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Abstract. The article studies the formation features of the bottomhole zones in productive formations during operation of
production wells in the north of the Perm Territory. Their distinctive feature is the high gas saturation of formation oil.
The most widely used parameter in Russian and world practice — the skin factor was used as a criterion characterizing the
state of the bottomhole zone. Analysis of scientific publications has shown that one of the main problems of applying the
skin factor to assess the state of bottomhole zones is the ambiguity of interpretations of its physical meaning and the
impossibility of identifying the prevailing factors that form its value. The paper proposes an approach to identifying such
factors in the conditions of the fields under consideration, based on multivariate correlation-regression analysis. Choice of
this tool is due to the complexity of the processes occurring in the “formation — bottomhole zone — well” system. When
describing complex multifactorial processes, the chosen method demonstrates a high degree of reliability. For a large
number of wells in the region, significant material was collected and summarized, including the results of determining the
skin factor (1102 values) during hydrodynamic investigations, as well as data on the values of various geological and
technological indicators, which can probably be statistically related to the value of the skin factor. A series of multidimen-
sional mathematical models has been built; the skin factor was used as a predicted parameter, and data on the values of
geological and technological indicators were used as independent indicators. Analysis of the constructed models is a key
stage of this study. Set of parameters included in the multidimensional models, sequence of their inclusion and contribution
to the total value of the achieved determination coefficient as the main indicator for the performance of the constructed
models were studied. It has been established that the main factor influencing the state of the bottomhole zone is oil degas-
sing. Significant differences in the formation features of the skin factor in the terrigenous and carbonate sediments at the
fields under consideration have been determined.

Key words: skin factor; hydrodynamic investigations of wells; multidimensional mathematical model; gas oil ratio;
near-bottomhole zone

Introduction. Near-bottomhole zone (NBHZ) is the most important element of the “for-
mation — well” hydrodynamic system. Its state largely determines the current values of the pro-
ductive characteristics [6, 7]. Obtaining reliable information about the state of the near-bottom-
hole zone is one of the most important tasks in on-site control over the development and operation
of hydrocarbon fields [4, 5, 8]. Determination of the skin factor S is one of the common methods
for assessing the NBHZ hydrodynamic state [1, 9]. The data is obtained through the processing
pressure build-up curves (PBC) obtained in the course of hydrodynamic investigations (HDI) of
wells. This approach is not the only one. There are methods in the practice of petroleum engi-
neering for interpreting the PBC, in which the assessment of the NBHZ is carried out according
to other criteria, for example, by the dimensionless diagnostic feature d in the method of deter-
mined pressure moments [ 14] or by calculating the a3 index in the Pollard method [24]. However,
the method based on the determination of the skin factor has received the most widespread use in
assessing the state of the NBHZ due to the relative simplicity of calculating the indicator itself
and interpreting its value [13]. At the same time, a more detailed analysis of this approach allows
outlining a number of rather serious problems [15].

One of the problems is the ambiguity of the physical meaning put into the term ‘“skin factor”
[21]. Originally, the term “skin factor” meant a thin zone of formation damage surrounding the well-
bore. Later, the skin factor began to be used as a way to mathematically account for additional pres-
sure losses [14] caused by formation damage due to primary and secondary drilling-in, violation of
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the Darcy filtration law [11], non-radial flow geometry, etc. At present, it is the cumulative influence
of these factors that is taken into account by the indicator S [16, 17].

Due to a wide variety of factors leading to additional pressure losses in the NBHZ, many re-
searchers use several types of skin factors: general (total) [18] and specific [19]. Considerable atten-
tion is paid to the study of general and specific skin factors and the reasons for their formation in
Russian and foreign literature. Thorough analysis of the particular components and their contribution
to the overall value of the skin factor is of paramount importance according to [10, 22]. Authors of
[24] point to the complex nature of the specific components influence on the total value and the
inexpediency of their simple summation. Works [20, 25] are devoted to the comparative analysis of
the specific components and the forecast of the total value of the skin factor. Researchers also outline
the relevance of identifying particular reasons for the decrease in the permeability of the NBHZ for
making engineering decisions during stimulation of oil production. Similar conclusions were obtained
in [26]. The work considers the importance of a thorough analysis of the skin factor when planning
and evaluating the results of measures to influence productive formations.

