
Effect of Small Branch Inclination on
Gas–Liquid Flow Separation in T Junctions

Marcel Ottens, Huub C. J. Hoefsloot, and Peter J. Hamersma
Dept. of Chemical Engineering, University of Amsterdam, 1018 WV Amsterdam, The Netherlands

A model de®eloped calculates the mass intake fraction of gas and liquid phase during
( )gas ] liquid flow with small liquid holdup ®alues e F0.1 through regular T junctionsL

with small branch inclinations. It was deri®ed from the steady-state macroscopic me-
( )chanical energy balance extended Bernoulli equation applied to the ‘‘ inlet-to-run’’

streamline and ‘‘ inlet-to-branch’’ streamline of both gas and liquid phases. The model
(results are compared with experimental data of the system airrwater ] glycerol 0, 33,

) ( )and 60 wt. % flowing through a regular D s D s D s0.051 m T junction with1 2 3
branch inclinations ranging from 08 to 0.58. It was found that the gas ] liquid flow split
beha®ior is affected strongly by the liquid ®iscosity and by branch inclinations of 0.18
and higher. The results predicted with the model agree well with experimental results
obtained in a regular T junction with a horizontal inlet run and an inclined side arm.

Introduction

Ž .Gas]liquid GrL flow in T junctions is relevant to various
industries, such as the petrochemical industry, the chemical
process industry, and the nuclear energy industry. Gas]liquid
flow in T junctions may cause unexpected phenomena. Gen-
erally, one expects that the liquid phase will split in the same

Ž . Ž .ratio over the side arm branch and main pipe run as the
gas phase. If, for example, the gas flow is split equally over
the run and branch, it might occur that for a GrL flow with a
low liquid loading all liquid enters the branch. However, at a
slightly different gas-flow split ratio all liquid enters the run,
that is, the so-called flip-flop effect. This effect was reported

Ž .first by Oranje 1973 , who investigated the route preference
of liquid condensate during the transport of natural gas in
natural-gas transportation pipeline networks. The existence
of liquid condensate in natural gas resulted in separation
problems. All delivery stations were equipped with GrL sep-
arators, but only a few collected liquid that could be at-
tributed to this unequal phase splitting in T junctions. Similar
route preference problems may occur during enhanced oil re-

Ž .covery EOR , where steam injection is applied to lower the
viscosity of the residual oil left in the reservoir. Another field
of interest and research effort is found in the nuclear energy
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Ž .industry. The so-called loss-of-coolant accidents LOCAs can
cause the appearance of a two-phase GrL mixture in the
cooling bundles of the reactor. Preferentially flow of all the
gas in one direction after a T junction may lead to insuffi-
cient cooling capacity and consequently to a runaway. The
unequal phase splitting is especially pronounced for small
liquid holdups. Although in many industrial applications T
junctions with a slightly inclined branched pipe occur, for ex-
ample, 0]28, publications considering this inclination effect
can scarcely be found in the open literature. Only recent arti-

Ž . Ž .cles by Panmatcha et al. 1996 and Marti and Shoham 1997
deal with the subject of small branch inclination angles. How-
ever, it is well known that small inclination angles have large
effects on the flow regime, and the transition boundaries of

Ž .GrL flow in straight pipes Grolman, 1994 . In this article we
pay special attention to experiments and a model dealing with
the effect of small branch inclination angles.

The junction geometry is an important variable. Different
shapes can be characterized through orientation of the
branched pipe}vertical, horizontal, or inclined from the
horizontal under an angle a ; angle between the branch and
the main pipe w ; the rounding ratio of the edge between the
main arm and the branch r. The flow regime at the inlet of
the junction is also an important parameter that influences
the flow split. The large variety of involved physical quanti-
ties has contributed to the fact that no general applicable
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model is available that predicts the GrL flow split in junc-
tions under all operating conditions. Nevertheless, individual
research groups have made progress in restricted areas of
two-phase flow in T junctions.

Significance of pre©ious work
During the last three decades, a large amount of experi-

mental data has become available in the literature, all ob-
tained from experiments in junctions of different shapes and

Ž .under a wide range of flow conditions. Roberts 1994 sum-
marizes the experimental matrix covered so far. It can be
concluded that almost no data are available for regular hori-
zontal T junctions with small inclination angles for the side
arm, from which we know that they can have a large impact
on the GrL flow, its flow regime, and associated liquid holdup
and pressure drop. The systems also are mainly limited to
airrwater flow with low viscosities of the liquid phase.

Models to predict the GrL flow split in T junctions are
Ž .given by, for example, Saba and Lahey 1984 and Seeger et

Ž . Ž .al. 1986 ; Azzopardi and Whalley 1982 ; Azzopardi et al.
Ž . Ž . Ž .1987 ; Shoham et al. 1987, 1989 ; Ballyk and Shoukri 1990 ;

Ž . Ž .Hart et al. 1991 ; Ottens et al. 1994 ; and Roberts et al.
Ž .1995, 1997 .

