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ABSTRACT

A nonequilibrium vapor generation model for flashing flows is pre-
sented. The model consists of a flashing inception point, a bubbly flow
regime followed by a bubbly-slug regime, an annular or annular-mist re-
gime, and finally a dispersed-droplet regime. Existence of superheated
liquid at the inception point and beyond is recognized. The vapor gen-
eration rate in each flow regime is calculated from the estimates for in-
terfacial area 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 Zero, the inter-
facial area for heat and mass transfer should approach infinity.
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NOMENCLATURE © . ' ' ’ L latenc heat of vaporizacion, f/kg
A ‘cross sectional area, m: ’ ' le;géh:"m.
) B 2
3 thermal diffusivicy, n'(s . Nb bubble number densitr, l/a” ,
a, incetfaciai area density, mzlm3 ' . ) Nu Nusselt number
C1 constanc used in Equatiom (l1) A ] Pe  Peclet number
C, constant used iA Equation (42) ' °r Prandtl aumber
c? specific heat at comscant pressure, J/kg £ ] sressure, N/m2 '
D pipe or channel diameter, m ' q; interfacial heat flux, N/m2
d droplet diamecer, a2 Rcr cricical bubble r;dius. a
H parameter u;ed in Zquacion (26) . RT radius of Tavlor bubble, a2
G mass flux, kg/mzs ' ASt Stanton aumber
G_ vapor mass flux, kg/mzs . V T cemperature, X
3

3 acceleration due to gravity, n/sz' ’ ot time, s .
9 . specific enchalpy, J/kg i 4 v 7olume, n3

neat cransfer coefficient, w/mz‘.( - v velocity, n/s'
J ‘nucleacion rate, l/mzs Vgl relative velocity between vapor and liquid, =/s
< chermal conduc:ivi:y,bw/mK ’ ) Vrjl vapor drift velocity, a/s

3
e Weber,numbe;
X flow juality

axial coordinate, a

[§]

2 void Zraction



Y volumetric rate of vapor mass genera:ioh. kg/m3s
perineter, o
A length-to~d Lameter ratio of Taylor bubble

0 density, kg/m3

i viscosity, kg/ms
J . surface. tension, ¥/m
.
w equivalent sphere radius, m
SUBSCRIPTS
2 oubble o bubdbly flow regime
c unic call

d droplet

2 saturated vapor

i vapor-liquid inceriace

kA liquid

o mikcure

b flasning incepticn po;né '

u

Buboly-slug flow regine
saturation

3s staady scate

T tarcac, Taylor bubodie
” vapor
INTRCDUCTION

Flashing of liquid to a two-phase zmixture through
oipes and nozzles is an important phenomencn in the
area of nuclear reactor safety, energy conversion and
space propulsion, among others. The amalysis of such
flows bYecomes difficult, particularly for short pipes
and nozzles, because of the nonequilibrium aspect of
onase change (1). The transition from liquid to
vapor-liquid two-phase flow by flashing usually takes
olace in several scages. ~first, the pressure drop
experienced by the initially subccoled flowing liquid
aust de sufficient to bring the liquid 2o a saturated
state. However, vaporization does noC occur upon
reaching che saturacion-state, because a finite liquid-
zo-vapor :emperature difference is requirad Jfor pnase
change. Therefore, the liquid becomes superheatad as
the pressure decreases further and falls below the
saturation value.

Second, bSubble nucleation, either homogeneously
or heterogeneously, degins after an "induction' period
when a certain liquid superheat has been attained.

The degree of superheat required for nucleation may
degend on che flow zonditions and the time Tate of
depressurization. 3ecause of the strong dependence
of nucleacion vate on cthe chermodynamic state of the
parent phase, small changes in the liquid superheac
2ay drastically affect the bubble nucleation rates.
Therefore, bubble nucleation rates will rise quickly

i~

to a peak value after the liquid superheat {ncreases
above a "thrashold” valua. However, the formation of
these thermodynamically stable vapor nuclei and che
accoapanying loss of lacent heat by the liquid to che
vaper i3 expected to decraase the liquid superheat
slightly 50 as to cause the nucleation rate to decline
to a much lower value. The width of the nuclearion
zone is a function of the physical properties of che
liquid and vapor, the flow velocity, the depressuriza-
tion rate, and other flow variables. In the case of
condensation in supersonic flows, it has been found

by Yagener and Wu () ., that the nucleacion zoma {s
onlv a few millimeters wide, and the cransport time
across this zone i{s of the order of 10 us. However,
iz is not clear how wide the bubble nucleation zone is
in Zlashing {lows.

Taiz

, vaporizacion of che liquid, which is still
superheated at the surfaca of these dispersed bubbles,
dominates the phase transition. This is che region

of simple bubble growth. Finally, at a void fraction
of zbout 207% che Susble coagulation becomes eifective
in substantially aicering the tubole population and
size discribution, Leading aveacuallv £o bubblveslug
and annular-mist flew regimes.

