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To the issue of modeling the pressure distribution in a gas-bearing formation
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Abstract

Based on the non-stationary Leibenzon piezoconductivity problem, there is considered the use of the finite-element
difference method for estimating the pressure distribution in a gas-bearing formation. Based on the modeling results for a flat
design scheme, it has been established that the process of gas-bearing formation depletion is mainly determined by the
configuration of the location of production and injection wells, their capacities and filtration parameters. It has been shown that
deconcentration of the system of production and injection wells is important for reducing reservoir depletion over time. This
procedure is especially relevant for low-permeability formations. As the formation's permeability increases, the approach of the
gas phase to production wells increases and the critical zone of depletion decreases. On the other hand, the increased
permeability of a gas-bearing layer, during its operation without proper support, quickly leads to its exhaustion. In general, the
process of depletion of a separate active section of a gas-bearing layer depends nonlinearly on its permeability. It has been
shown that it is advisable to carry out increased production of raw materials at the initial stages of exploitation of a gas-bearing
layer. As the formation is depleted, it is necessary to gradually reduce the production, which will lead to the prolongation of the
exploitation of the formation. At the same time, it is important to maintain a technically justified value of the permeability of the

working area of the formation.

Keywords: computer modeling, increasing of the reservoir’s production period, factors of gas-bearing formations

depletion.

Introduction

Currently, the problems of efficient operation of
gas and gas condensate fields remain relevant [1-4].
These problems are primarily related to maintaining gas
recovery from formations and achieving cost-effective
methods of deposits exploitation.

In this situation, methods of computer modeling of
productive formations are in demand, as they allow us
to systematically monitor the situation around existing
gas production wells and obtain the necessary
information to effectively support stable gas production.
They also make it possible to evaluate and take into
account the filtration characteristics of the productive
formation and uncertainties due to insufficient
information about the structure and properties of the
formation beyond the reach of existing wells. All this
information can be obtained in a relatively cheap way
and used for effective analysis, control and rational
management of gas wells operation.

At the moment, there are many computer modeling
methods used in various applied problems of gas
production [4-8]: study of gas filtration processes under
various technological actions on the reservoir; choosing
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an effective method of field development; maintaining
rational well operation modes; assessment of residual
reserves and stagnant zones in productive formations
and optimal ways to use them; analysis and reduction of
development risks and ensuring stable and long-term
operation of a system of gas production wells.

On the other hand, a number of problems remain
related to the accuracy and adequacy of modeling
productive formations during the operation of gas
production wells. In particular, the problem of effective
regulation of filtration processes in wells (possibly with
the participation of modern technologies [5-7]) for
long-term and stable gas production remains relevant.

The use of the finite element-difference method
[8, 10, 11] for solving the non-stationary problem of
piezoelectric conductivity for the gas phase (Leibenzon
problem), which takes into account the heterogeneity of
the distribution of filtration parameters of the
underlying layer and the infiltration parameters at its
boundaries, provides a high solution to the problem.
This makes it possible to adequately simulate the
distribution of gas pressure under well operating
conditions and determines some advantages over
existing methods.

Formulation and method of solving the problem
In the future, we will consider productive gas-
bearing formations in which the content of the liquid
phase can be neglected. Assuming that the average
thickness of the considered gas-bearing productive layer
is much smaller than its horizontal dimensions, we will
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use the two-dimensional isotropic non-stationary model
of piezoconductivity for the Leibenzon problem [4-9].
In this case, the general statement of the problem of
piezoconductivity, taking into account the infiltration of
the gas phase at the boundaries of the considered gas-
bearing layer, in the Cartesian coordinate system (x,y)

has the form [5-7]:
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Here (1) is the Leibenzon piezoelectric

conductivity equation; (2) is the initial condition; (3) is
the limiting condition for gas phase infiltration within
the considered area of the formation; P(x,y,t) is the

KRy
7m
is the Leibenzon piezoelectric conductivity coefficient;
k is the permeability of the gas phase of the formation;

kg is the permeability of the gas phase within the

formation; # is the dynamic viscosity of gas; m is the
porosity of the gas condensate formation; y is the power

parameter of the production or injection well; P, is the
initial pressure in the formation; «, is the gas phase

pressure as a function of coordinates and time; y =

g
infiltration coefficient within the considered area of the
formation; Py, is he pressure at the boundaries of the
reservoir area.

