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ABSTNACT

Equattons are presentecl to clescrlbe the bebsvlor of locline and.
xenon ln tbe prinary J.oop of the !El8E at steady state. [beee equa-
tlons nay be prograrunedl for rnacblne solutlon to obtaln the slntlal
cBstributLon of xenon ln the reactor fron nhteh the xenon poison flae-
tlon can be estlsatecl. An alternate use of the equations ls to evafu-
ate physical paranetens from observatlons nade on tfie operating reactor.

An atteqrt bas been nadle to lnclud.e aIL of the lmportant, or poten-
tlally imlprtant, behavlor mechanisns ln the equatlons, Cments a.ncl

suggestLons are soLicltecl regardllng the mecbanlsms treatedl, other pos-
slb.le mecbsnisnsr md the natbeuatleel representatlons thereof.
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II{TBODUCfIOI{

Xenon poisonlng 1s a problem of slgnlflcaat Lnterest 1n the MS8E.

A reasonabJ.y aecrrrate evalrratlon of the xenon potson fractlon requires

a ctetaLLerL clescrlptlon of the xenon behavlor tn the enttre eore loop.

$lnce rnost of, the Xe ls formetl by ilecay of iocltne, an equal.Ly el.etalle<l

tlescrlptlon of the iocll.ne behavLor le a].so requlrecl. Srls ueno presents

a set of steady-state equatlons whlcb Ls lntend.ed. to firJ.flll these re-
gulrenents. A nwber of effects rrhich nay or nay not be i4rortant ln
the reactor are lncludecl vhlLe sone, for nbleh there ls goocl evldenee

that they are unir;rortaat, are omlttecl.. lflre eguatlons d.eserlbe tbe fis-
ston pro0uct behavlor ln terns of a nnmber of phystcal. properbies of the
systen, the fireL ancl the flsslon proilucts, evea tbough lt nay not be

posslble at thts tLne to aestgn eecurste nalueE to aIL of the properties"
ll1rls eet of equattons nay be useA in tvo va]'g. Elrst, lf values

are asslgnecl to aLL of the pbyslcal paraneters, the equations can pro-
vLcle an estluate of tbe xenon distributlon aad., henee, tbe polson frac-
tion ln the reactor. Seconcl, the eguations nay be usecl rrlth tbe oper-
ating reactor to evaluate those physlcel. para,neters vhleh eannot otberrise
be evaluated.. For the Latter case Lt ls hopecl. that the reaetor ean be

operatecl und.er a suffllclently ricle varlety of cond.itlons to permtt siuuJ.-
taneoue evalr:ntLon of, a nrmber of the lnraneters. llhe use of tine-ctependtent

foms of the equatlons and. obsenratlon of xenon translents nay be used to
aldl these evaluations.

lbe Inrrpose of thls meuo lE to soLlcit comente qnil suggestJ.ons re-
gardlng the nechanlsns and, thelr uatbenatfcal. relresentatLone. $o thls
enrt the text clescribee aII the assrrmptlons ancl alproxtqatlons that rere
usecl ln dleveLoplng the eqrattons as ve].L ae tbe equatlons tbemselveE. It
is erpeetect that revlsLone to the equations vtIL be requlred afber aLL

eomnents are reeelved.. llre flnal equatlons vtlL then be progra,medl f,or

solutLon on tbe ISd-7090 eorputer to preclLct the xeron poJ.son flactlon.
Ultjrately, a progra,n rrl.Ll be preparedl to erraluate pbyslca]. para,meters

fron lafomatlon obtelnedt from the operating reactor.
It ls anttcipated tbat the eqratlons rbleb are lnltlaLJ.y progpa,mecl

for coqruter solutlon u'iJ-l be stqrllfiecl approxLnations of the ones pre-
sentecl here. Parb of thts sJmfliflcetlon ean be aehLevecl by lgnortng



bebavlor meehanLsms of queetlonabLe luportance. Eonever, as a first step

lt seens cleslrable to lncluile aLL meehanLsms vhl.eh ntgltt be lrportant.
Then, lf tbe slmple approcLnatlon proves to be tnaclegrrate for evahrating
the reaetor perfornanee, a rnore reflnecl analtrrsis ca:r be uacle onltt{ng
the ElrryLlflcations.

