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Abstract r 1

The problem of flow of a gas-condensate system to a draining from a time-dependent deformable formation is
considered in the case where the laws of compressibility of reservoir rocks in the bottomhole zone and in the part
of the reservoir remote from the well differ. Using the idea of a binary representation of a gas-condensate system,
a semi-analytical solution to the considered problem is obtained, an algorithm is proposed for calculating the main
indicators of depletion of a gas-condensate reservoir, for the case when near the well (inner zone) the formation
undergoes creep, and in the distant part of the reservoir (outer zone) elastic deformation occurs. Based on this
algorithm, a computer simulator of the considered process created.

The results of a study of the influence of the noted factor on the main indicators of the depletion process of
gas-condensate deposits represented by time-dependent (relaxing) reservoirs showed that taking into account the
rheological characteristics of the reservoir in the well bottom-hole zone significantly refines the forecasting of the
main development indicators. It has been established that when the creep effect of formation rocks in the near-
wellbore zone is taken into account, the maximum difference in the current values of formation pressures reaches
up to 12.53%. It corresponds to a gas recovery factor value of 0.55.
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1. INTRODUCTION

It is known that the development of deep gas-condensate and oil fields [1, 2, 5, 10, 17] is accompanied by deformation
of reservoir rocks [6], as a result of which their reservoir characteristics change. It has been established that with a wide
range of pressure changes, the deformation of rocks can have a significantly nonlinear character [3, 16, 19]. In addition,
creep of rocks may under such conditions [9]. Moreover, in the same formation, depending on the pore pressure value,
deformations of the rock skeleton can manifest themselves differently [8]. So, if near the well bottomhole zone, where
the reservoir pressure is much lower than its initial value, deformations of the reservoir formation occur according to
the same law, and on the edge of the well-drainage area (or far from the well bottomholle zone), where the pressure
is relatively high (or pressure above a certain limit), the reservoir skeleton is compressed according to a different law.
In this case, we are talking about taking into account changes in rheology along the formation.

In [13], solution to the problem of flow of gas-condensate mixtures in time-dependent, including creeping collectors,
was obtained. It was assumed that the formation was rheologically homogeneous.

But in this work, a study of the development of gas-condensate deposits with time-dependent deformable reservoirs
has been developed to take into account changes in the rheology of the formation along its strike.
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FIGURE 1. Schematic representation of the well and drainage area, which consisted of two zones with
different rheological properties.

For this purpose, the gas condensate reservoir is considered to consist of two zones (Figure 1). In the inner zone of
the formation, creep manifests itself while in the outer zone the rocks are still deformed according to the time-dependent
elastic law.

2. FLOW OF GAS CONDENSATE MIXTURE TO THE WELL

It is known that the movement of a gas-condensate mixture in deformable reservoirs is described by complex
nonlinear partial differential equations [14, 15, 18], the solution of which uses various methods. In [12], a technique
was proposed for approximate solution of the equations of motion of a gas-condensate mixture using the averaging
method and applying the Khristianovich function. Based on the results of [4, 12, 15], the equations of motion of
gas and condensate dissolved in it when flowing to the well in the internal and external zones (Figure 1), taking the
averaging method into account, can be written in the following form:

%% G‘Zf) —_a (1), (2.1)

%% (#951) — 3, (1), (2.2)

where 7 and ¢ are radial coordinates and time, respectively, H, H; are Khristianovich functions, H = [ ¢(p, s)dp +
const , Hy = [ ¢(p1, s1)dp1 + const,

o= [k‘rg(é‘)pﬁ[l —c(PP)] | Fro(s)S(p)
tg(P)z(P)Pat to(p)Bo(p)

} k(p,t),

o1 = {krg(sl)mﬁ[l — clp)YP)] | kro(51)S(p1)
tig(P1)2(P1)Pat to(P1)Bo(p1)

®(t) and P4 (t) are unknown functions that depend only on time and are determined for a fixed time using additional
conditions, p is the pressure, k is the reservoir permeability, kyo(s), krq(s) are the relative phase permeability of the
liquid and gas phases, respectively. s is the condensate saturation. u,,ug are the dynamic viscosities of condensate
and gas, respectively. B, is the condensate volume factor. S is the gas solubility in liquid phase. z is the gas factor
(gas compressibility factor), 5 is the temperature correction factor. ¢ is the content of potentially liquid hydrocarbons
in the gas phase. is the ratio of the specific weight of liquid phase and the specific weight of gas phase at the reservoir
pressure p; pg: is the atmospheric pressure. Parameters with index “1” correspond to the external zone.