Thus, skin factor should be considered a parameter that is rather difficult to determine and even
more difficult to interpret [11, 21]. In this regard, it seems interesting to conduct research that allows
revealing the physical meaning of the skin factor and the reasons for the change in the state of bot-
tomhole zones of productive formations in relation to the conditions of actual fields.

Methodology. The main idea of the study is as follows: skin factor is a parameter that affects all
filtration processes in the drainage zone of a particular well. As a result, skin factor should be statis-
tically related to certain geological and technological indicators. In turn, the presence of statistical
links with indicators makes it possible to build multidimensional mathematical models — multiple
regression equations.

In general, the multiple linear regression equation has the form:

Y=A41Xi +A2Xo+ ... AxXi + B,

where X1, X2, ... Xi — independent characteristics (indicators); 41, A2, ... Ak — coefficients for indica-
tors; B — constant coefficient (free unit); ¥ — predicted value.

Purpose of the research in this work is to construct multiple regression equations, in which the
skin factor is used as a dependent feature Y, and a set of geological and technological indicators that
affect its value are used as independent factors X.

Analysis of the procedure for constructing and the type of the obtained models, including the list
of'those included in the equations as X-indicators, will make it possible to analyze in detail the process
of forming the predicted value — the skin factor, in the fields under consideration, to highlight the
prevailing factors influencing it. Thus, this work is reduced to the use of multivariate regression anal-
ysis in order to study the patterns of skin factor formation in the considered geological and physical
conditions.

Research was carried out in relation to a group of oil fields located in the north of the Perm Region.
Distinctive feature of these fields is the high gas saturation of oil in formation conditions. Commercial
oil-bearing capacity of the fields is confined to the sediments of the Upper Devonian, Lower and Middle
Carbon. Brief information on the geological and physical properties of the considered fields is presented
in the table.

Study involved the materials of hydrodynamic investigations of wells for ten fields, processed
by known methods [3] with the defining the value of the skin factor. Data for each well on the values
of geological and technological indicators in the same periods of time, in which the hydrodynamic
studies were carried out, were collected. They are: formation pressure Py, MPa; annular pressure Py,
MPa; bottomhole pressure P», MPa; saturation pressure P, MPa; permeability coefficient of the re-
mote formation zone k, pm?; skin factor S, units; liquid flow rate Q;, m*/day; water cut in wells B, %;
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porosity coefficient m, %; formation thickness 4, m; formation oil viscosity p, mPa-s; volumetric
coefficient of oil b; piezoconductivity coefficient y, cm?/s; gas oil ratio G5, m’/t. It is assumed
that statistically significant correlations can occur between these indicators and the value of the
skin factor.

Geological and physical properties of oil fields

Value
Parameter -

min max
Reservoir type Terrigenous, carbonate
Depth, m 1590.0 2806.0
Porosity, % 4.0 23.7
Permeability, mD 17.0 175.7
Oil viscosity in formation conditions, mPa-s 0.72 19.83
Gas oil ratio, m3/t 2.3 351.7
Volumetric coefficient of oil 1.02 1.71
Oil saturation pressure, MPa 10.3 18.5
Initial formation pressure, MPa 9.9 25.0

Values of the skin factor used in the course of the research were determined based on the mate-
rials of hydrodynamic investigations of wells by the pressure recovery method, carried out using high-
precision bottomhole measuring devices. Interpretation of all involved investigations was carried out
in one of the most modern software packages — Kappa Workstation (Saphir module). In this case, the
use of modern measuring instruments and interpretation algorithms is the basis for considering the
obtained skin factor values as reliable.

The models were built after a preliminary study of the correlations between all the listed parameters
using stepwise regression analysis (SRA). This method is widely used to solve various production and
technological problems, especially in the conditions of complex multifactorial processes [2, 12].

The most important element of the study is not only the construction of models, but also their
analysis. Detailed analysis of the multidimensional regression equations allows solving the problem,
1.e. to highlight the main indicators that affect the formation of the skin factor. List of parameters
included in the model, order of their inclusion, as well as the contribution of the parameter to an
increase in the resulting coefficient of determination R — one of the main criteria for the performance
of the constructed model, are investigated within the framework of this analysis.

It is advisable to compare the model and actual values of the skin factor, for example, in the form of
the corresponding correlation fields to assess the quality of modeling. Analysis of these fields will make
it possible to assess the performance of the models at different ranges of skin factor variation.

