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3.8 N11ctc;tr:Reactors 
The qualitative disct~ssinrlof nuclear ph.ys.ics presented in this ~ai~;lpttrhy n 0  n ~ c a t ~ s  
covers the field in  the dcptla nccdcd t.o p r c p r c  libntric-s uf Gross sections for rc;ictor-
clcsign purposes, O r r  the other Rand it should provisfc zr sul7if;icnt Ft~tniliaritywilt~$,hc 
'basic definitions and conccpts to servc 21s a stfirling point for !.he devclqrment of'the 
field of reactor pl~ysics, 

13cfure beginning t.hii: study, however, it may be I1clpf111to discuss its final 
rt?la~tor~-ir;la qualitativ~i'ashjon, We shall do this by first introducing some general 

tcmms and thct~ricscri'bing various ty,pas of reactors from several differept viewpoint.^. 



General Considerations and Definitions 
.A reaclot .is ;In rrsscrnbly of 'lssile mitt.cria1rind nrllcr mitt:erial (described below), ptlt 

togcthcr in such if, geometrical con,figuraiion :r.nd in such cotlcc.rltrationsthnt a sustained 
neutron c1i:lin rcnctiotr can take placc. A "susti~inecltlcu tron chain reilctiolz'' is one in 
which the total numbcr of fret. fieutronscreated per second by tllc fission procass 
throughout thc reactor exl~ctlyccpa1s the total numbcr of ncutraos lost pcr second by 

iibsnrplion ;ind by Icnkngc out or the reactor. A roactor in this conditicsn i s  said tb be 
cr.il[~:wl.A reactor in which thc nurnl~crof'ncutrons cre~tcdper secc~ndcxcccds those 
lost is said to be szrpcrrrirj~d.Orlc in which t.he 11~1nbcrof ncutroxls lost per second 
exceeds tl'tose crcatcd is said to hc suQsrirr'c~rl. 

Al1-170~1: isf a frtcl-bcrtring region cnllcd thc n)re and a surroundingi t l l  rcmctors ~ 0 t . l ~ i ~ t  

nun-f~~cl-beating aregion calIcd 1 . 1 1 ~r(;fkcfur.In ccrlnir~types of ren~torstberc is ~ I s o  
region cot~tainingfectiIe material, cnlIcd t11.cBlsrrikcr and .ttsua!iy iocntcd hctwccxl thc 
cot-c nncl tttc: reflector. (As such ;:I.reactor opcmtcs, nculrrms will bc absorbed in the 
hlarrk~t~~TIIJ fissilc rn;lteri:ll \ w i l l  bc produced. flowcucr, cvct~whcn t:l-r.efissilc r11nteri;it 

builds up, th is region is  still cnjlcd the blank.et..) 
Rer;tcturs car1 be cIassified i n  scvcral wsiys: 

I .  'By thc cnergy rangc of the neutrons that cause ri?ost of thc fissioning 
2. Ry thc rnn.terin1crrnstitt~e~itsof the reactor, indl~dingthcir physi~1.1state (solid, liquid, 
gas) and t:heir pttrposc ('fuc1, sttucttirc, coolant, etc,) 
3. By t,hc , (or purpr~scs)for which thc reactor is to be uscd.purposc, 

We shall discuss tlicsc classilicntions separately, althougl~any parlict11fl.rrcactor is 
~rsu;ilIycharactari2ed by a mixt.ure of tcrrris from the different c1;lssifications. 
Classification of Reactors by the Eqcrgy Hange in W h i d ~Fissions Occur 

Wit11 respect to thc tlcutron cncrgy in wlrich n108t of the fi.ssio~l.~itikkc placc, thr: reactors 
being built in thc world today arc said to hc therrrtrrl o~,J;T..FI,l'n n tl~crmnlrcnctor most 

of the fissinns :ire caused by ncutrons having an energy less tllczrr I eV. ln a fast rcnctor 
the cnergy range i n  which tnost of' thc fissions take placc i s  mudl widcr, extending 
from -- 100 VeV to the top of the range of thc frssiotl specltu~n(- IS McV). 

