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channels.. Ta minimize die; need far support structures; ,7-bove;
ths r.caclutr cute,, many resoarcJii and: test reactors; hawe
ciDwmvanicoQlantflbw:.Whe!r.cnnditiDns;are;iip3et,,3uch:asby
a!!ossafforcedlflow,,ihe:iTnnavai:aFdiKayiheat:from.tJiE: reac-
tor fliei: is- by- natural: circulation:. B e e convection, bailing in. i
coolant channel: prnmiiies; the buoyancy/ force requiredl to
initiate die irmiHiiioin front: du.wnwardi daw tajnanuall annil^-
tibn.. Aa many rescarcli andteatreactoraiuaeipiate-typcfiiei'eie-
ments;. die coolant channels; are: diiir. rectangular1 channels:. Ant
undemanding; off the: dryout: mechanism) associated: with) free
convection) boiling ire thin: vertical; rectangular channels; is;.

The ability m> predict critical heat: flux: (CHE)) in: ai confined:

tanti factor iiii tne: coaling; a£ electronic components: ay/ immer-
sion ma lib^u^'Hcic the ChifcdclPTiiuies the: maximû ^̂
Heat* load: at component can: generate without causing; tliennall
excursioni andi r̂ mp̂ *̂ *****1 ovexsnooc

iJmluTginjwateriitveaicalirEctangulimcnannelK.Ih'.andtsetsaf
experiments,, die channels; were; fanned! by two) vertical: sur-
faces; of lengtni L, and: width W,, with, a: spacing,. S', between:

ndi (nnsssmcdl JL,x. W)) diati was subner^dl ini satunited! wateratt
one; atmospnerc.. Humour was detected: % observing: die teim-

excucnan: ini dze^citiiijiiel wail;.

Affexamination:oftlieMande;eHFdatar shows: thatCHF
in x. tnjh! vertical: rectangular chHnnei: decreases in a. roughly'

-*• OlttieCHF
dnta:apuroadie3;thepooi!noiiing'CHK
-lOOi. the measured C 3 F is onis' aijout one-tenth: diac af the
gnai: boiling: CHF:

Using: eHFdata:abtained:in.faur<iiffereiit)iqui£i3:(water,.
etlianol, ficenm 1113,, and! lienzeinE)i, Monde;1 fnnmuiiaed! a>.
generaliisrdl correlation, of the CHF datai. The cnrreiatibir,,
wtiicfti agrees; with: thedata: within: ±20%,. has; ttie: farm,.

OH))
IUS

It is;noted: tnac whem E/S=02, equation) (;li); reduces; to: die
KutateiadzecarreiannrrforpooiiiOTili^CHE;5

i a m e c t j b n l i n g ! C H F s n o t n a t ; ,
fSnr a. given: v.etticai: rectangular cnanneil of lieigftt E,. CHF
increases witji: gan>size,. £ . Dii Euita's a.tueiiineut;. die; maxi-g , i ;
mum:gapsiai:wa3.2:mm,.whiietheheights:afithe:twa:channei3:
tested! were 30) nnrr. and! 30) mnn, respectiyelx:. T35e t / S atus>
wax muciii larger than: unity, and: die measured! critical heat!
fluxes wece less than' die pool: Boiling: CHE. Fujita: etall J *
atJsei^edfthatCHFinthinivern'cairecfimgulardjanneia may be
predicted! from: die limiting! conditian: tfiat the ftmnugeneoua;
flow rfivap^andliquidlmixture:ina!veracai'ducr,driveniljy
natural1 circulatian., is; compieteiy vaporized: at die ton) exit af
theneateridiannid.Tniisbumaur mechanism] tias:tmni:called:â ^
cinadatibnrlihri tedl Burnout?' tliae occurs; wheni the; flow/ is; low
andithcvapnirqualifjvactheexitipnroacinrj;

ln!dieirstudy'of:criticai:heattflux:iuideirconditibns;aflbw.
• How. inn verticaii annulus;.Mishinra.and:ishii: suggested, that

anotnermecnanisnE of tiumont may result ftomi ai transition; iir.
flow/ trgiine; from: cftunwurbulent to; annular.. They, observed:
tnactnis;type affiurnoucaccuncd: aver tnesame range af mass;
velocity aa; drculat£an--ffinitedi &unrau&. Mjaftdima: and:
NishinBaP measured: CHFat: low; mass; uoflbw ini thin; verricail
rectangular channel 3: and: theyalso abservedlacuurauumiencs
between CHF and flaw regime: transition.

