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Abstract: Selection of inlet perturbations, multiphase equations, and the turbulence equation may
affect the development of slug flow using computational fluid dynamic simulation tools. The inlet
perturbation, such as sinusoidal and random perturbations, play an essential role in inducing slug
formation. Multiphase equations such as volume of fluid and level set methods are used to track
and capture the gas-liquid immiscible interface. Similarly, turbulence equations such as Spalart
Allmaras (SA), Detached Eddy Simulations (DES), k-omega, and k-epsilon can be used to predict
the evolution of turbulence within the flow. At present, no direct comparison is available in the
literature on the selection of (i) types of inlet perturbations, (ii) the choice of multiphase equations,
and (iii) the turbulence equation on the development of slug flow using the Altair computational
package. This article aims to compare the effects of the selection of inlet perturbations, multiphase
models and turbulence equations on slug flow characteristics using Altair® AcuSolve™. The findings
by Altair® simulation were compared to published experimental data and simulation works using
ANSYS and STAR-CCM+. The slug flow characteristics of interest include slug morphology, a body
length-to-diameter ratio, velocity, frequency, and pressure gradient. It was found that the slug flow
could be developed for all combinations of settings. Although level set approach in Altair® can track
fluid motion successfully, it has a limitation in modelling the convective transport of the multiphase
mixture well, unlike ANSYS and STAR-CCM+. Compared to the standard level set method, the
coupling of back-and-forth error compensation and correction with the level set function helps to
capture the internal boundary more accurately by reducing errors caused by numerical diffusion in
the transport of the level set. It was revealed that the Spalart Allmaras turbulence equation could
mimic published experimental result better than DES as it produced the closest slug translational
velocity. Since the frequency of the slugs for the developed models showed a good agreement with
the published data, the models could be sufficient for the investigation of fluid-structure interaction.
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1. Introduction

Vibration issue in piping is one of the major causes of downtime, leakage, explosion,
and fire in industrial plants. Turbulence within flowing fluid, especially two-phase flows,
may results in fluid-induced excitation. Among various flow regimes, slug flow is notorious
to cause fluid-induced vibration (FIV) due to its oscillating changes in pressures and phase
change hence resulting in a variation of piping amplitudes [1]. In addition, experimental
and numerical investigations on dynamic behaviour of slug flow in a horizontal piping
system were performed by Wang et al. [2]. They concluded that slug transitional velocity
affects the rate of system properties such as mass, stiffness, loading, and damping. As a
result of this, an intense vibration occurred after the slug leaves. This demonstrates that
the multi-phase fluid flowing inside a piping system can lead to fluid-induced vibration,
and hence needs to be carefully investigated and monitored to avoid catastrophic damage
at the piping system.

Computational fluid dynamics (CFD) provides an easier and more versatile method
for designing and using large-scale computational models to predict complex two-phase
flow. In addition, it offers time saving and reduced cost in characterizing the behaviour of
the flow [3]. There are several studies on slug flow that utilized CFD as the main tool of
the research. Lun et al. [3] were amongst the pioneers in using commercial CFD software
to simulate horizontal two-phase flow. CFD for multiphase flows has grown greatly in
popularity over the last two decades. Numerous articles have been produced on numerical
simulations of gas-liquid flow for horizontal pipelines [4-7].

The general governing equations for CFD are mass conservation law and Navier-
Stokes equations as expressed in Equations (1) and (2), respectively.
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where u is velocity, p is density, p is pressure and T is shearing stress and B is body force
(e.g., gravity). The “.” denotes a dot product between vector while symbol V is the vector
of spatial partial derivatives.

An appropriate turbulence equation must be selected to better predict the evolution
of turbulence within the flow. The types of turbulence equations are categorized into
large-eddy simulation (LES), hybrid approaches and Reynold-Averaged Navier-Stokes
(RANS). The general form of turbulence model is expressed in Equation (3).
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The turbulence model, which is formulated with five different terms, is normally
applied in CFD simulations to increase accuracy, and reduce computational time. Given
@ as turbulence variables, the unsteady term represents time dependence of turbulent
variables while the convection term is a rate of change of turbulent variables due to
convection by the mean flow. The transport of turbulent variables due to the summation
of material viscosity and eddy viscosity is known as diffusion term. The production term
is a production rate of turbulent variables from the mean flow gradient while dissipation
term refers to the rate of turbulence variables due to viscous stresses. Table 1 shows the
parameters employed for these terms for selected turbulence models. Note that Boussinesq
hypothesis is employed in Spalart Allmaras (SA), k-epsilon, and k-omega models and it
offers a relatively low-cost computation for the turbulence viscosity (v = pi/p).
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Table 1. Expressions for turbulence terms for selected turbulence models.

Turbulence Model Turbulence Variables, @ Turbulence Viscosity, 1y Production Terms, P,  Dissipation Terms, D,
Spalart Allmaras (4 00 fn P = pCy; S0 D = —0Cy1 fu (g)z
— 4.2
. k @2 P = S Dy = —pe
k-epsilon e Cu's (Cu=0.09) Pe = Ca £ De = —Cop®
. k _k P = S __a¥
k-omega w pe =5 P = Ca 24P, Dy = —pB*kw

Spalart Allmaras is the latest turbulence equation based on one-equation eddy vis-
cosity model developed in 1992. Hence, there is a renewed kind of interest for researchers
in CFD field towards SA. It has the advantage of having economic solutions for attached
flows and moderately separated flows. It solves a modelled transport equation for the
kinematic eddy (turbulent) viscosity [8]. It is also reliable in converging the simulation’s
iterative process, hence providing a good result to the simulation [9]. Besides SA, detached-
eddy-simulations (DES), which is a hybrid model of Reynolds-averaged Navier-Stokes
(RANS) and large-eddy simulation (LES) can also be used to describe a more accurate
flow. It uses RANS method for near wall computation and dynamic LES for a region a bit
far from the wall. DES employs the distance to the closest wall as the definition for the
length scale which plays a major role in determining the production level and destruction
of turbulent viscosity.

