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NUMERICAL STUDY ON THE TWO-PHASE FLOW 
DISTRIBUTION IN A T-JUNCTION 
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SUMMARY 

The main objective of this paper is to investigate the ability of a two-dimensional two-fluid computer code to 
predict the phase separation in a T-junction. A new semi-implicit numerical scheme is developed for solving 
the two-fluid model equations. Special attention is directed to the modelling of the constitutive equations for 
the interfacial friction term. Detailed distribution of void fraction, pressure and velocities are obtained for an 
air-water mixture in a vertical tee. Good agreement was obtained between the computer code results and the 
experimental data for the phase separation in the T-junction. 
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INTRODUCTION 

The two-phase gas-liquid flow distribution in a T-junction and other branching geometries has 
many industrial applications such as the petroleum industry, chemical process plants, power 
plants and water cooled nuclear reactors. The problem can briefly be stated as follows: if the flow 
conditions (total mass flow rate and gas quality) are known at the inlet tube, there is no general 
method to calculate the flow conditions in the main outlet tube or in the branch tube. 

A literature survey showed that several investigations have been undertaken in T-junction 
two-phase flow during the past 10 years. The most recent experimental and analytical investiga- 
t i o n ~ ' - ~  showed that the two phases are generally distributed unequally among the outlets, but 
the manner in which the phases are distributed is not yet well understood. 

Considerable advances have been made in the last 20 years in the modelling of vapour-liquid 
two-phase flows." Among these models, the most accurate one is that which is based on 
a two-fluid model approach. In such a model, the conservation equations for each phase are used 
in conjunction with some appropriate constitutive relations. ' Several methods have been 
proposed for solving the two-fluid model equations." They mainly differ in the degree of 
implicity which is used (from explicit to fully implicit schemes), and in the numerical procedure 
used for solving the velocity-pressure coupling. 

In this paper a new semi-implicit scheme for solving the two-fluid model equations is presented. 
All terms in the momentum equation are calculated implicitly except for the convective term 
which is calculated explicitly. The transport properties are evaluated by using a donor-cell 
scheme. The conservation equations are reduced to an elliptic pressure problem. This procedure 
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is doubly advantageous since the number of unknowns is sharply reduced, and the reduced 
problem is a familiar one for which a number of powerful methods are available. Once the 
pressure values are obtained, the other unknowns are determinated from them. The resulting 
Newton iteration converges after a few trials. 

It is well known that the constitutive equations for the interfacial terms are the weakest link in 
a two-fluid model. Unfortunately, to-date there is no general formulation for these equations. The 
interfacial momentum transfer has been successfully modelled for dispersed two-phase flows.' In 
this work an interfacial friction model is developed in order to cover the complete range of void 
fractions that may exist in the vicinity of the T-junction. 

The purpose of this paper is to investigate the ability of a newly developed two-dimensional, 
two-phase flow computer code to predict the phase separation for an air-water mixture flowing in 
a vertical T-junction. 

TWO-FLUID MODEL 

The two-fluid model has been obtained by using temporal or statistical a~eraging. '~  The model is 
expressed in terms of two sets of conservation equations governing the balance of mass, 
momentum and energy in each phase. However, since the averaged fields of one phase are not 
independent of the other phase, the interaction terms which couple the transport of mass, 
momentum and energy of each phase across the interface appear in the field equations as source 
terms. 

For the numerical study of the two-phase flow in a T-junction some simplifications may be 
formulated. The flow is supposed to be isothermal with no mass transfer. In addition, the viscous 
and the turbulent diffusion processes are neglected. These simplifications are possible because of 
the short length of the T-junction. Then, for a two-dimensional flow in the x-z plane, the 
two-fluid model conservation equations become 

where e stands for liquid and g for gas, u the velocity in the x direction, w the velocity in the 
z direction, a the volumetric fraction, p the density, P the pressure, gx the gravity in x direction, gz 
the gravity in z direction and Kgd is the interfacial friction coefficient. 

We have six differential equations and nine dependent variables: 

a,, ag, p l ,  P g ,  U t ,  u g ,  Wl7 wg and p. 
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To complete the equation set, we use the following relation: 

a t+E,=l ,  

Pc=f(P) ,  

P,= f (0. (9) 
Usually, the liquid is supposed to be incompressible. The ideal gas state equation may be used 

To solve this set of equations we need a constitutive equation for the interfacial friction 
for the vapour phase. 

coefficient K g c .  

