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The effect of water injection into a reservoir on oil production for Tournaisian deposits of the Sosnovskoe gas-oil field is
evaluated. Statistical methods such as correlation, regression and stepwise discriminant analysis were used. Data on
monthly and cumulative oil production, on amount of water injected into the reservoir from four injection and twelve
production wells was used. Based on the data, studies have been performed to assess the effect of the volume of monthly
water injection into the reservoir on monthly oil production, provided that each injection well affects only nearby producing
wells. It was explained why there was no correlation between the parameters of monthly injection and monthly oil
production. Then, in order to evaluate the efficiency of water injection into the reservoir, it was decided to use the data from
the accumulated volume of water injection and the accumulated volume of oil production. It was found that there is a
relationship between the parameters of the accumulated volume of water injection and the accumulated volume of oil
production. The greater the accumulated volume of water injection, the greater the accumulated volume of oil production,
but the gradients of increase for all wells are individual. Three areas were defined on the graphs. Relationships between the
parameters have a high degree of linearity over a certain range. In order to establish the boundaries of those areas where the
influence of the values of the accumulated volume of water injection on the accumulated volume of oil production is
conditionally homogeneous, linear discriminant analysis was used. Results of the evaluation study show that water injection
into the reservoir has a different degree of influence on the production wells. This analysis can be further applied to
substantiate workovers and to identify hydrodynamic communication.

OLEHeHO BIUSHUE 3aKa4KHM BOJBI B IUIACT Ha J00bIYY HedyTu 11 TypHEHCKHX oTioxkeHHH COCHOBCKOTO Ta3oHe(TSHOro
MecTopoxk/ieHus. JIIs aHaM3a UCIOoIb30BaHbl CTATHCTHYECKUE METO/IbI: KOPPEJIAIMOHHBIH, PErpecCHOHHbIIN U MOLIAroBbIi
JIMCKPUMMHAHTHBIN aHamm3. Vcronb3oBaack MHPOPMaNHs MO ©XKEMECSYHON M HAKOILUICHHOW H00blYe He(TH, a Takxke
3aKauKe BOJIbI B IIPOAYKTUBHBIII IJIACT 110 YETHIPEM HArHETATENIbHBIM U JIBEHAAATH N00bIBArOIMM CKBakMHaM. Ha ocHoBe
9TOi MH(OPMALHK ObUIH BBINOIHEHBI UCCIICJOBAHHS 110 OLICHKE BIMSHMSA 00ObEMa MECSYHON 3aKa4yKH BOJBI B IUIACT Ha
MECAUHYI0 J00bIdy HE(TH NpPH YCIOBUM, YTO KaXHas HATHETATENbHAs CKBA)KHHA OKAa3bIBAET BIMSHHME TOJNBKO Ha
OIIM3KOPACIIONOKEHHBIC TOOBIBAOIINE CKBAXKUHBI. Mex Iy mapaMeTpaMi MECSYHOH 3aKaukd M MECSYHON J0OBIYM HeTH
6b110 060CHOBAHO OTCYTCTBHE KOPPENALMOHHON 3aBucUMOcTH. Jlanee Ui oueHKH 3((EKTUBHOCTH HATHETaHUsS BOJBI B
IIacT ObUIO NPHHSATO PELICHHE HCIO0JIb30BaTh MH(POPMALHMIO O HAKOIUICHHOM O0beMe 3aKayKH BOJBI U HAKOIUICHHOM
obbeme 100buM HedTH. BBUIO YCTAaHOBIGHO, YTO MEXIy [apaMeTpaMu HAaKOIUICHHOTO o0ObeMa 3aKaukd BOABI H
HAKOIUIGHHOTO 00beMa JoObIuM He(TH CYIIECTBYeT 3aBHCHMOCTb, IIPU YBEIMYCHHH 3HA4YCHMII HAKOIUIGHHOTO oObeMa
3aKAQUKM BOJBI 3HAUCHUE HAKOIUICHHOTO 0o0beMa JOOBIMM He(TH yBEIMYMBACTCS, HO IPAJMCHTHI MOBBIICHUS UL BCEX
CKBXMH MHIMBHAYyanbHbl. Ha rpadukax Bu3yalbHO ObUIO BBUIENEHO TPH Y4acTKa, IJie COOTHOIIECHUS MEXIY HUMH
0071aJal0T Ha HEKOTOPOM IMANa30HE BBICOKOI CTEHEHBIO JMHEWHOCTH. J[JIsi YCTAHOBIICHMS TPaHMIl TEX YYacTKOB, IJE
BJIMSHME 3HAUEHUH HAKOIUIEHHOro 00beMa 3aKauykH BOJIbI HA HAKOILUIEHHbIH 00beM JI0ObIYM HE(TH YCIOBHO OJIHOPOJIHO,
OBLJI MCIIOJIB30BAH JIMHEHHBIH NUCKPUMHHAHTHBIN aHAIU3. Pe3ybTaThl HCCIeNOBaHHS MOKA3bIBAIOT, YTO 3aKayKa BOJBI B
IJIaCT MMEET PasHyl0 CTENeHb BIMSAHMS Ha J0OBIBAIOIIME CKBAKHHBI. JIaHHBIH aHaM3 B JajbHEHIIEM MOXHO MPUMEHSATDH
U151 000CHOBAHHUSI IPOBEICHUS TE0IOT0-TEXHOIOTHYECKHX MEPOIPUATUH U 115 BBIABICHHUS T'UIPOJUHAMUYECKON CBA3H.
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Introduction

Oil industry is of unsurpassed importance for
the economy of our country, therefore everything
that is currently related to this field is crucial. At
the moment, the majority of oilfields are
developed using a  formation  pressure
maintenance system [1]. Thus, improving the
effectiveness of formation pressure maintenance
systems is of utmost importance for all the oil-
producing enterprises. In developing an oilfield, it
is very important to achieve the highest possible
economic effectiveness of oil production,
therefore, it is necessary to assess how the
implemented formation pressure maintenance
system operates [2, 3].

