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We consider a method for determining a mutual influence of a group of production and injec-
tion wells using a module of hydrodynamic modeling. The obtained results of this mutual influence
are widely used in practice — from maintaining the reservoir pressure to an effective optimization of
water flooding. To simulate the process of multiphase mixture filtration we use the finite element
method and a specific technology that allows balancing flows across cell boundaries of the finite ele-
ment mesh. The balancing method is based on the selection of corrective additives that satisfy the
minimum functional of the balance of volumes of the filtered mixture with regularization. The model
of mutual influence of wells uses the dependence of the wellhead pressure obtained as a result of hy-
drodynamic modeling, as well as volumes of an injected and/or taken-off mixture (with different
signs). For a producing well of interest, the wellhead pressure is approximated by a function of the
volumes of the injected mixture in a group of neighboring wells. Regression coefficients are calculat-
ed by the least squares method. The article also provides results of studies that consider the applica-
tion of the method on three specific tasks that, in turn, emulate the operation of production and injec-
tion wells. To evaluate the degree of influence of a nearby well on a well of interest, a significance
criterion is introduced in the form of ratios of residual sums of squared deviations. The calculation
results indicate that the estimated effect of the wells corresponds to the physics of the process, which
confirms the correctness of the developed procedure for analyzing the interaction of injection and
production wells, and also indirectly confirms the correctness of the implementation of the module for
direct problems solving. The creation of the hydrodynamic model, the calculations, as well as the
analysis of the mutual influence of the wells is implemented interactively in an automated software-
information system.
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INTRODUCTION

Today improving the quality of production processes in the oil industry is
challenging without the use of high-tech software that allows building a digital
model of the deposit, carrying out three-dimensional modeling and making interac-
tive analysis of the results. Software systems of this kind should be based on the
use of three-dimensional mathematical models that reflect the fundamental laws of
physics, in particular hydrodynamics [1, 2]. Also, a very important task is to de-
termine the mutual influence of production and injection wells. The obtained re-
sults of mutual influence are actively used in practice, for example, for maintaining
reservoir pressure, or conducting effective water flood optimization [3].

The existing specialized software systems for modeling (e.g., ECLIPSE [4],
RSM [5], etc.) use the finite volume method, due to which a balanced solution is ob-
tained (observing the law of mass balance) [6]. However, it has a number of disad-
vantages for modeling areas with curved boundaries. Also, most studies to determine
the mutual influence of wells use methods of mathematical statistics, or some heuris-
tic approaches. However, a formal calculation of the mixture (or oil) withdrawal val-
ues at the producing well using a group of neighboring wells is not a universal ap-
proach, even with simple model examples. Besides the use of additional data on the
spatial orientation of wells and the construction of diagrams taking into account envi-
ronmental parameters does not allow achieving any acceptable results [7].

1. STATEMENT OF THE PROBLEM

Since one of the main requirements for hydrodynamic modeling systems is to
comply with the law of mass conservation, numerical schemes based on the finite
volume method are quite common. This method is based on the balance of flows
across cell boundaries of a discrete model.

At the same time the finite element method (FEM) allows us to use a much
more heterogeneous object geometry which is typical to describe the reservoir and
wells geometry in this class of problems. Moreover, a formal application of FEM
in the Galerkin formulation does not ensure compliance with the mass conservation
law [8-10]. Therefore, modifications are most commonly used for practical appli-
cations [11]. However, this approach entails an enormous computational cost due
to the use of very detailed spatial meshes to obtain solution convergence.

In this paper we will describe an approach to the use of the finite element
method, which guarantees the implementation of conservation laws and does not
impose additional requirements on the spatial mesh fineness. Also, a description
will be given of a method based on this approach to determine the influence of in-
jection wells on production wells using data on the injection volume, production
volume and pressure on production wells.

2. FINITE ELEMENT APPROXIMATION

The process of a multiphase flow of an incompressible fluid in the isothermal
area ) can be described by a system of differential equations [12]

—div(p™a™) =§((me5m)+f, m=1,M, (1)
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m
i =—KK—mgrad(P+PCm), m=1LM, )
n

where #™ is a filtration velocity of the m phase in porous media (Darcy's law);

S™ is the saturation of the m phase; n” is dynamic viscosity; k" is relative

m

permeability; p™ is phase density; P is pressure; P is the capillary pressure
phase; /} is the production or injection of the phase in the field; @ is the structure
of porous rocks, and K is structural permeability rocks.