To solve the non-stationary problem of
piezoelectric conductivity (1) — (3), a variational finite
element method was used [8, 10, 11], leading to the
solution of the variational equation of piezoelectric
conductivity

sl (P)=0. 4

Here 1(P) is the functional of the Leibenzon

piezoconductivity problem (1) — (3), which, when

replaced P = P? , is represented in the usual form of the
piezoconductivity problem [5]'
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S is the cross-sectional area of the studied area; L
is the contour covering area S; dl is the contour element.

When solving the variational equation (4), an
eight-node isoparametric quadrangular finite element
has been used [8, 10, 11]. The Cartesian system ( x,y)
is used as a global coordinate system, where all finite
elements into which the area S is divided are united. The
normalized coordinate system (&,7) is used as a local

coordinate system, where approximation functions ¢,

are determined based on quadratic polynomials and
numerical integration is carried out within the finished
element [8,10,11]. Note that the wuse of an
isoparametric finite element based on quadratic

approximation leads to high convergence and stability
of the solution to the problem. The finite element
approximation functions are:
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In this system, the coordinates, pressure, initial
reservoir pressure, pressure at the boundaries of the
considered region of the reservoir, the gas phase
infiltration coefficient at the boundaries of the
considered region, as well as the derivatives of the
pressure along the coordinates are approximated as
follows
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Based on the variational equation (4) and assuming
that the nodal values of the time derivatives of pressure

P .
—~ are known values and do not vary, we will

formulate a system of differential equations for the n-th
node of the p-th finite element in the form

Z{ ni_""(A'lpJ"Qm)P Q PO} n =0, (8)
i=1

where
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Figure 1 — Pressure distribution around a concentrated system of gas production wells with the filtration
parameters specified above and various formation permeability coefficients after 30 days of continuous
operation
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To solve the system of linear differential equations
of the first order (8) under initial conditions selected
from the set of approximation formulas (7), the finite
difference method is used, in which the approximation
of the time derivative is carried out on the basis of an
implicit difference scheme

dP _ P(t+At)—P(t)
dt At '
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Substituting expression (9) into system (8), we
obtain the following system of linear algebraic
equations:

S i p p p _i p _OPpin_
é{(AtHni"'phi"'Qni)Pi(t"'At) AtHniPi(t) QniPo}

-y?=0, n=18 (10)
By summing equations (9) over all finite elements,
we obtain a global system of linear algebraic equations
that allows us to determine unknown pressure values at
an instant in time t+At through their value at the
previous instant in time t. The solution of the global
system of equations is carried out on the basis of the
numerical Gaussian method without selecting the main
element [8, 10]. As a result of the solution, the pressure
is determined at all nodal points of the finite element
mesh. Based on the found nodal values, the pressure is
determined at an arbitrary point in the gas-bearing
formation under consideration at a given point in time.
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Figure 2 — Pressure distributions around a dispersed system of gas production wells with the filtration
parameters specified above and various formation permeability coefficients after 150 days of continuous
operation

Analysis of some results

Let's consider the processes of filtration of a
productive gas-bearing formation around 12 production
wells with a capacity of 24840 m? per day. We suggest
that the dimensions of the gas-bearing formation under
consideration are 900x900 m” Let us choose some
characteristic average parameters of the gas-bearing
formation [5]: k = 1.2 mD = 0.12:10™ m% m=0.15;
n = 0.18:10" Pa's; Py=10MPa. In this case, the
piezoelectric conductivity coefficient of leu-benzone is
7 =0.45-10"% m?/s. When modeling, we will consider

the boundaries of the considered reservoir area to be
impermeable, that is, the gas phase infiltration
coefficient within the area is zero ay = 0.

