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Abstract—Gas-liquid two-phase flow in a T-junction with a horizontal side tube was analysed. Gravity
effects were neglected. An annular-mist flow pattern was assumed at the inlet to the T-junction. Based
on the simple models of film- and gas—droplet core flow the relations for the liquid mass flowrate in the
side tube, as a function of the gas flowrate, were derived. The results of the calculations were compared
with previous experimental data.

1. INTRODUCTION

During the - design process it is often necessary to determine the two-phase gas-liquid flow
distribution in a variety of pipe systems which include T-junctions.

Often the problem lies in obtaining equal flowrate distributions for both phases. However, the
problem usually remains unsolved, resulting in the flowrate ratio of both phases in the outlet pipe
of the T-junction being different from that in the inlet pipe.

The problems described above are found in certain types of process plant and water-cooled
nuclear reactors.

Despite the fact that the problem is important there are few experimental results and theoretical
investigations reported in the literature; one such analytical flow model was proposed by Saba &
Lahey (1984).

The following analysis presents a simple model of the annular-mist two-phase flow distribution
in a T-junction. In annular-mist flow, the liquid phase flows as a thin annular film on the inner
wall of the tube and as drops entrained into the gas core, flowing along the centre of the channel.

The analysis concerns a T-junction with a horizontal side tube; gravitational force was neglected.
The position of the main tube was not pre-determined on the grounds that the annular-mist flow
structure does occur within it.

The results of the calculations performed on the basis of the proposed model were compared
with the experimental data of Azzopardi & Whalley (1982)—AERE Harwell, where the majority
of work concerning this problem was performed. It seems that with regard to design calculation
practice, the agreement of the results is quite acceptable.

2. MODEL OF TWO-PHASE FLOW IN A T-JUNCTION

Let us consider two-phase flow in a T-junction (figure 1) with horizontal side pipe 1. The inlet
and outlet cross-section areas of the main pipe are equal 4; = 4,.

At the inlet (3) to the T-junction it is assumed that the flow structure is of annular-mist type,
with liquid film flowrate m, gas core flowrate mg, and (uniformly distributed throughout the gas
core) liquid droplet flowrate #1;.

The objective of the analysis is to determine the total liquid flowrate »1, in the side pipe as a
function of the gas flowrate nig,. The side flowrate m; comprises part of the main film flowrate
my; which enters side pipe 1, #1;, and the droplet flowrate ny, .

The gas and liquid flowrates in side pipe 1 are usually related to the inlet gas flowrate nig; and
the total liquid flowrate ;.
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Figure 1. Schematic view of
two-phase flow in a T-junction. Figure 2. Liquid film flow in a T-junction.

In order to facilitate a comparison of the results with the experimental data of Azzopardi &
Whalley (1982), we relate the liquid flowrate r7;, to the inlet film flowrate #1;,
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the liquid flow balance in pipe 1 can be written as
mty =mf + kmigzmé&;. (3]
In order to determine the total side liquid flowrate m{,, assuming that the inlet flowrates mg;

and i, are known, it is necessary to determine the side film flowrate m$ and k. These quantities
will be determined later in the analysis.

2.1. Film flowrate m},
The liquid film flow in a T-junction is shown schematically in figure 2. A uniform liquid film
of mass flowrate r1; and thickness d, flows in pipe 3 in the y-direction with mean velocity V.
Let us consider a strip of the film of width / = nd,/2 and flowrate #1;. On reaching the junction,
it forms an arc fold of width / and mean radius of curvature R. The fold is three-dimensional and
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hence two additional curvatures of radii d,/2 and d,/2 should be considered. However, they are
much greater than R and therefore can be neglected.

Surface tension forces acting on the fold in the x- and y-directions are equal and can be written
as

Fu=ad|' [4]

The strip stream mj; slows to zero, owing to the surface tension force in the y-direction. Part
of the stream then flows along the perimeter of the hole of side pipe inlet 1 (see figure 2) and enters
outlet pipe 2; the rest, owing to the surface tension force F, and the drag force F,, enters side pipe
1. It is also assumed that the shear stress 7 on the gas-liquid interface is approximately equal to
the shear stress 7, on the wall.

Owing to the surface tension force F,, a liquid flowrate m{—called the zero film flowrate—creeps
into side pipe 1 even if no gas flow occurs in the side pipe (s, = 0). It carries momentum mj V{ .