} k1. 1), (2.3)
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The system of Equations (2.1) and (2.2) is solved under the following boundary conditions:
r="Ty, H=H,,
r=ry, H=Hyg, (2.4)
r=R., H= H.

Additionally, we have the following conditions and notations:

0H 0H;
_ . oH _ 2.5
TR Ty or’ (2:5)
OH,
= RE) _— = O
" or
and
r=rTg, leHk. (26)
General solutions of Equations (2.1) and (2.2) under boundary conditions (2.4) can easily be obtained in the form:
r2 —r2 T H, - H,
H:—Ap —rp— A %n— 71—H 2.
()(r ri — In 7 nm>+ I + Hy, (2.7)

and

n 7. R In — + Hy,. (28)
Tk €

1 R2 r? r Hy, — H, r
Hi=—-®(t 2_R?-_"<¢ kI _—
1 1 1()(7“ : + lnf—; 7

From (2.7) and (2.8), taking into account conditions (2.5) and (2.6), it is possible to determine ®(¢), ®;(¢):

H—H, F2 _ LRZ-ri ) H- Hy Hk
R21n %—%(Rz—ri) k 2 1111:—":‘ ln T
O(t) =2 —— , (2.9)
Tk =2 In ~&
H-H
dy(t) =2 k (2.10)

R E = T(RZ—r})’

If we take into account that the well flow rate ¢ = 2wr,h a—H‘

_,» then the expression for determining the well
flow rate will be obtained from (2.7) and (2.9) in the following form:

H—H, 2 1RI-r} HHk+HkH
Rzlnﬁ——(}lz—r ) "k 2 In fe In Be In T’“
— 9rh T k T
9 2 _ 17p—ry
ry — 35 T
k 2 In &
Tw
172 —7‘2 H, - H
2 k k w
—|r + . 2.11
( v 2 In In 7 ( )
w

Now let’s consider determining the gas flow rate flowing from the external zone to the internal zone at the 7y
boundary. If we take into account that ¢ = 2mrih % 3H1 then from (2.8) and (2.10) we can obtain an expression

for g1 in the following form:

H,—-H 1R? — H,—-H
= 21h kT (rz By r’“) i ’“], (2.12)

$ (R —r)—Riln Rk 2 InZs In £

T

where the value of the H function is determmed by the following integral:
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E)NE



CMDE Vol. 13, No. 3, 2025, pp. 828-838 831

H= /ap(p,s)dp—i—const,

where the function ¢(p, s) is given by expressions (2.3), depending on the zone under consideration.
Taking (2.12) into account, we can reduce (2.11) to the following form:

Hy — H,
9=q '€+2ﬂhﬁ(1 —e), (2.13)

2 2 2
RZ TR

where e = — &
R2(21n fe—1) 47

The resulting formula (2.13), taking (2.12) into account, makes it possible to determine the gas flow rate of the
well under the considered development conditions for the gas condensate deposits. At the same time, the difference
between the pseudo pressures Hy, — H,, and H — H}, can be determined by the following expressions:

A B
Hy, — H, = g(pi—pfv)Jr;(pi—pi)JrC(pk—pw% (2.14)
_ A B
H = Hyi = 250} = ) + 5 (0] = ) + Ca(p1 — i), (215)

where following [12], the approximation coefficients A, B, C' and Ay, By, Ci can be analytically calculated from the
relations:

2 + w T 2 sT - Yw
A= (pr + 280 ),B:qu(pk + pw),C = o — Api — Bpy, (2.16)

(P — Pw) Pk — P

2 + -2 ST -
A= (or 101 2('01 ),Bl =27 Ai(pr 4 p1), Cr = g1 — Aup? — Bipy. (2.17)

(P1 — Pk) P1— Pk

Here ¢, i and ¢ are the values of the integrand at the well bottomhole, at the border of the external and internal
zones, i.e. at pressure pr and at the well supply boundary; ps. = ©(psr, Ssr); Psr = p’“‘gpw, O1sr = ©(P1sr, Plsr),

Pisr =

However, to apply the algorithm outlined above, it will be necessary to determine reservoir pressures and condensate
saturations at the boundary between the zones under consideration and at the supply boundary over time. To do this,
we will use the equations of material balances of gas and condensate.

