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Abstract
Introduction. The analysis and interpretation of hydrodynamic research data are based on theoretical models and

computational algorithms. Despite the demand for this topic, numerous issues related to unsteady fluid flows in oil
reservoirs still require solutions. Therefore, mathematical setting of problems related to the account of unsteady fluid
flow, the development of effective numerical methods and algorithms, their solution using modern web technologies are
pressing. This study is aimed at developing a web application for mathematical modeling of the process of fluid
filtration in single- porosity reservoirs when conducting a hydrodynamic study at a production well.

Materials and Methods. To solve the problem, the methods of continuum mechanics and computational mathematics
were applied. A model of oil flow in a single-porosity reservoir was presented. Python and JavaScript programming
languages were used in the development of the application. The calculation results were stored in a relational database
implemented using PostgreSQL tools.

Results. A new web application has been developed for modeling the oil filtration process in single- porosity reservoirs.
It is applicable for studying fluid dynamic processes and can be used to predict flowrates, production and calculation of
optimal well operation modes.

Discussion and Conclusion. The developed web application provides for building pressure and temperature fields in
the reservoir near a flowing and shut-in production well and at various distances from it. This information makes it
possible to urgently assess the duration of hydrodynamic studies, as well as to regulate the operation of wells. The
application can be deployed in an existing network infrastructure and use all the functionality by connecting to a remote

server. It is optimized for use on various platforms and has broad prospects for further development.
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Hayunas cmamos

Web-npuiio:keHue 151 MATEMAaTHYE€CKOI0 MOJAEJIMPOBAHNUSA
HECTAIMOHAPHOI0 TeyeHHsi He)TU B IOPUCTOI cpee

A.A. Ma3uToB

WnctutyT HedrexuMun 1 Katanusa Y gpumckoro denepansHoro neHTpa Poceuniickoil akagemMun Hayk,
r. Yoa, Poccuiickas ®enepanus

< mazitov.ainurl 3@gmail.com

AHHOTALMA

Beeoenue. OcHOBY JuUId aHanu3a M HMHTEPIPETALMM JAHHBIX T'HIPOJMHAMHYECKHX HCCIECAOBAaHUN COCTABISIOT
TEOPETHYECKHE MOJEIM M BBIYMCIUTEIBbHBIC alnropuTMbl. Ho, HecMOTps Ha BOCTpEOOBAHHOCTH JTAHHOW TEMAaTHKH,
MHOTHE BOIIPOCHI, CB3aHHBIE C HECTAIMOHAPHBIMH TEUCHUSMH JKHIKOCTEH B HE(TIHBIX IUIACTaxX, BCE emle TPeOyIoT
pemenuii. [losToMy MaremMaTHyecKkue OCTAHOBKH 3aad, CBSI3aHHBIX C YYETOM HECTAIIMOHAPHOTO TEUEHHMS JKHJIKOCTH,
pa3paborka 3((EeKTHBHBIX YHCICHHBIX METOJOB W alrOPUTMOB, HMX pEIICHHE C INPUMEHEHHEM COBPEMEHHBIX
web-TeXHOIOTUH  ABIAIOTCSA aKTyalbHbIMH. llems maHHON paboThl — pa3paboTka Web-TIPUIIOXKEHUS s
MaTeMaTHYeCKOro MOJICTUPOBAHMS Npouecca GUIbTPALMH KUIKOCTH B OJHOIIOPOBBIX KOJUIEKTOPAX IPU IPOBEACHUN
THAPOJMHAMHUYECKOTO UCCIIEA0BaHMUS Ha JIOOBIBAIONIEH CKBasKHHE.

Mamepuanvt u memoowvi. ]| pelieHus: MOCTABICHHON 3alayd INPUMEHEHbl METOJbl MEXAHUKM CIUIOIIHOM Cpelbl
1 BBIUYUCIUTENILHOM MaTemaTuku. [IpeacraBiena Moiens TedeHUst HeTH B OHONIOPOBOM Kosuiekrope. [1pu paspadorke
MPWIOKCHUST HKCIOJIB30BAHBl S3BIKM MporpamMmupoBanus Python w JavaScript. Pe3ymbraTel pacdeToB XpaHATCS
B PEJIIIMOHHON 0a3e NaHHBIX, peaqn30BaHHON cpencTBamu PostgreSQL.

