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ABSTRACT

In this research, a combined method of computational fluid dynamics and population
balance model were used to simulate the electrostatic desalter units using the ANSYS
Fluent software. The goal of this study is to investigate the effective parameters in se-
parating brine from oil and optimizing the desalter performance. The model was sub-
jected to sensitivity analysis for four parameters: temperature, wash water percentage,
inlet distributor, and electrodes arrangements. The results showed that raising the tem-
perature up to 130 °C and increasing the wash water percentage improved the separation.
Also, the separation is greatly improved by switching to a T-shaped input distributor. The
separation is not considerably affected by the number of horizontal electrodes, while the
vertical electrodes have a negative impact. Finally, sensitivity analysis was performed on
an existing desalter located in one of the Iran’s oil fields. The findings demonstrated that
the current situation does not meet the acceptable limit of 0.3% vol of brine in the oil
outlet. The desalter outlet meet the specifications by switching the type of distributor to a
T-shaped one, and additionally when the temperature is 90 °C and 10% wash water or
100 °C and 8.3% wash water without changing the geometry.

© 2023 Institution of Chemical Engineers. Published by Elsevier Ltd. All rights reserved.

1. Introduction

(52576-77112 pounds of salt per thousand barrels of crude oil
(PTB)) (Zeidani and Bahadori, 2008).

Since crude oil contains water and the majority of its salt
dissolves in small drops of water; removing water also
eliminates salt from crude oil. This water often contains
soluble salts, including calcium, magnesium, and sodium
chloride. The equivalent of sodium chloride in parts per
million is how much salt is in a given volume of water
(Arnold and Stewart, 2008). The salt concentration in crude
oil-produced water in Iran’s oil fields is 150,000-220,000 ppm
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Oil containing salt typically clogs downstream processing
equipment and deactivates catalyst beds. Because of these
issues, refineries usually require that the crude oil ‘s con-
centration be drastically reduced before processing. Salt is
typically specified at 10-20 PTB (Arnold and Stewart, 2008).

Oil desalination is the process of removing water-soluble
salts from the oil stream. The best desalination devices re-
move as much water as possible. Any device that removes
water from the oil can be used as a desalter (Arnold and
Stewart, 2008). Desalination methods include settling, che-
mical, thermal, mechanical, and electrical coalescing
(Sadatshojaie et al., 2021). Most of the used desalters are
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horizontal electrostatic treaters. These treaters produce the
Nomenclature .
lowest level of residual water compared to other treaters
AC alternating current. (Arnold and Stewart, 2008).
CFD computational fluid dynamics. To model electrostatic desalters, researchers have used
FAVEG facet average of velocity in the entire geo- different methods. Al-Otaibi et al. (2005) developed an arti-
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FAVFWOO facet average of volume fraction of water at
oil outlet.

facet average of velocity at oil outlet (m/s).
Iran’s oil field desalter.

population balance model.

pounds of salt per thousand barrels of
crude oil.

Ramirez-Argaez et al., 2021 desalter.
Ramirez-Argaez et al., 2021 method.
user-defined function.

Aggregation rate, s

Molar concentration of equivalent NacCl, g-
moles/Lit.

Droplet diameter, m.

Sauter mean diameter.

Electric field, V/m.

Body force, N.

Class fraction.

Generation of turbulence kinetic energy,
J/(m?3.s).

Gravitational acceleration, m/s>.

Breakage frequency, 1/s.

Coalescence rate due to electrostatic force, s™.
Kinetic energy of turbulence, J/kg.

The average number of droplets per unit
volume, m™.

Pressure, Pa.

Coalescence probability.

Volumetric charge density, C/m?>.

Ratio factor.

Reynolds number.

Temperature, K.

Weber number.

Greek symbols

volume fraction.

probability density function.
turbulence dissipation rate, m%/s>.
absolute permittivity, F/m.
electrical conductivity, S/m.
viscosity, Pa.s.

velocity, m/s.

drift velocity, m/s.

eddy dimensionless size.
density, kg/m>.

interfacial tension, N/m.
electric potential, V.
coalescence frequency, 1/s.
breakage rate, 1/s.

brine.
mixture.
oil.
turbulence.
water.

