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A NONEQUILIBRIUM VAPOR GENERATION MODEL FOR FLASHING FLCWS*

t and B. J. C. Wu "P. Saha, N. Abuaf
Department of Nuclear Energy

Brookhaven National Laboratory
' Upton, New York

ABSTRACT

A nonequilibrium vapor generation model for flashing flows is pre-
sented. ' The model consists of a flashing inception point, a bubbly flow
reghe f ollowed by a bubbly-slug regime, . an annular or' annular-mist re-
gime, and finally a dispersed-droplat. regime. Existance.of superheated

.

liquid ' at the inception point and beyond is recognized. The vapor gan-
erstica. rata in each ' flow regime is calculated from the estimatas for in- 7

terf acial' crea density and net interfacial heat flux. However, the bubble
. number density at the flashing inception point was varied to obtain opti-
mum fits with 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 liquid super- -

heat at that point. . This trend is correct since in the limit of thermal
equilibrium flow where the liquid superheat approaches sero, the inter-
f acial area for heat and mass transf er should approach infinity.
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:;0%~*M11 :. Lacant hea: sf 'tacori:a:i: .,1"q

*

A :rsss sectional area, s long-h,' s

a thermal dif fustvity, s / s :. bubblenascerdensity.'.M

a 'aterf acial area tensi:y, s is :4u ?:ussel: nuseer.

C, :enstant used is Equation (11) Pe 7 eclat suseer
,

:) sanstant used in Squation (1:) Pr Frandti nuseer

: specific heat at :enstant pressure, J/'q 1 ; pressure. 'f/s

"J pipe or : hansel diameter, s j '' interf acial heat flux. V/c

d droplet diancter, a 1 = ritual buoble radius, s
,

f ;arsaeter ased in Equatica' (26) L. radius of Taylor buable, s

3 saes fluz, k /s s St 3 antan numbert

3 vapor sess flux, kg/s a ; temperature. I

g ac:eleration due to gravity, s/s : sise, a

5 specific enthalpy, J/'q 'T volume, 2

heat :ranster coef ficient. W/m I v veloci:7 2/s
relative veloci:7 ' etvoen rapor and Liquid, s, sJ sueleation rate,1/s s v s

g

k sharsal conductivt:7. '4/s4 v vapor drift velocity, s/sg
'de '4eber suseer

"d f1JW quali*y

: Axial acordinate, s

; vota fraction

. - .
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volumetrin rate of vapor mass generation, kg/s s to a peak value af ter the liquid superheat increases*
,,

above a *:hreshold" value, However, the formation of

( perimeter, a these tha::sodynamically stable vapor nuclei and the
accompanying lose of latent heat by the liquid to the

\. Len6th-to-diameter ratio of *aylor bubble vapor is expected to decraase the liquid superheat
slightly so as to cause the nucleation rate to decline*

3
a density, kg/s CJ a auch lower value. De Vidth of the nucleation .

tone is a function of the physical properties of the
a viscosity, kg/se liquid and vapor, the flow velocity, the depressuriza-

tion race, and other flow variables. In the case of

7 surf ace tension l/a condensation in supersonic flavs. it has been found
by '.!ager.ar and '.'u (* ) ?.at the nucleation sone ts* , ,

a equivalent spnere radius. 3 onl* a f ew sillimeters wide, and the transport tiac
across this tone is of the orter of 13 us. However ,

3033C12 3_ 1: u nos clear how wide the bubble nucleation zone is
in flasaug flows.

s dubb's or bubcly flow reque
nirt, vaporizatica af :he hquid, vhich is still

: ani: cell su;.rheat ed 1: the surfsca sf these tupersed bubdes,
dominates ne pnase transMian. h is is the re61on

i droplet af suple buoble grov:h. Finally, at a void frac: ten
,

- sf anout 30?. the tusbke ::4;ula:un becomes eff ec:ive

3 saturated vapor .a subs:ancially aharing .ns bubde populacun and
sue distributun ".sading eventuhy :o Webly-dug

i vapor-kiquid inta face and annular 'sist ibw regimes.

L Liquid Tlassing in :cenartial pipes ts nosr. Likely in-
1:iated by hecaroteneous nucleatun sf vspor bubblas

n sisture in the bulk Mcuid end/or at trevtces or starocavities
Cong :he uail st:n ;r s-enu:ing gas pnase. folbwing

a f'uhing incepcian point Oswati:Jen's ::aa: ment s.' hedensatun in supersonic
a. ::les ''), hbar et al. W ;roposed a nodal whics

s tu'obly-slug flaw estine ' *C 23 Mi~ixpressun f ar :S :siculatica of the nass-

fus sta Jf vapor, y, svar a :rces sec:un beated
sa t saturacian c. . poin: * along a au:: of :enstant :ross uction o

ss staady state g
f hn U..;)J(;)d: Wu.r:at, Taybr hode 0W**

,

L

Jv vapor

.m* ' 'g .sg
* ' " * * * vnere ! is is :henucleat3cara:heperiastaraftheduct,J(*)

