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· FOREWORD 

This final report is submitted for the Orbit Transfer Vehicle (OTV)' 
Engine Phase "A" Study per the requirements of Contract NAS S-32999, Data , 
Procurement Document No. 559, Data Requirement No. MA~05. This work was 
performed by the Aerojet Liquid Rocket Company for the NASA-Marshall Space 
Flight Center with Mr. Dale H. Blount, NASA/MSFC, as the Contracting Officer 
Representative (COR). The ALRC Program Manager was Mr. Larry B. Bassham 
and the Study Manager was Mr. Joseph A. Mellish. 

The study program consisted of parametric trades and system analysis 
which will lead to conceptual designs of the OTV engine for use by the OTV 
systems contractor. 

The technical period of performance of this study was from 10 July 1978 
to 4 June 1979. 

The final report is submitted in three volumes: 

Volume I: Executive Summary 

Volume II: Study Results 

Volume III: Study Cost Estimates 
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I. INTRODUCTION 

A. BACKGROUND 

The Space Transportation System (STS) includes an Orbit Transfer Vehicle (OW) that is carried into low Earth orbit by the Space Shuttle. The primar) function of this OTV is to extend" the STS operating regime beyond the Shuttle to include orbit plane changes, higher orbits, geosynchronous orbits and beyond. The NASA and DOD have been studying various types of OTV's in recent years. Data have been accumulated from the analyses of the various concepts, operating modes and projected missions. The foundation formulated by these studies established the desirability and the benefits of a low oper­ating cost, high performance, versatile DrV. The OTV must be reusable to achieve a low operating cost. It is planned that an DTV have an Initial Operating Capability (roc) in 1987. 

rhe OTV has as a goal the same basic characteristics as the Space Shuttle, i.e., reusability, operational flexibility, and payload retrieval along with a high reliability and low operating cost. It is necessary to obtain sufficient data, of a depth to assure credibility, from which compara­tive systems analyses can be made to identify the development, costs, and program requirements for orv concepts. rhe maximum potential of each concept to satisfy the mission goals will be identified in the orv systems studies initiated in FY 1979. 

An assessment of the above factors will be made by the NASA to detel'mine the candidate approaches for matching the orv concepts to mission options within resource and schedule requirements. This study provides the necessary data on orv engine concept(s) based upon 1980 technology which is required to objectively select, define, and design the preferred orv engine, and was conducted in very close concert with the NASA. 
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I, Introduction (cant.) 

B. ORBIT TRANSFER VEHICLE (OTV) CHARACTERISTICS 

The Orbit Transfer Vehicle (OTV) is planned to be a manned, 

reusable cryogenic upper stage to be used with the Space Transportation 

System. Initial Operational Capability (IOC) is 1987 and the design mis­

sion is a four-man, 30-day sortie to g~osynchronous orbit. 

The required round trip payload to geosynchronous orbit is 

13,000 lbm, and the weight of the OTV, with propellants and payload, cannot 

exceed 97,300 lbm. An Orbiter of 100,000 lbm payload capability is assumed, 

however, the OTV must be capable of interim operation with' the present 

65,080 lbm Orbiter. The cargo bay dimensions of the 100,000 lbm-Orbiter 

are assumed to be the same as the 65,000 lbm Orbiter, i.e., a cylinder 

l5-feet in diameter and 60-feet in length. The OTV cannot exceed 34 feet 

in length. The OTV is to be Earth-based and will return from geosynchronous 

orbit for rendezevous with the Orbiter. Both Aeromaneuvering Orbit Transfer 

Vehicles (AMOTV) and All-Propulsive Orbit Transfer Vehicles (APOTV) are con­

sidered. These vehicles are described in NASA Technical Memorandum TMX-73394 

"Orbit Transfer Systems ~Iith Emphasis on Shuttle Applications - 1986-1991." 
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II. STUDY OBJECTlY.ES AND SCOPE 

The majorobje,ctive of this Phase "A" engine study was to provide design and parametric data on the OTV engine fOl' use by NASA and theOlV systems contractors. These data and the systems anaJyseswi11 ultimately lead to the identification of the OTV engine .requirements 50 that the con­ceptual design phase can be initiated. Spedfj,c study llbjectives!l'ere:. 

o 

o 

o 

o 

Review the OTV engine requirements identified in the statement of work, make recommendations and iteratewlthNASAll~SFC. 

Conduct trade studies and system ana lyses necessary to define the engine concept(s) which meets the OTV engine requirements. 

Generate parametric OTV engine techn; ca 1 and cost data and provi de this data in suitable format for use by NASA and the OTV system contractors. 

Prepare a final report at the completion of the study which docu­ments the technical and programmatic assessments of the OTV engine concepts studied. This final report is submitted in three vlllumes. 

Volume I: Executive Summary 

Volume II: Study Results 

Volume III: Study Cost Estimates 

To accomplish the program objectives, a study program conSisting of seven major technical tasks and a reporting task was conducted. These tasks are: 
o Task I: 
o Task II: 

;;; 

Engine Requirement Review 
Engine Concept Definition 
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II, Study Objectives and Scope (cant.) 

0 Task III: Parameti'i c Engi ne Data 
0 Task IV: Engine Off-Design Operation 
0 Task V: Hork Breakdown Structure 
0 Task VI: Programmatic Analysis and Planning 

I 

r· 0 Task VII: Cost Estimate 
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III. METHOD OF APPROACH AND PRINCIPLE ASSUMPTIONS 

A. APPROACH 

The overall study logic flow diagram depicting the seven major 
study tasks, their interrelationships, and the study inputs and outputs is 
shown on Figure 1. 

This study was a logical extension of earlier studies such as, 
the Orbit-to-Orbit Shuttle Engine Design Study (OOS), the Space Tug Storable 
Engine Study and the Design Study of RL-10 Derivatives as well as, the other 
studies listed on Figure 1. tne data, analyses and results of these previous 
studies were used and updat~d to meet the OTV requirements wherever possible. 
This resulted in a cost effective study program by permitting the study funds 
to be concentrated upon the new major issues. 

The engine requirements were reviewed in Task I, recommendations 
were made and 'I terated wi th NASA/MSFC. Based upon these requi rements and a 
preliminary analysis of candidate engine cycles, a engine concept that was 
capable of meeting the requirements was defined in Task II. Engine cycles 
considered in Task II, Engine Concept Definition, were the staged combustion, 
expander and gas generator. Parametric analyses were conducted during Task III 
on all candidate cycles over a thrust range of 10K to 30K lb thrust and detailed 
supporting analytical studies were conducted on the engine concept selected 
in Task II. Tank-head and pumped idle mode operation were evaluated for the 
selected concept in Task IV, along with one-time emergency operatl~n at a 
mixture ratio of 10. A work breakdown structure (WBS) was struc":lred in Task 
V in concert with NASA/MSFC. This WBS was used to conduct the programmatic 
analysis and cost estimates for the engine DDT&E, production and operations 
phases in Tasks VI and VII • 
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III, Method of Approach and Principle Assumptions (cant.) 

B. PRINCIPLE ASSUMPTIONS 

The following principle assumptions and guidelines were provided 
by NASA/MSFC and used to conduct thi s ~ngi ne study program. 

1. All engine (J,""I~S and characteristics will be compatible 
with the OTV requirements and schedules and will be based 
on 1980 technology. 

2. Dimensional allowance will be within Shuttle payload bay 
specifications including dynamic envelope limits. (This 
does not preclude extendible nozzles.) 

3. The engine and OTV will be designed to be returned to 
Earth in the Shuttle and reused; reusability with mini­
mum maintenance/cost for both unmanned and manned mis­
sions is a design objective. 

4. The OTV engine shall be designed to meet all of the 
necessary safety and environmental criteria of being 
carried in the Shuttle payload bay and operating in 
the vicinity of the manned Shuttle. 

5. Cost, unless otherwise specified, shall be expressed in 
FY 1979 dollars. 

6. Structural Design Criteria 

The following minimum safety and fatigue life factors shall 
, be utilized. It is important to note that these factors are 

only applicable to designs whose structural integrity has 
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III, B. Principle Assumptions (cont.) 

~: ~,,!,:", - -~--­

""~~;~ .. 

been verified by comprehensive structural testing which 
demonstrates adherence to the factOl's specified below. 
Hhere structural testing is not feasible more conservative 
structural design factors will be supplied by the procuring 
agency. 

a., The structure shall not experience gross (total net 
section) yielding at 1.1 times the limit load nor 
shall failure be experienced at 1.4 times the limit 
load. For pressure containing components. failure 
shall not occur at 1.5 times the limit pressure. 

b. Limit load is the maximum predicted external load. 
pressure, or combination thereof expected during 
the design life. 

c. Limit life is maximum expected usefulness of the 
structure expressed in time and/or cycles of loading. 

d. The structure shall be capable of wi thstandi ng at 
least four times the limit life based on lower bound 
fatigue property data. 

7. Components which contain pt'essure shall be pressure tested 
at 1.2 times the limit pressure at the design environment, 
or appropriately adjusted to simulate the design environ­
ment. as a quality acceptance criteria for each production 
component prior to service use. A higher proof test fac­
tor sha 11 be used if requi red by fracture mechani cs ana ly­
sis (see a.b.). 
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III, B, Principle Assumption (cant.) 

B. Fracture mechanics analysis shall, be accomplished to: 

a. Verify that the, maximum defect that is possible after 
final inspection and/or proof testing will not grow 
to critical size in 4 times the design life of the 
engine. 

b. Establish the proof test pressure/load factor neces­
sary to analytically guarantee 4 times the engine 
design life. 

c. Establish a list of fracture critical parts. A part 
is fracture critical if unLisual (non-rountine) process­
i n9 must be app 1 i ed to insure that the requi rement 
described in B.a. is met. 

9. The engine effects on OTV stage performance and \~eight will 
be cons'idered in trade studies and systems analysis. A tN 
margin of 3% and an inert weight margin of 10% will be used 
in determining the OTV performance. The mission velocity 
requirements are contained in NASA TMX-73394. 

10. The nominal program mission model contained in NASA TMX-73394 
shall be used for both the APOTV and AMOTV to perform the 
engine program cost analysis. 
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IV. TASK I: ENGINE REQUIREMENT REVIEN 

A. OTV ENGINE REQUI REHENTS 

The requirements fOI" the OTV engine applicable to a vehicle of 
the type envisioned to be operational in 1987 have been derived from 
numerous NASA ir.-house and contracted vehicle and systems studies and are 
summarized as follows: 

1. The engine will operate on liquid hydrogen and liquid 
oxygen propellants. 

2. Engine design and materials technology are based on 1980 
state-of-the-art, or start of phase C/O contract. 

3. The engine must be capable of accommodating programmed 
and/or commanded variations in mixture ratio over an 
operating range of 6:1 to 7:1 during a given mission. 
The effects on engine operation and lifetime must be 
predictable over the operating mixture ratio range. 

4. The nominal specific impulse shall not be less than that 
specified in Figure 2. The higher of the two values 
shown must be used. 

5. 'The engine chamber pressure is to be determined by the 
effects on total vehicle weight and stage performance. 

