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COMPUTER MODELLING OF THE STRIPS ROLLING PROCESS
IN THE LONGITUDINAL-WEDGE MILL AND CALCULATION
OF IT HEAVY-DUTY ELEMENTS DURABILITY

Abstract. A multifunctional longitudinal-wedge mill (LWM) of new design is presented. Analysis of the results
of mathematical modeling of stress-strain state (SSS) ofthe rolling workpiece and stands of new mill is shown. The
mathematical modelling was conducted by the finite element method and by the deformational model of the metal
durability.The effect of the multifunctional LWM working rollsdiameterchangeson the SSS of the rolling strips and
heavy duty elements of the mill stands was defined. It is shown that new mill has a sufficiently high rigidity of stands
design and satisfy the strength requirements. It is noted that rolling strips on the proposed mill does not lead to the
longitudinal and transverse gages interference of the finished steel. As a result ofSSS modelling of heavy-duty
elements of new mill stands the measures for their modernization have been developed.

Keywords: mill; rolls; strain-stress state; gage interference; flatness.

Introduction. Current development of the rolling production is mainly aimed to improve quality of
the rolling strips by assimilation and adaptation of new technique and technology into the production,
which provide minimal transverse gage interference and flatness [1]. This is due to the fact that at the
moment the production of high-quality copper strips and sheets with a thickness of less than 1 mm,
aluminum stripes less than 0.5 mm thick, rolling of precious metals for obtaining billets of the jewelry and
electrical industries, etc. is in demand [2].

In recent years, to produce strips with a given thickness, profile, flatness the modern rolling
equipment or new designs of the standsare used [1, 3]. Therefore, leading metallurgical and engineering
companies modernize and create new rolling equipment, at the same time they improve technological
process of rolling. For example, new by design six-roll stands, quarto stands with intermediate rolls, multi-
roll stands, etc. allow to regulate the profiles of the roll gap. However, many mills have not found wide
application in the production, because of their complexity.

It is well known [4-8] that widely developed methods for regulating the transversal thickness and
flatness of the rolled strips are: profiling of the rolls body, regulating thermal convexity, roll-bending of
working and supporting rolls, reducing vibration during rolling, regulating the drafting regime of rolling
strips, etc. However, the methods listed have drawbacks [4]. For example, the profiling of rolls is appli-
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cable only for bands of a certain size. Thermal regulation has a significant inertia. The use of working and
supporting rolls bending results in increase of the load on the bearings of the rolls unit and intensive wear
of the rolls body.

Besides current trends in the development of specialized equipment for cold rolling sheets and tapes
suggest the maximum possible simplification of the structure of rolling mills with simultaneous impro-
vement of the quality of finished metal products [2].In this case, it is necessary to ensure the maximum
flexibility of rolling process setup. One of the main requirements for the development of new equipment is
the possibility of upgrading existing rolling mills stands to minimize costs.

On the other hand, at the moment many enterprises, that produce thin bands of metals and alloys, tend
to purchase new equipment with a specific design [2, 5]. Consequently, due to very high complexity or the
impossibility of their manufacture by third parties, spare parts and component sare purchased from the
same manufacturer at a relatively high price. Therefore, in this aspect, development of the specialized cold
and hot rolling mills is very rampant.

The main technological scheme for the industrial production of cold-rolled or hot-rolled sheets is the
process of individual coils rolling of relatively thin strands and strips on the continuous or reversible mills,
with the following their slitting along the length and width by the aggregate of longitudinal and transverse
cutting [2].

However, in most cases, when rolling strips of non-ferrous, precious and precious metals, specialized
mills are used [2]. These mills are limited by the volume of production of finished metal. Therefore, when
rolling in these mills, it is difficult to use the original individual coils rolling. Whereas, individual coils
rolling has a higher degree of adaptability when producing small batches of bands of different sizes for
thickness, length and width. It can be concluded that this method effective for the use in the above-
mentioned mills. At the same time, by eliminating the need to use rather complicated winding-tensioning
devices and systems of kinematic synchronization of their drives, it is possible to simplify the composition
and design of the rolling mill.

