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ABSTRACT 
Sand produced along with well-production fluids accumulates in the surface facilities over time, 
taking valuable space, while the sand carried with the fluids damages downstream equipment. 
Thus, sand is separated from the fluid in the sand traps and separators and removed during peri-
odic clean-ups. But at high sand productions, the probability of unscheduled facilities shutdowns 
increases. Such extreme production conditions can be handled by strategic planning and optimal 
design of the separator network to enable maximum sand separation at minimal equipment cost 
while ensuring the accumulation extent is within tolerable limits. This paper develops a mathemat-
ical model to optimize the separator network design to maximize sand separation while the sand 
accumulation extent and total equipment cost are minimal. The optimization model is formulated 
using multi-objective mixed-integer nonlinear programming (MINLP). The capabilities of the de-
veloped model to assist sand management in the separator network are demonstrated with a case 
study of optimizing the network for two wells producing sand particles of different sizes. A resi-
dence time distribution-based model is used to predict sand settling behavior. The developed 
Pareto Front shows the trade-off between the increase in total sand accumulation rate and total 
equipment cost for an increase in the fraction of sand settled.  
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INTRODUCTION 
On the surface, sand produced with oil and gas ac-

cumulates in the separators, leading to costly unsched-
uled shutdowns, while the sand carried over damages the 
downstream equipment [1]. Sand management practices 
include sand separation from the fluid in the sand traps 
and separators and removal during periodic clean-ups. 
Multiple separators are generally necessary to separate 
the multiphase production containing oil, gas, water, and 
sand. The extent of sand separation and accumulation in 
separators depends on the production conditions, sepa-
rator design, and separator network. Previous studies 
have developed algorithms for simultaneous optimization 
of the well production and separation systems for pro-
duction management and enhancement [2,3]. However, 
these studies do not account for the sand separation in 
the separators.  

This paper develops a mathematical programming 
model to optimize separator network design with three 

objectives: (i) to maximize the overall sand separation, (ii) 
to minimize sand accumulation in each separator, and (iii) 
to minimize the total purchased equipment cost. The 
model is formulated as a multi-objective mixed-integer 
nonlinear programming model (MINLP) and solved using 
epsilon-constraint method.  

PROBLEM STATEMENT 
The main goal is to develop an optimization-based 

framework that assists the design of the separator net-
work by (i) selecting separators from each layer of the 
separator network for the separation of produced fluid 
and sand, (ii) determining the design specifications of the 
selected separators, and (iii) estimating sand settling rate 
in the separators. The objective is to maximize sand sep-
aration from the produced fluid while minimizing sand ac-
cumulation in each separator and the total equipment 
cost of the separators. 

The superstructure in Figure 1 illustrates the 
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separator network. Production fluids (𝐹𝐹𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛) and sand 
(𝑆𝑆𝑛𝑛𝑛𝑛) from wells (𝑊𝑊𝑛𝑛𝑛𝑛) enter the network. The sets 𝑛𝑛𝑛𝑛 ∈
𝑁𝑁𝑁𝑁 and 𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁 represent the fluid phases and wells. 
The layers correspond to different stages of separation, 
and each layer consists of separators (𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛). The sets 
𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁 and 𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁 represent the layers and separators 
in each layer. The well fluids are separated into their con-
stituents in each layer. 

 
Figure 1. The superstructure of the separator network. 

MULTI-OBJECTIVE OPTIMIZATION 
MODEL FORMULATION 

The three objectives of the separator network de-
sign optimization model are: i) to maximize the overall 
sand separation, ii) to minimize the sand accumulation in 
each separator, and iii) to minimize the total purchased 
equipment cost of the separators in the network. The 
overall sand separation is represented as a fraction of 
sand produced by the wells that are separated from the 
produced fluid in the separators (𝐹𝐹𝐹𝐹) (Eq. 1). It is com-
puted using the total sand production rate from the wells 
and the total sand settling rate in the separators in each 
layer of the network. The sand accumulation in each sep-
arator in the network is minimized by minimizing the sum-
mation of the sand accumulation rate in each separator 
(𝐴𝐴𝐴𝐴). The sand accumulation rate is determined as the 
rate at which the sand bed height increases in the vessel 
(Eq. 2). The total purchased equipment cost of the sepa-
rators network (𝑇𝑇𝑇𝑇) is computed from the equipment cost 
of each separator in the network (Eq. 3). 

𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝐹𝐹 = (∑ 𝑚𝑚𝑚𝑚1′𝑛𝑛𝑛𝑛1𝑛𝑛𝑛𝑛1∈𝑁𝑁𝑁𝑁1 + 𝑚𝑚𝑚𝑚2′𝑛𝑛𝑛𝑛2  (0) 

                  +⋯+ ∑ 𝑚𝑚𝑚𝑚𝑚𝑚′𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛∈𝑁𝑁𝑁𝑁𝑁𝑁 )/∑ 𝑀𝑀𝑀𝑀𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛∈𝑁𝑁𝑁𝑁 (1) 

𝑀𝑀𝑀𝑀𝑀𝑀 𝐴𝐴𝐴𝐴 = ∑ 𝑎𝑎𝑎𝑎1𝑛𝑛𝑛𝑛1𝑛𝑛𝑛𝑛1∈𝑁𝑁𝑁𝑁1 + ⋯+ ∑ 𝑎𝑎𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛∈𝑁𝑁𝑁𝑁𝑁𝑁   (2) 

𝑀𝑀𝑀𝑀𝑀𝑀 𝑇𝑇𝑇𝑇 = ∑ 𝑐𝑐𝑐𝑐1𝑛𝑛𝑛𝑛1𝑛𝑛𝑛𝑛1∈𝑁𝑁𝑁𝑁1 + ⋯+ ∑ 𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛∈𝑁𝑁𝑁𝑁𝑁𝑁  (3) 

