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ABSTRACT 

THE REQUIREMENTS FOR A HIGH PRESSURE SSAPS ARE REVIEWED. FOR A DEFINED 

VEHICLE AND MISSION, THESE ARE DETERMINED BY THE PRIMARY PROPULSION SYSTEM 

CAPABILITY. SOME OF THE FUNDAMENTAL SYSTEM PROBLEMS ARE DISCUSSED AND THE 

INFLUENCE OF APS AV REQUIREMENTS UPON THE SYSTEM PERFORMANCE SENSITIVITY IS 

DETERMINED. THE MAIN ELEMENTS OF A HIGH PRESSURE APS ARE DEFINED. TECHNOLOGY 

EFFORTS ARE DIVIDED INTO THREE OVERLAPPING AND INTERACTING ACTIVITIES, NAMELY 

FUNDAMENTAL LIMITS, APPLICATION LIMITS AND PREDEVELOPMENT ACT1 VITI ES . TO 

ILLUSTRATE SOME OF THE PROBLEMS DISCUSSED IN THIS PAPER, A CANDIDATE HIGH 

PRESSURE APS FOR HIGH AV APPLICATIONS IS PRESENTED AND DISCUSSED. 

https://ntrs.nasa.gov/search.jsp?R=19700030317 2020-03-11T22:49:21+00:00Z



GENERAL REQUIREMENTS 

THE AUXILIARY PROPULSION SYSTEM (APS) WILL BE REQUIRED TO FUNCTION FOR A MINIMUM 

SERVICE LIFE OF 100 MISSION CYCLES OVER EIGHT (8) YEARS PRIOR TO MAJOR OVERHAUL/REFURBISH- 

MENT AND WITH ONLY MINOR SERVICING ALLOWED BETWEEN EACH MISSION. DESIGN REQUIREMENTS FOR 

THE APS INCLUDE LONG LIFE, HIGH RELIABILITY, REUSABILITY, MINIMAL AND EASY SYSTEM MAINTE- 

NANCE AND REFURBISHMENT, ONBOARD SYSTEMS STATUS/CHECKOUT/FAILURE DETECTION AND ISOLATION 

SYSTEM, HIGH PERFORMANCE, MINIMUM COMPLEXITY, AND MINIMUM WEIGHT. IN ADDITION, THE SYSTEM 

MUST HAVE THE CAPABILITY TO REMAIN OPERATIONAL WITH A SINGLE FAILURE AND WITH A SECOND 

FAILURE TO ASSUME A FAIL-SAFE CONDITION FOR CREW SURVIVAL. 

FURTHERMORE, THE APS MUST HAVE THE FLEXIBILITY NECESSARY TO BE ABLE TO ACCOMMODATE 

MISSION CHANGES AND IT IS DESIRABLE THAT IT SHOULD REQUIRE A MINIMUM OF NEW TECHNOLOGY. 





APS ELEMENTS 

THE A U X I L I A R Y  PROPULSION SYSTEM W I L L  U T I L I Z E  THE SAME TYPE PROPELLANTS AS THE 

VEHICLE MAIN  PROPULSION; I .E., OXYGEN AND HYDROGEN, TO TAKE ADVANTAGE I N  INHERENT 

H IGH PERFORMANCE, NON-TOXIC AND NON-CORROSIVE PROPERTIES, CLEAN EXHAUST PRODUCTS 

AND S I M P L I F I E D  VEHICLE PROPELLANT LOGISTICS.  BECAUSE OF THE D I F F I C U L T Y  OF DELIVER-  

I N G  THE CRYOGENIC L I Q U I D S  OVER LONG DISTANCES, THE APS THRUSTORS W I L L  OPERATE WITH 

GASEOUS OXYGEN AND HYDROGEN. THE PROPELLANTS HOWEVER, MAY BE STORED I N  GASEOUS OR 

L I Q U I D  FORM, AND THE APS PROPELLANT STORAGE MAY BE INDEPENDENT OF THE MAIN  VEHICLE 

PROPULSION TANKAGE, OR PARTIALLY OR WHOLLY INTEGRATED WITH I T .  POTENTIAL BENEFITS 

MAY BE REALIZED FROM U T I L I Z I N G  VEHICLE MAIN  PROPULSION TANK RESIDUALS I N  THE APS. 

