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Keywords: An increase in the productivity of wells at operational facilities is achieved through the use of various geological and technical
hydraulic fracturing, oil recovery, measures. Hydraulic fracturing (HF) in production and injection wells is one of the effective methods for increasing oil recovery,
oil flow rate, technological involving low-permeability zones and interlayers in the development, a mechanism for a wider coverage of productive zones by
parameters, carbonate reservoirs, waterflooding, which makes it possible to convert part of off-balance reserves into commercial ones. According to experts, the
regression analysis. use of hydraulic fracturing can increase the oil and gas recovery factor by 10-15%. The Perm Territory belongs to the old oil-

producing region of the Russian Federation. To date, more than 60% of the remaining recoverable oil reserves of the fields of the
Perm region are concentrated in carbonate deposits. Most of the fields are currently in the late stages of development. These
fields, as a rule, are characterized by the presence of undrained zones with residual reserves and low well flow rates. Most of the
remaining reserves of the fields are concentrated in low-permeability reservoirs with a high degree of heterogeneity and difficult
fluid filtration. Unfortunately, the results obtained in practice do not always correspond to preliminary calculations and do not
reach the planned oil production rates. In connection with the above, the problem arises of predicting the effectiveness of
hydraulic fracturing operations using mathematical methods of analysis. The effectiveness of hydraulic fracturing is undoubtedly
influenced by both geological and technological parameters. In this paper, for the carbonate Kashirsky (K) and Podolsky (Pd)
productive deposits of one of the oil fields in the Perm region, using step-by-step regression analysis based on geological and
technological parameters, a forecast of the initial oil production rate after hydraulic fracturing was made. Good agreement
between model and experimental results is obtained.

KmroveBsre coBa: TMoBeILIeHNE MPOJYKTUBHOCTU CKBAXUH SKCIUTyaTallOHHBIX OOBEKTOB JOCTUraeTcsA 3a CYeT NPUMEHEHUs Pa3JINYHbIX Ie0JIoro-
ruapopaspsis, HedreoTaua TEeXHUYeCKUX MeponpuATuid. I'mapasiuyeckuii paspsis maacra (I'PIT) B JoOBIBAOIMX M HarHeTaTeJIbHBIX CKBAXHUHAX ABJIAETCA
1acTa, Ae6uT HedTH, oHUM U3 3 EKTUBHBIX METOAOB yBeJH4YeHUs HedTeOoT[auM IUIACTOB, BOBJIEUEHUA B pa3pabOTKy HU3KONPOHMUIIAEMBIX 30H U
TEXHOJIOTHYeCcKHe apamMeTpHl, MPOIUIACTKOB, MEXaHM3MOM 0oJiee LIMPOKOr0 OXBaTa NPOAYKTHUBHBIX 30H 3aBOJHEHHEM, YTO MO3BOJIAET IepPeBeCTH YacTh
Kap6OHATHBIE KOJIJIEKTOPBI, 3a6aJIaHCOBBIX 3allacoB B MPOMBIIIJIEHHbIe. [I0 MHEHHIO 5KCIepTOB, NPHUMeHeHre THAPOpa3phiBa MJlacTa MO3BOJIAET yBEJIUYUTh
PerpeccuoHHBII aHaIN3. ko3 dunreHT n3BeveHns HebTH U raza Ha 10-15 %. [lepmckuii Kpail OTHOCUTCA K cTapoMy HedTeJOOHIBAOIEMy PErHOHY

