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A NONEQUILIBRIUM VAPOR GENERATION MODEL FOR FLASHING FLCWS*

P. Saha, ¥. Abuaf’ and 8. J. C. W
Department of Nuclear Energy
Brookhaven Naticnal Laboratory
Upton, New York

ABSTRACT

A nonequilibrium vapor generation model for flashing Ilows is pre-
sented. The model consists of a flashing inception point, a dubbly flow
regime followed by a bubbly-slug regime, an annular or annular-mist re-
gime, and finally a dispersed-droplet regime. GExistence of superheated
liquid at the incepcion point and beyond is recognized. The vapor gen-
eration rate in each flow regime is calculaced from the estimates for in-
terfacial srea densitvy and net interfacial heat flux. However, the bubble
asumber densi:v at the flashing inception point was varied to obtain opti-
sum fics wich the void fraction data taken in a vertical converging-diverg-
ing nozzle. The interfacial area density at the inception point, thus
determined, showed a rapid increase with the decrease in the ligquid super-
heat at that point. This trend is corvect since in the limi: of thermal
equilibrium flow where the liquid superheat approaches zero, the inter-
facial area for heat and mass transfer should appreach infinity.
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3 T ¥ % aax Y
Tharafore, :%e void fraciiomn due 12 ihe Tavior ubolas
alone is jiven DV
1
/9 B ey
. * 7' - —_-—‘ as
* ¥ izaz”
and the acerfacias arsa fensitv dfua 13 ine Tavior
JudsLlas 2an e jiven 37




2/3
l,":.'5<l.‘2-+:)::;—; . ¢+
' % aas

Note that 4f 2he lengtheco-dlimater racio of the
Taylor Subole L3 §, % suzrface area of ihe W0 anda
3¢ she sylinder Ls suly LO0X of she 2otal surface drea.
Woreover, t0a eac sransfer ac the lateral surface of
4 Tavier duoble (8 expectad %0 de more afficienc than
tnat 4C the w0 ands ecause of 1ignar relasive vele

gcizv., Tharefora, for the dalculacion of vapor gea~
aration, ihe Lacerfacial 4area dansicy due 3 ke
Tavior jubblae ian de approximaced as
Jold
¢ la
b, o ® opeim— (ah)
% L .
‘s 2ax "

e Mdvantage 2¢ th@ AJOVe 4axoression L8 ttac Lo
Joviacds the teed far furiier Ad!usthent 0f lae parfa-
qWLeL, ..

The average void fracsion af ihe dusblvesiug
flov lncludes vapor wvoluaes n ihae Tavioe cuboles as
sall 48 20e small dudblas. I :he volume of & ma.l
wsole L denoted IV 'I.,. aen

PR
e / i e “p

ia 2he 70id fraction dum 29 the &zail
and 2, * 0. A
Mherefare, it
5 H.fl raglon af rmi-
> T3 ) 7 with n0 dudoies. This Laads 12
the idea af in "atfeccive” volume of the Subzly aix~
ura, YDA 3av o6 wilten as

mare 3, o N7,
WIiesT AL T 3 " a,, - 4°
, 2 - i “z A e Low oo

, there will 2@ a lizu

- ! P e e . % :
s, afd I e " m) ’: 7? > (a8)
neare ¢ = 3 fov 1-1,, >
md e | .3 .
e 3 3
e possibie expression fov ¥ la,
3 -3,
1 e —dE by )
3 -
3 hax "% ax

axT, a'} 3 defined 48 zhe vold fraccion ius %3 the
smal. nboles Ja :ine Sasis 2f the 'effeciive’ volume
3¢ che upbly aixture, L.e.,
- a
;o= -_-—,— - . . - 2 . 29
AT Lt il il "

IONSLACANT VIZH Loe 4Arller 12SumDcion thAC Judble
llALAdcance STACTS AL - l’ ine Local void Iracziom
1 the 3usoly atxkcure of Ine Judblreslug flow L8 as-
jumed cAVer ) axceed b gax. Thus, as he avaraga
":'..‘.‘::u:m 4 ACTAses DAYONA ik gy, jome snall
JDO.AS are Tsmoved (2 the 3ubbivy reglont %2 f‘amm

comotaing fquacions (2%)

Taylor bubbles, and 3 (3 dounded 2y Y sax' S0

e % aax a9

chrough (29), e sdcains

the folloving exprassion far i

3 -
N T KT 10
(3 aas * % oar’

fquacion (19) zagesamr with Iguatia (2e) praviies
150 asarfac.al area daas diue 33 the Tavier jucoles
alome. Ii vas stated sarl.lar hac W ide prasent
1mud?, % = 3.} snd 2 e 0.3.

