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A method for a comprehensive assessment of the predictive effectiveness of carrying out measures to limit water inflow with a
water-insulating composition based on cross-linked polymer systems is presented. This method includes the calculation of
predictive performance indicators using geological and hydrodynamic modeling with confirmation of the results using statistical
models and is shown on the example of the wells of the Vozeyskoye field in the Komi Republic.

To evaluate the predictive efficiency using geological and hydrodynamic modeling, the filtration model of the carboniferous
deposit of the Vozeyskoye field, the results of laboratory studies of the rheology of the developed composition based on cross-
linked polymer systems, and the technological parameters of candidate wells were used as initial data. For correctly modeling
filtration processes that occur during the passage of the water-insulating composition through the pore space, both the change in
the solution viscosity, depending on the polymer concentration, and decrease in the rock permeability for water in the presence
of the adsorbed polymer were taken into account.

To confirm the results of geological and hydrodynamic modeling with the implementation of the procedure for the sequential
inclusion of geological and technological parameters, regression equations were constructed for predicting a decrease in fluid
flow rates. The regression equation for the decrease in fluid flow rates made it possible to satisfactorily predict the effectiveness
of water shut-off operations using the most informative geological and technological parameters: fluid flow rate before measures
to limit water inflow, injection pressure of a water-insulating composition, thickness of the water inflow interval based on the
results of geophysical surveys, porosity coefficient, compartmentalization coefficient, formation temperature.

As a result, based on the integration of different methodological approaches, the assessment of the predictive effectiveness of
using a composition based on cross-linked polymer systems made it possible to make a decision on the feasibility of conducting
pilot work at the selected area of the Vozeyskoye field in the Komi Republic.

TlpesicTaBieH MeTOJ] KOMILIEKCHOHM OLIEHKM HMPOTHO3HOH 3(@dEeKTUBHOCTH NMPOBEJeHNA MEepPONPUATUI MO OrPAaHMYEHMI0 BOJONPHUTOKA
BOZIOM30JIALIMOHHBIM COCTABOM HA OCHOBE CIIMTBIX IOJIMMEPHBIX CHCTeM. JIaHHBII MeTOJ BKJIIOYaeT B cebsA pacyeT MPOTHO3HBIX
nokazaresieii 3¢ PeKTUBHOCTU € KCHOJIb30BAaHUEM TeO0JIoro-THAPOJMHAMUYECKOr0 MOJEIMPOBAHNA C TOATBEPXKAEHHEM Ppe3yJIbTaToB
HCIIOJIb30BaHMEM CTATHCTHYECKUX MOJIesIel 1 NOKa3aH Ha IprUMepe cKBakiH Boselickoro Mectopox/ieHus Pecry6iiku Komu.

JU1A1 OLleHKU MPOTHO3HOMN 3((HEeKTUBHOCTH € MOMOIIBIO T'e0JIOr0-THAPOJUHAMUYECKOr0 MOEIMPOBAHIA B KAYeCTBEe MCXOAHBIX AAHHBIX
WCIOJIb30BaHBl  (QUJIBTPALIOHHAsA MOJeJIb KAMEHHOYTOJIBHON 3ajieXku Bo3efickoro MecTOpOXIEHUs, pe3yJIbTaThl J1abopaTOPHBIX
HCCJIEIOBAHUI PeOsIOrMy pa3pabOTaHHOTO COCTABa HA OCHOBE CLIMTHIX MOJIMMEPHBIX CHCTEM M TEXHOJIOTHYECKHe MapaMeTpsl paGoThl
CKBaXUH-KaHAUAATOB. JIJIA KOPPEKTHOr0 MOAEJMPOBaHUA (MIBTPALIMOHHBIX IIPOLIECCOB, IMPOTEKAIOUMX IIPU  HPOXOXKIAEHUN
BOZIOM30JIALIMOHHOTO COCTaBa Yepe3 [IOPOBOe NMPOCTPAHCTBO, YUTEHBI KaK M3MeHeHHe BA3KOCTH PAaCTBOPA, 3aBUCALLlee OT KOHLEHTPaLy B
HeM I0JIMMepa, TaK 1 yMeHblleH e IPOHNLAeMOCTH TIOPO/IbI JUIA BOJbI B IPHCYTCTBUH aiCOPOHMPOBAHHOIO MOJIMepa.

