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ANALYSIS OF FLUID FILTRATION MECHANISMS IN FRACTURED RESERVOIRS

Abstract. Carbonate reservoirs play a vital role in the world’s gas and oil resources. With the expanding
exploration, many deep fractured offshore reservoirs have been found. It has strong anisotropy. Therefore,
fractured carbonate reservoir and its flow mechanism have been a challenging research topic in reservoir
engineering. However, the existing theories cannot properly describe the fluid flow mechanisms in fractured
porous media. The matrix and fracture system have different flow properties and depend on several parameters,
such as interporosity flow, storage coefficient. According to the different combination of natural fracture, cave
and matrix in carbonate reservoir it is not easy task to build analytical model for this kind of reservoirs. Based
on the comprehensive study on the existing theories and methods, the flow features of fractures and the fluid
exchange between different porous media as well as the analytical models have been thoroughly reviewed. In
this paper this type of reservoir is divided into two model: dual-medium model and triple-medium model. The
flow mechanics of naturally fractured reservoir is discussed. Different kinds of physical and mathematical
models are established. This paper can be used for the future development and studies of fluid flow model in
fractured reservoirs, because there are numerous carbonate fields in Kazakhstan.

Key words: mathematical model; fractured reservoirs; matrix characterization; filtration mechanisms;
carbonate reservoirs.

Introduction. Fractured carbonate reservoirs are composed of limestone or dolomite, and their structure
and rock physical properties are very different from conventional sedimentary reservoirs. Currently, the
reserves of carbonate reservoirs in the world account for more than 65% of the total reserves of crude oil, the
production of carbonate oil and gas reservoirs accounts for more than 65% of the total world production of
oil and gas. Typically, the fracture system of carbonate oil and gas reservoirs is prevalent, and it is important
filtration channels and fluid storage spaces in carbonate oil and gas reservoirs. The degree of fracture
propagation mainly affects the productivity of an individual well and the efficiency of oil displacement.

Due to the complex process of accumulation of fractured carbonate reservoirs, development characteristics,
physical properties, heterogeneity, fluid distribution rules, reservoir types, development models and dynamic
characteristics of fractures, caverns, matrix and other reservoirs are very different from traditional oil and gas
reservoirs. Although the filtration mechanism of fractured carbonate reservoirs originated from the theory of
filtration of conventional sandstone formations, its research in complexity far surpassed that of traditional oil
and gas sandstone formations, and has become an important scientific branch of fluid mechanics. The study
of the filtration mechanism of fractured carbonate reservoirs is very important for the effective development
of this type of oil and gas reservoirs and the development of the importance of filtration mechanics.

The development of natural fracture systems is an important feature of fractured carbonate reservoirs. The
fracture system is not only a reservoir for oil and gas reservoirs, but also the main channel for fluid filtration.
Therefore, determining the filtration capacity of fluids in natural fracture systems is important for determining
the characteristics of the formation. In [1], based on the development of the relative roughness of cracks,
the author investigated the problem of fluid filtration in cracks as a laminar flow regime. Filtration between
smooth and rough surfaces was investigated. A classical formula was derived to describe the filtration capacity
of'a fracture (1), the cubic law has been the basis for characterizing the filtration capacity of a fracture since its
proposal. Subsequently, this law was further investigated by scientists to describe the filtration of a network
of natural fractures [2, 3]

135



NEWS ofthe Academy of Sciences of the Republic of Kazakhstan

_a M
T (1)

Where: ¢ flowrate, 3 /s ; H -fluid viscosity, Pq-s ; a - crack opening, m ; Ap - the pressure difference
between the two ends of the crack, Pqg; [, - crack length, m.

Under the influence of rock stress, the opening of natural fractures will change at a local point, this
assumption suggests that the cubic law is too simplified. To solve this problem, there used methods for
correcting the height of the cracks, changing the function of the crack width, modifying the density distribution
functions of the crack width and changing the roughness of the crack. The degree of disclosure follows the
cubic law (2), which looks like this [4]:

q=——Ia3f(a)da 2)

Where f (a) - is the density function of the probability distribution of the crack opening.