There is a number of researchers investigating slug flow behaviour who performed
their analysis by employing k-epsilon model as turbulence equation of choice [10-12]. This
k-epsilon assumes that the flow is fully turbulent, and the effects of molecular viscosity are
negligible [13]. The turbulence equation is popular, and it has been the industry standard
for many years because there is such a rich database of results (i.e., simply because it has
been around since the early 1970s). The k-epsilon, however, tends to face convergence issue
in solving the governing equation. In comparison to k-omega, k-epsilon model yields better
predictions for void fraction close to the wall [13]. Unlike k-epsilon, Spalart Allmaras is
claimed to provide more stability in computing the governing equation, so the tendency to
face convergence issue is decreased [9]. The reason behind this is because Spalart Allmaras
model adds only one more equation to represent turbulence viscosity transport, whereas
k-epsilon and k-omega models add two more, thus adding complexity/sophistication
to the distribution of eddy viscosity. Based on Ref. [14], among the various turbulence
modeling methods including the time average (e.g., RANS), space average (e.g., LES) and
hybrid model (e.g., DES), the DES approach is the most practical and a fairly accurate
turbulence model. Within the context of slug flow simulation, the impact of the selection of
turbulence equation on the resultant flow characteristics has not been elucidated yet.

Besides turbulence equation, the selection of multiphase equation is important for
fluid with multiple phases to capture the best representation of liquid and gas distribution
within the flow. There are a couple of types of multiphase equation available such Eulerian-
Lagrangian, Eulerian-Eulerian, volume of fluid (VOF), and level set. For multi-phase flows,
the choices of the multiphase models would be reflected in the mass conservation and
momentum conservation equations based on the volume fraction of the phases. In this case,
an additional transport equation (volume fraction) is used to track the interface between
these two phases (i, j) by solving the continuity equation for steady incompressible flow as
follows [15]:
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Several CFD packages are available in the market such as Altair® AcuSolve™, ANSYS®
and STAR-CCM+. Altair® AcuSolve™ is based on finite element method while ANSYS®
and STAR-CCM+ are based on finite volume method (FVM). Finite element method (FEM)
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is formulated based on variational principles to solve a CFD problem by minimizing an
associated error function or residual. In this method, the problem domain is divided
into a set of finite elements which are usually (i) triangles or quadrilaterals for those in a
two dimension, and (ii) tetrahedra, hexahedra, pyramids, or wedges in three dimensions.
On the other hand, the finite volume method is formulated based on approximate solution
of the integral form of the conservation equations. The problem is divided into a set of
non-overlapping control volumes referred to as finite volumes, cells, or elements. Despite
these differences between finite volume and finite element, the outcomes produced by both
methods are expected to be similar.

It should be noted that different CFD packages offer different type of multiphase
models. This indirectly influences the use of certain set of equation in the development of
multiphase flows within the CFD environment. For example, VOF approach is available in
ANSYS® and STAR-CCM+, while Altair® package only offers level set approach. Several
researchers who managed to develop slug flow successfully using VOF model include
authors in Refs. [4,10,11,16-19]. It was reported that the computational time required to
solve the VOF equations is relatively low when compared to that of Eulerian—Eulerian and
Eulerian-Lagrangian approaches, making VOF to be utilized more broadly in analyzing
two-phase flow [10,12,20]. So far, there is no literature available that reports on the use of
level set approach using Altair® AcuSolve™ in the development of two-phase slug flow.

Altair® AcuSolve™ offers an improvisational form of standard level set known as
back-and-forth error compensation and correction (BFECC). It is applied to the multi-field
and field interaction model equation to enhance the definition of the volume fraction
between liquid and gas. The first stagger governs the interface’s transport, while the
second stagger controls its sharpness in the standard level set form. The level set with
BFECC, on the other hand, includes additional stagger iterations to minimize the amount
of diffusion in the solution field. In other words, this predictor-corrector type method is
based on the observation that if Equation (5) were solved forward in time for one time step
using a numerical integrator and then backward in time for one time step with the same
method, the difference between the two copies of the solution gives the information about
the numerical error which could be used to further improve the accuracy. It improves
the space and time accuracy to the second order by adding level set with BFECC to an
existing first order semi-Lagrangian scheme, hence developed a better image presentation
than a standard level set [21]. At present, the effectiveness of BFECC implementation
with level set multiphase equation on the definition of slug flow morphology has not yet
been demonstrated. A passive advection of a scalar field with a given velocity vector field
u(x,t), x € R3 te R4, is modeled by the transport equation as:

?Tq: +u. V=0 (5)

Various types of flow regimes, including slug flow, can be induced in CFD environ-
ment by setting up appropriate boundary conditions. The obvious setting that affects
the resultant flow regime is the input velocity for each phase, as calculated using the
following equations:

. . . . o g
Superficial velocity of gas : ug = (/) m/s (6)
Superficial velocity of liquid : u; = (nl?zl/4) m/s @)

where Q¢ and Q are flow rates for gas and liquid, respectively.

