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Abstract

With the use of ideas of stepwise recording of psscand medium characteristics, thethodology of mathematic
modelling of filtration and massxchanging processes in a formation wellbore zame been suggested. The methodc
considers thermodynamic effects which appear assaltrof gas throttlinghrough micro fractures of shale rock when
condition of quasistationary filtration flow, disement process is described by specially modiacty's law with critice
gradient.

Model problem of hydrodynamic effects investigatiora formation wdbore zone in case of gas filtration in a forma
with low permeability has been formulated. On tixaraple of radial gas flow the peculiarities of tergture fielddivision
algorithm building have been illustrated.
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Structural features of shale sedimentary rocksyhich appear as a results of gas throttling throsiyhle
their low permeability and conditions of gas ocemge rock micro fractures. For mathematical formulatiain
there demand search of effective technologies d&fuids filtration problem in porous medium let'sit®
development of such fields, which would take int@lown equation of continuity and equation of motion
account regularities of gas drainage from the systé which are as follows [1-6]
fractures and micro fractures to wellbores. Thiscpss ) kx(l,1,)
as a result of conversion of work performed by gas divov =0, v=-—"—-""grad p 1)
while transition from fractures into micro fractarand H
vice versa is accompanied by heat emission and lead .
unbalanced gas expansion. Apart from thermodynan Pl_ = R, p|E =p (p>p) Here I =1(x,y)=
effects, caused by such a motion it is also woattalpel . )
considering of non-linear effects in formation wetle  =19rad P(x, V) & + | is the pressure gradie p;
zones, caused by the fact that pressure gradiereds —[5- - W - -
its certain criticalyvalue. P ’ - _{Z' txy= 0} b _{ z flxy= q

In this paper on the basis of idea of Step\,\,isgxternal boundary and correspondingly wellbore
recording of process and medium characteristicBoundary; o =p(p,T), g4 =u(p,T) is the gas density
methodology of mathematical modelling of filtrationand viscosity;T is the temperaturek is the absolute
and mass-exchanging processes in a formation wellbqnedium permeability; y is the coefficient,
zone has been suggested. The methodology consida;i
thermodynamic effects which appear as a resultasf g el . . L
throttling through micro fractures of shale rockemhon Eﬁ:;:iiibg:ywﬂ?chcﬁ;npl:ga;esdmgﬁ?,lgﬂgalu ngdl?gsofure
condition  of quasistationary filtration  flow, H ) upon p

displacement process is described by specially fieddi 9radient, which is determined by the following

at correspondent conditions on reservoir boundaries

is the

ﬁracterizing dependence of sedimentary rock

Darcy's law with critical gradient. correlation
Let's analyse a model problem of thermodynamic L1 )= +F(0 =1, if 1>, )
effects investigation in a formation wellbore zcG,, x(hle)= 1, it 1<I,, (2)
where F is the specified steadily increasing function;
* Corresponding author: I, is the critical gradient value.
abomba@ukr.net It must be mentioned that presented as (1) with the

) ) ) consideration of (2) motion equation describes non-

© 2013, Ivano-Frankivsk National Technical linear filtration of fluid or gas in porous mediurfihat
University of Oil and Gas. presents the possibility to use a complex variable
All rights reserved. function for potential flows modelling [1, 6].
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Paying no regard to heat conduction and adiabatic
effect, temperature field is found as a solutionthte
next differential equation with correspondent aditind
boundary conditions [7]:

oT(x v, t)
ot

O(p) =9, y

Futoy)(grad TOx g9+
+¢ grad p(x ¥)) =0, ®(p) = CD*/ X

Txy0=T(x Y, T(xyt, =T, @ o
where ¢ is the Joule-Thomson coefficient;

C . L
u(x, y, t):—pu is the speed of heat convection in a
c

f

formation; ¢, c, is the specific heat of gas and

correspondingly of the formation, saturated witts.géa
must be noted that all the values given in thisepape
measured in S| system of coordinated units. ©