Having applied the theory of fractals in the field of petroleum engineering, many scientists have proposed
the theory of fractals to characterize fractures and their shape. Thus, the cubic law is used to study the filtration
capacity of fracture systems [5]. The following formula (3) is a fractal expression of the cubic law [6]:

3
q:(a‘zh) Ap 3)
12p L

Where }; - the average height of particles on a representative unit, .

With the development of the theory of filtration, it was found that uneven filtration of fluids is observed in
fractures [7]. The cubic law cannot describe the flow of fluid in such cracks. Filtration modeling in channels
is carried out using a physical and digital model.

The mechanical properties and permeability of natural fractures are closely related to the morphology
of their surface. The use of a rock surface scanner with a mechanical probe made it possible to study the
development of a system of channels of natural cracks, the morphology of the surface of cracks in sedimentary
rocks using a photoelectric system for automatic measurement of the three-dimensional shape of the surface.
The relationship between the characteristic scale parameters of the fracture and the flow capacity is analyzed.
In [8, 9], a three-dimensional numerical model of a crack system was studied using a laser scanner. A digital
picture of the fracture morphology was realized using a three-dimensional laser scanning device. A predicted
model of the ability of a crack to close under the vertical stress was created, a systematic study of the
morphological characteristics of the surface of reservoir cracks, the law of closure of a crack under the action
of various forces and characteristics of fluid filtration in cracks was carried out.

Development of research on the effect of stress on cracks. The filtration capacity of fractured oil and
gas reservoirs is more susceptible to stress. Due to the constant development of experimental methods and
equipment improvements, many scientists have conducted experiments and studies of the stress-sensitive
effects of fractured oil and gas reservoirs. In [10], a stress dependence test method for fractured reservoirs
was proposed. During the experiments, it was found that the permeability of the oil phase and hydraulic
fracture opening change with increasing effective stress, depending on the nonlinear function. The internal
relationship between the crack width, the dependence of w to stress and permeability has been studied. Also, the
regularity of the change in permeability and the restoration of reverse permeability under stressful conditions
were investigated. The mechanism of stress dependence and factors of influence of fractured reservoirs are
analyzed. The intrinsic relationship between crack initiation, stress dependence and physical properties has
been studied. In [11], tests were carried out for the stress dependence on the core of microcracks under tension,
prepared as part of the test, and at the same time, proceeding from the mechanism of deformation of the
fractured medium, the characteristics of the stress dependence of fractured formations with low permeability
were quantitatively analyzed, as well as quantitatively the characteristics of stress dependence of a fractured
medium and their relationship with microcracks and surface roughness are explained. According to the
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studies, the fracture channel system played a decisive role in characterizing the filtration capacity of the
fracture, but there is no complete theory of the characteristics of the filtration capacity of a complex system
of channels under the influence of three-dimensional stress. Consequently, further research should focus on
the description of a complex system of channels and multiphase flows.

At present, fluid exchange in fractured carbonate reservoirs is mainly based on statistical methods that
allow to equate fracture filtration with a macroscopic continuous filtration field and introduce the concept
of a block to describe the macroscopic filtration characteristics of various porous media. A fractured binary
medium usually consists of matrix pores and a network of fractures. Modern methods of description are
mainly divided into two main types of fluid exchange methods: continuous and discrete.

Experiment on physical modeling of the mechanism of fluid exchange. Physical modeling is an important
method for studying fluid flow in porous media. It can more accurately model the law of fluid exchange
between media. Due to the successful development of high-precision flow and pressure measurement devices
in recent years, the results of physical simulations are reliable. Experiments on the influence of such factors
as crack surface roughness, gravity and capillary force on the law of fluid exchange between media, as well
as one-dimensional and two-dimensional physical experimental models of cracks and karst cavern systems
have been widely used [10]. Then, with the development of etching and engraving technologies for plexiglass
and marble, more and more complex physical models were created to study the various laws of wettability
of formation fluids and the laws of exchange with complex structures, such as various forms of cracks and
various combinations of media. In [12], a visual physical model of filtration was used to study the laws of
waterflooding of fractured-cavernous reservoirs and the mechanism of enhanced oil recovery. A quantitative
analysis of the interrelated distribution and penetration parameters of matrix fractures reveals a microscopic
penetration mechanism between matrix and fracture. Based on the current state of the art of physics simulation
experiments, the focus of in-depth studies should be on the research and development of an experimental
platform for microscopic visualization of filtration in multi-fractured systems and a large-scale 3D model
experiment on fluid filtration.