In addition to that, for successful formation of slug flow, the inlet initial and boundary
conditions require appropriate perturbation. There are several approaches in developing
the perturbation. Thomas [4] developed slug flow in a horizontal piping system by initializ-
ing the phasic distribution in the form of sinusoidal form. This technique was also imitated
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by Ban et al. [12] to determine a transient liquid level at the pipe’s inlet cross-section.
Equation (8) expresses an example of the function imposed on the interface of gas and
liquid at the inlet to create a perturbation.

27txt
Y1 = Yo+ Amin(Zf + n) 8)

The notation y; represents the height of the gas-liquid interface from the reference y,
which is the liquid gas interphase. The notation, Aj is the liquid level fluctuation amplitude
while notation p; is the wavelength and x is the mixture velocity.

Imposing a certain amount of disturbance at the inlet helps in developing slug within
a short computational time without depending solely on the pipe diameter to length ratio
for the formation of slug. Although sinusoidal perturbation can generate the desired slug
formation, the frequency of sinusoidal perturbation can affect the resultant frequency of the
slug. Consequently, this approach is only applicable for the development of slug flow with
a predetermined slug frequency. Instead of sinusoidal perturbation, Schmelter et al. [22]
used random perturbation to the interface between liquid and gas phases to avoid pre-
meditating the slug behaviour, especially frequency. The random inlet perturbation can be
defined using Equations (9) and (10).

Ay(t) = r(t) cos((t)) ©)
Az(t) = r(t) sin(¢(t)) (10)

where Ay(t) and Az(t) denote the displacements of the velocity vector in y- and z-directions
in polar coordinate, respectively. Based on the findings by Ref. [22], it was shown that
the higher the perturbation amplitude, the earlier the slugs occur and if the measure-
ment is taken sufficiently far away from the inlet, the flow pattern shows the same
dynamics for different perturbation amplitudes indicating that no specific frequency is
imposed by the prescribed perturbation in contrast to the outcome of simulations with
sinusoidal perturbations.

So far, to the best of the authors” knowledge, there is no direct comparison in (i) types
of inlet perturbations, (ii) choices of multiphase equations, and (iii) turbulence equation on
the development of slug flow and their characteristics available in the literature, especially
using Altair® computational package. Therefore, this research aims to construct a slug flow
model by perturbing each model’s inlets with either sinusoidal and random perturbation
and applying different types of multiphase and turbulence equations to the models. The
models were then directly compared to characterize the parameters of slug behavior, such
as slug body length-to-diameter ratio, slug velocity, and pressure gradient.

2. Methodology
2.1. Design of Simulations

A total of six different combinations of perturbations, multiphase and turbulence
equations was developed in this study using Altair® AcuSolve™ package (see Table 2).
The models were developed based on a pipe with a length of 8 m and internal diameter of
0.074 m, as shown in Figure 1. The liquid-gas system is limited to air-water combination.
For benchmarking and comparison purposes, the findings from this study were com-
pared to experimental results published by Ref. [17] and Ansys® and STAR-CCM+ results
published by Ref. [10], respectively. It should be noted that the works by Refs. [10,20] im-
plemented VOF and k-epsilon equations while works by Ref. [23] used VOF and k-omega.

2.2. Multiphase Modeling

Numerous measures must be taken into consideration depending on the operating
conditions such as type of flow regime produced, physical properties and superficial
velocity of fluids. Physical properties of water and air at temperature 298 K and pressure
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101,325 Pa used in the simulation are shown in Table 3 [24]. Based on the combination of
the superficial velocity of fluids, the flow regime was identified as slug flow regime.

Table 2. Combinations of perturbations, multiphase and turbulence equations for each model.

Model Perturbation Form Multiphase Equation Turbulence Equation

Model 1 Sine Level set Spalart Allmaras
Model 2 Random Level set Spalart Allmaras
Model 3 Sine Level set with BEECC Spalart Allmaras
Model 4 Sine Level set with BEECC DES
Model 5 Random Level set with BFECC Spalart Allmaras
Model 6 Random Level set with BEECC DES

y

N Flow direction

Inlet Outlet

z

L=8m

Figure 1. Geometry of the pipe carrying two-phase fluid.

Table 3. Fluid and gas properties employed in the simulation work.

Input Parameters Values
Water density, p; (kg/m?) 998.2
Air density, pg (kg/ md) 1.225
Water viscosity, u (Pa s) 0.001003
Water surface tension, o (N/m) 0.0719404
Superficial velocity of water, u; (m/s) 0.86
Superficial velocity air, g (m/s) 2.44

2.3. Mesh Development

Figure 2 shows the mesh development for the fluid system. The global mesh size
was set to 2.0 mm while the curvature mesh size factor and mesh growth rate were set to
0.0001 and 1.0, respectively. The curvature refinement and maximum sweep angle were
adjusted to 10° and 45°, respectively. The surface mesh of fluid domains was constructed
using six boundary layers of tetrahedron elements. The first element height was set to
0.4 mm, with a growth rate of 1.2, resulting in a total layer height of 3.97 mm. A total of
200 layers of mesh extrusion was applied at the mesh along the pipe’s length to ensure
an equal distribution of the mesh lengthwise. As a result, a total of 940,011 elements and
482,744 nodes were constructed, with a maximum skewness of 0.1. It should be noted
that Altair® AcuSolve™ is based on FEM, which computes solutions using volume-based
discretization, with each surface has linear physical values. Hence, this method can offer a
reasonable accuracy in solutions independent of mesh quality (e.g., element shape) unlike
other FVM-based CFD codes. In addition, the model obtained a maximum y+ value of 23,
thus it is suitable and valid to be used with AcuSolve™ near-wall function.