6. The propellant inlet temperatures shall be 162.7°R for 
the oxygen boost pump and 37.8°R for the hydrogen boost 
pump. The boost pump inlet NPSH at full thrust shall be 
2 ft for the oxygen pump and 15 ft for the hydrogen pump. 
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IV, A, OTV Engine Requirements (cont.) 

7. The service free life of the engine cannot be less than 
60 start/shutdown cycles or two hours accumulated run time, 
and the service life between overhauls cannot be less than 
300 start/shutdown cycles or 10 hours accumulated "run time. 
The engi ne shan have pravi si ans for ease of access, 
minimum maintenance, and economical overhaul. 

8. The engine when operating within the nominal prescribed 
I i ,'ange of thrust, mixture ratio, and propellant "inlet 
I conditions shall not incur during its service life chamber 
! 

I I pressure osci 11 ati on, di sturbances, or random spi kes 
l greater than + 5 percent of the mean steady state chamber 
I 

pressure. Deviations to be expected in emergency modes 
shall be predictable., 

9. The engine weight is to be determined by the effects on 
stage wei ght and cost. 

10. The engine nozzle is to be a contoured bell with an 
extendible/retractable section. 

11. Engine gimbal requirements are + 15 degrees and -6 degrees 
in the pitch plane and + 6 degrees in the yaw plane. 

12. The engine is to provide gaseous hydrogen and oxygen 
autogenous pressurization for the propellant tanks. 

13. The engine is to be man-rated and capable of providing 
abort return of the vehicle to the Orbiter orbit. 
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IV, A, OTV Eng; ne Requi rements (cont.) 

In addition to the engine requirements, consideration was also 
given to the following general requirements which are critical to the over­
all OTV program. 

1. ,Space Shuttle Payload requirements and constraints 

2. Operati ana 1 flexi bil i ty 

3. Reusability 

4. Reliability, quality and safety 

5. Low-cost operations and minimum program cost 

6. Performance and weight sensitivity 

7. Development risk 

8. Launch operations 

9. Mission operations 

10. Engineering development and test programs 

The foregoing requirements, particularly the performance, man­
rating, reusability and service life requirements, dictate the development 
of a new engine. Because the engine performance and man-rating requirements 
were found to be major concept selection and design drivers, they are dis­
cussed in this section. The man-rating requirement is what makes the OTV 
engine different from the engine studies conducted in support of the Space 
Tug studies performed in 1973. 
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IV. Task I: Engine Requirement Review (cont.) 

B. PERFORMANCE REQUIREMENT IMPACTS 

The minimum required nominal specific impulse was shown on Figure 
2. lhis figure assumes that the specific impulse will make up the gravity loss 
as the thrust to weight ratio decreases. This then keeps the payload constant. 
To achieve the high performance levels shown on the figure, high nozzle 
area ratios are required. Because the engine was also length contrained, 
this means high chamber pressures are required for a single engine installa­
tion. The engine length with the extendible nozzle retracted was varied 
as 50. 60 and 70 inches in the study. 

Figure 3 shows the thrust chal~ber pressures and nozzle area 
ratio~ that are necessary to achieve the minimum specific impulse require­
ments with staged combustion and expander cyc'le engines. It should be noted 
that a single engine installation was assumed for this analysis. 

The expander cycle engine requires relatively long chamber 
lengths to heat the hydrogen to values sufficient to meet engine power 
balance requirements. This means that less engine length is availab.a for 
the nozzle and higher chamber pressures would be required for single engine 
installations of expander cycle engines to meet the minimum performance 
requirements. Actually, the maximum operating chamber pressure level for 
an expander cycle is less than that of the staged combustion cycle. There­
fore, the performance goals are more difficult to achieve with the ex­
pander cycle in a single engine installation. It should also be noted that 

. "ot all operating points on the figure are feasible for either the expander 
or staged combustion cycles and some performance penalty must be accepted, 
particularly at 10 K lb thrust. 

The results of this performance requirement analysis, inpart, 
lead to the consideration of multiple engines (2 or 3) to achieve the 
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IV, B, Per'formance Requirement Impacts (cont.) 

performance gQ~ls. By reducing the thrust per chamber, small throat sizes 
and hence, high area ratios are possible. The nlultiple engine analysis is 
reported in Section V.B. of this report, as part of the concept definition 
task. 

C. MAN~RATING REQUIREMEI1T H1PACTS 

The man-rating requirement implies crew safety. For the OTV, 
crew safety can be measured in terms of the probability of safely returning 
the OTV crew to the orbiter. This probability is in turn related to operational 
reliability. The objectives of the reliability and safety analysis were to; "-
(1) establish the special engine design requirements imposed by man-rating, 
(2) determine the desirable reliability and safety numerical requirements, 
and (3) establish the r~liability and safety of each candidate engine concept 
to compare and determine if they meet the reliability and safety (R&S) re-
qui rements . 

Mission reliability is the successful delivery of a payload and 
the return of the OTV to the Shuttle Orbiter. The goal is to minimize mission 
losses. Crew safety is the saie return of the crew to the orbiter regardless 
of the payload status. The objective is to eliminate crew losses. 

Reliability and safety, although interactive, are different 
measures and impose different requirements. For example, the crew safety 
requirement can detract from the overall mission reliability by reSUlting in 
a higher incidence of mission aborts. 

An acceptable crew risk (ACR) of about 5 x 10-4 was assumed 
to be tolerable based upon historical precedence and the following logic. 
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IV, C, Man-Rating Requirement Impacts (cont.) 

ACR Estimati on 

Given: 200 manned mi ssion program (APOTV) 

If it is desired to have 90% confidence that no OTV crews are 

stranded in orbit, i.e., a 10% risk of losing one or more tlrews 
is acceptable, then 

Mission ACR = 1 - (0',,90)1/200 = 5.3 x 10-4 

C. E. Cornell, Institute of Aerospace Safety and Management, re­

ported in Space/Aeronautics, October 1969, that "The chance an 

Apollo won't safely return its astronauts is (approximately) 10-3" 

He also conjectured that "the maximum all owab 1 e ri sk of a fatal 
acci dent for a manned space project mi ght be 4 x 10-4". 

The propulsi on system rel i abi 1 ity requirement to achieve the above 
maximum crew risk is .999994 and was derived as follows: 

o 

o 

o 

Assumed mission ACR is 5.3 x 10-4 deaths per mission. 

Corresponding engine reliability is 

R = «(l-ACR) 11M) I/V)lIB en9 ' 

Where: M = average crew number = 4 

V = vehicle/engine allocation = 4 (assumes 1/4 
of system failures are engine related) 

B = nominal engine burns per mission = 6 

, Reng = «(1-5.3 x 10-4) 1/4) 1/4)1/6 = 0.999994. 

Based upon an ,evaluation of historical data and component failure 
rate projections, failure rate predictions were made for the various engine 
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IV, C, Man-Rating Requil-ement Impacts (cont.) 

cycle candi dates. Engine fai 1 Ul"e (shutdown) .was assumed to occur anytime there 
is a malfunction in a critical component. No single engine concept, even with 
redundant components, could satisfy the reliability and safety requirements. 
Therefore,multiple engine installations were evaluated considering both crew 
losses and mission losses. Additional guidelines and assumptions are discussed 
in Vol. II, Section III ,C. 

Figure 4 summarizes the results of the reliability and safety 
analysis. The top bar represents the predicted mission losses (without crew 
losses) and the bottom bar the vehicle and crew losses. The single engine 
inr.tallation re;,ults in expected crew losses of 19 per 1000 missions which is 
very unacceptab'je. One additional failure per thousand results in only the 
loss of the mission and not the crew. This would occur when the engine would 
fail to start on the first burn while still in the vicinity of the orbiter. 
The figure also shows that crew risk is minimized at two engines. For addi­
tional engines, the increase in catastrophic failures outweighs the relia­
bility improvement (cC'Ilsidering that approximately 0.5 catastrophic failures 
occur per engine per thousand missions). r~ission risk is minimized with 
three engines. This assumes one engine-out capability.' The two engine instal­
lation results in a higher incidence of mission losses if both engines are 

assumed to be required for all burns. This occurs because system reliability 
goes down even though engine reliability goes up. However, a more reasonable 
assumption is that the mission would be aborted only if an engine is lost 
during the first burn. Assuming that two engines are required for only the 
first burn and the mission can be completed on one engine for the remaining 
burns, (called the 2/1 concept) the two engine installation appears to be the 
best choice from an overall cost, weight, payload and risk standpoint and was 

selected. 

Figure 5 shows that a1l candidate concepts satisfy the reliability 

and safety requirements in the 2/1 concept. The expander cycle is slightly 

better th~n the othep two concepts because of the other component count. 

The major conclusions derived, from the reliability and safety 

analyses are: 
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IV, C, Man-Rating Requirement Inipacts (cant.) 

a 

" 

a 

a 

A minimum of two engines is mandatory 

Series redundant main propellant valves are required. (Engine 

must shutdown) 

Redundant spart ingiter is required (engine must start) 

The igniter, gas-generator or pre burner valves shoul d be 

dual coil. 

The redundancy requirements were factored into the engine study 

weight data and multiple engines were evaluated in the performance and 

weight trade-off studies of Task II. 
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V. TASK'II:' ENGINE'CONCEPT DEFINITION 

A. CYCLE ANALYSIS 

The primary pump-fed engine cycle candidates for use with 02/H2 
propellants are; (1) expander cycles (RL-10 type), (2) conventional turbine 
bleed cycles (i .e., gas-generator) (J-2 type), and staged combustion cycles 
(SSME and ASE types). 

Both the expander cycle and the gas generator cycle are limited 
to moderately high chamber pressure operation. The expander cycle is 
limited by the amount of heat that can be put into the hydrogen. The gas 
generator cycle is limited because of the performance loss associated with 
the turbine drive flow. The upper limit on chamber pressure of the staged 
combustion cycle engine is set by the service life requirements. 

The staged combustion cycle evaluated in the concept definition 
phase is similar to the Advanced Space Engine (ASE). A simplified schematic 
is shown on Figure 6. It uses a single fuel-rich preburner to produce 
18600 R turbine drive gases. Turbomachinery efficiencies used to perform 
power balances were obtai ned from documentati on on the ASE components. Fuel 
and oxidizer pump efficiencies used are 63.5% and 65.7%, respectively. Fuel 
and oxidizer pump turbine efficiencies were 82.8% and 63.7%, respectively. The 
engine combustion chamber is regenerative1y cooled in a slotted copper chamber 
to an area ratio of about 8:1. A tube bundle nozzle is cooled in parallel 
with the chambel' using about 22% of the total hydrogen flow. The nozzle ex­
tension is radiation cooled. This selection is an ALRC choice. The ASE 
extension is hydrogen dump cooled. This, was not select~d because of the 
performance loss associated with the small dump cooling flow. All three 
cycles are assumed to have radiation cooled nozzles which puts the performance 
comparisons on a common basis. 
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V. A. Cycle Analysis (cont.) 