Peszynomamut uccnedosanua. Pazpaborano HoBoe web-TpuiokeHHe IS MOJAEIMPOBAHUS Mpolecca (QHIbTPAIHH
HE(PTH B OJHONOPOBHIX KOJUIEKTOPAX, KOTOPOE MPUMEHUMO IS H3YUCHHS (DITFOMTOIMHAMIYECKUX MPOIIECCOB M MOXKET
OBITH UCIIOIL30BAHO JUIA TIPOTHO3a I[C6I/ITOB, }IO6BI'—II/I 1 pacycTa ONTUMAJIBHBIX PCKUMOB pa6OTBI CKBa>XHH.
Oécyacoenue u 3axaouenue. PazpabotaHHoe Web-TIPUIIOKEHUE MTO3BOJISIET CTPOUTH TOJIS IABJICHHUS U TEMIIEPATypPbl
B IUIACTE OKOJIO paboTaromeil M OCTaHOBICHHOHN NOOBIBAIOIICH CKBa)KMHBI M HAa PA3IMYHBIX PACCTOSHHAX OT HEe.
I_IaHHaﬂ I/IH(I)OpMaI_II/ISI Ja€T BO3MOXKHOCTE OIIEPATUBHO OLICHUBATH NJIHUTCIBHOCTDh THAPOJUHAMUYCCKUX I/ICCHCI[OBaHI/II\/'I,
a TaKkKe pEeryiIupoBaTh paboTy CKBaXWH. [IpuiokeHHE MOXET OBITh Pa3BEPHYTO B CYIIECTBYIOIIEH CETEBOM
HHPPACTPYKTYpE, MOIH30BATHCS BCEM (PYHKIIMOHAIIOM, MOJIKIIOYAsCH K yAAICHHOMY cepBepy. OHO ONTHMHU3UPOBAHO

JJIA UCIIOJIb30BaHUA HAa Pa3JIMYHbIX l'[J'IaT(I)OpMaX 1 UMECT HIMPOKUE TEPCTICKTUBDI }IaJ’ILHeﬁLHeFO pa3BUTHA.

KiioueBble cjioBa: web-npuiokeHUe, MaTeMaTHYecKas MOJIENb, TUAPOAUHAMUYECKUE UCCIIEeNOBaHus, 0a3a JaHHBIX,

JAaBJICHUEC, TCMIIEpATypa

BaarogapuocT. ABTOp BBIpaXkaeT O1aroJapHOCTh KOHCYJIBTAaHTY HaydHoro mpoekra HO.O. boOpeHEBoil 3a 1meHHBIC

3aMEYaHud U TOCTOSAHHYTIO MOJJACPIKKY IIPU BBINIOJIHCHUH IMTPOCKTA.

®unancupoBanue. Pabora BbimonHeHa nHpH (HUHAHCOBOM mnoxanepxke Poccuiickoro ¢oHma ¢yHIaMEHTaIbHBIX
uccnepoBanuid, rpaHT Ne 20-37-90080 «MaremaTndeckoe MOJEIUPOBAHIE HECTAIIMOHAPHOT'O TEUCHUSI MHOTO(A3HOTO

IIOTOKA B IIOPUCTOU cpene».

Jnst umrupoBanmsi: MasutoB A.A. Web-npunoxeHue Jisi MaTeMaTHYSCKOrO MOJCIHPOBAHHUS HECTALMOHAPHOTO
TeueHuss HedTtm B mopucToil cpene. Advanced Engineering Research (Rostov-on-Don). 2023;23(4):422-432.
https://doi.org/10.23947/2687-1653-2023-23-4-422-432

Introduction. The Russian Federation is one of the leading countries in the world in terms of oil production. Every
year, over 500 million tons of oil are produced in the country's fields, the vast majority of which is exported in crude
form to the countries of the Asia-Pacific region, Europe and the near abroad. The oil industrial growth in our country
has an impact on other industries and spheres of activity; therefore, the solution to tasks for the effective development

and exploitation of oil fields has been and remains promising. The basis of modern scientific technologies of oil
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development is a comprehensive study of the properties of productive reservoirs, the substances contained in them, and
the complex processes occurring during fluid flow.