SUMMARY OF SEEA1rION UECEAN$ilIS

SeveraL mechsnlsrns are consldlered for tbe appeerance andl dllsappear-

ance of Xe anrl I la rrarlous parts of the reaetor systen. fbeee necha-

nLsns nay be sunnarlzecl, as followe:

Appearance of, Xe Ln clrcu.Lating flrql

J- DLrect proctuctlon by flsslon of uranirn ln the clrculatlng frrel
2. Decay of I in the clreu-lating fireJ.

3. Desorptlon frm metaL na]-ls

Dlsappearanee of Xe fton clreulattng fireJ"

L. Rad.ioactlve cleeay

2. Neutron abEorTrtlon

3. Stripplng ln the fuel.-Purp bov1

h. Sorptlon in the graphlte

Appearance of Xe Ln grapblte

L. Dlrect Bro&rctlon by flssloa of rrenLum in firel soakecl

lnto the grapbtte

2" Decay of I ln the graPblte

3. Sorption fron the eircuLatj.ng fueL

Dtsappearance of Xe flon graphlte

L. Rad.toactive clecay

2. I{eutron absorptlon

Appearance of Xe on metaL wal1s

1,. Deeay of I sorbeel on the rllal.ls

Dlsalrpearance of Xe fron metal vsl-Ls

L. Rad.loactlve dlecay

2, Desorptlon lnto the clrcul"atlng fueJ.
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Appearance of I ln cirqrlating fireJ.

l. Dlrect prodluctlon by flsslon of, uranlum ln the
clrcuLatlng fueJ.

Dtsappearanee of I from elreulatlng fiteL

1. Badltoactlve cleeay

2. Sorptlon ln the graphlte

3. So4rbton on metal vaLLs

Appearanee of I in graphite
l-. Direct procluetlon by flsslon of uranlum in fueJ. soaked.

tnto the graphite

2. Sorption fron tbe clrculating fuel

Dlsappearance of I ln grapbite

1. Rad.ioactive clecay

Appear&nce of I on metal walls
I. $o4ltton f?om the eirculating firel

Disappearanee of I f?om metal- walJ.s

1. Raclloact j-ve d,ecay

It nay be noteil that aLI mechanl$rc are not a5rpL1eeL equelly to both

speeles. In the case of, the soqptlon processesr only the net cunents

are represented. ancl tfie reverse processes of those glven are taken Lnto

account ln the concentratlon graelleRts. Other mechanlsrns, neutron eb-

sorptLon ln I andt l-strlptr)ing, a,re onittecl beeeuse they are errpeetecl to

be negligibly snat.l.

DESCnIPTIOI{ OF EqUATIOSS

flre eqrratl.onE d.eecrlbtng tbe bebavlor of lodine andl xeaon ln the

reactor were ilerived. from naterial balance eonslderatlone. In clevelop-

lng these equattons, the reaetor system vas ilivliled Lnto tno parts: a

eore ia vhicb the d.etaiJ.edL apatlaL cllstrlbutlon of xensn ln both the

fuel an& graphite vas of prtrnary lnterest and. an externe,l loop vbere

tbe slntlal. cltstrlbutlon m,s J.ess important. Wlth tJr5.s goal tn mlntL,

the steady-state equetions for the core rere rrrttten ln tllfferentlaL



A

fom r+hAle sl4rLtflecl, lntegratetl forrs of the eguatLons nere used. for
the erternal loop,

Core Frluatlons

flre }{SBE core consiste of ffreL sal-t flowing througb channels ancl

ao array of grapbite strlngersl both of these naterLaLE vere treatecl
selnrately. the f].ov patteru of the flrel nakes a ftrrbher dlvlslon ln
the natheunatlcaL treatnent necessary. AlthoWh the estabLlshedt fluicl,
f,].ov in most of tbe eore channels ls 1nr41nnr, there are regions of high
turtnilence at the channeL lnLets. Ir adrlitlon, turbuLent fJ.or ney per-
sLst over the entlre J.ength of sme of the ghe nnsls,. 1\ro sets of f\reL

eqtrations sere cleveS.opecL to cover the d.lfferent f,Low patterns. Itr solvlng
the xenon tlistrlbutlon probJ.en, the fuel channeLs wlJ.L be treatecl in tno
partsr uslng the turbuLent-fLov eguatloas for the loner parts a,nc[ the
laninar-flow egrationa for the rernslncler. Alt}roqh the transltlon to
lanlnar fLov cloes not occur at a sharp bound.ary, it is errpectecl that a

reasonabLe approxtnatlon to the tnre cond.itlon can be obtalnecl by Judtl-
eious selectLon of a f,lxecl transltlon elevatlon.