The expander cycle engine evaluated in the concept definition phase 
is a parallel turbine drive concept shown on Figure 7. Data from the OOS and 
RL-10 Derivative studies of expander cycle engines was used t.o support the 
analysis. A chamber length of 18 inches was selected after reviewing these 
analyses. A contraction ratio of 3.66 was selected on the basis of the ASE 
design. Turbomachinery efficiencies used to perform the preliminary power 
balances were estimated from the RL-10 Derivative documentation. Specifically, 
efficiencies are: fuel pump 60%, oxidizer pump 69%, ,fuel turbine 67%, and 
oxi dizer turbine 74%. These effi ciencies were eval uated, revi sed and power 
balances rerun in later Task III efforts. The revised power balance data does 
not differ much from these preliminary analyses. The engine combustion chamber 
is regeneratively cooled in a slotted copper chamber to an area ratio of 
approximately 8:1. A tube bundle nozzle is cooled in parallel to the chamber 
with 15% of the total hydrogen flo\~ which is based upon cooling evaluation 
results. A radiation cooled nozzle extension is used. 

The gas generator cycle engine evaluated in the concept definition 
phase (shown on Figure 8) uses a fuel-rich gas generator which produces 18600 R 
turbine drive gas. The pumps are driven in parallel with 20:1 pressure 
ratio turbines. The turbine exhaust gases are dumped into the nozzle exten­
sion to be mixed and expanded over the remaining area ratio. These exhaust 
gases could be used as nozzle extension flange coolant. Turbomachinery 
efficiencies used to perform the power balances were obtained from studies 
of similar components foy' Contract NAS 3-21049, Advanced Engine Study For 
Mixed-Mode Orbit-Transfer Vehicles. They are: fuel pump 60%, oxidizer pump 
63%, fuel and oxidizer turbines 60%. Coolant flow paths are similar to those 
described for the staged combustion and expander cycles. 

Engine system analysis was conducted on each cycle to establish 
the maximum operating chamber pressure for each as a function of thrust. 
These analyses consisted of service life, power balance and performance/weight 
trade-off evaluations. 
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V. A. Cycle Analysis (cant.) 

The expander cycle engine was found to be power balance limited 
because of the low (650 0 R or less) turbine inlet temperatures. The staged 
combustion cycle engine is ultimately power balance limited but not in 
the range of chamber pressures investigated in this study. Theexpanrler cycle 
is harder to power balance at higher thrusts because the thrust chamber coolant 
outlet temperature (turbine inlet temperature) decreases with increasing 
thrust. This occurs because the chamber surface area increases with only 
the square root of thrust while the available coolant is directly proportional 
to thrust. In other words. the harder~to~coolengines are easier to power 
balance. 

The practical upper limit on chamber pressure for the staged 
combustion cycle engine is governed by the service life requirement. Chamber 
life cycle and thermal analyses conducted f~r this study. and the 005 and ASE 
design studies have shown that there is a practical upper limit on operating 
chamber pressure. Either pressure drops become too high because of high 
coolant velocities or the coolant bulk temperature rise limit reached. 

The gas generator cycle could operate at chamber pressures at least 
as high as the staged combustion cycle. However. because of the large per~ 
formance loss due to the turbine drive flow at high pressures, it was not 
found desirable to do so. Gas generator cycle engine specific impulse levels 
off with increasing chamber pressure. The performance loss associated with 
the turbine drive flow is almost directly proportional to chamber pressure. The 
increase,in theoretical performance obtained at the higher nozzle area 
ratios resulting from chamber pressure increases does not make up for the 
turbine exhaust loss beyond 2000 psia. Engine weight increases'with chamber 
pressure because turbopump and other pressure dependent component wei ghts 
increase. Performance/weight trade~offswere performed and resulted in a 
maximum recommended chamber pressure of 1500 psia for the gas generator cycle. 
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V. A. Cycle Analysis (cont.) 

The maximum recommended operating pressures for the engine cycle 
candidates investigated are summariz~d on Figure 9 along with the limiting 
criteria for each. All cycles appear to be life cycle limited at a thrust level 
of approximately BK lb thrust and lower., 

B. CANDIDATE CYCLE PERFOR~1ANCE, I~EIGHT AND TRADEOFF ANALYSIS, 

The performance and weight data for the various cycle candidates 
were calculated in order to perform the system tradeoffs. The data was 
evaluated as a function of thrust, at the chamber pressure established by 
the cycle analysis and for a maximum engine length with the extendible nozzle 

J 

retracted (stowed 1 ength) of 60 inches. 

Payload partials were derived using the data in NASA T~chnical 
Memorandum TMX-73394. These partials were used to'conduct the trade-offs 
required in this study program. The payload partials are: 

t.wpL --' lb/sec 
llIs 

llWpL lb/lb 
1l1~ENG ' 

AMOTV --
73 

-1. 1 

APOTV 

60 

-1.1 

The AMOTV payload partials were used because of the importance 
of high specific impulse. 

Because the reliability and safety analysis concluded that a 
minimum of two engines are required, the data presented emphasizes the twin 
engine installation. 
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V, B, Candidate Cycle Performance, 11eight and Tradeoff Analysis (cont.) 

Engine performance for a twin engine installation is shown on 
Figure 10. Both the staged and expander cycle engines are capable of meeting 
the minimum specific impulse requirements in this configuration in a total 
thrust range of approximately 15,000 to 30,000 lbs. As expected, the staged 
combuction cycle has the highest performance. The gas generator cycle fails 
to meet the minimum performance requirements over the total thrust range. 

Twin engine installation weight data is shown on Figure 11. The 
weight data shown includes series valve redunduncy and redundant igniters 
which were major reliability and safety analyses recommendatinns. The data 
show that the higher pressure engines are heavier because the pressure 
dependent component weights increase while the nozzle '"eight remains almost 
constant. The available envelope is always totally used. In addition, the 
gas generator'and staged combustion cycles require move components than 
an expander cycle engine. 

The results of the trade-off analyses for twin engines using the 
AMOTV payload parti;ls are shown on Figure 12. The payload changes were com­
puted against the minimum specific impulse requirement and a single (20K lb 
thrust) staged combustion cycle engine baseline weight of 718 lb. The figure 
shows that the expander cycle and staged combustion cycle engines have 
approximate ly the same payload capabi 1 ity at the 20K 1 bF nomi na 1 total thrust 
level. The gas generator cycle engine results in relatively high payload 
penalties ov~r the entire thrust range and is not competitive. 

The results of all trade-off analyses for one, two and three 
engines are shown on Figure 13. A staged combustion cycle engine is superior 
only in a single engine installation. However, a single engine is unaccept­
able for crew safety. Multiple engine installation payload capabilities 
of staged combustion and expander cycle engines are essentially a "draw". 
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V, B, Candidate Cycle Performance, Weight and Tradeoff Analysis (cont.) 

The paylo~d capability of multiple gas generator cycle engines is approxi­
mately 500 lb less than. the other two candidates, The payload capability for 
all engi'ne concepts is reduced as the number of engines are increased because 
of the weight penalties incurred with multiple engines. 

C. CONCEPT SELECTION 

Because the stagl!d combustion and expandel' cycle engine payload 
comparisons resulted ina technical stalemate, other factors had to be con­
sidered in the concept selection. These factors were development risk and 
life cYcle cost. A preliminary evaluation of these factors Was made in ALRC 
in-house studies. Further assessments are planned in an extension to the 
contract. The results of the initial analyses showed that the expander cycle 
development risk is lower than efther the staged combustion or gas generator 
cycles primarily because a critical combustion device and hot gas turbine 
drive is eliminated. This also results in substantial cost savings. These 
cost results are supported by the data generated in Task VII, Cost Estimate. 

Based upon the engine requirements review and the safety, reli­
ability, relative payload, risk and cost evaluations,an engine concept was 
selected as a baseline for the remaining study efforts. The recommended . 
configuration was a twin, 10K lb thrust per subassembly, expander cycle engine. , . 
This recommendati on was approved by NASA/MSFC at the conclusion of Task II. 
The conclusions are summarized on Figures 14 and 15. 

Crew safety dictates a minimum of two engines. Single engines 
are not accepteble for the mannep missions. The payload trades show that 
8K to 12K lb thrust engines provide the best multiple engine installation. 
In this thrust range, the expander and staged combustion cycle engines have 
approximately the same payload capability. A total thrust of 20,000 lbs is 
about optimum hence, two 10K lb thrust engines is a good design point. The 
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v, C, Concept Selection (cant.) 

gas generator cycle engine \~ould appear to be eliminated because of its low 
performance and resulting payload penalties. 

The expander cycle offers the least development risk in terms of 
potential schedule and cost overruns because of the elinlination of a critical 
combustion component. This also means that the expander cycle turbines 
operate in a benign environment. The reduced component count and lower risk 
obtained with an expander cycle also mean that large savings in total life 
cycle costs are possible. 

The development of a new advanced expander cycle is necessary 
because of the man-rating, high performance, reusability and long life re­
quirements identified for the OTV engine. 
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VI TASK III: PAHAMETRIC DATA 

The primary objective of this task was to provide engine performance, 
weight, and envelope parametric data for the three engine cycle concepts. The 
parametric ranges considered in this study are sho\~n on Table 1. The nozzle 
area ratio is dependent upon the available engine length and the 
operating chamber pressures selected for each of the concepts. The maximunl 
engine length with the extendible nozzle in the retracted position was 
varied parametrically as shown on the table. The chamber pressures ~~re 
selected on the basis of power balance, cycle life or payload trade-off 
study results. Nominal mixture ratio was specified as 6.0, although off-design 
operation up to a mixture ratio of 7.0 was evaluated. 

Supporting analyses were conducted to provide the data necessary to 
perform the parametric studies. These supporting studies included performance, 
structural, thermal, turbomachinery, controls, cycle and materials analyses. 
Some of these analyses and their results are discussed briefly in this section. 
Primary emphasis was placed upon the recommended expander cycle engine concept. 

A. SUPPORTING ANALYSES 

1. Performance Analysis 

Engine delivered performance data were calculated for an energy 
release efficiency (ERE) goal of 99.5% and minimum chamber length requirements 
were established accordingly. A chamber length of 18 inches was selected 
for the expander cycle engine for power balance reasons. Figure 16 shows that 
this length is more then adequate to meet the ERE goal. For engines, like 
the staged combustion cycle which are not dependent upon the heat input into 
the hydrogen for pO\~er balancing, shorter chamber lengths can be used. Chamber 
lengths of approximately 8 and 13 inches were established for the staged com­
bustion and gas generator cycle engines, I"espectively. The chamber length is 
longer for the gas generator cycle because the state of the propellants is 
liquid-liquid rather than liquid-gas. 

39 

" -- .. -~---

1 

1 

1 , 
I 
j 
I 
I 

l 

I 

I 
I 
1 

1 
I 
1 

'., .~ 
. j 

.A 



r!CI 
, 

" , 
',1 

, ", ! 

