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Abstract

Investigations of gas-liquid-solid flows in large diameter vertical pipes
are scarce and detailed three phase flow study is still required to under-
stand the flow interactions. Further investigation using high fidelity mod-
elling is thus necessary due to complex flow interactions of the phases.
In this study, a Computational Fluid Dynamics (CFD) method is used to
investigate multiphase gas-liquid-solid flow in vertical pipe. Firstly, an
appropriate validated numerical simulation scheme for two phase gas-
liquid flow using ANSYS Fluent has been used to simulate possible flow
regime transitions in vertical pipe. The scheme could predict the various
flow regimes spanning bubbly to annular flow without prior knowledge
of the flow patterns.

The scheme was further extended to investigate the impact of solid par-
ticles in the flow field. More importantly the impact of solid concentra-
tion on the flow regime development and sand deposition was investi-
gated. The results showed that the particulate deposition is greatly influ-
enced by the particle concentration. In addition, the regime transitions
and development in gas-liquid flows are different than that of gas-liquid-
solid flows.

Keywords: Vertical pipe simulation, Sand transport, Interfacial area concentra-
tion, Mass flux, Large diameter pipe, Solids deposition, gas-liquid-solids, Fluid-
ization, CFD, Multi-fluid VOF.

1 Introduction

Multiphase flow is common in the petroleum industry as well as geothermal, nuclear
energy and petrochemical industries. Production of oil and gas has become increasingly
complex due to this type of flows resulting from sandstone reservoirs, ageing and
deeper offshore exploration and production. This has led to many multiphase flow chal-
lenges to the oil and gas companies. In the past five decades, researchers have carried
out various experimental studies to understand multiphase flow phenomenon. The com-
plexity of resolving the interface forces and momentum transfer terms have lead re-
searchers to develop mechanistic models to predict multiphase flow hydrodynamics
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parameters. However, this approach has not yielded exhaustive results due to wide
range of flow conditions and the complex interactions of the phases.

Researchers such as [1, 2], and many others have published comprehensive flow
pattern prediction models that can be used to generate simple regimes but, these models
have not included the present of solid particles. Hence accurate prediction of multi-
components flow hydrodynamics is still required. According to [3], reliable predictions
would involve accurate understanding of the physical mass transfer between the phases
and physical properties of each phase.

Due to the increase demand in nuclear and oil and gas industries, the requirement to
migrate toward larger diameter sizes for development has become essential [4]. While
the applications of tools and correlation for large diameter pipes are different than small
diameter pipes, most research carried in larger diameter pipes did not include the pre-
sent of solids particles. Whereas a typical multiphase flow would contain gas-liquid-
solid flows and detailed multi-dimensional models are needed to understand the com-
plex flow dynamics [5].

Recently, researchers such as, [6-14], and others have studied two phase gas-liquid
flows and had developed appropriate flow maps for large diameter pipes. However, the
presence of solids particles and its impact on the pressure gradient, liquid & gas holdup
and regime transition were not taken into consideration.

Investigation of the hydrodynamics of three phase gas-liquid-solid particles in ver-
tical pipe, both experimental and computational fluid dynamics methods are rare in
literature. Researchers have not paid much attention to the hydrodynamics of the multi-
dimensional phasic flows in vertical pipes. For efficient transportation of sand particles
from the wellbore to the surface via vertical and incline pipes, effective fluidization
must take place. Ineffective fluidization may lead to sand deposit at the bottom of the
pipe.

Hence in this investigation, an alternative modelling scheme in CFD has been used
to simulate regime transitions in vertical pipe. The Eulerian Multi-fluid VOF with in-
terfacial area concentration has been used in the initial case study and validated against
experimental result. The scheme was then extended to investigate the impact of sand
particles in the flow field and regime transitions. The concept of mass flux has been
investigated and notable changes that occur in the particulate deposition has been ana-
lyzed. Phase transition is critical in oil and gas flows in vertical pipes [15], as shown in
Fig.1, hence a CFD model capable of predicting different time-phased regime is re-
quired to understand the hydrodynamics of multiphase flow of oil and gas fluid [16].
The novelty of the report is that mass flux is a key determinant of particle deposition in
oil and gas production. Establishing the threshold will be useful in the diagnosis of
deposition and wellbore fill.

