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INTRODUCTION

A space based chemical propulsion system capable of multiple starts and varied mission
scenarios will require extensive preflight checkouts to assure crew safety and mission
success. An autormnated approach for a space based system is highly desirable from the
standpoint of feasibility. Performing preflight checkouts manually using modified ground-
based techniques would require costly EVA and result in prohibitively high mission costs
while also compromising reliability and safety.

Approaches to automating preflight readiness checkouts depend heavily on condition
monitoring technology to provide the information required to assess the engine's readiness
to fire. Condition monitoring sensors permit remote monitoring of critical components as
the engine fires during normal operation. Based on the flight data obtained from these
sensors, an assessment can be made on the condition or health of a particular component
which in turn dictates the need for maintenance procedures or replacement.

OBJECTIVES

The objective of this study is to suggest and evaluate various methods of preflight readiness
checkouts in the context of a space-based system. Where required, methods will
incorporate advanced Integrated Control and Health Monitoring (ICHM) technologies
enabling rapid and remote engine turnaround. Specific objectives of this task as defined by
five separate subtasks in the statement of work (SOW) are summarized in Table 1.

SUMMARY OF ACCOMPLISHMENTS

Preflight readiness verification requirements were established for the engine. Requirements
were based on previous logistics stadies including the preliminary failure modes and effects
analysis (Ref. 1) and the flow task analysis report. This report was generated in support of
a prior NASA technology task (Ref. 2) to esiablish the operational flow of the engine and
identify the applicable maintenance tasks for both cutrent and advanced technologies. The
operational flow tasks of interest to this study are those executed after delivery to the space
station and before return to earth. Maintenance tasks were reviewed in light of the SSME
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Statement of Work Objectives

® Specify OTV engine preflight
requirements.

® Suggest a range of possible preflight
methods.

® Identify critical iss¢¢ ¢ and benefits for
each method.

@ Estimate technology readiness for
each method.

@ Estimate the remaining development
cost for each method.

Table 1
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Operations and Maintenance Requirements and Specifications Document (OMRSD - Ref.
3) which reflects ihe current inspection and checkout philosophy evolving from the
Challenger incident. Thirty six preflight readiness verification requirements were identified
for the engine. Requirements include 14 functional checks, 10 leak checks, 10 inspections,
and 2 servicing tasks.

Several approaches for remotely performing readiness checkouts in space were outlined for
each preflight requirecment. The range of approaches reflect a variety of method
sophistications. Three approaches for remotely obtaining data were considered -
Preliminary power-up in which the engine is fired for a short time to acquire real time data,
Automated component pre-cycling in which engine components are cycled in an inert gas
medium to assess component integrity without hot firing the engine, and Automated static
checkout in which an analysis of historical data and static checks are used to assess the
engine's readiness to fire without the cycling of any components.

Where practical, alternate component designs were suggested to reduce criticality of
component failure and hence delete or simplify preflight readiness requirements. This was
particularly useful in the case of the Lox/H2 hcat exchanger, in which a robust design was
suggested to reduce the possibility of failure and eliminate the need for leak checks.
Alternate designs were also suggested for the turbopump bearings and
combustion/propellant systems joints.

Issues and benefits were generated for applicable preflight checkout approaches. Sensors
and flight hardware, alternate component designs, and individual approaches were

addressed separately. Issues and benefits were categorized into space basing,

vehicle/infrastructure, and engine system impacts.

The technology readiness levels of the three preflight checkout methods were also
evaluated, The scale used for comparing the methods was that used by the NASA office of
exploration for evaluating options for future missicn choices.

Estimates were also made for the remaining cost to advance the technology for each method

to a level where the system validation models have been demonstrated in a simulated
environment.
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TECHNICAL DISCUSSION
SUBTASK 1 - Specification of Engine Preflight Requirements

Subtask 1 entailed the definition of the preflight readiness verification requirements for a
space based engine. These requirernents arc the information and processing necessary to
access the engine's integrity and readiness to perform its mission. The preflight
requirements were generated by review and update of several completed studies. One of the
primary sources was a similar study conducted under the Orbit Transfer Rocket
Technology Program contract in 1987. In a subtask of the Advanced Engine Study
(Ref. 4), maintenance and verification checks were identified for the space based engine.

In that effort a review of the Space Shuttle Main Engine (SSME) operations and
maintenance manual was conducted with two purposes in mind: (1) to begin to outline the
overall maintenance procedures for the engine, and (2) to identify technology requirements
for streamlining space based operations. The original SSME document contained the
requirements and specifications for the SSME at the organizational level (installed engines).
Routine maintenance requirements {after each engine firing), periodic maintenance
requirements (time/cycle oriented), and contingency requirements (unscheduled to
1solate/rectify a condition) were covered.

It was then determined whether the individual tasks would be affected by an advanced
integrated control and health monitoring (ICHM) system incorporating advanced sensors.

In order to update and expand the work completed under the Advanced Engine Study,
additional documents were reviewed and integrated into the current study. These
documents included:

a. Operation and Maintenance Requirements and Specifications Document (OMRSD) for
processing the SSME during STS launch operations at KSC. This OMRSD reflects the
current inspection and checkout philosophy evolving from the Challenger incident
(Ref. 3)

b. RL10 Liquid Rocket Engine Service Manual prepared by United Technologies,
Pratt and Whitney Aircraft Group (Ref. )
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C. Preliminary Failure Modes and Effects Analysis (FMEA) for the OTVE (Ref. 1)
d. RL10 FMEA for Apollo missions (Ref. 6).

The results of this review constitute a current haseline list of preflight requirements. These
redefined requirements for the engine in an operational space environment are presented in
Table 2. These requirements arc primarily based on Criticality 1 failure (major uncontained
damage to an engine subsystem or component resulting in widespread engine damage) and
Criticality 2 failure (significant contained damage to a vital engine subsystem or component
sufficient to render it inoperative or its continued operation hazardous) modes identified in
the OTVE FMEA.

Table 2 lists the preflight requirements to be performed between each engine start and also
those requirements that are to be performed periodically at an interval to be determined as
designs mature. The periodic requirements are those associated with damage, erosion, etc.,
that will propagate with time.

A total of thirty-six checkouts falling into four separate categories were identified. These
included fourteen functional checks, ten leak checks, ten inspections, and two servicing
tasks.

After a review of the available documentation, it was determined that additional information
is required in order to substantiate the need for, or the possible deletion of, some of the
requirements. These areas of concem are:

(a) Hazards associated with simultaneously leaking hydrogen and oxygen in a spac.
environment; how quickly do propellants dissipate in a space environment, and what
combination of leakage rates constitute a hazardous combustiblc mixture?
Additionally, some leak test requirements may be mission dependent; i.e., because of
the possibility of hydrogen and oxygen combustion, more in-depth leak tests should
be performed for engine starts in closc proximity to the engine docking facility, than
in a free space environment.

(b) More information is needed on the dissipation characteristics of water in a space-
based environment to support the engine drying requirements listed in Table 2.

(c¢) More information is necded on the probability of damage from debris, etc. in orbit
and on the protection the vehicle affords the engine relative to encapsulation.
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(d) Criticality assignments in the FMEA (Ref. 1) dated 2-22-85 should be
reviewed/revised to reflect the current philosophies established after the Challenger
incident. (Refer to the SSME FMEA).

This information may be acquired through quantitative modeling (i.e., item a), or by
performing additional qualitative studies. Acquiring this information was beyond the scope
of this task. Nevertheless, it is recommended that these issues be studied in subsequent
tasks since they could impact the development and operation of the ICHM system.

Additional documentation substantiating these conclusions is presented in Appendix 1 and
include:

Part A - Lists the SSME OMRSD and/or the OTVE FMEA failure mode references that
were used to establish pre-flight requirements.

Part B - Defines the FMEA failure mode criticality assignments.

Part C - Comprehensive list of SSME OMRSD currently used to process the SSME/Shuttle
at KSC and alternate landing sites. Entries in the column marked "OTV APPLIC -
FUTURE" will be made after the engine component design becomes more firm.

Part D - Summary of RL-10 prelaunch checks extracted from the RL-10 service manual. It
is assumed that these requirements are for ground launch activities and are for unmanned
launch operations. This document was superficial and did not contain sufficient detail to
influence the preflights methods study. The summary is provided for information only.

RI/RD 91-145
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SUBTASEK. 2 - Generation of Range of Possible Preflight Methods
Introduction

The objective of Subtask 2 was to generate automated methods to accomplish the preflight
checkouts identified in Subtask 1. Three sets of methods were generated, each reflecting a
checkout philosophy which progressively relies on more ICHM monitored status checking
of the component and system physical status, and less on component dynamic functional
tests. The three levels of ICHM sophistication are reflected in the means by which the
required data are remotely obtained. The methods include the following:

(1) Preliminary power-up where the engine is fired for a short time (tankhead idle and a
brief transition to pump idle). This represents the lowest level of ICHM
sophistication.

(2) Automated component pre-cycling where critical nortions of the engine are physically
cycled and monitored (such as pressurizing lines and spinning turbopumps). This
represents an intermediate level of ICHM sophistication.

(3) Automated static checkout where the sensors and operational data history are
sophisticated enough to indicate engine integrity and readiness to fire without the need
to cycle any part of the engine. This is the ultimate goal for preflight checkouts.

Preliminary Power-up

The preliminary power-up technique assumes required information is obtained threugh
system operation. System conditions during the preliminary power-up phase permit
detection of critical failures without catastrophic results, and subsequently permit safe
shutdown of the engine. However, stress and pressure related potential failures might not
be detectable. The engine system modes of operation which occur as part of the preliminary
power-up phase include prestart, engine start, tank head idle, and pump idle mode. A brief
description of each mode is provided below.

(1) Prestart: The controller performs a self-test and checkout of the ICHM. At the end of
this phase, system temperatures are checked to assure that conditions are normal for
engine start. A start-cnable signal is sent to the vehicle.

RI/RD 91-145
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(2) Engine Start: The inlet valves are opened and propellants dropped to the main valves.
The main fuel valve (MFV) is then opened. Hydrogen flows through the system,
vaporizes, and enters the main injector. The gaseous oxidizer valve is then opened to
circulate oxygen through the GOX heat exchanger and into the main injector. The
igniter valves are then opened, the igniter sparks, and ignition is established in the
augmented spark igniter. This initiates Tank Head Idle mode.

(3) Tank Head Idle: Operation continues chilldown to thermally condition the engine
system and provide some passive regulatinn of mixture ratio swings via H2 to O2
heat transfer. Transition to the next phase, pump idle mode, is determined by the
appropriate component and propellant feed temperatures.

(4) Pump Idle: Transition to pump idle begins as the controller vpens the turbine shutoff
valve. The main oxidizer valve (MOV) is ramped open approximately 40%. The
oxidizer turbine bypass valve (OTBV) and the turbine bypass valve (TBV) are
ramped closed 92% and 85% respectively. Closure of the turbine bypass vaives
increase hydrogen flow through the turbines which initiates pumping. The high
pressure oxidizer pump discharge pressure rises and the gaseous oxidizer valve
(GOV) is closed. Gaseous hydrogen and oxygen pass through the fuel tank check
valve (FTCV), and the oxidizer tank check valve (OTCV) to the respective tanks
elevating tank pressure and NPSH. The injector primes and combustion boosts the
vaporization rate of the fuel in the cooling jacket providing additional power to the
turbines. At the appropriate chamber pressure (approximately 8%), the controller
initiates active control of mixture ratio and chamber pressure.

Advanced Design Recommendations

While determining preflight checkout methods, thc possibility of deleting certain checkouts
by incorporating advanced designs was considered. Advanced design features which may
be available for proposed missions include hydrostatic bearings, which cxhibit negligibie
wear, and welded joints, which reduce the overall number of leakage paths. A more
complete list of advanced de.ign recommendations is presented in Tabis 3. These features
were not included in the OTVE preliminary design.

RIRD 91-145
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Advanced Design Features
Recommended To Simplify
Preflight Checkouts

@ Welded engine system with the exception
of inlet/outlet turbopump interface joints

¢ Robust heat exchanger design -
Seamless heat exchanger design

® Robust thrust chamber design
® Hydrostatic bearings

® Addition of labyrinth seals and more
durable seal materiais to minimize seal
wear and leakage

Table 3

RI/RD 91-145
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Sensors

The type and projected availability of sensors had a significant impact on the preflight
checkout methods which were ultimately recommended. Where applicable, both current
and advanced sensors were considered in the various approaches. Current ICHM sensor
requirements were defined in the concurrent Task E.€ - ICHM Definition study (Ref. 7).
These current ICHM measurements identfied in E.6 are presented in Table 4.

Advanced sensor availability for the Lunar and Mars missions is shown in Table 5.
Advanced sensors for the engine were determined in an earlier technology task (Advanced
Engine Study Task D.1/D.3, Jan. 1986 - Ref. 8). Advanced sensor availability may also
impact the nature of the checkout itselt. For example, in the case of turbine wheel/blade
inspection, remotely obtained blade fatigue data coupled with a life prediction model and
trend analysis form the basis for an assessment of turbine condition. This differs from a
manual boroscopic inspection which requires disassembly and does not lend itself to simple
autornation.

