
NASA Conference Publication 1011 6 

ear Propulsion 
Technical Interchange 

eeting 
Volume I 

Proceedings of a meeting held at NASA Lewis Research Center 
Plum Brook Station 

Sandusky, OH 
October 20-23,1992 

N93-26908 
--THRU-- 

G3120 0157800 



NASA Conference Publication 10116 

uclear Prop lsion Tec 
lnterch 

Proceedings of a meeting sponsored and hosted by 
NASA Lewis Research Center 

Plum Brook Station 
October 20-23,1992 

National Aeronautics and 
Space Administration 

Office of Management 

Scientific and Technical 
Information Program 





NUCLEAR PROPULSION TECHNICAL INTERCHANGE MEETING 

Table of Contents 

Volume I 
Title of F $ r m  
Preface 

INTRODUCTION 

Author 

Mars Expioration Program Dwayne Weary 
Requirements for Space Nuclear Electric Propulsion 
DoD Requirements for Space Nuclear Thermal Propulsion 

Douglas Stetson 
Gary Bleeker - 

NASA Pmgm Overview 
Overview of DOE Space Nuclear Propulsion Programs 
DoD Space Nuclear Thmal Propulsion (SNTp) hogram 

Thomas J. Miller 
Alan Newhouse 
Gary Bleeker 

NUCLEAR THERMAL PROPULSION 

SYSTEM CONCEPTS 
Systems Overview Robert Cwban 
RequiiementdfintroI Management Red Robbins 
Public Acceptance Harold Finger 
ROVERINERVA-Derived Near-Term Nuclear PropuKin Dick Johnson 
Advanced Propulsion Engine Assessment Based on Cermet Reactor Randy Parsley 
NTRE Extended Life Feasibility Assessment (Panicle-BedCIS) 
Lunar NTR Vehicle Design & Operations Study 
Mission Design Considerations for Nuclear Risk Mitigation 
Enabler I & I1 Engine System Design Modeling and Comparison 
ClusteredEngme Study 
NTP Comparison procesS 

llimmmx 
Technology Overview 
Silicon Carbide Sernicond&r Technology 
NTP Plume Modeling 
Computational Fluid Dynamics for NTP 
Probabliilic Slroctural Analysis for NTP 

Me1 McIlwain 
John Hodge 
Mike Smcati 

Dennis Pelaccio 
Kyle Shepard 
Robert Corban 

James Stone 
Lawrence Matus 
Robert Stubbs 
Robert Stubbs 
Ashwin Shah 

rn 
vi 

2 
10 
16 

21 
24 
34 

42 
48 
53 
67 

150 

246 
347 

358 
366 

390 
430 

439 

445 
453 

461 

470 

LANK NOT FILMED 



UCL CHNICAL INTE 

Table of Contents 

Volume I 

MSFC NTP Technology Program 
Nuclear Gas Con: Propulsion Research Program 
Flow Instability m Particle-Bed Nuclear Reactors 
Advanced Fuels Technology 
Laser Diagnostics for NTP Fuel Corrosion Studies 
SNTP Propellant Management System 
SNTP Tests 
SNTP Environmental. Safety, & Health 

Shane Swint 
Nils Dim 
Jack Kenebmk 
Walter Stark 
Paul Wantuck 
Tom Tippetts 
George Allen 
Charles Hannon 

Overview of NAS Interagency Modeling Team James WaIton 

Parlick Bed Reactor Modeling 
 tin^^^ NTR Engine Modeling 
~ ~ t a t i o ~  Modeling of Nuclear Thermal Rockets (Cermet) 

System Simulation and Detailed Nuclear Engine Modeling 

U h a n  

Joe Sapyta 
Jim Glass 
Steven Perry 
Samim Anghaie 
Dennis Peiaccio 
Dean Dobmich 

Nuclear Engine System Simulation (NESS) 

C - A System Code for Analyzing NTP Engine Transients Hans Ludweig 
eneration System Modeling of NTR Systems John Buksa 

Ken Davidian Rocket Engine Numerical Simulator 

Facilities Overview Dimell Bzlldwin 
Plum Bmok Facilities Robert Kozar 
MEP Facilities (LeRC) Robert Vetrone 

Studies of Nevada Test Site Facilities for Testing of NTR Michael Hynes 
Evalutim of mpET at the INEL'S c1F Tom Hill 
SNTP Air Force. Facility David Beck 
Effluent Treatment for NTP Ground Testing Lany shipers 

498 

507 
521 

534 
538 
552 

562 
573 
581 

608 
626 
638 

666 
686 

704 

712 

732 

741 
743 

746 

752 
758 
765 
777 

iv 



NUCLEAR PROPULSION TECHNICAL INTERCHANGE MEETING 

Table of Contents 

Volume II 
Title of P- 
NUCLEAR ELECTRIC PROPULSION 

Nuclear Electric Propulsion Systems Overview 

YOkWe" NEP System Studies 
Conceptual Definition o f a  50-100 kWe NEP System 
Scoping Catculations of Power Sources for NEP 
NEP Power Subsystem Modeling 

NEpprOeessing, Operations, and Disposal 
NEP Operational Reliability and Crew Safety Study 

TEcHN0uX;y 
flhruSters 

Powa Management and Disuibution Technology 

Radiator Technology 

JPL Nuclear Eleclric Propulsion Task 
LANL Research in Nozzle Based Coaxid Plasma Thrustem 

Electron Cyclotron Thruster - 
2.0 kWe night System 

100 - 500 kWe NEP Systems 

NEP Options for piloted Mars Missions 

NEP System Model 
NEP Systems Model 
Thruster Models for NEP System Analysis 

Innovative Electric Propulsion Thruster Modeling 

GPS System Simulator Melhodology 

Mike Dohelty 

Jeff George 
AlanFriwllander 
Felix Difilippo 

Dick Harty 
Mike Stancati 
Jim Kams 

Jim Sovey 

John Diclanan 

AI Juhasz 
Tom Pivirotto 

Kurt Schoenberg 
BiMord Hooper 

Jim Gilland 

JeEGeorge 
Jeff George 

Jim Gilland 

Jeff George 
Jim Gilland 
Robert Frisbee 
Tom Ewing 

790 
798 
807 
81 1 

821 
839 

922 

992 
1000 
1009 
1027 
1041 

1053 

1063 

1078 

1085 

1095 

1098 
1103 

1119 

1134 

AttendeeList 

V 

1143 



PREFACE 

Robert R. Corban 
Nuclear Propulsion Offce 

NASA k w i s  Research Center 

The Nuclear Propulsion Technical Interchangp MeetiQg (NP-TIM-92) was held at NASA Lewis 
Research Center’s Plum Brook Station in Sandusky, Ohio on October 20-23.1992. Over 200 
people attended the meeting from government, Repartment of Energy’s national laboratories, 
industry, and academia. The meeting was sponsored and hosted by the Nuclear Propulsion Office 
at the NASA Lewis Research Center. The purpose of the meeting was to review the work 
performed in fiscal year 1992 in the areas of nuclear theimal and nuclear electric propulsion 
technology development. 

These proceedings are an accumulation of the presentations provided at the meeting along with 
annotations provided by the authors. All efforts were made to retain the complete content of the 
presentations but at the same time limit the total number of pages in the proceedings. 

I would like to acknowledge the help and support of a number of people that have contributed to 
the success of the meeting: 

Daniel S. Goldin, NASA Administrator, far taking the time M eloquently contribute to 
the meeting as our keynote banquet speakqr, 
the Session Chairmen, for organizing excellent technical content for their sessions and 
keeping the sessions on-time, 
the authors, for describing their results and accomplishmen$, 
our host, Robert Kozar and his dedicated staff at the Plum Brook Station, for providing 
an excellent facility for the meeting apd iul commendable tour of their world-class test 

facilities. 
and finally to all the “behind-the-scenes” people that wefe so instrumental in making the 
technical interchange meeting a success - especially Bonnie Kaltenstein and Jean Roberts, 
whose excellent organization and orchestration of the meeting was the key to its success. 

vi 
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- Offi tlon 

..___. - - -  -......__ 
IOrhNology 6 Advanced 

Lunar Precursors 

- .- --_- 
Lunar Plloted 

~ - -. - - 
Nars Pllotcd 
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Mars Exploration Program 1 - Rrt prim Goals - 

Technical Goal 
Verify the ability of people 
to inhabit the planet Mars 

ManaPement Goal 
Demonstrate effective global 

cooperation in a 
~ g ~ - t e c h n o l o ~  initiative 

Societal Goal 
Demonstrate improvements 
in economic vitality and the 

quality of life for all 
p ~ i c i p a t ~ g  nations 

ars Exploration Program - Surface Mission Objectives - 
88 Office of Exploration 

U Demonstrate substantial 
self-sufficiency in lifc-su pporl 
consumables arid in fricl on R 
local scale 

expansion of the initial 
0 Determine the potential for 

outpost 
U Explore Mars - Understand 

Similarity to, and Diffci-enccs 
from, Earth 
* Life - Past and Present 
* History of 

Atmosphere/Climate 
s Geologic EvoIutIon and 

Present State 
Crew is ussurriedJt on Mars 
arrival 
Back conlaminallon 
assumed resolved by 
precursor missions 

Introduction: Requirements 4 NP-TIM-92 



Mars Exploration Program - 
El__ - - - I - - - 
PROORMS OPPTCli 

- Mission Class Considerations - 
Officeof Exploration -- - . __^_ _-_ __ ___ __--_ 

Abort Strategies 

- CPLORATION 

Galactic Cosmic Radiation Exposure 

Mars Exploration Program - Reference Mission Groundrules - 
0 Spllt Misslon Strategy: 

Basic approach - humans on fast. moderately energetic 
transfers: cargo and all otlirr asscls delivered to Mars via 
mlnlmum- energy traJect0rie.s 

Ilurrian missions employ long duration stay (-550 clays at Mars) 
rnissiori profiles wilh fast (c 180 days) Earlh-Mars and 
Mars-Earth transit legs 

0 Aborts for human missions post-TMI are to the surface of 

* T’ropni nssrls tlirrrlctl lownrcl thr rtwiis of the mission 

Agun 2 -Cargo Missimn 
Minimuin Fmgy M i i o n  RoTik 

0 First human mission In 20 10 
Most ehallenglng opporlurilly hi lhc 15-ycar Eartli-Mars cyclc 

* PerPnmance niarglri exists Tor ollirr opporliiriltles 
8 Rchlev~LJIt! tlrueltJpunll u!lltAlul~~ 

U i*lrsl cargo 11iiss1o11 111 2008 
* Cargo requirement of -150 1 lo the surface of Mars 

Based on pas1 studies of skllls mix and Uireshold 

Reasonable starting point 

0 Crew of8 

psychdogid group dynamlrs 

NP-TIM-92 5 Tnhurductinn: Reauirements 



a O ~ J ~ C U V W  
Elirnlnatc IXO Asssrriiltly Ibr j ~ ~ l l j  cargo arid pllolrcl 
niisslons 

* Use the FLO HLLV. or a FIX)-evolvcd 1111,V (sliroiid) 
* I<cducc number of iIL1.V lauriciics 

- Send all surface arid orbltal assets to Mars on 
minlmurn energy traJectories 

- Crew-oniy use medium-energy. fast transit 
1raJcc:torles 

Provlde mission flexlblllty to recover from eontingcnrlcs 
e Reduce engine tesllng rcrpirements, I f  NI'R Is rmpltyccl 

Provldc launrh wlntlow flrxlhillty 
- 3/4 launches wlthln tlic Ihrt l i -Mars  wlncltrw 

u rirslIiis: 
* Flrsl human nilsslori to Mars rcasoiiably iu.lilevaWc 111 

6 total launches of a F1.O 11i.W. i~o'olcnllally aclilcvablr 
In 4. 

delivered to the surface of Mars 
Slgnlncmt rnisslon content. 150 t of iisaltlr payload 

* No LEO assembly, rcn~lezvo~is. or lollrr ncctlrcl 
* Slgrrincant nilsslon flcxlblllty with this type of slrategy 

Introduction: Reauireme!@ 6 NP-TIM-92 



Mars Exploration Program 
- Operations Conccpt - L!Xl’l,~JItA1’l( )I 

PUIMIUAUP l l l l l i  I 1  = Office ot Exploration - 
U Vclitc:lc Prlme 

* Rcaltinie Syslenis Managernerit 

Rcnlllmc Explonlion Punrtions 
*Crew llcalth Malritcnaiicc 

Ikiily i’l;uiiiltig a~id i~c~oriic.c MRiiiL. 

Preventive/Unschedulcd Maintenance 

0 Rcaltime Systems Maiiagcmenl 

0 Sit)q)lylng Mission Objwl Ivcs 
Suslalnlng Englncerlng 

a Misslon Critical Software Rcconngiirc 
*Crew ‘lkalnlng 
* Prnrctliirra ~rvclolmrnl  /Vcrt(irniioti 

Uncrewed Operations 
0 Ground Backup 

-Contingency Support 
0 GI-oiiiitl arid Crcw Shaic 

* ExploraUon 

0 Crew Prime 

0 Crcw Backup 

R Ground Prime 

. . - ..... . . . -. . - 

61 

Mars Transfer Stage System Groundrules 
0 NTR Propulsion (2 Englnee-60 klba. Thrust Each) 

Rmit Xabitat for 6 Crew / 380 Dag. 
* Lunar HGLVDcrivPtlvc M E V  for 6 Crew and 6 mt to Surface 

0 Man, Orblt - !XO km x 1 Sol Elltptical 
@parate polaer Generation for Traasfcr Hob 

* Automnted Rendezvous fnr Mars Orhltal Opn 
Storable RCS System for Vehicle Elements 

0 No Rpdletlon Dlsk BhMd for Cargo Mloslona * %M-g M9IE TrRIlclit - IMrcct Entry Capability at Earth Return 

14m W 14 ~1 01s 14m Ms 

TiIW Y u .  ¶m.M 
S I * W  Ikqldmd 14 n, .*4 m 

MARS 
TRANSFER 

NP-IIM-92 7 



%OW 
Ol'l'Ol~l'llN~lY 0 1 ~ 1 < r U N r I Y  

IlLLV Rcquircmem 
* HLLV Derivatives - FLO or Early HLLV 

200 mt Class IMLEO Launch Capability 
Shroud Size Options (Cylindrical Section): 14m x 30m or 10m x 50m 

0 Launch Window - -90 days: 2-4 Launches per Mars Opportunity 

FLO 

NTP Englne 
Cargo Vehicle 
Piloted Vehicle 

HLLV 

Surface Systems 

Zero-G Adaptation 

RoboUc Ml68h6 

Introduction: Requirements 

FLO RBD 

Fi 0 Fvoiulian 

Lunar HcLVc!fIs. 

I T M O  Surfam Syrlenn M D  

I Oraund Test S Cert. 

8 NP-TTM-92 
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Mars Exploration Program I 
EXP - Study Plan - QROC 

Consider. compare, and con1 rast alternat ive reference mission concepts 
deRtied by non-ExI'O teams 
Stucly systcrii niid stil)systc*iii i i i i 1 h - w c t i l : i t  iori c.oi~c~c:pls lo itiiprovc 
database 

9 Introduction: Reauitements 
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Solar System Exploration Oivisi 
Requiremenfs for Space Nuclear 

Nuclear Propulsion Technical Interchange 
Meeting 

Sandusky+ OW 
October 20,1992 

Douglas S te tson 
NASA Headquarters 

FOR SPACE NUCLEAR 

Solar System Exploration Goals and Missions 

* Nuclear Electric Propulsion Rationale 

* Nuclear Electric Propulsion Requirements 

* Low-Power Missions 

summary 



Solar System Origins 
- Understand the Process of Solar System Formation, in Particular Planetary 

Formation, and the Physical and Chemical Evolution of Protoplanetary Systems. 

Planetary Evolution and State 
- Obtain an In-Depth Understanding of the Planetary Bodies in Our Solar System 

and Their Evolution Over the Age of the Solar System. 

0 Evidence of Life 
-Search for Evidence of Life in Our Own and Other Planetary Systems, and 
Understand the Origin and Evolution of Life on Earth and Other Planets. 

Robotic and Human Exploration 
-Conduct Scientific Exploration of the Moon and Mars, and Utilize the Moon as a 
Base of Scientific Study in Participation with NASA's Mission from Planet Earth. 

. .. 
Probe ) ( Probe ) 

1 3 
NP-TIM-92 11 Introduction: Requirements 



* Nuclear Reactor Heat Source, Ion Propulsion System 

5 14 l(1 25 30 53 40 45 

Flight Tinid (Years) 

Introdt~ctioo: Requirements 12 NP-TM-92 



. .  

Science Obiectives 
0 Thorough Characterization of Galilean Satellites 
- Geology, Morphology, Elemental Composition 
- Gravitational and Magnetic Properties 
- Interactions with Jupiter's Magnetosphere 

- Atmosphere, Inner Magnetosphere, Ring System 
Follow-On to Galileo Study of Jupiter 

NEP Mission Cauabilities 
0 Sequential Orbiting of All 4 Galilean Satellites 
- Comprehensive Imaging and Spectroscopy 
- Radar Sounding, Altimetry, Other Active Experiments 

0 Possible Addition of Jupiter Polar Orbiter or Satellite Landers 

Large Science Payload, = 10 Year Mission Duration 
- Conventional Propulsion: 4 Separate Launches 

Science Obiectives 
0 Comprehensive Study of Asteroid Physical Characteristics 
- Size, Shape, Density, Spin Properties - Surface Composition, Solar Wind Interactions 

0 Variations With Solar Distance 

Meaningful Sample Size, Variety of Spectral Types 

NEP Mission Capabilities 
0 Rendezvous With 4-6 Main Belt Asteroids 
- Approximately 60 Days at Each Target 
- Possible Intervening Slow Hybys 
- Unlimited Orbit-Change Capability 

Large Science Payload 
- Imaging, Spectroscopy, Radiometry - Multiple Penetrators 

- Conventional Propulsion: Max. 2 Targets, > 8 Years Duration 
Total Mission Duration = 10 Years 

NP-TIM-92 13 Intrqduction: Requirements 



Mission 

Far Outer Planet 
Orbiters/ Probes 

Jupiter Grand Tour 

Mdtiple Mainbelt 
Asteroid Rendezvous 

Comet Nucleus 
Sample Return 

100 7-9/1415 <3!5 - 2000-01 

100 a m  <35 9 2000 

SIB 7/10 c35 = 2000 

* Initial NEP System Will Address Reduced Requirements 
- Simplifies Development, Reduces Cost 
- Still Capable of Excellent Planetary Missions 

a Mission/System Studies Ongoing 
-Joint NASA/DOE Report Issued 
- JPL/LeRC Study Focussing on Low-Power Missions 

* Preliminary Missian Options Include: 
- Mars Orbiter, PhobQs-Deimos Rendezvous (SEI Focus) 
- Main-Belt Asteroid Missions 
-Jupiter Satellite Mission 
- Solar Probe 

* System Requirements (Preliminary): 
- Minimum 20 kWe NEP System 
- Minimum 3 Year Lifetime (Full Power) 
- Growth Potential to 100 kWe, 10 Years Lifetime 

Introdu&&: Requirements. 14 NP-TIM-92 



Nuclear Electric Propulsion Enables Next-Generation Outer Solar System 
Mission 

Requirements 

- 100 kWe, 10 -yr. Lifetime (Full-Power 1, < 35 kg/kWe 

- Initial System: > 20 kWe, > 3 Yr. Full-Power Lifetime 

- Full-Power System Launch -2005 

15 Introduction: Requirements 



DOD R E Q ~ ~ ~ E M E ~ ~  
FOR 

SPACE NUCLEAR THERMAL PROPULSION 

PRESENTATION TO 

NUCLEAR PROPULSION TECHNICAL 
INTERCHANGE MEETING 

BY 

LT COL GARY A. BLEEKER 
SNTP PROGRAM MANAGER 

PHILLIPS LABORATORY 

o UPPER STAGES ON TlNG AND/OR 

o ORBIT TRANSFER VEHICLES ( O ~ s )  

NEW LAUNCH SYST 

NP-TIM-92 Inhduction: Rquirerna#s 16 



Typical Upper Stage Applications 
A 

PBR Second Stage Typically Offers 
2x - 4x Payload Improvement 
Exc-Atmospheric Operation 
(> 50 n.m.) 

.Design Basellm, 
83 klbf Engine 

I. I 
PBR Stam Thrust 40 klbf 40 klbf 45 klbf 170 klbf' 75 klbf' 500 klM 

=is0 

3: 
3: 
940 
2 %  
020 
P 10 

MX MX SI + MX SInl+ Atlas Atlas llAS Atlas Deriv Tita:: Titan + Titan 
SVItlllI PBR PBR MAS +PER +PBR IV PER SRMS+ 

nw PBR Core 

Complement National Launch 
System 

NLS Reauirements 

USAFINASA Requirements: 
20 Klbs to LEO - NLS 3 
50 Klbs to LEO - NLS 2 

0 15 KIbs to GSO - NLS 2 

Addl NASA Requirements: 
SSF: 80 Klbs - NLS 1 - SEI Heavy Lift - TBO 

LEO 
GSO 

NLS 3 

211 41 
3.5 12 

NLS 3 NLS 3 
+SNTp +SNTP 
+GEMS +GEMS 

NP-TIM-92 17 Introduction: Reauirements 
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SNTP PERFORMANCE 

SNTP HAS THE FOLLOWING PERFORMANCE GOALS IN DEVELOPING 
AN ENGINE TECHNOLOGY WITH TWICE THE SPECIFIC IMPULSE OF 
W02 ENGINES WITH COMPARABLE THRUST TO WEIGHT 

THRUST 20,000 to 80,000 LBF 

THRUST TO WEIGHT RATIO: 
SPECIFIC IMPULSE, ISP: 1,000 SEC 

GAS CHAMBER TEMPERATURE: 3,000K 

RUN TIME DURATION: 1,000 SEC 

ENGINE CYCLES: 3 TO 10 

ENGINE STARTUP TIME: 

UP TO 35 TO 1 

UNDER 10 SEC 

Potential Cost Benefits 

Assumed $lOOO/Lb Launch Cost to LEO (Past Year 2OOO) 

Mission 

National 
Launch 
system 

Atlas 
Upgrade 

Orbital 
Maneuverin8 
Vehicle 
I 

Impact of SNTP 

Eliminate 
Lsuoe 
core 

Titan IV 
Payload 
Capability 

Reuievemepair 
High Value 
Satellites 

$/Mission 
'N~n-Rc~Unin - 
$25 M 
+ $2 B* 

$130 M 

$500 M 

__ 

- 
20 Year 
Total 

$4.0 B 
I 

$10.4 B 

$5.0 B 

- 

USAF 
$19.4 B 

NP-TIM-92 19 InImduction: Requirements 
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INTRODUCTION 

EXECUTIVE SUMMARY 
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Nuclear Thermal .Propulsion Nuclear Electric Propulsion 

Presentation to SSTAC/ARTS 

Thomas J. Miller 
1 0121 I92 

= NASA LEWlS RESEARCH CENTER 

OBJEGTlVE 

OBJECIlVE 

DEVELOP AND DEMONSTRATE TECHNOLOGY FOR NUCLEAR PROPULSION SvSTEllRs To 
SATISFY USER CODE MISSION REQUIREMENTS - BALANCETECHNOLOGY AND PERFORMANCE WtTH SOUND SAFETY AND 

ENVIRONMENTAL POLICIES 

SCOPE CUSTOlYlER 

- NUCLEARTHERMAL - NUCLEARELECTRIC 
- L U N M A R S  EXPLORATION (our) - ROBOTIC SCIENCE (OSSA) 

- CONCEFI' DEVELOPMENT AND SYSTEMS ENGINEERING - INNOVATIVE TECHNOLOGY - - FAClLmEs - SAFETY, QA AND ENVIRONMENT 

ENABLING TECHNOLOGY (NEP 6 Mp) 

m 
21 Inlroduction: ExEutive summary 

NP-TIM-92 



tSSlONS CONSIDERATIONS 

Introdudion: Executive Summnry 22 NP-llM-92 
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IS RESEARCH CENTER, PLUM BR 
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TYPES OF SPACE NUCLEAR PROPULSION 

WCLEAR THERwAl ROCKETS (NTRJ 

DEVELOP THRUST BY USING A NUCLEAR REACTOR TO HEAT 
A PROPELLANT QAS AND EXPEL IT THROUGH A NOZZLE 

- HIGH SPECIFIC IMPULSE' (*TWICE BElTER THAN BEST 

- HlQH THRUST (FAST ACCELERATION) - SHORT UFETWE (MINUTES TO HOURS) 

PRIMARY NASA OPllON FOR CAR00 AND PILOTED MARS 
MISSION; ALSO, PROUBINQ CHOICE FOR MANY DOD APPUCATIONO 

CHEMICAL SYSTEMS) 

WLEIR Fl ECTfW PROPUWWN 

DEVELOP THRUST BY WQ ELECTRICITY PRODUCED FROM HEAT 
M A  NUCLEAR REACTOR TO IONIZE A PROPELLANT AND ACCELERATE 
M E  CHARGED PARTICLES THROUOH A THRUSTER 

- VERY HIGH SPECIFIC IMPULSE' (>io nws BEHER THAN BEST 
CHEMICAL SYSTEMS) - LOW THRUST (COMTINUOUS ACCELERATION) - LONG LIFETIME (MONTHS TO YEARS) 

ENABLINQ OR SIGNIFICANTLY ENHANClNQ FOR SEVERAL 

REACTORSYSTEMSWILLBEBASEDONSPACEREACTORS 
CURRENTLY UNDER DNELWMENT 

NASA SOLAR SYSTEM ROBOTIC MISSIONS; NEAR TERM NEP 

NEP VWICWSYSlEM llcHEMulC 

NUCLEAR THERMAL PROPULSION HISTORICAL 
S U M ~ A R Y  (ROVER//NERVA) 

UH 

NP-TIM-92 
_I - 

18 YEAR DEVELOPMENT PROGRAM (1955-1973) 
($1.4 BlLLlON EXPENDED IN THEN-YEAR DOLLARS) 

20 REACTORS BUILT AND TESTED 

- - REACTOR DESIGN AND DEVELOPMENT - LANL 
DESIGN AND MANUFACTURE OF ROCKET ENGINE SYSTEMS * 

TESTING OF ALL REACTORS - NEVADA TEST SITE 
WESTINGHOUSE AND AEROJECT .. 

PERFORMANCE DEMONSTRATED 

- POWERLEVEL 4100 MWt 

- SPECIFIC IMPULSE (ISP) 850 sec - START/STOP CYCLES 28 - CONTINUOUS OPERATION 62 MINUTES 

2760K - PEAK FUEL TEMPERATURE 

25 
m w m z  
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! NRXiEST AT TEST CELL A 

6.35. 

Inlroduction: Executive Summary 26 



DOE ROLE IN SPACE NUCLEAR PROPULSION 

0 TRADITIONAL DOE ROLE OF DESIGNING, DEVELOPING, TESTING, AND 
PROVIDING NUCLEAR SYSTEMS, INCLUDlNG ENVIRONMENTAL, 
SAFETY, AND HEALTH ASPECTS 

@ NASA/DOE MEMORANDUM OF UNDERSTANDING (MOU) FOR 
ENERGY-RELATED CIVIL SPACE ACTIVITIES 

- SPECIFIC PROVISIONS FOR NUCLEAR PROPULSION 

0 PROJECT SPECIFIC MOU FOR NUCLEAR PROPULSION 

- DRAm PREPARED FOR BOTH NASA AND USAF PROJECTS 

@ NATIONAL SPACE POLICY DIRECTIVE ON SPACE EXPLORATION 
INITIATIVE 

- NASA, DOD, AND DOE DIRECTED TO CONTINUE TECHNOLOGY 
DEVELOPMENT FOR SPACE NUCLEAR POWER AND PROPULSION 

DOE SAFETY ROLE IN 
SPACE NUCLEAR PROPULSION ACTIVITIES 

0 ENVIRONMENT, HEALTH, AND SAFETY 

- OVERALL POLICY, ALARA - OVERSIGHT 
- NEPA PROCESS - SAFETY ANALYSIS, REPORTSlAPPROVALS - PUBLIC SAFETY 
- SAFEGUARDS - SITE MONITORING 

0 NUCLEAR SYSTEM DESIGN, MANUFACTURE, ASSEMBLY, CHECKOUT 
AND OPERATION 

0 GROUND TEST FACILITY DESIGN, ACQUISITION, CONSTRUCTION 
AND OPERATION 

US. 

NP-TIM-92 27 
tom+ 
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NO AND §PACE OPERATION§ 

e ULTIMATE SAFETY OBJECTIVE: 

- M I N I ~ I Z E  RISK AND CREW IN NORMAL AND 
ABNORMAL OP 

NUCLEAR POWER SOURCE LAUNCH APPROVAL PROCESS: 

- BASED ON RIGOROUS SAFETY RE-QUIREIVIENTS, EVALUATION 

-  CONSIDER^ ~~SSIO ECT~VE~/BENEFITS VERSUS Rl§K$ 

- BASED ON §UCCE§§FUL HISTORY OF ISOTOPE AND REACTOR 
APPLICATIONS BY NASA AND DOD 

ARDS, REQUIREMENTS. AND CODES 

FOR NUCLEAR COMPONEN~S AND SYSTEMS 

- SHIPPING 
- FACTORY 

- RECOVERY, CLEANUP, AND DISPOSAL ACTlOWS 

@ NUCLEAR FLIGHT S EM OVERSIGHT (WITH U - OVERALL POLICY DEFINITION 
APPROVAL PROCESSES 

MOfUlTORING - SUPPORT IN POSSIBLE EMERGENCIES - - POTENTIAL GRQUND RECOVERY OPERATIONS 
NORMAL AND ABNORMAL DISPOSAL OPERATIONS 

28 
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GROUND TEST FACILITY 0 

0 SiTE SELECTION AND MANAGEMENT OVERSIGHT - STANDARDS AND CRITERIA - SITE PREPARATION AND MAINTENANCE - SITE MONFTORING - SHIPPINGIHANDLING OF RADIOACTIVEIHAZARDOUS MATERIALS - DECOMMISSIONING AND DISPOSAL 

- STANDARDS AND DESIGN CRITERIA - FUNCTIONAL REQUIREMENTS - - 

0 FACILITY DESIGN AND CONSTRUCTION OVERSIGHT 

SAFETY REQUIREMENTS, ANALYSES, AND APPROVALS 
PREOPERATIONAL CHECKS AND TESTING OF EQUIPMENT AND 
SYSTEMS 

OVERSIGHT OF OPERATIONS - CONDUCT OF OPERATIONS - TRAINING REQUIREMENTS - TEST PROCEDURE APPROVAL - SPECIFIC TEST APPROVAL - POST IRRADIATION EXAMINATION 
QIJALITY ASSURANCE PROGRAM OVERSIGHT 

0 SAFEGUARDS AND SECURITY OVERSIGHT 

GROUND TESTING ISSUES 

0 MAJOR FACILITIES REQUIRED 

- - EITHER NEW FACILITIES OR EXTENSIVE MODIFICATIONS TO EXISTING FACILITIES 
MUST MEET CURRENT ENVIRONMENTAL AND SAFETY REQUIREMENTS (EFFLUENT 

FACILITY STUDY ESTIMATES 40.5 TO OVER 818 AND 7-10 YEARS EACH 
DOE SITES WILL BE USED 

CONTROL1 - - 
0 TYPES OF FACILITIES - FUEL BUNDLE QUALlFICATtON - ENGINE SYSTEM 

0 ISSUES - SAFETY AND PUBLIC ACCEPTANCE - LARGECOST - SINGLE NATIONAL TEST COMPLEX VERSUS MULTIPLE COMPLEXES 

0 EXPERIENCE - ROVERPJERVA DESIGN - NUCLEAR FURNACE' - -  HAS SHOWN GROUND TESTING CAN BE ACCOMPLISHED THROUGH USE OF A 
SCRUBBER SYSTEM 

*A SMALL 160 MWtl HlOH TEMPERATURE REACTOR USED FOR TErmNQ NUCLEAR THERMAL 
ROCKET FUEL ELEMENTS. 

e m  10- 
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POTENTIAL USE OF CIS FACILITIES 

5 PROM A PACT 

REPORTS 

OF FOREIGN NUCLEAR 
TO BE DEFINED 

- - INTERNATIONAL AGREEMENTS MAY BE NEEDED 
ROLE OF U.S. INDUSTRY NEEOS TO BE FURTHER EXPLORED 

0 TOPIC BEING WORKED 

NUCLEAR PR EED8 

0 PAST PROGRAM PERFORMANCE NOT ADEQUATE FOR TODAY’S 
NEEDS 

0 PERFORMANCE IMPROVEMENTS REWIRED 

- - - 
HlGHER SPECIFIC IMPULSE (900*1000 SEC.) 
HIGHER THRUSTWEIGHT (26 - 36 TO 1) 
DIFFERING REQUIREMENTS FOR CIVILIAN A 
APPLICATIONS (e.g., RUN TIME, RESTARTS) 

0 NEWDEVELOP ENT PROGRAM NEEDED 

- REESTABLISH OLD TECHNOLOGY b CONSIDER NEW 
CONCEPTS 

uu 
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0 DEVELOPING AND TESTING OF CANDIDATE NTP FUELS 

0 EARLY STUDY AND SELECTION OF EFFLUENT TREATMENT SYSTEMS - TEST AND QUALIFY PROTOTYPE COMPONENTS AND 
SUBSYSTEMS 

0 NUCLEAR FACILITY PRECONSTRUCTION ACTIVITIES - INITIATE ENVIRONMENTAL, SAFETY, AND PRELIMINARY DESIGN 

PROCEED TOWARD A SINGLE NATIONAL NUCLEAR PROPULSION 
ACTlVlTlES 

TEST COMPLEX - - 
- 

MEETS BOTH NASA AND DOD REQUIREMENTS 

* MTP CONCEPTS ASSESSMENTS AND DEFINITION - NERVA DERIVATIVE - PARTICLE BED - CERMET 
- CIS TWISTED RIBBON 

U I  

RECENT DOE NUCLEAR PROPULSION ACTIVITIES 
FOR SEI 

0 LIMITED ASSESSMENTS OF NUCLEAR PROPULSION CONCEPTS AND 
ASSOCIATED TECHNOLOGIES 

0 NUCLEAR FUEL DEVELOPMENT 

e FACILITIES EVALUATIONS AND ASSESSMENTS 

- DOE/NASA/USAF NUCLEAR FACILITIES REVIEW 

- - 
PROVIDED FACILITIES INPUT FOR SNTP DRAFT EIS EFFORT 

INITIATED STUDIES FOR COMMON FACILITIES 

- 
- CIS FACILITIES VISITS 

PLANNING AND PROGRAMMATIC ACTIVITIES 
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SPACE NUCLEAR THERMAL P R ~ P U L $ I O ~  

PROPULSION NEEDS 

USAF PHILUPS LABORATORY IS PROGRAM MANAGER FOR THE SNTP 
PROGRAM 

DOE IS RESPONSIBLE 
THE PROGRAM, lNCLUDtNG NUCLEAR SAFETY OVERSIGHT AND 
NUCLEAR GROUND TESTING 

SANDIA NATIONAL LABORATORIES ALBUQUERQUE (SNLAI 
BROOKHAVEN NATIONAL LABORATORY (BNL) ARE PRINCIPAL DOE 
LABORATORIES PARTICIPATING ON THE PROGRAM 

THE NUCLEAR DEVELOPMEN? PO 

0 DRAFT EIS 

- ISSUED FOR PUBLIC REVIEW 

- FINAL EIS EXPECTED I 

- TWO SITES UNDE N 

- - N ~ A D ~  TEST SITE 

- - IDAHO NATIONAL ENGtNEE~lNG LABOR AT OR^ TEST SITE 

- SITE SELECTfON ANTICIPATED IN JANUARY 1993 

saw 
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SUMMARY 

NP-TIM-92 

0 LONG HISTORY OF SUCCESSFUL USE OF NUCLEAR POWER IN SPACE 
(AND DOE SUPPORT OF THESE SYSTEMS) 

0 SPACE NUCLEAR THERMAL PROPULSION IS A LONG LEAD 
DEVELOPMENT ACTIVITY. CONSOLIDATION OF U.S. MILITARY AND 
CIVILIAN EFFORTS TO THE GREATEST DEGREE POSSIBLE WOULD BE 
BENEFICIAL. 

0 DOE WILL HAVE A LEAD ROLE IN DIRECTING THE MUCLEAR ASPECTS 
OF SPACE NUCLEAR THERMAL PROPULSlON PROGRAMS; ACQUIRING 
AND OPERATING THE GROUND NUCLEAR TEST FACILITIES: AND 
ASSURING THE SAFETY OF ALL DESIGN, DEVELOPMENT, 
FABRICATION, TEST, AND OPERATIONS ACTIVITIES 
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ACE NUCLEAR 
THERMAL PROPULSION (SNTP) PROGR 

PRESENTATION TO 

NUCLEAR PROPULSION TECHNICAL 
INTERCHANGE MEETING 

BY 

LT COL GARY A. BLEEKER 
PROGRAM MANAGE 

PHILLIPS LABORATORY 

i 20 OCTOBER 1992 

NUCLEAR ROCKET PROGRAM 
0 TECHNOLOGY CHALLENGE 

.DEVELOP ADVANCE0 NUCLEAR ROCIQT 
ENGINE WITH 2% THE ISP OF BESTUWID 
ENGINES WD THRUSTTO MIGHT 
COMPARABLETOH21M 

RELIABILITY, OPERABIUIY. 
P E R F o R M A N c ~ b N D m ~ m  

-PROGRAM Pwmm  ARE^, 

0 PAYOFF 
-WDEVARlElYOFPOTENllAL 
APPLICATION FOR UPPERSTAGES, O N P  
AMI PLANETARY MISSIONS 

-6MO%COSTSAViNC4SPERWNCH 
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SNTP Hydrogen Test Facility Layout 

INTEGRATED TEST PLAN 

(SAN TAN) 

Englne Syilern 

Dovalopnwnt (6uWs) 
Integrated Component 

Ground 
Test 

Article-1 
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Ground Test Approach 

Exhaust to ETS 

SAFETY, ENVIRONMENTAL, HEALTH 

0 TOP PRIORITY FROM INCEPTION 

- PROGRAM SAFE ,Y POLICY ESTABLISHED AND BEING FOLLOWED 

- PSAR COMPLETE AND UNDER REVIEW 

MEETING ALL FEDERAUSTATE REGULATORY REQUIREMENTS - 
- SUBSTANTIAL INTERNAL AND EXTERNAL REVIEW (DSB, DOE, ._ -. 

.. NAS) 

- FOLLOWING ALARA (AS LOW AS REASONABLY ACHIEVABLE) 
APPROACH . .  . 
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AND SUPREMACY 

OF SUCCESS 

0 GAPETk AND jEMlROfWMENTAL 
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NUCLEAR THERMAL PROPULSION 

SYSTEM CONCEPTS 
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Nuclear Propulsion Technical Interchange Mec ting 

Sandusky, OH 
October 2,1992 

Robert Corban 
Nuclear Propulsion Office 

NASA Lewis Research Center 

LEWIS RESEARCH CENTER 

Systems Overview 

mw18 
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LEWIS RESEARCH CENTER 

Systems Overview 
Reauirements and Public Acceptance 

= OBJECTIVE 

-Provide NASA with Requirements management expertise 

- Rqulremurt dollnlllon 

.Change management and control 

* Requlremmio documenl malnfmmce I 
-Provide public acceptance planning 

Analytical Englneerlng Corporation 

-Awarded competitive contract (small business set-aside) 

-Ongoing 5 year contraci 

-Provide key functional analysis 

-Initial requirements document developed and controlled 
I 

I 

Systems Overview 
Requirements and Public Acceptance 

The following charts provide a brief synopsis of the contracted efforts for FY92 in assessing 
Nuclear Thermal Repulsion requirements, concepts, and associated issues. 

Requirements and Public Acceptance 

This effort is to provide NASA LeRC with assistance in space nuclear propulsion system 
requirements management and public acceptance planning. Requirements management will 
include requirement definition, requirement change management and control, and 
requirement document maintenance. Specific objectives are to: 1) provide assistance in 
defining clear, concise, verifiable nuclear propulsion system requirements, 2) provide full 
traceability of requirements with reference, analysis, design, and historical data with the 
ability to assess the impact of requirement changes, 3) produce documentation of the 
nuclear propulsion system requirements and specifications that can easily accommodate 
changes, 4) provide assistance in public acceptance planning, and 5 )  include the resultant 
system requirements for a publicly acceptable SEI nuclear propulsion system. 

Analytical Engineering Cogo& 
Analytical Engineering Corporation (AEC) was awarded a five year contract in FY92 to 
meet the objectives defined above, AEC's approach will utilize detailed functional analysis 
to ensure that system functional requirements are accurately interpreted and flow down to 
system specifications. An initial requirements document has been developed and continuous 
improvements are on-going. 
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w 
NASA 

Concept Feasibility Assessmenu 
OBJECTIVES 

-Provide consistent requirements for MTp concept definition 

-Partlelo Bod Reador (kmlsll Bsbcwk & Wlkox) 

-NERVA Cerlved (Racketdyne/ Wmtbghouu) 

*CERMR (Pian a Whltnry/ Baboock & Wlcox) 

~~ommommalfh of Indepandml Stales (AerojW Babcock & Wllcox/ Energopool) 

-Obtain consistent concept assessments 

-Initiate with limited level-of-effort (= 2 MY) through existing task order 
contracts 

Systems Overview 
Concept Feasibility Assessments 

The objective of these studies was to determine the feasibility of a nuclear thermal 
propulsion system based on a particular fuel element farm for the nuclear reactor. The 
studies evaluated “state-of-the-art” concept feasibility, thrust level range implications, test 
facility requirements, manned mission impacts, and key component technologies required. 
Shown in the chart are the study teams and their associated fuel element that was the basis 
for their concept analysis. 
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-Concept Definition 

*concop?ual laywt 

*Thennodynamlc cycle balance 

Preliminsly neulmnfc and thormalhydraulb analysls 

* Syalom mas8 and Thrurt-to-Weight Relallonrhipe (25,50,75 Klbs) 

- Pr&lmlnary life and rallablllly asseasment 

.safety leatucoo 

-Key Technologies 

*i&ntlty key enabling 1.chnologles 

* Pmllmlnay technology plan 

. Associalad hcIlHy needs 

Systems Overview 
Concept Feasibility Assessments (con ti nued) 

Concept Definition 
The Contractors were requested to define a nuclear thermal propulsion concept based on their 
particular reactor concept in sufficient detail to permit reasonable judgements on feasibility, 
weight, performance, safety features, operations, and key technology requirements. An overall 
assessment of the NTP engine would include the reactor assembly, nozzle, propellant feed 
system, thrust vector control, instrumentation and conml, and propellant pressurization. The 
concepts were defined to meet, as a minimum, the basic performance requkements defmed 
below. The NTP engine concepts were assessed at one specific thrust level point with 
sensitivities determined for two others. 

Baseline Design Requirements 

PARAMETER 
Thrust 
Thrust/Weight (w/ Internal Shield)" 
Specific Impulse 
Throttling 
Reuse 
Single Bum Duration 
Engine Life 
Reliability 
Propellant 

REOUIREMENT 
25K -75K 
24 
2850 seconds 
25% Thrust @ Rated Temperature 
Multiple (h4ission Dependent 2 10 Restarts) 
60 minutes (Maximum) 
>270 minutes at Rated Thrust (3X Required) 
Manned Systems 
Hydrogen 

Kev Technologies 
The Contractors were to determine from the defined concept the key enabling technologies that 
need to be addressed before the system could be developed. Technologies that would have a 
significant impact on the overall system performance, safety, or reliability would also be 
identified. For each enhancing technologies, its system impact were to be identified along with 
the risks associated with its development. 
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ngins Clustsrlng Study 

-Requested by EXPO 

-Assess top level multiple NTP enginelvshicle clustering feasibility issues 

-Determine impact on NTP requirements 

-Contracted with Generql Dynamics 

ick (2 months), Limited effort 

0 Lunar NTR Vehicle D95 
-Identify and characterize "near-term" lunar Zrqnsportation vehicles 

-4ssess design features, performance, and opratiosal benefits 

-Compare variis lunar NTR optians 

-Contracted with SAlC and Martin Marietta 

-One man-year effort over past six months 

systems Overview 

The objective of this study requeqed by NASA JSc's E 
tp develop propulsion system deesigns that could be i 
vehicle. Four propulsion system options were devel 
either boost pumps or run tanks for en 'ne start up. 
TYC requirements, engine opt possibfitias, propuls 
development requirements. 

D e  objective of this study was to identify aqd pharwterize the features of MTR propulsion 
vehicle missipns. The stqdy assessed NTR stage design 

amnatic (schedule and cost) issues are 
hicles based on past studies 
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LEWIS RESEARCH CENTER 

Systems Overview 

LEWIS RESEARCH CENTER 

Systems Overview 

Systems Overview 

ENABLER I & ENABLER If 

- Based on NERVA fuel element (scaled fuel for ENABLER Ill 

- Paramerric weight and size analysis 
-ThntSt -QemberTanpwuure -Ch.mbxPress~~~ -NozelcAreaW 

- Continued development of Nuclear Engine System Simulation 
(NESS) design program 

- Contracted wilh SAIC 

Enabler I & II 

The major objective of this task was to upgrade the Nuclear Engine System Simulation (NESS) 
analysis code to include the NERVA solid core engine (ENABLER I) and an advanced 
solid-core reactor module (ENABLER 11) that utilizes scaled NERVA fuel elements. 
Additional objectives include the parametric characterization of the ENABLER I & 11 engine 
system concepts, and to examine on the “top-level” NTP engine design riswreliability issues 
and their impact on the system. 
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SYSTEMS ENGINEERING PROCESS FOR 
REQUIREMENTS/CONFIGURATIQN DEFINITION 

Pmgram 
Re quire menl s u Process 

SubaystedComponent Trade SubsystedComponent 
Re quire me nl s Studies* Defhltbn 

CEI Speclfkatkns 
- 

The systems engineering process for requirements and configuration definition, 
shown in the figure above, includes roles and responsibilities of NASA and the 
Systems Contractor. The overall program requirements are derived from the mission 
to be performed. The program requirements, in tum, are utilized as the bask for the 
definition of all lower level documents that contain incmasing detail concerning design 
requirements associated with performance, safety, operations and environment. The 
lower level documents are dynamic in nature. Many studies are conducted involving 
trades between lower level requirements and engineering system definition. The 
propulsion system requirements are highlighted because they are the focus of this 
discussion. Stage/Engine requirements have been generated, baselined by NASA and 
are under formal change control and propulsion system definition is underway. The 
Functional Analysis activity shown is simply the process of systematically identifying 
the generic functions to  be performed at all levels and leads ultimately to the definition 
of the System Architecture. Since Program and Vehicle Requirements are not 
currently available, the propulsion system requirements were generated on the basis 
of representative manned lunar and Mars missions. 
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1 

LEVEL 
MARS MISSION FUNCTIONAL ANALYSIS / 

PROVIDE MANNED WARS LISSION 

PROVIDE PROPELLANT PROVIDE PROPU1sIOH 

I -uLE 'I 
PROVIDE THRUST 

\ ' MARS MISSION FUNCTIONAL ANALYSIS (continued) 
E V U  

W 

MARS MISSION FUNCTIONAL ANALYSIS (continued) 
LEVEL 

IV PROVIDE SPECIFIC n IMPULSE 

MARS MISSION FUNCTIONAL ANALYSIS (conlinwd) 

PROVIDE PROPULSION n CONTROL 

LEVEL 

IV 

I 
I V  

PROVIDE FUGHT 

COHTROL 
o p m n o w  

The Mars n functional 
analysis n defines the 

to be 
performed in successive levels of 
detail. 
at each level are those that are 
directly related to the propulsion 
system. Those f u n ~ ~ o n s  that are 
not highflghted are the principal 
interfaces with the propulsion 
system. The three functions of 
the propulsion module are to 
provide thrust, provide specific 
impulse and control of the engine 
operations. The three charts 
which follow are simply 
functional breakdowns of the 
main engine functions to 
successively lower levels of 
detail. On the basis of this 
analysis, the system architecture 
or system definition can be 
completed. It should be noted 
that these functions are generic 
and are required for any nuclear 
roGket. No design solutions have 
been assumed. It Is the role of 
the systems d efinition 
contraotors to perform the 
system trades which result in the 
definition of the propulsion 
system. 
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STARTUP NPSP REQUIREMENT 

OPERAnNG ENVELOPE - PRESSURE 
AND FLOW 

NUMBEROF HAZARDS ASSOCIATED 
WITH LOSS OF FLOW 

- VOLUME REQUIRED (LENGTH 
AND DIAMETER) 

\ MARS MISSION ATrRlBUTES (continued) f l  

* MATEWAUPROPEUNT AT - OPERATING TEMPERATURE MARGIN 

* PROPELLANT TEMPERANRE UNlFORHlTY 

s PROPELLANT PRESSURE DROP FISSION PRODUCT RELEASE - POWERDENSKY 
* STARTUP POWER MARGIN 
* DEVELOPMENT TEST REOUIREYENTS - TEMPERATURUUR CHARACTERISTICS 

- FAILURE TOLERANCE 
CDOLDOWN PROPELLANT R E W I R M N T S  

f MARS MISSION ATTRIBUTES (continued) 

I PROVIDE 
PROPULSION 1 CONTROL 

MINIMIZE EXTERNAL CLOSED LOOP CONTROL INTERFACES 
* FAlLURE PROPAGATION ACROSS EXTERNAL INTERFACES 
* RECOGNIZE AND RESPOND TO ALL ABWORMALITIES 

PROVIDE REPEATABIE STEADY STATE AND TRANSIENT OPERATION 
* PROVIDE REUABLE AND RESWNSlVElNSTRUMENTATlON 
* MINIWE REOUIREMENT FOR MANUAL OVERRIDE 
* PROVIDE LIAXlMUUREDUNDANCY AT MNlMUM COST 

/ 
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The completion of the functional 
analysis previously described 
permits the definition propulsion 
system attributes that can be 
utilized to assess the relative 
merits of competing systems and 
to establish criteria for 
technology thrusts to enhance 
performance, safety and 
reliability. The attributes 
associated with the functions are 
outlined in the four charts that 
follow. These attributes, in 
addition to the system 
requirements, can be utilized for 
the evaluation of any nuclear 
rocket system and can provide 
the system contractors guidance 
about system characteristics that 
are considered to be important. 
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SUMMARY REMARKS 

A Consistent Set Of Propulsion System Requirements Has Been 
Developed By NASA 

Under Formal Change Control 
Propulsion System Functions Traceable To System Requirements Have 
Also Been Generated 
Preliminary Propulsion System Attributes Traceable To Functions Have 
Been Derived To: 

We Request Feedback From The Program Participants - Particularly The 
System Definition Contractors 
Future Work Will Be Directed To The Development Of An Integrated 
Propulsion Systems Model Coupled With Propulsion Systems 
Requirements Traceable From The Lowest Level To Mission Needs 

Traceable To Mission Needs 

Assess The Relative Merits Of Competing Systems/Elements 
Establish Criteria For The Definition Of Technology Thrusts 

ANALYTICAL *:‘ 
ENGINEERING €7 ” 
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NUCLEAR SYSTEMS IN SPACE? 

DOES/WILL TNE PUBLIC ACCEPT THEM? 

Harold B. Finger 

Public Acceptance Is always raised as an obstacle to the use of nuclear energy for any 

purpose, In any way. It is always cited as an issue that must be resolved before nuclear 

energy can be used for: 

Nuclear energy plants to generate more electricily. 

Nuclear medical diagnosis and Lrealmenl, 

Food irradiation to destroy harmful bacteria. 

So it is not surprising that lhe assumption Is generally made that there is public 

opposition to using nuclear energy in space that could preclude its use even for 

missions that it makes realistically feasible. Yes, there is a broad assumption that the 

public generally opposes nuclear energy. 

Let me start right off by telling you that assumption is WRONG. (Figure 1) Here are 

some of the attitude data that indicate the public’s attitudes on nuclear energy. They 
are positive. not negative. Most of the public believes nuclear energy will play an 
important role in our energy supply, that it should play an important role. and that the 

need for nuclear energy to supply our electricity will increase. Only 15% would favor 

closing our nuclear electric plant. 

In spite of those data, you are not alone in thinking the public opposes nuclear energy. 

When (Figure 2) opinion leaders are asked how important a role they think nuclear 

energy should play in meeting our future energy needs, 72% answered Very or 

Somewhat important. But. then. when they were asked how important they thought 

the public feels about the reliance on nuclear energy. only 25% thought the public felt 

nuclear energy should play an important role, while 63% felt the public did not believe 

it should be important. As Figures 1 and 2 show. 73% of the public, the same number 

as the opinion leaders, believe nuclear energy should play an important role. A similar 
perceptlon gap exits between Congressional staff views supportlng the importance of 
nuclear energy and what they think Ihe public believes. 

AECPSl-D92-137 
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So, (Figure 3) we all do have a job to gel opinion lcaders and our pollcy makers and 

many other Influentials in our sociely to understand that the publlc accepts and even 

supporls the use of nuclear energy. Doing that will ccrtairily help get favorable policy 

actlon related to nuclear energy. But it won't be easy to get that point across. I1 won't 

be easy. at least partly because the small number of comniilted anli-nukes are vocal 

and because -- as about two thirds of those who call news about nuclear energy 

describe those news reports as negalive - -  the press does generally emphasize the 

negative. It appears that good news is not considered newsworlhy. 

As the USCEA has determined. based on broad attitude research (Figure 4). there 

should be no expectation that the public will accept or support the use of n 

energy unless it meels special needs and offers special and significant beneRts. That Is 
why the USCEAs public information program emphasis (Figure 5) is on gaiaing 

recognition for the growing need for electricity in a growing economy and on nuclear 

energy's benefits in cutting imported oil dependence, reducing pollutant ernlssims and 
presewing scarce resources. 

In transferring that lesson to OUT space use of nuclear e n e r e  IFigure 6). it means 

getting recognition and support %or the space ly and for the missions 
ially born or reajistica lear energy for t 

accomplishment. 

This is what a group of aeroqpace an 

pragram to do just that. $If any df you here. whose 

d in this effQfl want $0 'become part of it, lplease let me or 2Red Ru 

ther companies we now trying to organize -- a 
anizatiws have not yet beea 

your interest. We'll welcome your tparticipation. 

Developing an IfFective public oommunication ,program .IF@xe 74 requires il solid ibase 

of a&itude research. We must understand the views af the piFblic and of our palicy 

makers. We 'must .determine those benefits ol'the space prQgram and of the missions 

that  are reallstically enabled 'by nuclear energy 4hst %would :be effective in gaining 

support for the apace program and those missions. In fact. we know almost nothing 

about the pttblic's attitudes and knowledge on using nuclear energy An space. I doubt 

that the public knows that we have already used nuclear -- radtolsotope- power uni1s.h 

space $to get data from the Moon 'in   pol lo. to get pictures of Saturn and Jupiter. ,and 

other wses whose results were broadly and proudly discussed. We ,need to get such 

lnfomallon+known as part of our developingsprogram. 
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We do have a fairly good feel for what the public thinks about the space program; 

thanks largely l o  the excellent work supported mainly by Rockwell International and 

from several others. So let me review some 0 1  those research results with you. 

Here (Figure 8) are the generally highly postlive views of the space program. Over 80% 

support the space program overall; believe it is important to the United States; approves 

of tt: and. at least back in 1988. believed that a U.S. lead in the program was important. 

Figure 9 shows further data. There is less, though still strong, sense of a personal 

benefit than a national benefil, but it is certainly encouraging that relatively few- only 

25 to 30 percent- considered space exploration a luxuly at those times. I'll address that 

further later. 

It is also important and encouraging to see the overwhelmingly positive responses when 
various benefits are sugested a s  reasons for supportlng the space program (figure 10). 

However. all of these attribules are suggested in the interviews: there are no open-ended 

questlons that would ask the interviewee what he or she knows and believes Is most 

important about the space program. Of course, that will require further attitude 

research. In the meantime, the data of Figure 10 arc very positive. 

Here (Figure 11) are the responses when various goals are suggested for the space 

program. You'll notice that the support for all the proposed missions dropped from 

1990 to 1992. We don't really know the reason for that drop, but it may also indicate 

that we have not adequately explained the economic, job. nor technology benefits of the 

space program. Even some Congressmen. who should know better. say we should not 

spend our budget IN space. that we need the work here on the ground. That's actually 

an argument we faced and addresscd back in the 1960s. The response is obvious. I 

believe. 

Although Figure 11 shows the significant dowriturn in support of manned lunar and 

Mars missions, let me turn to broader public views concerning the manned Mars 

mission, which we would all agree is certainly one of the primary missions for nuclear 

thermal propulsion. That mission is realistically enabled by nuclear propulsion. 

For our Russian friends who are here, Figure 12 shows the obvious feelings of 

Americans thal think we should do the M a r s  mission together with the republics of the 

fornier Soviel Union. Americans k l t  lhal way back in 1988 when we were strong 

Page 3 Of' 5 

55 

November 13. 1992 

NTP: System Concepts 



competitors. I expect the numbers would be much higher in favor of that joint effort 
today. 

In essence, the various dala here indlicatcl lhnt Mars and planetary investfgation rate 
high among the aiternatlves suggested for future missions. Support for the President's 
SEI mlssions also shows high figures. However. it is significant that only a little over a 

third of those interviewed were aware of his proposals. That is only another 
manifestallon of thc fad that his lnlliatlvers were no1 broadly discussed and that they 
were not seized within lhe space community nor developed and pushed as  dynamic 
goals that could provide signlficant benefits for the country. There was very little 
discussion of those goals and proposals outside the space and science community. 

The question of the importance of the U S .  being first to get to Mars drew a response 
that, not surprisingly. change sijinlficantly aner the demise of the Swlet Union and its 
replacement by the Commonwealth of Independenl States. In 1989. there was a small 
margin feeling it was important that we be first, but after the Soviet coup attempt, there 
was a significant reversal with only 35 percent feeling it was important that we be first. 
The competition with the Soviet Union was no longer cansldercd significant a s  a 
justtfication for an urgent effort to be first in that dlnricult Mars goal. As I lndicated 
earlier, the idea of a joint effort may be viewed as an even greater opportunity than was 
the case in the data of the late 1980s. 

Now let me turn to the telling data on putting our nionoy were our mouth la -- how 
much should we be spending on the space pragram? In general (Figure 13). a majarlty 
of people seem to favor lnvestment in the space program; especially when we combine 
those who favor an increase with those who believe it should be continued at its current 
levels. Not until the choice between 'investment in space or...on domestic programs" do 
we see a significant switch In 1990 in favor of the domestic programs. 1 maintain that 
choice is not a real one. We obviously do not spend the money in space; it is actually 
spent In this country and it is a benefit to our domcstlc economy. to our technological 
developmenl and lo our competltiveness and job base. I feel strongly that the space 
eirort is the peaceful alternative to the cutback In our dcfense efiort That may, in fact, 
turn out to be an effective message and a persuasive one in gettlng recognition for the 
Importance. benefits and need for such a mission and such a space program. However, 
determining whether that is the case will require meaningful message research and 
evaluatlon. 
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What are thc conclusions that can be drawn lrom all this attitude research on the space 

program? Here (Figure 14) are my conclusions. The attitudes concerning the space 

program are generally favorable. especially when we consider the economlc problems 

our nation faces. However, many of the comments made are in response to sujgested 

goals. benelits. etc. There is very liltle research thal is open-ended and seeks out the 

level of understanding thal the publlc actually has about the space program and the 

extent that they actually think about it themselves. We need such greater searchbg 

research. 

It is significant that there is no research into the altitudes of the public concerning the 

use of nuclear systems in space nor in determining what they would think about all the 
nuclear systems that have already been used in space. We need greater understanding 

of those views. 

My next three conclusions all relale to the need for an effective program that can 

communicate to the public and to policy makers the benefits and importance of and the 

need for the space progr;irn. We must determine what messages are truly effective and 

then devise a broad array of approaches to communicate those messages to the public 

and to decision and policy makers. We have no such program now. In fact, I would 

have expected the President's SEI goals to have become the basis for a comprehensive 

program planning and communication effort. But I certainly did not see that develop 

and I do not see it available or being developed to the level required. 

Therefore. my major conclusion. punch line and appeal to all those infomied on and 
involved in this country's space program Is that we establish a strong. effective 

communications program that will convey the benefits of the program and rebuild the 

enthusiasm for space activities we used to have. LET'S GET O N  WITH THAT JOB. 
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FIGURE 1 

N Y 

ERGV TO PLkY IMPORTANT 

AR kNERGY SHOULD BLAY iMPORT LE 

FIGURE 3 

ved Public Opinion Ab 

Opinion leaders and the 
public both favor nuclear 
epergy .... but opinion 
leaders undereollmale 
public support. The gap 
between real and perceived 
public opinion is huge. 

What Opinion Leaders Think .... 

72% 
*Ractically speaking. how Very important 

Sofllowliat inlporlant 

needs$ NO! loo important 

Not mipor!acit at ail 

important a role do yo4 think 
noclear energy shouldpfay in 

menring Amfirm's / u i w  s w g  

Don't know 1 

What Opinion Ceqders Think the Public Thinks .... 
"Wliaf about tlrs AnrPncarr 

public 00 you think ttie majority 
of Aniericans would say that 

nuclear energy sliould play an 
important role in meeting 

Arnercca's &lure energy needs. 
or do you think that the majority 

would say that nuclear energy 
should not nlay an important 

role 9" 

liiiportoiit role 

Not 'mportant "le 

Don'! know 

What the Public FjEALLY Thinkq .... 

73% 3 "Pmcticdly sprakiiig. /)ow VPry 1illpott;lilt 
important a role do you tlirnk 

nuclear energy Shouldplw in 
nweting Anierica's lulure ennryy 

Somewhat important 

22% 
naeds?" Not too irnporlanl m, 

No1 iitiporlnnl fl\ all 
Prepared by the V.S. Councll for Energy Awareness 
April 1992 
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FIGURE 3 

GAINING PUBLIC ACCEPTANCE, APPROVAL, AND 
SUPPORT FOR USING NUCLEAR SYSTEMS IN 

SPACE MISSIONS 

IT'S TIME TO ORGANIZE A 
PROGRAM TO DO THAT 

FIGURE 4 

Ideas About Nuclear Energy Plants 

* 
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FIGURE 5 

FIGURE 6 

GAINING PUBLIC ACCEPTANCE, APPROVAL, AND 
SUPPORT FOR USING NUCLEAR SYSTEMS IN 

SPACE MIS 

Gaining that acceptance, approval, and support requires first gaining 
recognition of the need for and the benefits of using those nuclear 
systems in space. 

We do not use nuclear energy in space unless the benefit and need are 
clear. 

THEREFORE, THE OBJECTIVE IS FIRST TO GAIN PUBLIC 
RECOGNITION, ACCEPTANCE, APPROVAL AND POLITICAL 
SUPPORT FOR THE SPACE PROGRAM BROADLY; AND FOR 

IONS THAT BENEFIT SUBSTANTIALLY FROM OR 
REALISTICALLY REQUIRE NUCLEAR SYSTEMS FOR THEIR 
ACCOMPLISHMENT. 
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FIGURE 7 

DEVELOPMENT OF AN EFFECTIVE PUBLIC 
COMMUNICATION PROGRAM REQUIRES A SOLlD 

BASE OF ATTITUDE RESEARCH 

Public attitude tracking 

Strategy and message testing 

0 Testing communication vehicles 

Evaluation of communication effects 

FIGURE 8 

ATTITUDES TOWARD SPACE PROGRAM 

Support space program overall 80% (Mar. 90) 

Space program is important to U. S. 88% (June88) 

Approve of America’s civilian space program 80% (July 88 & Feb. 90) 

US. lead In space technology important 82% (Feb. 88) 

Data provided by Roper Center, University of Connecticut; from Rockwell- Market Opinion 
Research; and Yankelovich - Time Magazine sources. 
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FIGURE 9 

IMPORTANCE OF THE SPACE PROGRAM 

important to the Y.S. 

a luxury with all the 

Benefits of space program will be more 
important 10 years fram now" 
Looking back 20 years; time, effort and money 
to land men on the moon was worth it. 

JULY 
1888 

88% 

71% 

71% 

25% 

72% 

77% 

FEB. 
1 g90 
82% 

S8*/0 
67% 

29% 

Data from Rockwell - Market Opinion Research Surveys 
Pate noted by * from Gordon S. Black Corporatlon, taken from U.S.A. Today 

FIGURE 10 

IMPORTANCE OF REASONS FOR SUPPORTING 
THE US. SPACE PROGRAM 

JULY PEB. PEB. 
1983 1990 1992 

Makes possible new and important scientific and 90% 89% 92% 
medlcal discoveries 
Provides new and improved consumer product@ 76% 76% 74% 
and services 
Develops new technology to improve U.S. 87% 07% 88% 
productivity and economic competitiveness 
Helps military defend country 8 0 0 ~  79% 80% 

New frontier, important to pioneering and 82% 79% 
exploration heritage 
Space leadership strengthens America's 81% 69% 
worldwide prestige 
Helps us understand weather, climate, 
environment 
Helps interest young people in science and 
enqineering studies 

92% 88% 

80% 88% 
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FIGURE 11 

U.S.INASA SPACE GOALS 

JULY FED. FEB. 
1988 1990 1992 

Improve understanding of climate, weather, 86% aw0 
atmosphere - start new satellite and Space Station 
program with international participation 
Explore solar system with unmanned flights 82% 85% 7 w 0  

international participation 
Back to the Moon - Base for scientific research 70% 6470 57% 
and mining lunar materials 
Manned mission to Mats - Science outpost and 66% 62% 49% 
exploration 

Permanent manned U.S. Space Station with 70% 74% 65% 

Data from Rockwell - Market Opinion Research and Yankelovich Surveys 

FIGURE 12 

ATTITUDES ON MANNED MARS MISSION 

1988: 

1988; 

1988: 

1989: 

Good idea to cooperate with Soviet Union on 
Mars Mission 
Yankelovich-Time Survey 

mission 

If you favor manned Mars mission: 
Should US. go independently? 
or equal partners with Russians? 

Where should astronauts go next? 

increase NASA brrd3et te permit manrled Mars 

Rockwell Opinion Research 

Rockwell Opinion Research 

Permanent Space Stations? 
Planet Mars? 
Back to the moon? 
Somewhere else? 
Don't send anywhere 

Gordon Black Corporation 
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71% 

64% 

3 1 
54% 

40°h 
1 4% 
7% 
9% 

20% 
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1383: 

1889: 

1991 

1990: 

1990: 

ATTlTU N 
continued 

Gallup 

Mow important for the U.S. 40 be first on Mars? 
Gallup 

encourage science and engineering studies 
ns te Moon and Mars will 

Rockwell Opinion Research 

Favor President Bush's SEI mSssions* 
Rockwell Opinion Research 

30% 
18% 
14% 
23% 

51% vs. 
43% 

35vo VS. 
§4% 

a i  % 

69% 

'38% of the people are aware; 61% are not aware of SEI proposals 

FIGUAE 13 

AMOUNT OF EFFORT ON THE SPACE PROGRAM 

(RWkWell Supported Research) JULY FEEL FEB. 
1988 1990 1992 

Space program should be expanded 65% 53% 58% 

Space pragram should continue as is 63% 66% 67% 

Expenditures should be cut back 36% 40% 42% 

U.S. should spend whatever necessary to 61% 56% 63% 
maintain leadership in space 
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FIGURE 13 (CONTINUED) 

AMOUNT OF EFFORT ON THE SPACE PROGRAM 
continued 

JULY 
1 9aa 

Amount of mone being spent on U.S. 
space program s x ould be: 

Increased 26% 

Kept the same 41% 

Reduced/eliminated 24% 

Gallup Survey (' Marist Inst. Survey) 

Is investment in space worthwhile or 
better spent on domestic programs? 

