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Abstract : The oil reservoir behavior and evaluation of its deliverability belongs to the fundamental role of
production engineers in the petroleum industry. The ability of the well to produce is characterized by the
relationship between the total liquid flow rate and bottom-hole flowing pressure. This relationship is so-called IPR
— inflow performance relationship. Nowadays, there are many different IPR correlations in petroleum industry but
the most common use model is Vogel ‘s method. With the development of computer technology were created
computer softwares for this purpose. In this article, Prosper 14.0 was used to compare the results obtained by
manual calculation using the Vogel ‘s method. At the same time, a manual calculation based on Darcy ‘s reservoir
model was created and compared with the software in which it was used as the main reservoir model.
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1 Introduction

One of the most important components of the entire
production system is reservoir. If it is not possible to
predict current and future liquid flow rate into the well,
the entire system cannot be analyzed. The flow into the
well depends on the drawdown or pressure drop in the
reservoir (Ap). The pressure drawdown is characterized
as a difference between reservoir pressure (Pr) and
bottom-hole flowing pressure (Pws). The relationship
between drawdown and liquid flow rate (Q) occurring
in the porous medium depends on many parameters
such as rock properties, fluid properties,
compressibility of the flowing fluids, fluid saturations
in the rock, reservoir energy. In petroleum
terminology, this relationship is graphically illustrated
and named as inflow curves [1]. The simplest shape of
the inflow curves is a straight line in the undersaturated
oil reservoir (Pr>Py). The inflow into a well is directly
proportional to the pressure drawdown and the constant
of proportionality is the productivity index (Pl or J).
The numerical value of the productivity index is given
by the ((7), (8)) or under Darcy‘s law by ((15)), from
the flowing bottom-hole pressures and flow rates
measured during production tests. Its calculations are
only suitable for undersaturated reservoir because
variables that affect the productivity index and in turn
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the inflow performance are the pressure-dependent
parameters, e.g.: oil permeability (Ko), oil viscosity (o)
and oil formation volume factor (B, or FVF). Above
the Py, the term (Ko/uoBo) from ((15)) is almost
constant. As the pressure drops below the bubble point
pressure, the dissolved gas is released from solution
and the gas bubbles form in pores which can cause a
large decrease this term. The overall effect of changing
the pressure on this term is illustrated in (Figure 1)[2].
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Figure 1 The term (ko/i0Bo) as a function of pressure



Evinger and Muskat (1942) observed that when the
pressure drops below the Py, the inflow curve deviate
from the simple straight-line relationship (Figure 2)[3].

Vv

Figure 2 Effect of reservoir pressure

The flow from the reservoir into a well has been called
inflow performance by Gilbert (1954). The Gilbert
methodology was used to determination of well
productivity by W.T.Weller (1966), who proposed a
method to calculate the decline tendency of reservoir
based on bottom-hole pressure and production rate[4].
The development and analysis of the first method to
generate [IPR’s was carried out by Vogel, who made an
important  innovation to  Weller's  method,
incorporating  dimensionless terms. The other
expressions for the inflow curves currently in use:
M.B.Standing, M.J.Fetkovich, M.L.Wiggins,
M.A Klins and L.Clark.

2 Methods

The use of the IPR curves began in the middle of the
20th century to establish practical criteria for the
exploitation of hydrocarbon reservoirs. The techniques
used in these methods were based on the results of
analyzes from real reservoirs. Currently, there are
several basic methods for creating inflow curves based
on earlier studies. The main essence of all empirical
methods is:

e Using the stabilized flow test data, construct
the IPR curve at the current reservoir
pressure,

e  Predict future inflow performance relationship
as to the function of reservoir pressure.

The Vogel‘s research was developed by using the
reservoir model proposed by Weller [5]. The resulting
expression was based on calculations made from 21
different reservoirs, from which a dimensionless
pressure and dimensionless oil flow rate, was
developed [6].

¢ —1-02 (’lf) ~0,8 (’lf)2 1)

Qmax PR PR
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Standing noted that VVogel‘s equation can be extended
by introducing the productivity index in order to
predict future inflow performance relationship [7].

0 =1 [1 ~02 (Plf> ~08 (Plf)z] )

PRf PRf

where the subscript (f) refers to future condition.

