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ABSTRACT

Modeling of Multiphase Flow in the Near-Wellbore Region
of the Reservoir under Transient Conditions. (May 2010)
He Zhang, B.En.; B. S., University of Science and Technology of China;
M.S., University of New Orleans
Chair of Advisory Committee: Dr. Gioia Falcone

In oil and gas field operations, the dynamic interactions between reservoir and wellbore
cannot be ignored, especially during transient flow in the near-wellbore region. As gas
hydrocarbons are produced from underground reservoirs to the surface, liquids can come
from condensate dropout, water break-through from the reservoir, or vapor condensation
in the wellbore. In all three cases, the higher density liquid needs to be transported to the
surface by the gas. If the gas phase does not provide sufficient energy to lift the liquid
out of the well, the liquid will accumulate in the wellbore. The accumulation of liquid
will impose an additional backpressure on the formation that can significantly affect the
productivity of the well. The additional backpressure appears to result in a “U-shaped”
pressure distribution along the radius in the near-wellbore region that explains the
physics of the backflow scenario. However, current modeling approaches cannot capture
this U-shaped pressure distribution, and the conventional pressure profile cannot explain

the physics of the reinjection.

In particular, current steady-state models to predict the arrival of liquid loading,
diagnose its impact on production, and screen remedial options are inadequate, including
Turner’s criterion and Nodal Analysis. However, the dynamic interactions between the
reservoir and the wellbore present a fully transient scenario, therefore none of the above
solutions captures the complexity of flow transients associated with liquid loading in gas
wells. The most satisfactory solution would be to couple a transient reservoir model to a

transient well model, which will provide reliable predictive models to link the well



v

dynamics with the intermittent response of a reservoir that is typical of liquid loading in
gas wells. The modeling work presented here can be applied to investigate liquid loading
mechanisms, and evaluate any other situation where the transient flow behavior of the
near-wellbore region of the reservoir cannot be ignored, including system start-up and

shut-down.
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NOMENCLATURE

FVF

user-defined coefficient

total compressibility, psi™

coefficient of Ay, in the expansion of oil accumulation,
STB/(D-psia)

coefficient of Aip, in the expansion of water accumulation,
STB/(D-psia)

coefficient of Ay, in the expansion of gas accumulation,
STB/(D-psia)

frequency of the sine function, D™

permeability, md

pseudopressure, psia’/cp

pressure, psia

period of the sine function, D

oil/water capillary pressure, psia

gas/oil capillary pressure, psia

free gas production rate at standard conditions, scf/D
gas production rate at standard conditions, scf/D

oil production rate at standard conditions, STB/D

water production rate at standard conditions, STB/D
size of the gridblock in radial model

reservoir drainage, ft

wellbore radius, ft

solution GOR, scf/STB

saturation, percentage

transmissibility, STB/(D-psia) or scf/(D-psia) or temperature, °F
timestep, D
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Subscripts

C

g

m

n

0

r

sg

w
Superscripts
n

n+1

Vil

size of gridblock along the x direction, ft

size of gridblock along the y direction, ft

size of gridblock along the z direction, ft

elevation referred to datum (positive downward), ft
gravity, psi/ft

porosity

viscosity, cp

angle, degree

condensate

gas

neighboring gridblock to gridblock n
gridblock

oil

relative

solution gas

water

old timestep

current timestep
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CHAPTER I

INTRODUCTION

Objectives

The goal of this work is to develop representative solutions for transient flow in the near-
wellbore region, later use this modeling solution to investigate phase redistribution in the
near-wellbore region, and apply it to suggest novel methods for liquid-loading problems

in gas reservoirs as well as many other applications.

The Importance of Research
In oil and gas field operations, the effects of the dynamic interactions between reservoir

and wellbore is important, especially during transient flow in the near-wellbore region.

A particular instance of transient flow in the near-wellbore region is the intermittent
response of a reservoir that is typical of liquid loading in gas wells. This particular
instance relates to the transient flow in both the wellbore and the near-wellbore region.
Liquid loading occurs when the reservoir pressure decreases in mature gas fields and the
liquid content of the well and its particular distribution at a given instant in time creates
a backpressure that restricts, and in some cases even stops, the flow of gas from the
reservoir. Liquid loading is an all too common problem in mature gas fields around the
world. In the USA alone at least 90% of the producing gas wells encounter such

problems, at least occasionally.

Such is the importance of liquid loading that the industry has devoted a lot of attention to
the alleviation of the problem using various measures. However, the fundamental

understanding of the associated phenomena is still surprisingly weak. This applies not

This dissertation follows the format of Society of Petroleum Engineers Journal.



those in the reservoir. The classical way of dealing with these interactions is through
inflow performance relationships (IPRs) where the inflow from the reservoir is related to
the pressure at the bottom of the well, which is related to the multiphase flow behavior in
the well (and in the rest of the production system, if appropriate). The latter is also
usually calculated from steady-state relationships (though these often lack a fundamental
basis). However, a transition from an acceptable liquid loading regime to an
unacceptable one may occur over a relatively short time. Flow at the surface will remain
in mist or annular flow regime till the conditions change sufficiently to exhibit
characteristics of transitional flow. At this point, the well production becomes somewhat
erratic, progressing to slug and churn flow, while following an overall decreasing trend.
As a result, the liquids start to dynamically accumulate in the wellbore, causing
downhole pressure fluctuations. The increasing liquid holdup augments the backpressure

on the formation, which ultimately accounts for the well’s death.

The conventional pressure profile in the near-wellbore region of a flowing reservoir
(Fig. 1.1a) is not suitable to characterize the transient phenomena that take place during
liquid loading. The wellbore phase redistribution that occurs during liquid loading
causes the bottomhole pressure to change with time. The frequency and amplitude of
these changes vary with the magnitude of the liquid loading occurrence. If the reservoir
were capable of providing an instantaneous response to the bottomhole pressure
fluctuations, the pressure profile in the near-wellbore region would quickly readjust to
the new wellbore conditions (Fig. 1.1b). However, because of the combination of inertia
and compressibility effects, the reservoir response is not instantaneous and can be
particularly slow for tight formations. A sequence of conventional pressure profiles
(from a to b in Fig. 1) could be assumed, but this would imply a temporary discontinuity
of the pressure function at the wellbore, which is unphysical. Thus, this dissertation
proposes a U-shaped pressure profile (Fig. 1.1¢), which could also explain the possibility

of reinjection of the heavier phase into the reservoir.



Outer Boundary

Current bottomhole
pressure, resulting
from wellbore
phase redistribution

Ufishaped —c

pressure profile

(i

Original
bottomhole pressure

Fig. 1.1—As the well starts to load up with liquid, a backpressure will occur. The fat arrow points to the
minimum pressure existing in the near-wellbore region, where the pressure profile is actually a U-shaped curve
(Zhang et al., 2009).

An integrated model for the multiphase flow in wellbore and reservoir under fully
transient conditions is highly desired by the industry. It can not only apply to the
investigation of liquid loading problems in gas fields, but also to that of disturbed
pressure profiles due to well shut-ins, transient flow in fractures, optimum choice of
injection spots for gas lift operations, and serve other transient conditions due to the

dynamic interactions between wellbore and reservoir.

Structure of the Dissertation

Chapter II gives a detailed state-of-the-art of current modeling approaches adopted by
the industry for the investigation of liquid loading in gas wells, and highlights the limits
of such methods. Then it also reviews past wellbore/reservoir coupling attempts, and the
objective of this work. Finally it presents an overview of the Joint Industry Project (JIP)
on “Liquid Loading in the Operation of Gas Fields: Mechanisms, Prediction and

Reservoir Response,” and explains the role of this work as part of the JIP’s objectives.

Chapter III describes the classical Implicit Pressure Explicit Saturation (IMPES) method

for the numerical simulation of multiphase flow in reservoir systems.

Chapter IV re-derives the linear equations for the IMPES method under different

boundary conditions.



Chapter V presents the blackoil, IMPES reservoir simulator that was developed in
FORTRAN as part of this study, and that was compared with the Eclipse, commercial

software.

Chapter VI presents the results of a numerical modeling effort focused on the
identification of the transient pressure profile in the near-wellbore region under fully
transient conditions. A “U-shaped” pressure profile along the reservoir radius has been
reproduced, whereas the commercial software failed to do so under the same imposed
conditions. The existence of a similar pressure profile can explain the reinjection of the

heavier phase into the reservoir during liquid loading in gas wells.

Chapter VII presents a study on relative permeability hysteresis effects. It is shown that,
as the fluid flowing direction changes at high frequency, the hysteresis effects are

negligible.

Chapter VIII presents the results of the simulations aiming at investigating counter-
current flow in the near-wellbore region by coupling a pseudo-wellbore model in slug
flow regime. The observed counter-current flow indicates that gas flows into the
wellbore, while the liquid is reinjected into the formation, even at the same reservoir

depth.

Chapter IX presents the basic theory to couple a mechanistic wellbore model with a
transient reservoir model (modified after Falcone, 2006), and suggests the need for
integrating a transient wellbore model with the transient near-wellbore simulator

developed as part of this study.

Chapter X proposes an explicit wellbore/reservoir coupling method.



CHAPTER1II

LITERATURE REVIEW

To investigate the multiphase flow in the near-wellbore region, the dynamic interaction
between the wellbore and reservoir is important. Besides modeling other transient
scenarios mentioned before, this work is primarily applied for modeling the liquid

loading problem, so the literature review will be carried out in two parts.

The first part is about current simulation methods currently used in the industry to
identify or predict the onset of liquid loading, including the so-called “droplet model”
and Nodal Analysis. Both of them are based on steady-state flow assumptions and
therefore do not capture the complexity of flow transients associated with liquid loading
in gas wells. The implied shortages suggest the strong need for an integrated modeling of

the wellbore and reservoir under transient flow conditions.

The second part introduces the past efforts to couple wellbore and reservoir models in
literature. An integrated wellbore/reservoir model would assist in studying transient flow
in the near-wellbore region. However, none of the coupled models in public domain

suggest the U-shaped pressure profile introduced in the previous chapter.

Current Models to Predict the Onset of Liquid Loading

Liquid loading is a very popular problem. The understanding of the multiphase flows
associated with liquid loading is still weak. Although major efforts have been made to
predict the flowing conditions at which the well remains out of the liquid loading region,
using the so-called “Turner’s criteria” (droplet model), these do not capture the
dynamics of the loading sequence following its onset. Turner’s criteria are used by

operators to design a production system in such a way that it will flow at gas rates



capable of lifting all liquids out of the well, but they cannot be used to understand how
serious the loading occurrence is or how quickly it will impair production. Another
conventional approach to characterize the dynamic interaction between reservoir and
wellbore is to combine a steady-state or pseudosteady-state reservoir performance model
with a steady-state or pseudosteady-sate wellbore performance model and to determine
the point of stable operating conditions for the integrated system by solving the models
together (Nodal Analysis). However, the realistic transient boundary conditions at the
interface between reservoir and wellbore is not defined appropriately. The following

discussions investigate the disadvantages of the above two conventional methods.

Turner Model (also called “droplet model”)

It is generally believed that liquids are lifted in the gas flow velocity regimes by the
shear stress at the interface between the gas and the liquid before the onset of severe
liquid loading. Turner et al. (1969) analyzed all the upwards and downwards force on a
droplet and developed the concept of “critical velocity.” As the drag force from the gas

upward movement is equal to the weight, the gas velocity is at “critical” (Fig. 2.1).

Drag

Gravity

Fig. 2.1—lllustrations of concepts investigated for defining “critical velocity” (Lea et al., 2003).



The empirical equations for condensate and water are:

_ 4.043(45-0.0031p)"*

Y e e 2.1
(0.0031p)""? D
5.321(67 —0.0031p)"*
y,, =222k SO 2.2)
’ (0.0031p)
where p is the flowing wellhead pressure, psi, and v is the velocity, ft/sec.
Converting the unit to MMscf/D,
3.06PAv
By = T e (2.3)
(T +460)z
2
Introducing A4 = " where d, is the tubing ID in inches, we have
0.0676 pd,; (45—0.0031p)""*
g, = pd, ( B) e 2.4)
(T +460)z (0.0031p)
2 _ 1/4
_0.089%0pd, (67-00031p) ~ (2.5)

qt,w - (T+460)Z (00031]9)1/2

The Turner droplet model is only accurate in the case of surface flowing pressure higher
than 1000 psia. In addition, Coleman et al. (1991) developed a similar relationship for
the minimum critical flow rate for both water and liquid without employing the 1.2

multiplier to fit Turner’s data.

S 3.369(45-0.0031p)"*
e (0.0031p)"?




_ 4.434(67-0.0031p)""*

Vi (00031 )7 T (2.7)
The relative critical gas flow rates for condensate and water are respectively:
0.0563pd? (45-0.0031p)"*
e = (T+460)lzl (00031 p) 2 "o (2.8)
_00742pd, (67-00031p)"" (2.9)

qt,w - (T+46O)Z (00031]7)1/2

The reverse calculation of Eq. 2.3, the critical tubing diameter can be obtained in inches

by Eq. 2.10,

2
i,

3.06P-——, 59.94q (T + 460
g, = 4144 1 g % L (2.10)
g (T +460)z Py,
Nodal Analysis

Nodal Analysis (Mach et al., 1979 and Economides et al. 1994) divides the total well
system into two subsystems at a specific spot called “nodal point”. One subsystem
considers the inflow from the reservoir, through possible pressure drop components;
while the other one considers the outflow system from the surface pressure down to the
nodal point. The Nodal point pressure is calculated and plotted as two independent

pressure-rate curves (Fig. 2.2).

The “backpressure” (Eq. 2.11) is one of the most widely used inflow expressions for gas

well.



qG:C(pr—pfvf) ................................................................... (2.11)

where C is the inflow coefficient, Mscf/(D-psi"), and 7 is the inflow exponent in the

range of 0.5to 1.

Flowing bottom close-up hole pressure

Unstable operation

Stable operation

Minimum rate for
stable flow

The intersections of the IPR and tubing curve are potential operating points
for the well.

Only the intersection at the higher rate that exceeds the minimum rate
is stable and can maintain flow.

Gas rate

Fig. 2.2—Tubing performance curve in relation to well deliverability curve (Lea et al., 2003).

Values for C and n are usually determined by a minimum of four data pairs (g, - p,, ).

However, all the inflow curves are based on the steady- or pseudosteady-state equations.
Nodal Analysis is used to examine the controllable variables, like number of
perforations, surface pressure, tubing size and so on. It can help design the proper gas
flow rate for a tight gas reservoir in order to keep it above the critical velocity and avoid

the liquid loading problem.
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Summary

As illustrated above, both the Turner model and the Nodal Analysis approach assume
steady-state or pseudosteady-state conditions to predict the onset of liquid loading, and
therefore do not capture the complexity of flow transients associated with liquid loading
in gas wells. An integrated model is required to link the well dynamics with the
intermittent response of a reservoir. The shared boundary at bottomhole needs to be
defined dynamically to describe the latter life of the liquid loaded well and accurately,

estimate the productivity loss of liquid loaded gas wells.

The Past Efforts on Integrating Wellbore and Reservoir Models

Several coupled reservoir/wellbore models are capable of handling flow contributions
from different feedzones (Bjornsson and Bodvarsson, 1987; Freeston and Hadgu, 1987;
Hadgu and Freeston, 1990; Aunzo et al., 1991). These models typically ignore the details

of flow in the wellbore or treat it in a very simplified manner.

Hadgu, Zimmerman, and Bodvarsson (1995) published their results with a new module,
COUPLE, which was written to serve as an interface between the reservoir simulator
TOUGH and wellbore simulator WFSA. TOUGH is designed to simulate the coupled
transport of fluid, heat and chemical species for multiphase flow in porous as well as
fractured media. The model is based on the conservation of mass and Darcy’s law. This
3D code can solve the equations of motion by discretizing them in space and time in a
fully implicit manner. It has been widely used for geothermal applications. Also, it has a
deliverability option to evaluate well output based on a specified bottomhole pressure
and productivity index. The wellbore simulator WFSA was developed at Auckland

University, New Zealand (1990). It is a multipurpose geothermal simulator with features
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such as presence of dissolved solids, multiple feedzones, and fluid/rock heat exchange.
However, it can model the flow with the presence of gases. The main assumptions were
made that the flow is steady-state and 1D, the phases are in thermodynamic equilibrium,
fluid properties are constant within a selected depth interval, etc. Further it is essentially
a mechanistic geothermal wellbore model. COUPLE is the interface that makes the
communications between the TOUGH and WFSA modules. The main evaluated and
iterated parameters are mass flow rate and bottomhole pressure. It starts with trial values
of these two parameters and calculates flow parameters up the wellbore through several
feedzones. Once the mass flow rate and the thermodynamic conditions at the wellhead
are reached, the computations are repeated with a new trial bottomhole pressure till the
difference between the specified and calculated wellhead pressures is within an
acceptable limit. The results showed the outputs between the new coupling model and
TOUGH’s deliverability method are quite different, which means the coupled
reservoir/wellbore simulations are generally required. Users need to define the feedzones

in the wellbore, which are not generally used for liquid loading problem.

Cazenave and Dickstein (1996) published a linearized model of well/reservoir coupling
for a monophasic flow with boundary conditions corresponding to oil production at
either a given pressure or at a given flow rate. The rigorously coupled system is a hybrid
of parabolic and hyperbolic nonlinear partial differential equations (PDEs), and its
solution is provided by numerical methods. The coupling requirements are satisfied by
preserving the continuity of pressure and conservation of mass at the sandface. This
model is for monophasic flow, not appropriate to the liquid loading problem as

condensate drops out.

Vicente, Sarica, and Ertekin (2000) developed a fully implicit 3D simulator with local
refinement around the wellbore to solve reservoir and horizontal well flow equations
simultaneously for single-phase liquid or gas cases. The model consists of conservation

of mass, Darcy’s law in the reservoir, and mass and momentum conservation in the



12

wellbore for isothermal conditions. This model can be used to simulate the transient
pressure and flow rate behavior of both the reservoir and the horizontal wellbore.
Further, this model is also capable of predicting the horizontal wellbore storage and
unloading, as well as the flow pattern determination verified by the transient well testing
using pressure derivative curves. Again, this single phase horizontal well/reservoir

simulator is not generally used for liquid loading investigation.

Ali et al. (2005) and Al-Darmaki et al. (2008) experimentally verified the occurrence of
phase redistribution in the wellbore under transient flowing conditions, which leads to
downhole pressure fluctuations that could trigger transient flow in the near wellbore.
Attempts have recently been made to characterize the dynamic interaction between
reservoir and wellbore under transient flow conditions. This experimental work is used

to validate the dynamic interaction at the shared boundary.

Sturm et al. (2004) presented an investigation of unstable production from a vertical,
gas-lifted well tapping into segregated black oil and gas layers. For their study, they
described the two-phase flow in the tubing by means of a drift-flux model, and modeled
single-phase gas flow in the annulus. They characterized the gas and liquid reservoir
inflow by applying the radial Darcy equation to the liquid flow, and the radial
Forcheimer equation to the gas flow. The authors also investigated the reservoir inflow
response to sinusoidal variations of the drawdown and obtained an ellipsis on a plot of

drawdown vs. liquid production. This model simplified the reservoir side.

Dousi et al. (2005) defined metastable gas flow in a liquid-loaded well as the flow that
occurs when a dynamic equilibrium is attained between liquid produced out of the well
and liquid falling downward and being reinjected into the reservoir. This results in a
stable liquid column at the bottom of the well. To mimic the gas metastable flow, they
assumed a reservoir made of two layers, with the top layer producing gas and the bottom

one taking in liquid from the wellbore. They used steady-state relationships to
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characterize both the reservoir and the wellbore. This model assumes steady-state

conditions.

Nennie et al. (2007) simulated the flow from a horizontal well with three inflow sections
located in a thin oil rim, each individually regulated by an inflow control valve (ICV’s).
They used a commercial transient wellbore simulator to mimic the well’s response, and a
full-field numerical reservoir simulator to model the reservoir, including the near
wellbore. Nennie et al. integrated the two simulators by explicit coupling, assuming no
capillary effects in the reservoir. Among their case studies, they included a sinusoidal
ICV setting variation and obtained an ellipsis on a plot of bottomhole pressure vs. mass
rate. This explicit coupling can be the source of diverging problems; for example, it is
hard to make the PVT properties consistent in both reservoir and wellbore software.

Chupin et al. (2007) and Sagen et al. (2007) investigated liquid loading in gas wells by
implicit coupling of a commercial transient wellbore simulator and a near-wellbore
model based on the mass conservation equations and Darcy’s law written for the liquid
and gas phases. However, they did not provide details of the model and solution
procedure. For the coupling, they suggested using “sensitivity coefficients” to be
determined from the size of the near-wellbore region, estimated a priori as a user input.

In fact, it is impractical for field engineers to anticipate the near-wellbore region size.

Through the modeling efforts and related discussions in the previous chapters, an
explicitly integrated model was highly demanded to accurately describe the transient
interaction between the wellbore and reservoir in the near-wellbore region. A
preliminary method was proposed by Falcone (2006) in five steps. The model is based
on the integration between wellbore and reservoir equations via a shared boundary
condition and a well-defined solution procedure that should allow for fully transient

pressure changes in the near-wellbore region. This model was not validated.
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Summary

This literature review shows the efforts that have been made towards a more detailed
characterization of the dynamic interactions between reservoir and wellbore under
transient flow conditions. However, further development and validation is still required,

as none of the past solutions is specifically designed for liquid loading investigation.

The reservoir simulator built as part of this work focuses on multiphase flow in the near-
wellbore region as liquid loading occurs; it captures the transient, U-shaped pressure
profile that responds to bottomhole pressure oscillations due to wellbore phase
redistribution effects. This simulator also describes the possible counter-current flow
rates in the near-wellbore region, with capillary pressure identified to be responsible for
this phenomenon. This simulator will require coupling with a transient wellbore model

in the future.
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CHAPTER III

MULTIPHASE RESERVOIR MODEL

In a multiphase-flow system, multiple equations with multiple unknowns exist for each
gridblock. The final equations set needs to be formulated in several ways, depending on
which unknowns are solved directly from the constraint equations. This formulation
includes combining mass-conservation equations (differential mass balance, or the
continuity equation), equations of state (EOS), and a transport equation. Darcy’s law is
conventionally used with multiphase flow systems to derive the partial differential
equation (PDE). Once it is formulated, several solution methods can be applied to
generate the coefficient matrix and the linear equations. In this work, we used the

implicit pressure explicit saturation (IMPES) method.

The objective of this reservoir simulator is to work under fully transient conditions and
be able to capture the backflow rates as well as the transient pressure distribution along
the radius in the near-wellbore region. The IMPES method obtains a single pressure
equation for each grid block by combining all flow equations for different phases, and
explicitly iterates the saturation, capillary pressure, and transmissibility by Newton-

Raphson algorithm.

