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ABSTRACT

Based on exist lng Eechnology i t  is  projecred
that.  the coupl ing of  a hel ium closed-cyc1e gas turbine
(CCGT) wtt .h a High-Temperarure Gas-Cooled ReacEor
(HTGR) for marine propuJ"sion could reaLize a power
plant speci f ic  weight of  around l2 kg/kt l (e)  (20 1b/hp).
New and emerging technologies would of fer  even further
perfomance advantages for future submarines thau would
see service ln the earLy decades of  the 21st century.
This paper includes the "enabl ing technologles, ,  for
advanced submarlne propuls ion, which include the foL-
lowing: (1) high-qual l ty fuel  and sma1l passiveJ.y safe
reacLor i  (2)  htgh-performance turbomachinery embodying
magnet ic bear ings; (3) conpact heat exchangersl
(4) advanced high-temperature composi te marer ia ls;
(5) computer-con!ro11ed aut 'omated engine rooml (6) com-
pact high-ef f ic lency superconduct ing generalor,  mocor,
and energy storage system; and (7) the possibi l i ty  of
a propel ler less elecLromagnet ic thrusLer.  Ic is pro-
jected thaE the coupl ing of  a gas-cooled reactor wi th
a hel ium gas turbine could of fer  substan! ia1 perfor-
mance improvemen! and weight reduct ion potent ia l  over
var iants studied heretofore.

INTRODUCTION

The focus ln th is paper is on the ut i l - izat ion of
an advanced povter converslon system to meeE the pro-

Jected requirements for  submarines that would see ser-
v ice ln the ear ly decades of  fhe 21st century,  The
author ls lnt lmatel-y faml l lar  wl th borh the HTGR and
CCGT sysrems and, for  submarine technol .ogy, has taken
advantage of  only technlcal  maLerial  Ehat is readi ly
obtainable ln the open l - l terature,  the foremost sources
(1.-6) betng wel l -knom !o those ln t .he f ie1d. The
choice of  energy sources lncludes fossiJ. ,  e lectr ical ,
chemlcal ,  and nuclear.  A s impJ-e por l raya1 of  pr ime-
mover opt ions ls shown ln Flg.  1.  Systems lnvolv ing
smal-J,  power 1eve1s have been addressed prevlousl-y
(7-72) and are not covered in th j .s paper.

On January 77,7955, the USS Naut. i lus made her
historLc s lgnal  "under way on nuclear powerr"  and a new
era was born.  In the over three decades since then,
the power requirements for  large submarines have been

sat isf ied by the pressur ized water reactor (PWR) cou-
pled with a Rankine steam turbine sysiem. Such power

PlanLs have operated very successfulLy,  denonstrated
high l -evels of  safety and rel iabi l i ty ,  and are pro-
jected to be ut l l ized in the foreseeable furure.

t0Tt: PIE DIAGnAM lS tttUSTRATtvt oilty, pR0p0nrroflS ARt r{0T r{tCtSSABtly RtpnrStilrATtVE
r-326(6)

Ftg.  1.  Energy source -  pr lme mover al ternat ives for
submersibl-e svstems

In projecr ing requlrements for  20, 30, or even
40 years ahead the reaclor opt ions are foreseen to be
Limited to (1) cont inued use of  rhe PWR, (2) advanced
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HTGR, or (3) l iqutd metal-cooled system. This paper

htghl tghts the merl ts of  the gas-cooled reactor for

future submarlne propuls lon.

Both che HTGR (13'14) and che CCGT (15'15) are

wel l -known and understood, and as w111 be dlscussed in

fo1Lowlng sectLons, extensive studles have been per-

formed of  thelr  coupl lng for  terrestr iaL power systems.

Reporcedly (4) r  a l ightweighr fas!-neutron nuclear gas

Lurblne was proposed for the 1957-1958 U'S. Skate c lass

submarlne, buE a convent lonal  PWR was f inal"J-y selec!ed

based on lack of  technology readlness and extended

t ime for developmenc of  che gas-cooled reacEor p1ant.

Today, three decades lacer '  the s i !uat ion is qul te

dl f ferent,  s lnce gas-cooled reactors have operated for

rnany rni l l ions of  hours in comercial  power staEions t
and CCGTs ( foss11-f l red) ln Europe have accumulated

about a mi l l ion hours of  service l i fe.

The prtrnary mol ivat ion for  th is paper is Eo Put
forward che idea thae the nuclear gas turbine may wel l

be an at ' - ract ive submarine propuls ion sysLem of ghe

future.  Base technologies for  boEh the reacLor and gas

turbine are wel l -establ ished'  (suf f ic ient  to suPPorL a

near- team projecr)  and subsLant ia l  performance Poten-
t ia l  and propuls ion sysLem size and weighl  reduccion

could be real ized with the adopt ion of  new and emerging

technologies.

2.  NUCLEAR MARINE PROPULSION BACKGROUND

Marlne propuls ion systems for both mi l l tary and

merchanE marlne appl lcat ions undervenE a s igni f icanc

cranslc ion ear ly in th ls cencury wich a change from

coal to o11 f i r ing.  The var ious pr ime moversr includ-

lng sLeam Eurblnes, diesel  engLnesr and more recent ly,

gas turbines have been thoroughly documented (17) '

From Ehe mid-1940s on, the merl ts of  nuclear propuls ion

have been recognized, parcicul-ar ly for  submarlnes, and

a decade of  lntense development led to the USS Nauci lus

enter lng servlce.  Todate pr imary emphasls has been

placed on deveLopment of  the PWR for submarine

p ropuls ion.
Merchanc vessels ut iL lz lng the PWR and s!eam tur-

bLne power converslon sysLems were construeted and

operated by the UniLed States'  USSR, Japan, and Ger-

many. The ear ly promise of  operat ing cosl  savings was

noE real ized, s ince merchant shlp economics are sensl-

tLve to rhe pr ice of  o i l  fueL. In addi t lon,  1 imiued

harbor access on the major wor ld t rade routes hampered

thelr  J,oglst ics '  With the except ' lon of  icebreakers '

the f l rsc generat ion of  nuclear-powered merchant shlps

were not successful .

