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ABSTRACT  
 

The current economic downturn within the oil industry has hit 
the Canadian Oil Sands industry particularly hard, resulting in 
heavily reduced production rates. Since most of the product is 
delivered to market through pipelines, this presents an additional 
challenge for pipeline operators who are forced to operate at the 
lower end of the design flow rates. 

 
Uncertainty involved in the determination of the water content in 
crude oil batches at injection points, and in holding tanks, 
coupled with water accumulation at low points in the pipeline 
has a major impact upon the operational logistics required to 
maintain product quality. In an effort to normalize the 
distribution of water observed at the delivery point, custom 
designed pigs are launched into the pipeline at scheduled time 
periods to artificially increase turbulence and promote the re-
mixing of the water layer into the dilute dispersion crude oil 
emulsion. 
 
We present a case study of the modeling of the composition of 
batches flowing through an oil pipeline network using a 
combination of agent based and system dynamics models to 
simulate the accumulation of water at all points in the network, 
and the effect of periodic pigging to redistribute the water 
through the batches. 

  
INTRODUCTION  

 
The difficulty of predicting the reaction of a system to an action 
or change increases exponentially with the number of 
components or their complexity. This is where the simulation 
model of the system can help. In this case a simulator calculates 
the dynamics of the systems by taking into account the system’s 
current states, and predicts future states and their operational 
behavior. By running different scenarios, a systems’ simulator 
can assist with operational analysis, identification of problematic 
areas, and in some cases in planning future operations.  

 
The behavior of the system will depend on the type of simulation 
method selected and its implementation. There are three 
simulation modeling methods that had an increased interest in 
industry: discreet-event, system dynamics and agent-based. Each 
of these methods and its advantages and challenges are described 
below.	  
  
We have developed a simulation model that is a hybrid of an 
agent based model and a system dynamics model. This allows us 
to leverage the advantages of the agent based modeling approach 
like simulation execution speed while maintaining the required 
level of accuracy afforded by the traditional numerical solution 
of the system dynamics model. 
 
NOMENCLATURE  

 
𝐴"  cross sectional area of oil phase 
𝐴#  cross sectional area of free water phase 
$%
$&

 average settling rate of water droplets 
$'
$(

  pressure gradient  
$)*+
$&

 volumetric dropout rate for entrained water 
$)*+
$&$(

 volumetric dropout rate per unit distance 
D  pipeline diameter 
𝐷-  water droplet diameter 
𝑓 friction factor 
𝑓/ ratio of volume of secondary phase to volume of pipe 
𝑔  gravitational constant 
ℎ  average height of a water droplet above the free water 
𝑘 tuning parameter for water dropout 
N number of droplets entrained in a given volume of oil 
𝑄 volumetric flowrate 
𝑄#,5volumetric flowrate of free water 
𝑅 radius of pipe 
𝑠  wetted perimeter  
𝑠"  wetted perimeter of oil phase 
𝑠#  wetted perimeter of free water phase 
t time 
𝑡/ average settling time of a water droplet 
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u  velocity 
𝑢/  terminal (settling) velocity 
𝑣#<  volume fraction of water entrained in the oil 
𝑉$  volume of a water droplet 
𝑉" volume of oil 
µμ  dynamic viscosity 
𝜑 water slip factor 
𝜑@ water slip factor at steady state 
𝜙/ ratio of area to wetted perimeter for unit radius 
𝜌 density 
𝜌C  heavy liquid phase density 
𝜌D   light liquid phase density 
𝜌"  density of oil 
𝜌# density of water 
𝜎   oil water interfacial tension in N/m 
𝜃  angle of incline of the pipe 
𝜏  time constant 
𝜏H  interfacial shear stress 
𝜏"  shear stress between oil and wall 
𝜏#  shear stress between water and wall 
 

 
LITERATURE  REVIEW  
 
In general, computer simulations can be used to better 
understand the impacts of specific decisions, policies, or systems 
configurations through the use of computational representations 
of real systems. There are four main simulation techniques, 
including Monte Carlo Simulation, Discrete-Event Simulation, 
System Dynamics and Agent-Based Simulation. 
 
