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Abstract

In view of the practical importance of the drift-flux model for two-phase flow analysis in general and in the analysis
of nuclear-reactor transients and accidents in particular, the distribution parameter and the drift velocity have been
studied for bubbly flow regime. The constitutive equation that specifies the distribution parameter in the bubbly flow has
been derived by taking into account the effect of the bubble size on the phase distribution, since the bubble size would
govern the distribution of the void fraction. A comparison of the newly developed model with various fully developed
bubbly flow data over a wide range of flow parameters shows a satisfactory agreement. The constitutive equation for
the drift velocity developed by Ishii has been reevaluated by the drift velocity calculated by local flow parameters such
as void fraction, gas velocity and liquid velocity measured under steady fully developed bubbly flow conditions. It has
been confirmed that the newly developed model of the distribution parameter and the drift velocity correlation de-
veloped by Ishii can also be applicable to developing bubbly flows. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Two-phase flows always involve some relative mo-
tion of one phase with respect to the other; therefore, a
two-phase-flow problem should be formulated in terms
of two velocity fields. A general transient two-phase-
flow problem can be formulated by using a two-fluid
model [1,2] or a drift-flux model [3,4], depending on the
degree of the dynamic coupling between the phases. In
the two-fluid model, each phase is considered separately;
hence the model is formulated in terms of two sets of
conservation equations governing the balance of mass,
momentum, and energy of each phase. However, an
introduction of two momentum equations in a formu-

*Corresponding author. Tel.: +1-765-494-4587; fax: +1-765-
494-9570.
E-mail addresses: hibiki@rri.kyoto-u.ac.jp (T. Hibiki), ishii
@ecn.purdue.edu (M. Ishii).
! Tel.: +81-724-51-2373; fax: +81-724-51-2461.

lation, as in the case of the two-fluid model, presents
considerable difficulties because of mathematical com-
plications and of uncertainties in specifying interfacial—
interaction terms between two phases [1,2]. Numerical
instabilities caused by improper choice of interfacial-
interaction terms in the phase-momentum equations are
common; therefore careful studies on the interfacial
constitutive equations are required in the formulation of
the two-fluid model.

These difficulties associated with a two-fluid model
can be significantly reduced by formulating two-phase
problems in terms of the drift-flux model, in which the
motion of the whole mixture is expressed by the mixture-
momentum equation and the relative motion between
phases is taken into account by a kinematic constitutive
equation. Therefore, the basic concept of the drift-flux
model is to consider the mixture as a whole, rather than
as two separated phases. The formulation of the drift-
flux model based on the mixture balance equations is
simpler than the two-fluid model based on the separate
balance equations for each phase. The most important
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Nomenclature

A cross-sectional area

a; interfacial area concentration

a; non-dimensional interfacial area
concentration

Co distribution parameter

Cy asymptotic value of Cy

Cp drag coefficient for a multi-particle system

Cps drag coefficient for a single particle

D diameter of a pipe

Dy hydraulic equivalent diameter of the flow
channel

D,y  maximum spherical bubble diameter

Dg,,  Sauter mean diameter

F quantity

g gravitational acceleration

j mixture volumetric flux

Jjc value of j at the channel center

Jr superficial velocity of liquid phase
Je superficial velocity of gas phase

Jeo superficial velocity of gas phase at the inlet
Lo Laplace length

Lo non-dimensional Laplace length
m exponent

N, viscosity number

n exponent

P pressure

R radius of a pipe

r radial distance

Re Reynolds number

vr velocity of liquid phase

g velocity of gas phase

Vej void-fraction-weighted mean drift velocity

Vgj drift velocity of gas phase

Uy relative velocity between phases

xwp  radial position at the assumed square void
peak

z axial distance

Greek symbols

o void fraction
e value of o at the channel center
ow value of o at the wall

owp  value of o at the assumed square void peak

Ap density difference between phases

€ energy dissipation rate per unit mass

g non-dimensional energy dissipation rate per
unit mass

i viscosity of liquid phase

Uy viscosity of gas phase

Vi kinematic viscosity of liquid phase

or density of liquid phase
Pe density of gas phase
Pm density of mixture

a surface tension

Mathematical symbol
() cross-sectional area average

assumption associated with the drift-flux model is that
the dynamics of two phases can be expressed by the
mixture-momentum equation with the kinematic con-
stitutive equation specifying the relative motion between
phases. The use of the drift-flux model is appropriate
when the motions of two phases are strongly coupled.