P1+Dk
5

3. DETERMINATION OF AVERAGE RESERVOIR PARAMETERS OVER TIME

We write the material balance equation for gas and condensate in the internal zone in the following form:

_ A OB s 4 23

o= a0 = =5 { | S22 - i) + 5 ] A0} (3.)
_d s oy PBep)

=t == { [ 5o+ -9 22 g ), 32)

where g4, ¢, are the well production rate of gas and condensate, respectively, g41, ¢o1 are the flow rate of gas and
condensate invading from the external zone in the internal zone across the boundary of r;. Similar equations for the
external zone can be written in the following form:

__ad [(1 —51)p13 515(p1)
9= "0 | 2 (01)pat B, (p1)

1 - c(p)A ()] + } % (pr. ), (3:3)
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51 p1Bc(p1)
Ty +(1_81) Ql(plvt)a (34)
dt [ B,(p1) 2(p1)Pat
where p1, s1 denote the average reservoir reservoir pressure and condensate saturation in the outer zone. From
(3.1),(3.2), (3.3), and (3.4) we can obtain equations describing changes in average reservoir pressures and condensate
saturations over time for the internal and external zones, respectively:

Go1 =

@—_%(a4+%)_(a2a3+ala4)%Q N
dt (0[5 + Ol6)0[4 + (0[7 + aS)az s |
f__%+(a7+ag)%+a3é% .
dt - (o7} ) |
dg1 asy L&
dpi g (01 &) — (azas + onau) 5 % (3.7)
dt (a5 + ag)ay + (a7 + ag)as |
g dp 1 d0
dsi _apthey *(07+0s) G +asg, T (3.8)
dt o ’ |

For the internal and external zones, the gas condensate factor corresponding to the pressures p and p; and condensate
saturations s and s; can be calculated using the following expression:

(p) B, ~ s
o= Mt — eyl + 5 59
o 1_ 4 A(p)Bo(p)pBe(p) ’ (3.9)
¥(s) z(p)Pat
where Q = Q% is the ratio of the current volume of gas-saturated pores in the internal zone to its initial value, Q; = 3—110
is the ratio of the current pore volume of the external zone to its initial value;
P _ S(p)
ar = (1—s - Y(p)] — s ,
1 ( )z(p)pat ()7(p)] Bo)
pB _ S(p)
ay = 1 —c(p)y(p) — ;
2 Z(p)pat [ ( )7( )] B, (p)
1 pBe(p)
as = S —(1-B, ,
’ Bo(p) ( ) 2(P)pat
1 ppBe(p)
Qy = - ’

Qg = S

|
o= S[Bol(p)}’
o = - [22]

Z(p)pat

7’/’7

means the derivative of p. Remaining notations have the same meaning as in [1, 2].
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o solve the system of Equations (3.5)—(3.8), the time-dependent behavior of pore volume in the corresponding zones
of the formation is required. To this end, we use the equations derived in [13], which are presented below.
In the case of time-dependent elastic deformation
dQ  é(p) — ¢
d©t _ ¢(p) <b7 (3.10)
dt Tm
where ¢(p) = % and ¢(p) = explcm(p — po)]; o, Tm are the initial value of the porosity coefficient and relaxation
time, respectively; ¢ = %
And in the case of time-dependent creeping deformation
dQ dp
=c
dar ™t
where m; is the creep factor, v,, = }
Let us assume that in the external zone the reservoir is deformed according to the time-dependent elastic law, and
the internal zone is subject to time-dependent creeping deformation. Accordingly, by applying (3.10) and (3.11), w
rewrite Equations (3.5) and (3.7), in the following form:

+ (p = po) (M1 + emym) + Ym(1 — ), (3.11)

dp G0 (g + %) + (020 + 1) [(p — po)mae™ Y] (3.12)
dt (a5 +ag)as + (a7 + as)as + (azas + araa) & (cm + ™ et |

dn _ ol (0n + 8) — (aa0q + ara) g H)F (6.13)
dt (a5 + ag)as + (a7 + ag)az ’ |

where the flow rate of gas filtering from the external zone to the internal zone (gq1) is determined by (2.12).

It should be noted that other models of rock deformation can be taken into account in Equations (3.5) and (3.7) in
a similar way [6], [7]. For example, when in the internal zone the rocks are time-dependent elastic, and in the external
zone they are nonlinearly elastic (i.e. when ‘fi? = ¢ explem (p — po)]), expressions for determining the pressures in the

internal and external zones, respectively, will be written out from (3.5) and (3.7) taking (3.10) into account as follows:

dp  mgt(oa+ B) + (020 + anou)g )¢ ) ¢ (3.14)
dt (a5 + ag)ay + (a7 + ag)as ’ '
dpr _ 0,07 (%4 + &) (3.15)
dt (as + ag)aa + (a7 + ag)as — (azas + ajay)grecn P1=po) .