The simplest way to improve the quality of the rolled metal is to reduce the diameter of the working
rolls, which leads to a reduction in the rolling force, which has a favorable effect on the final product
[2,5]. But, often, the diameter reduction of the working rolls is impossible or limited due to the structural
features of the frame of the rolling mill stand, also diameter reduction of the rolls leads to increase of roll
deflection and decrease of rolling nodes strength. Small diameter of the working rolls can be achieved by
using large diameter of the supporting rolls. Such way was exploited in the design of quarto and multi-roll
stands of cold rolling mills. However, there are some reasons to study, when the size of the working roll
decreased till the values that do not allow using working rolls as driving wheel sand the drive is organized
on the supporting rolls.

One of the reason is the lack of the support of the working rolls along the rolling axis. For example,
in the multi-rolls stands, and this is the reason of rolls bending in the horizontal plane, which negatively
affects the quality of the finished product [2]. Another reason is the presence of a buoyancy force due to
the fact that the circumferential force directed along the rolling line acts on the working roll from the
transmitted moment. In addition, in interest the process of transferring the torque through friction between
the rolls, which leads to loss of torque to friction and thus imposes a certain limitation on the possibility of
organizing rolling with drive on the support rolls.

In order to eliminate the above problems and obtain high-quality sheets, as well as to reduce the
energy-strength parameters, we propose a multifunctional LWM of a new design for rolling thin strips of
steels and alloys (Figure 1) [9].

The aim of the work is to consider the possibility of calculating the SSS of the rolls, as one of the
heavy-duty parts of multifunctional LWM by the use of developed algorithms.

Equipment, materials and method of the experiment. For rolling thin strips with accurate geo-
metrical dimensions, we developed a new multifunctional five-stand LWM with simple design (Figure 1).

Multifunctional LWM for rolling sheets of steel and alloy contains: motors, gearboxes, gear cage,
universal spindles, couplings, stands with working and back-up rolls (Figure 1). At this there are two and
four back up rolls in the first three stands and in the last two stands respectively. Rotation of the working
rolls, which are decreased in the rolling direction, is carried out through the bearing cages by the five gear
motors with angular velocity w = v-R (where v- the rolling speed in each mill stand; R — the radius of the
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work rolls in each mill stand). The distance between the stands are increased by the amount of forward
flow, and distance adjustment between the work rolls is made by the uniform worm push mechanisms
located above and below of the mill frame assembly and bearing cages.

Figure 1 — Multifunctional longitudinal-wedge mill () and construction of its working stands (b):
1 — gear motor; 2 — gear; 3 — lay shaft; 4 — pinion stand;5 and 6 — spindles; 7 — bearing stand; 8 — working rolls;
9 (first three stands) and 10 (last two stands, not shown) — support rolls; 11 — frame; 12 — shoe plate; 13 and 14 — push mechanism

It should be noted that working rolls in each stand have a constant diameter, and the diameter of the
rolls in the sequentially arranged stands is reduced in the rolling direction. In output the thin strip is cut or
reeled.

In the work MSC Nastran and MSC.Super Forgesoftware packages are used to solve the problem of
elastoplastic by the finite element method in 3D formulation.

MSC.Super Forgesoftware package was used to calculate SSS of the work piece and energy-strength
parameters of rolling thin strips. The proposed strips rolling process is complicated enough. It is connected
with the fact, that during rolling the workpiece is deformed continuously in all 5 stands with the rolls,
which have decreasing diameters in the direction of rolling.

Following steps were stuck to for modelling the research process by using MSC.SuperForge software
package [10, 11]:

1) depending on the processing conditions, the type of finite-element analysis was chosen;

2) geometrical model of original workpiece, rolls and mills were created;

3) rheological properties of the workpiece were defined either by database of «MSC.SuperForge»
software, or by thermomechanical properties of the workpiece material;

4) initial temperature of the rolling workpiece, as well as workpiece and rollcontact conditions on the
surface, in other words, friction coefficient, the law of movement of the kinetic tool, were setup.

Further, components of the strain tensore, components of strain rate tensoré, components of the stress
tensoro, intensity of deformation, stress intensity, power of a normal pressure, temperature distribution
over the volume of the workpiece were calculated with a fairly rigid precision.

Results of calculations are presented in the form of field distribution of corresponding parameters
along the volume of the deformed bode or in the form of numerical values of the studied parameters in the
nodes of the deformed mesh.