Conservation Equation

With the purpose of deriving a general mass-conservation equation, the gas component
is split fictitiously into a free-gas component and a solution-gas component. The
material-balance equation for Component ¢, written over a finite control volume of the

porous reservoir over a time interval At is:

(M), = (M), 48, = (M), e 3.1
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where
(m) =04, s+ Uity d,) o+ (id,). ., e
(m,). =it A, s+, 4,) |+ O, A
s, =( mi, TG, )At

(m,), =V [(m,),, —(m,)]

Bring these definitions into the Eq. 3.1, we have

[(mL)CA’C))C Ax/2+(vaAy)y Ay/2 c Az —Az/Z]At [ L)C r x+Ax/2 cyAy)/HAy/z (mLZAZ) +Az/2] At

g+, W=V, [(m,),. ( )]
[(mcrAx )x+m/2 - (mchx )x—Ax/ 2]_ l(mcyAy )y+Ay/2 - (mcyAy )},,Ay /2 J_ [(mczAz )z+Az /2 (mczAz )Z—Az / 2]

= Bofln ) )], 40,

At
_ |:(mchx )x+Ax/2 (mchx )x Ax/2 j|Ax _ (mCyAy )}”rAy/z B (mcyAy )}’*A)’/2 Ay
Ax Ay
mLZAZ zZ+ mczAz z— V
| Ot e B ) =m0
................................................................................... (3.2)
In differential expression,
0 0 0 0
_“ -= - — - e (33
ax (mchx )Ax ay (mcyAy )Ay 8 (mczAz )AZ V af ( Ve ) (qmtc + qmc) ( )
where ¢ means component (= o, w, g)
Because B, = =P :q—”, m, :% and m, =a,pu,, for different phases, the mass
p(‘ qSC c

balance conservation equation is derived as,
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A
Oll _i AX um _i — 0, y_i AZ uoz :ﬁg ¢s0 qosc
ox | B, ov\ B, “ oz\ B, a, ot\ B,
................................................................................... (3.4)
Water: _i . wx _i — w _i AZ Z/lwz AZ:ﬁa ﬁ _qwsc
ox\ B, ov\ B, " oz\ B, a, ot\ B,
................................................................................... (3.5)
A R
_i AX fx+AXRS uox Ax_i _yuf + . oy Ay_3 AZ fz+AZRS oz AZ
x|(B, * B, B, ¥ B, oz\ B, * A
as:
v, (45, gr.S
=0 D) e % (g 4R,
ac 6t ( Bg BO (q fasc ‘\Q()u)
(3.6)

Taking Darcy’s Law into the above three equations for each phase, and replace the

velocity term,

Darcy’s Law: u, =—f, —* (V . —;/cﬁZ) ................................................. (3.7)
H,
A kk
2 ﬁc Ax kka (apo }/0 a_Zj Ax+i ﬂc_y y ro apo oa_Z Ay
oil. &\ B o4 \ox Ox v\ B, u, \ 0y o)
il:
0 [ g A Kk, (%—%a—zj LA
0z B u \ oz 0z a, ot\ B,
(3.8)
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A kk
i ﬂc Ax kxk"W [% Wa_Zj A_x.}_i ﬁc_y yhw %_ wa_Z Ay
ox\' B, m, \0Ox Ox oy B, u, \ o
L[ g A kzkm(% WG_ZJ LA .
Oz B, u, \ oz 0z a, ot B,
................................................................................... (3.9)
kk, (0
Ol g At e N, g A (%—na—z) Ax
ox\" "B, m, \ox "Fox B, u, \ ox Ox
L0 ﬂi%(%_ G_ZJ R B i%(%_ 6_2] Ay
oyl "B, w, \y "foy) "B ou \dy oy
kk, (¢
E(ﬁci - rg[ pg _yga_zj-i-Rsﬁc AZ kaVO (%_706_ZJJAZ
Oz B, pu, \ oz oz B u \ oz Oz
v, o[4S, gRS
ac 8t ( Bg BO (q fgsc sqosc)
.................................................................................. (3.10)

The set of the above three equations has six unknowns: p,, p,., p P R T and S o

We apply the two constraints:

1.

2.

Phase-saturation constraint

S,+S8,+5, =1

Capillary effects lead to a pressure difference among different phases
F,.(S,)

pW cow
(S,)

=P,
P

cgo

P, =P, T

Usually, water is the wetting phase, oil is the intermediate-wetting phase, and gas is

the nonwetting phase.
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Bringing these two constraints into the previous Eq. 3.8 to 3.10; the unknown variables

are reduced from six to three,

4, k,
i x x m apo_)/oa_zj A.X"’i ﬂc_y ro %_7/08_2 Ay
ox ox oy B u, \ oy oy

aZ B{) lLl() a_C at o
................................................................................. (3.11)
i ﬂ i kxkrw (% _ aB()W _ Y a_Zj Ax
Ox B, u, \ ox Ox 0
Water: + i(ﬂc i%(% _ O _ ! aZDAy
oyl B, u, \y y
O g A Kk (ap,, 0Py _, OZ j LA
oz B, u, \ oz oz 0z .ot\ B,
................................................................................. (3.12)

k.k OP, OP.
iﬂch g 8p0+ Lgﬂ_}/@_Z iR CA k.k,, 8p0+ Cgo_}/a_z Ax
X B, pu, \ oOx Ox ¢ ox

A k k OP A, kk oP
+£ ;e Vg[6p0+ ch_yga_Z]+Rﬁ y m(ﬁpo+ ch_},ga_ZJ Ay
Gas v\ B, u, \y Oy oy B, w, \oy oy oy
k. k OP. oP,
+ i ﬂc Az z g apo + cgo 7g 8_2 + Rsﬂc A kzkro apo + cgo 7g a_Z Az
0z B, u, \ oz 0z 0z B, u, \ oz 0z 0z

) M(& \ ¢R_S] (g, +Ra.)

So far, for any basic flow models, the equations can be expressed in terms of oil pressure

and fluid saturations in the (po -5,-8 g) relationships.
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Now we discretize the multiphase flow equations by a set of Finite Difference Equations

(FDE) with defining the transmissibility, 7 at different directions x, y, and z.

T’ :ﬂ kxAx krc T :ﬂ k,VAy krc T :ﬂ'
cx c Ax ,U B? cy c Ay ,Uc Bc cz c

kZ AZ kl’C
Az u.B

c

Meanwhile, the finite-difference approximation of the second-order partial derivatives in

the x, y, and z directions are:

of of of
“Ax=A ~ A=A f Z Az~ A
ox of oy g Oz S

The above three equations can be simplified for each gridblock (i,j,k) as

1-S —
Oil:  A[T,(Ap, —y,AZ)]= 4 A{(/j( k) )j e (3.15)
o At B, )
Water: A[T,(Ap, — AP, —y,AZ)]|= LA,VSWJ T (3.16)
o At B,
AlT,(ap, + AP,y AZ)|+ AR, -T,(Ap, - 7,AZ)]
Gas: _ 7, \ 4, +Rs‘¢(l—5g—Sw) T TP (3.17)
aAr ' B, B, e

Discretizing the equations in time, the explicit finite-difference equations for all

components in the black-oil model may be written in a compact form:

Oil:  AlT,(Ap, —7,A2)f =2 [V(l %75 )}1 - [MU -4,

o, At B B

o o
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n+l n
Water: A[T,(Ap, — AP, —y AZ)]' = Vi [[ w”} - {ﬂ} J— Dse

alAt|| B, B,
.................................................................................. (3.19)
Al (ap, + AP, —7,AZ)] + A[R, T, (ap, - 7,AZ))
Gas: = V, wg+RAv'¢(l_Sg_SW) ””_ ¢Sg+Rs'¢(1_Sg_Sw) '
aAt|| B, B, B, B,
- (q sese T R, )1
.................................................................................. (3.20)

In comparison, the implicit finite-difference equations for all components in the black-

oil model may be written in a compact form:

a At B

o

Oil:  AlT(ap, —7,A2)" =2 ([ A5, -5, )} - {—(é(l ~%. % )} J ~qu

n+l n
Water: A[T, (Ap, — AP, - ?’WAZ)]"+1 - [[ww} - [ﬁ} ] Drve

Alr,(ap, + 2P, — 7, AZ)" + AR, -T,(ap, —7,A2)]""

cgo

Gas: -~V ku&-ﬂl—sg—sw)} {ﬂgﬁ-vﬁ(l—sg—sw)”

CaAt|| B, B B B

o g 4

- (qusc +R .G, )Hl
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The implicit FDEs are unconditionally stable. Hence the implicit, backward-in-time

discretization is used almost exclusively in modeling black-oil reservoirs.

In the expansion approach of the accumulation terms (Ertekin, 2001),

A = T e (3.24)

where f is the time accumulation term.

Converting it into the form of

A UVXY )= (UVXY )" —(UVXY ) oo, (3.25)
where U = ¢, VEB%, X=R ,andY =§,.
i

Continuing the derivation for the conservative expansion formula,

A, (UVXY)=(VXY)' AU +U" (XY)' AV +UV )" Y"A X +(UVX)"™ A Y

................................................................................... (3.26)
AUZAG=FAD, oeeeiieeiiieeiiiieeiiiieeeieeeeieee e (3.27)
A,V:A,[LHL}% ........................................................... (3.28)

Bl Bl
AXZAR ZRA D, oo, (3.29)
AY ZAS, =8, A Dy e (3.30)

For a three-variable function,

1

. n e (1 1 ntl
_(ESI} Ap+¢ (Sz) AZ(BI]+(¢BIJ AS,

A’|:@j| — (UY)nAlU 4 Un+1 (Y)n AZV " (UV)n+1 AIY
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For a four-variable function,

i

A, {—"ﬂ* S } =(VxY)' AU+U (XY)' AV +(UV)"'Y"A X +(UVX)™ AY

n n+l n+l
nt n 1 1 . 1
RSSJ Ad+o I(RSSI)A,[EH@] S, m{@&j AS,

l i

| —

/

1 1 1

o]

! ! i l

n n+l n+l
npn 1 ' npn nt 1 1 n ¢ ' ¢
=|S/R! [FJ #+S"R! ¢ I(F}S, [—J R, Atpo+[ERsJ A,S,

! Il !

~ ) . L n ' » L ' i n+l ' i n+l
Sl ) oo g e

Now the implicit (backward) finite-difference equations can be in the new form of,

a A t B B osc

c [ o

Oil: A[To (Apo — 70AZ)]H+1 _ Vb [|: ¢(1 - Sw - Sg ):| _ |:¢(1 - Sw - Sg ):| J _ qn+1

Az (ap, - 7,42

n+l
L[{%"‘Wﬁl(éj}(l_ugwn _Sgn)Atpo +(B£j Az(l_Sw _Sg )\Jq;?cl

B acAt 0

n n+l n+l
1 n+ n ] n ] 1
= _RsSl] ¢ Atpo +¢ I(RSSI) At(EJ Atpo + ¢Ej Sl Rs Atpo +(¢ER9] AtSl
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Az (8p, - 7,42

n+l n+l
Vb +1 ¢ ¢ n+l
@" 1-5," -5, — | AS,—-|—| AS,
a At [|: :| )A po (BO j t~w (BO qosc

AT, (Ap, —7,AZ)]"" = ”At[; ¢”“(B H(l—sw" -5, W,p,

n+l n+l
v, V
- : i A)fS’w - : i At‘SYg - q:;:
a At\ B, a At\ B

A compact form is given as:

AT, (Ap, =y, AZ)"™" =C, A,p,+C,A,S, +C,AS, —q"

op t ow =t w og—t-g qosc

V, @ 1
where, C =2 + ¢! -5 "-8"
» acAtI:Bn ¢ (Bo]:l( " £ )

In the same way, the compact forms for water and gas phase are derived.

Water:

n+l
AT (Ap, ~AP,, —y AZ)" =2 {i +¢"! (BLHSW”AJ?D - (BKJ AS J —q!

o At

Y,

n+l
' 1 vV, (¢
AT (Ap, —=AP,, -y AZ)]" =—2— . S A, p, | | AS —q'!
[ w( po 7/0 )] aCAt_B:/ ¢ [Bwj:| w tpo acAt Bw " w qwsc

cow
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AT, (Ap, —AP,, -y, AZ)" =C, A,p, +C,AS, +C,AS, —q"

cow wp =t ww Tt w wg—t-g

................................................................................... (3.35)
where C,, = y [(']5 +¢"”(LJ':|SW"

aAt| B! B,
n+l
C = Vs —
"™ aAt\ B,
ng =0
Gas:
AT (ap, + AP, -y AZ)I" + AR, T, (2p, - y,A2)]"
n+l n
R -gl1-S, -S R -gl1-S -S
_ Vb ¢Sg + s ¢( g W) _ ¢Sg + s ¢( g w) _(qusc +quosc)n+l
aAt|| B, B, B, B,

Alr,(ap, + AP, -y AZ)™ + AR, -T,(Ap, — 7, AZ)]"

0 cgo

LHS:[R{Lw(Lﬂ{Q ]] (Er] asfas ]
a, At B’ B, B, B, B, "*

- ((] fese T Rs q osc )’Hl
Alr,(ap, + AP, -y AZ)™ + AR, -T,(Ap, — 7, AZ)]"

cgo
V , 1 n+l n+l

D N p 2| L[ 2] Rolsrap, 4| LR A,So+lAth
aAt|| | B B, B, B, B,

- (qusc + quosc )’Hl
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Vb ¢' +1 1
— n + n , 1— S" _ S
acAt{ S|:BO" ¢ (Bo } tpo
n+l
Vb ¢ Vb ¢ n+1
acAt [B g J ( ) a, (C] Jese 59 osc )

AT, (ap, + AP, 7 AZ)" + AR, - T, (8p, 7, 0Z)]"

cgo

—_b ¢ n+l ' inﬂ ' _Qn _ gQn
Mt{ { o [jHBJ Rs}(l S-S AP,

n+l n+l
Vb ¢ V ¢ ¢ n+1
—-——| —R AS, + | =R AS — TR
acAt(Bo j o Ar[B (B S~ R

o

Alr,(ap, + AP, — 7, AZ)|" + AR, - T, (Ap, — 7,AZ)]"

cgo

n+l
=C A D, ~CoD S, = CoA S, =g i (3.36)

gwtTw gt g

n+l
v, @' 1 é
where C, =—2— | —+¢""'| —['[R' +| =—| R 'HI-S"-8"
« acAt{B;’ / (BOH ° (BJ }( L= 5t)
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C,W=——b iRs
¢ a,At\ B,
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“ qAt\ B, B,

n+l 7+1

e = (qusc + quosc>
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The objective of the IMPES method is to obtain a single pressure equation for each grid

block by combining all flow equations to eliminate the saturation unknowns, which

means capillary pressure and transmissibilities are evaluated explicitly (at time level n).

IMPES Method for Three-Phase Black-Oil Model

Summarizing the explicit transmissibilities, flow rates, and capillary pressures, these

equations for gridblock » are:

Oil:  A[7,(Ap, -y, AZ)"" =C,A,p, +C, AS, +C,AS, —q.

ow—t~w og—t g

Water: A[T,(Ap, — AP, —y,AZ)" =C, A,p, +C, AS, +C,AS, —q.

cow ww—t wg—t

Alr,(ap, + AP, —y AZ)™ + AR, -T,(Ap, — 7, AZ)]™

cgo

=C,Ap,+C, AS +C,AS, —q

gt gt g

QGas:

We determine the multipliers 4 and B for water and gas equations respectively,

n+l
Bwn

A= me USRNSSR RRPU
(8,-rB,)

n+l
Bgn

B= e U PUU TP ORI
i&—&@ﬁ
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The new material balance equations for water and gas phases are,

A[A[Tw(pr - AE‘OW ]n+1] A Cup t + waAtS + CMgAtS - q:;;l)
................................................................................... (3.42)
e B0, 4R, —y, AZ] AR T (89, - 7,02)] ]
- B(CgPA, ~C,AS, ~C AS, —q")
................................................................................... (3.43)
After summing the Eq. 4.44 to 4.46 and multiplying the term (Bo -RB, ):“ ,
Oil:  A[T,(Ap, -7,AZ)]'"" =C,A,p, +C,AS, +C,AS, —q.
................................................................................... (3.44)
Bn+1
AT, (Ap, —AP, -y, AZ)]"
W( [ ( \D,, cow 7 )] )
Water: "
Bn+1
W(CWA,PO +C,AS,+CLAS, - qo";cl)
................................................................................... (3.45)
n+l
W(A[Tg (Apg +AP,, — 7gAZ) "+ AR, T, (Ap, - VGAZ)]M)
Gas: o
Bn+1 p
m(cgp Py~ Coh S, ~CoAS, —qi!)
................................................................................... (3.46)
Left-Hand-Side:

(B, R.B, )" AL (a9, 7,020 + B (AL, (ap, - AR, ~7,02)]")

cow

+ B (A[Tg (Ap, +AP,, —y AZ)" + AR, -T,(Ap, —7,AZ)]"" )

cgo s



Right-Hand-Side:

(8,-R.B,)"(C,A P, +C,AS, +C,AS,

ow t w

+B(C, A p, +C,,A,S, +C, A,S, )
+B(C A p, ~CLAS, —C&éAtS g)
-B,-rB,)"c, +B:"C,, +BIC, W,
+|8,-rB,)"C, +BC,, ~BC,, ]AS
+B,-rB,)"c, +BC,, ~BC, ],

_ _(Bo —RSBg):HC] n+l +B +1q n+l +B +1qg+1
=|(8,-®rB,)"C, +BI'C,, +BC, A p,
_ :(Ba _RSBg)n-*-lq n+l + B’ +1q n+l +B +1qg+1]
+|B,-rB,)"C, +BC,, -BIC, S,
+:(BO—R g)+C +B“C n“ng .
~|(8,-~B,)"c, +BrC,, +B'C, W,
_ :(Ba _RSBg)n-*-lq n+l + B’ +1q n+l +B +1qg+1]
+|8,-rB,)"C, +BrC,, - BC, ]S,
+:(B ~RB,)"C, +BIC,, n”cgg]sg
~|(8,-~B,)"c, +BrC,, +BI'C, A,
_(B —RB )+1q +1+B +lq n+l B:lqg;l]

29
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So the final form is,
(B, - R.B, )" AT, (Ap, —7,A2)" + B2 (A[T, (Ap, ~ AP, —7,A2)]")
+ B (A[Tg (Ap, + AP, — 7, AZ)" + AR, - T, (Ap, - 7,AZ)]"" )

cgo

~|B,-rB,)"C, +BI'C,, +BI'C, Wb, ~|(B, - BB, )" g + B g + B

osc

Applying the control volume finite difference method (CVFD), which is used for the
expansion of the spatial-difference operator at a given gridblock-ordering in

multidimensional space, the above equation is expressed as,

Z {(B _R.B )n+lT L Bm o Bn+1 l o TR nmJ}pn+1

o n,m w o n-WwWnm
mey,
71+1 n+l n+l
(8,-».B,)"C, +B C, +B"C, }
n
- + Z {(B R B )”H‘IT +BI1+1 Tﬂ +Bn+l [Tn (TR ) ]}po n
0 n,m woontwnm g nm o"%s Jn,m
mey,,
7+1 n+l n+l
—|B,-rB,)"C, +B.C, +B C, |l
i+l n n+l n+l n+l n n n
- _(Bo _Rng )n qoscn Bw nqwscn +Bg nqgscn]+ Bw nTw n,m( cowm _})(,‘own)

mey,

(B ~RB )n+1Tn 7_/:’”" +B™ T

o n,m w o n"wnm/’ wWn,m

SOV A O A _
R Y]

v, nev, |+ Bl [

where the subscript  m is the neighboring gridblock to gridblock »
n is the study gridblock
the superscript n is old timestep
n+1 is current timestep

m €y, 1s the study matrix, in a simplified case, only x-

direction

n+l

q&sc

J
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Eq. 3.47 is the formulated form for the final diffusivity equation.

In a simple example of a water/gas two-phase system:

1. The solution-gas/oil ratio, R, , is zero for any pressure and timestep;

2. All the terms with subscript of “o "are zero;
3. No gradational variation;

4. Peyo1s same as Pegy.

The final formulated equation will be simplified as:

n+l n n+l n n+l
Z{B” "TW"”"+B lgnmJ} W m

mey,
n+l n+l n+l n n+l n+l
_[BW nCWPn +Bg+ ncgpn + Z {BW+ nTwnm +B : [ gnm]}JpW n
mey,
[B o Wp + B;angpn ]p [B:;H-lnqwi‘(?n + B;*—lnqgsc ] Z B;-HnTgnn Jm ( CZ” - PCZOn )
mey,

................................................................................... (3.48)

Eq. 3.48 is also derived starting the material balance equation in Appendix A.

Calculating the flow rates between adjacent gridblocks in the three-phase system:

S:L:l—l +—{Z[ an( m :H AmPcZw ;I;zn,mAmZ)]_ CWPn( (:Hln _p;’n)+qfvscn}
wwn | MEY
................................................................................... (3.49)

Sr=s! +—{ Z[ o (ane —?’;,,,mAmZ)]— c, (prt = pr)-C,.. (52 =57 J+ql.,

()g n UNVa
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Calculating the flow rates between adjacent gridblocks in the two-phase system:

s =57+ — AT, (Ap, 7, A2 = C A, + g7

................................................................................... (3.51)
s =50 4 L [T (ap, + AP, — . AZ)] - C A -
g n gn+C_ g\BPy T AL, =7, ~CpBiDy T Gy
88n
n+l n+l
or S;° =1-8.",
................................................................................... (3.52)
Calculating the flow rates between adjacent gridblocks in the three-phase system:
Oil: ¢, =¢'B)" =C,Ap,+C,AS,+C,AS, ~AlT,(Ap, - 7,AZ)]"™
................................................................................... (3.53)

Water: ¢/ =¢/!B!"' =C, A,p,+C,AS, +C, AS, AT, (Ap, AP, —y,AZ)["

ww—t wg Tt

................................................................................... (3.54)
o O SOBI = CuA D, T CUAS, CLAS,
................................................................................... (3.55)

To calculate the water and gas flowrates in the three-phase system explicitly:

q\:l;cl pr t + CuwAtSw A[T'w (pr - }/WAZ)]"H
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gl =Cy A, p, +CuAS, —AlT,(Ap, + AP, -y AZ)|™

gt g cgo

We perform Newton-Raphson iterations on B'" | B B;“n ,R;”n ,C ,C and

o n®"w n? oDy WP n
C,, during each timestep. At the new timestep, the simulator updates all the PVT data

and calculates the maximum relative difference between the new pressure and the
iterative pressure distributions. If the maximum relative error is bigger than the valve
value, 107, the program will go back to re-solve the linear equation according to the new
PVT data. After a certain number of iterations, the valve value will be increased to avoid

the diverging problem. Then the FORTRAN program solves the saturations explicitly.
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CHAPTER IV

CHARACTERIZATION OF BOUNDARY CONDITIONS

In the previous sections, the formulated FDEs were obtained; however, to solve for p’*',

the initial conditions, and the inner and outer boundary conditions must be specified.
Three possible specifications of boundaries are discussed in this section, including fixed
or constant bottomhole pressure, constant influx rate (closed boundary), and constant
pressure drop over time. In the discussion of the inner boundary, the outer boundary is
specified as constant reservoir pressure; in the discussion of the outer boundary, the

inner boundary is specified as constant production rate.

