definition of inlet flow distribution/velocity, charge/hold duration and maximum pressure, vent
duration, and instrumentation to monitor chilldown progress remain,
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INITIAL WALL TEMPERATURE EFFECTSON OTV
TANK PRESSURES AFTER FILL
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Figure 12

Receiver tank chilldown must be conducted whenever thermal energy stored in the tank walls
is sufficient to preclude a nonvented fill operation. For example, with initial wall temperatures
of 450°R, the LHp and LOp tanks final pressures would be 48 psia and 18 psia, respectively; hence,
LHp chilldown would be required, whereas LOp chilldown would be optional. A LHp tank wall temper-
ature of less than 250°R probably will be required.
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TRANSFER LINE/TANK CHILLDOWN SUMMARY

REDUCE TRANSFER LINE/TANK WALL TEMPERATURES SUFFICIENTLY
TO PREVENT EXCESSIVE LINE PRESSURE/FLOW SURGES AND TO
ENABLE A NON-—VENTED TANK FILL

@ REQUIREMENT:

® PROCEDURAL/TECHNOLOGY CONCERNS:
® TANK CHARGE/HOLD/VENT CYCLE DEFINITION
% SEMI-EMPIRICAL MODELING LACKS EXPERIMENTAL DATA

® LACK OF HARDWARE EXPERIENCE

® WALL CHILLDOWRN CRITERION: CURRENT RAMGE = 859K TO 200°K
{170°R TO 380°R)

# CHARGE MASS/FLOWRATE SELECTION TBD

@ LACK OF TRANSFER LINE CHILLDOWN EXPERIENCE — PREVENTION OF EXCESSIVE
SURGES AND LINE LOADS

D INSTRUMENTATION TO MONITOR CHILLDOWN PROCESS
Figure 13

Based on the preceding discussions of chiltldown issues, optimum operational efficiency
and minimum complexity/crew time are apparently the primary goals (as opposed to minimizing
propeliants used for chilldown). However, definition of charge/hold/vent cycles that will
allow achievement of these goals cannot occur until/unless orbital experience and data are

acquired.
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TANK PRESSURE (kN/M2)

OTV LHy TANK PRESSURES DURING ORBITAL FiILL

. POOR CIRCULATION (SIGNIFICANT ULLAGE HEATING)
0

200

175 - 20 AANGE OF POSSIBILITIES
150
20
NEAR EQUILIBRIUM
J {GOOD MIXING)
128 \

.y
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CONSIDERATIONS:
5 O TANK WALL RESIDUAL HEAT ABSORFPTION
@ ULLAGE COMPRESSION

100 -
@ ULLAGE/LIOQUID HEAT EXCHANGE
@ NON-CONDENSIBLE GAS
@ ZERO G QUANTITY GAGING
75 -
10
FILL LEVEL
Figure 14

Assuming that the prescribed tank chilldown temperatures have been achieved, then the
nonvented fill procedure can be initiated. However, care must be taken to assure that venting
is not necessitated by excessive pressure during fill, Good mixing must occur throughout the
fill process to prevent excessive heat transfer to the ullage and corresponding pressure
increases. Additionally, tank wall residual heat absorption/distribution, ullage compression,
noncondensible gases, and the measurement of transferred mass are issues that must be addressed.
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TANK FILL SUMMARY

© REQUIREMENT: LHy & LO» TANK FILL WITHOUT VENTING
@ PROCEDURAL/TECHNOLOGY COMNCERNS:

@ ASSURANCE OF ADEQUATE CIRCULATION TO MAINTAIN NEAR-THERMAL
EQUILIBRIUM, i.e., LOW PRESSURES

© GOOD MIXING/HEAT EXCHANGE BETWEEN ULLAGE/LIQUID REQUIRED
® EXISTING SEMI-EMPIRICAL MODELS LACK EXPERIMENTAL DATA
® LACK OF IN-FLIGHT HARDWARE EXPERIENCE
@ MECHANICAL MIXER PROBABLY REQUIRED
@ LACK OF ZERO-G MASS GAUGING DEVICE
@ SPECIAL FILL PROVISIONS FOR START BASKET
® BLEED LINE FOR DIRECT FILL OF BASKET
@ ACTIVE CIRCULATION TO ASSURE ENTRAPPED VAPOR COLLAPSE

® SUPPLY TANK VAPOR PRESSURE < 2.2 kN/M2 (15 PSIA),
NO HELIUM PASSAGE ALLOWABLE

@ PREVENTION OF EXCESSIVE TRANSFER LINE LOADS
Figure 15

Semi-empirical modeling of the fill process is required to define the
interacting fluid and thermal phenomena; however, existing models lack experi-
mental verification. Active mixing probably will be required to assure ncar
ecquilibrium thermodynamic conditions. The lack of a zero ¢ quantity gauge is
a2 sionificant handicap in achieving a 97% fill condition. Special considera-
tions are involved in interfacing with capillary start baskets to assure that
vapor entrapment does not occur during tank fill. Also, supply vessel condi-
tions must be controlled to prevent excessive vapor pressures and the transter
of helium into the OTV.
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OTV PROPELLANT TRANSFER TIMELINE

CUMULATIVE TIME (HRS)

EVENT 0 ! 2 3

@ LH, TRANSFER

1) INITIAL LH, TANK VENT e

@ INJECT LH,; AND HOLD .
@ VENT TANK u
2} PRECHILL e INJECT LHy AND HOLD
e VENT TANK I
® INJECT LHy AND HOLD .
@ VENT TANK .

® LH, TRANSFER

3) FILL (
e TOPPING FLOW RATE

© LO, TRANSFER
1) INITIAL LO, TANK VENT®

{ @ LOy TRANSFER
® TOPPING FLOW RATE

2) FiLL

NOTE:
e TWO OR MORE ADDITIONAL VENT CYCLES REQUIRED IF HELIUM PRESENT

Figure 16

Definition of the transfer timeline cannot be accomplished with confidence until
orbital experience and data become available. However, the sequence of events can be
established with reasonable confidence. Based on current models, the total transfer
time is expected to require on the order of 3 hours,
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Figure 17

Various degrees of technology development are associated with the types of subsystems
that will be reguired in an OTV cryogen management system, i.e,, the technology backgrounds
range from substantial to meager, However, these subsystems have never been integrated into
a total OTV-type system and required to perform simultaneously. Therefore, a major objective
of the cryogenic management breadboard program is to integrate advanced technology items into
a system Tevel LHp test article, thereby enabling evaluation of thermodynamic, heat transfer,
and fluid mechanic interactions/controls/instrumentation within the Timits of normal gravity
testing, The breadboard data will be evaluated to determine normal gravity performance and to
more specifically identify technology gaps/concerns that must ultimately be assessed with arbital
experimentation, i.e., breadboard testing of this type is a prerequisite to the eventual experi-
mental verification of OTV-type systems in orbit., Additionaily, the system level experience will
minimize the development risk of orbital cryogenic management experiments/flight systems in general,

The test article tank is an 88-inch diameter oblate spheroid with a 175 ft3 volume. The test
article contains all the basic elements of an earth-based 0TV LHy system, i.e., a reusable multi-
laver insulation/purge bag system, zero gravity thermodynamic vent/mixer, GHa/GHp pressurization,
capillary start basket, and a pump/feediine system. The multilayer insulation, organically coated
aluminized Kapton, was developed to replace the more expensive reusable goldized Kapton insulations.
This breadboard instatlation represents the first system level demonstration of the aluminized
insulation for cryogenic applications.

Final preparations are in progress at MSFC for the breadboard testing. [Initial LHy loading

is scheduled for the first week of April 1984, Various test phases will be conducted intermittently
through October 1984,
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CRYOGENIC FLUID MANAGEMENT FACILITY
OTV TECHNOLOGY

MISSION 1 MISSION 2 MISSION 3
.28 SCALE I8 SCALE .18 SCALE
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AXlAL_“________-—-v ., > ’
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SPRAY '
I3 o b
A
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——
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® SCALABLE TANK ® NO VENT FILL @START BASKET
CHILLDOWN DATA ® LHy SETTLING/OUTFLOW INTEGRATION &
®PURGED MLI (30 LAYER) @ He PRESSURIZATION PERFORMANCE
© ON-WALL TVS :I;i:::;;i?
© STRATIFICATION COMBINATION
Figure 18

The Cryogenic Fluid Management Facility (CFMF) is expected to provide significant technology
inputs to OTV development, The initial mission will utilize a .28 scale OTV LH, receiver vessel,
Although the CFMF supply tank can fill the receiver to only about the 30% Tevel, the primary goal
of obtaining chilldown data can be achieved. An OTV representative purged multilayer insulation
(MLT) will be installed on the receiver. The second mission will utilize a .18 scale vessel that
can accomnodate a complete fill procedure. Additional data include Lhp settling/outflow, helium
pressurization, and performance of a thermodynamic vent system (TVS} with a wall mounted heat
exchanger. The third mission will also utilize a .18 scale vessel, Chilldown /filTl data will
again be acquired to assess repeatability of the mission 2 results., An 0TV type start basket witl
be utilized to assess thermodynamic and fluid mechanic interface effects on start basket per-
formance, i.e.,, feed system heat leak, TVS operation, and tank pressurization. The TVS may include
an active mixing system. The tank insulation will consist of a foam/MLI combination.
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Figure 19

The relative chilldown responses of the CFMF .18, .28, and full scale OTV receivers
can be illustrated using currently available analytical modeling.

The smaller a vessel,
the more responsive it is to heat leak and the nonequilibrium thermodynamics. This is
basically because the tank volume relative to energy stored in the walls and structure
becomes less with decreasing tank size. Therefore, there exists the concern that the
rapid response of small vessel thermodynamics/fluid dynamics will differ significantly
from the actual transients in prototype vessels. However, the CFMF design has
incorporated the largest scale OTV vessel achievable (.28 scale) within the constraints
of schedule and cost. Additionally, LH, transfer behavior in the ,28 and .18 scale
vessels can be compared, thereby provid%ng valuable scaling effects data.
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SPACE STATION TECHNOLOGY REQUIREMENTS
(SSTSC FLUID MANAGEMENT WORKING GROUP)

®CRYOGENIC FLUID RESUPPLY*

eNON-CRYOGENIC FLUID RESUPPLY*®
©ZERO—-LEAKAGE FLUID COUPLINGS

SFLUID LEAK DETECTION INSTRUMENTATION
®REUSABLE EARTH TO ORBIT CRYOGEN TRANSPORT
eFLUID QUANTITY GAUGING INSTRUMENTATION

¢ LONG TERM ORBITAL CRYOGEN STORAGE*

® CONTROL, INSTRUMENTATION & DIAGNOSTICS

@ OPERATIONS (MANNED VS. AUTONOMOUS)

®FLUID SYSTEM STUDY

*MANDATORY FLIGHT TESTS

Figure 20

The Space Station Technology Steering Committee met in Williamsburg,
Virginia in March, 1983, to discuss technology requirements and priorities.
The Fluid Management Working Group recommended that technology be pursued
in ten areas. The chart on the facing page lists these recommendations in
order of their priority for Space Station application. Out of the ten
areas, three were considered to require mandatory flight tests. These
three items were considered to be enabling technologies.
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SPACE STATION ADVANCED DEVELOPMENT

e ADVANCED DEVELOPMENT TEST BED

—~ COMPONENT DEVELOPMENT TESTING
-~ LOX/LHp SYSTEM LEVEL TESTING
- FLUID LEAK PREVENTION/DETECTION

®PROPOSED SHUTTLE FLIGHT EXPERIMENTS

- LONG TERM CRYOGENIC STORAGE FACILITY
— REFRIGERATION/RELIQUEFACTION
—~ REMOTE CONTROLLED OR AUTOMATED PROPELLANT SERVICING

®PROPOSED SPACE STATION TECHNOLOGY DEMONSTRATION MISSION (TDM)

- PROPELLANT TRANSFER, STORAGE & RELIQUEFACTION
-~ LONG TERM SYSTEM PERFORMANCE DEGRADATION

Figure 21

Based on the anticipated need for a cryogenic OTV at the Space Station,
several proposals have been made to define the advanced development work that
will be required to support such a goal. A combination of ground testing,
shuttle flight testing and Space Station technology demonstration missions
{TDM's) are evolving as the primary activity for achieving this goal. The
opposite page provides a brief summary of the major proposed advanced devel-
opment activity in the fluid management area.
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Tim Vinopal
Boeing Aerospace

As a systems integrator, Boeing recognizes that the main propulsion system has
a profound affect on vehicle development cost and schedule. Significant engine
weight growth or unplanned changes in performance capability have important impli-
cations in vehicle design and mission capture.

Agreement is needed on man-rating requirements as these will greatly affect
vehicle/engine integration. As a minimum, elimination of all single point failures
requires re-examination of aeroassist concepts which require large, retractable
engine nozzles. Placing the nozzles behind the heat shield moves large deployed
payloads in front of the shield-making P/L return impossible. The manned transfer
cab is small enough to either fit behind the unmanned aeroassist device or have a
kittable heat shield, depending on aeroassist concept. Preliminary reliability
analyses indicate that a single engine is unable to meet manned mission reliability
goals. An increase in the number of engines corresponds to a decrease in perform-
ance and an increase in maintenance requirements. Performance analyses currently
show a 5000 to 7000 1b engine thrust range as optimum; however, the cost analysis
is expected to move the optimum to a level above 7000 1bs. The high cost of space
based maintenance may have the dual effect of increasing the thrust Tevel, and
derating the engine components to reduce the amount of engine maintenance required.