ficial neural network as a modeling method to simulate and
optimize the desalination/dehydration process system. The
efficiency of salinity and water cut, which is predicted to
depend on the concentrations of emulsifiers, heating, wash
water, salt concentration, and the amount of mixing with
wash water, was calculated in their study to assess the ef-
fectiveness of the desalination/dehydration process. Neural
network model predictions are compared with actual ob-
servations and consistency is shown in the results. Then the
prepared neural network model is used to optimize the
performance. Kiani et al. (2013) used artificial neural net-
works to model the efficiency of the desalination unit as a
function of the input parameters. The findings of this study
showed that the model matches the experimental data.
Meidanshahi et al. (2012) introduced a new mathematical
model based on the two-variable population balance equation
to simulate the steady state distribution of water droplet size
and salt concentration in an alternating current (AC) electro-
static desalter. The effect of different operating parameters on
crude oil salt content and output dehydration efficiency was
studied. In addition, the effect of the two-stage desalter on the
output of basic sediments and water and the amount of salt in
oil was investigated. To achieve the optimum electrostatic
desalter performance, the parameters of this model was im-
proved using the differential evolutionary technique. The re-
sults demonstrated that the proposed model can be effectively
used to study the impact of different parameters on the AC
electrostatic desalter performance in separating water from
crude oil emulsions. Aryafard et al. (2016) developed a mathe-
matical model to predict water and salt separation efficiency in
a two-stage industrial process for crude oil desalting. The
considered process includes a mixing valve and electrostatic
desalter that are connected in series. The desalter unit is
modeled based on the population balance method by con-
sidering the breaking and coalescence of water drops to predict
the droplet size distribution. The class method is chosen as a
common mathematical method to solve the population bal-
ance equation. The accuracy of the extended mathematical
model and the assumed assumption was evaluated using the
data from an industrial desalter unit. Then, the effect of mixing
valve pressure drops, wash water flow rate, and electric field
strength on desalination and dehydration efficiency was in-
vestigated. According to the simulation results, increasing the
wash water flow rate from 3% to 6% reduces the amount of salt
in treated crude oil from 2.06 to 0.71 PTB. By considering a
partial circuit model in the coagulation vessel, Kakhki et al.
(2016) used the population balance equation to describe a de-
watering process including a mixing valve and an electrostatic
coagulation vessel. Electrode plates and crude oil emulsion are
considered as capacitors and insulating materials, respectively.
Based on the proposed model, it is explored how temperature,
wash water rate, and current frequency effect the applied
electric field strength, breakage voltage, water droplet size
distribution, and output water amount in treated crude oil.
According to the simulation results, increasing the current
frequency from 50 to 300 Hz reduces the amount of water in
treated crude oil from 0.12% to 0.09%. Roshan et al. (2017)
presented a theoretical model to investigate the effect of de-
mulsifier agents on the efficiency of water separation from

o
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crude oil emulsion. A relationship between the critical con-
centration of demulsifier agents and the collision frequency
function in the population balance equation was presented
using thermodynamic balance principles. The comparison of
simulation and laboratory results showed the model suitability
in predicting the separation efficiency of water droplets from
crude oil emulsion in different demulsifier agent concentra-
tions. Khajehesamedini et al. (2018) proposed a laboratory
setup to investigate the possibility of using low-frequency ul-
trasonic waves as an alternative to reduce the consumption of
chemical demulsifiers in the pretreatment of crude oil. These
experiments were designed to study the effects of irradiation
duration, ultrasonic field intensity, and the initial amount of
water on separation efficiency. In addition, a population bal-
ance model (PBM) was presented to explain the experimental
data. A hybrid model was developed to determine the fre-
quency of droplet aggregation. Model parameters were esti-
mated by linear regression. Parameter estimation was done
using the parallel implementation of the particle swarm opti-
mization algorithm. The model’s output revealed a reasonable
agreement with the laboratory data.

Oshinowo et al. (2016) used a laboratory approach and
numerical modeling to evaluate the separation of a water-in-
oil emulsion in a batch gravity separator. The separation
behavior of crude oil emulsions was simulated using multi-
phase computational fluid dynamics (CFD) with a population
balance model. The class method is used to solve population
balance equations. To explain how emulsion viscosity rises
with water concentration, an emulsion viscosity model was
chosen. The results of the CFD code were compared with the
laboratory data. The time-dependent profiles of the water
fraction in the separator were in good agreement with the
laboratory measurements for the range of water content
from 6% to 50%. This model predicts the effect of water
fraction on the separation speed. Thaker and Buwa (2020)
have developed a multi-fluid Eulerian CFD model Using
OpenFOAM software, that includes binary and interfacial
coalescence processes. The separation of kerosene dispersed
in water is simulated in a batch separator and validated by
measuring the coalescence completion time, the volume
fraction of the dispersed phase, and the droplet size dis-
tribution. While using the two-fluid model with modified
drag experimental relations, the time of coalescence com-
pletion can be well predicted, but the volume fraction of the
dispersed phase and the droplet size distribution cannot be
predicted. It is shown that the comprehensive multi-fluid
Eulerian model, which includes binary and interfacial coa-
lescence, predicts the coalescence completion time, the vo-
lume fraction of the dispersed phase, and the droplet size
distribution in excellent agreement with the measurements.

Ramirez-Argaez et al. (2021) studied the desalination process
using the collision time of two drops in a water-in-oil emulsion
based on force balance. First, the model was numerically solved,
and a process analysis was performed to determine the effect of
the main process’ key variables, such as the strength of the
electric field, water amount, temperature, and droplet size on
collision frequency between a pair of droplets. Then, by using
the calculated collision frequency, the correlations related to the
"interfacial area concentration" method were modified in the
ANSYS Fluent software and the desalination process was com-
pared in the presence and absence of the electric field.

Tahouni et al. (2023) improved the performance of a crude
oil treatment unit and maximized the oil production. The
process involves a two-stage desalting unit followed by a

stabilizer tower. They modeled the desalting process using the
population balance equation in MATLAB and then simulated
the whole process by linking the numerical code and a simu-
lator. In their research, the desalting and stabilization units
were simultaneously optimized due to the existing interactions
between the desalters and the stabilizer tower.