Groundrules and Assumptions
The groundrules as specified by NASA in the contract were:

(1) Hydrogen/oxygen expander cycle

(2) Space based

(3) Man Rated

(4) Designed for 100 starts/4 hours of operation (safety factor = 4)

(5) No EVA available for preflight checks

(6) Start cycle - tankhead start (providing propellant settling and chilldown of
components for thermal conditioning), pumped idle operation required for
autogeneous tank pressurization

(7) Preflight Checkout Technology development to readiness level 6

RI/RD 91-145
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Current Technology
ICHM Measurements

® Static Pressure

® Static Temperature

® Flow (Turbine flowmeter)

® Speed

@ Modulating Valve Displacement (continuous)
e Shutoff Valve Displacement (on/off)

® Acceleration

Table 4
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Additional groundrules adopted which were not specifically stated in the contract were:

(1) The following launch scenarios were applicabie:
(@) Space station
(b) Lunar surface
(c) Martian surface
(d) Planetary orbit - selected as most stringent

(2) Engine system assumptions:
(a) Valves are clectrically actuated with redundant motors
(b) Pneumatic system consists of LOX pump intermediate seal purge and
injector shutdown purge

The OTV preliminary design incorporated an intermediate seal purge on the MK-49 Lox
turbopump. The purpose of this purge is to assure that no intermixing of the GHz and Lox
occur, thus preventing potentially dangerous combustible mixtures from forming. The
injector shutdown purge is performed to expei any residual propellants from the injecior
and combustion chamber. This process also is to prevent the accumulation of a potentially
explosive mixture. In a space based setting, the residual propellants would most likely
diffuse rapidly to the surrounding vacuum of space. A detailed design and mass transfer
analysis need to be conducted to verify this preliminary conclusion.

Methods

The approach taken in subtask 2 was to generate a range of preflight methods expanding
the NASA suggested approaches into a detailed matrix to satisfy all preflight requirements.
Based on the range of approaches, a preliminary recommendation of a particular approach
for performing each check was made. Several advanced design concepts were also
identified and are recommended to possibly reduce the number of checks. Sensors required
for the preflight checkout approaches were identified and a preliminary assessment was
made on the availability of sensors. A detailed table of the approaches developed in this
subtask is presented in Appendix 2. The table in this appendix includes the approach for
each of the three methods as applied to each preflight check required, the current and
advanced hardware if needed, the recommended approach, and comments.
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A condensed version of Appendix 2 is provided in Table 6. This summary presents the
preflight checks required and the recommended approach for accomplishing them.

A brief overview of the individual preflight checks will now be provided.
Functional Checks

! Of the 14 checks specified, eight are currently automated and in use on operational engine
systems and require little additional technology for implementation. Most are static checks
which are driven by software. Precycling of valve actuators is necessary to assure system
integrity. These engine valves are cycled before the upstream propellant shutoff valves at
the exit of the supply tanks have been opened. Therefore, no propellant flow is required
for this functional check.

Torque checks for all pumps can be performed in a similar manner using the automated
component pre-cycling approach. Because of the extremnely small breakaway torque values,
this check may require the development of highly accurate sensors and special checkout
procedures.

The turbopump axial shaft travel check may be substituted with other means of determin; 1g
bearing health such as data from the bearing vibrational spectrum to indicate wear. There is
also a possibility of deleting this check based on the use of hydrostatic bearings.

The extendible nozzle travel check will rely on data from any nozzle deployment/retraction

during a previous mission. This is to avoid any additional cycling which may cause undue ‘

wear to the actuator mechanism. |
|

Leak checks

Turbopump and valve seal leakage can be monitored in flight with pressure transducers at
the seal drain cavities. Leakage past valve ball seals can be monitored with external skin |
temperature sensors located just downstream of the ball. Valve shaft seal leakage can be |
monitored through the port just beyond the dynamic shaft seals.

RI/RD 91-145
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Preflight Checks and

Recommended Methods
Functional Checks Method*

. Valve Actuator Check

Sensor CTheckout/Calibration
Pneumatic Component Checkout
Operational Sequence Test (FRT)

m

Control System Redundancy Verification
Controller Memory Verification
Controller Pressurization Verification
HPOTP Torque Check

HPFTP Torque Check

LPOTP Torque Check

. LPFTP Torque Check

. Turbopump Axial Shaft Travel Check

© @ N @ U s DN

-t =k -k
N = O
O W oo O O6OO6O o OO

=d
w
m

. Extendible Nozzle Travel Check

-
-
w

. Igniter Operation
LLeak Checks Method*

HPOTP Primary Lox Seal

HPOTP Lox/Turbine Drive Gas Seal
Oxidizer Inlet Valve and MOV Ball Seals
Fuel Inlet Valve and MFV Ball Seals
Propellant Vaives Primary Shait Seals

O

Pneumatic Contro! Assembly Internal Seals
Heat Exchanger Coi! Leak Test
Heat Exchanger Coil Proof Test

© O N OO R DDA

Thrust Chamber Assembly Outer Walls

O O om OO0 OO0 0

-h
(=)

. Combustion and Propellant System Joints

* A = Preliminary power-up
B = Component Precycling
C = Automatic Static Checkout
(Detailed description of approaches in Appendix 2)

Table 6 RURD 91-145
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Preflight Checks and Recommended
Methods (continued)

Inspections wiethod*

Exterior of Components for Damage/Security, etc.

T/C Assembly for Evidence of Coolant Passage Blockage
HPFTP Turbine Wheel/Blades for Cracks, Fatigue and Damage
HPOTP Turbine Wheel/Blades for Cracks, Fatigue and Damage
LPFTP Turbine Wheel/Biades for Cracks, Fatigue and Damage
LPOTP Turbine Wheel/Blades for Cracks, Fatigue and Damage
HPOTP Bearings for Damage

®@ N O Ok wwN A
00000000

T/C Assembly Injector Faceplate, Igniter, and Lox Post Tips
for Eresion, Burning, and Contamination

. Gimbal Bearings and TVC Attach Points for Evidence of
Bearing Seizure and Fatigue

. Heat Exchanger for Cracks, Evidence of Wear, and Damage

Servicing Tasks Method*

1. Combustion Zone Drying B
a. Igniter Valves
b. Pc Sensors

2. HPOTP Lox/Turbine Drive Gas Seal Pre-Start Purge

* A = Preliminary power-up
B = Component Precycling
C = Automatic Static Checkout
(Detailed description of approaches in Appendix 2)

Table 6 (continued)
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The heat exchanger is difficult to leak check since small internal leakage is difficult to detect
remotely. Small undetectable leaks may develop into significantly larger leaks during full
power operation; actual heat exchanger operating conditions may be difficult to simulate. A
highly robust heat exchanger design is recommended as a means of deleting this check.

Hot gas system leaks may be difficult tc detect since no throat plug is availabie. Remote in-
flight leak detection techniques present a viable optien. Some leakage paths could be
eliminated by welding combustion system joints.

Inspections

Remote high resolution visual techniques and thermally sensitive surface coatings (for the
detection of hot spots) is a viable solution for exterior inspections. However, these
techniques may be difficult to implement inside of the main combustion chamber because of
inaccessibility and incompatibility of the coating with combustion products.

Turbine rotating element inspection can be accomplished by monitoring blade/disc fatigue
and bearing wear. The bhlade/disc fatigue can be inferred from historical thermal data
provided by optical pyrometers. Damage and fatigue is a function of both thermal
transients and extended exposure to elevated temperature while under dynamic stress.
Wear of the roller element bearings featured in the OTVE preliminary design would be
monitored by isotopic wear detectors and fiberoptic deflectometers. Exhaust plume
analysis may also be used to detect degradation.

Condition of the gimbal bearing and Thrust Vector Control (TVC) attach points can be
deleted by using robust gimbal bearing design.

Servicing tasks

Drying of igniter and Pc sensors may not be required in a vacuum, but if needed, can be
accomplished with an inert gas purge.

RI/RD 91-145
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SUBTASK 3 - Issues and Benefits

The objective of Subtask 3 was to identify the issues and benefits associated with the range
of automated preflight checkout methods developed in subtask 2. This task served the
purpose of identifying technology areas and potential approaches for automating preflight
checkouts, while providing a basis for more detailed preflight method definition studies.

The approach taken is illustrated in Figure 1. Each preflight checkout method was viewed
as a composite of (1) the general approach and methodelogy of each suggested method,
(2) the sensors which provide the required data, and (3) any aliernate component designs
considcred to simplify or eliiminate that particular preflight requirement. By viewing
preflight checkouts in this manner, issues and benefits of each suggested method for
savsfying preflight requirements were thoroughly 1dentified.

As described above, three general approaches were considered in satisfying each prefligh:
requirement. These approaches inciuded preliminary power up, automated component
precycling, and antomated static checkont. Issues and benefits relating to each of these
approacher were identified in a general sense as well as specifically 10 the context of the
preflight requirements they satisfy. issues and benefits were also identified for each senscr
considered for preflight checkouts and for any alernate design rccommendation where
applicable. Where feasible, issues were categorized into space basing issues, vehicle /
infrastructure issues, and system issuec.

The results of subtask 3 are contained in Appendix 3 where a2 complete set or issues and
benefits are presented. Part A of Appendix 3 identifics general issues and benexits for each
of the three approaches listed above, Part B considers the range of methods suggested for
satisfying each preilight requirement. Each entry in part B contains references to other
applicable issuzs and benefiis, specificaily, issues relating 0 the general approach used
(i.e., preliminary power up, component precycling, or static check), sensors and hardware
considered for that particular method, and related aiternate design recommendations wiere
applicable. Preflight requirements cthat would be impacted by alternate design
recommendations include heat exchanger leak caecks and inspections, turbopurip bearing
checkouts, and hot gas system checkouts. ICHM sensor/hardware issues are identified in
part C, and alternate design issues are discussed in part D of Appendix 3.

RVRD 91-145
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The scope of the methods presently used for satisfying preflight requirements will need 10
change as a result of the advanced ICHM sensors being considered. This applies
narticularly to visual inspections and leak checks - two of the most commonly practiced
rueans of deiermining flight readiness - which would not be feasible in space using
conventional ground based methods. Flight readiness assessments made on the basis of an
operation: { v.istory data base seem to be the simplest and safest approach, yet critical issues
still nced to be resolved. Of particular importar.ce :s a means to adequately monitor
degradation of certain components during idle periods in space.

The issues identified for each automated preflight method reflected the current state of
ICEM technology based on inputs provided by Rockeidyne experts. As ICHM
deviiopment continues, some issues will be resclved while others will surface. Based on

the evolving nature of the ICHM system and that of chemical transfer propulsion in
general, it 1s recommended that this task be revisited as the ICHM definition firms.

RI/RD 91-145
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SUBTASK 4 - Technology Readiness Assessment

In subtask 4, the technology readiness levels of the three preflight checkout methods
defined in subtask 2 were evaluated. These are the preliminary power-up, automated
component precycling, and automatic static checkout methods. Appendix 4 lists the 36
individual checkouts identified in subtask 1 to be accomplished by these methods for a
successful preflight complete engine checkout. Appendix 4 also lists the sensors required
for each of the three methods to complete these tests. Although the methods are
fundamentally different, in many cases they use the same means to evaluate engine
conditions. This table also gives the technology readiness of each of the sensors, allowing
easy determination of overall method technology readiness as a sum of component
readiness. The sensor readiness levels for the first six sensors were obtained from
previous ICHM studies. Technology readiness rationales for the rematning seven sensors
were established in conjunction with current E.6 efforts. A summary of the type and
number of sensors used for each of the three methods is provided in Table 7.

Appendix 4 includes many checkout tasks from subtask 1 for which sensors were not
required or are not applicable. Of those, the following checkout tasks do not require
sensors: 1.2, 1.5, 1.6, 1.14, 4.1 and 4.2.

For steps 3.3, 3.4, 3.5, and 3.6, the turbine wheel and blade checks, there is no way at
present to satisfactorily determine wear or damage using the automated component
precycling method. In this case either the statistical techniques of the automated static
checkout, application of a low life limit, or a preliminary power-up would have to be used
to determine the turbine readiness.

It should be noted that components other than sensors needed for these methods arc not
included in Appendix 4. Among them are the engine controller, automation and control
software, and a pressurized inert gas system for the precycling approach. These
components, although integral parts of the preflight methods, are extensions of current,
proven elements ac~vmed to already exist in the engiae system. They will, nevertheless,
require significant «..velopment to incorporate the specific preflight functions and will be
included in the overall method readiness assessiment.
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Table 8 gives three indexes to show the level of technology readiness for each of the
methods. The average readiness level of the sensors for each method along with the
minimum level of sensor readiness is shown. The overall system readiness for each
method is also given with the following rationales:

Preliminary Power-up: level 5. There are many procedures perfc. vmed to date which
demonstrate elements of this method. Current engines such as the SSME and RS-27 are
test fired before vehicle installation to check engine operation and performance against
nominal values. The SSME block two controller performs a similar checkout of all
systems without starting the engine before each firing. The J-2 was also fired, shut down
and then fired again in an environment similar to that of a space based engine. In addition,
the proposed advanced sensors have been demonstrated in ground tests. Together with
component refinement, the efforts remaining are systems integration and validation.

