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Domestic standards for conducting laboratory studies on core samples of oil and gas formations provide for purification
from hydrocarbons using extraction. Purification prepares core samples for the main types of research. A number of
different solvents and special extraction and distillation apparatus are used. Core samples placed in the apparatus
undergo purification cycles for a long time with high-temperature exposure. However, extraction leads to distorted ideas
about the natural wettability of the rock surface, which is subject to change and, as a rule, hydrophilizes. In this regard,
it is of scientific and practical interest to assess the wettability of the rock at various stages of sample preparation —
before and after the extraction procedure. The purpose of the research is to analyze the wettability of core samples
before extraction from hydrocarbons using statistical research methods. The work analyzes the effect of the porosity and
permeability coefficient on the change in wettability. The results of the research showed that with the help of the
conducted complex of laboratory studies using various statistical methods it was possible to create mathematical models
for predicting the values of the wettability index for oil before extraction based on the filtration and capacity properties
of core samples. The paper provides examples of the correlation fields analysis of various parameters before and after
extraction. The multivariate statistical analysis conducted in the work made it possible to establish that it is most
expedient to predict the wettability values after extraction differentially by wettability methods and by the studied
formations. The multivariate models obtained in the work can be further used to predict changes in miscibility for some
objects in the Timan-Pechora province.

OTeyecTBeHHBIE CTAHAAPTH 1O MPOBeJeHHI0 JabopaTOPHHIX HCCJIefloBaHMI Ha ob6paslax KepHa MopojJ HeTAHBIX M ra3oBbIX
IUTaCTOB NMpeAyCMaTpUBAlOT OYUCTKY OT YIJIEBOAOPOAOB C IMOMOIIBI0 3KCTPaKLHU. Ouncrka noAroTaBJINBaeT 06p3311]:1 KepHa K
OCHOBHBIM BHUOaM Hccne}:[ona}mﬁ. HpI/I OTOM NPUMEHAETCA PAA Pa3JINYHBIX pac’rBopMTeneﬁ " crnenuayibHble 3KCTPaKIMOHHO-
JIMCTUUIALMOHHbBIE anmapaTthl. OGpasibl KepHa, OMellleHHbIe B anmnapaThl, IPOXOJAT LMKJIBI OYMCTKM B TeYeHUe JJIMTeIbHOro
BpPEMEHU C BBICOKOTEMIIEPATYPHBIM BOS}Z[eﬁCTBPIEM. OﬂHaKO 3KCTpaKOUA NPUBOAWUT K HCKaXEHHBIM IIpeACTaBJIEHUAM o6
ecTecTBEHHOI CMAayMBaeMOCTH OBEPXHOCTU NOPOMbI, KOTOPas [O/{BepraeTcs M3MeHEHHI0 1, KaK IPaBUjIo, THAPOGHIN3UPYeTCs.
B cBS3M C 9TUM MNpeJCTaBJIAIOT HAYYHBIH M NPAKTHUYECKUI MHTepec OLEeHKM CMAa4yuBaeMOCTU NOPOJbl Ha Pa3JIMYHBIX JTamax
MOJATOTOBKM 00paslioB — JO U Mocje Ipomefypbl dKcTpakuuu. Llesb ucciieqoBaHUE — aHAJIW3 BEeJIMYUHBI CMAuMBaeMOCTU
OGPHBHOB KepHa [0 B3KCTpaknuu OT YIJIEBOAOPOAOB C IIPUMEHEHUEM CTaTUCTUYECKUX METOAOB HC(‘J’IeﬂOBaHI/Iﬁ. B paGOTe
NPOBOAUTCSA AHAJM3 BJMAHMUA HAa M3MEHEeHHe CMauyuBaeMOCTH Kod(puIUeHTa MOPUCTOCTH M NPOHMIAEMOCTH. Pe3ysbTarTh
HCCJIeIOBAHUE TIOKA3ajM, 4TO C IOMOIINBI0 MPOBEJEHHOro KOMIUIeKca JIaGopaTOPHBIX HCCJIeNOBAaHMUI C HCIOJIb30BaHHEM
pa3JIMYHBIX CTaTUCTUYECKHX METOAOB YyAaJIoCh cCO34aTh MaTeMaTH4YeCcKre MOOeJM IIpOrHosa 3HAYeHWI MoKa3aTessd
CMayMBaeMOCTH 10 He(dTU A0 OSKCTPAKIUU HAa OCHOBe (IIIBTPAIJIOHHO-eMKOCTHBIX CBOMCTB 00pasIoB KepHa. B pabote
npuBeJieHbl NpYMephl aHaau3a KOPPEeJIALMOHHBIX I0Jiell pa3IMYHBIX MapaMeTpoB A0 U IocJie dKCTpakuuu. ITpoBefieHHHIN B
paGOTe MHOI‘OMeprIﬁ CTATUCTUYECKUI aHAJIN3 MO3BOJIHIT YCTaHOBUTH, UTO MPOTrHO3MPOBaHNE 3HAYeHUI CMAYMBaeMOCTH IOCJIe
3KCTpaKuu HauboJiee uenecooﬁpasno BBITIOJTHATH ;[ml)q)epeﬂunponam{o nmo MeromaM CMayuBaeMOCTU U IO H3YYa€MBIM
mwiacraM. IlojyyeHHble B paboTe MHOrOMepHbIE MOJENM B JaJibHeHIIeM MOXHO MCIIOJIb30BaTh [JlA NPOTHO3a M3MEHEeHHs
CMeIIBaeMOCTH JJIs1 HEKOTOPHIX 06beKTOB B TruMaHo-Ileyopckoii IpOBUHINU.
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Introduction

