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ABSTRACT

The separation of liquid-liquid dispersions in horizontal pipes is common in many industrial sectors. It
remains challenging, however, to predict the separation characteristics of the flow evolution due to
the complex flow mechanisms. In this work, Computational Fluid Dynamics (CFD) simulations of the sil-
icone oil and water two-phase flow in a horizontal pipe are performed. Several cases are explored with
different mixture velocities and oil fractions (15%-60%). OpenFOAM (version 8.0) is used to perform
Eulerian-Eulerian simulations coupled with population balance models. The ‘blending factor’ in the
multiphaseEulerFoam solver captures the retardation of the droplet rising and coalescing due to the com-
plex flow behaviour in the dense packed layer (DPL). The blending treatment provides a feasible compen-
sation mechanism for the mesoscale uncertainties of droplet flow and coalescence through the DPL and
its adjacent layers. In addition, the influence of the turbulent dispersion force is also investigated, which
can improve the prediction of the radial distribution of concentrations but worsen the separation char-
acteristics along the flow direction. Although the simulated concentration distribution and layer heights
agree with the experiments only qualitatively, this work demonstrates how improvements in drag and

coalescence modelling can be made to enhance the prediction accuracy.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

c coalescence rate, m—3 s-!

Cp drag coefficient, dimensionless

CL lift coefficient, dimensionless

Crmp turbulent dispersion coefficient, dimensionless

Cum virtual mass coefficient, dimensionless

Cwi wall lubrication coefficient, dimensionless

D pipe diameter, m

d droplet diameter, m

d3n initial Sauter mean diameter, m

ds; Sauter mean diameter, m

Eo Eotos number, dimensionless

f blending coefficient, dimensionless

h layer height, m

k turbulent kinetic energy, m? s—2

hco layer height for the continuous water at the inlet, m

hoo layer height for the continuous oil at the inlet, m

hpo layer height for the dense packed layer at the inlet, m

M momentum exchange term, N m3

p pressure, Pa

Py droplet breakup probability, dimensionless

Greek letters

€oF minimum volume fraction for fully continuous oil
phase, dimensionless

€op minimum volume fraction for partly continuous oil
phase, dimensionless

€ oil phase volume fraction, dimensionless

EwF minimum volume fraction for fully continuous water
phase, dimensionless

minimum volume fraction for partly continuous water
phase, dimensionless

water phase volume fraction, dimensionless
character size of eddy, m

liquid dynamic viscosity, Pa - s

collision frequency, m—3 s!

density, kg m—3

surface tension, N m~!

turbulent energy dissipation rate, m? s—3
partial breakup rate, m—3 s-1

total breakup rate, m—3 s~

shear stress tensor, N m—2

M
=
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Abbreviations

CFD Computational Fluid Dynamics
DPL Dense Packed Layer
PBE Population Balance Equations

PBM Population Balance Model
TFM Two-Fluid Model
VOF Volume of Fluid

Subscripts

C continuous water phase
0 continuous oil phase

P dense packed layer

m mixture phase

o oil phase

w water phase

1. Introduction

Liquid-liquid two-phase flows are widely encountered in the
chemical and energy industries but it remains challenging to pre-
dict the flow patterns and separation characteristics. This is due
to multiple controlling factors such as operating conditions, geo-
metrical parameters, and physical properties such as density, vis-
cosity, and interfacial tension (Ahmed and John, 2018; Kamp
et al., 2017). Nevertheless, flow patterns in horizontal pipes have
received considerable attention, and several regimes have been
identified by different researchers (Trallero, 1995; Angeli, 1996;
Angeli and Hewitt, 2000; Nddler and Mewes, 1997; Brauner,
2001; Xu, 2007; Ibarra et al.,, 2015). Although there have been
slight differences in their identification nomenclatures, in general,
three flow patterns might be observed: separated (or stratified)
flow, fully dispersed flow (interchangeable role of the two phases),
and semi-dispersed or semi-continuous flow with various sub-
modes in terms of mixing layers and intermittent interfaces. In
horizontal pipe separators of initially dispersed oil-in-water two-
phase flows, four layers might be observed from the top of the
pipe: coalesced continuous oil, dense packed layer (DPL), flotation
layer, and continuous water. The rate of flotation depends on the
droplet size and the holdup of the dispersed phase. If droplet flota-
tion is faster than drop-interface coalescence, the droplets will
accumulate in the dense-packed zone, in which the droplet size
grows due to coalescence. The interfacial coalescence rate depends
on the final droplet size and height of the DPL. In contrast, binary
drop or drop-drop coalescence hardly occur in the flotation layer.

There are many experimental studies on coalescence for oil-
water systems. Dong et al. (2019) studied the coalescence between
a droplet and the liquid interface of its continuous homophase by

using a planar laser-induced fluorescence (PLIF) technique and a
fluorescent surfactant. Weheliye et al. (2017) studied the droplet
coalescence with a flat interface in the presence of surfactants by
using Particle Image Velocimetry (PIV). Ismail et al. (2015) summa-
rized typical experimental systems of oil-water flows in horizontal
pipes. Khatri et al. (2011) reported that surfactant can increase the
emulsion stability and reduce the coalescence rate. Schumann
et al. (2016) utilized a focused beam reflectance measurement
probes (FBRM) to measure the droplet size distribution in water-
in-oil dispersed flow in a 10 cm-ID horizontal pipe. They found that
droplet size profiles in water-in-oil dispersions show a stratifica-
tion over the cross-section, which is different from oil-in-water
dispersions. Yu et al. (2020) developed a method of swept-
frequency ultrasound attenuation to measure the oil fraction in
pipes. Nguyen et al. (2017) conducted experimental and modeling
studies of droplet deposition and coalescence in curved pipes, and
employed an empirical correlation for droplet size distribution.

