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NEIMA BRAUNER- and AMOS ULLMANN

Prediction of holdup in liquid slugs

Department of Fluid Mechanics and Heat Transfer, Faculty of Engineering,
Te] Aviv University, Te] Aviv 69978, Israel

Abstract
Correlations and models from the literature for the prediction of void fraction in liquid

slugs are reviewed. It is shown that a mechanism that can explain the slug aeration in vertical,
}.orizontal and inclined tubes has not yet been established. A new model that attributes the
aeration of the liquid slug to a recurrent bubble entrainment from the Taylor bubble (TB) tail
i-s introduced. The bubble fragmentation is related to the rate of turbulent kinetic energy in the
shear layer, which is formed at the TB wake as the liquid film plunges into the slug front. The
model has been tested against experimental data available from the literature and was found
to predict the effects of liquid and gas flow rates and their physical properties, as well as tube
iiameter and inclination on the void fraction.

Keywords: Slug flow; Holdup; Entrainment; Taylor bubble; Gas-liquid

Introduction

Correlations or models for the prediction of the insitu void fraction of liquid
slugs in horizontal, inclined and vertical tubes are required as a closule relation-
ship for the modeling of gas-liquid slug flow. The evaluation of the liquid slug
holdup is important in particular for the design of vertical and off-vertical in-
clined systems) since the hydrostatic plessure drop is pTactically determined by
the liquid lroldup in the slug.

Several attempts to suggest an experimental colrelation for evaluating the
void fraction in the slug, e;5 weTe reported in the literature. A widely used
correlation is that of Gregory et al. [1], which is based on their data of oil-air

*tr-mail address: brauner@eng.tau.ac.il
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slug flow in 25.8 mm and 51.2 mm horizontal pipes. It suggests a dependence
only on the mixture velocity; [/-

I - erc: l+p,-hso'ls§ (1)

Ferschneider [2], using a larger data bank for horizontal and slightly inclined slug
flow, suggested a dimensionless correlation, of the form similar to Eq. (1), in
terms of Froude and Eotvos, (FY, Eo) numbers:

l - r-- "LD (1 + ClFr2Eo,r), ,

Fr- i Eoo: (pr - pc)gD2

lG - pclpl)gD)'/'
where Cr and 7 are tunable parameters, D is the ttrbe diameter and o is the
surface tension. Other studies, however, indicate a dependence of the slug void
fraction on the liquid-cut in the feed, on tlre fluid properties and on the pipe
inclination [3-6]. For instance, the OLGA multi-phase code uses the following
correlation for horizontal slug flow, (Malnes [7]), which was fitted to SINTBF
laboratories data for high density gas:

eŁs:ĄIU*-Uftrul

cl : 0.15 * 0.001p6 ; t]ł:i' : 2.57 ł gD .

Equation (4) uses dimensional fitting constants and suggests that aerated slugs
are obtained when the mixture velocity, [/- exceeds a threshold value, (Jf{it,
which is dependent on the tube diameter. For vertical slug flow, another corre.
lation of Malnes [8] is used:

^uĘLS :
0.3 + Um

CzłU-'

"r: -Ę^ ł2(J6 < 1.8 , (7)- 1 + 0.02p6

where Urc is the superficial liquid velocity. For inclined systems, the void fraction
is estimated in the OLGA code by a superposition of the values obtained. for
horizontal and vertical systems:

€Ls : ea73 sin2 § + e!, cosz P . (8)

U^

(2)

(3)
8o

with

(4)

(5)

(6)

Only a few studies attempted to model the entrainment of gas bubbles from the
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: l:ie 1. Estimation of the slug void fraction using the Barnea and Brauner [10] approach for
air-water flow in 51.2 mm horizontal pipe (dashed lines - flow-pattern boundaries,
solid lines - locus of constant void faction in the slug).

].",,_or bubble (TB) tail into the liquid slug. The model of Fernandes et al. |9]
' i i'ertical slug flow and of Andreussi and Bendiksen [4] for nearly horizontal
:i ^i flow, relate the gas entTainment to the liquid film velocity. However, both
* 

: cels practically ignore the effect of surface tension, which must play a role in
l _rble fragmentation.