VEHICLE/ENGINE INTEGRATION ISSUES

Q. FROM A PRIME CONTRACTOR STANDPOINT WHAT ARE KEY VEHICLE/ENGINE
INTEGRATION ISSUES?

® |IMPACT OF ENGINE INTEGRATION ON CONFIGURATION DEVELOPMENT
(DEVELOPMENT TIME, DDT&E, AND PERFORMANCE).

e |MPACT ON MAN RATING AND MISSION RELIABILITY (OPERATING
COsT).
Q. HOW DOES SPACE BASING IMPACT VEHICLE/ENGINE INTEGRATION?

® MODULARIZE ENGINE INSTALLATION AND/OR CRITICAL COMPONENTS
TO ALLOW EFFECTIVE ON ORBIT SERVICING.

® HIGH SERVICING COSTS (~ $20,000/HR) MAKES DERATING ENGINE FOR
LONG SERVICE - FREE LIFE ATTRACTIVE.

Q. HOW DOES AEROASSIST IMPACT VEHICLE/ENGINE INTEGRATION?

® ENGINE NOZZLE RETRACTION REQUIREMENT INTRODUCES SINGLE-
POINT FAILURE MODES.

® LARGE, HIGH EXPANSION RATIO ENGINES DIFFICULT TO SHIELD FROM
FREE STREAM FLOW.

Figure 1
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Fresh Look Lifting Brake Designed for Space Assembly
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Figure 3
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PRELIMINARY RESULTS OF VEHICLE/ENGINE
INTEGRATION STUDY

e DUAL ENGINE INSTALLATIONS FAVORED

® RELIABILITY VS. OPERATING COSTS

e ENGINESIN 7000LB + TO 15000 LB + SIZE RANGE CURRENTLY FAVORED

@ FUNCTION OF HIGH EXPANSION RATIO NOZZLE EFFECTIVENESS
@ ENGINE DERATING WILL INFLUENCE SIZING TRADE
@ AVERAGE MISSION COST WILL BE SELECTION CRITERIA

e NONRETRACTABLE NOZZLES FAVORED FOR MAN RATING & MISSION RELIABILITY

@ PUTS PAYLOAD IN FRONT OF HEAT SHIELD

® TREAT MANNED MISSIONS AS UNIQUE AND INTEGRATE HEAT SHIELD WITH
MANNED MODULE

Figure 4
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D. Florence
General Electric

Numerous propulsion subsystem related parameters impact the AOTV
configuration development and ultimate performance. However, the major
first order parameters appearing to have the greatest impact are engine
specific impulse, Isp, propellant mixture ratio, MR, and packaging volume
and length required for the engines and associated plumbing, Figure 1.
It was demonstrated in Reference 1 that 1) improved specific impulse (443
to 480 sec) provides the largest benefit for both single stage and two
stage AQTV's, 2) for the single stage AOTV, the combined effects of a
smaller hydrogen tank due to increased mixture ratio and the shorter
vehicle due to use of multiple small engines, provides a benefit nearly

as Tlarge as the increased Isp.

For ground based AOTV's, the payload weight delivery or round trip capa-
bility, is highly dependent on the AOTV dry weight. Other major parameters
effecting the payload magnitude include the engine Isp, low earth orbit
payload capability of the Taunch vehicle, and AOTV L/D. For the GEO delivery
mission, the vehicle L/D has a minor impact on payload delivery, for the
round trip GEO mission, L/D is more important and for polar delivery, even
more important, Reference 1. A single stage 38ft GEQO delivery vehicle
with propellant tanks sized for a mixture ratio of 7 and a single engine
was described in Reference 1. Except for the advanced engine (Isp =
477 sec, MR = 7), this vehicle utilized state-of-the-art technology. Sig-
nificant subsystem weight reductions are possible by incorporating advances
nrojected due to state-of-the-art advances, Reference 1. The improved payload
delivery of these lighter vehicles is illustrated in Figure 2, and compared

to previous AMOOS results, Reference 2.
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Configuration variations of the 38 ft GEO delivery vehicle identified
in Reference 1, were explored for a Six Hour Polar Mission to determine
effect on payload weight/length, Figure 3. Here, it is noted that incor-
porating an aft conical frustum angle of 1° results in increased payload
length. Lessor frustum angles are expected to produce even longer payloads,
however, the axial center of gravity requirements become less attractive
and more body flap (heavier) must be added to trim the vehicle at the desired
angle of attack. The longer payload lengths are produced by the larger
propellant mixture ratios. Additional payload Tength is obtained by blunting
the nose, however, the loss of L/D reduces the payload weight delivery capa-
bility. In this evaluation, the AOTV structure and thermal protection sub-
system weights were scaled as the vehicle length and surface are changed.
Hence, we conclude that for increased allowable payload lengths in a ground
based system, lower L/D is as important as higher MR in this range of mid

L/D AOTV's.

References
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Roy W. Michel
Aerojet TechSystems Company

The Aerojet position is that the right approach to advanced 0TV pro-
pulsion is with small multiple engines. In contrast to the other engine
contractors, Aerojet has selected a nominal design thrust of 3000 1bF.

The small, multiple engine approach has several advantages, notably
that crew safety and mission success are assured because of engine-out cap-
ability and that highest performance in a given length is obtained with
small engines. Length is important both for earth-based 0TVs and aero-
maneuvering O0TVs, and higher performance means greater payload capability.

0f several options for manned OTV reliability, only one provides
the necessary reliability and is practical: redundant engines. Other
options are far more costly or depend on back-up modes that simply do not
exist.

The 3000 T1bF thrust engine develops about 4 1bF sec/1bM higher per-
formance than the 15,000 1bF engines within a given length, by virtue of
higher area ratio. For the Tlarger engine to achieve the same performance
requires an additional three to four feet of length and two or three exten-
dable nozzle segments. In an aeromaneuvering vehicle these extendable seg-
ments must also retract during passage through the atmosphere and thus con-
stitute single point failure modes.

With multiple 3000 1bF thrust engines the whole mission model can
be performed, efficiently, by a single propulsion system. Large space
structures (LSS) are acceleration-limited and have a thrust requirement of
500 to 2500 1bF, which is met by one or two engines throttled. Many pay-
loads are in the 3000 1bM class, which also requires one or two engines.
High energy payloads and manned aeromaneuvering vehicles require 10,000 to
12,000 1bF thrust, obtained by a four engine configuration.

Aerojet's approach to space-based maintenance is to design the
engine to be a space-replaceable unit, which is most plausible for small
engines. If an engine component needs repair, the whole engine would be
removed and returned to earth; repairs would be made by skilled tech-
nicians and the engine retested to assure its operation and performance.

The several advantages of the small, multiple engine approach to
OTV propulsion have a life cycle cost benefit on the order of $1 Billion.
Altogether, the advantages and potential cost savings prove that the right
approach to advanced OTV propulsion is with small, multiple engines.
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ADVANTAGES OF
SMALL, MULTIPLE ENGINES

® CREW SAFETY AND MISSION SUCCESS
ASSURED

e HIGHEST PERFORMANCE FOR GIVEN
LENGTH

e MORE PAYLOAD CAPABILITY

e GREATER MISSION FLEXIBILITY

e REAL SPACE-BASED MAINTENANCE
® SAVES $1BILLION

Figure 1

OPTIONS FOR
OTV RELIABILITY

<«—— A MATURITY TESTING
- REDUNDANCY Bd
<«—— C BACK-UP PROPULSION (ACS)

RELIABILITY

REQUIREMENT | D LIFEBOAT

<¢—— E RESCUE VEHICLE

<¢—— F SERVICING

ASSURES MISSION SUCCESS

Figure 2
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HIGHEST PERFORMANCE FOR
| GIVEN LENGTH
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SMALL ENGINE MEANS REAL
SPACE-BASED MAINTENANCE

Figure 5

SMALL ENGINE APPROACH
SAVES $1 BILLION

VALUE
®© RELIABILITY $100 M
® WEIGHT -40 M
® ENVELOPE/PACKAGING 70 M
® PERFORMANCE 400 M
® MISSION FLEXIBILITY 500 M

$1000 M

Figure 6
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J. R. Brown
Pratt & Whitney Aircraft

Pratt & Whitney Aircraft believes that several significant issues exist
in the engine/vehicle integration area. These issues fall into the general
categories of:

scenario validity
geometry constraints
throttie levels
reliability
servicing

[ 3N+ B el M ®]

We believe that one engine cannot be optimized to cover all possible
perturbations of these issues. Rather, the issues must be resolved in a
coordinated effort between the engine and systems contractor and only then can
the engine configuration be selected.

IS CURRENT SCENARIO VALID?

* Space based OTV

* Propellant depot

» Manned GEO missions

» Substantial LEO-GEO traffic

» Low thrust deployment missions
» Only one type OTV

» New driver mission (e.g., lunar lander)

Figure ]

242




WHAT ARE ENGINE
GEOMETRY CONSTRAINTS?

Available length

Available diameter

Vehicle total thrust required

Number of engines

Figure 2

WHAT THROTTLE LEVELS ARE REQUIRED?

o Steps (1%, 10%, 100%)
e Continuous (1%, 3% to 100%)

* Mixed (1%, 3% to 10%, 100%)

What response rate(s) are required?

Figure 3
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WHAT ARE ENGINE REQUIREMENTS
DURING AEROASSIST MANEUVER?

» Nonfiring
» Firing
Thrust level(s), response
Extendable nozzle position
¢ Engine environment |
Thermal
Flow field

Figure 4

HOW DOES ENGINE INFLUENCE
VEHICLE RELIABILTY?

« Number of engines
- Mission logic (number of failures to abort)
« Back-up dependency

Main engine

ACS

“Life boat”

Rescue mission

Figure 5
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WHAT ARE VEHICLE SERVICING
REQUIREMENTS/CAPABILITIES?

Routine maintenance (after every mission)

Periodic maintenance (after every 10 missions)

Unscheduled maintenance

Back-up mission logic
One spare vehicle
One spare + components
Two spare vehicles
Etc.
Dependency on diagnhostic systems

Figure 6

ENGINE/VEHICLE INTEGRATION SUMMARY

The engine contractors need to know:
1. How does vehicle limit engine geometry?
2. What is engine required to do?
Primary mode
Aeroassist mode
3. What propulsion system reliability is needed?

4. What engine servicing capability is available?

Figure 7
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ORBITAL TRANSFER VEHICLE PROPULSION ISSUES
VEHICLE/ENGINE INTEGRATION

R. P. Bergeron and V. A. Weldon
Rockwell International Corporation

he development of a reusable and space-basable orbital transfer vehicle (OTV)
cessitates an integral approach toward structural and propulsion subsystems
n. Key drivers include gimbal/actuator location, feed line gimbal provisions,
ssability for orbital maintenance. Recent studies have considered the use
roidal tank configurations with the engine(s) located within the central
v of the toroid. The primary objective of that approach is to achieve
minimum stage length. Dependent upon engine size and number, that concept introduces
unique vehicle/engine integration requirements that necessitate special design
congiderations. Of particular concern is vehicle center-of-gravity (CG) location
when the propellant tanks are more than 757 expended. A single engine installation
will necessitate moving the engine further aft and/or relocation of the engine
gimbal point to accommodate vehicle control requirements. Penalties associated
with gimbal point relocation without increasing stage length or modifying typical
advanced engine concepts, as well as a method for minimizing such penalties, are
presented for a single engine toroidal tank OTV configuration. Alternative
integrated vehicle structure/engine concepts are also presented for multi~engine
configurations. Features of these potential concepts are presented which indicate
the need for substantial additional study of feedline gimbal alternatives before
firmly establishing advanced engine design.

INTRODUCTION

ve of vehicle/engine integration is addressed in three areas; interfaces
(physical and functional), installation requirements, and reliability apporticnment
(i.e., number of engines required to assure mission completion). Typical elements
of each area are presented below.

® INTERFACES
~THRUST STRUCTURE GIMBAL ATTACH
~PRESSURANTS
~-ACTUATOR(S)
~PUMP INLET(S)
~PURGE REQUIREMENTS
~ELECTRICAL/AVIONICS

® INSTALLATION
~ACCESSABILITY
~3TIFPEFNESS
—INLET CONTOUR CONTROL (UPSTREAM)
~GIMBAL/ACTUATOR LOCATION
~FEED LINE(S) GIMBAL PROVISIONS
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~EXTENDABLE NOZZLE COMPATIBILITY
~AERO~ASSIST KIT COMPATIBILITY

€ RELIABILITY APPORTIONMENT
~-FAILURE MODES(S)
~ENGINE-OUT CAPABILITY

The necessary vehicle/engine interfaces are defined by overall mission, system, and
performance requirements. Although some interface requirements are subject to
trade study analyses (i.e., autogenous vs helium pressurization, thrust vector
control (TVC) vs Reaction Control System (RCS), once the interfaces are defined,
their characteristics are established and it remains for the designer to provide
an installation that will satisfy other program objectives (i.e., simplicity,
accessability, cost, etc.). An efficient overall configuration can be achieved if
only an integrated approach toward vehicle structure/engine design is implemented.
The objective of this paper is to provide an example of the significant need for
such an integrated design approach. To accomplish this, typical OTIV concepts,
which have been suggested in prior studies, are used to illustrate the potential
problem areas that must be addressed prior to advanced engine definition.