In the work a 3Dgeometric model of the workpiece and of the rolls was constructed in the CAD
Inventor program and then imported into CAE of MSC.SuperForge software. Volume element CTETRA
(four nodes tetrahedron) was used to create a 3Dfinite element model of the workpiece and rolls. Time of
calculation of the process was 30-40 minutes on a computer Pentium Duo with frequency of 3.4 GHz and
2 GB RAM.

For the research a rectangular billet of AD31 alloy in 3.5 mm thick and 400 mm wide was used.
Rolling was carried out at a temperature of 250 °C on the LWM to a thickness of 0.7 mm. To simulate the
plasticity of the workpiece material, elastoplastic model of Johnson-Cook was chosen. Rheological
properties were set from MSC.SuperForge software system database.
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Technical description of the proposed LWM working stands was used to calculate SSS. Material of
the tool was 9X1 steel, which was assigned from a database. To do this, the density of the material and the
thermal properties was set by the program as default. Contact between the roll and sheet was modeled by
Coulomb friction. From the handbook [12] the coefficient of friction as 0.3 was appointed.

Temperature conditions during rolling consists of heat exchange between the roll, sheet and the
environment, as well as a thermal effect due to metal deformation. Rolling process takes place at room
temperature, so the start roll point taken equal to 20°C.

PATRAN NASTRAN software of finite-element analysis was exploited for SSS and elastic
deformation of the stands elements calculations [13, 14]. System of computer modelling PATRAN
NASTRAN allows to study kinematics, dynamics of mechanisms with the possibility of calculating the
stress-strain and thermal states as individual units, and the mill as a whole.

Following operations were made for construction of the working stands in PATRAN NASTRAN
software [13, 14]: 1) creation of a 3D geometric model of every detail and assembling nodes of the
working stands; 2) selection of the materials for the details, their mechanical and physical properties
(modulus of elasticity, mass density, Poisson's ratio, tensile strength, etc.); 3) formation of the kinetically
and statically boundary conditions; 4) SSS definition of the stands mill elements; 5) assessment of the
level of obtained elastic deformations and stresses in the volume of each part of the stands on the required
stiffness and strength criteria and introduction of relevant amendments to the mill construction (solid
model of the mill).

The solid geometric shape of new mill design, the forces applied to them and the fixing conditions, as
well as the conjugation conditions of the kinematic pairs of the stands construction are the initial data for
the calculation.

The assembly 3D geometric model of the mill was developed in the CAD of COMPASS software,
and by the means of built-in translator it was imported into the PATRAN NASTRAN with the adopted
kinematic connections. This approach allows improving the connection between the stages of automated
design of complex mechanisms. In order to automatically correct the geometry of the mill model, the
method of parameterization of the geometric dimensions of the structure was used. This method allows to
make appropriate changes in the construction of the stands of the new multifunction mill based on the
results of strength calculation.

Six- and eight-nodes dimensional finite elements were exploited to simulate construction of new mill.
In addition, twelve types of the stiffness were considered to define the main characteristics of the stiffness
of the mill stands.

It has to be noted that the backup of the roll node of the stands was modelled in more detail. The
computational model of each spherical roller bearing includes three types of components: an outer, an
inner ring and two rows of rollers by 18 in each.

Stress state of heavy duty components of the stands was calculated by applying the rolling force and
the effects of thermal stresses. Initial temperature of the rolls was equal to 20 °C.

Kinematic connection between the heavily loaded elements was simulated by the rotating and sliding
kinematic pairs for the common surfaces of interface. At the same time the collision and friction in the
rolls, pads, bearings, etc. was taken into account.

The interaction between the rigid supporting, working rolls and deformable workpiece material is
simulated by means of contact surfaces that describe the contact conditions between the surfaces of the
support and working rolls and also the surface of the thin sheet. In the process of modelling the contact
conditions are constantly updated to reflect the rotation of the rolls, and the deformation of the material,
which allows to simulate the sliding between the back-up and working rolls, as well as between workpiece
material. At this in the analytical model linear contacts between the working and back up rolls were taken
into account. Contact between the working rolls and a thin sheet is modelled by Coulomb friction with the
coefficient of 0.5. In this case, the friction force between rolls taken equal to 0.0868.

