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FOREWORD

The work reported herein was conducted by the Advanced Pfograms and Engineering

personnel of Rocketdyne, a Division of Rockwell International Corporation, under
Contract NAS3-23773 from June 1983 to May 1992. P. Richter, Lewis Research Center,
was the NASA Project Manager. R. Pauckert was the Rocketdyne Project Manager, and

T. Harmon the Project Engineer. N. Gustafson was responsible for the compilation of data
from the contract technical efforts and the preparation of this summary report.
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INTRODUCTION

The objective of the Orbital Transfer Rocket Engine Technology Program, contract NAS3-
23773 for NASA-LeRC, was to define an advanced near term (1990's) space-based Orbit

Transfer Vehicle Engine (OTVE) system and develop the technologies applicable to its

construction, maintenance, and operations. This final report summarizes the work

accomplished during the period from June 1983 to May 1992. It comprised analytical,

design and experimental efforts designated Tasks A through F. This report is not intended

as a comprehensive explanation of this body of work, but as an overview. It summarizes

the previously reported results and findings of each task and subtask. For a complete

listing of final reports containing more detailed information on the various subtasks, the

reader is referred to the bibliography section of this document.

SUMMARY

lhe OTVE technology contract was conceived in order to develop space based upper stage

engine technologies. Prior mission and vehicle studies had provided general requirements

for such an engine, and previous engine studies provided a departure point for future

engine development. This program was designed to define and scope the technologies

relevant to an OTVE through the uid 1990's and evaluate them through analysis and

component experimentation, The technologies developed and tested were then to ba
incorporated into ongoing revisions of an OTWE system design. Following this method,

the OTVE would progress through a series of configurations to include all advanced

concepts evaluated undcr this conwtraa

Due to funding limitations, not all technologies identified were fully asscsed

experimentally and some studies were halted before all their planned objectivcs were

completed. All design tasks were completed which allowed the delivery of complete ongliie

conceptual designs of 15,000 lb and 7500 lb thrust engines with a body of supporting

design and technology rmquirnenats data to NASA-LeRC.

Ti OTVE technology contract was divided into severai technology tasks according to

components, and one reporting task. Task A included all monthly, interim, and final

reporting efforts. Task B comprised the turbonachinery studies. Task C consisted of

thrust chanA improveiment efforts. In Task D de engine system was revised according



to component advancements, leading ultimately to an engine point design. Various
derivatives of the point design were also generated in parametric studies. Task E dealt with

engine controls, health monitoring and engine maintenance. Under Task F, components
were tested in an engine systems test bed environment.

The advanced turbomachinery studies of Task B included the analysis and testing of several
technological innovations for OTV size pumps and turbines. A two stage partial admission
turbine was tested in several configurations to verify analytical performance predictions and
to reveal possible design enhancements for the MK49-F turbopump. High velocity ratio

diffusing crossovers were fabricated and tested to determine performance and correct any
design deficiencies. The use of soft wear ring seals was studied, with candidate materials
evaluated against heating, wear, and ignition requirements, Advanced bearing concepts
were also analyzed to determine the optimal configuration for the advanced OTVE. Lastly,
a fuel pump rotordynamic analysis taking into account these technologies was also
perfomied.

In Task C, a ribbed combustor design was developed. A range of promising

cownfgurations of rib and channel geometries were determined analytically, Selected rib
candidates were tested in hot air flows to determine heat enhancement comipared to a

smooth walled chamber, Boundary layer analyses were also conducted using laser
velocimeter data from cold flow testing. The results of these tests led to the choice of a

recommended rib geometry. A channel geometry was chosen on the basis of cold flow

laser velocimeter data from tests similar to those conducted for the rib candidates. To
verify the predicted heat enmhanceent effects, a ribbed calorimcter spool was tested under

hot fire conditions.

Under Task D, the optinum engine thrust, perfonmance and envelope were establistled for
the NASA specified expander power cycle and for the = of OTV missions as defined by
NASA-MSFC. Optimal nozzle contours were generated and quick disconnects to support
component modularity for the point design engine were designed. Results of a Failure
Modes and Effects Analysis (FMEA) and maintenance and reliability studies were also
incorporated into the engine system under this task, In addition, results from component

studies were included in the engine optimization piocess in which the engine tulerwnt
thee coqlete design irerations; Ph=as I, Phase U and the final point design.

2



The point design itself was also the basis of further studies. It was used as the baseline for
a series of parametric trades on engine thrust, mixture ratio and area ratio in subtask D.6.
The baseline engine was again used to define the control system and the health monitoring
and maintenance operations necessary for a space-based engine in Task E. In addition,
selected components for engine monitoring were developed under Task E, including
combustor wall thickness measuring devices and a fiberoptic shaft monitor. These
monitoring devices were incorporated into preflight engine readiness checkout procedures

developed and evaluated under this task.

In Task F, in conjunction with complementary Rocketdyne efforts, the Integrated

Component Evaluator (ICE) was assembled to demonstrate the performance and
operational characteristics of an advanced expander cycle rocket engine and component
technology concepts in its systems environment. The MK49 turbopumps had previously

been installed on the ICE for component tests to determine start sequence transients and
head versus flow excursions at various power levels. Under Task F, the pumps were

connected to the thrust chamber assembly and an engine sub-system checkout was
employed to gradually transition into full engine test operations. A system blowdown was
then performed to determine actual oxygen and hydrogen system resistances and valve
characteristics. This was followed by short transitions into main combustor ignition and
nainstage operation. Extesded testing was prevented by a fuel pwup anonuily.

A contratt schedule showing the progress and completion of each OTV task and subtask is
presented in Figure 1. Some subtask final reports were dated a significant amouint of ine

after efforts were halted. This was a result of either (1) planned or optiotial efforts which
were suspended or left unfunded until the time of closure, or (2) a delay in the report

review process.

TECHNICAL OVERVIEW

Under the OTV contract, component study tasks were accomplished concurrently while
working toward curreat engine system goals and requirements. Because tasks were

conducted in parallel, efforts under given task and subtask numbers did not neccssarily
follow each other in order. In the interests of clarity, the task descriptions in this report
also deviate from the letter and number orders designat-.. The engine studies in Task D

3
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are first described, after which the turbomachinery improvements of Task B and the

advanced combustor work of Task C follow. Lastly, the Integrated Control and Health

Monitoring (ICHM) efforts in Task E and the engine testing in Task F are presented. Task

A was an administrative task under which contract reports for all subtasks were written,
and therefore need not be described.

TASK D - ADVANCED ENGINE STUDY

The Advanced Engine Study, Task D, was originally outlined as a four year effort in which

the OTVE design would be iterated to allow resolution of vehicle/engine integration issues

as well as advanced engine performance, operations and maintenance issues, In Phase 1,
comprising subhtasks D. 1, D.2 and D.3, an engine design was developed which was driven

by vehicle/mission factors, space maintenaict requirements and an FMEA. In Phase 1I,

subtms D4, the propulsion system requirements for the OTVE were updated and results of

component technology tasks completed to date were used to upgrade the engine design.

Another systems update in subtask .5 resulted in the engine point design. The point

design was evalwatr at off-dcsiga conditions and in subtask D.6, mxade studies based wi

the point design %ve pmfoa aed.

Ilaae I .

A logi. dagriit .fr f te Phase I de-owlmcot of the baseline engine is given in Figure 2,

S.+ i .aly sowig the p used in the first OTVE design iteration. Aftcr an in-dcpoh
mWvitw of vehilcl trade studies and derived requirements provided by four vehicle

a u'atrors, a 7500 lbf thrust baseline engine was selected as the optimum for OTVE

ap ution. -Ie asons wic drove *6 sclaon are lied W Table 1.

Nine prioriz.d ,.quirements were derived from these nissons. The utmost priority was

that thde engine be suitable for space basing. Second, it must be suitable for ground basing.

Thc third rcquixercent was to be man-ratable. Next, the engine had to have high specific

impulse both at high and low tuust. Tank head idle start capability and having no

cnst ints on cool-down time bciwce.n burns were al so requird. Light weight and a size

compatible with servicing came nexL The final requirement was compatibility with

acroassist OTV operation. Characteristics of the engine chosen to fulfill these r-quirements

arc summarized in Table 2 along with the initial eagiac characteristics dctenrincd

5
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previously in the Orbit Transfer Rocket Engine Technology Program completed in

November 1983, shown for comparison.

After the general engine configuration had b,.en decided, component technologies were

identified which would increase engine performance, reliability or operability. Engines

incorporating various technologies were then analyzed and a baseline was chosen from

these according to system needs, reliability and maintenance standards and development

time limitations. Eleven of the engine variations considered, including the chosen baseline,

are detailed in Table 3. An engine flow schematic of the baseline engine is represented in

Figure 3.

Engine operation studies were conducted on the baseline engine to define and optimize

design parameters. All components and the engine system were evaluated at on-design and

off-design conditions. Both thrust and mixture ratio variations were investigated. This

was followed by a review of the FMEA and reliability analyses which were conducted

under the ICHM Task E. 1. In this review, the impact of the FMEA on engine design was

assessed and methods for FME mitigation and reliability improvements through component

design evolution, engine and cycle design evolution, redundancy schemes, and ICHM

evolution were generated. A flow chart outlining this process is shown in Figure 4.

Concurrently, an initial space-based maintenance philosophy was established and

requirements for its implementation were determined. This maintenance philosophy

centered on the benefits of a modular engine concept and the use of advanced sensors for

health monitoring. An annotated sketch of the OTVE in its modular configuration is shown

in Figure 5. In the modular, ICHM approach, engine servicing would be done on an as-

needed basis determined by the health monitoring systems as opposed to a more frequent

scheduled routine, Space-based servicing such as this requires advanced fluid disconnects

easily operable by an EVA astronaut or robotic manipulator. Several preliminary design

concepts for space operable fluid disconnects were generated during this study. llese

concepts wer evaluated and ranked based on coupling operation, pcrfommnce, fabrication,

development, and maintanance.

