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A simplified Euler—Euler model was developed for predicting the void fraction and
velocity profiles in a vertical upward bubbly pipe flow. The main objective of this
approach is to provide a tool for computing the gravitational pressure gradient associated
with a large number of flow conditions. This model is based on existing correlations for
the interfacial momentum transfer and turbulence modeling. Assuming a fully developed,
axially symmetric flow, our formulation reduces to a set of first-order equations, which
can be solved with relatively fast convergence. The results obtained with our approach are
first validated by comparisons with experiments collected in small-diameter tubes taken
from the literature. Then, the model results are compared with our experiments at low
liquid input, moderate pipe diameter conditions and for various bubble size values. The
model is found to correctly predict the evolution of void fraction and velocity profiles
associated with bubble size and liquid input changes. The drift-flux model distribution
parameter and the superficial gas velocity for various flow conditions was finally com-
puted. The results show a reasonable comparison with experiments. © 2005 American
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Introduction

Modeling the relevant physical phenomena for predicting the
phase and velocity radial distributions in upward bubbly pipe
flows is a challenging issue. The main difficulties are associ-
ated with the dependency of the void fraction radial profile on
the bubble size and flow conditions, and the coupling between
the void fraction and velocity profiles. To solve this problem,
the two-fluid or Euler—Euler modeling approach (Ishii, 1975) is
often applied for vertical upward bubbly pipe flow predictions
(Chahed and Masbernat, 1998; Drew and Lahey, 1982; Hill et
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al.,, 1995; Lopez de Bertodano, 1994; Lucas et al., 2001;
Politano et al., 2003). In this modeling method, also called
two-fluid model, both the continuous phase and the dispersed
phase are considered as a continuum. The mass and momentum
conservation equations are averaged and given in Eulerian
coordinates.

The aim of the present contribution is to develop a simplified
model able to predict the main effects of bubble size and liquid
input on the gravitational pressure gradient in vertical upward
bubbly pipe flows. We want to develop a fast converging
Euler-Euler model able to capture the main changes of void
fraction and liquid velocity radial profiles attributed to bubble
size and liquid input effects, based on available models for the
interfacial momentum transfer and turbulence modeling. If
validated, such a model will ultimately enable to study the
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effect of various combinations of bubble size and liquid input
conditions on the gravitational pressure gradient.

The bubble size is known to affect the void fraction trans-
verse profiles in vertical pipe flows. Small bubbles accumulate
at the wall to form a wall-peaking radial distribution, whereas
large bubbles migrate to the centerline zone of the pipe and
lead to a core-peaking void fraction distribution. Recently, it
was shown that the evolution of the transverse void fraction
profile with increased bubble size could be properly described
by using an appropriate model for the lift force, as proposed in
Tomiyama (1998) and Tomiyama et al. (2002) (Lucas et al.,
2001; Politano et al., 2003). In this model, the lift-force coef-
ficient changes sign with increased bubble diameter as a result
of the effects of bubble deformation on the bubble wake—shear
field interactions. In addition, a lubrication type of repulsion
force at the near wall, as suggested in Antal et al. (1991),
brought significant improvements for proper near-wall void
fraction predictions. Because the lift force is proportional to the
radial gradient of the axial component of liquid velocity in
vertical bubbly pipe flow, a strong coupling between the void
fraction and the liquid velocity radial profiles can be expected.

Also the liquid input conditions influence the transverse
profiles of both liquid velocity and void fraction. At low
enough liquid input, a downflow of liquid at the wall can be
observed, similar to that in bubble column flows (Mudde and
Saito, 2001; Mudde et al., 1997). This in turn can be expected
to affect the void fraction profile: the liquid velocity gradient
changes sign near the wall, which might result in an inversed
lift-force direction in that area. Therefore, to determine the void
fraction profile at low liquid input conditions, both the bubble
size and the effects due to the liquid velocity profile are
important.

The gas-lift technique is a gravity-driven pumping tech-
nique, which uses gas injection to reduce the gravitational
pressure in vertical oil wells. The reduced pressure compared
to that of single-phase liquid flow either generates or increases
the liquid input. To quantify the gas-lift efficiency changes
stemming from the effects of bubble size and liquid input, we
will compute the distribution parameter C, of the drift-flux
model (Zuber and Findlay, 1965) for various flow conditions.
This parameter C, directly connects the area average void
fraction to the superficial gas and liquid velocities by

U,
@ - C()(ng + Uy + |Ud”ﬁ| M

in which | U, | is the weighted mean drift velocity defined by

f 48U, driﬁdA
|Udrif1| - J‘A edA (2)
The distribution parameter C, is given by
JagjdA
Co=A 0 ©)

[ edA [, jdA

where ¢ is the void fraction, A is the pipe cross section, and j
is the (local) mixture flux: j = eU, + (I — €)U,. The gas drift
velocity Uy, is defined as U, = U, — j. Itis clear from Eq.
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1, that provided | Uy, | is known the distribution parameter C,
given by Eq. 3 can be used to quantify the gravitational
pressure gradient for given gas and liquid superficial velocities
U,, and Uy;. Such a result permits an evaluation of the gas-lift
efficiency when operating at low liquid input because in those
conditions the frictional pressure drop is negligible with respect
to the gravitational contribution (Guet et al., 2003a).

