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Abstract. The present study proposes a transient simulator able to reproduce important phenomena inherent to 

petroleum production systems based on the non-isothermal Drift-Flux model. The system of equations considers a 

three phase flow regardless the liquid-liquid drift velocity, assuming mass transfer among the phases and heat transfer 

counter-currently between gas injection and the production systems. Gas injection valves connecting service line and 

output line valves, important to system operation, as two master valves and surface choke besides of pumping facilities 

are also assumed in the mathematical formulation. The fluids´ properties are estimated using a black oil model. The 

solver utilizes the finite volume method with a semi-implicit approach making use of the upwind first order scheme 

with staggered grid. Void fraction and liquid amount between the liquid phases are evaluated explicitly. The couple 

between velocities field and pressure is implicit by building a global matrix. It is not made an iterative process for the 

resolution of these fields. The temperature field is obtained in an uncoupled way after the volumetric fraction, mass 

flow rates and pressure calculus. Pressure, temperature and holdup trends are analyzed upstream and downstream of 

the master valve. The profiles of these interest variables as well as the superficial velocities along the production 

system are also reported showing that the thermal transient process is the slowest. This feature is due to the diffusive 

heat transfer in wall pipeline and in the well. The steep decay and the sudden increase of pressure at upstream and 

downstream regions, respectively, can result in operational problems depending on its magnitude.  
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1. INTRODUCTION 

 

It is known that the total reservoir volume is fixed and extremely depending on the rock formations of the 

corresponding area. As the reservoir fluid is produced, its pressure drops, causing the oil rate production diminishing. In 

this scenario, artificial lift methods are useful aiming to increase this previous oil rate production. Among these 

methods arises the gas-lift, which consists of a gas injection in a settle local in the tubing thereby aerating the fluid, thus 

reducing its density. The producing characteristics of the well that defines what type of gas-lift will be used. As 

advantages of this method can be cited the simplicity of the surface equipment for injection gas control requiring little 

maintenance and lower operation costs with compared against other methods of artificial lift. 

There are two basic types of gas-lift in use today: continuous and intermittent flow (see Takacs (2005)). This work 

focus in the continuous gas-lift, which represents a good application for offshore formation. Its use is suitable for wells 

with productivity index higher than 1 and static pressure sufficient to support a fluid column in the range 40-70% of the 

total well depth (Gonzaga, 2009). The elevation making use of gas-lift has been extensively studied (Carrol, 1990; 

Ravindran, 1992; Ayatollahi et al., 2005; Takacs, 2005; Ray and Sarker, 2007; De Souza et al., 2010; Mahmudi and 

Sadeghi, 2013). The continuous gas-lift process may be divided into three operating modes: Normal operation state and 

the critical states known as shutdown and start-up. The shutdown commonly occurs after some operational problem in 

the process plant on the platform or to realize tests in order to obtain the Basic Sediment and Water (BSW), Gas-Oil 

Ratio (GOR), static pressure besides of the Inflow Performance Relationship (IPR) curve. The start-up procedure 

restarts the production line.   

In particular, this work looks at the effect of a shutdown with a posterior start-up of petroleum production in a 

scenario similar to the pre-salt in deep water offshore Brazil presenting high static pressure of about 500kgf/cm
2
 and a 

considerable CO2 fraction, which not appears on the gas-lift. 

2. MATHEMATICAL FORMULATION 

 

The non-isothermal transient 1D gas-liquid-liquid flow is modeled based on the Drift-Flux model assuming mass 

transfer between the phases. The system of equations of the conservation laws is given by Eqs. (1)–(5) consisting of 

three mass conservation equations, being one for each phase, one momentum and one energy equation for the gas-

liquid-liquid mixture. 
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Mass conservation of produced liquid 
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Mass conservation of conditioning liquid 
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Mass conservation of the gas phase 
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where   is the void fraction,   is the volumetric fraction of the conditioning fluid into the liquid mixture,   

represents the mass transfer between the phases,   is the mass source term, L is a reference length, A is the cross 

sectional area, M  represents the mass flow rate with the subscripts lp, lc and g referring to the produced liquid, 

conditioning liquid and gas phases, respectively.  
 

