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PREFACE

This book contains selected papers from the 10" International Conference on Computational Fluid
Dynamics in the Oil & Gas, Metallurgical and Process Industries. The conference was hosted by
SINTEF in Trondheim in June 2014 and is also known as CFD2014 for short. The conference series was
initiated by CSIRO and Phil Schwarz in 1997. So far the conference has been alternating between
CSIRO in Melbourne and SINTEF in Trondheim. The conferences focus on the application of CFD in
the oil and gas industries, metal production, mineral processing, power generation, chemicals and
other process industries. The papers in the conference proceedings and this book demonstrate the
current progress in applied CFD.

The conference papers undergo a review process involving two experts. Only papers accepted by the
reviewers are presented in the conference proceedings. More than 100 papers were presented at
the conference. Of these papers, 27 were chosen for this book and reviewed once more before being
approved. These are well received papers fitting the scope of the book which has a slightly more
focused scope than the conference. As many other good papers were presented at the conference,
the interested reader is also encouraged to study the proceedings of the conference.

The organizing committee would like to thank everyone who has helped with paper review, those
who promoted the conference and all authors who have submitted scientific contributions. We are
also grateful for the support from the conference sponsors: FACE (the multiphase flow assurance
centre), Total, ANSYS, CD-Adapco, Ascomp, Statoil and Elkem.

Stein Tore Johansen & Jan Erik Olsen
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ABSTRACT

Variations in oil properties or water content influence the rate
of crude oil-water separation. This presents a challenge for
separator operations when conditions change as fields mature,
and for the design of new internals to improve separation
efficiency. Computational fluid dynamics (CFD) is being used
to predict separator vessel hydrodynamics and previous
studies of three-phase separators have characterized the
dispersed phase with a single droplet size and constant phase
properties. Modelling the evolving droplet size during
separation is a critical requirement to developing a realistic
separator model. Emulsion rheology is also an important
phenomena typically overlooked in modeling oil-water
separation. In this study, a transient Eulerian multiphase
approach coupled with the population balance is used to
predict the gas, oil and water separation behavior in three-
phase horizontal gas-oil-water gravity separators. Here, the
secondary water phase is divided into multiple velocity groups
and a number of bins describe the droplet distribution within
each velocity group. By considering the dispersed phase
fraction in the water-in-oil emulsion rheology and
incorporating this into the interphase interaction, a high
viscosity emulsion is formed at the interface between the oil
and water phases, known as the dense packed layer or zone
(DPZ). The resulting DPZ is known to have an effect on oil-
water separation efficiency. Experimental data was obtained
from a high-pressure pilot scale three-phase separator rig and
includes phase flow rates into and out of the vessel and
vertical water fraction profiles at two locations in the
separator. The data was compared to the CFD predictions of
separation efficiency, phase distribution and DPZ thickness in
the separator.

Keywords: Emulsion, gravity separation, three-phase,
separator, oil, multiphase, population balance, CFD.

NOMENCLATURE

a Coalescence rate, [m%s].

c1, €3, c3 Coalescence rate empirical constants, [-].
B Interfacial force constant, [N.m?].

B Birth rate, [1/5].

Droplet drag coefficient, [-].

Droplet diameter, [m].

Death rate, [1/s].

Drag function, [-].

Friction factor, [-].

Discrete bin fractions, [-].

Gravitational acceleration, [m/s?].

Breakage frequency, [1/s].

Collision frequency of droplets of volume V and 1, [1/s].

S
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hy,; Interface and liquid level, [m].

[ Unittensor, [-].

kg Boltzmann constant, [J/K].

K  Loss coefficient, [-].

K;; Mean interphase momentum exchange, [kg/m®.s].

Mass transfer rate, [kg/s].

Number of bins per phase/velocity group, [-].
Number of velocity groups, [-].

Pressure, [Pa].

Peclet number, [-].

Volumetric flow rate, [m%/s].

Reynolds number, [-].

population balance equation source term, [1/m°].
Temperature, [K].

u,v,w Components of velocity, [m/s].

vV  Droplet volume, [m°].

x,y,z Coordinates, [m].

TS zx3

'“]MC?Q"U'U

Greek Symbols

a Phase fraction, [-].

B(V|V") probability density function of droplets breaking
from volume V' to V, [-].

A Coalescence efficiency of a binary droplet pair, [-].
u  Viscosity, [kg/m.s].

p  Mass density, [kg/m°].

o Interfacial tension, [N/m].

T Particle relaxation time, [s].

Sub/superscripts

g,w,0 Gas, Water, Oil.
¢ Continuous phase.

d Dispersed phase.

[ Liquid.

m  Mixture.

i,j,k Indices i, j, k.