TR Ty s . 3

§ince 20t 2f the incerface 3n N
(3 the Lacaral surface of the :7linder,
aeenasly casponsidle far a0ec 2f the hest Lransier.
The jeat zransfer coefficient 29 2he iviiadrical sur-
facas L8 approxisaced Dy cthat 9 Lliguid {ilms.  Th
APPrIXANACION L8 N6 406 A9 chac used for che slug
{low regime i TRAC-?LA sode (3s, 230, The falloving

v

atprassion due %o Linen-a [23) is used (8 TRAC-PLA as

Tavliar ubbla
shis atea i3

/L. 28 2 2his soudy: i
. }‘“; %
:cﬂ'm?—-t ssnscane = 2,072 , 1338
il o Vg @ ).;0.’1.‘_ VoS
. r
Mmera 1, L4 she Liguid speciiis neat.

The i2ove jorvelacion was adctained Irom condensacion

3f stead sver sudcsoled ligquid f4la, lcs drect appli-~
:at.30 2 the case of avaporation of Ligquid i3 aav
e juastionadle. Ia addizicn, :he effect 27 vapor

shaar 48 29¢ :acluded. Thersiore, ife search lov 2
Jecsar Test tTAnsiar sorTvelacion far Tavior Jyobles
souid zonciaue,

& the wbblreliquid aix-
she acerfacial area

Tor the small udblas
sura Jecween 2wo Tavior uoblas,

dens it ls jivem DY
3 & J(a=1,)
& - . cem—— 32
9 % “

flscussed
irangiar

and %ae 30didLed Alaxksandrov aguaction,
dAr.liler, loncinuss 0 Je Jised {2r ine eac
so0effiziene.

The vapor driftc velocitv  :he slug {lov regine

248 Jeen jiven 3v luber and Tladlav (17), among Jchers
is
————————
. § b e 3 "
ro o ™ 0.38 v __;_L— )
4 3 3
dowaver, 1 the Low void {raciion range »f .he Jubblve

siug regine, zhe lov fleld i3 scill dominaced 3v ihe
saaL. udbles and a0t dv the Taviar suooles.
faTe, 38 felacive velocisy snould still e 2iluanced

Tiare=



a0etly 3y the tise valocities of the small sudblas,
with no disconcinucus Jnange & v . . Thus, the vapor
drifs vealieisy L dobly-slug fl08 “Ls assumed 0 e
jiven 3y uhu fallowing volume~averaged axprassicas:

i) {:.o'r (34)

d

“r.v., W /8

$5.0 3]

. .- ) PR (
/“ 2 ( -9 35)
YnaTe Vo o 44 detarained from lguaciom (3) amd 84,3
from Iquasien (213). Tue Telacive velociiy calaulaled
irom Iguaciaa (35) is hem used A ihe calculacion of
tie eas iransfer oefiiclancts 3 aad w @ 20
uboL7eslug regize.

a4 AGn il 4

L

ASNULAT i8¢ annular-nist flow zaxe place Lo b
iTAnSizional Tegion Teswveen ihe JuDOL7eslug and ile
disparsed iroplaet Tagisas. A3 poinced QUL ear.ler,
& ihe Jresent aodel thae Ilov pastarm ihaages In0%
ine Suobiy=slug Tagime 23 the Jure annular flow Tegise
4% a1® 3 e 7.3, Tyr puras anaular {low, the acare
facial MeL27 And a8 "Neac transier coeflicianc
ara givem v

;; - _:... 18)
and
h.# 2,3073 . v, 2 s
- - ;. 3'.\
The sizuation rsccmes ismplisatad 38 drdplaet

acriinment tegins.  The Jnsas of droplet encralamaent
=ay se ietarsised frim tae sorvalacions of Lsail aad
jrolzes (23). However, taers ire zajor Jncerzaincies
Tagarding :ne race of acralament and the silas af
iroplets encrained L :he vapor sors. Turther -
7ASCigALion L4 Tequired L I0Ls area.