At present .thereseems to be tlo mol~vationfor clesigrlit~gn reactor in which nlost of 
tllc fissions t.ake yl:lce in the inten~~edi:lteor resonance e.ncrgy rnngc Il'rcrm 1 eV to 1 
kcV). Thc cilpltiru 1.0 fission ratio ad(^) tcnds to bc high i n  this range so that l l i ( E )  ic; 
smalI: t l ~ u snr;l insufficient nurnbcr of Extra neutrons (over the number needed to continue 
the chain reaction) be~orncavailable for profit,?ble use to justify t11c extra cost of build-
ing a reactor that apcrates in this energy range. 

We shall see in Chapter 2 that when a neutron scatters fron~a I.ight:nucleus fE"i', D, 
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Re, C) i f .  ci1.n traa~sfcrn sizc:lblc zl.mount. of it.s cncrgy to that nuclcus-tht: lightcr thc 
nuclcus, thc more errergy transferred. Hencc thr: neutron wilI emerge frorm tile scnttcr:ir.~g 
cvcnt: with a great:Iyreducecl energy. It: follows thet, if  we wish to build a ttrcrmetl rcactor, 
wc n.r~i:lstinclude along with the fissionnblc materid (ceIlcd tba f i ~d );r significant ~zmount 
uf vnc ur more of thc lightweight e I c ~ ~ ~ e r ~ t s  '.X'hcrr.r~nlrtwtoss, for(called nturk~rutars). 

example, will always bc f'ound to contait~..H,O or U,O or gr;i,pl~it.eor Zrfi, or Be, etc, 


Conucrsely, if wc wislt, to brtild ii, fast reactor, we must avoid itlw presence of light clc-
mcnts. "l*husfwt  rcnstors 11:lve no moderator (except :rccidetltnlly). Moreover they mtist 

not bc coc11cd by a matetiid. strch. :rs liquid water, tlllit contains hydrogsn. Instcad it is 
nccessi,:ltyto cool with n gas or 21. licluid nlct.aI s~icfias sodium. 
Cdnssificntion of Reactors by hlnlerinl Constifrrcnts 
The materials i n  n reactor usually are present for a. specific purposc, and a classification 
of' rcacto.rs according ~L-Itheir. nlnterial constituents frequently includes mention of what 
cnch of rhc m:~crinlsis uscd for. Thus it reactor can contain ft~cl,fuel cladding, modcr-
at.or, coolant, t'crtilt: rnniuri;~l,~trtrctura.1mi~.tcriwl,w.nd conr.rol rnateriill neutron ab-
sorbers which can he i~~sertctlor withdr:twt~ in order to adjust the critica.1conditiatl of 

thc reactor). 

Fuels. The tcsm "f~ i~ l ,"is a bit nmb.iguoussince the actual lissile mn.terialis almost always 
mixed with fert,ilc ~naterinlor djlucnt, and i t  i s  this n~ixturethat is rcfcrrcd to as "ftlel." 

'Thus wc llavc hcls 01' 15 percent I"U'%~ in natural UO,,or "slightly cnrichcd" UO, 
(i.e., ur;lniuri~oxicle having a cuntcnt: of' 2 or 3 percent. U2' rather that the 0,7 percent 
in t l ~ cnatural om), or rt "higl~lycnr.icf.~cd"uranitlm-zirconiur~lalloy, thc uranilrm being 
93 percent UzS. 
Cladding. The ftlcl is genet-ally covered with a protective 111ateriaIor cknrkr'ir~gin ordcr to 
p.revct-rtcorrosio~~and in orilcn: to prevent the rndionctivo fission fr:lgmcnt,s (crea.tcd by 
fissions titking place 011 rllc fuci surfncc) f'ro~xxgctting iislto thc cnr~la.nt or moderator, 
The he1 plus i t s  cladding is called n<firr.lclrr~'~cnt.A typical f~lclclcrnetit for a light-
watcr-modcrated thermal reactor is n 0.4-inclz-ciiametcr cyJinder, 10 fcct Ion& containing 
3 ycrccl~lw~richcdUO,,and clad with 0.025-inch-thick zirconium. For a fast:rcactur a 
typic31 fitel eIemerlt (frequently called ajirrrl ph)  is a, cylinder 0.25 inches in diameter and 
4 feet. long, cont:iini.tlg 15 percent Pu''"0, in natural tJO, anti clad with 0.015-irzch-thick 
stainless steel. 