In a previous study, we measured the radial profiles of void
fraction and phase velocities associated with various bubble
size and liquid input conditions in a 72-mm inner-diameter pipe
flow experimental setup (Guet et al., 2004). The measurement
techniques used for that purpose were a four-point optical fiber
probe for the bubble velocity and size determination (Guet et
al., 2003b; Mudde and Saito, 2001), and laser Doppler an-
emometry for the liquid-phase velocity characterization (Guet
et al., 2002). Based on these measurements, we computed the
distribution parameter C, by applying Eq. 3 to the measured
profiles of void fraction and velocities. Because of the changes
in the void fraction and velocity distributions, significant vari-
ations of the drift-flux model distribution parameter were found
when varying the bubble size and the liquid input conditions,
from C, =~ 0.95 for large liquid input flow with small bubbles
to C, =~ 1.5 for low liquid input conditions with large bubbles
(Guet et al., 2004).

The changes of the C, parameter will be investigated with a
numerical model in the present study. The advantage of devel-
oping such a model is its potential ability to upscale our
experimental results to different pipe diameter and fluid prop-
erties. Our predictions for the void fraction and velocity pro-
files will be first compared with experiments reported by Liu
and Bankoff (1993) and Serizawa et al. (1975) for pipe diam-
eters D, = 38 and 60 mm, respectively. Then, the model results
will be compared with our experimental data collected on a
72-mm-diameter pipe flow experimental setup. Various liquid
input and bubble size conditions will be compared. Finally, the
distribution parameter C, of the drift-flux model will be com-
puted for a large range of liquid input and bubble size condi-
tions, and compared with our set of experimental data.

Model Formulation
Averaged equations

The phase indicator functions X,, where k = g or [ for the gas
and the liquid phase, respectively, are introduced

1 if X is in phase k
0 otherwise

X (%, 1) = {

The phase indicators X, are advected by phase k

X, . -
Tt + Ug-* V(Xk) =0 (4)

and the averaged value of the phase indicator leads to the
k-phase—averaged fraction

g = (Xp &)
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The velocity is decomposed into an average and a fluctuating
part i, = U, + it,, with U, = (i,). After averaging the
continuity and momentum conservation equation for the gas
and the liquid phases, the following set of equations is obtained
(k=gorl

d(ewpp)
ot

+ V- (el = 0 6)

a(ekpkf]k)

ot + V. (8kpkl7kf];<) = Skpkg’ + &V (1)

— & VP, + M, + (1 — 1)Ve (7)
where p;, Uy, Pk, and g, are, respectively, the average density,
velocity, pressure, and the volume fraction of phase k. M, is the
interfacial momentum transfer, 7., denotes the average total
stress tensor, and T, is the average total stress tensor at the
interface. The total stress constitutes a viscous shear and a
turbulence part

T = Tp t T/[:e (3)

where 74 is the viscous contribution and ¢ is the Reynolds
stress tensor representing the contribution arising from turbu-
lence.

Interfacial Momentum Transfer

The interfacial momentum transfer is decomposed into
MA:(PkI_Pk)V8k+ﬁk )

where the first term on the right-hand side denotes the interfa-
cial pressure density. It takes into account the effect of the
average interfacial pressure P, different from the far-field
pressure P,. The second term F « tepresents all the other inter-
facial forces. The interfacial force F is expressed as follows

F,= Fk,dmg + Fk,lift + Fewar T Fiera (10)

where Fk drag 18 the drag force, Fk 1ise 18 the lift force, Fk wall 18
a wall force, and F «.7a 15 @ turbulent dispersion force, which can
be included in different ways. By considering no mass transfer
between phases and neglecting surface tension forces, we will
assume F, = —F,.

A Simple Two-Fluid Model for Vertical Bubbly
Pipe Flow

Assumptions

A simple version of the two-fluid model is formulated. The
assumptions are the following:

(1) The flow is stationary (4/dt = 0).

(2) The flow is fully developed [0U,/dz = 0 and de/dz =
0]. Although bubbles will always expand and/or coalesce, far
from the entrance boundaries this hypothesis is locally valid.

(3) In the gas phase, both the gravity and stress terms are
neglected because of the low density and viscosity.
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(4) In the liquid phase, the difference between the average
stress tensor and the interfacial stress tensor is neglected.

(5) The relative velocity U, = | U, — U, | between the gas
and the liquid phase is constant in the radial direction. This
assumption is an important simplification of the problem be-
cause, in general, we observed with our experiments that the
bubble relative velocity decreases with increasing void frac-
tion; however, the bubble slip velocity radial changes were
small in comparison to the radial heterogeneities of void frac-
tion and of phase velocity (Guet et al., 2004). The bubble
relative velocity changes with the radial position are typically
of £30% magnitude, whereas the void fraction and the phase
velocity can vary by £500% in the radial direction. Also, the
results will show that the most relevant effects arise from the
lift force, and thus the radial changes of liquid velocity are the
most relevant (the lift force is proportional to the liquid veloc-
ity gradient). In addition, it was previously shown that the
mean bubble relative velocity could properly be described by
using correlations based on the area-average void fraction
(Guet et al.,, 2004). For these reasons, the bubble relative
velocity is considered as constant in the radial direction in our
simplified model.