Wettability of reservoir rocks is one of the key
characteristics that influence the distribution and
filtration of formation fluids in the void space [1-6]. It is
partial or complete spreading of liquid over a solid
surface. For productive formations, such phases can
include oil, brine water and gas. Therefore, determining
wettability is a crucial task both for estimating
hydrocarbon reserves and for oil and gas fields
development. Various laboratory methods are used to
determine wettability: the contact angle method, the
Amott method (Amott-Harvey) [7, 8], the United States
Bureau of Mines (USBM) methodology [9-11], the
combined Amott-USBM method [12, 13], and the
Tulbovich method (OST 39-180-85 Industrial Standard)
[14]. Reservoirs have mixed wettability, since the void
space surface is characterized by both hydrophilic and
hydrophobic properties simultaneously, as different
minerals in the reservoir rocks are of varying wettability
types. This study examines three geological objects:
Zadonian deposits of the Famennian substage in the
Upper Devonian system (D3zd), the deposits of the
Asselian-Sakmarian stage in the Lower Permian system
(Pla+s) and the deposits of the Artinskian stage in the
Lower Permian system (Pla). The study analyzes core
data related to wettability by oil (Wet-O), by OST
(Industrial Standart) (Wet-OST), and by Amott (Wet-A)
both before (BE) and after (AE) extraction. Porosity
coefficients (K,) and permeability coefficients (K,) were
also used for the analysis.

Typically, wettability studies are conducted on core
samples that are cleaned of hydrocarbons using various
solvents such as chloroform, a benzyl alcohol mixture,
toluene, etc. The surface of the samples cleaned in this
way leads to a change in the core wettability [15-17]. As a
result, the obtained data on wettability characteristics can
vary significantly. To verify the changes during the core
samples preparation, parameter measurements are taken
before and after the extraction [18-20]. In this context,
the issue of predicting the wettability parameter without

conducting additional research becomes relevant. For this
purpose, a method for predicting the wettability parameter
after extraction was developed.

The theoretical potential of using statistical methods to
solve geological and field-related problems is discussed in
works [21, 22]. The application of various statistical
methods and the examples of solving similar tasks can be
found in works [23-45].

Database analysis

To prove the changes in the rock wettability occured
during the extraction process, we compare mean
wettability values obtained by these methods before and
after extraction using Student's t-test (see table).

It is evident that the mean values of Wet-O before and
after extraction are statistically different, with the mean
values of Wet-O after extraction being lower than those
before extraction.

For Wet-OST, the average values after extraction are
higher than those before. It is also worth noting that for
the Pla formation, the mean wettability values before
and after extraction are not statistically different.

For Wet-A, the mean values after extraction are also
higher than those before it, these differences are
statistically significant. It is noteworthy that there is a
more pronounced difference in the mean values before and
after wetting when moving from the bottom to the top of
the section.

To assess the influence of K, and K, on the
considered wettability variants across the layers,
correlation fields were constructed between these
values and the wettability values of BE and AE.
Examples of such fields for Wet-O before and after
extraction and along with the K, and K, coefficients are
shown in Fig. 1, a, b.