To build the problem solution, speed potential is (o) = M do™ _ u
entered as a Liebenson function [8] kp(@@) dr  kp(®?)r’

Figure 1 — Radial formation scheme

% o(p,T
o(p) = . +k[ 22D QW = 2% ©)
> H(P,T) p(®)
and in accordance with it the system of equation is P -, . K%
rewritten (1) with correspondent boundary condiion ~Where 7= int /R : o -0, :;IP( p)dp;
0 0 p’

div()((f, l.)grad CD) =0,

3 x=x® =1 is the coefficient of undeformed medium
u=%grad D, (5) permeability. Initial approximation of value cr_,
D

o . dividing formation into disturbed [r,,r.] and
O =O(R)=d., O . =B(P)=0 (B, <),

undisturbec[r,,R;] zones, can be obtained as a solution

where p(®) = p(p(®)) , T :k#@)ﬂ/cpi r o7 to equatior [ (r®) =1 _., which in detail is as follows:
¥9)
In this case heat conduction problem (3)—(4) is as rOp(@(r ) = H1
follows: _ K, _
Ty, cx(i,l, and depends on the choice of analytical dependence
(aty )., ox )grad ®(x, y)(grad T(x y 9 function p = p(d(r)) .
P (6) Taking into consideration the solution (9) of the
& grad ®(x y)] -0 problem (8), (5) can be rewritten as:
ke(®) | | i)((II )rdcb—(r) =0, r,<r <R
T(XY.0)=T(xy, T(x %), =T. 7 dr e dr reT T
To simplify provisions of the main procedure of o(r,) =0, ®(R)=®. . (10)
investigation of thermodynamic effects in a forroati On the basis of idea of gradual fixation of process

wellbore zone that appear as a result of gas #m®tt 5,4 medium characteristics [1-4] solution (10) v

through shale rock micro fractures with considerabf i py jterative correction of problem solutios)(
geologically complicated conditions, the radialflwill Then if F(1 =1 _)=a(l I ) =al - ) we wil

be reviewed (Fig. 1) it ¢z =idem. "
This procedure will be built by disturbance ofge'

o &)

initial distribution of values® = ®@(r), 1 =19(), i((1+a(|~(o) - Cr))r oMJl—(r)J =0, ry,<r<r®,
Q=Q9 and r.=r” (Q is the well rate), which r
characterize gas extraction process and are obtaine d( doP(r) —0 9<r<R
from the solution of the correspondent problem in dr ' dr =9 ST R,
undeformed formation: o Do

d 0 d(D _ q)l (ro) = q) ’ q)z (Ro) = q)*n

—| x9r—|=0,

ar dr [(D(r)]L:rgm =0, [v,] o =0

cD|r:r0 =0, CDL:RO =, (8) The first approximation of the solution will be as

r follows:
oO(r) =, +p InE ,
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© _
al, (rC r0)+r0
aICI’ (rC(O) _r ) +r

©
r,<r<rl®,

OO (r) =" -dr?)In

®P(r) = r
P (r) =, +(1-al, )¢ ) In—
(=, +1-al,)of )nRO

0) .
r.’<r <R,

fo=__H do® _
kp(@®) dr
jo-__H (1-al, )®r”)
bkp@P) al, (RO -r)+r 0T
jo-__H 1-al, )®r”)
2 k[)(CD(l)) r

rsrl®

=l. "

(0) .
I <1 <R,

QW= 1-al )®r),

oD
r(l)ﬁ(cbgl) (r (l))) — /u(l_alcr )a)(rc(O))
¢ ¢ kl cr ’

-,

(1—a|cr)ln|;0+ln[al (-l )rOJ |

where ®(r) =

The same entry format we have in the general ca a7

to get n—approximation:

r

)
i[r—dq)z (r)Jzo, r™ <r <R,;

r

dr dr
o (r) =@, O (R) = .,
[cb(r):"r:rc("” =0, [U =0;