THE APS CONSISTS OF THE FOLLOWING ASSEMBLIES: 

e PROPELLANT STORAGE ASSEMBLY e PROPELLANT D I S T R I B U T I O N  ASSEMBLY 

@ PROPELLANT CONDITIONING ASSEMBLY @ THRUSTORS 



A P S  E L E M E N T S  

STORAGE AND 

ACQUISlTlO N/ORIENTATION THRUSTERS 

TURBOMACHINERY (PUMPS/COMPRESSORS) VALVES 

TANKAGE CONTROLS 

HEAT EXCHANGERS INSTRUMENTATION 

CONTROLS DISTRIBUTION NETWORK 

STATUS l NSTRUMENTAT ION 

GAS GENERATORS 



VEHICLE INFLUENCED APS CHARACTERISTICS 

BOOSTER 

THE BOOSTER APS HAS TO CONTROL THE EMPTY STAGE FROM SEPARATION U N T I L  REENTRY 

INTO THE ATMOSPHERE, WHERE THE AERODYNAMIC CONTROLS BECOME EFFECTIVE.  THE ACTUAL 

SEPARATION MANEUVER OF THE BOOSTER AND ORBITER I S  NOT CARRIED OUT BY THE APS. THE 

APS DUTY CYCLE I S  OF SHORT DURATION (UP TO 6 MINUTES),  LOW TOTAL IMPULSE, AND 

ESSENTIALLY THE SAME ON EACH MISSION.  THE PROPELLANT REQUIRED BY THE APS REPRESENTS 

ONLY SOME 1 0  PERCENT OF MAIN  TANK RESIDUALS., THE PERFORMANCE S E N S I T I V I T Y  OF THE 

BOOSTER APS I S  LOW, SO H IGH S P E C I F I C  IMPULSE I S  NOT OF PRIME IMPORTANCE. 

ORBITER 

THE ORBITER MUST HAVE THE C A P A B I L I T Y  TO ACCOMMODATE A VARIETY OF M ISS IONS WITH 

POSSIBLE EXTENDED ON-ORBIT STAY T IME.  SYSTEM F L E X I B I L I T Y  I S  THEREFORE OF PRIME 

IMPORTANCE, AND ON EXTENDED MISSIONS,  THESE SYSTEMS MUST B E  CAPABLE OF U T I L I Z I N G  

PROPELLANTS CARRIED I N  THE V E H I C L E ' S  PAYLOAD BYA. THE ON-ORBIT AV REQUIREMENTS FOR 

THE APS ARE NOT PRESENTLY DEFINED AND T H I S  PARAMETER STRONGLY INFLUENCES THE REQUIRED 

CHARACTERISTICS OF THE APS. 



VEHICLE INFLUENCED APS CHARACTERISTICS 

BOOSTER ORBITER 

INCREASI NG DELTA-V REQUlREMENTS 

LOW TOTAL IMPULSE INCREASE IN TOTAL IMPULSE 

LOW PERFORMANCE SENSITIVITY l NCREASE I N  PERFORMANCE SENSITIVITY 

SHORT TIME OF OPERATION INCREASE I N  RANGE OF THRUSTER T. I. REQUIREMENT 

LARGER QUANTITY OF RESIDUALS STATIONKEEPING (M. 1.5.) 