Single-phase mechanism of fluid exchange. Multiple fluid models are important for describing fluid
exchange in fractured carbonate reservoirs. Assuming that the movement of fluid into the matrix and fractures
satisfies Darcy’s law, and taking into account the mechanism of fluid exchange in the pores of the matrix
and the network of fractures, a mathematical model of filtration in a double medium was proposed [13].
Subsequently, various scientists have proposed orthogonal fracture models by simplifying the fracture
system and matrix system with different ratios of the orthogonal distribution of fracture blocks and different
properties [14] such as the dual medium model [15], the spherical dual medium model [16] and the fractured
dual medium model [ 17]. Consistent with the reservoir matrix, the system development further refines the
traditional dual media model to a fracture propagation structure model.

The fracture structure model consists of a network of vertical lattice fractures. The cracks represent both
the matrix space and the filtration channel. The model does not take into account the permeability of the
rocks. In [13], a classical model of double porosity, single permeability and a model of double porosity are
proposed. The dual permeability model assumes that the matrix is the primary fluid storage space and the
fracture is the primary fluid filtration channel. Pseudo-stationary fluid movement in rock blocks and fracture
systems can be expressed by the following formula:

op, a, .k

m—1"m

Pu o= (P, -p.)

ot )

Where, @,,- porosity of the matrix system,%; C,- complex compressibility of the matrix system, p;™; p,,
- pressure of the matrix system, Pa; k, - permeability of the matrix system, m?*; Py- pressure in the fracture
system, Pa; Q,,_,is the shape factor of the channel filtration between the matrix and the crack, 1/ m?; -
production time, sec.

Kazemi’s model simplifies the fracture network to a layered shape. Swan’s model is similar to the Warren-
Root model, but the shape of the matrix element changes from a block to a sphere (Figure 1). In work [17],
striving for the difference in scale, method of connection and conductivity of the network of fractures in
the formation, the Warren-Root model was refined to a model of double porosity and fracture. The spatial
distribution of real fractures is complex, and fracture opening and closing phenomena are observed during
filtration. At the same time, under the influence of the mathematical apparatus and the computing power of
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the computer, the complexity of the assumptions of the physical model should be appropriately limited. Thus,
a new type of fluid exchange is established. This is the next line of research that can accurately describe the
spatial difference in fracture distribution and reduce the complexity of solving the math problem.
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Figure 1 - Comparison of the Warren-Root model (a), the Kazemi model (b) and the Suan model (c)

Materials and methods. Many scientists have carried out experiments to physically simulate the law of
two-phase filtration in fractures and have determined the functional relationship between capillary pressure
and saturation, as well as relative permeability and saturation (or capillary pressure). Through experiments
on displacement on physical models of natural rocks, the relationship between capillary force, relative
permeability and saturation in the fracture, as well as the mechanism of oil displacement and the law of fluid
exchange were deeply studied in [18-20]. In recent years, many experimental methods have been performed to
determine the permeability of the oil-water phase of a fractured-porous reservoir. Fractures were built on the
basis of experimental models of various filtration modes in the fracture network and a computational model
of the phase permeability of natural oil reservoirs. An experimental method was proposed for analyzing the
phase permeability of oil-water of a complex system of a network of fractures. In addition, the theory of finite
elements was used to study various scales based on a mathematical model of two-phase filtration taking into
account the capillary force [19, 20].

Results. There is a big difference in filtration law between fractures and matrix, the structure of fluid
filtration in fracture and matrix is different, and the scale of real fractures is different. Consequently, the
mechanism of multiphase fluid exchange in fractures of different scales needs to be investigated.

Similar to the mechanism of fluid exchange, the creation of a mathematical model of filtration also took
place in two main stages: the creation of a mathematical model of filtration through a continuous crack and a
mathematical model of filtration through a discrete crack.