The drift-flux model is an approximate formulation
in comparison with the more rigorous two-fluid formu-
lation. However, because of its simplicity and applica-
bility to a wide range of two-phase-flow problems of
practical interest, the drift-flux model is of considerable
importance. In view of the practical importance of the
drift-flux model for two-phase-flow analysis, the drift-
flux model has been studied extensively. In the state-of-
the-art, the constitutive equations for the drift-flux
model have been developed well for vertical upward
two-phase flows in conventional-diameter pipes (25-50
mm) under relatively high flow rate conditions [5]. The
constitutive equations obtained under the conditions
have been often used in computational thermohydraulic
codes. The constitutive equations given by Zuber and
Findley [3] or Ishii [4] have been used in the present
system codes such as TRAC-PIA, CANAC-II, and
ATHOS 3.

Recently, in order to meet the needs of improving the
prediction accuracy in various two-phase-flow transient
analyses, it has been required to develop precise con-
stitutive equations for the distribution parameter and
the drift velocity in various two-phase flows; for exam-
ple, constitutive equations for:

1. low flow conditions [6],

2. counter-current flows and downward flows [6],

3. large diameter pipes [6,7], and

4. horizontal flows.

In addition to these, it would be important to develop or
modify constitutive equations for bubbly flow regime. It
is anticipated that the constitutive equation for the dis-
tribution parameter given by Ishii [4] may not give a
good prediction in the bubbly flow regime. Wall peaking
in void fraction distribution tends to decrease the dis-
tribution parameter considerably. In the mid-1970s, very
few databases on local flow parameters were available
and, therefore, it might be very difficult to include such
local phenomena in the final constitutive equation. As
local flow measurement techniques such as double sen-
sor probe method [8] and hotfilm anemometry [9] have
been developed, databases of local flow parameters for
gas and liquid phases in the bubbly flow have been
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developed extensively [10-17]. This enables reassessment
of the constitutive equations for the distribution pa-
rameter and the drift velocity by using the local flow
parameters such as void fraction, gas velocity, and liquid
velocity. In view of this, this study focuses on the de-
velopment of the constitutive equation for the distribu-
tion parameter in bubbly flows, and the reevaluation of
the constitutive equation for the drift velocity given by
Ishii [4] by using the measured local flow parameters.

2. One-dimensional drift-flux model
2.1. Formulation of one-dimensional drift-flux model

The drift-flux model is one of the most practical and
accurate models for two-phase flow. The model takes into
account the relative motion between phases by a constit-
utive relation. It has been utilized to solve many en-
gineering problems involving two-phase flow dynamics
[5]- In particular, its application to forced convection
systems has been quite successful. In what follows, the
one-dimensional drift-flux model will be derived by aver-
aging the local drift velocity over the channel cross-section
[3,4]. The rational approach to obtain a one-dimensional
model is to integrate the three-dimensional model over a
cross-sectional area and then to introduce proper mean
values.

The drift velocity of a gas phase, vy, is defined as the
velocity of the gas phase, vy, with respect to the volume
center to the mixture, j:

Ugjzugsz(lfd)(vgfvf):(lfa)vra (1)

where o, vy, and v, are the void fraction, the liquid
velocity, and the relative velocity between phases, re-
spectively. The void-fraction-weighted mean drift vel-
ocity is given by

(owgy) _ {owg) (o) _ U () )

@ () (@) () ()]

where a simple area average of a quantity, F, over the
cross-sectional area, A, is defined by

=y [ Faa ()

The one-dimensional drift-flux model can be derived by
recasting Eq. (2) as

Ue) _ () o (owg) .

L LGy B gy + v, )
(@) (@) (@) ’ ¢

where Cy and V; are the distribution parameter defined
by Eq. (5) and the void-fraction-weighted mean drift
velocity defined by Eq. (6), respectively.

_ )
=Ty o

py = 20, ©)

The void-fraction-weighted mean gas velocity, (j,)/(x),
and the cross-sectional mean mixture volumetric flux,
(j), are easily obtainable parameters in experiments.
Therefore, Eq. (4) suggests a plot of (j,)/(«) versus (j).
An important characteristic of such a plot is that, for
two-phase flow regimes with fully developed void and
velocity profiles, the data points cluster around a
straight line. The value of the distribution parameter,
Cy, has been obtained indirectly from the slope of the
line, whereas the intercept of this line with the void-
fraction-weighted mean gas velocity axis can be inter-
preted as the void-fraction-weighted mean local drift
velocity, V. As recent development of local sensor
techniques [8,9,18] enables the measurement of the local
flow parameters in a bubbly flow such as void fraction,
and gas and liquid velocities, the values of Cy and V4; in a
bubbly flow can be determined directly by Egs. (5)
and (6) from experimental data of the local flow
parameters.