As part of the advanced engine system evolution, a comprehensive list of innovative ideas
was identified and evaluated by the rcspective components specialists in order to ascertain

their benefits to the engine design. Many of these concepts were offshoots of the FMEA

review and maintainability studies and thus are integral parts of the space-based

9
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LOW PRESSURE (A) , LOW.PqESSJME 1- .
PUMP ALF PUMP1

H4YDRAULIC

( 1FV - INLET FUEL VALVE
(2) IOV - INLET OXIDIZER VALVE
(3) MFV - MAIN FUEL VALVE
(4) MOV - MAIN OXIDIZER VALVE
(5) TBV - TUIRBINE BYPASS VALVE

6) OTBV - OXIDIZER TURBINE BYPASS VALVE
7) GOV - GASEOUS OXIDIZER VALVE
(6) TSV - TURBINE SHUTOFF VALVE

(LOCATED AT EITHER A OR B)
(A) FULL FLOW HYDRAULIC TURBINE

FOR LOW PRESSURE LOX PUM

Figure 3: OTV 7.5Kibf Engine Flow Schmatgc with Turbine Shutoff Valve
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maintenance philosophy. Some were developed under this contract in component

technology tasks. Others included valve designs and improvements, an igniter design,

retractable nozzle technologies and quick disconnect concepts. Technology plans were

generated in later engine revisions for several of these concepts which were deemed worthy

of further investigation with fruition expected within the time frames of interest.

Phase II

The study logic diagram for subtask D.4, Phase II of the OTV engine design, is shown in

Figure 6. It depicts the process followed in updating the Phase I engine system to the next

level of detail and design confidence. Major advances were made in the engine design, the

maintenance pian and in thz space operable disconnect designs.

A survey of current vehicle studies was conducted in order to identify any revisions in the

propulsion system requirements since completion of the phase I study. No major changes

had been established. Only minor revisions affecting gimballing and throttling

requirements were identified for the Phase II engine system. Changes in engine

requirmentcharacteristics from Phase I to Phase UI are listed in Table 4.

Updated heat transfer data generated in the Enhanced Heat Load Thrust Chamber Study

(Task C.1) were reviewed and incorporated into the Steady State Design and Optimization

Code used to generate the engine balance cases. The engine was then reoptimized with a

new heat transfer correlation for the combustor cooling circuit. A slight reduction in the

predicted performance was observed.

The minor changes identified in the Engine Design Update and Engine Concept Studies

dcscribed above did not waxrant an updated engine layout at the time. Instead, te effort

originally budgeted for the layout was redirected toward component studies in preparation

for the forthcoming point-design engine subtask, D.5. A nozzle contour analysis was

chosen as the study that could be completed with the remaining funds. In this task, a Rao

optimum contour was generated for the fixed nozzle envelope. Results of this more

sop.isdcatcd analysis superseded the pavioic contour generated in the Phase I study.

In support of the maintenance plan, a compilation of component lives and life limiters for

critical components including the combustor. nozzle, injector, turboniachincry, and

valves/actuators was generated. Most of the components evaluated met te ultimate life

14
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Table 4: 1990's OTV Engine Characteristics - Phase II

PHASE I PHASE II

INITIAL UPDATES UPDATES

PROPELLANTS LO2 /LH2

THRUST, LB

NOMINAL 10,000-25,000 7500 5000-7500

LOW THRUST 2,000 / 750 (IDLE)

THROTTLING (CONTINUOUS) NONE / NOT REQUIRED

THRUST BUILDUP TIME, SEC 1-2 €

BOOST PUMPS

VEHICLE NONE / /

ENGINE LOW NPSH / /

APPLICATION COM4PATIBILITY AFT CARGO CARRIER, / /

AEROASSIST

STOWED SIZE, IN

ENGINE LENGTH 55 60 /

ENGINE DIAMETER 71 V t

THRUST VECTOR CONIROL. BEG +4 :t6 15 X 20

INERT GAS REQUIREMENT

VALVE ACIUATION HELIUM / /

PURGES NONE YES YES

* V - No Change

16



goal of 20 hours/ 500 cycles, with some thrust chamber elements requiring inspections and
possible -servicing prior to replacement.

In addition, 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 OTVE, and (2) to identify technology requirements
for streamlining space based OTV operations. Figure 7 shows the expected evolution of
OTVE maintenance progressing from 1992 ground based plans to space based plans of the
late 1990's.

With respect to the space operable disconnects for the OTVE, several concepts were

identified. These were ranked in the categories of coupling assembly, coupling
disassembly, misalignment accommodation, assembly verification, damage sensitivity,
preload reliability, fabrication costs and development risk. From the rankings it was
decided which disconnect candidates should be tested. A test plan was generated to
indicate the types of tests necessary to demonstrate the pros and cons of each candidate.
Conducting these tests, however, was not within the scope of this contract effort.

Point Design

Figure 8 shows how the engine point design was developed under subask D.5 of the OTV
contracL It followed directly from the Phase II design and technology requirements anived
at previously. In this process, the Phase 1 baseline system analysis was reviewed to
ensure the requirenents and goals given in Table 5 were met, Off-design studies w re
also conducted to assess the severity of the ranges of required component operation.

Results of this ffort indicated engine requiscmnts and piufomance goals could bo met.

The on-design engine balance for the 7500 lbf point design engine is shown in Figure 9.
Given are pressures, temperatures and flowrates along with other important engine
paranicers. The closed expandr cycle chosen is s to drive its main turbines in series

with a hot gas low pressure fuel turbine- and an hydraulic low pressure LOX turbine. The
heat exchanger shown is used for LOX gasification for autogenoas tank pressurization and
for ank head idle operation.

Component analyses included studies to optimize the engine system configuration. The
injectoriigniter configuration was chosen due to its strong historical precedence ani
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Table 5: Orbit Transfer Propulsion Requirements and Goals
Requirements

Propellants--fuel, oxidizer Hydrogen, oxygen

Vacuum thrust Design point engine thrust level is to be based on an orbit
transfer vehicle total vacuum thrust level of 15,000 ibf with a
minimum of two engines

Engine mixture ratio Design point engine mixture ratio (O/F) will be 6.0 with
capability for operation in the 0/F range from 5.0 to 7.0

Propellant inlet conditions Design point hydrogen and oxygen inlet temperatures will be 37.80R
and 162.70R, respectively. Design point net positive suction head
(NPSH) at full thrust will be 15 ft.lbfflbm at the hydrogen pump inlet
and 2 ft-ibllbm at the oxygen pump inlet

Design criteria The engine Is to be man-cated

The engine must be compatible with aero-assist return of the vehicle
to low earth orbit

The engine must be capab"e of being space based

Gi1a Engine gimbal 'equteinents are .20 deg in the pitch and yaw pianas

Start cycle Engine star to full thrust Is to be accomplished using
tank4wad-dWl and pumped-idle opemaing modes as shown below:

• Tank-head-Wtle: Propellants ate supplied from the vehicle
lanks at satur tod condtiws, This mode of opwation Is
itadd to sttle priailants d themaly coiUon the engine.

* Pumped-ie:; Propellants are suppld Initially at saturatod
conditions. Pumps oprate at a power level sufficient to
provide autogoneo4s pes rZ liOn of the vead. ropellmt

tnko pmp nle& design point NPSH tevels.

Autoganeous, pt*sSUizaUi continues durinig a sato to
and at full thrust

Vacuuin-speocific impus 479-0 lbfIlbms(mnu)

Vacuum thrust tkrottling ratio 10:1

Weight 360 -lb (maximm tt Weiht ot main prwpuo system ow3gis-

Length (stowed) T60

Service life between overhauls 500 stafts20-h operatio)

Sev"e free life 100 starts/4-h operation
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demonstrated high performance. Design and analyses of the boost pumps were also
conducted to the extent necessary to assure the validity of the interface with the high-
pressure fuel and oxidizer turbopumps. Cross-sectional design layouts were completed

showing the primary design features, basic dimensions, critical clearances and materials.
Further results from ongoing component technology tasks B and C were incorporated into
the engine point design. These included the effects of high-velocity diffusing crossovers,

soft-wear ring seals, high speed bearings and a high pressure fuel pump design (Tasks B.2
through B.7), plus enhanced heat loads for the thrust chamber (Tasks CAl through C.5).

Valve, control and health monitoring advances from Task E were also reviewed and

included. Design improvements for accommodating deep throttling were developed and
documented.

Weights for all components of the point design engine were calculated, including those for

the gimbal assembly, valves, controis, ducting and extendible nozzle mechanism, These
weights are tabulated individually and by category in Table 6.

Trade Studies

in subtask D.6, the point design engine of subtask D.5 was used as the baseline for engine

parametric studies in order to allow optimization of the engine to additional vehicle
configurations and mission objectives. Thrust parametric data, including engine delivered
specific impulse, mass and dimensional envelope, was generated for the advanced engine
configuration over a thrust range from 7.5 klbf to 50 klbf. Engine mixture ratio was held
omnstant at 6.0:1 for this scan with engine cycle balances being generated at intermediate
thrust levels of 15, 25, and 35 klbf. Detailed heat transfer analysis was conducted at each
thiust level for the combustor and nozzle. Photographic scaling with a constant

Ut/diameter ratio for the combustor was employed for these parametrics.

sample Results of the parametric thrust scan are given in Figures 10, 11, 12 md 13 for
chamber pressure, specific impulse, engitte length and diameter respectively. The chamber
pressure was primarily influenced by Chree factors; heat extraction per pound of fuel,

turboniachincry efficiency and coolant circuit pressure drop. Decreasing heat extraction
aJ increasing turbopump efficiency and combustor pressure drops combined to give a
relatively stable chamber pressure (Pc) after an initial sharp increase. Specific impulse
followed the Pc tivend since the nozzle expansion ratios are fairly constant. Photographic

.qa lag resulted in steady increases in length and diameter with increasing thrust.
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Table 6: Advanced OTV Engine Weights (Ibm)

Thrust = 7500 lbf
Chamber Pressure = 1576 psia
Nozzle Area Ratio = 970:1

Subtotals

Turbopumps (L.P.) (H.P.) 50.4
Fuel 3.2 25.1 28.3
Oxidizer 5.0 17.1 22.1

Gimbal Assembly 1.3
Thrust Chamber 159.0

(130.2)*
Injector 3.5
Combustion Chamber 30.1
Fixed Nozzle 61.6
Extendible Nozzle - Haynes 214 63.8
(Extendible Nozzle - Carbon/Silicon Carbon) (35.0)

Valves and Controls 17.9
Propellant Valves 11.2
Control Valves 1.8
Controller Assembly 0.0
Harnesses and Sensors 4.9

Engine Systems 33.0
Propellant Ducting 3.6
Extendible Nozzle Mechanism 14.9
Interface Lines 0.8
Pneumatic Control Lines 0.0
Ignition System 3.1
Heat Exchanger 10.6
H2 Regenerator 0.0

TOTAL 261.6
(232.8)*

*232.8 Weight utilizes carbon/silicon carbide nozzle
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In addition to the thrust variations, a parametric scan of on-design mixture ratio (MR) was
conducted. Mixture ratios of 5:1 and 7:1 were investigated to complement the 6:1 MR data
at thrust levels of 7.5, 15 and 50 klbf. Specific Impulse and chamber pressure data from
this study are represented in Figures 14 and 15. The trends seen were similar at all three
thrust levels. Off-design engine cycle balances were also generated at MR's of 5.0:1 and
7.0:1 at the 7.5, 15, 25, 35 and 50 klbf thrust levels. A table of results from this
parametric scan are in Table 7.