Flashing in commercial pipes is most likely in-
i{ziaced by tetsrogeneous aucleation of vapor bubbles
in the bulk liquid and/or at cravices or microcavities
along the wall with praz-2visting zas pnase. Following
Oswatitseh's creatment »>f cundeasacion in supersonic
nozzles (3), Zuber ez al. (4) oroposed a model which
ia¢ to ad expressicn for tHe calculacion of the nass
Ilew rate of vapor, Gg. sver a cross section locactad
st i point Z along a Juct of constant cross section A:

Z

§,3(2,9J(dz , (L

e
e i

where & Ls the perimetar of zhe duct, J(Z) is the
nucleation rate per unit wall area at poiat 3 alomg
the pipe, @(Z,3) is the mass at Z of a vapor bubble
nucleacted at 5, and Z, is a point upstream {rom the
nucleation zone. The integration effectively sums

the vapor mass of all the bubbles nucleated before
point Z. Alchough Oswacitsch's model has been applied
to the study of condensation in nigh speed flows with
remarkable success (2), its extension to flashing flow
nas “een difficult, Tainly because of the lack of
understanding of the neterogeneous nucleation process,
and of the nucleation rates (J) for flashing flows.

Rohatgi and Reshotko (3) carried out such a cal-
culacion for flashing Ilow of liquid aitrogen and com-
pared their resulcs with the experimental -asults of
Simoneau (8). There were zwo unknown parameters in
their heterogeneous aucleation equations, one Yeing
the number of effective nucleation sites per unit area,
and the other being the contact angle becween liquid
nitrogen and the surface of the heterogeneity. They
detarmined these uninown parameters by ''best-fits" to
the experimental data, but they did noc apply the
analvsis tc any steam-water data.

To circumvent the above difficulty, Wu at al (7)
treated the nucleation and bubble growth separately and
proposed 3 conduction ccntrolled vapor zeneracion
aodel which was Zirst applied to the axperimental daca



of Reocreux (8). The local vapor generation rate
depends prinarily on :hree quantities which are un-
«own a priori:

a. the onset of flashing or inception poinc,
ZWGn ’

b. the initial void fractions, a4, at the point
of inception; aad

¢. a quantity, Cr , .which is related to cthe
aumber of Yubbles Fenerated at the inceptivon point.

The values of these three parameters were deter~
ained independencly bv the "besg-fit" to the void
fraczian data (7). In r2ality chey aze all relacad o2
sna anocher. Tor example, if the lijuid superheat atC
the Iinception point is specified, bdoth the flasniag .
onset locatiom, Iyyg 3ad the cricical budble radius at
she onset location <an be.decermined. The value of-
cthe initial void fraction, a_, ls chen uniquely re-
lated £o the bubble aumber 43nsity at the inception
poinc.

Semi-empirical corralacions (2 and 1J) are now
available for ‘decermining the iiquid superaeat at the

$lasning iiception point. This paper will, therefore,

concentrata on discussing a aechanistic nonequilibrium
vapor zeneration model applicable for the flashing
wo-nhase flows. The model raquires 3 priori ow-
ledge of the liguid superfeat at the Ilashing iacep-
sion point and usas zha Hubble number density at the
inception point as a "frae'* paramecar. This jaramecer
is then evaluated fzom zhe Zlzshing experiment zcne-
ducted in a vertical converzing-diverging nozzle (l;).

PRESENT MODEL

The heat :transfer dominated vapor zeneration rate
per unit volume {oliowing Zlashing incepcion can de
given by:

where a., is the total liquid-vapor incerfacial area
per unif volume of the mixture, §" is the net heat
flux to the incariace, and L is tfe latent heat of
vaporization. Both a and q'| are flow regime depen-
dent, and are functiods of cée thermodynamic state
and ‘low variables. Therefore, to calculate a, and

s i,
§" it is necessary to kmow, a priori, in which flow

<
tégime the svstem is expected zo be. In this model,
a simple. flow regime map for vertical flows is assum=-
ed where the flow regime is a function of the local
void fraction onl Thus, a bubbly flow, a bubbly-
slug, an annular and/or annular-mist regime, and
finallv a dispersed droplec {low are assumed €O aJccur
at successively higher void fraction ranges, as shown
in Tigure 1. The void fractioans at the transition
points are assumed to bde

by = 0.3, 2 = 0.3, a, = 0.95
5 :ax 3 max d

1 . . . :
A more 2laborate flow regime nap 23y be used in

the future i{f deemed necessary.

. The interfacial area densitias and.che heat trams-
fer coefficients applicable to interfacial heat trans-
fer for each flow. regime shown in Figura 1l ave dis-
cussed below.