THie: above discussion, reveals; three; mechanisms; of free
convectibn: boiling; burnout in vertical! rectangular channel^.
Tficy are: die pool boiling limit;, the circulation limit,, and: the
flow regime transition limit. All! three mechanisms: can be-
modeledbyanalyzmgtheliydraulicsina.reaangularchannci..
In: the present study, tlierequireti: steam: flow taeffict a; ttansi1-
tibffifromcnunrmannularffow'isaBrivedifiomiaifroodingrcaffr
diiibn: iinrtosed! an; the: liquid! Blin: albng; large. cnurn>flaw,
bubbles.. & liomograicaus twa-pnase flow modell is used! to;
nredict tfre: ciroil'ariloir-lxmited: CHF.. Tlte tlrrefi: drv-outt
meciianisnisi are then: discussed! in: thecontext afexisting: data:
Observations; also are made an; the relationship; between she
dryaut mechanisms; and! the dimensions; of the rectangular

According: to: a: mechanism af fTaw regime transition: sug:-

chum to annular flow- is: ainained by TOStuliuing x reversal! of
(Towin:the:liquid'filnraiong:large:tiuoble3..LociJly,,reversal in
a: draining: liquid: film occurs; when: the interracial draf is high:
enough] IDJlevitate die; filmi. TKia; conditibn: is; equivalent ta the
case af zero; liquid! penetration; in: counter-current: flow limint-
nbn.<GCHl)..Ibis;dien:reasDnabreto;treata:burnDutcaused:by a:
fransi tion1 in: flow regime as a:limitinir caseafthe so-cailed cir-
cularioniffld:flQodihg:lihrited!Burnout:.T?te;causeoffa: circulat-
ing: and: flooding; limited: burnout is that ail: the liquid: entering;
die flow/ passage: from: die bottom, (die circulation: part of the
flb.w)i is; vaporjisedi, and! die liquid! fronr the top- is; limited: by
flooding due to fo'gii) steam flbw;, resulting: irr. a: dryout orr the
Heatedi surface;. For s. oumouc caused: by. x. transition; in: fTaw
regime;, die steam: flow is, high enough] to; prevent liquid: flow

An: analytical:exmcssibn: for predicting; flooding: (CEHL)
in: thiii: rectangular channels wis; recently derived! from) the
twarcomnonent momentum equations for the; liquid: and: gas;
phase..' ' "Me: flooding; cnrrelatinn: was; also; successfully/
applied: ttt predict: flooding-fimited CHF in: thin: rectangular
diuuuels;" Tm's; previously derived flooding: model is; used! to;
establish: die required steam: flow/ diac effects' a; transition: iii;
(Taw/ regime;. As; sftowni ihi Figure 11,, die flbodiirg: model:
assumes tnat the liquid! dhwtiflbw/ is; in: a: film: albmc the nai>
rower;, unheated side walls; of die dnnmel1,, while die gas, flbw,
accupies thewidespan: oftherectanguiar channel. ThEfoUDw-
irig: development of tte flooding: modei has previously been;
reported: andiis suiiiiiiaii/.eU:tterefdrca7npietcness.

A farce balance from: using: t.woi-phase: separated: flow
momentum equations forthe liquidl and gas phase gives.
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The force balance irr cquancra (2) is: fihnlly reduced: to
proviife tfieratt of gss flow wftidr stops die liquid! film flow:.
TRe iron-4ini«nsionBi; 3uperficiai gas vefociity j ^ ac thepmirt of
zero liquid! penetration or die point afnamntiair. in die flow
regime UE given: impiicitiy by die reJatiarr,,

wtere:

•172

andi

-wz
(10))

TTicvmiififaaioTrctiiaolvedlih.tenna; ofjj. using:

(II).'