Automated Component Precyeling: Level 4. As with the previous method, all sensors
have beer ground tested in some form, but require varying degrees of further development.
Evalnating engine readiness using cold flow tests is presently performed on components in
preassembly ground tests only. This method would require the design of a substantially
larger pressurized gas system with accompanying valves, engine ports and control system
plus the design of a shaft drive mechanism.

Automatic Static Checkout: 1.evel 4. This method is presently performed on most engines
using available sensors; the only difference being the checkout is not done on board the
vehicle. Measurements are remotely checked against the family of data for that engine type,
and when possible against that engine's own previous data. Automating and moving these
functions to the controlier and further developing the desigunated sensors are efforts yet
required to implement this method.

Table §. Method Readiness Assessment

Average Sensor [ Mimmum Sensor | Overall System
Readiness Readiness Readiness
Preliminary Power Up 5.0 4 5
Automated Component 4.9 4 4
Pre-cycling
Automatic Static 5.0 4 4
Checkout

RI/RD 91-145
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SURTASK 5 - Remaining Development Cost for Automated
Preflight Checkout Methods

This section describes the remaining development cost for each of the three preflight
checkout categories; i.e., (1) Preliminary power-up (engine fired for short time), (2)
Automated pre-cycling (cycling certain individual engine components without firing the
engine), and (3) Automated static checkout (without cycling or hot firing engine).
"Remaining” costs are understood to cover those costs which are required to bring the
sensors and associated computer hardware and software to Technology Readiness Level 6,
and to develop and demonstrate the entire automated preflight checkout process and system
in a test bed engine (AETB). Activities which lead to a space flight ready system
(Technology Readiness Level 7), i.e., qualification and reliability demonstration of the
integrated automated preflight checkout system are excluded from the development cost
reported in this section. Technical Readiness Levels definitions are listed in Table 9.

Groundrules and Assumptions

For definition purposes, "preflight checkout" was defined as that part of a space-bascd
mission timeline which cncompasses both engine preflight condition and engine postflight
condition assessment. The mission time difference between postflight and preflight may be
short, several days, or long, a year or more. Both checkout conditions will draw heavily
on data accumulated by the ICHM during the actual flight phase. These data are assumed
to be stored and processed by a ground-based maintenance data base. Table 10 lists
additional operational requirements above those mentioned in Subtask 2 which implicitly
affect the automated preflight checkout method development program and cost. Table 11
lists all other groundrules and assumptions used in establishing the cost estimates,

RI/RD 91-145
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Technology Readiness Levels: Definition

Level 7 | System validation model demonstrated in
space; system ready for space-based
applications

Level 6 | System validation model demonstrated in
simulated environment; test of an
equivalent of the final system configuration

Level 5 | Component and/or breadboard
demonstrated in relevant environment

Level 4 | Component and/or breadboard
demonstrated in laboratory

Level 3 | Analytical and experimental
proof-of-concept for critical function and/or
characteristic; conceptual design test

Level 2 | Technology concept/application formulated;
conceptual design drafted

Level 1 | Basic principles observed and reported

|
|

Table 9

RI/RD 91-145
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Important Operational Requirements

® Fail operational/fail safe
@ High reliability
® Service free life for 100 starts and four hours

® Entire engine is Orbital Replacement Unit
(ORU), except: sensors can be replaced at
space base by EVA or robotic

® Extendable nozzle

® 10:1 to 20:1 continuously throttleable

Table 10

RI/RD 91-145
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Costing Groundrules and Assumptions

@ Development program covers all phases of
automated preflight checkout from advanced
sensor development to system validation in
terrestrial simulation of actual flight environment
in advanced expander test bed (AETB).

® Deveiopment program includes the cost of a
comprehensive maintenance data base, though
this data base will also be required for the flight
parameter data analysis.

® Already spent technology acquisition costs for
sensors and software not considered (relatively
small sunk costs).

@ All costs in 1991 constant dollars.

@ Sensor, scftware and computer costs are
incremental above those reported in Task E.6 for
a minimal ICHM system ($46M).

® All costs are Rough Order of Magnitude (ROM),
based on analogies, parametrics and expert
information, not on detailed program schedules
and manpower loadings.

Table 11
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Approach

There are many alternative preflight checkout development programs possible since three

candidate checkout methods have been identified, for 36 measurement parameters with

several sensor alternatives of different technology readiness levels. In order to reduce this

large number of possible development programs to a manageable size, the following

approach was taken, illustrated in Figure 2. Two engine design alternatives were
postulated:

(1) An advanced engine is optimized for space based operations and as many design

(2)

precautions as possible have been taken to minimize the necessary amount of preflight
condition monitoring. These include, e.g., hydrostatic bearings on both turbopumps,
an external tubular, searnless, weldless heat exchanger and welded engine component
interfaces. This approach assumes a design philosophy which is analogous to that of
the ALS booster engine concept, i.e., optimization of the engine design with respect
to operability with performance as a close but secondary design criterion. It was
further assumed that two approaches are feasible: one maximizing the use of current
state-of-the-art sensors, the second one maximizing the use of advanced sensors.
Current sensors may be somewhat limited in their attributes such as life expectancy,
drift characteristics, reliability, repeatability, mcasurement directness, etc. Advanced
sensors will have improved such attributes. In addition, non-intrusiveness and new
direct measurement capabilities, as described in the previous section of this report and
in the appendices, will be available.

The engine is not optimized for space base operations, but rather a modification of a
ground based engine (such as an RL-10 derivative). 1t may have features like ball or
roller bearings, a heat exchanger with welds in the coils, and flanged engine
component interfac .. This design approach necessitates a maximum amount of
preflight checkout operations. As in Alternative (1), it was also assumed that either a
maximum number of current sensors, or 2 maximum number of advanced sensors
can be used. In this design approach, the engine will need some modifications to
accommodate the turbopump spin-up for preflight torque measurement, and for
checking turbopump seals with inert gas.

RI/RD 91-145
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Figure 3 presents the "building blocks" of a generic development program for the
autornated preflight checkout methods. The development cost of each building block was
determined. For the case in which advanced sensors are used, the program starts with
sensor development to advance the sensor technologies to readiness level 6, system
validation model demonstrated in simulated environment, i.e., one level before validation in
space. Parallel with the sensor technology, the computer hardware and software has t ve
developed. The computer hardware includes memory and processors in addition to those
identified for flight parameter measurements in Task E.6. The software includes the
processing logic and algorithms for the preflight checkout sensors, and a (presumably
ground based) centralized maintenance data base for engine history information. It will
accumulate all flight, preflight and postflight data, and will be used for trend analysis and
statistical process control techniques as the basis for maintenance actions. The software
costs were determined as those in addition to Task E.6 software costs. The cost estimates
of Task E.6 did not include development of a centralized maintenance data base.

Sensors and software have to be integrated into a preflight checkout system and "tested" in
an engine. This can be best accomplished first in a "Soft Simulation" (i.e., analytical) task.
In this task all engine parameters and sensor parameters will be simulated by time
dependent functions and algorithms. This could be performed with support of
Rocketdyne's transient engine performance model which encompasses analytical
representation of engine hardware. Engine component and sensor failures can be
introduced into a Monte Carlo-type soft simulation in order to understand the time and
functional interdependencies of the sensor/software/engine component system.

The next set of activities, shown in parallel in Figure 3, are "Hard Simulation" and
"Integrated Sensor/Computer System Brassboard Simulation.” The Hard Simulation of
engine components and preflight checkout sensors involves instrumenting real engine
components with real sensors required for preflight checkoat, and testing the engine
components by flow tcsting (turbopumps, valves, pneumatic subsystem) or hot firing
(main combustion chamber with nozzle, gimbal/TVC). Vibration testing (shaker table) may
also be required. The engine components should be of flight configuration, but need not be
the same as those for an OTVE or STVE. These componeni and sensor tests will be
performed using six separate component brass boards and will establish the viability of the
sensor: in an engine component environment.
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The next task, "Integrated Sensor/Computer System Brassboard Simulation" includes real
sensors and processors, prototype software and a suitable existing computer plaiform. The
engine components will be simulated by digital or analog signals driving the sensors or
processors. This simulation will address systems aspects of the automated preflight
checkout methcd, sensor time behavior, real processor characteristics, data base
functioning, etc.

The final task of the development program consists of instrumenting an engine with
sensors, integrating all preflight checkout sensors, software and computer with the engine
and flight ICHM system, and statically hotfiring the engine (e.g. the Advanced Expander
Test Bed [AETB]). Successful completion of this task will establish the system validation
in simulated (i.e. ground) environment. For this task, only that cost was estimated which
is due 10 contractor instrumentation, software and systems engineering support, while
engine testing costs (both labor, hardware and propellants) are assumed to be government
furnished.

Sensor reliability demonstration and qualification of the engine/sensor/ computer/software
system are considered to be outside technology level 6 and constitute necessary tasks for
advancing to level 7, The costs of these tasks were, therefore, not determined.

Figure 4 is a generic program schedule for the preflight checkout method tasks discussed
above, to establish the timefram= of activities. Development costs were based on this
schedule. The schedule (4 years to first AETB test) is consisient with a reasonably paced
development program and would zllow time for integration of the automated preflight
checkout system with an engine ready for an Initial Operating Capability (I0C) near the end
of the decade.

Development Program Cost Evaluation
After dividing the development program into 7 tasks, the cost of each task was determined

separately, based on parametrics, analysis, modification of Task E.6 costs and some
preliminary manpower loading estimates.
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The logic for sensor development costs is as follows: Current technology ICHM sensors
(see Table 4) need a minimum of development, and a nominal cost of $0.5M was assumed
for the sum of all sensors. This was based on the cost estimate provided in Task E.6.
Advanced sensors (see Appendix 4) currently at a technology level of 4 were estimated to
require $1M for each type to bring them to level 6. Sensors currently at level 5 were
estimated to require $0.5M for each type to bring them to level 6. These approximate,
averaged costs vsere based on xtensive discussions with instrumentation experts.

The developraent rationales for the other tasks shown in Figure 2, plus required engine
modifications for Category 2 (component precycling), are listed in Table 12. The costs of
the individual development tasks are summarized in Table 13.

Development Program Costs for Each Preflight Checkout Method
As discusscd previously, the preflight development costs were determined for two

alternatives: (1) an advanced design engine optimized for space based operations, and (2)
an engine with minimum modifications to an existing ground based engine.

(1) Engine Optimized for Space Basing

For this alternative, the design assumptions skown in Table 3 are presumed to be

incorporated into the engine. The following engine preflight checkout requirements
can be eliminated (sce also Table 2):
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Summary of Development Cost
Elements by Task*
(M$, 81)
Sensor Development 0.5t08.0 1
Delta Software Development |
|
|
Maintenance Data Base « Optimized engine 3.5 |
» Not optimized engine 4.6
Process Software « Optimized engine 24
« Not optimized engine 3.6
Delta Computer Hardware Development 25
Soft Simulation 0.7
Hard Simulation 8.0
Integrated Sensor/Computer System Brassboard 4.0
OTVE Modification (for Cat. 2 only) 2.3
AETB Test Support 2.4

* These costs are not additive. The proper elements are combined for
4 different cases as shown in Tabie 14.

Table 13 RIRD 91-145
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» Functional Checks
« HPOTP Torque Check
« HPFTP Torque Check
» LPOTP Torque Check
+ LPFTP Torque Check
* Turbopump axial shaft travel

*» Leak Checks
+ HPOTP Primary Lox Seal
« HPOTP Lox/Turbine Drive Gas Seal
» Heat Exchange Coil Leak Test
» Heat Exchange Coil Proof Test

» Component Interface Joints (but not gngine/vehicle fluid interfaces)

» Inspections
¢ HPOTP Bearings for Damage
« Heat Exchanger for Cracks, Evidence of Wear and Damage

* Servicing Tasks - None to be eliminated

@  Engi Optimized for Space Basi

This assumes that an engine with a basically ground based design concept, such as
the current RL.-10, is used for space based operations. In this instance, all or most of
the 36 preflight checkout parameters listed in Table 2 need to be addressed.

The d=velopment program costs for the two engine design alternatives are summarized in
Table 13. The total program costs range from about $26M to $35M. This range is
relatively small due to the fact that a large part of the costs are contained in software,
hardware simuiation and brassboard efforts which were assumed to be basically invariant
to the selection of particular sensor concepts. Software costs for engines which are
optimized for space basing are different than those for engines not optimized for space
basing. The maintenance data base software for non-optimized engines was assumed to be
30% larger, and the process software 50% larger compared to those for optimized engines.
The 30% increase is due to the larger amount of sensors and the associated larger data base
requircment for maintenance. The 50% increase is also partly due to the higher amount of
sensors, and partly because of the additional more complex process logic requirements. A
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more detailed development program analysis, however, may show more differentiation,
especially with regard to sensor algorithm software. The cases which use advanced state-
of-the-art sensors are more costly than those with existing qualified sensors; however, the
capability, auality and reliability of the preflight checkout information is also higher for
these cases. The use of current state-of-the-art sensors may lead to higher operating costs
(due to lower sensor life and reliahility expectations) and to lower quality information (due
to more reliance on trend analysis instead of direct measurements).

