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A model developed calculates the mass intake fraction of gas and liquid phase during
gas— liquid flow with small liquid holdup values (e, < 0.1) through regular T junctions
with small branch inclinations. It was derived 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 air/water — glycerol (0, 33,
and 60 wt. %) flowing through a regular (D, = D, = Dy = 0.051 m) T junction with
branch inclinations ranging from 0° to 0.5°. It was found that the gas—liquid flow split
behavior is affected strongly by the liquid viscosity and by branch inclinations of 0.1°
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

Gas-liquid (G/L) 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
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 G/L 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
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 G/L 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-
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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industry. The so-called loss-of-coolant accidents (LOCAS) can
cause the appearance of a two-phase G/L 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, 0-2°, publications considering this inclination effect
can scarcely be found in the open literature. Only recent arti-
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
G/L 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 «; angle between the branch and
the main pipe ¢; 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 G/L 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 previous 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
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 G/L flow, its flow regime, and associated liquid holdup
and pressure drop. The systems also are mainly limited to
air/water flow with low viscosities of the liquid phase.

Models to predict the G/L flow split in T junctions are
given by, for example, Saba and Lahey (1984) and Seeger et
al. (1986); Azzopardi and Whalley (1982); Azzopardi et al.
(1987); Shoham et al. (1987, 1989); Ballyk and Shoukri (1990);
Hart et al. (1991); Ottens et al. (1994); and Roberts et al.
(1995, 1997).

Saba and Lahey (1984) developed a model restricted to ho-
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
empirical correlations. Seeger et al. (1986) extended the
model of Saba and Lahey (1984) and gave empirical relations
for horizontal and 90° downwardly inclined branches. The
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
findings. 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-
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,
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 —90° to
90°. An increase in the mass intake fraction of the liquid phase
into the branch A at constant mass intake fraction of the gas
phase into the branch Ag was found due to the difference in
liquid-film thickness being present in annular flow. They de-
veloped a model based on the observations of McNown (1954)
that gas and liquid emerging in the branch originates from a
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
enters the branch. Roberts (1995, 1997) improved the model
of Azzopardi and Whalley (1982), taking the distribution of
the liquid film into account. Hart et al. (1991) developed a
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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 « and the junction energy dissipation fac-
tor Ay. Loss coefficients for the liquid phase are equal to
those of the gas phase and are described by single-phase cor-
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 G/L 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 G/L 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 G/L flow split in a T junction; and to investigate the
influence of the liquid-phase dynamic viscosity on the G/L
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
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

Hart et al. (1991) showed that the macroscopic energy bal-
ance (extended Bernoulli equation) can be applied to the
steady-state continuous separated two-phase flow of a gas and
liquid phase in a dividing T junction (see also Figure 1):

1w
2\ (v o

)_+ 9(z,— Zi)j+%(P1_ Pi)j=(|§u1i)jr

(la-d)

where i denotes run (2) or branch (3) and j the gas (G) or
liquid (L) phase. Equation 1 represents the conservation of
energy along four different streamlines:

e Inlet-to-run gas streamline (1a)
Inlet-to-branch gas streamline (1b)
Inlet-to-run liquid streamline (1c)
Inlet-to-branch liquid streamline (1d)
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Inlet

Figure 1. Gas and liquid streamlines occurring during
G/L flow through a regular dividing T junc-
tion.

Bold lines, gas; thin lines, liquid.

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

(Pz_Ps)G:(Pz_Ps)L (2)
results in
27\ oy oy ), 2™\ ey T o |,

+pc9(23—2)c +PL(23— 25)

= PG( B — Eul3)G - PL( Enp— Eul3) L ®
The junction energy loss E, is defined by (Bird et al., 1960):

~ 1<}
Eu1i,j=k1i,15@, (4)

with k the friction loss coefficient in a junction of one single
phase. We define the velocity profile factor g8 by

(v®)

G

®)

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

_ peil U(331>/< Vg1 _ Bs1 Peik U<31>2
pLiS UE1>/< Ry Bri Pk U|_1>2 .