WhlLe the Pl fR is the donlnant marine reactor !ype'

l imi ted studLes were conducted i -n the late 1950s, uslng

gas-cooled reactorsr buc wiuh steam turbines lhey

showed no signi f icanL advantage (18-20).  Around 1960

an extenslve program of design and developmenL was

underLaken for a (20,000 hp) power plant based on a

compact high-temperature gas-cooled reactor and closed-

cycle gas lurbine (2L,22).  The program involved a

coopera! ive ef for t  between the Mari t lme Administrat ion

and the U,S. Acomlc Energy Cornisslon to establ ish a

power pJ-ant for  an ol1 tanker.  Subscant ia l  develoPment l

work was done, part lcuJ-arLy on the hel lum turbomachln-

ery,  buE Ehe Program was evencual ly discont lnued, based

on lwo faccors:  (1)  quest ionable economl 'csr agaln

affecred by very I 'ow ol l  pr icel  and (2) lack of  a

strong technology base for th is tyPe of  reactor and

prLme mover.  Perhaps one of  Lhe most important f lnd-

lngs f rom thls Program rtas EhaE Ehe compacEness of  lhe

"y"t" t  
( reactor and pr lme mover)  showed a savings of

more than one-third ln space compared with a PWR (23) '

This advantage was based on technology of  the late

1950s and an even greaLer reduct lon ln s ize can be

proJecced based on todayts technology.

With successful  demonst.rar lon of  the ln i t ia l  HTGR
plancs ({ .e. ,  Dragon, Peach Bottom 1, and AVR) and a
seemlngly establ lshed marke! for  large comerclal  HTGR
plants,  t .here was some renewed lntserest  ln the 1970s ln
nuclear gas turbines. The sgudies 1ed !o the conclu-
sion that for  large maehlnes a consLderable developmen!
ef for t  was necessary,  and chat l t  shouLd be classed as
a long-term advanced cechnology HTGR opt lon (24).  In
the same t i rne f rame, many sLudles were performed on
CCGTs for marine propuls lon (25-34).  This LaiEer ref-
erence, whl le noc performed for submarine propulsLon,
but rather for  a surface ef fects sh1p, bears relevance
slnce i t  lndlcated ln studles performed {n 1975 chac
the nucLear gas t .urbine had the pocent la l  for  a spe-
ci f ic  welght (reactor,  shleldlng, and power converslon
machinery) of  less than 9 Kg/Kwe (15 fbihp),  WtEh the
hiagus ln gas-cooJ.ed reactor deployment,  and indeed in
al , l .  new nuclear planEs since the mid-1970s, the CCGT-

relaced st .udies have essenclal ly i .atd dormanc.

The ModuLar HTGR (MHTGR), e/ i th lEs lnherencly pas-

slve safety character ist ics,  has rekindled interes!  in
gas-cooled reacLors.  I . Iork is currentJ-y focused on a
sEeam cycle MHTGR for eleclr lcal  power generat ion (35).

This pLant could be deployed in the near term (L.e. ,

rn id-1990s) and can be regarded as state-of- the-arL in
terms of  deslgn, Eechnology, and ut l l izat ion of  code-
approved macer la ls (36).  Simply stated, lhere l -s not
a major need for fur ther fundamenLal research and
development.

Wlth gas-cooled reactor technol .ogy wel l -  eseab-
l ished fol lowlng the operaLlon of  f ive HTGRs (37) and
current wor ldwlde ln lerest  focused on mueh smal ler

planLs [90 to 140 Mrl(e) module rat lng] ,  l t  ls  fe le

opportune t .o revis i t  the nuclear gas Eurbine for marine

propuls lon, agaln reeognlz lng that t .h ls pLanc mus! be

viewed as an advanced var iant ,  which has the capabi l i ty

!o exploiL the very-hlgh-temperaLure capabi l i ty  of  the

MHTGR (38).

For naval  appl icat ion,  there wiLl  a lways be a mix

of power plants to meet specl f ic  requiremenEs. To

obviate fuel  logist ic problems, large strategic vessels

such as alrcraf t  carr lers and crulsers are wel l -sui ted

to nuclear power.  For smal ler  vessels (e.g. ,  destroy-

ers),  l t  ls  l ike1y lhac advanced fuel-ef f lc lent  o11-

burning gas turblnes, based on a regenerat ive and

inEercooled cycle,  wl11 be uci l ized 1n the future
(39,40).

3.  SUBMARINE PROPULSION SYSTEM REQUIREMENTS

Propuls ion requlremenEs are very dependenE on the
submarLne type and missLon, and in part lcular,  whether
the submar{ne ls ln the actack c l -ass or used as a plat-
form for bal l ls t ic  mlssi les.  In thts paper,  only
generLc requlrement.s are dl ,scussed, s ince an actual
deslgn concep! is not belng addressed. Slnce the power
conversion sysLem ls fuJ- ly integrated in the huLl ,  uhe
sysgem as a whole musi  be cons{dered in submarlne
deslgn (41).  Exist ing PWR propuls lon sysr€ms are wel l -
understood (42-5I) ,  and many of  theLr requirements wl l l
be reta{ned, but new requlrements wl . l "L be lntroduced to
ensure that submarines ln the 21st cenEury wl l ,1 remaln
combaLlve. The naJor gener ic requirement.s as high-
l ighced on Tab1e 1 fa l l  lnro rhe category of  she " four
Stsr"  namely:  safety,  speed, steal- th,  and sErategy. A
f l f th 'S" (surpr ise) couLd be added, and l t  is  th ls one
lhat may wel l  be dominanE Ln ensur lng combat success.

4.  CLOSED BMYTON CYCLE PERFORMANCE

The baslc thermodynamlc cycle is shom in Fig.  2.
There are many var iants of  chis that  lnvol ,ve lnEercool-
ing between Ehe compressor stages snd reheaE between
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the turbines. The slmplest  var lant  based on ut ' i l lza-

t lon of  a recuperat ive heat exchanger was selectsed for

this appl icaElon, s ince 1t  y le lds an acceptable ef f ic l -

ency and minlmizes the amount of  equlpment requlred ln

the englne room.

TABLE 1
GENERIC REQUIREMENTS FOR SUBMARINE PROPULSION SYSTEM

SI TAI.TH

STRATTGIC
(slMPilcrTY,
c0ilsTRUcTt0t{,
OPCRATIOTIS,
tc0N0Mtcs)

.  PASSIVE 8EACIo8 SYSItM GlVt l lc  INHtR€t lT SAftTy

. ISOI.ATABTE R€ACTOF SYSTEM

. Cl.tAil C|ECUlT

' t0w ExPosu8t r0 cEtw
. STABLE, Sll{GLE-PHASE WoRKli/G ftulDS
. SCCURE lN EVEt{T 0F tt000li/G/SlNxll lG
. UST Of OEMOIISTRATED ANO PBOVEil ]€CHNOI.OGY
. MII ! IMUM SYSTTM PEESSUEE
. AEIUTY T0 WITHSIA|{0 HIGH SH0CK l.0A0llr/G
. RUGGEO COITSTBUCTIO'I IO WITTISTA'iD EATII,E DAMASE
. I,OW BAD WAST€ FOR DISPOSAI,

. C0MPACI SYSTEM lrlTH l,ow SPECIfIC W€IGHT. Xg/rw{e}(a)

. HIGH HEAT-To-PoWER Col!VtRSl0l{ EftlClEl{CY

. GOOO PAET POWIB EFTICIENCY

. RESPOI{SIVE TO RAPIO I.OAO CHANGE

. PEBfORMANCE POTTIITIAI.  GROWTH

. usE 0f PRovEil Tlcli l tol.0cY

. tow t{0lSE tEVtl- wll l l  MAGNtTICAII-Y SUSPtIIDED
TURSOMACHINE EOT()R

. i lo GEA880X 0R MECHAI{ICA| oRIVE TRAf{

. t 0w THEBMA| stci/Alu8t {sEtisrBtE As 0pp0sE0 T0 tATff{t
HEAT EEJECTION fSOM POWER CYCTT)

.  PASSIVE AUXII IARY POW€8 (EITCTBOMAGTIETIC THRUSIIR
foR sil.Eilr RUM{[{G)

. SYST€M FUI,I.Y INTT6RATTO Il l l  HUI.I.