The sets 𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁 and 𝑛𝑛𝑛𝑛1 ∈ 𝑁𝑁𝑁𝑁1, 𝑛𝑛𝑛𝑛2 ∈ 𝑁𝑁𝑁𝑁2, … ,𝑛𝑛𝑛𝑛𝑛𝑛 ∈
𝑁𝑁𝑁𝑁𝑁𝑁 represent the oil and gas wells and separators in the 
different layers of the network, respectively. The param-
eter 𝑀𝑀𝑀𝑀𝑛𝑛𝑛𝑛 represents the sand production rate from each 
well 𝑛𝑛𝑛𝑛. The variables 𝑚𝑚𝑚𝑚1′𝑛𝑛𝑛𝑛1, 𝑚𝑚𝑚𝑚2′𝑛𝑛𝑛𝑛2, and 𝑚𝑚𝑚𝑚𝑚𝑚′𝑛𝑛𝑛𝑛𝑛𝑛 

represent the sand settling rate in each separator in each 
network layer. The variable 𝐹𝐹𝐹𝐹 represents the fraction of 
produced sand separated (i.e., settled) in the separators 
network. The variables 𝑎𝑎𝑎𝑎1𝑛𝑛𝑛𝑛1 and 𝑎𝑎𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛 represent the 
sand accumulation rate in each separator in each net-
work layer and the summation of the accumulation rates 
is represented by the variable 𝐴𝐴𝐴𝐴. The variables 𝑐𝑐𝑐𝑐1𝑛𝑛𝑛𝑛1and 
𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛 represent the purchased equipment cost of the 
separators in different network layers, and 𝑇𝑇𝑇𝑇 represents 
the total equipment cost of all the separators in the net-
work.  

Binary Variables 
A set of binary variables, 𝑦𝑦1𝑛𝑛𝑛𝑛1, …, 𝑦𝑦𝑦𝑦𝑛𝑛𝑛𝑛𝑛𝑛, is defined 

in Eqs. (4) and (5) to represent the selection of separa-
tors in each network layer (𝑛𝑛𝑛𝑛1 ∈ 𝑁𝑁𝑁𝑁1, … ,𝑛𝑛𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁𝑁𝑁). An-
other binary variable, 𝑙𝑙1𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛1, is defined in Eq. (6) to rep-
resent the interaction between the wells and the first-
layer separators (𝑛𝑛𝑛𝑛1 ∈ 𝑁𝑁𝑁𝑁1). Similarly, another set of bi-
nary variables, 𝑙𝑙2𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛1,𝑛𝑛𝑛𝑛2, …, 𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛−1,𝑛𝑛𝑛𝑛𝑛𝑛, is defined in 
Eqs. (7) and (8) to represent the interaction between the 
first- and second-layer separators and the separators in 
the subsequent 𝑁𝑁𝑁𝑁𝑁𝑁 − 1 and 𝑁𝑁𝑁𝑁𝑁𝑁 layers. If fluid phase 
separation occurs in the first-layer separators, the indi-
vidual or mixed phases (the phases that are still not sep-
arated) enter the second network along with sand. Thus, 
the interaction variables 𝑙𝑙2𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛1,𝑛𝑛𝑛𝑛2, …, 𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛−1,𝑛𝑛𝑛𝑛𝑛𝑛 are 
written in terms of the set of fluid phases 𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁. All fluid 
phases from the 𝑁𝑁𝑁𝑁𝑁𝑁 layer separators exit the separator 
network. 

𝑦𝑦1𝑛𝑛𝑛𝑛1 = �1, if separator 𝑛𝑛𝑛𝑛1 in 𝑁𝑁𝑁𝑁1 layer is selected
0, otherwise                                                        (4)      

𝑦𝑦𝑦𝑦𝑛𝑛𝑛𝑛𝑛𝑛 = �1, if sep.𝑛𝑛𝑛𝑛𝑛𝑛 in 𝑁𝑁𝑁𝑁𝑁𝑁 layer is selected
0, otherwise                                               (5)                                

𝑙𝑙1𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛1 = �
1, if fluid from well 𝑛𝑛𝑛𝑛 enters 

  sep.𝑛𝑛𝑛𝑛1 in 𝑁𝑁𝑁𝑁1 layer           
0, otherwise                                  

 (6) 

𝑙𝑙2𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛1,𝑛𝑛𝑛𝑛2 = �
1, if phase 𝑛𝑛𝑛𝑛 from sep.𝑛𝑛𝑛𝑛1 in 𝑁𝑁𝑁𝑁1
layer enters sep.𝑛𝑛𝑛𝑛2 in 𝑁𝑁𝑁𝑁2 layer

0, otherwise                                           
 (7) 

𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛−1,𝑛𝑛𝑛𝑛𝑛𝑛 = �

1, if phase 𝑛𝑛𝑛𝑛 from sep.𝑛𝑛𝑛𝑛𝑛𝑛 − 1
 in 𝑁𝑁𝑁𝑁𝑁𝑁 − 1enters                  
sep.𝑛𝑛𝑛𝑛𝑛𝑛 in 𝑁𝑁𝑁𝑁𝑁𝑁 layer          

0, otherwise                                     

 (8)    

∀ 𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁,𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁,𝑛𝑛𝑛𝑛1 ∈ 𝑁𝑁𝑁𝑁1, … ,𝑛𝑛𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁𝑁𝑁   

