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ABSTRACT

This work presents a computational simulation of a single Taylor bubble rising in a vertical column of stagnant
liquid. The computational simulation was based on the Navier-Stokes equations for isothermal, incompressible,
and laminar flow, solved by using the open source software OpenFOAM. The two fluids were assumed
immiscible. The governing equations were discretized by the volume-of-fluid (VOF) method and solved using the
Gauss iteration method. Parametric mesh was used to improve the modeling of curvilinear geometry. Numerical
results were obtained for the rise velocities and shapes of the bubbles which are in excellent agreement with
experimental data and correlations from literature.
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1. INTRODUCTION

As a common gas-liquid two-phase flow pattern, slug flow is encountered in a variety of
industrial applications, such as nuclear reactor cooling systems, evaporators, boilers, condensers,
among others. When accompanied by fluctuations in flow rate and pipe temperature, high pipe wall
temperatures in slug flow may result in "dryout" and cause damages in the nuclear power
generating systems. Slug flow is characterized by long bullet-shaped bubbles, also called Taylor
bubbles, which occupy nearly the entire cross-section of the pipe, and liquid slugs between
successive bubbles. The liquid moves around the Taylor bubbles as a thin film with thickness 6 and

expands at the rear of the bubble, inducing a liquid wake (Figure 1).

Figure 1: Schematic of a Taylor bubble with length Ly rising in a vertical column with the
liquid film around the bubble.

Dumitrescu performed the first relevant study concerning individual bubbles rising in stagnant
liquids and derived a Taylor bubble profile for air-water systems from potential flow theory, with a

correlation to estimate the bubble velocity Uo [1]. From the experimental point of view, the
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pioneering work is attributed to Davies and Taylor, who carried out experiments using both water
and nitrobenzene, and studied bubble velocity and profile, among other parameters [2]. The
absolute velocity of a Taylor bubble in slug flow is usually expressed by the characteristic rise

velocity Ug and a velocity component due to the movement of liquid phase, as follows [3]:

Up = cU, + U, ¢H)]
where Uy is the velocity of the bubble, c is a constant, Uy is the velocity of the liquid and Up is the
velocity of the bubble rising in stagnant liquid. For low viscosity liquids, the expression U, =
0.35,/gD is in agreement with the works previously cited [1,2], where g is the gravity acceleration
and D is the inner tube diameter. The shape profile derived by Dumitrescu was divided into two

regions [1,4]:

For Z/D < 0.25 (nose region),

2= 0375 [1 - J1-7112 (g)z]; )

For Z/D > 0.25 (film region),

z 0.0615
Do 2 (3)

where Z is the axial distance from the tip of the bubble nose and r is the radial distance from the
tube axis.

Commercial CFD codes and computers have been advanced significantly in past decades.
However, computational simulation of multiphase flows is still a considerably difficult task [5]. For
a gas-liquid two-phase flow, the main difficulty is the existence of deformable interfaces.
Lagrangian and Eulerian strategies have been employed in develop a wide range of methods for

advecting a sharp interface [6]. Currently, most CFD codes use variants of the volume-of-fluid
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(VOF) method for the interface advection step in their interfacial flow solvers. The VOF method
can track the motion of gas-liquid interface using a transport equation for volume fraction occupied
by each phase [7], which is suitable for simulations involving two immiscible fluids, and can be
used to accurately predict the profile of the interface between the fluids [8].

A numerical method for the advection of a surface, such as the interface between two
incompressible fluids, across a computational mesh has been devised by Roenby et al. [9]. The
method is called IsoAdvector which was developed for general meshes consisting of arbitrary
polyhedral cells. The algorithm is based on the VOF idea of calculating the volume of one of the
fluids transported across the mesh faces during a time step. Initially, the concept of isosurface was
exploited for modeling the interface inside cells in a geometric surface reconstruction step. Then,
from the reconstructed surface, the motion of the face-interface intersection line was modeled for a
general polygonal face in order to obtain the time evolution within a time step of the submerged
face area. Integrating this submerged area over the time step leads to an accurate estimate for the
total volume of fluid transported across the face. The IsoAdvector algorithm aims to work on
arbitrary meshes, retaining the accuracy of the geometric schemes by explicitly approximating the
interface, and yet keep the geometric operations at a minimum in order to obtain acceptable
calculation times.