Incegcion

3ubbly 3ubbly~Slug

Tlow . Flow

Annular and Annalar-Mist
¥ low

Bispersed bropler Flow.

[

Oaa % =max %3 max %4 .9

?iguré 1. The Flow Regimes Map s
Subble Nucleation Zone, 0 < 2 < x

The bubble nucleation zofie is the point of Ilaskh-
ing inception, and it serves as the starting poimt of
the vapor generation calculation. [t 'is assumed that
3 cerzain number of bubbles are nucleaced in this
“narrow' zone and the net vapor gsneracion at a
location downsctream will be dominated bv the bdubbles
nucleated in this zone. This assumption is supported
by the work of Jones and Zuber {(12) who Zfound that
the rate of bubble volume growth is a strong Iunction
of growth time. Therefore, the contributions of the’
subbles nucleated downstream of the bubble nucleation
zone or .the flashing incepcion point is neglected
in this study. This i{s similar to the assumption
used by many of the earlier researchers (e.g., tdwards
(3. .

The location of Zlashing inception may be decar-
2ined aither from the flashing inception correlacions
(3 and 10) or from experimental observation. At the
inception point, the vapor is assumed to be in the form
of critical sized bubbles, with radius Rct

R, = ”w/(;_at o =-9 (3)

The critical radius is of the order of a few
microns for typical liquid superheat (or pressure under-
shoot) values found experimentally at flashing incep-
tion. At these sizes the bubbles can certainly bde
considered to be spherical and zo move with the liquid
wizhout slip. Thus the following expressions can bde
written to start the calculatiom for vapor generation:




ai’:, L) JO/RC: 0 (5)
o= 3 93/92 (6)

where X is che initial quality and Ny o is the number

of buhbies per unit aixtura volume at the i{nception
coint wnich may be.related to the packing density (9)
chrough the [low zecmetrTy.

Subbly Tlow

Tor 1< X

5 <A nax the flow i3 assumed Co Je
in the Subbly regime.” "he vapor exists in the forn

af bubddles of uniform size, altnough aot necessarily
spnarical. EHowever, aa egquivalant sphere radius, W,
can e defined such cthat the bubble volume i3 written
as

Va4 ouT/3. ()

in jeneral, the bubbles will move faster than the
surzoundinz lizuid. 3Because of the complexity of
inplemencing a gemeral form of che bubble rise velocity

2s prescrided by Wallis (l%), a simplified form of Phe
vapor drifz weiacizy is adooted here: .
174
gI(.=0)) a4
v, = L.LL'f | (8
D - J.

. I fr——— - PN s araved
i s> C.3 V"'\"J‘é_) . Tor 4 < 0.:\J~4/(,u23), a
linear interpolacion between zero and: the above value
is used. The relative velocity bSetween the bSubbles
and the surrounding liquid is then calculated fr

v 3 v

" 9

/(1=2).
33

For the interfacial heat transfer coefficient,
it has been found (1l5) that even for bubble growth
during a variable liquid superheat condition, the
?lessec-Zwick (16) or Forster-Zuber (1l7) type of heat
transfer coefficient may be usea for snort time. How-
aver, for a bubbly flow with relative velocizy, these
expressions should e nodified in such a way that the
convective neat transfer due cto the relative velocigy
is alsoc accounted for. The general expression should .
satisfy the limiting behavior of the heat transfer
process at doch ¢—=0 and & = ®, where t is the zime
{rom bdubble nucleacion. At the inception poinc, the
ransient conduction dominates the heat transfer
orocess so that the general expression should approach
he Plesset-Zwick or Forster-Zuber expression ac t — J.
doweéver, as the bubbles "age", the convective heat
transfier due to the relative velocity between che
subbles and liquid starts to dominata, as shown by
Wolferc (18). Therefore, at t = @, the general ex-
sression should yield the steady-state convective heat
transier coerfficient co the bubbles.

The steady state heat transfer

'l Subdble aoving at constant speed

liquid is given by rhe 3oussxnesque
w#hich may be axprassed as

rate to a spheri-
in an infinite
solution (19)

-~

- whera c

which

Nu 2 Wik, (10

1= ? J-F;ZF;

where the subscripc ss stands for sceady-scate bubble
motion, and the bubble 2eclet number is defined as

2v 1:/a For a spherical cap, the heat cransfer race
baSed on the surface area of the equivalaent sphere is
astimated to be about 20% higher than that for che
sphere (20). This estimate agrees.with the Calderbank .
and Lochiei's model (21) and {t is {n fair agreement
wicth their experiments. Thusg, in terms of cthe heat
transfer coefficient based on the equivalent sphere,

v V Q) . (D)

for spheres

1,38 * hss ’

= 2

' )

- 2.38 for spherical caps.

orovide a smooth transition from the 2?lesset-
Zwick expression at t+J to the steady-state heat trans-
fer coefficieat at t -=». These are: .