The analysis of the constructed correlation fields shows
that before extraction, the values of Wet-OB are hardly
controlled by the values of K. After the extraction, it is
observed that the value of Wet-OA decreases according to
the statistically significant correlation. It indicates that

Mean values of wettability parameters

Mean values BE

Mean values AE

t-criterion — upper row,

Layers Wet-OB Wet-OA p-value criterion — lower row
D3zd 0.381 + 0.201,n = 52 0.234 = 0.158,n = 52 %
Pla+s 0.328 + 0.161,n = 38 0.160 *+ 0.132,n = 38 %
Pla 0.392 + 0.185,n = 10 0.230 = 0.112,n = 10 %
Layers Wet-OSTB Wet-OSTA
D3zd 0.263 + 0.162,n = 52 0.407 + 0.209,n = 52 ('%0%%
Pla+s 0.279 = 0.190,n = 38 0.438 = 0.192,n = 38 (%0%71%
Pla 0.250 *+ 0.250, n = 10 0.434 = 0.293,n = 10 (%8?’;15?5
Layers Wet-AB Wet-AA
D3zd -0.139 = 0.257,n = 52 0.176 = 0.227,n = 52 0%1
Pla+s -0.020 = 0.248,n = 38 0.258 * 0.243,n = 38 (%0%%%
Plar -0.139 = 0.356,n = 10 0.261 * 0.345,n = 10 0%5
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Fig. 1. Correlation fields: a - between K, and Wet-OB, Wet-OA;
b - between K, and Wet-OB, Wet-OA

the fields are characterized not only by different strengths
of the relationship between K, and Wet-OB, Wet-OA, but
also by a significant drift in the values of Wet-OB and Wet-
OA relative to each other.

Similar fields were constructed and analyzed for the
Wet-OST and Wet-A methods. Analysis of the constructed
fields shows that, both for the studied methods and
reservoirs, the correlation fields are characterized by
different types.

Development of predictive models for wettability
values after extraction

The data presented above show that the wettability
values obtained by different methods vary significantly.
Therefore, the prediction of wettability values after
extraction will be carried out differentially by methods
and layers. In addition to the coefficients K, and K, the
age of the studied reservoirs was also included in the
analysis. The reservoir D3zd was assigned an index (I) - 1,
reservoir Pla+s — 2, reservoir Pla - 3.

For Wet-O across all reservoirs combined, the
multivariate model is represented as follows:

Wet-OA™ = 0.268 — 0.022176K, + 0.075532I, +
+ 0.000523K,,

with R = 0.584, p < 0.0000001, and a standard error of
0.120.
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Fig. 2. Correlation fields: a — between Wet-OA and Wet-OA™;
b - between Wet-OSTA and Wet-OSTA™

The wettability model by oil after extraction was
formed in the sequence given in the regression equation. It
shows that the model formation started with K, followed
by I, and at the final step, K, was used. The values of the
R coefficients, which describe the strength of statistical
relationships, changed as follows: 0.501; 0.562; 0.584. The
values of Wet-OA™ calculated with this formula were
compared with Wet-O (Fig. 2, a).

For the wettability by Wet-OST, the following
multivariate model is obtained:

Wet-OSTA™ = 0.275 + 0.205466 I, — 0.018862K, —
- 0.000793K,,

with R = 0.579, p < 0.0000001, and a standard error
of 0.177.

The wettability model by OST after extraction was
formed in the sequence given in the regression equation.
This shows that the model formation started with I,
followed by K, and at the final step, K, was used. The
values of the R coefficients, which describe the strength
of statistical relationships, changed as follows: 0.402;
0.555; 0.579.

Using this formula, the values of Wet-OSTA™ were
calculated and compared with Wet-OSTA (Fig. 2, b).

From Fig. 2, q, it is clear that the correlation between
Wet-OA and Wet-OA™ is a positive nonlinear relationship,
within which various types of correlations are observed
differentially across layers.

HEAPOMNOJIb3OBAHUE
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From Fig. 2, b, it is evident that the relationships
between Wet-OSTA and Wet-OSTA™ across the studied
layers vary significantly. It should be noted that the
predicted values of Wet-OSTA™ exhibit a sequential
blending of correlation fields relative to each other.