In the present work, computational simulation of the motion of a single Taylor bubble in a
vertical column with stagnant liquid was performed in the open source software Open FOAM using
the InterFlow solver and the IsoAdvector method. Numerical results were obtained for the rise
velocities and shapes of the Taylor bubbles, which were compared favorably with experimental data

[10] and correlations from literature.

2. MATHEMATICAL FORMULATION

We consider a single Taylor bubble rising in a vertical column with an inner diameter D filled

with stagnant liquid (Up = Uo), as defined in Eq. (1) and illustrated in Figure 1.
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2.1. Governing Equations
The mathematical model is formed by the Navier-Stokes equations for the conservation of mass

and momentum, respectively, applied in both gas and liquid phase:

2 +7.(ou) = 0; (4)

dpu

ra V.(puu) = -V.p+ VT + pg + £, (5)

where, p is the fluid density, u is the velocity vector, p is the pressure, T is the stress tensor, g is the
gravity vector, and f, is the surface tension. A laminar flow and a Newtonian incompressible fluid is
assumed to solve the mass and momentum conservation equations.

The VOF method employs an additional advection equation for the transport of the volume

fraction a:

oa
o + V.(au) =0, (6)

where a = 1 corresponds to a control volume entirely occupied by the liquid and o = 0 corresponds
to a control volume containing only air. The value of a is averaged in each of the mesh cells. The
interface between the phases is found in cells where 0 < a < 1. The second term in Eq.(6) is referred
to as the advection term [11].

In the VOF method, it is difficult to properly represent the value transitions at the interface
between two phases, which can be overcome by the use of additional surface capture methods. In
recent versions of OpenFOAM, the newly developed method (IsoAdvector) was introduced together

with a solver named Interflow, which is an improvement of the InterFOAM solver.

2.2. The Interflow Solver
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The Interflow solver uses a scheme named MULES for improving the surface sharpness.
MULES is a numerical scheme where the advection term in Eq.(6) is modified to compress the

surface [11]. The scheme is obtained by firstly rewriting the advection equation in integral form:

fﬂiZ—‘:dV+faﬂiau.ndS= 0, (7)

where Qj represents each cell, 69 is the cell boundary and n is the cell boundary normal vector.
Equation (7) is then discretized, using a time-stepping scheme for the first term and writing the

second term as a sum over each face of the cell:

“in+1_“in -1

At Tl

Y rean,(Fy + AuFD™, (8)

where Fy and F are the advective fluxes and Aw is a delimiter taking the value 1 at the surface and 0

elsewhere.

2.3. The IsoAdvector Method
The IsoAdvector method uses the concept of isosurfaces to calculate more accurate face fluxes
for the cells containing the interface [9,11]. The value for the phase fraction in cell i at time t, ai(t),

is calculated from a function H(x; t) describing the continuous phase fraction field:
1
a; = V_l fni H (x,t)dV, (9)

where V; is the volume of cell i and ©Q; represents each cell.
Knowing the phase fraction in each cell at time t, it is necessary to calculate the phase fractions
at the next time step using the following equation, where the flux of o over each cell face is

integrated in time and added together:

a;(t+At) = a;(t) — VliZjEBi Sij ftHAt fFj H (x,)u(x, 1)dSdr, (20)
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where Bi is the list of all faces Fj belonging to cell i, sjj is used to orient the flux to going out from
the cell and z is the variable of integration used in the time step. dS is the differential area vector
pointing out of the volume. sjj is either +1 or -1 to ensure that the product sjj dS is always in the
direction out form the cell boundary even when the orientation of face j makes dS point into the

cell.

2.4. Mesh Refinement and Boundary Conditions

It has been verified in a previous work that computational simulations of Taylor bubbles in
stagnant water column using the InterFlow solver with parametric meshes showed to be better than
those using nonparametric meshes [12]. When a nonparametric mesh is used to represent a
cylindrical geometry, the central region of the cylinder assumes a square profile, which proved to be
inappropriate for the bubble geometry.