TfeaverasefilirethiidcieasSiiprialetito the rale erf gas flaw, Tlte nonKtiiiicmiuimt superficial gas vefarito, \£ also can lie
ttrrougrtaiamtouty 1:1 iinunusiiggrTtca-iiy Kicnter ;,itmia:tne -.. " • • K . t r . — • - * - . - n i _ • --"- "*•• .-*wrBJEnin: terms of die Kutanriadzc- rtumtser Kn. Le;,,

t]<yTli- Tf td lUIXlBlItE HHZuSlJ tlffiffHi 3D] DltBl TJClBI IT 1U til HI I

iwfadl c
OiO«S;.A

Ac tns pnihtr aff asm) liquid! peneffaribir, die liquid: wait
iiE

(12);

where,.

n m i a a n r ^ ; n pmticaUy wtem W*1 -»• — andlec
f" *\ Ti E number asvnir-

I,,

Wittt xCJr=(££m$. ttte asymptoric value Sir die
numtteror rfirzero liquid, penetnmon: rniirtcis Ku:=I4 whidi: is;

d b k ' 4



from: experiments, irr !:irgc- pipes: Prcviauaiv, Taitcii et all.

accurs when, die KTutaleladze number exceeds; 311.. TJiffrefore,.
die ciitenuiL focffow :: transition! developed, here is; con-
sistentwtatidieii! piufiOKdl model:.

TRe critical! tieacfluxcuucsjiijiidihgtoj a; transitibniini flow/

t energy disc goes) ftonn tttĉ  he^cdl waUI tix the flow channel
is; esjuiValent to tfte amount ofr energy net̂ uinsd-to] generate; tn&
steam 3aw given: in equation: ($)V Thusi, burnout neat flux, af a:

is given: try,,

whereATsub,is,dieliquidsubcooling:mdj* ft;evaluatedfromi
J

eflectatnmaitiDr,-inflow re gimeL

CmCULATION LXMITED BfntHQQJT

Vai a drculation-limiDHi burnout dry out occurs when: the
vaporquality attfteexitrcacirei IQOS ihaitieaicrf. chnmel^that
is; fiedi %/ natural circulation Sow:. The; critical power tfiem is;
equivalent an die power required to canvert ail tfte naturali ciî -
ciilationfrow entering the lieated channel ihtttsaturatEdJaeatm.
DE cdcTiliadngtiburmjut heat Qux.. the aniydiffeicnce between!
chê  flow iBsuiic) trmi H i ti nn lunxcrsict tfnFCiiTnii'BtiiTTr linwir ISJ tnĉ

Imagine i, heated! channel iimneaedl in: a: large pool' o f

flow/ tftrougtii thccJtanneJi is;

i s evaluated! as,,

en))
In: a: unifonniy heated charmeiwitha.saturatedinietliquiciinbw
and'a'liuniugeiieuu5:twq-phaae.flowih;the:channri,, the: average:
void! fraiffl on: Misgiven, in. tcrma; of the: crit void fraction1 ae>,

wnenc (if/

When ate exit qurtityx

C.B))

Midoeathe exit void: frac:-

Tfie aingje-nhase: iniec pressure: Ibss ^jjj; is; the sum. of a;
local! IOM; aaiil m. acceleration: pressure drop due to a change in
area;.

(2Q)>

TBe friclionai: pressure drop: through tiie channei is;.

& homogeneous: two-phase: friction: multiplier is; used;.

(22»

xCs^j^aHL (23)

Thei faction! factor f' is; e/aUiated! &oim the HI'asiUs; equation:
vwtttti a1, catnection. for die viscositv suggested &y McAdanra;."8'
andl x cDrrecriom <te* for the ffevnolds; numter to a\ rectanguiar
cluuiiiei. suggested! by.' Xones;,

where

(22)

(26)}

.* goodanpraximation to theintezral in: equation (21) is to use:
the: meani value off ate quality in: equations (22)) and (25)..

