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Abstract

Multiphase flow is generally encountered in petroleum and chemical industry. The
multiphase production of oil and gas through pipelines is characterised by transient
phenomenon and accurate definitions and predictions of the flow patterns will guaranty
flow assurance.

The existing methods of flow pattern definitions and predictions have been found to
be subjective and inaccurate because they are mostly obtained by visual observation.
Two-phase computational fluid dynamics (CFD) calculations, using volume of fluid
(VOF) model in commercial CFD package FLUENT 6.0, was employed in order to
generate velocity profile data for the development of dispersed bubble flow pattern in
multiphase flow.

Based on the simulation results from CFD, it was possible to develop an appropriate
model for dispersed flow pattern thus eliminated uncertainties associated with flow
pattern prediction in multiphase flow in pipeline. The model was found to be consistently
accurate when compared with the simulation results. The paper also demonstrated the
capability of CFD for multiphase flow pattern prediction. The definition and prediction of
dispersed flow pattern will enhance our understanding of multiphase transport in
pipeline. It has the potential to predict the flow pattern transition boundaries for
multiphase pipe flow.

1.0 Introduction

A large number of flows encountered in oil and gasduction are a mixture of phases. The concepihafse in a
multiphase flow system is a complex propositionertiore the flow of liquid-gas mixture in pipelinessults in the
manifestation of a number of transient flow pattdapending on the fluid properties, flow rates,sptge drop and pipe
orientations. As a result, a number of flow pattehave been identified e.g. stratified wavy, diesdi smooth, plug, slug,
annular and dispersed bubble flow. Each of thes& flatterns exhibits unique flow characteristichey are very unstable
and exhibits constant transition from one flow eattto another depending on the flow conditiongh& pipe. There is
always the need to capture and model these chasggee fluids are transported through the pipeliife pattern changes
will have profound effect on the overall flow assuce.

A number of solution procedures are available ardh®e classified into three categories: numericadets, mechanistic
models and empirical correlations [1, 2, 3]. Thoadllthe methods are with some levels of limitasidout a combination of
two or three approaches may eliminate uncertaissseciated with each of the methods significar@ljtical information
can be obtained from numerical models such as fimtensional distribution of phases, dynamic flagime transition and
turbulent effects. The empirical correlations cdesithe flow regimes based on physical measurembnthis paper, the
focus was on the numerical approach using compuaitifluid dynamics, CFD of ANSYS FLUENT [4].

The CFD has been employed to determine the velgediiles for bubble flow pattern because of inimerdifficulties
associated with experimental measurement. The GEE2fore served as virtual laboratory to genelatd ¥elocity profiles
for a combination of fluid mixtures, oil-gas, watl, water-gas and oil-water. As a result, a vadloprofile model has been
developed for bubble flow pattern by combining gtieal equation with point velocity profiles gentrd numerically.

Two-phase flow patterns in horizontal pipeline
Simultaneous passage of liquid and gas in a trahgwoexport pipeline / tiebacks often results ivaiety of flow
patterns, see Figures 1. Two-phase flow or thres@lflow is simultaneous flow of any two or thré¢he discrete phases
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(oil, produced water or associated gas). Theseegha® commonly encountered in the petroleum ptamuclhe formation
of particular pattern is dependent on flow rategdfproperties, pipe size and pressure profildge Tritical issue is how to
define flow patterns which are somewhat subjectigpending on the researchers own interpretatiois iShhecause flow
pattern information in multiphase flow is still gy obtained by visual observation.

The concept of flow patterns in pipes introducew mhallenges in the understanding of multiphas&l$lyprincipally
because of the form in which fluids exist in pipEsr a two-phase liquid-gas system in horizontpepthe flow patterns can
be grouped into four main classes where each aassbe subdivided into sub-classes for detailedtrggmns. The
following classes of flow patterns have been doauegtin literatures [5, 6, 7]:

» Stratified flow (Subclasses: stratified smoothatfied wavy)
» Intermittent flow (Subclasses: elongated bubblegg,sthurn)
* Annular flow (Subclass: wispy annular)

» Bubble flow (Subclasses: bubbly, dispersed bubble)