Parameters 
The parameters are defined for the produced fluid, 

produced sand, separators design, and separators cost 
models. (i) Produced fluid: The volumetric flow rate of 
each fluid phase 𝑛𝑛𝑛𝑛 (𝑄𝑄𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛) produced from each well 𝑛𝑛𝑛𝑛 
are given. Similarly, the physical properties of each fluid 
phase (𝜀𝜀𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛), such as density and viscosity, are given 
for each well 𝑛𝑛𝑛𝑛. (ii) Produced sand: The sand density 
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(𝜌𝜌𝜌𝜌), sphericity (𝜓𝜓), and the sand production rate (𝑀𝑀𝑀𝑀𝑛𝑛𝑛𝑛) 
and mean particle diameter of sand produced (𝑑𝑑𝑛𝑛𝑛𝑛) from 
each well 𝑛𝑛𝑛𝑛 are given. The fraction of produced sand 
dispersed in each fluid phase (𝐹𝐹𝐹𝐹𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛) is given for each 
well 𝑛𝑛𝑛𝑛. (iii) Separators design: Lower and upper limits 
are given for each design specification of the separators 
in the network, 𝐷𝐷𝐷𝐷 and 𝐷𝐷𝐷𝐷, respectively. (iv) Separators 
cost models: The cost model parameters, 𝛼𝛼1𝑛𝑛𝑛𝑛1, 𝛼𝛼2𝑛𝑛𝑛𝑛2, …, 
𝛼𝛼𝛼𝛼𝑛𝑛𝑛𝑛𝑛𝑛 specific to separators in each network layer are 
given. 

Constraints  
If the separator 𝑛𝑛𝑛𝑛1 is selected in the first layer of 

the network, the binary variable 𝑦𝑦1𝑛𝑛𝑛𝑛1 takes a value of 
one, and if the separator has input from the well 𝑛𝑛𝑛𝑛, the 
binary 𝑙𝑙1𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛1 takes a value of one. The fraction of the 
total produced fluid and sand from well 𝑛𝑛𝑛𝑛 that enters the 
separator 𝑛𝑛𝑛𝑛1 is represented by the variable 𝑓𝑓𝑓𝑓1𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛1. 
Thus, it can take a value of zero to one. If the separator 
𝑛𝑛𝑛𝑛1 does not have input from the well 𝑛𝑛𝑛𝑛, the variables 
𝑙𝑙1𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛1 and 𝑓𝑓𝑓𝑓1𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛1 take a value of zero. This disjunction 
is given in Eq. (9). Similarly, the interaction between sep-
arators in the subsequent layers 𝑁𝑁𝑁𝑁𝑁𝑁 − 1 and 𝑁𝑁𝑁𝑁𝑁𝑁 are 
represented by the binary variable 𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛−1,𝑛𝑛𝑛𝑛𝑛𝑛 and the 
fraction of each fluid phase 𝑛𝑛𝑛𝑛 entering the separator in 
𝑁𝑁𝑁𝑁𝑁𝑁 layer from 𝑁𝑁𝑁𝑁𝑁𝑁 − 1 layer is represented by the vari-
able 𝑓𝑓𝑓𝑓𝑓𝑓𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛−1,𝑛𝑛𝑛𝑛𝑛𝑛 (Eq. 10). 

�
𝒍𝒍𝟏𝟏𝒏𝒏𝒏𝒏,𝒏𝒏𝒏𝒏𝟏𝟏 = 𝟏𝟏

0 ≤ 𝑓𝑓𝑓𝑓1𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛1 ≤ 1� V �
𝒍𝒍𝟏𝟏𝒏𝒏𝒏𝒏,𝒏𝒏𝒏𝒏𝟏𝟏 = 𝟎𝟎
𝑓𝑓𝑓𝑓1𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛1 = 0�  (9) 

                                                       ∀ 𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁,𝑛𝑛𝑛𝑛1 ∈ 𝑁𝑁𝑁𝑁1 

�
𝒍𝒍𝒍𝒍𝒏𝒏𝒏𝒏,𝒏𝒏𝒏𝒏𝒏𝒏−𝟏𝟏,𝒏𝒏𝒏𝒏𝒏𝒏 = 𝟏𝟏

0 ≤ 𝑓𝑓𝑓𝑓𝑓𝑓𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛−1,𝑛𝑛𝑛𝑛𝑛𝑛 ≤ 1�   (9)  

                V �
𝒍𝒍𝒍𝒍𝒏𝒏𝒏𝒏,𝒏𝒏𝒏𝒏𝒏𝒏−𝟏𝟏,𝒏𝒏𝒏𝒏𝒏𝒏 = 𝟎𝟎
𝑓𝑓𝑓𝑓𝑓𝑓𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛−1,𝑛𝑛𝑛𝑛𝑛𝑛 = 0�  (10) 

    ∀ 𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁, 𝑛𝑛𝑛𝑛𝑛𝑛 − 1 ∈ 𝑁𝑁𝑁𝑁𝑁𝑁 − 1,𝑛𝑛𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁𝑁𝑁 

The design specifications, fluid flow rate and prop-
erties, and sand properties in the separator 𝑛𝑛𝑛𝑛𝑛𝑛 selected 
in 𝑁𝑁𝑁𝑁𝑁𝑁 network layer are given in Eq. (11). The design 
specifications of the separator (𝐷𝐷𝐷𝐷𝑛𝑛𝑛𝑛𝑛𝑛) should be within 
the specified lower and upper bounds (𝐷𝐷𝐷𝐷 and 𝐷𝐷𝐷𝐷). The 
total volumetric rate of each fluid phase (𝑞𝑞𝑞𝑞𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛) enter-
ing the separator is computed from the fraction of each 
fluid phase entering the separator 𝑛𝑛𝑛𝑛𝑛𝑛 from each separa-
tor 𝑛𝑛𝑛𝑛𝑛𝑛 − 1 in the previous layer 𝑁𝑁𝑁𝑁𝑁𝑁 − 1 (𝑓𝑓𝑓𝑓𝑓𝑓𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛−1,𝑛𝑛𝑛𝑛𝑛𝑛) 
and the volumetric rate of each fluid phase in the previ-
ous layer separators (𝑞𝑞𝑞𝑞𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛−1). Similarly, the rate at 
which sand of size 𝑛𝑛𝑛𝑛 dispersed in phase 𝑛𝑛𝑛𝑛 enters the 
separator 𝑛𝑛𝑛𝑛𝑛𝑛 (𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛) is computed using the 
amount of sand carried by the fluid phase from the pre-
vious layer separators (𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛n−1) and the fraction of 
that fluid phase entering the separator 𝑛𝑛𝑛𝑛𝑛𝑛, 𝑓𝑓𝑓𝑓𝑓𝑓𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛−1,𝑛𝑛𝑛𝑛𝑛𝑛. 