On-design parametric data were also generated over a range of nozzle area ratios from the
end of the regeneratively cooled nozzle section to an area ratio of 1200. These parametrics

were generated at each of the five thrust levels addressed above. Output data for these

parametric scans included engine performance, envelope, and weight, and are listed in

Table 8. All said parameters were seen to increase with area ratio as expected.

In the next phase of the program, a thrust level of 20 klbf was chosen under direction from

NASA LeRC for engine requirement variation studies. These studies investigated the

effects of increasing the throttling requirement from 10:1 to 20:1, and requiring the engine

to operate at a maximum MR of 12:1. The methodologies used to gauge these effects and

modify the engine if necessary to achieve these more stringent requirements are outlined in

Figures 16 and 17 respectively.

Initial studies revealed that the baseline configuration which evolved out of the D. I through

D.5 advanced engine studies was incapable of operating at MR's above 9:1 due to

insufficient power supplied to te oxidizer turbine. This situation was remedied by a flow

circuit change and by incorporating additional LOX turbine bypass reserve at the on-design

operating point. The flow circuit was altered by mixing the fuel turbine bypass flow with

the fuel turbine exit flow after passing through the heat exchanger instead of mixing this

flow with the remainder of the hydrogen just upstream of the injector. The new engine

flow schematic is depicted in Figure 18. The schematic change, together with the increased

on-design LOX turbine bypass, gave the LOX turbine enough power to operate at MR's up

to the desired 12:1 ratio.

In addition to the off-design engine cycle balances generated at the extreme conditions,

individual component analyses were conducted to identify potential problems encountered

at the high MR and deep throttled operating points. Pump operating points were plotted on

head-flow diagrams to verify stability. Propellant thenmodynamic properties through th
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engine were plotted on T-S diagrams to ensure two phase transition problems were

avoided. Valve resistance ranges and system pressure drops were checked for violation of
accepted limits. Thrust chamber and nozzle material temperatures were also tracked to

ensure structural integrity.

Having defined the engine system, necessary technologies to be developed before the

OTVE could be put into operation were identified. Demonstration requirements for these

technologies were listed. Manrating issues and impacts to the engine system were also

addressed.

TASK B - TURBOMACHINERY TECHNOLOGIES

In Task B, the most promising turbomachinery technologies for OTV sized engines were

explored. These included two stage partial admission turbines (subtasks B.1 and B.4),
high velocity ratio diffusing crossovems (subtask B.2), soft wear ring seals (subtasks B.3
and B.5), advaticed bearing concepts (subtask B.6) and a fuel pump rotdynamic analysis

(sub"isk 113).

Two Stage Partial Admission Turbines

PeIfomance of the small, high power, low prossure ratio turbines requircd for the
ex andcr cycle upper stage rocket engines of the future is crucial to meeting overall OTVE
ixrforniatce requirements. For this size high pressure fuel pump. a two stage turbine was
found to be dte best compromnfis between pcrfomtance and life of the turbopunV. Analysis
fouid that partial admission also improved turbine pcrfonance by increasing the hub to tip

ratio, The OTVE two stage partial admission turbine was designed as two single stage
subsonic impulse stages with the kincc energy of the first stage rotor discharged diractly

into thc second stage nozzle to minimize staging losses. fecausc very little data on this

turbine type existed, full scale tesdng was planned in subtasks B.I wd B.4

The objectives of these submasks were to (1) verify the two stage partial admission turbine
anaytical predictions by conducting laboratory tests using ambient (roon temperature)

gaseous nitrogen, (2) update analytical perfoinnance prediction methods for future designs

of siilar low thrust engine tubines and (3) provide baseline data fia conparison with the
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OTV MK49-F turbine for possible performance enhancement by minor hardware
modifications.

Turbine design requirements were derived from an expander cycle engine balance using the
MK49-F turbopump. In constructing the test apparatus, all available MK49-F turbine
hardware, such as the turbine and exhaust housing, was used for ease of comparison and
shortened fabrication time. In addition, most of thets'ster hardware was machined from

aluminum to avoid design and fabrication complexitie.

A layout of the turbine tester is shown in Figure 19 with major features labeled. To
minimize test turnaround time and maintain good test-to-test performance correlations, a

movable second stage nozzle remote-controlled systetm wal ievised to change the first to
second stage nozzle angulation during a single test period. Nozzle arcs of admission were

changed by plugging, or unplugging, discrete numbers of nozzles by the use of silicon
rubber. Even numbers of nozzle passages were plugged 180 degrees apart from each other
to prevent radial loads. Instrumentation locations to measure performance parameters on

the tester are given in Figure 20.

A total of thirteen tests were conducted in three phase accumulating approximately 36
hours of run time on the rotor assembly. The original test matrix is presented in Table 9,
but testing deviated somewhat from this plan to acommodate hardware and schedule
modifications. The test objectives were still satisfied, but a slightly lesser range of nozzle

angulption was tested, very low arcs of admission were investigated, and the laser

velocimeter tests were canceled due to budget and schedule constraints.

In the new test series, nozzle angulations from plus 40 to minus 30 degrees from the

designed nozzle aagulation (40 degrees arc separation) were tested, First stage nozzle arc
of admission variation ranged from a high of 37.4 percent (10 no&Ae passages - 5 per side)

to a low of 6.9 percent (2 nozzle passages - 1 per side). Second stage are of admission
varied from 84.4 percent (26 nozzle passages - 13 per side) down to 12.9 percent (4 nozzle

passages - 2 per side).

An example of the resulting efficiency vs. velocity ratio (U/Co) graph generated for 0

degrees nozzle angulation is given in Figure 21. A sample equivalent flowrate vs.
equivalent pressure ratio graph for the same test conditions is shown in Figure 22.
Performance of the turbine at design conditions was aqi)pximately 7.9 percent higher than
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originally predicted, probably attributable to a higier loss predicted for turbine windage
losses. Effects and trends of nozzle arc of admission variation were generally as expected
with the lowest performance coincident with the lowest arc of admission. In addition, large
deviations from the design nozzle angle setting produced the lowest performance. Turbine
pressure ratio variations (1.3 to 2.0) had little effect on the overall turbine performance.

The data generated in this subtask substantially verified the turbine performance prediction
methods used at Rocketdyne. It was also found that minor nozzle to nozzle angulation
changes could be made to attain the highest performance of the MK49-F turbine according

to the test results.

High Velocity Ratio Diffusing Crossovers

Multistage pumps require the use of crossover passages to convey the fluid from the exit of
one impeller to the inlet of the next. To develop the high discharge pressure necessary for
the advanced expander cycle OTVE, a high impeller exit velocity was required. A relatively
low velocity, however, was required at the inlet of the next impeller for the best overall
performance. The solution was a large diffuser inlet to outlet velocity ratio through the
crossover, such as in the MK49-F pump, a component of the 15,000 lbf OTVE which uses
seventeen diffusion passages at a velocity ratio approaching the diffusion limit for stable
design of 6.23.

With the MK49-F high diffusion rate, boundary layer flows had to be carefully controlled
to preclude stall while operating over a wide range of pump flows. The design was based

on advanced analysis anchored by tests of stationary two dimensional diffusers with steady
flows. To accurately assess the design, however, a more accurate simulation of the
impeller flow was necessary to correctly evaluate the unsteady, non-uniform flow fields

and potentially large inlet boundary layers.

Subtasks B.2 and B.4 further investigated the performance of high velocity ratio diffusing
crossovers used in the first and second stages of the MK49-F high pressure fuel
turbopump. The crossover portion of this pump is pointed out in Figure 23. The different
crossover sections are also labeled in Figure 24. With the diffuser inlet conditions
generated by a scaled up model of the MK49-F inducer and impeller, the performance of
these pumping elements and the high velocity ratio diffusing crossover were accurately
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determined using water and air as the pumped fluids. The air tests were included to obtain

performance data over a wide range of Reynold's number.

These performance surveys were planned in order to verify the design of the high velocity

ratio diffusing crossover, and correct any design deficiencies. Since the MK49-F was

tested prior to the completion of this test program, the data from the MK49-F was used as a

comparison for the water and air test data.

Existing SSME HPFTP tester hardware was used to save design mid fabrication costs. A

scaled MK49-F inducer, impeller, and diffuser crossover system, were designed,

fabricated, and integrated into the tester. Additional costs were saved by fabricating the

new crossover tester components from aluminum, thus minimize machining complexities

and procurement costs. A layout of the crossover tester showing instrumentation locations

is depicted in Figure 25.

A total of nine tests were conducted. The first two tests of the diffusing crossover were
conducted in air, while the remaining seven tests were conducted in water. Both, the air

and water tests were conducted at 6322 rpm. A test matrix defining these experiments is
presented in Table 10.

In air, the head versus flow (H-Q) test data determined that the upcomer diffuser in the
crossover was stalled for all the flow conditions attempted. The stall was caused by

increased boundary layer blockage due to the low Reynold's number resulting in the

impeller discharge flow entering the diffuser inlet at an angle and velocity which would

produce a flow separation in the diffuser. Air test data compared well with the analytic

predictions and MK49-F hydrogen data for the impeller and inducer head performance,

clearly showing that the stall was in the diffuser.

