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Abstract

The article presents the results of a computational fluid dynamics (CFD) analysis of
gas-liquid multiphase flow. The simulation was conducted using CFD code and the
Euler-Euler approach. The presented study relates to the non-reactive, steady-state,
turbulent flow of water and carbon dioxide mixture in a 3D pipe. Separation phe-
nomenon between phases is observed. The solution was obtained using a mixture
model. Different values of carbon dioxide volume fraction were taken into account in
the analysis of the results. The analysed cases were compared thanks to the obtained
calculations results. The main purpose of the simulations was to show streamlines,
velocity, pressure, and volume fraction distribution that could be useful in develop-
ing pipeline systems in many industrial applications, especially for CO, separators.
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1. Introduction

In this study, numerical simulations of gas-liquid multiphase flow are pre-
sented. Flow analysis was performed with the use of computational fluid
dynamics (CFD) and the Euler-Euler approach. The water-carbon dioxide
mixture is flowing upwards in a 3D pipe and then splitting near the horizon-
tal arm. The purpose of the calculations was to obtain streamlines, velocity,
pressure, and volume fraction distributions that could be useful in observing
the multiphase flow phenomena occurring in pipeline systems. In practical
terms, phase separation is used in separators, including those for CO, cap-
ture [1]. The Euler-Euler approach to multiphase flow modelling was used.
The solution was obtained using a mixture model. After completing the cal-
culations, the results were analysed by taking into consideration different
values of carbon dioxide volume fraction.

T-junctions are found in a large number of pipeline systems, mainly used
to direct the flow from the main branch into several ducts, which leads to
the stream being split. They may vary in the number of ducts and shapes. On
the other hand, the situation can also be considered as the reverse, where
a few flow streams converge into a single pipe. Although many studies in this
area have already been done, the aim was to understand the nature of gas-
liquid multiphase flows in T-junctions, which is of critical engineering and
scientific importance [2]-[6]. Another aspect is further curving the shape
to introduce centrifugal force and separate the two phases more efficiently.

The main purpose of the work is to determine the pressure velocity field
and the proportions of individual phases in the T-junction using the ANSYS
Fluent code [7]. The model presented herein can be used as the basis for
analysing CO, separators in zero-emission and negative emission gas power
plants.

2. Categorization of Different Flowe Regimes

Gas-liquid flows in ducts and separators may exhibit many different forms.
These flow regimes can be sub-divided into three specific categories: dis-
persed flows, mixed or transitional flows, and separated flows [8]. The most
common examples are dispersed flows, which consider the motion of bub-
bles in a liquid flow and the motion of liquid droplets in a gas. These two
examples are distinguished by considering which phase is taken as the con-
tinuous phase and which phase is taken as the dispersed phase. For the first
example, the liquid is taken as the continuous phase and the bubbles are
considered discrete constituents of the dispersed phase. For the second ex-
ample, the gas is taken as the continuous phase and the droplets are now
considered finite fluid particles of the dispersed phase. These bubbles or
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droplets are permitted to change shape freely within the continuous phase,
taking various forms that combine dispersed and separated flow regimes,
observed through many experiments [5], [6].

In addition to dispersed flows, gas-liquid flows may also assume other
complex interfacial structures, namely separated flows and mixed or tran-
sitional flows. The transitional or mixed flows represent the transition state
between the dispersed flows and separated flows. Due to many phase change
processes — mainly coalescence and break-up - there are bubble-bubble in-
teractions, which lead to a change of interfacial structures. At higher gas flow
rates, the flow may transit to the annular flow regime, forming a liquid film
on the pipe wall. These two examples can be categorized as separated flows.
Figure 1 summarises the various configurations that can be found for gas-
liquid flows [9].
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Fig. 1. Classification of gas—liquid flows (made for [8])

3. Governing Equations for Multiphase Flows

From a mathematical point of view, multiphase flow problems are notorious-
ly difficult and much of what is known has been obtained by experimenta-
tion and scaling analysis [2]. The gas bubbles can be considered finite fluid
particles of the disperse phase co-flowing, with the continuum liquid being
the carrier phase [9].