Worthwhile 43% 

Domestic programs 52% 

Gallup Survey 

JULY JULY JAN. 
1990 1992 1990 * 

27% 17% 19% 

42% 37% 40% 

22% 32% 38% 

39% 

57% 

FIGURE 14 

CONCLUSIONS 

Generally, favorable attitudes on space program 

Much of the comment was based on suggestions with very little 
open-ended, volunteered comment 

No data on using nuclear energy in space or on contributions already 
made by nuclear energy 

No significant, coordinated communications program exists 

No system for communicating with influentials and the public by 
constituents, scientists, etc. - No actual message testing to define effective ones 

President Bush's SEI was not grabbed, pushed, nor run with as the 
basis for building public and political support 

* No clear long-term program laid out with clear short and intermediate 
term milestones as the basis for developing and demonstrating SEI 
technologies. 
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Let’? start with one that will feed into the existing 
various ies, ass i w s ,  re h organiraticjns and 
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Agenda 

Introduction 

* Rsaotor Concept Revelopment 

a Engine Conoeptual Design 

* Key Technology and Streamline Development Plan 
Assessment 

lntroductlon 

FVPZ 8ccomplisltments centernil oir concelitcml cleslgiv awl airalyzt*.: ltrr 75K. 5OK. niitl 75K rnginrs, wirli emphasis 
an the SOK enginb. to NASA requirements. 

During the first period of performance llow and energy balances were prepared Itir nni:li crrflinc size with single and 
dual turbopumps. Plan, elevation, and isometric drawings wera prepared for each of these conflgurations. and thriists- 
to-weight were estlmated. A review of fuel technolooy arid key dale from tho RoveMfAVA program, established a 
baseline for proven reactor performance and areas of eniiancetrient to meet near-term goals. Slirdies were performed 
of the criticality and temperature profiles for probable fitel and ninrleratnr loailinns for ~ l r e  three engine slzes, with a 
more detailed analysis of the 50K silo. 

Ourihg the second period of performancn, nnalyses of tlio 50K engine cnntiniieil. A clraini~erlnozzle contour was 
selected and heat transfer aild Iatigue ailalysI!S Were pnrInrnrrd for liknly rrmtnrials nf cnns!riit:tit~ir. Reactnr analysrs 
were performed IO determine component radiation heating rates, reactor radiation (iclds, water irnmersrin pnisoiiitig 
requirements, temperature limits for restartability, and a tie tube tlierrnnl analy In nrlrlition reactor safety and 
reliability were assessed. 

Finally, e brief assessment of key enabling technnln&s was made. with a view toward identifying develnpnrent isstres 
and identification of the critical path toward achieving engine qualificatlnn wittiin 10 years Our initial appraisal 
suggests that critical path for the pronrnrii will be the dcsigii, constriictioii, atit1 awefilaircf! testing of engirte tpsl 
facilities. 
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Requirements 

Rover/NERVA-dcriverl tccl~r~ology 

"Near-Term" inan-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 in (length) x 10 ni (diaineter) 

I,, > 850 seconds 

Thrust 

A. Initially--Z5l<, 501<, and 75K 
B. Continued effort--fiOK 

ThrustIWeiyht (with intertial sliieltl) 2 4 

Requirements 

L .  Requirements for the FY92 NASA-funded effort derive frrrrri the Statemerit of.Wo$ ,Ilm basic objective was the . ---. 
assessemenf of the near-term feasiiitlity ol nover INEAVA-derlvetl nuclear therinal rrir:keI en(l~ne technology for 
meeting piloted misslons lo  Mars. Tile basic requirements for the eiif~~iie provided i)y NASA included size ilmlts, 
target specific Impulse, nitrnher of restarts. oporatlrig life, ant1 tliritst.ro-wei~~iit lower limit. Initial analyses were to 
be performed for three erlgiiw thrust SIZCS: 25K. 50K. ~ i i d  75K. Final concept development was Io be performed 
for the 50K thrust size engine. 
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o Pewee Sue1 element, temp 

Chqmbet temperature 2,550 K 

* Power density 1 . I 8  MWlehrnerit 

0 

0 

Tie tubes with expander cyde 

DpaJ turbopumps/loss of both putnps 

* Nozzle expansion ratio, 200/1 

9 Radiation leakage limits from NERVA 

System requirements of NASA N.P. 002 

Additional Ground Rules 

Communication with NASA suhsequent to issuance of tho Statemnnt nf Work provided odclitional guidance: 
Pewee operating parameters for chamber InmperaIore and power cionsrty, usn nf tie tulws with Ilio expandor cyclo. 

turhnpumps with consideratlon of putrip outa(les, e nozzle expansion area ratlo (200). 
the NERVA dnslgn, and additional system requirements found in NASA N.P. 002, "Muclear 

Thgrmal Racket Engine Requirements.. 
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NERVA-Derived 5OK 

I' 
-~ ~ 

Clraiirber pressure = 784 tisin 

Cliarnber teiiiiiernture = 2,CJGO I< 

Specific impulse = 870 seconds 

Nozzle expansion ratio = 200:l 

Nozzle bell = 110% leriglli 

Engine Schematic 
'11 

NERVA-Derived 50K Engine Schematic 

Tho GOK englne featirrus duel 1urbvpcitiil)s siipplyiilll llcliiicl I~ytlrogen 11) tliu 110 Iiilms, niitl llw: c:liniiiliiv mitt nn771n. 
Approximately 70% of the llow goes to cool the tie tubes and moileralor; the lieat pickup I)rvvlcles the energy for 
tho tiirblries. The proliullaiit flow iisotl ln coni ltm chnirihnr niicl i i n n l ~  nl+n cools tho rnllnctor and pressure vessel. 
The total llow Is mlxed togotlwr, 111)~s thtuccyli the Iclol ulniiinnts wlwra tho tciii~)orol~~te Is Iirc:rnnscicl to 2,550 K. 
and is exhausted 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 Io maximize specific 
impulse and thrust-to-weight. 
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Key FeaturedAttributes 

Proven technology, low risk approacfi 

0 Nozzle technology flying with Space Shuttle 
Existing turbopump designs applicable 

0 RovedNERVA-derived reactor 
0 Minimum development timelmoney 
0 Supports 1 0-year qualification goal 

I,, > 150 seconds better than NERVA-XE' 0 

0 MCNP permits fuel loading for flat profile 

0 Tie-tube support approach facilitates 

0 

Optimized packaging and flow balancing 

Expander cycle turbine for improved I, 
lricorporation of ZrH to minimize reactor size 

I 

0 

Can accept evolutionary iniproverticrits 

Key FeatureslAttributes 

The Rocketdyne-Westinghouse nuclear thermal rocket ongine heriefits from a combination of the technology proven 
in the RoverNERVA program and modern rocket engine man-rated components. The goal of producing a quallfied 
eQglne wlthln IO-years can be achleved with minimal doveloprnent, hased on the current state of the art. Cooled 
chamber and nozzle technology from the SSME Is dlrectly epplicahle, and lcirbnpumps frnm the J-2s. Rover, and SSME 
bracket current requirements. Studies were lnitiated to examine pump-out perfnrrnaiice with boost pumps and multiple 
turbopumps; however. meanlngful resiilts were not achleved withiti the allocable funding limitations. 

Easlly achievable enhancements provide iniprnvements iii I,, over llie last NERVA engine tested, NRX-XE'. 
Incorporation of tie tubes and the expander cycle. increase of the expansloti ratio from 10 to 200, rogcncratlvecoollng 
throughout, and Increase of the chamber temperature to the Pewee conditions adds over 160 seconds of specific 
impulse. A further Increase of chamber temperature to 2.700 K by use of composite elements would add another 30 
seconds to bring tho total in 900 seconds. 

The prelimlnarycoirfiguraticrri has tho tllriinpltlitps nt thl? sklr nf tl10 rllairilrc!r to Sllnllnll l l ln oVt3rall len(lll1 ctI thn nnginc: 
assembly. Within that configuratinn flow and energy ha1atic:es are optinilzod to mIrilml7e pressure whlcli directly affects 
ductinn wall thickness. 
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NERVA-Derived 50K Engine Isometric 

Reactor exit temperature = 2.550 K 

Dual t t ~ r b o ~ ) t t ~ t t ~ i s  

Split-flow expander cycle 

Nwzlo exl,otisioit rntio - 200: 1 

Nozzle bell 7 1 IO'% leriglli 

Slhxific ittipulse = 870 secoricls 

Tlinistlweigltt = 5.3 (with shield) 

Engitie letigtlr = 7.6 111 

Exit diaiiieter := 2.4 111 

NERVA-Derived 50K Engine Isometric 

A key feature of the engine includes compact pnckening, with turhopumps rnoiinted to the side of the reactor 
vessel to reduce the overall heiyht end permit a higher expansion wilhin lhe gcomotrical 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 evolcttionary change in this design would be the substitution of uncooled composite 
ceramic materials for the tubular nozzle for a porential weinill saving and some increase iii specific impulse. 
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Technology Assessment Results 

@ T e d  y available for mosa issues 

over/NERVA, SSME, Rocketdyne s 
' SP-100, terrestrial advanced reactors, sta 

electronics and computers 

@ Unresolved system design issues 

Loss of turbopu~ps, lifetime, intact reentry--water 
subcriticality (or to I dispersal), decay he 
engine-out ~ o o ~ j n g  ring operations, fuel 
corrosion 

is engine test facility 

~ e ~ ~ ~ o l o ~ y  Assessment Results 

The assessment of key technologies led to the conclusions that (1) exisllng technology In reactors and englne 
systems is applicable to most design areas, (2) there are issues requiring attention early in the program to assure 
satisfactory resolutlon, and (3) the assured early availabliity of an enginelreactor test facility Is critical to meet, 
successfully meet the IO-year engine quaiificatinn goal. 
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NTR Slrentnline Develolxncnl Logic 

NTR Streamline Development Logic 

A development iogic diagram can include many layers of detail and be organized in many different ways. This 
high-level diagram shows many necessary tasks in setting requirements. recapturing technology, rosoiution of key 
design issues, faclllty design. construction, and activation, and testing of components and systems. The most 
Important message is that the program must start with Well-defliled requirements and design criteria, and that the 
availability of key test facilities will drive tho rafe of achievement of the 10-year goals. Neor-term activities of 
conceptual design, technology recovery, and resolution of design issues will provide a sound basis for proceeding 
quickly as substantial funding beconies available. 
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NTR Streamline 

enerate Design Criteria 

solve Design Issues 

Design 

Design and Safety Review 

Component Fabrication and 
Testing 
Engine and Fuel Test Facilities 
Design and Activation 
Design Verification Testing 

Qualification Testing 

' 

__ 
~ ~ ; m ! ~ ; n o t l o i i n ~  

. -  

NTR Streamline Development Plan 9umrnary 

The time-phasing of key arbups of actlvifies ftnm the devolnpmcnt lo@ dinorani sliows (hat several tasks should 
be emphasized at the start: setting reqcttements. technology recapture. and estobllshlri~ design criteria. Test 
facility design, construction and activatlon must also hegin promptly to assure the1 the 10-year schedule can be 
met. 

Ruckwell Intetnallenel 
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REACTOR CONCEPT DEVELOPMENT 

NERVA Derivative Reactor Concept 
Design 

NTR Nuclear Parameter Study 

Analysis of Reactor for 50K/lbf Engine 

Assessment of Fuel Technology 

Assessment of Nuclear Safety Issues 
Summary and Conclusions 

Development of a nuclear thermal rocket design concept for Fast Track studies Is based on the NERVNRwer technology 

database. Design analyses to provMe NTR deslgns to meet program requlrements are developed wtth current design 

methodologies benchmarked to NERVNRover technology. The NERVA derlvallve reactor concept design Is based on 

NERVA R-1 reactor design with design features upgraded to include the demonstraled capabilities of the NERVPlRover 

program. A historical suiiimary of the completed tests of the NERVNRover program and the NTR performance 

demonstrated by test results are summarized in the following pages. 

Based on a set of NASA dlrectives. parametric analyses of the size and performance characterlsttcs of NTR reactors which 

provide performance consistent with 25K. 50K. and 75K lb, engines was completed. Later discussions show tlie results of 

more datailed studies on the reactor design for the 50K ib, engine. 

Based on a review of the NERVAIRover technology database. a current assessment of tlie fuel technology and nuclear 

safety Issues for the application of the NERVA derivafive reactor in the NTR program Is discussed. 

In summary, the leuons learned during the conduct of the work tasks are discussed. 
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NERVAlRover 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 NERVAIRover Nuclear Rocket Engine Program. 

The extent of the NERVNRover technology is demonstrated by the number of reactor and engine lest$ completed over the 

1959-1972 time frame. The reactor tests cornpieled in the KIWVPHOEBUS/PEEWEE series demonstrated the wide range 

In reactor size and power capability provided by the technology. The NERVA test series culminating in the NRX-A6 and 

XE-Prime tests demonstrated IHetime and performance capabilities of the NERVAIRover-based NTR’s. The NEflVA 

program successfully completed Ihe preliminary design of the R-1 reactor design and the Fast Track reactor designs 

developed in lhe current work tasks are derived from the extensive technology database of Ihe NERVAfflover programs. 
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Demonst rated Technology 
RoverMERVA Test History 

The demonstrated capabilities of NEAVNRover based NTR’s is summarized in the followlng table. The performance levels 

reached In each ot the key tests completed as shown. As shown, the NEAVNRover Ieclimlogy provldes reactor 

performance capabllllles similar to the requlrements of the Fast Track program and later discussions show the capablllty 

of NERVAfRover based deslgn concepts to meet the Fast Track program needs. 
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NP-TlM-92 

The 50K 14 en&e reaclor layout Is based on Ihe R-1 NEAVA flight reaclor design. The R-1 sucwssfully completed an Air 
Force Preliminary Design Revlew before the termlnatlon of the NERVA project In 1972. The key dlmenslons of the reactor 

lor the 50 k Ibf engine are shown. These were established based on the requited englne thrust (core size), and the 

neutronic requCemenls (reflector and shietd). 
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NTR Nuclear Parameter Study 

0 Neutronics Model 

0 25K Ibf Engine Results 

50K Ibf Engine Results 

0 75K Ibf Engine Results 

0 Heterogeneity Evaluation 

Studies 01 the neutronics dPs.qii 01 the NTll wwie I ia~etl  oi i  Ilireo Iiiiifm$ional niodels derivnd limn the NCnVA dctsiqii 

The methodology selected :or ise in the parametric arialysws was the MCNP Monte Carlo radiation transport method. 

Model parameters of the roador system Were derivmd from llie n-2 iiiodel informalion of the NERVA R 1 rpnctor ~ysterri 

An automated model generation technique was used to detine reactor system models lor parametric analyses lo size and 

predict performance characterisllcs for lhe various sizes of \he NTR system An n-2 annular ring model of the NTR core 

conliguration was used in parametric analyses in a similar manner to the models in the NERVA database. Three 

dimensional model details #ere limited to the reflector control drums arid iJSRd the geometric modelling capability ot the 

MCNP method The automated modelling technique arid MGNP (Version 38) were used to define Ihe core and reflector 

sizes. fuel loading profiles. reactivity woitlis. and control drum worths and span lor tliree NTR engine sizes, 25. 50. and 75 

KIM thrust levels In addition. a limited study 01 !he impact of heterogeneous versus homogeneous modelling of the 

prismatic luel efernenls anu tie tubes wthn !ti0 NTR core .vas performed on a uriil cell basis 
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Study Guidelines 

0 NERVA (Prismatic) Fuel Elements 
52“ Long 
0.753” Hex 
19 Coolant Channels 
600 mg/cm3 Maximum Fuel Loading 

SNRC (Peewee) Maximum ZrHx 
2:1, 3:1, 6:l Fuel Element to Tie-Tube Ratios 

1.18 Mw/element 
2550K Chamber Temperature (Point Design) 
784 psia Chamber Pressure 

0, ZrHx Moderated Tie-lube 

a Performance 

STUDY G ~ I ~ E L I N ~ S / A S S U ~ P T I  

6 

* 

* NERVA/R-I Reactor Design Configurcltiofi 

* R-Z Geometry with Explidit Control Drums 

* Neutronica Calculations: MCNP-36 

Reactor Sizes 25K, 5OK atid 75K Ibf Thrust Engines 

Critical Drum Angle of 80” 
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Technology Base 

Design Features NERVA 
- _- -_ . 

ZrH Loading (Relative) 
Power, Mwt 

- - . - __ 

35.0 
0.75 

. -- 
Internal Shleld 
Fuel Type 
'Not Determlned 

- 
-- ____ ___- _-____ _ -  _. 

_I __ __ - - -_ - _  - _  ___ 
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Neutronics Model _ _  

The neutronlcs model lor the NTR system was dorived from modelling infr)irnation in the NERVA database arid IS sltown 

ag nn olevallon vlaw to Illuslrate ttie niodolllrig tftilall ol MCNP models I Iio MCNP nrialyse~ used the F NU1 /I3 V flucleat 
data library and were pedormed in the coupled neutron and photon solution mode to predict region power and required fuel 
loading to meet target objectives lor key neutroriics parameters An actual NERVA system design configuration drawing 

is depicted lo illustrate the modelling approach used 
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MCNP 

i” 

Model for 25 Klbf Thrust Reactor 

The MCNP model lor tlie 25 Klbl Nrf l  eriglne and the prodctood key imraiiwtws ai- shown III  tlie table on tlie right. The 

design bases selected lor the small NIR engine size were derived lro 11 PEEWEE engine design informallon with a luel-to- 

support tie tube ratio of 3.1, a 52 Inch high active core, and 9 eoiilrol diurns of a fixed diameter located a Ihe outer periphery 

01 the Be rellector region The peak fuel element uranium loading was limited to 600 milllgramslcm’ and a maximum Zrtl 

loading in the tie-tubes An iterative process based on MCNP was used to size the reaclor core and predict the fuel loadinq 

profile to meet the target objectives of an excess reactivlty of 0 05 and a flat radial power distribution 
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A normalized fuel loading profile predicted for the 25 Klbl NTR engine 15 shown as a function of normalized area parameter. 

R2. The normalized radial power distribullon as predicted 111 the final iteratloi of the analysis Is shown lo illustrate 

convergence to !he target objective of a flat or cinilorni power prolilo 1 he MCh ' tally method provides tiio cell or rlng 

average value and more detailed tallying techniques would he requited lo predic' the variation within oacli fuel annuhis 
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MCNP Model for 50 

Predcled neulronlcs parameters for a 50 KIM NTR engine are shown In Ihe lable. K e y  difleerences In he design bases 
selected for this size of engine were a fuel-to-supporl lie-tube ralio 01 6 1  and retiectw thickness and number 01 control 

drums. The elfedive core diameter requlred to meet large1 objectives is 25.18 Inches. 
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The mrrnallted fuel loadlng profile predicted lor the 50 KIM NTR engine is shown as a function ot normalized area 

paramelat, R*. As shown, the fuel loatling profile dlffers from Ihe 25 Klbf engine data due to the larger ske and the change 

to a 8:1 fueksupport lle-lube ratio. The lower fuel loadlhg requlrd in lhe canter of the me is related to the change in the 

modetalian of the cote and the lnctea68 in median lixsioo energy and the effect of radial leakage. 
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MCNP Model for 75 KIbf Thrust Reactor 

I 

Prediied neutronics parameters for a 75 KIM M R  engine are shown in the table on the right. The 75 Klbf engine size is 

similar to the NRX-A6 or R-1 size and the predicted parameters are comparable to the NERVA data. Key dlfferences In 
the design bases selected for this size of englne were a decrease in the ZrH loading In the support tie-tubes of 0.4 with 

respect to the SNRE loadlng. The reflector thkkness and number of control drums for the 75K engine are the R-1 
dimensions. The Jlective core diameter required to meet target objectives is 30.66 inches which Is slmilar to Ihe NERVA 

design.. 
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The mm&W fuel loading profde predkted for the 75 Klbt NTR engine is shown as a tunctlon ot normallzed area 

parameter. I?*. As shown, the fuel loading profile is similar to the SJK engine data and Is wmp8reMe to NERVA loading 

protilet+ 
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A summary of the results of the preliminary sizing of NIR engines In !he 25Klbf-lo-75Kbl ske range is shown In the table. 

The design bases used in the parametrlc analyses are llsted on Ihe left. The prlsmalk fuel element length of 52 inches 

was adapted from NERVA and fuel performance limits defined based on the PEEWEE data. The pedrcted masses {or the 

reactor system without and without shielding illustrate the eflect of engine slze on the engine perlormama charecteristlcs 

and sizes. The use of ZrH in the 75K engine size differs from the NERVA deslgn 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 01 shield with the 
ma88 differences only showing the change In shleld diameter. 
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Heterogeneity Analysis 

,Fuel Element 

Unit Cell 6:l Arrangement 

A Ilmlled study of the homogeneous reglon modelllng technlque for the prismalk fuel element core laitlce with ZrH 
moderated support tle-tubes was carded out using the MCNP method. A unit cell model of a 8:l fuel-to-support tie-tube 

conflguratlon Includes an annuler model of the ZrH moderated tie-tube and the 19 coolant hole prtsrnatlc fuel element. A 

series of unit cell MCNP calculations were run to predict the ellect of Ihe ZiH tie-tube on local power dislribukns and to 
predid materlal or material interchange reactivlly worthr an a unit cell basis. 
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elling on Element 
istribution 

Elfect 01 Modelllng Approximechs 
on Elernenl Power Distrlbutlon 

Eltect 01 Mawlal Changes on Element 
Power Disblbutlon 

Comparisons of the effect of helwogeneous versus homogeneous modelllng on the power dlsldbutlon In Ihe prlsmalic fuel 

assembly is shown In the lelt figure. The homogeneous model in a unll cell was derived by volums welghting of the 

prismatic fuel element. tie-lube materials. and hydrogen wolanl of Ihe lb-lube end luei element. The comparison shows 
a peak lo average local channel power 01 9-1W0 lor the explicit model of the unit cell. The smear modelling of each fuel 

chant or lle-tube provide8 similar peak-to-average values. Shown In the right figure la the effect d a dacrepso In ZIH 

volume fracllon or the Introduction of cold (NK) hydrogen In the upward pass of the lie-lube. The maximum effect on local 
power occurs when the ZrH lie-tube Is flooded with H, coolant at 50K. 
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e Reactivity Coefficients 

e Componant Nuclear 

a Reactor Radiation Fields 
- Shielded (R-1) 
- Unshielded 
- Redyced Shield 

0 Material Temperature Limit 

e Tie-Tube Thermal Analysis 

Neutronlcs analyses of the NTR 50K engine configuration delined earlier were expanded lo provide more detailed core 

performance dala. The llmlted analyses were performed with a more delailed MCNP model to predlcl the deslgn data for 

key design parameters as Wed on the facing page. Included in the more detqiled analyses vas. 1) the prediction of 

rdleclor conlrol drum worths and span. and 2) reactivily change diin to water immersion of !he nilclear sY$teni In addifinn. 

componnnt nuclear heating rates and radiation lields external to the reactor system are predicted arid slmwn in {qter pages 

In addition, evaluations of the component temperature limits needed for reslartabilily studies and analyis of tie-lube Bermal 

performmce are shown in later pages 
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50 Klbf Thrust Engine 
Control Drum Reactivity 

bS3$ Drum Span for 12 drums m . I I  

The predicted reflector control drum reactivity relative to the critical condition is shawn on the faclng page. The results of 

the Individual MCNP calculations wRh the explklt modfhg of the control drums in MCNP method provide results In 

agreement with NERVA predictions and illustrate the drum span available for conlrd and shutdown of the 50K engine. 
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Reactivity Coeffi 

: 50 Klb, Thrust 

The ptMictM reacllvily coefficients or worth8 for key design parameters are listed on the facing table. the ptedictbd drum 
worth is based on the 80 degree postlon. The value of 7.3 ceds/d&gkB Is In cbs8 agteement jvith the k R V A  predicted 
value. Rclactlvlty doeflidents for changes In the rddctor coriflgurtltbn, fuel iaadiq. 2rl-f badlq In the Ile-fubeb. arid relector 
thickness provld8 data for dvaluatlng deslgn conflguratbn changers. The IatgW valde is thcr art& vdbme 
is: atttbuted to the chanw In neutron leakage from fhe core. Shown alw le the Wed of changing the nuinber of refiecfor 

cbnttbl dmms from 42 to 18 drums. 
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&tl # A I  -d,hter,u,lonal Volume Percent of Boron Material in Coolant Channels 

Predlctlons of lhe effect of water immersion of the entire reador system was modelled in MCNP by replacing the H2 coolant 

modelled in each region with waler and surrounding the entire system wllh waler. The rellector contml drums were parked 

and a boroncMllainlng material was substiluted for a fraction of the fuel element coolant channel volume. The reactrvily 

change from the base caw is shown a8 a lunctbn 01 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 prlsrnallc fuel element of the core. The reaclivily insertlm provided by the 5% by volume of boron 

wlres is approximately -74$ with the water immersion of the system resulUng In a +!%$ reaclivliy insertion. 
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COMPON 

A summary of the nuclear healing of the major components of the 50K engine Is shown on the facing page. The MCNP 

cell IaUy method was used lo predict the component healing rales. 
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REACTOR RADIATION FIELD 
TALLIES IN MCNP=3B CALCULATIONS 

_ _ _  .- - _  . I (Type 8nd Udb) __ ___ . -__ 

Energy Bln Unlte -_ Radlatlon Wid Type 

Heatlng Rate In C a W n  

Neutron Flux 

Heeling Rate In Hydrogen __I - wmg 

w a g  

HeaUng Rate In Stainless -___I-_ Steel - W k e  
nlrm2-Sw: 

Neutron Flux, 1 MeV Equlvalent In SI nlcm'-asc 
Neutron Faat Flux > I  MeV nkm'aec 

nkm'-aec Neutron Intermadlate Flux 

n/cm'-sec 

nfcm=-ssc 

Redlhr 
Radrnf 

I_ 

-_I__. 

__ - ___I__ - __ - __ 
~ - . -- -_ -_1_1_1--__ -- 

0.1 MeV - 1.0 MeV - 
~-___ Neutron Eplthermel Flux - 

Neutron Thermal Flux <0.4eV _ _  
0.4ev - 0.1 MeV 

. - I __._. - . - 
Neutron Do- Rato In Hydrogen 

Neutron Dose Rate In Carbon 

Neutron Dose Rate In Stalnleaa Steel _ _  

_- _- _- I_ 

The prediction of the radiation environment exlernal to the 50K engine were perfonred using the MCNP cell tally methods. 

Three engine models were analyzed; 1) the conceptual design sked using MCNP In the neutronics design tasks described 

earlier, 2) all Internal shield materlals removed, and 3) a modified design with a {educed mass of Internal shielding. Each 

of these models only include the reactor system and the engine components external to the reactor vessel, eg., tanks, 
piping, nozzle, are no! included in the model. The engine components external to the reactor vessel can contribute to the 
environment wllhin the internal shield shadow cone and should lm Included In future studies. The MCNP modelling used 
a series of annular dng cells Imposed external to the MCNP R-2 model of the NTR reactor system for purposes of tallylng 

the desired radialion environments. The facing page summarizes the type of radiation field tallies used in MCNP and elther 

the neutron energy range of the neutron liux tally or the units 01 heating or neutron or gamma dose rates. 

NP-TIM-92 101 NTl? System Concepts 



RADIATION FIE OK LDEQ 
50K Shielded, l a 8  Pw! Neulron Flux n/cm2-scc 

Standard R-1 Shield 

* 12.3" Thick Bath Shield 

1.3" thick Lead Shield 

The radiation envlronment of the orlglnal6OK engine deslgn Is shown on the next two leclng pages for three key tallies. 

The first 60K engine deslgn used for !Ma analysls included the standard NERVA A-1 Internal shield configuration of 12.3 
inch89 (31.25 an) &BATH shield materlal and 1.3 Inchas (3.3 cm) of lead (Pb) Mddng. The second page le lor an englne 
design with the internal ehlekls removed. The predicted radiation environments for the shielded oase are lower than the 

deslgn regulments. 
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LDS FOR 
D REACTOR 

Log PUS NCIIIIUII Plirx n/ciii’t-scc 

Img Total Heating Ita~c W/kg C Zero Added Shielding 

No Bath or Lead 

No Shield Support Plates 
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RADIATION FIELD C O ~ P A ~ I S O ~  TO 
CRITERIA FOR 50K WITH 

REDUCED INTERNAL SHIELD 
Ratio Gamma Rdd/Allowable Ratio Past ii Rux/Ailowable 

50 100 150 200 250 300 

Z( CI1 I) 

MAX(Eoch Ralio Flux/Allowable) 
150 

h 100 
E 

50 

50 100 150 200 250 300 

" 50 100 150 200 250 300 
Z(cin) 

Shield Size by Allowable Field 

9.0" Thick Bath, No Lead 

Meets Criteria by a Factor of 2 

Saves 900 Ib. in Engine Weight 

The contour plats on the facing page provide data on the performance of the modified s h W  d i g u r a l i o n  lor the 50K 
engine relative to the design requirements. The contour data is the ratio of the predicted radiation environment level to the 
design requlfment discussed before. As shown by the dah. the reduced shield configuration meets the design 

requirements within lhe shadow m e  of the internal shield. The deslgn margin in the shadow m e  is a factor of 2 or 
greater in the shadow cone. As discussed before the mass savings of the reduced internal shield design is 900 pounds. 
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MATERIAL TEMPERATURE LIMITS 

Other Core Materials 

Reflected Materials 

Fuel Element 
a", 1009" No 
C718 900 HPMoly 

SS-304 750 Superalloys - 
cu-B 1200 
Be 1400 pi0 

I_- 

_______. _______ 
Supe __ 900 - -- A-286 

-__ 

I ---- I .- _ _  . - - 
*Must be pressurized with hydrogen (> 10 TORR) 

**NO materials identified which provlde a capablilly wlthout slgnlflcant mass, performance or 
design penaity 

h 
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Temperature Profiles @ Elevations 
in Tie Tube for Full Power Conditions 

I Top + Middle x Bottom I 

Temperature Profiles @ Elevations 
in Tie Tube for Full Power Conditions 

0.25 0.3 0.35 0.4 
Radius (inches) 

The tie tube assembly serves two purpcses: provides the lateral support for the fuel elements, and heats hydrogen 

propellant used to drive the turbopump. 

The thermal analysls of tlw tie tube assembly was perlofined to establish the adequacy 01 the deslgn In terms of compontnit 

temperature and to determlne the energy lransferred to the hydrogen. The thermal model used for the analysis employed 

axlally dependent heat generatbn and boundary temperalure conditions. temperature and llow dependent hydrogen heat 

transfer coeflident, and temperature dependent material properlies. The thermal model will be used to perform parametric 

steady-state ana!ysis, as well 8s transient analysls of throlng conditions. 

The radial temperature distribution at three locations (top, middle, and bottom) of the lube assembly is shown on the lacing 

chart for full power conditions. 

The temperalures of Ihe ZrH are crnlcal since il has the lowest lemperature capability of the materials used in the Ue tube 

assembly. As shown, the maximum calculated temperature for the conditions used exceed 1000 I< 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 verifled against the small englne In the Nuclear Engine Definition Study. The analysis 

demonstrates that the thermal conductivity of the ZrC Insulation is the largest faclor in achieving the goal 01 0.31 MW per 

tie tube. 
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1 Ptrfwmance 

Ar i  assessment of tho N t l  IVAlflovnr triol technology of 1972 IS IlOOdHd to establish expected ~rforniancnparnmeters for 
the Fast Track engine Ttie fuel life fnr thR Norva graphite type prismatic fuel element is deltninined by the amount of 

graphite weight loss which can be loteratod before Ihe neutronic iiiargm has been lost. The weight loss lrom the fuel 

dement IS dim to the cnrinsivn nlfw I nt hydrognn on the graphite. which IS cate ed as either "mid band rnrr<i$ioii," 

basically results in a chnitia a1 rtiaclwii ut hydrogen and carbon in trrliinate contact. ot "hot end corrosion." rnrhon diffr~sioii 

through a protective coaling ori the grapliite surface 

Great strides were m a l e  nmi  the orid ot !he NEnVN~over nrogram in understanding and eliminating the mid-band 

corrosion, and it is a basic premise tliCil this corrosion inectiaiiisiii k) supprec,sed inorder to supporl the needs of lhfl Fast 

Track program. 

Based on the reactorlengine testing program. and the non nucloar corrosion testing of luet elenlerih usiiig the improved 

GEM coatings, the performanr.e limits of h e x  term" fuel elements were established The expected liief element 

performance was then cornparod against the mods d the Fast track program 
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Fuel Elements 

k1'-TIM- 92 

0 

e 

0 

Sustoln controlled nuclear heat generation 

Pyrocarbon coated UC, fuel beads dlspersed 
through AXM graphite matrlx (630 mglcc 
maxlmum fuel loading 

UC&C In composite wlth graphlle 
(700 mglcc maxlmum fuel loadlng) 

Limlt total reactivity loss to $1.00 at end 
of life 

Carbide coating of flow channels 

Promote heat transfer from fuel element to 
H, propellant 

19 flow channels in each 314 in. HEX 
52 in. long iuel element 

Ihe NkRVNRover prismatic grapliile Iuel elenien! is 0 75 tich across the flats. aiid 52 i i~cl~r is 111rig It I witains 19 llow 

holes (approximately 0 1 inch in diameter). All graphite surlacoc; Iiavtt R ~~rnleclivq /,C o r  NbC ayor to protcct rt from llw 

hydrogen. 

UC, luel beads coated wilh pyrocarbon are dispersed Ilirougli flit,  nialrix at A maxiiriurr$ tu01 loading of 630 nIq/oc For ~ I IH  

more recenl composite lype fuel element a maximum fuol toading 01 700 ing/cc is acliievatdrr 

Nuclear design of ihe NFRVA reactor lirnlts the reactivity loss io appro~~i~iat~ly 1$ ill the eiid ol fut.1 lite Since Iho reactivity 

loss is mostly a result of loss 01 catborr due ! l i~  hydrogen corrosion. protoctive coatings. ale I I S H ~  IC, I H ~ ,  H tliei rat- t i t  

carbon loss 

I09 N I P  St  i tem Cuncepls 



Fuel E nt n 

For all the NRX reactor and engine tests, the graphlte-typs fuel was used. However, toward the end of the NERVNRovec 

program composite fuel emerged as the most promising candidate in reduping the hydrogen mrrosbn and in increasing 

Ihe temperature capability of the prismatic fuel element. 

The qomposile fuel ejsmenl consisted for a dispersion of {JC ZrC web Irr the graphlle substrate 

conWjuous. and essenvally unaliected by hydrogen. 11 acts as a barrier and !knits Urn carbon loss from the fual. 

Since this weh is 

I IO NY-1lM-92 



Major Milestones in Fuel Development 

0 Graphite Fuel EIementlHED NbC Coating (NRX-AuA5) 

0 Graphite Fuel ElemenUHED NbC + Molybdenum Coatings (NRX-AGIXE') 

0 Graphite Fuel ElemenUGEM NbC/ZrC Coatings (PEWEE) 

0 High CTE Graphite Composite Fwl EIementlGEM ZrC Coating 
(Nuclear Furnace -1) 

0 Carbide Fuel Element (Nuclear Furnace -1) 

The standard grapMte fuel element with a HED NbC coating was used on NRX-2N5A reactor series. The WED coating 

process resulted In a matlng with a signlticanl number of cracks, whlch seemed to have an adverse effect on the mid-band 

oormmlan protadon. In odor k, irnprov- th. mld-band oorradon performenoe ot timoo cllemanto. a molybdenum overcoat 

was applied to the fuel for NRX-AWXE prime reactors. 

The next improvement in !he coating technology came with Ihe lower temperature coating process, GEM. whereby ZrC or 
NbC coating could be applied without cracks in the coating. Fuel elements wiih this coating process were run In Pewee, 

but resulted in significant mid-band corrosion. 

The fuel elements for the Nuclear Furnace-I (NF-1) were of the high CTE graphite composile type with GEM ZrC coating, 

which were predicted to have ellmlnaled the mid-band corrosion based on non-nuclear corrosion testing. Pure (U,Zr)C fuel 
elements were also tested In the nuclear furnace. These were manulaclured as small hexagonal rods with a single cooling 

channel in the center. The carblde fuel elements were projected to have very low corrosion rates and very much higher 

temperature capability than both the graphlte and !he composite fuel elements. 
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NERVAlRover FuslE 

As a result of the Improvements in be corrosion resislance 01 tha lunl Memenls. the NERVAlRover reactor tests showed 

a gradual increase In temperature capability and lime at maximum temperature. The fuel file is WI tlw w w t  
loss for the elemenls. and the resulting reactivity loss. Based on a reactivity margin of 1$ for carroslon lrom the fuel, the 

NERVNRover fuel Me 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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The corrosion behavior along the length of the fuel element showed two dinerent characteristics. From an axial posltlm 

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, slgnlflcantly below Ihe maximum fuel temperature. In the 

progression of coating and fuel element Improvements. lhere seemed lo be negllgibte 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 (called the hot end corrosion), the corrosion rate seemed to temperature related. and a siynilicard decrease h the 

corrosion rate was observed as the coatings were Improved. Electrically heated fuel e h n t  wwrosiontesls performed alter 

the NF-1 testing demonstrated lurther improvements in the hot end corrosion rate. including a 10-hour lite of a fuel element 

demonstrated by Westinghouse. 
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Key Reference Points For Fuel 

The most successful graphite fuel elements were tho5e tested In NRX-AB. which were also used In NRX-XE prime engine 

configuration. These be l  elements utillzetl the HE0 NbC coating with molybdenum overcoat. and demonrlraled a slgnibant 

reduction In Ihe mid-band corrosion compared to earllet NRX sfafIe6 lasts. 

The alternative fuel element technology is the composile, which was tested in NF-I . These elements, which were called 

the "replacement elements." were high CTE graphite coaled with a superior ZrC coaling (free of lnitlal cracks) applied by 

GEM process. 

The weight loss resulb for the A-6 and lhe XE prime fuels indicate that the A-6 vlntage luel has a significant eensilivity to 

thermal cycling. The NF-1 composite fuel elements demonstrated better hot end corrosion Ihan the A-6 graphite fuel: 

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

./ 
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- 2  

Mid-band corrodon did not occur in the electrical testing of the composite fuel elements for NF-1, but caused the most 

.si$nlficant weight loss during the reactor testing. Mid-band corrosion is believed to be a result of decreased thermal 
conducthrily, possibly caused by fission lragment damage to the graphite matrix. The reduced thermal conductivity results 

in higher !hemal gradients and increased thermal strssses, whlch causes cracking of the protective coatings end allows 

hydrogen to react wlth the graphite substrate. Mid-band corrosion must be fully understood and suppressed to meet 

performsInce requtrements of the Fast Track program. Use of a molybdenum overmat on composite fuel elements, or 
improved fuel particle coating In the graphite fuel lo  trap the Isslon fragments. are potentlal design solutlons to mid-band 

conosion. 
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Cbmposlte tual element testing provlded a good carrelallon between the hbl end corrosion measured in irGeotricai teatlng 

ahUthat observed in Ihe NF-I. Hot end corrosion IS caused by carbon dMusbh through a protective mating and, therefore, 

is sehsitlve lo the Integrity of the coating, lhhe coaling thickness, and the temperature of the coaling and he1 substrate. 

NTF: system Coaccfits 
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Near Term Fuel Element 

Graphite 
-- (A6 Technology) 

. .  

2:. . .. 

. .  

1 :  

Fuel Oullel Tempera 

Based on the assumptbn that the mid-band wrrosion wlil be suppressed in near-term fuel elements. and the hot end 

corrosion rates measured in electrical testing and NF-1 lesting. perlormance limits for near-term composite fuel can be 

calculated. Similar performance data can also be generated for the NRX-A6 type graphite fuel 

Comparing the projected near-term graphite fuel perlormance NRXdA type with the composite fuel (NF-I type) shows a 

100-120.K temperature advantage tor the cmposite fuel. 

The Improved performance of mmposlle fuel Is allributed to either Ilie projected improvements In corrosion due to the 

composite fuel form or Improved matlngs used for NF-1 fuel elements. The improved coatings of NF-1 fuel elements are 

considered Ihe most likely contrtbubr to improved fuel peciormance. 
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Summary and Conclusions .. 
a 

e 

a 

a 

19-72 FuJ 
conslspm 

- wderatandlng of mldb - 

aking progress mward meeting Jlfalperformance s 

excell~nt abot end corrosion prokectlon (ZrC on high CTE graphite) was demonstrated 

t for fuel elements was esk@bllshed based on 1s rea loss 

- 
Near term duel development must resolve midband corrosion problem 

- 
- molybdenum reoat may suppress midband corrosion - 
Near t@rm composite fuel will have 4.5 hours life at 2470K to 2520K fuel outiet temperature 

- near Serm graphite fuel based on GEM ZrClhigh CTE graphite is expected to perform 
slmilarly to near term composite fuel 

for SVERVA type reactors, this translates Into 15 to 20 grams corrosion loss per element 

fjsslen fragment damage to graphite may be reduced by beaded fuel in graphite and 
composite matrix 

lmproved graphite matrix may reduce or eliminate problem 

Near term fuel elements are expected to provide ISP -850 seconds 
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Assessment of Nuclear Safety Issues 

e Nuclear Safety Policy Working Group (NSPWG) 
Recommendat1 ons 

0 Accidental Criticality Sources for NERVA Derivative 
Reactor Design 

0 NERVA Safety Approach 

0 SP-I00 Safety Approach I 

0 NERVA Derivative Safety Approach 

An assessment of the nuclear safely issues ior a nuclear thermal propulslon system must be made based on the current 

regulatory guldelines. and the recommendation from the Nuclear Safety Policy Group (NSPWG). Starting with the accidental 

criticality sources for the NERVA derivative reactor deslgn, the safely approached developed for the NERVA ilight engine 

and the current SP-100 reactor safety approach, and llw planned NEFiVA derivative safely approach will be discussed. 
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Assessment of Nuc 
G & NP002 Sa 

I) No Inadvertent reactor startup - Zero power testing on ground 
Startup after achlevlng planned orblt 

Subcritical under all credible accident condltlons 
0 No Inadvertent crItlCality - - Highly rellable control system 

e No slgnlflcant radiological release or sxposure - Only zero power testing prior to achlevlng planned orblt - 29CFR1910.96 dose llmRs to flight crew - lnsignlficant impact to population of Earlh - lnslgnlficant impact on Earth and space envlrownent - Spacecraft not rendered unusable when crew surwfves aceident - Radlologlcal release not lmpalr use of spacecraft 

Assessment of Nuclear Safety Issues 
NSPWG Safety Recommendations (Cont’d) 

0 Mo planned reentry 
= 
: 

- Suberitlcal at ell tlmes - Minimize impact dlspersion 
0 ,Mlnlmize hazardous materiels release 
0 Ensure safe disposal - Part of mission planning - - Ensure non-premature flnal shutdown 

- 

Mlnlmlze probabllity of Inadvertent reentry 
Minimize consequences of inadvertent reentry 
(hlgh alt. dlsposal or Intact reentry) 

Adequate and reliable cooling, control and protection 

PosHlve measures to prevenl theft, diversion, loss or sabotage 
Features to enhance safeguard? and permit proven methods to be employed 

@ Safeguard nuclear material 

- Onoi?lvn m n m a t i r n a  nr fantnirna fnr rnrnsrnm Inrhidinn Jntiiann and t r m & l n n  

The NSPWG recommendations for safely requlreinents and guidelines addresses the protectIan of the public. &e ww. the 
environment (both Earth and space environment), and includes recommondallons fw the safe disposal of he spent reactor 

system. 
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Assessment of Nuclear Safety Issues 
Accidental Crltlcality Sources and 

Potential Countermeasures 

Accldenial Crltlcality Sources: 
Source Maximum Reactlvlty tnserilon 

The sources for accidental criticality of a NERVA derivative reactor ate core compaction, external neutron reflection (from 

water or soil), control drum rollout, hydrogen flooding. and water immersion. The countermeasures tor reactivity events must 

assure a subcritical condition with a negatlve reactivity margin of l$. 

For the NERVA reactors the criticality margin was assured using poison wires (7 lor each tuel element). Other reactivity 

COnlrOl means for NERVA-type reactors are the conlrol drums or the possible introduction of satety rods wilhin the core. 
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core afle 
luminum - 

Redu 

- Drum rollout require d signal and closing I pbwer circuit 

Antlcritlcallty DeUruct System (ACDS) 

- 

Wlres would be removed befate launch 

to preclude drum roll out 
n control drum drlve 

7 - To frakture reactor by use of sxp~oslves 
No bore component grim& tn%n 3 fuel element 

0 Prevention of hydrogen insertion - Closlng PFS valves when flooding Is detected Nithin 300 seconds 04 h l l  lerdk&ge 

For the NERVA reactors the poison wires were primarily used to maintain the fully assembled and luelbd reactor h a safe 
contlltlon during transportalion from the assembly area in Large, PBnnsylvania. lo NRTS. For a lllght reactor the poison 
wires were to be removed prior to launch. Redundant safely features vibre used to preclude dttm rollaut prior to the 
planned reactor startup in a safe orbit. To predude criticality events for a Idunch accident or an inadvertdnf reenfry event. 

an Antlcritlcallty DeStNct System (ACDS) would be used 10 break ub !he core. 

Hydrogen flooding of the core was precluded Using redundant valves and hydrogen sensors 
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Assessment of Nuclear Safety Issues 
SP-100 Safety Approach 

0 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 

- 

0 

0 

Reactor remains intact and subcrltlcal 

The SP-100 space power reaclor system (SPRS) has been subjected to more extensive safety evaluations based on currant 

guidelines. The decisions made and planning for the SP-100 SPRS wlll most probably apdy lo the NTR. * 

The SP-100 safely approach employs two redundant systems, moveable reflectors. and salety rods. The s3fety rods am 

designed to provide for permanent shutdown of the SP-100 reactor system after the completed mission However, the 

safety rpd design allows for the retraction of the rods lrom ai1 unplanned insertion. 

In addillon lo the moveable reflectors and safety rods, the SP-100 reactor Includes a rlieniutn tu191 internal to the reactor 

vessel to capture neutrons lhermalized external to the vessel and precludes back rellectlonfrom a water or earth immersion 

event. The SP-100 safely approach indudes reactor system design features to assure an Intact inadvertent reentry and 

earth impact event. 
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Assessment of Muc 
SaXety Approach for N€R 

I) 

0 

Prellmlnary safety evaluations have been lrrltletcad 

Current safety guidelines appears to require dual shutdown systems 

- - 
As part of the safety attudy, the design learn Is mfaluaNng 

- Retractable safety rods - - tmpact of intact reentry 

Control drums for normal opration 
Safety rods for ultimate shutdown 

0 

Neutron absorption at @ore peri for Earth and water immerdon 

T h e  has been no In-depth safely evaluation of the NERVA derivative reactor system completed to date. However, It is 

expected thai the results of such an evaluation will be simllar to SP-ID0 safely approach adapted to the raactor design. 

Based on Ihe current safety guidelines, incorporation of dual or redundant safety shutdown systems will be needed to meet 
ioday's requlremenfs. 

As part o! an ongoing sal* evaluatbn for the NERVA derivative system Weslinghouse will waluate ke use of retractable 

safety rods in the core and neutron absorbing liners at the core periphery to achieve the cunenf salety guidellnes. The 

deslgn Impact of an intacl reentry win 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 neutronlcs performance - Design characlerlstlcs 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. 

NERVAlRover safely shutdown systems appears Inadequate for today's requirements. 

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

In this project we performed trade-oft studies. developed a single point conceptual reactor design and validated this design 

Ihernially and neutronically 

The engineering and analysts supporting the t r a d e d  studies and the point design were successtully benchmarked against 

the NERVlVRover reactor designs The reactoi size and neutronic perforinance was established for a range 01 reaclor sizes 

for engines producing 25 K to 75 K Ibs thrust The design characteristics such as fuel loading requirements and radial 

loading profile. ZrH moderator requirements. control drum worths and control span, were establlshed 

A reactor concept for the 50 K Ibf engine was developed and validated neutronically and thermally by analysis 

Internal shielding performance was established tor the standard R- 1 shield configuralioii, an urisliielded arid loi a reduced 

shield reactor. 

The lie lube thermal performance was modelled. and evaluated !or sleady state cotidilloris Trade studies wilt establish Ihe 

range 01 ZiC insulation properties and thormal transionl perforniarice 

The fuel technology of 1972 (the end 01 the NERVA program) was rvaluated. l t i is technology must be recovered and 

demonstrated as a baseline Further, this technology must be advanced by eliminating or suppressinq 'he rnidband 

corrosion problem to meet the fuel life requirements for the proposed missions This 'near lerm" luet 'echnoioqy will meet 

!he neoda of tha tad track program. 

Reviewing the current requirements and recommendations for nuc!t=ar salety tor the NTR. arid the approacn 'ahen by other 

SDace power reactor systems. leads to the Conclusion that Ihe NEnVknovnr safely apptoach must be JpglaCed Current 

plans are to evaluate a secondary shutdown system for the NEWA derivative reaclor design. 
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50K NTR, Expander Cycle, Dual T/P* 

1 tNGlNt lllRUS1 m.ow I nr 
NOILI t CIIAMlltlI IEMl~EllAIUlit 

NO221 t tXl'ANSION AHEA HA 110 
NO771 C PERCFNT lENGlH 

7 576 If 
70i PIilA ! 

200 1 
1 l o x  
d 

1 C1IAMBtl I  I'IitSSURt (NO271 E SIAGNAIION) 

Centrifugal Pump 

The SUK full-thrust sy+tem h:ilance propellant runditiuns are \hi iwn a1 key point\ on the ',cheniulic. Signifiwnt dc4gn v a l i i i ~  
and component heat 1ci:iiIs are presented in the ldilw. 

l h e  pump inlet prmnre was set at 32 psia, allowinR a lank p r e w m  uf approxintately 35 p i a .  'The engine fluwrite is 57.56 
tbfsec (28.78 Ibfsec for edch pomp). nle pump prcssure k 1,755 win, mu l t i n i  in P turbopimp poaer of 3,117U i l p  (each). 
Approximately 6US of pinip flow gnes to the tbtuhes and appruximatrly S C  gum I u  the nei~lei;~cket, pruvidinRcwoling and 
energy lo power the lurbinen Tlie balance of the pump flow cool\ tlie chaniber jacket and the rellwlur befnre joining the flow 
exhausted from the turbines. 

'Jlm noirle jacket (noulr-div) and tie-lube% provide trital pnwer irt apprnxiinult-ly 64 M w  lo  heat lhe turbine drive hop tu 257K 
with a turbine inlet pressure of 1571 pia. l'he single 4age Lurbier Irm a flnaralr iir 17.6 Iblsec and a pressure ratiu of 1.61 
i o  drive the pump at 3,1170 IIp and 47,51)0 rptn. Approximolely IU% of turbine flow is bypawed around the turbine through 
a control valve to provide overall engine contiul iu conjunction with lhe reartor rontrirl clnnn nrtimtorr. 

'l'he Inrbine exhau.&s and turbine bypa\s flows are conihined and cli\chni Red into the prmsure veswl donie where they juin 
with the flew which cooled the chainher jacket and rdkctor. The total engine flew of 57.56 Ihlsec then conk the fuel dements 
or the mdnr with a pnww of 965 Mw. Ilyrlrnpeii mils the rrnetor at 2556K (4MIOH) nnd 784 psiid. 'I'his expands L h r n ~ ~ ~ h  
the Z O k l  expailsion ratlo, 110% length bell noz7le, pruvidlng d qmll'lc Itnpuke of appmxlmately 116Y SLY: atut tlrrust of W.WI 
Ih. 

A die& v ~ l v e  function b pruvidecl ;it euch puniir diwhurjy rnd .I \Itul-efr vulvr funrlien 1 1  turhint* in le l  so llwl u 
malfunctioning lurlropunip ean be iwrlated wliile mmintaining eriginr operution. These fiiiiclinux may he wlisfied by a 
seriedparallel nrmiigement of valves as was dnne with the NRKVA K-I engine. Likewise, thesclieinatic indicates only a single 
t n d r i w  I r y p n ~  cnntrirl vnlvi~.  'ilir iirriingrniriil uf vulvm tu pr i iv i i l v  n~ilnncliinry uuil nirrlinl: "Nnc Ie0r 'lherntal RawW I:,ngine 
Kiqinirmienls," NASA N.1'. #OIL?. OH\ not yrt i r t m  arlcli i-md. 
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0 XE-PRIME 7tO SEC 

- REGEN COOL FUEL ElXR.lftNT SKIPPORTS +35 
AND CORE I'EHI 1'1 I ISRY 

- INCORPORATE EXPANDER Cb'CldE + 35 

- INGKEASII E TO 200, LIO%l, + 50 

- INCREASE TC TO 2550K (I'KWEE) * 4 L  

PEWERRASED, CRAP€IITE EI,ISME:NT ENGINE I, 870 SEC 

- INCREASE 'rc TO 2 7 8 ~ ) ~  + 30 

0 COMI'OS1'1'15 IZI,ISMICN'I', ENGINI I, YO0 SIX' 

SPISC 1 l W  I M 1'1 I I ,SE A I )V ANC I1:M KNT 

The XFWrime IS the hawline for nuclear thermal rorkrl engine, since it is tltr only engine conllgarntlon ever teted. 'I'his 
experimental enpine WAS Ifit4 during mnrh of thr yvnr in 1969. hut Rill pnwer and perlnrmance were m& notably achieved 
in June when a cliarnher tenipernlure of 2270K (QtWOH) *a9 achieved. lhe to tlie facts that a htw expamion ratio (Ikl) 
gntiind tesl nozzle wa'i trsed, and that a hleed cyrle %:IS u w l  te power lhe lnrhine which exhausted 10% of the engine n o r  
at low specific impulse; an engine sprrifir iinpuke ol' nnly 710 WnndR was renli7mcl. Specific impulse Is increilsecl by 35 
wonfir by using regenerdtively uwled (lie-tuhe) fnel eletnenl wpport% in place nf dunip-sonled, tie-rnd fuel rlemenl .suppwts, 
and hy using regenerative cnnling iii4rnd of dump-rtutlinp. in the core periphery where the trarisilioir is unade frnm tlie 

" irrekulnr boundary of lhe lirxagonnl furl rk.ntenls to the circular boundary of tlie seal segments Tor seelink and hundlhig the 
* core. 

Specific impulw is incrensed hy 35 seconds by using. Ihe expander cycle where (lie turhine exhaust is combined with the balance 
of the engine flow and lhe total nOw is exhausted at the high renctor exit leniperature rather than using the bleed cycle where 
the turbine flnw (10% of thr eingine nnw) i'i exhanstrd at hiw lwnperature and d ~ r u d w  engine specific lmpnke. 

Specific impulse k incredsed fry 50 xeenndr hy inureahis* the nim.le expitminn ralio fram (he experimenlal Emund tmt engine 
value of 101 to 2IK):l expansion ratio for a flight esagine and nsing a l l 0 I  hell contour which provides (he aplinntm lhrnat  
cneffieient for hyilrngen a1 this expnn4on rutin. 

Sperific impnke is inrreavecl hy 411 mnnils hy inrw.ning. rr;irlnr exit gas lrinyemlure rrom llie 227OK (4OYllH) nf XFA'rime 
ln the 2550K (4LIIOH) ef the I'ewcr Hcnclor 1 4 .  

Cumming the aheve advancenient remilts in Ihe PeweRdwd, (kaphile Elemenl, Engine Specific Impqke nf 1170 s e c n n l ,  sincu 
the I'ewee Hartor osed grdphile fnel elemenL'i. 

Speeiflc inrpulw is increasd hy an additinnnl30 scwinrls i f  cnnapnsitc Riel elements where n reactor exit @IS temperature or 
2700K (486OH) can he achieved hased on dnta f n ~ m  Nnclrnr Furnace, are r i d  rather lhan the graphlle fuel elen~eiil wilh :I 
reactor exit gns tempeixlure of 2550K I M I K )  I~auul en dnta rrnm Pewee Reactor testing. 'J'hb mnkr in the (bmpwilr 
Elcmneirt (NirlPar-Furnacc-11a~ed) Englue Spcciflc lnipulw nf YO0 seeonds. 
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ENGINE LENGTH AND NOZZLE SIZING 

25K ENGWE 

ENGINE LENGTII - &OM 
ENGINE I, - 870 SEC 

CHAMBER PRESSURE INCREASED 

FROM 621 1 5 t A  (IWWEK) 
TO 784 PSJA 
MEETING REQUJREMENTS AND RESULTING IN: 

& 20Uk1 
110% LENGTH 

50 AND 75K ENGINES 

USED 25K NOZZLE PARAMETERS 

& 200, ll0%L 

ENGINE LENGTH AN0 NO%%LE SIZING 

Inilial effort in the program invering 25, 50 and 75K Brnsl engines was directed on the 25K engine, sinre slmge requiremenls 
were provided for this engine. Engine length WPP limited lo 6.0 meten with a specific impulse of 870 mondq. 

To meet lhe slage requirements, Ihe chumher p rwure  of 621 p i s  frm lhe Pewee 1~51 rvndiliuii Bud lo be i n ~ p s o d  to 784 
p i a .  The higher pressure is beneficial lo the reaclor core with regard lo hem! traiwfer and pressure drop. The resulllng 
nunk hits m n  expansion areu ratio o f  2W:I and P bell contour lenglh or 110% of thnt form 30”ronicml nozzle With hydrogen, 
Ihe 110% lenglh provides mnximiim nozzle thnrsl ccieflirient fiir an urw ratio of 20O:l. 

For the 5u and 75K engiiws, the same w . l e  parnmelem of 21101 expmu4an rmlio and 110% length were uwd lo rerult i n  a 
runsktent family of enginrs froin the stmadpoints of enveliipc, performance and weight. 
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T 

CHAMBER TECHNOLOGY 

- ROVER-KIWI, 
- INCONEL-X TUB 
- INCO 718 SHELL 
- FURNACE BRA2 
- LIGHTWEIGHT 
- HIGHTEMPCA 

- SSME 
- SLOTTED FORGED NARLOY 

RockelJyne has fwn lechnolngies applirahle Is  the N'I It l'han 
which a#ache lo the hnttom of the pressure vehwl unci rlncls I1 
high qpansinn rntin nnnle. One technolow cams frnm eirlirr 
fnhnlpr-wall chamberc were rtnplnycd, trnd slill lire today fnr 
slnlted, nnppieee, rnppw-wall rhanilwr nwl  for thr SSMli. 

lhe ppvrr tnhular-wall ~h:~cnhrn 

cni~verg~nt and low iirw riitiil divergent cnr(ipoiwnt 
exit pas tl i~i~uglt the weir rrpion, drlivcrici~ it In ljir 

eiiyiip prnirains, including the Rever prsgram where 
~ W J I  a* Allas niid Ih4t:i. 'Ilir iilher lec l i i i i i ln~ is I h c  

IWP wrc! fiir 7 o I tbt- KovcrlNKRVA 
in1111 heat nljv or 30 
nl nn inlel diwwlrr Thew ch~nrhelT have 

ely 35 iryhes, and m n  IF. Inrnnel-X lnhing 
ap Inrnriel 718 n~ie-p . 'J~II* chqnihpr wa ly. 'I his lerhnolngy 

prciv&&s p lightweight ckimhrr wit 

l'lie S$MR slntterl, nni+%-e, riipper-wall rliamher ( SF shi)wn in the nlrotr~) wiic develippeJ f c p r  ;nrtf iiwl on all Spwe Shnf~le 
M a i p  pnginee. T h p  SSMR's on each Spdre Shulllellighl haw 11ow pnrrrcd nver SO misinin, npd llight rnnfignralinn engine 
testing excqds 420 hours. The SSIW rhamhrr operates at a rlirmbFr pmwre rif apprnxinralely 3lUM psi with a wall  

I of approximmtely R I K  1146OH) and 1wif nil*: el approxiniately IN RTU/in* FW. The rhainlier ljns 
proximately 3 apd an exxga+qloq ralln nf 5 with ia thrnnt diameter of apprnxlmntely IO lnchn. 'Ihe 
Rncket4yne rnpprr allfly) rhamlwr liiipr is rlerfroclepnsitrd on the oliler eitvclnpe with a thin copper 

re el thv wohrnl hint+. A wcldril Inroirrl 71X ~liell. rnanifnltl ~ i i d  fliiigr nnw~iihly roniplrlr #hi. 
chamlpr. 'l'!ris t~hnelogy prnviiles lrigh bent nnx (IIH) JYI'UIin' sed capiih~lily with lnw (llllnlli) wall twnprr~lnw. All1111ngh 
(he weij&t is  mnewlrat Iiighw for nn NI'H ihnnhrr llinn wifl i  lire fiihnlar-wnll Wnver r l i a i n l ~ ~ r  IPrhnnIii~y. the SSMR cli;iniher 
tnhnnjogy is favored thie ti) wprriiir lXi--~'y4e mlralrilily :in11 getii+i ;II ~ n h n ~ t ~ ~ w .  

(1760K) rvi i l l  tetn~wrat~re c~ippliilily. 
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* NOZZLE 'l'I1:GIINOI,OC;Y 
- SSME 

- A-286 'I'UBES 
- FURNACE BKAZED ASSEMIi1,Y 

TURBOVUMI' TECHNOLOGY 
- INDUCER 

- Mk lSli, Mk 25 - 
- TITANIUM 

2-1'1 I ASIC I'UM P I  NG C A P A  U1LI'l'Y 

IMFET,I,I3RS 

- 'I'UHBINE 
- TITANIUM, A-286, OK 718 

Huc%etdyne t~igli-exp.iirsioi~-rali~~, r~ge~~era t i .ce ly - r~nr l~ ,  I I I I I I I ~  Iir hniilrigy i s  ~ ~ n r ~ i i ~ r l i l i c ~ ~ l  hy 1111 SShll, t t w , I *  4 ~ w n  111 the 
pholn. I'he ronstnirlion is Inlrnler-wall, iwing A 286 luhc%, fririincc.-liiarr~l ;~~snnlrly, iii rr rc l r r  111 reduce ~ I I P  rvetglit trl i l n s  
large nirule. 'lhe n o d e  iiild i\ an area w ~ i o  t i f  5 with an rx i l  am i  ratio of 77.5. 1111- iumlr Ic*ugtli i\ npl i t t~~ iut .~ te l~ 10 rt. 
with an exit diameter of approximately 7-112 ft. The nui7l$~ cnipkrys ~i~~pritxiinntrly 1.lltlO lhin w.111, A-2Xfb t t i h c ~ .  As wit11 
the rlininber, lhis SSME l ~ ~ h ~ ~ ~ i l ~ r g y  prirtidfi rapalrilily hey~ricl Ihr r i r ~ ~ i n c ~ ~ n r ~ ~ l s  01 1 1 1 1 ~  N I K, I I ~ I I ~ I I I I ~  iii .I ~ h t s i  iIi%igil 

Rnrkrtdyne terhnology spplirahle lo  the NFH turhopi~mli d r w \  iin elrtnenls from sevwal ~rr~igr:itn$; Iiriwever, is ht-I 
exemplified by llie Mnrk 2YI' (%lurrvn in  lhr ~ihnle)  nhiili r i m  clrvrl~rprcl ;IC llie liquid Ir)tliog~n ~ ~ I I ~ I I I I I I ~ I  Iiir 1lwJ-2S iwgitw. 
Rockeldyne initialed deign and develtrpnienl of large, liqiiitl-hyclrligeIi turbopiimp\ in 1958 under thr K~tvc.r progain lcir 

c o ~ ~ n n i t ~ n ~ t ~ l  lo lhe '1-2 est~lne whleli i t w l  thc Mnrk 151' (clcrlvrcl rnm MIU h 9 )  exlnl,  Ilc(t~ld-l~yrlt ~ # r u  ~ M ~ S I ,  'I I,,. hlnn k 1) 
and evolntionary Mark 25 litrhopump\ were used for I I of lhe 19 re:trlor$ lwttvl in (he Rover/NhI<Vf\ progt am and in (he 
Ilunillroiik 111 NTH c~~lcl-flow wigine simnlation Ipst\taird 

Inducer technology for liquid-hydrogen puntps is exemplified by L-pliii\r lcding oftlie Mark 151' aiid Mark 25 AI iulel valiiir 
volume fractions or up to 3 U I .  IAJW flow-coeWtcient, larger diarnetrr indurers were (hen tsliricaled lirr tline pimps and tr.ied 
In even higher vapor volume frarlions. This rapahilily pruviilw for pimping 01 liquid h dnigrn lrntn II %aturatcd tank aitlniut 
the need for presrurimtion to provide net positive suction liericl dt the. piiinp inlet. 111 p~oviclc~ aright sawig> III the s~:~ge 
in tankweight. pressitraid and slorage laiiknrighls. . r i d  ventrd pa ~tpc~Il:n~t rvright. 