:na pipe, s(.te per unit vall ar.ea at ;oinc * alongTiasning of ,.1guid :s a svo-phase sixture :ntougn

and .the mass at
af a vapor hubblepipes and nossiee is an important onenomenon ,n t..e aucleased at .,, .)

is..
. 8 is a poin upstream from the,ergy conversion and

area af nuclear reac:or saf e:y, en.he analysis of such aucleacion zone. De integration ef f ectively sums r

space propulsion, among others. . , ,g g g
f bws becomes dif f tsult, particularg .or short pipes ' 's model us been applied
and sozzias, sacause af the nonequp.brium aspect of :o the study of :endensation in nign speed !hvs vi:hpnase :hange Q). ne transuien . rom liquid to le s c:us W . W musm to the.W mvvapor- hquid :vo-pnase !;ow by ..aening usually takes .m gg,;g, g. 7 ,g g g 3,g ,,
place in several states. First, the pressure trop gg gg ,
experienced by :ne ist: ally sube=oled ..owing .1 qui" and of :ne nucisation rates (J) for flashing flows,
sust se suf ficient to bring taa .1 quid to a saturated
state. However, vaporization ices not occur upon

e ud hsnocko Q) WM Jun sucn a cal-
reacning the saturation, state, ben.use a .ini,or p.1 quid-

te

.

culation .,or ,,.a sning .y.4w sf , tquid ni:rogen sed : n-. .
:o-iapor :esperature 1.,.,arence ts required . nase , g g.

:nanga. 3r.ref ore :ne hauid becomes superneated as Simoneau (4). nere were :vo unlatown paramatars in:he pressure sacreases further and f al.,a belov :he : heir hacerogeneous nucleacun ecuations, one being
saturat:,an value.

m n'mer of ef henve nucMcun sues m' e m
, and the other being the contact angle setween hqu u
aecond, bubble nucleacion, etene,r homogene,ously .h

sr heterogeneously, begins af ter an . induct.cn. per;od n uragen and :he surface s, :he he:eroge.neitv.3,, c , g ig ,,,ey
. .

. g g,
ween a :ertain liquid supernest has been attained. :he exserine tal data, but they did not apply :he*he degree of superheat required .or nucleat.an saw ,,4 g,, ,g ,g,, g g,,
depend an :3e flow :andi: ions and the :tse rate o.
depressurizatun. 3ecause of the strong dependence

2 - ne m m ye W f Mul:r, '.'u at d '~dof a.uciaation rata on the -hermodytasi: state o. .he
restad the nucleatun and susole growth separa:aly and

parent p us e, saa ::Anges in the .. quid supernaat
a d 'w Wm

ay drastically af f ect :he buoble nuciaation races.
*herefore, bucole nucleation rates vil. rise quicdy

, g

2
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-. - - - . ~.

. .

*
,

>

sf Reserenz (4). 3b local vapor generation race ne interfacial area densities and the heat trans-
depends prtaeI117 on thres quancities vnich are ua= !er eoeffictents applicable ea interfactal heae erane-
* nova 4 ' prioria ist for each flow regime shown in Figure 1 are dis -a

cussed below,

a. the onset of flashing or inception point. *aception.

I:MC ,

b. the. initial void fractios,s,, at the point .
.

of taseptions and

c. a quantity, Cr , valch is related to the
susber of bubbles fenerated at the Meeptica potat.

- .

ne values of these three ;arameters were deter- .! 3
sised indepeedently by the "best-f t:* to the void Y. g
fraction iat.a U) . .is raa11:7 they are all related to 1

Subbly Subb17 4 ag j-m e another. Tir exa=gle, if the liquid superhas: 1: ;
::e tscepston point is specified, both :he flashial flav Tiov ,8 I3
anse locatun, *:g; and :he :::: Mal hable radius at g

]jthe onset location can be determined. Se value of a' .,

the taistal void fraction, s , is : hen uniquely re- j

lated to the bueble number (Insity at the incession ,1 {
,

po int . i n

& I
$ ant-empiri:a1 corralatiets (9 and 13) are sov

available for determining the liquTd suoTiheat at the
flaer.ing taception point. ' Mis paper will, therefore,

_

concentrata on discussial a nachanistic conequt11brius -
-

vspor generation wiel appihaole for the flasning Cn, ,cb sas *s anz *t 1*3
:io-;t.ase flows. ne .ocal requires a ;riert W.ow-