NUMERICAL METHOD 

The conservation equations are discretized by using the finite volume technique and the staggered 
grid concept.I4 A detailed description of the numerical method is given el~ewhere;'~ then only the 
main steps will be developed below. 

The momentum equations are rewritten in a non-conservative form. The liquid mass conserva- 
tion equation (1) is multiplied by the velocity in the x and z directions: 

Now, these equations are subtracted from the liquid momentum equation in the x and 
z directions (3,4): 

In the same way, the gas mass conservation equation (2) is multiplied by the gas velocity in the 
x and z directions: 

a a a 

a a a 

ug ( a g P g ) + U g  -&(agPgUg)+ug (a ,P ,Wg)=O,  (14) 

wg 5 (agPg)+wg z ( a g P g U s ) + W g  (a,PgW,)=O (15) 
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The liquid and gas mass conservation equations (1) and (2) are integrated over the volume Vol" 
shown in Figure 1: 

where, n+ 1 is the value calculated in the actual time step, n the value calculated in the old time 
step, A the area of the volume face and E, W, N, S denote east, west, north and south cell faces. 

The value of the scalar variables on the volume faces are calculated by using the donor-cell 
scheme. 

The liquid momentum equation (12) in the x direction is integrated over the volume Vol" 
shown in Figure 2 

C * U( dV= Vol" (tlepc)"gx, (20) 
+ ROlX 

where C - uc represents the convective transport of u!. 
Equation (20) may be rewritten in explicit form for the liquid velocity in the x direction: 

(21) 
x n + l -  x n+l-  n + l  x n + l  

d / U C i . k  - U / ( P i , k  P i - l , k ) + b c U g i . k  +c;. 

In the same way, the gas momentum equation (14) in the x direction is integrated over the 
volume Vol" shown in Figure 2: 

+ J Vol' C-u,dV=VolX(a,p,)"g,, (22) 

Therefore, 

= 1  

.k 

Figure 1. Volume VoP-mass conservation equation 
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Figure 2. Volume Volx-momentum equation in the x direction 

Figure 3. Volume Volz-momentum equation in the z direction 

Now, the liquid momentum equation (13) in the z direction is integrated over the volume Vol' 
shown in Figure 3 

C * W C  dV= Vol' ( ~ l l p l ) "  9' (24) 

and 

d ; W l i . k  n + l -  -a l (Pi ,k  z n+l-pn+l  i.k - 1 )  + b;w:,,;: + c ;  * (25) 

The gas momentum equation (17) in the z direction is integrated over the volume Vol' shown in 
Figure 3: 

C - ws dV=Vol'(a,p,)"g, (26) 
+ J"d 

and 
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Now, the velocity of the other phase is eliminated in the discretized momentum equations. For 
the x direction, 

and for the z direction, 

Finally, the liquid mass conservation equation (18) is combined with the liquid momentum 
equations (28) and (30): 

AEcP,",':,k+AWcP!_ff,k+AN,P!,::t +AScPy,:ll -(AEI+AWc+ANt+ASG) P?,:' 

VOl" 
At +-[(alPC)!,:' - ( a t P t ) ! , k l  =Be (32) 

and the gas mass conservation equation (19) is combined with the gas momentum equations (29) 
and (31): 

AEg P!z:,k + AWg P!?:,k + A N ,  P!,:: 1 +AS, Py,:! 1 -(AE, + AW, + AN,  + AS,) Pi: 

Equation (32) may be represented by the function 

MC(Pi+l , k ,  pi- 1 ,k -  Pi.k- 1 ,  pi ,k ,  alpt)=o. (34) 
The equation k+lMI+t=O may be solved by the Newton iterative method, i.e. 

In the same way, equation (33) may be represented by the function 

M g ( p i + l . k ,  p i - l , k ?  p i . k - l ,  pi,k, a,p,)=O. 
Solving k+lMi+'=O by the Newton iterative method 

(37) 

VOl" kMn+ 1 
g . (39) 
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Equations (36) and (39) are combined to eliminate 8ak: 

AE bpi+ l , k  + AW 6Pi- 1,k -I- AN6Pi,k+ 1 4- AS 6Pi.k- 1 -I- A Pi,k = SM. (40) 
Equation (40) represents a system of N equations (N = number of cells) for the pressure at each 

cell as a function of the pressure in the neighbouring cells. This system of equations can be solved, 
e.g. by the tri-diagonal matrix algorithm. 