In order to describe and predict the dynamics of the layers that
form when dispersed liquid-liquid flows separate, in either batch
separators or continuous flow pipes, modeling work can be carried
out (e.g., Hartland and Jeelani, 1988; Jeelani and Hartland, 1998;
Jeelani et al., 1999; Henschke et al., 2002; Pereyra et al., 2013;
Weber, 2021), and population balance equations (PBE) can be used
to incorporate the effects of droplet size distribution (Cunha et al.,
2008; Grimes, 2012; Grimes et al., 2012). Hu et al. (2006) devel-
oped a method to predict phase inversion in liquid-liquid flows
by combining an equal surface energy criterion with PBE mod-
elling. Weber (2021) also proposed energy consumption as a crite-
rion for modeling liquid-liquid separation or other gravity-driven
multiphase flows. Kopriwa et al. (2012) reviewed drop-
population balance models for extraction columns, which can be
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relevant for horizontal pipes. According to previous works, the sep-
aration is influenced by the droplet coalescence rate, especially in
the DPL.

The influence of the DPL needs special consideration in the
modeling work. For instance, Cunha et al. (2008) assumed the
interfacial coalescence rate is proportional to the height of DPL,
while Grimes (2012) calculated the interfacial coalescence time
from appropriate film drainage models which would be specific
to the studied systems. Lobo et al. (1993) proposed a film drainage
time model which depends on the buoyancy force in the DPL with
considerable thickness, and a coalescence model for small droplets
(< 100 pum). The DPL behaviour has also attracted research atten-
tion in gas-liquid flow systems, such as in the metallurgical slag
foaming processes (Wang et al., 2020) and in the CANMET reactors
(Guitian and Joseph, 1998), where the foam layer can significantly
impact the process safety and efficiency.

Computational fluid dynamics (CFD) has been used to study
the flow and separation behaviour of oil-water dispersed flows
(Laleh et al., 2012; Oshinowo et al., 2016), and the population bal-
ance model (PBM) has been used widely to describe the droplet
size distribution (Kharoua et al.,, 2013; Oshinowo et al., 2016).
Oshinowo and Vilagines (2020) simulated water-in-oil emulsions
by using an Eulerian multiphase model, where the emulsion vis-
cosity depends on the local droplet size distribution, which per-
mits the prediction of the DPL thickness. Panjwani et al. (2015)
investigated the water-in-oil separation process by experiments
and simulations and highlighted the DPL coalescence modeling.
They adopted different sub-models for the sedimentation layer,
the DPL, the binary coalescence, and the interfacial coalescence.
They also pointed out that droplet movement in the DPL is dom-
inated by the momentum exchange between the two phases.
Therefore, in their work, an ad hoc modification of the drag force
based on the Hartland-type model (Jeelani and Hartland, 1985)
was used, and the binary coalescence kernels were closed by
models (Grimes, 2012; Grimes et al., 2012), while interfacial coa-
lescence was modeled by a water release rate and a phase inver-
sion criterion.

Li and Christian (2017) studied droplet breakage and coales-
cence of turbulent liquid-liquid flows in stirred tank reactors,
and used a multi-fractal model for breakage and coalescence
through a variant of the quadrature method of moments, which
was coupled to the PBM within a two-fluid model (TFM).
Pouraria et al. (2021) simulated dispersed water-in-oil flow in hor-
izontal pipes by using CFD-PBM and predicted the Sauter mean
diameter well. In the simulation of emulsion in a rotor-stator
device, the droplet breakage rate was corrected by a mesoscale
model to improve the prediction of droplet size distribution
(Chen et al., 2019). Eulerian simulations of liquid-liquid disper-
sions in pump facilities have also been reported (Valdés et al.,
2021; Zhou et al., 2021), in which the PBM kernels were deliber-
ately selected based on the specific platforms. In certain studies,
coalescence is neglected in the CFD-PBM simulation of dilute or
high-turbulence dispersions (Eskin and Vikhansky, 2019; Maluta
et al.,, 2021). In addition, Shi et al. (2021) conducted a Volume-
of-Fluid multiphase simulation of high viscosity ratio oil-water
flows, which predicted the flow patterns well.

From the above literature review, it is clear that predicting the
separation characteristics of oil-water dispersed flow, either in
batch separators or in pipelines, remains a challenge. Batch mode
mechanistic models usually require an input of key parameters
that are specific to given systems. On the other hand, the CFD-
PBM simulation provides a versatile framework, because of the
layer-specific behaviour, e.g., mesoscale structures of packing dro-
plets and draining films; the PBM kernels would also require
parameter fittings for specific multiphase flow systems. In the pre-
sent work, we carry out a study that employs OpenFOAM CFD sim-
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ulations coupled to PBM. We demonstrate the use of the so-called
‘blending factor’ in multiphaseEulerFoam in modelling the retarda-
tion of drop rise and coalescence within the DPL and in capturing
the separation characteristics of oil-in-water dispersed flows in
horizontal pipes.

The rest of this paper is organised as follows. Section 2 presents
the physical setup and the numerical method in detail. The results
and discussion are presented in Section 3 focusing on the concen-
tration profiles and layer heights of the separating flow, as well as
the influence of the blending treatment and the turbulent disper-
sion force in the simulation. Finally, Section 4 gives concluding
remarks of the present work.

2. Problem formulation and simulation methods

In this section, we provide details of the numerical methodol-
ogy used to model the two-phase flow dynamics that accompany
the separation of oil-and-water dispersed flows in horizontal pipe-
lines. We begin by providing a concise description of the physical
setup which is modelled in the present work; this setup is also
used to generate the data utilised to inform and validate the
numerical predictions.

2.1. Physical setup

The experiments were conducted with the flow rig developed
by Voulgaropoulos (2018). The flow rig consisted of two horizontal
7 m long and 37 mm diameter (+0.3 mm) acrylic pipes which are
connected by a U-bend. The oil phase was introduced to the pipe
through a multi-nozzle inlet in order to create an oil-in-water dis-
persion. Conductivity measurements with dual-conductance
probes were implemented at axial measuring locations (20D,
65D, 80D, 135D and 150D, where D is the pipe diameter) in the
front pipe of the flow rig, to study the droplet size and layer evolu-
tion. Measurements were taken for every Ay = 0.054D in the verti-
cal direction of the pipe cross-sectional, and the vertical time-
averaged oil fraction profiles obtained from the conductance
probes for At = 10 s were used in this work.