Momentum conservation of gas-liquid-liquid mixture 
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in which u is velocity, p is the pressure, f represents the friction factor, ρ is the specific mass, g is the gravity 

acceleration, wS  is the wetted perimeter,   is the tubing inclination, j is the volumetric flux and the subscript m refers 

to mixture.  
 

Gas-liquid-liquid energy conservation 
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where e is the internal energy, h  is the enthalpy, the source term wQ represents the heat flux and the subscripts l, Fg, 

Flp and Flc refer to the liquid-liquid mixture and the enthalpy sources for each phase separately.

 

To solve the system above, the closure law presented by Zuber and Findlay (1965) is used,  

 

dg ujCu  0                                 (6) 
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in which ud is the drift velocity. The parameters C0 and ud are defined accordingly to the fluids transport properties and 

by the flow pattern. 

The gas-liquid-liquid mixture properties are defined as follows: 
 

Specific mass of the liquid-liquid mixture 

 

  lclpl   1                      (7) 

 

Specific mass of the gas-liquid-liquid mixture 

 

  glm   1                     (8) 

 

Dynamic viscosity of the liquid-liquid mixture 

 

  lclpl   1                        (9) 

 

Dynamic viscosity of the gas-liquid-liquid mixture 

 

  glm   1                    (10) 

 

The mass transfer rate between the phases is given by Eq. (11) making use of relations for the fluid properties 

inherent to black oil models. This work assumes two phases for the black oil model: liquid phase (oil+dissolved gas) 

and gas phase.  
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where Rs represents the solution gas-oil ratio (or GOR of production), Bo is the formation volume factor, g  is the gas 

density, 
std
ar  represents the specific mass of air at standard conditions whereas Ql is the liquid-liquid mixture flow rate. 

The water fraction into the produced liquid (Fw), excluding the possibility of gas dissolved in water, is represented by 
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in which 
std

wF  is the water fraction on the liquid phase at standard conditions. When sediments are not assumed its 

value is equal to the BSW. 

The Rs and Bo calculus are done making use the correlations presented previously by Vazquez and Beggs (1980). 

The temperature and pressure pseudocritical values, Tc and pc, are obtained by Piper et al. (1993) considering 

corrections for high CO2 concentration. The oil viscosity is calculated using Glaso (1980) relations. For cases with 

emulsion, the oil viscosity is obtained from Woelflin (1942). The instantaneous GOR is estimated through Eq. (13). 
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where the light volume represented by gasVol  is given as 
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3. NUMERICAL MODEL 
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The solver utilizes the finite volume method with a semi-implicit approach making use of the upwind first order 

scheme with staggered grid. Void fraction (α) and liquid amount among the liquid phases (β) are evaluated explicitly. 

The couple between velocities and pressure fields is implicit by building of a global matrix (A). It is not made an 

iterative process for the resolution of these fields which are solved as . A X B  by Gauss elimination with partial 

pivoting (A is the coefficient matrix, B is a right side vector and X are the primitive variables to be calculated). The 

temperature field is obtained in an uncoupled way after the volumetric fraction, mass flow rates and pressure calculus. 

The global matrix is of band type. Two local matrices (related to the cells i and i+1) presenting 2 lines and 8 

columns are necessary to build the global matrix. The first line of local matrix arises from the G-L-L mixture mass 

conservation equation whereas the second line is obtained from the G-L-L mixture momentum equation. So, the 1
st
 

(cell i) and 3
rd

 (cell i+1) lines of the global matrix are related with the mixture mass conservation and the 2
nd

 (cell i) and 

4
th

 (cell i+1) lines with the mixture momentum equation, as 
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The primitive variables to be solved, the G-L-L mass flow rate and the absolute pressure, are always represented by 

the main diagonal (in red color) of the global matrix.  