In a horizontal pipes or slightly inclined pipedfeiient flow patterns are recognisable. For oil dwated systems, the
possible flow patterns are dispersed bubble artrimttent flow [8]. Experimental results presentgdOddie [9] for water-
gas and oil-water-gas flows observed dispersedIbubburn, elongated bubble; slug and stratifiesvftlominate in slightly
inclined pipes.

it} Elongated bubble flow ivySlug flow
) Stratified flow vi)Stratified waovy flow

Figure 1: Flow patterns in horizontal pipe [10]

The most common correlation used to calculate tmelitions for the transition from one flow pattémanother is the
Mandhane plot [11]. However, a number of flow pattenaps exist based on pipe configurations, sear&ig. Many of
these maps result from data covering a rather dignitange of fluid properties and pipe diametersnsgquently, large
discrepancies are often observed between a prddiotg regime and that actually observed in a sgbeat test.

From the flow patterns mentioned above, dispersdable flow was of interest here because of its biipato provide
large interfacial areas for particle transporti@gjlin general and particularly for hydrodynammansport in multiphase fluid
flow. It is important from the designer's point\aéw to be able to predict accurately what flowtgat will occur for given
input flow rates, pipe size, and fluid properti@2][ Only then can the proper flow model be sekbctehe method adopted
here for the prediction of bubble flow pattern viascombine analytical equation with numerical methsuch as CFD to
generate the appropriate model.
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Figure 2: Flow pattern maps for horizontal pipes two-phase, air-water

Flow modelling using CFD

The thrust of this paper was to develop the vefoaibfiles models for dispersed bubble flow patsefor multiphase
fluid flow in pipes. For liquid-gas two-phase ordk phase flow in horizontal pipes, there is a nemdf possible flow
patterns discussed in previous sections. A detailskification of all possible flow patterns redev to operating conditions
such as superficial gas and liquid velocities (wated or oil) was taken into account. Water orvadls considered as the
continuous phase, and air considered as the despelase.

Determination of the flow patterns is a centrallppeon in two/three/four phase flow analysis. For $sipecific case of
oil-water systems, oil properties can be quite di@eand the oil-water viscosity ratio can varyrfrmore than a million to
less than one, and its rheological behaviour caiN®@stonian or non-Newtonian, so it is quite difficto determine oil-
water flow patterns [13].

A CFD package was used to model the liquid-gasdmvaitl & gas) velocity profilesln the development of velocity
profile models, a combination of analytical and mwitel methods was adopted. Equation (1) was useithea basis for
analytical computation to generate appropriate aiglgprofile models for dispersed bubble flow patteA detail of this
equation can be found in [14].

f r\?
VRzg*RB*V* 1—(—) ()

Where,

Vr- Velocity of fluid particle at a particular poiimt the pipe cross-section,

V — Average velocity of the fluid in the pipeline,

r — Distance from the pipeline centre to any pairthe flow field

R - Radius of the pipeline.

Re- Fluid Reynolds number which defines the fluidfloegime whether laminar or turbulent flow

f = Fluid flow friction factor which is a functioaf the pipe roughness, fluid flow regime and typéwd.

Equation (1) is dependent on friction factor anddiReynolds number. For single phase flow, thetibh factor can
generally be estimated by any well known frictiactbr equations such as Blasius equation. For pmage flow, the
complexity associated with flow patterns makeshtasic friction factor equations unsuitable. Amolng humerous empirical
correlations proposed in the literature for muléipé friction factor, one that was adopted for #hisly was the correlation
based on the work of Garcia et al. [15]. The catieh was a pseudo average friction factors fdiedght flow patterns in
multiphase flow. They have developed different nieder each of the flow patterns rather than a rhéiteall as seen from
many authors. Full details of model developmentskmafound in [15] and they proposed the followdrigtion factor model
for dispersed bubble flow
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Where f  is the mixture friction factor

fm= 0.1067R; %°%°

The flow of multiphase fluids must be treated difetly and with caution as it introduces differeoinplexities. There
are issues of changing flow patterns as multiptiasds moves through the pipelines/tiebacks. Thewkdedge of flow
pattern and flow pattern transitions is essentighe development of reliable predictive tools inltiphase fluid transport.
As the pattern changes so the pressure variatiotigransport velocity may vary. In order to trable tpatterns, velocity
profile models have been developed in this casdifpersed bubble flow patterns in multiphase ffloav in pipe.