Barnea and Brauner's [10] model assumes that the gas in developed liquid
:-:iS appears as dispersed bubbles and tlrat the bubble fragmentation results
: : r the turbulence of the carrying liquid in the slug core. Following this conjec-
-_:e. the insitu holdup is the same as the holdup on the slug/dispersed-bubble
':.:sitional boundary for the same total mixture velocity. The procedure for
,,"."-rrating e;5 is demonstrated in view of Fig. 1, For instance, starting at point
t -,n the slug/dispersed-bubble flow transitional boundary, where the void frac-
:.,": is predicted by the homogenous model to be the same as the gas cut in the
lł.7 (Ug;f Un ); Increasing the gas superficial velocity, [/6:5 results in coalescence
;i :ubbles to form a Taylor bubble, hence transition to slug flow. However, once
*:,. nrixture velocity is maintained the same, so ale the turbulence fragmenta-
:" , - forces in the liquid bridge, hence the gas void fraction in the liquid slug
nł--aitrs essentially the same as at point a. Accordingly, if the slug/DB boundary
;| f-olvn either form theory or experiments, the void fraction in the slug can be
*,;u_.t€d following this procedure. Based on the recent model by Bratrner[11]

100l01.0
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I + 0,022CH'W",f3/3 (PoD cos Bt)-5/6 '

where Cp is a tunable constant,

prukD

for the prediction of slug/DB boundary, the void fraction in the slug is given by:

0.022C iI W 
", 

7! 
/ 3 

1no p cos Pl )-5 / 6

Eop > 5, (9)€LS:

We" =

and Pl is the inclination to the horizontal for |B|
tlre off-vertical inclination B' : 90'- lBl.

Re": PlU^D
l]r

ś 45o, otherwise it represents

" 0,046,+-1 Js- Re0.2'

U)
J

Cł)+ 1.0

ci
i 0.8
o]E 0.6
o)
=ó 0.4

E,= 
o.2

.9J

AlR OlL System, 1l = 0.0675cp

Eq.[9l, Cn = 1.5

D=2.58cm

110
Mińure Velocity, Ur[m/sec]

Figure 2. Comparison of the prediction of Eq,(10) with Gregory et al [1] correlation for the
liquid holdup in the slug.

Figure 2 shows the predicted slug void fraction vs. the mixture velocity
for the oil/air system used by Gregory et al. [1] to develop the experimental
correlation trq. (1). Indeed, the prediction by Eq. (9) is in good agreement
with the experimental correlation. The mild dependence on the tube diameter
that is indicated by the model of Eq. (9) is not indicated by the experimental
correlation, possibly as a result of the rather scattered data which was used to
obtain Eq. (t). The main problem with the approach of Barnea and Brauner [10]
is that the slug/DB boundary is insensitive to the pipe inclination. This is due
to the fact that gravity has a minor role in determining the conditions where a

0.1 102
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::l1y dispersed flow can be maintained. Consequently, the resulting variation of
-':-e €Ls predicted via this approach with the tube inclination is mild. However,
-..ta obtained in inclined and vertical slug flow (see for example [5-6, 12]) clearly
___,licate that the slug void fraction increases at steeper inclinations.

In general, the aeration of the liquid slug is affected by the dispersion mecha_
- _sns taking place at the TB tail and its wake that is formed at the front of the
,_:g. In this region, the dispersive forces are due to the wall jet formed at the
_ ł.r,lor bubble wake (TBW) by the plunging liquid film. Due to the sensitivity
:_ tlre liquid film velocity to the inclination, the rate of bubble entrainment is
:.:rrificantly affected by the tube inclination. The TBW model introduced herein
]' shown to predict the effects of flow rates and physical properties of the fluids,
-__e tube inclination, as well as the effect of the TB }ength on the rate of bubble
ł:_trainment as observed experimentally.

2 The TBW model

The idealized physical pictures of slug flow in vertical and inclined (or hor-
._'.:rtal) tubes are described in Figs. 3a and 3b respectively. The gas in the
_..rlor (elongated) Bubble (TB) moves at a velocity UcrB which is faster than
--e nixture velocity in the liquid slug, [/-, Therefore, liquid is shed from the
: "ck of the slug to form the falling film in the TB region. The small bubbles,
.-rich are dispersed in the preceding slug, coalesce with the TB at its nose at a
:..:e 065. Part of the bubbles that are entrained into the TB wake (at a rate
! ;.) may re-coalesce with the TB tail (at a rate 0616), resulting in a net gas
:.:e of iDc" - 066, which is shed upstream to the successive TB. In this case, the
,_-.itu gas holdup in the TB wake region, e!, is higher than the insitu holdup
-,-_thin the liquid slug, ef5. In a stable slug flow, the slug length, tr15 and the
- B iength, L7B rcmain essentially constant in the downstream direction, thus
=,]s: §c"-§ca.

