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Abstract

With the use of ideas of quasiconformal mapping @mdedure of gradual recording of medium and peaharacteristic
the methodology of mathematical modeling of filivatand mass-exchanging processes in well bore, 2gren condition®f
occurrence of gas formation hydraulic fractuhes been suggested. The influence of thermodynaffects, caused by ¢
throttling through microfractures has been taken itonsideration, whefiltration process is described by specially nfied
Darcy’s law with critical pressure gradient. Nunceti algorithm to solve correspondent boundary tabkdd flow patterr
temperature field, filtration properties etc. hagi developed.

Key words: Joule-Thompson effect, ntinear filtration, numerical methods, quasiconforinmaapping, reservoir hydraul
fracturing, shale sedimentary ro

Current conditions of insufficient resourcecharacteristics. This methodology comprises
potential and low level of own natural gas productin  mathematical modeling of filtration and mass-
Ukraine demand effective development and furtheexchanging processes in well bore zone, considering
development of gas fields in complex geologicathermodynamic effects in case of existence of keser
conditions with low permeability reservoirs as wadlin  hydraulic fractures when the process of displacerigen
shale sedimentary rocks. Structural features ofeshadescribed by specially modified Darcy’'s law with
rocks, low permeability and conditions of naturalsg critical gradient.
occurrence demand considering of regularities af ga  Let's have a look at model task for research of
drainage from the systems of fractures anthfluence of fractures of reservoir hydraulic fragng
microfractures to wells. This process, as a resfilt upon thermodynamic characteristics of wellbore zone
conversion of work, performed by gas while traesiti G, of reservoir (Figure 1) with considering of gas

from fractures to microfractures and vice versa iﬁwrottling through shale rock microfractures. For
accompanied by heat emission and causes unbalangghematical formulation of task of gas filtration

gas expansion. Apart from thermodynamic effect§hrough porous medium let's write down the contipui
caused by such movement, it is reasonable also dQuation in the form of [1- 3]

consider non-linear effects in reservoir well baomes, Tk Ll
caused by overbalance of pressure gradient oéftsia div['o( P T)KOx Yx(l kr)grad p]:O, (1)
critical value [1]. Investigation of the above miened H(p,T)
effects upon condition of reservoir hydraulic fiaets under appropriate conditions on reservoir boundarie
existence is of significant interest for the theanyd .= p, p| .=p (p.>p") and conditions of flow
practice of production of gas fields with weakly '~ - _ _
structured and low permeability sedimentary rocks. ~ continuity and pressure on reservoir hydraulic tirees

The article summarizes the methodologyPoundaries.
suggested in [1] on the basis of application ofoemts Here
of quasiconformal mapping numerical method [2] and | =| (x y) =|grad p(x,y) | \/(09/6 >§2+(6 0o 92
procedure of gradual recording of medium and pces

is the value of pressure gradiett;={z: f(x y)=0},

L ={z: f(x y)=0} are the external boundary and
* Corresponding author:

abomba@ukr.net well  boundary  correspondingly; o= p(p,T),

© 2015, lvano-Frankivsk National Technical #=H(p.T) are the gés density an.d.wscosﬁryns the
University of Oil and Gas. temperature; k(x, y) is the coefficient of absolute
All rights reserved. permeability of medium
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specific heat capacity of gas and correspondingly
reservoir, saturated with gas. It must be mentiothed
all the values, introduced in the article are meagun

To solve the task velocity potential must be

k,, (x,y)OD,,
K=k, (eyog U D;
D, is the reservoir compartment that corresponds to System units.
a —fracture with permeability k, (aON).

Coefficient x characterizes

value in complex geological filtration conditionfoq

the dependence of
sedimentary rock permeability upon pressure gradien

entered in the form of Laybenson function [5]

(bT)

® o( P,
q)('[))=(13*+Ix1(|f>T)

which k/u is a small quantity) and is determined by th@nd task must be rewritten in accordance with jt (1

following
+F(=1,), ifl >1;

X(I'I”):{L ne @

where F is the specified steadily increasing function
is the critical value of initial gradient.