-

Ledge of :na liquti supernest at ::e flasnisq iscep- 7 tgu g, ,, n ,y;g, g ggs., 32p
'

tian point and uses the hbble suaeer density at she tubble Meation ,.one, 3 < < yheeption point as a " free" ;arametar. Bis parameter
is then avahated froa. : e 11:shing asperiment rn-
ducted is a vertical sonvergiapiiverging soz:la (''). 3e hbble nucleation zone is the point of flash-

ing isception, and it serves as the starting ;o12: of
7113 C " 2 C. :ne vapor generattan :siculation. It as assumed :*at

a tortata number of hbbles are nuciaated in :".is
ne heat : ansf er dominated vapor generation rate " narrow" sone and :ne not vapor generation at a

per unit volume followis; flasning isceptiJn :an be locatka townstress will be doainated by the buobles
3tvan bys sucleated in this sons. Bis assumption is supported

by the work of .'ones and Zuber Q) wna f ound : hat
the rate of ubble volume growth is a stron6 function

g {{ l'- C) of growth time. Deref ore, the :ontributions of the.", e a

hbbles nucleated downstresa of the h bble nucleation
sone or the flashing inception point tJ seglec:ed

vnere a, is the total '.ipt4-vaoor aterfacial area in :his study. Bis is similar :o :he assumption
per anit volume of the sixture, (" is :he set heat used by sany of the earlier researchers (e.g., Edwards
ikz to the interf ace, and 1 is :5e latent heat of (13)).
vapor t:s tion. Soth a, and l',' are flow regime depen-
dent, and are functiods of :$a thermodynamic sr. ate ne location of flashing inception say be desar-
aad flow variables. Barefore, to calculate a, and sined either from the flaaning isception correlatians

'
(',' 1 is necessary to know, a priori, in which'!!aw (9 and 10) or free esperimental observation. Ac : e

r8stae the sveten is espected to be. In this model, inception point, the vapor is assumed to 'se in the form
a staple flow regime sap for vertical flave is assun- of critical sized hables, with radius 1,,i

"ed vnere ::e flow regias - La a fune:1on of the local
,

void fraction only . Rus, a basoly flow, a h ooly-
slag, an annular and/or annular-sist regime, and 1 , = 20/(p'**(~,) - ;) (3)

" ''
finally a dispersed droplet flow are assumed to oc=ur'

at successively higner void fraction ranges. As shown
in Tigure 1. Se void fractione at the :: ansi: ion ne arttical radius is of the orter of a few
points are assumed :s be sierons for typical liquid superheat (or pressure uncer-

scoot) values f ound experiaantally at flassin4 iscep-

3.95 . tion. At these sizes the hbbles can certainly be3.3, 2 =1.3, : *1 =
8 *** * 388 g

considered to be spnert:a1 and to nove with the liquid
without slip. Bus : e following expressions can be
veit:en :o star the :al:ulation f or vapor generations

= i~.13 't f.)s ' '

a sore elaborate flaw reg 1=e say say be used in 3 3 :: *ba
:he fu:ure i! deemed necessary,

KRC Research and Technical,

Assistance Report
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W **a ,, = 3 s,/1,, I'#"'t*Ii''l' (10Ig 3" o #
, *

u se

3 a3 3 /0 N where the subscript ss stande for steady-stata bubblea 3 g 1
notion, and the hbble 7eclet number is defined as

vnere 1 is the initial quality and Mg,a 14 :he number d./ a . .N th surf ace area of th mivalet sp ure h
av For a spherical cap, the heat transf er rate

of hables per suit sisture volume at the inception
t d to h h M @r N N for th;oint vnt.:h say be related to the packing tensity Q) sphere W ). M utWte grm vm th Caldmuk

through the f1Jw jeczetry, and *ach31's Wel (* )d d it b 'n f air agrement.

with their experiments. Sus, in tersa of the heat
3ub51- ytow transf er cost!icient based on the equivalent spnare,

for 2 eA< 's. the flow is assumed to be.

i.. :he hb$ty regbl.***he vapor exists in the f orn * i M (.,). I 4.sf 'subtles af utf arm sue. signough not necessarily "ss , ,, i,
**-

'
s pnar t: al . However. an equivalan: sphere radius. .,

:an be defined suca : hat the hbbia volume is written v = *.3 for er u
as

= 2.3d !st spherical :aps.,14 g.,.,g

*so sinple expressians ars f ound in the ".iterature
b jeneral the h bbles vtLL sove faster than the vnuh provide a smooth transitica from :he 71 esse -

retroundin; '.17214. Secause af the :omplext:7 af *vus expressun at ~) :s the staady-s:a:a heat trans-.

taplementug a general form af the hbble rise velocuy for :cefficient 4: t... hase are:
is ;tesertbed by '*alliJ Q) , a simplified fors of the
raror tril: re;;:t: ts adapted here: ,,j.

, 1, 0,* ": .

, **

h. = g )
v .

