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Abstract—Level swell in pool boiling is overestimated by drift-flux equations for forced convection boiling.

This is attributed to the presence in pool boiling of large slug-like bubbles and of bubble induced liquid

circulation. These phenomena are analysed and a new drift-flux equation is presented which is specifically

aimed at predicting void fraction in pool boiling. The correlation is compared to a set of experimental data
and proves to be more accurate than other existing correlations.

INTRODUCTION

Boiling in a pool of stagnant liquid is known to
cause a swelling liquid level, due to the large specific
volume of the rising vapour bubbles compared to that
of the liquid. Predictions of the amount of level swell
(or the average void fraction beneath the liquid sur-
face) are required for diverse applications of heat and
mass transfer in bubble columns or pool boiling. Level
swell is also of importance for the design of emergency
pressure relief systems for liquefied gases, which is an
item of major concern in chemical process safety [1].

In the past numerous correlations have been pub-
lished for predicting the void fraction in liquid pools
through which vapour is rising [2-11]. Some of these
are in a format which corresponds to the drift-flux
model for one-dimensional two-phase flow [12], which
makes them especially suitable for inclusion in
numerical two-phase flow computations. For forced
convection boiling it is common practice to compute
void fractions from the drift-flux equation:

1 C,
{8} = C0+E

)

where Fr is defined in equation (7) and with
coefficients C, = 1.2 and C, = 1.41 [13]. As shown in
Fig. 1, this equation has a tendency to overestimate
void fraction for pool boiling in large diameter vessels.
This is attributed to its inability to account for:

o liquid circulation, arising from the density differ-
ence between vapour and liquid, which tends to
concentrate vapour in regions with upward liquid
velocity (Figs. 4 and 5) [5, 11];

e the presence of large fast-rising bubbles, which are
unstable in flows with high liquid velocity, but
which may exist in stagnant liquid pools if bubble
formation allows for agglomeration of individual
bubbles [14, 15].

It must be emphasized that equation (1) is very well
suited for two-phase flows with non-negligible liquid
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velocity in small diameter tubes, such as are typically
encountered in forced convection boiling. Typical
pool boiling configurations (see Fig. 2) have very low
liquid velocities and large diameters. Therefore pool
boiling requires a specific void fraction model. Some
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Fig. 1. Equation (1) compared to experimental data.
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Bo  digAp/o, Bond number
c heat capacity [J kg=' K~
Cy distribution coefficient in drift-flux

model
C, velocity coefficient in drift-flux model
Cp  drag coefficient
D pool diameter [m]

D*  dimensionless pool diameter, defined
in equation (32)
d, bubble diameter [m]

F, liquid circulation factor in drift-flux
model

Fr Froude number, defined in equation
M

g gravitational acceleration [m s™7]

H pool height [m]

j superficial velocity [m s™']

Ja Jakob number, p,c(T— T...)/p.Aby,

k thermal conductivity [W m~' K]

K, sphericity factor for bubble growth law

! thickness of flow reversal region [m]

n interaction coefficient in drift-flux
model

p property number, pa’ [gAppi

Ppo, cross-sectional release rate of
mechanical energy [W m™']

P,. cross-sectional dissipation rate of

mechanical energy [W m~']

q" heat flux applied to bottom of liquid
pool [W m™7]

r* dimensionless bubble size,
(do/2)(gpBp/p)'"

NOMENCLATURE

Ry detachment radius [m]
v* dimensionless bubble rise velocity,

w. (0/1ngAp)'?

vV liquid circulation velocity [m s™']

w (vertical) absolute velocity [m s™']

w,;  phase-averaged vapour drift velocity
[ms™']

w,  terminal single bubble rise velocity
[ms™1].

Greek symbols

o thermal diffusivity [m*s~']

o relative deviation, defined in equation
(40)

A absolute deviation, defined in equation
(41

void fraction

dynamic viscosity [Pa s]
kinematic viscocity [m?s~']
density [kg m™?]

surface tension [N m™'].

