











Three-phase network simulator for horizontal wells

with complex advanced well completions

Jiyi Liu, M.Eng.

A thesis submitted to School of Graduate Studies in partial fulfillment of the

requirements for the degrec of (Master of Engincering)

Faculty of Engincerii and Applied Science

Memorial University of Newfoundland

April, 2009

St John’s Newfoundland C .ada



Abstract

This study presents an integrated steady-state flow network model to predict the
flow parameters in horizontal wells and the near wellbore region. The flow parameters
ar¢ solved for pressure, flow rates and phasce fractions. The fundamental network model is
flexible and modular in order to simulate the tluid phase behaviors m various production
¢ litions and different advanced well completions.

Compared to an existing three phase flow model that is based on a liquid-gas
formulation, the model for three individual phases proposed in this rescarch is more
proper and systematic to portray the fluid behavior durin  production and enhanced ol
FCCOVETY Processes.

The network model is based on black oil three phase model in an isothermal
environment, and the Newton-Raphson iterative technique is used to solve for the

knowns. The well completions and the near wellbore region are represented by the
distribution of nodes that are interconnected by flow channels.

By using this proposed model, the fluid phase behavior could be predicted for
horizontal wells with complex completions. ineluding the open hole. stinger completion.
slotted liner. and multiple intlow control deviees.

Generally. water is the third phase flow in addition to o1l and gas in the reservoir and

wellbore. Therefore, in this research the three-phase flow was considered as oil-water-gas.
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Nomenclature

Abbreviations

EOS equati;m of state
GOR Solution gas oil ratio
R Gas solubility

1€ Inflow control deviee
STC Stock tank condition
RC Reservoir condition

Pl Productivity Index

VLE Vapor-liquid cquilibrium

Greek Symbols

a Oil volume fraction

£ Water volume traction
L Viscosity

4., Dead-oil viscosity

4, Saturated-oil viscosity
@ Acentric factor

2 Density

r Stress tensor

p Average three-phase density

7. Wall shear stress

¢, Piperot ‘incss

Symbols

A Cross-section arca

B, Gas formation volume factor
B, Water formation volume factor
B, Oil tormation volume factor
D) Diameter

D, Hydraulic diameter

|/ Friction factor

¢ Gravitational acceleration

K Absolute permeability

K, Oil relative permeability

K, Gas relative permeability
K, Water relative permeability
L Length

m Mass flux

N Ni er of network segments

17 Number of moles




P Wetting perimeter or pressure
p Pressure

P, Bubble-point pressure
PI Productivity index

g low rate

R Universal gas constant

r Radius

- Drainage radius

- Well inner radius

- Well outer radius

R _Reynolds number

s Skin factor

I Temperature

I” Volume

v Velocity

7 Compressibility factor
ubscripts

dg Dissolved gas

[ Inflow

o Oil phase

ref Re  :nce condition

res Reservoir

S Slot

Superscripts
STC Stock tank condition

RC Reservoir condition
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Chapter 1 Introduction and Overview

1.1 Background

Horizontal drilling technology achieved commercial viability during the late 1980°s. The
purpose of a horizontal well is to enable greater contact with the reservoir. and thereby to
enhance well productivity or injectivity. Presently horizontal wells with different kinds of
ce  pletions and production techniques have been extensively and effectively applied in many
cases including (Joshi, 1992):

e To intersccet fractures and drain the reservoir effectively in the naturally fractured reservoir.
e To equalize the pressure drop along the horizontal wellbore, achieving the longer
producing life due to delay of water/gas coning, and improving the production per unit

let  h.

e To decrease tlow rate of high mobility fluids and reach better sweep etficiency.

e Toimprove drainage arca per well and reduce the number of the wells required to drain
the reservoir in low permeability reservorrs.

e  To reduce near wellbore velocities or turbulence and improve well deliverability in high-
permecability reservoirs.

To enhance the injectivity in thermal Enhance Oil Recovery Processces.

e  Commingle production from different reservoirs.

The typical difference between a horizontal well project and a vertical well project is that
the well productivity depends on the well length: horizontal wells could achieve higher
production than vertical wells with lower drawdown.

There are also some limitations for horizontal wells. Horizontal wells are usually much



more expensive than vertical wells because of the drilling method and the completion
technique used. However, the cost of horizontal wells can be reduced by the increasing drilling
experience and knowledge of the reservoir and production system. Theretore.  -curate

reservoir and wellbore simulation may be very helpful to reduce the drilling and completion

In order to optimize productivity or injectivity performance during the well's complete
litetime and ensure the field is produced reliably and safely. advanced completions are
precisely positioned to achicve good control of tluid flow in horizontal wells. As a result. the
fluid flow gecometry becomes more and more complicated and the traditional reservoir
simulators might not provide precise and cttective simulation of the completion details.

In order to precisely portray and simulate tlow parameters along the wellbore and the
flow geometrics through the complex well completion paths. several new simulation methods
I ¢ been developed and applied in the industry. The iterative network solver is one of the
most recent techniques for simulating con | cted horizontal wells. So far. the iterative method

s already been used to accurately predict well performance while encountering complex
completions and drilling problems, and has been extensively applied in industry.

The multi-phase problem is one of the most important problems in o1l production.
Presently the mjection method 1s tt main method used in the Enhanced + 1 Recovery (EOR)
process to improve the oil recovery by maintaining the reservoir pressure and displacing the
oil. Various materials are injected into the reservoir, such as water, stcam. CO». polymers. and

ven hydrocarbons, and all of these injection fluids have completely difterent physical and
chemical proy  ties. Consequ  tly. multi-phi - problems become more complicated.

The iterative network solver in the open literature is based on two-phase network solver.

]



As a result. when it encounters the three-phase (oil-water-gas) problem. it solves the liquid-gas
two phasc problem first, and then separates the oil and water phase using mass balance
between these two phases. This simplification may not meet the simulation demands when the

injected materials have complicated physical and chemical properties.

1.2 Objective of the thesis
The objective of this work 1s to:
e velop an integrated three-phase network model which simulates three phases individually.
o Investigate tlow behaviors with dif it reservoir and well conditions. such as under the
bubble point in production. two phasc problems (either oil-gas or water-gas).
e Construct complex completion paths in the proposed three-phase network model and predict
tl flow paramcters along the completed horizontal well.
e Provide recommendations on further development of the model.
To accomplish these objectives, the major target is to extend an existing two-phase network
model to three-phase model by adding in the third phase, since generally water is the third
wing phase in the reservoir and well. To simplity the problem. the three-phase problem in
is work 1s considered to be oil-water-gas tlow.
In addition, the network solver in this work applies Newton-Raphson method to solve
non-lincar cquations. so the success of the simulation is therefore greatly related to the initial
guess, which should follow the physical principle of the flow geometries through the ditferent

completion con | nents.



1.3 Scope of the study

This rescarch is to extend an existing two-phase iterative network solver to three phascs
and to predict the flow parameters and phase behaviors along the wellbore and the near
wellbore region. This model was first implemented as a single phase model by A. C. Johansen,
and extended to oil-gas flow model by Worakanok Thanyamanta. Fluid physical propertics
including density, viscosity, flow rates, and phase fractions are simulated in the three
in  idual phases of oil, water and gas. Pressure drop along the wellbore will be determined
for the horizontal well. as well as advanced completions such as the open hole, stinger, slotted
liner, and inflow control deviees.

Only non-volatile and isothermal reservoirs are considered here, reservoir temperatures
arc well away from critical temperatures of fluids, and the evolved gas phase contains few

heavy compounds. In the other words, a black oil three phase (oil/water/gas) model is chosen.

1.4 Layout of the Thesis

This thesis includes six chapters. The first chapter, Introduction and Overview, gives the
mtroduction to the thesis: background information, objective of the rescarch, scope of the
idy. and layout of the thesis. Chapter two, Literature Review, reviews the simulation method

r horizontal wells in recent decades. Chapter three, Network Mce ol introduces the
formulation of the network solver. The chapter presents the flow geometries and transport
mechanisms in the horizontal well usit  the structure of the network model. The governing
cquation system for the network model and the approach used to solve unknown parameters
are laid out. Chapter four, Stability Test for the Network Solver. The three-phase model deals

with the fluids in the oil/water/gas pha and the oil phase contains the dissolved gas which



will break out once the pressure is below the bubble point. The stability of the network model
is tested in this chapter by implementing sceveral special cases as follows: test two-phase flow
by  ree-phase flow solver, either as oil-gas or water-gas system: pressure decreasing to
bubble point during the production and the entire production under bubble point. The
descretization crror of the network model is also presented in this chapter. Chapter five,

Completions and Initial Guess Generate, specific completion paths are demonstrated and

,

simulated. and the well complction components are individually mapped in the network model.
The initial guesses tor the specitic physical problems with different completions are discussed
in this chapter. Simulation results and discussions. the plots for the pressure distribution, tlow
rate and phase fractions in each phase through the well completions are presented. together
v 1 discussion of the flow conditions and phase behavior.  Conclusions  and

I :ommendations are given in Chapter six.



Chapter 2 Literature review

As the numerical simulation of the horizontal wells with complex completion
configurations is a relatively new domain in reservoir simulations, there is not much rescarch
done 1in this field. However the scientists did introduce several innovative approaches to
provide the accurate predictions of the flow parameters inside the well and near the wellbore.

Dikken (1990) did research on the pressure drop in long horizontal wells. Pressure drop is
ca ed by friction when fluids move from the toe to the heel in the well. This is usually
neglected i vertical wells. A second-order difterential equation for a simple analytical
a] roach was solved numerically with boundary conditions: this dif ential cquation
deseribes mass and momentum con  vation in single-phase turbulent well flow. Flow rates
and pressure drop along tl hor Hntal well during the production were plotted in
dimensionless manner.

Economides. ct al. (1991) de  oped a comprehensive simulator for horizontal wells
using a locally refined grid system to precisely describe horizontal wells which are partially
| aetrating the reservoir. The effects of well positioning between the vertical boundaries,
distance from the parallel horizontal boundarics. and the permeability anisotropy were
accurately represented.

Bendlksen. et al. (1991) actually represented a dynamic two-fluid model, OLGA which
applied the basic equations and two-tluid models, and this method compared the steady-state

ressure drop prediction, liquid hold-up, and flow-regime transitions with the data from the
SINTEF Two-Phase Flow Labo  ory. previous rescarch records and evaluated field data.

With the development of drilling and completion techniques in horizontal wells. flow
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geometries in such wells are increasingly complex and analytical methods could hardly
provide accurate prediction of well performance. Brekke and Johansen (1993) introduced a
comprehansive simulation approach called the Network model for the horizontal wells with
complex flow paths. This network model described the wellbore. The network model was
cot  ed to areservorr simulator as a series of nodes that were interconnected by the tflow paths.
The network simulator was used to plan well location, well trajectory and completion design.

Ouyang. ct al. (1996) presented a general wellbore flow model incorporating frictional,
accclerational. gravitational pressure drops and the pressure drop caused by inflow. This
me¢ ¢l was applied to horizontal, vertical. and slanted well completions. It was concluded that
¢ paring to frictional pressure drop, pressure drop caused by aceeleration could be important
depending on the pipe geometry, fluid propertics and other conditions.

Based on the basic network model. Brekke (1996) incorporated unce ntics related to
the completion, near wellbore geolc 7 and formation damage into the network solver. The
rescarch demonstrated the inf” mce of  ological uncertainties and completion efticiency to
the well productivities along the horizontal wells.

Brekke and Thompson (1996) developed an efticient method which applied semi-
analytical network approach  d upscaled reservoir properties for the radial flow to simulate
the well and reservoir. This method could demonstrate the influence of geology uncertainties
and completion cfticiency to the distribution of total well productivity for finite and infinite
conductivity horizontal wells of different lengths. Model verification was done for the
permeability upscaling procedure. tully penctratit horizontal well. partially penetrating

orizontal well. pscudo steady-state reservoir r¢ | nse using superposition in space.

Permadi. et al. (1997) conc ted a laboratory experiment to treat the water coning



prol ms using a stinger completion. It was showed that horizontal well with stinger might not
achieve good carly recovery performance. but in long term Stinger completion could case the
cor Ot water, decrease the rate of water cut and enhance the recovery significantly.

Holmes. et al. (1998) developed a model to simulate horizontal and multilateral wells and
well with flow control deviees. The proposed well model which could simulate the tluid flow
rate, the wellbore contents and pressure drop along the well, also indicated an accurate
trecatment of cross flow and multiphase flow. Two ditferent well completions with flow control
devices were discussed in the paper. and the drift flux multiphase flow model could provide
stable results at low tflow rates while the phases tending to counter flow.

Schulkes et al. (1999) presented experiments on the pressure loss for pipe flow with radial
inflow for which they derived the formulation of an effective friction factor relating to the rate
at which the radial momentum is transferred in the axial direction. An accurate and simple
model was established to prediet the pressure loss in pipe flow with radial intflow, and it could
be applied in long. flat oil reservoir with high permeability.

Penmatcha. et al. (1999) presented rescarch on the cttects of pressure drop in horizontal
wells and optimum well length. Well length is a critical parameter. While it 1s increasing. the
contact with reservoir is increasing. However, the well costs are also increasing. Wiscly
planning the well length would optimize the overall economy of a horizontal well. A semi-
analytical well model was presented for home  :nous reservoirs.

Holmes (2001) did rescarch on modeling advanced wells which include horizontal,
multilateral and smart wells such as sensors, tflow control, and other devices in reservoir
simulation. The model was able to accurately p - lict the pressure and tluid flow rate at all

cations in the well over the lifetime of the reservoir and the pressure drop across control



devices.

Jansen (2003) presented a semianalytical model for calculating pressure drop along
horizontal wells with stinger completions. The purpose for this work was to treat the unequal
drawdown duc to the pressure drop along the horizontal well. The model was able to simulate
flu. flow in a looped configuration using an iterative method combining numerical
intration or analytical integration in terms of Jacobian elliptic functions.

Johansen and Khoriakov (2000) applied an iterative two-phase network solver to predict
the flow performance and investigated complex wellbore situations. such as three phasc flow,
more general boundary conditions, phase slippage. flow regimes. multi-lateral wells and
cc Hled well flow and reservoir flow.

Thanyamanta (2007) adopted the iterative network model to predict  asphaltene
precipitation by incorporating compositional and non-isothermal eftects into the base two-
rse network solver, and invest'  ed the precipitation problems in the different well

¢ apletions.
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Chapter 3 Network Model

A horizontal well has longer wellbore, which means it has more contact with reservoir.
but the resistance to the flow in the well also increases. Compared to vertical w s, horizontal
we 3 have more uncertainty in achieving good productivity. Therefore. in order to produce
hydrocarbons at a commercial rate. horizontal wells are equipped with various complex
completions which make the flow geometries more complicated; recently the well completions
techniques became more and more complex and the traditional simulator using grids may no
longer reach the precision needed to accurately predict the well performance along the
complex well completion paths.

Because of its cfficiency and accuracy. mathematical simulation models are extensively
used to predict flow conditions and phase behaviors in complex well completions. One of
these models. *Network solver™ has been widely applied to accurately predicted the flow
conditions inside the wellbore and 1 ar the wellbore o “on for complex horizontal wells

( :kke and Johansen. 1993).

3.1 Structure of the network mod -*

In the network model. the horizontal well geometry is discretized to a network system
consisting ot nodes with flow connections. As show int ire 3.1.1. three kinds of nodes exist.
¢ upper row represents the reservoir, the bottom row represents wellbore, and the middle
row represents the annulus. The bridges connecting cach pair of nodes represent flow channels.
All these nodes and bridges constitute a network tracking the tflow paths that represent the
whole well from toe to heel as show in figure 3.1.1. This is a basic network solver commonly

used i simulation. The entire horizontal well is divided into a finite number of segments (N )

10



with specitied length as shown in Figure 3.1.1. The number of scgments or the density of the

node distribution depends on the degree of accuracy required.

Pre:(Nr Nl pres(.?‘ Pres(l) Prw 1
(0 o < « Reservoir
Kn 1 K. K, K]
. < s < « Annulus
th | J
(s [ Hfb- -------- 4}» ~_r + Tub|ng
Botomho N1 3 2 Segment 1\

Well's Toe

Figure 3.1.1. Network structure and flow parameters at segments
One segment consists of 3 nodes and 4 flow connections. these nodes are reservoir node.
annulus node, and tubing node and  »w connections include flows between reservoir and
annulus (inlet flow), annulus and tubing. two adjacent annulus nodes. and two adjacent tubing
nodes. All the nodes represent specific locations in the reservoir, annulus or wellbore.

)

refore they may have ditterent reservoir properties. such as pressure (£ ). temperature

(. ) and permeability ( A ). Because of the pressure difference between reservoir and
wellbore bottom hole. reservorr fluids enter the perforations into the well annulus and then
i winto the wellbore through the slot liners on the wellbore casing. Finally, fluid in the
wellbore travels from the toe, through the horizontal well and arrives at heel. Fluid in tubing

flows from well toe to well heel, however. the flow direction in reservoir and annulus may be

-reversed depending on the configurations ot the well completion. the pres: ¢ distribution and

nd properties.

The nodes ot the Network solver could be sorted as one of the following three kinds



a) Nodes with unknown flow rate and pressure nodes

(Typically used for internal nodes: 1.2.4,5.7.8)
b) Nodes with specitied pressure. but unknown mass tlow rate

(Typically used for boundary nodes: 3. 6. 9 and outlet nodes which stand for reservoir)
¢) Specitied mass flow rate, but unknown pressure

[ypically used for boundary nodes: 3. 6. 9. and outlet nodes)

(9 16" (37
me\;?\
Qe+ &, Be- P, |
e {8} 15 {2
gr,
&,
B-.
{71 14} {1}
P
POy, By

Figure 3.1.2. Unknowns in segment 2 of the Network

In order to solve the unknown flow paramcters. unknown pressures are assigned at the
nodes. tlow rates and phase fractions are assigned at the bridges (Figure 3.1.2). Since the
network solver for the flow problem is constructed from mass and momentum balances. cach
scgment will have 12 unknowns (tubing pressure, annulus pressure, flow rate at tubing. flow
rate at slot. flow rate at annulus, inlet flow rate, water phase fraction at tubing. water phase
fraction at slot. water phase fraction at annulus. oil phase fraction at tubing, oil phasc fraction
slot, and oil phase traction at annulus). However the last segment is an exceeption (Scgment
Nint 3.1.3), which does not have inlet flow rate and annulus flow rate and annulus phase
iction. Therefore, the total number of unknowns is 8. It the entire length of well is divided
into N segments. the total number of unknowns is 12x N =4 for the whole network system.

In this rescarch, we adopt Newton-Raphson iterative method to solve the unknown flow



parameters from the non-linear equations corresponding to mass and momentum balances.

3.2 Multi-phase flow Models

As three phase fluid behavior is the target subject for this rescarch, the proposed network
mo 1 considers multi-phase flow and mass transfer between phases in the governing
cquations. Brill and Mukherjee (1999) proposed black-oil model and compositional model for
multi-phase flow. Black-o01l model. Pressure-Volume-Temperature ( 21°77) model. uses the
correlations to determine the fluid propertics in terms of stock-tank oil. s gravities. and
pl ¢ ratios at different temperatures and pressures. The compositional model analyses the
fli lin terms of components. their individi - properties and the fluid composition.

Petroleum reservoir fluids are mainly composed of hydrocarbon, but in enhanced oil
recovery procedures, other tluids including non-hydrocarbon gas, chemicals. stcam. cte. are
injected into the reservoir to achieve improved recovery. which makes reservoir phase
behavior more and more complicated. Therefore, an appropriate multiphase model which
¢ rectly describes the interactions between phases for specific reservoir is very important to
< wlate fluid propertics for multi-phase tflows. First of all. we identify which type of reservoir
we deal with, and then choose a suitable multi-phase flow model to start the simulation.
Reservoir temperature. pressure and fluid phase envelope are commonly used for the

classifications of reservoirs.

1 Black oil model
The typical phase diagr:  of a reservoir hydrocarbon system is shown in Figure 3.2.1,

which is used to deseribe v ous types of reservoir fluids conveniently. The most common






so tbany reduction of pressure below the bubble point could cause significant decercase ot oil
fractions in reservoir and increase of gas production.

While temperature lics between the critical temperature and the cricondentherm (Point
Cin Figure 3.2.1). the reservoirs are so called condensate reservoirs, or retrograde reservoir.
In the reservoir. when the pressure falls below the dew point as demonstrated in Figure 3.2.1
trom | to C,. liquid drops out because of the condensation cftect resulting in liquid volume
inc ases. However, after Point ¢, the liquid volume resumes decreasing.

The reservoir temperature is abov  the cricondentherm (Point /) in Figure 3.2.1) in the
gas reservoir where only s phase appears. Dry gases are mainly composed ot methane and
ne hydrocarbons like nitrogen and carbon dioxide. the produced fluids from these dry gas
rc -voirs remain single phase at separator conditions (Point /), ). To the contrary, if the
produced fluids at separator conditions (Point 1), ) contain oil and gas. these s reservoirs are
¢ ed wet gases.

As the water is the common third phase in the reservoir during the depletion, we consider
water as the third phase in this work. Only non-volatile and isothermal reservoirs are
considered here. reservoir temperatures are well away from critical temperatures of fluids, and
t :evolved gas phase contains few heavy compounds. In the other words. a black oil three
| ase (oilwater/gas) modet is chosen.

Black oil models in this rescarch consider a fluid as a system consisting of three
components: water, oil, and gas at stock-tank conditions. As usually the water in reservoir
contains salt, the water phase in the model is described as brine with certain salt concentration,
since the solubility of hydrocarbon  Hmpounds  water decrcases with increase of water

salinity. To simplity the model we would ignore mass transter between water phase and the



other two phases. The oil phase is composed of black oil with dissolved gas. Therefore. the
mass transter between oil and gas phases is detined by the solubility of gas which is
represented as Solution gas oil ratio ( R )in the oil phasc due to the ditterent reservoir
conditions.