)
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The velocity profile factor g 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
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

_ Pycs (Ug3)€cs

A = =
N Py (Us1)€c1

)

Y (v3)€L3

L= = .
Py (oen

®)

Substituting Egs. 4-8 into Eq. 3 and taking into account the
mass balances of both phases, that is, @, =Py, + Pys,
Dy = APy, and Py, =(1— DDy, leads to the governing
equation for G/L flow split in a regular T junction:

B, €2 Bos€l
B G2 <231 (1_)\6)2_ G3 21)‘26
Bc1€62 Bs1€G3
BLo€l BLse’ 29
T (A A ;
BLi€lz BLi€ls Builos)

X {%(Zez —2g3) (2, — ZLS)}
= k(kyg=Kpz)g = (kiz— k) (9)

For G/L flow with a small liquid holdup (e, < 0.06) Hart et
al. (1991) simplified Eq. 9 by assuming that

e The ratio of the B values of each phase is approximately
unity;

e The liquid holdup values in the inlet, run, and branch in
the 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);

e The differences of the friction loss coefficients between
the run and the branch for the liquid and the gas phase are
the same, that is, (k3 — ky,)g = (ki3 — kyp), -

Applying these assumptions to Eq. 9 results, and introduc-
tion of an energy dissipation factor A, defined by

1
A= E(l"‘ ki — Ki3) (10)
led to the so-called double-stream model (DSM):
AL=Ag+ k(Ag — A). (11)

The values of the friction loss coefficients for a regular T
junction were calculated with the correlations of Gardel
(1957), which describe the single-phase friction loss coeffi-
cients and are generally dependent on the geometry (r, ¢) of
the junction and the mass intake fraction:

Ky, =0.03(1— Ag)°+0.3502 —0.2A(1— Ag) (12a)
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kys=0.95(1— Ag)*+ )\é({l.Scot(%gp)}{l—O.Q\/F })
+0-8)\e(1—)‘e)00t(%¢). (12b)

In this article, we investigated regular T junctions with a
slightly inclined branch. We found that for G/L flow in a
regular T junction with a slightly inclined branch the ratio
B3/BL, has a pronounced effect on the flow split of the lig-
uid phase, while the ratio B,,/B,; does not affect the flow
split. Although most ratios of the involved B values are ap-
proximately unity for T junctions with a slightly inclined
branch, the ratio B, ;/B,,; has to be taken into account. This
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-
bution as observed during horizontal flow (see also Eq. 14).

With B, ;/B,, not a priori equal to unity and the just men-
tioned assumptions, Eq. 9 results in an equation similar to
Eg. 11, though, with the nonlinear term 1/2(1— B, ,/8, )A%:

1
)‘L:)\o+K()\G_)‘o)"'z(l_BLs/BLl)’\lz_- (13)

In Figure 2 we have plotted the values of A_ vs. Ag calcu-
lated by Eq. 11 and Eqg. 13 for three different « values (0.1,
1, 10), an average value of Ay = [$A, dAg = 0.07, and two typ-
ical values of the ratio B, ,/8,; (1.0 and 2.0). It should be
noted that B, =1.0 for fully developed turbulent flow and
B = 2.0 for a sheared laminar liquid film. As shown in Fig-
ure 2, the ratio B, 3/B.; clearly affects the A — Ag relation-
ship, especially for « values around 1.