Investigations were carried out with varying degrees for differentiation of the research objects. In
this regard, concept of the level of modeling was introduced. At the first level, model is constructed for
the entire sample, including the values of skin factors (n = 1102) and other geological and technological
indicators for all wells in the development objects of the fields under consideration. At the second level,
models are built specifically for each of the three main development objects: Famennian (n = 250), Visean
(n =312) and Bashkir (n = 540).

Results. Multidimensional mathematical model for determining the skin factor for all productive
formations of the considered fields was built at the first level of the study.

Multidimensional model of the first level has the form:

SM'=1.1978m + 0.0448G/— 0.8359P;+ 0.4555Pa, + 4.4227b — 0.0922p1 + 0.0388% — 14.2904, (1)

with R = 0.523, significance level p < 0.0000, standard error 6.571 units.

Model was formed in the sequence shown in the regression equation. Values of the coefficients
R, describing the strength of statistical relationships, changed as follows: 0.457; 0.499; 0,514; 0.518;
0.520; 0.522; 0.523.
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Comparison of the actually determined and

80 | ¥
model (calculated by equation (1)) values of the skin .
factor is shown in Fig.1.
The second level of the study involves the con- 60 |
struction of models for particular development ob- i o
jects. N
Model for development objects in the 2 40
. . =)
Famennian sediments has the form: =
SM2-Fm — 6 1606k + 15.2403b + 0.6851 — i 20
—0.0002y — 0.0067Gr+ 0.1238m — 23.538, (2)
with R = 0.498, p < 0.0000, standard error 0
3.294 units.
Model was formed in the sequence shown in the
20

regression equation. Values of the coefficients R, de-
scribing the strength of statistical relationships,
changed as follows: 0.319; 0.424; 0.465; 0.484; §°, units
0.493; 0.498.

Model values of SM*™ were calculated accord-
ing to the formula (2). These values were compared
with the actual values by constructing the correlation fields (Fig.2, a).

Model of the second level for development objects in Visean terrigenous sediments has the form:

SM2-Vs = 0.0018y + 0.5366h — 8.7299k — 0.10260; — 1.3213P; + 0.9733P;+ 1.0489m +
+0.9363P; — 26.045, (3)

with R = 0.528, p < 0.00000, standard error 7.75 units.

Fig.1. Correlation field of model and actual skin factor
values (first level of modeling)
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Fig.2. Correlation field of model and actual skin factor values (second level of modeling):
a — Famennian sediments; b — Visean sediments
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60 T Model was formed in the sequence shown in the
I regression equation. Values of the coefficients R, de-
s0 | scribing the strength of statistical relationships,
changed as follows: 0.283; 0.363; 0.406; 0.456;
0.476; 0.492; 0.512; 0.528.
40 T Model values of SM*V¢ were calculated accord-
2 ing to the formula (3). These values were compared
g 30 t with the actual values for wells in Visean productive
7 . formations by constructing the correlation fields
g 50 |} . (Fig.2, b).
EA . Model of the second level for productive sedi-
o | . ments of the Bashkir age has the form:
-l LR . SMZBsh — 0. 0027y — 8.8993k + 0.1928 Py + 0.2477m —
0 - —0.2150P, +4.3913b + 0.0896p + 0.0076B +
. ’ +0.0393h — 0.01720; + 0.0051G;—13.060, (4)
-10
-10 -6 0 6 10 18 with R = 0.433, p < 0.00000, standard error
§ect B, units 3.872 units.

Model was formed in the sequence shown in the
regression equation. Values of the coefficients R, de-
scribing the strength of statistical relationships,
changed as follows: 0.240; 0.351; 0.397; 0.405;
0.413; 0.419; 0.422; 0.425; 0.428; 0.431; 0.433.

Model values of SM*Bsh were calculated according to the formula (4). These values were com-
pared with S by constructing the correlation fields (Fig.3).

Discussion. Thus, a series of multidimensional mathematical models for its determination was
built in the course of studying the features of the skin factor formation during the operation of wells
in the fields under consideration. Models were built both for the entire sample as a whole (first level),
and differentiated, separately for the main objects of field development (second level).

Constructed models are linear multiple regression equations, including from 6 to 11 indicators
as independent features. Such a large number of input parameters of the models indicates, first of
all, the complexity of the skin factor formation process during the operation of production wells
at the considered fields. Value of the skin factor is influenced by both geological and physical
(characterizing the properties of the reservoir and fluid) and technological (well operation
indicators) parameters.