In the previous description, the set 𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁 is used to 
denote the different particle sizes from different wells in 
the network. The physical properties of each fluid phase 
are estimated (𝜀𝜀𝜀𝜀′𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛) based on the properties of fluid 
from each previous layer separator (𝜀𝜀𝜀𝜀𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛−1). The de-
sign specifications, fluid flow rate and properties, and 
sand amount variables take a value of zero if the separa-
tor is not selected in the network, i.e., when 𝑦𝑦𝑦𝑦𝑛𝑛𝑛𝑛𝑛𝑛 = 0. 
The design specifications (𝐷𝐷𝐷𝐷𝑛𝑛𝑛𝑛𝑛𝑛) depend on the total vol-
umetric flow rate of each fluid phase in the separator 
(𝑞𝑞𝑞𝑞𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛) and other separator type-specific factors 
(𝜎𝜎𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛) (Eq. 12).  

⎣
⎢
⎢
⎢
⎢
⎡

𝒚𝒚𝒚𝒚𝒏𝒏𝒏𝒏𝒏𝒏 = 𝟏𝟏
𝐷𝐷𝐷𝐷 ≤ 𝐷𝐷𝐷𝐷𝑛𝑛𝑛𝑛𝑛𝑛 ≤ 𝐷𝐷𝐷𝐷

𝑞𝑞𝑞𝑞𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛 = ∑ 𝑓𝑓𝑓𝑓𝑓𝑓𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛−1,𝑛𝑛𝑛𝑛𝑛𝑛𝑞𝑞𝑞𝑞𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛−1𝑛𝑛𝑛𝑛𝑛𝑛−1
𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑓𝑓𝑓𝑓𝑓𝑓𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛−1,𝑛𝑛𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛−1

𝜀𝜀𝜀𝜀′𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑓𝑓(𝑓𝑓𝑓𝑓𝑓𝑓𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛−1,𝑛𝑛𝑛𝑛𝑛𝑛, 𝜀𝜀𝜀𝜀𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛−1) ⎦
⎥
⎥
⎥
⎥
⎤

 (9) 

                                     V 

⎣
⎢
⎢
⎢
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⎡

𝒚𝒚𝒚𝒚𝒏𝒏𝒏𝒏𝒏𝒏 = 𝟎𝟎
𝐷𝐷𝐷𝐷𝑛𝑛𝑛𝑛𝑛𝑛 = 0
𝑞𝑞𝑞𝑞𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛 = 0

𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛 = 0
𝜀𝜀𝜀𝜀′𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛 = 0 ⎦

⎥
⎥
⎥
⎥
⎤

 (11) 

𝐷𝐷𝐷𝐷𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑓𝑓(𝑞𝑞𝑞𝑞𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛,𝜎𝜎𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛)   (12) 

        ∀ 𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁,𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁,𝑛𝑛𝑛𝑛𝑛𝑛 − 1 ∈ 𝑁𝑁𝑁𝑁𝑁𝑁 − 1,𝑛𝑛𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁𝑁𝑁 

Sand particles of different sizes (𝑑𝑑𝑛𝑛𝑛𝑛) from different 
wells are settling in the separator 𝑛𝑛𝑛𝑛𝑛𝑛. The fraction of 
sand particles of each size initially dispersed in phase 𝑛𝑛𝑛𝑛 
that settle to the vessel bottom (𝐹𝐹𝐹𝐹𝐹𝐹𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛) depends on 
the properties of the fluid (𝜀𝜀𝜀𝜀′𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛) it is dispersed in, sep-
arator design specifications (𝐷𝐷𝐷𝐷𝑛𝑛𝑛𝑛𝑛𝑛), and particle diame-
ter (𝑑𝑑𝑛𝑛𝑛𝑛) (Eq. 13). Similarly, the fraction of each sand size 
carried by each phase from the separator 𝑛𝑛𝑛𝑛𝑛𝑛 
(𝐹𝐹𝐹𝐹𝐹𝐹𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛) is estimated. Some amount of sand initially 
dispersed in the fluid phase 𝑛𝑛𝑛𝑛 = 1 can move to the phase 
𝑛𝑛𝑛𝑛 = 2, and vice versa. This amount is accounted for by 
adding the variables 𝛿𝛿𝛿𝛿𝛿𝛿𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛1 and 𝛿𝛿𝛿𝛿𝛿𝛿𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛1 to the 
fraction settled and fraction carried, respectively. This 
variable can take a value in the range [−1, 1] based on the 
sand dispersion and settling model selected for the sep-
arator. The rate of sand settling at the bottom 
(𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛) and sand being carried (𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛) for dif-
ferent sand sizes are computed from the amount of each 
sand size entering the separator (𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛). If the sep-
arator 𝑛𝑛𝑛𝑛𝑛𝑛 is not selected in the network, all these varia-
bles take a value of zero.  