"D

(1) _
al, (rC ro) o,

ICI’ (rc(n_l) _r ) +r ’

(n1)
rp<r<r,

" (r) =@ -dr{™)In

" (r) =
OO (1) =0, +(1-al )¢ ) In—
R
r"™ <r <R;;
[ = H do® _
kp(@™) dr
o = u  Q-al )ee ™) r,<r<r )

C T kp@m) al, (T -y oS

Iz(n) ,U (1_a|cr )cb(rc(n_l)) r.(n—l) <r SRO'
kp(®) r e ’
n 2 A n-
Q( )= ~(cD(n)) (1 al )cb(rc( 1)) ’

(n-1)
(O H(@ (1)) = M- a';;)q’(f )'

wheren=2,3,...

:; ((1+ a'(l (1) _ Icr))r —dCij”) (r)J =0, ry<r <r™;

searching of temperature field will be as follows:
oT(r,t) , cx(l,1,) dCD(”)(r)(dT(r,t) ~

ot o dr
(11)
g do™(n) o
kp(®) dr )
T(r,0)=Ty(r), T(rt)|_ =T. (12)

We will look for the equation solution (11) by
method of characteristics:

arl  __ox(lly) det(n (ﬂ_
dt| ¢ C dr or
gu  do™(r) LoT| dE
kp(®) dr or |,z dt’
dar _aT( e _cx(Tly) (),
dt| s, Or| dt (o dr
L cax(T1,)(do™(n)Y
c, kp(®) dr ’
i (n)
where dé_cx(hl,) do™(n is the differential
o dr
equation for characteristic;

i ™\
:cey)((l,lcr)(ddn (r)J is the differential
dt r=£() c, ko(®) dr
equation to determine the
characteristic.

By substituting values in the above obtained

temperature  along

e : ™ (r) o)
quat|onsd— for each of the zone[ro,rC ]
r

[rc(”),RO} we will get systems of differential equations,
which are solved analytically, depending on certain
function type p = p(®(r)) , by the known methods [3, 9]

d¢ _ (1) @-al BE"™) | o
y g =1 =1¢ )

dt c al, (r" D —r)+r
] ,  (13)
at| _egm(iV,1,)( @-al )P E™))
dt r=£(t) Cf kp(CD(n)) a Icr (n:(n_l) - r) +r
— D (r (1)
E: c (1 alcr)cb(rc )' rC(n—l) <r SRO,
dt ¢ r
- . (14)
arl _ e [(1—% )d>(rs”'1>)] .
dt| sy G ko(®L") r '
T|t:0 =0, T|r=R0 =0, [T]|r:,5(n-1) =0, [un r=r{"D =0.

Fig. 2 demonstrates the distribution of a potential
® =d(r) and gradient valul =1 () when ®. =0,
® =1, 1,=0.1, Ry=100, k=0110%, x=0110%
I, =0.0048, a =10 for different cases oh.

In the general case dependenu = u(p,T), the

algorithm of correspondent problem solution is
completed with the procedure of stepwise recordihg

Using already obtained formulas, the problerm dfemperature and pressure fields [1-4, 6].
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and medium characteristics to model nonlinearafibn

and mass-exchanging processes, considering
thermodynamic effects which appear as a resultasf g
throttling through micro fractures of shale rockhat
gives the possibility to evaluate effectivenessisé of
hydrocarbons production intensification technolegie
complicated geological conditions. Correspondent
computer experiment taking into account reverse
influence of temperature regime upon filtration
characteristics is planned to be conducted in éutur

References

[1] Bomba, AYa, Kashtan, SS, Progornyckyy, DO &
Yaroshchak, SV 201&omplex analysis method: Monograph
National University of Water Management and Nature
Resources Use, Rivne.

[2] Bomba, AYa, Sinchuk, AM & Yaroshchak, SV
2011, ‘Method of quasiconformal reflections of neatfatical
modelling of nonlinear displacement processes odlition of
formation hydraulic fracturing’,Exploration and Develop-
ment of Oil and Gas Fieldso. 3 (40), pp. 32-36.