It should be noted that the rolls were assembled on the supporting necks of the bearing box by three
degrees of freedom 7, Ty, T,. The material of the rolls has been accepted 9X1 steel with the following
mechanical properties: modulus of elasticity - 2.1+11 Pa; Poisson's ratio - 0.283; shear modulus -
8.1839+10 Pa. The materials for the other elements of the millare 40HS, St45, etc. with the respective
mechanical properties.
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Elastic constraints between the stand nodes were modeled by the spring — damper function CBUSH
with the following properties: stiffness in movements - T, T}, T~ - 1,E+10 N/m; stiffness in rotations - R,,
Ry, R. - 1,E+8 N/m; coefficient of structural damping 0.04.

For calculations, the load schemes pointed in Table 1 were used.

The strength and rigidity of the working and supporting rolls of the multifunctional mill were
investigated during strips hot rolling (rolling temperature 250 °C). Strips have been made from alloy
AD31 with the size of 0.7 X 400 mm. As a starting stock, a tackle of thickness /#, = 3.5 mm was used.
Rolling was conducted by the rational regimes.

Table 1 — Load schemes

Contact pressure of the rolled strip on the working The tension pressure, acting in the Deformation
Stand roll, acting in the direction of roll rotation axis, direction of motion of the rolling strip, zone length,
MPa MPa mm
1 119.701 16.5 8.992
2 134.555 17.6 8.07
3 115.304 17.42 5.92
4 148.501 16.35 393
5 122.421 14.25 23

Results and discussion

Calculation and analysis of the SSS show, that:

1) During rolling in the first stand of LWM the stress and strain intensity localize in the areas of
metals capture by the rolls;

2) Increase of the draft leads to increase of the value of the stress and strain intensity in the center and
along the edges of the deformed workpiece;

3) Deformation in the next stands of the LWM allow to gradually transfer zones of deformation
massing from the surface areas to the central layers of the workpiece, and after uniformly deform the strip
along the whole its length;

4) Uniform distribution of the stress and strain intensity by the mill stands leads to uniform distri-
bution of shear strain intensity along the deformation zone;

5) The most uniform distribution of the cumulative distribution along the high and length of the rolled
strip was got during rolling with the draft of 20% in the first stand, 20% in the second stand, 20% in the
third stand, 15% in the fourth stand, 10% in the fifth stand;

6) During rolling in the stands of LWM the temperature rises in the zones of deformation locali-
zation, at this the metals parts with relatively high temperature move together with the deformation zone;

7) The maximum value of the contact pressure concentrates in the middle of the body roll length.

Conducted research showed, that during hot rolling of the strips made of AD31 alloy with the width
of 400 mm, big values of equivalent stresses did not occur along the cross section of the strip (Figure 2).
The maximum von Mises value equals to 127.3 MPa for the first stand, 211.9 MPa for the second stand,
106.6 MPa for the third stand, 124.9 MPa for the fourth stand, 123.6 MPa for the fifth stand. Meanwhile
the maximum vales occur in the rolls necks of the mill. Calculated maximum values of the equivalent
stresses do not exceed maximum allowed value of the stress limit for the 9X1 steel (880 MPa).

It has to be noted, that the proposed mill is supposed to use for hot rolling strips with the width of 600
mm (maximum) made of different steels, and also non-ferrous metals. This may lead to some decrease or
increase of equivalent stresses along the cross-section of the rolls of multifunctional mill.

It has to be noted that the calculated values of the von Mises equivalent stresses do no exceed the
upper level of the allowed contact-fatigue stresses. This means, that even small deviation of the techno-
logical process will not lead to the defects on the rolls surface: cracks, chipping, spalls.

The rotation of the working stands rolls through the bearing stand allows to position the spindles
precisely horizontally, and the use of special design spindles made it possible to eliminate the horizontal
displacement of working rolls. The above features of the projected mill enabled a low vibrational load to
transmit the torques to the working rolls of mill stands. All this should contribute to obtaining bands with
exact geometric dimensions.
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Figure 2 — The picture of von Mises stress distribution in the backup and working rolls
in the first (a), second (b), third (c), fourth (d) and fifth (e) stands of the multifunctional mill

Under the action of the applied vertical forces (along the Y axis), the rolls bend in the direction of the
force action. In other words, the maximum forces occurring in the Y-axis direction lead to the appearance
of maximum deflections in the same rolling direction. Therefore, the body and the neck of the rolls are
elastically deformed in the vertical direction.