A 2w o

Subscripts and superscripts

1 liquid

v vapour

1 high void fraction region
2 low void fraction region.

Operators
< x* cross-section averaged value of x
Ax = x,—x.

of the published correlations, especially those
developed by Kataoka and Ishii [11] and by
Mersmann [7], achieve a better predictive perform-
ance, but are still completely empirical as far as the
effects of liquid circulation are concerned.

In the present work a novel drift-flux type cor-
relation is developed specifically aimed at predicting
void fraction in pool boiling correlations. Due to the
inclusion of a model for liquid circulation, the new
correlation is consistent with existing theory related
to single bubble rise velocities. Moreover the new cor-
relation is more accurate than any of the existing
correlations.

THEORY

The drift-flux model

The drift-flux model [12] relates the cross-section
averaged void fraction in a cross-section of a one-
dimensional two-phase flow to the volumetric fluxes
of vapour and liquid :

1 At Wy
Y R €jed
The phase-averaged drift velocity w,; was originally
assumed to be equal to the rise velocity w,, of a single

bubble in an infinite liquid pool. A more general
expression which incorporates bubble interactions is

@

W, = we(l— Led)". 3)
The distribution parameter C,, is defined by
{8(_]‘,—'—]1)} =C'04:‘(;:}>.4:Jv"_.llj> (4)

and is usually assumed to be close to unity. For pool
boiling with vapour generation at the bottom of the
liquid pool (see Fig. 2), the continuity equation
requires that in every cross-section

o€ P +p€iP =0 ()
Therefore the drift-flux equation becomes

1 P\, Woll—<e3)
=G1- ) BT 22T
we* °( pv>+

{jv}

©)
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Assuming that p, < p, and defining a Froude

number :
2 \1/4
L Pi
Fr=4j,% (ogAp) @)
equation (6) can be conveniently written as
1 C, .
{T}_CO_‘_FI‘(I_{S}). (8)
The new parameter C, is equal to
2 \1/4
v pi
Ci=w, (ag Ap) ®

and is a dimensionless representation of the single
bubble rise velocity w,,.

A void fraction correlation based on the drift-flux
model is established by providing values for the
coefficients C,, C, and n, possibly depending on fluid
properties.

Flow patterns in pool boiling

In bubbly flows with small liquid velocities in large
diameter vessels, the following two flow patterns are
observed :

e Pure bubbly flow—a dispersed flow in which the
behaviour of individual bubbles is quite similar to
that of single bubbles rising in an infinite liquid
pool. An instantaneous picture of this flow pattern
is nearly homogeneous, although some spatial non-
uniformities, such as liquid circulation, can exist.
The bubble size distribution is unimodal (all
bubbles have nearly the same size) and liquid
turbulence is confined to the wakes of individual
bubbles ;

o Churn-turbulent flow or bubble-slug flow—this flow
is not truly dispersed but shows a chaotic and very
intermittent behaviour. It is observed that fast rising
large bubbles cc-exist with small bubbles. The bubble
size distribution is therefore bimodal, and an instan-
taneous picture of this flow pattern is very hetero-
geneous. Liquid turbulence is not confined to the
bubble wakes, and its presence throughout the
liquid phase guarantees a nearly uniform flow field
when averaged over a sufficiently long time.

The presence of large, fast rising bubbles is a dis-
tinctive feature of churn-turbulent flow in pool boil-
ing. They arise from the coalescence of small bubbles
close to the bottom of the pool. These large bubbles
are not stable in forced convection boiling, because of
its high degree of liquid turbulence.

The distinction between pure bubbly and churn-
turbulent flow is also made in forced convection boil-
ing. In pool boiling the transition cannot be as clearly
defined as in forced convection boiling, but generally
occurs between <e3* =0.25 and <e3d =04. If
coalescence is responsible for the presence of large
bubbles, it is likely that the transition occurs at a fixed
value of the Froude number Fr. For small vapour flow

rates, the vapour generated at the pool bottom, forms
small bubbles. For high vapour flow rates these
bubbles do not rise fast enough and are overtaken by
their successors and form fast-rising, large bubbles.
Clearly coalescence of bubbles occurs if the vapour
flow rate is high compared to the rise velocity of small
bubbles, i.e. at a certain value of the Froude number.
Mersmann shows [7] that coalescence of bubbles gen-
erally occurs if

Fr>0.5. (10)

This criterion is used here to mark the transition from
pure bubbly to churn-turbulent flow in pool boiling.

