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PRATT & WHITNEY DESIGN CHOICE BASED
ON FUNDAMENTAL PRIORITIES

Priority

1 Safety Retention of fission products
Raobust design/simple 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
High specific impulse

PRATT & WHITNEY XNH2000 CERMET NIRE 25808
Pralt & Whitney Design Cloiee Baged ou Funslamenlil Uiorities

A pretenied Pratt & Whltuey conceptual Nuclear Thesmal Rocket Fagine, NTRE. lias been designed based oi The andamenga
NASA priovites o safety, reliahflly, cost, s peddonance, e baste phithsophy o Iytogt the destpinn of the XNR2000 s the
wiflizadion of the most aeiladbe forne of olgalsd tempestore noetean el it dev ol it cate condiguiation which iy
opllml'c(l for unitonn unwu (Ilslnbullun ape r.nl sl texibibity, |mwn suane lmv wetght, and robustuess. The P&W NIRE

le lo ensure hnum aperallonat safely.
plified stouctural desipn and

n-e vennel luel lonn pruvlqh—x n-lrullm
tolerance 1o power and fempeoture eye 1 based luels, moderate
reactor temperatures, il a lwo-pass 1eactor IIuW| o relractory metal lluls pmvulc ll damenstal malerial
cotmpalibility it the expecied operaling enviionment as well as iele nllnu al luchaud stukeltometsy. The two-pass reactor has been
deaymed (0 a 4X W requbicinent and provides posttive coolat low manigement. A baseliog 26,000 1 thirust level is used Lo
minhalze gromd qualiication costs ard maximize explotition sssion applieability. Finally, the P&W NTRE has been designed (o
provide high specilic mpulse al a gt thost-to-wetpta level,
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XNR2000 SYSTEM CONFIGURED AS AN
EXPANDER CYCLE

Axiai reflactor ——\

- Radial rellector Cylndncal
/ inner core

Cooled
nozzle

/]

Dual
turbopumps \
v
™
N\

\—- Annular outer core

PRATT & WHITNEY XNR2000 CERMET NTRE 25411

XNR2000 Systier Conlignted As An Expanders (yle

The cxpander cycle was sclecied for the proven reliatlite robuainicss and lugh eificiency 1o mect NASA requisemients The XNRXK expander o cle rocket
enginc uscs heat pick-up in the nozzle. chamber. rellector regions. and regenerative cooling of the pressure vessel and upper plenumn structure 10 ditve the
pumping svstem and deliver hvdrogen to the lower piemine of the reactor core  The reactor heats the hydrogen in a two-pass flow and
dulivess the hydragen propeltant 10 the nozzle chambes betose expansion thiongh 2 200 e rato anszle. FPhe reacion 1s comprised of an omce

core of %) Mo-U02 prismanc fuel clements and an inner o iindrical core of 61 W-UO2 pnsmanc fuel clements  An upper reflector. imegral with the fucl
Anonters anmins of $c surrounds the reactor and serves as the radial

s

elcnievs, is usod 10 provide axial acoiron rclection awd 18 comprised of A
reflector

A T0 K and chamber pressare of 766 psi (o deliser 25 (8D Ibs thrust at a specific

The bascline XNR2000 op at prop chamber
impulsc of 90N secomds
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REACTOR CONFIGURED FROM PRISMATIC @
FUEL ELEMENTS :

. - — Rellector segments
Radial support lubes - X

Outer core
elements

|

11.421in.

Inner core
elements

PRATT & WHITNEY XNR2000 CFRMET NTRE

ANR2000 Beactor Is Conliguied From Pulsimalic Fael Flementy

A medial plane vadtal cross seetion of the XNIZOOO NIRE is shown. Laoking down al the emgine, hydrogen enfers the onfer
annular ring of fuel elements hnshaded) Gows up and Is then direeted Binongh the mner eyBinder of fuel elements (shaded) and
flows down. The cross section displays the basebine contiol approach seleeted Jor the XNR2000. One passible oplion oy providing
redumnlant 1eactor shitdown control woubkd be the lnseition of Re eods iskde (he sadial support tubes shown i the medial plane
crasa-section. The yds conld he inchided in the design to prevent inadverfet reactor exenrsions during (tansportation, pre-

launch, or bomster transter “Fhie Re sods woukih provide an independend hack-up safely mechiantsim but woulil ot be used tor
teaclor control.
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CERMET FUELS WERE PURSUED FOR
BOTH PROPULSION AND POWER

Early cermet failures are most remembered not later 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 10,000k/sec (in reactor)
— 37 hole element fabrication

PRATT & WHIITNEY XNH2000 CENME) NIRE 25012

Cennel Fuels were Pursued For Both Propulsion aad §'vwer

The basie destgn philosophy used i the develmpmnent of the XNICOOD was (o eingdoy (he mosi jetiable foon of ultrataygh
tanperalure nuclear fuel. The approach used lo necompiish Lhis goal was to ke use of Lhe extensive data and lessona learned in
the ROVER/NERVA Nuclear Fuel and Rractor System Developmcnt Program, Argonne National Laboratory Nuclear Rocket
Program, and the General Electude Advaneed Nuelear Propulsion Project 710 P, A sunusiary of reanlis of cenned fuel
developmient programas ol 1980's and 80's ts published o two sets of reporis; ANL-72138, {1068} "Nuclear Rocket Program”,
Tenninal Report. GEMP-600, (1973}, “7.0 1ligh Temperature Gas Reactor Program Summary Repori”, Vols. 1-VI.
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P&W INTERNAL STUDIES IDENTIFIED
CERMET APPROACH AS SUPERIOR

Q_{\emicat stability
Constituents Tme Maitrix Clad Hydrogen
uoy 3100k Solved* Total Total
Tungsten 3650k Total Total
Tungsten — Re 3400k Total
Egnent
Strength - High Clad/matrix CET match — Good
Conductivity -~ High Matrix/fuel CET match - Good

Ductility (Cold) ~ Adequate
(Hot) - Good

*U02 stabilized with 6% Gd or Th

PRATT & WHIINEY XNR2000 CEAML I NTRF

P&W lnternal Studies Mentitied Connet Approgch As Superlop

Cennet fuel made of 102 dispersed in Tungsten or Molvbdenum cladded with Mo or W based alloys were tested at high
temperature in both owclear and son-nnclem envitomments and displiyed supenioe pestonmince in the expeeted operating
environment of an NTRE. Retention ol Jission products and fuels, thennal shock reststance, hydiogen compatibility, high thermal
condueivity, elad/nirix CEET compatibility, ane high stiength e several inijor andviniages of 1he cetmel fuel foos
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CERMET OPERATING LIMITS CAN BE
ESTABLISHED FROM EXISTING DATA

}<>— 200° fuel to propeflant AT
12 — y
%
7
V. /4
10— _ 50°k melt margin
al—
Cermet Local UOg
operational limit melt limit
Endurance-h 6 |—
Emergency
operation
41— capability
2 —_——

1 1 L |
0
2200 2400 2600 2800 3000 3200

Temperature — k
PRATT & WIHILINFY XNR20OD GERMET N TR H814

Cennel Operating Lnits Cau Be Establistied Frow Existing Data

A crilical review of the cermet fuel developmient prograiis was used to establish operating limis for the £&W XNR2000 reaclor.
The XNR2000 has a temperature margin of 250K usiug (he local UOqg melt temperature an a conservative upper Wmit on reactor
temperature. The XNR2000 has an endurance on (he order of 100's of hours at (he selected operaling tetnperature.
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CERMET FUEL SHOULD ALWAYS BE
INCLUDED ON THIS CURVE

NP-TIM-92
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PRATT & WHITNEY XNN2000 CEAMET NTRE 25915

Cennet Fucl Stould Always Be Included On Thits Cugve

Tllc‘prcdlcled endurance of carbion based and cenmel based fuels 18 shown as a function of propellait exit temperafure. As shown
In the Figure, the endurance of cenict fuels is independent of operating tesperatuse up to the elt teraperature of the fuel.
However, (he endurance of carbon based fuels §8 a function of propedlant teimperatute becs of stoich y changes due to

chemical diffusion of carbon based fuels in a hot hydsog A change in the I, and neutronic
characteristics at Carbon based fuels decreases the fuel endurance with incicasing operating temperature. The cenuet fucls
display constant charactertstics because there s 1o fuct/inatrix diffusion aud the material stoichlometry is constant with

temperature,
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RESULTS OF NERVA/ROVER RESEARCH REACTOR
TESTS WITH TEMPERATURE OVER 2222K

Time at Maximum
temperatures chamber Time at max Reactivity
over 2222k temperature temperature loss

__ (sec) k) . Asec)  (grams/element)
PHOEBUS-1A, EPIV 651 2367 5 ?
(22 June 1966)
PHOEBUS-1B 400 2292 5 13.7
(23 Feb 1967)
PEWEE-1 - 2555 2400 20
(Dec 1968) {fuel exit temp)
NF-1 - 2444 6528 13.7
(June 1972) (fuel exit temp)
PRATT & WHIINEY XNM2000 CCRMET NTRF 25050

