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The process of gas filtration in a porous medium depending on its structure is modeled
in the paper. The presence of pores of various sizes leads to the formation of flow and
stagnation zones, which affect both the pressure distribution in the medium and the active
gas mass. The obtained results make it possible to determine the proportion of the flow
zones volume and the exchange coefficient between the flow and stagnant zones.
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1. Introduction

Natural liquids such as oil, gas, underground water are located in the Earth subsoils, or rather, in
underground cavities — pores and cracks of the rocks [1]. Underground gas storages (UGS) are mainly
formed in depleted gas, aquiferous layers, gas condensate and oil fields [2,3]. When creating UGS
preference is given to the places where depleted gas fields which have a pore volume sufficient to store
the required active gas volume, satisfactory filtration-capacitive properties and relatively homogeneous
distribution of them in the area and section of the layer-collector are located. In the process of creating
UGS, issues of the rational ratio of buffer and active gas, number of wells, maximum and minimum
pressures in the layer-collector, compressor station power, etc. should be solved.

The structure of the rocks pore space is caused by granulometric composition of particles, their
shape, the chemical composition of the rocks, the origin of pores, as well as the ratio of the number of
large and small pores. The structure of the rock is predominantly determined by the size and shape of
its grains. By size the structures are distinguished by the following: psephitic (the rock consists of the
fragments in the size of more than 1—2mm), psammitic (0.1—1mm), aleurolitic (0.01—0.1 mm), pelitic
(0.0l mm and less). To the texture features of the rock are referred layering, nature of the placement
and location of the rocks, the location and the quantitative ratio of cement and grains of the rock, as
well as some other features of the structure [2-4]. The role of the cement often perform clay substances.
There are also cements of chemogenic origin (carbonates, oxides and hydroxides, sulfates). To a greater
extent, the properties of porous media depend on the size of the pore channels. According to the size
the pore channels of oil and gas layers are conventionally divided into three groups: overcapillary —
more than 0.5mm; capillary — from 0.5 to 0.0002 mm (0.2 um); sub-capillary — less than 0.0002 mm
(0.2 pm). In large (overcapillary) channels and pores, the movement of oil, water and gas passes freely,
and in capillary — with the significant participation of capillary forces. In sub-capillary channels, the
substances are kept to such an extent by the attraction force of channel walls (due to the small distance
between the walls of the channel, the fluid in it is in the sphere of the action of the molecular forces of
the rock material), that practically can not move in them under the natural conditions. The average
radius 7 (in m) of the pores in the rock exemplar depends on the coefficients of permeability & (in m?)
and the porosity m (non-dimensional value) of the rock and is characterized by Slichter number.
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A Slichter number is the non-dimensional function Sl(m,e) of the porosity m and the structure
of the porous medium &, which qualitatively characterizes the coefficient of the permeability k: k =
desSl(m,€), where dos(m) is the effective diameter of the particles of the porous medium. When
filtration is in a fictitious soil, the Slighter number is a function of porosity, and in the case of filtration
in a real soil, in addition, a function of the particles form and the degree of roughness of their surface.

Since in the sub-capillary channels carbohydrates cannot move, then the so-called stagnant zones,
which contain carbohydrates, are formed. It is obvious that such stagnant zones are volatile and depend
on the pressure in the porous medium. Under certain ratios between layer pressure and pressure in
the stagnant zones, carbohydrates from the latter can be released. This, in turn, affects the process of
hydrocarbons mining.

The purpose of the work is to construct a mathematical model for calculating the gas flow process
in the flow and stagnant zones and to determine the impact of the gas which is located in stagnant
zones on its total mining.

