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Abstract: This paper presents a case study on design, development and implementation of a custom 

operation training system (OTS). The challenge in the studied floating production storage and offloading 

(FPSO) process was to find an appropriate design between a simple simulation model and a sophisticated 

virtual process for the operator training and automation design validation. The adopted solution ensured a 

high fidelity modeling of the real process and a low development time for the simulator by using a 

commercial software framework with custom developed modeling objects. Such custom models include 

the separation process, the gas compression process, and production water treatment among others. For 

the separator module the model was derived from theoretical perspectives and integrated in the process 

simulator. The simulator ensured a successful training of the process system engineers before the process 

start up, including special scenario testing, tuning, and optimization of the production. 
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1. INTRODUCTION 

Dynamic process simulators and operator training systems 

(OTS) are available on the marketplace from a while. 

Although in the past few years there was a paradigm shift in 

the process design and development for which the current 

trend includes the OTS as a real component of many 

processes (Cox, Smith and Dimitratos 2006). 

The training simulators are no longer meant to be used only 

by airline pilot testers, nuclear power plants or other high 

cost/risk processes, but they became available for refineries, 

floating production storage and offloading (FPSO) units too. 

Recent studies proved that the relatively small investments in 

the OTS can save several unplanned plant outage by means 

of uncovering graphic or logic errors, equipment damage or 

misconfigured control scenarios (Invensys 2010). 

This document describes the benefits of developing and using 

a custom operation training system (OTS) based on the 

commercially available software package MiMiC which was 

specially developed for chemical, oil, gas and power industry 

applications (Klatt and Marquardt 2009) and which was used 

for a DCS control system developed by Emerson Process 

Management. Within this commercial software tool custom 

specific modules were developed for the FPSO unit (Ahmad, 

Low and S 2010). 

1.1 Motivation for adopting an OTS 

The primary aim of the OTS is the training of the operational 

staff including under graduating engineers before and after 

the start-up of the main plant. These training facilities include 

the procedures for the plant start-up and emergency 

shutdown, maintaining the steady state operation of the plant, 

alarm handling and the needed corrective actions for reducing 

the malfunction during normal operation. Beside these 

critical aspects, the benefits of using such a training suit 

include the optimization of the steady state performances, 

reduced start-up times, hence increased unit up-time, 

increased operator skills, and thus increased safety (He 

2001). The safety is further enhanced by means of testing and 

validation of the operating procedures, control strategies and 

by sharing the operating scenarios between teams (Jago 

2008), (Muravyev and Berutti 2007). 

The challenge of the current project was the development of a 

simulation model with custom blocks that would fit the needs 

of the operation training and provide the requested 

functionality for process and optimization of the FPSO unit. 

2. CHALANGES OF A FPSO SIMULATOR 

The designed simulator should satisfy the requirements of the 

operation training centre. This section describes the simulated 

process, including custom block details for the separator and 

finally presents a practical case study of an FPSO unit 

implemented in a DCS system (Merritt 2006). 

2.1 The simulation system 

The DCS (Digital Control System) was implemented using 

the DeltaV
1
 Emerson Process Management product 

(Walztoni, 2006). For the simulation part, MiMiC was used 

(MiMiC Product Bulletin 2006). The hardware architecture 

of the OTS is  

- One ProfessionalPlus station with Simulate Pro; 

                                                 
1
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- One MiMiC application station for simulation;  

- 12 Operator Stations – used for training and testing;  

- 7 Application Stations – used for communication. 

2.2 Process description 

A FPSO unit is a floating vessel used by the offshore industry 

for the processing of hydrocarbons and for oil storage. A 

FPSO vessel is designed to receive hydrocarbons produced 

from subsea equipment, process them, and store oil until it 

can be offloaded onto a tanker. FPSOs are useful when water 

depth is too high for platform lying on seabed. Even though a 

FPSO implies a large number of processes, the simulator 

regarded only the top side area, dedicated to Production and 

Storage purposes. The human factor plays a great role in 

assuring a good functionality of the processes presented here, 

thus the need for a simulator is motivated, in order to train the 

operators (Pagnusat and Ehrendreich 2010).  

The processes present on the top side of a FPSO are almost 

identical with the processes present in a refinery. These are 

relatively simple processes like fluids separation and water 

treatment, heat exchange and gas compression (Morton 

2002). 

