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CRITICAL NEAT FLUX FOR, FREE CONVECTION BOELING: IV TNIN RECTANGULEAR CHANNELS
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cliamrels.. To minimize the: need! for sugport: structures; shove
tie= reactor core,. many researnc amd! test reactors; have:
downward cooimt: flow:. Wherr conditionsane upset; suchas by
alossaf farced! flow;,. the:removall off decay, izat fron. the: reac-
tor- fie! it By aatural cireniation. Free: convection: boiling; im &
coolant: cliamme!’ prowides: the: buayancy force required! to;
imitinte: tie: trarmition from dowmward! flow: to naturall cirenis-
tiom. Asmany; research anditestresctors: use piate-type fuel ele-
ments;, te: conjant: ciamreds; are: thin rectangniar cliomels:. Am
understanding; of the: dryout: mechanism associnted! witti fres
convectiom beiling; im: thir verticall rectanguiar cliannels is,,
terefare;, of iiterest: i evaibating: tie: safety; of such reactors;.
The: abiility’ to predict: critical: heat: flux: (CHF), i & confimed.
space;, such as; it a. i rectanguiic-cltmmed, i also am impor-
tant: factor: 1mﬂmcuuhng of electronitc: components by immer=
siom: m)mhquui. Bere the: CHF determines; the: maximusm safe:
lieat: load 2 component: cam generate: wittiout: causiing; thiermail
excursiom and! temperature averstioot.

MandaZand Fujin’™ have studied CHF of fiesconvectiom
bnilingiinwaterimverticall rectanguline chinnmeds:. I botlt setssoff
experiiments;. tie channels; were: formed! by two vertical: sur~
faces: of lengsti L. and’ widtt: W, with: a1 spacing, S, betweem
ttexm.. Uniform lieatiing was; appiied tmone: sirface: of e cham-
medi (imensured] L x: W0) tiat was;submerged| il saturated! water:at:
one attnospiiere:. Bumout: was; distected: By: ofyserving thie: tem-
perature excursion i tie: cliamel wail..

Amrexamitratiomoftie:Monde CHF data” stiawsttiat CHF
iin -t vertical. rectanguiar clisnned: decreases im 2 rougiily
hiypertiolicfastiion: witthincressing 1L/S:. AsL/S - O,.theCHEF
datz approacties:tite:poolt boiling CHE.. Yer, axL/S increasesto
=101, the: measured! CHF' is; only atinut ametentlt: thae of the:
pool: boiling: CHF.

Using; CHF datx:albitaiited! i ﬁmrdlffcrenchqmds, {(water;,
etlanol,, ffeam 113, and] benzeme), Monde” farmuiated) o
gemeralized correlation: off the: CHF data. The: correfatiom,,
whiichh agrees; with: the: data: withim £20%,, fas; the: form,,

Tl 016 -
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It is noted! dine wlem L/S =0, equatiom (1)) redices: 1o the:
Kutmteiadize correlation: for- pooil boiling CHE

Fujita’ sdista™* o free convectiomboiling CHF stiow that;,
for @ given: vertical! reztanguiar cliannel! of height L, CHF
increasey, withh gap size,, Si. i Fujjita’s expetiment;. the: maxi-
munm g size: was 2 mn, whili the feiglits of the two clinmmeis;
tested! were: 3D mm: and! \20) mmm, respectively:. The: S ratio
wat; muci largey them unity;,, and’ the measured) critical iear
fliuxex: wene less; tham tie: pool. boiling CHE. Fajits evall, ™
otiserved!tiat CHF i i vertical rectangular climmels may be:
predicted! from: e limiting; condiiiom that the: lomogeneous;
flaw:of" mvapnranmhqmdj mixtureiravertical diter, ditvem by
naturajl cireulation, is; completely vaporized. at: e top exit off
thie: Hreated! cfianmet. 'mhmlmmum:mechmnmmhmhem icatieda
circuiation-limited burnout® that: occurs whem the: flow: is; low:

and!the: vapor quality: at: thieexit apgroncies 100%..

fnthieir study of critical’ heat: flirx: und:rcnm!munsaﬁ]uw

* flow im x verticall anmuius,, Misitima and’ Ttiii” suggested: that:

aother mechanismm of Burnout may: resuit: from a ransition im:
flow regime: fram: cliurn=turbuient to mnuiar.. They: observed
thint tiis;type:of burnoutoccurrediover the: same: range: of mass:
velocity as circulation-limrited burmour. Mishimre: and!
Nistibiem® measured CHF at low mass upflow: im thim vertical
rectanguibr clismels andi tiey: aiso observed!a comespondence:
betweem CHF and flow’ regime: transition..