Closure formulation

Drag Force. The drag force density is given by

-

3¢
Fg,drag 8R CdPI(U UI)|U U1| (11)

in which & = &, and where the drag coefficient is taken as (Ishii
and Zuber, 1979)

8 2
Ci=3( -9 (12)

It should be emphasized that this relation is valid for a large
sphere in a free shear flow. There is thus a limitation in terms
of both bubble size and void fraction: at some critical value of
the void fraction, the flow is known to shift to slug flow (Guet
et al., 2003a). This transition is also dependent on bubble size
and corresponds to critical void fraction values of 0.3 to 0.1.
Lift Force. The general formulation of the lift force is

f?g,hf: = _Clgpl(f]g - fjl) X (VX ij[) (13)

which, in the frame of a preferential direction, fully established
cocurrent shear flow, reduces to

aU,*

Foin= —Cepl|U, — Ull ¢ (14)

The lift coefficient is typically C, = 0.5 for a single particle in
shear flows. Values of C;, = 0.05-0.3 were reported to properly
describe wall-peaking void fraction experiments in pipes with
the Euler—Euler formulation (Antal et al., 1991; Lance and
Lopez de Bertodano, 1994; Lopez de Bertodano, 1994). More
recently, models for the lift coefficient dependency on the
bubble shape were proposed from bubble-tracking experiments
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(Tomiyama, 1998; Tomiyama et al., 2002). In those experi-
ments the shape of the bubbles was found to affect the sym-
metry of the bubble wake, and its interaction with the shear
field. This resulted in a negative equivalent lift-force coeffi-
cient for large bubbles. Lucas et al. (2001) showed, by using
the model proposed by Tomiyama (1998) and Tomiyama et al.
(2002) in a two-fluid model, that both the wall-peaking and the
core-peaking radial void fraction distributions could be quali-
tatively described.
This model is given by

min[O 288 tanh(0.121R,), A(E, )] for E, <4
= fE,) for 4 < E, <10.7
~0.29 for 10.7 < E,,

with f(E, ) = 0.00105E, — 0.0159E; — 0.0204E, + 0.474.

The bubble lift-force coefficient is then dependent on the
bubble Reynolds number R, = p,U,D,/u, for small bubbles.
For larger bubbles (typically D, > 1 mm, that is, R, > 107 for
air—water flows), the lift-force coefficient is essentially affected
by the bubble shape through a modified E6tvos number given
by

_ ,D2
E{M:g(pz py) Dy 15)

o

where Dy, is the maximum horizontal dimension of the bubble.
This maximum horizontal dimension is computed using the
correlation proposed by Wellek et al. (1966) for the ellipsoidal-
bubble aspect ratio

Dy = D,(1 + 0.163E%™")13 (16)
in which the E6tvos number is given by

_ ,D2
Eozg(pz Gp;,) b an

where o is the gas—liquid surface tension and D, is the volu-
metric spherical-equivalent bubble diameter.

Wall Force. A local wall force, which acts to drive the
bubbles away from the wall, has been modeled by Antal et al.
(1991), following a similarity with lubrication theory. This wall
force is expressed as

- ep|U, — U R
Fg,u’all = - pl| gR l| |:Cwl + Cw2<h>:|ér (18)
b Yo

where C,,, = —0.06| U, — U,| — 0.104, C,,, = 0.147, and y,
= R — ris the local distance from the wall. This force is valid
only in the near-wall region, and should tend to zero when the
distance from the wall increases. The wall-repulsion force is
taken into account for F, ., < O that is, for r > R +
(C,,R,/C,,,) (Tomiyama, 1998 Troshko and Hassan, 2002).
This wall force provided significant improvements to a proper
near-wall void fraction description: the void fraction is ob-
served to decrease toward a zero-value at the wall (we also
observed this void fraction decrease in our experiments),
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whereas two-fluid models based on the lift force only would
predict a maximum void fraction value at the wall for small
bubbles. It should be emphasized that the wall force model
proposed by Antal et al. (1991) is, in principle, applicable to
laminar bubbly flows. This wall-force expression, however, is
often applied to turbulent bubbly flow as well, and successfully
predicts a decreased void fraction in the near-wall region
(Lopez de Bertodano, 1994; Politano et al., 2003; Troshko and
Hassan, 2002). Recently, improved models have been proposed
for turbulent conditions (Lucas et al., 2001; Tomiyama et al.,
2002) and for taking into account the effects of bubble defor-
mation (Moraga et al., 2004). Such models could be used to
further improve our wall-force formulation.