Several cases were explored with different mixture velocities
(0.52 and 1.04 m/s) and input oil concentration (15%, 30%, 45%
and 60%), and the experimental results of the oil concentration
profiles and evolving layer heights were collected to validate
the simulations; the parameters can be found in Tables 1 and 2.
In Table 2, hco, hoo and hpy are the layer heights at the inlet for
the continuous water, the continuous oil and the dense packed
layer respectively. The last three columns of Table 2 show the
measured Sauter mean diameter of the oil droplets at the inlet
(x=0), x=65D, and x = 135D respectively. Layer boundaries
were defined through the oil concentration profiles; following
Voulgaropoulos (2018) the boundary for the DPL is set at 0.90
oil fraction.

2.2. Governing equations of the Eulerian framework

The oil and water phases are taken to be incompressible, New-
tonian, and immiscible, of constant density and viscosity, and a
well-defined interfacial tension. The equations of mass and
momentum conservation are respectively expressed by

0
ot (& P TV (€ pr U) =0, (1)

1s]
P (€ Uk) + V- (€xp UkUx) = =€V + V - (€xTx) + €0y 8 + My,
(2)
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Table 1
Physical properties of the experimental system.
Liquid Phase p(kgm3) u(Pa-s) g(Nm1)
Water Aqueous 09 x 1073 ~0.0329
Exxsol D140 Organic 55x%x 1073
Table 2

Operating parameters of the experiments.

U (ms™1) €o h¢y = heo/D hé = hoo/D hyo = hpo/D ds20 (Mm) d33sp (Mm) d3435p (Mm)
0.52 0.30 0.405 1.0 0.76 341 3.50 3.90
0.52 0.45 0.365 0.811 0.65 4.03 427 433
0.52 0.60 0.27 0.703 0.59 4.25 4.35 4.56
1.04 0.15 0.405 1.0 0.92 1.14 1.31 1.42
1.04 0.30 0.189 1.0 0.92 1.27 145 1.65
1.04 0.60 0.122 1.0 0.81 243 2.56 2.74

where the subscript of k = o, w represents the water and oil phases,
respectively, and 7 is the stress tensor:

2
T = Mo VUk+(VUk)T7§(V-Uk)l . (3)

The rate of momentum transfer per unit volume between the
phases, My, consists of several terms that would be caused by drag,
lift, virtual mass, turbulent dispersion, and wall lubrication forces:

M, = -M,, = M? + M + MM + M + M. (4)

The individual terms can be expressed as below, and more details
can be found from references (Deen et al, 2001; Lopez de
Bertodano, 1992; Cheng et al., 2018):

M2 =2 €0p,, G U — Uol(U, — Uy) (5)
M; = —€0,,CL(Uy — U) x (V x Uy), (6)
MY = e, Con (T - ). @)
M. = —p, kwCrp Vo, (8)
M) = —€,p,, max (Cwl + sz%ﬁ) an, (9)

where d, and R, are the oil droplet diameter and radius, respec-
tively, n,, is the outward facing unit vector on the wall, and y is
the distance from the wall. The drag coefficient Cp is calculated
by the distorted droplet drag model from (Ishii and Zuber, 1979):

g(py — po)d [1+17.67[f (€))7 )
o 18.67f(€,) ; (10)

2
CD:§

fle)=Vi-e (Z—W) (11)

m

me -(1- 60)72.5(u0+0.4;¢w)/(;tn+;4w). (12)

As discussed in Rusche (2003), the above equations for calculating
the momentum exchange are not valid to model phase inversion
and separating flows, such as the gas-liquid flow in bubble col-
umns. In those flows, the originally dispersed phase can shift to
continuous phase and vice versa, then the flow parameters will
swap their roles in the equations, and a diameter must be specified
for the original continuous phase. To this end, OpenFOAM provides

an optional blending treatment for all the interfacial forces, which
enables determining the dispersed and continuous phase locally
for each cell. Obviously, this work needs to include the blending
treatment in order to simulate the phase separating process. The
influence of blending will be discussed in Section 3.1.

The blending treatment was exerted on all the interfacial forces.
For simplicity, the treatment is illustrated here by only taking the
drag force as an example, and more details can be found in litera-
ture (Rusche, 2003; Li and Christian, 2017).

M = foM +f oM,

_ 3 CDo CDW
= o (Fopu o P T Uy~ BB U, (13)

where f, and f,, are the blending coefficients for the two phases, d,
is the oil droplet diameter and d, is the diameter of the original
continuous phase which will be automatically invoked by the
blending treatment. In the present work, only the oil droplet size
d, was calculated by the PBM method, and when oil is the continu-
ous phase, a constant d,, was used as the dispersed phase diameter
in the momentum exchange. It should be noted that the blending
treatment considers three possible regimes of oil-in-water, water-
in-oil, and water-and-oil. It works through calculated blending coef-
ficients in the first two regimes featuring dispersed flows. While for
the third regime (i.e. fully separated flow), a default segregated
model (Marschall, 2011) was adopted for the drag, that is,

VEO ol*w
MSegregated = A(Reh nu) | 5 | ,u'uf‘u (Uo - Uw)a (14)
where
/(Re;, m,) = mRe; + nm, (15)
PuolUo — Uy |
e = , 16
! 60€W1u0:uw/(luo + IMW) ( )
T, — €o€wﬂoﬂw/(60ﬂo + 6w,“w) 7 (17)
Holw/ (Mo + M)
. 1
d= Vel (18)

Although the blending source code has considered three terms for
the momentum exchange, denoted by

M :fl MmodellInZ +f2Mm0d9121n1 + (1 _fl _fz)Mmodeh (19)

the third term lacks available models for most interfacial forces
except the drag force, and if the condition of f, +f, = 1 is satisfied
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(should be recommended for two-phase flows requiring the blend-
ing treatment), this term will be zero and hence can be omitted.