0.8

0.6

0.4

02

0 | ! | |
0 0.2 04 0.6 0.8 1
Figure 2. Gas-liquid flow split model lines in a regular
dividing T junction.
Line A corresponds to Eqg. 11 and line B to Eq. 13 with the
ratio B, 3/B 1= 2.
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Vi1

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

Value of B, and Ag .,

In gas-transportation networks, pipes and junctions gener-
ally do not lie in a horizontal plane. In practice, most angles
of inclination vary, —2°< a <2° In a T junction with an up-
wardly laying branch (see Figure 3) the liquid starts to leave
the branch at a critical gas mass intake fraction Ag ;. Con-
sider a pressure-driven gas-sheared liquid layer (in the
branch) with an interfacial shear stress =, = fi(l/Z)pG<uG>2.
In the two-dimensional case of a laminar flowing liquid layer
the velocity distribution becomes

=y T [ (2 e 2 s
- 2n h, I77|_ h, ’

in which:
dpP
V(g ) - puosina. (15)
dx /rp
The cross-sectional average liquid velocity becomes
1 /n, hi he
=— dz=Y—+7—. 16
<UL> h,_/(; e 3. T'an_ ( )

The value of the velocity profile factor B, of the liquid phase
can be calculated using Egs. 14-16:

<o)
)
27 7072 +16Y 3n +77Y 2h2 7, +126Yh 7?2 (17)
35 (2Yh_ +3r)° '
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The values of Y, h_, and 7; are calculated with the holdup
and pressure-gradient model of Hart et al. (1989) (see also
Appendix A). The values of B, for a laminar liquid film (Re_
= Reg, /0 < 2,000) are now calculated using Eq. 17, while for
a turbulent liquid film (Re, > 2,000), a value of B, =1.0 is
taken.

The critical-mass intake fraction Ag . at which the liquid
starts to leave the branch, can be derived from Eq. 16. If the
average liquid velocity (v ) is negative, no liquid leaves the
inclined branch of the regular T junction (A, = 0), while for
positive values of (v, > the liquid mass intake fraction can be
obtained from Egs. 10, 12, 13, and 17. The value of Ag . is
obtained from Eq. 16 when {v, ) = 0.

Summarizing we can state that the A_— Ag diagram for
regular T junctions with a horizontal or slightly inclined
branch can be obtained from

1
A = E(l_BL,3/BL,1)A2L+)‘0+K()‘G_/\O)v if (v »=0
L

0, if (v ) <0.

(18)

Experimental Studies
Gas- liquid flow loop

In Figure 4 an overview is given of the G/L pipe flow loop.
The T junction is situated 8 m from the gas and liquid inlet.
The inlet, run (L =14 m), and branch (L =6 m) consist of
straight, horizontal glass tubes with an internal diameter of
50.8 mm. The glass T junction is radiused (r=R/D;=
0.00508). The branch angle can be varied between —10° and
+10°, while the horizontal inlet-to-run-tube deviates less than
0.01° from the horizontal. The pressure distribution around
the T junction is measured with nine Validyne pressure
transducers (+5%). Water-saturated air (> 90%) com-
pressed by a liquid ring pump (200 m3-h~*; Verder Vleuten)
enters 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
balance (Mettler-Toledo PM-16 & 30 K, +0.1-0.5 g), placed
eight meters above the injection point, that registers the

G
G/L
separator

Watering Heat
Gas Compressor  Exchanger

Liquid Pump I Q = sensor linked to computer '

Figure 4. Experimental setup for measuring G/L flow
split in T junctions with an inclined branch.
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(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
(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-s %,
and the superficial liquid velocity ranges between 9x10~*
and 0.014 m-s~*. The experiments are performed under at-
mospheric conditions (T =293 K, P =10° Pa). The transport
properties of the gas—liquid systems used are pg =1.18 kg-
m~3, ne =1.8%x10"° Pa-s; demineralized water: p, =998 kg
-m~3, »_=1.0%x10"2 Pa-s; demineralized water/glycerol (33
wt. %): p, =1,080 kg-m~3, n_ =2.7x 102 Pa-s; demineral-
ized water/glycerol (60 wt. %): p, =1,125 kg-m~%, n,_ =6.0
X103 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 « is chosen and a value for Ag is set by
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 Ag is covered
(0 < Ag <1). The values of the friction loss coefficient ky; ¢
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,, ; and
ki3, during two-phase gas flow are

