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During the development of oil and gas fields, the rocks that comprise them
undergo complex deformations, which in turn leads to changes in the porosity
and permeability of the formations according to patterns that deviate from linear
elastic models. Since the efficient development of deep-seated gas deposits
critically depends on the petro physical properties of the host rocks, adequate
development design requires comprehensive consideration of these properties.
However, the extreme complexity of the reservoir system and the processes
occurring therein makes it difficult to formulate and study such issues in terms
of obtaining favorable practical results. The identification of these properties, in
accordance with reservoir conditions, is possible, first of all, by solving the
corresponding inverse problems of underground hydrogasdynamics. In light of
this fact, this article proposes a computational method for determining the
porosity, permeability, and initial critical water saturation of deep-seated gas
reservoirs whose rocks undergo creeping deformation. The method is based on
a comparison of field development history data obtained from field observations
with the results obtained from solving a corresponding direct problem to
determine the time-dependent change in reservoir pressure, including bottom
hole pressure. The proposed approach allows one to estimate the permeability,
porosity, and residual water saturation coefficients of a deep-seated gas field
developed in a depletion mode, which is critical for optimizing the exploitation
strategy and predicting the final gas recovery factor.
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Introduction

During the development of oil and gas fields, the rocks composing them are subject
to various types of deformation, which, in turn, leads to changes in their porosity and
permeability according to more complex patterns, different from the elastic law. Since
the development of deep-seated gas fields directly depends on the petrophysical properties
of the rocks composing them, correct development planning requires comprehensive



consideration of these properties. During the development of deep-seated gas fields, the
rocks composing them are typically subject to inelastic deformations under conditions of
high stress-strain states, and these deformations are characterized by an irreversible
nature [1-22].

To ensure the reliable development of deep-seated gas fields under these conditions, one
of the most important practical issues is, first and foremost, determining the petrophysical
parameters that characterize them-porosity, formation permeability, and the degree of
fluid saturation. Since these characteristics are determined based on laboratory tests of
rock samples, the values obtained from these tests typically differ significantly from the
actual values corresponding to reservoir conditions. Therefore, incorporating such
inaccurate values into design calculations leads to correspondingly large estimation errors.
Determining these characteristics based on the processing of wellbore hydrodynamic
data can also lead to similar errors.

In such cases, particularly in the context of complex filtration objects, a methodology
has recently been applied to achieve high accuracy in determining process parameters
when solving various process problems. This methodology involves adapting field develop-
ment during hydrodynamic modeling to determine the geological and physical properties
characterizing the rocks and fluids of the fields [4, 6, 15].

In addition to formation porosity and permeability coefficients, which are considered
reservoir filtration and capacity parameters, the petrophysical indicator characterizing
initial fluid saturation has a significant impact on the accuracy of forecasting the deve-
lopment parameters of developed oil and gas fields. In recent years, the importance of
considering this indicator in field development has been particularly emphasized. Initial
critical water saturation characterizes the maximum amount of water contained in the
pores of the formation and not participating in movement through the pore channels.
This value is determined primarily based on experimental studies conducted in laboratory
conditions and, in many cases, inadequately reflects reservoir conditions. Thus, assessing
the initial critical water saturation of pores during reservoir development can also allow
for an accurate assessment of the potential for its remaining recoverable reserves [23, 24].
In connection with the above, the problems of determining the permeability, porosity,
and initial critical water permeability coefficients characterizing deep-seated hydrocarbon
deposits with thermobaric conditions under complex rock deformation conditions arise,
based on historical data on their development.

The article proposes a solution to the problem of adequate identification for an adequate
assessment of the coefficients of permeability, porosity and initial critical water permeability
of a gas reservoir developed in depletion mode, taking into account creeping deformations
of rocks.

1. Statement of the problem

It is assumed that a circular closed homogeneous gas reservoir is exploited with a flow
rate q,(7) from a central well with a radius r,,. Let us consider the problem of determining
the filtration-capacity parameters — the permeability coefficients (k), porosity (m) of
reservoir rocks and the initial critical water saturation (s,), in the case of axisymmetric
radial plane-parallel gas filtration in the reservoir in the depletion mode. The filtration
process in accordance with this case is expressed in the spatio-temporal domain G =
={(r,t):r e (r,,R,),t €(0,T)} by the following partial differential equation [25]:
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Here p is the current reservoir pressure; L, and z are, respectively, the gas viscosity and
the gas supercompressibility coefficient; r,, and R, are, respectively, the wellbore radius
and the well influence radius; ¢ is the reservoir development time.

Changes in the porosity and permeability of a creeping-deformable porous medium occur
according to the following laws [1-3]:
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Here p,, k, and m,, are the initial values of reservoir pressure, permeability and porosity,
respectively; m, k, v,,, ¥, are the reservoir creep parameters; 3, is the compressibility
coefficient of the reservoir rock; o is a constant coefficient that expresses the rate of
permeability decrease depending on the change in pressure.