Single bubble rise velocity

The terminal velocity of a single bubble rising in an
infinite liquid pool depends on the fluid properties and
on the bubble size. An excellent review on this subject
has been given by Wallis [14], and is summarized here
in Table 1.

The original format v* = f(r*, P) is most useful
when viscous effects dominate drag (i.e. for small bubble
sizes). When inertial effects dominate the drag force,
the alternative format C, = f(Bo, P) presented here is
more suitable. This is illustrated in Fig. 3.

For pure bubbly flow, the bubble size is governed
by detachment mechanisms, and can for instance be
computed according to equation [16] :

K: (Jaz (X)2 1/3
R, 3<n2 p ) (1n
for growth controlled (‘dynamic’) bubble departure
on horizontal surfaces. Typical values are in the iner-
tially controlled bubble rise regimes. Therefore the
value of C; in the drift-flux equation should be close
to 1.5 (possibly somewhat higher for small bubbles).
For churn-turbulent flow, bubbles tend to agglom-
erate close to the boiling surface and form large slug-
like cap bubbles. The maximum bubble size is limited
by the stability requirements of the vapour-liquid
interface. Applying the theory presented by Kitscha
and Kocamustafaogullari [17], the maximum bubble
size can be calculated as

*

-1
Bo = 0.0934+0.0614p— —0.048C (12)
1+p*
with
Py
*=137— 13
P Py 13)
and C, a constant of order unity which represents
the ratio of growth time to propagation time of a
disturbance of the bubble surface. Use is made of the
bubble rise speed expression for the Taylor regime
(R5), and of the experimental observation that the
wake angle of spherical cap bubbles is close to 50°.
The results of this expression are shown in Fig. 4.

For any particular value of C, the maximum
bubble size increases monotonically with 1—(p,/p)).
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Table 1. Single bubble rise velocities according to ref. [14]

Regime Size limits v* = f(r*, P) C, = f(Bo, P)

Rl <15 % = 2 C, = 0.0833Bo P**
R2A L5 <r* < 13.4 v* = 0.408r*'° C, = 0.1442Bo"7 p°V
R2B 134 < r* v* = g+ C, = 0.0278Bo P*¥
R3 Bo<4 v¥ = J2r* 72PN € = 2Bp %

R4 4<Bo<16 ov*=2pM C, =1414

RS 16 < Bo p* = p¥I2 C, = 0.707Bo"*

Maximum bubble sizes observed in reality are close
to Bo = 400 for (p,/p,) — oo (corresponding to C; ~ 3
according to Table 1). Therefore C, is expected to
vary between 1.5 and 3, depending on the value of

1—(p./p)-

Bubble interactions

When a cloud of bubbles is rising through a liquid
pool, their rise velocity can be significantly different
from the single bubble rise velocity due to bubble
interactions. These are represented in the drift-flux
model via the exponent n.

For a dispersed two-phase flow, such as the pure
bubbly flow, a value for » can be obtained from the
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Fig. 3. Single bubble rise velocities according to ref. [14].
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Fig. 4. Maximum size of spherical cap bubble.

two-phase momentum balance equations. Following
Kataoka and Ishii [11], one obtains

C 1/2
wvj=ww< "““) (1— &)™ (14)

Co

Here Cp,, is the drag coefficient of a bubble with the
same dimensions as the actual bubbles, when rising in
an infinitely extended liquid. It is often assumed that
the drag coefficient Cy, in a bubble cloud equals Cp..
This assumption is justified for pure bubbly flow but
not necessarily for churn-turbulent flow.

