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Kniouesvie crosa:

KapOOHATHBIH KOJUIEKTOP, CIIOXK-
HOIIOCTPOCHHAs! 3aJIeXKb, ECTECTBEH-
Hasl TPELINHOBATOCTh, PACKPBITOCTD
TPEIINH, THAPOJANHAMUYECKHE HC-
CIIEOBAaHHs CKBAXUH, pPaHroOBas
Kxoppensitusg  CrimpMeHa, paHToBast
Koppemsiiust Kenpanna, ruaponpo-
CIIyIIMBaHUE IUIACTa, JIUTOJIOTO-
(harmaabHbIC 30HBI.

The paper discusses Ozernoe oil field, dedicated to the Solikamsk depression and located in the north of the Perm
region. Lithofacies of Ozernoe field are divided into four zones: reef slope, lower back reef, upper back reef and
bioherm. Efficiency of the implemented flooding system is evaluated according to the level of interaction between
the production and injection wells. The elements of math statistics such as Spearman’s and Kendall’s rank correla-
tion methods are used in order to determine strength and direction of correlation relation between two features. In
accordance with these methods, the evaluation of the influence of injection well on production one is carried out
based on available field data that include amount of injected and produced water per month for studying wells. Sta-
tistical methods based on the calculation of Spearman's and Kendall’s rank correlation are not direct methods of
evaluation of hydrodynamic connection between wells. In this regard, it is relevant to assess the reliability of its
results using conventional methods such as pressure interference test. Noted that the accuracy of statistical meth-
ods of Spearman's and Kendall’s rank correlation while assessing the level of interaction between the injection and
production wells confirmed by pressure interference test. The maximum level of interaction was observed between
the wells located within the same lithofacial zone allocated by the method of 1.S. Putilov. Express assessment of
the interaction between the injection and production wells can be performed using statistical methods of
Spearman's and Kendall’s rank correlation.

PaccmatpuBaercst O3epHoe HedTsHOE MecTOpOXJIeHHE, npuypoueHHOe K COJNMKaMCKOH Jenpeccuy, pacrosioKeHHOe
Ha ceBepe [lepMckoro kpast, Ha JIHTOJIOTO-(aMaIBHOI cXeMe KOTOPOTO BBIAEICHBI 30HBI: CKJIOHA pU(a, HIKHETO ThI-
J0BOTO IHLIeiida, BepxHero ThUIoBOro uvieida u Guorepmuoro siapa. OuenuBaeTcst 3G (HEKTHUBHOCTD PeaTH30BaHHOMN
CHCTEMBI 3aBOJHEHUS, KOTOpasi OMPEAEIIETCS KaK CTeNeHb B3aHMOJCHCTBHS MEXIy JOOBIBAIONIMMH M HAHETATENb-
HBIMH CKBa)XHHAMU. VICIIONIB3yIOTCS METO/IbI MATEMAaTHYECKOH CTATUCTUKU — METO/IbI PaHrOBOH Koppensanuu CriupmMeHa
u Kennamia, mo3BOiSIOIINE ONPEICIUTh CHIY M HAlpaBICHHE KOPPEISLMMOHHON CBSI3H MEKAY ABYMS MPHU3HAKaAMH.
B cooTBercTBUY C JaHHBIMH METOAAMHM OIICHKA BJIUSHUS pabOTHl HATHETATEIbHON CKBAXKHHBI Ha JIOOBIBAIOILYIO OCYIIe-
CTBIISICTCS HA OCHOBE MMEIOIIEroCs MPOMBICIIOBOIO MaTepHaa O MECSIYHbIX 00beMax 3aKauku BOABI H 0TOOpA JKHUIKO-
CTH 10 aHAIN3HPYEMBIM CKBakMHaM. CTaTUCTHYECKHE METOJIbI, OCHOBAHHBIE HA pacuyeTe KOd()(UIMEHTOB PaHTOBOU
koppemsiunu CrnupmeHa u Kenjamna, He SBISIOTCS HPSAMBIMH METOAAMH OLCHKHM THAPOANHAMHUYECKON CBS3UM MEXIY
CKBaXHHAMHU. B 3TOil CBsI3M aKkTyaabHOH NPEACTABISIETCS OLCHKA JOCTOBEPHOCTH PE3yJIbTATOB MX HCIIOIB30BAHUS
C TIOMOIIbIO OOIIENPHHATHIX METONOB, TAKHX KaK TUAponpociyinBanine. OTMEUEHO, YTO JOCTOBEPHOCTh NPUMEHECHUS
CTAaTHCTHYECKUX METOJOB paHroBoil koppemsinuu CrnupmeHa u Kengamna npu oreHKe CTeNeHN B3aNMOACHCTBUS MEXIY
HarHETATEeNbHBIMU M JIOOBIBAIONIMMH CKBaXXMHAMM MOATBEPKAEHA JaHHBIMH T'HJPONPOCIYIIMBaHHS. MakcuMaibHas
CTeNeHb B3aHMOJICHCTBIS OTMEYAETCS MEXKIY CKBRXXHHAMH, PACIOI0KEHHBIMU B IPE/eIaX OQHOM U TOI )K€ JINTOIOro-
dannanbroit 30HbI, BeigenenHoi no WU.C. IlytunoBy. Takke OTMETHM, 4TO SKCIPECC-OICHKA B3aMMOACHCTBUS MEXIY
HArHETATENbHBIMU U T0OBIBAIOIINMH CKBAXXMHAMU MOJXKET OBITh BBIIOJHECHA C UCIOJIb30BAHUEM CTATHCTHYECKUX METO-
J0B paHroBoif koppensauun Cnupmena u Kennanna.
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Introduction