2.2. Analytical prediction of distribution parameter

The value of C, can be estimated from assumed
profiles of the void fraction, «, and the mixture volu-
metric flux, j. By assuming power-law profiles in a pipe
for j and o, we have

=) 0
(R ®

where jc, ac, aw, r, and R are, respectively, the values
of jand « at the channel center, the value of o at the wall,
the radial distance, and the radius of pipe. Since the void
fraction at the wall is 0 for adiabatic flows and the gas
velocity at the wall is presumably about 0 for boiling
flows, the value of j (= vya) at the wall is assumed to be
0 in Eq. (7). m and n are the exponents. By substituting
these profiles into the definition of C, given by Eq. (5),
we obtain

On the other hand, by assuming an extreme wall-peaked
profile in a pipe for o (see Fig. 1(b)), we have

C0:1+

-
o = Owp, xwpgﬁgl’

(10)
2=0, 0< 1% <xwp,

where owp and xwp are the void fraction and the radial
position at the assumed square void peak, respectively.
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Fig. 1. Analytical predictions of distribution parameters. (a) Power-law profile in a pipe for o, (b) wall-peaked profile in a pipe for «.

By substituting the profiles given by Egs. (7) and (10)
into the definition of C; given by Eq. (5), we obtain

m = sl +2) = 264}

Cy =
0 m(1 + xwp) (1 — xwp)

(11)

Figs. 1(a) and (b) show the distribution parameters
calculated by Eq. (9) for an adiabatic two-phase flow
(ow = 0), and Eq. (11), respectively. For the power-law
profiles for j and o, the value of the distribution
parameter is always larger than unity, whereas for the
extreme wall-peaked profile for o, the value of the dis-
tribution parameter is always smaller than unity. The
steep wall peaking tends to decrease the distribution
parameter considerably. In addition, if the concentra-
tion profile is uniform across the channel, then the value
of the distribution parameter is equal to unity.

2.3. Constitutive equations of distribution parameter and
drift velocity in bubbly flow

Ishii [4] developed a simple correlation for the dis-
tribution parameter in bubbly flow regime. Ishii first
considered a fully developed bubbly flow and assumed
that C; would depend on the density ratio, p,/py, and on
the Reynolds number, Re. As the density ratio ap-
proaches unity, the distribution parameter C, should
become unity. Based on the limit and various exper-
imental data in fully developed flows, the distribution
parameter was given approximately by

Co = Cx(Re) — {Cc(Re) — 1}/ py/py, (12)

where C, is the asymptotic value of Cy. Here, the den-
sity group scales the inertia effects of each phase in a

transverse void distribution. Physically, Eq. (12) models
the tendency of the lighter phase to migrate into a
higher-velocity region, thus resulting in a higher void
concentration in the central region [4]. For a laminar
flow, C,, is 2, but due to the large velocity gradient, Cj is
very sensitive to (a) at low void fractions [4].

Based on a wide range of Reynolds numbers, Ishii
approximated C,, to be 1.2 for a flow in a pipe [4]. Thus,
for a fully developed turbulent bubbly flow in a pipe

Co=212-024/p,/p;. (13)

In two-phase systems with heat addition, the change of
void profiles from concave to convex can occur. The
concave void fraction profile is caused by the wall nu-
cleation and delayed transverse migration of bubbles
toward the center of a channel. Under these conditions,
most of the bubbles are initially located near the nucle-
ating wall. The concave profile is particularly pro-
nounced in the subcooled boiling regime, because here
only the wall-boundary layer is heated above the satu-
ration temperature and the core liquid is subcooled. This
temperature profile will induce collapses of migrating
bubbles in the core region and resultant latent heat
transport from the wall to the subcooled liquid. However,
a similar concave profile can also be obtained by injecting
gas into flowing liquid through a porous tube wall.

For a flow with generation of void at the wall due to
either nucleation or gas injection, the distribution
parameter C, should have a near-zero value at the be-
ginning of the two-phase flow region. With the increase
in the cross-sectional mean void fraction, the peak of the
local void fraction moves from the near-wall region to
the central region. This will lead to the increase in the
value of Cy as the void profile develops. In view of the
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basic characteristics described above and various ex-
perimental data, Ishii [4] proposed the following simple
correlation.