With constant values of @, K and p™ equations (1) — (2) can be converted

into the problem [13]

M K™
~div| Y K~—grad(P+F")|=0, 3)
m=l M
with boundary conditions
Plrl = Pg > (4)
M m
K" OP
> K—— = 0, (5)
m=l1 n an

)

where I'y is far lateral boundaries of the domain €; I', is an impermeable

boundary with =0 and the boundaries of the wells through which the production
or injection of the mixture is specified.

Problems (3) — (5) will be solved using the finite element method to discretize
this Q area to Q, cells. In each cell the rock and mixture parameters are constant.

The pressure function P can be represented as the decomposition of linear basis
functions y; :

P=3p V- (6)
J
The weight decomposition p; can be found by solving sparse linear
tems [14]

where p is a vector of unknown weights while components of the matrix A and
the vector b of the right side are defined by the relations

m

M
K
Q m=1M
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m

M
b= | By;dQ- I(K > K—mgradE:mJgradwl-dQ :

We make an approximation of the fluid flow across boundaries I'; of the cell
area Q, . For this we calculate the filtration velocity

_ Moy m
uriz—KZ—mgrad 2o+ RT,
m=1M Jj

according to which the volumes of the filtered mixture can be calculated on the
face I'; of the finite element Q, :

Or, = | dr, -7ip,dT, (7)
T.

1

where 7ip-, is a normal vector to the face I'; . The flow direction is defined by the

value Sg? ¢, which is equal to 1 if O flows into the element Q, and is equal to

—1if Or  flows out.

The flowing volume can be different on both sides of the face, and the flow-
ing volume may not be equal to the flowing volume, due to an error in the numeri-
cal solution Therefore, we will use the balancing process flows for the averaged

volume on the face Q}i .

Let us find such corrective additives 60Q; (where i is the global number of

faces) for each finite element, that they, on the one hand, minimize the total system
unbalance, and, on the other hand, are close to the calcuated numerical flow. These
corrective additives can be found as a result of 8Q; minimization following the

functional [15]:

2

N¢ . NS
YBe| X (Sere-[Or,|+Ser 50 )| + X 0 (50,)°, ®)
i=l

e=l iEIQe

where e is the number of the finite element; /¢, is a set of faces I'; of the finite

element Q,; N¢ and N/ are numbers of finite elements and faces; B, and a;
are parameters. The parameter values 3, should be chosen as small as possible but

still they should ensure the required imbalance 50 :

]\Z[: Be Z (Sgl(}ie .‘QAF[‘-{-Sgl{ie ’SQZ') < Schit,
e=1 ie]Qe
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As a result of minimizing the functional (8) to 60Q; we get a system of linear
equations

(B+a)q=d, )

where q is a vector of unknown values 80;, O is a matrix with elements o;, and
components of the matrix B and vector d can be found by using the relations

2,i=],
By =1 Be - Sep -Sg%, ijelq,.i# je=1..N°,
0, else
Ne
Q A
di==-2S¢rc 2 Or,q,-
e=l ' jelq,

Rows/columns corresponding to the boundary conditions (5) on the faces of
the mixture volume should be deleted from the system (9).

The balanced volume mixtures Q}I, q, are defined as
A Q A Q
Or, 0, =8¢ (O, q, |+ Ser* 80, -

Using the volumes of the mixture Q}i o, We can calculate the saturation dis-

tribution at the current time step. We denote by

~ ~ Km
m _
QFi,Qe =0r,0, M
m n n
0"y k"
n=1

an instantaneous (per unit time) volume of the m phase overflowing through the
face I'; . Then during the time Af the volume of the m -th phase equal to

At

m ‘Nm

r.Q, - QFi,Qe

will overflow through the face I'; .
At the beginning of the time step, the volume of the m phase in the cell Q, is

17(’;’6 =®S"mes(Q,),

where S™ is the saturation of the m phase at the beginning of the time step, and
mes(€2,) is the volume Q, .
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Now we can determine the m phase saturation at the end of the current time:

m m Trm
. )3 r.Q, 2 VFj,Qe+VQe
m_ i€lin0, J€lout 0,
®-mes(Q,) ’

where 7/, Q, is a set of face numbers through which the mixture flows into Q,,
and /,,; o, 1s a set of face numbers through which the mixture flows out from €2, .