In this section, the subscript n represents the furthest gridblock at the outer boundary
conditions; and the subscript / represents the nearest gridblock at the inner boundary
condition. The matrix coefficients are a, b, ¢, and d in the linear equations. The

derivation starts from the final formulated equation, Eq. 3.47,

S B, -rB )T, BT B (@R e,

mey,

(8,-®rB,)"C, +BIC, +BC

opp won T wpy g - &n -
‘+Z@ SRB )T, BT B T (R,
mey,

_ __[(BO ~RB,)"C, +BC, +BC, ]p
- _(Bo _Rng ):H qucn +B”+1 qmcn +B”+1 q&sc ]+ ZBv’iHnvanm( CZMm _PCZMn)

mey,,

(B, -RB)T, 7o BT S
SN N O | . "(z,-z,)
ey, nev, |+ B [T;mm Verm +(T,R,).. 70, m]
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Rearranging,

{(B _RB )n+1Tn L™ B;Hn [Tgn,,,,,_l + (TORS )Z,n—l J}pml

0 n,n—-1 w n> wn,n-l1 o n-1

(B )n+1 op Bn+1 C Bn+1 C

won T wpy, & n &n

- +(B R B )n+1 Tﬂnnn 1 BVZHnT\:nn 1 B’Hl -T; -1 (TR )nn 1] p:Hn
(B R B )n+1 TO”IHI n B:\lfﬂnTvgnH n Bgﬂ,, Tg” n+l,n (T R )n+1 n]

{(B R B )n+l T Bn+l T" B;H—ln [Tgn i + (T R ' )n ]}an

0 n+l,n W no wna+ln 0" s Jn+l,n o n+l

:—[(BO—RSB )¢, +B.C, +BMC 7 -8, -rB gt +B‘Z+lanvsc"+3;+lnq;cn]

opp won - wpy, g &l oscn
n+l n n n n+l n n n
+ ZBW nTwnm( cowm _])cown)_ z Bg nTg n,m( [Ge( _1)c'g0 )
mey, mey,

+ Z {(B R B )"+1To’7n m;:nm Bv’zﬂnTv:In m;Wn,m _|_B”+l [gnmj_/gnm U S)’””J/Onm]kz Z )

mey,

a, =B, ~RB)'T!,  +B T B (TR

o nn— w o n>wnn-l1 & n,n-1

B,-RB,)"C, +B C, +BC

opy wonwpy, g n 8n
_ n+l n+l n n+l n n
bi =| T (B - R B ) TO n,n-1 + BW nTW n,n-1 + Bg n [Tg n,n—1 + (TORS )"’"_l]
n+l g n n+l n n+l n n
(B R B ) To n+l,n Bw nTw n+l,n Bg n [Tg n+l,n + (TORS )n+1,n ]

:{(B ~RB, )T +BI T+ B [g,,m (7,R, )Zﬂ,n]}

o n+l,n W n” Wn+ln
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d, = —[(Bo -R.B, ):H Copn +BZHnC " +B§+lncgpn on

n+l n+l n n+l n n+l n n n
_[(Bo _Rng )n qascn +Bw nqwscn +Bg nqgscn]+ ZBW nzvn,m( cowm _f)cuwn)

wp

mey,
n+l n n n
- Z Bg nTg n,m (F)Cgom _f)cgon)
mey,
(Bo - RSBg )’Hl Tonn m }/:n m + Bvrtlf+1n]-'\1:ln m :Vn m
+ D oz, -z,)
il " n n N
mevn |+ Bg+ n [Tg n,m ]/gn,m + (T"’RS )n,m ]/O”am ]
..................................................................................... (4.5)
Formulated into the matrix form,
b] C] 0 O pln-H d]n
a, b, ¢, 0 0 p;m d,
anfl bn—l Cnfl prrzli—l1 dr’ll—l
a, b, || p" d,
..................................................................................... (4.6)

Discussion of the Inner Boundary

Constant rate production

Because p, is constant at the outer boundary and d, is constant, the linear equation is not

appropriate for the pressure vector in the left. A modification is made,

n(new) __ gn n+l
dn—l - dn—l - cnpn
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b ¢ 0 0 0 it d/

a, b, ¢ 0 0 Py dy

0 | =

0 0 a,, b, ¢, PZQ d,,

0 0 0 a, b.|| p2 = Ca

If the fluid compressibility is assumed to be zero (all C’s are zero), no capillary pressure,

and the gravity potential is zero, the d; is reduced to

d =B, -R B, g, + B gl + B gl

n

Assuming no gas exists, and the liquid formation volume factor (FVF) is /, the above

equation to calculate the coefficient d is reduced to,

b ¢ 0 0 0 p" — e

a, b, ¢, 0 0| pi 0

0 .=

0 0 a., b, c,l| p 0

0 0 0 a. bl p —¢,.py"
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The last term in the RHS vector is always a non-zero value, so the pressure through the
whole reservoir will change from the initial pressure even at time zero. From the
physical point of view, because of the assumptions on the constant fluid FVF and zero
fluid compressibility, which implies the fluid compressibility is gone, the whole
reservoir appears as a rigid character. In no matter the reservoir drainage area, the outer

boundary feels the inner boundary in no time.

Constant or specified BHP production

At this configuration of the boundary conditions, a similar modification as discussed
above is needed for the first row in the final matrix form. An example is given to

calculate the pressure at time n+1 for a n gridblocks of 1D reservoir.

Carrying on the discussion from the previous matrix form,

b ¢ 0 0 0 i d/

a, b, ¢ 0 0 Py dy

0 0 =

0 0 a., b, c,l| po d,,

0 0 0 a. b.,|l| p dy,—c,,py"

Because we know the pressure at the both boundaries, p; is fixed at the inner boundary
and d; is constant, so this linear equation is not appropriate for the pressure vector. A

modification is made,

AL = @ DI e (4.11)
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b, ¢, 0 0 0 Py d; —a,p"
a; by ¢ 0 0| pi* d;

0 0 | =

0 0 a, b, cLl| pl d,,

0 0 0 a, b.|| pl Y

Using the same assumption as for the previous discussion, if the fluid compressibility is
assumed to be zero (all C’s are zero), no capillary pressure, and the gravity potential is

zero, the d; is reduced to,

di = _[(Bo - Rng ):H q:scn + an:lanvsm + B;an;“’n]

In this boundary condition configuration, no flow rates are in consideration, so all the

d,’s are zero, except at the boundaries. The linear equation is reduced to,

b, ¢, 0 0 0 p;m _azpl”+1
a; by ¢ 0 0| pi* 0

0 0 =

0 0 a., b, cLl| p 0

0 0 0 a. b.|| p —,,py"

These linear equations calculated the required (or resulting) production or injection flow
rates. In the later part of Chapter VI, the simplest case for single gas phase adopted these

boundary configurations.
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Specified pressure gradient at the inner boundary

At the inner boundary, we assume the pressure gradient is known, which means,

dpi,  pi-p/

dx1,z B (xl +x2%

Let,

_ dp1ﬂ,2 _ Py — Dl

= i, " +x2% ...............................................................

Studying the linear equation at the inner boundary while ignoring the accumulation term

d,

at the boundary to make b, = ¢,

n+1 n+l n+l
(8,-RrB,)"C,, +B"C,, +B" C, =0

wp 8P1
................................................................................... (4.16)
71+1 n+l n+l
b _ (Bn _Rng )1 Capl +BW ICWpl +Bg lcgpl
1= 1+l n+ n n+ n n
+(B,-RB )T, + B !, + B [Tg (TR, )2,1]
1+l v n n+l n n+l n n
= {(Bo _Rng )1 Tn 2,1 +Bw lTw 2,1 +Bg 1 Tg 2,1 + (ToRs )2,1]}
=c,
................................................................................... (4.17)

An example is given to calculate the pressure at time n+1 for a n gridblocks 1D
reservoir ignoring the accumulation term at the inner boundary. Because we know the

pressure at the outer boundary, put into matrix form,
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-¢ ¢ 0 0 0] p" Zpl’z
Clz b2 Cz 0 0 p;H dxiz’z
0 .. 0 = ’
0 0 a,, b, c.| pm "
0 0 N N n:rl n-2
1 1 pn 1 d:_l N Cn_lp:+l

With the same assumption as the previous discussion, if the fluid compressibility is
assumed to be zero (all C’s are zero), no capillary pressure, and the gravity potential is

zero, the d; is reduced to,

d, = _[(Bo —RB, );Hl Dosei +BZ+1iqvnvs0i +B;+liq;€i]

In this boundary condition configuration, no flow rates are cosidered, so all the d,’s are

zero, except at the boundaries. The linear equation is reduced to,

1
e, e 0 0 0| pm 1.
a, b, ¢ 0 0 p;m d):)l’z

0 0 an—2 bn—2 cn—2 p},:j;
0 0 0 a. b i

n+l

_cn—lpn

Neglecting the accumulation term at the inner boundary, the final formulated linear

equation is derived at these boundary conditions.
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Discussion of the Outer Boundary

Constant pressure at the outer boundary

This case is discussed in the previous sections. The final formulated equation for

constant production rate at the inner boundary is,

d:(few) d' - Cnp:lHl ................................................................. (4.21)
b, ¢ 0 0 0 17anrl d;
a, b, ¢, 0 0| pi d}
0 0 =
0 O an—2 bn—2 cn—2 p;ﬁ—; d:—Z
0 0 0 a,, b, p:jll d,, — cn—lp:H
................................................................................... (4.22)

Constant flow influx at the outer boundary

This case can be derived from the original Eq. 3.47,

S s R )T BT B @R

& n.m
=
(B _R B )H] C0p +Bn+lncw +B;angpn
n+l
£y {(B ~RB )T, +B T +B;“n[T;nm (TR )nm]} Po
mey,
_[(Bo ~RB,)"C, +B.C, +B" C, |p!,
(B, -r.B, )" g+ B g+ B ¢ S B T (P~ P
mey,

(B,-RrR B )T, y0  +BI T

0 n,m w o n-wnm/’ wnm

n+l T" n n
Z Bg n 8 n, m( Cg" Rgo ) n+l n "
mey,, mey, +Bg T }/g (TR )nm]/()nm
n n,m

& n,m
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Formulated into the matrix form,

b ¢ 0 0 01| p™ df
a, b, ¢, 0 0| pi! d}
0 .. 0 | =

0 0 a, b, c|ph d,
0 0 a, b, ||p" d,

For closed outer boundary, with the assumptions of no capillary pressure, and no gravity

potential, the d, is reduced to,

) + B! C. ]p:n

g n &n

d, = |B,-rB,)"C, +B" C

wp

In this boundary condition configuration, no flow rates are in consideration except at the
inner boundary, so all the rest of d,’s are zero. The linear equation is reduced to this

matrix form,

by ¢ 0 0| prt d

a, b, ¢, 0 0| pi 0
0 =

an—l n-1 cn—l p;ljl1 0

an bn pl};H 0




44

Specified pressure gradient at the outer boundary

At the outer boundary, we assume the pressure gradient is known, which means,

dp,iw Py —Pry

dan B (xn +xn_1)/
' 2

Let,

Studying the linear equation at the inner boundary while ignoring the accumulation term

at the boundary to make a, =b,,

(8,-rB,)"C, +B: C, +BC, =0

op, won T wWpy & n &n
................................................................................... (4.28)
(B,-RB,) "”C +B)' C,, +B!" C,
B R B n+1T0nnn 1+B\Z+171Tv:lnn 1+Bn+1 [Tgn,,n 1 (TR )n n— 1]
"+1 n+ n n+
:{B RB Tn, BwlnTwnnl B l[gnnl (TR)nnl]}
=a
................................................................................... (4.29)

An example is given to calculate the pressure at time n+1 for an n gridblocks 1D
reservoir ignoring the accumulation term at the outer boundary. Because we know the
constant production rate at the inner boundary, we put the formulated equation into

matrix form,
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1 dln
by ¢¢ 0 0 O p" g’
a, b, ¢, 0 0] py" ’
0 .. 0 = "

1 dn—l
0 O an—l bn—l ch—l p}’ll:rl n

1 dpn—l n
0 0 0 =-a, a,l|p"

dxn—l,n

With the same assumption as the previous discussion, if the fluid compressibility is
assumed to be zero (all C’s are zero), no capillary pressure, and the gravity potential is

zero, the d; is reduced to,

dl- = _[(Bo o Rng )Zﬂ q:scn + Bvrﬁlnq;qmn + B;H

n
n qgsc n

In this boundary condition configuration, no flow rates are in consideration, so all the

d.’s are zero, except at the boundaries. The linear equation is reduced to,

d n
b, ¢ 0 0| pr .
a, b, ¢ 0 Ds -
0 .. 0 e =
n+l 0
0 0 an—l bn—l Cn—l pn—l dp,’LI .
0o 0 0 =-a, a,|| p"
dxn—l,n

Neglecting the accumulation term at the inner boundary, the final formulated linear

equation is derived at these boundary conditions.
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Summary

This chapter introduces the theoretical basis on the mass conservation and the
transportation law (Darcy’s equation), and obtains the multiphase difference equations.
IMPES modeling implicitly solves a single pressure equation for each grid block by
combining all the flow equations for different phases and calculates the saturation
explicitly. Identification of the boundary conditions is extremely important and
corresponds to different matrix forms for the solver. All the possible combinations of

different inner and outer boundaries are summarized in Fig. 4.1.

Inner boundary Outer boundary
| I | = T T I
| Specified pressure | G- """ T T T T T T T T T T T —*—| Specified pressure |
| ~ "~ ———_ e —v| |
e \\\ —__::><::— //// e
e e T - T~ P el R
| Specified flow rate | - ——————= o S S — | Specified flow rate |
| | ~—~_ _ -7 T~ _I-»l |
E—— e ——— — — \;‘/\\ ’\/\’\// S S S |
N B S e T~ R O
| Specified pressure | - ——— | Specified pressure I
| | o |
I gradient i EAn = gradient |
| |

| |
L S

Fig.4.1—All the possible combinations of the different boundary conditions.
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Summarizing the equations in matrix form under different boundary conditions

Case 1: Specified pressure at both inner and outer boundaries

b, ¢, 0 0 0 Py dy —a,p!™"
a; by ¢ 0 0 i dy

0 0 e =

0 0 a., b, ol ph d,

0 0 0 a, b.,||p dl, —c,.p)"

b, ¢, 0 0 0 Py d; —a,p!"
a; by ¢, 0 0]|]| pi d;
0 .. 0 N
0 0 a,. b, conl| P d,,
0 0 a, . pr d!

Case 3: Specified pressure at inner boundary and specified pressure gradient at outer

boundary
dn —a n+l
b, ¢, 0 0 0 Py ’ dnzpl
a; by ¢ 0 0 p?l ’
ol .. |= -
1 dn—l
0 an—l bn—l Cn—l p::rl n
n+l dpn—l n
0 0 - an an pn
dxn—l,n




48

Case 4: Specified flow rate at inner boundary and specified pressure at outer boundary

0o 0 0] p
n+l
c, 0 0 2
0 .
a n+l
n-2 n-2 n-2 p,,fz
n+l
an—l n—1 pn—l

n
dl
n
d2
n
dn—z
n n+l
n-1 " cn—lpn

Case 5: Specified flow rate at both inner and outer boundaries

0 0 0 pl"+1
c, 0 0 pé’“

0
n+l
an—l bn—l cnfl pn—l
n+l

a, b,|| p,

d]ﬂ
dy

n
dn—l

Case 6: Specified flow rate at inner boundary and specified pressure gradient at outer

boundary

o 0 0ol p

n+l

c, 0 0 )2

n+l
b c o

0 -a a p;’”
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Case 7: Specified pressure gradient at inner boundary and specified pressure at outer

boundary
—C¢ C 0 0 0 Py i dpl’z
a, b, ¢, 0 0[] p* d;i{z
0 0 = i
0 0 a_, b, c|| p™ g
O O 0 an—l bnfl pgjll n " n+l
dnfl —C,,,lp,,

Case §8: Specified pressure gradient at inner boundary and specified flow rate at outer

boundary
¢, ¢, 00 O] pm ap1.
a, b, ¢, 0 0 py" dxi,’z
0 0 = a3
0 a,, b, c,| p d"
0 0 0 a, b,|| p nl
d,

Case 9: Specified pressure gradient at both inner and outer boundaries

dpln,z
—¢, ¢ 0 0 O pr dx, ,
a, b, ¢, 0 0| p d}
0o .. 0 e |=
0 0 a,. b, c.|p d,
6 0 0 -a, aq, " dp,_.,
dx,,,
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CHAPTER V

BLACKOIL RESERVOIR SIMULATOR

Followed by the previously discussed IMPES model, a multiphase 1D simulator is built
in FORTRAN with black oil PVT correlations. The literature-based PVT correlations are
summarized in APPENDIX B. The software is built in Intel® Visual Fortran Compiler
Integration (version 11.1.038), and the structure can be found in APPENDIX C.

Theory behind ECLIPSE

This self-built software must be validated by well-accepted commercial software before
use. Although the goal of this work is to model the multiphase flow under transient
conditions, this FORTRAN simulator must be able to repeat the identical results in large

scale and with larger timesteps.

Eclipse 100, developed by Schlumberger, is one of the most popular and accepted
commercial softwares in industry. It is also a blackoil simulator with the capacity of
using the IMPES method; thus, Eclipse 100 is chosen to validate this FORTRAN

simulator.

In Chapter 22 of the ECLIPSE User Manual (v. 2008.2), the non-linear residual, R,, for
each fluid component in each grid block at each timestep is:
M, , —M
R,=— d;h C L F(PL s S,) 4 O(Pyys S, ) oo, (5.1)

where M represents the mass term, per unit surface density, accumulated during the
current timestep, dt, F'is the net flow rate into neighboring grid blocks, and Q is the net

flow rate into wells during the timestep.
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The flow rate into cell i from a neighboring cell n, Fy;, is

ks 0 R k. .
B B
IJIJ'G II:- gl"lg ﬂ.lPE?”'
Foi=Tgl 0 B m 0 “ dPh‘?l?'
T I'lll I:]-.P
Rk i Eni
Lophop s U re
B ou, BS“E_ u
.................................................................................... (5.2)
The Jacobian, J = d—R , where
dx
. " |r'fﬁ1,_tu\-| F D
i i i
- |"d‘l"{'|. .
E.I"R“)i = E‘E _.F.+ z.l-.g'.-.']]:
H 7 H
- My
> (Rg), = E|F z_|!_+ > (G,
i i i
P,
X = S,
S, or Rg or R,
.................................................................................... (5.3)

Eclipse uses Newton iteration to solve the IMPES equations till all the residuals have
been reduced to a sufficiently small value. IMPES method eliminates the non-linearities
from relative permeabilities that remain fixed throughout the timestep. Eclipse calculates
the maximum saturation normalized residuals, which are considered to have converged
if they are all less than 0.001. However, no further information is available on how to

control the converging problem after this point.



52

The flow rate into a production well from cell i is,

B, Bg.ug
Py Elr,.h.

W I"LI-I
e Ry
Behty  Bolig

0, =-T JAF,—H,

= Wi W

where 7. is the transmissibility factor, H is the hydrostatic head correction, and p,, is

the bottomhole pressure.
Another interesting statement adopted from the ECLIPSE User Manual is,

The net flow rate from cell i into neighboring cells is obtained

by summing over the neighboring cells, F, = Z F..

So from the above quote, it seems Eclipse does not consider the accumulation term when
it calculates the internal flow rates between the adjacent gridblocks.
Validating this Self-Built Simulator

As discussed previously, this self-built software must be validated before the appropriate

use.
Validating with a textbook example

The first validation is made with the Example 9.26 of the SPE textbook, Basic Applied
Reservoir Simulation (Ertekin, 1998).



Case Description
Example 9.26. A homogeneous, 1D horizontal oil reservoir is 1,000 ft
long with a cross-sectional area of 10,000 sq ft. It is discretized into four
equal gridblocks. Initially, S, =S, =0.160 and p, =1000 psi
everywhere. Water is injected at x=0 at a rate of 75.96 B/D at standard
conditions, and oil is produced at x =1,000 ft at the same rate. The

gridblock dimensions and properties are Ax=250 ft, k£, =300md ,
A, =10,000:*, and ¢ =0.20. The reservoir fluid are incompressible with
B,=B,=1RB/STB and u, = u, =lcp. The oil/water capillary pressure

is zero... Using the IMPES solution method, find the pressure and
saturation distributions at 100 and 300 days.

Upon this configuration, the simulation results from this FORTRAN simulator are

identical to the textbook solutions for 100 and 300 days (Fig. 5.1).
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Fig. 5.1—A snapshot: the simulation results from the FORTRAN simulator.
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Next, this FORTRAN simulator was validated with the commercial software ECLIPSE

100. This simulator was tested with different boundary conditions, and compared the

results with Eclipse properly.

Case Description

A homogeneous, 1D horizontal oil reservoir is 1,000 ft long with a cross-
sectional area of 10,000 sq ft. It is discretized into 20 unequal gridblocks.
The size of the first nine gridblocks is 10 ft, and for the remaining

gridblocks, the size is listed in Table 5.1. Initially, S, =S5,, =0.160 and

p,; =7,880psi everywhere. The reservoir fluids are characterized by black

oil correlations from the literature (Appendix B), and the same PVT tables

were extracted and imported to Eclipse. The gridblock properties are:
k, =300 md, A, =10,000 f#*, and ¢=0.20, except =1 for the cell at

the outer boundary to maintain the reservoir pressure for the initial
timesteps. The oil/water capillary pressure is neglected in this case study.
The curve for relative permeability is shown (Fig. 5.2). Simulated pressure

and saturation distributions at 0.005 days, 0.5 days, 5 days, and 50days.

Table 5.1—LOGARITHMIC GRIDDING METHOD

Grid

No 10 11 12 13 14 15 16 17 18 19 20

Size, ft | 22 27 34 42 53 66 82 102 127 158 197
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Fig. 5.2—Relative permeability vs. wetting phase saturation.

Closed outer boundary, and oil is produced at 1,000 STB/D at the inner boundary

After running the simulator for 0.005 days, the deeper part of the reservoir (farther than
400 ft from the wellbore) has no feeling from the production well. The material balance
check is OK. The FORTRAN simulator just turned out the identical results as Eclipse
(Fig. 5.3), the maximum relative difference is about 0.3%, which might be caused by the

convergence criterion or discontinuous PVT table in Eclipse.

Radius FORTRARMN ECL Rel. Error
10.09 7851.83 7854922 0.04%
20.09 7852 1| 7855 251 0.04%

3003 7852.36 7855577 0.04% 7500
4003 7852.62 7855.899 0.04%

50.03) 7852.88 7886.219  0.04% 2850 - ' + *

60.09) 7853.13 7856.536  0.04%

70.09) 7853.38 78SB.85  0.04% @ 2o

B0.03| 7853.63 7857161  0.04% 3

o0.03) 7853.87 7857489 0.05% "

11213 78544 7857.950 0.05% £ 7780 4

13355 795503 7BS58.698  0.05% e FORTRAN

17369 795573 7BS9.595  0.05% 7700 - e Eclnse

216.17| 7856.69 7BE0G7S  0.05% P

269.05 785774 7BE1.966  0.05% 7650 . . . . .

334.86 7B55.92 7863.489 0.06% 0 200 400 600 a00 1000

4168.76  7oe0.21 7865.259 0.06%
8187 7861.53 7867.279 0.07%
B45.57 7BEZ2.75 78E9.525 0.09%
803.47 78B3.59 7871.949 0.11%
1000 7BB3.55| 7874467 0.14%

Radius

Fig. 5.3—The comparison of the simulation results
between the FORTRAN simulator with Eclipse 100 after 0.005 day.
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Simulation results for the pressure and saturation distributions at 0.5 day, 1 day, 3 days,

5 days, 7 days and 10 days, shown in Fig. 5.4, to 5.9.

Radius FORTRAMN ECL Rel. Error
10,09 7851.683 7854922 0.04%

2008 78521 7855251 0.04%
30.03) 785236 7855577 0.04% 2500

4003 78A2E2 7E855.699 0.04%

50.09) 786288 7856.219) 0.04% 2850 3 . + +
60.03) 7853.13 78596.536  0.04%

70.03) 785338 7O5R.85  0.04% ® g |

80.03) 785363 7857161  0.04% 3

90.03) 7853.87 7857489 0.05% "

11213  7854.4) 7857.950 0.05% £ 7780 4

139.55 7855.03 7850633  0.05% e FORTRATN

17369 785579 7BA9.535  0.05% 7700 + e Eclnse

216.17| 795663 7OG0.675 0.05% £

289.05 785774 TOE1.986  0.05% 7650 | | | | .
33485 7958.92 7OR3.489 0.06% 0 200 400 500 ann 1000
41676 786021 7ER5.259)  0.0R% )

5187 786153 7867.279  007% Radius

B45.57 7BE2.75 7BE9.525 0.09%
803.47  78E3.59 7F571.048 0.11%
1000 7863.59 7o74.467 0.14%

Fig. 5.4—The comparison of the simulation results
between the FORTRAN simulator with Eclipse 100 after 0.5 day.