Co = (1.2 —02 pg/pf)(l — e 18, (14)

This expression indicates the significance of the devel-
oping void profile in the region given by 0 < (a) < 0.25;
beyond this region, the value of C, approaches rapidly
to that for a fully developed flow.

Ishii [4] also developed a simple correlation for the
drift velocity in bubbly flow regime. In the distorted-
fluid-particle regime, the single particle drag coefficient,
Cpw, depends only on the particle radius and fluid
properties and not on the velocity or the viscosity. Thus,
for a particle of a fixed diameter, Cp,, becomes constant.
In considering the drag coefficient, Cp, for a multi-par-
ticle system with the same radius, it is necessary to take
into account the restrictions imposed by the existence of
other particles in the flow field. Therefore, Cp is ex-
pected to be different from Cp,, in this regime. Because
of the wake characteristic of the turbulent eddies and
particle motions, a particle sees the increased drag due
to other particles in essentially similar ways as in New-
ton’s regime for a solid-particle system, where Cp,, is
also constant under a wake turbulent flow condition.
Hence, Ishii [4] postulated that regardless of the differ-
ences in Cp,, in these regimes, the effect of increased
drag in the distorted-fluid-particle regime could be pre-
dicted by a similar expression as that in Newton’s re-
gime. In other words, Ishii [4] assumed that Cp/Cp,, for
the distorted particle regime would be the same as that
in Newton’s regime. Under this assumption, the drift
velocity for the distorted-fluid-particle or bubbly flow
can be obtained as [4]

aAp\ "
Vg/.:\/5<gp2p> (1= @) for > py.  (15)
2

where g, o, Ap, p; and p, are the gravitational accel-
eration, the surface tension, the density difference be-
tween phases, the liquid viscosity and the gas viscosity,
respectively.

3. Results and discussion

3.1. Databases used for determination of distribution
parameter and drift velocity

In order to determine the distribution parameter and
the drift velocity experimentally, the present authors
measured local flow parameters of adiabatic air-water
bubbly flows in vertical pipes with inner diameters, D, of
25.4 and 50.8 mm at the Thermal-hydraulics and Re-
actor Safety Laboratory in Purdue University [15-17].

Local measurements of void fraction and gas velocity
were performed by using the double sensor probe
method [15]. On the other hand, local measurement of
liquid velocity was conducted by using hotfilm
anemometry [15]. Data were taken at three different
axial locations as well as 15 radial positions. For
D =254 mm, a total of 75 (=25 x 3) data sets were
acquired consisting of 25 flow conditions [17], and for
D=50.8 mm, a total of 54 (=18 x 3) data sets were
acquired consisting of 18 flow conditions [16]. The de-
tailed discussions of local flow parameters are found in
our previous papers [16,17]. In addition to our data-
bases, four databases listed in Table 1 are also available.
These databases [10-13] include local parameters such as
void fraction, gas velocity, and liquid velocity. The
detailed experimental conditions are shown in Table 1.
A total of 214 data sets are available to determine the
distribution parameter and the drift velocity experi-
mentally.

3.2. Phase distribution pattern map

Serizawa and Kataoka [19] roughly classified the
phase distribution patterns into four basic types of the
phase distributions, that is, wall peak, intermediate peak
(broad wall peak), core peak, and transition (two peaks
at the channel center and wall). As an example, Fig. 2(a)
shows maps of phase distribution patterns measured at
z/D = 53.5 for D = 50.8 mm in our previous experiment
[16]. In addition to the above four basic patterns of the
phase distributions, “flat” distribution was observed for
(jr) =5.00 m/s and (o) < 0.15. The open symbols of
circle, triangle, reversed triangle, square, and diamond
in the figure indicate the wall peak, the transition, the
intermediate peak, the core peak, and the flat, re-
spectively. In Fig. 2, the solid and broken lines, respec-
tively, are the flow regime transition boundaries
predicted by the model of Taitel et al. [20], and phase
distribution pattern transition boundaries, which were
developed by Serizawa and Kataoka [19] based on ex-
periments performed by different researchers with dif-
ferent types of bubble injections in round tubes
(20 mm <D <86.4 mm). A fairly good agreement is
obtained between Serizawa—Kataoka’s map [19] and the
phase distribution patterns observed in our previous
experiment [16].