Poccuiickoii ®epepanuu.Ha ceroansmuuili neHb 6ojiee 60 % OCTaTOYHBIX K3BJEKaeMbIX 3amacoB HedTH MeCTOPOXAEeHUi
TTepMCKOro Kpas COCPeJJOTOYEHO B KapOOHATHHIX OTJIOKEHUAX. BOJIBIIMHCTBO MECTOPOXAEHUI B HACTOsIlee BPeMsA HaXOAUTCA
Ha INO3JHUX CTaUAX pa3paboTKU. DTU MeCTOPOXAEHMs, KaK NpPABUJIO, XapaKTEePU3YIOTCA HaJIM4MeM HeJpeHUPYEeMbIX 30H C
OCTaTOYHBIMHU 3aracaMy U HU3KMMH AeOUTaMU CKBaXXMH. BoJibliasg yacTh OCTATOYHBIX 3allacOB MECTOPOXAEHUI cOCpeJoTOuYeHa
B HU3KOIPOHUI[AEMBIX KOJUIEKTOPAX C BBICOKOH CTeNeHb0 HEeOJHOPOJHOCTH M 3aTpyAHeHHOW ¢uibTpanueit ¢uonnos. K
COXaJIeHUIO, MOJIyyaeMble Ha NMPAaKTHKe Pe3yJIbTaThl He BCErja COOTBETCTBYIOT NpeABapUTEJIbHBIM pacyeTaM M He AOCTHUraiT
IUIAaHOBBIX AeOuTOB HedTH. B CBA3M C M3JI0XKEHHHIM BCTaeT 3ajavya MporHosupoBanus 3ddexruBHocTH omeparuii I'PIT ¢
MOMOILBI0 MaTeMaTHYecKux MeTojoB aHanus3a. Ha sddexruHocTs I'PII, HECOMHEHHO, BIMAKT KaK reosOrHyeckue, Tak U
TeXHOJIOTHYecKHe mapameTphl. B Hacrosmeli pa6orte ja kap6oHaTHbeIX kamupckux (K) u moposbckux (I1n) NpoAyKTHBHBIX
OTJIOXXEHUII OAHOTO U3 He(PTAHBIX MeCTOPOXAeHWil [TepMCKOro Kpas ¢ MOMOIbI0 MOIIArOBOr0 PErpecCHOHHOrO aHajM3a Ha
OCHOBE T'e0JIOTMYeCKUX M TeXHOJIOTMYECKHUX IapaMeTpOB BBINOJIHEH NPOrHO3 HavasbHOro aedura Hedtu mocste I'PIL. IlosyueHo
Xopolilee corjacue MOJIeJIbHBIX U SKCIIePUMEHTaJIbHBIX Pe3yJIbTaToB.
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Introduction

Perm Krai is an old oil producing region of the Russian
Federation, most fields are at late stages of development.
Today, more than 60 % of the remaining recoverable oil
reserves of Perm Krai fields are concentrated in carbonate
deposits [1]. Application of various geological and
technical measures in producing wells is an effective
method of obtaining additional oil production [2-8].

Hydraulic fracturing (HF) is an effective method of
enhanced oil recovery. With the help of hydraulic
fracturing technology, high well flow rates are achieved by
significantly expanding the drainage zone and introducing
remote and low-permeable areas to the development of
reserves [9-27].

In connection with the mentioned above it arises the
task of predicting the efficiency of hydraulic fracturing
operations by mathematical methods of analysis [28-30].
The efficiency of hydraulic fracturing is undoubtedly
influenced by both geological and technological
parameters [31-45].

In the present work the forecast of the initial oil flow
rate after hydraulic fracturing was carried out for
carbonate Kashira (X) and Podolsk (2, productive deposits
of one of the oil fields of Perm Krai with the help of step-

by-step regression analysis on the basis of geological and
technological parameters.

There are data on initial oil flow rate (Q,) after
hydraulic fracturing and several geological and
technological parameters for 22 wells. The following
parameters were taken as parameters affecting the
efficiency of hydraulic fracturing: geological parameters —
porosity (X,), permeability (X,), oil saturation (X,), oil
saturated thickness (4,), technological parameters -
specific proppant consumption (g,), dissection (K)),
downhole clamping pressure (Pz) and pre-fracturing fluid
flow rate (Q,,) (Table 1).

Correlation coefficients () and levels of statistical
significance (p) were determined for paired dependencies
(Table 2).

The table shows that the initial oil flow rate after
hydraulic fracturing @,, porosity and oil saturation correlate
well with all parameters. At the same time, there are
statistically significant relationships between:

- clamping pressure at the face P, with specific
proppant consumption g, and dismemberment X,
- dismemberment K, and specific

consumption g,

- specific proppant flow rate qn and oil saturated

thickness 4,

proppant

Table 1

Ranges of variation and average values of sample parameters for Kashira and Podolsk deposits of Perm Krai

Parameter

Parameter variation range / average value

Initial oil flow rate after hydraulic fracturing, Q,, tons per day

(7.5-4.4)/5.82

Porosity, K, %

(26.6-12.30)/17.69

Oil saturation, K, %

(74.0-59.0)/65.6

Permeability, &, 107 ym®

(91.41-3.2)/20.53

Oil saturated thickness, hn, m

(4.4-2.4)/3.42

Specific proppant consumption, g, t/m

(10.43-5.31)/8.24

Dismemberment, X, units.