Dispersion Force. The turbulence in the liquid has the
tendency to redistribute heterogeneities of the phase fractions.
To model this effect, a turbulence dispersion term is included
in the model. Contrary to microscopic diffusion terms included
in the mass conservation equation, this effect is taken into
account by an additional turbulent dispersion force in the
momentum conservation equation (Drew, 2001; Moraga et al.,
2003). Following a diffusion approach, this force is modeled as
(Carrica et al., 1999; Hill et al., 1995; Politano et al., 2003;
Troshko and Hassan, 2002)

3
g.1d = 8 PiVy o~ R

ST

|U U|Ve (19)

In this formulation v, is the turbulent viscosity, taken from the
model described in the next section. Only the radial heteroge-
neities of void fraction are considered in the present model.
Because the turbulent dispersion force is parallel to the void
fraction gradient, in our model the turbulent dispersion force
will be present in the radial direction momentum equations

N 3 Cd > > oe N
Foa=—gpvg U, — Ul 5, & (20)
Interfacial pressure

The area-averaged interfacial pressures P and P, need to be
related to the spatial average of the pressure. Near the bubble
surface, the liquid velocity is greater than the far-field velocity.
This results in a pressure difference, approximated by a poten-
tial flow solution

Py—P=—Cp(l —e)|U,— U Q1)

In this expression the coefficient C,, = 1/4 is valid for spherical
particles (Stuhmiller, 1977). For oblate spheroid bubbles, this
coefficient can be up to 0.71 (Lance and Lopez de Bertodano,
1994), whereas the value C, = 1 is used in Lopez de Bertodano
(1994) and Politano et al. (2003), who considered large bub-
bles. In view of the lack of correlations for C,  WE will use the
value C,, = 1/4 in the present model. In contrast from P, the
following hypothesis is valid for the gas phase because of its
low density: P,; = P

g
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Reynolds stress closure

The pipe flow Euler—Euler contributions reported in the
literature often use the k—& or Reynolds stress model (RSM)
approach to model turbulence. However, interesting examples
using a simple algebraic eddy-viscosity model can also be
found in Sato et al. (1981), Kataoka and Serizawa (1995), Celik
and Gel (2002), and Nikitopoulos and Michaelides (1995) for
pipe flows, or Burns and Rice (1997) and Clark et al. (1990) for
bubble columns and low liquid input bubbly flows.

In the present model, the Reynolds stress tensor 7g, =
(p it} it}") is approximated using an eddy-viscosity approach
based on the bubbly flow algebraic model proposed by Sato et
al. (1981). The total eddy viscosity is given by

v,=v,+v, (22)

where v, and v, are, respectively, the contribution of wall
friction and bubble-induced turbulence. The wall-friction ef-
fects are modeled following Reichardt (1951) and including a
wall-damping function f( y™) as proposed by van Driest (1956)
for a realistic prediction in the near-wall region

KRuL
Vi = (1= r#3)(1 + 2r%%) f(y") (23)

in which f(y") = (1 — e 42, A* =26, K = 041, y" =
yutlv, r* = rIR, ut = V1,/p, and 7, = (RI2)(0P/9z);. The
bubble-induced term is given by the model of Sato et al.
(1981), also weighted by the wall-damping function suggested
by van Driest (1956)

Vy = klé‘Rh| i]g - fjllf(y+) (24)
with
k,
Ky e ifr<R—R,
kl.max kl,max R d fR R < < R d
=9 — — — i — r —d.
Rh - d(‘ " dc - Rb ( C) b
0 ifr>R—d

Because no bubbles are found very near to the wall (for r >
R — d_), the bubble-induced term is neglected in this part. The
thickness of this layer is taken as d. = 20 wm (Sato et al.,
1981). The centerline value of ky, given by k ..., was found to
be in the range of 1 to 1.4 by Sato et al. (1981). In some of our
model results, the best agreement was found for lower values
of ky .- However, herein we will use the value of k; ., = 1.2
recommended by Sato et al. (1981), given that we want to
develop a model free of input from individual experiments.

It should be noted that an additional contribution for taking
into account the motion of the liquid around the bubbles can be
added to this Reynolds stress formulation (Antal et al., 1991;
Politano et al., 2003). In our model this term is neglected.
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Final Formulation
Simplified set of equations

Following the formulation given in Eqs. 6 and 7 and the
hypothesis, the system is explicitly written for the gas and the
liquid phases. Using v, = u/p, and U, = |U, — U,|,
projecting on the r and z-axis lead to the following set of
equations

oP 31

& - 2
9z P8 g R, CipU; (25)
JP, au,  epU; R,
& W _CISPlUrW - R, Cy +C,p ﬁ

3 Cd oe 26
thbeUrg (26)

aP, B aU,
(1 —8)*7 (1 —s)[r(m + w) ] + (1 —¢)pg

SR Cdple 27)

U,

ep,U? R, 3 C, Je 28
TR Cwl+Cw2ﬁ +§MtR7hUrﬁ (28)

The gas phase velocity follows from U,(r) = U(r) + U, in the
present model. Equations 2628 are combined to further sim-
plify the numerical formulation. Using Eq. 21 for connecting
the gas pressure to the liquid pressure, we obtain: (1 — ¢) X
Eq. 26 — ¢ X Eq. 28 = &(1 — s)Cpp,Uf(as/ar). This relation
will be used to derive Eq. 34.

Boundary conditions

The boundary conditions used are the following:

® No-slip condition for the liquid phase: U,(r = R) = 0
The flow is axially symmetric: (9U/dr)(r = 0) = 0

The area-averaged void fraction is specified: (g) = ¢
The superficial liquid velocity value Uy, is specified and
the pressure gradient dP/dz is determined accordingly.