The use of a parametric mesh provides tools able to softening the central region, improving the
modeling of curved geometries. In order to create a parametric cylindrical mesh, it was necessary to
define a number of parameters: the radius and the height of the cylinder, the number of cells at the
inner square, between the inner square and the circle (cylinder base) and in the cylinder height. The
cylinder radius and height were defined by the characteristics of the tube where the bubble
movement was simulated. In the present work, parametric meshes were created varying the number
of cells at the inner square, between the square and the circle and in the cylinder height, in order to
obtain information about the influence of each of these parameters on the simulated results.

Figure 2 represents the phase distribution inside the tube settled as the initial condition of the
simulation. The gas phase (red color) was concentrated at the bottom end of the tube in order to
represent an air pocket with length Lo . The remainder of the tube was occupied by the liquid phase.
The initial velocity of the phases was taken to be zero and the pressure was just the hydrostatic

pressure since the simulation was performed for a closed tube.

Figure 2: Phase distribution at the initial condition of the simulation.
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3. RESULTS AND DISCUSSION

The numerical results were compared with correlations from literature and experimental data
previously obtained from a vertical column consisting of acrylic tubes with 2.0 m in length and
inner diameter of 0.024 m sealed at the ends. In this work, a Taylor bubble with length L, was
formed from different air pocket lengths inside tubes partially filled with water-glycerin mixtures,
including pure distilled water. The rise velocities and shapes of the bubbles were determined by
using a pulse-echo ultrasonic technique, with uncertainties estimated in 2% for Uy (relative
uncertainty) and between 100um and 280um for & on the experimental bubble shapes, respectively
[10].

The rise velocities of the bubbles Uo were determined numerically after the full development of
their flows, recovering the bubble axial positions at different time steps of the simulations and
calculating the angular coefficients of the best linear fits of these points. Conservatively, the relative
uncertainty on these determinations were estimated as smaller than 4%. An excellent linear fit was
observed for all the simulated cases, which confirmed that the bubble motion was fully developed,

as shown in Figure 3.

Figure 3: Axial position vs time step relation for a Taylor bubble rising in stagnant water.
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The visualization of the data generated by OpenFOAM was processed by the Paraview
software, where several filters allowed the extraction of the simulated data. In order to obtain the
simulated bubble shape, a filter performed the cut of a center plane of the tube (Figure 4a). A
second one showed the bubble outline (Figure 4b). A third one marked the points along this outline
(Figure 4c). Finally, a fourth filter performed the extraction of the marked points (Figure 4d), and

generated a spreadsheet with the coordinates of the extracted points.

Figure 4: Recovery of the simulated bubble shape.

a) b) c) d)

Several computational simulations were carried out using different criteria for the mesh
construction, i.e. different combinations of the number of cells in the inner square, between the
square and the circle and in the cylinder height. Many of these combinations presented satisfactory
results for rise velocity and shape of the bubble. The mesh construction parameters used in the

simulations can be seen in Table 1.
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Table 1: Mesh construction parameters used in different computational simulations.

Case Cells at the inner  Cells between the Cells at the height Total number of
square square and the  of the cylinder Cells
circle
1 4 15 160 40960
2 6 10 160 44160
3 6 15 40 15840
4 6 15 80 31680
5 6 15 160 63360
6 6 15 320 126720
7 6 15 640 253440
8 6 30 160 120960
9 6 60 160 236160
10 8 15 160 87040
11 16 15 160 194560

Figures 5a and 5b show the evolution of the simulated velocities, presented in the bubble Froude
number (Fr = U,/\/gD), and the simulated shapes of the bubbles respectively as the number of
cells in the height of the cylinder was increased, maintaining a fixed number of six (6) cells in the
inner square and fifteen (15) cells between the square and the circle. Figure 5a also shows the
velocity of the bubble predicted by a correlation proposed for a Taylor bubble rising in stagnant
water (Fr = 0.35) [3]. The experimental data have presented an excellent agreement with this
correlation. Figure 5a indicates that the simulated velocity of the bubble tended to improve the
agreement with the theoretical and experimental data as the number of cells in the height of the
cylinder increased. Together with the simulated bubble shapes, Figure 5b also shows the correlation
proposed to predict the shape of a Taylor bubble rising in stagnant water (Egs. (2) and (3)) and the
experimental bubble shape [1,4,10]. It can be observed that the bubble shape also improves the
agreement with the theoretical and experimental shapes as the number of cells in the height of the
cylinder increased. The results showed in Figures 5a and 5b are physically consistent since the
velocity of a Taylor bubble rising in stagnant liquid is closely related with its shape [1,2]. Thus, a
better simulation of the bubble shape resulted in better simulated results for bubble velocity.