It must be noted that for bubbly flow the exact
value of n hardly matters. The error due to usingn = 0
instead of n = 3/2 is small and probably much smaller
than the inevitable error due to the variability of the
bubble size. Therefore interactions in bubbly flow are
neglected here and it is assumed that n x 0.

For churn-turbulent flow the drag force results
mainly from dissipation in the wake of large bubbles.
At higher void fractions the wake size is limited by
the available space between adjacent bubbles. It is
assumed that the wake length is proportional to the
bubble size :

l, ~d, (15)

for non-interacting bubbles, and to the distance
between neighbouring bubbles, otherwise

(16)

Assuming that the dissipation and the drag force are
proportional to the wake length, then the following
expression is yielded instead of equation (14):

Wy ~ we(1— €e )/ €ed. 17

For wvoid fractions between <e¢3¥ =0.3 and
<&} = 0.6 the interaction factor varies only slightly.
Therefore in churn-turbulent flow the use of n = 0 is
justified.

Liguid circulation

The distribution coefficient C, of the drift-flux
model is usually given a value between 1 and 1.5,
based on a theoretical analysis by Zuber and Findlay
[12], valid if both liquid and vapour are flowing in the
same direction at every point of the cross-section. This
is not always the case in pool boiling configurations,
where liquid circulation may exist. Liquid circulation
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Fig. 5. Flow pattern with liquid circulation in pool boiling
with vapour generation at the bottom of the pool.

can increase the value of the distribution coefficient to
values between 3 and 4.

When many bubbles are rising in a liquid pool, the
cross-section averaged liquid flow rate is zero, but
nevertheless it is possible that a flow pattern exists in
which liquid is moving upward in a region with high
void fraction, and downward in a region with low
void fraction (see Fig. 5).

Due to the liquid circulation potential energy is
being released, because a light two-phase mixture is
moving upward relative to a heavier mixture. This
release of potential energy is driving the circulating
flow and is balanced by the dissipation caused by
viscous or turbulent shear stresses.

If the energy dissipation is small, the circulation
rate can increase until all bubbles are concentrated in
the high void fraction region. This occurs when the
downward liquid velocity in the low void fraction
region equals the single bubble rise velocity. At this
circulation rate it is impossible for a single bubble to
rise through the low void fraction region. At a slightly
higher circulation rate vapour would be carried down-
ward in this region and would thus prohibit a further
increase of the circulation rate.

For the special case of liquid circulation at the
maximum rate, and for an idealized flow pattern with
upward liquid flow in the central region and down-
ward liquid flow in the outer region, it is possible to
derive an analytical expression for C,. It is assumed
that the void fraction in the central region is higher
than in the outer region, and that all velocity and void
fraction profiles are flat.} Furthermore an ‘infinite
tube’ is assumed, i.e. D/H =~ 0 (Fig. 6).

For this idealized flow C, can be readily calculated
from its definition as

Ae

C() - 1+K_“_

fe* (1%)

with

T The assumption about the flow direction is only made
for ease of understanding ; the analysis is equally valid for a
flow pattern with downward flow in the central region and
upward flow in the outer region.

k —
AF+——(1+———-1 8)

l—k 1'_62
K = k(1—k) (19)
F+Lk<1—1 8‘)
o 1_82
_ & &
AF = 1—e 1—¢, (20)
R S 2
F—kl_81 +(1 k)l_ (21)
A6=8]"’62 (22)
e = ke, +(1—k)e,. (23)

At the maximum circulation rate, all vapour is con-
centrated in the central part of the tube and therefore

& = Ler/k (24)
g =0. (25)

The downward liquid velocity in the outer part equals
the single bubble rise velocity if

Y. ——k— 26)
W k—ded
Then the circulation coefficient becomes
1 1-2k 1 1
Cy = 1+2k<1+——-—-k {8}>—:2,_k+2{8}
(27

Therefore the circulation coefficient can be sig-
nificantly higher than the typical values for forced
convection boiling (Cy = 1...1.4).