The improvement of methods for analyzing
the formation pressure maintenance system is a
regular process as it is one of the fundamental and
the cheapest method of formation stimulation,
while the task of involving poorly drainable
formation areas into development 1is quite
challenging [4].

Dealing with the task of evaluating and
forecasting the effectiveness of different kinds of
flooding system and its control is significantly
facilitated, if there is an operating geological and
hydrodynamic model in place, however, far from
all the development targets have it, as the
developing such models is a labour-intensive and
quite expensive process. Therefore, this paper
makes a special emphasis on the methodology of
evaluating the effectiveness of formation pressure
maintenance system using readily available oilfield
information.

General geological characteristic
of sosnovskoye oilfield

Sosnovskoe oilfield was discovered in 1967 by
the Well No. 42 as a result of prospecting and
exploration drilling.

In administrative terms, the oilfield in located
in Ordinsky District of Perm region, 100 km south
of the Krai centre — the city of Perm (Fig. 1). The
nearest localities include the villages of Orda,
Sosnovka and Ashap.

The information about the depth of formation
and the ranges of stratigraphic divisions’ thickness
changes were received as a result of drilling 41
wells, including 11 prospecting and exploration
and 30 producing wells.

The surface of crystalline basement is located
at the depth of about 7 km submersing in the
south-west direction. The basement is represented
by crystalline rocks.

The section of Sosnovskoe oilfield represents a
sedimentary complex typical of Permian and
Bashkir anticlines and Bymsko-Kungurskaya
depression and consists predominantly of
carbonate rocks. It is favourable in terms of
sedimentation conditions and opportunities of
hydrocarbon deposits development.

The section contains no Lower Devonian
sediments. Middle Devonian sediments with
stratigraphic nonconformity rest on Vendian ones.
There are no rocks of Cambrian, Ordovician or
Silurian ages.

Radaevian sediments rest unconformably on
the eroded roof of Tournaisian sediments (no
Kosvinsky horizon).
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Fig. 1. Extract from the tectonic map of the study area
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Mesozoic deposits are not present in the
section due to a long break in the sedimentation.

Quarternary deposits are met everywhere and
rest with stratigraphic nonconformity on Perm
deposits.

In tectonic terms, Sosnovskoe oilfield is
located in Babkinskaya anticlinal fold within
Sosnovsky offset, in the inner edge zone adjacent
to Kamsko-Sinelskaya system of downfolds.

Drilling and well tests have proved the presence of
oil-and-gas content in Devonian terrigenous
(formation D), Upper Devonian and Tournaisian
carbonate (formation T;), Lower and Middle Visean
terrigenous (formations Tly,, Tl Tly, Bb;), Upper
Visean Bashkir carbonate (formation Bsh) and Middle
Carboniferous terrigenous and carbonate (formation
V3V,) oil-and-gas bearing complexes.

Production assets under review — T.

Brief geological and physical characteristic of T;:
sand content — 0.37 unit fractions, porosity — 0.13 unit
fractions, oil-and-gas content — 0.83 unit fractions,
permeability (geophysical well logging) — 0.068 um?,
number of permeable intervals — 5 pcs, gas saturation
pressure — 12.11 MPa, current formation pressure —
15.5 MPa. Average formation water cut amounts to
57.6 % with the production of initial recoverable
reserves of 10 %. Production asset T; ranks first
among other production assets of Sosnovskoye oilfield
by its reserves (5,376 thousand tons) [5]. The oilfield
is at the 3™ stage of development.

Whereas the average formation water cut
amounts to 57.6 % with the production of initial
recoverable reserves of 10 %, it is necessary to
analyze the formation pressure maintenance
system of T, formation.

Assessment of impact of water injection
into the formation on oil production on
the example of tournaisian deposits
of Sosnovskoe oil and gas field

The method of assessing the impact of water
injection into the formation on oil production for
Well 401. The method of assessing the impact of
water injection into the formation on the
production of oil uses the information about Well
401 for the period from August, 1993, to February,
2016, i.e. for 259 months (n = 259).

On the basis of this information we will assess
the impact of the monthly volume of water injected

into the formation Vy, on the monthly oil

m
I/oil .

production
For the purposes of the method development, the
values of V', for the injection wells located in

different reservoir areas were used. We assume that
the injection of water into this well will have an
impact on the monthly production of oil by wells 400,
403-405, 474, 475. The change of values of EMBED
Equation.DSMT#4 in time # is shown in Fig. 2.
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The analysis of Fig. 2 shows that the values of
Vi differ materially by well.

The change of values of V', in time for Well

424 is shown in Fig. 3.
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Fig. 3. Change of VS:O values in time for Well 424

The change of values of V', depending on ¢

has quite a complex view.