Ozernoe oil field is dedicated to the Solikamsk
depression and located in the north of Perm
region. An operator is LUKOIL-PERM LLC. Oil
reserves are assigned to the Upper Visean-Bash-
kirian and Upper Devonian-Tournaisian carbonate
complexes.

Oil deposits in the Upper Devonian-Tournaisian
(Fransian (Fr), Famennian (Fm) and Tournaisian
(T) deposits) are the main in terms of number of
dedicated geological reserves. Tournaisian and
Famennian are the most representative out of three
united to the deposits. Upper Devonian-Tournaisian
complex is formed in sharply differentiated sedi-
mentation during formation of Kama-Kinel deflec-
tion system, which is the major cause of significant
complexity of internal structure and variability of
reservoir properties. The reservoir properties are as-
sociated with structural facies zones.

The results of analysis of core from Tournaisian-
Famennian deposits on the territory of interests are
summarized by A.P. Vilesov [1]. As a result of
summary, the scheme of lithofacies zonation includ-
ing reef crest (RC), inner reef (IR) and outer reef

Facies — reef crest

Famennian deposits

Facies — inner reef

(OR) was proposed. Later in [2] data from the core
study were complexed with data from 3D-seismic us-
ing the method of stepwise linear discriminant analy-
sis. Litho-facies scheme was adjusted with following
zones: reef slope (RS), lower back reef (LBR), upper
back reef (UBR) and bioherm (B). Comparison of
lithofacial schemes considered by [1] and [2] is
shown on Fig. 1.

Research of fracture and spatial distribution of
different types of reservoirs on the deposits of inter-
est [3-5], revealed that lithofacial zonation made by
I.S. Putilov correlate with field data, in particular
with well test interpretation. Authors found that in
lithofacies of upper back reef and adjoined areas
crack-porous type of reservoir is dominant. The rest
of reservoir is porous. These findings confirm the as-
sumption of considerable complexity of structure. It
is obvious that, recovery becomes more complex in
such conditions and reservoir pressure maintenance
in particular. It is known that displacement of oil by
water from pore channels and crack-matrix system
occurs under variety of hydrodynamic principles
[6-8]. In this regard, study of waterflooding features
complex deposits presented by reservoirs of different
void types is relevant.