Resulls of NERVA/ROVER Research Reactor Tests With Tonpetatw e Qver 2222

A short somanary of oflen guated NERVASROVER (est resilts. 10shaouhl be pated il wiie Ome sl {emperfures nver 2292 s
high, and most olien quoted, the Lhne at auxinum tempeistutes ts olien quite low. Additionally, fuel lemperatures are ollen
quoted ruther than the lower hydrogen temperatures, adding 1o (he contusthsn. Reaclivity loss was proven (0 he a major concern tn
the NERVA/ROVER Program and could significantly increase the cost or even prohibst ground qualification.
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REACTOR TESTS WITH TEMPERATURE OVER 2222K

Time at temp Max Time at max Reactivity
over 2222k (sec) temp (k) temp (sec) loss (cents)

RESULTS OF NERVA/ROVER DEVELOPMENT @

NRX-A3 (23 April 1965) 5 2244 3 223
NRX/EST, EPIII (2 March 1966) 75 2292 5 25
NRX/EST, EPIV (16 March 1966) 110 2264 5 46.7
NRX/EST, EPIVA (25 March 1966) 816 2264 450 282.4
NRX-AS, EPIIl (8 June 1966) 473 2286 7 225
NRX-AS5, EPIV (23 June 1966) 8/3 2333 7 212.3
NRX-A6, EPIIIA (15 Dec 1967) 3764 2405 10 70
XE-PRIME, EP5 (March 1969) 10 2278 5 -
PRATT & WHITNEY XNR2000 CERMET NTRF 25800

PRATT & WHITNEY XNR2000 DESIGN TEAM @

Project director: Randy Parsley (P&W)

Pratt & Whitney Babcock & Wilcox

Steve Peery (P.l. systems) Kurt Westerman

Russ Joyner (Missions) Steve Scoles (P.1.)

Alan Dixon (Mech Des) Russ Jensen (Materials)
Samim Anghaie (Nuclear, T.H.) James Rhodes (Nuclear)

Gerald Feller (Nuclear)
Mike Malone (Materials)
Paul Harris (Materials consultant)

PRATT & WHITNEY XNR20U0 CERME I N1#it %817
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XNR2000 CONCEPT CONFIGURED TO
ADDRESS P&W PRIORITIES

¢ Fast spectrum CERMET
¢ Dual pass reactor

* Robust and safe

PRATT & WHITNEY XNR2000 CERMET NTRE 25016

XNR2000 Coucepl Conflgnred To Address P&W Puioritics

A conceplual nuclear thennal tocket INTR), the XNR2000. has been developed for maaned space exploration missions. The
discriminating keatures ol the XNR2000 1hat provide aliraciive attiibutes are the use of Cenet tuel, a dual-pass redctor lowpath,
and a stnple tobust cycle. An XNR200O system description, teactar thennal hydvanlie sunmmary, and throllling, operaling
temperature. and (hrast size eliects will be presented. This packigte presents the sutmary of a 6 toith NASA funded study 1o
develop ad assess concept feasibilily, thrust fevel range implications, and nenned nitsston bnpaets of an NTR system based on a
prismalic Cennet reaclor,
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XNR2000 CONFIGURED
TO MEET NASA REQUIREMENTS

lsp > 850 sec (at 200 area ratio)
TIW >4

Throttling 25% at rated temperature

Single burn duration 60 min (max)

Engine life > 270 min at rated thrust

Remain subcritical upon impact and immersion
ALARA fission product release

Dual turbopump arrangement

25k, 50k & 75k Thrust size

PHIATY & WHIENEY XNFZ20GO CIIME | NTIIE 24

XNR2000 Configured To Meet NASA Reandrenicnts

The XNIR20OO Nuclear Thennal Rocket Engine, NTRE, was conligiied 1o meet o exeeed the performance requirements of a man-
rated NTR System. The propulston ieyuireanents Bsted are described ettt i the “Nuclear Thenmal Rocket Englie
Requiremenis” docuinent, version 3 Febraay 10, 1492, The baseline thrust sice was set al 25,000 b, s thrust size eltects wete
determined fuy engines of 50,000 and 70,000 h, of st Solety and rellabtity e key NTRE prapaision requirements for the
manned-tission Space exploration applications sl were constdeced toremost n the conceptual design of the XNR2000. The

reactor fucl and specttun selection was specilieally dictated by the ALARA tission prodact retease and reactor subertticality
requirements.
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XNR2000 SYSTEM CONFIGURED AS AN
EXPANDER CYCLE

Axial reflector —\

\

Radial reflector Cylindrical
f /' inner core

Cooled
nozzie

Dual

turbopumps ~\

Annular outer core

PRATT & WHITNEY XNR2000 CERMET NTRE 25014

The expander cycle was selected for the proven vellability, valmisiness, amd high cllictency 10 meet NASA requiremeints. The
XNR2000 expander cycle rocket engine uses heat plek op in the nozzle, chamber, refleclor regions, and regenerative cooling of the
pressure vessel and upper plenum structure to duive the puaniping system anad defiver hydrogen (o the lower plenom of the reactor
core. The reactor heats {he hydiogen i a twa-pass flow confligaration aml dellvers (he hydrogen propellant 10 the nozzle chainber
befove expansion theaugh a 200 area ratio norzde. The veacton is comprised ol an onter simnluy core ot 90 Mo-U02 prismatic (uel
elemenls and an ionner cylindriecal core ot 61 W-UOZ pristatie el elements  An npper rellector, inlegral with the fuel cletnents, is
used (o provide axtial nesstinn refection and i compriced of Bety An aoter annnlis ol The stnrounds the reactor amd arves
ribial retlecton.

HENI I

The baseline XNR2000 operates at propeliant chambier temperalure at 2670 K and chambet pressure of 766 psi to deliver 25,000
ibs. thrusi at a specific impulse of 900 seconds.
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REACTOR CONFIGURED FROM PRISMATIC @
FUEL ELEMENTS

~ Rellector s t
Radial support tubes Relle egments

Quter core
elements - .

—~—

lnner core
elements

t— " -
PRATT & WHITNEY XNR2000 CEHMET NTRC 25378
1
XNR2000 Reactor |y Conticured From Prbsmatie Fugl Eleents

A medial plane racdial cross-section of the XNIZ000 NTRE §s shown. Looking down at the engine, hydrogen enters the outet
amnudar ing of luel elanents (unsladed) Hows ap aad B thess dieeeted thioagh the aner cytinder o Toal clanents (shaded) and
flows down. The cross section displays the baschie control approach selected 1o the XNIZOOO. One possibie option to providing
redundant reactor sholdown control would be the isettson of Ke rods fuside (e svdial suppost tubes shown in the medial plane
Crous-section. The rodn conkl be sncloded 10 00 Gestien (o prevent 1ndvertent eacton exenrstons Gus gt Lmsapostat ko, pie-
B, o boaster aaster. The Re sods would provicde an isdependent baeck ap sadely sechanisnt big would ot be wsed
reactor control,

NTP: System Concepts



CRITICALITY CONFIRMED BY B&W AND ANL @

1100
1.05

1.00

18 cm Kell
K ~ effecti .8 S
ve 0.85 Basefine PAW 1.021
— B8a&W 1.025
0.80f- ANL 1.007
0.75
0.70] -
0.65]--
0.60 | J i ]
0 10 ] 20 30 20
PRATT & WHITNEY XNR2OO0 CERME T NTI. Be radial reflector thickness (cm) sears
1
XNR2000 Critjcality Contimed by BAW iwad ANL

The eabeubated values of system Keil by Pratt & Whitney agee with cateubations of 8 conducted ndependently by Bubeack &
Wilcox (3&W) and Argonne Natlonal Lab (AN, 17ait & Whitiey ased both a F6 enendy group rosnbine /venture diffusion code
anﬁlysls and MCNP statisticil code analysis Lo cateubite Kell i ANL vised MONI s alistical code anatysis procedures Lo cateulate
Kel

The plot of Be sadhiat retieetor thickness vs. K¢l jor the baseline contiguration, displays the large worth of reactivity for the cellectar
under approximately 30 e This curve indicates thal the system can be controlled with neution retiection. The baseline systemn
employs an 8 em radtal Be reflector and a 20 ¢ Beo axdal 1eNectos
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XNR2000 SYSTEM CAN BE CONTROLLED
BY RAISING REFLECTOR SECTION

Axial reflector -—\

Raised radial Cylindrical
K reflector /_ inner core

Cooled
nozzle

Duat
turbopumps

Control actuators -—/

PRATT & WHITNEY XNR2000 CERMET NTRE

- Annular outer core

XNR200Q Sysienms Can Be Controlled By Ratstng Rullector Sceelipns

The bascline control approach was desigaed to provide sobust seactor control with minomag
of 1he reictor 18 accomplishied by varying the uention-kakage tate by means of TOISYMBOIL 1

seginents of the radtad ielfector, The lower Bl of ecach segient s stitloay while the upper ball (ranslates axlally ta provude
reacior contral th gh Lhe “apening of Hows” v condrol 1s provided by 1 bank uf 3 seiments while fasi-shuldown
capabiitly s provided by (he olher, fer levt, bank of 3 sepiieats, The selecied cantiol approach provides the most reactvity
wotlh for the selected tellector stze, thns maximtzing i ust 1o welght. The aelleqor seginents are ditven by preumatie plston-type
drive mechantsing wivch provide lineas actition.