Ž .Saba and Lahey 1984 developed a model restricted to ho-
Ž .mogeneous flow e.g., dispersed bubbly flow that is not ap-

plicable to stratified-wavy separated flow with low liquid
holdups. Furthermore, their model contains a large set of

Ž .empirical correlations. Seeger et al. 1986 extended the
Ž .model of Saba and Lahey 1984 and gave empirical relations

for horizontal and 908 downwardly inclined branches. The
Ž .model of Shoham et al. 1987, 1989 is an example of the

so-called geometrical models valid for annular and
stratified-wavy flow. The flow split in this model is to a large
extent governed by a virtual vertical split line through the
inlet, dividing both the gas and liquid between the branch
and the run. The value of the distance of the separation line
from the wall for the liquid phase and the gas phase is deter-
mined by the centrifugal forces of the gas and the liquid
phases. This model is not always consistent with experimental

Ž . Žfindings. Hwang 1988 used the concept of Shoham 1987,
.1989 of dividing streamlines and introduced zones of influ-

ence to calculate the two-phase flow distribution at a T junc-
Ž .tion. Ballyk and Shoukri 1990 developed a model for the

annular flow regime. However, the pressure distribution over
the T junction should be known to predict the splitting ratio,

Ž .restricting its applicability. Azzopardi and Whalley 1982
studied the annular flow regime in a horizontal T junction
with the branch inclined from the main pipe from y908 to
908. An increase in the mass intake fraction of the liquid phase
into the branch l at constant mass intake fraction of the gasL
phase into the branch l was found due to the difference inG
liquid-film thickness being present in annular flow. They de-

Ž .veloped a model based on the observations of McNown 1954
that gas and liquid emerging in the branch originates from a

Ž .segment of the main tube near the branch. Azzopardi 1989
observed the so-called ‘‘film-stop’’ of the liquid film in the
run of the T junction. As a result, an extra amount of liquid

Ž .enters the branch. Roberts 1995, 1997 improved the model
Ž .of Azzopardi and Whalley 1982 , taking the distribution of

Ž .the liquid film into account. Hart et al. 1991 developed a

model to predict the mass flow rate entering the branch that
showed better results for the range of low values of the liquid
holdup. The model is based on the macroscopic mechanical
energy balance. Important parameters are the ratio between
the kinetic energies per unit of volume of the gas and liquid
phase in the inlet k and the junction energy dissipation fac-
tor l . Loss coefficients for the liquid phase are equal to0
those of the gas phase and are described by single-phase cor-

Ž .relations. Ottens et al. 1994 extended the model’s range ap-
plicability by developing correlations for the liquid-phase loss
coefficient.

Scope of this work
In conclusion we can state that little or no experimental

data are available on gas]liquid flow split in regular T junc-
tions with an inclined branch and low liquid loading under
conditions of moderate superficial gas velocities. There also
isn’t much information on the influence of the viscosity of the
liquid phase on the flow spit behavior. Furthermore, under
certain process conditions and positive branch inclination an-
gles, intermittent flow will occur in the branch, influencing
the flow regime in the inlet and the run. In this article, we
consider only the stratified-wavy flow regime.

None of the models mentioned are able or suitable to pre-
dict the maldistribution of the GrL flow accurately in T junc-
tions under low liquid holdup conditions and small branch
inclination angles. This brings us to the aim of this article,
which is to develop a model describing the GrL flow split in
a T junction specifically for low liquid holdups; to correctly
model the influence of the inclination of the branch arm on
the GrL flow split in a T junction; and to investigate the
influence of the liquid-phase dynamic viscosity on the GrL
flow split in a T junction. Therefore this article shows both
the experimental and theoretical results concerning regular T
junctions with small branch inclination angles. An experi-
mental setup is presented to measure the flow split and pres-
sure distribution. Further, the model to be developed will be

Ž .based on the model of Hart et al. 1991 and a criterion for
net positive liquid transport. Finally, a comparison is made
between the experimental and model results.

Gas–Liquid Flow Split Model
Ž .Hart et al. 1991 showed that the macroscopic energy bal-

Ž .ance extended Bernoulli equation can be applied to the
steady-state continuous separated two-phase flow of a gas and

Ž .liquid phase in a dividing T junction see also Figure 1 :

² 3: ² 3:1 ® ® 11 i ˆy q g z y z q P y P s E ,Ž . Ž . Ž .j j1 i 1 i ®1 i j² : ² :ž /2 ® ® r1 i jj

1a]dŽ .