In this study, the population balance model is used to
model the behavior of brine droplets. The computational
fluid dynamics method is used to study the behavior of crude
oil, which is a continuous phase. By combining these two
methods and using ANSYS Fluent software, the interaction
between phases and, as a result, the performance of an
electrostatic desalter is simulated. The innovation of this
work is to calculate the electric field value with solving
charge conservation equation by using User Defined
Function (UDF) in Ansys Fluent and apply its effect in the
momentum and population balance equations.

2. Mathematical modeling
2.1.  Assumptions

The assumptions used in the modelling of a desalter are as
follows:

® The system is isothermal, meaning there is no tempera-
ture change.

® Each phase is a Newtonian and incompressible fluid with
fixed physical properties.

® Equations are solved in steady-state conditions.

® Crude oil is regarded as a continuous primary phase and
brine is a dispersed secondary phase.

® Only binary coalescence and breakage are considered

® Droplet breakage in the electric field is neglected.

® Spherical droplets are assumed.

2.2. Governing equations

The mixture approach is used to model the multi-phase
system that solves a single set of equations: Continuity
equation, Navier-Stokes momentum equations, and k-¢ rea-
lizable turbulence model. It has recently been applied in
many complex flow systems and has the best convergence
behavior. The mixture model calculates the density, visc-
osity, and velocity of the mixture based on the volume
fraction composition of the mixture in each cell (Ramirez-
Argaez et al., 2021).

Egs. (1) and (2) provide the continuity and momentum
equations for this model (ANSYS, 2019):

V. (0 Un) = 0 &)

V. (0 T Um) = =P + V. [y, + 1) (VU + VT )]

- -
+0md + F + E = V. (2R axp Vark Vare) )

where U, is the mass-averaged velocity, p,, is the mixture
density, P is the pressure, 4,, is the mixture viscosity, 4, is the
turbulent viscosity, ax is the volume fraction of phase k, ﬁﬁnk

is the drift velocity for secondary phase k, Fisa body force,

Ti is the electrostatic force.
Egs. (3) and (4) state the turbulent transport equations in
the realizable k-e model (ANSYS, 2019):

o
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into two parts (Gong et al., 2021) according to Eq. (9). The first
part is related to the hydrodynamic effect (Wang et al., 2005)
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where k is the kinetic energy of turbulence, ¢ is the turbu-
lence dissipation rate, Gy is the generation of turbulence ki-
netic energy due to the mean velocity gradients, G, is the
generation of turbulence kinetic energy due to buoyancy, Yu
is the contribution of the fluctuating dilatation in compres-
sible turbulence to the overall dissipation rate, and Cj,, C», oy,
and o, are constants and are equal to 1.44, 1.9, 1.0, and 1.2
respectively.

Because the brine-in-o0il emulsion is a leaky dielectric
fluid, its electrical conductivity is limited and electrostatic
charges accumulate at the interface of two phases. Due to
the leaky dielectric emulsion and the associated simplifying
assumptions, Eq. (5), the charge conservation equation,
governs the system and accounts for the presence of an
electric field (Rahmat, 2017):

V. (AmVe) =0 (5)

where 1, is the mixture’s electrical conductivity and ¢ is the
electric potential. After solving this equation, the electric
potential is determined. By using electric potential, it is
possible to calculate the electric field distribution and then
the electrostatic force on the fluid (Rahmat, 2017):

-
E=-Vgp (6)
- - = - =

E=V.(mE)E —05E. EVe'p %

where E is the electric field and &, is the mixture’s absolute
permittivity.

The population balance equation (Eq. 8) is used to account
for droplets coalescence and breakage due to electrostatic
and turbulence effects to calculate the droplet diameter
distribution (Aryafard et al., 2016):

on(d;, z) _
Yoz

,JO a(d - d, d)n(d — d;, Z)n(d;, z)dd;

- [7a(d, djn( 2)n(d;, z)dd;

+ [, P9(d)B (dild)n (d;, z)dd;

—9( ijn (n z) ®)

where v is the velocity, d is the droplet diameter, n(d;, z) is the
average number of droplets per unit volume that have dia-
meter d; at position z, a(d;, d)) is the aggregation rate, g(d;) is
the breakage frequency, and §(d; | d) is the probability den-
sity function of the formation of a droplet with a diameter d;
from the breakage of a droplet with a diameter dj, and p is the
number of particles produced as a result of breakage (which
is equal to 2 in binary breakage). The first and second ex-
pressions on the right side of the equation show the birth
and death of droplets due to coalescence, while the third and
fourth expressions show the birth and death of droplets due
to breakage.