The idea1 fuel-cladding rn:lteriat is st,rong,lligfzry rcsisti~nt:to corrosion by ttlc coolant, 
a. low absorbcr of neutrons, rind cl~cng.The best compromisc between rhcsc conflicting 
specifications appcclrs tudriy to be an alloy contginirng principally zirconium (used fur 
watcr-ccroIcd thcrmal, reactors) md stainless steel fused for sodium-coulcd fast rtactors). 
Mod~rattorrs*Tile idcnl rocler;~f;oris also a material thd.t ca.n only bc npproxitr~atcdin 
nfit~rrc.rt c l ~ ? r l ~ lhc fi chcnF. ~ ~ h ~ ~ i ~ n l l ~ r  fife .rJ~Flr . .. o t ~ r n ; ~ .ctraklm n - ~ ~ t ~ ~ - i d r l  ..1 ~ 1 - r.. r r r - ; n L +  



having n vcry Inw absorption cross scction and c i  very high boiling point. For the first 
atomic-powtrcd electricity plant built:ICa.ldcr Hall in England), graphite was used. 1.t is  
t;cIatively cheap and has n very low absorption cross section (0.0034 barns a t  0,023 cV), 
Bttt: it:i s  not too good n tnoderator (carbon llns atorr~icwcig'il?:12) ;~ndriltts lcacls to 

rcnc,tors of  In.rgesize. Most of t.he power-gen,erat.imgreactors in the IJnited Statcs rtrc 
now mr>rterzttedby light water, which also setves as a coolant. The hydrogen in light 
water is the best of all mudcrators, but cf(O.025) is 0.332 barns srld the material has n 
low boiling point SO that the rcnctor must bc cnntnincd in a "prcsstnre vesseI." 'I'f.r.e tlsc 

of' f.rc:tvy water is favored, in Canadn. With I Z C ~ V Ywater the chief ~robIer.11is cost 

I-- 5.55per pouniI). 
Othcr marcrials light;enough to be cfrcctivc rnodcmtors !+ornetrtrons a.re He, Ei, 13e, 

and l-3. Helium and boron have rlever bee11 t~scd:the first is a gas, and the second has 
afl'C1.II2S) = 759 hnrns. Lithium ~ I l dherylliur~rhave F>een used for spccial-purpusa 
~:cact.arsam1 itre the princiyrh modcrating miltcriala i r ~moltcrl-salt rcrtcturs, but tl.l.cy are 
ex.pensiveand dijficull: to handle. Osga.niccon~poundshaving il high boiling pail~thavc 
also been irlvcst:igiitcdfor use as reactor ~~lodcrntors(:lad coolants). However th,e problem 
of c11emica.l stability at hip11 t:cmpera.turesin a radiation fieId is st illcc>rxsidcrectscverc 
for thosc compounds iavcstignted to date. 
Coulibnfs. I f  a reactor o,pcratcs irr a st.eadg+slatcfi.~shiona.t a. powcr Ievcl i n  exct.p;pi of a 
ftw kilowi~ffs,it is gcncraliy ncccss:it.y ti> cooI i t  fa prcvertl r>v~rhci:ftinpof the fucl clc-
metits. Z'n thc case of tlower rcactnts the 11cnt: removed by the coolant is, of course, usecl 
profitably. FTowevw in some citscr; (for cx:impIc renctars dcsigned as high-intensity 
ncutro~lsources) this hcat is just thrown away. 