Facies — reef slope

Tournaisian deposits

Fig. 1. Comparison of lithofacial schemes of Tournaisian-Famennian deposits of Ozernoe field

ISSN 2224-9923. Bectaux ITHUITY. I'eonorus. Hedrerazosoe u roproe gexo. 2016. T.15, Nel8. C.33-41



ISSN 2224-9923. Bulletin of PNRPU. Geology. Oil & Gas Engineering & Mining. 2016. Vol.15, no.18. P.33—41 35

Evaluation of hydrodynamic link
between producer and injector
with use of statistical methods

One of the indicators for evaluation of efficien-
cy of implemented flooding system is a level of in-
teraction between producer and injector. There are
different ways to evaluate interaction between pro-
ducers and injectors in reservoir pressure mainte-
nance system, such as tracer studies and interfer-
ence test. However, they are expensive and unsuita-
ble for express-assessment of interaction between
producer and injector.

In such circumstances, be regarded as relevant
statistical methods, such as Spearman’s and Ken-
dall’s rank correlations [9-10], allowing to deter-
mine strength and direction of correlation between
the two sign. According to these methods diagnos-
ing the injection well influence on production is
carried out on the basis of available field data of
monthly volume of water injected and liquid pro-
duced from the wells of interest.

Spearman’s rank correlation coefficient is non-
parametric method used to study statistical rela-
tionship between phenomena. In this case, level of
parallelism between two quantitative rows of stud-
ied signs is determined and strength of this rela-
tionship is given based on quantitative coefficient.
The values of each sign is ranked according to the
level of increase (from 1 to n), then the difference
between the ranks (d) corresponding to one obser-
vation is determined. Sign X is well injectability,
m’/day, factor Y is well production, tons/day. For
sign X and factor Y there are grades assigned. The
sequence and results of calculating of Spearman’s
rank correlation coefficients are considered by the
example of wells located in northwestern part of
the field and representing a certain element of im-
plemented system development: injection wells
No 452 and 453; production wells Ne 451, 454 and
455 (Fig. 2).

Table 1 below presents data and calculated
Spearman’s rank correlation coefficient for the pair
of wells 453-455 located on a dedicated section of
the deposit.

Spearman's rank correlation coefficient is calcu-
lated according to the formula

2
p=1-6 ;d =1-6

n —n

424,5

52— 0,166.
13 -13

Spearman’s rank correlation coefficients bet-
ween wells Ne 453 and 454 (0.221) and between the
wells Ne 451 and 452 (/ = 0,683) are calculated in
the same way.

Ranges of possible numerical values of Spear-
man’s rank correlation coefficient and the corre-
sponding strength characteristics are presented in
Table 2.

Table 2 shows almost none hydrodynamic link
between the wells Ne 453 and 455; weak strength
between wells Ne 453 and 454 and medium strength
between wells Ne 451 and 452.

According to [11], the value of Spearman’s rank
correlation coefficient is often underestimated. In
this regard, the results of calculations must be
checked using the method of Kendall's rank correla-
tion. Presence of link between wells has to be diag-
nosed on the basis of the two statistical methods.