ICI’

@
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Figure 1 — Schematic layout of reservoir with
hydraulic fracture (a) and correspondent complex
potential area ()

Similarly [1, 4], in disregard for heat conduction

and adiabatic effect, temperature field is foundthes
solution of the following differential equation

%w(x y)(grad T(x y.9+&grad p(x )= 0@3)

under correspondent initidl(x, y,0)= T, (x ) and critical
T(X Y, t)|L = T conditions. Heres is the Joule—Thompson

kx(l,1,)pc
HC

f

coefficient; u(x,y,t)=- grad p is the

reservoir heat convection velocityc, c, are the

2
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taking into account (2):
div(k(x Yx(1.1,)grad @) =0,

o= KX)o

; p(®) (4)
O =0(p)=d., ®| . =0(p)=0,
el =0. [l =0

where p(®) = p(p(®)); T =—E— [O2+D2; u(x,y)

p(®)

is the filtration velocity vector®, <@ ; [[]LD are the

correspondent function jump @D,, .

In this case, heat convection task (3) will be as
follows:

OT(X Y1),
ot
U _
+U(X, y)(grad T(x Y, 9———=grad ®(x y)j =0,(5)
P(P)

T(x%0=T(xy, T(x %y =T,

where u(x, y) = k(x Yx(1, I, )Cigrad (% ).

f

To solve formulated task (4) and (5) we can use
numerical methods of complex analysis, in ordeddo
this, by analogy with [2], let's input flow functio W,
complex conjugate with® and carry out conditional
cross sectionL of area G, along flow line [2, 3].
Meanwhile, task to build flow pattern, find seepage
discharge and other specific filtration parameterghe
basis of the found (fixed at a certain momenk
temperature field, accounting for (5), is narrovekxvn

to quasiconformal mapping task w=w(z)=
=®(x y)+iW(x y) of areaG,\L for correspondent
complex quasipotential area,, :

k(x x(1,1,) 9P _ow

p@)  ox oy’
kx x(. 1 )od _ v

p®) oy ox ©
o =0, of =o', [¢] =0,

[0.]

=0, W|_ =0, ¥|_=Q;
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where L_, L, are the lower and upper banks bf; i [
: pp oA k)(~(l,|c,) k)(~(| )
Gm:{axCDD<CD<CD,O<kP<Q}; D(P) g D(D) -
. a, = ,
Q=¢-uv dx+u,dy are the unknown well production Ky(i 1 Ky (1
rate. P p i+l
Reciprocal to (6) boundary task for quasiconformal
xeciprocal to _ ono| KX, Iq) kx(i.1,)
mapping z = z(w) = x(®,¥) +iy(®, W) of G, area on (D) (D)
_ i, i,j-1
G,\LR, and, as a result, equation for reat x(®, ¥ '
. _( _ ) kx(1,14) )((l lcr) AW
and imaginaryy = y(CD,\P) part of characteristic flow 5(®)

function can be written as:

ky(l1,) ay _ ax kx(l,1,) ox _ oy @ ZAGD[kX(I I, )j (k)((l 1 )]

(@, W¥),y(® ,¥)=0, 0sW<Q,
X(®,0)=x(®,Q), Y(®,0)=y(@®.Q), b. <<,

p®) oW 00’ pd) 0¥  od’ A(®)
k(T Icr)j AW
A(®) p@) ),

f.(x(®., W), y(@ ,¥))=0, ae_{[k)((ﬂla)j

k)((l 1)) (kx(,1,)
~ ZAq) cr cr
s (o] own] -0 2 e
P [(kx(lilcr)J (kx(l,lcr)J ]
= + = AW
[x(®.w)],, =[¥(@®w)], =0 p@) ), L p@ ),
i(k)((f"cr)ﬁ} i[ (D) ﬂ) o Writteﬁpgsrf)ximations of boundary conditions can be
oW p@) oW ) od( ky(l,l,) 0P ’ ' . R
8 f.(%,Y,;)=0, f (X, .Y, )= 0,j=0m,
kx( 1) oy ), 0 (_ p(®) 3y @ { (Xﬁ"y‘) _ (X_”_Z =IO )
aw p(®) o) ool ky(1)o0 ) Ko = Xm Yio= Yim 1= 0N