In order to compare the values of V', and V
for the two reviewed options of impact of the
injection wells, correlation fields set out in Fig. 4
were built for the injections wells.

450

Analyzing Fig. 4, we noted that the values of
Vino and V3

oil

have a weak correlation, i.e. it is
impossible to prove in statistical terms the nature

of impact of V', values on V) values. Now we
2

are going to prove this statement with the

calculations of » and making regression equations.

Vi (oil production for a month, tons) will be a

dependent attribute, and VH“:O (water injection into

the formation for a month, m’) will be an
independent factor.

As a result of this method application, the
values of » were calculated and regression
equations were made for the following options:

a) based on the information about each well;

b) based on the information about all the wells.

The values of » and regression equations of V;

oil
dependence on V', in the above options are set

out in Table 1.
The analysis of constant and slope term values of
a regression equation and 7 ratio indicates that it is

not possible to measure the impact of V', on o
using the provided regression equations. This is
especially evident if we look at very low values of »

ratios.
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Table 1

The constant and slope terms and correlation

ratio of regression equation showing

the dependence of V/

oil

i on Vi (upper line),

dependence of V; on V,, ,, (lower line)
for Well 401

Well Constant Slope term | Correlation ratio r
400 52.973 —0.009 —0.126
5067.247 0.142 0.851
403 83.907 —0.018 —0.183
5796.922 0.23 0.897
404 126.459 0.062 0.349
4372.826 0.435 0.986
405 67.508 —0.026 -0.323
6100,174 0.155 0.841
474 40.766 —0.019 -0.237
4372,232 0.077 0.75
475 28.31 —0.001 -0.016
241.74 0.612 0.953
All wells 71.603 0.0005 0.0041
4701.201 0.222 0.749

In order to assess the effectiveness of water
injection into the formation it is proposed to use
the dependence of impact rendered by the
accumulated volume of injected water (VHZO) on
the accumulated oil production (V;) based on the
information for 259 months.

The dependencies of V; on Vo for the wells
under review are shown in Fig. 5.

It can be seen that as opposed to the previous

increase, the values of V, also go up, however, the
gradients are individual for each well. The values of »
and regression equations of V., dependence on VHZO
are set out in Table 1. The values of r are high for all
the wells and statistically significant by ¢ criteria,
which may indicate an actual impact of VHp on V,
across all the wells.

The analysis of dependencies of V; on VHZO,
set out in Fig. 5, shows that in all the cases within
the graph there are three areas, which can be
visually observed, where the correlations feature
high degree of linearity in a certain range. In order
to determine the boundaries of these almost linear
sections, where the impact of VH20 values on V; is
relatively homogenous, we will use the linear
discriminant analysis (LDA). The options for the
application of statistical methods of analysis in
academic research to solve similar tasks are set out
in studies [6-23].

Plotting the graph of a linear discriminant
function (LDF) is performed in the following
manner.

If we designate as Xj; the value of the variable
under number i in the point of observation under
number j, taken from the sample within the
first correlation interval in respect of V), and
Vo then we will get the matrix ¥, with degree m
and n; showing the results of observations over

graphs, in these graphs when the values of V;{ZO

45,000
40,000
35,000
30,000
25,000

this sample:

20,000
15,000

10,000

5,000
0

5,000
[ =R = = e [ = T = = [ e = T =1 (=== = = =R = = = R = = T S = = e e
2 e e === = = = = = (=== == = = =1
E ES£SEE5EEgsEE E£E52&8E8zEEg £gsEgss¢:2¢8s
(= o © O o o 2 9o 9o o <O S © O © O 9 o 9 9o O S o O o © 9 o o 2

% Well 400 Well 403 Well 404

45,000

40,000

35,000

30,000

25,000

20,000

15,000

10,000

5,000 f
0 4

5,000, = - L . = P
o0 C oo o ocCc e 0 Qo0 Q0 o c o e o Cc e o
< S oo e c oo c e o oo oS o
S 22383838 £5s8£385&ss 8 553588883
S SEESFFEESE5S SESESTEEEE5S SEESEEEss

Well 405 Well 474 Well 475
Vi, m?
Fig. 5. Change in V; values depending on V;; , by well
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X, X, . X n

X, X, . X
W, = 21 22 2n

)(m1 sz mny

Designating as X ; the result of measuring the

variable under number i in the point under number
J, taken from the second correlation interval, we
will get the matrix W, with degree mxn;:

_Xlll X112 Xlnﬂ
Lo x,
=

1 1 1
‘val sz . X’""z J

Designating as X U2 the result of measuring the

variable under number i in the point under number
J, taken from the third correlation interval, we will
get the matrix W; with degree mxn;:

2 2

X, X, Xlnz
2 21 2

X X, o X,

W, = :
3

2 2 2
Xm| sz . anz

where m is the number of indicators; n;, n,, n3 is
the sample volume.

In order to plot LDF, the matrixes of centered
sums of squares and shifted products are composed
for calculating the sample matrix.

Then, a reverse sample covariance matrix C is
found for determining the ratios of the linear
discriminant function.

Then, boundary values of discriminant
functions (R,) are determined, which divide the
sample into three subsets [24-27].