1] -"""ﬂ-h\.——-.‘

; G
®  Producer
4 Injector

= = = Quter oil-bearing contour
Disturbing well
Observation well

Fig. 2. Deposit section to study interaction
between the wells
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Table 1
For calculation of Spearman's rank correlation coefficient
Rank Rank 5
n X Y )(,dr Y, dy (dx 7d_v)
1 22 5,677 1,5 4 6,25
2 22 5,733 1,5 5 12,25
3 125 5,806 5 8 9
4 180 5,345 10 3 49
5 140 5,763 6 6 0
6 152 5,823 7 9 4
7 123 6,004 4 11 49
8 175 5,771 9 7 4
9 168 6,013 8 12 16
10 119 5,991 3 10 49
11 197 6,093 12 13 1
12 201 4,426 13 1 144
13 188 5,229 11 2 81
4245
Table 2 As aresult, use of the formulas lead to P equals 30
Strength of the link between different values (Table 3).
of Spearman's rank correlation coefficients Kendall's rank correlation coefficient can be cal-
Coreiaion Charmciorzatio culated using exact (1) and simplified (2) formulas:
coefficient of link strength
7,<0,1 Hardly exist link _ P-0  35-43
0,101<r,<0,3 Weak link *N(N—l) 713(13_1)
0,301<r,<0,5 Moderate link 2 2
0,501<r, <0,7 Link of medium strength
4p 4-35
0,701<r,<0,9 Strong strength T= -1= —-1=-0,1. (2)
0,901<r, <1,0 Very strong strength N(N - 1) 13 (13 N 1)
Kendall's rank correlation method is used to de- Table 3
termine relationship between the two variables of For calculation of Kendall's rank
rank. Kendall's rank correlation coefficient (1) is de- correlation coefficient
fined as a difference between the probability of co- N v Rank Rank » 0
incidence and inversion in these ranks. The calcula- X, d, Y, d,
tion of Kendall's rank correlation coefficient made 22 5,677 1 4 9 3
on the example of selected section of deposits are 2 5,733 2 > 8 3
ted bel 125 5,806 3 10 3 7
presented below. . 180 | 5345 3 7 2 7
Assign grades to the sign Y and factor X. Lo- 40 5.763 5 3 3 5
cate the objects so that the ranks of the X provide a 152 5.823 6 6 4 3
natural row. Since the values assigned to each pair 123 6,004 7 9 2 4
of the series are positive, the value "+1" included 175 3,771 8 12 1 4
in P will be generated only by pairs, which form 168 6,013 9 ! 3
. . . 119 5,991 10 1 2
direct order of Y. In the series Y right to the 3 there o7 6’093 o : :
are 10 rapks, exceeding 3 thus 3 generates P 1p 10. 201 2.426 B B 0 T
To the right of 9 there are 4 grades, exceeding 9 188 5.229 3 1 0 0
(13, 11, 12, 10), meaning that 4 will be into P etc. 35 43
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In order to check the null hypothesis of the
equality to null of general Kendall’s rank correlation
coefficient with competing hypotheses H,:1#0,
with a level of significance critical point has to be
calculated:

2(2n+5)
cr =ZCI’ 9
9n(n —1)

where 7 is volume recovery; z, is critical point of
double side area that is defined by Laplace func-
tion table.

If 1<T, means there is no reason to reject
the null hypothesis. Rank correlation link between
qualitative characteristics is insignificant. If ©> T
then a null hypothesis has to be rejected. Between
qualitative characteristics there is significant rank cor-
relation link.

The critical point z, is found as:

Oz, )= 221200 475
2
From Laplace table z, =1,96.
The value of critical point:
2(213 + 5)
T, =196 | ———= =0,41.
9. 13(13 —1)

Since the condition t< T, accepts the null hy-

pothesis rank correlation link between the parameters
1s not significant.

Thus, both the statistical methods used to evalu-
ate the hydrodynamic link between the injection well
Ne 453 and production well Ne 454, demonstrate its
actual absence.

The other two pairs of selected reservoir area
Kendall’s method confirm method of Spearman.

Evaluation of authenticity of Spearman’s
and Kendall’s statistical methods of rank
correlation application

Statistical methods based on the calculation of
Spearman’s and Kendall’s rank correlation coeffi-

cients are not direct methods to estimate hydrody-
namic link between wells. In this regard, it is rele-
vant to assess authenticity of its results using con-
ventional methods such as interference test (IT).

It is known that interference test is studying of
the propagation of elastic pulse (disturbances) in
reservoir between wells. On this purpose, one of the
wells, called disturbing well, change performance
mode — it may be well shut, its switch on production
with constant flow rate or bottom hole pressure and
flow rate change. After the pulse was trigged pres-
sure change is observed in the neighbor wells. It is
obvious that the change in pressure in observation
wells is caused by both the impulse in disturbing
well and reservoir parameters in the direction of
each observation wells.

LUKOIL-PERM LLC performs interference test
regularly on the fields with complex geological
structure, including Ozernoe. An example of hydro-
dynamic link assessment by interference test on the
section of Tournaisian-Famennian deposits, repre-
sented by three wells is presented below (see Fig. 2).

Interference test was applied to the north-west
part of deposits. During the test wells Ne 451, 454
and 455 were disturbing wells, Ne 452 and 453 were
observation wells. The regimes of surrounding wells
were stabilized to improve result authenticity. Exam-
ple of obtained in research interference curve show-
ing the change in pressure in observation well, is pre-
sented on Fig. 3.

