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DEVELOPMENT AND TESTING OF TOOLS
FOR MODELING R&D WORKS

IN GEOPHYSICAL INSTRUMENT-MAKING
FOR OIL AND GAS WELL ELECTROMETRY

Introduction. R&D works are one of the first stages of any instrument-making. They may be simplified signifi-
cantly through the effective use of modeling software. Mathematical modeling of electrometry helps avoiding
expensive and time-consuming field or laboratory tests. Using such approach significantly increases the effi-
ciency of designing new equipment.

Problem Statement. The vast majority of electrometry equipment used in Ukraine was developed in the mid-
dle of 20" century and is out-of-date. This equipment is not able to successfully solve many pressing problems of
modern geophysical research. These problems include detection and determination of parameters for thin-layer,
anisotropic reservoirs, residual oil saturation, abnormally high resistance etc. Fast and cheap development of new
types of equipment is possible due to using mathematical modeling of many stages of R&D project. The successful
use of mathematical modeling of electrometry requires not only the development and implementation of numeri-
cal methods to solve relevant direct problems, but also thorough testing before the implementation.

Purpose. The purpose of this research is the development and implementation of software and the testing of
software and methodology for modeling RED works related to oil and gas wells geophysical implementation.

Materials and Methods. Mathematical modeling of the problems related to electrometry of oil and gas wells.

Results. The developed software allows completing a number of assignments with the minimized time inputs.
For example, user may calculate the ranges of measured values and study such parameters of the probe as vertical
resolution and depth of suroey for given geometry of the probe, initial conditions (supply parameters), and well
conditions. In addition, the software allows setting the optimal value of any parameter of the probe to reduce the
determination error of any geoelectric parameter of the selected formation, with the use of the developed minimi-
zation algorithm.

Conclusions. The software with methodological framework for modeling R&D works related to geophysical
instrumentation for oil and gas wells electrometry has been developed, successfully tested, implemented and been
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ready for the further introduction into production process. Such software may be effectively used for the creation
of software for quantitative interpretation of electrometry data with the use of electrical survey and low- frequen-

cy induction survey methods.

Keywords: electrometry of oil and gas wells, electrical survey, low-frequency induction survey, software, mathe-
matical modeling, research and development, and geophysical instrumentation.

Developing efficient use of Ukraine’s mineral re-
source base is among the strategic tasks today [1].
Geophysical survey of wells, which is not possible
without prior development of geophysical instru-
ment-making is its important component. One of
the first stages of any instrument-making is re-
search and development (R&D) works that may
be greatly simplified through the effective use of
modeling software. Such modeling allows avoi-
ding costly and time-consuming field and labora-
tory tests, which significantly increases the effi-
ciency of the entire R&D unit. This research deals
with the development and creation of software
and methodological framework for R&D of geo-
physical instrument-making with the use of ma-
thematical modeling tools (know-how) that have
been already designed by the Institute of Tele-
communications and Global Information Space
of the NAS of Ukraine. The research deliverable
is software and methodological framework deve-
loped and implemented.

The object of this research is the development
of electrometry equipment for oil and gas wells
with the most optimal characteristics for given
well conditions, primarily, the conditions of the
oil and gas wells of the Dnieper-Donetsk basin
(DDB). In addition, such equipment should pro-
vide reliable initial data for solving the inverse
problem (quantitative interpretation problem),
because the solution of the inverse problem en-
ables, based on the results of complex interpreta-
tion, more accurate answer to the question, where
is the valuable fluid and how much it is there [2].
Therefore, the priority is to create hardware and
methodological complexes, the design of which
guarantees the possibility of the most accurate
solution of the inverse problem.

Thus, the development of hardware and me-
thodical complex becomes an iterative task: the
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designed equipment shall take into account the
peculiarities of the algorithm for solving the in-
verse problem, and the algorithm for solving the
inverse problem shall to take into consideration
the design, engineering, and physical characteris-
tics of the equipment. In this research, only elect-
rometry is considered; other methods are not dis-
cussed, although they play a significant role in
the interpretation of GSW data [3—5].