[3] Bomba, AYa & Yaroshchak, SV 2010, ‘Method of
quasiconformal reflections of mathematical modglliof
nonlinear displacement processes in media, beifgrded’,
Kyiv University Bulletin. Series: physical and netiatical
sciencesissue 2, pp. 91-96.

[4] Bomba, AYa & Yaroshchak, SV 2012, ‘Complex
approach to modelling of two-phase filtration prsses under
control conditions’,Journal of Mathematical Sciencesol.
184, no. 1, pp. 56-69.

[5] zhangxin, C, Guanren, H & Yuanle, M 2006,
Computational Methods for Multiphase Flows in Pasou
Media (Computational Science and Engineerjr§jciety for
Industrial and Applied Mathematic, Siam.

wom w4 30, 60 70 50 w0 1m0 [6] Bomba, AYa, Bulavatskyy, VM & Skopetskyy, VV
| n=0 + na=l n=2 <+ n=10| b) 2007, Nonlinear mathematical models of geodynamic
Figure 2 — Distribution processesNaukova Dumkakyiv.

[7] Cekalyuk, EB 1965Qil formation thermodynamics,
Nedra, Moscow.

[8] Basniyev, KS, Kochyna, NI & Maksymov, MV
) 1993,Subsurface hydromechanjd¢sedra, Moscow.

Conclusion [9] Bomba,AYa, Hlapuk,MM & Sydorchuk, BP 1997,

‘Mathematical modelling of nonlinear mass-exchaggin

Thus, modified as (1) and (2), Darcy's law with th@rocesses, accounting for small medium deformatiams
critical pressure gradient allows in quasistatignarContemporary problems of water industBook.1 Ukrainian
conditions with the use of stepwise recording afoess ~ State Academy of Water Management, Rivne, pp. 11-15

of quasipotential values(a) and its gradient (b)
atiterations n=0, n=1, n=2, n=10

YK 622.276.1/7
MaTtemaTnyHe MoaentoBaHHA TepMoaUHaMiIYHUX edPeKTiB
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3 BHKOpUCTaHHSM ifel moeTamHoi ¢ikcarii XapakKTepHCTHK IMPOLECY 1 CEepelOBHINA 3alpOIIOHOBAHO METOHOJIOTIIO
MaTEeMaTHIHOIO MOJCINIIOBAHHS (iIBTPAIlifHO-MacOOOMIHHHX IIPOLECiB y NPHUCBEP/UIOBMHHIN 30HI IDIACTa 3 ypaxyBaHHIM
TEPMOAVHAMIYHHUX e(EKTiB, 0 BUHUKAIOTH BHACIIIOK IPOCETIOBAHHS a3y 4epe3 MIKpOTPIIIUHYU CIIAHIIEBOI MOPOAM, KOIH 3a
YMOB KBa3icTamioHapHOCTi (inbTpaniiHoi Tedii Mponec BUTICHEHH OIMHUCYETHCS MO (pikoBaHUM 3akoHOM Jlapcl 3 KpUTHIHUM
IPajiilEHTOM.

CchopMynb0BaHO MOIEIBHY 3a7ady AOCHIIIPKEHHS TSPMOANHAMIYHAX €(EKTiB y MPHUCBEPIOBHHHIN 30HI IITacTa IiJ Jac
¢uteTpanil ra3y B HM3BKONPOHUKHIN mopoxmi. Ha mpukmani pamianbHOI Tedii rasy MpOiTIOCTPOBAaHO OCOOIMBOCTI MOOYIOBH
aNTOPUTMY PO3MOALTY TEMIIEPaTypHOTO MOJS.

KirouoBi cioBa: epexm [oicoyna—Tomcona, memoo imepayii, neninitina ghinempayis, cnanyesa ocaoosa nopood.
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