3.1. Equations of Motion for Continuous Phase

The basic equations of fluid motion for each continuous phase can be ob-
tained by first identifying the appropriate fundamental principles from the
conservation laws in physics, which are conservation of mass (Eq. (1)), New-
ton’s second law for the conservation of momentum (Eq. (2)) and the first
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law of thermodynamics for the conservation of energy (Eq. (3)). These phys-
ical principles are later applied to a suitable model of the fluid flow and the
mathematical equations that embody such physical principles are eventually
extracted from the model under consideration. Effective conservation equa-
tions of mass for the continuous phase are defined as in Equation (1) [8]:

d
&(akpk) + div(a*pkvk) =T'* (1)

0
where tis the time and 3 refers to the local time derivative, a* is the volume

fraction, p* represents the density of each component, v* is velocity of each
component, [''*is the interfacial mass transfer per unit volume and unit time.
The multi-component momentum equation can be expressed as follows:

d
5% (akp*vk) + div(akp*vk @ vk)
= —a*gradp*—p*grada® +d1V(0(k k) dlv(ak k”)

+dk z Fk,body forces + Qrk (2)

where the independent contribution coming from a*p*v* @ v* is the convec-
tive flux of momentum, —a* gradp* —p*grada* is the elastic flux of momentum
(pressure tensor), is the viscous, turbulent and diffusive flux of momentum,
respectively, ak y, Fkbod forces jg the fraction of body forces and Q% is the internal
forces coming from the component interactions. It should be remembered
that the interfacial condition for momentum transfer takes a different form
to the interfacial mass transfer condition (1) since the momentum transfer
Q'%is compensated by surface momentum. The energy equation is defined
as follows:

(a*p*H*) + div(a*p*vkHK)

aa 0 k "
= p* e +a %— dlv(aqu) dlv(a qr
+a z Fk body forces , k 4+ q)llk (3)

where H¥is the enthalpy of each component, g* is the heat flux from each com-
ponent and @, is the interfacial energy transfer per unit volume and unit time.
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4. The Euler—Euler Spproach to Muliphase Modelling

Further insight into the dynamics of multiphase flows has been provided by
the progressive increase of computer power and advances in computational
fluid mechanics. There are two ways to perform numerical simulations of
multiphase flows: based on either the Euler-Lagrange approach or the Eul-
er-Euler approach [7].

In the Euler-Euler approach the dispersed phase is treated mathemati-
cally as a continuum. Conservation equations for each phase are derived to
obtain a set of equations which have a similar structure for all phases. The
constitutive equations close the equation system by taking into account the
structure of the flow field and the material properties by experimental cor-
relations. Eulerian averaging uses spatial, statistical or temporal averages
taken in the spatial coordinate system [10]. The Euler-Euler approach intro-
duces the concept of volume fractions, which are assumed to be continuous
functions of space and time, and their sum is equal to one, which is shown in
Equation (6).

In ANSYS Fluent, three different Euler-Euler multiphase models are avail-
able: the volume of fluid model, the mixture model and the Eulerian model [7].

4.1. The Mixture Model

To investigate the effect of phase separation in analysed pipe, the mixture
model was used. In general, the mixture model solves the momentum equa-
tion for the mixture of any number of phases. The dispersed phase may con-
sist of bubbles, droplets or particulates, and in order to describe that, the
model specifies relative velocities. However, the mixture model can also be
used without relative velocities for the dispersed phases to model homoge-
neous multiphase flows. The mixture model has a wide range of applications,
including horizontal or vertical flows of gas-liquid mixtures in pipes, bubbly
flows, sedimentation and cyclone separators, but it is also applied on parti-
cle-fluid mixtures, like fluidized beds. In the mixture model, the volume frac-
tion equation for the secondary phase p can be obtained using Equation (4),
which comes from the continuity equation for the secondary phase p.

n
d . . . .
3t (appp) + V(apppvm) = _V(“ppp”dr.p) + z(mqp - mpq) (4)
qg=1

The volume fraction, denoted by a,, represents an important parameter
in multiphase flow investigations. Volume fractions represent the space oc-
cupied by each phase, and the laws of conservation of mass and momentum
are satisfied by each phase individually. The volume of the k,, phase V, is
defined as:
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Vk = a dVv (5)
!

where

zn:ak=1 (6)

k=1

5. Simulation Results

The solutions were obtained using third-order discretization for momentum,
volume fraction and turbulence quantities. Different values of carbon diox-
ide volume fraction were taken into account: 0.05, 0.1, 0.15 and 0.2. These
proportions were determined on the basis of thermodynamic analyses of
the zero-emission gas cycle with water injection and oxy-firing. The proce-
dure for setting multiphase boundary conditions is slightly different to that
for single-phase models. It is necessary to set some conditions separately
for individual phases, while other conditions are shared by the mixture. For
a velocity inlet, a velocity of 2.5 m/s for each phase was specified; the bubble
diameter was equal to 1 mm. Here it is assumed that carbon dioxide at the
inlet is moving at the same physical speed as the water.

