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A model problem for the gas extraction process from UGS while substituting it with
water is developed. The connection between the mass flowrate and pressure values in the
main gas pipeline and on the outer water surface is established. A mathematic model
for calculation of the UGS functioning parameters during the period of gas extraction is
constructed. The results obtained are tested on the model problem.
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1. Introduction

While creating and using underground gas stores, one of the main questions is establishing of function-
ing parameters for the underground gas store for maintenance of gas extraction process (gas flooding)
in case any water is present in formations. Presence of water is detected almost in all gas stores (de-
posits) created in the depleted fields. Notwithstanding the great amount of the researches, currently
no sufficient theory for describing of processes taking place in formations — collectors of gas stores with
edge water has been yet proposed. Calculating UGS functioning parameters is getting complicated
also due to the uncertainty of the porous medium parameters and its non-homogeneousness. This
demands building of the corresponding adaptation models and methods, which allow specification of
model parameters in accordance with the measured parameters (pressure, discharge, etc.).

Aim of work is to build a model and study the process of gas extraction from UGS, with the
water presence in the formation, and calculation of underground gas store functioning parameters for
maintenance of the given process.

2. Mathematic models describing gas flow during the UGS operation period

Distribution of the formation pressure near the well is described by the formula [1-3]

vy — p; = 2DFG, (1)
where bAm) Z1 (b)) Zo (T A
D(r,7) = (2 72n) 1 (bAm) 0(7; mZ)
(adm)” Z§ (adm) — (bAm)* Z7 (bAm)

and A2

L dmnkhg 2 (A 20 (0An) Zy (rA) exp (— 22505 )

F o Bn+1)p = (ahn)® Z3 (adm) — (0Am)® Z2 (DAm)
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Connection of the formation pressure with the bottom-hole pressure [1, 3]

Py — vy = Ag + B’ (2)
Here 4 4 B B
p pl b

In order to calculate pressure distribution in flowlines and horizontal pipelines it is enough to use the
stationary models of the gas flow:
In the working string

RT (M\*1—eb
— 2 o—b _ =
p(x) \/poe Az 5 (S) A (3)

and horizontal pipeline (flowline) [1-3]

marked here:
nD? _ 2gAh

= — b— .
’ zRT

Gas compression coefficient may be calculated according to formula

1

ey )

where f = (24 — 0.21¢°C)-10~%, and p(x) is measured in atmospheres. In order to calculate parameters
of hookups and local resistances the empiric formula is being used |[3]

§
Ap =pg = po = 5pv,
which can be narrowed down to RT
z
Py =P =& (6)

where ¢ is mass flowrate. Here v is speed of the gas flow, £ is coefficient depending on the local
resistance type. On the basis of the last formula and measured data, empiric formulas are being built
for the hookup, namely one of such dependencies may be the following:

¢ = 201.87 4 18455 e 314559 ¢ < 1.46, 7)
] 1011.8 —540.71¢ + 78.039¢2, q > 1.46.

Gas flow through the constriction device. Constriction devices take an important place in the GTS
structure — valves, diaphragms, etc. Mass gas flowrate w, going through the constriction with the
square S is defined in the following way

k 7 e

D=2 D=2
w=k,S\|2—papa | [Z2) — (222 , 8
1 k_lp 1Pzl [<pzl) <pzl) ] ( )

where k, is coefficient considering multiple factors influence and empiric formula for its calculation is
known, k is adiabatic exponent, p,1, p,1 are gas pressure and density to the right, and p,o is pressure
to the left from the constriction device. Here p.o/p,1 < 1.
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As p,o/p.1 < 1, thus from (8) we receive the equality

2 k+1
k % S
W? = 2752 ——pa1pa <@> — (22) , p=pzRT.
k-1 Dz1 D=1

The last equality may be narrowed down to

2 k1 )
Pz1 — D22\ * DPz1 — D22 k o w (k - 1)

] - == —(1—-=-== =

D=1 D=1 2kySp.1pak

or, considering inequality (p,1 — pz2) /P21 < 1,

k+1_2 Pz1 —Pz2 WQ(k_l)
k k D1 B ngstzlpzlk.