They are used to calculate linear discriminant
functions, to determine the percentage of correct
discernment until the entire sample is divided into
three non-crossing classes [28-31]. We will now

show an example of plotting the linear
discriminant function for Wells 400 and 401.
Z1=0,000478 VHZO —-0,003641V, +9,87395

with R = 0,928, 5> = 692,49, p = 0,000000.
Z,=-0,0003 Vo + 0,00064V,; —2,22779

with R = 0,655, x* = 143,18, p = 0,000000,

where V is the volume of accumulated oil,
tons (Qoii accumulated, tons), VHZO the accumulated
injection volume (Qinjection accumulated, m3). The
first boundary has V;IZO = 5084 m’, the second —

43,277 mr’.
Using these boundaries, we have composed
regression equations for the dependence of V;

VH2O (Table 2). LDFs were also plotted for other

wells, which were used to determine the classes’

on

boundaries for the dependence of V,

on Vyo»

within which regression equations were composed
(see Table 2) [32-36].

Table 2
Assessment of impact of VP120 in the injection

well 401 on V; in producing wells 400,
403-405, 474, 475

Inter;ilo(’)frxslues Constant  [Slope term Corr;fil;\tion
Well 400

0-5,084 174.805 1.066 0.951

5,084-43,277 7,008.907 0.113 0.914

Over 43,277 10,673.574 0.034 0.819
Well 403

0-5,084 —990.09 1.380 0.956

5,084-58,426 7,835.362 0.228 0.973

Over 58,426 17,682.610 0.034 0.978
Well 404

0-3,942 —-1,524.131 1.897 0.899

3,942-43,277 6,267.128 0.373 0.976

Over 43,277 9,846.542 0.349 0.989
Well 405

0-3,942 —850.407 1.521 0.956

3,942-57,535 7,821.541 0.153 0.950

Over 57,535 14,066.0569 | 0.019 0.992
Well 474

0-3,942 —1,193.225 1.388 0.874

3,942-50,735 5,666.771 0.064 0.833

Over 50,735 8,123.062 0.011 0.891
Well 475

0-1,780 —3,351.323 2.584 0.754

1,780-3,107 535.3272 0.545 0.967

Over 3,107 1,519.468 0.272 0.654

It can be seen that the impact of VP120 on V, of

the Well 401 is different in the highlighted
intervals. We note that for all the wells the
minimum impact is observed in the third interval
(minimum slope term) and maximum — in the first.
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The dependence of accumulated oil production

on the accumulated injection in the third interval is
presented in Fig. 6.
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Fig. 6. Change in the values of V; depending on
Vo in the third interval

Regression equations between injection well
401 and producing wells:

Well 400: ¥, = 10,673.574 + 0.0338 ¥}, o;
Well 403: ¥, = 17,682.6099 + 0.034 ¥, o

Well 404: V.

oil

=9,846.5421 +0.3493V}, o ;
Well 405: V,; = 14,066.0569 + 0.0188 /;,

Well 474: V= 8,123.0623 + 0.0107 V;; o

Having analyzed the obtained graph and
regression equation, we can say that the highest
slope term is featured by the Well 404 (0.3493)
and the lowest — by Well 474 (0.0107). The
slope term of other wells ranges from 0.0188
to 0.034.

Method of assessing the impact of water
injection into the formation on oil production for
Well 407. The method of assessing the impact of
water injection into the formation on the
production of oil uses the information on Well 407
for the period from July, 1993, to June, 2015, i.c.
for 264 months (n = 264).

On the basis of this information we will assess
the impact of the monthly volume of water injected
into the formation V', on the monthly oil
production V.
For the purposes of the method development,

the values of V[, for the injection wells located in
different reservoir areas were used. We assume
that the injection of water into this well will have

an impact on the monthly production of oil by
wells 403, 405, 474, 475, 478. The change of

values of V| in time 7 is shown in Fig. 7.
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Fig. 7. Change of values of V| in time ¢ by wells
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It is seen that the values of V) vary The values of V;7, and Vj have a weak
significantly by well. correlation, i.e. it is impossible to prove in
The change of values of V), in time for Well  statistical terms the impact of V;", values on Vi
407 is shown in Fig. 8. values. Now we are going to prove this statement
3,500 with the calculations of r and making regression
3,000 equations V) (oil production for a month, tons)
2,500? . will be a dependent attribute, and V', (water
% 2,000;— c injection into the formation for a month, m3) will
= 15000 S : be an independent factor.
8= P T e % e f f As a result of this method application,
1,000f ©.° . ° ] .
| ° 0 . e o ° § the values of r were calculated and regression
s o0 0 equations were made for the following
0 o o e e e o mmm e < | OPtiONS:
_5005 Based on the information about each well;
Fﬁ CEIERISEEFER § § § § % b) based on the information about all wells.
f{,m

5 The values of » and regression equations of V3

oil
Flg 8. Change of values of V]_rllzo in time for the Well 407 dependence on VHH:O in the above Options are set

out in Table 3.
The analysis of the constant and slope terms of
values on ¢ has a quite complicated form. a regression equation and 7 ratio indicates that it is

m
oil

According to Fig. 8, the dependence of V',

In order to compare the values of V', and Vi not possible to measure the impact of V', on

for the two reviewed options of impact of the  using the provided regression equations. This is
injection wells, correlation fields set out in Fig. 9  especially evident if we look at very low values of

were built for the injections wells. 7 ratios.
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Fig. 9. Correlation plot of Vi, and ¥
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Table 3