LOW PEAK FLOW RATES EXTENDED TIME OF OPERATION 

(SEPARATION MANEUVER EXCEPTED) REDUCTION OF PERCENT OF RESIDUALS 



PAYLOAD/APS S P E C I F I C  IMPULSE S E N S I T I V I T Y  

THESE VEHICLES ARE TYP ICAL  OF THE DESIGNS BE ING CONSIDERED I N  THE PHASE B 

STUDIES. VEHICLE A I S  OF LOW CROSS-RANGE CONFIGURATION, VEHICLE B OF HIGH. FOR 

VEHICLE A, THE PAYLOAD I S  ASSUMED TO HAVE BEEN LEFT  I N  ORBIT,  WHEREAS FOR VEHICLE 

B, A CONSTANT PAYLOAD UP AND DOWN HAS BEEN ASSUMED. 

NOTE THAT WHEREAS FOR AN APS AV REQUIREMENT OF 1 5 0  TO 2 0 0  FT/SEC, a PAYLOAD 

a ISP 
COEFFICIENT I S  LOW, APPROXIMATELY 10 L B I S E C  OR LESS, FOR AN APS WITH A AV REQUIREMENT 

OF 2 0 0 0  TO 2 2 0 0  FT/SEC, T H I S  COEFFICIENT I S  INCREASED BY AN ORDER OF MAGNITUDE. I N  

T H I S  CASE, OVERALL APS PERFORMANCE I S  OF GREAT IMPORTANCE. 



APS AV REQUIREMENTS 

THE AV REQUIREMru'TS FOR , d E  ORBITER APS, FOR A G IVEN MISSION,  ARE LARGELY DETERMINED 

BY THE MAIN  ENGINE Ct iARACT'c l lSTICS, WHICH ARE NOT PRESENTLY DEFINED, AND UPON WHETHER 

AN ON-ORBIT MANEUVERING Ph ULSION SYSTEM I S  USED OR NOT, HENCE, THERE ARE BASICALLY 

THREE DIFFERENT WNGES OF APS AV REQUIREMENTS TO B E  CONSIDERED FOR THE SPACE STATION 

RESUPPLY DESIGN MISS ION.  

A L L  MANEUVERS ON A L L  AXES MAIN  ENGINE WITH NO RESTART C A P A B I L I T Y  
(H IGH DELTA-V) (DESIGN CASE) 

ALL  WNEUVERS ON ALL  AXES RESTARTABLE M A I N  ENGINE, THROTTLED I N  
EXCEPT + X AXES OF >50 FT/  PUMP FED MODE OR SEPARATE ON ORBIT  PRO- 
SEC ( INTERMEDIATE DELTA-V) PULSION SYSTEM 

A L L  MANEUVERING ON A L L  AXES RESTARTABLE W I N  ENGINE, WHICH CAN OPERATE 
EXCEPT + X A X I S  OF > I 0  FT/  I N  THROTTLED AND PRESSURE FED I D L E  MODES, 
SEC (LOW DELTA-V) OR A SEPARATE VARIABLE THRUST ON ORBIT PRO- 

PULSION SYSTEM 

PERFORMANCE C R I T I C A L I T Y  HAS BEEN SHOWN TO BE A FUNCTION OF THE AV REQUIREMENT AND I S  

VERY IMPORTANT ON THE H IGH AV SYSTEM. PROPELLANT CONDITIONING PENALTIES ARE PARTICULARLY 

IMPORTANT HERE. AN I N D I C A T I O N  OF THE MAGNITUDE OF THESE PENALTIES I S  SHOWN. 



APS I 

ALL MANEUVERS 

ALL MANEUVERS EXCEPT 
+ X AXlS > 50 FT/SEC 

ALL MANE UVERS EXCEPT 
+ X AXlS > 10 FT/SEC 
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A P S  P R O P E L L A N T  R E Q U I R E M E N T S  

T H E S E  V E H I C L E S  A R E  T Y P I C A L  O F  T H E  D E S I G N S  B E I N G  C O N S I D E R E D  I N  T H E  P H A S E  B S T U D I E S .  