Before defining the black oil model parameters, related terms in oil and gas production
are introduced as following. Oil volume and water volume under reservoir condition are

»RC
7% and

. SR . . ..
assigned as 1% respectively. Oil and water volume under stock tank condition arc

Y rSIC : N . o . R
I and 1M respectively. The volume of gas at reservoir condition is17 . and the volume

at stock tank condition isl':” . The volume of dissolved gas in oil phase (g ) at stock tank

FSIC

~ o . . I . RO
0. The volume of free 1 ( fg) at reservoir condition is1”" | and the volume

condition 1s]

of f¢ at stock tank condition is] ','z'( .
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bubl : point pressure, the oil fluid is considered as saturated: morcover if the pressure

continues: falling below the bubble point pressure. R decreases sharply along the pressure

decreasing and the gas which could not be dissolved in the oil would break out from the oil

phase.

3.2.2.2 Oil Formation Volume Factor

When the reservoir tluids including water and oil are brought to the surface. the volume of
the fluids would change duc to the pressure and temperature difference between the reservoir
condition and stock tank condition. As most measurements ot oil and gas production are
undertaken at surface. but the fluid flow happens in the reservoir formation and production
well, so that volume factor need to be converted from volume measured from surface at stock
tank condition to that at reservoir condition.

:n the formation volume factor of oil ( B ) is defined as o1l and dissolved gas volume at

reservoir conditions divided by oil volume at standard conditions. in formulation:

"/\'(
B =— (3.2.3)

o ’,‘\/( c——

o

Or B, =097 +0.000147/""" (3.2.4)

Where =R [y, /APl +1.25T

. 1s gas gravity, T is reservoir temperature (Dancesh, 1998).
The oil formation volume factor value could be affected by the combined effect of
berated gas. thermal compaction. and pressure expansion.
As shown in Figure 3.2.2. while the reserve  pressure is above bubble point pressure, the

oil formation volume factor (B ) increases with the decreased pressure. which means that oil



volume in the reservoir swells while the reservoir pressure is falling down. and the solubility
of ¢ 1 oil tluid remains almost constant: on the other hand when reservoir pressure falls
below the bubble point pressure, gas solubility decreases while the reservoir pressure
decreases, and the dissolved gas in oil tluid breaks out, this is why the oil volume decercases

while the pressure decreases at this condition.

3.2.2.3 Gas formation volume factor
The gas formation volume factor is defined as gas volume at reservoir conditions divided

by gas volume at stock tank conditions:

Figure 3.2.2 shows that gas formation volume factor is monotonically decrcasing with
pressure. and applying the real gas equation-of-state, ie.. PI"=7ZnRT | where P17 T
I oesents reservoir pressure, gas volume. and reservoir temperature respectively: 71 is mole
1 nber of gas and Z is a correction factor called the gas compressibility factor or simply 7 -

7 R

factor. Substituting for the volume 17 inthe B, = ’T gives the real gas law:

v

L P T
B, =7~k (3.2.0).
v > I
I/\'( I.\/(
here P, and T, are pressure and temperature at stock tank conditions. then £, and 7,

¢ those at reservoir conditions.
3.2.2.4 Water Formation Volume Factor
Water formation volume factor is defined as water and dissolved gas volume at reservoir

conditions divided by water volume at standard conditions. in formulation
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This value can often be neglected., since it 1s always close to 1.0,
In case we need to consider the dissolved gas in the formation water, due to the combined
cffect of liberated gas. thermal compaction, and pressure expansion which is the same as the

oil phase. the volume of water would gencerally increase while it is taken to the surtace.

According to Pencloux and Rauzy (1982). we have the following correlation,
‘ B, =(+Al" )1+Al ) (3.2.8)
where Al” and Al , arc the volume changes caused by pressure and temperature. and

{ Al =—(3.598922x10  +1.95301x10 "7)P=(2.25341x10 " +1.72834x10 "1/

A", ==L0001x10 7 +1.33391x10 7" +5.50054 %10 T° (3.3.10)
This correlation is valid at 7 <2607/ and P < 5000 psia . over a wide range of salt

concentration.

2.3 Phase Viscosity Calculations
Viscosity is an important property of fluids, which indicates their resistance to flow, so
the fluid is a key factor to estimate the wellbore pressure drop and it is defined as shear stress

divided by shear rate, in formulation:

u=tly (3.2.11)
w i y s)orias 7 cstressin [ Pa ). and yois o acar cin [/ s ] This is
a general equation for all fluids. but for d  rent type ¢ Newton nd, the « lation
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different, the outline of viscosity calculations for oil and water is listed below.

3.2.3.1 Oil Viscosity

As shown in the Figure 3.2.2. o1l viscosity s a strong function of pressure because of the
combined effects of liberated gas, and pressure expansion related to pressure condition, at the
same time bubble point pressure is also a critical factor for the value ot oil viscosity. Below
the bubble point oil viscosity decreases while the pressure increasing as the dissolved gas
volume increasing. Above the bubble point pressure, 12 oil viscosity increases with pressure
because of the oil shrinkage or compressibility.

Numerous black oil viscosity correlation methods have been proposed and all of them are
based on fitting available ficld-measured variables to an empirical equation, these variables
include a combination of gas solubility ( R ), bubble point pressure. oil AP gravity,
temperature, specific gas gravity, and dead oil viscosity (oil at sufficiently low pressure that it
contains no dissolved gas).

Among all viscosity prediction correlation, Beggs and Robinson (1975) is one of the best
correlations which could reasonably fit empirical equations.

Dead oil viscosity correlation is defined as:

V)
3
{9

-

i, =10" -1 (

ond
. (I 2% e 1Ied . . . .
Where X =10 00 TN s dead oil viscosity, T is system temperature, and
APl 1s oil gravity.

Bubble point oil correlations are as tollow:

")
I
)

—

i, =alu,) (

Where ¢ =10.715(R 1100) """ andh =5.44(R_ +150) "™, 4, is oil viscosity at the bubble



point which is considered saturated o1l viscosity.
Finally the under saturated oil viscosity which is at the pressure above the bubble point
pressure can be calculated from the correlations as below:

g = g0, +0.001(P = P)(0.0241," +0.0382," ") (3.2.14)

Where P, is bubble point pressure, and /2 is the pressure of the system.

3.2.3.2 Water Viscosity
McCain (1990) proposed correlations to predict saline water viscosity. First the viscosity
of brine at atmospheric pressure could be estimated from:
fy, = (109.574-8.405641" +0.3133141°° +8.72213x10 ‘"W HT " (3.2.15)
Where 100 /< T <400 I 11" <26% and 1V is the weight percent of salt in brine. and
D=1.12166-2.63951x10 "H +6.79461x10 "I +547119x10 "1 ~1.55586x10 "I"*
And the viscosity of brine at reservoir conditions can be estimated from the cffect of
pressure on the brine viscosity.
[, =0.9994+4.0295x10 *P+3.1062x10 "/ (3.2.10)
where 86 [ <T <167 I and 14,000 psia < P.
2.3.3 Gas viscosity
Lec. et al. (1966) measured the viscosity of four natural gases over a temperature range of

311-444 K, up to 5.5168x104KPa, and proposed the following correlation,

p, =10 Juc\'p[/%(,q/()2.43)‘ ] (3.2.17)

wherea = (9.379+ 0.0160M )T /(209.2 +19.26M + 7).
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h=3.448+0.01009M +(986.4/T), ¢ =2.4-0.2h
tt, 1s the gas viscosity (CP) at absolute temperature of T ( R) . M is the gas molccular weight,

and p, is the gas density at prevailing pressure and temperature in [/hm/_/il ).

3.2.4 Phase Density Calculations
The density of the reservoir fluid at reservoir con  tions should be est ated: so that we
could estimate the shrinkage eftect in volume while the reservorr fluids are taken to the stock

ta.  conditions.

3.2.4.1 Oil Density

The corrclations tor oil density calculation applied in this rescarch were introduced by
Dancsh (1998). First of all. by using the calculated oil formation volume tactor, the density of
saturated oil could be estimated from

P, =624y, +0.0136R y )/B, (3.2.18)

where p is saturated oil density, R is gas solubility, B is the caleulated oil formation

volume factor. y, and y_ are specific gravity. rclative density at 288 A for oil and gas
spectively.
Vasquez  and  Beggs (1980) proposed  correlation  to  estimate  the  isothermal
compressibility coefficient (C ) over the pressure range of bubble point pressure to system
ressure as follow:

C =(-1433.0+5.0R +17.27 - 11800y, +12.614P/ )/(l(); r) (3.2.19)

Applying € above. we could adjust the caleulated saturated oil density due to



com ession for an under saturated oil.
P, =p.explC (P =1)] (3.2.20)

o I

where p s the oil density at pressure /2.

3.2.4.2 Water Density
McCain, ct al. (1986) proposed correlations to estimate the density of saline water. The
density of formation water at standard condition could be estimated trom:
P, =062.368+0.4386030F +1.60074x10 117 (3.2.21)
wl e I is the weight percent ot salt in brine.
Theretore neglecting the dissolved gas in water at reservoir conditions, the water density
could be estimated as,
P, =P/ B, (3.2.22)

where B is the formation volume factor at the prevailing conditions.

3.2.4.3 Gas Density
From Gay-Lussac law and Avogadro’s law, we have the equation of state for real gases:
Pl'=/nRT (3.2.23)
Where n is the number of moles of the gas. N is Avogadro’s number
(N =6.023-10""), R is the universal gas constant. R =N k=831J/K . k is the universal
Boltzman’s constant, k =1.38-10 7J /K.

rom (3.3.23), we could derive equation of state for specitic gas as tollow,



I)

= - (3.2.24)
ZRT

p

. . . . . R . . .
p is gas density. R is gas constant for the specific gas. R = F . B is the molecular weight of

the 1s. 7 1s the prevailing temperature.

3.3 Conservation Models

As we discussed betore. the network model is based on mass balance and momentum
balance. There is no accumulation of mass allowed anywhere in the system, i.c. the flow is
steady-state. The mass balance is shown in following ¢ 1ation:

I .

V,,,( =0 (3.3.1)

This formula is suitable for each nodc in network accounting for all fluid mass flowing in
and out through the flow bridges. and # stands for the number of the bridges connected to the
specific node.

And mass balance law is implemented in three individual phases. which could be
formulated in:

* [
o = Mo i (3.32)
Mo v = Mo v (3.3.3)
I o = Mg v (3 34)

For onc-dimensional steady-state momentum | ance, the following equations model the
pressure drop caused by acceleration. friction. and gravity.

.

mv=— pA-r P z—pgd zsin0 (

Tsd
o)
h
=

Or in differential form:

[§%]
N



dp maov ot P

=—-——-———pgsinf (3.3.0)
d= A0 A
where 7_is the wall stress. 4 s cross section area of the duct and /2 is the wetting
. . . o r. P Adp
perimeter. Applying Poiseuille theory to the friction term candr = e as the number
[ZRY

A . . S : . 4.1 .
> has a physical significance, the hydraulic diameter (D,) 1s defined as ), = o theretore

the pressure loss duc to frictionis  ven by

(/,) { o’
dv 2D,

where [ is the friction factor. the value of this parameter is

Weall  Shom- Stroee (4 . puld
=4 — - = .and Re is the Reynolds number ot A
Dynamic_ Pressure Re 1

When flow is laminar. Re <2000 : when flow is turbulent. Re> 3000 : when
2000 < Re <3000, there is a transition between laminar and turbulent flow.

The momentum balance equation is tormed in another way with the friction factor:

dp —ﬂﬂ—ﬂ_%—’gsinﬂ (3.3.8)
= Adz 2D,

This is applied to the mixed threc phase fluid. and p and g are the average density and

viscosity ot the mixed three phase fluid respectively.
3.4 Governing Equations for Network Solver
The three phase network model is formulated to solve flow with mass transter between

1ases and momentum  balance problems in three individual phases under isothermal
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conc ions. The fundamental three phase network model is developed by moditying the two-
phase solver network developed for one phase flow by Johansen (2005) which were later
mc ied by Thanyamanta (2007) to apply to two phases. oil and gas. In this rescarch
conservation of the water phase is built into the two phase model to achieve the three
individual phasc black oil network model. The model solves pressure distribution. flow rates
and phasc fractions in the completion and in the wellbore region.

We use Segment 2 in Figure 3-1-1 and 3-1-2 to f¢ ulate the governing equations. Given

). phasc fractions (oil: . water: /). fluid and

reservoir pressure (2 ). temperature (7]
reservoir propertics, there are 12 unknowns associated with segment 2: Pressure at tubing
node ( 2). pressure at annulus node (7); flow rate in tubing bridge (¢, -). the rate in slot
bridge (¢, , ). flow rate in annulus bridge ( ¢ ). inlet tlow bridge (¢, ..., ): phasc fractions
at tubing bridge (oil: ¢, -, water: £, - ). phase fractions in slot bridge (oil: «.,. water: fi ).
and phase fractions in annulus bric : (0il: a . water: £, ). All subscripts represent the

citic nodes in scgment 2. and gas phasc fraction could be easily derived  ym:

Gas  Phase ./"rm'ti()n =1=0il _Phase  Fraction—Water  Phase  Fraction
12 equations are required to solve these 12 unknowns and 4 types of models or equations

are involved to obtain the governing equations for the network solver. Thesce arce:

Mass balance (Material balance) equations for three individual phases at tubing and annulus
nodes.

Intet flow cquation or productivity equation
e Momentum balance cquations for flow bridges: tubing bridge. annulus to tubing bridge,

annulus bridge and reservoir to annulus bridge.



e Split equations

3.4 . Material Balance for three individual pha: . at nodes
As discussed carly in this chapter. the mass balance could be formulated for three phases
basced on the equation (3.4.1) as follow:

" L3 .

Z .= My — Mo =0
il

It could also be written as
Z m = Npg =0 (3.4.1
/| oo

where ¢ is the mixed three phase flow rate (oil, water and gas) connected to a specitic node
and pis the phase density at specitic bridge. For the flow direction, we assign flow towards
the nodes (intlow) a positive sign. and tlow away from nodes (outtlow) a negative sign.
»or Node 4. there are 3 associated flow bridges: Bridge -4, 5—4. 4-7 as shown in
Figure 3-1-2. The material balance for oil component at Node 4 is:
/)({‘}(_4‘/1_4(11,4 + /)1?;(.4‘15.4(15.4 + /7,1.\’4(,‘“‘/4 -, - 0 (3.4.2)
Where p" s are oil density at reservoir conditions.

. . C. R
We convert the oil parameters measured at reservoir conditions (0 ) to stock tank

conditions (p** ) by the oil formation volume factor (Y = p* B). So cquation (3.4.10)
could be written as:
a. . - .. (A0
ERT T S (3.4.3)
[frr|.-3 Bw)‘.-’ Bu-l,_'

Similarly. the material balance for the water component could be written as:



¢4/, . ¢sifs . q,-5,- _
B B B

w4

0 (3.4.4)

Hs."‘ H“‘q

The material balance for gas component must include two  phases: Free gas

(p, gl-u-pr=p" qll—a-B)/B. ) and the dissolved gas in oil phasc in the term
. 24 . I

- R . . . . .
of piq, where ¢, is the dissolved gas volumetric tlow rate. and using gas solubility (R ).

RC RO R N
pod =P, qu‘/u

= (3.4.5)

Gas material balance 1s formulated as:

g -, =f ) N _(/_Ia R, + ds (-, - /))54 ) N g5 0 R o,
B B, B B

vld B oS 0

B

RN

B

+

dgo-(l=—e.-=B.) a..x, R ..
- 4 : =0

(IS

3.4.2 Inlet flow equation or productivity equation

As near wellbore region has  eat pressure gradient perpendicular to the well trajectory,
so we assume that the inflow is in radial directions. Therefore the inflow into the wellbore
could be casily simulated by the inlet bridges connecting reservoir nodes and annulus nodces as

shown in Figure 3-1 = The inflow rate could be caleulated by the Productivity Index (PI)
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which is a mathematical means of expressing the ability of a reservoir to deliver fluids to the
wellbore:

k

k k.,
Gy s, =PI+ =24 —==)(p, 5, = Ps) (3.4.7)
2 L IS

where p, ., and p.ois the reservoir pressure and annulus pressure at scgment

2.k, .k, and k. are the relative permeabilities at near wellbore region in reservoir. and

Il
i, and groare the viscosities of oil. water and gas phase respectively.

o . ‘ : . 2xKNL
The productivity index for a homogencous and isotropic reservorr is P/ = .

,
In( )+

"
where s is the drainage radius, 7 is the outer radius of horizontal well. s is ¢ skin factor. A

is the absolute permeability of reservoir for the specific segment which may vary from

s nent to segment.

3.4.3 Momentum Balance for flow bridges in the network system
Reservoir fluids flow through inlet bridges into wellbore. pass annulus bridges. annulus
to tubing bridges and tubing bridges. and finally r¢  h the well heel. Therefore. for cach of
these three types of bridges, a me  :ntum balance equation 1s formulated as equatton (3.3.0).
According to Darcy’s law. the total pressure drop is accounting for the effect of acceleration,
friction. and gravity in equation 3.3.6. We consider only horizontal wells in this work. Hence,
the gravity term is not present. Total pressure drop over the segment includes pressure drop
uc to wall friction and that duc to accel  tion of fluids. Usually pressure drop duce to

acccleration is less than 10% of total | essure drop, theretore atter prior investigation pressure



drop due to acceleration could be neglected. Moreover. the friction effect is especially
important in the case of long horizontal wells and high permeability reservoirs. The pressure
drop through internal bridges of the network model i1s assumed to result maimly from wall
fric »n in equation 3.3.7. Theretore. only friction term would be considered in momentum
balance.

As additional roughness caused by perforations and pressure drop caused by reservorr
inflows, it is more complicated to simulate the frictional pressure drop than a smooth pipe.
Furthermore, reservoir inflows  through  perforations cause  pressure drop due to the
acceleration effect. The inflow fluid radially enters the wellbore through perforations. crosses
the completions and combines with the main flow in the well. This fluid flow changes the
wellbore’s boundary layer. and increases the pressure loss due to the fluid moving from
upstream to downstream.

In order to account frictional pressure drop and additional pressure drop for the active

inflows ,  Asheim. et al. (1992) proposed a model to caleulate an “equivalent” friction factors

for smooth pipes. This correlation is applied to calculate pressure loss due to reservoir inflows
in completed horizontal wells. And the total friction tactor is the sum of the wall friction factor
and the inflow equivalent friction factor.

Flows in the annulus and tubing space arc calculated by the term of turbulent friction
factor. Blasius (1913) proposed a simple friction factor for turbulence tlows in smooth pipes:
this friction factor correlation applies tor the Reynolds number more than 3000.

03164

YK

(3.4.8)

WhereR _,, 1s the Reynolds number calculated with hydraulic diameter 1, .



Su and Gudmundsson (1993) modified this correlation for completed-well friction. and
call it "Blasius-type™:

4
/= (3.4.9)
. R n

o

Parameters « and m were achieved by experimental method and represented the friction

. . e uvy
eft tdueto inflow perforations: the Reynolds numberR | = 2
7,

To simplify the model., the original Blasius™ friction factor (Equation 3.4.8) is applied in
the pressure drop equations for the annulus and tubing bridge.

And annulus to tubing flows pressure drop is calculated using a nozzle equation with a
discharge coefficient, which is introduced in the following Annulus to Tubing Flow Equation
p inequation 3.4.13 and 3.4.14.

Annular Flow Equation

The simpliticd momentum balance for the annulus bridges is:

dp _ I, (3.4.10)
d= 2D,
For scgment 2. the above equation is:
po=pe 1P (U ]
L 20,0 A
g LI'p
)o— Py =——— (3.4.11)
b 2D, A

he

where Lis the length of sc nent 20 4is the cross-section arca of annulus, D, =0 ~-D

iz

(D, is the wellbore d acter, and D is the tubing diameter) and p is the density for the three-

(]
to



phase tluid.

Tubing Flow Equation

Similarly, the momentum balance for tubing in segment 2 is formulated as follow:

@ LIp
p.p- - (3.4.12)
' A
W re D, is the tubing diameter.
Annulus to Tubing Flow Equation
Pressure drop in annulus to tubing bndge is cau not only by wall friction, but

convergence of flow through slotted liner or valve openings which have small cross section
arca. In this rescarch a discharge cocthicient (¢) is introduced to formulate the pressure drop

along this bridge. which is similar to the flows through nozzles:

l)mmu/u\ - /)!u/'mu = ('/7\‘: (34‘ ] 3)
Applying the above equation in segment 2. we obtain:
\ la. Y dlep
Po—pPy=cpyo=ep| - = - (3.4.14)
’ A A
where o is the total slot cross-section arca, A= LI @ is the slot density, /7 is the slot

height. and 11 is the slot width.

3.4.4 Split Equations

TI above types of models  ve 10 equations (6 mass balance equations. | inflow

equation, and 3 momentum balance cquations). In order to solve 12 unknowns. the governing



cquation system needs another 2 cquations to make the network solver work. which is
provided through ~split equations™. For internal nodes where fluids exit. splitting in two
difterent directions occurs. We assume individual phase fractions in the directions are cqual.
These are the “split equations™. For instance. if the flow direction in main wellbore 1s from

witoe to well heel, then two streams (¢, , and¢g,,) exiting from Node 5 in scgment 2.