The coalescence rate in an electrostatic desalter is divided

and the second part is related to the electrostatic effect
(Atten, 1993):

a(di, dj) = cu(di, dj)P (di, d}) + K(di, d}) (9)

where w(d;, dj) is the coalescence frequency, P(d;, d)) is the
coalescence probability, and K(d;, d;) is the coalescence rate
due to electrostatic force where calculate from Egs. (10) to
(12), respectively.

w(di, dj) 71'\/—51/3(d + d) (dl_z/3 + d}2/3)1/2 (10)
[0.75(1 + (di/dj)?) (1 + (di/dj)?) V2
P(d;, dy) = - Wel/2
(*, 4) Xp{ (/s + OS2+ d/dP 0 [ )
2r d  di\(e,E?
K(d, d) = 25 (di + &3] 5 + 2 || =2
(dh &) = -(di+ ) [ 3 di)( m ] ”

where p, and p, are the brine and oil density, ¢, is the oil’s
absolute permittivity, u, is the oil viscosity, and We is the
Weber number calculated from Eq. (13).
V2

Wei)‘ — 7,00(11‘51/3 (d12/3 + d}2/3)1/2 (13)
where ¢’ is the interfacial tension.

The breakage rate is calculated using the Luo and
Svendsen, 1996 model (Eq. 14), which includes the breakage
frequency and the probability density function of droplet

formation:
1 (1+§&)2
) — 1/34-2/3
Oy (di, d)) = 0.9238¢1/d; ajgmm Fi7s eXP)| -

1.520/£11/3
po€2/3d)5/3

(14)
where ¢ and &min are the eddy dimensionless size and the
minimum eddy dimensionless size, respectively.

The Sauter mean diameter (equation 15) is calculated and
used to represent the droplet diameter from the population
balance equation, then transferred to the conservation
equations and corrected the interphase force, so that re-
levant flow properties such as velocity and volume fraction
of the dispersed phase are calculated and updated.

Z Ylidl'z (15)

where n; is the number of class i droplets per unit volume.
3. Simulation

The electrostatic desalter’s performance is simulated using
ANSYS Fluent software. The charge conservation equation is
added to the software via UDFs. After calculating the voltage
distribution in the desalter, the resulting electric field is
calculated. UDFs are also used for applying the electric field
effect on the momentum and population balance equations.

3.1. Geometry

The geometry of the desalter is drawn using SpaceClaim
software. In this study, two dimensions are used for the de-
salter shown in Table 1. Fig. 1(a) and (b) depict, respectively,
the chosen desalter geometry from the Ramirez-Argaez et al.,

o
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Table 1 - Desalters dimensions.

Ramirez-Argaez et al. (2021) 's desalter (RAD)

Iran’s oil field desalter (IOFD)

Length (m) 15.44
Diameter (m) 3.66
Electrodes Distance (m) 0.32

30
4.8
0.32

2021 article (case study I) and from an oil filed in Iran (case
study II).

3.2. Boundary conditions

In an electrostatic desalter, there are electric field effects in
addition to fluid flow. For this reason, we have two types of
boundary conditions: hydrodynamic and electrostatic. The
boundary conditions used in the simulation are described in
Table 2.

Due to the unavailability of experimental data, Egs. (16) to
(19) are used to calculate the minimum / maximum diameter
and size distribution of brine droplets at the inlet (Oshinowo
et al.,, 2015):

8a’
Ainin = )
9p,Uo (16)
4 __ 0725
max — @0/0/)3/552/5 17)
, _3In(dy/d1) 3In(dis1/d) 3 In(dmax/dmin)
" =2 =~ 2 ~N-1 In2 (18)
d Y
ﬁ:l—exp(—( L )]

where dyin and dpgy is are minimum and maximum droplets
number, d; is the droplets diameter in the i class, ¢’ is the
ratio factor, N is the number of classes, and f; is the it" class
fraction.

The ratio factor is calculated using the minimum and
maximum droplets diameter. The number of classes de-
termines the class droplet diameter, and the droplet dia-
meter in each class reveals the class fraction.

3.3. Method for solving equations

The coupled scheme is used for pressure-velocity coupling,
and the first-order upwind discretization method is used to
solve the momentum and turbulence equations. Population
balance equations are solved using the discretization method
or class method. The first-order upwind discretization
method is used to solve the equations associated with each
class.

3.4. Operating conditions and physical properties

The operating conditions and physical properties used in
RAD and IOFD simulation are listed in Table 3 and, respec-
tively.

Empirical equations and charts are used to calculate
physical properties at different temperatures.

® brine density (Dittman, 1977):
ey = 17.655a3 — 28.89a,T + 7373.37a, (20)

where T is the temperature in K, p, is the brine density in
kg/m3, and a, and a; are constants listed in Table A1.
® brine viscosity (Phillips et al., 1980):

Ho — 14 am+bm?+ cmd + d(T — 273.15)(1 — exp(km))

oy (22)
where T is the temperature in K, m is the molal con-
centration of equivalent NaCl in g-moles NaCl/kg H,0, u, is
the brine viscosity in Pa.s, and u,, is the water viscosity
in Pa.s:

py = €xXp(Cr + Co/T + C3In T + C4TS) (22)

where T is the temperature in K. The constants of Egs. (21)
and (22) are equal to:

a = 0.0816, b = 0.0122, ¢ = 0.000128, d = 0.000629, k = —0.7

Cy, = —52.843, C, = 3703.6, C3 = 5.866,
C4 = —5.87% — 29, Cs = 10

brine electrical conductivity (Peyman et al., 2007):
Ap = 0.096(T — 273.15)c — 0.8¢? + 6.554c (23)

where T is the temperature in K, c is the molar con-
centration of equivalent NaCl in g-moles NaCl/Lit brine, 1, is
the brine electrical conductivity in S/m.