V E H I C L E  A IS O F  LOW CROSS-RANGE C O N F I G U R A T I O N ,  V E H I C L E  B O F  H I G H .  FOR V E H I C L E  A ,  T H E  

PAYLOAD IS ASSUMED T O  HAVE GI-'TN LEFT I N  O R B I T ,  WHEREAS FOR V E H I C L E  B, A CONSTANT PAY- 

LOAD UP AND DOWN HAS BEEN qS':i16ri::!., 

O R B I T E R  

NOTE T H A T  FOR AN O R B I T  n V I S  FOR 2000 - 2200 F T / S E C ,  T H E  A P S  P R O P E L L A N T  R E Q U I R E D  

A P P R O A C H E S  T H A T  O F  T H E  PAYLOAD MASS. H E N C E ,  A S S U M I N G  NO I N  O R B I T  R E F U E L I N G ;  T H E N ,  

EVEN WITH NO PAYLOAD, I T  IS DOUBTFUL I F  T H E  5000 F T / S E C  V REQUIREMENT FOR T H E  800 

N.M. O R B I T  CAN B E  MET. 

BOOSTER 

T H E  A P S  AV R E Q U I R E M E N T ,  A S S U M I N G  NO S E P A R A T I O N  MANEUVER, IS <30 F T / S E C .  T H E  PRO- 

P E L L A N T  R E Q U I R E D ,  EVEN WITH A S Y S T E M  O F  LOW ISp,  I S  L E S S  THAN O N E - T H I R D  P E R C E N T  O F  T H E  

EMPTY V E H I C L E  MASS A T  S T A G I N G .  



DESIGN WEIGHING FACTORS 

BOOSTER 

WITH I T S  LOW PERFORMANCE S E N S I T I V I T Y  AND M I S S I O N  F L E X I B I L I T Y  REQUIREMENTS, THE 

DESIGN EMPHASIS I S  FOR A S IMPLE  AND REL IABLE  SYSTEM, A T  MINIMUM COST AND U T I L I Z I N G  A 

MINIMUM OF NEW TECHNOLOGY. 

ORBITER 

THE PERFORMANCE WEIGHING FACTOR (SYSTEM WEIGHT, WHICH IS A COMBINATION OF INERT 

AND PROPELLANT WEIGHTS) I S  STRONGLY DEPENDENT UPON THE AV REQUIREMENT. WHEREAS RE- 

L I A B I L I T Y  AND F L E X I B I L I T Y  CANNOT BE COMPRISED, H IGH PERFORMANCE FOR THE H IGH AV A P P L I -  

CATIONS HAS TO BE OBTAINED, EVEN I F  T H I S  RESULTS I N  A MORE COMPLICATED SYSTEM REQUIRING 

THE APPL ICAT ION OF NEW TECHNOLOGY. 





CANDIDATE CYCLES 

THREE GENERAL CLASSES OF SYSTEMS MAY BE CONSIDERED: 

1. GASES STORED A T  H IGH PRESSURE AND AT  TEMPERATURES ACCEPTABLE TO THE THRUSTER 

I N L E T  REQUIREMENTS. H IGH PRESSURE GAS STORAGE SYSTEMS ARE SIMPLE, BUT THEY 

MAY NOT BE SELECTED, EVEN FOR USE I N  THE BOOSTER, BECAUSE OF T H E I R  EXCESSIVE 

WEIGHT PENALTY. 

2. L I Q U I D S  STORED A T  H IGH PRESSURE HEATED TO ACCEPTABLE THRUSTER I N L E T  CONDITIONS. 

H IGH PRESSURE SUPERCRITICAL STORAGE ARRANGEMENTS REQUIRE SEPARATE APS STORAGE 

AND COULD POTENTIALLY E L I M I N A T E  THE USE OF ACCUMULATORS; T H I S  WOULD PROBABLY 

NOT BE TRUE I N  PRACTICE BECAUSE OF THRUSTER RESPONSE REQUIREMENTS AND THE S I Z A B L E  

L I N E  LENGTHS REQUIRED I N  SHUTTLE. THE CONCEPT OFFERS H IGH SYSTEM R E L I A B I L I T Y ,  

LOW DEVELOPMENT COST, AND CAN SUPPLY PROPELLANT INDEPENDENT OF THE GRAVITY F I E L D  

OR VEHICLE ATTITUDE.  