DISCUSSION

A typical OTV concept which has received considerable attention in recent years
utilizes a conventional propellant storage tank for LH,, but an advanced toroidal
tank design for LO_, storage. A single engine is insta%led in the cavity of the
toroidal tank in ofder to minimize stage length and Space Transportation System
(STS) launch costs and/or maximize payload length. When operating in an expendable
mode, with payload attached forward, this concept is viable. However, when
operating in a reusable mode with stage return after payload deployment, the
vehicle C. G. moves aft of the engine gimbal point (assuming a conventional engine
design with front end gimbal). A potential solution is to move the engine further
aft, but this defeats the original objective of shortest stage length. An
alternate method, Figure 1 (using a Rocketdyne early RS-44 engine version as an
example), is to add a throat gimbal kit which provides a "pseudo" gimbal axis

about the engine throat. In this configuration the thrust loads are still
transmitted through the power head and thrust structure into a bearing plate on the
vehicle. Some redesign of the engine to attach the throat gimbal links is of
course required. Another alternative is to redesign the engine for integral

throat gimbal and thrust load transfer (i.e., similar to the Apollo Service Module
Engine). This change would also necessitate relocation of the feed line interface
to the throat gimbal ring. A comparison of the suggested engine modifications

are presented below.
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REDESIGN FOR THROAT GIMBAL REDESIGN FOR THROAT
& THRUST LOAD TRANSFER GIMBAL WITHOUT
THRUST LOAD TRANSFER

® CONVENTIONAL GIMBAL STRUCTURE ® COMPLEX GIMBAL STRUCTURE

® MAJOR ENGINE REDESIGN ® MODERATE ENGINE REDESIGN

§ MINOR WEIGHT IMPACT % MAJOR WEIGHT IMPACT

® FEED LINE SYSTEM-MINOR INCREASE ® FEED LINE SYSTEM~COMPLEX
IN WEIGHT & COMPLEXITY & HEAVY WITH INCREASED

% LIMITED POWER HEAD ACCESSABILITY HEAT LEAK

% EXTENDABLE NOZZLE IMPACT ® LIMITED POWER HEAD

ACCESSABILITY
% EXTENDABLE NOZZLE IMPACT

To resolve such issues, further study of gimbal/feed line alternatives are
recommended prior to establishing advanced engine configuration requirements.

reusable and space-basable OTV is planned to evolve into a man-rated system.
In order to achieve this objective, the issue of engine reliability and redundancy
requirements must be addressed. The single engine reliability will dictate the
number of engines required to satisfy overall mission probability of success,
Figure 2. 1In order to meet manned mission requirements, the reliability
apportionment for the propulsion system is in the order of 0.999. As indicated

in Figure 2, a two engine configuration (with on engine capable of accomplishing
the misgsion) is equivalent to a three engine conflguratlon (with one engine capable
of &LCOHP ishing the mission) and superior to a three engine configuration (with
two engines required to accomplish the mission). A two engine OTV concept was
therefore selected to evaluate vehicle/engine integration issues.

When using multiple engines of RS-44 size, the engines can no longer be installed
within the toroidal tank cavity, Figure 3. 1In this configuration a key integration
issue is propellant feed line gimbal requirements. In order to integrate the
currently suggested RS-44 engine into a vehicle, feed line gimbal must be
accomplished upstream of the pump inlets located on the power head. This would
result in complex line routings within the toroidal cavity thus providing limited
cess for assembly and/or on-orbit maintenance. In addition, the greater

iculation of rvelatively long line lengths (especially in an engine-out condition)
would probably limit to two the number of engines that could be installed without
mignif“aaru increase in stage length. A preferred concept may be that which has
been empl loyed on the STS orbiter for the SSME; feed line gimbal downstream of the

pump inlet. This installation could be llghter and simpler, and provide better

access for assembly and on~orbit check out and maintenance. Using this approach,
the feed line gimbal system would be included in the advanced engine design. This
concept could also be beneficial in that changes in propellant flow characteristics
h feed line contour changes during gimbal can be evaluated during engine

lyses, design and testing. Propellant feed line gimbal for conventional tank
design concepts, Figure 4, have also been evaluated and similar results obtained.
Again, this is mainly due to the longer line lengths required and greater feed
line articulation needed to satisfy the engine—out condition.
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CONCLUDING REMARKS

The objective of this paper is not to recommend the potential changes in advanced
engine design discussed above, but rather to emphasize the need for an integrated
approach toward vehicle/engine design. This integrated approach becomeg even
more necessary when aero-assist concepts are considered, especially for those
concepts that rely on engine firing during aero-assist maneuver.

An on-orbit checkout and maintenance philosophy must also be established to
provide effective guidelines for engine design and self-monitor requirements.
With the exception of oils and greases, the aviation industry trend is toward no
scheduled maintenance between major overhauls. A similar objective might be
considered for the reusable, space-basable OTV.

Engine redundancy, thrust level, throttling, etc. requirements remain as open
issues. 1If properly executed by the selected contractors, the currently planned
NASA MSFC OTV Concepts Definition and Systems Analysis Study should provide answers
to these and most other vehicle/engine integration issues. In the interim, it
appears prudent to maintain as much flexibility as possible in defining an

advanced cryogenic engine configuration.
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SPACE BASED OTV SERVICING*

J. Greg McAllister and Larry Redd
Martin Marietta Aerospace

Space based servicing of an Orbit Transfer Vehicle (OTV) has been outlined
in sufficient detail to arrive at OTV and support system servicing requirements.
Needed space station facilities and their functional requirements have been
identified. The impact of logistics and space servicable design on the OTV design
is detailed.

INTRODUCTION

The President's proposed Space Station (SS) will provide an excellent base
from which to operate a reusable space based Orbit Transfer Vehicle (OTV).
Using the SS as a launch and refueling platform will allow the decoupling of the
Space Transportation System (STS) earth to low earth orbit (LEO) and the OTV LEO to
geosynchronous earth orbit (GEO) legs of payload delivery to GEO. The shuttle will
no longer be forced to launch in a window dictated by the payload delivery, but
rather on a periodic basis which would allow optimization of ground resources for
routine flow. The burden of meeting the launch window then falls upon the SS/0TV
system. This implies the need for a highly dependable OTV and OTV support system
if the launch windows are to be reliably met.

The OTV support system will in part consist of SS facilities capable of
doing routine maintenance and certain contingency repair procedures. It will need
an efficient logistics function, as well, to provide needed spares and consumables
in a cost effective, timely manner. Implied by this is a highly developed health
monitoring system for the OTV and its subsystems. This system must be capable of
diagnosing items in need of attention early enough so that the necessary
preventative action can be scheduled and lengthy downtimes avoided. All this is
made very challenging by the fact that the SS will be able to provide only very
limited manned support due to the restricted number of men available, the extreme
difficulty of working in the space environment, and the demands of other SS
activities.

GROUND RULES AND ASSUMPTIONS

Since none of the hardware actually exists, it is necessary to make a few
assumptions and establish sensible ground rules to allow the task to proceed.
These are shown in Table 1 and will be briefly discussed below. Since the
objective of the present study is to identify engine impacts with regard to
servicing, detailed design of the SS support facilities, etc., won't be attempted.
Also, assumptions which ease the task of determining representative OTV design and
subsequent engine impacts will be made fully realizing that they may not be real.

* This work was performed under Contract No. 127985 with Pratt and Whitney
Aircraft, West Palm Beach, Florida
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For instance, all refueling operations are assumed to be performed on the SS
instead of at a remote propellant farm. Operationally, the only impact is to the
timeline. The operations to be performed remain similar. The major assumptions
show up in Table 1 while many of the smaller assumptions will be noted inm the text,
as appropriate.

The present study ground rules are: the use of the space station as the 0TV
base, STS shuttle as the launch vehicle, manrating of the OTV, LOy/LH»
propellants, and the use of an aerobrake with a low lift to drag ratio. From a
servicing standpoint, LOp/LHy propellants, manrating, and the aerobrake present
the greatest drivers. While the aerobrake itself may not need much servicing, a
fixed aerobrake restricts OTV maneuvering about the SS, drives hangar design, and
complicates engine servicing. Manrating implies a high degree of
reliability/redundancy which in turn impacts the integrity of servicing
operations. LO2/LHy propellants have a major impact on the propellant storage
and transfer systems and to a lesser extent impacts the engine servicing
requirements. Principally, the latter will be concerned only with engine changeout
implications and the required health monitoring system and its requirements.

As mentioned above, all space based OTV servicing 1s assumed to be at the SS
and means to maneuver the OTV about the SS are provided. Specifically,
the hangar and refueling depot are assumed attached and controlled from a permanent
OTV control station at the SS. The OTV control station will control all OTV
related operations: data-handling, refueling, line of sight (LOS) proximity
operations, maintenance scheduling and procedures (except extra-vehicular activity
(EVA)), and SS inventory control. The OTV is assumed to be under ground control
for the LEO-GEO-LEO phase of the delivery missions. Both the baseline Rev 6
mission model and the SS Mission Model (ref. 1 Vol. 3) indicate an OTV launch
frequency of one every two weeks to one month. Therefore, a two week turnaround
will be used as the groundrule.

OTV MISSION FLOW

Given the above assumptions and ground rules, the gemeral OTV servicing flow
~an be sketched as shown in Table 2. From this list of operations, those pertinant
to engine and OTV servicing are further broken out so that an operational and
unctional analysis can be performed which will reveal the SS facilities needs and
the engine servicing impacts. These will be used as a baseline against which
alternate servicing concepts will be explored/evaluated.

Also, contingency operations such as unscheduled maintenance will be discussed
relative to the impact on the baseline functional flow.

[ g )

=h

A "top down" approach was first used to divide up the nominal two week
turnaround so that the maximum available time to do tasks could be delineated.
Next, specific individual tasks were considered "bottom up" in that actual times
and equipment needed to perform comparable tasks on the ground were determined. In
this fashion, areas of further research were identified. For the purposes of this
study, the shorter of the two times were used to assemble the timelines shown.
Included with the operational analysis are columns indicating facilities needs, and
intra-vehicular activity (IVA), EVA and delta time.
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Tables 3 and 4 indicate tasks, facilities, and time data for the baseline
0TV turnaround. Table 2 presents a top level 0TV servicing flow while Tables 3 and
4 break out OTV servicing and engine servicing in further detail, respectively.
Complete mission turnaround is shown to" take approximately 10 days. This is driven
primarily by the LEO-GEO~LEQ time and the OTV post mission processing.

The following discussion will cover the OTIV mission flow. The "'generic® OTV
mission is anticipated to begin early with the mission planning activities and
other operations by the payload program. The SS begins its preparations 2 to 3
days before the payload is delivered by the STS. The payload is delivered a
nominal one week early principally at the convenience of the shuttle and is stored
on-board the SS awaiting pre-mission processing. Facilities for handling the
payload are presumed available. Their exact manifestation is immaterial, but
should include means of mechanically restraining the payload, providing dormant
power, data handling, and thermal protection.

A day before the mission the payload is moved into the servicing hangar for
final check—-out operations. No EVA is anticipated, but could be used if the
payload had non-standard interfaces or required some minor contingency repalr.

For normal operations all pre-mission payload check-out operations shall be handled
remotely. The four hours of check-out time are primarily to allow for P/L
operations which may be more economically performed on the SS than on the ground.
For example, payloads could be launched without fluids to relieve designing for
launch loads.

Following successful payload check—out, the OTV will be moved tc the
servicing hangar for mating with the payload. A final health check will be made of
the OTV and the mission parameters will be loaded into the OTV main cowmputer. The
OTV to payload interface (I/F) is assumed to be primarily mechanical with a minimal
electrical I/F provided. The electrical I/F would be standardized as well as the
mechanical I/F. If non-standard I/F's were used, the timeline would need to be
modified to allow for OTV I/F modification. No fluid I/F's are anticipated. Two
P/L interfaces are implied here: one for the OTV and one for the STS. Once mated
and the I/F's verified, the OTV and payload will be moved to the OTV refueling area.

Refueling is performed as the last major operation in the pre-launch flow to
avoid bringing a fully loaded OTV into the hangar and to minimize boil-off. This
implies a refueling area capable of accommodating the 0TV, aerobrake, and payload.
The OTV is docked and refueled on the aft end. A fixed aerobrake will complicate
the refueling area design. Presumably, a door will be provided in the aerobrake to
allow the fluid umbilicals access to the OTV fluid interfaces. The refueling
operation itself is the subject of much debate and is simplified here into a tank
chilldown operation followed by the bulk fluid transfer. Simultaneous fluid
transfer is assumed. Non-hypergolic fluids and "no leak" quick-disconnects (QD's)
should allow this. Also, reaction control system (RCS) propellants and pressurants
are resupplied in parallel with the main propellants. Pressurant needs should be
minimized as much as possible due to the inordinate costs of resuppling pressurants.