.  MINIMUM AMOUI{T Of EOUIPMEI{T

. I.IFI OI AT I.EAST 30 YEARS

. t0NG FU€t CYC|t  (0t t€ StfuEut{G i l  L l f t  0f  suSMARrr ' /E}

. HIGHI.Y AUTOMAITD IMIIgIMUM CREW}

. I l6H REl" lAElLlTY

. MAIilIEilAilCT CAPABII,ITY

. PRoVlSr0lr BEDUNDAilCY ll i  PowtR C0ivtBSr0Ll SYSTTM

. SYSTTM BI OPERATIOIIAI. OURIII/6 ATTITUOE CHAITGE (SHOUtO
ilol 0tcTATt vEssEt AtrrGtE ilMtTATtot{s)

. cosT-EfttcTtvE sYsrEM

(altlRctt vAtuE foR pnoposto sluoy wouto B€ 0w THt 0B0fR 0f 9-12 Kg/rrw(r)
il5-20 r.B/ltP) roR THr coMPrETr P0wE8 P|.ANT,

t -326(r1)

The recuperator is a key componenL for achievlng

high cycle ef f lc lency as wel l  as a maJor contr ibutor to

the f lexibi l i ty  of  design. Reactor thermal energy is

used to heat the high-pressure gaseous working f lu id co

the maximm cycle temperature,  The high-pressure gas

ls expanded through the turbine !o produce useful  shafc

power and dr ive the compressor,  The turbine discharge

gas is cooled, f i rst  in lhe recuperator and then in the

precooLer before enter ing the conpressor.  The 1ow-

pressure gas is compressed Lo the hlghest cycle pres-

sure Ln the compressor pr ior  co being heated ln the

recuperaior and thence enLer ing the reaclort  complet ing

the closed loop.
The dlrect  Brayton cycle ur l l lzes Lhe same single-

phase gaseous worklng f lu id for  cool lng the reactor and

produclng power ln che pr ime mover.  The cholce of  gas

(and, ln part lcular,  1cs molecular welght)  has a strong

Lnf l .uence on the sysE€m deslgnr and extenslve studles

have eval .uated hel lum, neonr kryplon, he1lum-xenon,

nlErogen, and argon. The most recent stsudy (52) con-

f ims that for  nul t lmegawatt  terrestr la l  machines,

he1lum offers an at t ractLve soluEion, s lnce the system

ls very hea!- t , ransfer lntensl-ve,  Thi .s seLect lon 1s

compat lb le wl th the use of  proven HTGR technology,

al though l t  ls  recognized that addlc lonal  posrer plant

welght savlngs for nonterrestr la l  appl lcat ions may be

realLzed wlth hlgher molecular we{ghc gas mixtures.

Closed-cycle gas turbine opt lmizatLon procedures

are wel l -understsood (53),  and whi le many parameters
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FIg.  2,  Thermodynamic cycle for  recuperated hel ium
CCGT

inf luence rhe cycle ef f lc lency,  the two major ones are

turblne ln l ,et  tsemperature and recuperaLor ef fecLive-

ness. A representat lve performance array for  the

direct  Brayton cycle ls shom on Fig.  3,  In developing

this performance array (54) '  the comPonenl ef f ic iency

val-ues used ref l "ect  advancements which are projected 1n

comlng decades, and lhese are discussed in the seccion

cover ing enabl lng lechnologles.  Since CCGT performance

potent ia l  is  one of  the major themes of  rh is paper '

Fig,  3 represents one of  the focal  points.  Since some

of che assumptLons necessary to develop ghis array are

design/ layout-related (e.g.  r  system pressure loss,

bypass leakages, cool lng f1ows, etc.)r  the ef f ic lency

l-eve1s must be regarded as somewi lat  opt lmist ic.

Three operat lng reglmes are ldent i f {ed in Fig.  3

and, as shom on Table 2,  these ref lect  d l f fer ing Lech-

nology status.  The lowest.  ef f ic iency reglme ls based

on what coul .d be posslble ln the near term' Pal t lcu-
larJ-y as regards reactor technology, s lnce l t  is  based

on a core out leE temperature of  785oC (1445oF) as dem-

onstraced ln the FSV plant whlch ut i l lzes Pr ismat ic
fuel  eLemenls.  Two cycle ef f ic lency levels are Ldent i -

f ied on Table 2;  namely,  an oPt lmlst ic vaLue of  382 and

a more conservatLve 332, assmlng a reduct lon of  f ive

percentage polnts f rom the oPt i rn is i lc  est{mate.  Based

on the select lon of  two reactor cores raLed at  75 MW(t)

€ach ( th ls vaLue was selected for l l lustrat lve PurPoses
and wl l -1 be discussed : ln the fo l lowing sect lon),  the

power output range ( for  the above spread ln ef f ic lency)

F
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can be rounded of f  to say 50t000 to 60'000 hp. The
assumed on-vessel  power load of  10 MW(e) ls arbl t . rary,

bue l t  recognlzes that conslderabl-e power j .s needed for
vesseL operat l .on,  weapons syslems, the el-ectrolyzers
and chemlcal  a l r  scrubbers thaE provlde oxygen and
remove earbon dioxLde, and the alr  condlc ionLng system.

The upper reglme represents what can perhaps be
descr lbed as the ul t imate pot.enr la l  of  Ehe HTGR l f  e
react.or outLet temperarure of  1200oC (2l92ot)  coutd be
real lzed (55).  ForroldabLe technology advancements Ln
many areas woul,d be necessary to glve ef f ic lency val .ues
in the mld-50s, and they are consldered beyond the
scope of  ehLs paper.  I t  should be polnted out lhat  the
lowest value of  ef f lc lency gLven ln TabLe 2 for  the
nuclear gas turb{ne Ls s lgn{. f { .cant1y hlgher than the
mid-20s value general ly at t r lbutabLe to the PWR wlth a
1ow-lemperature stseam RankLne sysLel t r .

