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Abstract. The accurate flow rate measurement of multi-phase flows is an important task in petroleum and petrochemical industry.
Unlike the measurement of single phase flows using differential pressure meters, the multi-phase flow behavior poses difficulties for
the accurate measurement. This work examines the characteristics of the multi-phase flow in differential pressure flow meters such as
Venturi meters. For this purpose the Two-Fluid model, based on an Eulerian - Eulerian approach for the multi-phase mixture, will be
used and it will be focused on the study of dispersed flows. In differential pressure-type flow meters, the accuracy depends strongly on
the knowledge of the flow behavior, fundamentally about the relation between differential pressure and mean velocity of the flow. For
multi-phase flow these relations are not fully known, and there are several new variables affecting the flow, like void fraction, relative
velocity between phases (slip velocity), interfacial momentum transfer, etc.. Preliminary results obtained using the two fluid model are
compared with experimental values of velocities distributions and differential pressure across the Venturi.

Keywords:Flow Metering, Multiphase Flows, Multi-Fluid Model.
1. Introduction

Pipeline transport of multiphase mixtures is commonly encountered in the petroleum industry. Mixtures of oils, water
and gas produced from wells or condensate fractions flowing with gas in gas pipeline transport are common examples.
In any measurement system, the continuous improvement of its accuracy is always a main goal but in some critical areas
like reservoir management, leak detection, and fiscal metering, the device accuracy plays an extremely important role. In
fiscal metering the accuracy requirements are around 1%, since this may represent considerable loss of money.

Differential pressure flow meters are present in several measurement systems, as a single measurement device or as
part of more complex systems as, for example, in the one described by Mehdizadeh and Farchy, 1995, which encompasses
a volumetric flow meter, two venturi tubes and a water cut meter. In this system, the two venturi meters are for measuring
the two velocities, one for each phase. Another system using a venturi tube as a velocity meter is the one described
by Boyer and Lemonnier, 1996, which include a venturi and a mixer to homogenize phase velocities. Whatever the
application, venturi type flow meters are largely used in pipeline transport of hydrocarbons due to their simplicity, low
cost, robustness and maintainability. These characteristics are strongly required for field applications, specially in off-
shore conditions.

In differential pressure-type flow meters, the accuracy of the measurement depends strongly on the knowledge of
the flow behavior. The relation between the differential pressure and the mean flow velocity is affected by various flow
parameters, like void fraction, relative velocity between phases (slip velocity), interfacial momentum transfer etc.

The main objective of this work is to present the application of a two dimensional two-fluid model for the study of
the flow structure in bubbly regime within a vertical venturi. This work is part of a more broad study aimed to analyze
numerical and experimentally the flow structure of gas-liquid flows in differential pressure flow meter, as venturi tubes
and orifice plates.

In this work we present three modelling approaches for calculating dispersed flows and few preliminary results ob-
tained using the two-fluid and homogeneous models running the CFX4 CFD commercial code (User Reference Manual,
1999). The results are compared with some experimental data in literature. The experimental facilities that will be used
in this work are briefly described but no tests were still carried out.

2. Mathematical modelling

In correlating pressure drop in multiphase flow meters, it is common to use the homogeneous model. This model is
similar to a single phase model, in the sense that it considers only one velocity field, but uses special fluid properties,
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called properties of the mixture, to represent the multiphase flow behavior. In this section we will present the most
common approaches for modelling two-phase dispersed flows and, following, some results obtained using the two-fluid
and the homogeneous models compared with the experimental data available in the literature.

2.1. The two-fluid model

The two-fluid model considers one velocity field for each phase. Each phase is supposed to behave as a continuous
media occupying the entire domain, where the amount of each phase present is given by the volumetric fraction. The
governing equations for this model are derived by averaging the local conservation equations for each phase, together
with their corresponding conservation equations at the interfagesthe jump conditions. The mass and momentum
conservation equations for the two-fluid model are, therefore, given by,

%(ﬁpi) + V- (ripiU;) =0 @)

0
a(ﬁpiUz’) + V- (ri(piUiU; = Ty + TT?) = —r;Vp; +

Np
-‘r(pu — pi)vri + M, + Z(m”UJ — ﬁ”LjiUi) + rif (2)

j=1

where the sub-indekindicates the phas®/;; is the interface transport term; is the volumetric fraction of phaseand
h;; is the mass transferred from phgsi® :. A full description of the derivation of these equations is presented by Drew,
1983.