The fragmentation of the TB tail and the entrainment of the bubble into the
_ B wake are due to the dispersive forces induced by the flow of the liquid film as
. - plunges into the liquid slug front. The flux of surface energy production due to
:agmentation of the TB tail into bubbles of a maximal size d-o, at a rate Q6"
-s givęn by:

(1 1)

;,;here o is the surface tension. The flux of this surface energy production is
:loportional to the flux of turbulent enelgy supply by the penetrating liquid film

n,:mQGu:***.,
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Figure 3. Schematic description of TBW model for slug flow: a) vertical tube, b) inclined tube,

'jet" at a rate O7,1:

}rr{u'' + r'2 + r'z)Ql,f : ,r#r". ,

(D.r.f : (Ur _ uYię * eYd .

{

(b)(a)

where

(12)

(13)

Cl : O(7) is a constant , andU7 is the TB rise velocity in un-aerated liquid. The
latter is obtained by Nicklin et al [13] equation, Ur : C{B{I*+U{B, where CflB
andU{B represent the TB distribution parameter and drift velocity, respectively.
The turbulent model for characterizing the dispersive forces in the flow field is
that associated with a wall jet and shear layer formed in the liquid slug front,
due to the relative velocity, A[/, between the liquid in the slug front (moving
at velocity UYri and the liquid film at the tail of the preceding TB (moving at
velocity U{7, see Fig. 3). The maximal values reported for compound shear layers

aTe,, u'2: 0.03AI/2,,D'2 :0.02^U2,.'2 :0.013AU2 [14]. Here, conservative
values ,J'2 : ,u'2 : .'2: 0.014[/2 are taken. Gas entrainment occurs provided
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-:e length of the TB, hence the film velocity exceeds a certain threshold value.
Jhe threshold value on the film velocity can be estimated asstrming it corresponds
:: a critical Weber number of the order of unity:

Wel"ri1 :
p td*or(u'2 + u'2 + u 2) 

crlt :C'żo(1) . (14)

81

3o

d^o, ź dcri.t:

E,:_,:ations (12-15) result in:

0.4o L/2 0.224

(g - pc)g cos PlD2 (cos BlEop)t/z

l'-e maximum stable drop size is of the
: ::bles, d""ri1 |75], which is expressed in
::gD2 l(8o):

order the critical size of deformable
terms of the Eotvos ntlmbef, Eop :

( 15)

(16.1)

(L6.2)

(17.t)

(1,7.2)

dcrźt t

-: 

lDL

Oc"1;
ń: aoocrd**(We-Wec) ; Weż_Wec

We: 
pLD(UY'Ly - UU)z : Weg_ 100C/

O dcri,t

--. and C' ate tunable constants (Cl:7, Cl :2f3 are used here).
It is worth mentioning at this point that while [Ą,1,5 > 0, the sign of [Ą,1

:ę:ends on the tube inclination and the distance from the TB nose. For steep in-
:i-::ations, U77 is practically always negative. The liquid film holdup and velocity
u. :unction of the distance from t}re TB nose are obtained by solving the momen-
]i,-il equation for the developing film in a coordinate system attached to the TB
,,ę_ocity. In case of a long TB in vertical or slightly off-vertical slug flow, the
ł",.rnptotic fully-developed film thickness can be calculated using simple models:

: 0.909 n"!f ; Laminar fiIm [16](rftl pr^p s sin B)llz

(q?l p"^p g sinB)t/s
: 0.135 R"'/;' ; Turbulent film |17]

rbere Rer"f : pUrtsDlry andU7,3 is obtained from a mass balance, U77g:
-'- - e7gUg76. The gas velocity in the TB is that affected by the rising TB,
:enceUg7B - (JT.The liquid and gas velocities in the slug U1,;5,[/cz,s (both
: tlre wake region (W) and in the slug core (S)) are calculated via the drift fltrx
::odel, whereby UGts: CoU^ *[/o, with Co and U6 representing the bubbles
::stribution parameter and drift velocity, respectively.

Due to the drift between the btrbbles and the liquid, part of the bubbles
:hat are entrained from the TB may re-coalesce with its tail. The instantaneous



N. Brauner and A. Uilmann

velocity field as visualized in the TB wake region is very disordered, and the
avelage bubble back-flow may be also a result of tlre instantaneous secondar1-
velocity components. Here, however, the bubble back-flow is estimated based
on the btrbbles drift velocity at the TB tail (where tlre liqtrid moves at the TB
velocitv) provided the bubbles reach the TB tail:

(18,

The rate of bubbles shed backwards into the liquid s}ug (and to tlre successi\,e
TB nose) is therefore (DGs : Qc" * 05:6, for Oc" ) O66, otherwise ó615 : 0 for
06" { Q66.