Figure 5: Comparison between simulated (different number of cells in the height of the

cylinder) and experimental results: a) Bubble velocities; b) Bubble profiles.
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Figures 6a and 6b present the evolution of the simulated velocities and shapes of the bubbles
respectively as the number of cells between the square and the circle was increased, maintaining a
fixed number of six (6) cells in the inner square and one hundred and sixty (160) cells in the height
of the cylinder. These figures indicate that the simulated velocities and shapes of the bubbles also
improved the agreement with the theoretical and experimental data as the number of cells between
the square and circle increased. However, in this case the effect on the velocity and shape of the
bubble was less noticeable than for the cases where the number of cells in the height of the cylinder
was increased (Figures 5a and 5b).

The evolution of the simulated velocities and shapes of the bubbles as the number of cells in the
inner square increased is presented in Figures 7a and 7b respectively for a fixed number of fifteen
(15) cells between the square and the circle and one hundred and sixty (160) cells in the height of
the cylinder. In these figures it can be observed that the agreement of the simulated velocities and
shapes of the bubbles with the theoretical and experimental data tending to improve as the number
of cells in the inner square increased.

Figure 6: Comparison between simulated (different number of cells between the square and

circle) and experimental results: a) Bubble velocities; b) Bubble profiles.
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Figure 7: Comparison between simulated (different number of cells in the inner square) and

experimental results: a) Bubble velocities; b) Bubble profiles.
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results presented in Figures 57 indicate that the IsoAdvector method of the Interflow solver proved
to be a powerful tool for computational simulation of a Taylor bubble moving inside cylindrical
tubes and for the analysis of the hydrodynamic characteristics of slug flow in tubes.

The method was shown to determine accurately the interface between the fluids, resulting in an
excellent prediction of the velocity and shape of the bubble. However, these figures also show that
the mesh construction for a good performance simulation must be done with criteria. For the
simulation proposed in the present work, the best results were obtained for mesh constructions with
a minimum number of 6 cells at the inner square, 30 cells between the square and the circle and 160
cells in cylinder height. Naturally, a definition of the best mesh construction for a given simulation
must take into account the balance between the accuracy of results and the computational costs.

It is important to note that previous simulations of single Taylor bubbles rising in vertical tubes
performed by using the InterFOAM solver, without the IsoAdvector method, did not produce
satisfactory results. The bubble tending to fragment as it moved inside the tube and this behavior
was not compatible with the reality or with experimental observations. The use of the IsoAdvector
method seems to be essential in solving this problem.

Thus, will be possible in future works to perform computational simulations of the movement of
Taylor bubbles inside inclined cylindrical tubes by using the Interflow solver of OpenFOAM. For
vertical tubes it is expected to determine other bubble flow parameters besides velocity and shape of
the bubble and compare them with experimental measurements [10,13] and with data available in
literature. Since IsoAdvector method was able to accurately determine the interface between the
fluids for the vertical case, the next step will test it for the simulation of elongated bubbles inside

vertical and inclined slug flows.

4. CONCLUSION

Computational simulations of single Taylor bubbles rising in a vertical column with stagnant
liquid were performed using the InterFlow solver of the OpenFOAM software with parametric
meshes. The numerical results were compared with experimental data and correlations available in

the literature. Some conclusions of this work are listed below:
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- The IsoAdvector method of the Interflow solver was able to determine accurately the interface
between the fluids, resulting in an excellent prediction of the rise velocity and shape of the bubble.

- An accurate simulation depends critically on the appropriate mesh construction. For the
simulation reported in the present work, the best results were obtained for mesh constructions with a
minimum number of 6 cells at the inner square, 30 cells between the square and the circle and 160
cells in cylinder height.

- The obtained results indicate that the IsoAdvector method of the Interflow solver proved to be
a powerful tool for computational simulation of a Taylor bubble moving inside cylindrical tubes and

for the analysis of the hydrodynamic characteristics of slug flow in tubes.
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