JUiA  TmoATBEpPXKIEHUA  pe3ysbTaTOB  IeO0JIOro-TMJPOJMHAMUYECKOr0  MOJEJMPOBAHMA C  peaju3anueil  NpoLeaAypbl
MOCJIeJ0BATEJIBHOTO BKJIIOYEHHUS Te0JIOrO-TEXHOJIOTMYECKHX [apaMeTpPoB MOCTPOEHBI perpecCHOHHBle YpPaBHEHHA IPOTHO3a
CHIXKEHUA Je6UTOB XUAKOCTH. PerpecCHOHHOe ypaBHEHHME CHIXKEHUA JeGUTOB XUAKOCTH II03BOJIAET YAOBJIETBOPUTEIBHO
MPOrHO3UpoBaTh 3(PPEeKTUBHOCTD BOAOM3OJIALMOHHEIX PaboT Mo Haubosiee MHGOPMATUBHBIM TI'€0JIOTO-TEXHOJIOTMYECKUM
napameTpaM: Je6UT XHUIKOCTA A0 MEPONPUATHI IO OrpaHUYEHHUI0 BOJONPHUTOKA, AABJEHHE 3aKaYKU BOJOM30JIALMOHHOIO
COCTaBa, MOIHOCTh MHTEpBaJia BOJONPHUTOKA IO pe3yJjbTaTaM reodU3HYecKUX HCCJIeOBaHUM, K03(PPUIMEHT MOpUCTOCTH,
K03(hGULHEHT pacwIeHeHHOCTH, [UIaCTOBas TeMIeparypa.

B urore mpoBefieHHas HAa OCHOBE KOMIUIEKCHPOBAHUA PAa3HBIX METOJMYECKUX IOAXOJ0B OLieHKA MPOrHO3HOM 3((EeKTUBHOCTU
MPUMeHEeHHs COCTaBa Ha OCHOBE CLIMTHIX MOJIMMEPHBIX CUCTEM I03BOJIMJIA NIPUHATH PellleHHe O 11eJ1eco00pa3HOCTH NPOBeJieHNsA
ONBITHO-TIPOMBIIUIEHHBIX paboT Ha BHIOpaHHOM ydacTke Boseiickoro mecropoxaenus Pecny6inky Komu.
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Introduction

At present, a large number of fields in the Timan-Pechora
oil and gas province produce oil with a high percentage of
water cut, which reduces the oil recovery factor and leads to
an increase in unproductive costs of extraction, treatment and
utilisation of associated water.

One of the options for solving the problem of high water
cut of well products is to carry out geological and technical
measures for water flow limitation (WFL) [1-4]. In this
regard, the definition of approaches to planning and
implementation of these measures are urgent tasks [5-10].

In 2019 pilot work (PW) was carried out at the
Vozeyskoye field in the Komi Republic to test a water-
insulating composition based on cross-linked polymer
systems developed by PermNIPIneft, a branch of LUKOIL-
Engineering LLC [11]. For this purpose, the Branch,
together with LLC LUKOIL-Komi, selected a pilot area of
the C2+3 formation of the Vozeyskoye field, which is
represented by injection well No H-1 and production wells
No D-1, D-2, D-3, located in the injection source. The
experience of using similar water-insulating compositions
is described in a number of research papers [12-32].

In planning PW a method of comprehensive assessment
of the predictive effectiveness of WIL measures was
implemented by the application of geological and
hydrodynamic modeling and statistical models.

Assessment of predictive efficiency
by geological and hydrodynamic modeling

At modeling measures on water inflow limitation in
hydrodynamic simulators it is necessary to take into
account the results of the processes occurring during the
interaction of the water-insulating composition with the
pore space and the fluids saturating the reservoir [33-35].