Thus, systems of differential equations were obtained, consisting of Equations (3.6), (3.12), (3.8), and (3.13) (or
(3.6), (3.14), (3.8), and (3.15)), the solutions of which, with a known well flow rate g4, makes it possible to determine
the average reservoir pressure and condensate saturation in both parts of the reservoir at any time in the case when in
the internal and external zones the rocks are subjected, respectively, to time-dependent creeping and time-dependent
elastic deformations (or time-dependent elastic and nonlinear elastic deformations etc.).

4. ALGORITHM FOR SIMULATION OF DEVELOPMENT

The above approach allows us to determine the main indicators of the development of gas condensate deposits under
various technological conditions, taking into account the difference in the nature of deformations of the near-wellbore
zone and those remote from the well bottomhole. In this case, you can use the algorithm below.

(1) Input initial data

t =0, puw =po, Pk = Po, P1 = Po, S = S0, S1 = S0, ¢ = Po, k =ko, q1 = 0;
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1—c(po)7(po)

(2) Initial values are calculated: gas condensate ratio Gy = , gas and condensate reserves (at so = 0)

c(po)
— P2 1—c(po)7¥(po) _ Y.
Vy = nRhoo [ | v, = g
(3) If we consider the case of a given gas production rate (percent per year of the initial balance reserves), the
Vyn

flow rate is determined by the following expression: ¢, = %5 and goes to step 76.4”, otherwise go to step ”4”;

(4) If the case of a given depression (Ap) is considered, the depression value is set, otherwise go to step “67;

(5) Bottomhole pressure is calculated by the expression p,, = p1 — Ap;

(6) Calculation of well flow rate for gas (¢4) and condensate (g,):
6.1. The values of ¢(p,s) and A, B, C are calculated for pressures p,, psr, pr using (2.3) and (2.16), respec-
tively;
6.2. Pseudo depression is determined Hy — H,, using (2.14);
6.3. The current gas flow rate (gq) is calculated using (2.13).
6.4. The current value of the condensate flow rate is determined : g, = %9.

(7) Calculation of gas flow rate filtered through the boundaries of the internal and external zones (gg1):
7.1. The values of the integrand function ; and the approximation coeflicients A;, By, Cy are calculated for
the current pressure values pi, p1sr, pr using (2.3) and (2.17), respectively;
7.2. Pseudodepression H — Hj, is determined by expression (2.15);
7.3. The flow rate of gas filtering through the boundaries of the internal and external zones g4 is calculated
by (2.12).

(8) The current value of the gas condensate ratio G is calculated by (3.9).

(9) For time t + At, the current values of condensate saturation (s;) and pressure (p;) for the external zone by
(3.8) together with (3.13) taking into account (3.10) are calculated.

(10) For time t 4+ At, the current values of condensate saturation (s) and pressure (p) for the external zone by (3.6)
together with (3.12) taking into account (3.11) are calculated.
(11) The current values of the accumulated gas and condensate production and their recovery factors are deter-

: ¢ At t At
mined: K, = 2=t=094% 14 Ky = 2i=0 G0t
9 \Z Vo

(12) Checking the value of the reservoir pressure, if it is greater than its certain value as the final one, go to step
“4”  otherwise go to step “137;
(13) Output of results and halt.

5. ANALYSIS OF THE RESULTS OF COMPUTER SIMULATIONS

Using the above algorithm, a computer simulator was created for the process under consideration and a series
of calculations were performed. The research was carried out in two stages. At the first stage, the features of the
influence of heterogeneity on the dynamics of the drop in reservoir pressure during development are studied. For this
purpose, calculations were performed in two versions: in the first version, it is assumed that the drainage zone of the
well consists of two parts. In this case, in the internal zone the rocks are creeping, while in the external zone they
deform in a time-dependent elastic manner. In the second version, for comparison, calculations were performed for
the case when the rocks are creeping throughout the entire formation.

In the second stage, the aim is to study the influence of the ratio of the dimensions of the outer and inner zones. In
the second stage of the investigation, the goal is to study the influence of the ratio of the dimensions of the external
and internal zones. Three variants for the R, /ry ratio are considered: 1.5, 5 and 10.

In all variants, calculations were performed based on the following initial data:

Initial reservoir pressure pp=40.0 MPa;

Reservoir thickness h = 20 m.

