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Abstract:

The most notable omission, among the topics addressed in reservoir engineering, is the
absence of any serious discussion on the complexities of hydrocarbon phase behavior.
For this reason, we have tried to address this subject with great precision and care, which
can be summarized in the process of illustrating the main functions of a reservoir
engineer, namely estimating the hydrocarbons in place, calculating a recovery factor, and
attaching a timescale to the recovery. This article presents many fundamental concepts of
reservoir engineering.In our porous medium, which is a real gas deposit, we assumed that
the temperature is constant at 170 F° and that the pressure varies between 2600 (psia) and
2000 (psia) in order to determine the behavior of a gas reservoir and to better understand
the phase transformations (single-phase to two-phase) for the ideal extraction of the latter.
The molar mass of this gas is considered constant M =18,82 (g/mol) , the density is

p=4.31(g/1).Let us consider a simple simulation in which our tank contains the gas
with these different elements and is subjected to a constant temperature and a
continuously increasing pressure. At a specific pressure (the critical pressure), during this
study, the gas, which was entirely in a liquid phase at high pressure, evaporates. For this
reason, it was necessary to maintain the pressure in the tank at a value of 2600 (psia) to
ensure significant gas extraction, as demonstrated in our study.The application of the
Peng-Robinson equation is the most important for reservoir gas because it will give us
very important results compared to the ideal gas equation and it is described in several
works that deal with the same subject.

1. Introduction

linked in all phases of reservoir studies. It is used to
characterize the physical state (liquid or gas or both)
of a reservoir, calculate the reserves in place and

The important aspect in the study of flow in a porous
medium is the nature of the fluids in the pores, which
determines the mathematical formulas of the model
used to describe mechanical and thermodynamic
phenomena related to the flow. The simplest case is
single-phase flow, where porous media are
completely filled with single-phase fluid. Single-
phase flows in porous media appear to be of great
interest in several situations to science and applied
technology. For example, in some recently
discovered oil or gas reservoirs, which are in the
exploration phase, the flow is essentially single-
phase [1-5], In reservoir engineering, the most
important and useful thing is production, and
especially pressure, which is directly or indirectly

predict the future behavior of the reservoir, therefore
forecasting with the results of numerical simulations,
so porous media are of great interest to the oil
industry and from these results it is possible to
understand certain aspects of the flow, consequently,
to determine the best regimes and exploration
techniques [6-11],

The study, presented in this paper, falls within the
framework of gas reservoir engineering. Our goal is
to determine the pressure distribution and predict the
behavior of these reservoirs and then calculate the
production summarized in the extraction well term
in the mass conservation equations, under the
various injection and production conditions, using
the numerical simulation presented with a program
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in fortran 90 where we inject real values reported
from an oil zone among the 25 zones of Hassi -
Messaaoud, which is zone 15 [12-17].

1- Pressure-Temperature Diagram

Figure -1- presents a typical pressure-temperature
diagram for a three-phase system and using this
diagram we will determine the behavior of this tank
starting from a pressure of 2600 (psia) and a
temperature of (160 F°) down to 1500 (psia) and

100 120 140 160 180 200 220 240 260
Temperature, deg F

Figure 1. Typical P-T diagram for a three-phase system.

2. Mathematical Model
2.1 Domain Configuration

The modeling of flow in a porous medium relies on
a number of simplifying assumptions. In this work,
we consider the geometry of the porous medium to
be essentially three-dimensional, with a thickness H
and horizontal dimensions Lx, Ly, and Ly.

The area under study comprises five wells: one
injector well in the middle and four production wells,
arranged in a rectangular geometry shown in Figure
2 below.

Puit d’injection

L\/T/T | TT y

Figure 2. The geometry of the porous medium.

Puits de production

2.2 Assumptions

Consider a single-phase, liquid-like gas flow,

slightly compressible, in a homogeneous porous

medium. The injection of gas (CO2) into the

reservoir is assumed to behave like an insoluble gas.

This condition allows for an efficient increase in

pressure within the reservoir.

Capillary effects are neglected in this model.

Under the following assumptions, we obtain a

simplified form of the system of equations to be

solved:

e The compressibility of fluid (][ is low.

e The porosity of the medium is constant.

e The permeability is also assumed to be constant.

e The density and viscosity vary with pressure,
creating nonlinearities in our system.

