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Agenda

® [ntroduction
® Reactor Concept Development
® Engine Conceptual Design

® Key Technology and Streamline Development Plan
Assessment
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Introduction

FY92 accomplishments centared on conceptual design and analyses tor 25K, 50K, and 76K engines, with emphasis
on the 50K engine, to NASA requirements.

During the first period of performance flow and energy balances were prapared for pach engine size with single and
dual turbopumps. Plan, elsvation, and isometric drawings were prepared fur each of these configurations, and thrusts-
to-welght were estimated. A review of fuel tachnology and key data from the Rover/NERVA program, established a
baseline for proven reactor performance and areas of anhancement to meet near-term goals. Studies were performed
of the criticality and temperature profiles for probable fuel and moderator loadings for the three engine sizes, with a
more detailed analysis of the 50K sizo.

During the second period of performance, analyses of the 50K engine continied. A chamber/nozzle contour was
selected and heat transfer and fatigue anatyses wara performed fos likely materials of construction. Reactor analyses
waere performed to determine component radiation heating rates, reactor radiation fields, water immersion poisoning
requirements, temperature limits for restartability, and a tie tube thermal analysis. In addition reactor safety and

raliability were assessed.

Finally, a brief assessment of kay enabling technolngies was mada, with a view toward identifying developmant issues
and identification of the critical path toward achieving engine qualification within 10 years.  Our initial appraisal
suggests that critical path for the pragram will be the design, constraction, amnd acceptance testing of engine test
facilities.
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Requirements

® Rover/NERVA-derived technology

® "Near-Term” man-rated mission

® 4.5 hours qualification test at rated conditions to validate 1.5 hours at

rated conditions for manned missions
® Restartable, at least 10 starts
® launch envelope, 30 m (length) x 10 m (diameter)
® |, > 850 seconds
® Thrust

A. Initially--25I, 50K, and 75K
B. Continued effort--50K

® Thrust/Weight (with internal shield) = 4

‘l‘ Rockwall Internstionol @
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Requirements

Requirements for the FY92 NASA-funded eftfort derive from the Statement of Work, _Tha basic objactive was the
assessement of the near-term feasibility of Rover/NERVA -derived nuclear thermal rocket engine technology for
maating piloted missions to Mars. The basic requirements for the engine provided by NASA included size limits,
target specific Impulse, number of restarts, operating life, and thrust-to-weight lower limit. Initial analyses were to
be performed for thrae engine thrust sizes: 25K, 50K, and 75K. Final concept development was to be performed
for the 50K thrust size engine.
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Ractstarae Ditoon 69 NTP: ng&mﬁk@p

o2 Whariair

x4

.t m—————-



Additional Ground Rules

® Pewee fuel element, temperature, and ZrH moderator
e  Chamber temperature 2,550 K
*  Power density 1.18 MW/element

® Tie tubes with expander cycle

® Dual turbopumps/loss of both pumps

® Nozzle expansion ratio, 200/1

® Radiation leakage limits from NERVA

® System requirements of NASA N.P. 002

Reshotdyns Dirlolon
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Additional Ground Rules

Communication with NASA subsaequent to issuance of the Statement of Wark provided additional guidanca:
Pewee operating parameters for chambar tamparature and power density, use of tie tubes with the expander cycie,
incorporation of dual turhopumps with consideration of purmp outages, a nozzle expansion area ratio (200},
radiation limits from the NERVA design, and additional system requirements found in NASA N.P. 002, "Nuclear
Thermal Rocket Engine Requirements.”

C‘l Rockwaell Internotional
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NERVA-Derived 50K Engine Schematic

Chamber pressure = 784 psia

Chamber temperature == 2,550 K

Specitic impulse 870 seconds

Nozzle expansion ratio = 200:1

Nozzle bell = 110% length
— |
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NERVA-Derived 50K Engine Schematic

The 50K engine featuros dual turbopumps supplying liquid hydiogen to tho e tabas, and te chimbor and nozzlo.
Approximately 70% of the flow goes to cool the tie tubes and moderator; the heat pickup provides the energy for
the turbines. Tha propollant flow used to cool tha chamber and nozzie also cools the rafloctor and pressure vessel.
Tha total flow is mixed togethaer, flows through the fuet elemants whaie the temparmiure iIs increasod to 2,550 K,
and is axhausted from the nozzle to produce thrust. The engine is sized and packaged to fit within given
geometrical constraints; consequently, chamber pressure and bell nozzle length are selected 10 maximize specific

impuise and thrust-to-weight.
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Key Features/Attributes

® Proven technology, low risk approach
’ * Nozzle technology flying with Space Shuttle
* Existing turbopump designs applicable
* Rover/NERVA-derived reactor
* Minimum development time/money
® Supports 10-year qualification goal
® |, > 150 seconds better than NERVA-XE’
® MCNP permits fuel loading for flat profile

® Tie-tube support approach facilitates

® Expander cycle turbine for improved I,
* Incorporation of ZrH to minimize reactor size

® Optimized packaging and flow balancing

® Can accept evolutionary improvements

’l Rockwell Internstionel @
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Key Features/Attributes

The Rocketdyne-Westinghouse nuclear thermal rocket engine benefits from a combination of the technology proven
in the Rover/NERVA program and modern rockat engine man-rated components. The goal of producing a qualified
engine within 10-years can be achieved with minimal developmant, based on the current state of the art. Cooled
chamber and nozzle technoingy from the SSME is directly applicable, and turbapumps from the J-2S, Rover, and SSME
bracket current requirements. Studies wera initiated to examine pump-out perforrnance with boost pumps and muitiple
turbopumps; however, meaningful results were not achieved within the allocable funding timitations.

Easlly achievable enhancements provide improvements in I over the last NERVA engine tested, NRX-XE'.
Incorporation of tie tubes and the expander cycle, incraase of the expansion ratio from 10 to 200, regenerative cooling
throughout, and Increase of the chamber temperature to the Pewea conditions adds over 150 seconds of specific
impulse. A further increase of chambar temperature to 2,700 K by use of composite elerents would add another 30
seconds to bhring the totat to 900 seconds.

The preliminary configuration has the turbopumps at the side of the chamber to shorten tha overall length of the engine
assembly. Within that contiguration flow and energy balances are optimized to minimize pressure which directly affects

ducting wall thickness.
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NERVA-Derived 50K Engine Isometric

Reactor exit temperature = 2,550 K
Dual turbopumps

Split-flow expander cycle

Nozzle expansion ratio = 200:1
Nozzle bell = 110% length

Specific impulse = 870 seconds
Thrust/weight = 5.3 {with shield)
Engine length = 7.6 m

Exit diameter == 2.4 m

Noekaidpne Disteion
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NERVA-Derived 50K Engine Isometric

A key feature of the engine includes compact packaging, with turbopumps mounted to the side of the reactor
vessel to reduce the overall height and permit a higher expansion within the geometrical constraints. Another
feature has the tubular nozzle attaching to the chamber at a low expansion ratio to save weight and to facilitate
ground testing. An area for avolutionary change in this design would be the substitution of uncooled composite
ceramic materiais for the tubular nozzle for a potantial weigiit saving and some increase in specific impulse.
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Technology Assessment Results

® Technology available for most issues

Rover/NERVA, SSME, Rocketdyne state of the art,
SP-100, terrestrial advanced reactors, state-of-the-art
electronics and computers

® Unresolved system design issues

Loss of turbopumps, lifetime, intact reentry--water
subcriticality (or total dispersal), decay heat removal,
engine-out cooling during operations, fuel midband

corrosion

® Critical path is engine test facility

D — @
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Technology Assessment Results

The assessment of kay technologies led to the conclusions that (1) existing technology in reactors and engine
systems is applicable to most design areas, (2) there are issues requiring attention early in the program to assure
satiafactory resolution, and {3) the assured easly avallability ot an engine/reactos test facllity Is critical to meet,

successfully meet the 10-year engine qualification goal.
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NTR Streamline Development Logic
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A development logic diagram can include many layers of detail and be organized in many different ways. This
high-level diagrarn shows many necessary tasks in setting requirements, recapturing technology, resolution of key
design issues, facility design, construction, and activation, and testing of components and systems. The most
important message is that the program must start with well-defined requirements and design criteria, and that the
availability of key test facilities will drive the rate of achlevement of the 10-year goals. Near-term activities of
conceptusl design, technology recovery, and resolution of design issues will provide a sound hasis for proceeding
quickly as substantial funding becomes available.
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NTR Streamline Development Plan Summary
Fiscal Year | '93]'94]'95]'96]'97]'98 ["09 |00 ['01 | 102

Establish Safety and o
Performance Requirements

Cienerate Design Critoria CI—]

Recapture Technology

Engine Conceptual Design ]

Resoive Design Issues

|
Design .

" IDesign and Safety Review ]

Component Fabrication and L
Testing

Engine and Fuel Test Facilities T |
Design and Activation

Design Verification Testing

Qualification Testing _lj

‘l‘ Rockwell Intsrnetional @0/! 5192
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NTR Streamline Development Plan Summary

The tima-phasing of key groups of activitias from the development logic diagram shows that several tasks should
be emphasized at the start: setting requirements, technology recapture, and establishing dasign criteria. Test
facility design, construction and activation must also bagin promptly to assure that the 10-year schedule can be

met.
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REACTOR CONCEPT DEVELOPMENT

® NERVA Derivative Reactor Concept
Design

® NTR Nuclear Parameter Study

® Analysis of Reactor for 50K/lbs Engine
® Assessment of Fuel Technology

® Assessment of Nuclear Safety Issues

¢ Summary and Conclusions

e L
” Rockwell International
Mocherdyne Divieion. Wesmnghous Elecwic Cosporstion

Development of a nuclear thermal rocket design concept for Fast Track studies is based on the NERVA/Rover technology
database. Design analyses to provide NTR designs to meet program requirements are developed with current design
methodologies benchmarked to NERVA/Rover technology. The NERVA derivalive reactor concept design Is based on
NERVA R-1 reactor design with design features upgraded to include the demonstrated capabilities of the NERVA/Rover

program. A historical summary of the completed tests of the NERVA/Rover program and the NTR performance
demonstrated by test results are summarized in the following pages.

Based on a set of NASA directives, parametric analyses of the size and performance characteristics of NTR reactors which
provide performance consistent with 25K, 50K, and 75K Ib, engines was completed. Later discussions show the results of
more detailed studles on the reactor design for the 50K ib, engine.

Based on a review of the NERVA/Rover technology database, a current assessment of the fuel technology and nuclear
salely issues for the application of the NERVA daerivative reactor in the NTR program is discussed.

In summary, the lessons learned during the conduct of the work tasks are discussed.

NP-TIM-92 77 NTP: System Concepts



NERVA/Rover REACTOR SYSTEM TEST SEQUENCE

The fast track engine draws upon the existing 1.4 billion dollar technology
base developed by Los Alamos Natlonal Laboratory and Westinghouse
during the NERVA/Rover Nuclear Rocket Engine Program.
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The extent of the NERVA/Rover technalogy is demonstrated by the number of reactor and engine tests completed over the
19859-1972 tima frame. The reactor tests completed in the KIWVPHOEBUS/PEEWEE series demonstrated the wide range
in reactor size and power capability provided by the tachnology. The NERVA test series culminating in the NRX-A6 and
XE-Prime tests demonstrated lifetime and performance capabilities of the NERVA/Rover-based NTR's. The NERVA
program successfully completed the preliminary design of the R-1 reactor design and the Fast Track reactor designs
developed in the current work tasks are derived from the extensive technology database of the NERVA/Rover programs.
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Demonstrated Technology

Rover/NERVA Test History

Reactor ID Chamber Fuel Exit Space Equiv. Time at Full Fuel Type MWY
Temp. (K) Temp. (K) ISP (sec) Power (min) Thrust (kN)
KIWIBAD— | 1880-2130 T80 - 1 U0ZGraphlle |~  BIH207 |
'RIWILBAE | 18002100 Y B20 ~ |7 878 | WZGisphfte | wi&BA |
[RAX- 2000~ 2530 TS T T T 33 UC2/Grap 0028 |
RAYAY | 2 B S L 820 © 77| 71837 7| UC2/Giaphfls | Ll 2
PHOEBUSAK — [ R8™ — | U TR T 108 ‘UC2/Graphlie |~ 1340208~
[NRX-AI{NRAX-EBT) [ 2284-2200 F3-20:1 D A . N XE UC2/Graphtie | KL 2 L
RAX-AE | 22B0-2933 | »2400 KLl "R | UCZhrephile | TIOWZAS |
PHOEBUSAB | 2222280 | 28— | ©2® | T T UCTGraphite | 13400208
NRX-AE— | 2300-2305 L sy 82.7 T UC2Graphlte [ T1002a8 |
PEWEE-{ 1835 T oosEd T [T ey | aa 1T UC2iaphite T S60AT
2750 890 UC2/Graphie
FXEPRIME 2279 >0 (T -~/ I S £ T ;msphus“ AL 2
[NF-1 =) S0 |7 B30 [T 109 | Composiie/
Carbide
'PROEBUS- 2K | 2256 —  ~ 2308 808 B |2 S T T H00mId 1
TESTED
EESIGN"‘“‘BW'“ ~ 7550 R [ R TTTUC2/Graphe | 50004113

The demonstrated capabilities of NERVA/Rover based NTR's is summarized in the following table. The performance levels

reached Iin each of the key tests completed as shown.