Due to the possibility of reproducing polymer filtration in
a porous medium, the Tempest MORE 8.1 hydrodynamic
simulator was used to simulate the injection of water-
insulating compositions. Account of polymers in Tempest
MORE adds to the equations of conservation of mass of water,
oil, and gas an additional polymer mass conservation
equation which is implicitly considered and available for the
three-phase three-dimensional model of Black Oil [36-38]:

T+AT
|:Vp (Cply‘gwbw + (1 - (P) Cabs (CM,,C;)?X ))] -

T
_[Vp (Cplyswbw +(1_(p)cabs (Cply’can;;x))} _ 1
= AT(FPIy + ijy),

where V, - pore reservoir volume, m® C,;, — concentration
of polymer solution, kg/m3 S, — water saturation,
fractions of units; b, — water volume factor, fractions of
units; ¢ — reservoir porosity in the cell, fractions of units;
C,,s — amount of adsorbed p-Polymer for cell, kg/m? C, ™ -
maximum value of the amount of adsorbed polymer for
the cell for the entire period from the beginning of the
calculation to the current date, kg/m? F,, — polymer flow
between cells; Q,;, — polymer inflow to and from wells;
T- moment of time; AT - time step.

Equation (1) shows that the important parameters
affecting the water inflow limitation measures are the
concentration of polymer composition C,, and the amount
of adsorbed polymer C,,,.

In the course of hydrodynamic modeling of the
processes occurring during WIL measures at the
Voseyskoye PW site, the viscosity multiplier in the
model C,, and the concentration of the water-

insulating composition C,, are related by the
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Fig. 1. Sectoral model of the pilot site of the Voseyskoye field
by the example of oil saturation distribution cube

Table 1

Dependence of viscosity of water-insulating composition
on concentration at shear rate 5,11 ¢!
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dependence C,,, = C,,{C,,), which was obtained during
laboratory studies of the rheology of the composition for
its different concentrations (Table 1).

The presence of the polymer affects the flow in the
formation in two ways: as a change in the viscosity of the
solution, which depends on the concentration of the
polymer in it and as a reducing permeability of the rock
for water in the presence of adsorbed polymer [39-41].
In a simple reversible model the amount of adsorbed
polymer is a function of its concentration C,, = C,(C,),
but in the case of injection of water-insulating compositions
based on cross-linked polymer systems, the adsorption
process is irreversible, i.e.

Cps = max [C,(C

'ply?>

Cars 1 )

The model of polymer adsorption and associated
permeability reduction was developed by G.J. Hirasaki and
G.A. Pope [40]. Hirasaki and G.A. Pope [40]. According to
this model, the mass of polymer adsorbed by the rock is
determined by the formula:
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m =V, (1=g)C, [Mn] (o), @

where C, — a constant whose value depends on the system
of measurement units; ¢ — reservoir porosity in the cell,
fractions of units; k — permeability, pm?; M, — molar mass

of polymer, Dalton; n =M— function depending on
plyp' w

polymer properties; W, W, — viscosity of polymer solution

and mixing water respectively, mPa -c.

In order to assess the predictive efficiency of water
inflow limitation measures, a three-dimensional filtration
model of the C,, , site of the Voseyskoye field was created
by geological and hydrodynamic modelling in Tempest
MORE 8.1 simulator.

In order to optimise and reduce the time of
calculations, a separate sector was allocated along the
boundaries of the pilot site, including the area of 18 wells,

HEAPOMOJIb3OBAHUE
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Fig. 2. Distribution of values of injected into wells volumes
of water-insulating compositions based
on cross-linked polymer systems
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Fig. 3. Section of well No. D-1 by the example of the current
oil saturation cube: a — without cell refinement;
b - with cell refinement

Table 2

Pore cell volumes, penetrated by candidate wells

Well Minimum pore Minimum pore Average pore
number volume of cells, m® volume of cells, m®* volume of cells m®
-1 97.05 2035.24 773.71
-2 36.48 1821.49 628.31
-3 77.54 1927.49 777.25
Table 3

Pore cell volumes penetrated
by candidate wells after refinement

Well Minimum pore Minimum pore Average pore
number volume of cells, m® volume of cells, m® volume of cells m?

J-1 2.55 58.07 17.58

-2 0.87 49.95 14.37

-3 1.55 79.63 18.65

three of which are candidate wells for testing the
developed water- insulating composition based on cross-
linked polymer systems (Fig. 1).