We will repeat the described process on each time layer.

3. DETERMINATION OF THE INFLUENCE OF WELLS

To determine an influence of injection wells on production wells it is pro-
posed to use data on an average daily injection volume changing in time in injec-
tion wells, the production volume and pressure of producing wells.

According to the obtained solution (6) pressure on injection wells can be cal-
culated as

P= Y jprjdr Y [adr, (10)
J€lw T Jelw T

where Iy, is a set of face numbers I'; of the & injection well.
The pressure value (10) on the production well W, at the time #; can be ap-

proximated by the function 13k of the volume Q; of the injected mixture on a

group of neighboring wells:
- m
P (t)=ag+ > a;0;(t). (11)
j=1

The normalized residual sum of squares of deviations (RSS) can be consid-
ered as a criterion of the proximity of the dependence 13k to the function P .
In this case, the coefficients ay, ay,..., a,, are found by the least squares method.

To assess the degree of influence of the j-th well let us introduce the value
significance test (hereinafter — an influence coefficient) in the following form

1 =(RSS; —RSS)/RSS , (12)

where the RSS I value is obtained by finding the 13y function coefficients excluded
from the j-th well.
The influence coefficient y ; will be maximum for injection wells that have

the greatest impact on the production well of interest.
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4. SOFTWARE - INFORMATION SYSTEM

For convenient creation of a hydrodynamic model of the field, as well as for
viewing the obtained calculation results, a software-information system was devel-
oped. Fig. 1 shows a graphical interface of this system.

OERRL&EG

|oos2s
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Fig. 1. Window view of the information system for determining the wells interference
Puc. 1. Bug nHGOpMALMOHHON CHCTEMBI JUISl ONIPENEIEeHNS B3aUMOBIIMSAHNS CKBAKUH

The system consists of three logical units. Elements of the input parameters
for the analysis model, lists of production and injection wells with the characteris-
tics of influence and control buttons are located in the left part of the GUI window.
A graphical display of the wells in the plan (Oxy planes) in various color grada-
tions is given in the center. A unit for displaying of characteristics of wells mutual
influence is shown on the right. A circle is used to display wells in the center; a
square is used to display injection wells, and a rhombus is used to display produc-
tion wells which were converted into injection wells.

The list of analyzed production wells is presented in a table and contains the
following information: the serial number of the well (column N), the color of the
well display (C), the identifier of the well (Name), the number of selected regres-
sors or affecting wells (Regressors), a normalized residual sum of squares (RSS
norm), and a free term (Coeft0).

When you click on the production well of interest, the list of influencing injec-
tion / produc wells is updated, which is also presented in the form of a table contain-
ing the following information: the serial number of the well (column N), the color of
the well display (C), the identifier (name) of the well (Name),the mark of selecting
this well in the analyzed model (Sel) (the system provides an ability to in-
clude/exclude individual wells from the analysis, and also to use for analysis only a
group of wells located inside a circle with a radius (R), a linear regression coefficient
for the given well (Coeft), the color of the well display by the degree of its influence
on the studied production well (C), the influence coefficient reflecting the degree of
influence of the current well on the analyzed production well (Significance).

The information system provides an ability to determine an influence of wells on
the time interval of interest. To do this, you need to set two boundaries of the interval.
At the top of the right block, the graphs of the initial pressure and the pressure on the
production well in the selected time interval found by the proposed method are dis-
played (shown in black). At the bottom of the right block are graphs of injections and
productions from all wells used in the analysis. They can be viewed separately (turning
on/off the corresponding graph), and it is possible to change the scale.
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5. COMPUTATIONAL EXPERIMENTS

Testing of the developed module was carried out on synthetic data obtained
using the module for solving direct problems.

Let us consider a three-layer model in which the first and third permeable lay-
ers are separated by impermeable interlayers (the model task was carried out using
an automated system [16]). In this case, we consider three versions of this model.
In the first case (model 1) a dividing interlayer is completely impermeable, but
homogeneous permeability is set in the top and bottom layers (oil saturation distri-
bution and location of wells are shown in Fig. 2, a, b) (oil saturation distribution
and location of wells are shown in Fig. 2, a, b). In the second case (model 2) an
impermeable “partition” is set in the upper layer (see. Fig. 2, ¢), while in the third
case 3 (model 3) a permeable zone is set in the impermeable interlayer which sepa-
rates the upper and lower layers (see. Fig. 2, d).