Fig. 2(b) shows the values of the distribution
parameter determined experimentally from the mea-
sured local flow parameters. The solid symbols of circle,
triangle, reversed triangle, and square indicate the values
of the distribution parameter such as Cp < 1.00,
1.00< Gy < 1.05, 1.05<Cy < 1.10, and 1.10< Gy, re-
spectively. Even though a flow regime can be categorized
as a bubbly flow, the distribution parameter appears not
to have a unique value as expressed by Eq. (13). This
suggests the necessity of the development of the con-
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Fig. 2. A map of phase distribution patterns. (a) Phase distribution pattern map, (b) distribution parameters corresponding to the

phase distribution patterns.

stitutive equation for the distribution parameter in
bubbly flow.

3.3. Development of constitutive equation for distribution
parameter

As discussed in Section 2.3, Eq. (13) physically
models the tendency of the lighter phase to migrate into
a higher-velocity region, thus resulting in a higher void
concentration in the central region. As can be seen from
Fig. 2(b), Eq. (13) would not give a good prediction of
the distribution parameter in a flow region where the
wall peak in void distribution appears. Before modifi-
cation of Eq. (13), the distribution parameters obtained

1.3 ——

Ishii’s Eq. for wall nucleation

,,,,,,,,,,,, Ishii’s Eq. for no wall nucleation

—
(\S]

[u—
—
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o

O <jp=0.262 m/s
A <j>=0.872mys |
09} O <j>=1.75m/s A
D=25.4 mm <>=2.62mls |
7D=125 & <j>=349m/s

(a) Void Fraction, <o> [-]

0.0 0.1 0.2 0.3 04

by measured local flow parameters in our previous ex-
periments [16,17] are compared with Egs. (13) and (14)
developed for a flow with generation of void at the wall
as shown in Fig. 3. The solid and broken lines in Fig. 3
indicate the distribution parameters calculated by Eqs.
(14) and (13), respectively. Eq. (14) as well as Eq. (13)
does not agree with the experimental distribution
parameters satisfactorily. The deviations between
Eq. (14) and the experimental distribution parameters
are marked particularly for low void fraction range. For
a wall nucleation case assumed in the derivation of
Eq. (14), tiny bubbles would exist only at the channel
wall, resulting in a near-zero value of the distribution
parameter (see Fig. 1(b)). However, in our previous
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Fig. 3. Comparison of Ishii’s model for distribution parameter in nucleate boiling flow with distribution parameters determined
experimentally. (a) Experiment using a 25.4 mm-diameter pipe [17], (b) experiment using a 50.8 mm-diameter pipe [16].
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experiments for adiabatic air-water bubbly flows [16,17],
the bubble diameter is a few millimeters, and the bubbles
are distributed in various patterns such as the wall peak,
the transition, the intermediate peak, the core peak, and
the flat as shown in Fig. 2(a) even for the low void
fraction range. Thus, at the low void fraction range, the
wall peaking in the adiabatic flow is much smaller than
that in the boiling flow. This results in the value of the
distribution parameter being much higher than the
prediction by Eq. (14) at the low void fraction region.
Fig. 3 also suggests that the void fraction may not be a
dominant factor to determine the distribution parameter
in the bubbly flow regime. Thus, although Eq. (14) is
applicable to nucleate boiling flow, it cannot describe the
wall peaking phenomena in adiabatic bubbly flows. It
should be noted here that the wall peaking appears to
persist at the higher void fraction ({(«) > 0.2) in our
adiabatic data (see Figs. 2(a) and 5).

Sekoguchi et al. [21] observed the behaviors of iso-
lated bubbles, which were introduced into vertical water
flow in a 25 mm x 50 mm rectangular channel through
a single nozzle. Based on their observations, they found
that the bubble behaviors in dilute suspension flow
might depend on the bubble size and the bubble shape.
In their experiment, only distorted ellipsoidal bubbles
with a diameter smaller than nearly 5 mm tended to
migrate toward the wall, whereas distorted ellipsoidal
bubbles with a diameter larger than 5 mm and spherical
bubbles rose in the channel center. On the other hand,
for the water velocity lower than 0.3 m/s, no bubbles
were observed in the wall region.

Zun [22] also obtained a similar result. He performed
an experiment to study the void fraction radial profiles
in upward vertical bubbly flow at very low average void
fractions, around 0.5%. In his experiment, the wall void
peaking flow regime existed both in laminar and tur-
bulent bulk liquid flows. The experimental results on
turbulent bulk liquid flow at Reynolds number near
1000 showed distinctive higher bubble concentration at
the wall region if the bubble equivalent sphere diameter
appeared in the range between 0.8 and 3.6 mm. Inter-
mediate void profiles were observed at bubble sizes
either between 0.6 and 0.8 mm or 3.6 and 5.1 mm.
Bubbles smaller than 0.6 mm or larger than 5.1 mm
tended to migrate towards the channel center. Thus,
these experimental results suggest that the bubble size
plays a dominant role in void fraction profiles.