Ž . Ž . Ž .where i denotes run 2 or branch 3 and j the gas G or
Ž .liquid L phase. Equation 1 represents the conservation of

energy along four different streamlines:
v Ž .Inlet-to-run gas streamline 1a
v Ž .Inlet-to-branch gas streamline 1b
v Ž .Inlet-to-run liquid streamline 1c
v Ž .Inlet-to-branch liquid streamline 1d
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Figure 1. Gas and liquid streamlines occurring during
GrrrrrL flow through a regular dividing T junc-
tion.
Bold lines, gas; thin lines, liquid.

Combining Eqs. 1a]1d by subtracting the equations for the
liquid streamlines and subtracting the equations for the gas
streamlines under the assumption that:

P y P s P y P 2Ž .Ž . Ž .2 3 2 3G L

results in

² 3: ² 3: ² 3: ² 3:1 ® ® 1 ® ®3 2 3 2
r y q r yG L² : ² : ² : ² :ž / ž /2 ® ® 2 ® ®3 2 3 2G L

q r g z y z q r g z y zŽ . Ž .G 3 2 L 3 2G L

ˆ ˆ ˆ ˆs r E y E y r E y E . 3Ž .Ž . Ž .G ®12 ®13 L ®12 ®13G L

ˆ Ž .The junction energy loss E is defined by Bird et al., 1960 :®

² 3 :®1 j1
Ê s k , 4Ž .®1 i , j 1 i , j ² :2 ®j1

with k the friction loss coefficient in a junction of one single
phase. We define the velocity profile factor b by

² 3:®
b s , 5Ž .3² :®

and k , the ratio of the kinetic energies of the gas and the
liquid at the inlet per unit of volume,

² 3 : ² : ² :2r ® r ® b r ®G1 G1 G1 G1 G1 G1
k s s . 6Ž .3 2² : ² :r ® r ® ² :b r ®L1 L1 L1 L1 L1 L1

The velocity profile factor b strongly depends on the dis-
tribution of the velocities in the cross section of the phase
involved and may have values between 1.0 in the case of tur-
bulent flow and 1.5]2.3 in the case of laminar flow of a thin

Ž .liquid film in a pipe see, e.g., Grolman, 1994 . The mass
intake fractions into the branch of the gas and the liquid phase
are defined by

² :F ® eMG3 G 3 G 3
l s s 7Ž .G ² :F ® eMG1 G1 G1

² :F ® eML3 L3 L3
l s s . 8Ž .L ² :F ® eML1 L1 L1

Substituting Eqs. 4]8 into Eq. 3 and taking into account the
mass balances of both phases, that is, F sF qF ,M1 M 2 M 3

Ž .F s lF and F s 1y l F , leads to the governingM3 M 1 M 2 M 1
equation for GrL flow split in a regular T junction:

b e 2 b e 2
G 2 G1 G 3 G12 2k 1y l y lŽ .G G2 2½ 5b e b eG1 G 2 G1 G 3

b e 2 b e 2 2 gL2 L1 L3 L12 2y 1y l y l qŽ .L L2 2 2½ 5b e b e ² :b ®L1 L2 L1 L3 L1 L1

rG
= z y z y z y zŽ . Ž .G2 G 3 L2 L3½ 5rL

sk k y k y k y k . 9Ž .Ž . Ž .13 12 13 12G L

Ž .For GrL flow with a small liquid holdup e -0.06 Hart etL
Ž .al. 1991 simplified Eq. 9 by assuming that

v The ratio of the b values of each phase is approximately
unity;

v The liquid holdup values in the inlet, run, and branch in
Žthe vicinity of the T junction are approximately equal as a

consequence the differences in the gas and liquid heights in
.the vicinity of the tee are approximately zero ;

v The differences of the friction loss coefficients between
the run and the branch for the liquid and the gas phase are

Ž . Ž .the same, that is, k y k s k y k .13 12 G 13 12 L
Applying these assumptions to Eq. 9 results, and introduc-

tion of an energy dissipation factor l defined by0

1
l s 1q k y k 10Ž .Ž .0 12 132

Ž .led to the so-called double-stream model DSM :

l s l qk l y l . 11Ž .Ž .L 0 G 0

The values of the friction loss coefficients for a regular T
junction were calculated with the correlations of Gardel
Ž .1957 , which describe the single-phase friction loss coeffi-

Ž .cients and are generally dependent on the geometry r, w of
the junction and the mass intake fraction:

2 2k s0.03 1y l q0.35l y0.2 l 1y l 12aŽ .Ž . Ž .12 G G G G
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12 2 'k s0.95 1y l q l 1.3 cot w 1y0.9 rŽ .13 G G ½ 5½ 5ž /ž /2

1
q0.8l 1y l cot w . 12bŽ .Ž .G G ž /2

In this article, we investigated regular T junctions with a
slightly inclined branch. We found that for GrL flow in a
regular T junction with a slightly inclined branch the ratio
b rb has a pronounced effect on the flow split of the liq-L3 L1
uid phase, while the ratio b rb does not affect the flowL2 L1
split. Although most ratios of the involved b values are ap-
proximately unity for T junctions with a slightly inclined
branch, the ratio b rb has to be taken into account. ThisL3 L1
can be understood by the fact that in the case of an inclined
pipe a liquid film may have an average velocity larger than
zero, but without having a ‘‘normal’’ parabolic velocity distri-