Electrometry equipment

Two physical principles of the electrometric pe-
netration study of layers have been widely used:
conventional electrical survey (CES) and low-fre-
quency induction survey (LFIS). We do not consi-
der the high-frequency induction survey (HFIS)
method [6], because the current problems that
are inherent in the conditions of DDB are solved
with the help of CES and LFIS [7].

CES is used in wells that are filled with con-
ductive drilling fluid (the resistivity is less than
0.5 Ohm - m), or weakly conductive solution (the
fluid resistivity is 0.5—5 Ohm - m). The induction
survey is used in wells filled with low-conductive
or nonconductive fluid (the resistivity is greater
than 5 Ohm - m). This division is quite conditio-
nal, but it is used in the domestic industry for geo-
detic survey of wells (GSW).

All the three mentioned types of wells (with
conductive, low-conductive, and nonconductive
drilling fluid) are inherent in the conditions of
DDB, so the task of creating new electrometry
equipment becomes the task of independent de-
velopment of two different complexes for CES
and LFIS.

The equipment of basic electrometry methods,
which has been practically used in Ukraine, was
developed in the mid-20™ century and is obso-
lete. Such equipment consists of the three types:
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Fig. 1. Flowchart of the inverse problem solution

the equipment for multi-probe electrical survey
(the MPES equipment), which is a set of poten-
tial and gradient probes that reach different
depths, but have a low spatial resolution; the
equipment consisting of one focused probe (the
ES equipment); and the equipment consisting of
one focused induction probe (the IP equipment).

Only MPES and ES equipment is used in the
wells with a conductive fluid; MPES, ES, and IS
equipment may be used for the wells with a low-
conductive fluid; IS equipment and recently de-
signed four-prove induction equipment are used
in the wells with a nonconductive fluid [8]. The
software and methodological complex for data in-
terpretation of the latter has significantly ex-
panded the range of tasks that may be success-
fully addressed by means of multi-probe induc-
tion survey [10, 11].

The use of the integrated MPES+ES+IS hard-
ware has insurmountable disadvantages: in the
wells filled with a nonconductive drilling fluid,
there is only one IS measurement that does not
allow establishing changes in the conductivity
along the formation; in the wells filled with a con-
ductive fluid we have only one measurement with
high-resolution ES, and the change in conductiv-
ity along the formation is recorded with a low
spatial resolution (it is impossible to establish the
change in conductivity along low-capacity (thin)
strata); in the wells with a low- conductive fluid,
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where both methods (ES and IS) may be used,
there are only two high-resolution measurements
that are still insufficient to determine the three
required parameters of thin strata of thin-stratum
formation.

Therefore, we need to design new electrometry
equipment that is capable of addressing present-
day problems in the conditions typical for DDB.

Means of mathematical
modeling for R&D works

There have been many designed and already prac-
ticed methods for modeling electrometry: the use
of laboratory integrators, the finite-difference me-
thods, the finite element methods, and so on. Such
modeling is called the solution of a direct prob-
lem, which requires the use of some implemented
method for obtaining a value that corresponds to
a given accuracy of the value measured by a spe-
cific probe of a specific physical principle of mea-
surement at a specific point of wellbore. The solu-
tion of direct problem is the main tool for mode-
ling R&D works related to geophysical instru-
ment-making for electrometry of oil and gas wells.

As the practice has shown, the most effective
is the use of such methods of solving the direct
problem, which may be used in the iterative pro-
cess of solving the inverse problem (modern
methods of solving the inverse problem are itera-
tive processes [2], see Fig. 1) that at each itera-
tion step requires solving the direct problem.
That is why to achieve this goal we have decided
to develop our own software tools for solving di-
rect problems of ES and IS. We have chosen the
method of integrated currents, the advanced Do-
le method that allows taking into account the in-
teraction of currents in the medium, for ES [11].

Considering the effectiveness of algorithms for
solving direct problems and methods for software
implementation cannot be completed without
the most important step, testing of reliability /ro-
bustness of the results provided by the developed
and implemented algorithms.

In other words, it is not enough to get a way of
solving a direct problem, which gives certain re-
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sults depending on changing boundary condi-
tions. In order to say confidently that we have a
way (and its software implementation) to solve
this direct problem, we shall make sure that the
chosen method is correct and all the results are
true (within the margin of error).