Here, as well as in [2, 3], complex contingency of

Having used correspondent formulas of tranSitlo?uncnons X, =X, W), ., =y(®,¥,) is ensured
- i ij i

[2], condition (7) and formulas for calculating béilk
velocity components, temperature task (5) is régmit by conditions of orthogonallty of near-border notma
as: vectors to correspondent tangent lines along baynda

0_T+C(ﬁ(cb)u)2 oT _ CLD(D)? o ]?f GZ\.L area. Their difference analogues are as
ot kx(T1)c, 0@ ky(hl,)e, | O”‘EZVS- e ax e
T(X(®.,¥),y(®. ,W)1)=T,0<s¥<Q, )i”(‘syx”jly .X”_liy X”.")*(ly %”'J_ly =0
T(X(@W).y(@W),0=T, k@ W)y @® ¥)) ey g B 7

. <P<P,0<W<Q, (4%, = 3Ky =Xz )Kgje1™ Xgj- )+
where equation (9) is as a matter of fact single- | +(4Y,; =3Yo; = ¥2; )Yoj+1~Yo-2=0,j = Om
dimensional because variablg here functions as a Unknown well production rateQ is being
parameter. searched for in the process of iterations accortbriye

To build difference analogue of task let's input in AD
G, area regular orthogonal grid with grid pointsformula Q=mAW, where A‘P=7, and y is

w

(®,W)): obtained on the basis obmdition of «quasiconformal
D=0, +i AD, W =AY, similarity in the small» of correspondent elemepnta
. : — rectangular of the two areas:
where A®=(® -d,)/n; A¥Y=Q/m, i=1n, Lot .
1m, nmON.E 8 d, y=— 3 a' B || _PO) (12)
j=1,m, nm quation (8) is approximated, using o\ b, +h.,, ) kx(1L) i+]/2,j+J[2,

method of finite volumes [2] as follows:
{m = @% ataX L aX .y Fax,,)/a,
Yii =(a11yi,j+1+asyi,j—l+aeyi—l,j +asyi+1j)/ap1

wherex ; =x(®,, %), ¥; =y(®, V),

where a ; :\/(Xi+1,j_)§,j)2+(yi+1,j_yi,j)z )
b, =\/(Xi,j+1_)§,j )2 +(yi,j+1_yi,j)2 :

N Equation (9) is approximated with the help of
a =8, +a+a+4q,, difference scheme «against the flow» [2] in the
following way:

(10)
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- [c(,b(d))u)z] (T, -7),

Y kx(L 1, )e, A®

(13)

kx(T,1,)c,

where j =1,m, i =1,n; 7 is the time stepT, ; 'ﬁj are

{ cUp(@)’ J

temperature at the correspondent periods of ting;is

the velocity (it can be obtained as in [2]). Caliand
initial conditions for temperature in grid area che
written as:

T,; =T, j=1m;

T()ﬁ,j Y ,0)= To(?<,- Y ), i=1n, j=1m.