Ii 
\ 

" , 
. '$ 
" . , 

I , 

.j 
i 

i 

TABLE I 

PHASE A OTV PARAMETRIC RANGES 

Thrust Level: 10,000 to 30,000 lb 

Maximum Retracted Length: 50, 60 and 70 inches 

Nozzle Area Ratio: TBD 
Nominal Thrust = 20,OOOlb 
Nominal Retracted Length = 60 in. 
Nomi na 1" Extended Len gth = 120 in. 

Thrust Chamber Pressure:' TBD 

Nominal OIF = 6.0 

Off-Design OIF = 6.5 and 7.0 
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VI, A, Supporting Analyses (cant.) 

Simplified JANNAF performance preniction techniques (CP!A 
Publication 246) were used to determine the other performance losses. The 
boundary layer loss charts in the simplified procedures were adjusteo to 
agree with the latest experimental data obtained for the ASE at an area ratio 
of 400:1, a thrust level of 20,000 lb and a chamber pressure of 2000 psia. 
For these test conditions, the experimental data indicates that the old 
procedures predicted a boundary layer loss approximately 4 seconds too high. 

2. Structural Analysis 

Structural analyses were undertaken to determine the design 
constraints imposed by low cycle thermal fatigue and creep-rupture strength. 

, These analyses were conducted in conjunction with the coolant heat transfer 
evaluation to establish the chamber temperature, pressure and coolant channel 
geometry limits created by the chamber service life requirements. For this 
analysis, the service life bet\~een overhauls is 300 cycles times a safety 
factor of 4 (1200 total cycles) or' 10 hours accumulated run time. 

The material used for the combustion chamber (non-tubular 
portion) is zirconium copper in a mill slotted configuration. The outer shell 
of the chamber is e 1 ectroformed ni cke 1 \~i th adequate thi ckness to remai n 
elastic under the pressure loading and copper expansion forces. 

The low cycle fatigue is dependent upon the total strain range 
induced on the hot gas-side wall of the regen-cooled thrust chamber. The 
large number of chamber configurations and thermal loadings in the parametric 
studies precluded the use of finite element computer analysis at each point. 
A simplified strain prediction method \~as developed, based upon a strain 
concentration factor (K,), thermal expansi on coefficient ("'), and the temperature 

, £ 

differential between the gas and backside walls (~T). 

~E: = K '" ~T 
E 
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VI, A, Supporting Analyses (cont.) 

A plane strain computer analysis was conducted at the throat, 
and at one point in the barrel section. Maximum stresses and strains were 
determined. This strain data was used to calculate K in the above equation . e and checked against the design curve shown bY Figure 17 which was established 
by computer solutions for many other designs. The detailed analyses results 
fit the historical base well, as shown on th!! figure. Therefore, the design 
curve was used to preduct strain at other points in the chamber and for the 
parametric studies. 

Hith the predicted strain, strain concentration factor and 
material properties, the maximum temperature differential between the hot gas­
side wall and the cooler backside-wall was established. This temperature 
di fferenti a 1 for the slotted zi rconi urn copper chamber is shown on Fi gUl'e 18 
for a range of allowable strains. A strain of 1.86% was predicted for the 
initial analysis. This allowable temperature differential data was used in 
the thermal analyses to conduct the chamber and channel design studies. 

The thermal analysis established channel designs and wall 
temperature profiles in the chambers. A typical strain vs cycle life curve 
for zirconium copper at 900°F is shown on Figure 19. Similar figures were 
constructed at other temperatures and used to check the design for the cycle 
life requirement at the predicted wall temperatures. For example, for a 
10 hr hold time and a predicted maximum strain of 1.86%, the figure shows 
that 1200 thermal cycles are predicted. This meets the 300 cycle service 
life requirement when the safety factor of four is applied. 

3. Thermal Analysis 

Parametri c thermal ana lyses were conducted to support the 
design and power balance analysis required in this study. These parametric 
analyses considered variations in thrust level, stowed engine length, chamber 
length, contraction ratio, cycle life requirement, off-design mixture ratio 
operation, and the flow split between the combustion chamber and the fixed 
nozzle. 
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VI, A. Supporting Analyses (cant.) 

The zirconium copper chamber evaluated in this study is 
regeneratively cooled in a single pass with the coolant flowing from an area 
ratio of 8:1 to the injector head end. Flowing the hydrogen coolant from 
injector to the aft end results in higher coolant Mach numbers and pressure 
drops then the counterflow arrangement chosen. 

The coolant flow split between the regeneratively cooled 
nozzie and the combustion chamber was investigated dur~ng the concept defini­
tion phase. The study showed that reducing the chamber coolant flow rate 
results in a sm~ll decrease in the required chamber pressure drop. This 
OCCU1'S because the hydrogen heat transfer coefficient increases with increas­
ing bulk temperature. Cooling of the nozzle with 15% of the flow, that is in 
parallel with the ch3ilber coolant, results in approximately 14 psi 'less chamber 
pressure drop than cooling the chamber with the total hydrogen flow. 

The selected coolant flow schematic used in the Task III' eval­
uations is shown on Figure 20. The zirconium copper chamber is cooled with 
85% of the total hydrogen flowing from an area ratio of 8:1 to the injector. 
A two-pass A-286 tube bundle ~~s designed to cool the nozzle with 15% of the 
total hydrogen flow from an area ratio of 8:1 to the end of the fixed nozzle. 
The fixed nozzle length is determined to meet the minimum stowed length 
requirements. The extendible nozzle is radiation cooled and is made of FS-85 
columbium with an R-512E silicide coating. Analyses in support of the OMS-E 
have shown that this material will meet the service life requirements. A 
dump cooled nozzle extension was also investigated in the concept definition 
phase but eliminated because of complexity and performance loss considerations. 
A two pass regeneratively cooled nozzle extens'ion was also eliminated for 
complexity reasons. 

The results of thermal analyses conducted to support the 
power balance efforts are summarized on Figure 21. The figure shows that the 
turbine inlet temperature increases with decreasing thrust lev~l and increasing 
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Figure 20. Advanced Expander Cycle Engine Coolant Flow Schematic 
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VI, A, Supporting Analyses (cant.) 

chamber pressure. The chamber coolant jacket pressure drop is also the 
highest at 10K lb thrust. A channel depth to width ratio of 5:1 was imposed 
in the study. This resulted in overcooling the 30K thrust level which is 
reflected by Slightly increased (but not very significant) pressure drops 
relative to the 20K designs. This problem might be alleviated by the use 
of l1ider channels in the throat region 01' by reducing the chamber coolant 
fluw. If a 30K single engine thrust level is of interest. further study 
of the channel geometry and coolant flow split would be required. 

The thermal analysis data results for the ultimately 
selected Task III operating chamber pressures are sUllmarized on Table II. 
Stowed engi n" 1 engths of 50, 60 and 70 inches were eva hated to support the 
parametric data evaluations. The stowed length affects the nozzle coolant 
heat pickup and in some cases, the chamber heat pickup because shorter chamber 
lengths must be used to minimize the stO\~ed engine length. This occurs 
because the fixed nozzle area rati a for langel' chamber lengths becomes smaller 
than the radiation cooled nozzle minimum attachment area ratio criteria. 
These cases are noted on the table. For engine sto\~ed lengths of 60 and 70 
inches. an 18 inch long chamber can be used at all thrust levels. The shorter 
chamber lengths result in much 10\~er turbine inlet temperatures and affect 
the power balance and parametric data at these points. 

The engine is required to operate over a mixture ratio range 
of 6.0 to 7.0. In addition. one time emergency operation at a mixture ratio 
of 10.0 was evaluated. The thennal analysis results for these operating 
conditions are summarized on Table III. Similar data was generated at 
other stowed lengths and thrust levels for the OfF's of 6.0 to 7.0 The 
thermal and low cycle fatigue analysis shO\~ed that the engine could be de­
signed at a nominal OfF of 6.0 and operate without cycle life degradation at 
a mixture ratio of 7.0. A mixture ratio of 7.0 requires less pressul'e drop 
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TABLE II 

ADVAIICED EXPANDER CYCLE EflGIIIE THERHAL ANALYSIS DATA SUHl1ARY 

Thrust 

Chamber Sto~led Chamber 
Pressure Length, Length, 

psia in. ~ 
10,000 1300 50 18 

1300 60 18 

1300 70 18 

20.000 1100 50 '16 

1100 60 18 

1100 70 18 

30,000 950 50 12 

950 60 18 

950 70 18 

/lOTES: COOLANT IIlLET TEMP. = 90~R 
CHA1~BER COOLAIIT = 85% OF TOTAL H2 FLOW 
llOZZtE COOLANT = 15% OF TOTAL H2 FLOW 

1l001IML OfF = 6.0 

Chamber Chamber 
LIP, LIT, 

2sia deg. 

131 524 

131 524 

131 524 

73 310 

76 340 

76 340 

87 205 

91 269 

91 269 

*L' is constrained by minimum radiation cooled nozzle attach area ,ratio. 

.. _,-....-.--- ._-- -_._'-_.' 

Nozzle Nozzle 
!;P, LIT, 

2sia deg. 

19 661 

12 784 

14 896 

9 460 

9 563 

8 659 

7 378 

6 423 

7 525 

-,....,,.,..--.,-c'---~: 

~ is # :.s . -,W 0;-29.1 

Ctlolant 
Outlet Temp., 

oR 

635 

653 

670 

422* 

463 

477 

321* 

382 

397 

, 
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Mixture 
Ratio 

6.0 

6.5 

7.0 

10.0 
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TABLE III 

OFF-DESIGN OPERATION THERf1AL ANALYSIS SUm1ARY (EXPANDER CYCLE) 

F = 10,000 lbs 
Stowed Length - 60 in. 

Chamber Chamber Chamber Pressure, P':es5ure Coolant 
~a __ Dr0l::, psi /IT, Deg. 

1300 131· 524 

1278 120 542 

1261 108 556 

1260 90 763 

"'!"~. :c;= if' F .,,_ -¥ a -!' .,~~; . .",."Pt 
It: . ;, 

Turbine 
Inlet 

Temp., oR 

653 

668 

680 

856 

, 
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VI , A. Supporting Analyses (cant.) 

than 6.0 even though the coolant flow is I':,duced and the stagnation tempera­
ture is increased. This l'esult occurs because of a reduction in the gas­
side heat transfer coefficient. This is also true for the emergency one-time 
operation at a mixture ratio of 10. The results of the low cycle thermal 
fatigue analysis show that the off-design opel'ation at this OIF would have a 
negligible affect on the chamber sel'vice life. 

4. TU1'bomachi nery Ana 11si s. 

The primary objective of the turbomachinery analysis was 
to detenntne the efficiencies of the oxygen and hydrogen pumps and turbines 
as a function ·of thrust level at both design and off-design OIF operation. 
This data 11as required for use in the Task III power balance analysis. The 
efficiencies were established through analysis, literature reviews and com­
parisons of design predictions to the efficiencies of existing tUl'bopumps. 