INTRODUCTION

The separation of gas, oil and water by gravity is found
throughout oil and gas production operations. The multiphase
separator is the first unit in the production line between the
production manifold and the pipeline transport. In offshore
production, the multiphase flow is separated into the requisite
streams top-sides while onshore, the Gas-Oil Separation Plants
(GOSP) handle the separation. Horizontal gravity separators
are high-aspect ratio cylindrical vessels with a relatively short
entrance region for disengagement of gas and liquid. To
improve the efficiency of separation while reducing the
overall vessel dimensions, various types of “internals” — plate,
vane or cyclonic momentum breakers at the vessel inlet,
coalescing plates, solid and perforated baffle plates, flow



L. Oshinowo, E. Elsaadawy and R. Vilagines

straighteners, foam breakers, weirs, mist eliminators,
electrocoalescers — are all used to promote gas-liquid and
liquid-liquid separation. Computational fluid dynamics (CFD)
has long been recognized as a promising tool in design, sizing
and retrofit studies of multiphase separators. In the CFD work
by Hansen and co-workers, the three-phase separator was
modeled by considering different two-phase regions of the
separator: a freeboard region with dispersed liquid droplets in
gas, and the liquid bath with water or oil droplets dispersed in
oil or water (Hansen et al., 1991, Hansen and Rartveit, 2005).
The emulsion viscosity was modeled by changing the
continuous phase oil viscosity with the local water volume
fraction. Another approach has been to model the oil-water
emulsion as a mixture using the volume of fluid model and
determine the water separation efficiency by tracking a droplet
distribution with an uncoupled Lagrangian dilute-phase
particle tracking model (Laleh et al., 2012). The presumption
of dilute flow may be valid for droplets dispersed in the gas
phase but not in the liquid phase. The water phase accumulates
and the dilute conditions become dense phase conditions in
regions of the separator, making the dilute Lagrangian
approach inappropriate for modelling the oil-water phase
separation. The Eulerian multiphase modelling approach is the
most appropriate to describe complex phase rheology, phase
separation and inversion in oil-water emulsions that exist in
continuous and batch separators (Hallanger et al., 1996).
Phases are treated as interpenetrating continua in the Eulerian
multiphase approach and phase volume fractions add up to one
in each cell of the computational domain. A momentum
transport equation is solved for each phase in addition to a
continuity equation. Interphase interaction forces, like drag
and lift, are modeled using momentum exchange coefficients.
Several recent studies applied Eulerian multiphase models but
the dispersed water phase was modeled with a constant droplet
diameter (Vilagines and Akhras, 2010, Kharoua et al., 2012).
While these studies and others have shown that CFD helps to
elucidate the macroscopic parameters, such as, flow patterns,
pressure drop, and phase residence time, CFD has been unable
to predict separation performance accurately (Laleh et al.,
2012, Frising et al, 2006). The main reasons for these
shortcomings have been a lack of a comprehensive treatment
of the oil-water emulsion rheology and the poly-disperse
nature of the multiple phases. It is widely recognized that the
dispersed phase size distribution in liquid-liquid dispersions
influences the separation Kkinetics in gravity separation
(Henscke et al., 2002). The size distribution evolves with
transport through the separation vessels due to varying shear,
turbulence, and due to the effects of surface active agents
naturally present or injected upstream of the GOSPs. In this
study, a CFD methodology to model GOSPs is presented. The
population balance model is used here to predict the evolving
droplet size distribution in the oil emulsion and its viscosity
varies with water content. Experimental data were obtained
from a pilot-scale high-pressure, three-phase horizontal
gravity separator, and compared to the CFD model results.

EXPERIMENTAL

The experimental data obtained for the CFD model study was
obtained from a pilot scale, high-pressure, horizontal, three-
phase gas-oil-water separator flow loop at the IFP Energies
Nouvelles site in Solaize, France (Pagnier et al., 2008). The
closed flow loop, as illustrated in Figure 1, consists of feed
tank for the oil and water and a gas compression system. The
flow loop has instrumentation to quantify the flows in and out
of the separator vessel. The mass flow rate, pressure and
temperature for each phase are controlled. The temperature
control is achieved using separate heat exchangers for cooling
and for heating. The oil and water phases are mixed in a Y-
branch followed by two static vane mixers, one upstream and
the other downstream of the heat exchangers. The gas is
introduced after the second liquid static mixer. The three-
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Figure 1. Pilot-scale, high-pressure, horizontal, three-
phase gas-oil-water separator flow loop at the IFPEN
(Pagnier, et al. 2008)

Figure 2: Schematic of the high-pressure, three-phase,
pilot separator (ID 700mm, Length 3000mm).