Testing of the software
for mathematical modeling

Let us consider first the problems related to ES.

The first step in testing is to study the poten-
tial field that is calculated in the course of solving
a direct problem.

Fig. 2 shows the spatial distribution of elect-
ric field potential for the case of an unfocused pro-
be (point electrode A and inverted electrode B
located on the conductive cable braiding). Ha-
ving analyzed this distribution qualitatively and
quantitatively, we conclude that the boundary con-
ditions are set correctly (even visually, long con-
ductive braiding of the logging cable is well obser-
ved); there are no extremums within the solution
domain (the result corresponds to the condition
of monotonicity for harmonic functions); at the
outer boundaries of the area, the potential deriva-
tive goes to zero.

The same analysis has been repeated for the
boundary conditions corresponding to the focu-
sed probe for electrical survey (see Fig. 3).

The second stage is to check the corresponden-
ce of the potential around the well axis, since in
cylindrical coordinate system (in the case of axial
symmetry, it is logically to solve such problems
in cylindrical coordinate system) the Laplace
equation:

138 ( 8U )
r or " 87
at r = 0 has irregularity 1,/0.
Having multiplied equation (1) by 7%

U L5_=
+672+72 0, €))

8 (8U\, U, 52U
”Sr( ror ) S Toer =0 2)

at 7= 0 we obtain g(P =0, which is not an infor-
mative condition.
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Fig. 2. Distribution of electric field p;otential in the case of
unfocused probe (point electrode A and inverse electrode B
located on conductive braiding of the cable)
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Fig. 3. Distribution of electric field potential in the case of
focused probe for CES in the vicinity of electrodes having
the same potential A, Ab, At

Usually, this irregularity is eliminated by means
of boundary transition » — 0 (see, for example,
[12]. However, the direct use (1) or (2) for the
assignments with unfocused probes, where point
electrodes are located on the well axis, is impos-
sible. Similarly, it is impossible to directly use
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these probes for numerical calculations of the real
values of the coefficients, under the same assump-
tion. These numerical calculations are the next
stage of testing, because the results may always
be compared with the those calculated in [11]:
MA-BM_NA-NB)'

K=4n"MABM ~ NB-NA

A similar problem arises in connection with
IS, if we consider the equation for the vector po-
tential in cylindrical coordinate system.

The testing for error in the formation of the
equations of the discrete model has been made by
summing the currents crossing the shell that con-
tains inside one or more electrodes with known
current.

For the IS assignments, the test starts with qua-
litative and quantitative analysis of the depen-
dence of the skin effect magnitude in homoge-
neous medium on the specific conductivity of this
medium or frequency, in comparison with ana-
lytical formulas [13]:

g, = 1g,e” [(1 + p)sinp — pcosp],
g,, =g, [(1+p)cosp + psinp],

wherep =1L @, g = i%%, M is the dipole mo-

ment of the generator coil, ® is the excitation fre-
quency, and p is magnetic permeability.

A very important criterion for the correctness
of the choice of algorithm parameters is the sensi-
tivity of the results to variations in the already
selected parameters of the discrete model. The
study of such sensitivity is laborious and time-
consuming, but necessary for testing.

For example, for the finite difference method, if
we half the grid steps and the result changes by
1%, this indicated that at least at this point in our
method most likely there is no error. Conversely,
if the result changes significantly with a slight
variation in the parameters of the discrete model,
this means, we are still far from the correct result.

Such tests have been made for more complex
models of the medium.

This is necessary because, eventually, one of
the tasks of the numerical solution of direct prob-
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lems may be to determine the range of sustainab-
le operation of a particular equipment or to de-
termine the limits of its sensitivity to a particu-
lar parameter of the model medium. Solving this
problem in the analysis of the results is impor-
tant to understand what we are dealing with, if
there is a discrepancy between the obtained and
the expected results: either the actual achieve-
ment of the operating range of the equipment or
the error of the chosen method for solving the di-
rect problem.

All these tests of the developed software have
been made. Based on them, it has been concluded
that for the selected parameters of the discrete
model, the problem is solved with an error that is
less than the predetermined one.

An informative test of the software is the com-
parison of its results with the results obtained by
other software.

Various commercial software packages, such as
FemLab (University of Florida), have been used
for this comparison.