'

~ ;-3-- =f *,
Q 't ;

, .
**

= *..it f 3:1-y) * (8),
,, ,

J. and* -
v

For . < J.3y si o ;gs, a ,bk
~

h "r1 *i.f . > *.3 g r u 4) . . , , g ,y
'.inear interpoiation between :ers and the acove value q ' e; - A* *

* *

ts ased. *he r:14tive velocuy between the hibles
and the surrounding liquid is then calculated fres

The first is due to Aleuandrov et al. (2':) as sodified
by iana Q ) and the second to Voif er: Q) . 31sca botn

(9) of r.hase upressians were based on intui: Lye physual
4., / ( ;.2)

y , =y
argumenta, it is not altar vnica is sore taalistu.66
Note, however. nac Wolf art's expression alvsys yield s

Tor the uterfacial heet transf er toef ficient, a greater value for hg . Tor the present :alculacians,
u has been found (15) : bat even ist %%1e strowth :he nodified Aleksandrov uprasston (!quation '.2) vtch

during a variable LEuid superheat redistan, the O = 2 4 is used.g
?iesset-twiCa (19) or Torstar .*, user d) type of heat
:tansf er : afficient say me usan f ar sacr: time. !!ow. *he interf acial area densi:y is :alculated fres

ever, far 4 subbly flow with relative veloci:y, these the follavin6 upressions

snreestans should be modified in sucn a voy that saa
:anywtive heat transfer Aue to the relative velocity

is also accounted f or. *he general expression should 4 * *Fd }1,b
s:c14f, :he limicing benavice of the heat transfer
proces's at both :-) and : - *, where : La :ne time regardless of vnether the hobles are spnares or not.

f rom huole nuciaattan. At :he inception point, :he 3avover, a :schod of 441aulating the var.acion of

:ransient :onduction dominatas the heat :Tansf er equi' talent buccle radius, ., and the void fraccian, 2

;rocess so that the general expression snould approsca is required.
:he 7tesse:-tw1:1 or forstar-tuber expression at : - 3.
Movever, as :ne bucolas '' age *, the :envective hang b the hboly flow regime, it is assusec that .o

transf er due to :he relative velocity between ne hbola coalescence or disintegrattan takes siace.

suaales and liquid starts to dominate, as snown by *hus. :he oubble radius thanges only as a ssult af

Wolf ert (!S) . *herefore, et : - s. :he general ax. vaporuatun ar condensation at :ne tacerfaca,

;tessian Enould ytald :he steady-state ::nvective hast
::ansf er :oeff uient :s :he h obles. 3, 4,:, 5 (,. , ,. , , y

,

,3)- - = - - = ....
.. .

*he study state heat :ransf er race :o a spceri- 4 3

:41 he, ole noving at :enstant speeg in an Lafinite
uguLi iJ (iven 5,r :ne 3oussinesque solation Q)
vnten say Ja axpressed as

+

e

4 -- - --
v-- , - , , , , --e~w.,
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This equation is equivalent to Equation ( ) written |

on the basis of uni interf acial area rather than
'

unit volume. Also, the vapor phase is assumed to be
at saturation. L'au aussu I.W*

* * . . . . * .,* %ph*o calculate the void fractica 3 an equation for .

eet.! lGhe conservation of hbble numeer for the hbbly flov
regime was stilised. For steady-state, this equation . **.',,** *

results in the f ollowing staple expression .**d..'*
. . ...g . ..

' va t ' 03' '.

:(b ;A = constant = (3 v A)o (16) ''":n tussu |v
hI I (o

:J . s.
. .

*he hbble density, 't. can now be calaulated at any ( \cosa section end thi, void f raction :an than be cal- Q,

:414:44 fross e**...*."
* * * * .. ... o

n.y. . . . .2 3 .

*; ,.;;-'"T";- c.n , e. . . s. ., .. . . ( ;
..

e \

. \

** I 8=The liquid suparnest 14 talaulated from the six-
ture energy equation by assuaing the vapor paase to
be at saturation, and the flov to be 441234:14,

|

h * f.
- ;

,

4 = :onstant (13)'

s 2ar .e . . .s .. ;*. .
U * ' b; .a

.

Subel"-flut y'. s w
Lt. . * * *A

- -

Aa :he void fra:: ton Zareases, hbble : alas- | |
:ence becomes Jignificant. yellowing M ier and i j

8
'41:al C 3), it is assused here that when :=2.o .ax=0.3~

sone of ::e hooles begin to :caralate :o fors karger 7:zug, ;, ;.em ,ag;3.ug, j3; y ,,;7 g.3, 73 3
buboles, whiis the others santinue to grow by vaport-
: scion according to the race and necnenian discussed 1 is also assumed that as : .4 void frac: ton Mcreases,

aoove. "hus, tw :14sses of bubbles coexist is :hiJ the Taylor Wholet assorb 'or suck is) the neighboring

flow re;ime; the larger hboles forned 'oy :segulation saalier hables sad eventually urge with one another

cnd the smaller origisal Wholes, As a result of to for= a continuous vapor : ore. *his represents tse

vaport:acion at the intarface, both classes of bubbles and of the hbbly-slug regime and the beginntag of
grav, al: south at dif f erent rates. As :he coagulation :he annular flow regi=a vnten has seen assumed to