The: above: discussiom reveall ttires: mectianisms; of. ffee:
comvection: boiling bumont in: verticail rectanguiar clianmeds..
They are: the: pooli boiling limit;, the: cireulatiom limit,, and. the
flow: regime: transition: limit:. Alll thiree: mechamisms: ca be:
muodeied by analy zing die: iydraulics im a rectanguiar cliannel..
T thespresent study; tfe: required steam: flow: teeffecr a: transi-
titnr fron:ctiurm to annuiar- flow: is:derived froma ffaoding com--
dition imposed! am: the: liquid! filnr afeng large: chunr-flow
Bubbles:. A homogeneous two-phase flow modell is usedi to
predict tie circulation-limited CHF.. The: three dryout:
mectanisms: are ttiem discussed! im the:context of existing: data..
Obwervations; alsw are madie on: the: relationship Berwesn. tre:
dryout: mectianizms; and! the: dimensions of the: rectangular
chinmmels..

FLOW REGIME TRANSITION BURNOUT

According lmmmﬂ:hanmm of Taw: regime: trznsitiom sug-
gestedity Mishimaand Ishiii, >z criterion: for tfietransition: form:
chiurm; to ammular flaw: is: obtaimed! by, postuiating: @ reversaii off
fow imtieliguid! Al along: large tubbles:. Locally;, reversal iin
a diaining: liguid’ filmm aceurs: whem the: interfacial diag; is; high:
enougti tolevitate: the: film. This; condition: is equivalent:to: the:
caze: of zero lignid! pemretration: i counter-current: flow: limitx-
tiom(CLCEL). Irix:then reasomabie to trear . burnoutcaused by @
transitiomiin (Tow: regime:as. z limitingcase of the so-cailed cir-
culatiom2nd. flocding: limited! burnout:. The: cause: of a:circulat-
i and: flooding; limited: burnour: is; tiaz alf! the: liquid entering:
thie: flow: passage: from the: Bottom: (tite: circufatiom part. of! e
flaw); is; vaporized), andi the: liquid! fromm the: top: is: Himitedi by
fToodiing dite to Rigth steam: flow;, resuiting im @ dryout orr the:
lieatedi surface:. Forr a. bumout: caused: by: 3. transition: in: flow.
regiine:. the: stean: fTow: is; gl enougfh (v prevent liguid: flow
from thr-top..

An amaiyticaf’ expression: for predicting: looding (CCFL)
im: thiiim rectanguiar clianmeis: was; recently derived! from: the
bwo-component momenni equations: for the; liguid’ and: gas:
phase.'” The flooding: correlation. was also successfully
agplied! o > predicr floodiing:-limited! CHF in: thin: rectangular
cligmmeda™ This previously dertved: flooding mode! is used: tor
estatiisth tire required! steam: flow: tfiat: effects; @ transition i
flow: regime:. As strowm in Figure B, the: floodimg modal
assumes; that: the: liquid downflow i3 i 2 fiir alomg te: nar-
rower;, uniteated side: walls; of tie: chanmet), wihilk: the: s flaw:
occupies ttie wiidespam of the rectanguiar clramre!. The: follow-
ing d::vciu?ment. af? thie: floodimg: moded fas; previously, besm
reported!™ and! i sumarized! iere: for completeness:.