This paper is arranged into six sections. Following this introduction, the simulated
cases are described in the second part. The third part contains the numerical method-
ology followed by the associated mathematical model in the fourth section. Lastly, the
results and discussion are presented in the fifth section and conclusions in the sixth
section of this paper
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Fig. 1. Typical oil and gas flow regime transition (Adapted from Lakehal, 2013).

2 Simulation Case.

The simulation case was the experimental work of [9]. The experimental set up consist
of a 52m vertical pipe of 189mm in diameter. The test fluid were Nitrogen gas and
Naphtha, details are shown in Table 1. Four experimental cases were conducted and the
flow regimes identified are shown in Table 2. However, due to the limitation of the
CFD modelling, only 30 diameters of the length were used in the CFD model. This is
the length at which fully developed flow is expected to be achieved.

Table 1. Fluid properties

Fluid Properties
Pres- Tempt Density Viscosity Surface
sure Tension
(bar) (deg C) Gas Lig- Gas Liquid N/M
(kg/m®) | uid(kg/m®) | (pa.s) (pa. s)
20 30 234 702.3 1.77e- 3.59- 0.0185
05 04
Table 2. Flow conditions and Regimes identified
Flow conditions and flow regimes identified
Cases Gas Superficial Velocity (m/s) Flow Regimes ldentified
Case 1 0.1 Bubbly
Case 2 0.21 Intermittent (Churn Turbulent)
Case 3 1 Semi -annular
Case 4 4 Annular
Liquid Superficial Velocity = 0.05m/s




2.1  Geometry and Mesh

The initial step of the solution procedure is the generation of the geometry and mesh.
The computational domain is a large vertical pipe of height 5.67m and a diameter of
0.189m. The geometry was created with Design Modeler and later exported to ICEM
CFD 17.0 meshing software. The mesh was generated using the O-grid method, then
the inlet was split for gas and liquid inlet boundary conditions. Fig. 2 shows the geom-
etry and inlet gas and liquid entrance.

3 Methodology

A computational dynamics approach using ANSY'S Fluent software is utilized to inves-
tigate the effect of sand particles in multiphase gas-liquid-solid flow. The method uses
the Eulerian Multi-fluid VOF to investigate the transient hydrodynamics effect of mul-
tiphase flow.

To simulate the transient effect and flow regime evolution, the interfacial area
transport equation (IATE) was utilized to model the change in interfacial area concen-
tration (IAC) by accounting for the interaction of bubbles at reasonable boundary con-
ditions. This eliminate the need for prior knowledge of the flow patterns. The validated
CFD- model was extended to investigate the 3-phase gas-liquid-solid flows.

__Pipe outlet
— 189mm
Outlet profile
Data point
()]
o
o
©
% 5.67m 45m
C
[}
|

Gas inlet

Liquid inlet

Fig. 2. Geometry and mesh



4 Mathematical Model

The mathematical description used to predict the multiphase flow is based on the
energy balance equation for three phases. The Eulerian multi-fluid VOF considers the
three phases to be interpenetrating continuum.