plexity and weight. The control
b\ "Symbol) moveablke anmiar

NP-TIM-92 165 NTP: System Concepts
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ALTERNATE CONTROL OPTIONS
ARE VIABLE

(‘ )N Estimated worth

\N
(8\) 101IAL == 4%

Conventional drums

(" ) BN

\u

Rotating windows

PRATT & WHITNEY XNITP000 CCRMET NTRE

K |iotaL =~5%

8377

Allernale Control Options Are Viable

The haseline cantrol approach was sclected Tor simplicity and rediced weight, however other conirol options are viable for the
XNR2000. Shown hicre are two such approaches with a prelisninary calenlation ol reactivily worth. Contemporary contral drums
consisting of De with pautial seinents of Re poison matertal could provide sullicient negative reactivily insertion far control.
Adulitionaily, the use of rolating droms with segients of void conkd be used (o provide control thraugh ncutron leakage in a
rotating drun conliguration. The optinium contval of the XNR2000 could be achieved through the combination of any of the (hree
approaches presented, providing nuctear control with maximuim redondancy.
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BASELINE PROPELLANT SYSTEM
CONFIGURED WITH DUAL TURBOPUMPS
R

XY

\—7!

Pl —— e -

. Tibino bypass quad valve
' JI ’ Linbopunip [ )

Puise cooling ' ‘__“_,, =<1 >
quad valve - — \ ),,
< &< ﬁ'_f‘ﬁ i T
_.{ e NEp— e — - O e
Dt B3 1t ——
st 1><) I}
Main propeliant control
il valve
<1 { Tuehopunp
1

PRATT & WHITNEY XNIT20i0 CEIRME | NFEYY 251/

Buscline Propeltant System Configured With Dual Twbopumps

A flow scheinalic of the baselliie enyine {3 shown. Dual turhopwnps are employed with quad valve arrangements (o maxhnize
system reliability. Each turhopump delivers 50% of (he: iotal reactor llow and can be tsolated with block valves In case of a pump
oul comlition. The quad valves consist of 2 block valves followed by 2 control valves arranged in parallel. The 2 p tre
and deliver hydrogen (o the nozde coolant tubes and reflector. The heated hydrigten 1a then expoudul through lhe tmm"e am
delivered to the reaclor. PrelinMuary luveatigations indicnte that the systen coull operate at 78% thrust during an engine oul
scenario. After engine operation pulse cooling of the reactor is provided wilh pressurized or tank head hydrogen thirough the pulse

cooling quad-valve (o renve seshiuat heat genernlion, A emergency pressutized hydiogen tank wonkd provide pressurized
hydrugens 1o the reactor under a 2 puinp onl, reactor euitical cordition.
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XNR2000 EXPANDER CYCLE ;‘
IS ROBUST AND EFFICIENT

Quiter core inlet

o T=210k
Turbine inlet P = 1109 psi
T =227k ; D
, ITRATUR] AR TS
P = 1902 psi ! melm?mfw Hiy
Inner core inlet
T=1659k
P = 956 psi
e A
T=347k ' Reflector inlet Chamber
P =2179 psi T=103k T = 2269 k
P = 1933 psi P = 766 psi

PRATT & WHITNEY XNR2000 CERMET NTRE 25448
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CERMET ADVANTAGES ESTABLISHED IN @
GE710/ANL PROGRAMS

Characteristic Payoft

Demonstrated fabrication Reduced risk

Fuel matrix / cladding / hydrogen Life, FFP retention
compatibility

High strength and conductivity Thrust-to—weight,
robustness

High temperature operating Specific impulse
capability

Characleristics confirmed by B&W

PRATT & WHITNEY XNR200y CEARMFT NTRE

Cepuel Advanlagtes Established i GeZ LOZANL Progruns

The XNIZOOO bullds upon the expenience and didabase ol Cenmel luels obfamed o the GE710 and ANL programs. The last
spectrum Cennet fuel fonn was selected tameet the engiue requicesnenty ol ALARA fuel and fission product release, multiple
testart capabilily and subceritcality ander eredible aceklent scenajos. Duntig the GE710/ANL progratis the Cennet fuel fonn

displayed tolerance o excessive tempurature/power ramps due 10 the high streigeth and conductivity of the sefractory metal
matrix. Additionally Cermet fuuel display complete compatibility In the expected ol H2 operating as well as cladd
and {vel matrix CTE compalibility. Finally the XNR2(G() is based upon a fuel for (hat was successfully fabricated and tesied,
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PROPOSED FUEL ELEMENT CONFIGURATION
HAS BEEN UPDATED

Current baseline Previous baseline
37 holes 169 holes

PRATT & WHITNF ¥ X HIC 000 CERMET NTAF 6410

Lroposed Fuct Bictaeat Candigugation Ha Beep Upadated

Subsequent ol Met cenn evalnation of Thils stady, the Teoectine coneept hoes heetoappiaded o dneoi potote aduet elemend bised
on demonsiyated techualopies. e baselme uel movineorporates 37 Lage dametes coolant cismels compared to 1G9 sl
dtattieter conlant hanneb atttally considered ot (hts concept . The max opeeating liel tempe e was madidatned at 28R0K,
well withite the expertmencd didabane. Becane of the tonreased theonid path, foel cententtne to conbimt clumnoel saGeee, Between
the et fonms the reacton exdt propellant fenmperatare woes teduced to 26695 liom 28500 TTes clamibey Temgesatire provides s
Isp level of YO0 sevonds wah e greadly i exeess of the NASA requftements
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BASELINE FUEL ELEMENT
WITHIN FABRICATION EXPERIENCE

Parcnoter Inner cora cloemonl Ouior core cloinom
Numhéf of el clan s L _ B Bl e
Uistance across Kals fn) . 40m T
Giameter of fiow hole [0] ) o
_Flowholeptch ... 0215
Hikckirosd of thow b J1] L Onin
lmclmess of extetnat can W) 0.02 .,
- (_\luv nbes of flow ht—ﬂei ) o T
Fuel nnitlx materiais
. _Melal in el matrix
1 Fuel can I
! Flow lubo malerial _

val fraution uo UU; W fuet mauis .
Vot_irmcton ol Gdz0n in huel miaix

" Tota cois power (W)
Total core volume (L) e

Active core volume (1)

Hoal translec ateafolal fow efea

"Fuel element height

Radad raliocior (Be) hicknass

W sheat thickness on inner core botion |

PRATT & WIITNEY XNR2000 GFRMIT NTRE

Bascling Fuct Elcinents Within Fabucatton Expeivuce

R The selected hasellne prismatic Cennet fucl element is based on demonstated techoology. The outer core fuel elements consiat of
! 60 vol%-U02-Mo fuel malrix contained withtn Mo-5(r% Re external core. The inner core fuel elemcnts consists of 60 vol% UO2-W
i fuel matrix contained within a W-26% Re external core. Rheniun has been incorporated inlo the external can designs 1o decrease

the ductible-lo-britlle transition temperature and provide adequaite ductiifly for cyclic Ille requtren

: 5. Al fuel elements have a
\ licxagonal crass section with a 1.4 tnch lnt-(o-Hat distaswee and contatn 37 cooluat ¢ RLE U .

m

The coulant channels are coated with the refractory metal contatned within the mateix. UO2 ts stabiiized with 6% Gd0O3 in both
‘ cores (o provide fuel stabilization and prevent luel migration. Fuels elements of (s type were successfully fabricated and lested
' in the early 70's with techuology that can be eastly recovered and enhanced with o core rerent fabricated techniques
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AXIAL REFLECTORS INTERGRAL WITH
FUEL ELEMENTS

o
~.
Refiector S NN Fungsten
. RN ~
seclion S plate
) =, ~._ >_ section
~. \N\\ ~. \\‘
.. e - ~
. ~ TRy \ N
Flow transition Fueled \\ ~
section seclion N
Attachment
section

PRATT & WHITNEY XNR200O CFRMFT NTRE

Axtal Reflectons Indcursl With Fuel Elemeids
Fhe baseline prismiatte Cermet (uel element for the doner core 15 shown. the axtal BeQ) rellecton section 18 hitegral with the tel

elowent, comtaned within the sasne structid suppod exiernal can. The attachiment section s used in a support sysiem. The
loaded section of the fuct element I8 24 Inches (61 con) in leagth and the axial reflector s 7.9 inches (20 cm L
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HIGH STRENGTH FUEL ELEMENTS ALLOW
SIMPLIFIED CORE SUPPORT

L

PRATT & WHITNEY XNR200U CERMET NTRF 25804

High Strepth Fuel Elewents Allow Supplied Core Support,

The XNR2000 Is not suseeplible to mateilal neutront: polsonsng beeause of (he Lt speclimm operation of the icactor. Therefore,
high sirength refractory metata can be used i botle (he fiel mali and suppott striuctune 1o eliminate the need for tie 1ds. The

baseline couceplual cote support tesign is shown helow. The fuel eleiments jue simply supporled, at the hydrogen inlel end, to the
supporl pliste with a threaded fuel clement tetatines. the Giet elenents ae placed i tenston beesuse of popettaut ficiion and

accelerational pressure diop which acts (o ncrcase (he natural fregpeeney of (the luel element s reduce the propensity for Row
induced vibration,
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CONCEPTUAL CORE ASSEMBLY APPROACH

.~ Upper plenuin cap

~— Quler core fuel element

Inner core
fuel element

lner core
support plale

Outer core annular suppon! plale

PRATT A WHIHINECY XNHZOOO CERME T NP 25900

Conceptual Core Asscinbly Avvroach

Shown below ts the conceptual inner and outer cone fuel element support approach. ‘The outer core elesnents are stmply supported
at their cold end by a lowey #rid plate which is holied 1o ihe Juter pressure vessel. The onler core elements are allowed (o translate
through the upper suppoit plate 1o allow lor axtal theinial growth. The nnier core fuel clements are righlly attached at (heir cold
end by the upper grud plate. The upper goid suppmé plate 15 bolted to the Baner pressine vesset with additional support povited
by axial siruts attached to (he upper pleniem head.