The term(p;; — p;) contains the force due to the interfacial pressure distribution. In vertical flows this term represents
the buoyancy force as this force is given by pressure (hydrostatic) differences distribution at the interfaces. Actually, the
interfacial pressure of all phases is considered equal and the buoyancy force is calculteetly;iq — pgas) Voubbic -
Itis assumed that the bulk pressure of all phases, in the presence of any flow disturbance, have instantaneous equalization.
Therefore, the pressure of the mixture in all points (phases and interfaces) is the same. As this problem does not include
phase transition, the ter@fj’l(mijUj —m;;U) is also zero.

For the continuous phase ka— ¢ turbulence model was used, including the bubble induced turbulence through Sato
and Sekoguchi, 1975 model. For the dispersed phase, the viscous terms were neglected, since in the authors judgement,
it is not available in the literature physically founded models for the stress tensor. Drew, 1983 shows that the effective
viscosity of the dispersed phase can be obtained multiplying the effective viscosity of the continuous phase by the density
ratio as,

pitd = e i ®)
For high density ratios, as in this case, the stress terms for the dispersed phase are usually neglected, based on the
above equation. Another reason for neglecting the bubble interactions is based on the physical phenomenology. It is
known that viscous term arrives from the interaction of fluid layers. For low void fractions (as is the case of bubbly
regime) the interaction between the bubbles is weak and no shear stress arrives for the dispersed phase. Finally, the
viscous dissipation within the bubble is transferred to the continuous phase by correct modelling of the interfacial force.

Figure 1 illustrates this fact.
No contact
between
bubbles '

for low
void fractions

Shear in the
continuous
phase

Figure 1: Shear stresses for continuous and dispersed phases.
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In the CFX4 code, the viscous terms in the dispersed phase are neglected by setting a very low viseosity-(20)
and setting a slip condition at the wall boundaries for this phase.Then, the momentum balance for the dispersed phase
is given by the inertial, pressure, interfacial and body forces as is done in several one-dimensional models present in the
literature (Lewis and Davidson, 1985, Couét et al., 1991, Kowe et al., 1988, among others).

2.2. The homogeneous model

This simple model can be deduced from the more general two-fluid model by summing over all phases the conservation
equations. The main disadvantage of this model is that it considers only one velocity field for all phases. For the problem
we are interested in,e., to predict multiphase flow field in geometries like venturis and orifice plates, where high local
accelerations are present generating high slip velocities, this assumption is no longer valid. The governing equations for
this model are similar to those for single phase flows, but uses special fluid properties representing the mixture behavior,
as described above. The CFX4 code allows to calculate the volumetric fractions for each phase by solving individual mass
conservation equations and one momentum equation for all phases. These equations are

0
E(ﬁpi) + V- (ripiU;) =0 4)
0
5 (Pmia0) + Y+ (pmia(UU) = Tni + T3") = —Vp + (5)

Since the total mass flow rate is the sum of the individual mass flow rates of each phase, given by

pmixUmix = pliquiquiq + pgasrgasUgas (6)

we obtain the mixture density as

Pmix = PliqTliq + PgasTgas (7)

This obviously considers that both velocities are equal, which is the main simplificative hypothesis of the homoge-
neous model. Summing the momentum equations for each phase in the two-fluid model and considering again the equality
of the velocities, we obtain a viscosity for the mixture as

Hmiz = HligTliq + HgasTgas (8)

This viscosity appears naturally when the phase velocities are considered equal. In order to improve this model,
various other correlations for the viscosity are presented in the literature. In this work, the above model will be used when
we refer to the homogeneous model.