It should be noted that when using such pack-
ages, one should be very careful, because, for ex-
ample, FemLab when trying to solve the direct ES
problem for point electrodes located on the well
axis in cylindrical coordinate system may give a
result whose error is not immediately apparent.
However, with the right use of commercial pro-
grams, the benefits of testing our own programs
by comparison are hard to overestimate.

Figure 4 shows wireline charts of the probes of
four-probe induction survey equipment for a for-
mation pack (which contains in different sequen-
ces models of formations corresponding to water-
bearing, net oil pay, gassy, clay, and compacted
formations) obtained by the method of solving
the direct IS problem (marked as “Software 1”)
and with the use of FemLab (marked as “Fem-
Lab”). The model of each formation is three-laye-
red (well + zone of penetration of drilling mud
filtrate (or “the zone”) + part of the formation
unaffected by drilling mud (or “the formation”)).

Another form of testing is to compare the re-
sults with those obtained by the programs other
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Fig. 4. Example of comparison of the results of solving the
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than the commercial ones, i.e. with the programs
that have been implemented by other researchers
in the field of electrometry, for the same models
and the same probes.

Such a comparison has been made in Novosi-
birsk (at the Trofimuk Institute of Oil and Gas
Geology and Geophysics, Siberian Branch of the
RAS), for the software for solving a two-dimen-
sional direct problem of CES, upon the agree-
ment on formats for setting the boundary condi-
tions and obtaining the results.

A series of calculations with the use of the soft-
ware developed by the Novosibirsk colleagues
has been made (Figs. 5, 6) (“Software 1”) and our
software (“Software 2”) and the results have been
compared.

When discussing the results of the comparison,
we have found that some differences may arise
due to different representations in the simulation
of the inverse current electrode (in the actual
software it is presented as a conductive braiding
of the cable at a finite distance from the direct
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Fig. 5. Example of comparison of solutions to direct 2D prob-
lem obtained with the use of software developed by different
authors, for the section containing three-layer formations
(Resistivity of drilling mud is 2 Ohm-m; well radius is 0.1 m)
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Fig. 6. Example of comparison of solutions to direct 2D
problem obtained with the use of software developed and
implemented by different authors, for the section containing
three-layer formations (Resistivity of drilling mud is 2
Ohm-m; well radius is 0.1 m)

current electrode instead of as a point electrode).
Other discrepancies are the result of the approxi-
mate nature of any numerical calculation and in
this case objectively reflect its actual error.
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The main test of the correctness/robustness of
the algorithm for solving the direct problem is to
assess its validity for solving the inverse problem
that uses it (see Fig. 1). At least, the evaluation of
the results of the inverse problem in comparison
with other data of geological interpretation and
lithological dissection allows us to immediately
identify obvious errors in the implementation of
the solution to the direct problem.

In addition to the described use in R&D works
and the use of software and methodological tools
for solving the inverse problem [14, 15], the cre-
ated modeling tools have allowed studying the
relationship between the measurement error and
the error of solving the inverse problem [16], as
well as the areas of equivalent solutions of the in-
verse problem [17].

The approaches that have been used in this re-
search are applicable not only for solving prob-
lems of electrometry modeling [18—21].
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PO3POBKA TA TECTYBAHHY 3ACOBIB MOJIEJTIOBAHHS
HAYKOBO-/IOCJIIJIHOI TA JIOCJIJHO-KOHCTPYKTOPCBHKOI
POBIT TEO®I3UYHOTO ITPUJIAJIOBY/IYBAHHS
EJIEKTPOMETPIT HAOTOTA30BUX CBEPIJIOBVH

Beryn. OanuM 3 niepiuux etaris Gy/b-Koro npuaagobyayBatts € HaykoBo-gocaiaai (H/I) Ta 10caigHo-KOHCTPYKTOPChKI
pobotu (IKP). Matemaruute MO/IETIOBAHHS J103BOJISIE YHUKHYTH BUCOKOBAPTICHUX Ta TPUBAJIUX Y YaCl HATYPHUX 4r JIab0-
patopHux BuipoOyBaHb. Lle mizBuirye ehekTuBHICTD PO3POOKU HOBOI allapaTypH.