3 .  L I Q U I D  OR GAS AT  LOW TEMPERATURE AND PRESSURE COMPRESSED (PUMPED) AND HEATED 

TO ACCEPTABLE THRUSTER I N L E T  CONDITIONS. 



CANDIDATE CYCLES 

'TIdREE GENERAL CLASSES 

I STORED HIGH PRESSURE GAS 

o SEPARATE TANKAGE - HlGH WEIGHT PENALTY 

D i  LlQUlDS STORED AT HlGH PRESSURE 

o SUPER CRITICAL STORAGE o REQUIRE SEPARATE STORAGE 
o CONTROLLED HEAT INPUT 
o POSSIBLE MAKEUP REQUIREMENT 
o GAS GENERATOR/ VENTING 
o HEAT EXCHANGER OPERATION 

II I LOW PRESSURE STORED GAS/LIQUI D 

PUMPED/HEATED 

COMPRESSED 

o REQUIRES HlGH TEMPERATURE ACCUMULATORS 
FOR TIME CONSTANTS 

o PROPELLANT ACQUISITION 
o GAS GENERATOR/VENTING 
o HEAT EXCHANGER OPERATION 
o TEMPERATURE?POWER FOR GAS 



TURBOCOMPRESSOR CONCEPT 

CYCLES USING TURBOCOMPRESSORS POTENTIALLY PERMIT BOOST TANK RESIDUAL VAPOR TO 

BE USED AT  NO PENALTY TO THE APS. COMPRESSOR PRESSURE RATIOS ATTAINABLE WITH REASON- 

ABLE MACHINERY LEAD TO RELATIVELY LOW GAS ACCUMULATOR PRESSURES AND THUS BULKY AND 

HEAVY ACCUMULATORS. COMPRESSOR POWER AND ACCUMULATOR WEIGHTS ARE PARTICULARLY SENSI -  

T I V E  TO I N L E T  GAS TEMPERATURE AND BECOME EXCESSIVE AS THESE APPROACH ROOM TEMPERATURE. 

TURBOPUMP CONCEPT 

TURBOPUMPING CYCLES OFFER H IGH PERFORMANCE AND H IGH FLOW C A P A B I L I T I E S  AND THUS 

W I L L  RECEIVE HEAVY EMPHASIS I N  THE PROPOSED STUDY. THEY U T I L I Z E  PROPELLANTS STORED 

AS LOW PRESSURE L I Q U I D S  AND THUS PERMIT LOW STORAGE PENALTIES. HOWEVER, FOR SPACE 

SHUTTLE APS APPLICATIONS,  THE FEED SYSTEMS HAVE TO BE ABLE TO SUPPLY L I Q U I D  TO THE 

PUMP UNDER ZERO G CONDITIONS OR WITH AN ACCELERATION VECTOR I N  ANY DIRECTION.  H IGH 

DELIVERY PRESSURES ARE RELATIVELY E A S I L Y  ACCOMPLISHED, PERMITTING THE USE OF COMPACT 

ACCUMULATORS TO HANDLE TRANSIENT DEMANDS. 