Ihe liquid hydrogen cetitrifngal pninp  PI hnohrgy irl the &kirk ZYI. w.15 .idvancecl rvilh I h c .  ShRIE Iliglr Iprew,urr furl 
Turbupuinp. Significant imp1 o.ceinent i u  el fieienry W.I\ ucliieved. 
ilydrostatir beariny aere deinonstraled in the Mark 25 pump ill twling in  1972 at NIS. 1 h r i e  bedl iug\ u\ecl iiilrrior rolltug 
elnnent bearings which pnivitle~l the rnt:iticni ii Iuner sprc4\ during lhr   low start-up .rncl very \In\\ ~ l n ~ t - ~ l ~ r w ~ ~  .issori:ttecl H ith 
NI'R's. This nrrnnprncnl ro~~~ideri i l r ly rcducn llie IIN iq i i i r tvuwl iind Iik I quiic*nienl ~irr llrr rdl i i ig elr~nenl lrearing :iucl 
allows use of radiafion-rt4\lant rage material\. I'ure hydroslolir Imirings in  liquid hyclriigen is .in itngiiing clt ielnpinenl will, 
the Mark 29FI). 

h e  lo  the ltrw i t i l r l  le tn~ic*~ .~ Iu~r  I ~ ~ ~ i ~ r r ~ ~ ~ i i i i ~ i l r l ~  JIIOK) irnil ~riiglc \f.rgc. 111 Ilic- r x ~ r : ~ ~ ~ c I e ~  iv$Ic* iurl~itw, t l r r  1111 Iitnc ~ r r h ~ i ~ ~ l ~ r g ~  
liir lhr NI'K k 4 1 n ~ r i i l i 1 ~ i l  i i r in~n i i i - c l  I t 1  Iln. ltigli li*inpriiluri-, uiiilli-4nli* t ~ r i l r l n c ~ s  il1*vt~111~11*1l liar ni~i \ t  t <SI lwl eiigiw<. Aitqir 

irf riitncvn i i l p  l ~ ~ i l r i r g ~ ~ ~ ~  i~ i t t l r r i I t I r~ i~~~~ t l  : i t id  l i ) i I ~ i d i n ~  i t i  a h i c l r  11111 h:.trl\~iv 1 t : n  U I I M  It 1 8  111r V I I I  111 5 : ~ p p I t t , d ~ h  C ~ I I * I I I . I I I  I ,  

npplirnlitiii to nuclenr rt&ls. Siiccwhil twliiig nf 1Iir fin1 Iirgci Iiqiiicl-Iijclrtipii (Mark Y) ptunp in 1960 allnned 
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b (an u d  ita Pewee). 

imafely 5%) im weigtif due 
r result nF lnwrr t'u~hiue 

pump d&~@ prca~ure tw 

thW4u-weight Zatio impfnvI?C by 20%. 
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LIFE IMPACT ON CHAMBER TEMPERATURE AND 
SPECIFIC IMPULSE ADVANCEMENT 

XE-PRIME 710 SEC 

Tc 2270K 
BLEED CYCLE lTUR6INE 10% r L O W I  
NOZZLE E OF 10 

- REGEN COOL FUEL ELEMENT SUPPORTS 
AND CORE PERIPHERY 

+ 3 5 S E C  

. LNCORPORATE EXPANDER CYCLE t 3 5 S E C  

- INCREASE e TO 200, 110% L + 5 0 S E C  

- INCREASE TC WITH GRAPHITE FUEL ELEMENT TO: 2550 K 2450K 
Life 1.5 HR 4.5 HR 
ni, _+ ~ Q S E C  + 2 0 s ~ ~  

850 SEC GRAPHITE ELEMENT ENGINE I, 870 SEC 

- INCREASE TC WITH COMPOSITE ELEMENT TO: 2700 K 2550 K 
Life 1.5 HR 4.5 HR 
Ai, +-3O_$EE_(E t 20 SEC 

0 COMPOSITE ELEMENT, ENGINE I, 900 SEC 870 SEC 

A* in Ilie prior chxrl, "Sliwiric I i i i l n i l s i ~  Ailv~iii~i~iiii~iil." Ilie XIi,l'riiiir is l h ~  hnwline fnr spcuifir iiiip%ilw nl 710 wc. Alto, 
ns in the priur cliad. sdunnceinenls by 1) reCriieriitive cooliiig of wre \fiiicture ( I 35 wd, 2) wing llie expmiiler ryck (+.I5 
sec), and 3) using the 2W.I expnnqmn ratiu iionle (+SI1 m), inrrrnse specilir iiiipulse by 120 uximJ.. . 

IIuwever. WesZinghoust, evaluatiun uf Huver/NBIWA Furl ISlenwriI Mass IASS w w l I e d  in lilr wp.~bilily of 1.5 hours for tlie 
prior chnrt'r Grnphile Fuel 11lciiicn1 PI lbarr Average Exit C a s  '1'rinpenilnre of 25SOK niicl rrwltinp. spwi f ic  iinpulse uf 870 
4 ~ .  and Curnpildte Vnel Itlenient l h s  'l'cniprrxlnri~ iif Z71MlK with specific iiiiIiiilw of YOII SIT. 'ITii\ 1.9 Iienr clnln is prwiitril 
io thr left hand caluniii, "Near-Twm" engine l i h  rmliiirrniriil$ are hir II Life Captihilily of4.5 tiwim. 'Ut iiievl tlip4,J I w r  
ISlr wllh  Ilia ulliieulelt ruueilvliy hi** of 1% trnnafn*w Litrr in i v  Ut arnm" mnu hm por ulomont atad the i w i t l i h ~  ioinpcmtnrm 
and specifle impulses as shown in tlie right lrand culunin. Fur llie 4.5 hour life requireniuil, the resulting Graphite Nlenteiit 
Engine Specific Impulse is 850 wec. nnd the Cnniposile Elrnirnl Ciixine Spccifir Impulqe h870 secniids. 
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50K NTR, Expander Cycle, Dual TIP* 
Centrjfugal Pump 

I. 1 

w 1 7 1 "  ..-In. IniN 1111,,1111,1.*, /'.- 

NDZZlB-dlv (totel): 9.44 MW 
Rellector (lotel): 12.10 MW 

P = PSlA 
T =  DEGK 
W = LEIS 
H = BTUILB 
S - BTUILB-R 

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

llockwdl I l l leri~alh~~ml 

W c U ~ ~ ~ J n m c l  kow I l.llcwl 

50K N'I'K, II:XVANDEI1 CYCLE, DUAL T/P 
CENI'RIWGAL PUMP 

In conjunction with the redairlien in graplrile fuel elrmmt aveogp exit gar temperntiire frnm a nqininnl 2550K to 245OK to 
meet the 4.5 tiour Lite m(uireineiit, a reviied cysleiii hnlnncr was peifnniied 

Cnmppred 11) the haiaiire diown on llie prior cliilrt. the average reartnr exit gas temperatiire (nnde chamber temperature) 
is reducgd by spproxiiiinlely 4% In 2,444K. This r ~ n l l s  in an apprnximate 2% reductinn in specific imptilie lo 846.64 sec. 
To maintain engine thrust at 50,000 Ihl requirrs incrensing flowrate hy approximately 2% lo 59.011 Ih/.soe. The incwase in 
flowrate nnd redudion hi lemperntiire rem11 in ai1 apprnxiniatc 3% reduction i n  HeactorlEtigine TliennaI Power In 1.tNl2.8 
Megawatts, 

The reactor configurntine for the 1.5 b r  and 4.5 hr life wauld be the siuiie. Fuel element lliermal cnnditinns and emws 
e 4% reduction in temperature and 3% reduction in power. Fuel elenienl mmlianic-al s 4 r e i w  stay 
r exit pmsnre ir fixed (784 psia) and the cnre prewure drop is ~ssentinlly the same due lo the 2% 

reduction in velocity (2% increase ia flowrate and 4% iiicrease iu density due to luwer temperature) and 4% increase In 
deqsity. Sn the reactor weight remains mentliilly the sqmr helwern lhc 1.5 hr and 4.5 hr life cases. 

l@e chamber aiid nnztle size remain the snme, dire In the 2% inereme in flowrate and 4% reduclinii in tcqperature mt l t i ng  
in the smie tliixrat ami. 

The punip flnwrate inerearm liy 2% and tile dlwliarge prwiirr i i irreaw hy 4% dne I o  the 6% iiicmw! in turbine p m w r e  
ratio required to pnivide the 6% higher tiirl~iipninp power. 'I'hiu mullr i n  a 4% increme 1r1 tiirbnpttnip weigh1 wliich b 
equivalent to npproxiinntrly 0.1% iii engine weight. Due In tlie 2% iiicreiise in nuwrite and (lie 4% lncreme in pimp disriiiirge 
pressure, the turbopump line weight inerenm by 6% wliicli Is eqnivaleiit to npprnximately 0.4% in engine weight. 

$411 tlie engine weight erftu.1 in piing from the 1.J In lite 4.5 hnnr life k 311 apprnwiinale 0.5% inrrease in weig11I due In the 2% 
iiicmse in flnw mid 4% increitse in pump clhrharge pit%nre ~ i l h  Ihe iiiiijnrily ofllie dfd beiiig diie In llie pnnip disrbargr 
and turbine lines. 

d 
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Effect of Thrust and Fuel Element on Engine 
Thrust-to-Weight Ratio 

7.0- 

6.0- 

5.0- 

4.0- 

3.0- 

2.0 

1 .o- 

0- 

Grnphito Fuel Elemonls 
(Isp - 810 seconds - 1-112 l l r  Lib) 

8% seconds - 4-1/2 I lr Lile) 

(Isp 900 soconds 1 I/? 1 I r  Life) 
870 seconds 4 I12 Hr.  Life) 

1 I I I 
I 25 50 75 100 

Engine Thrust, klbf 

El?i?ECT OF I'HKUST AND FUEL ELEMENT 
ON 

ENGINE ~ ~ U § r - T O - W ~ I G H ~  IO 

The effect uf thrust for Ilie 25, 51 aiid 75K lb eiigiim oii engiiie thnist-lo-wcighl ratio (wilhout indiidiiig radinliou shkldiug) 
is shown for bo(h Graphite and Composite Fuel elemcnts. 

AR a result of dircusioii related lo the previuus chart regarding eiigiiie weight changes iii going frniii 1.5 to 4.5 hr Life, lhe 
engine weight inerema hy approximalely 0.5% primarily in ffne weizht due to the 2% lncrea~e in flowrate and the4W Increase 
in pump discharge pressure. This k a iiegligihle effect le LLme lhriisl-lcl-weight nilio pkls. 'll~et'd~tre, the plcit fur awl\ hd 
element spplim k r  the mnge of Lik riicl Specific liupulw she~vn. 
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Effect of Thrust and Use of' ZrH Moderator on 
Engine Thr -to-Weight R 

7 0- 

I 

L! 
c 
vf 
0 

.- a, c o -  

3 5.0- 
0 
5 

4.0- E 

f 3.0- 
9 
L 

I 

?Jl .- 

v) 

2 20- e 
0) 
C 

C 
w 
.6 1.0- 

0 1 
-. 

I I I 

Graphite Core 

Erigiiie Tlirusl. klbf 

El?W,C'f OF 'flIKUST NVD USE OF ZrH MOIIERA'I'OK 
ON 

UST-TO-WEIGHT RATIO 

The e f f d  uf Zimnlum llydride modwJtiun nn engine Ihrust-tu-weight ratio (without inclnding radiation l i e l d i n d  is shown 
over the thrust range of 25 tu 1M)Klb. The lower rvrve represenh: engines IwinR a fixe4 35-inrh dinmeter, 52-inrh bnp, rnlp 
cnntmining no ZrH. The upper ciirve represents engines using mctora cudmining ZrII ns nerwiary tn minimize size and 
welfit L r  the 25, 51) and 75KIh llirud remdurs ms ~nmlyimi hy Wegtindionse. Other Weslinghnnsr preliitiinmry nnmlysk 
indieplw thml Zrfl does nnt redure the weight of m mtlur rich n SJ-hirh clinnr(er rum Cor n lWKth thnart enghw. On this 
bs&, %e dashed line waq constructed between the 7JWIb Zrll moderated point mnd the IOOIClh point without ZrlI. 

imdwation provides no advantare mt 1OOKih tli~uct, apprnximmtely 10% weight advmntnge mt 75K, mpprnximmldy 35% 
dvmntage m l  JOK, and apprnwinmtely 75% weight advnufmge at 25K thrusl. 
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Effect of Shield on Engine Thrust-to-Weight Ratio 

7.0- 

6.0- 

5.0- 

4.0- 

3.0- 

2.0- 

1 .o- 

W/O Shield 

NFnVA Shield - 12 in. bath - I l /4  111 f'b 

-.____ ._-. - -. 

['Meets NPO Specified Radiation Field I 
0-+,77-- 

0 25 50 75 100 

Engine Thrust. klbf 

The effect of shield weight on engiiie thrusl-to-weight ratio is Jiowii. 'lhe upper data ieyrt?scnlr the eugiite thrust-lo-weigh1 
mlin wllhniit iitrludliig rudiiition !diielding. 'I'lie iitwclr chlii rclprtwiih rtigiiie Ihiiiut-lti.!wi~lil riilio iisiiig tile inlcrnnl rliieltl 
uwd h r  (lip NERVA R-1 eiiglnrs: nni~iety, 12 liirlin of ISA'ITI (ILinrn. AIII~III~IIIII. WIII 'i'lI:miiim Itydrlclr) mid 1-114 lnclin 
of lead. 

During the prugram, NIT1 upecified neutron flux levels a id  imlma d w  twvd 11) he met hy the rhieldiiig for ILP "Near-liwm" 
reactor. Due to concern about lead melting during decay heat removnl, the lmd was removed. l'he NPO-sptrified radiation 
field also allowed reductlon in the UAl11 fhirknws from 12 inch- down to 9 iiirlies. 'the Wpstinghouw aiialyrcis of the 
miilfinl: rndintkin field for the SOK engine rwiilts in iinilrirn flaxes iiiid fiimma dose approxiinately half lhnt specified hy 
N W ,  indicating that a m a l l  l'urllier d s c t h i r  iii 1jA'll1 tlrickitesr iimy he made 

At the 5UK thrust level, tlie 1.ight Shield provides approxiiimtely IO'& iiiiprwement iii eiigiiie Ilirti~t-lo-aeiglit ralio over the- 
NERVA shield. The light Qield mpmcntq an approxiinale Y% rrcluctirrn rnnn the thrust-to-weight ratio cif 5.8 for the 
un*idded 5OK engine. 
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PEWEE - DERlVED NTR's 

THRUST 

TMle 
IWlSHlELDI 
Le 

De 

25K 

3.6 

6.00M 

1.73M 

50K 75K 

5.3 6.0 

7.66M 8.74M 

2.44M 2.99M 

Conceptual designs weie ycrhmed for 25, 50 niid 75K lhirr'it engines I iasd on Kover/NERY(\ rcncfor technology. l~nel 
element power was based on Pewee test results of apprnxirnately 1.2 Megawatts per fuel element average. The engine thrust- 

, to-weight ratio requirement of > 4 with shiddlng was not met hy the 25K engine which hns a value of approximately 3.6 with 
f a shield meeting the NI'O radiation field requirements. UnshielM, (he 25K engine has a llirust-feweigbt mtin of 

t+pproxhnntely 3.9, so the reiliiiremenl of 4 is  uol met e v w  without the ra$liation shield. 

Certainly, based 011 engine thrust-to-weight ratio, the preferred engine thrust would be IOOK or m m  based on the elimination 
of the weight penqlty awncialed with the nw OF Zirconium Hydride moderator and achieving a blrklded engine thruqt-to-weight 
ratio of approximately 6.5, or approximately 7.1 wilhnnt wdiafion shielding. 

NIW #@wed the NbK enulne for more drlnlled nnnlwlu iictal rcpwlfled nidliitbci Fivlcl viilrim tu dd@rmifie llie &idd, Ila 
rndlatlnn fleld regulremenl% i~llowe~l lighlcnlng lbe sliield hy appnixlmntely WHI Ih mull ing in nn Impmvemmit in nl~ielclrcl 
etpgiw thrurrt-to-weight ratio rrom 4.8 tn 5.3, with 811 iinshielild thrust-tu-weight ratio nf 5.8. 

The MK alpine has an uverall length of 7.66 nidcrs and a niiz7,l~ exit diameter of 2.44 nrtcrs. 

Thwe pawmeters all apply regirdleis 9 wlietlier I) this engiiie life is 1.5 hours ouernling at a diainber temperature of 2551)K 
with R7tl sec specific impii$e, or 2) IIir eiigiia life i\ 4.5 hnors operaling nt a rlinniber lempcmlnw of MS0K wilh RSfl sw 
specific impulse. 
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Key Technology/Streamline Development 
Assessment 

Approach 

* Identify critical design areas and technology issues 

Assess actions and program impacts 

@ Determine critical path 

* Areas addressed 

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

Key Technology/Streamline Development Assessment 

In performing this assessment. design areas of the engine system were reviewed and critlcal technology issues 
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 safety, 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 recovering or referencing existing technology provides the design basls. However, 
several system design issues exist where new design solutions and test veriflcatlons would be required, and effort 
to  resolve these Items should be emphasized early in the program. 
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KEY TECHNOLOGIES ASSESSMENT 

AREA OF DESIGN TECHNOLOGY ACTION REQUlRED PROGRAM IMPACT 
ISSUE 

Safety 

Safety 

Aochwsll lnlsrnollonnl 
lar.")n.oI.l**n 

Water immersion 
cri t ical i ty 

Analysis of several 
design options for 
reactivity control in 
theri ial range: 
reco 'er NERVA 
plan, 

Engine test facility 
to test  as-designed 
engine, n o  additional 
cost  or schedule 

in tact  reentry or 
to ta l  dispersal 

Des i j n  for reentry Verification test ing 
heating: recover 
reentry data; 
consider 
enginelvehicle 
interactions 

t 

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 programmatic impact. In many cases technology recovery was the principal actlon. and there was no 
programmatic impact. In a few areas, issues not anchored in ready technology were identiled. and their resolution 
should be addressed early in the program. We expect no intractable problems. 

Safety issues in all phases of the program have fn tie adeciuntely identified, and procadtires and design soliltinns have 
to be qualified. Four safety issues are noted here. 11) water immersion criticality, I21 intact reentry or total dispersal, 
131 the concern over flammability and dispersion of nuclear materials in a launch explosion and fire, and I41 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 generating debris may pose a threat to the stage or to future 
missions. 

Restartability requires adeqcrate systems for decay heat removal that do nut consume excessive rruantlties of hydrogen. 
A flight-qualified decay heat removal system was lievrr demonstrated in the RovdNERVA proqram. 
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KEY TECHNOLOGIES ASSESSMENT 

NP-l7M-92 

AREA OF DESIGN 

Safety 

Safety 

Restartability 

TECHNOLOGY ACTION REQUIRED PROGRAM IMPACT 
ISSUE 

Launch fire 
resistance of nuclear 
and hazardous 
materials 

Engine-out 
continued power 
generation; dead 
weight 

Decay heat removal 

14 I 

Analysts and design 
of fire retarding or 
resisting features explosion/fire 
such as plug io 
throat 

AI~JIVSIS of No additional iiripaet 
alternatives: 
auxiliary cooliiig, 
shielding, ejection. 
etc. 

Analysis and design Test decay heat 
of optimum method removal system 
for conserving during engine tests 
propellant 

Mockup test in 
simulated launch 

NTP System Concepts 



KEY TECHNOLOGIES ASSESSMENT 

AREA OF DESIGN TECHNOLOGY 
ISSUE 

ACTION REQUIRED PROGRAM IMPACT 

Hydrogen pump ing  Two-phase pumping Design pumping Test candidate 
sys t mi cot r r l ~  t iblo 
wttfr tank pump test faciltty 
pressurization limits; 
recover Rover test 
data, Mark 25 and 
Mark 15 data 

coriligitration in 

Hydrogen pump ing  Bearings 

Hydrogen pumping Seals 

Design for 10 Demonstrate during 
restarts, and s low  pump qualificatiori 
start and shu tdown  test  
transients; recover 
Mark 25 data with 
hybrid hydrostatic 
bearings, SSME 
experience, Mark 
29FD with 
hydrostatic bearings 

Select radiation-hard Part of turbopunrp 
seal materials design and test 

The hydrogen turbopumps, while based o n  mostly proven hardware. must be qualified for the radiation environment. 
10 restarts in space, slow startup and shutdowrt 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 
demonstrate, adeqately, the design integrity. 

Chamber and nozzle experience with the SSME satisfies most design requirements. except those dealing with the 
radiation environment, such as ioint seal design. Testing of seals in a radiation environment would be required. 

Radiation resistance of valves--bodies, stern. yuides. actuators, seals. seats-nwst be incorporated in the design and 
verified by test. and turbine bypass valve functional performance must he assured by test. 

NIP: Syslcin Conrepis I4? NP-TIM-92 



KEY TECHNOLOGIES ASSESSMENT 

AREA OF DESIGN 

Nozzle 

Nozzle 

Valves 

NP-TIM-92 

TECHNOLOGY ACTION REQUIRED 
ISSUE 

Radiation resistant Test seal 
joint seal configuration in 

radiation 
enviroiiinerit 

Use SSME NARloy-2 
slotted channel 
approach 

High heat flux 

Radiation resistance Select radiation 
resistant materials; 
Recover data from 
RoverlNERVA, 
SP-1 00, LMFBR 

143 

PROGRAM IMPACT 

Need to identify test 
facility 

No additional impact 

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

NTP: System Concepts 



KEY TECtlNOLOGlES ASSESSMENT 

AREA OF DESIGN TECHNOLOGY 
&SUE 

Valves Turbine bypass 
control 

Reactor assembly Fuel element 
inidbarid corrosion 

Reactor assembly Vessel design for 
intact reentry or 
dispersal, decay 
heat rerrioval 

ACTION REQUIRED 

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

Develop and test 
coating materials 
and processes 

Select compatible 
iiiaterials and 
configuration 

PROGRAM IMPACT 

Test in hydrogen 
flow facility 

Identify reactor test 
facility; test and 
evaluate in engine 
testing 

Safety requirements 
drive the design 

ey Tec 
In the reactor assembly. rnidband corrosiuii fourid In the RoverlNEllVA fuel elements was being addressed wlieii the 
program was canceled. Resolution of this Issue will be of prime importance at the outset, with in-pile testing of Iuel 
elements and clusters necessary to validate the solution. The reactor vessat must be designed to meet the safety 
requirement of intact reentry or total dispersal in the event of an inadvertatit 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 tic-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 design 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 control design area would Initially address key 
sensors and the engine health monitoring system. Current technology would serve these areas. 

Finally. the grouiid testing of the complete nn(liiie systein is the key stop in qtialification for piloted operation. An 
operational facility will be needed with adequate englne-exhaust scrubbing to meet environmental and safety coiiceiiis, 
and with well-designed altitude simulation dif lusers and ejectors. Because deslgn. the environmental approval process, 
construction, and acceptance testing will require about 6 years ro complete. embarking on this effort almost 
inimediately is essential to meeting the desired 10 year development goal. We believe that this facility is the crltical 
patli. 

flockwell Internolloiial 
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KEY TECHNOLOGIES ASSESSMENT 

AREA OF DESIGN 

Reactor assembly 

Reactor assembly 

TECHNOLOGY ACTION REQUIRED PROGRAM IMPACT 
ISSUE 

Drum actuators 

Support plate with 
tie tubes 

Reactor assembly Higher temperature 
fuel 

Instrumentation and Hydrogen flow 
controls measurement 

Incorporate 
RoverlNERVA or 
SP-100 designs; 
evatuaie lluidic 
steppiriy inotors 

Evaluate 
Phoebus-2A and 
NERVA-Rl designs. 
fabricate and test 
unit 

Develop composite 
fuel 

Evaluate candidate 
flow ineters, 
iiicludirig fluidics; 
procure caiiditlates 
and test 

Testing required 

Test in hydrogen 
flow facility--parallel 
with pump testing 

KEY TECHNOLOGIES ASSESSMENT 

AREA OF DESlGN TECHNOLOGY ACTION REQUIRED 
iSSUE 

Instrumentation and Reactor 
controls temperature, 

pressure 

Incorporate 
RoverlNERVA and 
advanced reactor 
sensors 

Instrumentation and Health monitoring Incorporate 
controls system Rocketdyne state- 

of -the-art 
diagnostics 

Engine system test Scrubbing engine Proceed with site 
exhaust, diffuser selection and facility 
and ejector design and 
technology; construction; 
environmental recover NF-1 
concerns scrubber data, state 

of the art 
Rocketdyne 
diffuser/ejector 
technology 
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Test reactor or 
nuclear furnace 
required 

Test in hydrogen 
flow facility 

PROGRAM IMPACT 

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

Evaluate in engine 
systeiri test 

Critical path to 
engine qualification 



ss S 

The assessment of key technologies led to the conclusions that (11 existing technology in reactors and engine 
systems is applicable to most design areas, (21 tlicro are issiics reqiiiriiig attentioil nnrly i t )  the pro~rarn to assure 
satisfactory resolution, and 13) the assured early availability of Rti  sii(jiite/reactor test facility is critical to meet. 
successfully meet the 10-year engine qualification goal 

Rockwelt Intertialionnl 
Ran*ld,".ahhb" 
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Streamline Development Requires Early 
Agreement on Requirements 

NASA prepares: 

0 Mission and performance 
requirements 

0 Safety requirements 

Interface control structure 

0 Engine specification 

-. 

RocketdynelWestinghouse: 

0 Provide comments on draft 
requirements and specifications 

0 Perform QFD analysis 

0 Prepare design criteria and test 
plans 

0 Specify test facility needs 
_ _  

Streamline Development Requires Early Agreement on 
Requirements 

To establish a good fouridation for a successful development prclgrarii both NASA and the 
Rocketdyne/Westinghluse team must understand and accept the design requirements, program and technical 
interface requirements, and design criteria and testing needs. Poorly iintlerstood or shifting requireriients can lead 
to delays and cost escalation. We believe that a QFD analysis of the program will lead to well-understood 
requirements and oplimum design and hardware results. 
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-1 ----I 

Rochwoll lnteriiotlonsl 
Ilocb.ldfna Oliltlon 

A development logic diagram can include many layers of detail and he organized in many different ways. This 
high-level diagram shows many necessary tasks iii setting requirerrtcnts. 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 wilh well-defined requirements and design criteria. and that the 
availabllity of key test facilities will drive the rate of achievement of the IO-year goals. Near-term activities of 
conceptual design, technology recovery, and resolittion of design issues will provide a sound basis for proceeding 
quickly as substantial funding becomes available. 

Rockwell lnierirntlotiol 
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NTR Streamline Development Plan Summary -- 
Fiscal Year 

Establish Safety and 
Performance Requirements 
Generate Design Criteria 

Recapture Technology 

Engine Conceptual Design 

Resolve Design Issues 

Design 

Design and Safety Review 

Component Fabrication and 
Testing 
Engine and Fuel Test Facilities 
Design and Activation 
Design Verification Testing 

Qualification Testing 

c-- - 

. - -  r 

- 
'96 

- 1  
I- 

- 
97 

c 

01 .....* 

I 

NTR streamline Development Plan Summary 

The time-phasing of key groups of activities from !lie development logic diagram shows that several tasks should 
bc emphasized at the start: settitig requirements, technology recaptrim. R I I ~  rislablislring design critcria. Tcst 
facility design, construcliori and activation must also begin promptly to assure Ilia1 the 10 year schedule can be 
met. 
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Advanced Propulsion 
Engine Assessment 

based on a 
Cermet Reactor 

Nuclear Propulsion TIM 
October 20-23, 1992 

Pratt & Whitney 
Randy C. Parsley 

for the 
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PRATT & WHITNEY DESIGN CHOICE BASED 
ON FUNDAMENTAL PRIORITIIES - 

Priority 

1 Safety Retention of fission products 
Robust designlsimple operation 
Emergency operation 

2 Reliability Design life = 4X operational 
Fundamental material compatibility 
Positive coolant flow management 
Retention of fuel/stoichiometry 
Low developement risk 

3 cost Ground qualification 
Exploration architecture 

4 Performance High thrust-to-weight 
I-liyh specific impulse 

PRATT EL WHiTNEY XNt12WO CERMEI NI IE  
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Axial reflector - nadial relleclor 

Dual 
turbopumps 

Annular outer core 

P R A l l  L WHITNEY XNR2000 CERMET NTRE 

NTP: System Cnncepts 152 NP-TIM-92 

ts 
N 



TOR CONFIGURED FROM PRISMATIC 
FUEL ELEMENTS 

Reflector segments 
Radial support tubes - 

Outer core 

P A A l l 8  WHITNEY XNRPOOO CFAMET NTRE 
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CERMET FUELS WERE PURSUED FOR 

Early cermet failures are most remembered not latei- material successes 

Program refocus to power applications reinforce low temperature bias 

Successful demonstrations 
- 10,000 hrs at 1,950k (in reactor) 
- 1,000 hrs at 2,278k 
- 3 hrs at 3,178k 
- Transients to 2,879k at 10,000Wsec (in reactor) 
- 37 hole element fabrication 

PRATT a WIIITNN XNRXKXICE~WIIEI N'ICIE 
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NP-TIM-92 

Chemical stability 

Clad Hydrogen - Matrix 
- .~ 

Trnell __ Constituents 
uo2 31 OOk Solved" Total Total 
Tungsten 3650k Total Total 
Tungsten - Re 3400k Total 

Elernen I 
Strength - High Clad/rnatrix CET match - Good 
Conductivity - High MatrixlhJel CET match - Good 
Ductility (Cold) - Adequate 

(Hot) -Good 

*U02 stabilized with 6Yo Gd or Th 

155 NTP: Syshm Concepts 



CERMET OPERATING LIMITS CAN BE 
ESTABLISHED FROM EXISTING DATA 

12 

10 

8 

Endurance - h 6 

4 

2 

n 
I 

50% melt margin 

Local UP2 
melt limil 

Cermel 1 
operational limit 

I 

I I I 
I I I I I 

2200 2400 2600 2800 3000 3200 
-1 ernperalure - k 

PnArr h WI IITNEY XN~IPLMNI cwmi N IIK 
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CERMET FUEL SHOULD ALWAYS BE 
INCLUDED ON THIS CURVE _ _  _ _  

12 -- 

0 I I I I 1 
2200 2400 2600 2800 3000 3200 

Propellant temperature - k 
PRATTl7 WIIIINEY XNIl2M)CERMETNTnE 25815 

~ i c l r c l  0 1 1  1 lils fms 

nr;pndlrlrd rirliimiice or carboil h s n l  aiicl eeiiiicl Il.rrci1 furla Is shiwii as a liiiirlloii 01 propelL2iil call leiii(teralun. A3 sl1rwn 
In llie Figure. lhe endurarice of cemiel fit& ts Iirclepenclenl o~o~ierd~l~ig~eciyrra(ure up to lh t  iiiclt tenrperature of Urc fuel. 
However. the endurance or carboii based fuels Is a Ainr~llnii d proprllaiit lriiiperiilii~e bsausc olsldehlonirtry ctianges due IO 
clretiUcal dllluslo~r of earlmii based fuels 111 a IUJI liycliugcn eiivironiiienl. A rli,iiige In lhe nieclianleal. Uientwl, and neutmnk 
charactcrlsllcs at Carhorr h a d  furls decreases the fuel endurance wILII IiiciedYlng opcraltig temperature. TJie ceniiel fuels 
dtsplay conslolrl eharaclcrlullcs because llrcre Is im furlliaatrb illlfiisloii ai111 llre iealeilal slolclilon&elry Ls constanl wllh 
leinpcralure. 
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RESUL TS OF NERVA/R 
W I T .  TEMPERA 

Time at Maximum 
temperahires chamber Time at max Reactivity 

-_ (set) fk)-. (sm] - - (gramidelement) _ _  . _- - 
over 2222k temperature temperature loss 

PHOEBUS-IA, EPlV 651 2367 5 7 
(22 June 1966) 

PHOEBUS-1 B 400 2292 5 13.7 
(23 Feb 1967) 

PEWEE-1 
(Dec 1968) 

NF-1 
(June 1972) 

PRATT a WHH NEY XNWOOO CERMET N ~ R F  

2555 2400 20 

2444 6528 13.7 

(fuel exit temp) 

(fuel exit temp) 

25858 
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UL TS OF AIERVA/ROVEH DEVELOPMENT 
CTOR TESTS WITH TEMPERATURE OVER2222K 

Time at temp Max Time at max Reactivity 
over 2222k (sec) temp (k) temp ( s a )  loss (cents) 
I---___. - 

NRX-A3 (23 April 196%) 5 2244 3 22.3 

NRX/EST, EPlll (2 March 1966) 75 2292 5 2.5 

NRX/EST, EPlV (1 6 March 1966) 110 2264 5 46.7 

NRX/EST, EPIVA (25 Match 1'366) 816 2264 450 282.4 

NRX45,  EPlll(8 June 1966) 473 2286 7 22.5 

NRX-A5, EPlV (23 June 1966) 8 73 2333 7 212.3 

NRX-A6, EPlllA (15 Dec 1967) 3704 2405 10 70 

- XE-PRIME, EP5 (March 1969) 10 2278 5 
PIIAll6 WlilTNEY XNt12IIDI) CEnMET NTJIF 25em 

.WATT& WHITNEY XNR2000 DESIGN TEAM 

Project director: Randy Parsley (PAW) 

Pratt & Whitney 
Steve Peery (P.I. systems) 
Russ Joyner (Missions) 
Alan Dixon (Mech Des) 
Samim Anghaie (Nuclear, T.H.) 
Gerald Feller (Nuclear) 
Mike Malone (Materials) 
Paul Harris (Materials consultant) 

PRATl L W H I T N N  XNR?flflO CERMEI N1l1t 

Babcock & Wilcox 
Kurt Westerman 
Steve Scoles (PA.) 
Russ Jensen (Materials) 
James Rhodes (Nuclear) 

7541) 

NTP: System Concepts NP-TIM-92 159 



PRATT Ih WHITNEY XNFI2DOO CERMET NTRE 

6 Fast spectrum G&kMET 

* Dual pass reactor 

* Robust and safer 

25616 

NTP: System Concepts 160 



XNU2000 CONFIGURED 
TO MEET NASA REQUIREMENTS - 

Isp 3 850 sec (at 200 area ratio) 
T/W > 4 

Throttling 25% at rated temperature 
Single burn duration 60 min (max) 
Engine fife > 270 min at rated thrust 
Remain subcritical upon impact and immersion 
ALARA fission product release 
Dual turbopump arrangement 
25k, 50k & 75k Thrust size 

1 '11A11(LWI I I IN IYXNI lP~I~UI I . I I l~ I  I Nllll 
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Dual 
turbopumps 

Radial <refI@otor Axial *reflector Radial <refI@otor Axial *reflector 

PRATT 6 WHITNEY XNR2MN) CERMET NTRE 
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REACTOR CONFlGURfD FROM PRISMATIC 
FUEL ELEMENTS 

/-------- - Reflector segments Radial support tubes -- 

Outer core 

I- 
1 

11.421 in. 

P R A ~  B WHITNEY XNHZI)OO C t m w  wntI 26378 
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K -effective 0.85 

0 10 20 36 
mnir  ~ ~ ~ i i i ~ r ~ x ~ n m n i - i n ~ w  ~ i i i t  Be radial rekclor lhickness (cmj PWIS 

NTP: Sysem Concepts I64 NP-TIM-92 



NP-TIM-92 

XNR2000 SYSTEM CAN BE CONTROLLED 
BY RAlSlNG . - -_ REFLECTOR - - ___I__. - SECTION -- - 

Axial reflector 

Dual 
turbopumps 

Aiinular outer core Control actuators 

WATT I WHlTNEY XNR2000 CERMET NTAE 25447 
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Estimated w~rlih 

Si-J'OrnL AK = - A %  

Hly: System Conccplx 166 



BASELINE PROPELLANT SYSTEM 
CONFIGURED WITH DUAL TURBOPUMPS 

NP-TIM-92 167 NTP: System Concepts 



T =  1659 k 
P = 956 psi 

J = 34.7 k 

T =  103 k T = 2269 k P = 2179 psi 

P = 1933 psi P = 766 psi 
PRATT & WHITNEY XNR20OD CERMET NTRE 25448 
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CERMET ADVANTAGES ESTABLISHED IN 
GE71 O/AML PROGRAMS 

-__I - -_ -- --- 

Characteristic Payoff --- 

Demonstrated fabrication Reduced risk 

Fuel matrix / cladding / hydrogen 
com pati biiity 

High strength and conductivity 

Life, FFP retention 

Thrust-to-weight , 
robustness 

High temperature operating Specific impulse 
capability 

Characteristics confirmed by B&W 

PRAU LL W M  NEY XNRzooo CERMET NTRE WBZ 
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PROPOSED FUEL ELEMENT CONFlGURAT10N 
HAS BEEN Up 

Ciirrenl baseline Previous baseline 
37 holes 169 holes 

25410 

NW: System Concepts 170 NP-TIM-92 



NP-TIM-92 

BASELlNE FUEL ELEMENT 
WITHIN FABRlCATlON EXPERIENCE 

I 

PRAV 8 &'I IITNEY XNnlOflIl Cf'RMFT N1 W 

17 1 NTP: System Concepts 



'' 
\ 

L- Flow section transition 
section Fueled lv 

Attachment 
section 

W A T T  R WliITNEY XNR7lllNI CCIIMFT NTnC 

172 NP-TIM-92 



NP-TIM-92 

HIGH STRENGT'FUEL ELEMENTS ALLOW 
SIIWPLIFIEO CORE SUPPORT 

_. 

/ - Fuel element support plate 

.. -- Fuel clciticnt retainer 

Fuel element 

PMTT & WCIITNEV XNRZIMU CEllMET Nf RE 

173 NTP System Concepts 



Outer core fuel element 

./ 

NTP: System Conce.pts I74 NP-TIM-92 



L POWER DlSTRlBUTlON PREDICTED 
THERMAL HYRAULIC ANALYSIS 

I__ - .--_ 

1 .o lnnei core hlel 1.0 -- Outer core exit 

0.8 - 0.8 -- 

Normalized Noritralired 

length - IeIlcJltl - 
I/L I/L 

axial 0.6 - axial 0 6  _. 

0.4 - 0.4 

0.2 -- 0.2 - 
Outer core inlet 

Axial power shape factor 

I I I 
0.5 1.0 1.5 2.0 OO 0.5 1.0 1.5 2.0 

Axial power shape factor 
OO 

inner core outer core 

PHAl I & WIlIINtYXNR1lXII~ CFRMETNlRE 
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25'380 PnAIT B WIIIINEY XNIIZUOU CERMET NTRE 
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NP-TIM-92 

DUAL PASS REDUCES FUEL TEMPERATURES 
AND AXIAL THERMAL GRADIENTS 

177 NTP: Systcm concepts 



Reactor 
centerline ---I /’ ‘E, 

Inner/outer .J k-- ()iller core 
core boundary max diarneteet: 

PRATTB WllllNEY XNn7000 CERMET NTRB 

178 



2”-TIM-92 

Inner core/outer core boundry - ’ 
PRATT 8 WHITNEY XNRLWO CFRMEl NTRE 

179 N“: System Conceprs 
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C 
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PROFILE CAN BE ADDRESSED BY VARIABLE 
ENRICHMENT Of? ORIFICING 

NP-TIM-92 181 NTP: System Concepts 



Flat radial power profile 

* Positive flowlpower matching 

* Upper plenum mixing reduces peak temperature 

9 High temperature inner core isolation 

* Reduced clcmenl axial llicrmal gradienl 

PAAW 8 WHI rNEY XNR2UUU CEnMET NInE 
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COMPLICA TONS OF Hz MODERA TtON 
ELIMiNA TED DURING STARTUP', 
SHUTDOWN, AND THROTTLING 

- . -  

-- Opetaliorial Point 
2.26E-4 -I- -500% 

1 E-05 1 E-04 1 E-03 1 E-02 1 E-01 
H2 Density [A(b-cm)] 

PRATT 8 WHITNEY XNW2IKK) Ct-nMtl NTnr 2WXi 
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STARTUP, SHUTDOWN AND THROTTLING, 
- UNAFFECTED BY H2 MODERATION .- 

throttling to 10%: 
Ilirosl at desiyii ISP 

Ptrrnp rnap 
1.5 I 

10% 
25% 

Desi! r i  
1 .o poilll 

Head 
coefficient/ 

I design head 
coeflicient 0.5 

I 

I \ 
0 

0 0.5 1.0 1.5 2.0 
Flow coef1icienV design flow coeflicient 

W A T T  8 WIIITNEY XNR20UO CCnMET N InE 

FPlFP 
tlesigri 

Turbine niap 
1.4 I 
1.2 

1 .o 
0.8 

0.6 

0 4 

0.2 

0 
0.7 0.9 1.1 1.3 1.5 1.7 1.9 

PrfPrd 
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NOZZLE IS ACTIVELY COOLED COPPER 
WITH AN UNCOOLED SKIRT _ _  - - __ __I- - - __ .  - -- --- . - 

Columbium skirt 

(is) [/I 
& = 6.0 in. 

- . .  

1\13 = 14 0 In. RE = 56.5 in. 
t = 33 E = 200 1 Rl = 2.4 in. 

Regen section Skit1 
Coolant configuration 5 wo pass Coolant configuration Radiation 
Number of lubes 300 Skilt malerial Columbium 
Tube material Glidcop Max heal flux 1 Btu/in*sec 
Max heat flux 51 Blulin2sec Max skirt temperature 1792K (2766°F) 
Max tube temperature 
Pressure drop 225 psi 

8 1 1 K (1  00o"f~) 

PHAIT 8 WtilTNEY XNlt?Ol10 CEnMt I NI IIE 25380 
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Reflector 
regions 

-- - CKWIW inner pressure 

PRATTB WIiITNFY XNRPIIOII CtRMEI NI tIL 
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XNRZOOO BASELINE DESIGN 
EXCEEDS NASA REQUIREMENTS 

Thrust (Ib) 
ISP ( S W  
TMI 
Reactor power (Mw) 
Powcr density (Mw/L) 
Max fuel lemp (K) 
Chamber temp (K) 
Chamber pressure (psia) 
1 otal flow (WSOC) 
Piinip tip ?,peed (fllsec) 
I urtwiva inlet !mrrp (K) 
Nozzle area ratio 
Norilo nxit dia (11) 
Max engine lenglh (11) 
Stowed engine lenglh (fl) 
No. of inner fuel elements 
No. of outer fuel elemants 
Tlirolllmg al design Isp (%) 

PRAl I 8  WIlITNCYXNR20aOC,Ef~MtI N l l l t  

[E) 
25.000 

900 
53 
610 
91 

2 .Ea0 
2.%9 
766 
71 u 

1.460 
22 I 
200 
5 11 

15 3 
1 1 0  

61 

90 
IO 
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T 000 ibf 
T 
Isp = 900.0 see 

Station 
Location 

Engine Inlet 
Pump Inlet 
Pump Exit 
Nozzle Coolant Inlet 
Reilector Coolant Inlet 
Turbine Inlet 
Turbine Exit 
Outer Core Inlet 
h e r  Core Inlet 
Chamber 

Pressure 
(psia) 

26.7 
25.7 
2179.3 
2157.6 
1932.6 
1901.6 
1218.2 
1108.9 
956.3 
765.9 

Temperal ure 
@!%a 
20.6 
20.6 
34.7 
34.8 
103.1 
226.9 
207.2 

1659.4 
2668.7 

210.4 

Flaw 
[ibriilsl 

14.0 
14.0 
14.n 
8.4 
28. I 
11.8 
11.8 
2 7 3  
37.8 
27.8 

I 3.0 
13.0 
440.5, 
I 343.7 
1199.9 
1221.6 

I II 188.2 
i w x n  

Density 
flbm/R**3) 

-1.38 
4.38 
4.56 
4.33 
I .77 
0.30 
0.38 
0.52 
0.06 
0.173 

! CT F, R IST 1 C S  --- NO REACTOR CHARACTER ISTI CS - 
Two-Pass Design Nozzle Area Ratio 2011. 
Inner Core Diameter 11.5 in Throat Area 18.8 in"*?. 
Outer Core Diameter 18. I in Exit Dia. 5.8 rt 
Reflector Diameter 
Pressure Drop 344.1 psia Nozzle Lengtli 10.6 ft Max. RX Fuel Temp. 2880.0 K 
Outer Core Fuel Mt'l >lo-U02,90 
Inner Core Fuel Mt'l \V-U02,61 Regen. Constnirfioii Cti Tubes 
Power Density 9.41 ~ 1 w / i  Rad. C'oriatrrictioii Cb Sheet 
Total Power 510.4 M W  

32.2 in Nozzle C* 16443 ft/s 

Total S.,t. 22524 in ': .' 2 

Overall Efficiency 
Head Rise 
BPSH Avail. 
Speed 
Power 
Vol. Flow Rate 
Stg I Flow Coeff. 

tg 11 Flow Coeff. 
tg 1 Head Coeff. 

Stg 11 Head Coeff. 
Utip 1 
Lhip 2 

73.2 '!% 
69,913 ft 
102.9 ft 
71,323 RPM 
2103.2 HP 
1379 gpm 
0.114 - 
0.113 - 
0.521 - 
0.521 - 
1460. ft/s 
1160. ft/s: 

Inlet Ttmpernl iirv 
Inlet Pressure 
i\.lav; Flow 
Overall Effirienq 
Speed 
Premire Ratio 
Inlet Flow Parameter 
Overall Velocits Rncin 
DIl . \ C t l I i l l  
.\N ' '2( E-08) 
h lem Dia. 

I YO NP-TIM-92 



OPERA TfON A T 25OOK CAN BE ACCOMODA TED 
WJTHIN BASELINE COPIFIGURA TfON -- -__. .- . .  .-- . . --- 

Tltrusl (tb) 

T/W 
f7eactor power (Mu)  
Power density (Mw/L) 
Max luel lernp (K) 
Charirlier lenlp (K) 
Chniiilier presscirc Qstn) 
Told flow (IWsec) 
Pump tip speed (Wsec) 
lurbine inlct tcrnp (K) 
Nozzle area ratio 
N o 4 e  exit dia (11) 
Max enginc lcnglh (ft) 
SifJWed ellglllc Icrlqlll (11) 
No of inncr fuel elcinenls 
No of outcr fucl eleiiienfs 
Ihrotlling a1 dcsiqci Isp (%) 

Isp (SCC) 

PnAt  1 8  WIiIlNEY XN112000CEnMEINIHF 

7 5 . m  
865 
5 3 

492 
9.1 

2.740 

758 
20.9 

1.402 
2 16 
2w 
5.8 

15 3 
1 I 11 

61 
911 
1 n 

12500) 

2.53% 
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K FUEL TEMPERATURE DRO 
K FOR 2500K PR ___ 

PRA I1 8 WIil I NEY XN1171)Ol) CEIIMET N I I1E 
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NP-TIM-92 

Minimum 

Three engine clustering 
arrangement 

PRAT'I 8 WHITNCY XNRlWOCtHMEI NTnE 

0 50 100 
D -- CIII 

25397 
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DESIGN ALLOWS THRUST FLEXIBILITY 
W/Tff COMMON FUEL EL EM€NTS 

-. - __. I__ 

25,000 Ibf lhrusl 
tolal no. of luel elements: 151 

50,000 lbf lllrusl 
lolal no. 01 fuel eleiiienls. 313 

PRATT .5 WHlTNtY XNH7MK) CERMET NTRE 

75,000 Ibf thrust 
total no. 01 fuel elcrncnts: 379 

NP-TIM-92 I 195 NTP System Concepts 
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XNRZOOO CYCLE PARAMETERS ARE SIMILAR 
FOR VARIOUS THRUST SJZES 

- - 

Thrust (lb) 
ISP (SW) 
TiW 
Hcactor power (MW) 
Power density (MwlL) 
Max fuel temp (K) 
Chamber temp (K) 
Chamber pressure (psia) 
rota1 flow (Ihlsec) 
Pump tip speed (IVsec) 
Turbine inlet temp (K) 
Nozzle area ratio 
Nozzle extl dia (11) 
Max engine length (11) 
Stowed engine length (It) 
No. of inner fuel elements 
No. of outer fuel elements 
Throttlirlg a1 design I5p (%) 

PRATS B WtillNEY XNflPINO CFflMFT NrRF 

Fscline I 
25,000 

900 
5.7 
510 
9.4 

2,880 
2.669 

7% 
21.8 
1.461) 
77 / 
7(10 
!I D 

I:, 3 
1 1  0 
61 
90 
1 0  

60.000 
901  
6.6 

1.022 
9.1 

2.880 
2.676 
735 
55.5 
1.527 
P30 
200 
8.3 
20.3 
12.4 
127 
186 
rim 

75.000 
897 
7.9 

1.513 
11.1 

2.880 
2,657 
836 
83.6 

1.738 
257 

9.5 
m.7 
12.0 
1 69 
210 

TBD 

200 

REACTOR THERMAL HYDRAULICS AT 
50K ARE SIMILAR TO BASELINE __ . - __. ._ -. _ _  - - - 

0 - -- .n r-r N 

PRAl? & WHfTNFY XNfl301111 CFRMFT NIRF 

NP-TIM-92 I 197 
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CERMET ENGfNE WEIGHT 
SUMMARY VS THRUSTSIZE 

-- 

Thrust level 2!~,000 H) !?0,000 u, 
Inner core 940 
Outer core 93 I 1.m1 
Support struclure 115 250 
Internal shdd 250 300 
Axial reflector 50 80 
Radial reflector and control 500 000 
Valves and controller 125 525 
Pressure vwsd 550 no0 
Upper core assembly 220 300 
Nozzle skirt 250 500 
Turbopump r'5 125 
Thrust structure 440 600 
Total engine (Ib) 4,752 7,580 
TNV 5.20 6.59 

PnAl T & WllllNEY XNIl2INIO CFnMET N l l i t  

75,000 Ib 
2,212 
1,856 

425 
310 
100 

1,000 
590 

1.000 
400 
750 
175 
700 

9,510 
7.80 
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Thrust = 25.000 b 
Isp = 900 sec 
TNV = 5.3 
Dim,, = 5.8 ft 
Stowed length = 1 1 .O 11 
D6ployed length = 15.3 It 

PRATT a WHITNEY XNRZOLM CEAME~ NTRE 

Thrust = 50.000 Ib 
Isp = 901 SCC 

Dis,,, = 8.3 ft 
Stowed length = 12.4 ft 
Deployed lerigth = 20.3 ft 

TMT = 6.6 

T h ~ s t  = tS,a(Yd lb 
is 897sec 

Dia,,, = 9.8 ft 
Stow6d lehgth = 12.0 11 
Deployed lefl$th = 22.? ft 

TRv== 7.9 
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Design analysis methodology 

Benchmark analysis and criticality summary 

0 Power profiles 

* Reactivity and control system 

* Neutron and gamma-ray fluence 

Inherent safety features 

PRATT 8 WHITNEY XNH2000 CERMET NTRE 
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ANAL YSIS METHODOLOGY 
TO FAST SPECTRUM 

- -  --___ - -_ -_ 
* Multigroup cross-sections generated by COMBINE (ENDFEV) 

MCNP (4.2) used for complex geometr-ies 

0 BOLD VENTURE (3-0 dilfusion) used for power profile and reactivity 

ANISN (I-D ,Sn) used for analysis of hetrogeneous boundaries 

0 Results benchmarked with GE 71 0 testing 

* Results indcpendenlly coiilitiiied by D8.W sild ANL 

PRAl I 8 WI IITNFY XN112U00 (XIIMFT N I HI- 25494 
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Malerial list 

4 MoTknsilion #o 
5 k o  Plug Mo, Ta, W 
Q Glsddtflg fa, W 

I 
SY 
AI 

10 Inlier Rcffeclat Zone Be (.E), AI 
11 Oulet f3eflwtor Zone & (.90), AI 
12 Gap 
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OUTSTANDING PREDICTION ACCURACY 
IS HARD TO BELIEVE 

I___--____ 
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XNRZOUO BASELINE CORE CRITICALLITY 
INOEPENDANTL Y CUNFIRMEO __ .._ - - _____ .__ . - 

Venture/Combine MCNP MCNP MCNP 
(P&W) (P&W) (saw) (ARIL) 

Keff 1-01 83 (24 groups) 1.021 1.025 1.007 
1-01 83 (1 6 groups) 
1.021 0 (1 2 groups) 
1.0601 ( 8 groups) 
1.0559 ( 4 groups) 

0 Good agreement between 2-D, 16 groups diffusion 

* Good agreement between independently performed 
calculation and MCNP 

MCNP calculations 

PRATT 8 WHITNEY XNH2000CCRMET N l R t  
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RADIAI. rI.lJX PROFILES 

3 
L- 4.00E-01 

2.OOE 01 

'a 
Group4 ' 1 .  

I 1.: I _  3 5  M e t  2.87 MeV 

1 0OE + 03 

E OOE I 02 

x 6 . 0 0 E 1 0 2  
Tst I ' m  

'?, 
Group I O  I 0.961 keV - 0.583 key 

y1, 

0 0.2 0 4  0 6  0 8  1 
n . u r - * 4 - -  . - - --- . ---. 

2.OOE + 02 

7.00E I 06 
6.00E +06 I 
5.00E to6 I 

. -. 
I a 

&I 

2 4 0 0 E + 0 6  I & 3 . 0 0 ~ + 0 6  I 1 Group 15 
0.1 aV - 0.876 eV 200E+06  ._ 

RELATIVE DISTANCE 
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REFLECTOR WORTH ENABLES ROBUST 
TROL A 

Reflector worth calculations Shutdown calculations 

Kelf 

PRATT 8 WIIITMEY XNRBO~O CERMET NTRE 

0.90 

U 5 10 
Raised iefleclor - ciii 

25501 
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Design egcess reactivity 

Control systetn requirements 

Installed reactivity (maximum) 
Minimum scram requirements 
Minimum requited conttol system worlh 
Design control system wotth 

PRATT & WHITNEY XNfVOOO CEflMQ N l i E  

2.6 
-2.5 
5.0 
10.0 



TANT ENRICHMENT 3-0 POWER 
0FiL.E WITH RAISED REFLECTORS 

NP-TIM-92 

Small reflectors raised 5 cm 

PRAI r (L WHIINEY XNIQODO CEFIMFT N ~ W  
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AQEQUA TE INTERNAL SHIELDING 
INCLUDED IN DESIGN 

Neutrons .-- XNR3000 - NASA limits 

(E>1.0 mev) 
Intermediate energy (2.4k.6) x 10l2 3.0 x 1012 
neutron flux 

Thermal neutron flux (3.62.9) x 1 011 6.0 x 10” 

Fast neutron flux (8.0i2.0) x 10’0 2.0 x 10’2 

Gamma - rays 
Model results indicate gamma-ray fluerice is very sensitive to system 
geometry. A refined estimation of gamma - ray fluence will require 
further definition of configuration and constraints 

PRAT r (L WHll  NEY XNR7flOfl CERMET NTRE 25nm 
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nce provided by be 
ndent evaluations 

1) Evaluatian of dl major rea QP issues, csnfirm 
advantages and flexibility of baseline approach 

PRATT & WHITNN XNn2000 CERMET NlnE 
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ss 

X.0. W e s t e m a n ,  S.W. Scales, R.X. lensen, 3.X. Bo es, M.W.Alles 

This Doaunent Prepered E x c l u v e l y  for Pratt 8 Whitney 
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- Puel Elemellat FabrieabiUSy 

: -Mechanical Design Review 
- Neutronics Analysis Review 
- Safety Assessment 

Reviews Included in P&W and U of F 

Assessment 

r Results of Mechanical and Physics 

._  
1.11 

Introduction . 
B&W performed four subtasks f o r  P&W a6 follows: 

1) Fuel Element Fabricability Assessment - An 
assessment of the fabricability and manufacturability of 
CERMET fuel elements and the recoverability of the 
applicable technology. 

reactor system from a mechanical engineering standpoint. 

neutronics calculations performed for P&W by the University 
of Florida. 

reactor system from a safety point of view. 
The results of the mechanical and physics reviews have been 
integrated into the design and previously presented. ,The results 
of the fuel and safety assessments are presented here. 

2) Mechanical Design Review - An overall review of the 
3) Neutronics Analysis Review - A review of the 

4 )  Safety Assessment - An overall assessment o f  the 
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CERMET Fuel Fabricability Assessment 

The fabricability of CERMET f u e l  elevents is a major issue 
in the design of the XNR2000 reactor. The reactor uees both 
tungsten and molybdenum based UO, CERMET fuel elements. Nost 
work on CERMET fabrioability has focussed on tungsten based fuel 
elements. Since tungsten based CERMET fuel elements are more 
difficult to fabricate, it is reasonable to assume that if they 
are fabricable, then molybdenum based CERMET fuel elements will 
also be fabricable. The same issues and considerations that 
apply to tungsten based f u e l  elements will also apply to 

m based fuel elements. 
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CERMET Exuetience 

CERMET based fuel elements have been proposed for several 
programs in the past. The A i r c r a f t  Nuclear Propulsion program 
provided early experience with CERMET . Some Euel was made and 
tested, but it w a s  not a prismatic fob. 
710 program, prismatic 37 coolant channel CERMET fue l  elements, 
similar to those proposed for use in the XNRZOOO, were 
constructed using at least two different techniques. Extensive 
testing was performed and documentation of these efforts is good. 
The Multimegawatt program demonstrated recovery of the ANL 
Nuclear Rocket Program technology. During the course of the 710 
program and the Nuclear Rocket Program, significant testing of 
CERMET fuels was performed including: high temperature ex-core 

In the General Electric 

in-core testing, 

CERMET f u e l  cladding 
retain the fuel was also verified. 

The CERMET technology development' that has been performed 
forms a good b a s i s  nec:essary f o 1 low-on work. The past 
work should be inte ith current technology, where 

ation €uel element should be 
ranium or a surrogate Euel material. 
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This Dwwnt Prspered by Bay 
Exqlusively fqr Prqtt L *itmy 
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Manufacturhg Experts 
- Experienced With Slmifar  Materials and 8 

Basis of S&W Fuel 
Assessment 1 :  

Basis of B&W Fuel Assessment 

The B&W fuel fabricability assessment is based on written 
accounts o€ previous work, discussions with people who performed 
some of that work and discussions with our own manufacturing 
experts. T h e  General Electric 710 program and the Multimegawatt 
program both left good documentation of their efforts. 
Argonne National Laboratory was made to talk to some of the 
people involved.in the manufacture of CERMET fuel. B&W 
manufacturing personnel are experienced with refractory metals 
and UO,. 
solidified confidence that CERMET fuel manufacturing technology 
is easily recoverable. 

A trip to 

Discussions with B&W fuel manufacturing experts 
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Punsstenfyg, CERMET Fabrication Considerations 

The CERMETs used for the XNR2000 are formed by consolidation 
and densification of UO, and tungsten (or molybdenum) powders. 
The UO, in CERMET fuel elements produced usinq any process must 
be distributed uniformly in the element. Uniformity as used here 
has t w o  different meaninqs. First, the UO, loading must be 
locally uniform throughout the element subsection. Second, and 
perhaps more important, the UO, fuel particles must not cluster 
in the CERMET, but rather must be individually isolated by 
tungsten matrix material. This ensures that each fuel particle 
W i l l  be cooled adequately. Because of the differences between 
the behavior of tungsten and UO, powders, these powders must be 
pre-processed to ensure blending before they can be consolidated 
in a powder based process. It is assumed in the discussion of 
each consolidation process that a suitable blending process has 
been uscd prior to the actual fabrication of the element. One 
possible blending process is the Camcoat process developed in the 
General Electric 710 prnqram. 

A number oC pnssi t i l  P comio 1 I 'Ja t I r m  pt'oi:i=ssc?'. may be 
employed. These jriclude, but a r c  no t  1 imitetl t o ,  prcssiriq and 
sinterinq, hot c%triision, l i i t $ l i  r'iierrjy I'iitc lottninq (III'RF) arid 
heat treating, hot pressing and hot isostatic pressinq (HIP). 
All of these processes chould he copahle o f  providing solid 
element subsections with 1 i t t l p  porn-ity in thp matrix. Some 01 
the processes, such a s  hot extrrrs ion,  will import an axial 
texture t o  the element material. The acceptability of such 
texture m l i s t  be evaluated prior  to selection of a texture 
producing process. 

stoichiometry of the UO, fuel ran be controlled. This is done by 
performing the consolidation operation in an atmosphere where the 
oxygen partial pressure is controlled. Typically, this involves 
consolidating in a hydrogen based atmosphere. Control of U02 
stoichiometry is critical because deleterious effects occur if 
the fuel is either hyper- or hypo- stoichiometric. 

In all of the above consolidation processes, the 

Three CERMET fuel element subsection fabrication techniques 
were evaluated: machining of monolithic subsections, stacking of 
wavy plates to form suhsectjon and forminq of near nct shape 
subsections. Each technique 1 described and n preferred 
fabrication technique is recommcndpd. Mnctiininy of mono1 ithic 
subsections was uscd in the Grneral Electric 710 program and 
forming of tiear net shape suhsr-r-t~nns w d s  used in the ANL Nuclear 
Rocket Program to fabricate. f u P 1  elempnts. 
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I !  1 Fuel Element Assewbly 
mComponents 

-CERMET pllei Snhaeciious 
-Tungstea/Rbenlua structural Can 
-fltngaten Coolant Channels 

-Stack Subaectlona In Can, h s e r t ~ ~ b e a  per 

-Diffusion Bond Subtaecti01183b each Other, 

m Amembiy Options 

CoOl~l Channels, HIP% Baud Can a d  ' Ibh 
lb Fuel 

HIPR,  Bond Puel'Ib Can, Form Coolant 
Channels Byt'VI) Coatingor InserlionulTabes 

. ..... . . . . . . . . . .  

Fuel Element Assembly 

__._ Fuel I EleLeegt Lm~e&& 

A complete CERMET fuel element consists of the CERMET fuel 
subsections, a tungsten/ihenium structural can and tungsten lined 
coolant channels. Final ass-mhly of thwe components into Full 
length fuel elemr-nts can he .rrrompIic;hPri In a numhser of differrnt 
ways. One option, used in ttie 710 Proqr. ,m,  IS Lo stack the 
subsections. inssert tunqstpn flow tubes in the aligned channel 
holes and plarc the stack in t lw tutrq*.tcii/rlienium can. A HlP 
operation is performed to bond the can and'flow tubes to the 
subsection stack. With this option, the can is structural and is 
the sole load bearinq component in t h  element. Another option 
is to coat the external surfaces 01 the element subsection and 
the ID of the coolant channels with tunqsten prior to bondinq a 
structural can onto the stack. ?'his would eliminate the need for 
inserting full Length flow tubes into the elements. A final 
option would be to bond the subsections together to form an 
integral fuel stack prior to bondinq the stack into the can. 
Diffusion bonding is one possibility f o r  the bonding process. 
Tunqsten washers o r  standoffs could he used between subsections 
to create a plenum or transition section to minimize the effects 
Of hole misalignments. The coolant channels can be formed as 
coatinqs on the subsections prior to assembly or by inserting 
tubes prior to can bonding. 

O f  the a. isemhly nptions. nnndinq tti- subsertions toqether 
prior to l i i r t l i ~ ~ t -  .in$;;enlhly 1'; 1 ' 1 8 . 1 8  I i t v l  I M ~ ' . I ~ I  .w 1 1  rotlticps l l w  
dependence on the fuel element can tor sllructural inteqrity. It 
i s  not clear what technique i:: b e s t  tor Corminy the tungsten flow 
tubes. Further twhnoloqy Pvnlirat~on I-= n-mssnry in this area. 
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Monolithic FabricaGon 
mcO~UdeteaMiDen8UYa 

I Machine eOolant Umnnel Holes 
S u b d o n  

D m g  or UltrasOdC 
g (BUM won‘t wr)l%) - Subseetion Thickness Limited BY Runout 

Monolithic Fabrication 

M&gnai!.iliiC .Fabrication 

In the monolithic process, the coolant flow channels are 
machined into a caneolldated subsection. This may be done by 
drilling with diamond toolinq or ultrnnonic machining. 
Electrical discharge mnchiniry (EDW) is not feasible because of 
the high volume fraction o f  insulating oxide fuel in the CERMET. 
The meximum element subsection lenqth which can be processed is 
limited by runout and depends on hole size, fuel loading, hole 
pitch and manufacturinq tolerances. The maximum subsection 
length must be determind ns part of the technology development. 
Experience with other mat-rials suqgests that t h i s  length is 
between 1 and 5 cm. Thi.: pror-nc..; W A S  u w d  in thn cn~w-ral 
E l e c t r i c  7 1 0  proyram to pcuduce I vm thick c I ? R M w  subsections 
with smaller holes than propowd for the XPIR2000. 
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Monolithic Discusion 

. 

, -Short Subsections Simplie Inspeclion 

' 

! -Machining Exposes UOz 

-Machining of Coolant H o l e s  Can Start Prom True 
Position8 for Each Subsection 

~Disadvnnmges 
-LargeAmount of Waste  Generared & MaciBinins 

- Puel Loss - Coating Difficutties 

Joining of Many Subsections Chailenuing 
-Limitel To Short Subsections By RUnout 

1 

Mono 1 it h io Discussion 

The major advantage af  the Monolithic procpss is that the 
coolant channels can b~ mncti i ned j rito the e I mwnt subsect ions 
starting from true positions. Runout will increase as the depth 
of the hole increases, u l t i m a t e l y  limiting the length of the 
element subsection which can be processed. The short length of 
the subsections is an advantage for inspection if the subsection 
flow tubes are applied as coatings before element assembly, 
because it will be easier to verify the integrity of the flow 
tube. 

There are a number of disadvantaqcr associated with the 
Monolithic process. A s  previously mentioned, subsection length 
is limited to between 1 and 5 cm. Stacking and bonding of the 
many subsections necessary to make a complete fuel element would 
be complicated. 

Another disadvantaqe of the Monolithic process IS that a 
large amount of scrap tunqsten]ltO, debris will be qenerated by 
the machining process. The urilnium must be recovered from this 
debris. In the current dcsiqn, 4 ' ~ :  0 1  the IJU, initially i n  t h e  
consolidated fuel element subsection ends up as debris. 

A f i n a l  disndvantaye oE the Monolithic process is that khe 
machining process exposes tJ0, fuel particles on the channel 
surface. This is an important effect for the following reasons. 
First, a significant fraction oi the total amount of fuel in an 
element subsection will be exposed in the coolant channels. 
Assuming an average 110, particle size of 1 O U  Irm, the fraction of 
fuel within one-half of a particle diameter of a coolant channel 
is 4.9% for the current design. It is not unreasonable to assume 
that a large portion of the exposed fuel particles would be 
damaged in the channel machining process and be lost in debris, 
especially if f u e l  particles are intentionally porous (to collect 
gaseous fission products). This would lead to a relatively rough 
coolant channel surface and possibly to nn unacneptable l o s ~  of 
fue l .  A SsoQnd conaaquence of having exposed fuel on the channel 
surfaces is that it may be difficult to form the coolant flow 
tubes by CVD. Porous or damaged fuel particles may trap halide 
feed material or CVD byproducts and compromise flow tube adhesion 
during operation. In addition, UO, may react with the CVD feed 
material or byproducts to an under-eptable deyree. 
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mConsolldate and DemMy "wavy Plates" 
rll using CVD coated coolaat C h a n 1 ~ 1 4  

nD 

and Load Plates 
-Diffusion Bond By lleaUng In a 

Controlled A ~ o s ~ ~ e ~ e  (1930 Kin 

. _ -  . 

Wavy Plate Fabrication 

i 
... . - .. I 

Wavy Platspabric-a-tto!! 

A fabrication technirpp proposed but not actually used in 
the General Electric 710 prngram was to b u i l d  element subsections 
from flat piates. This Fabricatton process begins with the 
formation of tungsten/UO, powder compacts in the form of plates. 
Each plate would be fabricated with grooves on both of its faces. 
The groovcn would I>@ :ic-nii< i r t i i l a r  nnd corr-spond t o  one-half of a 
coolant channel. Stackinq and aligning the plates would Corm an 
element subsection with complete, circular channels. This 
technique can produce elrrnrnt.: with coolant channels arranged on 
a square or triangular pitch, by varying the offset between the 
groove patterns on the nppnsita faces of the plates. 