Ž .bution as observed during horizontal flow see also Eq. 14 .
With b rb not a priori equal to unity and the just men-L3 L1

tioned assumptions, Eq. 9 results in an equation similar to
Ž . 2Eq. 11, though, with the nonlinear term 1r2 1y b rb l :L3 L1 L

1
2l s l qk l y l q 1y b rb l . 13Ž .Ž . Ž .L 0 G 0 L3 L1 L2

In Figure 2 we have plotted the values of l vs. l calcu-L G
Žlated by Eq. 11 and Eq. 13 for three different k values 0.1,

1.1, 10 , an average value of l sH l dl s0.07, and two typ-0 0 0 G
Ž .ical values of the ratio b rb 1.0 and 2.0 . It should beL3 L1

noted that b s1.0 for fully developed turbulent flow andL
b f2.0 for a sheared laminar liquid film. As shown in Fig-L
ure 2, the ratio b rb clearly affects the l y l relation-L3 L1 L G
ship, especially for k values around 1.

Figure 2. Gas–liquid flow split model lines in a regular
dividing T junction.
Line A corresponds to Eq. 11 and line B to Eq. 13 with the
ratio b rb s 2.L3 L1

Figure 3. Geometry of a regular dividing T junction with
liquid accumulation in the inclined branch.

Value of b and lL G ,crit

In gas-transportation networks, pipes and junctions gener-
ally do not lie in a horizontal plane. In practice, most angles
of inclination vary, y28- a -28. In a T junction with an up-

Ž .wardly laying branch see Figure 3 the liquid starts to leave
the branch at a critical gas mass intake fraction l . Con-G, crit

Žsider a pressure-driven gas-sheared liquid layer in the
. Ž . ² :2branch with an interfacial shear stress t s f 1r2 r ® .i i G G

In the two-dimensional case of a laminar flowing liquid layer
the velocity distribution becomes

22h z h zL L
® sY 1y qt 1y , 14Ž .L iž / ž /ž /2h h h hL L L L

in which:

dP
Y s y r g sin a . 15Ž . Ž .Lž /dx TP

The cross-sectional average liquid velocity becomes

1 h2 hh L LL² :® s ® dzsY qt . 16Ž .HL L ih 3h 2h0L L L

The value of the velocity profile factor b of the liquid phaseL
can be calculated using Eqs. 14]16:

² 3:®L
b sL 3² :®L

27 70t 3q16Y 3h3 q77Y 2h2 t q126Yh t 2
i L L i L i

s . 17Ž .335 2Yh q3tŽ .L i
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The values of Y, h , and t are calculated with the holdupL i
Ž . Žand pressure-gradient model of Hart et al. 1989 see also

. ŽAppendix A . The values of b for a laminar liquid film ReL L
.s Re ru -2,000 are now calculated using Eq. 17, while forSL

Ž .a turbulent liquid film Re G2,000 , a value of b s1.0 isL L
taken.

The critical-mass intake fraction l at which the liquidG, crit
starts to leave the branch, can be derived from Eq. 16. If the

² :average liquid velocity ® is negative, no liquid leaves theL
Ž .inclined branch of the regular T junction l s0 , while forL

² :positive values of ® the liquid mass intake fraction can beL
obtained from Eqs. 10, 12, 13, and 17. The value of l isG, crit

² :obtained from Eq. 16 when ® s0.L
Summarizing we can state that the l y l diagram forL G

regular T junctions with a horizontal or slightly inclined
branch can be obtained from

1° 2 ² :1y b rb l q l qk l y l , if ® G0Ž . Ž .L, 3 L , 1 L 0 G 0 L~ 2l sL ¢ ² :0, if ® -0.L

18Ž .

Experimental Studies
Gas – liquid flow loop

In Figure 4 an overview is given of the GrL pipe flow loop.
The T junction is situated 8 m from the gas and liquid inlet.

Ž . Ž .The inlet, run Ls14 m , and branch Ls6 m consist of
straight, horizontal glass tubes with an internal diameter of

Ž50.8 mm. The glass T junction is radiused r s RrD s1
.0.00508 . The branch angle can be varied between y108 and

q108, while the horizontal inlet-to-run-tube deviates less than
0.018 from the horizontal. The pressure distribution around
the T junction is measured with nine Validyne pressure

Ž . Ž .transducers "5% . Water-saturated air ) 90% com-
Ž 3 y1 .pressed by a liquid ring pump 200 m ?h ; Verder Vleuten

rŽenters the flow loop through a turbine meter Instromet `
.75 mm, "1% to determine the gas flow rate. The liquid flow

is obtained from a storage vessel on an electronic on-line mass
Ž .balance Mettler-Toledo PM-16 & 30 K, "0.1]0.5 g , placed

eight meters above the injection point, that registers the

Figure 4. Experimental setup for measuring GrrrrrL flow
split in T junctions with an inclined branch.