Preflight checkont Category 2 (automated precycling) for engines which are not optimized
for space base operations may introduce substantial reliability and safety issues connected
with the addition of valves, lines, inert gas tanks, etc. which may degrade the overall
reliability and safety and may also lead to larger life cycle costs.

All development program costs shown in Table 14 are in addition to those which were

given for Task E., as previously noted.
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Appendix 1

OTVE Preflight Requirements
(References)

RIRD 91-145




Page 44

- - | OLD"CAVLYA X uciiedtypdan Adowsw J3({oaue] "9
- L OE0 ONVLYA X YO} 38313 43A AJUEpPURPAL WALSAS |043u0] °§
- L | DE0OSVLVA X (1y¥4) %23yd aduenbss reuojiedsdo v
*inoxaayd {S3I0N)
dejenyse aatea 29S i WL | 90£0S0| L | 02070SVLYA X 1N0%23Y2 juducduod dijewnsud CE
"3Lqeiienre eIeD YIW4 ON (S3LON) 1 L | 0LOT0BVivA X J0L1R4GE L BI/3N0ORIAYI LOSUAS 2
8/2 | 2020v0
- £02080
- 202080
- 102089
8/2¢ | v0S0L0
8/z | £0s0L0
8/2 | 20S6L0
: 8/z | £0L0L0
t 605090
t 505090
8/L | ¥05090
8/¢ | £05090
a/¢ | 205090
L 801090
8/2 | €0L090
a/2 | 209050
8/z | 169050
8/2z | 205050
8/2 | 10S0S0] L | 0LDOSVIKA X JM0Y23Yd SJOIENIIR ALBA |
SJ3HD TVNGILINnd
rwa oy a3w| i) on a3y |, S984) fauiznoy LN3AIHINOIY

SILOH

¥3dHd 3AL0

dSHWO WSS

SIINFHIIAY

SINIWIYINDIY LHIIT438d 3ALO

{9 4o | 199YyS) SIINIHISIY - SINIWIYINOIY LHOITI34d 3AL0

V Ued

RI/RD 91-145




Page 45

t 102030
4 902090
37 L02090
877 102090
/e 202090
! SUrOG(
A voroso
v/ Earose
I 20v0s0 L 0EU " USalLkA X 32842 enbdo}l JdLUdT 0%
L Q0ECLY
it POL0L0
¥/t (XU AL
G672 208000
UL v020SY
¥/ £02050
. a/¢ 202050 L 020 0satbA X %38y anbuol diddH 6
l tOEYIU
‘ 90£090
/e rOE090
#/¢ EUE0Y0
8/ ¢0L030
3/t rGEQSQ
v/t £OEONS0O
8/¢ 20EYSO L 0bQ0Satva X ¥I9yd 3nbuadl} 410d4H "8
- 1 OV0 " ONVLEA X UO}1ED}§|4B3A UOJ}RZLANSSAAd 43| |043U0] ‘¢
(panuijuea) SHITT IWNOTLINMS
“1142)ON "43¥) 11480 "ON "33 {oel) JuUIN0Y ININ3YINDIN
Ippojdag
SILON ViWd 3AL0 GSURQ WSS
SIN3WININOIY LHIIT434d IALD
SIINFETIY

(9 30 g 1924S) SIINIWILIY ~ SININIYIADIY LNDI143Yd FALO

Y Med

RI/RD 91-145




Page 46

RI/RD 91-145

WE LOLov0 L 0L0 0OVLbA X uojjedado 4appubl “vi
A 050201 - - X j28yd [dABJ] B{ZZOU I{qepuaix3d gl
L 020 0SBLvA
*$323yd anbuaei dundoqany L bvO OSHLEA
40j) IUBLIJA4 VIW] @35 {STLun) L CEOTOSHLYA X A23Y2 [dAeJY }jeys [eixe dundequany gy
W .
v 4 902040

ez | vozole
| s/2 | £02010
| g7z | 202010
: we | voiose
| 472 | FUI050

are | zotoso|l U | olo-oseLra X $28y2 anbuol giddl "Ll

{panujiued} SHIIHD TYNOTLONGS

: THIYY|TON T4 T HINS "UN T334

{08i)

2 pojaag Ut Inod INIHIEIN03Y

_ S3ILON viHs IO USYHD IHSS
, N -— SINIWIYIND3IY LHIIT1438d IALO
SIINIYISY _

(9 40 £ 199yS) SIINIYIIIY - SINIWIYINOIY LHOT1d3Yd 3AL0

| | v Hed




Page 47

8/¢ 10v020 -
““” Hmwwmm t LZ2 DAVLIVA X waisAs jue||adodd pue cc_awmnhmw 0L
Ml cuzneul 1 0L 008LVA ¥ fLem 431n0 A QWIsse Jagweyd Isndyl 6
‘(9L 3531 jJo Aduanbaay - -- 1 UE0 9dgLiA X 15871 joouad s|{02 43DuUPYIXa @3 @8
- - L 020 8d8 VA X 3593 jyed| S|}03 Jabueyoxa jeaH ¢
- - L 1607 00RLYA sieas
- - i 060-obaLrA X {euJ4aju} ALQWasse |OJ43u0d Djjewnsud '3
H HH " mWw.mmMMM» X s|eas 3jeys Adewjad saajea juel|adoad °§
£ 3010L0
S0
. M wmmmmw L L0 00BLbA X S1eds [[eQ AJW Pue 3ALEBA JI(U} (3NF ‘¥
[ 201090
t S01090
|
mwm mcmcmo 1 peLobetbA X LLBG AQHW pue 3A|RA 33[U{ JIZIpIXD "E
*34nssadd [eas ajerpau {{e3s aie1DaW.IdIUY)
~43ju} sJ40oljuow JWSS Wi 90€050 - (S3LON) X {eas seb aapap 3utquny/X07 dl0dH "2
4 cotuso| oLt obaLka X (eas x01 Adewiad d10dH "L
SYITHD VAT
“LIWa| "N C43u)TUIE9| O C43Y u,mmﬁwn_ auyjnoy ININIYLINU2Y
s Vi o asunn e SINIWIYINOIY LIHDI434d IAL0
S1INIYIAIN

(9 490 ¥ 123ys) SIINIYIAIY - SINIAIYINOIY LHO1M43¥d 3AL0

Vv Hed

RI/RD 91-145




Page 48

Ul | 80 0NGT LA afewep pue '4e3m IO IIUBPLAI
uo|idadsul Jo Azuanbauy L LO2UL0 L OU0CaaLEA X *$32R4D PLaM 40§ J3bueydxa eal Ot
anbiiey
Tl i YOEO60) pue aunz|as bupaeaq jJC IJUAPLAI L0y
uoy3aadsu} Ju Adruanbeay || w/lL [0EUBO| - - X sjujod yoejje )AL pue bujuaesy {equig 6
uo}jeujwejuod pue ‘buiuang ‘uojsoda
f¢e SU1020 404 sd}3 3sod x07 pue ‘431}juby
| 010207 L ] ovo onaLpA X ‘aje|dadey Joy2afuy Alquwasse )i '8
LR o vOE030
uolpladsut jo Aduanbauay vi LOL090 L 280 0SHLEA X sbewep a0j sBbuia®aq d10dH ¢
IS abewep 4o anbyiey
ol 32adsut 4o Asuanbady b4 SOV0OS0 - - X 40 JJU3PLA A0 BIJE BU{QAN] d10dT 79
uni abewep pue ‘anbiiey
ugjisadsuy jo Auanhady { SOEQSU L B0 ysSuLvA X ‘SYIEAD A0 5IpRL/[BIYM JULGURT dI0dH S
RUE abrwep pue ‘anbiiey
uD}329dsu) jo Adcuanbadsy b4 SOLUS0Y - - X ‘SY3BAD J4DJ SIPPLQ/L8IYM BLLQUNT didd CF
ik abewen pue *anbiiey
© u03vadsul Jo Aduanbaag l 502099 L 0807 0SHLPA X '$32040 U40) SIPRLY/LIAYM 3ULQUNY dLlddH  CE
L 200D (s10ds 3jou) sbeyoze|q abessed
gt tglLgegy - - X JUB{00D JO BIuU3p{Ad JOJ Alquasse )L ¢
*318 'S{4Qap (e11Ga0 wody
abewwep Jo A1t]jyeqodd uo *219 ‘s223uede|d ‘*A1LJandas
Papadu UO|Jewd0dul 340K - -— l UEO ONYLEA X ‘agbewep 40§ sjuauodwod jo JULAILIXT |
SNGTLO3dSNT
. . . . . . {081)
L1192} "ON 43437 1149D ON " 334 Jppot4ad 3ujinoy IN3IWIYIN03IY
S3IIUN ¥3iH3 3AL0 USYWO 3FHSS
SIN3WIYIN0O3Y LHD114348d 3IALO
SERLELEERT

(3 Jo § 193yYS) SIIN3Y3IIIW - SIN3IWIYINDIB L1HI1Id3¥d 3IALO0

V LEd

RI/RD 91-145




Page 49

Wi 90L0S0

6 CUEQLO
8/ AL

SILON

“LIYDTON "3

t jrote-ovigus

L 080°09J31FA

j4215-24d ([ e9s 2jejpawa’djul) (eas

X seb 3Aj4p 3L q4n1/X5T JI0dH sBind g
¥ sJd0suas 24 g
X SaALBA J834ub] -E

BujAdp auoz UOjISAQWE] |

SNI1JLIAY3S

"LIY3]  CON "43Y

{081)
o4polJad

au|inoy INIHTYINDIY

]

V3ikd 3AL0

GSUWO IWSS

PENLELEEEL]

SINFHIYINOIY 1HIETIIYd 3ni0

{9 J0 § 339ys) SIINIYI4IY - SINIWIVINDIY 1HDITI38d 3AI0

V Ued

RIRD 91-145




PartB

BASIC FAILURE MODE EFFECTS AND CRITICALITY

criticality

Number ._Engine Effact Vehicle Effect Mission Effect

1 Major uncontained Jarage to an Significant damage Mission abore(1)
engine subsyscem cr component to adjacent equip- Low probability of vehi-
resulting in widespread engine ment and/or vehicle cle loss, crew death or
damage. probable. injury

2 Significant contained damage to Damage to adjacent Mission abort{1)
a vital engine subsystem or eqiipment or
component sufficient to render vehicle highly

it inoperative or its continued improbable.
operation hazardous.

3 Performance degradation or Nane Mission abort(})
notable damage to component/ Conditionally dependent
subsystem. Continued opera-
tion conditionally acceptable.

4 Minor failures fully tolerated None Delay until resolved at
by continued operation at an mission start
acceptable hazard level. Minor
propellant leakage from flanged

joints.
5 Nuisance failures. None forrect at next routine
maintenance
ICHM MODIFIED FAILURE MODE EFFECTS AND CRITICALITY
Criticality
Number Engine Effect Vehicle Effect Missinn Effect
A Safe shutdown of engine before None Mission abort(})
uncontained damage results.
B Safe shutdown of engine before None Mission abort(7)
significant contained damage
results,
c Reduced power level operation. Nene Mission abort(1)
Conditionally Jependent
D Parallel or standby redundant None Delay until resolved at
system assumes function; normal . mission start

engine operation continues.

(1) HMission abort for criticality 1 through 3 and A through C failyres applies only ur outbound
phases prior to 0TV payleoad disposition. After abort, emphasis s placed on safe retura of
the vehicle/crew regardless of payload disposition,

NOTE: Basic failure modes requiring multiple failures to produce the specified criticality are
ind.cated by a suffized M after the criticality number.
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Appendix 3

Issues and Benefits of Preflight
Methods
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Part A - Issues and Benefits of Preflight Methods - General Approach Descriptions

Page 82

Preflight Approach Issuss snd Banefits Comments
Checkout
Spece Basing Vehicle/infrastructure Engine system
Prefiminary [issues: lesues: iasues:
Power-up
- Deployment of vehicle may ~ Usa of propetiants required to » Start runsient conditions arg
rosult , particularly if prelfight perform checkouts. savera. May cause damage to
checks occur while vehicle is in | + Additonal propeliant may be system. Minor damage deteciable
orbit. required (o recovar the vehicle if | by other means may otherwiss
deployed unintantionally, propogate.
» Daterminatior/resolution of + May reduce the lile of some
protlems too late to aveid missing | « Short fire-up period required - components dua to additional hot
launch window, possibly several seconds. firing.
« Additioral checkout hardware Beneafits; Benselits:
will have to be dasigned b
withstand the space enviroriment |+ No requirement for sophisticated | « Actua! hot-fire conditions for
for long durations. condition moritoring sensors and | realistic assassment of angines
histoncal dala base. readinass to fire.
Benetits: + Praliminary power-up approach
is part of routine angine start
* Mirimum maintenance procedure prior to ~wssion,
requirement Therefore, this apptoach can ba
used redundantly no matter
which preflight checkout
approach is salcted.
Automated issues: Issues: Issues:
Component

Pre-cycling

* Additoral checkout hardware
will have to be dasigned ©
withstand the space environment
for long durations.