The holdup in the TB wake, e[3, and in the slug, ef5, are calculated from a
mass balance on the gas in a coordinate system attached to the TB transitiona]
velocity, [J7u, Fot a non-negligible slip between the liquid and the gas in the slug.
U66 is dependent on the insitu holdup. Therefore, the corresponding equations
are written in the implicit form:

ó^,: t UĆV€Ył€YB ; UYtsżUcra
-UU lo ; UYtsśUcrB

-W Oc" _^. _scLS- 
Uru_71y;lu-v , CLS- Ocs

t]ru - I.]\l,s - 0. (19

Also in developed slug flow,

OGs: rYa(Ur,-TJcra). (20',

Equation (20) indicates that in tlre case of recurrent coalescence of bubbles fron:
the liquid slug with the TB nose and their re-entrainment from the TB tail at
a rate Ocs ) 0, the TB transiation veiocity exceeds the TB rise velocity in
un-aerated slug flow [18].

3 Discussion

Figure 4a shows the void fraction in the slug predicted by the TBw model
for vertical upward air-water flow, assuming a fully developed liquid film, which
is reached asymptotically for sufficiently long TB. The bold curve shows the
results obtained without back-flow, since for D > 5 cm the entrained bubbles do
not reach the TB tail. In this case ó65 : óG" and ef5 : €Ys are predicted.
The dashed curves show the results when the backflow, (Eq. 18) is nevertheless
included, whereby €Ys ż ef", As shown in Fig. 4a, the inclusion of back-flow
has a significant effect only for low mixture velocities: for low U- (< 0.1 m/s).
all entrained bubbles are recycled back to the TB tail resulting in ó65 : 0 and
eŻs :0, The value of €Ys > 0 implies that for low (J*, the slug aeration is limited
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i ' ::}e wake legion and the bubbles are not shed backwards to the successive TB
]L .5e. However, with increasing U-, €Żs N eYs and practically the same value is

1.0
,q).9T:! *9TB

+

- 
trr:O*=O

*.

*#*

0.8

0.6

0.8

0.6

3
oJ

h0

Cr)
o),ś
tr
Ho
o
Gl

lł€
.o

0.4

0.2

0
1.0

0

0.4

0.2

(b) C§=1.2, o66=0

,+ +
+o
+ ą

*#

10-2 l0,1 100 10l

Mixture VelocĘ U-frnlsec]

; g:le 4. Comparison of the model prediction (C{' : 1.2, C3 : 1) for the asymptotic void
fraction in the slug with experimental data [12] for vertical air-water system, D :
5.1 cm.

Comparison with the data shown in Fig. 4 is favorable, In particular, the
]3\\: model predictions follow the trend of the steep increase of e75 for LI* ż
_ : n/s. On the other hand, in the region of low U*, the experimental values are
,ti 

-cetween ef5 and e{r. In agreement with the experimental data, the model
:nłiicts that as (J- + 0, ,Y, (and e;5) levels off at a value of. et s = 0.2. It
,1; ;,;orth noting that according to the TBW model, the value of. e 75 at high [/-
muoaches asymptotically the value of €?B : uYaQYa -* oo), the difference
,]IĘlT.ieen e;5 and e76 becomes negligible for U- > 10 m/sec. This implies that
,rjered slug flow cannot exist in the region and churning or annular flow is
-:":ected in the system.



8,1 N. Brauner and A. I]llmarrrl

Bubble back-flow into the TB tai] may not be the only reason for the ap
pealance of a high void fraction region at the TB wake. The velocity profile it
the wake is highly distorted due to the plunging liquid film. The time-averagec
l,alue of the axial velocity in the wake coTe is higher than in the slug bulk. Hence
different distribution parameters with C{ > Cf rrray be required to adequatelr"
characterize the different bubble velocities in the two regions. As shown in Fig. 4b.

tlris results in e{5 > .Źs. Obviously, for low (J*, the resu]ts are insensitive tc
the value used for Cfl. However, a higher value for Cfl has a pronounced effec;
on the void fraction in the siug core at high U-. While the value of e{3 is almos;
tlre same as that obtained in Fig. 4a, the value of ef. is lower. The difference be.
trveen e{5 ald ef" increases with fI- and, saturates at about Le75 x 0.3 at higŁ
U-, The data, which represents avelage values over the slug unit, are in-betweer
the predictions of e|5 and ef5 obtained with CY > C8.