A foree balamee: from: using two-phase: separated. flow:
moumentum equations: for tie: liquid| md! gaw phase: gives,,
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Figure: 1., Mimestom Gl for sspamed twos-piwee: flow; ima thim
rectunginrclinsedl.
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A ccial prranreterim the: foree: balknee is the: interfacial) fric-
disveioped! by Wallis'~ for ammier flow;, manely;,
§=Cll+T5 (-a)T ()

Tite reccormmpenmiied! valise: fr: thie: Famting Frictiom factor (Cr)) i
Q085 A constat: C,. aff GLORY wass stivow oo tee: apyroyriate: for

climnell;,

At thie: poiirt: off zevo liguitd penetration,. the liguid wall
shtene (T} i expromtiivn: (2)) i 2o, and! e inperfacial siewr i

simpliy;,
£ (Y
q=§ﬂ.ﬂ§ﬁ ®

T wall stienr for the: gas: flow: iz expressed as,,

b .
w!' 2 Z(g]z )

Aszfirstapproximation. set £, =C;

The: force: balance: i equatiom: (2 is ffmily, reduesd: to
provit: e rate: of ges: fow whict: stops: e liguid! filnr Tow:.
The: nom-dimensionsd superficinl’ gus velocity | at tiepoiint of
zero liquid, pesretration: or- the: point off transition: im the: Gow
regiime: i given: impliicity try the vefitiom,

! A
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“Thie: rom-dirmenaional superficiall gas; velowity: jj afse cam be:
writte. i terms: off die Kutateladize: numirer: K. Le,,

. i .
=KW @12y
wiiere,,
% ..,
K= (3
[omgraz] ™
Eipuatiom(3) approaciies 2 constant: Kutateladze:mumber asyns-
reaticaily whem W™ —» ecapd @ = 1,
]‘,Z !I“'
- mz[—)
\w".:.., ) (14y:
[ 2B H

Wit 2 O, = 00, tite asymyptotic: value: for the: Kutsteladre:

rumiper-at tfie-zenoliguid peretration poiittis Kir = 3.4 whichnis:
very clime o - ttie: .2 valine alitwined by Pusticin: ad Sorciin ™



frorm: expesiments: v Trye: pipes.. Previausly, Taitel et al.'™
havesuggesteditiat ransition o anmular-Tow im a2 verticali pipe:
occurs when the: Knmieladze: numier exceeds: 3.1 Therefore:,
thie: criterion: far flow: regime transitiom developedi fiere: i com-
gigtent: with: theit proposed] modaf..

The critical theat flux: corresponding toa transitiom i flow
regimme: fronm churn: te il ar is obtained! fronm a frear balance:.
According to iz diyoucmechanism, when burmont oceurs, the:
treat emergy that goes: from the: freated! walll to the: flow: cliapnel:
is equivalent to; the: ammoune: of errergy: required. too generate: tie:
steany. fTow giver im equation: (8).. Thius;, bumout:freac: flux. of z:
flow regime: transition is; givem tiy;,

w——JIZWsAF/ﬂ ol g CATw) (19

where: AT . i thie liquid! subcooling :mdlj; i3 evaliyated! fronw
equation(¥) thatprovides; implicitly therequired steam flow: to>
effecyu» ransition i flow regime:.

CIRCULATION LIMITED BURNGUT

[ & circulation=-limited) burnout;, dryout occurs; wiem the:
vagor quality at e exit reachies; (00%: i ailieated: chironel tiat:
i; frerd! by matural! circutation: flow:. The critical power then is
equivalent w the: power reguired| i convert: ail tite: nraturail cie-
cuiatiom flow emtering the: lieated!clianme!) into; saturatedisteanmm.
I calcuiating a burnout: lear: flux:, e oniy; difference: etween:
the: flow: regime: tramsition: limii: ancd the circulistion: limii: is tie:
distermminstion: af- tie: limiting: mass: fux..