+ Greatest maintenance
IBQUIIGITWFILE.

« Allowatle vehicle payload
impacted by the weight and
volume of mechanical and
electrical hardware required for
emulatng dynamic conditions.
This includes a large sipply of
pressurized inert gas.

« Aaditonal hardware may reduce
the reliability of the engine and
posa:bly result in addivonal failure
madas,

» Inert conditions for checkouts.

Bensfits: Benelits:
- Assessment based on actual
» Degradation during space » To Be Determined cyclng of components.
storage evaiuated.
Autcmated lssues: lssues: lesuen;
Stetic
Checkout - Condition manitoring sensors - Requires extensive data mass | « Many sensors will be required for

will have to be designed ©
withstand the space environment
tor tong durations.

- Degraration of components
during downtime jusat prior %
prafight check must be
considered in historical databasa.

« Additional checkout nardware
will have to be designad
withstand the space erwironrnant
for long durations.

Benatita:

« Minimum space mairtenance.

siorage capabilities which may
impact the allowable vehicle
payload due tt waight and
volume,

» Rgquires the most sophisticaied
integreted control and health
monitoring system of all
approaches suggested.

Benofits:

+ Remaining life prediction based
on accurate analytical methods
and lite prediction models.

« Possibly more rapid chockout
sequence since performed
siatically.

an accurate assassment of
engine readiness to fire.

- Many condition monitoring
60N30rs are necessarily
intrusive.

« Sencors will require a high
degree of acuracy and relability
for compiels condition
assussments,

Beneflis:
+ Component [ife not impacted by

checkout approach since no
components are cycled.
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Part B - Issues and Benefits of Preflight Methods - Functional Checks

CHECKOUT

APPROACH

ISSUES AMD BENEFITS

APPLICAELE ISSUES AND BENEFITS
REFERENCES

COMMENTS

1. Valve acluator
Cheack

a Prelim, power -up

Benefits:

» Sea refarences

General Approaches
*» Pratirninary Power up

Sensors/Hardware
« Resolver Position sensor
« Eddy current position sensor

Aiternate Design Recammendations
s n/a

b. Autormated pre-
cycling

iasues:
+ Reguires powar consumption for actuation.
Benetite:

+ Approach can demonstrate full range of actuator
operation

General Approaches
«+ Automated component precycling

Sensore/Hardware
+ Resolvar Positon sensor
« Eddy current position sensor

Alternate Desigh Recommendations
*ve

c. Automaind
static

Issuses:

+ Does not adequately assess degradation during
idle period.

+ cannot address Lull range of actuator operation
Benefite:

~ Requires minima! powar consumption

General Approsches
- Automated static check

Sencors/Hardware
+ Rasclver Position sensos
« Eddy current position sensor

Alternate Design Recommendations
- e

2 Sensor
chack/calibration.

a. Prelim. power-up

issuesn:

» High risk aproach to serisor chack snd calibration.
+ Low level powet-up may not provide sufficiently
stable operation to allow sensor calibration,

Benefits:

* poVides complele end--end sensar system
checkaut

« Proyides mecharical input required to check
dynarnic senscrs,

General Approaches
« Preliminaty Power up

Sensors/Hardware
e rva

Alteiiiale Design Recommeadations
' va

b. Automated pre-
cycling

Insuss:

» Check of dynamic sensors (spaed, toroue,
sccelomtion, valve postion,4tr.) requires additional
complexity of ectuation systms and power
consumptlion.

Banafits:

» Provides complates end-to-end sensor checkout

General Approaches
» Automated component pra-cycling

Sensors/Hardware
nva

Alternate Dsesign Recommendations
* /e

c. Autorme ted
stalic

* Only checks sensor slements for continuity, does
not identify all sensing element problems.

Banetits:

-~ Provides sutficient level of confidence for the
operational requiraments of most systems

Genera! Approaches
« Automated Static check

Sensors/Hardware
‘na

Alternate Deslgn Rscommendations
v va
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Part B - Issues and Benefits of Preflight Methods - Functional Checks (contd.)

Page 84

CHECKOUT APPROACH ISSUES AND BENEFITS APPLICABLE ISSUES AND BENEFITS COMMENTS
REFERENCES
3. Preumatic & Pralim. power-up | Banafita:
Component General Approaches
checkout + Provides most compiate checkout of systam « Proliminary Power up
Sensora’/Hardware
* Prassure Transducer
Alternate Design Recommendations
s n/a
b. Avtomated pre- | lsenas:
cycling Genersl Approaches
« Functional checkoul requires power consumption | « Automated Component precycling
for valve actuation.
Sensora/Hardware
Beneflts: * Prassure ransducar
« providas excellent functional checkout of Alternate Design Recommendations
pneumatic valves and actuaors. s nva
¢. Automated lesues:
static General Ap~>roachaes
+ Only provides partial system checkou! = Autlomated siatic chack
Benefits: Sensors/Hardware
« Pressure yansducer
« Minimum power consumption required
Alternate Design Recommendations
. va
4. Oparational o Prelim. power-up | Benelits:

saquence test

« Providas most compiete chackout of system

General Approaches
« Preliminary Power up

Sensors/Hardware

» Resolvar Position sensor

+ Eddy current position sensor
* Pressure ransducer

Alternate Design Recommendations
s va

b. Automated pre-
cycling

issues:
* Requires power consumption for vaive actsation
Beneflts:

« Provides most compleio checkout with minimal
risk to engine or vehicle

General Approaches
« Automated component precycling

Sensore/Hardware

~ Rosolver Position sensor

« Eddy current position sensor
* Prossure transducer

Alternate Dosign Recommendations
*a

¢. Autornated
static

losues:
+ Dowes not provide complgle checkout of system
Benefits:

+ Requiras mirimal powser consumption

General Approcches
* Autornated static check

Senesors/Hardwarse

* Resolver Position sensor

= Eddy currant position sensor
* Pressure ransducer

Alternate Dasign Recommendations
*nva
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Part B - Issues and Benefits of Preflight Methods - Functiona! Checks (contd.)

CHECKOUT

APPROACH

ISSUES AND BENEFITS

APPLICABLE ISSUES AND BENEFITS
REFERENCES

COMMENTS

5. Control systams
redundancy check

& Prelim. pawer-up

Issues:

« High rigk tu engine to investigate system
redundancy during engire aperabon

« See relerunces

Genaral Approaches
* Preliminary Power up

Sensors/Hardware
«rva

Alternste Dasign Recommendations
/g

b. Automated pre- [ Not Applicable

cycling

&. Automated lesues:

static Generasl Approaches

« Allows vaerification of electrical systems only
Baneiits:

- Provides high laval of confidence in system with
minimal rigk

+ Automated static check

Sensors/Hardware
rn/a

Alternate Design Recommendations

s rva
6. Conroller a. Prelim. powar-up | Not Applicable
memory
varification
b. Automated pre- | Not applicable
cycling
c. Automated issues:
static « Past history data not required General Approaches
« Aubmated static checkout
Benefils;

+ Simple elactricai check providing high level of
confidence for saie operation

Sensors/Hardware
e n/a

Alternate Design Recommendations
srve
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Part B - Issues and Benefits of Preflight Methods - Functional Checks (contd.)

CHECKQUT APPRCACH ISSUES AND BENEFITS APPLICAB!E ISSUES AND BENEFITS COMMENTS
REFERENCES

7. Controller a. Prelim. power-up | lasues:

pressurization Goneral Approaches

verification = Power-up not required - Simple static check may * Preliminary power up

be parformed without firing engine.
Banefite:

* 589 references

Sensors/Hardware
* Pressure transducer

Altarnate Design Recommendations
“va

b. Automated pre- | Not Applicable n/a

cycling

c. Automated issues:

static General Approaches

« Past history data mey not be applicable here.
Simple static check may be all that is required.

Bensefits:

« Simple pressure check is adequate.

« Aulpmated static checkout

Seancors/Hardware
« Pressure ransducer

Altarnate Design Recommendations
- nva

8. HPOTP wrgue
chock

9. HPFTP rque
check

10. LPOTP Turque
check

11 LPFTP torque
check.

8. Pretim. power-up

tasues:

- Breakaway torque can't be measured at spin-up or
power down.

Benefits:

= could provide excetlent condibon evaluaion with
proper instrumentation.

General Approaches
« Preliminaty power -up

Sensora/Hardware
» Ferromagnetic torquemater

Alternate Dasign Recommendaticna
« Hydrostatic bearings

Modification to the
turbopump torque
checks would be
required to
accommodate tha
use of hydrostatic
bearings. This
applias to all
approaches.

b. Aulormatad pre-
cycling

- Highly sensitive orquemeler required for
maeasurement of small lreakaway orque.

= Remrte spin sysiom would likely be heavy,
complex, and require significant power
consumption.

Benefits:

« Safest method for providing dynamic evaluation of
pump systems.

Geners! Approaches
« Automated componsnt precycling

Sensors/Hardware
« Ferromagnetic torquometer

Ahernate Design Recommandations
* Hydrostatic bearings

¢. Automated
static

Issues:

- Not a compllete system checkout

+ Requires extensiva siatistical data base to justfy
the use of this epproach

Benefita:

* Provides lightest, simplest chackout with litle
power consumopbon

General Approaches
« Aupmated static checkout

Sensore/Hardware
» Ferromugnetic torquameter

Altern.te Design Recommendations
+ Hydrostaic beanngs
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Part B - Issues and Benefits of Preflight Methods - Functional Checks (contd.)

CHECKOUT APPROACH ISSUES AND BENEFITS APPLICABLE (SSUES AND BENEFITS COMMENTS
REFERENCES
12 anal shaft a Prelim. power-up [ Iss es: General Approaches:
travel check - If .ignificant wear present the T/P could be further | « Preliminary power-up.
damaged during power-up
Sensors/Hardware:
Benaefits: - Fiberoptic daflectometer.
« Componant intagrity varified in dynamic hot-fire « lsotopic weer detector,
onvironmant,
Alternate Design Fecommendain.
« Hyadrostatic bearings.
b. Autormated pre- | lssuas: General Approaches:
cycling + Extra woight and camolexity of mechanical ~ Autormated component precycling.
actuation systerm.
Sensors/Hardware
Benaefits: = Mochanica! actuatior: system.
« Assosse6 bearing inlegrity without T/P rotation + Displacement sansor.
which could result in damage if bearings are wom.
Alternate Deeign Recommendations:
» Hydrostatic bearings.
c. Automated \ssues: General Approaches:
static » Axial translation during next start transient may « Automated static checkout.
not be predictable fmym previous firing steady siate
bearing vibration spactrum. SensareHardware:
* Requires extensive statistical data bara. « Fiberoptic deflectomator.
« laotopic wear detactor.
Banalits:
+ No additional hardwarae for displacem ant. Altomata Dasign Racommendations
« Hydrostatic beerings.
15. extendible a Prelim. power-up [ issuaes: Since gimballing
nozze travel Genaral Approaches and nozzle
chack « Chack may not require powear-up - simple position | « Preliminery power -up extension /
check during gimballing sequence may be all that is retraction will ocour
necessary. Sensoars/Hurdwars for chackout
« Risk and propellant consumphon dees not justify | « Acrelerometer purposes, the
added fidelity 1o nozzle travel check « Eddy current cosition sensor actuating and
control

Benefits:

« Vibration magnitude at exiendible no2zle ettach
point may give an accurate rssassment of trevel.
« Providas closest simulation of actual operating
conditions.

Alternate Dusigr. Recommendations
. Ve

moachanisms for
these processes
should be highly
robust.

b. Autormated pre-
cycling

« Raquires robust gimballing mechanism and nozzle
actuator mechnism since fuli mnge gimballing
required for chackout purposes.

* requIres power consumption for actuation,

» nrovidas grealest confidence for sale operation
for «.ny low risk chackout methed.

Genoral Approaches
» Autormated Componant pracycling

fensors/Hardwere
+ Accelerometar
» Eddy current position sensor

Alternate Design Recommendations
*va

¢. Automated
static

+ Doas not adequalely assess degradation during
idle pariod.

Benefits:

« low powar consumphion

General Approaches
+ Aubmated static checkout

Sensors/Hardware
» Accaleromatar
« Eddy current position sensor

Allerriate Design Rscommendations
. r/a
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Part B - Issues and Benefits of Preflight Methods - Functional Checks (contd.)

CHECKOUT

APPROACH

ISSUES AND BENEFITS

APPLICABLE ISSUES AND BENEFITS
REFERENCES

COMMENTS

14. igniter
operational check

a Prelim. power-up

fssues:

+ Spacial preliminary power up verification provides
no advantage ovar verification during operational
start-up.