Figure 1, a—d show the pressure distribution
around a concentrated system of gas production wells
(three strips of 4 wells, at a distance of 100 m between
them, located nearby, the distance between the strips is
also 100 m) at different formation permeability

coefficients after 30 days of continuous action. Figure 1
illustrates the depletion of a gas-bearing formation
under given operating conditions over a short period of
time (30 days). We see that the greatest depletion of the
considered region of the formation occurs in the case
when this region has minimal permeability (Fig. 1, a).
As the permeability of the formation increases due to an
increase in the influx of the gas phase, the depletion
process decreases and the pressure distribution becomes
more uniform throughout the entire formation area.
Locked contours in this case show localized areas of
pressure distribution around active wells and make it
possible to determine the depletion state of these areas.
Figure 2, a—d show cases of pressure distribution
around a concentrated system of active wells (the three
strips discussed above are located in parallel at a
distance of 200 m from one another) at different
formation permeability coefficients after 150 days of
continuous operation. We see that due to the dispersal of
extracted wells, the influx of gas phase to the wells
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Figure 3 — Pressure distributions around a dispersed system of gas production wells with the addition
of two injection wells, with the above parameters of reservoir production

increases and the critical depletion area of the working
section of the formation is significantly reduced, which
allows its operation to continue over time. On the other
hand, the analysis (Fig. 2, ¢) shows that in this case the
process of reservoir depletion nonlinearly depends on its
permeability. Thus, in each practical case, it is
necessary to carry out a set of experimental procedures
to determine and maintain the optimal operating value
of the permeability of the gas-bearing section of the
formation in operation.

Figure 3, a show cases of pressure distribution
around a dispersed system of production wells with the
addition of two injection wells of the same capacity
(24840 m® of gas per day) within the considered
reservoir area after 150 and 250 days, respectively.
Figure 3, ¢, d show the previous cases, but with a twice
reduced capacity of injection wells. We see that if after
150 days, due to the injection actions of two wells, the
state of reservoir depletion remains at a satisfactory
level (Fig. 3, @) then after 250 days (Fig. 3, b) it reaches

a critical level. The same applies to the cases of
Figures 3, ¢ and 3, d. At the same time, comparing
Figures 3, a and 3, ¢ we see approximately the same
pressure distribution, regardless of the capacity of the
injection wells. This allows us to conclude that in the
early stages of operation it is advisable to carry out
more intensive exploitation of the gas-bearing
formation.

Figure 4, a, b show cases of pressure distribution
around a dispersed system of production wells with
twice reduced capacity (12420 m® of gas per day) with
the addition of two injection wells of the same reduced
capacity inside the formation at different values of
formation permeability after 250 days. In both cases, we
see a satisfactory state of depletion of the gas-bearing
formation over a fairly long period of operation. Thus,
we can conclude that in the later stages of exploitation
of a gas-bearing formation, it makes sense to gradually
reduce the level of production in order to extend the full
exploitation of this formation section.
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Figure 4 — Pressure distributions around a dispersed system of gas production wells with the addition
of two injection wells, with twice reduced capacities of production and injection wells after 250 days

Conclusions

A finite element-difference method has been used
to solve the non-stationary Leibenzon piezoelectric
conductivity problem to assess the pressure distribution
in productive gas-bearing formations. The modeling
results for a flat design scheme show that the depletion
process is mainly determined by the configuration of the
location of production wells, their capacities and
filtration parameters of the productive formation
(especially permeability).

It has been established that the distribution of
production wells plays an important role in reducing the
process of reservoir depletion over time. This procedure
is especially important for formations with low
permeability. As formation permeability increases, the
approach of the gas phase to production wells increases
and the critical depletion zone decreases. On the other
hand, the increased permeability of a section of a gas-
bearing formation, during its operation without proper
support, quickly leads to its depletion. In general, the
process of depletion of a separate active section of a
gas-bearing formation may nonlinearly depend on its
permeability.