tr\reL ln Tanninar Flow

Untler laninar flov courl.ittonE it ls necessery to eoneLd.er varlatLons
ln conceatratlon ln both the radial and a:ctaL dllrections vithin tndLivicluaL

channeLs. $o siqtJ.lf! tbe treatment the ehannels are regertterl as elrcu.Lar
rrlth a cllameter equal to the bydlrauJ.lc clta,neter of the D1SRE chennels andL

the neutron f}:x Ls assumed. constant 1n the transverse cl.lreetlon in any
glven channel. !fiatertaL balances m,y then be rrrltten for the vo}ne el,e-

'l
mentr* Zrt'dttdz. For xenon

11^gY*, Lt flktzlr tdrrrd.z c' tr** *j" (" ' ,zlr'dr 'd.z + hflf (" , ,n)r,d,r,d,z

+ D:"# rvj"t",,zl r'd',d,, - "lu ilk,r) rvj"t", rz)rrdr,du

- v(rrr t )
d *j*("'s )

r fd.r td.z = O
Es

1-See AppeniLix for d.efinitlons of sylftoJ-s,

(1 )



llhe varioue terrs represent clifferentlal changes ln the xeaon popuJ"a.tlon

in the volune elenent dlue to the folloving meebanlstns, ln tbe orcLer of
the terns: (1) cHrect proctuctl.on frm flsslon; (a) foss by ra.tl.foaetlve

clecay; (l) proauctLon by clecay of lod.lnet (l[) net cH.ff\rsion from the vo].-
une elenent; (5) bu:nupl ana (6) net transport by the flonlng flutcl.

lhe cLtfftreLon terml as rrrlttea, lnclueleE cllffuslon ln both the rad.Lal

and. a:ciaL d,LrectLons. In the actuaL reactor lt lE tlkely that a:rlaL inf-
fuslon nlLJ. be much lese l4nrtant tban anlal. translnrt by the fJ.orlng
strea$. If tbls is assreecL the ctlffuslon tem nay be stmpl.tfledl as follow:

oj" # *f*(r' #l r td,r'd.z ,= oj* [
-foj"("'nl

a" oP

,*j. (r ' ,zlI
.L r-' rl &.c

-1

I r f dr'd.z
J

(a)

&e microscoplc vel.ocLty, r(rt), varles about a mean, or nacf,o-
scople, veloclty for the ehanneL. In aitilttton, the naeroscoplc veloclty
varleE rlth the racllal trnsltlon of the channel ln the reactor. AntaL
varLatlons in veloclty, both nacroscoplc a,adL microseopl.c, are neglected.,

An eqrratlon slnLLa,r to (f ) can be rrrttten for locLtne excelrt tbat
fener tetms are requlred. because fwer mechanLsna are Lnvolveil tn the
loctlae behevlor. Thus:

srjyr LiOt"ra)r'(tr 'dz - },trf("'rzl r'drtdrz * nf# uft"'ro)r'cr.rtclz

Eu*(r'ru )
- v(rrrt) -=U-- rrdtrtclu * O . (:)

AII of, the coments on the xenon equation, 1ne}xl,t4g an spresslon eLu-
iLar to (a) applf to the lotLLne equation.

RreL ln t\rrbuLent Flov

llhe mleroscoplc rsd.LaL varLatlons Ln eoncentretion and. veJ.oetty
cllsalpear ln tlroEe eha,nnels, or parts of cbsnneJ.s, nhere the flutil f].or
ls tnrrbuLent. Ae a reeult the rllffuslon tenqs rlo not appear ln the rnate-

rlaL bal"ance egtratlons for thl.s cond.Ltloa. Sovever, e new tenn mrst be

lnc}rcled, ts cLescrLbe tJre transport of, xenon (or locltne) tnrough the fluful
f,lLn, at the chenneL $eLL, to the gralihlte. the volume elenent for thls
conclltlon ls r8t2d,z. Then, for xenon
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"." X: 6k,u) az - r*" rnj.t") az + r, *ft") az - *,n*" *

f n o

L{.(") - ri{n',")] az - o}" 6G,,) -,,(') *# &z = o (b)

ltre grranttty, $je(R'rz)t ls the concentration of xenon ln the li.q-
uict on the graphtSe sldle of tb.e fluidL filn and. *j"t") is tue tnrlJc corr-

centration ln the liqulil. the iltfference betreen these quantitles 1s

the clrivrng force for nass transfer aeross the flLLn.