(4.0-1.0)/2.45

Clamping pressure at the bottomhole, P, atm

(245.0-120.7)/172.27

Liquid flow rate before fracturing, Q,, m>/day

(4.0-0.5)/1.89

DEVELOPMENT AND OPERATION OF OIL AND GAS FIELDS

Table 2
Correlation matrix for sampling of Kashira and Podolsk carbonate deposits
during hydraulic fracturing at wells in Perm Krai field
O» ’ .
Parameter ton/day K, % K, % K, 10°® mkm? h,, m g, t/m K., units P, atm Q,, m¥/day
r=0.7577 r=0.7595 r=0.7978 r=-0.6168 r= 0.5214 r=0.5011 r=-0.6375 r=0.7189
Q,, ton/day 1
p=0.000 p=0000 p=000 p=0002 p=0013 p=0018 p=0.001 p=0.000
K. o 1 r=20.7946 r=0.8716 r=-0.6369 r= 0.4752 r=0.5989 r=-0.5797 r= 0.5412
» 7 p=0000 p=0000 p=0001 p=0.025 p=0.003 p=0.005 p=0.009
o 1 r=0.7509 r=-04346 r=0.4650 r=0.5603 r=-0.6226 r= 0.5928
» p=0.000 p=0043 p=0.029 p=0.007 p=0002 p=0.004
K, 1 r=-0.6028 r= 0.3953 r=0.3720 r=-0.5521 r= 0.5344
10° mkm? p=0.003 p=0069 p=008 p=0008 p=0.010
B 1 r=-0.5901 r=-0.3762 r= 04081 r=-0.2529
»
p=10004 p=008 p=0059 p=0.256
r= 04395 r=-0.6653 r= 0.3906
qp t/m 1
p=0041  p=0.001 p=0.072
. r=-0.6700 r= 0.2453
K, units 1
p=0.001 p=0.271
r = -0.4200
P, atm 1
p = 0.052
Ot m3/day 1

Note: cells in the numerator indicate the value of the correlation coefficient, in the denominator - the level of statistical significance (p);
statistically significant correlation coefficients for which p < 0.05 are highlighted in red.
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Fig. 1. Dependences of initial oil flow rate after hydraulic fracturing with geological parameters: porosity (X)),
oil saturation (K), permeability (K,), oil saturated thickness (4,)
8 8 8 8
75 75 | y=03483x+40178 75 ¥=-0,0151x+ 83802 75 [|y=04927x+4.8433
i - r=10,5011 | : r=-0,6375 : r=0,7189 |
7 7 7 7
E s . 2 63 265 . 265 >
L 6 o % s s 3 6 : : ‘?‘ 6 .
S . ,s/’:’ N S oss Ciss -h‘ Ciss - 2
2 . O s 2 - > O O
FEg = 45 45 0 45 g
4 4 4 4
5 7 1 (1] 1 2 3 4 5 100 150 200 250 300 0 1 2 . 3 4 5
4p, t/m K, units P, atm Q... m'/day

Fig. 2. Dependences of initial oil flow rate after hydraulic fracturing with technological parameters: specific proppant flow rate (g,),
dissection (KP), downbhole clamping pressure (2), pre-fracturing fluid flow rate (Q,,)
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Fig. 3. Correlation field of the modeled (QH

and actual (Q,) values of initial oil flow rate after hydraulic
fracturing for wells of the Kashir and Podolsk wells carbonate
deposits of the Perm Krai field

For the parameters of the initial sample with high
correlation coefficients and low levels of statistical
significance correlation fields were constructed: for geological
parameters (Fig. 1) and for technological parameters (Fig. 2).

According to the values of correlation coefficients r of
dependences of oil flow rate @, on geological and
technological parameters and the level of statistical
significance p the degree of influence of these parameters
on the initial oil flow rate after hydraulic fracturing is
determined.

Using regression analysis it 1is constructed a
multivariate regression equation, in which the dependent
variable is the model value of oil flow rate after
hydraulic fracturing, and the independent variables are
the sample parameters, for which the level of statistical
significance p < 0.05.

In general, the equation is written as follows:

QHTheor :ao+ all(p-‘r aZK;\+33K;'7r+ a4bn+
+ aSQpJ'- a6K;+ 37}7z+ aSth

References

where a,, a,, ..., a; — regression coefficients determined by
the least squares method.

In our case, a multivariate equation was obtained for
the whole sample by the method of stepwise regression
analysis:

Q"< = 5.857-0.054 K, +0.025 K, +
+ 0.011K,,~ 0.3564,— 0.028g, +0.126 K, -
- 0.002P, +0.286 Q.

Comparison of model and actual values of oil flow rate
after hydraulic fracturing is shown in Fig. 3.

Absolute deviation of model values of initial oil
flow rate from its actual values in the field is in the
range from 0.006 to 0.511 t/day with the average
of 0.219 t/d.

Relative deviation is in the range of 0.11 to 10.90 %
with an average of 3.97 %.

Conclusion

As a result of the performed research it was
established that:

1. The value of initial oil flow rate after hydraulic
fracturing in Kashira and Podolsk carbonate deposits
of one of the fields of Perm Krai is mainly influenced
by geological parameters — porosity, oil saturation,
permeability, oil saturated thickness and technological
parameters — specific proppant flow rate, partitioning,
downhole clamping pressure and pre-fracturing fluid
flow rate.

2. The proposed method allows using the geological
and technological parameters of the object to predict
the value of the initial oil flow rate after hydraulic
fracturing.
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