The mathematical model of fracture filtration in a continuous medium of fractured reservoirs is mainly
divided into six categories: homogeneous fracture type, pore fracture type, pore-karst-cavern type, pore-karst-
cavern-fracture type, pore-fracture-karst-cavern type, and multi-porous filtration type [21,22]. Mathematical
model of homogeneous filtration of fractured type (model of ordinary porosity). This mathematical model is
consistent with the homogeneous reservoir filtration model. The fracture is considered as the only storage and
filtration space for the fluid, the influence of the matrix is ignored, and it is suitable for carbonate reservoirs
with advanced fractures (Figure 2), the filtration equation is as follows:

k_f V2 p, =B %

f f
H ot )

Where k ’ is the permeability of the fracture system, mz; Py pressure of the crack system, Pa; ﬂ -
coefficient of accumulation of cracks, pg7".

Fracture
system

4

Wellbore

Figure 2 - Physical model of a fractured reservoir
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Figure 3 - Physical model of a fractured porous reservoir.

Mathematical model of filtration by the type of pore fractures (model with dual porosity and single
permeability and model with dual porosity and dual permeability). For this type, the model is divided into a
dual porosity and single permeability model and a dual porosity and dual permeability model depending on
whether the matrix system is filtered into the wellbore. For the dual porosity and single permeability model,
fluid flows from the matrix system to the fracture system, and then flows from the fracture system to the
wellbore (Figure 3a); for the dual porosity and dual permeability model, except for fluid exchange between
the matrix system and the fracture system, each matrix and fracture system will be filtered into the wellbore
(Figure 3b). Expression of the mathematical model of liquid filtration in each medium:

k a k ap
f 2 m—f""m f
LV p =L (p, = p, )= B, —L
m f L ( f) f ot (6)
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Where, kfis the permeability of the crack system, mz; Pc. pressure of the crack system, Pa; C,, -
coefficient of accumulation of the system of cracks, 1/ m> ﬂm is the storage coefficient of the matrix system,
Pa™".

Mathematical model of porous medium filtration. This model assumes that the fractures of the system are
not developed, the wells are mostly drilled in the karst and vug zone, and there is fluid in the matrix system
that flows into the cavity. The fluid in the cavity is mainly dependent on the elastic expansion of the rock.
Filtration process (Figure 4), a mathematical model of reservoir filtration corresponding to this physical
model:

k , ko p
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Where k_is the permeability of the cavern system, m? ; - pressure in the cavernous system, Pa; a,..
- coefficient taking into account the forms of filtration between the matrix and cavern, 1/x?2% ﬂc is the
accumulation coefficient of the cavern coefficient, Pg7".

-~

Cavern Matrix system
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Figure 5 - Physical model of a cavernous-porous reservoir.
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Mathematical model of porous-cavernous-fracture filtration. For a situation where there are three reservoir
pore systems, caverns and fractures exist simultaneously, in accordance with the law of fluid exchange between
the systems and depending on whether fluid moves into the wellbore, this type of ternary medium model is
a single permeability model and a double permeability model. permeability for three media. Among them,
the model with three pores and one permeability can be divided into two models according to the different
environments encountered in the wellbore. This is a three-fracture model with one karst permeability.

When the fracture system serves as the only filtration channel for fluid flow into the wellbore, and the karst
caverns and matrix system complement the filtration into the fracture system (Figure 6a), the mathematical
model looks like this:

ky &y O, s p,
—V 4 —1 — . — )= ,—
Ve (P.—r,)+ p (p.—p,)=8, >
Img2y, _moS _ — %

& 2 _ac—f _ — apc

Where, @_ is the shape factor of the channel between caverns and fractures, 1/m”.

When the system of karst caverns serves as the only filtering channel for fluid flow into the wellbore, and
the system of fractures and matrices, respectively, supplements the fluid in the system of karst caverns (Figure
6b), the mathematical model looks as follows:

k a a,_, %)

cvz m—c _ f-c _ — pc

k a. op

mVZ _Zm=c _ — m (9)
PR (P, —p.)=B, P
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Where ,- is the shape factor of the channel between caverns and fractures, 1/ MZ.

When the system of karst caverns serves as the only filtering channel for fluid flow into the wellbore, and
the system of fractures and matrices, respectively, supplements the fluid in the system of karst caverns (Figure
6b), the mathematical model looks as follows:
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Figure 6 - Physical model of porosity-vuggy-fracture reservoir.