Following resupply, a final OTV checkout can be performed (gimbal actuators,
pressure checks, etc). The OTV and payload are then disconnected from the
refueling area and deployed from the SS. The timeline shown assumes that the 83
remote manipulator system (RMS) releases the OTV and payload combination with a
small delta-V relative to the $S. The OTV uses a "small" RCS burn to give
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additional delta~V (about 3 fps) allowing swifter OTV and SS separation. At a safe
stance from the SS the OTV control is passed to the ground and the delivery
mission begins. An orbital maneuvering vehicle (OMV) could be used to accomplish
the same thing.

Space Station control resumes following the return of the 0TV to a safe area
within LOS of the S§5. Here, OTV safing is performed. This may be comprised of
venting the OTV propellant residuals. However, this timeline assumes that the cost
of propellants 1s of sufficient importance to warrant recovery. Safing would then
entail, primarily, deactivation of the main engines (and the RCS if an OMV is used
to recover the OTV). The OTV is returned to the SS following safing either by the
0TV RCS or an OMV. The OTV is berthed at the refueling area.

If safing were to entail venting of propellants, this may have a major
impact on the OTV. Non propulsive vents must be provided with the appropriate
valving and controls. Venting through the engines would be possible but could
pose undesirable characteristics on the engine. Additionally, the resulting
3t would need to be accounted for. An OMV would not be able to do this as the
would likely be mated to the aft end of the OTV (so its thrust can act through
OTV-P/L center of mass).

Post mission processing is essentially the reverse of the pre-mission flow.
The residual propellants are removed after docking at the refueling area. Liquid
Llants are returned to the S8 cryogen tanks and gaseous propellants are
-ed for use by the S8. RCS propellants would also be returned to storage to
rhe accuracy of pre-mission loading (mass measurement errors would otherwise
ulate). It may be desirable to leave a blanket pressure of propellant gases
tanks for structural reasons.

During the propellant off-lcading the SS data handling system will down link
data from the OTV and return the bulk of this data to the ground where it
processed. Additional data will have already been sent to the ground

ing the mission. Some data will also be retained by the SS computer to allow SS
sonnel to begin post processing scheduling. Quick data analysis and turnaround
essential to efficient OTV servicing. The bulk of the analysis software is
wed to reside on the ground because it isn't cost effective to burden the S8

er or personnel with this task. Two days are allowed for the ground to

to the SS a preliminary post mission maintenance schedule. During these two
0TV would be returnmed to the hangar if it still has a payload attached.

, the OTV is moved to its storage area (which may be the servicing hangar
this later).

0

ce post mission OTV servicing is highly dependent upon which maintenance
be performed, the routine servicing flow will be discussed along with a
iscussion of major contingency operations such as engine removal or
repair. Crew time is expected to be an extremely valuable commodity,
routine operations will be highly automated. 1In addition, the ground
of mission data will perform an optimization of servicing tasks and

a time table detailing the exact operations to be performed. An

ency operations will be interwoven to effect the optimization. This

rowimation appears in Table 2 made up of the scheduled maintenance tasks from
i 3 and 4,
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While the OTV is still berthed at the refueling area, a propulsion system
check will be performed. This check will be in support of ground analysis of
flight data to determine items in need of maintenance and to execute tests designed
to isolate any anomalies detected in the flight data. The objective of this
checkout is to drive out any failures which can be remedied in the OTV maintenance
to follow. Also, tests which require pressurants will need to be performed here.
If the OTV was equipped with removable tanks, the tank operations would be
performed in this area. However, removable tanks are not currently envisiouned,

All maintenance operations will be performed in the servicing hangar after
the schedule has been returned. The first operation will be an overall 0TV visual
inspection. This could be done EVA, but will likely be done with a closed circuit
TV (CCTV) and monitor. In this case, sufficient mobility must be given to the CCTV
to allow it to reach all areas of the OTV. Most likely, only specific areas will
routinely be inspected such as the engine nozzles, aerobrake, and OTV exterior.
CCTV movement could then proceed in a pre—~ programmed manner and the crew would
only override to inspect questionable areas.

It 1s anticipated that the servicing hangar will provide for checkout
umbilicals more extensive than those provided at the refueling area so that
specific tests can be run on the avionics. All umbilical actuation will be
automated to avoid EVA costs. EVA is anticipated only for non-routine module
change out operations, non-routine inspection, and other infrequently performed
operations where it won't be cost effective to automate. In any case, after
checkout umbilicals are attached the avionics will be checked via checkout software
and equipment carried for this purpose. Any anomalies will be mnoted and factored
into the maintenance schedule relayed from the ground. Any EVA operations would be
performed following schedule finalization. EVA module changeout would be performed
on all items so identified in the preceding checks. This assumes that the proper
modules are already on board the SS and the modules were designed for EVA
replacement. Both of these assumptions will be discussed more completely later.

No modules have yet been identified which will require changeout after every
mission. If this were the case, this would likely be accomplished robotically
using only one IVA crew man; once again, to avoid EVA costs. A candidate list of
EVA replaceable modules is shown in Table 5. This table includes estimated times
and anticipated interfaces. Since RCS modules may involve fluid disconnects, two
operations are shown to illustrate the differences. The fluid QD's lengthen the
time due to the additional effort required to assure the crew’s safety
(installation of spill containment shrouds and check out following imstallation).

Two major contingency operations identified are engine removal (which could
also be routine) and aerobrake repair. Aerobrake repair is included at this point
as a possibility. It is too early to say exactly what aerobrake repair implies or
what type of failure it may suffer. Holes could be repaired either by patching or
panel replacement. Aerobrake removal to ease servicing would be desirable but
isn't a contingency operation. This would be included in overall processing flow
near the end of pre-mission processing and the beginning of post mission processing.

ENGINE SERVICING
Several levels of engine maintenance are identified as detailed in Table 4.

Two types of scheduled maintenance are shown, operations performed after every
flight and those performed every 10 missions. The latter operations are more
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£ Table 6 1s an example of the ground maintenance planned for the RL~10
Space Tug Engine (ref. 2). When the engine is further defined, the tasks will need
to be re—evaluated. The turnaround maintenance tasks are to be fully automated so
be performed with IVA., The inspection tasks will need manned involvement,
e greater man hours assigned to the tasks. These tasks are listed

» £rom the OTV tasks previously discussed simply for ease of discussion,
¢ be fully integrated with the OTV tasks as part of the ground timeline
tion performed to arrive at the appropriate maintenance schedule. If an
removal were scheduled, the inspection would be eliminated.

The engine is expected to be the major item to be serviced and is also the

of the present study. The view just presented is the baseline and

its a middle ground; one between the two extremes of the long life, zerc

nance engine and a fully modular, space rebuildable engine. The baseline

as some LRU's specified (but not identified) so they may be included in the

These LRU's are envisioned to be small items such as transducers or

. s which can be scarred with EVA compatibility without encurring a large

or functional penalty. No major items like turbopumps, heat exchangers,
mbers ete., are included as LRU's. Failure of these items would entail

angeocut and ground servicing of the failed engine. The weight and

wpmalty of making these LRU’s is felt to outweigh the advantage of

EVA compatible. The one major item which may lend itself to EVA (or

Lacement would be the radiation cooled portion of the nozzle if there

ven advantage to this. Therefore, the phiiosophy developed here is that

failure other than in a LRU will result in the replacement of that

2 fact, engines will be replaced prior to failure if the health

system detects an impending failure.

How that engine removal has been specified, some discussion is warranted on
iz will entail. An experienced ground crew under ideal conditioms (air
’@nﬂ@ test cell fully equipped with the necessary tools) can remcve an RL-10
ive hours. The EVA crewmen are expected to replace an engine in four

the 88 hangar. This short time is a goal which makes efficient 0TV

a possibility. Two concepts for the engine-0TV interface are shown in

1 and 2. Concepts of this nature will be required. It will be necessary
fy the OTV-engine interface as much as possible to enable both the engine
self and provide the necessary functional integrity to the interface once
replacement has been effected. For this reason, it is desirable ¢
pressurant activated compoments as this eliminates a gaseous QD from the

rTes

interface. If the propellant tanks are left with a blanket pressure, a

vwﬁvec will b@ needed on the vehlcle side. The main engine valves should
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(possibly on the SS, likely on the ground). The simplest interface design has all
QD's aligned along a plane which separates the engine and the vehicle. This design
type would lend itself to remote engine removal, which is a desirable feature.

This approach would likely incur a weight penalty relative to an approach which
minimizes weight at the expense requiring EVA assistance. Cost modelling of OTV
servicing scenarios is expected to aid in recommending which approach to use.’

SPACE STATION FACILITIES

The functional and operational analysis just presented have identified five
basic space station facilities which will be needed to support a space based 0TV.
The facilities are shown in Table 7. While the facilities are treated as separate
items dedicated entirely to the OTV, in the actual space station they will be more
general purpose facilities designed to support the 0TV, OMV and other spacecraft
designed for SS servicing. At this point, the facilities are separated more for
functional reasons than for hardware reasons. The actual SS facilities will
probably recombine the functions into units logically arranged as part of the S§
design effort. Therefore, the following facilities discussions emphasize the
needed functions divided functionally. Possible overlaps are included in the
individual discussions.

The servicing hangar will house all the necessary items used for servicing
the OTV and other spacecraft. It should be a general purpose facility with some
dedicated items specifically for servicing the OTV and the SS OMV as these two
spacecraft will comprise the majority of the servicing requirements. A means of
mechanically holding the various spacecraft will be needed. A variety of
umbilicals will also be needed, mostly electrical. It may be desirable to provide
a pressurant umbilical as well. Propellants and other hazardous fluids will be
handled at another facility. Power for lighting and power tools should be supplied
as well as means of securing the astronaut, his tools, and any other loocse items
necessary. One current hangar concept (Figures 3 and 4) involves a translation
mechanism for the crewmen and a rotary carriage for the spacecraft. This would
allow the possibility of a quasi-EMU (extra-vehiclular maneuvering unit) in which
the EMU (or spacesuit) shares the SS atmosphere through an umbilical carried with
the translation mechanism. In this hangar, total portability would not be
necessary since a combination of translation and spacecraft rotation will allow
access to all portions of the spacecraft.

As with the servicing hangar, many functions of the SS computer system have
already been mentioned. Therefore, they will only be summarized here. Only a
small portion of the SS computers’' responsibilities will be represented by the QTV
activities. The SS computer will function primarily as a link between the OTV
computer, ground facilities, and the SS crewmen. OTV data stored during the
mission will be down linked to the ground through the SS computer with a portion
being retained for the 8S crewmen to act upon (SS safety related items, for
instance). After ground processing, an estimate of the OTV maintenance schedule
will be returned to the SS. The SS computer will then factor in maintenance tasks
discovered during post mission processing of the OTV and prepare a final
maintenance schedule. The SS computer will also handle loading of the OTV computer
with mission specific data prior to the OTV mission. Part of the SS computer will
also handle control of the many automated servicing mechanisms. These will include
the SS RMS(s), refueling, and CCTV movement.
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The above mentioned functions may more logically be part of the OTV control
station. Certainly items which are entirely OTV specific will be functions of the
control station. The major item here is OTV refueling and OTV LOS control.
8S computer will probably just monitor safety related items so it can respond
an emergency were to occur. The bulk of the OTV related software and
; reside in the OTV control station (functionally at best). The OTV
o station will be the primary man-machine link between the 0TV and the 8§
crew. Several OTV display and equipment controllers will be logically arranged
here to enable efficient IVA control of the various phases of the OTV mission. The
OTV control station, as with the servicing hangar, will probably share hardware
with other spacecraft. That, however, is a Space Station issue.

The 0TV refueling area will work closely with the control station. The
function here is, obviously, refueling of the OTV. However, several other
1t and fluid related functions will also be accomplished here. The

:ritical to the S8 control. The disturbances due to the propellant
fer will also need to be accommodated.

The refueling area will house the cryogen tanks, an OTV mechanical

and the necessary umbilicals to allow refueling of all propellants and
rants. An electrical umbilical is also necessary to allow control of the OTV
linking of OTV data stored during the OTV mission. It is not envisioned
1ier spacecraft will be able to utilize this hardware for their refueling.
due malnﬂy to the phy31ca1 size of the 0TV compared to other spacecraft.

fr. (They are also likely to require earth-storable propellants, not

) Spacecraft wishing to utilize this facility will accomodate the OTV and
versa. 411 the necessary control hardware will reside here (valves,
etc.) while the control software will be housed at the OTV control
move CCTV's will be necessary if the refueling area is not visible
station.

space station will need to provide some sort of storage facilities for
> 0TV and the various payloads. These facilities will at least provide

1 hold-down and minimal power and data interfaces to sustain the wehicles
it mode. Desirable features would be thermal and meteorcid protection.
.cing hangar could provide all of these at a loss in utility. These are,
space station issues. However, they are worth some discussion here as
e several modifications possible to the baseline timeline. For instance,
and 0TV mating could be performed at the storage area if the proper
2l capability existed. The paylead check-out could be performed here as
This could save time as well as minimizing the movement of masses about the
hereby saving 38 propellant.