4.1  Mass Balance Equation

Gas:

d N

%+7-(agpgvg) =0 Q)
Liquid:

d -

% + V- (apv) =0 2
Solid

a s -

% +V- (0( spsvs) =0 (3)
Where:

agta+a;=1 4)

4.2 Momentum Balance Equation:

Gas:
d(agpgVy) —— o
% + V- (agpgVyVy) = —agVp — V- agty + agpgd + Mig ®)
Liquid:
a(“;—ilvl) + V- (ap V) = —ayVp — V- a7, + a,pi§ + My (6)

The term on the right-hand side of Egs. 5 and 6 represent pressure gradient, stress,
gravity and interface force respectively.
Solid:

0(“595%)

ot +v (aSPS—IZVS)) =—a;Vp — Va7, — Vps + aspsg + M5 (7

The solid momentum equation contains the solid pressure developed by [17, 18].
The stress tensor z, for each of the three phases can be expressed as:

Tg = THerr.g [Vv_g’ + (Vv—ng - § (Vv_gjl] (8)
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4.3 Closure Laws for stress and pressure:

The closure laws for the Eulerian model was derived from the Kinetic Theory of Gran-
ular flow as:

Ps = aS.Ds@s + Zps(l + ess) aszgo,sses (11)
Where:
1
0, =1u?, (12)
+d
Goss = —2 (13)
1
4 0
As = gaszpsdsgo,ss(l — €s5) (?)2 (14)
Where:

@ = granular temperature, e = restitution coefficient, A, = bulk viscosity, u. = particle
fluctuating velocity, g, = radial distribution function, s = distance between the grains,
for dilute flows,s — oo, therefore g, — 1 and vice versa.

4.4 Closure laws for interface exchange momentum.

The resolution of the applicable interface exchange forces is very critical to successful
modelling of multiphase flows. Various forms of empirical correlations for interface
forces and assumptions are considered. Selection criteria is based on whether it is a
fluid-fluid, fluid-solid and solid-solid exchange coefficient that is required. All ex-
change coefficients are functions of the drag function. To choose appropriate drag func-
tion depends on the drag coefficient. Because most interface coefficient are formulated
for two phase flows makes it more difficult to understand the interface exchange in
three phase multiphase flows.

From the Egs. 5 -7, the M; is the interface exchange momentum terms. The compo-
nent of the interfacial forces includes the drag and the non-drag forces (Eq. 15). The
drag is the dominant force that is accounted in this model.

M; = Fg + Fype + Fyy + By + Fig + Fy (15)

Because the other forces are comparatively small, only the drag force is accounted
for in this model.



4.5 Interfacial Transport Equation:

The inter-facial area concentration is defined as the inter-facial area between two phases
per unit volume. It is a simpler form of population balance modelling which uses a
single transport equation per secondary phase [12]. The transport equation for the in-
terfacial area concentration (IAC) is given as (fluent theory guide)

1
3(Dpg)
D¢

d(pgXg)
ot

— 2m
+ V. (pguy X,) = X, + ga—jxp +pg (Src + Swe + Sr1) (16)

2
Where X,, is the interfacial area concentration (%) and ay is the gas volume frac-

tion. The first two terms on the right-hand side of Eq. (16) are the gas bubble expansion

due to compressibility and mass transfer (phase change). m, is the mass transfer rate
-1

into the gas phase per unit mixture volume ( % ). Sgc and Sy, ¢ are the coalescence

and sink terms due to random collision and wake entrainment, respectively. Sy, is the

breakage source term due to turbulent impact.

5 Results and Discussion

The initial step of the solution procedure is the generation of the geometry and mesh.
The computational domain is a large vertical pipe of height 5.67m and a diameter of
0.189m. Four different gas velocities were investigated as indicated in table 2. The
comparisons of the results were done using standard void fraction and Probability den-
sity function approach similar to [19].

5.1  Flow Structure Visualization

The contour plot in Fig. 3 (case 1-4) shows the flow development of the flow regimes
at different superficial velocities: One simulation scheme was able to model bubbly
flow (case 1), churn turbulent flow (case 2), semi-annular flow (case 3) and annular
flow (case 4) regimes.
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Fig. 3. (Case 1 -4) Contour plot of the flow field




5.2 Time series Void Fraction Analysis

5.2.1 Superficial gas velocity of 0.1m/s.

Figure. 4 shows the void fraction plot for the experimental and CFD simulation results
for the superficial velocity gas velocity of 0.1m/s and liquid superficial velocity of
0.05m/s. The void fractions for both the experiment and CFD cases are an average of
0.6 which corresponds to bubbly flow.

z 2 Sim. gas void fraction (0.1m/s)
- Exp. gas void fraction (0.1m/s) 1
0.8 08
L5 0.6 MMMt vyt pAiisbog it L 0.6 i, Mok ans AL oA
7} g 7
3 0.4 vo4-
0.2 0.2
0 0
0 10> 20 3 (] 20 40 60 g
Time(s) Time (s)

Fig. 4. Experimental and Simulation results: Liquid and gas superficial velocity: 0.05m/s &
0.1m/s.