A tungsten stiroud will be nsed between the (wn cores 1o act as a thenal atlle ad provide a compressive spring preload agatnsi
radial Inner core fuel clement growlh, The b sheond will condonm to fhe hes: al egons -sectiont of {he inel clemets g
extend lrow the upper support pliste 1o the nozzie cliosber The stiond will temnsition fom s hexoggonal croas-aection to s eleeka
croms-section In Uie chambier reglon. The tacde contunt tubes wilh sun hehid this shiroud in a chreutar patien Lo provide
chainber conling.
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AXIAL POWER DISTRIBUTION PREDICTED
FOR THERMAL HYRAULIC ANALYSIS

1.0 Inner core infel 1.0y - Quter core exit
0.8]- 0.8§--
Normalized Normalized
axial 0.6]— axial Qg
length — lenglh -
18 I
04} 0.4
0.2)-- 0.2
Inner core exit Outer core inlet
0 | | | 0 | 1 i |
0 0.5 1.0 15 20 0 0.5 1.0 1.5 20
Axial power shape factor Axial power shape tactor
inner core ouler core
PRATT & WIIIENEY XNR2000 CERME F N1 RE 25380
Axtal Power Distiibution Predieted For Thevmid Lyduanlic Aualysty

The predicted aveniye axial power shape lactors fon (e lnner and outer cotes e shown. ‘Hhiese power protiles weie detennined
using the 3-1 diffuston theory code. BOLD VENTURE, and henchimaiked with MCND stalistical codes. The inner core power prolile
decreascs al the exit of the reactor whese the lemperatures are the highest. The sharp tiwtease fn power al the inner core inlet 1s

caunsed by the BeO axial retlector located directly above the reactor. These power profiles were detenmined to conduct a coupled
neutrostc/ihennal hydranlic analysts of the XNR2Z2ODU 1eactor,
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PEAK FUEL TEMPERATURE IS MAINTAINED
BELOW 2900K
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PARATT & WIHINEY XNI12000 CERMET NTRE
4 )
.
Peak Fuct Tenwsiature s Madtalned Delow 2000k
The caleudated propellant. fuel surface, and fuel centerline tamperature distribution within the XNR2000 rnclot at lull  power
operating condition 15 shown. ‘The temperature distribution is plotied ag; U e rronaninitzed veact

where 0.0 eonespomis 1o thie onler core Inlel and 1.0 conresponds (o lllf nner core exil. Thia temperature dldrlbuuon WAS
caleulvted using a one-timeasional conpled 1hermal hydianlic/neutronte analysis beochimatked with detatied 3-climensiorn:d
computational flutd dynamics, CFD, procedires. As shown in thie figure, the maximum fnel temperature veachied in the fner core
I8 28B0K and 2000K in the inner core. These maximum fuel temperatures were selected for design operation (o exceed life
requtrements and assure positive fission product and fiel iciention. A propellant chasnber temperature of 2669k was calculaled
using a 2880k mnax Mel temperature as the vpper ol
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DUAL PASS REDUCES FUEL TEMPERATURES
AND AXIAL THERMAL GRADIENTS
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Duiad ass Reduees Fuel Tempetdwes And Axtal Theynia) Grntients

‘The ligure displays several benefits of ihe dual pass veactor (low contiguration. ‘The dual pass provides reduced axial thermal
gradienls In Lhe Tuel elements. As shown in Uic figure, a temperature gradieat of 1500K appears actoss (he outer care elements
and a gradient of | 100K appears across the tnner core elements, in the dual pass conflguration. However, In a single pass
configurailon a temperatuie gradient ol 2G00K appears acioss each tuel element. The dual pass flowpath reduces the axial

th | grasdients of the e by approdately 50%, reducing thennal strcases and mereasing fuel tolerance (0 power cycling.
Additionally, in a dual puss reactor tnx fuel temperatises ure redncad hy approxtintely 1BSYMBOL 176 \F *Symibwl")K for equal

propetlivnt chiamber bamperatuics aind power denstty. This 13 i cesilt of ineceased Beat fux and decreased conveetive heal transler

in the shygle pags conliguration, {or equivalent 1eactor power density levels,
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PREL/M[NAFLY_ UPPER PLENUM CFD RESULTS e

Stream funclion of jet-induced flow

Reactor \-

Reactor centerline
centerline ---
hhner/ouler
Inner/outer ~ Outer core core boundary

core boundary - max diameter Outer core

max diameter
PRATT & WHITNEY XNR20OO CERMET NTRE

Prelmbuy Upper Plowau CED Besulls

A Computational Flukd Dynasnie {CFD) analysts was conducted 1o evilite Uhe llow disteiyation
reaclor coolant channels and upper plesan tegion. The predivted llow dist ribution in the
vesults of the CFD analysis were used i the upper pir
reactor analyses.

anad heat teansfer in e XNR2000

upper pleriu is shown helow. The
nun design and to benehminek the one d KT hydraul
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XNR2000 RADIAL POWER
DISTRIBUTION C ONFIRMED BY Baw

P&W

B&W -

Inner core/outer core boundry -~

PRATT & WHITNEY XNRR2000 CERMET NTRE 25490

XNE2000 Radial Power Distribution Conflunsd By Biw

‘The caleulated sudwise noumatized power distrabution within a sepfruent of sypunetey of the XNRZO00 reactor i1s shown. Close

agreement hetween the cak:ulated results of Pratt & Whiltiey and Babeock & Wilcox 1s shiown. As expecied, the maximun power
penk of thie insser core nppewrs al the center of Uw 1v 3
reflector, These resulls were used b the thetmad hy

while the power peak of e anter core appears closest 1o the radial Be
the diagram the maxinuna peak-to-average tuel elen

e amalysis (o conduct power Zllow matehing evaluations. As slown in
wower level was caleulated (o be 1.09 for both the hner and outer cores,
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UPPER PLENUM MIXING FLATTENS
RADIAL POWER PROFILE
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Upper Vienu Mixig Flatteos Radtal Power Prglile

‘The calculabed propellant and fucl centerline temperatuse distolmtion wibin the XNR200 1eactor for fuel elements having tw
averagte ainl nuixkinnm § -lo-average power e 5 showis, The ealeabited 1adial power distrfhdion shown o the previous
chunt, wis wsed to conduct o 1) 1l bydianie: ¢ ol the eneton (o deteraine the Lol peak power ievels on ceactor
t atwes. Fhe ly 4 ys (he apu pl byl addvantage of te dual pass core. Any oules core hot chauneling
effect due to power profiles is from the tmier core becaunse of thenual wmomentum ikl taixing i the upper
plenum. This inxing seduves the propellant and thetelore 1eactor temperalures i the iner core. The energy and momentusn
mixing allows for up (v 15% power peaking in the auter core withoul orificiig. As shown, (he maxnum temperalure Is
approxhnately 2950k for the Inner cote and 2200 lor (he ouler core th the fuel clements having the maxhnuin power levels. This
analysts displays (he worst case scesiario tn which no attempl ts made to thitten (e power profilc. :
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PROFILE CAN BE ADDRESSED BY VARIABLE
ENRICHMENT OR ORIFICING
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PRATT & WHIINEY XNR2000 CERMET NIAE Rodial didance

Erotile Can J3e Addressed 1By Yaviable Envicin

(O OQrilictng

Two melhods of addressing the power profile were evalitaled and both weie lound (o be accepiable. The fitst approach of handling
the varkable power prolile was orfticing the propse ¢ Hlow tn thie lner cate 1o provide a constiug 2670K readtor exil lemperature.
By oiitehy the tow at the hlel of e i ithe proper How ate can be delivered to eacli element depeading an the

element power level. Shown helow 18 the fuel eleinent Howtate, as a function of Winer core rading, requiicd to provide a constant
reacior exil (epesatiwce,