In this section we will concentrate in presenting the way the 

simulated models were built. Even though several processes 

were simulated, we focus on the simulation model of the 

separator (Luyben 1990). 

2.3 Model functionality (separator) 

The separator is a pressurised vessel used for water, oil and 

gas separation in the oil and gas industry. At the input is the 

raw oil which comes from the extraction well and at the 

output the purified oil which goes to storage. In order to 

obtain a higher purity of the oil, several separation stages are 

used in a cascade configuration. This separator stages are 

interconnected so that at the exit of the last separator, the 

whished oil purity is obtained (Engineering 2008).   

The raw oil separation is a mechanical process which relies 

on the different densities values of the water, oil and gas.  

The basic schematic of a separator is presented on Fig. 1 

 

Fig. 1. Separator schematic (1 – deflector; 2 – precipitator; 3 

– blocking device) 

The extracted oil containing gas and water is introduced into 

the separator. At the entrance the extracted oil meets the 

deflector which helps the water gas and oil separation. Due to 

the density difference between the oil, water and gas, the 

separation process happens naturally. The water accumulates 

at the bottom of the separator, the crude oil, which is lighter 

than the water will float above the water, and the gas, will 

accumulate in the top of the separator. The precipitator helps 

the water turn into liquid form more easily. The blocking 

device is used to retain the water. The oil will flow above the 

blocking device. After the separation process, the water, oil 

and gas are evacuated. The separator tank has three exits, one 

for the water evacuation, one for the gas evacuation, found in 

the top of the separator and one for the oil evacuation. On the 

evacuation pipes, different valves, pumps and metering 

devices can be found, in order to maintain the process 

parameters at required values.  

A simplified representation of the inputs and outputs of the 

separator can be found on Fig. 2. 

 

Fig. 2. Input and output representation for the separator. 

 

3. ADOPTED CUSTOM SOLUTIONS  

3.1  Theoretical background  

The separation process is modelled using fluid dynamics and 

gas behaviour formulas and relations. In order to create the 

mathematical model of the separator, its behaviour was 

divided in the following processes: 

- The input and output flow of the extraction oil and 

respectively the water, gas and crude oil; 

- The water and oil levels in the separator; 

- The pressure in the separator. 

These processes are the units that are controlled with the 

DCS, so these were the processes on which the simulation 

needed to focus on.  

The construction of the mathematical model relies on some 

basic and well known physics laws and formulas. Like the 

Universal Gas Law: 

         (1) 

Where   – is the absolute pressure of the gas;   –volume of 

the gas in [
  

 
];   – amount of substance of the gas (mol);   –

gas constant              ;   –temperature    . 

The separation process implies piping the use of many valves 

and flow meters. In consequence, the simulator has to provide 

information about the flow of materials. In order to calculate 

de value of the flow through with the simulation model, one 

has to have some information first, such as the flow 
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coefficient of the valve or constrictor through which the 

material passes. The flow coefficient is denoted    and 

represents flow coefficient index of flow capacity equivalent 

to the gallons per minute of water at standard temperature 

(60°F = 16°C) which will flow through a valve or fitting at a 

pressure differential across the valve of 1 bar. The flow 

coefficient varies according with the valve type and its 

opening. Each valve has a table with    values associated to 

its opening percentage (Liptak 2005). 

For linear valves – flow capacity increases linearly with 

valve travel. 

         
     

   
    (2) 

Where       – The    value for the maximal opening of 

the valve [USGPM];       – The valve opening set point.  

For equal percentage valves – flow capacity increases 

exponentially with valve trim travel. Equal increments of 

valve travel produce equal changes in the existing   . 

         (
     

   
)

 

  (3) 

The relation for liquid flow calculation through a valve with 

respect to pressure difference, density, maximum valve flow 

coefficient and opening percentage is 

  
      (

     

   
)
 

     √
                

  

   (4) 

The formula for gas flow calculation for a valve depends on 

the value of the pressure drop.  