The themodynmic cycl .e of  Ftg.  2 { l lustrates two
factors part lcular ly germane to submarlne propuls lon,
At ihe turblne exhaust ln the CCGT eyc1e, the working
f lu id pressure ls typlcalJ-y two orders of  nagnl tude
hlgher than that for  a steam turblne. Alchough the
maximum cycle pressures are comparable,  the gas cur-
bi .ne opt imal ly operates at  smal, l  expanslon raEios,
about.  2 to 311, whereas, the stseam turblne ut l l lzes
high rat ios,  typical ly 2500:1.  Since turbine exhaus!
volume f low largely governs the s lze of  the machlnery
and associated plplng, the CCGT ls a very conpacts pr l -me
move r .

The second advan!age concerns the heat reject lon,
In the CCGT cyc1e, senslbl-e heat 1s rejected over a
range of  EemperaLures,  FLg. 2,  as opposed to the latent
heat l ransfer of  a condenslng vapor at  a s lngle,  re l ,a-
t . ively low temperature ln the Ranklne cycle.  This
yields a s igni f lcan! reducLlon ln the s ize of  ghe heat
reject ion heat.  exchanger.

For the submarLne appl lcar lon,  two separate loops
would be ut l l - ized to reject  the heat,  as shown thermo-
dynamical ly in Ftg.  2.  The lncermedlace loop would be
clean water,  pressurLzed t .o supprcss bot l ing and thus
a1low operat lon at  e levaled temperatsures,  Thts reduces
t.he required f lowrate and Lowers the assoclaLed pmplng
loss.  The ul t lmate s lnk ls seawater and a large f low-
rate would be ut l l lzed to ensure an acceptable themal
signature.

5.  KEY DESIGN DECISIONS

To def ine an opt lmum conf igurat ion for  insLal la-
t ion in the submarine hu11, studles of  maJor features
and parameLers are necessary,  The fol- l -owing topics
must be addressed before key design decls ions can be
made: (1) eore power densi ty,  (2)  fuel  e lemenL geo-
metry,  (3)  number of  react.ors,  (4)  number of  power con-
version 1oops, (5) degree of  in legrat ion between lhe
reactor and prLme mover,  and (6) dr ive type (mechanical
electr ical) .  Comprehensive studies lnvolv lng the above
var iables have not been performed, buL cechnical  con-
sideral lons are addressed in the fo l lowing sect ions.

6.  HIGH-TEMPEMTURE REACTOR CONSIDERATIONS

The fuel  parcic les are in the form of dense micro-
spheres coated wich Layers of  pyrocarbon and siLicon
carbide. The eoacings are appLled by chemlcal  vapor
deposi t lon ln a fLuldlzed bed. A cruclal  e lement of
fhe MHTGR safely concept ls the contaimen! sysEem,
which plaees pr lmary emphasls on retentLon of  f iss ion
products ln the fuel  (56).  The abi l i ry of  rhe fuel
parCicl .es t .o retaln f iss lon products ls wel l  under-
stood, and t .he lntegr i ry 1s ensured to temperature
level .s of  over 2000oC (3632oF).

The coated fuel  parclc l_es can be uul l lzed in a
varLely of  forms: (1) based on terresrr la l  HTGR
p1-ants,  t .he part lc les can be lnt imately b1-ended and
bonded cogeLher by a refractory carbonaceous binder
into fuel  compacEs. The fuel  e lemenrs (Flg,  4)  could
be el lher ln the form of pr imsmatLc blocks as used in
the U.S. (57) or pebbles as used {n Germany (58) i
(2)  very compact fuel  e lemenls as demonslraLed in the
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Fig.3. Performance array for  d i rect  cycle nuclear

gas turbine planc

The advanced Eechnology reglme ref lects a reactor

out let  temperature of  9500C ( l742oE) as demonstrated ln

lhe German AVR reaclor,  whlch has a pebble bed core.

Based on the sa$e rat lonaLizatLon as men!1oned abovet

the ef f ic l -ency spread Ls 407. to 457"t  and the power

output range can be rounded of f  to say 70'000 to

80,000 hp,
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NERVA (Nuclear Englne for Rocket
progrm (59);  or  (3)  u l t ra-hlgh
bed reacEors belng lnvescigated
cat lons (60).

Vehlcal  Appl icat lon)
power denslLy part lc le
for space power appl i -

subterranean appl lcat lon (64).  SlmlJ.ar ly the perfor-
mance potent la l  has been ldengi f ied ln a scoplng scudy
(54) to expJ.ore the feaslblLi ty of  ut l l lz lng rhe slde-
by-slde sieel  vessel  concept adopted for t .he sEeam
cycle plant ( f ig.  5) .  Anal-yt . ical  sLudles have been
performed by unlversi ty staf f  (MIT) for  a sma1l gas
turblne plant based on lhe ut l l lzar lon of  a 200 Mri l ( t )
pebble bed reactor (65).
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Flg,  4.  Coated fuel  parr lc l -e for  pr lsmaric,  pebble,
or part lc l -e bed reactor

The select . ion of  the most opEimum reactor core-
Eype requlres lntsenslve study; important fact .ors would
lnclude shock-Loadlng capabi l i ty ,  polenEial  for  very
high temperature operat ion,  and fuel  cycle considera-
t lons.  An advantage of  che pr ismaclc core ls that  i t
is  based on U.S. technology and has been successful" ly
demonstrat .ed ln the FSV p1ant.  An advantage of  the
Geman pebble bed reactor is that  i t  has already demon-
strat .ed 9500C (L742oF) operar ion in rhe AVR exper i -
mental  HTR (61).  An addl t ional  advantage of  the PBR
may be rhe abi l l ty  to refuel  the core wl thout breaching
the huLL.

The seLect lon of  core power densl ty is a major
deslgn considerat ion s lnce i t  propagaces beyond the
core enveJ,ope to determlne the vessel ,  s ize,  and hence

facLl" l tat lon in the hu11. For rerrest . ia l -  HTGR appl ica-
t lons (where volume and weight minimizat ion are not
dominanL factors) there has been no big lncent ive to
ur l l ize hlgh core power densi t ies,  and the two HTGRs
operated in the Uni ted St.ates wi th enr iched fuel  in
fact  had very^modesL values, namely Peach Bottom 1
(8.3 watts/crnr) .  In rhe srandard MHTGR deslgn (36),
t .he requirement for  passlve decay hea! reJect ion had
a strong lnf luence on the power densi ty and rar lng of
tshe core.  For the 350 MW(t)  MHTGR reaccor a care power
densl ty of  5.9 wacts/cm3 was selecLed. For nuclear
space power appl lcat lons (62, 63),  where mlnimum system
volume and welght are paramount,  much higher leveLs of
power densl ty (substant. la lLy 1n excess of  100 wat. ts/
cmJ) are belng consldered. For fut .ure submarlne pro-
puls ion systems where power level-s of  up to,  or  perhaps
1n excess of  75 MW(e) (100,000 hp) are requlred, t .he
select lon of  core power densl ty rr t11 be scrongly 1nf1u-
enced by the abl l l ty  to lntegrat€ the reactor vessel  ln
the hu11 envelope.