Ž .constant flow rate. Gas]liquid separators are placed at the
end of the branch and run. The liquid flow rate is registered
on-line at both ends, while the gas flow rate is determined at
the outlet of the branch. Temperatures are registered at six
points for accurately calculating the values of the transport
properties of the fluids. All electronic sample devices are
connected to a 486 microcomputer via a signal processing unit
Ž .Cambridge Electronic Design 1401 . Within one experiment
the difference between the six temperatures is held within 1
K. The superficial air velocity ranges between 5 and 14 m ? sy1,
and the superficial liquid velocity ranges between 9=10y4

and 0.014 m ? sy1. The experiments are performed under at-
Ž 5 .mospheric conditions T s293 K, P s10 Pa . The transport

properties of the gas]liquid systems used are r s1.18 kg ?G
my3, h s1.8=10y5 Pa ? s; demineralized water: r s998 kgG L

y3 y3 Ž?m , h s1.0=10 Pa ? s; demineralized waterrglycerol 33L
. y3 y3wt. % : r s1,080 kg ?m , h s2.7=10 Pa ? s; demineral-L L

Ž . y3ized waterrglycerol 60 wt. % : r s1,125 kg ?m , h s6.0L L
=10y3 Pa ? s.

Measuring procedures
Several hundreds of steady-state experiments were carried

out. All experiments started after the three glass arms were
wetted by the liquid to prevent a hysteresis effect. After an
angle of inclination a is chosen and a value for l is set byG
adjusting the valves at the end of the run and branch pipe,
then a liquid flow is chosen and the system is allowed to ob-
tain a steady state. Under steady-state conditions the pres-
sure distribution around the T junction, the phase velocities,
and other relevant physical quantities are measured. This
procedure is repeated until the full range of l is coveredG
Ž .0- l -1 . The values of the friction loss coefficient kG 1 i, G
are calculated by extrapolating the measured pressure profile
to the center of the T junction. The positions of the pressure
taps are indicated in Figure 4, and the exact position can be
extracted from Figure 5. The relations for calculating the ex-
perimental values of the friction-loss coefficients k and12, G
k during two-phase gas flow are13, G

² :2 ² :2® y ® q2 P y P rrŽ .Ž .j, 1 j , i j1 i
k s is2, 3. 19a,bŽ .1i , G 2² :® j, 1

Results
Pressure drop and friction-loss coefficients

In Figure 5 the experimentally determined gas-phase
pressure distribution around the T junction is shown for a

Ž .specific GrL flow split l s0.83, l s0.94 at a branch in-G L
clination angle of 0.258. As expected from the Bernoulli
equations, it shows a pressure recovery in the run and a pres-
sure drop in the branch as a result of pressure and velocity
changes. The extrapolated pressures of the arms to the cen-
ter of the T junction are depicted as P , P , and P . From1 2 3
these values the junction irreversible pressure drops D P and12
D P are calculated and consecutively the values of the fric-13
tion-loss coefficients k and k according to Eqs. 19a12, G 13, G
and 19b. Figure 6 shows that the correlation for single-phase
flow developed by Gardel, that is, Eqs. 12a and 12b, can be
used to calculate the difference in friction-loss coefficients
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Figure 5. Experimental gas-phase pressure distribution
around and in a T junction.
Typical gas-phase pressure distribution during GrL flow
through a regular T junction with an inclined branch at lG
s0.83 and l s 0.94. ® s10 m ? sy1; ® s 4.0=10y3 m ?L SG SL
sy1; a s 0.258.

Ž .k y k occurring during two-phase GrL flow in horizon-13 12
tal T junctions with different branch inclinations. In the in-
clined case, however, at values of 0.4- l -0.6, a deviationG
is observed between the experimental two-phase values and

( )Figure 6. Friction loss coefficient difference k – k13 12
as function of l .G

Ž .Airrwater flow in a regular T junction with a horizontal v
Ž . Ž .and an inclined branch B a s 0.1, 0.25, 0.58 . Line drawn

Ž .according to Gardel 1957 for single-phase gas flow, that is,
Eqs. 12a, 12b.

the model line of Gardel for single-phase flow. This deviation
corresponds to the l range, where the liquid starts to flowG
out of the branch arm, where disturbances in the pressure
distribution occur.

Gas – liquid flow split
In Figure 7 the values of l and l , calculated with theL G

Ž .model Eqs. 13]18 , are compared with experimental data
Ž .from Hart et al. 1991 concerning GrL flow split in a hori-

zontal regular T junction. In the horizontal case a reasonable
agreement is found between the lines calculated with the
model and the experimental data from the literature. A re-
markable jump is generated with the model in line E, which
shows a resemblance to Azzopardi’s ‘‘film-stop,’’but is, in fact,
the transition from laminar to turbulent liquid-film flow. The
effect of branch inclination on l is clearly demonstrated inL
Figures 8]11.