2. Formulation of the problem

We will consider the process of gas filtration in the complex porous medium, which occupies area of
the rectangular parallelepiped of the small thickness. Since the thickness of the medium is small, then
the pressure drop in the vertical direction can be neglected and the filtration process can be considered
only in the flat case. The process of gas filtration in a complex porous medium with stagnant zones
can be described by the following linearized system of differential equations in partial derivatives [5-8|

Op2 Op1 p1 ;i\
(1_11)5—“/5_&(@4_8—3/2 =0, 1
9p2 _ (p1 — p2) M

Here pi(z,y,t) and pa(z,y,t) are the gas pressures in the drain and stagnant zones, v is the share
of the volume of drain zones, v is the exchange coefficient between zones, a = 2agpi0, ag = k/us is
the piezoconductance coefficient, k is the coefficient of porous medium permeability, x4 is the dynamic
coefficient of viscosity of a liquid, S is the coefficient of volumetric elasticity of saturated porous
medium, pjg is the pressure value defined at the previous step, x € [rg,xk], ¥ € [yo,yk]. As the
boundary conditions we will consider conditions under which there is no gas outlet. The boundary
value problem is solved for an arbitrary initial condition, which can be set in the process of calculating
the pressure distribution in the medium.

3. Solving the formulated problem
Let use the Laplace—Carson integral transform. Since
f'(t) < s[F(s) = f(0)],
then in Laplace-Carson images |9, 10| the system (1) will look like
(1 =v)s[P(z,y,s) — pa(z,y,0)] + vs [Pi(x,y,p) — p1(x,y,0)] — a (Pl’f,c(a;, Y, 8) + Pl”y(a:, v, s)) =0,
{s [Py(z,y,s) — p2(x,y,0)] = v[Pi(z,y,s) — Pa(z,y,s)].

Here P;(z,y,s), i = 1,2 is Laplace-Carson image of the function p;(x,y,s), i = 1,2, s is the Laplace—
Carson transform parameter. From the second equation of the last system we will obtain

~y s
P2(:E7yvs) = mpl(‘,nvyvs) + S +7p2(ﬂj,y,0) (2)
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To determine the image Pj(x,y,s) we will obtain an ordinary differential equation of the second
order

[7(1 — V)

s+ + V5:| P1($7yvs) —a (P//lm(x7y7 S) + P//ly($7yvs))

(1—v)s?
= (1 - V)sz(x7y70) + VSpl(x7y7O) - 7172(:1:7?470)' (3)
s+
If we introduce the notation

v(1—v)s (1—v)s?
b:7—|— ) d: 1_ 770+ 770_7 7707 4
T s d= (=Dl 0) +rsp(p0) - ST (0 ()

then the equation (3) will look like
b d
P (:E Y, )+P1”y($,y,3)—OZP1(ZE,y,p):B, a:av 5:_5

Since the boundary conditions are constant, it is expedient to find the solution of the equation (4)
in the the form

nm\xr —o
Pi(z,y,s) Zpln (y,s )Cosﬁ

n=1
with unknown coefficients

2 T, _
Pln(y7 S) = / Pl(x7y7 S) CoS M dx.
T — o T — Zo

Integrating the last equation by parts, taking into account the conditions of impenetrability, leads to
the following equation

2(xp — Tk 2P, -
Pon(y, 5) = (g 2330)/ 1(95;%3) cos nm(r — o) da.
(nm) - dx T — To
Since )
P"u(x,y,5) = B+ a Py(x,y,p) — Pl,(z,y,s),
then

Pi(y,s) = %/xok (B—i-aPl(a:,yap) P/ y(T,y,s )) cos%dz,

from which we obtain the differential equation for determining unknown coefficients

— X
Pln(y7 S) = (1670 {apln Y,s ) Pﬂlny(:% S)}a
(nm)?
or
nm 2
Plny( )_ o+ (xk_x0> Pln(y,s):().

