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Abstract. Transient well tests are a tool for monitoring oil recovery processes. Research technologies implemented in
pumping wells provide for a preliminary conversion of measured parameters to bottomhole pressure, which leads to
errors in determining the filtration parameters. An adaptive interpretation of the results of well tests performed in
pumping wells is proposed. Based on the original method of mathematical processing of a large volume of field data
for the geological and geophysical conditions of developed pays in oil field, multidimensional models of well flow
rates were constructed including the filtration parameters determined during the interpretation of tests. It is proposed
to consider the maximum convergence of the flow rate calculated using a multidimensional model and the value
obtained during well testing as a sign of reliability of the filtration parameter. It is proposed to use the analysis of the
developed multidimensional models to assess the filtration conditions and determine the individual characteristics of
oil flow to wells within the pays. For the Bashkirian-Serpukhovian and the Tournaisian-Famennian carbonate deposits,
the influence of bottomhole pressure on the well flow rates has been established, which confirms the well-known
assumption about possible deformations of carbonate reservoirs in the bottomhole areas and is a sign of physicality of
the developed multidimensional models. The advantage of the proposed approach is a possibility of using it to adapt
the results of any research technology and interpretation method.

Keywords: pressure build-up curve; digital data sets; multidimensional mathematical modelling; liquid flow rate;
permeability; skin factor; filtration parameters
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Introduction. Transient well tests (WT) are the most valuable tool for monitoring the hy-
drocarbon extraction processes at all stages of the field development [1, 2]. Currently, several
different technologies for conducting these tests are known [3]. Measurements of bottomhole
pressure after shutting down the well can be performed mainly in the flowing wells [4, 5]. The
presence of downhole pumping equipment in the well does not allow lowering a pressure gauge
to the bottom hole [6], so testing is conducted either by recording the wellhead parameters
(annular pressure, dynamic level), which are subsequently converted to bottomhole pressure, or
by recording the rate of pressure change at the pump intake [7]. It is generally accepted that the
technology based on measuring the wellhead parameters is reduced to plotting of the level recovery
curve (LRC), pressure at the pump inlet — pressure build-up curve (PBC) [8]. The choice of testing
technology is determined, as a rule, by the arrangement of the downhole pumping equipment in
the well that is the object of study [1]. It should be borne in mind that both technologies for testing
pumping wells involve the recalculation of the measured parameters, which, undoubtedly, can
lead to errors [9, 10].

This testing technology is based on measurements in wells after they have been shut down, and
testing is considered as high-quality if the bottomhole pressure is almost completely built-up to the
formation pressure value [11, 12]. In medium- and low-yield wells, pressure build-up can occur for
an exceptionally long time period, which leads to such undesirable effects as the failure to sufficiently
build-up and technological difficulties in putting the well into operation after a long-term shutdown
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[13-16]. Currently, the methods for determining the hydrodynamic parameters of reservoir systems
that do not involve long-term shutdown of wells have become widespread; for example, the method
of pressure stabilization curve (PSC) recording [17, 18] or the method based on production analysis
(PA) [19, 20].

Thus, at present various methods for determining the filtration parameters differing both in the
technological features of measurements, and in mathematical fundamentals and principles of inter-
pretation are used in oil production practice [21]. When implementing several test technologies in
one well, different parameter values are often obtained [22, 23].

In oil fields of the Perm Territory, a parallel test is often performed which involves simultaneous
taking of the LRC and PBC readings due to possible failures of sensors under the pumps as well as
technological problems in recording the wellhead parameters. For example, due to foam formation in
the annulus, it is not always possible to determine the level of liquid [24, 25]. At the same time, the
interpretation of the LRC and PBC data obtained in one period in the same well often leads to obtain-
ing different values of the determined parameters [26]. As an example, the Figure shows a comparison
of permeability values-determined by processing the parallel obtained LRC and PBC. The permea-
bility values determined using two technologies differ, especially in the range of high values, despite
a quite high correlation coefficient r.

The above methods for determining the filtration parameters (permeability, etc.) are indirect,
solvable within the framework of the second (inverse) problem of subsurface hydromechanics [1].
The most obvious way to assess the reliability of indirect methods is to compare them with the results
of direct, immediate measurements. However, it is impossible to measure the phase permeability
during the pay development in the drainage zone of a specific well, which, in essence, is the per-
meability determined by well testing [27, 28]. Therefore, the development and substantiation of indi-
rect approaches for adaptive well testing results and assessment of reliability of the determined filtra-
tion parameters of reservoir systems should be considered as the most important task of efficient and
reliable monitoring of the development of hydrocarbon fields [29].