IIpo6GaemaTuka. [lepeBasna GibIICTh BUKOPUCTOBYBAHOI B YKpaiHi aniapaTypy eJIeKTPOMETPIi € MOPasIbHO 3aCTapijiolo.
Po3pobka HOBUX THIIIB aapaTypy MOKJIMBA 3 BAKOPUCTAHHSIM MaTeMaTHYHOTO MojeoBants Husku eramis H/[ ta JIKP.
MatemaTiuHe MOZIEIOBAHHST €JIEKTPOMETPIi BUMarae He TiJIbKU PO3POOKH Ta peasizallil YicI0BUX METOAIB PO3B I3aHHS BiJl-
MOBITHUX TIPSIMUX 33714, & il PETEJIbHOTO TECTYBAHHS 1X TI€Pe/] BIIPOBA/IPKCHHSIM.
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Mera. Pospo6ka, nporpaMHa peasisailisi Ta TECTYBaHHS IPOrPaMHO-METOAMYHOIO 3a0e3eueHts Mojgentoannst HJI Ta
JIKP reodizuanoro npuiago0yLyBaHHs eJIeKTPOMETPii HABTOTa30BUX CBEPAIOBUH.

Marepiaiuu it MeToIu. 3aCTOCOBAHO MaTEMaTHYHE MOJICJIOBAHHS 33/1a4 €JIEKTPOMETPil Ha(hTOra30BUX CBEP/JIOBUH.

Pesyabratu. Po3pobiieHe niporpamue 3a6e31eueHHst JO3BOJIIIIO i3 MiHIMAJIbHIUMU 3aTpaTaMi PECYPCIB 4acy 3a I0MOMO-
TOI0 MOJICJIIOBAHHS /114 33/IaHUX F€OMETPii 30H/10BOI YACTUHH, TIOYATKOBUX YMOB (TIapaMeTpH KUBJICHHA ) Ta CBEP/IJIOBUHHUX
YMOB PO3PaxOBYBAaTH Jlialla30H1 BUMIPIOBAaHUX BEJMYMH Ta IOCTI/KYBATH XaPaKTEPUCTUKY 30H/LY (BEPTHUKAIbHY PO3/IJIbIY
3IATHICTh, IIMOMHY AOCIIKEHHS TOIO); 3a 0NOMOTOI0 CTBOPEHOTO aJIfTOPUTMY MIiHIMIZallil BCTAHOBJIIOBATH ONTHMAJbHE
3HAUYCHHs Oy/Ib-SIKOTO TapaMeTpa 30H/Y JJIsl 3MEHIIEHHS TOXUOKU BUSHAYEHHST OY/lb-SIKOTO €0eJEKTPUYHOIO MapaMerpa
06paHoro macra.

BucHoBKH. 3anporioHOBaHO po3poliieHe Ta peasi3oBaHe IPOrpaMHO-MeTojinuHe 3abe3reuenHs: mojesoBanus HJI Ta
JIKP reodiznunoro npuaagobyayBaHHs eJIeKTPOMeTpii HahTOra3oBUX CBEPAIOBHH, IO MPOMIIJIO YCIIIIHE TeCTYBaHHS
Ta FOTOBE /10 MOJAIBIIOr0 BIPOBA/KEHHS y BUPOGHIumMii poriec. Floro Moskua eekTHBHO BUKOPHCTOBYBATH P CTBOPEH-
Hi BIZIIIOBIHOTO IPOrpaMHOro 3a0e3nedenns KiTbKiCHOI iHTeprperarii JaHnxX eJeKTPOMETPil METOaMu €JIEKTPUYHOTO
Ta HU3BKOYACTOTHOTO IHAYKIIITHOTO KapOTaXKY.

Knwouosi crosa: enexrpoMeTpis HaTOTA30BUX CBEPIJIOBUH, €JIEKTPUIHII KapOTaK, HU3bKOYACTOTHUN iHAYKITITHUHN Ka-
poTax, mporpamMHe 3abe3NeYeHHs, MaTeMATUYHE MOJICTIOBAHHS, HAYKOBO-OCI/IHI Ta OCIiIHO-KOHCTPYKTOPChKI pobOTH,
reodiznute npuiIas00yyBaHHSI.
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