CANDIDATE SUPERCRITICAL STORAGE CYCLE 

THE CHART SHOWS A BAS IC  H IGH PRESSURE, H IGH DENSITY STORAGE SYSTEM WHICH PROVIDES 

FOR PROPELLANT PRESSURIZATION WITHOUT TURBOMACHINERY OR PROPELLANT A C Q U I S I T I O N  PROVI-  

SIONS. HERE THE PROPELLANTS ARE STORED A T  CRYOGENIC TEMPERATURES AND PRESSURES HIGHER 

THAN C R I T I C A L  AND HIGHER THAN THRUSTER REQUIREMENTS. AS PROPELLANTS ARE WITHDRAWN 

FROM STORAGE, HEAT I S  ADDED TO M A I N T A I N  STORAGE TANK PRESSURE; ADDIT IONAL  ENERGY I S  

ADDED TO EACH PROPELLANT BEFORE DELIVERY TO THE THRUSTERS. THE H IGH PRESSURE CRYOGENIC 

STORAGE CONCEPT OFFERS SYSTEM S I M P L I C I T Y  AND A SOLUTION TO ZERO G SUPPLY PROBLEMS A T  

THE EXPENSE OF INCREASED STORAGE TANK WEIGHTS AND A POTENTIALLY H IGH PROPELLANT CONDI- 

TIONING PENALTY (RELATIVE TO THE TURBO-MACHINERY CONCEPT). IT IS THUS MOST APPLICABLE 

I N  CASES WHERE APS EFF IC IENCY I S  NOT C R I T I C A L .  AS I N  THE TURBOPUMP CYCLE, A CLOSED 

HELIUM LOOP I S  USED FOR TANK PRESSURIZATION AND F L U I D  HEATING; THE CYCLE HEAT SOURCE 

I S  A GAS GENERATOR OPERATING ON A PORTION OF THE PROPELLANTS. OXYGEN TANK PRESSURIZA- 

T I O N  I S  ACHIEVED BY PASSING THE HEATED HEL IUM THROUGH A HEAT EXCHANGER LOCATED I N  THE 

TANK. A FAN I S  LOCATED I N  THE TANK TO PROVIDE CIRCULATION AND A H IGH HEAT TRANSFER 

COEFFICIENT.  HYDROGEN TANK PRESSURIZATION I S  ACCOMPLISHED INDIRECTLY;  HERE F L U I D  I S  

WITHDRAWN FROM THE TANK, COMPRESSED, HEATED BY HELIUM, AND READMITTED TO THE TANK. 





CANDIDATE TURBOPUMP CYCLE 

THE CHART I S  A S I M P L I F I E D  SCHEMATIC OF A TURBOPUMP CYCLE SHOWING MAJOR 

SYSTEM COMPONENTS AND STEADY-STATE OPERATING CONDITIONS FOR A THRUSTER HYDROGEN 

FLOW OF 1 LBISEC,  A THRUST O/F OF 4, A PCS DELIVERY PRESSURE OF 1 5 0 0  P S I A  AND A 

DELIVERY TEMPERATURE OF 300°R. A CENTRAL GAS GENERATOR BURNING HYDROGEN AND 

OXYGEN PROVIDES HOT GAS FOR THE TURBOPUMP TURBINES AND THERMAL ENERGY (THROUGH 

A CLOSED HELIUM LOOP) FOR HEATING THE PROPELLANTS TO STORAGE ACCUMULATOR 

TEMPERATURES. 



CANDIDATE TURBOPUMP CYCLE 

1.24 RB/SEC Q = 1 1  15 BTU/SEC 

H 2  TURBOPUMP 

w = 4 1  LB 

2000 PSIA Q = 419 BTU/SEC 
190°R W-2 .6  LB 
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HEAT EXCHANGER WEIGHTS AND VOLUMES 