Tmagine a:fieated! clianned immersed! im 2 large pooli of
saurated! water:. The: driving; pressune: thiat estabiisiies naturatl
circulation: ffow; thirougti: the: cliammell is

agy, = (P~ D) gl ()

wherefis tieaveragedensity of themixmre:imthe chanme! andi
isevaluated ag,,

T=pr—4nT Q)

Imauniformty lreated! clianmed wittha.saturated inlet: liguid Tow
amd!a iomogenreous; iwo-phiewe Tow inthe clanmnef, the average
vaid fraction & i givem im terms; of the: exit: vaid: faction o,

L 7ot » ]
il Ui i 1+ o (T ]\ AR
=" *(%(M-w)) ),"”En*““‘l""‘”]}s (L8

wiiere w=g. /0y and,
P =
%-‘W iy (19

Whemtteexit quality; x,, becomes: 1), s dives; the: exit void ffac-

The sivgle-piiase: infer pressure losy; 4, i the sum: of @
lipcai lioss;and! amr: aceederation: pressure: drop dive to) 2. cltwrge: im
ares,,

Agy= L.i(c;_} (20y

The: fictionail pressure drop tirougt the chamell is;,

Gz: i : oo o\
Agy = l fony dz 2Ly
{0 zh‘f‘n‘ 1 liow

A iomogeneous: twa-phase: fHiction multiplier is used),

W= L+(A"Jx(z; 22
wiiere, for x umiformly eated! ci | with zeros indiee quality:,
x(‘z);:x‘ s M 25

The: friction factor £is; evaluated) fromn the: Blasius; equm:mm
witth a correction: for thie: viscosity: suggested: 8y MecAdioms,'®
and! a: correctiom ¢* for the: Eavnuids) number im . recranguiar

chiammed. suggested: by Jones,”

o \I7&
&G Dy,
f=0‘..’:“.~];6*~'¢ “) (29
wliere:
o @5
o (=X)L
amd!
. 2 IS [ \
Yeitm w;(z - ’W-J: (28)

A. good approximation to the itegral: im equatiom (21) s touse:
tie: tream vaiue: of the: quality im equations: (22)) and (Z5).

The: acceleratiom pressure drop i the: chamme!: due: to boil-
ingifn,

sp GE(tx)” prxd J -

| e ppa

Thiere: is; essentiaily no: pressure: los; at: the: chiane!’ s exit since:
thre kinetic energy recavered: ffom an area expansion. is:

approximately equal to) e locadl loss,.
e surm.of aill pressure [oases must equal die ditvimg pres-
ure;, e,
G Gzr LYo Vo :
(ErPal=15 "*] (E](u ”"’) Selfre_,
zﬂr Dy, 20) \Pe APy

28y

To be comsistent with the: cireulation~limited Burnout
mechumrizm, the: exit quality: is; set: to; unity im eguation. (Z3)),
whiile: the: memr quality. is equaiito [/2.,



Cnce: tie: circuiation: flaw:, Gy, wdz!nmnm&mn equa—
tiom: (Z8)), the circulation-limited], CHE:, m:calnulan:dbg

A .
T =3 G g @9)

We note: thiat wien the inter fTow is; subcooied), tire: pressure:
tmibncein equation: (23) must be modified o reflect anon-boil-
ing andi a. boifimg section: i tie clianmnel, iie:,, repiaciing the:
reateed. lemgeth (L)) witth thie: totiing; lengtfin. Similarly,, equatiom
(Z9) must: e climyged! oy sccount: for the: contribution: from sem-
sibie lieating; i.e:, replacing i, witl iy, +C, AT,

PREDACTION OF FREE CONVECTION. CBF

Experimental’ aliservations suggest: that: there: are: thiree
nels:, The: classical pooll beiling CHF is: observed whem the: L/S
ratipinarectangnlarclismmel approaciieszere “ Thus, wiem the:
chamel issomewfiat thick, burnout is;due: toy vapor biimketing;,
and tiee CHE cam: be: predicred. by tie: Kutatedadize: cornelatiom
for pool! baiiing (im saturated. liguid),,

e =06 g ouspmZ] @0y

The: free: comvectiom: boiliing diste: afitaired) by Momii et ati.”
suggest thnt CHE decreases withh aredictiomim dre gag sizeaf 2
terms of the: Kiromeeindze: mumirer;, disfiired! ity equation (13)), @
pattern emerges; (Figure: 2). For WIS > §, tie: CHF data
afitaiired itv the: shorter channels; (L. = 20 mnr md: 35 o) fol-
low tie: trend. predicted! by, tie criterion for tie flow regime:
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Figure 2. Mamdes; CHF distx (saturaded: water); in) terms; of; thie:
Kutwtelidioe: mumtier:.

