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ABSTRACT

The Inflow Performance Relationship (IPR) describes the behavior of the well’s flowing
pressure and quantifies its production rate. Different IPR correlations exist today in the
petroleum industry with the most commonly used models are that of Vogel's and

Fetkovich’s.

In this work, a new model to predict the IPR curve was developed, using a new correlation
that accurately describes the behavior of a well flow-rate as a function of the average
reservoir pressure. This new correlation was obtained using actual field cases. After the
development of the new model, its validity was tested by comparing its accuracy with

that of the most common IPR models such as Vogel, Fetkovich, and Wiggins.

The results of this comparison showed that: the new developed model gave the best
accuracy with an absolute error of 5.54 %, while the other common models are ranked,
according to their accuracy in the following order to be Fetkovich, Vogel, and Wiggins,

with absolute errors of 6.73 %, 23.18 %, and 32.3 % respectively.
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CHAPTER ONE

Introduction

1.1 Problem Statement

Solution gas drive also known as Dissolved gas drive or Internal gas drive
reservoirs are characterized by a rapid and continuous decline of reservoir pressure.
This reservoir pressure behavior is attributed to the fact that no extraneous fluids or gas
caps are available to provide a replacement of the gas and oil withdrawals (Tarek, 2001).
This rapid and continuous decline of reservoir pressure causes a direct decline of
reservoir performance at early stages of the life of the reservoir. Moreover, the principal
source of energy which is gas liberation from the crude oil and the subsequent
expansion of the solution gas as the reservoir pressure is reduced are inadequate to
produce such reservoirs to their full capacities (Tarek, 2001). Ultimate oil recovery from
natural flow of a solution gas drive reservoir (less than 5% to about 30%) makes it one of
the least efficient primary recovery mechanisms (Tarek, 2001). The low recovery from
this type of reservoir suggests that large quantities of oil remain in the reservoir and,
therefore, solution gas drive reservoirs are considered the best candidates for secondary
recovery applications.

Artificial lift technologies such as continuous gas lift, gas lift with velocity strings
and positive displacement pumping method is therefore employed at later phases of the
reservoir in order to increase the ultimate recovery. The main challenge is to know when
to change existing production mechanism to a new one for optimum recovery. A
production design has therefore been made in an attempt to solving this problem with

respect to constraints such as maximum production rate, maximum drawdown, and



available gas lift.
The flowing bottom-hole pressure required to lift the fluids up to the surface may
be influenced by size of the tubing string (Lyons, 1996) and for that matter the time when

tubing strings should be replaced as a function of cumulative production is necessary.

1.2 Method of Conducting the Project

Excel VBA to analyze various methods for analyzing Inflow performance relationship on
a solution gas drive reservoir model. After getting the simulated data set, with the aid of
sensitivity analysis select the most accurate. Then create a New IPR model from the
selected by tweaking its equation to obtain a new equation. Then apply the new equation
on the same reservoir model to obtain a new data set. Then compare and contrast both

equations.

1.3 Aim and Objectives

Examine a production data (flowing pressure and actual flow-rate) of a standard
Reservoir model by comparing the commonly used models Vogel’s, Fetkovich's and

Wiggin's using Excel Visual Basic for Application.

|.  Test some of the available IPR methods on a Field production data.

Il.  Perform Sensitivity analysis test via Error calculation to select the most accurate

IPR model.

lll.  Develop a new IPR model from the selected model and compare both models.



1.4 Outline of this Project

The project consists of five (5) chapters. Chapter 1 defines the problem at hand,
the method which the project follows and objectives. Chapter 2 presents a
literature review of the topic as well as the technical terms that make up the topic.
Chapter 3 introduces a thorough review on Inflow Performance Relationship
model and commonly known models. Chapter 4 focuses on the application of
some to the common models on an actual field data and development of our new
model from the most accurate model amongst the common model Chapter 5
gives a summary and conclusions stemming from this project and provides
recommendations for future research work in this area. This work focuses on
applying our newly developed model, in this case cost, to help a well to optimally
meet its recommended flow capacity which enhances economic evaluation in

solving a real life problem.



CHAPTER TWO

Literature Review

The Inflow Performance Relationship (IPR) describes the behaviour of a well’'s
flowing pressure and production rate, which is an important tool in understanding the
reservoir or well behaviour and quantifying the production rate. The IPR is often required
for designing well completion, optimizing well production, nodal analysis calculations,
and designing artificial lift. Different IPR correlations exist today in the petroleum
industry with the most commonly used models being that of Vogel's and Fetkovich's

(Mohammed et al, 2009).

2.1 Reservoir Natural Drive Mechanisms

Natural drive mechanisms refer to the energy in the reservoir that allows the fluid to
flow through the porous network and into the wells. In its simplest definition, reservoir
energy is always related to some kind of expansion (Cosentino, 2001). For a proper
understanding of reservoir behaviour and predicting future performance, it is necessary
to have knowledge of the driving mechanisms that control the behaviour of fluids within
reservoirs. Several types of expansions take place inside and outside the reservoir, as a
consequence of fluid withdrawals. Inside the reservoir, the expansion of hydrocarbons,
connate water and the rock itself provides energy for the fluid to flow. Outside the
producing zone, the expansion of a gas cap and/or of an aquifer may also supply
significant amount of energy to the reservoir. In this case, the expansion of an external
phase causes its influx into the reservoir and will ultimately result in a displacement

process (Cosentino, 2001). There are basically six driving mechanisms that provide the



natural energy necessary for oil recovery:

1. Rock and liquid expansion drive

2. Depletion drive

3. Gas cap drive

4. Water drive

5. Gravity drainage drive

6. Combination drive

The figures 2.1 and 2.2 below compare various characteristics of the drive mechanisms.

Reservoir Pressure Trends

8

Water drive

Reservoir
Pressure, % of
Original

Gas - cap

Drive
e

Solution — gas
Drive

100

Cumulative oil produced, % of original oil in place



Gas - Oil Ratio Trends

5
Solution — gas drive
Gas - cap
Gas/Oil ratid Drive
(MSCF/STB)
Water drive
0

0 Cumulative oil produce, % of original oil in placg?

The attention of this project is on the Depletion drive mechanism also known as the

solution gas drive mechanism which is reviewed as follows.

2.2 Solution — Gas Drive Reservoir

This driving form may also be referred to by the following various terms: Solution
gas drive, Dissolved gas drive or internal gas drive. A solution gas drive reservoir is one
in which the principal drive mechanism is the expansion of the oil and its originally
dissolved gas. The increase in fluid volumes during the process is equivalent to the
production (Dake, 1978). A solution — gas drive reservoir is mostly closed from any
outside source of energy, such as water encroachment. Its pressure is initially above
bubble-point pressure, and, therefore, no free gas exists. The only source of material to
replace the produced fluids is the expansion of the fluids remaining in the reservoir

(Beggs, 2003). Some small but usually negligible expansion of the connate water and



rock may also occur.