- 
We"*6

- - - We,:6

104 105

Liquid Slug Reynolds Numbeą Rer=plDUmlq1

Figure 5. Comparison of the modei prediction (Cg"B , C{ : LZ, CoS : 1) of the asymptotic slu5
void fraction with experimental data [5] for vertical air-kerosene system, D : 5,1 crn

The combined effects of back-flow and C{ > Cfon the holdup in the slug
are demonstrated in Fig.5 for an air-kerosene system [5]. Here too, the data
are shown to be in tlre range between ef5 and e{r. lt is worth noting that tlre
gas entrainment rate is predicted to increase proportionally to o-0,5. Indeed, for
the lower surface tension of air-kerosene (o : 0.028 N/-), the slug aeration is
somewhat higher than in air-water slug flow. The change is more pronounced at
Low U*, whereas at high Urn it turns to be almost insignificant for this surface
tension difference, At very high Ęr, where €Ls + e{u is predicted, the surface
tension effect is negligible, Another point, which is evident in view of Fig. 5, is
that the effect of a threshoid value on the weber number for the onset of bubbles
entrainment, We6l, is significant only in the range of relatively \ow (J*. The
lower the critical Weber number is, the higher is the value of er,.s in the limit of

^ 1.0
60

a 0.8
o

_d
q 0.6
ll g)
€ -l0.4o
!d€ 0.2

,Ę0
10
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_-.. -+ 0. However, in the lange of higlr (J-, the results obtained with We6: l 0
".: Weg: 0 are practically the same.

The TBW model indicates an increase of U7" compared to Nicklin's equation,
::e to the recurrent bubbles coalescence with the TB nose and their entrainment
i: the TB tail. It is of interest in this respect to refer to the data of Cheng et al
-.ł for the propagation velocity of void fraction waves taken in vertical upward
,::-tvater flow in a 15 cm pipe. They attempted to compare their data with
];:cklin et al, [13] model and with other models from the literature. All were
,,:lrd to significantly under predict the measured velocities, Their data is shown
: Fig. 6 in comparison with the predicted TB translation velocity. A very good
tr:eement is shown for the model prediction obtained with C'TB and C{ in the
-,," 3e 7+7,2.

-€=1.15,q:lą 
---€=t.t,d=t

0.5 1.0 1.5 2.0 2.5

Mixture VelocĘ U*[m/sec]

i ,|:re 6. The predicted translation velocity of long TB in a vertical air-water 15 cm tube,

C§ : t - Comparison with experimental data [19],

The results shown in Figs. 4 to 6 are for fully developed liquid fi.lm corre-

.l,:nding to long TB's. The model explains that variability in €Ls cal:r be exPected
,,ęa when all operational conditions are maintained constant. variation in the

13 lengih (and in slug length) is associated with variation in the film thickness,

rn:ce, in its velocity and the rate of gas entrainment at the TB tail This, in
:"_::r. results in variation of the holdup in the slug, as well as in the TB translation
,,.,:city, Any value of e75 in the range of 0 ś el,s 1 erc(Lrn --> oo) actually

r:esponds to a specific TB length. The variation of. e75 with the TB length is

i9]*-onstrated in Fig. 7 for an upward inclined air_kerosene system, 0 : 50o. The

ż
B 4.0
(ł)
tiP 3.0
*
8 2.0

.o)

mF
0

3.0

---S=tr,$:t:

Nioklh et al (1962)

Experimental
Cheng et al 1998
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predicted increases with Re, (or U-) and with the TB length. The larger the
mixture of velocity is, the larger is the feasible range of variation of e75 due to
variation of the TB length, and the longer is tire TB length for wlrich the asymp
totic values are approached. The data implies Lra of aborrt 10-15 D in the range
of relatively low Re", and an increase of L7B with Rer. The kerosene and air
flow rates corresponding to these data points were not specified in [5]. However.
in generaI, high [/- in slug flow corresponds to lrigh gas-cut, hence longer TB.

(Ą
(ł)

l

bo

a
C)
.Ę

a
o

E
t
d

F]

1.0

0.8

0.6

0.4

0.2

0L
104ioł 105

Liquid Slug Reynolds Number, Res

r Experimental, Felizola & Shoham (1995)

1- eT"

10
15
25
50
l06
I{g+o

Figure 7. Effect of TB length on the predicted slug holdup in 50" inclined air-kerosene sys1
D :5,I cm, C{B ,CY ,C8 : 1 - Comparison with |5].