The main oxygen and hydrogen pump operating specifica­
tions are shown on Table IV. A three stage hydrogen pump is used to achieve 
a reasonable specific speed (Ns) and efficiency. Studies have ShOl111 that 
pump efficiencies drop off rapidly at NS values less than 600. The hydrogen 
tUl'bopump is bearing ON limited. The hydrogen bearing ON limit used in this 
study 11as 2 x 106 (RPM) (~'M). A minimum bearing size of 20 MM was used. The 
oxygen turbopump opel'ates a maximum suction lipecific speed limit of 20,000. 
A single stage oxygen pump is used. The rotating speed was reduced from a 
maximum of 75,000RPN (ON limit = 1.5 It lOG RPN x Mm in ol'der to obtain a 
l'easonable impeller size and efficiency. Similar data was established in the 
study at thrust levels of 20 and 3DK. lbf. 

The expander cjcle engine turbine operating specifications 
and efficiencies al'e shown on Table V. The hydrogen pump turbine is a pal'tial 
admission (13% admission) machine with a blade diameter of 3.55 in. and a 
mean blade height of 0.3 in. The oxygen pump uses a Terry turbine. This is 
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IABLE IV ~':j 
t:'1 

HA!N PUHP OPERATING CHARACTERISTICS d 
SUHHARY (EXPANDER CYCLE) 

F = 10,000 lbs 

' 1 INLET PRESSURE, PSIA 
! 

NPSH, FT 1,1 
I 

" [ 
I VOLUMETRIC FLObI, GPH 

<n 
-l'> 

SUCTION SPECIFIC SPEED, (Rpr~)(GPm 1/2/(FT)3/4 

d SPEEO, RPH 
t ' I i 

DISCHARGE PRESSURE, PSIA ,:j 

Ii NUMBER OF STAGES 

SPECIFIC SPEED, (RPM)(GPH)1/2/(FT)3/4 
,I IMPELLER TIP DIA., IN. 

EFFICIENCY, % 

--

OXYGEN 

46.6 

64.1 

114.0 

20000 

42,440 

1585 

1 

1085 

2.50 

62.0 

.~,~. "",,-'&1,$$ ¥ ~.J. - .- ........ ~::;;q;:PI 
; '~ 

'HYDROGEN 

51.0 

1080 

307.1 

9300 

100,000 

3130 

1 

706 

3.33 

64.7 

• 

i' 
II 
, 

'I 

'1 " 
t± 

:l 

, 
;J 

;j' 
~ 

I! 

'I 
'f 

I , 

-. ~\ . ~-'-~'----<.- .• .• -.",'"""',._.' -." •. 

~ .•• ~.. _ ~~-'_,~~'-w""'" " ......... _ .... ,~_--'-'._..,.-.,-.....1.--......iL~."'=~_ ... ,~ _ _ _ ~.~ __ .........s. __ ••• --.1.'._ .:.. •.• 
II __ =-......,,~. ~~_ " ,*1" :hi' h 



. } n 
I 

I 
I 

1 
1 

I , 
I 

• 

TABLE V 

EXPANDER CYCLE TURBINE OPERATING 

CHARACTERISTICS SUN~IARY 

INLET TEMPERATURE, oR 

INLET PRESSURE, PSIA 

FL0l1 RATE, LB/SEC 

SHAFT HORSEPOWER 

GAS PROPERTIES 

Cp' BTU/LB - oR 

y 

PRESSURE RATIO 

EFFICIENCY, % 

F = 10,000 LB 

TURBINE BYPASS FLOW, LB/SEC (%) 

55 

LOX LH 
TPA TP~ 

653 653 

2B50 2850 

0.735 2.095 

173 878 

3.53 3.53 

1.405 1.405 

2.02 2.02 

39.4. 70.0 

0.18(6.0) 
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VI, A, Supporting Analyses (cont.) 

a very low flow and low efficiency machine. The LOX TPA horsepower is low 
and therefore, the low efficiency does not have as big an impact on the power 
balance as the hydrogen TPA efficiencies have. The LOX turbine mean diameter 
is 4.38 in. Similar turbine operating specifications have also been prepared 
at 20 and 30K lbf in the study. 

All the turbopump efficiency data established to support 
the Task III expander cycle power balance analyses is summarized on Figure 22. 
The figure shows that the efficiencies improve as the turbopumps get larger. 
The hydrogen pump efficiency levels off because of a change from three-
stage to two-stage pumps between 20 and 3DK lb thrust. 

5. Cycle Analysis 

The objectives of this subtask were to ~stablish operating 
chamber pressures as a function of thrust for input into the parametric data 
analysis and to establish cycle sensitivities to operating conditions. 

The thermal and turbomachinery analysis results we,e used to 
re-evaluate the expander cycle engine power balance. This new data resulted 
in slightly different results than the Task II Concept Definition Analysis 
as shown on Figure 23. However, the trends are the same and the results do 
not change the concept definition task conclusions. Slightly higher chamber 
pressures at 2DK and 3DK thrust levels are achieved for a given fuel pump 
discharge pressure than shown in Task II. 

A turbine bypass flow rate of 6% was selected to provide engine 
rower balance margin. This value was selected by evaluating the system power 
balance data, and reviewing ODS and RL-lo Derivative recommendations. 
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VI. A, Supporting Analyses (cant.) 

The operating thrust chamber pressures were selected at a 
point where the rate of change in the hydrogen pump discharge pressure with 
chamber pressure is small. The selected pressures have the same sensitivity 
at all thrust levels. 

Further sensitivity analyses were conductea for the expander 
cycle by calculating the delivered performance as a function of thrust and 
thrust chamber pressure. Figure 24 shows that the sensitivity is the lowest 
at a thrust level of 10K 1bF. This is true because the area ratios at 10K 
are the highest and the change of ODE specific impulse at these high area 
ratios (i.e., ~800:1) is small. The chamber pressure of the 10K engine could 
be reduced to about 950 psia and still meet the minimum specific impulse re­
quirement of 473 sec in a twin engine installation. 

The l"ecommended baseline advanced expander cycle engine 
characteristics that evolved from this study are shown on Figure 25. The 
engine uses an extendible/retractable nOZZle which exte~ds from an area ratio 
of 297:1 to 792:1 at the exit. This nozzle extension is 60 inches long and 
is radiation cooled. It should also be noted that the length of the engine 
from the gimbal center to the fixed nozzle exit (E = 297:1) is also 60 inches 
(nominal). The maximum engine length with this nozzle deployed is 120 inches 
(nominal). 

Performance ,was calculated using the modified simplified JANNAF 
performance procedures and is summarized below: 

ODE Specific Impulse, sec 
Boundary Layer Loss, sec 
Kinetics Loss, sec 
Divergence Loss, sec 
Energy Release Loss, sec 

Delivered Performance, sec 

59 

491.3 
-7.9 
-3.1 
-2.7 
-2.5 

475.1 
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If I, A, Supporting Analys'ls (cont.) 

The expander cycle engine schematic is shown on F.igure 26. 
The description which follows is for the 10K baseline engine. The slotted 
copper chamber is cooled with 85% of the total hydrogen flow from an are~ ratio 
of 8:1 to the injector. The fixed portion of the nOZZle from an area ratio of 
8:1 to 297:1 is cooled with the remaining 15% of the hydrogen flow in a two­
pass tube bundle. The nozzle and chamber coo1f1.nts are combined to provi de 
the warm (653Q R) turbine drive gas. Six percent of the flow bypasses the 
turbines to provide margin and control. 69.6% of th'e hydrogen flow is used 
to drive the LH2 TPA and 24.4% is used to drive the LOX TPA. The turbine 
exhaust and bypass flows enter the injector to be mixed and burned with the 
11 qui d oxygen. 

B. TYPICAL PARAMETRIC DATA 

The engine performance and weight parametric data is summarized 
in this section for each of the three cycle candidates. The operating chamber 
pr~ssures splected to conduct the parametric studies for each candidate engine 
concept are shown on Table VI. The expander cycle engine is power balance 
limited and pressures were selected on the basis of the Task III cycle analysis 
results (Section VI,A,5). Tqe staged combustion and gas generator cycle 
operating pressure levels were established in Task II (Section V,A) and used 
for the parametric analysis. Because the Task II, Concept Dp.finition, results 
showed that the low performance of the gas generator cycle engine would 
preclude its use, data on this cycle was only generated for a nominal 60 
inch stowed length. 

The parametric engine data presented herein, is shown as a 
function of the single engine subassembly thrust level. It should be noted 
that the re 1 i abil i ty and safety ana lysi s recommended a mi nimum of two engi nes. 
Multiple engine installations should be considered in using the parametric 
data presented. For example, if a total engine thrust of 20,000 lb is desired, 
two 10K engines would meet this requirement and the weight data presented at 
10K should be dOUbled. 
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TABLE lJI 

TASK III CANDIDATE CYCLE OPERATING PRESSURES 

Vacuum TllI'lIst Chambel' 
Cycle Thrust, Klb PresslIl'e, I?sia Criteria 

Expanci~I' .10 1300 Task In Power Sal ance . 

I , Expander 20 1100 Task II I Power Balance 

Expander 30 950 Task III Power Balance 

Staged Combustion 10 1500 Cycle L ife* 

Staged Combustion 20 2000 Cycle Life* 

Staged Combustion 30 2300 Cycle Life* 

Ga s Gene ra to I' 10 1500 Payload Optimized* 

Gas GeneratOl' 20 1500 Payload Optimized'!.' 

Gas Genel'ator :30 1500 Payload Optimized* 

*Same as Task n. 
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VI, B, Typical Parametric Data (cont.) 

The advanced expander cycle engine performance and weight parametrits 
are shown on Figure 27 for the nominal mi~ture ratio of 6.0. The figure shows 
that theluwthrust,longlength engines deliver the highest performance. Th'is 
occurs because they achieve the highest area ratios. At 10K lb thrust and GO 
inches stowed length, the delivered performance is approximately 96.7% of 
the theoretical one dimensional equilibrium specific impulse value. The engine 
\'Ieights include series redundant main propellant valves and redundant igniters , ' 

per the recommendations of the reliability and safety analyses. Weights do 
not include the gimbal actuators and actuation system, preva1ves or a 
contingency which are normally included in the vehicle weight statement. 

The engine weight and delivered performance for the staged 
combustion cycle engine are shown on Figure 28. The staged combustion cycle 
engine delivers approximately 2 sec greater specific impulse at 10K' 1b thrust 
than the expande!' cycle engine but it also weighs more. Its performance 
advantage is improved at higher thrust levels because of the higher operating 
chamber pressures. The weight is higher than the expander cycle engine 
because of the higher component operating pressures and additional components. 

The gas generator cycle engine performance and weight data al'e 
shown on Figure 29. The engine weight is slightly heavier than the expander 
cycle because of additional components and higher operating pI'essures. The 
performance is 5i gni fi cant1y lower than ei ther the expande\" or staged com­
bustion cycles because of the turbine exhaust loss . 

65 

I 
1 
j 

1 

1 
1 

OJ 
I 

1 , 



~ 

co 
-' . 
I-
::>:: 

'" ..... 
UJ 
:.: 
>-
0:: 
C 

UJ 
z: -'" z: 
UJ 

u 
UJ 
Vl . 

Vl ..... 