H-Q tests in water, from 65 to 140% of design flow, were conducted. The overall stage

head measured in these tests was only 4% lower than the prediction as seen in Figure 26.

Again, the performance of the inducer and impeller were compared with the available

resources. During the H-Q tests, the upconer diffuser stall point was determined to be at a

somewhat lower flow than predicted, and the hysteresis region was clearly evident. The

head loss during stall was not severe, which was indicative of a leading edge stall

characteristic, Internal pressure distributions were also examined to evaluate the inducer,

impeller, and various positions within the diffuser crossover systenm. Suction perfonnance
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Figure 25: High Velocity Ratio Diffusing Crossover Tester Instrumentation
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Table 10: High Velocity Ratio Diffusing Crossover Test Matrix

I TEST I fEST TEST FLOW TEST -SPEED DATA PROBE

NO. TYPE FLUID (GPH) DESCRIPTION (RPM) SAMPLING TYPE

1 CHECK OUT H20 1 582 IESTAB AXIAL LOAD 1 6322 1 20 SCANS I KIEL

2 HEAD vs. FLOW H20 408-694 H-Q W/ PROBE 6322 20 SCANS KIEL

3 IH-O STALL MAPPING H20 233-408 HO 60-90%0 6322 20 SCANS KIEL

4 I CAVITATION H20 582 NPSH @ IOO I 6322 CONTINUOUS KIEL

5 CAVITATION H20 640 NPSH @ 110%0 6322 CONTINUOUS KIEL

6 CAVITATION H20 698 NPSH @ 1200X 6322 CONTINUOUS KIEL

7 CAVITATION R20 523 NPSH Q 90%Q 6322 CONTINUOUS KIEL

8 CAVITATION H20 465 NPSH & 80%0 6322 CONTINUOUS KIEL

I9 CAVITATION H20 '407 NPSH 0 70X0 6322 CONTINUOUS KIEL

10 1 CAVITATION R20 349 NPSN Q 60%O 6322 CONTINUOUS KIEL

* 11 IPROE SURVEY POSNI 020 408-694 140 70-120IX 1 6322 1 20 SCANS I YAW I

1 12 IPROBE SURVEY P0S,I 020 1 40a-694 I NO 70-IZO1 0 6322 1 20 SCANS YAU

1 13 IPRCUE SURVEY POS#31 420 1 408-694 1 NO 70-1200 1 6322 20 SCANS I YAW

.............................................................................
TEST TEST TeST FLaU TEST SPEEO I DATA I PO8E
NO. I FYPE I PLUID (CFS) I DESCRIPTION (QPN) SANPLING TYPE

.............................................................................I I I I I i I II
S14 NEAo Vs. LCW AIR I0.9-j.561 W-0 W/ PfpO I 6322 I 20 SCANS KIEL
I I I I I I I II

these tests uere Later deleted
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tests from 80% to 124% of design flow were conducted, which established the minimum
inlet Net Positive Suction Head (NPSH). The performance was lower than the ideal
potential, but a lower performance was expected with the design characteristics scaled from
the smaller MK49-F. Test efficiencies vs. predicted values are shown in Figure 27. The
performance of the tester exceeded the minimum design requirements of the MK49-F

turbopump.

The test data showed 95% of the overall diffusion being accomplished by the upcomer

portion of the crossover passage, as predicted. By calculating the required diffuser inlet
boundary layer blockage to match the test data and using the Loss Isolation program to

determine the vaneless area diffusion, the mean pressure recovery coefficient from the test

data compared favorably with the predictions.

Tie technique generated to analyze the data will be beneficial for the d sign and analysis of
future diffusing crossover passages. The data generated in this test program verified the
methods used at Rocketdyne to design and predict the performance of pumping elements

and high velocity ratio diffusing crossovers. The data generated will also be of value in

further anchoring the predictive codes of other design&

Soft Wear Ring Seals

The Soft Wear Ring Seal Dcvelopment Program in subtasks 13.3 and B.5 provided a
systematic and comprehensive technical approach that explored new polynxeic nueials for
cryogenic tutbopump seals. The benefits of soft sals with their tighter clearances is

evident from the MK49-F peffonzwnce data in Table 11. The project plan included a total
of five technical and one repming cf'o .t. Thw utask B,3 efforts included:

I: Technology Assessment and Requiremnts Definition

2: Matwrial Selcion, Design, and Test Plans.

Scal locations within the OTVE pumps are likely to correspond to those in the MK49

turbomachinery. Seal positions for the MK49 fuel pump are shown in Figure 28 and
MK49 oxidizer seal positions in Figure 29. Based on the operational requirements passed
down from the OTVE systems and the mechanistics listed in Table 12, the turbopump
dynamic seal environment required that the soft scal mamrias maintain certain mechanical,
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Table 11: MK4S-F Seal Clearance Influence on Performance

!MPELLE41 ANU INTERSTAGE PUMP PUMP HORSEPOWER TURD ORG DAL PISTOII
hI1/1AIAL SEAL CLEARANCE HEAD EFF. FLOW FORCE RANGE
FT. % GPM POUNDS

0.002 144,056 59.2 1005 14.2 13,606

V. 00-1 130,653 56.0 1800 13.0 12,001

04 132,347" 54.4 1074 11.4 12,042
* I,_ _._ __ _

ei" OE: IATING SPEEO 1 10.000 RPM._L'Wfl 4 rLO4 MAlt'
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thermal, and chemical characteristics to survive. The major Criteria and their importance

are listed in Table 13.

Table 13: Major Seal Material Properties Needed

PROPERTY IMPORTANCE

LOW COEFFICIENT OF FRICTION LOW HEAT GENERATION

DUCTILITY (3 - 5%) ABSORB IMPACT, WITHSTAND
THERMAL SHOCK

COEFFICIENT OF THERMAL EXPANSION AS CLOSE AS POSSIBLE TO
HOUSING MATERIAL

TENSILE STRENGTH 10 - 20 KSI AT CRYOGENIC
TEMPERATURE TO
WITHSTAND SEAL PRESSURE
GRADIENT, FLOW INDUCED
SHEAR LOAD

Initial candidate soft seal materials and their material properties were summarized from tests

conducted during and prior to subtask B.3. Based on the results of these tests, a down-

selection was conducted, isolating those materials with superior properties in the various
turbopump seal applications that had been identified. These selected candidate seal
materials included Vespel SP211, Polybon MT147, and Torlon 4301. Kel-F was used as

the baseline material for comparison, having already been implemented in the SSME LOX

pump seal.

A soft seal Energy Dissipation Factor (EDF) model was fonnulated which rated these new
seal materials based on their mechanical and thernal properties, the particular seal location,
and the particular fluid medium. Subtask B.3 was completed when the soft seal test plan
and the low speed and high speed friction aqd wear test rigs wore designed.

Due to the sensitivity of LOX environments to heat generation, the test program focused on

uaterials that were identified for a liquid oxygen environment. The test program was to

establish the basic chemical compatibility and mechanical survivability attributes of the seal
materials. To fully evaluate these candidate iaterials, autogenous ignition tests, promoted

ignition tests, LOX impact tests and low speed friction and wear tests were conducted at
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both high and low pressures. Additional tests were planned to evaluate liquid hydrogen

turbopump and gaseous hydrogen expander cycle turbine configurations, however they

were only partially completed due to test hardware malfunctions.

Upon completion of the technical effort of subtask B.3, the plans for subtask B.5 were

formalized. The efforts performed during subtask B.5 included:

3: Hardware Fabrication

4: Testing

5: Data Correlation.

The LOX compatibility test series presented above, including the auto-ignition, promoted

ignition, and LOX impact tests were conducted in the test rigs pictured in Figures 30, 31

and 32. These test series identified Kel-F, Vespel SP21 1, and Polybon MT-747 as

demonstrating sufficient resistance to reaction. Torlon 4301 showed more reactivity during

the LOX impact tests at 2000 psig, reaching only the 4 kg-m level, while all the other

materials achieved at least the 8 kg-m level. Torlon 4301's poorer performance in these

tests were grounds for liminating testing with this material in the low speed friction and

wear tester,

An existing frictional heating tester was modified and used to conduct the low speed

friction and wear tests at the White Sands Test Facility (WSTF). This tester is pictured in

Figure 33. Two types of friction and wear tests, static friction and running friction, were

conducted to simulate the characteristics of the different seal operation approaches. A total

of 28 tests were conducted at PV products (normal contact pressure times the sliding

velocity) ranging from 4,000 to 21,000 psi-ftlsec. These low speed tests were used as a

demonstration for the new seal materials as well as a concept verification. Material wear

rate, debris size, and frictional heat management of the seal were of particular interest.

High speed tests were planned as a final verification of the soft seal concept, but these

efforts were not pursued under this contract.

To better correlate the intections at the rubbing surface from the low speed test data, a 2-D
axisymmetric frictional heating model was constructed, Temperature distributions

measured within the seal specimen were compared with the output of the model. By

adjusting the frictional heat rate input in the model, the seal temperature profiles were
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matched. This model was used to help isolate the energy dissipation mechanisms

consistent with a rubbing contact.

Wear track depths were measured in the seal specimens, and the wear rate correlated with

the surface temperatures predicted by the frictional heating model. Specific wear rates were

also calculated from the wear track data and were compared with the literature. The specific

wear coefficients calculated from the low speed friction and wear tests were an order of

magnitude greater than the literature, possibly due to the higher sliding velocities (four

orders of magnitude greater) and a highly oxidizing environment.

In general, the data generated by this program helped strengthen the understanding of the

rubbing environment within a stationary polymeric seal ring. Due to the unique differences

between the polymeric materials used in this program, interesting and varied heat

generation and dissipation mechanisms were witnessed. Kel-F produced higher wear and

essentially no internal temperature rise, while Vespel SP211 produced low wear and higher

internal temperatures. The chemical complexity and differences between the polymers

selected increased the difficulty in predicting the specific operational (PV) limitations of

these materials. Most importantly, the friction and wear test program demonstrated that an

interplay existed between the thermal, mechanical, and chemical characteristics of the soft

wear ring seal materials. A quantitative method, however, could not be implemnted to

isolate the contributing nmechanisms with the available data.