2.4. Mesh Independency Study

A spatial grid convergence analysis was used to determine the effect of mesh indepen-
dence on solution results. Three types of mesh refinement, notably coarse, intermediate,
and fine mesh models were created. Two parameters were chosen to test the mesh conver-
gence namely averaged pressure gradient and maximum pressure. The element sizes for
coarse, intermediate, and fine meshes are 3.47 mm, 2.99 mm, and 2.00 mm, respectively.
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Air

Water

Inlet (front) view Outlet (rear) view

Pipe (lengthwise view)

Figure 2. Mesh development of the piping system.

Following the data collection, Grid Convergence Index (GCI) was calculated using
Equation (11). The GCI was used to determine whether the obtained findings are inside
the asymptotic range of convergence. In theory, as the grid resolution decreases toward
0, the numerical solution approaches the true solution. The index can provide a good
indication of the percentage deviation owing to mesh discretization. The lower GCI values,
the accuracy of the result produced increases [25].

__Flel
GCl= oy (11
where hof
_f2—h
£= —f1 (12)
n(£-F)
p= () (13)

Notations F, ¢, f, r and p denote factor of safety, relative error, selected parameter value
obtained from simulation, grid refinement ratio and the order of convergence, respectively.
Table 4 shows mesh refinement details and convergence criteria for this study. The obtained
extrapolated values correspond to the true solution, and they can be used to evaluate the
numerical discretization’s adequacy.

Table 4. Mesh refinement and convergence criteria.

Averaged Pressure

Mesh Refinement Number of Maxm.\um Element Gradient Maximum Pressure
Elements Size (mm) (KPa)
(Pa/m)
Coarse 349,917 3.47 f1 =—127.49 f1 =106.29
Intermediate 550,728 2.99 fr» =—140.85 fo =108.730
Fine 940,011 2.00 f3 =—153.64 fz =112.04

Extrapolated values —153.70 112.04
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Averaged pressure gradient (Pa/m)

Maximum pressure (Pa)

113,000
112,000
111,000
110,000
109,000
108,000
107,000
106,000

105,000

With reference to Figure 3, as the mesh was refined with a constant grid refinement
ratio, the values of chosen variables tended to converge. It was observed that the results
significantly improved when intermediate mesh and fine mesh replaced the coarse mesh.
The percentage of GCI for coarse mesh to intermediate mesh transitions is not suggested
to be used as the calculated GCI values are 6.77% for maximum pressure and 0.03% for
averaged pressure gradient. As a result, coarse mesh is not a realistic option. Hence, fine
mesh with 940,011 which produced the lower GCI values was chosen as the main mesh
grid refinement for this study as it produced more accurate results.

Fine 940k

GCL, = 0.16%

N

Extrapolated

Intermediate 550k GCI = 6.77%

Coarse 350k

0 0.5 1 15 2 2.5 3 35
(1/number of elements)*105

(@)

(1/number of elements)*10°
0.5 1 15 2 25 3 35

—20
—40
—60
—80
—100
—120

—140

Extrapolated

GCI1 =0.03%
/ Fine 940k

Coarse 350k

—160

—180

Intermediate 550k
GCI2 =0.02%

(b)

Figure 3. Mesh independency study: (a) Maximum pressure, and (b) averaged pressure gradient against 1/number

of elements.

2.5. Setting for Boundary Conditions and Inlet Perturbations

The initial condition was set such that the gas-liquid volume fraction has a 50-50 volume
share, with just liquid filling the bottom of the pipeline while gas phase covering the top of
the liquid surface. An inlet perturbation was prescribed to the fluid-liquid interface at the
inlet of the pipe to create disturbance to the flow, as shown in Figure 4. The mesh at the
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(@)

(b) Mesh Displacement (m)

0.020
0.018
0.016
= 0014
- 0012

= 0010
= 0008

0.006
0.004
0.002
0.000

inlet region is set to Arbitrary Lagrangian—Eulerian mesh motion. A guide was created to
ensure the movement of fluids interface is bounded within the inlet (Y-Z) plane.

Guide

Interface

Figure 4. (a) Design of inlet to enable the prescription of perturbation and (b) Mesh motion due to the inlet perturbation.

Equations (8)—(10) were used to describe the sinusoidal and random inlet perturba-
tions, respectively. The random perturbation’s amplitude was selected to cover 0.75 D of
the cross-section, which is similar to the setup in Ref. [4]. The perturbation time step was set
to 0.05 s. It should be noted that a smaller value may cause the model to become unstable,
therefore terminating the calculation process prematurely. The outlet of the pipe was set to
the constant atmospheric pressure. The walls of the fluids were treated as hydraulically
smooth with classical no-slip boundary conditions.

For computational purposes, a constant time step of 0.001 s with a total physical time
of 4 s were simulated for all models. The set simulation time is adequate to capture the
slug initiation and growth.