After the formation of the powder compact, the plate is then 
consolidated by sinteriny. It nay also be possible to perform 
the consolidation by hot pr-sainq, if a suitable nntorial €or the 
fixturinq required can be idenCified. Following consolidation, 
the plate would probably need to be ground to ensure flatness. 
The plate could then be coated with tungsten to form a coating on 
the half channels. When the plate's are assembled, this coating 
would form the tloW tube. Rtterndtively, the tube walls could be 
formed after subsertinn nr fuel  elrment assembly by CVD coating 
or insertion of tubes and I l l P .  After being stacked, aligned and 
loaded, the subsection is d i t t u s i o n  bonded by heating in a 
controlled atmosphere ( l Q W ° K  Ln a hydrogen atmosphere €or 1 hour 
€or example). 
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wavy Plate Discussion 

One of the major advantages of t h e  Wavy Plate process is 
that the coolant channels can be fabricated without having to 
machine them into fully consolidated CERMET. Another major 
‘advantage is that forming the tungsten flow tubes by coating the 
plates prior to stacking would allow easy and detailed inspection 
of the integrity of the flow tube. 

induced shrinkage will affect the final dimensions of the plate. 
Accordingly, it may be difficult to maintain the required 
tolerances in plate dimensions. Additional difficulties may .be 
encountered in stacking and aligning plates to form element 
subsections. Even if plate dimensions are such that perfect 
alignment is achieved, it may be difficult to maintain this 
alignment during the plate bonding operation. Channel position 
and stacking alignment tolerances will both be of the order of k 
.02 mm. The tight tolerances are necessary to minimize coolant 
channel offsets and maximize web contact area. A final potential 
problem is that, if additional machining is required after 
consolidation, many of the disadvantages related to machining 
mentioned earlier may be present. 

The major disadvantage of this process is that sintering 

! 
plAdvautages ! 

-May Not Require Machining Of Cadant  

- Inspection Simplified By Thin Sections and 
Channels 
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-Close Tolerances May Be Diff3cult to 
Maintain (channel position +/- .02 mm, 

nt +/- .02 mm) 
i 
! nt of Machining Required 

Prior to Jolning 



1 Near Net Shape Fabrication 1 

Near Net Shape Fabrication 

Peas Net s h a I l e a b r _ i c a t i o n  

Fixe1 e l e m e n t s  were c c n s t r u c t e d  u-inq t h i s  p r o c e s s  i n  t h e  
GeneraL E l e c t r i c  7 1 0  proqram and aqarn du r ing  t h e  Multimeqawatt  
program. I n  t h i s  p r o c e s s ,  t r i i t a d  tunqsten/UO. powder is 
i n t r o d u c e d  i n t o  a f l e x i o i c  rubber  mold which c o n t a i n s  molybdenum 
r o d s  o r  w i r e s .  A E t e r  f i l l r n y .  the mold io c o l d  i s o s t a t i c a l l y  
presser3 t o  form a f u e l  -loment s u b s e c t i o n  powder compact. The 
molybdenum r o d s  or 'JLres are used t o  form t h e  c o o l a n t  c h a n n e l s  i n  
t h e  compact .  During %old fi : l :nq,  t h e  molybdenum channe l  fo rmers  
a r e  h e l d  r i g i d l y  i n  e t r t . i n y u l a r  array, w i t h  t h e  p i t c h  between 
t h e  c h a n n e l  formers s l i q h t l y  q r e a t e r  t han  t h a t  r e q u i r e d  i n  t h e  
c o n s o l i d a t e d  s u b s e c t i o n .  t o  .i!low for  s h r i n b a q e  d u r i n g  s i n t e r i n g .  

is p r o c e s s  1s t h a t  e l a s t i c  s t r a i n  s t o r e d  in the 
t d u r i n q  r s o s t ~ l t ~ c  p res s ing  c a u s e s  t h e  compact t o  
l y  a f t e r  t h e  p r e s s u r e  is removed. T h i s  spr ing-back 

e f f e c t  is of a maqnicude s u f f : c i e n t  t o  a l low t h e  channel  fo rmers  
Lo 1 l O  rnle,"l.,l *.,,-1l., "...$" ' ' 1 9 ,  '-.",'.,".. 

A f t e r  isostatic p r a s s i x ,  :?e pobuer compact rcj s x t e r e d .  
The tunssten matrtx .'a11 be 1ess.f in4 r 3  e s s p n t i a l l y  theoretical 
& n s i t y  at t h e  r P l a t . / a l y  nwi t cnpc ra t i i r r  of 1950'K. PERNETS 
c o n t a l n i r i q  up t , ~  6 1  ~ . i ! i i m ~  ,w r 110 have been C t h r : c ~ t e d .  

Seqments  40 t o  5 0  c m  lona de rc  made us inq  t h l s  p r o c e s s  
d u r i n g  t h e  Genera l  Electric "'I oroqram. The u s e f u l  l e n g t h  may 
u l t i m a t e l y  be l imit-rl  rti 5 -0 : 5  Cn by orh-r CactorS such as 
channe l  s t r n $ ~ { t i t n r . ~ . - ;  i l 9 . r  >W.C.C. > n # l  l n q w v ' t  i l r t  ;:t'{. 
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Near Net Shape IdSscuss~on 

Subsections 
.I Disadvantages 

- Inspection of Langer Subsections More  
Icpifficult 

Near Net Shape Discussion 

This process has two major advantages. First, a fuel 
element subsection is produced which is t r u l y  near net shape. 
Some machining of the external surfaces of the subsection may be 
required if inter-element spacing tolerances are tight. However, 
the coolant channels are formed without machining and no fuel 
particles are exposed in the channels. The other advantage is 

subsections which drastically reduces the number of bonds 
required to fabricate an integral f u l l  length element. 

process qualification and control will have be performed to 
ensure t h a t  dimensional tolerances in the consolidated element 
subsections will be m e t .  T h i s  work is necessary to guarantee 
that sintering shrinkage is reproducible from run to run during 
production. Process optimization may be necessary for each batch 
O f  powdstr used. Another disadvantaqa  of t h i o  procesre is that the 
longer length s u b s e c t i o n s  produced make inspection of the coolant 
channel surfaces more difFicult. 

that t h i s  process can fabricate significantly longer element 

The major disadvantage of this process is that significant 

! 
I 
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Inspection and Q/A 
Requirements - 

i ' m Detine Fuel lement SpeclO s and 
I 'Meranees 

Walidate the Chosen Process Using Des8rwctSve 

! -uranium AsRay 

2 Use Nondestructive lkstlng Techniques To Check 
For 
-Gross Defecfs 
- Dlmensions (Size, Shape, Straightness, 

Roughness) 

InsDection and QLA Requirements 

Significant development effort will be required in the areas 
of inspection techniqiies and quality assurance procedures. For 
critical items, such as fuel elements in a man-rated system, 
there is no such thing as an excessive amount of inspection. 
Manufacturing tolerances and specifications for fuel element 
quality must also be determined. 

One obvious area for inspection is conformance to 
dimensional requirements. Aside from the more obvious 
dimensional measurements, measurements of coolant channel 
straightness and surface rouqhness must be performed. Both of 
tthese a t t r i  butrs would be expected to aF fetl t  ttiermal hydraulic 
behavior. 

Before element subsections are assembled into full length 
fuel elements, it w i l l  be necessary to verify that they are 
structurally sound. At: a minimum, the porosity of the tungsten 
matrix should be determined and the absence of qross defects 
verified. A l s o  required is measurement of the integrity of a l l  
bonds in the fully assembled fuel element. These include the 
bonds between element subsections, between the coolant flow tube 
and the CERMET fuel and hptwpn the can and the Trio1 elpment. 
U1 trasonic and eddy ciirrrrlt i nnpwt inn techniques can he used for 
these measurements. 

Where direct measurements are not possible, verification has 
to be performed by qualiCying 1:he process. This is accomplished 
by running process control samples throuqh the element 
fabrication process and pprfnrminq destructive evaluations on 
them. Two measurements Cor which this may havP to he done are 
UO, content and homoqeneity ot the tuel subsections. The 
necessity for homogeneity has already been discussed. Fuel 
content is required for SNM accountability. It is also necessary 
to verify the fuel loadinq of each element to ensure that the 
reactor will have sufficient reactivity. 

NTP: System Concepis 232 NP-TIM-97 



I Recommen 

, 

No weerials incompatibilities Noted 
=Fuel Element Performance Untited By Meltlng 

Further Process QualiCicatlun and Development of f 

! PolntOfUOz 

fnspection lkehlques Required 

- Fuel ElSfant-Assessrnent Conclusi-0- 

There are no insurmountable obstacles to fabrication of 
tungsten or molybdenum UO, CERMET fuel elements. XNR2000 fuel is 
manufacturable using demonstrated technology. There were no 
materials incompatibilities noted in this investigation. Fuel 
element performance is not limited by structural considerations 
but by the melting point of the UO,. The maximum nominal fuel 
temperature in the XNR2000 is well halow the UO, melting point .  

The rscoverabll I ty oC the CERMET pror:emslnq technology has 
been demonstrated. The development of CERMET fuel technology 
should not impose cost or schedule limitations. 

Of the three processes considered for the fabrication of 
tungsten (or molybdenum) based UO, CERMET fuel elements, the Near 
Net Shape process is preferred. A s  discussed, this process has 
the potential of producing long length element subsections 
without having to machine the coolant channels. The process uses 
well known, technically simple procpssinq steps. These steps 
will, of course, haye to be extrcmely wcll characterized, to 
coritrol sinterinq shrinkaqe and allow dimensioiia 1 tolerances to 
be met. Finally, this proc-css h < i s  bcen invoatiyated extensively 
in the past and there i s  a siqnilicant experience base w ~ t h  it. 

The wavy plate fabrication scheme also has potential. It 
should be further investigated in parallel as a backup optton. 
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safety Assessment 

The Pratt & Whitney XNR2000 NTRE hqs been designed with 

The safety of the public, mission personnel, the craw and 

safety as a primary consideration. 

the terrestrial and non-terres rial environment have all been 
considered. The main safety c aracterjstics of XNRZOOO are 
highlighted, and the effect of thrust level on s 
considered. 
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Sup&ied By P&W and U of F 1 ;  

Basis of BLW's safety Assessment 

The first step in the E6W safety assessment was to determine 
what the requirements and y concerns for SEI NTRE systems 
are. Some of the document d are listed here: 

A.C. Marshall, et al; "Nuclear Safety Poli 
Working Group Recommendations on Nuclear Propulsion 
Safety for SEI"; (to be published); 1991. 

Revision 3; NASA N.P. itOO2; 1992. 

Kniskern; "Nuclear Thermal Rocket Entry Heating and 
Thermal Response Preliminary Analysis"; Proceedinus 0% 

923; January 12-16, 1992. 

Occupational Safety and Health Administration, 
Department of Labor; US Code of Federal Requlations, 29 

Nuclear Tjiermal Rocket Enaine Reauirements, 

L.W. Connell, D.L. Potter, C . C .  Wong and M . W .  

the Nfn * ea ow r i P. 

CFR 1910.96 .  

S.N. Jahahan; "The Reactor Physics Design of Gas- 
Cooled CERMET Reactors and Their Potential Application 

e Power Systems"; Nuclear Technoloay; vol. 98, 
1992. 

.The XNR2000 design was then evaluated with respect to these 
requirementis and concerns based on information supplied by Pratt 
L Whitney and the University of Florida. 
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Reactor System Safety 
Characteristics 

Reactor System Safety CharaateristScg 

fety considerations must be an integral part of the @sign 
Inherent safety is the pracess €or any man-rated space system. 

preferred goal, and passive systems are preferred oyer active 
systems. The dual pass flow scheme ensures low tempe 
the oyter core i n  a simple way. The fact that there 
mqdgrator to cool also simplifies the flow path. The peak fuel 
temperature in the inner core is 288OOK (auklet hydragen 
temperature of 2669°K); this compares to tungsten and Us)* meltinq 
points of 3TOOOK and 3150OK respectively. .In the outer core, the 
pea& fuel temperature is 2007OK (outlet hydragen temp 
1459OK); the melting point of molybdenum is 29OQOK. These large 
thermal qargins provide advantages in transient and accident 
situations. The reflector windowing leakage control scheme 
proposed for the XNR2000 is simple and robust. Redundant control 
and shutdown systems are provided. 
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CERMET Fuel Form Safety 
Characteristks 

< 

,~ 

nHl@ Thermal Conduclivity 
-'Dungsten - - 100 W/m*K 

. -UOz- -2Wlrn.K 
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CERMET Fuel Form Safety Characteristics 

The XNR2000 design benefits from the inherent stability, 
robustness and transient tolerance of the CERMET fuel form. This 
may be a particular asset i n  the long dormant phase and in 
assuring operability until disposal. Tungsten and molybdenum 
CERMET fuels are more resistant to hydrogen erosion than carbide 
fuels, and therefore, lifetime is not limited by coatings 
technology. They a l so  exhibit low swelling and are effective at 
retaining fission products. CERMET fuels exhibit excellent 
thermal shock resistance over a wide range of conditions. The 
high thermal conductivity of the f u e l  is advantageous in under- 
cooling scenarios and decay heat removal. Bulk tungsten/UO, 
CERMET thermal conductivity is in the range o f  33 W/m*K, based on 
tungsten and U02 thermal conductivities of 100 and 2 W/m*K 
respectively. When damage thresholds are exceeded, the CERMET 
fuel form can handle significant degradation before failing 
catastrophically. 

Tungsten is effective at retaininq fission products. Its 
inherent stability, per€ormancc in hot hydrogen, low volatility 
to vacuum and low diffusion coefficient all combine to make it 
one of the best materials for t h i s  purpose. The General Electric 
710 program demonstrated that the CERMET matrix alone will retain 
85% of the fission products it contains. With intact tungsten 
claddinq r e t e ! n ? i ~ ~  apprw?ws 100% 

Retention 
- Demonstrated Performance le IKot Hydrogen - Low nngsten Diffuslon CmfPlcient 
- tow VolaUWatlon Ilo Vacuum 
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Negligible Hydrogen Worth (< .2 % p) 

- Lower Delayed Neutron Radon 

I 

1 Less mess Reactivity Required 
i 
I 

M a k e s  Given Reactivity Inserdors 

I 

Worth More 
-Negligible Xenon Reactivity meets 

Fast SDectrum safety characteristics 

The fast spectrum of the XNR2000 has several positive safety 
s .  The worth of the hydrogen in the XNRZOOD is negligible 

(c .2  % p as calculated by the University of Florida and verified 
by Bibcock & Wilcox). This is helpful at reactor startup, since 
thoro will be no large reactivity insertion due t~ the cola 
hydrogen. Little excess reactivity is required in the XMRZOOO. 
The lower delayed neutron fraction in the f a s t  spectrum makes a 
given reactivity insertion worth more in terms of  reactor 
responise. Also ,  there a negligible xenon reactivity effect due 
to the fast spectrum, so there is no need to provide excess 
reactivity to overcome a large xenon transient. 

I 
I 
I 

The fast spectrum of the XNR2000 may a l s o  affect ground 
Ground test facilities will have to be designed to testing. 

handle the fast spectrum leakage from the NTRE. 

I I  
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XNR2 0 0 0 EgleruencLSafetv eharac ter i s t i c s  

The hiqh thermal conductivity and structural stability of 
the CERMET fuel is a benefit in accident situations. For partial 
or full flow blockage in a coolant channel, the high thermal 
conductivity mitigates the temperature rise. Temperatures around 
a blocked channel may approach o r  exceed the melting point of 
UO,. This will not be a problem in the localized area involved. 
The tunqsten can easily contain molten IJO?. 

A loss o f  turbop~imps accident Is handled by pressure fed 
cooling. A high pressure reservoir will provide the hydrogen 
flow necessary for the critical period immediately following 
shutdown. After the first minute or so, the reactor can be 
cooled by feed tank pressure. 

power total loss of coolant accident. A Low-power total loss of 
coolant would cause rapid shutdown of the reactor due to the 
negative reflector temperature coefficient. A total loss of 
coolant at very low power or during decay  heat removal might not 
be catastrophic for the X N R Z O O O  due to the robustncss of the 
CERMET fuel. 

No NTRE currently under consideration cdn sirrvive a full- 

The XNR2000 turbopumps can be throttled to 10% of full flow. 
This is a safety advantage Cor cases where the reactor power is 
limited for some re n.. This feature allows the NTRE to provide 
reduced thrust  a t  11 ly f u l l  I.p. This enables mission 
completion or f u l l  abort capnbi1it.y for a limited reactor power 
scenario. 

been shown by the 
& W i l c o x ,  that for 

try (compaction a 
ical by a eiynifieant margin. 
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Safety Charaoteristics of Small Ensines 

The thrust Levels required for S E I  missions can be achieved 
using a few large engines or multiple small engines, It is not 
obvious what conclusion would be drawn from the tradeoffs fo r  
small versus large engines from an operational safety point of 
view. Redundancy goes up for small engines, but overall system 
reliability may go down. 

One area where small engines have a clear safety advantage 
is in ground testing, Small engines w i l l  be easier and less 
costly to test than large engines. The test support requirements 
and effluent throughput will b o t h  be lower, resulting in a 
smaller and less costly facility. Accidents consequences will 
also be mitigated due to the lower fissile inventory in a small 
NTRE 

A detnilgd f a u l t  t ree €ailure analysis will ba mquired t o  
aetermine the optimum arrangement from an overall safety point of 
view. This analysis should be perfarmed as soon as possible. 
The tradeoffs in a safety e v a l u a t i o n  should include certain 
m i s s i o n  parameters. For example, a lower thrust level for a 
longer time may rewult in a safety advantage, Thin would 
probably also result in a hiqher i n i t i a l  moss i n  low earth o r b i t ,  
but this might be CL worthwhitp trade f o r  increased safety. 
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Overall Conclusions 
m'IlieXNR2000 Usesa Demonstrated Fuel lkchnology 

=CERMET Fuel Has Uemonstrated Higb Fuel Integrity 

mAt NASA SEI Conditions, Superior FLpslon Product 

' =There Are Ground 'R?sllng Sa&@ Benefits Tb Use of 

PNO Obvtoua Roadblocks R, the Development of the 

W h k h  I fas  Been Shown 'lb Be Recoverable 

and Safety Features 

Retentton Expected 

Srnaueagfnes 

XNR2000 For NASA SEI Appilcatloos Were Identified In 
Any of the B&W l3mks 

overall Conclusions 

B&W's overall opinion of the XNR2000 is positive. It uses a 
demonstrated fuel technology which has been shown to be 
recoverable. The CERMET fuel form has been demonstrated to have 
high fuel integrity and important safety features. At NASA SEI 
operating conditions, superior fission product retention is 
expected. 

for small engines. 
Ground testing considerations point to a safety advantage 

None of the B&W tasks have identified any roadblocks to the 
development of the XNR2000 as a viable NASA SEI NTRE. 
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Thrust size 

25k 

50k 

7% 

Mission burn {hr) 

4.5 

2 

1.5 

_. - . .. 

825 900 

25023 
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. PowerlFlow Matching 

. Materiat Temperature Matching 

. Fiat Radial Profiles (Mixing) 

. Isolated Hot Core 

900 seconds 
Superior FnlWt 
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* Safety 
. Positive Fuei and Fi 
. C o ~ ~ a ~ ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
. Long Life 

* Simple Design 
NO H2 Reactivijy Feedback 

e Strong High Conductivity 
a Self Supporting 
. Dimensional StabiEify 
. Resistance foi ThrmallPhyskaI Shock 
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XNR2000 CERME J N JRE 
NEAR TERM RECOMMENDA TJONS 

-_ -___ 

* 37 hole fuel element fabrication trial 
- Near net shape 
- Wavy plate 

- Mechanical design 
- Transient, off riominal 
- Reliability analysis 
- Manufacturing study 
- Health monitor/control definition 

Refine XNR2000 baseline desigri 

* Ensure "fast spectrcirn" testability in PlPET 

NP-TIM-92 245 NTP System Concepts 



Final Report 

23 OCT 92 

Presented to 

NASA LeRC 

BY 
Aerojet Propulsion Division 

Energopool, Babcock & Wilcox 

NTP: System Concepts 246 NP-TIM-92 



We Have an Effective NTRE Team 

Aerojet Propulsion Division 
Sacramento, California 

Babcock & Wilcox Advanced Systems 
Engineering 

Lynchburg, Virginia 

Energopool - Moscow, Russia 

GENconp Energopool Babcock 81 Wilcox 
e F 4 0 J S  

NASA LeRC TOC 
Program Objectives 

* Assess Feasibility of a Long Life, Reusable Nuclear Thermal Rocket 

Two Reactor Concepts 

- Particle Bed Reactor (PBR) 
- Commonwealth of Independent States (CIS) 

* Tasks 

- Conceptual Layouts (75K Ibf) 
- Thermodynamic Cycle Balance - Preliminary Neutronic and Thermal - Hydraulic Analysis 
- System Mass Estimates - Preliminary Life and Reliability Assessment - Safety Assessment - Scaling to 25 and 40K Ibf (PBR Only) 

&turimP Energopool Babcock & Wilcox 
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The NASA LeRC T ddreases the Emerging NT 

25k, 4OK, 75K 

30 Meters 

IWt (With lnternal 

Restarts 
Single Butn Duration 
Life 
Reliability Manned 

& f K m P  6 Energopool * Babcock & Wilcox 
& F K l J R  

NASA LeRC TOC Final Report 
Agenda 

c lhtroduction 
0 TeOhhical Overview 
* Concept Definition 

Engine Design 
Integrated Ehgine 

0 Englihe Reliability and Safety 
P8R Engine Sensitivity Study 
PBR Reactor System 
CISEngine 
CIS Reactor System 

Summary 

@mnW@ 0 Energopool Babcock & Wilcsx 
H8WtcJJZI- 
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Wayne Dah1 
Mlel Bulman 
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Squires 
Me1 Bulman 
Me1 Bulmair 
Me1 Bulman 
Richard Rochow 
Don Culver 

Me1 Bulman 
Me1 Buiman 
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The NTUE Is a hlghly Integrated machine. As we wUI show, Interactions between reactor and 
englne level operatlons are slgniflcant. Our syslems approach to NTRE design reveals excitlng 
new posslbilitles for improving the rellabliity and performance of spacecraft. 

The NTR Engine Is a Highly Integrated Machine 
(Not Just a Reactor etween a Pump and Nozzle) 

GiENuJRp Energopool Babcock 8, Wilcox 
AEFMJ- 
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Our basic NTREs meet ail current NASA requlrements. 

The thrust to welght ratlo of the PBR engine Is 8.3. The CIS engine Is somewhat heavier wlth 
a FNV of 4.7. The PBR lsp is 65 seconds hlgher than the requlrement at 915 sec. The hlgher 
temperature of the CIS englne produces an Isp of 959. Both englnes flt well wlthln the space 
allowed for In the SOW. 

Our advanced pump deslgn and englne management system permits throttilng 20:l 
compared to the requirement of 41. 

Our preliminary life evaluation Indicates the engines wlll be able to operate longer than 
currently requlred. Our preliminary reliability and hazards analysts indicate man ratlng of these 
engines Is achievable wlthln the scope of the englne development. 

Our Basic Engine Meets All Current NASA 
Requirements With a Recuperated Topping Cycle 

1.1mk 

A- - 

PER 
Reaukemen\ m 

Thrust 75 Kibf 75 Klbf 

ThrusVWelaht > 4 6 3 
With Shlelci 

's P 

Length 

Diameter 

Throltllng 

Reuse 

Single Burn 

Englne LIIs 
Reilablllty 

&ucmP Energopool - Babcock & Wilcox 
miaaIc7 
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WIth eur recuperated cycle, we avoid complex core deslgns that produce heat to drive the 
turbopumps, yet we have increased the englne operating pressure to reduce Its slze and welght 
and 10 Increase Its perfomance. 

We have studled two NTREs with heterogeneous reactors. One employs the particle bed 
reactor concepl developed In the U.S. The other is based on 20+ years of development in the 
CIS. The CIS reactor utillzes a twlsted rlbbon type fuel and has been tested at over 3000K for 
over 1 hour. 

PBR 

In order to meet the NASA tile requirement we have changed the fuel stoichiometry and 
lowered the operating temperature. We have arranged for deep throttling and closed loop 
decay heat removal. 

cis 
We have modified our engine drive cycle end structure slightly to best make use of CIS 
fuel assembly technologies. 

Technical Approach: Apply Our Recommended 
Engine Cycles to Two Heterogeneous Reactor Types 

Engine Cycle - Delete Gas Heater Fuel Assemblies 
- Raise Operating Pressure 
- Integrated Engine Option 

0 Particle Bed Reactor 
- Increase Design Life - Provide Deep ThrottiinglDecay Heat Removal 
- Integrated Engine Option 

0 CIS Reactor - Fuel Developed - High Operating Temperature 
- Integrated Engine Option 

Gwconp = Energopool Babcock & Wilcox 
&-alIue7 
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There are several ways In which heleroqoncniis lissinii rcactors are superlor to hotnogenpous ones. and all result lrom physically 
separating tuel and moderator, the clrarocleristic 01 the hetcroqrneoum concept Moderalor and luel have dlllerent requirements. end 
separalmg them allows selectlon 01 optlmum solid mnl.-tisls lor eoch luncllon. 

High temperature corbldes are sultubk lor luel. b ~ ~ a o s c .  when used correctly. (hey can dellver hlgh reactor gas outlel 
tempmtures. which enables hlgh etlqlne speclfic Impulse Hlgh gss temperatures a 
hlgh lemperatures and because II lormed lnlo thln elements, IntemOlly generated heal 
Thus, It need no1 pass lhrouqh maderalor material to reach a cooled surlace. 8s I n  the 
c'dn altsin a temperature very close to the luel's maximum lnlernal lemperatura. The 
dlamaler spheres In fuel partlcle beds, whlle the CIS reactor uses bundles 01 thln, twlsted ribbons 01 luel. 

nce to the coolant. 

Efllclent neulron moderelore are hydmgonws. end no solld meterlalr of lhlr t y p  cnn wl!hat fuel 
w el or destred ou11e1 gas lemperaturea. Efflcisnl neutron moderator# am tmpotlent, bawuee urenlum 

fltalm mulrsn energy levels, and wlthout gwd moderetor matsrlal s larger amount 01 flsalonsble 
%vera1 nylauva fanturns occur &muitenwusly when ierge emwnto of hlghly snrlched U13(1 u. u w d  b E rwatw. prtmr!ty, the 
saleguards problem Is wormed. Secondly, launch Ssfely Ir lnhannlly leek Third, taet rooclon nwd a mom rapid control system, 
whlck exacerbatas development and wfay  rlaks, and lourlh, lwl c a t  t i  much gmlw lhan that 01 the moderrlor whlch may =place I1 
In n helerogeneoue reactor. The PBR modenior Is hexagonal blMks 01 berylllum Mlntalnlng e8Vltb~ llllbd wllh UH thnt surround rnch 
fuel bed, whlle the CIS moderalor Is ZrH2 rods closcpscked betwMn tho luel8rsrmblles. 

For Mars misslon NTnE we need a specillc-lmpulse-loss-tree turbopump power cycle to mlnirnlze total mlsslon costs, includlnq 
Earlh-to-orbit launch Thus. lopping cycles ere used, whkh have turMne ille sdvantages over bleed cycles. In a hetemgenaous englne 
the lower lempcreture moderntor and rcllector materials are cooled wllh a separate hydrogen loop prlor to llnal heeling by Ihe luel 
eiemenls. This moderator snd rellector heal Is automallcslly the major porllon of the lopplng heat needed for lurblne ~iilcl gas heating - 
for turbine drive power In a homogeneous enqlne. at lenst (he moderator heal is lost lor turbine drive use. Lower englne operotlng 
pressure results. al l  olher thlnqs beitin cqusl. nnd Ihls Imds to large. heavy engliies wllh lnlrrlor Mors cnlssioir peylormance. Furtlrrr. 
lhe moderalor coothig low also enables tntegrstlon 01 a c los~d englne coollng and electrlc power qeneratlng system that can reduce 
Mars mission IMLEO by about 100 tons 

Heterogeneous Reactors Superior to Homogeneous Types 
(NERVA) 

Features Benefits 

. Fuel Separated from Moderator 0 Moderator Cooling Powers 
Turbine and Enables Closed 
Loop Cooling (Reliability and, 
Weight) 

Fuel More Spheres Twisted Higher Gas Outlet Temperature 
Efficient Ribbon (High ISP) 

. Moderator BeHex ZrH2 - Lower Fissile Inventory 
More with ZrH2 Rods (,Safety and Weight) 
Efficient Cavities 

GZIKQRP 1 Energopool Babcock & Wilcox 
ACRClJeT 
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Our basic englne meets or exceeds all NASA requlrements. It provides for robust operailon 
and takes up Ilttle room In the launch vehicle. 

As we studied these englnes we recognlzed some slgnlflcant and beneficial differences 
between these heterogenously moderated reactors and the homogeneously moderated NERVA 
type reactors. The separate moderator allows us to extract slgnlficant heat from the core wlthout 
the need to flow hydrogen through the fuel elements. The full utlllzatlon of thls In our Integrated 
engine provides many beneflts Includlng: (1) rellable, efficlent NTRE start up, (2) reduced decay 
coollng losses; (3) RCS and OMS at hlgh Isp, (4) electrkal power up to 100 kW {E) per engine. 

Technical Approach: Two Engine 
Options Are Presented 

Basic Engine 

- Meets or Exceeds All Current NASA Specs - Robust Operation - Reliable, Efficient Engine Starting - Small Size 

Integrated Engine 

- Builds on Basic Engine - Reduces Decay Cooling Losses - Improves Mission Reliability and Performance by: 

Integrating Stage and Engine Subsystem 
Main Propulsion 
RCS 
OMS 
Option for Electric Power (- 100 kWe) 

ssrconp 0 Energopool Babcock & Wilcox 
aaai;ir7 
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duflng high reactor transientq. 

Recuperated Cycle PrQvides 
Superior Engine 

Provides Cooled, Int 

Enables High Chamber Pressure 

Provides Thermal Energy for Turbopump Start 

- Energy Available for Many Stgrts 

Pravides Safe, Controllable Reslctar Start 

- SL Entry Into the Care - les 

Energopool Babcock & Wilcax 
&+ZF4UJCT 
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Engine Concept Definition 

NP-TlM-92 

Don Culver 

Our engine and major component design concepts are selected to meet all current NASA 
requlrements. Any concepts that cannot meet these safety and rellablllty, performance, and 
operational requirements in the near term were discarded. In addltlon, many NASA goals that 
Impact safety and reliability, mlssion beneflts, development cost and technical risk were used to 
guide system configuration selections and deslgn and operatlng parameter optimlzation studies. 

NASA Goals and Requirements 
Impact APD NTRE Selection 

Reauirements 

* Safety 

- Radiation Protection 
- Manrate, Verify, Automate 

Performance 

1 - 850SeCISp 
- 4:l Thrust Weight 
- Throttling @ Tmax 
- 15-75K Ibf Thrust 

* Operatlon 

- Reusable, Long Life 
- Bootstrap Start wlo Power 
- Degraded/Failed Tolerance 

- Go& 

* Safety 

- Minimize Radioactive Materials 
Hazard Mitigation and Reliability 

Mission Benefit 
- IMLEOflrip Time (lsp and FIW) 

Mission Commonality 
- 2006 Availability 
- Simplicity (Inherent Reliability) 

* Technical Risk and Development Cost 

- Technology Readiness and Tests Needed 
- Propulsion System Integration 
- Facility Requirements 

scuronp Energopool - Babcock & Wilcox 
ASFZUJc7 
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We begin our concept defhitlon studies with trade studles. Qf course, we perform trade 
studles in each Important area of requlrements and goal$. 

When trade studles are cornpieled, opllinum deslgn paramelex$ are known, and 
layout and cttrnponent deslgn studies can be finalized. When the polnt design Is knswn, 
sensitivity studies ate made to check the Impact of Important design and sperating pavemeters 
on engine characteristics. 

Trade Studies Define Engine Concept and Design Point 

Safety and Reliability 
- Nuclear 
- Non Nuclear 

- Mission Payload 
- Power Cycle 
- Control System 

Operation and Technical Risk 
- System Operation 
- Propulsion System Integration 
- Technology Readiness 

Performance and Mission Benefit 

Criticality Trades (@&W) 
Feed System Reliability 

Versus Cycle Type, Pc, Nozzle Resign 
Definition (Shield Integration) 
Architecture Study 

Modes and Procedures Identified 
Shield, Decay Heat, Reep Throttling 
Major Component Status 

Gwcnnp Energopool Babcock & Wilcox 
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Our Reliability Plan Is Tailored to Project Phase 

- - - - . -- 
Concept Phase (TOC) 

Failure Rates 
- Reliability Block Diagrams With Typical Component 

- Preliminary FMEA to Component Level 

- Hazards Analysis (Crew, Ground __ - Support and Populace) 

* Design Phase 

- FMEA 

- Fault Tree Analysis 

- Safety Studies 

Energopool 0 Babcock & Wilcox 
AGEgOJH 
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A result of our feed system rellablllty block dlegrem study Is R 
NTRE should improve nlsslon rellablllty by reducing the probabl 
loss to about 114 of that of slngle turbopump fed englne. Howwer, the 
has nearly lwlce the probablJlljr d falllng to a deg 
means that one turbopump fails and Ihe other contlnues lo operate 
thrust. This Is of little consequence at any tlme except ij TMI (or TLI) burn. 

. 

e w h e  at peearly 3/4 

Twin Turbopumps Improve Mission Reliability* 

Single TPA System Has - 4 Times the Probability of Totai 
Failure vs 2 TPAs 

Twin TPA System Has - 1.7 Times the Probability of Failure 
to Degraded Mode (- 70% Thrust) vs 1 TPA 

* Industry Standardxomponent Failure Rates Applied to 
Feed Systems 

Gmconp 
Ae's;ltUc7 
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Mission performance depends on rocket engine thrustlweighl and mission average speclfle 
impulse (Isp). Engine thrusuwelght depends largely on reactor type and power density, engine 
configuration, and operaung condltlons. Mission average Isp depends malnly on englne Isp and 
on operational Isp losses, and they depend on mission type, engine design details, and operating 
condltlons. We wlll discuss our trade study results for each of Ihese lectors In the following 
charts and in She reactor deslgn sections. 

Mission Isp Depends on 
Engine Isp and Operational H2 Losses 

Engine Isp = f (Tout)l/2 

- Theoretical Isp (Tout and c )  

- Tout max - Tout Mixed Mean 
- Nozzle Losses (Cooling, Divergence) 
- Power Cycle Bleed Losses 

Operational H2 Losses 

- Open Loop Cooldown 0 T Tmax 

- Boiloff and Leaks 
- Start-up Bleed 

GENcmp Energopool Babcock & Wilcox 
eaoiir7 . 
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We have studied three fundamental engine configurations: 

(1) DeLaval nozzle behind thermal reactor 

(2) Forwerd flow thermal reactor within at1 expansfon-defleetlon (ED) nozzle 

(3) Forward flow thermal reactor wlthln a plug nozzle 

The E-D nozzled englne appears to have the 
further study, and at thla time It 1s recommended 
recommend thls concept be Btudled In mom dota 
more practical concept than was belleved posslb 

In the hlgh heat flux reglon of the throat and Its consequent low Isp and hlgh welght potentials. 

perlorman&e but It heeds 
-generation e wever, we 
use It IS rapidly developlng Into D 

The plug nozzled englne does not seem competitive, because of Its large nozzle sltrface &rea 

The Delsval nozzled deslgn is, thereby, recommended for a near-term englne. 

DeLaval Nozzle Is Attractive for Near Term NTRE 

F s 75k Ibf 
Pc = 1,000 pal& 

Plug 

0 LowLoesee 

LongandHeavy 

0 Good Integratlbn 

Short end Llghtwelght Shorl 

HlghmtNoule Heat 
flux end iorsee 

IISSI  

~ m ~ K t m f ~  
AeSam 
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A trade study evaluated both englne weight and specific Impulse by esllmallng the Mars 
mlsslon payload dellvery capability of ldenllcal vehlcles powered by slmllar engines of 
conventional geometry havlng dlfferent power cycles, operatlng pressures, and nozzle area 
ratlos. Both hot bleed cycle engines and topplng cycle englnes were evaluated over reactor 
outlet pressures (Pc) from 1000 to 3000 psla, wlth nozzle area rallos from 150 to 500, and wlth 
nozzle lengths from 80 lo 120 percent bell. In each case a cooled, copper and steel nozzle was 
used wlth a carbon-carbon nozzle extension from area ratlo 10 to the exlt. 

Results showed that bleed cycle engines are not competltlve, based on thelr lower delivered 
speclflc Impulse. Thelr payload carrylng capabllllles were conslstenlly low by about 20 percent. 
Nozzle contours of 110 percent bell length were found to be best for nearly all englne variants. 
Engines wlth hlgh nozzle area ratlos beneflted most from high englne pressure, because their 
nozzles are smaller and lighter In welght, better offsetting the Increased turbopump weight 
required of hlgh pressure feed systems. Conversely, engines wlth low nozzle area ratlos are 
relatively lnsensltlve to englne deslgn pressure. (Both reactor deslgn leains agreed that reactor, 
vessel, and shield weight totals are not greatly affected by deslgn pressure In the range of our 
study.) 

The deslgn polnl selected was area ratio 300 wlth pressure of 2000 psia, because it appeared 
to be the lowest pressure - lowest area ratio comblnatlon to attain high mlsslon performance. At 
200 nozzle area ratlo about five percent payload Is lost, regardless of englne pressure selection. 

High Pressure Topping Provides 
Maximum Mission* Performance 

Studv Results Enaine Selection 

Design Polnt 

150 

Hot Bleed Cycle 

8 4- 11100)  

0.5 1:O 1:5 210 i .5 3;O 
Pc, kpsla (110% Bell Nozzle Length) 

G E N ~ p  Energopool Babcock & Wilcox 
A2.aoJer 
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- Topplng Cycle - Pc = 2,000 psia 
* F  = 300 (De = 92 in.) - Lnoz = 110% Bell (210) 
* Tc = 2,700u 

4 Burn, Ail-Up, Manned Mars 
Mission WIth C3 16 km21s2 
and IMLEO = 775 Tonnes 

t1m %win 
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We examlned all reasonable lurbopump drive power cycles, based on examlnatlon of heal 
sources for turblne Inlet gas and destinations for tur 
bleed turblne exhaust gas overboard ralher th 
speclflc Impulse, because they cannot ex 
to hlgh velacltles. We found that these e 
performance beelr. 

Three topplng cycles were analyzed. The slmple expander cycle cannot prcvMe enough heat 
to power the englne rellabiy to pressures of 1000 psla or above. We have seen the Mars mlsslon 
performance decrement of low pressure engines. The 
topping heat that can be recovered Indirectly from the 
components. such as moderator, reflector, pressure w 
devote a portion of the fuel assemblies lo turblne drlwe 
manlfoldlng In the reactor core, an unwanted 
and cost englne slze and welght. Another wa 
transfer turblne exhaust heat to the pump dls 
the scheme we selected, In splte of the fact that englne deslgners usually feel that hlghly 
effectlwe recuperators are large and heavy. 

Recuperated Expander Cycle Selected 

Turblne Exhaust 
Destinat Ion 

Overboard = 

' lop Loa9 
Partial Admlsslor 

0 Large Turbine 

More Valves 

He 
Reactor Core 

Hot Bleed 

HatTurblns 
* NoulePort 
9 Mlxer Fat1 ue 
' -2O%P/L e 05s 

Reactor S P ze and 
CoreCom kxlty 

Weight 

t Source8 for Turbine 

Olmllar to dald 
Bleed 

0 Larger Popiasr 
or -- 

214OA PIL Loss 

Limited Power 
RestartHeat? 
7% PIL Loss 

~ E N C ~ ~ P  
Asacuc7 
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The Impacts of the recuperator on our englnes' slze and welght Is nll, because: 

(1) We have demonstrated our ability to fabrlcate large heat rate heat exchangers of very 
compact dlmenslons wlth our platelet technology, for example In the SSME heat 
exchanger program. 

closure of the reactor vessel. We have shown lhat the sum of these two welghts In a 
conventionally designed engine are greater than the required recuperator welght. Thus, 
we Incur no weight penalty for the heat exchanger itself. 

(3) Low denslty materlal, such as steel may be used efflclently for a gamma shadow shleld, 
because It Is located close to the large dlameter reactor, end the radlatlon tends to be 
planar to all surfaces, because of the self shleldlng provided at all other angles. 

(2) The steel recuperator can functlon as the gamma shield lor the NTRE and the forward 

Recuperator Weight Impact Is Nil 

Problem - Large Recuperator Size and Weight 

Solution - Compact Stainless Steel Platelet HEX Doubles 
as Cooled Internal Gamma Shield and Forward 
Pressure Vessel Head 

Distributed Source Shield Weight Is Not Dependent on 
Material Density 

Gmnmp Energopeal Babceck & Wilcox 
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perated Cycle Prov wior En Operation 

Provides Thermal Energy for Turbopump Start 

- Energy Available for Many S5arts 

a Provides Safe, Controllable Reactor Start 
- Prevents liquid Hydrogen Entry - Decouples and Damps System Oscihtions 

NTP: system cotlc~pt8 264 NP-TIM-92 



The power cycle we have selected for both englnes uses a recuperator to transfer heat from turblne exhaust 
to pump dlscharge, and each cool the nozzle wllh a small slde stream of llquld hydrogen trom the pump. The 
PBR cycle varlatlon Is shown here; 11 requlres a pump dlscharge pressure 01 4750 psla to dellver an englne Pc of 
2,000 pals. It does thls wlth a low turblne Inlet temperature of 847 R (470 K) and a low lurblne pressure rallo of 
less than 1.5 to 1. Pump stage pressure ratlos are low, too, because lour alages 01 pumplng are used. However, 
tour stage rotatlng assemblles are not needed wlth our concept. because our turbopumps emulate a quad- 
redundant valve set. We use lwo turbopumps In parallel to provlde the total englne flow, and each turbopump 
conslsts of two Mentlcal rotatlng assemblles operatlng In serles. Each rotatlng assembly Is the slmplest 
conflguratlon posslble, two pumps and a turblne on the shalt wlth two beartngs between the three rotors. 
Rellabllity, performance. rlsk, and cost beneflts result from thls subcrlllcal speed deslgn. 

The recuperator heat rate Is about 125,000 Btulsec, whlch Is larger than the sum of the lopplng heat. If more 
power Is needed lhla cycle has two maln des@ varlables. lurblne pressure tall0 and recuperalor heat rete. The 
latter controls the Wrblne Inlet temperature. The power balance shown has ten percent excess turblne power lor 
turblne bypass control authorlly. 

The flow scheme through the englne Is as lollows: through the pumps In parallel, wlth a 5-1 flow spllt afler 
thelr flows Idn; the small flow cools the nozzle and pressure vessel; the large llow gets heated In the hlgh 
pressure slde of the radlal oufflow recuperator. where It enters the moderator and reflector c d l n g  flow at the 
front of the core; the full flow passes through the lurblnes In parallel lo rejoln and cool In the low pressure, radial 
Inflow passages of the recuperalor; cooled flow Is rnanlfolded to the lnlels of each fuel assembly for heating to 
full outlet temperature and passage through the rocket nozzle. 

Flow control elements Include a low power electrlc feed pump, pump and turblne Inlet and outlet valves, a 
turblne bypass control valve, and a pulse coollng valve. Reliector drlve motor shafts penetrate the recuperator at 
Its perlphery, outslde of the heat exchanger reglon, and a launch poison rod penetrates It at Its canter. 

A High-Power, Loss Free Engine 
Power Cycle is Selected 

,,(UIw,. 
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op while Ihe core hea 

Operation Features Robust Start arid kdfidi 

Readiness Pregsurize Ldop 
Chill PumPs and 

Start 

- Cooldown 

0 Soakoot Stop Pulse Cdoling and Radiate 

I Babcock & Wilcox 
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Recuperated Cycle Provides Superior Engine Operation 

Provides Cooled, Internal Gamma Shield 

- Enables High Chamber Pressure 

le for Many Starts 

vides Safe, Controllable Reactor Start 
Prevents Liquid Hydrogen Entry Into the Core 

ecouples and Damps System Osctllations 

GENconp 9 Energopool Babcock & Wilcox 
AEROJe7 

Engine Design 

Roy Squires 
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Aerojet E Is Small and Li 

i 

i 
i 
I 

I I 
I 

I 
1 

I 

\ 

\ 
I 
I 

I 
\ 

I 

rhrusl, Ihl 
Chnrnbnr Pinwurs. pnla 
Nozzle 4mn nnllo, AolAI 
Fnqlnn Spnclllc Impulsn. no, 
Mnts Mlsslon SpClllC ItIlpllkI8. qoc 
rnqlnn Tolnl Walqht. Ihm 
I IiruslMTnlglil 
f tiglons pnr Vehlcla 
Psylond nnlirrned to Eailli Ilm 

E i i ~ l i i ~  Wwlahl BroohdQwri 

Cornpoiinn1 

Unroolnd Nonle 
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XLR- 134 LH2 TPA 

lurbopumps for both the LOX and LN2 were des 

"end to end." In this configuration the turbines are cou 
two stage single spool maohlne of a similar design as the LH2 TPA with apprepriate material and 
tolerance changes. 

spool TPA. No development problems were encountered, due to the robust design and 
subcritica! shaft speed. Of signllicant merit during dual spool testlng was the start up and 
steady state operation of the two pump spools. This highly successful testing demonstrated 
over 4200 seconds of run time in LH2 with full speed TPA operation, spMd tracking of the two 
spools, successful bearing performance and subcritical shaft speed. 

The LH2 TPA was tested both as a single spool (3 stage) TPA and finally as the complete dual 

Aerojet TPA Technology 
Increases Life and Reliability 

Features Benefits 

DualSpool High Turbine Efficiency 
Low Weight 
Commonality of Parts 

- Short Shafts With Subcritical Shaft Speed 
3 Rotors per Operation for Deep Throttling 

Increased Life and Reliability Operate Below Design Speed 

Hydrostatic Bearings Increased Life 

XLR-134 Fuel TPA 

ernamp Energopool Dabcock & Wilcox 
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Radlation transmission through manifolds includes 36 2.5 cm holes for gas flow. Shield 

Heatlng In the Ll6HlPb dedicated shleld will be of the order 40-60 kW and may require some 

penetrations for drum control rods and the central "poison" rod were Ignored. 

coollng during extended operation at full power. 

"Internal Shield" Concept for NTRE Provides 
Significant Reduction in Accountable Shielding Mass 

lci~CrJnp Energopool Babcock & Wilcox 
A E W O J C T  

N l'-'l'i M-92 27 1 
I I60 -,&I I 

NIP: Systcm Concepts 



Source strength and shield attenuatlort calculated by BCW using MCNP [Monte Carlo 

NASA mdlation specification me! or exaeeded at a point 1 mater above \he top ref 

Shields for electronics and controls assumes optimum placement and 1OOK-rad hgrdened 

Neutron Photon transport code). 

the core axis. 

electronics. 

Engine Components and Dedicated Shielding 
Attenuate Radiation to Meet NASA Requirements 

and Prakct Electronics and trols 

Fast 
Gawma Neutron 

Compo nentg Factar Faator F,lnssJ@) Comments 
Gas Manifolds 101 21 1178 Dual Function: 
and Recuperalor Cools and Shields 

Dedicated Shield 4.4 80 236 Additional Shield Necessary 

Dislribuled 6.3 x 104 1.75 L 103 130 Required Be ond NASA 
Electronics and 
Controls Shield Power 

to Meet NASA Spec 

Spec for 3.5 hours at Full 

GIENulnp Energopool 9 Baboock & Wilcox 
431AoJe7 
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Recuperntor 

E.!dnGa!Qn 

. . 
* 

lnlernal gamma shleld cooled by LH2 

Provldes thermal energy for starllng arid operalliig TPA 
Enables hlgh chamber pressure lor Ilghlwelglit, coinpnct NTRE 

P ~ S ~ a ~ ~ s J ~ e t J ~ r m a ~ i c ~  brameters 
Propellant 
Cold-Slde lnlel Pressure 
Cold-Slde Inlet Temperalure 
Cold-Slde Flow Rale 
Cold-Slde Pressure Drop 
Hot-Side Inlet Pressure 
Hot-Slde Inlet Temperature 
Hot-Side Pressure Drop 
Thermal Load 
Envelope 
Welghl 
Materlal 

H2 
4750 psla 
a m  
60 lbmfscc 
150 psld 
2650 psla 
77'5"n 
150 psld 
126,000 Elulsec 
40 In. dla x 7 In. helghl 
2500 Ibm 
CRES ss (~ -286)  

Charac&r!stlcg 

The 300 series stainless steel, platelel design. counterflow HFX accepls 83% of the LH7 flow from the TPAs 
and heals the hydrogen l o  57TR gas In the hlgh pressure clrctill of the HEX. The outllow cools Ihe reflector and 
moderator. ensuring that LH2 does no1 enter lhese componerils. This gas Is comblned wlth the 17% flow, which 
bypassed the HEX lo  cool lhe nozzle and pressure vessel arid wfls yflsllled hi llre process, to provlde 100% flow 
al847"R to drive the turbine. The lurbine effluent then passes Ihrough the low pressure clrcult of the HEX glvlng 
up much of Its heat lo the hlgh pressure cireull belore delivery lo Ihe reactors many fuel elements. 

NTRE Recuperator Is Based on 
Aerojet SSME HEX Technology 

SSME HEX 

GENccRIp = Energopool Babcock & Wilcox 
AEWClJrT 
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Cooled Nozzle 

Cunctlon 
w l r n m  secllon and exit lo arm ratio 1O:l 

rmance Para.WB 

Gas Temperature 
Flowrate 
Materlal A286 S5 Structure 
Envelope 
Weight 1000 Ibm 
Cyllndrlcal w t h  5-00 In. 
Wall Temperature 600 F 

Chareoterlsllcs 

The cooled nozzle uses o tlrizonlumlcopper. formed platelet h e r  to malntsln wall temperature below the llfe 
Ilmlt. The llner wlll conslst of 8 10 10 panels and Include an epproxlmate total af 400 coolant channels. It Is 
bonded to a two-plece, A-286 jackel by a hol lsostallc press (HIP) process. A two-plsce, formed platelet A286 
throe: stllfenlng shell provides siructural support a@?inst bending moments. 11s construcllon and coollng 
approach Is slmllar to that of the pressure vessel shell. Coolant enters a manifold a1 !he 1O:l area rello and flows 
lorwnrd through the llner and shell wall as shown. It exlts Into the ell closure rlng mnnlfold of the pressure 
Vessel. 

Cooled Nozzle Concept Is Based on Current ~echnology 

Formed Platelet Liner 40Klbf Chamber 
nergopool - Babcock & Wil 
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Cooled Nozzle Concept 

NP-TIM-92 

- Studles of the SSME main combustlon chamber show wail temperature reductlons of up 
lo 200 F uslng platelet llner technology. 

Cooled hot gas wall 

Formed pialelet liner 

ZrCu platelets 

-400 channels 

- 8-10 panels 

A-286 slruclure 

Cooled throat supporl rlng 

Platelet A-286 structure wilh internal coolant channels formed Into conlcal shape 

Common Manifolding Provides Coolant 
for Nozzle and Throat Support Ring 

---.--- 

0 Energopool Babcock & Wilcox 
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---.--- 
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. pressure Containment 

. plenums I Manlfoldlng for: 

- ModergtQr coolant 

coltirol drtr~n coolnnt 

- Core flow 

- Pressure vesset wall 

0 Interfaces 

- Recuperator 

- Cooled nozzle 

- Reactor 

- Core support 

Pressure Vessel Provides Pressure 
Containment, Core Support and Manifolding 

Cooled Hot Gas Wall 

i 
Formed Platelet Design 

A-286 Stainless 

0 3-4 Sections 

i 
I 

59.49 
(1511) 

I 
I 
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Presswe Vessel (PV) 
FuwIbn 

Conlalns pressure and supports reaclor 

- - 
- Provldes manlloldlng for GH2 

Directs recuperalor cold llow lo control drum and moderalorlreflector oulllow 
Comblnes noulelPV coolant outflow wllh moderalorlrdlector oulllow for dellvery lo turblne 
Dellvers recuperalor warm flow lo reaclor heallng elements 

D e s l a n P a r . a m e t e r e  
Propellant H2 Moderalor Coolanl Temperalure 572"R 
Coolant Inlet Temperature 651"R Moderalor Coolant Pressure 4600 psla 
Coolant Inlet Pressure 4050 psla Moderalor Coolant Flowrale 53.5 Ibmkec 
Coolant Outlet Temperature 847"R Reflector Coolant Temperature 572"R 
Coolant Flowrate 14 lbinlsec Relleclor Coolflnt Pressure 4600 pslo 
Coolant Pressure Drop 150 psld Rolloclor Coolant Flowrale 14.5 lbmlsec 
Core Propellant Temperature 357"R Envelope 40 In. dla x 53 In. long 
Core Propellant Pressure 2500 psla Welghl 2610 Ibm 
Core Propellant Flowrale 82 lbmlsec Materlal A286 SS 
Charactarlstlcs 
Formed, A-286, dlffuslon bonded platelet wall secllons aro welded together to make Ihe rlghl clrcular shell 01 

the pressure vessel. The forward end of the shell Is welded to a manlfold assembly, wlilch Is welded lo  the 
recuperalor. A coolant rlng innrillold Is welded lo Iho all ond of tho slioll. Anitular closuie rliigs nie weldod foro 
and aft as shown to comblne liows per the englne system schcmatlc. 

Hydrogen gas enters the aft end manlfold from the cooled nozzle. II flows through the shell coolanl 
passages, etched Into the wall plalelets, and Into a lorward closure rlng, where It mlxes wllh the 
moderalorlreflector coolant oulflow for delivery lo the TPA turblnes. The foremosl closure rlrig dellvers 
recuperator llow lo the modeialorlrefleclor coolant passoges 

Core Support Structure eactor Manifolding 

EENcMp Energopool Babeock & Wilcox 
AEFlOJcT 
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A carbon-carbon nozzle exlension for NTAE is R cos1 eflectlvo, low weight componen1. Carbon-carbon has 
(loodmechanlcsl propertles for temperatures in cxccss oi 5000°F and wilt only suffer a totat racesslon of less 
than 0.005 Inch due to hydrogen chemlcal attack (assumlng a temperalure of 2500°F. pressure of 20 @la, and 
told duratfon of 4.S hrs). Carbon-carbon Is noted for radlatlon reslstanca and was basellned as the nozzle 
exlenslon for the WERVA rocket engine at AeroJei. 

Carbon-carbon structures can be fabricated In many dlllerent ways, 
wall nozzle extensions. involute, 3-0 cyllndrlcal. braided, and Novoitexm 
technf4@a$ fo provlde carbon-carbon nozzle extensions. None of these lechntques can provide a slngle piece 
nozzle the size roquirod wlthout fafllity cap~lalfralion and dowtopnent. 

neules 6f W.1 and W.1, re8pecHvely. The thlcknesses rellecl mlnlmum wall thlcknesses of approxlmalely 0.Y 
In. and 6.2 inch lor ih6 entry and exit regions. 

the lour most realistic 

A one-plece carbon-carbon nozzle extenelon Is estimated to welgh about 170 ibs and 240 lbs for area rallos 

Propellant 
Temperature 
Fiowrale 
Altach Area Railo 
Exlt Area Ratlo 
Nozzle Shape 
Material 
Envelope 
Welghl 

H2 
4860"R 
82 Ibmlsec 
101 
2w.1 
1 10% eel1 
Carbpn/Carbon 
88.7 in. die x 160 In. long 
450 Ibm 

A Full Size One Piece Carbon-Carbon 
Nozzle Extension Will Weigh Less than 450 Ibs 

Gml%mp 
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Instead of fabrlcatlng a one-plece carbon-carbon nozzle extenslon. fabrlcatlng carbon-carbon 
segments Is an option which wlll not requlre facllAlzation nor extenslve valldation. A defect In a 
large one-plece carbon-carbon nozzle would cause the rejectlon of the whole noule or 
acceptance 01 materials of lower mechanical properties, whlle an unacceptable nozzle segment 
will onty requlre the rejectlon of that one segment. The segmented carbon-carbon nozzle 
extenslon concept shortens the design and fabricatlon cycle by at least one year. 

Aerojet has pursued the segmented nozzle approach under IRA0 and has validated the 
mechanical approach via demonstration alumlnum and iiberglass epoxy segments. The main 
drawback corresponds lo the thlckened sectlons In the nozzle to effect the segments attachment. 
The segmentation approach Is estimated to Increase the weight 30%. 

A Segmented Carbon-Carbon Nozzle, Though 
Heavier, Is Robust and Cost Effective 

- Fabricability 
- Present Facilities Are Large Enough to 

Produce Required Se mented Pieces - Lower Rejectable (Only Bad Segmenls 
Need to Be Replaced, Not Whole Nozzle) 

- Disassembled Pieces Are Easy to Slore, 
Ship, and Reassemble 

- Smaller Pieces Are Easier to Fabricate 
and inspect 
Flaw Setislllvlty 

Cost Elfectlveness 
- Facility Upgrade Is Not Required - Shorter Schedule (Start With Design 

Plus Fab) 

- Attachment Will Add Only 150 ibs 

* Gompnclness 

- Robustness 

cr SlronRer and Less 

- Penalties Are Acceptable 

1 0 7 2 4 2  - -  - 1 
UW 
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COMPONENT: Quad Channel Fault Toleranl Corrtrolkr (Three Channel Version Depkted) 
FUNCTION The Englne Controller Is responslble lor closed loop control of the NTRE englne and auxlilary 

The englne controller performs a complete enqlno system checkoul and callbratlon prlor IQ mglne 
power generatlon components. 

operatlon. Thls Includes callbratlon of the Indlvldual Instruments and control system components. During the 
start sequence the controller controls reactor renctlvlly, pump chlll, turbopump ramp up, end 
The englne controller acllvely controls englite steady st ale operatlon to maxlmlze englne Isp. 
down and P O R ~  IHng coot down Is ncllvoly controllod lo inlnlmlzo propellsnl usage and maxlnilze t ~ t a l  snqlne lap. 
The englne controller performs perlodlc engine ~vstoiri  honllli monllorlng and tlfo prodlcllon throughout angliio 
operatlon. 

Breyton cycle power generatlon Is acllveiy controlled throughout the mlsslon. The controller Is capable of 
adlustlng the power output level over a 5:l range to meet varylng mlsslon demands. 

ARCHITECTURE: The NTRE englne controller Is a 32 bll full vollng four channel fault tolerant processor 
(FTP) lhal Is derived from Ihe Charles Stark Draper F7P archileclure. The lour channel controller provides full 
Fall Opffall Sate operetlon (hlgher levels of fault lolerance are avellable with degraded fault coverage). 

Addlllonelly Ihe four channels are eleclrlcally and mechanlcelly Isolated from each other. Thls prevents a 
cetastrophlc electrlcal failure from propagatlng from one channel to the next. 

The 32 blt Intel 180960 microprocessor provldes the processing power for the engine contrailer. The 180960 
Is optlmlzed to efflclently execute the Ada language. Thls central processor provldes many advanced 
enhancements such as automatlC exceptlon handllng and memory management that facllltala the efilclent 
procesalng of Ada language. Over 2Mb of memory Is provldcd on the dlgltal computer unlt module. Thls 
complement of memory Is more than suillclent for both englne system control code and advanced health 
monltorlng and life predlcllon algorllhms. 

MIL-STD-15538 Effector Command Chnnnels, 4 Vehlclo Power Buses, Solenold Interlaces 
INTERFACES: 4 MIL-STD-15538 Vehicle Command Channels 4 MIL-STD-15538 Vehlcle DaIa Channels, 4 

SIZE: 8 In. x 16 In. x 10 In. 
WEIGHT: 59 Ibs (46 Ibs Eleetronlcs + 13 Ibs Shleld) 
TOTAL DOSE: 100 K RADS (SI) 

Advanced Fault Tolerant Controller 
Improves Mission Reliability 

Wlre Bundl 

Channel 

e8ay 

Vetllclr 

Channel 

Wwntlng 

C Cavily 

Plate 
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COMPONENT: Dual Cliannel Electro-Meclratilcal Acluntor 

FUNCTION: Provide actuation for modulating valves over a -1 to 90 deg arc. The EMA 

ARCHITECTURE The EMA Is a fully redundant actuator fealurlng dual channel redundant 

feature load Insensitlvity and high posltlonal accuracy/repeatablllly. 

bus Interfaces. dual redundant power Interfaces, dual channel redundant control electronics, 
dual eleclrlc redundant motors on B common shaft, and dual resolvers on a common shaft. The 
two EMA channels contaln no electrical cross slrapplng and are mechanically Isolated from each 
other. This prevents a catastrophic electronics failure In one channel from propagating to the 
other channel. 

INTERFACES: 2 MIL-STD-1553B Valve Command Channels, 2 Power Buses 

SIZE: 4 in. x 6 in. x 10 In. 

WEIGHT: 31 Ibs (9 Ibs ElectronicslNIechanlcs + 32 Ibs Shleld) 

TOTAL DOSE: laOK RADs(Si) 

TORQUE 600 In.-lb 

SLEW RATE: 360 deglsec 

POSlTiONAL ACCURACYIREPEATABILITY: I 0.5 dcg 

Advanced Electro-Mechanical Actuator 
Combines High Torque and Small Size 

Interlace B 

lnlcrloce A 

Controller Eteclro 

Motor Ilrlvc Eleclrollics Y 

ControIIcr L.1rcIrorrlc 
tlnraronic Drlve (200 1) Aeducllon 

Motor Drlvr Clrclronlcs 

nics B 

CkNmRP Energopool Babcock & Wilcox 
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COMPONENT: Quad Channel Control System 

FUNCTION: Provlde full Fail Op/Fall Sale eirqinn and aiixlinry power generntton control. 

Each solenold aclualor has dual colls. Thls provides lully redundant Interlaces lo the englne wwitroller. 
Like the eileclor control busas the solenoid lnlerlaces are organized @a a d v e  and passive Iiaterleces. 
Ad$lllonally solanolds conlaln a mechanlcal preload lhal forces Iha solenoid Into a sale posltlon In Ihe wen: of a 
btel Interlace fahre. 

Crttlcel englne paremeters, such as chamber pressure. are fully quad redundant. Dlller parameters such as 
moderator temperalure are simplex or dual per modaralor eleinanl ae called lor by FEMAlrellablllly analysis. 

Heavy use wlll be made of sensor analyllcal redundancy technlques. These technlquos allow a falled 
parameter Io be substlluled by using a physlcal model end related measUremen1e. 

INTERFACES: 2 MIL-STD-15538 Valve Command Channels, 2 Power Buses 

SIZE: 8 In. x 16 In. x 10 In. 

WEIGHT 31 Ibs (9 Ibs EleclronlcslMechanlcs + 32 Ibs Shield) 

TOTAL DOSE: lOOK RADs(S1) 

TORQUE: 600 In.-lb 

Quadded Valve I Dual Orlw 

Quad Channel Control System 
Improves Mission Reliability 

Garcmp 
0 Energopool Babcock & Wileox 
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COMPONENT: Operational Fllght Program 

FUNCTION: The Operatlonal Fllght Program (OFP) provldes the control, health monltorlng 
and llfe predldlon capablllties seen In the control system. All 01 the dynamlc engine control laws 
are found In the OFP. Engine system health monltorlng and llfe predlctlon algorithms are also 
resident withln the OFP. Addltlonally the OFP manages the Interface hardware wlthfn the englne 
controller. 

commands. Additlonaliy status and data packets are sent back to the vehlcle. 
The OFP Implements the requlred vehlcle communlcatlons protocols and validates 

ARCHITECTURE The OFP deslgn Is based on a hlghly modular, structured, functional 
decomposltlon of the requlred functionallly. Related functlons are comblned Into modules. 
Thus all the engine control functlons are grouped Into the Englne Control Module; all the Health 
Monltorlng functlons are grouped wlthln the Health Monltorlng Module. Modules have rlgld 
functional, Interface, protocol, and temporal speclflcatlons. These speclflcatlons mlnlmlze the 
lnteractlons between modules, lncreaslng software rellablllty and reduclng verlflcatlon and 
validatbn efforts. 

The modular archltecture allows individual modules to be upgraded throughout the llfe of the 
NTRE program while presewlng the software Investment. Modules are deslgrred to be ”plugged 
In” in a manner similar to rnechanlcal components thus reduclng the costs assoclated with 
software verification and validation. 

INTERFACES Controller/tO Devlces 

Plug In Software Modules 
Improves Controller Development 

HEALIH MONITORING DATA FLOW 
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Integrated Engine 

Me1 Bulman 

Integrated NTRE Improves Mlssion Performance 

The SEI stage wlll requlre many subsystems in addition to the englne and tanks. Our 
Integrated NTRE Includes a number of systems normally asslgned to the stage. It can provlde 
reactlon control and orbit maneuvering thrust durlng coast. Durlng the maln burn, the engine 
can provlde autogenous tank pressurlzallon and electrlcal power. After shutdown, the reactor 
can be used as a heat source for generating up to 100 kW (e) per englne. Al l  of this Is 
accompllshed at lower welght than If separate systems are employed to achieve these functlons. 

Integrated NTRE Improves Mission Performance 

A 

-Ion Eeneflts of Intggraleci MIRE 

- Robust, Low Loss Sort - Hlgh Performance, Lightweight Engine 

. Safe, Elticlent Shutdown 
- Flue Cote Cooling Systems 
- Closed Cycle Decay Heal Removal Saves 

100,M10+ Ibm IMLEO 

- 100 kWe Ava:lable Any Time During Mission 
- No Deep Thermal Cycles 
- flefrlgeratlon Opllon 
OMS and RCS Impulse Available at Hlgh Isp 
One or TWO Cold Flow SIarIslMIsslon 

- Dual Mode Option 

- 
* 
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Integrated NTRE Start Sequence 

Engine Prestart Conditioning 

Pump Chill In 

Moderator Loop Pressurization With TPA Chill HZ (Flrst Start Only) 

Closed Loop Engine Warm Up (Flrst Start Only) 

Engine Now on Standby Mode For Startlng - 
. Start - Spin Start TPAs With Warm Pressurized H2 From Moderator Loop 

TPA Acceleration Dominated by Engine Thermal Mass (Power For Approxlmately 10 
Starts in Recuperalor Alone) 

Integrated Engine Increases Start Reliability and Safety 

V"d lo 
I n k  UIaw 

.j -1 Ud,*a 
I*CYP,.IR 

n.0l-l." LlnL.d,"n. 
nPpvdn parnvl(n 

- Fast Star1 Reduces Isp LOSS, 
* Immediate Restart Capability 

Improves Navigational 
(x10 times) 

Enhanced Multiple Engine Start 

NP-TIM-92 285 
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Our Propellant Feed System Dynamlcs Are Efflclenlly Conlrolled 

Englne Prestart Condlllonlng 

Pumps Chilled In - Reactor Warmed 

- Aerojet Pumps Are Deslgned Wlth Greater Stall Margln 

Our Recuperated Cycle Greatly Aids the Start Up 

Ample Thermal Power Accelerates Bootstrap 

9 Provides Thermal and Hydraulic Damplng 

Isolates Fuel Assembly From Feed System 

Our integrated Controller Can Choose the Optlmum Path to Full Power, Balancing: 

Feed System Pressurized (Reduces Jnrush Dynamics) 

v 

' Isp Loss 

9 Fuel Elemenl Thermal Shock 

Our Intearated Enaine Starts More Reliablv 
And With Less Impulse Loss than Nerva Type Engines 

0 IO 2b 30 40 SO 60 70 8i 96 1 

Chomber Pressure 96 01 Full Power 
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Tapping Into the hot HZ In the moderator loop of our integrated NTRE durlng operailon 
allows us to generate up lo 100 kW(e). attitude control impulse, and lank pressurization at lower 
cost than If provlded by separate systems. 