Advanced Bearing Concepts

The requirements for the OTV engine were derived from NASA-sponsored vehicle and

engine studies. To achieve these requirements and the engine operating needs, the OTV

Fuel Turbopump may be required to operate at nearly 230,000 rpm, In subtask B,6,

conventional rolling element, hybrid, foil, and hydrostatic bearings were evaluated against

turbopump imposed speed, as well as load, cryogenic environment, engine life and duty

cycle rit.ma " esults of this study arc sunimaiized in Table 14.

This evaluation led to the selection of the hydrostatic bearings as the prine candidate design

for the OTV Fuel Turbopump. Subsequently a program was conducted to design,

fabricate, and assemble a hydrostatic bearing tester. A diagram of this bearing tester with

major elements labeled is shown in Figure 34. It was planned to test the candidate bearings

in a follow on program to quantify bearing wear rates and fluid flows required for the
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selected hydrostatic bearing designs. Budget constraints, however, limited the scope.

work at the time to the fabrication of the tester.

Rolling element bearings were evaluated for the OTVE high speed fuel turbopump with a

design point shaft speed of approximately 200,000 rpm. Life calculation results of 5 hours

for an appropriate bearing size of 25 mm, fell short of the OTVE requirement of 20 hours.

The DN speed limit value of 1.8 x 106 also fell short of a DN goal of 5.0 x 106 for the

turbopump. These limitations excluded rolling element bearings from further

consideration.

Hybrid bearing configurations offered improved life (50 hours); however, these

configurations had larger turbopump cross sectional requirements in both the radial and

axial directions. This space requirement made these bearings less suitable for use in the

small diameter OTVE high speed fuel turbopump. The rolling element bearing in the

hybrid combination has the capability of reacting to transient axial loads but will continue to

rotate and generate parasitic losses during steady state operation.

Foil bearings were reviewed for applicability to the OTVE high speed fuel turbopump. The

four types of foil bearings reviewed include the multi-leaf type, the bumper supported, the

tension type, and the multi-layer single leaf. The multi-leaf bearing has been applied in -

various aircraft for air-conditioning and heating needs and has gained the most experience

to date. Under cryogenic turbomachinery conditions, however, there has been no

expeiience with foil bearings. Additionally, the impact of foil bearings on minimal

clearance soft seals remains undefined.

Significant attributes made the foil bearings attractive however. The foil bearings operate in

a bath of fluid and generate little heat after lift-off from the foil and as a result require little

cooling and minimal process fluid replenishment. They have demonstrated long life and

reliability, and simplified rotordynamics. The characteristic foil bearing aspect ratio

(journal diameter divided by bearing length approximately equal to one) also results in

shafts of large diameter and increased shaft stiffness which could result in simplified

rotordynamics. Foil bearings are worthy of investigation as turbopump bearings; however,

uncertainty about their rotordynamic characteristics prompted the recommendation of a

follow-on program to evaluate their application into high speed turbopumps pumping liquid

propellants.

63



aOgfic bearings offer predictable stiffness and damping and unlimited DN. Bearing

Iie, while predicted to be infinite, needs to be quantified and process fluid flow
"requirements need to be defined. The predicted attributes of long life, high reliability and
operational experiences resulted in the selection of the hydrostatic bearings for use in the
OvE High Pressure Turbopump. Material candidates were chosen for future evaluation

and testing and are listed in Table 15.

Fuel Turbopump Analysis

In subtask B.7, the High Pressure Fuel Turbopump (HPFTP) for the OTVE was sized and
analyzed. A preliminary design of the turbopump was generated, taking into account the
wide range of conditions corresponding to the engine operating parameters established in

subtask D.5. A layout of the HPFTP is shown in Figure 35. A rotordynamic analysis was
also performed to characterize pump operation over the entire range of expected loads and

speeds.

First, the number of pump stages was decided and the impellers were sized to the required
flow for the 7500 lbf engine. Performance was then calculated, incorporating effects of
design elements such as hydrostatic bearings, high velocity diffusing crossovers and soft

wear ring seals. Suction performance was also derived and was found to be well within

the limits set by the available NPSH from the pressurized tanks.

The fuel turbopump was analyzed at off-design conditions as well as on-design. It was
determined that the pump could achieve the required throttling level and remain within the
itable operating range. Pump characteristics resulting from mixture ratio variations were
also investigated and found to be within operational limits.

'he rotordynamic analysis performed on die HPFTP included several finite element beam
models. The models consisted of variations of the preliminary configuration, each

including an inducer, four pump stages, two turbine stages, two hydrostatic bearings and
the seal packages. Stiffness, damping and cross coupling for the seals and bearings were

determined. From these models, natural frequency and stability maps were generated

showing the critical speeds and mode frequencies. The models were refined until all critical

speeds and stability modes were at safe values.
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TASK C - COMBUSTION CHAMBER TECHNOLOGIES

In order to increase chamber pressure and in turn increase engine performance, more heat
energy needed to be extracted from the OTV coolant circuit to drive the turbomachinery.
Increased heat energy maximizes the efficiency of turbomachinery operation and reduces

the size and weight of the engine. In the past, increased heat energy requirements of the
turbopumps required longer combustion chambers. Size limitations created the need for a
different method to increase heat extraction. This requirement was fulfilled by increasing
the area exposed to the hot-gas by using combustor ribs. The ribs increased the total area

exposed to the hot-gas by 80%, and thus increased the enthalpy in the coolant working
fluid. Task C efforts proved the validity of the ribbed combustion chamber concept,
determined the optimal rib and channel configuration, and tested the configuration to verify
the heat load enhancement factor predicted.

Ribbed Wall Flow Tests

The overall objective of subtask C. I was to assess the use of ribbed walls to increase the
heat extraction capability of an expander cycle engine combustor. Supporting objectives
were: screen appropriate rib configuration candidates; evaluate flow characteristics around
the candidate ribs; compare the designs under hot gas conditions; and select the best
designs for hot-fire twst evaluation.

A matrix of candidate rib configurations was fornulated based on preliminary studies
conducted at Rocketdyne. The matrix featured ribs with varying heights, widths, pitches
(spacing), and base geometries (sharp or curved). These candidates were screened
analytically for heat transfer enhancement, boundary layer risk, producibility, and
structural/life considerations. The required heat transfer and boundary layer analyses were
conducted with two dimensional comnputer models using a uniform heat transfer coefficient

for all surfaces. Results of these analyses for the candidate marix and the weighting
factors used arc given in Table 16.

Rating of each rib type with respect to heat transfer enhancement was based on
comparisons against a conventional smooth walled combustor. This evaluation was
conducted using two-dimensional finite difference Differential Equation Analyzer Program
(DEAP) combustor models of the various rib geomeuies. The results for these models
were in the fonn of two-dimensional "slices"' of the hot-gas wall and combustor liner at
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Table 16: Hot Gas Side Rib Selection Matrix
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discrete axial stations. Rib designs were rated in terms of a heat transfer "enhancement

factor", relating rib potential compared to a smooth wall liner, and the steady state

temperature profile. Rating of ribs in this category resulted, as expected, in the taller ribs

being rated highest, due mainly to increased hot-gas surface area.

A comparison of heat transfer enhancement was made for orientation of the rib over the

land area or over the coolant channel. No difference in enhancement was noted, therefore,

from a heat transfer standpoint the cases are equivalent and can be interchanged. Structural

considerations will be used to select the best approach.

Boundary layer risk was evaluated based on a best estimate of boundary layer growth over

combustor wall length, taking into account the insulating effect of a "filled" rib contour,

and rib corner effects on boundary layer formation. Results reflected that wider spacing of

the ribs is best yielding the most effective boundary layer contour with minimized risk of

heat flux degradation due to boundary layer build-up.

Producibility risk addressed the difficulty in machining complex liner geometries. Rib

complexity is driven by aspect ratio, scale and multiple contours. As expected, the larger

and simpler rib geometry types rated higher.

The structural and life considerations were based primarily on material property degradation

with increased temperature. Comparison data was obtained from the DEAl steady state

temperature profiles. These were relative temperature comparisons, since some rib tip

temperatures went well beyond material limits. Potential advances in material and cooling

technology were considered in selecting cases to be tested. Evaluation of ribs in this

category showed that the taller ribs rated lowest, due mainly to excessive material

temperatures. Again, there was essentially no difference in the rib over land and rib over

channel configurations.

A rib sensitivity study was conducted to evaluate how potential variations in hot-gas wall

film coefficient (Hg) duo to boundary layer effects would impact rib temperature and heat

transfer enhancement. The results showed that Ng variations do affect heat transfer

enhancement directly, but due to a parallel effect of lower material temperature may allow

the use of taller ribs. Additionally. a study was made to dterenine the effect on Hg of large

teniperature gradients from rib tip to trough. Results showed only a 12% change in Hg for
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a 1000 F temperature gradient, which fell well into the Hg range covered in the sensitivity

studies described above.

Of the twenty-one candidates, six best rib configurations were selected for the two lab tests
planned; 1) the hot-air calorimeter panel tests, and 2) the cold-air flow boundary layer
mapping tests. Final rib selection was based on total weighted scores for each rib type in
the four categories, plus "other factors", such as duplication of data, and broadening of the
data base. Both boundary layer risk and heat transfer were weighted highest, due to their
direct influence on rib effectiveness. Producibility was weighted low due to the relatively
narrow range of influence it has, considering that all ribs analyzed were within the state-of-

the-art for machining processes. Structure/life considerations, though important, played a
much larger role in structual analysis studies farther along in the program. The overall
weighted rating scores gave a prioritized ranking of the candidates for the four quantified

evaluation criteria.

The selected concepts included ribs of 0.040, 0.060, and 0.080 inches in height. Two base
width values were selected for the 0.060 high rib to evaluate the impact of this parameter. A
twice-nominal pitch configuration,' the 'skip rib' case, was included based on its overall
ranking and low boundary layer growth risk. Finally, a radius based design rated highly

and was also selected for technical breadth.

The six rib candidates were tested using a hot air test chamber, the components of which
are pictured in Figure 36. The test chamber was designed to test four ribbed or smooth
panels at a time to speed testing. Each panel made up a longitudinal quarter section of the
tester and had its own coolant Circuit. The hot air test setup is shown in Figure 37. Typical
measured temperature rise results for each rib candidate and a smooth wall baseline are
given in Figure 38. As expected, the taller ribs produce the greatest temperature difference.