2.3 Governing Equations

To establish the equations describing the single-
phase flow of a fluid in a porous medium, it is
necessary to rely on several fundamental laws,
including:

e The law of conservation of mass

e Darcy's law

e The equations of state of fluids

2.3.1 Mass Conservation Equation

The mass conservation equation, or continuity
equation, for a fluid in a porous medium, is written
in the following differential form:

[oleu) , 2ows)  olou) | _ape )
ox oy oz ot

2.3.2 Darcy's Equation
For modeling flows in more complex media (such as

heterogeneous media or those involving
compressible fluids), a generalized form of Darcy's
law is used, expressed in Cartesian coordinates
(x,y,2), in differential form:

e 4(2)
542
e2(2)
where:

u is the Darcy velocity vector,
k is the permeability of the medium,
u is the dynamic viscosity of the fluid,
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VP is the pressure gradient.

2.3.3 Equations governing the model:
o(pd)

o +V(pu)=q

u:—kVP

U
P(x,y,0)=PVxeQ

(5)

The correlation between density and viscosity,
which introduces non-linearities into the system
(equation 5), will be modeled using the Peng-
Robinson equation of state, in order to simplify the
treatment of the derivatives of these quantities.

2.4 Thermodynamic Model for Density:

2.4.1 The Peng-Robinson Cubic Equations of
State:

In 1976, Peng and Robinson proposed an improved
form for the attractive term to better model the
saturated volumetric properties of hydrocarbons.
Although this equation remains imperfect near the
critical point, notably due to an overestimation of
L[, it is widely used to represent petroleum fluids.
It generally gives satisfactory results. This equation
of state can be expressed as a cubic polynomial, used
to calculate the density of a fluid as a function of its
pressure and temperature:

VS—[R—PT—bJVZ +£%—¥—3b2]v

a bRT 2 (6)
-b| =———-b" |=0

N

The repulsion (b) and attraction (a) parameters are
obtained either from critical properties or by fitting
experimental data. They are defined by:

7
b:0,077796% ( )
PC
a=a.x (8)
(RT,)’
=0.457235——
de P, (9)

The factor a, proposed by Peng and Robinson,
adopts the form introduced by Soave. It depends on
the acentric factor via the parameter m:

m = 0,37464 +1,54226w - 0,26992w> (10)
Therefore, the function a can be expressed as:
2
a=|1+m|1- [ (11)
Tc
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2.4.2 Extension of the Peng-Robinson Equation
to Mixtures

The equations of state developed for pure substances
can be adapted to mixtures by taking into account the
interactions between the different constituents, using
mixing rules that modify the parameters of the
equation to reflect the overall behavior of the system.
The first form of mixing rule is that of Vander
Waals, known as the "Classical Mixing Rule,” which
gives the following expressions for the mixing
repulsion and attraction parameters.

Ay = E XiQp = Qpely,

i
by = D b = 0..077796%

i mc

(12)
(13)

With: x; mole fraction for constituents (i).

Where, a; and b;i represent the repulsion and
attraction parameters corresponding to constituent
(i), Tmc is the critical mixing temperature, Pnc is the
critical mixing pressure, amc is the critical mixing
repulsion parameter, and am is the constant alpha for
the mixture [18-24].

2.4.3 The HASSI - MESSAOUD gas (HMD)

In the petroleum context, when we talk about the
constituents of gas in deposits in porous media, we
are referring to the typical composition of natural
gases present in underground reservoirs (deposits),
which are trapped in porous media such as
sedimentary rocks (sandstone, limestone, shale,
etc.).

The gas found in the Hassi-Messaoud field is very
light. Under the temperature and pressure conditions
of the reservaoir,

Table 1. presents the mass percentages measured at
a site located south of the Industrial Control Center
(SIC) [25-30].

Table 1. Actual composition of each constituent of the
gas in the HASSI — MESSAQUD field.

CO; 8.5802 n-c8 0.1557
Nitrogen | 0.5255 n-c7 0.3212
Methane | 81.3798 n-c9 0.2323
Ethane 5.0603 n-c10 0.1429
Propane 1.8813 n-cll 0.0493
i-butane 0.5896 n-c12 0.0270
n-butane | 0.5804 H2o0 0.0101

The critical coordinates which allow the application
of the PENG and ROBINSON equation are shown
in Table 2. [20].

Table 2.Critical parameters of pure substances (ARTEP
database [20])

composition
de gaz

Temperatur
e critique

Presion

critique

Facteur
acentriqu
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(K) (MPa) ew
Nitrogen 678.0 174 0.618
CO2 190.6 4.596 0.012
Methane 305.2 4.8839 0.099
Ethane 369.75 4.25 0.152
Propane 425.15 3.796 0.200
i-butane 470.35 3.347 0.252
n-butane 507.4 297 0.296
H2o 678.0 174 0.618
n-c7 540.5 2.74 0.351
n-c8 570.4 251 0.396
n-c9 596.8 231 0.441
n-c10 620.2 214 0.486
n-c11 641.4 1.99 0.530
n-c12 660.6 1.85 0.575

According to the definition of mole fraction, we
have:

x; = o (14)
j
j=1
Or:
ny :Total number of moles of constituent i.
And the number of moles in (g)
m
n=o (15)

m: mass of the constituent in (g).