When the reservoir falls below the saturation pressure, gas is liberated from the
hydrocarbon liquid phase. Expansion of the gas phase contributes to the displacement
of the residual liquid phase. Initially the liberated gas will expand but not flow, until its
saturation reaches a threshold value, called critical gas saturation (Cosentino, 2001).
Typical values of the critical saturation ranges between 2 and 10% (Cosentino, 2001).
When this value is reached, gas starts to flow with a velocity proportional to its
saturation. The more the pressure drops, the faster the gas is liberated and produced,
thus lowering further the pressure, in a sort of chain reaction that quickly leads to the
depletion of the reservoir (Cosentino, 2001).

At the surface, solution gas drive reservoirs are characterized in general by rapidly
increasing in Gas - Oil Ratios (GORs) and decreasing oil rates. Generally no or little water
is produced. The ideal behaviour of a field under solution gas drive is depletion is
illustrated in figure 2.3. The GOR curve has a peculiar shape, in that it tends to remain
constant and equal to the initial Rsi while the reservoir pressure is below the bubble point,
then it tends to decline slightly until the critical gas saturation is reached. This decline
corresponds to the existence of some gas in the reservoir that cannot be mobilized
(Cosentino, 2001). After the critical saturation is reached, the GOR increases rapidly and
finally declines towards the end of the field life, when the reservoir approaches the
depletion pressure.

The most important parameter in solution — gas drive reservoirs is gas — oil
relative permeability (Cosentino, 2001). Actually, the increase in the GOR curve is related
to the increased gas permeability with respect to oil, as its saturation increases. The
lower the critical gas saturation, the more rapid the gas will be mobilized and produced,

thus accelerating the depletion and impairing the final recovery (Cosentino, 2001).

7
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Figure 3: Ideal production behavior of a solution gas drive reservoir

2.3 Material Balance for some Drive Mechanisms

Material balance has long been regarded as one of the basic tools of reservoir
engineers for interpreting and predicting reservoir performance (Dake, 2001). In the most
elementary form the material balance equation states that the initial volume in place
equals the sum of the volume remaining and the volume produced (Lyons, 1996). The
zero dimensional material balance is derived and subsequently applied in this report,
using mainly the interpretative technique of Havlena and Odeh, to gain an understanding

of reservoir drive mechanisms under primary recovery conditions (Dake, 2001).

N,(B, + (R, R B) = NB_

I(Bo_Boi)-'-B(Rsi_ RS)BQ] + m(%-‘l) + (1 +m)

oi gi

C-S +C
Co%)m +(w,-w)B, (2.1)



According to Tarek, 2001, the basic assumptions in the material balance equation are as
follows:
+ Constant temperature: Pressure - volume changes in the reservoir are assumed to
occur without any temperature changes.
Pressure equilibrium: All parts of the reservoir have the same pressure, and fluid
properties are therefore constant throughout.
« Constant production data: All production data should be recorded with respect to
the same time period.
Constant reservoir volume: Reservoir volume is assumed to be constant except
for those conditions of rock and water expansion of water influx that are

specifically considered in the equation.

2.3.1 Solution — Gas Drive

A schematic representation of material balance equations for solution gas
reservoirs, when the change in pore volume is negligible is shown in figure 2.4 (Lyons,
1996). Above the bubble point, the drive energy is due to the expansion of the under
saturated, single phase oil, the connate water expansion and the pore compaction, while
below, the complex solution gas drive process is activated once gas has been liberated

from the oil (Dake, 2001).

Qil Qil
For P> Py | N Boi = (N—Np)Bo
Pi Pi>P > P»
Oil o] Free Gas
ForP< | NBo = | (N=-N))B, | [NR,=(N-N)R-G]B,  |p
Pi

Pi < Po



Schematic of material balance equations for solution — gas drive reservoir
(Source: Lyon, 1996)

Two main phases of a solution gas drive reservoir are identified. These are

depletion above the bubble point and depletion below the bubble point.

Depletion above bubble point (Under saturated)

For a solution gas drive reservoir it is assumed that there is no initial gas cap, thus
m = 0, and that the aquifer is relatively small in volume and the water influx is negligible.
Furthermore, above the bubble point, Rs = Rsi = Ry, since all the gas produced at the
surface must have been dissolved in the oil in the reservoir (Dake, 2001). Under these

assumptions, the material balance equation (2.1) becomes:

_ (Bo_ Boi) (Cw_ ch+ Cf)*
NPBO = NBoi ( B ) + ( 1'SWC Ap (2.2

oi

The component describing the reduction in the hydrocarbon pore volume, due to
the expansion of the connate water and reduction in pore volume cannot be neglected
for an under saturated oil reservoir since the compressibility cw and crare generally of the
same order of magnitude as the compressibility of the oil (Dake, 2001) where the oil

compressibility is given by:

B-B_
C,= (BO‘*A?)) (2.3)

ol

10



Substituting egn. (2.3) into eqn. (2.2) gives

- (Cw- ch+ Cf)
N,B,= NB_+ COT Ap (2.4)
Since there are only two fluids in the reservoir, that is, oil and water, then the sum of the
fluid saturations must be 100% of the pore volume, or is the effective, saturation —

weighted compressibility of the reservoir system.

S,.tS,=1 (2.5)
_ (C,S,-S,.C,+rC)
N.B,= NB_+ 1S Ap (2.6)
Or NJB,=NB_C Ap (2.7)
1
C, = s (C,S,- S,.C, + C) (2.80)
2.3.2 Gas Cap Drive

For a reservoir in which gas cap drive is the predominant mechanism it is still assumed
that the natural water influx is negligible (We = 0) and, in the presence of so much high
compressibility gas, that the effect of water and pore compressibility is also negligible
(Dake, 2001). Under these circumstances, the material balance eqn. (2.1), can be written

as

11



(Bo_Boi)+(Rsi- Rs) Bg BQ
5 ] + m(B—-1) (2.9)

oi gi

N, (B, + (R,-R B;) = NB_ [

Using the technique of Havlena and Odeh with negligible water influx, the material

balance equation can be reduced to the form

F = N(E, + ME) (2.10)

2.3.3 Water Drive

A drop in the reservoir pressure, due to the production of fluids, causes the aquifer
water to expand and flow into the reservoir. Applying compressibility definition to the

aquifer, then

Water Influx = Aquifer Compressibility x Initial Volume of Water x Pressure Drop Or