phase flow then travels approximately 15 m through a 3-inch
(ID 73.66 mm) line to the multiphase separator vessel. The
separator vessel is 700 mm in diameter and 3000 mm in length
and is illustrated in Figure 2. The separator inlet is an 8-inch
diameter nozzle (ID 193.8 mm) while 2-inch (ID 47.3 mm)
nozzles are used for the gas, oil and water outlets. A
perforated plate, located 595 mm from the inlet flange,
separates the entry region from the settling zone in the vessel
that extends 1810 mm to the weir. The perforated plate is 10
mm thick with 13 mm holes arranged in a triangular pattern
with a 54% open area. The weir height is 400 mm from the
vessel bottom. The evolution of the separating water phase is
measured in-situ in the separator using two commercially-
available electrical capacitance profilers (Schuller et al.,
2004). The two profilers, LT9 and LT10 (Figure 2), are
mounted vertically just downstream of the perforated plate
(750 mm from inlet flange) and upstream of the weir (2250
mm from inlet flange), respectively. The profilers determine
the spatial distribution of the water phase and the interface
boundaries between the water and emulsion, emulsion and oil,
oil and gas. The profilers consist of a linear array of elements
with each element having a single capacitance electrode. The
elements are typically spaced every 10 mm and give a
measurement related to permittivity that is calibrated to the
water/brine volume fraction. It is then possible to ascertain the
height of the water-emulsion and oil-gas interface from the
maximum and minimum permittivity measurements. The
dense packed zone (DPZ) forms in the emulsion layer above
the water interface. In this zone, the water fraction typically
exceeds the inlet water fraction. The height of the DPZ is
interpreted from an inflexion in the water fraction profile,
measured from the LT10 profiler as illustrated in Figure 3,
typically corresponding to water fraction in excess of the inlet
value. A water fraction of 0.1 defines the boundary between
the emulsion and the oil layers. The oil/liquid level in the
vessel is measured by the level transmitter LT8 and controlled
by the valve on the oil outlet line. Alternatively, the liquid
level is controlled by the weir. The water-emulsion interface
level is controlled using the water outlet control valve, based
on the interface level measurement from the LT10 profiler.
The oil and water discharged from the separator are circulated
back to the feed tank where the phases separate and return to
the flow loop. The oil-water feed tank volume is 10 m® while
the separator vessel has a capacity of approximately 1 m®. The
oil used is a Saudi Arabian light crude oil with an API gravity
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700

Height, mm

Water Fraction

Figure 3. Measured water fraction obtained at the LT10
capacitance probe showing the dense packed emulsion
zone.

of 35. The water is a brine mixture with 50 g/L NaCl. A
demulsifier is added to the aqueous phase in a dosage of 50
ppm Clariant PT 4688. The gas phase is a mixture consisting
of 97.8% methane, 1.1% nitrogen, 0.8% ethane, 0.2%
propane, and 0.1% carbon dioxide. The operating temperature
and pressure are 45°C and 24 bar, respectively. The
experimental conditions selected for this paper are listed in
Table 1.

Table 1. Experimental Conditions.

Oil Flowrate Q, m’h 3.40
Water Flowrate Q,, mh 1.50
Liquid Flow Q, m3h 4.9

Gas Flowrate Q, Am3/h 13.95
Gas Fraction Q,/(Q; + Q4) - 0.74
Water Cut Q,,/Q; - 0.31
Water Level h,, mm 199

Liquid Level i, mm 405*

* Level controlled by weir.

MODEL DESCRIPTION

An Eulerian-Eulerian multiphase method was used to model
the characteristics of the multiphase dispersion encountered in
gravity separators. The liquid-dispersions found in gravity
separation can be characterized as dense with the volume
fraction ranging from zero to 100%. With the dispersion of gas
bubbles and water droplets in the continuous oil phase, the oil
phase is considered in this work to be the primary phase while
the gas and water phases are considered secondary phases.
The poly-dispersity of the secondary-phase water droplet
population is modeled with the population balance method.

Multi-fluid Multiphase Model

The conservation equations are derived by ensemble averaging
the local instantaneous balance for each phase. The continuity
equation for phase j is

a S . .

5. (@) + V- (ap;9;) = Zie, (i — 1) @

where a;, p; and 7; are the phase volume fraction, density and
velocity, and r is the mass transferred between phases. The
momentum balance for phase j is

] S S
5 (@pi¥;) + V- (a;p,9;%;) = —a;Vp + V-
a;u[(V9; +V9]) =2 - 51| + T, (Ky (7 -
v;) + vy — ) + g

where p is pressure, u is viscosity, I is the unit tensor, and

K;j(=K;;) is the mean interphase momentum exchange
coefficient and can be written in general form as:

@

_oap;f
T

©)

ij
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The terms f and 7; are the drag function and particle
relaxation time, respectively, expressed as