Experimentally, it is observed that at the start of the liquid
outflow from the inclined branch, the liquid layer is not dis-
tributed equally over the length of the branch. Nearby the T
junction the liquid level is higher than at the end of the branch

Ž .arm at Ls L . This means that when we have to use theB
liquid height h for the calculation of the velocity distribu-L
tion, we have to use a somewhat higher liquid level at the
moment the liquid outflow of the branch starts, that is, at
l . This difference in liquid height disappears when theG, crit
liquid flow continuously leaves the branch. Although from

Žgeometrical considerations h s0, liquid volume is con-L, end
.stant a value of h of two times the calculated steady-L, start

state value for h is expected, experimental observationsL
showed a value of 1.5 times the steady-state value h . AfterL

Figure 7. Model comparison with literature data of a
regular horizontal T junction.
v, A: ® s 2.0=10y4 m ? sy1; ', B: ® s1.57=10y3 m ?SL SL
sy1; I, C: ® s 7.21=10y3 m ? sy1; B, D: ® s1.89=10y2

S L S L
y1 y2 y1 Ž .m ? s ; `, E: ® s 3.14=10 m ? s . Lines A]E drawnSL

according to Eqs. 13]18, with ® s12 m ? sy1. ExperimentsSG
Ž .according to Hart et al. 1991 .

March 1999 Vol. 45, No. 3 AIChE Journal470



Figure 8. Effect of the branch inclination angle a .
l as a function of l for airrwater flow in a regular TL G
junction. ® s10 m ? sy1; ® s 4.0=10y3 m ? sy1; B, A: aSG SL
s0.008; ', B: a s 0.108; I, C: a s 0.258; v, D: a s 0.508.
Lines drawn according to Eqs. 13]18.

the initial liquid outflow, the gradient disappears and the fac-
tor is set to 1 and thereby the steady-state value for h isL
used.

Figure 8 gives a good prediction of the critical l valueG
Ž .where the liquid starts to leave the branch l for differ-G, crit

Figure 9. Effect of inlet superficial gas velocity v .SG
l as a function of l for airrwater flow in a regular TL G
junction. Branch inclination of a sq0.258; ® s 4=10y3

S L
m ? sy1. v, A: ® s14 m ? sy1; I, B: ® s12 m ? sy1; ', C:SG SG
® s10 m ? sy1; B, D: ® s 8 m ? sy1. Lines drawn accord-SG SG
ing to Eqs. 13]18.

Figure 10. Effect of inlet superficial liquid velocity v .SL
l as a function of l for airrwater flow in a regular TL G
junction with a branch inclination of a sq0.58. ® s12SG
m ? sy1; v, A: ® s 9=10y4 m ? sy1, I, B: ® s 2=10y3

S L S L
m ? sy1; B, C: ® s 4=10y3 m ? sy1. Lines drawn accord-SL
ing to Eqs. 13]18.

ent angles of inclination. In the case of a horizontal T junc-
tion, the liquid enters the branch at l f0.1, while for anG
angle of a sq0.58 until l s0.5 no liquid is observed at theG
branch outlet. The model lines in Figures 8]11 are drawn

Figure 11. Effect of liquid viscosity h .L
l as a function of l for airrwater and airrwater]glycerolL G
flow in a regular T junction with a branch inclination of
a sq0.258. ® s12 m ? sy1, ® s 4=10y3 m ? sy1. v, A:SG SL
h s1 mPa ? s; I, B: h s 3 mPa ? s; B, C: h s 6 mPa ? s.L L L
Lines drawn according to Eqs. 13]18.
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according to Eqs. 13]18, taking into account the just men-
tioned liquid buildup and liquid-layer gradient in the branch

Ž .at the start of the liquid outflow at l s l .G G, crit
Figures 9 and 10 show the influence of the superficial ve-

locity of the gas and liquid phase, respectively, in the inlet,
and Figure 11 shows the effect of the dynamic liquid viscosity
on the GrL flow separation in the T junction. The viscosity of
the water]glycerol mixture is a factor of 3 to 6 higher than
water, and a big difference is observed in the GrL splitting at
the T junction. The increased viscosity of the liquid phase
causes the splitting curve to shift to the right and to postpone
the sharp decrease in the curve, at higher l and l valuesG L
present in the airrwater and airrwater]glycerol experiment.
Figures 7]11 show that the model presented in this section
gives a good prediction of GrL separation in a regular T
junction with a small inclination for the branch.