* * . herefore, at 8 ***,bcreases, the nuncer of :he saalier bubbles decreases, occur at 2* ae s
*~he larger h' bles resulting from :cagulation area

probaoly .cc spnerical. " hey say either approach the
spherical cap snape, or, if La comoarsale to or 11 ,

and a I. ,*

greater than the pipe radius, they say acquire an ) * y 2, , *

alongated :ylindrical shape with a rounded head.
*hese '.atter bullet-se. aped h bbles are called the
Taylor hboles, and they are 4sualir separated by Assuming that the lensch-to-diaseter ratio of the
'.iquid (or hbbly-liquid) restons. Taylor hbolas, L, remains the same for the entire

bucoly-elug re1 pod, the f ollowing expression :an be
3bes :ne vapor generation takas place on the derived f or :he length of the ani: :elli

surf ace of the Taylor hbbles sa well as on the small
busbles, the vapor generation rate or the :stal heat . . ,

:ransf er rate is the sua of the :w :caponents: : 'T * T *s sax * Cli*

Therefore. :he void frac: ion due to the Taylor buboles
a (19)ha = h. 4l. . - h.o i.h , alone is given byi . .

1
7 3 gf

wnere the suoscripts * and 5 designate tuantities 2; = p = ,
3 ,,,)'**

: 0;ertaining to :ne Taylor Wholes and :na snail hables. y 2, m
yirare 1. vnish tilustrates the sonanciature for and :he interfacial area density due :s ::e Taylor

the ousoly-slug !!av regt.no is a :ircular pipe, snows hbbles can be given by

: e Tayior h eeles, the mi: :all is vnish one Taylor
iunole say be f ound on the average, and ne saali
sucolas in :ne tumbly-liquid zone between vo :en-
Jacutive Taylor cusolas. *he Taylor hosles are

assur4ec to be :~iinders of leng:h D:1; and radius it.

$

. .-- - . . -- , . - - . .
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Taylor bubbles, and af La bounded by 2b m ' i'***
2,

a,.**(L*,h)2 j (23).

D s'5 = sg sax (29)-** *
.

e sax
,

Sate that tf the length-to-diameter ratio of the Joabining !wations W) through C9), one o' tainso

*sylor W hole is 3.-:he surface area of the two ends the following expression f or y
of the syLinder is suly LO: of the total surf ace area.
Moreover. the heat tracef er at the lateral surf ace of
a *aylor husble is espected to be sore e!!icient than
enac at the :vo ends because of hignar relative vel- (s.g ") s * ' '*
ocity. Therefore for the calculation of vapor gen- 2, .

- 00)

a naz)eration the interf acial area density due to the (2 - 2.
*

s max*aybe bubblee An be approzizated as

. 2.:/ 3+

,
CO !watun (24) :ogether vun Earti.an G4 prov u esa,.=

:. * * ' 0 :.*.e intarf ac!.41 ar ea dans uy due *o *he Tayur h' olas* * * c
8 ***

alo e. L: vas stated earlier snac La :he prssent
0.3.stady, *g ~** * 0.3 and 3 a

* ****he advantage si the above exotession La that u
obviates the need f or f*arther adjustment of ne para- $1 ace sost of the interf ace sn :ne *aylor Whble

sit er , . . . is :ne lateral surf ace of the tyLinder. *his area ts
perbaoly responsible for most of the hest transfer.*

"he averste void fraction of :he hbbLv-elut ne heat :ransf er coeff uient to the :yLindrical sur-
flow includes vapor voluses in the Taylor buboles as f ac es is approxisated by that to '.iquid filas. This
vail as the small hab'ae. !! the ve hme of a small approximation is the same as that used for the slug
bucole 14 denoted by 7 , taan flow regime in T1AC-PLA code (1 ,. 1)). ne fo11ovin43

expr es 4 Lon due to '.iner.1 (i p 14 ased tn *2AC-pla as,
7 , ,. voli as in this study

h3* = 2. a 2. . tf 3 -. 3 . 5t, * c:nstant * 3.o.,a -' * wa- .e le, Peg (31)-

vaere 2 * */ i'? : 14 :he you frac: ton due :s :he eml;
= 0.007 D ., v :pl .g .e..

h roles. At a 7. 1. * 2. and 2. = 0. A: .,

s . .az *heregage, 3o.2,a3 ,2f * 2,
* an e

qn, , , , , , ,g, L p 3 ,p,q j h,,g,,

3:nere vill be a liqui $ .. m reston of el- ?*-*
, , , ,

a=e.(. - e 7, vich no Wholes. nis '.eads :o he soove :orrelation was actained f rom condensation i

the idea of ,an )'af f ective'' volume of the hbbly six- of taas over subcooled liquid fils. Its direct appli- I
:ure, vnt..3 may be vristen as cation to the case of evaporation of Liquid fils 247

he taestionable, in addition, the ef f ect of vapor
snaar is not inc hdad. Theref ore the search for a

*3,,fg * ( 7 fG-s,m)7 -71.,

e e y ug.er heat transf er correlation f or *aylor %bbles*

snould :entinue.

for the small Wbbles in tha %bbly-Liquid sixa,*# 3*"u'#* ,*
*b max' . cure between two Taylor hables, the interfacial area

* *

dansuy u guen by:and fa '. for 3 * 2, 3,,.