Thc fluid uscd to renlovc lzeal from ;k ren.c:t.ori.s cnllcd the coalattr. It is usually 
pumped thrc~ughthe reactor in the form of a, liquid or a gas. The ide;tl, cc~olantshoulcl 
thus ha.vc a. 1xipIn. spcci.ficheat and boilir~gpoint ('if a liquid) and sh.nuId be alsy to pump. 
I t  should be chcnp, noncorrosive, and chemically stnbtc with regard to 1>0t11high tcrv.pcr-
ntures and radiation. I t  sI10u1rlhave n lc~wncu~ron-absorptioncross scct,ion,and, if it 
i s made radioactive in passing through thc core, this radioactivity should decay very 
quickly so that the coolarlt need not  bt. shicided n.fter i t  Ieavcs the mactnr. Finally, for 
f i ~ trenutors, the coolafit sl~ouidbc a poor moderntor. 1x1 lig~1t-water-1nodcrz'1tec1reactors 
t,he Iight water is also uscd as a coolant, $met the whaic rcactor-fuel, r~~odcratur,and 
coolant-is contained in a single "pressure vcssef" and rnait~taixxedat pressures in the 
range 1000~-2000pounds per square inch. For hea.vy-water moderation a separately 
pressuriaed coolant systcrn using aither light or  heavy water is employed. Graphitc-
node rated rcactars a.Isoba.vc a separate cooling systcrn employing light water, carbon 

dioxide, or helium. The most common caol.antfar Pist rcnctors is sodium, ,zlt.houggXboth. 
1 nn t ctre+amc L * r m  1-mz.n ;t ~ ~ ~ + = ~ + ; n o l . ~ ~ ~ ~  d,:.+,+/TI+,* ~d3:*,-+ ~f- - , ~ r ~ d . + m ,  
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sodium is sms~lIbecause sf its rclntivcly high atomic weight, atncl that of the +hegases is 
<n~allbecarrss of their exceedingly tow dct~siticsat high temperature.) 

Fertitc Materials. Thc: f'ctlilc materials usctf in reactors' are TI^"^, whicl.1 yiellis 'U23,;md 
u'"(u~ natural U'),which yiclds pu4''. Thcy arc gencral1,y prescnt in thc form of their 
t~xislcs,(7'hc sofid metal 11a.sbeen, oscd, but it has a tcndcricy to grow in sizc wlwn 
sut~jcctto f ssicm-fragment and 11i~11-encrgy-neutronbombnrdnlcnt.. Also it interacts 
cItcmicqfly in an almost cxpfosivc f i~sl~ion fails a11d the mct;il i s  placed i nif'tlac c lndd i~~g  

contact with hot. wz:lter.) Thc fcrtilc tnatcrinl is cit,I~crmixed with the fissile mnt.crial to 
form the r~verallfitct elcmcnt or is scpnra.tcly clad ;itld pl:lced in n. separate region of the 
rczrctor called the bkcrrkcf+ 

Sirncturnl and Control Materials. Tt i s  i'rtquefitly necessary to support thc: t'ual elcrurcats 
inside a reactor su that they do nut vjbritte or SO that tlic cooln.ntflow i s  directed in 
some cfcsireri way. 'I'hc idual pt'aput'tics of th.c extr;l. "structursl tnat;crlal1'lrseci lo provide 
such,support'i~ret11c same as. tl.roseof' thc clnclding, n.nd.,:infiict, Ihc: sntnc ~~lcttcrial,i s  
gcneralty uscd for both st:ruct:ureand clad. 

Thc ideal proporties of'control rnatcrietl arc nIso t,he san1.e ns thosc of thc clad, with 
one csscatial cxceplio~~: crossFor contrt~lrxlatcriaf wc wand t he  n~cut.ron-ab.';arptic,n 
scctjon to  t>c as Iur,qc as passibfc. The most common control matcri:tls are itn alloy of 
l3" i.nstninlcss steel (fiR'"(0.025) = 3837 bS anrl hnhitlm, n t11cta1having n.bnnl:the same 

m.el:<liurgicalproperties its rirccmiurn along with a 1herma1-:thsorptior? c.ross sectiair of -100 b ttnd a, great ~ ~ u ~ a b c rnT ;:tbsorptiot~resotlances in. the encrgy rangc just above 
t11errna.l. 

The corrirnl materjal is ,usually prcsent in the form of long, small-dinn~eterrods or thin 
bI~dcsthat can movc in and out of thc reactor. 

Classification of Reactors According to the Purposes for Which They Are Uscd 
Wc stlaif cir~ssifyrcncfnrs by tbcir ;ipp.l.icntit>nsunder the ca.tegorie~: 
1. To make ncutrons 
2. To test reactor theory 
3, To convert: nnc material in.t:o;tt.l0tf.1tr 

4. To ~ G I I C ~ ~ ~ Cpower for prol~ulsilsn 

5. To gcncra.teelect.rical powcr. 

Rather than providing n thorough discussion o l  each category, we shall cite somk typical 

c;xamples, 

Reactors $0 Mitks Neutrons. The research reactor at MIT grovidcs a good example 

of B facility used to make neutrons. Figure 1.7 shows a cutaway view of this rca.ctorzzncf 

soma of its associiztcd cquipmcnt. 