Numerical formulation

For convenience, the following variables are introduced:
afr) = dU/or and a(r) = 2 [ erdr. Because we want to
adjust the pressure gradient for a given liquid volumetric flux
U, and area-averaged void fraction (&), we also introduce y =
dP/dz and the cumulative liquid flux J(r) = QIR [ —
e)Urdr. The set of equations to solve is a system of six
first-order differential equations, strongly coupled through the
void fraction & and liquid velocity U,

ay

ar s 0 (29)
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ﬁzﬁ(l _S)U]r (30)
Ja
P 2mer 3D
iU,
P alr) (32)
P
da,_oz PE (11 om
ar ot pe \ro ot or)
3CdplU% €
TRt )1 - OV
(ke + ) &
2
€p1U, Rb
be —-CpU,aie — R, (Cwl + Cy» ﬁ)
78 (34)

Jar 3 Cd
e(1 —e)C,,p U + 5 L Ur

where C,, = 2C,, = 1/2 and U, is evaluated from the mean void
fraction <s) by using the correlation of Garnier et al. (2002): U,
= U[(1 — {&)""?). The terminal velocity U, of a single bubble in
an infinite medium is taken from the model of Peebles and
Garber (1953). This expression for the bubble relative velocity
was found to properly describe the changes of bubble relative
velocity with mean void fraction for various experimental
conditions (Guet et al., 2004).

In principle the bubble relative velocity can be computed by
using the pressure gradient and the drag force correlation in the
gas-phase axial momentum equation. Because in the present
investigation we are especially interested in predicting the
radial force effects by our simplified model, the simple relation
suggested by Garnier et al. (2002) is used for the bubble
relative velocity determination. This simplification avoids nu-
merical instabilities arising from a coupling between the pres-
sure gradient and the bubble relative velocity. However, we
checked with our final results that the bubble relative velocity
and pressure gradient values are consistent with the drag force
model given by Ishii and Zuber (1979).

The quantities of input are: the area-averaged void fraction
(&), the superficial liquid velocity U,,, and the bubble radius R,
Reformulating the boundary conditions for our set of equations
leads to the following: _

® No-slip condition for the liquid phase: U,(R) = 0

® The flow is axially symmetric: a,(0) = 0

® The area averaged void fraction specification: a(0) = 0
and a(R) = wR*(g)

® To specify the liquid input, we impose J,(0) = 0 and
J(R) = U,

A set of six unknowns has to be determined by using six
ordinary differential equations (ODEs) with six boundary con-
ditions. The DO2RAF NAG FORTRAN library was used,
which is suitable for a full nonlinear problem. A deferred
correction technique and Newton iterations were implemented.
Because the lift force was a source of strong gradients, a
continuation parameter was used to increase progressively the
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lift-force coefficient magnitude in an iterative loop. Typical
computations consisted in 50 iterations on the lift force and
used 10,000-50,000 mesh points. The numerical results are
provided for a maximum norm corresponding to an error of
<5 X 107° on the void fraction values.

Results and Discussion
Model validation

Comparison with Experiments from the Literature. To val-
idate our simplified model, two sets of experimental data
collected at differing liquid input and pipe diameter conditions
are used:

(1) The experiment of Serizawa et al. (1975) in an air—water
60-mm-diameter pipe at U, = 1.03 m/s, U,, = 0.21 m/s, (&) =
0.18, and D, = 4 mm.

(2) The experiments of Liu and Bankoff (1993) in an air—

water 38-mm-diameter pipe at Uy, = 0.753 m/s, U, = 0.23
m/s, (¢) = 0.19, and D, = 3.6 mm.
The results for the void fraction and radial profiles of liquid
velocity obtained for these two experiments are shown in
Figure 1. The model correctly describes the void fraction and
liquid velocity for both pipe diameter values. The magnitude of
the liquid velocity gradient at the wall is somehow underesti-
mated (Figure 1b). To investigate the validity of our simplifi-
cations, the values of the superficial gas velocity are also
compared. The superficial gas velocity, as obtained With our
model calculations, was computed by applying U,, = (2/
R?) [ eUserdr, with U, = U, + U,. The results are Uy, 0 196
m/s and U, = 0. 212 m/s for cases (1) and (2), respectlvely
These values are comparable to those reported by the authors
(Uy, = 021 m/s and U,, = 0.23 m/s). This confirms the
validity of our bubble relative velocity formulation. However,
in general, the superficial gas velocity was found to be slightly
underpredicted by the model.

A better description of the liquid velocity profile was found
by neglecting the bubble eddy-viscosity contribution, corre-
sponding to k; .. = 0 in Eq. 24 (see Figure 2). This is
consistent with the eddy-viscosity model developed in Chahed
et al. (2003): the authors reported that the eddy viscosity in
bubbly flow can be greater or smaller than the corresponding
single-phase flow eddy viscosity, depending on a competition
between bubble agitation (which tends to increase the eddy
viscosity), and shear stress attenuation arising from turbulent
isotropization by the bubbles (which decreases the appropriate
eddy-viscosity value). Moreover, experimental investigations
reported these turbulence damping effects (Serizawa and
Kataoka, 1994). Because we want to capture the main trends
with a simplified phenomenological model, however, we will
use the initially proposed value of k; ., = cste = 1.2 by Sato
et al. (1981) in our eddy viscosity formulation.