5.2.2  Superficial gas velocity of 0.21m/s.

Figure 5 shows the void fraction plot for the experimental and CFD simulation results
for the superficial gas velocity of 0.21m/s and liquid superficial velocity of 0.05m/s.
The result shows intermittent (churn turbulent) flows as reported in the experimental
results. Area average void fractions of 0.64 -0.7 extracted from the simulation com-
pared appropriately with experimental result.

Exp.Gas void fraction (0.21m/s) Sim. Gas VF ( 0.21m/s)
1 ] 0.8
0.8- 1
%M_ | " 0.6
[ ] £0.4/
$04 1 H
0.2- 1 0.2+
0 ’ . . i . o 0: s {
0 50 100 Tir;l15eﬂ(s) 200 250 300 0 2 4 6 8
Time (s)

Fig. 5. Experimental and Simulation results: Liquid and gas superficial velocity: 0.05m/s &
0.21m/s.
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5.2.3  Superficial gas velocity of 1m/s.

Figure 6 shows the void fraction plot for the experimental and CFD simulation results
for the superficial gas velocity of 1m/s and liquid superficial velocity of 0.05m/s. The
void fraction value of 0.77 - 0.85 indicates intermittent flows as reported in the experi-
mental results. Area average void fractions extracted from the simulation thus com-
pared appropriately with experimental results.

- Exp.Gas void fraction { Tm/s) F Sim. Gas Void Fraction {Tm/s)
0.8 et gttt Sl gt i u.s|
Sos L u.sl
n
ol 50.4
o
8 04
0.2
0.2-
0 . . . ‘ | % 10 20 30 40 50 60
0 10 20 30 40 50 60 Time (s)
Time(s)

Fig. 6. Experimental and Simulation results: Liquid and gas superficial velocity: 0.05m/s & 1m/s.
5.2.4  Superficial gas velocity of 4m/s.

Figure 7 shows the void fraction plot for the experimental and CFD simulation results
for the superficial gas velocity of 4m/s and liquid superficial velocity of 0.05m/s. Void
fraction result is 0.95- 0.99 which indicates the signature of annular flows as reported
in the experimental results. Area average void fractions extracted from the simulation
thus compared appropriately with experimental results.

a Exp: Gas void fraction ( 4m/s) . Sim: Gas Void Fraction (4m/s)
" " isginlionen f
0.8
£
[T
905 >0.6
o B0.4
0.2
0
1] 100 200 300 400 500 0 . N
Time (s) 0 5 10 15 20 25
Time(s)

Fig. 7. Experimental and Simulation results: Liquid and gas superficial velocity: 0.05m/s & 4m/s.

5.3  Probability Density Function (PDF) Analysis
5.3.1 Superficial gas velocity of 0.1m/s.

Another approach used in this analysis is the probability density function (PDF)
method. The PDF of flow regimes can be characterized by specific signatures and
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peaks. Although there is a little mismatch, however, this may be due to the sampling
rates. Bubbly flow is characterized by a single narrow peak (Fig. 8).

Exp. Probability density function (0.1m.s) 4SINL Probability Density Function (0.1m/s)

0.025 0.0
g:02 ] 0.03
0.015
'8 '8
a 00.02
2 0.01 o
0.005 0.01"
1] 0 . .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Gas VF Gas VF

Fig. 8. Probability density function (Liquid and gas superficial velocity: 0.05m/s & 0.1m/s.)