Velocity profile for dispersed bubble flow

The first step is the definition of the number bfapes and possible flow patterns to enhance smiestithe modelling
approach. The second step is the choice of thergimee equations which describe the multiphase fldélumerical
simulation of any flow problem is based on solvihg basic flow equations describing the conseraatfomass, momentum
and energy in the control volume. And finally, thaution of these governing equations is criticabbtaining appropriate
results.

The simulations were carried out as a three din@asitransient flow in a horizontal pipe. In allses, liquid (water or
oil) was considered as the continuous phase, andaai considered as the dispersed phasek¥hmodel was used to treat
turbulence phenomena in both phases with adopfi®&enormalisation Group (RNG) method. Comparedtb@ioturbulence
models, RNGk— was observed to deliver the best performancermaef accuracy, computing efficiency, and robussne
for modelling in multiphase fluids [2]

The VOF model was used for the numerical calcutatibthe multiphase flow patterns in horizontalgifhe existing
code in the software was used. For the simulatiangulerian—Eulerian approach was chosen, in wihietgrid is fixed and
the fluids are assumed to behave as continuousameéHtis model solves one single set of conservatgumations for both
phases and tracks the volume fraction of eacheoptiases throughout the computational domain. FFsimaulations, a no-
slip condition is imposed at the tube wall. Thduahce of the gravitational force on the flow hagi taken into account as
well. At the inlet of the tube, uniform profilesrfall the variables have been employed. A pressutiet boundary is
imposed to avoid difficulties with backflow at tbatlet of the tube.

The transient behaviour of the multiphase flow meggisimulation with a time step of 0.001 secorm$é¢ adopted
though it does varies depending on the scaled uakidalue. Both phases are introduced at the et the transient
simulation is initiated. The superficial velocitie$ the liquid (water or oil) and gas phase, cqroegling to a given flow
patterns are set as inlet conditions. After a titep as indicated on calculation window, the fldvboth phases is observed
and flow pattern established.

The physical properties of the fluids are givemable 1. Water or oil and air entered the horizbpijge perpendicular
to its inlet plane. They have an inlet temperatfr298 K. The fluid pressure at the tube inletéste 101,325 Pa.

Table 1: Physical properties of water, oil and air

Sample Fluid density, p (kg/m3) Fluid viscosity, u ( Pas)
Tap water 998.8 0.001003

oil 940 0.001001

Air 1.225 0.0000183

Results and discussion

Dispersed bubble flow simulation

The simulations was carried out to obtain resutsdispersed bubble flow conditions in the 0.07 ar@@B meters for
pipe diameters and 2 meter long horizontal pipslinging Ansys Fluent for air-liquid (water & oilystem. The liquid and
gas superficial velocities are varied in the rafigen 0.02 to 2.1m/s, and 2 to 15m/s respectivehe Simulation results were
modelled to obtain representative model for dispettsubble flow patterns.
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Contour plots
The velocity contours for dispersed bubble flow presented in Figures 3 and 4. Figures 3 & 4 shdvigll intensity at

the centre, an indication of maximum velocity atédile at the pipe centre and low velocity at thgepivall for dispersed
bubble flow. Generally the fluid experience lowaty at the pipe wall and tend to increase tovthedcentre of the pipe.
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Figure 3: Contours of mixture velocity for water—ar flow for dispersed bubble flow in 0.08m pipe.

X-Y plots
Figures 5 & 6 showed the X-Y plots generated fapdrsed bubble with 20% and 60% gas fractions ctisply/. At 60%

gas fraction, the gas phase tend to gain highecitglcompared with the liquid phase, a much déférscenario with fairly
homogenous fluid mixture velocity with 20 % gascfian. This is an indication that as we begin te s®re gas influx into
the well stream, the tendency is for the gas talqmenate even with constant liquid volume fractidme gas tends to
separate out of the mixture with potential to fostratified flow patterns which may reduce the tpars capacity of the
flowing fluids.
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Figure 4: Contours of mixture velocity for water—ar flow for dispersed bubble flow in 0.07m pipe.
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Figure 5: Velocity distribution for dispersed bubble flow, two-phase oil — gas flow with 20 % gas fraicin
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Figure 6: Velocity distribution for dispersed bubble flow, two-phase oil — gas flow with 60 % gas fraicin

Velocity profile models

Many approaches have been presented in the litesagspecially with the use of CFD to model flownaidltiphase in
pipelines / tiebacks. What has not been done isisieeof CFD to model velocity profiles for diffeteffow patterns. This
paper explored and demonstrated the capabilityFdd @ generate fluid point velocity profile datadawhen combined with
analytical equation able to build velocity profiteodels for important flow patterns such as dispktaéble flow.