When a fracture and a system of karst caverns serve as filtering channels for the simultaneous flow of fluid
into the wellbore, and the matrix system complements the filtration of a system of fractures and a system of
karst caverns (Figure 6d), then the mathematical model looks as follows:
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Filtration of multimedia model. In some complex carbonate reservoirs, fractures, caverns and matrix
are very heterogeneous and several types of filtration media can exist. Therefore, it can be described by a
mathematical model of filtering the n-matrix of media:
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Where ¢, is the form factor between the second matrix medium and the matrix medium, 1/n?* ; B, is
the accumulation factor of the n-th matrix medium, Pq™"; P, is the pressure of the n-th system of the matrix
medium, Pa;k, - permeability of the n-th matrix medium, m’.

After nearly half a century of theoretical research, the fracture filtration mathematical model is largely
complete, and the media matrix filtration mathematical model can basically summarize the filtration
characteristics of various types of fractured oil and gas reservoirs. Hence, future research should focus on
n-matrix environments.

Discussion. Since the process of accumulation of hydrocarbons is the migration of fluids from the source
formation to the target formation under the influence of various driving forces, during the accumulation of
oil and gas, light fluids move into the pore space of the reservoir. initial water is displaced into oil and gas
reservoirs. Consequently, all oil and gas formations contain a certain amount of formation water, but some
formations have a low water saturation, which is lower than the mobile water saturation of the formation.
For this type of oil and gas reservoirs, the movement is considered to be single-phase filtration. For oil and
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gas reservoirs with a high formation water content, the filtration process includes at least two-phase fluids.
Almost most of the reservoir filtration is related to multiphase filtration. The general mathematical model of
three-phase filtration is presented in equation (13) and equation (14) [23-29]:

[ kk q o (oS,

Vela —1(Vp -y VZ)|+dse = I=0 13
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Where P, is the conductivity conversion factor; @, volume conversion coefficient, k _ absolute formation
permeability g% M;- phase viscosity, Pa-S; p; - phase pressure Pa, k, phase relative permeability, fraction;
S is the phase saturation, % B, is the volumetric coefficient of the phase m’ | m:. Vi - the specific gravity
of the fluid, R is the ratio of dissolved gas and oil, V} is the volume of the block, m’, Z is the height, m.

Conclusmn. Based on the results of the literature review, filtration mechanisms in fractured carbonate
reservoirs were determined, and the filtration capacity of natural fractures was shown, the mechanism of fluid
exchange between the cavity-fracture medium and the matrix was shown. Mathematical models of multilayer
and multiphase filtration in cracks have been established.

When modeling a multiphase and multilayer connection of a complex system of channels, as well as
a multiphase mechanism of fluid exchange in fractures of different scales, a discrete mathematical model
of filtration in fractures is mainly used. In subsequent studies, attention should be paid to the combination
of experimental and numerical modeling, the combination of fluid mechanics and solid mechanics, taking
into account the heterogeneous characteristics of the reservoir and the filtration mechanisms of fractured
reservoirs. Thus, there is still research to be done on the theory of filtration of fractured carbonate reservoirs.
Based on this literature review, further studies of the filtration mechanism of fractured carbonate reservoirs
should take into account the following aspects:

* A combination of fluid mechanics and solid mechanics, since fractured carbonate reservoirs contain fluids
such as oil, gas and water. The filtration of each fluid is very different. During filtration, the pressure field
changes, which causes changes in the local stress field, which leads to different laws of opening and closing
cracks of different scales. Therefore, it is necessary to take into account this process. It is also necessary to
take into account the laminar and turbulent filtration modes.