23 1 sgoglat Tlow

“hen 2 > 3, 3he Liguid Ls assumed 33 3e fullv
i.spersed as irodiecs. The value of I, i3 assuned
13 se 3.3%, Alsarmacively, Sha axact 3&“ af 3, san
38 :aleulacted ‘rom the 30del for ihe annular-mist {low
a8 she Liguid fila ac she vall 4ries Juc decause of
iroplet mcrainmen: and {Lil3 evaporaticn. 12 ile
iispersed irsplet regine, tne iroplet 3i3e 3ay de
axpressed (n taras of 3 srisics iroplat Jeder numser,

18

“allis (ls) suggested che ITiiical Feoar aumder s
e for dropleta L8 4 L0v 7L8CO8LSY CAXTIer jas, Jnere-
as Jvarmathy 12) founa ihe Lizarature value 3¢ de,

@ iha Tange af 3 25 13, waliis's value 3¢ L2 appdars
Tsasonadie, tharafors
i '.Z‘: -"
ERET

Assuming spharical drvoplets, che incarfacial
araa density can de given by:

A, J-m !
ik 4 (40)

ALso, he relative velocity of the droplets can de
given by

'
-
g (3 2 .
3 .-;'4 .}

——h

|
3 | L3Y
)
- i 4
The ssavecstive heat transfer 22 Liguid droglata
a8 Jeen lavaestigzaced v 4 numcer 2f rasearzhars.
Most 37 31he daca can Te sorvalaced v ile exprassion

t ja ' q
"ud ®l.J e < RQ= A ."."" " 2}

wiars 2he droplec Nussel: nuamder s

g, » & /% (o)
4 4 i s‘ 3

che izoplet Revnoids umoer s
3.9 3

;-
&

e, »

4 ’ -
P
3
and the vapor ?randtl auabar 4 "
. -
95 8 wibeache Ty
£
' H
13 1% 400ve dquacticns . i3 the ViECO8ilY, & L8 the
sheraal ssnducsivicy, and subseript § refers ¢3 e
vapes. 2anz and Marshall (30) found 3 e 3.9 for
vaPLIus Liquid st solid sphaTes Lt air or occer {luids.
Lé4e and Rzley (11} ia exper zencs dn evaporation of

Jetar droplacs in superheacad sceam, found tnac

21 % 274 far the lawmoids aumoer Tange of %6 22 230,
jince %ne two are :lose 32 sach ocher and Lae ind
Jvlar's sarralacion appears =9 e vaiid fov droplaec
Reynolds sumpers 4p 22 +0,200, Lae and Rylev's (L
oTTelacion Ls ssed nere fov dispersed droplet flows.

SOMPARZISON NITH TUPERDM(ENTAL 2ATA

The prasant nodel 1as ceen Joplled 19 4 staadve
scats ‘lasning axperiment :2angductad 8 4 vertical
ionverging~diverging Nozzla., Thae dacails of :he ax-
serizent i3 given in laference ... The Zast sec:lon
vas zade 3f stainless 4dcaeel vizh a tocal .eagesh of

PR

7.797a, acluding a svmmecrical isavergiage-diverging
sor=ion 3¢ 2.33% ia langta. The inside dlamacars
At soth ands vers 2.05la and :ine :hroat laside dla-

laitialiv sudbcoolad <atar At Low
sressures (2 22 3 scar) ancared e tasC seciildm ac D
s0¢5:m and floved upwards., As Tne Jressure lacTraased,
{lasning Jegan near she Ihroat 4nc TwWow-pnase 1ixturs
flowed through :he iivarging pars 3£ :ine 2032T.a.
Pressures And aras-dveraged void fTactions Jers led-
sured alsng she lLength of zne tast jseciion. The

aurasy 3f 1he Srassure jeasurament vas viiaia LN of
the seading and thac {or zhe void Iractica vas witaln
3.23, The acsuracy far_sne Iluid temperacurs ea-
surament vas wiradm J.1°C.