_ (Wi1= i +2((P,—P)/p);
<U>j2,1

i=2,3. (19a,b)

1i,G

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
specific G/L flow split (A5 = 0.83, A, = 0.94) at a branch in-
clination angle of 0.25°. 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;. From
these values the junction irreversible pressure drops A P,, and
AP, are calculated and consecutively the values of the fric-
tion-loss coefficients k;, ; and ki3 ¢ according to Egs. 19a
and 19b. Figure 6 shows that the correlation for single-phase
flow developed by Gardel, that is, Egs. 12a and 12h, 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 G/L flow
through a regular T junction with an inclined branch at Ag
=0.83 and A =0.94. v =10 m-s~%; vg, =4.0X107° m-
7L a=0.25°

l——

(kq3 — kq,) occurring during two-phase G/L flow in horizon-
tal T junctions with different branch inclinations. In the in-
clined case, however, at values of 0.4 < A5 < 0.6, a deviation
is observed between the experimental two-phase values and

4.0 T T 1 !

30 (ki) -

2.0+ ~
Gardel (1957)

-1.0 ! ! | I
0.0 0.2 04 0.6 0.8 1.0

Figure 6. Friction loss coefficient difference (k;3—K;,)
as function of Ag.
Air/water flow in a regular T junction with a horizontal (@)
and an inclined branch (m) (a = 0.1, 0.25, 0.5°). Line drawn
according to Gardel (1957) for single-phase gas flow, that is,
Eqgs. 12a, 12b.
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the model line of Gardel for single-phase flow. This deviation
corresponds to the Ag range, where the liquid starts to flow
out of the branch arm, where disturbances in the pressure
distribution occur.

Gas-liquid flow split

In Figure 7 the values of A, and Ag, calculated with the
model (Egs. 13-18), are compared with experimental data
from Hart et al. (1991) concerning G/L 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 A, is clearly demonstrated in
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
arm (at L= Lg). This means that when we have to use the
liquid height h_ for the calculation of the velocity distribu-
tion, we have to use a somewhat higher liquid level at the
moment the liquid outflow of the branch starts, that is, at
Ag it This difference in liquid height disappears when the
liquid flow continuously leaves the branch. Although from
geometrical considerations (h_.,q =0, liquid volume is con-
stant) a value of h_ ., of two times the calculated steady-
state value for h_ is expected, experimental observations
showed a value of 1.5 times the steady-state value h . After

1] — : :
0 0.2 (4 (L6 0.8 |

Figure 7. Model comparison with literature data of a
regular horizontal T junction.
@ A vy =20X10"* m:s™Y A, Bl vg, =1.57X1073 m:
s 5 0,Ciug =721x10 °*m-s~%; W, D: vg =1.89%x10 2
m-s~% O, E: vg, =3.14x 1072 m-s~ % Lines (A-E) drawn
according to Egs. 13-18, with vgg =12 m-s~ 1. Experiments
according to Hart et al. (1991).
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Figure 8. Effect of the branch inclination angle «.

AL as a function of Ag for air/water flow in a regular T
junction. vgg =10 m-s~%; v, =4.0x10 *m-s~%; m, A: «
=0.00° a,B: «a=0.10° O, C: a =0.25°; @, D: « = 0.50°.
Lines drawn according to Egs. 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_ is
used.

Figure 8 gives a good prediction of the critical Ag value
where the liquid starts to leave the branch (Ag ;) for differ-

0.8+

0.6

0.2+

D 7\‘G

0 0.2 0.6 0.8 1

Figure 9. Effect of inlet superficial gas velocity vgg.

AL as a function of Ag for air/water flow in a regular T
junction. Branch inclination of a = +0.25% vg, =4X1073
m-s L@ Aivgg=14m-s71;, 0,B vgg=12m-s" % a,C:
vsg=10m-s~!; W, D: vsg =8 m-s~ L Lines drawn accord-
ing to Eqgs. 13-18.

0.4
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0.6}
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Figure 10. Effect of inlet superficial liquid velocity vg, .