CDRe
= 4
f 24 )
and,
d?
7 =25 (5)
18,

where d; is the Sauter mean diameter coupling the momentum
equations to the population balance equation. For settling or
rising droplets, the drag originates from viscous surface shear
and the pressure distribution, or form drag, around the droplet.
For dilute dispersions, the droplets can settle or rise without
interacting with neighbor droplets. For small droplets in the
viscous regime, the Stokes law determines the terminal
velocity in dilute or unhindered conditions. In the dense
dispersions found in oil-water batch and continuous gravity
separation, the drag function must include the influence of
neighbor droplets and hindered settling.  The Schiller-
Naumann correlation for drag coefficient Cp, is modified for
hindered settling in dense suspensions using a mixture or
emulsion Reynolds number Re,, based on the emulsion
viscosity u,, described later:

Cp = il (1 + 0.15Re%%87) (6)
Re,,
— pclud ucldd (7)
Hm

where subscripts ¢ and d refer to the continuous and dispersed
phases, respectively. The drag force is the only contribution to
the interphase interaction that was considered. Other forces
including virtual mass force, transverse lift force, or wall
lubrication force were not considered given droplet Reynolds
numbers of the order 0.01 for water-in-oil dispersions relevant
to crude oil separation. The turbulent dispersion force — that
contributes to diffusion in dispersed flows — was not
considered here. The mixture or emulsion viscosity depends
on the viscosities of the dispersed and continuous phases, the
concentration of the dispersed phase, the shear field, the
droplet size distribution, temperature, and the emulsion
stability. The interfacial stability is dependent on many non-
hydrodynamic factors including the crude oil heavy fraction,
solids, temperature, droplet size and distribution, pH, salinity,
and composition (Kokal, 2005, Sanfeld and Steinchen, 2008).
Brinkman derived the following equation for emulsion
viscosity for suspensions of hard spheres (Brinkman, 1952):

Re,,

Hm = #c(l - ad)_Z's (8)
Krieger and Dougherty extended Brinkman’s correlation by
including the contribution of the maximum packing value
(Krieger and Dougherty, 1959):

25"
Hm = Hc (1 - af) 9)

where a* is the packing concentration of 0.64 for hard spheres
in non-equilibrium reaching the limit of 0.74 for a hexagonal
close packed structure. With increased pressure, droplets can
deform and the maximum packing value a* could approach
unity. Ishii and Zuber extended the Krieger-Dougherty
correlation by including a viscosity factor in the exponent
(Ishii and Zuber, 1979):

ay —-2.5a" u,
— _ 10
Hm = U (1 e ) (10)
+ 0.4
= (u) (11)
Ug + U

Mills derived the following equation for the apparent shear
viscosity of a concentrated suspension of hard spheres in a
Newtonian fluid based on a free cell model (Mills, 1985):

Hm = be (T 0 Tq)2 (12)
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Figure 4. Relative viscosity (u,,/t.) for Arab Light crude
(APl ~ 35) and brine (50 g/L) at 45°C. (Arabian crude
emulsions from Kokal, 2005).

The emulsion viscosity equations are plotted in Figure 4 for a
Saudi Arabian Light crude oil emulsion at 45°C with phase
inversion at 60% water. In crude oil emulsions, the emulsion
viscosity can be of the order 10 to 100 more than the
continuous phase viscosity (Marsden and Mad, 1975). For
comparison are the emulsion viscosity curves for very loose
and very tight Arabian crude emulsions (Kokal, 2005). The
terms “loose” and “tight” refer to the relative stability of the
emulsion.

Population Balance Model

A population balance equation is coupled with the turbulent
multiphase momentum equations conveniently describing the
water droplet size distribution (Ramkrishna, 2000). The
general population balance equation is written as a continuity
statement of the droplet number density function:

%[n(V, ]+ V- [vnV,0)] =SW,t) (12)

The spatial location of the particle is an “external coordinate”
in the particle state vector, while the droplet volume V is an
“internal coordinate” of the population distribution. The
source term S(V,t) for breakage b and coalescence ¢ due to
birth (B) and death (D) rates is further expanded as:

S(V,t) =B, (V,t) — D,(V,t) + B.(V,t) (13)
—D.(V,t)
The closure of Equation (12) requires a derivation of the
source terms in Equation (13) above.

Breakage and Coalescence Kernels

The breakage rate kernel is the product of the breakage
frequency g(V') and the probability density function (PDF)
B(V|V") of droplets breaking from volume V' to V. The birth
rate of droplets of volume V due to breakage is

By = [ pa@pOIVY R0 av (14)
Qv
where g(V") n(V") dV' droplets of volume V' break per unit
time, producing for p child droplets, p g(V") n(V") droplets of
which a fraction B(V|V")dV represents droplets of volume V
(Luo and Svendsen, 1996). The breakage PDF g(V|V') is also
referred to as the daughter size distribution function where the
fragments or daughter droplet mass must equal the original
droplet mass. The death rate of droplets due to breakage is
Dy = g(VIn(V) (15)

There are several different models for determining the
breakage frequency and the breakage PDF to compute the
breakage rate of the droplets. The coalescence kernel
a(V =V’ V") is a product of the collision frequency h(V —
V', V") between droplets of volume V and V', and the
coalescence efficiency A(V —V',V').  The coalescence
efficiency is the probability that droplets of volume V will
coalesce with droplets of volume V. The birth rate of droplets
due to coalescence is