Moderate Liquid Input Predictions: Bubble Size Effects.
We compared the radial profile results obtained with the model
with experiments carried out in our pipe-flow experimental
setup of 72-mm inner diameter. The comparison for Re,, =
16,000 and for two bubble size values are presented in Figure
3, corresponding to volumetric-spherical equivalent diameters
of D, = 4 and 8 mm. In the present experiments, the bubbles
were ellipsoidal in shape, with a typical aspect ratio y ~ 1.3
and 1.9 for D,, = 4 and 8 mm, respectively (x is the ratio of
horizontal to vertical chord length of the bubbles). Our model
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(b) Liquid velocity

Figure 1. Comparison between the experimental data of
Serizawa et al. (1975) and Liu and Bankoff
(1993) with the model results [with k,(r = 0) =
1.2 in Eq. 24].

(a) Void fraction; (b) liquid velocity.

could not be applied to much larger bubbles: the simulations
are restricted to D, < 10 mm because larger bubbles are in the
wobbling regime or spherical-cap shaped (Clift et al., 1978).
The model is able to capture the wall- and core-peaking void
fraction profiles associated with increased bubble diameter.
Also, the liquid velocity evolution is well described by the
model, changing from a flat to a parabolic profile with increas-
ing bubble size. However, the profiles associated with the large
bubble size experimental conditions are not as correctly pre-
dicted as the small bubble situation. This is attributed to the
large distribution of bubble size during the large bubble exper-
iments. Bubbles with a spherical equivalent diameter of <5
mm were also measured by our four-point probe near the wall
location during this experiment. Therefore, to describe the
profiles more closely, a model of multiple bubble-size classes,
such as the one developed by Lucas et al. (2001) and Politano
et al. (2003), would be needed. Also, a number of coefficients
used in this model, such as C, and C,, might be changing with
bubble size. However, our simplified model is found to prop-
erly capture the main effect of an increased bubble size on the
radial profiles.
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Bubble Column Predictions. We also computed the void
fraction and liquid velocity field associated with various bubble
size and void fraction conditions in an air—water bubble col-
umn, that is for U; = 0. In Figure 4 the void fraction and liquid
velocity profiles obtained in a bubble column of diameter D, =
72 mm for two bubble diameter values (D, = 4 and 8 mm) and
for an area-averaged void fraction (¢) = 0.05 are presented. As
observed in bubble column experiments, we obtain a liquid
downflow at the wall (Clark et al., 1990; Mudde and Saito,
2001; Mudde et al., 1997). Although we use a turbulent pipe
flow model for the eddy viscosity, as suggested by Sato et al.
(1981), the liquid velocity profiles associated with bubble col-
umn conditions are qualitatively in agreement with experimen-
tal observations. Because of the change of sign of the lift-force
coefficient when varying the bubble diameter, the void fraction
profile is almost flat (with a small peak near the wall) for small
bubbles, whereas a parabolic profile is obtained for large bub-
bles. The liquid recirculation is decreased when using small
bubbles: the small bubbles are accumulating in the negative-
velocity part of the flow, thus preventing the falling liquid flow
by locally increasing the void fraction.

A near-wall peak of void fraction is found for small bubbles
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Figure 2. Comparison between experimental data and
model results when neglecting the bubble
eddy viscosity (that is, using k; = 0 in Eq. 24).
(a) Void fraction; (b) liquid velocity.
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Figure 3. Predictions obtained for our 72-mm inner di-
ameter pipe flow, for Re,, = 16,000, and for D,,
= 4 and 8 mm.

(a) Void fraction; (b) liquid velocity. The model results are
compared with experiments corresponding to D,, = 4 mm and
D, ~ 8 mm.

because, in that case, there is a competition between the radial
forces. This peak is located at the pipe radial position corre-
sponding t0 F, ;i + F, . = 0 (see Eq. 34). For the bubble
column case with D, = 4 mm, it is found at /R ~ 0.94
(Figures 4 and 5a). For the large bubble case (D, = 8 mm),
both the lift and the wall force are negative, and thus no wall
peak of void fraction is obtained (Figures 4 and 5b).

If the column diameter is increased it can be expected that
the thickness of the inversed velocity gradient layer near the
wall will be increased. This can lead to important inversed
lift-force effects, resulting in a core peaking void fraction radial
profile in large-diameter columns, even when using small bub-
bles with a positive lift-force coefficient. In the present simu-
lations, the lift force was negligible in the inversed liquid
vorticity layer because of the low value of the pipe diameter. In
the case of large-diameter bubble columns the wall peaking of
void fraction is in general not reported in the literature, even
when the bubble size is low (Mudde and Saito, 2001). How-
ever, devoted bubble column experiments have shown that,
provided a special attention was paid to the bubble injector, a
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peak of void fraction in the wall region could be found when
the bubbles were small (Harteveld et al., 2003).