7 . POWER PLANT }.'AJOR FEATURES

Llt t le ef for t  has been expended on advanced MHTGR
varlants such as the gas t .urbine. A concept def ln l t . lon
has been performed on a sma11 nuclear gas t .urbine for

H 647(5)

Fig.  5.  Advanced high ef f ic lency MHTGR gas rurbine
plant concept

A schemat. ic of  a candidate system is shom on
Fig.  6.  The major elements are (1) nucLear heat
source, (2) gas turbine power conversion system,
(3) elecer ical-  syscem, and (1,)  propuls ion sysrem.
These are addressed in the fo l lowine sect. ions.

T.L Nuclear Heat Source
The cyl lndr ical  reacLor core could comprlse an

assemblage of  pr lsmat lc or pebble fuel  e l -ements or a
compact part lc le bed system. In the current MHTGR
design, graphl te ls used for both the moderator and
ref lector.  In the prevlous marine gas-cooled reactor
st td,y (22),  bery1l1um oxide (a more ef f lc lenr modera-
tor)  was used in tshe core and ref lector to give a more
compact assembly.  The choice of  moderator and ref lec-
tor mater ia l  would be made ear ly ln the reacLor design
for the submarlne propuls ion system. Neutron control-
woul-d be provided by controL rods ln the reactor core.

In addl t lon,  an lndependen! reserve shutdown system
woul-d be lncLuded.

For a proJected hu1l  l i fe of  ats l -east  30 years
(51),  the reacEor core musts be designed with an
extended fueL cycle.  Knowledge of  the vessel  power
prof i le over i ts l i fet ime would be necessary to def lne
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Flg.  6.  Nucl-ear gas lurblne

this,  but  wi t .h an obvlous goal  of  havtng on1"y one
refuel lng operat ion dur ing the l i fe of  t .he submarine
the fuel-  cycJ-e wouJ-d have to be at  least  J.5 years.

The most ef fect ive instal lat ion of  lhe power
conversion system lnslde che hul1 is dependent on Lhe
key design decis lons escabl ished from opt imizacion and
Lrade-of f  studies,  rwo foremosr being Lhe number of
reactors and power conversion 1oops. As diagramaU-
lcal ly i l luscraced ln Ftg.  7 an atrangement.  is  shom
with tsro reaclor vessels and Lwo power converslon
loops. In th is arrangemen! the vessels for  che reactor
and power machinery have been separaced, An alcernate
conf igurat ion could have aLl  of  che equlpment inst .a l led
ln one vessel , ,  and thls has been studied ln the past
(34).  In Flg.  7 the two sceel  vessel-s would be
LnstaLled in the reaccor compariment.  This compart .ment
would be sealed and surrounded by a biologlcal  sh{eLd,
whlch could be ln t .he form of a water or dieseL fuel
!ank.  The inner surface of  rhe compartment would have
erater-cooled panels lhat  would remove lhe decay heat
should Lhe main loop or reactor shutdown cool lng sysrem
be unaval labLe. Han access lnto the sealed reactor
compartmen! wouLd be posslble only af t .er  removal  of  the
core.

AIso lnsral led ln che reactor comparLmenc are the

lsolat lon valves,  whlch are open dur ing normaL opera-
t j -on but would be cl-osed rapldly dur lng s lcuatLons
(such as repalr  of  bact le damage) when the reactor

musc be lsolaced. These vaLves must.  operate 1n a high-
LemperaEure envlrorment,  be fast-act ing,  and have high
rel labl l i ry.  A technology base exlsgs for  th j .s compo-
nenL, namely:  (1)  t .he coaxlaL valve used ln Peach

BotEom 1 and (2) advanced technology valves under
developmenc in Germany for hlgh-temperaiure process

heat reacLors (66).

system for submarLne propuls lon
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F{g. 7. Nuclear gas rurblne propuls lon sysLem
s chemat ic

7.2.  Power Convers{on System

7.2. I .  Hel ium Gas Turbine, The singLe-shaft
hel ium t .urbomachlne would embody a mult lst .age ax{a1
f low compressor and curblne. Hel lun rocat lng machlnery
ls wel l -understood, and many deslgns have been per-
formed ln the past (67).  Based on performance opt ln l -
zat . ion and bl .ade sEress leveIs che ro!at lonal  speed of
lhe lurbomachlne would J.1ke1y be on Lhe order of  10,OOO
co 12,000 rpn. Mater la ls for  the rurbine blading would
be dl f ferent.  for  the two lemperaLure cases shown on

Table 2.  At  a reactor out lec temperacure of  785oC
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(1445oF),  the blades would be uncooled and made from an

exisr lng nickel-base cast a1-J.oy (e.g. ,  IN 100).  For a

remperaLure of  950oC (174ZoE) and above, carbon-carbon

composl !es would be used, and lnLenslve development
ef for ts are under way on this mater la l  for  advanced gas

turbines (68,69).

Undoubt-ed1y, the most.  s igni f icant recent tectrnol--
ogy advancemeng Lhat makes t .he CCGT an at t ract ive pr ime

mover is in the t r lbology f ie ld.  For th ls app} icat lon
the turbomachine rotor would be suspended on act lve

magneLle bear ings. Thls type of  bear ing has been
proven ln lndustr la l  machlnery (70-72) and of fers major

advantages ln c losed-cycle systems (73),  lncl-uding the

obvla! lon of  l -ubr lcant ingress,  f reedom from mainLe-

nance, and a very high degree of  re l iabi l i ty .  The

pr inciple ls qul te baslc,  namely '  that  by using a sLa-

cionary electsromagnet (stator)  and a rotat ing ferrous

maler la1 ( lncluded ln Lhe rotor) ,  t .he shaft  is  levi-

taced ln a magnet lc f le ld whi le maintalnlng an accurate

posi t lon under varylng loads and speeds. IE 1s the

introducElon of  an eleccronlc controL system, fot  reaL-

t lme senslng and posl t loning of  the shaft .  d lspJ-acementt

that  has made the act lve magnet ic bear ing sysLem a

real i ty ln the Lasts decade. A catcher bear ing system

(anui f r ic t . ion,  dry- lubr icated bal-1 bear ing type) would

be Lncorporated to prevent mechanical  contact  between

the rotor and stal ionary parts in the very unl ikely

event chat '  both pr imary and secondary magnet energ).z lng

sources are los ' - .
An lmportant technology base for the dePloynent of

large he1lum CCGT systems ls t .he 50 MW(e) Oberhausen I I

hel lum Eurblne plant (Flg.  8)  operat ional  in Germany

(74),  Thts he1lum gas lurbine oPerates wl th an ln let

temperaEure of  750oC ( l382oF) and is based on a coke-

oven gas-f i red heat.  source'  Clear ly,  as a ut i l l ty

power planc l t  was not designed for minlmum weight or

compactness, but lL has demonsLrated the PracLical l ty
of  a large closed-cyc1e hel lm system.