Due to the drag force F,, the gas stream drives part of the fold downstream into the side pipe
and gives it momentum mfl VC' On neglecting the influence of the static pressure difference, the
equation of momentum along the x-coordinate can be written as

F,+ F,,=m}{Vi+m{V§. (5]
The drag force along x-coordinate is
=bRd4,V}{,, [6]
where b is a constant and Vg, is the cross-section mean velocity. With the use of the relation
o _ Vordy

(7]

mGS VGBA3,
the velocity Vg, can be expressed in terms of non-dimensional quantities:

Mg,

Vor=Vai— R’ (8]
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On the assumption that the radius of curvature of the fold R ~ const and is independent of the
gas flowrate mig,, and taking [8] into account, the drag force in [6] can be expressed in terms of
non-dimensional quantities:

NA

~2
me,

Fu=b 5ot 1]

where

b, = const = bRd,V%,.

The assumption that the radius of curvature of the fold R = const seems to be quite reasonable,
because on reaching the junction only part of the inlet stream is extracted into the side pipe; the
rest flows along the edge of the hole and enters pipe 2. The shape of the fold remains constant
because film flowrate m{; > m§; this shape is supposed to change for large gas flowrates (g, — 1)
and in this range the model may diverge from reality.

By introducing [9] and [4] into [5] and dividing by ms V5, one obtains

od, m¥, 4G Vﬁ 1)
mBVﬂ\/_J“bZN” m —V;+mﬂ = [10]
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where

MV

2

Assuming that the width of the film strip at the point where its velocity equals ¥}, is the same

as at the inlet to side pipe 1, =/, the following relation can be written:
ne_ Vg 1,

where §, is the liquid film thickness in the side pipe at the point where the film velocity is V'§.

For a linear velocity profile the mean velocity of shear stress driven liquid film under
hydrodynamic equilibrium equals

(1]

_ 10 12

n=5 [12]

Hence the ratio of side pipe 1 liquid film thickness to main pipe 3 liquid film thickness can be written
as follows:
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5 =7 [13]
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By substituting [15] into [11] and by utilizing the result in [10], the latter takes the following form:

,:B—?,Bx/g+bz’:—j°/2‘= \/E(mi;m}'{o)m g, +ma°%. [16]
The above equation should remain valid for the two extreme cases:
Mg =0, m}=md;
g =1, m=1. [17]
The first condition yields
e SR mp s it
and the second,
by = /2RM(1 — mA0)*2. [19]
By substituting [18] and [19] into [16], the final equation is obtained:
mE = m#®+ (1 —mE)ymgi. [20]

The variation of the non-dimensional film flowrate m} with the non-dimensional gas flowrate
i, in the side pipe, for three different coefficients of cross-section area change X, are shown in
figure 3.

The relative zero film flowrate m2° for no gas flow in the side pipe is presented below. The dashed
line in figure 3 illustrates the case of the ideal phase distribution, for which the ratio of gas flowrate
to total flowrate in the side pipe is the same as at the inlet.
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Figure 3. Variation of the film flowrate m$ with the gas Figure 4. Variation of the zero film flowrate mj® with the
flowrate g, . coefficient of cross-section area change X.

2.2. Zero film flowrate m}°

It is assumed that the film flow mif; of a strip of width / is slowed to zero by the surface tension
force F, along the y-coordinate (figure 2). The second assumption is that the velocity reduces to
zero in a very short distance and hence the differences in static pressure along this distance can
be neglected and the shear stresses on both two-phase interfaces can be assumed equal, 7; = 1,,.

In view of these assumptions, the momentum balance for the stream r1g, takes the following form:

F,=mgVy (21]
and because (see figure 2)
ma = __l_ = ‘/_§ 122
my  Tdy 2
and
Mg
V= ——2 23
e pLOynd, 2]
then, by utilizing [4], [21] takes the following form:
rith 2od, [24)

pLé;mdy \/§
With the assumption that there is no gas flow in the x-direction, the movement of the zero film
flowrate mY appears to be due to surface tension force F, only.
If friction on the two-phase interfaces is neglected, the momentum equation in this direction
takes the form

F,=myVy. (23]

If, additionally, no energy losses over the velocity stabilizing distance (to V'3) are assumed, the
equation of mechanical energy for the film “forced out™ into the side pipe simplifies to
pLVE _v
o= T ALgdh, (26]
where Ah, in potential energy terms, is the difference between the fold height R at the inlet to the
side arm and the film thickness at the velocity stabilizing distance.
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From [25] and [26] one can derive the relation for the relative zero film flow “forced out” into
the side pipe:

No

mi0 = 0.5\/ 5 .
TC63<§ +pLgAh>

In order to calculate this flowrate, one must know the dimensions of the forming fold and the
film thickness at the inlet to the junction and in the side arm.