W, = (C,+ C) W Ap (2.11)

Using the technique of Havlena and Odeh (assuming that B = 1), the full material

balance can be expressed as
F=N(E+MEE )+ W, (2.12)

If the reservoir has no initial gas cap and coupled with the fact that water and pore
compressibility are small and also the water influx helps to maintain the reservoir

pressure (making Ap appearing in the Erw term reduced), eqn. (2.12) reduces to

F=NE, +W, (2.13)

12



2.4 Predicting Primary Recovery in Solution — Gas Drive Reservoirs

Several methods for predicting performance of solution-gas behaviour relating
pressure decline to gas-oil ratio and oil recovery have appeared in literature (Lyons,
1996). These methods include Tracy's method, Tarner's method and Muskat's method.
The following assumptions are generally made: uniformity of the reservoir at all times
regarding porosity, fluid saturations, and relative permeability; uniform pressure
throughout the reservoir in both the gas and oil zones (which means the gas and oil
volume factors, the gas and oil viscosities, and the solution gas will be the same
throughout the reservoir); negligible gravity segregation forces; equilibrium at all times
between the gas and the oil phases; a gas liberation mechanism which is the same as
that used to determine the fluid properties, and no water encroachment and negligible

water production (Lyons, 1996).

2.4.1 Tracy's Method

Neglecting the formation and water compressibility as well as any form of
injection, the general material balance equation as expressed by eqn. 2.1 can be
reduced to (Tarek, 2001)

NpBo+(Gp_NpRs)Bg_(We_WpBw)

(2.14)
B

(Bo-Boi)+(Rsi- RS) Bg+mBoiI Bg 4]
gi
Where G,= RN,

Tracy (1955) suggested that the above relationship can be rearranged into a more usable

13



form as:

N=N p® z+ Go®q+ (W p Bu~We) O (2.15)

Where ¢o, ¢y and ¢ware considered PVT related properties that are functions of pressure
and defined by:

- Bo-Rng 2 16
b, = Den (2.16)
B
- g
¢, = 5 (2.17)
b, = —— (2.18)
w  Den )
Den=(B-B )+ (R -R)B + mB Bg1 2.19
en _( o oi) ( si s) g T MB, Bgi_ (2.19)

Figure 2.5 gives a graphical presentation of the behaviour of Tracy's PVT functions with

changing pressure (Tarek, 2001).

14
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Figure 4 Tracy’s PVT functions  (Source: Tarek, 2001)
For a solution gas drive reservoir, equations (2.15) and (2.19) reduce to the following

equations respectively:

N= N, + G b, (2.20)
And
Den = (BB ) + (R -R)B, (2.21)

Tracy's calculations are performed in series of pressure drops that proceed from known
reservoir condition at the previous reservoir pressure p* to the new assumed lower

pressure p. The calculated results at the new reservoir pressure become “known” at the

next assumed lower pressure (Tarek, 2001).

15



2.4.2 Tarner's Method

This is a trial and error procedure based on the simultaneous solution of the material
balance equation and the instantaneous gas-oil ratio equation (Lyons, 1996). For a
pressure drop from p1 to p2, the procedure involves a stepwise calculation of cumulative
oil produced (Np)2 and of cumulative gas produced (Gp)2. The stepwise procedure as
enumerated in Lyons, 1996 is as follows:

During the pressure drop from p1 to p2, assume that the cumulative oil production
increases from (Np)i to (Np)2. At the bubble point pressure, Np should be set
equal to zero.

+ By means of the material-balance equation for W, = 0, compute the cumulative

gas produced (GP): at pressure p2as:

(03, = ()., ~NRR}5%)- (v) 5o 222)

e Compute the fractional total liquid saturation (S.): at pressure p, as:

), 5, + (-5, %L 02

ol

o Determine the k /k  ratio corresponding to the total liquid saturation (SL)2 and

16



Compute the instantaneous gas — oil ratio at p2 as:

K.\[uB
- rg 0_0
R, = Rs+(k )(u B) (2.34)

Compute the cumulative gas produced at pressure p: as:

(Gp)z = (Gp)1 + 1—22[(Np)2_ (Np)1] (2.35)

Where R; is the instantaneous gas — oil ratio computed at pressure p1.

2.4.3 Muskat's Method

Muskat expresses the material balance in terms of finite pressure differences in
small increments. The changes in variables that affect production are evaluated at any
stage of depletion or pressure (Lyons, 1996). Assumption is made that values of the
variables will hold for a small drop in pressure, and the incremental recovery can be
calculated for the small pressure drop (Lyons, 1996). Knowing PVT data and the gas- oil
relative permeability at any liquid saturation, the unit recovery by pressure depletion can

be computed from a differential form of the material balance equation as:

17



1

d(z)
S,B,dR. S k. u_dB B
0_9_S+_0ﬂ&_0+(1_SO_SW)Bg g
ds, B, dp Bk, p, dp dp (2.36)
dp K gH '
‘I+ 9" o
kroug

From the change in saturation at any pressure, the reservoir saturation at that time can
be related to the change in oil production and the instantaneous gas — oil ratio (Lyons,
1996).

Using (AS./Ap) which is mostly the average, the oil saturation S, is computed as:

AS
So = So*-(p*-p)( A ) (2.37)
avg

The cumulative oil production is then calculated as:

ol

And the cumulative gas production is computed as:
G,= G, + AG, (2.39)

Where

AG, = (GOR), AN, (2.40)

avg

18



2.5 Artificial Lift Methods

Most oil reservoirs are of the volumetric type where the driving mechanism is the
expansion of solution gas when reservoir pressure declines because of fluid production.
Oil reservoirs will eventually not be able to produce fluids at economical rates unless
natural driving mechanisms (e.g., aquifer and/or gas cap) or pressure maintenance
mechanisms (e.g., water flooding or gas injection) are present to maintain reservoir
energy (Boyun et al., 2007). When reservoir pressure is insufficient to sustain the flow of
oil to the surface at adequate rates, natural flow must be aided by artificial lift. There are
two basic forms of artificial lift: continuous gas lift and bottomhole pumping (Golan and
Whitson, 1995). Both methods supplement the natural drive energy of the reservoir and
increase the flow by reducing backpressure at the wellbore caused by flowing fluids in
the tubing (Golan and Whitson, 1995). Approximately 50% of wells worldwide need

artificial lift systems (Boyun et al., 2007).