A maJor goal  ln the deslgn of  the turbomachlnery

wl1l  be to minimlze clrcul t  noise,  and three factors

are lmportant:  (1)  acoust lc conslderaLions in the

deslgn of  rhe blading, th is lnvolv ing a good under-

standlng of  a l l  the blade-passlng frequenciesl

(2) sound at tenuat lon of  the caslngs and ductsl  and

perhaps the most importan! of  a1J' ,  (3)  the use of  a

magnet lcal ly Levl tated rotor wi th no bear lng contact .

Ftg. 8.  50 MW(e) Oberhausen Hel luro Gas Turblne Plant
operat lonal  in the Federal  Republ lc of
Germany (by courcesy EVO)

7,2.2.  Gas Inventorv Cont.rol  SvsLem, An inherent
at t racLive character ist lc of  the CCGT is rhe abi l l ty  to

conErol-  power oulpuE by regulaf ing the reaclor sysLem

pressure.  At constanL rotaClonal  speed and conslant

uemperature at  the turblne and compressor ln le lsr  the

power rat ing is direct ly Proport iohal  to Ehe gas inven-

toryl  hence, mass f low rat .e can be var ied over a wlde

range, and Lhis control  means has been extensively used

in the European CCGT plants (75) '  Power var iat lon by

Lnventory control  could be an lmPortant factor for  sub-

marine propuJ.slon, s lnce l t  permits very rapid change

in plant output,  dependlng on the power-demand prof i le

of  tshe system, and enab1es high ef f ic tencies to be

rea| ized at  p lanc-1oad operacing condi t ions as i11us-

trated on Fig.  9.  The vessels necessary for  the inven-

Lory control  system (Figs.  6 and 7) wouJ-d also be used

as par!  of  the gas sLorage system.
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Fig.  9.  CCGT power leveL regulat lon by gas lnvenLory

cont ro I

7.2.3.  Heat Exchangers.  As shom on Fig.  6t

there are Lwo heat exchangers ln the CCGT cycle:
(1) he1lum-to-hei- ium recuperator and (2) hel lum-to-

water precooler;  the lat ter  uni t  having tpo sect lons as

wl1L be discussed below. Both of  these heat exchangers

have single-phase f l ,u ids so that f low scabl1l ty ls

ensured. In a s lmlLar manner to ihat  shown on Ftg.  51
the recuperator would be lntegrated Ln the turbomachlne

vessel l  buts to rel leve equipment congestLon and glve

lmproved access, che precool .er  woul-d I ikely be

lnstal led ln i ts om sLeel  vessel .

For submarine propuls lon, equipment s ize end

welghc mlnlmlzat{on j .s of  the essencer and very comPact

heat exchangers are mandatory.  In the last  decade,

very s ignl f lcant advances have been made ln recuPerator

technology for lndustr ia l ,  gas turblnes. Compact plale-

f ln recuperators have demonstrated hlgh performance and

have proven tntegr l ty (76) '
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The precooJ-er assembly {s used to dissipat.e the
rejecE heac from ghe povrer conversion cyc1e. The heat
exchanger is spl l t  lnto two sect lons:  (1) extract ion
of useful .  thermal energy in the form of steam for on-
board use and (2) heat reject lon to the uLt imatse sea-
wat,er heat exchanger.  The l rater pressure level-  ln the
precooler J.oop Ls modests and regulated to suppress
bol l ing.  As shown on Flg.  2,  t } :e laLenc heat rejectLon
characterLst ic of  the BrayLon cycle facl l i tates a s ig-
ni f icant lemperature rLse on Lhe erater s ide wi th acten-
danc 1ow erater f low, and thls manifescs l tsel f  ln Lower
pmplng power and hence reduced p*p noise compared
wlth Rankine steam p1ant.

A naJor goal  I -n the deslgn of  the precool-er wi1- l
be !o mlnlmlze i ts s j .ze and welght.  Candldate surface
geomeErLes l -nclude f lnned-tubes, dlmpled t .ubes, and use
of turbulators or roughened surfaces. A parclcul-arJ-y

att ract lve f luted-tube geometry has been deveLoped

whlch of fers the advantage of  heat ! ransfer enhancement

on both hel ium and water s ides.  This unlque geometry

has an al l racLive heaL tsransfer- to- f r icEion rela! ion-

ship (77) and seems wel l -suiced for the precooler.

7 .3.  Eleccr ical  System

El iminat ion of  the noisy reduccion gears associ-

ated wich mechanical  dr ive systems is an obvious goal

for  lmproved steal th submarines of  the future.  An

electr ical  dr lve system is proposed as shown on Fig.  6,

and whi le the nuclear gas turbine ls not necessar l ly

t ied to superconduct ing machinery,  i t  ls  surely prudent

Eo lnclude ic for  vessels that  wi l l  be operat ional  in

the ear l -y decades of  the 2lst  century.

SuperconducEing electr lc propul ,s ion systems have

for long been a goal  for  marine propuls lon (78),  buc l t

ls  recent materLals developmentss (79-81) thac r^t i1 l .  now

make them a reaILxy.  Whl1e much work remains to be

done to ldent l fy the most opt lmum ceramic supereonduc-

tor maler la l ,  geomeir les,  and conf igura!Lons to prac-

t ical ly accomnodat.e very high current densi iy,  the
goals of  h igh-ef f ic iency superconduct ing generators and

motors ln much reduced size should be real izabLe in rhe

foreseeabl-e future.  I t  ls  proposed to ut i l lze a direct

dr ive superconduct lng generator wlch the uniE inge-
graeed ln the gas turblne module in a manner s imlLar

Eo thaL shown on Ftg.  5.  The maJor advantage of  th ls

arrangement is that  l t  e l lmlnages a drLve shaft  pene-

trat ing lhe steel  vessel .

7,4.  PropulsLon

Whi le actual ly beyond the scope of  th is paper,  i t

is  fe l t  that  technology for advanced propulsors wi l l  be

avai lable ln the same Elme frame as a nuclear gas Eur-

blne. The obvlous goal-  of  havlng a qulet ,  propeLler-

less sysuem has been discussed previously (2).  Aga{n'

the recent breakthrough in superconduct ing mater ia ls

couLd make this a real- lcy ln the form of electromag-

net ic or magnetohydrodynamic propuls ion (82r83).