Theretore, we have two split equations:
(3.4.15)
B B, (3.4.10)
Similarly, if the flow directions in the network system are assumed in the initial gucss.
then the split equations could be specitfically assigned.
Applying the models and equations discussed betore to the entire network system., totally
x N —4 cquations arc achieved for 12x N —4 unknowns (the last segment at heel only has
8 unknowns) in the network solver. Since the governing equation system has been constructed.
> Newton-Raphson iterative method could be implemented to solve the whole network with
proper boundary condition and initial guess.
4.5 Boundary Conditions
Proper boundary conditions are required to solve the network system. First of all. the
values of pressure at terminal nodes including reservoir nodes and the bottom-hole node are
iven as p _and p,, respectively.
Secondly, the temperatures. absolute permeabilitics, saturations of oil water and gas
phases at reservoir nodes are also provided.
To simplify the model: Before the simulation starts, the tlow directions in the wellbore

arc assumed and assessed according to pressure distribution, the tlow directions in tubing



bridges arc assumed from well toe to bottom-hole (well heel) as positive direction: the flows
through the inlet flow bridges are considered from reservoir towards wellbore as positive: the
flow in annulus to tubing bridges arc considered from annulus towards tubing as positive, all
the flows in above bridges are always positive, and the flow directions in annulus bridges
co | be either from toe to heel (positive) or from heel to toe (negative) depending on the
different flow paths due to ditferent complex completions.

To ctfectively simulate the tflow direction in the network model. the bridge indices are
introduced to assign the tlow direction in the well network model as positive (+1) or negative
(-1) following the rules mentioned above (Thanyamanta. 2007). For the cases with complex
completions. the bridges at specific nodes could be assigned to zero or negative (-1) in order to
remove the flow bric s or change the flow directions, which enable the network system to

simulate the complicated flow paths through the well completions.

(95}
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Network solver would start from building up the frame and data structure of the network
model to describe the physical configuration of the wellbore and near well region, and
inputting boundary conditions. Sccondly. generate reservoir fluid properties from boundary
conditions and pre-calculate the values of the cocthicients for material and momentum
balances to improve the cfficiency ot calculations. Thirdly. guess the initial values for the
unknowns for the entire network model and gencrate the bridge indices to indicate the flow
directions. Newton-Raphson iterative method is implemented in next step to caleulate the
unknowns. and convergence threshold is used to decide the accuracy of the solutions of
network solver. I the accuracy is not reached, iteration starts over using the pressure and fluid
properties calculated by the previous iteration. The iteration would stop until the threshold is
re hed and finally network solver obtains pressure distribution. flow rate and phase fractions

along the whole wellbore and near wellbore region.



Chapter 4 Stability test for the Network Solver

4.1 Network model stability test

After establishing the network solver for the three phase model. several special cases
wo d be tested in order to ensure of consistencey and robustness for the fundamental network

solver. These cases are:

Case 1: Two phase case as Oil/gas system above the bubble point pressure

‘C ¢ 2: Two phase case as Water/gas system

-Case 3: Three phase case with open hole without annulus flow and completion
‘Case 4: Three phase case with pressure under bubble point for the entire well

~Case 5: Three phase case with encountering pressure under bubble pomt during the

production
As the three-phase model was developed based on two-phase fluid model. first ot all we
should test and simulate two- phase system using three phase model by setting either oil or
water saturations to be zero to obtain water-gas system or oil-gas system. In these cases (1.2)
¢ well is completed with slotted liner (with slot fength of .01 meter. width of .001 meter and
density ot 30000 slots per meter) which means reservoir fluids cross well annulus, through the
slots. and finally into the well tubing. In the following plots. the three phase model deliveries
«¢ reasonable results for flow parameters inchu  ng pressure loss, flow rate and phasc

fractions. Case | with oil-gas system is simulated as follow



Case 1: Two phase case as Qil/gas system above the bubble point pressure

Properties Value
Well Length (m) 1000
Segment length (m) 10
Reservoir pressure (bara) 370
Pressure at heel (bara) 357.5
Reservoir temperature 100
Permeability (Darcy) |
Near-wellbore skin factor I
Oil saturation I
Water saturation 0
Tubing diameter (m) 0.127
Well outside diameter (m) 0.167
10

Discharge cocfticient for slot tlow (Pa-(kg/m3)-1-(m/s)-)

Table 1 Properties and initial vah

tor Oil
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Figure 4.3 Phase fraction profile for Case 1
As shown in above three figures. the entire 1000 meter horizontal well 1s divided into 100
segments: the length of each segment is 10 meters. During the production. reservorr pressure
maintains constant, and annulus and tubing pressures are decreasing from well toe to well heel.
finally rcach the bottom-hole pressure. With the pressure loss along the horizontal well, the
producing flow rates in annulus and tubing are¢ increasing from well toe to well heel. As the
pressure in the model is always above the bubble point. and there is no free gas in the reservoir.

the oil fraction stays as |, and gas fraction is zero.

C e 2: Two phase case as water/gas system
Case 2 remains all the initial values in Case 1 exeept changing the saturation values of oil
and water, then oil saturation is zero and water saturation is equal to one. Flow paramcters for

Case 2 with water-gas system are as follow:
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The results of Case 2 are similarly to those of Case 1. except the water fraction stays 1

ins d of oil fraction.

C e 3: Open hole without nnulus flow and completion

We would test the three phase model with Open Hole Case which is the most original and
co  mon scenario, and this case is modeled by : ting annulus radius to an infinitesimal
number (Not to sct its value to : o is to avoid the singularity of network model). The

boundary condition and initial values are listed below:



Properties Value

Well Length (m) 1000
Segment length (m) 10
Reservoir pressure (bara) 370
Pressure at heel (bara) 357.5
Reservoir temperature 100
Per  cability (Darcy) |
Near-wellbore skin factor |
O1l saturation 8
Water saturation 2
Tubing diameter (m) 0.167
W, outside diameter (m) 0.167
10

Discharge cocfticient for slot flow (Pa-(kg/m?3)-1-(m/s)2)

T lc 4.2 Properties and initial values for Open hole without annulus flow an - completion

-

In Casc 3. annulus and annulus-to-tubing flow rates no longer exist since the annulus
channels are removed, therefore the tubing channel is the only path for fluid producing, as the
pressure is above the bubble point pressure. the phase fractions remain constant during the
production. As there is no completion in this case. ¢ production flow rate of this case is

much lower than the previous two cascs.
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Figure 4.9 P se fraction profile for Case 3
As the pressure drop duc to the friction is a great concern tor horizontal well. we should
test the three phase model with the bubble point pressure. In this research, two difterent
scenarios would be tested. one is the entire horizontal well under Bubble point in Casc 4, and
the other is pressure reducing to meet the Bubble point during the production in Casce 5. The

ot Huts are shown as below.
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Ca: 4: Pressure under bubble point for the entire well

Pro; tics Value
Well Length (m) 1000
S¢. ent length (m) 10
Re  voir pressure (bara) 204.4
Pressure at heel (bara) 180
Reservoir temperature 100
Permeability (Darcey) |
Near-wellbore skin factor 1
Oil saturation 8
W orsaturation 2
T ing diamcter (m) 0.167
Well outside diameter (m) 0.167
Discharge cocefticient for slot flow (I (kg/m3)-'-(m/s)?) 10

Table 4.3 Properties and initial values for Pressure under bubble point for the entire well
The bubble point pressure is calculated at 204.4 bara. so the reservoir pressure of this
casc is sct to be 204.4 bara and the bottom-hole pressure is 180 bara. the | ssure difference
b ween reservoir and bottom-hole is 20 bara. From the output figures. in the figure 4.11 the
1 v rates in the well system surge heavily due to the gas breaking out from the oil phase, and

the gas traction grows up gradually with the oil and water fractions going down.
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Pro ties Value

Well Lengin (m) 1000
S¢: ent length (m) 10
Reservoir pressure (bara) 357.5
Pressure at heel (bara) 140
Reservolir temperature 100
Permeability (Darcy) |
Near-wellbore skin factor 1
Oil saturation ' 8
W rsaturation 2
Tubing diameter (m) 0.167
Well outside diameter (m) 0.167
10

Discharge cocfticient for slot flow (Pa-(kg/m3)-1-(m/s)2)

Table 4.4 Propertics and initial values for Case 5
After the casce studies done before, the proposed fundamental three phase model has been

proved as a comprehensive model to simulate the well — erformance physically and stably.

4.2 Error caused by Discretization for the Network Model

The entire length of horizontal well is divided into a finite number of segments. and the
network solver is based on the discretization approaches which transter the continuous
differential equations of flow parameters for whole horizontal well to the discrete difference
equations at cach well segment by the numerical schemes. The accuracy of the discretization

method 1s depending on the numerical schemes and scheme steps: suitable parameter



correlations and equations are sclected to ensure the accurate numerical schemes. For the
sch e steps concern, the more steps (segments) are caleulated. the more accurate results are
achieved. In this chapter, the discretization error is examined by simulating a 1000 meter
horizontal well using four different scheme steps which are 200, 100, 50 and 10 steps. The

simulations are done respectively by dividing the whole length of well into 200, 100. 50. 10

s¢; ents with the length of 5. 10, 20, 100 meters respectively.

Properties Value
Well Length (m) 1000
Reservoir pressure (bara) 368.5
Pressure at heel (hara) 357.5
Reservoir temperature 100
Permeability (Darcy) 1
Near-wellbore skin tactor 1
Oil saturation .6
Water saturation 4
Tubing diameter (m) 0.127
Well outside diameter (m) 0.167

Discharge cocetticient tor slot flow (Pa-(kg/m3)-1-(m/s)-2) 10

Table 4.4: Basic well parameters for discretization error analysis
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Chapter 5 Completions and Initial Guess Generation

5.1 Completion introduction

Completion is the procedure to have a well ready for production. In order to optimize
prc iction or injection performance, and optimize equipment life time; ensure that the field is
produced rcliably and safely, different types ot well completions are extensively used in the
horizontal wells. And a suitable completion design for a specitic reservoir and horizontal well
could be decided based on following constraints and parameters (Perrin, 1999):

e the type of producing fluids and their characteristics

e the reservoir and its petro-physical characteristics

e whether it is necessary to proceed to additional operations (well stimulation, sand control.
ete.)

e whether it is necessary to implement techniques to maintain reservoir pressure (water, gas,
s¢ ent or miscible product injection) immediately or at a later date

e the cventuality of having to do any work on the pressurized well during the production
phase with a concentric tubular (annulus and tubing in this research)

The completion involves the bottom-hole preparation. running in the production tubing
and related perforation and stimulation. There are basically three types of completions for
horizontal wells in difterent reservoirs and perforations; they are barefoot completion. open-

le completion, and cased-hole completion.

Baretoot completion is the most basic one without 1y tubular and it is suitable for hard
rock, multilaterals and underbalance drilling: open-hole completion has the tubular across the

production zone but not cemented in place, slotted liner with multiple longitudinal slots is on¢



of most popular open-hole completions. Cased-hole completion involves a casing or liner
down through the production zone which is cemented in place. In this type of completion,
perforations connecting between the wellbore and the reservorr could be precisely positioned;
the main purpose ot completions is wellbore integrity and sand control. Also the completions
could give good control of fluid flow. as a result the cased-hole completion 1s the most

common torm of completions.

5.2 Case 1: Slotted liner

Slotted liner completions are mainly used in compact sandstones reservoirs with slots of
v, ous width, length and liner density milled along the liner length. This type of completions
is considered as the most basic and cost effective completions for the horizontal wells in heavy
o reservoirs. By inserting a slotted liner, it can prevent horizontal well from hole collapsc.
Moreover. a liner forms a convenient path to insert production tools such as coiled tubing.
blank pipe or measurement equipment, cte., also slotted liners could act as sand control
s cens by selecting hole and slot sizes (Joshi, 1991). A simple slotted liner is depicted as
b oow

Reservoir

A A N B S

Tubing

I 3 Well toe
Slotted liner

Wwell heel

Figure 5.2.1 Sketch of basic Slotted Liner completion
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The reservoir fluids flow into the annulus and split to two directions. one flow along the
ann us channel and the other cross the slots in to the tubing channel. Tubing flow and annulus
flow parallelly move from well toe to the bottom-hole. Physically the pressure in annulus and
tul & would decrease from well toe to well heel during the productions. and due to the split
cquations used in network model. the o1l and water fractions would remain constant.

The slotted liners in this rescarch are set with density of 30000slots/meter. width ot 0.001
meter and length of 0.01 meter. As discussed in Chapter 3. the fluid flow through the slots is

cvaluated by “equivalent” friction factors with a discharge coefticient.

Propertics Value
Well Length (m) 1000
Segment length (m) 10
Reservoir pressure (bara) 385
Pressure at heel (bara) 345
Reservoir temperature 100
Permeability (Darcy) |
Near-wellbore skin factor |
O1l saturation 7
Water saturation 3
Tubing diameter (m) 0.127
Well outside diameter (m) ‘ 0.167
10

Discharge coefticient for slot tlow (Pa-(kg/m3)-1-(m/s)-?)

Table 5.2.1 Propertics and initial values for Slotted Liner
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The simulation results are shown as below:

Pressure profiles with Slotted Liner
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Figure 5.2.2 Pressure profile with Slotted Liner

x 10 Flow rate profiles with Slotted Liner
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Figurc 2.3 Flow Rates protfile with Slotted Liner
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roperties : Value

Well Length (m) 2000
Segment length (m) 10
Reservoir pressure (bara) 370
Pressure at heel (bara) 357.5
Reservoir temperature 100
Permeability (Darcy) 1
Near-wellbore skin factor 1
Oil saturation 05
Water saturation 35
Tubing diameter (m) 0.127
Well outside diameter (m) 0.167
Discharge cocfticient for slot flow (Pa-(kg/m3)-'-(m  -2) 1o

Table 5.3.1 Properties and initial values tor Restricted Flow in the Annulus

In oil and gas production. various down-hole facilities including casing inspection tools,
wwn-hole tractors or inflow control devices are frequently installed in the wellbore.
Consequently, the cross sections of annulus and tubing are altered during the installations. As
demonstrated in Figure 4.3.1 and Table 4.2.1, the horizontal well with length of 2000 meter is
ivided into 200 segments. In the scgment 140-142 and segment 170-172. the annulus channel
is restricted. at the same time the tubing channel is enlarged. these lead to the corresponding

flow rates changes in two channels.
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Figure 5.3.1 Pressure profile with restricted flow in the annulus
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Figure 5.3.2 Flow rate profile with restricted flow in the annulus



Oil volume fraction with restrictd flow in annulus
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Figure 5.3.3 Phase fractions with restricted tlow in the annulus
Unequal pressure drawdown problem for horizontal v 1

Pressure drawdown is the ditterential pressure that drives fluids tfrom the reservoir into

. : . . ip it
the wellbore. As discussed in Chapter 3, the wellbore pressure drop is described as% = '/j';)
az =

and the pressure drawdown is lincarly dependent on the product of length and the square of
flow velocity. Simple tendency of the pressure drawdown in wellbore  demonstrated as

below:
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Well length
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Well heel Well toe

5.3.4 Pressure drawdown tendency
Fluids in wellbore flow from well toc the well heel, while the fluids are moving, the
pressure drawdown increases heavily along the length of the wellbore, an near the bottom-
hole (the end of the well/well heel). the significant unequal pressure drawdown disturbs the
flow directions in both production formation and wellbore, causing problems like water and
1s coning and inctticiency of well toe.
To equalize the pressure drop alor  the wellbore to achieve longer producing life duce to
delay of water/gas coning and improve production per unit length, and cnsure of the well
productivity and safety. some completions like multi inflow control device, packing oft the

end of the well, and inserting a stinger pipe arc implemer  :d in production.

5.4 Case 3: Multiple Inflow control devices (ICD)

Various intlow control devices (ICD) are designed to restrict the reservoir inflow to enter

the wellbore within the specific positions, the purpose to equip ICD in the oil producer wells is
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to equalize the pressure drop along the horizontal well. decrcase flow rate of high mobility
tluids and rcach better sweep efticiency: 1CD also could be beneficial in the injectors by
avoiding breakthrough if injected fluid into producers, providing better placement of injection
tluid into difterent formation layers. and evening out permeability differences and fractures.
Basic components of ICD are the packers and the blank pipes. the packers could divide the
an 1lus channel mto scveral sections and the blank pipes could maintain a high pressure
difference between annulus and tubing. t - :tore lead the inflow from reservoir to pass the
section’s annulus into the tubing through a channel with a very small diameter. By the eftort of
ICD. the annulus tlow could be minimized: the reservoir fluids could be led to production
tubing by the large pressure drop given by 1CD. Basic structure of 1CD is demonstrated in

Figure 5.4.1.

Reservolr

T T O
v i_, ‘¢—'N <«——  Annulus

/'

Packer

Blank pipe

™

Tubing

Well heel Wwell toe

Figure 5.4.1 Sketch of basic intflow control valve
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Figure 4.4.4 Phase traction Profile of I 1lti Inflow control device

Propertics Value
“well Lengm(m)_ ) o o o 1000
Segment length (m) 10
Reservoir pressure (bara) 365
Pressure at heel (bara) 357.5
Reservorr temperature 100
Permeability (Darcy) |
Near-wellbore skin factor |
Oil saturation 75
Water saturation =4
Tubing diameter (m) 0.127
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Well outside diameter (m) 0.167

Discharge coetticient for slot flow (Pa-(kg/m3)-1-(m/s)-2) 10

Table 5.4.1 Properties and initial values for Multi Inflow control device
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5.5 _ase 4: Completion with 500 meters packed off at the end of well

As demonstrated in Figure 5.5.1, in this completion, the total length of the horizontal well
is 2000 meters, and the last 500 meters to the well heel are equipped with blank pipe. and the
annulus to tubing flow of this part no longer exists, theretore the pressure drop of tubing in the
cor Hleted part is only related to friction which is a linear function of pressure drop and
pressure in annulus increases of this part of well because the out flow of annulus channel is
restricted by the blank pipe, as shown in the Figure 5.5.2. in the 500 meter blank pipe section,
tubing pressure decreases hinearly with a constant pressure drawdown. and the annulus
pressure surges due to the restriction of blank pipe. but pressure drop in annulus is more
signiticantly than that in tubing. becausc the bottom-hole pressures tor annulus and tubing are
the same. so the pressure difterence to be achieved in annulus is more than that in tubing.

As shown in Figure 5.5.1. the annulus is divided in two parts by a packer: the annulus

w from well toe is prevented and restricted into the tubing at this packer, and starts again
trom the blank pipe. The tubing flow remains constant along the blank pipe because there is
no inflow to tubing due to the blank pipe.

The purpose tor this completion is to reduce the unequal pressure drawdown problem.,
from the simulation results. the pressure drawdown in the end of tubing stays constant. but the
pressure drawdown in the end of annulus is very high which could be judged trom the slop of

ingent on pressure curve. as the annulus tflow is going to merge with tubing tflow at the last

scgment of the well, so the bottom-hole point might need extra trcatment to avoid the disorder.
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Figure 5.5.1 Case 5 Completion with 500 meters packed oft at the end of well

Pressure profiles with 500 meter packed off at the end of the well
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Figure 5.5.2 Pressure profile with 500 meters packed oft at the end ot well
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Flow rate profiles with 500 meter packed off at the end of the well
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Figure 5.5.3 Flow rate profilc with 500 meters packed oft at the end of well

Oil volume fraction with 500 meter packed off at the end of the well

T

09

08¢

07}
c
S
g 0er Oil Fraction in tubing
B oil Fraction in annulus
e 05¢ o .
E #*  water Fraction in tubing
S vater Fraction in annulus
=

03F

02F

0.1

oL —_— I

0 W0 w300 400 sU0 wu0  ¢uu 8O0 900
Distance from well toe (m)

Figure 5.5.4 Phase Fraction profile with 500 meters packed oft at the end of well
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ropertics Value

Well Length (m) 2000
Segment length (m) 10
Reservoir pressure (bara) 370
Pressure at heel (bara) 357.5
Reservoir temperature 100
Permeability (Darcy) |
Near-wellbore skin factor 1
Oil saturation .05
Water saturation 35
Tubing diameter (m) 0.127
Well outside diameter (m) 0.167

Discharge coefticient tor slot flow (Pa-(kg/m3)-'-(m/s)-2) 10

Table 5.5.1 Properties and initial values for  cstricted Flow in the Annulus






drawdown along the well from the toe to the heel. The structure and fluid physical movement
is  wn in Figurc 5.6.1.

The entire well with stinger 1s divided into two sections; one is completed with stinger
(blank pipe), the one is completed with slotted liner. And the heel of annulus is cemented and
there 1s absolutely no annulus to tubin - flow on stinger side into neither the bottom-hole nor
the tubing. So that the annulus flow as shown in Fare § 1 has two directions, one is from
the toe to the heel, and the other one 1s from the hecl to the toc. Two of these strings tlow
towards each other. and finally meet at the junction of two completions. As shown in the
Figure 5.0.2. the pressure and flow distributions are completely changed in annulus channel:
further more annulus flow are heel no longer flow into bottom-hole, but start to flow from
annulus heel towards the well toe. Due to this change, an extra reservoir node would be added

the end of annulus. and bring in the inflow from reservoir to the annulus heel.

In this research. a horizontal well with the length of 520 meters is considered. and the
stinger is completed with the length of 270 meters at the end of the well. And the pressure in
. nulus decreases gradually from two cends of the well (toe and heel), two pressure curves
achicve a common value at the junction of the stinger section and slotted liner section, as
shown Figure 5.6.2 the pressure drawdown in both annulus and tubing has been well
controlled. As the pressure drop in these two sections of annulus, the flow rate grows up from
the two ends of the well till the junction segment: Similar to Case 4. the tubing pressure at

stinger section decreases linearly due to friction ctfect and no inflow existing.
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Phase fractions @ Stinger
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Figure 5.6 Phase Fraction of Stinger completion
From the simulation results for stinger completion. the wellbo  performance at slotted
I rsection is the same as the Case 1. and the annulus fluid flow of the stinger section moves
towards the well toe with no annulus to tubing flow because of the blank pipe restriction.
¢ asequently the tubing fluid flow rate at stinger section stays constant. At the junction
segment. as two incoming fluids from the annulus merge together. therctore the tubing flow
ratc surges at this segment and two annulus flow rates reach the same value at the merging

int which is also the maximal flow rate point at annulus.
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Propertics

Well Length (m)
Segment length (m)
Reservoir pressure (bara)
Pressure at heel (bara)
Reservoir temperature
Permeability (Darcy)
Near-wellbore skin factor
Oil saturation

Water saturation

Tubing diameter (m)

Well outside diameter (m)

Discharge cocfficient for slot flow (Pa-(kg/m3)-'-(m/s)-?)