Monte Carlo Simulation uses, repeatedly, random sets of 
numbers from known probability distribution of different 
sources of uncertainty in order to compute the results of a 
mathematical model or algorithm (i.e. the system's model), from 
which we can infer the general behavior or performance of that 
system. It is used in practice when the behavior of the system 
cannot be easily calculated analytically [5].  
 
Discrete-Event Simulation aims to create simulation models of 
queuing-type systems, in which time moves forward either by 
equal time increments or from one event to the next. Events and 
flows between system components occur according to known 
probability distributions specifying processing times, transit 
times and priority rules.  
 
Similarly, System Dynamics aims to model complex systems in 
order to analyze their general behavior [4]. However, System 
Dynamics uses a top-down modeling approach based on stocks, 
flows, feedback loops and time delays in order to simulate the 
complex interactions between the components of a system. In 
other words, System Dynamics aims to capture the ripple effect 
of changes to these components throughout the entire system, in 
order to model and study the resulting non-linear behavior of the 
system. System Dynamics only models the mutual dependencies 

between these components. It does not model the elementary 
interactions between the individual elements of the system, 
which is what Agent-Based Simulation aims to model and 
simulate.  
 
Agent-Based Simulation (ABS) modeling is a more recent 
methodology used for complex systems composed of interacting, 
autonomous “agents” [1,3]. By representing agents with their 
individual characteristics and behaviors across an entire 
population, it can help explain how agent diversity affects 
emergent behaviors of the system as a whole. Therefore, instead 
of modeling the relationships between the components of a 
system, Agent-Based Simulation captures how the individual 
elements of a system behave with respect to their own local 
environment and state, and how they interact, communicate, 
make collective decisions, or influence each other. Currently, 
there is no standard or agreement on the definition of an agent; 
it all depends on the planned use of the model [10]. The Agent-
Based Simulation modeling paradigm uses theoretical models to 
capture individual behaviors.	  
 
Each of the above methods has a better fit in relationship to 
model abstraction level. System dynamics has the best fit on 
higher and strategic abstraction level. Discrete event modeling is 
focused on processes that help to clarify the complexity of the 
organizational behavior, and fits better for medium and medium-
low abstraction. Agent-based models are the only ones that can 
actually vary from detailed (modeling physical objects) to highly 
abstract (modeling competing entities for the same resource). 
 
In the specific case of simulating the operation of crude oil 
pipelines, simulators can be broadly categorized into dynamic 
multiphase flow simulators such as Schlumberger’s OLGA or 
steady state simulators which are unable to predict the transient 
behavior of the pipeline. Whilst simulators such as OLGA can 
provide accurate predictions of the transient effects of changing 
operating conditions they can be difficult to configure and tune, 
and require considerable computational resources to run which 
makes them unsuitable for the more immediate studies required 
during daily operation. 
 
  
COMPONENTS  OF  THE  MODEL  
  
After engaging with the software vendor and completing 
preliminary analysis, it became clear that all three modeling 
methods have distinct advantages and should be used to model 
specific parts of the network system.    
 
The  Agents    
The model consists of several agents that encapsulate the 
behavior of the system as they interact with each other. The 
primary agents in the model are: 

 
•   Pipeline  
•   Pipeline mergers 



 

Copyright © 2016 
Stream Systems Ltd. 

•   Pipeline splitters 
•   Pig 
•   Oil Batch 
•   Tanks 

 
This paper will focus on the pipeline, pig and oil batch agents. 
Pipeline mergers and splitters are included in the simulation but 
require no special mention within the context of the current 
model. Tanks were explicitly excluded from the model as there 
was insufficient operational information available to accurately 
model the tank farm. 
 
The pipeline in the case study has no pump stations along the 
mainline and as such no pump station agent was included. The 
effect of individual fittings is also excluded.  
 
In addition, the batch agent is a representation of a logical unit 
of oil as it travels through the system. The batch contains two 
phases  

•   the oil phase consisting of a dilute dispersion emulsion 
of oil containing a small amount of water entrained as 
droplets 

•   the free water phase containing water that has dropped 
out of the emulsion and is travelling with the batch 

 
System  Dynamics    
System dynamics (SD) is more flexible in capturing interaction 
between entities and their characteristics by describing 
graphically and mathematically the casual loop of influence and 
relationship between components. In this model the mass 
balance and physical proprieties of each batch are represented 
using SD concepts. 
 