 

Fig. 3. Measurement points needed to calculate the fluid flow 

through a valve. 

 a low pressure drop case is considered  if the outlet pressure 

   is greater than one half of the inlet pressure      
      ⁄   . The flow in the low pressure drop case can be 

calculated with the formula: 

           (  
    

    
)  √

  

        
  (5)  

Where:   – Flow    
 

   
 ;    – Constant depending on the 

units used in the formula; (  =6950 if pressure is specified in 

bar, temperature in K and the flow is obtained 

in     
 

   
 );     – Flow coefficient of the valve [USGPM]; 

   – Upstream pressure in bar;    – Downstream pressure in 

bar;            – Pressure drop;    – Gas specific 

gravity (no units);    – Absolute upstream temperature [K]. 

It is considered to be a high pressure drop case if the outlet 

pressure    is less than one half of the inlet pressure   ; 
      ⁄   . In the case of high pressure drop, the speed 

inside the valve reaches the saturation speed of the sound 

barrier, so the pressure after becomes saturated.  

                 √
 

     
  (6) 

Having two closed tanks located at different heights which 

are communicating through a pipe with the known section, 

we can write twice the Bernoulli’s formula: 

   
 

 
     

                   (8) 

   
 

 
     

                   (9) 

Making the difference between (8) and (9) the following 

formula is obtained: 

      
 

 
   (  

    
 )      (     )        (10) 

Knowing             and considering that the initial 

velocity      and neglecting   – pressure drop, we can 

obtain the fluid velocity with the formula: 

   √  (
     

 
   (     ))  (11) 

Flow calculation depending on fluid velocity and pipe section 

is calculated with the formula  

       (12) 

Where   – Volume flow in        ;   – Pipe section      ; 

  – Fluid velocity  [
 

 
]   

Another largely used formula is the formula for calculating 

Mass Flow Rate with respect to density and volume flow 

rate: 

 ̇        (13) 

Where:   ̇ – Mass flow rate; (the symbol  ̇ represents a 

derivative  ̇  
  

  
) in       ;   – Density        ;   – 

Volume flow rate        . 

The mass conservation law: 

                       (14) 

                       
 

 
   (15) 

Considering that the density of the substance remains 

constant                . 

   (     )   (16) 

  ∫(     )    (17) 

Where   – mass;   – Density;    – Input density;    – 

Output density;    – Input flow rate;    – Output flow rate; 

 – Volume. 

3.2 Mathematical model of a separator 

The mathematical model created is easily applicable to all the 

separators from the simulated process and can easily be 

adapted to other types of separators.  

In the following section, the extracted mixed oil that enters 

the separator will be referred as “raw oil” and the oil that 

exits the separator will be referred as “crude oil”. 
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Given values: 

- Extraction oil input flow         in     ⁄  ; 

- Raw oil input density with the water, oil and gas 

concentration [%]; 

- Water evacuation flow                   in     ⁄   
(previously simulated in another simulation block); 

- Gas evacuation flow                 in     ⁄   

(previously simulated in another simulation block); 

- Gas density and water vapour concentration; 

- Opening percentage on output oil valve in %, 

      value of the valve in [USGPM], pressure in 

the following separation stage; 

- Output gas density and its compounds (water, gas, 

oil) concentrations values; 

- Separator volume specified in   . 

These values are either taken directly from technical 

specification documents provided by the client, either they 

are values continuously read from the DCS system.  

The volume flows can be converted into mass flow rates 

using (13) if needed.  

The crude oil output flow is given by the flow through the 

analogical output valve. Knowing the valve parameters 

      of the valve – the valve is an “equal percentage 

valve, the oil density with respect to the water and the 

pressures before and after the valve, using (4) oil output flow 

can be calculated.  

            
     (

     

   
)
 

    √
                      ⁄

                     

 in    ⁄   (18) 

The water volume depends on the input and output flow 

values. The water flow in the separator tank depends on the 

input water flow and output water flow.  

                                   (19) 

On input, the water comes as a compound in the crude oil 

input. Knowing  ̇        – the raw oil input mass flow rate, 

               – the input water concentration (in raw oil) we 

can obtain  ̇            – the input mass flow rate of water 

using the formula  ̇              ̇                       

At output, the water exists through the water evacuation pipe, 

with the oil evacuation as a compound and as vapour 

compound in the gas evacuation pipe.  