Serizawa and Kataoka [19] also gave an extensive
review on the bubble behaviors in bubbly flow re-
gime. Recently, Tomiyama et al. [23] conducted ex-
periments and numerical simulations on lateral
migration of a single bubble in stagnant liquids and
laminar flows to examine the effects of the Eotvos
number and dimensionless liquid volumetric flux on
lateral forces. They confirmed that (1) a lateral force
due to the existence of the wall acted on a near-wall

bubble and (2) a lift force due to the net circulation
of liquid around a bubble strongly depended on the
Eotvos number. To extend the above observations to
dense suspension flow such as turbulent bubbly flow
with high void fraction, some further studies should
be indispensable. For example, the relationship be-
tween the channel size and the threshold diameter to
determine the direction of the bubble movement
should be addressed. If the bubble size were compa-
rable to the channel size, even bubbles with a di-
ameter smaller than 5 mm would rise in the channel
center, resulting in a core void peaking.

Based on the above discussions, it is anticipated that
the bubble size would affect the void distribution as well
as the distribution parameter. In addition to this, the
change of the mixture-volumetric-flux profile due to the
introduction of bubbles would vary the distribution
parameter. It has been known that the introduction of
bubbles into the liquid flow flattens the liquid-velocity
profile with a relatively steep decrease close to the wall
particularly for (jr) < 1.0 m/s [17]. However, as can be
seen from Fig. 1, a slight change of the mixture-volu-
metric-flux profile may not affect the distribution
parameter significantly. Thus, the key parameter deter-
mining the distribution parameter would be the bubble
size. Taking account of the bubble size to the channel
size, the distribution parameters determined by local
flow parameters measured under steady fully developed
turbulent bubbly flow conditions are plotted against the
non-dimensional Sauter mean diameter, (Dgy)/D, in
Fig. 4. The distribution parameter steeply increases with
the bubble diameter at the small (Ds,)/D range, and
approaches to an asymptotic value given by Eq. (13). In

B—_
| GG it 1-exp(-22<Dg >/D)} |
o T = 0.5
- 1.2F o CQ,Iahij_l-z‘O.Z(pg/pf)
b

p—
p—
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Fig. 4. Comparison of newly developed model for distribution
parameter in bubbly flow regime with distribution parameters
determined experimentally.



T. Hibiki, M. Ishii | International Journal of Heat and Mass Transfer 45 (2002) 707-721 715

view of the basic characteristics described above and
various experimental data, the following simple corre-
lation is proposed:

Co = (1.2 —02 pg/pf>(1 — e~ 2Dsm)/D). (16)

Here, the coefficient of (Dgy)/D (= —22) has been de-
termined by the databases with the least-square method.
The solid and broken lines are the distribution param-
eters calculated by Egs. (16) and (13), respectively. Eq.
(16) indicates the significance of the developing void
profile in the region given by 0 < (Dsy)/D < 0.2; be-
yond this region, the values of C, approach rapidly to
that for a core peak. The modified correlation of the
distribution parameter, Eq. (16), agrees with the distri-
bution parameters determined by local flow parameters
measured under fully developed turbulent bubbly flow
conditions within an average relative deviation of
+6.7%. The applicability of Eq. (16) is confirmed for 115
data sets taken under the experimental conditions such
as 0.262 m/s < (jr) < 5 m/s, 25.4 mm < D < 60 mm, and
1.40 mm < (Dgy).

As already mentioned, it may be anticipated that
spherical bubbles tend to migrate toward the channel
center resulting in core void peak. The applicability of
Eq. (16) would be limited by the following maximum
spherical bubble diameter [24]:

20 1/3
Diax = 4y [ —— 5 1
gApN;tf ( 7)
where N,/ is the viscosity number defined by
Ny =—— A (18)

" (povJalghn)

The maximum spherical bubble diameter for air-water
system at atmospheric pressure and 20°C is estimated to
be 2 mm from Eq. (17). It may be concluded from Zun’s
observation [22] and the results in this study that Eq.
(16) can practically be applicable to the condition of
<DSm> = szlx/3~