As shown, the NERVA/Rover technology provides reactor

periormance capabllities simiiar to the requirements of the Fast Track program and Iater discussions show the capability
of NERVA/Rover bagsed design concepts to meet the Fast Track program needs.

NP-TIM-92
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NERVA Derivative Reactor Concept Design
for 50K Ibf Thrust Engine

@ Layout drawing
@® Solid models

D Y — )
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The 50K Ib, engine reactor layout is based on the R-1 NERVA filght reactor design. The R-1 successfully compieted an Air
Force Preliminary Design Review before the termination of the NERVA project in 1972. The key dimensions of the reactor

for the 50 k Ibf engine are shown. These were established based on the required engine thrust (core size), and the
neutronic requirements (reflector and shis!d).
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NTR Nuclear Parameter Study

® Neutronics Model

® 25K Ibf Engine Results
® 50K Ibf Engine Results
® 75K Ibf Engine Results

@® Heterogeneity Evaluation

'l' Rackwetll Intecnational @
Ro-baidyne Diriston
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Studies of the neutronics design of the NTIU were based on thies fimensional modets denvad rom e NE VA dasign
The methodology selected :or 158 in the parametric analyses was tha MCNP Monte Carlo radiation transport method.
Model parameters of the reacior systam were denvad fram the -2 model nformation of the NERVA R-1 reactor system
An automated model generaticin techmque was used to define reactor system models for parametric analyses to size and
predict performance characteristics for the various sizea of the NTR systern. An .2 annular ring model of the NTAR core
configuration was used n paramebic analyses in a similar manner to the models in the NERVA database. Three
dimensional model details were limited to the reflector control drums and used the geometric modeiling capability of the
MCNP method. The automatea modelling lachnique and MCNP (Version 3B) were used to define the core and reflector
sizes, fuel loading profiles, reacivity woiths, and control drum worths and span tor three NTR engine sizes; 25, 50. and 75
Kibt thrust levels. In addition. a limited study of the impact of helsrugeneous versus homogeneous modeliing of the

prismatic fuel elements ana 1a-lbes within the NTR core ~as parformad on a umit cell basis

83
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Study Guidelines

® NERVA (Prismatic) Fuel Elements
52" Long
0.753" Hex
19 Coolant Channels
600 mg/cm® Maximum Fuel Loading

® ZrHx Moderated Tie-Tube

SNRC (PeeWee) Maximum ZrHx

2:1, 3:1, 6:1 Fuel Element to Tie-Tube Ratios
® Performance

1.18 Mw/element

2550K Chamber Temperature (Point Design)
784 psia Chamber Pressure

‘l‘ Rockwell Internationat (:@
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Wetinghouier £ e ctuic € rpoeanon

STUDY GUIDELINES/ASSUMPTIONS

+ Reactor Sizes 25K, 50K and 75K Ibf Thrust Engines
¢  Critical Drum Angle of 80°

* NERVA/R-1 Reactor Design Conliguration

s R-Z Geometry with Explicit Control Drums

 Neutronics Calculations: MCNP-3B

‘P Rochwell International @
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Technology Base

" Reactors '

Design Features 7 NERVA | Peewee | 25K | 50K | 75K
T " Xe-prime| A% | ®ma | | |
Tle-Tubes | No | No Yes Yes | Yes | Yes | Yes
Ratlo, Fe/TT T 6:1 3:1 31 | 61 | 6
ZrH Loading (Relallve) 0.0 T 1.0 1.0 | 04
Power, Mwt | | 512 | 1023 | 1536
Core Diameter, In. 350 18.8 | 25.2 | 30.7
Power Density, MW/FE | 0.67 | 067 | o075 | 1.18 | 118 | 118 | 1.18
Internal Shield oA Al BATH | - L EA‘[H p_AlH_EATH
Fuel Type Graphite | Graphite| Composite | Graphite| * * *
*Not Detormined T e
’l‘ Rockwell International
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Neutronics Model
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The neutronics model for the NTR systam was darived from maodsliing information in the NERVA database and is shown

as an elevation viaw to lilustrate the modelling delail of MCNI® models. 1he MCNP analyses usad the §-NDI /B V nuclear

data library and were performed in the coupled neutron and photon solution mode to predict region power and required fuel

loading to meet target objectives for key neutronics parameters An actual NERVA system design configuration drawing

is depicted to illustrate the modelling approach used.

NTP: System Concepts
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MCNP Model for 25 Kibf Thrust Reactor

e Key Parameiers 25K
NN Fiertve Goro Diamites () 1850
B Fuel Supsport ﬂallf) _________ - ._‘_1“_.,
T r‘ Cmelengl‘h(il)__ 5200
Reliector Thickeess (n) I N 8.00
No_ of Diums . 4
Peak Fuel | oadg 600

- - ZiH Loading w.r.t. SNRE 1.0
= =d S S §
/
s RN .

’l Rockwell international

Flox \erdyne Division

Wesunptewne Fleciric Comparsinos

The MCNP model for the 25 Kibt NI angine and the predicted key narameters are shown in the table on the right. The
design bases selected for tha small NI R engine size were darived fio n PEEWEE angine design information with a fuel-to-
support tie tube ratio of 3:1, a 52 inch high active core, and 9 contiol drums ol a fixed diameter located a the ouler periphery
of the Be reflector region The peak fuel elamant uranium loading was lirmted to 600 milligrams/cm® and a maximum Zri

loading in the tie-fubes. An iterative process based on MCNP was used to size the reaclor core and predict the fuel loading
profile to meet the target objectives of an excess reaclivity of 0.05 and a flat radiat power distribution

NP-TIM-92 87 NTP: System Concepts



Core

25 Kibf Thrust Engine

Fuel Loading & Power Distribution
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A normalized fuel loading profile predicted for the 25 Kibf NTR angine is shown as a function of normalized area parameter,

R2

The normalized radial power distribution as predicled in the final itaratior of the analysis is shown to illustrate

convergence to the target objactive of a flat or uniform power profile  The MCh * tally mathod providas the cell or ring

average value and more detailed tallying techniques would ba requirad lo pradic: the variation within oach fuel annulus

NTP: Systemn Concepts
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MCNP Model for 50 lef_ Thrust Reactor

Key Parameters 50K
I I ERoclive c;nn Diamater (in) — 25.18
- Fuet:Support Ratio &
[ Coe Lm,glh {n) | 5200
Nefiector Thkckness (i) 5.10
l’ ) No ot Duln: ‘__ 12
T Penk fonl an—ﬁng _: _GTJO
. 2H Loadmg w.at. SNRE 10

1

¢

/
” Rockwell international /

Rechotipne Distrins.

Wesinghawse Blecuric Corpntion

Predicled neutronics paraeters for a 50 Kib! NTR engine are shown in the table. Key differences in the design bases

selected for this size of engine were a fuel-to-support tie-lube ratio of 6:1 and reflector thickness and number of control
drums. The eifective core di quired to meet target objectives is 25.18 inches.
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50 Kibf Thrust Engine

Core Fuel Loading & Power Distribution
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The normalized fuel loading profile predicted for the 50 Kibt NTR engine is shown as a function of normalized area
parameter, R*. As shown, the fuel loading profile ditfers from the 25 Kibf engine data due 1o the larger size and the change
to a 6:1 fuel:support tie-tube ratio. The lower fuel loading required in the center of the core is related to the change in the
moderation of the core and the increase in median fission energy and the effect of radial ieakage.
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MCNP Model for 75 Kibf Thrust Reactor

Key Parameters EK i
| l Ettective Care Diamater (in.) 30.66
— FockSuppot Ratio .~ r__g:l__
| ————= Cone | ength (in) 52.00
Reflector Thickness (in} ] 4785
N;.;.l;mms 18
—= Peak Fuel Loading o 600
O ~_ivl'gtoatlng w.r.t. SNRE ) 04
\(
\
AL ) \X\
\
)
& y/
_ 118 / //'////
N [T o
!/ / ;

Westinghouss flectric Corpocation

Predicted neutronics parameters for a 75 Kibf NTR engine are shown in the table on the right. The 75 Kibf engine size is
similar o the NRX-AB or R-1 size and the predicted parameters are comparable to the NERVA data. Key differences in
the design bases salected for this size of engine were a decrease in the ZrH loading in the support tie-tubes of 0.4 with
respect 1o the SNRE loading. The reflector thickness and number of control drums lor the 75K engine are the R-1

dimensions. The effeclive core diameter required to meel target objectives is 30.66 inches which Is similar to the NERVA
design. .
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75 Kibf Thrust Engine
(32re Fuel Loading & Power Distribution

Normalized Value
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" Westinghause Fiectric Conpovation

The normaiized fuel loading profite predicted for the 75 Kibf NTR engine is shown as a function of normalized area
parameter, RL. As shown, the fuel loading profile is similar to the SOK engine data and Is comparabla to NERVA loading

profiles.
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Reactor Size, Kibf

Parameter 25K 50K | 75K
Thrust(b) 25000 | 50,000 75,000
Fuel: Support Ratio R 6:1 6:1
Power (MW) 512 1024 1536
Flow (Ib/sec) 282 | 563 84.5
Core Diameter (in) 188 252 30.7
ZrH Loading (Relative) 10 | 1o 04
Reflector Thickness (in) 8.0 5.1 48
Pressure Vessel OD (in) 38.8 41.9 ar7 |
Reactor Mass w/o Shield (ib) " 5180 6250 8040
Reactor Mass w/Shield (ib) 6590 8080 10480

q‘ Rochkwell internetional

Rocherdyne Divigion.

Westinghavat Flecinic Corprestion

A summary of the results of the preliminary sizing of NTR engines in the 25Kibi-1o-75KIbt size range is shown in the table.
The design bases used in the parametric analyses are listed on the left. The prismatic fuel element langth of 52 inches
was adapted from NERVA and fuel performance limita defined based on the PEEWEE data. The predicted masses for the
reactor system without and without shielding illustrate the effect of engine size on the engine performance characteristice
and sizes. The use of ZrH in the 75K engine size differs from the NERVA design and the impact on a reduced reactor size
and mass is shown. The shield masses included in the summary table are based on the same thickness of shield with the
mass differences only showing the change in shield diameter.
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« Heterogeneity Analysis
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Unit Cell 6:1 Arrangement

Fuel Element

” Rockwell internetionat
Rechardyns Division Westinghouse Blectric Comporation

A limited study of the homogensous region modelling technique for the prismatic fue! element core lattice with ZrH
moderated support tie-tubes was carriad out using the MCNP method. A unil cell model of a 6:1 fuel-to-support tie-tube
configuration Includes an annuler model of the ZrH moderated tie-tube and the 19 coolant hole prismatic fuel element. A
series of unit cell MCNP calculations were run to pradict the effact al the ZrH tie-tuba on local power distributions and to
pradict materlal or materlal interchange reactivity worths on a unit cel basis.