The conditions within each batch segment are modeled by 
numerically integrating the differential equations for the mass 
and heat balance. In the initial model, the heat balance is limited 
to the calculation of temperature due to the mixing of fluids at 
the merge points on the main line with the temperature along the 
main line being imposed as a series of seasonal temperature 
profiles. This is expected to be sufficiently accurate due to the 
large lag in temperature changes caused by the thermal holdup 
of the ground. The pressure profile along the main pipeline is 
also imposed as a series of measured profiles correlated to 
different ranges of flow rate. 
 
Discrete  events  
Discrete-event simulation (DES) is a modeling method where 
simulation state variables modeled as a discrete sequence of 
events in time.  In this case the best candidates for DES are: 

•   batch injection schedule 
•   batch delivery schedule  
•   pig injection schedule 

 

PHYSICAL  PROPERTIES  
 
The standard density of the oil measured at each feeder is used 
to characterize the oil being introduced into the pipeline. Any 
mixing of the oil, either through side streams into the main 
pipeline or through diluent trim, is modeled by calculating the 
composite standard density through a simple mass weighted 
average that does not account for any shrinkage. 

 
	  
𝜌",IJ,KH( =

𝑚H
%
HNI

𝑚H
𝜌",IJ,H

%
HNI

	   (1)	  

The temperature dependence of the oil density is modeled using 
the ASME correlation for heavy oils. 
 
The kinematic viscosity of the oil is available as tables of 
historical data that correlate viscosity to temperature and 
standard density. 
 
The temperature dependence of density and dynamic viscosity 
of water are modeled using standard empirical relationships. 
This assumes, for the purposes of the model, that the water phase 
is uncontaminated with oil. 

 
Mass  Balance  
Characterizing the oil through the standard density allows the 
mass balance to be performed on the free water and entrained 
water only. Assuming that the oil and free water phases flow in 
stratified layers with no longitudinal mixing between batch 
elements the mass balance for the free water in the nth batch 
element is 

 
	   𝑚#5,O = −𝑚#,$Q"-"R&,O + 𝑚OTI − 𝑚OUI	   (2)	  

 
and for the entrained water in the same batch element 
 

	   𝑚#<,O = 𝑚#,$Q"-"R&,O −
𝑚OTI

𝜌#,OTI
∙ 𝑣#<,OTI ∙ 𝜌#,O

+
𝑚OUI

𝜌#,OUI
∙ 𝑣#<,OUI ∙ 𝜌#,O	  

(3)	  

 
Critical  Velocity  and  Water  Dropout  Rate  
In 1975, Wicks and Fraser developed a correlation of 
dimensionless numbers that allows the calculation of the largest 
water droplet size that will be entrained in in oil flowing under 
turbulent conditions [10]. From the critical Weber number, the 
maximum droplet size that can be entrained for a given velocity 
is  

 
	   𝐷- =

22 ∙ 𝜎
𝜌" ∙ 𝑢X

	   (4)	  
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Wicks and Fraser found a correlation between dimensionless 
numbers 

 
	  
𝑆 =

𝐷 ∙ 𝑢 ∙ 𝜌"
𝜇

𝐷-
𝐷

X
[
	   (5)	  

	  
𝜓 =

𝜌"[

𝜌# − 𝜌"
𝐷- ∙ 𝑢]

𝑔 ∙ 𝜇X
	   (6)	  

which they characterized by the asymptotes at either end of the 
curve. In this study, at the expected operating flowrate of the 
pipeline, the value for S would be in the uncharacterized portion 
of the curve. We therefore extended the characterization by 
adding an additional segment. The resulting expression, after 
rearranging equation (10 for critical velocity, is 

 
	  

𝑢 =

0.1𝛼[

𝛽

I/[

, 𝑆 ≤ 40

2.8𝛼X.I

𝛽

I/X.g

, 40 < 𝑆 < 400

100𝛼[/X

𝛽

I/X.J

, 𝑆 ≥ 400

	   (7)	  

 
where 
 

	   𝛼 =
7.8514
𝜇

𝐷 ∙ 𝜌l ∙ 𝜎X I/[	   (8)	  

	  
𝛽 = 22 ∙

𝜌"X

𝜌# − 𝜌"
∙

𝜎
𝑔 ∙ 𝜇X

	   (9)	  

In this model we assume that water will drop out when the 
flowing velocity of the oil is less than the critical velocity.   
 