Value

2000

10

370

357.5

100

.80

20

0.127

0.167

10

Table 5.6.1 Properties and initial values for Stinger completion
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5.7 Initial guess techniques

The Newton Raphson iterative method (N-R method) is the approa  to solve the
nctwork model. and the iteration procedure starts from the “initial guess™. This is where initial
val s of unknown variables are selected. As the base network solver 1s modified for difterent
completions, the network structure could be complis ed. Due to the complexity ot the
network structure and the nature of this numerical method, a suitable initial guess is crucial tor
the execution and time etticiency of the network solver.

The principal of the nitial guess problem is to precisely construct the network model with
dit rent completion components. describe the initial flow paramcters physically for cach
scgment. and portray production tendency of whole system logically.

One good way to estimate the initial guess for starting N-R method is to linearize the
problem with boundary conditions. In this rescarch, all the cases studied could be summarized
to two kind initial guess methods. which are practically distinguished by the annulus pressure
and flow distributions. Or  common type is annulus pressure monotone decreasing along with
tu ng pressure from well toe to well heel. and the annulus fluid flow is parallel to the tubing
flow: for the other type (Sting  completion). the annulus pressure decreases from two ends
(well toe and well heel) of the horizontal well. and two direction fluid flows exist in the
annulus channel, and flow towards each other respectively from well toe and we  heel,
cventually merge and flow into the tubing channcl.

For both configurations, reservoir pressure and bottom-hole pressure are given as
boundary conditions, the purposc of initial guess is to assign the initial pressure values at cach
wellbore nodes, calculate the initial fluid flow rates and phase tractions for cach flow bridge.

For the first configuration, to initiate the network solver, the well toe pressure is assumed
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cqual to the reservoir pressure. And the pressures in annulus and tubing are considered as
being equal and decreasing linearly with a constant ditference within the segments. Then
pressure difference between two ends of the well and the pressure interval tor cach segment
could be caleulated by the reservoir pressure, bottom-hole pressure and the number of
scgments: thercefore the wellbore (including annulus and tubing) pressures at cach node could
be assigned gradually. Since the reservoir pressure and annulus pressure are known at this step.
the inflow rate could be caleulated using the productivity equation in Chapter 3. Annulus flow
rate and tubing flow rate could be ass™ 1ed as certain proportion of inflow rate, this proportion
is decided by the cross-section arcas of annulus and tubing: the annulus to tubing flow rate is
assumed to be cqual to tubing tlow rate. Initial phase fractions in flow bridges are assigned
cqual to the respective phase tractions in the reservoir.

For the second configuration (Stinger completion), the only difference from the first one
is 1e annulus pressure and flow distributions duc to the blank pipe of the stinger. The eritical
st to initiate the singer completion is to specify the position of the blank pipe and merging
point for two direction flows in annulus. and then all the tlow paramcters are assigned
according to this condition. Similar to the first configuration, reservoir pressure and bottom-
hole pressure are known, and the well toc pressure at tubing and two ends of annulus are
assigned cqual to the reservoir pressure. Then the initial values of tlow parameters in tubing
and slots are similar to the first case. and annulus initiation is a special case for stinger
completion. After the me  ‘ng point 1s spotted, and pressure drop trom the annulus toe and the

annulus heel simultancously towards the merging point. As shown in Figure 4.7.1.
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Figure 4.7.1: Sketch of pressure drop in annulus for stinger completion

Consequently the tubing pressure at merging point could be estimated by the total
pressure ditference and position of” the merging point. Physically. the annulus pressure at
merging point is assigned equal to that at tubing. So the initial pressure values at cach annulus
nc :could be caleulated, trom here. the inlet tlow rate could be calculated from productivity
¢q tion by using reservoir pressure and annulus pressure. Phase fractions at annulus are
initially equal to reservoir phase fractions. One important point to mention here. because there
are two flow directions in annulus channel: the two different signs with positive (+1) and
negative (-1) arc associated to flow rate. Within the nctwork system, tlow dircctions are
defined that the flow from well toe to well heel is positive flow, and the flow from well heel to

well toe is negative.
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Chapter 6 Conclusion and Recommendati n

6.1 “onclusion and summary

A comprechensive network model is proposed to model the three phase fluid behavior in
an isothermal cenvironment. This network model has been modified to simulate difterent
completions. such as slotted liner. intflow control device, pack-off. and stinger. The flow
parameters including pressure distribution, flow rate, and three phasce fractions are predicted
along the whole horizontal wellbore.

In this research, several cases have been tested to ensure the robustness and stability of
the 1odel. These cases are oil-gas system and water-gas system above the bubble point
pressure, open hole without annulus tflow and completion. pressure under bubble point for the
entire well, and encountering pressure under bubble point during the production.

Ditferent completion components are ¢ 1onstrated. and the fluids flow behavior has been
simulated while crossing the complex completions. Pressure. flow rate. and three phase
fraction were predicted along the well with advanced completions. Five cases were simulated
in this research; they are Slotted liner, Restricted flow in the annulus, multiple inflow control

devices, completion with 500 meter pack-oft at the end of well. and stinger completion.

6 Recommendation

I. The present three phase model is for the isothermal environment. and the reservorr
condition and propertics are assumed constant along the wellbore. Based the proposed model.
the reservoir temperature and properties such permeability, skin factor. and phasc

saturations could be moditied to precisely portray the real reservoir productions. which are
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morc complicated.

2. Split equations were used in the proposed model to meet the number of the governing
cquation to solve the tflow parameters. The network structure could be refined by inserting
more nodes on inflow bridges and annulus-to-tubing bridges for cach segment. and the phase
fraction change at split nodes could be investigated accurately.

3. The proposed three phase model assumes homogenized tflow between the three phases.
oil, water and gas. but phasc slippage happens trequently in the fluid flow, which mcans phase
velocities are difterent. Based on the proposed model. | ase slippage could be investigated by
coupling the drift flux modcl.

4. Multi-lateral wells could be investigated by a tree structure using nested iterations
based on the proposed network model.

5. Deviation in the proposed model is 90 degrees, which means the well 1s exactly
horizontal. By moditying the network structure. a complicated ch\'iatinn condition could be

investigated.
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A] sendix A: Example on assembling the Jacobian Matrix.

Take First scgment tor example:

O O 3 Resenvoir
— S g)_ —0 2 Annulus
5
A)

O | Tubing
3

The first segment is constituted by 6 nodes. which are standing for the wellbore and near
wellbore reservoir respectively as shown in the above figure. And a simple example about how
to compute Jacobian matrix for Newton-Raphson method is given in the following part.
Paramcters:
P pressure g flowrate « oil - fraction [ owater  fraction
B roil _ formation volume  factor B water  formation  volume  factor
B, :gas  formation volume  factor R_:gas  solubility 1 productivity index

Beta: pre —caleulated — cocefficience

Subscripts:

digits :nodes —or  bridge res:reservoir condition
o:oil _phase wiwater  phase g gas  phase
ref sreference  data

variable _matrix _ for  segment 1.

- [/’1*/’3-‘/1 N VRN NN AN SN TR L £ & |-s]

Equation system for segment [

Oil material balance:
S)= ‘/:.|a:.1/8~(2) _(/I.H(Il.ll/Bu(l)

Q) =q.a,. /B.3)=q. 0, /B (2)~q. ., [B(2)

Water material balance:



/3 (/:_I/}Z.I/Bn‘(z)—(/I.I‘IBI_H/BU(I)
f12)= (/(vﬂr.'\ /BH‘B) - ‘/1_|4ﬁ:,|4/3n (2)- ‘/3.!/’)11/3“ (2)

Gas material balance;
J¢ =U-ay, =B, B2y +ay Ry, /B (2)
{0 =a, ;= B4, /B (1) l+m“%“RU)B(M
1O =(-a, -8 )q-/B.3)+a, Rq.,/B (3
—{H—au——zjq“/BJ;-+aURyH/BA2”
—=as = BB +a, Ry, /B.(2)]

Inflow equation:
TN =g, =1, D) Py =P Py [

Momentum balance for tubing bridge:
J@&)=p,—p- befu(l)qml'751'/1()3[)(1)“'15 mu3 P!

Flow equation for annular-to-tubing bridge:
19) = p, = p,— By, rho3P(2)

Momentum balance tor annular bridge:
100y = p, = p,, —alpha(Dys ' rho3P3) T mud P3)"

Split Equations:
J D=a, -a,,

¥ 2):ﬁ1| _/31,14

I ase Parameter calculation:

WP =rho o,

rho3P(2)=rho a. +rho_, f. +rho, (I1-a. )

Jan

+rho_, B+ r/w =a,, =)

N

rho3P3)y=rho, ,a,,, +rho, B, +rho ,\(l -y, - B

P —
3P =mu o+ B, (== B
u3P(2y =t o +mu B+ vw(l -, =)

b — — —
mu3P3y = oo, Ao B (K=o =B )

Example of Jacobian Matrix calculation:
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Mat :involving volumetric formation factors:

ory (08,,0)) 3

JON ===y, |
((]l o,

CB (1)

cy,

J3.D) = )

Matrix involving three phase density and viscosity:

J(8.7) = =bheta(1){1.75¢, nl HSIHH:‘P(])”’251'/1()3[)(1)7“25 (/'/mw./ -rho,, )

+0.25¢, . “rho3 P! T3P T (=, )



Appendix B: Source Code for Network Solver

Main Solver:

% N work Solver

9% This code is developed based on the two phase (oil/gas) model by

%6 Worakanok Thanyamanta and Chris Johansen.

%o The code related to the water phase is originally done by Jiyi Liu

0gmmmmmmmnam DATA LOADING BEGIN----------

input_data; % Input data file

iy p; %o Input reservoir pressures

input L.: %% Input segment lengths

input_c: %0 Input slot/valve discharge coetticients

input_K: %o Input absolute permeabilitics

input_kro: %o Calculate oil relative permeabilities

iyt krg: %o Caleulate gas relative permeabilities

input_krw;

input_s: % Input skin factors

Oymmmmmmenam GENERATING RESERVOIR FLUID PROPERTIES BEGIN--------

% alculate fluid properties at inlet (reservoir) nodes.

[Bo_res Bw res Bg res Rs res] = generateResprop(N.pres.pb): %o Calculate pressure-
dependent black-oil properties at reservoir conditions

mu_res = generatemures( Tres.pres.pb.N.Rs_res): % Calculate pressure temperature
d zndent oil viscosities

input_alpha: % Calcu e liguid holdups in the reservoir
[rho3P res rho_res| = generateRhores(pres.pb.Noalpha res); %o Calculate pressure-
dependent densities tor cach phase an two-phase (TP) tlud

mu3P_res = generatemu3P(mu_res N.alpha res.pres.pb): %% Calculate two-phase (TP)

fluid viscosities

Ogmmmmemmen GENERATING RESERVOIR FLUID PROPERTIES END--------
®gmmmmmmmm DATA LOADING END----------

cle:

Ygmmmmmmmem PRE-CALCULATIONS E . GIN----------

precalculations: %o Precalculate some coetticient values to help incrase the

calculation rate
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uess: o Initial guessed values of unknown parameters

Ygmmmmmmmmm- GENERATING WELLBORE FLUID PROPERTIES BEGIN--------

%% Calculate fluid properties at all nodes in the well network based on the guessed unknown
parameters. '

Rs = generateRs(X 1 pres.Rs rescpref.pb.N.num_varNodes): % Calculate pressure-
dependent gas solubilities

Bo = generateBo(X 1.pres.Bo_res.pref.pb.N.num- var.Nodes): %o Calculate pressure-

de adent oil formation volume factors

Bw = generateBw(X 1 pres.Bw_respref,pb.N.num_var,Nodes):

By = generateBg(X|1.pres,Bg_res.pref.pb.N.num_varNodes): %o Calculate pressure-
dependent gas tormation volume factors

[mu3P mu] =

gencratemu(T_temp, X 1. Tres,pref.pb.N.num_varinum_varT.Nodes.bridges. Rs.mu3P resumu v
cs). %0 Calculate pressure/temperature ¢ endent viscosities for cach phase and two-
phase (TP) fluid

[rho3P rho] = genceraterho(X 1 pres,rho3P_res.rho_res.pref.pb.N.num_varNodes.bridges):
®o Calculate pressure-dependent densities for cach phase and two-phase (TP) fluid

L S— GENERATING WELLBORE FLUID PROI  RTIES END--------
P PRE-CALCULATIONS END---ccceev
N ITERATIVE PROCESS BEGIN----oomoo-

%% SentinelCount counts how many iterations that has been done. so that the

o¢ rogram stops when the desired number of iterations are reached.

sentinelCount = 0:

% Flag determines whether the iteration should stop (solutions converged)

flag = truc;

g erateBindex: %% Generate indexes for directions of flow through cach brndge

iteration 0% Iterate funetion calculations to solve tor unknowns usii - Newton-
R hson method

Qgmmmmmmmmns ITERATIVE PROCESS END----------

% Isothermal network model end

)



Iteration Function for Newton-Raphson Mecthod:

% Iterate function calculations to solve for unknowns using Newton-Raphson
% method

% This code 1s developed based on the two phase (oil/gas) model by

% Worakanok Thanyamanta and Chrnis Johansen.

%1 e code related to the water phase is originally done by Jiyi Liu

1 = zeros(1.12): ?o Function matrix for Segment |

£2 = zeros(l,num_var-(12+8)); % Function matrix for Segment 2 to N-1

13 = zeros(1.8): % Function matrix for Segn t N

J1 = zeros(12.,num_var): % Jacobian matrix for Segment |

j2 = zeros(num var-(12+8).num_var); % Jacobian matrix for Scgment 2 to N-1

13 = zeros(8.num_ var); 9 Jacobian matrix for Segment N

converge = 0; ®o Convergence value to be compared with the tolerance value

Y0 guess;
while(flag)

% Generating function matrices
f1 = f1Generator(X 1.1 pres,beta,alpha,B.Bo.Bw.E  Rs.mu3P.rho3P.alpha res.tl.pretqref):
2 =
f2Generator(X 1.beta.alpha,B 1 pres.Bo.Bw.Bg.Rs.mu3P.rho3P.alpha res.t2.pref.gret.N.bindex
):
3 =
f. enerator(X1.beta.B.Bo.Bw . Bg.Rs.mu3P.rho3P.£3,) :fpbh.N.num var.Nodes.bridges.bind

¢
t=[f1 {2 13]: %% Combine the matrices
% Generating jacobian matrices

j1 = j1Generator(X1.Lbeta,alpha,B,j1.Bo.Bw.Bg.Rs.rho3P.mu3P.alpha res.prefgret):
j2=

j12Generator( X 1.betaalpha.1.B.j2.Bo.Bw . Bg.Rs.rho3P.mu3P.alpha_res.pref.gref.N.bindex):
j3 =

J. enerator(X1.beta.B.j3.Bo.Bw.Bg, Rs.rho3P.mu3 P pret.N.num var.Nodes.bridges.bindex);
Jac=1{j1:293}: 2% Combine the matrices

% LU factorization -- Inversion of the jacobian ma  x

[LT U1] = lu(jac):
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L1 INV =mv(Ll);
Ul _INV =inv(Ul):

templ = L1 _INV*transpose(t);
temp2 = Ul INV*templ:

tr ap3 = transpose(temp2):
X2 =XI -temp3:

%o Checking for convergence. It checkConvergence finds that the method
% converges it will set tlag to false and the program will stop.

[flag. test] = checkConvergence(X 1, X2,num_ var,threshold):
converge(sentinelCount+1) = test %o Convergence value ot cach iteration

%oSetting Xn = Xn+1 for the next iteration

X1 =X2:
O pmmmmmm - RECALCULATE WELLBORE FLUID PROPERTIES BEGIN--------
Rs = gencrateRs(X 1pres,Rs 1 prefipb.N.num_var,Nodes); %4 Calculate pressure-
dependent gas solubilities
o = generateBo(X Lpres.Bo_res.pret.pb.Naum_var.Nodes): %o Calculate pressure-

dependent o1l formation volume factors

Bw = generateBw(X 1. pres.Bw res.pret.pb,N.num _var Nodes):

Bg = generateBg( X .pres.Bg res.pref.pb. N.num var.Nodes): %o Calculate pressure-
d endent gas formation volume tactors

[mu3P mu] =
generatemu(T temp X 1. Tres.pref,pb.N.num_ varnnum_varT,Nodes.bridges,Rs.mu3P res.mu r
es): % Calculate pressure/temperature dependent viscosities for cach phase and two-phase
( 2)tlud

[rho3P rho] = genceraterho(X 1. pres.rho3P res,rho_res.pref.pb.N.num var.Nodes.bridges):
%4 Calculate pressure-dependent densitics tor cach phase and two-phase (TP) fluid

%0 This 1f statement makes sure that the iteration stops if
% the method docs not converge whithin a number of iteration input by the
% user in input data.m

if(sentinelCount == stop)
di ("

disp('Did not converge whithin the limitations given!'):
break:
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%% Update iteration index (sentinelCount)
sentinelCount = sentinelCount + 1

end
%% Check for imaginary numbers
fori1=l:num var
ifimag(X1)<le-12 % If the im. “nary part of the solution 1s fess than a value it 1s
negligible
X1=rcal(X1):
clse % If the imaginary part is large display "imag"
disp('imag');
d
end

% Conversions of the converged variables back to their appropriate units and
%o result display
di:  ayoutput:

NV lab Code for Equation systen:

%9 Generate function matrix for Segment |

%o This code is developed based on the two phase (oil/gas) model by

%o Worakanok Thanyamanta and Chris Johansen.

% The code related to the water phase is originally done by Jiyi Liu

% put:

(),0

% X1 : Unknown parameters at each iteration

%%l . Pre-caleulated coefticient for inflow cquations

Qopres © Reservoir pressures

%obeta . Pre-caleulated coefticient for tubing flow caleulations
“oalpha  : Pre-calculated coefficient for annular flowcalculations
%B : Pre-caleulated cocfficient for slot/valve flow caleulations
%Bo.Bw.Bg.Rs : Black-oil propertics

%omu3P : Three-phase viscostties

%rho3P ' Three-phasce densities

Yealpha res o Liquid holdups in reservoir

%ofl : Generated zero function matrix

%pret.  : Reference pressure

%oqref  : Reference tlow rate

(),/0

%oReturn:

%Function matrix for Scgment |
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fun on func =
t1Generator(X1.Lpres.beta.alpha.B.Bo.Bw.Bg.Rs.mu3P.rho3P.alpha res.fl.pref.gret)

%9 oil-phase material balance

10 = X1()*X1(8)/Bo(2) - X1(3)*X1(7)/Bo(1): ®s At node 1

f1(¢C = X1(6)*alpha res(1.1)/Bo(3) - XT(H*X1(8)'Bo(2) - X1(5)*X1(9)/Bo(2):

At node 2

% water-phase material balance

13y = X)X 1)yBw =7 - X1T)*X1(10)/Bw(1): % Atnode 1

f1(4) = X1(6)*alpha res(2.1)/Bw(3) - X1(4)*XT(11)/Bw(2) - X1(5)*XT(12)/Bw(2):
% At node 2

%% Inflow equation

f1(5) = X1(6) - [(1)*(pres(hy/pret - X1(2))*pretrgret:

®s Momentum balance for tubit  bridge

1 = XI(1)- XI(13) - beta(1)*(X1(3)" 1.75)*rho3P(1)"0.75*mu3P(1)70.25:

%% Flow equation for annular-to-tubing bridge

f1(7) = X1(2) - X1(1) - B(1)*(X1(4)"2)*rho3P(2);

% Momentum balance for annular bridge

£1(8) = X1(2) - X1(14) - alpha( D*(X1(5)"1.75)*rho3P(3)"0.75*mu3P(3)"0.25:

% Gas-phas¢ material balance

£ )= ((1-XIE&)-XT(11)*X1(4)/Bg(2) + XTI(8)*Rs(2)*X1(4)/Bo(2)) - ((1-X1(7)-
X 10)*X1(3)/Bg(1) + XI(Ty*Rs(1)*X1(3)/Bo(1)): % At node 1

f1(10) = (alpha_res(3.1)*X1(6)/Bg(3) + alpha_res(1,1)*Rs(3)*X1(6)/Bo(3)) - ((1-X1(8)-
NI(T1)*X1(4)/Bg(2) + XT(8)*Rs(2)*X 1(4)/'Bo(2)) - ((1-X1(9)-XT(12)*X1(5) Bg(2) +
X1(9)*Rs(2)*X1(5)/Bo(2)): % Atnode 2

%o Split equation

f1(11)=X1(9) - X1(8):

f1(12)=X1(12) - XI(11);

f ¢=1fl:

%o Generate function matrix for Segment 2 to N-1

%4 This code is developed based on the two phase (oil/gas) model by

%o Worakanok Thanyamanta and Chris Johansen.