The stress tensor for the mixture is calculated by the traditional approach, that is, proportional to the strain tensor,
but using a mixture viscosity given by Eq. 8. For very fine dispersions, as oil in water emulsions, the hypothesis of the
homogeneity of velocities is valid and this model could be used. Care should be exercised, however, when the mixture
shows non-newtonian behavior. The velocity in the previous equations represents the velocity of the center of mass of the
mixture and is given by,

1 X

mix
=1

2.3. The three field model

This model presented by Kowe et al., 1988 and used by Boyer and Lemonnier, 1996 for the calculation of two phase
flows within venturi tubes considers the two-phase mixture as being composed by three fields as being,

e The bubbles occupying the volumé&” which velocity is,V
e The liquid displaced by bubble flowing with its velocity and occupying the volamgxV

e The intersticial liquid, which is the liquid flowing far from bubbles which volum&is- oV — Cj,aV and flowing
with the liquid velocity,U,.



Proceedings of the ENCIT 2002, Caxambu - MG, Brazil - Paper CIT02-0070

Figure 2: Local interfacial force.

In all cases)V is the total volume occupied by the mixture amds the void fraction. The virtual mass coefficient,
C)s represents the fraction of liquid, relative to the bubble volume, displaced by bubbles. Therefore, the liquid volume
displaced by a bubble of volunig is C, V5. The mass of liquid contained in this volume is the so called virtual mass.
Therefore, this model considers that in the mass and momentum balances a parcel of liquid is displaced by bubbles,
handling the virtual mass force in a more consistent form. As described in the next section, this force is given by the
relative acceleration of the parcel of continuous phase displaced by the bubbles.

2.4. Interfacial forces

The interfacial forces arrive from the phase interactions through the interface. These forces, represented by the term
M;; in Eq. 2 are the integration of all momentum exchanges at the interface. When no phase transition is present, these
force are due to pressure and viscous stresses at the interface, given by

M,; = ((p —pir)VX; — T;1VX;) (10)

As for the two-fluid model, it is considered that pressure reaches instantaneous equilibrium,then (see Drew,
1983). Furthermore, as superficial tension can be neglegtees; p;r, the pressure for the whole mixture is equal and,

M, = (-T;; VX)) (112)

where the functionX; is called phase indicator and is defined as,

Xi(r, 1) = 1 ifre phasez (12)
0 otherwise

and its gradient is normal to the interface pointing into the phadeigure 2 shows schematically the local interfacial
force which, after integration, gives the total momentum transfer across the interface.

As the averaged equations do not provide knowledge about flow details, constitutive equations are needed for the
calculation of interfacial momentum transfer. The correct understanding of the origin of the interfacial momentum transfer
is important in order to deduce consistent constitutive relations. For dispersed flows, these terms arrives from the forces
acting in a particle submerged in a rotating straining viscous flow. From this general approach, several forces appear due
to different phenomena. The forces commonly considered in the models are:

Drag Force . This force arrives from the unsymmetrical pressure distribution around the particle and due to skin friction.
All these effects are considered in a single drag coefficient, with the force given by

1
M} = §CDPiA|Uj - Ui[(U; - Uy) (13)

wherei represents the continuous phase dntthe projected area of the particle.
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Virtual Mass Force . This force is due to the relative acceleration between phases. It is known that when a particle
passes through a fluid at rest, a volume of fluid, proportional to the particle volume, is displaced and assumes the
particle velocity. The acceleration from the rest to the particle velocity (or from the continuous phase velocity to
the dispersed phase velocity, in the case of two-phase flows), originates a force given by,

(14)

D;U, D,U;
MVM — , jY5  LiUs
i piriCva Dt Dt

whereC'yys represents the fraction of the particle volume displaced from the continuous phase. For an infinite
mediumC'y, s = 0.5, and this value can be used for low void fractions.

Lift Force . This force is perpendicular to the main flow and is originated by the vorticity of the continuous phase. It is
given by,

M5 =7;piCL(U; —U,;) - (U x &) (15)

For more details about the physical significance of the virtual mass and lift forces, see, for example, Drew, 1983
or Kowe et al., 1988. A detailed explanation about the origin of these forces and the mathematical treatment could be
encountered in Drew and Lahey, 1987 and Drew and Lahey, 1990.

In this work, only the drag force has been considered. Although the non-drag forces represent a small fraction of
the interfacial momentum transfer teii,;, for various applications (strong local accelerations is one example), these
forces can play an important role. As will be seen in the next section, neglecting the virtual mass force does not affect
significantly the velocity fields, but can greatly underestimate the determination of the differential pressure, which is the
focus of this study.