Water drop out in a batch segment is estimated from the terminal 
velocity of particles in suspension, which depends upon the 
difference in the densities of the two phases. For low flowrates 
in laminar flow the settling rate can be approximated from 
Stokes’ law. 

 
	  
𝑢/ =

𝑔𝐷-X 𝜌C − 𝜌D
18𝜇

	   (10)	  

For a batch with an oil phase volume of Vo the number of 
droplets in the section is  
 
	   𝑁 =

𝑉#<
𝑉$

= 	  
𝑣#< ∙ 𝑉"
𝑉$

	   (11)	  

The average time taken for droplets to drop out of suspension is 
given by 
 

	  
𝑡/ =

ℎ
𝑢/
	   (12)	  

If we assume that the volume of the free water phase is small 
relative to the oil phase during normal operation then we can 
assume, for the purposes of estimating dropout, that the average 
height of the droplets is the average height above the bottom of 
the pipe,  o

X
∙ 𝑟, and the average rate of settling is therefore 

 
	   𝑑𝑁
𝑑𝑡

=
Δ𝑁
tt

=
𝑣#< ∙ 𝑉"
𝑉$

∙
2 ∙ 𝑢/
𝜋 ∙ 𝑟

	   (13)	  

 
And the volumetric dropout rate 
 
	   𝑑𝑉#<

𝑑𝑡
= −

𝑑𝑁
𝑑𝑡

∙ 𝑉$ = −𝑣#< ∙
2𝑉"
𝜋𝑟

∙ 𝑢/	   (14)	  

 
Substituting for settling velocity and rearranging gives 
 
	  

	  

𝑑𝑉#<
𝑑𝑡𝑑𝑥

= −𝑘 ∙ 𝑣#< ∙ 𝐷 ∙
𝜌C − 𝜌D

𝜇
	   (15)	  

In practice the droplets will not be uniformly spherical and the 
dropout rate will therefore be tuned by adjusting factor k. The 
system is also unlikely to be uniformly laminar which may result 
in the dropout rate being non-linearly related to density and 
viscosity. 
 
Water  Slippage  
When two liquid phases flow through a pipeline, the phases can 
move at different velocities. In oil pipelines where water is 
dropping out of suspension, the water layer will move more 
slowly than the oil when flowing uphill. In downhill sections the 
water layer will tend to move more quickly than the oil. 
 
Assuming that the fluids flow in stratified layers the velocities of 
the oil and water phases can be calculated by solving the two-
phase flow pressure gradient presented by Taitel and Dukler [12].   

 
	   −

𝑑𝑃
𝑑𝑥

∙ 𝐴" − 𝜏" ∙ 𝑠" ± 𝜏H ∙ 𝑠H − 𝜌" ∙ 𝐴" ∙ 𝑔 ∙ sin 𝜃

= 𝜌" ∙ 𝐴" ∙
𝑑𝑢"
𝑑𝑡

	  

−
𝑑𝑃
𝑑𝑥

∙ 𝐴# − 𝜏# ∙ 𝑠# ± 𝜏H ∙ 𝑠H − 𝜌# ∙ 𝐴# ∙ 𝑔 ∙ sin 𝜃

= 𝜌# ∙ 𝐴# ∙
𝑑𝑢#
𝑑𝑡

	  

(16)	  

The pressure gradient along the pipe is calculated by 
assuming relationships for the interfacial stresses and iteratively 
solving these equations for the height of the free water. 
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In our initial model we are imposing the observed pressure 
profile upon the model. This allows us to use a simplified 
solution that will be tuned to fit the observed water content at the 
outlet. 