% The code related to the water phase is originally done by Jivi Liu

Y lnput:
0,

70

%oX1 : Unknown parameters at each iteration

%obcta . Pre-caleulated coetticient for tubing flow caleulations
%galpha  : Pre-caleulated coefticient tor annular flowcalculations
*B . Pre-caleulated coetticient for slot/valve tlow caleulations
%ol . Pre-caleulated coetticient for inflow cquations

%opres 1 Reservoir pressures
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%oBo.Bw.Bg.Rs : Black-oil properties

Yomu3P . Three-phase viscosities
%rho3P  : Three-phase densities
%alpha res @ Liquid holdups in reservoir
%of2 . Generated zero function matrix
O%pref ¢ Reference pressure

“ogref  : Reference flow rate

®oN : Number of segments

%ob : Bridge indexes

%

%oReturn:
% Function matrix tor Segment 2 to N-1

function func =
2C erator(X1.beta.alpha.B,Lpres.Bo.Bw.Bg.Rs.mu3P.rho3P.alpha res 2 pref.gref.N.b)

for 1=0:N-3
var =1*%12;

2% oil-phase material balance
Y(1tvar) = X1(16+var)* X 1(20+var)/Be(3*1+5)*b(4*1+6) +

X1 3+vary* X H(7+var)/Bo(3*i+ 1)*b(4*1+ 1) - XT(15Hvan)* X 1(19+var)/Bo(3*1 : 4y*h(4*1+5):
%o At tubing node

2(2+var) = X1 (5+var)* X 1(9+var)/Bo(3*1+2)*b(4*113) +
X I8+vary*alpha res(1.+2)'Bo(3*1+6)*b(4*148) -
X1(17+var)*X1(21 +vary/Bo(3*i+5)*b(4*i+7) - X 1(16+var)* X 1[(20+var) Bo(3*14 5)*b(4*i+0):
%6 At annular node

%% water-phase material balance

2(3+var) — X1(16+var)*X1(23+var)/Bw(3*1+5)*b(4*i+6) 4
XI1G@+Hvan)* X1 (10+vary/Bw(3*  )*b <+1) - XI(1: rar)*X1(22+var)/Bw(3*1+34)*b(4*1+5);
%o At tubing node

2(4+var) = XT(SHvary* X 11 2+vary Bw(3* 14 2)¥h(4*{+3) +
X I8+vary*alpha res(2.i+2)Bw(3*1+0)*b(4*1+8) -
X1(17+van)* X 1(24+vary Bw(3*i+5)*b(4*i+7) -
X1(rorvary*X 1(23+var)/Bw(3*i+5)*b(4*1+06): % At annular node

% Inflow equation
it b(4*1+8) ~= 0 %% Inlet flow exists
2(5+var) = X1T(18+var) - (10+2)*(pres(i+2)/pret - X1(14+var)))*pret/qgret:
clse % No inlet flow
f2(5+var) = 0;
end
% Momentum batance for tubing bridge
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2(6+var) = X1(13+var) - X1(25+var) -
beta(i+2)*(X 1 (15+var)*1.75)*rho3P(4*i+5)"0.75¥mul3P(4*i+5)°0.25;
% Flow cquation for annular-to-tubir  bridge

i (4*1+06) ~=0 % Annular-to-tubing tlow exists
£2(7+var) = X1(14+var) - X1(13+var) - BG+2)*(X1(16+var)*2)*rho3P(4*i+06):
else %% No annular-to-tubing flow

£2(7+var) = 0
£2(1 1+var) = 0:
f2(12+var) = 0: % No split equation

end
% Momentum balance for annular bridge
1tb(4*1+7) ~= 0 %% Annular flow e¢xists

2(8+var) = X1 (14+var) - X1(26+var) -
alp (12X 7+van) 175 *rho3 P(4*i+7)0.75*mu3 P(4*1+7)°0.25*b(4*1+7):
iIf b(4*1+7) ==
it b(4*i+0) ~— 0 %o If there 1s both annular and annular-to-tubing flows
21 1+var) = X 1(20+var) - X1(21+var);
£2(12+var) = X1(23+var) - X1(24+var): % Split equation

end
elseif b(4*¥i+7) == -1 % If flow in annulus is toward toe of well
£2(1 I +var) = 0O;
£2(12+var) = 0: 4 No split equation
end
else % No annular flow

2(8+var) — 0
2(1 [+var) = 0
2(12+var) — 0;
end
% Gas-phase material balance
2(9+var) = ((1-X1(20+var)-X1(23+var)* X116+ )/Bg(3*1+5) +
X 20+var)*Rs(3*¥1+5)* X 1(16+var)/Bo(3*1+ 5)*b(4*1+6) + ((1-X 1(7+var)-
X1I(10+var)*X (3 rvar) 3%+ 1) + XI(T+var)*Rs(3*i+1)*X 1 (3+var)/Bo(3¥14 1))*b(4*i+1)
- ((1-XT(19+var)-XT(22+var)* X T (1 5+var) Bg(3*i+4) +
X1T(19+var)*Rs(3*¥i+h)* X 1 (15+var)/Bo(3*i+d))*b(4*i+5): 9% At tubit  node

f2(10+var) = ((1-XTOQ+var)-XT(12+varp*X 1 (5+var)’E 3*%142) +
X1(9+var)*Rs(3*1+2)* X [ (5tvar)’Bo(3*1+2))*b(4*1+3) +
(alpha res(3.+2)*X1(18+var)/Bg(3*i+6) +
alpha_res(1,1+2)*Rs(3*i+0)* X 1( 1 8+var)/Bo(3*i+06))*b(4*1+8) - ((1-X1(2 1+ var)-
X1Q24+var)* X1 (17+var)/Bg(3*i+5) +
X122 1+var)*Rs(3*¥1+5)* X 1 (1 7+var)/Bo(3*1+5))*b(4*1+7) - ((1-X 1(20+var)-
X123 +var)y*X 1 (16+varyBg(3*1+5) +
X120+var)*Rs(3*1+5)* X 1 (16+var)/Bo(3*i+5))*b  1+6): 0% At annular node

end



func = f2;

%% Generate function matrix for Segment N

%9 This code is developed based on the two phase (oil/gas) model by

%o Worakanok Thanyamanta and Chris Johansen.

% he code related to the water phase is originally done by Jiyi Liu

Yolnput:

0/()

X1 : Unknown parameters at cach iteration

%obeta . Pre-calculated coefticient for tubing flow calculations
B : Pre-calculated coetficient for slot/valve flow calculations
%Bo.Bw.Bg.Rs : Black-oil propertics

%omu3P : Three-phase viscosities

%rho3P  : Three-phase densities

%013 : Generated zero function matrix

Oopref : Reference pressure

%pbh : Bottomhole pressure

%N : Number of segments

% mm_var : Number of unknowns

%%Nodes @ Number of nodes

%obridges  : Number of bridges

%b : Bridge indexes

0,0

%uReturn:

% anction matrix for Segment N

fi ction func =
f3Generator(X |.beta.B.Bo.Bw.E Rs.mul3P.rho3P.f3.pref.pbh.N.num_var.Nodes. bridges.b)

% oil-phase material balance

f3(1) = XI(num_var-17)*X1(num_var-13)/Bo(Nodes-4)*b(bridges-5) + X1(num var-

4y*X I(num_var-2)/Bo(Nodesy*b(bridges) - XI{num var-5)*X1(nur~ +ar-3)/Bo(Nodes-

I “b(bridges-1); % At tubing node

3(2) = X1(num_var-15)*X1(num_var-11)/Bo(Nodes-3)*b(bridges-3) - X1(num_var-

4)*X 1(num_var-2)/Bo(Nodes)*b(bridges): % At annular node

% water-phase material balance

3(3) = X1(num_var-17)*X1(num_var-10)/Bw(Nodes-4)*b(bric  :5-5) + XT(num_var-
*X Hnum_var)/Bw(Nodes)*b(bridges) - X1(num_var-5)*X1(num_var-1)/Bw(Nodes-

1)y*b(bridges-1): % At tubing nodc

3(4) = X1(num var-15)*X(num_var-8)/Bw(Nodes-3)*b(bridges-3) - X1 (num_var-

4*X [(num var)/Bw(Nodes)*b(bric :s): % At annular node
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% 1 mentum balance for tubing bridge

3(5) = X1(num_var-7) - pbl/pret - beta(N)*(X T (num_var-5)"1.75)*rho3P(bridges-
1)0.75*mu3P(bridges-1)0.25;

% Flow cquation tor annular-to-tubing bridge

if b(bridges) ~=0 % Annular-to-tubing flow exists

t3(6) = X1(num_var-6) - X1(num_var-7) - B(N)*(X1(num_var-4)"2)*rho3P(bridges):
else % No annular-to-tubir  flow

3(6) = 0;
end

% Gas-phase material balance

3(7) = ((1-X1I{(num_var-13)-X1(num_var-10))*X1(num_var-17)/Bg(Nodes-4) +
X1(num_var-13)*Rs(Nodes-4)*X 1(num_var-17)/Bo(Nodes-4))*b(bridges-5) + ((1-

X wm_var-2)-X1(num_var))*X1(num_var-4)/Bg(Nodes) + X1(num_var-
2)*Rs(Nodes)*X1(num var-4)/Bo(Nodes))*b(bridges) - ((1-X1(num_var-3)-X1(num var-
1)*X I(num_var-5)/Bg(Nodes-1) + X1(num_var-3)*Rs(Nodes-1)*X T(num_var-5)/Bo(Nodcs-
1))*b(bridges-1); % At tubing node

£3(8) = ((1-XI(num_var-8)-X1(num_var-11))*X1(num_var-15)/Bg(Nodes-3) + XI(num_var-
11)*Rs(Nodes-3)*X1(num_var-15)/Bo(Nodes-3))*b(bridges-3) - ((1-X1{(num_var-2)-

X awum_var)*X1(num_var-4)/Bg(Nodes) + X1(num_var-2)*Rs(Nodes)*X1(num var-

4) o(Nodes))*b(bridges); % At annular node

fu =13;

% Generate jacobian matrix for Segment |

% This code is developed based on the two phase (oil/gas) model by

%6 Worakanok Thanyamanta and Chris Johansen.

% The code related to the water phase is originally done by Jiyi Liu

Y%Input:

%

Y%l : Pre-caleulated coefticient for inflow equations

%% X1 : Unknown parameters at each iteration

“%beta . Pre-calculated coetticient for tubing flow calculations
%alpha  : Pre-calculated coetticient for annular flow.  culations
2B : Pre-calculated cocftticient for slot/valve flow calculations
%1 : Generated zero jacobian matrix

%Bo.Bw.Bg.Rs : Black-oil properties

Y%omu3P : Three-phase viscositics

%trho3P  : Threc-phase densities

%alpha res @ Liquid holdups in reservoir

%pret  : Reference pressure

%qref @ Reference tlow rate

%

Y%Return:

%Jacobian matrix for Segment |
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fun o func =
j1G  erator(X1.Lbeta.alpha.B,j1,Bo.Bw.Bg.Rs.rho3P.mu3P.alpha_res.pref.qret)

1(1.3) = -X1(7)Bo(l);
1(1.4)=X1(8)/Bo(2):
117y =-X1(3)/Bo(1);
1(1.8) = X1(4)/Bo(2):

11(2.4) = -X1(8)/Bo(2):
11(2.5) = -X1(9YBo(2):
11(2,6) = alpha_res(1,1YBo(3):
11(2.8) = -X1(4)/Bo(2);
11(2,9) = -X1(5)/Bo(2);

%

i1(3.3) = -X1(10y/Bw(1);
i1(3.4) = X1(11)/Bw(2);
il 10)=-X13YBw(l):
i13.01) = X1(4)/Bw(2);

il 4 =-X1(11YBw(2):
J1(4.5) = -X1(12)/Bw(2):
J1(4,6) = alpha_res(2,1)/Bw(3):
L4y -X1(4)Bw(2):
J o 12y =-X1(5)/Bw(2):

J1(5.2) = I{1 Y*pref/gret;
I5.6) = 1;

JUHO6 ) =1
§1(6.3) = -1.75*beta( 1)¥ (X 1(3)°0.75)*rho3P(1)"0.75*mu3P(1)70.25:
7 on13)=-1:

(7. =-1;
7.2y = 1.
7.4) = -2XB(1)*X1(4)*rho3P(2);

11( 5) = -1.75*alpha(1)*(X1(5)°0.75)*rho3P(3)"0.75*mu3P(3)"0.25:
J1(8.14) = -1:

93) = ((I-X1I(7)-XT1(10)) 1)+ XI(7Y*Rs(1).7 (1))
JHO.4) = (I-XT(E)-X1(1 1yBg ™ + XI(&8)*Rs(2)/Bo(2)):
J19.7) = -(-X1(3)y/Bg(1) + Rs(1)*X1(3)/Bo(1)):
11(9.8) = (-X1(4)/Bg(2) + Rs(2)*X1(4)/Bo(2)):
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i109.10) = X 1(3)/Bg(1):
i19.11) = -X 1(4)/Bg(2):

J1H(10.4) = -((1-X I(8)-X1(11))/Bg(2) + X 1(8)*Rs(2)/Bo(2)):
JHI10.5) = -((1-XT(9)-X1(12))/Bg(2) + XT(9)*Rs(2)/Bo(2)):
J11(10,6) = alpha_res(3.1)/Bg(3) + alpha_res(1.1)*Rs(3)/Bo(3):
I 8)=-(-X1(4)/Bg(2) + Rs(2)*X1(4)/Bo " ):

JIC 9)=-(-XT(5)Bg(2) + Rs(2)*X1(5). Bo(2)):

J1(10.11) = X 1(4)/Bg(2):
P1(10.12) = X1(5)Bg(2):

P18 = -1
i111.9) =1

P2y =-1:
i12.12) =1

func =jl:

% encrate jacobian matrix for Segment 2 to N-1

% s code is developed based on the two phase (oil/gas) model by

% Worakanok Thanyamanta and Chris Johansen.

% he code related to the water phase is originally done by Jiyi Liu

% Hut:
0

0

%0X1 : Unknown parameters at cach iteration

% ta . Pre-caleulated coefticient for tubing flow calculations
% pha : Pre-calculated coctticient for annular flowcalculations
%ol : Pre-caleulated coetticient tor inflow cquations

Yo . Pre-caleulated coctticient tor slot/valve flow caleulations
Y02 : Generated zero jacobian matrix

% o.Bw.Bg.Rs : Black-oil properties

2omu3P . Three-phase viscosities

% 03P ¢ Three-phase densities

Yealpha res : Liquid holdups in reservoir

Sopret . Reference pressure

%qret ;. Reference tlow rate

%N : Number of segments

%b : Bridge indexces

%

%oReturn:

%Jacobian matrix for Segment 2 to N-1

tunction func =
J12Generator(X 1.beta,alpha l.B.j2.Bo.Bw.Bg.Rs.rho3P.mu3P.alpha_res.pret.gref.N.b)
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for i=0:N-3
v, = 12%;
J2(1+var3+var) = X1(7+var)/Bo(3*i+1)*b(4*1+1);
j. Avar.7+var) = X1(3+var)/Bo(3*i+1y*b(4*1+1):
J. tvarlS5+var) = -X1(19+var)/Bo(3*i+4)*b(4*1+5):

j2(1+var, 16+var) = X1(20+var)/Bo(3*1+5)*b(4*11+06):
J2(1+var,19+var) = -X1(15+var)/Bo(3*i+4)*b(4*1+5):
J2(1+var 20+var) = X1(16+var)/Bo(3*i+5)*b(4*i+6):

J2(2+var,5+var) = X1(9+var)y/Bo(3*i+2)*¥b(4*i+3):
)2(2+var.9+var) = X1 (S+var)/Bo(3*i+2)*b(4*i+3);
] 24var,16+var) = -X1(20+var)/Bo(3*i+5)*b(4*i+06);

12(2+var, 1 7+var) = -X1(2 1 +var)/Bo(3*i+5)*b(4*i+7):
j2(2+var. 18+var) = alpha_res(1.,1+2)/Bo(3*i+6)*b(4*i+8):
J2(2+var,20+var) = -X1(16+var)/Bo(3*1+5)*b(4*i+0);
J12(2+var 21 +var) = - X1 (1 7+var)/Bo(3*1+5)*b(4*1+7):

%%

J2(3+var.3+var) = X1(10+vary/Bw(3*i+1)*b(4*i+1):
j2(3+var, 1 O+var) = X1(3+var)/Bw(3*i+1)*b(4*i+1):
J12(3+var, 1 5+var) = - X 1(22+var)/Bw(3*i+4)*b(4*i4 _ :
3+ 16+var) = X1(23+var)/Bw(3*i+5)y*b(4*i+06):
)2(3+var.22+var) = -X1(15+var)/ Bw(3*i+4)*¥b(4*i+5):
12(3+var.23+var) = X1(16+var)/Bw(3*i+5)*b(4*1+0):

J2(4+var.S+var) = X1(12+var)/Bw(3*1+2)*¥b(4*i+3):
J2(4+var,12+var) = X1 (S+var)/Bw(3*i+2)*b(4*i+3):
J2(4+var, [6+var) = -X1(23+var)/Bw(3*i+5)*b(4*1+6):
j2(4+var. I 7+var) = -X1(24+var)/Bw(3*i+5)*b(4*i+7):
j2(4+var, 18+var) = alpha_res(2,i+2)/Bw(3*i+06)*b(4*1+8):
J2(4+var.23+var) = -X 1 (16+var)/Bw(3*i+5)*b(4*i+0):
12(4+var.24+var) = - X 1(17+var)/Bw(3*i+5)*b(4*1+7):

0
//()

12(9+var,3+var) = ((1-X1(7+var)-X1(10+var))/E  3*i+1) +
X1(7+vary*Rs(3*i+1)/Bo(3*i+1))*b(4*i+1);

J2(9+var, 7+var) = (-X1(3+var)/Bg(3*i+1) + Rs(3*i+ )*X 1 (3+var)/Bo(3*i+1))*b(4*i+1):

J2(9+var, [0+var) = (-X1(3+var)/Bg(3*i+1))*b(4*i+1):

j2(9+var. 1 5+var) = - ((1-XT(19+var)-X1 ~2+var))/Bg(3*i+4) +
X1(19+var)*Rs(3*i+4)/Bo(3*i+4))*b(4*i+5):



j tvar.l6+var) = ((1-X1(20+var)-X1(23+var))/Bg(3*i+5) +
X1(20+var)*Rs(3*1+5)/Bo(3*i+5))*b(4*1+06);

j2(9+var,19+var) = - (-X1(15+var)/Bg(3*i+4) +
Rs(3*1+4)*X 1 (15+var)/Bo(3*i+4))*b(4*1+5).
j2(9+var.20+var) = (-X1(16+var)/Bg(3*i+5) + Rs(3*1+5)*X1(16+var)/Bo(3*i+5))*b(4*1+0).

J tvar22+var) = (X1(15+var)y/Bg(3*i+4))*b(4*1+5);
12(9+var.23+var) = (-X1(16+var)/Bg(3*i+5))*b(4*i+0):

J2(10+var,S+var) = ((1-X1(9+var)-X1(12+var))/Bg(3*1+2) +
X1(9+var)*Rs(3*i+2)/Bo(3*1+2))*b(4*1+3);

12(10+var.9+var) = (-X1(5+var)/Bg(3*i+2) + Rs(3*i+2)* X 1(S5+var)/Bo(3*i+2))*b(4*1+3).

- 10+var, 1 2+var) = (- X1(5+var)/Bg(3*i+2))*b(4*1+3):

J2(10+var. 16+var) = - ((1-X1(20+var)-X 1(23+var))/Bg(3*1+5) +
X 1(20+var)*Rs(3*1+5)/Bo(3*1+5))*b(4*1+06).
J2(10+var, 1 7+var) = - ((1-X1(21+var)-X1(24+var))/Bg(3*i+5) +
X1(2 1+var)*Rs(3*i+5)/Bo(3*i+5))*b(4*1+7);
(10+var,18+var) = (alpha_res(3.1+2)/Bg(3*1+6) +
al  a res(Li+2)*Rs(3*i+6)/Bo(3 *1+6)) *b(4*i+8):

12(10+var 20+var) = - (-X1(16+var)/Bg(3*1+5) +
Rs(3*1+5)*X 1 (16+var)/Bo(3*1+5))*b(4*1+6):
j2(10+var 2l +var) = - (-X1(17+var)/Bg(3*i+5) +
R 3#1+5)*X1(17+var)/Bo(3*1+5))*b(4*1+7):
12(10+var.23+var) = (XI(16+tvar)/b  3*¥145))*¥b(4*1+06):
12(10+var,24+var) = (X1(17+var)/Bg(3*1+5))*b(4*1+7):

if b(4*i+8) ~=0 % There is inflow cquation
j2(S+var,14+var) = [(i+2)*pret/qret
J2(5+var,18+var) = 1:

clse % There is no inflow equation
J2(5+var.18+var) = (:
end

Jj2(61 var,13+var) = 1;

J2(6+var,15+var) = -
1.75%beta(i+2)*(X1(15+var)*(0.75))*rho3P(4*i1+5)"0.75*mu3P(4*1+5)"0.25:

J2(6+var,25+var) = -1:

if b(4*1+6) ~= 0 % There is annular-to-tubii ~ flow equation
j2(7+var.l4+var) = 1;
Jj2(7+var.13+var) = -1:
) —_

-1
j2(7+var,16+var) = -2*B(1+2)*X 1(16+var)*rho3P(4*i+06):
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clsc % There is no annular-to-tubing flow equation
J2(7+var,16+var) = 1;
'(1 1+var,20+var) = 1;
'(1 1+var.21+var) =
12(12+var.23+var) =
J2(124var,24+var) =

end

tb(4*1+7) ~= 0 % There is annular flow equation
J2(8+var,14+var) = I:
J2(8+var.l 7+var) =
1.75 dlpha(1+7)*(X1(l7+\ ar)0.75)*rho3P(4*1+7)20.75*mul3 P(4*1+7)0.25;
J2(8+var.26+var) = -1:
it h(4*i+6) ~= 0 % Therc is tubir  tflow equation -- there is split cquation
J2(1 T+var,20+var) = 1;

J2(1 T +var 2l +var)  -1:
J12(12+var.23+var) =
J2(12+var24-+var) = -
end
it b(4*1+7) ==_-1 9% Ifflow in annulus is toward toe of well

)2(8+var. 14+var) = -1:
J2(8+var,.26+var) = 1;

end
elscif b(4*1+7) == 0 % There is no annular tlow equation
J12(8+var,1 7+var) = 1; % The value "1" does not affect the results

J2(1 1+var,20+var)
J2(1 1+var2 [ +var)
J12(12+var.23+var)
J12(124var.24+var)
if b(4*i+6) == 0

fl

|
l:
l;
|

J2(8+var,20+var) = 1e-20; % To avoid singularity
12(8+var.23+var) = 1¢-20:
J2(2+var, 1 7+var)  le-20;
J2(2+var,20+var) = le-20:;
J2(2+var.23+var) = 1¢-20:
J2(4+var, 1 7+var) = le-20;
J2(4+var.20+var) = le-20:

j2(4+var.23+var) = le-20;
12(10+var. 1 7+var) = le-20:
12(10+var.20+var) = l¢-20;
J2(10+var,23+var) = le-20:
end
end

end
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tunc =j2:

% Generate jacobian matrix tor Segment N

% This code is developed based on the two phase (oil/gas) model by

% Worakanok Thanyamanta and Chris Johansen.