I N  THE POWER CONDITIONING CYCLES CONSIDERED, THE H IGH F L U I D  D E N S I T I E S  AND 

H IGH TEMPERATURE DIFFERENCES AVAILABLE  FOR HEAT TRANSFER LEAD TO MODEST HEAT EX- 

CHANGER WEIGHTS AND VOLUMES EVEN A T  THE H IGH OPERATING PRESSURES. A T  A THRUSTER 

O/F OF 4, THE HELIUM-TO-HYDROGEN HEAT EXCHANGER, FOR EXAMPLE, W I L L  WEIGH LESS THAN 

10 POUNDS A T  A HYDROGEN FLOW OF 1 POUND PER SECOND. AT A FLOW RATE OF 10 LB/SEC 

AND A THRUSTER I N L E T  TEMPERATURE OF 300°R,  T H I S  HEAT EXCHANGER WELL WEIGH BETWEEN 

2 0  AND 40 POUNDS FOR PRESSURES UP TO 3 0 0 0  P S I A .  THESE WEIGHTS W I L L  BE APPROXIMATELY 

TR IPLED FOR A THRUSTER I N L E T  TEMPERATURE OF 500°W. THE HELIUM-TO-OXYGEN HEAT 

EXCHANGERS HAVE MUCH LOWER REQUIREMENTS AND HAVE ESTEWTED WEIGHTS ONE-HALF TO ONE- 

TH IRD THOSE OF THE HYDROGEN HEAT EXCHANGERS. I F  THE PROPELLANTS WERE TO BE HEATED 

DIRECTLY BY COMBUSTION PRODUCTS, THESE WEIGHTS WOULD BE CONSIDERABLY GREATER BECAUSE 

OF THE PROVISIONS REQUIRED TO M I N I M I Z E  THE FREEZING PROBLEM. T H I S  I S  PARTICULARLY 

TRUE FOR THE OXYGEN HEAT EXCHANGER. 





DISTRIBUTION 

RELATIVELY LARGE DlSTRlBUTlON LOOP WITH LARGE MOMENT ARMS 

o IMPOSES REQUIREMENT FOR CLOSE P, T CONTROL 

CONSIDERATIONS 

o DUCT SIZING 

o LOOP CHOICE, T OR CIRCULATORY 

o ACCUMULATOR SIZING/ PLACEMENT 

o THERMAL/STRUCTUWAL 

o ACCESSIBILITY/MAINTAI NABBBITY 

o LEAKAGE/DETECTIO[\I 

o FLOW RATE/MIXTURE WTIO 
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OVERALL APS PERFORMANCE OPTIMIZATION 

TEMPERATURE 

oTANK AND FEED SYSTEM 
(PRESSURE AND o DELIVERY TEMPERATURE 
TEMPERATURE DELIVERED 







APS TECHNOLOGY PHASING 

THE TECHNOLOGY EFFORTS MAY BE D I V I D E D  INTO THREE OVERLAPPING AND INTERACTING PHASES. 

7 .  FUNDAMENTAL L I M I T S .  FUNDAMENTAL L I M I T S  INFORMATION REQUIRED TO EF&%LE SYSTEM 

SELECTION TO B E  MADE PRIOR TO THE START OF PHASE C. T H I S  EFFORT MIGHT INCLUDE: 

F'C(ASE SEPARATION, MATERIALS, I G N I T I O N  DEVICES, SYSTEM SAFETY, INSTRUMENTATION, 
LONG L I F E  CRYOGENIC TURBOPUMPS, GG/TUR&OMACHINERY CONTROLS, COMBUSTION GAS 
FREEZING,VALVES AND SEALS, BEARINGS AND F ILTERS.  

2. APPL ICAT ION L I M I T S .  QUANTITAT IVE  INFORMATION, REQUIRED FOR SYSTEM D E F I N I T I O N .  

T H I S  EFFORT MIGHT INCLUDE: MATERIALS, PROPELLANT TRANSFER, VALVES, SEALS, SYSTEM 

HEALTH DIAGNOSIS, CONNECTER FABRICATION AND CRYOGENIC TURBOMACHINERY. 

3. PREDEVELUPMENT. INVESTIGATE SUBSYSTEM INTEGRATION AND INTERACTION EFFECTS. 

CARRY OUT COMPONENT SELECTION. 
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