 
The wall shear stress is a function of friction factor 
 

	   𝜏# =
𝑓 ∙ 𝜌# ∙ 𝑢X

2
	   (17)	  

	   	   	  

	   𝑓 = 𝑚 ∙ 𝑅𝑒UO = 𝑚 ∙
𝐷 ∙ 𝜌# ∙ 𝑢

𝜇#

UO

	   (18)	  

	   	   	  

	   𝜏# = 𝑚 ∙
𝜇#

𝐷 ∙ 𝜌# ∙ 𝑢

O
∙
𝜌# ∙ 𝑢X

2

=
𝑚
2
∙
𝜇#
𝐷

O
∙
𝑢XUO

𝜌#OUI
	  

(19)	  

  
For laminar flow, m and n are 16 respectively. If we further 

assume that the velocities of the two phases are similar, then the 
hydraulic diameter is ]∙}

/
 and we can ignore the interfacial tension 

between the phases. 
 
Applying these assumptions and rearranging equation (16) 

for the water phase gives 
 

	   𝑑𝑢#
𝑑𝑡

+ 2 ∙
𝜇# ∙ 𝑠#X

𝜌# ∙ 𝐴#X
∙ 𝑢# = −

𝑑𝑃
𝑑𝑥

∙
1
𝜌#

− 𝑔 ∙ sin 𝜃	   (20)	  

If we chose a time period that is sufficiently small that we 
can assume that the change in cross sectional area of the phase is 
negligible then the water velocity at the end of the time period is 

 
	  
𝑢# & = 𝑢#,@ + 𝑢#,l − 𝑢#,@ ∙ 𝑒

UX∙~*∙/*
�

�*∙}*�
∙&
	   (21)	  

 
Where 

 
  
	  
𝑢#,@ = I

X
∙
U����U�*∙�∙t�� �

~*
∙ }*

�

/*�
	  	   (22)	  

 
Thus the velocity of the phase tends towards a steady state 

velocity following an exponential decay with a time constant of 
 

	  
𝜏 =

1
2
∙
𝜌#
𝜇#

∙
𝐴#
𝑠#

X

	   (23)	  

 

Defining slippage as  
 

	   𝜑 =
𝑢#
𝑢"

	   (24)	  

 
and applying this definition to equation (22) gives 
 

	   𝜑& = 𝜑@ + 𝜑l − 𝜑@ ∙ 𝑒U
&
�	   (25)	  

 
Recognizing that sin 𝜃 = ∆�

∆(
 where we define the elevation 

change relative to positive movement in the x axis such that ∆ℎ 
is negative for downhill sections of pipe we obtain 

 
	  
𝜑@ =

𝜇"
𝜇#

∙
− 𝑑𝑃𝑑𝑥 − 𝜌# ∙ 𝑔 ∙

∆ℎ
∆𝑥

−𝑑𝑃𝑑𝑥 − 𝜌" ∙ 𝑔 ∙
∆ℎ
∆𝑥

∙
𝐴#X

𝑠#X
∙
𝑠"X

𝐴"X
	   (26)	  

 
Finally expressing the difference in the velocity between the 

phases in terms of the velocity of oil gives 
 

	   ∆𝑢 = 𝑢" − 𝑢# = 𝑢" − 𝜑& ∙ 𝑢" = (1 − 𝜑&) ∙ 𝑢"	   (27)	  

If we assume that the oil phase is dominant and that the 
nominal flowrate of the pipeline is approximately that of the oil 
phase we can estimate the flowrate of free water out of a batch 
element as  

 
	   𝑄#,5 = ∆𝑢 ∙ 𝐴# = (1 − 𝜑&) ∙ 𝑄 ∙ 𝐴#	   (28)	  

 
where the water flows out of the front of the element if 𝜑& 

is greater than 1. 
 
Note that this simplified model does not account for the 

settling of the water at low points in the pipeline during a 
complete shutdown as the water flowrate is relative to the 
nominal flowrate. 

 
As the calculation of the steady state slip factor in equation 

(26) is a function of the ratio of the cross sectional area of each 
phase to the corresponding wetted perimeter it requires an 
iterative solution. To reduce the calculations required we 
prepared an empirical relationship for the ratio of the cross 
sectional area to the wetted perimeter of the secondary phase as 
a function of the ratio of the volume of the secondary phase to 
the volume of the batch element. 