Table 1. Simulation parameters and results

co, Flow Inlet . . Outlet 1 Outlet 1 Outlet 2 Outlet 2
. . Inlet viscosity . . . . . .
Case | volume | velocity | density [ke/m-s] density viscosity density viscosity
fraction| [m/s] | [kg/m’] & [kg/m?] | [kg/ms] | [kg/m’] [kg/m-s]
0.05 2.5 948.65 |0.0009538097| 933.46 |0.0009387265| 971.65 | 0.0009766387
0.1 2.5 898.53 | 0.000904044 | 904.12 |0.0009095899| 970.39 | 0.0009753935
0.15 2.5 848.37 10.0008542428| 831.78 |0.0008377709| 941.07 | 0.0009462753
0.2 2.5 798.31 |0.0008045302| 769.54 |0.0007759667 | 908.86 |0.0009142976

Bl wW N |-

5.1. Velocity Magnitude

Figures 2 through 5 show the velocity magnitude distributions for each case,
which are presented as a cross-section of the 3D geometrical model, which
capture the most important features of the model in question.

In general, increasing the value of volume fraction leads to a reduction in
the velocity magnitude (Figs. 2-5). The mixture stream is split into two parts
at the beginning of the upper part of the horizontal arm. The interaction be-
tween the flux and the sharp corner leads to the creation of a recirculation
pattern, which can be better observed in Figure 6.
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Fig. 5. Contours of velocity magnitude
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5.2. Pressure Field

Figures 7-14 present the static and dynamic pressure fields for each case.
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Starting from the inlet, it can be observed that after a continuous static
pressure drop it suddenly increases near a sharp corner, reaching the max-
imum value of approximately 3600 Pa for Case 1. To explain that, it seems
appropriate to compare this field with the dynamic pressure field. In the area
where the higher static pressure begins to disappear, there is an increase
in dynamic pressure. This is due to the fluid stream slowing down and the
pressure changing from dynamic to static. The dynamic pressure is obtained
from the kinetic energy of the particles in motion. In the case of dynamic
pressure, its increases and decreases are also influenced by increasing or
decreasing friction.

Due to the Operating Density parameter being set to 0, which is neces-
sary when one of the fluid phases is compressible [7], a hydrostatic pressure
gradient is observable in the vertical arm. This pressure gradient is reduced
while the value of volume fraction increases (Figs. 7,9, 11 and 13).

5.3. Volume Fraction

Figures 15-18 present contours of carbon-dioxide volume fractions for
each case.

When gravity acts downwards, it induces stratification in the side arm
of the T-junction. In Figures 15-18, it can be observed that the gas (carbon
dioxide) tends to concentrate on the upper part of the side arm. In this case,
gravity acts against the inertia that tends to concentrate gas on the lower
pressure side and create gas pockets. In the vertical arm, both the gas and
the water have velocities in the same direction, and therefore there is no
separation. The outflow split greatly modifies the relation between inertia
forces and gravity and has an important role in flow distribution and the gas
concentration.
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As the dispersed phase bubbles travel along the side arm with the flow,
this velocity gradient induces a lift force, which tends to oppose the buoyan-
cy force, thereby delaying the accumulation of the carbon dioxide concen-
tration along the top surface of the side arm. In this case, the carbon dioxide
volume concentration is relatively small, so the mixture turbulence model is
sufficient to capture the important features of the turbulent flow.
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Fig. 15. Contours of CO,volume frac- Fig. 16. Contours of CO,volume frac-
tion — Case 1 tion — Case 2
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tion — Case 3 tion — Case 4
6. Summary

In this article, the multiphase flow of water - a carbon dioxide mixture ina 3D
duct - was studied. The solution was obtained using a mixture model. Taking
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into account four different volume fraction values of the secondary phase
allowed the flow phenomena in T-junctions to be observed and the nature
of the water-carbon dioxide multiphase flow to be better understood. When
a two-phase flow enters a T-junction, a redistribution of phases often occurs.
This redistribution can be desirable for certain situations, where phase sep-
aration is required. In some situations, it may lead to reduced efficiency of
pipeline systems. Thanks to the model, the volume fractions, pressure fields
and velocity fields can be determined, but further experimental verification
is necessary in the future. Furthermore, in order to separate gas from liquids
more efficiently, it is recommended to introduce an arc to ensure the contri-
bution of centrifugal force in the CO, separation process.
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