Integrated Engine Provides RCS and 
Tank Pressurization During "Burns" 

! nu,, 
I ronrrr I ; U.I.. 

I" 8". 
UII..r 

R.suu." 

- 7 wo 1 PAS Allow 201 Throllling 
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Integrated Engine Saves Over 100,000 lbin LH2 



Our Closed Cycle Coollng System Saves Over 7500 Ibm Uurlng Perlgee Pulsing 

%onven~onat-coollng System 
Plum 1 Cool 1 

_ _  - - lOOOO_OO ._ - 850842 
E!!n_nmefSecL--  - - _I__. 9 E .__ . 1 74 Mi" 
!%?@!?!!! coImJmad 149158 - __-  $9110 
E(!wve 'sp 9 e c )  -____ __ - __ 9 1 5 640 

1015 174 Mlri 
154280 2200 
- -915 . 760 
855720 043520 
4932 64 
4932 4996 

Inlllal Mass [Urn)_ . 

Flnal Mass (Lbm) - - 

Mlssl~~ _V_e!odtV (FUSac,) 
Mlsslon Ella~U_va!~ pet) 

CloEd Cycte Coollng-System -- 

inGiiass-~i.bmn- _ _  ~OOOOOO 845720 
Fur" T E K @ e L  _. . - __ - .- - ~ 

F'spollanl Consumed (Lt-m)-. 
@lecUva Isp (Sac) 
FFinYMass(Lbm) ___ 
AV (IUsec.) 
Mlsslon Veloclly (FVSec) 
MIsZon Ellaclive Isp (Se4 - . . _  91 3 
Propallan1 savlngs (lbm) 2578 

850842 840942 
A - V _ @ e ? L  . 4755 241 

4755 4996 
896 

p_1use- 1 - Cool 1- 

~ - _. - 

. 

-_ _ _  _ -  __ 
- - _ _ _ _  

Pluse 2 Cool 2 PIuae 3 _Ih~Ol-3~- 
840942 695357 -_68_465_ - ~ $ ~ 9 ~ 0  

958 . ._r_oos Min -e??.- - I Days ~ 

145506- ___ _!0692 . 141694 10692 
915 600 915 600 

695357 604665 542970 532270 
384 5596 299 6825 -.. 

10591 10890 17716 - 18100 
906 894 902- I__ 892 

Pluse2 Cool 2 Pluse 3 Cool 3 -  

995 l00G Mln 974 Days 
151240 2200 140094 2200 

6 9 n a o  69ooao 541906 5gLa6 
5016 La l 1 1 1  99 

10812. 1089~ 18001 18100 

043520 69~200 69ooao 541906 

760 . - _ _  915 760 915 

914 . 913 9j 4 91 3 
5415 7508 

Mlsslon Average Isp Improved 21 Seconds Wlth Closed Cycle Cooling 

Closed Cycle Cooling 
Reduces IMLEO Over 8% 

950 Sac. Burn @ iS0,tXJO Ibf (2-3 Englnes) 

lmo 3 

5000 2 

900 

- 800 7ow 

1 600 

v) U 
6000 g = 700 8 

a 
+ s o 0  
m ; 400 3000 0 

d) 

Q 
2. 300 
" 200 1000 Y B 

100 0 0  

L 

4000 53 
8- 

s 20w .g 

5 
- m 

1 100 loo00 1.2Days 
Tlrne Slnce Full Power (sac.) Closed Cycle Benefits 

Reduced Goolant Ejection 

75+%Reduction Mission Isp Loss f(Alsp & AMass) 
Reduced g Loss (Cooldown Impulse Delivered Faster) 

0 Higher Ejection Isp (cut off low Temp. Tail) 

Closed Cycle Has All Braylon Power Cycle Components (Except Generator) 
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Our tntegrated N I I-lt Gail liortuee IMLtu iuu-zuut ntula 

lnilial Mass (Lbm) 
Propellant Consutrted (Ltun) 
Ell+ive Isp (Soo) 
F W  Mass (Uim) 956280 013424 526182 2 

257  16.64 

Initial M ~ i s  (I bin) 
WapuUnyt Coir.;iniiod (I h i t )  

Elleclhra Isp (Sac) 
F I I I ~ I  Mess ( L h )  
bV (ltlsec 1 
Mission Veloc&-pUSoc 1 
A lMLE0 (Klbml%) 
mer Citeg. NTnE 
lnlegyated NTRE Closed Cycle Coolkg Systqn + Nitclear QMS (!#itbnut reslarl) 

Initial Mass (Lbm) 
Prcpeilanl Consee? (Lbm) 
Elfactive lsp (Sec) 
FW Mass (Ibm) 
AV (IUsac) 
Mlssion Velocily (FUSec ) 
- 

IUU Klbrri Uiop 0 Mnrs. 
.- ranks draped aller bum -- 

.. 

._ _- _- -_ 

10110/92 

Closed Cycle Coolirlg Can Reduce IMLEQ Qver 1QOK I4* 

I '  

t n 

0 

P I  

'II 
2 

x 

1 

* Four Burn-FuiI Up-Mars Mission 
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During coast, our Integrated engine Is kept warm while generating up to 100 kW(e). The 
mean electrical power will be less than 100 kW(e). At 20 kW(e) the Brayton cycle efficiency is 
approximately 30% requiring a thermal power of approxlmately 60 kW(t), which causes only a 
small addlllonal burn up of the reactor fuel. 

Integrated Engine Eliminates Additional Stage 
Components and improves Stage Performance 

lubh. 
InH 

Vd"" 
I 

\ , gl, 

Energopool Babcock & Wilcox 
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The Integrated engine adds U L  to tho fuel, 
sl (--lSOO K). Therefore, %he tu@l wltl m on 

K was chosen io balance FW effects d 
elflclency. 

Engine Does Not Cool Fully 3etween Major Burns 

la Dawn Wllh Two W A S  
2800 

2600 

2400 

2200 Rotate Drums 

2000 

1800 To Next Burn 

1600 

Actbale Cloned Cycle huw. Coaling Syabm 
(In Pe,raW W W  Opan Cyde "Pu1.e Cooling") 

sacure open CWb coelbl# 

10 Sustaln Power le Down @ Reduclng 

1 100 10000 12 Days 116 Oays 
Time SInce Full Power (sac.) 

Aerojet Cycle Benefits - Reduced Thermal Shock 
Integrated Power Supply 
ACS and OMS Power - Full Thrust Available on Short Notice 

& N ~ ~  Energopool Babcock & Wilcox 
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Reliability and Safety 

Me1 Bulman 

Gmihnp Energopool 0 Babcock 81 Wilcox 
A i s a a J a  

Our Turbopump System Improves Mission Reliability* 

Single TPA System Has -. 4 Times the Probability of 
Total Failure vs 2 TPAs 

Twin S 0014 Stage Pump Is More Reliable Than Single 
Shaft Tp PAS at the Same Discharge Pressure 

-.-__--___ 

* Industry Standard Component Failure Rates Applied to Feed Systems 

GENccIRp Energopool Babcock & Wilcox 
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Reliabifity Increased With Lawar Streseed Parts 
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NTRE - Concept Dedgn 

A Failure Modes and Effects Analysls was completed for the Parthle Bed Reactor concept. 
The failure modes of the major components were Identified. The crltleallty and effect of each 
mode was determined and possible ways to minimize the occurrence of each mode were also 
identified. This analysis wlll be expanded and updated durlng the prellrnlnary deslgn phase to 
reflect deslgn maturation. The FMEA wlll be the basis for developing a Rellablllty Fault Tree, 
whlch wlll show system inleiaclione graphically. Quantitative evaluatlon of the base events of 
the Fault Tree will allow rellability predlctlons to be made of the system. The Fault Tree wlll be 
developed uslng CAFTA, a Computer Aided Fault Tree Analysis code, whlch facilitates reliability 
and system safety analysis of complex systems. 

NTRE - Concept Design 

Failure Modes and Effects Analysis 

Preliminary FMEA Has Been Completed for Engine Concept 

- Component Failure Modes Identified 

- Actions to Minimize Occurrence Are Incorporated 

Redundancy 

Robust Design 

Adequate Testing and Inspection 

0 FMEA to Be Updated During Design Phase to Reflect 
Maturing Design 

Gmconp Energopool - Babcock & Wilcox 
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NTRE - Coricept Pesiqn 

Methodology to Evaluate the Effect of Redundant Components on the 8ystem 

to assist In the evaluatlon of the effect of redundancies of varlous components on the reilabillty 
of the system. 

A system level Fault Tree wlll be developed whlch wlll $a Used to analyze the rellsbllity of the 
system during the various operating phases of the proposed mission. 

A system Fault Tree has the advantage of belng able to 
complex system. It Is dlfflcult to model these interactions u 
diagrams are useful in studying effects on the system of series redundancy or parallel 
redundancy of a few components. But the overall system reilabllily Is better evitluated by doing 
a quantitative evaluation of a system Fault Tree. 

A rellabillty Fault Tree dlffers from a system safety Fault Tree only In the deflnltlon of the top 
event. Pracess and human errors resultlng In system fgliure are always included in the system 
safety Fault Tree. They can also be included In the Rellability Fault Tree. I f  the purpose of the 
Rellability Fault Tree is la assess the reliability of the design then the possible process and 
human errors would not be Included in this Fault Tree. 

Reliability block diagrams and industry standard failure wtes ot llke components will be used 

lcally the lnteractlons of a 
block dlagrama Block 

NTRE - Concept Resign 

Retia bility 

Methodology to Evaluate the Effect of 
Redundant Components on the System 

Reliability Block Diagrams and Failure Probabilities Using 
Industry Standard Failure Rates for Like Components Will 
Be Used to Evaluate Need for Redundant Components 

Reliability Fault Tree Will be Developed of Overall System to 
Be Used in Evaluating System Reliability 

BsJrnp Energopool Babcock & Wilcox 
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NTRE Design Criteria 

Safety Factors 

Pressure Loads 

Yield Safety Factors FSy =. 1.25 
Ultimate Safety Factor FSu = 1.50 

Thermal Loads 

Yield Safety Factor FSy = 1.00 
Ultimate Safety Factor FSu = 1-00 

Margin of Safety 

MS = (Allowable Stress) (FS * Applied Stress) - 1 .O 

E ~ K I J R P  
Aza;(CLlicT 

Energopool Babcock & Wilcox 
I ,  li" Y*".rn 

System Safety 

Design Includes Hazard Elimination and Control 
Provisions for Wide Range of Potential Hazards 

A Preliminary Hazard Analysis Has Been Accomplished 

This Analysis Is the Initial System Safety Task Which included a Review 
of the NTRE Components, Potential Hazardous Conditions, Effect on the 
System if  an Undesirable Condition Took Place, and Recommended 
Controls in the Design to Prevent an Occurrence From Happening 

- In Addition to Component Review, Natural Environment, Oxygen 
Rich Environment, and Aerospace Ground Equipment Hazards 
Were Considered 

This Study Illustrates a Combination of 17 Hazardous Conditions That 
Were Considered 

Gwcmp Energopool Babcock & Wilcox 
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0 Water Immersion 

- Most tor Voids Filie butitrg Lauhch 
- Fleactar Desigrf Remains 

Fuel Internally Retained 
- Launch Sat$t)t&mergehcy Shbtdo\rvn Procedotes 
- Quaiificatioh ahd Accepte 

paction (Ground) 

- Fuel Intbtnally Retained 
- Laurreh 99ktylEniergshcy 

tbcn~P Energopool Babcack & Wilcdx 
AESdJe7 

Nuclear Safety 
Emergency &mldowf~ Procedure 



Nuclear Safety 
Reactor Leakage Potential Is Minimized 

0 Use of Non-Radiation Embrittlement Materials 

Maintain Within Temperature Extremes 
Develop Approved Installation Procedures 
Post-Reactor Installation Leak Checks 
lest Area Monitored for Leakage 

Non-Nuclear Qualification and Acceptance Tests 

Minimize Leakage Effect 
Radiation Hardened MateriallElectronics 
Shielding 
Qualification and Acceptance Tests 

Gmcmp Energopool - Babcock 81 Wilcox 
Asi;ioJ=r 

Nuclear Safety 
Oesign Controls Radiation Hazards to a Minimum 

Shielding Material - “Burn-In” Process 

Internal Shielding 

- Attenuates levels at Prapellant Tank 
- Reduces Levels to Engine and Stage Components 

External Shielding 
- Reduces Level to Crew and Stage 

= Components Nuclear Hardened 

Proof-of-Concept Testing 

Gmconp Energopool * Babcock & Wilcox 
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e Cbntrdler Architecture 
- Diaghiostic ltlstrurrientatilon Monitors Remtsr 
- Quad Channel Fault Taliera tioh 
- %ftWare Redtihdancy Design 
- Muitiple Signals ired to AcWate Valves 
deadtor 
- contra! Drums Have Redtfndant Wive s and Cau+liing%B 
- Safety Rods Have Redundant Drive hilotots and C 
Shielding of Safety Rod Drives knsurr2.d bod Zlr Ou 

* ucleat Vibration, Thermal dhd 9hb;ek Tests io 

* Energopool Babcock & Wilcox 
d E W O J E 1  

Nuclear Safety 
Design Controls All Identified Energy Sources 

Reactor 

Pressurized Propellant Feed LiiwslFittinQsl’Valves 

Turbopump Assembly 

1 Pyrotechnic Isolation Valves 

Electronics 

Hydrdgen in Tank 

mH * Energopool Babcock & Wildox 
AEFYUJET 
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System Safety 
Summary 

Nuclear Safety Hazards Will Be Controlled Through Preventative 
Measures 
- Margins - Redundancy - Diversity 
NTRE Design Will Meet the Applicable Safety Requirements for 
Operation on the Eastern Test Range or Western Test Range 

- Ensure Design Meets Proof-of-Concept Objectives With Risk 

- Support the Nuclear Safety Policy Working Group Recommendations 

The APD/B&W Team Will: 

Reduced to as Low as Reasonably Achievable 

as Applicable 

EENcoRp Energopool Eabcock & Wilcox 
AiEi3CJJcT 

PBR Engine Sensitivity Studies 

Me1 Bulman 

GENroRp 0 Energopool Babcock & Wilcox 
AIFIUJEr  
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* CIS pnglnp Fuel Bundle Power Denally is 12 MW/liler. Therefore we erpect Its weight fo scab apprswimetely as 
IAs PBR engine wlth power deptgily. 



PBR Design 

Richard Rochow 

Our PBR englne concept Is best summarlzed by lncludlng the rallonale behind the selectlon of each major 
subsystem concept or operatlng parameter. 2700 K mixed mean reactor oullat gas temperalure Is selected by 
BLW fuel experts to meet the 4.5 hour llfe requlreinent wllh an approprlate margin by the end of fuel assembly 
development. The englne deslgdoperatlng selectlon of 300:l nozzle area ratlo and nozzle Inlet pressure of 2,000 
psla Is the result of a Mars mlsslon payload trade study; It glves the best combinatlon of engine speclflc Impulse 
and welght. A recuperated turbopump drlve cycle was selected for several reasons: (1) nozzle Inlet pressures of 
I000 psla and above are enabled by recycling topplng heat through the turblne, and no reactor manlfoldlng need 
be added to extract turblne drlve heal dlrectly from the core, (2) englne start and shutdown transients am 
smoothed and asslsted by the large, avallable heat capacity 01 the hlgh surface area recuperalor, (3) the steel 
heat exchanger adds no  weight to Ihe englne, because its weight Is delermlned by Its other dutles as a large part 
of Its Internal gamma shield and as the forward closure of the reactor vessel. A forward core support structure 
was selected. largely because It Is the Amerlcan experlence base. The forward structure la cool. It forms part of 
the gamma shleld, and I1 Is used as propellant manlloldlng. Fuel assemblies operate In tenslon and are 
constructed of steel and beryllium, according to U.S. experlence. A slngle Delsval nozzle Is selected that Is 
Internally cooled wllh hydrogen; no hydrogen bleed Is necessary, because our formed platelet nozzle operates 
willi low Internal wall temperatures at hlgh heal fluxes. A 40 Klbl nozzle of slmllar deslgn, malerlal and coolant Is 
now In test ai NASA. The nozzle IS small, because 01 the engine's hlgh operatlng pressure, and we use a low 
weight, carbon-carbon nozzle exlanslon. Its surlace may be converted to ZrC to Improve Its llfe In hydrogen 
envlronment, uslng near term lechnology processes slmllar to those In work at Aerojet, however this Is probably 
unnecessary, because total surface recesslon In 4.5 hours of operation Is expecled to be less than 0.025 In. (0.64 
mm). A t&H neutron shleld Is encapsulated In alumlnum and localed external lo the recuperator In order to 
slmplify the core supporl struclure. A secondary gamma shleld is localed at Its forward lace lo provlde sulflclenl 
goinino olloiiuellon 01 oll lliiioo dutlny engliic Illo, Bolh slilolds aro coolod by propollnnl Iiow. 

Design Rationale for NTRE With PBR Is Clear 

Desian Para meter 

1 H2 Mixed Mean Outlet 
Temperature (2,700K) 

2 Pc (2,000 psia) 
3 Ae/At (300) 

4 Power Cycle (Recuperated) 
1 

5 Core Support (forward) 

6 Nozzle (Single DeLaval) 
(H2 Cooled Without Bleed Flow) 
(C-C Extension) 

7 Neutron Shield (External) 

Ralionale 

Expected 4.5 Hours Fuel Lile 

Best Mars Mission Performance 
With Reusable Engines 

- Enable High Pressure With Simple Reactor - Enhances Transient Operation - No Weight Penalty (y Shield) 

US. Experience Base 

Near Term Technology Use 
(Fornied Cu Platelet) 

Simplifies Core Support 

GwcnRp 0 Energopool Babcock 81 Wilcox 
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REACTOR DESIGN PIiILOSOPtIY 

BABCOCK & WILCOX HAS APPLIED ITS KNOWLEDGE OF THE PARTICLE BED REACTOR (PER) TO MEET THE NASA 

DESIGN REQUIREMENTS THE OBJECTIVES OF THT IIFSIGN WCRF TO STAY WITHIN 7 HE TFCHNOLOGY QASE FOR 
THE PER. THIS INCLUDES THE MIXED MEAN CXllAUST GAS TEMPERATURE, ENGINE PERFORMANCE AND 

PRIMARILY THE SYSTEM SAFETY. THE PER IS CAPABLE OF VERY HIGH T/W RATIOS HOWEVER, FOR MAN-F4TED 

SYSTEMS OUR BASELINE DESIGN HAS RFFN CONSEWATIVFLY DESIGNED AND INCORPORATES ROBUS1 AND 

TIiEREFORE RELIABLE COMPONENTS Ti I€  PER CONCEPT I IAS TI iERErORE INCURRED SOME MASS PENALTIES 

WHICH ARE BELIEVED TO BE PRUDENT IN TERMS OF SAFETY FOR 7HE CREW. 

REACTOR DESIC~N PHILOSOPHY 

1 STAY WlTlIlN TIIE TECHNOLOGY 

~=~~ - Energopool - Bebcock & Wilcox 
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THEPUHISAPAHIICUU\RLYAl IHACIIVELONCEPI DUE 1 0  IIIEIIICililrlJlll ALL All1 ~~11~111~I'ARIIt,LCI'IJI.LrUllM IIIII IlLAl IllANSlLII 

CAPABlUlY IS UNSURPASSED SMALL PARTICLES. BY DEFINIIION, ALSO t IMI I I I lr 11 IrnMAL SIRCSSES WITHIN THt PARTICLFS DUE TO 

THE SHORT COPLDUCTlON PATH LENGTH IHESE FEATURES ALlOW TtlF t'nn 1 0  OPEllAlE A I  HIGH POWER DENSITY AND THEREFORE 

REWIRE LESS CORE VOLUME SMALLER CORE VOLUMF TRANS1 ATFS TO nEOUI 1 IONS IN VFSSEL DIAMETFR AND SI I IED DIAMRER ALL 

OF WHICH TRANSIATES TO LOWER MASS (OH HlGHFR TI"N) 

THE HETEROGENEOUS CORE UTI1 lZrS 36 rlJFL ELEMENIS ON A Pl lL l  I Or I 1  I M 11 lr SUPPORT I'OR THE CORF IS ACCOMM00ATEO RY 

THE MANIFOLD STRUCTURE THE CORE IS -HUNG' FROM TIIE TOP WIIFRF COO! GA5 KEEPS THE SrRUCTURE WITHIN IlS ALLOWARLF 

TEMPERATURE REGIME BERYLLIUM MODERATOR HEXAGONS SURROIlND FACII rl B L  ELEMENT AND ACT AS ITS PRIMARY STRUCTURAL 

SUPPORT 

A TOTAL OF 18 ROTATING CONTROL DRUMS SUnROUND THE CARE THFSF DRllMS CONTAIN A NEUTnON POISON (0.C) SFGMENT TO 

CONTROL THE POWER OF THE REACTOR A SAFETY ROD IS LOCATED AT TliC CCN KRLlNE OF THE CORE IT IS AN AXlAl LY CONTROLLED 

POISON ROD (6.Q AND IS A REDUNDANT SHUT DOWN SYSTEM IN THF FVCNT TI IC LONTROL DRUMS BECOME lN0PERABl.r 

THE RECUPERATOR SEHVES MANY FUNCTIONS AND IS NCCCSSAnY FOR I'fJWI 13 UAl ANCF: IT  'ATCYCLES" WASTE IHERMAL ENERGY TO 

ORIVE THE TURBOPUMPS. IN ADDITION IT PROVIDES A SIGNIFICANT PORIION UF THE INTERNAL StilE!BtNG FOn THE 1URBOPUMPS. 

PLATELET TECHNOLGGY WILL BE USED TO FABnlCATE THE RECUPERATOR A f l U  I H f  COOLED PORTION OF THE NOZZLE 

FUEL ELEMENT 6 MOUERATOR 

CONTROL DRUM 

I GarmRp Energopool Babcock & Wilcox 
A E a 3 J E 7  

NI' 'IlM-92 305 N I P  Slstcm Concepis 



@&!JfLflATIP_I;L!JL P I  1OVIIJTS SUPE1~IOH ENGjNEX)PFR@J!QJj 

THE RECUPERATED CYCLE BENEf3TS THE ENGINE IN M 

SHIELQING AEOUIRENENTS (PARTICUIAQLY GAMMA) IT 

OF THE SYSTEM. IT ALSO HOLDS 

MAL ENERGY WlTHlM THE RECUPERATOR FOR 
STANDPOINT. PERHAPS THE MOST IMPQRTANT REYEFIT OF THE R CYCLE IS THAJ IT PREVENTS 

LIQUID HYDROGEN FROM ENTERING THE CORE. THIS ELIMINATES THE PCISSIBIUM OF HJGH WGEQ6lVE 

REACTIVJTY DUE TO VERY DENSE HYDROGEN IN Tt IE COqE IN ADDITION, THE RECUPERATOR DAMPS HYDfiAULlC 

OSCILLATIONS THROUGH THE USE OF SMALL PA5SAGES AND FLOW WRECJYOFC CHANGES. IT INSURES THE 

DELIVERY or I INFORM, STEADY FLOW TO THE FUEL ELEMENTS WITHOUT SI iAnP PRESSURE PULSES. 

Recuperated Cycle Provides . ~ 

Superior Engine Opcration, 

m Enables I ligh Chnmhcr Prcssiirc 

- llecarrples arid clamps system osciliations 

Energopool - Bebcock & Wilcox A=aoJiiT 
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ncAc;ron SUMMAIIY, KEY SPECS 

THERE ARE SEVERAL NOTRNORTI IY  REACTOR SPFCIFICAl IONS. I'EI3HAPS 1 HE MOS I IMPORTANT IS THE 

AVERAGE POWER DENSIIYTtIAI WAS CHOSEN FOR TtiE BASTI INI IHE VALUF OF 33 MW/L WAS CHOSEN FOR 

THIS MISSION BECAUSE WE BELIEVE IT IS ACtiIEVADI f FtJRTHERMORE, THE RUSSIAN ENGINEFRS HAVE 

DEMONSTRATED UP TO 90 MW/L (FOR MINUTES) WITH SIMILAR FUEL COMPOSITION IT IS IMPORTANT TO NOTE 

THAT THE POWER DENSITY DETERMINES THE SIZE OF TtlF RFACl011 AND THEREFORE THE ENGINE SIZE. THE 

CHANGE IN MASS OF THE REACTOR WITH POWER DENSITY VARIATIONS IS SHOWN SEPARATELY 

NI'-'lIhl .O? 

THE BASELINE FUEL COMPOSITION IS (U,Zr)C WHICti IS COAIEO WllH NbC. THIS COMBINATION OFFERS HIGH 

TEMPERATURE CAPABILITY (IE MELT IS APPROX 3,3M)-3,400K) AND TI IE COATING PIlOVIDES THE FISSION 

PRODUCT RETENTION AND IS SELECTED TO MATCH 7 HF THFRMAL EXPANSION O f  TI I €  ElNAllY FUEL RFTTERTHAN 

ZrC. 

REACTOR SUMMARY KKYSPECS 

c I.IICl FUIlll 
*? hiicle  Diaiiietei 
B Bed Power Density ( m e )  
@Cole Power Density 
o hiel Voli~ine 
c Niunbcr of Elc~iien~s 
aYafcty Sliiitdown 

csVessel 111:1incter 

e Reliclor Mow (110 rcciilll diicldiiig) 
c I~cnelor I'uclcd Laiglh 

2gz$ Energopool Bebcock 81 WIlcOx 
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THE FUEL ELEMENTS ARE LOCAl'CL) ON A HEXAGONAI ARRAY THIS ALLOWS TllE 36 FUEL ELEMENTS TO DE 
EFFICIENTLY IN IEGRAl ED INTO THE SMALLEST POSSIBLE VOLUME WI llLE MEE rlNG Gnl1 CALI PI LIMITS,THERMAL 

HYDRAULIC AND STRUCTURAL REPUIRCMENTS A SATISFACTORY PITCH WAS FOUND TO BE 11 CM. THIS WAS 
PnlMARlLY SIZCD rOn I tYDnAULIC CONSlDCRATlONS (lr I OW PRrSSUnC DROP I 1  InOllGl I TI  IF MODERATOn AND 

INLET PLENUM). FURTHER STUDIES AND OPTIMIZATION WILL LIKELY RESULT IN A CHANGE IN THE PITCH. 

THE CONTROL DRUMS ACT AS THE REFLECTOR AND 1IIE CONTROL SYSTEM FOR THE REACfOR. THEY ARE 

APPROXIMATELY I 1  CM IN DIAMETFR WITH AN OlJTFR SEGMENT OF 12 MM THICKNESS AN0 120 DEGREE ARC 

CONTAINING B,C. THEY ARE PLACED AS Cl(l!X IO I I I F  CORE AS POSSIBLE ORlQlNALLY TIlEnE WERE 21 
CONTROL DRUMS BUT THE 'CORNER" SIX WERE PnOVIL>ING I I1 T1.E CONlROL BENEFIT AND WERE THEREFORE 

REMOVED TIIC SAPFTY QOO IS I OCA1 FCI IN T I  IE CENTER OF THE CORE Wt ICRE I IS WOW H IS MAXIMIZED. 

heactor Features Efficient 
Integration of Components 

NlP: System Concepts 

,-LLONTROL DRUM (10) 

FUEL ELEMENT (36)  

/- 
----SArETY ROD 

/ 

-,---- s r EEL VESSEL 



I I I C V A I I O U S ~ L O W L ~ ~ I ~ : ~ O I  1111 I-NGINI W;II M IIAVI 111 I N wir 1\11 Y SIMPI irrrn IIIIIO~J(:II IIII iisr ()TAN 

INNOVA1 IVE MANIFOLD/CORE SUPPORT STRUCTURE 7 I 113 COMI’ONLN I IS UNIQUE IN THAT IT NOT ONLY 

PROVIDES AVEFIY RIGID STRUCTURE TO WHICH THE FUEL ELEMENTS ARE ATTACHE0 BUT IT ALSO CONTAINSTWO 

PLENUMS FOR THE MODERATOR COOLING LOOP AND A FEED-7liflOUGH FOR THE FUEL ELEMENT PROPELLANT 

LOOP. 

M E  FABRICATIONOFTHECORE SUPPORTSTRUCIUnE IS SlMll An 1011iATOFAllONEYCOMB COMPOSIIE. 1tiE 

INTERNAL WEBS CARRY THE SHEAR LOADS WHILET’HE TOP AND 001 I OM SKINS OF STEEL CARRY THE MEMBRANE 

LOADS. AS THE AIRCRAFT INDUSTnY IS AWARE, THIS CONFIGURA7 ION IS EXTnEMF1.Y EFFICIENT IN ITS SPECIFIC 

LOAD CARRYING CAPAEILIN AND STIFFNESS. THEREFORE THE THICKNESSES OF THE STFFL SKINS AN0 WEB ARE 

MINIMIZED. 

Moderhor Cooling 

Inlet 
Cooling ~ h J ~ l C (  

GENmRP Energopool Babcock & 
NP-%%i!W= NIP: Sysum Cooccpt~ 



THE CONTROL DRUMS ARE LOCATED CLOSF TO TI IE CORE, WIT1 I AS LARGE A DRlJM SIZE AS POSSIBLE WITHOUT 

INTERFERENCE. (APPROXIMATELY 1 1 CMOUl SlDF DIAMETER) TO ENHANCE M 

ARE MARE OF BERYLLIUM WIW A B,C POISON SCGMEPJT 12 

CONTROL DRUM WORTH IS 0.10 DELTA-K/K WlTti TI IC S A f n  

ARC SEaMENT. THE 

ITH THE SAFER ROD 

WITHOUT HYDROGEN GAS, THE REACTOR WILL BE 0.01 DELTA-K/K SHUTQOWN EVEN IrJ THE MOST REAClIVt 

CONTROL POSITIONS. A STUDY OF INDIVIDUAL DRUM WORTHS SHOWED THAT A FIXED BERYLLIUM REFLEClOR 

SECTION IN THE CORNER POSITION ENHANCES REFLECTION AND CONTROL WORTH, INCREASING TOTAL DRUM 

WORTH BY ABOUT 0 01 DELTA-K/K. WHILE ALSO ALLOWING SMALLER PRESSURE VESSEL SIZE. A TRADE STUPY 

SHOWED POISON THICKNESS AS ?HIN AS 1 MM IS QUITE EFFECTIVE AND TllAT TI IE MAXIMUM WORlH WAS 

REACHED AT APPROXIMATELY 10 TO 15 MM 

CONTROL 1)KUMS I’OSITIONED FOR MAXIMUM WORT11 

A4s=clJ=r GENmRP Energopool Babcoek & Wiicoxl 
NTP: System Concevb 310 NP-TIM-92 



TI IE CENTIlAL SAFEpl ROI) IS LOCAI ED IN A POSITION OF l4ICil  L NI U I RON FLUX, RESUL I ING IN A CONlnOL WORT1 1 

WHICH FXCEEDS THE COMBINED WORTH OF TI IC 18 CONTIWI I)IlIJMS Ii CONTAINS k3.C IN A CYLINDRICAL SHAPE 

WITH OUTSIDE DIAMETER Or ALMOST 1 1 CM A Re0 nEFLECTOR SEGMENT IS MOUNTED ON THE AFT END TO MINIMVF 

NEUTRON STREAMING THROUGH T I E  SAFETY ROll OPFNING AND TO REDUCE HEATING DURING OPERATION. TI IE 

SAFRY ROD WORTH IS 0.12 DELTA-K/K WITH THE CONTROL INNJMS' POISON OUTWARD, AND 0.16 DELTA-KIKWITH THE 

CONTROL DRUMS POISON INWARD. THE TOTAL CON iROL WOll1 I 1  I!; 0 76 DELTA-K/K, FOR A SHUTDOWN REACTIVITY 

OF -0.20 DELTA-K/K (K-EFFECTIVE = o 83). NOMINAL HYOROGEN GAS DENSITIES, WORTH 0.07 DELTA-K/K, WERE 

INCLUDED. THUS, WITHOUT HYDROGEN GAS, THE REACTOR WlLl OF DO1 DELlA-K/K SHlJTOOWN EVEN IN THE MOST 

f3EACTlVE CONTROL POSITIONS 

SAFETY ROD LOC A'I'ED FOR MAXIMUM w o m i  . POISON ROD 



THE PBf4 CORE IS HETEROGENEOUS WIT11 A C0I)l  1-11 M0l)I I lAlOIl  .IACKFT SLJRROIINDING l l l E  COLD 1-RII. J4Kl ANI) 

HOTFRIT. THE MODERAIOR CONSISIS Of- MACHINFD HI OCKS OF BEf3 
JACKET NEARLY I METER IN LENGTII i ~ r  HI CKKS 

THE S HOLES ARE FILLED WITH ZIRCONIUM IiY~J1~11 

THE IATJOS O r  ZJ'JACONIUM HYDRIDE 

Tt#BMAL HYDRAULIC PERFORMANCE. THE BASELINE DESIGN UTILIZES A RATIO OF BZZBe, &%ZrH AND 10%H,. THE 

PB,ES$URE DROP WITHIN THE COQLANT LOOP OF THE MOPERATOR IS APPflQXlMATELY 300 PSI, W E  THICK BERYWUM 

WALLS ARE MORE THAN ADEOUATE TO PROVIDE STRUCTURAL SUPPORT AND THE ZIRCONIUM HYDRIDE. EVEN IN SUCH 

GMALLQUANJITIES PWIVIDES ENJiANCED MODERATION FOR THE CORE FURTHER OPTIMIZATI(3N CAN SIGNIFICAN I I Y 

ENHANCE THE PERFORMANCE OF 1IlE MODERATOR AND REACTOR. 

THE COLD FRIT DISlRIBUTES THE FLOW TO TllE FUEL RED IN PROPORTION TO THE LOCAL HEAT GENERATION 

COOLANTFLOW IS DIRECTED PADIALLY INWARD AND IS MEATED BY THE FUEL BED TIIF HOTGAS PASSES THROUGI4 

HOLES IN THE HOT FRIT WHERE IT COLLECTS IN TIIF I tor CI1ANNrL AND IS EXHAUSTED TO THE NOZZLE THE COLD 

FRIT ISMADE OF STEEL AND WILL LIKELY BE OF PLATELET DESIGN TIIE tfo! rniT IS MADE OF NIOBIUM CARBIDE 

COATED GRAPHITE. GRAPHITE TECt (NOLOGY HAS EVOLVED OVER THE YEARS AND IT IS NOW POSSIBLE TO OBTAIN 

GRAPHITE W4TH A THERMAL EXPANSION COErrlCllINT l I l A 1  M A l C H f  S 7HAT OF NIOBIUM CARBIDE EXACTLY 

Tf IE tlOJ CHANNEL (TtiF AnFA INSIDE THE I IOT r'JAl r) I!; S17El) Si I(:I I 1 I I A I  1 I it MAXlMlJM VELOCITY OF 1 IIE I 1 0 1  

HYDROGEN IS NOT GREATER THAN MACII o 7s rn AVOID COMPRESSIBILITY E r r E c i s  

W E L  ELEMENT INTEGRATED EFFICIENTLY 

f3ERYLLf UM MODERATOR 

1. rll MODERATOR 

\ COOLANT DOWN COMER '\ \ / COOLANT RISER \ 

itwr F R T T  

mr) 

PROPELLANT 
FEED CHANNEL 

COLI) FR I T  

'mtgRP c Energopool e Babcock 81 NIP: Ei#fgsC!L$iE$lS NP TIM 02 



THE FUEL ELEMENT WAS ANALYZED USING TOWE, A I-D BBW PROPRIFIARY COMRITFR CODE WHICH PREDICTS PRESSURE LOSSES IN THE 

DIFFERENT COMPONENTS OF AN ELEMENT, AS WELL AS TEMPERATURES OF THE PHOPEUANT AND FUEL EACH rUEL ELEMENT WAS INITIALLY 

ALLOTED A PRESSURE DROP OF 500 PSI0 RESULTS FROM FOlVE INDICATE MAXIMUM PRESSURE DROPS OF ASOUT 300 PSID. THE PROPELLANT 

FEED CHANNEL WAS DES~GNED TO MINIMIZE PRESSURE LOSS OVFR TI ir I r N m  i or TI IE CHANNEL WITHOUT IMPACTING THE WEIGHT AND 

SIZE OF THE FUEL ELEMENT ASSEMBLY RESULTS OF A STUDY TO COMPARE PRESSURE LOSSES TO THE MFFERENT GAP SIZES BEWEEN THE 

MODERATOR AND COLD FRW INDICATED THAT THE OPTIMUM GAP WAS AT 0 3 CM 

THE COLD FRIT IS DESIGNED TO BE THE PRIMARY FLOW CONTROLLER IN FOTVF IIUNS. THE MINIMUM COLD FRIT PRESSURE DROP TO THE BED 

PRESSURE DROP RATIO IS MAINTAINED AT e TO I THIS RATIO ENSURES THAT TIIT COLD FRIT HAS CONSIDERABLY MORE CONTROL OVER THE 

FLOW DISTRIBUTION TO THE FUEL BED THAN THE PROPELLANT FEED CHANNEL OR THE BED ITSELF. 

THE MODERATOR DESIGN WAS ANALYZED USING A CHANNEL FLOW CODE CALLED PIPTH. ANOTHER Baw PROPRIETARY CODE THE CODE 

CALCULATES PRESSURES, TEMPERATURES AND FILM COEFFICIENTS ALONG THE LENGTH OF A HEATED CHANNEL THE MODERATORS WERE 

INITIALLY ALLOlTED A PRESSURE DROP OF 500 PSID. RESULTS INDICATE A MAXlMUM DROP OF ABOUT 3W PSI0 

THIS CORE DESIGN HAS NOT BEEN OPTIMIZED. HOWEVER. A FUEL ELEMENT AND MODERATOR FROM ONE OF THE SIX ASSEMBLIES WHIG11 

SURROUND THE SAFEW ROD WERE ANALYZED FOR THIS CORE CONFIGURATION. THESE ANALYSES DEMONSTRATE A WORKABLE DESIGN BUT 

ETAILEOANALYSES MUST BE PERFORMED ON A CORE SYSTEM LEVELTO PROVIDE INSIGHT ON FLOW SPLIT CHARACTERISTICS AN0 ITS IMPACT 

ON PRESSURES AND TEMPERATURES FOR FULL POWER, THROTTLING AND DECAY HEAT CONDITIONS 

FUEL ELEMENT FLOW IS SELF CONTAINED 

Fuel Elemant C s o d a - S e c t i o n  

(rith Afterburner) 

lsattaRp gnergopool Babcock & 
NP-TI W SOJET NTP: System Concepts 



FUEL PNITICLE PRovinrs iwti POWER DENSLJMEMC 

FUEL PARTICLE DESIGN IS BASFD ON MISSION RFBlllRtMFNT!: AND, Wl l l l lN LIMIIS. DOFS NOT SlGNlflClWTLY AFFECTTHF RPACTOR DFSIGN 

IN GdERAL PARTICLE DESIGN IS SELECTED ON THE BASIS OF ENGINE BURN DURATION, NUMBER OF CYCLES. 

AND SYSTEM RELIABlLllV REOUIREM6NTS CIIRRFNTLV. TtlERE ARE rOUR PARTICLE DESIGNS UNDER 

P9RS. Ubi CkPABLE OF MEETINQ DITFERENT SETS OF MISSION REOUIREME 

PAtW3.E 8&W DEVELOPED WAS THE SO CALLED BASELINE PARTICLE IT WAS BASED ON THE TRlSO PARTlaE DEVELOPED 

D P&R RUICTOAS. IT CONSISTS OF A WANIUM CARRIDE KERNEL SURROUNDEb BV TWO LAYERS OF CARBON (WFfER. FOR 

AND BEAUNT) AND AN OUTER SHFLL OF 7rC OR NhC THIS PARTICLE IS CAPABLE 6 F  OPERATINO FOR IO'S TO 1 0 0 3  OF 

E RANGE OF 25002BoOK TOR 5-10 tHERMAL CYCLES THESE PARTICLES HAM BEEN PRODUCED By W W  IN SIGNIFICANT 

QUAt4TlTl~S AMU THE PROCESS IS WEU UNDERSTOOD TESTING HA9 INCLUDED ROTH IN-PILE AND OUT-PILE TESTS, THIS PARTICLE WOULD 

NOT SUSTAIN 27M)K FOR SEI APPLICATIONS 

2. WE ARE PRESENTLY DEVELOPING MIXED CARBIDE PARTICLES WHICH ARE DESIQNFD TO REPiCH MAX FUEL TEMPERATURES OF 32~1.0034~it 

MBY ARE DESIGNED TO OPEnAE FOR 100'5 TO Ifloo'$ OF SECONDS, MIXED CARBIDES SUCH AS (U.Zr)C AND (U.Nb]C WITH NbC COATINGS 

ARE BEING DEVELOPED IT IS EXPECTED THAT TI llS PARTICLE WILL V4lIIiSTAND MORE THAN IO THERMAL CYCLES AND SUSTAIN 2700 K EXIT GAS 

TEMPERATURE OR GREATER THESE ARECONSIDERED THE APDIBBW BASELINE SEI FUEL B&W EXPECTSTO BElN FULLPRODUCTION OFTHESE 

PARTICLES WITHIN I YEAR 

3. UNDER REVIEW IS A PARTICLE DESIGN CONSISTING OF A ronous u02 KERNEL COATED WITH TUNGSTEN w w  EXPECTS IT TO BE EASILY 
FABRICABLE. HAVE GREATER LONG TERM (1000s OF SECONDS) RELIABILW THAN CARBIDE FUELS. BE VERY RESISTANT TO THERMAL CYCLES 

IF KEPT ABOVE ABOUT 700 K. AND HAVE VERY GOOD FISSION PRODUCT RETENTION BUT BE LIMITED TO A MAXIMUM TEMPERATURE OF ABOUT 

36iX4100K. 

4. IN THE EARLY STAGES OF LAB DEVELOPMENT ARE AUDIlIONAL ADVANCED PARTICLE CONCEPTS WHICH ARE THEORETICALLY CAPABLE OF 

OPERATING FOR 100's SECONDS AT 3400K AND MANY THERMAL CYCLES IT IS EXPECTED THAT THESE COULD 8 F  BROUGHT TO PRODUCTION 

READINESS IN SEVERAL YEARS 

FUEL PAR TICLE PROVID ES 
HIGH POWER DENSITY & TEMP 

. NbC COATING - - -  

0 48 Liters of Fuel 
* 33 MWfl (ave) 
0 500 Micron Dia. 

Loading: 
127 
21 
57 
60 kg Niobium 

265 kg Total Bed 

073% chment 
0 3,300+ IC Melt Approx. 

NP-TIM-92 



l l l E  ff.lfl N l I K  IS IIITIIMAI I Y SIAULC 

THE PBR IS THERMALLY STABLE. THE FUEL TEMPERArURE OI'CIIAII-S A I  ABOUT 28MlK WHEN THE MIXED MEAN GAS 

TEMPERATURE IS 2700K. THE AMOUNT OF LOCAL FLOW CAN BE REDUCED BY 15-22 % BEFORE THE FUEL KERNEL 

REACHES ITS MELT TEMPERATURE. BASED ON THERMAL IIYDRAULIC Sl ABILIlY SrUDlES A LOCAL FLOW DISRUPTION 

DOES NOT CAUSE A PROPAGATION BUT RATHER A STABLE TRANS1 TlON TO A NEW TEMPERATURE. THIS IS DUE TO Tt IE 

HIGH REYNOLDS NUMBER AND TURBULENT REGIME OVER WHICI 1 THIS PBR OPERATES. FOR HIGH POWER REACTOR 

OPERATION THE PER IS O U m  STABLE (AS IS EXPECTED). 

THERMAL HYDRAULIC INSTABILITY CAN OCCUR FOR LOW FLOW REGIMES (E LOW POWER). THE BED HYDRAULIC 

RESISTANCE, WHICH IS FORMED BY VISCOUS AND INERTIAL FORCES (TYPIFIED BY THE ERGUN CORREUTION) IS 
DOMINATED BY INERTIAL FORCES FOR HIGH POWER. HIGH FLOW OPERArlON. HOWEVER, FOR LOW FLOW OPERA'llON 

THE VISCOUS TERM CAN DOMINATE. FOR SUCH CASES, A PERTURRATION IN FLOW CAN CAUSE INCREASED LOCAL GAS 

TEMPERATURE AND THUS HIGHER PRESSURE WHICH CAUSES IIIGHER GAS TEMPERATURES ... AND SO ON. 0&W 

UNDERSTANDS THE MECHANISMS INVOLVED AND THE REGIMES OF OPERATION WHICH MUST BE AVOIDED. IT IS 
SHOWN THAT FOR A THREE DIMENSIONAL ANALYSES IT IS POSSiBLE TO RETAIN NEARLY ALL THE PBR PERFORMANCE 

(IMPULSE) WHILE THROTTLING TO 510% OF FULL FLOW ANOTHER SOLUTION TO THE LOW FLOW INSTABILIN CAN BE 

FOUND BY REDUCING THE CHANGE IN GAS TEMPERATURE AS IT FLOWS THROUGH THE FUEL BED. BY INCREASING THE 

INLET GAS TEMPERATURE TO 45DK. THE FLOW STABILITY CAN RE MAINTAINED EVEN FOR CONSERVATIVE ANALYSES. 

The PBR NTRE is Thermally Stable 

3CM 

3.300 

3.1M 

3.1W 

3PM 

1.911 

l l l o U  

. -1- - 1 .  w n n  
WJ W l  I W i  

Percent of I,ucal C'nolant Flow 

G-RP 
A P - ~  - Energopool Bsbcock 81 Wilcox 

0.02 

0 01 
0 20 40 mi no la, 

l'crceiit of Full I'ower 
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N % D E S I G N D A L A N G S ~ C ? ~ N P - C ~  

THE REACTOR AND FUEL DESIGN IS FLEXIEILE. THE 4a u I ER FUEL VOLUME WAS EASED ON 3 MW/UTER POWER DENSIN AND IWT, MW TOTAL 

POWER. THE 36 FUEL ELEMENT CORE WITH I I CM PITCH AND MODERATOR COMPOSED OF 82% 

CooUHT PASSAGES WERE BASEV PRIMARILY ON MECHANICAL AND THERMOHYDRAUUC CONS1 

1096 HYDRDGEN 

FOR WGH ReACTIVITY. THE FUEL PARTICLE MAXlMl7ES URANIUM LOADING THE BASELI 
BY XI% M C  COATING. BY VOLUME, AND THE KERNAL CONlAlNS 50% UC. FOR AVERME E 

THE U W l M  LOADING WILL BE REDUCED BY 50% OR MORE 1 OPTIMIZATION 0 
HIC HOT CHANNEL INSERTS, THE MAXIMUM REACTIVITY IS 0 19 K HlGHEXCESS 

THE DESIGN, AND WOWS MMGIN FOR MOOELINO IINCERTAINTIFS AND OVERCOMING REACTIVITY LOSSES DUF TO XENON TRANSIENTS AND 

FUEL DEPLETION DURING OPERATION 

DESIGN VARIABLES TO BALANCE WGH REACTIVITY AND CONTROL ARE FUEL PARTICLE URANIUM CONTENT, URANIUM ENRICHMENT. INSTAUEO 

NEUTRON POISONS, MODERATOR MATERIALS. FUFI ELEMFNT PITCH, AND CORE REFLECTOR AND CONTROLS DESIGN. CONICAL HIC INSERl S 

wcnE PLACED IN THE HOT CHANNELS TO Pnovrr r  r i x m  NEUTRON POISON iiom UOWN OF n 07 DELTA K/K AND 1% OF TOTAL POWER IN 

EXTRA HYDROGEN GASHEATINQ. HAFNIUMALSO PflOVIDES RESONANCE NEUTRON ABSORPTION WHICH WILLIMPROVE PROMPTTEMPERATUIX 

FEEDBACK; HOWEVER HYDROGEN FLOW DlSTRlBUIDN MUST COMPENSATE FOR TbE SHIFT IN AXIAL POWER SHAPE THE va ENRlCltMENT 

WAS ALSO REDUCED, INCREASING THE NEGATIVE PROMPT TEMPERATURE FEEDBACK OFTHE FUEL DUE TO THE DOPPLER COEFFICIENT OF THE 

URGER FRACTION OF U'". INCREASING PROMPT t4UCLEAR rFEOEACK ENHANCES THE STABIUN. AND THUS CONTROL AND SAFETY OF THE 

REACTOR. MEFINALMAWMUM REACTF/ITYOF THE CONCEPTUAL DESIGN IS0 06 DELTA-K/K THE CONTROLS HAVE LllffOEREACTIVIlYWORTHS, 

THE SAFETY ROD WORTH OF 0 12 DELTA K/K IS SOMEWHAT HIGHER THAN THE CONTROL DRUMS WORTH OF 0 10 DELTA-K/K 

GwconP Energopool. Biii~cock IL Wilcox Azaam 
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IHE PHR WlCL BE MAINIAINLI) SUDCIIIII(:M ICX1 At\ iMIN(.II Ata'IIl( NI Sf.1 NAIIIOZi PRFl IMINARY FSTIMATFS TOUNI1 IHAT. FOR IHE 

CONCEPlUAL DESIGN, ADDITIONAL MIIIGAllNG MEASURES An€ NEEMD IN ORDER TO MAINTAINTIE REACTOR SUBCRITICAL IFTHE PRIMMY 

VOID REQIONS, TM COLD AND HOT CHANNELS. ARE FICCED WITH WAT ER AND THE REACTOR IS SURROUNDED BY WATER TO SIMULATE A WATER 

IMMERSION ACCIDENT. WHEN THE HOT CHANNELS ARE FILLED WITH lEMPORMY LAUNCH INSERTS MAUE OF H1c. FOR EXAMPLE, T I E  

CALCULATU) REACTIVITY AFTER UlMERSlON IS 4.22 MLTA.K/K @LEFFECTIM - 0 LIZ). THE REACTIVITY PRIOR TO IMMERSION IS ABOUT 4.32. 

FOR THE UNCHANGED BASELINE DESIGN, THE REAcmr(M AFTER IMMERSION WAS 0.07 DELTA-K/K, WHICH IS CLEARLY UNACCEPTABLE. FOR 

THESE ESTIMATES. THE CHANGES IN THE VOID REGIONS OF THE HOT FRIT. COLD FRIT, FUEL BED. AND MODERATOR COOLING PASSAGES WERE 

NEGLECTED. IT WILL BE WSSIOLE, THROUGH ADDITIONAL STUDY, TO ORTAIN ACCFPTABLE RESULTS WITHOUT RESORllNG TO TEMPORMY 

LAUNCH INSERTS BY MAKWG OTHER MODlFlCATKXPS FOR EXAMPLE, Wi CHANGES IN PITCH AND/OR MODERATOR HYDROGEN CONTENT. 

BALANCED BY DECREASES IN PARnfiE URANIUM CONTENT AND/OR ENRICHMENT, IT WILL BE POSSIBLE TO OBTAIN A MORE NELlTRONlCAUY 

OPTIMUM INlTlAL CORE CONDITION. SUCH THAT THE WAT€R IMMERSION WILL RESULT IN ElTllEll OMR-MODERATION AND A DECREASE IN 

REACTIVITY, OR AT LEAN A SMALLER INCREASE IN REACTIVIW TICSF SAME CHANGFS WILL ALSO HELP MITIGATE POTENllAL REACTIVITY 

INCREASES DUE TO ANY EXCESSIVE HYDROGEN GAS MNSITY IN THE COHE OURlNQ STAnTUP OR TRANSIENTS 

BASED ON PITCH TRADE STUDIES PERFORMED USING DIFFERENT FUFI REO THICKNESSES. THE IMPACT OF GEOMETRY CHANGES ASSOCIATED 

WITH A LAUNCH ACCIDENT (E.G. DEFORMATION OR COMPACTION) IS CXPfCTrD TO BE I CSS SFVERE THAN THE WATER IMMERSION. THE 

NEUTnONlC OPTIMIZATION DISCUSSED ABOVE WILL SFRYF TO MITIGATC THIS FVrNT AS WELL 

TEE PBR IS DESIGNED-lO-R-SAFE€3X 

@ N U C & - ~ K 1 C A U T Y  
-Subcritical in Water Immersion 

fl.82 Ken using lint frlt p lug  
-lWo Independent Shut-down Systems 
-Recliperator Prevents Excessive Hydrogen 

reactlvity hert lon in core (le. no 1.112) 

m E R ! & P N  
-Five Systems to Cool the Reactor 

Wnlhrbopumps (70 % full fluw capaclty ea.) 
One Electrical Pump (Appro% 5 % cnyacily) 
One CircuIaUun Pnmp (Several Megnwatl cap.) 
lank Bleed 

- C t n ~  IWd I& IUI 0~1lb;i 

G€?&CBRP Energopool- Babcoek & Wilcox 
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THE PBR CAN OPEWTE OVER A WIDE f7ANGF Of POWTIk f)TNSI IlrS fOR YOWER BE?-!SWIES ABOVE 33 MW/t TUERF 

IS ONLY A SMALL IMPROVEMENT IN REACTOR BE AROIJNQ !20 MW/L THE 

LSE ANU TIfEnFFQUE H 

(1W PSI) APPEARS ATTMCTIVE FROM A RUtCTQR W S  

CERTAINLY BE NEGATED BY THE INCREASE IN SHIELD MASS SIWE THE 

HE 33.20 NUD 10 M w / L  REAG?ORS ARE: 

3,600 

3,280 

2,600 - 

2,400 

- 

GD3CD"P Energopool - Bebcock & Wilcox II=acUaT 

--- I 
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sThnrst 
eRmctor Power 
8 Rmctor Mass 
eT/W (reactor mass only) 

00 Outlc~ tias ’lentp 
ashel Volume 
6 Propellant Flow Rate 

Numher of Fuel Eleincnts 

75.000 
1,560 
2,420 
14 

2,700 
48 
37 
36 

100 
02 

‘E4Rmp Energopool - Babcock & WikOx 
AliClRlm 

40,000 
8.32 
I.301 
I4 

2,700 
25 
20 
18 

78 
Oh 

25,000 Ib 
520 M W  
1,160 Kg 
IO 

2,700 K 
20 Liters 
12 Kds 
18 

7c, ctn 
66 Clll 

Thc PER is Scalable with Thrust 
Reactor Mass (kg) 

I--- 
I 

GmcoRp Energopool - Babcock & Wilcox 
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THE PAnTICLE BED REACTOR IS UNIQUE BECAUSE OF THE FUEL FOnM ITS SMALL SIZE MEANS THAT IT IS COMPLFTr1.Y 

"PRE-CFIACKED". THE DIAMETER OF THE FUEL PARTICLES ARE NEARLY AS SMALL AS THE MANUFACTURIUO PROCESS 

WILL ALLOW. OVER I O  MILLION PARTICLES ARE CONTAINED WlTHlN EACH OF 36 FUEL ELEMENTS. BECAUSE THE FUEL 

PARTICLES ARE SO SMALL THE STRESSES WITHIN THE PARTICLES ARE REDUCED AND THEREFORE THE RELIABILITY 

IS IMPROVED. HIGHLY STRESSED FUELS FORMS WILL FAIL DURING OPERATION. 

THE PHYSICAL ARRANGEMENT OF TtIE FUEL BED IS BENEFICIAL IN TERMS OF FISSION PRODUCT RETENTION. THE 

OUT6IDE SURFACE OF EACH FUEL BED WILL OPERATE AT MUCH HIGHER POWER DENSITY THAN THE INSIDE SURFACE 

OF THE BED. THE FISSION EFFICIENCY OF THE INNERMOST PARTICLES IS NOT AS HIGH BECAUSE THE THERMAL 

NEUTRONS (WHICH WERE THERMALIZED BY THE MODERATOR) DO NOT PENETRATE FAR INTO THE BED. TO INCREASE 

THE EFflClENCY OFTHE BED AND REDUCE THE "BUCK-NESS'. THE BEDS ARE MADE AS THIN (RADIALLY) AS POSSIBLE. 

IN FACT, THIS SO-CALLED SELF-SHIELDING IS TO A URGE DEGREE WHAT DETERMINES THE NUMBER OF FUEL 

ELEMENTS IN THE PBR REACTOR. SINCE THE OUTER PARTICLES ARE PRODUCING THE MOST POWER THEY ALSO 

PRODUCE THE MOST FISSION PRODUCTS. THE BENEFlT OF THE PER IS THAT THESE OUTER, HIGH POWER PARTICLES 

ARE ALSO THE COOLEST SINCE THE COLD GAS COOLS THEM FIRST AS IT MOVES RADIALLY THROUGH THE BED. THE 

HIGH DIFFUSION RATES TYPICAL AT HIGH TEMPERATURES WI1 I BE, TO A GREAT EXTENT, HALTED BY THE RELATIVELY 

COOL PARTICLES. ADDITIONAL FISSION PRODUCT RETENTION CAN EASILY BE DESIGNED INTO THE PARTICLE IN 71 IE 

FORM OF BUFFER MYERS OF OTHER COATINGS TI IE TRADE IS THE FISSION PRODUCT RETENTION CAPABILITY VS THE 

URANIUM LOADING OF THE PARTICLE 

FINALLY, THOUSANDS OF INDIVIDUN PARTICLES CAN FAIL WITH LITTLE OR NO EFFECT ON REACTOR PERFORMANCE 

WHEREAS MONOLITHIC FUEL FORMS MAY NOT DEGRADE SO GRACEFULLY. 

@ PBR FUEL FORM IS KI"rHACT1VE BECAUSE: 
- Design options permit rcductioii of fission product rctentioti 
with additional eoatiiigs 

- Individual particle failures have little o r  no elrecl on reactor performance 

- Particlcs havc low tliennal gradients (small size) 

GertDnP Energopool Babcock & Wilcox A = m E T  
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CONCLUSIONS 

THE RESULTS OF THIS WORK lNDICATES THAT THE PBR DESIGN MEETS ALL THE NASA REOUIREMENTS. THE 

RECUPERATE0 PBR APPEARS TO BE WELL SUITED FOR THE SEI MISSION. THROUGHOUTTHE DESIGN PROCESS, TRADES 

WERE PERFORMEDTO FIND APPROPRIATE BLENDS OF SAFETY. RELIABILITY AND STRONG ROBUST COMPONENTS. VERY 

FEW OPTlMlZATlON STUDIES WERE PERFORMED TO EXCEED THE PERFORMANCE REQUIREMENTS BUT IT IS BELIEVED 

THAT SIGNIFICANT GAINS CAN BE ACCOMPLISHED FROM SUCt I OPTIMIZATION. THE PBR TECHNOLOGY APPEARS TO 

BE CAPABLE OF VERY HIGH PERFORMANCE. 

CONCLUSIONS 

Tlie PB H R&gn hrrs  Aecrr Siiccc.s.sjirlly A titipled 
.for the SEI Missioii 

e High Pcrformancc (with iii(iss pencilties) 
* Throttling Capability ( >>4: I ) 

0 Integrated into Practical Engine Design 
0 )  1 ligh Rcactivity, Control aiid Safety 

C\ Supci-ior DUCUY I I c ~ L  Ilci11ovi1l Systcl11 . 

GENCCIRP 
~ Energopool - Babcock 81 Wilcox 
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CIS Engine Design 

Don Culver 

Our CIS englne concept Is best summarlzed by lncludlng the rallonale behlnd the selectlon of each major 
subsystem coneept or operating parameler. 2900 K mlxed mean reactor outlet gas temperature is selected to 
meat the 4.5 hour llfe requlremenl wllh an appropriate inorgln by the end of fuel assembly development. The 
englna deslgn/operallng selectlon of 300:l nozzle area ratlo and nozzle Inlet pressure of 2,000 psla Is the result of 
a Mars mlsslon payload trade sludy; It glues the best combhallon of englne speclflc Impulse and welghl. A 
recuperated turbopump drlve cycle was selected for several reasons: (1) nozzle Inlet pressures of 1000 psla and 
above are enabled by recycling topplng heat through the turblne, and no reaclor mmlfoldlng need be Bddsd to 
extract turblne drlve heat dlrectly from the core, (2) englne slart and shutdown translents are smoolhed and 
asslsled by the large, available heat capaclty of the high surface eree recuperalor. (3) the steel heal exchangcr 
adds no welght lo the englne, because Its welght Is determined by Its other duUes as the forward closwe Of the 
reactor vessel. An aft core support struclure was selected, because It has been shown by teat that CIS fuel 
assembly llfe Is superior when held In compression. A single DeLaval nozzle Is selected the1 Is Inlemelly cooled 
wl¶h hydrogen; no hydrogen bleed b nfmmsary, becauso our tormed plalelel nozzle operales wllh low Internal 
wall temperatures at high heat fluxes. A 40 Klbf nozzle of slmllar design. material and coolant Is now In test at 
NASA. The nozzle Is small, because of the engine's high operatlng pressure, and we use a low welght, carbon- 
carbon nozzle extension. its surface may be converted to ZrC to Improve 11s Ufe In hydrogen environment, using 
noar term technology processes slinllar to those In wot k at Aerojet, however lhls Is probably unnecessery, 
because total surface recession In 4.5 hours of operetlon Is expected lo be less than 0.025 In. (0.64 mm). A 
borated ZrH and LIH neutron shleld Is loceled wlthln the reactor vessel. between the core and recuperelor/gamma 
shield. It Is cooled by propellant flow In steel wafers located between its many transverse layers. 

' 

Design Rationale for NTRE With CIS Reactor Is Clear 

Desian Parameter Ratlonale 

HZ Mixed Mean Outlet 
Temperature (2,900K) 

Pc (2,000 psia) 
AetAt (300) 

Power Cycle (Recuperated) 

I 
Core Support (aft)) 

Nozzle (Single DeLaval) 
(H2 Cooled Without Bleed Flow) 
(GC Extension) 

Neutron Shield (Internal) 

Expected 4.5 Hours Fuel Life 
(Demoed > 1 Hour at 3000K) 

Best Mars Mission Perlormance 
Wilh Reusable Engines 

- Enable High Pressure With Simple Reactor - Enhances Transient Operation 
No Weight Penalty (y Shield) 

Optimum With CIS FAs (Test Data) 

Near Term Technology Use 
(Formed Cu Platelet) 

Lowest Weight and Risk 

Garconp Energopool Babcock & Wilcox 
A6€5;10JS 
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Reactor gas outlet temperature for our CIS engine was selected by enalyzlng fuel assembly 
in-reactor test data. Fuel assembly tesls demonstrated lifetimes of 4000 hours at gas outlet 
temperatures averaging 2000 K and lifetimes of 4000 seconds at gas outlet temperatures 
between 3OOO K and 3100 K. An Arrhenius law study was applied lo  the data to predict lifetimes 
at other outlet temperatures. Thla work showed that fuel assembly lifetimes of 4.5 hours had 
been demonstrated at mean outlet gas temperatures of about 2800 K. In-reactor tests did not 
terminate wlth destroyed fuel assemblies, however, and Russlan sclentlsls have estlmated the 
lifelime demonstrable wlth a three to live year fuel assembly development program to be about 
2.8 hours with 3000 K outlet gas temperature. Arrhenlus analysis shows this corresponds to a 
4.5 hour life at gas temperatures above 2900 K. Thus, 2900 K nozzle Inlet temperature was 
selected to provide the greatest mission beneflt wllhln current NASA life requlrements. 

CIS Fuel Life Is Expected to Be 4.5 Hours at 2900°K 

H2 Gas 
Tc. "K 
3200 
31 00 
3000 
2900 
2800 
2700 
2600 
2500 
2400 
2300 
2200 
21 00 
2000 

Tc at 4.5 Hours, "K 
K 
h 

Minimum 
Achieved 

Life (Hours1 
0.400 
0.655 
1.111 
1.954 
3.579 
6.856 
13.80 
19.40 
66.67 
162.4 
428.7 
1,242 
4.000 
2,764 

0,574 x 10-8 
49.1 32 

Maximum 
Achieved 

Life (Hours) 
0.700 
1.111 
1 .E20 
3.100 
5.470 
10.08 
19.45 
39.57 
35.40 
197.1 
490.7 
1,333 
4,000 
2,830 

46,160 
3,709 x 1 0 7  

Llle -  KC("'^' (Arrheiiius Law i 

GENcb7p = Energopool Babcock 8, Wilcox 
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Life Expected 
in 3-5 Years 
. [Hours) 

1 .ooo 
1.637 
2.778 
4.855 
8.948 
17.14 
34.50 
73.56 
166.7 
406.0 
1.072 
3,105 
10,000 
2,914 

8,574 x 10-8 
49.132 

tiencmvio 
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The CIS englne's turbopump Is powered by e topplng cycle so that no speclllc lmpulso Is losl lhrouglt 
Iurblne exhaust overboard bleed flown. In this powor cycle reectot heat the1 Is deposlted In snglne componijnls 
(end must be removed conllnuously) le removed by :he hydrogen propellent, heatlng pump dlscharga flow to 

hlgh enough lo drlve the tutblnes. About 9% of IhB resetor heat la rbmoved, dh801)y ot Incltrectly, 
ne's noute, moderator. relleclor, pressure vessel, end redlallan shletds. However. abaull!Z% 01 the 
s needed lo drlve the englne lo a nozzle Inlet pressure of 2000 psla wlth edequate (10%) power 

conltol mergln end reasonable operatlng condlllons lor ell engine components. 

Is loss lhan 1.6. Turblno oxhausl flow lntornelly cools :he walls 01 the reactor vessel and Join$ Wlttl fhe noi2lc 

pPopellant flows through the low pressure slde of the recuporetor. There I t  IuSee Ovor 670 A (In0 k) Yi'npetafur(r 

dssemblf lnldts vla the Internal neutron shleld. Fuel assembllos provlde about g!4% 61 the reactor's 
powet to Ihe propellanl, so lhet Ita mexlmum exlt temperature Is 5220 R (2900 K) at e prealltrcr of 2000 psle. Thld 
gas l l b w ~  through the OeLavel rocket nozzle to space. 

lo the hlgh prdssure flbw for tutblne drlve powor. Tho cool, recUpefalor ouflel gas Is dlslrlbuted Io I I 

CIS TOC Rec 

G m ~ p  - Energopool. Babcock & Wilcox 
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The CIS engine flow scheme begins wlth Iwo parallel turbopumps. Pump dlecharge {low spllts Into Iwo 
streams; the smaller one coots the copper nozzle lhrough Internal passages as In a regeneratlvely cooled noub 
for blpmpellant rocket engines. The nozzle support Is cooled by a small portbn of lhls llow. The larger pump 
discharge flow enters the center 01 the recuperatorlgamma shleld located a1 Ihe lorward end o? the reactor 
vessel, dlslrlbutes 10 thousands of parellel flow, high pressure passages, end flows radlslly oulward lo a 
peripheral manlfold. Thls heated hydrogen gas tlows lo  and lhrough the turbopump’s lurblne. the exhaust belng 
routed lo an Inlet manltold on the elt sectlon of lhe reactor vessel wall. Thls flow cools the well lnlemally as It 
moves all to Join the nozzle coolant at Ihe aft core support structure. lo@% of the propellant flows through this 
slructure, cooling It and the aft peripherles 01 the 102 Iuel assemblies. Propellant Is metered forward from the 
suppott slructure through the reactor’s moderator and reflector sectlons In parallel, collectlng In a plenum at the 
forward end of the core. Here, gas flows radially outward lo coollng channels In the forward section of the 
reactor vessel wall. Propellanl flows forward to tile perlphery of the recuperalor. where it enters low pressure, 
radial lntlow heat exchanger passages. Cooled hydrogen leaves the alt lace of the recuperator’s center and 
distributes axially through the two layers of the plale-type neulron shields. Propellant flows radially outward 
through these shields Inside of metalllc platelets to discharge at the Inside wall 01 the reactor vessel. Hydrogen 
flows to the fuel assembly inlet plenum and Into the 102 Inlets, where iI is heated to maximum temperature and 
flows all Into the rocket nozzle lnlel end through the nozzle to space. 