The commonly used artificial lift methods include the following:
a. Sucker rod pumping
b. Continuous Gas lift
c. Intermittent Gas Lift
d. Electrical submersible pumping
e. Hydraulic piston pumping
f. Hydraulic jet pumping
g. Plunger lift
h. Progressing cavity pumping

19



In naturally flowing wells, the well flowrate capacity is usually higher than the
recommended or desired flow rate and the well production is controlled by the use of a
choke. There are some naturally flowing wells that although able to produce steadily the
desired flow rate, cannot start production without some help. Those wells need a kick-off
operation after a shutdown in order to produce a steady flow rate. In this case an
artificial lift method can be used whenever necessary to kick-off the well (Prado, 2008).

In certain cases, the bottom hole flowing pressure may be sufficient only to
produce the well at flow rates smaller than the recommended or desired flow rate. In
some cases the bottom hole flowing pressure may not be capable to produce any flow
rate at all and the well is called a dead well. In those two cases artificial lift methods can
be used to achieve the recommended flow rate (Prado, 2008).

Finally, there are conditions when the bottom hole flowing pressure is able to
produce the fluids to the surface but the production is unsteady. In those cases artificial
lift methods can be used to stabilize the well (Prado, 2008).

Artificial lift is the area of petroleum engineering related to the use of
technologies to promote an increase in the production rate of flowing oil or gas wells, to
put wells back into production or to stabilize production by using an external horsepower
source. The external source helps the bottom hole flowing pressure to overcome the
pressure drops in the system downstream of the perforations or to use methods that
reduce the pressure drop in the production system by improving the multiphase flow
conditions in the well. In any case either energy or products will be consumed at the
surface (costs) to obtain higher flow rates from the well (income). The main purpose of

artificial lift is to increase the profit of the operation (Prado, 2008).
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2.5.1 Gas Lift

Gas lift technology increases oil production rate by injection of compressed gas
into the lower section of tubing through the casing—tubing annulus and an orifice
installed in the tubing string (Boyun et al., 2007). Upon entering the tubing, the
compressed gas affects liquid flow in two ways: (a) the energy of expansion propels
(pushes) the oil to the surface and (b) the gas aerates the oil so that the effective density
of the fluid is less and, thus, easier to get to the surface (Boyun et al., 2007). Gas lift
technology is a simple and flexible method seen as an extension of natural flow. It
mostly requires a source of high pressure gas and casing and lines must withstand
injection pressure (Prado, 2008).

A continuous gas lift operation is a steady-state flow of the aerated fluid from the
bottom (or near bottom) of the well to the surface. In continuous gas lift, a small volume
of high-pressure gas is introduced into the tubing to aerate or lighten the fluid column.
This allows the flowing bottom-hole pressure with the aid of the expanding injection gas
to deliver liquid to the surface. To accomplish this efficiently, it is desirable to design a
system that will permit injection through a single valve at the greatest depth possible
with the available injection pressure (Boyun et al., 2007). Intermittent gas lift operation is
characterized by a start-and-stop flow from the bottom (or near bottom) of the well to
the surface. This is unsteady state flow (Boyun et al., 2007). The type of gas lift
operation used, continuous or intermittent, is also governed by the volume of fluids to be
produced, the available lift gas as to both volume and pressure, and the well reservoir’s
conditions such as the case when the high instantaneous BHP drawdown encountered
with intermittent flow would cause excessive sand production, or coning, and/or gas into

the wellbore (Boyun et al., 2007). A complete gas lift system consists of a gas
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compression station, a gas injection manifold with injection chokes and time cycle
surface controllers, tubing string with installations of unloading valves and operating
valve, and a down-hole chamber (Boyun et al., 2007). Figure 2.5 shows the configuration

of a typical gas lift well.

Gas Lift with Velocity Strings

Velocity strings are a commonly applied remedy to liquid loading in gas wells (Oudeman,
2007). By installing a small diameter string inside the tubing, the flow area is reduced
which increases the velocity and restores liquid transport to surface. The disadvantage
of the velocity string is the increase in frictional pressure drop, constraining production.
Hence an optimal velocity string has to be selected such that liquid loading is delayed
over a long period with a minimal impact on production (Oudeman, 2007). This requires
accurate methods to predict pressure drop in the velocity string as well as tubing-

velocity string annulus (Oudeman, 2007).
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2.5.2 Bottomhole Pumping

Bottomhole pumping provides mechanical energy to lift oil from bottom hole to
surface. It raises the pressure in a liquid by transforming mechanical work into potential
energy, that is, pressure. Liquid enters the pump at a given pressure, called discharge
pressure. Pump pressure usually refers to the difference between the discharge and the
suction pressures (Golan and Whitson, 1995). Pump pressure corresponds to the gain in
potential energy of the liquid. This gain represents only a fraction of the total work used
to drive a pump. It is efficient, simple, and easy for field people to operate. It can pump a
well down to very low pressure to maximize oil production rate (Boyun et al., 2007). The
efficiency of a pump depends on how efficiently it can transform the driving forces into

fluid potential energy (Golan and Whitson, 1995).

Pumps are generally classified according to the physical principle used to
transform driving forces into pressure (Golan and Whitson, 1995). The main classes of
conventional pumps are: positive — displacement and dynamic — displacement pumps.
Positive — displacement pumps develop pressure by moving a piston or cam to reduce
the volume of a compression chamber. This compression raises the pressure of liquid in
the chamber (Golan and Whitson, 1995). Dynamic — displacement pumps develop
pressure by a sequence of accelerations and decelerations of the pumped liquid (Golan

and Whitson, 1995).

Positive — Displacement Pumps

1. Sucker Rod Pump: a positive — displacement pump that compresses liquid by the
reciprocating motion of a piston. The piston is actuated by a string of sucker rods
that extend from the bottom hole pump to the pumping unit at the surface (Golan
and Whitson, 1995).
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2. Reciprocating Hydraulic Pump: a positive — displacement pump with a
reciprocating piston. The piston is actuated by a reciprocating hydraulic motor
coupled and assembled with the pump. The down hole motor is driven by a power
fluid injected at high pressure from the surface (Golan and Whitson, 1995).

Centrifugal submersible pump and jet pump are examples of dynamic — displacement

pumps.
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Chapter THREE

Research Design and Methodology

3.1 Inflow Performance Relationship (IPR)

Since the reservoir originally exists at its bubble point pressure, fluid flowing in the
reservoir goes to multiphase conditions immediately at the start of production when the
pressure is lower than the bubble point. This means the linear IPR will not be valid. As
the pressure inside the reservoir goes below the bubble point value, gas comes out of
solution reducing the oil saturation and relative permeability, and increasing oil viscosity.
Also the formation volume factor is always greater than one due to the gas in solution
(Prado, 2008). The oil productivity is reduced since now the driving force for fluid
movement is spent moving the liquid and the gas phases (Prado, 2008). The constant
productivity index (PI) concept is no longer valid. Since IPR under multiphase flow
conditions cannot be easily calculated, Fetkovich’s empirical correlation is employed to

estimate the IPR.