Thus
w? (k—1)

2(k—1)k3S%pz1

Pz1 — DPz2 =

If using approximate relationship

1 zRT 2zRT

Pz1 Dz1 B Dz1 +p22’

one will receive 2 )
9 9 9 zRTw* (k-1 9
Pz1 — D2 =4 qQ(k_—l)kgSQ = 0229, (9)

2
0. — zQRTw (k 21; (10)
¢ (k—1)kzS
Work of the compression station is characterized by the compression coefficient €. In such a case,
if ppo is gas pressure after exit from GCS, then ppo = €p,2, or pi2 = &2p2,.
Using formulas (1)—(10), necessary to build gas-dynamic control of the system formation UGS —
main gas pipelines, we will receive the following equation to define mass flowrate ¢:

2 zRT
pg%l — e ?piae’ = q <A + gDFG) + ¢ (B +a, + 53—2 +as + azz> e. (11)

3. Definition of water pressure on the inner contour.

Formation of the underground store with presence of water and gas will be modelled with the enclosed
porous cylindrical fields with the common axis. In case the porousness and penetrating of the cylindrical
environments containing water as well as mass flowrate are known, then, within the process of gas
extraction the effective porous volume to be taken by water will be increased by that flowrate (Fig. 1).

> >
»

gas water

A
A4

gas water

Cq a,r, b,

Fig.1. Scheme of gas-water edge substitution within the process of gas extraction.
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At the start time effective porous volume {24, containing the same water volume

Q1 = Whmv(b?) - a?}).

if ¢ is mass flowrate, then the water inflow is increased by the same value. Thus the inner radius of
the water cylinder decreases by the certain value r,. Due to movements of the lower edge the quantity
of water will be

Q1 +q = Thm, (sz) - (av - rv)2) . (12)

Using the formula (12) one can find how the inner radius decreases during the time unit

2_M

Ty = ay — (/b e
v

As the last formula defines the radius change during the time unit, it appears to be nothing less than
the mean speed of the water contour movement, namely

My +¢q
Uy = Gy — /b2 — ngv .
Taking into account that
_ _kop
opor’
then
dp = —Evdr =—% (av — /b2 — ;}vav> dr.

In case all parameters remain constant, them from the last formula for GWC radius change by r it is
necessary to execute the equality

% © My +4¢
—pp=Ltvr=-LEaq,— /02 - =22 13
pr—po=por =y (“ © T rhim, )T (13)

Here pg is the start value of the pressure on the surface of the inner cylinder for water, and p; is value
of pressure on the surface of the inner cylinder for water while volume change on the mass flowrate.
Formula (13) marks pressure fall on the surface of the inner cylinder per time unit. Therefore, from
the balanced correlations the inner edge condition for the moving water will be

Q1
plzpo—ﬁvr:po—%<av— b%—li—'—q>r. (14)

k whm,

If ¢, is time, during which the gas extraction takes place, then the formula (14) will look like

D1y + 1y
P1iv = Po — % (av - b% - u) Ty- (15)

whm,

4. Definition of gas pressure on the inner contour

Let us perform the same balance procedure for gas. At the start time the effective porous volume in
the gas area is €)5. Then
2 2
Qg = mhmg(a, — c,).
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Per time unit the volume will decrease by flowrate q. Outer gas radius will decrease by value r,, thus
Qg —q=mhmg((ag — r)? — cg). (16)

In such a case only the upper edge will be taken into account. From the formula (16) one can find how
the outer radius will decrease per time unit

Q

2
whm +C

Ty = Qg —
The last formula is nothing less than the movement of the inner water edge. As far as