The base target in oil production is to increase the rate of drainage from the productive reservoir and maintain
reservoir pressure. The planning of work on the effective development and optimal operation of an oil well is of

.

complex character, associated with the hydrodynamic processes occurring during the fluid flow in the “well —
formation” system [1]. Hydrodynamic well testing (WT) is used to study the productive properties of reservoirs and
fluids. WT means provide for the reservoir data collection using bottomhole or wellhead instruments, as well as the
postprocessing of measurements and interpretation of the data obtained (productivity, filtration properties of fluids, type
of collector, etc.) [2].

When studying reservoirs through WT, theoretical models based on classical equations and laws are used, as well as
computational algorithms for modeling fluid filtration processes. However, despite the demand for this topic, a number
of issues related to the mathematical and computational aspects of modeling nonstationary flows in reservoirs require
further development [3, 4].

There are a number of domestic (“Avton”, “Gidrozond”) and foreign (OLGA, LedaFlow, FlowVision, MAST,
Saphir NL) programs for the analysis and interpretation of WT results [5—7]. With all the advantages they have, there
are some disadvantages, such as the inability to perform a full range of calculations, viewing and changing the
parameters of the original models. All the presented software products are desktop, commercial, difficult to operate,
many have an overloaded interface. Under the conditions when it is required to carry out calculations promptly or in
real time, large commercial simulators are ineffective. Therefore, to perform similar work, it is proposed to use a web
application that has many advantages.

Unlike desktop applications, web applications are independent of the operating system and computing power of
personal computers. The program code of a web application is written once for a specific platform where it will be
deployed. Web applications attract attention because of their simple implementation, ease of use, and high performance.
Their basic characteristics are accessibility, reliability, security, scalability, flexibility, cross-platform character. To
work with a web application from a user's personal computer, it is necessary to be on the same network with the server
on which it is deployed. Such a network can be a local enterprise network or a global Internet network, if we are talking
about websites. Compared to desktop applications, web applications have one drawback — response time, depending
on the distance of the personal computer from the server.

The operating logic of a web application differs from a desktop application, which launches and executes code on
the user’s computer. Therefore, desktop applications are distinguished by a more advanced and responsive user
interface and allow for implementing more complex domain logic. However, with the development of web
technologies, this advantage is leveled every year, and web applications are increasingly capable of implementing
complex user scenarios. Thus, web applications become more competitive in terms of the implementation of production
tasks.

In this regard, the mathematical formulation of problems taking into account the unsteady fluid flow in all its
elements (formation, stack pipes, flow channels), the development of effective numerical methods and algorithms, their
subsequent solutions using modern web development technologies are important today. The use of the obtained
numerical algorithms makes it possible to quantitatively describe the behavior of pressure and temperature in oil wells.
The algorithm and web application will provide users, experts in the field of analysis and interpretation of
hydrodynamic studies, with a convenient and easily adaptable tool for calculating complex processes occurring under
the development of porous reservoirs.

Materials and Methods. A production well is considered, on which a hydrodynamic study is carried out by the
build-up test. The well operates a terrigenous reservoir, which belongs to the single-porosity reservoirs. The formation
is unconfined, there is no impact of neighboring wells. The fluid flow in the formation is horizontal, there are no
crossflows between the layers. The well operates in a steady state with a constant bottomhole pressure. Constant

pressure and temperature are maintained at the boundary of the contour. To conduct the investigation, the measuring
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device is lowered to the depth of the upper perforation holes. The calculation of pressure and temperature dynamics is
carried out in the spatial one-dimensional case.