The Inflow Performance Relationship (IPR) describes the behavior of the well’s flowing
pressure and production rate, which is an important tool in understanding the
reservoir/well behavior and quantifying the production rate. The IPR is often required for
designing well completion, optimizing well production, nodal analysis calculations, and
designing artificial lift. Different IPR correlations exist today in the petroleum industry
with the most commonly used models are that of Vogel's and Fetkovich's. In addition to
few analytical correlations, that usually suffers from limited applicability.

In this work, a new model to predict the IPR curve was developed, using a new
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correlation that accurately describes the behavior the oil mobility as a function of the
average reservoir pressure. This new correlation was obtained using actual field cases in
addition to several simulated tests.

After the development of the new model, its validity was tested by comparing its
accuracy with that of the most common IPR models such as Vogel, Fetkovich, Wiggins,
and Sukarno models. Twelve field cases were used for this comparison. The results of
this comparison showed that: the new developed model gave the best accuracy with an
average absolute error of 5.54 %, while the other common models are ranked, according
to their accuracy in the following order to be Fetkovich, Vogel, and Wiggins, with average
absolute errors of 6.73 %, 23.1 %, 13.7 %, and 32.3 respectively.

The new developed IPR model is simple in application, covers wide range of reservoir
parameters, and requires only one test point. Therefore, it provides a considerable
advantage compared to the multipoint test method of Fetkovich. Moreover, due to its
accuracy and simplicity, the new IPR provides a considerable advantage compared to

the widely used method of Vogel.
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The relationship between variables affecting the productivity index and in turn the inflow

performance are essentially those that are pressure dependent parameters (u_B_, k ).
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3.2 Commonly known IPR Models
3.2.1 Vogel's Equation.

In 1968, Vogel used a computer program based on Weller's assumptions in 1966 for
solution gas drive reservoirs to predict inflow performance curves. Vogel used twenty-

one reservoir data sets to develop the following IPR:

= l1 0.2( ) )0.8 ( ; )I (2.41)

r r

Y
qmax

q, = d.., l1-0.2(%w“)-0.8(

r

2
Pus
—wt 2.42
3] @)
Standing (1971) improved upon Vogel's equation and developed an equation that can be
used to predict the future IPR of the well given the productivity index measured at a
given average pressure as given by

IR o[Pul e g [Pus)
q = Tg |1 0.2( pr)o.s(p (2.43)

r

Where

*

_ Jp
qmax - 18 (244)

Vogel's correlation gave a good match with the actual well inflow performance at early
stages of production but deviates at later stages of the reservoir life. Therefore, this will

affect the prediction of inflow performance curves in case of solution gas drive
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reservoirs, because at later stages of production the amount of the free gas that comes

out of the oil will be greater than the amount at the early stages of production.

3.2.2 Fetkovich's Correlation

Fetkovich's correlation is usually the one that is more conservative always under
predicting flow capacity in comparison to the other IPR equations (Prado, 2008). In 1973,
Fetkovich4 developed an IPR based on the data from multi-rate tests “forty different oil
wells from six fields.” In addition, the general treatment of the inflow performance for
the solution gas drive under pseudo-steady state conditions was used. Fetkovich is also
a simpler equation which in some cases can simplify some of the calculations. Even
being the most conservative of the IPRs, because it is not a model and just a correlation,
it can over predict flow capacities for some reservoirs that are severely affected by the
presence of free gas in the porous media. Fetkovich's correlation is given by equation.

A series of back pressure test were performed by Fetkovich (1973) for reservoirs above
the critical gas saturation and found out that the oil well back pressure curves follow the
same general form as that used for expressing the rate—pressure relationship for gas

wells as given by

g,=c(p’p,) (2.45)

The backpressure equation parameter (n) of Fetkovich IPR equation does not take into

consideration the change in the average reservoir pressure.

3.2.3 Wiggins's Method

In 1993, Wiggins6 developed a generalized empirical three phase IPR similar to Vogel3
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correlation to overcome the problem of applying his developed analytical model in 1991.

This correlation is:

2
Ho o g —0.519167(%”)—0.481092 (%ﬂ) (2.46)
— pwf pwf ’
0, = G| 1-0.519167]. 21)-0.481002 24 (2.47)

3.2.4 Sukarno and Wisnogroho's Method

In 1995, Sukarno and Wisnogroho7 developed the following IPR equation based on

simulation results that attempts to account for the flow-efficiency variation caused by

rate-dependent skin:

2 3
qc|> =FE l‘l -0.1489(h)-0.441 6 (h) - 0.4093(%‘) I (2.48)
max' S=0 r r r
Where
2 3
P, P, P,
FE= a + a1(Frf) + az(Ef) + ag(?) (2.49)
Q= boi + (b1i*s) + (bZi*SZ) * (b3i * SS) (2.50)

Express Sukarno and Wisnogroho’s

Where:

S is the skin factor, and a, A, ,a,,a, ,bOi ,b. ,b_and b3i are the fitting coefficients that

are shown below

1! T2i

b0 b1 b2 b3
al 1.0394 0.12657 0.0135) -0.00062
al 0.017668]| -0.003B5 0.00217 -0.0001
az -0.0858 0.00201) -0.00436 0.0002
ad 0.00952] -0.00391 0.0019) -0.00001
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3.2.5 Klins and Majcher's Method

In 1992 based on Vogel's work, Klins and Majcher5 developed the following IPR
correlation that takes into account the change in bubble-point pressure and reservoir

pressure due to the depletion in solution gas drive reservoirs.

N‘\
b - 1-0.295(%)-0.705 (p—Wf) (2.51)
qmaxl S=0 r r
Where, N_ is defined by the following equation:
P
N, = ( 0.28+O.72—’) *(1.235+0.001p,) (2.52)
b

3.2.6 Beggs and Brill Correlation

The Beggs and Brill program (Prado, 2008) is a spreadsheet program developed to

obtain the IPR and OPR curves. The Beggs and Brill correlation enables the calculation of

the pressure gradient as a function of other production variables like pipe diameter, GLR

and gas and oil flow rates. This correlation considers Slip and flow regime. It is
applicable to inclined wells with or without water cut. It also predicts pressure drop for

upward and downward fluid flow with accuracy.

3.3 Methodology to use the New IPR Model

Step 1: From the test data plot graph of square of change in pressure differential against

flow rate on a semi log graph.