When rolling in the stands of LWM in the middle of the backup rolls body in the direction of the
Y axis the maximum displacement occurs. The values are indicated in table 2.

Table 2 — The maximum values of displacement

Stands 1 2 3 4 5
In the middle of the backup rolls body, mm 0.000106 0.0002792 0.00006738 0.00003579 | 0.00006721
In the neck of the backup rolls, mm 0.00005351 0.0001275 0.00002573 0.00003161 | 0.00004161
In the body of the working rolls, mm 0.00009316 | 0.0002064 0.00005269 0.0002035 0.0001711
In the neck of the working rolls, mm 0.00006158 | 0.0001327 0.0000246 0.00009611 0.0001125

— 103 =——




Uszeecmus Hayuonanvuot akademuu nayk Pecnyonuxu Kaszaxcman

Small forces that occur in the direction of the rolling axis, i.e. X axis, lead to the appearance of small
elastic movements of the rolls material in the same direction. Moreover, when rolling in the first, second,
third stands of the proposed mill from the opposite side of the stands drive, the maximum displacement
values appear at the edges of the backup rolls body, which are equal to 0.00002788 mm; 0.00006604 mm;
0.00001945 mm, respectively, while the same displacements occur in the necks of the corresponding
backup rolls. The results of the calculation showed that when rolling in the first, second, third stands, the
maximum value of lifts in the working rolls also arise from the opposite side of the stands drive of the
mill. Their values for the body and neck of the working rolls of the first, second, third stands are respec-
tively: 0.00002555 mm; 0.00006126 mm; 0.00002087 mm. It should be noted that when rolling in the
fourth and fifth stands of the new mill, the maximum displacement occurs in the middle of the backup and
working rolls body. In this case, the maximum displacement values for the working rolls body are:
0.0001251 mm; 0.00005497 mm, and for the neck of these rolls - 0.00008638 mm; 0.00004047 mm,
respectively. The results of the calculation showed that the following maximum values of displacements
appear in the supporting rolls body of the last marked stands, correspondingly: 0.00006695 mm;
0.00009568 mm. In this case, the following maximum values of displacements appear in the necks of the
backup rolls of these stands, correspondingly: 0.00005204 mm; 0.00006797 mm.

Small forces, arising perpendicular to the rolling axis, i.e. Z axis, lead to the appearance of the elastic
movements of the rolls material in the same direction. Moreover, when rolling in the fourth and fifth
stands of the proposed mill from the opposite side of the stands drive, maximum values of displacements
equal to 0.000003809 mm appear on the edges of the roll of the backup rolls; 0.000008941 mm, respec-
tively, while the same movements occur in the necks of the corresponding backup rolls. The results of the
calculation showed that when rolling in the fourth and fifth stands of the new mill, the maximum value of
the movements in the working rolls also arise from the opposite side of the stands drive of the mill. Their
values for the body and neck of the working rolls of the fourth and fifth stands are respectively:
0.00003221 mm; 0.000026555 mm. It should be noted that when rolling in the first, second and third
stands of the new mill, maximum displacement occurs in the drums of backup and working rolls. In this
case, the maximum displacement values for the backup rolls body are: 0.0004572 mm; 0,00127 mm,;
0.0003196 mm, and for the neck of these rolls - 0.0005040 mm; 0.001413 mm; 0.0003587 mm,
respectively. The results of the calculation showed that in the working rolls body of the last marked stands
the following maximum values of displacement occur (correspondingly): 0.0004106 mm; 0.001160 mm;
0.000363 mm. Moreover, in the necks of working rolls of these stands, the following maximum values of
displacement appear (correspondingly): 0.0003736 mm; 0.001064 mm; 0.0002715 mm. It should be noted
that the elastic movements of the rolls material in the direction of Z axis during rolling in the stands with
two backup rolls are definitely greater, compared to rolling in the stands with four backup rolls.