The second possible approach 1o flatten the power prolile evaluated was van labie tadial Urantum enrichinent. The enriclunent
withiu hoth the thner antd outer cores was varied (o detensiie the fmpact on radiat powee distribuiion. As shiown in thic figure a
nearly coustust power profile was obtained by vinying ihe etrichiment by approxiinidely 4% across the reaclor radius.
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DUAL PASS CONFIGURATION HAS
SIGNIFICANT ADVANTAGES

e Flat radial power profile

¢ Positive flow/power matching

e Upper plenum mixing reduces peak temperature
¢ High temperature inner core isolation

¢ Reduced clemenl axial lhermal gradient

PRATT & WHITNEY XNH2000 GERMET NIRE

Dl P Conflgurition g Stgnificitnt Advimnfages

The primary attractive fealures proviied by the doal frss teactor care ave swstsatzaed. A flat radial power profile 18 provided by
the dual-pass reactor duc Lo the averaging of power distiibutions relalive (o twao distincl regions. Pugitive Hlow/power niatching is
achievable because of the separation of (he inner and outer cores. The maxtuum fuel elernent power shape factors appear in the
ouler core region hecanse of the proxtintty of the radiat 1eflector. However, because the ouler core serves as the first pass , the
coolest hydiogen propellant passes through the onter core mul elhiniisales fuel temperature concern. Additionally, upper plestui
widng of the hiydrogen serves (0 elinate the ouler core power peaks from the iuner core (el clemenis. ‘The dual pass
configuration isolales the hot tiner core fuel elements i e 1est of the engine system. this isolition proviles material
flexibiitty allowiug (he use of ighter weyghit Moty based tuel eloments in \he outer core and a Be radial refllector wivich provides the
most reactivity worth for the welght, The most obvions henefit of the dual pass core I8 the reduced axtal themmal gradients and
conscquently thennal stiess loads placed on the el cleinewts
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COMPLICATIONS OF Ho MODERATION
ELIMINATED DURING STARTURP,
SHUTDOWN, AND THROTTLING

104 -

1.02 HH_FH l\\
1.00 \
Kelf 0.98

- Operalional Point
2.26E-4 + -500%

0.96
0.94
0.92 o L bl iy g1l N Rt
1E-05 1E-04 1E-03 1E-02 1E-01
Ho Density [A{b-cm)]
PRATT & WHITNEY XNR200U CERMET NTRI 25803

Complications Of 112 Modeation Eliediaded Donsog Stasctop, Shatdowss, and ThootUog

There is no inpact of Hydiogen moderation on the jast spectiam XNR2000 ceactar, “The caleatated elfect ol Hydrogen density on

system Keyr is shown, ‘Fhe complications ol reactivity feedback fiom the hydiogen propetfant and potential for thennal instability is
1 { durfng (r

and steady -stale operation (1 lhe KNR20)
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PEAK FUEL TEMPERATURE DECREASES
AT THROTTLED CONDITIONS
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P'cak Fuel Temperature Decreases A Theotthed Conditions

The caleulated propeant and fuel cenleriine temperaties e shown o1 the baseline XNR2000 at toll thrusi, 25% thrust and 10%
thrust Ihrc.'l.ﬂed conditions.  As displayed in the cliart the peak (el lemperatures within the reaclor deerease us the engine is
throttled. The reduced reactar temperatures result bom the reduced power lhix requived to deliver the throtiled mass flow rate to

the destiin point teiperatuce levels. This qpinst steindy analysis was smplificd becanse of the neghigible elfect of K2 moderation on
Lhe reaclivily of the core.
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STARTUP, SHUTDOWN AND THROTTLING,
UNAFFECTED BY H2 MODERATION

Configuration allows
throttling to 10%
twust at design ISP

Pump map
1.5

Turbine map

14
10%
5 25% 1.2

Design
poin 10
rrp 08
design g6 |

Head
coefficient/
design head
coefficient 0.5

0.4
0.2

0

0 05 10 15 20

0
07091113 151719
Flow coeflicient/ design flow coefficient

Pr/Prd

PRATT & WHITNEY XNR2000 CERMET NTRE 25508

Stastng, Shutdown And Thsotting, Unatiected By Hydoogen Moderatton

The prunp antd tirhine opetating map of (he XNR2000 18 shown far thotided sl desien point conditions. The RLH upper stage

expanider cycle rocket engiiie turbopiing charactertstics were assumesdt h this analysis. This analysis ndicates that the
contgration allows throtiling to at least 10% thrust al desygn speclilc impalse
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INDIVIDUAL TURBOPUMP REQUIREMENTS
ARE SIMILAR TO RL10

Adaptable to
hydrostatic bearings

Low NPSH ! l
capability

PHATT & WHITNCY XNM2000 CERMET NITRE 25370
[
Indtvidual Twibopss Regutmsments Are Suuilar to RE1O
Demonstgated characteristics o the RLEO engine turbopuinps will be sequited of tinbopuimps used in an NTRE {or mauned space

exploration nussions, The XNR2000 conceplual design esuploys a twa stagte cenlydugal puinp that is staillar in flow rate and head
rise (o Lhe RLEO turbopunip, driven by a turbine opetaling al cool inlet lenperatures, ‘The sysiem requirements call for throttiing
to at leasl 25% thrust al rated tesuperatuse and operation at low NPSH levels. These reguiretnents are shnlar ta thase of the RL10
liquid hydrogen tarbopumips. The RL1IO tuthopimups deliver puessutized hydiogen Lo the RLIO engine for upper flage applications.
This pump s suceessinlly danansicated zeto to low NESHEcapabitity and tigoltigg down (o 2% tlow. Wity the ineo pogal o of
hydrostatic beart opetation Ina radiation cuviromnent can be achieved because of the alumilam construction.  For these
reasons he chagacteristices of the RLIO Twbopamps weie used i the study of The XNR2000 coneept, and that a scaled or
dertvalive version of this pruven putup would be esaployed n the desygn.
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NOZZLE IS ACTIVELY COOLED COPPER
WITH AN UNCOOLED SKIRT

Columbium skirt
Coolant urnaround maindold 1o ooty Ho (in)
- 34788 jackot )\\/L\Lg
Copper g ’
tubes
- Hin= 14.0in. RE = 566.5 in.
t-=33 € =200
Rc = 6.0 in. } A=24in
Regen section Skirt
Coolant configuration Twa pass Coolant configuration Radiation
Number of tubes 300 Skirt material Columbium
Tube material Glidcop Max heat flux 1 Btu/in?sec
Max heat flux 51 Blu/in®sec Max skirt temperature 1792K (2766°F)
Manx tube temperature 811K (1000"F)
Pressure drop 225 psi
PRAIT 8 WHITNEY XNH2000 CERME | NYHE 25380

Nozrje Is Actively Cooled Copner With An Uncgoled Skiig

The XNR2000 employs s regenceratively cooled chamher and nozzle and radiivly cooled nozzle skirt. The nozzle and chamber s
cooled to an area ratio of 33 with 300 copper tubes in a two pass condiguration with 30% of the totg} engine flow. The chamber

presaute veusel consists uf w 347 Slutheun Steef acket striountiont the coppet Lubes. The systens employs s Colotublan nezzle
skirt from an area ratio of 33 to 200 which 18 radiativiy cooled.

187
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XN2000 PRESSURE VESSEL IS SIMILAR
TO ANL APPROACH _

- ——-  322in. - - -

Uncooled ouler pressure
vessel (INCO 718)

— Cooler inner pressure
vessel (INCO 718)

12 radial support
ribs equally spaced

Reflector
yegions -- /

PRATT & WHITNEY XNR2(100 CERME T NIHLL 25391

XNR2000 Pressure Yessel Is Stablar 1o ANL Approach

The XNR2000 einplays un onter uncooled pressure vessel witch surrouids the salial seflector andd o regeneralively cooled inner
pressuie vessel which sutrounds the rciactor. The pressisre vessel nitental conskdesed 45 Inconnel INCO 718, Becuuse the naer
pressure vessel Is subjected to a collapsing pressure ol approxtinately 800 psi, longltudinad 1adial suppoit ribs would be employed
to transsnit s Joad to ihe ouler vessel. The radial support ribs wouk! serve (0 separate and house the annular refieclor
segmeds. The two pressure vessels are capped sl the top of the teactor by hemisphierical heads. Hydrogen extts the rellector
region and flows between the primary and seconcdacy heuds to conl the sty bead coverhig 1w haver pressure vessel and
provide additional heat mput to the tialdne.
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XNH2000 BASELINE DESIGN
EXCEEDS NASA REQUIREMENTS i

Thrust (Ib)

Isp (sec)

TW

Reaclor power (Mw)
Power density (MwiL)
Max fuel temp (K)
Chamber temp (K)
Chamber pressure (psia)
Total flow (Ib/sec)

Pump tip speed (fVsec)
Turbine inlet temp (K)
Nozzle area ratio

Nozszlo axit dia (it)

Max engine length (ft)
Stowed engine length (it)
No. of inner fuel elements
No. of outer fuel elements
Throtiling al design Isp (%)