Radius FORTRAMN ECL Rel. Error
10,09 783172 7844222 0.16%
20,09 783193 7844 551 0.16%
30.09 783225 7844578 0.16%

4009 783251 7845203  0.16% 8500 4

5009 7EI2F7 7RASE25 01B% 2000 4

B000 783302 7845848  0.16% ——— %
7000 783327 7A4E164  0.1B6% 7500

8000 783352 7A4E43  017% p——

o009 7EI37E 7R4EFO4 017% a

11213 793420 7847.293  0.17% @ 5500

13955 793493 7848.051 0.17% .

17360 783560 7040976 017% —e— FORTRAN

21617 78359 7850099 D0.17% 5500 - —= Eclipse

28905 783753 7851453 0.18% 5000 . . . . .
33485 783882 7BS3071  0.18%

41B76 784011 7854932 0.19% u 200 400 600 800 1000
5187 784144 7EET20E 0.20% Radius

64557 784265 7859.743 0.22%
803.47 7843.49 7862.559 0.24%
1000 7843.49 7BE5.557 0.28%

Fig. 5.5—The comparison of the simulation results
between the FORTRAN simulator with Eclipse 100 after 1 day.
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Fig. 5.6—The comparison of the simulation results
between the FORTRAN simulator with Eclipse 100 after 3 days.
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Fig. 5.7—The comparison of the simulation results
between the FORTRAN simulator with Eclipse 100 after 5 days.
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Fig. 5.8—The comparison of the simulation results
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Fig. 5.9—The comparison of the simulation results
between the FORTRAN simulator with Eclipse 100 after 10 days.
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The commercial software Eclipse 100 is not well designed for users to test different
boundary configurations. In this case study, the outer boundary is closed, which means
no mass transfer and the pressure drops as depleting by time. But the inner boundary
configurations are changed from constant production rate control to fixed bottomhole

pressure control.

The boundary combinations are Case 2 and Case 5 as discussed before. For the
remaining cases, Eclipse does not allow users to set different boundary conditions, as

confirmed by ECLIPSE custom support.

However, from the current approaches, this FORTRAN simulator is verified by the
commercial software ECLIPSE 100. The little discrepancy between the two simulators
might be created by the discrete format of the PVT data, the different convergence
criteria required by the IMPES model, or the way to update the explicit variables
(Eclipse might use Generalized Newton Raphson method).
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CHAPTER VI
VALIDATION OF THE U-SHAPED PRESSURE PROFILE

IN THE NEAR-WELLBORE REGION

Objectives

Such is the importance of liquid loading that the industry has devoted a lot of attention to
the alleviation of the problem using various measures. However, the fundamental
understanding of the associated phenomena is still surprisingly weak. This applies not
only to the flows in the wells, but also to the ways in which these flows interact with
those in the reservoir. The classical way of dealing with these interactions is through
inflow performance relationships (IPRs) where the inflow from the reservoir is related to
the pressure at the bottom of the well, which is related to the multiphase flow behavior in
the well (and in the rest of the production system, if appropriate). The latter is also
usually calculated from steady-state relationships (though these often lack a fundamental
basis). However, a transition from an acceptable liquid loading regime to an
unacceptable one may occur over a relatively short time. Flow at the surface will remain
in mist or annular flow regime till the conditions change sufficiently to exhibit
characteristics of the phenomena of transitional flow. At this point, the well production
becomes somewhat erratic, progressing to slug and churn flow, while following an
overall decreasing trend. As a result, the liquids start to dynamically accumulate in the
wellbore, causing downhole pressure fluctuations. The increasing liquid holdup
augments the backpressure on the formation, which ultimately accounts for the well’s

death.

The conventional pressure profile in the near wellbore region of a flowing reservoir (Fig.

6.1a) is not suitable to characterize the transient phenomena that take place during liquid
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loading. The wellbore phase redistribution that occurs during liquid loading changes the
bottomhole pressure with time. The frequency and amplitude of these changes vary with
the magnitude of the liquid loading occurrence. If the reservoir were capable of
providing an instantaneous response to the bottomhole pressure fluctuations, the pressure
profile in the near wellbore would quickly re-adjust to the new wellbore conditions (Fig.
6.1b). However, due to a combination of inertia and compressibility effects, the reservoir
response is not instantaneous and can be particularly slow for tight formations. A
sequence of conventional pressure profiles (from a to b in Fig. 6.1) could be assumed,
but this would imply a temporary discontinuity of the pressure function at the wellbore,
which is unphysical. Thus, in this paper, a U-shaped pressure profile is proposed (Fig.
6.1¢), which could also explain the possibility of reinjection of the heavier phase into the

reservoir.

Outer Boundary

! . Current bottomhole
U-shaped ———\ | pressure, resulting

) from wellbore
phase redistribution

Original
bottomhole pressure

o

Fig. 6.1—U-shaped pressure profile in the near-wellbore region.
The fat arrow points to the minimum pressure existing in the near-wellbore region, where the pressure profile is
actually a U-shaped curve (Zhang, 2009).

This work captures the transient U-shaped pressure profile that responds to bottomhole

pressure oscillations. As a result of the simulations described in what follows, we
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calculated the backflow rates from the wellbore into the reservoir, and from grid block to

grid block within the reservoir for two synthetic field cases.

The strategy of this modeling work consisted of starting from the simplest, yet
fundamental, case: single-phase compressible gas radial flow, and homogeneous porous
medium. Later, a similar procedure was followed for a dry gas/water two-phase system
and an oil/water/gas three-phase system reservoir. The water and oil phases are slightly
compressible, but after the reservoir pressure dropped below the bubblepoint pressure,
the compressible free gas was introduced into the system. As the inner-boundary
pressure fluctuated up and down, corresponding to a trigonometric function with time,
the U-shaped curve was again obtained in the near-wellbore region. The backflow rates

were calculated for each phase in every single gridblock.

A sensitivity analysis was performed to evaluate the length of the “disturbed” distance
from the wellbore under multiphase flow conditions. High frequency of the bottomhole
pressure oscillation, large fluid compressibility, and low reservoir permeability will lead
to a shorter length of the U-shaped pressure profile. The fluctuating amplitude shows no

significant effect on the penetration distance of the U-shape.

Methodology

This work is based on conventional numerical reservoir modeling techniques and uses
them in a way that accommodates transient pressure and rate boundary conditions at the

wellbore and also along the distance from the well.

Implicit pressure explicit saturation (IMPES) approach

Numerical reservoir modeling is based on the solution of the diffusivity equation, which

combines mass conservation equations (differential mass balance), PVT fluid

characterization, and a transport law (Darcy’s equation) in a multiphase flow system.
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When using the IMPES approach, the diffusivity equation is solved implicitly for
pressure and explicitly for phase saturation, as summarized in Eq. 6. 1. This formulation

is also explained in Chapter IV in detail.
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The reservoir simulator generated for this study is sensitive to the pressure fluctuating
under transient conditions. Proper configurations of the fluid PVT properties, the grid
refinement in the near-wellbore region, and the ratio of the pressure oscillation period to

the timestep are extremely critical.
Peaceman (1977) revealed that the IMPES method is only stable when

A 63X 107 . oo 6.2)

where the timestep is in days and the minimum gridding block length is in feet.
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Fluid PVT characterization

For this transient modeling work, fluid PVT properties were carefully selected to provide

the necessary system compressibility and allow sufficient mass storage. The black oil

correlations were chosen (Fig. 6.2).
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Fig. 6.2—Realistic fabricated PVT data lay out the correct trends upon pressure and create appropriate fluid
compressibility for pressure oscillation in the near-wellbore region.
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Grid refinement

Grid refinement is essential in the near-wellbore region because the pressure disturbance
can only be sustained at a comparatively short distance from the wellbore. However, the
depth of the disturbance zone into the reservoir is not known a priori and varies with the
frequency of the pressure fluctuations. To achieve this gridding refinement, the

logarithmic gridding method (Eq. 6.3) is employed.

where j is the gridblock number and Nx is the total number of grids in the 1D direction.
The smallest gridblock is adjacent to the wellbore, and this size decides the maximum

timestep by Eq. 2.
Pressure oscillation

To numerically generate the U-shaped pressure profile, a simplified pressure oscillation
at the wellbore was imposed to represent the actual oscillations that would be dictated by
phase distribution effects in the wellbore, combined with the inertia opposed by the
reservoir. For the preliminary studies, a sinusoidal wellbore pressure oscillation was

assumed:

Don = 1+ AD sin[ixﬁ) ............................................................ (6.4)
C

where Ap is the oscillation amplitude, 7 is an integer representing the current cumulative
time and c is a constant integer determining the trigonometric function period.

The period, P, will be

P =2CAL . oo (6.5)
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Correspondingly, the frequency of the sine function is

T

f= PRSPPSO PR PP PP PP (6.6)

As previously mentioned, proper PVT data lead to correct calculations of the fluid
compressibility, which provide the potential for pressure collisions. The grid refinement
techniques achieve a balance of zooming in on the near-wellbore region and determining
the maximum timestep to obtain stable IMPES solutions. Moreover, the pressure
oscillation frequency is dynamically linked with the timestep, which ensures the
numerical simulation is capable of capturing any rapid pressure inconstancy in the
refined near-wellbore region. All these prerequisites help constitute the U-shaped curve

pressure profile.
Single Gas Phase System

The reservoir is assumed to contain dry gas that is produced from a single well under
radial flow conditions with a constant initial pressure. This study is regarded as a pilot

test for the proposed methodology, so it used a very simplified diffusivity equation.
Diffusivity equation

The verification of the U-shaped pressure profile started with a single-gas phase 1D
model on the premise of a homogeneous porous medium. In terms of pseudopressure

integral, the simplified diffusivity equation in radial geometry is:

O’'m(p) 1 0om(p) _ duc, om(p)
or’ r Or k or

This equation neglects the production term.

................................................. (6.7)
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Reservoir petrophysical parameters and gas PVT data

Reservoir petrophysical parameters and gas PVT data have been theoretically assumed

(Table 6.1).

Table 6.1 —SYNTHETIC PETROPHYSICAL AND FLUID PROPERTIES FOR CASE 1"

Constant reservoir

Reservoir drainage, Reservoir Total compressibility, Reservoir Gas viscosity,
(re), ft pseudopregsure, porosity Pa permeability, mD cp
o (pe), psia‘/cp ’
328 2.1x10°® 0.21 5.87x107 8.56 x10° 0.0137

(*) All the fluid properties listed are assumed to be constant

Reservoir gridding

The wellbore radius is 0.3 ft (0.091 m), and this synthetic gas reservoir contains 10
gridblocks in logarithmic scale (Eq. 6.3). The minimum gridblock size is around 1.9 ft
(0.58 m), so the maximum timestep is around 0.2 seconds, regardless of the real field
requirements. This approach zoomed in on the near-wellbore region. The timestep was

arbitrarily taken as 0.2 seconds.

Pressure oscillation function

The initial bottomhole pseudopressure is set at 2.1x10™® psia®/cp, to cast a conventional
profile in the near wellbore. The pseudopressure oscillation starts in the form of Eq. 4 by
setting p; as 5 psia’/cp, Ap as 4 psia’/cp and ¢ as 2, which implies that the period of the
sine function will take five time steps, that is around 1 second. The pseudopressure at the

outer boundary is set constant at 2.1x107 psia®/cp.



http://thesaurus.reference.com/browse/factitious
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Results and discussions

Fig. 6.3 shows the U-shaped pseudopressure profile in the near-wellbore region using
logarithmic scale for the radial distance from the center of the well. At the third timestep,

it clearly shows the generated U-shaped pressure distribution.

a

-2

Z‘S 8.0 —Time 1

— —®—Time 2
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s 40

=) *~ Time 5
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2 ) fluctuating

g

= 0.0 T ]
T

2 1.0 10.0 100.0

Reservoir radius, [ri], m

Fig. 6.3—Case Study 1 successfully obtained the “distorted” pseudopressure profile.

Two Phases Dry Gas and Water System

Encouraged by the previous successful results, this study is closer to the real field
conditions. Similarly to the previous approach for a single dry gas reservoir, as the inner
boundary pressure fluctuated up and down, corresponding to a trigonometric function
with time, the U-shaped curve was again obtained in the near-wellbore region. The

backflow rates were calculated for each phase in every single gridblock.

Diffusivity equation

This case study was performed with a 1D multiphase simulator according to Eq. 6.8,

which is a simplified formation of Eq. 6.1. Neglecting the capillary pressure, the

pressure of water phase is equal to the gas phase.
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Reservoir PVT and petrophysical parameters

The same PVT Characterization as Fig. 6.2 was used based on synthetic data. The input
dataset for the multiphase system is summarized in Table 6.2. The PVT behavior is

depicted in Fig. 2. The petrophysical parameters are as summarized in Table 6.3.

Table 6.2—PARAMETERS AVAILABLE IN FIELD THAT ARE USED
FOR PVT CHARACTERIZATION THROUGH LITERATURE CORRELATIONS

Separator gas specific

Reservoir temperature (Tg), Separator Temperature Separator Pressure (Psep),
°F gravity ( Y osp ) (Tsep), °F psia
220.0 0.63 60.0 114.7

Table 6.3—SYNTHETIC PETROPHYSICAL USED FOR CASE STUDY 2

Initial reservoir . o Reservoir
Reservoir Initial water Total compreSS|b|I|ty -
pressure, (pi), . . permeability, (k),
: porosity saturation, (Sw) Pa’
psi md
7880 0.20 0.36 5.87x107 300

Reservoir rock is water-wet compared to the gas phase, the relative permeability curves
shown in Fig. 6.4. Where water replaces gas, it is an inhibition process; on the other

hand, where the free gas replaces oil, it is a drainage process.
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Fig. 6.4—Relative permeability vs. wetting phase saturation.

Reservoir gridding

The logarithmic method automatically refines the near-wellbore region; however, the
first (smallest) gridblock size is only 0.23 ft. From Eq. 6.2, the maximum timestep is
about 3.29x10° days (0.28 seconds) to ensure stable IMPES solutions. This small
timestep is against any practical application, and further refinement of the gridblocks is

required.

Thus, the reservoir was divided into 20 gridblocks in 1D. The first 10 cells have the
uniform size of 10 ft and the rest of the reservoir follows the logarithmic gridding
method. After recalculation, a maximum timestep of 0.006 days (518 seconds) was
obtained and considered acceptable. This work adopted 0.005 days as an appropriate

timestep.
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Pressure oscillation function

The pressure oscillation is described in the form of the Eq. 6.4. The amplitude, Ap, is
assumed as 50 psia, and the oscillation period is 864 seconds, or approximately 14.4

minutes. p; is equal to 7,848 psi.

Results and discussions

The pressure and oil saturation profiles were initialized assuming constant production
rate at the inner boundary and constant reservoir pressure at the outer boundary. After

the first four days of production, a conventional pressure profile was cast in Fig. 6.5.
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Fig. 6.5—Plots for the pressure and saturation of the three phases along the distance.
Water encroachment stops around 700 ft from the wellbore after four days production.
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Applying the pressure oscillation function at the inner boundary generates the U-shaped
pressure profile in Fig. 6.6. The affected distance is around 450 ft. The transient
backflow rate at the first timestep is also calculated and illustrated in Fig. 6.7 after
bottomhole pressure started to fluctuate (14.4 minutes). Simulation results show the
backflow rate is suddenly increased over 10 times at the wellbore, and the U-shaped
pressure profile is evident in Fig. 6.8. This result supports the hypotheses of possible

fluid reinjection from the wellbore to the reservoir in certain transient situations.

7400 4
7880

7860

7840

Pressure, ft

BHP = 7848 + 50 Sin(time*)

7820 4/, P = 14.4 mins
;
7800 . . . . .
0 200 400 GO0 200 1000
Radius, ft

Fig. 6.6—The combined distorted pressure profile for one period. Beyond 300 ft from the wellbore,
the pressure profile keeps an identical shape without feeling the bottomhole pressure oscillation.
P means the period of the oscillation.
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Fig. 6.7—The flow rates distribution between each pair of adjacent gridblocks
after bottomhole pressure oscillation started (14.4 minutes). Negative rates mean backflow rates.
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Fig. 6.8—The evident U-shaped pressure profile for the first timestep after BHP oscillation started
(14.4 minutes).

Sensitivity analysis on the affected distance from wellbore

A sensitivity analysis was carried out on the affected distance from the wellbore
regarding the pressure oscillation frequency, oscillation amplitude, Ap, various fluid

compressibility, and rock properties.

The same reservoir gridding settings were kept, but the timestep was set to 0.001 days

(86.4 seconds). The pressure oscillation function keeps the form of Eq. 6.4, and p; is set
as 7,880 psi.
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Varying the oscillation frequency

The analysis was carried out for one time period of the trigonometric function. Different
¢ values were chosen (Table 6.4). The remaining model configurations are the same as

in Case Study 2. The U-shaped curves in an individual period time are illustrated in Fig.

6.9.

Table 6.4—AFFECTED RADIUS UNDER DIFFERENT PRESSURE OSCILLATION
FREQUENCY FOR DRY GAS/WATER TWO-PHASE RESERVOIR
One Period 8.64s 8.64 min 7.2 min 14.4 min 1.2 hour
Affected radius, ft | 50 220 300 450 650

As both the figure and table reveal, a lower frequency pressure fluctuation causes a
longer disturbed distance from the wellbore for a single period. As c is equal to one, the
wellbore pressure is a constant 7,880 psia. If the pressure oscillation at the wellbore is

long enough, its effect will always reach the outer reservoir boundary.
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Fig. 6.9—A sensitivity analysis by different oscillation frequencies (2-phase).

It showed that lower frequency leads to a longer affected length. In an extreme case,
the bottomhole pressure was taken as the reservoir pressure in the last plot.
Each line in any plot is a snapshot of the pressure profile at a given timestep.

P represents the oscillation period.
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Varying the oscillation amplitude

Different amplitudes were chosen (Table 6.5). The oscillation period was set to 14.4
minutes. All the remaining parameters kept the same values. The U-shaped curves in an
individual time period are illustrated in Fig. 6.10. Both the table and figure clearly show
that the affected distance is practically independent of the oscillation amplitude;
however, a stronger pressure fluctuation is observed in the near-wellbore region for the

greater oscillation amplitude cases.

Table 6.5—AFFECTED RADIUS UNDER DIFFERENT PRESSURE OSCILLATION
AMPLITUDE FOR DRT GAS/WATER TWO-PHASE RESERVOIR
Amplitude, Ap 10 50 100 200 500
Affected radius, ft 450 450 450 450 450
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Fig. 6.10—A sensitivity analysis by different oscillation amplitudes (2-phase).
The affected distance is about 800 ft and is insensitive to oscillation amplitude.
Each line is a snapshot of the pressure profile at a certain timestep.
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Varying the reservoir permeability

Different reservoir permeability values were selected (Table 6.6). The oscillation period

was set to 14.4 minutes. All other parameters kept the same values, and the starting

pressure profile was imaged after 4 days of production. Snapshots of the U-shaped

curves during an individual time period are presented in Fig. 6.11. The results show a

longer affected distance with higher permeability. In the extreme case of 10 darcys, the

pressure at the outer boundary “felt” the oscillations almost instantly. The less permeable

of the formation, the more profound the U-shaped curve and the effects were presented

by this work become.

Table 6.6—AFFECTED RADIUS UNDER DIFFERENT RESERVOIR PERMEABILITY

FOR DRY GAS/WATER TWO-PHASE RESERVOIR

Permeability, md
Affected radius, ft

3 30 300 1000 3000 10000
30 100 450 700 950 Almost instant response
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Fig. 6.11—A sensitivity analysis by different permeability values (2-phase).
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Varying the fluid compressibility

The oil compressibility is directly related to the oil coefficients of Ap, in the expansion
of oil accumulation, C,, in Eq. 6.1. Different multipliers on this parameter were
considered to investigate the compressibility effect on the U-shaped radius (Table 6.7).
The oscillation period was set to 14.4 minutes. All other parameters sustained the same

values. The U-shaped curves within an individual period of time are shown in Fig. 6.12.

A higher compressibility fluid can better absorb the pressure oscillations coming from
the wellbore. In the first two columns of the table, the affected radius changed
significantly with respect to the multiplier magnitude on gas coefficients, Cg,. This
unrealistic multiplier has made the gas phase behave like a less-compressible liquid. The
higher compressibility affiliated to gas absorbs most of the pressure oscillation in the

near-wellbore region, and results in the U-shaped pressure profile.

Table 6.7—THE AFFECTED RADIUS UNDER DIFFERENT OIL COEFFICIENT Cop
FOR DRY GAS/WATER TWO-PHASE RESERVOIR

Multiplier (xCgp) 0.01 0.1 1 10 50
Cop in the 1% grid, STB/D-psia 218 E3 2.18 E4 218E5 2.18E6 1.09 E7
Affected radius, ft Almost instant response 900 600 180 70
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Fig. 6.12—A sensitivity analysis by different fluid compressibility (2-phase).
It showed that lower compressibility leads to a longer affected length;
however, if the multiphase fluid is incompressible,
therigid system failed to give a U-shaped curve.

Each line is a snapshot of the pressure profile at a certain timestep.
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Three Phases System

This study was performed for a synthetic oil/solution-gas/water three-phase reservoir,
and it is more complicated and closer to real field conditions. Similarly to the previous
approaches, as the inner-boundary pressure fluctuated up and down, corresponding to a
trigonometric function with time, the U-shaped curve was again obtained in the near-
wellbore region. The backflow rates were calculated for each phase in every single

gridblock.

Diffusivity equation

This case study was performed with a 1D multiphase simulator according to Eq. 6.1.
Neglecting the capillary pressure, the pressure of the water and gas phases is equal to the

oil phase.

Reservoir PVT and petrophysical parameters

The PVT Characterization was carried out based on synthetic data. The input dataset for
the multiphase system is summarized in Table 6.8. The oil bubblepoint pressure and the
related PVT parameters were obtained from correlations (Valko and McCain, 2003). The
PVT behavior is depicted in Appendix A. The calculated bubblepoint pressure is 7,602
psia and the solution-gas/oil ratio is 1,519.5 scf/STB. The petrophysical parameters are

as summarized in Table 6.9.

Table 6.8—PARAMETERS AVAILABLE IN FIELD THAT ARE USED FOR PVT
CHARACTERIZATION THROUGH LITERATURE CORRELATIONS

Separator gas

Stock-tank oil Separator solution Reservoir specific aravit Separator Separator
gravity (API), gas/oil ratio (Rep), temperature (Tg), P ¢ y Temperature Pressure
0AP| scf/STB OF ( ygSP) (Tsep)y OF (psep); pSia

28.0 1500.0 220.0 0.63 60.0 114.7
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Table 6.9—SYNTHETIC PETROPHYSICAL USED FOR CASE STUDY 2
Initial reservoir R . s - Reservoir
eservoir Initial water Total compressibility, "
pressure, (pi), . . R permeability, (k),
psi porosity saturation, (Sy) Pa md
7880 0.20 0.16 5.87x107 300

Assuming the reservoir rock is water-wet, the relative permeability curves shown in Fig.
6.13 represent a typical scenario. Where water replaces oil, it is an inhibition process; on
the other hand, where the free gas replaces oil, it is a drainage process. The Stone’s

Method II (Eq. 6.9) is used to calculate the relative permeability,

k k k k,
_ row w rog g
k. = k””“(k + + (e #Ey ) e, (6.9)
rocw rocw rocw rocw
Krow/Kow ~ Sy kl’°9’k°9 =~ SQ
1 14
0.8 0.8
. 0.6~ 0.6 4
- Krow _E
04 04
Ky
0.2 RS 0.2 -
U T T T S 1 0 T
0 0.2 04 0.6 0.8 1 0 0.2
W L

Fig. 6.13—Relative permeability vs. wetting phase saturation.