Reservoir external boundary radius R.=1000 m;

External zone radius r; = 500 m;

Well radius r; = 0.10 m;

Initial reservoir permeability kg = 0.1 * 10~ 12m?;

Initial reservoir porosity coefficient ¢o= 0.2;

(=)=
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Porosity creep coefficient m; = 3.4 % 1077 MPa~'s~ 1.

Permeability creep coefficient k1 = =3

Relaxation time 7, = 0.23 - 10% s;

Elasticity coefficient of porosity ¢, = 0.001 1/MPa

Elasticity coefficient of permeability 8; = 0.01 1/MPa.

First, let’s look at the results of the first stage calculations. They are shown in Figures 2 and 3 , where the curves
plotted with a solid line correspond to the case when heterogeneity is taken into account, and the dotted curves
illustrate the case when the well drainage area is considered homogeneous.

Figure 2 shows the change in reservoir pressure over time under the consideration conditions. As can be seen from
a comparison of the curves, neglecting the rheological heterogeneity of the reservoir leads to some overvaluation of the
current values of reservoir pressure. At the same time, at the beginning of development, the difference between these
variants increases, and at the end of the process, the curves intersect. In the case under consideration, the maximum
difference reaches up to 12.53%. This phenomenon is associated with the influence of reservoir pore compressibility,
which is confirmed by the curves of formation pressure versus gas recovery factor in Figure 3. From the p(K,) curves
it can be seen that the moment of maximum deviation of the curves corresponds to a value of n equal to 0.55.

As noted above, to identify the peculiarities of the influence of the size of the internal zone on the development
process, calculations were performed for three different R./rj ratios. The calculation results are presented in Figures
4-9, in which the curves labeled “17, “27

and “3” correspond to R./ri values of 1.5, 5, and 10, respectively.

The curves in Figure 4 illustrate the dynamics of changes in reservoir pressure in a rheologically heterogeneous
formation under the considered variants of R, /7. As we can see, an increase in the radius of the internal zone leads to
an increase in current reservoir pressures. If you look at the curves of well production versus formation pressure (¢q(p))
in the Figure 5, it can be seen that as the radius of the internal zone increases, the current flow rates become lower.
Moreover, at the same time, the flow rate of gas flowing from the external zone to the internal zone also decreases in
Figure 6. The reason for the described phenomenon is the negative effect of increasing the radius of the internal zone,
which has poorer permeability, on the flow process, similar to the skin effect.

It is also clear from the g4 (t) curves in Figure 6 that at the beginning of the process, when the redistribution is
not yet completed, there is an intensive increase in the gas flow rate flowing from the external zone to the internal
one. And this happens in all variants. As soon as the marked period ends, a decrease in ¢41 begins in all variants.
Moreover, the smaller the internal zone, the greater the current values of gg;.

The nature of the p(t) and ¢4(t) dependences illustrated in Figures 4 and 7, respectively, led to changes in time of
condensate saturation p(t) and gas condensate factor G(t). They are presented in Figures 8 and 9, respectively. Thus,
the intense drop in reservoir pressure in all variants caused intense condensation formation in Figure 8. In this case, at
the smallest radius of the internal zone (curves 3), the lowest reservoir pressures and, consequently, high condensate
saturations are observed. By the end of development, the stabilization of condensate saturation and its slight decrease
are explained by partial evaporation. This change in condensate saturation led to the nature of the change in the gas
condensate factor shown in Figure 9.

6. CONCLUSIONS

The paper considers the problem of flow of a gas-condensate system in the case when, around a well, where the
pressure is significantly lower than the average the reservoir pressure, the reservoir rocks are subject to creeping
deformations, and in a remote part of the reservoir the rocks are still compressed within the elastic limits. A solution
to the problem of flow of a gas-condensate mixture to a well was obtained, taking into account the time-dependent
deformation of reservoir rocks and the PVT properties of the gas-condensate system. An algorithm is proposed
for calculating the main development indicators for the depletion of gas condensate deposits under the considered
conditions.

A number of computer studies were carried out using the described algorithm. The results of these studies showed
that taking into account changes in the rheological characteristics of the reservoir in the near-wellbore zone significantly
improves the forecasting of the main development indicators. Thus, in the case when the creep of the near-wellbore
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zone is taken into account, the maximum difference in the current values of formation pressures reaches up to 12.53%.
It corresponds to a gas recovery factor value of 0.55.
The obtained solution also takes into account the differences in the absolute permeability values of the well’s bottom
hole zone and the remote part of the well drainage zone, which makes it possible to use it in studies of the skin effect.
The approach used in this work can also be used to solve problems of interpreting well-test data.
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