Methodology. The paper presents the results of developing a methodology for adapting and as-
sessing the reliability of the reservoir parameters determined by the LRC, PBC, PSC and PA methods
when testing oil-producing wells in the fields of the Perm Territory.

To solve the problem, digital data sets of a large volume were used — the results of numerous
field tests (over 9,000 determinations) of wells operating in the fields of the region. Only highly
informative standard tests were accepted for analysis; data characterized by the presence of interfer-
ence, noise, technology violations, etc. were excluded from the total sample.

In the fields under consideration, the main pays are

23 . confined to carbonate deposits of the Tournaisian-
= 20, . Famennian and Bashkirian ages as well as to terri-
g . genous Visean deposits. It should be noted that there are
& 15, . /,..-f';"o_m major differences in the properties of terrigenous and
2 o - carbonate pays and between different carbonate pays.
> o, . ‘_,_,_z»"" ¢ In the course of further research, the pays were clas-
3 05, % r”"./ sified under three groups according to their geological
g st . ’ age.
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o ) LI The main idea of the proposed approach is as fol-
0 05 10 15 20 Jows. All the parameters that are determined during the
Permeability after PBC, um? WT interpretation (permeability, skin factor, formation

pressure) ultimately determine the productive charac-
Dependence of permeability values of terrigenous teristics of the well and its flow rate and can be used as

Visean deposits obtained from interpretation of PBC . . T . .
and LRC data input data in the individual inflow equations — models
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for determining the flow rates. Thus, construction of a series of individual models of well flow rates,
including the hydrodynamic parameters determined by a certain test technology, and assessment of
their performance will allow solving the problem. The parameters which, when substituted into the
equation, allow achieving the maximum compliance of the calculated (model) flow rate with its actual
value should be considered reliable.

When constructing well flow models, an approach was used allowing the most complete account
of the individual geological and geophysical characteristics of the fields under consideration —a mul-
tidimensional mathematical modelling. This tool is extensively used to solve other technological
problems, for example, in the assessment of the results of geotechnical measures [30, 31], the assess-
ment of the hydrodynamic association between wells [11], and the efficiency of wells [32, 33], etc.

To construct the models, the most representative sample was used including all the results of WT
for all the implemented technologies as well as the full range of field geological information. It should
be noted that all the field data, except those subject to adaptation, are characterized by simplicity,
reliability, and the necessary regularity of practical determination: casing pressure Pcas; saturation
pressure Psa; test time Ty; liquid flow rate Qi; water cut W; porosity coefficient averaged over the
section kpor; effective oil-saturated pay thickness h; oil viscosity po; oil volumetric coefficient b;
gas factor Gr.

The construction of multidimensional mathematical models is accomplished in special software
products that are extensively used to solve similar scientific and practical tasks [24, 34].

Of particular interest is the analysis of the process proper of constructing models and the type
of resulting equations. Since the modelled parameter is the flow rate, the analysis of the equations
for its forecast will make it possible to identify the characteristics that control the flow rate in
individual conditions under study. Moreover, the earlier a certain characteristic is included in the
model, the greater its impact on the predicted value. Thus, the multidimensional mathematical
modelling of the flow rates in this case will make it possible not only to solve the target problem —
adaptation of well test results based on the use of different technologies, but also to study the
conditions of liquid filtration in the fields of the region as well as to develop the individual inflow
(flow rate) equations.

The first stage of mathematical modelling of flow rates is a comparison of the average values
of all the used indicators according to test technologies, the interpretation methods based on the data
on all the developed pays (three groups of reservoirs were studied — Visean terrigenous, carbonate
Tournaisian-Famennian and Bashkirian deposits). For this purpose, a well-known statistical tool was
used — the Student’s test. Subsequently, for a more complete statistical analysis, a comparison was
made of the distributions of indicator values determined using different test technologies by means
of another well-known tool — Pearson statistics. A comprehensive assessment of differences in test
technologies was performed using a stepwise linear discriminant analysis (SLDA). After a compre-
hensive assessment performed using the SLDA, a linear discriminant function (LDF) was constructed
by compiling a matrix of the centred sums of squares and mixed products, from which the sample
matrix was computed. Subsequently, to determine the coefficients of linear discriminant functions,
the inverse sample covariance matrices were constructed, from which the boundary values of the
discriminant functions were calculated dividing the sample into subsets. The classification reliability
is also calculated using the Pearson criterion.