- -92
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Effect of Modelling on Element
Power Distribution
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Comparisons of the effect of heterogeneous versus homogeneous madsliing an the power distribution In the prismatic fuel
assembly is shown in the left figure. The homogeneous model in a unit cell was derived by volume weighting of the
prismatic fuel element, tie-tube materials, and hydrogen coolant of the tie-tube and fuel element. The comparison shows
a peak to average local channel power of 9-10% for the explicit model of the unit cell. The smear modelling of each luel
element or tie-tube provides similar peak-to-average values. Shown in the right figure is the effect of a decrease in ZrH
volume fraction or the introduction of cold (50K) hydrogen In the upward pass of the tis-tube. The maximum effect on local
power occurs when the ZrH tie-fube Is flooded with H, coolant at 50K.
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ANALYSES OF 50K ENGINE DESIGN CONCEPT

& Rockwelt International
Mochardyne Crsision

20633

® Reactivity Coefficients
¢ Component Nuclear Heating Rates

@ Reactor Radiation Fields
- Shielded (R-1)
- Unshielded
- Reduced Shield
® Material Temperature Limit Assessment

® Tie-Tube Thermal Analysis

Westinghowse Fiecitic Corporation

Neulronics analyses of the NTR 50K engine configuration delined earlior were expanded to provide mote detailed core

performance data. The limited analyses were performed with a more delailed MCNP model to predict the design data for

key design parameters as listed on the facing page. Included in the more detailed analyses was; 1) the prediction of

reflactor control drum worths and span, and 2) raactivity change dua to water immarsion of the nuclear system  In addition,

componsnt nuclaar heating rates and radiation fields external to the reactor system are pradicted and shown in jater pages

In additic:n, evaluations of the component lemperature limits neaded for restartability studies and analyis of tre-tube thermal

perform aince are shown in later pages.

NTP: System Concepts
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50 Kibf Thrust Engine
Control Drum Reactivity
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Westinghowse Electric Conporation

The predicted reflector control drum reactivity relative to the critical condition is shown on the facing page. The results of
the individual MCNP calculations with the explicit modeling of the control drums in MCNP method provide results in
agreement with NERVA predicions and Hlustrate the drum span avallable for control and shutdown of the 50K engine.
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Reactivity Coefficients

Case: 50 Klb, Thrust Engine

" PARAMETER CHANGED

Drum Worth (@ 80°)
Core Volume

_REACTIVITY CHANGED

7.3¢° Rotatjon

38.9¢/%

Fuel Loading

ZrH Loading
Reflector Thickness

18 Drums (7.34$ span vs. 5.83$ for
12 Drums)

15.6¢/%
19.2¢/%

1B7¢%

$2.1

m Rockwefl internationst

Rockeidyns Division

The predicted reactivity coefficients or worths for key design parameters are fisted on the facing table. The predicted drum
worth is based on the 80 degree postion. The vaiue of 7.3 cents/degree is In close agreement with the NERVA predicted
value. Reaclivity coefficients for changes In the reactor configuration, fuel loading, ZrH loading In the tie-tubes, and reflector
thickness provide data for evaluating design configuration changes. The largest value is the core voiume coefficient which
is attributed to the change in neutron leakage from the core. Shown also Is the effect of changing the number of reflector

controf drums from 12 to 18 drums.
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. Reactivity of Immersed 50K NDR _
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Predictions of the effect of water inmersion of the entire reactor system was modslied in MCNP by replacing the H, coolant
modelled In each region with waler and surrounding the entire system with water. The reflector control drums were parked
and a boron-containing material was substituted for a fraction of the fusl element coolant channel volume. The reactivity
change from the base case is shown as a function of the volume percent of coolant channel displaced by the boron-
containing material. A value of five (5) percent by volume of the coolant channel is a 62 mil boron wire in 7 out of 19
coolant channels in each prismatic fuel element of the core. The reactivity insertion provided by the 5% by volume of boron

wires is approximately -74$ with the water immersion of the system resulting in a +508 reactivity insertion.
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COMPONENT HEATING IN 50K REACTOR

 COMPONENT Power, Mw | PERCENT OF TOTAL
Core Fuel and Supports - 1000 B 97.66
Core Periphery (Filler & Seals) ol 6_6__ “_'_ 06_5 B _ .
Core Barrel Structure 24 0.24
Reflector & Control Drums 114 1.12
Core Support Plate & Hardware 14 0.13
BATH Shield o 0.7 0.07
Balance of Reactor . 71.4 ) 70.;3' -
Total 1024

a Rockwell international

Roeksidyne Division

A summary of the nuclear heating of the major components of the 50K engine is shown on the facing page. The MCNFP

cell tally method was used to predict the component heating rates.

NTP: System Concepts

100

Wesimghouse Electeic Comperstion

NP-TIM-92



NP-TIM-92

REACTOR RADIATION FIELD
TALLIES IN MCNP-3B CALCULATIONS

(Type and Units)

Radlation Fleld Type ) Energy Bin Units
Heating Rate In Hydrogen S . Wikg
Heating Rate In Carbon Whg N
Heating Rate In Stalnless Steel Wikg
Neutron Flux ST :n ‘ nicm'-sec
Neutron Fiux, 1 MeV Equivaient in ?fltﬁ - “ nicm®-sec
Neutron Fast Flux i__»_‘;_________ o |>1Mev nicm’-sec o
Neutron Intermediate Flux 0.1 MeV - 1.0 MoV n/cm’-sec
Neutron Epithermal Flux 0.4eV - 0.1 MeV n/cm*-sec
Neutron Thermal Flux <0dev  Jrwemleec
N;uh'o;n—o;oﬂnno n H}&oﬁon Rad/hr
Neutron Dose Rate In Carbon Rad/hr
Neutron Dose Rats In Stainiess Stesl o Rad/hr
Gamma Dose Rale_lr_[ Hydrogen e Rad/r
Gamma Dose Rate In Carbon L Rad/hr
Gamma Dose Rate In Stainless Steel o Rad/hr
Gamma Dose Rate In Sllicon Rad/r
Q Rockwell International pA S
Mok stgyne Division Westinghosse Flscaric Conparstion

The prediction of the radiation environment external to the 50K engine were performed using the MCNP cell tally methods.
Three engine modeis were analyzed; 1) the conceptual design sized using MCNP in the neutronics design tasks described
earlier, 2) all internal shield malerials removed, and 3) a modified design with a reduced mass of internal shielding. Each
of these models only include the reactor system and the engine components extemal to the reactor vessel, e.g., tanks,

piping, nozzle, are not included in the model. The engine components external fo the reactor vesse! can contribute to the
environment within the internal shield shadow cone and should be included In future studies. The MCNP modelling used

a series of annular ring cells imposed external fo the MCNP R-Z modsl of the NTR reactor system for purposes of talfying
the desired radiation environments. The tacing page summarizes the type of radiation field tallies used in MCNP and either
the neutron energy range of the neutron flux tally or the units of heating or neutron or gamma dose rates.
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RADIATION FIELDS FOR A 50K SHIELDED
REACTOR

50K Shielded, Log Gaumma Rad(C)/he SOK Shielded, Lng Fast Neutron Flux nfem2-sec
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The radiation environment of the original 50K engine design is shown on the next two facing pages for three key taliies.
The first 50K engine design used for this analysis inciuded the standard NERVA R-1 internal shield configuration of 12.3
inches (3125 om) of BATH shield material and 1.3 inches (3.3 cm) of Isad (Pb) shielding. The sacond page is for an engine
design with the internal shields removed. The predicted radiation environments for the shiekiad case are lower than the
design requirements.
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RADIATION FIELDS FOR A 50K
UNSHIELDED REACTOR
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RADIATION FIELDS FOR A 50K REACTOR
WITH A REDUCED INTERNAL SHIELD

® Radiation Field Criteria* (in Shield Shadow Cone)

- Gamma Dose < 1.8 x 10’ Rad(C)/hr

- Fast Neutron Flux < 2.0 x 10'* n/cm*-sec
- Intermediate Neutron Flux < 3.0 x 10" h/cm*sec
- Thermal Neutron Flux < 6.0 x 10" n/cm’-sec

® Reduced Shield Concept:
- Eliminates Lead Gamma Shield
- Reduces BATH Thickness from 12.3" to 9"

® Reduced Shiéld Peformance ~ 900 ib. Reactor Welght dver Standard
Shield ‘
- 900 Ib Mass Savings versus R-1 Type
- Meets Above Criteria (Design Margin > 2.0)

* Per NASA Directive _
m Rockwell interneationsl

Rock ebdyne Divlsion Weminghomse Electric Corporstion

Based on the design requirements imposed on the intemnal shisld design of the NTR engine, a reduced iniémal shidld with
nine () inches of BATH shield material and no lead (Pb) shielding was modslled and the resulting radiation énvironments
compared fo the standard design described earlier. The facing pagse lists the radiation field design requirements specified
for the NTR engine. The reduced shislding configifraton meets design requifements with a design margin in the shadow
cone of the internal shield of a factor of 2. Tha design change resulls In a reduction in shield mass of approximately 900

pounds..
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RADIATION FIELD COMPARISON TO
CRITERIA FOR 50K WITH
REDUCED INTERNAL SHIELD

Ratio Gamma Rad/Allowable
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Rcm) -
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” Rockwell Intermetionsl 7 (C1MY)

Aechotdyne Division
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9.0" Thick Bath, No Lead
Meets Criteria by a Factor of 2

Saves 900 Ib. in Engine Weight

Westinghouse Ricctric Comaretims

The contour plots on the facing page provide data on the performance of the modified shield configuration for the 50K
engine relative to the design requirements. The conlour data is the ratio of the predicted radiation environment level to the
design requirement discussed before. As shown by the data, the reduced shield configuration meets the design
requirements within the shadow cone of the internal shield. The design margin In the shadow cone s a factor of 2 or

greater in the shadow cone. As di:

105

d before the mass savings of the reduced internal shield design is 900 pounds.
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MATERIAL TEMPERATURE LIMITS

ALTERNATE
REGION | MATERIAL REUSE TEMP (K) | MATERIAL** TEMP (K)
FuelElement _ _|Grophite 2500 )
Other Core Materials ZtH, B 1000* No
, e feo HDMoly 2000
A-286 %0 |superalioys | -1400
ssa04  |750 | superalioys | -1400
.Reﬂccl.:d Matorlt;l; i éu—B a 1200 - ' '
C|ee |10 No o
Vessel Materlagr o 5-6061 406_ i NI, Fe Alloys ,‘ j—
L 80  |NLFeAloys |
Shield Materials BATH ls0 1
T Lead -550 Tungsten

*Must be pressurized with hydrogen (> 10 TORR)
**No materlals identifled which provide a capability without significant mass, performance or

design penalty

q Roackwell Internationat
Reckvidvns Diision
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Temperature Profiles @ Elevations

in Tie Tube for Full Power Conditions
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Puchaldyne Oivision Westmghouse Blecaric Copurstion

The tie tube assembly serves two purposes: provides the laleral support for the fuel elements, and heats hydrogen
propellant used to drive the turbopump.

The thermal analysis of the tie tube bly was peri d o establish the adequacy of the design In terms of component
temperature and to determine the energy transferred to the hydrogen. The thermal model used for the analysis employed
ially d dent heat g tion and boundary temperalure conditions, temperature and flow dependent hydrogen heat

>

transter eoemdem and temperature dependent malerial properties. The thermal model will be used to perform parametric
steady-state analysis, as well as transient analysis of throttling conditions.

The radial temperature distribution at three locations (top, middie, and bottom) of the tube assembly is shown on the facing
chart for full power conditions.

! The temperatures of the ZrH are critical since it has the lowes! temperature capability of the materlals used in the tie tube
assembly. As shown, the maximum calculated temperature for the conditions used exceed 1000 K by a small amount at
an internal node in the ZrH cylinder. The calculated heat transferred to the tie tube is 0.18 MW.

The thermal model has been verified against the small engine in the Nuclear Engine Definition Study. The analysis
demonstrates that the thermal conduclivily of the ZrC insulalion is the largest factor in achieving the goal of 0.31 MW per
tie tube.
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ASSESSMENT OF FUEL TECHNOLOGY

® Review of ROVER/NERVA Test
Experience

® Evaluate the Corrosion Mechanisms
Atfecting Fuel Performance

® Define Problem Areas Needing Near-
Term Solution

® Fstablish Near-Term Fuel Performance
Limits

® Compare Near-Term Performance to
Fast Track Needs

” Rockwelt Internationnt

Mocaetyne Divizion Weannghouse bikectric Comoranon

oy

An assassment of tho N -RVA/Bover tuol tachinology o 1972 is needad to establish expected performance parameters for
the Fast Track angina. Tha fual life for the Nerva graphite type prismatic fuel element is daterminaed by the amount of
graphite weight loss which can ba tolerated betore the neulronic margin has been lost. The waeight loss from the fuel
alament is due to the corrosive atfect of hydrogen on the graphite, which is categorized as either “mid-band corrosion,”
basically results in a chemical maction of hydrogen and cartborn in intitata contact. or "hot end corrosion,” cashon diffusion

through a protactive coaling on tha graphite surface.