Electromagnet lc pumps have been used extensively

tn l iquld m€ta1 reacLors (84).  The advantage of  chls

type of  eJ-eccromagnet lc pump are numerous and include
(1) no shafs seal ,  and hence l t  can be cotalLy sealed,

(2) no movlng partsr  (3)  no f ree surface requlremenL

(e.g. ,  a sump),  thus l t  can be convenient ly l -ocaLed ln

ptping or duct systems. Electromagnet ic Pumps ut i l ize

the "motor"  pr lnciple ln that  a conduc!Lng f lu id carry-

ing a current in a magnet ic f ie ld exper iences a force

that motLvates the f lu ld.  Exper lence to daEe has been

predomlnant ly for  J. lquld mecal  systems and lhe rela-

sj .vely high eLectr ical  conduct lv iey of  sodium and NaK

make them mosE amenable to pumping by electromagneElc

means.
Seawater has an electr icaL conduct lv i ty abou! s ix

orders of  magnltude less than l iqu{d met.a1, but couLd

be pumped by electromagnet lc means. The performance of

ehis type of  pmp {s af fected adverseLy by enrralned
gas ln the l lquld,  th ls belng due to rhe Lncreased

resistance Ehat resul ts f rom lhe presence of  gas bub-
b1es. For operat lon in the ocean (or r lver del tas),
such a pump would be af fected by changes Ln sal ln l ty.
Much work remal.ns to be done to estabLish an elecEro-
oagnet ic system capabJ-e of  accomodat lng many lens of
loegawatts,

A posslble start .  would be to use a smal l  e lectro-
magnet lc chruster for  s i lent  running (and for under the
ice operat{ .on),  agaln taklng advanEage of  proJected

advancemenls ln the superconductor f ie ld.  As shown on
Flg.  6r  the auxi l lary elecEromagnet ic thruster draws
power f rom el-ectr ical  energy sEorage superconduct ing
coiJ-s,  supplemented by the batt .er ies as necessary.
Srudies are requlred to establ ish the pract . ical t ty of
such an approach. The energy stored in an electromag-
net lc system is proport lonal  to the product of  e lectr i -
cal  lnductance and current squared. The Ldeal-  eLectr ic
slorage sysEem has exLremely high current 1eve1s;
hence, the at t racLlveness of  h lgh-current densi ty
superconducEors.

The at .E.ract iveness of  having a pract lcal  and
si lenr sysEem, wi th no dr ive shaft  penetrat lng the hul l
and with no moving part .s (made possible by emerging
superconduct. lng technology) that  ln the s implesE Lerms
sucks seawater Ln one end and expels l t  at  the other
end t .o propel  a submarine fomard, wi l l  surely f  osLer
considerable development ln comlng decades.

7.5.  Operat lon and Malntenance
The structural  integr i ty of  the fuel  Ls such chat

the fueL part lcJ-es themsel.ves wl11 recain che f lsslon
producis for  the fu l l  spectrum of postulaced events.

Ic should be noied, however,  thaE there are many addl-

t ional  barr iers between the fuel  kernel  and the englne

room equl .pment,  and Ehese are i l lustrated slmply on

Fig.  10,  The performance of  the highly enr lched fuel

ln rhe FSV HTGR has been exceLlent,  the pr lmary c l rcui t

ls  very c lean, and personnel  exposures have been excep-

t . lonai-1-y low. The 1ow FSV exposure levels are ant lc l -
pated to remaln betLer lhan an order of  magnltude belovt

those of  the U.S. l lght-water reactors (85).  Even

hlgher fuel  quaLi ty sEandards are belng sough! for  che

MHTGR. A manned engine room wi l l  be posslble,  but

there are obvious benef l rs f rom minlmlzing the vessel

crew complemen!,  and this extends to lhe power p1ant.
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In the t lme frame envls loned for introduct ion of  the
nuclear gas turblne, automated on- l_ lne diagnost lc sys-
tems for condl t lon monltor{ng wt lL permlt  automated
computer control  of  fhe propuls lon system, perhaps
obvlat lng the need for a manned engi .ne room.

Wlt .h a dlrect  gas t .urblne sysiem the reactor cool-
ant ls also lhe prLme mover working fLuld,  and whi le
the pr lmary c l rcui t  ls  proJected Eo be very c lean, the
component.s wi l l  become radioact. lve,  and this lmpacts
maintenance procedures.  The power pl-anr ls of  modular
construct lon and, i f  problems ar ise,  modules would be
repLaced. Malntenance 1s c lear ly a toplc that  warrant.s
detai led study, and thls would take advantage of  previ_
ous work done ln th ls area (86).

The aforement loned maJor features of  a nuclear gas
turblne propuJ-slon system are sumarized on Tabl-e 3.
As ment loned above there are many var ients to Lhe basic
conf igurat . lon t .ha!  coul-d be considered.

TABLE 3
MAJOR FEATURES OF ADVANCED NUCLEAR GAS
TURB]NE SYSTEM FOR SUBMARINE PROPULSION

dependent on the resuLis of  ln-deprh englneer lng anal-
ysis and deslgn studLes in che fol lowing areas:

1.  Select lon of  mosts opLimum core power densi ty

reacior core geometry and ldent l f lcat lon of

the reactor system.

2. Integrat lon of  Lhe steeL vessel(s)  ln rhe

reactor comParEment.

3.  Ident l f icar lon of  the cool lng system.

4. Pr lnary system gas f low path development.

5.  Siz lng of  maJor componenls and englne room

equlpment layout.
6.  Performance assessment.

7.  Equlpment weight and voLume ident i f lcat lon.

8.  Plant coni : ro1 system def in i t ion.

9.  Safety analyses encompasslng al l  aspects of

the above'

9.2,  Enabl lng Technologles
The three opera! ing regimes ldent i f ied on Flg.  3

ref lect  d i f ferent 1eve1s of  technology readiness. A
gas t .urbLne plant could be designed today (wlEh at t rac-
t ive Levels of  specl f lc  welght and ef f ic iency) based on
tr ied and proven technology, The nuclear gas turblne
has the potent la l  for  very hlgh ef f lc tency and develop-
ments are neeessary (part lcu1ar ly in the mater la ls
area) to take advanLage of  the very hlgh temperaLure
capabl l i ty  of  the HTGR. Technology advancement.s must
also be faclored lnto the sysiems design to ldent i fy
more compact.  and l lghtweight components.