Fig. 2. Models to test procedures for determining the mutual influence of injection and
production wells:

a — the distribution of saturation in the upper layer and the location of the wells; b — a layered
view saturation in model 1; ¢ — a layered view of permeability in model 2; d — a layered view
of permeability in model 3 (with a removed upper layer)

Puc. 2. Moaenu juis TeCTUpOBaHUSI POLEAYPHl ONpeAEEeHUs] B3aUMOBJIMSIHUSI HarHe-
TaTENFHBIX U JOOBIBAIOIINX CKBAYKIH:
a — pacipe/ieJIeHue HACBILIGHHOCTH B BEPXHEM CJIOC U PACIIOJIOKEHHE CKBaXKHH; O — MOCIOWHBIN
BUJI HACBIIIIEHHOCTH B MOJIEIH 1; 6 — IMOCIIOMHBIH BU MPOHUIIAEMOCTH B MOJEIH 2; & — MOCIIOM-
HBI{ BHJI IPOHULIAEMOCTH B MOJIEJIU 3 (CO CHATHIM BEPXHHUM CJIOEM)
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Thus, Well 1 takes off only from the upper layer, Well 2 takes off from both
the top and the bottom layers, and Well 3 takes off only from the bottom layer. In
turn, Well 4, Well 5 and Well 6 inject into the upper layer and Well 7 injects into
the lower layer.

Fig. 3 presents the results of procedures to determine the influence of wells
for Model 1. It can be seen that Well 1 is mainly influenced by Well 6 (as Well 7
injects into the layer separated by an impermeable interlayer and Well 4 and Well 5
are separated by production wells, namely Well 2 and Well 3). Well 2 is affected
by Well 6 and Well 4 (with an influence coefficient of 2.5-2.8), and Well 3 is af-
fected by Well 7 (which, despite the fact that it is further located, injects in the
same layer from which production Well 3 takes off, and this layer is separated by
impermeable interlayers).
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Fig. 3. The influence of Well 1 (a), Well 2 (b) and Well 3 (¢) according to the synthesized
model 1

Puc. 3. Bnusnue Ha ckBaxunsl Well 1 (@), Well 2 (6) u Well 3 () mo jaHHBIM, CHHTE3HPO-
BaHHBIM ISl MOzeNH 1
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Fig. 4, a, b shows the results for model 2. It can be seen that the influence on
Well 1 dropped sharply since it became a separate impermeable "barrier", and the
influence on Well 2, on the contrary, increased dramatically (the influence coeffi-
cient became 3.5). Fig. 4, ¢ presents the results of model 3. It can be seen that due
to the appearance of permeable zones in the interlayer Well 3 became affected by
Well 5 which injects into the upper layer in addition to Well 7.
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Fig. 4. The influence of Well 1 (a) and Well 2 (b) according to the synthesized model 2,
and Well 3 (¢) according to the synthesized model 3

Puc. 4. Bnusnue Ha ckBaxxunbsl Well 1 (@) u Well 2 (6) mo gaHHBIM, CHHTE3UPOBaHHBIM IS
Mojenu 2,  Ha ckBaxuHy Well 3 (6) 1o 1aHHBIM, CHHTE3UPOBAHHBIM 11 MOJIEIH 3

CONCLUSION

The method for determining the influence of injection wells on production
wells is presented in the paper. The aforementioned method of finite-element mod-
eling of hydrodynamic processes avoids the disadvantages of the classical Galerkin
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method and guarantees the observance of the law of mass balance of the filtered
components of the mixture. The conducted study of characteristic synthetic models
allows us to conclude that the estimated influence of wells corresponds to the phys-
ics of the process. This confirms the correctness of the developed procedure for
analyzing the interaction of injection and production wells, and also indirectly con-
firms the correctness of the implementation of the module for solving direct prob-
lems. Creating a hydrodynamic model, carrying out calculations, as well as analyz-
ing mutual influence of wells, are implemented in an automated software-
information system.
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PaccmarpuBaeTcst croco® A ONpeAeNeHUs] B3aUMOBIHSHHS TPYIIIH JOOBIBAIOIINX H
HarHeTaTeNbHBIX CKBKUH C UCIIOJIb30BAHHEM MOJYJIS THAPOIMHAMUYECKOTO MOACIUPOBAHHSI.
[MomyuenHble pe3yabTaThl B3aUMOBIHSHHS MUPOKO HCIONIB3YIOTCSA B IMPAKTHKE — OT MOJJIEp-
KaHUS IJIACTOBOTO AABJICHUS 10 3G (PEKTHBHON ONTHMU3ALMK 3aBOJHEHHs. [l MoxenupoBa-
HUSA nporiecca QUIbTPALMU MHOrO(a3HOH CMECH MCIONB3YIOTCS METOJ| KOHEYHBIX JIEMEHTOB
U CIIenUaNbHas TEXHOJIOT s OalTaHCHPOBKY IIOTOKOB Yepe3 TPAHULBI STYeeK KOHCUHOIIEMEHTHOM
ceTku. Merox GanaHCHPOBKM OCHOBaH Ha MOJI0OpE KOPPEKTHPYIOLMX T00ABOK, YZOBJIETBOPS-