PRATT 8 WHITNCY XNR200) GERME | NI ne

The table displiys (he cycle pevfonance ifornmation of (he baseline XNK2000.
ata specdic impulse of U6 sec, with a Urosg 1o welght ralio of 5.3, This powes hislanee: Injonmat
Marshatl Space FIg Center/0'&W Rosket Engine

[Basciine]
25,000
900
53
510
9.4
2,880
2,669
766
2748
1,460
227
200
H8
153
1.0
61
90
10

ENRZOO [haselne Deslgn Exceeds NASA Rewvieneyls

Trunstent Sunulation (ROCKETS) System

189

‘The baseline XNR2000 delivers 25,000 ib. of t ust
101 wias generated using the
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XNR2000 ENGINE PERFORMANCE

Thrust = 25,000 Ibf
T/W = 53
Isp = 900.0 sec

PROPELLANT FLOW ENGINE STATION CONDITIONS

Temperature  Flow Enthalpy Density

Station Pressure

Location (psia) (Deg K) (lbmjs) (Btu/lbm)  (Ibm/ft**3)
Engine Inlet 26.7 20.0 14.0 -108.0 4.38
Pump Inlet 25.7 20.6 14.0 -108.0 4.38
Pump Exit 2179.3 34.7 14.0 13.0 4.5
Nozzle Coolant Iniet 2157.6 34.8 8.4 13.0 4.33
Reflector Coolant Iniet 1932.6 103.1 28.1 440.9 1.77
Turbine Inlet 1901.6 226.9 1.8 1343.7 0.80
Turbine Exit 1218.2 207.2 11.R 1199.9 0.8
Quter Core Inlet 1108.9 210.4 27.8 1221.0 0.32
Inner Core Inlet 956.3 1659.4 27.R 3865.0 0.06
Chamber 765.9 2668.7 27.R I818KR.2 .02

REACTOR CHARACTERISTICS

Two-Pass Design

Inner Core Diameter 11.5 in
Outer Core Diameter 18.1 in
Reflector Diameter 32.2 in
Pressure Drop 344.1 psia

Max. RX Fuel Temp. 2880.0 K
Outer Core Fuel Mt'] Mo-U02,20
Inner Core Fuel Mt’] W-uU02,61
Power Density 9.41 MW/
Total Power 210.4 MW

PUMP CHARACTERISTICS

Overall Efficiency 73.2 %
Head Rise €9,018 ft
NPSH Avail. 2029 ft
Speed 71,323 RPM
Power 2403.2 HP
Vol. Flow Rate 1379  gpm
Stg I Flow Coeff. g.114 -
Stg I1 Flow Coeff. 0.113 -
Stg [ Head Coeff. 0.521 -
Stg Il Head Coeff. 0.521 -
Utip 1 1460. ft/s
Utip 2 1460. ft/s

NTP: System Concepts

NOZZLE CHARACTERISTICS

Nozzle Area Ratio 200,

Throat Area 18.8  in**2
Exit Dia. 5.8 ft
Nozzle C* 16443 ft/s
Nozzle Length 10.6 ft
Total S.A. 22524 in**2
Regen. Constriuction Cu Tubes
Rad. Construction Ch Sheet

TURBINE CHARACTERISTICS

inlet Temperature 226.9 K
Inlet Pressure 1901.6 psia
Mass Flow i1.8 Ibm/s
Overall FEfficiency 854 "o
Speed 71.233 RPM
Pressure Ratio 1.56 -
Inlet Flow Parameter 0.128 -
Overall Velocity Ratio 0.54 -
DI \ctual 143.8  Btu/ib
AN 2(E-NR) 192,
Mean Dia. 4.60 in
190 NP-TIM-92



OPERATION AT 2500K CAN BE ACCOMODATED
WITHIN BASELINE CONFIGURATION

[Basctine ]
Thrust (1) 25,000 25,000
isp (scc) R3] 865
Tw na 03
Reaclor power (Mw) Ht0) 492
Power density (Mw/L) g4 9.1
Max fuel temp (K) 2.880) 2,740
Chamber temp (K) 2664 [5?7}5'
Ghamber pressure (psia) /766 758
Total flow (Ib/sec) 2/8 289
Pump tip speed {#/sec) 1,460 1,482
Yurbine inlet femp (K) 207 216
Nozzle area ratio 200 200
Nozzte ext dha {it) H8 58
Max enginc iength (ft) 153 159
Stowed engine length (1) 1a AR
No. of inner fucl elements [31] 61
No. ot outer tucl elements 90 El)]
Throllling at design Isp (%) 10 10

PRATT & WHITNEY XNIT2000 CEAME T NIRF 25395

Opegatjon it 2000k Can Be Acconsnodated Within aseline Contigutillony

“The bascline cycle mlotation 15 displayed aned corupaned (o the XNR2ZOGO eaythne opevating al a chaiber temperature of 2500K.
The power baknee ton hoth cycle potnts was genesated by reqetiing the reacton exit Miscly mbers to equal 0.3 and deliver 25,0000
Ib. of thrust.

SRIGuNAL PACGE IS
OF POOR QUALITY

NP-TIM-92 ' 191 NTP: System Concepts



PEAK FUEL TEMPERATURE DROPS TO
2740K FOR 2500K PROPELLANT DELIVERY
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1

PRELIMINARY ENGINE CLUSTERING STUDY
INDICATES LIMITED NEUTRONIC IN TER/[ C T(ON

2=
a Minimum
. Packaging
\ Limit (- 20t) --
\ /
Reactivily ] __ \
wotlh (%) \
A
~
~
~
\\
L]
Ll 1l 1I~re | |
0 50 100
D -em
Three engine clustering
arrangement
PRATT & WHITNEY XNR2D0O CERMET NTHE 25307
i
Brelimbiny Engine Cluster g Study Indieates Limited Nevtsoule Interaction

A conservative engine: clustering model was developed and the Kell wag evaluated for a cluster of three XNR2000 baseltne engines
as a (unction of separation distance. The sepuralion distance Is defined as shown in the gure. As displayed in the chart, core
neutronic coupling was found Lo have no etfect in clustering englues Jor distances 1equiied lo account for nozzle skiits.

193 NTP: Svstem Concepts
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REENTRY & WORST CASE ACCIDENT SCENARIO
CRITICALITY ANALYSIS

’

LF‘OFIT TUBES

ECTOR (

CORE CONDITIONS

IMMERSION

§J

10% 0% 50% 0%

Tteendty & Wensl Case Aoytdent Scenanio Criticatlty Audysis

A 16-group diltusion code (VENTURE/COMBINE) analysis was conducted Lo delemmine worst case accldent scenario criticallly
The negative reactivity nsertion 18 shown for several aceldent seemuio core conditions. The XNR2000 wonld Ko subcriticat for all
aceldent conditions evihiated. The bangtest negntive veactivity inseriton ocewrsed $or wiler munerston. The tmpact of thenlum rods
W Lubes surronkling the onter vore elements was also evatoated yind fourl 10 provide adequate negajive reactivily fuser{ion 1o be

meed s i potessttnd bacic g matety ineedsimtsm, e Blown rellector aiitvsbs wiss endseled ansvtling {hat 6% of the toln)
reflector was yemoved from the systen.

NTP: System Concepts 194 NP-TIM-92



DESIGN ALLOWS THRUST FLEXIBILITY
WITH COMMON FUEL ELEMENTS

Baseline

HHHE
Sesssocts
08' CEEEEA

25,000 ibf thrust 50,000 it thrust
tolal no. of tuel elements: 151 total no. of fuel etements: 313

75,000 Ibf thrust
total no. of fuel elements: 379

PRATT & WHITNEY XNR2000 CERMEY NTRE

Design Allows Vierus Elea by With Copanon Fuel Blemeits

The XNR2000 was conlignred (o provide thrast Hexibiiity. The systein ean provide st ranging tiasn approximately 20,000 6 to

90,000 ustig the sume fucl element destgn. core contignration, wnd support methodology by shiply varying the nuisbers of inner
atd vuter vore fuel elements,

NP-TIM-92 . 195 NTP: System Concepts
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REACTOR NEUTRONICS BEHAVIOR SIMILAR
OVER THRUST RANGE

Radial ission density (power) for vasious thiust size

9.00f 04— .
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| 25k R (3% arichaion)
7.008 04— ¢
__________ H e~ HUK WA (/9% evvrichment)
___________ /
600k 04]) - el ',' ————— 75k Il (79% ensichinent)
soof 4} T
Fisgitm
i
sy 4 oo ——
T
3.008-04 §— T ———
—_—
200k 04 }-
1.000:-04 §—
0,008+ 00 b L ] J ] 1 1 | |
0CE«DD 5000100 1 00F 101 150E L 2008401 2 GOF 101 300401 350E+01  4.00C+01

Rackal thstance - om

PRATE 8§ WHITNFY XNHR200D CERMET NTARF

Reaclor Neotondes Hebasio Shalin Quer Thryst B

25099

Radal power prolifes for three XNR20O0 cose sizes are shown. The 50,000 Ihf and 76,000 0 can be inade eritieal with 79%

enriched furel at the fuel mietal vohume ratis of G740

NTP: System Concepts 196
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Thrust (Ib)