aatar <as J.J2%a.

it rasent
-d0Ca 12U~

A iomputar >rogrTam <as writian Jor
iescrised earliar. itaadvedcata o
s.2n8 ‘or nass and energy Jer: emp.oved. 0 lomentid
AUACLOn Vas isec; instaad, Ile axTeriuenta. rassure
i1.3cTibucion <vas Zposed. Jince ihe QAXL

Wi d.

=Nl /9.8



fracsion La the experinents siaulacad was Lass chan
3.3, only the nodels developed for the “ubbly and

o8 ubblvealug Tegiles vars programmed. The Zollowe
g 2LetuTe 3A9s and Alxture energy scuacions wvers
ined for dech of thase Taglnes:

A * consctant (48)
a0d L oa s )
4+ 4 (=% » zonstaat (a7)
R
ASSUMANZ The 7ADOT JhAse 0 e at saturaiion, the
specific encaalpy for she Liquid phase vas caliulacted
Y7
A = nh
L (48)
. (eng)
mere 1 48 the vagor 3ass oncentratica and s de~
fined 3y 3% 38,/2 The Lizuid supertasat vas ihaen
tasdulazed ‘frm’ L i
W e K *‘. " (=9
e sac ")

b
Tar voi fracaicn ialaulation, Zquaciems (L3) sarougn
<70 vere Lsed for the dudbly {Lovw regide vhere sudolas
/AT LTACKAd a8 they jTew. Howevar, o ihe moolvesiug
Taj e, 4 2aTe jeneral famm 2f ihe VApOT 24A8S FTuation

88 ised.  The ecuasion miploved vas:
o e, » = 20, % =% )
;?*. - . s %4 L...) u&_ 10)
. L o
he vold fraczian was shen 2alculated frm
" !
- n.: - ok 3 2 1‘- 7 ! ; s.,
» g e L
Tt 4 AN 1 EM.ACLO0, 10E D0ut inslsted as:
b The effective gecmectrv of thae onverging-
iiverging n022la (Lo).
3 The nozzle ialat onditions, L.4., 2ERssure
samperarure, and 7elocity Ir Ilow rate.

Jrassure diseribucion

3¢ tne n0zzle (La).

The axperiiencal
along ne langth

s

the {lashing incep=-
a0zzla shrosc. This

m™ias ionsiderst ners,
A8 tA4An T2 Je At Lhe
ihe axparizental void fracsion daca as
/all as 238 szudv 3¢ Abuaf, et al. (31, 121) which
snoved shat ihe {lashiag nceptian poiat according o
i5e Alamgir-Liennard corvalacion (3) vas ‘ndeed very
1Lo88 %29 3T at the nsczzla ihroat. Che critical ruddle
sadiug A4S I0e TOCOAC ressurs Jas caloulated v using
Tiuation (1), and 4 3uoblis Aumber Jensiiy 4 iha a-
seption Point, 1:5_,, <aAs assumed 0 sCaArtT the za.ou~
LACLSN. A BArSniSg econique vas ased 0 saiculace
dhs 9@ Cariacles excapt pressura) along the Langth
34 ihe 1022.4.  AXial 1taps IT nesh sizes vers small
MouZn 12 assure ) converged Tesuls., The axial void
fzsction praofile caliulated 9y the omputet program

Tar all the
sion Joint
.4 cased on

a8 than iJmpared viih ihe arsa-dveraged void fraction
i4ta. ta ase 3f snsatisfacsary igreement, ine ITee
paramecar, Uy ., vas varied uncil a1 “HYescefiz" between

she zalcoulated and ihe 3easured 7oid fraciions vas

J0tasned.