Th.creactor itself is composed of fuel clcmcnts which itre boxcs (2 ft x 3 in, x 3 in+) 
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Figure 1,7 A view of thc MIT rcscarch rcactnr showing m;?jnl- cornponcnts and cxpcrimental 

facilities. 


of' aluminum-clad Fuel plates separated try coolant cl~anncls,thc fiicl being 133 ycrccnt 
enrichcd uranium alloyed, with aluminum. Thesc fuel-clexncnt boxes aioxlg thc reactor 
control rods arc contairlcd in a four-foot-dialnctcr tarlk. Mudcratio~inrld couling is 
provided by U,O pulnped through ~ l n daround the fucl boxes, A t:wo-foot-thick grczphite 
reflector surrounds the reactor tatik, Thc npcrating power lcvcl is five mcgawntts. 

Figure 1.7 also shows some of the fi~ciliticuthat use the neutrons leaking from thc 
rcactor. The largest of thesc is a hohlrnurn (cavity) into which low-encrgy ncutrons lcak 
(through a graphite column). Such neutrons rhcn scatter from the walls of tflc l~ofllraurrl 
and thus supply nn iiltcnsc and cxtcndcd isotropic sowrcc of low-energy nerrrro,n.s.SI~xlwn 
abovc the hot~lraumis a fi~cilityfor studying the bei~ilviorof neutron:: in a subcritical 
lattice of  Fucl rods, and shown to the right is a facility for studying tlla properties of 
fast-reactor bIankets. 

Tlre medical-therapy room beneath the reactor can trc secn clcarly. Howcvcr only one 
of some thirty neutron-beam ports piercing the concrete shield and graphite reflector is 
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shown. Neutrons from lhesc bc~inports are uscd in corrjunctinn with crystlif spcclro-
meters to invcst.igufc illc infcrficrticrn of netlirons with irrdividucll and chernic;tlly borrrxd 
atoms. 
:Rcactal*sto Test .Rc:lctfir Theory. One of thc filci1it:icsat tllc 'United States Nntiaria.1 
Reactor 'Tcstit~gSite in Idaho {as wcll: 21s i t  comllanion fi~cililyat: the. Argonne Natiorlal 
I.,al~orntory ou.tsiQeC t ~ i ~ g o ' )h.asscvarnl zc~:o-powerfast rcactors constructed of lz core 

of U ~ \ E ) T 
P . L I ~ ~ ,xnd ~odiurn,in stainless-steel cans st~rroutidcdby il sirnufnlecf blrtnkct 
t>f.'nnturi~.iluranium ririd sodium (again irr cans). Sir~ccthey operate at only 21 fcw waits 
t j f  fissiox.1 power, t'17t c001it1grequircmcnts of t.hcse rcnctors ?re tnitzim.nl. Thc tclativc 
proportions of' tlic rnateri4.h in  t l ~ r :reactors can bc acijusted, a.nd diil'crcnt rcactor con-
Ijgtrratians ;Ira coqstructcd in urclcr to vnlidntc theoretical predictions of rletitror? densities 
and of thc renctiorl ral:c.c;due t,o these densitiss. 

I:f flexible rcnctors of this typc arc const.rtrcted thnf they clos~lyrnato.11 thc geo-

r,rictr.ic;dnnrf &nteri:il cX~:.in~cicri~ticsof somu proposed des,ign, they :trc ca1lcd mock-rrps. 
IF, otl the nthcr S~atltI,the gcomc~tryis kept vcry sin-rplleso that fcw t~pprnxirnatioasnced 
be made in tllcir tbeorclicnl atlalysis, they are said to bt: ckccm criticid rcnctors. An addi-
tioilal l .cm,br~~~:bnror~lc is uscd to desjgxlntc a cross between the ~Ierzacritica.1cr,xy~~riin~rzt, 