⎣
⎢
⎢
⎢
⎢
⎡

𝒚𝒚𝒚𝒚𝒏𝒏𝒏𝒏𝒏𝒏 = 𝟏𝟏
𝐹𝐹𝐹𝐹𝐹𝐹𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑓𝑓�𝜀𝜀𝜀𝜀′𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛,𝐷𝐷𝐷𝐷𝑛𝑛𝑛𝑛𝑛𝑛,𝑑𝑑𝑛𝑛𝑛𝑛� + 𝛿𝛿𝛿𝛿𝛿𝛿𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛

𝐹𝐹𝐹𝐹𝐹𝐹𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑓𝑓�𝜀𝜀𝜀𝜀′𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛,𝐷𝐷𝐷𝐷𝑛𝑛𝑛𝑛𝑛𝑛,𝑑𝑑𝑛𝑛𝑛𝑛� + 𝛿𝛿𝛿𝛿𝛿𝛿𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛
𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛𝐹𝐹𝐹𝐹𝐹𝐹𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛
𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛𝐹𝐹𝐹𝐹𝐹𝐹𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛 ⎦

⎥
⎥
⎥
⎥
⎤
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                 V 
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𝒚𝒚𝒚𝒚𝒏𝒏𝒏𝒏𝒏𝒏 = 𝟎𝟎
𝐹𝐹𝐹𝐹𝐹𝐹𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛 = 0
𝐹𝐹𝐹𝐹𝐹𝐹𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛 = 0
𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛 = 0
𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛 = 0⎦

⎥
⎥
⎥
⎥
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  (13) 

                       ∀ 𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁,𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁,𝑛𝑛𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁𝑁𝑁   

The fluid and sand produced from each well should 
be treated in the separator network. Thus, the total frac-
tion of fluid entering from each well into different sepa-
rators in the first network layer (𝑓𝑓𝑓𝑓1𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛1) is equal to one 
(Eq. 14). The fluid phases exiting separators in each net-
work layer either enter the separators in the subsequent 
layer or exit the network based on the interaction variable 
𝑓𝑓𝑓𝑓𝑓𝑓𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛−1,𝑛𝑛𝑛𝑛𝑛𝑛 given in the Eq. (10).  

∑ 𝑓𝑓𝑓𝑓1𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛1𝑛𝑛𝑛𝑛1 = 1  ∀ 𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁   (14) 

The total amount of sand settled in each separator 
𝑛𝑛𝑛𝑛𝑛𝑛 (𝑚𝑚𝑚𝑚𝑚𝑚′𝑛𝑛𝑛𝑛𝑛𝑛) is computed as the total amount of each 
sand size dispersed in each phase that has settled to the 
separator bottom (𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛) (Eq. 15). The sand accu-
mulation rate (i.e., rate of increase of sand bed height) in 
each separator is computed based on the amount of sand 
particles of each size settled in the separator and the 
void space between the settled particles. The void space 
is accounted for using void fraction, which depends on 
the mean particle size, particle size distribution, and the 
sphericity of the particles (𝜓𝜓) [7]. The mean particle size 
and particle size distribution are estimated based on the 
amount of different particle sizes settled in the separator. 
Thus, the void fraction of the sand particles settled in the 
separator (𝜙𝜙𝜙𝜙𝑛𝑛𝑛𝑛𝑛𝑛) depends on the particle sizes present 
(𝑑𝑑𝑛𝑛𝑛𝑛) and the amount of each particle size settled in the 
separators (𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛) (Eq. 16). The sand accumulation 
rate in the separator (𝑎𝑎𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛) is computed using the void 
fraction (𝜙𝜙𝜙𝜙𝑛𝑛𝑛𝑛𝑛𝑛), the total amount of sand settled in the 
separator (𝑚𝑚𝑚𝑚𝑚𝑚′𝑛𝑛𝑛𝑛𝑛𝑛), sand density (𝜌𝜌𝜌𝜌), and cross-sec-
tional area of the separator (𝐶𝐶𝐶𝐶𝐶𝐶𝑛𝑛𝑛𝑛𝑛𝑛) (Eq. 17).  

𝑚𝑚𝑚𝑚𝑚𝑚′𝑛𝑛𝑛𝑛𝑛𝑛 = ∑ 𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛  ∀ 𝑛𝑛𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁𝑁𝑁 (15) 

𝜙𝜙𝜙𝜙𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑓𝑓(𝑑𝑑𝑛𝑛𝑛𝑛 ,𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛)   (16) 

𝑎𝑎𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑚𝑚𝑚𝑚𝑛𝑛′𝑛𝑛𝑛𝑛𝑛𝑛/(𝐶𝐶𝐶𝐶𝐶𝐶𝑛𝑛𝑛𝑛𝑛𝑛 𝜌𝜌𝜌𝜌(1 − 𝜙𝜙𝜙𝜙𝑛𝑛𝑛𝑛𝑛𝑛)) (17) 

                  ∀ 𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁,𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁,𝑛𝑛𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁𝑁𝑁 

The purchased equipment cost of each separator 
depends on its design specifications. The cost of the 
separator 𝑛𝑛𝑛𝑛𝑛𝑛 (𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛) is estimated based on its design 
specifications (𝐷𝐷𝐷𝐷𝑛𝑛𝑛𝑛𝑛𝑛) using the separator-specific cost 
model (𝛼𝛼𝛼𝛼𝑛𝑛𝑛𝑛𝑛𝑛) (Eq. 18). 

𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑓𝑓(𝐷𝐷𝐷𝐷𝑛𝑛𝑛𝑛𝑛𝑛,𝛼𝛼𝛼𝛼𝑛𝑛𝑛𝑛𝑛𝑛)  ∀ 𝑛𝑛𝑛𝑛𝑛𝑛 ∈ 𝑁𝑁𝑁𝑁𝑁𝑁  (18) 

CASE STUDY 
The equations (1) to (18) yield a deterministic multi-

objective mixed-integer nonlinear programming model 
(MINLP) that maximizes sand separation, minimizes sand 
accumulation, and minimizes the total purchased equip-
ment cost of the separator network. The disjunctive con-
straints in the model are reformulated using Big-M Refor-
mulation [4]. In the developed multi-objective model, a 
set of decision variables improving one objective's value 
could negatively affect another objective and vice versa. 
Thus, a single optimal solution is not possible; rather, a 
set of optimal solutions is obtained, which forms the Pa-
reto front [5]. This work uses the epsilon-constraint 
method [6] to obtain the Pareto front for the developed 
model. The model is solved by selecting one of the ob-
jective functions as the only objective and the remaining 
objective functions as constraints. Then, the constraint 
bounds are systematically varied to obtain the Pareto 
front. 