Figure B slrows the results of the TBW model when applied to tlre air
system used by Gregory et al. [1] in D : 5.72 cm pipes. Similarly to verti
and inclined flows, the effect of the TB length becomes moTe pronounced as t]

mixture velocity is increased and longer TB's are required for approaching il
maximal asymptotic holdrrp. This is implied also by the data that become rer
scattered for high mixtttre velocities. In real slug flow, the TB length is nm
unique even wlren the inptrt flow rates are maintained constant. Moreover, as the
liquid-cut in the feed is increased, the overall mass balance dictates shorter TB's
(see for example [5]). In this case, the mode] predicts higher liquid holdups in thę
slugs compared to those obtained for the same mixttrre velocity, but with a ]owel
liqrrid-ctrt. Thus, inherent scattering is expected when data of slrrg holdup i.
depicted vs. the mixture velocity. In fact, considering the TB length required for
approaching ftrlly developed conditions, these may never be reached in practica-
applications.
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: ll.lre 8. Effect of the TB length on the predicted slug holdup in horizontal oil-air flow - Com-
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Tlre main difference between horizontal and rrpward inclined flows, is the
,ę_,:city in tlre liquid film. Due to the gravity, in inclined flows the liquid in the
"l'-:. is draining backwards, flowing counter-currently to the liquid in the slug.
l:e steeper the inclination is, the lrigher is the backward velocity in the film. In
:;l,_:. in vertical pipes the downward film velocity is mrrch higher than the upward
-:_,:id velocity irr the sltrg, Whereas in horizontal slug flow, the liquid in the slug
:-:rt flows concurrently to the liquid in the film, overtaking the almost immobile

-:_:id in the fiIm. In this case, the bubble entrainment rate is dominated by
-:e liqtiid velocity in tlre slug. Therefore, the siug becomes un-aerated as the

-:_\ture 
velocity is reduced beiow a threshold value. However, in upward inclined

:_:g flow, the bubble entrainment rate is dominated by the liquid film ve}ocity.
_ ierefore, aerated slugs can be obtained in the limit of (J- - 0 even with a
,,:\-zero value for the critical Weber nurrrber.

conclusions

The TBW model introduced in this study attributes sltrg aeration to a lecur-
::rt bubble entrainment from the Taylor bubble (TB) tail and their re-coalescence
.: the successive TB nose. The bubble fragmentation is due to the turbulence in
;:e shear layer, which is formed at tlre TB wake as tlre liquid film penetrates tlre
._:g front. The rate of gas entrainment is determined based on enelgy balance
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between the rate of turbulent kinetic enelgy and the late of bubble surface enelg}-
Production. The controlling dimensionless parameters that evolve in the TB\\-
model are the Weber number, the Eotvos number, the Frorrde number (scaled
rvitlr the TB drift velocity, P, : U{B lłgD) in horizontal systems or the film
ReYnolds number in inclined systems, The latter is reiated to the TB rise veloc-
itlł Also, the Weber number is not based on the mixture velocity, but on tlre
relative velocity between the fiim and the slug. Therefore, the evaluation of the
slug void fraction is coupled with a complete modeling of slug flow.

The TBW model suggests a unified tool for the prediction of the slug void
fraction in h.orizontal, inclined and vertical slug flow. The model has been tested
against experimenta] data available from the ]iterature and was found to predict
the effects of liquid and gas fl,ow rates and their physical properties, as well a-.

tube diameter and inclination.
The TBW model predicts that the rate of bubble entrainment and siug void

fraction increase with increasing the upward tube inclination. The effects of
tube diameter and liquid viscosity aTe very modest in horizontal slug flow, but
become much more pronounced as the inclination is increased. In inclined flows.
tlre bubb]e entrainnrent decreases with increasing the liquid viscosity and/or the
reducing tube diameter. Also, regardiess of the tube inclination, the bubble
entrainment rate and the slug void fraction increase with reducing the surface
tension. For ]ow surface tension, foamy slugs can be obtained. Phase inversion is
not to be expected, due to the low gas-to-liquid density and viscosity ratios [20].
The nraximal slug void fraction is limited by the void fraction at the TB tail.
The latter is approached at high mixture velocities and for long TB. In this case.
the sltrg bridge essentially collapses, and the ordered slug flow may no longer be
rnaintained.
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