a.nd mock-rrl:, types of cxpcrirnent. A benchmark cxpcl:iment i s  suppuscd t:o be cfcczn 
enouglt so that thc t.hcory can br: tqstcd untt.mbiguously, yct closc enough to somc pro-

posed design so thui a s11odclwhich successfully accounts lijr rflc t~cr~chmsktkbehavior 
c;ln be rtpplicd wit.11some conl'rdcncc to the actual dcsign. Tl~.creis sorrle qucstinn of 

whcther one can rca.lIy hiwe th.e best of both worlds. 
Izjgurc 1,X shows a skctch of a. reactor bcionging to this class, the ZPR-6 facility.The 

two halves of the I-eactorart: nlout~tcd011 separate bablcs which car? bc pushed into 
contnc,t to crc;~t.r:t critical nsscmbl.y, (Thcrc arc also cotltrol rods 2tva.ilablc for finc 
m.ljuslmertt atid s:tfcty purpose$,) The square grid uisiblc on thc fr:mof thc fiir section 
is wl~crcthc drawers containing the f r  ti, futile materi21land sodiurn wafers-all crulned 
in st:~.inIes~ inscrtcd. By altering thc m.ixturc of wnfcrs in 1s given drnwcr andstccf-arc 
fillirlg somc drawers entirely with rcflectr7r n.latcr.iaI, experimenters car1 sirnnIatc rnany 
different kinds of rcactor colngositians and geometries. 
K~nctorsto Convrtrf One Material into Another. At the 7JSAEC:'s Sav11nna.11River,'fitcility 

in Scwth Cart4inn tllcre are a num.Ber of rea.ctc~rsused to cuavcrt one materia! in'to 
snot,her-...-Sorexamplc U" into ~ u * "or Tho' into U2" or I?d2into thc transpluloniurn 
~lcmcntsAmericium, Curiutn, BcrkeIium, and CilIifornium, ,Every cffort'ismade in 
designing thesc reactors to insure that all ncutrons 11cst necdcd to sustxtirt the chain 
rcactiot~ATC absorbed in fertile material. Th.us the dcsigfi consists of' cylindrical fuel 
clcrncnts n?odcmt.edand cwoled by .D,O.The fuel clcnicnts themselves may bc composed 

http:tnitzim.nl
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Figure 1.X TIICArgonne fast critical facility (ZPR.-61, Courtcsy of Argonnc: National Laboratory. 

of concentric shclls or of n cIust,crof small cylindricat rods, The reactors ace Inrge, the 
D,O tanks being in cxcess of 'I 5 1kct high end in cxcess of 16 feet: in dirtmctcr, and the 
rca.ctot-soperntr: at very high power. Fig~rrcj.9 shows 51 Iatticc uscd to pr~dmccan 

cxtretnely high nclrtrnn flux for tile purpose of converting pu4' inlo transplutorlium 
isotopes. (The dark lnttico posiiirlns were occupierl by control rods and thc lighter posi-
tions by fclcc1 a:nd target assemblies.) Thc cmss section nf a fuel element (t.wa concentric 

shells ol: fuel wit3 an jnl~cra11d o~fcrhousing) is shown on the side, The clement i s  abntitr 
3.5 incflcs in  dinmeter, and the :.rclivc part: of the reactor 1:lttict: is approximatcty 6 f'wt 
high ond 7 fcct in dinrnctcr, 
Reactors tn Cenerrrte Powm for Yrop~rlsion.In this category nucIe~x:reactors for marine 
application,provide the rliost co1nmon cxarnple, Highly enriched, light-wrrter-modcratcd, 
cuolcd, and reflected cores with file1 elenlents consisting of a zirconium aifoy havc becn 
usett. for this purposa. The hot coolant ('H,O czt: very high pressure) efilerg.ingfrom such 
n reactor flaws through trlbcs of a boiler and i s  then pumped ba.ck tllrougIl the core in 
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Figure 1.9 A t'ligll-tl~~x Iatticc in :tdt'tt~~nstrat.iot~ Savannrrh River rcactor. Courtesy of E. 1. 