Step 2: From the graph obtain the flow exponential (n), which is the inverse of the slope;

1
"= Siops (2.53)
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_ logx -logx,

n= ——~~—— 2.54
logy,-logy, ( )
g (2)
n= ——L (2.55)
og (2)
Y,

Step 3: Inputting the values of flow exponent into a data set i.e. at boundary condition
(p,, =0 pisg or 14.73 psia).

Step 4: Repeat step 3 on another data set from the available data

Step 5: Simultaneously solve for the flow coefficient i.e. two equations two unknown
(flow-rate and flow coefficient).

Step 6: On an Excel VBA spreadsheet iterate the values on flow coefficient and flow

exponential to obtain a more accurate value of a lesser Error percentage.

NB: consider the literature range of values of the flow coefficient and flow exponential of
a solution gas drive reservoir.

3.4 List of properties that found did not affect the IPR behavior:

Water Gravity, vy,

o o

Water Viscosity, Y,

Critical water saturation, chr

o o

Residual oil saturation in Water, S_ |
Relative permeability to waterat S__, k at (S

Oil-Water relative permeability exponent, OWEXP

orw’ orw)

@ = o

Water relative permeability exponent, WEXP
h. Porosity
3.5 Properties that did not affect the dimensionless IPR behavior:
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Temperature

Oil gravity

Gas gravity

Vertical permeability
Horizontal permeability
Drainage radius

Formation thickness

3.6 Mobility-Reservoir Pressure Relationship

Production rate and pressure results from four simulation cases were used to develop

the inflow performance curves. Table 2 presents the ranges of reservoir, rock, and fluid

parameters used in the four simulation cases. The saturation and pressure information

was also used to develop the mobility function profiles. The general simulation

assumptions that were used in building the reservoir model can be summarized as

follows:

a.

3D radial flow into the well bore

The reservoir initially at the bubble point pressure

Vertical well at the center of the formation

The well is completed through the whole formation thickness.
Homogeneous, bounded reservoir

Isothermal conditions exist

No initial O.W.C. exist

Capillary pressure is neglected

Interfacial tension effects and non-Darcy flow effects are not considered
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3.7 Application and Importance of study

Accordingly based on the literature survey in this work, it is necessary to:

a. Develop a new, more general, simple, and consistent method to correlate inflow
performance trends for solution gas drive oil reservoirs. This new method takes
into consideration the behavior of the well flowing pressure as function with the
average reservoir pressure without the direct knowledge of this behavior.

b. Determine the applicability and accuracy of the proposed new model by applying
it on different field cases with a comparison with some of the most known and
used IPR equations, considering a wide range of fluid, rock, and reservoir
characteristics.

c. Test some of the available IPR methods on field data.
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CHAPTER FOUR

Result and Discussion

4.1 The New Developed IPR Model

In this work, several inflow performance reservoir models were used to analysis a
particular reservoir model on Excel VBA. Thereafter, various oil flow-rate production data
was obtained for each IPR models. A sensitivity test was done via error calculation also
with the aid of Excel VBA to select the most accurate IPR model for the reservoir model in
consideration. Then a new IPR equation was derived from the preferred equation to
describe accurately the behavior of the well’s flowing pressure and production rate, which
assisted in perfectly understanding the reservoir/well behavior and quantifying the

production rate.

Present IPR

3000
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1500
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1000

500

0 500 1000 1500 2000
Q, bpd
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Figure 8 Present Sample IPR of reservoir at initial conditions
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Figure 9Ranges of data used in the development relationship

Rock/Fluid Property Range Units
Average reservoir pressure, p, 2000 - 5000 psia
Bubble point pressure, p, 05-1 psia
Reservoir temperature, T 100 - 300 °F
Qil specific gravity relative to water, vy, 0.7-0.85 dimensionless
Gas specific gravity relative to air, y, 05-12 dimensionless
Water specific gravity, y. 1.0-1.25 dimensionless
Water viscosity, y,, 0.1-10 cp
Initial solution gas oil ratio, R 047 -2.16 Mcf/STB
Initial oil formation volume factor, B, 1.12-252 bbl/STB
Initial oil viscosity, U, 0.09-0.44 cp
Z-factor 0.7-1.042 dimensionless
K @ (S) 0.1-04 fraction
K@ ( Sue) 02-1.0 fraction
Keg @ (1-Swe-Sor) 03-1.0 fraction
Reservoir radius, r. 100 - 10000 ft
Formation thickness, h 50 - 500 ft
Absolute permeability, k 0.5 - 2000 md

Field Case Study: Carry City Well

Frederic Gallice and Michael L. Wiggins presented multi-rate-test data for a well
producing from the Hunton Lime in the Carry City Field, Oklahoma. The test showed
that the well was producing at random rates, rather than in an increasing or
decreasing rate sequence. The average reservoir pressure was 1600 psia, with an
estimated bubble-point pressure of 2530 psia and an assumed skin value of zero.
The multi-rate test of this well is summarized in Table 7.

Table 3 presents the predictions of the well’'s performance for the test information
at a flowing bottom hole pressure of 1194 psia, which representing a 25 % of the
pressure drawdown. As can be observed, the maximum well deliverability varies
from 2550 to 4265 STB/D. The largest flow rate was calculated with Wiggins's IPR,
while the smallest rate was obtained using Fetkovich model. Fig.14 shows the
resultant IPR curves for the different methods of calculations such as Vogel,
Fetkovich, Wiggins, and Sukarno in comparison with the actual field data and the
new developed IPR model. It is clear from this figure that the method of the new
developed IPR model is succeed to estimate the actual well performance. In

addition, it can be clearly concluded from this figure that the methods of the new
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developed IPR model and Fetkovich’s model are nearly estimate the maximum oil
flow rate for this well more accurately than the other models, and as indicated, the

other methods overestimate the actual performance.

Validation field cases analyzed for the present performance

Case Case Name Case Type P: psia

1 Carry City Well 29 vertical well 1600

Table 1 Average Reservoir pressure of the actual well

Test data-field well

TESTDATA
Fwr psia geas. STB/D

1600 o
1558 235
1497 365
1476 610
1470 720
1342 1045
1267 1260
11594 1470
1066 1625
996 1765
B&7 1895
787 1965
534 2260
351 2353
183 2435
166 2450

o 3218

Table 2 Test Data of the Reservoir model

4.3 Application of Methodology to use the New IPR Model

Step 1: From the graph of square of change in pressure differential against flow rate on

a semi log graph, the value of slope obtained was 1.1962.
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Step 2: From the graph obtain the flow exponential (n), which is the inverse of the slope;
1

n= slope (2.56)
1

N 11962 (2.57)

n=0.836 (2.58)

Step 3: Inputting the values of flow exponent into a data set to obtain its flow coefficient
i.e. at boundary condition (p =0 pisg or 14.73 psia)

2 n
g, = C( p,- pwf) (2.59)
2 0.836
q,=C(p,-p,”) (2.60)
g, = C(1600% 14.73%)"* (2.61)
Step 4: Repeat step 3 on another data set from the available data.
2 n
g, = C( p,- pwf) (2.62)
2 0.836
q,=C(p,-p,,) (2.63)
q, = C(1600% 1558°)"** (2.64)

Step 5: Simultaneously solve for the flow coefficient i.e. two equations two unknown
(flow-rate and flow coefficient).