5.3.2  Superficial gas velocity of 0.21m/s.

It was noted that there is no Slug flow in the flow regime transition due to Taylor in-
stability as the bubble sizes covering the full diameter of the pipe cannot be developed.
This is a notable difference between small and large diameter pipes. According to [20],
a typical PDF curve of churn flow is a single peak slanted downwards, with average
VF of 0.7 and 0.85, similar to the observation in the simulation and experimental results
(Fig. 9). A slug flow would have exhibit a double peak.

. Exp. Probability Density Function ( 0.21m/s) 1§m. Probability Density Function ( 0.21m/s)
0.08 0.08
u 006 006
o |
0.04 T o4
002 0.02
0
0 0.2 0.4 0.6 0.8 1 0 :
Time (s) 0 0.2 0.4 0.6 0.8 1
Gas VF

Fig. 9. Probability density function (Liquid and gas superficial velocity: 0.05m/s & 0.21m/s).
5.3.3  Superficial gas velocity of 1m/s.

Semi annular flow is the transition range between the intermittent (churn turbulent) and
the annular flow. A VF between 0.8 — 0.9 correspond to this class of regimes (Fig. 10).
The discrepancy in the peak is because of the signal sampling and probably the pro-
cessing kernel used.
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Fig. 10. Probability density function (Liquid and gas superficial velocity: 0.05m/s &1m/s.)

5.3.4 Superficial gas velocity of 4m/s.

The PDF of this simulation shows the highest peak of the signal level and often narrow
peak. This correspond to between 0.85 -0.99 [20] (Fig. 11).

y— Exp: Probability Density Function (4m/s) - Sim. Probability Density Function ( 4m/s)
0.02
0.04-
w 0.015
o ™
% 0.01 20.03
0.005 0.02.
0 . . .
0 0.2 0.4 0.6 0.8 1 0
Gas VF 0.8 0.85 0.9 0.95 1
| Gas VF

Fig. 11. Probability density function (Liquid and gas superficial velocity: 0.05m/s & 4m/s.)

A validated CFD model has been produced that can stimulate all flow regimes with-
out prior knowledge of the flow patterns. This model is extended to investigate the
impact of solid particles on the pressure gradient, liquid & gas holdup and regime tran-
sitions.

5.4  Three Phase Gas-Liquid-Solid flow simulation with CFD.

The hydrodynamics of gas-liquid-solid was investigated in this section using the CFD
simulation scheme earlier validated for gas-liquid flows. The scheme was extended to
investigate the impact of sand particles in the flow field and on the flow regime transi-
tions. In this paper, only the intermittent flow is presented while further investigation
is ongoing. The results showed that the presence of sand particles could change the flow
dynamics and the flow regime classification and transition. The mass flux approach
was used to determine the minimum mass flux threshold and deposition phenomenon.
Different sand volume fractions were investigated to study the fluidization of the sand
particles. The operating conditions for the churn turbulent flow investigated are listed
in Table 3.
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Table 3. Operation parameters for Churn Turbulent flow

Churn Turbulent (Intermittent) flow parameters

Sand Volume 5% 2.5% 1% 0.5% 0.1%
fraction

Mass flux 0.73 0.365 0.146 0.073 0.0146
(kg/s)

Particle density 2500 2500 2500 2500 2500
(kg/m®)

Particles diam- 0.00025 0.00025 0.00025 0.00025 0.00025
eter (Lm)

Particle veloc- 1.3395 1.3395 1.3395 1.3395 1.3395
ity (m/s)

Gas phase ve- 1.3395 1.3395 1.3395 1.3395 1.3395
locity (m/s)

Liquid phase 0.0593 0.0593 0.0593 0.0593 0.0593
velocity (m/s)

5.4.1 Intermittent (Churn Turbulent) Case.

Five sensitives were investigated. The solid volume fraction was varied from 5% to
0.1% to determine the mass flux when sand deposition or full fluidization will occur.
The results so far are shown in the contour plot of Fig. 12.