Discussion
The pressure distribution shown in Figure 5 gives a good

insight into the phenomenon responsible for the flow split.
When distributing the gas phase over the two arms of the T
junction, we see a pressure recovery in the run and a pres-
sure drop in the branch, at a certain l . The pressure bar-G
rier to overcome by the liquid film upon entering the run
might be too high compared to its momentum. The result is a
complete withdrawal of the liquid film in the branch. Using

Ž .the relations of Gardel 1957 developed for single-phase flow
for the case of two-phase flow proves fruitful. The value of
l can be accurately predicted by the theory even thoughG, crit
Figure 6 shows a deviation between the experimental and
model values of the friction-loss coefficients.

Experimental values for the gradient of the l ] l curveL G
strongly depend on k , as was predicted by the theory. When
we introduce a small branch inclination angle, for example,
a )0.1, this leads to a higher value of the critical value of
l , l and a sharp bend in the l ] l curve comparedG G, crit L G
to the horizontal case. When we raise the value of h , thisL
also leads to a higher value of l and a delay in the sharpG, crit
bend in the l ] l curve. The model we developed followsL G
the experiments on these three experimentally observed
items.

When the liquid leaves the branch two phenomena are ob-
served if the gas flow rate in the branch is increased. Either

Ž .the value of l rises steeply to 1.0 complete separation , orL
after an initial sharp increase, it tends to the value observed
in a horizontal T junction. These phenomena can be ex-
plained by the fact that when the liquid starts to flow, the
liquid film thickness is not constant over the length of the
inclined branch. A small increase in the gas velocity in the
inclined branch results in a new steady-state situation in which
the liquid level is constant. The liquid level approaches its
threshold value of the horizontal case. This transition is
thought to be responsible for the initial sharp increase in l .L

The effect of small branch inclination angles is substantial
at moderate to low superficial gas velocities, for example, at
® -20 m ? sy1. Figure 9 shows that the effect becomes in-SG

Ž .creasingly important gravitation vs. shear when reducing the
superficial gas velocity at the inlet from 14, 12, 10 to 8 m ? sy1.

From Eq. 11, Eq. 13, and Figure 2 it is clear that the value
of k is an important parameter that governs the position and

gradient of the l ] l model line. From Figure 9 it can beG L
seen that the value of the superficial gas velocity doesn’t seem
to have any influence on the position of the l ] l line,G L
except in a shift in the value of the critical l . The gradientG
of the l ] l model line is almost constant, and this can beG L
explained by introducing the liquid holdup relation of Hart et

Ž . Žal. 1989 for small values of the liquid holdup into Eq. 6 see
.Appendix B , which leads to

bG , 1 y0.726k f 108 Re . 20Ž .SLbL, 1

From Eq. 20 we can see that the value of k is mainly a func-
tion of the superficial liquid velocity, or what we actually ob-

Ž .serve in practice. Hong 1978 also studied the effect of liquid
viscosity on the flow split. He found that in a horizontal T
junction an increased liquid viscosity results in an increased
l at constant l . This is in accordance with our results inL G
the inclined case, where after an initial delay l rises toL
higher values at increased viscosities.

When this model is compared with data recently published
Ž .in the work of Panmatcha et al. 1996 , we see a remarkable

difference between the data of Panmatcha et al. and the
model. Our model predicts too high a value for the point
where the liquid starts to leave the branch at increasing l ,G
the so-called critical l value. This is probably due to anG, crit
effect we noticed when increasing l . At a certain l , aG G
liquid-layer thickness gradient is present in a film that slowly
creeps to the exit of the branch. In this situation, the value of
l is dependent on the length of the branch. The conclu-G, crit

Ž .sion could be that Panmatcha et al. 1996 did not take a
branch long enough to let the liquid-layer thickness gradient
disappear. It is advisable to take a minimum branch length of

Ž .L G h rsin a ; otherwise, the liquid leaves the branch as aB L
result of the hydrostatic pressure differences.

Conclusions
Ž .Small branch inclination angles a F0.58 strongly affect

gas]liquid flow separation in a regular T junction. Whereas
the liquid phase may start to flow into the branch in the case
of a horizontal T junction, in the inclined case, under the
same operating conditions, only a layer of liquid is formed to
a certain length, and no liquid flow is observed at the outlet
of the branch. By increasing l , the liquid eventually leavesG

Žthe branch and a jump to full liquid separation is found lL
.s1 or the horizontal split curve is approached after an ini-

tial steep rise.
The increase in viscosity of the liquid phase results in a

shift of the splitting curve to the right, and to the disappear-
ance or delay of the sharp decrease on the splitting curve,
just after l .G, crit