32 Ms-2.)One possible expression for f 14, 3 (3:). .

a .b1
b *b3 -3

5!* ( ** ** ) and saa sodified Alessandrov equation, discussed
3 ,3
s sax b sax earlier. :catinues to be ased f or :he 'Leat trans!er

=ceff u tent.
:: ext , 2? *.4 defined as :na void f raction Aue to :he
s=all n! boles on :ne basis of the ''ef f ective'* vol.une ne vapor Arti: velocity in :ne slug flow regime
of the buobly 21sture, t.4., has been given by |acer and "indlay QJ), among ocners

,

|
as

U 3
3

s..-s. < s)
h 3 D ~' N 2 (33)7 k ~ I O * * a d * ** '~

*eff
v = 0.33 .

1., e . ,; j.

'onstacant with ue earlier assumstion :nat ountie j
:celescente starts at := 1 the Local vou fraction '

.

govaver, in :ta low void traction range of .ne bucbly-3 sax i

,n : .e bucoty sixture of :ne susbly-stas flow is as- ,g , .,,.,, .se tuv f uld is scci dominated oy *he |sumed never to exceed 4 sax. !Ns, as the averag* small bucolas and not by :he Tavior suocles. "here- i

void .rac: ton 3 increases beyona ag .4x, some sas11 g m ggm .f,967 6;3 . ;1 3 ..thenced
bucoles are removec f rom the bubbly region to f orn

f |

|
|

|

1

- . , .
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nostly by the time velocities of the small bubblas. Assuming spherical droplets, the interfacial
Bus, the vapor area density can be given bywith no di.ecoctinuous change in v

drif t veloci:y in hotly-alag floIg .is assumed to be
1.,.4 Mgiven by tM3 f al1Jwing vehme-4veraged espressions: a ,

d. . (10)

g * (r,Vd ,b ~*I #g .) /2 (34) Also, the relative velocity of the droplets can bev
given by

yW*

, , , , (,1 , ,eand
. 1:f.v *

2*vg / (1 - 2) (35) 31 2
3 pt)v

3 i
. .

tmars yd.b is determined fros Iguation (3) and v 4
f rom Iguation (33) . '"a relative veloci:y cal:uh edb. - ne convective heat transfer to liquid dropleta

I'fros Iguatian (35) is than used La the calculation of has been investigated by a nuncer of resear hers.
the heat : ansf er coef ficients hg and 5. in the Most af :Pe data can be correlated by :he expression

butely-slag regise.

/**??['/3Nud * 1*0 * E3 A8 Mienular ad v.nular-Aist y*.:v

Annular and annular-nut flow take place is the veere the droplet :*ussel: nuacer is
transitional r*sion between the suboLy-slug and the

d/1 C 3)dispersed droplet regisas. As pointed aut earlier. :tud*hd 3
a

is the present model the flaw patters :hanges it;s
:he buscly-slug regime 13 the pure annular flow regime the droplet levnolds .uaber is

64 2= 2 * L3. Tar pure annular flow, the incar- 3 y 4

f acial ales *iscsity and the heat transfer cJefficient le * ~ (E')d *

are given by: 3
And the vapor Frandti nusner is* ,

(13)at* (36) ?r = .

i e
i

and 3 the aseve equatians ". LJ the viscost:7, i is the
: hart.a1 conductivity, and suescript g refers to the

h . * 3. 3073 . , v , :P' (37) vapor. Ranz and Marshall 00) found ~3 a 3.6 !sr
,

* * *

vartaus liquid se solid spnWes in air or scr.er fluids.
Se situacian be:rses ::mpliested as droplac 14e and 17 Ley 01,) in experiments on eveporation af

entrainment begins. Se :ase: of droplet entrainmeng veier droplets in superheated stasa, found snac
=4y be decar:1 sed fr:n the corralations Jf Sali and 03 * LM for the leynous nuacer range of % *a W.

iisce 'ne svo are close o saca scher and les and"rol=es (*S). Kovever, there are maj or uncertaisties
regarding Ine rate of entrainment and the suas of lyley's :orrelacion appears to be valid for droplet~

hpoWneen y u4.M.'.u M UAav's @droplets entrained in :he vapor core. Turther is- Correlation is sad here !ct dupersed droplac Caws.
vestigacica is requued in this area.