Graat strides were made noau the ond of the NERVA/Haver program in understanding and eliminating the mid-band
corrosion, and it is a basic premise that this corrosion mechanisim bo suppressed in order to support the nends of the Fast

Track program.

Rased on the reactor/engina ta-ting program, and the non nuclear corrosion tesling of fuel eloments using the impraved
GEM coatings, the performance lionts of "near term” fuel elements were astablished. The expacted fuet element

portormance was then comparad aganst the noods of the Fast Track program
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Fuel Elements

@  Sustain controlled nuclear heat generation
Pyrocarbon coated UC, fuel beads dispersed

through AXM graphite matrix (630 mg/cc
maximum fuel loading

UC,-ZrC In composite with graphite
{700 mg/cc maximum fuel joading)

@®  Limit total reactivity loss to $1.00 at end
of life

Carbide coating of flow channels

® Promote heat transfer from fuel element to
H, propeliant

19 flow channels in each 3/4 in. HEX
52 in. long fuel element

‘l Rockwell internationa

for s supne Divienn

Wesnmpl e Blectog Cimpmnarem

The NEERVA/Rover prismatic graphile fusl element is .75 Inch actoss the flats, and 52 nchas sang 1t comaing 19 How
holes (approximately 0.1 inch in diameter). All graphite surfacos have a frotactiva Z+C of NhC ayar 1o protect it from thn
hydrogen.

UC, tuel beads coated with pyrocarbon are dispersed through the matsix at a maxunum fuol loading of 63C mec. For the

more recent composite type fusl element a maximum tuel loading of 700 mg/ce is achiavable

Nuclear design of the NERVA reactor limits the reactivity loss to approxunatuly 13 at the end of fuc lita - Since 1he reactivity

loss is mostly a resull of luss of cartbon due to the hydrogen corrosion. protactive coatings are used 1o e v the rale ot
carbon ioss.
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Fuel Element Comparison
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COMPOSITE MATRIX

Westinghous filectric Coparation

For all the NRX reactor and engine tests, the graphite-type fuel was used. However, toward the end of the NERVA/Rover
program composite tuel emerged as the most promising candidate in reducing the hydrogen corrosion and in increasing

the temperature capabiliity of the prismatic fuel slement.

The composite fuel element consisted for a dispersion of UC-Z(C wab In the graphite substrate. Since this web is

continuous, and essentially unaflected by hydrogaen, it acts as a barrier and limits the carbon loss from the fuel.
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Major Milestones in Fuel Development

® Graphite Fuel Element/HED NbC Coating (NRX-A2/A5)
@ Graphite Fuel Element/HED NbC + Molybdenum Coatings (NRX-A6/XE))
@ Graphite Fuel Element/GEM NbC/ZrC Coatings (PEWEE)

@® High CTE Graphite Composite Fuel Element/GEM ZrC Coating
(Nuclear Furnace -1)

@ Carbide Fuel Element (Nuclear Furnace -1)

* Rockwelt international
Rocheidyns Divisten Westinghouse Bleciic Corpoestion

The standard graphite fuel element with a HED NbC coating was used on NRX-2A/5A reactor series. The HED coaling
process rasulled in a coating with a significant number of cracks, which seemed to have an adverss effect on the mid-band

ootrosion protection. In order to improve the mid-band gorrosion petormanoe of these slements, 8 molybdenum overcoat
was applied to the fuei for NRX-AG/XE prime reactors.

The next improvement in the coating technology came with the lower temperature coaling process, GEM, whereby ZrC or
NbC coating could be applied without cracks in the coaling. Fual elements with this coating process were run in Pawes,
but resulted in significant mid-band corrosion.

The fusl slements for the Nuclear Furnace-1 (NF-1) were of the high CTE graphite composite type with GEM ZrC coatling,
which were predicted to have eliminated the mid-band corrosion based on non-nuclear corrosion testing. Pure (U,Zr)C tuel
elements were also tested in the nuclear furnace. These were manufactured as small hexagonal rods with a single cooling
chamnel in the center. The carbide fuel elements were projecied 1o have very low corrosion rates and very much higher
temperature capability than both the graphite and the composite fuel elements.
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NERVA/Rover Fuel Performance

REACTOR FUEL EXIT | TIME AT MAX | AVG.WEIGHT | TOTAL
TEMP. (K) TEMP.(min) | LOSS PER | REACTIVITY
B 7 7 ELEMENT (g) | LOSS (€)
'NRX-A2 ] >200 | 34 | a7 12
NRX-A3 >2400 | 165 | 165 58 |
NRX-EST | >2400 28.6 a5 | a0
NRX-A5S >2400 | 301 | 21 | 2m
'NRX-A6 >2556 62.7 132 70
NRX-XE 2000 103 7.3 .
'PEWEE-1 | 2750 4 20
NF1 | zes0 | 109 137 L
 PHOEBUS 1B 2445 30 137

% Rochwell Internetional

Ruck sidyns Division

NTP: System Concepts
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As a result of the improvements In the corrosion resistance of the fuel elements, the NERVA/Rover reactor tests showed
a gradual increase in temperature capabillly and time at maximum temperature. The fuel life is dependent on the weight
loss for the elements, and the resulting reactivity loss. Based on a reactivity margin of 1$ for corrosion from the fuel, the
NERVA/Rover {uel life corresponds to a 15 to 20 g fuel element weight loss.
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Corrosion of Rover/NERVA Fuel Elements
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Wesinghiwse Plectiic Conpurstion

The corrosion behavior along the length of the fuel element showed two ditferent characteristics. From an axiat position
of 200mm to approximately 650mm from the cold end, an enhanced corrosion (called the mid-band corrosion) dominated.
The temperature regime for this mechanism is 1000 to 2000 K, significantly below the maximum fuel temperature, in the
progression of coaling and fuel slement improvements, there seemed to be negligible improvement in mid-band corrosion
except for the demonstrated benefit of the molybdenum overcoat. From approximately 650mm to the hot end of the fuel
element (catied the hot end corrosion), the corrosion rate seemed to temperature related, and a signilicant decrease in the
corrosion rate was observed as the coalings were improved. Electrically heated fus! element corrosion tests performed after

the NF-1 testing demonstrated further improvements in the hot end corrosion rate, including a 10-hour life of a fuel element
demonstrated by Westinghouse.
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Key Reference Points For Fuel Experience

‘ 'REACTOR TEMP | TIME (MiN) | CYCLES | TOTAL | miDBAND | HOT END
‘ TEST FUEL EXIT LOSS (G) (G) (G)
NF-1 * 2444 71083 B 4 ' 13.7 _”876 ] 5.1
| NRX-A6** | 2556 627 | 1 12.8 23 105
NRX-XE ** ~2450 10.3 2 | 13 | 68 | 87
¢ Replacement composite fuel elements with crack free ZrC coating (GEM)
** Graphite fuel elements with NbC coating and molybdenum overcoat

Wesinghowse Electric Comoration

The most successful graphite fuel elements were those tested in NRX-A8, which were also used in NRX-XE prime engins
configuration. These fuel elements utltized tha HED NbC coating with molybdenum overcoat, and demonsiraled a significant
reduction in the mid-band corrosion compared to earlier NRX series tests.

The alternative fuel element technology is the composite, which was tested in NF-1. These slements, which were called
the “replacement elements,” were high CTE graphita coated with a superior ZiC coating (free of initial cracks) applied by
GEM process.

The weight loss results for the A-6 and the XE prime fuels indicate that the A-6 vintage fuel has a signiticant sensitivity to
b4

thermat cycling. The NF-1 composite fuel elemants demonstrated better hot end corrosion than the A-6 graphite fuel;

however, a surprising degree of mid-band corrosion was still presant.

NTP: System Concepts 114
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NF-1 Fuel Damage Explanat
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Mid-band corrosion did not occur in the electrical testing of the composite fusl elements for NF-1, but caused the most
significant weight loss during the reactor testing. Mid-band corroslon Is believed to be a result of decreased thermal
conductivity, possibly caused by fission fragment damagse 1o the graphite matrix. The reduced thermal conductivity resuits
in higher thermal gradients and increased thermal stresses, which causes cracking of the protective coatings and allows

hydrogen to react with the graphite substrate. Mid-band corrosion must be fully understood and suppressed to meet
performance requirements of the Fast Track program. Use of a molybdenum overcoat on composite fuel elements, or

improved fuel particle coating in the graphile fuel 1o trap the fission fragments, are potential design solutions to mid-band

COfrosion.
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Composite Fuel Element
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Composite fuel elemsnt testing provided a good correlation between the hot end corrosion measured in electrical testing
and that observed in the NF-1. Hot end corroslon Is caused by carbon diffusion through a prolective coaling and, therefore,
is senaitive 1o the Integrity of the coating, the coaling thickness, and the temperature of the coaling and fuel substrate.

-TIM-92
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Near Term Fuel Element
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Based on the assumption that the mid-band corrosion will be suppressed in near-term fusl elements, and the hot end
corrosion rates measured in electrical testing and NF-1 testing, performance limits for near-term composite fuet can be
calculated. Similar performance data can also be generated for the NRX-A6 type graphite fuel.

Comparing the projected near-term graphite fuel performance NRX-6A type with the composite fuel (NF-1 type) shows a
100-120 K temperature advantage for the composite tuel.

The improved performance of composite fuel is atiributed to either the projected improvements in corrosion due to the
composite fuel form or improved coatings used for NF-1 tuel elements. The Improved coalings of NF-1 fuel elements are
considered the most likely contributor to improved fuel perfarmance.
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Summary and Conclusions

@® 1972 Fuel Technology was making progress toward meeting life/performance specifications
consistent with current Fast Track requirements

- understanding of midband corrosion was being developed
- excelient hot end corrosion protection (ZrC on high CTE graphite) was demonstrated

® Corrosion limit for fuel elements was established based on 1$ reactivity loss
- for NERVA type reactors, this translates into 15 to 20 grams corrosion loss per element
@® Near term fuel development must resolve midband corrosion problem
- fisslon fragment damage to graphite may be reduced by beaded fuel in graphite and
composite matrix
- molybdenum overcoat may suppress midband corrosion
- improved graphite matrix may reduce or eliminate problem

® Near term composite fuel will have 4.5 hours life at 2470K to 2520K fuel outlet temperature

- near term graphite fuel based on GEM ZrC/high CTE graphite is expected to perform
similarly to near term composite fuel

@® Near term fuel elements are expected to provide ISP -850 seconds

‘l‘ Rockwell inteinational @
Rocketdyne Division

Westinghouse Filerteic Cony
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Assessment of Nuclear Safety Issues

® Nuclear Safety Policy Working Group (NSPWG)
Recommendations

® Accidental Criticality Sources for NERVA Derivative
Reactor Design

® NERVA Safety Approach
@ SP-100 Safety Approach

@® NERVA Derivative Safety Approach

* Auchwell knternational

. i
Rochetdyns Divisten Weninghowse Flecttic Corprration

An assessment of the nuclear safety issues for a nuciear thermal propuision system must be made based on the current
regulatory guidelines, and the recommendation from the Nuclear Safety Policy Group (NSPWG). Starting with the accidental
criticality sources for the NERVA derivative reactor daslign, the safely approached developed for the NERVA flight engine
and the current SP-100 reactor safety approach, and the planned NERVA derivative safely approach will be discussed.
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Assessment of Nuclear Safety Issues
From NSPWG & NP002 Safety Recommendations

®  No inadvertent reactor startup
- Zero power testing on ground
- Startup after achieving planned orbit

@® No inadvertent criticality
- Subcritical under all credible accident conditions
- Highly reliable control system

L No significant radiological release or exposure

Only zero power testing prior to achleving planned orbit
29CFR1910.96 dose limits to flight crew

Insignificant impact to population of Earth

Insignlificant impact on Earth and space environment
Spacecraft not rendered unusable when crew survives accldent
Radiological release not impalr use of spacecraft

Weiinghouse Blecuic Corporsion

Assessment of Nuclear Safety Issues
NSPWG Safety Recommendations (contd)

@ No planned reentry

- Minimize probability of inadvertent reentry

- Minimize consequences of inadvertent reentry
{high ait. disposal or Intact reentry)

- Subcritical at all times

- Minimize impact dispersion

Minimize hazardous materials release

Ensure safe disposal

- Part of mission planning

- Adequate and reliable cooling, control and protection

- Ensure non-premature final shutdown

® Safeguard nuclear material
- Poslitive measures to prevent theft, diversion, loss or sabotage
r Features to enhance safeguards and permit proven methods to be employed

- Pnaltiva monenrac nr fastiirae far rarnvary inelisdinn lattienn and trankinae

The NSPWG recommendations for safety requirements and guidelines addresses the protection of the public, the crew, the
snvirohment (both Earth and space environment), and includes recommeondatlons for the safe disposal of the spent reactor
system.
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Assessment of Nuclear Safety Issues

Accidental Criticality Sources and
Potential Countermeasures

Accldental Criticallty Sources:

Source Max!mum Reactlvity Insertion

Core Compaction ~ = Theorelical Densily)

Exiemal Neutron Heflaction B P 4 ]
Conirol Drum RolFOul T 733{%4.50 Orum Span) " T T
Hydrogen insertion =383 :

Waler Immersion I R 7(: B

olential Couniefmeasures:

Cim Negative Reaclivity Worth
[Central + Peripheral Folson Wires =300 - T
iCantral Polson Wires Only - 310 R
Confrol Drums "Locked™ Full-ln™ "~~~ 7~ 77777 | "§1.50 at Amblent Temperaiure ™~~~

alely rods = §90 ': .