: 2
.‘fB kz Cl Vit /2
h, = — e 1+ ————— G
3 va, < a
<
and
\’3 ky P C1 v
h = 1 =
2, 7= Y5 —%3—- &)
The firsc {s due to Aleksandrov et al;'(;g) as nodified

by Saha (13) and che second to woifert (18). Since boch
of these exprassions were based on intuitive phvsical
arguments, it is not clear which is more realistic.
Noce, however, that Wolfart's expression always vields

a greater value for hg . For the present calculationms,
the modified Aleksandrov expression (Equation 12) with

C, 3 2.0 is used.

1
The interfacial area density is calculated from
the following axpression:
= 3t 6
3y 3w (14)

regardless of whecher the bubbles are spheras or not.
dowever, a aecthod of calculating -he variacion of
aquivalent bubble radius, w, and che void kractlon X,
is required.

In the bubbly flow regime, it is assumed chat no
oubble coalescencé or disintegration rakes place.
Thus, the bubble radius changes only as a result of
vaporization or condensation at the interface,

.1 l- )
G by (T - T

3%
"
[N

©
=

ol

2
]

Two simple expressions are fouad in the literacure



This equation is aquivaleac to Equation (2) written
on the basis of unit incerfacial area racher than
unit volume. Also, the vapor phase .is assumed to be
at saturation. :

To calculate the void fraction 4, an equation for
the conservation of bubble number for the bubbly flow
regime was utilized. For steady-state, this equatiom
results in the following simple expression:’

Nbng = constant = (NbV'sA)° l»(lé)

The bubble densicy, M., can now be calculaced at aay
cross section, and thé void fraction cam then be cal-
culatad from:

- a N
rEgTe . an

The liquid superheac is calculated from the mix-
ture energy equation by assuming the vapor paase to
be at saturation, and the flow to be adiabatic,

) = constant . (18)

3ubblv=3lug Flow

As zhe void fraction increases, bubble coales-
cencea »ecomes siznifiicant. ~rFolliowing Dukler and
Taizel (23), it is assumed here that whem u=c, __ =0.3
some Jf zhe bubbles begin to coagulate to fora larger
2ubbles; while the ochers continue to grow by vapori-
zacion acecarding to the rate and mechanism discussed
above. Thus, two classes of bubbles coexist in this
flow regime; the larger bubbles formed bv coagulation
and the smaller original bubbles. As a resulr of
vaporization at the incarface, both classes of bubbles
grow, although at different rates. As the coagulation
increases, the number of the smaller bubbles decreases.’
The larger bubbles resulting from coagulation are
probably not spherical. They may either approach the
spherical cap shape, or, if w is comparable to or ’
greater than the pipe radius, they may acquire an’
alongated cvlindrical shape with a rounded head.

These latter bullet-shaped bubbles are called the
Taylor bubbles, and they are usually separated by
liquid (or bubbly-liquid) regious.

Since the vapor zeneration takes place on the
surface of che Taylor bubbles as well as on the small
subbles, the vapor zeneration rate or the total heat
transfer rate is the sum of cthe Iwo components:

k a, = h ai,f + hb ai,b , (19)

where the subscripts T and b designate juantities
pertaining to the Taylor bubbles and the small bubbles.

Tigure 2, which illustrates the aomenclature for
the bubbly-siug flow regime in a circular pipe, shows
che Taylor bubbles, the unit cell in which one Taylor
Subble may be found on the average, and the small
bubbles in the bubbly-liquid zone vetween Iwo con-
secutive Taylor bubbles. The Taylor bubbles are
assumed t©o be cvlinders of length ZAr3T and radius 7.

SMALL 8uBBLZ N

TAYLIR 3u@sL: l - uRIT CELL
. ‘eo

Figure 2. Yomenclaturs Zor Zubbly-5lug Tlow.

It is also assumed chat =35 :2e void fraction increases,
che Tavlor bubbles absord f(or suck in) the neighboriag
smaller bubbles and eventually merze with one anocher
to form a continuous vapor core. This represents the
end of the bubbly-sliug regime and che beginning of
the annular flow regime which has been assumed to
occur at u = ls Therefore, at oo = as L

max’ aax
13 —
e Y . .
p) V‘ls max and Lp =L - 20)

Assuming that the length-to-diameter ratio of the
Taylor bubbles, i,, remains the same for the entire
bubbly-slug region, the following expression can be
derived for the length of the unit cell:

L=, 0 Jas sax - Can

Therefore, the void fraction due to the Tayvlor bubbles
alone is given by

v, e’
aT ® v® — 2
U P (22)