There are two methods for calculating the blending coefficients,
i.e. linear and hyperbolic in the current solver. In the linear
method, four volume fraction parameters of €., €,p, €wr, and €y p
need to be defined to determine the local role of each phase,
thereby f, and f,, are calculated as follows:

f, = min (max <%0> , 1>, (20)
f,, = min <max (%0)1) 21)

For €, — 1, water is the dispersed phase in oil, and d,, is used for cal-
culating the drag force. Similarly, using a tanh to smooth the blend-
ing function for f, and f,, one can write:

fo- 1 + tanh (4/l;w(ew - EW.F))7 (22)

fo- 1+ tanh (4/230(60 — €oF)) 7 (23)

where B, and B,, represent the phase transition parameters, and €,
and €, r are volume fraction parameters.
The lift coefficient can be modeled by Tomiyama et al. (2002):

- {min (0.288tanh (0.121Rey,),f(Eo)) if Eo <4
" \f(Eo) if 4 < Eo <107
(24)
f(Eo) = 0.00105E0® — 0.0159E0* — 0.0204E0 + 0.47. (25)

The virtual mass force is neglected in the present work, considering
that the density difference between oil and water is much smaller
compared to gas-liquid flows.

There are several models for the turbulent dispersion force, and
more details can be found in the literature (Wang and Yao, 2016;
Pouraria et al., 2021). At first, the turbulent dispersion force is
not included to simplify the exploration of the blending effects,
then its effect is studied in Section 3.2. The wall lubrication force
is modeled by Antal et al. (1991) with typical coefficient values
of Cy; = —0.01 and C,; = 0.05. The mixture k — € model is used
to calculate the turbulent viscosity, and more details can be found
in the reference (Behzadi et al., 2004; Bhusare et al., 2017; Cheng

et al., 2018):
t
V. (hwm> e
Ok

0 _ . [t
St (onen) + 7 (opUnen) = V- (2 Ve, )

PmEm + Sy,
(26)

0
o Prkm) + V- (0 Unmkim) =

€ m
+ﬁ (Cg] Gl( — ngpmﬁm)
€m cm
+Cs3ﬁ5k7 (27)

where the source term Sy was calculated by the model proposed in
Lahey (2005), that is,

n 43), [Uw = U’
st =61+ >60T°, (28)
with C, = 0.25. The mixture variables were calculated based on the
volume-averaged method for each phase (Cheng et al., 2018). This
model was recommended by Behzadi et al. (2004) for modelling
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dispersed bubble and droplet flows at high phase factions. The
model can be applied to all phase fraction values and it can also
reduce to the single phase model. When the phase fraction is higher
than the limit value (e.g., > 6%), the response function, which
means the ratio of velocity fluctuations between the dispersed
and continuous phase, approaches a constant value, indicating that
both phases fluctuate as one entity and hence the mixture assump-
tion becomes reasonable. Since the studied flow system undergoes
phase inversion with high concentration (> 15%), it should be suit-
able to use the mixture k — € turbulence model in this work.

2.3. Population balance model

The class method developed by Kumar and Ramkrishna (1996)
is used to solve the population balance model of the droplet. A ser-
ies of droplet classes are specified and the population balance
equations are expressed as below. The so-called binaryBreakupMo-
dels algorithm developed by Liao et al. (2018) is used for calculat-
ing the breakup.

d(€of})
a

V- (&Udf;) = Si, (29)

where §; is the source term for droplet coalescence and breakup,

jzk

5 - S

jk
Xio1 < (% + X)) < (Xip1)

(1 = 30m)me (x4, %) ol ey,

M
Y X *Eufigc("rxk)%

M
+Z€Jj[ (%1, %) A ( ])+ZQp(xk,xJ)Y.JkAvk )| — €of; ZQ X, %) Avy(i),
k=1
(30)
Xi 11—V
x::]]—x, Xi < V< X
I 7 31)
woxy Xl SUSKX
(%% ) —%i_1 if <
T, 0 X S XX < Xi
Yii = < % (x-—x . 32
ik # if X <X — X < X1’ (32)
0, else
Vis1 — U, if vy <x/2
Al)i(i) = xj/Z — Ui, if Vi < Xj/2 < Vi41, (33)

07 if 4 >xj/2

where c(x;,x;) is the coalescence rate, and Q,(x;,x;) is the partial
breakup rate. In the present work, the Prince and Blanch (1990)
model is used as the coalescence kernel and the Luo and
Svendsen (1996) as the breakup kernel. A concise description of
the model equations is given hereafter and more details can be
found in the reference (Liao and Lucas, 2010; Liao et al., 2018)
and "C++ Source Code Guide” of OpenFOAM (version 8).

The partial breakup rate is calculated by the following

expression
2
/ Y1+
. 511/3

min

13
Q, (x;.x) = 0.923(1 — )(d—‘Z) x

i

12c;0
<o (5, st .

and the total breakup rate of droplet class i can be obtained by

ZQP Xj, Xi

and ¢, and cf are respectively expressed by

YAV (j), (35)
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€

\ 2/3 \ 2/3
() ()

The coalescence rate is calculated by multiplying with the collision
frequency w(d;,d;) and coalescence efficiency P(d;, d;), and the for-
mer accounts for turbulence, buoyancy, and laminar shear, denoted
by o', w8, and w", respectively:

34025
Ei = 114 |:(.uw/pw) :| , (36)

C(di,dj) = Cl)(di7dj)P(di,dj), (38)
(U(di,dj) = a)T(di,dj) + Q)B(di,dj) + CULS(di,dj)7 (39)

(dd) = Ev2E (d + )P (€ + ) 40
o (di,dy) =7 V26 (d + ) (2P + d7°) (40)

wB(di7dj) = % (dl + dj)2

uf -, (41)

1 .
" (di, dj) =5 (di + dj)3'VW7 (42)

where €, is the turbulent energy dissipation rate, },, is the shear
strain rate of the continuous phase, and u! is the rise velocity of
bubble i:

= ,/2‘1i7+0.505gd1. (43)
pw 1

The coalescence efficiency is expressed as

r3
P(di,d;) = exp { - ”pwln<@>6@/3ri}2/3 7 (44)