Before constructing the models, a comprehensive statistical assessment of the used source data
is performed, which allows further confident use of the multidimensional mathematical modelling to
solve the problem.

It is assumed that the presence of statistically significant multivariate associations is a quantita-
tive justification for the use of field data. It should be noted that the multidimensional model is con-
structed jointly using all the data obtained by the LRC, PBC, PSC, and PA technologies. This allows
avoiding subjectivity when conducting further tests.
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Results. An algorithm has been developed for the practical use to adapt the well test results,
which includes several stages.

1. Selection of the calculation model in accordance with the developed pay:

* for terrigenous pays

QUM — 2944654k, —0.06477T, +1.01465h +5.58753P,, —0.39360S +

1
+0.09920W —1.60432P,,, +0.00147a,, +1.12546 P, +21.861 @)
at R = 0.808; p < 0.000000;
« for carbonate pays of Tournaisian-Famennian age
QY =0.773P,,, + 0.000320, —0.0107, —143.719b —5.437p, + 0.250G; — )

—6.930P.

sat

~1.154P,_ +10.016k,, —0.208/ + 2.337P,  +262.364

at R = 0.740; p < 0.000000;
« for carbonate pays of Bashkirian age

Q*""P =0.00880,, +0.8328P,, +0.4406/1—0.0063T, +0.3755, —10.0681k,, +10.2116b +
+0.7163P,, — 2.7227P,, —0.0544) +0.0505G; —0.9282P,, —0.1881S +0.4051k,,, + 24.409

at R = 0.674; p < 0.000000.

2. Collection of field data — values of indicators used in the adopted model.

3. Calculation of the model value of liquid flow rate using the test interpretation results
(LRC/PBC/PSC/PA).

4. Comparison of model and actual liquid flow rate. The results of interpretation based on the
technology with model flow rate that has a minimal deviation from the actual value should be con-
sidered as the most reliable.

Practical use of the developed algorithm for adapting WT results. At one of producing wells in
the oil field (pay TI-Bb) in the Perm Territory, the test was performed with simultaneous implemen-
tation of two technologies characterized by parallel recording of wellhead (LRC) and deep (PBC)
parameters. At the same time, the interpretation of the results of deep and wellhead measurements

led to significantly different filtration characteristics: k*° =0.634 um?; k-*° =0,110 pm®.

ma rra
Interpretation of data from the implemented LRC and PBC technologies demonstrates different
results, and the assessment of the most reliable value can be made using the developed adaptation
algorithm.
At the first stage, a model is selected

Field data that corresponds to the pay operated by the
Darameter Value well under study. Since the analysed pro-
PBC LRC ducing well operates the Tula-Bobrikovsky
Actual liquid flow rate Qi, m¥/day 46 pay, equation (1) is used for further calcu-
Reservoir pressure Pres, MPa 13.74 lations.
Casing pressure Pes, MPa 0.59 At the second stage, all the necessary
Bottomhole pressure Py, MPa 10.83 633 data included in equation (1) as source d_ata
: . are collected. The source data for calculating
Build-up time of PBC, LRC Tt, h 118 145.6 .
the model flow rate values are presented in
Water cut W, % 55 the Table.
Pay thickness h, m 1.2 At the third stage, the model value of lig-
Skin factor S, rel. units 123 -334  uid flow rate is calculated using the results of
Piezoconductivity factor dp, cm?/s 4296 ‘ 877.6 the PBC interpretation
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Q®¢ =29.44654-0.634-0.06477-118+1.01465-7.2 +5.58753-0.59 - 0.39360-12.3 +
+0.09920-55-1.60432-10.83+0.00147 - 4296 +1.12546 -13.74 + 21.861 = 48.52 m*/day.

Model value of liquid flow rate is calculated using the results of the LRC interpretation

Q¢ =29.44654-0.110-0.06477-118 +1.01465-7.2 +5.58753-0.59 - 0.39360 - (—3.34) +
+0.09920-55-1.60432-10.83+0.00147 -877.6 +1.12546 -13.74 + 21.861 = 31.60 m*/day.