210

|4
B, = % f a(V —v', V) n(v-vVOn(yav'  (16)

0
The death rate of droplets due to coalescence is
4

D. = %f a(V, V") n(V)n(V") av’
0
In the three-phase or two-phase separator settling zone, the
complex oil-water emulsion evolves primarily due to droplet
coalescence while other phenomena including breakage,
dissolution, aggregation, and flocculation occur to a lesser.
Droplet breakage is more important at the separator entrance
region where the multiphase flow is highly turbulent. Along
with droplet breakage and mass transfer, coalescence
influences the evolution of the droplet size distribution in
liquid-liquid emulsions. Grimes (2012) developed a
coalescence rate kernel in the context of batch gravity
separation of oil-water emulsions. Droplet pair collisions are
considered to depend on both Brownian and gravitational
coalescence (Simons et al., 1986). The collision frequency is
(Grimes 2012):

a7

_ kpT(di + d,-)Z
T Yeu  did;

1
+ 4.496Pe§]

Where b, is an empirical fitting parameter and Pe is the
sphere pair Peclet number,
m (pa — PG

= E](B—T (1 - (Z)Czdkdjld}% - d]2| (19)
The coalescence efficiency is expressed as the ratio of
coalescence time and the contact time:

Mo ;)
_1.046 u(pa — p)g [ dicd;

C3 0'3/231/2 Z(dk +dj)
The empirical constant b, influences the hindered settling
contribution to the collision frequency, based on the
Richardson-Zaki hindered settling correlation, while b5 is used
to adjust the coalescence time. The coalescence efficiency is
also dependent on an interfacial force constant B, which can
be related to the surfactant concentration (Grimes, 2012;
Kralova et al., 2011). Generally, there are recognized
weaknesses with coalescence kernels, including: the derivation
of the collision frequency based on the kinetic theory of gases,
the lack of history to capture the cumulative effects during the
coalescence process, and other empiricism (Liao and Lucas,
2010). The kernels are relatively simplistic given the
complexity of the system and the phenomena.

h(dy. d;) [1 + Pe

(18)

Pe

= exp

r/ 2] (20)

Population Balance Equation Solution Method

To model separation of the dispersed water phase from the oil
phase, the solution to the population balance cannot be based
on a shared velocity field since droplets of different sizes will
rise or settle at different velocities. The droplet size
distribution can range over two to three orders of magnitude or
more, and the distribution can be mono- or multi-modal.
Multivariate methods incorporating several velocity classes
are required to model this tight coupling between the droplet
size distribution and the secondary phase velocity distribution.
There are a number of multivariate methods described in the
literature but the Inhomogeneous Discrete Method (IDM)
(Frank et al., 2005, Sanyal et al., 2013) will be used in this
work. The population balance equation is written for the IDM
in terms of volume fraction of particle or droplet size i and
solved here for all discrete bin fractions f; :

0
a(ﬁafi) + V- (pafiv;) = pVy(Bei — Deyi) (21)
where p is the density of the secondary phase. The secondary

phase is divided into N velocity groups or phases, each with M
bins per phase for a total of N x M bins. The sum of
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coalescence mass sources for all phases is zero, while each
phase or bin could have a non-zero net mass source. Each bin
is advected by phase velocity u; and af;(= «;) is the volume
fraction of bin i, defined for secondary phase 0 to N — 1 as

a; = N;V; (22)
Vit
Nﬂj=f n(V, )dv (23)
Vi
The droplet coalescence birth and death rates are
N N
Be; = Z Z AN Nj xSy j (24)
k=1j=1
N
DC,i = Z aijNiNj (25)
j=1
where the coalescence rate a;; = a(V;,V;) and
1 for V;<V. <V, wherei<N-1
.= . 26
J {0 otherwise (26)

V. is the particle volume resulting from the coalescence of
droplets k and j defined as

Ve = [xVi + (1 = xpej Vi | (27)
and
LZ _'LQ+1
Xp; =L 28
YV = Vi )

Numerical Setup and Boundary Conditions

Model

A carefully constructed mesh consisting predominantly of
hexahedral cells was built on a 180° symmetrical geometry
using the cut-cell method (Figure 5). The resulting 1.4 million
cell mesh consists of 8 mm cells in the bulk of the vessel and
4 mm cells in the outlet nozzles. Mesh refinement was applied
at the walls.

Figure 5. End-view of mesh showing details at the walls
and the outlet nozzles.