160 hf

in which ry is given by

1 1\
n=(z+7) - 45)
with the coefficients of hg = 10~ and h; = 1078,

2.4. Simulation implementation

The multiphaseEulerFoam solver in OpenFOAM (version 8.0)
was used for the coupled Eulerian-Eulerian simulations and the
PBM equations. Physical properties can be found in Table 1. Struc-
tured meshes were generated by the utility of blockMesh. Since the
experimental measurements were performed on the first 7 m
length pipe, only this part was selected as the simulations domain.
According to Table 2, the flow parameters at the inlet for the sim-
ulation can be defined. That is, the inlet was split into three patches
corresponding to the values of hcg, hop and hpg, in which the mix-
ture velocity Uy, was set for both phases, and the volume fractions
of €, and €,, for each patch were calculated based on the average oil
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which set the pressure gradient such that the flux was consistent
with the velocity boundary condition. In all cases, the mixture
k — € model was used for the turbulent equations. The turbulent
intensity was estimated by an empirical correlation (Pouraria
et al,, 2021),

[=0.16Re"" ¥, (46)

As to the size distribution in PBM, it consisted of 22 size bins ranged
in 1-5 mm. Two kinds of setup were tested for the initial size frac-
tions: one is a uniform size class fraction of 0.05 for all the 20
classes except the two endpoints; the other is a dominating fraction
of 0.9 for the size class most close to the initial diameter ds,g, along
with smaller fractions of 0.05 for the two adjacent sizes. Preliminary
simulations demonstrated that the results were insensitive to the
initial distribution, so the non-uniform distribution was used for
all cases. The transient PIMPLE algorithm was used to solve pres-
sure-velocity coupling. The generalised geometric-algebraic
multi-grid (GAMG) solver along with the DIC smoother was used
to solve the pressure equation, while the smoothSolver combined
with symGaussSeidel smoother were used for solving the other
equations. More details about the boundary conditions and dis-
cretization schemes can be found in Tables 3,4.

The blending parameters adopted the default values
€or = €wr = 0.7 and €,p = €yp = 0.3; the effect of the blending
function on the results will also be discussed. The droplet diameter
of the continuous phase was first set arbitrarily as d,, = 0.5 mm; its
effect will also be discussed in the following sections since it has a
significant impact on the simulation results. In order to obtain a
steady flow pattern, the flow time is set as 16 s for Uy, = 0.52 m/
s and 10 s for U, = 1.04 m/s. Adaptive time steps were used in
order to ensure the convergence, and a time step of 0.0025 s
worked well for cases with medium grid resolution. The running
time was 80-100 h for each case on a four-nodes parallel comput-
ing mode. All simulations were performed on the high-
performance computing system (Intel® Xeon(R) CPU E5-2620,
2.00 GHz, RAM 64 GB). Regarding the influence of the grid resolu-
tion, three meshes with 180000, 345600, and 720000 cells were
compared for the case of U, = 1.04 m/s and €, = 0.3.

Fig. 1 shows the flow rig reported in Voulgaropoulos (2018) and
a snapshot of a typical flow development along the pipe for the
case of Uy, = 1.04 m/s and €, = 0.3. The separation behaviour in
the flow pipe can be observed through the oil concentration, where
red colour indicates oil and blue indicates water. The flow velocity
vectors and streamlines provide insight into the structure of the
velocity field. Fig. 2 depicts the variation of the oil volume fraction
with the normalised vertical direction for three axial stations along
the pipe, x/D = 20,80, 150, for the same parameters as in Fig. 1.

Table 4
The discretization schemes.

Modeling terms Keywords of Schemes Schemes

Gauss vanLeer
Gauss linear
Gauss linear uncorrected

divSchemes
gradSchemes
laplacianSchemes

Convection terms
Gradient terms
Diffusive terms

concentration and the area ratios. By this way, the flow parameters Timeo‘:ﬁrivative - ddltstc,he‘;";s f“ler
L. . . . ers nterpolationSchemes nea
in simulations approximate the experimental setup well. At the r ! s;pGradlSOchemes ¢ unc:)rrecrted
inlet, the fixedFluxPressure condition was adopted for pressure,
Table 3
Boundary conditions.
Boundary fields Inlet Outlet Walls
Phase fraction fixedValue inletOutlet zeroGradient
Velocities fixedValue pressurelnletOutletVelocity fixedValue
Pressure fixedFluxPressure prghPressure fixedFluxPressure
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Fig. 1. The flow rig and simulation of the oil-water flow in a horizontal pipe separator for the case of Uy, = 1.04 m/s and €, = 0.3, dy, = 0.5 mm. The physical and operating

parameters are in Tables 1,2, and the numerical setups are listed in Tables 3,4.
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Fig. 2. The influence of the grid resolution through the concentration profiles, d,, =
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Fig. 3. The method to determine layer heights from the simulation results, d,, =
0.5 mm. hc, hp and ho are layer heights of the continuous water, dense packed layer
and coalesced oil, respectively.

Here, it is seen clearly that convergence of the numerical results
has been achieved upon mesh refinement, and the mesh corre-
sponding to 345,600 points (‘Mesh2’) is adopted for the remaining
computations discussed in the present work. The deviation
between the simulation results and the experimental data will be
discussed in the next section.

For the simulated results, the layer heights are read from the
concentration profiles at x/D = 65 and x/D =135, while three other
concentration profiles are read at x/D = 20, 80 and 150, respec-
tively. Fig. 3 shows an example for determining the layer height,
where hc,hp and ho are layer heights of the continuous water,
dense packed layer and coalesced oil, respectively. From the per-
spective of layer thickness, the continuous oil layer is assumed
for €, = 0.99, the packed layer for 0.90 < €, < 0.99, and the con-
tinuous water layer as €, < 0.