2 VXS
*

Hhe acccleratxoni p £ drop; in: tite channel due to bail-

(237:

tftefciiiBtic energy naaw.«a*d! from, am area expansion; is;
approximately equal to the local loss.

TJiesunrofalllpnrraureloasea: must equal! tnedriViitspres:-
3ure;,i.e.,,

(28))

To> lie ennaiatent wttfli tire circuia£iani-ljiirj:tfid aurmmt
mechanism, rtte: exit quality is; set to; unity iiii equation (1S)\,
while the meat quality is equal! to 1/2;.



Once die: circulfttxbil! ffiiw;, Gt „ i&detsnnuied! feati equor-
tibni (23),, die ciraiiadon-Jimusdl, CHF,, is: raiimlmndT by/,,

qfciL=^L<3k»tfc (29))

We note: tftac wficn die iniec Saw is subcaaledJ,, die: pressure
lraiiHiaiihcquHtinff(23)rauscbemo<iiebi:DarBflectanon-tJoiI-
ing; and! a: buiinig; section ut die channel,, lie,,, rsnlacin^ the
Iteadst length: (I!.)) with die (wiling length:. Similarly;, equation

ai observations suggest tnn£ diete are; tfates:
&ec convectibiE boiling; dryout: meuhuuiHUUL vx. iuuxo.w
ni^^ The diaBiii^piMll boiling: CHF;ia:observeitwhor. the; Ly 5;

dianmiii3:3amewtiattlucic,,tiurnout.!3 due to vapor'bianketing,.
n̂<J' tttc î Htjt*' C3tt QC' npy''f icicti! By ttic-

for pocul

am
* by Monde et.aii,fTBe fiee canvecabn failing data

terms oc CUB'
pattern: emerges; (i
abtaiiieil iic tfec

, Far W/S > 5,, t f e € H F datai
iE (IL == 2CB mnt am!3^Tinir))6air-

finr utc flow/ i.csiiuc

w;« ra

Eigure 2. IHmtde'i CHFdiBa (jaturainl water)) ihi temw, aetfte;

i^i^n-imfri in w|iiaHrm (3); TTfig-FHtrdirtirnfttaiiTeriiiil]
tte:langcrchannei(L.=50 mm) are ail above the flow regime
transition curve want W/S isgreatErtfiani S.Tfiis; suggaB; tftae
anotnei burnout nrecnairiisnr. is; prabaijiy raspanHifile fair
digpnits; accuznhg iiu loji^ta channel;. Etpjalibn: (8)1 snnwi thac
a KgierfiiiaiDit factor Crresulis;ih: slower siramiffaw.'at tfle
point: of zero liquitf penetration.. "Die two carves ihi Hgure Z.
using: a.G ,̂ of 01005 an* ffiQOff,, resnectrVefy,, ciearily demons
srrates diiis: trend.. Vt iir. ai'so; e»iaiatt that tfte tlteorv.' of flow
ccsniiC'ffrinBrfifTfii tzuzoou£cniy 3nnlic?r to.)snisil. >triP'sizes*-

Focusing: on: free convection: boiling CHF in: somewhat
thin? rectangular djnrmels( with W/S>5);,FigniBS;3: and 4 show
tnes watK-CHFctaontstnei byMonde;, et. a t 2

aiU, '
based1 ait die: criteiiuu f!oir flaw regime ttansiticm: (equation
(^);ai»dldiecinnii^cm:-lnmtoi!aiteriint(eqBatibn.('29^
piedttitiuiix generally' fbilbw die txsndi o£ the: diu&. Nb) attempti
was tirade to: fine tune: the modei parameten (such as: friction
factors) to achieve better qtianrirative agreement between! rihw.
iTIfrf.' t

AaaeatiitEiguee jiwiitft W = tQ)nnniand!cnannEi!gaps;in!
tttc fjBjffrr f?f L innr̂ i n iiiiuriiwirlijirrfWrJHi is niffTTci)T
die; GBF baKd; on; a tnraiticm iii flow regine. 5fcnde;'s CHF
data: for die snorte cnimneii (E/W * 2)) are cibssr ID; die flaw
repine transition: CHF 'titan die circuiatibn-limitcd CHF!. TRe
d t & di^lbjigei diajjiiet (L/W^r 5)"; lie midway.1 between: die

fTnxes^tcrixcieii;by diecvdburnoutmecnantsmsi.