" Cmamoa nonyuena 15 okmsaéps 2019 2ooa.
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IOIIMX MUHUMYMY (QyHKIMOHaNa OanaHca 00beMOB (UIIBTPYIOIICHCS CMECH C peryJisipu3ali-
eif. B Mozieny B3aMMOBIIHSIHASL CKBOKHMH UCIIONB3YIOTCS [OJIyYCHHAs! B pe3yJIbTaTe MUAPOnHa-
MHYECKOT0 MOJICJIMPOBAHNS 3aBUCHMOCTb YCTHEBOTO JIABJICHUS, a TaK)Ke O0bEMBl 3aKaunBae-
MOW W/uim orOupaeMod cMecu (¢ pasHBIMH 3Hakammu). [l WHTepecyromei moObBaronien
CKBQ)KMHBI YCThEBOE JIABJICHHUE AIIIPOKCUMHUPYETCs (QyHKIUEH OT 00beMOB 3aKauMBaeMON cMe-
CH Ha IPyNIe COCeOHUX CKBaKHH. KO OUIHEHTHI perpeccuy HaXOAATCS C MOMOIBI0 METOIa
HaWMCHBIIHUX KBaJpaToB. IIpUBEACHBI HCCIICAOBAHMUS IPUMEHEHUSI METO/Ia HAa TPEX XapakTep-
HBIX 3aJja4aX, SMYJUPYIOIHUX Pa0oTy NOObIBAIOINX M HATHETATENIbHBIX CKBAKHH. 1 OLCHKH
CTCNCHU BIIMSHUS COCEIHEH CKBa)XHHBI Ha HHTEPECYIOIIYIO CKBAXXHHY BBOJMTCS KpPHTEPHil
3HaYUMOCTH (KO3 (UUUEHT BIUSHUA) B BUJC OTHOIUEHHH OCTaTOYHBIX CyMM KBaJpaToB OT-
KJIOHCHHUH. Pe3ysnbTaThl pacueToB CBUACTEILCTBYIOT O TOM, YTO OLICHCHHOE BIIMSHUE CKBAXKHUH
COOTBETCTBYET (pU3HMKE IpOIecca — 3TO MOATBEPKAACT KOPPEKTHOCTh PaboThl pa3paboTaHHOM
HPOLIEAYPhI aHAIM3a B3aHMOBIIHSHNS HATHETATENIbHBIX M TOOBIBAIOIINX CKBAXHH, a TAKXKE KOC-
BEHHO IMOJTBEPXKJAeT IPAaBWIBHOCTh PEAIM3al[Md MOAYJIS PEIleHUs NPsMBIX 3a1ad. 3aJaHue
THAPOJMHAMHYECKOH MOJENH, NMPOBEJCHUE PACUCTOB, 4 TAKXKE aHAIN3 B3aUMOBIIUSHHS CKBa-
KUH pPEaJM30BaHbl B HMHTCPAKTHBHOM pPEXHME B aBTOMAaTH3UPOBAHHOW IIPOrpaMMHO-
HHPOPMAIIIOHHON cHCTEME.

KirouyeBble c10Ba: THIPOAMHAMHUYECKOE MOJACIMPOBAHUE, (MIBTPALUs, METOJ KOHEY-
HBIX JJIEMEHTOB, OAJIaHCUPOBKA IIOTOKOB, B3aNMOJICHCTBHE CKBaYKUH, PErPecCHsl, BIHSIHHUE, HH-
(opmanoHHas cucTeMa
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