M: molar mass of the compound in (g.mol~ 1).

The critical properties (and possibly its acentric
factor) are then determined from those of the pure
constituents, by applying empirical weighting rules.
The simplest weighting rule (KAY, 1936) is linear
[18].

n

F= inpci (16)
i=1

P,; . The critical pressure of constituents i.
n

T.= inTci (17)
i=1

T,; - The critical temperature of constituents i.

The acentric factor is calculated using the pseudo-
critical coordinates rule.

w = lewl

i=1
w; . The acentric factor of constituent i.
x; ; Mole fraction of constituent i.

(18)

Table 3. Application of the three equations (16) and (17)

and (18)
gas XiPei | XiTci | Xiw
composition
Nitrogen 0.248 10.086 | 0.001
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Co2 0.114 8.371 0.002
Méthane 0.043 3.767 0.002
Ethane 0.026 2.920 0.001
Propane 0.034 4.767 0.003
i-butane 0.010 1.645 0.001
n-butane 0.010 1.884 0.001
H2o 0.029 6.603 0.005
n-c7 0.027 7.082 0.005
n-c8 0.032 9.136 0.007
n-c9 0.122 39.315 | 0.032
n-c10 0.690 246.455 | 0.215
n-c11 0.004 1.743 0.002
n-c12 0.003 1.135 0.001

Therefore, the pressure, temperature, and acentric
factor are Pc = 2.051 MPa, Tc = 661.714 K°,
w=0.597.

Critical compressibility factor Zc

To calculate the value of Zc, we use the Nath
method, which is simpler and more recent than other
methods. Zc = 0.2918 - 0.0928W, we will have Zc =
0.236 with critical molar volume V¢

We have ZC=PVC then
RT,

c
V, = 36259.018(cmg” / g mol

The molar mass of this gas is determined according
to the following expression [21].

M = ixiMi
i=1

M;: The molar mass of component i in (g/mol).

The molar mass will be equal to M=211.939(g/mol).
Correlations for viscosity

For the calculation of viscosity, we use the
correlation proposed by Jossi, Stiel, and Thodos,
expressed by the following equation:

[(u—p" )¢ +11V* =1.0230 +0.233p,

RT,

V.=
¢ Pz

c

therefore

(19)

(20)
+0.58533p,% —0.40758p,% +0.093324p,*
.. v,
It is important to note that: p, = pﬁ == Where

c v
the volume n here is calculated beforehand by the

Peng — Robinson equation, § —T-VeN12p™° TR
the value of the viscosity at low pressure, calculated
by the following formulations [31].
When T < 1.5 we have:
«_[34(1071)(129%)]

(21)
(2.21)

And when T > 1.5 we will have.
M*_[17.78(10_1)(4.58Tr—1.67)5/8 ]

(22)
This relationship is suggested for reduced density

values pr varying in the interval 0,1 < pr< 3.From
the correlation above it is important to observe that
the calculated viscosity is given in (micro poise), and
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that the pressures are provided in atm, and the
temperatures in K and densities g/mol [23].

3. Numerical Tools
3.1 Finite Volume Method

In our study, we used the finite volume method, an
approach by far the most widely used in the
petroleum industry. It offers the advantage of
respecting the conditions of mass conservation.
Furthermore, it is perfectly suited to the most
complex physical problems [31-39].

4. Results and conclusion
4.1. Discussion of results

At a temperature of 600 K, which will be maintained
constant, the pressure between the 6 points was
calculated, as well as the incoming and outgoing
flow rates, as shown in the figures below.

4.2 Calculation of reservoir pressure and flow
rate for a critical temperature of 170°C (F0) and
an initial pressure of 2700 (psia).

For a reservoir with a pressure of 2700 (psia), which
is higher than the critical pressure, the flow rate
extracted by the four extraction wells is easier
without the intermediate injection well (source)
p(n/2,n/2) in the middle of the reservoir, as shown in
Figure 3 for the iso-pressure values, and Figure 4 for
the outflow rate as a function of pressure. Figure 5
shows the velocity distribution and velocity vector
field.