The capabilities of the developed model to optimize 
a separator network design for sand management are 
demonstrated with a test problem. The well production 
and the separation of the produced fluid and sand in the 
separator network are shown in Figure 2. Two wells pro-
ducing oil, gas, water, and sand are considered. The 
amount of fluid produced, the fluid's physical properties, 
and the sand's size differ for the two wells. It is assumed 
that the production from the two wells is completely 
mixed before it enters the separator network. The pro-
duced fluid now contains two different sizes of sand par-
ticles, which are assumed to be evenly dispersed in the 
liquid phases (oil and water). The produced fluid and 
sand particles enter the separator network containing 
two layers of separators, and each layer contains two 
separators. The separators in the first layer separate the 
produced fluid into its constituents: oil, water, and gas. A 
fraction of the sand particles is separated from the pro-
duced fluid by settling to the bottom of the separators. 
The remaining sand particles are carried by oil and water. 
These liquid phases carrying sand enter the separators in 
the second layer, where more sand particles are sepa-
rated from the liquid. It is assumed that liquid phases sep-
arated in the first-layer separators cannot enter the same 
second-layer separator, i.e., the second-layer separators 
can handle sand/oil or sand/water only. Thus, a two-
phase vertical gravity separator is used for separation in 
the second layer. 

The design specifications of the four-phase gravity 
separator are given in Eqs. (19-21). The vessel diameter 
(𝐷𝐷𝑆𝑆) is selected based on the volumetric flow rate of liquid 
(oil and water) separated in the vessel (𝑄𝑄𝑜𝑜 and 𝑄𝑄𝑤𝑤) and 
the mean residence time of the liquid phases in the vessel 
(𝜏𝜏). The separator height (𝐻𝐻𝑆𝑆) is selected based on the 
ratio of the height to the diameter for the separator (𝑟𝑟). 
The vessel's capacity should be large enough that the liq-
uid level is within the maximum allowable level (𝐻𝐻𝑆𝑆,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) 
(Eq. 19). A minimum vessel diameter (𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷) is required to 
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slow the gas to a velocity at which the liquid droplets set-
tle and separate from the gas phase [8]. This minimum 
diameter depends on the volumetric flow rate of the gas 
(𝑄𝑄𝑔𝑔) and the settling velocity of liquid droplets in the gas 
phase in the separator (𝜈𝜈𝑙𝑙) (Eq. 20). Thus, the vessel di-
ameter should be greater than the minimum diameter (Eq. 
21). The two-phase gravity separator has only sand/oil or 
sand/water phases, and it is also designed using Eqs. (19-
21).  

(𝑄𝑄𝑜𝑜 + 𝑄𝑄𝑤𝑤)𝜏𝜏/(𝜋𝜋/4𝐷𝐷𝑆𝑆2𝐻𝐻𝑆𝑆) = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻/ 𝐻𝐻𝑆𝑆  (19) 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = �4𝑄𝑄𝑔𝑔/(𝜋𝜋𝜈𝜈𝑙𝑙)�
0.5   (20) 

𝐷𝐷𝑆𝑆 ≥ 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷     (21) 

Sand settles at the bottom of the gravity separator 
when its settling time is less than the residence time of 
the fluid it is dispersed. The residence time of the fluid is 
expressed using Residence Time Distribution (RTD) mod-
els [9]. In our previous work [10], an RTD-based model 
was developed to compute the fraction of sand settled in 
a vertical gravity separator. This model is used to esti-
mate the extent of sand separation in each separator in 
the network.  

Figure 2. Well production (oil, gas, water, and sand) from 
two wells enters a separator network with two layers. The 
separators in the first layer separate the produced fluids. 
Sand is separated from the produced fluids in both 
layers. 

The model assumptions for the sand settling behav-
ior in a four-phase gravity separator are: (i) As oil and wa-
ter separate inside the vessel, the sand particles initially 
dispersed in the oil move to the oil column, while the par-
ticles dispersed in the water move to the water column. 
(ii) Sand particles in the oil column gradually settle with a 
constant terminal settling velocity, during which a 

fraction of the sand particles get carried away by the 
flowing oil. Similarly, in the water column, the sand parti-
cles settle down at a constant velocity specific to the wa-
ter phase, and the water carries a fraction of these parti-
cles. (iii) The remaining sand particles in the water col-
umn eventually settle down at the bottom of the separa-
tor. The remaining particles in the oil column enter the 
water phase and settle at a constant velocity. The water 
carries away some particles, and the rest settle at the 
separator's bottom. 

The terminal sand settling velocity in the oil and wa-
ter phases is estimated using Stokes' law [11]. The set-
tling time of a sand particle in a liquid column is estimated 
as the time required to settle through the entire liquid col-
umn height at terminal velocity. The distribution of resi-
dence time (𝐸𝐸(𝑡𝑡)) is expressed by the RTD model for a 
single CSTR [9] (Eq. 22). The mean residence time is rep-
resented as 𝜏𝜏. 