I'be equation for iocl.l.ne rrhleh eorrespond.s to (l+ ) fs

(:)

n ll ikd dz - r, uft"l - fi, o, 
[*ft"1 - *ftn',")] ao

an*(" )
- v(r ) -8"-- ilz :a o r

Graphlte
In order to slspLtfy the nathernatles somerhatr the grapblte strlngers

are regardLecl as cylinders nlth an equlnal.ent rad.lus, R", to be aesLgned. on

the basls of the physlcal iLLnensions, tbLs treatment ls egulvaS.ent to re-
garcltng the reaetor as an array of grapblte ancl fireJ. cyllnd.ers in a nedlum

which hss Lnflalte reslstanee to nass tranEfer ln the axtaL tllrection and

zero resistanee ln tbe rad.la]. cllrectLon. fbe materi.a,l baf.ance equations

for the graphlte are written on the assu4ption that, lf fueJ. Eoaks into

the grapblte (providlne a direet source of fission proclucts), tt rrlLl be

unlfornly clletrlbuted 1n eIL respects. As wlth the firel cbannels, a uni-
fom transverse neutron f}ur ls aEsumed. for the lncltvlclua]. strtngers.

Ibr a graphlte volume eJ.ement, Zrr"clr'hz, the rnateriaL balance for
xenon gives

\JB -, \ r'- r.- . -€ r ,, \ rr- ilr!*" h-glrtz,; r"dr'hz - I*" d"t":'rz)r"dr'hz + l, u$(r"rz) r"d.r'hu
r

- ns ; a2 d"(t"r") - r dd"(""r") 1 blF (r"z)
' -xe L 3",,2

- "l* dktz) q"("" ,n') r" fl1'* dz = o o (6)
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Ttrls eqr:atlon is slnilar to (f ) except that the transport term d.oes not
appear because the graphlte ls statlonary. Tbe ctiffusLon in graphite ls
represented. as two separate tems ancl. cllfferent symboJ.s are usedt for the
cllffuslon coefficlent in the tertsl it has been suggestecl that the values
of the cliffuslon eoefflclent nay be slgnlficantJ.y d.lfferent for the tvo
clireetions.2

The naterlal balanee for iod.lne ln the grapbite volune element gives

srB

", )- d@rr) r"dr'hz - r, uf(r"rz) r'dr'hz*f

<,, aa lf,1""rz;
+ D?- - .*-- r "dr'hz (f Ir dz'

As before, the coments on the xenon equatl.on al.so appry for ioclj.ne.

Bounclary Conctttions

A number of bounciary conclttlons ere requlrecl to f111 out the set
of eguations for the core. Sone of these are lntultlve].y obvious nblle
others regulre assr.uptlone about tbe beha,vlor mecha,nisms. $ome borrnclary
conctlttone also clepend. on the nature of the flov in the fuel cbennels.

trbel-GraBhlte fnterface -- two bor.rndery eonclltions can be specifiedL at
the fueJ--graphlte interfaee. Sre flrst of these requires that the net
cuffents ln the tno necl.ia at the Lnterface be eqr:al; the fom of thLs
errpressLon d.epend.s on tbe type of flulct fLow. For xenon, where the
channel flow is l.am1nil'

n*. d{" (n", z ) ^x duju {n', " )"ie --Fr- = Dxe -5'- (B)

For locline at the sane conclltlon

.,"' drfln"rzy , aw{1n',"1Di 
--- 

= D; -t- gi
2-A. Taboada, personaJ. eoruuunleation

D cr-n*("" rn)IF
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For tr:rbulent flotr tn the channels

^od{"(n",z) f o o. .t
% --G- = o* 

Lui"(z) 
- N;e(R',z)l (ro)

ard.