It is important to note that the circulation
coefficient of the drift-flux model is not a constant,
but depends on the average void fraction <«e3. It
should also be remarked that liquid circulation at the
maximum rate is meaningless for <¢3 greater than
0.5.

Whether or not liquid circulation can reach its
maximum value is determined by the balance between
the release of potential energy and the dissipation of
the released energy. From dimensional analysis it can
be seen that the cross-sectional release rate of potential
energy due to liquid circulation scales as

Proi ~ APD*Vf (2%, K). (28)

The dissipation of energy is mainly confined to the
high shear region close to the flow reversal point.
Assuming that turbulent stresses are much larger than
viscous stresses, the cross-sectional dissipation rate
scales as

Pdiss ~ PlDVaf(‘Kﬁj”k) 29)

Because P, and P, must be of the same order-of-
magnitude, the circulation rate scales as

G

B f4ed k). (30)
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Fig. 6. Idealized flow pattern with liquid circulation in infinite
tube.

Maximum circulation [defined by equation (26)]
therefore occurs at a certain value (of order unity) of
the dimensionless ratio :

\/ D*l/z

where the dimensionless vessel diameter D* is defined
as

@31

D

\/L'
gAp

Liquid circulation is impossible for N.— 0, and
increases when N, increases until the maximum cir-
culation rate is reached.

It should be noted that C, is nearly constant and
can be neglected for the purposes of this scale analysis.
The circulation rate is therefore determined by D*
only.

The validity of the assumption that dissipation is
dominated by turbulent stresses limits the appli-
cability of this theory to low viscosity liquids. When
both viscous and turbulent dissipation are considered,
the balance between potential energy release and dis-

sipation reads
V 2 1+ Wy D*2
W, w C,
where / represents the thickness of the flow reversal

region in which a non-zero velocity gradient exists.
Assuming that the viscous term is small but not neg-

D* =

(32

(33)
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Fig. 7. Distribution coefficient with liquid circulation.

ligible yields a first-order solution for the effect of
viscous stresses :

A
g—pD
l ~ pi 1 34
W We 1

\/1+—1—————
s 1/4 ry% 3/2
<D)P D

Therefore viscous dissipation can be safely neglected
it PY4D*3? s sufficiently large.

A somewhat more detailed numerical analysis of
liquid circulation in bubble columns is presented in
ref. [18]. The results which are shown in Fig. 7 are
in agreement with the simple theory for maximum
circulation presented here, except for very small void
fractions, where the actual value of C, depends on
N... For void fractions around <¢3 = 0.5 the simple
model slightly underpredicts C, compared to the
detailed computations.

Drift-flux model for pool boiling

Although the circulation model presented here is
simple, it provides valuable insight into the effect of
liquid circulation on the drift-flux equation. When
liquid circulation is taken into account the dis-
tribution coefficient of the drift-flux model should
depend on the average void fraction according to
equation (27). Substituting this expression for C, in
the drift-flux equation (8) for pool boiling yields

1 1 1

ey 2% 2«3»+F(1_{3}) (33)
which is equivalent to
1 1 .G i
—a—%+2ﬁ(l-—{8}) . (36)

Therefore liquid circulation at the maximum rate has
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the effect of apparently doubling the value of C, in the
drift-flux model if a constant C, is imposed.

To include the effect of liquid circulation, it is pro-
posed here to use an extended drift-flux equation:

1 fof ]
—og = CotFap, (1—<e¥) (37

$&*
with a factor F,, close to F,; = 2 if liquid circulation at
the maximum rate is possible.

DATA ANALYSIS

Void fraction data

The theory presented in the previous section pro-
vides the framework for establishing a drift-flux type
void fraction correlation based on experimental data.
Experimental measurements of the average void frac-
tion in vertical bubbly flow have been reported by
many authors (see Table 2). For the present work, the
same data set was used as in ref. [11], together with
void fraction data published in graphical form by
Akita and Yoshida [8] and by Wilkinson and Van
Dierendanck [25]. For establishing a void fraction
correlation, only those measurements are considered
for which D* > 30 (to exclude slug flow), D/H < 0.2
(long tubes), and for which the net liquid velocity
is zero or sufficiently small. The shallow pool data
obtained by Gonzales and Corradini [24] and Mar-
gulova [21] are only used for an a posteriori evaluation
of the influence of the pool aspect ratio.