07 N N 'O N T *ALOCAOtsoersed Sewiec ?!av

*ihen 2 > 2, :he liquid is assumed to be fully *he prasant sodel has been applied to a steady-
dispersed as dro61sts. Se value of 3 is assumed scate flasning experiment :andue ad is a ver 1:21i 4

ta be 3.)!. A1:arnatively, the exae: dalue af 2 :cuverting-diverging Nossie. De details of :he ex-
be tahulated from :he model f or the annular-eis| can

I flow perisent is given in 1ef erence L1. ne :est section
I was =ade of stainless steel vi:h a :stal length ofas the *.iquid fils at :he well dries out because of

droplet entratament and fila evaporation. 3 the LNs, including a sysmastrical :caverging-diverging
dispersed droplet regime. :na troplet size say be 7ertion of L3393 in 14n6:n. *he inside diameters,

f- at bach enda vece 3.33La and :he :hroat isside dia-expressed in terms of a critical droplet '4eber nuaner,
sacer was 3.3253. Mittal;y suecooled va:ar at ;ow
;ressures (* :o 3 bar) entered :ne test sectica at :he
bottra and flowed upwards. As ne pressure decreased,

.r- a,

rt * (38) flasning began near :he :hroat and :Vo-pnase siz:are
a,d .

't
flawed :hrou6h :he diverging part of :na nossle.*r
?ressures and area-averaged votd fractions were tea-

l sured along :he lan$th of :he :est s ection. Se
( %'allis ( .i_) suggested she :ritical "Jener nunner as accursey of the pressure sessuranent was vt: sin L*. af

10 for droplets in a low viscosity :arrier gas, vnere.
f ounc na Litarature value af 'Je :he reading and that for :he void frac:10s was vi:ninas 3yarsachy m)

in the raste o O to U . Jallis's value of 12 appdars surement was virhin 3.1,:he fluid :emperature maa-
L35. D e accuracy for

3.j

rsasonnele. :herefore
A :omputer ;rogram was vricten f ar :he ; resent

. . .

go) todel described earlier. !:aady-state balance squa-d* ]v .

:ians for sass and energy vers coloved. :fo sement.;23
g g2 equation was usec; instaad, :ne experimental ;tessure

tistribution was *.= posed. Jince :ne saxt=um void

.

~ e- n

''CR Y t' **7 P --:t-- arr- -"' " = 9-T-r-r* v '-r*T .- *-'#"t' * --'v- W-N thra '*-C'--?P 4Wd' ---"W-*mm 9 " " - -
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fraction La the experiments simulated was tese :han
1. Rune 353,338, and 362, all vich approzi.h3, only the sodels developed ior the Wbbly and

tne hbbly-slus ret mes were prograaned. ne follow. sately the same inlet veter temperature
i of 1004C. he with increasing mass flowLag muture sass and sisture energy equatione were races.used for both of these regimes

GA * constant (a6) 1. tuns 143 U3. U7. and 3G . all with ap.
'8d

proxiaately*0, Wt vuh bereasus uss
the same inlet vetor tempera-

h, * 7 (p):t
a

= constant (47) ture of C l
a flow rates.

Assuming the vapor pnase to be at escuration, the
specif to enthalpy f or the liqui.i phase was calculated 3. Runs 291. 254. 273. 278. and 296, all with
57 appromptaly the same talet t emperature

h, - g og ;49 C, W t with 1screastag nass flow
(44)5:. = rates.6 (;.e;

< hare : is the vapor sass sscentration and La f e" 4 Kuns 19 , 30t.. and 309, ei:n approximatgly
f ued by : = 30./;3 "he 11:414 supernast was then the same inlet veter temperature of 149 :
:al:ulated f r:m* and :he same sass !;ov race but wi:h de-

. ,. . . = , . ,n, .

(m :reasts; a tt pressure.. ,
*L sat

;# E
Some resu!:s of the :alculatta vith the "opti=un''

]1.,) vere used for the bubbly thw regime where 'suboles
1014 f ractun 441:u14 tion. Iquations (13) tarougn values of subole suseer denst y 4: the tac ep tion po int

are snown in figures 1 :hrough 5. :: :an be noticed
vsre tracaed as iney n ew. However, is :he Wooty slug : hat the agreement in the bubbly flow regise, i e.,.

ragbe a sore general f orm of the vepor uss equatun 2< 3.3, as tune reasonscia.. :4cwever, :here u still
was used. Be equation amployed wast r m for isprovement in the iubbl -eLug regime, t.e.,

(n a , . - h 4, 'J.3 4 3 < 1.3. further examination of the Lacerf acialc.
- 3 b) (L *8e:)

a' Y
, (3g) area and heat transf er sodalJ used in this regime is; ay. . ,a *.

required. his incluges ascending the hooky flow re--

gise up to a votd f ractun of 1.. or 1.3. as suggenced
~he void f raesion was :nen :alculated f ram by One :ssportsons.

.,

,, , , , . ($1) !aole 1 provides a summary of :he :es :endit ions
( .C

, -u. , .'<;].Vg* and :na optimus values of :he pubble ausser tenst:y at
2 .

.

the flashin$ isception pots:. '!o :;aar :st relation.

ship between the nass flow rate and the hquid supe r.