For correct modelling of filtration processes occurring
during water-insulating operations at the Voseyskoye field,
it is necessary to compare the volumes of the composition
planned for injection and the pore cell volume of three
selected candidate wells.

Fig. 2 shows the distribution of values of the volumes
of water-insulating compositions based on cross-linked
polymer systems injected into the wells, constructed for all
water inflow limitation measures carried out in the fields
of the Komi Republic during the period preceding the pilot
works on testing the composition developed by the Branch.

Table 2 shows the average, minimum and maximum pore
volumes of the geological and hydrodynamic model cells,
which were penetrated by the candidate wells selected for
pilot works.

As a result of water inflow limitation measures at the
wells of the Komi Republic fields, the actual volume of the
injected composition varies from 10 to 120 m3 (Fig. 2).
The average pore volume of the model cells opened by the
candidate wells (see Table 2) significantly exceeds the
actual volume of the injected composition. Thus, it can be
concluded that the entire volume of injected agent remains
within a single column of cells along the candidate
wellbores.

To solve the problem of modelling of water inflow
limitation measures on three-dimensional hydrodynamic
models it was decided to change the scale of meshes in the
area of candidate wells by means of local mesh refinement.
Thus, the meshes in the area of the wells were
desintegrated 300 times: 10 times in the X and Y
directions, 3 times in the Z direction (Fig. 3).

Table 3 shows the average, minimum and maximum
pore volumes of the cells opened by the candidate wells
after the refinement procedure. The data in the table show
that the pore volume of the cells became comparable to
the injection volume.

To assess the predictive operation modes of candidate
wells No. D-1, D-2, D-3 of the Voseyskoye field after water
inflow limitation measures, the following forecast variants
were calculated on the geological and hydrodynamic model:

1. Base variant without WIL measures.

2. The variant with carrying out the WIL measures with
the composition on the base of cross-linked polymer systems
on three candidate wells.

Forecast period is three years with a calculation step of
one month. The start of the forecast is 01.01.2020.

The results of calculation of forecast production
indicators for candidate wells of the Voseyskoye field are
presented in Fig. 4. According to Fig. 4 it has been
revealed that the predictive efficiency of water inflow
limitation with cross-linked polymer systems is established
in all candidate wells.

Estimation of predictive efficiency
by building predictive statistical models

To create statistical models of the predictive efficiency
of water inflow limitation measures the results of measures
taken earlier at the fields of the Komi Republic with water-
insulating compositions based on cross-linked polymer
systems have been analyzed.

The main indicator of the effectiveness of measures
to limit water inflows - reduction of liquid flow rates —
was chosen as the dependent variable. Multiple
regression models were used to predict the values of
dependent variables based on a set of a number of
independent variables: liquid flow rate, water-oil factor,
thickness of water inflow interval based on geophysical
survey results, effective oil saturated thickness, porosity,
permeability,  partitioning, sandiness coefficients,
reservoir pressure, reservoir temperature, pressure
of water-insulating composition injection, volume of
injected water-insulating composition, distance from the
bottom perforation hole to the oil water contact (OWC)
and the density of produced water.
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Fig. 4. Results of calculation of forecast production indicators
by wells: 2— No. D-1 of the Voseyskoye field for two variants
(with WIL measure and base); - No. D-2b — No. D-2
of the Voseyskoye field for two variants (with WIL measure
and base); c— No. D-3 of the Voseyskoye field for two
variants (with WIL measure and base)
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Fig. 5. Histogram of distribution of residuals
of prediction of liquid flow rate reduction
after WIL measures for fields of the Komi Republic
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Fig. 6. Comparison of predicted and actual values
of liquid flow rate reduction after WIL measures
for the fields of the Komi Republic

In accordance with the technique of constructing
multivariate regression equations, the statistical model
was built by the method of stepwise regression with the
implementation of the procedure of sequential inclusion
of geological and technical parameters [42, 43]. Initially,
the regression equation of technological efficiency from
the most informative parameter has been considered.
Then this equation includes the parameter, which
together with the previously selected one has the greatest
informativeness (Table 4).

The data in Table 4 show that the final regression
equation of liquid flow rate reduction has a sufficiently
high quality of prediction: the coefficient of determination
R?is 0.84 [44, 45].