4z an aside, this brings up the subject of the multiple payload interfaces
ry on the payload that it otherwise wouldn't need. Currently, the 8TS
manifests itself as trunnion fittings and an electrical umbilical. The
*he other hand, would require some sort of axially acting mechanical

and a separate electrical umbilical to that utilized for the shuttle,
one of these two interfaces could be used by the space station storage
4 trade-off exists between requiring the payload to supply these

and scarring either the shuttle or 0TV to eliminate one of the
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interfaces. Since the payload is launched only once while the STS and OTV make
multiple trips, the mass penalty may be best assigned to the payload. This is a
subject for further study.

DOWNTIME AND LOGISTICS

The timelines discussed so far are for a routine mission where no major
failure has occured which requires a delay to allow the STS to bring up the needed
spares or, worse yet, return of the OTV to the ground for extensive servicing.

Very few missions are likely to be "routine" and may well require delays which
impact the baseline timeline. The learning curve is likely to extend through much
of the '"routine' mission time frame of the early to late 1990's. A fully debugged
OTV-SS system by 1994 is unrealistic and an operationmal OTV by then is an ambitious
goal. However, all the mission analysis to date suggest large payoffs for the
ability to fly LEO-GEO missions on a two week schedule. A case for an OTV fleet is
emerging.

The other response to downtime impacts is a sufficient spares inventory at
the SS to avoid the majority of the delays. Since failures are by nature
unpredictable, this implies storing many spares which may never be needed.
Unnecessary spares cost both in launch mass for the spares and in the mass of the
facilities needed to house them. The space station is not yet envisioned as a
flying warehouse. It is bad enough that it is becoming a flying service station -
(OTV servicing view point). As a part of the evolving SS and OTV, a comprehensive
inventory management effort is recommended which will minimize simultaneously the
required mass at the space station and the down time incurred by the OTV. This
would entail a high reliability OTV coupled with a component-by—component failure
analysis to pin-point likely failures. In addition, grouping the high failure
items such that they may be replaced as a unit(s) is required. From day one, the
OTV design must adhere to this modular philosophy to some degree. One spare unit
capable of remedying several failures will be very valuable. It has already
emerged as a conclusion to change out an engine for any major failure rather than
repair the engine on the OTV. A reusable space-based OTV cannot be optimized
alone. But rather the OTV and its support system should be optimized.

REFERENCES
1. Space Station Needs, Attributes, and Architectural Options Study. Final
Report, Vol. III Mission Requirements, Martin Marietta Aerospace, NASA

Contract NASW-3686.

2. Design Study of RL-10 Derivatives. Final Report, Vol. III, Part 2, Pratt &
Whitney Aircraft, NASA Contract NAS8-28989.
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Fatie 1 Groung Rues &nd ASSurplions

Stugy Ground Rules

STS as launch vehicle

Space Station facilitles in place for OTV

Space based, reuseable LOZ2AH2 OTV

QTV 10 be man raleaple and 10 InCluce an aeropraxke
Rev. 6 missicn model, 1994 I0C

Structural interface only with payloag

Study Assumptions

Space Station to provide up to 4 men/day , 8 nrs/day

Hangar, refueling area, and storage facilities attached to Space Station
QTV ground controled except when within Space Station line-of-signt
2 EVA/L IVA men per EVA operation

Routine tasks sutomated as much as possible

Space Station to provide storage for necessary spares

OTV missions to aversge two week intervals

The OTV to be moved about SS by SS RMS(S)

Times for “routine” operation, not development period

OTV RCS to provide CTV control for “prox ops™

Payload mated to OTV prior to OTV refueling

TABLE 2 OTV pMissian Flow

OPERATIONS CTIMELINE

PRE MISSTON OFERATIONS ~ 7 aays
- T2y.03C 30 payvicac SSZ geilvery 0SS ny STS - T onays

= plhirse

2

MISSIOIN PREPARATION QPERATIONS
- ove P/l o nangar - 0srrerm P 2/0
TV 1o Han

- ~ave

~Matg STV ang FS -

- tove OTV-F/AL Lo reruel
- Sequre CTV-C/L ane Zonnect umpilizal
- Parform gropulsion system check

- Cnill gown ang fli maln tanks with recuired propeilants

- Resupply RCS ana sressurant (If necessary)

- Tisconnect umpbilicals - release OTV-P/AL - geploy from SS
~ "Zmall” RCS purm o0 seperate OTV ang space station

- 2ass mission conuc! from SS W grounc

PERFORNM MISSION, RETURN T 85 LGS

POST MISSION PROCESSING

raigsion ContYol frorm grounc oSS

- S Mamn Zrop T miles from spa
- =2C5 oum 1SS IEngesvous

= SE cagturs of | 1, oertn et refueling arez

- Cornect urnphllcals ang off loac precellant resiouals 3z
- Down link DTV mission 0atg o 3§ ang ground COmputors g2
- OTV exterior visual nspactlion 23
- Periorm oot missicn progulsion system checks 3B
- Disconnect ympilicale ang move OTV 15 Hangar 37
- Demate PAL it attacned) ) 3

~ Frepare =/ f0r Jround yeun

- 28 and Ground computors return OTV siagtus ano zervic? Iequirements
service 2s recuired

AT

27 ST0IEge and Move to sicrage

3
(=1

5 -
=
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Tatie 3 OTV Servicing Overview

T
i Delta 5SS ~Man Hours
P — T
Operaticn Facilites Tools ¢ Time VA { EVA | Toug
' | !
{ ; : |
Nain Propellant-Repupply | Resuoply Area RS Resupply Software. 7.9 : 7.0 P P72
I fryo Tarks,Umpil. control Systes | : !
Avionics - Sched. flaint. 5S Harqar 5.0 6.0 ;6.0 12.9
- Noaule Test $S Computor Test - Actess Tools | 3.0 3.0 P 3.0
~ Module Replacement Eny, HPA Lighting LRU ASE.Renov. Tools 3.0(1) 3.0 6.0 9.0
~ ACS Upoate SS Computor $S 6 ACS Software 6.5 5.5 - 6.5
fvionics - HY Haint. SS Hangar
- fNodule Replacement £1U,HPA, Lighting LRU ASE Remov. Tools | 1.0 (1) 1.0 2.0 3.0
~ fodule Repair 85 dork Shop Electronics Tools 1.6¢1) 1.0 2.9 2
Avionic-fission Peculiar SS Hangar
--Hodule Replacenent MU, HPA, Lighting L&t ASE Remov. Tools 1.0 + 1.0 - 2.0 « 3.0
- Reconfiguration MU, HBPA, Lighting LRU ASE. Remov. Tools 2.0+ 2.0 - 4.0 + 6.0
Tanks - Sched. Maint. Resupply Area 2.0 2.0 - 2.0
- Extarnal Inspection CCTV Ronitor RS « CCTV 1.7 1.7 - 7
- PU end TVS System SS Computor Test » Access Tools 0.3 0.3 - 0.3
Tanks - Unsched. Haint. SS Hangar
= Tank Removal Res. Area, RS Console| RMS, CCTV, Tank ASE 2.0 2.0 4,0(2) 6.0
- Insulstion Repair BTV, HPA Lighting Insul. Rep. Xit 3.0 3.0 6.0 9.0
- X-ducer Replacement E1U_HPA, Lighting LRU ASE,Renov. Tools 1.0 1.0 2.0 3.3
- PU and TVS Systen $S Hangar, ENU, HPA LRU ASE Remov. Tools z.0 2.0 4.0 5.5
Tanks ~ Bission Peculiar Resupply Area
~ Tank Recontiguration Res. Arsa RS Console| RNS, CCTV, Tank ASE 2.0 2.0 4.0(2) | 6.0
RCS - Scheduled Naint. Resupply Area,Umpil. 1.0 1.0 - 1.0
~ Leak check $$ Computor, Press RCS Software 0.5 0.5 - 2.5
~ X-ducer Check $S Computor RCS Softuware 0.5 0.5 - 0.5
RCS ~ Resupply Resupply Ares, Umdil. RCS Softuware 2.0 2.0 - 2.0
RCS - Health Naint. SS Hangar
~ K-ducer Replacement ENU,HPA. Lighting LRU ASE Remov. Tools 2.0 2.0 4.0 6.0
~ Thruster Replacement Hangar, O, HPA Light LRU ASE_Remov. Tools 2.0 2.0 4.0 6.0
Struc.6 A8 - Sched. Malnt. SS Hangar
~ Inspaction CCTV Non1tor RIS « CCTY 1.0 1.0 - 1.0
Struc.6 A8 - M Maint.
~ AB Refurbishment Resupply Area B, MMU| AB Repair Kit ¢ Tools| 3.0 3.0 6.0 9.0
- Structure Repair SS Mangar, fHu, KPR LRU ASE Remrov. Tools 2.0 2.0 4.0 6.0

WOTES :

{1) nission average expected for a1l avionics modules, 1 Nr for contingency
(2) Tank replacement only for Modular OTV, Some EVA assistance anticipated
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Tanle 4 Engine Servicing Overview

Delta SS Man Hours

Operation Facilitles Tools Time VA EVA | Total
Engina-Turnaroyng Maint, Space Statlon Hangar 3.4 01 5.4 - 5.4
- Analysis of flight data] $S & Grng Computor Engine Softuware 2 days 2 - 2
- LoGK Up Pressure decay $S Computor, Refuel Engine Softmare 9.5 hr 0.5 - 6.5
~ Engine valve op check SS Cemputor. Refuel Engine Software 8.5 0.5 - 2.5
- Mozzle visual inspec. $$ Computor Refuel RS « CCTV 8.6 8.8 - 8.6
- #ozzle extenzion check SS Computor Refuel &S =~ CCTV 0.2 0.2 - 0.2
- Gimbal scwator check SS Computor,Refusl S+ CCTY 0.2 0.2 - 0.2
- Connect Urolllcals $S dangar s 0.3 a.3 - 0.3
- Turbopump torque check $S Computor Engine Software 0.2 0.2 - 0.2
~ Ignitlon system check SS Computor Engine Softuare 0.3 0.3 - 0.3
- Ingtrumentation c/o $S Computor Engine Software 0.5 0.5 - 0.5
- Selerwid c/o S§ Computor Engine Softmare 0.3 0.3 - 8.3
- Disconnect Umbilicals $S Hangar s 0.2 Q.2 - 0.2
fngine - Periogic Maint. $$ Hangar 4.0 4,0 6.0 10.90
= SeLup operations $S bhangar Engine tools,iRU ASE 0.5 0.5 1.0 1.5
= Turbopump boroscope Power Lights Borsscope 1.0 0.5 1.0 1.5
- Thyust chempey inspec. CCTY fioniter »is.cery 1.0 1.0 - 1.0
- Engine LRU replacsment Power Lights, EMU HPA Engine Tools,LRU ASE 2.0 1.5 3.0 4.5
= Tool stowage $S hangar Engine tools LRU ASE 0.5 g9.5 1.0 1.5
Engire -0TY Engine Remove $S Hangur, RS ENU Engine Fixturs, 5.0 3.8 6.0 9.8

and Replace Foot rastraint Engine Oiscon. tools,
Lighting Protective covers

- Setwp tools 8.5 0.5 1.0 1.5
- Attach engine fixture 0.5 0.5 1.0 1.5
~ Digsonnect engine 0.5 0.5 1.0 1.5
~ Hove engine to storage 0.2 0.2 0.4 0.6
- Pickup replaceaent G.1 0.1 0.2 6.3
= align and stracn 0.7 0.7 1.4 2.1
~ Check/verify Q0's 2.0 3.8 0.5 1.3
- Store tools 0.5 0.5 2.5 1.0
Sngine - Unsched. Haint.
- Repuir in hangar SS Hangar RS, BIU,HPA| fbove 2.0 2.0« 4.0 6.0 »
- Repair LRU 1n $S S$ Hangar RNS_EMU.HPA! Above plus LRU ASE 3.0 - 4.0 - 4.0 8.0 -
- Repalr on Ground S5 Hengar @S,EMU, HPA| Rbove plus Engine ASE] 2.0 1.7 3.4 5.1
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7atie 5 £VA Replaceahie Moddes

SLBSYSTEM MODULE CONTENTS INTERFALES R&R TIME
Avionics Malin computor CPUL 170 unit, Mech, Elec. 05 nour
Memory
TT & C Antenna (s) Mech, Elec. 0.2 rour
C 80H RF Electronics Mech, Elec. 305 rour
Guidance Gyros Mech, Elec. 0.4 hour
Reaction Control RCS Module Tanks, valves, thrusters Mech, Elec 0.6 nour
System heaters, & Uansaucers
Thruster REA valves, thrust Mech, Elec & 15 nour
charmper, hester Fludg
Electical Power Power supply Fuel cells, valves, tarks Mech, Elec 0.5 hour
System heat exchanger & pumps Mech, Elec & 1.5 hour
Fuel cell Fuel cell module Fluid
Structure & Aercbrake Acrobreke Agerobrake module Mechanical 1.0 nour