3. Results and discussion
3.1. Influence of blending treatment and d,,

We begin the discussion of our results by assessing their sensi-
tivity to the choice of d,. When blending is invoked, the solver
switches the dispersed phase diameter between d, and d,, for cal-
culating momentum exchange. Fig. 4 demonstrates the influence of
different d,, values on the simulated oil concentration profiles in
the normalised vertical direction, y/D, presented in the pipe mid-
plane. Smaller d,, values lead to a marked difference in the €, dis-
tribution across the pipe particularly for locations downstream
from the inlet. As shown in Fig. 4, the transition from the water
layer to finite oil fractions occurs at lower elevations than for larger
d, values; in contrast, the transitions to the dense packed and con-
tinuous oil layers occur at higher elevations indicating retarded
droplet rising in the upper region of the pipe. The sensitivity on
blending is also shown in Fig. 5 for Uy, = 0.52 m/s and €, = 0.3. Com-
parison of Figs. 5a and 5b demonstrates that the oil-water-
separation takes place further upstream than the case in which
blending is employed. This may be attributed to the difference of
the continuous phase viscosity, recalling the phase inversion in
the blending treatment. When a larger constant d, value of
3.41 mm (i.e., in accordance with the experimental measurement)
is used in the no-blending case, the separation is completed signif-
icantly closer to the inlet (see Fig. 5¢) than the cases depicted in
Figs. 5a and 5b. Based on these results, it is proposed that the
blending treatment may compensate for the overestimated rise
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Fig. 4. Impact of the parameter of d,, on the concentration profiles.
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Fig. 5. Influence of the droplet diameters of d,, and d, for the case of U, = 0.52 m/s,
€, = 0.3.

velocity and coalescence rate of the oil droplets, and will help to
reduce the rate of separation.

The mechanistic model proposed by Pereyra et al. (2013) (see
appendix for details) was further used for this flow system to com-
pare with the simulations to gain insight into the factors that affect
the separation, such as the order of magnitude of the coalescence
time and the separation length. Fig. 6 illustrates the layer height
comparison between the model calculations and the experimental
results for the case of Uy, = 0.52 m/s and €, = 0.45. With deceasing
initial droplet diameter of ds,0, the cross point between hp and hc
moves towards the outlet, indicating a decreasing separation rate.
When using ds;o = 0.2 mm, the dense packed layer height of hp are
well captured by the model calculation, which verifies the feasibil-
ity of adopting a much smaller diameter than the measurement to
calculate the drag force. However, the calculated hg is not sensitive
to dsyo even though its slope changes slightly.

The results presented thus far reveal that the blending treat-
ment can be used to improve the CFD simulation of separation
characteristics. The logic of the blending treatment is consistent
with the correction of emulsion viscosity (Oshinowo and
Vilagines, 2020). That is, the conventional drag force should be
enhanced by modifying either the viscosity of the surrounding
phase or the droplet diameter, noticing that the drag is propor-
tional to Cp/d,. Drag can be corrected by either decreasing droplet
diameter or increasing the viscosity.

A comparison between the linear and hyperbolic blending func-
tions was also carried out. The variation of the blending coeffi-
cients is shown in Fig. 7. For the hyperbolic blending, all model
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Fig. 6. Influence of the initial droplet diameter in the mechanistic model, Uy, =
0.52 m/s, €, = 0.45.

parameters were set at a constant value of 0.5, while for linear
blending, when one phase reached a volume fraction of 0.7, it
was considered continuous. This shifting is consistent with that
of the phase inversion reported in (Hu et al., 2006). Fig. 7a shows
the concentration profiles along the pipe, where only marginal
changes are observed for different cases between the two blending
methods. This is not surprising since the blending coefficients dis-
play small differences as shown in Fig. 7(b,c). Therefore, the linear
blending will be used. This section will discuss the simulation
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the linear and hyperbolic blending functions are shown in (b) and (c), respectively.
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Fig. 8. Parametric dependence of the oil concentration profiles in the pipe on ¢,
with U = 0.52 m/s, (a), and 1.04 m/s, (b), d, = 0.25 mm.

results using linear blending with d,, = 0.25 mm. Fig. 8 shows the
contour plots of the oil concentration. The dispersed regions in
Fig. 8(b) take up larger proportion of the whole pipe compared to
Fig. 7(a), indicating that the separation has slowed down. This

result agrees with the fact that decreasing d,, augments the drag
force between the two phases.

For the cases of U, = 0.52 m/s shown in Fig. 9, the concentration
profiles show better agreement between the experimental data
and the numerical predictions than those of d,, = 0.5 mm. In
Fig. 9(a,c,e), all the simulated curves are within the range of the
measurements except for the position of x/D=20, €, = 0.3. In
Fig. 9(b,d,f), three height values of the coalesced oil layer ho, the
dense packed layer hp, and the flotation layer hc are shown against
the mechanistic model, while only the first two heights are avail-
able from the experiments. Although the simulations overestimate
slightly the ho values, they show good agreement with the mech-
anistic model calculations with the model lines located between
the experiments and the simulations in each case. For the hp val-
ues, the simulations are higher than the experiments, but the dif-
ferences decrease with increasing oil concentration. Interestingly,
the model lines agree well with the experimental hp results at a
given dso. Coincidentally, the range of 0.1 ~ 0.2 mm for d3, is also
one order of magnitude smaller than the measured droplet diame-
ter, which corroborates the use of the modified d,,. For the h¢ val-
ues, the simulated results under-predict the model lines. Since the
droplets move with mild interactions in the flotation layer, the pre-
sent blending treatment might lead to enlarged hindering in this
region, and affect the rate of hc increase.

For the cases of Uy, = 1.04 m/s shown in Fig. 10, the predicted
concentration profiles are improved in comparison to the cases
using d,, = 0.5 mm (e.g., as seen in Fig. 2 for €, = 0.3), especially
in the top region of the pipe. Meanwhile, the prediction of layer
heights has significantly improved, though the concentration pro-
files are not satisfactory. ho and hp values show good agreement
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Fig. 9. Concentration profiles and layer heights for the cases of Uy, = 0.52 m/s, d,y = 0.25 mm. The mechanistic model adopts parameters of d3;o = 0.1 mm for €, = 0.3 and d3; =

0.2 mm for €, = 0.45, 0.6.

between the experiments, simulations, and the mechanistic model.
However, the simulated h¢ values differ from the model lines at the
lower input oil concentration cases. This inconsistency between
the concentration profiles and layer heights necessitates further
investigation with the simulations.