Knowing  ̇          – the crude oil output mass flow rate (the 

calculation will be presented in the following section), 

                       – the water concentration in the crude 

oil,                   – the water evacuation output flow 

(water volume flow equals the mass flow m (water 

evacuation) because of water density considered       ⁄  ), 
 ̇               – the gas output mass flow rate and 

                       – the water vapour concentration in the 

output gas flow, we can obtain  ̇             – the output 

mass flow rate of water using the formula: 

 ̇           
 ̇        

                    

 

 ̇               
  ̇             

                    
 (20) 

Water density is considered     ⁄   so the mass flow rate of 

water in    ⁄   equals the volume flow in     ⁄  . 

 ̇       ̇             ̇              (21) 

The water volume is 

       ∫         ∫(                          )   

(22) 

The oil volume in the tank depends on the input oil flow and 

output oil flow.  

                            

The oil input flow  ̇         ̇             ̇          

 ̇          ( ̇                        ̇          

               )  ( ̇                      ̇          

             )   ̇            (23) 

Resulting  ̇           ̇       
                             

                               
  

in    ⁄  . To obtain the volume flow, the mass flow rate is 

divided by the oil density.             ̇                   ⁄  

in    ⁄ . The oil output flow was calculated previously using 

(18).  

The oil volume:      ∫(                      )      (24) 

To obtain the gas pressure in the separator the universal gas 

law is used. Gas quantity in the separator: 

  ̇     ̇           ̇          . On the input the gas 

comes as a compound of the crude oil.  

 ̇           ̇                      

On the output the gas exits through the gas evacuation pipe, 

the output oil flow, and the emergency exit.  

 ̇         
  ̇        

             
  

                        (25) 

If the emergency evacuation valve is open, the quantity 

evacuated through the emergency exit is added to the output 

gas quantity.  

The gas volume is given by the difference between the 

separator volume and water and oil volumes:  
                              (26) 

To calculate the gas pressure in the separator, the universal 

gas law will be used. Knowing the input and output gas 

quantity  ̇           ̇           – which are automatically 

converted in molar units by a special predefined simulation 

block, the temperature in the separator (given by a 

temperature sensor) T, the gas volume      (1) is used to 

calculate the gas pressure. 
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( ̇           ̇          )                     

    

    
  (27) 

The simulation program provides a special bloc which 

calculates the pressure with the above mentioned formula. It 

requires the input and output mass flows of the gas in 

    ⁄  units, temperature in K and volume in    . The block 

realizes itself the necessary unit conversion for the input and 

output gas mass flow necessary for calculations, from 

    ⁄  to    . 

The water output flow is given by the flow through the 

analogical control valve situated on the water evacuation 

pipe. Knowing the valve parameters: the       of the valve 

– the valve is a “linear” valve, the specific gravity of water 

and the pressure before the valve and after the valve , the 

water output flow can be calculated using (4). 

              
      

     

   

    √
                     

                     

 in    ⁄    (28) 

The gas output flow can also be calculated considering the 

gas passing through a control valve. For the gas flow through 

a valve in the case of low pressure drop (5) is used and in the 

case of high pressure drop (6) is used. If the gas is evacuated 

through multiple valves, the total output flow equals the sum 

of the flows through each valve.                 

∑ (           )
 
                              n, where 

n is the number of gas evacuation valves. 

In the case of low pressure drop, the downstream pressure is 

greater than one half of inlet pressure. The known values are: 

the       of the valve – the valve is a “equal percentage” 

valve, the upstream pressure (     pressure in the separator) 

in bar, the downstream pressure (   pressure after the valve – 

depending on where the pipe goes to) in bar, the temperature 

in the separator   in K, and the specific gravity of the gas 

(gas density with respect to air)   . 

If the pressure is specified in bar, temperature in K the 

formulas    coefficient is 6950 giving the flow in std L/min. 

The gas flow can be calculated using             as: 

                             (  
    

      
)  √

  

         
   

(30) 

4. CASE STUDY 

Below is presented the schematic of the separator with all the 

control devices. The scope of the simulation program is to 

give information – consisting in numerical values – to all the 

process indicators on the screen. In order to do the 

calculations, some information need to be read from the DCS 

implemented in DeltaV, such as valve position, or PID 

controllers outputs, etc.  