The development of the inflow curve equation was
based on 40 different oil wells from 6 different
reservoirs.  Fetkovich  proposed amethod for
calculating the IPR for oil wells using the same type of
equation that has been used for gas wells [8].

Q = C(PE - PZ)" ©)
where:
C — performance coefficient (determined from

production test data);

n — exponent depending on well characteristics (the
value is ranged from 0,568 to 1).

Wiggins used principles of relative permeability and
fluid physical properties as abasic input for the
development of the IPR equation. His suggested
relation is similar to Vogel's expression [9].

L =1-052(2L) - 048 (PPLRf)2 )

Qmax PR

The resulting expression is similar in form to that of
Vogel‘s. Klins and Clark proposed to improve the
predictive capability of Vogel‘s equation by
introducing a new exponent (d). The final equation is
[10]:

anax =1-10,295 (ZLRf) — 0,705 (:LRf)d )
where:
d=[028+0,72 (PPL;)] (1,24 + 0,001P,) (6)

3 Calculation

The reservoir deliverability depends on the efficient
use of reservoir energy, which allows the fluid flow
from the underground reservoir to the wellbore,
separator and ultimately to the stock tank. The
monitoring of the inflow to the wellbore is determined
as the functional dependence of the flow rate and the
pressure drawdown (Q = fAp), also known as the



inflow performance relationship. One of the most
common used methods of constructing inflow curves is
Vogel’s method. The calculation algorithm by this
method for a given reservoir type (Pr> Py) is:

1) Calculation of productivity index by using the
stabilized test data point (Q and Pwr). When
recorded stabilized Pys is less than the Py:

J = ¢ )

P P Py, F\2
(PR—Pb)+L—g 1—0,2%—0,8(#)

when recorded stabilized Pyt > Pp:

J=—2 ®)

PR_ow

2) Calculation of oil flow rate at the bubble point
pressure:

Qb=](PR_Pb) (9)

3) Generation of IPR values above the Py by
different values of Pws (Pwi>Pb):

Q =J(Pr = Puy) (10)

Generation of IPR values below the P, by
different values of Pwf (Pws<Py):

Q =Q, +12t [1 ~02 (%,f) ~0,8 (};Lbf)z] (11)

1,8

4) Calculation of maximum oil flow rate (Qmax),
when the Py is zero:

Qmax = Qp +52 (12)

5) Calculation of future oil flow rate at the
specified future reservoir pressure. It consists
of two steps:

Step 1. Calculate Qmaxs at Prs:

(@mar)r = @mao) (L) [0.2+08(3L)] (29

Step 2. Calculate Qs at different values of Pus:

2
0 = Qmax)s [1 - 0,2%; —08 (M) ] (14)

PRf

where subscript (f) represent future conditions.

Darcy‘s IPR model for undersaturated oil reservoir is
based on the calculation of the oil flow rate using
Darcy‘s equation for bottom-hole flowing pressure
above bubble-point pressure, and the use of the
Vogel‘s equation for Pws below the Pp. This model is
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also the most widely used in software Prosper in view
of reservoir behavior in the future because it contains

wider reservoir characteristics. The calculation
procedure is the following:
1) Calculation of productivity index:
2mkoh
= —2— 15
] Ho-Bo-ln(:_;) ( )
where:

h — thickness (m);
re — drainage radius (m);
rw — wellbore radius (m).

2) Generation of IPR values above the Py, by
different values of Pws (Pws> Pp):

Q =J(Pr = Pus) =J4p (16)

3) Calculation of Qmax by using the stabilized test
data point (Q and Pws):

Qmax = P P2 17

4) Generation of IPR values below the P, by
different values of Pws (Pw < Pp):

2
Q = Qax [1 -02(24) - 08(74) ] (18)
5) Calculation of future oil flow rate at the
specified future reservoir pressure consists of
two steps:
Step 1. For Pus > Py Pr is replaced by Pgs in
((16)).
Step 2. For Pus< Py: ((13), (14)) are used.