The processing of interference test was carried by
graphoanalitical method (integral). The method rep-
resents analytical processing of experimental re-
sponse of curves. According to analytically found re-
lationships the charts with straight lines were plotted.
From the slope of these lines to the horizontal axis
and the intercept on the y-axis, formation properties
are defined. Obtained interference curves were pro-
cessed by this method. Processing results are pre-
sented in Table 4. To assess reliably of reservoir pa-
rameters from processed interference curves the re-
sults of interpretation of build-up and drawdown
curves are presented in table 4 [12-16].

Presented in the Table 4 data shows permeability
obtained by interference test around wells No 453-454
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g 180 1— o
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2 3 Shut-in of well No50 +50 2
£ 140 1 — =
= Shut-in of well Y g
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40 — T .|
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Fig. 3. Curve of pressure change in observation well Ne 453

Table 4

Results of well test data processing

Piczo- Hydraulic
o . conductivity,  [Permeability,
Well Ne | Test type cond;llggwty, mem2-cm/ mD
mPa-s

453 |Prawdown| o9 263 14,8
curve

454 | Build-up 0,07 58 14
curve

455 | Buldup 10, 84.4 18,9
curve

453454 |Interference 0,27 1,3 7,2

453455 |Interference 0,69 14,8 17,2

451-452 (Interference 1,08 162,4 75,4

of 7.2 mD is in a range of permeability values de-
fined by drawdown and build-up curves (14.8 and
1.4 respectively). A similar situation is observed for
a pair of wells Ne 453-455. Compliance of permea-
bility values, defined by interpretation of the inter-
ference to the values determined by pressure build-
up (drawdown) is a factor that confirms authenticity
of interference test.

The existence of hydrodynamic link between the
wells and its intensity were measured by the
piezoconductivity coefficient. Analysis of this pa-
rameter shows that the level of interaction between
the wells Ne 451 and 452 has to be considered as
maximal for the sector of interest. Besides, wells
hardly communicate. These conclusions are coherent
with calculation results obtained by Spearman’s and
Kendall’s statistical method of rank correlation.

Thus, the data analysis of interference test con-
ducted on the north-western part of the Tournaisian-
Famennian deposits of Ozernoe field confirm authen-
ticity of calculations of the link between wells by
Spearman’s and Kendall’s rank correlation which
leads to the possibility of their use for express solu-
tion of this task.

Evaluation of interaction between
all the wells of deposit with use of statistical
methods of rank correlation

Proven by interference test authenticity statistical
methods, based on calculations of Spearman’s and
Kendall’s rank correlation coefficients allows to es-
timate the level of interaction between the wells on
entire reservoir area and not only in the areas cov-
ered by the research.

For all pairs of wells of Tournaisian-Famennian
deposits of Ozernoe field Spearman's rank correla-
tion coefficients (confirmed by Kendall) were cal-
culated and used for estimation of interaction be-
tween the wells. The calculation results are com-
bined with lithofacial diagrams and graphically
presented in Fig. 4.

Data presented in Fig. 4 allow selecting reservoir
areas with maximal and minimal influence of applied
pressure maintenance system on performance of
neighbor wells. Wherein, combination of results with
lithofacial scheme according to I.S. Putilov allows to
say that the maximal interaction between injection
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- Lower back reef

Upper back reef Reef crest

Bioherm Inner reef

Reef slope Reef slope + Tournaisian deposits
a b

Map key symbols:
* Producer + Injector “— Producer with horizontal section —-— . Outer oil-bearing contour
Spearman's rank correlation coefficient
B Nolink B Weak link Moderate link 000 Intermediate link [l Strong link

Fig. 4. Scheme of well interaction combined with lithofacial zonation:
a — according to I.S. Putilov; b — according to A.P. Vilesov

and production wells is observed in their placement
within the same lithofacial zone. The interaction be-
tween the zones is minimal. At first this conclusion has a
practical benefit in terms of corrections of current devel-
opment scheme. At second, it confirms lithofacies analy-
sis authenticity based on results of integration of core
study data and 3D-seismic.

Conclusions

1. Express-assessment of the interaction
between producers and injectors can be performed
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