Cold flow laser velocineter testing was also performed for the various rib configurations in

order to evaluate boundary layer velocity profiles between the ribs. These tests were
performed in the two dimensional tester shown in Figure 39. Seen in Figure 40 is the
complete test setup. The tester was designed for easy test element replacement to reduce
time between test runs. As is shown in Figure 39, multiple configurations could also be
tested without changing the test element. Figure 41 gives the nondimensionalized scaled
results of the the velocimeter tests for each of the rib height and spacing configurations.
From these, Stanton numbers were calculated by the Reynolds analogy with a Prandd
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Figute 36: Not Air Test Chamnber Components
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correction using flat plate turbulent boundary layer equations to determine skin friction
factors. An area integration of the Stanton numbers produced heat transfer coefficient
profiles for candidate comparison.

Resulting combustor heat transfer estimates for th,; rib candidates from four predictive
sources are tabulated in Figure 42. The first colur." ' represents the unscaled cold flow test

results. The second column gives the hot air .aiorimeter test numbers. The last two
columns are predicted results from the DEA? code at hot air test and hot fire test

conditions. The hot air and cold flow test rewits show good agreement. The DEAP hot air
model results are lower because of cold flow Stanton number effects, and the hot fire

DEAP model shows lower values because it includes the non-isothermal rib effect predicted
for the higher actual heat fluxes.

Scaling analysis results from the cold flow velocimeter data led to the selection of the
preferred rib configuration. The highest performance was predicted for a 0.040 inch high,
0.040 inch base truncated triangular rib with a 0.020 inch tip width and a pitch of 0.0785.

Wall temperatures for this configuration were projected to be acceptable and fabricability
was demonstrated during the hot air test cha.,oer fabrication. This recommended rib pattern

along with an alternate derived from the test data are shown in Figure 43.

Combustor Coolant Channel Selection

The objective of subtask C.2 was to evaluate alternate combustor coolant channel

geometries that would enhance the combustor liner service life. The design objective was
to maintain an acceptable wall temperattue with the increased heat extraction due to hot-gas

wall ribs without excessive coolant c:ircuit pressure drop or adverse structural efficiency.

The design approach taken was to screen appropriate channel candidate configurations,

evaluate- the flow characteristics in the channels, compare the designs at hot-fire conditions,
and select the best de.;,.,ds for hot-fire test evaluations.

A matrix of candidate channel configurations was develcped based on previous design
studi .s at Rocketdyne. The mtrix featured channels with base fins, high aspect ratio
rectangular channels, rounded coiner channels, and channels with interrupted flow fins.

The base fins were of varying width, aspect ratio, shape, and number (one or two). A
summary of these configurations is shown in Table 17.
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0.040 tall - 0.040 base rib with
0.020 tip width - 0.0785 pitch

0.030 tall - 0.040 base rib with
0.020 tip width - 0.0785 pitch

Figure 43: Selected Rib Configurations

79



Table 17: Coolant Side Channel Geometry Selection Matrix
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These candidates were screened by relative rating for temperature reduction capability (life),

pressure drop, boundary layer build-up risk, producibility, and heat transfer enhancement.

Heat transfer analyses were conducted using a two-dimensional computer model using

fully developed flow characteristics in the channels. Results of the thermal analyses, and

evaluations in the other categories, were used to select the eight configurations labeled in

Table 17 for laboratory testing.

A cold flow velocity profile mapping test series, using the same fixture as the cold flow rib

series, was conducted for the chosen channel configurations. The test fixture in the coolant

channel configuration is shown in Figure 44. The air flow velocity data were analytically

scaled to hot-fire conditions to evaluate channel performance. Predicted liner temperature

changes for four configurations plus a reference smooth wall case are seen in the graph in

Figure 45.

Three enhanced channel configurations were selected for possible hot-fire evaluation in the

next program phase. Two were evaluated as part of the eight coolant channel candidate test

matrix. They were the single high fin and the single low fin. Another channel concept, a

high aspect ratio channel, was analyzed concurrently with those in the test matrix. It was

not tested, but by analytical calculations was found to have a lower pressure drop. For that

reason it was also recommended for further investigation. The three chosen channel types

are pictured in Figure 46.

Combustor Calorimeter Experiments

A combustor calorimeter was fabricated to determine the heat transfer enhancement factor

of a ribbed wall combustion chamber in subtasks C.4 and C.5. Results from subtask C.1

were used to define the geometric rib configuration for maximum heat transfer at acceptable

life and structural limits. An existing Integrated Component Evaluator (I.C.E.) thrust

chamber assembly was modified to accept the calorimeter and was installed into a test stand

at the Advanced Test Propulsion Facility of Rocketdyne's Santa Susana Field Laboratory.

A layout of this test assembly is depicted in Figure 47. The actual ribbed calorimeter

section is pictured in Figure 48.

The 0.040 in. ribbed combustor calorimeter underwent a total of four steady state tests both

in ribbed and smooth wall combustor configurations. The tests were conducted at 800 and

1000 psia chamber pressures with mixture ratio excursion sweeps between 5.0 and 7.0.
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0.040 wide - 0.080 tall chantiel with
0.015 wide - 0.024 tall fin

0.040 wide - 0.080 tall channel with
0.015 wide - 0.015 tall fin

0.020 wide - 0.080 tall high aspect
ratio channel

Figure 46: Selected Channel Configurations
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Figure 48: 0.040 Inch Ribbed Circumferentially Cooled Calorimeter
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The heat transfer results from the ribbed calorimeter 800 psia Pc test indicated that the
mixture ratio excursions affected heat loads significantly. The mixture ratio varied from
4.0 to 5.6 and increased heat loading approximately 1.92 BTU/in2-sec. per mixture ratio
change of 1.0 (O/F). This data is given in Figure 49.

The heat transfer data from the 1000 psia Pc testing indicated that the heat load rate,
although greater, followed the same pattern as the 800 psia Pc tests. The calorimeter test
results indicated that the ribs caused a 50% increase in heat transfer for 800 psia chamber
pressure and a 40% increase at 1000 psia (normalized for mixture ratio, the 1000 psia test
enhancement is greater than that of the 800 psia PC test). The heat loads vs chamber
position for the ribbed and smooth calorimeters can be compared in Figures 50 and 5 1.

The projected enhancement from the ribs for a 16 LA. long cylindrical combustor at 15 ldbf
nominal thrust level, was a 58% increase in heat transfer rate, which translated to a 46%
increase for a full size 15k combustor. The Enhancement factors for these hot fire results
are compared with the corresponding two dimensional enhancement factors in Figure 52.
Enhancement factors for a 16 inch ribbed barrel and a 20 inch full combustor are projected
in Figure 53 from the hot fire data for a range of chamber pressures at a mixture ratio of
6:1.

TASK E - ICHM AND PREFLIGHT METHODS

The objecuives of Task E dealt with control and maintenance systems for die OTVE. After
a prelimtinary design of the OTVE, a control scheme was devied for engine operation
including start-up and shut-down sequencing. Methods of thrust and mixture ratio control
were decided, and the necessary valves were incorporated into the system in the Task D
efforts. Health monitoring functions were also introduced into the control system for
greater reliability and more timely maintenance, Elements of the ICHM system were
identified and component development costs were calculated for each elee nt. Soni of the
condition monitoring processes were then developed through test programs. Methods of

preflight engine checkouts with varying degrees of sophistication were also evaluated.
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Fiberoptic Shaft Monitoring

Shaft dynamic behavior is a critical parameter in evaluating rocket engine turbopump
component condition. Wear, erosion, spalling, pitting, and other surface degradation
processes result in measurable changes to shaft dynamic motion. The measurement and

interpretation of characteristic shaft motions can provide vital data for determining which
components may be degrading, and to what extent the degradation has progressed.

In subtask E.5, a turbopump shaft monitoring system using fiberoptic sensors was

designed. The system was intended to monitor shaft axial displacement, shaft orbit and
shaft speed at up to 200,000 rpm. To provide these optical measurements, a method was

developed to use a surface pattern on the shaft to modulate light as a function of shaft axial

and radial motion, and speed. A fiberoptic deflectometer was adapted for use as the optical
sensor. A suitable pattern was found to be eight triangles of non-reflective material whose
change of reflectivity from that of shiny titanium shaft modulates the light intensity received

by the deflectometer. This pattern is shown in relation to deflectometer position in the
demonstrator schematic given in Figure 54. The modulation in light intensity, and the

associated time periods of the change in intensity, indicated shaft axial and radial position
and shaft speed. The method of displacement detection is explained in Figure 55.

Extraction of these measurements was accomplished in a series of tests by a signal
processing unit. The signal processor was designed to take the output of two orthogonal

fiberoptic deflectometers which view this pattern, and to provide real-time voltages related

to the amplitude of xy and z motions, as well as speed.

This project required: (1) adaptation of the deflectometers to be used as the optical pickup,

(2) development of a technique for economically applying a precision pattern on the shaft,

(3) selection of an appropriate shaft surface treatment for placement of the pattern, and (4)
development of an electronic signal analyzer to process the modulated deflectometer signal
for extraction of the shaft motion and speed infornation.

Tests demonstrated the shaft monitoring system up to 10,000 rpm. The optical sensors
were constructed for use in a 200,000 rpm LH2 environment, and arc ready for

turbomachinery testing. The only remaining concerns are degradation of the reflection

pattern due to oxidation or abrasion, and reflection intensity variations due to transmission

through a two phase medium.
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Combustor Wall Condition Monitoring

The scope of this additional subtask E.5 effort was to identify and evaluate condition

monitoring technologies capable of nondestructively measuring wall thickness and the

extent of cooling channel "doghousing" in test specimens emulating conditions which may

exist in the throat region of the OTVE main combustion chamber after multiple firings.

These measurements could then be correlated to the remaining combustor life, and be used

to predict the overhaul schedule and requirements.

A literature search was performed resulting in thirteen candidate sensor technologies, which

were initially evaluated against wall thickness measurement criteria such as thickness range,

thickness and channel resolution, accuracy, and the simplicity of the measurement. From

these criteria, three technologies -- ultrasonics, eddy currents, and electromagnetic acoustic

transduction (EMAT), a noncontactirg, couplant-free ultrasonic technique -- were selected

for laboratory testing.