To describe the GrL flow split behavior in a regular in-
clined T junction, the model presented in this article, made
up of Eqs. 13]18, which are derived from the steady-state
macroscopic energy balances of four streamlines, can be suc-
cessfully used. Good agreement is found between the values
calculated with the model and those obtained from experi-
ments. Our experiments were performed with a constant
branch length of 6 meters, and therefore we could not verify
the effect of a longer branch arm on the GrL separation.
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Summarizing, it can be concluded that the model}Eqs.
13]18}gives a good prediction of l as a function of l inL G
the full range 0F l F1. Especially for moderate superficialG
gas velocities, the effect of small branch inclination angles is
strong, and under these circumstances the model predicts
well.
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Notation
D saverage internal pipe diameter, mi

fs friction factor
FrsFroude number

gsacceleration due to gravity, 9.81 m ? sy2

hsheight, m
k s interfacial roughness, md

Lspipe length, m
L s length of branch filled with liquid, mx
Pspressure, Pa

Re sReynolds number of the gas phaseG
Re sReynolds number of the liquid film, Re ruL S L

Re ssuperficial Reynolds number of the liquid phase, r ® D rhS L L S L i L
ts time, s

Ts temperature, K
®sphase velocity, m ? sy1

wsroot-mean-square velocity, m ? sy1

x, y, zsCartesian coordinates, m
ds film thickness, m
es fraction of cross-sectional area occupied by a phase, holdup

Fsmass flow rate, kg ? sy1

hsdynamic viscosity of the liquid phase, Pa ? s
us fraction of the tube wall wetted by the liquid phase
rsdensity of a fluid, kg ?my3

Subscripts
1, 2, 3s inlet, run, and branch arm

Rsrun
sssuperficial

TPstwo phase
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Appendix A: Liquid Holdup and Pressure-Gradient
Model

Ž .Hart et al. 1989 based their model on the assumption that
the liquid phase could be considered as an artificial rough-
ness. Therefore, the model is based only on the gas-phase
momentum equation and does not incorporate the liquid-
phase momentum equation. They used the friction factor re-

Ž .lation of Eck 1973 as the basis for their f relation. Theyi
correlated the sand roughness of the relation of Eck to their
experimental data through a Froude number and a wetted
wall fraction. Their approach is as follows:

Re s r ® D rh . A1Ž .SL L SL i L

Initial value for the liquid holdup:

y1
® rSL Ly0.363e s 1y 1q10.4Re A2aŽ .L SL (½ 5ž /® rSG G

e s1ye A2bŽ .G L
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® s ® re A3aŽ .L SL L

® s ® re A3bŽ .G SG G

r ®2
L L

Fr s A4Ž .L r y r gDŽ .L G i

u s0.52e 0.374 q0.26Fr 0.58 A5Ž .L L

e DL i
d s A6aŽ .

4u

k s2.3d A6bŽ .d

Re s r ® D rh A7Ž .G G G i G

y2
15 kd

f s0.0625 log q A8Ž .i ½ 5ž /Re 3.715DG i

f s f 108 Rey0.726 A9Ž .L i SL

r ®2
L L

Fr s A10Ž .d r y r gdŽ .L G

® r 2 sin aŽ .SL L Ty0.726e se 1q e 108 Re 1q .L G G SL ((® r f Frž /SG G L d

A11Ž .

Iterate until a converged solution for the liquid holdup is
reached. Then calculate the pressure gradient:

y2ReG
f s0.07725 log A12Ž .G ½ 5ž /7

f s 1yu f qu f A13Ž . Ž .TP G i

dP 1 1
2y s4 f r ®TP G Gž /dx 2 e DTP G i

1 1
2y4u f r 2® ® y ® q r g sin a . A14Ž . Ž .Ž .i G G L L G T2 e DG i

Ž . Ž .Subsequently the values of Y s dPrdx y r g sin a , hTP L L
Ž . 2sd , and t s f 1r2 r ® are obtained.i i G G

Appendix B: k Relation
Ž .By definition Eq. 6 it follows:

2 22² :b r ® b r ® eG , 1 G , 1 G , 1 G , 1 G , 1 SG L
k s s B1Ž .2 2 ž /b r b r 1ye² : ®®L, 1 L , 1 L , 1 L , 1 LS LL , 1

Ž . Ž .From Hart et al. 1989 for small liquid holdups -0.06 :

e ® rL SL Ly0.726s 1q 1ye 108 ReŽ .L SL(½1ye ® rL SG G

2 sin aŽ .T , 1
= 1q , B2Ž .( 5f FrL d

assume a horizontal T junction, so a s0:T , 1

22 2e ® rL SL Ly0.726s 1q 1ye 108 Re .Ž .L SL(½ 5ž / ž /1ye ® rL SG G

B3Ž .

with low liquid holdup leads to approximately

2 2e ® rL SL Ly0.726+ 108 Re , B4Ž .SLž / ž /1ye ® rL SG G

and for k :

bG , 1 y0.726k + 108 Re . B5Ž .SLbL, 1

Manuscript recei®ed July 31, 1995, and re®ision recei®ed Dec. 10, 1998.

March 1999 Vol. 45, No. 3 AIChE Journal474