For wettability by Wet-A, the multivariate model has
the following form:

Wet-AA™ = 0.0067 + 0.129934L, - 0.0011317K,, +
+ 0.003315K,,

with R = 0.471, p < 0.00008, and a standard error of 0.219.
The wettability model by Amott after extraction was
formed in the sequence given in the regression equation. It
shows that the model formation started with I, followed
by K,,, and at the final step, K, was used. The values of the
R coefficients, which describe the strength of statistical
relationships, changed as follows: 0.405; 0.468; 0.471.

Using this formula, the values of Wet-AA™ were
calculated and compared with Wet-AA (Fig. 3)

It is evident that the correlation between Wet-AA and Wet-
AA™ for the studied layers differ significantly both in type and
in the strength of the statistical linear relationships. The type of
correlation fields for the layers shows that there are practically
non-intersecting fields for the predicted values of Wet-AA™,
while such a strong differentiation is not observed for the
values of Wet-AA . Therefore, for all types of wettability, the
models were developed separately for each layer.

As an example of model construction by reservoirs, the
Wet-O method is used.
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Fig. 5. Correlation fields: a — between Wet-OSTA and Wet-OSTA™™
considering the reservoirs; b — between Wet-AA and Wet-AA™

For the D3zd reservoir the model has the following form:
Wet-OA™ ¥ = 0.571 - 0.034350K,

with R = 0.585, p < 0.00006, and a standard error of 0.135.
It is evident that for this reservoir the predicted values
are formed only by K,
For the Pla+s reservoir the model has the following form:

Wet-OA™P12*s = 0.328 - 0.015923K,, + 0.000811K,,

with R = 0.584, p < 0.00067, and a standard error of 0.108.

The wettability model by oil after extraction for the
Pla+s was formed in the sequence given in the regression
equation. The values of the R coefficients, which describe
the strength of statistical relationships, changed as follows:
0.528; 0.584. It is also evident that the formation of values
occurred mainly due to the K, values.

For Pla reservoir the model has the following form:

Wet-OA™ P12 = 0.452 — 0.017234K,

with R = 0.588, p < 0.07344, and a standard error of 0.096.

It is seen that the formation of values occurred
mainly due to the K|, values.

The developed models using this extraction method
show that the formation of model values occurred mainly
due to K.

Using the mentioned formulas, the values of
Wet_OAmr—DBZd’ Wet_OAmr—Pla+s, Wet_OAmr—Pla and

HEOPONOJIb3OBAHUE
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(Wet-OA™™) were calculated and compared with Wet-OA
(Fig. 4).

It can be seen that there is a close correlation between
Wet-OA and Wet-OA™ across the entire range of values.
Notably, the conducted statistical extraction modeling by
reservoirs, firstly, allowed us to eliminate the nonlinearity
between the values of Wet-OA and Wet-OA™, secondly,
determine that the values of Wet-OA™ mainly depend on K,,.

Similar differentiated models for the reservoirs were
developed using the Wet-OST and Wet-A methods.
According to these models, the values of Wet-OSTA™ and
Wet-AA™ were calculated and compared with the values
of Wet-OSTA and Wet-AA (Fig. 5, a, b)

It can be seen from Fig. 5, a, that after constructing
multivariate models, considering the values differentiated
by reservoirs, the correlation fields are characterized by a
close relationship.

From Fig. 5, b, it is evident that after constructing

statistically significant, while the average values after
extraction are lower than before extraction.

For wettability by OST and Ammot, the mean values
after extraction are higher than before. It should be noted
that according to the OST method for the Pla reservoir,
the average wettability values before and after extraction
do not differ statistically.

The performed multivariate statistical analysis showed
that predicting the wettability values after extraction is
most rational when performed in a differentiated manner,
considering not only the methods of wettability but each
studied reservoir.

The mathematical models for predicting wettability
values after extraction are developed for the Zadonian
deposits of the Famennian substage in the Upper Devonian
system, the deposits of the Asselian-Sakmarian and
Artinskian stage of the Lower Permian system. The
coefficients of the terms in the resulting multivariate

models allow for a quantitative assessment of the
relationship  between  wettability,  porosity, and
permeability of the rock for various deposits.
Subsequently, these multivariate models can be used to
predict the wettability of core samples where no special
studies have been conducted, as well as for forecasting this
parameter across the oil field area.

multivariate models with the values separate for each layer,
the correlation field has a close relationship.

Conclusion

Thus, the analysis showed that the mean values of
wettability by oil before and after extraction are
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