Constant and slope terms and correlation ratio

of regression equation showing the dependence
of Vi on Vi, (upper line), dependence of V

oil oil

on VHZO (lower line) for Well 407

Well Constant Slope term Corrglatlon
ratio r
403 79.540 -0.005 —0.063
-534.195 0.210 0.990
405 62.82 —0.009 —0.128
1,060.251 0.1539 0.974
474 31.497 0.005 0.081
1,414.276 0.084 0.930
475 24.855 0.003 0.131
379.986 0.079 0.978
478 54.048 0.008 -0.153
2,296.74 0.127 0.990
54.647 0.004 —0.048
All wells 741.962 0.148 0.888

In order to assess the effectiveness of water
injection into the formation, it is proposed to use
the dependence of impact rendered by the

accumulated volume of injected water (VHZO) on

the accumulated oil production (V;) based on
the information for 264 months. The dependencies
of V. on VHZO for the wells under review are

O

shown in Fig. 10.

22,000

The analysis of information in Fig. 10 allowed
concluding that as opposed to the previous graphs,

in these graphs when the values of tho Increase,

the values of ¥V, also go up, however, the

gradients are individual for each well. The values
of r and regression equations of ¥ on VHZO are
set out in Table 4. The values of » are high for all
the wells and statistically significant by ¢ criteria,
which may indicate an actual impact of VHZO on

V., across all the wells.

The analysis of dependencies of V.

on Vyo
set out in Fig. 10, shows that in all the cases within
the graph there are three areas, which can be
visually observed, where the correlations feature
high degree of linearity in a certain range. In order

to determine the boundaries of these almost linear
sections, where the impact of V;; o values on V;; is

relatively homogenous, we will use the linear
discriminant analysis [37-41].

Example of plotting the linear discriminant
function for Wells 403 and 407:

7y =-0.000146V;; o —0.001917 V; +9.669477

with R = 0.943, y* = 643.21, p = 0.000000;
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Fig. 10. Change in V,

oil

values depending on ¥}, , by well

ISSN 2224-9923. Bectnux [THUITY. I'eonorus. Hedrerazosoe u roproe neno. 2018. T.18, Ne2. C.157-177



166 ISSN 2224-9923. Perm Journal of Petroleum and Mining Engineering. 2018. Vol.18, no.2. P.149-156

Z,=-0.00024V,; 5 +0.0018 7,

—-3.54019

with R = 0.338, * = 31.74, p = 0.000000, where
V., is the volume of accumulated oil, tons (Q

accumulated, tons) and VHZO is the accumulated

injection volume (Qigjeciion accumulated, m’).

Based on these functions, the values Z; and 7,
were calculated, and they were further used to
determine the boundaries of classes in respect of

the ratio of Vj; to V..
The first boundary has the value of ¥, =

30,187 m’, the second = 71,595 m’. Using these
boundaries, we have composed regression

equations for the dependence of ¥ on VHZO (see

Table 4). LDFs were also plotted for other wells,
which were used to determine the classes’

boundaries for the dependence of Vy; on Vg

within which regression equations were composed
(see Table 2).

Table 4
Assessment of impact of VHZO in the injection

well 407 on V; in producing wells 403,

405, 474, 475, 478
Inter;lilo(’)fr\llla;lues Constant |Slope term Corr;::il;lt;on

Well 403

0-30,187 —839.435 0.191 0.978

30,187-71,595 991.844 0.189 0.980

Over 71,595 5,703.416 0.139 0911
Well 405

0-27,569 —582.34 0.197 0.978

27,569-63,580 1,752.795 0.161 0.976

Over 63,580 6,764.785 0.085 0.918
Well 474

0-20,873 —835.455 0.1745 0.956

20,873-68,849 1,941.655 0.093 0.961

Over 68,849 4,972.493 0.038 0.945
Well 475

0-5,630 567.945 0.045 0.858

5,630-17,088 369.914 0.069 0.942

Over 17,088 913.695 0.059 0.957
Well 478

0-17,088 1,762.347 0.128 0.959

17,088-53,669 2,861.668 0.117 0.972

Over 53,669 4,788.573 0.098 0.966

It can be seen that the impact of Vo on V

of Well 407 is different in the highlighted
intervals. We note that for wells 403, 405, 474, 478
the minimum impact is observed in the third
interval (minimal slope term) and maximum — in
the first. For well 475, the minimum impact is

observed in the first interval, and maximum — in
the second.

The graph showing the changes of V.
values depending on the value of VHZO in the third
interval is shown in Fig. 11.
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Fig. 11. Change in the values of V; depending on
Vo in the third interval

Regression equations between injection well

407 and producing wells:
Well 403: V., =5,703.4162 + 0.139 VHZO;
Well 405: V) = 6,764.7847 + 0.0845 V; o ;

Well 474: V; = 4,972.4927 +0.0377 V,y o

Well 478: V,; = 4,788.5732 +0.0977 V.

Having analyzed the obtained graph and
regression equation, we can say that the highest
slope term is featured by Well 403 (0.139) and the
lowest — by Well 474 (0.0377). The slope term of
other wells ranges from 0.0845 to 0.0977.

The method of assessing the impact of water
injection into the formation on oil production for
Well 424. The method of assessing the impact of
water injection into the formation on the
production of oil uses the information on Well 424
for the period from August, 1993, to February,
2016, i.e. for 271 months (n = 271).