*Limiting reactivity addition If the core could be completely flooded with high density LH,.

q‘ Rockwell international

Rox satdyrs Divivon.

Westnghouse Flectne Cosposstnn

The sources for accidental criticality of a NERVA derivative reactor are core compaction, externai neutron eflection (from

water or soil), control drum rotlout, hydrogen flooding, and water immersion. The countermeasures for reactivity events must
assure a subcritical condition with a negative reactivity margin of 1$.

For the NERVA reactors the criticality margin was assured using poison wires (7 for each fuel eiement). Other reactivity

control means for NERVA-lype reactors are the control drums or the possible introduction of safety rods within the core.
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Assessment of Nuclear Safety Issues
NERVA Safety Approach

® Poison wires in core after assembly for shipping
- ~7 Boron/aluminum wires/elements
- Wires would be removed before launch

® Redundant safety features to preclude drum roll out
- Permanent magnet stepping motor used in control drum drive actuator
- Drum roliout requires erroneous command signal and closing electrical power circuit

®  Anticriticality Destruct System (ACDS)
T To fracture reactor by use of explosives
- No more component greater than 3 fuel element

®  Prevention of hydrogen insertion
- Closing PFS valves when flooding is detected within 300 seconds of full leakage

‘l‘ Rockwell intesnational

Rechod
yne Diviessn Wemigheme Elccrrsc Commetnn

For the NERVA reactars the poison wires were primarily used to maintain the fully assembied and fusled reactor in a safe
condition during transportation from the assembly area in Large, Pennsylvania, to NRTS. For a flight reactor the poison
wires were to bs removed prior to launch. Redundant safety features were used to praciude drum roll-out prior to the
planned reactor startup in a sate orbit. To preciude criticality events for a launch accident or an inadvertent reentry avent.
an Anticriticailty Destruct System (ACDS) would be used to break up the core.

Hydrogen flooding of the core was precluded using redundant valves and hydrogen sensors.

NTP: System Concepts
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Assessment of Nuclear Safety Issues
SP-100 Safety Approach

® Two redundant shutdown systems

- Moveable reflector segments
- Multiple safety rods

Only planned use for ultimate shutdown
® Rhenium liner at core periphery to absorb thermal neutrons
- Water immersion
® Inadvertent reentry and Earth impact

- Reactor remains Intact and subcritical

‘P Rockwell Internationsl
Aochoidrne Divigion

Westinghowse Fleciric Coporation

The SP-100 space power reactor system (SPRS) has been subjected to more extensive safety evaluations based on current
guidelines. The decisions made and planning for the SP-100 SPRS will most probably apply to the NTR. *

The SP-100 safsty approach employs two redundant systems, moveable reflectors, and salety rods. The safely rods are
designed to provide for permanent shutdown of the SP-100 reactor system after the completed mission
salety rpd design allows for the retraction of the rods from an unplanned insertion.

However, the

in addition 10 the moveable reflectors and sately rods, the SP-100 reactor includes a rhenium liner internai to the reactor
vessel to caplure neutrons thermalized external to the vessel and precludes back retlection from a water or earth immersion

event. The SP-100 safety approach includes reactor system design features to assure an Intact inadvertent reentry and
earth impact event.
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Assessment of Nuclear Safety Issues
Safety Approach for NERVA Derivative Reactor

Preliminary safety evaluations have been initiated
Current safety guidelines appears to require dual shutdown systems

- Control drums for normal operation
- Safety rods for ultimate shutdown

@  As part of the safety study, the design team is evaluating

- Retractable safety rods
- Neutron absorption at core periphery for Earth and water immersion
- impact of intact reentry

* Rockwell Internations!

Perhatdyre Mvisinn Z
L p—

There has been no in-depth safety evaluation of the NERVA derivative reactor system completed to date. However, it is
oxpected thal the results of such an evaluation will be similar to SP-100 safety approach adapted to the reactor design.
Based on the current satety guidelines, Incorporation of dual or redundant safety shutdown systems will be needed to meet
today's requirements.

As part of an ongoing safety evaluation for the NERVA derivalive system Westinghouse will evaluate the use of revraclable

safety rods in the core and neutron absorbing liners at the core periphery to achieve the current safety guidelines. The
design impact of an intact reentry will be evaluated for the reactor design.
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Reactor Development
Summary and Conclusions

® Engineering and analysis of NERVA derivative reactors were successfully benchmarked
against the NERVA/Rover test reactors for:
- Reactor size and neutronics performance
- Deslgn characteristics such as fuel loading, ZrH moderator requirements, and control
drum span
- Internal shielding performance
- Thermal performance of tie tubes

® A reactor conceptual design for the NASA 50K fast track engine was validated neutronically
and thermally by analysis.

The 1972 NERVA/Rover fuels technology must be recaptured and demonstrated.

Near term fuel technology must resolve the mid-band corrosion problem.

Near term fuel technology will meet fast track requirements.
® NERVA/Rover safety shutdown systems appears Inadequate for today’s requirements.

- A secondary shutdown system will be developed for the NERVA derivative reactor
designs.

'l' Rochweil International

Roctotdyne Divtasen y
Aestmel re Elecrnse Coper itom

In this project we performed trade-of! studies, daveloped a singte point corceptuat reactor design. and validated this design
thermally and neutronically.

The engineering and analysis supporting the trade-oft studies and the point design were successiully benchmarked against
the NERVA/Rover reactor designs. The reaclor size and neutronic performance was astablished for a range of reactor sizes
for engines producing 25 K to 75 K Ibs thrust. The design characteristics such as fuel loading requirenients and radiat
loading profile, ZrH moderator requirements, control drum worths and control span. were established.

A reactor concept for the 50 K Ibf engine was developed and validated neutronically and thermaily by analy<is

Internal shielding performance was established for the standard -1 shielg configuration, an unsiielded. anu tor a reduced

shield reactor.

The tie tube thermal pertormance was modelied. and gvaluated for steady stals condilions. Trade studies will nstablish the

ranga of ZiC insulation properties and thermal transient performance

The fuel technotogy of 1972 (the end of the NERVA program) was avaluated. This technology inust be recovered and
agemonstrated as a baseline. Further, this tachnology must be advanced by sliminating or suppressing *he midband
corrosion prablem to meet the fusl life requiremants for tha proposed missions. This “near term” fuel technotogy will meet

the needs of the fast track program,

Raviawing the current requirements and recommendations for nuctear satety tor the NTR, and the approacn taxen by other
space power reactor systems, leads to the conclusion that the NERVANRover safety approach must be ucgraced. Current

plans are fo evaluate a secondary shutdown system for tha NERVA dervativa reactor design,
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50K NTR, Expander Cycle, Dual T/P*

Centritugal Pump

Y
M DESIGN VALUES.
w onm PUME | LOWHATE (IO1AL) 57561 ST
==t e UM DISCHANGE PRESSUIN 1755 PSIA
Pum P 5249 NUMBER OF PUMP STAGHS 2!
1 P ump PUMP FFFICIENCY 280 %
R THRBOPUMP RPM 47 500 APM
Mcneck Valve Chrck TUHRBOPUMI POWE N (EACH) 387010}
9755 | urbsine h Valv IURBINE INLET TEMP 267 A K
- Tutbine ";_"‘,‘:7 lusbing | /p,...,,.o" NUMDER OF TURBINF STAGI S 1
Shut 0"\; 111300 8 ; Vaive-- TURRBINE EFFICIENCY 7266%
} o L 5o1043 ( 7P ont TURBINE PRESSUHE RA1IO 1611
P out TUHBINE I-LOW BATE (EACH; 17 62 LASFC |
[ pasns]|  ro1sas HE ACTOIENGINE THERMAL POWF H 1.031.7 MW
X IR I FUFEEYEMENT ERANSEERIE D POWER W65 1 MW
AN /,...,.,., CONE THENMAL POWER (FUCY CLEMENTTIE TUBE) 4 4906 Mw -
“"“““;'/s. nongg S-1030
e e ] ENGINE THRUST 500001 AF |
- 7? - 5 - NOZZUE CHAMBER FEMPERA IURE EXrs
P.osg CHAMBE B PHESSURE {NOZ2LE STAGNATION A PS
7‘”‘""‘.’ Bypass (] - f ltes NP1 B £ XPANION ALEA AT 10 ! 70450.&
Control Valve . o564 et NOZZtL F PERCENT LENGEH 110%
t-217 ¢ 4] S-11m0 ‘P
o VACUUM SPECIF IC IMPULSE (DFLIVERED) 86872 5
Hotn J J Letioctor an ORI STEEN I MPLLSEADELIVERED) . 80
|11 Heflector Covlant -
Tie Tubes —"] Heal loads are as follows: Nozzle-con (total): 29.44 MW
Parge B E]efoemap i/ Nozzle-div (lotal): 9.86 MW
12556 1 / Reliector (lotal):  12.10 MW
W-5756 ; Po1380 1 Tie-Tubes (total): 54.50 MW
117504 "y 1-72520 .y
WaR 1o \ W
H-1507 7,
St M SRS |, [, PSIA
Daltap - 1463 I = DG K
P-1871 5 w tB8/S
oo = BUAB
117660 0 S-BIUABR
12,48 Nozze Cooling

aih *Note: Flows indicated are for one-half of system.

‘l Rochwell hternational

Aockeidyne Divisien
Westughouse Eleuinie Comporating

50K NTR, EXPANDER CYCLE, DUAL T/P
CENTRIFUGAL PuMpP

‘The SOK full-thrust system halance propellant conditions are shown at key points on the schematic.  Significant design values
and component heat loiuds are presented in the tables.

The pump inlet pressure was set at 32 psia, altowing a tank pressure of approximately 35 psia.  ‘The engine flowrale is 57.56
Ib/sec (28.78 tb/sec for each pump). The pump pressure is 1,755 psia, resulting in a turbopump power of 3,870 Ilp (each).
Approximately 60% of pump flow goes to the tie-tubes and approximately 5% goes to the nozzle jacket, providing cooling and
energy to power the furbine. The balance of the pump Flow cools the chamber jacket and the reflector hefore joining the Mow
exhausted from the turbines,

' ‘The nozile jacket (nozzle-div) and tie-tubes provide total power of approximately 64 My to heat the turbine drive loop to 257K

with a turbine inlet pressure of 1571 psia. The single stape turbine has a flowrate of §7.6 Ih/sec and u pressure ratio of §.61

’ to drive the pump at 3,870 Hp and 47,500 rpm. Approximately 10%. of turbine flow is bypassed around the turbine through
a control valve to provide overall engine control in conjunction with the reactor control drum actuators.

‘ ‘The turbine exhausts and turbine bypass Mows are combined and discharged into the pressure vessel dome where they join
with the flow which cooled the chamber jacket and reflector. The totat engine flow of §7.56 Ih/sec then cools the Tuel elements
of the reactor with a pawer of 965 Mw, IHydrogen exits the reactor at 2556K (4600R) and 784 psia, ‘This expands through
the 200:1 expansion ratio, 110% length bell nozzle, providing a specific impulse of approximately 869 sec and thrust of 30,000
! Ib.