In general, the magnitude of the total displacement field of the elastic deformations of the backup and
working rolls is small (Figure3). In this case, in the first three stands the maximum total displacement
occurs in the backup rolls (first stand: 0.0005762 mm, second stand: 0.001631 mm, third stand:
0.0004185 mm), and in the last two stands - in the working rolls (fourth stand: 0.0000866 mm, fifth stand:
0.000116 mm). All this testifies to the relatively high rigidity of the working stands rolls node, which
guarantees the transversal thickness and flatness of the rolled strips within the required tolerances.

Thus, the greatest for all working rolls of the mill stands are the movements along the rolling force
action (along the Y axis). The displacements along the X and Z axes are almost equivalent. For backup
rolls deformations along the Y and X axes are essential, whereas for the working rolls and bearings along
the Y and Z axes.

When rolling thin strips in the stands of a new mill, due to the decrease in the length of the capture
arc during the transition from the first to the last stand, the length of the deformation center decreases (see
above). Such a decrease in the length of the deformation center gives an advantage to the proposed rolling
process before the conventional rolling process. Advantages of the rolling process in the new mill are that
the metal pressure on the working rolls significantly (from 2 to 10 times) decreases. This makes it possible
to significantly reduce the elastic deflection, especially of the rolls of the last mill stands and, as a
consequence, reduce the transverse thickness and improve the flatness of the rolled strips, as well as to
reduce the metal capacity of the rolling equipment, when designing and launching rolling mills of a new
design.
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The initial results of the calculation showed that the rolls nodes have low rigidity in the horizontal
plane in the projected LWM. This is due to the deficiency of the support in the mill stands, which excludes
the movement of the working rolls in the horizontal plane, and also not horizontal arrangement of the mill
drive spindles. As a result, even small gaps between bearings, cushions and window frames, caused by
tolerances of landings and wear, lead to horizontal displacements of the vertical axial plane of the working
rolls relative to the backup rolls, i.e. working rolls are in an unstable position, and their axes could be
skewed. This leads to negative consequences: increased vibrations, axial forces arise in the roll node, and
the size of the roll gap is subjected to unpredictable oscillations, which reduces the accuracy of rolling.
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Figure 3 — The picture of the total displacement field of the elastic deformations distribution in the backup and working rolls
in the first (a), second (b), third (c), fourth (d) and fifth (e) stands of the multifunctional mill

To eliminate these drawbacks, the design of the stands of the projected multifunctional mill has been
adjusted. In the construction of mill stands, bearing stands and spindles of special design were added. The
rotation of the rolls of working stands through bearing stands made it possible to position the spindles
horizontally, and the use of spindles of a special design allows to eliminate the horizontal displacement of
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working rolls. The above-mentioned changes in the design of the projected mill made it possible to
transfer the torques to the working rolls of the mill stands without vibration loading. All this contributed to
obtaining strips with exact geometric dimensions. In addition, it should be noted that the rotation of the
rolls by five AC gear motors through five gear stands allows the rolling strips of steels and alloys with a
minimum value of production noise.

Conclusion.

1. It is shown, that maximum values of the equivalent stress, arised in the rolls of the LWM, do not
exceed the maximum allowed strength limit for the material of the rolls;

2. Based on the obtained results of simulation it was established that the value of the rolls deflection
in each stand do not exceed allowed values;

3. It is defined that the value of elastic deformation of the rolls elements is not great, which certifies
that the rolls node of new mill stands has high rigidity. This ensures that the cross-sectional thickness and
flatness of the rolled strips are obtained within the required tolerances.
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BOIJIBIK-CBIHAJIBI OPHAKTA KOJAKTAP/IbI UJIEMJIEY ITPOLIECIH KOMITBIOTEP/IE
MOJEJIbJAEN ACA AYBIP )KYKTEJTEH 3JIEMEHTEPIHIH BEPIKTITTH ECENITEY