2.6. Qualitative Measure of Slug Characteristics

The investigation on the characteristics of slug flow can be divided into two parts:
qualitative and quantitative comparisons. For qualitative comparison, the phases were
defined to differentiate air and water volumes. Slug flow is defined by intermittent liquid
slugs (slug bodies), which cover a large cross-sectional area of the pipe, supplemented by
gas, as shown in Figure 5. The gas and liquid circulate in separate layers in pocket regions
to create what is known as Taylor bubbles. The tiny gas bubbles are entrained in the liquid
slug body.

” Threshold level, a,= 0.85

he

. >

Figure 5. Illustration of slug flow and the notations used to describe flow characteristics.
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Liquid level is the main interest in slug flow as it indicates whether the body of the
flow is a slug or not. Threshold, a, is introduced to measure the development of slug flow
and it needs to be chosen carefully. Entrained gas bubbles can separate larger slugs if it
is too large. Therefore, it should be set high enough to prevent large-amplitude waves
from being detected [22]. A number of authors outlined the threshold limit for the liquid
level. Montini [26] set the threshold to a4, of 0.98 when they characterized as slug flow with
the justification that the gas volume fraction tends to zero as a slug body forms, and the
discretized gas momentum equation becomes singular as a measure. On the other hand,
Manolis [27] used threshold a,, of 0.85 and it has been proven to accurately identify slugs by
several Water, Air, Sand and Petroleum (WASP) operators [28-30]. Therefore, in this study,
threshold a, of 0.85 was selected to indicate the slug’s appearance in the post processing.
The distribution of gas and liquid within the flow can be identified based on the volume
fraction of the fluid system. The range of the types of fluid occupied a cell is between 0 and
1, where 1 represents that the cell is fully occupied by a particular type of fluid.

2.7. Quantitative Measures of Slug Characteristics

For the quantitative measure, slug body length to diameter ratio (L;), slug velocity
(Us), frequency of slug (fs), and pressure drop (AP) were characterized, as described in
the following sub-sections.

2.7.1. Slug Velocity

Slug translational velocity, Us was calculated using Equation (14), based on the same
method applied in Ref. [31]. The method uses two locations along with the pipe system,
denoted as x; and x, and computes the time required for the slug to travel from x; to x; as
t; and ty, respectively. As the slug flow regime is unsteady, slug velocity may vary along
the pipe causing it to have a variation in the measurements. The velocity of the slugs at
six different locations were obtained. The first reference line was selected based on the
location where the slug was first initiated, and the remaining reference lines were located
within two meters after the first reference line. The velocity of the slugs at these locations
were then averaged to indicate the mean slug translational velocity and their deviation
factor was also calculated using Equation (15) to indicate the variation in the velocity.

_Ax (xp—xq)
A T n) "

—\2
Y (xi —X)
§= —"——" 15
p— (15)
Notation x; is the result of the ith measurement while X refers to the arithmetic mean
of the n results obtained.

2.7.2. Slug Body Length to Diameter Ratio

Typically, slug body length, L, can be computed using the multiplication of mixture
velocity, Us of the fluids with the times taken for the slug nose, ¢, and tail, ¢; to pass through
a reference line, as shown in Equation (16). Simulation work in Ref. [12] and experimental
work in Ref. [31] used reference lines positioned at 54 D (i.e., claimed that the flow is not
fully developed) and 81D (fully developed slug) to measure slug body length. Knowing
that the body of the slug is not constant throughout the flow, in this study, two types of
slug body length were reported. The first category is the length of slug body for slugs
which are similar to those reported in the literature; this is to ensure that there is a direct
comparison to the published data. The second category is the maximum slug body for
each slug regardless the position of reference line; this is to represent the longest possible
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slug body for a given model. Slug body length to diameter ratio, Ls can be computed by
dividing slug body length, L, with the diameter of the pipe.

Ly = Us(t; — ty) (16)

2.7.3. Slug Frequency

The number of slug bodies that meets the threshold, a, of 0.85, moving at a given
point per unit time is defined as slug frequency. This method is selected based on the work
done by Ref. [22] in determining slug frequency. The expression for slug frequency, f; is
simply the reciprocal of slug unit time, Ts as follows:

fs = Tls (17)

The frequencies of slug obtained from simulation work were compared and validated
against the following analytical expressions provided in Refs. [32-37]:

1.02
fs = 0.0434 [/\L (282 + Fr2> } (18)
2
fs = 0.088 [Fr(lf + /\L> ] (19)
=372
o AL(4.76 x 1073] +0.035]> 20)
D
fs = 0.0037 [/\L (gD +Fr ) ] (21)
Jc 0.044A;
_Jc 22
fs D (1 —1.71/\L+0.7)t%) @2)
Jc 0.05A
_Je 23
=D (1 — 1.675AL+O.768)\%> @)

where | is the mixture superficial velocity, Fr is the mixture Froude number and g is the
gravitational acceleration. The phase homogeneous fraction, Ay can be determined using
superficial velocity and mixture superficial velocity, as follows:

A= ]]—" (24)

2.7.4. Pressure Gradient of Slug Flow

Pressure gradient, AP was computed using the measurements of pressure at different
pipe locations over distance (see Equation (25)). In this study, inlet and outlet of the
pipe were used as the reference points for the measurement over time. The pressure
gradient was calculated by the time average pressure drop over the entire length of the
pipe section selected.

_Pi=p
AP =g (25)

Notations p; and p; are the pressures at the outlet and inlet, respectively, while the

notations d; and d indicate the location of outlet and inlet longitudinally to represent the
pressure along the pipe.