A check valve function is provided at each pump discharge and a shut-off valve function at turbioe inlet so that »
malfunctioning turbopump can be isolated while maintaining engine operation. ‘These func may he satisfied by a
series/parallel arrangement of valves as was done with the NERVA R-1 engine. Likewise, the schematic indicates only a single
turbine bypass control valve, The nrrangement of valves (o provide redundancy and meetiog "Nuclear Thermal Rocket Engine
Requirements,” NASA NLI°. #0002, has not yet been addressed.

Yi‘
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SPECIFIC IMPULSE ADVANCEMENT

e XE-PRIME 710 SEC

Te 2270K
BLEED CYCLE (FURBINE 10% FLOW)

NOZZLE € OF 10

- REGEN COOIL FUEL ELEMENT SUPPORTS +35
AND CORE PERIPHERY

- INCORPORATE EXPANDER CYCLE +35
- INCREASE £ TO 200, 110%1, +50
- INCREASE Te TO 2550K (PEWEL) +40

e PEWEE-BASED, GRAPHITE ELEMENT ENGINE 1, 870 SEC
- INCREASE Tec TO 2700K +30

L] COMPOSITE FLEMENT, ENGINI [ 900 SEC

” Rockwell Internationnl @
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SPECIFIC IMPULSE ADVANCEMENT

The XE-Prime is the haseline for nuclear thermal rocket engines, since it is the only engine configuration ever tested. ‘This
experimental engine was tested during moch of the year in 1969, but full power and performance were most notably achieved
in June when a chamber temperature of 2270K (4090R) was achieved. Due to the lacts that a low expansion ratio (50:1)
ground test nazzle was used, and that a hleed cycle was used to power the turhine which exhausted 10% of the engine Now
at low specific impulse; aun engine specific impulse of only 710 seconds was realized. Specific impulse Is increased by 35
seconds by using regenerutively cooled (tie-tube) fuel clement supports in place of dump-conled, tie-rod fuel element supports,
and by using regenerative cooling instead of dump-cooling in the core periphery where the transition is made from the
irregular b Jary of the hex I fuel elements to the circular boundary of the seal segments for sealing and bundling the
core.

13

Specific impulse is increased by 35 seconds by using the expander cycle where the turbine exhaust is combined with the balance
of the engine Mow and the total flow is exhausted at the high reactor exit temperature rather than using the bleed cycle where
the turhine flow (10% of the engine flow) is exh d at low temperature and degrades engine specific impalse,

Specific impulse is increased hy 50 seconds by increasing the nozzie expansion ratio from the experimental ground test engine
valite of 10:1 to 200:1 expansian ratio for a flight engine and using a2 110% bell contour which provides the optimum (hrust
coefficient for hydrogen at this expansion ratio.

Specific impulse is increased by 40 secondls by increasing reactor exit gas temperature from the 2270K (4090R) of XE-Prime
(o the 2550K (4600R) of the Pewee Renctor (est,

Cumming the ahove advancement results in the Pewee-Rased, Graphite Element, Engine Specific Impulse of 870 seconds, since
the Pewee Reactor used graphite fuel elements.

Specific impulse is increased by an additional 30 seconds if composite fuel elements where a reactor exit gas temperature of
270K (4860R) can be achieved hased on data from Nuclear Furnace, are used rather than the graphite fuel element with o
reactor exil gus temperature of 2550K (4600R) based on data from Pewee Reactor testing. ‘This resnits in the Compasite
Element (Nuclear-Furnace-Based) Engine Specific tmpulse of 900 seconds.

‘l‘ Rockwoll Internationat
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ENGINE LENGTH AND NOZZLE SIZING
25K ENGINE
STAGE REQUIREMENTS

ENGINE LENGTH - 6.0M
ENGINE I, - 870 SEC

CHAMBER PRESSURE INCREASED
FROM 621 PSIA (PEWEE)

TO 784 PSIA
MEETING REQUIREMENTS AND RESULTING IN:

£ 200:1
110% LENGTH

50 AND 75K ENGINES

USED 25K NOZZLE PARAMETERS
€ 200, 110%L

'l. Rockwell International
Ninckatdyne Nivieinn

Westinghome Bles irie €Corprsms

ENGINE LENGTH AND NOZZLE SIZING

Initial effort in the program covering 25, 50 and 75K thrust engines was directed on the 25K engine, since stage requirements
were provided for this engine. Engine length was limited 1o 6.0 meters with a specific impulse of 870 seconds.

‘I'o meet the stage requirements, the chamber pressure of 621 psin from the Pewcee test condition had to be increased to 784
psia. The higher pressure is beneficial to the reactor core with regard to heat transfer and pressure drop. The resuling
nozzle has an expansion area ratio of 200:1 and a bell contour length of 110% of that for a 30° conical nozzle. With hydrogen,
the 110% length provides maximum nozzle thrust coefficient for an area ratio of 200:1.

For the 50 and 75K engines, the same nozzle parameters of 200:1 expunsion ratio and 110% length were used to result in 2
consistent family of engines from the Ipoints of envelope, performance and weight.

’l‘ Rockwall Internolivnal
. Rocketdyne Olrhalen
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NON-NUCLEAR COMPONENT TECHNOLOGY

® CHAMBER TECHNOLOGY

- ROVER-KIWI, PHOEBUS

- INCONEL-X TUBES

- INCO 718 SHELL

- FURNACE BRAZED ASSEMBLY
LIGHTWEIGHT
HIGH TEMP CAPABILITY

- SSME
- SLOTTED FORGED NARLOY
- ELECTRODEPOSITED CU/NiI CLOSURE
- INCO 718 SHELL
- HIGH HEAT FLUX CAPABILITY
- LOW WALL TEMPERATURE
- SUPERIOR LIFE CAPABILITY

‘l Hockwetl nternations)
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NON-NUCLEAR COMPONENT TECIHINOLOGY
CHAMBER TECIINOLOGY

Rocketdyne has two technologies applicable to the NTR Chamber, the convergent and fow aren ratio divergent component
which attaches to the hottom of the pressure vessel and ducts the seactor exit gas through the sonic region, delivering it to (he
high expansion ratio nozzie. One technology comes from earlicr rocket engine programs, including the Rover program where
tubulac-wall chambers were employed, and still are today for engines such as Atlas and Della.  The other technology is the
slotted, one-piece, copper- wall chamber used for the SSMIE

I'ie Rover taubular-wall cluambers (as shown in the plioto) were used for 7 of the 19 veactors tested in the Rover/NFRVA
program, including Phochus 11 at conditions approaching 1500 Mw, 758 psi chamber pressure, and throat heat flux of 30
BTU/m? sec. These chambers have a contraction ratio of approximately 20 to interface with the reactor at an inlet diameter
of approximately 35 inches, and an expansion rutio of 12 (o exhaust into the almosphere at NTS conditions. Inconel-X tubing
was useqi with an Inconel 78 one-piece forged Shell/Flange. The chamber was o furnace-brazed assembly. ‘This technology
provides a lightweight chamber with approximately 1000K (1760R) wall temperature capability .

‘The SSME slotted, one-piece, copper-wall chamber ( as shown in the phata) was developed for and used on all Space Shuitle
Main Engines. ‘Three SSME’s on each Space Shuttle flight have now powered over 50 missions, and flight configuration engine
testing exceeds 120 hours. The SSME chamber operates at a chamber pressure of approximately 3000 psi with a wall
temperature at the throat of approximately 800K (1460R) and heat flux of approximately 100 BTU/in’ sec. ‘The chamber has
a contraction ratio of approximately 3 and an expansion ratio of 5 with a throat diameter of approximately 10 inches. ‘The
slotted, forged NARloy (Rocketdyne copper alloy) chamber liner is electradeposited an the outer envelope with a thin copper
and then heavier nickel closure of the coolant stots. A welded Inconel 718 shell, manifold snd Dange assembly complete (he
chamber. ‘Ihis technolagy provides high heat flux (100 B1U/in® sec) capability with low (10001 wall temperature. Although
the weight is somewhat higher for an N'TR chamber than with the tubuelare-wall Rover chamber technology, the SSME chamber
technology is favored due to superior Life- Cycle capability and general robustoess.

‘l‘ Rockwell htermutionni @
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NON-NUCLEAR COMPONENT TECHNOLOGY (CONT'D)

¢ NOZZLE TECIINOLOGY
- SSME
- A-286 TUBES
- FURNACE BRAZED ASSEMBLY

¢ TURBOPUMP TECHNOLOGY
- INDUCER
- Mk ISF, Mk 25
- 2-PHASE PUMPING CAPABILITY
- TITANIUM
IMPELLERS
- SSME HPIKIpe
- TITANIUM

- BEARINGS - IYDROSTATIC
- MKk25, MK29FD

- 'TURBINE
- TITANIUM, A-286, OR 718

'X‘ Rockwell hitoationsh

iochsdyns Division St Bl Cosqunnien

NON-NUCLEAR COMPONENT TECHNOLOGY (CONT'D.)
NOZZLE AND TURBOPUMP TECHNOLOGY

Roucketdyne high-expa ratio, regeneratively-cooled, nozzie techinotopy is exemplified hy the SSME nos e shown in the
photo. The construction is tubular-wall, using A-286 tubes, furnace-hrazed assembly, in order to reduce the weight of this
large nozzle, The nozzle inlet is an area ratio of 5§ with an exit area ratio of 77.5. Fhe nozzle length is approsimately 10 1t
with an exit diameter of approximately 7-1/2 ft. The nozzle employs approximately 1000 thin wall, A-286 tubes. As with
the chanber, this SSME technology provides capability beyond the requirements of the NTR, resalting in o vabust design.

Rocketdyne technology applicable to the NTR turbopump draws on elements from several programs; however, is hest
exemplified by the Mark 291" (shown in the phato) which was developed as the liquid hydrogen tarbopump foe the J-28 engine,
Rocketdyne initiated design and development of large, liguid-hydrogen tucbopemps in 1958 under the Rover progeam for
application to nuclear rockets,  Successful testing of the first targe tiquid-hydrogen (Mark 9) pump in 1960 allowed
commitment to the J-2 engine which used the Mark 131 (derived from Murk 9) axiul, llqubkd-hy deagen pomp. The Mk 9
and evolutionary Mark 25 turbopumps were used for 11 of the 19 reactors tested in the Rover/NERVA program and in the
PlumBrook Bt NTR cold-flow engine simulation teststand.

Inducer technology for tiquid-ydrogen pumps is exemplified by 2-phase testing of the Mark 15F and Mark 25 at inlet vapur
volume fractions of up to 30%. Low flow-coefficient, larger diameter inducers were then fabricated for these pumps and tested
to even higher vapor volume fractions. This capability provides for pumping of liquid hydrogen trom a saturated tank without
the need for pressurization to provide net positive suction head at the pump inlet. ‘This provides weight savings to the stage
in tankweight, pressurant and storage tankweights, and vented propellant weight,

The liquid hydrogen centrifugal pump technology of the Mark 2917 was advanced with the SSME Thigh Pressure Foel
Turbopuwinp. Significant improvement in officiency was achieved.

Uydrostatic bearings were demonstrated in the Mark 25 pump in testing in 1972 at N'TS. These bearings used iaterior rolling
clement bearings which provided the rotation a lower speeds during the slow stavt-up and very slow shut-down associated with
NTR's. This arrangement considerably reduces the DN requirement and life requivement Tor the rolling element hearing and
allows use of radiation-resistant cage materials. Pure hydrostatic beariogs in liquid hydrogen is an ongoing deselopment with
the Mark 29FD.