Reservoir gridding

A similar half-logarithmic method was used as in the previous two-phase simulation
work. Thus, the reservoir was divided into 20 gridblocks in 1D. The first 10 cells have
the uniform size of 10 ft and the rest of the reservoir follows the logarithmic gridding

method. After re-calculation, this work adopted 0.005 days as an appropriate timestep.
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Pressure oscillation function

The pressure oscillation is described in the form of the Eq. 6.4. The amplitude, Ap, is
assumed as 500 psia, and the constant ¢ is 5, with an oscillation period of 10Az, that is

5,184 seconds, or approximately 86 minutes.
Results and discussions
The pressure and oil saturation profiles were calculated first assuming constant

production rate at the inner boundary. After the first four days of production, a

conventional pressure profile was cast in Fig. 6.14.
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Fig. 6.14—Plots for the pressure and saturation of the three phases along the distance.
Free gas exists as the pressure is below the bubblepoint pressure

Applying the pressure oscillation function at the inner boundary generates the U-shaped
pressure profile in Fig. 6.15. The affected distance is around 800 ft. The transient
backflow rate at the first timestep is also calculated and illustrated in Fig. 6.16.
Simulation results show the backflow rate is suddenly increased over 10 times at the
wellbore, and the U-shaped pressure profile is evident in Fig. 6.17. This result again
supports the hypotheses of possible fluid reinjection from the wellbore to the reservoir in

certain transient situations.



2600 -
8400 4
8200
2000
7800
TEOO

Pressure, ft

7400

7200 T T T

] 200 400 600 800 1000
Radius, ft

Fig. 6.15—The combined distorted pressure profile for one hour. Beyond 800 ft from the wellbore,
the pressure profile keeps an identical shape without feeling the bottomhole pressure oscillation.
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Fig. 6.16—The flow rates distribution between each pair of adjacent gridblocks.
Negative rates mean backflow rates.
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Fig. 6.17—Another evident U-shaped pressure profile after the BHP oscillation started (8.6 minutes).
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Sensitivity analysis on the affected distance from wellbore

A sensitivity analysis was carried out on the affected distance from the wellbore
regarding the pressure oscillation frequency, oscillation amplitude, Ap, various fluid

compressibility, and rock properties.

The same reservoir gridding settings were kept, but the timestep was set to 0.001 days
(86.4 seconds). The pressure oscillation function keeps the form of Eq. 6.4, and p; is set

as 7,880 psi.

Varying the oscillation frequency
The analysis was carried out for one time period of the trigonometric function. Different
¢ values were chosen (Table 6.10). The remaining model configurations were kept the

same. The U-shaped curves in an individual period time are illustrated in Fig. 6.18.

Table 6.10—AFFECTED RADIUS UNDER DIFFERENT PRESSURE OSCILLATION
FREQUENCY
Timestep, D 0.00001 0.0006 0.005 0.005 0.005 0.005
One Period 8.64s 8.64 min 14.4 min 0.48 hour 2.4 hour 0
Frequency 0.73s” 0.73 min™ 0.44 min™ 13.09 hour 262 hour’  N/A
gfg‘?jf?t 75 380 550 800 950 1000

As both the figure and table reveal, a lower frequency pressure fluctuation causes a
longer disturbed distance from the wellbore for a single period. As c¢ is equal to one, the
wellbore pressure is a constant 7,880 psia. If the pressure oscillation at the wellbore is

long enough, its effect will always reach the outer reservoir boundary.
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Fig. 6.18—A sensitivity analysis by different oscillation frequencies (3-phase).
It showed that lower frequency leads to a longer affected length.
In an extreme case, the BHP was taken as the reservoir pressure in the last plot.
Each line in any plot is a snapshot of the pressure profile at a given timestep.
P represents the oscillation period.
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Varying the oscillation amplitude

Different amplitudes were chosen (Table 6.11). The oscillation period was set to 0.48
hours. All the remaining parameters kept the same values. The U-shaped curves in an
individual time period are illustrated in Fig. 6.19. The IMPES solution failed to
converge for the case where the amplitude was 10% of the reservoir pressure. Both the
table and figure clearly show that the affected distance is practically independent of the
oscillation amplitude; however, a stronger pressure fluctuation is observed in the near-
wellbore region for the greater oscillation amplitude cases, when the affected distance

from the wellbore is 800 ft.

Table 6.11—AFFECTED RADIUS UNDER DIFFERENT PRESSURE OSCILLATION AMPLITUDE

Amplitude, Ap 10 100 500 750 800

Affected radius, ft 800 800 800 800 Convergence failed
7350
Fa00 7350

Ap= 10 psia

Ap = 100 psia

Pressure, Ft

oaa 1000

Radius, it Radius, ft
2600 a700 ]
400 :I #5000
_ 8200 Ap =500 psia _ =0 Ap =750 psia
& 5000 g oo *H
H 7 7a00 . —
g T Yy = & 7700 _—
& zeon M £ i
| F 7500
400 -|’ a0 _‘
7200 4 . . r . 3 00 4 T T T . s
i 200 400 0] a0 1000 0 200 400 E00 00 1000
Radius. ft FRadius, ft

Fig. 6.19—A sensitivity analysis by different oscillation amplitudes (3-phase).
The affected distance is about 800 ft and is insensitive to oscillation amplitude.
Each line is a snapshot of the pressure profile at a certain timestep.




&9

Varying the reservoir permeability

Different reservoir permeability values were selected (Table 6.12). The oscillation
period was set to 0.48 hours. All other parameters kept the same values as in Case Study
2, and the starting pressure profile was imaged after 4 days of production. Snapshots of
the U-shaped curves during an individual time period are presented in Fig. 6.20. The
results show a longer affected distance with higher permeability. In the extreme case of 3
darcys, the pressure at the outer boundary can “feel” the oscillations instantly, and no U-
shaped profile can be observed. The less permeable of the formation, the more profound

U-shaped curve and the effects described by this work become.

Table 6.12—AFFECTED RADIUS UNDER DIFFERENT RESERVOIR PERMEABILITY
Permeability, md 0.03 0.3 3 30 1000 3000
Affected radius, ft 30 80 350 800 1000 Instant response

Varying the fluid compressibility

The oil compressibility is directly related to the oil coefficients of Ap, in the expansion
of oil accumulation, C,, in Eq. 6.1. Different multipliers on this parameter were
considered to investigate the compressibility effect on the U-shaped radius (Table 6.13).
The oscillation period was set to 0.48 hours. All other parameters sustained the same
values as in Case Study 2. The U-shaped curves within an individual period of time are

shown in Fig. 6.21.

A higher compressibility fluid can better absorb the pressure oscillations coming from
the wellbore. Moreover, free gas plays a dominant role. In the first two columns of the
table, the affected radius does not change significantly with respect to the multiplier
magnitude on liquid coefficients, C,, and C,,. However, if this multiplier is applied to
the gas coefficient, C,,, the behavior of the reservoir becomes “rigid” and responds to
the bottomhole pressure fluctuation instantly. The higher compressibility affiliated to gas
absorbs most of the pressure oscillation in the near-wellbore region, and results in the U-

shaped pressure profile.
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Fig. 6.20—A sensitivity analysis by different permeability values (3-phase).
It showed the tighter reservoir leads to a shorter affected length.
Each line is a snapshot of the pressure profile at certain timestep.
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Table 6.13—THE AFFECTED RADIUS UNDER DIFFERENT OIL COEFFICIENT Cop

Multiplier 0.01xC 0.01X(CopCup) ~ 0.01%(Cop,Cup Cgp) | 0.1 1 10 20
. st . ) op
g"TPE;?Dt_hpesi; arid, | 0.0499 0.0499 0.0499 05 5 50 100
Affected radius, ft 950 950 Instant response 900 800 450 300
e ] Multiplier =0.01 o ] Multiplier = 0.01 o Multiplier = 0.01

Pressure, ft
Pressure, ft

applied on Cop only
8200
8000
7800 j —— — -
|

8200

8000
L e

7600 157

7400

7200

applied on Cop and Cwp
7sooj % x,%b* e et
]

Pressure, ft

8200
8000

applied on Cop, Cwp and Cgp

7800
7600
7400
7200

400

600 800 1000 0 200 400 600 800 1000 6(;0 B(;O 10‘00
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Fig. 6.21—A sensitivity analysis by different fluid compressibility (3-phase).
It showed that lower compressibility leads to a longer affected length;
however, if the multiphase fluid is incompressible,
therigid system failed to give a U-shaped curve.
Each line is a snapshot of the pressure profile at a certain timestep.
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The Failure of the Approach in ECLIPSE

The well-accepted commercial software Eclipse at the current version (2008.2) is not
capable of generating this kind of U-shaped pressure distribution.

To configure a similar simulation case, in the “.data” file, the keyword “WCONINJE” is
redefined two times in the “SCHEDULE” section with totally different target

bottomhole pressures (Fig. 6.22).

WCCONPROD
'P1' 'CPEN' 'Orat' 1000 4* sO000 /
!

T3TEF
o.005 ¢

T3TEF

—-—  40%0.005
£%0.5

!

WCONPROD
'P1' 'COPEN' 'BHP' 1* 4* 7300 /
!

T3TEF
20*0.005 ¢

T3TEF
2*0.5

Fig. 6.22—O0ne typical approach to configure Eclipse with the goal
to change the bottomhole pressure sharply in the “.data” file.

All the remaining configurations are exactly the same as in the relative part of validating
the FORTRAN simulator with Eclipse in Chapter V. This black oil reservoir has a closed
outer boundary and constant production rate inner boundary before the bottomhole

pressure drops below the preset value. After 24 hours, the initialized pressure
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distribution profile is obtained in the yellow line (Fig. 6.23).The first timestep was set as
7.2 minutes. However, because the keyword “WCONINJE” can only set a target BHP
instead of the specified BHP, it failed to simulate the backflow, which does happen in
the field. The timestep was further decreased till 4.32 seconds, and ECLIPSE still
couldn’t generate the same U-shaped pressure profile (Fig. 6.24).

Pressure, psi

?5':”:' I I I I 1 1
0 200 400 EOO 800 1000 1200
Radius, ft
—— 7.2 mins
TE30 S I
= —=— 12 hrs
7510 24 hrs

1day +7.2

7590 + —— 1 day + 14 .4

—e— T day +21.6

Pressure, psi

7570 -
With time, BHP is built up gradualyt—— 1 day + 28.8

But no U-shaped pressure profile,| —— 1 day + 36

73307 ither backflow h d

NENer DackTIow Nappenesa. 1 day +43 2
7530 T T T T 1 da"_ulu"+5|:|d
0 50 100 150 200 1day +57 6
Radius, 1t 1 day + 64.8

Fig. 6.23—The BHP gradual build-up process with the timestep of 7.2 minutes.
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Fig. 6.24—The BHP gradual build-up process with the timestep of 4.32 seconds.

This section clearly showed the well-accepted commercial software, ECLISPE, is not

capable of simulating the fully transient conditions. It could not generate the U-shaped

pressure profile in the near-wellbore region as BHP oscillating; neither can calculate the

backflow rates.
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Summary

This work presents the existing U-shaped pressure distribution in the near-wellbore

region under fully transient conditions.

—  This FORTRAN simulator is more sensitive to the inner-boundary pressure
oscillation than the conventional modeling approaches. The work suggests the

existence of a U-shaped pressure profile in the near-wellbore region.

— High frequency of the bottomhole pressure oscillation, large fluid
compressibility, and low permeability will cause a shorter length of the U-shaped
pressure profile. The fluctuating amplitude has no effect on the U-shaped
distance. This conclusion is consistent with the two-phase dry gas reservoir and

three-phase black oil reservoir.

—  This study successfully simulated that liquid can be reinjected to the formation

and gas will be produced.

—  The results add to the current understanding of dynamic interactions between
reservoir and wellbore in situations when wellbore phase redistribution effects

can temporarily prevail over the inertia of the reservoir.

—  One of the most popular softwares used in industry, ECLIPSE, is not capable of

generating the same results under fully transient conditions.
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CHAPTER VII
USE OF HYSTERESIS IN SATURATION FUNCTIONS

Introduction

Both wetting- and nonwetting-phase relative permeability may exhibit hysteresis.
Nonwetting relative permeabilities show considerable reduction when compared with the
associated drainage functions at the same saturation because of the “trapping off” of the
nonwetting phase by the advancing wetting phase (Fig. 7.1). The nonwetting phase is
entrapped by the wetting phase in a discontinuous, immobile state. A greater amount of

the entrapment leads to a greater reduction in the nonwetting relative permeability.

100
EE aﬂ -
£
=] a0 Imbibiticn
% i _— Drainage
k]
o 40
[k]
-
E=|
i L
& 20 T |nterstitial wetting Resgidual non-wetting

phase saturation hase saturation
0
0 20 40 G0 &0 100

Wetting Phase Saturation, % PV

Fig. 7.1—Imbibition and drainage relative permeability curve.
Normally the wetting phase is water (McCain, 2008).
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Imbibition relative permeabilities exhibit a more or less reversible nature. As an
imbibition process has begun, imbibition relative permeabilities will be used, even in
drainage processes, until the historical maximum nonwetting saturation has been
attained. But if the nonwetting saturation is greater than the maximum, nonwetting

relative permeability will follow the drainage function (Fig. 7.2).

Imbbiton
- IO Saaninengl

i
S B

Fig. 7.2—Hysteresis relative permeability curves for nonwetting phase (Killough, 1976).

The wetting-phase relative permeabilities exhibit a far smaller dependence on the
trapped nonwetting saturation; however, a greater trapped saturation results in a greater
imbibition wetting-phase relative permeability than the value in the drainage process
upon the same saturation (Fig. 7.3). Also, the imbibition wetting-phase relative
permeability exhibits a somewhat reversible nature. Imbibition relative permeability thus
falls in the range of the historical maximum nonwetting saturation and the trapped or

residual saturation.
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Fig. 7.3—Hysteresis relative permeability curves for wetting phase (Killough, 1976).
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As previous study indicates, the use of hysteresis in saturation functions shows results
significantly different from those obtained by conventional methods. Smooth transitions
of both relative permeabilities from drainage-to-imbibition or imbibition-to-drainage
states are allowed. In addition, the effect of trapped gas or oil saturations on relative

permeabilities must be accounted for.
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Approach Description

The drainage relative permeability data needs to be given first, and then the calculation

follows the steps:

1. Trapped nonwetting saturations are calculated using the semi-empirical

expression derived by Land (Eq. 7.1).

Hyst
S N

Nr: sk Q Hyst
1+C*Sy,

where

S, 1s the residual or trapped nonwetting saturation.

Sy is the maximum historical nonwetting saturation.

1

T oMax  oMax *
SNr SN

S+ is the maximum possible residual or trapped nonwetting saturation.

S+ is the maximum possible nonwetting saturation.

2. The relative permeability for the nonwetting phase is calculated by interpolating
between the drainage relative permeability at the historical maximum nonwetting
saturation and zero relative permeability at the trapped saturation. The method of

parametric curve is used in this work (Eq. 7.2).

A
k(S )= k2 (s ): (M] ................................................. (7.2)

S]\I;IySt - SNr
where
k,I,T,“(S N) is the imbibition nonwetting-phase relative permeability at the

current nonwetting-phase saturation.
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5 (S ij"’) is the drainage nonwetting-phase relative permeability at the
maximum historical nonwetting saturation.

S 1s the current nonwetting-phase saturation.

A 1s a given parameter.

From the above equation, the relative permeability for the nonwetting phase is
zero at the trapped saturation, and is equal to the value in the drainage process at
the maximum historical nonwetting saturation, as the intermediate scanning

curve shown in Fig. 7.2.

As long as nonwetting-phase saturations increase, drainage functions are used.
However, a decrease in S, results in a scanning imbibition relative permeability
curve for the wetting phase that falls between the relative permeability for the
wetting-phase in the drainage process at the maximum historical nonwetting

saturation, k.’ (S fhst ) , and a maximum relative permeability for the wetting
phase in the imbibition process, k" (S N,.). The S, is a given value, which is

approximately 50% in Fig. 7.3. The calculation for the maximum relative

permeability of the wetting phase, k" (S N ), is followed by Eq. 7.3.

4
k™ (S, )=k (1-S,, )+ Ak, [SS%] .............................................. (7.3)

Nr

where
L o (B B S (B )

ko (I—S %"x) is the relative permeability for wetting-phase in the

imbibition process, but it is an analytical or experimental curve (solid line

for imbibition curve in Fig. 7.3).
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a, 1s the exponent for interpolation of imbibition wetting-phase relative
permeabilities.

In the next step, the imbibition £, for a given trapped S, is calculated using Eq.

7.4.

*Im (@ Norm \_ 7 *Im [ o Max
(s, )=k2 (l—sﬁf”){’;%(@m )) o ((SS ))][k::s (5)-k =527

where S)7" = {(SN _ ‘Z;V;{ zw(f JZ - 5 Sy )} 1§
N Nr

4. Both wetting and nonwetting relative permeabilities are allowed to follow
imbibition curves as long as the saturation of the nonwetting phase does not
exceed the historical maximum. As this scenario happens, the relative
permeability will begin to follow the bounding drainage function until another

reversal process in the direction of saturation change occurs.

Many attempts have been made to investigate the magnitude of hysteresis in relative
permeability relations, which have shown that the wetting-phase imbibition and drainage
relative permeabilities show little deviation from each other, while considerable
differences have been observed for the nonwetting-phase relative permeabilities (Furati,
1997, 1998). The deviation depends on the trapped saturation, and the greater the
trapped saturation, the greater the imbibition wetting-phase relative permeability. So this

work neglects the deviation of the relative permeability for the wetting-phase water.
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Simulation Results

This work is performed based on the configuration for a tight gas reservoir in the
Chapter VII; however, the relative permeability curves for gas and water are changed
and consider the imbibition and drainage processes (Fig. 7.4 and Fig. 7.5). In this fully
synthetic case study, the wetting-phase of the water and the corresponding history-

dependence effects are neglected.

Fig. 7.4—The relative permeability curves for nonwetting-phase gas.
The dashed line is an example hysteresis curve and the difference magnitude is obvious.
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Fig. 7.5—The relative permeability curves for wetting-phase water.
The dashed line is an example hysteresis curve and the difference magnitude could be neglected.

In this case study, the hysteresis starts while the wetting phase is 0.6, and the

corresponding relative permeability is 0.3 at the imbibition process.

1. Trapped nonwetting saturations are calculated using the semi-empirical

expression derived by Land (Eq. 7.1).
S =06 ;

C= ]}4 - }4 :L_L:Lj,g;
Sl gha T 04 0.9

S ~0.4;
S¥20.9.
So

S]\[*/Iyst

Nr T % Q Hyst
1+C*Sy

R S X
1+C*S 1+1.39%0.6

=0.327 e (7.5)

Nr
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2. The relative permeability for the nonwetting-phase is calculated by interpolating
between the drainage relative permeability at the historical maximum nonwetting
saturation and zero relative permeability at the trapped saturation. The method of

parametric curve is used in this work (Eq. 7.2).

A
k(s - 50 e

SICIySI_SNr
S —0327Y S —0327Y
™S, )=042 2 =20 | =042 | SN 7.6
() (0.6—0.327j ( 0.273 j (7.6)

Now, the given parameter A is determined by sensitivity analysis shown in Table

7.1, Fig. 7.6., and Fig. 7.7.

Table 7.1—THE SENSITIVITY ANALYSIS
TO DETERMINE THE PARAMETER A

Value of the given parameter, A

0.01 0.1 0.2 0.5 1 2 5 10

Sn

0.327 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.355 | 0410 0.334 0.265 0420 0.042 0.004 0.000 0.000
0.382 | 0413 0.358 0.304 0.214 0.084 0.017 0.000 0.000
0.409 | 0415 0372 0.330 0.325 0.126 0.038 0.001 0.000
0.436 | 0416 0.383 0.350 0.312 0.168 0.067 0.004 0.000
0.464 | 0417 0392 0.366 0.338 0.210 0.105 0.013 0.000
0.491| 0418 0.399 0.379 0.353 0.252 0.151 0.033 0.003
0.518 | 0419 0405 0.391 0370 0.294 0.206 0.071 0.012
0.545| 0419 0411 0402 0.387 0.336 0.269 0.138 0.045
0.573 | 0420 0416 0.411 0403 0.378 0.340 0.248 0.146
0.600 | 0.420 0420 0.420 0420 0.420 0.420 0420 0.420
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Fig. 7.6—Sensitivity analysis to determine the best fit parameter.

Aisin the range from 0.01 to 10.

Krg ~ Sg

Fig. 7.7—The best fit with the proposed dashed line (experimental) as parameter 4 = 2.
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Now the given parameter A is chosen as 2 by the above results, so Eq. 7.6 is

further developed as Eq. 7.7.

Sy —0.327Y

k™S, )=042] X ———
rN( N) ( 0273 j
3. Because the relative difference is rather small in Fig. 7.4, this step is skipped,

which is also well accepted (Furati, 1997, 1998).

4. Both wetting and nonwetting relative permeabilities are allowed to follow
imbibition curves as long as the saturation of the nonwetting phase does not
exceed the historical maximum. As this scenario happens, the relative
permeability will begin to follow the bounding drainage function until another

reversal process in the direction of saturation change occurs.

The corresponding FORTRAN code is as follows:

IT (Sg_func<0.6) then

FindkrgHys = 0.42*((sg_func-0.327)/0.327)**2.0
Else

FindkrgHys = Findkrg(Sg_func)
End if

The next step is to implement this hysteresis study into the FORTAN simulator.

Case description

The synthetic dry gas reservoir is 1,000 ft long with a cross-sectional area of 10,000 ft*.

The wellbore radius, r,, is specified as 0.09144 ft. An active aquifer exists at the outer
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boundary and water is encroaching, so the outer boundary could sustain the reservoir
pressure as 7,880 psi. The target dry gas production rate is the equivalent pore volume
(PV) of 1,000 STB/D. The initial water saturation in the reservoir is 40% and dry gas
saturation is 60%. The irreducible water and gas saturation is 10% and 40% (in the
acceptable range, S. Karine, 2001). We assume it is a homogeneous reservoir. The
permeability is 3 md and the porosity is 0.15. Capillary pressure between gas and water
phases is not negligible. The input dataset for gas PVT Characterization is the same as
previous studies in Table 7.2, and the petrophysical parameters are as summarized in

Table 7.3.

Table 7.2—PARAMETERS AVAILABLE IN FIELD THAT ARE USED FOR
PVT CHARACTERIZATION THROUGH LITERATURE CORRELATIONS

Reservoir Separator gas specific Separator Temperature Prizz?;a(tgr )
temperature (Tg), °F grawty(}/gSP) (Tsep), F eia sep)s
220.0 0.63 60.0 114.7

Table 7.3—SYNTHETIC PETROPHYSICAL PARAMETERS

Initial reservoir

ressure, (pi) Reservoir Initial water Reservoir
P psi‘ Pi) porosity saturation, (Swi) permeability, (k), md
7880 0.15 0.40 3

Implicit pressure explicit saturation (IMPES) approach

Numerical reservoir modeling is based on the solution of the diffusivity equation, which
combines mass conservation equations (differential mass balance), PVT fluid
characterization and a transport law (Darcy equation) in a multiphase flow system. When
using the IMPES approach, the diffusivity equation is solved implicitly for pressure and
explicitly for phase saturation. Because the capillary pressure between oil and water
phases is negligible, the water pressure is identical to oil pressure, as summarized

in Eq. 7.8.
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The gas pressure is calculated by Eq. 7.9
Pe=Put By oo (7.9)

The reservoir simulator generated for this study is sensitive to the pressure fluctuating
under transient conditions. Proper configurations of the fluid PVT properties, the grid
refinement in the near-wellbore region, and the ratio of the pressure oscillation period to

the timestep are extremely critical.