𝐸𝐸(𝑡𝑡) = 𝑒𝑒−𝑡𝑡/𝜏𝜏

𝜏𝜏
     (22) 

The fraction of sand particles initially dispersed in 
the oil phase is 𝐹𝐹𝐹𝐹𝑜𝑜, and the rest in the water phase (𝐹𝐹𝐹𝐹𝑤𝑤). 
The fraction of sand dispersed in oil fraction with resi-
dence time less than sand settling time in oil (𝑡𝑡𝑡𝑡𝑜𝑜) is car-
ried away by oil (𝐹𝐹𝑜𝑜,𝑐𝑐𝑐𝑐), and it is estimated by Eq. (23). The 
remaining fraction of sand in oil (𝐹𝐹𝑜𝑜,𝑒𝑒𝑒𝑒) settles through the 
oil column and enters the water phase (Eq. 24). Thus, two 
sets of sand particles are dispersed in water, particles in-
itially dispersed in water (𝐹𝐹𝐹𝐹𝑤𝑤) and particles that entered 
the water from oil (𝐹𝐹𝑜𝑜,𝑒𝑒𝑒𝑒). Sand dispersed in the water 
fraction with residence time less than sand settling time 
(𝑡𝑡𝑡𝑡𝑤𝑤) is carried away by water. Thus, a fraction of sand 
initially dispersed in water, and another fraction that en-
tered the water from oil gets carried by water, 𝐹𝐹𝑤𝑤,𝑐𝑐𝑐𝑐 and 
𝐹𝐹𝑜𝑜,𝑐𝑐𝑐𝑐, respectively (Eqs. 25 and 26). The remaining frac-
tion of sand in the water settles to the separator bottom 
(𝐹𝐹𝑠𝑠) (Eq. 27). 

𝐹𝐹𝑜𝑜,𝑐𝑐𝑐𝑐 = 𝐹𝐹𝐹𝐹𝑜𝑜 ∫ 𝐸𝐸(𝑡𝑡𝑜𝑜)𝑑𝑑𝑡𝑡𝑜𝑜
𝑡𝑡𝑡𝑡𝑜𝑜
0    (23) 

𝐹𝐹𝑜𝑜,𝑒𝑒𝑒𝑒 = 𝐹𝐹𝐹𝐹𝑜𝑜 − 𝐹𝐹𝑜𝑜,𝑐𝑐𝑐𝑐    (24) 

𝐹𝐹𝑤𝑤,𝑐𝑐𝑐𝑐 = 𝐹𝐹𝐹𝐹𝑤𝑤 ∫ 𝐸𝐸(𝑡𝑡𝑤𝑤)𝑑𝑑𝑡𝑡𝑤𝑤
𝑡𝑡𝑡𝑡𝑤𝑤
0    (25) 

𝐹𝐹𝑜𝑜,𝑐𝑐𝑐𝑐 = 𝐹𝐹𝑜𝑜,𝑒𝑒𝑒𝑒 ∫ 𝐸𝐸(𝑡𝑡𝑤𝑤)𝑑𝑑𝑡𝑡𝑤𝑤
𝑡𝑡𝑡𝑡𝑤𝑤
0    (26) 

𝐹𝐹𝑠𝑠 = �𝐹𝐹𝐹𝐹𝑤𝑤 − 𝐹𝐹𝑤𝑤,𝑐𝑐𝑐𝑐� + (𝐹𝐹𝑜𝑜,𝑒𝑒𝑒𝑒 − 𝐹𝐹𝑜𝑜,𝑐𝑐𝑐𝑐)  (27) 

The void fraction of the sand particles settled at the 
separator bottom is estimated using a semi-empirical re-
lation [7] developed for a loosely packed bed. 

The purchased equipment cost of the separators 
(𝐶𝐶𝐶𝐶) is approximated using the cost model for vertical 
pressure vessel [8] (Eq. 28). The equipment cost de-
pends on the shell mass of the separator (𝑆𝑆𝑆𝑆), which is a 
function of the separator diameter, height, and shell 
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thickness. The equipment cost is in the United States Gulf 
Coast basis, January 2006 (Chemical Engineering (CE) 
index = 478.6 and Nelson-Farrar Cost Index (NFCI) = 
1961.6). The cost is converted to 2023. 

𝐶𝐶𝐶𝐶 = −10000 + 600 𝑆𝑆𝑆𝑆0.6   (28) 

RESULTS AND DISCUSSIONS 
In the test problem, the total fluid production rate 

from the two wells is 50 m3/h of oil, 50 m3/h of water, and 
900 m3/h of gas. Sand is produced along with wellbore 
fluid at a rate of 26.5 kg/h. The sand concentration in the 
liquid is 0.01 vol%. The particles are spherical and have 
diameters of 150 microns and 50 microns. The sand den-
sity is 2650 kg/m3. The produced oil, water, and gas den-
sities are 700 kg/m3, 990 kg/m3, and 23.6 kg/m3, respec-
tively. The viscosities of the oil and water are 0.77 x 10-3 
kg/m/s and 0.55 x 10-3 kg/m/s. The lower and upper 
bounds for the separator diameter (𝐷𝐷𝑆𝑆) are 1 m and 3.5 
m, respectively, and for the mean residence time of pro-
duction fluids in the separator (𝜏𝜏), they are 10 mins and 
20 mins. The height-to-diameter ratio (𝑟𝑟) for the separa-
tor is 3. The maximum liquid level in the separator 
(𝐻𝐻𝑆𝑆,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) is 50% of the separator height. The shell thick-
ness is assumed to be 5 mm. 

The optimization models are formulated in Python 
V3.8.6 using PYOMO V6.4.1. The MINLP models are 
solved using BARON V23.11.13 to 5% optimality gap, all 
on an Intel Xeon Gold 6248R 3 GHz processor with 48 
cores and utilizing a maximum of 100 GB RAM.  