® brine relative permittivity (Peyman et al., 2007):

ey = £',(0.999 + 8.521 x 10~*(T — 273.15)c + 0.013c? — 0.175¢
+ 2.344 x 10~%(T — 273.15) — 1.235 x 10~>(T — 273.15)?)

(24)
where T is the temperature in K, c¢ is the molar con-
centration of equivalent NaCl in g-moles NaCl/Lit brine, g, is
the brine relative permittivity, and ¢, is the water relative
permittivity:

£y = 10(1.94404-1.991x10"3(T~273.15)) (25)

where T is the temperature in K.

® oil density (Arnold and Stewart, 2008):
The chart shown in Fig. Al is used for calculating oil
density.

® oil viscosity (Rossi et al., 2017):

U, = 10—04802.°AP1+20.8765(1 8T — 459 67)0.31458.°AP1—9.21592 (26)
o . .

where T is the temperature in K, and u, is the oil viscosity
in Pa.s.

® oil electrical conductivity and relative permittivity:
The relative permittivity and electrical conductivity of oil
are both considered constant at 2.5e-8 S/m and 1.947e-
11 F/m, respectively, because they change relatively little
with temperature.
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Fig. 1 - (a) RAD schematic, (b) IOFD schematic.

Table 2 - boundary conditions.

boundary condition

boundary hydrodynamic electrostatic
inlet velocity inlet dp/dx; = OV/m
outlets outflow
walls standard wall =0V
electrode connected function
to the ground
electrode connected ¢=32,000V
to the power supply
® interfacial tension (Ahmed, 2016):
o’ = 0.02 + 0.00003595 (o}, — 0,) (27)

where ¢’ is the interfacial tension in N/m, p, and g, is the
brine and oil density in kg/m?, respectively.

3.5. Mesh independence study

In this research, ICEM software is used to perform geometry
gridding. The desalter geometry can be prepared with the
different numbers of meshes for solving in ANSYS Fluent. A
mesh independence study is carried out to guarantee the
independence of ANSYS Fluent’s solutions from the number
of meshes. The results of this study for RAD case study are
given in Table A2. It should be noted that in this study, the
electric field is not applied to reduce computational costs.

As shown in Table A2, there is a significant difference in
the chosen parameters as the number of meshes increases
from 4.57 to 5.11 million. However, there is little difference
between 5.11 million and 5.62 million, and between 5.62
million and 5.98 million meshes (less than 2%). Therefore,
the use of 5.11 million meshes is considered for simulation in
order to lower computational costs.

As the problems and equations solved by ANSYS Fluent in
both cases (RAD and IOFD) are identical, the results obtained
in the mesh independence study for the RAD can be applied
in the IOFD. In both cases, the mesh size is considered the
same. Therefore, the number of meshes for the IOFD in this
scenario is 6.48 million.

3.6.  Class independence study

Three cases with the number of 5, 10 and 15 classes are taken
into consideration to ensure that the solutions are in-
dependent of the number of classes of brine droplets. The
results of the class independence study are presented in
Table A3. It should be noted that, like the mesh in-
dependence study, the electric field is not used to reduce the
computational costs in this study.

As shown in Table A3, increasing the number of classes
from 5 to 10 and 15 has no significant effect on the selected
parameters. As a result, the remaining research steps are
completed with 5 classes to reduce computational costs.

4, Results and discussion
4.1. Validation

The proposed method is compared with the Ramirez-Argaez
et al. (2021) 's method (RAM). Two simulations with RAD
geometry without an electric field are run to validate the
proposed method in this study. In comparison, the results
demonstrate that the volume average of the brine volume
fraction in the whole system using the proposed method is
0.1002736, which is 0.25% different from the RAM value of
0.1000214.

To evaluate the performance of the electric field in the pro-
posed method, the solutions in the absence and presence of the
electric field are compared. The solution obtained in the pre-
sence of an electric field is then compared to the RAM solution.

The results show that the FAVFWOO has decreased from
0.0618 to 0.0304, i.e., 50.8%. Also, the maximum volume
fraction of brine in the desalter has increased from 0.817 to
0.951, i.e., 16.4%. The changes in the separation and the
maximum volume fraction of brine in the desalter can be
seen in Fig. A2.

Fig. 2 depicts the number of droplets per unit volume of
fluid (number density) in the presence and absence of an
electric field. By comparing the number density, it is clear that
the application of an electric field has a very clear effect on the
decrease of the number density of droplets in the oil outlet
indicating an increase in separation and sedimentation.

By comparing the results of the proposed method and
RAM, it can be seen that FAVFWOO has significantly im-
proved and lowered by 70%, going from 0.1 to 0.0304, de-
monstrating the proper efficiency of the proposed method.
This is because using the population balance equation to
simulate water droplets allows researchers to more thor-
oughly study the droplets’ behavior. The reason for this dif-
ference is also due to how the population balance and the
momentum equations take the effects of the electric field
into account.

o
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Table 3 - Operating conditions and physical properties at 120 °C and 10% wash water.