3 2ax

and the Interfacial area density due I3 the Tavloer
bubbles can Se given by

w




2/3
a eof1e—t)—2 (23)
1,7 ST v

$ max

Note that if che length-to~diameter ratio of the
Taylor bubble is 3, the surface area of the two ends
of the cylinder is oanly 10% of the toral surface area.
Moreover, the heatc transfer at the lateral surface of
a Tavlor bubble is expectad to dDe more afficienc than
chat at the two ends because of higher reiative vel=-
ocity. Therefore, for the calculation of vapor gen-
eration, the interfacial area density due to the
Tavlor bubbles can be approximated as

4 13/3
3 TR 24

“3 zax

The advantage of the above expression is chat it
obviatas che need f{or further adjustmeat of the para-
aeter, AT.

The average void fraction
ilow includes vapor volumes in
well as the small bubbles. 1f
bubble is denoted Hv Vb’ then

of the bubdbly=-slug
the Taylor bubbles as '
the volume of a small

V. + I7,

3= I 2. e + o2

’ 'Vc T E W23)
where :b = IV /V. is the void fraction due zo che small
bubbles. At I= =z X = > 4
uoat :N 3 aax’ b Ay . and 1. = Q0. A
4= 2 max’ b = and X = % = I . . fherefore, arz
= 35 nax’ there will be a liquiz tilm rezion of voi-
ze (3 = 34 max) V_with no bubbles. This leads zo
the idea ot an "efrfeccive” volume of the bubbly mix-

ture, which may be written as

7 _ = v - f(1 - o -
begf T (Ve T EG -2 ) Vo -V ] (26)

at f = I3 =
where f o] for < nb R
and £ = 1 for o= 2 .

. 5 @max
One possible expression for { is,

b1 -2
$ max b @ax

Yext, %' is defined as the void fraction due to the
szall bubbles on the basis of the "effective’ volume
of the bubbly aixture, i.e.,

(28)

Consistent wich zhe earliet assumption thac bubble
coalascence starts at s 2 the local void fractzion
in the bubbly mixcure of che Subbly-slug flow is as-
sumed never to axceed % pax. Thus, as che average
void fractiom 2 increases bYeyond In pax, some small
subbles are removed from che bubbly region to form

3

Taylor bubbles, and % is bounded by 3

aax’ {.e. N

-t -
5" % max

Combining Equations (25) chrough (29), one obtains
che following expression for @

29)

30)

Zquation (30) togecher wich EZquacion (24) p:ovideé
the intarfacial area density due to che Tavlior bubbles
alone. It was stated earliaer that {n the presenc
study, = 0,3 and 2 = 0.3.

‘ b max ., § max

Since most of the incerface on the Taylor bubble
is che lateral surface of the cylinder, this area is
srobably responsible for most of the heat traasfer.
The heat transfer coefficient to the cvliindrical sur-
facas is approximaced by that to iigquid films. This
approximation is che same as that used for the slug
flow regime in TRAC-PLlA code (24, 253). The following
exprassion due to Linenan (25) 'is used in IRAC-PlA as
well as in this study:’

Nu,

Stl =

= constant = 0.0073 ,
e )

LT (3L

i.e., hf = 0.0073i22 v, c?i »

whera ¢ {5 the liquid specific hreat.

pi
The above correlation was obtained f{rom condensation
of steam over subcooled liquid film. Its direct appli-
cation to the case of evaporation of liquid £ilm aay
be questionable. In additiom, the effect of vapor
shear is not included. Therefore, the search Zor a
bettar heat transfer correlation for Tavlor bubbles
should continue. '

for the small bubbles in the bSubbly-liquid mix-

© tura between two Taylor bubbles, the interfacial area

density is given by:

3 o,

= D =
: W
Yy b

3(&-:r)

a, (32)
i,b

and the modified Aleksandrov equation, discussed

earliar, continues to e used for the heat transier

coefficienc.

The vapor drift veloecity in che slug flow regime
has been given Dy Zuber and Findlay (27), among others
as

. 3 (gl-ba) D
D2 = .35 ———————
2l T : 2,

(33)

Sowever, in the .low void Zraction range of zhe bubblyv-
slug regime, the flow field is still dominaced >y the
small Subbles and aot dy the Tavlor bubbles. There-

fore, the relative velocity should still be iafluenced




zogtly by the rise velocities of the small bubblas,
with no disconcinuous change im v_, . Thus, the vapor
drift velocity in bubbly-slug £108 “Ls assumed to be.
ziven by the following volume-averaged expraessioas:

v, = ( /a ' (34)

TR AT IR Y
and

- 1 - )

Vgl VSJ /(1 - 2) (35)
where vgy p 1s deterained from Equacion (8) and wgy 1
from Zquation (33). The relative velocity calculated
irom Equacion (35) is then used in the calculation of
the heat tranmsfer coefficiencs fy and hy in che
bubbliy=-siug ragime.