Tor a given sisulation. the taput 4:netsted of t heat at the flasntag as:eption pois can se fouan.
Mowever. vnen the optisua values f or the bucole num:er

1. Se ef f ecstve geczetry of the converging- denst:y at the *.sc eptiJn point, !! are p h tted
t..&,,acept ten po ta t,Atvergist sessie q) . against the liquid superneat at L

lh,,o, a clear trend :an be f ound as shown is ?tgure 4.
2. he ncaule tale: acuditions , t.e. , prassure n e optimum sumoer of h s'les at the taception ;otgtc

tamperature, and velocity or flow rate. seems to increase until a ;1guld superheating of 3
14 reached. *hereaf ter, the heat transf er race to the

3. "he experisental pressure distriktion tacerf ace is so brge : hat f ewer number of subtles are
along ene langth of the nozzle ( Q . needed to be nuclasted as the liauid superheating at

the tsception point increas es . "he phenoisenon can 5e
for all the runs :enstdered here, the flashist tscep- better understood vnen the interf acial area dansuy at

: ton point was ta' en to be at the nossia throat. *h1J the asception point, i.e., at,s. enica is equal :oa

4thi ,3, is plotted 46ainst the liquid superheatingu 'sased on :he amperisental void f raction data as g
veil as the study of abuaf, et al. ( E , M,) which at ne isception polst. *his u snown in ?tgure 7 ::
snowed that the !!4 shist Laception point according to La incaresting to note that alth:* ugh :he W bble summer

below 3,Jacreased as the liquid superheatist tropped:na Alamgir41enhard :orrelation Q) vas indeed very tenst:y
", :he asterf acial area feast:y concisued tolose to or at 25e nozzle throat. Se critical woble

radius at the throat pressurs was calculated by using tacrease sonoconualjy as the liquid superheating Ae-
I24 t ion ( 3 ) , and a buoble suscar dansuy at the is- :reased even below 3 . This La :onsistent vien the

!!g was assulaed to start the :aicu. requ;rement :'sa t as :he !bv approacnes a : hors 41:eption potat.
lacton. A ur:nsa,3,s tecnnique was used to calculate equtlibrium f*ow. L.e. 17. - 3. :he Laterf acial area
al* the variaoles f acept pressur e) alon6 the len6th for hast and sass transf er'sust approach infist:7 *:
of the sostle. Axial steps or seen st:es were small should also se acted that as ih 3. the :r u ual-

enougn to assure a converged result. *he asial void W eble radius 1.. **. *herefore'#:he hbble numoer
f rse:un profils :si:ulated by the :omputer program density. 'fg 3, loss not Mave to approach infinity as

3. ,This expMas the apparent contradte:1onwas : hen compared with the area-averaged vota f raction ;.* *
3

data. *s :sse of 2nsatisfactory agreement. :he free beMeen Figurse 6 and 7.
parameter, |I ,0 was varied until a '*5est4 t='' between |g
the :41:ulated and :he seasured void f ractuns was Althougn ?taure 4 sav ser-re as a guidance f or the

occaised, selec ton of the opti=us suoble numoer :enst:y at :he
Iisce:cien pote: once : hat poin: is tecerstsec. L: sue:

A ::tsi sf U :ans vere st=ulated vi:n the ;re- be realized : hat ne :ata base for ?trare i ts qu u s |
sent todel. * hey 1.an be grouped ander na fJLiow*.s4 Lisi:ed. Only :ne nos21e stas was asea. and :ne |

1
four sets:
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Table 1. Summary of Test conditions and Preseos F.odal calcula: tons *

3 A

La (*0) 4 ('ag/s s) p (bar) 1 1,4(*C)aan No. I 5. Oto/3 ) 1er(*.a) a .0(s /s )a o a.o 1

10333 =0. 0 18974 0.955 1.65 1 x 10 ;g,3 3,3

M334 100.0 23116 0.950 1.30 1 x 10 u.7 3.3
'

362 99.7 18314 0.929 2.13 1 x 10*O 16.3 20.27

| '45 |121.2 f U564 * 5.J1 | : x 10 3.a4 3.043 |1.742

f, 1 x 1E, O, u3 ' 121.2 | 13658 1. 63 f. 7.25 3 .63 0.563

|0.3x10*o
.'

] 13 7 j ;12 1.2 * a401 t 1.;42 ' 11.2* 1.71 0.11
344 - 121.3 27935 1.922 2. ? ' $ x tNO t.38 39.1 .|

''

ut la . , us:6 : ..a 5.3 :. x =" 1.71 0. m i
'

.

254 119. u041 a.047 3.2 t : s M ** 1.63 3.357 i

:73 114.7 | 15044 . 4.191 3* $ x M'O 2.46 3 79I '

:78 ' lad 7 ! 24119 4.237 | :.la ! ! x lb 2.32' 3+0''

+44 *al.1 *?ta8 ! a.17 3.' I S x ab 1.07 *.52

|'3.997
- 3 x LE. .O

*68 144.1 i 13091 i L.05* a.); i 1.73 1,u |
g.

304 lad.) 13133 5.25 a x M** 1.64 1.23
3c, 1:. . 1 u2t? ! 3.m 4.u 0.3 x u t.:1 3.u3

n
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