NTRE Flow Scheme With CIS Reactor 

i r .  
! 

E F N ~ p  Energopool Babcack 81 Wilcox 
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ayout 

I 

Thrust. Ibl 
Chamber Pressure, pals 
Plozzle Area Rallo, AeIAt 
Englne Speclllc fmpulae. 3ec 
Mar8 Mlsslon Speclllc Impulse. csc 
Fmglne Total Welght. Ibm 
Thruel/Wolghl 
Englnes per Vehicle 
Payload Returned lo Earth. Ibm 

E n s W A ! & N . ~ o  

Component 

Uncooled Nozzle 
Cooled Nnzzb 
pressure Vessel, Reeclor Menlbld8 h CSS 
Reactor, Rseclor IhC 
Turbopump Assemblles 12) 
Recuperalor I Shleld 
Secondary Shleld 
PIumblngNslvsi 
Controls and Shleldlng 

~~~~ 

Stego Power h Heat Aemovsl Sys Wt. Ibm 
Englne wUh Power Sya Wt, b n  
l a m  Mlsrlon Speclflc lmpulph aec 
Payload Relurned to Eatlh, Ibm 

75000 
2000 
300 
958 
930 

15800 
1.7 
2 

47087 

Wilght. Ibm 

232 
965 
2536 
6619 
410 
2425 
842 
1320 
758 

2000 
17- 
949 

52929 
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CIS Reactor Design 

Richard Rochow 

0 Energopool = Babcock & Wilcox 
AeaaJeT 

Reactor Design Summary 

- Heterogeneity of the Core 

- Average Specific Power Density in FE 

- Fuel-Elements Twisted Rods on the Base of Solid U-Zr-Nb 
Carbide Solutions 

- Neutron Moderator 

- 20 MWll 

- Zirconium Hydride Rods 

- Controls - 18 Drums in Reflector 
and 1 Rod in Core 

- 7 Safety Rods in Core Against Water Filling Accident 

- Reflector - Be 

- Internal Shielding 

G w ~ p  Energopool Babcock & Wilcox 
AIaoJeT 
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- ZrH(B); LiH, 
Recuperator Steel 



Maln CliarRclerlsllcs of NRE Reaclor 
Thermal Power, MW 
Nalrtron Spectruin 
Average Exlt Temperature of Propellant, K 
PropBllanl Pressure In Nozzle Chamber, bar 
Propellant Flow Rate, kg/s 
Reactor Dimenslons, rnm: 
- Dlamalet 
- Height (includlng inner shielding) 

Mass. kg 

1650 
Thertial 
2900 
136 
35.4 

1050 
2100 
5800 

NRE Reaclor Components Mass (kG) 
Core: 
- FAs 1250 
- Moderalor 710 
Reflector MI0 
Inner Shielding 
- Zirconium Hydrlde 430 
- Llthlum Hydrlde 120 - Recuperalor Malerlal (Steel) 1100 

Safely Rod Drives (7) 80 
Rotaling Drum Drives (le) 360 

Supporllng SIructure 300 
Pressure Vessel 850 

Total 5800 

1 -  'it111 
I -  - .  

'11111 

- 1  
I 

@uubRp 
afpu-ra- 
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Main Core Parameters 

*mu Loading, kg 

n5U Enrlchment, % 

Average Speclflc Power Density In FE, MWllller 

Non-Unlformlty Power Release 

- Wllh the Core Radlus 

- Wlth the Core Height 

Thermal Neutron Flux Denslty, cm-2.S-I 

Core Dimensions, rnm 

- Dlemeter/Hel@hl 

14.1 

90 

20 

1.2 

1.2 

1.6 x 1015 

75011000 

E Reactor Cross Section 

fir I 

d 



Fuel Assembly DeScrlbtlon 

ts 

-500 

-500 

-500 

Max. FA Thermal Power 

FE pat FA 

Pressure Drop 

Max. Mash Flour Rate 

FA Dimenslbns. mh: 

- Fuel Bundle Length 

qv Pro- ~ower.’ 
&TI61 W/!- pellant MW 

IO0 ... 
150 -22.5 ti2 4.74 

100 . 
150 -22.5 H2 4.81 

- - 

100 .. 
-225 t i2  4.05 

- Fueled Lbngth 

- Bundle blimeter 

- Overall Length 

- Overall Dlameter 

Mass 

Up to 22 MW 

336 

40 bar 

0.62 kgls 

I lob 

1000 

45 
I 

1 suo 
55 

12 kg 

i 
Fuel Assembly Performance Exceeds En ine Re~uireme~ts 

Reauired Performance Paramelers IVG-1 I 

iprovements Requi 

NP-m-92  



Fuel Element Description 

Composition 

Max. Fuel Loading of I J  

Enrlchment 

Max. Design Temperature (at Hot End) 

Operational Temperature (at Hot End) 

- Average 

- Maximum 

Average Power Density 

- inFE 

- inFA 

Amount FA Tested at H2 Above 2,900 K 

UC + ZrC + NbC 
up to 20% 

90% 

3500 K 

2950 K 

3100 K 

20 kW/c?i?* 

12 kWlcm3 

ore than 10,000 

I 

ctor 

6ENctJRP 
AEi?OJ=I- * Energopool * Babcock & Wilcox 
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Reactivity and Control Characteristics 

1. Maximum Reactivity Margin, Yo AK 

2. Reacfivity Effects, Oh 

4.2 

- Doppler Effect and Effect of Moderator Temperature -1 .o 

- Water Fitting Effect *7.4 

- ogen Filling Effect +0.6 
- Burn Up Effeef (Compensated by Burning Poiscms) -0.4 

3. Control System Efficiency, Oh 
- 1  S 
- 7  y Rods in “dry” Reactor - ? Safety Rods in “wet” Reactor 
- Central Rod (in function 6f regulator) 

3.0 
18.7 
8.3 
2.7 

4. Poisoning Material of Controls f34c 

Gwconp Energopool Babcock & Wilcox 
msaaa 

t,OY Y h V I l  

NASA LerR‘C Find Report 

Prepared by RF, Rochow 
Babcock & Wilcox, ASE 
Oct 23,1992 

aciermwp EnPrgapool* Babcock & Wilcox A t e =  

NY-’IlM-92 



W C G P  ABILITIES 
NUCLEAR REACTORS 

ICR 3tm~.  35 Mwn 
0 Critical Reactors 

MANUFACTURING 

0 insulating Matl'r ZrCJVbC 
e Bulk Fabrication ZrH, Wfl 

Single Cryrt.1 Technology 

DESIGN 

250,tKN Man-years 
of NRE Desigdkit 

30 Years Experience 

TEST FACILITIES 
Uaikal-1 IVG-1, IRGtT 
Plssmatron 100 MW 
Creep Test Rig 2UU k W  
Corrosion Tester 250 kW 
Failure Mode Rig 100 kW 

Energopool Babcock & Wilcox 
AI?ZOJ=T 

CIS REACTOR DESIGN PHI1,OSOPHY 

0 Heterogeneous Corc 

e Solid Carbide Schutioii "twisted rihlioif Fucl Elcmciits 

Zirconium Ilydridc Moclcralur Kods 

@ZrH(B) and LiII Intcrnal Shielding 

@ Corc Support at IIot f k l  

@ 12 MW/I Ave. liucl l$uiidlc Power Density 

I GENmRP 0 Energopool Babcock & Wilcox 
A E a m E T  
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tiraphuc Carhide 
Pm-tir1e.v (1-8 mm Dtui 

< " . . .  .. 

_.___ _ _ - _  ____ _-  - -  - ___ 

Ihcl Element Specifications 
(loill position (U,Zr,Nb)C' 
Max. llraniuin I.oaciing 20% 
I+hrichrnea t 00 % 
M z i x .  1)esigir 'lernp. 3,500 K 
Miix. Operating ' lmp.  3,100 K 
I'ower Density: 

I in Fuel Element 20 MW/I 
in Fueled Volume 12 M w p  

'IWCmp Eneqopool. Babcock & Wilcoxi Aizi?oJm 

- axially and radial/y I 
-for mechanical prupeFite3 

- Monolitic NbC and Z r  C rubes 

- gwater than -50 %I prosiw 

i 
- Temp capability up to  lo(^ K i I 

i 

GmtoRp Energopool - Babcock & Wilcoxi 
2' l l \ l 4 F ~ -  i IS 



,Coo I ed 
, ,’ I-lozzle 

/ ,Press. V e s s e l  

---’lurhopump (2) 

\Control Drum Motor 

- RE&nVlt IAlNCITIJ IpINAt. GRQ@S-SECXIO& 

335 



A A  IA  

NP-TIM-92 

Fue I Assemb I i e 
Nozzl e 

Gaz Cooling C i  
for Nozzle 

Fuel Assembly 
Attachment Sle 

rcui t 
\ 

_L 

eve 

.Core Support 
Structure 

\ 
'\We I ded S e a  I 

Joint 

'.. 
\ 

'\Fi Im C o o l  ing 
S l o t  

P P 
CORE SUPPORT S-TRUCTURE 

Zr t I  LI%R) ,Lit1 
1 I .  

\ i  Recuperator Press. 

/ I  
Vesse I 

/ 
C o n t r o l  Drum Motor/ \Turbopump ( 2 )  

\. 
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Technology Rbadmap 

0 Deinonstrated React 
* technology Schedu 

Mcl Dulrnan 

Power Denslty, 
MwlUIre 

Energopool compahles have tested NTRE fuel asaemblles In feaclors wlth hydrogeh bullet 
temperatures as hlgh as 3100 K. A I  the hlghest tempetatune the assembtlerr have b&en tmtetl 
successfully R r  40W seconds Including 12 slarts irr thermal transient$. thermal transient rates 
of abaut 40I) Waeb have beeti used, but a slngle staft-up rate 8& high as 1000 Kls80 was 
observed without Incident. Fuel assembiles have been shown to teslst tong dutatitm vibration 
and high Impact loads wlthout critlcal damage. Fuel power denslty has been demonstrated to 25 
WBtMiter, or abloul15 WaWIiter of fuel bMndle \rolMme. 

Based on results to date, Russian scientists estlmete that thelr fuel assemblies will beable to 
demonstrate better performance and llfe wlthln a 3 to 5 year detnonstration progtam. 3uch 
Improvements can lead to higher performance, lower welght, longer llfe, rocket enalms. 

2.5 35 40 80 

Russia Has Fuel Elements and Fuel Assemblies 
far NRE Reactor and Plans to lmprove them 

H2 Temperature 
Transient, "Klsec 

Number of 
@tlUts-Ups 

IGV-1 and IGR 

* 1000 

400 - 1,Mw, 

12 12 20 

161 up to 
3 KHzlSO hrs I Vfbro-Strength 

@Frequency [HzY 
Testing Time (h) -_ 

300 
. __ 

k N m R P  
NT~: s - ~ ~ B  Energopool * Rnbcock & W i l c g  NP-TfM-92 
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Russians have developed several families of high temperature nuclear fuel and have tested 
them In many ways in material laboratorles, nuclear reactors, and In hot cells for post-lrradialon 
properties. Carbide fuels have demonstrated the highest temperature capabilities with good 
material properties. U, Zr, Nb lricarblde alloys are selected for NTRE fuel, the exact composition 
depending on core locatlon. Low uranium concentratlon is used In the hlghesl temperalure, aft 
fuel bundles, and In the center of the core to flatten the rodlal power dlstrlbullon proflle. The 
favored geometry of indlvldual fuel elements Is that of thln, twlsted strlps. Coatlngs of carbldes, 
nitrides, carbonitrides and pyrocarbon mixtures of tungsten, molybdenum, and rhenlum have 
been developed and tested for corrosion resistance and thermal strength characterlstlcs. 

NP-TIM-92 

Energopool Babcock & Wilcox 

339 



of the fuel assembly contains several bundles of fuel eleme 

elements are fused together and contaln no urenlum. 
Dslaval rocket nozzle or to a subsonic dlfiuser (selec 
envjelope is metalllc and hydrogen cooted wlthln the reactor, snd It Is insulated Internally with 
several layers of graphitic material. 

plenum delivere gas to either a 
Mars engines). The outer 

Each Fuel Assembly Is a Fully Integrated Unit 
scmoeon cacrAe TBC‘ 

mwc. 
110. 

340 NP-TIM-92 



Fuel assemblles have been tested in the steady slate nuclear reactor, IVG-1, both singly and 
In clusters of Seven In hydrogen, and under high temperature and pressure at thermal neutron 
fluxes above 1015 neulrons/cmz-sec. 

Obtained Conditions ol Tests 

1. PoweroflFASllMW 
2. Temperature of H2 - 3100K 
3. Power Density q y  35. MW 
4. Heal Flux q:= 13 MW/m 
5. H2 Temperature Transient 15O”Ws 
6. Reactor Starls Per Month. 2 
7. Thermal Neutroii Flux = 2*1015 iieulrocis/cin2 -9 

TeSled Objea. 
Module ol W v e  Zone 
With 7 FA 

Hz Flow Rale: 1 8 kgs 
Presawe 01 Hz 18 MPa 

tl) t tnv Ildle 0 7 kws 
l’ressu~e 01 I t ?  14 Ml’a 

SIngla Fuel 
A8msmbly 

l , l*C, .6 .1  

NI‘P: System Concepts 

Acllve Zone of IVG.1 

GENmRP Energopool 0 Babcock & Wilcox 
AIXOJe7  
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Many reactor materlals have been fabrlcated and tssted hy Energaponl in laboratories, in 
reactors, and In post-Irradiation hot cells. Structural, 08ulfop moder@llnq, neulrQn retlecting, 
and neutron absorblng materials have heen tested to hlgh IIuxes, fluences, temperatures, and 
lmmerslon tlmes Io hydrogen and other medls. 

Materials Testing Results 

Test Parameters 
M8terlalS Neutrons Neutrons T, Ufe-Ttme, 

cm2/s cmz “K Hours 

I I I I 

Be, Be-Ai. upto 77 ... 500- 
Be with Coatings 2 * l d 1  1200 2,400 

Absorbing 600.. 500- 
Elements 1 $*” 1 if:odl 1,300 10,000 

-_ - - __ 

Notes Medlvm 

Experlmerrts T = 20°K 

~ - - -  He 

NP-TIM-92 



Th 
have e 
that cover the range of critical assemblies, shlelding Investlgation, materlal and equlpment 
manufacturlng, reactor safely analysis, and many testing laboratorles. These laboratories 
include facilities for material Investigation In pre, In-plle, and post-irradiation environments, hot 
cells, and a variety of research reactors for fuels investigation. 

imental capabiilty of Engeropool Is rather eompiete. Between six companles they 
ced analysis, deslgn, manufacturing, and test personnel. Energopool has facillties 

Experimental Capabiliries of CIS Test Facilities 
for Validation of NRE Reactor Development 

(Carried Out Tests) 
MANUFACTURING 
2FE-Prow8 Um. 

81A"Luch' 
1 ClwsNaar. 

Reactor Components 
(Includlng Shteldlng) . 

Plan1 
SB ADIPE 

90% Complete (Fun 
Sel ol Equlpmant) 

1 SetNear 

250.0W Men-Year8 
EWG-1 Reaclw 
J E SIA'Luch" 
300 FA8 Tart@ 
T - 2000-31M) K 

r = 4000 8ec 
M m p b  cyclea 

FBIIUI~S Not 
ObMNed 

NP-TIM-92 

VVR Raac(M 
SC 'KurChe(0v tnslllule" 
Shleldlng lnvesllgallon 

153543 

!%!!Ey Enerqopool a Babcock & Wilcox .. . 
343 NIR System Concepts 



Parallel 4-Year Technology Development 
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Summary 

Me1 Bulman 

GENCnRP Energopool Babcock & Wilcox 
AEaOJE7 

Our Integrated Engines Provide 
Safety and Reliability - Simple Thermodynamic Cycle 

Integrated Auxiliaries Simplify Propulsion - Start S stem - RCS (d igniters, 02, Combustion) - Electric Power and H2 Refrigeration - Four Core Cooling Systems 
., Improved Engine Start (Preheat) - No Thermal Shocks 
- Enhances Multlple Engine Safety - No LH2 in Core (Reduced Reactivity Insertion) - Thermal and Acoustic Damplng - Assured Restart 

- Low Fuel Tern and Stress 4600°F) 

- Low Nozzle Temperature (600°F) 
- Low Moderator Temperature (400°F) - No Deep Thermal Cycles 

. High Marglns - Long Life 

- Low Turbine P emperature ( b 00°F) 

GwCimp Energopool Babcock & Wilcox 
IkSWOJcT 
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Ow IntBgrated Engines Prsvida 

Mission Benefit Improved Mission Average Isp - Heterogeneous Rswtor - Qreatly Reduce 
- W2 Refrigeratlo - OMS Thrust at a - ACS Thrust at * 5(39 $ 8 ~  Isp 

9 Improved Englne ThrustlWeIght 
- High Power Oenslt Reacfcjr - High Pc (Reduces I I  hield and Nozzle Size and W ~ ~ ~ b t )  

- Deep Throttling [Enables Multlplts Burn TMI) - - 109 kWe Electric Power/Englne - Rapid Restart 

01 &as#, Save a 109 ld: Ib LHZ 

lsrp (wlo Pump Stafi) 

Operational Benefits 

f?immP Energopool * Babcock & Wilcox mmwer 

Our Integrated Engines Provide 

Low Life Cycle Cost + TRL 4 to 6 for Major Compcrnents - CIS Fuel Developed - Smaller, Lower Cost Components 

- Nozzle - Pressure Vessel - Shield 

- High AP Scrubbers 
Reduced ET0 Cost - Reduced IMLEQ - Smaller Payload Bay - Design Flexibility and Growth Potentlsl 
Reduces Caqt - Recuperated Cycle - Electrical Power System 

- Hlgh PC 

. HI h Pc Enables Small ETF - a igh Pressure Storage 

l%WmP Energopool 9 Babcack & Wilcox 
AEi3C2Je7 ,169 C l V l l  
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LTS/NTR Design & Operations Slucly 

Pet lorin ail Evaluation ol liie Polciilisl Applicalioiis ol a 
Specific Nuclear Tliertiial Rocket (Nln) Ilesigii lo Past arid 
Current (First Lunar O~ilpost) Missioii Pi olilc(s) for I’ilolccl 
arid Cargo I-unar Missions, arid to Assess tttc Applicat)ilily of 
Illili7iiiq I ttriar Vcliiclc I)rsiqii Coiicfybls loi Mats Missirws 

NP-TIM-92 347 



hnctional Reqts 

. Suttac# 

4.0 Surfate Opt: 

. I  lsslon Cose I - NTR Performs TLI 

Mission Case II - NTR Performs TLI & LUI 

I r i c ~ a n  case IV - ~tti Pertortas TLI, LW, TN, & EOC 
/ 



Performs TLI, LO1 
-Longest single burn time 30 min 
445 Day Lunar Surface Stay 
-1 HLLV Launch 

AV = 907 m/s 

B 
C 
R 

AV 

/ / , I  #,:If ;a’f//liiy LOR Space Based Operations Overview 

AV = I 8  

AV = 907 mls 

NTR Stage 
in LLO 

and Reconfigure in LEO 

t 
10 m/s 

mls 

NP-TIM-92 

I n w n o ~ i  I rm RPUW n p ~  
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Comldwelians 

Active RefrJgetaliotl Tao tieavy For Benelit 1G Abort &&Sion I1 
Failed MU L SOFl 

- Lan&?r Consldetetions 
Lunar Dlrect Mission 

2 Stage Gryolstorable Removes tong Term 
Hydrogen Storage on Wit 

I In Sage ClyoiCtyo Dubpwtorms 2 Stage 
Lander Consistently in Past STV Studies 

Lundr Otbil Rendezvous 

N I P  system Concepts 350 NP-TIM-92 



mar Orbit Rendezvous CoMguratlons 

i he chart below shows the lop seven candidates 01 the t.iitrdr Orbit IIcndezvous coiiltqiiratioiis We. 
starlet1 with otqhtoen I)ossiIile cociliguriitioirs in this cntaqory. ;titif ttiroitgli pr!r IcJiwarii rims. design 
constrainls and operational issues, that eighteen was narrowed lo the followiiig seven l l ie misstorts 
that utilized a cryogenic liquid oxygen and liquid hydrogen TEl stage were extremely close i i t  
performance lo those missions using NTI? to perform the It1 burn Therefore. i t  was benebctal to sltow 
the elimination of an entire technology, use of a IOXlLlI~ stage. and to show t l n t  a lunar mission call 
be supported solely by NTR technology Anolhcr crilorin Itinl rliiriinalcd caitdrdales was ~rc~rlorrnatica 
at least 5.00 tonnes to the lunar surface oii a piloted rnisston Also elirntnated in the earlier pliases of 
the study were two HLlV candidates We started wilh lour IILLV candidates 661. 1051, 1321. and 1351 
launch capacities We narrowed that field to two candidales based o1i pas1 STV analysis showing the 
1321 and 1351 vetiicles virtually even on pcrlormnncc 01 the three t h 1  were lefl. 661. 1051. 135t. we 
eliiiiiiialed llie 105! because 01 study cumptcxity and to deiiioriclrntn 11i:iI NIlI c n i ~  bo i~l i I i7rd on 11ir 

two extreme launch vehicles and, therelore. everything in belwwri 

Three of the configurations shown below starled with a cluster 01 three 25Klbf NrR engicies. but wrlli 
further analysis their performance was greatly enhanced by going to a single erigirie configuration 
Also. two of the configurations arc two slage NTR confiqiirahons The first NTR stage perlorms the 
TLI burn and is then staged oft to perlortn a lunar assist disposal burn into licliocontric space Tlw 
second NTR st&e then performs !lie rest of llie iiiissiori ;tritl 15 also disposed 01 nllcr llir! 1 FI htirii 

cx)r, 

T 
N r n  

Lunar Orbit Rendezvous Configurations 

25K 

oispose 
1351 HLLV 

NP-TIM-92 35 1 

JH971013 (1 IA 

NTP: Svrtem Concevts 



/ I  .I I/! Y m/ I/ 1;;; 
Lunar Orbit Rendezvous Configurations 

f Component 
Slructure 
Tankage 
Subsystems 
Engine Structure 
Englne 
Shleld 
Conllngency (15%) 

Tolnl Dry 
Propeiinnl 
Total Wet 

MTA Performs 111 and DIspasoB 
N'CR Performs TLI an& Reused 

-- 
1 

1.37 
3.71 
1.98 
0.41 
3.73 
1.50 
1,91 

14.61 
63 73 
78.34 

Engines 6.00 rn 

Engine 

1351 

t 
___- 
- 

1.95 
6.80 
2.87 
0.96 
6.83 
4.50 
3.59 

27.5U 
123.09 
150.59 

__ 

__- 
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Lunar Orbit Rendezvous Configurations 
/r .B %‘I YlYll! t;/ 
T NTR Performs TLI, Lot, TEI and EOC - 1351 HLLV 

NP-TIM-92 

0 10.0 m 
Lt 12 Tank 

Rendezvous & Dock 
Sap. Plana 

a l U o m  
LH2 Tan 

(1) 7% Engirie ’ 

NTR Stage 
-I_ 

Component 

Structure 
Tankage 
Subsystems 
Englne Structure 
Englne 
Shield i Contlngency (15%) 

0.96 
6.03 

4.25 

J(1921013 07A 

lk+i,!~lCXNii E/ Lunar Orbit Rendezvous Configurations 

T 2 Stage NTR Performs TLI, LOI, TEI and Dispose - 66t HLLV 

11.30 m 

(1) Prik J - - - y C r , s t a g e  Engine 

nendezvous & Dock 
Sep. Plana 

LIIZ Tank 

Adapter 

353 

NTR Stage 1 & 2 .- 
Component 

Sturcttrre 
Inokage 
Subsystems 
Engine Structure 

Shleld 
Contlngency (15%) 

Englne 14.91 

-i- 
Total Dry 
Propellant 
Tolal Wet 

29.04 
54.42 
04.26 

.lll~:~l~ll:~ llUh 
NTP: System Concepts 



anderlStage hdapler 

E&nM 
NTR Performs 
TU 4 Dlspcse 

m 

6.W m 
Engines 

WTR Perlorms 
TLI 4 Rwssd 

' ComRoneyrt 
Landerrrll Adapter 

Subsystems 

sn@nim 11.18 
shield 0.W 
Cqnllngenty (20%) 3 98 

Tolal Dry 23 87 
Pmp?llanI 59.60 

E V W  SNCIUm 

<Tola1 Wal 
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vo7 
P@RPWiH NTR Reuse Examined in Study 

-Developed vehicle mas: 
-2 cases conslder reus 
-2 cases conslder spac 

LOR Mlsslon 
TU, EOC burn 

Reuse elemenls: 
NTR englnes 

woperties, payload capabilities, space operatlons 
lor NTR only 
based fully reusable vehlcles 

Reuse elemenls: 
NTR englnas 

netme elements. 
NTR englnes 

Lander 
Crew Cabs 

T 
LOR Mlaafon 

TU, LOI, TEl, EOC burn 
Slngle 75kW enaha 

Reuse elements: 
NTR englne3 

Lander 
Crew Cabs 

n o  
Notes: Reusable Hardware elements deslgned for 5 mlsslon 

- NTR returns to 500 km circular orbll belween mlsslons 

.Identified infrastructure needs (assumed exlstlng)' 
-STS for crew deilvery/retrieval 
-SSF for refutb 
4apablllly for on-orblt reluollng or tank exchange 

'Inlraslrudure cosls (elements & associaled operalions) were no1 Included in cos1 snslysls 

LH920819+?EUSE O W  RULES7 

* 
T 

/ I  .t~6:ERb!Jril63 
Reuse Cost Analysis 

Lunar Orbit Rendezvous 

m t.00 Expendable N LuAar Direct . - - _ _  .- 
x 

Expendable NTR 

0.50 Reusable NTR 
1- - 
E 
0 z NTR Performs TLI burn WL 0.00 v 

v) 

Y) 
c 

8 
.- A 

= 0.M) 

0.50 - m 
i 

1 0 1  5:l 1.1 1.5 1'10 
Rallo (Piloted Flights: Ci 

Reuse Reduces 
Vehicle Recurring 
Cost approximately 

Ratlo (Piloted-Fiigh2jCargo Only Fligtils) 

Reuso l i ic toasas 

NP-TIM-92 355 



1 
4.7 

T 
I1 a:%'hk :xiYitll; i' 

NTR/Cryo Reusable System Comparison 

neuseble flendezvous & Docked 
NTRlCryo LTS 

Space Based 9D-Day 
Swdy Darirwf LTS 

A 

1 Rendezvous b Docked 
LT5 (2 135 I HLLVs) 

P 
E 

B - 
2 
0 I- 

% of NTR DOT&€ Shared 
wilh Msrs Program 

engine development program 

Toial Mass Dellvered (1) 

I Sharing Development Cost of Common Elements with Mars Program r Lowers Total Cost of Lunar Mktslons 

PIT€? System Concepts 356 
111471(117 Ma1F BVnlt*U"U 
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Near term NTR Provides Feasible Alternative to Cry0 system T 
for Lunar Missions 

-Performance 
NTR LD concept offers smaller IMLEO for same payload capability as cryo system 
NTR LOR offer greater payload delivery capability for same IMLEO 
-Cost 
NTR more cost efficient ($/kg) than cry0 system 
NTR Development cost greater than cry0 systems 
-0ps  
LOA option requires on-orbit cry0 transfer (technology risk) 

-Schedule 
1st cargo launch capability in 2002 

r 

*Near term NTR enable efficient evolution to Mars 
-Cost 
Shared development cost of common elements enhances affordability 
Hardware commonality 
-Mission 
Lunar NTR adaptable to wide range of mission architectures (Direct, 
MOR) 

I ll97t009-Ca11clrrsion 

NP-TIM-92 357 NTP: System Concepts 



Sate RctUtri of NTR tu Earlh Orbit Pulsed Cmldown ptopellanf can ba used fo lower 

cdplure! orbit IO selecfed operaliuns allilude 

* Lunat/Mars NTR Disposal Modest cost, law risk dlsposal to heliwenfric orbits lor 
all transfer lrajaclories 

Aim Point Bias Olfsets Targeting Errors 

One of the operational safety concerns for nuclear propulsion i9 how lo manage safe relurn of a 
nuclear powered transfer vehiclt to Earth orbit. Allhough the niislion profiles used in this study call 
for crew return by an Earth Crew Capture Vehicle (ECCV), capturing the transfer vehicle offers the 
added flexibility and possible cos1 savings of reuse. The return orbit must be low enough to be 
accessible from Earth launch at reasonable cost, ye1 high enough to ensure safely 

Experience shows that orbit Insertion errors ate? caused by some or all of the lollowing factors: 

* ‘“7 Gf? Maneuvers (TCM), resullirig from off-nominal lhrusl level, 
rat *n. IWY ~ r i  mmd bv the ~eprridrm ut atllluek eonlrol 

6 uncertainly in determinitig the spacecraft‘s orbit 
* 8mall mors In preGise locatlon of natural bodids 

NTP: System Compts 358 NP-TM-92 



Aim Point Bias Offsets Targeting Errors -_ - _.__ . - - - - . --___ - -  . - - 

- liirgc?lirig txrors result from olf norninnl TCM burns, 
uricerlairily i r i  orbit deteriiiiiialion 

Target B-Plane 

Incoming Aim Point 
Asymptote 

* 'I ypie:il irijwlioii (?iiors arc siriall: nlliludo clispcrsioris of :I 
lew kilornelers 

- Darnp out dispersion effects by cliariging llie aim poiril to a 
higher orbit (elliptic or circular), then use small iriipulses to 
lower to desired lirial orbit 

TCM 

Cooldown Propellant Cliaracterislics 

Since NTP systems must cool the reactor with flowing hydrogen after every main burn, i t  would be 
desirable to use as much as possible of this propellant for productive thrust. The continuous 
cooldown flow lasts for a few minutes, and is assumed to handle par! of the required capture 
impulse. The pulsed flow lasts over several hours, with the exact profile depending on the main 
burn duralion. Pulsed flow averages a specilic impulse of about 440 seconds, bul at a very low 
thrust level. 

The table in (he lower rght coiner opposite shows the four phases lor a niairi burn of 600 seconds, 
lypical of Earlh orbit capture burns for return from the Moon. Iri this case, the pulsed flow riiusl 
occur over 31.5 hours to keep the reactor within the specified temperature range. 

NP-TIM-92 359 NIP: System Concepts 



1 ' P Rated Thrust, Isp 

Startup 

Pulsed Flow Phase 

0 500 1000 1500 2000 
Main Burn Time (see) 

0 500 1000 1500 2000 
Main Burn Tlme (sec) 

Average Average 
Propellant Thrust kip 

Phase A Time (kg) (Ibl) (see) 

Startup 6 0 s  3,127 17.411 737 
. -- . . - - -. - . - 

Main 600s 24.737 75.000 825 

Continuous 458s 1,748 5,635 670 

Puke 31.511 1.483 12.7 1311 

Altitude Prolile During Pulsed Cooldown 

7 he baseline profile for a piloted mission to eilher the Moon or Mars is to separate the crew in an 
ECCV for direct reentry at Earlh relurn. This eliminates Ihe operational concerns of crew safety on 
board during the extended cooldown time interval. Modeling of lhe pulsed flow shows a tolal 
propellant requirement 01 1,473 kg for cooldown purposes. Froin the C N  mass requirements, 
shown elsewhere in lhis study, this translates to a AV of 1 17 m/s, assuming lhe maximum ellective 
thrusl could be imparled by thc propellant flow. 

The problem is to ma th  the required cooldown propellant flow wilh an orbit modification strategy 
that meets mission requiremenls, while deriving maximum value lrom the available AV. The 
approach used here is to accept Ihe pulsed flow profile as given in !lie Aeiojel FEP oulput ~uris 
referenced on the previous page (although il may be possible to modify it), and lo use each low 
thrust impulse to lower the altitude of the initial capture orbit. We begin with a circular orbit at some 
allitude, aiid proceed lo apply a scquerico of rriariy sir i l l  iirtpulses lo lowec lo llie desired 500 ktri 
orbit at lhe end of pulsed cooldown. Starting with a circular orbit at 716 km will produce Ihe desired 
final altitude of 500 km at the end of this thrusting program. 

This use represents one example of how the pulsed cooldown propellant may be used for transfer 
vShiihjg(9 !hrust. 9 cgm@ete chargcterization for the range of engine sizes considered In this study will 
requlro burn slmulallane for various Ittrust levele. butn tltnee, and number8 of englnecl slttged 
fogelher. 
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- LOR Mode. with NTR performing 4 
inairi burris 

- Crew separates from LTV on approach 
and returns in ECCV 

- 600 sec burn for Earth capture 

-_ .. I- - - 750 

Propellant = 1,473 kg 
Ai' - I17 IlJS 
Time = 29.2 hours 

0 5 IO 15 20 25 30 
Time From Start of Pulsed Cooldown (hours) 

Efficient use of pulse-mode cooling for thrust is the aclive constraint 
in selecting an initial capture orbit 

* Biasing to counter possible orbit insertion errors is easily satisfied 
by this initial selection 

NTR Disposal for Lunar Missions 

Two broad categories of long-term disposal orbits have been exaniined for use with nuclear lhertnal 
propulsion in lunar and Mars transfer vehicles. These are: Earth orbits a! altitudes high enough to 
ensure long life before reentry. and various heliocentric options. Although all of these olfer real 
possibilities for reactor disposal, selection may depend on programmatic guidelines. As a 
conservative approach, we consider the heliocentric options to be preferable, so long as the 
propulsion requirements are reasonable. As the table opposile shows, AV to reach a parlicular 
disposal orbit is highly dependent on where the transfer vehicle is when the disposal operation 
commences. Since this study considers a variety of NTP use scenarios, there is no single lowest- 
cost solution. 
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NTR Disposal for Lunar Missions 

Want permanent solution. 

small long-term risk of Earlh reentry 
- 110 requiretncnl for aclivc nianagernent 

Two classes ol candidalas. Farlh nrhits and halimcnlric orbils 

Cos1 (AV) itilluericed by localion wlren disposal sequence begins 

Final sclcctloti will dcpeiid oii prograrri's balancing of  risk (teal a id  perceived). aiid cost 

NTR Final Disposal Location 

I Earlh-Crosslna I Stable 

Lunar Orbit 4210 1 750 060 2550 

31 10 2166 194 I450 
200 .I 3859 3267 4550 

~ -____ - - ______ Post-I El 

_I__ - _. - - - LEO 

Crossing Orbits 

Previous work by SAlC identified a class of Earth-crossing orbits that lie just inside or just outside 
Earth's orbit, and that are slightly oul of the ecliptic. Using a Monte Carlo simulatlon code to 
estimate the lifetimes and reentry probabilities of a body In such an orbit shows promising stalistics 
for use as a disposal location. The Earth reencounler probability shown In the graph represenls a 
slightly higher risk than collision wilh an asleroid in slmllar lime periods 

As the table on the previous page stiowed, the crossing orbits are easily allained from most points 
in lunar mission profiles. The exceplion is disposal of a vehlcle from LEO 

NTP: Systcm Concepts 362 NP-TIM-92 



- - Crossing Orbits 

Graze Earlits orbit at 0.88 x 1.0 A.U. pr 1.0 x I .15 A.U. 

Are slightly inclined to minimize reentry probability: i > 2 deg 

Are predicted to have: [Planetary Encounter Probability Analysis (PEPA) code] 
- mean lifetimes of the order of 107years 
- probability of Earth reencounter in S 10,000 years of 1 -2% 
-probability of Earth reericounter In S 1,000.000 years of 17-18% 

.... , . . . . . . . . . . .  . . . . . . . .  . .  _. . . . . . . . . . . . . . . . . . . . . . . . . . .  ........................ 

NP-TIM-92 

T 

Probablllty of Earth Reentry in t T 
1 

1 

01 
104 lo5 106 101 

T h e  In Orbit, T (years) 

Stable Orbits 

The second category of heliocentric orbits was also identified by SAIC as a possible permanent 
storage locatlon for hazardous waste in space.' This analysis was one part of a large effort to 
explore space-based alternatives for nuclear wasle disposal conducted during 1977-79. These orbits 
are of interest because they are predicted to endure for a very long lime wllhoul becoming planel- 
crossing orbits. Two bands of these stable orbits have been identified, as shown opposite. The one 
of most interest for Earth-Moon and Earth-Mars cases is at 1.19 A.U., between Earth and Mars. 

The orbit starts out circular, but becomes elliptic "quickly" in the long view of the situation, as shown 
on the graph in the lower left corner. This graph plots heliocentric distance as a function of time 
(note Ihe x-axis scalel) for the periapse and apoapse of the stable orbit. I he  Mars peripase and 
Earth's apoapse are also plotted. All four show significant variations over the one rnlllion year time 
frame, but the stable orb2 never crosses its closest planetary neighbors' paths. This means that, 
with no further active management, placing an object in the stable orbit is sufficient to remove the 
real risk of Ihe on-board radiation hazard. 

As the earlier table indicated, significant impulses (1450-4550 m/s) are required from the lunar flight 
path to deliver the LTV to this orbit. Although there is a cost difference over the crossing orbit, the 
stable orbit offers a greater rlsk reductlon potenlal. Whether the additional risk reduction Is required 
will depend in large measuro on program guidelines and policy. 

Friedlander, A .  L .  and 0. R. Davis. "lung lertn Hick Analysis Associated With Nuclear Waste Disposa, 
in Space," SAIC Ileport No. 1-120-062-117, prpparpd uwler runtract  NAS8-33022 for NIISA/MSIC 
December 1970. 
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Stable Orbits 

hn atbil is &&&over lime T if a body In that orbit 
doesn't cross a planet's path in T 

Starts at 1.19 x 1.19 A.U., becotrrcs ellipJic. but 
doesn't cross Mars or Earth 

Mars Perihelion n 1.5 

Earth Aphelion I . '  I 

0.0 0.2 0.4 0.6 0.8 1 .o 
TIIM (106yeers) 

-r '.a '" 

Aphelion --r .o 
erllisllan -* t EARTH { ,, 

NTR Disposal for Wars Nlissioiis 

Iwo options are considered for Mars missions: llic slablc Iiclioccnlric orbit, or disposal alorig llic 
interplanetary trajectory that the transfer veliicle is following. For the farwr, the AV requiremenls lor 
two split/conjunclion mission pairs are shown on the facing page. Cargo missions need two 
impubes lo leavp Mars and tq circularize. Crew mission trajectories are modified to PrfQrm Earth 
gravity assist after ECCV separation, saving roughly 2 km/s impulse. The orbit p l ~ l  show the 8 0 7  
crew return profile, with Earth swingby to final capture burn at 1.19 A.U 

The second optioq is lo leave the transfer vehicle in its flight path. In 
crosSes at least one planet's path, setting up possible unintended grq 
Hawever, predicted chance of Earth reentry In one rrrillion years is gennera\ly of the same order as 
the likelihood qf colliding with a typical pear-Earth asteroid. The only excaption is the near- 
Hohmann transfer leg from Earth to Mars for the cargo vehicle 

s, the flight path 
61s in the future, 
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NTA Disposal for Mars Missioris 
- .  _ _  __- -___I__- . 

Leg 
Cargo E-M 

M-D 
Crew E-M 

M-E 

E-D 

-- 

Consider Stable orbit. or disposal on interplanetary pah 

Mission @s~g~a!_S_larls rrom Ro_qu&.cG-!!ans.uxe!s 

Circularire ai 1.19 A.U. 

Circularize at 1.19 A.U. 

Circularize at 1.19 A.U. 

Circularize at 1.19 A.U. 

2005 Cargo Mars orbit, after rendezvous Depart Mars Orbit 

2007 Crew Earth approach, after ECCV separates Earth Gravity Assist 

2007 Cargo Mars orbit, after rendezvous Deparl Mars Orbit 

2009 Crew Earth approach, after ECCV separales Earlh Gravity Assist 

Chance of Earth Reentry 
in t ria* years - % 

2005/07 - -I 2007109 

12.0 12.0 
0.0 0.0 

3.8 3.0 
2.2 2.6 
1.2 1.4 

.._ 

I Depart Mars 

in Disposal Orbit 

I T  

Crew Retu m 

NP-TIM-92 

bl 
0.664 km/s 
0.998 

0 
2.954 
0.665 
1 .m 

0 
3.01 7 

- 
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ENABLER I AND I I  ENGINE SY5TEM DESIGN 
MODELING AND COMPARISONS 

TOPICS 

OBJECTIVE/AI'PROAC€I 

9 ENGINE SYS'I'EM I)I~SIGN/MODEl.ING ASSUMiTfONS 

9 ENGINE SYSTEM SCALINGICOMPARISONS 

* CONCLUDING REMARKS 
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OB JE~rIVE/A~PROACH 

* Objective: 
- Defitie a Near-'lkrm Sdid-Core NlT Ersgirae System Scaling Database 

-- tdentify/Docuineirr Unified Set of I'etFonnance, Weight arid Size Scaling Data 
-- Results Should Be UscFui to Meet lnitial Mission and Concept Deign Study 

Requirements 

* Approach: 
- 
- 
- 

AcquirelReview Sast IbvcrlNERV. Engine Design Work 
Assess Currenr Engine System Data 
Conduct Preliminary NI'P Engine System Design liades Using the N U S  
Design Prograni 
-- Fsahlish Opemriiig Itngc of Iiiteresr and Technology Design Approach 
-- Design hralysis Itqwrddiries 

* SAlC - Engine System 
Watinghouse - Reactor and hitcmd ShieId (ENABIBK Reactor) 

Establish a Catalog of EnaMer i and it Engine System Design for a Range 
Configurations and Operating Conditions 

- 
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ENABLER I AND I 1  ENGINE SYS'I'EM DESIGN 
DA'IABASE IIEVELOI'MENT CLOSELY 

PARALELLED NESS PROGRAM DEVELOPMENT 
PY 1989-90 I 
INI'I'IAL SAlC 
Nrr-ms DEVELOPMENV 

I 

W A B p  11 ENGINE 
SYSTEM DATABASE N16S VI:ISlON 2.0 

ENAULER 11 ENGINE 

NESS 1'UBl.K REI EASE 
'I'HROUGH WSMIC - PC and V u  Versions 
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ENABLER REACI'OR DESIGN AND OPERATING 
PARAMETERS EXAMINED 

Full ElanentfCliainher'l'iii~lurc Range 

- Grapliirc: 2,200 - 2,500K 
- Gni1x)site: 2.500 - 2,900K 
- Carhide: 2,900 - 3,300K 
l % N S t  Imel: 15,000-250.000 IbT 

Cliandwr Prcssitrr: 500 and 1000 psia 

ENABLER (NERVA TYPE) NUCLEAR THERMAL I ROCKET ENGINE 
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PRISMATIC FUEL ELEM EN'I'S AND SUPPORTS 

FUEL AND SUPPORT ELEMENTS 13ARAMETERS 

Fuel Element Composition Graphite Composlte Carblde 

Fuel Coaled Particle UC - ZrC Solid (U, Zr) C Solid 
Ternperature flange K 2200 - 2500 2500 - 2900 2900 - 3300 

Solution and Carbon Solution 
Coating ZrC ZlC - 
Unfueled Supporl Element Graphite ZrC-Graphite ZrC 
Composition Composite 
Unfueled Element Coating ZrC ZrC - 

1 



REACTOR l'AltAME"ERSIC)-IAItPLC1'ERlS'l"lCS 
AS A FIJNC'TION OF THRUST LEVEL 

_____-- ---- - - 

,llrnrst (IMW) tbl) 

Reactor Power Rartge (MW) 

Fuel and Support Element Lertgtli 
{m (Irdi)} 

Pressure Vessel Length IM(Inc1t)J 

Fuel Element Power (MW) 

Relative Fuel Element Power 

2.10 (82.6) 2.13 (84) 2.58 (101.6) 

0.629 0.808 

0.778 
Densily 
Ratio of Fuel Elements (N) lo 
Support Elemens 

Pressure Vessel Malerlal 

Rellector Material 

Internal Shield Material BAT WLead BATHnead BATHAead 

2:l 3:l 6: I 
--- -_-. 

Aluitihiuiti 

_ _  _-  Bet ylliurii Beryllium Beryllium 
- Aluirilriuiii ~ ~ I J I I l ~ J ~ U I I l  _- 

- 
BATH - Borated Aluminum Titanium Hydrlda 

RADIATION LEAKAGE LIMITS C ~ T E ~  ASSWME~ 
-AT A PLANE 160 CM (63 INCHES) FORWARD OF THE CORE CENTER - 

Type of Radlatlon Radlatlon Leakage Llmlts Wlthln 
Pressure Vessel Outslde Radlus 

Gamma Carbon KERMA Rats 
Fast Neulron Flux 2.0~10~2n/cm~-sec.En>l.OMeV 

lnlermediate Neutron Flux 

t .8 x i 07 rad (c)/hr 

3.0 x I 012 n/d - sec, 

-_ -- 

0.4eVI;EnSl.OMeV 

6.0 X 10'1 nlm2 -see. En < 0.4 ev Thermal Neutron Flux 
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ENGINE SYSTEM ANALYSIS AI'I'KOACHIASSUMPTIONS 

Use SAIC NFSS Cycle Analysis Code 

. Cl~ecWAtijtist fiitle IC# n 11rauialrlr ' l h  Chsc 
-- llocketdyt\e ENABLER I 3rd ENAULEII I1 

75,000 ll& 1000 p i n  Encinr Sywin Drtign Srlrrtrd 

- Model Engine as an Expander Cycle 
- Incorporate near-lkrrn Stare-of-ilrchrt 'lichnologics 
- Incorporate Dual lirrboptmip Feed system 

-- Single I'ropcllaiit turbupunip With Dud Valving 

- Centrifugal 'litrhopumps Used 
- Boost Pumps Assumed Only for the ENAIIIXR I1 

per Feed Lcg ~ 80%'1brust Ixvel Capability pcr I r g  

Ihgiiic Systcin 
- Use Wcsringl~o~itc 1INAIiI.I'II I h w r  Systrin 
Ilesign Model 
-- Includcs an Internal Sliidd Model 

- Examine Nozzle Ratios of 200 and 500: I 
% CHEW V A t M  
-c nEaULAIOH L 4 . O  

EXPANDEnCYCLE 

KEY NTP ENGIlNE DESIGN AND 'I'ECHNOLOGY FEA'L'UIW 
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INITIAL ENGINE COMPONENT WEIGHT CO 
- 75,000 Ibf NTP ENGINE CASE - 
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Paremeter NERVA Rocketdyne 

Chamber Temperalure 2500 2700 
CK) 
Chamber Pressures 450 1000 
, (PW 
Area RauO 100 500 

923 Specific lripulse - Vac 850 

5090 5024 

Internal Shleld (kg) 1583 - 
Nozzle Assembly [kg) 1051 440 

Turbopump Assembly 243 304 
Iknl 

Nonnudear Suppoft 2425 1815 
Hardware (kg) 
- Llnes. Values, 

Actuators, 
instrumentalion 7 hrusl 
Slruclure 

(see) 
-acw v.9) 

ELES-NTP SAlC AdjustmenIslCommenls 
- 

1700 - 

1000 

500 
922.8 -. 

- 
- 

- 5823 
1523 
421 

- - ELES NTP Value lncreasad by 57'0 
Rocketdyne Woiglrl Consldered n 
Good Baseline , - ELES NTP Vahe Increased by 30% 
Rockeldyne Considered 
Consewalive for SOA Designs 

ELES NIP Value increased by 40% 
- Rocketdyne Weight Considered a 

104 

1264 

Good Baseline - Scaled From 
Prevlors Design Work 

--_ - -_._- .- 

INITIAL ENGINE CYCLE PARAMETER COMPARISON* 
- 75,000 Ibf NTP ENGINE U S E  - 

Parameter Rocket dyne 

/-Flowrate (kg/s) 36.7 

Turbine Flowrate, % Pump 50 
Turbine Inlet Temp. ("K) 555.6 
Turbine Inlet Pres. Cia) 1412 
Turbine Pressure Ratio 1.25 
Reactor Inlet Pres. @sia) 1130 1 Reactor Power, (MW) 1045 
Reactor Core Flowrate (kg/s) 36.7 
Nozzle Chamber Temp ("K) 2700 

Nozzle Exit Diameter (m) 4.15 

Specific Impulse-Vac (sec) 923 
, Pump Speed (rpm) 37,500 

Pump Discharge Pres. (psia) 1544 

Nozzle Chamber Pres. (psia) 1000 

1 Nozzle Expiuisiori natio 500 

* Rocketdyne uses lheir Mark 25-type axial turbopump (4 stages); 
ELES-NTP used a singlestage centrifugal pump. 

SAlC - ELES 
NTP 
36.9 

1538.3 
50 

555.3 
1416.8 

1255.4 
1.295 

- 
36.9 

2700 
1000 

500 
922.8 

34,913 

4.15 



- 75,000 Ibf NTP ENGiNE CASE - 

Parameter 

h n p  Flowrate (kgls) 
Pump Discharge Pres. (psia) 
Turbine Flowrale. % Pump 
Turbine lnlel Temp. (“K) 
Turbine Inlet Pres. (psia) 
Turbine Pressure RaUo 
Reaclor Inlet Pres. (psla) 
Reactor Power, (MW) 
Reactor Core Flowrate (kgls) 
Nozzle Chamber Temp (“K) 
Nozzle Chamber Pres. (psia) 
Nozzle Exit Diameter (m) 
Nozzle Expatision Ratio 
Speciitc Impulse-Vnc (scc) 
Pump Speed (rpm) 

Rocketdyne - ELES 

36.7 36.9 
1544 1538.3 

50 50 
555.6 555.3 

1412 1416.8 

1 130 1255.4 
1645 

36.7 36.9 
2700 2700 
1000 1000 

500 500 
923 922.8 

37.500 34.913 

NTP 

1.25 1.295 

- 

4.15 4.15 

Rocketdyne uses their Mark 25-lype axial turbopump (4 slages): 
ELES-NTP used a single-stage centribgal pump. 

CYCLE ~ A ~ ~ T E  
- 75,000 Ibf ENA 

Parameter 

Total Flowrak @g/s) 
Pump Discliargc Rcs. (psia) 
Turbine Wowrak. % Pump 
Ttubise lnkt Temp. (“K) 
‘I’urbii Ink1 hes. (psia) 
Turbine Pressure Ratio 
Reach Inkc Pres. (jxia) 

Rwbr Power. (MW) 
Rcaclrn CMO AowinIs (k&) 
Ntmle Clianikr ‘lctiip (*K) 
~ t &  ciimixr ha. (vsia) 
Nozzle Exit Diaiiiekt (111) 

N071.k ExpmiuIi Rslh 
Spcdic Implse-Vac (sac) 

Rockeldyne 

36.7 
1.544 
50 

555.6 
1,412 
I .25 
1,130 
1.645 
367 
2,7LH) 
I .a00 
4.15 
5uu 
923 

pump Speed 37,.5ao 34,913 40.583 
Kockcklyne uses their Mark 25 type axial lutbapump (4 stags): SAlC ELES-NIP usad a 
single-slage cenuifugal pump: SAlC NESS. Sample Caw No. 8. usw a 5-slage axial plmp. 

NP-TIM-92 
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iAlC - ELKS 
NTP 
36.9 

1,538.3 
50 

555.3 
1.416.8 
1.295 

1,255.4 

36.9 
23tn 
1 .wo 
4.15 
m 

922.8 

SAlC NESS 

37.27 
2,298.3 

50 
622.3 

1969.0 
1.739 
1.132.1 
1587 
36.2 
2.700 
l.WO 
4.22 
51x1 

912.9 



* RocMyia  IISS Uai Mark 25 ~ y g c  luial lurbytwnp (4 mga); SAlC ELES-NIP used a 
single-stage ceillrihgel pump: SAIC NESS, Sanipk Cape No. E.  use^ a 5-slage uiel pump. 

CYCLE PARAMETER COMPARISON* 
- 75,000 lbf ENABLER I, WANDER CYCLE - 

Well Temperature Barrler Fuel Fllm Coollng (“w Temperalure CR) Isp (sec.) Fractlon 

1460 1630 912.9 0.03 

1800 21 06 915.9 0.03 

2000 2429 91 7.5 0.02 

2400 2892 919.4 0.02 

2800 3418 92 1.2 0.02 

3000 365 1 921.9 0.02 

3200 3861 922.4 0.02 .. ---- - - . oar* Ternpsfl(Iu18 - ioaaen (woo*h) 
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DESIGN CASE COMPAARISIQN OBSERVATIONS 

Integrated Reactorhgitic Sysietti Design Effects Accourited for it1 die N B S  Dcsigst 
- Sized to'rake Into Account Heat Captured by the Coolam Before It Enters 

the Rcacior 
Correspottds to Sorrie IJ i  Werewe in Cyclc Pressures, 'I'cniperaturcs, aad 
Turbopump Operating I'arameters 

- 

Other Weight Differelaces 1;rotii ltnprovements in NESS Weight Correlations 
- 3-Scction Nozzle I ktigii 

- Nos-Nudear Auxiliary ~ ~ I I l J ~ O I ~ ~ n t S  

- Update H, Properties 

S NS 
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_-.- 
EXTENSIVE ENABLER I AND II ENGINE SYSTEM DESIGN 

DATABASE HAS BEEN DEVELOPED 

Database Covers A large Engine Design/ 
Operating I’anmenters 
- he1 ’1)pelC:Iiambcr ‘Ikniperature 
- ’Illrust ievcl 
- Chamber I’ressurc 
- Nc~~zlc hrca 1Ltio 

Top-level Design Scaling Tinds Produced for the ENABLER 1 Engine 
System 
- little Design Trend Analysis Coriducted to Date 

on the Eariblcr 11 1):itabase 

All Engine Suiiiriiary Design Data is Cataloged and is Available 
Through NASA Lewis 

ENABLER ENGINE SYSTEM DESIGN 
TRADE SPACE ANALYZED 

Fuel lyye/Chaniber 
‘Iieniperature (OK) 

Grapbitd25UO 
Coinpositd2700 
Carbidel3 100 

I5,OUtI 500 
40,OUU 750 
7 5,000 I ,000 
125,000 1,500 
200,000 2,000 
2 5 0,000 

Nozzle Area 
Ratio 

200: 1 
500 1 

elmee A Ilrsllonr 
-I_- - irrnriloif!! f”$I.l.* O.L.4 corporation=; e..*,Ll 
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REACTOR AND INTERNAL SHIELD MASS SCALING 
- Graphite Fuel - 

.. 
I0.W ‘ s h  

2o.W - 

5 . m  
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KEAC'I'OK AND IN'I'ERNAL SI-IIELD MASS SCALING 
- Composite Fuel - 

0 L _ L - L - I _ L  r J - 3  
0 two ZMa .m 40w 5000 

IlFACTOA POWFA. MW 

CHAMBEn 1EMPERATUnE = 2700 "K 

REACTOR AND INTERNAL SI-IIELD MASS SCALING 
- Carbide Fuel - 

CIIAMBFR 1EMPEtlAlLW 

MASS MASS 
M) (bs) 

0 ' " f ' ' * ~ " " ' O  a r . ( * l . * . l . l . : r  0 

0 I000 2wo 3WO 4W0 Y M O  6000 7WO a WJKI MW a m  UH)O u ~ l o  SOM) 7 m  

wmon I'owEn. MW I I E A ~ I O I I  POWEH,MW 

CHAMBER TEMPEnATUnE = 3100 "K CHAMBEII PRESSURE = 1000 psla 

NTP System Concepls NP-TIM-92 



RlZ.ACTOR PRESSURE VESSEL ~~~~~~~~~~ AS A 
FUNCTION OF POWER AND CHAMBER P 

t IO 

roo 

90 

80 

- lNcl IES - 
70 

40 

.. _ _ A _ _  

LtNGll l  - 

1 I I I I 

2.54 

2.w 

- MElEnS - 

1.52 

1.02 

0 1000 2000 3000 4000 5000 WOO 7000 
nFACTOR POWER. MW 

TYPICAL N'l'P ENGINE PERFClI4MANCE AS A FUNCTIQN 
IF CHaMBER PRESSURE, TEMPERATU RATIC 

- 75,000 lbf Thrust - 

itw 

I O I  

low 

800 

l l l l l  

00 2600 3000 3100 

CHAMBER TEMPErtATUnE ("K) 

CHAMBER PRESSURE = 500 psi0 

11001 

1050 

IO00 

SPECIFIC 950 
lMPULSE 

(=I 900 

a50 

800 

0 

CHAMBER TEMPERATURE ('K) 

CHAMBER PRESSURE = 1000 psla 



NTP ENGINE WEIGHT AS A FUNCTION OF THRUST, 

- Graphite Fuel, Chamber Temperature - 2500 K - 
CHAMBER PRESSURE, AND AREA RAmo 

NP-TIM-92 

KEY 

CHAMBER 
SYMBOL M1ESSUAE (psi4 Eg 
-I- 500 500 

43. 1000 500 

4- 500 200 

Science A IIcrNonr 
81 rrFi.,.. 0.m 

P - - ____ __ mtrmrtroRI; corporailonc 
36 
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NTP ENGINE WEIGHT AS A FUNCTION OF THRUST, 
CHAMBER PRESSURE, AND AREA RATIO 

- Composite Fuel, Chamber Temperature - 2700 K - 

0 
0 Mow I00000 IMWO 2oowo 25woo 

1 t InUST (Ibl) 

-I- MO 500 

-0- IO00 500 

c 500 200 

-0- 1000 200 



NTP ENGINE WEIGHT AS A 
CI-IAMBER 1’11 
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NTP ENGINE SYSTEM AS A FlJNCrION OF THRUST, 
- Carbide Fuel Engines - 
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NTP ENGINE SUBSYS'I'EM PERCENT WEIGHT 
DISIRTBUTION FOR 'JWO THRUST LEVEL3 

- Composite Fuel, '1: = 2700 K, P, = 1000 psia, E = 400:1 
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BASELINE NTP ENGINE DE!XRIP"ION* 
75,000 LBF THRUST, EXPANDER CYCLE, COMPOSITE FUEI. 
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BASELINE N I T  ENGINE DESCRIPTION* 
75,000 LBF THRUSJ: EXPANDER CYCLE, COMPOSlYE FUEL 

T = 2700 IC, PC = 1 000psia, E = 500: 1 - 
(CONT.) 

* Total Corrponenl W N U  - Typical 

DASELINE NTI' ENGINE CYCLE, OPERATING P A R A M ~ T ~ ~ S  
- 75,000 Ibf 'i'hrust, Composite Fuel, 

T = 2700 K, P = 1000psia, E = 500:l - 
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Study Introduction 

Mission Description 

Reference Vehicle Design 

Propulsion System 

Systems Anaiyysis 

c Summary And Conclusions 

u c 
nMS W I O  

The presenfation will cover several topics which together encump~ss this prelimtnary aSscSSment of 
nuclcat Lhermal rmku mnp;inc clustering. The study objectives, scheduk, flow and grounbula WE 
covered. T h i s  is lotlawed by the NASA grDubdnrfcd mission and wur interpretation of chc associarcxf 
opwam~i sctnaiio. Ttuc: NASA rcfctewc vehictc is illustrated, hen wc zoom it\ an fo\tx 
propulsion system ~ptioas examined in this study, Exh propision system's plaiminary design, fluid 
systems. oprahg characterislics, thrust ~mcturc, dimemions a d  mass pmpcrrics IC dtdltd BS we\$ 
as the associated key prqmlsion systedvehiclc hmfaces. A brief sics of systixa anaIysis will a h  
SC covacd including: tkn~st vwmr control requirem~. engine out possibilities, proputshn system 
faitun modes, surviving system requirements and technology nqoinmcne. me prcscntdon 
cnncfudw with an asscsment nf vehiclclpropuision qsrw impacts due to the lessons le& ia this 
Stucly. 
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CLUSTERED NTR STUDY OBJECTIVE 

“To develo a top level assessment of the feasibility of clustering 
Nuclear T f: ermal Rocket engines.” 

A NASA reference vehicle and mission scenario were given. 

The approach then was to develop four propulsion system d e s ~ ~ n s  
that could be used as reference configurations for future 
engineering assessments. 

The Study addresses: 

- Two and three engine propulsion system designs with eit 

- Thrust Vector Control ( W C )  Requirements 

- Engine out possibilities 

- Propulsion system Failure modes 

- Technology requirements 

boost p u m ~ s  or run tanks for engine start up 

KMS lG‘i92 

The objective of the study was to develop propulsion system designs that could be integrated with the 
provided reference vehicle and fly the provided reference mission. Four propulsion system opUoa~ 
were developed using two and three engines with either boost pumps or run tanks for engine start up. 
Our intent was to develop propulsion systems with a cluster of NTR engines that could be used as 
reference configurations for future systems optimization. In doing this we considered the following 
system issues: TVC requirements. Engine out possibilities, propulsion system failure modes and 
technology developnent requiremnts. 
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I STUDY SCHEDULE 
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I CLUSTERED ENGINE STUDY FL 

h Engine Speo's 
Vehicle Data I. = Reference Trajectory 

KMS 1117192 

The study was initiated with a series of NASA LeRC provided groundrules and requirements. These 
were provided in appendix form and served as the point of deparzur~ for tbc NTP vehicle. mission, 
engine and propulsion system. 

The primary study activity consisted of developing preliminary propulsion system designs for two 
and thne engine propulsion systems with either run tanks or boost pump for engin@ s w t  up. As 
these propulsion systems WQ~: developed. several design issues arose. Design issues wen addressed 
at LeRC-GDSS weekly telecons where issues wen  raised, resolved and the resulting decision(s) 
wen applied to tbe design work This iteration process continued throughout the study. 

Upon completion of the design phase. mass properties were developed and a series of systems 
analysis took place. The systems work concentrated on issues relating to the engine out SC&O. 
This analysis allowed us to quantify thrust vector control, reactor bum time and technology 
requirements 89 well as assess impacts to the vehicle such as mission perfomance penaltic3 end 
failure modes. 
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MISSION DESCRIPTION 

REFERENCE MARS TRAJECTORY 

SIIORT-DURATION PILOTED MSSXON 
(2014 Opportunity with Venus Swingbl) 

3 
KMS 1/17/02 

The reference trajectory is a short opposition type trajectory. It is developed around the 2014 
mission opportunity and includes a Venus swingby on Earth return. The outbound leg lasts 150 days 
and includes three perigee burns for Eanh departure. Upon arrival at Mats, the crew performs a 
surface science mission lasting 90 days. Thc Earth return leg lasts 310 days and includes a single 
burn for Mars departure. Note that there is a robust Mars powered nyby abort mode available 
should a problem occur afzer Trans Mars InjeaiontTM) or before Mars orbit capturetMOC). 

TMI, MOC and Trans Earth Injection (TEI) bums were considered in our engine oudmission 
performanx analysis. We consider cases for either I or 2 engines out for the boost pump and run 
tank based pmpdsion system options. 
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CLU.n7m?D m SNDY 

REFERENCE MA r 
Vehicle assessed from core tank aft 

Primary Vehicle Modifications: 
Core Propellant Tank 

e Thrust Structures 

(For Boost Pump Config's Only) 

Run Tanks 

0 Reactor Shields 

0 Reactors 

Nozzle Extension 

Our analysis concentram on the vehicle elements from the core tank and aft. The core propellant 
tank Ia rdnrcbd far t k ~  51 pump emeel B l a h  ie bu Ca on II ~ ~ ~ b ~ n t ~ a ~  sf P Pull ~~~~~~ 

traditional intertank adaptedlhrust structure. In moving from &e two to three engine case. the mn 
tanks are re-sized to take advantage of a reduced requirement for propellant volumc at start. The 
reactor shields are modified to remove he center shield section and include a side shields. This is 
done to reduce shielding mass. The reactors lhemsclva are also reduced in size due to the reduced 
thrust rquiremcnt on &e three engine case. Lastly, an engine without a nozzle extension was 

propulsion system launch requirement on either STS or Titan IV. This scenario ena t: les a more 

g l o ~ l d  
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CLUsrUlEo MR STUDY 
I 

REFERENCE 75 klbf NERVA ENGINE 

NP-TIM-92 

The reference engine is a NERVA "full flow" concept developed by Altseimer of Aerojet Nuclear 
Systems Company, circa 1971. It is an engine typical of that era For the two engine caw. the 
reference 75 kibf engine was used, the three engine cases utilized a scaled down version of this 
engine sized at 50 klbf. 
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PROPULSION SYSTEM PRELIMINARY DESIGN 

1 

RUN TANK BASED SYSTEMS 

398 NP-TIM-92 



T- I 

ThC run rank, engine, and thrust saucnsrc combine uf form the propulsion module. T k  propulsion 
module i s  launched scpcrarely from the rest of the vehicle and i s  coupled 10 tbe: core laak oa orbit. 
Fluid system and electrical disconaecrs and structuraal latches are provided to allow for on orbit 
coupling of rhc Hopllsion mod& fa rhc fort tmk. 

The run bmks aft spaced to allow the maxhrUn distance between engines possiblc without excading 
the 10 m e w  diameter limit. This provides a distance of 6 rncten h e m  &e engine centers which is 
more than ~e 5 meter minimum required to rninimrzc twu&oztic coupling impacu. This spacing 
allows one engine 10 gimbal inboard a maximum of 9 degrees with the other engine in the neutral 
position. % overall length of thrs configurauon from sian of intertank adapter to engine exit is 23.5 
meters. 



PROPULSION SYSTEM R-2 
Mws Properties 

IIEM 
* CLUSTER TANKED WEIGHT 

- Structure - Core Tank Lowe - Run Tank U per S - Run Tanks &) (I - Run Tank Lower 

- F d S  stem - Fead(llnes - valve8 - DIscQnnects - Gimbal Joints - Une Insulation 

- Helium Bottles 

- Linw - En ins Assemblies (2) - angines - External Shields 

- Pressurizatlon System 

- supports 

- Contingency (10%) 

- Helium 

- Hydrogen Capacity 

4930 
690 

2959 
1040 

goo 
240 
260 
21 0 eo 

1290 
269 
80 

31 480 
19840 

82490 

9620 

1390 

1 630 

51320 

960 

300 

17200 

NASA LeRC NPO/ASAO reference weights were used far the engine, shicfd and run tank assemblies. 
Ocher weight estimates were developed by General Dynamics Space Systems(GDSS) and are 
estimated h m  existing Centaur systpn weights and/or NLS prwksign weights. All structural weights 
were calculated using Aluminum Lithium (Al20, p 0.092 1WV3). The uusscd adapter utilized 
24 truss elements per engine. Intertank and run tank a d a m  wen assumed to be semi-moaocoque 
consuucuoa Machined isogrid adapters could be significantly lighter if no frequencylstffness 
problems exist. The intertaok adapter will Likely have many cutouts for fucl LIaes and/or access. An 
additional 25% wa add4 to the basic structural weight in order to account for additional localized 
structure llccdcd around cutouts. An additional 10% contingency factor wag added to the GDSS 
developed weigba. "%e NASA LeRC NPO/MAO weights were supplied with contingency included. 
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-CLUSrERED HIR SVDY 

PROPELLANT 

DISCONNECT 
iEEmiM INSULATION 

ENGINE PNEUMATIC f SUPPLY i 

CNGlM TURBOPUMPS 

THRUST CHAUBER 

FEEDCINE TO E N U M  

L PROPEL L ANT 
FEEMINE TO 
RUM T A M  

1 

2 
8.0. 

RADIATION SHIELD 

NOZZLE ASSY 

3.4m OIA 

NY-TIM-92 

This configuration utilizes three 50 Mb thrust nuclear thermal rocket engines with separate run tanks. 
The mn tanks are used to minimize pressurization gas requirements for engine start. Gaseous helium 
for pressurizing the run lanks is supplied by high p’es~~re boalu located above the run tanks. Once 
engine start is achieved, hydrogen gas is bled from the engines and usad to pressurize the core tank. 
After the core tank is sufficiently pressurized. propellant from the core tadt is fed though the run 
tanks to continue to feed the engines. At the end of each bum. the mn tanks may be filled to capacity 
to repeat the p r o d m  for the next en- start. 

The run rank, engine, and thnrst s m c ~ r c  combine to form the propulsion module. The propulsion 
module is launched seperately from the rest of the vehicle and is coupled to the core tank on orbit. 
Fluid system and electrical disconnects and structural latches are provided to allow for on orbit 
coupling of the propllsion module to the core tank. 

An aluminum-lithium tubular mss SEUCNC transfers the thrust fmrn the propulsion modules 
to the core tank. Lateral AI-Li tubular struts stiffen the structure for alled thrust vector loads at 
the end of the run tank aft skirt. Symmetrical AI-Li tubular truss thrust struc~res are used to transfer 
the engine thrust loads to the run tank aft skirts. 

The. run tanks are spaced to allow the maximum distance between engines possible without exceeding 
the 10 meter diameter limit. This provides a distance of 5.2 meters between the engine centers which 
is more than the 5 meter minimum required to minimize neutronic coupling impacts. This spacing 
allows one engine to gimbal inboard a maximum of 8 degrees with the other engine in the neutral 
position. The overall length of this configuration from stan of intertanlc adapter to engine exit is 21.5 
mews. 
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- C L ~ ~ D  m srmr 
-NAMeS 
mravican PR ION SYSTEM R-3 

u[Elld 
Ma rties 

CLUSTER TANKED WEIGHT 

- Structure - Core Tank Lower Support Structure - Run Tank Upper Support Structures (3) - Run Tanks (3) (Includes insulation - Run Tank Lower Thrust Structure [3) 

- Valves - Olscgnnects - Gimbal Joints - Line Insulation 

- Helium Bottles 

- Lines 

- En Ine Assemblies (3) 
-Engines - External Shields 

- Pressurization System 

- supports 

-Contingency (10%) 

-Helium 

- Hydrogen Capacity 

4850 
970 

4440 
1500 

700 
260 
290 

3 
1930 
390 
1 20 

35940 
1 

99000 

11760 

1560 

2440 

55780 

1130 

530 

2 

KMSMC ln 

NASA LeRC NPO/ASAO reference weights were used for the engine. shield and run tank assemblies. 
Other weight estimates were developed by ffeneral Dynamics Space Systems(GDSS) and are 
estimated from existing Centaur system weights and/or NLS pndesign weights. All strucnual weights 
were calculated using Aluminum Lithium (AI 2090, p = 0.092 lb/ii*3). The mssed adapter utilized 
24 rmss elements par engine. Intertank and run tank adapters we@ assume$ to be semi-monocoque 
construction. Machined isogrid adapters could be sisnificantly lighter if no frequency/stiffness 
problems exist. The htertank adapter will lily have many cutouts for fuel l i s  and/or access. An 
additional 25% waa added to the basic structural weight in order to account for additional localized 
structure necded mund cutouts, An additional 10% contingency factor was added to the GDSS 
developed weighu. The NASA LeRC NPO/ASAO weights were supplied with contingency included. 

! 
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THRUST STRUCTURE TRUSS 

RUN TANK AFT SKIRT 

RUM TANK FWD SKIRT 

INTERTANK ADAPTER 
TRUSS STRUCTURE 

\-CORE TANK--/ 
AFT SKIRT 

NP-TIM-92 

All the structural components were based on a l u ~ n u r n - l ~ ~ ~ r n  construction. Semi-monocoque 
cylindrical tank skirts wen used to be co 
Tubular truss strucmes were used for part of 

The intertank adapter betw 

The thrust SVUCNC consists of the m . Both of rhew struc~fes would 
also need to withstand the launch loads from a Titan IV type vehicle due to the engine mass since they 
are all pafi of the propulsion module. 
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4 L U s T C R p D  MR STUD 

PR N? FEED AND MAIN ENGIN 
Tw KTR Engine Cluster With 

A propellant feed system with a run tank in addition to the core tank makes it possible to start the 
propulsion system without pressurizing the COR tank fiit. The smaller volume rud tank is pressurized for 
engine suui up. When steady state operation of the engines is established, the core tank is pressurized by 
autogenous pressurization using hydrogen gas from the Wine outlet The run tadlc is then vented enough 
to allow the tank to be filled with pressurized propellant from the core tank. Two independent main 
turbopumps were chosen for each engine to guarantee safe engine operation in case of failures in one 
pump system. The pumps are powered by preheated gaseous hydrogen in an expander cycle arrangement 
for simplicity llnd high reliability. 

The propellant valva an generally electromechanical. However. due to the large size main propellant 
feed lines the tank stmt-off valva am pneumatically connollcd for fast shut-off. The pilot coml valves 
for the pneumatic operated valves are solenoid operated valva. Pyrotechnic valva in the pneumatiC 
system guarantm that the propellant f e d  system can not be inadvenentlly o p e d  before the vehicle is 
ready for operation. 

is used for m tank pressurization but an alternative gasmus Hydrogen system could be used with 
3.5 ft  diameter low pressure (300 psia) gas storage bottle that can be continually recharged with 

hydrogen by feeding liquid Hydrogen from &e tank through an elecmc heater. 

Each engine in a two or three engine configurauon has its own independent propellant feed system. SO 
that with one engine system out. the mission can be completed with the remaining engine(s). 
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THRUsT, Urf 
TIME, mln 
CORE TANK PRESS., psi. 

GIMBAL MSPLAC 
2 

2 

.I THRUST, Ibf 

2 

0 * 150,oo 
1 
26 
2 
10 
5 

20 

0 - lso,oO0 
1 

26 
26 
6 
3 
10 

75, 

6 
3 
10 

1 1 

5 3 
20 10 

Propulsion system operating characteristics were established for the run tank designs €or sm-up, 
steady state, and shutdown conditions. For both the 2-engine and 3-engine designs, the total thrust ramps up 
from 0 to 150,000 pounds in about 1 minute. Assuming a popellant condition of saturation at 16 pia. 
about 10 psi pressurization is required to provide NPSH to 
entrance losses, line losses. and nuclear radiation heating of the 
angular dispacernents, slew rates, and accelerations were es 
gimbal requirements determined for engine-out events, ass 

turbopumps and lo account for line 
laat during line transit The gimbal 

g 2 degrees displacement to the 

th all engines operating 

For the planned mission. 
4 psi due to nuclear radiation 

VAengims. It was 

ndition with the active IhespecifSimpulSed 
were assumed to be 

it was estimated lhat the propellant vapo 
heating of the propellant. The gimbal requirements are the same as at the end of start-up. 

The shutdown thrust reduces to a minimum of 190 pounds for the. 
estimated that this minimum requirement would scale linearly for 
pulse rate will vary from steady flow to the frequency required at 

would be the same as for steady state. 