800 ii;' lli4ll, .: ' I,: I 'tV 4,~ .!: h'H' :' 1 .. 1" Hi!: 1,1,; ' .. ': ::.I~ i:: : ::::,:'! 
IT~ ~;;Lbt.·:E:": ';,' ... [ ; If,: !: : " .. "" '1-' :'1;' : 1':' .:.... .. ::n: F''!IT I::ti'il :k pP,:: l i:k[ 

{W i 1, :~ ~ljt : E:I:: .,.' . :' 11:: ;,: [2 '" , . :. ·1,;;' :,: ' ' ,. . . EF • ,;-:lGJ:JT t: I ' :::~ :' ri: I :, <h ::; ,:: ':1':: [;:; J ::.: :: :.::1 !UXr:: 
600 I: : 1: ILk::;: l i d TJ: !/, F :':', "'::l' 

I l~:: ~ :; I : i :: I· ' I -:I:· ~ .:n~~ :~~~ . I :[ 
: I I:: 1 ::1" . I :.V' : ' :? .,: : : I:, :Ii :::+ '1::: '::i,Sv' <M ::: . ::, ;;1 ::;:, i j :': V : :'::::,,!,:: I:::, '::r 

ou' 1+' :::::: ::: ZV~J : -c : .:": : I :: ;l 

.,,,, 

~rn 
~ 

I~~ I J; ~: V!:':'.: ::~ I : ::' .: , ' ' ;' ::;::: : " :;' .' ,: 1:: I:: I 1::. I ~ (c: 1/ 1-. 1:-: I:': I.: I I:: ': U:U " 
I::: " ~; i. . I :" I :' Ic : " i I: :: lIT 
k~' I . ' I :.: :' I:::: (:. I ~ , It: ,': I: ':-H I·t· ..:Ie I:: " 

(:: ." ~:: 1'::, I'~n~ I' :: I'::: 
:J : , : .:. i: : J- ", 

I:: . .:. L', :': " U :- t :1" I'::: 1-·: .:. I::: I ·. I::: : ,:.: 'I: 
1 ,:0 3 o 

ENGINE VACU UM THRUST, LB X 10-3 

LENGTH, IN 
STOI~EO 

70 

60 

50 

EXTENOED 
140 

120 

100 

NOIHNAL OIF = 6.0 

,.: :. ,c+,_ :. ·i- · I~ , .. ·;· .. 1* -. .L-N:::::J LENGTH, IN 
470 '.1 . ; .. :' .~; ' :~ I. +~i;:j; .I~ STo\~ED EXTENDED : . .f+ ... : .. c.:. .., .' . -:1-. ,\1 :: .. :t,,· i;S - 70 140 .::+:..;..:::r:: .... · ::::.c· ~~::: iH" :: ;.: . :: .J:. ':J:' .:.: ::.+. _.h~ .) . .. N<: ,,' :: ., 'if . . .+..:. ·-1 ' . 1 . .' ::: 
465 r)'+-: . :1.. ':1':: .: : ..... J ", .:, •. " , ~ 60 120 +-:+~.+ ~ . .:, .j p.. ' f:; i:.; 

",11!1;" t"J,~,;;;:I--, ; i ' - :-:[-::~ ';:,,: 50 100 

o 10 20 30 

ENGINE VACUUM THRUST, LB X 10- 3 

Figure 27. Advanced Expander Cycle Engine Weight and Performance Variations with Rated Thrust 

66 



" ~ , ' , . 
" I • 

. '-

~ 

• 
I:· 

C' , 

co 
--' . 
I-

'" t!:J ..... .... 
;3: 

>-
IX 
Q 

.... 
Z ..... 
t!:J 
Z .... 

"T' :':8. ' L ' T . , ... :" I" " .: L'.: .,"1 :, 
LENGTH , IN 

>,:::::'1-: c.:: i ' .. _:c.._ '''1 '''1:'' "t" STOHED 47B . .': :: : . . : . . , u .... 
VI 

~+: ., i : ; ... j . .. : .. . : .: . ':: T 
.: ' .. , '-;"" : . , ~ .. -,- 1-+ • ... 1 .. . . . .. . ---..... 1 J ..... VI ::..c. I:""~::' ... T_. ''''[- ' -., -,.....".. . . _.,.::''':' -::.: 476 .: ,: :. '". ;, .. . : i '.' 1 · .. i -- :". : .. 

5 ··t " .' . . ~j .... _t. ~~!:~ ~.l~ ·"· j'_· C:-!t' !o! :" .1" :: : .. : :': :' I . I , .... I '" .:, ; 'J:: '; .. t::.~ ... :. :..~--::.. ,.:.. -4,," ... f 
~ 474 ']- . :: i I "'i' ~ .' I : . " !> ~ --'.L" . " "" :." :: , '" .. ':. _1._ ~:._ ... : ...... . .1:: 
Q ':: '[ "; .: . ;"'''1'; ', ' ., : i ., r--- I i 

70 

60 

.... . I . .. I·,' · ., ' .,,",- ' . ffi :::: .; ; ::' 1'" ' !. '::· 1 :, I " '::: -;:' ; ' ~~ 

~ 4n~ .~~. -_"~~' =~' .. ·:T2=~J..:-r ·.·.i= 50 

470 ·Pi.+· L : ~ .... j- :: 'i ~ :~ i':" ,,¥, ,, '·i ... ·, ·1:· 
o 10 20 30 

ENGINE VACUUM THRUST, LB X 10-3 

EXTENDED 

140 

120 

100 

Fi gure 2B. Staged Combustion Cycle Engi ne \~ei ght and Perfonna~ce 
Variations with Thrust 

67 

," -

I 

I , 
;, 

I 

" 

i 



I 

J 

u 
UJ 
VI . 

VI 

NOfU riAL 0/ F = 6.0 

ENGINE VACUUM THRU ST , lB X 10-3 

Figure 29. Gas Generator Cycle Engine Weight and Performance Variations 
with Rated Thrust 

68 



" , 

I; 
• 

, 
i 
" 

• 

VII. TASK IV: ENGINEOFF~DESIGN'OPERATION 

The objective of this task was to evaluate the impact of requirements 
for operation at minimum thrust levels (tank-head idle and pumped idle) and 

. for one-time emergency operation at'a mixture ratio of 10.0:1. These evalua­
tions were p.erformed fO~, 'tlie recommended 10K 1b thrust advanced expander 
cycle engine. 

The tank-head idle mode is a pressure fed mode of operation \~ith 
saturated propellants in the tanks. Its purpose is to thermally condition 
the engine without nonpropulsive dumping of the propellants. In operation, 
the turbine control valve would be closed and the turbine by-pass valve would 
be fully opened. 100% of the hydrogen flow by-pa,sses the turbines so that 
the pumps are not rotating. The 005 and RL-10 Derivative studies have shown 
the desirability of placing an oxygen heat exchanger in the turbine by-pass 
line. This gasifies the LOX during tank-head operation. This heat exchanger 
is also necessary to provide the gaseous oxygen for LOX tank pressurization 
in the other modes of operation. 

The pumped-idle mode is a pump-fed mode of operation at reduced 
thrust with initially saturated propellants in the tanks. A primary purpose 
is to provide gaseous oxygen and hydrogen for pressurization of the vehicle 
tanks to a level sufficient to permit acceleration of the engine to full 
thrust. All propellants are expendedpropulsively during this mode of opera­
ti on. A thrust level of 25% of rated thrust was selected after review of the 
005, ASE and RL-10 Derivative studies which showed that lower thrust opera­
tion could result in. chugging instability. In operation, approximately 50% 
of the hydrogen flow by-passes the turbi nes and heats the oxygen ina LOX 
heat exchanger. 

Engine cycle power balances and performance estimates were also made 
for operating the 10K expander cycle engine at an OfF of 10.0. Thermal and 
turbomachinery analysis results previously discussed were used in these 
calculations. These analyses showed that the engine could operate at an 
OfF of 10 without degrading its service life. 
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VII, Task IV: Engine Off-Design Operation (cant.) 

The engine performanc-e data for all three off-design operating modes 
is summal'ized on Table VII. 
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TABLE VII 

ADVANCED EXPANDER CYCLE ENGINE OFF-DESIGN 

OPERATION SUMMARY 

TANK-HEAD 
IDLE 

THRUST. LB 37.3 

CHAMBER PRESSURE. PSIA 6.0 
MIXTURE RATIO 4.0 
VACUUM SPECIFIC IMPULSE, SEC 399.0 

FLOW RATE, LB/SEC 0.0935 

T'Y~ 
, .... "'~"'.":"~ 

~!' 

• • 

i c 

r 

PUMPED 
IDLE Ef~ERGENCY 

" 

2500 10000 

334 1260, 

6.0 10.0 

457.3 . 426.2 
,I 

5.47 23.46 , 

I 
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VIII TASK V: 'HORK BREAKDOHNSTRUCTURE 

The objective of this task was to establish a work breakdolm structure (HBS) for use in Task VII, Cost Estimates. This was accomplished in concert with NASA/MSFC. The WBS first level is the OTV main engine. The second WBs -. levels are DDT&E (Design, Development, Test and Evaauation), Pro1uction, and Operati ons. 

The engine DDT&E phase is shown on Table VIII at the third WBS level. Cost estimates were made to the fourth WBS level and accumulated to this third level to summarize the information. The same WBS structure was used for each engine candidate except that item 1.1.3 is not applicable for an expaijder cycle engine. Therefore, costing was conducted· for a consistent set of guidelines. 

The items included in the production phase for costing purposes are shown on Table IX to the third WBS level. Costs were accumulated at the fourth level for items 1.2.1 and 1.2.3 but summarized to the third NBS level. 

Items included in the engine operations phase are shown on Table X at the third WBS level. Operations costs were alsl) estimated to the fourth WBS level for item 1.3.2. 
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TABLE V) II 

WBS - ENGINE DDT&E (1.1) 

1.1.1 Turbomachinery 

1.1.2 Main Combustion Chamber 
1.1.3 Preburner/Gas Generator* 

1.1.4 Nozzle Assembly 

1.1.5 Controls 

1.1.6 Pressurization 

1.1.7 Propellant Systems 

1.1.8 Initial Tooling 

1.1.9 Gound Support Equipment 

1.1.10 Test 

1.1.11 System Engineering 

1.1.12 Project Management 

1.1.13 Facil ities 

1.1.14 Consumabl es 

*Staged/Gas Gen. Cycles Only 
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1.2.1 " T 

I' 
1.2.2 

I 
1.2.3 

t 1.2.4 

1.2.5 

1.2.6 

1. 3.1 

1.3.2 

1.3.3 

1.3.4 

1.3.5 

1.3.6 

1. 3. 7 

_ 'j 
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TABLE IX 

WBS - ENGINE PRODUCTION Cl.2) 

Main Engines 

Initial Spares 

Facility Maintenance 

Sustaining Engineering 

Project Management 

Consumables 

TABLE X 

WBS - ENGINE OPERATIONS (1. ::I) 

Inplant Support 

Fi el d Support 

Major Engine Overhaul 

Facility Maintenance 

Follow-On Spares 

Project Management 

Consumables 
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IX. TASK VI: PROGRAMMATIC ANALYSIS AND PLANNING 

The prima,ry objectives of this task were to formulate preliminary project 
planning iliformation;,. prepare schedules and develop a post fl.ight maintenance 
and refurbishment philosophy. This information was prepared for the recommended 
10K Ib thrust advanced expander cycle engine. 