* Fractures depend on various factors such as structural heterogeneity, lithology and rock physical
properties; in order to characterize fractures of different scales and analyze their influence on the filtration
law, it is necessary to take into account the heterogeneity of the reservoir.
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JKAPBIKINAKTBI KOJUIEKTOPTAPIATBI CYUBIKTBIKTBI CY3LTY MEXAHU3M/IEPIH
TAJIJIAY

AHHoTauus. XKapbuiran KapOOHATThI KOJUIEKTOP JI€MET] KOJUIEKTOPIapAblH MaHbI3Ibl TYpPIIEPiHiH 0ipi,
opi OHBI CY3y MEXaHU3MEPi MyHall HHKECHEPUSCHIHAAFBI 3ePTTEYICPAIH 63€KTi TAKBIPHIOBI OOJIBIIT €CEeNTEINE .
Bapnay mMeH urepy TepeHIereH caliblH KONTEreH KapbIKTapbl 0ap TEeHi3 pe3epByapiapbl TaObUIAbL. AJaiza,
KOJIIaHBICTaFbl TEOPHSIIAP MYHJIAl OpTaarbl CYWBIKTHIK aFbIMBIHBIH MEXaHU3M/IEPiH 3] CUTIATTal alIMaiiIbl.
Marpuua MeH >KapbIKTap XYHeci opTypii OTKI3TiIUTIK KacHeTTepre Me >KOHE apaiblK arblH, KUHAKTAy
k03¢ GUIHEHTI CHAKTHI OipHee mapaMeTpiepre OaianblcTel. KapOOHATTHI KOIIIEKTOPAAF bl TAOMFH KAPBIKTAP,
KaBepHalap MEH MaTpHULaNapIblH opTYpii KOMOMHALMSICHIHA OaiIaHBICTBI KOJUIEKTOPJIApAbIH OCBl TYpiHE
AHAJMTUKAJBIK MOZIENIb KYpY OHall emec. KonaHbIcTarsl TeOpHsiIap MEH 9icTepl KeHIHEeH 3epTTey Heri3inue
KapBIKTApbIH OTKi3y KaOiIeTTUIrHIH cHUIlaTTamManapbl, 9pTYPil KEYeKTi OpTa apachIHAAFbl CYMBIKTBIK
aJMacy, MaTeMaTHKaJIbIK MOJENbJEp, COHIAi-aK KOJIEKTOPABIH OChI TYPIHIETI CY3y TEOPHUSICHIH 3ePTTEYIiH
JlaMy TepCIIeKTHBACK XKYHeli TypAe KapacTelpbuiaabl. by makanana pesepByapAbIH Oy1 TYpi €Ki Monebre
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OemiHesi: eKi OpTabl MOJIEITb KOHE YIII OPTAJIbI MO/IENb. TaOUFH JKapBIKTHIFBI 0ap KOJUICKTOPIIAp aFbIHBIHBIH
MEXaHHMKAChl TAJKBIIAHIBI. OPTYPIl (PU3HKAIBIK KOHE MaTeMaTHKAJIBIK MOJENbAEp opHaThuIIbl. CoHal-akK,
yir (bazanel CYWBIKTBIKTAp/IBIH (MYHaH, CY, Ta3) €Ki XKoHe YIII KeYeKTUTIr Oap KoHe KapblUTFaH KadarTapIarbl
OTKI3TIIITITI 6ap opTanaparbl aFblH MOJIENbepi TanKbuiaHabl. COHBIMEH KaTap OipHelle aHAIUTHUKAIBIK
MOJICNIBACP/IH KaCHEeTTepi MEH KOJIAAaHBICHI CHIIATTAlIFaH HOTHIKECIHAE ONIAp/BIH apTHIKIIBUIBIKTAPhl MEH
KEMIIITIKTepl KOpCETLTI, KapacThIpbUIMaraH OaFbITTaphl alKbIHAaabl. KazakcraHma KapOOHATTHI KeH
OPBIHIAPHI KO OOJIFaH/IBIKTAH, AJIBIHFAH HOTHOKEIEP JKapBIKIIAK KOJUIEKTOpJIApAaFrsl (IIIOUATED aFbIMBIHBIH
MOJIIIH 931pIIey/i KETIAiPy, TePEHIpEK 3epTTey YIIiH KOIIAaHBLTYbl MYMKIH.

Tyiiinai ce3aep: MareMaTHKaJIBIK MOJEINb; JKapBIKIIAKTH KOJUICKTOP; MaTpHIAIap/blH CHIATTaMachl;
CY3lJIy MeXaHn3Mi; KapOOHATThI KOJUIEKTOPIIAp.

Typrazunos U.K". Mykanos /I.b.