On the basis of this information we will
assess the impact of the monthly volume of water
injected into the formation Vano on the monthly
oil production V3

oil *
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Fig. 12. Change of values of

For the purposes of the method development,
the values of V[, for the injection wells located in

different reservoir areas were used. We assume
that the injection of water into this well will have

an impact on the monthly production of oil by
wells 210, 423, 425, 427, 478, 483.

The change of values of V3 is time ¢ is

shown in Fig. 12.
It is seen that the values of V), tons, vary
significantly by well.
The change of values of ¥}, in time for Well
424 is shown in Fig. 13.
The change of values of V', depending on t
has quite a complex view.
pm

oil

In order to compare the values of V', and
for the two reviewed options of impact of the
injection wells, correlation plots set out in Fig. 14
were built for the injections wells.

Var

The values of V', and have a weak

correlation, i.e. it is impossible to prove in

statistical terms the impact of V', values on Vi
values. Now we are going to prove this statement

with the calculations of » and composing
Vi (oil production

regression i
for a month, tonnes) will be a dependent attribute

equations.

Well 478
f,m

Vm

oil

Well 483
in time ¢ by wells

and V', (water injection into the formation for a
month, m*) will be an independent factor.
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Fig. 13. Change of values of Vi,
in time for Well 424

As a result of this method application, the
values of r were calculated and regression
equations were made for the following options:

a) based on the information about each well;

b) based on the information about all the wells.
Vm

oil

The values of » and regression equations of

dependence on V[, in the above options are set
2
out in Table 5.
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Fig. 14. Correlation plot of Vi, and ¥

Table 5

Absolute and corner terms and correlation ratio
of regression equation showing the dependence

of V1 on Vito (upper line), dependence
of V; on VHZO (lower line) for Well 424
Well Constant Slope term Corre}atlon
ratio r
3 41.059 0.0026 0.046
1,514.586 0.162 0.993
426 12.186 0.005 0.005
3,257.244 0.023 0.681
83 12.946 0.005 0.104
643.638 0.042 0.941
427 85.255 0.0128 0.079
—4,321.115 0.337 0.957
5 24.601 20.005 ~0.07
1,110.278 0.108 0.937
478 51.725 —0.007 —0.092
1,527.189 0.199 0.994
All wells 38.205 0.003 0.0023
568.990 0.147 0.642

The analysis of the values of constant and
slope terms of a regression equation and r ratio
indicates that it is not possible to measure the

impact of Vy, on Vi using the provided

regression equations. This is especially evident if
we look at very low values of 7 ratios.

In order to assess the effectiveness of water
injection into the formation, it is proposed to use

the dependence of impact rendered by the
accumulated volume of injected water (VHZO) on

the accumulated oil production (¥;) based on the
information for 271 months.

The dependencies of V; on V , for the wells
under review are shown in Fig. 15.

It can be seen that as opposed to the previous
graphs, in Fig. 15 when the values of Vj,

increase, the values of V; also go up, however, the
gradients are individual for each well. The values

of r and regression equations of V; on ¥V, are
2

01

set out in Table 6. The values of » are high for all
the wells and statistically significant by t criteria,

which may indicate an actual impact of VHZO on
V., across all the wells.

The analysis of dependencies of V; on Vg

set out in Fig. 15, shows that in all the cases within
the graph there are three areas, which can be
visually observed, where the correlations feature in
a certain range high degree of linearity. In order to
determine the boundaries of these almost linear
V. is

01

sections, where the impact of VHZO values on

relatively homogenous, we will use the linear
discriminant analysis.
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Fig. 15. Change of V; values depending on V}; , by wells
Example of plotting the linear discriminant Table 6
function for Wells 423 and 424: apte
Assessment of impact of ¥}, in injection
7y =-0.000208 ¥, +0.000728 V,; + 5.89479 p mo M1
R = 0943 = 707 431 0.000000 well 424 on V, in producing wells 423,
with £=0.945, ¢ = 107434, p = 0. ’ 425, 426, 427, 478, 483
Z,=-0.0005 VH20 +0.00285V, —2.87433 Interval of values Correlation
Vooomd Constant  |Slope term ratio r
. _ 2 _ _ H,0°
with R =0.679, " = 165.59, p = 0.000000. Well 423
Based on these functions, the values Z; and Z, 0-33,029 1,670.640 0.142 0.983
were calculated, and they were further used to  [33,029-71,261 2,232.123 | 0.152 0.995
determine the boundaries of classes in respect of  [Over71.261 8735@3% = 0.055 0.997
. [S
the ratio of ¥ to ¥} o 0-30,203 730656 | 0.102 0.949
30,293-49,389 2,333.654 0.101 0.828
_ 3 : ) ,
Close to the first boundary, Vo = 33,029 m’,  [Oyver49,389 5.763.419 | 00213 0.961
and close to the second boundary —to 71,261 m’. Well 426
Using these boundaries, we have composed [or= 2,627.573 0.730 0.612
ng _ooun ) p 722-63,501 3,850.544 | 0.002 0.376
regression equations in respect of dependence of  [Gver63.501 —609.562 0.09 0.979
V., on Vo LDFs were also plotted for other Well 427
2 . 0-13,643 881.735 0.026 0.968
wells, which were used to determine the classes’ 13,643-53,500 —4,865.397 0.31 0.984
boundaries for the dependence of V; on K{ZO. Over 53,500 _10’613\']2?14478 0.462 0.991
within which regression equations were composed (022,736 1,947.028 0.149 0.941
(see Table 6). 22,736-69,281 973.125 0.215 0.993
: Over 69,281 10,638.89 0.06 0.942
It can be seen that the impact of VHzO on V, of Well 483
Well 424 is different in the highlighted intervals. 224779 492.676 0,041 0933
We note that the minimum impact 24,779-68,189 1,661.532 0,02 0.806
p Over 68,189 —2,481.698 0,09 0.992

is observed in the first interval for Wells 427
and 483, and in the third interval — for Wells
423, 425 and 478, in the second — for Well 426
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(minimum slope term). The maximum impact is
observed in the first interval for Wells 425 and
426, in the second — for Wells 427 and 483
(maximum slope term).