5.4.2 Sand Deposition analysis- sand void fraction

The deposition of sand particles was investigated in this section at different axial length
of the flow domain. As sand particles were injected into the fluid phases, the mass flux
was used as the main variable to investigate the particulate deposition and transport.
Sand void fraction approach was used to determine the amount of sand left at the bottom
of the pipe. The imbalance signifies the particulate deposition. Table 4 shows typical
imbalance approach to determine sand deposition.
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Fig. 12. Gas VF contour plots for various sand flux
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Void Fraction variation plot
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Fig. 13. Void fraction variation.
Table 4. Sand transport imbalance in pipe.
Axial position Inlet Outlet Imbalance
Sand VF @ 5% 0.73 0 0.73
Sand VF @ 2.5% 0.365 7.856e-12 0.365

As shown in Fig. 12b, although the particles were fluidized but they were not fully
transported to the surface. Solid phases obtained the same momentum from the gas
phase but the mass flux was a determinant on the transportation of the solids (Fig. 12
c-f). The time averaged solid holdup determines the solid fluctuations and movement.

5.4.3 Mass Flux effect.

As shown in the results, the mass flux influences the hydrodynamics of the flow field.
Knowing this threshold is the key to determine if deposition will occur or not at a given
flow condition as listed in Table 3. As shown in Fig. 12, the mass flux determines the
flow structure, gas & solid hold up distributions and the solid movements.

The solid volume fraction distribution at the bottom of the pipe is highest at 5%
volume fraction which corresponds to 0.73kg/s, although, fluidization occurred, no
sand was lifted to the surface above 2m axial length of the pipe. At lower sand volume
fractions of 2.5% (0.365kg/s), it was discovered that some sand particles could be lifted
to the surface but higher proportion of the sand were settled back at the bottom of the
pipe. This is a typical case scenario of an oil well operations where sand deposition
occurs at high sand flux irrespective of the flow conditions. Fig. 14 (a-d) shows the
sand hold up of 2.5% volume fraction while Fig. 15 (a-c) shows the sand holdup of 1%
volume fraction at different axial height.
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Fig. 14. Sand volume fraction: 2.5%, same velocity as carrier gas phase (1.3395m/s)
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Fig. 15. Sand volume fraction: 1%, same velocity as carrier gas phase (1.3395m/s)

6 Conclusion.

CFD simulation of gas-liquid vertical pipe hydrodynamics were performed using the
Euler-Euler multi-fluid volume of fluid coupled with interfacial area concentration
method. The model could predict all flow regimes without prior knowledge of the flow
patterns. The model was validated with experimental data and compared appropriately
using the void fraction and probability density methods. The numerical scheme was
extended to investigate the impact of sand particles in the flow field. The findings and
key conclusions are as follows:

CFD results were compared appropriately with experimental results. The interfacial
area transport equations could model the bubble coalescence and breakage, thus being
able to model the flow regimes appropriately. The VF and PDF analysis method were
used to analyse the similarities of results. The CFD simulation scheme could simulate
the various flow regimes without prior knowledge of the bubbles sizes and void frac-
tions.

The flow hydrodynamics of two phase gas-liquid flows is highly impacted by the
presence of solid phase. The flow structure and the void fraction (bubbles coalescence
and breakage) and interface of the gas bubbles were different than that of gas-liquid
flow. Thus, knowledge of flow hydrodynamics of gas-liquid is not appropriate to un-
derstand gas-liquid-solid flow and cannot be used for the design of pipes where sand
particles are envisage in the multiphase flow even at low concentration of solids.

The phenomenon of mass flux could be used to investigate the deposition of sand
particles at the bottom of vertical pipes. The threshold of mass flux at a given flow
condition is a feasible strategy to determine when sand deposition would occur. It was
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evident in the foregoing that mass flux impacts the hydrodynamics transportation of
gas-liquid-solid multiphase flow.
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