Various models exist for the drag coefficient, depending on the local flow regime around the bubble. Here, it was
used a model based on a terminal bubble velocity, which takes into account the bubble deformation for high velocity
regimes. An expression for the drag coefficient is obtaining invoking the equilibrium between buoyancy and drag forces
for a bubble ascending in a quiescent liquid,

4 1
(pliq - pgas)ggﬂ—r?) = CD7TT2§pliqU72‘ (16)
therefore,
8 griAp
Cp=— 17
D= o (17)

whereUr is the terminal bubble rise velocity,is the gravity acceleration anis the bubble radius. In all cases, bubble

mean diameter used were of 5 mm and terminal rise velocity of 0.2 m/s, giving= 1.63. Further studies are being

carried out to investigate the influence of bubble diameter and break-up and coalescence on the differential pressure values
and on the flow structure.

3. Results

The multidimensional multiphase CFX4 code was used for the solution of the mass and momentum equations. This
code solves the Navier-Stokes equations using the Finite Volume method and generalized coordinates. The code solves
the mass and momentum equations using SIMPLE-C method for the pressure Velocity coupling and the IPSA-C method
(see Karema and Lo, 1999 for a detailed description) for the interphase coupling.

In this section some results calculated using the CFX4.4 package are shown. Velocity fields were compared with
experimental data of Kuo and Wallis, 1988 and differential pressure values with the data presented by Lewis and Davidson,
1985. Kuo and Wallis, 1988 measured the velocity of a single bubble in a venturi tube using an optical system and the
water velocity (continuous phase) using a pitot tube.Figure 3 shows the geometry used by Kuo and Wallis, 1988 and the
grid used in the present work for the numerical calculation.
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Figure 3: Geometry used by Kuo and Wallis, 1988 and computational grid used in this work.

The problem was treated as two-dimensional, using the symmetry condition at the centerline. Some tests were also
carried out using a three dimensional geometry and no differences were found in terms of flow structure and velocity
distribution. The two-dimensional results obtained were averaged through the cross section of the venturi in order to
compare with one-dimensional results given by Kuo and Wallis, 1988. For a genericgcalaich could represent the
velocity components, pressure or void fraction, the average value at any point of the axial coordinate is

1 [Wal
o= pdA (18)
A CL
Figures 4 and 5 shows a comparison of the average velocities along the venturi axis obtained using the two-fluid

model and the results of Kuo and Wallis, 1988 for inlet velocities of 0.5 m/s and 0.7 m/s, respectively. To ensure that inlet
condition are known, the simulation domain is expanded upstream to the flow. Then, at the venturi inlet, the gas phase
velocity, set equal to the liquid velocity at the domain inlet, reaches the liquid velocity plus the terminal rise Véjacity
Recall that the venturi meter is the vertical position.
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Figure 4: Air and water averaged velocities along the venturi axis compared with experimental data of Kuo and Wallis,
1988.Viper = 0.5m/s
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Figure 5: Air and water averaged velocities along the venturi axis compared with experimental data of Kuo and Wallis,
1988-V1nlet = O7m/s

At the convergent section, there are small errors which are within the experimental uncertainty. The differences
observed at the divergent part, mainly for the bubbles velocities, could be due to the increasing effects of turbulence at
this section. Furthermore, the lift force (transversal to the main flow) increased due to vorticity at this section and tends to
deviate the bubbles from its trajectory, causing strong velocity fluctuations. In the divergent section due to the instability
of the flow, the velocity of one bubble can not represent the velocity field of the all dispersed phase.

Another feature of the model used here is the consideration of the two-dimensionality of the flow. Some characteristics
of the flow, like gas distribution and velocity profiles could be of interest in measurement device project, and those can
only be predicted by a 2D model.

Figure 6 shows the predicted void fraction distribution in the venturi shown in the figure 3 for an inlet liquid velocity
and void fraction of 0.5 m/s and 20%, respectively.
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Figure 6: Void fraction distribution in a venturi with inlet velocity and void fraction of 0.5 m/s and 20 % respectively

As could be seen, there is high gas concentration near walls, in particular at the throat, region where the pressure
transducer would be located. This fact could lead to gas entering into the device, causing, for example, a leak detection
system instability. Figure 7 shows the streak lines for the gas (above) and for liquid. It can be seen that bubbles tend to
concentrate in the wall region near the throat, generating high void fraction in that region.