At the fourth stage, a comparison of model and actual liquid flow rates is made. As can be seen
from the calculated flow rates, the minimum deviation from the actual value is recorded when using
the results of the PBC technology. Accordingly, the permeability value obtained from the interpreta-
tion data of the PBC technology is more reliable than when processing data of the LRC technology.

Discussion. This article describes the results of research aimed at developing a series of multi-
dimensional mathematical models of well flow rates in individual geological and geophysical condi-
tions of the developed pays in the deposits of three geological ages. The developed models can be
used to solve different problems, both practical, and theoretical that are of scientific interest.

The practical value of the developed models consists in a possibility of their use for adapting the
filtration parameters of the pays when implementing different well test technologies in pumping
wells. The adaptation process in compliance with the proposed approach is quite simple, the practical
determination of the source data for its implementation is not difficult, and no special software pro-
ducts are required for computations.

Analysis of the composition of mathematical models made it possible to determine the individual
conditions for liquid inflow for the pays, which determines the theoretical significance of the tests
accomplished. From the theory of mathematical statistics, it is known that the analysis of multiple
regression equations allows evaluating the influence of the independent variable on the predicted
value as well as the direction of this influence. However, in this case, only the assessment of the
influence can be regarded as well grounded without considering its direction, since the input para-
meters of the models are not strictly independent, there is a correlation between them. It is obvious
that in a single reservoir-well hydrodynamic system there are no completely independent parameters.
When constructing the models, the stepwise regression analysis is applied, and the combination of
the input parameters does not always correspond to their individual influence on the predicted value.
The inclusion of each subsequent factor in the model also adjusts the resulting model. Thus, the ana-
lysis of equations (1)-(3) allows drawing the following conclusions:

* The equations obtained for the three pays are quite different in the set of parameters included,
which confirms the specificity and individuality of the geological and geophysical conditions for the
development of their reserves.

* In the first positions in the flow rate equations constructed for carbonate deposits of both the
Bashkirian-Serpukhovian and Tournaisian-Famennian ages, bottomhole pressure is included, i.e.,
bottomhole pressure is a parameter that forms the production rate of wells in these reservoirs [35, 36].
This pattern confirms the well-known hypothesis about the influence of the value of bottomhole pres-
sure on the productive characteristics of carbonate reservoirs due to their probable deformation in the
bottomhole area. This points to advisability of a comprehensive justification of well operation modes
under the given conditions.

* The parameter characterizing the state of the pay in the bottomhole area, skin factor, is included
only in the model for the terrigenous Tula-Bobrikovsky deposits. This confirms the assumption that
a change (especially decrease) of permeability in the bottomhole area is a phenomenon that is most
characteristic of the terrigenous deposits [25]. In the practice of WT interpretation, it is known that
the range of variations in skin factors for the terrigenous reservoirs is much broader than for the
carbonate ones.
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« Gas factor and saturation pressure of oil with gas — the parameters characterizing the process
of oil degassing — are included only in the model for the Tournaisian-Famennian deposits, which
can be accounted for by the maximum gas saturation values of reservoir oil in these deposits for
the region [1].

Conclusion. The study is intended to adapt the results of transient well tests when applying
different technologies for their implementation.

The proposed approach is based on the use of targeted multidimensional mathematical models.
The construction of the models proper is based on the processing of digital sets of a large volume —
databases of production companies including the results of numerous field tests of wells throughout
the history of their operation. A distinctive feature of the constructed models is the absence of diffi-
culties in the practical determination of the input parameters and the simplicity of mathematical
calculations. The main characteristic of the proposed approach is the possibility of using it not only
in a comparative analysis of the reliability of the results of interpretation of the considered technolo-
gies (LRC, PBC, PSC, and PA), but also in providing grounds for the method of interpreting the test
materials, choosing the software products and the models used.

The scientific novelty of the conducted tests is the determination of individual patterns of oil
inflow for the considered developed pays, identification of the main factors determining the flow rates
of wells in terrigenous and carbonate reservoirs of oil fields in the Perm Territory.

The original mathematical processing of digital sets of large volume — field data — is a current
trend in development of the theory and practice of oil and gas engineering.
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