3. Results and Discussion

In this section, simulation results showing the influence on the evolution of slugs for
various combinations of CFD settings are presented and discussed. Slug characteristics
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such as slug body length to diameter ratio, velocity, frequency, and pressure gradient of
slug are then elaborated. The results in the present study were also compared with the
published findings obtained via experimentation [17], simulation works using Ansys® [10]
and STAR-CCM+ [23], and analytical equations [32-39].

3.1. Influence of Various Combinations of CFD Settings on Development of Slugs

Figure 6 shows the comparison on slug flow morphology between those published
in the literature with that obtained in the present study using Altair® AcuSolve™ (in this
case, a snippet of model 4 was selected). The section that is filled with red color represents
only water while those filled with blue color represents pure air. It can be seen that the
main body of the fluids shows a good agreement with the experimental data [17], Ansys®
model [10], and STAR-CCM+ model [23]; it can be seen that the computed slug body length
for each slug closely followed the published data with a maximum difference in values
of 1.63%. A closer look at the results shows that several segments with gas bubbles are
present in the experimental demonstration while no clear mixture of gas and liquid can
be seen in the Altair® model. The VOF approach together with either piecewise linear
reconstruction or high-resolution interface capturing schemes employed in Ansys® and
STAR-CCM+ models seem to be able to track and model the convective transport of the
multiphase mixture well. The level set approach in Altair® environment is limited to
capturing moving interface well, and the task to capture bubbles generated by actual air
entrainment is very difficult to achieve. Theoretically, in order to achieve that, the diffusive
losses have to be kept to a minimum—this calls for the use of a smaller time step and mesh
size. It should be noted that the number of elements used in this study is already double
the elements employed by the published work using Ansys® and six times higher than
number of elements in STAR-CCM+ works. Any attempt to further reduced the mesh size
and time step would be futile as this would only increase the computational time and cost.
It is believed that the level set in Altair® is good enough when tracking the fluid motion is
of importance, while should the details on the phase’s distribution be required, then the
use of the CFD capabilities within Ansys® and STAR-CCM+ packages is recommended.

All computational models started with an equal 50-50 share between water and air.
As the CFD packages solved them, the models started to demonstrate slug initiation. For
models with standard level set, no slug seems to form within the computational time
period, despite the implementation of perturbation at the inlet. This indicates that BFECC
method needs to be coupled with the level set approach to capture internal boundary
more accurately by removing errors induced by uneven gradient of the level set function.
In terms of the slug initiation, model 6 (i.e., random perturbation, DES, and level set with
BFECC) showed the first slug at time stamp equals to 1 s, followed by model 3 at 1.62 s,
model 5 at 1.83 s and model 4 at 3.13 s. It should be noted that the implementation of
perturbation at the inlet is to artificially induce slug to form within a short simulation period.
Instead of slug initiation time, the more important aspect of consideration should be on
the characteristics of the resultant slug flow. The bounding boxes shown in Figures 7 and 8
highlight the slug body for each model. All models except models 1 and 2 managed
to generate slug within 4 s simulation period. If the simulation’s period for the models
without the function of BFECC were to be extended to 9.8 s, it can be seen that the slug
managed to develop in the models. As shown in Figure 8, model 1 took longer time
to initiate first slug when compared to other combinations of the models with BFECC.
Regardless of the combinations of the CFD settings, it appears that the slugs could be
reproduced sooner or later. However, the implementation of perturbations and BFECC to
the level set function results in the formation of slug at a shorter computational time.
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Figure 6. Comparison on slug flow morphology between (a) experimental result [17], (b) Ansys® simulation [10],
(c) STAR-CCM+ simulation [23] and (d) Altair® AcuSolve™ simulation. Note that the slug body length values marked with
* and ** were extracted from Ref. [10], respectively.
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Figure 7. Flow morphology of each model implemented with various combinations of perturbations, multiphase and
turbulence equations.



Processes 2021, 9, 2152

14 of 20

Time frame, s

4.00s

5]
®
-
w

Volume fraction
of water

1.00
[ 0.90
0.80
0.70
0.60
0.50

040
0.30

0.20
0.10

6

Flow direction

-] )

Length (m) 0.00

Figure 8. Flow morphology of model 1 which was extended up to simulation time of 9.8 s.

3.2. Average Slug Translational Velocity

Figure 6 clearly shows that slugs were varying in lengths due to the unsteadiness
nature of slug flow. This indirectly indicates that the translational slug velocity could vary
along the pipe and thus an average value was presented to provide a better representation
of the velocity. Table 5 summarizes the slug translational velocity for each model. It can be
seen that there is no direct correlation between the time taken for the first appearance of slug
to the corresponding slug translational velocity. As explained earlier, the implementation
of perturbation and thus slug initiation is merely an artificial introduction to generate slug
as fast as possible in CFD environment. After considering the deviation factor, among all
models, model 3 exhibits the closest average slug translational velocity to the published
experimental data [17] with a percentage difference of 1.15%. In addition, other models
obtained a range of 20% to 42% of percentage difference. Based on the data of average
slug translational velocity, it is shown that, in comparison to DES, the Spalart Allmaras
produced the lowest percentage difference when compared to the published experimental
data [17].

Table 5. Slug translational velocity obtained by each model within 4 s computational time.