The complete set of data covers a range of fluid
properties between

4x10° < P<1.6x10"

0.0002 <2 <0313

4}

W < 1464
i

0.174 <

while tube dimensions vary between
30 < D* < 407
0.04 < D/H < 1.

Void fractions covered by the experiments range from
4&e* =0to €&} = 0.8 for Froude numbers ranging

995

from Fr = 0 to Fr = 15.9. The total number of data
pointsis 611 (318 of which are obtained in long tubes).

For all data points, the value of P'*D**? is larger
than 1.8 x 10%. Therefore the effect of viscous dis-
sipation on liquid circulation should be negligible.
Except for the data from Margulova and Gonzales,
all data are obtained in tubes with D/H < 0.2. The
circulation number N varies between 4 and 13. There-
fore full circulation is expected for most of the data
points, except at very small void fractions.

Values of F,C, obtained from the experimental
data, assuming C, = 1, are shown in Fig. § for all data
with D/H < 0.2. It can be seen that F,,C, is close to or
larger than 3, except for the data obtained by Wilkin-
son. It should also be noted that values as large as
F,C, = 8 are present in the data, which cannot be
explained by the existing theory for single bubble rise
velocities, not even if maximum size cap bubbles are
assumed.

Void fraction correlation
The following correlation is proposed for cal-
culating void fraction in pool boiling configurations:

—_—= F,— 38
{8} 0 ci Fr ( )
with
10 T T T
F %2 .
° 4 vo® o }
v o°°
L
A a
.
.
— .
Q. 1k b _
© r 4
Fxy
o : Behringer [23] 4
v : Wilson 1'7] ]
o : Viecenz [4
& : Bailey et al [22]
¢ : Carrier et al [21]
® : Wilkinson [12
v : Akita [11]
0.1 4 1 1
0.0001 0.001 0.01 0.1 1

p./p

Fig. 8. Values of F,C, for long tube void fraction data.

Table 2. Sources of experimental void fraction data

Author Fluid Ref. et Fr
Behringer Steam-water [19] 0.03-0.40 0.14.7
Bailey Air—-water [20] 0.11-0.62 0.2-159
Margulova Steam—water [21] 0.05-0.13 0.2-0.6
Wilson et al. Steam—water [22] 0.28-0.76 1.8-7.5
Carrier et al. Steam—water [23] 0.15-0.80 0.9-10.4
Viecenz Freon 12 [5] 0.04-0.45 0.1-2.3
Gonzalez and Corradini Air—different liquids [24] 0.00-0.52 0.0-3.6
Wilkinson and Van Dierendonck  Different gases—water 125] 0.06-0.48 0.1-1.1
Akita and Yoshida Different gases—water [8] 0.01-0.16 0.0-1.3

Air-different liquids
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Bubbly flow

Churn-turbulent flow

In general the function F,; should depend on N, but
for pool boiling of low viscosity liquids it is possible
to use a constant value :

F,=2. 39
The void fraction correlation presented here covers
both bubbly and churn-turbulent flow. Therefore its
range of applicability should extend from pure liquid
flow to void fractions of about +e3% = 0.6. The set
of experimental data used to establish the correlation
contains data for Froude numbers ranging from 0 to
Fr =15.9. Equation (38) should not be used outside
these limits.

It should be noted that there is a discontinuity in
the void fraction given by equation (38) at the tran-
sition from pure bubbly to churn-turbulent flow. In
reality the flow regime transition occurs in a transition
region whose span and location are very sensitive to
the presence of impurities. Experiments reveal that, in
some cases, the transition region is small enough to
make the transition appear like a discontinuity [13].
Unfortunately it is not possible at present to predict
the conditions for this flow regime transition with
great accuracy. While better models are not available,
equation (10) is used here to mark the transition from
bubbly to churn-turbulent flow in pool boiling.