C=0.0111 (2.65)
Step 6: On an Excel VBA spreadsheet iterate the values on flow coefficient and flow
exponential to obtain a more accurate value of a lesser Error percentage.

C =0.0103 and n =0.8502 (2.66)

NB: The literature range of values of the flow coefficient and flow exponential of a

solution gas drive reservoir were considered.
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Figure 10 Plot Comparing Field Data against New IPR model
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Figure 11 Plot Comparing Vogel’s model against New IPR model
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Prediction Of the Performance of case 1 (@ 25% of pressurerdrawdown
Test Points The Mew IPR Model |Vogel's Method |Fetkovich Method |Wiggins Method
d Qo (bbl/day) Qo (bbl/day) Qo (bbl/day) Qo (bbl/day)

1600 o 0 0 0 o
1558 235 233 150 213 164
1497 365 4491 362 444 398
1476 610 572 434 516 477
1470 720 394 454 536 499
1342 1045 1026 867 920 965
1267 1260 1247 1094 115 1225
1194 1470 1443 1304 1288 1470
1066 1625 1751 1647 1559 1879
996 1765 1901 1820 1690 2091
B&7 18495 2145 2114 1905 2462
7B7 1965 2278 2279 2021 2679
534 2260 2608 2717 2309 3297
51 2353 2765 2954 2447 1680
183 2435 2851 3111 2522 3985
166 2450 2857 3124 2527 4013

0 2500 2883 3243 2550 4265

Table 3 Prediction of the performance of case
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Figure 14 the predicted inflow curves by the different used methods in comparison to
the actual field data.
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A =] Cc D E F G

‘ Pt (psis)2o (bblldayDP (psia]P2 (psia“2]
s R 0 1600 0 0 0
6 56207 235 1558 235 42 1764
7 565 1497 565 103 10603
s e 610 1476 610 124 15576
9 2500.0000 720 1470 720 130 16300
o 1045 1342 1045 258 66564
1 0.8502 1260 1267 1260 333 110883
z 1470 194 1470 406 164836
13 0.0103 1625 1066 1625 534 285156
14 1765 996 1765 604 364816
15 1595 861 1595 133 531269
16 1965 187 1965 813 660963
1 2260 534 2260 1066 1136356
13 2353 351 2353 1243 1560001
13 2435 183 2435 W 2007859
20 2450 166 2450 434 2056356
21 2500 0 2500 1600 2560000

22

am

Table 4 Excel spreadsheet of Values used to calculate Productive index

4.4 Validation of the New IPR model

To verify and validate the new developed IPR model, the new model was applied on
the test data set collected and analyzed from the well field case in consideration.
The field case uses actual field data which representing different producing
conditions. In order to test the accuracy and reliability of the new developed IPR
model, which is also a multi-point method, it will be compared to the standard
inflow performance relationship model currently available in the industry. These
methods are those of Vogel (single point method), Fetkovich (multi-point method),
Wiggins (single point method), and Sukarno (single point method) for the present
inflow performance.

The Analysis showed that Fetkovich correlation was the most accurate from the
standard models, with the newly develop proving more accurate than the standard
fetkovich IPR model.
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Figure 14 Plot of Error percentage against commonly known IPR method

The results of this comparison showed that: the new developed model gave the
best accuracy with an absolute error of 5.54 %, while the other common models are
ranked, according to their accuracy in the following order to be Fetkovich, Vogel,
and Wiggins, with absolute errors of 6.73 %, 23.18 %, and 32.3 % respectively.
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4.5 Field Case Summary for the Inflow Performance

The method of the new developed IPR model provided the most reliable estimates of
the actual well data analyzed. It has the lowest value of the absolute error percent, which
is 5.54% in comparison with that of Fetkovich's method, which has a reasonable
absolute error percent of 6.73 % but is still higher than the method of the new developed
IPR model. The other methods (Vogel and Wiggins) provided less accurate values for the
pressure-rate estimates of the actual well data that used in this analysis.

The method of the new developed IPR model tends to do a better job of predicting well
performance than the other methods, and this it may be due to assume an accurate
relationship between the oil mobility function and the average reservoir pressure (i.e., the
Reciprocal Relationship). Overall, the single-point methods of Vogel, Wiggins, provided

great absolute errors percent in the well case 1 as 23.18% and 32.30 % respectively.
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CHAPTER FIVE
SUMMARY

As indicated, the empirical correlations suffer from the limitation of their application
range as they depend largely on the data used in their generation, and its lack of
accuracy. In addition, they are not explicitly function of reservoir rock and fluid data,
which are different from one reservoir to another. On the other hand, the analytical
correlations suffer from their difficulty to be applied due to its requirement to the oil
mobility profiles and its derivatives in addition to the assumptions used in their
development. As discussed, the main parameter that affects the productivity index and
in turn the inflow performance curves is the oil mobility function (K _/uB,) and its relation
to the average reservoir pressure. Therefore, the aspect of conducting the flow tests
should be considered in selecting the IPR method. It is evident that test costs have to be
taken into consideration.

The relationship between the oil mobility function and the average reservoir pressure
should be accurately determined. In addition, the most common equation that
represents a basic start point for the development of any IPR equation.

Most of the previously empirical derived IPR equations did not take into their
consideration the whole effect of the oil mobility function, this in turn largely reduce the
accuracy, power, and utility of these equations. Even though the models that took into
their consideration the effect of this function, such as the models of Fetkovich and
Wiggins, assumed the relationships between this function and p_, as the linear form and
the third polynomial form for Fetkovich and Wiggins, respectively. In fact, these linear

and polynomial for me do not accurately describe the general behavior of the oil mobility
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function with the average reservoir pressure with an accurate manner. On the other hand,
some of analytical derived IPR equations did not considered the effect of this function,
except the models of Wiggins. Wiggins's model is so complicated because it requires
the oil mobility represented in its derivate as a function of the average reservoir pressure,
this is greatly difficult in application.