If we will mark \2 = o + (m ’Tmo)2, then as a characteristic equation for an ordinary homogeneous
differential equation

Plny( ) _)‘ipln(yas) =0

is an algebraic equation 2% — )\% = 0, the roots of which are defined as follows z; = A, 29 = —A,. Then
the solution of the equation will have the form

Py (y,s) = A(S)ey’\” + B(S)E_y)‘”.
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Let us suppose, for simplicity, Py (z,0,t) = 61,(0) = const. Then P;(x,0,s) = 61,4(0) = const and
for determining A(s) and B(s) the following system is obtained

A(s) + B(s) = 204,

A(s)e¥ 4 B(s)e %M = 26,

the solution of which has the form

eYoAn 1 1 — e¥orn
A(S) - 2913} e_yO)\n eyO)\n7 B(S) - 201y e_y0>\n — eyO>\n ’
Then in Laplace-Carson space
Py s):&[sinh()\)—i-sinh(( —9)An) |

To find unknown coefficients Pj,(y,t), it is necessary to move from the images to the originals in the
last formula. To do this, we expand the function

_ _ sinh(yAn)
P = Gangora)
in simple fractions. We will obtain
. B sinh(yA,) Y 2 & (—1)k /\% . kmy
Pls,y) = sinh(yoAn) %o + T Z ko A2+ 9 S Yo

k=1

where 9y, = (k7 /yo)?.
Since

nr\? y1—-v)s wvs
)\n: a+ 9 a:7+_7
T — To a(s+) a

)\% _82+018+02

A2+ 2428+ 29

then

where is marked

_ mtuy+ T, Y vy T+ (T4 k)
(=——"—, C=—, 2= , =,
U1 m U1 U1
y(1—-v) v < nm >2
nmn=-——:, v = —, T = .
a a TE — Xo
Then - N
2 -1 s>+ cis+c . kw
@(Say)zg‘i‘—z( ) ! 2 _sin y7
Yo omi kE (s—s1)(s—s2) Y0
where
21 21\ 2
-
51,2 5 5 29
There is operational equality [9]
s2 +cst+c | o s% +Ci151+C oy 8%+6182+C2 sot
- et — = —— = = %20 = ().
(s—51)(s—s2)  s182 —s1(—s1— $2) —S9 (—81 — $2)
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Then

pty) =L +

o i k,’ SIH @

el Yo

3w

and
Pio(y,t) = 201, [o(t,y) + o(t.yo — y)]-
Thus, the final pressure distribution in the flow zone will look like

nm\r —x
Pl(%% Zpln y7 )COSM

o Lk — 20

Let us find the pressure distribution in stagnant zones. Since

v
Pyz,y,s) = —— Pi(x,y,s) + z,y,0
5 (2, Y, 8) P 1(2,9, 5) S+,Yp2( y,0)
and
! +l(1—e_”’t), i e
sty 7 s+

then, using a convolution theorem can be written

t
P (33‘ Y, t) (;it / (1 - e_ﬁf(t_q—)) Pl (:Ev Y, 7_) dT + e_PYtp2 (:Ev Y, 0)
t
4 / e~ Py (2, ,7) dr + € s (2, y,0). (5)
0

Let us introduce the notations

2
C1 s1+c181+ ¢
Go=—, =—F"—"=, (2=-—

5152 —s1 (=51 — 52)

s% +c182 + ¢2
—s9 (=81 — s2)°

Then
Yr(t) = Co + Ce®f + (e

Next, let us present the integral in the formula (5) as follows

t J—
/ —(t=T) E Py, (y,7)cos nr(z — 20) dr = E oS nr(z — 20) / e 1= Py (y, 7) dr.
0

— Tk — T = g —2o Jo
Let . .
Iny, = / e ) Py (y, ) dr = 204, / e [o(1,y) + o(7, 90 — y)] dr.
0 0
Then
Ining (3.1) / Sen (1, 25 ED0, 0 d
Nine (Y, 1) = e -+ — sin Y | dr
e 0 Yo mio ok e Yo
t 2 (=DF | kmy
=L et 4 2 Z (=1) sin e D (1) dr
Yo T~k Yo Jo
Since

t t
Wy = / e—“f(t—ﬂ')wk (7-) dr :/ e—’y(t—T) [CO + C1681T + Czesy—] dr
0 0
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=0 (1 m ey g S (et o) 2 (et )