annular and Aanular-Mist Tlow

Annular and anaular-mist £low take place {a che
sransitional region between che bubbly-slug and the
dispersed droplet rvegimes. A3 pointaed out earlier,
in zhe present model the {low pactern changes frem
che bubbly~slug regime to the pure annular flow reginme
at x = 3 = 0.3. Tor pure anrular flow, the inter-
facial a:egaﬁensi:y and the heat transfer cocefiicient
are given by:

(36)

and
hy= 0.0073 z,v, e .
- Lt €2))

The situazion 2:2:cmes complicatad as droplet
antrainment begins. e onset of droplet entrainment
nay be determined from :he correlations of Ishii and
Grolmes (28). However, there are major uncertainties
regarding the rate of entrainment and the sizes of
droplets entrained in the vapor core. Turther in-
vestigation is required in chis area. '

£

Oispersaed Droplet Flow

When 2 > ., the Liquid is assumed to de fully
dispersed as droplets. The value of 2 is assumed
2o e 0.95. alcernatively, the exact value of 3, can
be calculated from che aecdel for the annular-misg flow
as the liquid film at che wall dries out because of
droplet entcrainment and film evaporation. In the
dispersed droplet regime, the droplet size may bde
2xpressed in terms of a critical droplec Weber number,

ve, s A3t (38)

Wallis (1%) suggested the critical Weber number as

12 for droplacs in a low viscosizy carrier zas, where-
as Gvarmathy (29) found the literature value of We

in che range of 3 to 13. Wallis's value of 12 appéars
reasonable, therafore

Assuming spherical droplets, the iaterfacial -
area deasity can be given by:
a 6 (l-a)

id d ’ %0)

Also, the relative velocity of the droplets can be
3iven by:

1/4
1 |89 Gy =0) !
v P Y- A IS 5
gL a 2 '
. 2 1)

The convective heat transfer to liquid droplets
nas veen investigated by a number of researchers.
Most of the daca can be correlated by the expresgsion

1/2 1/3

Dw
o3

Suy ® 2.0 +Cy Rey Mg (42)

3

whera the droplet Nusselt number is
Nud - hd d/ks s (43

the droplet Revmolds number is
a_v . d :
Ra, = -3—31‘_ (44)
d u ’
8
and the vapor Prandtl auamber is
pr o 223 (457
3 63
In the above equacions u is the viscosity, % is the
thermal conduccivity, and subscript g refers fo the
vapor. 3Ranz and Marshall (30) found C3 = 0.6 for

various liquid or solid spheres in air or other Zluids.

Lee and Ryley (31) in experiments on evaporation of
water droplects in superheated steam, found thac

C3 = 0.74 for the Reynolds number range of 54 to 230.
Since the two are close to cach other and Lee and
Rvlev's correlation appears to be valid for dropla:f
Reynolds numbers up to 40,000, Lee and Rylev's (ZL)*%
correlation is used nere f{or dispersed droplet flows.

COMPARISON WITH ZXPERIMENTAL DATA

The present aodel has been applied to a steadv-
state flashing experiment conducted in a vertical
converging-diverging Nozzle. The details of the ex-
periment is given in Reference ll. The test section
was zade of stainless steel with a cotal length of
0.787m, including a symmetrical converging-diverging
portion of 0.553%m in length. The inside diameters
at both ends were 0.05lm and the :throat inside dia-
meter was 0.025m. Initiallv subcooled wacer at low
oressures (2 to 8 bar) entered the test section at the
bottom and {iowed upwards. As. the jressure decreased,
flashing began near che throat and two-pnase aixcure
flowed through the diverging part of zhe nozzle.
P?ressures and area-averaged void Irtactions were nea-
sured along the length of the test section. The
accuracy of the pressure measurement was within 1% of
the reading and thac for the void fraction was within
0.05. The accuracy for the fluid -amperature mea-
surement was within 0.1°C.

A computar program was written for the present
aodel described earlier. Steadv-state balance 2qua-
tions for mass and energy were amploved. Yo Jomentum
aquation was used; inscaad, the experimental pressure
distribution was imposed. Since the maximum void




fraction ia the experiments sinulated was less than

0.3, only the models developed for the bubbly and

the bubblv-slug regimes were programmed. The follow=-

ing nmixture mass and mixture energy aqua:ions were

ugsed Zor boch of these regimas:
GA = constaat (46)

CY)

and

1 ,6.2
h, +3 (E;) = constant
Assuming the vapor phase to be at saturation, the
specific enthalpy for the liquid phase was calcula:ed
by
h - ch

h, = _m____s_

b (1=¢)