As for the applicability of Eq. (16) to low liquid flow
systems, it may be anticipated that the prediction accu-
racy of the distribution parameter by Eq. (16) would
decrease due to the tendency of bubble migration to-
wards the channel center for low liquid flow rate.
However, for such low liquid flow systems, the orders of
magnitude of the distribution parameter effect and of the
local slip effect are about the same. Thus, in calculating a
void fraction, the value of the distribution parameter is
not as critical as in a forced convection system with high
liquid flow rate where often the distribution parameter is
the dominant factor because of large values of the
mixture volumetric flux. However, for a general corre-
lation, it is necessary to model the distribution param-
eter more accurately. It should also be noted here that a

secondary flow induced at low flow rate in a large di-
ameter pipe may affect the distribution parameter sig-
nificantly [7,25-27]. The applicability of Eq. (16) to the
large diameter pipe (D > 60 mm) or the development of
new correlation for the distribution parameter in the
large diameter pipe should be addressed in a future
study.

For a practical use, the Sauter mean diameter in Eq.
(16) should be correlated with easily measurable quan-
tities such as superficial gas and liquid velocities. Re-
cently, the correlation of the interfacial area
concentration under steady fully developed bubbly flow
conditions has been developed based on the interfacial
area transport equation as follows [28]:

(@) = 0.500Lo~"23 ()7 ()02 (19)
where

-y <ll,'> _ g ~ Lo

<ai> - La,l ) Lo = gApa Lo = DH

and (&) = Lo(%) 1/4.

f

The energy dissipation rate per unit mass in Eq. (19) can
be simply calculated from the mechanical energy equa-
tion as [29,30]:

w=2(-F). (20)

" P

where p,,, and (—dP/dz); refer to the mixture density,
and the pressure loss per unit length due to friction,
respectively. The pressure loss per unit length due to
friction can be calculated from Lockhart-Martinelli’s
correlation [31]. The above interfacial area correlation,
Eq. (19), agreed with 204 data sets measured in air—
water bubbly flows under various conditions such as
channel geometry (circular or rectangular channel), flow
direction (vertical or horizontal flow), superficial gas
velocity (0.018-4.87 m/s), and superficial liquid velocity
(0.262-6.55 m/s) within an average relative deviation of
+11.1%.

The Sauter mean diameter can be calculated by using
Eq. (19) and the relationship of (Dgy) = 6{x)/(a;). As a
consequence, the distribution parameter is given as a
function of flow parameters such as void fraction, and
superficial gas and liquid velocities.

3.4. Axial development of distribution parameter

Fig. 5 shows examples of the axial development of
the void fraction profiles observed in our previous
experiment using a pipe with D = 50.8 mm [16]. The
upper and lower data were measured at z/D = 6.00 and
53.5, respectively. Fig. 6 shows the axial development of
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Fig. 5. Axial development of local void fraction profiles [16].

the distribution parameters corresponding to the data
shown in Fig. 5. The meanings of the symbols in Figs. 5
and 6 are found in Fig. 6. These figures clearly show the
axial development of the void fraction profile as well as
the distribution parameter. For example, for (jr) = 2.01
m/s and low void fraction region ({x) < 0.15), as a flow
develops, the bubbles migrate from the channel center
to the channel wall, resulting in the drastic change from
the core peak at z/D = 6.00 to the intermediate peak at
z/D = 53.5. This leads to the axial decrease in the dis-
tribution parameter. On the other hand, for (j;) = 2.01
m/s and high void fraction region ({«) > 0.15), the core
peak is pronounced along the axial position, resulting
in the axial increase in the distribution parameter. Fig.
7 shows the applicability of Eq. (16) to the developing
flows. Eq. (16) can reproduce the dependence of the
distribution parameter on the non-dimensional Sauter
mean diameter appropriately. A comparison of the
model with various experimental data shows a satis-
factory agreement. This suggests that Eq. (16) can also
be applicable to the developing flows. As shown in
Fig. 8, Eq. (19) can also be applicable to the prediction

of (Dsn) even in the developing flows. However, the
average estimation error of (a;) by Eq. (19) increases by
+18.0%.