transitiom expressed in eguation: (). The CHE- data. ofitained!im
the: Temger chisnme!. (L. =50 mm)) are: il atvove: the: flow regime:
tramsition: curve: when: WS is greater them 5. This suggests that:
anotiier burmout mectamiso: is; probablly responsifile for
diyauts eecurring im fonger chrammels.. Equation: (8)) siraws: that
a higirer frictiom factor C;, revults iir & lower steam fiow: at the:
puoiint of zery liquid penetration:. The: two curves im Figure 2.,
using a.Cy. of Q.00 and: 0.008,, respectively:, clzady demon-~
grrates. this: trend., [t is also evident that tie: theory of fiow
regime: (ransition: burnout: cniy; applies: to: smail gap sizes:

Focusing; om: free: convection boiling CHF i somewlat
thirectangnizr cimumels (withe W/S> 3}, l:'igut:: 3 amd !4 show:
the: water CHF ' distar aliczitred: by: Monde;. et.. al. % mnd; Fujita, et

all, ™ rewpectively.. Also displayed are: the: predictions: of CHE
hns:d o thre: criteriom for {Tow regime transition (equaton.
(1)), ard! thre: circuiation-limited! criterion: (equatiom (29)).. The:
predictions: generaily: foilow: the: rend: of tie: data,. Mo attempt:
was made: to fine tume: the: modeed] parameters: (suchr as; frictiom
factors) to achiieve better quantitative agreement hetween: dac:
and: theory:.

As seer i Figuee 7, with W= [@'mmmand! cliammes] gaps:im
the: opdiey of 1 mum,, tie: circulation-limited! CHE is; Higiter tmm
the: CHF tmsed! o ¢ transition: in flow: regime:. Monde’s CHFE
datz for tie shorter chunmel (L/W = 2), are: closer to the: flow
regime transition. CHF tiam te circulation-limited CHF:. The:
daex for- tie: longer cimmel (L/W = ) lie midway: betweem tie
critical! et flixes: prediced: by e two turnout mectinnizms.

Fijita’ s CHF data. were: ofitaied! using wider chammels (W
=:30) mm).. ip Figure: 4, the: two burmout meciiamisms; give
sirpilar criticall fieat: flixes: for- the: stiorter clianmel (L/W = 1)..

i
F & Lezmom T L -smam
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Figure 3. Campmmmaf circulbion: {imited. CHE, flow: regime: tror-
sitioo CHE amd Momndé:"s CHE dit (saturated water 2t atmmos-

pheric presure);.
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e Fufion s distss ane: ressomabily predicted. For the lngerciion-
mred! el by Ptz (LW = 40), ruacnmiuun-lmnmiCEls
generaily liigtver ting: the: fiow, negiine traysition: CHF;, amd) tie
distm: a0 betner predicted: by, the cibcultion [t

EFFECTS OF CEANNEL DEMENSIONS ON BURNOUT
MECEANESM

Fromr: the predictions siown im Figures 3 amd! 4 tiere
apmears; by e o cormediatiam betweem the: 1L/W ratitn and: the: catio
betwesmtire crititallflean s predicte by e criteriom S fow
culation limit: gives higirer freat fTuwes, i e fow regimme
trammitico wirers the: rati LW is greater: tiam one. This trend
can e explinitredt By 2 clioser loek- at: ttre: rnoudiel ! equations:. Frorm
a sinpiified amalysii of Aredimg;, it wes sthowr ™ tist at: tie
peint aff zero liguid! pemetcation: i & thin rechoguine chanmel!
if=(m#)Z ar,

YW /2
j'h,zmm[ wimlf )

VWhen the lass of pressure due to acoelieration fecomes;
dhmmwmdm!ﬂafqﬂm(@)}amﬂm&wmh
approximeed by,