It is shown that at the initial stages of exploitation
of a gas-bearing formation site, it is advisable to carry
out intensive extraction of raw materials. With the
depletion of this section of the formation, it is necessary
to gradually reduce production, which will lead to an
extension of the operation of the formation. To maintain
a given level of gas production, it is necessary to use
optimally located injection wells. It is shown that over
time, the need to maintain the formation using injection
wells increases.
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VJIK 553.982
[Jo nutaHHA MmogentoBaHHA po3noAiny TUCKY B ra30HOCHOMY nnacrTi

M. B. Jlyokos, K. O. Mociniuyx

Hayionanvuuii ynisepcumem «Ilonmascoka nonimexuixa imeni FOpis Konopamiorxay,
Hepwompasnesuii npocnexm, 24, m. [lonmasa, 36011, Yrpaina

Ha ocHoBi HecTamioHapHOi 3amadi 1’e3ompoBigHOCTI JleiiOeH30HAa PO3IIITHYTO BUKOPUCTAHHS CKiHUCHHO-
€JIEMEHTHO-PI3HUIICBOTO METOAY MJIS OWIHKH PO3MOALTY THCKY B Ta30HOCHOMY IDIACTi. 3a pe3ylIbTaTaMH
MOJCIIOBaHHS [UIS IUIOCKOI pO3paXxyHKOBOI CXeMH BCTaHOBJIEHO, IO IPOLEC BHCHA)KCHHS Ta30HOCHOTO ILIacTa B
OCHOBHOMY BU3HAUYAE€THCS KOH(DITypalielo po3TanryBaHHs BUIOOYBHUX 1 HarHITAJTBHUX CBEPUIOBHH, iX 1e0iTOM Ta
napamerpamu ¢inbTpanii. Byno nokaszaHo, o JeKOHIIEHTpalis CHCTEMH BUAOOYBHUX 1 HATHITAJIBHUX CBEPJUIOBHH €
B)XJIMBOIO Ul 3MEHIICHHS BHCHa)XEHHS Kojekropa 3 dacoM. OcoOnMBO L mpoleaypa akTyajdbHa s
MaJIOTIPOHUKHHUX YTBOPEHb. 3 Mi/JIBUIIEHHSM HPOHUKHOCTI IUIacTa 30UIbIIyeThCsl HaOMmkeHHs ra3oBoi ¢asu mo
BUI00YBHUX CBEPAJIOBUH 1 3MEHIIYEThCS KPUTUYHA 30HA BUCHAKEHHS. 3 IHIIOrO OOKY, IMiJABMIIEHA NMPOHHUKHICTD
ra30HOCHOTO IUIacTa IpPHU HOro eKcIulyaramii IMIBHAKO NPHU3BOAUTH 10 WOro BHCHAXKEHHS. 3arajoM, Ipolec
BUCH@XCHHA OKPEMOi aKTHBHOI AUISHKM Ta30HOCHOIO IUIACTa HENIHIHHO 3aJleKUTh Bi HOrO NPOHUKHOCTI.
[Toxa3aHO HOULNBHICTH 30UTBIICHHS BUAOOYTKY CHPOBHMHHM Ha MOYATKOBHX €Talax eKCIUlyartadii Ta30HOCHOTO
wiacta. Y Mipy BUCHa)XEHHS IIacTa HEOOXiTHO MOCTYIIOBO 3MEHIITYBAaTH BUAOOYTOK, 10 PU3BEE A0 OTOBKCHHS
TEepMiHIB ekciUryaTamii. [Ipy IbOMy BaKIHBO MIATPHMYBATH TEXHIYHO OOTPYHTOBaHE 3HAUYEHHS NPOHHUKHOCTI
po60Y01 30HH IUIACTA.

Kitro4oBi cioBa: 30inbuents npodyKmueHocmi niacma, Komn iomepHe Mooemo8anist, Qakxmopu GUCHAINCEHHS
2a30HOCHUX NAACMIB.
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