Figure 3. Pressure curve for a temperature of 170 (F°)
and an initial pressure of 2700 (psia)
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Figure 4. Velocity curve and velocity vector field of
reservoir gas for a temperature of 170 (F°) and an initial

pressure of 2700 (psia)
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Figure 5. Gas flow curve for a temperature of 170 (F°)

and an initial pressure of 2700 (psia)
The pressure distribution shown in Figure 3. shows
that the pressure decreases over time from 2700
(psia) to a minimum of 150 (psia). Similarly, the
outflow rate in Figure 4. decreases from
6,000,000(cm?/s) to a minimum flow rate close to
0(cm?/s). In this case, the pressure should be checked
daily to ensure it does not fall significantly below the
critical pressure of 2600 (psi).

4.2 Calculation of tank pressure and flow rate for
a critical temperature of 170 (F° and for an
initial pressure of 2600 (psia)

In this case, the pressure increases slightly due to the
phase transformation, requiring the addition of
capillary pressure terms and saturation terms to the
mass transfer equations. Over time, this pressure
gradually decreases to 2600 (psi), at which point the
CO2 injection well must be used, as shown in Figure
6. Figures 7. and Figures 8. illustrate the velocity
distribution, velocity vector field, and gas flow rate
in the liquid phase.
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Figure 6. Pressure curve for a temperature of 170 (F°)
and an initial pressure of 2600 (psia)
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Figure 8. Gas flow curve for a temperature of 170 (F0)

and an initial pressure of 2600 (psia)
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Figure 6. shows that the pressure gradually decreases
over time from 2600 (psia) to 158.8(psia). In this
case, the fluid, in liquid form, begins to transform
into a gas in our extraction wells, and the velocity
diffuses to the four extraction wells simultaneously,
also decreasing from 1295 (cm?/s) in the first case to
1180 (cm?/s) in the second case. Production also
decreases from over 6,000,000 (cm?3/s) to 6,000,000
(cm?/s) in the second case.

4.3 Calculates the pressure and tank flow rate for
a critical temperature of 170 (F° and for an
initial pressure of 2390 (psia).

In this case, we will be in the two-phase (liquid-gas)
phase, where we must add the capillary pressure
terms and the saturation terms to the mass transfer
equations. The reservoir pressure gradually
decreases over time until it reaches 2390 (psia), at
which point we must use the CO; injection well, as
shown in Figure 9. Figures 10. and 11. show the
distribution, velocity vector field, and gas flow rate
exiting in the gaseous phase.

0

0 5
Figure 9. Pressure curve for a temperature of 170 (F0)
and an initial pressure of 2390 (psia).
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Figure 9. shows that the pressure gradually decreases
over time from 2309 (psia) to 1400 (psia) in the
vicinity of the extraction wells. In this case, the fluid,
initially a liquid with a velocity varying from 909/

t0309;, begins to transform into a gas. Its velocity

diffuses simultaneously towards the four extraction
wells and also decreases, from 1185 cm?/s in the
second case to 1180 cm?/s in the third case (Figure
10.). Production also decreases from over 6,000,000
(cm?/s) to 2,000,000 (cm?/s) (Figurell).

5. Conclusion

In this study we analyze the behavior of reservoirs in
which we try to correctly understand the increase
and decrease in fluid production and to carry out the
maintenance perspective for these wells, passing
through two phenomena: single-phase and two-
phase.

In the case where a two-phase fluid is found, there is
a pressure increase for a certain time that is not slow
enough, so it is necessary to use the injection well to
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maintain the pressure in the reservoir, as shown in
figures 3.4.5.

In the first case, we have the single-phase
phenomenon, for which we used a temperature of
170 (F°) and a pressure of 2700 (psia), and we
obtained a production of 6,000,000 (cm?/s). After a
certain time, the pressure decreased to 150 (psia),
which required us to increase the pressure to
150(psia), with the injection of CO, as the injection
fluid, to increase the production back to
6,000,000(cm?/s). But before reaching this stage, we
must go through the second case, which is the two-
phase phenomenon, where we must check the
pressure daily to ensure it does not drop significantly
below the critical pressure of 2600(psia). If the
pressure decreases to a value of 2309 (psia) and
below this value, the fluid will be in a gas-liquid
state, or the liquid will vary from 90% to 30%. With
the pressure decrease, it is necessary to increase this
parameter in the reservoir by injecting CO2 at the
injection well. The fluid velocity diffuses towards
the 4 extraction wells simultaneously and decreases
from 1185 (cm?/s) in the second case to 1180 (cm?/s)
in the third case. Production also decreases from
over 6,000,000(cm?/s) to 2,000,000 (cm?/s).
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