Benefits:

+ 800 refarances

Genersl Approschas
* Preliminary power -up

Sensors/Hardware
*ra

Aiternates Dwesign Recommendations
«Na

b. Autormated pre-
cycling

fssues:

« lgniter must be highly reliable and robuet to
accomodate many chackout cycles.

« spark check requires power consumplion
Banefits:

« Allows verification of proper system oparation prior
to intreduction of propellants

Ganaral Approaches
+ Auksmated compenent precycling

Sencors/Hardware
«va

Alternate Denign Recommendations
«nva

¢. Autornated
static

« Continuity and past history may not provide
complete assessmant. Cycling should be included.

Bensetits:

« sa6 references

Gansral Approaches
» Automated static checkout

Seneors/Hardware
*va

Alternate Design Recommendations
*/a
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Page 89

CHECKQUTY APPROACH {SSUES AND BENEFITS APPLICABLE ISSUES AND BENEFITS COMMENTS
REFERENCES
1. HPOTR primary | a. Prelim. power-up | Issues:
Lox saal Gennral Approsches
« Qffers no advantage over manitoring redline * Preliminary power -up
prassure during operation
Sensors/Hardware
Benaetils: - Temperature sensor
+ 500 reforences Alternate Design Recommendations
~rva
b. Autornated pre- | Issuss:
cycling General Approaches
« increases helium consumption required for normal | « Automated component precycling
seal oparation.
Senvors/Hardware
Benslits: « Pressure transducer
« Turbine flowmeter
- verifigs systam operation phar to introduction of
propellants Alternate Design Recommendsiions
‘rva
c. Automated lesuea:
static General Approaches
« Does not adequately assass degradation during - Autornated static chack
wie poniod.
Sensors/Hardware
Benefite: - Temperature sensor
« saa relerences Altarnate Design Recommendations
-na
2. HPOTP a. Prelim. power-up [ issuues:

intermediate seal

« Past history data provides rio advantage aver
monitaring rediine pressire during operaton,

Benslits:

* 500 referonces

Genaral Approaches
+ Preliminary power -up

Senraora/Hardware
» Temperature sensor

Alternate Design Recommendations
-nva

b. Automated pi6-
cycling

lesuee:

= Increasas helium consumption required for normal
seal operation.

Banefits:

* Verifies #ystem operation prior to introduction of
propaliants

General Approaches
+ Automased cormponant precycling

Sansore/Hardware
» Prassure ransducer
= Turbine flowmator

Alternato Dssign Recommendations
na

c. Automated
static

issues;

+ Doss not adequately ass9ss degradation during
ido period.

Bansfits:

« 890 reforences

General Approaches
» Aubmated static checkout

Sansure/Hardware
« Temporature somor

Altarnate Design Recommendations
«rva
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Part B - Issues and Benefits ¢f Preflight Methods - Leak checks (contd.)

CHECKQUT

APPROACH

ISSUES AND BENEFITS

APPLICABLE ISSUES AND BENEFITS
REFERENCES

COMMENTS

3. MOV Ball seals

&. Prelim, powar-up

lasues:

+ Seal integrity cannot be thoroughly evaluated
during shart power-up.

Beonefits:

* 560 roferonces

General Approaches
» Preliminary power -up

Sensors/Hardware
» Temperatura sensat

Alternate Design Recommendations
. /e

b. Automated pre-
cychng

- Inart gas may not give large enough temp
difference to bu detoctad by ekin temp sensors -
cry'ogenic may be profarabla.

+ Requirement for extra propellant if cryagenics are
usaed.

« Difficult to dotact small leakage raies due to mild
test conditions.

« Simpla o perform prassure lock-up and monitor
Syslam prassure docay

Gensra! Approaches
» Automated component precyciing

Sensora/Hardware
* Temp~rature sensor

Alternate Dealgn Recommendations
«rva

c. Automated
static

isouve:

« Past history data does not adequately assess
degradation during die penod.

Bansiits:

- 509 rafarences

General Approaches
= Automated static check

Sensors/Hardware
« Temperature senscr

Alternate Design Recommaendations
“ra

4. MFV Ball seals

a. Prelim. power-up

« aeal integrity cannot ba thoroughly evaluated
during prefiminary powes-up.

Banefits:

- 529 references

General Approaches
* Prelimirary power -up

Sensors/Hardwars
« Temperature sensor

Alternate Deslyn Recommendations
¢ fve

b. Automated pre-
cycling

« Azsumes purge line added downstream of fuel inlet
vaiva.

« Inert gas may not give large enough lemp
differance to be datected by skin temp sansors -
cryogenics may be preferable,

« roquiramment for axtra propeliants if cryogenics are
usad.

« Difficult to detect small leakage rales

Beneflte:

« Simple to perform prassute lock-up and monitor
syslem pressure decay.

General Approaches
+ Autorated component pracycling

Sensora/Hardware
» Temperature sensor

Alteraie Design Racommendstions
-a

c. Automated
static

+ Past histofy does not adequately 8sse6s
degradation duting idle period.

* 866 roferentes

Gonerai Approaches
» Automated static checkout

Sensors/Hardware
* Tomperature seneor

Alternate Dealgn Rscommerndations
en/a
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Part B - Issues and Benefits of Preflight Methods - Leak checks (contd.)

CHECKQUT

APPROACH

ISSUES AND BENEFITS

APPLICABLE ISSUES AND BENEFITS
REFERENCES

COMMENTS

5. Propallant vaive
primary shalt seals

a. Preim. power-up

lonues:

« offars no advantage over assassment dufing
actual operation

Benellts:

- 06 raferences

General Approaches
» Preliminary power -up

Senaore/Hardwars
« Temperatura sensor

Altsrnate Design Recommendstions
*ne

b. Autormaled pte-
cycling

» Assumes purge lina added dovnstream of el inlet
valve.

+ may not be able to detect excessive (hazardous)
lenkage without full power level conditons (flow ,
prossure, and tamparatura).

- Inart gas may not give largs enough Wemo
difference 1o be detected by skuin tamp sensors -
cryogenics may be preferable.

« raquirement for extra propeliants if cryngencs are
usad.

Bansfits:

+ low risk identification of major leaks.

General Approaches
« Automated comporent precycling

Sensors/Hardwere
+ Tempearature sansor

Alternate Design Racommendetions
- va

c. Automated
static

lssues:

« Past history data doas not adequately assass
degradation dunng idia penod.

Benefits:

+ 500 relerences

General Approaches
* Automated static check

Sensors/Hardware
» Tomparature sensor

Alternate Ds2ign Recommendationa
* e

6. Primirmatic o Preim, powar-up | issves:
conirol assembly General Approschwes
inlemal seals. * Short firing pericd may not provide enough time to | ~ Preliminary power -up
detact leakage.
« offers no advantage over assessrnent during Sensors/Hardware
actual operation « Pressure ransducer
Benefits: Alternate Design Rscommendations
*n/a
* 009 refaronces

b. Aulomated pre-
cycling

= Numerous pressure transducers and chackout
vilvas required 1o tharoughly check system.
+ may not be able 1 delect low leve! leakage

Benefits:
» Longar measurement pariod may allow small leaks

to be accurataly detacted.
* low risk identification of major leaks.

General Approachas
+ Automated comporent precycling

Sensors/Hardware
- Prassure transducer

Alternste Design Recommaendations
‘na

c. Automaied
static

« Past history data Gows not adequately assess
seal degradation during id!e pariod,

Benefits;

- 896 refarences

General Approaches
+ Aulomiated stelic chackaut

Sensors/Hardware
+ Pressure transu.cer
Alternate Desigr. Recommendations
«va

RI/RD 91-145




Page 92

Part B - Issues and Benefits of Preflight Methods - Leak checks (contd.)

CHECXOQUY APPROACH ISSUES AND BENEFITS AFPPLICABLE ISSUES AND BEMNEFITS COMMENTS
REFERENCES
7. Heat exchanger | a pralim-power up | Not eppicable
coil ak test
b. autonawd pre- | Issues: Gaereral Approaches:

cychng

+ Complexity, weight, and large guantty of ina:t gas
required.

» Gannot discern batween internal vs extemel leaks,

+ May not detect smal! leaks which could increase
during hot-fire carzations.

Benofits:

« Inart environment provides safe tast conditons.
« Can datact leaks genaratad during thenmal
transient at last sngine shuidown (aul static data
may not).

= Automated component precycling.
Sensots/Hardware

» Prassurized inert gas source.

* Pressuro transducer.

Alternaie Design Recommended:

» Seamiess robust heat exchanger dasign.

¢. Autumaled
static

issues

« Historical data base may not bo capable of
pradicting sudden catastrophic failures which are
not precadad by shifts on operating paramatars.
+ Smail laaks may not be delacted in this manner.

Banelits:
« No additional hargware or inort gas required.

General Approaches
+ Aubmated static checkout

SensorsHardware
» Exisbng thermocouples and prassure
ransgucers.

8. Heat exchanger
coil proof st

A prafim-powe’ up

Not appiicable.

b. automaled pre-
cycling

See previous checkout 7.

¢. Automated
slatic

Not applicable
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Part B - Issues and Benefits of Preflight Methods - Leak checks (contd.)

detect leakagn.
Benetits:

« Provides roasonable simulation of oparating
thermel environment.

Sensors/Hardware
« Optical leak detector

Alternate Dseign Recommendations
« Welted combuston and propeliant system joints.

CHECKOQUT APPROACH ISSUES AND BENEFITS APPLICABLE ISSUES AND BENEFITS COMMENTS
REFERENCES
9. TIC Assambly a. Prelim. powsr-up | Issues:
outer walls General Approachas
« Short firing penod may not provide encugh tima to | » Preliminary power-up
datect ieakage.
+ Performance cegradaton may rot indcate Seneore/Hardware
localized leakage - could be a result of many othar | « Optical leak detactor
tactors. « Pressure transducer
+ Temporatura sensor
Benefits; + Turbine flowmeter
* Provides teascnabie sirmulaton of operatng Alternats Denign Recommendations
thermal environment. Va
b, Automated pro- [ lssues: This chack could
cycling Genernl Approaches be performad by
* Throat plug required. « Automatad componant precycling injectng IR
* Sysein to place and secure throat plug would absorbing gas into
likaly be highly compiex and heavy. Sensors/Hardwara linar W visually
» Optical leak detector (for altermate approach) detect external
Benefite: leakage.
Alternate Design Recommendations
* No benafits 10 this particular approach sinca - a
pressurizing the hot gas system is not teasible.
Howevar, an optical leak detection approach swems
promising .
c. Auinmated isaues: Design should
static General Approaches raflect use of
» Requires development of sansitive optical « Autmated static checkout hardware with
hargware and physice! degredaton identification predicatable
techniques . Saneora/Hardware degradation
« Optical leak detactnr cnaracteristics
Benwfite: which could
Altarnate Dasign Recommaendations sugment leak
» Leakage from pno, operation may be all thal is -va detaction
necessary. techniques.
+ does not required edditonal commodaties ar
impose nsky operation.
10. Combuston a Prelim. powar-up | Issues:
and propoltant Genera! Approaches
systarmn joints. + Short finng petiod may rat provida enough time 1o | » Prefiminary Power-up

b. Autormated pre-
cycling

« Throat plug required.
« Systom to place and sacura throat plug would
likely be highly complex and haavy,

Bansfitls:

+ No benefits 1 this particular approech since

prossurizing the hot gas system is not feasibie.
However, an optical leak detection approach seems
promising .

Genaral Approsches
+ Automated camponent pre-Cycling

Senscore/Hardware
» Opbcal leak detector (for aliemate approach)

Allernate Design Recommendations
+ Welded combustion and propellant system jaints.

c. Autormated
static

Insues:

» Requires developrment ot sensitve optical
hardwere .

Benefits:

« Leakage from prior operation may be all that is
necossary.

- does nOt required addiionel commodoties or
imposa risky oparation.

General Approaches
» Aulomaled static chack

Sensors/Hardware
« Optical lesk detecior

Alternate Design Recommendations
* Wolded combustion and propellant system joints.
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Part B - Issues and Benefits of Preflight

Methods - Inspectiornis

APPLICABLE ISSUES AND BENEHKTS

Page 94

COMMENTS

+ s0a referances

Alternate Design Recommandations
v rva

CHECKOUT APPRCOACH ISSUES AND BENEFITS
REFERENCES
[+ Extenor of a. Pralim. power-up | not applicable
components for
damagé/sacufity
b. Autormated pre- | not applicable
cycling
c. Automated isaums: Proter © ehmenate
static General Approsches raquirement by
+» Accessibility may beo & problem for some interier « Aunmated static chackout robust design in
companants combinayon with
« requires engine dasign with oplical access Sensora/Hardware sietistical analysis
« Remote high resolution visual wehniquas to
Benetlts: pracict companant
lite.

2 Tnrust chamber
8sseMbiy for
eviderce of
coolani passage
blockaga.

a. Prelim. power-up

+ Short fire~-up May not be effective. Accurete
assassment may require an interval of steady state
oparshon.