% "~ ¢ code related to the water phase is originally done by Jivi Liu
%oli at:

O,
0

Y0X1 . Unknown parameters at cach iteration

%beta : Pre-calculated coefticient for tubing tlow calculations
%B : Pre-caleulated coetticient for slot/valve tlow calculations
%013 . Generated zero jacobian matrix

%Bo.Bw,Bg.Rs : Black-oil propertices

%1 13P . Three-phase viscosities

%rho3P  : Three-phase densities

%pret @ Reference pressure

N : Number of segments

%onum_var : Number of unknowns

%Nodes  : Number ot nodes

% rndges : Number of bridges

%b : Bridge indexes

%%

% eturn:

%Jacobian matrix for Scgment N

function tunc =
j3Generator(X 1,beta.B.j3.Bo.Bw.Bg.Rs.rho3P.mu3P pref.N.num_var.Nodes.bridges.b)

J3(L.num_var-17) = X1(num_var-13)/Bo(Nodes-4)y*b(bridges-5):
J3(1num_var-13) = X1(num_var-17)/Bo(Nodes-4)*b(bridges-5):
K l.numJ ar-5) — -X1(num_var-3)/Bo(Nodes-1 y*b(bridges-1):
J3(L.num_var-4) = XHnum_var-2)'Bo(Nodes)*b(bridges):
13(Lnum_var-3) = -X1(num_var-5)/Bo(Nodes-1)*b(bridges-1):
13(Lnum_var-2) — X1(num_var-4)/Bo(Nodes)*b(bridges):

13(2num_var-15) = X1(num_var-11)/Bo(Nodes-3)*b(bridges-3):
13(2.num_var-11) = X1(num_var-15)Bo(Nodes-3)*b(bridges-3);
33(2.num_var-4) = -X1(num_var-2)/Bo(Nodes)*b(bridges):
13(2.num_var-2) - -X1(num_var-4)/Bo(Nodes)*b(bridges):

}(3.num var-17) = X1(num_var-10)/Bw(Nodes-4)*b(bridges-5):
133anum_var-10) — X1(num_var-17). _ »#(Nodes-4)*b(bridges-5):
33(3.num var-5) = -X1(num_var-1)/Bw(Nodes-1)*b(bridges-1);
J3(3.num_var-4) = X1(num_var)/Bw(Nodes)*b(bridges):
j3(3.num var-1) = -X1(num_var-5)/Bw(Nodes-1)*b(bridges-1):
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j3(3.,num_var) = X1(num_var-4)/Bw(Nodes)*b(bridges);

J3(4 um_var-15) = X1(num_var-8)/Bw(Nodes-3)*b(bridges-3):
13(4.num_var-8) = X1(num_var-15)/Bw(Nodes-3)*b(bridges-3):
J3(4.num_var-4) = -X1(num_var)/Bw(Nodes)*b(bridges);
13(4.,num var) =-Xl(num_var-4)/Bw(Nodes)*b(bridges):

= ((1-XT(num_var-13)-XI(num_var-10))/Bg(Nodes-4) + X1(num_var-
13)*Rs(Nodes-4)/Bo(Nodes-4))*b(bridges-5):

j3(7.num_var-13) = (-X1(num var-17)/Bg(Nodes-4) + Rs(Nodes-4)*X 1 (num_var-
17)/Bo(Nodes-4))*b(bridges-5);

33(7.num_var-10) = (-X1(num_var-17)/Bg(Nodes-4))*b(bric :s-5):

13, num_var-5) = - ((1-X1(num_var-3)-X1(num var-1))/Bg(Nodes-1) + XI(num_var-
3)  s(Nodes-1)/Bo(Nodes-1))*b(bridges-1):

J13(7.,num_var-4) = ((1-X1(num_var-2)-X1(num_var))/Bg(Nodes) + X1(num_var-
2)*Rs(Nodes)/Bo(Nodes))*b(bridges):

J3(7num_var-3) = - (-X1(num_var-5)/Bg(Nodes-1) + Rg(Nodes-1)*X1(num_ var-

5)  o(Nodes-1))*b(bridges-1);

J3(7.num_var-2) = (-X1(num_var-4)/Bg(Nodes) + Rs(Nodes)*X [ (num_var-
4)/Bo(Nodes))*b(bridges);

J3(7.num_var-1) = (X1 (num_var-5)/F  Nodes-1))*b(bridges-1):

J13(7.num_var) = -(X1(num_var-4)/Bg(Nodes))*b(bridges):

~—

13(7,num_var-17

—

J3(8.num_var-15) = ((1-XT(num_var-8)-X1(num_var-11))/Bg(Nodes-3) + XT(num_var-
1 1)*Rs(Nodes-3)/Bo(Nodes-3))*b(bridges-23):
jo $.num var-11) = (-X1(num var-15)/Bg(Nodes-3) + Rs(Nodes-3)*X 1(num_var-
15)/Bo(Nodes-3))*b(bridges-3):
j3(8,num_var-8) = -X1(num_var-15)/Bg(Nodes-3)*b(bridges-3);
13(8.num_var-4) = -((1-X1(num_var-2)-X1(num_var))/Bg(Nodes) + X1(num var-
2)*Rs(Nodes)/Bo(Nodes))*b(bridges):
g.num var-2) = -(-X I(num_var-4)/Bg(Nodes) + Rs(Nodes)* X1 (num_ var-
Bo(Nodes))*b(bridges):
13(8.num_var) = -(-X1(num_var-4)/Bg(Nodes))*b(bridges);

j3(5.num_var-7) = [:
(S.num_var-5) = -1.75*beta(N)*(X 1(num var-5)"0.75)*rho3P(bridges-
1)70.75*mu3P(bridges-1)"0.25;

it b(bridges) - 0 % There is annular-to-tubing flow equation
13(6.num_var-7) = -1;
13(6.num_var-6) = 1;
13(6.num_va = "EB(N)*X1(num_var-4)*rho3P(bridges):

else % There is no annular-to-tubing flow equation
J3(6.num_var-7) = 1; % The value "1" does not attect the results
13(6.num_var-6) = 1
J3(6.num_var-4) = 1;
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end

tunc = j3;

Ec ion System and Jacobian System for Stinger Completions:

% nerate function matrix for Segment |

%o This code is developed based on the two phase (oil/gas) model by

% orakanok Thanyamanta and Chris Johansen.

% The code related to the water phase is originally done by Jiyi Liu

%lnput:

%%

%oX1 : Unknown parameters at cach iteration

o . Pre-caleulated coctticient for inflow equations

Copres . Reservoir pressures

© ta . Pre-caleulated coetticient for tubing flow calculations
%alpha  : Pre-caleulated coetticient for annular flowcalculations
“%B . Pre-calculated coefticient for slot/valve flow calculations
% o0,Bw.Bg,Rs : Black-oil properties

¢ u3P . Three-phase viscosities

¢ 03P  : Three-phase densities

%alpha_res @ Liquid holdups in reservoir

0ot : Generated zero function matrix

%opret : Reference pressure

%oqref  : Reference flow rate

%%

%oReturn:

“unction matrix for Segment 1

function func —

f1Generator( X 1.1,pres.beta.alpha.B.Bo.Bw . Bg. Rs.mu3P.rho3P.alpha res.f1 prefigret)

% oil-phase material balance

f1(1) = X1(H*X1(8)/Bo(2) - X1(3)*X1,.,/Bo(1): % At node 1

f1(2) = X1(6)*alpha res(1,1)/Bo(3) - XT(H)*X1(8)/Bo(2) - X1(5)*X1(9)Bo(2):
At node 2 :

% water-phase material balance
f1(3) = X1(4)*X1(11)/Bw(2) - X1¢(
f1(4) = X1(6)*alpha res(2.1)/Bw(3
% At node 2

% Inflow equation

f1(5) = X1(6) - [{1)*(pres( 1) pret - X1(2))*pretrgret;
% Momentum balance for tubing bridge

3EXT10)YBw(1); % At node 1
) - X1
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f1(6) = X1(1) - X1(13) - beta(1y*(X1(3)"1.75)*rho3P(1)"0.75*mu3P(1)"0.25:

% Flow equation for annular-to-tubing bridge

f1(7) = X1(2) - X1(1) - B(Iy*(X1(4H"2)*rho3P(2):

%% Momentum balance tor annular bridge

f1(8) = X1(2) - X1(14) - alpha( )*(X1(5)"1.75)*rho3P(3)"0.75*mu3P(3)"0.25:

% s-phase material balance ~

19 = ((1-X1(&)-X1(HT)*X1(4)/Bg(2) + X1(E)*Rs(2)*X1(4)/Bo(2)) - ((1-X1(7)-

X1 *X1(3)yBg(l) + XK7*Rs(H*X1(3)/Bo(1)); % Atnode |

f1( )= (alpha_res(3.1)*X1(6)/Bg(3) + alpha_res(1.1)*Rs(3)*X1(6)/Bo(3)) - ((1-X1(8)-
XITIN*X1(4)Bg(2) + XT)*Rs(2)*X1(4)/Bo(2)) - (1-XTO)-XT(12N*X1(5)'Bg(2) +
X1TO*Rs(2)*X1(5)Bo(2)): % Atnodec 2

% Split equation

11y = X1(9) - X1(8)

f1(12) = X1(12) - X1(11):

func = 11

%4 Generate function matrix for Segment 2 to N-1

% This code is developed based on the two phase (oil/gas) model by

% Worakanok Thanyamanta and Chris Johansen.

% The code related to the water pl e is originally done by Jiyi Liu

%olnput:
0
0
%o X1 : Unknown parameters at each iteration
% cta . Pre-caleulated coefticient for tubing tlow calculations
%alpha @ Pre-caleulated coetticient for annular flowcalculations
%B . Pre-caleulated coetticient for slot/valve tlow calculations
%ol . Pre-caleulated coetficient for inflow equations
Yopres : Reservoir pressures
%Bo.Bw.Bg.Rs : Black-oil propertics
%mul3P : Three-phase viscositics
ho3P  : Three-phase densities
®galpha_res : Liquid holdups in reservoir
Y : Generated zero function matrix
“opret  : Reference pressure
%oqret @ Reterence flow rate
%oN : Number of segments
%%b . Bridge indexes
0
-0
%oReturn:

% ction matrix for Segment 2 to N-1

function func
f2Generator( X 1.betaalpha.B.Lpr .Bw.E samuldl e 2alpl oresd2p i Nob)
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for 1i=0:23 %for i=0:N-3 (12-3)

% oil-phasc material balance
2(1+var) = XI(16+var)*X1(20+varyBo(3*1+5)*b(4*1+6)...

+ X1 3+vary* X1 (7+var)yBo(3*i+1)*b(4*i+1)...

- X1T(IS+Hvan)* X1 (19+varyBo(3*1+4)*b(4*1+5); %% At tubing node
£2(2+var) = X1 (5+var)* X 1(9+var)/Bo(3*i+2)*b(4*1+3)...

+ X1(I8+var)*alpha_res(1.1+2)/Bo(3*1+6)*b(4*1+8)...

- X1 7Hvar)* X T (2 T+var)/Bo(3*1t5)*b(4*14 7)...

- X1T(16tvary* X 1(20+var)/Bo(3*1+5)*b(4*1+06); % At annular node

% water-phase material balance
2(3+var) = X1(16+tvar)* X 1(23+var)/Bw(3*i4 5)*b(4*1+0)...

+ X1 3+var)* X1 (10+var)/Bw(3*1+1)*b(4*i+1)...

- XT(15+vary*X 1(22+var)/Bw(3*1+4)*b(4*1+5); % At tubing node
2(4+var) = X1(S5+var)* X 1(12+vary/Bw(3¥1+2)*b(4*1+3)...

+ X1(I8+var)*alpha res(2.i+2)/Bw(3*i+6)*b(4*1+8)...

- X1(17+var)*X 1 (24t var)/Bw(3*1+5)*b(4*1+7)...

- XI(16+var)* X 1(23+varyBw(3*1+5)*b(4*1+06):; % At annular node

% Inflow equation
1t b(4*1+8) ~= () %o Inlet flow ¢xists
f2(S+var) = X1(18+var) - (10+2)y*(pres(i+2)/pret - X1(14+var)))*pref/qref:
else %% No inlet flow
f2(5+var) = 0:
end
%% Momentum balance for tubn bric
f2(6+var) = X1(13+var) - X1(25+var) -
betaG+2)*(X1(154+var)” 1.75)*rho3P(4*1+5)0.75*mu3P(4*1+5)°0.25:
% Flow cquation for annular-to-tubing bridge

1f b(4*¥1+6) ~— 0 %o Annular-to-tubing tlow cxists
2(7+var) — X1(14+var) - X1(13+var) - Ba+2)*(X1(16+var)” 2)*rho3P(4*i+6):
clse % No annular-to-tubing flow

f2(7+var) = 0:
f2(1 [ +var) = 0;
f2(12+var) — 0: % No split equation

end
% Momentum balance for annular bric
it b(4*1+7) ~— 0 % Annular flow cxists

f2(8+var) = XI1(14+var) - X (26+var) -
alpha(i+2)*(X1(17+var)” 1.75)*rho3P(4*1+7)70.75*mu3 P(4*1+ 7)" (| " ¥b(4*i+7):
it b(4*1+7) |
if b(4*i+0) ~— 0 % If there is both annular and annular-to-tubing flows
f2(1 1+var) = X 1(20+var) - X1(21+var):
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f2(12+var) = X1(23+var) - X1(24+var): % Split equation

end
elseit b(4*1+7) == -1 % If flow in annulus is toward toc of well
f2(1 1 +var) = 0;
£2(12+var) = 0; % No split equation
end
else % No annular tflow

f2(8+var) — 0:
f2(1 1+var) = 0;
£2(12+var) = 0:
]
% Gas-phasc matenal balance
£2(9+var) = ((1-X1(20+var)-X 1(23+var))*X 1 (16+var)/Bg(3*1+5)...
+ X120 tvar)y*Rs(3*1+5)* X 1(16+var)/Bo(3¥1+5))*b(4*i+0)...
+((1-XT(7+var)-X1(10+var)y*X 1 (3+var)/Bg(3*1+1)...
+ X T(7+var)*Rs(3*1+1)* X 1 (3 +var)/Bo(3*1+ 1))*b(4*1+1)...
- ((1-XT(19+var)-X1(22+van))* X1 (1 5+var)/Bg(3*i+4)...
+ XT(19+tvar)*Rs(3*1+4) ¥ X 1 (15+var)/'Bo(3*¥1+4))*b(4*i+5):

2(10+var) = ((1-XT(9+var)-X H(12+var)*X 1 (5+var)/Bg(3*1+2)...
+ X 1(O+tvar)*Rs(3*1+2)* X 1(5+var)/Bo(3*1+2))*b(4*1+3)...
+ (alpha_res(3.a+2)*X1(18+var)/E  3*i+0)...

+alpha_res(1.4 2)*Rs(3*1+06)* X 1(18+var)/Bo(3*i+06))*b(4*i+8).

S((1-XT(21+var)-X H24+var)* X 1 (1 7+var)/Bg(3*i+5)...

+ XT2T+var)*Rs3*1+5)* X1 (1 7+var)yBo(3*1+5))*b(4*1+7)...
S ((1-XT(20+van)-X1(23+  *XI1(l1o+varyE 3*1+5)...

+ X1(20+var)*Rs(3*i+5)* X 1 (16+var)’ Bo(3*¥1+5))*b(4*1+6);

end

fori=24 %for i=0:N-3 (13-3) (N=14)
var =1%12;
%0 oil-phasc material balance

f2(1+var) = X1(16+var)* X 1(20+varyBo(3*1+5)*h(4¥i+6)...
+ XT3 +tvar)* X 1(7+varyYBo(3*1+1)*b(4*i4 1)...

%o At tubing node

%% At annular node

- X1T(IS5+vary* X1 (19+var)/Bo(3*1+4)*¥b(4*1+5); % At tubing node

f2(2+var) = X1(5+var)* X 1(9+var)/Bo(3*i+2)*b(4*i+3)...
+ X 1(18+vary*alpha res(1.,1+2)/Bo(3*1+06)¥b(4*1+8)...
+ X1(17+var)*X1 = T+var)/Bo(3*i+5)*b(4*i+7)...

- X 1H(16+Hvan)* X 1(20tvary Bo(3*1+5)*b(4*1+06): % At annular node

%0 water-phase material balance
2(3+var) = X1(1o+var)y*X1(23+var)/Bw(3*1+5)*b(4*1+6)...
+ X H3+tvary* X 1(10+varyBw(3*i+ 1 y¥b(4*i+1)...
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- X1(15+van)*X 1(22+varyBw(3*i- *b(4*i+5): % At tubing node
2(4+var) = XI(5+var)*X 1(12+var)/Bw(3*1+2)*b(4*1+3)...

+ X1 (18+var)*alpha_res(2,1+2)/Bw(3*i+6)*b(4*1+8)...

+ X1(17+var)*X [ (24+var)/Bw(3*%i+5)*b(4*1+7)...

- X1(16+var)*X 1(23+var)/Bw(3*i+5)*b(4*1+0): % At annular node

% Inflow equation
f2(5+var) = X1(18+var) - (1(i+2)*(pres(i+2)/pref - X1(14+var)))*pret/gret:

% Momentum balance for tubing bridge
f2(6+var) = X1(13+var) - X1(25+var) -

be  i+2)¥(X1(15+var)*1.75)*rho3P(4*i+5)0.75*mu3P(4*i+5)0.25:
% Flow equation for annular-to-tubing bri¢

W(7+var) = X1(14+var) - X1(13+var) - B(i+2)*(X1(16+var)*2)*rho3P(4*i+0):
% Momentum balance for annular bridge

2(8+var) = - X1(14+var) + XI1(26+var) -
alpha(i+2)*(X1(17+var)"1.75y*rho3P(4*i+7)"0.75*mu3P(4*1+7)"0.25*b(4*147):

% Gas-phasc material balance
£2(9+var) = ((1-X1(20+var)-X 1(23+var))*X 1 (16+var)/Bg(3*1+5)...
+ X1 (20+var)*Rs(3*1+5)*X 1 (1 6+var)/Bo(3*1+5))*b(4*1+0)...
+ ((1-X1(7+var)-X 1 (10+var))* X 1 (3+var)/Bg(3*i+1)...
+ X 1(7+var)*Rs(3*i+1)*X 1 (3 +var)/Bo(3*i+1))*b(4*i+1)...
- ((1-XT(19+var)-X 1 (22+var))* X1 (15+var)/Bg(3*i4
+ X1(19+var)*Rs(3*1+4)*X 1 (1 5+var)/Bo(3*1+4))*b(4*1+5): % At tubing node

2(10+var) = ((1-X1(9+var)-X 1 (12+var))¥*X1(5+var)/Bg(3*1+2)...
+ X 1(9+var)*Rs(3*1+2)* X I (5+var)/Bo(3*1+2))*b(4*i+3)...
+ (alpha_res(3.i+2)*X 1 (1 8+var)/Bg(3*i1+0)...
+ alpha_res(1.142)*Rs(3*i+6)* X 1 (18+var)/Bo(3*i+6))*b(4*i+8)...
+ ((1-X1(21+var)-X 1(24+var))*X 1 (1 7+var)/Bg(3*1+5)...
+ X1(21+var)*Rs(3*i+5)* X 1 (1 7+var)/Bo(3*1+5))*b(4*i+7)...
- ((1-X1(20+var)-X 1(23+var), X1(16+var)/Bg(3*i+5)...
+ X1(Q20+var)*Rs(3*¥1+5)* X 1 (1 6+var)/Bo(3*1+5))*b(4*1+0): % At annular node

d

func = 12;

% Generate function matrix for S ient N
% This code is developed based on the two phase (oil/gas) model by
% Worakanok Thanyamanta and Chris Johansen.
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% The code related to the water phase is or’ "nally done by Jiyi Liu

%Input:

()/'0

9%X1 : Unknown parameters at cach itcration

%b : Pre-calculated coefticient for tubing flow calculations
B : Pre-caleulated coetficient for slot/valve flow calculations
%Bo.Bw.Bg.Rs : Black-oil propertics

% 3P : Three-phase viscositics

%rho3P  : Threc-phase densities

2613 . Generated zero tunction matrix

%opret. : Reference pressure

%pbh . Bottomhole pressure

%N : Number of segments

% m_var : Number of unknowns

%Nodes  : Number of nodes

%obridges  : Number of bridges

%%b . Bridge indexes

0
‘0

*oReturn:
%Function matrix for Segment N

function func =
t3Generator(X1,Lbeta.B,Bo,Bw.Bg.Rs.mulP.rho3P.alpha res t3.pres.pref.gret.pbh,N.num_ va
r.Nodes.bridges.b)

%o oil-phase material balance

f3(1) = XI(num_var-12)*X1(num_var-9)'Bo(Nodes-5)*b(bridges-0) - X wm_ var-
3H*X1(num_var-1)/Bo(Nodes-2)*b(bridges-2): % At tubing node

t3(2) = X1(num_var-2)*alpha_res(1.N)/Bo(Nodes)y*b(bridges) - X1(num var-
1H*X (num var-8)/Bo(Nodes-4)*b(bridges-4); % At annular nodce
*water-phasc material balance
t3(3) = XT(num var-12)*X1(num ' -7)/Bw(Nodes-5)*b(bridges-0) - X1(num var-
3)*XT(num_ var)/Bw(Nodes-2)*b(bridges-2): % At tubing nodc
£3(4) = XI(num_var-2)*alpha_res(2,N)/Bw(Nodes)*b(bridges) - X1(num var-
1T*X 1 (num_var-6)/Bw(Nodes-4)*b(bridges-4): 0% At annular node

% Inflow cquation

£3(5) = X1T(num_var-2) - IN)y*(pres(N)/pref - X 1(num_var-4)y*pret/gret:
% Momentum balance for tubing bric >

£3(6) = X1(num_var-5) - pbh/y - peta(NY*(X 1 (num_var-3)" 1.75)*rho3P(bridges-
2Y0.75*mulP(bridges-2)70.25;

% Gas-phase material balance

108



|
|

f3(7) = (1-XT(num var-9)-X1(num var-7))*X1(num_var-12)/Bg(Nodes-5) +
XI(num_var-9)*Rs(Nodes-5)*X I(num_var-12)/Bo(Nodes-5))*b(bridges-0)
- ((F-XT(num var-1)-X1(num_var))*XI(num_var-3)/Bg(Nodes-2) + X1(num_var-
*Rs(Nodes-2)*X 1 (num_var-3)/Bo(Nodes-2)y*b(bridges-2): % At tubing node
t3(8) = (alpha_res(3.N)*X1(num_var-2)/Bg(Nodes) +
alpha_res(1.N)*Rs(Nodesy*X 1(num_var-2)/Bo(Nodes))*b(bridges)...
- ((1-XT(num_var-8)-XI(num_var-6))*XI(num_var-11)/Bg(Nodes-4) + X1{num_var-
8)*Rs(Nodes-4)* X1 (num_var-11)/Bo(Nodes-4))*b(bridges-4): 9y At annular node

func = 3:

% nerate function matrix for Segment 2 to N-1

% This code is developed based on the two phase (oil/gas) model by

% Worakanok Thanyamanta and Chris Johanscen.