As example of the discretization is presented hereafter the 1
st
 line of the local matrix (cell i) and its right side vector 

term (for more details, see Gaspari (2015)). 
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where T1 and T2 are given by Eqs. (17) and (18) respectively. 
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The auxiliary variables T1 and T2 come from the relation 
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4. NUMERICAL PROCEDURE 

 

The test section, presented in Fig. 1, represents the production line which has a vertical well with 4km long and 

4.95” ID, a flexible pipeline of 10km long and 6” ID inclined by -2
o
 and 2km of riser with the same internal diameter of 

6”, totalizing 16km. The master 1 valve is located at 3960m upward to the bottom well. The gas pipeline follows the 

production line with 4” ID, being annular to the well, with an internal and external diameter of 5.5” and 8.5” 

respectively. The master 2 valve is disposed at the same position of master 1. The gas-lift orifice valve (0.375”) is 

placed 2820m above the well bottom presenting a flow rate of 150000Sm
3
/d .The injected gas has a density of 0.55. 

 

 

3960 

 

Figure 1. Sketch of the production line. 

 

The reservoir (Productivity index=100, static pressure=500kgf/cm
2
, API=32, GOR=400Sm

3
/Sm

3
, YCO2=0.44, 

BSW=0.5 and gas formation density of 1.1) is treated as a mass source applied to the first cell and is represented by an 

IPR Vogel´s type assuming a linear correction for bottom pressures higher than the saturation.  

The separator pressure is assumed to be 10kgf/cm
2
. 
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The proposed problem presents characteristics resembling to the pre-salt scenario and was chosen aiming to assess 

the simulator robustness as well as its ability to represent industrial operations inherent to the petroleum elevation and 

production (high static pressure, GOR and CO2 percentage). 

The numerical simulation starts making use of initial conditions too far from the correct steady-state. So the initial 

steady-state of the numerical solution occurs after 50000s. Thenceforward, the master valves and the choke are closed, 

characterizing a shutdown. After 1000s the choke valve is partially opened aiming to depressurize the system. 

Afterward 8000s with the production interrupted, starts a conditioning procedure of the production line injecting ethanol 

(2000 Sm
3
/d during 1000s). Then, a pig (inserted downstream of master 1 valve in t=64100s) will push all phases to out 

of the system, through a gas injection of 300000 Sm
3
/d. When the system achieves low pressure, the start-up procedure 

is initialized with the master and gas-lift valves aperture. The simulation reaches the final steady-state after 30000s from 

the start-up. 

 

5. RESULTS AND DISCUSSION 

 

Figure 2 shows the trends of pressure (a), temperature (b) and holdup (c) upstream to master 1 valve whereas Fig. 3 

presents these transient behaviors at downstream. 

 

 

 
 

Figure 2. Transient behavior upstream of master 1. (a) pressure; (b) temperature; (c) liquid holdup,  1  . 

 

 

By analysis of Figs 2 and 3, the final steady-state is reached in around 30000s after the start-up (tstart-up=80000s). 

Upstream of the master 1 valve, after the master 1 closure, it is possible to verify a gradual pressure increase. It is the 

shut in pressure due to the reservoir pressure. On the other hand, downstream the master 1, it is observed a pressure 

decrease until about t=55000s, due to the fluid segregation and an open choke on the surface. The liquid holdup 

downstream of the master 1 goes to zero caused by the pipeline inclination (-2 degree), in the same way, the liquid 

holdup upstream goes to zero after the master 1 closure. In t=58000s is injected ethanol during 1000s with a volumetric 

flow rate of 2000 Sm
3
/d. A pig is then applied into the system in t=64100s. These lasts procedures that cause the 

transient behavior in the range between 58000-80000s. In this interval is observed three peaks of pressure induced by 

three liquid pocket discharges that can be seen in Fig. 4. 
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Figure 3. Numerical predictions downstream of the master 1 valve. (a) pressure; (b) temperature; (c) liquid holdup. 

 

 

 

 
 

Figure 4. Profile of holdup and the respective flow pattern in t=64000s. 