Due to the fow inlet temperature Gipproxinately J00K) nnd single stage of the expander cyele turbine, the tiehane technology
for the N'UR is simplificd compared to (he high tempersture, molti-state turbives developed for mat vocket vugines,  Areas
of concern are iydeogen cmbeittlement and hydriding in which Rocketdvue bas ool of the swonld'< applicale expericns e
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50K PEWEE-DERIVED DUAL-TURBOPUMP NTR ENGINE
CHANGING REACTOR SUPPORT RATIO
SIGNIFICANTLY IMPROVES T/W,

3:1 A WEIGHT 6:1
FUEL ELEMENF/ 3ITO 6:t FUEL ELEMENT/

SUPPORT RATIO RATIO SUPPORT RATIO

REACTOR 8,200 -1,950 6,250
NOZZLE 1,200 +20 1,220
TURBOPUMP 270 +10 280

LINES AND 860 +60 920
CONTROLS

SIHELD L100 -250 _850

11,630 LB 2,110 LB 9,520 LB

ENGINE T/W 4.3 53

‘P Rockwel intemationst

Anchaidyns Mvision Weatinghowse Dilectsic Canpsorstion

50K PEWEE-DERIVED DUAL-TURBOPUMP NTR ENGINE
CHHANGING REACTOR SUPPORT RATIO
SIGNIFICANTLY IMPROVES T/We

Between the conceptua! sizing of the SOK reactor and preliminary sizing, Westingt determined through nurlear analysis
hat a 6:1 Fuel Element to Support Element Ratin could be used rather thao a 3:1 ratio, resulting in higher power density and
less weight for the SOK reactor. Thus, the S0K core is more similar to the 75K care, which uses a 6:1 support ratie (as used
in KIWI-R4, NRX and Phoebus reactors), rather than the 25K core, which uses a 3:1 support ratio (as used in Pewee).

s

Eliminafion of virtwally half the supports (with their Zirconium Hydride moderator, tie-tubes and graphite parts), together
with the core and reflector diameter reduction effects,results in a reactor weight reduction of approximately 2,000 Ih, or
approximately 25%. The shield likewise decreases approximately 25% due to the reduction in diameter,

The non-nuclear components increase slightly (approximately 5%) in weight due to increase in pump discharge pressure to
pravide higher pressure ratio to drive the turbine as a result of lower tarhine inlet temperature hecause of reducing the

number, and therefore, total power of the tie-tubes (one contained in each support el ) by 50%.

Due to the reduction in engine weight as the result of hasically cutting the number of support elements in half (geing from
3 to 6:1 Fuel Element to Support Flement ratin), the engine weight is reduced by approximately 20%, and therefore, the engine
thrust-to-weight ratio improves hy 20%.

‘L' Rockwsl! Internetions!
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LIFE IMPACT ON CHAMBER TEMPERATURE AND
SPECIFIC IMPULSE ADVANCEMENT

° XE-PRIME

710 SEC
Tc 2270K
BLEED CYCLE {TURBINE 10% FLOW)
NOZZLE € OF 10
- REGEN COOL FUEL ELEMENT SUPPORTS + 35 SEC
AND CORE PERIPHERY
- INCORPORATE EXPANDER CYCLE + 35 SEC
- INCREASE € TO 200, 110% L + 50 SEC
- INCREASE T¢ WITH GRAPHITE FUEL ELEMENT TO: 2550 K 2450 K
tife 1.5 HR 4.5 HR
48l  + 40 SEC + 20 SEC
®  GRAPHITE ELEMENT ENGINE I, 870 SEC 850 SEC
- INCREASE Tc WITH COMPOSITE ELEMENT TO: 2700 K 2550 K
Life 1.5 HR 4.5 HR
Al, 1+ 30SEC + 20 SEC
®  COMPOSITE ELEMENT, ENGINE |, 900 SEC 870 SEC

’l. Rockwell Internationsl

Rochetdyne Division
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LIFE IMPACT ON CHAMBER TEMPERATURE
AND SPECIFIC IMPULSE ADVANCEMENT

As in the prior chart, "Specific Tmpolse Advancement," the XE-Prime is the baseline for specific impulse at 710 sec.  Also,
as in the prior chart, advancements by 1) regencrative cooling of core structure (1 35 sec), 2) vsing the expander cycle (+ A8
sec), and 3) using the 200:1 expansion ratio nozzle (+ 50 sec), increase specific impulse by 120 seconds.

However, Westinghouse evaluation of Rover/NERVA Fuel Element Mass Loss resulted in life capahility of 1.5 hours for the
prior chart’s Graphite Fuel Element at Pewee Average Exit Gas Temperature of 2550K and resulting specific impulse of 870
sec, and Compasite Fuel Eleinent Gas Temperature of 2700K with specific impulse of 900 sec. This £.5 hour data is presented
in the Jeft hand column, "Near-Term" engine life reynirements are for a Life Capability of 4.5 hours. Tq ineet the 4,5 hour
Lire with the allociiot renctivity loww of 19, tranaintes Inta 18 16 20 grama s lom por olement and the reaniting temperabires
and specific impulses as shown in the right hand column. For the 4.5 hour life requirement, the resulting Gruphite Element
Engine Specific Impulse is 850 sec, and the Compaosite Elentent Engine Specific Impulse is 870 seconds.

'l. Rockwall lntesnotivnal

w
NP-TIM-92 r—— 133 N l’ummmg«mm )



50K NTR, Expander Cycle, Dual T/P*
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50K NTR, EXPANDER CYCLE, DUAL T/P
CENTRIFUGAL PUMP

In conjunction with the reduction in graphite fuel element average exit gas temperature from a nominal 2550K to 2450K to
meet the 4.5 hour Life requirement, o revised system halance was performed

Compared to the balance shown on the prior chart, the average reactor exit gas temperature (nozzie chamber temperature)
is reduced by approximately 4% to 2,444K. This results in an approximate 2% reduction in specific impulse to 846.64 scc.
To maintain engine thrust at 50,000 Ibf requires increasing flowrate hy approximately 2% o 59.06 h/sec. The increase in
flowrate and reduction in temperature result in an approximate 3% reduction in Reaclor/Engine Thermal Power to 1,002.8

Megawatts.

The reactor configuration for the 1.5 hr and 4.5 hr life would be the same. Fuel element therma) conditions and stresses
actually reduce due to the 4% reduction in temperature and 3% reduction in power. Fuel element mechanical sresses stay
the same since the reactor exit pressure is fixed (784 psia) and the core pressure drop is essentially the same due to the 2%
reduction in velocity (2% increase in flowrate and 4% increase in density due to lower tempernture) and 4% increase in
density. So the reactar weight renmins essentially the same hetween the 1.5 hr and 4.5 hr life cases.

The chamber and nozzle sizes remain the same, due to the 2% increase in flowrate and 4% reduction in temperature resulting
in the sume throat aren.

The pump flowrate increases by 2% and the discharge pressure increases by 4% due to the 6% increase in turbine pressure
ratio required to provide the 6% higher turbopump power. “This results in a 4% increase in turbopump weight which i
equivalent to approximately 0.1% in engine weight. Due (o the 2% increase in Rowrate and the 4% increase in pump discharge
pressure, the turbopump line weight increases by 6% which Is equivalent to approximately 0.4% in engine weight.

Su the engine weight effect in going fram the 1.5 to the 4.5 haur fife is an approximate 0.5% increase in weight due to the 2%
increase in flow and 4% increase in pump discharge pressure with the majority of the effect being due to the pump discharge
and turbine lines.
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Effect of Thrust and Fuel Element on Engine
Thrust-to-Weight Ratio
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EFFECT OF THRUST AND FUEL ELEMENT
ON
ENGINE THRUST-TO-WEIGHT RATIO

The effect of thrust for the 25, 50 and 75K Ib cagines on engine thrust-(o-weight ratio (without including radiation shielding)
is shown for both Graphite and Composite Fucl clements.

As a result of discussion related to the previous chart regarding engine weight changes in going from 1.5 to 4.5 hr Life, the
engine weight increases by approximately 0.5% primarily in line weight due to the 2% increase in flowrate and the 4% Increase
in pump discharge pressure. This is a negligible effect to these thrust-to-weight ratio plots. Therefore, the plot for each fuel
element applies for the range of Life and Specific Iupulse shown.
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Etfect of Thrust and Use of ZrH Moderator on
Engine Thrust-to-Weight Ratio
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EFFECT OF THRUST AND USE OF ZrH MODERATOR
ON
ENGINE THRUST-TO-WEIGHT RATIO

The effect of Zircontum Hydride moderation on engine thrust-to-weight ratio (without including rudiatian shielding) is shown
over the thrust range of 25 to 100Kib. The lower curve represents engines using a fixed 35-inch diameter, 52-inch long core
containing nv Zril. The upper curve represents engines using reactors ining Zrll as y to minimize size and
weight for the 25, 50 and 75KIb thrust reactors as analyzed by Westinghouse. Other Westinghouse prefinsinary analysic
indicates that ZcT1 docs not reduce the weight of a reactor with a 35-inch dinmeter core for a 100KIb thrust engine. On this
basis, the dashed line was constructed hetween the 75Kib Zri§ moderated point and the 100Kib peint without y/5 1N

So ZrIl moderation provides no advantage at 100KIb thrust, approximately 10% weight advantage at 75K, approximately 35%
weight advantage at S0K, and approximately 75% weight advantage at 25K thrust.
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Effect of Shield on Engine Thrust-to-Weight Ratio
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EFFECT OF SHIELD ON ENGINE THRUST-TO-WELIGHT RATIO

‘The effect of shield weight on engine thrust-to-weight ratie is showa. The upper data represents the engine thrust-to-weight
ritio without including rudintion shielding, The fower dats represents engine thrust-to-weight ratio using the internal shield
used for the NERVA R-1 engines; namely, 12 Inches of BATIL (Boren, Atmbnum, and ‘Tanium Hydride) and 1-1/74 Inches
of lead.

During the program, NPO specified neutron flux levels and gamma dose level (o e met by the shielding for the "Near-Term"
reactor. Due to concern about lead melting during decay heat removal, the lead was removed. 'The NPO-specified radiation
field aiso allowed reduction in the BATH thickness from 12 inches down to 9 inches. ‘The Westinghouse analysis of the
resulting radiation field for the 50K engine results in nentron fluxes and gamma dose approximately half that specified by
NPQ, indicating that a small further reduction in BATI thickness may be inade.

At the 50K thrust level, the Light Shield provides approximately 10% improvement in engine thrust-to-weight ratio over the

NERVA shield. The light shield represents an approximate 9% reduction from the thrust-to-weight ratio of 5.8 for the
unshielded 50K engine.

‘l' Rockwall International
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PEWEE - DERIVED NTR’s

THRUST 25K 50K 75K
T/We 3.6 53 6.0
{(W/SHIELD}

Le 6.00M 7.66M 8.7aM
De 1.73M 2.44M 2.99m
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PEWEE-DERIVED NTR’S

Conceptual designs were performed for 25, 50 and 75K thrust engines based on Rover/NERVA reactor technology. Fuel
element power was based on Pewce test resuits of approximately 1.2 Megawatts per fuel element average. The engine thrust-
to-weight ratio requirement of >4 with shielding was not met by the 25K engine which has a value of approximately 3.6 with

? a shield meeting the NI'O radiation field requirements. Unshielded, the 25K engine has a thrust-to-weight ratie of
approximately 1.9, so the requirement of 4 is not met even without the radiation shield.

Certainly, based on engine thrust-to-weight ratio, the preferred engine thrust would be 100K or more based on the climination
of the weight penalty associated with the use of Zirconivm Hydride moderator and achieving a shielded engine thrust-to-weight
ratio of approximately 6.5, or approximately 7.1 without radiation shielding.

NI nelected the SOK caglne for more delalled analysls and specified radlution fleld values (o determine {he shield. The
radiation fleld requirements atlowed lightening the shield hy approximately 900 th resulting in an improvement in shielded
engine thrust-to-weight ratio from 4.8 (o 5.3, with an uashielded thrust-to-weight ratio of 5.8.

The 50K engine has an overall length of 7.66 meters and a nozzle exit diaineter of 2,44 meters.

‘These parameters all apply regardless of whether 1) the engine life is 1.5 hours operating at a chaber temperature of 2550K
with 870 sec specific impuise, or 2} the engine life is 4.5 hours aperating at a chamher temperature of 2450K with 850 sec

specific impulse.
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Key Technology/Streamline Development
Assessment

® Approach

® |dentify critical design areas and technology issues
® Assess actions and program impacts
e Determine critical path

® Areas addressed

® Safety, hydrogen pumping, nozzle, valves,
instrumentation and controls, reactor, engine
system and test facility

’l‘ Rochwall International @
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Key Technology/Streamline Development Assessment

In performing this assessment, design areas of the engine system waere reviewed and critical technology issuas
were identified, together with actions required to address these issued and their impact on the program. A critical
path was inferred from this analysis. The design areas addressed were safaty, hydrogen pumping, the nozzle,
valves, instrumentation and controls, the reactor assembly, and the engine system and test facility. in most
instances it was found that recoverinp or referencing existing technology provides the dasign basis. Howaver,

several system design issues exist where new design solutions and test verifications would be required, and effort
to resolve these items should be emphasized aarly in the program.