C a l l  bC t e d M t e d  (0. 1). The tank pressures and gimballing requirements at the start of shutdown 
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i RUN TANK -f 
PROPELLANT 
FEE DL I NE PNEUMATIC SUPPLY CHARGE 

FOR TANK PRESSURIZATION AND 
PROPELLANT V A L V E  CONTROLS 

\-PNEUMATIC SUPPLY CHAWZ 
FOR ENGINE VALVE CONTROLS 

The NTR engine interacts with the vehicle and its support systems through the: engine cohuollers, engine 
sensors. control feedback loops, vehicle health managment systems, thrust smctwe etc. Each of these 
interface elements is  affected in both design and operation by the propubioa systlrn collfguration. The 
thrust saucture for example, is sensitive to propulsion system coilfiguration (Run Tanks vs Boost Wps. 

ernents are su 
maximizing safety aml reliability. These systems together have a significant impact on the vehicles 
performance and design approach and should be integrated intd any propulsion system designeffort. 
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BOOST PUMP BASED SYSTEMS 

muurnam. WNAMICS 
SpK.sy-anrDn 

N SYSTEM 6-2 QESC~~PTIO 

IWSULATIOW 

rPMUUATIC SUPPLY 

/-ENGINE TURBOPUUPS 
I CONICAL 

ADAPTER 7 ' 

This configuration utilizes two 75 klb thrust nuclear thermal rocket engines hardcoupled to the core 
tank. Because of the large ullage, volwnc; in thc core upon resw on some missions, an inordinate 
amount of pressurizetion gas would be required io supply the turbopump NPSH for engine restan. 
Accordingly. the propellant in the core tank is allowed to remain at saturated conditions and boost 
pumps are used to supply the pressure differential rquircd to provide the NPSH and accomodate the 
entrance and line losses. as well as the nuclear radiation heating of the propellant as it flows through 
Ihc line. The boost pumps an powered by turbine drives which run on pressurized gas. Once engine 
start is achieved. hydrogen gas is bled from h e  engines and used to NII the boost 
each burn tbe pressurization boules will be refilled to repeat the procedure for the next en- SWL 

The core ranlr. engmes, and thrust structure form one unit and are launched together. Due to Ihe fact 
that this is om unit, h e  con tank will be shortened by approximately 11.7 meters to accomodale the 
engines. Extendable nozzles would minimize the launch vehicle shroud volume losses for this 
configuration. The engine spacing used for this configuration was thc same as determined for the nm 
tanL version. This provides a distance of 6 meters between the engine centem which is more than the 5 
meter minimum required io minimize neutronic coupling impacts, This spacing allows OM engine to 
gimbal inboard a maximum of 9 degrees w i b  the ohcr engine in he neutral position. The overall 
length of this configuration from s r a  of &~@nmure to engine exit is 17.2 ~ $ ~ y s l e m  concepts 
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-CLVSn%ED WTRSTUDY 

lzEfd 
* CLUSTER TANKED WEIGHT 

- Structure 

- Manifolds - Gimbal Joints - Line Insulation - Boost Pumps 

- Helium Bottles 

- Lines 

- Helium System 

- supports 

3850 
32 

240 
246 
30 

a1 0 
30 

700 

4 

31 
19 

81 230 

8890 

- Helium 

NASA k R C  NPOlASAO reference weights were used for the engine and shield assemblies. Other 
weight estimates were developed by General Dynamics Space S 
existing Centaur system weights and/or N U  predcsign weights. 
using Alumirnun Lithium (AI 2090, p = 0.092 1Wi*3). Intertank adapters w m  assumed to be 
semi-mbnocoque constructioa. Machined isogrid adapters could bt significanUy lighter if M 
frequmy/st i fk  problems exist. The intertank adapter will likely have m y  cutow for fuel lines 
and/or access. An addidoaai 25% was added to the basic strucblral weight in order to account for 
additional la~plizclf structure needed around cutouts. An additional 10% contingency factor was added 
tb the GOSS developed weights. The NASA LeRC m / A S A O  weights were supplied with 

S) and am estimated from 
al weights werc calculated 

cdntingeacy included. 

5 

513 

140 
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I m N I R A L  UVNAklICl 
sp.a-- PROPULSION SYSTEM 8-3 DESCRIPTION 8s DIMENSIONS 

THRUST CHAUBER 

AAOI A TI  ON 
SUIECD 

NOZZLE ASSY 
CORE 
T A M  

FEEDLINE 

I O.On OIA 

\ 

3.1m OIA 

This configuration utilizes three 50 klb thrust nuclear thermal rocket engines hardcoupled to the core 
tank. Because of the large ullage volume in the core tank upon restart on some missions, an inordinate 
amount of pressurization gas would be required to supply the turbopump NPSH for engine nsm. 
Accordingly, the propellant in the con tank is allowed to remain at saturated conditiorrr and boost 
pumps are used to supply the pressme differential required to provide the PrPSH and aCCOmOdatC the 
emauce and line losses, as well as the nuclear radiation heating of the propellant as it flows through 
the line. Tbe boost purnps are powmd by W m e  drives which run on pressurized gas. Once engine 
start is achieved, hydmgcn gas is bled from the engines and used to run the boost pump. At the end of 
each burn the pmmhaaon bottles will be refilled to repeat the procedure for the ncn en- start. 

The core tank, cnghx, and thrus~ SUUCNIC form om unit and are launched together. Due to the fact 
lhat this is o~lc mit, the core tank will be shortened by approximately 9.9 meters to accomodate the 
engines. The engine spacing used for this configuration was the same as determined for the m tank 
version This provides a distance of 5.2 meters between the engine centers which is more than thc 5 
metcrs rquired to minimizc neutronic coupling impacts. This spacing allows one engine to gimbal 
inboard a maximum of 8 degrees with the other engine in the neutral position. The overall length of 
his configuration from start of thrust structure to engme exit is 15.4 meten. 
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PROPULSION SYSTEM B-3 
Mass Properties 

CLUSTER TANKED WEIGHT 

- Structure 
-Core lank Cylindrical Adapter Structure 
-Conical Thrust Structure 

-Feeds stem - F J i n e s  - Valves - Manifolds 
-Gimbal Joints - Une Insulation - Boost Pumps 

- Helium System - Helium Bottles 

- Lines 
- supports 

- En Ine Assemblies (3) 

- External Shields 
-!win 

3650 
3200 

470 
260 
20 

230 
30 

900 

730 
150 
20 

35 
19 

66620 

6850 

- Contingency (10%) 

- Helium 

. 
AFC 1&92 

NASA LeRC NPO/ASAO reference weights were used for the engine and shield assemblies. Otha 
weight estimates we= developtd by General Dynamics Space Systems(GDSS) and am estimated from 
existing Centaur system weights and/or NLS predesign weights. All shuctural weights were calculated 
using Aluminum Lithium (AI 2090, p = 0.092 IbrUA3). Intertank adapters wen assumed to be 
semi-monocoquc co~~~mct ion .  Machined isogrid adaptas could be significantly lighter if no 
frequeacystiffness problems exist. The intertank adaprn will likely have many c u t ~ ~ t s  for fuel lincs 
and/or ~CICCCJS. An a d d i t i d  25% was added to the basic structural weight in order to account far 
additional localized s h u c m  needed around cutouts. An additional 1096 contin 
to the GDSS developed weights. The NASA LeRC NPO/ASAO weights were supplied with 
contingency included 

1910 

900 

55780 

970 

21 0 
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CLUSIEREDMRSTUDY 
a.NIAALOYNAMICI 

~ S y u a l U U i ~  
PROPULSION SYSTEM 8-2 & B-3 
THRUST STRUCTURE 

AFT SKIRT 

sm 1/9/82 

All the structural components were based on aluminum-lithiurn consnuction To be conservative 
semi-monocoque structures were used for the core tank aft skin and conical adapter until more smss 

The h t  structure consists of the core lanL aft skirt and the conical adapter. The sizing of these 
structures was based on launch loads. For the hardcoupled propulsion system design, the core tank aft 
skirt. conical adapter, and engines would be launched fully assembled to the core tank. Launch loads 
from the fully loaded core tank would be t ransfed through the aft skirt and into a payload adapter 
bypassing the conical adapter. The conical adapter would have ro transfer launch loads from the 
engine mass into tbt payload adapter. Launch accelerations were assumed to be 3.0g axial and 1.5g 
lateral for a 300 Idb type heavy lift launch vehicle. 

aMfJWS C a n  be PCIfOlTIled. 
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D MAIN ENGINE SYSTEM 
Two Or Three NTR Engine Cluster With Boost Pumps 

Tank Shut-off 

~ 

F n d  Systam 
I 

L 
0101- IlZRl 

A propellant feed system with boost pumps guarantees a sufficiently high net positive suction head at the 
propellant inlet to tbe main engine pumps without tank pressurization. The boost pump are s t a d  by gaseous 
hydrogen from a storage bottle to initiate rotation of the boostpump turbii drive. Once the engine turbopump 
head is established, gaseous hydrogen is fed back from the engine cooling jacket outlet to bootstrap the 
propulsion system propellant herd. Two independent main turbopumps were chosen for each engine to 
guarantee safe engipe operation in case of failures in one pump system The pumps are pow& by preheated 
gaseous hydrogen h M expander cycle arrangement far sunplicity and high reliability. 

The propellant valves are generally elecuomechanical. Due u) the large size propellant lines and requirements 
for fast shut-off the main tank shut-off valve is pneumatically conaolled. 

Gaseous hydrogen is used for the pneumatic control because it can operate with a Single 3.5 ft diameter low 
pressure (300 psia) gas storage bode that can be continually recharged with hydrogen by feeding liquid 
hydrogen from the tank through an electric heater or gaseous hydrogen from the en* during engine operation. 
This boule can also be used for restart of the boost pump. 

Each engine in a two or three engine configuration as shown has its own independent propellant feed system: 
however. other options are possible. 
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PWNmRAL DVNM- 
spnrSrUmraL*m PROPULSION SY§TEM OPERATING CHARACTERISTICS - &2,3 

I 

THRUST, Ibf 
TiMS mln 
CORE TANK PRESS., psi. 
GIMBAL DISPLACEMENT, dograas 
GIMBAL RATS degroWs 
GIMBAL ACCELERATION, dognn8/8' 
BOOST PUMP DELTA P, prid 

THRUST, Ibf 
SPECIAG IMPULSE, 8 
MAXIMUM BURN TIME, min 
CORE TANK PRESS., p8h 
GIMBAL DISPLACEMENT, dogma 
GIMBAL RATE, degtud8 
GIMBAL ACCELERATION, dagmds 
BOOST PUMP DELTA P, p8id 

THRUST, lbf 
COOLOOWN PULSE FREQUENCY, s-l 
CORE TANK PRESS,, psl8 
GIMBAL MSPLACEMENT, dogre08 
GIMBAL RATE, dogr80d8 
GIMBAL ACCELERATION, doggr~er/,~ 
BOOST PUMP DELTA P, psld 

0 - ls0,ooo 0 - lso,ooo 
1 1 
16 16 
12 8 
6 4 
25 15 
10 10 

56,000 - lso,o0o 
925 
60 

16-40 
12 
6 
25 
10 

75,000 - 1 s0,m 
925 
60 

1640 
8 
4 
15 
10 

19- 150,000.380 
OQ - 0.ooo1 00 -0.ooo1 

16-40 18-40 
12 8 
6 4 
25 15 
10 10 

The pmpulsion system operating characteristics wen established for start-up. steady statc, and 
shutdown conditions. For both the Zengine and 3tngine designs, the total thrust ramps from0 to IS0,OOO 
pounds in about 1 minute. Assuming a propellant condition of smation at 16 pia,  the boost pump v i d e s  
an additional 10 psid to p v i d e  NPSH to engine twbopmps and to account for line e n m e  losses, line 
losses, and nuclear radiation heating of the propellant during line transit The gimbal angular dispacements. 
slew rates, and acceleratiou~ wen estimated by adding 2 degrees displacement to the gimbal nquinments 
delnmiacd for the MI tank designs with engk-out events and an additional 2 d e v  to accouut for the 
reduced dtsplacanmt of the engines Emm the c.g. for the boost pump vehicle designs. 

For steady state, it was assumed that the total thrust could vary from hrU lbrust with al l  engines operating 
to an engim-out cordition with the active enpioets) throttled to 75 percent &rust The specific impulse and 
maximum bum times were assumed to be unchanged from current specifications. For the planned mission, 
it was estimated that the shield could be designed to allow the propellant vapor pessun to ripe appoximately 
24 psi due to nuclear radiation heating of the propellant The gimbal requirements are the same as at the end of 
start-up. 

The shutdown thrust duces  to a minimum of 190 pounds for che 75.000 Ibf NERVA enpines. It was 
estimated that this minimum requirement would scale linearly for the 50.000 Ibf engine. The cooldown 
pulse rate will vary from steady flow to the frequency required at that condition at the point cooling 
can be terminated (O.OOO1). The tank pressures and gimbaliiig requkemenu at the stan of shutdown 
would bt the same as for steady state. 
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The NTR engine mteracts with the vehicle and its support systems through the: boost pump turbine drive, 
boost pump turbine return. engine controllers, engine sensors. control feedback loops. vehicle health 
managment systems. thrust structure etc. Each of these interface elements is affected in both design and 
operation by the propulsion system configuration. Thc thrust stxucture for example, is sensitive to 
propulsion system coafiguration CRUn Tanks vs Boost Pumps, etc.) which affect its design on the ground (for 
access during integration assembly and checkout) and on orbit (depending on assembly philosophy, 
assembled vs docked vs modular propulsion system design). The other major consideration in the system 
interface impacts unique to NTR engine based propulsion systems is the radiation field. The propeilant 
fecdtines for example tue affected by engine in the traditional manner* but with Ma oae must also account 
for operation in an intense radiation etwiroruncnt(propel1ant heating in lines). Each of the primary interface 
elements are subject to optimization to minimize mass while maximizing safety and reliability. These 
systems togetha have a signifkant impact on the vehicles performance and design appmach and should be 
integcated into any propulsion system &sign effort. 
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PROPULSION §Y§TEM COMPARISON 

2 ENGINE CLUSTER 

3 ENGINE CLUSTER 
BOOST PUMP DESIGN 

2 ENGINE CLUSTER 

3 ENGINE CLUSTER 

+ 
+ + 

+ + 
+ +  + + 

f 

+ 

A qualitative assessment was made to compare the 4 diDFcrent engine cluster configurations studied. Some 
performance advantage can be attributed to the 2engine cluster designs because the higher thrust engines 
(75.000 Ib) have a somewhat better thrust-to-weight ratio. Also. the boost pump design should be somewhat 
less weight than the run tank design because less structure is required. 

The 3engine installations provide signifcandy higher mission reliability, since it would be posssible to continue 
a mission even afta the failure of one engine. The mission would have to be aborted if only 1 en- 
swivw.  as would be the case for a Zcngine installation. 

The mission operations are simplified with a boost pump, since the engine can be started at any time, whereas 
the run tantrs h e  to be toppedoff before restarting the vehicle with a run tank. Also, the complication 
of changing over to a con tank supply aftu start is eliminated with the boost pump design. 

The run tankdesign has somewhat mre complicated on-orbit coupling operations due to the necessity of coupling 
the individual propulsion modules to the aft core tank. With the boost tankdesign, the engines are hard connected 
to the aft core tank 

S i c  the Zengine cluster designs require higher thrust than the 3engine designs. the development costs will be 
higher and the development schedule somewhat longer. A major consideration is the cost of \be ground mt 
facilities, which is  a function of engine size. 

While a weighted scoring was not attempted, it appears that the b t  pump design is a somewhat better choice 
than the run tanlr design. A 3.engine clusrer design appears IO be a much better design choice than a 2-cngine. 
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Identify Engine-Out Impacts on Propulsion Module and 
Ve h id e 

/-CLUSTERED MtR STUDY 

L 
JWP 11- 

Define/Modify Propulsion System Requirements to 
Accommodate Engine-Out (RID’S) 

* Identify Propulsion Module Technology Requirements 

This section examines the impacts of engine out. documents requirements on the engine and vehicle to 
suntive the event, and identifies new propulsion module tcchnology needs. 

Our analyses defures mission phases where failures could occur. Thrust vector control requircmcnfs to 
correct for an engine-out condition in both two and three engine coofigurations arc given. Mission 
performa~ce penalties, in uams of AV and additional propellant required to abort, is assessed 
Propulsion system failure causes. symptoms. and remedies arc examined. The requinments on the 
swiving propalsion module are defmed. and vehicle impacts arc discussed. Propulsion module 
technology nquinmnts am defined. and suggested additions or modifications to the propulsion 
system baseline arc SummariZu. 

NTP: Syskm Concepts 416 



CLUSTERED NIR STUDY 

am i c m  

ENGINE-OUT MISSION PERFORMANCE IMPACTS 

TransEarth Injection (TE9 
r 

Analysis assumes failed engine remains with vehicle 

Gravity Losses included In performance calculations 

**'. Values shown are tor vehidss wilh run tank based propulsion syslsrm, 
*** Assumes failure occurs after escape velocity (C3d)is % h i 4  
'* Assumes engine fpfluro prior 10 iniedon or capbra maneuvers 
: Della IO reterencs mund tno mission oarsmeter tor cantinuina mssmn anec fatlure occurs 

A Mars Transfer System(h4TS) with multiple nuclear thermal rocket engines departs from earth parking orbit on 150-day 
trip to mars. The MTS captures at mars for 90-day stay, then leaves Mars on 310-day return, performing a Venus 
swingby enroute. The MTS then captures into earth parldng orbit. 

Main engine failun can occur at any of three mission phases: TMI. MOC. or TEI. During TMI the main engines are 
utilized for a mple perigee departure burn from Earth parking orbit. Main engines are used again for MOC. The TEI 
burn is initiated after the 9O-day stay on the surface. The failed nuclear thermal rocket en&(s) remains with the vehicle 
d u n g  the entire mission duration. 

Our analysis assesses performance impacts due to engine out by calculating relative additional propellant mass and 
reactor bum time delta's to complete the reference mission on time. For the reference mission, total propellant used was 
approximately 1.036.000 Ibs. while m e a l  reactor burn time is approximately 1,76 hrs. 

The amount of additional propellant required to compensate for engine-out depends on which phase of the mission it 
occurs. For the TMI phase, full thrust is maintained until escape velocity is reached, then the engme-out condition 
occurs. For the other two mission phases, engine failure occurs prior the injection or capture maneuvers. 

The three engme case affords the least impact for a single engine-out condition. A factor of 2.0 - 2.2 less additional 
propellant and reactor burn time is required relative to the twoengine case. For two and three engine cases, propellant 
and b u m  time impacts are greatly reduced for MOC and TEI failures relative to TMI. This is a result of the reduced 
gravity well at Mars (.38 of Earth's). 

The vehicle wirh a boost pump based propulsion system was also analyzed. Its Apropellant and Ab- times were 8% 
and 3% lower respecuvely than the run tank case. 

33 
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CLUSTERED h7R flUKW 
a m  r PROPULSION SYSTEM FAILURE M 

* CORE I RUN TANK PROP. CONTROL VLVS. - RUN TANU PRESSURIZATION VLVS. 

MAIN PROPELLANT START-UP cn. VLVS 

9 RUN TANK VENT cn VLVS 

GAS STORAGE 

AUTOOENOUS TANK PRESSURQATtCW 

TVC ACNATORS ( E M )  

NoOrUworr 
Tdbd flav 
Fbw 
1nihlVlii Nnoruneorr 
Tdbd fla 

P I COHTROL BRANCHES 
PUMP DISCHARGE c n  VLVS 

TURBINE BYPASS c n  VLVS - COOUX)WN c n  VLVS. 

* PUMP BYPASS Cn. VLVS. 

* N R B W U ,  (WE OF TWO) 

THRUST OUllBER 
sMdarrJJ.muul 

- CONTROL DRUM 

The a b v e  table sum.mm the most serious problems that can occur for a nuclear propulsion system with a 
run tank; however, although they are also the least likely to occur. Many small fail- can occur in the 
support systems undetected and without having any impact on the operation of the pnopllsion system 
because of the redundancy and safety features built into the systems. in most cases reduced thrust or safe 
abort is possible. 

"he propulsion system includes not only the main engine hardware, but a h  integrated support s y s m s  
containing numerous valves, electrical switchs, regulators, high pressure gas storage system$. etc. ali of 
which are carrfally chosen for specific functions and arranged in multiple ~ m b ~ t i o ~  
reliable and accurately controlled operation of the overall propulsion system Roblerns 
propllsion system is &fore not only reiated to the main hardware eomponam &ut also to Ihc m y  
components of the integrated support systems. Problems and failures in the overall system am most o b  
r e l a d  to the support systcms and are detected by Instrumentation and behavior of tk support systems. 

Problem and failures in NTR systems an related mostly to the system and components which am similar to 
conventional chemical rockets. which makes it easier to analyze 
With failures in the reactor, it may be possible to continue safe 
exten&d periods of time, sinct reactor life is greatly increased at reduced power. 

Whm practical. electromagnetic valves and actuators were chosen for high reliability and fast respoase. 
Electromagnetic hardware has been demonstrated to be. better pexforming than pneumatic or hydtauic 
systems in many apptications. Problem areas are mostly related to the controlius in the systaa which 
therefore requue a large degree of redundancy built into the control systems. 

tem based on past exporiencc. 
nduccd p e r  for even 
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CLUSCERED NFR STUDY r PROPULSION SYSTEM FAILURE MODE ANALYSIS 

* COMROL BRANCHES 
* BOOST PUMP START-UP CONTROL VALVES 

* MAIN PROPELLANT START-UP COMROC VALVES 

GAS STOMOE 

N C  ACTUATORS (€MA) I I  
OLLER 

* COHfRoL BRANCHES 
PUMP DISCHARGE cn. VLVS 
PUMP BYPASS c n  VLVS. 

a TURBINE BYPASS cn. VLVS . COOLDOWN cn. VLVS. 

* TlmBowuI (ONE ff TWO) 

* REACTOR 

*CONTROLDRUM Temp. 

TAndP 
T AND P 

* REACTOR PRESSURE VESSEL 
* NOZZLE /GASIFIER HX. 

The above table summarizes the most serious problems that can occur for a nuclear ppulsion system with a 
boost pump; however,they are also the least likely to occur. Many small failuns can occur in the support 
systems underected and without having any impact on the operation of the propulsion system because of the 
redundancy and safety feanues built into the systems. In most cases reduced thrust or safe abort is possible. 

The propulsion system includes not only the main engine hardware, but also integrated support systems 
containing nunmous valves, electrical switches, regulators. high pnssure gas storage systems, etc. all of 
which an carefully chosen for specific functions and arranged in multiple combiitions to guarantee safe, 
reliable and acnuately controlled operation of the overall propulsion system. Problems associated with the 
propulsion s y s m  is therefore not only related to the main hardware comporrents but also to the many 
components of thc integrated support systems. Problems and f d m s  in the overall system are most often 
related to the support system and are detected by instrumentation and behavior of the support systems. 

Problems and failures in NTR systems are relafed moslly to the systcms and components which arc similar to 
conventional chemical r0clr;Cts. which makes it easier to analyze the 
With failures in the reactor, it may be possible to continue safe operation at rcduced power for even extendtd 
periods of time. since reactor life is greatly increased at reduced power. 

Where practical, eiectromagneuc valves and actuators were choscn for high reliability and fast response. 
Electromagnetic hardware has been demonstrated to be better performing than pneumatic or hydraulic 
systems in many applications. Problem areas are mostly related to the controllers in the system which 
lherefore rquirc a large degree of redundancy built mto the control systems. 

systems based on past e 
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FLIGHT PATH STEERING 

0 VEHICLE C.G. OFFSET 

ENGINE-OUT 

Various vehicle factors have to be considmd in determining the thrust vector control rcquiremcnu for 
a space vehicle. 

A basic consideraum is the flight path steering requinmcnt. For an orbit Iaumhed vehicle, thiJ 
requirement is minimalaud is wt critical. 

A 
of 

g h t  ~ ~ e ~ ~ ,  vehicle c.g. offset, non-uniform depletion 
g. a i d  engine jettisoning, nquin adjustment of the thrust 

VeCtU. 

Propellant sloshing and vehicle elastic motion may be coupled and mmt be coll~iderrd in that context 

study, it was recognized that the 
SMllt of this 
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CLusrzlReD fttR STVDI 
a.N.RAL PYNAMEI 

spror,syrnmroinrlDn 
SURVIVING PROPULSlON MODULE REQUIREMENTS i 

Reactor burn time requirements could increase by 7"/0 to 35% for the three 
engine case and 16% to 70% for the two engine case 

If no engine jettison capability incorporated in design, surviving propulsion 
modules must be able to function in intense radiation an thermal environment 
caused by disabled engine 

maximum displacement, rate and accelleration of 7S0, 3S0/sec and 2O0/secA2 
respectively 

0 Gimbal mechanism must be robust and capable of vehicle control for extended 
duration at or near the maximum engine out null position of 5" 

e Gimbal requirements for run tank designs are worst for 1 of 2 engines out at 
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* FLIGHT PATH STEERIN 

0 VEHICLE C.G. OFFSET 

* THRUST DIFFERENTlAL 

NON-UNIFORM DEPLETION OF 
ENGINE-OUT 

0 TANK JETTISONING 

* ENGINE JElTlSONlNG 

* PROPELLANT SLOSHING 

- VEHICLE ELASTIC MOTION 

Pns 1/8/92 

Various vehicle factors have to be considered in determining the thrust vector control requirements for 
a space vehicle. 

A basic consideration is the fliat path steering requirement. For an orbit launched vehicle, this 
requirement is tninimaland is not critical (unless a meteor/debris avoidance system is included). 

A number of alignment factors. including thrust differential. vehicle c.g. offset, mn-dorm depletion 
of propellant, Cngine-out. tank jettisoning. and engine jettisoning, nquin adjustment of the thrust 
Vector. 

Propellant slosbing and vehicle elastic motion may be couplCCI and must be consided in that context. 

While a comprehensive . w m y  has not been accomplished for this study, it was nwgniztd that the 
engine-out event could have a major impact on the requirctnentS. Accordingy, m as-t of lhis 
particular factor was made to obtain an indication of the ma&m& of the nquisicmaU 
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5.N.FUL PYNAM- 
svsremr O l N M  

THRUST VECTOR CONTROL REQUIREMENTS - 1 of 2 Engines Out 

1 
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NP-TIM-92 

A dynarmc guidance and control simulation was developed to examine the vehicle conuol response and 
engine gimballing requirements for the case where one engine of 2 fails. The vehicle mass distribution 
was examined and it was concluded that the worst case could be approximated with the Mars transfer 
injecuon maneuver tanks jettisoned and the aft core tank full of propellant. Instantaneous shutdown of 
the faulted engine also was assumed for the worst case. 

A conuol loop was formulated and typical PID (Proportional Integral Differential) conuol gains were 
applied to obrain what a p e d  to &e favorable results. As indicated in the plots of the results, the 
rnaximutn vehicle aligMlent excursion is less than 1 degree (occurring about 4.5 seconds into the 
transient) and the excursion rate is about 0.3 degrecs/second (at 2 seconds after engine thrust 
termination). Tbe maximum engine gimbal response is approximately 7.5 degrees (at 3.5 seconds) 
requiring a maximum gimbal race of a b u t  3.5 degneslsecond (at about 1 sccond). The enginc-out null 
position is about 5 degrees parallel to the radial position vector of the faulted engine. 

The control sixnulauon maximum gimbal aTeleration is about 20 degrees/second. This compares with 
a total deflection race of 114 degrees/second for the Centaur engines. 

2 
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FCLUSTERED M X S N D T  
QINlCPAL c n ~ ~ A M l e s  

W a S y n n U W w n  
THRUST VECTOR CONTROL NTS - 1 of 3 Engines Out 

0 2.5 5 7 6  
TIME 

10 12.5 15 

0 2.5 7.5 
TIME 

10 12.5 15 

A dynamic guidance and control simulation was developed to ex& tbe vehicle control response and 
engine gimballing requirements for the case where one engine of 3 fails. The vehicle mass distribution 
was examined and it was concluded that the worst case could be approximated with the Mars transfer 
injection matlr;\lver ranks jettisoned and the aft core tank full of propellant Ins*uuaoeous shutdown of 
the faulted engine also was assurnod for the worst case. 

A conuol loop was formulated and typical PID (Pmpornonal he@ DiBlemntkd) control gains wen 
applied to obtain what appeared to be favorable results. As indicated in the plots of the red&. the 
maximum vehicle alignment wrcursion is less than 0.5 d e w  (Oocurring about 4.5 seconds int0 the 
transient) a d  the excursion rate is less than 0.2 degr~sccood (at 2 
termination). "be maximum engine gimbal rapom is appnoximattly 4 degrees (at 3.5 seconds) 
requiting a maxbnm gimbal rate of 2 degr~s/second (at about 1 second). The engb-out null position 
is about 3 d e w  parallel to the radial position vector of the faultad engine. 

The conml simulation maximum @ai ayluation is about 10 d e ~ s ~ C o d .  This compares with 
a total deflection rate of 114 deps/seCond for the Centaur enginclr. 

2 
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CLUSERED NlR STUDY 

QlNIFlAL CIYNAMICI~ 
sp.osptam8L%wn 

CONCLUSIONS - THRUST VECTOR CONTROL REQUIREMENTS 

* ENGINE-OUT REQUIREMENTS: Ux2 mE3 
DISPLACEMENT, degrees 7.5 4 
RATE, degrees/second 3.5 2 
ACCELLERATION, degree&* 20 10 
NULL, degrees 5 3 

& 

* THE ENGINE-OUT REQUIREMENTS FOR THE BOOST PUMP 
DESIGNS WILL BE GREATER AND SHOULD BE ANALYZED. 

AND SHOULD BE ANALYZED. 

FOR OTHER REQUIREMENTS. 

* TANK AND ENGINE JEITISON CONDITIONS COULD BE SIGNIFICANT 

ALLOWANCE OF ABOUT 2 DEGREES APPEARS TO BE ADEQUATE 

The thrust vector control requirements have been determined for the engine-out event for the vehicle 
designed with a run tank. The displacement. gimbal rate, gimbal acceleration, and null position are 
about twice as great for the 3 engine installation with the run tank design as they an for the 2 engine 
installation of the same basic design. For the designs with the run tank, the requirements do not appear 
to be excessive. The requirements for the boost pump propulsion system designs could be 
sigmfkantly greater. however. and the should be analyzed. 

The requirements for tank and engine jettison events could also be signifcant and should be analyzed. 
In any case, however, these events would not be concurrent with tbe cngine-out event and therefore 
should not increase the overall gimballing requirements. 

Some other conditions and evem. such as propellant sloshing, could be concurre~~l with engine-our. 
Such additional requirements should not be major, however, and probably can be covered with a 
nominal allowance of, say, 2 degrees. 
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TECHNOL 

1) Robotic Coupling Toolflechniques - On-orbit Assembly Or 
Core Tanks 8 Propulsion Modules 

2) Onorbit Propellant Transfer - Topoff Propellant Tanks For 

3) Boost Pumps - Six Times ass Fbw Of Centaur, GH2 Turbine 
Drive 

4) Radiation Hardened Thrust Vector Controlers And Engine 
Controllers - Gamma Heating And Charged Particle Upsets 

5) Run Tank VentlFill Systems - Vent GHe From Run Tank For 
In-space Restarts 

6) Mixing Condi Bulk Heated Propellant - Pred 
Temperature pump Restart Conditions 

7) Engine Jettison System - 
Obstruction By Oysfuncli 

Engine-out Vehicle M ,  en^ Good Engine 

8) Integrated Health uiM-in Test - Reduce In-s 
e For faiiedloff -nomina9 Co Cost, Automatically Coin 

\ 

vehicle. and thus the ped0 
module staying critical and physicaliy &stoning u) obstruct gunbahg the r d g  module. 
MM and Smart Bit aliow automated checkout to reduce the cost of in-space operations. It also daws 
off- mrninal and inipient f a h e  conditions m be compensated for at ekctronic speed 

ct of engine-out It would elimiaare the possibility of a dead 
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SUMMARY ANI) CONCLUSIONS 

CONCLUSIONS 

A cluster of multiple propulsion modules coupled to a core tank 
is feasible 

Hard coupling multlpb nuclear thermal rocket engines to a core 
tank is an attractive alternative - Boost pumps utilized for engine start/restart - Upper and lower core tanks - Propulsion system Integrated and checked out on the ground 

for single launch on an HLLV 

Three engine cluster appears to be more desirable than two engine duster 
- Higher rellablllty - Less performance penalty In engine out scenario - Reduced reactor bum time requirements in engine out scenario - Lower thrust engines may cost less to develop 

- May not be desirable to abort with 1 of 3 engines out, after TMI - Minimal reactor and propellant penaltbs, great mis~ion success benefits 

427 NTP: System Concepts 



CLVflERED AT+ SWDY * 
PIN.RAL WNAM~CID 

WaS)rsm&um 
PROPULSION SY 

NUMBEMHRUST OF ENGINES 
i 

0 ABORT STRATEGY VS. NUMBER OF ENGINES 

* SINGLE VS. DUAL TURBOPUMPS - F(N0. OF ENGINES) 

NPSH SUPPLY CONCEPT (RUN TANK VS. BOOST P U ~ P )  

0 ENGINE JETISON PROVISIONS 

* RADIATION HARDENING OF ENGINUNC CONTROLLERS 

* FEASIBILITY OF VARIABLE INTERNAL SHIELD (VS. SPLIT SHIELD) 

* ROBOTIC REQUIREMENTS FOR ON-ORBIT COUPLING 

ON-ORBIT PROPELLANT TRANSFER 

* ENGINE CHECKOUT REQUIREMENTS 

* ENGINE HEALTH MONITORING REQUl 

A number of major Issues have m be resolves in order to adequately specify the propulsion sytem for a 
nuclear space transfer vehicle. ?he number and thrust of the engines must be determined based on an 
analysis of the initial and ultimate mission requirements, the cost of ground test facilities, and launch 
manifest considerauons. as well as the reliability and engineat capablilty of the en* cluster. The 
vehicle abort strategy and resolution of the requirement for single vs. dual turbopumps, in turn, arc 
dependent upon the decision on che number of engine in the cluster. 

The necessity for reactor cooling of a faulted engine can be avoided and abort mission performance can 
be improved if the faulted engine can be jettisoned. The experience available from the launch of 500 
Atlases with jettisoned booster engha should be applied IO determine what jettison feahues can be 
used with the ctustered nuclear rocket propulsion system. 

A major weight savings can be achieved if the engine thrust chamber can be developed with a variable 
internal shield This is paniculariy critical with a clustered engine installation when side shielding is 
required to protect the adjacent run tank (or far si& of the con tank bottom, in the case of the design 
with a boost pump). Accordingly. the feasibility of designing the thrust chamber with a variable 
internal shield should be explored. 

On-orbit issues lnclude couphg of the propulsion module to the vehicle and propellant transfer. The 
requiremenrs for these operauons should be analyzed in the context of design and devciopment 
implications. 

In order to establish the number and type of control and sensor mterface C0MeCtOr.S that m t  be 
provided. a definition of the engme checkout and health monitoring requirements must be derived. 
These requirements could have a major impact on the concept and location of the comctor panels used 
for coupling the propulsion module to the vehicle. 
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SUMMARY AND CONCLUSIONS 

Engine jettison capability is a must - Jettisoning failed engine will improve reactor and propellant 
abort margins as well as reduce radiation and thermal protection 
requirements on the surviving propulsion module(s) 

Radiation hardening of engineme controllers should result in substantial 
weight savings 

- The alternative is local electronics shieiding of side shields on reactor 
- Ability to hardenllocaily shield will drive selection of N C  actuator 

Side shielding of reactor may offer substantial design/operations benefits 
- Reduce disk shield mass 
- Simpler installation on ground or in orbit 

TVC actuator displacement and gimbal rate and power requirements 

- Dlsplacement and rate calculated, actuator power by analogy 
are within current state of the art 

--cRsTvDT 

0 m N . W  DYNAMU 
s p s ~ & u m l  SUMMARY AND CONCLUSIONS 

Propulsion system deslgn is dependant on man-ratlng requirements 

On orbit propellant transfer for tankingltopping propellant tanks 

Run tanks should be launched empty - Large surface areahrolume ratio and on orbit assembly time - Reduce structural mass requirements 

Integrated health management Is a must for any M R  - IHMlSrnart Bit architecture Impl6cat6ons wlll have significant impact 
on propulsion system mass and reliability 

The Earth to Orbit lift and volume constraints, coupled with on orbit 
operatlon significantly affect the propulsion modulelsystem design 
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NTP Systems Engineering Process 

- - - - - - - - - - - - - - - - - - 
v 

Customer Reference Analysis I 

Requirements Concept M&hg I 

Definition Defined Simulation I 
I 
I 

Tentative 
Concepr 

Analysis . Cntern Synqesis Selection 

I 

Detinne 

c 
System 

Alternauves 
Defined 

REQUntEhfE??TS 
1 DEFINITION J 

S> stem 
Resolution 

NTP Systems Engineering Process 

The systems engineering process is shown above is for the concept definition phase of the 
program. The process involves three major elements: requirements definition, system 
definition, and consistent concept comparison. The requirements definition process involves 
obtaining a complete understanding of the system requirements based on customer needs, 
mission scenarios, and NTP operating characteristics. A system functional analysis is 
performed to provide a comprehensive traceability and verification of top-level requirements 
down to detailed system specifications and provides significant insight into the measures of 
system effectiveness to be utilized in system evaluation. The second key element in the 
process is the definition of system concepts to meet the requirements. This part of the process 
involves engine system and reactor contractor teams to develop alternative NTP system 
concepts that can be evaluated against specific attributes, as well as a reference configuration 
against which to compare system benefits and merits. Establishing the evaluation criteria will 
be extremely challenging and critical to the entire evaluation and selection process. Due to the 
various disciplines required and many goals the system will be required to achieve, an iterative 
and participative team approach must be utilized. Various methodologies exist for evaluating a 
comprehensive set of evaluation criteria: analytic hierarchy process (AHP), 
multiple-atmbute-utility method (MAUM), and weighted-outranking method (WOM), but 
these provide little structure in identifying the key criteria. Quality function deployment 
(QFD), as an excellent tool within Total Quality Management (TQM) techniques, can provide 
the required structure and provide a link to the “voice” of the customer in establishing critical 
system qualities and their relationships. The third element of the process is the consistent 
performance comparison. The comparison process involves validating developed concept data 
and quantifying system merits through analysis, computer modeling, simulation, and, if 
required, rapid prototyping of the proposed high risk NTP subsystems. The maximum amount 
possible of quantitative data will be developed and/or validated to be utilized in the QFD 
evaluation matrix. If upon evaluation of a new concept or its associated subsystems determine 
to have substantial merit, those features will be incorporated into the reference configuration 
for subsequent system definition and comparison efforts. 
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Customers 
- 
- 

Understand who an: our customers 
Need to understand customer needs &priorities 

* Functional Analysis 
- AEC selected to provide requirements management 

RDDlOO Systems Engineering Software 
Functional hicrarchy being developed - Requirements traceability .& verification 

- “Living” Requirements Document established 

RESEARCH &ENTER 

-~ 

Requirements Definition 

Customer 
A critical element of the process is the identification of the “customer(s)” and their particular 
desires for the NTP system. Those customers will consist of the President, Congress, the Nation’s 
taxpayers, NASA management, and other government agencies concerned with the systems 
development and usage. These customers will most likely have different goals and objectives that 
must be understood and satisfied. The “voice” of the customers will be required to be part of the 
requirements definition process to guarantee their requirements are factored into the system, 

NTP Reauirements 
The current top-level requirements for NTP for meeting currently envisioned SEI missions for 
cargo and piloted Mars missions have been in development over the past two 
requirements document has been developed with an an-going review proces 
current NTP team revisions and suggestions and begins to obtain a complete c 
the process. The current requirements have been incorporated by Analytical Engineering 
Corporation (AEC) into Ascent Logic’s powerful systems engineering software the Requirements 
Driven Development (RDDTM) System Designer. This will allow for functional analysis, 
traceability, component-to-functions mapping, model behavior analysis, and failure propagation 
analysis. 
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S y s tern De f i pi tion 
NTP System Alternatlves 
- 
- 

Initid database developed on four concepts 
Date developed based on consistcnl requirements 

J 
Reference Concept 
- Quantify alternative concept bcncfits 

= Risk -Cost -Schedule - Performance 
NEKVA-derived initial reference due LO significant database - 

Evaluation Criteria 
- 
- Participative approach 
- 

Must focus on customer neecis 

Utilize Quality Functional Deployment (Qm) 
TQM tool Smctured & Syslcmatic - Expanded usage possible for lalcr program phases 

bsK3Wt?zsEI - 
~ ~~ 

System Definition 
Svstem Alternatives 

Efforts were funded in 1992 by NASA to develop consistent state-of-the-art NTP concept data 
based on the same mission and engine requirements to permit an apples-to-apples comparison. 
Four alternative concepts were examined by various contractors to evaluate concept feasibility, 
thrust level implications in the range of 25,000 to 75,000 Ibf, test facility requirements, manned 
mission impacts, key component technologies required, and an industrial approach to developing 
the system within the next decade. The four concepts examined were each defined based on a 
specific nuclear fuel element concept consisting of NERVA - derived, CERMET, Particle Bed, 
and a “twisted-ribbon’’ fuel element developed by the CIS. 

Reference C- 
A reference concept will be utilized to help determine quantitative benefits of alternative engine 
concepts or subsystem. Significant past efforts on the NERVA concept combined with well 
understood improvements makes the current NEKVA-derived concept the logical choice for the 
initial reference engine. The use of a reference concept will help in determining the benefits of 
alternative approaches to better quantify the risk, cost, performance, and schedule impacts. 

System Attributes 
The process required for evaluation and selection of a single NTP concept must be able to provide 
a suucture thaiencourages the participation of many vzTous disciplines and provides a f6cus on 
the customer needs. The attributes will not be honored if they are not obtained in a participative 
manner. Quality Functional Deployment, also referredto as the “house of quality,” has 
demonstrated an advantage in providing a systematic and structured approach to achieving high 
quality systems. QFD identifies the most important system characteristics, relates characteristics 
directly to requirements, and identifies which characteristics need to be controlled. The current 
process will concentrate on only providing a system atmbutes matrix for NTP concept evaluation 
due to the extensive training, “cultural shock,” and laborious nature in implementing QJ3. But, 
with the goal within NASA to provide “faster, better, and cheaper” systems through Total Quality 
Management (TQM), the initial use of QFD can be expanded to provide the discipline required to 
achieve this ambitious goal. 
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eference NTP Engine 

The reference N T P  concept shown above was defined by the Rocketdyne/Westinghouse team. 
The reference concept is based on a 50,000 pound engine utilizing dual turbopumps, 200:l 
nozzle expansion and composite fuel within the NERVA fuel element configuration operating at 
2700 K and a 785 psi chamber pressure. This NERVA reference engine shown is prdiminary at 
this point. An initial reference engine and associated database will be determined in the next 
few months. 



QFD Benefits 

_ _  - 

QFD Benefits 

CH ARICTE~IST ICS 

THE HOUSE OF QUALITY PROVIDES 

a A REQUIREMENTS PLANNING CAPABILITY 

0 A TOOL FOR GRAPHIC AND INTEGRATED 
THINKING 

THE ENGINEERING THOUGHT PROCESS MATRIX NALUATIOM 
0 A MEANS TO CAPTURE AND PRESERVE 

A MEANS TO COMMUNICATE THE 
I 
E 
S THOUGHT PROCESS TO NEW MEMBERS 

OF THE OFD TEAM ~mmrmncE 
.) A MEANS TO lNFORM MANAGEMENT 

REGARDING MCONSISTENCIES BETWEEN 
REQUIREMENTS. RISKS AND NEEDS OF 
THE CUSTOMER 

COMffllTlVE 

IREPUIIEMENTS) 

QFD was developed in Japan in the late 1960’s in response to a recognized lack of “quality” in the 
defintioddesign process. The foundation for QFD is in the belief that systems should be designed 
to reflect customer needs and desires, thus requiring all disciplines to work closely together from 
the time a system is first conceived. Quality Functional Deployment, also referred to as the “house 
of quality,” has demonstrated an advantage in providing a systematic and structured approach to 
achieving high quality systems. QFD identifies the most important system characteristics, relates 
characteristics directly to requirements, and identifies which characteristics need to be controlled. 
QFD provides a significant number of benefits in obtaining a quality product. Some of those 
benefits are shown above. 
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QFD Evaluation Matrix Example 

The QFD matrix, as shown in the example developed in the space transportation main engine 
(9mE) program, begins with the customer needs, or wants, in phrases that describe the system 
and its characteristics in their own words. The wants are often grouped into areas of overall 
customer concerns that typically can include primary, secondary, and tertiary levels. Not all 
preferences are equal and the customer's needs must be weighted based on discussions with the 
customers. The top of the QFD mamx lists those engineering characteristics that are likely to 
affect one or more of the customer needs. These characteristics should describe the system in 
measurable terms. The body of the mawix is filled with symbols indicating the strength of the 

relationship with the engineering characteristics. On the right-hand side of 
reference concept's level of meeting customer expectation and opportunities 

for improvement are determined. The rating of customer needs along with the number and 
strength of the matrix relationships provides the weighting for the engineering characteristics. 
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Consistent Comparison 

Integrated Government Team liormed 
- 
- State-of-the-art computational techniques 

Provide andlor Verify Quantitative Data 

Perform Risk and Failure Annlysis 

Utilize Established Government Cost Mndcls 

Develop & implement systcm performance modeling 

I 

Consistent Comparison 

The consistent comparison element of the process must provide and/or verify the quantitative data 
upon which the concepts will be evaluated. This data must be based on consistent assumptions, 
groundrules, and requirements. The data provided must also be independently verified to ensure 
proper analysis has been completed. The fundamental tools that assist the systems engineer in this 
process are the system performance and cost models, and quantitative risk assessments. 

An integrated Government team has been formed to develop and implement a strategy for modeling 
NTP system performance. The modeling team was formed in order to integrate state-of-the-art 
computational resources and techniques, along with a diverse knowledge base, into simulations of 
NTP system performance. A parametric NTP model will be used to predict the system performance 
for all defined NTP concepts on a consistent basis. The model will also provide steady-state 
performance data for use in SEI mission analysis and evaluate system design perturbations. Transient 
evaluations, such as start-up and shut-down, will also be performed as the data and models become 
available. This will provide a means to evaluate the quantitative benefits to the system based on 
proposed subsystem and component improvements. 

Risk, schedule, and cost analysis will be performed in addition to the performance assessments. The 
RDDTM- 100 systems engineering tool will be coupled with the Failure Environment Analysis Tool 
(FEAT) to assist in the identification of hardware and software failure effects on the entire system. 
This will ensure that the concept complies to redundancy, reliability, and safety requirements. Cost 
analysis will utilize established Government cost models to quantify cost benefits to the system upon 
the implementation of an alternative. 
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Nuclear 
Sub-system 

Technologies 

Nuclcar Pro pi 1 s ion 
Tcctinical Inlcrcliangc Meeting - 1992 
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Non-nuclear 
Sub-system 

Technologies 

Nuclear Thermal Propulsion 
Technology Overview 

James R. Stone 

N ASA/LeR C Nuclear Pro pu I s ion Off ice 

NUCLEAR THERMAL PROPULSION 
TECHNOLOGY ELEMENTS 

innovative 
Technology 

High-Risk 
High-Pay off 

Technologies for 
2nd & 3rd 

Generation 
Systems 

Crit Tech Tst Pln 

I Fuel FablPrQdJ 

Nuc Fuel Tests Propelnt Mgmt 

Non-nuc Fuel Tests 

Mtl lrradtn Tests 

Fuel Elam. Testa 
Nuc. Furnace Tests 

Neutronics, I&C 
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@ Model Development: Graddate Research 

* Vapor-Core Modeling & Experhents: IN 

0 Gas-Core Simulation Facility: L 

* PBR Stability Modeling: MI7 

PBR Materials blodellhg; Univ. New M4+X\Co 

Enabling Tecl-rnology 

NOZZLES 
- CFD Model Development (3-D Navier-Gtokes): LedC 
- Nozzle Alternatives & Optimization Experimeht& Let36 
- Molecular CFD Plume Model Development: LeRC 

- Low-NPSH Pumping Technology: MSFC 
- Materials Evaluation: MSFC 
- 3-D Navier-Stokes CFD Model Development: LeRC 

* $TRUCTURES 
- Probabilistic Model Develo 

0 INSTRUMENTATION & CONT 
- High-Temperature Sensors: LeRC 

MATERIALS 
- Preliminary Sample Prep & Expts: LeRC & MSFC 

* THURBOPUMPS 

: LeRC 

92 
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Non-nuclear Material 

* Goal is usable materials database 
Results needed early to support design and analysis 

* Advanced and commercially available materials to be 

* Develop required processing and characterization 

Tie-in with Base R & T work 

work 

studied 

facilities 

l~strumentati~n, Controls, and 
Health M~nitoring 

Large advances since NERVA, needed for autonomous 

* Details of overall system architecture TBD 
Plan to build off on-going efforts in chemical engine 

OPS 

area 
Current LeRC effort concentrating on sensors 

* Good progress to date with Sic 



0 LeRC working flow and performance modeling 
0 Evaluation and modification of existing codes 

Will use TPA testbed to validate model 
a MSFC working hardware specifics 

Evaluation of concept options, materials, 
technologies 

0 Bearing options being studied 

4 CFD modeling of internal flow 
Fluid, thermal, chemical behavior 
2-D work done for various temp and thrust ranges 

0 Plan to expand results to 3-0, other nozzle forms 
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Nozzle and Extension 

* Alternative nozzle design evaluation 
Study of various alternative nozzle forms 

* Goal is performance and packaging improvements 
Small scale tests to take place in mid 93 

* Promising results flowed back into CFD effort 

Nozzle and Extension 
Probalilistic Structural Modeling 

Large Expansion ratio nozzles (>200:1) cannot be 
ground tested 

0 Develop analytical ability to be able to launch with 
assured reliability 
* Apply available prob struct modeling methods to 

NTR nozzle 
* Input CFD results, fabrication process 

uncertainties 
Develop probabilistic QA criterion 

* Develop design spec for nozzle and extension 
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e aracteritat f on 
0 Content and behavior of exhaust plume critical to 

man-ratability 
LeRC developing validated numerical simulation 
capability 

CFD not sufficient 
DSMC with finite difference Bolttmann techniques 

Will accomodate various nozzle shapes, species, 
conditions 

Experimental validation planned 

Y 

* NTP is key to SEI 
Non-nuclear technologies vital to NTP 

0 Critical technologies identified 
Work begun, preliminary results available 

* Efforts will continue in an evolutionary manner 
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Silicon Carbidc Semiconductor Technology lor 
High Temperature and Radiation Environments 

Nuclear Propulslorl 
Tec1:lrIiicdl It~tcrcliarlge Maclirig OClObUI 20-23, l!l!V 

Figitre 1: This talk will describe silicon carbide technology and its potential for enabling 
electronic devices to function In high temperalure and high radiation environments. The talk 
will be given by 51. Lawrence G. Matus of the Instrumentarion and Control Technotogy Division, 
NASA Lewis Research Center. 

INSTRUMENTATION & CONTllOL 
TECHNOLOGY DlVlSlON 

SILICON CARBIDE 
A Crystalline material with unique properties 

- Abrasive 

- Sli uclural 

. Relractory 

Low dleleclrlc constant 
High thermal conductivily 

CD C U S D W D  
Figure 2 Silion carbide (Sic) has many unique proprrtias. The LeRC research program is 
exploring the semiconductor properties of SIC. The wW0 enoiyy bandyap 01 SIC allows it to 
funcbn at high temperatures. the high breakdown voliage end high thermal conductivity of SIC 
suggesls that power devices and radiation lid rlcvices will be possible, and the low dielectric 
constant and high salurated electron drift velocity of SIC opens the possibility of high frequency 
devices. Sic can be doped both n- and p-type lor electronic device fabrication. 
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Figure 3: Tho properlies 01 ltie Iwo rriost CoiIIiI~oli I~olyly[lRS of sic (X-Sic, H ~ S O  called beta or 
cubic Sic and GH-SIC, also callod alpha Sic) are compared with llie properlies of commercially 
available semiconductors and diamond. The commercially available semiconductors were judged 
unable to meet the GOO% ternpnralrire gcial llie LoRC prograiu, while diarnorid leclwology was 
considered to be too far in the future 

andloi radiation hard electronic devices fabricated t 
nd tcrroslrinl Imw.cl ;ilrlilicntioiis 
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Figure 5: Prior to lnR9. Sic rwwnrcliors lind to I I S ~  srnnll Irrogulnr-slinpod Loly SIC samples 
lor device studies. Now, Cree nesontcli. Itc.. R sttidl coitipaiiy in Utrrlmrii, North Carolina. has 
made one inch Sic substrates conitnercinlly avnilnble. 

S U B L I ~ A T I ~ ~  GROWTH OF 6H-SIC BOULES 
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Figure 7: During the 1980s. the LoRC SIC program developed a chemical vapor deposition 
Iechnique lor the heteroepitaxial growth ol IC-SIC onto silicon suhtrales. This IC-Sic 
material has many detects because of the mismatch in malerial properties between the Sic and 
silicon. However, the chemical vapor deposition process works well for the homoepitaxial 
growth of 6H-SIC onto 6H-SIC substrates. Our process uses silane as the silicon source, 
propane es the carbon source, and hydrogen as the carrier gas. For doping the SIC epilayers, 
nitrogen gas produces n-type while trimethylaluminurn vapor produces p-type Sic. Hydrogen 
chloride gas is used during a pregrowth etch. Tlie growth leinpernture is 1450%. A mdio- 
frequency generator heals the graphite susceplor. The growth process takes place at 
atmospheric pressure. 

Figure 8: A photo of the LeRC chemical vapor deposition system. The time sequence and flow 
rates of all process gases are computer controlled. 
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6H SILICON CARBIDE P-N JUNCTION DIODE 

Diode Structure I-V Clintaclerlstics 
nt noocii Tciiiperaturc 

CD t I 51351 

Figure 9: Device structure end room temperature current-voltage characteristics for a 6H- 
Sic pn jonction diode that WRR lahricntod at LenC. Etching 01 the Sic lo prdttce llio mose-style 
pn junction configurntion was accomplished by reactive ion elcliitig; there are no known wet 
chemical etchants for Sic. The reverse diode characIerisUcs demonstrated very low leakage out 
lo the breakdown voltage of around 1000 volts. The forward diode characteristics displayed the 
rather large turn-on voltage associated WIW the wide bandgap of Sic. 

Silicon Carbide Junction Diode 

for any p-n junction diode device. Significantly improved 
characterislics above 400 "C. Demonstrates high quality 
6H-Sic epitaxial film growth processes. 

Accomplishment: Highest reported operational temperature (GOO "C) 

Diode array I-V Characteristics at 600 "C 
I 

1 . .  . 
Benellls: Slltcon carbide diodes (p-n junctions) are basic building 

blocks from which all future silicon carbide electronic 
devices will be developed 

LO 91.53802 

Figure 10. The diode array photo shows SIC diodes of different sizes. The diode sizes range 
from 50 lo 400 microns in diameter. The 6H-SIC dlode demonstrated excellent current-voltage 
characterislics when tested lo 600°C. As a semiconductor material, Sic can clearly perform at 
elevated temperatures. The Sic pn junction is a basic building block from which all future Sic 
electronic devices will be developed. 

NP-IlM-92 
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Figlire 1 1 :  A photo dccuineriling the opelation of a 6H-Sic pn jtiiiclion diode at 600°C. One 
diode. of lhe tnany on IIIR chip. is being examined or) a probing staliori equipped with a heating 
stage. The forward biased diode IS emilling blue lighl while the healing stage is glowing eherry- 
red a1 600°C. 

. ,,, 
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nl/sA: INSTRUMENlATION & CONTROL 
TECHNOLOGW DIVISION 
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SILICON CARBlDE MOSFET 

6H-Sic metal-oxide-serniconducIor field effect transistor 
(MOSFET) 

Mileslone: Develop end demonstrate a high temperature, (400 OC), 

MOSFET Array SIC MOSFET Structure 

V" tVOll5) I 
Accomplishments: A deplclion-inode silicon carbidc MOSFET has been 

developed and successfully deinonstrated at an 
operational temperature of 500 "C. 

basic active electronic device front whlcli intearated 
Benefits: Silicon carbide MOSFETs (switches) provide Ilio most 

circuits can be developed. 

Figure 1 3  A depletion-mode 6H-SIC Melnl-Oxrle-SRmiconduclor Field-Effect Transistor 
(MOSFET) was detitoristrated to an operalitiy lemporature 01 500°C. Sic has silicon dioxide as 
its native oxide, so many of the silicon oxidation techniques are directly importable to the Sic 
technology. The current-voltage clwacleristics for this MOSFET are not yet ideal because the 
tievice structure end oxide growth processes have trot yet bean optimized. 

Silicon Caibido JFCT Radialion Rcspoirsc 

Work I,orfornicrl by J.M Mc:(inrrrly r/ nl .I lniry I Jinitioiicl I nliornlorirs , 

To hn pirblislmcl in lrFE l r n in  IW Nirr%xu Sriwro. 39. Nix li I)nc Ir(W 

Fmirra 14: SIC Is sxpocfed to bo a radinllot~-hnnl seinlcortdtrctor. Work performed at the Harry 
Diamond Laboratories demonstrates that. yes indeed, SE is radiation-hard. 6H-SIC Junction 
FieM-Effect Transistors (JFETs) were exposed lo both yarnma and neutron radiation. The JFET 
experienced lilUe effecl from the gamma radiation and was still functioning after an exposure of 
1016 neutrons per cm*. The JFEr also performed better at the elevated temperalure of 300°C 
than at room temperature after the neutron exposure. 
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AREAS REQUiRlNG TECHNOLOGY ADVANCEMENT 
(FOR HIGH TEMPERATURE APPLICATIONS) 

- Melall i7iit ioit (rlc-cltical) coiil;acls 

Passivat ion arid dielectric layers 

Wire aitachtnent 

Packaging 

. Circuit board technology 

Figure 15: Several areas still require technology advancement before SIC is ready for high 
temperature and/or high radiation environments. The LeRC program is supporting research in 
the areas of metallization. passivation and dielectric layers, wire attachment, and component 
packaging. Ultimately circuit board teclinology must be developed. 

CONCLUDING REMARKS 

- Need for 600 "C electronic devices 

. Sic is the scmiconr luc tn r  of cho ice  

- Signlficant SIC crystal growth progress  

Discrete devices (diodes and MOSFETs) detnonslrated 

Several cha l leng ing  areas await 

Sic is on ils way 

Figure 18: Concluding Remarks: The LeRC program believes that e need for high temperature 
(600%) and/or high radiation-hard electronlc devices exlsts. The semiconductor of choice is 
Sic because of its many unique properties and the fact that diamond is still far in the future. 
During the past ten years, significant progress has been made in the advancement of Sic 
technology. Key progress has been made in the Sic crystal growth process. This progress has 
allowed device scientists to fabricate prototype Sic electronic devices with exciting 