267




nN
(o))
[0}

Table & RLIO Dervivative Rocket TEngine Inspection Task Times
Ingpection Type of Inapection Total Elapsed
Aresn Ingpection Type of Fault Technique Access ML MATH M
Pertodic/Phase Inspection Operations
Thrust Chamber External-Thruat Deformation and Tolerance Mcasure- Directly I 1. 50 0,75 2 men
Assembly Structure Structural Integrity ment, Dye Penetrant Accesslible
and Radiography
Extendible External-Structure Thermal Damage Visual Directly 1 .17 17
Nozzle Accessible
Turbopump Internal-Bearings Signs of Thermal Use of Borescope Typleal 1 2,00 1.00 2 men
Agsembly Damage, Cage Access Ports :
Damage No. 1, 2, and 3
Internal-Seals Excesslive Seal Pressurize Sub- Turbopump 1 50 .50
Leakage System As Installed
Internal-Seals Fxcessive Wear Radlolsotope Turbopump 1 1.50 .15 2 men
As Installed
Turbopump Gears Signs of Excesslve Use of Borescope Typleal 1 Include with bearlngs
Toolh wear Access Ports
No, 1, 2, and 3
Turbopump Torque-Check Bearings and Shaft Torque Tool Oxidizer Pump 1 25 25
Fit Closure Plate
Hellum System Internal Internal Leaks Hellum Consumption Engine-As 1 17 17 7
Conflguration Rate Installed
Flow Control External-Total Leak Check Pressure to Verlfy Fngine-As 1 50 . 50
Valve Inventory (Internal) and Seal Operatlon and Installted
Actuation Cycle Posltion Indieators
Automatle Checkout Actuation Timing, Comparison to Fagine-As ! .25 .25
Posltion Indfcations Historical Data Instatled
Leak Check Visual - Leaks Fngine-As 1 Include with eng. plumbing

External-Valve
Weldments & Flanges

(Externaly

Instatled
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Table § RL10 Derivative Rocket Engine Inspection Task Times (Continued)
Inspection Type of Inspection Total Elapsed
Area Inspection Type of Fault Technlque Access ML MALH MAMH
Gimbal Load Checkouts Excessive Wear Glmbal Power Eaglne-As 1 .50 . 60
Assembly Requirement Check Installed
Engine Plumbing Leak Check Leaks Visual Englne-As I 2.00 1.00 2 men
Installed
TOTALS 9:34 6.09
Turn Around Inspection Operations
Engine External-Weldments, Damage, Component Vlisual As lnstalled I .50 .25 2 men
Assembly Ducts, Components, Securlty, Loose
Fluld Lines, and Hardware
Hardware
Diagnostic Review All Computer Compar- N/A 1 .25 .25
Ison of Operatling
Signature
Thrust Chamber Internal Combus- Slgns of Thermal Visual Throat 1 17 17
Assembly and tfon Chamber Wail Damage (Corroslon,
Extendlble and Injector Face Cracking, Plugging)
Nozzle
“Hot Sectlon® Weldments, Ducta, Damage Visual Directly 1 .25 .25
Manifolds and Accesslble
Chamber Tubes
Expansion Nozzle Tube Cracks, Splits, Visual Directly i .17 .17
Holes Accessible
Extendible Nozzle Signs of Thermal Visual Directly 1 17 .17
Damage Accesalble
ignition System Internai-Spark No spark Visual Directly 1 .17 .08 2 men
Ignition Accesslble
TOTALS 1.68 1. 34




T&e 7 Spaoe Station OTV Sevichny Facliliies

SPACE STATION HANGAR
- Provides reteor and thermal protection for OTV and payloads.
- Provides power, data, command, and pressurant umbliicals
- Storage and use of OTV and payload handling cradies
- General purpose RMS's, astronaut foot restraint/positoning ald (HPA), tool and LRU caudies

SPACE STATEN COMPUTOR
- Refers to entire SS C8IH system, Including ground and S/C Iinks as appropriate
- Stores and executes routine servicing tasks, updating as needed from ground
- Assumes major portion of task schedullng operations
- Assumnes major portion of RMS control and other rooctics

OTV CONTROL. STATION
- Used for OTV-P/A contral for LOS operations
~ Allows misslon montoring while OTV-PAL are under ground control
- Used to monttor/control OTV refueling operations

TV RESUPPLY AREA
- Provides all mechenical, electrical, ana fluld Interfaces for OTV maln englne and RCS
- Provides propellant storage and fluld transfer control hardware
- OTV removable propellant tark handling hardware

OTV STORAGE AREA
- Proviges mechanical Hold-down , domant power and health monitoring
~ Could provide thermal and meteorold protection
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Figure 4 Hangar Servicing Concepts
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W. J. Kitchum
General Dynamics Convair

The major goals of a reusable space-based OTV are identified. 1In
addition, the benefits that a space-based 0TV offer over a ground-based OTY
such as increased performance due to reduced inert weight/propellant
requirements and reduced cost due to elimination of repeated vehicle
deliveries from Earth are discussed. The OTV mission requirements for 1991 to
2000 are delineated including satellite delivery, low thrust, and manned
missions. Several candidate configuration options to meet these mission
requirements are presented. A comparison of the cost of a pound of paylocad to
GEO for existing upper stages and proposed reusable ground-based and
space-based OTV's is presented showing the space-based 0TV to be the most
economical.

A representative space-based 0TV servicing facility on the Space Station
is presented showing the required berthing trusses, maintenance shelter,
propellant storge tanks, etc. The maintenance philosophy which was followed
in deriving the space operations tasks and timelines, is delineated indicating
that the space-based 0TV design is predicted on a modular approach with good
maintainability/accessibility features as a major design driver. General
Dynamics extrapolated its experience on current ground-based operations to
arrive at the tasks and timelines for space-based operations. The required
space-based operations and timelines are compared to the equivalent
ground-based operations and an assessment is presented for some of the basic
differences in the two operations. The results show that for an average
mission, it takes approximately 40 hours of crew time and up to four crewmen
for the space-based operations. For an average mission, it takes
approximately 150 hours of hands-on-the-vehicle technicians time and 35
different crewmen for the ground-based operations. Basically, the
ground-based operation requires more people because the vehicles, so far, have
been designed primarily for performance optimization, and maintainability and
accessibility has not been design drivers. Likewise, the vehicle has been
constrained by cargo bay dimensions for accessibility. 1In contrast, the
space-based 0TV will be designed for maintainability/accessibility and will
have more built-in test equipment for checkout because man hours are very
expensive on orbit.

A 1ist of technology needs to meet the space-based OTV goals is
presented, and a recommendation that these technology needs be pursued
vigorously in the near future and that further study is needed to define
candidate 0TV/Space Station accommodations is put forth.
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OTV MISSIONS
1991 - 2000

NASA, DoD & commercial ETR missions considered

GEO satellite missions
— 70% commercial & NASA market share — 5 to 7
missions per year (3 to 4 satellites manifested on
each mission = 10,000 Ib)
— Servicing — 2 missions per year
— DoD — 6 missions per year

Low thrust LSS missions
— 10,000 to 16,000 Ib payload
— 2 to 4 missions per year ( >1994)

Manned GEO sortie missions
— 1 per year (>1995)
— 13,000 Ib payload round-trip
Figure 1
Review of planned OTV missions indicates that most will be to

deliver GEO satellites. LSS and manned missions are later and

fewer.

REPRESENTATIVE OTV CONCEPTS

Ground-based OTV

Centaur G’

(reference) Space-based OTV

Figure 2

0TV concepts are compared. The space-based OTV illustrates the impact

that removal of launch constraints has on design.
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TRANSPORTATION COSTS TO GEOSYNCHRONOUS ORBIT
(85 KIb Payload STS)

20
Ariane IV
181
PAM-D/PAM-DII
16
141
| _Expendable
Shuttle/ Reusable Shuttle/TOS
Cost to GEO12[ Centaur ground-
L based
(1984 $K/Ib) ‘ ACCIOTV Expendable
10 [ Shuttle/ Reusable
Cent
[ Expendable
8 Shuttle/ Re”sat:,'_e
Centaur groun
6 Space —— based Space-
based ACCIOTV hased
oTV oTV
4 3
= e s
o) a \: & \i\
0 & S Qx\ N

9,500 Ib 14,000 Ib 19,000 Ib
Payload wt to GEO

Figure 3

Effective cost per pound of payload delivered to GEO is shown for
current expendables and planned reusable orbital transfer vehicles.
Costs include STS, OTV, and operations. Low cost propellant
delivery (tanker) is assumed for space-based OTV's,
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REPRESENTATIVE SPACE-BASED OTV SERVICING FACILITY

Multiple Docking Adapters
Interface with Other
Station Elements

Traveling

RMS
Satellite

Construction
Project

Cryogenic
Propellant

Tanks ST ~ otV
\ A Avionics/Docking
&

Traveling Module Under
Maintenance Service

Shelter
Pressurized \
Maintenance
Module

Experiments

Manned

Mission OTV ) )

Module Avionics/Docking Aerobrake
Module Stowed

Berthing

Interfaces oTV

Pressure
Bulkheads

Figure 4

A space-based OTV servicing facility is shown identifving the
operations and maintenance functions involved.
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SPACE-BASED OTV MAINTAINABILITY FACTORS

Support
equipment
requirements

Maintenance

philosophy

Space Shuttle
logistics
support

Man presence
determination

Logically
sequenced
maintenance /
tasks

Space station
maintenance
facility

otV
conceptual
design

Ground
support

OTV system
maintainability
considerations
to be integrated
for cost-effective
approach

Figure 5

These space-based 0TV system elements were identified as being the major
factors contributing to and impacting the maintainability of an 0TV in
space. We constantly weighed each of these maintainability factors in
formulating the Space-Based 0TV concepts.
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OTV MAINTENANCE PHILOSOPHY

Three-level maintenance — based on level-of-repair analyses
e | OTV local maintenance ,
» |} Space station maintenance of replaceable units
o ||l Returni-to-earth maintenance

Stock spare parts based on reliability, criticality'& cost
o Station storage vs shuttle delivery

stress modular construction for replacement capability

Provide operational flight instrumentation & built-in test
e Fault isolate to replaceable unit

Optimize EVA vehicle maintenance operations
e (Consider safety in hazardous situations
e Tradeoff EVA vs support equipment
— TV inspection
— Robotic remove & replace

Figure b6

A 0TV maintenance philosophy encompassing Space Station operations was
developed to help us focus on the essential elements of maintenance
support requirements. The maintenance philosophy is based on the three

levels of maintenanée described below.

Level 1 maintenance consists of the scheduled and unscheduled activities
that occur on the vehicle while it is berthed in the Space Station main-

tenance dock.

Level 1l maintenance encompasses the off-vehicle repair of replaceable
0TV components conducted at the Space Station. The 0TV replaceable
units will be dispositioned for return to earth or repaired at the
station to the extent possible within the test equipment, spares
availability and economic constraints.

tevel 111 maintenance will involve normal earth oriented disposition for

repair., An extensive analysis will ultimately provide the necessary

repair or discard decision criteria.
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EXTRAPOLATION OF CURRENT GROUND-BASED
OPERATIONS TO SPACE-BASED OPERATIONS

Centaur Space-based OTV Space-based OTV

receive/ 1 g receive/ ' 4 receive/launch

launch launch turnaround

A
y
Spac;e‘ tug h .| Ground-based OTV .| Space-based OTV
receive/iaunc > turnaround 4 turnaround
turnaround
e Functions

Manpower/skills

® Function allocations
between ground & space
Implications to SB OTV design

e Space station support requirements

Figure 7

This chart is a road map showing how we have extrapolated our present experience
with cryogenic upper stages to arrive at the tasks/manhours/number of men for a
space-based operation. We are using our actual Centaur experience for receive
and launch operations. We have used that experience in the past to come up with
projected turnaround tasks for a ground-based vehicle. This was accomplished on
the Space Tug Study in the early 70's. We also looked at the turnaround of a
ground-based OTV in a study for MSFC in 1980. Using this information as a data
base, we performed our operations analysis to identify the required space-based
operations/timelines/manpower.
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GROUND-BASED VEHICLE TURNAROUND ASSESSMENT

® Ship, integrate & launch status has not been attained
— Tendency to ship short & assembie missing parts later
— Requires some disassembly & component checkout
— Assumes man can compensate for system shortcomings

e \ehicles designed primarily for performance optimization
- Maintainability & accessability not a design driver beyond providing
access panels

e Checkout accomplished with GSE external to vehicle
— Requires multiple interfaces (manual connection)

o Personnel required to analyze data & write maintenance plan

® Preventive & corrective maintenance accomplished manually

e |nspection requires dismantling to verify vehicle integrity

® Qperation requires download, upload & integration with shuttle

@ QOperation requires transport & interface with maintenance facility

o QA & safety support required because of dismantling process &
personnel involvement

Figure 8

We have made an assessment of how we would turnaround a ground-based vehicle
under today's conditions at our facility at the Eastern Test Range in Florida.
This was done to identify the tasks to be performed, the timelines, and the
number of different personnel involved. We used this as a data base for
generating the turnaround tasks to be accomplished at the Space Station for

a space-based OTV.