The enabl lng technolog{es necessary to make the
advanced nuclear gas turbine a reaJ- l ty are mulci-
facet.ed, and some of then are ldent i f ied on F{.g.  11.
I t .  should be polnted out that  many of  t .hese technolo-
gles are already in progress for advanced defense sys-
tems, and technology transfer would benef iL Lhe pro-
posed gas turbine concept.  Many of  these deveLopments
wi l l  reach matur icy by the end of  th ls century,  and the
necessary data wl l -1 be aval lable for  the deslgn of
future submarlne propuls lon systems.
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8. SATETY CONSIDEMTIONS

For the proposed nuclear gas turblne for submarine
propuls ion, the paramount deslgn conslderat . ion wl lL be
the safety of  the crew, and this wi l l  be dominanc in
establ-Lshlng the maJor power plant features,  consistent
wit .h sat lsfy lng the other najor requirements.  Safety
analysis wi l l -  cover al l  modes of  operat lon:  (1)  normal
power productLon, (2) postuLated abnormal events,
(3) lnf luence of  bat tLe damage, (4) {n-porc operat lon,
and (5) the ul t lmate accldent case lnvolv lng vessel
f loodlng and sinklng.

The excel lent  safety character ist lcs of  the MHTGR
are wel l -known and tend to be domlnated by the inherent
character lst ics of  the coolant,  core mater iaJ.s,  and
these have been reported previously (87).

9.  TECHNOLOGY READINESS/DEVELO?MENT

9.1. DesiAn Development
The feasibl l l ty lpracxlcal i ty of  ihe sysEem wt11 be
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Ftg.  11,  Enabl lng Lechnologles for  advanced nuclear
gas turbine submarlne propuls lon systenl

10, SUMMARY

In the last  three decades the PWR wLth a steam
turbine power conversion sysLern has proved !o be a safe
and rel{ .able power plant for  marine propuls ion but l t
has perhaps reached l ts zeni th in terms of  performance
potent la l  and specl f lc  r re lght,  which can be approx{.-
mat.ed as being on the order of  60 Kg/Kwe (100 1b/hp) as
reported ln the l l terature (3r34).  As shom on Fig.  1,
the other opt lons for J-arge submarLne propuls ion are
l iqutd metal  or  gas-cooled reactors.  Both of fer  the
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potent la l  for  substant la l  {ncrease ln power output per

unlc of  welght or volme.

$ior ldwlde lnterest  has lntensl f led recent ly ln
gas-cooled reactors wl th the conceptLon of  the MIITGR
wh{.ch,  Ln a smal ler  s lze than st .udled previously,

of fers s l .gni f icant advancements ln safet .y,  construc-

t l .on,  and econom{.cs,  noE heretofore seen in th ls type
of power plant,  The hel lurn gas-cooled react.or of fers
unlque f lexibi l i ty  for  d iverse appl icat ions incLudlng
meei ing the requlrements of  var lous space power,  ter-
restr1al ,  subterranean, and undersea systens (88).

Unt l l  the ul ! imate goal  of  d i . rect  energy converslon
becomes a real i ty,  sooe form of thermal,  pr lme mover is
needed for submarlne propuls lon, and the nuclear gas

turbine must be viewed as an at . t ract lve candldate for
deploymenr ear ly J.n the 21st century.

The ucl l izat ion of  the nucLear gas turbine Ls no!

dlrecLly t led to the use of  superconduct lng el-ecLr ical
equipment,  but  th is coupl- lng has been featured in a
prudenL manner for  a fucur isLlc power plant.  The
recent breakthrough in superconduct ing metal  oxlde
ceramic mater ia ls wi l l  surely lead t .o very compact
electr ical  equipmen!.  I t  may wel l  be rhe key to the
ul t imate goal  of  havlng a s lLent propel-1er less subma-

r ine propuls lon sysEem, and che compacc hlgh-ef f ic lency

nuclear gas turblne could provlde the eLect.r lcal  power

supply for  an eleclromagnet lc thruscer,  f ree f rom mov-
lng parts to give hl therto unachievable levels of
st .ealrh.

Thls publ lcal lon ls essent la l ly  vLewed as an
lntroductory paper on the topic of  nuclear gas turblne
propuls ion; accordingly,  a specLf lc design has noE been
presented, the lheme beLng racher one of  enphaslz lng
performance polentLal .  The requ{.rements (Table 1) pur

forward are gener l"c i .n nature,  and the adequacy of  a

sysEem should be matched agalnst  these, The projected

advantages of  the nucl .ear gas turbine are hlghl lghted

on Table 4.  IL is concluded that the proposed system

ls aLtract lve ln terms of  sat lsfy lng the four basLc "S"
requlrementsl  namel-y,  safety,  speed, steaLth,  and

straiegy, and may weLl provl .de the alJ,- lurporrant f l f th

"S" (surpr lse).

There has always been strong interesg by the tech-

nleal  corrnunl iy {n submarl^nes and thelr  propuls ion sys-

tems, buE Lt  ls  rare chat.  such enthuslasm extends to

Ehe general  publ" lc.  However,  a recent publ tcat ion (89)

has clear ly done thls.

A 40-year per lod ls not unreasonable (2) when put-

Elng forward a new proposal  for  Procurement.  I t  is

TABLE 1-

PROJECTED ADVANTAGIS O[ CLOSED-CYCLE
GAS TURBINE FOR SUBMARINE PROPULSION

suggested that ln systsems archLtecture st .udles under
way for submarl .nes needed in the ear ly decades of  the
2lst .  century,  t 'he nuclear gas turbine propulsLon system
be lncluded as a candidate.

1 I .  SONCLUSION

11.1,  Based on exlscing and proven HTGR and CCGT
technology a near- team dlrecu cycle plant would of fer
lmproved perfomance over ex{sLing submarine propuLslon
syst.ems. Ic ls posculaced that a specl f lc  welghr of
12 kg/kW(e) (20 Lb/hp) could be real . lzed.

l I .Z.  Based on the ut l l lzat lon of  advanced technol--
ogies,  many of  whlch are ln progress for defense sys-
tems, there ls a substanclal  galn {n performance and
reductslon ln specl f ic  welghr to be real lzed by lncreas-
ing the reactor out le!  temperature.  Slnce machlnery
power densiLy has been ldent i f led as a crLt lcaL para-
meter ln Ehe slze and economlcs of  at tack submarines
(90),  there w{ l - l  be substant ia l  rewards for deg' loynent
of  advanced technologles.

11.3.  Faclor lnto the design ln a pruden! manner the
impact of  proJected technology breakthrough ln the
f ie ld of  h lgh-temperature super conduclors as they
apply to compace generalors,  mot.ors,  and energy sEorage
systems.

11.4.  Studles should be in l t lated to ldenr i fy lhe most
opt lmum submarLne power plant conf igurat lon based on
the coupl lng of  a gas-cooled reactor er l th a c losed-
cycle gas turb{ne pr lme-mover.
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