~vhere < is
Sined by ¢
talculated E::n

(43)

zhe vapor nass conceacration and is de-
The liquid superheac was then

R, - &, :
T, ~T, = —- = . (49)

; 2

P

Tor void frac:ciem calculation, -qua:ions (15) chrough
(17} were used for the bubbly flow regime whare bubbles
were tracked as they grew. However, in the bubblveslug
regize, a more general form of che vapor mass equation
was used. The 2quacion emploved: was:

at, o ot y) (5 - T

[

(50)

= -
dz v L
The void fraction was then calculated frem
<
. = - 51
[X + ) ¢ /:.] -2 v /G ’ GL
¢ 3 3
Tor a given simulaticm, the input consisted of:
1., The effective zzometsy of the converging-
diverging nozzle (11).
2. ' The nozzle inle: conditions, i.e., pressure
tamperature, and velocity or flow rate. '
3. The experimental pressure distribucion

along the length of cthe nozzle (1ll).
Tor all zhe runs considered here,
tion point was taken to be at the
{5 based on the experimental void fraction data as
well as the study. of abuaf, a2t al. (11, 32) which
showed that che flashing inception point according to
the Alamgir-Lienhard correlation (3) was indeed very
zlose to or at the nozzle throat. The critical bubble
radius at the throat pressura was calculated by using

the f{lashing incep-
nozzle throat. This

Zguation (3), and a bHubble number density at the in-
ception point, ‘b o «as assumed co start the caleu-
lation. A marchifdg tachnique was used to calculaze

all che variables (except pressurz) along
of che nozzle. Axial steps or mesh sizes were small
enough to assure a converged result. The axial void
Iraction profile calculated by the computer program
was then compared with the area~averaged void fraczion
data. Ia case of unsatisfactory agreement, the free
paramerer, Ny ,, was varied until a "best-fit' between

the calculaced and the zeasured voild fractions was
.nbtained.

the iength

A =otal of i3 runs were simulated with the pre-
sent model. They can be zrouped under the Iollowing
Isur sets:

‘L. Runs 353,358, and 362, all with approxi-
mately the same inlet watar temperature
of 100°C, but with increasing mass flow
rates.

2. Rums 145, 133, 137, aad 344, all with ap=-
proxima:elyozhe same inlet water tempera-
ture of 121°C, but with increasing mass
flow rates. .

3. Runs 291, 284, 273, 278, and 296, all with
approximately the same inle: cemperature
of 149°C, but with increasing mass flow
rates. '

4. 3uns 268, 304, and 309, with approximacely
the same inlet water temperacure of 149°C
and che same mnass flow rate, but with de-
creasing axit prassurae. .

Some results of the caleculacion wish

valies of bubble number density at the iaception point
are shown in Figures 3 chrough 5. (It zan be noticed
that che agreement in the bubblv flow regine, f.e.,

2 < 9.3, is quice reasonable. However, there is still
room for improvement in che Subbdblv-slug regime, f.e.,
0.3 <2< 0.8. Further examination of the interfacial
area and heat transier models used in this regimg is
required. This includes exceﬂding the bubblv f{low re=-
Zime up to a void :ract-an of- 3.4 or 0.3, as suggeSted
bv the comparisons.

Table 1 provides a summary of che test conditions
and the cpcimum values of the bubbie aumber density ac
the flashing inception poinc. Yo c¢clear cut relation=-
ship berween the mass flow rata and the ligquid super-
heat at the flashing inception point caa be found.
However, wnen the opcimum valuas for the bubble numter
density ac the inception poinc, ¥, _, are plotted
against the liquid superheat at zié inceptiom poinc,
AT2,0, @ clear trend can be found as shown in Figure 6.
The opcimum aumber of bubbles atc the inception point
seems to increase uncil a liquid superheating of 3°C
is reached. Thereafter, the heat transfer rate to the
interface is so large that fewer number of bubbles are
needed to be nucleated as the liquid superheating ac
the inception point increases. The phenomenon can be
better understood when the interfacial area density at
the inception point, i.e., a{,q, which is egual to
+7Ré_Jb o» 1s plotted againsc the liquid suoerhea:xng
at the incep:ion point. This {s shown in 7igure 7. It
is incerescing co note that altliough the bubble aumber
density decreased as the liquid superheating dropped
below 37C, che interfacial area density continued to
increase monotonically as the liquid superheacing de-
creased 2ven delow 3 C. This is comsistent with the
requirement that as the Ziow approaches a thermal
eguilibriua flow, i.e., ﬁTz = 0, the interfacial area
for heact and mass transfer must approach infinity. It
should also be noted chac as itz - 0, che critical
bubble radius R} e " Therefore) the Zubble aumber
density, b, 09, does 335 have to approach infinity as
AIZ + 0. 'This explains the apparent contradiction
aetween Figures 6 and 7.