3.2. Influence of the turbulent dispersion force

Regarding the deviation in the previous results, the turbulent
dispersion force is added in the force models. Turbulent dispersion

10

force considers the process that the particles were caught up in
continuous phase turbulent eddies, and then carried from high
concentration to low concentration regions. Lopez de Bertodano
(1992) proposed a volume fraction based gradient model (Eq. 8),
where Crp is an empirical constant and Crp = 0.1 to 0.5 might be
suitable for medium sized fluid particles. Nevertheless, there is
another framework for modelling the turbulent dispersion force
in various multiphase flows (Gosman et al., 1992; Burns et al,,
2004; Fox, 2014), which was based on the Favre averaging of the
equations and finally correlated with the drag force. Both the tur-



J. Chen, C. Anastasiou, S. Cheng et al.

U,=1.04 m/s, £,=0.15

a 1 A
09 | L, -
L A (e~ " ...
0.8 A
07 fm---- 4
0.6 | x
A
Q05 [ma
A
04 &
/'S
03 & Exp Sim
02§ x/D=20 x/D=20
- x/D=80 x/D=80
. 4 x/D=150 A x/D=150 -----
0 ! * : . - L L L .
0 01 02 03 04 05 06 07 08 09 1
80
U,,=1.04 m/s, €,=0.3
C 1 4‘
09 | A &
0.8 | A 0.7
0.7 : .- 2
06 | 2 ]
& |
2 o5 g
i A
04 15«
A
03 Im Exp Sim
02 £ x/D=20 x/D=20
- x/D=80 x/D=80
01 8 xD=150 4  x/D=150 -+~
0 . ! 1 . L i i ; ‘
0 01 02 03 04 05 06 07 08 09 1
eO
U,,=1.04 m/s, £,=0.6
e 1 k
09 5 A !
0.8 : "_,
0.7 A —____-‘
0.6 | A
0.5 | A b
g‘u 0.4 : |
03 | A
02 | N .. P
01 [ — '
. - Exp Sim
i x/D=20 x/D=20
-0.1 x/D=80 x/D=80
02k __x/D=150 A X/D=150 -----
0 01 02 03 04 05 06 07 08 09 I

€

o

Chemical Engineering Science 267 (2023) 118310

U,,=1.04 m/s, £,=0.15

lm\
AA
0944 A
0.8 | e
0.7 R
o]
06 0O R
a L |
= 0.5
040 hopp ® hegim O
03 F hP,Exp A 0,Mod |
hosim  ©  hppoa = = =
02| psim 2 hcMod 8
0.1 1
0 1
0 700 1400
x/D
U,,=1.04 m/s, £,=0.3
1 = -
AQAQ i
0.9 4 N
08 | i :
0.7 t Te~l o |
0.6 i
a |
S os|
041 @ hoExpy @ hegim O
03 (@ hpExy 4 NoMod |
hosim  ©  hpnyog = = -
0.2m hpsim A hcMod 1
0.1 R
0 1
0 1110 2220
x/D

U,,=1.04 m/s, £,=0.6

T

a L ~ i
; 05 ~ . -
04 | o ]
03 ]
02 | hopyp ® hegim B |
. - hppy A 0.Mod
0.1 B hosim  ©  hpyeg = = A
0 psim A hcmod
0 1250 2500
x/D

Fig. 10. Concentration profiles and layer heights for the cases of Un, = 1.04 m/s, d,, = 0.25 mm. The mechanistic model adopts parameters of d3;0 = 0.1 mm for €, = 0.15, 0.3 and

d3z = 0.2 mm for €, = 0.6.

bulent dispersion force models of Lopez de Bertodano (1992) and
Burns et al. (2004) are available in the OpenFOAM solver. At first,
the Lopez de Bertodano model with Crp = 1 was used as recom-
mended in the literature (Wang and Yao, 2016; Pouraria et al.,
2021), however, the predicted concentration profiles indicated that
the dispersion effect was overestimated for this flow system. So a
modified version of Eq. (8) was adopted by multiplying it with
the local volume fraction of the dispersed phase, which is also a
built-in model. This correction leads to a reduced turbulent disper-
sion force in comparison to the original Lopez de Bertodano model

11

depending on the local volume fractions. As shown in Fig. 11, add-
ing the turbulence dispersion force blurs the interface separating
the two phases in the middle and downstream positions but has
little effect on the concentration profiles near the pipe inlet.

For the lower velocity cases shown in Fig. 12, the predicted con-
centration profiles agree with the measurements well, especially
for the middle and downstream positions. The predicted layer
heights of ho and hp are higher than the measurements, leading
to a much slower separation rate than the same cases without
the dispersion force. However, the predicted layer heights of hc
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Fig. 11. Parametric dependence of the oil concentration profiles in the pipe on €,
for Uy, = 0.52 m/s, (a), and 1.04 m/s, (b), dy = 0.5 mm, and in the presence of the
turbulent dispersion force.

deviate from the anticipated rising trend along the flow direction,
and the values for x/D = 80 and x/D = 150 are almost identical,
which might be caused by the overestimated dispersion effect.

For the higher velocity cases shown in Fig. 13, it is interesting
that the concentration profiles change significantly. Although there
are still visible discrepancies, the predicted profiles are within the
range of the experimental results, especially in the lower concen-
tration cases of ¢, = 0.15 and 0.3. In addition, the correction is
strong for the case of €, = 0.6, showing non-zero oil concentrations
at the bottom region, as seen in Fig. 13(e), in agreement with the
experiments. The predicted layer heights of ho and hp agree well
with the experiments as well as the mechanistic model, while
the trend of hc cannot be well captured in these cases. In other
words, although adding the turbulent dispersion force improves
the prediction of concentration profiles, it is still unsatisfactory
for the layer height predictions.