With the assumption that R = §;, the potential energy term becomes sufficiently small compared
to the surface tension term. By neglecting the first term the following simplified relation is obtained:

N
mi ~ 0.5\/-;-. [28]

A graphic interpretation of equation [28] is presented in figure 4. Experimental points from
Azzopardi & Whalley (1982) are included in the diagram.

(27]

2.3. Droplet relative flowrate k

The gas velocity at the junction has two components: Vg, in the x-direction and Vg, in the
y-direction. The liquid phase m14; (uniformly distributed in the gas core mg,) moves downstream
with gas velocity Vg, (no slip is assumed). A schematic view of the droplet trajectory is shown in
figure 5a. A drop passing through inlet cross-section AB, on which the origin of the coordinates
was set, has velocity V;. Immediately afterwards it accelerates in the x-direction due to the drag
force of the gas stream entering the side pipe, #1g,. The origin of the coordinates was set at such
a point on the inlet cross-section AB that all drops from the shaded area in figure 5b flow into
the side pipe. The area is a circular sector of rise OB = 4 and area A4,. Line OC is the boundary
path for droplet stream n1g,.

In the y-direction a droplet decelerates due to the opposite drag force. It is assumed that the
force is too small to change the droplet velocity along the distance 4, and

de - Vg3 . [29]
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Figure 5. Liquid droplet trajectory in the gas core at Figure 6. Droplet flowrate k vs gas flowrate riig,.

a junction.
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In the x-direction the droplet velocity rises from zero at the coordinate origin and the equation

of motion is as follows:

dVe (Vo1 = Var)?
de 2 ’

where C, is the drag coefficient for turbulent flow over a spherical droplet of cross-section area
A, and diameter D. For 10 < Rey < 10°, C, can be approximated by

[30]

my

= CyAd4ps

Cy=24.25(InRe,)~%, [31]
where the Reynolds number is defined as
Ve — V.
Re, = %&L_}X_), [32)
¢}
Since Vg, >» Vy,, then
DpgV,
Re,~ 2PS’c! [33]
Ko
has been assumed. Actually, the Reynolds number tends to decrease with a rise in the droplet
velocity.
By integrating [30] and taking into account that for ¢+ = 0 the velocity V4, =0, one obtains
C,\VEt
Vg = —-9 34
T d+ C Vgt [34]
where
PG s
=0.75-Cy — =.
Cl d 6[_ D
The rise & of the circular segement, see figure Sb, was obtained by integrating
n
h =J Vg dt, [35]
0

where ¢, is the duration of droplet flow over distance d, in the y-direction.
After integrating one obtains

d C
h=Vgt —53‘ 1n(l +73‘ Vs zl>. [36]
If time, defined as
h=—=— 37
=V Ver [37]
and [8] are included in [36], one finally obtains
h g 1 ( n“zGl)
—=——-—[(1+C —=) 38
d; \/§ G l \/§ B8]

This allows one to calculate the area of the circular segment 4, and, finally, the relative droplet
flowrate k if

T
k=—=—. 39
Mgy A, 391
The circular segment area is
. dy\?
A, =0.5(0 —sina) 5 ) {40}

where the angle a is shown in figure Sb,
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Finally, the relation
1
k=— (a2 —sina 41
5 ) [41]

was derived, where

a=2arcsin|:2 %(1—%)] for O<d£3<0.5

h
o = 2n — 2 arcsin [2 z}(l —5;)] for 0.5<

Diagrams illustrating & as a function of the non-dimensional gas flowrate rig, for the same values
of X as before are shown in figure 6.

and

<.

IS

3. DISCUSSION OF THE RESULTS

Based on [3], [20], [28], [38] and [41], diagrams of the total non-dimensional liquid fiowrate m¥
and film flowrate m® in the side pipe as a function of the non-dimensional gas flowrate are
presented in figures 7-9 for cross-section area change values of & = 0.04, 0.16 and 0.36, and for
various parameters characteristic of the inlet stream structure.