Model Average Slug Translational Velocity (m/s)

Experimental [17] 4.39
Ansys® [10] 4.50

STAR-CCM+ [23] Not available

Model 1 -

Model 2 -

Model 3 3.64 £0.70

Model 4 2.55 £0.32

Model 5 2.95 £ 0.44

Model 6 2.64 £ 0.94

3.3. Slug Body Length to Diameter Ratio

Table 6 lists the comparison on slug body length to diameter ratio for various mod-
els using two quantification methods: (i) the length of slug body for slugs which are
similar to those reported in the literature, and (ii) the maximum slug body for each slug
regardless the position of reference line. When comparing the results of slug body length
using Equation (16) and direct length measurement methods, there is not much difference
between the results.

Model 4 obtained the closest slug body length at 81D reference line to those obtained
using Ansys® [10] and experimental results [17] with percentage difference of 42.8%.
This model was set with random inlet perturbation, level set with BFECC as multiphase
equation and Spalart Allmaras as turbulence equation. In this study, it was observed
that various combinations of CFD parameters affect the initiation of slug within CFD
environment. It appears that the slug can be formed at different location computationally
depending on the selection of CFD parameters which then affect how early/late the slug
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can be formed, and the size of slug formed. Note that it has been shown that the physical
slug behaviour can be mimicked closely in CFD environment, as illustrated in Figure 6,
with a maximum difference in values of 1.63%. However, the slug present at reference line
81D may vary according to the selection of CFD parameters. So, the method to quantify
slug body length at reference line 81D is not quite suitable. As an alternative, the maximum
values of slug body length to diameter ratio were quantified. This was done by tracking
each slug body and measuring the maximum length of the slug body formed.

Table 6. Slug body length to diameter ratio, Ls for each model.

Slug Body Length to D.Slug Body .Length to Maximu'm Slug Body Length
Model Diameter Ratio, L, at 81D 1am.eter R.atlo, Ls at 81D to Dlameter.Ratlof L
Using Equation (16) Using Direct Length Observed Using Direct
Measurement Length Measurement
Experimental [17] 7.240 - -
Ansys® [10] 7.600 - -
STAR-CCM+ [23] 7.000 - -
Model 1 - - _
Model 2 - - -
Model 3 28.038 20.320 24.014
Model 4 10.338 10.560 11.458
Model 5 13.155 13.650 22.216
Model 6 15.341 13.130 19.581

Models 5 and 3 resulted in the longest slug body length to diameter ratio of 22.216 and
24.014, respectively. Both of these models were equipped with level set with BFECC as
multiphase equation and Spalart Allmaras as turbulence equation. Slug model 6 and
model 4 produced slug body length of 19.581 and 11.458, respectively. Both of the models
were set with level set with BFECC and DES. Based on the results in Table 6, it can be
concluded that Spalart Allmaras as turbulence equation produced a longer slug body than
DES. Apart from that, it is clearly shown that random inlet perturbation produced a higher
slug body length to diameter ratio in comparison to that equipped with sinusoidal inlet
perturbation for a given multiphase equation and turbulence equation.

3.4. Slug Frequency

The appearance of multiple slugs was monitored throughout the computational period.
The present models developed using Altair® package can still predict the frequency of
slug flow reasonably well as the results obtained are consistent with the published data.
Based on the comparison on slug frequencies among various models listed in Table 7,
slugs in model 5 exhibited the closest frequency with the published experimental data
in Ref. [17] with 11.24% difference while model 3 shows a good agreement with findings
using STAR-CCM+ [23] with 3.57% difference.

3.5. Pressure Gradient

In the industry, the pressure gradient can be used as an indicator to reflect the flow
characteristics. The time series pressure gradient measurements of slug flow are quite
complicated because of its intermittent nature. Despite that, it is possible and relatively easy
to compare the mean pressure gradient along the test section. In this study, the pressure
gradient was calculated by the time-averaged pressure drop over the entire length of the
test section.

Figure 9 shows the summary of the pressure gradient for each model. The results show
that the fluid systems experienced a drastic change in pressure gradient at time 3.0-3.5 s.
This is because at this period the slugs were fully developed and thus causes a sudden
pressure drop. The most stable pressure gradient models are shown by models 1 and
2 simply because the slugs were not developed in these models, resulting in a steady
pressure gradient. It is noted that inlet perturbation in the form of sinusoidal function
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produced a more stable pressure gradient when compared to random inlet perturbation.
This is because the change in agitation’s amplitude applied at the inlet by sinusoidal
perturbation is steadier than those of random perturbation.

Table 7. Slug frequency obtained by each model.

Model Slug Frequency (Hz)
Experimental [17] 0.42
Ansys® [10] 0.49
STAR-CCM+ [23] 0.57
Equation (18) [32] 0.50
Equation (19) [33] 0.68
Equation (20) [34] 0.60
Equation (21) [35] 0.36
Equation (22) [36] 0.61
Equation (23) [37] 0.68
Model 1 -
Model 2 -
Model 3 0.55
Model 4 0.79
Model 5 0.47
Model 6 0.34
: 6
1 ) 5
2 . 3 >
3 » ~ . 2
Time (s) 4 Model

Figure 9. Compilation of pressure gradients for each model.

Relatively, models 5 and 6 which produced the most unstable pressure gradient in
the fluid systems appeared to exhibit the lowest slug frequency. Similarly, model 4 which
produced the most stable pressure gradient exhibited the highest slug frequency. It can
be concluded that the stability of the pressure gradient in the fluid systems is directly
proportional with slug frequency. This is because a drastic drop of pressure gradient in the
systems would decrease the velocity of the fluids, hence reduces appearance/formation
of slugs.