These results reveal that the turbulent dispersion force can also
impact the flow pattern and the separation characteristics, and its
effect is more obvious at higher velocities, which is reasonable
because stronger turbulence should exist in those cases. Special
attention should be paid to the two downstream positions, where
identical values of the predicted h¢ are observed in all the cases,
while predictions of hp and ho are also very close for these two
positions except in Fig. 13(f). It was expected that the model of
Burns et al. (2004) can provide better predictions, however, very
similar results were obtained by using that model, as shown in
Fig. 14. Although there are some differences between Fig. 14 and
Fig. 13, the predicted trends are qualitatively consistent. Hence,
this study demonstrates that apart from the blending treatment,
the turbulent dispersion force is another influential factor in the
simulations, and no general rules are available to achieve excellent
predictions in all aspects of the experimental data.
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3.3. Discussion

The aforementioned results demonstrate that predicting the
separation process requires an in-depth understanding of the com-
plex flow behaviour. Droplet coalescence during the phase inver-
sion and the existence of the DPL are crucial in this problem. The
DPL is located between the flotation layer and the continuous oil
layer, containing many accumulated oil droplets. It can be regarded
as a mesoscale structure in the flow system, in which the separa-
tion depends on the complex coalescence process and the interac-
tion with its adjacent layers due to their distinct moving
conditions. To complete the coalescence at the interface close to
the oil bulk phase, the water inside the DPL needs to be drained.
The coalescence behaviour of these droplets is very different from
that in a dilute system. Therefore, the traditional coalescence ker-
nels are not sufficiently reliable to describe this behaviour, which is
corroborated by the various drag corrections in the simulating
work (Panjwani et al., 2015; Oshinowo et al., 2016). In other words,
the significant viscosity increase in the continuous phase means
that the apparent rising velocity of the droplets is reduced
drastically.

Although the PBM model is adopted to describe the polydis-
perse droplet size distribution, it may face some deficiency when
correcting the drag only by adjusting the mean diameter. For
instance, there is a paradox of doing this in the present flow sys-
tem. On the one hand, the experimental observation shows that
hardly any breakage happens in this low turbulent flow and the
Sauter mean diameter increases along the flow direction. On the
other hand, since the droplet size in the present system is larger

than general studied cases with O<~ 10? ,um), even if constant val-

ues of the initial diameter in Table 2 are used in the simulation, the
predicted separation will still be too fast in comparison to the
physical process.

On the contrary, a blending-type treatment can reflect the
phase-inversion induced delay of separation well. First, the impact
of phase inversion on the continuous phase viscosity is delineated
by the solver automatically in the local cells, which avoids a priori
parameter fitting before the simulation. Second, the hindering
effect of the DPL upon the coalescence rate can be determined by
d,, which is about one order of magnitude smaller than the oil dro-
plet. Although d,, is artificial in the present simulations, it reveals
the necessity of correcting the momentum exchange when mod-
elling and simulating the separation process. Factors of droplet set-
tling (Evripidou et al., 2022), possible water drainage during the oil
droplet coalescence (Cohen et al., 2015), and especially the com-
plex droplet interactions in the DPL, would all contribute to the
complex behaviour and provide various strategies to cope with this
issue. Inspired by the blending treatment, if we can correlate the
water holdup and some structural parameters in the DPL with
the local flow fields, the local d,, values can be also determined
automatically by the solver, then it is expected to improve the pre-
dicting accuracy in various cases.

Apart from the blending treatment, introducing a suitable tur-
bulent dispersion force can also reduce the discrepancy between
the predictions and the experiments, especially for higher velocity
cases. The present model of turbulent dispersion force improves
the prediction of concentration profiles but worsen that of phase
separation. A mechanistic model must be developed to determine
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the continuous phase diameter of d,, so that the CFD framework
developed here can enable satisfactory predictions of the oil-water
separation characteristics in the pipe flow, with the least effort by
reducing the trial-and-error cost. Furthermore, the CFD work can
be combined with the data-driven models to obtain a quick predic-
tion of the flow pattern and regime transitions in these flow sys-
tems, as demonstrated by our preliminary work (Cheng et al.,
2022).

4. Conclusions

In this work, Eulerian-Eulerian simulations of an oil-in-water
dispersed flow have been carried out. The distribution of the four
layers that form was explored, and the simulation results of concen-
tration profiles and layer heights were compared with experimen-
tal data. The blending treatment in the OpenFOAM solver has been
shown to impact the simulated separation characteristics signifi-
cantly. The sensitivity of results to the diameter of the original con-
tinuous phase was also studied thoroughly. Given that the droplet
Sauter mean diameter in the present flow system, traditional
breakup and coalescence kernels cannot reflect the real separation
characteristics. Therefore, the blending treatment provides a feasi-
ble mechanism to correct the momentum exchange. Including the
turbulent dispersion force in the modelling improved the predic-
tion of concentration profiles, especially for the cases with higher
velocity and lower concentration but the prediction of phase sepa-
ration along the flow direction deteriorated, showing almost iden-
tical distributions for the downstream positions. It is still an open
issue how to model the turbulent dispersion force in the simulation
for different flow systems. In addition, the results were also com-
pared against a mechanistic model, demonstrating that a correction
of the initial Sauter mean diameter is needed to obtain reasonable
predictions; this also supports the rationale of the blending treat-
ment. The factors of phase inversion and the water release rate in
the densely packed layer need further study so that improved drag
and coalescence models can be proposed and embeded within the
CFD simulations. Also, both interface-resolved simulations of the
DPL and experimental work focusing on drop-interface coalescence
deserve further exploration in future work.
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Appendix A. Equations of Pereyra’s model

Note: Equations of (Pereyra et al., 2013; Pereyra, 2011) are
given as below with two slight modifications in the present work,
that is, the coefficient in Eq. (A15) is changed from 0.3025 to 0.2,
and Eq. (A20) is replaced by €po = 0.9. These changes are arbitrary
to obtain better predictions of the data.
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In the following equations, D-hp,D — hp — hp and h¢ correspond
to the layer heights of hg, hp, hc respectively in the present work.
(1) Sedimentation/flotation analysis:
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(4) Geometrical correlations:

2
Ac = T {n —cos™H(we) + (we)y/1 - (wc)z} (A26)
we= ZT?C - (A27)
2
Av =4 {ﬂ —cos™!(wp) + (wp)y/1 - (wD)z} (A28)
A
ZTE = 2y/ho(D ~ hy) (A29)
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2
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op = 2t o) .
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