Finally, the range of applicability will also influence the selecting of the IPR methods to

predict the well performance.
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CONCLUSION

In this work, we reviewed the most commonly used IPR models, also, we developed
new IPR model. The new IPR was compared to the most commonly used models
using field data (An actual field). Based on this work, we can conclude the following:
a. The validity of the new IPR model was tested through its application on an
actual case in comparison with the behavior of the most common methods
that are used in the industry. The results of this validation showed that the
new IPR model ranked the first model that succeeded to predict the behavior
of the IPR curve for the examined field cases, while the other models of
Fetkovich, Sukarno, Vogel, and Wiggins ranked the second, the third, the forth,
and the fifth, respectively
b. The new IPR model also requires three test point and is as accurate or more
than Fetkovich’'s model which requires three test points
c. The new developed IPR outperformed all available IPR models except at low

pressures (Less than 1000 psia).
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RECOMMENDATION

The following recommendations are suggested:

Determine the applicability and accuracy of the proposed new model by applying it
on different field cases with a comparison to some of the commonly known IPR
equations, considering a wide range of average reservoir pressure from the
respective wells in consideration.

Economic evaluation should be included to solve a real life problem. The costs of
carrying out the commonly known IPR models and the newly developed IPR model
for the purpose of generate an optimal production pattern of the reservoir.

More wells can be included to simulate a more practical situation and the

performance with time analyzed.

49



REFRENCES
Ahmed, T., and D. McKinney, P.: Advanced Reservoir Engineering, Page 342-361,
Gulf Professional Publishing - Elsevier Inc., Oxford, UK (2005).
Koso I. Idigbe, PhD and Oduwa Onaiwu PhD, Natural Gas Engineering Il
(Subsurface Systems: Reservoir and Well Systems, Chapter 3 Page 40 - 67, Edited
by Kelani 0. Bello PhD, University of Benin (2019).
Koso I. Idigbe, PhD and Oduwa Onaiwu PhD, Natural Gas Engineering |
(Subsurface Systems: Reservoir and Well Systems, Chapter 1 Page 1-2, Edited by
Kelani O. Bello PhD, University of Benin (2019).
Mohamed Elias, SPE, H. Ahmed El-Banbi, SPE, New Inflow Performance
Relationship for Solution-Gas Drive Oil Reservoirs, SPE 124041, Society of
Petroleum Engineers Cairo University (Copyright 2009).
Vogel J.V.: “Inflow Performance Relationships for Solution Gas Drive Wells,” JPT,
Jan 1968 (SPE 1476).
Fetkovich: “The Isochronal Testing of Oil Wells,” Paper SPE 4529 presented at the
1973 SPE Annual Meeting, Las Vegas, NV, (Sept. 30-Oct. 3).
Wiggins, M.L.: Inflow Performance of Oil Wells Producing Water, PhD dissertation,
Texas A&M University, TX (1991).
Elias, Mohamed: New Inflow Performance Relationship for Solution Gas Drive
Reservoirs, MS thesis, U. of Cairo, Giza, Egypt (2009).
Wiggins, M.L., Wang, H.-S.: “A Two-Phase IPR for Horizontal Oil Wells” Paper SPE
94302, Production Operations Symposium, Oklahoma City, OK, April 17-19 (2005).
Boyun, G., Lyons, W. C., and Ghalambor, A., Petroleum Production Engineering,

Elsevier Science and Technology Books, 287 pp., (2007).

50



Beggs, D., Production Optimization Using Nodal Analysis, Second Edition, OGCI
and

Petroskills Publications, Tulsa, Oklahoma, pp. 150 - 153, (2003).

Mohamed, E., Ahmed, E. H,, Fattah, K. A,, and El-Sayed, A. M. E., “New Inflow
Performance Relationship for Solution-Gas Drive Oil Reservoirs,” paper SPE
124041 presented at the 2009 SPE Annual Technical Conference and Exhibition
held in New Orleans, Louisiana, (USA, 4-7 October 2009).

Oudeman, P., “On the Flow Performance of Velocity Strings To Unload Wet Gas
Wells,” paper SPE 104605 presented at the 15th SPE Middle East Oil & Gas Show
and Conference held in Bahrain International Exhibition Centre, Kingdom of
Bahrain, (11 - 14 March, 2007).

Tarek, A., Reservoir Engineering Handbook, Second Edition, Gulf Professional
Publishing, (2001).

Boyun, G., Lyons, W. C., and Ghalambor, A., Petroleum Production Engineering,
Elsevier Science and Technology Books, 287 pp., 2007.

Prado, M., “Two Phase Flow and Nodal Analysis,” Lecture material delivered at
the African University of Science and Technology, 2008

Craft, B. C., and Hawkins, M., Applied Petroleum Reservoir Engineering, Second

Edition, Prentice — Hall, Inc., New Jersey, pp. 370 — 375, 1991.

Cosentino, L., Integrated Reservoir Studies, Technip Editions, Paris, pp. 182 -

187, 2001.

Dake, L. P., Fundamentals of Reservoir Engineering, Elsevier, Amsterdam, The

Netherlands, 1978.

o1



Dake, L. P., The Practice of Reservoir Engineering, Revised Edition,

Elsevier, pp. 86 — 109, 1994.

Golan, M., and Whitson, C. H., Well Performance, Second Edition, Prentice —

Hall, Inc., 1995.

Lyons, W. C., Standard Handbook of Petroleum & Natural Gas Engineering, Vol.

1, Gulf Publishing Company, Houston, Texas, 1996.

Ribo, M. O.: “Andlisis de pruebas de presidn en pozos de Cerro Prieto,”
Proceedings symposium in the field of geothermal energy, Agreement CFEDOE
(Comisioén Federal de Electricidad de México-Department of Energy of USA),

San Diego California, USA, 123-129 (1989).

Wiggins, M.L., Wang, H.-S.: “A Two-Phase IPR for Horizontal Oil Wells” Paper
SPE 94302, Production Operations Symposium, Oklahoma City, OK, April 17-19

(2005).

Abdel Salam, M.: Inflow Performance Relationship Correlation for Solution Gas
Drive AReservoirs Using Non-Parametric Regression Technique, MS thesis, U. of

Cairo, Giza, Egypt (2008).

Kabir, C. S. and Kiog, G. R.:" Estimation of AOFP and Average Reservoir Pressure
from Transient Flow-After-Flow Test Data: A Reservoir Management Practice"
Paper SPE 29583, Rocky Mountain Regional/ Low-Permeability Reservoirs

Symposium, Denver, CO, March 20-22 (1995).

Haider, M.L.: “Productivity Index,” Paper SPE 937112, Fort Worth Meeting (1936).

52



Gallice, F.: A Comparison of Two-Phase Inflow Performance Relationships, MS

thesis, U. of Oklahoma, Norman, Oklahoma (1997).

53