Having assigned step, splitting parametera,
m field G, (they are sorted out as in [2, 3]) and
algorithm accuracye,, &,, initial approximations of
coordinates of boundary pointg?, y (to comply
with the conditions of (11)) and initial approxintats
of coordinates of internal pointsx{’,y?) can be
found in accordance with the formulas (12) jofvalue
approximation. Hereafter the coordinates of interna

points of flow pattern are clarified by solving j1@ith ‘ b)

respect tox; andy, ;. After that as well as in [2], Figure 2 — Potential gradient distribution
boundary points are readjusted under conditions of in radial formation with a hydraulic fracture ( )
fixation of external boundary and near-boundaryspne and without it (b)

using the conditions of orthogonality and approxieda . _ .

values of Q, T, x(I, |) are obtained. To complete Thus, using the ideas of numerical method of

quasiconformal mapping and procedure of gradual
recording of medium and process characteristidse t
methodology of mathematical modeling of filtratiand
<¢&), boundary mass-exchanging processes in well bore zone, upon
- _1) > PN conditions of occurrence of hydraulic fractures and
points (max\/( Y+ (Y - ¥ V) <&,) etc. consideration of influence of thermodynamic effects
caused by gas throtting through shale rock
microfractures when filtration process is descritigd
gpemally modified Darcy’s law with critical pressu
gradient has been suggested. Numerical algorithm to
solve correspondent boundary tasks, build flowepat

temperature field, filtration properties etc. hasei
field T, from the previous iteration step (accountingjeveloped.

for boundary conditions) we find temperature

flow pattern bU|Id|ng algorithm (apart from tracimg
unknown filtration parameters, velocity field in

particular) expense®) (|Q(K+1>_Q<K)

must be stabilized at the given iteration staganlf of
these conditions isn't fulfilled, violation of
quasiconformality must be indicated on the dynami
grid of the area.
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MatemaTu4yHe MmogentoBaHHA TepMoAMHaMIYHUX edpekTiB
y NpUCBepANTIOBUHHIN 30Hi ra30BOro nnacra 3a ymMoB rigpaBniyHoro po3puBy

AA. Bomﬁal, MA. MuCJIIOKZ, C.B. }Ipomakl

YPignencoruii 0eparcasHull CyManimapHuil ynisepcumen,
eyn. C. banoepu, 12,m. Pisne, 33028 ,Vkpaina

2 . . . . . .. . i
leano-Dpankiscokuti HayioOHANLHUL MEeXHIYHUL YHIgepcumem Hagmu i 2azy;
eyn. Kapnamcora, 15,m. Isano-@panxiecvk, 16019, Vrpaina

3 BUKOPHUCTAHHSIM i/1eif KBa3ikOH()OPMHOTO BiIOOpaKEHHS Ta MPOLEAYPH MOETANHOi (ikcaril XapakTepucTuK
CEepeIOBUINA 1 TIPOIIECY 3aMPOIIOHOBAHO METO/IOJIOTII0 MATEMAaTHYHOT'O MOJICITFOBaHHS (PiIbTPaIiiiHO-MacOOOMIHHUX
NPOLECIB Y NPUCBEPUIOBHHHINM 30HI 32 YMOB iCHYBaHHS B Hil TPIIMH TiAPaBIiYHOrO PO3PUBY ra30BOIO ILIACTA.
BpaxoBaHo BIIMB TEpPMOAMHAMIYHUX €(DEKTIB, 110 BUHUKAIOTH BHACIIIOK JPOCEIIOBAHHS Ta3y 4epe3 MIKpOTPILHI
B MIOPO/Ii, KOJH Tporiec (puIbTpalii OMUCYETHCS ClelialbHUM YHHOM MOAN(IKOBaHMM 3aKOHOM Jlapci 3 KpuTHYHUM
TPaliEHTOM THCKY. PO3pOO0JICHO YHCIIOBUH aJITOPUTM PO3B’SI3yBaHHS BIAMOBITHUX KpaHOBHX 3amad Ha MOOYIOBY
TiAPOAMHAMIYHOI CITKH, TEMIIEPATYPHOTO MO, (PUTFTPAMIHHUX XapaKTEPUCTHK TOIIIO.

KitouoBi cnoBa: eidpasniunutli pospus niacma, epexm Howcoyiai—Tomcona, keasikongopmue i0obpaicenns,
HeniHilHa Qitbmpayis, cianyesa 0cad08a nOpood, YUCI08i MEMoou.
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