First of all we must characterize a present day reusable, ground-based vehicle

and how it is processed on the ground so that a comparison with an improved
state-of-the-art space-based vehicle can be meaningful. This chart characterizes
a potential present day reusable, ground-based vehicle and how it would be handled
at ETR. The background -of how we have checked-out and launched upper stages in
the past has a big impact on the approach used today. Present day vehicles were
not designed using maintainability and accessibility as design drives. The

types of operations required to be performed are fairly labor intensive. In
addition, a ground-based vehicle must be downloaded, uploaded and integrated with

the shuttle.
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SPACE-BASED OTV TURNAROUND ASSESSMENT

s Vehicle is fully checked on ground with planned assembly at the space station
e Turnaround operations are optimized by restriction to Level | maintenance

e Maintainability is a primary vehicle/system design requirement
— Accessibility for remote & EVA operations
— Modular construction of space-based OTV simplifies & speeds up
replacement process

e Checkout accomplished with vehicle built-in test capability
— Vehicle computer system evaluates & registers fault during mission
— Vehicle status relayed to station via RF datalink or through data bus
interconnect after berthing
— Interfaces automaticaily connected during berthing operations

e Computer system analyzes & displays vehicle status & presents basic
maintenance plan

e Majority of maintenance tasks are accomplished by semiautomatic (or robotic)
equipment

¢ Inspection by TV without tear down operation

e No shuttle interface operations required beyond initial delivery

e Vehicle is not subjected to space—Earth transition environment

¢ Vehicle berths at maintenance facility

® Operations philosophy assumes vehicle is operational after good flight with aid of
instrumentation & computer assessment

s Vehicle does not need to be dismantled after each mission, which minimizes
damage due to maintenance operations

Figure 9

An assessment of Space Station operations, maintenance philosophy and space-
based 0TV design features was conducted to determine what the differences
were from a ground-based system that affect the turnaround times and crew
requirements. The results of the assessment are presented here to pro-

vide some of the reasons why a space-based OTV turnaround operation can

be accomplished in less time and with considerably fewer men than a
ground-based operation.
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COMPARISON OF GROUND-BASED vs SPACE-BASED TASKS

Time Space-Based OTV
{he) MH Reusable Ground-Based Vehicle — Task Equivalent Task Time

(hry MH
8:00 64:00 Analyze data & prepare maintenance plan Query computer about fault status 15 30

1 1
5:00 365:00 1.1.3 Transter stage from pallet to maintenance OTV docks at maintenance facility 3:40 7:20

3:00 68:00

& test stand
Remove slage access doors & connect GSE

(inciudes rendezvous & capture)
Automatic connection through .
berthing interface

1.1.5.1 Inspect structural elements & thermal control  Visual inspection (TV) 2:00 4.00
1.1.5.2 Inspect tanks, supports & interior Visual inspection {TV)
1.1.5.3 Inspect ML} & thrust structure Visual inspection {TV)
1.1.5.4 Inspect docking mechanism Visual inspeclion during capture

11.00 288:00 before docking (TV)
1.1.5.5 Inspect avionics & flight controi units Visual inspection {TV}
1.1.5.6 Inspect engine flood & pressure lines Visual inspection (TV)
1.1.5.7 Inspect fuel celis Visual inspection (TV)

4:00 32:00 1.1.6.1 Pertorm scheduled checkout & fault isolate initiate test routine & fault isolate »
16.00 73.00 1.1.6.2 Perform leak check on LH, & LO»p Monitor tor propellant leakage 15 p 30
tanks & engine 30:45

1.1.6.3 Inspect stage’/orbiler interface
(post-flight fault ISO)

8.00 80.00 1.17 Review inspection & checkout results Formulate integrated maintenance 130 1:.00
& compilete maintenance plan plan (partially automated function) Avg Avg
8.00 160.00 1.1.8 Perform unscheduled maintenance Perform unscheduled maintenance *{2 45) (8.30)
1.19 Perform scheduled maintenance Perform scheduled maintenance 8:35 1710
- structures
20:00 842.00 1.1.10 Perform scheduled mainienance
— QVIONICS
1.1.11  Perform scheduled maintenance
-~ propulsion
t.1.12  Pertorm scheduled maintenance
— thenmal control
1:00 8:30 1.2.1 Mate stage & stage/orbiter adapter
5:00 5000 1.2.2 Check out docking mechanism
215 Prepare for storage Deactivate & stow all systems ..
s e 1 2.1.6 Monitor stage in storage
Nottin time fine 2.1.7 Remove from storage Activate OTV & maintenance tacility ..
218 Accomplish mission-peculiar (Not defined at this time)
15 .00 320.00 preparations Pertorm system operational testing 45 1:30
Mot i time line 219 Perform systems test Perform corrective maintenance .
Not in time ling 2.1.10  Correct faulls Perform system operational testing
21 11 Reverify system after correction after corrective maintenance
7:50 77:80 2 1.12 Secure trom system lest
3.30 52:30 225 Mate stage & spacecraft Mate payioad to OTV 4:18 8.30
1:00 8.00 228 Venfy stage/spacecraft interface Verify OTV/payload interface 15 30
Notin
time line 2.2.7 Perform integrated system test Perform payload/OTV integration test 130 1.00
3:30 21.00 2.3 Transport payload (stage & spacecraft)

to orbiter
Install in orbiter

630 7700
2:00 2400 232
5.00 2500 233 Verity orbiter/payload interface
100 4.00 234 Conduct integrated systems test (ORB/PL)
235 Chech status — stage/shuttle interface
(after shuttle up-load)

3:00 12.00 2.41 Conduct orbiter/payload integrated test

100 4,00 2.4 3 Conduct faunch readiness test (stage) Perform prelaunch operations 4:00 8:00
4.00 20.00 2.4.4  Load propellants & pressurants Transter propeliants from station 600 1200
to OTV
0.25 1:30 2,45 Conduct terminal countdown Launch OTV/payload 1:45  3.30
30 230 311 Safe stage Transler OTV propelants to station 145 330
500 48.00 3 1.2  Purge main propellant tanks (Pertinent OTV data in computer memory)
130 1.00 31.3 Remove flight data recorder tapes
5:30 11030 3 2.1 Remove stage from orbiter
2.00 18:00 331 Iranster stage to TMF

s Not m normal turmaround
s incorpoiated i othern lask

Figure 10
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The tasks and times required to perform a turnaround operation on a
reusable ground-based vehicle were identified, which provided the data
base necessary to produce the space-based OTV turnaround timelines.
This space-based OTV data is listed here to correspond with the summary
ground-based tasks to show a comparison between the two different modes

of operation.

OTV TURNAROUND
Shelter Configuration — No EVA

TIME (HOURS)
TASK MH
‘l] 2 l 3 | 4] 5 l 6 I ki l 8 | 9 |1n[11|12|13|14|15l16I17llﬂl19l20|21‘22| 23]24]25]26‘27|25|29]30‘31|32[33 34)35
Rendezvous & 3.00 6:00
capture
1:00
Berthing - 2:00
Propellant 1.45 3:30
transfer Day 1
Inspection & 5:30
planning
17:10
R/R ACS modules
130
System test
) . 10:30
Payload integration
Propellant 12:00
transfer
4:00
Prelaunch ——— 8.00
1:45
Launch p— 3:30
69:40

Figure 11

The normal space-based OTV turnaround timeline begins when the OTV approaches
the Space Station within a specified distance (we are currently using one mile,
as the distance) to allow OMV rendezvous and docking with the OTV. The OMV
will maneuver the OTV for capture with the station RMS, which will be used to
place the OTV in the berthing structure.

The complete OTV turnaround at the Space Station will require four working days
and a dedicated IVA crew. EVA will not be required for nommal turnaround opera-
tions. The total elapsed task time is 34 hours and 30 minutes.

The prelaunch and launch times were derived from the actual timelines established
for the Shuttle/Centaur International Solar Polar Mission.
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OTV PERIODIC & UNSCHEDULED MAINTENANCE

Shelter Configuration

Task Time (Hours) Manhours
1 ]2 13 Id [Sm 7 [ 8 l 9J1 0[1 111 2]1 3]1411 511 6’1 7[1 8}1 Qﬁ?Ol Total EVA
Periodic maintenance
R/R fuel cell/batt -2-2-9« 5:40 0
] 8:15 /IDa 2 10:25
R/R engine YA A L 65:30(25:20
Unscheduled malntenance
F/R avionics module .E;fﬁi 5:30 0
o 7:35
Repair zerobrake 26:05) 9:00
‘ 7:35 Day 2 9:10
B/R tank module = 58:00120:20
T : :
Figure 12

This chart presents the timelines for wmaintenance tasks that are not considered as

part of the normal turnaround cycle, because they do not occur on each and every

mission.

Periodic maintenance will occur on a timely basis, e.g. engine changeout

after ten missions or some predetermined time of operation; fuel cell servicing

after five missions, etc.

equipment failure or damage and occurs generally on a random basis.

Our analysis reveals that engine and tank module changeouts will each require two days

to accomplish the task with an EVA involvenent.

Unscheduled maintenance is performed as a result of

Aerobrake damage repalr times are

difficult to establish, however, we have determined that one day of EVA operations

would provide for minor damage repair.

and replaced within a one day operation.

In any case, the aerobrake could be removed

The fuel cells/batteries and avionic

modules can be replaced utilizing IVA remotely controlled equipment and can each be

accomplished in Vess than three hours.
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MAN-HOUR COMPARISON FOR 20-MISSION YEAR

Predicted Task Shelter Maint Module
Requirements per Year Total EVA Total EVA
20 turnarounds 1380:00 — 1513:20 —
4 fuel cell R/R 22:40 — 22:40 —
2 engine R/R 131:00 50:40 36:20 —
5 avionic R/R 27:30 — 16:40 —
1 aerobrake repair 26:05 9:00 26:05 9:00
2 tank R/R 116:00 40:40 116:00| 40:40
Total man-hours per year | 1703:15 | 100:20 | 1731:05| 49:40
Percent EVA per year 5.89% 2.87%
Figure 13

A probable 20 mission year was formulated and sunmarized to provide a means for
assessment of crew man-hour requirements per year at the Space Station to support
the 0TV. The information gained allows for man-hour comparisons between the
shelter and maintenance module configurations. The chart also presents the ex-
pected amount of EVA envolvement, which amounts to less than 6% of the total

Level | maintenance effort.

Preventive maintenance changeouts were selected on the basis of fuel cell replace-
ment every fifth mission and engine replacement after ten missions. Unscheduled
maintenance items and frequency of replacements were selected arbitrarily to show
avionic, aerobrake and tank module activities throughout the year. Tank module
changeout could also represent a configuration change for a manned mission.
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COMPARISON OF GROUND-BASED vs SPACE-BASED
Total Task-Times

Total No. of
Average No. of Men Required
Task-Time Manhours Men per Task  For All Tasks

All ground-based OTV ~ 152:45 2534:30 16.6 35
task-times listed
Space-based OTV avg 38:45 85:10 2.2 4

task-times for nominal
20-mission year

Figure 14

The accumulative task times that are required to perform a turnaround operation
on ground-based and space-based vehicles are presented here with the associated
man-hours and average man-loading requirements. A column to show the total
number of men required to perform all tasks has been included, which takes into
account the peak loading and total skill Jevel requirements. The task times
inciude all tasks required for ground or space-based operations, as an average
for the nominal 20 mission year. Note that an additional ground support crew

of 35 are also required to support either the ground or space-based operations.
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OTV TECHNOLOGY NEEDS

High mass fraction vehicle Lightweight aerobrake
e Low vapor pressure/lightweight e Materials
tanks/meteoroid protection e Heating

¢ Composite structure
e Modular for maintenance

Avionics.
Efficient propellant management e Redundant
e Thermal control e Fault tolerant
¢ Propellant acquisition ¢ Agrobraking GN&C
e Tank pressurization ¢ Fault detection/isolation
e Propellant conditioning ® Rendezvous/docking
e Propellant transfer
* Mass gauging Servicing
e Propellant utilization e Cryogenic propellant transfer, storage

& reliquefication

High performance engine
e (QTV payload handling & integration

e High Isp

e Throttling e Maintenance

e Low inlet pressure/NPSP e Deployment/retrieval

» Reusable/space maintainable Low-cost propellant delivery

Figure 15

A summary of OTV technology needs identifies the major areas

requiring attention.

SUMMARY

e Considered ground- & space-based reusable OTVs
e Determined potential advantages of space-basing

e Defined operations, servicing & maintenance
requirements for reusable cryogenic OTVs

e [Established space-based OTV technology
development areas

e Furlher sludy is needed to better define candidate
OTV/SS accommodations

Figure 16
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A. T. Zachary
Rockwell International/Rocketdyne Division

Phe remoteness of space requires that future rocket engines operate with inte~
grated health monitoring and control systems that ensure maximum flight reliability
and indicate the need for maintenance only when required. In addition, maintenance
concepts must be developed that are consistent with the remote and hostile environ-
ment of space.