Initial Droplet Size Distribution
In the pipe approaching the separator inlet, droplet size
distribution evolves due to varying shear, and turbulence, the
effects of surface-active agents naturally present, and the
demulsifier. At the entrance to the separator, the complex oil-
water emulsion continues to evolve due to breakage and
coalescence. In the settling zone, coalescence processes are
dominant and breakage, dissolution, aggregation, and
flocculation occur to a lesser extent. In the absence of droplet
size measurements at the separator inlet, the initial droplet
diameter distribution is determined from the maximum stable
droplet size d,, 4, (Hinze, 1955)

0.725

max — 3/5
PLY™ c2/5

(29)

o
where the mean turbulent energy dissipation per unit mass € is
3

e=fon (30)

and the friction factor f is
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(FL—F)

(1+(Rons))

where F; = a1R€£§ and F, = aLZRe,’fi2 (Garcia, et al. 2007).
The parameters a,, a,, by, by, ¢, d and t are dependent on
the flow regime. The minimum droplet size is determined
from (Vielma, et al. 2008)

f=Ff+t (31)

a

dmin =8 2 (32)
gpiv;
The mean droplet diameter is
Amean = 0.4dmax (33)

Using a 39—bin cumulative volume fraction distribution for
water droplets dispersed in an Arabian Light crude oil (API >
35) with added demulsifier, each bin is assigned a droplet size
based on a Rosin-Rammler distribution:
dio = dmean [_ln(l - ai)]l/n (34)

where a; is the i — th bin fraction and the spread parameter n
is 2. Figure 6 shows the cumulative droplet size distribution at
the separator inlet.

Figure 6. Cumulative droplet size distributions at the
separator inlet.

Inlet Velocity Boundary Conditions

The inlet phase distributions are based on the incoming flow
regime. For the experimental conditions modeled, the flow
regime in the 3” pipe is stratified or intermittent elongated
bubble based on three-phase gas-oil-water studies (Keskin et
al., 2007). The transition to the 8” nozzle will alter the flow
regime to a separated or stratified flow regime. Though still
developing through the reduction from the pipe to the nozzle,
the larger cross-section will allow the gas to disengage and the
flow regime will tend to stratified flow. A uniform velocity
condition for each phase is assumed and the distribution of oil
and water is considered fully mixed at the velocity inlet
boundary. The inlet phase distribution is applied at the
boundary using a user-defined function.

Perforated Plate

The perforated plate, described in the experimental section, is
modeled as a porous media (cell zone). The inertial resistance
of the porous media is based on the product of the loss
coefficient K and the local kinematic head and applied as a
momentum source in the z-direction for the porous cell zone.
The loss coefficient K is not constant but varies with the local
Reynolds number as shown in Figure 7. A user-defined
function reads and interpolates a table of log(K) as a function
of the log(Re) to return a value for K at the local Re based on
the local approach velocity. A high loss coefficient value of
100,000 is applied in the transverse directions of the
perforated plate cell zone.

Outlet Pressure Conditions

If the liquid outlet boundary pressure P,, ;0 1S initially set
assuming separated phases (A in Figure 8 below), the water
interface will drop until a steady-state distribution of water-in-
oil (w/o) emulsion is reached (B). Since the w/o concentration
distribution is not known a priori, the outlet pressure (P, ¢iet)
is initially estimated based on



L. Oshinowo, E. Elsaadawy and R. Vilagines

Figure 7. Perforated plate loss coefficient as a function of
the perforation Reynolds number.

Figure 8. Illustration of the vertical column of oil (O),
emulsion (w/o) and water (W) layers in the separator
vessel.

Pouttet = pw/ogh\,/v/o + pwghy (35)

and adjusted during the calculations in response to the
interface level set point h,,. The interface level is determined
from the average height of an iso-surface of water fraction of
value 0.9 created at the intersection with an axial plane at the
LT9 and LT10 locations. The outlet pressure adjustment is
executed manually or automatically. Here, an automatic
interface level control is applied using a Proportional-Integral-
Derivative (PID) controller algorithm to efficiently manage
the simulation over long run-times. The outlet pressure is
controlled to the set point of water-emulsion interface height
(See Table 1).

Solution

The three-phase system was modeled with the Eulerian
multiphase model in ANSYS FLUENT 14.5 (ANSYS Inc.,
2012). A transient solution was obtained for each run with a
fixed time-step of 0.5 seconds. The primary phase is the oil
phase with water and gas as secondary phases. Dispersed gas
bubbles have a constant diameter of 2 mm. The
Inhomogeneous Discrete Model is used and three secondary
phases discretize the water phase with two bins per phase. The
droplet diameter range for each phase is determined from the
droplet size distribution in Figure 6. An initial value for each
of the six bin fractions is specified at the inlet boundary
according to the droplet size distribution. The Grimes
coalescence kernel described earlier is implemented in the
population balance model through a user-defined function.
From Figure 4, the Ishii-Zuber and Mills correlations are
shown to bound the viscosity of the relevant emulsions. The
application of the emulsion viscosity in the interphase
momentum exchange term (Equation (3)) is applied through
user-defined functions. Three viscosity relationships are
evaluated: mixture-averaged viscosity, Ishii-Zuber and Mills.
The turbulence is modeled using the Realizable k — € mixture
turbulence model. The solution methods are phase-coupled
SIMPLE for pressure-velocity coupling, second-order upwind
discretization for momentum and turbulence, QUICK
discretization for the volume fraction equation. The solution is
initialized with a zero velocity field and an idealized phase
distribution — gas in the freeboard, inlet water fraction in the
emulsion phase and clear water layer.
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RESULTS