Transducers for measuring up to a 20-mii thick wall of copper with single channel

resolution, were custom-designed and procured. Transducer fixtures were also designed

and fabricated to provide for accurate, automated scans of the test specimens. Additionally,

electromechanical translators were designed and fabricated to move the transducers at

selected speeds across the specimens, and to monitor time and amplitude signals.

Automated scans were then performed on a curved SSME combustor segment and

channeled copper and Narloy-Z plates with 20-rail land/channel widths and wall

thicknesses simulating OTVE combustor thoat conditions.

Conventional ultrasonics easily distinguished between good channels, lands, and cut-

through channels, providing a high-contrast amplitude signal. However, in its present

configuration, its immersion or liquid couplant requimirents inhibit its ihplementation for

space-based applications. The test apparatus necessary for the ultrasonic testing is sketchcd

in Figure 56. Output cortrc ions with a test sample are shown in Figure 57.

Eddy current techniques were then tested and found to readily resolve a 0 - 10 mil thick

wall thickness, and up to a 20-mil thick wall when not adjacent to thin-walled channels.

This technology also provides a high-contrast signal for wall thickness ncasurcnrnts, and

has the added feature of not requiring couplants. Eddy current traces for copper and

Narloy-Z test pikces show strong signals at thin walled armas in Figures 58 and 59.
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Figure 59: Differential Eddy Current Scan Showing Strong
Signals From Three Thin Wall Channels
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The couplant-free ultrasonic EMAT technology was also tested. A cutaway view of an
EMAT is seen in Figure 60. Results showed that the EMATs could easily resolve signals

from a single channel, but that additional data processing algorithms are required to correct
for acoustic interference caused by multiple, consecutive channels. This effect is illustrated
in Figure 61. Once this is performed, EMAT signal amplitude can be correlated with wall

thickness to provide a second couplant-free combustor wall thickness measurement

technique.

ICHM Elements

The ICHM system was to provide comprehensive control and monitoring capabilities in

support of overall OTVE mission requirements. OTVE missions included requirements for
long duration space exposure and multiple, zero gravity engine starts, as well as the
capability for deep throttling for landings, A list of ICBM requirements and the miinimum

ICHM system functions from which they were derived are listed in Figure 62. More
specifically, reusability requirements dictated a service-free life of 20 missions, with 100

starts and a total engine operational time of 4 hours. The overall system life (with service)
requirement is established as 100 missions, with 500 starts and engine operational time of
20 hours.

The resulting ICHM system was defined in subtask E..6 and included control and condition
monitoring electronics, sensing elements, softwarelalgorithtns and effectors. Effectors

we=e those components of the ICBM which were comnianded by the controler electronics
to operate the OTV engine, These included valve actuators, nozzle extension and
gimballing actuators and ignitem The ICHM architecture ilcorporating all these clcaets

is depicted in Figure 63.

Individual sensor types were chosen to fulfill the specific ICHM functions. The sensor
technologies selected for each of the sensor types are given in Table 18 along with their
various attributes. Locations on dhe OVE where these s==sors a-c used by the IC1-iM

system arc labeled in Figuir 64.

The technical readiness and developmteat costs of the ICHIM system were also calculated in

subtask E.6. The minimal ICBM system was derived from a flowdown of engine
requiremnts into system functions. These were evaluated and translated into a nminimum
set of ICHM elements (sensors, actuators. clecuonics, and software) to meet the
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requirements with the highest possible technology readiness. A baseline design for each of
these elements was then described in enough detail to estimate the technology readiness and

development costs of the minimum system. These costs are tabulated in Table 19.

Automated Preflight Checkout

A space-based chemical propulsion system capable of multiple starts and varied mission
scenarios would require extensive preflight checkouts to assure crew safety and mission

success. An automated approach for a space-based OTVE preflight checkout system was

highly desirable from the standpoints of reliability and feasibility. Such a system was

analyzed in subtask E.7.

Approaches to automating preflight readiness checkouts depended heavily on condition

monitoring technology to provide the information required to assess the engine's readiness

to fire. Condition monitoring sensors would permit remote monitoring of critical

components as the engine fires during normal operation. Based on the flight data obtained
from these sensors, an assessment could be made on the condition or health of a particular

component which in turn would dicwte the need for maintenance procedures or
replacement. This study evaluated various methods of preflight readiness checkouts in the
context of a space-based system. Where required, methods incorporated advanced

Integrated Control and Health Monitoring (ICHM) technologies enabling rapid and remote

engine turnaround.

Preflight readiness veaification requirements wereestablished for the engine. Requirements
we-io bas on previous logistics studies including the prelimiary FMEA and the flow task

analysis report. The requirements are listed in Table 20. This :work supported previous

efforts to establish the operational flow of the engine and identify the applicable
maintenance tasks for both current and advanced technology hardware. The operational

flow tasks of interest to this study were those executed after delivery to the space station

and before return to earth. Maintenance tasks were reviewed in light of the SSME

Operations and Maintenance Requirements and Spcifications Document which reflected
the current inspection and checkout philosophy evolved from the Challenger incident.

"hirty six preflight readiness verification requhements were identified for the engine.
Requirements included 14 functional checks, 10 leak checks, 10 inspections, and 2

servicing tasks.
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Several approaches for remotely performing readiness checkouts in space were outlined for

each preflight requirement. The range of approaches reflected a variety of method

sophistications. Three approaches for remotely obtaining data were considered: (1)

preliminary power-up, in which the engine is fired for a short time to acquire real time data,

(2) 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 (3) 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.

Issues and benefits were generated for each of the three preflight checkout approaches.

Sensors and flight hardware, alternate component designs, and general approach were all

addressed. 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

as shown in Table 21. The scale used for comparing the methods was that used by the

NASA office of expJoration for evaluating options for future mission choices, given in

Table 22. Estimates were also made for the remaining cost to advance the technology for

each method to a level 6, where the system validation models have been demonstrated in a

simulated environment. These costs are itemized in Table 23 and totaled for the different
methods aid technology levels in Table 24.

Table 21. Method Readiness Assessment

Average Sensor Miimum Sensor Oveall System
Readiness Readiness Readiness

rdininniy Power Up 0

Automated CMponent. 49 4. 4
Pre-cYcling
Auto atic Staic 4 4
Checkout

TASK F -ENGINE TEST FIRINGS

A 15,000 ibf thrust, pump-fed liquid oxygen/liquid hydrogen, advanced expander cycle
rocket engine identified as the RS-44 Integrated Component Evaluator, was designed and
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Table 22: Technology Readiness Level Definitions

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 I Basic principles observed and reported

I 09



Table 23: Element Development Costs

Summary of Development Cost
Elements by Task*

(M$, 91)

Sensor Development 0.5 to 8.0

Delta Software Development

Maintenance Data Base Optimized engine 3.5
, Not optimized engine 4.6

Process Software • Optimized engine 2.4
• Not optimized engine 3.6

Delta Computer Hardware Development 2.5

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 Table 24.
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fabricated between the years 1982 to 1985 using Rocketdyne discretionary funds. The ICE
system was conceived to demonstrate the performance and operational characteristics of an
advanced expander cycle rocket engine and its components.

During the year 1985, component testing of the ICE turbomachinery was accomplished
with Rocketdyne funds to characterize the individual pump performance capabilities as well
as startup transient control of the turbopumps. The turbomachinery employed in the ICE

were the Rocketdyne MK49-F high pressure liquid hydrogen and the MK49-O high
pressure liquid oxygen turbopumps shown in Figures 65 and 66 respectively. The MK49
turbopumps were installed on the ICE during the component tests with propellants by-
passed to overboard drains and bum stacks. This scheme permitted the installation of the
entire engine system, requiring little down time to convert from turbopump component

testing to engine testing.

Nineteen successful turbomachinery checkout tests were conducted, including head versus
flow excursions at various power levels. Transition data from these tests determined the
component start sequence transients. A balance piston capability issue also surfaced during
the MK49-F hydrogen turbopump component testing. The balance piston position
calculations indicated a progressive closing position as the speed increased, therefore the

safe rotor speed limit of the MK49-F turbopurp for balance control was set at 87,000 rpm.

Once the turbopump testing was accomplished, testing of the ICE under Task F of this
contract, NAS3-23773, began. An engine sub-system checkout methodology was
emuployed to gradually transition into full engine test operations. Thirteen tests from early

in 1986 to January 1987 were perforted. For these engine system tests, the turbopump
propellant discharges were routed into the ICE thrust chamber assembly instead of the

drains and bum stacks previously employed. Figure 67 shows the elemnnts comprising the
ICE thrust chamber assembly; the tapered combustor, thde sea level 35:1 area ratio test
nozzle, the plasma torch igniter and the coaxial injector elements. Figure 68 shows the
complete ICE engine installed in the NAN stand of the Advanced Propulsion Test Facility
at the Rockcidyne Santa Susana Field Laboratoty.

A suntmnry of the first seven tests conducted under Task F is presented in Table 25.
Igniter valve sequencing was based on the results of a previously conducted igniter test
program. The sequencing resulted in nearly simultaneous etry of the G02 and GH2 into
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the igniter and provided successful igniter ignitions in all six tests where ignition was
attempted.

The successful oxidizer and fuel blowdown tests (001 and 005) defined the priming times
for each propellant in the main injector. The maih, propellant valve sequencing they defined
resulted in propellant ignitions on bott attempts (tests 006 and 007). The main oxidizer
and fuel valves were opened in the first part of the sec sence v,'Ah the turbine bypass valve
(TBV) closed to accelerate the start ard the oxidizer turbine bypass open as required by
steady state target conditions for these tsts. The TBV was later sequenced to a control
position to limit chamber pressure. The TBV was commanded to ramp to 34 percent and
begin to open on test 007 but cutoff was initiated before it became significantly effective.

Table 26 presents the remaining six engine systems test results. They provided'a short
transition into main combustion chamber ignition and finally into mainstage operatioir
Thermal equilibrium of the engine system -was calculated to ocur at about 10-seconds un
time. Therefore, to conserve engine opera,.on time and lower propellant and test costs, the
mainstage tests were held to a maximum 10-second duration.