JeTE ILTuLACEd Wilh ihe Te~
ndar e flllawiag

7f .2 muns
AR Y@ §Touped

A s2tal
jent 0del. Thav
faur sets:

L. Rune 193,138, and 162, all wich approxi-
sataly the same inlet vatar emparaturs
af LO09C, suc with (ncreasing mass ‘low

3. Rwas L45, L33, LI7, end 344, all with ap-
proxisately the same 0l4f JEter tampera-
sure of L2170, ut wizh (ncreasing aass

lov ratas.

Ruas 291, 284, 273, 178, and 196, all with
nne:i.uu'.tl the same Lnlet lanperature
Of Le37C, dus wizh acressing aass flov
rates,

.. ung 1%, 104, and 109, wica A:vtax‘mcglv
Th8 same nLat vacaer cemperasurs af le970
and 04 sAde a8 {low race, u: wiih de~
ITRANLNG exi: aTessule.

oma resulzs 27 the caleulasion wish
valuas 3¢ Jubole fumber Jensit” 4t ha lnception poiac
are snowm i Tigures ) zhrough ¥, 2 zan e noticed
hat 206 agreemenz (o 0@ 3ubbir flow regize, L.e.,
3¢ 0.3, 18 juite feasonacia. However, inere L8 scill
toer for iaprovement in ihe BbOLlredluy Tegine, L.a.,
2, ¢« 3« 3.4, Tursha: sxamination of the Lacarfacial
Area 4ad heac cTansiear 20daels Ssed W ihis regilae s
sequired. This includes axtending :he Jupnbir {low re=
diae up %2 1 void fraction of s 0.3, as wuggescaed
2V the iomparisons.

the "opeium’

s

Tacie grovides 4 susmary 37 ihe test z2nditions
and ne JpfAmUA vaLues 2f the JudDLa Aumser Zeasisv ac
tae flashing (ncepcion zoins, Yo 2.ear 3yt relations
012 cecveen Lhe nase flow raca and Laguid uper~
heat 4t che flasniag acepcion joint lan e found.
dowaver, “nen the Jociaum valuds 137 the dubole jusser
deng v at the acepcion poiasg, AES PLlo%ted
AgaList the Liquid suscerneat ac 34 i(nceptiom jounc,
“sl,2, A Slear trend car >4 found as showm Lo Tigure 4.
The *peisum aumdber 2¢ >uscles at the Llacepcion Joige
jeems 52 lncrease uncil a Liguid superhmating of 17O
L3 reached. Thersafzar, :he "eac :ransfer race 20 the
(ncarface L3 30 large that fewar jumoer of Jubbies aras

.
L
™

nemded 20 D@ auclaszed as T0e Llauld superisating ac
tha .aception point incrsases. The Jhencmencn zan de
jatter ynderscood vhen tne atarfaclal area lensiiv ac
the .acepcion point, L.e., a¢ 5, 40ich i3 egual 20

a™a.ily o, L8 ploctad against the liquid superheating
4t the Lnception joinc, This L8 showm n Tiguee T, Iz
L3 ncaresting o n0Ce THhAC ALinOugh the BubbLe jumbaer
iang sy decreaased a3 the _lguid superheating dropoed
balow )72, ihe incarfacial area density contiaued 20
AcTease noNnORINLZALLy 48 the Liguid superhaating ia~
sreased aven Jalow )73, This (s ionsiacenc vith zhe
teqU T MDant INAC A8 the Jlow approacnes 4 themmal

squilibrium flow, L.e., <T. * ), she aceriacial ares
f3v sest ind ases sransfer must approach (afiaszv. It
should also je n0ced ihac 48 T, <~ 0, the crizical
Subble radius 2 _ == Tharefore, :he 3ubble jumoer

fensizy, My ., does noc ‘ave 25 approach infinisy as
. TV 388
2. ,* 3 This axplaing the apparant concradiszion
secveer Tigures % aand 7

Alshaugn Tlgure 5 287 jeTre 18 a guidancs for he
saleczion 3¢ he Jptimua odle tumber lensitv 4t ih
acezCion JOLRT Jnce IhAT 01at L8 letersined, LI 3ust
6 sealized zhat the 3aca hase far Tigure 5 is guite
Lisiced., Jalv sne No022.8 di2e vas ssed, and ihe
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