Flow Field

Figure 9 shows the liquid phase pathlines in the separator. The
red pathlines are based on the oil phase velocity field, while
the blue pathlines are computed from the secondary water
phase with the largest diameters. All cases show the typical
engineering assumption of a uniform plug flow in the
separator is not achieved. The inlet section upstream of the
perforated plate shows significant recirculation and mixing. At
the lower emulsion viscosities (mixture and Ishii-Zuber) there
is good segregation of the pathlines, while at the higher
emulsion viscosity (Mills) there is less separation illustrated
by increased mixing of the pathlines throughout the settling
section. The pathlines curve upwards approaching the weir.
The higher viscosity emulsion layer thickness increases along
the settling zone upstream of the weir, displacing the oil layer
and increasing the water concentration towards the liquid
level. Figure 10 plots the vertical profiles of the time-
averaged oil-phase axial velocity at the LT9 and LT10
locations shows the velocity field is significantly influenced
by the emulsion rheology. The dense emulsion layer causes
the oil to accelerate near the free surface.

Oil Distribution

Figure 11 shows the oil distribution in the mid-plane of the
separator. The inlet region upstream of the perforated plate
shows mixing of the oil-emulsion layer. In the settling zone
between the perforated plate and the weir, there is a gradual
vertical gradient of water. The mixture-averaged viscosity
uses the Schiller-Naumann drag law, which assumes the
droplets are settling in a quiescent environment. The interface

@)

(b)

(©

Figure 9. Pathlines of oil (red) and water (blue) on the
time-averaged flow field: (a) Mixture-averaged viscosity,
(b) Ishii-Zuber viscosity, (c) Mills viscosity.

(@) LT9 (b) LT10

Figure 10. Vertical profiles of the oil axial velocity (time-
averaged) at the LT9 and LT10 locations.
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layer remains relatively constant throughout the vessel except
around the perforated plate. With the higher emulsion
viscosity of the Mills relationship (Figure 11(c)), there is a
region of low oil and high water concentration above the water
layer representative of a dense emulsion layer. The dense
emulsion layer increases in thickness toward the end of the
settling zone. As the relative viscosity of the emulsion
increases, the settling rate slows relative to the coalescence
rate allowing water to accumulate. Figure 12 shows the oil
distribution in the vessel cross-section at two axial locations
corresponding to the LT9 and LT10 level profilers.

Water Fraction
Figure 13 shows the water distribution in the mid-plane of the
separator. The water phase gradually separates from the oil

@

(b)

(©

Figure 11. Time-averaged oil fraction distribution: (a)
Mixture-averaged viscosity, (b) Ishii-Zuber viscosity, (c)
Mills viscosity.

(a) LT9

(b) LT10

Figure 12. Time-averaged oil fraction distribution at cross-
sections LT9 and LT10 (from left to right): Mixture-
averaged viscosity, Ishii-Zuber viscosity, and Mills
viscosity.
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with the mixture viscosity and the Ishii-Zuber emulsion
viscosity, while the Mills emulsion viscosity shows slow
phase separation. Approaching the weir, the water fraction
increases near the liquid level. Figure 14 shows the water
distribution at the cross-section corresponding to the LT9 and
LT10 profiler locations. Plotting the vertical water fraction
distribution at the LT10 probe location in Figure 15 shows a
distinct water-emulsion interface for each case. With the
increased emulsion viscosity with the Mills relationship, a
region of higher water fraction is established above the water
interface. The water fraction is around 0.53 corresponding to
the numerical limit on the relative viscosity of 20.

Relative Viscosity Distribution
Figure 16 shows the relative viscosity distribution in the

@

(b)

©

Figure 13. Time-averaged water fraction distribution: (a)
Mixture-averaged viscosity, (b) Ishii-Zuber viscosity, (c)
Mills viscosity.

(@) LT9

(b) LT10

Figure 14. Time-averaged water fraction distribution at
cross-sections LT9 and LT10 (from left to right): Mixture-
averaged viscosity, Ishii-Zuber viscosity, and Mills
viscosity.
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Figure 15. Time-averaged water fraction profiles at LT10
for different emulsion viscosity correlations.