Du Pont, De Nemar~rsB CUIIIPRIIY, 


a cnntintraus closed-loop arra.ngement. Lower-prcsstlrc water on tllc othcr side of' the 
boilcr ,tubes is cunvert.cd t.u stcam w h i d ~ ,nrns a turbine that, in, tt.rrr~,drives the ship's 
propcllcr. 

T l ~ cNetva nuctcnr-pfrwcrcd racket e t ~ g i ~ ~ e:\!so il.lustr;ltcs the applice.t.ionof  nrrclear 
powcr trr prupuIdor~.Figure 1.10 shows ;iskcrch ol*:I proposed dcsigrz. It1 this ca.sc 
I~ydrngctl,originally in liquid [brrn, is  pumped into a highly enriched graphite-modcratcd 
core operating at exlrcmdy high power. 'l"hu hcat: trs.nsferred to eht: hydrogen causes 
il.t.o vaporize, expand, and 1,last out of the opcn nozzle at tho bottcrrn of t.h.ecurt, g ~ u s  
p.rovicljngthrust, 
Reactors to Generate Elt?ctricnlPower. In the United Statcs there are two classes ~f 
reacturs that ha.vc bccn used most cornn~oni[yto gcncratc ciccftic power. They are PWR's 
( . P r ~ ~ ~ ~ ~ r i z e d - W a t e rI'tea.ctor$)ztnd BW R's (Boiling-Water .Reactors). Both are s1ighd.y 
cilriched, light-water-rnodcrated, cooled, and rcllcctcd reactors making usc of Zr-clad 
UOZ fwl  elements. A PWR i s  similar to the miltine propulsion reactor just discussed, 



Figure 1,'10A scl~enlaticflow diagram of the XE nuclear-powered engine. Courtesy of West-
inghouse Eiccrric Corporation, 

cxccpt that the stcam turbine runs tin clcctric gcncratar rillher t h m  n prc?peIler,'ina 
RWR the moderntor-coolant is allowed to boil in the c o ~ ,and the generst.ed steam 
drives the Whine directly, There i s  thus no i!itermccfintc Iicnt cxchrrngcr. 

A cutaway vic,w of n PWR Ithe prcssurc vessel and it:s intcrnals) is  shawti as Figlnrc 
1 . 1 1 .  Tl~cover;~llheight of the rcli~cturvcssel and tread is 44 ft. "rf'tcI~eigI~tof the COPC 

is 12 ft  and its Bia~nctcris  - 1 1  ft. The itadividuaI subassc~nblicsnlaking rlp thc core 
hnvc n ctr;>ss-sectional area 06'9 i11. x 9 in. Thcy nre composed of0.42-inch-diameter, 
zircon.ium-clad, sligiztly cnrichcd UO, rods. The reactor i s  controlted by muftipronged 
controi rods that tit into guide tubcs rcplncil~pcertai1.1ftret mds. 

Both PWR's and RWR's are called b1rrnr.r reactors bccausc they makc no atterapl to 
product large nmuunts of plutonium but, instead, try LO bum in place much of tllc 
plutonium they make. 
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Figure 11,11 Culnwzty af a typiml pressvriz~d-waterrcnctor, Corrrtcsy of Westingtzoust; EIcctric 
Corporation. 



Another type of power. rcactor that st~owslong-:-rangeprisrnisc is the h r ~ ~ d r rrc?actar, 

Thc basic idea hcre, besides producing rrsa.bleelectrical powcr, i s  Cc, makc marc fission-
able material (.Pu""or :BU"') t:I~anis destroyed. Tire favored tJesigll far this purpose i s  
the fitst rcactor, heled with ~tsinless-steel-chdpins cornpnsecl of Ptin90D,and natural 
uraniu~nand uooicd by Iiquid sodi.um. Although some Pu49 is crcatecf from the natural 
uranium that. cntt~priscs85 pcrccnt of tllc mixture in the fuel pins, most of the breeding 
(i.c., fhc creation of ~ u " '  f r o r ~w ~ ~ )takcs pltrce in a sodium-cooled blanket of nittura18-
or cicpletsrl~~+-~~~~~~lrmniurnth;it surrounds the corc. A gmpllitc rcflcctoj-i s  usuirlly ptzlccd 
orirsldc this t>l:~t~ketto reflect as many neutrons as possibts: irxto the blwnkct wrca, 
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