Equation (1) demonstrates the features of the skin factor formation at the fields as a whole. Ac-
cording to it, the achieved degree of model performance is provided mainly by three indicators: po-
rosity coefficient, gas oil ratio and saturation pressure. Inclusion of other indicators in the model
provides only a slight increase in the coefficient of determination R. Analyzing the type of the multi-
dimensional model, it can be concluded that the state of the near-well zones of productive formations
at the fields under consideration is influenced by the reservoir properties and the oil degassing pro-
cess. That is, the presence of additional pressure losses in the NBHZ is largely due to the release of
free gas. This conclusion is quite logical in the context of the key feature of the region's fields, which
is the high gas saturation of the formation oil.

Properties of the reservoir and the formation fluid also appear in the first places of the re-
sulting multidimensional equation (2), which characterizes the features of the skin factor for-
mation for the wells of Famennian carbonate sediments. It should be noted that for the Famennian
sediments, which are characterized by natural fracturing, the reservoir properties are taken into
account by means of the permeability coefficient. This conclusion is also logical, since the per-
meability of the pore and the permeability of the fractured reservoir are characterized by different
values. Equation (2) also contains a gas oil ratio, i.e. the NBHZ condition for wells operating the

Fig.3. Correlation field of model and actual
skin factor values (second level of modeling,
Bashkir sediments)
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Famennian sediments determines the reservoir properties, as well as the properties and composi-
tion of the fluid.

At the fields under consideration, Visean productive sediments are represented mainly by sand-
stones (purely porous reservoirs). Model of skin factor formation for wells operating Visean sedi-
ments equally includes geological-physical and technological parameters. In this case, the model is
formed according to a special scenario: inclusion of each indicator sequentially and approximately
equally contributes to an increase in the coefficient of determination, 1.e. each of the indicators has a
significant impact on the resulting value.

Model built for the wells of the Bashkir development objects includes the maximum number of
input parameters (11 indicators), which emphasizes the complexity and multifactorial nature of the
NBHZ formation process. The first positions of the model are the reservoir characteristics. It should
also be noted the presence of reservoir and bottomhole pressures and their influence on the value of
the skin factor, which indicates possible deformation processes as the cause of changes in the NBHZ
state. It is also necessary to note the presence of the water cut of the well production in the model for
the Bashkir sediments, in addition to the gas oil ratio. That is, proximal presence of three phases —
oil, gas and water in the cavern space — has an integrated effect on the filtration processes and pressure
losses in the NBHZ.

Regularities established in the analysis of correlation fields should be noted separately. The most
number of both model and actual values of skin factors for wells operating carbonate reservoirs in
both Bashkir and Famennian sediments are in the area of negative values, while for Visean terri-
genous ones — in the area of positive values. That is, skin factors for wells operating carbonate reser-
voirs, regardless of their age, rather rarely take high positive values. In addition, skin factor in car-
bonate sediments of both Famennian and Bashkir ages is formed according to similar scenarios. Cor-
relation fields between actual and model values have a similar form. Regularities of the skin factor
formation in terrigenous sediments differ from carbonate sediments much more significantly than
between carbonate reservoirs of different ages. The skin factor for wells in terrigenous reservoirs
varies in a much wider range compared to carbonate ones. This conclusion, known to specialists in
the field of data interpretation for hydrodynamic investigations, in this case received mathematical
confirmation.

Conclusion. This article proposes an approach to the study of the skin factor formation for wells at
oil fields in the north of the Perm Territory. This approach is based on the construction and analysis of
multidimensional mathematical models. Basis was in significant experience of field and hydrodynamic
investigations (1102 values of the skin factor), as well as in the ambiguity in the interpretation of the
physical meaning for the parameter under study. Tool used — multidimensional mathematical modeling —
is one of the most effective ways to study processes characterized by the complex influence of numerous
factors. As a result of the study, it was found that one of the prevailing factors that determine the change
in reservoir properties in the formation zones near wellbore is oil degassing. It is advisable to take this
conclusion into account when solving various technological problems, especially when planning geolog-
ical and technical measures. For example, acid treatment to eliminate high skin factor values, if it is caused
by oil degassing, will lead to a lack of technological and economic effect.

It is advisable to use this approach to solve other numerous problems of field geology and the
development of oil fields in the case when investigated processes proceed in a complex multifactorial
system.
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