Once the pressure field is known, the velocities are calculated from the momentum equations 
and the volumetric fractions are calculated from the mass conservation equations. 

The convergence of the numerical method is obtained when 

(41) 

'Mt=O and 'Mg=0. (42) 

k+lM e-0 - and k+lM -0 
g- ' 

and the mass conservation is obtained when 

The time increment per computational cycle 6 t  is based on the maximum fluid speed of the 
system, u,: 

6t 
urn - =f, 6X (43) 

where 6 x  is the smallest cell dimension and f is a specified number with magnitude somewhat less 
than unity. We have obtained satisfactory results using f=0.5. 

CONSTITUTIVE EQUATION 

To solve the conservation equations of the two-fluid model presented above, we need to specify 
a constitutive equation for the interfacial momentum transfer term. There are at least two 
transient forces in addition to the interfacial friction force: the virtual mass and the Basselt 
force." In this study we are mainly interested in the steady-state flow in the T-junction: then our 
attention is directed to the interfacial friction modelling. 

The interfacial friction term has been modelled successfully for the dispersed two-phase flow.'' 
By neglecting the lift force due to the rotation of the particles and the diffusion force due to the 
concentration gradient and for spherical particles, the interfacial friction coefficient K g t  may be 
modelledI6 by a simple form such as 

where ad is the volumetric fraction of the dispersed phase, rp the particle radius, CD the drag 
coefficient, pc the density of the continuous phase and V ,  is the relative velocity (V, - 6). 

For spherical particles the interfacial area concentration may be given by the following 
relation: 

Using the above relation the interfacial friction coefficient expression (44) may be rewritten as 

Kgt=baiC,pcIKI. (46) 
The interfacial momentum transfer term is now expressed as a product of the interfacial area 

and the driving force, i.e. the friction force. This expression cannot be helpful unless the drag 
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Table I. Interfacial friction model. Values of C (m- 1) 

Flow No. 1 Flow No. 2 Flow No. 4 Flow No. 5 Flow No. 6 Average Mean 
deviation 

250 100 260 190 240 200 26% 

coefficient and the interfacial area are known. The drag coefficient has been modelled'' for 
different flow patterns, but it still remains valid only for dispersed flow. Many investigations have 
been carried out in the two-phase interfacial area,17-19 but to date no general model is available. 

The two-phase flow distribution in a T-junction generally shows a very complex interfacial 
structure with spatial distribution of the phases that is quite different from straight tube dispersed 
flows. Then the available models for the drag coefficient and the interfacial area cannot be used 
for an accurate numerical prediction of the phase distribution in the T-junction. 

The interfacial friction coefficient (46) for the dispersed flow may be extended to a general form 
by using the mixture density instead of the continuous phase density: 

where the mixture density is given by 
P m = Q g P g  + a/P, .  

The interfacial area and the drag coefficient in the above expression are supposed to be 
a function of the void fraction. The interfacial area must vanish when the volumetric fraction of 
one phase vanishes: then a general for the interfacial friction coefficient may be given by 

In a preliminary study2' the above expression for the interfacial friction coefficient was used to 
simulate five experimental data points' for the two-phase flow separation in a T-junction. For 
each flow condition the outlet pressures are fixed to give the same mass split ratio (W3/ Wl), while 
the value of the constant C in expression (49) is adjusted to give the same phase separation 
(x3/x1). The resulting values of C are presented in Table I. 

Using the average value for C in equation (49) we obtain the constitutive equation for the 
interfacial friction coefficient that will be used in the T-junction numerical simulations: 

DISCUSSION OF RESULTS 

The constitutive equation (50) for the interfacial friction coefficient developed above was intro- 
duced in the TOFLU-2D computer code. A set of 17 experimental data points for the two-phase 
flow in a vertical T-junction was used to test the ability of the code to predict the observed phase 
separation. 

Two different numerical grids are used for the flow simulation in the T-junction. A 10 x 15 grid 
shown in Figure 4(a) was used for most of the simulations. An extended 15 x 20 grid shown in 
Figure 4(b) was used to investigate the influence of the outlet boundary conditions. 