Kazaxcrancko-bpuranckuii Texunueckuii YHuBepcuret, AnMarsl, KazaxcraH.
E-mail: rgu08@mail.ru

AHAJIN3 MEXAHU3MOB ®UJIBTPALIUU ®JIONJO0B B TPEINUHOBATBIX
KOJIVIEKTOPAX

AnHoranusi. KapOoHaTHBI KOJJIGKTOpP C TpELIMHAMH SIBJSIETCS OAHUM M3 HauOojee BaKHBIX THUIIOB
KOJIJICKTOPOB B MUPE, 1 MEXaHU3MBI €ro GUIbTpanus ObUIM aKTyalbHOW TEMON MCCIe0BaHUM B HEQTIHON
nmwxeHepu. [1o mepe yrmyOneHust pa3BeAKH U pa3padOTKH ObUTH 00HApYKEHBI MHOTHE MOPCKUE PE3EpBYaphl
¢ TpemnHaMu. OHAKO CYIIECTBYIOIINE TEOPUH HE MOTYT TOYHO OXapaKTepHU30BaThb MEXaHU3MbI TCUCHUS
KHUIKOCTH B TaKMX cpefax. Marpuua M cucTeMa TPEIIMH MMEIOT pa3Hble CBOMCTBA MPOBOAMMOCTH M
3aBUCST OT HECKOJIBKUX MapaMeTPOB, TAKMX KaK MEXKIIOPOBBIH MOTOK, KO3(GUIMEHT HaKkomIeHus. B cBs3u
C pa3IMYHOM KOMOMHAIMEH eCTECTBCHHOM TPELIMHBI, KaBEpHBbI M MaTpHUIbl B KapOOHATHOM KOJIEKTOPE
MOCTPOUTh AHAJUTUYECKYI0 MOJENb JUIS TaKoro THIIA KOJUIEKTOpPOB HempocTo. Ha ocHoBe oOmmpHBIX
HCCIICIOBAHUM CYLIECTBYIOLIMX TEOPHUH M METOJOB CHCTEMAaTHUECKU PACCMATPUBAIOTCS XAPAaKTEPUCTHKU
MPOIMYCKHOH CHOCOOHOCTH TpEIIMH, OOMEH (UIIOWAOM MEXAYy Pa3IMYHBIMH TOPUCTBIMH CpElaMH,
MaTeMaTHYeCKUe MOJIENIN, a TaKKe MEPCIIEKTUBBI PA3BUTHS MCCIICAOBAHUS TEOPUH (PUIBTpALUsl B JaHHOM
TUIE KOJUIEKTOpa. B 3TO cTaThe 3TOT THI pe3epByapa pasiesicH Ha ABE MOJCIHN: MOJEINb C ABYMs CpeJaMu
u Mozenb ¢ TpeMs cpeaaMu. OOCykaaeTcsi MeXaHWKa MOTOKA €CTECTBEHHO TPEIMHOBATHIX KOJIJICKTOPOB.
VYcraHaBnMBalOTCS Pa3IMYHOrO poia (usnyeckue M MareMaTHueckue Mmonenu. Takxke o0cCykaarorcs
Mozeny TedeHus: Tpexdazupix GuonaoB (HedTh, BOAA, Ia3) B CPeAax ¢ JBOWHON U TPOWHON MOPUCTOCTHIO
U TIPOHUIAEMOCTBIO B TPEILIMHOBATHIX IIACTAaX. JTa CTAaThsi MOXKET OBbITH MCIIOJIB30BaHA ISl JaJlbHEHIIeH
Pa3paboTKH M U3YUYECHHUSI MOACIH TeUeHUs (UIIOUA0B B TPEIIMHOBATHIX KOJJIEKTOpaX, Tak kak B Kazaxcrane
HMMEEeTCsl MHOKECTBO KapOOHATHBIX MECTOPOXKICHUI.

KitroueBble cjioBa: mareMaTHdyecKas MOAEIb; TPELIMHOBATHIM KOJJIEKTOP; XapaKTEPHUCTHUKA MAaTpHIIL;
MeXaHHU3M (UIBTpaLrH; KapOOHATHBIE KOJIICKTOPHIL.
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