^s Eulf tn"r") r o ,.. . 't
Di- --Tfl- = u, [uf(z) - wf(n,z) I (u)

&rpressions nay also be rrritten to reLate tfte absolute concentra-

tlons in the tvo neelia at tbe Lnterface. Ibr a LLqulcl. netal, Ln eontact

vith graphlte at htgh teq,erature, tt bas been foundL erqrerJ-uentaff"3

that renon behs,ves ae if it vere an ldeaL gas ln contaet wlth the L1q-

uicl r*hen the rroiil vohune of the graphite Ls ueecl ae the gas phase. If
tbe sane type of behavLor Ls assumeA for mlten salt r;rstens, the con-

ceatrattons Ln the tno neclia can be related by the Henryts Ianr constant, H,

for the gae. lflrusr for xenon

*f" (n' ,z'):' Su(I ''':'l 11
H** g

*f(n ,,%ts s{{::t-l:
Hrg

nel " fltat ts r for xenon

a Nj"(r' 4,2)
sO,

(re )

It seeslg reasona,ble to asef.gn the sane type of, bebavLor to iodt'lne by

uslng ant "ef,fectlve" Eenryts Iaw conetant, E*' Eben

(13 )

Center of fi:eL Channels -- For lsntnar flow ln the fuel channels, an

ad.dlttonal, bounclary esntlltLoa can be vrLtten for tbe center of the ehan-

(11$ )

3f..f. saLzano end. A. M. Esbaya, "sorlptlon of Xenon tn Elgblenslty-
Graphlte at stgh ienrpu"attresr" @., & t-3, (Juo' Jg62)" :
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S{'nlLar e:rpresslons coulil be rritten for the turbulent-fLor cond.Ltlon

brt tbey are not requiredl because the concentratlon le assumed. constant
across the chennet (except tn tbe boundary Layer).

Center gf Gralihite St$ngers -- Equottons eLnllsr to (ilr) anA (f51

can be rrrltten for the center of tbe greghite strlngers. Ibr xenon

a q.(""4 r,-')

and. for iod,lne

-g.
E Ni ("'4rz)

ir0

*j"(r', u'o) r,,

and. for lod.ine

nf (r ', z=o ) i,, N{

(rr)

(16 )

(rs)

drtt

and. for lod.lne

? 
-il":':J] 

E3

drtt

*O,

Core Inlet ,r,r' fbe coneentratl,on of xenon (o" td.J-ne ) at
nel l.nLet 1E agsuned conEtant for all channele. For xenon

(r? )

the chan-

(rB )$'xe

&cternsl-Ioop Eguatlone

XTre ctlstrlbutlon of xenon (or locLtne ) tn tUe reactor ls clescrlbecl
by the core eguations presentecl above for e glrren core lnlet concentra-
tloa. Ilowever, the concentretlon at the core lnlet Ls reLatecl to that
at the outlet tbrough the proeeeses rhlch oceur tn tbe octernal loop.
Since tbe c[etal].ec!. f,1ss1611-product cltstributl.on ln tbe external loop
ls not of prLnary lnterest, the equatLons can be greatJ.y simpJ.lfiedt by
a set of assr.wptlons vhlcb have J.lttle effect on the rel"atlon betseen
the concentratlons at tbe outlet ancl lnlet of tbe cor€. Rtrst lt, ls
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asormd that the xenon (or toifhe) concentratlon ln the f\rel eloee not
change drastlcaLly ln tbe e:stermal Loop. f,blE leaels to the treafunent

of aLL of the rate proeessee ln the externaL J.oop ae constants vhlch
are governedt by t&e mea,n coneentratlon at tbe core otrtlet. &en the

eoncentratlon of a epecies at the core lnLet can be erpreseedl ar the

correspondlng coneentratlon at the core outLet plus or mlnus tbe var-
lous EnaIL changes tbat occur ln the erberual loop.

flre coneentratLon shange elue to rad.loaettve dleeay of an lsotope

in an eLement of fueL as lt traversee tbe ertenaaL loop ls proportlonal
1,r

to I - e-^u. Honever, stnce tbe baLf-Llves of, xenon andl. lodlne are long

coryarecl to the loop transLt tLrer thls tern ca'n be repreeented ade-

grately by lt, uslrg the approprlate ctecay constant for each species.