Isp (sec)

TT™w

Heactor power (Mw)
Power density (Mw/L)
Max fuel temp (K)
Chamber temp (K)
Chamber pressure (psia)
Total flow (Ibvsec)

Pump tip speed (l/sec)
Turbine inlet temp (K)
Nozzle area ratio

Nozzle exil dia (ft)

Max engine length (ft)
Stowed engine length (ft)
No. of inner fuel elements
No. of outer fuel elements
Throtiling at design Isp (%)

PRATT & WHITNEY XNR2000 CERMET NTRE

Iﬁagclmj

25,000

200
53
510
94
2,880
2.669
766
278
1,460
22/
200
58
153
11.0
61
90

10

XNR2000 CYCLE PARAMETERS ARE SIMILAR
FOR VARIOUS THRUST SIZES

50,000
901
6.6

1,022
9.1
2,880
2,676
735
55.5
1,527
230
200
8.3
20.3
12.4
127
186
TBD

REACTOR THERMAL HYDRAULICS AT
50K ARE SIMILAR TO BASELINE

75,000
897
79
1,613
LA
2,880
2,667
836
83.6
1,738
257
200
9.5
227
12.0
169
210
BD
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REACTOR THERMAL HYDRAULICS AT ,@
76K THRUST ARE SIMILAR TO BASELINE
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[}

CERMET ENGINE WEIGHT

SUMMARY VS THRUST SIZE

Thrust level 256,000 ity
Inner core 940
Quter core 93/
Support structure 115
Internal shield 250
Axial reflector 50
Radial reflector and control 500
Valves and controller 425
Pressure vassel 550
Upper core assembly 220
Nozzle skirt 250
Turbopump 75

Thrust structure 440

Total engine (Ib) 4,752
Tw 5.26

PRATT & WHEINEY XNR2DDD CERMET NTRE

Cenmet Eoglne Weight Soqmary v, Tinusl Siee

50,000 b
1,662
1,644

250
300

80
800
525
800
300
500
125
600

7,586
6.59

75,000 Ib
2,212
1,856

425
310
100
1,000
590
1,000
400
750
175
700
9,518
7.88

A Welght Sunmmary of the XNR2000 for thie tinust levels evadvated ts shown. Vhe thinust-to-weygtht ratios tor the XNIZOOO are high

relative 1o other converdional NTRE's. Sevesal featues

Wribute to the hipth thrust to weight of the XNR2000. The XNR2000 can

operate al a high power density because of the hiph condue vity of the Cennet Juet and (he thermal Butd mixing in the upper

plesum. ‘The {ast spectrinm provides a con

! allow a ltgt 3 t siruc
shielding welght. Addition
watrix tu the vuter core. |

ly. the sepatation ol the

199

el core with no inoderator naledtal and the high strength sefiaciory metal fuel
* The use of refractory methods and the compact core desiga reduces required
rrctor hilo two 1egiony allows the use of a Ughitweight Molybdenom based
ese features of Lhe XNIZOO0 NTRE conltribute (o the Ligh thrust-to-weight.

NTP: Syslcm Concepts



CERMET APPROACH PROVIDES HIGH
PERFORMANCE AND LOW RISK

Thrust = 25,000 tb Thrust = 50,000 b

Isp = 900 sec Isp = 901 sec

TW=53 TW =66

Dia,,, = 5.8 ft Dia,,, - 831t

Stowed length = 11.0 ft Stowced length = 12.4 {t
Deployed length = 15.3 ft Deployed length = 20.3 ft

PRATT & WHITNEY XNR2000 CERMEY NTRE

Cennet Approseh Provides High Petlotmanee il Lo sk

Thrust = 75,000 Ib

Isp = 897 sec

TW=179

Dia,,, =951t

Stowed length = 12.0 ft
Deployed length = 22.7 {t

25409

A coneeplual NTRE, the XNIRR2000, has been presented Bt 15 powered by a fast spectnm, cennet Tueted reactor core. The
basellne XNR2UNK) systemn delivers 25,000 1bf of 1l ust ol o spectlic impualse of 900 seconds and thynst (o welght of 5.3, The
distingnishing features of this system are the dual pass yeactor eonfiguration aud fast specitum, esnuet fueled reaclor. These

feati es have been memporated fato the design, as well as knowledge gned hom the ROVER/NERVA, GE710 amd ANL Maghisns,

to develop a safe and tobust Nuclear Thennal Rockel Engine lor mannied space explorition nissions.

NTP: System Concepts 200
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XNR2000 NEUTRONICS ARE BENCHMARKED
AND CONFIRMED

* Design analysis methodology

® Benchmark analysis and criticality summary
® Power profiles

* Reactivity and control system

® Neutron and gamma-ray fluence

* Inherent safety features

PRATT & WHITNLY XNIR2000 CERMET NTRE 26482
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MODELS DEVELOPED TO ACCURATELY

PREDICT REACTOR NEUTRONICS

E‘ j Inner core

L] Outer core

Mixed outer core
and reflector

[T} Retiector
R Rhenium

Degiees
4 jolal - 30

698
Radius - cm

118 1.18 g.02

PRATT & WHITNEY XNR20U0 CERMET NTRF

Maxlels Developed Lo Accuristely Predicl Reactor Newlondes

A three dimensional model of XNR20(K) care s developed  Thi ty radial and aziimuthial regtions and 6 axial zones are used to model

“« s
| 4
5 -
3 6
0 7
9 7

1,2, 3, = Inner coie

4,5, 6, - Ouler core

7 = Radial refleclor

8 = Axial reflecior

9 = Void

10 « Structwral
material

Nuclear cote

Mixed coio
and reflecios

the detatls of the inner core, the outer cule, the Intartacial core teflecior and 1he faleral support sliuclure are lncluded in the

maoclel. Six uxtal zones are used o address the axinl tesperature gradicnt in the inner and the onter cores. Group average neutron
crosa-sections lor all 180 reglons are generated at thed ave 2 operating temperatines, Each region is divided (o tens of findle

volumes for the calentation of flux amd etfeciive moliphcatio

NTP: System Concepts
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DESIGN ANALYSIS METHODOLOGY
TAILORED TO FAST SPECTRUM

® Multigroup crass—sections generated by COMBINE (ENDFB-V)

® MCNP (4.2) used for complex geometries

e BOLD VENTURE (3-D diffusion) used for power profile and reactivity
® ANISN (I-D ,Sn) used for analysis of hetrogeneous boundaries
¢ Results benchmarked with GE 710 testing

* Results independenlly conlirmed by B&W and ANL

PAATT 8 WHITNEY XNH2000 CLHMET NIRF 25494

Desun Anglysis Methodology Tatlored To Fasl Spectiuy
The major neutronic design analysis tools used lor core physices studies tnclude:

COMBINE: A multigronp neulron cross-section geperation code which combiyes the PHROG fast neufron By with the
INCITE thernal neution library Geviiabile tluoegds RSCY

BOLD VENTURE: A 3-1 neutron dillusion code gavallable theonph RSICY,
ANISN: A 1-Diransport {Sm) code Lavatlable (hrangh RSICY.

MCNP: A Monte Catlo code for storhastic analysts of the core eattieality, power distithution and neatron and ganima-ray
doses Gavatlabhe thirough LANL and RHIC)

203 NTP: System Concepts



VENTURE MODEL GENERATED FOR GE 710

MOCKUP 1A BENCHMARK

wacat em 710 VENTpRIE OUIUN[ HOY 10 SEALE
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PRATT & WHITNEY XNI2000 CFRMET NTRE

y Model G « For GE710 Mockug 14 Lieoelvark

GE710 program Mockup 1A critical cordiguration was used (o benchwork the 3-1), Hi-group COMHBINE/VENTURE and continuous

VNG [rin)

CE NI L WN —-

—_ .
N -0

Matetial list

Core U, W, Ta, AL O

Tube Sheet 303 SS

Tube Sheet and Mo 303 SS, Mo
Mo Transition Mo

Mo Plug Mo, Ta, W

Cladding Ta, W

Re (.85), Al

Shelt 303 SS

Transition Al

Inner Reflector Zone Be (.85}, Al
Outer Reflector Zone Be (.90), Al
Gap

25495

energy MCNI’ 4.2 models. Mockup 1A featutes core physics characieristies compurable with 25000 1hf XNR2000 englue design.
The materials concentration and core dimensions are taken directly fromn the GEMP 442 report.