These relationships represent the porosity and permeability of a formation corresponding
to linear hereditary creep deformation of rocks with a Volterra-type core. The solution of
similar problems in the case of creep deformation with a different type of creep kernel
(strain memory function) has not yet been studied due to mathematical difficulties [2, 3].
The problem is solved within the framework of the following initial and boundary
conditions:
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Here £ is the thickness of the formation; B is the temperature correction coefficient for
gas; p,, is the atmospheric pressure.

2. Solving the problem

Under depletion conditions, the change in reservoir pressure over time and radial
coordinates is determined from the solution of the direct problem (1)—(6), which
characterizes gas flow to the well in a reservoir undergoing creeping deformation. To do
this, introducing the notations
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we write the direct problem as follows:
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where the porosity (1) and permeability (k) coefficients of reservoir rocks vary according
to laws (2) and (3).

To directly determine the permeability (k), porosity (m) coefficients of reservoir rocks,
and the initial critical water saturation (s,) based on data comparing the development
history of the reservoir, we adopt the following notation:

oy =0y, O,=k, O03=Y, 0,=B,, Os=m, Oz=Y,, O;=S.

In accordance with the scheme of the identification procedure (comparison of the history
of reservoir development), a certain quality functional is minimized for the problem under
consideration using numerical values o, ,, 05, 0, O, O, 0. This functional has the
following form:
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Here p(r,, t) are the theoretically calculated values of the bottomhole pressure based on
the solution of the direct problem; p,(¢) are the measured values of the bottomhole
pressure known during the reservoir development process; ‘W(r, ¢) is an unknown function
determined from the solution of the problem conjugate to problem (7)—(10), (2), (3); € is
the regularization coefficient [19, 20].
The values of the numerical quantities o, a,, 0, 0, 05, 0 and o, corresponding to
the minimum of the functional (11), are taken as the sought parameters of the prob-lem
— the quantities o, &, v, B,, m,, 7,, and s,,.
The adjoint problem for determining the unknown function ‘P(7, ¢) is obtained in the
following form [11]:
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Here 4, B, are the derivatives of 4 and B with respect to p, respectively.
To solve the resulting minimization problem, the gradient descent method is used.

0. (14)
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According to this method, to determine the unknown quantities o, o, O, O, O, O
and o, satisfying the minimum of functional (11), expressions for the gradient of this
functional with respect to the same quantities must be obtained. The principal part of the
increment of functional (11) with respect to the increments of each quantity a,, a,, o,
o, O, O and o, was obtained in the following form:
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From these expressions, to calculate the gradients of the functionals (11) with respect to
each sought value o, a,, o, a,, os, o, and o, we obtain:
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Iterative processes for the identification determination of the sought quantities o, o,
o, 0, O, O and o, look as follows [26, 27]:
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Here ), are the steps of the iterative process (either have stable values or are selected
using a special procedure, which is the establishment of the best direction of change in
the pressure gradient in each iteration step).



For each case, the pressure gradients are determined using relation (17). The iterative
process (17) is performed by selecting the initial values for the unknown parameters o,
k,, Yio B, m, Y,, and 5. In the initial iteration, zero values can be selected for them. As
a result of the implemented iteration, for each subsequent index of the iterative cycle, the
value of the functional J (ocf‘ , oc’; , océ‘ , ocﬁ, OLIS‘ , oc’g , oc’7‘ ) is determined and their difference
from the values obtained in the previous step is calculated. The iteration continues until a
specified minimum accuracy value is reached. In this case, the unknown parameters o,
k., v B,, m,, v, and s, are considered determined. To ensure the stability of the iterative
process, the value of the regularization coefficient is set depending on the value of 9,
which indicates the accuracy of the functional calculation [6, 19].

3. Calculation example

To test the proposed identification method, its justification was carried out on the
basis of solving the model problem (1)—(6) in the case of gas filtration to a well in a
creep-deformable formation, when the values of the identified parameters o, k,, v,, B,,
m,, v,, and s, are known in advance. For the theoretical model of the identification
problem, a hypothetical model of a gas formation with the following initial data was
selected:

Po =40 MPa; my =0.2;k, =0.2-10"* m*; h=10m; R, = 1000 m;
q, =0.25-10° m*/day; £ =0.0001; 8 =0.735; B, =2.5-10°MPa;
o =0.01MPa™'; k, =5-107" (MPa-sec)'];yk =5.10"° (MPa-sec) ';
m, =3.4-10"° (MPa -sec)'; Y = 43-10°° sec"];so =0.12;

p, =0.0054(p/py)* +0.0114(p/p,) +0.0105 MPa - sec;
z(p)=-0.1845(p/p,)* +0.9458(p /p,)* —0.72(p /p,) +0.9972.

To identify the values of these parameters based on actual field data, the well's bottomhole
pressure values obtained from the problem solution were taken as their actual values
measured under field conditions, and the initial approximate values of the parameters
being determined during the iterations were set to zero. In each iteration, the values of
the functional calculated for the given and determined values of the identified parameters
were compared.