AnHoTanusi. Makanazna KypbUIbIMBI JKaHa KOIKbI3METTI OOMIIBIK-ChIHAJIBI OpHAK yChIHbUIFaH. 1lleTki anemeHT
OIICTEMECIH JKOHE METasll OCPIKTITiHIH ehOpMAIUsIIBIK MOACTIH KOJAAHBIN, MATEMATHKAIBIK MOJICIICYMEH aJIbIH-
FaH >KaHa OPHAKTHIH aybIp JKYKTEII€H AJIEMEHTEPIHIH XOHE WIEMJICNCTIH NalbIHAaMaHbIH KepHeyJiK-Iedopma-
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OUSUTBIK KYHI Makanafa TalJaHbIl, HOTHXKeCi KepceTireH. KemKpI3MeTTi OOMIIBIK-ChIHAIB OpHAK MIMIHOLTIKTEpi
TUaMEeTpIIEpiHiH e3repyi, WIeMAeeTiH JalbIHAaMaHBIH JKOHE OPHAKTHIH aybIp JKYKTEITEH 3JIeMEHTTEPIHIH KepHEYITi-
nedopManrsIIbEl KYHiHe Kamaid ocep eTeTiHAIri aHsIKTaidraH. JKaHa OpHAKTHIH KalachblH/IA XKETKITIKTI Topexene Kat-
TBUIBIK JKOHE aiThUIFaH Kamacrap OepiKTiK MIApThIH KAHAFATTAHIBIPATHIH/BIFBI )KYMBICTa KOPCETUITeH. Y ChIHBUIBII
OTBIPFaH OPHAKTA JKYKA JKOJIAKThI JKaiiManaraH Ke3ze, oJlap/blH OOWIIBIK )KOHE KeJIeHeH OarbITTapblHAa ajlaKasbIH-
JIBIK TIaiiia OOJMAaNTHIHIBIFBI MaKajiaaa AdjesiieHreH. JKaHa OpHAK KamnacTapblHbIH aybIp JKYKTENTelIreH dJIeMeH-
TEPiH MOJICIIBIICY HOTHXKECIH/IC, OJIap bl JKaHFBIPTY MOCENIEC] IICIIUITeH.
Tyiiin ce3nep: opHak, MilIiHOLIIK, KEpHEYIIK-1e(hOPMaHSIBIK KYH, )KyKa KOJIaK, ajJaKalbHIbIK.
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KOMIBIOTEPHOE MOJAEJMPOBAHUE IMMNPOIECCA ITPOKATKMU ITOJIOC B ITPOJOJIBHO-
KJIMHOBOM CTAHE U PACYET ITPOYHOCTH ETI'O TAKEJOHAI'PYKEHHbBIX 3JIEMEHTOB

Annoranus. [IpeanoxeH MHOTO(YHKIIMOHATBHBIN MPOJOIBHO-KIMHOBEIA CTaH HOBOM KOHCTpykiwmu. [Ipen-
CTaBJICH aHAU3 pPE3yJbTATOB MATEMATHYCCKOTO MOJCIHPOBAHUS HANPSHKEHHO-Ie()OPMUPOBAHHOTO COCTOSIHUS
(HAC) npoxaTbiBacMOli 3aroTOBKM U KJIETEH HOBOTO CTaHa C WCIOJB30BAHUEM METOJa KOHEYHBIX JIIEMCHTOB M
ne(OPMAIMOHHOW MOJENH TMPOYHOCTH MeTaiuia. OTpeneneHo BIWSHUE H3MEHEHHUS auamerpa pabodrx BalkKOB
MHOTO(YHKITHOHAIFHOTO MPOJOIEHO-KIMHOBOTO cTana Ha HJIC mpokaThIBaeMBIX IOJIOC U TSDKEIOHATPYKEHHBIX
3JIEMEHTOB KJieTel craHa. [lokazaHo, YTO HOBBIM CTaH UMEET JOCTATOYHO BBICOKYIO JKECTKOCTh KOHCTPYKLMH KIIETEH
U yIOBJIETBOPSIET YCIOBHUIO IMpodHOCTH. OTMEYEeHO, YTO MPOKATKa IOJIOC Ha IPEIaraéMOM CTaHE He MPUBEAET K
MOJyYSHHIO TOTOBOTO MPOKaTa C MPOJOIBHOM M MOMEePEIHON Pa3HOTONIIMHHOCTRIO. B pe3ynpraTte MomenpoBaHus
HJIC tsoxenoHarpyXKeHHBIX 3JIEMEHTOB KJIETel HOBOTO CTaHa pa3paboTaHBl MEPONPHUATHA M0 UX MOJCPHU3AIHH.
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