Although Tigure 5 aay serve as a guidance for the
selection of the optimum bubble aumber densitv at the
inception point once chat point is decermined, it aust
be realized that che data dase for Tigure 5 is gquite
limited. OJnlyv one nozzle size was used, and the

che "optizum"
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Table 1.

Summary of Test Conditions and Present Mode_]. Calculations*

' s 3 3 73
Run No. an (¢) .Go(kg/m 3) po(bar)' Ati’°(°c) Nb'o(No/m ) _Rc:(um) ai’o(m /a”)
353 100.0 18974 0.955 1.65 | 1x 10% 20.3 25.5
338 100.0 25116 0.950 1.30 1« 1040 18.7 23.5
362 99.7 28316 | 0.929 2.13 L x 104 16.3 20.27
f 4 . :
[ 163 1212 ) 15366 F 1762 5311 2 x 108 3.43 3.0643
L133 121.2 | 18658 1.63 2 1 x 10%0 2.63 0.865
| w7 121.2 | 26801 1.482 11.32 ! 0.3 x 10%° 1.71 0.11
L YAN 1213 27935 1922 | 3.3 5 & 10-° 7.38 9.0
291 Polesy 13336 T 171 0.367
284 Po149.2 i 13061 4067 L 5.2 0 210t 1.53 0.557
273 w487 13048 s192 L 3 s <100 2.46 3.79
178 BB 26119 w257 1 2.3 8 x 1040 2.82 | | 8.0
1 . 1 -
294 148.8 27148 4.7 0 3.7 8 x 10°° 2.27 4.52
268 148.9 18091 4057 | 4.91 3 x 1049 1.73 1.13
304 148.9 18133 3.997 5.25 4 x 13%? 1.64 1.35
309 149.1 18217 3.935 €.12 | 0.5 « 10" 41 0.125
* The subscript "b” Terfers To the {lashing incecticn ;bin:.
' T T ¥ 1 5 L Ill 1 L4
= \A . .
. %\ 5'7'/”,-'7000-
- " o= 17 .
| P— i L m A 121 ¢
X 0 - O -14
- SN gr =100C - . \ =149 ¢
\ A 121C C Q 3
T @ o v 140c ] - .
- ! o) . \P :
\
-~ | - -
Do) - ' @ - 0’\ O\
g \ g r A -
N ! \ N \
20 10 ! ) N - \ -
S 0 om o\ - g \
o - { \ - &
- P~ \ - - -
< - - ..~ 7 g
o \ - - O\ :
o \ A p o \ -
b o) -
' - b \ -
\
709 1 (A B N WY [ \
7 10 | \ A
- 0 7 1 | e bl 1 &3 3 o
AT ,(C) ] 10
AT
1o(C)
Tigure 6. The Optimum Bubble MNumber Density at’ Tigure 7. The Interfacial Area Density at che
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the Inception Point vs. the Liquid
Superheat at the Inception Poinc.

Inception P2oinc vs. the Liquid Super-
heat at che Incepction Poinc.



experiments were conducted only at low pressuras and
temperatures. Therefore, the data base must be ex-
panded {irst to develop a general correlation for the
bubble aumber demsity or zhe interfacial area densi:cy
at the inception poinc. Furthermore, cthe amodel for

-the bubbly-slug flow ragime should be improved, and

the same for the annulare-mist flow has to be develop=-
ed.

SUMMARY AND CONCLUSION

1. A model of vapor generation Iollowing Zlashing
inception has been proposed iacluding the iacerfacial
area density, heat traasfer coefficients for vaporiza-
tion and the relative valocity in all flow ragimes
covering the void Iraction range 9 < 2<1,0. The
nodel for annular-misc flow has not vet been ccmpletad
alchough a general direction 2as seen specified.

9

. Since most of che nozzle daca with which the
cdel was compared are within 0 ¥ :<0.83,chis lack of
a definite model for che annular-mist flow did not
nose any problem. ’

)

3. Comparison of the model prediections with the
experimental area-averaged void fraction discribu-
tions obtained in a vertical converging-diverzing
n0zzle showed a reasonable agraement in the bubbly
Ilow regime. However, thera is still room Ior im-

provement in e bubbly-sluz regime.

5. The opcimum dubble aumber deasity at incepcion,

Sb P deterained: from "tes:-fit" consideracions, in-
cT2ased wizh the liquid superheac ac inceptiom, AT, -,
until & liquid superheac of 3°C was reached. The £
bSubbie number demsit~ decreased as the liguid super-
neat increaged bevond 3vc.

LvT}

The interfacial area densizy calculated from the
criczical bubble radius and the optizum bubble number
density at inception increased monotonically with a
decreasing liquid superheac. This trend i{s consistent
#ith the incerfacial area requirement for a thermal
equilibrium flow.
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