Firstly, the separator network optimization model is 
solved for the three objectives ((i) maximizing sand sep-
aration, (ii) minimizing equipment cost, and (iii) minimiz-
ing accumulation rate) separately to obtain the bounds 
for the Pareto front. The results for separator design 
specifications, separation extent, accumulation rate, and 
solution time for solving for each objective are given in 
Table 1. (i) For the given production conditions, a maxi-
mum of 84% of the produced sand can be separated from 
the production fluid with the separator network under 
study. One large separator (D=2.98 m) and another small 
separator (D=1.18 m) are selected for the first-layer sep-
aration, and the residence time of production fluids is 20 
mins in both separators. For second-layer separation, 
two more equally sized separators are selected to sepa-
rate sand from the oil and water phases further, with a 
residence time of 20 mins in the separator. (ii) To mini-
mize the total cost of the network ($43,000), a single 
separator (D=2.4 m) with a residence time of 10 mins is 
selected to separate the production fluids to their con-
stituents. (iii) A single large separator (D=3.04 m) is se-
lected to ensure that the bed height increase rate is min-
imal (0.93 m/week). Only 56% of the sand is separated 
with this network design. The highest sand separation 
(84%) is achieved with a total network cost of $107,000 

and a weekly total sand accumulation rate of 1.77 m in the 
separators in the network. The solution time is the high-
est while solving for the equipment minimization objec-
tive (6958 CPU s). 

Table 1: Sand separation extent, accumulation rate, net-
work cost, network design specifications, and solution 
times for three cases: (i) maximum sand separation, (ii) 
minimum equipment cost, and (iii) minimum total accu-
mulation rate.  

Design spec / Solution time Results 
(i) Maximum sand separation  
Fraction of sand settled*  
Total cost (thousand $)  
Total accumulation rate   
Layer    
Diameter (m)  

 
Residence time (min)  

 
Layer   
Diameter (m)  (O) 

 (W) 
Residence time (min)  (O) 

 (W) 
Solution time (CPU s)  
(ii) Minimum equipment cost  
Total cost* (thousand $)  
Fraction of sand settled  
Total accumulation rate  
Layer   
Diameter (m)  
Residence time (min)  
Layer  Not selected 
Solution time (CPU s)  
(iii) Minimum accumulation rate 
Total accumulation rate* (m/week)  
Fraction of sand settled  
Total cost (thousand $)  
Layer   
Diameter (m)  
Residence time (min)  
Layer  Not selected 
* denotes the model objective for each case 
O and W denote the two-phase separators  
for oil/sand and water/sand separation 

 

A Pareto front plot has been developed by plotting 
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the total equipment cost and total accumulation rate in 
the network against the fraction of total sand settled in 
Figure 3. For low sand separation extent, a single sepa-
rator is selected in the network. A larger separator is used 
to decrease the accumulation rate, while a smaller resi-
dence time is used to decrease the equipment cost. To 
achieve higher sand separation, a second separator is 
added in the second layer to separate the sand from the 
oil phase further while minimizing accumulation. Cost is 
reduced for a higher separation extent by using two 
smaller separators in the first layer and a second-layer 
separator for the water phase, in which the sand settling 
rate is higher than that in oil. But this arrangement signif-
icantly increases the sand accumulation rate, as seen for 
71% separation extent. Maximum sand separation is 
achieved by using all the separators in the network. A 
high residence time and smaller diameter are preferred 
for these separators. 

 
Figure 3. Pareto front for separator network design. 

CONCLUSION AND FUTURE WORK 
A multi-objective separator network optimization 

model was developed to maximize the sand separation 
while minimizing the total equipment cost and total sand 
accumulation rate in the separators. The developed 
model was used to obtain a Pareto front for a separator 
network with two separation stages containing two sep-
arators each. The Pareto front can be used for the selec-
tion and design of the separators to achieve a desired 
sand separation extent with the separator network, with-
out high accumulation in the separators and at less 
equipment cost.  

This work will be extended to use the developed 
model for solving larger separator networks with more 
design and decision flexibility, such as optimizing the 
height-by-diameter ratio and determining the conditions 
under which the production fluids from two wells should/ 
should not be separated in the same separator. Reformu-
lation approaches will be investigated for reducing the 
solution time of the developed MINLP model. 

REFERENCES 
1. Woodroof, N. The importance of sand monitoring in 

separator tanks - Part One. Oilfield Technology 
(2019).   

2. Giorgio, V., Danilo, A., Marco, D., & Almatasem, S.  
Integrated production optimization and surface 
facilities management through advanced 
optimization techniques. OnePetro (2012).  

3. Zainal, S. A., Daud, W. R., Putra, Z. A., & Nor, N.  
Integrated constraints optimization for surface and 
sub-surface towards CAPEX free maximizing 
production. Materials Science and Engineering (Vol. 
458, No. 1, p. 012045) (2018). 

4. Raman, R., & Grossmann, I. E. Modelling and 
computational techniques for logic based integer 
programming. Computers & Chemical 
Engineering, 18(7), 563-578 (1994). 

5. Gunantara, N. A review of multi-objective 
optimization: Methods and its applications. Cogent 
Engineering, 5(1), 1502242 (2018).  

6. Haimes, Y. On a bicriterion formulation of the 
problems of integrated system identification and 
system optimization. IEEE transactions on systems, 
man, and cybernetics, (3), 296-297 (1971).  

7. Hoffmann, A. C., & Finkers, H. J.  A relation for the 
void fraction of randomly packed particle 
beds. Powder Technology, 82(2), 197-203 (1995).  

8. Towler, G., & Sinnott, R. Chemical Engineering 
Design: Principles, Practice and Economics of Plant 
and Process Design. Butterworth-Heinemann 
(2021). 

9. Fogler, H. S. Essentials of Chemical Reaction 
Engineering: Essenti Chemica Reactio Engi. 
Pearson Education (2010). 

10. Santhamoorthy, P., Willams, B., Sambath, K., 
Subramani, H. J., and Cremaschi, S. Sand 
management in wellbore and surface facilities 
using HYSYS. 2021 AIChE Annual Meeting (2021). 

11. Stokes, G. G. On the effect of the internal friction of 
fluids on the motion of pendulums (1851). 

© 2024 by the authors. Licensed to PSEcommunity.org and PSE 
Press. This is an open access article under the creative com-
mons CC-BY-SA licensing terms. Credit must be given to creator 
and adaptations must be shared under the same terms. See 
https://creativecommons.org/licenses/by-sa/4.0/  

 