For the inlet boundary conditions, it is necessary to specify the liquid and the gas velocities and 
the void fraction. These values are calculated from the experimental data by using the homogeneous 
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150 CELLS 

10 c- YM 

300 CELLS 

Figure 4. Numerical grids (a) NX x NZ = 10 x 15; (b) NX x NZ = 15 x 20 

I I I I 1 I I I I 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
M 1  

Figure 5. Phase separation in the T-junction (+experimental 0 prediction) 
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relations: 

1 

where 
The outlet pressures are specified as the outlet boundary conditions. The branch pressure (P3)  

is maintained constant and the main outlet pressure (P2)  is changed by small steps in order to 
obtain different values for the mass split ratio (W3/W1), where W3 is the total mass flow rate in 
the branch and W1 is the total mass flow rate at the inlet of the T-junction. 

The predicted phase separation obtained from the numerical results are compared with the 
experimental in Figures 5 and 6. Figure 5 shows the experimental and numerical values of 
the phase separation ratio (x3/x1) as a function of the mass split ratio (W3/Wl). A comparison 
between the calculated and the measured value of the phase separation ratio is shown in Figure 6. 
It can be seen in this figure that 90% of the experimental data is predicted within +20%. The 
mean deviation for all the data set is about 9%. A good agreement is found for high mass split 
ratio data, for which the phase separation ratio is near to the complete separation line. However, 
for low values of the mass split ratio some experimental points are under-predicted. 

is the liquid superficial velocity and Kg is the gas superficial velocity. 

X3/X1 MEASURED 

Figure 6.  Phase separation in the T-junction 
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In a recent work about the two-phase flow distribution phenomena Laheyz' concluded that 
the two-dimensional simulation cannot predict accurately the low mass split ratio results. Under 
such a condition only a three-dimensional numerical model can take into account the two-phase 
Aow distribution in the real geometry of a circular T-junction. 

The influence of the outlet boundary conditions was investigated by using the extended 15 x 20 
grid shown in Figure 4(b). Now the outlet pressures are imposed at cross sections located two 
diameters upstream from the junction. The numerical results obtained with the extended grid are 
more accurate, principally for high mass split ratios. For these flow conditions, the pressure 
profiles near to the junction are not uniform and a constant pressure boundary condition 
imposed too close to the junction changes the flow distribution and the phase separation. 

The phase distribution in the T-junction for W3/W1=0-50 and x3/x1= 1-91 is shown in 
Figures 7-10. For this run the inlet mixture velocity is equal to 10.45 m/s and the inlet void 
fraction is equal to 0.8 1 (& = 2.01 m/s and ?& = 8.44 m/s). The flow pattern at the inlet is expected 
to be churn-turbulent. 

The void fraction distribution is plotted in Figure 7. It can be observed that in the immediate 
vicinity of the junction most of the liquid phase is concentrated in the upper part of the branch 
and in the right-hand side of the main outlet, while the gas phase is concentrated in the centre and 
in the lower part of the branch. Figure 8 shows the pressure distribution. For this run the pressure 

Figure 7. Void fraction distribution 
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" 

Figure 8. Pressure distribution (kPa) Figure 9. Liquid streamlines 

boundary condition for the main outlet and the branch is set at 183.5 and 160.0 kPa, respectively. 
With respect to the inlet pressure, the pressure increases in the main tube and decreases in the 
branch tube. 

The liquid and the gas streamlines are plotted in Figures 9 and 10, respectively. These 
streamlines represent the volumetric flow rate distribution in the T-junction and may be different 
from the liquid and gas particles trajectory because of the void fraction field. A uniform flow 
distribution of the gas phase is observed in the branch while the liquid phase is split in the 
junction creating a high liquid concentration region in the top of the branch and the right-hand 
side of the main tube. 

CONCLUSIONS 

It has been shown that the two-dimensional two-fluid computer code TOFLU-2D is able to 
predict the phase separation in a T-junction. The numerical technique developed in this paper is 
very stable and converges after a few iterations. A general constitutive equation for the interfacial 
friction coefficient was developed to simulate the T-junction two-phase flow. 

The predicted phase separation ratio (x3/x1) agrees quite well with the experimental data for 
a vertical T-junction air-water flow. The prediction accuracy ( f 20%) is found to be compatible 
with a two-dimensional code. Some experimental phase separation data are under-predicted 
showing that in some cases a three-dimensional model would be more suitable. 



TWO-PHASE FLOW DISTRIBUTION IN A T-JUNCTION 269 

Figure 10. Gas streamlines 

These results showed the ability of the two-fluid model to simulate the two-phase distribution, 
but further research is needed to improve the simulation accuracy. In particular more research is 
needed in the modelling of the interfacial area concentration and the drag coefficient in two-phase 
flows. 
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