For implementing the simulation for the separators case, the 

input values are the following: the separator volume and raw 

oil input flow – unchanged values gathered from technical 

specification documents –, valves states and regulator outputs 

for the pressure, level and flow controllers – values received 

from the DCS system –, density of the raw oil, gas and crude 

oil, composition percentage of oil, water and gas in raw oil 

input, crude oil output and output gas – values obtained from 

other simulation blocks.  

 

Fig. 4. Separator with control devices and indicators 

After the mathematical processing of the input values 

according to the formulas that describe the separator model, 

the following parameters are obtained: oil level in the 

separator, water level in the separator, pressure in the 

separator, crude oil output flow, water output flow, and gas 

output flow. These parameters are associated with the 

correspondent indicator and control blocks in the DeltaV 

program (DeltaV 2010). 

4.1 Model validation 

During steady state simulation, the numerical values obtained 

from the simulation, were compared with two different sets 

of data.  

The first comparison was made with the actual production 

values from the FPSO unit. These values were provided in 

the form of screen shots of the graphical interface of the DCS 

from the FPSO, taken during production. The main advantage 

of this comparison method is that from the DCS system’s 

perspective, we can create an identical replica of the real 

DCS system on the DCS system connected to the simulator. 

This means that the state and functioning parameters of the 

DCS like: on/off valve position and regulator set points are 

the same as the ones from the real system at the moment 

when the screen shots were taken. 

The second comparison was made with the values obtained 

from a high fidelity simulator. This simulation was developed 

in the early phase of the FPSO, in order to validate the 

physical system dimensioning and to determine its efficiency. 

This simulation does not take into consideration the DCS 

system; it is strictly a simulation of the process. 

The comparison was made for the following measured 

values, presented in the Table 1. 

As it can be noticed, the level and pressure values obtained 

by the current simulator are very close to the real process 

values and also relatively close to the values from the high 

fidelity simulator. This means that the level and pressure 

simulation give good results considering that the current 

simulator is considered a medium fidelity simulator. 
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Table 1. Simulated and real process values  

Simulated / 

Measured values 

Medium 

fidelity 

simulator 

Real 

process 

High 

fidelity 

simulation 

Water level [%] 50.4 47.5 50 

Oil level [%] 45.4 36.6 50 

Water flow [m3/h] 85 80 126 

Oil flow [m3/h] 475 323 863 

Gas flow [m3/h] 97 807 2096 

Pressure [bar] 76.3 77.2 70.77 

 

On the other hand, for the flow, the simulated values are quite 

different from the actual process values and from the high 

fidelity simulation model’s values. Also, we can observe that 

the precision of the simulation for the flow depends on the 

type of fluid, thus the density. As the density is greater (e.g. 

water) the simulated value is closer to the real value and the 

high fidelity model, thus the model is more accurate. As the 

density decreases (e.g. oil), the difference between the values 

increases, and reaches the greatest difference in the case of 

the gas, which has the lowest density.  

There are several reasons for which these differences appear. 

One of the major reasons is the accuracy of the model for 

flow calculation in the case of gases. The model is very much 

simplified and does not take into consideration many physical 

factors such as turbulent flow. Also, in the real process case, 

the flow measurement is very sensitive and the plotted value 

varies relatively quickly in comparison with the variation of 

the level measurement. Combining this with the fact that we 

only have one screen shot with the real values, we cannot be 

sure that the recorded value is the normal flow or is the flow 

during turbulence. 

6. CONCLUSIONS 

The simulator obtained is considered to be a medium fidelity 

one. It gives good result for level, pressure and temperature 

simulation, and gives less good results for flow simulations. 

However it can be used successfully in training of the 

technical staff from the FPSO.  

The advantage of such a project is that once completed, the 

validated models are 100% reusable for other projects, thus 

substantially reducing the time required by the development 

of other simulators.  

The importance of simulation systems is very high, and 

simulation systems will be increasingly important when 

talking about a control system. An important role in the 

development and configuration of the project was played by 

existing information about processes, such as technical 

specifications of equipment used, type of equipment, sensors, 

execution elements, etc. and their location, information about 

the chemical composition of fluids from the FPSO.  

Finally, not only the project has an economic and practical 

importance, but it also has a strategic importance because it 

opens the way for the usage of medium fidelity simulator in 

the development phases of DCS systems. 
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