These results suggest that other mechanisms play an impor-
tant role in the radial distribution phenomena in bubble col-
umns, such as coherent structures and pipe diameter effects.
More research is thus needed for a proper modeling of bubble
column flow conditions by a simplified Euler—Euler approach.
In the present study we are interested in flows with a net liquid
input value, and thus this bubble column flow situation is seen
as a limiting case for our simulations.

Low Liquid Input Predictions. We also compare our sim-
ulations with experimental results collected at low Re,, condi-
tions. In those conditions, a liquid downflow at the wall was
also found. Similar measurement results for low liquid input
flow conditions are reported in Mudde and Saito (2001). In
Figure 6, we compare the void fraction and velocity measure-
ments with model predictions for Re;, = 1200; D,, = 6.5 mm,
and a low area-averaged void fraction (¢) = 0.01. In those
conditions, the profiles of void fraction and liquid velocity
were properly predicted with our model. At increased void
fraction, however, the liquid recirculation was systematically
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(b) Liquid velocity
Figure 4. Typical void fraction and velocity radial pro-

files in the bubble column mode as predicted
by the model for D, = 4 and 8 mm.

The mean void fraction is (&) = 0.05 and the pipe diameter D,
= 72 mm.
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Figure 5. Radial wall and lift force predicted by the
model in the bubble column-flow mode.
(a) D, = 4 mm, (&) = 0.05; (b) D, = 8 mm, (¢) = 0.05. In
case (a), there is a competition between the lift and wall force.
The near-wall void fraction peak is obtained where F, ., +
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Figure 6. Comparison of the velocity profiles obtained

from the model and the experiments at Re,, =
1200, (&) = 0.01, and D,, = 6.5 mm.

(a) Void fraction; (b) liquid velocity.
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Figure 7. Comparison of the void fraction and velocity
radial profiles obtained from the model and the
experiments at Re,, = 1200, (¢) = 0.09, and D,
= 8 mm.

(a) Void fraction; (b) liquid velocity. In that case the liquid
recirculation is underpredicted by the model.

underpredicted by our model, independently from the bubble
size conditions (see Figure 7 for Re,, = 1200, D,, = 8 mm, and
(e) = 0.09). This can be due to a number of effects, such as the
polydisperse aspects of the medium attributed to bubble frag-
mentation, bubble entrainment in the downflow regions, and
bubble coalescence. Also, our pipe flow eddy-viscosity model
is clearly not appropriate for low liquid input flows, for which
the pipe Reynolds number is below the critical value corre-
sponding to the transition to turbulence. In those conditions our
simplified approach is therefore of limited interest. For our
drift-flux distribution parameter calculations, we will restrict
our computations to turbulent pipe flow conditions (we will use
Re,; = 2000 as a lower limit for U,)).

Drift-flux distribution parameter

In this section we use our model for making predictions of
the change of the distribution parameter with liquid input and
bubble size in our 72-mm-diameter pipe flow. For that purpose,
we carry out series of simulations at varied Uy, and R, values.
The distribution parameter, defined by Eq. 3 in the drift-flux
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Figure 8. Distribution parameter as a function of the lig-
uid input Reynolds number.

(a) Model results for D, = 4 and 8 mm with () = 0.1; (b)
experimental results at various area average void fraction
conditions. The experiments are separated in wall peaking (D,
< 5 mm) and core-peaking void fraction radial profile con-
ditions (D, > 5 mm).

model (Zuber and Findlay, 1965), is calculated for each sim-
ulation by using the computed profiles. The experimental dis-
tribution parameter C, was also computed by applying Eq. 3 to
the measured profiles of void fraction and phase velocities
(Guet et al., 2004).

Liquid Input. 'We computed the effect of the liquid input
for two different values of the bubble size corresponding to D,
= 4 and 8 mm, as shown in Figure 8a. The area-averaged void
fraction was kept constant at (¢) = 0.1 in those calculations. A
few simulations were carried out at varied void fraction con-
ditions. No substantial changes were found. In general we
observed a significant increase of the C,, parameter at decreased
liquid input, as a result of the appearance of liquid recirculation
in the near-wall region. It is interesting to note that reducing the
bubble size reduces the C, parameter at any liquid input con-
ditions. This is also observed in the experiments: the liquid
recirculation was prevented by the small bubbles, thus reducing
C,. In Figure 8b we also plot our experimental data collected
for different bubble size conditions, corresponding to the wall
peaking of void fraction (D, < 5 mm) and to the core peaking
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radial profile of void fraction (D, > 5 mm) (Guet et al., 2004).
The numerical simulation and experiments describe the same
behavior at low liquid input for large bubbles: the C,, parameter
increases significantly when reducing the liquid input below
Re,; < 10,000. Each C, experimental point is computed ac-
cording to measured void fraction and velocity profiles. During
these experiments, the void fraction has been varied from () =
0.02 to (¢) = 0.2. This explains the scatter in the experimental
data. From this plot, however, it is clear that the bubble size is
a critical parameter for a proper description of the flow and
accurate pressure drop predictions, as a result of the associated
changes of the lift force.