To check the quality of the regression equation we
analysed the residuals (Fig. 5) and compared the predicted
and actual values of liquid flow rate reduction (Fig. 6).

In Fig. 5 there is a satisfactory agreement of the
histogram of residuals with the normal distribution.

The obtained regression equation (see Fig. 6) gives
high quality prediction of liquid flow rate reduction after
water limitation measures. Thus, this statistical model can
be used to assess the predictive efficiency.

Comparison of the Results of Predictive
Efficiency Assessment

Table 5 presents a comparison of the results of
assessing the predictive efficiency by geological and
hydrodynamic modeling, the construction of predictive
statistical models and the actual results obtained at
candidate wells after testing the developed water-
insulating composition based on cross-linked polymer
systems.

Based on the data given in Table. 5, there is a fairly
high coincidence of the results obtained for wells No D-2
and D-3. The discrepancy in the results for well No D-1 is
explained by the deviation of the actual work from the
planned one: the actual interval of injection of the
composition was increased due to the lack of work on
filling the lower part of the perforation interval.

In general, the predictive efficiency of measures to
limit water inflow has been establishedat candidate wells
No D-1, D-2, D-3 of the Vozeyskoye field with a
composition based on cross-linked polymer systems.

The assessment of the predictive efficiency of the
proposed technology, carried out on the basis of the
integration of various methodological approaches, made it
possible to make a decision on the expediency of carrying
out pilot work at the selected site.

HEAPOMOJIb3OBAHUE
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Table 4

Multivariate Regression Equations for Predicting Fluid Flow Rate Reduction
for wells with completed WIL measures in the Komi Republic

Variant

of calculation R pvalue F criterion Regression Equation
1 0.48511 0.00008 22.612 A Q= 44.05-0.77- Q;
2 0.55709 0.00009 14.464 A Qr= 34.541 - 0.623- Q,- 0.894- P,
3 0.59126 0.00016 10.608 A Q= 11.985-0.675 Q,— 0.839 P, + 2.342: H,,;r
4 0.63875 0.00018 9.283 A Q= 11.408 - 0.612- Q,— 0.668' P, + 3.578- H,,,— 2.044 K,
5 0.72982 0.00004 10.805 A Q; = -33.794 - 0.565- Q,— 0.852- P, + 3.708-v—3.738 K, + 1.139- T,
6 0.83539 0.00000 16.070 A Q; = -324.064 — 0.602- Q,— 0.627- P, + 3.111- H, ;-

= 2,652 Ky, + 2.443 T, + 1178.257°K,

Note: AQ:;- Reduction of fluid flow rates, m*/day; Qf - fluid flow rate before WIL measures, m®/day; P,,— pressure of the water-
insulating composition injection, MPa; H,,— capacity of the water inflow interval; K, - dismemberment coefficient, units.; 7 .+~ reservoir

temperature; K, — Porosity coefficient, fractions of units.

res

Table 5

Comparison of actual results and results of the assessment of predictive efficiency

Fluid flow rate Rrduction, m®/day

11
We Calculation on a Geological and Hydrodynamic Model Calculation on a Statistical Model Actual Value
No D-1 -42.8 -84.9 -89.2
No D-2 -59.1 -60.4 -49.2
Ne D-3 -72.1 -85.0 -92.9
Conclusion assessing the predictive efficiency by statistical models is

On the example of planning measures for water inflow
limitation by a composition based on cross-linked polymer
systems the use of a comprehensive assessment of
predictive efficiency which includes the main and control
methods has been shown. The main method is the
calculation of predictive indicators of oil production and
fluids on a geological and hydrodynamic model. But since
in the hydrodynamic modeling there is a probability of a
discrepancy between the predictive and the actual results
due to the complexity of the geological structure of the
objects of the Komi Republic an additional method for

used. The construction of multivariate regression equations
takes into account the accumulated experience in the
application of water inflow limitation technologies in the
fields of the Komi Republic and, accordingly, has a high
quality of prognosis which allows us to consider this
method as a control one.

In case of significant discrepancy between the results
obtained during the comprehensive assessment it is
recommended to conduct an additional analysis of the
study of the object under consideration, identify
uncertainties, develop a program to manage possible risks
and, if possible, update the current filtration model.
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