Due to the complexity of multiphase flow systeniss inot possible to obtain one model that willsagtable to predict
multiple flow patterns that exist. The starting mtowas to identify a base equation stemmed frontyical model for a
single phase turbulent flow. Equation (1) was ugedhis case and as presented below with modificato include
underlying constants,

Cc

2
VR:a%* bxy/ * 1—(%) (1b)

The equation is a function of friction factor amg tReynolds number. The friction factor for a ggsitl mixture can be
defined as,

_(ap/L)D
" 2pU;
Where the pressure drop per unit Ier(gﬁsﬁ’/L)is related to the wall shear stress, D is the plipeneter,U  is the

®)

mixture velocity andQ,, is the mixture density
The mixture Reynolds number can be defined as,

U.D
Re:

UL
Where, U, = U, /pL is the kinematic viscosity of the liquid.

(4)

The mixture friction factor of Garcia et al. [15jrfdispersed bubble flow patterns have been adadptdds paper (see
equations (2)). This was because the empirical lsodere developed based on large body of data sdurom different
reputable researchers. The mixture Reynolds numppropriate for multiphase flow in horizontal pipesbased on the
mixture velocity and the liquid kinematic viscositBoth parameters are greatly important in the kigraent of an
appropriate model for velocity profiles.

In order to obtain constants a, b and c in equdtld), simulations of different flow patterns wamnducted with CFD
software. A simulation run for varying input supeid| velocity for liquid and for gas flow generdt@ number of point
velocity data across the plane of pipe diametanftioe pipe wall where the fluid velocity is genéralero to the pipe centre.

Next was fitting the simulated data with the anabjtequation defined by (1b) using the multiplestant optimisation
method (MCOM) of Microsoft excel solver based oralgseek approach. The schematic of the method esented in
Figure 7.

The analysis involved combining analytical equatwith profiles generated numerically from simulatso This led to
the development of velocity profiles for multiphefkew in pipe. The model equation for the disperbetible flow pattern is
presented in equation (5).
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2 015
V, = 3.70f DR Dvm{l— (rﬁj } (5)
The simulation results for are as presented inrEg® & 9. The figures represent the calculatedoisl profiles of
mixture two-phase fluids for dispersed bubble flpattern. The numerically obtained velocity profike® compared; the
agreement between the analytical results and CERdsllent and are within reasonable error margge (Table 2).
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Figure 7: Schematic of the method for velocity prdfe model development
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Figure 8: Calculated velocity profile compared withsimulation for dispersed bubble flow pattern, Vsl= 0.8m/s, Vsg =
0.2m/s, horizontal pipe
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Figure 9: Calculated velocity profile compared withsimulation for dispersed bubble flow pattern, Vsl= 0.65m/s, Vsg
= 0.35m/s, horizontal pipe
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Table 2: Statistical Parameters for the Velocity Pofile Models

Average Percent Error (APE) 1.56

R — Square Value (R?) 0.9289
RSQ & Correlation Coefficient, % 86.92
Conclusion

The main objective of this paper was to explore ghtential of CFD tools to model multiphase fluid horizontal or
inclined pipe under different flow conditions. Desped bubble flow pattern in multiphase fluids flam pipes was
considered and the results are as presented. Weeeegood agreements between the simulations sesodt the developed
model.

Based on the simulation results, it was possibldeteelop an appropriate model for dispersed bufiwe patterns by
using the numerical results obtained from simuieicombined with analytical equation. For the wijoprofile model
developed, there was a good match between the moeldictions and simulation results as can be se€igures 10 & 11.
It is therefore possible to model multiphase fluftsving through horizontal or inclined pipe usimgmputational fluid
dynamic tools. The definitions and predictions lofaf patterns eliminated uncertainties in the floattprns prediction in
multiphase flow. This has potential to solve proideassociated with transient phenomenon in mulipHiow thereby
providing valuable tools in solving flow assuraigsues in multiphase pipe flow.
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