 
	   𝐴/
𝑠/
= 	  𝜙/ ∙ 𝑅	   (29)	  

 
Where 
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	   𝜙/
= 0.9165𝑓/l.��JI, 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝑓/ ≤ 0.08

−0.8482𝑓/X + 1.271012𝑓/ + 0.074583, 	  	  0.08 ≤ 𝑓/ ≤ 0.5
	   (30)	  

Pigs  
For the pipeline in question, pigs introduced into the mainline 
may be ported or un-ported with ported pigs having between one 
and ten one-inch ports. The operator is able to change the number 
of open ports in a pig but the size of the ports is fixed. 
 
As un-ported pigs travel down the pipeline they effectively act 
as a restriction preventing water from flowing back down the 
pipeline as well as pushing any accumulated water ahead of 
them. This is modeled by setting the flowrate out of the batch 
segment ahead of the pig to zero. The circumferential rotation of 
the pigs as they travel along the pipeline was not directly 
considered in the model. 
 
In addition to restricting the flow of free water back along the 
pipeline, ported pigs allow ’dry’ oil to flow through the pig from 
the batch segment behind the pig into the segment ahead of the 
pig. As the oil flows through the ports, the increase in velocity 
creates a turbulent region directly ahead of the pig which re-
entrains the free water in the few meters ahead of the pig. The 
area of effect of the turbulent region is unknown but it is 
postulated to extend one to two meters ahead of the pig. It is also 
likely that this will create a significant amount of longitudinal 
mixing ahead of the pig allowing for an enhanced mixing 
volume. This is modeled using a fittable factor dependent upon 
the number of ports that are open.  
 
The initial simulations for ported pigs showed a good agreement 
with the total water in batches received at the end of the pipeline 
but had difficulty in modeling the BS&W profile observed ahead 
of the pig being received. The model was enhanced to include a 
statistical model of the BS&W profile as a function of nominal 
flowrate and number of ports and this profile was imposed upon 
the simulated water content in the corresponding volume ahead 
of the pig that the statistical model predicted from current 
conditions. 
  
MODELING  RESULTS  
 
We applied this methodology to analyze and forecast the 
operations of a pipeline operator. By using historical operation 
of the different crude, diluent and pig injections, as well as the 
readings at the delivery points, combined with the physical 
properties of the batches and the pipeline layout (including 
elevation) we were capable of representing the real system 
output with a computer simulation with a greater than 90% 
accuracy an example of which is shown in Figure 1 and .  
 
The simulation generally provides a good match to the BS&W 
profile received at the delivery although there is a tendency for 
it to overestimate the drop in the BS&W immediately following 
the arrival of a pig. The model for the re-entrainment of water 
directly ahead of the pig represents one of the areas of largest 

uncertainty in the system. We are currently looking at ways in 
which the statistical aspect of the model for this behavior can be 
improved. By ignoring the exaggerated drop in BS&W 
immediately following a pig arrival, the accuracy rises to around 
95%. 
 
The simulation met our requirements for computational 
resources with a one-month simulation taking six minutes on a 
3.4GHz, i7-6700 Windows machine with 8GB RAM. 
  
The speed of the simulation allows the computational model to 
be used at different levels, from operational to planning 
activities, allowing users to test different scenarios like the 
expected water behavior given the current physical properties, or 
to test different strategies of pigging and oil management. 
 
For example, the impact of water drop-out upon the required 
pigging schedule can be studied. There is a maximum allowable 
water content in the batches received at the delivery of 0.5%. 
Regular pigging is required to remove water that has 
accumulated in low points of the pipeline but this comes at a cost 
both from the labour involved and the wear that pigging places 
upon the valves and fittings in the pipelines. The simulation can 
be used to determine both the optimum pigging schedule 
required during normal operation, and to adjust that schedule 
during periods where it is known that the operation of the 
pipeline will outside normal conditions. A simple example of 
such a study is shown in figures 3, 4, 5 and 6 which compare the 
continuous BS&W received at the destination for pigging 
schedules of twenty-four and thirty-six hour intervals with both 
un-ported and ten port pigs. 
 