% The code related to the water phase is originally done by Jiyi Liu

Yolnput:
0,
[}]
%0X1 : Unknown parameters at each iteration
%%beta : Pre-calculated cocfticient for tubing flow caleulations
%alpha  : Pre-calculated coetticient for annular flowcalculations
o . Pre-calculated coefticient for slot/valve flow calculations
Y%l : Pre-calculated coefficient for inflow cquations
Yopres : Reservoir pressures
%Bo.Bw.Bg.Rs : Black-oil propertics
Yomu3P : Three-phase viscosities
Yorho3P  : Three-phase densities
%9alpha_res : Liquid holdups in reservoir
%ot2 : Gencerated zero function matrix
Yopref . Reference pressure
Yoqret  : Reference tlow rate
%N : Number of segments
%ob . Bridge indexes
0.
0
YoReturn:

YoFunction matrix for Segment 2 to N-1

function func =
f4Generator(X |.betaalpha.B.1pres.Bo.Bw . Bg.Rs.mu3P.rho3P.alpha res.f4.pref.gref.N.b)

w =25 %tor1=0;N-3 (12-3)
var = (1-25)*9;

2%y oil-phase material balance
fA(1+var) = XT(15+12*¥24)*X1(19+12*24)yBo(3*i+1)*b(4*1+1)...
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- X1@+Hvart26* 1 2)* X 1(6+vart26*12)/Bo(3*1+4)*b(4*1+5): %4 At tubing node
4 2+var) = -XT(17+12¥ 24 * X [ (2 1+12%24)/Bo(3*1+2)*b(4*1+3)...

+ X 1(S+vart26*12)*alpha_res(1.a+2)/Bo(3*1+6)*b(4*1+8)...

+ X1 (4+vart26* 1 2)*X 1 (7+var+26*12)/Bo(3*1+5)*b(4*1+7); % At annular node

%, water-phase material balance
3tvar) = XTIS+HI2*¥24)* X 1(22+]12%24YBw(3*i+ 1 )*b(4¥1+1)...
- XTE@+Hvar+26% I 2)* X T(8+var+26* 1 2)/Bw(3*i+4)*b(4*1+5): %9 At tubing node
fd(d+var) = -X1(17+12*%  *X1(24+ HYBw(3*1+2)*¥b(4*1+3)...
+ XIS tvar+26*12)*alpha res(2.i+2)/Bw(3*i+0)*b(4*1+8)...
+ X1 (4+vart26* 1 2)*X [ (9+tvar+26* 1 2)/Bw(3*1+5)*b(4*1+7); % At annular node

% Intflow equation

fAH(S5+var)  XI(S+vart26*12) ...
- (1+2)*(pres(i+ 2)/pret - XT(2+var+26*12)))*pret/qret:

%% fomentum balance for tubing bridge
f4(6+var) = X1(I+vart26*12) - XI{(10+var+26*12)...
- beta(i+2)* X T(3tvar+26*12)°1.75*rho3P(4*1+5)°0.75*mu3 P(4*i+5)70.25:

%% Momentum balance for annular bric

fA4(7+var) = X1(11+var+26*12) - X1(2+var+26*12)...
- alpha(+2)* X 1 (d+var+26* I 2)M . 75%rho3P(4*1+7)70. 75¥mu3 P(4*1+7)20.25%b(4*14 7):

%9 Gas-phasc material balance
fA(8+var) = ((1-XT(19+12*24)-X1(22+12*24))* X T (1 5+12%24)/Bg(3*i+1)...
+ XTT9+12* 24y *Rs(3*1+ 1) * X [ (15+12*%24)/Bo(3*1+1))*b(4*1+1)...
- ((1-XT(0+var+26* 12)-X 1(8+var+26* 1 2))* X 1 (3+var+26*12)/Bg(3*1+4)...
+ X {(6+vart26*¥ 1 2)*Rs(3*¥1+H)* X | (3+var+26*12)/Bo(3*1+4)*b(4*1 1 5); %9 At
1 ing node

tH9+var) = -((1-X T2 T+12%23)-X T 24+ 12*¥24))* X1 (1 7+12*24)/ Bg(3*1+2)...
+ XTI 2F2*R(3*¥ 142X 1(17+12*%24)Bo(3*i+2))*b(4*1+3)...
+ (alpha res(3a+2)* X [(S+var+26*12)Bg(3*1+0)...
+alpha_res(1i+2)*Rs(3*1+6)* X 1(S+var+26*12)/Bo(3*i+06))*b(4*1 £§)...
+((1-XT(7+var+26*12)-X1(9+tvar+ 26¥12))*X 1 (4+var+206* 12)/Bg(3*1+5)...
+ X T(7+var+26* [ 2)*Rs(3*1+5)* X 1 (4+vart26*12)/Bo(3*i+5))*b(4*1+7); %0 At
nular node

end
for i=26:N-3  %for i=0:N-3 (13-3) (N=14)

var = (1-20)*9;



%4 oil-phase material balance
fA4(1+vart9) = X1(3+var+26* [ 2)* X [ (6+vart26* [ 2)/Bo(3*i+ 1) *b(4*i+1)...
- X124 vart 26 12)* X 1(15+var+26* 1 2)/Bo(3*i+4*b(4*i+5): % At tubing nodce
1 24vart9) = - X 1(4+vart26*¥ 1 2)* X 1 (7+var+26*12)/Bo(3*1+2)*b(4*i+3)...
+ X1 (14+var+26* [ 2)*alpha _res(1.1+2)/Bo(3*1+0)*b(4*1+8)...
+ X1T(13+vart26* 12)* X 1(16+var+26*12)/Bo(3*1+5)*b(4*1+7); %o At annular node

%% water-phase material balance
t4(3+var+9) X1 (3+var+26*¥12)* X 1(8+var+26* 12/ Bw(3*i+1)*b(4*1+1)...
- X1T(124var+26% 1 2)*X 1 (1 7+var+26* 1 2)/ Bw(3*i+4)*b(4*1+5): % At tubing node
dtvar+9) = - X (d+var+26* 12)* X 1(9+vart 26% 12)/Bw(3*i+2)*b(4*1+3)...
+ X1(14+vart26* 1 2)*alpha_res(2,1+2)/Bw(3*i+6)*b(4*1+8)...
+ X1T(134+vart26¥12)* X 1(18+var+t26*12)/ Bw(3*1+5)*b(4*1+7): %% At annular node

% atflow equation

f2(5+vart9) = X1 (14+vart20*12) ...
- (1G+2)*(pres(i+2)/pret - XT(1 1+var+26*12)))*pret/gret:

2% Momentum balance tor tubing bridge
f4(6+vart9) = X1(10+var+26*12) - X1(19+var+26*12)...
- beta(i+2)*X 1(12+var+26*12)71.75*rho3P(4*1+5)"0.75*mu3 P(4*14 5)°0.25;

% Momentum balance tor annular bridge

f4(7+var+9) = X1(20+var+20*12) - X1 4var126*12)...

alpha(i+2)*X1(13+var+26*12)" 1.75*rho3P(4*1+7) 0.75*mu3P(4*i+7) 0.2 5%b(4*i+7):

% Gas-phase material balance
t4(8+var+9) = ((1-X1(6+vart26*12)-X 1(8+var+206* 12)*X 1(3+var+20*12)/Bg(3*i+1)...
+ X1(6+var+20%12)*Rs(3*i+4)* X 1 (3+var+26* 1 2)/Bo(3*1+1))*b(4*i+ ...
S((1-XT(15+var+26*12)-X1(17 art26*¥12)*X (1 2+var+26*12)/Bg(3*1+4)...
+ X1(15+var+26*1 2)*Rs(3*i+4)* X 1(12+var+26*12)/Bo(3*i+4))*b(4*1+5): Y0 At
1 ing node

f4(9+var+9) — -((1-X1(7+var+26*12)-X1(9tvar+26* 12))* X [ (d+var+26*12) Bg(3*1+2)...
+ X 1(7+var+26%12)*Rs(3*i+5)* X 1 (4+vart26*12)/Bo(3*i+2)) *b(4*i+3)...
+ (alpha_res(3.i+2)* X1 (14+var+26*12)/Bg(3*110)...
+alpha_res(1i+2)*Rs(3*i+0)*  (14+var+26¥12)/Bo(3*1+6))*b(4*148)...
+ ((1-X1(16+var+26*12)-X1(18+var+26*12)* X 1(13+var+26*12)/Bg(3*1+5)...
+ X1(16+var ~5*12)*Rs(3*1+5)* X 1(13+vart26*12)/Bo(3*i+3))*b(4%i+7): 9 At
nular node

end
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j1(4.4) = -X1(11)/Bw(2);

114.5) = -X1(12)/Bw(2);

j1(4,6) = alpha_res(2.1)/Bw(3):
JH4. 1) = -X1(4)/Bw(2):
J11(4.12) = -X1(5)/Bw(2):
J1(5.2) = I(1)*pret/gret:
j1(5.6) = 1:

6.1y =1:
i106,3) = -1.75%beta( 1)*(X1(3)20.75)*rho3P(1)"0.75*mu3P(1)0.25:
i16.13)=-1:

JH82) =1:
J1(8.5) = -1.75*alpha( 1)*(X 1(5)"0.75)*rho3P(3)"0.75*mu3P(3)70.25:
LK. 14)=-1:

JH9,3) = ~((1-X1(7)-X1(10))/Bg( 1) + X1(7)*Rs(1)/Bo(1)):
11(9.4) = (1-X1(8)-X1(11))/Bg(2) + X1(8)*Rs(2)/Bo(2)):
J1(9,7) = -(-X1(3)/Bg(1) + Rs(N*X1(3)/Bo(1));
J109.8) = (-X1(4)/Bg(2) + Rs(2)*X1(4)/Bo(2)):

jb 10y =X1(3)/Bg(l):

JHO.1 1) = -X1(4)/Bg(2):

1(10,4) = -((1-XT(8)-X1(11))/Bg(2) + X1(8)*Rs(2)/Bo(2)):

i1010.5) = ((1-X1(9)-X1(12))/Bg(2) + X1(9)*Rs(2)/Bo(2)):
11(10.6) = alpha_res(3.1YBg(3 )+alpha res(1,1)*Rs(3)/Bo(3):
ll(lU8)——( X1(4)/Bg(2) + Rs(2)*X 1(4)/Bo(2)):

2)
$1(10.9) = <(-X1(5)/Bg(2) + Rs(2)*X 1(5)/Bo(2)):
J1(10.11) = X1(4)/Bg(2):

J1(10.12) = X1(5)/Bg(2):

jhl
iy
1 - 1:
1 I

~—

8
9
.
N

l\) l\) _—
QD — ~— —
e

il )

ic=jl;

% Gencrate Jacobian matrix for S¢  nent 2 to N-1
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%5 T scodeis developed based on the two phase (o1l/gas) model by
2% Worakanok Thanyamanta and Chris Johansen.
> The code related to the water phase is originally done by Jiyi Liu

%lnput:
0/

0

%X : Unknown parameters at cach iteration

Ot 1 . Pre-calculated coetticient for tubing flow calculations
% a 1a @ Pre-caleulated coefticient for annular flowcalculations
5l . Pre-caleulated cocfticient for inflow cquations

%%B : Pre-calculated coetticient for slot/valve flow calculations
%2 : Gencerated zero jacobian matrix

%Bo.Bw.Bg.Rs : Black-oil properties

Y%n 3P : Three-phase viseo  ties

%orho3P  : Three-phase densities

%. ha res ;o Liquid holdups in reservoir

%opref @ Reference pressure

boqref  : Reference flow rate

®oN : Number of segments

%ob : Bridge indexes

b2

%Return:

Y%Jacobian matrix for Segment 2 to N-1

function func =
j2Generator(X 1beta.alpha.l.Bj2.Bo.Bw.Bg.Rs.rho3P.mu3P.alpha res.pref.gref.N.b)

tor 1=0:23
var = 2%

'(1+var.3+var) - X1(7+varyBo(3*i+1)y*b(4*i+1):
J2(1+var,7+vary = X1(3+var, o0 +D)*bd*i+1):
J12(1+vard S+var) = -XT(19+varyBo(3*i- - *b  “1+5);
J2(Hvar, 16+vary = X T 20+var, ~o(3*1+5)*b(4*146):
J2(1+var 19 var) = -X1(15+var)/Bo(3*i+4)*b(4*1+5):
J2(1+var20+var) = X1(16+varyBo(3*i45)*b(4*1+06):

J12(2+varS+var) - X1H(9+var)/Bo(3*i+2)*b(4*1+3);
J2(2+var9+var) — X1(5+tvar)/Bo(3*i+2)*b(4*1+3):
J2(2+var, 1 6+var) = -X 1(20+var)/Bo(3¥i+5)*b(4*1+6);
J2(2+var, 1 7+var) = -X (2 1+var)/Bo(3*i+5)*b(4*1+7):
J2(2+var I8+var) alpha res(1.i+2)/Bo(3*i+6)*b(4*i+8):
J2(2+var20+4var) = - X1 (16+var)/Bo(3*i+5)*b(4*i+06):
J2(2+var21+var) = -X 1 (1 7+var)/Bo(3*i+5)*b(4*147):

0
[\]
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j2(3+var,3+var) = X1(10+var)/Bw(3*1+1)*b(4*i+1):
j2(3+var, 10+var) = X1(3tvar)/Bw(3*i1+1)*b(4*i+1):
J2(3+var.15+var) = -X1(22+var)/Bw(3*1+4)*b(4*i+5);
J2(3+var,16+var) = X 1(23+var)/Bw(3*1+5)*b(4*1+0);
J2(3+var.22+var) = -X1(15+var)/Bw(3*1+4)*b(4*1+5);
J2(3+var,23+var) = X1(16+var)/Bw(3*i+5)*b(4*i+0);
Jo HvarS+var) = X1(12+var)/Bw(3*142)*b(4*143);
j2(4+var,12+var) = X1(5+var)/Bw(3*1+2)*b(4*1+3);
j2(4+var, 16+var) = -X 1(23+var)/Bw(3*1+5)*b(4*1+6):
J2(4+var, 1 7+var) = -X1(24+var)/ Bw(3*1+5)*b(4*1+7);
J2(4+var,18+var) = alpha_res(2,i+2)/Bw(3*i+6)*b(4*i+8):
J2(4+var.23+var) = -X1(16+var)/Bw(3*1+5)*b(4*1+06);
j2(4+var,24+var) = -X1(17+var)/Bw(3*i+5)*b(4*1+7),

0/
/0

J12(9+var,3+var) =
X1(7+var)*Rs(3*i+1
J2(9+var,7+var) = (-
12(94var, | O+var) =

(1-X1(7+var)-X1(10+var))/Bg(3*i+1) +

/Bo(3*1+1))*¥b(4*i+1);

-X1(3+var)/Bg(3*i+1) + Rs(3*i+1)*X1(3+var)/Bo(3*1+ 1 )*b(4*1+1):
(-X1(3+var)/Bg(3*i+1))*b(4*i+1);

(
)

12(9+var, 1 5+var) = - ((1-X1(19+var)-X1(22+var))/Bg(3*1+4) +
X 19+var)*Rs(3*i+4)/Bo(3*1+4))*b(4*1+5);

12¢9+var, 1 6+var) = ((1-X 1(20+var)-X 1(23+var))/Bg(3*1+5) +
X 20+van)*Rs(3*1+5)/Bo(3*i+5))*b(4*1+06):

(9+var.19+var) = - (-X1(15+var)/Bg(3*1+4) +
Rs(3*i+4)*X 1 (15+var)/Bo(3*i+4))*b(4*1+5):
J2(9+var,20+var) = (-X1(16+var)/E 3*1+5) + Rs(3*i+5)*X 1(16+var)/Bo(3*i+5))*b(+*i+0):

J2(9+var,22+var) = (X 1(15+var)/Bg(3*1+4))*b(4*i+5);
J2(9+var,23+var) = (-X1(16+var)/b  3*i+5))*b  i+0);

J2(10+varS+var) = ((1-X1(9+var)-X1(12+var))  5(3*i+2) +
X1(9+var)*Rs(3*1+2)/Bo(3*i+2))*b(4*1+3);

J2(10+var.9+var) = (-X 1(S+var)/Bg(3*1+2) + Rs(3*i+2)*X 1(S+var)/Bo(3*1+2))*b(4*i+3):

J2010+var. 1 2+var) = (-X 1(5+var)/Bg(3*1+2))*b(4*1+3):

J2(10+var,16+var) = - ((1-X1(20+var)-X1(23+var))/Bg(3*1+5) +
X120+vary*Rs(3*1+5)/Bo(3*1+5))*b(4*i+06);

J12(10+var,17+var) = - ((1-X1(21+var)-X1(24+var))/Bg(3*i+5) +
X2 1 +van*Rs(3*1+5)/Bo(3*1+5))*b(4*i+7);

J2(10+var,18+var) = (alpha res(3.1+2)/Bg(3*i+6) +
alpha res(1i+2)*Rs(3*1+6, L o(3*1+6))*b(4*1+8);
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J2(10+var20+var) = - (-X1(16+var)/Bg(3*1+5) +
Rs(3*i+5)*X1(16+var)/Bo(3*i+5))*b(4*1+06):

j2(10+var21+var) = - (-X1(17+var)/Bg(3*1+5) +

Rs(3*1+5)*X 1 (1 7+var)/Bo(3*1+5))*b(4*i+7):
J2(10+var,23+var) = (X1 (16+var)/Bg(3*1+5))*b(4*i+6):
J.o 10+var24+var) = (X1(17+var)/Bg(3*1+5))*b(4*1+7):

J2(S+var [4+var) = I(i+2)*pref/qret:
J2(S+vard8+var) = 1:

J2(6+var,13+var) =
J2(6+var.] S5+var)

l.75*beta(i+2)*Xl(l m)A() 75*rho3P(4*1+5)°0.75*mul3P(4*1+5)°0.25;
)=

T 6+var,25+tvar

J12(7+var. 14+var) = 1:
J2(7+var, 1 3+var) = -1:
J2(7+var l6+var) = -2*B(i+2)* X [ (10+var)*rho3P(4*1+6):

J2(8+var,14+var) = 1:
12(8+var, 1 7+var) — -
1.75%alpha(i+2)*X1(17+var)”0.75*rho3P(4*1+7)"0.75*mu3P(4*i+7)"0.25:
~ 8+var.26+var) = -1

J12(1 I+var,20+var) — [

J2(1 T +var 21 +var) = -1;
J2(12+var23+var) = 1:
J2(12+var,24+var) = -1:

end

for i=24
var = 12%;
J2(1+var3+var) = X1(7+var)/Bo(3*i+1)*b(4*14 1):
J2(1+var. 74var) = X1(3+var)/Bo(3*i+1)*b(4*i+1):
J2(1+var 1 5+var) = -X 1(19+var)/Bo(3*i+4)*b(4*i+5):
J2(1+var 16+var) = X1(20+var)/Bo(3*i+5)*b(4*1+6):

J2(1+var, 19+var) = - X 1(15+var)/Bo(3*i+4)*b  i+5):
12(1+var.20+var) = X1(16+var)/Bo(3*1+5)*b( +0):
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Y+var.5+var) = X1 (9+var)/Bo(3*1+2)*b(4*1+3):
i2(2+var.9+var) = X1(5+var)/Bo(3*i+2)*b(4*1+3):
i2(2+var.] 6+var) = -X 1(20+var)/Bo(3*1+5)*b(4*1+6):
12(2+var,l 7+var) = X1(2 1+var)/Bo(3*i+5)*b(4*1+7):
j2(2+var,18+var) = alpha_res(1.i+2)/Bo(3*1+6)*b(4*1+8):
Y+var,20+var) = -X1(16+var)/Bo(3*1+5)*b(4*i-+6);
O4var,21+var) = X1(17+var)/Bo(3*i+5)*b(4*i-+7);