RAD IOFD
brine oil brine oil
density (kg/m?) 967.2 902.2 968.96 848.1
viscosity (Pa.s) 2.34e-4 0.0128 2.49e-4 0.0055
electrical conductivity (S/m) 2.94 2.5e-8 3.68 2.5e-8
absolute permittivity (F/m) 3.76e-10 1.947e-11 3.74e-10 1.947e-11
interfacial tension (N/m) 0.0223 0.0243
crude oil flow at inlet (m?%/s) 0.1134 0.11
salt (equivalent NaCl) mass flow rate at inlet (kg/s) 0.119 0.269
1.0E+12 0.0014
1.0E+11 0.0012
2
‘% 1.0E+10 0.001
g
T 10E+09 S 0.o008
H | £
£ 1.0E+08 = 0-000b
IS
1.0E+07 I 0-000Y
—_— | | I I I 0.0002
12 85 59.6 4205 2965 i)
droplet diameter (m) 115 120 125 130 135 140 145
Temperature (°C)
minlet : 0il outlet, with an electric field . )
oil outlet, without an electric field brine outlet, with an electric field Fig. 3 — Changes in FAVFWOO vs. temperature.
mbrine outlet, without an electric field

Fig. 2 - the number density of droplets.

4.2. Sensitivity analysis for RAD case study

By reviewing relevant references, it was found that the effect
of temperature, the percentage of washing water, the inlet
distributor, and the electrodes arrangement on the solutions
can be investigated in the proposed method. As a result, a
sensitivity analysis is performed on the mentioned para-
meters for the RAD geometry, which is a smaller model than
the IOFD.

Egs. (20) to (27) are added to the ANSYS Fluent software
with UDFs to apply the effect of temperature on the physical
properties of oil and brine. These functions call the tem-
perature from the specified value inside the software.

The diagram in Fig. A3 is used to calculate the amount of
remaining salt in the output oil. If the volume of the mixture
brine is not 0.1%, the amount of PTB calculated from the
chart is multiplied by the ratio of "mixture brine volume
percentage to 0.1".

4.2.1. Temperature
The 120-140 °C temperature range is selected for sensitivity
analysis (Abdel-Aal et al., 2003). Fig. 3 shows the FAVFWOO
vs. temperature. By solving the problem at three tempera-
tures of 120, 130, and 140°C with 10% wash water, the
FAVFWOO is 0.00115, 0.000703, and 0.000717, respectively
and the salt content in the output oil is 5.35, 3.29, and 3.39
PTB, respectively.

The decrease in the FAVFWOO from 120° to 130°C is due to
a decrease in oil viscosity, which allows brine droplets to
separate more easily from oil. By increasing the temperature

to 140°C, a slight increase in the FAVFWOO is observed,
which has reduced the brine density to the point where the
effect of reducing the oil viscosity due to the reduced force of
gravity on the brine droplets has been neutralized. Brine
density and oil viscosity changes versus temperature are
shown in Table A4. As seen in the table, the decrease in the
brine density is greater than the oil viscosity. An increase in
temperature over 140°C also has an adverse effect on se-
paration. It causes an increase in the FAVFWOO so that at a
temperature of 160 °C, this parameter equals 0.0009.

4.2.2. Wash water percentage

By reviewing references, the wash water percentage range
for the sensitivity analysis is set between 5 and 15 (Abdel-Aal
et al.,, 2003). By solving the problem in three wash water
volume percentages of 5, 10, and 15, with a temperature of
120 °C, the corresponding FAVFWOO is 0.00225, 0.00115, and
0.00041, respectively (Fig. 4), and the salt content in the
output oil is correspondingly 21.85, 5.35 and 1.21 PTB.

0.0DD45
0.0004
0.00035
0.0003
0.0D0D25
0.0002

FAVFWOO

0.00015
0.0001
0.00005

0
0 5 10 15 20

wash water (%)

Fig. 4 - Changes in FAVFWOO vs. wash water percentage.
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Fig. 5 — The brine volume fraction contour in different fluid
distributions inside the desalter; (a) RAD Distribution; (b)
Distribution along the desalter with a perforated pipe; (c)
Distribution with perforated T-shaped pipes; (d) Gircular
distribution.
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The increase in the number of brine droplets per unit H:ﬁ'g}
volume has led to more droplets colliding with each other Dpoont
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due to the application of an electric field, and the action of
coalescence and sedimentation of brine droplets should be
done more frequently. This is the cause of the decrease in the
FAVFWOO with the increase in the wash water volume per-
centage.

4.2.3. Inlet distributor arrangement
The temperature and wash water percentage are set to 120 °C
and 10, in this sensitivity analysis. Four different types of
arrangements have been chosen. The first arrangement
shown in Fig. 1(a) is related to the RAD geometry; Other ar-
rangements are shown in Fig. A4. It should be noted that all
inlet droplet size distribution is identical.