characteristics and thus, LeRC researchers feel that Sic, as an electronic material, is definilely 
on its way. However, as is probably evident. there are still a number of challenging areas of 
research lo be pursued. 
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NTR PLUME MODELING 

COMPUTATIONAL FLUID DYNAMICS (CFD) 
FOR 

PLUME ANALYSIS 

MOLECULAR FLUID MECHANICS 

e THE VAST MAJORITY OF CFD DEALS WITH GASES WHICH ARE ADEQUATELY 
DESCRIBED BY THE m T I N U U  M THEORY, I.E., THE NAVIER-STOKES EQUATIONS. 

0 IN RAREFIED GAS FLOWS, A MOLECU LAR MODEL IS APPROPRIATE, REQUIRING 
DIFFERENT TECHNIQUES. 

- DIRECT SIMULATION MONTE-CARLO (DSMC) - FINITE DIFFERENCING OF THE EOLTZMANN EQUATION 

0 MOLECULAR CFD IS REQUIRED FOR: - 
- PLUME I SPACECRAFr INTERACTIONS 
- GROUND TESTING 

NOZZLE LIP AND CRITICAL BACKFLOW REGIONS 
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National Aeronautics and 
Space Admlnistralion 

Lewls Research Center 
NTR PLUME MODELING 

MOLECULAR CFD CHARACTERIS TICS 

DSMC TECHNIQUES TRACK A LARGE NUMBER OF MOLE- 

ACTIONS STATISTICALLY. 
CULES (OF ORDER 105 TO 107) AND MODEL THEIR INTER. 

COMPUTATIONALLY INTENSIVE 

DR. CHAN-HONG CHUNG HAS DEVELOPED AN ENHANCED 
DSMC CODE WITH MULTI-SPECIES CAPABILITY, ALLOWING 
MORE ACCURATE ~ALCULATIONS OF SPECIE SEPARATION. 
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RPLUS 

NP-TIM-92 

@ DEVELOPED AT NASA-LEWIS 

@ A NAVIER-STOKES CODE WITH FINITE RATE CHEMICAL 
KINETICS CAPABILITY 

- LU-SSOR 

- 9 SPECIES, 18 REACTIONS, (H2,02 COMBUSTION SYSTEM) 

- 3-D, (ONLY 2-D AXISYMMETRIC REQUIRED HERE) 
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SPECIFIC IMPULSE AS A FUNCTION OF CHAMBER PRESSURE 
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LEWIS HESEARCH CENTER - NASA - 

WALL CONFIGURATIONS OF NOZZLES 

ALL HAVE: 

"A", "B", AND "C" 
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Nallorial Aeioirouhcs dnd 
Space Adniiriislraliori 

Lewis Rcscarch Cenler 

N P-TIM-9 2 

2700 00 1 .O I 8110.~1 H 9O.i. 1 4  
3200 1024.33 1037.2 I 107 2.4 7 
3600 1144.22 118.3.30 1223. 17 
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National Aeronautics diitf 

Space Adminislralion 

Lewis Research Center 
NASA 

TABLE 5.  

Nallonal Aeronaulics and 
Space Adrninlslraliori 

Lewis Research Cenler NUCLEAR THERMAL PROPULSION 

COMPUTATIONAL FLUID DYNAMICS 
FOR 

SUMMARY 

CFD SIMULATIONS PREDICT LOWER SPECIFIC IMPULSE VALUES FOR ?HE LOW 
PRESSURE NUCLEAR THERMAL ROCKET THAN ONE-DIMENS!ONAL, INVISCID 
ANALYSES. 

THE LOW PRESSURE CONCEPT SHOWS MORE PROMISE AT HIGHER 
TEMPERA?URESTHAN ATLOWERTEMPERATURES,BECAUSEOFTHEGREATER 
AMOUNT OF DISSOCIATION. 

SMALLER NOZZLES SHOW LARGER VISCOUS LOSSES, ESPECIALLY AT LOW 
PRESSURES; THEREFORE, PERFORMANCE GAINS ARE ASSOCIATED WITH 
LARGER NOZZLES. 

ADVANCED CFD CODES SUCH AS RPLUS (3D, NAVIER-STOKES, CHEMICAL 
KINETICS), WITH THEIR ABILITY TO SIMULATE REAL GAS EFFECTS, PROWDE 
THE DESIGNER WITH POWERFUL TOOLS TO ANALYZE THE ENTIRE FLOW FIELD 
AND CALCULATEGLOBALPERFORMANCEVALUES. 



Naliorial Aoconauts and 
Spaco AdriwiisttUkn 

Lewls Aesoarch Cenler 

O__N-GZ)ING WORK 

NOZZLE WALL FILM-COOLING STUDIES 

- EFFECTIVENESS OF HYDROGEN FILM COOLING 
0 AMOUNT OF HYDROGEN 
0 OPTIMIZATION OF FILM PLACEMENT 

- PERFORMANCE IMPACT 
0 INTERACTION WITH PRIMARY FLOW 
0 LOSSES IN SPECIFIC IMPULSE 
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NU c 1 c ;I r 1k-q7u  1 s ion 
Technical Interchcingc Meeting - 1992 

Probabilistic tructural Arralys 
Nuclear Thermal Properlsian 

Dr. Ashuvih Shah 

Sverdrup Technology 

(presented by J.R. Stone, LeRClhJP6) 

CERTIFICATION OF SPACE NUCLEAR PROPUL810N SYBTEM NOZZLE 
WITH ASSURED RELIABILITY 

OBJECTIVE: To develop a methodology to certify Space Nuclear Propulsioii System Nozzle 
wlth assured reliability 
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SPACE 

Certification of Space Nuclear Propulsion System Nozzle 
with Assured Reliability 

Uncertain boundary -A 

condition m 
Uncertain structural response m' ,y m , Uncertian pressure load 

Uncertairi thermal gradients 

Uncertain material a/- behavior 

Uncertain shape \ \\,' \ 
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ARVANTAGE OF PROBABILISTIC STRUCTURAL ANALYSIS 
.- - _ _  .-. - -___ - - 

02 t- Case i : Wider scatter in stress and strength 

I ', l i i l  ,+!a ; I I ,  sr i i i  > - ~  

I 
Safety factor == 60140 = 1.5 
Reliability -= 0.99 
Reliability is small bccausc 

.-L~&- i - - 1 -1 shaded overlapping area I 
20 - __ 4 0  f - 0  nu is large due to wider 

c M scatter 

L/./ ' I /' >>\ 

PHOBABlLl N 
OENSITY 

FUNCTON 

Scatter in stress 

, 
_ I  --_.-__-_. 

----I 
I . -. Scatter in Strength - -- - -- - - - 

Case II : Narrow scatter in stress and strength r t - 

Safcty factor = 60/40 = 1.5 
Reliability = 0.999 

DENSITY \ Reliability is large because 
shaded overlapping area 

scatter 

I FUNCTION 

2v c 40 - I fifl .-* is small due to narrow 
Scatter in stress 

c -  

1 IL..--.--__ - 5!z!Er!n_ ""e!!gs!.-. -. - .. Reliability of structure depends on scatter in stress and strength 
Probabllistic approach accounts for scatter in stress and/or strength rationally 

Space Nuclear Propulsion System Nozzle 
Uncertainties in thc Random Variables 
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SNPS no7rk  natural frequency 

no 66.7 70 

Frequency (Htz) 

Probability of the natural frequency being less than 66.7 Hz = 0.999 

Therefore, to achieve a reliability of 0.999, the frequency of exciting force 
should be larger than 66.7 Hz to avoid resonance. 

Sensitivity of primitive variable uncertainties 
SNPS nozzle natural frequency 

Variabes controlling the scatter of natural frequency within 66.7 Hz are 
thickness, modulus of elasticity and mnss density. Therefore a tighter tolerance 
for the thickness and material properties are essential. 
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SNPS Nozzle 
CDF of Effective Stress in the shell 

I .oo 

21 

> 
.+ .- .- e 3 0 5( 
C al 
VI 

0 0  

Sensitivity of primitive variable uncertainties 
SNPS nozzle - shell stress 

Geometry X - Coord 

0 01 0 999 

Ptobablllly 

Geometry Z - Coord 

Temp. Inside surface 

Temp. Layer 2 

Tetnp. Layer 3 

Temp. Layer 4 

Temp. Outside surface 

Madulus of elasticity 

To control the stresses in the shell arid achieve higher reliability. the uncertainties in the inside 
surface temperatuie should be reduced. 
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0 Modelling of NERVA ode1 with coolarit 

0 Development of pseudo-super elerimit to reduce the size of the gloabal 
model to achieve computational speed and accuracy 

NP-'IIM-92 47 5 NIP: 'I'echnology 



FC 
NUCLEAR THERMAL P 

Y P  

/!SF($> 
NON-NUCLEAR MATERIALS ASSESSMENT 

THE APPROACH WAS TO DEVELOP AND IMPLEMENT DETAILED TEST PLANS AND EVALUATION 
CRITERIA FOR EFFECTS OF A HOT HYDROGEN ENVIRONMENT ON NTP CANDIDATE MATERIALS. 

THE FOLLOWING MATERIALS WERE SELECTED FOR SURFACE EROSION TESTING: 
- INCONEL 718 (BASELINE MATERIAL) - IMAR 246 - NASA 23 

(IMPROVED MARAGING STEEL) 
(NICKEL BASED STEEL) 

THE FOLLOWING TEST PLANS WERE DEVELOPED: 

- STATlC HOT HYDROGEN TESTING UP TO 1000 CAND 5000 psi. TEST TO INCLUDE: 

TENSILE PROPERTIES 

CREEP 
FRACTURE TOUGHNESS 

' LOW CYCLE FATIGUE 

- FLOWING HOT HYDROGEN TESTING AT TEMPERATURES UP TO 1000 C FOR 
MICROSTRUCTURE CHARACTERIZATION OF EXPOSED MATERIALS 

MATERIAL SAMPLES WERE TESTED AT AUBURN UNIVERSITY IN A 700 C HYDROGEN ENVIRONMENT 
WITH ADDITIONAL TESTS TO BE PERFORMED AT MSFC, ALSO AT 700 C. 

MSFC FACILITY IS CAPABLE OF MATERlAL EXPOSURE TESTING UP TO 980 C AND WOOpsi IN 
DROGEN OR HELIUM ENVIRONMENT. 

NON-NUCLEAR MATERIALS ASSESSMENT 

to Identify and evaluate candldate materials for u s  In NTP turbomachinery and 
la1 task was to develop a Bet of tesl plana and evaluation critwle thet could 
ppllcatlon In NTR components. In order to be a viable candidate, the 

tton due to the ellects 01 exposure to hydrogen. A set ot bawttne mdsrlalm were 
248. These materlal samples were provlded to Auburn 

nl and characlerlzatlon of the Induced surface erosion. Simltar 
for obteinlng the mechanical propertleg of the samples through 

eltu test capabilities Include tenalle strain properties, fatigue, 
crack growth, fracture toughness, creep, and low polnl bend. 
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I NON-NUBLEAR MATERIALS ASSESSMENT 

HIGH TEMPERATURE TESTING OF VARIOUS CARBIDE BASED COATINGS FOR APPLICATION 
TO TURBOPUMPS, TURBINE BLADES, FLOW SYSTEMS, AND NOZZLES HAVE ARE BEING PERFORMED. 

TaC, WC, & NbC HAVE BEEN EXPOSED TO HYDROGEN AT 1 ATMOSPHERE AND TEMPERATURES OF 
830,1350, & 1460 C TO DETERMINE % WEIGHT LOSS 
I 

% weight loss at temperature 
Material 830 C 1350 C 1460C I 

0.03 
0.07 
0.10 

0.03 0.06 
0.10 0.04 I 
0.36 1.14 

I I '  SlllCON NlTRlDE AND ALUMINA CERAMICS HAVE BEEN TESTED FOR HIGH TEMPERATURE COATING 
APPLICATIONS. COMPARATIVE TESTING WAS PERFORMED IN AIR AND HYDROGEN A T  AMBIENT 
TEMPERATURE AND AT 700 C FOR PERIODS OF 1 HOUR. 

A FOUR-POINT BEND FIXTURE WAS USED TO TEST BASIC MECHANICAL PROPERTIES OF MEAN 
STRENGTH AND WEIBULL MODULUS. 

NON-NUCLEAR MATERIALS ASSESSMENT 

High temperature testlng of carbide based coatings for apptication to turbopumps, turbine blades, flow systems, and 
nozzles are bdng pcwlormed. These coatings Include the carbides 01 Tantalum, Niobium, Tungsten, and Sillcon. These 
m8tWlalS are belng exposed to elevated lempera¶ures overthe range of 830 C to 1460 C in a vacuum and hydrogen 
emrironment for periods of one hour. Analysis consists of In situ weight loss determinations and reslduai gas analysis 
wlth subsequent examinatlon of mkroslructure via Scannlng Electron Mlcroscopy and Tronsmisslon Electron 
Mkroscopy. The obfecllvs ol thle lnvestlgation Is to characterize microstructural changes In these materlals as a result 
of exposure to hydrogen. 

Further mrteriel evaluations Involve the preparation ot Sillcon Nltrlde and Alumina, candidate ceramlcs for hlgh 
temperature coatlngs, for comparative tests in air and hydrogen at room temperature and 700 C lor periods of one 
hour. At MSFC a four polnt bend fixture was configured lo perform in situ testing of these materials for determination 
of their basic mechanical proparlies of mean strength and Weibull modulus. 
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THE NASA REFERENCE SIZE WAS BOUNDED BY 50K AND 75K LB THRUST ENGINE. 

THE APPROACH USED WAS TQ ASSESS AND DEFINE TURBOMACHINERY TECHNOLQGY 
REQUIREMENTS FOR A SPACE BASEDlSTART NUCLEAR THERMAL ROCKET 
AND LeRC SPECIALISTS COLLABORATED TO DEFlNE AN lNZTIAL TECHNOLO 
TPA TECHNQLRGY. 

THE PLAN ADDRESSES 

MSFC 
FOR 

- BEARINGS (FLUID FILM & FOIL) 
- SLOW START TRANSIENT FOR FLUID FILM BEA 
- RUB TOLERANT MA 
- ROLLING ELEMENT E MATERIAL FOR THR ARlNG (IF REQUIRED) - MAGNETIC BEARINGS 

ALS FOR FLUID BEAFilN 

- SEALS 

- DEFlNlTlON OF SEAL REQUIREMENTS - RUB TOLERANT MATERIALS 
- EARLY NEED FOR A PROPELLANT FEED SYSTEM TEST BED 

- EARLY DEFINITION OF TRANSIENT LOADS 
- EVALUATION OF FEED SYSTEM IMPACTS ON TURBOMACHINERY 

NTP T ~ ~ B O M A C H I N E R ~  TECHNOLOGIES 

The objective of the MSFC lutbomachlnery technology task Is to develop and validate technologies at the component and 
turlppump assembly level for application In a Nuclear Thermal Rocket englne. Marshati Prqpulslon Laboretory personnel 
collaborated with turbomachinery specialists et LeRC on the a@sessment of the technology requlremqnls gnd priorities 6s 
well 9s an lnltlai technology development pian. The ground rules provided that the engine qlze 4s In the range of 5PK to 
75K Ib thrust and apace based. Space baselstart imposes a need to assess the requirement lor low NPSH technologies. 

The technology a8888sment and development plan addresses both tluld fjlm and foil bearings. Current thinking Is that 
rolling element Wrings would not be used unless In o thrust bearing appilcolion. There exist, to date, little experience 
with &her foil or hydrostatlc bearings. Most experience addresses only fast start tranalenl systems 8pd therefore. 
Indicate a need lor research In the appllcatlon 01 fluld film4oil bearings In a prplonged start translent such as the NTR 
applicatlon. This also Illustrates the need for iurther materials research for materials t b t  would be wear resistant in a 
hydrogen end radiation environment. The maln concern for rolling element bearlngS is for eppllcatlon as a thrust bearing 
w w e  r-rch ia needed to Identify a cage materlol tho: will survive the radiation environment. The application of a 
m#gnetlc bearlng could diminate wear at startup end Is also being considered. 

F$dditional technology is also required in the area ol seals. Questions myst be addressed as to the need lor a positive 
seal between the pump am turblne for pre and post operation. 

A propellent feed system test bed is needed early In any TPA technology/advanced development program A preliminary 
study has begun to 88588s the possibility of using exisling turbomachinery gnd test @and hardware to facilitate the 
development of a test stand. The testbed is needed to evaluate transient operation and provide early dellnltion o? transient 
l044s. This f a c l l i ~  could also be used lo assess feed system impacts on the turbomachlnery. The system could also be 
used to evaluate TPA control and health monllorlnu tf?ChnOlOgleS. 
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HIGH TEMPERATURE SUPERCONDUCTING MAGNETIC 
BEARING TECHNOLOGY 

"DEVELOP AND VALIDATE ADVANCED TECHNOLOGY FOR HIGH TEMPERATURE 
SUPERCONDUCTOR (HTS) PASSIVE MAGNETlCMYDROST'ATIC BEARING" 

HTS TECHNOLOGY WILL ENABLE THE DEVELOPMENT OF A NEAR ZERO-WEAR BEARING 
WHEN COMBINED WITH FLUJD FJLM BEARING CONCEPTS. 

CURRENTLY DESIGNING PROOF-OF-CONCEPT TEST RIG BASED ON MSFC SUPPLIED 
REFERENCE TPA PARAMETERS BASED ON J-2s TURBOMACHINERY. 

TESTS AND MATERIAL RESEARCH ONGOING TO JNCREASE HTS BEARING LOAD CARRYING 
CAPABILITY AT LH2 TEMPERATURES. HTS LOAD CAPABILITY HAS BEEN IMPROVED BY 450%. 

MSFC INHOUSE EFFORTS ARE FOCUSED ON MEASUREMENT OF HTS MAGNETIZATION OVER 

PREDICTED TO BE AROUND 30K. 
TEMPERATURE RANGE FROM 25K TO 77K. NTP-TPA OPERATIONAL TEMPERATURE IS 

GREATLY REDUCE, OR ELIMINATE COMPLETELY, THE EXPECTED WEAR TO A CONVENllONAL 
HYDROSTATIC BEARING AS A RESULT OF NTR SLOW STARTUP TRANSIENT 

NI' TIM-92 

HIGH TEMPERATURE SUPERCONDUCTlNG MAGNETIC 
BEARING TECHNOLOGY 

The objective o? the MSFC HTS technology task is  to develop and validate advanced technology for High Temperature 
Superconductor (HTS) passive magnetl~ydrostatic bearings for appllcatlon in a nuclear rocket engine. This bearing 
concept will greatly reduce, or eliminate completely, the expected wear to a conventional hydrostatic bearing as a resuit 
of the extremely slow startup transient of the NTR. This work was performed by Mechanical Technology lnc. under a 
SDlO contmcl funded bintly between NASA/MSFC and DARPA. 

By comblnlng HTS technology with that o? fluld film bearings, It will be possible to suspend the pump shaft durlng the 
start-up and shut-down of the pump when the hydrostatic bearing Is not fully functlonaf. HTS aliffness has been Improved 
by 450% during the course of this effort and further improvement to capabllitles of 22000 ib/ln/ln2 Is believed very possible. 
MTI was supplied reference parameters based on the 5-25 turbopump in order to deslgn a prool-olconcept test apparatus. 

Additional inhouse efforts have focused on measurement of HTS magnetization over remperaturo ranges from 25K 
to 77K. The operational temperature of the turbomachinery for the NTR is predicted to be 30K. 
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NUCLEAR GAS CORE PROPULSION RESEARCH PROGRAM 

a presentation to the 

Nuclear Propulsion Technical Interchange Meeting '92 
NP-TIM-92 

NASA Lewis Research Center 
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by 
Nils J. Diaz, Principal Investigator 

Edward T. Dugan, Co-Principal Investigator 
Samim Anghaie, Co-Principal Investigator 

Innovative N clear Space Power & Propulsion Institute 
University of Florida 

Prepared under NASA Grant NAG34293 
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INSPI 
University of Florida 

NUCLEAR GAS CORE PROPULSION RESEARCH PROGRAM 

Advanced Nudear Propulsion Studies 
To develop a hydrogen properties package at temperatures 10 - 10,000 K and 
pressures 0.1 - 200 am.  

To develop a transient simulation program for parametric studies and design 
analysis of high temperature nuclear rockets 

Nuclear Vapor Thermal Rocket (NVTR) Snrdies 
To conduct nuclear and thermal design optimization of the NVTR fuel, fuel elements 
and core geometry 

To develop a system and parametric analysis code for the NVTR 

UItrahigh Temperature Nuclear Fuels and Materials Studies 
* Determine properties of UF4 and UF4 mixtures nuclear fuels at temperature - 

pressure ranges of interest to advanced nuclear propulsion systems 

Measure/model high temperature compatibility of UF4 with refractory carbides. 

The objectives of these studies are to develop models and experiments, systems and fuel 
elements for advanced nuclear thermal propulsion rockets. The fuel elements under 
investigation are suitable for gas/vapor and multiphase fuel reactors. 
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mspr 
University of Florida 

EVALUATION OF PARA- AND DISSOCIATED GEN 
PROPERTIES AT T = 10 - 10,000 

NASMNIST Property Package 
(13.8 T < 10,000 K and .1 < P e 160 bar) 

Molecular Weight, Density 
Enthalpy, Entropy 
Specific Heats, Specific Heat Ratio 
Thermal Conductivity, Viscosity 

Hydrogen Property Generator Code Features 
Linear Interpolation 
Natural Cubic Spline 
Least Square Curve Fitting with Pentad Spline Joint Functions 

Graphical Representation of Properties 

The hydrogen property generator utilizes two interpolation techniques and a least-square 
curve fitting routine with a pentad spline function which links least-square fitted pieces 
together. The property generator package is incorporated into the NTR simulation code 
and also into a system of CFD-HT codes. 
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Cp Versus Temperature for 

Temperature (K) 

Heat capacity of hydrogen near the critical point shows large gradient and oscillatory 
behavior. At p = 2.35 MPa the property package indicates a sharp peak for Cp. 
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15.35 
1 1.35 

8 5*35 
2.35 
0,535 
00535 
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-4- 

,- 

Temperature (K] 

AZ higher temperatures, the heat capacity data dispiays smooth behavior. The sharp 
increase in Cp valve at temperatures above 2000 IC is due to hydrogen d.lssociath 
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INSPI 
University of Florida 

Thermal Co nd u ct ivi ty Versus Tempe rat u re 
for Para- and Dissociated Hydrogen 

K 
(W/m-K) 

The hydrogen property package is a combination of two subpackages covering the 
temperature ranges 10 - 3000 K and 3000 - 10,000 K, respectively. The large change of 
gradients in hydrogen viscosity at 3000 K indicates a non-physical flaw in the model. 
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Modular Thermal Fluid 

Main ModuX 
ixer 

Pump, Turbine 
Reflector, Reactor Core 

Hydrogen (Para- and Dissociated) Property Package 
10 I T 5 10,000 K 
.1 I P I 160 bar 

Models Developed for N“R, NERVA arid ;\WR 2000 

CFD and Heat Transfer Models for Main NTR Components 

A detailed program for modeling of full system nucleaf rocket engines is devefoped. At 
preseht time, the model features the expander cycle. Axial power distribution in the 
reactor tore is calculated ;using 2- and 3-D neutrollics computer codes. A complete 
hydrogen property model is developed and implemented. Three nuclear rocket systems are 
analyzed. These systems are: a 75,000 lbf NERVA class engine, a 25,000 lbf cermet fueled 
engine afid INSPI’s nuclear thermal vapor rocket. 
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INSPI 
University of Florida 

NUCLEAR THERMAL ROCKET SIMULATION SYSTEM 

- - + G E E ]  
SYSTEM PROGRAMS 

NRSY S o 1  
NRSYSOZ t NRSYS03 

SIMPLIFIED THERMODYNPMIC 

REFLECTOR MODULES 
PWNR RXFLECTOR 
NVTR REFLECTOR ==l NDNR REFLZCTOR 

TURBINE MODULES 
SIMPLIFIED THERMODY N3MI C 
SINGLE STAGE MEAN-LINE ANALYSIS 
TWO STAGE ME>>-LINE ANaLYSIS 

PRATT 6 WHITNCY ROCKST 
NUCLEAR VAPOR TEERMAL ROCKET 

The main program links all the component modules and iterates to arrive at the user 
specified thrust chamber pressure and temperature and thrust level. Reactor power and 
propellant flow rate are among outputs of the simulation program. Fuel elements in the 
core module are prismatic with variable flow area ratio. Each module divides the relative 
component into N segments. 
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0. 

Axial temperature distribution of W R  fuel. surfwe mrl prpllant 
rod. Reactor power is adjusted to achieve the WSX chamber temp 
of 2750 K and 750 psi, respectively. 
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. INSPI-NTVR Core Axial Flow Profile 
Tc = 2750K Pc = 75Opsi F=750001bf 

1.6 

1.5 

1.4 

1.3 

1.2 

1.1 

a 

0.9 

I 1 

0 0.2 0.4 0.6 0.8 1 

Normalized Length 

Normalized axial power distribution in C-C composite fuel matrix NTVR, calculated by 
DOT-2 S, code. The axial power shape factor is an input for the simulation code. 
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600 700 800 900 i50aa 1,100 1,200 

Chamber Pressure (psi) 

Parametric study of thrust chamber pressure and temperature impact on tsp of NTVR. At 
higher pressures Isp is less sehs;itive to thrust chamber temperature. 

490 



WSPI 
University of Florida 

Turbine Pressure Ratio vs Chamber Pressure 
INSPI-NTVR @ 750001bf Thrust 

600 700 800 900 1,000 1,100 1,200 

Chamber Pressure (psi) 

Turbine pressure ratio is sensitive to both thrust chamber pressure and temperature. For 
thrust chamber pressure of 1200 psi and temperature of 3000 K, the turbine pressure ratio 
of 1.26 is well within the range of available technology. 
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Add temperature profiles for NERVA-75,WO Ibf engine are presented. The maximum fuel 
temperature is 3490 K at .7 m from the core entrance. 
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MSPI 
University of Florida 

P&W XNR2000 Core Axial Flow Profile 
TC = 2750K PC = 75Opsi F=250001bf 

3,500 

3,000 

2,500 

2,000 

1,500 

1,000 

500 

0 

Axial temperature distribution in XNR 2000 core is presented. XNR 2000 features a two 
path folded flow core fueled with CERMET. The maximum fuel temperature is 3000 K at 
about 85% from the entrance to the inner core region. 
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75 K-lbf NVTR, Expander Cycle, Dual T/P 

*a%,> 
1&7m 

".YU 
w47n 

valvo 

pesion 

Pump Flowrate (Total) 
Pump Discharge Pressure 
Number Of Pump Stages 
Pump Efficiency (%) 
Turbopump Rpm 
Turbopump Power [Each) 
Turbine Inlet Temp 
Number Of Turbine Stages 
Turbine Efficiency 
Turbine Pressure Ratio 
Turbine Flow Rate (Each) 

Reactor Thermal Power 
Fuel Element Transferred Power 

Nozzle Chamber Temperature 
Chamber Pressure (Nozzle Stagnation) 
Nozzle Expansion Area Ratio 
Nozzle Percent Length 

Vacuum Specific Impulse (Delivered) 

75.50 Ib,,,/sec 
3.369 psia 

2 
7826 % 

70.000 RPM 
8,802 HP 

361 deg-R 
2 --- 

81.51 % 
1.85 --- 

33.87 Ib,hec 

1,759 M W  
1.724 MW 

5.580 deg-R 
1,500 psia 
500.1 -_- 

123 % 

9933 sec 

Heat loads are a s  follows: Nozzle-con (total): 30.05 MW 
Nozzle-dii (total): 22.97 MW 

Reflector (total): 35.00 MW 

Note: Flows ii 

P - psia 
T = deg-R 
W = Ib,/sec 
H = BTUllb, i S BTU/lb,,,-R 

lieated are for one-half of system 
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INSPI 
University of Florida 

HIGH TEMPERATURE NUCLEAR FUELS AND MATERIALS STUDIES 

Experimental Studies Related to a Parallel Program Confirmed 
UF, Compatibility with: 

- W at temperatures up to 2200 K 
(Experiment and post-test analysis at T up to 3000 K in progress) 

- M o  at temperatures up to 2200 K 
(Experiment and post-test analysis at T up to 2600 K in progress) 

- C at temperatures up to 1800 K 

Detailed Thermodynamics Analysis Demonstrated Outstanding 
Chemical Compatibility Between UF, and WC, W2C, Mo,C at 
Temperatures up to 2600 K 

Thennodynamic Studies Revealed Outstanding Properties of 
UF, - UC2 Mixture for NTVR Fuel 

Compatibility of UF4 at elevated temperatures with wall materials is a key to successful 
development of fuel element for NTVR. Experimental studies of UF4 compatibility with a 
wide range of materials has shown promising results for Mo, W, and C. Thennodynamic 
analysis suggested outstanding chemical compatibility of WC, W2C and Mo2C at 
temperatures up to 2600 K. High temperature thermodynamics analysis has also revealed 
the outstanding stability of UF, - UC2 system. Due to presence of carbon in UF4 - UC, fuel 
mixture, better compatibility with the he1 element wall materials and gaseous fuel is 

pected. 
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Flow lnstabilitv in Particle-Sed Nuclear , Re actors 

Ma 

PR 

The partide-bed cwe o 
rc)oket reactors. Qividin 

s;tress in the fuel elements, allowing higher propellant twnperaturtxi to ba reached. The 

high temperature regions of the reactor are 
s, so mQst of the reactor can be re1 
and moderating materials whiCh 

the reactor. One of the unresolved questio 
thrrJugh !he particle-bed will be well behaved, or will be subject to destructive flsw 
instabilities. Most of the recent analyse6 of the fitability of the f art -bd reaqar have 
been extensions of the approach of Bussard and Rslauer, where the bed I!$ ssaantially 

treated as an array of parallel passages, so that the mass flow is mntinuour) frsm inlet to 

outlet through any One passage, A more general thrset dimansi sl of uls Red is 
adopted here, in which the fluid has mobility in three dimensions. Comparison Qf re$ults 
of the earlier approach to the present one shows that the former does nat accurately 
represent the stability at low Re. The more camplete el presented here should be 
capable of meeting this deficiency while accurately representing the affeerts of the csld 
qnd hot frits, and of heat conduction and radiatiw in pqrticle-bed, It @an be extended 

o the interisr crf cyljndrical fuel 

I size and maw of 
is whether the flsw 

n exit temperature but at 
a reactor. $ut the calculations 

could very likely cure the instability. More definite conclusions must await calculations 
for specific designs. 

R.C. Maclaurin Professor of Aeronautics and Astronautics 
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Conclusions 

Comparison of three quite differcnt approaches to modcling the stability of the partide-bed 

reactor, all with consistent physical assumptions, shows that a complete linear stability such 

as that presented here is in fact necessary for reliable prediction of the stability of the 

particle-bcd reactor. The approach, tcrmcd here the Parallel-Stream model, where the 

reactor is assumcd to be composed of a series of channels coupled only at their inlets and outlets, 

does not accuratcly represent the stability at low Re, nor does it represent the effect of heat 

conduction in the bed. 

Thc model termed here (perhaps somewhat naively) the Complete Model should be capable of 
accuratcly rcpresenting the effects of the cold and hot frits, and of hcat conduction and 

radiation in the particle bed. It can be extended to apply to the cylindrical geometry of 

particle-bed reactors without difficulty. 

From the exemplary calculations which havc bccn carried out, it can be concluded that a 

particle bed without a cold frit would be subject to instability if operated at the high 

temperatures desired for nuclcar rockets, and at power densities below about 4 megawatts per 

liter. Since the desired power density is about 40 megawatts per liter, it can be concluded that 

opcration at design exit temperature but at reduced power could bc hazardous for such a reactor. 

But the calculations also show that an appropriate cold frit could very likely cure the 

instability. Morc definite conclusions must await calculations for specific designs. 
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SCHEMATIC OF PARTICLE-BED 

flow 
pebble-bed , , I , cold lril 

hot lril 

GOVERNING EQUATIONS 
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ZEROTH-ORDER OR STWDY SOLUTION 
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PARAMETERS 

Dimensionless Parameters : 
from In. v .  bl, b2 
from 3n. q, e, H, Kc. Kr 

Operating Parameters : 
TgO (exit) = 3000 K 
po (exit) .I 100 alm 
Q = 4xlOIo waIVin3 

Design Parameters : 
I - 0.01 m 
Dp = .5 x 10-3 rn 

Stability Parameters : 
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APPROACHES TO INSTABILITY ANALYSIS 

1) Parallel FIow Instability 

2) Local Instability Analysis 

3) Full Stability Analysis 

PARALLEL-STREAM INSTABILITY 

Instability is possible if po(1) increases with mass flow 
density for fixed Q and po(0). Hence: 

1 10 100 
Re 

NP-TIM-92 



COMPLETE INSTABILITY MODEL 

1 

veloctly perturbalion 

U X  

0.998 

0 . 9 9 6  

9=!/ 
dx 

-- - 

. 

- 

Approximato Case Neglocting Conductloll in x '  

pressure 
pedurbation 

P 

bud depth. x 

1 0 
0 

-0. ooow-  

-o.ooow- 

t 3% 
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NUCLEAR PROPULSION TECHNOLOGY 

ADVANCED FUELS TECHNOLOGY 

WALTER A. STARK, JR. 
LOS ALAHOS NATIONAL LABORATORY 

OCTOBER 21,1992 

NP-TIM-92 

NTP REACTOR & FUEL REQUIREMENTS 
REACTOR REQUIREMENTS FUEL REQUIREMENTS 

PERFORMANCE: 
Speclfic Impulse r925 see Fuel Temperature > 3000K 
Thrust-to-Weight 28 Uranium Loading > 0.8 g/cc 
Single BurnTime 1 hr Thermal & Chemical Stability 
Operating Life Time 10 hr Low Diffusion Rates 

Thermal Shock Resistance 

ALARA radiation FP retention 
Large margin to failure High Melting Point 

Robust Fuel Elements 
Thermal Shock Resistance 
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TEMPERATURE 

PRQP.ULSION EFFfClEMCY AND XE MPERATURE 
I200 

600 

.. - - . ... . . 

Coated UCdGraphite E- - ~ . ~ ~  

Isp = 1050 sec 

Isp=IOOOsec 

Isp = 950 sec 

isp = 900 see 

Isp = 850 Sec 

Isp = 800 see 

2200 2400 2600 2800 3000 3200 3400 3G00 

HYDROGEN EXIT TEMPERATURE (K) 

508 NP-llM-92 NTP: Techdoloa 



NP-TlM-92 

ROVER FUEL TYPES 

UC, Particles/Graphlte Matrlx PyC Coated UC7 Spheres/Graphlte Matrlx 

llydrogen llydrogen I ZrC Coat lng,. 

Carblde/Graphlte Cornposlte Carblde Solld Solutlon 

URANIUM FUEL COMPOUNDS 

Property UO 2 uc uc 2 UN U.2% CW 

Density, glcc 10.96 13.63 11.68 14.32 8.01 
u Density, glee 9.66 12.97 10.60 13.52 2.88 

2775 2710 3035* 3350 Melting Point, K 3100 
Thermal 

Expansion, 
lom6 I K 

(@ 1273 K) 

10.1 11.2 12.0 8.9 7.6 

Thermal 
Conductivity, 0.035 0.23 0.07 0.25 0.3 
WIcm K 

LOB an am^ 
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88M1 
3(rn 
34of.l 
3200 
3000 
2800 
2(io0 
2400 Solid Solution 
2200 
2MU) 
1800 
1600 
I400 

0 Uommv ei nl Siilitlw 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Mole Fraction ZrC 

MAJOR SOURCES OF DATA 
U-Zr4 PHASE DIAGRAM 

Uranium - Carbon Binary 
Uranium Carbide - Zirconium Carbide Pseudo-Binary 
Uranium Dicarbide - Zirconium Carbide Pseudo-Binary 
Zirconium - Carbon Binary 
Calculations - Chang Formulation 

- Butt and Wallace 
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PHASE QIAGRAM "OPTIMIZATION" 

SOLIDUS - LIQUIDUS CALCULATION 

ISO-ACTIVITY 

Zr 

J 
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r- 

0.0 0.1 0.2 0.3 0.4 0.7 19.8 6.4 f.0 
Molt! Fraction NbC .cli 

512 HP-m-92 



NP-TIM-92 

UC-NbC-ZrC PSEUDO TERNARY SYSTEM 

MELTING POINT EXPERIMENTS 

SAMPLE FABRICATION 
COMPOSITION 
FABRICATION 

MEASUREMENT 

ANALYSJS 
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U-Zr-C Ternary Riagram 
3273 K ISOTHERMAL SECTIQQN 



I n  
u) 

le 
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MEASURED LT POINT COMPAR 

Composition 
uc1.0 

UG.4 

U.4Zr.6 c1.2 

U.dlZr.6 c1.2 

0 bserved 
Melt Pt.. K 

280s 

2633 

2683 

2655 

2673 -40 

2673 +10 

2673 -1 8 

CRYOCHEMICAL FUEL PROCESSING 
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UO? + C MICROSPHERE AFTER FREEZE DRYING =SOOX 
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F 7 
CRYOCHEMICAL SPHERE FORMING ADVANTAGES 

Process is composed of a few simple steps 

Applicable to a variety of nuclear fuel concepts 

Porosity is likely a controllable variable 

Spheres >lo00 prn diameter appear possible 

Rejected spheres are easily reused 

Re-using process fluids minimizes wastes 

- I  h L4U@[Tihl@>B 
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for NTP 

Paul J .  Wantuck 
Chemical and Laser Sciences Division 
Los Alamos, NM 87545 

Contributors: D.P. Butt 
A.D. Sappey 

Nuclear Propulsion Technical Interchange Meeting 
NASA-Lewis Research Center, Plum Brook Station 

October 20023,1992 
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Reactor operates 
3000 K 
Fuel is susceptible to corrosion 

Need to quantify corrosion products / rates to 
assess fuel performance 
Severe environment during test: limits methods 
of measurement 

Laser-based diagnostics offer means of probing 
environment about fuel 

Advantages: non-intrusive 
unaffected by harsh local conditions 

CLS-92-1582 

In order to generate the necessary propulsive perfoiinance, the nuclear reactor will operate at 
temperatures approaching 3000 K. Such temperatures, in combination with the high-pressure 

"; hydrogen propellant flowing through the core, provide a very hostile operating environment for 
the fuel material, particularly with respect to hydrogen-induced corrosion. Identifying the 
corrosion products as well as experimentally quantifying the corrosion rates of these fuels under 
a variety of conditions is critical to assess the expected lifetime of the reactor. The severe 
environment surrounding a fuel material under test is not conducive to probing by standard 
instrumentation. Thus alternative diagnostic techniques are required to provide real-time 
monitoring of corrosion products. Laser diagnostics offer a means of non-intrusively probing 
the high-temperature environment above the surface of the fuel to identify andestablish spatial 
distributions and local concentrations of many of the anticipated corrosion species. 
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U-Zr-C sys 

(ux Zr1-x) c y  s 
composite fuel 
reactor fuels 

- High melting temperature 
- Good resistance to sion 

Calculations indicate that for H2 temperatures 
acetylene, U(g), and Zr(g) are primary 

vapor constituents 

Zr selected as species to probe 
- Major corrosion product 
- Corrosion of (U, Zrl-x) Cy may be rate limited by 

transport of Zr away from fuel surfaces 
- Obviates need for testing in H2 environments or with 

uranium-containing samples 

CLS-92- 1957 

Solid solution refractory carbide fuel materials, such as U,Zr,-,~, are being seriously 
considered as candidate NTP reactor fuels because of their high melting point and resistance to 
corrosion by hydrogen.’ Butt2 has calculated the equilibrium partial pressures above the surface 
of Uo~05ZrossCl~07 during exposure to 1 atm of hydrogen over a temperature range of 2000 to 
3200 K. The results show that in high temperature hydrogen, U(g), Zr(g), and various 
hydrocarbon species dominate the gas-phase products. Above approximately 2800K, acetylene 
and gas phase uranium and zirconium are predicted to be the primary vapor constituents. 
Confiation of such predictions through experimental measurements is critical to the devel- 
opment of accurate corrosion kinetics models. 

In the current study, Zr atoms were selected as the species to probe using laser techniques. This 
selection was influenced by several factors. First, the zirconium atom is predicted to be a major 
corrosion product. Second, the corrosion of U,Zr,-,C in hydrogen may be rate limited by the 
transport of gas phase Zr away form the surface.2 Thirl  testing a laser diagnostic for zirconium 

experiments in a hydrogen environment or with uranium- 

R. H. Titran, and C. E. 
Proceedings of the 9th 

Symposium on Space Nuclear Power Systems, Albuquerque, New Mexico, Vol. 2. pp 681- 
691 (1992). 

D. P. Butt, “Corrosion of UxZrl-xCy Nuclear Fuel Materials in Hydrogen Gas at High 
Pressures and Temperatures,” IAF Paper No. 92-0570.43rd Congress of the International 
Astronautical Federation, Washington DC (1992). 

R. B. Matthews, C. 
e Nuclear Propul 

2, 
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Fluorescence (PLI 

Highly sensitive technique 

0 Absorption of laser light by atumic or 
molecular species followed after some finite 
time by emission from the excited state 

Intensity of emission can bc related to 
concentration, temperature, velocity, etc. 

* PLIF represents extension from point or 
line diagnostic to 2D or field measurement 
technique 

CLS-92-1583 

Laser-induced fluorescence (LE) offers a highly send tive technique for monitoring many of the 
NTP fuel corrosion products (including Zr) as well as for determining propwries of the NTP 
exhaust. Quite simply, LIF can be viewed as an absorption of laser light, at a specific frequency, 
by an atomic or molecular species followed after some finite time by an emission from the 
excited state. This emission or fluorescence is, in general, at a different (typically longer) 
wavelength than the exciting laser light’s wavelength. By viewing this off-resonance fluores- 
cence, it is possible to avoid interference from scattered laser light. 

Planar LIF or PLTF represents an extension of the LlF technique from a pin t  or line diagnostic 
toa 2D or field measurement method. In general, the species-exciting laser beam is transformed 
ihtoathin sheet by the placementofcylindrical lensesintotheoptical train. Acamerais typically 
used to collect the resulting fluorescence emission, perpendicular to the species-exciting laser 
sheet. The local intensity of the collected light can then be related to the concentration, 
temperature, or velocity of the target species. The non-intrusive nature ofthis technique, as well 
as its good spatial and temporal resolution, make it particularly well suited for application as a 
diagnostic in the high temperature NTP operating environment. 
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Utilization of PLIF for Corrosion Product 
Characterization of Nuclear Thermal Rocket (NTR) 

4 

Fuel Elements U 

H, (- 3000k) 

Fluorescence Emission 
From Target 

Product 

Corrosion Products 
(U, C, Zr, C,H,, etc.) 

___/)_ 

H, 
L 

___t 
c * 

CLS-92- 

A PLIF scheme for measurement of corrosion species evolving during the test of an NTP fuel 
sample/element could take the above configuration. The laser sheet is passed through the high 
temperature hydrogen stream, which contains the various corrosion products, and contacts the 
surface of the fuel. Fluorescence emission from the chosen target species is then imaged 
producing a two-dimensional distribution map. 
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CaSO,, 

Zirconium 80°C 

4 

120 V Power 

Liquid Nitrogcn Trap 

Alumina Fillcd Forclinc Trap 

c # 

CLS-92-829 

Production of zirconium vapor for subsequent illumination by a PLIF diagnostic, is accom- 
plished by focusing a pulsed laser onto a ZrC target. This technique, known as laser ablation, 
represents a relatively simple method for producing gas phase samples of refractory materials. 

The apparatus utilized for these experiments is displayed above. The cubical (-3Ocm) ablation 
chamber contains five, window ports which allows optical access to its interior. The chamber 
is evacuated by a standard mechanical pump through both a liquid nitrogen and alumina-filled 
trap. The chamber can be backfilled with a variety of gases through a separate, flow regulated 
feed line. During each experiment, a slow flow of argon is maintained through this line and the 
chamber to minimize the buildup of particulate. A series of capacitance type manometers and 
thermocouple gauges are available to monitor chamber pressure. The base pressure for the 
chamber is 20 mtorr. Typical operating pressures are between 7 to 10 torr. The ZrC target 
specimen is positioned on a rotating table which is externally driven by a variable speed DC 
motor. Rotation of the target prevents the formation of a pit in the ZrC disk by action of the 
ablation laser. 

A Lumonics model TE-860-4 excimer laser operating at 248 nm is used to produce the abation 
pulse. Beam energies are on the order of 100 d/pulse and the laser is operated with a 5-10 Hz 
repetition frequency. The beam is brought to the ablation chamber by several high reflectance 
mirrors and focused at normal incidence onto the target using a 18.3-cm focal length quartz lens. 
The ablation spot size is approximately 1 mm2 and the corresponding laser fluence at the target 
is -670 MW/cm2. The PLIF sheet is passed, at right angles, through the plume. 
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Plume emission images were recorded at different delay times. One representative ZrC plume 
emission image is displayed above. The ability to acquire such images represents a necessary 
step in the application of the PLIF technique. An intensified, gated uv camera (Xybion model 
ISG-250-U) with a 105 mm, f/4.5 quartz focusing lens was interfaced with an EPLX Silicon 
MUX RGB frame grabber board with a programmable trigger option. The timing of the camera 
intensifier, frame grabber board, and excimer laser was controlled using a Stanford Rescarch 
System model DG535 programmable delay/pulse generator. The above image was captured 
50 ps after the excimer laser pulse. The ablation chamber's argon background pressure was held 
constant at 7.5 torr and the camera gate width set at 20 p. In these expanding plasmas, atom 
velocities can exceed 106 cm/s at low background pressures (tens of mtorr) with neutral gas 
temperatures near the target surface approaching 15,OOO K. 
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CLS-92-794 

Temporally resolved ZrC plume emission spectra were recorded for regions near the target 
surface. The chamber pressure was maintained at 8 torr. A representative ZrC plume emission 
spectrum, recorded 10 ps after theexcimer laser pulse, is shown above. This emission spectrum, 
which covers a wavelength range from 200.0 to 500.0 nm, is dominated by the presence of 
zirconium atom emission (several of the many Zr(1) lines are identified in the figure). No 
emission lines from other species, such as carbon atoms are identified in the emission traces. 
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Argon chamber pressure = 8 Torr 
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CLS-92-1590 

By adjusting the delay time, it is possible to establish emission spectra at specific times during 
the plume expansion event. For example, ZrC emission spectra recorded for increasing delay 
times indicate that the plume emission intensity has reduced to essentially undetectable levels 
at approximately 1 ms (for a background pressure of 8 torr). Such areduction is due to expansion 
cooling and quenching through radiative and collisional processes. Quantifying the temporal 
behavior of plume emission intensity is important for establishing the proper delay times to 
acquire PLIF images of the expanding zirconium vapor as it reduces interference from 
background emission. 
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~ PLIF Imaging of ZrC Plume 
I 0 Zr(1) ground stat xcited state transit 
I at 35515 em" :YAG 

0 Fluo~escence emi monitored at 
418.76 nm using d, gated, uv-intensified 
CCD camera coupled to ~rame-~rabber board 

0 Imageca ture at different times after 
excimer pulse 

CIS-92- 1584 

PLlF images of the spatial disvibution of the zirconium atom in the ZrC plume have been 
acquired. To capture these images, the Zr(1) ground state to the excited state (t3FQ2, J=2) 
transition at 35,5 15.4 cm-1 (28 1.5 nm) was pumped using the frequency doubled output of a 
Nd:YAG laser-pumped dye laser operating on Rhodamine 590 dye. Fluorescence emission at 
418.76 nm, corresponding to the transition from the t 3 P 2  excited state to the b3F2 (J=2) 
intermediate state at 11640.7 cm-', was captured with the uv-intensified CCD camera. A dye 
laser sheet approximately 30.0 mm by 0.5 mm was formed for passage through the plume by 
a lens combination consisting of a +1Ix) mm (converging) lens and a -100 mm (diverging) focal 
length cylindrical lens and a 1 SO mm focal length spherical lens. 
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(PLIF Image of Zr in Ablated Plu 

NP-11M-92 

A PLIFimage showing the spatial distribution of ground state zirconium atoms in the ZrCpIume 
is shown above. The fluorescence emission was filtered using a GG395 filter. The image was 
recorded 625 ps after the ablation laser pulse with the camera gate width set at 20 p. The spots 
observed in this image are pieces of hot (radiating) sputtered material from the target. 
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*Temporally resolved CCD image of plume emi 
generated 

Zplume * ' ms (PBarkground = 8 torr); Text z 12,000 K 
0 PLIF utilized to successfully image Zr atom distribution 

0PLIF technique should be able to monitor Zr about 
in plume 

fuel element under test 

CLS-92- 1585 

We have utilized a focused excimer laser to ablate material from ZrC targets for the purpose of 
developing appropriate laser-based diagnostics for gas-phase, corrosion products from hydro- 
gen-exposed U,Zr, -.Cy fuel elements proposed for NTP application. Temporally and spatially 
resolved emission spectra from the produced vapor plumes show the dominating presence of 
zirconium atoms. Temporally and spatially resolved images of the ZrC plume emission have 
also been recorded. The PLIF technique has been successfully used to image Zr atom 
distributions in the ablated ZrC vapor plume and thus could potentially be utilized to monitor 
Zr about fuel elements under test. 
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Future Activities 

Investigate other fluorescence excitation 
wavelengths for Zr 
Expose samples to rf-heated, hydrogen containing 
flow and probe flowfield around and downstream of 
sample with PLIF diagnostic 
Investigate other NTP fuel materials; 
(U-Nb-C) system 
Quantify Zr, Nb, etc. concentration in terms of 
fluorescence emission 

CLS-92- 1586 

Potential future activities include investigating other zirconium atom excitation wavelengths to 
ascertain the optimal transition for obtaining PLLF images in the ZrC ablation plumes. 
Following such determination, ZrC samples will be exposed to radio-frequency (rf) heated, 
hydrogen-containing flows and the PLIF diagnostic will be used to measure Zr atom distribu- 
tions in the region surrounding the samples or in the nozzle exhaust flow. 

For this study, a radio frequency discharge driven flow system will be used to produce a 
continuous, high temperature, chemically-clean gas stream. The unique feature of this system, 
which has been described by W a n t ~ c k , ~ . ~  is the use of an inductively coupled plasma tube as 
a high enthalpy gas source. A 50 kW rfgenerator is used to supply power to the tube where the 
the gasis heated to between 5000 to l0,OOOK. The systemconfiguration willallow twodifferent 
modesof ZrC sample heating, namely, placement of the sample within the plasma tube for direct 
inductive/plasma heating or positioning downstream of the nozzle exit for heating by the gas 
stream. The first configuration approximates corrosion species distribution in an NTP exhaust 
flowfield. The second configuration best simulates propellant flow over a fuel element. In both 
cases, a dye laser beam, operating at the same wavelength employed for the plume PLIF 
illumination studies, will be used to probe the nozzle exit flowfield or the region surrounding 
the gas-stream heated ZrC sample. 

1. P. Wantuck and H, Watanabe, "Radio Frequency (RF) Healed Supectonic Flow Laboratory," A I M  
Paper No. 90-2469,1990. 

2. P. J. Wantuck, R. A. Tennant, H. H. Watanabe,"Supersonic Combustionof aTransverse-Injected H2 
Jet in a Radio Frequency Heated Flow," AIAA Paper No. 91-2393. 1991. 
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SNTP Prop ~ a g ~ r n ~ n ~  Sy 
Current SNTP Engine System 

Tank Shut-off Valve 
Boost Pump Ejector 

Turbine Control Valve 

Presented by: Tom Tippetls 
Allied Siyiial 

P SNTP Cy C 
Full-Temperature Bleed Cycle is Lowest 
Engine System Mass with Minimal Isp Penalty 

e No design interaction with reactor 

0 Allows light-weight radiation- 
cooled nozzle 

0 Lowest system complexity, 
potentially highest system 
reliability 

e High-temperature, low-Z material 
minimize cooling in radiation 
environments 
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NTP System Components 
Have Unique Design Constraints 

0 High Ionizing Radiation Environment 

High Heat Load From Radiation Energy 

0 Restricts Use Of High-2 Materials 

* Design Must Provide For Heat Removal 

Absorption 

P 

Moderate operating pressures ( I  350 psi) 
Single-stage pump 

m Light pressure vessels 

High operating temperatures (2750 K) 
Highly energetic working fluid 

= High-pressure ratio impulse turbine 
High turbine temperatures 
Large thermal gradients 

Environmental factors 
= 

Limited elastomers selection 
= Hot-hydrogen embrittlement 

Environmental heating - low -2 
material 

Use of bleed cycle and uncooled thrust 
nozzle results in substantial system weight 
savings. 
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Uses Carbon-Carbon Components for 
Operation on 2750 K Gas 

Carbon-Carbon 
Hot  Section 
Housing 

Carbon-Carbon 
Turbines 

Titanium 
Shafting 

Design is Based on Technology Developed 
on the ELfTE Program 

NTP Technology 7 536 

e 

e 

Carbon-Carbon 
NoztlelPlenum 

Aluminum 
Pump and 

Inducer 

Ceramic Rolling 
Element Bearings 

or Foil Bearings 

Helical 2-D polar weave 
architecture 

impulse blades 

55,600 rpm 

2750 I< inlet temperature 

45-percent design stress 
margin 

26-percent design speed 
margin 
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San Tan 
rcj;acilit y Cons 
Hydrogen-Related Components 

components 

Hot, two-phase, 
and cryogenic 



PRESENTATION AT NUCLEAR PROPULSIOM 
TECHNICAL INTERCEWNGE MEETiNG 

BY GEORGE C. ALLEN 
SANDTA NATIONAL LABORATORES 

The objective of the SNTP program is to develop advawed nuclear thermal propukion 
tezhnology based on the particle bed reactor concept. A strong pblosopWca1 commitment 
exists in the industryhational laboratory team direced by the Air Force Phillips Laboratory 
to emphasize testing in development activities This presentation focuses on nuclear 
testing currently underway to support development of SNTP technology 
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Summary Test Logic For NTP Development 

I 
I 
I 
I 
I 
I 
t 
I 
3 
I 
I 
I 
I 
I 
I 
I 
I 

I 

I 
I 
I 
I 
I 
I 
1 
I 
t 
I 
I 
I 
I 
I 
I 

This is the summary test logic for N T P  Development that has been generally accepted in 
the propulsion community provided resources are aiailable. It is very consistent with the 
SNTP approach. Because of the limited time for the presentation, I will concentrate on 
critical assembly tests, he1 nuclear tests, and he1 element tests in loops in an existing 
reactor. Given time, I would discuss each box. 

2 
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Critical Experiment (CX) 

Purpose: 
To obtaln neutronic Information for cnglneeling 
needs (Safety, Mechanical Design, Control, Power 
DIstrlbcNon, Weight, Reactor Deslgn) 

AccompIlshments: 
* Movable test reactor built - cliUcal on october 24,1889 

Excess readlvfty - good agreement with predictions 

Peek-A-Bou control scheme feaslblllty demonstreted 

- Control. safety, end shim element worlh d6t6r111hed 

- Moderator temperelure coemclent detem*\ed 

Near-Term Prlorlty: 

- Hot RHO experlmmt compleUon 
-Cold moderatw lollow -on experiment 
- Paralortho hydrogen worth 

In the critical assembly test category, an operating low-power reactor called CX was 
developed and is operated in the Sandia Pulsed Reactor (SPR) facility. The goal of CX is 
to perform nuclear measurements that allow for neutronic codes and cross-sections to be 
benchmarked so that design margins, controllability, and limiting accident scenarios may be 
predicted and assessed for PBRs with reliability and certainty. The SNTP team 
successfilly fulfilled all approval requirements imposed by DOE for operating a critical 
assembly. The CX achieved first critical in October 1989 Eight experiment campaigns 
have been performed to date with over I O 0  operations logged Several of the major 
completed experiments have been listed in this vugraph 

PflR Technology 540 
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This is a photograph of the CX assembly with the water moderated removed. 
a 

54 1 
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Experiment Data Flow 

mulks Centads 

Moving on to he1 and bel element tests, this figure sliows the experiment data flow for 
tests on these key nuclear components. Some of the test acronyms follows: 

PHT = Particle Hati 
PNT = Particle Nuclear Tests 
NET = Nuclear Element Tests 
PIPET = PBR Integral Performance Elemetif Tester 
GTA = Ground Test Article (Sysfem-level test) 

This sequence follows the test logic of going from components to subsystems to systems. 
The stepwise data achieved in these tesfs is key technology development and validation. 

NTt’: Technology 542 
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Particle Nuclear Test (PNT) 
PURPOSE 

To conduct in-reactor testing of fuel particles to provide design Verification, 
identify potential failure modes, and evaluate effects of manufacturing 
process variables. 

ACCOMPUSHMENTS: 

I 1 - 4 Cycles I 
Fission Product 

Release Measurements 

STATUS: 
Performance limits determined for baseline fuel. lntearated fission product 
release Model operational. Additional tests planned a’s fuel becomes available. 

Q 
PNTs are performed on fuel particles to provide design verification, identify potential 
failure modes, and evaluate effects of manufacturing process variables. Since this vugraph 
was prepared, a fifth capsule test was performed on baseline particle fbels. This vugraph 
shows the range of test parameters. A computer code called HEISHI is now operational at 
Sandia to predict particle performance and to estimate fission product releases. The PNTs 
provide a considerable amount of data for code validation. 

NP-TIM-92 543 
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PNT-I Fuel Holder 

AI BODY 

FUEL PARTICLES 

zro2 INSULATION 

This is a fuel holder used in PNT experiments conducled to date. It holds one cubic 
centimeter of fuel particles. 

N”: Technology 544 
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PNT Fuel Holder 

Fuel Particles - 

Zr02 InsulatioR 

AI Fuel Holder 

This is a photo of a PNT fuel holder with the top cap removed after a test. 

545 
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PNT-I ~ x ~ e r i ~ e n ~  Capsule 

Several (typical 3) fuel hc ers are placed in an experimept capsule for 

FUEL HOLOERS 

PRESSURE TRANSDUCER 

FAN 

nadiation. The 
capsule is placed in the central ca& of the Annuiar Care Research Reactor (ACRK). The 
ACRR is a pulse-type reactor that serves as the driver core for creating the desired 
experimental conditions. After an experiment is complete, the fuel is  removed for past- 
irradiatian examinqtioq. . 

546 
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PNT Particle Bed After lear 
Irradiation i 

Tungsten Crucible 

Fuel Particles. 

This photo shows a PNT particle bed after nuclear itradiation in the ACRR. 
- 

10 
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Nuclear Element 
.- Closed Loop, In-Reactor Test Of A ement 

In Flowing 

I NETTSTMODULESCHUUI1IC 

Purpose: 
integration of fuel element 

Test to full temperature capability - Valldate fuel element designs 

-safety analysis 

Accomplishments: 
Test h e a m  deslgned and fabricated 

.- UW@xi-exp+Iment a k m b l y  and 
flcW loop performance characterized in 
hellum 
-Test reactor (ACfjR) control capabilities 
demonstrated 

.. status: 
W n g  In cryogenic hydrogen 

?n?mmer 1992 
First fueled test (NET-1) early CY 1993 

The next step is to assemble particles into a complete fuel element that can be tested incore 
in flowing hydrogen. The NET experiments provide this demonstration of integrated fie1 
element performance up to the limits of what environments can be achieved in existing 
reactor facilities. Since this wgraph was prepared, the unirradiated tests with cryogenic 
hydrogen in the NET-0 experiment capsule have been successfidly completed. Six weeks 
after receipt of a fuel element, a nuclear test can be completed. 

A computer code, F2D, has been developed and is used to predict the thermal-hydraulic 
performance of the NET element. Codes such as this are being used by the SNTP program 
to evaluate key thermal-hydraulic issues. 

At the systems level, the SAFSIM Code has been developed. A separate paper on 
SAFSIM is being presented in a later session. 

NTP 'I'ecbnology 548 
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Nuclear Element Test 
Fuel Element ,/ 

</- 

Cold Frit 

'h, \ 

\ 
End Flange 

This photo shows the fuel element configuration to be evaluated in the first NET test. 

539 
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This photo shows the inside portion of a NET capsule- I t  would tie surrounded by the 
capsule containments for in-core tests 

14 
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l + j i g  

1 - . . -  

Xn closing, f would like to note that extensive testing has already been penFbrmed and more 
will be conducted in the future using existing reactor facilities. However, eventually we 
wilt reach the limits of what we can do in existing facilities. A new ground test facility will 
be required for testing elements and reactorlenginc systems. This wgraph shuws the 
&unctions that must be performed by this facility The environmental prows to be 
reviewed by the next speaker outlines a key contribution to the de&ions defining the 
scope and lacation ofthjs ground test facility 
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F~OGRAM SAFETY POLICY 

o PQLfGY DOCUMENT PUBUSWEll iet MAY 1992 

I F R O G R A ~  SAFETY POLICIES I 



ear Thermal Propulsion 

EIS Process 

Review Policy & Security 
N O A ~ ~  
Federal c 
Register 

o NEPA PROCESS: 

-- INSUFFICJENT REVIEW PERIOD 

-- SCOPING COMMENTS NOT INCLUDED 

-- 
-- REQUESTED ADDITIONAL PUBLIC HEARINGS 

-- INAPPROPRIATE SCOPE 

-- INSTALLATIONS NOT EQUALLY REPRESENTED 

INSUFFICIENT STATEMENTS OF PURPOSE AND 

POSTPONE PENDING RELATED NEPA ACTIVITIES 

-- 
o PROVIDES OPTIONS FOR TESTING ALTERNATIVE FUELS 

o REQUESTED CLARIFICATION RELATIVE TO INDEMNIFICATION 
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COMMENTS (eont'd) 
o QUESTIONED RELATIONSHIP TO PREVIOUS CLASSIFIED 

DOCUMENTS 

o IMPACTS ON YUCCA MOUNTAIN NOT ANALYZED 

Q POTENTIAL IMPACTS ON EMPLOYMENT NOT ANALYZED 

Q ALTERNATIVES: 

-- PERSONNEL REQUIREMENTS UNDERESTIMATED 

- ALL SUITABLE SITES HAVE NOT BEEN INCLUDED 

-- TRANSPORTATION ISSUES INADEQUATELY ADDRESSED 

-- METEOROLOGICAL PREREQUISITES NOT SPECIFIC 

-- NON-NUCLEAR ALTERNATIVES NOT CONSIDERED 

-- 

LIC HEARING 
NTS (cont'd) 

o HAZARDOUS MATERIALS: 
-- 
-- TRU WASTE CERTIFICATION MISREPRESENTED 
-- 
-- WiPP CAPABILITIES OVER ESTIMATED 

-- 

HIGH LEVEL WASTE STREAM NOT IDENTIFIED 

WASTE REDUCTION TECHNIQUES NOT ADDRESSED 

SOME DISPOSAL METHODS ARE ILLEGAL 

LIQUID WASTE STREAMS NOT ANALYZED -- 
-- RCRA-LISTED WASTE NOT SPECIFIED 
-- 
-- LDR WASTES NOT IDENTIFIED 

LIMITS OF INEL RCRA-6 EXCEEDED 

o POTENTIAL GREENHOUSE EFFECT NOT ANALYZED 
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o PROPOSAL INSENSITIVE TO DESERT ECOLOGY 

o NATIVE AMERICAN iSSUES NOT ADDRESSER 

o GEOLOGY AND SOILS: 

-- SEISMIC ACTlVlTlES UNDERESTIMATED 

-- VOLCANIC ACTIVITIES UNDERESTIMATED 

-- FLOODING POTENTIAL UNDERESTIMATED 

o WATER RESOURCES: 
-- 
-- GROUNDWATER UNCERTAINTIES NOT IDENTIFIED 

POTENTIAL DROUGHT EFFECTS NOT ANALYZED 

\ 

o HEALTH AND SAFETY 

-- ALARA PRINCIPLE OT SUFFlClENTLY EXPLAINED 
-- 
-- ACCIDENT ANALYSES NOT BOUNDING 
-- 
-- 
-- 

HEAT RELATED SAFETY ISSUES NOT IDENTIFED 

INSUFFICIENT DESIGN DETAIL - CONTAINMENT & CONTROL 

INSUFFICIENT DESIGN DETAIL - ETS 

CONTROL ROOM ~ A 5 l T A 5 { L l ~  NOT DEFINED 

INAPPROPRIATE CORRELATIONS TO CHEST X-RAYS 

FALLOUT CONSEQUENCES TO FLORNFAUNA NOT DISCUSSED 

-- 
-- 
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DES PUBLIC HEARING 
COMMENTS (cont'd) 

o HEALTH AND SAFETY (cont'd) 

-- HYDROGEN SAFETY ISSUES NOT ADEQUATELY ADDRESSED 

-- HYDROGEN EMBRllTLEMENT ISSUES NOT CONSIDERED 

-- CONSEQUENCES TO SOUTHERN UTAH NOT SPECIFIED 

-- METHODS TO CALCULATE EXPOSURE NOT EXPLAINED 

-- QUANTITY OF REACTOR CORES ON-SITE NOT SPECIFIED 

-- REQUESTED A DISCUSSION OF MILK MONITORING PROGRAMS 

-- CLARIFY HAZARDS OF LONG TERM LOW-LEVEL EXPOSURES 

EIS PUBLIC HEARING 
ENTS (cont'd) 

o HEALTH AND SAFETY (cont'd): 

-- NO-THRESHOLD-LEVEL CONCEPT NOT APPLIED 

-- INVERSION LAYER EFFECTS ON Be RELEASES NOT DISCUSSED 

-- 
-- 
-0 

-- 
-- DOE SAR PROCESS INADEQUATE 

-- 

BACKGROUND DOSES ARE TOO HIGH 

LACK OF RAIL SYSTEMS NOT lDENTlFlED 

PROGRAM BENEFITS NOT COMPARED TO RISKS 

EFFECTS FROM HIGH VOLTAGE LINES NOT DISCUSSED 

20% NESHAP REPRESENTS SIGNIFICANT INCREASES 

NTP: Technology NP-TIM-92 557 



Q 

D E B  PU LIC HEA 

HEALTH ANI3 SAFETY fconttd) 

-- 
- 7 7U mPem UMIT NOT EXPLAINED 

CHARTS DO NOT SUPPORT OECREAGIAIO EDUSE ~~~~$ 

*- $980 CENSUS DATA USED FOR INEL 

II ---I___-- ..-- 
SPACE NUCLEAR THERMAL PROPULSION PROGRAM 

I 



I Orafl PDElS Chap&&<- 
Produced 

Receive SAR Process 
Inlorination From Sendla 

Meeting (San Oarnardino) 

Chapter 2 
_- 

Chapterb- 

Chapter ? 

Oralt EIS 

Receive Ne Bioucinurii 
Surveys From DOE (DRl) 

I . . 
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SPACE NUCLEAR THERMAL PROPULSION PROGRAM 

EIS SC1lEOllLE - 1 
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Safety Analysis Review 

Periorm DOE Review 

Isan Bernardino) 
__ 

Perluim SNL Review 

. 
Resolve Open Issues 
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Internal Distribution i f  
I'DEIS (TETC mail dale) 
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