Ithe retentlon of lodLine and. xenon on eurfaceE ln the qrternaJ- loop

ls tnchded tn thlE treatment even tbougb tbe slgnl*lcance of thls mech-

anism has not been establlsbed, for the !EBE.'r If, tocLine, in vbatever

form lt exl.sts, is strongJ.y heLd on the metal. surfaceg the traneport to
the srrrfaee rrllL be governecl by the concentration of lodine ln the salt.
It ls assumed, tJrat xenon (fornea by the ctecay of lodlne ) nilt tencl to
escape f,rm tlre surface. llrls eocape tend,eney can be expresseel in ter"rns

of a mean resltlence tlme or an ttescapeo constant, l*, nhlch te sLniLar

to a clecay constant. An al.ternetive metbod' ntgbt be to use tbe xenon

eoneentratlon dlifferenee between tbe rrall anel the fireL es a clrivlng force

for mass transf,er. lbe former nethotl. lE usecl here because lt Lead,s to a
slrp3.er expresston.

Xenon etrlBpLng ln tbe purp bovJ- le Lncludect. rlth a factor to dle-

scrlbe the eff,lclency of the rtrlpper conf,lguration.

Qs

)l%-(-, -e,:tv*j"e= roj"@ - be*-jph"

+ rrp brbo.
L-Retentl.on of tod.lne and. xenon ln

tn the mT. The pred,leted. absence of
this meehanlsm.

H

Qs + Tl #Qn"
*

h_A IIWXe

%(\* + rX*) t, (m)

metal- scales was an lmtrlortant factor
such scal.es ln the USAE nsy e1llninate



Sre change tetus in tbe xenon equation represent, 1n orcler of thelr ap-
pearanees loss by rad.loaetive clegay, loee dhre to atrlpplng 1n tbe purp

bovlr procluctl.on by lodltne dlecay tn the fuel audL gala by xenon escal,e

fron surf,aces. Ilre tetms ln tbe lodLine equo,tlon represent lose by rad.1o-

actlve clecay anct loes to metal surfaceg.

Sulrp1enentary Equatlone

lEre mase transfer coeffLetentg used ln tbe nateriaL baLance eitrra-

tlone are cal-culatect fbm the flulcl propertles and. the flon para,metere.

As a typical era,rr;rle, the eoefflcieat for xenon ls

13

and, for iod,ine

h--^ = o.oa3 (ne )-o'e vxe

-j"@* 2

R'tr

*
^R ..Rt 

^Jo t(r) Jo tuf," (r'rt) rt dr'' r dr

f(") r dr

(ar )

(zel(+t*.
Ilre srternal-loop eque,tlone dlescrlbe tbe core {n'lEf concentrati.ons

ln termg of the core outlet concentratlonE Thlch utretl ln turn, be ob-

talnecl from tbe lndl.lvtdtlpl-cbannel results. Ibr xenon

(23)

.{*

gcb
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APPEI{DIK

DeflnltJ.ons of Strrnfto1s

A &rea

D dtfnrstvlty

f frre]. fractton in eore

h rnags transfer coeffieient

E Henry te le,w eonstant

t eore length

N coneentratlon

e volumetric flow rate

r rad.la1 posltlon in eore

r I rad.ial positlon tn ftrel ehannel

r " rad.la1 posltlon ln graphlte strtnger
*

B core rad.ius

R t fbel ehannel rad.lus

Rtt grapbtte strf,nger rad.ius

R uni"versal gas constant

Re Reynold,s number

f absolute temperature

t tlme

v fluld. mean veloclty

Y ftsston yield.

% arclal posltlon

v/r naeroscopi.c eross section

o microseople cross seeti.on



a

a /t

4

I'

Deflnlltone of $trubols - contal

f neutron f}ur

7\ rlecay eonstant
*I tteocape" constant

E eceesslbLe rrolct fractlon of graphlte

Tl contEetor effl.clency la puqr bowL

p vlscoslty of fueJ.

p fueJ. dl,enslty

SubscrlBte

xe of xenon

f of tod.lne

t f,or flsgLon

I of strtppe<t 3.tgutcl (tnrough Bunp bowl)

T of totaL tigutct (fn toop)

Ee of, heLirln sveelr gas (tn puufl bovL)

t of netaL ra1l outslcLe actlve core

@e f?om posltton A to trDsttton @ (core outlet
to eore inLet )

Superscrlpts

0ther

o
@

I

g in graphlte

I ln llgutd. (nref )

a for neutron absor?tlon

r tn rad.la]. d,irectlon

n J.n anlal d.lrectton

at core lnlet

at eore outlet
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