The FAVFWOO for the RAD and Fig. A4(a) to (c) distributions
are equal to 0.00115, 0.00028, 0.00021, and 0.00048, and the salt

8.000e-02
6.0000-02
4.000e-02
2.000e-02
0.000e+00

(d)

Fig. 6 — The velocity contour in different fluid distributions
in the middle plane of the electrodes; (a) RAD Distribution;
(b) Distribution along the desalter with a perforated pipe; (c)
Distribution with perforated T-shaped pipes; (d) Circular
distribution.
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Fig. 7 - The brine volume fraction contour in different
electrodes arrangement; (a) two horizontal electrodes; (b)
Three horizontal electrodes; (c) Vertical electrodes.

content in the output oil is 5.35, 1.30, 0.98 and 2.23 PTB, re-
spectively. These results are displayed in Fig. 5. As it is clear in
Fig. 5, the separation in three distributions (b), (c), and (d) is
evidently much better than distribution (a). As the FAVFWOO
values in the three distributions (b), (c), and (d) are close to each
other, Fig. 5 does not clearly show this difference.

According to the findings, when the distributor is
changed, the separation rate alters significantly. As depicted
in Fig. 6, this is due to a change in the distribution pattern of
the mixture of oil and brine in the desalter. When using T-
shaped pipes for distribution, the distribution is set up so
that incoming flows collide most frequently at the entrance
and in the middle of the electric field. This results in more
droplet collisions, and separation will be improved.

4.2.4. Electrodes arrangement

The temperature and wash water percentage in this sensi-
tivity analysis are 120 °C and 10, respectively. Three different
types of arrangements have been chosen. The first arrange-
ment is related to the RAD geometry, which is shown in
Fig. 1(a); Other arrangements are shown in Fig. AS.

The FAVFWOO for the RAD and Fig. A5(a) to (b) arrange-
ment is equal to 0.00115, 0.00098, and 0.02608, respectively,
and the salt content in the oil output is 5.35, 4.56, and 121.33
PTB, respectively. These outcomes are displayed in Fig. 7. The
separation in electrode arrangement (b) is better than that in
electrode arrangements (a) and (c), as shown in Fig. 7.

—

115 120 125 130 135 40 145

Temperature (°C)

wf=== RAD distribution === T-shaped distribution

(a)

0.0025

0.002

0.0015

0.001

FAVFWOO

0.0005

.\.\I

1) 5 10 15 20

wash water (%)

=fe==RAD distribution === T-shaped distribution

(b)

Fig. 8 - Comparison of FAVFWOO in RAD and T-shaped
distributors.

Table 4 - IOFD sensitivity analysis results.

Temperature (°C) wash FAVFWOO  salt
water (%) content (PTB)
90 5 0.00504 40.52
8.3 0.00343 22.48
10 0.00264 15.03
15 0.00092 3.90
100 5 0.00349 28.26
83 0.00244 16.09
10 0.00188 10.77
15 0.00066 2.79
110 5 0.00193 15.76
8.3 0.00133 8.84
10 0.00102 5.91
15 0.00036 1.53
115 5 0.00116 9.49
8.3 0.00080 5.35
10 0.00061 3.50
15 0.00023 0.99
120 5 0.00057 4.72
8.3 0.00040 2.68
10 0.00031 1.78
15 0.00011 0.49
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Additionally, electrode arrangement (c) has a lower separa-
tion than the others.

The findings indicate that increasing the number of hor-
izontal electrodes from two to three, improves the separation
by about 15%. The small change in separation in comparison
to changing inlet distributor is caused by the fact that the
electric field does not significantly change when going from
two to three electrodes, as shown in Fig. A6(a) and (b).

To more precisely examine the effect of three horizontal
electrodes on the output, the T-shaped distribution was
chosen and the simulation was run at 120 °C and 10% wash
water with three horizontal electrodes, yielding the
FAVFWOO of 0.000206. When this result is compared to the
result of the same case with two electrodes, it can be seen
that increasing one electrode has improved the result by
1.9%, which is negligible when compared to the effect of
changing the distributor. As a result, the change of electrodes
is not taken into account in the study of IOFD.

4.2.5. Interaction between parameters

The simulation was run at temperatures of 120, 130, and
140 °C and 10% wash water in order to investigate the inter-
action of temperature with the inlet distributor. The
FAVFWOO was calculated for the T-shaped distributor as
0.00021, 0.000130, and 0.000134, respectively. Fig. 8(a) com-
pares the results with those obtained from the RAD dis-
tributor.

To investigate the interaction of wash water percentage
with the inlet distributor, the T-shaped distributor was se-
lected and the simulation was run at 5%, 10%, and 15% wash
water and 120 °C. The FAVFWOO was obtained as 0.00041,
0.00021, and 0.00008, respectively. These results are com-
pared with those obtained from the RAD distributor in
Fig. 8(b).

Fig. 8 shows that both distributions exhibit a similar trend
and percentage of the FAVFWOO changes. As a result, there
is no interaction between the temperature and the inlet
distributor, and between the wash water percentage and the
inlet distributor.