Tests 017-003, 017-005 and 017-006 detnnstrated expander cycle operation: ignition,
transition, steady state mainstage and shutdown. The highest fuel turbopump speed
(87,400 RPM) was achieved on test 017-006 where the maximum test chamber pressure of
,"76 psia was also recorded. This chamber pmessure was almost twice the current 400 psia
operating point for expander cycle engines (1I10).

In test 017-006 the fuel turbopump #4 (turbine end) bearing failed, precluding any further
testing. This fuel turbopump anomaly mayte be the result of a technology issue requiring
resolution and culminating in internal design changes. Operation of all components
excluding the fuel pump was satisfactory. however, during the tests. 'he oxidizer
turbopump performed as predicted and the thrust chamber assembly resistances and brat
loads appeared nominal. Since the engine system was an expander cycle, the failure
consequences were rather benign and the s idown was safe with no other secondary
failure occurrences to the engine.

Both nominal and emergency shutdowns were achieved without causing any damage or
distress to any system component. Unplanned fuel stoppage generally results in thrust
chamber burnout or severe thermal distress. Neither of these resulted when the fuel pump
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Table 26: I.C.E. Engine Systems Test Log

Date Test Objectives Test Results* Remarks

1-15-87 Fuel pump speed Test terminated GN2 valve control pressure
017001 c/o at 75000 RPM before sequence source replumbed. Valve stem

start due to prep packings tightened and purges
complete dropout. increased. No engine or
GH2 opening facility damage from fire.
pressure loss on
LH2 D/S bleed
when Lox D/S bleed
closed. GH2 D/S
valve open micro
switch dropped out.
Fire started from
LH2 leak at LH2
pump U/S bleed valve.

1-23-87 Fuel pump speed Test terminated at GK2 and GOX pressures were
017001 c/o at 75000 RPM 1.08 sec. when at correct values,

igniter PC failed Visual spark check o.k.
to reach 120 PSIG
min RL PR.

1-23-87 Igniter only. Igniter fired as
017002 planned.

1-23-87 Fuel pump speed Test terminated at Redline value set too tight
017002 c/o at 75000 RPM. 2.01 sec due to for PR rise rate. Reset R/L

combustor PC time to 2.5 sec.
250 PSI.

1-28-87 Fuel pump speed Test terminated at Made G02 and GOX olowdowns.
017004 c/o at 75000 RPM 1.08 sec when Visual spark check o.k.

igniter PC failed
to reach 120 PSIG
mn R/L PR.

1-28-87 Fuel pump speed Test terminated as NF 77000 RPM
017005 c/o at 75000 RPM planned at 2.9 sec. PC 675 PSIA

1-2B-87 7.5 sec duration Test terminated at Pressure decay due to
017006 5.75 sec when loss of FP speed,

FP BAL PIST CAV PR NF - 87000 RPM
dropped below R/L PC a 775 PSIA
value of 1525 PSI1.

All times relative tn-*-v starting to open.



speed and pump pressure abruptly decayed. Visual inspection of the injector and thrust

chamber show absolutely no evidence of heat distress due to the emergency shutdown.

119



BIBLIOGRAPHY

1. Baily, R., Enhanced Heat Transfer Combustor Technology - I1nterim Report, NAS3-23773
Tasks C.1 and C.2, RI/RD86-199, NASA CR-179541, December 16, 1986.

2. Brown, W., Enhanced Heat Transfer Combustor Technology - Final Report. NAS3-23773
Tasks C.3, C.4 and C.5, RI/RD91-235, NASA CR-189236, December 1991.

3. Cannon, I.; Balcor, S.; Cochran, M.; Klop, J.; Peterson, S., Definition. Technology
Readiness Development Cost of the OTVE ICHM System Elements - Final Reort,
NAS3-23773 Task E.6, RI/RD91-150, NASA CR-187123, October 1991.

4. Coleman, P.; Darejeh, H.; Collins, J., ICIHM Fiberoptic Shaft Monitor - Final Report,
NAS3-23773 Task E.5, RI/RD90-177, NASA CR-185210, November 1989.

5. Erickson, C., Advanced Engine Study -Final Reprt NAS3-23773 Task D.6, RI/RD90-
180, NASA CR-187215, February 1992.

6. Erickson, C.; Hertzberg, D., Automated Preflight Methods Concept Definition - Final
R NAS3-23773 Task E.7, RI/RD91-145, NASA CR-187190, December 1991.

7. Erickson, C.; Martinez, A.; Hines, B., Advanced Engine Study Phase 11 - Interim Report.
NAS3-23773 Task D.4, RI/RD87-126, NASA CR-179602, February 1987.

8. Harmon, T.; Roschak, E., 7.5 Klb Thrust Rocket Engine Preliminary Design - Final
pm, NAS3-23773 Tasks B.7 and D.5, RI/RD88-291, NASA CR-190754, December

1988.

9. Irvin, T., Soft W~ear Ring Seals -Final Renert. NAS3-23773 Task B.3, RI/RD 85-201,
May 15, 1985.

10. Lariviere, 1,, High Velocity Ratio DiffusingCrossovers - Final Report. NAS3-23773 Task
B.2, RIURD89-1 11, NASA CR-194447, January 15, 1989.

11. Lariviere, B., S&1x Wear Ring Seal Technologv -Final Report NAS3-23773 Task B.5,
RI/RD90-214, NASA CR-189055, February-14,1992.

12. Martinez, A.. Orbit Transfer Rocket Entine Tcchnology Ptram - Final Report. Vol. :
ExecutiveSuMm , NAS3-23172, RJJRD83-131-1, July 31, 1983.

13. Martinez, A., Orbit Trsfer Rocket Engine Technology Proam F ial Repotl, Vol I.
Stl&.Eilts. NAS3-23172, RI/RD83-131-2, NASA CR-t63158, July 31, 1983.

14. Martinez, A., Orbit Transfer Rocket Egine Technolo, Prtgram- Final Reort.Vol. ll
Supplemental-Data NAS3-23172, RiD83-131-3, NASA CR-168316, July 31, 1983.

15. Martinez, A.; Erickson, C.; Hines, B., Advanced.Engine Suldy ezta I -interim Reporit
NAS3-23773 Tasks D.1, D.2 and D.3, RJ/RD6- 116, NASA CR-175084, January 1986.

16. Rockwell Intl., Rocketdyne Div., High Speed Turbopump Bearings - Final Report, NAS3-
23773 Task B.6, RL/RD92-1 14, NASA CR-189230, January 1992.

17. Sutton, R.,.Two-Stagg Brtal Admission Turbine TeSier - Fina Report, NAS3-23773
Tasks B.I and 11.4, RIWRD86-214, NASA CR-179548, September 28, 1987.

18. Szemenyei, B., CXombustor Wall Condition Monioriog - Fig, Re= NAS3-23773 Task
E.5, RI/RD89-212, NASA CR-182275, August 1989.

120



C.Rport No 2. Government Accession No. 3. Recipient's Catalog No.

4. itle and Subtitle 5. Report Date
October 15, 1993

Orbit Transfer Rocket Engine Technology Program 6. Performing Organization Code
Final Report

7. Athor(s)8. Performing Organization Report No.
Rl/RD92-1 39

N. B. Gustaf son and T. J. Harmon 10. Wor Unit No.
9. Perlforming Organization Nam and Address

Rocketdyne Division, Rockwell International 1 1. Contract or Grant No.
6633 Canoga Avenue NAS3-23773
Canoga Park, California 91303 13, Type of Report and Period Covered

12. Sponsoring agency Name and Address Final Report 6/83-5/92
National Aeronautics & Space Administration 14. Sponsoring Agency Code
Washington, DC 20546

15. Supplementary Notes

Program Manager: G. P. Richter, NASA-Lewis Research Center; Cleveland, OH

16. Abstract

An advanced near term (1 990's) space-based Orbit Transfer Vehicle Engine (OTVE) system was designed, and the
technologies applicable to its construction. maintenance. and operations were devaloped under Tasks A through F of
the Orbit Transfer Rocket Engine Technology Program. Task Awas a reporting task.

In Task B. promising OTV turbomachinery technologies were explored: two stage partial admission turbines, high
velocity ratio diffusing crossovers, soft wear ring seals, advanced bearing concepts and a rotodynamic analysis.

In Task C, a ribbed combustor design was developed, Possible rib and channel geometries were chosen analytically.
Rib candidates were hot air tested and laser vetocimeater boundary layer analyses were conducted. A channel
geometry was also chosen on the basis of laser velocimeter data. To verily the predicted heat enhancement effects, a
ribbed calorimeter spool was hot fire tested,

Under Task 0, the optimum expander cycle engine thrust, performance and envelope wore established for a set of
OTV missions. Optimal nozzle contours and quick disconnects for modularity were developed. Failure Modes and
Effects Analyses, maintenance and reliability studios and component study results were Incorporated Into the engine
system. Parametric trades on engine thrust, mixture ratio and area ratio were also generated.

A control system and the health monitoring and maintenance operations necessary for a space-based engine wore
outlined In Task E. In addition, comnbustor wall thickness measuring devices and a libaroptic shaft monitor were
developed, These monitoring devices were Incorporated into preflight eflgine readiness checkout procedures.

In Task F, the Integrated Comp~onent Evaluator (I.C.E.) was used to demonstrate performance and operational
characteristic$ of an advanced expander cycle engine system and its componeni technologies. Sub-systom checkouts
and a system blowdown were performed. Shodt transit ions were then made into main combustor' ignition and
rnainsiage operation.

17. Key words (Suggested by author (s) 18. Distribution Statement

Orbit Transfer Vehicle (OTV) Partial Admission Turbine
Expander Cycle High Speed Bearings Publicly Avalible
H-ydrogenJOxygen Rocket Engilne Soft Seals Unclassified
Space Based Engine High Velocity Ratio Diffusig
Ribbed Combustion Chanter Crossovers

ICHM_______________ _

19. Securty Classit(ofthisrespoil) 120. Security Classit. (ol this repot) 21. No. ofPagesI 22. Prie

Unclassified I- Unclas siftied 119 L

For sale by the National Technicai Informion Service. Springfield. Virginia 22151