Il

)
J
J
J
J
]
]

C

j2(3+var,3+var) = X1(10+var)/Bw(3*i+1)*b(4*i+1);
j2(3+var, 10+var) = X1(3+var)/Bw(3*i+1)*b(4*i+1):
12(3+var, I 5+var) = -X1(22+var)/Bw(3*i+4)*b(4*1+35).
j2(3+var,16+var) = X1(23+var)/Bw(3*i+5)*b(4*i+06):
J2(3+var,22+var) = -X1(15+var)/Bw(3*i+4)*b(4*i+5).
J2(3+var.23+var) = X1(16+var)Bw(3*i+5)*b(4*1+06):
J2(4+var,5+var) = X1(12-+var)/Bw(3*1+2)*b(4*1+3):
J2(4+var,12+var) = X1 (5+var)/Bw(3*i+2)*b(4*i+3):
j2(4+var.16+var) = -X1(23+var)/Bw(3*i+5)*b(4*1+06):
J2(4+var. 1 7+var) = X1(24+var)/Bw(3*i+5)*b(4*i+7):

(44+var,23+var) = -X 1 (16+var)/Bw(3*i+5)*b(4*1+6):

)=
)=
)
'(4+var,18+var) = alpha_res(2,i+2)/Bw(3*i+6)*b(4*1+8);
)=
J2(4+var,24+var) = X1(17+var)/Bw(3*i+5)*b(4*1+7):

%

12(9+var,3+var) = ((1-X1(7+var)-X1(10+var))/Bg(3*1+1) +

X 1(7+var)*Rs(3*i+1)/Bo(3*1+1))*b  “1+1):
j2(9+var.7+var) = (-X1(3+var)/Bg(3*i+1) + Rs(3*i+1)*X1(3+var)/Bo(3*1+1))*b(4*i+1).
12(9+var, [0+var) = (-X1(3+var)/E  3*i+1))*b(4*1+1):

J2(9+var. 1 5+var) = - ((1-X1(19+var)-X1(22+var))/Bg(3*i+4) +
X1(19+var)*Rs(3*i+4)/Bo(3*i- 4*1+5);

j2(9+var. 1 6+var) = ((1-X1(20+var)-X1(23+var))/Bg(3*1+5) +
X1(20+var)*Rs(3*1+5)/Bo(3*1+5))*b(4*1+6):

J2(9+var, 19+var) = - (-X1(15+var)y/Bg(3*i+4) +
Rs(3*i+4)*X [ (15+var)/Bo(3*i+4))*b(4*1+5);
J2(9+var.20+var) = (-X1(16+var)E  3*1+5) + Rs(3*1+5)*X 1 (16+var)/Bo(3*i+5))*b(4*i+6);

J2(9+var,22+var) = (X 1(15+var)/Bg(3*i+4))*b(4*i+5);
12(9+var,23+var) = (-X1(16+var)/Bg(3*i+5))*b(4*i+06).

j2(10+var,5+var) = ((1-X1(9+var)-X1(12+var))/Bg(3*1+2) +

X 1(9+var)*Rs(3*1+2)/Bo(3*1+2))*b(4*i+3);
J2(10+var,9+var) = (-X1(5+var)/Bg(3*i+2) + Rs(3*¥1+2)* X 1(S+var)/Bo(3*i+2))*b(4*1 +3).
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J12(10+var 1 2+var) = (-X 1(S+var)/Bg(3*i+2))*b(4*1+3):

12(10+var 16+var) = - (1-X1(20+var)-X1(23+var))/Bg(3*1+5) +
X1 "9+var)*Rs(3*1+5)/Bo(3*1+5))*b(4*i+6):

) O+vard7+var) = ((1-X1(21+var)-X 1(24+var))/Bg(3*145) +
X1(2T+var)*Rs(3*¥1+5)/Bo(3*1+5))*b(4*1+7):

J2(10+var, 18+ var) = (alpha_res(3.142)/Bg(3*1+6) +
alpha res(1.1+2)*Rs(3*1+6)/Bo(3*1+6))*b(4*1+8):

T H0+var,20+var) = - (-X1(16+var)y/Bg(3*i+5) +
Rs(3*1+5)* X 1 (16+var)/Bo(3*1+5))*b(4*1+06):
J2(10+var 21 +var) = (-X1(17+var)/Bg(3*i+5) +
Rs(3*¥1+5 X 1 (1 7+var)yBo(3*1+5))*b(4*1+7):
J12(10+var,23+var) = (X1(16+var)/E  3*1+5))*b(4*1+0):
12010+ var.24+var) = -(X1(17+var)/Bg(3*1+5))*b(4*1+7):

J2(S+var 1 4+var) = [(1+2)*pret/gret;
J2(5+var 1 8+var) = 1;

J2(6+var,13+var) = 1:
J2(6+var,15+var) = -
1.75*beta(i+2)* X 1(15+var)*0.75*rho3 P(4*i+5)0.75*mul3P(4*i+5)70.25:
H6+var,25+var) = -1

J2(7+var.ld+var) — 1:
j2(7+\'lll', 1 3+\'Lll') =-]:
J2(7+var, L 6+var) - -2*¥B(i+2)*X 1 (16+var)*rho3P  fi+6):

)2(8+var, 1 7+var) = -

1.75*alpha(i+2)* X 1(17+var)*0.75*rho3P(4*14+7)"0." . ‘mu3P(4*i+7)"0.25:
j
]

J2(8+var.l 4+var) = -1:
J2(8+var.26+var) = 1:

%% Generate Jacobian matrix for S~~ment N

% This code is developed bac on the two phase (oil/gas) model by

% Worakanok Thanyamanta and Chris Johansen.

% The code related to the water phase is originally dc by Jiyi Liu
Y% lnput:
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[V
0

%o . Unknown parameters at cach iteration

Yobeta . Pre-caleulated coetficient for tubing flow calculations
“%B . Pre-calculated coefticient for slot/valve flow calculations
%3 : Generated zero  :obian matrix

°B Bw.Bg.Rs : Black-oil propertics

Somu3P . Three-phase viscosities

%orho3P  : Threc-phase densities

%opref  : Reference pressure

%N : Number of segments

®onum_var : Number of unknowns

%Nodes  : Number of nodes

Ybridges : Number of bridges

%ob : Bridge indexes

%%

%oReturn:
%. obian matrix for Scgment N

function func =
j3Generator(X 1,Lbeta.B,j3.Bo.Bw,Bg,Rs.;rho3P.mu3P.alpha_res,pres.prefigret.N.num_var,No
des,brndges,b)

J3(Lnum_var-12) = X1(num_var-9)/Bo(Nodes-5)*b(bridges-6):
J3(1.num var-9) = X [(num_var-12)/Bo(Nodes-5)*b(bridges-0):
i3(l.num_var-3) = -XI(num_var-1yBo(Nodes-2)*b(bridges-2):
i3(L.aum_var-1) = -X1(num_var-3)/Bo(Nodes-2)*b(bridges-2):

J3(2.num_var-11) = -X1(num_var-8)/Bo(Nodes-4)*b(bridges-4):
33(2.num_var-8) — -X1(num_var-11)/Bo(Nodes-4)*b(bridges-4);
J3(2.|1um) ar-2) = alpha_res(1.N)/Bo(Nodes)*b(bridges).

J3(3num_var-12) = X1(num_var-7)/Bw(Nodes-5)*b(bridges-06):
j.o daum_var-7) = X1(num_var-12)/Bw(Nodes-5)*b 10 8-6):
13(3.num_var-3) = -X1(num_var)/Bw(Nodes-2)*b(bridges-2):
13(3num_var) — -X1(num_var-3)/Bw(Nodes-2)*b(bridges-2):

13(4.num_var-11) = -X1I(num_var-6)/Bw(Nodes  *b(bridges-4):
J3(4.num var-6) = -X(num_var-11)/Bw(Nodes-4)*b(bridges-4);
J3(4.num var-2) = alpha_res(2.N)YBo(Nodes)*b(bric  :s):

i3(S.num_var-4) — [(N)*pret/gret:
j3(S.num_var-2) = 1:

13(6.num_var-5) — 1:
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13(6.num_var-3) = -1.75%beta(N)*(X 1 (num_var-3)"0.75)*rho3P(bridges-
2)70.75*mu3P(bridges-2)"0.25:

j3(7.num_var-12) = ((1-X1(num_var-9)-X [(num_var-7))/Bg(Nodes-5) + XT(num_ var-
9)*Rs(Nodes-5)/Bo(Nodes-5))*b(bridges-6):

J3(7.num var-9) - (-X1(num_var-12)/E Nodes-5) + Rs(Nodes-5)*X T (num_ var-
12)/Bo(Nodes-5))*b(bridges-06):

J3(7.num_var-7) = (-X1(num_var-12)/Bg(Nodes-5))*b(bridges-0):

J3(7.num_var-3) — - ((1-X1(num_var-1)-XI(num_var))/Bg(Nodes-2) + XI(num _var-
1)* (Nodes-2)/Bo(Nodes-2))*b(bridges-2):

j3(7.num_var-1) = - (-X[{num_var-3)/Bg(Nodes-2) + Rs(Nodes-2)*X1(num_var-
3)/Bo(Nodes-2))*b(bridges-2);

13(7.num_var) = (X1I(num_var-3)/Bg(Nodes-2))*b(bridges-2):

0"2)

J13(8num_var-11) = -((1-X1(num_var-6)-X1(num var-8))/Bg(Nodes-4) + X1(num_var-
8)*Rs(Nodes-4)/Bo(Nodes-4))*b(bridges-4):

j3(8.num_var-8) — -(-X1(num_var-11)/Bg(Nodes-4) + Rs(Nodes-4)*X 1(num  var-
11)/Bo(Nodes-4))*b(bridges-4):

13(8.num var-6) = X1(num_var-11)/Bg(Nodes-4)*b(bridges-4):

33(8,num_var-2) — (alpha_res(3.N)/Bg(Nodes) +
alpha_res(1.N)*Rs(Nodes)/Bo(Nodes))*b(bridges);

%o

func = j3:

%4 Generate function matrix for Segment 2 to N-1

% This code is developed based on the two phase (oil/gas) model by

% Worakanok Thanyamanta and Chris Johansen.

% The code related to the water phase is originally done by Jiyi Liu

% Input:

()/0

%aX1 : Unknown parameters at cach iteration

% cta . Pre-caleulated coeftic for tubing tlow calculations
%ealpha  : Pre-calculated coetticient for annular flowcalculations
%B . Pre-calculated coetticient for slot/valve flow calculations
%%l . Pre-caleulated coetticient for inflow equations

Y%pres . Reservoir pressures

%Bo.Bw.Bg.Rs : Black-oil propertics

¢omulP . Three-phase viscosities

%orho3P  : Three-phase densities

?oalpha_res @ Liquid holdups inre:  -oir

%of2 . Generated zero function  atrix

“opret’  : Reterence pressure
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%qret : Reference flow rate
%oN : Number of segments
%%b : Bridge indexes

%

%Return:

%sFunction matrix tfor Segment 2 to N-1

function func -
j4Generator(X 1.betaalpha.l.B.j4.Bo.Bw.Bg.Rs.rho3P.mu3P.alpha_res.pref.qret.N.bindex):

for i=25 %ofor i=0:N-3 (12-3)
var = (1-25)*9;

% oil-phasc material balance
%o At tubing node

Hl+var, 15+12%24) = X1(19+12*24yBo(3*1+1):
| JA(I+Hvar,19+12%24) = X1(15+12%24)/Bo(3*1+1):
j4(T+var, 3+var+26*12)=-X [(6+vart26*12)/Bo(3*i+1):
J4(1+var, 6tvar+26*12)=- X1(3+var+26*12)/Bo(3*1+4):
% At annular node

H2+var, 17+12%24)=-X1(21+12*¥24)/Bo(3*i+2):
JA2+var, 21+412*%24)=-X1(17+12*24)Bo(3*1+2):
J4(2+var.5+var+26*12)=alpha_res(1.i+2)/Bo(3*1+6):
J4(2+vard+vart26*12)=X [(7+var+26*12)/Bo(3*i+5):
J42+var,7+var+20* 1 2)=X 1{4+var+26*12)/Bo(3*i+5):
% water-phase material balance

% At tubing node

JAG3+Hvar 15+12%¥24)- X 1(22+12%0 /Bw(3*i+1):

J43+var 22 +12*%24)=X1(15+12*24)/Bw(3*1+1 ).

JA3Hvar, 3tvart26*12)=-X1(8+var+26*12)/Bw(3*i+4):

JAB3+Hvar8+vart26*12)=-X1(3+var+26* 12y Bw(3*1+4):
% At annular node

A var, 17412%24)=-X 124+ 12%24) Bw(3%i+2):
JA(4+var,24+12*24)y="X1(17+12*24)/Bw(3*i+2);
JA(4+var, Stvart26*12)=alpha_res(2,i+2)/Bw(3*i+06):
JHAHvardrvart 26%12)=X 1(9+var+20*12)/Bw(3*i+5);
JA4(4+var.9+vart206*12)=X1(4+var+26*12)/Bw(3*i+5):

2% Inflow equation




J4(5+var.S+vart 26%12)=1:
JH(5Hvar2tvar 26%12)=1(i+2)*prefigref;

% Momentum balance for tubing bridge

] O6+var, I+vart26*12)=1:
J14(6+var, 10+vart26*12)=-1:
JH6+var, 3+var+26%12)=-
beta(i+2)*( 175X 1 (3+var+26*12)°0.75)*rho3P(4*1+5)70.75*mul3P(4*1+5)70.25:

%% Momentum balance for annular bric

J4(7+var, T1+var+26*12)=1;
J4(7+var, 2+vart26*12)=-1:
1 (7Hvardtvar+26*12)=-
alpha(i+2)*(1.75* X1 (4+var+26*12)70.75)*rho3P(+*i+7)" 0. 75Fmu3P(4*1+7)"0.25:

2% Gas-phase material balance
%4 At tubing node

K&+var, 19+12%2)=(-X1(15+12*24)/Bg(3*i+ 1)+Rs(3*¥i+1)*X1(15+ 12*24)/Bo(3*1+ 1)):
K8+var, 22+412*%24)=-X 1(15+12*%24)/Bg(3*1+1):
J4(8+var, 15+12%24)=((1-X1(19+12%24)-
X1(22+12%24))/Bg(3*1+1)+Rs(3*¥i+1)* X 1(19+12*24)/Bo(3*i+1)):
JH(8+var, 6+var+12*¥20)=X1(3+vart+12*¥26)/Be(3*1+4)-
Rs(3*1+)y* X 1 (34vart12*26)/Bo(3*1+4);
J4(8+var, 8+vart12*26)=X1(3+var+12%¥26)/Bg(3*1+4):
JH8+var, 3tvart12%26)=-(1-X 1(6+var+ 12*26)-X [(8+var+12*%20))/Bg(3*i+4)-
Rs(3*i+4)y* X 1 (6+vart12%26)/Bo(3*1+4):

% At annular node

JHO+var, 21+H12%24)=(X1(17+12*%24)/Be(3*i+2)-Rs(3*i+2)* X1 (17 +12*24)/Bo(3*i+2)):

J4(9+var, o F12%24)y XI(17+12%24)/Bg(3*142):

JHO+Fvar, 17+12%24) (-(1-XT21+12%24)-X 1(24+12%23))/Bg(3*i +2)-
Rs(3*1+2)* X (2 1+12*24)y/Bo(3*112)).

J4(9+var, S+vart12*20)=(alpha_res(3.+2)/Bg(3*i+6)+
alpha_res(Li+2)*Rs(3*1+6)/Bo(3*1+6)):

J4(9+var, 7Hvart 12*%26)=(-
X1(4+var+12%26)/Bg(3*i+5)+Rs(3*¥1+5)* X1 (4+vart [ 2*20)/Bo(3*1+5));

J4(9+var,9+tvar+12*¥26)=-X1(4+var+12*¥26)/Bg(3*i+5):

J4(9+vard+vart12%26)=(([-X1(7+vart 12*¥26)-X [(9+vart+ 12*¥26))/Bg(3*1+5)+
X1(7+var+12*¥206)*Rs(3*1+5)/Bo(3*1+5)):

end




for i=26:N-3  %for i=0:N-3 (13-3) (N=14)

var = (1-26)*9;
% oi1l-phase material balance
%  tubing node
[+var+9, 3+var+12*26)=X1(6+var+12*¥26)/Bo(3*i+1):
~ l4vart9,6+vart 12*26)=X1(3+var+12*26)/Bo(3*i+1):
J4(1+vart9,12+var+12*26)=-X1(15+var+12*26)/Bo(3*1+4);
J4(T+vart9,15+var+12%26)=-X1(12+var+12*26)/Bo(3*i+4):

% At annular node
o 24vart9, 4+vart12*¥26)=-X1(7+var+12*¥26)/Bo(3*1+2):
14 2+vart+9.7+var+12*26)=-X1(4+var+12*26)/Bo(3*1+2):
J42+vart9,14+var+12*26)=alpha_res(1.i+2)/Bo(3*1+6):
J42+vart+9, 13+vart12*%26)=X1(16+var+12*26)/Bo(3*i+5):
J4(2+vart9,16+var+12*26)=X1(13+var+12*26)/Bo(3*i+5);

%o water-phase material balance

% At tubing node

J4(3+tvart9.3+var+ 12*¥26)=X1(8+var+12*¥26)/Bw(3*i+1):
J43+vart9 8+var+ 12*¥26)=X1(3+var+12*26)/Bw(3*i+1):
J43+vart9,12+var+12*26)=-X1(17+var+12*¥26)/Bw(3*i+4):
“H3+var+9.1 7Hvart 12*¥26)=-X1(12+var+12*¥26)/Bw(3 *i+4):

% At annular node
J4(4+vart9 d+var+ 12*26)=-X1(9+var+12*26)/Bw(3*i+2);
J4(4+vart9.9+vart 12*26)=-X1(4+var+12*26)/Bw(3*1+2);
J4(4+vart9, 14+vart12*26)=  Hsha_res(2.+2)/Bw(3*1+0):
jA(d+vart9, 13+var+12*%26)=X1(18+var+12*26)/Bw(3*i+5):
J4(4+var+9, 18+var+12*%26)=X1(13+var+12*26)/Bw(3*1+5):

% Inflow equation

JHS+vart9, 14+var+12*26
JHSHvart9, 1+var+12*26)=I1(i+2)*pret/qret:

% Momentum balance for tubing bridge

J4(6+vart9, 10+var+12*26)=1:

JHO6+var+9, 19+var+12*26  |:

J4(6+var+9, 12+var+12*26)=-

ta(i+2)*(1.75* X 1(12+vart12*¥26)70.75)*rho3P(4*1+5)70.75*mu3 P(4*i+5)°0.25:

% Momentum balance for annular brid

J4(7+var+9. 20+var+12*26)=1.




J4(7+var+9, 1+var+12*26)=-1:

J4(T7+var+9, 13+var+12*26)=-
alpha(i+2)* 1.75* X 1(13+var+12*¥26)0.75*rho3P(4*¥1+7)%0.75*mu3P(4*i4 7)"0.25;

% Gas-phasc matcrial balance
%  tubing node

C 3 vartY. 6+vart+12*26)=(-X1(3+var+12*26)/Bg(3*i+1)+
Rs(3*i+4)*X 1 (3+var+12*¥26)/Bo(3*1+1)):

J4(8+var+9, 8+var+t12*%26)=-X1(3+var+12*26)/Bg(3*i+1):

J4(8+var+9, 3+vart12*26)=((1-X1(6+var+12*¥26)-X1(8+var+12*26))/Bg(3*i+1)+
X1 +var+12*¥26)*Rs(3*1+4)/Bo(3*1+1));

;o 8+tvar+9, 15Hvart12*260)=-(-X 1(12+var+12*206)/Bg(3*1+4)+
Rs(3*i+4)*X 1 (12+var+12*26)/Bo(3*i+4)):

JA(8+vart9, 1 7+var+12*¥20)=X1{12+var+12*26)/Bg(3*i+4);

JAHRHvart9, 12+vart 12*¥26)= - ((1-X1(15+vard 12*%26)-X1(17+var+12*26))/Bg(3*i+4) +
XI(15+vart12*20)*Rs(3*i+4)/Bo(3*1+4)),

%% At annular node

JHOHvar+9, THvar+12*20)=-(-X 1 (4+var+ 1 2*¥26)/Bg(3*1+2)+
Rs(3*1+5)*X 1 (4+var+12*26)/Bo(3*1+2)):

J4H9+vart9, Otvar+12*¥26)=X1(- ar+12*26)/Bg(3*1+2):

149 +vart9, d+vart 12¥26)=-((1-X 1(7+vart 12*¥26)-X 1(9+var+12*26)) Bg(3*1+2)+
X1(7+var+12*26)*Rs(3*i+5)/Bo(3*1+2)):

H9+vart9, 14+vart]2*26)=(alpha_res(3.i+2)/Bg(3*1+6)+

a 1 res(la+2)*Rs(3*1+6)/Bo(3*1+06)):

JHOtvart9, 16+var+12*%20)=(-X 1(13+var+12*26)/Bg(3*1+5)+
Rs(3*1+5)y* X 1(13+var+12*26)/Bo(3*i+5)).

J4(9+var+9, 18+vart [12*¥26)=-X1(13+var+12*26)/Bg(3*i+5):

JHO+vart9, 13+var+12*¥26)= ((1-X1(16+var+12*¥26)-X1(18+var+12*20)) Be(3*1+5)+
X1(16+vart12*¥26)*Rs(3*1+5)/Bo(3*1+5)):

end

func = j4:
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