4.3. Sensitivity analysis for IOFD case study

According to the process information of IOFD, the maximum
brine in the output oil is 0.3vol percent. For the IOFD, the
temperature of 120, 130, and 140 °C was chosen like the RAD.
After the simulation, the results showed that the FAVFWOO is
within the acceptable limit. Then, by simulating the operating
conditions mentioned in the process flow diagram namely the
temperature of 115 °C and 8.3% wash water, it was found that
the FAVFWOO is 0.0008, which is below the acceptable limit. For
this reason and to save energy, the temperature of the simula-
tion was reduced, and the simulation was run at temperatures
of 110, 100, and 90 °C. The FAVFWOO is equal to 0.00133, 0.00244,

and 0.00343, respectively. As can be seen, the acceptable limit
has been rejected at a temperature of 90 °C. The simulation was
run using a T-shaped distributor at this temperature and 8.3%
wash water, and the FAVFWOO was 0.00255.

The temperatures for sensitivity analysis are taken to be
90, 100, 110, 115, and 120°C based on the simulations.
Furthermore, the wash water percentage is considered to be
5, 8.3, 10, and 15. For sensitivity analysis of temperature and
wash water percentage in IOFD, the temperature was kept
constant in the simulation and the percentage of washing
water was altered. In this manner, 20 simulations were run,
with the results shown in Table 4.

As shown in Table 4, the acceptable limit has not been
met in the three cases of 90 °C and wash water percentage of
5 and 8.3, as well as 100 °C with wash water percentage of 5.
In terms of temperature, 90 °C with 10% wash water is the
best point for separation. While 100 °C with 8.3% wash water
is the best point for separation in terms of wash water per-
centage. The cost of energy and wash water determines
which of these two points is an optimal point.

5. Conclusion

In this study, the process of separating brine from oil in an
electrostatic desalter was simulated using a combined
method of CFD-PBM. ANSYS Fluent software was used to
model the performance of electrostatic desalter. The mesh
independence study and classes were done to find the op-
timal number of meshes and classes. The optimal number of
meshes for RAD model was 5.11 million and for IOFD model
was 6.48 million, and the optimal number of classes is 5. The
results were compared with the RAD model to validate the
method and there was only 0.25% difference. Finally, the
sensitivity analysis of temperature, wash water percentage,
inlet distributor arrangement, and electrodes arrangement
were done for the RAD and the IOFD model. The results in-
dicated that these four variables are independent to each
other and the best inlet distributor arrangement is T-shaped
and the number of two electrodes is the best arrangement.
According to the results obtained from the sensitivity ana-
lysis in the IOFD model, the optimal point for separation in
terms of temperature is 90°C with 10% wash water. In
comparison, the optimal point for separation in terms of
wash water percentage was obtained at 100°C with 8.3%
wash water. Both suggestions can be applied to retrofit the
desalter, depending on the energy and wash water costs.
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Appendix

See Tables A1-A4 and Figs. Al-A6.

Table Al - Parameters for

w/w% of equivalent NaCl

5 0.043 72.6
10 0.039 73.7
15 0.035 74.9
20 0.032 76.2
25 0.030 77.8

Table A2 - Mesh independence study results.

number of meshes facet average of volume facet average of velocity at oil facet average of velocity in
fraction of water at oil outlet outlet (m/s) the entire geometry (m/s)
(FAVFWOO) (FAVOO) (FAVEG)

4571305 0.0664 1.6247 0.0295

5114144 0.0618 1.6830 0.0308

5618793 0.0610 1.6819 0.0302

5979832 0.0608 1.6904 0.0296

Error % 6.928 3.586 4.407
1.294 0.066 1.948
0.328 0.508 1.987

Table A3 - Class independence study results.

Number of classes FAVFWOO FAVOO FAVEG
15 0.06110 1.68304 0.03099
10 0.06140 1.68302 0.03098
5 0.06180 1.68300 0.03080
Error % compared to 15 -0.49100 0.00119 0.03227

classes -1.14566 0.00238 0.61310

Table A4 - Brine density and oil viscosity changes versus temperature.

Temperature (°C) brine density (kg/m°) oil viscosity (Pa.s)
120 942.6 0.0055
130 934.9 0.0047
140 926.8 0.0040
A120-130 7.7 0.0008

Arenng 8.1 0.0007
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Fig. A1 - Chart of dead oil density Vs temperature (Arnold and Stewart, 2008).
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Fig. A2 - The contour of brine volume fraction in two states: (a) the absence of an electric field, and (b) the presence of an
electric field.
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Fig. A3 - The salt content of crude oil (PTB) as a function of the salinity of its remnant - water 0.1% (1/1000) by volume of
remnant water (Abdel-Aal et al., 2003).
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(b)

Fig. A4 - Desalter with different inlet distributor; (a) Distribution along the desalter with a perforated pipe; (b) Distribution
with perforated T-shaped pipes; (c) Circular distribution.

(b)

Fig. A5 - Desalter with different electrodes arrangement; (a) Three horizontal electrodes; (b) Vertical electrodes.
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Fig. A6 — The contour of the y component of the electric field in different electrodes arrangement; (a) two horizontal electrodes; (b)

Three horizontal electrodes; (c) Vertical electrodes.
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