Velocity Phase 1 [m/g]

0.79 120 1.61

Velocity Phase 2 [m/s]
., : .
0.00 .37 Q.74 112 149

—

Figure 7: Trajectories of bubbles (above) and liquid particles (below) in a venturi tube with inlet velocity and void fraction
of 0.5 m/s and 20 %, respectively

These results show that, besides the interest in the differential pressure calculations, it is also of great interest to know
the two-dimensional characteristics of the flow in the designing process of a differential pressure-type flow meter.

Figure 8 shows the geometry used by Lewis and Davidson, 1985 and the grid used in the present work. Again, the
symmetry condition was used to save computational time. Since in this case the cross section is circular, the axi-symmetric
conditions were used.

Figures 9 and 10 shows the differential pressure measured between pressure taps shown in Fig. 8 and the results
obtained using the homogeneous and two-fluid models, for superficial liquid velocities of 0.54 m/s and 0.65 m/s, respec-
tively.
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Figure 8: Geometry used by Lewis and Davidson, 1985 and grid used in the present work
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Figure 9: Comparison between the homogeneous and two-fluid model with experimental data of Lewis and Davidson,
1985 for liquid superficial velocity of 0.54 m/s
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Figure 10: Comparison between the homogeneous and two-fluid model with the experimental data of Lewis and Davidson,
1985 for liquid superficial velocity of 0.65 m/s

Considerable differences can be seen for high void fractions between experimental and the calculated differential
pressure values, even using the two-fluid models. Probably, these differences are due to the non consideration of the
virtual mass forces. As explained, these forces considers that a parcel of continuous phase assumes the bubble velocity
and, therefore, accelerates with the bubble. In highly accelerated flows, exactly the case of venturi and orifice meters,
the increase in acceleration of a high density fluid, like water, would require a higher pressure gradient. Boyer and
Lemonnier, 1996 also compared their results using the three-field model due to Kowe et al., 1988, with the experimental
results, obtaining errors less than 4 %. The authors believe that using a correct form of the virtual mass force, the two-fluid
model could be efficient for the correct prediction of the differential pressure. Efforts are being made in order to study the
influence of such forces in the differential pressure calculations using the two-fluid model.

4. Further Work

As was mentioned, further work will be focused on the study of the interfacial forces and its influence on the pressure
gradient. In order to facilitate such study, a one dimensional two fluid model will be implemented. This will give a better
control on the interfacial force terms and will permit a more detailed study on the influence of each term of the equations
on the pressure gradient.

Furthermore, an experimental study is being set up. The objective of such study is to visualize the bubbly flow and
to measure differential pressure values to compare with numerical results. Figure 11 shows the experimental apparatus
which support two test sections for air water flows in a wide range of liquid and gas superficial velocities. One test section
for constant area ducts and one for singularities (venturis and orifice plates) which will be used in this study.

Future work also includes a numerical and experimental study of two-phase flows in orifice plates, since these devices
are largely used as flow meters in petroleum production fields.

10
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Figure 11: Experimental set up

5. Conclusions

Several results were presented using the two-fluid model and compared with the homogeneous model and with exper-
imental data. For the differential pressure calculation, the two-fluid model shows better agreement than the homogeneous
model, commonly used in practical calculations. The values, however, are still far from the experimental data, requiring
further improvements of the model, in particular of the interfacial forces. The approach adopted was to keep the two-fluid
model with better interfacial force representation, since this will lead to a simpler model with better numerical stability
characteristics than other more complex models, like the three-field model.

The two-dimensional structure of the flow was also considered in this paper. The knowledge of gas and liquid distri-
bution is of fundamental importance in the designing stage of metering systems.

Further work is also needed in order to get better predictions for the differential pressure, using the two fluid model. For
this purpose the experimental study in progress will be of great support For this comparison, a simplified one dimensional
model will be implemented to evaluate the importance of each term of the two-fluid model momentum equations.
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