=10) mm); BE Ftjgare;4-,, die two) burnout mecnanisms gi
similar criticail lieatirliixes; foe dte shorter channel (H/W =̂  1.)

Si, (Ttirt,

r.. Cuiiiuiuisuii:afcirculation limited!Uittr,,ffo»!HEii7ieuan:-
sinonGHFmd:Maiide's.GHFdau:(3a«urattti*«crataSnms-



B»r.<3») Bjir.(S«)

W

Si, mm

Figure*

net asedi % Fapsi (L/W=<% tte. cincal«eion?4iiiirani CHF is
i C E B F r i d i

a s t are octnErpRdtctGa: 05 tnc

Front cftc fwcdtctzanx sfeRWE iic Figittss 3 and! 4!- titans

cr|^

culatiani Iiinit gives: ttigttor Iteat ffiuaex Uiaui die; flow regime;
uanaiiibro what die catiixi E/W ik grejtcr cftani o n e This ttendi

x sifltgriu6ia£ thad aC die

i

Iffl

A isom between: equations (H) and! (34) y

THiia simplified: analysis shows tflac the cacullanbin-fflnitedi
CHF wiH excBedl die CHFpvrem by tfie criiEriioiE far B w
mgliiie tracsitianj w hen die Iteigftt a f a teatedi channel is;
approximately one and! cme-tialf times g'jr.Mr.) tfcnr. the widt&.

enmnatexxc wittt t&& caicniafKMnii sitawm

neJiiniaiceseairikisacJDrftasailL/Wratibjcifa&auclQi.andimW/S
ratini of aftout 2S. TfinsfbrE;, tfte fise cnnyctiani bcrifiiig tiur-

limit anct
not by ttBtflbixiing piiermtntBTim; associated witn: a. iransjtiair in

So; fins; t te disausiimw air. fiee cansoOrat; titriiing CHF
&«vefbciEmtim.(^annei3;tii«:are:oriirrvin7 rttiiA
TRe jwali IroiUhg limit explains; t te bntneut meciranism iff
't&cfc'di»niiel5.. Buraouci in: 'Ifiiiii" dtmraefcaecauaecti bj--tfls
ciicuiiwm limit for'long'dimmed ani tfte criie^^
regime w»«ftiirnr> fet 'Stort' dwnneis. A CHFcorreiariDn that
is; v.atiiii fibr a wide tange of ^p> sizes;, front (nidfc to tfiiir. cftan?-
m^vOn fccimmrtinedS!om: the CHFscalaiiated according'to
tfte tmee buraraic rnecnanisms duaiawdl. Qhe of tfte simplest

11
(3©)

Snr Ibm^' diannda: wtttt C/W> 11.5,, andl.

equations ((115)),, (29)),, and! (3CP);, teapecrwciV.. Similar ar tfie

tiiana: (£58); an* (tSEJ) cedtace te m e pooli boffins
di Jiiiid gap (5): bn.iiimj Iarjc. Far small! ̂ jr sizes;, t te equa-
ttmtSi ji^Biflclii tne dccouQERi} limir sndl die flow ic^ine ti3n9ir-

wdy..
c (3S)) amil(iI7i))) wiift tfiree set* off CEEFdiaa! &oni>

Monde aR: snow.it ihi Figucex S tftnra^t T.. Tficse dstai were
tafea finm somewtwt Tong'' dhmndsi, iie,, E/W > 11.5;. and! as

„ die;'are wcttl jiiniiiaed] by equatrani ('35)1. It is imted:
Ui«^ tneu
went ^ 1 from somcwliattmiiichanneiiE
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