A. SCHEDULES AND PLANS 

The OTY engine and vehicle development. schedule provided by 
NASA/MSFC for the programmatic analysis and planning task is shown on 
Figure 30.. Key milestones on the figure are the authority to proceed (ATPj 
date for the engine DDT&E phase on 1 January 1982 and the initial operating 
capability (IOC) date for the OTV on 31 December 1987. The overall schedule 
is, of course, subject to revision. However, this schedule was used as a 
baseline to conduct this study. 

The overall engine schedule, shown on Figure 31, was structured 
to meet the NASA OTY development schedule. Prior to the engine. development 
phase, the engine concept definition studies (Phase A), engine point design, 
critical technology and Phase B design efforts are planned. The engine DDT&E 
phase is 4-1/2 years. This is the maximum amount of time that appears to be 
available to meet the flight engine delivery dates and the vehicle roc date 
which were derived from the previous figure. The first prototype flight 
engine., which is defined as a Pre-flight Certification (PFC) engine that can 
be reused, is to be delivered in the 3rd quarter of 1984. The first fl.ight 
engine need date is 31 March 1985. This engine would incorporate modifica­
tions based upon PFC testing but would not have completed Final Flight Certifi­
cation (FFC). The FFC date is 30 June 1986. The production program for the 
AMOTY would go through the final quarter of 1990. The OTY flight program, for 
planning purposes, is 10 years and carries through the last quarter of 1997 . 
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IX. A. Schedules and Plans (cont.) 

The engi ne DDT&E schedul e is shown on ,.i gure 32 for 4.5years whi ch 

was derived to meet the OTV schedule requirements. ATP is assumed as 1 January 

1982. Major engine component design, fabrication and test are shown to the 

third 14BS level. Component testing is scheduled for completion at the e~d 

of the second program year. The Initial Design Revie\~ (IDR) on the engine 

is scheduled prior to starting the ground test engine fabrication. Engine 

develo:· nt testing is scheduled for completion mid-way through the second 

quarter of 1984. at which time the Preliminary Design Revie~: (PDR) is scheduled. 

PFC testing is scheduled for completion on 31 March 1985 and the Critical 

Design Review (CDR) is scheduled to be held immediately thereafter. FFC testing 

is scheduled to be completed on 30 June 1986. This program is ambitious but 

can be accomplished if the technology programs precede ATP. It should also be 

noted that the program shown is success oriented. Risk analysis and schedule 

impacts are planned in the Phase A extension to this contract. 

B. OTV ENGINE MAINTENANCE CONCEPT 

The primary objective uf the OTV engine maintenance concept is 

to maintain safety, reliability, and economy required by the operational ob­

jectives. To achieve the objective, the maintenance concept emphasizes 

minimum scheduled maintenance, short turnaround and reaction times, and 

cost effectiveness. The maintenance concept for the OTV engine resulted 

from utilizing maintainability studies and maintenance engineering analysis 

generated from past programs such as, the ODS, Space Tug and OMS, that were 

updated to be compatible with the OTV engine concept. 

The OTV engine turnaround cycle consists of safe and purge. 

mai ntenance and 1 aunch operati ons. As shown on Fi gure 33, the longest por-

tion of the cycle' is required for turnaround maintenance which averages 24 hours. 

During this 24-hour period routine maintenance is performed to determine 

engine condition. The routine maintenance actiOns require 11.5 hours. The 

"'in": .'--' " 

78 

J :' Ltf\~~~~./ 

I 

I 
r: 

1 

1 

I 
, j 
i 

1 

" . - ' 

1 
1 



uX 

,If 

..... 
\0 

.~ 

ATP lOR 

.0 o 
YEARS 2 

QTRS ri 2 31415161718 

1.1. ' TUR80MACHINERY :--

1.1.2 MAIN COMBUSTION CHAMBER 

1.1.3 NOZZLE ASSEMBLY 

1.1. 5 CONTROLS 

1.1.6 PRESSURlZATJON 

1.1. 7 PROPELLANT SYSTEMS 

1.1.10 ENGUIE TEST 

1.1.10.1 DEVELOPMENT TESTING 

1.1.10.2 PFC TESTING 

1.1.10.3 FFC TESTING 

LONG LEAD~ ? --.f 0 
DESIGN 1st 

FAB 1st TEST ENGINE GROUND 

S\ssm TEST 
PARH I TEST 

ENGINE 
LIST 1 st ENGINE 

PARTS LIST 1st-
DELIVERABLF. ENGINE 

-, 

FFC 

'\} 
PFC CDR 

.00 
PDR 

.0 
3 4 5 

9110111 12 13114115 16 17 I 18 

~ 

~""" 
L. _ 

o L[lst tiPARTS LIST FFC 
pqOTOTYPE ENGINE 
FLIGHT 1st FLIGHT ENGINE 
ENGINE DELIVERY 
DELIVERY 

LpARTS LIST 
PFC ENGINE 

Figure 32. Advanced Expander Cycle Engine DDT&E Schedule 

, 



" ),. 

1 

t; 
,. 

, 
I 

r'------------ 29. [j HOURS --------joo.j 

~ 5IIOURS ~-
,-I ___ --'I SAFE AND PURGE 

I t"oOIE----___ 24 HOURS ~ 

, -----____ .-l, 'I'URNAROUND 

MAlN'l'ENANCE 

O. [j I-IOUnS '4 l-
I I LAUNCH 

. PREPS. 

Figure 33. OTV Engine Turnaround Cycle Time 

80 

• 

I 
1 , 

I 

:1 

• 

1 
j 

. J 



f 
' . '"." , 
i. 

, 
~ 

t-

• 

• 

, 

, 

IX, B, OTV Engine Maintenance Concept (cont.) 

remaining turnaround maintenance time of 12.5 hours i~ allocated for corrective 

maintenance, if reGuired. Flight data and routine maintenance data are analyzed 

to determine any corrective maintenance required. 

The engine maintenance plan is summarized on Figure 34. As part 

of the launch countdo\~n sequence, an OTV engine readiness check Niil be per­

formed by the orbiter on-board automatic checkout system. The "readiness check 
Nill verify the engine electrical system continuity and that critical engine 

parameters are Nithin a specified range. The maintenance tasks start Nhen 
the OTV is removed from the shuttle payload bay and placed in the safe and 

purge area either after a mission or after a mission cancellation. 

The safe and purge tasks consist of draining and venting residual 
propellants and pressurants, purgi ng through the system until a dry 

condition is indicated and performing a visual safety inspection. External 

moisture must be removed to prevent the possibility of cryogenic system con­

tamination during later maintenance. 

The findings of the initial visual inspection are relayed to the 

maintenance area to be used Nith other data to determine corrective main­
tenance. 

The OTV engine, safe and dry Nith protective covers installed, is 

moved to the maintenance area Nhere the turnaround maintenance begins. This 
operation consist~ of routine maintenance, Nhich is identical betNeen each 
flight, and corrective maintenance. 

Routine :naintenanceafter every mission consists of an external 
inspection of engine hardNare, including taking photographs of the injector 

face, automatic checkout and leak checks. Life evaluation checks are con­

ducted after every fifth mission. Routine maintenance data, along Nith flight 
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IX, B, OTV Engi ne ~jai ntenance Concept (cont.) 

data, wilT be analyzed to detect discrepancies. The effort required to correct 
the discrepancies takes p.Tace during the corrective maintenance time span 
shown on the ffgure. CorreCtive maintenance represents the largest expenditure 
of time and resources during the turnaround cycle and consists of in~the~OTV 
repair of engine and in a limited number of C1lses, engine removal. 

Although an engine can sometimes be chang~d' faster than a component, 
the engine change would involve more reverification. To reduce cost and 
improve integrity, it is preferable to replace Line Replaceable Units (LRU's). 
However, corrective actions requiring more than 12.5 hours would be cause for 
engine replacement. 

The refurbishment activity takes place outside of the turnaround 
maintenance cycle and with few exceptions will be accomplished at depot level. 
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x. TASK VII: COST ESTIMATE 

The primary objective of this task was to provide DDT&E, Production and 
Operations cost estimates per the WBS. This was accomplished at the recommended 
10K lbf engine thrust level. Parametric cost data was also established for 
each of the engine candidates and. reported in Volume III. Volume III also 
presents the costing approach, methodology and rationale and the cost esti­
mates spread by yearly increments. The data summarized in this section is 
for the AMOTV. Engine production and operations costs for the APOTV 
are also presented in Volume III. 

The DDT&E cost estimates for the various engine cycle candidates 
are compared at the third WBS level on Table XI. The costs are shown in 
millions of 1979 dollars and do not include the contr.actor's fee. The con­
sumab1es are assumed to be government furnished propellants and, at the 
direction NASA, are shown in millions of pounds. The costs shown in all 
cases are for a 10K lb thrust engine. The expander cycle engine DDT&E 
cost is less primarily because of the elim'ination of a critical combustion 
device (preburner or gas generator). This affects costs of other items be­
cause of the component integration development that is also necessary. All 
costs are based upon a success oriented program. The affect of development 
risk upon the costs will be assessed in the Phase A extension to this con­
tract. 