- no advantages over imonitonng during actua!
operahon

Benetits:

« 500 referances

Genaral Approrches
« Proliminary power-up

Sensors/Hardware
+ Prassura ransducer

Allernats Design Recommendations
*fva

b. Automated pre-
cychhg

lssues:

+ Vary high inert gas prassures may ba required to
perform chack. Implies a massive inert gas tank.
» high gas consumpton required 1o 10ently
blockages

Benefita:

« low risk methnd of 1dentification

Goneral Approaches
+ Automaied component precycling

Sensors/Hardware
« Prassure ransducer

Alternate Design Recommendations
*nVa

¢. Autorma‘ed
static

lasuen:

« Past history data doas not predict sudden, large
scale blockage scenanos (i.e. pump seai
frapmentation, etc.)

Benelits:

« In-flight monitoring augmanted by trend analysis
would be a simpla and accurete approach.

can be tracked through oparatiun history.

« slow blockage accumulation easily predictable and

Genersi Approaches
« Aulomated static checkout

Sensors/Hardware
« Pressure ransducer

Alternate Design Recommendations
‘e
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Part B - Issues and Benefits of Preflight Methods - inspections (contd.)

CHECKOUT APPROACGH ISSUES AND BENEFITS APPLICABLE ISSUES AND BENEFITS COMMENTS
REFERENCES

3. HPFTP turtane a Prelim. power-up | issues:

whaeel/blades for Genaral Approaches

craacks, fatigue, «» Short fire-up may not be effective. Accuratw + Preliminary Power-up

and garnage. assessment May require an interval of steady state

operation,
* puts engine and vehicke at risk if problem exists

Eenefite:

- Optical pyromatar is effactiva for assessing
turdine health and may be a more mature
wchnology than exo-electron fatigue dat
« most affective mathod of idenbfying damage.

Sennors/Herdware

+ Ferromagnatic torquamater
» Optical pyromater

« Plume spactrometer

Alternate Design Recommendations
+va

b. Automated pre- | not applicable

cycling

c. Autormated issues: A more robust
static Genaral Approachas design should bs

- can only track slow dagradation
+ Down i'me degradaton may be ariissue. Not
considarsd by past history data,

Benefite:

» Past history performance data in combination with
trend analysis should provide accurate
assassment.

* robust design and siatistical analysis can
sufficiendy mitigata tha risk of any failura other than
slow degradation.

« Opbcal pyrometer is effective for assessirg
turbina health and may be a rmature technology than
exo-slectron fatigue det

- Aubbmated smtc chackout

Seneors/Hardware

« Ferromegnetic torquemeter
= Optcal pyrometer

+ Plume spectrometer

Alternate Design Rscommendations
o va

considared o
permit predictable
slow degradabon
which lands itself to
a Iifa prediction
model.

7. HPOTP bwanngs
for damage

& Predim, powar-up

lesuss:

» Risk angine hardware during power-up if bearings
darmaged

* short power-up not adequate to as&ass bearing
oparation

Benelite:

« 500 raferences

Gensral Approsches
+ Preliminary Power-up

Sensore/Hardware
« Fiboroptic deflactometer

Alternate Design Restommendations
+ Hydros'alic bearings

Chack will also
inciude HEH 1P
bearings.
Hydrostatic
bearings ond their
subsystems in both
pumps would
require inspection
and furctonal
checks,

b. Automated pre-
cycling

* Pre-spin hardware greatiy ackis waight and
complaxity to pump.

Benefits:
« low risk spproach to determine bearing conditic

» May use same elactrical drive hardware as torque
checks,

General Approsches
« Automated component precycling

Sensors/Hardware
+ Fibemplic defileciomater

Allernate Design Recommendations
» Hydrostatic bearings

Since hydrostalc
bearings resultin
minimal wear, this
check although
complex, would be
required loss
frequently if this
alternate design
feature was
adoptad.

c. Automated
static

lssues:
+ does not address sudden bearing degradation
Benslits:

« probably acceptable since most bearing
degradation is a slow funcbon of "in operation” time
» Zoro gravity environment may prevent waar during
downtimes and angine start Downtime degradation
may not be an issue in space.

General Approaches
« Aubmated static checkout

S5eneors/Hardware
» Fiberoptic defleciomar

Alternate Design Racommendations
» Hydrostatic bearings
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Part B - Issues and Benefits of Preflight Methods - Inspections (contd.)

CHECKQUT APPROACH {SSUES AND BEMEFITS APPLICABLE ISSUES AND BENEFITS COMMENTS
REFERENCES

8. T/C assambly a. Prelim. power-up | (ssues: Robust design

injector face plate, General Approaches shouid be

igriter, and lox + Analysis of exhaust plume may not give complete | « Preliminary power-up implementad %o

post tps for assassmant. reduce need for

erasion, burning,

and contaminaton.

» risks further hardware damage and produces
harsh operating enviranmant for monisoring
devices,

Benelits:

+ 500 rafarsnces

Sensors/Hardware
* Plume spectromeier

Alternate Design Recommendations
. a

deliled inspachon,

b. Automated pre- | Not apphcable

cycling

c. Autormated insuss:

statc General Approaches

» Injactor elements may bae inaccassible using
current autumated visual tachniquas. Techniquaes
may require @nhancements (intrusive fiber optc
davices) for inspaction purposes.

+ cannot address sudden failure ocsuring at end of
subsaquent operation,

Benatfits:

« rend analysis will identity virtially a!l failures by
monitonng typical slow degradation of the ingactor

+ Aupmated siatc checkout

Sensore/Hardware

« Plume spactromatar

« ramote high resolution visual
« Prossure ransducar

~ Turtnne flowmeir

» Temperature sensor

Alternate Design Recommendations
*n/a

9. Cambal bearing
and TVC atiach
points tor
avidence of
bearing seizure
and fatigue.

a Prelim. powar-up

isaues:

» Not a complete check since assassment relies on
vioration data alona.

+ powver-up does not significantly alter the operaton
the gimbal and TVC system.

Benefita:

+ 80@ refarances

General Approaches
» Preliminary power up

Sensore/Hardware
« Accelaromatar

Alternete Deslign Recommendations
. va

This can be
combined with the
functional check
107 ext nozzle
‘ravel which
irvolves gimballing
and actuation. The
nature of this
check mukes ita
funchonai check.

b. Autoraied pre-
cycling

« Reauires robust gimballing mechanism since full-
range gimballing required tor checkout purposes.
* requires power cansumption for actuation

Benefits:

+ Gimballing will provides real-time sourca for
required data.

+ Vibration data combined with verification of
gimballing function provides complete assessment
of gimbal system.

General Approaches
Automaied componant precycling

Sensors/Hardware
 Accelgromater
« Eady current position sensor

Alternate Dasign Recommendationa
crve

Robust gimbal
bearing and TVC
attach points
recommanded to
delety check
Design for uprated
thrust to absorb
large thrust lcads.

c. Automated
static

» doe6 not address idle tme degradation of TVC
system

« Visuals mey be a problem dus o inaccessibility.

« Vibration data pius position data aquired from past
history database may not provide snough
inforrmation for accurate agsessment

Benufite;

- lithe power consumption

Gensrel Approaches
« Automaied static check

Sensors/Hurdwarae

« Accalerometer

- Eddy current position sensar
« Remote high resolutian visual

Alternate Dosign Recommendations
‘e
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Part B - Issues and Benefits of Pretlight Methods - Inspections (contd.)

CHECKOUT APPROACH ISSUES AND BENEFITS APPLICABLE ISSUES AHD BENEFITS COMMENTS
REFERSNCES

10. Heat a. Prelim, powar-up | lssues: Another possible

exchanger for G-oeral Approaches appraach is

cracks, svidanca » power-up forces visual inspecton sensors to * Preliminary powes up monitoring inlet and

of weat, and operate in harsh environmant unnecessarily axit conditions -

damage. « Potential accessibility problems with visual. Sensors/Hardware this may resultin

« Raquires devalopmaent of physical degradation
identification tachniques and sensitive optical
hardwere.

Benefite:

« 500 references

+ remate high resolution visual

Alternate Design Recommandations
«va

failure during power
up. This may be an
oplion with
automated static
check .

b. Automated pre- | Not applicatle

cycling

¢. Autometed iasues:

static General Approaches

*Potential accessibility problems with visual,

* mu3t deeign unit tor visual accessibility

« Requires davelopmant of physical degradaton
identificaton techniques end sensibve optical
hardware.

Benefits:

+ Past history data assessment is safest approach

« Autornated static check

Sensora/Hardware
« rermota high resolution visual

Alternate Design Rezommendations
riva
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Part B - Issues and Benefits of Preflight Methods - Servicing Tasks
CHECKOUT APPROACH ISSUES AND BENEFITS APPLICABLE ISSUES AND BENEFITS COMMENTS
REFERENCES
1 Combustion a Prelm power-up {issues:
zone drying Genera! Approaches
« na advantage ovar oparatiora! rediine ~ Preliminary power up
Benefits: Sensors/Hardwarse
*na
« 504 references
Alternate Design Recommandations
- va
b. Automated pre- | lssues: With a purge
cycling General Approaches systam, this task is
« Assumes purge system is available « Autornated component precycling simple and routine,
Without a purge
Benefite: Seneora/Hardware system, salf drying
nva of sensors is &
« Simple task performed during normal shuidown possible approach.
PUIGe SEQUENCH. Aliernate Design Recommendations
« requires no changa in routine system operationto |+ rva
porform sarvicing.
+ Vecuum environment simplifies task due o rapid
dissapation.
¢. Automated Not appiicable
static
2 HPOTP LOx a. Prem power-up | lssues:
turbine drive gas General Approaches
soal pro-stast « no advantage over operational redine « Preliminary power up
purge.

Benefits:

* 500 references

Sensors/Hardware
»rva

Alternate Design Recommendations
/e

b. Aulomated pre-
cycling

lasues:

* assuUmMes purge systam is available
Benatite:

» Part of normal pre-start procedure

* requires no change in routine system operation to
parform servicing.

General Approaches
« Automated component precycling

Sensars/Hardware
‘n/a

Altsrnate Design Recommendations
~a

With a purge
systam, this task is
simple and routng,
Withouta purge
system, non-purge
sodls would be
required. These
would effectively
eliminate this task,

c. Automated
static

Not applcabie

RI/RD 91-145
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Comments

Engine system

Static Pressute

issuesn:
+ Sgter radiation effects unknown
Benefits:

* Calibration can be verified at

lasuas: (Y

« Raquired teatures dictate size
(weight) e, number of channels,
structural requirements,
installation needs, elc.

¢+ Sensor is inYusive - Access
must bo made through fluid

Benetits:

sues:

a

« Static displacement c&n Riways
be measured.

any point without engine Benefits:
operation « Calibration can be verited
« Vacuum can verily absolute « Sensor is self contained - no without engine operation,
pressure. additional support hardware * Vacuum can vanfy absolute
requirad. prassura.
»No extamal power supply
required.
Static 1emporature {ssues: isgues: (aaues:
+ Solar radiation effects unkrown | « Roquired features dictale size * Sansnt is intrusive
= May ba subject to long term drift | (weight) ie, numbar of channels,
{certain tachnologiaes). structural requirements, Benefite:
installation needs, etc.
Benetits: s Conlinuity can be confirmed
Benefits: without engine operation.
* Continuity can be confirmed
without engine opuration - Sensor is self contained - no
additional support hardware
required.
*No extemal power supply
required.
Fiow lssues: issues: lssuea:
+ Solar radiation efects on « Turbine flowmeters tand 10 be + Flowmeter requires mojor
iubncant unknown. heavy (16 - 20 02.) component teardown is rapair is
nacessary,
Benafits; Benefits:
Benefits:
+ To Ba Determined « Flowmater i5 integral with duct -
no SOVICInG required. + Integyral 10 engine componsnt.
« Pickups are passive - no
external powar tequired.
Spead lssues: lssuos: lssues:
+ To Be Datermined » To Be Detormined. + Intrusive design is mature - non-
irtrusive design is not.
Eanofita: Bensfits:
Bonafite:
« No moving parns « Pick-ups are passive - No
sxiemal power supply required. « Can be non-intrusive.
Displacement ilasues: lasues: ssues:
+ To Be Determined + Sensors requite their own unique | « mature design for engina non-
signal processor. existent
Benastits:
Benetits: Benefils.
« ToBe Determined.
» Sensor are non-contacting. « To Be Datermined
Positon (orvolf) fesuan: lssues: issuwe:
« To Ba Datermined « Limited experience on liquid * To Ba Datormined
rocket programs.
Benefits: Banetite:
Benalits:
- No maving parts. + Sensor ¢can be usad in any fiuid

+ Sensors ere lightweight and
occupy a small volume.

including fox.

» Piazoslectric crystals maintain
stability over tme.
+ No external power required.

Acceleralion Issuan: lasues: issues:
+ To Be Daterminad. « Piezoelectric ransducer output | - To Be Determined.
subject to “epiking” ax cryogenic
Benefita: ternparatures. Benelits:

+ Propet operation cennot ba
verifiad statically - requires
mechanicai input.
Benefits:

+ Senss ara lightweight

» Simple non-intrusive instailation.
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Commaents

Fﬂoctometor

« May require routine optical re-
alignmaent.