The simulation can be configured to use a schedule of 
nominations for the flowrate and BS&W at the source or, as in 
this example, the flowrate and BS&W can be generated by the 
simulation to match the historical variance in these parameters. 
In this example the seed for the randomization of the source data 
is same for each run to allow a direct comparison between the 
different operating conditions.  
 
The simulations clearly show the expected result that the ten port 
pigs effectively smooth the BS&W profile within the batches 
received at the destination which eliminates the large swings in 
BS&W that precede the arrival of un-ported pigs. The effect of 
decreasing the pigging frequency is less clear but the simulation 
does show that reducing the frequency from twenty-four to 
thirty-six hours results in slightly higher peak BS&W values. 
Additional simulation runs would allow the optimal pigging 
schedule to be determined. 
 
The model is also capable of tracking the water behavior through 
the pipeline which is also affected by the pressure profile, the 
elevation change, the fluid temperature and the velocity as result 
of the flow changes at the source. This is demonstrated in figures 
7, 8, 9 which show a snapshot of the conditions within the 
pipeline.  
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FUTURE  WORK  
 
The largest area of uncertainty within the model lies in the 
simulation of the BS&W profile ahead of the pigs, particularly 
with respect to ported pigs. Additional work is required on this 
aspect either to improve the statistical model or to through the 
incorporation of an enhanced flow regime ahead of the pig. 
 
The current model does not include elements such as pump 
stations as they were not required for the case study. As many 
pipelines of this length would include several pump stations, 
these aspects should be modeled to generalize the model. Pipe 
fittings should also be considered to determine if they have a 
significant impact upon the model. 
 
For this exercise, the model was designed and developed to 
simulate water behavior in an isolated and pigged pipeline 
network. But the reality is that pipelines rarely exist in isolation 
and usually have a complex connectivity to storage facilities. 
The concepts of tank pooling quality, reliability and integrity risk 
are some of the types of other variables taken into consideration 
when strategic decisions are made.  
 
The opportunity to evolve this model to represent the holistic 
view of the network and represent other dimensions like tank 
farms, operational upsets and risk needs to be considered. In 
particular, the settling of water in the low points of the network 
during a total shutdown should be included in the model. 
 
This type of simulation model has a small enough computational 
footprint that it can be become the foundation for the 

development of complex optimization engines that can be used 
for capital and/or operational optimization.    
 
 
CONCLUSION  
 
This paper described typical modeling challenges in simulating 
water behavior in a pipeline network and demonstrated how 
simulation models can be developed to meet business objectives 
by combining different simulation methods into a hybrid model 
that provides sufficient accuracy while maintaining a sufficiently 
small computational footprint.  
 
Various modeling techniques and approaches were discussed 
with a focus on practical application. A case study is also 
presented to demonstrate the application of the modeling 
techniques to simulate the accumulation of water at all points in 
the network and the effect of periodic pigging to redistribute the 
water through the batches. The speed of the simulation is 
sufficiently fast that it can be used both to perform manual what-
if scenario modeling and, in future, look at automated 
optimization opportunities. 
 
 
DISCLAIMER  
The opinions expressed are those of the authors only. They do 
not represent the views of the client. 
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Figure 1 Simulated Flowrate vs. Historical Flowrate at Destination 

 
Figure 2 Simulated BS&W vs. Historical BS&W at Destination 
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Figure 3 Comparison of BS&W at Destination for 24h Pigging and 36h Pigging Frequency for 0 Port Pigs

 

Figure 4 Comparison of BS&W at Destination for 24h Pigging and 36h Pigging Frequency for 10 Port Pigs 
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Figure 5 Comparison of BS&W at Destination for 0 Port and 10 Port Pigs on 24h Pigging Frequency 

 

Figure 6 Comparison of BS&W at Destination for 0 Port and 10 Port Pigs on 36h Pigging Frequency 
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Figure 7 Elevation Profile of Pipeline Normalized Along Length of Pipeline 

 
Figure 8 Free Water and Entrained Water Fraction Along Length of Pipeline 

Figure 9 Velocity, Critical Velocity and Temperature Along Length of Pipeline
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