Fluid PVT characterization

For this transient modeling work, fluid PVT properties were carefully selected to provide
the necessary system compressibility and allow sufficient mass storage. The PVT

behavior is depicted by the blackoil correlations in Appendix A (Fig. 7.8).

Reservoir rock is water-wet compared to the gas phase; the relative permeability curves
are shown in Fig. 7.9. Where water replaces gas, it is an inhibition process; on the other

hand, where the free gas replaces oil, it is a drainage process. The connate water



109

saturation is 10%. The hysteresis curve for relative permeability is studied for the

nonwetting-phase in the imbibition process.
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Fig. 7.8—Realistic fabricated PVT data lay out the correct trends upon pressure
and create appropriate fluid compressibility for pressure oscillation in the near-wellbore region.

Fig. 7.9—Imbibition process happens first and the relative permeability for gas as the dashed arrow (1);
then the drainage process follows as the dashed arrow (2).
The green line represents the lambda is set to 2.
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Grid refinement

Grid refinement is essential in the near-wellbore region because the pressure disturbance
can only be sustained at a comparatively short distance from the wellbore. However, the
depth of the disturbance zone into the reservoir is not known a priori and varies with the
frequency of the pressure fluctuations. To achieve this gridding refinement, the

logarithmic gridding method is employed.

The logarithmic method automatically refines the near-wellbore region; however, the
first (smallest) gridblock size is only 0.23 ft. The smallest gridblock is adjacent to the
wellbore, and this size decides the maximum timestep, which is about 3.29x10° days
(0.28 seconds) to ensure stable IMPES solutions. This small timestep is against any
practical application, and further refinement of the gridblocks is required. Thus, the
reservoir was divided into 20 gridblocks in 1D. The first 10 cells have the uniform size
of 10 ft and the rest of the reservoir follows the logarithmic gridding method. After
recalculation, a maximum timestep of 0.006 days (518 seconds) was obtained and

considered acceptable.

Investigation procedure

We can run the forward prediction for 12 days with constant reservoir pressure and
constant production rates, 930 Mscf/D. The stabilized pressure distribution profile is
shown in Fig. 7.10. Then the comparison was made between with the hysteresis and

non-hysteresis of the relative permeability cases.
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Fig. 7.10—The stabilized pressure profile after 12 days constant rate production.
Water has started to accumulated in the near wellbore region.

Comparison 1

In this comparison, the bottomhole pressure is fixed as 6,500 psia, and we checked the
process of the pressure buildup in the near-wellbore region. Fig. 7.11 illustrates the
simulation results after 12, 24, 36, and 48 hours respectively. In the left column, the
plots capture the whole pressure distribution through the reservoir, and in the right
column, the plots zoom in on the near-wellbore region corresponding to the left one. The
difference between using a hysteresis curve for relative permeability and not using it is

obvious.

However, the difference is not cumulative as investigating the maximum relative error at
different timesteps shows in Table 7.4. At the last investigation timestep, after buildup
for 12 hours, the maximum relative error is reduced to 0.23%, because the pressure in

the near-wellbore region is close to the preset 6,500 psia.
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Fig. 7.11—The difference between using hysteresis of relative permeability and not.
The red line is the case without the hysteresis curve, and the black line is the case with it.
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Table 7.4—THE MAXIMUM RELATIVE ERROR
BETWEEN USING HYSTERESIS OF RELATIVE PERMEABILITY AND NOT
AT EACH POINT OF INTEREST AFTER THE BOTTOMHOLE PRESSURE INCREASED

Build ;’g“me' 0.12 0.24 0.36 0.48 0.6
Mz’r‘r;‘i'izve 0.61% 0.58% 0.64% 0.69% 0.72%
Build ErpsT'me’ 0.72 0.84 0.96 1.08 1.2
Mz’r‘rg‘:'iz"e 0.71% 0.72% 0.73% 0.72% 0.71%
Build ErpST'me’ 1.32 1.44 156 168 18
Mz’r‘rg‘?'iﬂ)"e 0.70% 0.71% 0.71% 0.72% 0.71%
Build ﬁf’ST'me’ 1.92 2.04 2.16 2.28 2.4
Mz’r‘rg‘f,'i}(')"e 0.70% 0.69% 0.69% 0.68% 0.68%

As the results show, when using the hysteresis curve for the nonwetting phase during
imbibition process, the pressure drop will be less than not using it. The reason is that the
hysteresis curve favors the nonwetting-phase relative permeability, and meanwhile it
does not decrease much of the relative permeability for the wetting phase (in this study,
the identical relative permeability was used). So the total permeability is increased, and
the pressure drop will be less, which is why the pressure distribution in the black line is

over the red line in Fig. 7.11.

Comparison 2

In this comparison, the bottomhole pressure oscillates in as a sine function. This is a
similar study as pervious case studies. The oscillation period is about 1.2 hours. Fig.
7.12 illustrates the simulation results after 4.8, 9.6, 14.4, and 19.2 hours respectively. In
the left column, the plots capture the whole pressure distribution through the reservoir,

and in the right column, the plots zoom in on the near-wellbore region corresponding to
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the left one. The difference between using a hysteresis curve for relative permeability

and not using one is not obvious.

As the results show, in this case the hysteresis function will not play an important role.

The periodical fluctuation cancels the hysteresis effect.
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Fig.7.12—The difference between using hysteresis of relative permeability and not in the case of bottomhole
pressure oscillating in sine function style.
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(Fig.7.12 Continued)

Summary

This study focuses on the hysteresis effects of the relative permeability. This effect will

lead to less pressure drop, and no significant difference in saturation distribution is

observed. However, if the frequency of the fluid reinjection is high, the effect is

negligible.
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CHAPTER VII
SIMULATION OF THE COUNTER-CURRENT FLOW
IN THE NEAR-WELLBORE REGION

In the previous Chapter VI, the modeling efforts did not consider the capillary pressure.
However, counter-current flow is observed in field, and capillary pressure must take
responsibility for that scenario. This chapter successfully simulated the possible existing
counter-current flow under fully transient conditions for a gas reservoir; further,

capillary pressure is identified to be responsible.

Approach Description

This work was performed based on the blackoil FORTRAN simulator used before, and
reached its the solution by the IMPES method. Although this work is based on
conventional numerical reservoir modeling techniques, we use them in a way that
accommodates transient pressure and rate boundary conditions at the wellbore and also

along the distance from the well.

Reservoir model description

The synthetic dry gas reservoir has permeability of 1 md, porosity is 12.15%, the water
saturation is 12%, and gas saturation is 88%; capillary effects were considered and
constructed by the Leverett J-function (Fig. 8.1); and the relative permeability curve is
constructed by the Coery correlation (Fig. 8.2). Where water replaces gas, it is an
inhibition process; on the other hand, where the free gas replaces oil, it is a drainage
process. Forward predictions were carried out for 20 days. A similar case study was
performed with Eclipse for comparison purpose. The final results from the FORTRAN
code and ECLIPSE are similar up to this point (Fig. 8.3). The BHP then starts
oscillating. We proposed a step function (Fig. 8.4) to simulate the effects of slug flow in
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the wellbore. The BHP builds up at a constant rate of 1 psia every 2 minutes. After every
10 minutes, one liquid slug is lifted to the surface; consequently, the pressure drops by
25 psia, and the cycle starts again. In Fig. 8.4, the labels beginning with a letter ¢

represent the different simulation timesteps, each is two minutes.

10 —+ - 160
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L 120
5§ °7 H
£ - 80 =
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= 40
2 4
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0 =—0— e . | 0

1 0.8 0.6 0.4 0.2 0
Sw (Wetting phase). %

Fig. 8.1—J-Function and calculated gas-water capillary pressure versus water saturation.
The maximum capillary pressure is about 160 psi.
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Fig. 8.2—The relative permeability with gas saturation.
This curve is calculated by the Corey’s correlation.
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Fig.8.3—Comparison by time between Eclipse and the research code.
ais the comparison for the BHP (water phase) and reservoir pressure at the outer boundary;
b is the comparison for the water phase pressure distribution;
c is the comparison for the field cumulative gas production.
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Fig.8.4—A step function to represent the pattern of BHP oscillation.
When the BHP is built up to the maximum, one liquid slug is lifted.
After three buildup cycles, the BHP is fixed as 4465 psia in FORTRAN and stabilized for 5 days.
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As in the previous discussion in Chapter VI, proper PVT data lead to correct calculations

of the fluid compressibility, which provides the potential for pressure collisions. The
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grid refinement techniques achieve a balance of zooming in on the near-wellbore region
and determining the maximum timestep to obtain stable IMPES solutions. All these

prerequisites help constitute the U-shaped curve pressure profile.

Implicit pressure explicit saturation (IMPES) approach

Numerical reservoir modeling is based on the solution of the diffusivity equation, which
combines mass conservation equations (differential mass balance), PVT fluid
characterization, and a transport law in a multiphase flow system. When using the
IMPES approach, the diffusivity equation is solved implicitly for pressure and explicitly
for phase saturation. Because the capillary pressure between oil and water phases is

negligible, the water pressure is identical to oil pressure as summarized in Eq. 3.48.

n+l n n+l n+l n+l n+l n+l n n+l n n+l
Z {BW ”Twﬂ,m +B [ 4 nm]}p (BW n-—Wpp Bg ncgpn + Z {B“ ﬂTwﬂm Bg n[Tg n,m ]}Jpw n

mey, mey,

_|pntl n+l ]pn _[ n+l n n+1 ] Z n+l n ( _ pn )
- Bw nCWp Bg "Cgpn wn Bw nviscn g "qgsc Bg n gnm cgn [-)cgan

mey,

.................................................................................. (3.48 or 8.1)

The gas pressure is calculated by Eq. 8.2,
e T (8.2)

The reservoir simulator generated for this study is sensitive to the pressure fluctuating
under transient conditions. Proper configurations of the fluid PVT properties, the grid
refinement in the near-wellbore region, and the ratio of the pressure oscillation period to

the timestep are extremely critical.
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Fluid PVT characterization

For this transient modeling work, the fluid PVT properties were defined on the basis of
blackoil correlations available in the literature, and they provide the practical systems
compressibility that allow sufficient mass storage. The PVT behavior is depicted by the

blackoil correlations in Appendix B (Fig. 8.5).
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Fig. 8.5—Realistic fabricated PVT data lay out the correct trends upon pressure
and create appropriate fluid compressibility for pressure oscillation in the near-wellbore region.

Grid refinement

Grid refinement is essential in the near-wellbore region because the pressure disturbance

can only be sustained at a comparatively short distance from the wellbore. However, the
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depth of the disturbance zone into the reservoir is not known a priori and varies with the

frequency of the pressure fluctuations. In this study, logarithmic gridding was employed.
Definition of the Pressure Oscillation at the Wellbore

During liquid loading in gas wells, the BHP fluctuates as a result of wellbore phase
redistribution effects, combined with the inertia opposed by the reservoir. In our
preliminary investigations, sinusoidal wellbore pressure oscillations or step function (as

in this present work) are assumed.

Gas/water capillary pressure calculation

Because of the variation of properties affecting capillary pressures in a reservoir, a
universal capillary pressure curve is impossible to generate, so the Leverett J-function

method was used to convert all capillary pressure data to a universal curve as in Eq.

(8.3).
J(S,) o cosﬁ\/g
p - k (8.3)

g, 0op I

where J(Sy) is the Leverett J-function, 0 is interfacial tenstion.

6 is the contact angle.

In this work, the tension is set as 4.7 dynes/cm and the contact angle is 30°. Our later

case study was based on different Leverett J-function curves upon water saturation.
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Simulation Results and Discussions

Under this fully transient condition, our code captures the transient pressure distribution
in the near-wellbore region and the backflow rates. The U-shaped curve for water and

gas pressure distribution is shown in Figs. 8.6 and 8.7.
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Fig.8.6—The water phase pressure distribution upon radius in the three buildup cycles.
Similar U-shaped curves are observed.
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Fig.8.7—The gas phase pressure distribution upon radius in the three buildup cycles.
Similar U-shaped curves are observed.

However, beginning from the same point at 20 days from production start-up, ECLIPSE

does not seem to describe the same transient scenarios in Figs. 8.8 and 8.9.
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Fig.8.8—The inter-gridblock gas flow rates upon three periods.
Negative values mean the backflow rates. After some stabilization time, the backflow disappeared.
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Negative values mean the backflow rates. After some stabilization time, the backflow disappeared.
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In our code, after three oscillation cycles, the BHP is sustained with an increase of 5 psia
for 5 days. Both simulators gave close results again as expected (Fig. 8.10). The similar
results for late time also support the validation of this FORTRAN simulator, as well as

the U-shaped pressure distribution in the near-wellbore region.
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Fig.8.10—The comparison of the BHP fluctuating and bottomhole inter-gridblock gas flow rates with time.
The top figure (a) shows the initial transient reservoir response;
the middle figure (b) shows the reservoir response in the later stabilized period;
the bottom figure (c) zooms in on the flowrate distribution in stabilization time.
The well was shut in in ECL simulation results; meanwhile FORTRAN still produces at a reduced rate.
Negative values mean backflow rates.
After tabilizing the reservoir for 5 days, the backflow disappeared in FORTRAN results.
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Counter-current flow is observed even for this 1D simulation case in Fig. 8.11 to 8.14. In
the stabilization time, as long as the BHP can be sustained at a high value while
assuming an infinite source from the wellbore, the liquid keeps being reinjected to the
formation; meanwhile, because of the increasing water saturation in the very near-
wellbore region, the capillary pressure is reduced, leaving a conventional pressure
distribution profile for the gas phase. The U-shaped curve disappears for the gas phase.
Previous researchers (Dousi et al. 2005) did an analog phase reinjection study, but on the
basis of an upper producing gas zone and a lower reinjection water zone. Our 1D model
is based on the same data, and also finds this counter-current flow. As a conclusion,

capillary pressure is responsible for the counter-current flow in the stabilization period.

Further, during the approaching for this work, an opposite counter-current flow was also
identified when the BHP oscillation first started; the liquid phase flowed to the wellbore,
and the gas phase flowed back to the formation. This is because the large compressibility
for the gas phase absorbs the BHP oscillation effects most, so the pressure profile
responds to the BHP oscillation quicker than the liquid phase. As a consequence, this
kind of counter-current scenario only exists in the very beginning and for a short time

period right after the oscillation starts, so it is less important for production engineers.
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Fig.8.11—After long enough stabilization time, the pressure profile of the water phase still showed the U curve
in the near-wellbore region, and introduced a backflow.
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Fig.8.13—After long enough stabilization time, as the water saturation increased in the near-wellbore region,
the capillary pressure is decreased, so the U-shaped pressure profile of the gas phase disappeared.
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Summary

The investigation of liquid loading in gas wells requires the understanding of the
dynamic interactions between reservoir and wellbore. The conventional pressure profile
in the near-wellbore region of a flowing reservoir is not suitable to characterize the
transient phenomena that take place during liquid loading. Due to a combination of
inertia and compressibility effects, the reservoir response to wellbore phase
redistribution effects is not instantaneous. In this paper, a U-shaped pressure profile is
proposed to characterize the transient response of the near-wellbore region to liquid
loading in the wellbore. Such pressure profile could also explain the possibility of

reinjection of the heavier phase into the reservoir.

This chapter presents the results of a comparison between a state-of-the-art commercial
reservoir simulator and the research FORTRAN code for a synthetic, low-permeability
gas reservoir under oscillating BHP conditions typical of a liquid-loaded well. The
results show that the commercial software is unable to capture a transient pressure
profile in the near-wellbore region and the associated reinjection of the liquid into the
formation. This is because of the difference in the way the boundary conditions are
defined at the wellbore. The commercial simulator defines the perturbed BHP as a target,
not as a fixed constraint, and so introduces a gradual pressure buildup process. Also,
when defining a wellbore, the user has to specify a priori if it is going to be a producer or
an injector, and the well will not be allowed to automatically switch mode unless the
user states so in a subsequent production schedule. This means that backflow rates
cannot be detected with a conventional numerical simulator. On the other hand, our code
captures the transient phase profiles of both the gas and the liquid phase; it also
simulates counter-current flow due to capillary pressure effects, without considering

gravitational effects, and models liquid reinjection into the formation.
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CHAPTER IX
A FULLY-IMPLICIT METHOD
TO COUPLE THE WELLBORE AND RESERVOIR MODEL

An explicit coupling procedure was proposed for a single dry gas-phase reservoir by
Faclone (2005) in Chapter II. The coupling method includes a five-step iteration loop. In
the third step, the proposed method translates the flow rate at the bottom hole to a
pressure gradient as the inner boundary for reservoir simulator. The set of algorithms for
the reservoir and wellbore were well described in Chapter III and APPENDIX D

respectively.

Five Steps

Although this model was not validated, the raw work evoked the right way to couple
wellbore/reservoir models under fully transient conditions. A general procedure is given

with some modifications (Fig. 9.1):

1. Guess one BHP or flow rate.

2. Solve the multiphase well equations and obtain the flow rate or BHP.

3. In various ways, transfer the results from wellbore model to the inner
boundary for the reservoir simulator; for example, the specified pressure,
flow rate or bottomhole pressure gradient.

4. Using the IMPES method to solve the multiphase diffusivity equation, obtain
the pressure profile in the reservoir and update the corresponding values in
step 1 (bottomhole pressure or flow rate).

5. Go back to Step 2 to re-do the procedures until it converges.
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1. Guess or take the previous _
f shared boundary: BHP or qgp Next Timestep

2. Solve transportation
equation and mass Yes

@j balance in wellbore(4)

3. Translate the shared
boundary for reservoir

module %

4. Solve reservoir model with updating the
shared boundary in Step 1 (2)

he new BD and the
old one are converged?

Fig.9.1—A diagram to illustrate the five-step explicit coupling approach.

Test of Coupling the Reservoir Model with a Pseudowellbore Model

The FORTRAN reservoir simulator is successfully built and validated through our
previous work. To test if the proposed method is appropriate, an assumed

pseudowellbore is implicitly coupled with this IMPES model.

An example of the integrated wellbore/reservoir model

The case study is based on a synthetic black oil reservoir. Again, it is a 1D IMPES
model with single black oil phase. The grid block is distributed in a logarithmic method
for 1,000 ft. The outer boundary reservoir pressure is constant at 1,000 psi. Reservoir
permeability and PVT data are homogeneous and constant. In this single well model, the

production rate is 75.96 STB/D. Water is reinjected from the outer boundary at the same
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rate to satisfy the mass balance. The reservoir was initialized by the forward prediction
for 1,000 days and reached a steady-state condition. This configuration is adopted from
the validating case with a textbook example in Chapter V. Detailed information can be
found it Example 9.26 of the SPE textbook, Basic Applied Reservoir Simulation (Ertekin,
1998).

Starting from this initialized configuration, the reservoir simulation was coupled with an

assumed linear VLP curve (Eq. 9.1) at the inner boundary—the straight line in Fig. 9.2.
Goprr =0.248D, prr ceveiei 9.1)

Following the five-step method proposed before, we
1. Arbitrarily took the current BHP.
2. Brought this “current” BHP to Eq. 9.1 and obtain a “new” production.
3. Used the “new” production rate as the outer boundary of the reservoir module.
4. Through IMPES method, solved the pressure profile for a “new” BHP and
updated the corresponding BHP in step 1.
5. Went back to Step 2 to re-do the procedures until it converged.

After six iteration steps, results converged, and the production rate was increased from
75.92 bbl/D to 130.86 bbl/D, while the BHP was reduced from 910.94 psi to 527.55 psi.
Fig. 9.2a shows the convergent process of the six iterations, and Fig. 9.2b is the zooming
in of the last three iteration results, which clearly confirmed the validity of the proposed

five-step method.
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Fig. 9.2—The successful integration example of the self-developed reservoir simulator
with a pseudowellbore model was performed with the theory of Five Steps.

When we couple this reservoir with our wellbore module, timestep adjustments are very
important. The timestep required by reservoir side is much larger than the wellbore side.
If we always use the tiny timestep required by the wellbore module, a several-years-long

simulation task can be extremely time-consuming and impractical.

Initially the simulator always picks up a large timestep to run, followed by a material
balance check (MB check). If the MB check is satisfied, the current solution is
considered to be a stable one and proceeds to the next timestep; however, if the solution
is failed with the allowed Newton-Raphson iterations, a diverging problem occurs, and
the simulator just stops the forward prediction and recovers the integrated system to the
last stable configurations. Then the simulator divides the current timestep by 2, 2223 2%
2°,2°%, ..., and runs the results based on these different timesteps from large to tiny ones.
At the end, it selects the best solution according to the MB check results, granting it as

the most stable solution.

A possible time sequence of the simulation is like that: first, it runs with a large timestep,
but that leads to a bad MB check result; then it runs several tiny timesteps to stabilize the
integrated system until it gets good MB check results. This method simply speeds up the
simulation time cost, but it sacrifices the accuracy. However, this is a novel numerical

method to couple a fully transient reservoir and pipe models.
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Summary

The idea of this modified “five-step” method works for single oil phase under transient
conditions. The self-developed simulator is ready to implement, with the wellbore model

with replacing the pseudowellbore model.
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CHAPTER X

INVESTIGATION ON TRANSIENT PERMEABILITY

Permeability is usually assumed to be a constant value, a function of the rock. However,
in the framework of developing a transient reservoir simulator, it is important to consider
the possibility of a transient permeability, a function of the fluid pressure. Literature
review (Fournie, 2008, Baggio, 2009) shows that some studies of transient permeability
are tailored to tight formations and involve measurements under transient conditions,
mostly due to the very long time otherwise required reaching steady-state flow prior to
conventional measurement of absolute rock permeability. Our review highlighted the
lack of dedicated investigations on backpressure waves’ effects on pore fluid pressure

and, in turn, on permeability.

A study was therefore carried out to identify key parameters for an ideal experiment that
would assess the existence of a transient, pore-pressure-dependent permeability. To this
aim, preliminary laboratory experiments with a modified Hassler cell were performed at
Clausthal University of Technology, Germany, to mimic the effect of oscillating
downhole pressure on the gas flow in the near-wellbore region of a reservoir. Such
oscillations could be triggered by wellbore phase redistribution. Pressure gauges were

installed along the core to monitor the pressure profile.

Experiment Description

This experiment was designed and conducted at TU Clausthal by Dr. Catalin Teodoriu
and Youping Wang, PhD student. It consists of a modified Hassler cell containing a low-
permeability core specimen, through which air is circulated (from left to right in Fig.

10.1).
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Fig.10.1—Experimental setup (Teodoriu, 2009).

The maximum confinement pressure supported by the Hassler cell is 16 bar (232 psia)
and the maximum allowed inlet pressure is half of this value, i.e. 8 bar (116 psia) to
avoid any boundary leaks. Experiments are run with a confinement pressure of 9 bar;
inlet pressures vary from 1.5 to 6 bar, and the outlet is left at atmospheric pressure. Flow
rate is measured at the level of the outlet valve (yellow device at the bottom right in Fig.
10.1); pressures are measured through six pressure gauges located at different points of

the cell (Fig 10.2).

7 & 5 a 3 2 1
(cm) (o (3.0 (8.0} (13.0) (17,01 (185} {195}
1 1 Rubber Sleeve 1 L L L 1

Fig.10.2—Schematic longitudinal section of the Hassler cell shows the location of pressure gauges.
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In the first stage, the air flows at imposed inlet and outlet pressures until the flow is
stabilized, which indicates the steady-state condition is reached. Inlet and outlet
pressures, along with the outlet flow rate at the outlet are recorded, and the sample

permeability is evaluated by Darcy’s law for compressible gas in Eq. 10.1,

P (10.1)
A pin _pout

In the second stage, the outlet valve is suddenly closed, and pressure is sampled
simultaneously at all measuring points via a LabVIEW program, at every small time

period.