G g

then

2 2 Q
R i R P

As all parameters are considered to be constant, then from the last formula

_2pBy o 2uBy M-q
P1—Po = I ur = A Qg —h +cg |

Here pg is the start pressure value on the surface of the inner cylinder for water. The last formula
defines the pressure fall on the surface of the inner cylinder for water per time unit. Having assumed
that ¢, is time, during which the gas extraction takes place, we will receive the edge condition for the
gas flow in the following way

2 P 0 —1,
- poy . — o — 2By (ag Y Sl cg) - (17)

k k Thm

It is clear that on the GWC edge there should not be any breaks for speed field, namely the speed
of the gas drainage should be equal to the speed on water inflow, and correspondingly, the pressure
values calculated in accordance with the formulas (15) and (17) should coincide.

5. Definition of water pressure on the outer contour.

Let us assume that on surface 1 = a there is water pressure P;, and on surface ro = b there is pressure
P,, while the initial distribution is provided in formula f (r). In this case, the solution of the original
problem of mathematical physics is presented in the following form: P = Ps; + P,, where

PiIn(b/r)+ P2ln(r/a)

P, =
Inb/a

determines the steady pressure distribution among the surfaces, and the second solution component is
as follows:

[e'¢) b
- % ; ao;:o aj;n()b n exp (—my%T) Uo (rag,) /’I“f (r) Uy (raw,) dr

exp (—/@aiT) .

[PyJp (ac,) — P1Jo (baw,)] Jo (acw,) Uy (raw,)
Z JO (acn) — Jg (ba)
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Here Uy (ar) = Jy(ar) Yy (ab) + Jo (ab) Yy (ar), J; (x) and Y; (z) are first and second kind Bessel
functions of actual argument of order ¢ respectively.

Then
00 b
— % ; aaajo ajéon()ban) exp (—ka’T) Up (ro,) /xf (x) Uy (xa,) dz
-y (el O e e 208) o (v,
where Uj (ray,) = —ay, [J1 (anr) Yo (ab) + Jo (ab) Y1 (a1)], @y stand for roots of nonlinear equations
Jola) Y (ab) — Jo(ab)Yo () = 0.
Since
v =— /]jgz qg =vS = 2nrSv, v:%, 2W(]7“S:_§%’ qz—2wr5§%.
Then we get the following equation
q PP 2 a%Jg (acy,) 9 ;
35~ \ /) 2 2 T aan) — 2 (g P (Tr) U1 (m”)/ o) U o)

a

—Trm

i [PaJo (acwn) — PrJo (ban)] Jo (acn) U (rom) exp (—mif)} o

k
o Jg (aom) — Jg (bowm) o
Here k = %—i, where « is surround module of tension, k is permeability of environment, p is dynamic

viscosity of gas, m is porosity of reservoir.
P ln(b/r)+ Pyln(r/a)

In(b/a)

Initial pressure distribution set the following formula f (r) =

, then

/bel In(b/x) + P2ln(x/a) Uo (ww) da

In(b/a)

a

b
1
)/w[Pllnb—Pllnx—i—Pglnx—Pglna] Up (zav,) dx
a

b
1
= /w[Pllnb—Pglna—i—(PQ—Pl)lnx] Up (xawy,) dz

b b
= (Pilnb— Pylna) /on (xay,)dz| + (P2 — Py) / zlnzUy (zay,) dz. (20)
a

Using an analytical representation of these integrals [4]:

b
/on () dr — 2[Jy (aay,) — J, (b()cn)]7

madJy (aom,)
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2[J, (aay) Inb — J, (bowy,) Inal
ol J, (aom,)

)

b
/SCUO zay) Inzdr =

we get that the equation (20) takes the following form

/bel In(b/x) + Ppln(x/a)

I (b/a) Uo (za,) doe =
1 2[Jy (acw,) — Jy (ba)] 21[Jy (ac,) Inb — Jy (ba,) In a)
In (b/a) [(Pl b= Pylna) == ma2J, (ao?n) + (P = ) == matJ, (ao?n) }