The costs associated with the engine production necessary to 
support theAMOTV nominal mission model shown on Table 34 of NAS~ TMX-73394 
are compared for th~, various cycle candidates on Table XII. It was estimated 
that 40 engines (20 sets) are required to support th's mission model. In 
addition 4 engines (2 sets) are required for the first two OTV's for a total 
of 44 engines. The baseline thrust level used in computing these costs is 
10,000 lbs per engine or 20K lbf total. The primary difference in the production 
costs of the cycle candidates is the average cost of an engine. Except for 
the initial spares, other costs are the same for all candidates. The initial 
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~~-/ TABLE XI 
\ ;. 
t~_i~ 
t·,· i DDT&E HBS COSTS INDI CATE . I 

! 
EXPANDER CYCLE SAVINGS 

i 
I 

MILLIONS OF DOLLARS 

STAGED GAS 
COMBUSTION EXPANDER GENERATOR 

1.1. 1 TURBOMACHINERY 30.2 30.2 30.2 
1. 1. 2 MAIN COMBUSTION CHAMBER 28.8 22.4 22.4 'I 

1. 1. 3 PRE BURNER/GAS GENERATOR 23.1 0.0 18.5 
1.1.4 NOZZLE ASSEMBLY 5.6 5.6 5.6 co 
1. 1.5 CONTROLS 20.2 13.6 20.2 

01 

1.1.6 PRESSURIZATION 10.2 10.2 10.2 ., 1. 1. 7 PROPELLANT SYSTEI4S 8.2 6.6 7.4 'iI 

~ 1.1.8 INITIAL TOOLING 15.7 12.6 14.9 ·-1 

1.1.9 GROUND SUPPORT EQUIPMENT 12.7 12.7 12.7 
, 
I 

1.1.10 TEST 46.6 39.6 44.3 
1.1.11 SYSTEM ENGINEERING 13.1 11.8 11.8 
1.1.12 PROJECT MANAGEMENT 19.4 17.5 18.4 
1.1.13 FACILITIES 12.9 11.6 12.3 
1.1.14 CONSU~IABLES (IN MILLIONS OF LBS.) (27.5) (21.7) (25.8) 

--
TOTAL COST 246.7 194.4 228.9 

ELIMINATION OF HOT GAS TURBINE DRIVE LOHERS DDT&E COST 

'<,,-,'. 
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TABLE XII 

AMOTV PRODUCTION HBS COSTS COMPARED 

o 2 F.NGINE VEHICLE 
o 44 ENGINE PRODUCTION RUN 

MILLIONS OF 
DOLLARS 

STAGED GAS 

T....-~ 

',' 

COMBUSTION EXPANDER GENERATOR 

1. 2. 1 MAIN ENGINES 101.4 76.8 82.9 
1.2.2 INITIAL SPARES 1.8 1.3 1.4 
1.2.3 FACILITY MAINTENANCE 3.5 3.5 3.5 
1.2.4 SUSTAINING ENGINEERING 3.7 3.7 3.7 
1.2.5 PROJECT MANAGEMENT 6.0 6.0 6.0 
1.2.6 CONSUMABLES (IN MILLIONS OF LBS.) (1. 5) (1.5) (1.5) 

TOTAL COST 116.4 91.3 97.5 

FEHER C0I4PONENTS LOfiER EXPANDER CYCLE PRODUCTION COSTS 
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X, Task VII: Cost Estimate (cant.) 

spares cost was computed as 50% of the theoretical first unit cost which 
was a guideline provided by NASA. A 90% learning curve was used to project 
the costs. A producti on rate .of one engi ne subassp.mbly per month was assumed. 

The operations costs to support the AMOTV mission model are shown 
on Table XIII. The operations costs are not expected to vary as a function 
of the engine cycle type. It was estimated that six engines (3 sets) 
per year would be overhauled. Costs are shown for one year only and are 

. assumed to be spread evenly over 10 years. The follow-on spares cost was 
computed as 4.5 times the theoretical first unit cost of an expander cycle 
engine and divided by 10 to obtain an average cost for one year. The 4.5 fac­
tor was a guideline provided by NASA. The engine thrust level is not ex­
pected to affect the operations cost. 

87 

1 
.~ 
I 
j 

I 1 
< I 
, .1 

i \ 
1 

11 I 

f 1 

\' 
I 
Ii' 
I, 

I: 
I 

" , i:\ 
1 

I 

j 
.: 1 



~;' • • ~L' 

, 

\;~ " 
~~, ", 
t., " 
f;' 1 
'~;I 

~ .. '.'.~ ~
" 
"',; 

~ I 
! 
J 
, , 
• 1 
~ 

i 
. I 

I 

I 
. I 
~ I 
, 

0 

0 

co 
co 

, 

-.- --==-,' ~ ,;,~ ·it '"'('~+'_""'.,;~ 

TABLE XIII 

AMOTV OPERATIONS WBS COSTS 

44 ENGINE FLEET 
SERVICE 6 ENGINES/YEAR 

1.3.1 INPLANT SUPPORT 0.87 

1. 3. 2 FIELD SUPPORT 1.14 

1.3.3 MAJOR ENGINE OVERHAUL 1.77 

1.3.4 FACILITY r4AINTENANCE 0.15 

1. 3.5 FOLLOW-ON SPARES 1.20 

1. 3.6 PROJECT MANAGE~lENT 0.20 

1.3.7 CONSUMABLES (IN MILLIONS OF LBS) (0.20) 

TOTAL PROGRAM 5.33 M A 10 VEARS = 53.3 }1fYEAR 

• • 
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XI. CONCLUSIONS AND RECOMMENDATIONS 

A. CONCLUSIONS 

The conclusions which were derived from the results of this study 
are discussed herein and shown on Figure 35. These conclusions cover the 
results of all study tasks. 

Crew safety was found to be a major concept selection and engine 
design driver. A minimum of two engines are required since single engine 
installations result in unacceptable crew losses. Series redundant main 
propellant valves are required to assure that the engine will shutdown. 
This is the same as the design philosophy used for the OMS twin engines. 
Redundant ignition systems are required to assure that the engine ~Iill start. 

Another major design driver Nas the high engine minimum per­
formance requirement. This requirement dictates high nozzle area ratios 
and hence, small throat sizes because the engines are length constrained. 
The throat size can be reduced through high chamber pressure operation, by 
gOing to multiple engine installations, or both. In any case, a new engine 
is needed to meet the minimum performance,man-rating, reusability and long 
life requirements. 

The staged combustion cycle and advanced expander cycle engines 
have approximately the same payload capability when used in multiple (two 
or more) engine installations. Therefore, a choice between these two engine 
cycles cannot be made on purely a performance basis. The gas generator 
cycle engine concept cannot meet the minimum performance requirements in 
sing1e or multiple installations and results in significant payload penalties 
(greater than 3%) compared to the expander and staged combustion cycle 
engines. 

89 

" -

;- -

! 
, i 

:; 

I 
I 



r" 

. C ,C 

'

',," ,., \' \ , 
\.; ~ 

, ' 

,( 

! 
, i 

~~··l , ~ 
~·c'·,j 

," I , I 

i:' 

is 
,tii'l,'," ~1 

, 

I 
I 
I 

~ 

<0 
a 

" "". # ., 

o CREW SAFETY DICTATES: 
(1) MINIMUM OF TWO ENGINES 
(2) SER~ES REDUNDANH1AIN PROPELLANT VALVES 
(3) REDUNDANT IGNITION 

a W ,,~- _.".c"'"':"':_'~~>-"":,,p;;. 

~ A NEW ENGINE IS REQUIRED TO MEET THE MAN-RATING, HIGH PERFORMANCE, 
REUSABILITY AND LONG LIFE REQUIREMENTS 

o EXPANDER AND STAGED COMBUSTION CYCLE ENGINES HAVE NEARLY 
EQUAL PAYLOAD CAPAB ILITY (TECHNICAL STALEMATE) 

") GAS GENERATOR CYCLE ENGIf~ES CANNOT MEET PERFCRMANCE REQUIREMENTS 
RESULTING IN P,WLOAD PENALTIES 

«) A TOTAL ENG 1f\.'E THRUST OF 20K LBF APPEARS TO BE ABOUT OPTIMUM 
FROM A PAYLOAD BAS IS 

\1,l DDT&E AND PRODUCT/ON COSTS OF EXPANDER CYCLE ENG INES ARE LOWER 
" THAN OTHER CANDIDATES 

G EXPANDER CYCLE PROVIDES LESS DEVELOPMENT RISK 

Fi gure 35. Cone1 usions 
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XI, A, Conclusions (cont.) 

A total engine thrust level of 20,000 lb is approximately optimum 
on a payload basis. This and the crew safety results make two 10,000 lb 
thrust engines an attractive choice. 

The DDT&E and production cost analyses results show that the ex­
pander cycle engine costs are lower than either the staged combustion or the 
gas generator engine cycles, These benefits are obtained with an expander 
eycle because it has fewer components and does not have a high temperature, 
Tuel-rich hot gas turbine drive. The expander cycle turbines operate in a 
benign environment. 

Based upon the foregoing, a new advanced expander cycle engine 
is the best choice for the DTY. 

B. RECOMMENDATIONS 

The recommendations derived from this study are shown on Figure 36. 
The list includes OTY engine design recommendations, recon~endations for 
future study and advanced technology program recommendations. 

Two advanced expander cycl,~ engines of 10K lb thrust each are the 
recommended baseline configuration fol" the DTY. The gas generator engine 
cycle should be dropped from all future study efforts because· of low per­
formance capability. 

The merits of two vs three engines should be investigated further 
in vehicle studies. These studies should consider impacts upon both vehicle 
design and maintenance. While three engines will increase maintenance 
costs compared to two engines, the mission losses may be reduced. Therefore, 
total life cycle costs for delivering the payloads required by a mission 
model need to be evaluated. 
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(@ BASELINE AN INSTALLATION OF TWO 10K lB THRUST ENGINES. 

@ INVESTIGATE THE MERITS OF TWO VS. THREE ENGINES FROM A 
VEH I ClE DES IGN AND MA INTENANCE VIEWPOINT. 

@ GAS GENERATOR CYCLE SHOULD BE DROPPED FROM FURTHER STUDY 
EFFORTS. 

~ DUll/lED SAFETY, RELIABILITY, DEVELOPMENT RISK AND LIFE CYCLE 
COST ANALYSES OF EXPANDER AND STAGED COMBUST/ON CYCLE 
ENGINES SHOULD BE CONDUCTED. 

G DESIGN OPTIMIZATION OF AN ADVANCED EXPANDER CYCLE ENGINE 
(AEC) SHOULD BE UNDERTAKEN. 

@ COIV1PONENT REDUNDANCY REQUIREMENTS SHOULD BE EXAMINED 
FURTHEH AND DESIGNED INTO THE ENGINE. 

@ CONTINUE TO EVALUATE THE iMPACT OF CREW SAFETY ON AEe 
DES I GN. 

@ EXPANDER CYCLE ENGINE COMPONENT TECHNOLOGY PROGRAMS 
SHOULD BE INITIATED. 

Figure 36. Recommendations 
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XI, S, Recommendations (cont.) 

Further analyses should be undertaken to compare the advanced 
expander cycle engine to a staged combustion cycle engine in terms of safety, 
reliability, development risk and life cycle cost. The Phase A extension to 
this contract will evaluate this. Failure mode and effects analyses (FMEA) 
should also be conducted on both the advanced expander and staged combustion 
cycle engines. The objective of the FMEA analyses would be to identify any 
further component redundancy requirements to aid in future cycle comparisons 
and selections. For example, there is a high probability that redundant 
preburner valves would also be required on a staged combustion cycle to assure 
safe shutdown. 

Design optimization of an adv3nced expander cycle engine at the 
10,000 1b thrust 1eva1 should be initiated. A proposal was recently sub­
mitted to NASA/MSFC to conduct such a point design evaluation. 

The impact of crew safety upon the advanced expander cycle engine 
should also be continually evaluated. To be effective, safety considerations 
r;~st be incorporated into the initial design concept and not come a~ an 
"after-thought." Instrumentation and features that the astronaut would like 
to see on the engine should be identified early. 

Component technology programs should be initiated on the advanced 
expander cycle. Critical components and items are: (1) the combustion cham­
ber and the heat input into the coolant, and (2) small turbomachinery design, 
efficiencies and parasite flows. These component technology programs should 
culminate in an experimental engine program. This philosophy was followed on 
the OMS engi ne. The OMS technology work aided the engi ne development phase 
immensely. Problems encountered during the development phase were recognized 
rapidly and solutions found quickly because of the experience gained from the 
technology efforts. The experimental engine program would minimize the 
development program risk. 
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