Bubble Size. We also computed the C, parameter for var-
ious bubble size values when operating at a fixed large liquid
input, for which no liquid downflow at the wall was obtained.
These conditions were taken as Uy, = 1.39 m/s, that is, Re,, =
100,000 for the simulations. The area-averaged void fraction
was fixed at (¢) = 0.1. The results of the simulations are shown
in Figure 9a.

In Figure 9b we also show experimental data collected in our
experimental setup at moderate to large liquid input conditions.
During these measurements, no liquid downflow was observed
at the wall. This corresponds to Re; > 20,000. The numerical

0.95}
097 3 4 5 6 7
D, (mm)
(a) Model
13
1.25}

gt

4 5
D, {mm)

(b) Experiments

Figure 9. Distribution parameter as a function of the
spherical-equivalent bubble diameter.

(a) Simulation results for Re;; = 100,000, D,, = 72 mm, and
(g) = 0.1; (b) collected experiments for D, = 72 mm, Re,, >
20,000, and various area average void fraction.
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Figure 10. Comparison between the superficial gas ve-
locity taken from the experiments and the
model predictions.

For each simulation the area average void fraction and mean
bubble diameter are taken from the corresponding measure-
ment.

results show the same behavior as in the experiments: because
of the lift force changes with bubble size, the C, parameter
changes dramatically near D, = D, ourai (Dppeusrar 15 the
bubble diameter associated with a “neutral ™ lift force, that is,
C, = 0: Dy ertry = 5.8 mm for water). Small bubbles (D, <
Dy, eunrar) lead to Cy =~ 0.9-1, whereas larger bubbles (D, >
Dy, powsrar) give Cy = 1.1-1.2, although there is a shift between
the experimental and numerical results. This is attributed to the
differences of liquid input and of void fraction conditions
during the experiments and for the simulations, as well as the
method of evaluation of the spherical-equivalent bubble size
during the experiments, which was based on the correlation of
Wellek et al. (1966) for connecting the volumetric spherical
equivalent diameter to the measured bubble vertical chord
length. In the next section, we will compare the superficial gas
velocity values as obtained with our model with these mea-
surements.

Superficial Gas Velocity. Under practical laboratory and
gas-lift conditions, the input gas flow rate is often known,
rather than the area-averaged void fraction. Our model would
therefore have to be used in an iterative way for predicting the
pressure drop associated with a given gas input. We thus
investigate in this section whether our model can be used to
predict the superficial gas velocity associated with given void
fraction and bubble size conditions. We compared our pre-
dicted superficial gas velocity values with experimental data
collected for various bubble diameter and void fraction condi-
tions. In those simulations, the liquid input, area-averaged void
fraction, and mean spherical-equivalent bubble diameter were
taken from the measurements. The superficial gas velocities as
measured by area-averaging our gas flux measurements (using
the four-point optical-fiber probe technique) are compared with
the associated model predictions in Figure 10. The compari-
sons are reasonable with respect to the accuracy of the mea-
surement technique and the simplicity of our model. At large
gas input, the model had the tendency to underpredict the
superficial gas velocity. These increased gas input points cor-
respond to increased void fraction (¢ > 0.1), suggesting that
the validity of our approach is restricted in terms of void
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fraction conditions. Improvements are expected if we would
consider the local changes of the bubble relative velocity with
local void fraction. However, as illustrated previously this
effect has only a minor impact on the C, parameter determi-
nation.

Conclusion

In this contribution a simplified model, based on the two-
fluid Euler—Euler modeling approach, has been developed for
predicting the void fraction and velocity radial profiles at given
bubble size and liquid input conditions. This model is able to
capture the main trends associated with bubble size and liquid
input changes. The most important phenomena are: (1) the
transition from wall peaking to core peaking of void fraction
for increased bubble diameter, and (2) the liquid downflow at
the wall for low liquid input conditions.

Our two-fluid model used the lift force coefficient correla-
tion as proposed by Tomiyama et al. (2002) for taking into
account the bubble shape effects. This force term was found to
be crucial for properly describing the changes of void fraction
radial profiles with increased bubble size. This also had an
impact on the liquid velocity profiles. At low liquid input, the
liquid downflow at the wall was enhanced when increasing the
bubble size because of an increased mixture density in the
downflow region. This effect was also observed in the exper-
iments.

From the void fraction and velocity profiles obtained at
various flow conditions, we computed the drift-flux distribution
parameter C, as defined in Zuber and Findlay (1965). A rea-
sonable description of the distribution parameter as a function
of bubble size and liquid input was achieved. Typical values
were C, ~ 1 for small bubbles at large liquid input, and up to
C, =~ 1.5 for large bubbles at low liquid input. The present
model could be further improved by using an eddy-viscosity
model able to predict turbulence damping, such as the one
suggested by Chahed et al. (2003), and by taking into account
the bubble velocity fluctuations and the associated effects on
the interfacial forces, as suggested in Lathouwers (1999) and
Chabhed et al. (2003). Such an additional contribution could be
included by using the approach described in Mudde and Simo-
nin (1999). With these additional models the prediction of
bubble column flows in large-diameter pipes (D, > 10 cm)
could be investigated in more detail. For a proper upscaling of
gas-lift conditions as encountered during the application, it
would also be interesting to extend the present model to larger
pressure conditions.
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