The graph showing the changes of V; values
depending on the value of VHZO in the third interval
is shown in Fig. 16.
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Fig. 16. Change in the values of ¥, depending on

oil

Vo in the third interval

Regression equations between injection well

424 and producing wells:
Well 423: V., = 8,735.5356 + 0.0545 VHZO;
Well 425: V., =5,763.4186 + 0.0213 VHZO;
Well 426: V;; =—609.5622 + 0.0905 V3 ;
Well 427: V., =-10,613.5839 + 0.4615 VHZO;
Well 478: V., =10,638.8898 + 0.0604 VHZO;
Well 483: V., =-2,481.6977 + 0.0891 VHzo-

Having analyzed the obtained graph and
regression equation, we can say that the highest
slope term is featured by Well 427 (0.4615) and the
lowest — by Well 425 (0.0213). The slope term of
other wells ranges from 0.0545 to 0.0905.

The method of assessing the impact of water
injection into the formation on oil production for
Well 472. The method of assessing the impact of
water injection into the formation on the
production of oil uses the information on the
Well 472 for the period from July, 1993, to
February, 2015, i.e. for 260 months (n = 260).

On the basis of this information, we have
assessed the impact of the monthly volume of

water injected into the formation V', on the

monthly oil production V.
For the purposes of the method development,
the values of V}/, for the injection wells located in
different reservoir areas were used. We assume
that the injection of water into this well will have

f,m

Fig. 17. Change of values of V| in time ¢ by wells

oil
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Fig. 19. Field of correlation between V;zlo and V3

an impact on the monthly production of oil by
wells 403-405, 474, 475, 477, 478. The change of
values of V; is time t is shown in Fig. 17.

The analysis of Fig. 17 shows that the values of

m
oil

by wells differ materially.

The change of values of V, in time for
Well 424 is shown in Fig. 18.
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Fig. 18. Change of values of Vanlo in time for Well 472

The change of values of V', depending on ¢
has quite a complex view.
Vm

oil

In order to compare the values of V;', and
for the two reviewed options of impact of the

injection wells, correlation fields set out in Fig. 19
were built for the injections wells.
Vii

The values of V', and have a weak

correlation, i.e. it is impossible to prove in
statistical terms the impact of ¥, values on V;
2

values. Now we are going to prove this statement
with the calculations of r and making regression

V‘ﬂ'l

oil »

equations. We will take

m
Vieo as a constant.

as a slope term and

As a result of this method application, the
values of r were calculated and regression
equations were made for the following options:

a) based on the information about each well;

b) based on the information about all the wells.

The values of r and regression equations of V;

dependence on V', in the above options are set

out in Table 7.

The analysis of the values of constant and
slope terms of a regression equation and r ratio
indicates that it is not possible to measure the

impact of V[, on V§ using the provided
regression equations. This is especially evident if
we look at very low values of 7 ratios.

In order to assess the effectiveness of water

injection into the formation, it is suggested to use
the following dependencies
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Table 7

Absolute and corner terms and correlation ratio of
regression equation showing the dependence

of Vi on Vi, (upper line), dependence

oil

of V;, on V;IZO (lower line) for Well 472

Well Constant Slope term Corrglatlon

ratio r

403 81.348 0.007 —0.083

—519.835 0.204 0.988

404 129.69 0.026 0.167

-3,658.375 0.315 0.974

405 64.540 -0.011 —0.151

1,023.096 0.151 0.974

474 29.808 0.01 0.146

1,345.355 0.083 0.938

475 26.884 0.001 0.066

501.645 0.071 0.988

477 100.175 0.006 0.046

-3,635.677 0.246 0.964

478 50.446 —=0.00006 -0.001

2,306.813 0.124 0.988

All wells 54.647 -0.004 —0.048

741.962 0.148 0.888

of impact of the accumulated water injection
volume (V) on the accumulated oil production

volume (V;) based on the information for
260 months.  The of ¥V,

on VP120 for the wells under review are shown
in Fig. 20.

dependencies

It can be seen that as opposed to the previous
graphs, in Fig. 20 when the values of Vj,

increase, the values of ¥ also go up, however, the
gradients are individual for each well. The values
of r and regression equations of ¥, on VHZO are set

out in Table 8. The values of » are high for all the
wells and statistically significant by ¢ criteria,

which may indicate an actual impact of VP120 on

V. across all the wells.

The analysis of dependencies of V; on VHZO

set out in Fig. 20, shows that in all the cases within
the graph there are three areas, which can be
visually observed, where the correlations feature in
a certain range high degree of linearity. In order to
determine the boundaries of these almost linear

sections, where the impact of VHZO values on V) is

1

relatively homogenous, we will use the linear
discriminant analysis.