NTP: System Concepts
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OUTSTANDING PREDICTION ACCURACY
IS HARD TO BELIEVE

Relalive Radial Power Profile (13eun framn w(luclcq end)

50 e ] 1 e —————
40
A » Mackup 1A
F - VENTURH/COMBINK
:;
o
e
v
>
o
9
o
o
Nz
f
O
Ed
1LO¥F— & __
R WY b £ F
0ol - ———— . s (- . 1 — e -
Y 0o 20.0 10.0

PRATT 8 WHITNEY XNR20UU CERMET NTRE Distance trom Center of Core (cin)

Quistanding Predicilon Accuiagy

VENTHRE /COMDINE cilenbied values af the nor
Both expesimental

allzed tind power protile compases well with the GE710 experimental resnits,
ted power paotiles aimsiized o e power leved at e cadial distinee of 2 em liom the come
cenierline. ‘The calculaied values of the sadial power densily beyond the last measurement polnt are not shown. The measuretd
vatue of the relative power densily 1s 4.1 where the COMBINE /VENTURE, caleulated waxhnum radial power density is 8.3. The
maximum power densily close to the rctiector I8 very senstiive to the position.
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VENTURE/COMBINE Caleulalion of Gl 7o Mockup 1A

Averape Axiad power Profile (norumalized)
. .

1.0 ' o - ) ' .
1

aun
P
s
@
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o
o
"
v
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n, 0.6 -
E * Mockup 1A
= = VENTURE/COMBINGE .
[
i
)
o,

0.4

-
0.2 ' ! ' ¥ -t pl —— s -
0 10.0 20.0 0.0 40.0

Distance from Top Reflector (cm)

YENTURE/COMBINE Caleulation of GEZ10 Mockop 1A
COMIINE/VENTURE citeuliled vitlies of (e aveyigee axtl power peotile comgures well with GE7 10 Meockup 1A expethnenial
resully, ‘Pwo experuncutot polins ut the top mnt bittan ol Hhe senctin me exchuling, fapge Uneestalinty m expertnental data at the

unreflecied end of the Mockup 1A reactor. Addit lonally. the VENTHRE/COMBINE calenfated value of Kefy. 0.991, cumpares well
with the measued valne of 1.000.

NTP: System Concepts 206 NP-TIM-92
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XNR2000 BASELINE CORE CRITICALLITY
INDEPENDANTLY CONFIRMED

Venture/Combine MCNP MCNP MCNP
(P&W) (P&V_\{) (B&W)  (ANL)

Keff 1.0183 (24 groups) 1.021 1.025
1.0183 (16 groups)
1.0210 (12 groups)
1.0601 ( 8 groups)
1.0559 ( 4 groups)
e Good agreement between 2--D, 16 groups diffusion
calculation and MCNP

¢ Good agreement between independently performed
MCNP calculations

1.007

PRATT & WHITNEY XNi2000 CERMET NTAE

ANILOOO [aseltne Core Crlicalily Independemly Coutliued

The 16 group COMOINE/VENTURE K. caleulation of the XNR200O core shows good agieanent with MCND calesstated vatoes of
Keqr: Pratt & Whitney MCNE calculations are for a miniimmu ol 500,000 Wistoties. Babeock und Whkcox and Aigonne Natwonal
Lahotatory calenlations of XNR2000 core Koy are based ot a nstidunnm of 100,000 histosiea. The snall dilferencen between MCNP
caicuiated resulls :e due (o slightly different nunber densiies and cross-section brazes used.

NP-TIM-92 | 207 NTP: Svstem Concepts
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16 GROUP ACCURATELY MODELS SPECTRUM
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RADIAL FLUX PROFILES
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Radtal fiux profiles for the XNR2000 baseline cote as presented  Hoth ansport and diffusion oty ute used to calculate total
peution lux (or energy groups 1, 4, 10 and 16, The diftesence in the calculated value ai flux at the vicinity of the reflector-core

boundary Is due Lo the fix Jaw approximation used i the dilusion theary. ‘Fhere Is atso a noticable difference between predicted
values of flux for inlermediate aanl Jow enienggy nentron groups i the reflectan
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CONSTANT ENRICHMENT
3-D POWER PROFILE AT CRITICALITY

Reactor Normalized
location  peak power

Top 12

9
6 Reilleclor

raised  1-016.cm
Middle 1.0
Keff = 1.000

.82

Bottom 36

PRATT & WHITNEY XNR20GO CERME T NTHE 75408

Constanl Enrtelunent 3 1) Power Prolile At Crttlcality

Radta] power proifie at dilierent axiat locatlon of XNR2ZOOO cate. Ten degree veflevion segmenis are raised for 1.016 cm 1o achieve
Keft = 0.0, Circnnterestial power GH at the axial location of 50 e is due (o the ratsed reilectoss,

NTT: Svystesh Concepts 210 NP-TIM-92



HIGH REFLECTOR WORTH ENABLES ROBUST
BASELINE CONTROL APPROACH

Reflector worth calculations Shutdown caiculations
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o ot

Thie 25000 I XNR2000 haseline CORNE S powered by a corapil st cacton The geation leakape hom the core wegion ta the
retlecton is very sintlicant. One of the opUonNs to costtol the eactng 1§ e aktal wevesnent ol the 107 setlector senents, Lo
relleclor segnents (507 cau be used tor barge Insedtio of negittive reactvily il reactor studdown. The reliector worth
calculations were conducted as a function of distanee cised (or a hank of six 10 retlector segimems  The shutdown calculations
were conducted lor six 50" tellector segments
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REACTOR DESIGN PROVIDES ROBUST
REACTIVITY AND CONTROL MARGIN

Reaclivity effect

Temperature effect (30% 3000k)

Fuel burnup (6000 mw-hr)

Required excess Reactivity (maximum)
Design excess reaclivity

Control system requirements

installed reactivily (maximumi)
Minimum scram requirements
Minimum required control system worth
Design control system worth

PRATT & WHITNEY XNR2000 GERMET NTRE

Buictor Desten 1 ovides (ot Reactivity awd Contiof Min gty

Reactivity% ékk

-6 £3
-1£.03
+1.0
2005

25

25

5.0
10.0

25500

COMBINE BOLD VENTURE compiler code systern Is nsed to calenlate the reactivity ellect due to operational temperature and (el
bumup. High temperature cross-sections are gencerated and used (0 esthuate the reuctivity tetnperature ettect at full power

operational temperature. A total of 12 haws of lall power aperation ts assumed to caleulate the firel bymuap reactivily worth at 1he
end of core lfe. The reactivity tnstalled in ihe core 15 I Facess of 2% which i3 needed to compensate for the loss of reactivily as the

operation proceeds. The design control syslem u’orl his abaut -10%.
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NP-TIM-92

CONSTANT ENRICHMENT 3-D POWER
PROFILE WITH RAISED REFLECTORS

Small reflectors raised 5 cm
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Coustant Endehpent 3-D Power Profile With Revised Reflector

Power (1lt due to the axial displacemsent of (en deyiree retlecton segthents 1s shown, ‘e 10 degree reflecior segmeints aie ralsed by
Sem. The COMBINE BOLD VENTURE compuier code system is wsed to ealeulaie 3 D power distuibution W ihe mid-core region.

The power peakbigg at (he cote contrad nxis (8 nereased due to the sigaibieanl eidoge foss of nealrons thiough the opentng i the
radial reflector.
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REACTOR HAS DESIRABLE NEGATIVE
TEMPERATURE COEFFICIENT

Inner Core Outer Core
108 g — (X 1O g
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- Kl Mlvn]
PRATT B WHITNEY XNIt2000 CGEAMLT NTRL 25503
'
Refiector Hiis Desirable Negative Temperature Coeftiieng
. Temperature cocllickent of teactivily 18 very siatl
. Inner cote fuel lonperstare coefticient Is one order of magttinde sinaller i the mter core fuel lemiperatute coeflicient.
. Outer core Tucl | ture is able with GE7 10 Mockip 1A fuel temperatune coefficient,
XNR2000
Inner Core:a (0 2200k) = -8.0 x 10°8 AK/K
K
Outer Core: o (o 2200k) = -6.8 x 10°7 AK/K
: K
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NP-TIM-92

ADEQUATE INTERNAL SHIELDING

INCLUDED IN DESIGN @
Neutrons XNR2000 NASA limits
Fast neutron flux (8.012.0) x 1010 2.0x 102

(E>1.0 mev)
Intermediate energy (2.4+.6) x 1012 3.0x 1012
neutron flux
Thermal neutron flux (3.6+.9) x 10"1 6.0 x 10

Gamma - rays

Model results indicate gamma-ray fluence is very sensitive to system
geometry. A refined estimation of gamma - ray fluence will require

further definition of configuration and constraints

PRATT & WHIINEY XNRZO0O CERMET NTRE

Aslewirate dadea el Shiching tneiagled b Desigu

MUNE is due lo cakalate the Last, tnlenmedide and Ueroid peatron thaxes a (e upper parl ol the core. Fast and thennal

neutron fluxes arc signiticantly lower than the lunits specttied tor the baseltue deshin. Accurate estimation of the ganuma-ray flux
atl the upper past of the shielded core requite mote detatled infonuation on 1he uppee core struclural matertals
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SUMMARY OF XNR2000
REACTOR NUCLEAR DESIGN

« State of the art analysis techniques employed
to ensure design criticality, controllability and safety

* High confidence provided by benchmark analysis
and independent evaluations by B&W and ANL

« Evaluation of all major reactor issues confirm

advantages and flexibility of baseline approach

PRATT & WHITNEY XNR20:00 CEFRMET NTRE 25507
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