G =[(PrPrar]” @

Mﬂiﬂ:(ﬂ};—ﬂﬁ)) = A, eqmation (32) i frther simmglified! iy
give,

L =(Petpel)™ (33

T .
jimﬂ_s Ip—gl (34

A comparisom betwes equations; (3L) and! (34)) gields;.

j:‘; [L m];m G5

Thiss: simplified analysis stiows that the circulation-limited!
CHF willl exceed! tie CHF given by the criterion: for fTow:
regime: transition wiem tie: etglit of a eated! cltanned s
agproximstely one: and! one-linlf times; greater dia. the: width.
This; yproximation iy consistent: with: the: caleuiations stowm
im Figures 3 and'4:. Inis notewarty; tar 2. typicall coolant cham-
mredlifn  research regctor fras a LW mtio:of abour 10}, andi v %/S
ratity of atout Z5. Therefore,, the free copy~ctiom boiing Bur-
ot by the: Aoodiitg piremomenom associsted with 2 ransitiomim
How regiime..

S far, e discussions om. free: convection: boiling CHE

" have fiscused om.clizmels; ot are eitivr very ik or very tiim.

The: pooi: boiling linnit: explaims tie burmout mecfanisn im
“titick” climnmets.. Burnouts; i ‘ thin!” citanmels are:caused by: e
cineuiagion [imi: for ‘lomg” clinmmels, amd the criteriom for- flow
reginme: transition for ‘stort” clenmels. A CHF corpsiation that
i vadid for 2 widi range: of gap sizes, from thick to it chan-
forms of such: 2 corre{ation: is,.

%=-,,——#*— (36)
Vg - Uy,

for ‘tong” chmmmeds; with L/W > 1.5, amd],

L
& Vg Uy o
for: “sttort” citenmelis witl: L/W < 1L.5.
Thre: criticall heat: fSuwes, 4 g, 4., adq, p zre: giver by
equations (I5), (29, amd! (30),, respectively.. Similar o tie
T tiallcorrediation: suggested] by: Momde (equation () ) equa-
tivms; (36)) and (37)) redizce: to thie pooi! boilimg, limit: when dhe:
tioms agpraaci the cipenision limit: amd) e Aow: regime tram-
tiem It napn:mrdy Comperisoms: of tie two correlations
(eopntions; (36)) amd! (7)) withi tivee sty off CHF ditr from:
Dﬁmdtm:sihwmunﬁ;mﬁﬂtmng!n? Theve dita were:
taiem front somewiint ‘Tong” cliwmels, iie, LW > L5 and s
expected,, they, ane welll predicred: by: squatiom (36).. It is; noned!
tint the: cornelitions; gererailly undier-predicr Fujite!'s dt et
were alll front. someewdiae tiimn clianmell:.
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Figure&. Conmmexinow aff CHE corvedistises: with: Mansde"s sstuoted|
vt CIF dism (1= 35 mwmj).
COMNCLISIONS

Thioee: mectimmisams; of free: convection beilimg burmout: in
wertiel rectangulioe clinmvetic wve: beem identifed). For 2 some-
whme: thhici climevvel, wivene: /S —: 0, the: mectimism off bur-
wat: i waper bilendteting,, similer ap diryonst: i pool boiling,. i
semwewitar: tiim cliwmels, withh W/S > 5, tarmout: im stiort cter—
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Eijgune 7. Comyerisom of CHE correlarions; withh Momdes saurated!
water CHE dipm (L. = S0 mm).

el (LW < 1.5)is dise o local floodiing associated) witth o tomr-
sitiom im few regime,, wiile in long clamels (L/W > [L5),
5 i i iy e citcuiation it Given tie dimen-
sioms; of ttre: cooliant ciimmeds; of 2 typicall researciy reactor,, free
conwertion boiling is [fmded By cireriation-linited burnour.
“Thee: aradiy tiicai] mrodisl devedioped to predice criticad ear uxzs
dire ty diifferent: burmout mrectrisms are sthowm o agres

qualitetively witth expreriimentall dira..
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