All the available parameters of the fluid and rock used in the experiments are

summarized in Table 10.1 (Baggio, 2009).

Table 10.1-ROCK SAMPLE

Porosity 17-18%

Diameter 0.00554 sq-ft

Length 0.68 ft

Fluid

Nature air

Viscosity 0.0184 cp

Specific gravity 1

Experimental parameters

Temperature 71.42 degF

Confinement pressure 130 psia

Inlet pressure 22-87 psia

Outlet pressure 14.7 psia

Perturbation total/partial valve
closure

Test duration 10-15 min

All the experiments have been run using exactly the same settings, except for the outlet

valve, which was only partially closed.
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Performed Simulation

We conducted simulations with the commercial software ECLIPSE and the developed

FORTRAN simulator. The same input parameters were used as the actual experiment.

Results and Discussions

The results under the steady-state condition are shown in Fig. 10.3, and both of the
simulation results matched the experimental data very well. Fig. 10.4 shows the results
under transient conditions—the outlet valve was closed, and the inlet pressure was
maintained constant while initiating a transient pressure buildup at the core outlet. Then
the experiment started to sample the pressure data along the core every 30 seconds. The
results show the consistent pressure profile in both of the simulators, but the buildup
process is much slower from the experiments. A few more comparisons were performed
according to different outlet disturbances or slightly different inlet pressures, but the

similar discrepancy between experiments and simulations always appeared (Baggio,

2009).
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Fig.10.3—Comparison between simulations and experimental data under steady-state conditions;
all curves are almost superimposed.
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Fig.10.4—Comparison between simulations and experimental data under transient condition;
simulation curves are almost superimposed between the two simulators,
but far away from the experimental data.

These results suggest a possible pressure-dependent permeability, and need the support

form more experimental data.



141

CHAPTER XI

CONCLUSIONS

This work presents a 1D dry gas and water two-phase reservoir simulator, coupled with a
pseudowellbore model. The results of this study support the possible existence of a U-
shaped pressure profile in the near wellbore, combined with reinjection rates into the

formation, and counter-current flow.

—  This FORTRAN simulator is more sensitive to the inner boundary pressure
oscillation than the conventional modeling approaches. The work suggests the

existence of a U-shaped pressure profile in the near-wellbore region.

—  High frequency of the bottomhole pressure oscillation, large fluid
compressibility, and low permeability will cause a shorter length of the U-shaped
pressure profile. The fluctuating amplitude has no effect on the U-shaped
distance. This conclusion is consistent with the two-phase dry gas reservoir and

three-phase black oil reservoir.

—  This study successfully mimics liquid reinjection into the formation while gas

continues being produced.

—  This near-wellbore model was coupled with a pseudowellbore model
experiencing slug flow, and the simulation results reveal the gas well dying

procedure.

—  Capillary effect plays an important role in the near-wellbore region and is

responsible for counter-current backflow rate without considering gravity effects.
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—  The work has prepared the future integration of a fully transient wellbore model

with this fully transient near-wellbore model.

—  This work will help production engineers identify or predict the onset of the
liquid loading problem, help determine the best remedy to save liquid-loaded
wells, and save liquid-loaded wells while generating profits for industry. The
results add to the current understanding of dynamic interactions between

reservoir and wellbore in situations when liquid loading occurs.

The modeling efforts have successfully developed representative solutions for the
transient flow in the near-wellbore region. It has many applications in the field; for

example:

— It is capable of working under fully transient condition to avoid setting

aggressive producing rates and preventing liquid loading.

— It is capable of forcasting a threatening disturbed pressure profile due to

bottomhole shut-in to estimate the potential damage to downhole equipments.

— It is capable of optimizing the injection spots for gas lift design. To design an
artificial lift project, field engineers need to determine the effective injection
points along the wellbore. For a fixed flowing wellhead pressure, the required
BHP can be calculated to carry out all the liquid from the wellbore, which is the
Hi,j in Eq. 11.1. This calculation is clearly related to the BHP oscillation
characterization. An integrated wellbore and reservoir modeling approach (our
work) is highly encouraged to estimate the pressure collision in the near-wellbore
region. An accurate average BHP by a fully transient model will ensure a

successful project.
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dp dp
Py = py+H,, [E] +(H-H, {Ej ......................................... (11.1)
a b

— It is capable of predicting the transient flow in fractures, especially for shale gas

reservoirs.
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APPENDIX A

GAS-WATER TWO PHASE FLOW IMPES ALGORITHMS

Conservation Equation

Combining mass-conservation equations (differential mass balance), EoS, and transport

equation-Darcy’s law in a multiphase flow system to develop the PDE.

(m), —(m,), +s,=(m,),

where
(m) =i A) o+l d,) (A, o
(m,), = [ A,) e+ Uity 4) |+ (AL, e
s. =g +a, )Mt

(ma )c = I/b [(mvc )t+At - (mvc )t]

Bringing the definitions into the above equation, we have

I_(mchx )x—Ax/Z + (mcyAy )y—Ay/Z + (mczAz )z—Az/2 JAt
- [(mchx )x+Ax/2 + (mcyAy )y+Ay/2 + (mczAz )z+Az/2 ]At + (qmt(, + qm(. )At = I/b [(mvc )t+At - (mvc )t]

- l(mchx )x+Ax/2 - (mchx )x—m/z J - [(mLyAv )y+Ay/2 - (mcyAy )y—Ay/Z J

. . Vv,
- [(mczAz )Z+Az/2 - (mczAz )z—Az/z ] = A_l; [(mvc )t+At - (mvc )t ]_ (qmtc + qm(' )
— |:(mchx ),wa/ 2~ (mchx )fox/z } Ax — (mc)’Ay )y+Ay/ 2 (mcy Ay )yfAy/ 2 A
Ax Ay Y

_{(mCZAZ ) =) }AZ L fm, ).y~ () )~ (g, +4,)

Az At
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In a differential expression,

0 0
_a(mcrAx ( ey J)Ay A mczAz AZ V a ( )_ (qmtc + qmr)
While “c” means component (= w, g)

By the definitions of B, = Poe _ ey = 45 and m, = a, pu,, this derives as

2 Ve

Lo 4y B,

A
water: - 2| 4. u,, a-2 —u, Ay—2 i pz=Le Of 85, ~ e
ox\ B, o\ B, ™ oz\ B, " a, ot\ B,

0| A4 ol A4, ol A4
Gas: ——| —~ Ax ——| — Ay ——| —=
8x(Bg ”fg"] Gy(Bg ”fgyJ 4 8Z(Bg ung] ( ] 7se)

Bringing Darcy’s law into the above three equations for each phase

. uZ (ﬁpl - 7162)

ox B;V 4, o U ox o\ “B, mu, \ oy T Oy
Water:
+£ ﬂc Az kzkrw (apw ]/W a_Z] AZ — _bg w _qwsc
Oz B, u, \ oz 0z a, ot\ B,
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Gas:
k.k., (0
L0 p Akks (0 a7) )
0z B, wu, \ oz oz
o[ B (
a, ot\ B, fose

We have four unknowns in the above three equations, which are p, p, S, S, .

Now consider the two constraints:
1. Phase-saturation constraint.

2. Capillary pressures as function of phase saturation.

Usually water is the wetting phase, oil is the intermediate-wetting phase, and gas is the

nonwetting phase, so we have

p,=p,+FP.(S,)

Then we can reduce the six unknowns to three:

Water:

0 oP_ (S A k k.
i ﬂc Ax kvkrw pg _ cgw( g) _)/wa_Z Ax_i_i ﬂc_}’ yow apa _ 8})caw _}/wa_Z Ay
ox\" "B, u, \ Ox ox ox oy B, u, \ oy oy oy

-|-E ﬂc AZ karw (apo B al)cow _ywa_Zj Az zﬁﬁ ¢SW “Quse
52 Bw /Llw aZ 82 62



152

k. k 6
Gas: 2 B —= A Bl [Py Ax
x|\ B, u, ax Ve 6x
i ﬂ Ty } rg 8pg _ a_Z Ay
ay B U, Vs 8x
8 AZ z Vé apg g
6 (ﬂc B /,lg g ax J ( (qusc)

Now, for any basic flow models, the equations can be expressed in terms of oil pressure

and fluid saturations in the (po -S,-S, )formation.

Discretization of the Multiphase-Flow Equations by a set of FDE’s

kA, k, k, A
Assume T, = f, = T, = ﬂcuh T, =p.
Ax u,B, Ay B,

kz Az krl
Az B,

Meanwhile, remember the finite-difference approximation of the second-order partial

derivatives in the x, y, and z directions are,

D pexa,f Lay=af NN
ox oy 0z

So the above three equations can be simplified for each gridblock (i,j, k) as

Water: A[T, (Ap, —7,AZ)]= VAt Af(ww J ~ s
a

w

Gas: AlT, (Ap, ygAz)]=aVbAtAtV(l—b;v‘So)J—qgsc

g
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Discretization in Time

Explicit finite-difference equations for all components in the black-oil model my now be

written in a compact form,

B

w

Water: A[T, (Ap, — 7, AZ)]" = Vs [[ﬁ} —[ﬁ} J—‘Zf;c

s of o, oz = Lo [ 48] [ACSIT g

Implicit finite-difference equations for all components in the black-oil model my now be

written in a compact form,

Water: A[T, (Ap, —7,AZ)]"" = Lﬂ&} - {ﬁ} ] e
a

Gas: AlT, (ap, ~7,a2)" =2 V(I_S”)TI{MT (g )"

a At

Implicit FDE’s are unconditionally stable. Hence the implicit, backward-in-time

discretization is used almost exclusively in modeling black-oil reservoirs.

Expansion of Accumulation Terms

From the reference Basic Applied Reservoir Simulation (Ertekin, 2001), page 234 ,

Example 9.9, we have,
Atf:fnJrl _fn

where fis the time accumulation term.



Convert it to

A, (UVxY)=(Uvxy)™ —(Urxy)'

Where UE¢VEB% X=R Y=,

i

The derived conservative expansion formula is,

AUVXY)=(PXY Y AU +U™ (XYY AV +(OV )" Y"AX +(UVX )™ AY

AU=A¢=¢'Ap,

AIV:AI L = L 'Azpo
Bl Bl

AIX = A[RS = RS'AIPO

AY=AS,=S'Ap,

For a three-variable function,

A,{?f} =YY AU+U™ (Y)Y AY +UV) " AY
l

: i&] A,¢+¢"”(Sl)"At(ij+(¢B%j AS,

Bl 1

Now we can present the implicit (backward) finite-difference equations as:.
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n+ V ¢'
ANT (Ap. -y AZ) =—2
[ W( =T )] o At {B‘Z i

N A 1)
AT, (Ap, -y, AZ)]" =—2 s, A
7, (ap, —7,AZ)] wbi| B +¢ (BWHSW Pyt
A[Tw (pr - j/wAZ)]”Jrl = prAtpw + waAtSw - qvnv:;
where C,, = —b{ﬂ +¢"! (L]}SW"
aAt| B! B,
B Vb i n+l
™ a,At\ B,
QGas:
_ _)‘l+1 r —n
iV, || #0-5,) #(1-5,)
AT \Ap, —y AZ)" = —2 w - w
[g(pg Ve )] at|| B, | . B, |
r n+l r n
-V, [ 40-5,) #(1-5,)
AT (Ap. — v AZ)"™ = —2 » - w
[g(pg Ve )] a|| B, | . B, |

—+

A[Tg (Apg - }/gAZ)]”H — L[{i+¢n+l (BLJCIS;Atpg

aAt|| B, .

n+l

" AP - qgsc

cgo

A,S

gg—tTg

~ 7 AZ) = A

gt

where C,, = L(ﬂ +g" [BLNG -S,)’

a.At| B, .
]nﬂ

c -V |9
“  a,At| B,

— (qusc )n+1

A[Tg (pr p, t C

n+l

q gsc

(|

155

n+l
¢ -
Bw AfSW _qws;
V n+l

v [ 2] As
a At\ B,

n+l
wse
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IMPES Method

The objective of the IMPES method is to obtain a single pressure equation for each grid
block by combining all flow equations to eliminate the saturation unknowns. By this
method, capillary pressure, and transmissibilities will be evaluated explicitly (at time

level n).

AT, (Ap, -7, AZ)" =C,,A,p, +C,,AS, —ql

ww—t

_ n+l n+l
Al (4p, — 7, A2 - Cophopy sl ALS. oo (A1)
C

ww

Alr,(ap, + AP, -y AZ)" =C

cgo

W FCLAS, — g

gpt gt g

A[T (pr +AP, 7gAZ)]n+l B CgpAtpo + qgcl

cgo

C _Ath:_ t~w

4

Combining Eq. Al and A2,

w cgo

AT (ap, -7, AZ)" = C A p, +aim AL, + AR, ~ 7, AZ)" = C A p, + g

C. C.,
B "”( [T, (8p, -7, 82" ~C, A, p, + )
-8 (Alr, (ap, + AP, 7, AZ))" ~C A, D, + 4l
( AT (8p, -7, AZ)]" - BIC,A,p, + Bl

+ (B;”A[Tg (Ap, + AP, — 7 AZ)" = BIC A, p, + B g

cgo

0

BAT (8, 7, AZ)" + B AL (8, + AP, ~ 7,82 )1

w cgo

= B"'C, Ap,+B"'C A p,— (B g + B g

We now apply the CVFD method (CVFD is used for the expansion of the spatial-
difference operator at a given gridblock-ordering scheme) and rearrange it. In a simple

case, a water/gas system, assuming no gradational change,
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n+l n n+l n+l n+l n+l n+l n n+l n+l
Z{BW nT;Vnm+Bg [ ]}p [BW n-_wpp +Bg n gpn Z{BW nTan+B [gnm]}]pw n

mey, mey,

n+l n+l n n+l n n+l n+l n n n
[Bw nCWp Bg anpn]pwn _[BW nqwscn +Bg nqgscn]_ Z Bg nTg nm(ljcgom _I)cgon)

mey,,

Subscripts:
m 1s the neighboring gridblock to gridblock n
n is the study gridblock

Superscripts:
n is the old timestep

n+1 is the current timestep

m €y, 1s the study matrix, in a simplified case, is only the x-direction

To calculate the water and gas saturation explicitly:

S e {A[T (Ap, 7 A2 =C A p, + g0

wwn

$1 =87, + -l o, a2, A2 -0 0, 4

cgo
8&8n

n+l 1 _ gntl
or Sg n—l Sy,

To calculate the water and gas flow rates explicitly:

g =C,Ap,+C,AS, —AT,(Ap, -y, AZ)]"

ww Tt

g =C A,p,+C,AS, —AT, (Ap, + AP, —y, AZ)™

cgo
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APPENDIX B

BLACK OIL PVT CHARACTERIZATION

A set of PVT data for oil FVF, gas/oil ratio, and oil viscosity were generated to support
the multiphase black oil simulation. All the correlations were obtained in the past

literature (McCain, 1993 et al.).

A case study is illustrated to get the full PVT tables

In the field, normally we can have the API for stock-tank oil gravity, solution-gas/oil
ratio in the separator, reservoir temperature, separator gas specific gravity, separator

temperature, and pressure as follow:

Table BI—PARAMETERS OBTAINED IN FIELD

Separator ] S "
Stock-tank Reservoir cparator gas Separator Separator
solution-gas/oil 5 it
oil gravity o Res) temperature Spectlic gravily  Temperature Pressure
ratio (Rsp),
API), °API Tr), °F (7 gsp) Teep), 'F sep)s Psia
(APT) f/STB (Tw) gSP (Tsep) (Psep), P
28.0 1500.0 220.0 0.63 60.0 114.7

Part I Solution-gas/oil PVT data evaluation

STEP 1 Calculate stock-tank solution-gas/oil ratio, Rgr
Define z, = CO0, + C1 VAR, + C2 VAR, ;

all the coefficients are given in Table B2.




Table B2—COEFFICIENTS USED TO CALCULATE Zy FOR Ry
n VAR Co Cl C2 Zn
1 In psp -8.005 2.7 -0.161 1.178
2 In Tsp 1.224 0.5 0 -0.823
3 API -1.587 0.0441 -1.29%107 -1.440

z= izn =-1.085
n=1

In Ry, =3.955+0.83z-0.024z° +0.075z° = 2.970

R¢; =19.498 scf/STB

STEP 2 Calculate the solution-gas/oil ratio at bubblepoint pressure Rgy,

R, =Ry, +Rg, =1519.499 scf/STB

STEP 3 Calculate the stock-tank gas gravity, 7,

z,=C0, +Cl VAR, +C2 VAR; + C3,VAR; + C4,VAR},
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Table B3—COEFFICIENTS USED TO CALCULATE y ST

n | VAR CO0 Cl1 C2 C3 C4 Zn
1 |Inpy, -17.275 7.9597 -1.1013 2.7735%1072 3.2287%X10° 0.296
In
2 -0.3354  -0.3346 0.1956 -3.4374%X10%  2.08%107 0.184
Rsp
3 | API 3.705 -0.4273 -1.818 X107 -3.459% 10" 2.505%10° -5.976 X102
4 | TP 555 629.61 -957.38 647.57 -163.26 -2.645
5 |InTy, 2.085 -7.097X102  9.859X10* -6.312 X 10° 1.4%X10°% 1.811
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z= izn =-0.415
n=l1

Vesr =1.219+0.198z + 0.0845z° +0.03z° +0.003z"* =1.149

STEP 4 Calculate the weight average gas gravity, 7,

R, + R
= Y gspfisp TV gsr sy —0.6367
Rgp + Rg;

STEP 5 Calculate the bubble-point pressure'

z,=C0, +Cl VAR, + C2,VAR; + C3,VAR;
3

z=)z,=2.007
n=1

Inp, =7.475+0.713z+0.0075z> =8.936

Table B4—COEFFICIENTS USED TO CALCULATE Pg
n VAR Co Cl C2 C3 Zy
InRy  -5.48 -0.0378 0.281 -0.0206 1.225
2 API 1.27 -0.0449 436%10* -4.76%10° 0.250
3 Y gsp 4.51 -10.84 8.39 -2.34 0.426
4 Tr -0.7835 6.23%10°  -1.22%X107 1.03%10® 0.106

p, =7602.001 psia
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STEP 6 Calculate the oil density at the bubble-point pressure, pors

Table BS—INPUT PARAMETERS TO CALCULATE porp,
Stock-tank oil Separator gas Reservoir . Solution-gas/oil
) i it Bubblepoint )
gravity (API), Specilic gravity temperature . ratio at py (Rsp),
pressure (py), psia
°API (7 gsp) (Tr), °F scf/STB
28.0 0.63 220.0 7602.001 1519.499

P, =38.52x107" +(94.75-33.931og API )logy ,5p = 22.0581b/ cuft

141.5

- —0.887
V510 = A pr+131.5

R, Vesp 4600y ¢

Py = =43.0221b / cuft

CTI3TIL4R, Y | P,

2
Ap =(0.167+16.181><10*°'°425’3'"’ Py _ —0.01(0.299+263><10*°'°6°3”ﬂ~ Py
’ 1000 1000

=2.5361b/ cuft

Py = P, T Ap, =45.5581b/ cuft

A,y =(0.00302 +1.505 p,, " (T, ~60)~ (0.0216 - 0.0233x 10! T, —60)*"
=4.813/b/ cuft
Pors = Pus —Apr =40.7451b/ cuft

STEP 7 Calculate the oil FVF at the bubblepoint pressure, By,

Table B6—INPUT PARAMETERS TO CALCULATE Bog

Stock-tank oil Solution-gas/oil ratio Weighted average gas

gravity (API), °API at pp, (Rgp), scf/STB specific gravity (7, ) (Porb) Ib/cu-ft

oil density at p,

28.0 1519.499 0.6367 40.745




Vsto = b 1315

141.5 0.887

Psro = 62368y ¢ = 55.3300b/ cuft

Bob

Psro +0.01357Rg 7, _1.680 resbbl

Porp STB

STEP 8 Calculate the oil viscosity at the bubble-point pressure, pop’
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Table B—INPUT PARAMETERS TO CALCULATE p,,
Stock-tank oil gravity =~ Reservoir temperature Solution-gas/oil ratio Bubblepoint
(API), °API (TR), °F at pp (Rsp), scf/STB pressure (py), psia
28.0 220.0 1519.499 7602.001

A=10.715(R,, +100)**" =0.238

B =5.44(Rg, +150) 7 = 0.443

loglog(x,, +1)=1.8653—0.025086 4P —0.56441logT, =—0.159

i, =3.933

/uob = AXIUODB = 0437Cp

STEP 9 Calculate the solution oil-gas ratio at interest point, Rg

Table BS—INPUT PARAMETERS TO CALCULATE Rg

Solution-

gas/oil ratio

at py (Rsp),
scf/STB

1519.499

Stock-tank oil Separator gas Reservoir Bubblepoint

gravity (API),  specific gravity temperature pressure
°API ( ygSP) (TR)a °F (pb)a pSia
28.0 0.63 220.0 7602.001

Pressure

interested,

psi

p(i)
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If the pressure at the interest point is below the bubblepoint pressure, the solution-gas/oil
ratio is as same as the solution-gas/oil ratio at the bubble-point pressure; otherwise, the

calculation is performed as the following by the Velarde et.al. method (1999).

z, = Ay5, APIT? (p, —14.7)°

Table B—COEFFICIENTS USED TO CALCULATE Rg
n A B C D E
1 |9.73%x107 1.672608 0.929870 0.247235 1.056052
2 | 0.022339 -1.00475 0.337711 0.132795 0.302065
3 |0.725167 -1.48548 -0.164741 -0.091330 0.047094
_pi)-147
" p,—14.7

Z3

RSr = lerzz +(1_Zl)pr
RS ()= RSb 'RSr

Study the solution-gas/oil ratio corresponding to the pressure range from 14.7 to 14000

psia, and the “Rs vs. p” plot is shown in Fig. B1.

STEP 10 Calculate the oil FVF at interest point, B,

Table B1I0—INPUT PARAMETERS TO CALCULATE B,

Stock-tank . Bubble- Solution- Separator
Weighted Reservoir Oil FVF at 6
oil gravity SG point gas/oil ratio ~ 888 Specilic
aveg. gas temperature Po (Bob), res- "
(API), pressure at py (Rsp), gravity
(7¢) (Tw), °F bbl/STB
b), pPSia sc Sp
°API (pv), psi f/STB (y g )

28.0 0.6367 220.0 7602.001 1.680 1519.5 0.63
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If the pressure at the interest point is above the bubblepoint pressure,

B,(i)=B,, x EXP|c,, (p, - p)]

C. can be obtained following Spivey et al. method®.

Table B11—COEFFICIENTS USED TO CALCULATE C,g
n X Con Cin Con

1 In °API 3.011 -2.6254 0.497
2 In y,sp -0.0835 -0.259 0.382
3 In py 3.51 -0.0289 -0.0584
4 In p/py, 0.327 -0.608 0.0911
5 In Ry -1.918 -0.642 0.154
6 In Tg 2.52 -2.73 0.429

z,=Cy, +Cp,x, + Cz,nxs

6
223z,

n=1

In(c,,, (i)x10° )= 2.434+0.4752 +0.0482>

¢, (i) = EXP(2.434+0.4752+0.0482> Jx10°°

Now, the oil FVF above the bubblepoint can be calculated.

If the pressure at the interest point is below the bubblepoint pressure, the first step is to

calculate the p ,, following the similar procedures in Step 6, and the second step is to

calculate oil FVF following the similar procedures in Step 7.