Example of plotting the linear discriminant
function for Wells 403 and 472:

Z,=-0.00023 VHZO +0.000941V,, +3.899984

OL

with R = 0.942, y* = 760.4577, p = 0.000000;
Z,=0.000174V;, ;, —0.001254 7, +2.145452
with R = 0.732, y* = 196.9258, p = 0.000000.
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Fig. 20. Change in V; values depending on ¥, , by well
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Based on these functions, the values Z; and Z,
were calculated, and they were further used to
determine the boundaries of classes in respect of
the ratio of ¥} to Vo
The first boundary has the value of VH2O =

= 33,029 m’, the second — of 71,595 m’. Using this
information, we have composed regression

equations for the dependence of V; on VHZO (see

Table 8). LDFs were also plotted for other wells,
which were used to determine the classes’

boundaries for the dependence of V; on Vg

within which regression equations were composed.
Table 8
Assessment of impact of VHzo In injection

well 472 on V; in producing wells 403-405,

474, 475, 477, 478

lnter;ilo(’)f;aslues Constant | Slope term Corr;teil;ltion
Well 403

0-45,932 —1,087.158 0.221 0.980

45,932-100,403 | —2,016.843 0.232 0.979

Over 100,403 16,070.244 0.036 0.973
Well 404

0-39,673 —581.660 0.215 0.989

39,673-80,967 —7,428.683 0.339 0.957

Over 80,967 —3,801.333 0.346 0.995
Well 405

0-45,932 —609.042 0.212 0.988

45,932-95,653 1,784.522 0.150 0.985

Over 95,653 13,354.822 0.018 0.994
Well 474

0-41,258 —571.296 0.162 0.987

41,258-88,637 3,863.416 0.053 0.956

Over 88,637 7,274.674 0.015 0.967
Well 475

0-11,236 491.402 0.064 0.963

11,236-19,679 602.126 0.072 0.939

Over 19,679 723.364 0.062 0.894
Well 477

0-68,288 —859.575 0.149 0.981

68,288-80,967 24.,166.504 0.522 0.969

Over 80,967 2,835.772 0.204 0.986
Well 478

0-39,673 1,785.563 0.145 0.996

39,673-98,498 1,065.275 0.146 0.984

Over 98,498 11,398.578 0.03 0.985

O]

Well 424 is different in the highlighted intervals.
We note that for wells 403, 405, 474,
475 and 478 the minimum impact is observed in

It can be seen that the impact of V;;, on V; of
2

the third interval (minimal slope term) and
maximum — in the second. For Well 404, the
minimum impact is observed in the first interval,
and maximum — in the third. For Well 477, the
impact is maximum in the second interval and
minimum — in the first.

The graph showing the changes of V; values
depending on the value of VHZO in the third interval

is shown in Fig. 21.
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e
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Fig. 21. Change in the values of V; depending on
Vio in the third interval

Regression equations between injection well
472 and producing wells:

Well 403: V; =16,070.2439 +0.0359 V}; o ;

oil
Well 404: V) =-3,801.3332 + 0.3456 7}, ;

oil
Well 405: V= 13,354.8221 + 00182V, 1;
Well 474

v,

Via=17.274.674+0.0146V;, o;
Well 477: V,; =2,835.7721 +0.2035V;, 0,

Y,

Well 478: V; = 11,398.5776 + 0.03 V;y .

Having analyzed the obtained graph and
regression equation, we can say that the highest
slope term is featured by Well 404 (0.3456)
and the lowest — by Well 474 (0.0146). The
slope term of other wells ranges from 0.0182
to 0.2035.

As a result of the performed research the
following recommendations may be formulated for
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the optimization of oil production from T; of
Sosnovskoe oilfield.

13 production enhancement operations were
performed in respect of producing well pool for
1997-2014. The leading technology in terms of
implementation  volume is the formation
reperforation with further treatment of wellbore
area with acid agent preventing emulsification
(four recovery enhancement operations were
performed, average initial growth amounted to
4.9 tonnes/day with specific incremental production
of 2,529.6 tonnes). Besides, one recovery
enhancement operation was carried out according to
hydroacoustic effect technology (initial growth
amounted to 5.0 tonnes per day with the specific
incremental production of 1,286.9 tonnes).

The highest efficiency in terms of specific
incremental oil production per well (5,010.9)

is achieved by radial drilling. Therefore,
it is recommended for oil production
optimization.

Based on the results of analyzing the graphs
of changes in ¥ values depending on VI-120

values, in the third interval, it is recommended
that Wells 404, 427 and 477 continue working in
the same mode. For Wells, on which water
injection into the formation has insignificant
effect (403, 405, 423, 426, 478 u 483), radial
drilling is recommended. Wells 400, 425 and 474
were abandoned in 2016 because of water cut
close to 100 %.

Conclusions

In view of the above, the statistical analysis
was used to assess the impact of water injection
into the formation on oil production on the
example of Tournaisian deposits of Sosnovskoe
oil and gas field. The research results show that
the analysis described in the paper may be
applied to assess the 1impact of water
injection into the formation on oil production
and provide a rationale for carrying out recovery
enhancement operation and to identify
hydrodynamic relations. This method of
assessment shall be further applied to further
development targets.
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