For practical applications it is advised to consider
the possibility of both bubbly flow and churn-
turbulent flow for conditions close to the flow pattern
transition.

The correlation coefficients in equation (38) are
obtained using a Nelder-Meade non-linear opti-
mization algorithm that minimizes the relative
deviation :

1 N 4:'gj>exp_4:6:'>r:alc > 0
= — _— 4
o \/Ni=§l( €ehoy x 100% (40)

between the experimental and correlated void frac-
tions. The use of this relative deviation guarantees
equal emphasis on small and large void fraction data
points.

The overall performance of the void fraction cor-
relation (38) can be judged from the parity plot shown
in Fig. 9.

The average relative deviation between the cor-
related data and the experimental data is

0 =19%.

The average absolute deviation computed as

C, =1373
p —0.25
C, =1373+0.177|= .
14
1
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Fig. 9. Comparison between equation (38) and long tube
experimental data.

1 N
A=\/ﬁ Z (4:8}&(13_4:8:"calc)2 (41)
i=1
is
A = 0.05.
When the correlation based on long tube data is
applied to the entire data set (including shallow

pools), the average relative deviation is § = 34% and
the average absolute deviation is A = 0.08. From the
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Fig. 10. Comparison between equation (38) and all exper-
imental data.
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Table 3. Comparison of void fraction correlations

st 8
Author Correlation form [%] At [%] A
2/9
Kurbatov [2] L agm- (%) prus 45 0072 49 0091
<ed v
Sterman [3] L _ cpmae( LY (22" peoas 35 0076 49 0.117
&P Ap | \Ap ’ ’
Wilson et al. [4] L epmaf 2 (2" pro 26 0061 44 0.102
’ $ed Ap | \Ap ’ )
Viecenz [5] LIPS (1 D 23 R 2 41 0067 44 0092
nz —_——— = r -_— — : . .
iece ey Ap "
Labuntsov ez al. [6] Ve (2} (e 44 0087 83 0.135
fed Ap Ap
M 7 U eraasm (2 oo (PN e 30 o080 37 0089
mann = . r —— —_ -& . R
ers &P Ap Py
: : 1 1 A " —-1/24 -3
Akita and Yoshida [8]  ——— = 1+5Fr < Ap) P11 —p) 26 0078 37 0091
1 p —2m/3
d =1 (B w3 (1 —g)' 57 0. 65 0.
Gardner [9] oy = IHKF (m) P (1—8) 0.05 077
1 iy
Fauske [10] —1+KR 121 025 109 0.204
o (1—z)
l b
Kataoka and Ishii [11] =Gy +KFr"D*“<%) pozse 24 0062 46 0077
1

t Long tube data only.

parity plot (Fig. 10), it can be seen that void fractions
are underestimated for shaillow pools.

Comparison to other correlations

To put the accuracy of the correlation presented
here into perspective, a number of existing cor-
relations have been compared to the same set of data
that were used to establish the new correlation. The
results are shown in Table 3.

For this purpose all correlations have been re-
written in the same format:

1 Py W
= f| Fr, P,—,—, D* .
f( [4I )

<eF “2)

Compared to the existing correlations, the correlation
presented here is simple and yet achieves a better
accuracy (both relative and absolute), even if shallow
pool data are included.

CONCLUSION

Level swell in pool boiling is overestimated by drift-
flux equations for forced convection boiling. This is
due to the existence in pool boiling of liquid cir-
culation and large, fast-rising bubbles.

Using a simple theoretical model, it is shown that
liquid circulation at the maximum rate apparently
causes a doubling of the drift velocity if a constant
distribution coefficient is assumed.

Based on the theoretical model, a void fraction cor-
relation is presented [equation (38)] which is shown
to be more accurate than existing void fraction cor-
relations for pool boiling or bubbling systems.
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