INTRODUCTION

The effective use of space will require the advent of a low-earth orbit space
station and creation of such a station has been initiated as directed by the President
of the United States. To effectively utilize such a station will ultimately require
the development of an Orbit Transfer Vehicle (OTV) for space tramsportation. The
unique characteristics and requirements of a space-based 0TV raise a number of major
issues particularly those related to vehicle/engine servicing and operations. These
issues will, to a major extent, be met by more fully utilizing recent and projected
advances in control and diagnostic systems that will provide greater flight reliabil-
ity and virtually eliminate scheduled maintenance.

CONTROLS AND DIAGNOSTICS

As indicated in table I, advances in computer technology have not been fully
utilized in rocket engines. The capability of providing engines with Integrated

Table I. Controls and Diagnostics

@ TECHNICAL ISSUES
® COMPUTER TECHNOLOGY HAS OUTSTRIPPED ROCKET TECHNOLOGY
® ADVANCED ENGINES REQUIRE MORE PRECISE CONTROL WITH:
@ LESS POWER DEMAND
e LIGHTER WEIGHT
e INCREASED RELIABILITY
© REUSABILITY AND SPACE BASING REQUIRE COMPLETE AND IMPROVED
DIAGNOSTICS CAPABILITY
@ RECOMMENDATION

® DEVELOP MICROPROCESSORS AND ADVANCED SOFTWARE FOR
ENGINE USE

@ DEVELOP CONTROL VALVES AND SENSORS PROVIDING MULTI-
VARIABLE CONTROL

e DEVELOP IN-FLIGHT DIAGNOSTIC SYSTEMS

288



Control and Health Monitoring (ICHM) systems will require advancements in microproc-—
essor, software, multivariable controls, and particularly sensors. The ideal func-
tional capabilities of a rocket engine control system will require the type of tech-
nology growth illustrated in figure 1. The result will be a system capable of per-
forming the control system functions listed in Table II. The ICHM presently
envisioned consists of in-flight and between~flight sensors whose output is processed

in a computer with the resulting control system actions, maintenance actions, and

maintenance information storage. A simplified concept of the system is shown in

figure 2.

N

e ADAPTIVE/LEARNING COMPUTER CONTROL @
¢ ON-BOARD PREDICTIVE FAILURE ANALYSIS
® MAINTENANCE ROBOTICS

o MULTIVARIABLE/OPTIMAL COMPUTER CONTROL
© DIAGNOSTIC/HEALTH MONITORING SENSORS

@ FAST RESPONSE CONTROL SENSORS

® LIGHTWEIGHT ELECTRIC/PNEUMATIC ACTUATORS

CAPABILITY ——p

o REDUNDANT MULTILOOP COMPUTER CONTROL
© CONTROL/PERFORMANCE DATA SENSORS
© HYDRAULIC/PNEUMATIC ACTUATION

TIME ——

Figure 1. Controls and Diagnostics

Table II. Projected Control and Diagnostic Functions

CLOSED-LOOP ENGINE CONTROL
CRITICAL COMPONENT WEAR DIAGNOSTICS AND LIFE PREDICTION

BETWEEN FLIGHT SERVICING IDENTIFICATION
IN-FLIGHT FAULT DETECTION AND AVOIDANCE

MAINTENANCE

With the relative remoteness of the engine and reliability such an important con-
cern, maintenance actions (e.g., inspections, checkouts, and preventive replacement)
must be minimized because of the difficulties of working in a vacuum environment as
well as the cost of supplying and supporting parts, equipment, and personnel at a
space station. To accommodate these considerations without seriously affecting per-
formance, the Integrated Health Monitoring system will be relied upon to specify the
timing and extent of maintenance actions. This system will provide a detailed assess-
ment of engine health through the use of advanced sensor, inspection, and fault

289



BETWEEN FLIGHT S e e s VAN /
P I3 E
DETECTORS INTERFACE COMPUTER // MAINTENANC
=> => => GO-NO-GO
‘ COMMANDS
MAINTENANCE
e DATA BANK INFORMATION
IN-FLIGHT o ALGORITHMS
DETECTORS o LIMITS
e CONDITIONS
==:> e SIGNATURES
o TRENDS
e MAINTENANCE
n e RECORDS
S v
IN-FLIGHT FLIGHT MAINTENANCE
INTERFACE DATA PROCESSING RECORDS

ACHIEVED BY USING A BETWEEN-FLIGHT AND/OR IN-FLIGHT CONDITION-MONITORING
SYSTEM CONSISTING OF STATE-OF-THE-ART AND/OR NOVEL AUTOMATED DETECTION
TECHNOLOGIES AND TAILORED DATA PROCESSING AND COMPUTERS.

Figure 2. Diagnostics for Maintainability Approach




isolation technology and ameliorate the effects of a malfunction and reduced mainten-~
ance through control of failure propagation.

With the use of advanced interface concepts that provide high reliability and
ease of connect/disconnect by robots or suited astronauts in an extra vehicular ac-
tivity, the engine would be configured into several modules, each containing one or
more related components. Any module, or the entire engine, could be removed and re~
placed quickly. Upon return of an OTV to the station, routine health monitoring in-
spections would be undertaken (perhaps automatically by robots). The results would
be combined with the data from flight monitoring to isolate any faults or impending
failures. The affected module(s) would be removed and replaced with new or repaired
modules, which inventoried at the space station. After a functional checkout, the
engine would be ready for the next mission. Initially, defective modules would be
returned to earth for repair. The modules, because of their light weight and compact
size, should be easily accommodated on regularly scheduled shuttle flights. As the
space station evolves, a repair shop capable of doing many repairs could develop. The
modules would be brought into a pressurized environment so disassembly could utilize
the full dexterity of maintenance personnel. Modules would be returned to earth only
for complex repairs or overhaul.

CONCLUDING REMARKS

Servicing requirements and space operations will directly impact the design of
future rocket engines. Checkout and launch requirements, maintenance philosophy,
manned involvement, and space versus ground rehabilitation of systems or components
are key considerations in maintaining a rocket engine system in space. The nerve
center of an engine is the control system and with continuing advances in control and
diagnostic technology particularly in the areas of computers and sensors, it will
make space-based operations practical.
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Grahme Fischer
Grumman Aerospace Corporation

People can perform work in the airless environment of space by enclosing
their bodies in space suites (Extra Vehicular Activity - EVA) and doing the
work themselves or, by remaining inside a pressurized volume (Intra Vehicular
Activity - IVA) and controlling external work which is performed by mechanical
arms.

The latest state of the art mechanical arms utilize Bilateral Force
Refliection (BFR) to provide operators with some "feeling" of what is happening
at the worksite. BFR is a requirement for task efficiency, providing an order
of magnitude improvement in task time when compared with all other currently
known control modes.

IVA can be conducted from an Orbiter cabin or Space Station control room
utilizing SAM - Surrogate Astronaut Machine - to perform tasks. SAM has 2
dextrous arms, a rigid arm (stabilizer) to maintain (and alter) his location
relative to a worksite, illumination, a TV camera and a small tool chest. SAM
is transported to and from worksites by the Shuttle Remote Manipulator System
{RMS) .

Another method of conducting IVA is to transport "Man-in-a-can® to a
worksite with the dextrous arms attached to the can. A closed cabin cherry
picker can perform the tasks of transporting materials as well as the dextrous
tasks of installation and removal.

EVA can be conducted in a variety of ways. We believe that there will
not be extensive use of a Manned Maneuvering Unit around a Space Station for
work activities because of the risk of human error and the potential damage
that may result to the Space Station. Rather, we believe that most EVA work
will be conducted on the RMS/MFR (Manipulator Foot Restraint, formerly known
as the Open Cherry Picker - OCP). This system offers the advantage of
enhancing Space Station safety by using collision avoidance software.

Earth based tests of space tasks have been conducted on 6 degree of
freedom motion simulators and underwater neutral buoyancy facilities. A one
to one correspondence has been demonstrated between the task times required on
these two types of facilities. However, no correspondence has been
demonsirated yet between these earth based test facilities and the actual task
time reguired in the zero gravity of space.

Two timelines are shown for performing the same task in two different
ways EVA and IVA. The EVA task requires more time, principally for
preparation (although this MOTV scenario assumes that pre-breathing is not
reguired), than the IVA task. The EVA work is more efficient (when current
state of art dextrous arms are used for IVA), but the total job time is
significantly less for IVA because it is easier to get started and finish.
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Two charts compare EVA with IVA on several different measures. For most
of these, IVA offers a significant advantage. Qur preference is for IVA
utilizing man-in-a-can, which brings direct binocular vision (and depth
perception) to the worksite. The advantages of human adaptability and

versatility can be maximized by having man in close proximity te the work he
is performing.

"CLOSED CABIN CHERRY PICKER

AEUMMAN

Figure 1
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Figure 4

TELEPRESENCE: DEXTEROUS MANIPULATOR AND RMS
PERFORM MODULE EXCHANGE ON MMS
ATTACHED TO HPA
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NS/SATELLITE SERVICING
LENISHMENT, REPAIR

Figure 6

GRUMMAN LARGE AMPLITUDE SPACE SIMULATION

@ SIX DEGREES OF FREEDOM
ZERO-G PROVISIONS
4 e >

Figure 7
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EVA EVENTS & TIMES TO SERVICE
ONE MMS TYPE SATELLITE

1 2 3
DON EVA SUITS OPEN HATCH, EGRESS, UNSTOW & C/0
e & ——{  ATTACH TETHER &  |j—— ocP s
DEPRESS CABIN TRAVERSE TO OCP
(61 MIN) (6 MIN) (10 MIN)
4 5 6 7
TRANSLATE REMOVE & REPLACE REPEAT STEP § STOW OCP &
T0 - g/“és&'“sg%;“gyn —_— TWO MORE — TRAVERSE BACK e
TO CABIN
WORK SITE T TIMES
(5 MIN) (= 15 MIN} (30 MIN) {15 MIN)
8 TOTAL TIME =176 MIN
DETACH TETHER,
e INGRESS, CLOSE HATCH CURRENT PRODUCTIVITY = 15 + 30 = 26%
REPRESSURIZE CABIN & 4PSI SUIT i
REMOVE EVA SUITS 178
(34 MIN)
4
ONE MMS TYPE SATELLITE
7 2 3
C/0 MANIPULATOR PICKUP TRANSLATE
—  HORK STATION ] TELEOP WITH — 10 T
RMS WORKSITE
) (10 WiN) (5 MIN)
EVENT TIME/
3 5 s
MANEUVER USE MANIP REMOVE MODULE
we{  MANIP & UNSCREW  |me—=e{  TO UNSCREW - & PLACE INTO s
BOTTOM BOLT. TOP BOLT & HOLD. RECEIVING RACK
(5 MIN) {5 WIN) {5 MIN)
7 8 9 10 RETURN,
UNSTOW NEW MMS INSTALL NEW REPEAT STEPS STOW MANIPULATORS,
MODULE & MANEUVER |~—{ MODULE & SECURE — 4T0 8 TWO bt SHUT DOWN -
TO SATELLITE TOP & BOTTOM BOLTS MORE TIMES CONTROL STATION, &
DISCONNECT RMS
(7 MIN) (10 MIN) (64 MIN)

CURRENT TOOL
& MANIPULATOR
TECHNOLOGY

Figure 8
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TOTAL TIME = 129 MIN

(15 MIN)

PRODUCTIVITY =32 + 64 = T4%
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EVA vs IVA: SOME COMPARISONS

ISSUE EVA IVA ADVANTAGE
> NUMBER OF WORKERS:
- OUTSIDE VEHICLE 2 (BUDDY SYSTEM 0
(REQ'D TO DATE) ’
- INSIDE VEHICLE 1 (FOR RMS) 2 (RMS & TELEOP)
OR
1 (MAN IN CAN)
- TOTAL WORKERS 3 2 OR 1 VA
s WORKER FATIGUE STRENUOUS, NO ALLEVIATE BY IVA
RELIEF SWITCHING
RMS & TELEOP
> WORK CONTINUITY STOP FOR SOUTH CONTINUOUS IVA

ATLANTIC ANOMALY
(EVERY 1 1/2 HOURS})

» TASK EFFICIENCY MOST EFFICIENT CURRENT SOA: 2X EVA EVA
(SUBJECTIVE ESTIMATES FUTURE SOA: 1X EVA NEITHER

W/O DETAILED STUDY)

EVA vs IVA: COMPARISONS (CONT’D)

ISSUE EVA VA ADVANTAGE
o JOB EFFICIENCY:
- GENERAL LONG PREP TIME RAPID CHECKOUT TBD

WITHOUT 4 HOUR & PREPARATION, EASY
PREBREATHING LUNCH BREAK

- SERVICE MMS 2.9 HOURS 2.1 HOURS VA WITH
o SAFETY CURRENT TECH.
— PEOPLE UNHEALTHY, SAFE VA
HAZARDOUS
- FACILITIES & EQUIP  RISKY SAFEST-ADV TECH IVA
INCREASES SAFETY
o DEVELOPMENT COSTS ~$150M FOR $ 8M - MANIPULATORS IVA
NEW 8PSI SUIT  ~$130M - MAN IN CAN  STANDOFF
° HECURAING COSTS > $10M/YEAR FOR TBD, BUT SMALL VA
160 EVAs

IVA APPEARS TO OFFER
SUBSTANTIAL ADVANTAGES

Figure 9
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