7 vt s v+ s2
then . k
Iring(y, ) = {% (L—e™)+ %k; (_/:) sin %wk}
and t
Iny, = /0 e T Py, ) dT = 201, [Tnang (Y, t) + Intng(yo — y,t)].
So

t o0 _ e _
F(x,y,t) = / e V(t=7) Z Py, (y, ) cos Md? = Z cos Mlnln
0

Lk — X0 Lk — 20

n=1 n=1

and finally we get the pressure distribution in the stagnant zones
Pg(ﬂj, Y, t) =7 F(ﬂj, Y, t) + e_ﬁfth(:Ev Y, 0)

4. Algorithm for determining the parameters of stagnant zones

The gas mass in the porous medium is calculated by the formula

M:m/pdV,
1%

where m is the medium porosity. If consider a rectangular parallelepiped of thickness h, average the
pressure by thickness and use the gas law, then the gas mass which present in the flowing pores is

calculated by the formula
T,y,t

Yk l‘kpl( )
M,(t) =mh d ———=d
p() m v/yo y/xo ZRT X,

and the gas mass in stagnant zones

Yk Tk p2(3§', Y, t)
M. (t) :mh(l—v)/ dy/ — =~ dz.
% w0 2RT

The difference of the gas mass in the flow pores over the time At =ty —t1, t € [t1, o] is calculated by
the formula

Yk Tk o) — t
% 0 zRT

Experimental determining the share of the flow zones volume is as follows.

By the meter devices the mass of gas that was removed from the storage is determined.

The mathematical model of the gas diffusion process in the storage layer is constructed and adapted.
According to the constructed model, the value AM,(t) is calculated.

If the measured mass of gas coincides with the calculated according to the last formula with given
accuracy, then the stagnant zones don’t participate in the process of gas removal. Otherwise, the
share of stagnant zones is determined.

e .

Stagnant zones are characterized by a share of the volume of the flow zones v and the exchange
coefficient between zones . It is obvious that the determination of these parameters essentially depends
on the proportion of stagnant zones, and on the accuracy of the input information and is changed
depending on the gas pressure in the UGS layer. If the proportion of stagnant zones in the process of
working UGS is beyond the limit of the accuracy of the model, it is not expedient to determine these
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parameters. Otherwise, it is necessary to have some additional information to determine the parameters
of the stagnant zones, in particular, the difference between the actually selected and calculated gas

volumes.
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dinbTpayis rasy B CKJagHOMY NMOpuUCTOMY cepeaoBuLLi i3 3aCTiiHUMMK

30HaMun

[Tstamgio 4. J1., Bparam O. B.

Ienmp mamemamusrozo MOOCAIOBAHHA
Incmumymy npukxiadnux npobaem mexarwixy i mamemamury im. H. C. ITidempueawa HAH Yrpainu,
eyn. owc. ydaesa, 15, 79005, Jlveis, Yrpaina

YV poboti MozeoeTbes mporiec (hiabTpariil rady B MOPUCTOMY CEPEIOBUII 3aJI€KHO BiJl
tioro cTpykrypu. HasgBHiCTb MOp Pi3HUX PO3MIpIB 3yMOBJIIOE YTBOPEHHS MPOTiYHUX 1 3a-
CTIfHUX 30H, SIKi BIVIMBAIOTD K HA PO3IOJILI TUCKY B CEPEJIOBUII, TAK 1 HA Macy aKTUBHOTO
ragy. OTpumani pe3ysbraTu Ja0Th MOXKJIUBICTD BU3HAMUTU YACTKY 00’€My IPOTIYHUX 30H
Ta KoedirieHT oOMiHy MiK TPOTIYHUMHI Ta, 3aCTIHHUMU 30HAMH.

Knw4yosi cnosa: giavmpayis 2a3y, nopucme cepedosuuse, OuPeperyiasvhi PieHAHHA 6
YACTNUHHUL NOTIOHUL, THME2PAALHI NEPEMBOPEHHA.
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