Figure 1 shows the dependence of the relative error of the calculated functional
values (as a percentage) on the iteration number. As can be seen from the figure, at an
iteration number of n = 10, functional (11) takes on a minimum value, almost equal to
zero. This corresponds to the values of the identified parameters being close to their true
values, adopted for them when solving the theoretical problem of gas filtration toward a
well in a creep-deformable reservoir. This is also evident, for example, in the nature of
the curves given in fig. 2, which depict the calculation results obtained for the identi-
fied parameters o, and s, over iterations. Thus, as the number of iterations increases, the
values of the identified parameters approach their true values. In this case, other identi-
fied parameters also achieve iterative approximation to their values known from the
model.
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Fig. 1. Dependence of the relative error of the values of the calculated functionals
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Conclusion

Thus, taking into account creeping deformation of rocks, the identification problem has
been solved, allowing for an adequate assessment of the permeability, porosity, and residual
permeability coefficients of a deep-seated gas field developed in a depletion mode. The
possibility of determining the desired parameters based on actual field data using
optimization theory methods has been demonstrated, and an appropriate determination
procedure has been proposed.
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ITpu pa3paboTke HEMTAHBIX U IA30BBIX MECTOPOXKICHUI COCTABISIOLINE UX IOPOAbI MOJ-
BEpPraloTCs CIOKHBIM Ie(OpMaIHsiM, YTO, B CBOKO OUEPEb, IPUBOJUT K U3MEHEHUIO IOPUCTOCTU
U NPOHULAEMOCTH IJIACTOB IO 3aKOHOMEPHOCTSIM, OTKJIOHSIOUIMMCS OT JUHEHHO-YNpYyrux
Mmozenel. Ilockonbky 3ppexTuBHas pazpaboTka ITyOOKO3aJIerarolero ra3oBoro MeCTOpOX-
JICHUS] B 3HAUUTENILHOM CTENEHH 3aBUCUT OT HETPO(PU3UIECKUX CBOMCTB BMEIIAIOIIUX HOPOL,
JUIsl TPaMOTHOT'O NIPOEKTHUPOBAHUS Pa3pabOTKU HEOOXOAUMO BCECTOPOHHE YUUTHIBATH 3TH CBOM-
cTBa. OIHaKO Ype3BbIUaiiHas CII0KHOCTD IIACTOBOM CUCTEMBI U IIPOUCXOAIUX B HEH IIPOLIECCOB
3aTpyAHsAeT (GOPMYIHPOBKY M H3yu€HHE TAKHUX BOIPOCOB C TOUKH 3PEHUS HOMYYCHHUS IOIOKHU-
TEJIbHBIX MPAKTHYECKUX PE3YNbTaToOB. BBIIBUTH 3TH CBOICTBA B COOTBETCTBUM C ILIACTOBBIMU
YCIIOBUSIMU MOXKHO IIPEXJIE BCETO IYTEM PEIIEHHS] COOTBETCTBYIOIIMX OOPATHBIX 3a/1ad MOI3EM-
HOI THIpOra3oMHaMUKU. B CBS3U ¢ 9TUM B HACTOSAILEH CcTaThe MPEeNIaraeTcsl BHIYUCIUTENbHbINH
METOZl OIPENENIEHUs] TOPUCTOCTH, NPOHUIIAEMOCTH U HayalbHONW KPUTUYECKOH BOJOHACHI-
LIEHHOCTH INIYOOKO3aJeraloluX ra30BbIX MECTOPOXKICHUN, IOPOIbI KOTOPBIX MIOJBEPraroTCs
nomyyuM aedopmarusim. MeTox OCHOBaH Ha CONOCTaBJICHUH JAAHHBIX 00 UCTOpUM pa3pabOTKu
MECTOPOX/ICHHS, NTOTYYEHHbIX B XO[€ IOJEBBIX HAONIONECHUM, ¢ pe3yabTaTaMU PELICHUS CO-
OTBETCTBYIOLIEH NPsAMON 3alaud MO ONPENETICHUIO0 3aBUCAILIEIO OT BPEMEHH HU3MEHEHMS
MIACTOBOTO JABNEHUs, B TOM uHciie 3a0oifHoro. IIpeamaraemplii moaxos Mo3BONSAET OLEHUTH KO-
3¢ GUIUEHTH NPOHUIIAEMOCTH, IIOPUCTOCTH U OCTATOYHON BOJIOHACBHILIIEHHOCTH INTYOMHHOTO
ra30BOro MECTOPOXKAEHHUS, pa3padaTblBa€MOro B PEXXHME UCTOLICHUS, YTO KpaiHe BaXXHO JUIs
ONTUMH3ALUK CTPATEIMH Pa3pabOTKH M MPOrHO3UPOBAHMS KOHEYHOro kodddunueHra n3Biede-
HUS rasa.

Kniouesvle cnosa: ra30Boe MECTOPOXK/ICHHE, Ae(opMalys, FOpHasl II0poJa, MOJI3Y4eCTh, UJICH-
TUUKAYSL.
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