AL as a function of Ag for air/water flow in a regular T
junction with a branch inclination of « = +0.5°. vgg =12
m-s 5 @ A:vg =9%x10* m-s7! O, B: v =2X1073
m-s~1; m, C: v, =4%x10"% m-s~ 1 Lines drawn accord-
ing to Egs. 13-18.

ent angles of inclination. In the case of a horizontal T junc-
tion, the liquid enters the branch at Ag = 0.1, while for an
angle of a = +0.5° until A5 = 0.5 no liquid is observed at the
branch outlet. The model lines in Figures 8-11 are drawn

0.8

0.6+

0.2}

1

0 0.2 0.4 0.6 0.8 1

Figure 11. Effect of liquid viscosity 7, .

A, as a function of Ag for air/water and air/water—glycerol
flow in a regular T junction with a branch inclination of
a=+025% vgg=12m-s7 v =4x10" 3 m-s”L @, A:
n_=1mPa-s; O, B: n.=3 mPa-s; m, C: =6 mPa-s.
Lines drawn according to Egs. 13-18.
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according to Egs. 13-18, taking into account the just men-
tioned liquid buildup and liquid-layer gradient in the branch
at the start of the liquid outflow (at Ag = Ag ¢ip)-

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 G/L 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 G/L 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 Ag and A, values
present in the air/water and air/water—glycerol experiment.
Figures 7-11 show that the model presented in this section
gives a good prediction of G/L 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 Ag. The pressure bar-
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
the relations of Gardel (1957) developed for single-phase flow
for the case of two-phase flow proves fruitful. The value of
A qrit Can be accurately predicted by the theory even though
Figure 6 shows a deviation between the experimental and
model values of the friction-loss coefficients.

Experimental values for the gradient of the A, —Ag curve
strongly depend on «, 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
Ags Ag it @nd a sharp bend in the A —Ag curve compared
to the horizontal case. When we raise the value of 7, this
also leads to a higher value of Ag . and a delay in the sharp
bend in the A_—Ag curve. The model we developed follows
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
the value of A, rises steeply to 1.0 (complete separation), or
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 A, .

The effect of small branch inclination angles is substantial
at moderate to low superficial gas velocities, for example, at
vse <20 m-s~1. Figure 9 shows that the effect becomes in-
creasingly important (gravitation vs. shear) when reducing the
superficial gas velocity at the inlet from 14, 12, 10 to 8 m-s™ 1.

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
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gradient of the Ag—A,_ model line. From Figure 9 it can be
seen that the value of the superficial gas velocity doesn’t seem
to have any influence on the position of the Ag—A_ line,
except in a shift in the value of the critical Ag5. The gradient
of the Ag—A_ model line is almost constant, and this can be
explained by introducing the liquid holdup relation of Hart et
al. (1989) for small values of the liquid holdup into Eq. 6 (see
Appendix B), which leads to

_Bos

K 108 Reg 726,

(20)

L1

From Eqg. 20 we can see that the value of « is mainly a func-
tion of the superficial liquid velocity, or what we actually ob-
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
AL at constant Ag. This is in accordance with our results in
the inclined case, where after an initial delay A, rises to
higher values at increased viscosities.

When this model is compared with data recently published
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 Ag,
the so-called critical Ag ., value. This is probably due to an
effect we noticed when increasing Ag. At a certain Ag, a
liquid-layer thickness gradient is present in a film that slowly
creeps to the exit of the branch. In this situation, the value of
Ag.crit 1S dependent on the length of the branch. The conclu-
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
Lg = h /sin(a); otherwise, the liquid leaves the branch as a
result of the hydrostatic pressure differences.