Grouping separate terms which include P; and P, then the last formula can be rewritten as:

/ PiIn(b/z) + PyIn(x/a)

2(Ina —Inb) [ Jo (bow,)
In(b/a) !

n)dx = - P .
0 (wam) du a2 In (b/a) Jy (acw,) 2}
Let

Us (1, o, kK, T) = €xp (—Iia%’i‘) Uy (raw) ,
Then the equation (19) written as

qu P - P 2 & a2 J2 (ac,)

2rkS  m(bja) 2 2 T (ac) — I3 (bov)

2(Ina—1Inb bay,
Us (1, K, T) (na—Inb) [Plj()( o) —Pg]

a2 In (b/a) Jy (ao,)

o Z PQJ() aan) P1 J() (ban)] J() (aan)
Jg (aan) — Jg (ban)

Us (1,0, K, T) . (21)

We introduce the notation

. i 2 l?nab/lg)b) Jg (acn)
b/a Jg (acy,) — J3 (baw,)

1 o (Ina —Inb) = Jy (aay) Jy (bas,)
In(b/a) * < n(bja) 1> 2 T2 (aatn) — IR (o)

Then the equation (20) takes the form

F2 (a/7 b,’l", Oén”l{"”’r) U2 (Taanﬂ%”]—);

F (a,b,rya, k,T) = — Us (1,0, K, T) .

275565 = PyF5 (a,b,r,c,k,7) + PLFy (a,b, 7,0, K, T) .
Thence .
P = 27rrkS 1 1 99
, = 2R (22)
If 7 — oo, or sufficiently large then
1 1
Fy = F, = —
2T In®/a) ' In(b/a)
Then
Py =P +1n(b/a) — L& (23)

2mrkS”
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6. Computational experiment

Testing of the results conducted in the computational experiment the following input parameter values:
po = 70 - 98066.5 (N/m?); p,., = 50 - 98066.5(N/m?); z = 0.9; R = 8.3144621 (J/(mol - K)); T =
293 (K); po = 0.68 (kg/m®); p = 0.0008 (m2/s); g = 9.8(m/s2); o = 0.8; m = 0.28; k = 4 - 10717;
p =998 (kg/m?).

Table 1. The value of pressure in the control points by changing the Table 2. The distribution of pres-

amount of available gas in UGS (a (m) is the radius of the inner con- sure on the outer contour of water
tour(the border “gas-water”), b (m) is the radius of the outer contour depending on the time (¢ (s) is time,
of water, P; (ata) is the pressure on the inner contour, P» (ata) is the P, (ata) is the pressure on the inner
pressure on the outer contour, h(m) is the height of the column of contour, P; (ata) is the pressure on
water to maintain pressure on the outer contour of water). the outer contour).
a b—a P1 P2 h

t Py P
1000 | 56.29 | 59.24
5000 | 55.17 | 60.23
10000 | 54.24 | 62.47

50000 | 54.17 | 63.05
100000 | 54.17 | 63.05

500 | 500 | 56.29 | 59.24 | 592.8
400 | 600 | 54.97 | 61.43 | 614.7
300 | 700 | 54.12 | 62.87 | 629.1
200 | 800 | 53.87 | 63.85 | 638.9
100 | 900 | 52.18 | 66.91 | 669.6
50 | 950 | 51.36 | 69.16 | 692.06

7. Conclusions

The current work researches the process of gas extraction from UGS, in case the water is present in
the formation. Mathematical model of such a process is being built. Functional connection between
the mass flowrate and pressure values in the main gas pipeline and on the outer water edge is being
established. Formulas for calculating of the main UGS functioning parameters during the process
of gas extraction are obtained. Model problem and formulas for calculating underground gas store
parameters are tested during multiple experiments.
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