Overall, it was found that all models set up using Altair® package managed to exhibit
the expected slug flow. The BFECC term was able to minimize the diffusive losses, hence
develop slug faster in CFD environment when compared to the standard level set. Although
Altair® could not track the details of the fluids mixing well such as the small bubbles near
the boundary wall in comparison to other CFD codes [10,17], it has been demonstrated
that Altair® could track the fluid main body reasonably well and its findings were in a
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good agreement with the published data. Both types of inlet perturbation applied in the
system managed to develop the main slug body well. The presence of the deviation in the
result was inevitable since the slug velocity varies across the length of the pipe. In addition,
Spalart Allmaras turbulence equation was able to demonstrate the natural behaviour of
the slugs better than DES since it produces the closest slug translational velocity when
compared to published data [10,17,20]. Given that the frequency of the slugs produced
in the present study showed a good consistency with those in Refs. [10,17,20,32-37], the
models are assumed to be reasonably good for use in fluid-structure interaction modelling
such as pipe vibrational analysis.

4. Conclusions

Selection of inlet perturbations, multiphase equation and turbulence equation may
affect the development of slug flow using computational fluid dynamic simulation tools.
The inlet perturbation, such as sinusoidal and random perturbations, plays an essential
role in inducing slug formation. Multiphase equations such as volume of fluid and level
set are used to track and capture the gas-liquid immiscible interface. Similarly, turbulence
equations such as Spalart Allmaras (SA), Detached Eddy Simulations (DES), and k-epsilon
can be used to predict the evolution of turbulence within the flow. At present, no direct
comparison is available in the literature on the selection of (i) types of inlet perturbations,
(ii) choice of multiphase equation, and (iii) turbulence equation on the development of
slug flow using Altair computational package. This article aims to investigate the effects
of the selection of inlet perturbations, multiphase equations, and turbulence equations on
slug flow characteristics using Altair® AcuSolve™. The slug flow characteristics of interest
include slug morphology, body length-to-diameter ratio, velocity, frequency, and pressure
gradient. The followings are the concluding remarks:

i Altair® AcuSolve™ which is based on finite element method could model slug flow
and characterize its fluid characteristics with a good agreement to published experi-
mental data and findings by CFD codes that employ finite volume method. However,
it should be noted that level set approach offered in Altair® AcuSolve™ has a limi-
tation in modelling the convective transport of the multiphase mixture. AcuSolve™
lacks high resolution/reconstruction schemes to capture bubbles generated by actual
air entrainment despite its ability to track the main fluid body’s motion successfully.

ii ~ Incomparison to standard level set, level set coupled with back-and-forth error com-
pensation and correction could initiate the slug formation at a shorter computational
time. Coupling of back-and-forth error compensation and correction with level set
function can capture internal boundary more accurately by reducing errors caused by
numerical diffusion in the transport of the level set.

iii ~ The presence of the inlet perturbation (either sinusoidal or random) helps develop the
slug flow in the computational environment. Having said this, sinusoidal function
produced a more stable pressure gradient throughout the pipe when compared to
random inlet perturbation.

iv. The Spalart Allmaras turbulence equation was able to mimic experimental conditions
better than DES as it produced the closest slug translational velocity compared to the
published data.
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Abbreviations

FIV Fluid-induced vibration

CFD Computational fluid dynamics
LES Large Eddy simulation

RANS  Reynold-averaged Navier Stokes
DES Detached Eddy simulations

SA Spalart Allmaras

VOF Volume of fluid

BFECC  Back and forth error compensation and correction

GCI Grid convergence index

Nomenclature

0 Density, kg/m3

u Velocity, m/s

T Shearing stress, Pa

B Body force, m/ 2

1%} Turbulent variables

{4 Kinematic Spalart Allmaras working variable, m? /s
fo1 near-wall turbulence damping function

Cyu Turbulence modeling constant, 0.09

k Von Karman constant, 0.41

€ Specific dissipation rate, m?2/s3, numerical error

s Turbulence viscosity

w Specific turbulent frequency, 1/s

Cp1  Turbulence modeling constant, 0.1355

S Turbulence source term

S Strain rate for Spalart Allmaras turbulence model
Ce1  Turbulence modeling constant, 1.44

Ce2  Turbulence modeling constant, 1.92

Cy1  Turbulence modeling constant, 3.24

fuw Turbulence modeling function

f Selected parameter value obtained from simulation
F Factor of safety

€ Relative error

r Grid refinement ratio

p Order of convergence

d Distance to the wall, m

0% Ratio of specific heats

B Turbulence modeling constant, generic constant, Roberts stretching parameter
B* Turbulence modeling constant

Qg  Gas flow rate, m3/s

Q;  Liquid flow rate, m3/s

D Diameter, m

Y1 Height of the gas-liquid interface from the reference y,, m

=
S

Liquid gas interphase
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Ar  Liquid level fluctuation amplitude, m

X Mixture velocity, m/s

an Threshold level

u Water viscosity, Pa.s

o Water surface tension, N/m

Us  Slug translational velocity, m/s

Ax  Difference between two locations along with the pipe system, m
At Time taken for the slug nose to reach the reference line, s
L,  Slugbody length to diameter ratio

tt Time taken for the slug tail to reach the reference line, s
tn Time taken for the slug nose to reach the reference line, s
Ts Slug unit time, s

fs  Slug frequency, Hz

Fr  Froude number

Ax  Phase homogenous fraction

AP Pressure gradient, Pa/m

X; Result of the ith measurement

x Arithmetic mean of the 7 results obtained.
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