Calculate the p,,, (i) at the pressure of interest:
P, =38.52x107*" +(94.75-33.93log API )logy .5

141.5

- —(.887
Vst0 = b 1315
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R, Vesp T 4600y g7

Py = =43.0221b / cuft

CT3TLHR, Y | P,

2
Ap, =(0.167+16.181x10 > LJ_0.01<0.299+263><10_0'0603p"” P
’ 1000 1000

phs :ppo+App

Ap, =(0.00302+1.505p, "' (T, - 60)- (0.0216 - 0.0233x 10" )T, — 60)**"
Porb (l) = Py — APy [cuft

Calculate the B, at pressure of interest:

_ Psro +0.01357Rg,7,
poRb (l)

B, (i)

From the oil FVF corresponding to the pressure range from 14.7 to 14,000 psia, the “B,
vs. p” plot is shown in Fig. B2. Also, from the oil density corresponding to the pressure
range from 14.7 to 14,000 psia, the “p, vs. p” plot is shown in Fig. B3. Also, from the oil
compressibility corresponding to the pressure range from 14.7 to 14,000 psia, the “c, vs.

p” plot is shown in Fig. B4.

STEP 11 Calculate the oil viscosity at interest point, x,

Table B12—INPUT PARAMETERS TO CALCULATE p,

Stock-tank oil Reservoir ) o ) o
) Solution-gas/oil ratio Bubblepoint Oil Viscosity
gravity (API), temperature (Tg),

°API op atpy (Rsp), sc/STB  pressure (py), psia  at py (o), Cp

28.0 220.0 1519.499 7602.001 0.437
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If the pressure at the interest point is above the bubblepoint pressure,

D=2.6p"EXP(-11.513-8.98x107 p)
H, (i): Hop (p/pb )D

If the pressure at the interest point is below the bubblepoint pressure, the oil viscosity

can be calcualted following the same procedure as STEP 8.

A=10.715(R; +100) "

B =5.44(R, +150) "
loglog(u,, +1)=1.8653—0.025086 API —0.56441log T,

u,, = EXP(EXP(1.8653—0.025086 API —0.564410g T}, ))—1

Iuo (l): AX luoDB

From the oil FVF corresponding to the pressure range from 14.7 to 14,000 psia, the “B,
vs. p” plot is shown in Fig. BS.
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PART II Gas PVT data evaluation

STEP 12 Calculate the gas compressibility z-factor at interest point, z (Piper et al. 1993)
In this study, as the hydrocarbon composition of the reservoir gas is unknown, the SBV
parameters J and K are obtained based on the non-hydrocarbon mole percentage in the

gas. Y, is obtained in the previous Step 4.

3 T
J=a, +Zaiyi(—cj +a,y, +a5y§
i=1 cJ;
3
K=a0+2ﬂiyi e +ﬂ47g+ﬂ57/;
i=1 VPc ),

Table BI3—COEFFICIENTS USED TO CALCULATE SBV
PARAMETERS J AND K
. Non-hydrocarbon
' Components * P
0 0.11582 3.8216
1 H,S -0.45820 -0.065340
2 CO, -0.90348 -0.42113
3 N, -0.66025 -0.91249
4 0.70729 17.438
5 -0.099397 -3.2191
2 2
o =7 (unit: °R) J P (unit: psia)

pc p pc
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_027p,,
Pr =0T

pr

As illustrated, the above equation also includes z-factor, so it is an iteration process.

2()=1+(0.3265-1.0700/T,, —0.5339/T>. +0.01569/ T —0.05165/T> )p,,
+(0.5475-0.7361/T,, +0.1844/T2 )p?, —0.1056(~0.7361/T,, +0.1844/T> )p
+0.6134(1+0.7210p2 Y o2, /T2 JEXP(-0.7210,7, )

5
pr

From the gas z-factor corresponding to the pressure range from 14.7 to 9,000 psia, the

“z-factor vs. p” plot is shown in Fig. B6.

STEP 13 Calculate the gas formation volume factor at interest point, B,

B, (i)= 1 Psc 2(i)-p
eV 5,615 (T +459.67) (T +459.67)

Where psc = 14.65 psia and Tsc = 60.0 °F.
B, is in the unit of res-bbl/scf.

From the gas z-factor corresponding to the pressure range from 14.7 to 9000 psia, and

the “B, vs. p” plot is shown in Fig. B7.

STEP 14 Calculate the gas viscosity at interest point, 1o

Since 7, 1s obtained in the previous Step 4, the gas average molecular weight is,

M =29y,
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The gas density is calculated as

P (i)= o™
e10.732- 2()- (T + 459.67)

Then the viscosity at the interest point is calculated following the LGE method. The

required unit for temperature is Rankine and for density is gram/cubic-centimeter.

1, ())=10"* 4x EXP(B- p{ )

Where
. (9.379+0.01607M )T + 459.67)"°
209.2 +19.26M + (T +459.67)
B=3448+—200% 001009
(T +459.67)

C=2.447-0.2224B
pgis converted from pound/cu-ft to gram/cubic-centimeter.

b 1 g

cu— fu 62.42796  cc

From the gas viscosity corresponding to the pressure range from 14.7 to 9,000 psia, the
“pg vs. p” plot is shown in Fig. B8. From the gas viscosity corresponding to the pressure

range from 14.7 to 9,000 psia, the “u, vs. p” plot is shown in Fig. B9.
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APPENDIX C

SOFTWARE STRUCTURE

Currently this simulator includes these files:

GSSimulator.F90 — main program

Input.F90 — defines case dimension, initial flow rate, connate water saturation
and some constants etc.

Sched.F90 — the dynamic simulation schedule

FORMAT.FI — the output standards

Memory_Allocate.F90 — allocate memories for the required variables
GBAND.for — solve the linear equation

IMPES Newton.F90 — IMPES (forward) module

Init.F90 — initializes petrophysical parameters, like porosity, permeability,
define gridblocks etc.

MB_chk.F90 — material balance check module

Pipe.F90 — wellbore module (forwarded from Tobias and Barbosa at UFSC,
Brazil)

Print_Screen.F90 — outputs on screen

PVT BO.F90 — blackoil PVT Characterization

PVT updates.F90 — PVT explicitly updates module

Recover.F90 - records the last stabilized solution in the previous timestep. If the
current timestep is too large to get a stabilized IMPES solution, the
program will adjust the timestep and running simulation from this point.

Sat rate updates.F90 — updates the saturation and rates explicitly (out of the
Newton iteration).

Solver.F90 — identifies the different boundary conditions and formulates the

linear equation.
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* Stab sol.F90 — saves the last stabilized solution in the previous timestep. If the
current timestep is too large to get a stabilized IMPES solution, the program
adjusts the timestep and running simulation from this point.

*  Utils.F90 — various utility functions

e  Readme.txt — self-introduction

Fig. C1 illustrates the software structure in debugging model.

Solukion Explarer - GFSimulator -

“z=]
(o] Salution 'GFSimulator' (1 project)
=~ [ Headers
- FORMAT.FI
P Mernary_Allocate, FA0
=~ [ Input
Input, Fo0
P Sched. Fan
= [ Main Code
b aFSimulator, Fo0
=~ [ Subroutines
..... ¥] GBAND.FI0
..... [ ¥] IMPES_Mewton.Fo0
..... *] Init.Fa0
..... ¥] ME_chk.F90
..... 3 Pipe.FI0
----- | ¥] Print_Screen.F90
..... ¥] PYT_BO.Fo0
..... 3 PYT_updates,Fo0
----- ¥] Recover F90
..... ¥] Sat_rate_updates,Fa0
----- | ¥] Solver F90
..... | ¥] Stab_sol.Fo0
..... *] util.Fan
..... [Z] readMme.bxt

._'jT;|S|:|Iutiu:|n Explorer |'Z'5CIass Wi

Fig.C1 — Software structure view in Visual Studio (Version Dec. 2009)
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APPENDIX D

HOMOGENEOUS FLOW IN THE WELLBORE

Although this work mainly focused on modeling multiphase flow in the near-wellbore

region, a mechanistic model for modeling homogeneous flow in the wellbore was also

built in VBA as a parallel study.

Homogeneous flow means the velocities of the two phases are identical, and this implies

UG UL T Uy eeeeeee et et (D.1)
S =G L (D.2)
Uy
W,
£, =—0 = e PO U U P T U PO YU U U PRSPPI (D.3)
W, +W, x+(1-x)p,/p,

where W is the volumetric flow rate, m’ /s, and x is the quality.

PPy
xp, +(1=x)pg

Prp = Pu =

where p,, is the two-phase density and p,, is the homogeneous density.
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Conservation Equations
Conservation of Mass

The derivations for the diffusivity equation are consistently in SI units through this

chapter. Each intermediate equation will be verified by the unit check.

We start with the mass balance equation as the rate of mass creation equal to the outflow

rate minus the inflow rate, and plus the storage rate, in Eq. D.5.

. 0. . 0
0:{]pHA+§z—(]pHA)}—]pHA+A&& .................................... (D.5)
0z ot
3
where j is the total volume flux, given by j = Wet Wy =U,; +U,, in the unit of n21
m--s
m

or A equally.
We rearrange Eq. D.5,

50 (py )+ AECPL 0 (D.6)

oz ot

The right-hand-side (RHS) has dimensionless units, and the left-hand-side (LHS) has

two terms. We perform the unit check successfully.

m3k7gz kg

2 3 3 k k

. 2

mmsm” 0, mt K8 RS
m S S S
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Conservation of Momentum

Momentum is the effect of motion; the SI unit is

m m

= N S e e (D.8)

So the SI unit for momentum rate is Newton, V.

The momentum term in the center portion is equal to the sum of forces acting on the
study object. For momentum conservation, the sum of forces acting on a control volume
is equal to the momentum outflow rate minus the momentum inflow rate, and plus the

momentum storage rate, as in Eq. D.9.

GjA+5z§(GjA)—n’1jA+%(GA52):p~A—(p+5zZ—pj~A—pHgA&-sina—roé'zP
Z

4

where G is the mass flux in the unit of ; j 1s the total volume flux in the unit of

2
m -S

3

-— Ais the channel cross-section area in the unit of m®; and P is the channel

m -Ss

perimeter in the unit of m .

We perform the unit check successfully.

3

kg m m> kg m?-m
kg m’ 2 m’-sm’-s kg m’ 2 . m’-s
LHS : > —m"+m -— —m” +
m--sm--s m m--sm--s s

:kg~m+kg-m_kg~m+kg-m

s s? s s

=N+N-N+N



http://en.wikipedia.org/wiki/SI
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RHS: Pa-m’ —(Pa+m-&].m2 N mem
m

—N-(N+N)-kge—-N=N-(N+N)-N-N
S

................................................................................ (D.11)
Using G to represent m , Eq. D.9 can be simplified as,
x 8(G]A) + 8(GA52) = _(&Aﬁ_pj - pygAdz-sina —1,0zP .
oz ot 0z
................................................................................... (D.12)
Bringing G = p,, j = j=— into Eq. D.12,
H
2
{9 4]
5P ), oGAZ) :—(&Aé—p)—pHgAﬁz-sina—ro&P
0z ot
2
a(G Aj
g \Pu ), 5 0GA) o 0% ——(&A—pj—pHgAéz-sina—roézP
0z t ot
................................................................................. (D.13)
. A(%) . . . o o
Assuming o is negligible, and we remove the terms including this second derivative,
2
{9 4]
gL ), 5 0(G4) :—(&Aa—pj—pHgA&-sina—roﬁzP
0z ot Z
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divide it by oz,

2

a[G Aj

Pu_J, o(G4) = —(Aa—p)—pHgAsina—roP ........................... (D.15)
1574 Ot oz

and take out the constant cross-section area, A4,

1 a(c 5 A] 18(G4) (9 P

Pu P : %o
1 s P, gsing -2 D.16
A o A o (62) Pu8 SRETT (D.16)

because in the “no-slip” model,

where W is constant along the wellbore.

Now Eq. D.16 can be converted to Eq. D.18,

1 a(W GJ 10(G4) (9 P
Pu /4 . Ty
- o = EZ|-p, g — D.18
A oz A ot [sz P& SRETT (D-18)

More, we define the mixture velocity v,,, in the unit of m /s,
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Eq. D.18 can be derived and rearranged as,

w 8vM 1% . 7, P
— — — sinq —
4oz A at (a j P8 y
p\_ [wov, 1 oGa)) . (D20)
= <% 1 a P SINA——— . .
a(GA) . ,
For steady-state flow, 7 is zero, and Eq. D.20 is further reduced to,
P
()W v S (D.21)
0z A Oz A
By convention, a minus sign is used for pressure drop terms,
d, d )
A (D.22)
dz dz dz dz
Diffusivity Equations for the Single Gas Flow in Wellbore
From the mass balance Eq. D.6,
0
L (i A)+ AP0 oo (D.6)
0z ot

Assuming ¢z and cross-section ducts, 4, are constants, Eq. D.5 can be simplified as,

O (ip V4 2Pu
8Z(JpH)+ o
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Bringing G=p, j= j= o into Eq. D.23,
P

H

oz p, ot
1
5 m ZRT
L A (D.24)
oz ot 0z ot
Assuming unit volume and ideal gas 7 =1and V = =—— obtains
p
1> + 96 0 e (D.25)
ZRT ot 0Oz
Unit Check:
kg
. 2
L Pakg, m's_ kg K& ] (D.26)
Pa-m s m m-s m s
Replacing m with G, the first diffusivity equation is obtained,
1o + 96 = 0 (D.27)
ZRT ot o©z

From conservation of momentum under unsteady-state conditions, Eq. D.21,

a(GA)
ot

}_ 7, P

Py | Wy 1
0z A o0z A
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The acceleration pressure-gradient term under steady-state flow is zero.

So Eq. D.21 is further derived as Eq. D.29,

op\ W ov, . 7, P
- = |=— + SSIN O 4+ D.29
[GZJ A 0Oz P8 A ( )

o oo Qi) oy Qi) o da) o)l
_WBa P g NP Gy AP ey ANAP) ey L AP gy L A
dz 0z 0z 0z 0z A Oz p 0Oz
1
a(j 1] (1Y ]e4 o(1) G*1 a4
P Gryn —[—j A G| |2 (D.30)
0z yo, A oz oz\ p p Aoz
From the very beginning, the fluid density at the wellhead is,
PcPL
= R e T T PP D4
Prr = Py o+ (=), (D.4)
Rearranging Eq. D .4,
L o (=X, oo (D.31)
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So the derivative of Eq. D.31 is,

o1 0 0. ov
g(;):E[XVG +(1_X)VL]:V66_)ZC+)C 60 +(l—x)— ................... (D.32)

Because the two phases are treated as compressible fluids, v, =v;(p)and v, =v, (p),

o1 0 ox Op| Ovg ov,
o(L)_e I—x), =y, &P T A D.33
az(pJ oz Vo + (=2 J=v 8z+8z{x p +1-x) ap} (D-33)

As a summary, the second diffusivity equation for a steady-state condition is

2
_. _ R 4 <P +(1—x)aVL LA (D.34)
dz 0z 0z| Op op p Aoz

The equation for an unsteady-state condition is

2
_%:Gz vGﬁ+a_p xavG_F(l_x)aL _G_la_A_Fla(iA)
dz 0z 0z| Op op p Aoz A Ot

The total pressure drop under transient condition along the wellbore is

|
oz oz | op op o Adz A ot

Ty

2
P
[a_pHG{ ax+a_p[xav6+(l_x)avL}_G_ia_A+ M}+pHg.sina+ v



186

Assuming that:

) 0A
e constant cross-sectional area: 4 =const. = 6_ =0
Z

e No phase change: x =const. = ? =0s
z

e Incompressible liquid: v, =const. = aal =0
P

e Further, consider single-phase gas only: x = const. =1

Then the total pressure drop along the wellbore is reduced to

_(a_pj: Gz a_p % +a_G +pHg'SiIla’+£

0z oz\ op ot A

[a—pj+ G’ P s +8—G =—,0Hg-sin05—M ........................ (D.37)
oz oz\ op ot A

Assuming that the fluid is ideal gas, PV = nZRT , then we have,

= or v, = et e e D.38
Pe JRT Ve I ( )
ZRT
(v, ) ¢ m ZRT
So, G A e, (D.39)
op op p'm

Bringing Eq. D.39 back into Eq. D.37,

(a—pj+G2 P (a—pj+a—G:—pHg-sina—T0P
0z op N\ oz ot A
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[apj o ZRT(@pJ+8_G:_pHg.Sina_ Z'ZP

Oz Oz ot
pm ZRTp,
°: = =
P =7pr = F m
(a—pj—GzLTz(a—pj‘i‘a—G=—,0Hg-Sina_T°P
0z ( ZRTpGJ _\ oz ot A

[8pj ( j oG 7, P
— |- — =—pyg-sina———
0z ZRTpG ot A

2_
- g (8_pj+8_G: sing— (D.40)
p2ZRT \oz) ot y

Now bringing the equations of perimeter P =2 and 4= " into the above equation

__G'm Yop), o6 __  z0m)
p2ZRT \oz) o " ()
o G'm [op), G _ . 4T
pLZRT \ 0z ) ot PnE= 0,
2im 4
- (jm P0G g T (D.41)
PcZRT \oz) ot d;

Because the unit value, m is [, the final second equation for the conservation of

momentum under the above assumptions is,

2
1- G 8p oG —+= 26 0G =—pg —iz-w e (D.42)
p°ZRT GZ o p oz d;

We perform unit check, and put back multiplier 7 for the second term in the bracket,



G* _\op 0G 2G oG 4
1-— M|+ —+ T =—pg -
P ZRT 0z Ot p Oz d,;

2
( kg jkg kg kg kg
LHS : —mZ;S Pa m s m'-sm s
kg .| m ot kg m
— | Pa-m 3
m m
_[ ke Y m' ) kg Pa ke m' 1 kg
m*-s* \kg®> )JPa-m> m m*-s kg mm®-s
k k
= 2g2+ 2g2
m°s®  m’s
N kgm
kg m  w? ke 2 ke kg
RHS : —=—+ = + = T
m's> m  m’-s° m’  mi-sT m’-s’

An Example to Build the Linear Equation for Mechanistic Wellbore Model
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Now that the two PDF equations have been derived, we can provide a simulation

example. The wellbore is divided into five blocks (Fig. D1).

Fig.D1 — The wellbore is divided into five blocks



At time zero, assume we know the BHP ( p; = p})

The case of j = 0 is special because p, is known,

oy Ca Lo
Az At Az At
—&Gé+& :+(L+QJGII_R+_GIO+& (1)
Az Az A Az Az
Atj =1,
_Ca 1‘+i §+& ;:i Y
Az At Az At
_&;_& 11+i§+ 1, S Gl =R iG;’..
Az Az Az A At
Atj =2,
L B L
Az At Az At
G S Sy (LSl Ry L
Az Az Az At Az
Atj =3,
o, b G 1
Az D ATt Azt AT
_& ;_& ;_f_& ‘l‘+ i+i G‘]‘_R _Gf
Az Az Az At
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Atj = 4, the case is special again since G, (G;) is given,

C]2 Gl 1 1 1

Az At At
C C C
_Tu o Tmghy T
Az Az Az

o _Cun
YAz
=R+
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To obtain the elements of C,, and C,,, we define two functions depending on the G

values at the same space step but at the previous timestep.

G
Czl,j :le(G;)=l_%
2 (6})

C22,j = fzz (G;z) =

We formulate all the equations from Eq. D.46 to D.55 in matrix form of Fig. D2.

lad 1 .
L 0 0 0 0 0 0 0
Az AF Ar
S Cos [1_+c ] 0 0 0 0 0 0 0
Az Az Af Az
0 0 et L - 0 0 0 0 0
Fiv A iy
c o Co.o(1 Co.
I Rt . 0 0 0 0 0
iz iz = =T
0 0 0 0 - L €. 0 0 0
Az Af Az
0 y 0 R G [1_+C ] 0 0 0
bz Az Az nf Az
(S 1 C, .
0 0 0 0 0 0 _ = L 0
bz Az
0 y 0 y 0 R, .- [1+C ] 0
F¥] Az iy Fits Pt}
0 0 0 0 0 0 0 0 L 1
. s A
0 y 0 y 0 y y “wm _bne -
s i iz

Fig. D2 —Illustration of the linear equation combined by two PDFs in matrix form.
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Numerical Simulation by VBA Approach

A wellbore mechanistic simulator is built in VBA. A synthetic case was tested and
compared with a steady-state simulator, Petroleum Production Systems model (PPS,
1995). The input data for study is in SI units, illustrated by the snapshot of the user
interface (Fig. D3).

Farameters ¥alues 51 Unit Yalues Field Unit
R 1.72E+07 Pa 2494 65 psi
[Guezzed)
pidres 3927 kgim? 0.33 Ihisallon
r. 0.09144 m 030 f
dy 01524 m 0a0 f
f. 100 Pa 0.01 psi
T @FEHP IFFE K 22000 =f
T @t 3387 K 15000 =f
T i@Res IFFE K 22000 =f
Rgughnegg 0.0006 0.0006
Slart Angle a0" s0.00 -
i 100 m 325805 ft
iy 16824 m 500
fic 10000 = 10000 =
z .98 0.96
R 8.3145 Aol k) 1.99 calfimol K]
0 981 ms?
M 314 314
[ SA5E-13 m? 0.5845 Darcy
h 18.288 m G0.00 ft
phi 0.2 0.
c 5.87E07 1iPa 0.00405 1ipsi
M 1.37E-05 kgfim-=) 00137 cp
By 1 1
Bo 1 1
[(J— 248E+07 Pa 3600 p=i
Skin_total 1] 1]
eta 2.00 1.358E-05

Fig.D3 —The summary of input data for running this example.
Temperature gradient is 0.007 °C/ft. Users can change the input values in the “Main” worksheet.
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The same configuration was set for the steady-state simulator, PPS, and we just
performed the comparison between the two simulators at the first timestep from shut-in
to production. The maximum relative error for the pressure along the wellbore is about
14.5%, and the flow rates are constant in the steady-state correlations (Fig. D4, Table
D1). In transient conditions, the mechanistic model is exceptionally required, and the

relative error of the steady-state or pseudosteady-state models is not tolerated.

Pressure (Pa)
8.B5E+6 6.5E+6 4.5E+6 2.5E+6 5.0E+5
0
- 700
r 1400
r 2100
- 2800

= 3500
Pressure Distribution in the Wellbore

Depth (m)

—®—PPS S5 results

=®8=VBA TS results

Fig.D4 —The comparison of the simulation results for the first timestep
between a mechanistic model and the steady-state model PPS.



Table D1 -Comparson between the steady-state

and transient wellbore models.

Steady-state Model Transient Model Relative difference
Mass flow Current  Massflow  current
rate Pressure rate Pressure mass Pressure

(ke/m°/s) (kPa)  (kg/m’/s)  (kPa)
651.16 6894.74 556.83 6820.00 15.94% 0.07%
651.16 6638.26 557.42 6614.94 16.82% 0.35%
651.16 6390.74 558.75 6339.03 15.54% 0.82%
651.16 6162.52 561.38 6062.17 15.99% 1.66%
651.16 5939.13 565.49 5784.37 15.15% 2.68%
651.16 5726.09 571.43 5505.52 13.85% 4.01%
651.16 5522.00 579.54 5225.57 12.36% 5.67%
651.16 5326.88 590.17 4944.44 10.34% T73%
651.16 5139.34 603.64 4662.07 T7.87% 10.24%
651.16 4960.08 620.32 4378.37 4.97% 13.29%
651.16 4787.71 651.16 4092.89 0.00% 1656.98%

Summary
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This appendix proposed a transient homogeneous wellbore model. The comparisons

show the steady-state model is not appropriate for transient conditions. The parallel work

led by Prof. Jader Barbosa’s group at the Department of Mechanical Engineering,

Federal University of Santa Catarina in Brazil is under the process to build a transient

multiphase wellbore model in FORTRAN, which is used to couple with this transient

reservoir model at Texas A&M.
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