» System is cummently at prowtype
stage.

+ Limited tharmally © 250 F « To Be Datermingd. » Enging version not mature.

(T09 R) » Probe is intusive.
Benefits:

Benetita: Benefits:
+ Fiberoptic assembly is

- Fliheroptics unatected by long | lightweight. * To Be Detarmined.

term storage.

+ Immuna to EMVRFL

xo0-electron falgue detector Ispues: Issues: lssues:

+ Repoatability has not been
demonetrated on engine

» Compansation required for
backraound radiation via
backround &ubtraction,

« Simple data analyeis.
+ Possibla raal-time

+ Light source has limied lite. + Sensor probe neads ¥ be materials.
rugyedized.
Bensefita: Benetits:
Benefita:
« Bos! resu'ts have been * Non-destructive measurement.
achieved in vacuum envirohment. | « Can be made lightweight ~ Limited engine disassembly.
« Can bo eutomated. +» High sansitvity with low power
consumption,
solope wear detector lsmues: issues: lesues:
+ Historical data base required. + Requires power for multi-channel | + Electronics are suceptable to
- Need fong-lived refersnce analyzer and detector. shock, vibration, and thermal
activity for anchoring data. « Datector requires LM, cooling. | etfects.
- Time dependent crystal/datector » Type and amount of activation is
degradation. Benefits: material dependant.

« Shiglding of activation by
intervening materials,

* Long term stability not

« May require specialized signal

implemetaton. Banefits:
Benefils:
- Non-intrusive.
+ Monitors mass loss from
axtenor.
Torquemeter [LYYTTE issues: issues:

« Pickup sensor is intrusive,

inspecton proceduras.

iNgpectons also.

detnonsirated. processor,
« Pump shaft requires

Beneflta: Benelits: magnetorasistive deposits

+ Eliminate human intervantion for | » Torque and spead Benelite:

torque and runout measurement. | measurernents aquired rom a

* ot aftacted by vacuum single sensor. « Increaso efficiency and

snvironment, +» Torque and speod can be reliability of engine syswm.

corgliated with vehicle * Measurging speed, torgue, and
parameters. shatt displacement eliminatos
redundant sensors resulting in
reduced system weaight and
compiexity.
Automated Visual inspacton Issues: lsnues: lasues:

~ Computerivideso syswam required | « Computer and optics » Critoria needs to be astablished

12 bhe mdiztion hardened. susceptability to vibration, shock | for determining component

+ Raquires knowladge based and therma! effocts. candition,

system for independent » Power requirad for computer, « View of component required -

decisions. camera, and camera robotics. either direct access or inspection
port.

Benelits: Benetite: « Resolution of video sysem.

« Eliminata human intervention for } < Can be used for vehide Benefits:

« Decreases ccst and incroases
spaad, reliability, and
repeatability of butweon fight
inspoctions.

Optical Leak Detection

» Has not baen tested in vacuum
anvironment.

+ May require routine optical
reallignment.

« Light source has limitad life.

Benetits:
« Can be automated,

« Eliminate human intarverition for
leak detecbon procedures.

+ Optics nead to bo ruggedized.
« System requires Qus purge.

« Currently requires cryogenic
(LN,) cooling for detector.

Banefite:

» Can be made lightweight.
~ Low powsy consumption.

« Tracer gas compatability not
demonstrated on engine
materials.

Bensfitu:

« Highly seneitive to pinpoint
loaks.

« Rurnote'y automated operation.
» Limitad or no angine
disassembly required.

Ll L AN NPy
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Commaeiits

Plume Spectroscopy

« Calibrabon required priat 10
engina start

* Potental intariorence irom
hackround salar rachation,

Beneflts:

« Demonsirated long wm
companent sty .

lsaues:
« Optics need M e ruggedzed.
Bena!lls:

* Low power consumption.

« Spoctromatar must be isolated
from enging. Usas fiberoptic
probe to transmit data 10
soeciromeler.

Benefite:

+ Modular compoanents for tepair
simplicity.

- Verificaton of nominal
compustion.

= Thrust leve! determinaton.

» Realtme evaluaton of hardware
erasion and anomalous
combuston,

» Mdentificaton ard quantiticauon
of eroding matenals.

- Engine readina/cute!!
capabihity.

RIRD 91-145
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Part D - Issues and Benefits of Preflight Methods - Alternate Design
Recommendations

Ceasign Recommendation

Effectad Preflight
Requirement(s)

Space Basing

issuss and Benefits

Vehicle/ infrastruciure

Engine System

Companent. Heat
Exchanger

Motivation for seleciing an
afternate: To delete the
requyemants for the heat
axchanger igak test and proot
st Based on the current
design, small leaks would ba very
difficult to datect. A robust design
will greatly reduce the probability
of this leakage over tha life of the
enging,

Curtrent Dasign

Description: Cyhindncally
vontoured secton, fiat thin muly-
brared panels. This design
reflacts minimum weaight and
canveniant packaging.

Sugpested Alternate
Denign Description: Higniy
robust flaxibie ing in shall. This
dasign reflects a minimal number
of walde and alactively
vhiminales coil laakage.

Other alternate Design
Conoepte:

1. Similar 1o curment design with
minimat changes to the hasic
geomatry. Matenals wouid be
salected for hugh tatigus life.
Design would refiact usa ot
intermediate chanrvis containing
ingnt fluid would be located
between the Lox and the
hydrogan for menirmum nsk.

Leak checks:The following
requiraments may be deleted
using the proposad robust dasign
ratonale.

1. Heat exchanger coil leak test.
2. Heat exchanger coil proof test.

Inspections:The following
nspachon may be requied less
fraquantly , however the
requirement cannot be deleted.

1. Hee! exchanger inspection for
cracks, evidenca of wear, and
damagao.

« Heat @xchanger may ba subjact
to debris darnaga bacausa of
large surtaco area. Tha actual
surfuce area exposad will depand
on tha locabon of the heat
exchanger in the powerhead.

* Damage caused by debris may

propogae with repeated engine
finngs.

+» Thermal cycling caused by solar
radiabon may inCrease
probabity of failure - the
alemata design should altow for
this.

- Radiation etects on brazed
joints - Long duration space
exposure may defrade malerial
and reduce srength. A soluton
mght be aiffusion bonding or
sOMa protective coatng.

Benefila:

* A robust design will @liminate the
leak check requirerients and
muke the heat exchangar less
vulnerablg to damage from debrns.

+ Robust design should not be
adversely attectad by the space
environmant.

« Small voluma leekags of gassos
intn space will dissipata rapdly
thus reducing ths oversll nsk of
spach combustable mixturgs.

~ Payload may possibly be
impasted becauss of the
increased heat exchanger weight

+ A mature vperational dama base

15 required to reduce the naed for
an exiemnal inspecton ol the heat
exchangar.

Banelits:
« Ovorall simpler diagnostics

since the leak check
requiremants can be deleted

issues:

+ Robust design may resuitin
diterent engine performance
charactetistics due o different
systarn daelta-P and heat transfor
characteristics.

+ Higher waight and voluma may
impac! the component
arrangsmant on the snQina
powsrhead.

Benefits:
* Robust design smproves overall
angine reliaxlity, maintainabiiity,
and salaty.

* No special checkout valves
roquired.

Component: Gombustion
and_propellant sysiem
lointa,

Motivation for selecting an
alternate: To delete the
requirement o7 leak checking the
combusbon and propallant
System joints.

Currant Design
Description: Flanged and
boied joints located throughout
tha engine systarm

Suggested Alternate
Design Description:Welded
combushon and propaliant
systemn with the oxception of the
vohicle interface flanges and
possibly the extendidle /
retractable nozzle attach point
The walds would reflect a very
high tuctor of salaty.

Other alternate Design
Cancepte:

1. Waldad mzzle extension which
would allow the nozzle 1 extand
from a retracted positon using a
bellows-convolute nozzle design.
This gliminales leakage trom the
exigndible nozzie attach paint

Leak checks:The following
ipak chock raquirament would not
be deleted, howsave: it would be
simplified using the proposed
design miorale . This is becausa
only the exiend:bie no2zzle attach
point seal would need 1 be
chackeod for seal inteyrity.

1. Combuston and propaltant
system joints for leakege.

» Radiatior oftects on welds may
causs degradanon. No other
problems are anticipated.

« Spacial tools for space
maintainability would need © be
doveloped if space maintainabifity
was 6 LONBKIGration.

Benelite:

+ Small volume ieakage of gassas
N0 space will dissapate mpidly.

* Ovenall simpler diagnostics
&ince the leak checking
requirement has been amplified.

» Space main|inance is
potentally simpler with welds than
bolted flanges bacause of fower
parts. This assumes the
davelopment of spacial tools,

Benefits:

» Heaviar payload parmittad since
welds are lighter In weght than
fianges.

- Cost and raliability banefils
sinco welded joints are smple,
rugged, und have fewer pans.

« Engine remeval for mamntenance
1$ currently assumed.

« A vary high factor of salety is
required Lo assute quality walds
which can withstand many cycles
undor extreame conditions.

+ Drop-through of wald inte
system mey cause downsirgam
contamination. There are design
solutions to mitigate this,
possibly al the cost of waight

Benefite:

- Reduction in the numbar of
loakage paths .

« Eiiminates concemn for damago
to flanges. seais, and a large
numbar of boits.

« Tightar and lighter packaging s
possibie because of elimnaton of
buiky flanges and bolts.
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Recomimendations (contd.)

Derign Recommendation

Eftected Preflight
Requirement(s)

Space Basing

issues and Bensfits

Vehicle/ Infrastructure

Engine System

Componont: Tyrbopump
Bearings

Motlvation tor selecting an
alternate: To delete tha
requir@mart for the axial shatt
travel chack, and the bearing
damage nspacton for the fuel
ang lox turbopumps.

Current Design

Deecription: Ball bearings on
both the pump and turthne encs of
voth the fusl and oxidizer purnps.
One alternative design included a
8196 hybnd beanng whiich
cons:s's of a ball bearing and &
hydrostatic beannrg on the
outside diamwier of the bell
benring.

Suggestad Alternate
Derign Oescription:
Exclusne use of hydrostatc
bearings on the high presure
Wrbcpumps.

Other alternste Design
Concepia:

1. Hybnd bearing concapt where
the hydrosialc beanngs are
sugmégnied with a ball beanng.

Functional Chanks :1ha
following chackouts are not
eliminated but wouid need L be
modified. For example, a torque
check with an unpressurizea
hydrostatic bearing will eiwayt
revaal rubbing at the bearing, For
the torque chech to be
maeeningful, the bearing should
either be pre-pressurized or be
sugmaented with some kund of
axial contenng eupport or ball
bearing :

1. HPFTP trrque chack,
2. HPOTP wrque check.
3. LPFTP torque check.

4. LPOTP torque check.

Tha fclowing chackout can be
deletod sirve it would not be
meaningtyl with the use of
hydrostatic bearings:

1. Axial shatt travel check,

inspectione:The foilowing
requirements cannot be
eliminated but would need D be
modified to accommodata
hydreslatic beanngs. Tho main
hydrostatic beanng issue is waar.

1. HPOTP beannys for damagea
(wenr).

2. HPFTP bearings for damags
(wear).

Iesuvs:

* Materials and coatings setected
for hydrostasc bearing
components may be affected by
solar radiation, however thase
efiects are likely to be minimal.

« Tha lengthy downtime in space
could effect the hydrostatic
bearings dapending on the
configuraton.

+ Shaft could be held in the
centered position with relative
easo due o lack of gravity. A
conterad shaft would virtually
aliminate weaar of the bearing
during start-up, shutdown, end
tansport Adequate hydro&tatic
support forces 0 overcorme
hydrawlic side forces during
starvshutdown must be assured.

+ Extarnal hardware including
lines, fluid tank, several vaves,
and somae Slectronics nardware
for teedback anr cor.trol are
required for hydrasiatic bearing
pressurizetion. Pressurizaton is
required as a means of eliminatng
beanny waar during transients.

» Payload will be irrpacted by the
additional waight of a filtration
sysiem required for the
hydrostatc beanng fluid.

« Line inwrfeces © the vehicle will
be raquired it the hydrostatic
bearings are ked from irom an
extenal source.

Benelits:

+» Vehicle vibaton ard noise
levals may be reduced as a rasult
of the increase in baaring
darnping.

= Contaminabon could resuit from
hydrostatic bearing wear
therefore some form of filration
may be required. Added filtars
could increase the systam
pressure drop.

- Hydrostatic bearing Hows are
typically parasitic and do lead o a
slight reduc.ion In purmp
efficiency.

Benefits:

» Significant gain in bearing life
can be achieved by using
hydrostatic bearings. The actual
ife will depend on the duty cycle.
Many starts and stops wll irut
the ife, howaver, rno wear occurs
during sustaingd eperaton.

RI/RI} 91-145