In numerical modeling, it is important to take into account all the parameters of the reservoir and fluid to achieve the
most qualitative description of the oil mass transfer process in a single-porosity reservoir. Let us consider a
mathematical model describing the process of oil filtration in a single-porosity reservoir. The piezoconductivity and
thermal response equations serve as the basis for the model. The mathematical model in radial coordinates is a partial
differential system:

P _1ofk op
o rorlp or)

AT (1. IO/  FO . v
PR G L R A

where ¢ — formation porosity; ¢, — formation compressibility (1/Pa); k — formation permeability (m?); p — fluid
viscosity (Pa‘s); P — formation pressure (Pa); » — distance to the well wall (m); ¢+ — time (s); ¢ — oil heat capacity
(J/kg'K); p — oil density (kg/m?); T — formation temperature (K); A — thermal conductivity of the porous medium
(W/m3-K); u — rate of convective heat transfer in a porous medium (m/s); ¢ — Joule-Thomson coefficient (K/Pa);
n — adiabatic expansion coefficient (K/Pa).

The first equation describes the process of pressure change in the reservoir, the second — the process of heat
transfer of fluid.

The rate of convective heat transfer in a porous medium is determined by the expression:

u= —EG—P 2)
p or

System of equations (1) is given in the space-time interval:

BEish, ®
where 7, — well radius; R — distance to the boundary of the contour of the investigation (m); ¢z, — time of the
investigation (s).

Based on the above conditions for the well and the considered area for system (1), the initial and boundary
conditions are set as follows:

=0:P=PR.,T=T,,r, <r<R,
r=r,:P=PR,T=T,t>0, 4)
r=R:a—:0,a— 0,t>0

After determining the initial and boundary conditions, a model of the oil filtration process in a single—porosity
reservoir (1)—(4), was obtained, characterizing the redistribution of pressure and temperature in the formation.

The initial stage of solving the system is to bring it to a discrete form. The finite difference method is used for this
purpose [8]. A uniform space-time grid is being constructed:

— R-—
G, ={r, = DR =12 N = rl}
(5)

G = {tn —ntn=0,1,. M, 1= }
M

where & — grid spacing; t — grid time step; N — number of nodes in space; M — number of nodes by time.
After replacing the differential expressions with difference analogues, a system of equations is obtained:
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System (6) is a system of linear equations (SLE), which is reduced to a three-point equation of the general form:
Ayt =Byt +Cyml =F,i=1,..,N,n>0. @)
The coefficients are equal to:
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System (7) is solved by the scalar sweep method [9, 10]. The problem is non-stationary; therefore, the method is
used to determine the spatial distribution of formation pressure and temperature at each time layer [11, 12]. The
problem is solved sequentially, at the first stage, the equation for pressure is solved, at the second — for temperature.

A web application has been developed to automate the solution to the problem. In general, its structure is shown in
Figure 1. It identifies five basic components: input information flows, output information flows, information processing

methods, hardware, database [13, 14].

Information
processing methods Hardware
Input information . Web applications R Output information
flows flows

\ i

Fig.1. General application structure
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The input information flows are data on the model parameters, and the output data are graphs reflecting the temporal
or spatial dependences of bottomhole pressure and temperature. Information processing methods are understood as
numerical methods and methods of interpretation of hydrodynamic studies. The hardware is the server on which the
application is hosted, and the user's personal computer. A database is used to store input parameters and calculation
results.

The final type of the software depends on the means selected for its development. Development tools are paradigms
and programming languages, environments and technologies for development. The selection of tools affects the way of
the task implementation, the criteria for software quality, the presentation of data, and the type of graphical user
interface. To develop the application, Python using the Flask microframework was chosen as the programming
language for the server side, and JavaScript with Vue.js — for the client side [15, 16]. PostgreSQL was used as a
DBMS for database design and development [17].

Research Results. The developed software is a cross-platform client-server web application. Data storage and
calculations take place on a web server with which the user interacts through a browser (all modern Internet browsers
are supported). The client part can be used on a wide range of platforms (PCs, laptops, smartphones) and operating
systems (Windows, MacOS, Android, iOS).

A large part of the web application main window is occupied by a tool for plotting temperature and pressure. The
graphs are constructed after the calculation is performed by selecting the appropriate menu item. It is also possible to
plot graphs based on previously performed calculations. For this purpose, the required calculation is selected on the left
side of the window. Graphs are based on spatial and temporal coordinates. To change the chart view, select the
corresponding items in the upper part of the window.