Conclusions

Small branch inclination angles (o < 0.5°) 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 Ag, the liquid eventually leaves
the branch and a jump to full liquid separation is found (A,
=1) 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 Ag ;-

To describe the G/L flow split behavior in a regular in-
clined T junction, the model presented in this article, made
up of Eqgs. 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 G/L separation.
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Summarizing, it can be concluded that the model—Egs.
13-18—gives a good prediction of A as a function of Ag in
the full range 0 < Ag < 1. Especially for moderate superficial
gas velocities, the effect of small branch inclination angles is
strong, and under these circumstances the model predicts
well.

Acknowledgments

The authors thank Mrs. J. Zoutberg, D. P. de Zwarte, Th. J. A. M.
Nass, and W. H. Buster of the mechanical workshop for the con-
struction of the gas—liquid flow loop, and for their technical support
during the experiments.

Notation

D, = average internal pipe diameter, m
f= friction factor
Fr= Froude number
g= acceleration due to gravity, 9.81 m-s~?
h= height, m
ks= interfacial roughness, m
L = pipe length, m
L, = length of branch filled with liquid, m
P = pressure, Pa
Reg = Reynolds number of the gas phase
Re, = Reynolds number of the liquid film, Reg, /8
Reg, = superficial Reynolds number of the liquid phase, p, v5, D;/m_
t=time, s
T=temperature, K
v=phase velocity, m-s~
w = root-mean-square velocity, m-s~
X, ¥, Z= Cartesian coordinates, m
&= film thickness, m
e= fraction of cross-sectional area occupied by a phase, holdup
® = mass flow rate, kg-s™*
n= dynamic viscosity of the liquid phase, Pa-s
0= fraction of the tube wall wetted by the liquid phase
p= density of a fluid, kg-m~—3

1
1

Subscripts

1, 2, 3=inlet, run, and branch arm
R=run
s= superficial
TP = two phase
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Appendix A: Liquid Holdup and Pressure-Gradient
Model

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-
lation of Eck (1973) as the basis for their f; relation. They
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:

Reg = pos D/ (A1)

Initial value for the liquid holdup:

-1
U,
€ ={1- [i 1+10.4Reg 0% [ L ” (A2a)
Usc P
€g=1—¢€_ (A2b)
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v = Vg /€ (A3a)

Ug = Usg/€c (A3b)
2
PL O
Frr=——  — Ad
" (pL—ps) 9D (A4)
6 =052€2%* +0.26 Fr2® (A5)
5= LD A6
= a
40 (A6a)
ks =2.38 (A6b)
Reg = pgts Di/16 (A7)
15 Ky -
f,=0.0625{ log| — + ——— (A8)
Reg 3.715D;
f, = f,108 Reg,°7% (A9)
2
PL U
Fro—_ - b Al0
° (pL—pc) 96 ( )
D 2sin(«
€ = e ec108Res 075 2k 1/ 1t zenler) |
P fLFrs
(A1)

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

Reg )\ 2
fG = 0.07725 |Og( T)

frp=(1— 0)fg + 0f,

(A12)

(A13)

dP Af 1 ) 1
| ax e TPZPGUG€GD_

1 1
—46fi§pG(ZUGu,_ - UE)E + psgsin(ar). (Ald)

Subsequently the values of Y =(dP/dx);p — p,gsin(a), h,
=3, and 7; = f,(1/2) pgvd are obtained.

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

2
_ Bo.1 Pe1 Vs 1) _ Bs1 Po1 &( € )2 (B1)
B PL1 <U|_,1>2 BLi PL1 v (1€

From Hart et al. (1989) for small liquid holdups ( < 0.06):

€ v D
b= St (1 e )108Reg 070
1-e s Pc

[ 2sin(ar;)
X 1+W }, (BZ)

assume a horizontal T junction, so a; ;=0:

2 2 2
€ U,
( = )=(i) 1+/(1- ¢ )108Res2 ™ = | |
1-¢ Usg Pc

(B3)
with low liquid holdup leads to approximately
€ 2 [ 2 P
L) =2 108Reg 0728 (B4)
1-€ Usg P
and for «:
Be.1 —0.726
K= 108 Reg,” "°. (B5)
BL,l
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