‘l‘ Rochwall ltetnotional

Rexhutdyne Dirlolon
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KEY TECHNOLOGIES ASSESSMENT

AREA OF DESIGN TECHNOLOGY ACTION REQUIRED PROGRAM IMPACT
ISSUE
Safety Water immersion Analysis of several Engine test facility
criticality design options for to test as-designed
reac'ivity controf in engine, no additional
theri 1l range; cost or schedule
reco ‘er NERVA
plan:
Safety Intact reentry or Des:i yn for reentry Verification testing
total dispersal heating; recover ’
reentry data;
consider

engine/vehicle
interactions

‘l Rockwaeil Internotional

Reensigrns Division

Weninghouts Flecine Corratii

Key Technologies Assessment

Ready technology from many sources forms the foundation for the Rocketdyne-Westinghouse NERVA-derived engine
concept. In reviewing key technology areas the goal was to assess both the needed actions to resolve the particular
issues and the prograrmnmatic impact. |n many cases technology recovery was the principal action, and there was no
programmatic impact. In a few areas, issues not anchored in ready technology were identifed. and their resolution
should be addressed early in the program. We expect no intractable problems.

Safety issues in ail phases of the program have 10 be adequately identified, and procedures and design solutions have
to be qualified. Four safety issues are noted here: (1) water immersion criticality, (2} intact reentry or total dispersal,
{3) tha concern over flammability and dispersion of nuclear materials in a launch explosion and fire, and {4} the impact
of the continued nuclear power generation of a shutdown engine in a cluster. The latter affects engine-cluster specific
performance, but is also a safety issue because the overheating potentially can damage the stage placing the crew at
risk, and ejection of the engine with its potential for generaung debns may pose a threat to the stage or to future
mussIions.

Restartability requires adequiate systems for decay heat removai that do nut consume excessive nuantities of hydrogen.
A flight-qualified decay heat removal svstem was hever demonstrated in the Rover/NERVA program.
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AREA OF DESIGN

Safety

Safety

Restartability

‘1‘ Rochwell Internations!

Rechaidpne Dlrivion

KEY TECHNOLOGIES ASSESSMENT

TECHNOLOGY
ISSUE

Launch fire
resistance of nuclear
and hazardous
materials

Engine-out
continued power
generation; dead
weight

Decay heat removal

141

ACTION REQUIRED

Analysis and design
of fire retarding or
resisting features
such as plug in
throat

Analysis of
alternatives:
auxiliary cooling,
shielding, ejection,
etc.

Analysis and design
of optimum method
for conserving
propellant

PROGRAM IMPACT

Mockup test in
simulated launch
explosion/fire

No additional impact

Test decay heat
removal system
during engine tests

@

Wesnnghouse Eleciric Corparenin
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AREA OF DESIGN

Hydrogen pumping

Hydrogen pumping

Hydrogen pumping

’1 Rockwell internaliona!

Naekeigyre Dirision

The hydrogen turbopumps, while based on mostly proven hardware, must be qualified for the radiation environment,
10 restarts in space, slow startup and shutdown transients, and 4.5 hours of accumulated full-power operation. The
solutions to these issues are anchored in existing technology, hut a rigorous test program will be required to

KEY TECHNOLOGIES ASSESSMENT

TECHNQLOGY
ISSUE

Two-phase pumping

Bearings

Seals

demonstrate, adeqately, the design integrity.

Chamber and nozzle experience with the SSME satisfies most design requirements. except those dealing with the

ACTION REQUIRED

Design pumping
systrm compatible
with tank
pressurization limits;
recover Rover test
data, Mark 25 and
Mark 15 data

Design for 10
restarts, and slow
start and shutdown
transients; recover
Mark 25 data with
hybrid hydrostatic
bearings, SSME
experience, Mark
29FD with
hydrostatic bearings

Select radiation-hard
seal materials

Key Technologies Assessment

PROGRAM IMPACT

Test candidate
confiquration in
pump test faciity

Demonstrate during
pump qualification
test

Part of turbopump
design and test

an
&

Westinghouse Ziectne Cerasmin

radiation environment, such as joint seal design. Testing of seals in a radiation environment would be required.

Radiation resistance of valves--bodies, stem, gudes, actuators, seals, seats--must be incorporated in the design ana
verified by test, and turbine bypass valve functional performance must be assured by test.

NTP: System Concepls
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AREA OF DESIGN

Nozzle

Nozzle

Valves

q Rochwell Inteznations!

Roshohdyne Divivion

KEY TECHNOLOGIES ASSESSMENT

TECHNOLOGY
ISSUE

Radiation resistant
joint seal

High heat flux

Radiation resistance

143

ACTION REQUIRED

Test seal
configuration in
radiation
environment

Use SSME NARIloy-Z
slotted channel
approach

Select radiation
resistant materials;
Recover data from
Rover/NERVA,
SP-100, LMFBR

PROGRAM IMPACT

Need to identify test
facility

No additional impact

Life-cycle test
valves separately,
and evaluate after
engine test

@

Weninghouse lectric Conpersion
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AREA OF DESIGN

Valves

Reactor assembly

Reactor assembly

KEY TECHNOLOGIES ASSESSMENT

TECHNOLOGY
ISSUE

Turbine bypass
control

Fuel element
midband corrosion

Vessel design for
intact reentry or
dispersal, decay

ACTION REQUIRED

Modify SSME and
J-2 valves and
perform life-cycle
test

Develop and test
coating materials
and processes

Select compatible
materials and
configuration

PROGRAM IMPACT

Test in hydrogen
flow facility

Identify reactor test
facility; test and
evaluate in engine
testing

Safety requirements
drive the design

heat removal

‘P Rochwall Internsttonal @

Rockeidrne Diviaton

Wendnghoure Rlectrle Carprracion

Key Technologies Assessment

In the reactor assembly, midband corrosion found in the Rover/NERVA fuel elements was being addressed whan the
program was canceled. Resolution of this issue will be of prime importance at the outset, with in-pile testing of fuel
elements and clusters necessary to valldate the solution. The reactor vessei must he designed to meet the safety
requirement of intact reentry or total dispersal in the event ot an inadvertant reentry from space. The control drum
actuators may feature electrical or pneumatic drives, or both, based on Rover/NERVA or current design technology.
The support plate must contain the tie-tube inlet and outlet flow passages, operate with minimal thermal distortion,
and be structurally robust. Data from the Phoebus 2A reactor and from the NERVA dasign would be the bases for the
new design. To achieve higher operating temperatures and performance development of composite fuel would be
continued from the Rover program baseline. The instrumentation and contrsol design area would initially address key
sensors and the engine health monitoring system. Current technology would serve these areas.

Finally, the ground testing of the complote engine system is the key step in qualification for piloted operation. An
operational facility will be needed with adequate engine-exhaust scrubbing to meet environmental and safety concerns,
and with well-designed altitude simulation ditfusers and ejectors. Because design, the environmental approval process,
construction, and acceptance testing will requirc about 6 years to complete, embarking on this effort almost
immediately is essential to meeting the desired 10-year development goal. We believe that this facility is the critical
path.

‘P Rockwell Imemational @
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AREA OF DESIGN

Reactor assembly

Reactor assembly

Reactor assembly

Instrumentation and
controls

'L‘ Rochkwall hiternational

Pocksidyme Oirision

AREA OF DESIGN

Instrumentation and
controls

Instrumentation and
controls

Engine system test

’l‘ Rockwaell Internationsl

Rockoidrns Divisien

KEY TECHNOLOGIFS ASSESSMENT

TECHNOLOGY
ISSUE

Drum actuators

Support plate with
tie tubes

Higher temperature
fuel

Hydrogen flow
measurement

ACTION REQUIRED

Incorporate
Rover/NERVA or
SP-100 designs;
evaluate fluidic
stepping motors

Evaluate
Phoebus-2A and
NERVA-R1 designs,
fabricate and test
unit

Develop composite
fuel

Evaluate candidate
flow meters,
including fluidics;
procure candidates
and test

KEY TECHNOLOGIES ASSESSMENT

TECHNOLOGY
ISSUE

Reactor
temperature,
pressure

Health monitoring
system

Scrubbing engine
exhaust, diffuser
and ejector
technology;
environmental
concerns

145

ACTION REQUIRED

incorporate
Rover/NERVA and
advanced reactor
Sensors

Incorporate
Rocketdyne state-
of -the-art
diagnostics

Proceed with site
selection and facility
design and
construction;
recover NF-1
scrubber data, state
of the art
Rocketdyne
diffuser/ejector
technology

PROGRAM IMPACT

Testing required

Test in hydrogen
flow facility--parallel
with pump testing

Test reactor or
nuclear furnace
required

Test i hydrogen
flow facility

@

Weaninghoe eeirbe Conpostion

PROGRAM IMPACT

Life test in a reactor
in hydrogen;
evaluate in engine
test

Evaluate in engine
system test

Critical path to
engine qualification

NTP: §ystem (otieepts |



Technology Assessment Results

® Technology available for most issues

Rover/NERVA, SSME, Rocketdyne state of the art,
SP-100, terrestrial advanced reactors, state-of-the-art
electronics and computers

® Unresolved system design issues

Loss of turbopumps, lifetime, intact reentry--water
subcriticality (or total dispersal), decay heat removal,
engine-out cooling during operations, fuel midband
corrosion

® Critical path is engine test facility

‘l‘ Rochwall Intarnatioriel @

Aocheldrna Divirion
Wertinghouse Blcenic Corpurrarin

Technology Assessment Results

The assessment of key technologies led to tha conclusions that {1) existing technology in reactors and engine
systems is applicabla to mos! design areas, {2) there are issues requiring attention aarly in the program to assure
satisfactory resolution, and {3) the assured early availability of an angine/reactor test facility is critical to meet,
successfully meet the 10-year engine qualification goal

’l‘ Rockwell Internatiunal

Rockeidpne Dlelslon
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Streamline Development Requires Early
Agreement on Requirements

NASA prepares:

® Mission and performance
requirements

e Safety requirements
® Interface control structure

® Engine specification

Rocketdyne/Westinghouse:

Provide comments on draft
requirements and specifications

Perform QFD analysis

Prepare design criteria and test
plans

Specify test facility needs

’i‘ Rochwell lnternational

Rocheidpne Division

@

Weathghouse Eleculs Conparaticon

Streamline Development Requires Early Agreement on
Requirements

To establish a good foundation for a successiul development program both NASA and the
Rocketdyne/Westinghluse team must understand and accapt the design requirements, program and techical
interface requirements, and design criteria and testing needs. Poorly understood or shifting requirements can lead
to delays and cost escalation. We believe that a QFD analysis of the program will lead to well-understood
requirements and optimum design and hardware results.

‘l. Rochkwall international

Mochaidyne Divisien
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NTR Streamline Development Logic
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NTR Streamline Development Logic -

A development logic diagram can inciude many layers of detail and ba organized in many different ways. This
high-level diagram shows many necessary tasks in seiting requirements, recapturing technology, resolition of key
design issues, facility design, construction, and activation, and testing of components and systems. The most
important message is that the program mist start with well-defined requirements and design criteria, and that the
availability of key test facilities will drive the rate of achievement of the 10-year goals. Near-terrn activities of
conceptual design, technology recovery, and resolution of design issues will provide a sound basis for proceeding

quickly as substantial funding becomes available.
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NTR Streamline Development Plan Summary
Fiscal Year |'93| 94 '95]'96]'97['98['99| 00 01|02

Establish Safety and
Performance Requirements

Generate Design Criteria (]

Recapture Technology
Engine Conceptual Design ]
Resolve Design Issucs

Design L

Design and Safety Review N

Component Fabrication and M|
Testing

Engine and Fuel Test Facilities - |
Design and Activation

Design Verification Testing |

Qualification Testing i ]
'l‘ Rockwell International “ - » @(m w0z

Rechshdzne Division

We stinghowse Blecttie Coeparaticer

NTR Streamline Development Plan Summary

The time-phasing of key groups of activities from the development logic diagram shows that several tasks should
be f:lmphasized at the start: setting requirements, technology recapture, and establishing design criteria. Test
facility design, construction and activation must also begin promptly to assure that the 10 year schedule can be
met.

’ ' Rockwall Internstional
Rostetdrne Oivisien
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