@)

(b)

(©

Figure 16. Time-averaged relative viscosity distribution:
(a) Mixture-averaged viscosity, (b) Ishii-Zuber viscosity,
(c) Mills viscosity.

separator mid-plane. There is an increase in the emulsion
viscosity corresponding to the dense emulsion layer above the
water interface when an emulsion viscosity relationship is
used. The Ishii-Zuber emulsion viscosity is 1.5 times the oil
viscosity at the inlet water fraction of 0.27. The Mills
emulsion viscosity is 2.2 times at the same water fraction
increasing rapidly approaching infinity at the close packing
limit of 0.64. The emulsion viscosity relationships show that
the hindered settling behavior of the destabilizing emulsion
can be reproduced. For this case of an Arab Light crude
emulsion with brine (50 g/L) at 45°C, the emulsion viscosity
predicted by the Mills relationship is excessive. A rheological
characterization is needed to determine the unique viscosity
relationship for specific crude oil-water emulsions.

Droplet Diameter Distribution

Figure 17 shows the average water droplet diameter of the
three secondary water phases in the vessel cross-section at two
axial locations corresponding to the LT9 and LT10 level
profilers. As expected, the droplet diameter increases with
retention time and water fraction. The larger droplets settle to
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the interface quickly resulting in a higher droplet diameter
above the interface compared with the downstream LT10
location.

Emulsion Layer and Dense-Packed Zone

As the water droplets settle to the water interface in the
settling zone, the droplets increase in diameter due to
coalescence. The relative viscosity of the emulsion increases
slowing separation as the droplets accumulate faster than they
coalesce. The region above water interface with higher water
concentration is the dense packed zone or DPZ where the
water fraction is between the inlet emulsion and unity. Figure
18 compares the water, emulsion and oil layers at the LT9
capacitance profilers to the different CFD predictions with the
different emulsion viscosity models. Figure 19 shows the
water, emulsion, DPZ and oil layers at the LT10 profiler.
While the comparison is qualitative based on how the interface
boundaries are determined experimentally, the mixture and
Ishii-Zuber reasonably reproduce the DPZ thickness while the
Mills relationship over-predicts the DPZ thickness. The
emulsion layer thickness is over-estimated by the three
emulsion viscosity models suggesting that the water droplets
are much larger either from higher coalescence rates or larger
droplet sizes entering the separator. Larger droplets will
increase the emulsion destabilization rates compared with the
model predictions. The water fraction distribution is just one
piece of a dataset that must include droplet size and viscosity
measurements in order to fully validate the CFD predictions of
droplet distribution and emulsion rheology.

Separation Efficiency
The efficiency of water separation from the oil is

Separation Ef ficiency, % = lintet=Quloitoutte y 1000y,

lelnlet
Figure 20 compares the experimentally determined separation

efficiency to the different emulsion models. The separation
efficiency decreased with the increase in emulsion viscosity
showing that the DPZ retards emulsion destabilization. The
mixture and Ishii-Zuber emulsion viscosity models under-

(@) LT9

(b) LT10

Figure 17. Time-averaged droplet diameter (in m)
distribution at cross-sections LT9 and LT10 (from left to
right): Mixture-averaged viscosity, Ishii-Zuber viscosity,
and Mills viscosity.
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Figure 18. Oil, Emulsion and Water distribution at

location LTO.
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Figure 19. Qil, Emulsion, DPZ and Water distribution at
location LT10.
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Figure 20. Comparison of experimental and predicted

separation efficiency.

predict the separation efficiency. The predicted separation
efficiency is influenced the emulsion viscosity relationship,
and by other model inputs including the inlet droplet size
distribution and the coalescence kernel parameters.

CONCLUSION

In this work, a detailed simulation of a pilot-scale high-
pressure three-phase separator has been successfully carried
out using the Eulerian multiphase model in ANSYS FLUENT
to predict oil-water separation efficiency. The inhomogeneous
population balance model was used to describe the evolving
droplet size distribution in the polydisperse water phase.
Simulations and experiments were performed within the
domain of a separator vessel of diameter of 700 mm and
length of 3000 mm. The treatment of the emulsion rheology
was implemented through the inter-phase interaction terms
between the oil phase and each of the secondary water phases.
While there is uncertainty in the experimental water fraction,
good agreement of the vertical distributions of the water phase
is achieved at different locations in the separator. More
detailed experimental data is required to validate the CFD
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models. The inlet multiphase flow must be adequately
characterized for phase and droplet size distribution. Droplet
coalescence and breakage should be incorporated and be
specifically defined for the horizontal multiphase separator
configuration. The CFD methodology presented here is a step
toward predicting the dense emulsion layer thickness above
the water interface, the evolution of the droplets size
distribution through the separator, and the oil-water separation
efficiency. More study is needed to include a more accurate
description of the emulsion rheology and the coalescence and
breakage mechanisms, while taking in to consideration the
complexity of crude oil inhomogeneity, pH, salinity,
asphaltene content or impurities in the water, and the surface-
active compounds added to the produced fluids.
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