 

 

By analysis of Fig. 4 it can be verified five different flow patterns, where 0 – single phase flow, 1 - bubbly flow, 2 – 

slug flow, -1 – stratified flow and -2 – annular. The solver works with several drift correlations. The correlation 

proposed by França and Lahey Jr (1992) is applied for the stratified pattern, Hibiki and Ishii (2003) for the annular and 

Choi at al. (2012) for bubble and slug flow patterns. 

In the moment of the master 1, master 2 and gas-lift valves opening (t=80000s) the problem presents similarity with 

the Riemann Problem, both upstream and downstream of master 1. The steep decay as well as the sudden increase of 

pressure at upstream and downstream regions, respectively, can result in operational problems depending on its 

magnitude. 
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Figure 5 exhibits the pressure, temperature and liquid holdup trends 40m above the reservoir.  

 

 

 
 

Figure 5. Transient behavior at the well bottom (x=40m). (a) pressure; (b) temperature; (c) liquid holdup. 

 

 

Through analysis of the Fig. 5 it can be qualitatively noted a similar pressure behavior with the solution upstream to 

the master 1 valve. Quantitatively, it is observed that at the well bottom region, the magnitude is considerably lower. 

The liquid holdup as well as the temperature practically does not change. At these conditions of pressure and 

temperature, the gas stays almost totally dissolved in the oil. 

The transient behavior near to the outlet region is provided by the Fig. 6. Through analysis of Fig. 6a, it can be noted 

the pressure peaks damped. On the other hand, in Fig. 6b is observed large amplitude (about 110
o
C) inherent to the 

temperature variation. From Fig. 6c it is clear the occurrence of gas´ plugs. 

Figure 7 provides the pressure, temperature, holdup and the superficial velocities profiles along the production line 

in the final steady-state (t=110000s). As it can be seen through Fig. 7a, the pressure varies from 500 to 10kgf/cm
2
, 

decreasing more abruptly in the well section (approximately 0.1kgf/m) whereas the temperature (Fig. 7b) faster decays 

in the raiser section (about 0.008
o
C/m). The superficial velocity of the gas phase (Fig. 7d) increases along the 

production line presenting higher values than the liquid (Fig. 7c) starting from the head well. From Fig. 7e, it can be 

noted three different flow patterns: single phase flow (liquid phase), bubble and slug, with the intermittent flow pattern 

appearing in the lasts 12km of the production line. 
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Figure 6. Numerical trends in x=15.960km. (a) pressure; (b) temperature; (c) liquid holdup. 

 

 
Figure 7. Numerical solution along the production line at the final steady-state. (a) pressure; (b) temperature; 

(c) liquid superficial velocity; (d) gas superficial velocity; (e) holdup/flow patterns. 
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6. SUMMARY AND CONCLUSIONS 

 

A non-isothermal transient 1D simulator based on the finite volume method using the Drift-Flux model is presented. 

The transient simulator is tested in a problem resembling to the pre-salt scenario, using continuous gas-lift aiming to 

guarantee the elevation of the oil. The transients analyzed are caused by shutdown and start-up procedures in an 

extensive production line. The main conclusions are drawn as follow: 

The shutdown causes an abrupt increase of pressure at the upstream of master 1 valve that must be assumed on the 

tubing project thereby avoiding potential damages. 

The displacement of the ethanol package injected into the production line aiming to prevent the formation of 

hydrates can cause extreme events in the process plant when the pig reaches the platform. The pig passage cleans the 

line production thereby reducing the pressure downstream to master 1 valve. 

The start-up process shows to be the main critical moment. Pressure, temperature and liquid holdup sudden increase 

or decay its values, presenting significant amplitude may causing operational problems. This behavior is explained by 

the substantial difference between the pressure immediately to upstream and downstream of the master 1 valve, 

represented by approximately 200kgf/cm
2
. 

The proposed transient simulator exhibits great robustness since it presents consistent results in a complex industrial 

problem inherent to the offshore oil & gas production.  
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