Plots I, IT and III are for mg&; = 5.35 and #1,;, = 0.05 and plots IV, V and VI for m%, = 1.44 and
rig; = 0.5. The function my, = f(#g,) is approximately linear. This is confirmed by experimental
data presented in the literature which are usually approximated by straight lines. The dashed lines
in figures 7-9 illustrate the ideal phase distribution, i.e. X| = X;. Figure 9 shows the curves (III
and VI) calculated for X = 0.04. They start from riig, = 0.1 because of the limitations introduced
in formula [31]. The same limitations are the reason that the curve of the droplet flowrate k is cut
for mig, ~ 0.4, as is seen in figure 6. The influence of droplet flow i, is noticeable in all cases.

As mentioned above, the problem is rather unrecognized and new experimental data is needed
for further verification of the model presented here. The only work which included the necessary
information and was available to the authors was the report by Azzopardi & Whalley (1982), who

0.6 r /
/
e /
/ /
0.5 /
/
/7
/
0.4 LK1= X
/
mly o3| /
0.2
N =0.04
o . ~ Azzopardi
. / M3 m3z  Model  g'wiailey
0.1 O / (1982)
* [«
/ 0.05 535 I
/ 05 144 —IV .
| { | 1 1 |
o} [eA ] 0.2 03 0.4 0.5 0.6

~
Mgy

Figufe 7. Variati(;n of the liquid flowrate m{, with the gas flowrate in the side pipe ritg, (X = 0.04).
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Figure 8. Variation of the liquid flowrate m{, with the gas flowrate in the side pipe rig, (X =0.16).

investigated the distribution of two-phase flow of different flow structures in a vertical T-junction.
The present authors used experimental data for annular flow. It is presented in figures 7-9.
Theoretical results were calculated for the corresponding inlet conditions m¥; and rmy,. The
agreement of the results is acceptable.

Instead of the function m& = f(iig, ), the relation of the mass quality X, in the side pipe to the
mass quality X; in the inlet pipe can be derived.

If the above qualities are defined as

%878 ang x,eZe [42]
m m
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Figure 9. Variation of the liquid flowrate m¥, with the gas flowrate in the side pipe g (X = 0.36).
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where

my = Mg, + My + My,
and

Hiy = Mg + Mg + Mg,

[20] can be rearranged into the following form:

1—X,m 1
X;  my g »0 X\ (m )\
= 1—mry (2L} (2
-x, 1, ireemiy) ) 3l
Xy g

where k is expressed by [41] and mX°® by [28].
The relation h/d,, given by [38], is now expressed in terms of new variables:
1 {'—'—h—'—iln<l G X ’"‘> [44)
The function X, = f(X;) is presented in figure 10 for: three different cross-section area change
coeflicients, & = 0.04, 0.16 and 0.36; for flowrate ratio m,/m,=0.5; and for non-dimensional
droplet flowrate riy; = 0.05.

4. CONCLUSIONS

(1) The presented phenomenon is complex even for a single T-junction and annular flow. The
proposed theoretrical model is a kind of idealization and should be treated as a proposition
of a physically-based approach to the problem. The model is valid for smooth films, whereas
in fact the real film is a wavy structure and its geometry and behaviour depend roughly on
gas velocity. The model is supposed to be more accurate for lower gas velocities for which the
film is smoother.

There may be a case where the results of measurements differ from the theoretical predictions
based on the presented equations. This stems from the fact that annular two-phase flow is
observed in wide range of flow parameters [see Azzopardi & Whalley (1982), the diagram of

m, = f(hig,)].
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Figure 10. Variation of the side pipe mass quality X, with the inlet mass quality X, for different coefficients
of cross-section area change N.
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The model is the introductory approach to the analysis of the problem and can be modified
by, for example, taking the wavy film interface into account.

The comparison of the theoretical predictions with the experimental results proved the
validity of the assumptions of the model.

(2) For greater gas flowrate rig, the function mg, = f(riig,) is approximately linear, which agrees
with the experimental data of other authors.

(3) Inlet parameters, such as m&,; and #i,,, influence the droplet flowrate iy, only.

(4) Experimental investigations pointed out the existence of liquid flow in the side pipe if no gas
flow occurs there. The analysis proved that this zero film flowrate m%° depends only on the
coefficient of cross-section area change ¥. This is confirmed by the experimental data of
Azzopardi & Whalley (1982) and Azzopardi (1984).

(5) In order to perform a detailed verification of the model, complete evidence of experimental
investigations on stabilized annular—mist two-phase flow is necessary.
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