Based on the above calculations, we are able to
construct the inflow curve at the current reservoir
pressure and to predict the future behavior of the given
reservoir, when the reservoir pressure drops. These
calculations are a great help to the production
engineers because pressure drop is necessary and
irreversible part of reservoir life. If we can predict the
future oil flow rate, we can correcly use a secondary or
tertiary recovery method, sometimes referred to as
enhanced oil recovery.

4 Results

In this article, the manual calculations of the inflow
curve at the current reservoir pressure and its decrease
according to the Vogel‘s and Darcy‘s methods are
compared with software Prosper 14.0. The data



necessary for their construction can be found in
Table 1.

Table 1 Input data

Pr 35,8 MPa
Py 23,8 MPa
Pwt 16 MPa
Q 3375 m3.24hod*

ko 51.10% m?

te | 3,9.107 Pas
B, 1,41 mé.m3
Re 802,6 m

Rw 0,1079 m

T 98,8 °C

where T is a reservoir temeperature.
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Figure 3 Vogel ‘s inflow performance relationship

The calculations, in this case (Figure 3), consists of the
equations  ((7)-(14)). The oil reservoir is
undersaturated, which determines the value of reservoir
pressure that is higher than the bubble point pressure.
Four dates are required to process the calculation:
reservoir pressure, bubble-point pressure, stabilized
bottom-hole flowing pressure, stabilized oil flow rate.
A total of 10 inflow curves were constructed at a
current reservoir pressure value 35,8MPa, up to a value
of reservoir pressure 9,99MPa.
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Figure 4 Darcy ‘s inflow performance relationship

The calculation was performed at the same reservoir
pressure value to be able to compare their results.
Equations ((13)-(18)) were used to process the results.
The data required for the calculation are shown in
(Table 1). The resulting values of the total oil flow rate
according to Vogel‘s and Darcy‘s methods are shown
in (Table 2). To verify the results, the inflow curves
were created in Prosper 14.0, which is a part of most
petroleum companies today. Therefore, the resulting
value obtained from this software will be considered as
initial values. The design section of the software is
shown in the (Figure 5) and the resulting inflow curves
in the (Figure6).

Ll i oy TR W T

Figure 5 The Prosper IPR input screen
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Figure 6 The Darcy IPR model in Prosper

Table 2 The resulting values of Q and calculation errors

Pr Qmax Qmax Error Qmax Error
(MPa) | (P) V) (%) (D) (%)
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5 Discussion

Based on the above results in (Table 2), we can say
that in manual calculations of inflow curves we make a
maximum error in both cases of approximately 30%.
At the specified 10 reservoir pressure values, the error
increases by about 4%. The main factor affecting the
accuracy of the results in the first case (Vogel) is the
value of bubble-point pressure. In manual calculations,
a constant value of Py is used, but this value is, in fact,
dependent on the reservoir temperature change. The
change of P, value is indicated by a red box in
(Figure 7). As in the first method, also in the second
(Darcy), the main factor of the errors is a change of
values depending on pressure and temperature. In this
case, the change of the P, will be supplemented by the
changes of po and B, used in the equation. This change
of values is indicated in the (Figure 7) by a blue box.

PVT - Calculation Results (untitled) (Oil - Black Qil)

Calculate Plat | Done ‘ Main ‘ Help ‘ Hepmtl Expmtl Layoull Tables ‘ SaveFTE‘

Temperaiwe| Pressuie || Bubble Point | Gas Ol Ratio| Til Density | Oil*iscosity | - il FVF | il Compress | Gias Density | Gas Viscosiy
deq © BARa BiRa 5m3/5m3 Ka/m3 mPas m3/5m3 1/har Kg/m3 mPas

2545 1 20169 | 1.70RSF | 833064 | 532363 101001 | 00011837 050248 0.010534 J
2545 025 2071 636 57.4831 79495 221529 112402 | 0.0015034 13875 | 0014754

35,8 4543 | 4561 | 0,39 4495 11

32,9 4100 3920 | 4,6 3863 5,8

30 3650 3327 9 3279 10,1

27,2 3280 2799 14,7 2759 16

24,3 2700 2300 14,9 2267 16,1

21,5 2250 1864 17,2 1837 18

18,6 1800 1459 19 1438 | 20
15,7 1450 1102 | 24 1086 | 25
12,9 1050 | 802 24 791 25