All calculations performed are stored in the developed flowcalcdb relational database, whose structure is shown in

Figure 2.

temperature

id SERIAL
value REAL
radius_id INTEGER A

radius

Y

id SERIAL
time_id INTEGER A value REAL
calc_id INTEGER # ;
— calculation
pressure > id SERIAL
value REAL > id SERIAL e ©
radius_id INTEGER & value REAL
time_id INTEGER A calc_id INTEGER A

Fig. 2. Structure of the flowcalcdb database

In total, the database contains five tables, which are in the third normal form [18]. All tables have primary keys. The
primary table, calculation, stores the name of the calculation and the date of its creation. Two tables dependent on it,
radius and time, store information on space-time coordinates. The temperature and pressure tables store the temperature
and pressure values, respectively.

A number of computational experiments have been carried out in the developed application to evaluate the result of

its work. The values from Table 1 are used for modeling.

Information Technology, Computer Science and Management

427



Advanced Engineering Research (Rostov-on-Don). 2023;23(4):422—432. eISSN 26871653

Table 1

Initial and boundary conditions, calculation parameters

Parameter Value Measurement unit
Well radius, r | 0.102 m
Radius of investigation, R 100 m
Time of investigation, t 24 h
Initial pressure, P 25 MPa
Final pressure, Px 30 MPa
Permeability, k le-14 m’
Porosity 0.2
Oil viscosity, p 1.10e-3 Pas
Oil compressibility 1.58e-9 1/Pa
Heat capacity, c, 1.4 MJ/m K
Thermal conductivity, A 0.6 W/m-K
Joule-Thomson coefficient, ¢ 3.94e-7 K/Pa
Adiabatic expansion coefficient, # 3.15e-7 K/Pa
Initial temperature, T, 363.15 K
Number of points by time, N 1,000
Number of points by space, M 1,000

Using the data from Table 1, graphs of the pressure and temperature distribution over space are plotted, shown
respectively in Figures 3 and 4.
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Fig. 3. Distribution of pressure over space at a finite point in time
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As follows from the data in Figures 3 and 4, after stopping the well for hydrodynamic examination, pressure and
temperature are restored, and the farther away from the walls of the well, the greater the recovery value. Figures 5 and 6
show exactly how pressure and temperature are distributed at different points in time (6, 12, 24 hours) after the well is
stopped. This information is useful for experts in the analysis and interpretation of hydrodynamic studies, as it provides
for the assessment of the dynamics of pressure and temperature and decision making on continuing or stopping the

investigation, as well as carrying out additional measures.
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Fig. 5. Distribution of pressure across space at different points in time
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Based on the calculations performed, it was found that the permeability of the formation had the greatest impact on
the behavior of pressure and temperature. Figures 7 and 8 show graphs of pressure and temperature dynamics
depending on different permeability values near the walls of the well (low-permeability reservoir — 1 mD, medium-
tight reservoir — 10 mD, high-permeability reservoir — 100 mD (1D = 10-'?>m?)). As can be seen in the graphs, the rate
of pressure and temperature recovery grows with increasing reservoir permeability. Figure 7 shows a graph for real field
data (reservoir permeability is 80 mD).
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Based on the pressure dynamics, it is possible to determine the time of the investigation (Fig. 7). As an example, for
a high-permeability reservoir, it makes no sense to conduct an investigation for more than ~6 hours, since after this time
the pressure practically does not change, and an idle well is ineffective, since production losses are occurring.

Discussion and Conclusion. The developed web application can be used for the analysis and interpretation of
hydrodynamic research data. The web application provides a user-friendly interface and reduces support costs. It can be
deployed in an existing network infrastructure or connected to a remote server to provide full functionality. The
application allows us to qualitatively and quantitatively assess the behavior of pressure and temperature in single-
porosity reservoirs. Storing the calculation results in a database makes it possible to perform an analysis using the
results of a variety of studies. On its basis, a summary report can be compiled, and recommendations for further use of
the well or field as a whole can be formulated. The models used are stable and convergent. Graphs are built using a
written web application, and therefore, it can be used in production.

The application has broad development prospects, specifically, it is possible to implement other models of fluid
flow, or provide for the presence of several phases. Also, at the time of writing this work, the issue of abandoning
foreign commercial products in favor of domestic simulators has become acute. Therefore, the development of such

products is promising.
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