3.5. Verification of constitutive equation for drift velocity
given by Ishii

The contribution of the drift velocity to the gas
velocity would be rather small for flow regimes such as
slug, churn, and annular flow regimes, whereas it would
be significant for bubbly flow regime. Thus, it may be
important to reevaluate the constitutive equation for the
drift velocity in the bubbly flow given by Ishii [4], Eq.
(15), with drift velocities determined from measured
local flow parameters. Fig. 9 shows the comparison of
Eq. (15) with the drift velocities determined from local
flow parameters measured in our previous experiments
[16,17]. Fig. 10 also shows the comparison of Eq. (15)
with the drift velocities by using the databases developed
by other investigators [10-13] listed in Table 1. In these
figures, the solid and broken lines indicate the calculated
drift velocities for bubbly and slug flows, respectively.
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Here, the drift velocity correlation for slug-flow regime
is given by Ishii [4] as

DA
Vy = 0.35,|E2=L. (21)
Pr

The scatter of data points appears to be rather large. As
can be seen from Eqgs. (1) and (6), the estimation error of
the void-fraction-weighted mean drift velocity would
mainly be attributed to the measurement error of the
relative velocity between phases, which can be calculated
by subtracting the liquid velocity from the gas velocity.
When the measurement errors for gas and liquid vel-
ocities are +10%, the uncertainty in the void-fraction-
weighted mean drift velocity can be roughly estimated to
be +40%, +80%, and +400% for the gas velocities of
0.5, 1, and 5 m/s, respectively, from the error propaga-
tion. Here, the void-fraction-weighted drift velocity is
assumed to be 0.25 m/s in the error estimation by con-
servative estimate. Thus, it would be very difficult to
make a quantitative discussion based on the data for
(jr) = 1.0 m/s due to considerably large error.
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investigators [10-13].

As can be clearly seen from Figs. 9 and 10, the void-
fraction-weighted mean drift velocity appears to de-
crease with the increase in void fraction. The drift
velocity correlation developed by Ishii [4], Eq. (15), can
represent this tendency marvelously. For (o) > 0.15,
some data sets agree with the drift velocity calculated by
Eq. (21) rather than Eq. (15). This may be attributed to
the flow regime transition from bubbly flow to slug flow.
Taking account of large error in experimental drift
velocity, it can be concluded that Eq. (15) can give the
proper trend of the drift velocity in bubbly flow re-
gime against the void fraction as well as good predic-
tions of the values of the drift velocities in bubbly flow
regime.

Unfortunately, for high mixture volumetric fluxes
(v, ¢ in Fig. 9(a), O, v in Fig. 9(b)) the validity of Eq.
(15) cannot be proven by the present databases due to
considerably large error in the experimental void-frac-
tion-weighted mean drift velocity. However, for the high
mixture volumetric fluxes, the local slip effect is negli-
gibly small as compared with the distribution parameter
effect. Thus, in calculating a void-fraction-weighted

mean gas velocity, the value of the void-fraction-
weighted mean drift velocity is not critical.

3.6. Axial development of drift velocity

Fig. 11 shows examples of the axial development of
the drift velocities obtained in our previous experiment
using a pipe with D = 50.8 mm [16]. The upper figures
are the axial development of the drift velocities for
(jr) = 0.491 and 0.986 m/s. The figures at the lower left
and right show the dependence of the drift velocity on
the void fraction obtained at z/D = 6.00 and 30.3, re-
spectively. The dependence obtained at z/D = 53.5 is
also found in Fig. 9(b). It can be seen from the lower
figures in Fig. 11 that Eq. (15) gives good predictions of
the values of the drift velocities for low liquid-velocity
region (O, A) at z/D = 6.00 and 30.3. The upper figures
show that the drift velocity appears to be already de-
veloped even at the first measuring station, z/D = 6.00.
Thus, it may be concluded that Eq. (15) can be
applicable to a developing flow except for the flow very
near the inlet.
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Fig. 11. Axial development of drift velocities.

4. Conclusions

In view of the practical importance of the drift-flux
model for two-phase flow analysis in general and in the
analysis of nuclear-reactor transients and accidents in
particular, the distribution parameter and the drift
velocity have been studied for bubbly flow regime. The
obtained results are as follows:

1. The constitutive equation, Eq. (16), that specifies the
distribution parameter in the bubbly flow has been de-
rived by taking into account the effect of the
bubble size on the phase distribution, since the bubble
size would govern the distribution of the void fraction.

2. A comparison of newly developed constitutive equa-
tion for the distribution parameter, Eq. (16), with
various fully developed bubbly flow data over a wide
range of flow parameters shows a satisfactory agree-
ment. It has also been confirmed experimentally that
the newly developed equation can be applicable to
developing bubbly flows.

3. The constitutive equation for the drift velocity devel-
oped by Ishii, Eq. (15), has been validated by the drift

velocity calculated directly by local flow parameters
such as void fraction, gas velocity and liquid velocity
measured under steady fully developed bubbly flow
condition. It has also been confirmed experimentally
that Ishii’s equation can be applicable to developing
bubbly flows.
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