9,99 750 539 28 531 29

where:

P — Prosper model;
V — Vogel‘s method;
D — Darcy‘s method;

Q - total oil flow rate (m®.24hod?).
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2545 1735 20168 | 123091 723275 | 116318 1.30835 | n.0mETIA 288 002542
2545 6075 201,69 14176 | 718168 10734 ) 1.38391 | 0.00012931 2908839 | 0033946
2545 35 201,69 14176 722853 116105 134513 | 49707eS| 331075 0.040067
434 1 217609| 155480 | 824257 | 278314 102061 | 00013939 083385 0011421
433 ik 217603 523057 | 789628 | 142006 1.13119| 00013783 943703 001454
43 1735 ZITE03| 111993 | 72REA3 | 083047 | 129997 | 00017033 200637 0.021%43
43 6875 217603 14176 | 705199 | 070347  1.37881 | 0.00015747 26577 0.0293%6
434 it 217609 14176 | 711243 | 076867 1.36708 | 0.0O0T1E21 303993 (0.035303
43 1 29072 145701 913684 | 157872 10376 | 00MSI9 | 077443 0012292
ik ik 29072 430135 7452 034017 ) 114344 | 00012983 820708 0014792
FLk: 1795 29072 104544 | 71999 059772 130267 | 00Me004 172308 (0.020286
ik 6875 229072 141.76 69257 | 049337 ) 140335 | 000018564 | 236852 (0.026436
FLk: et 229072 14176 E39.951 053821 138914 | 000013936 | 27eE13 0031912
ik 1 23108 138649 | B01.889 | 0.95438| 1.04888 | 00015383 072328 0.013143
98 0.5 238108 46,641 FE2B15 | (64409 175938 | 00012436 | 733/ 015244
ik 1735 238108 998633 | 711648 043%5) 131127 | 00015171 1516 0.019574
9.8 26875 238108 14176 68023 | 035762 14294 | 0.0002131 21278 0024z Ii{
988 et 238102 14176 | BBES2E | 033069) 141137 | 00001605 | 255575 0.029568 |-
o | o

Figure 7 Change of P, uo, Bo values obtained from software
Prosper

Considering that the Darcy‘s method, since a wider
reservoir characteristic is used (15), the resulting error
will be less than in the first case (Vogel), a
comparative analysis of the selected values of Pg and
Pwi in the Darcy method was performed with the
software Prosper (Figure 8), (Table 3). By performing
this analysis, it was found that for Pw>Py the maximum
error was 2,7%, but for Pys<Pp the maximum error was
significantly greater (16,4%). Based on this fact, we
can conclude that the measurement inaccuracy in the
Darcy method occurs mainly when the Py falls below
the Py, when the VVogel equations are used ((13), (14)).



Table 3 The resulting values of Q and calculation errors

Pr Puws Q Q Error
(MPa) | (MPa) | (P) (D) (%)
358 25 1950 1914 1,9
32,9 25 1420 1400 1,5
30 25 910 886 2,7
27,2 25 400 390 25
Pr Pur Q Q Error
(MPa) | (MPa) | (P) (D) (%)
358 10 4020 3963 15
32,9 10 3600 3342 7,1
30 10 3125 2768 11,5
27,2 10 2700 2258 16,4

Figure 8 The Darcy IPR model in Prosper with selected
values of Pr and Pw

6 Conclusion

In view of the above results, analyzes and
comparisons, the following findings can be made.
Creating of inflow curves by manual calculations of
Vogel‘s method, the resulting values of the oil flow
rate differ from the values obtained by modeling in
software Prosper in the range from 0,39% to 28%.
Using the Darcy‘s method the errors are roughly at the
same level (1,1-29%). As in the first method and in the
second, the variation of the obtained results with the
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Prosper begins at a low level, but by gradually
decreasing the reservoir pressure, the errors increases.
Therefore, both methods offer good results of the oil
flow rate in the early stage of well life. The main
reason for the inaccuracies is that when the Pus < Py,
the Vogel‘s equations in both cases are used. The
resulting errors are also due to the fact that the used
software Prosper takes into account any minimal
changes in the physical properties of liquid and
gaseous hydrocarbons as a function of the change in
pressure and temperature.
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