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Annotation. Rolling production refers to the final link of the metallurgical cycle, the quality of
products shipped to the consumer depends on the consistency of the work of all units. The wear
and tear of the main production facilities of enterprises of the metallurgical complex requires
not only updating, but also constant modernization of dated equipment in the conditions of
active production. The main equipment of the production lines of wide scale rolling mills in
cludes coilers, the quality of which depends not only on the rhythm of the rolling equipment, but
also on the quality of the material shipped to the consumer. Simulation modeling of the winding
process of hot rolled billot made it possible to establish the possibility of torsional oscillations in
the coiler drum drive. Further analysis of the form of the resulting oscillations made it possible
to establish that the elastic deformations from the resistance forces of the electric motor and the
rotating parts of the coiler drum are in antiphase. The performed calculations create
prerequisites for the study of forced oscillations occurring in the coiler drum drive.

Key words: simulation modeling, coiler, strip, torsional oscillations, elastic deformations, free
oscillations

Statement of the problem

Modern production lines of rolling shops have a lot of additional and basic
equipment, such as scissors, plate straightening machines, coilers, uncoilers, turn-
over devices, manipulators, conveyors [1-3]. Not only the rhythmicity of the work of
the entire workshop depends on how well and efficiently each unit from the rolling
mill performs its functions, but also the timeliness of the shipment of the final
product to the consumer.

The main equipment of the rolling mill includes coilers of hot-rolled billot, the
quality of the billot’s winding depends on rolling mill’s operation, which affects not
only the next sheet cutting operation, but also the shipment of a high-quality,
tightly wound roll according to the requests.

Today, coilers are precisely the vulnerable technological equipment that
prevents the further improvement of the productivity of the rolling line. They are
often the reason for the lack of rolling. The creation of new high-speed models or
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the improvement of the design of existing ones require thorough studies of the loads
on their units in the form of a full-scale experiment [4].
Analysis of recent research and publications

Modernization of existing equipment poses the task of mechanical designers to
develop a sufficiently reliable design that can provide quick and easy adjustment
during the flow of the technological process. Correctly determined technological
loads and coefficients of the durability reserve allow not only to extend the life cycle
of the equipment, but also to significantly reduce its metal content [5].

Work [6] considered in detail the issue of the impact of dynamic loads on the
interaction of mechanical rolling equipment, while the impact of changing the
technological modes of operation of coilers on the dynamics of the staff winding
process was not covered.

Any calculation related to technological equipment is a prediction of its
performance. There are calculations designed to ensure the functioning of
mechanical systems and the possibility of performing the technological operations
entrusted to them (1st group), as well as calculations for strength and reliability,
designed to confirm the resource and quality of works due to the equipment (2nd
group). The first group of calculations includes calculations of operating parameters
of processes and structures for their implementation (productivity, speed,
technological supports, power). The second group includes calculations that
determine the load on individual structural elements and their stress-strained state,
limit state equations, durability reserves, and the probability of failure-free
operation [7].

Due to uncertainty during the martial law in the country, it is quite difficult to
conduct full-scale experiments that would allow to confirm or disprove certain
aspects of the technological process, therefore the problem of using simulation
modeling and experiment in the design of metallurgical equipment becomes
urgent [8].

Simulation modeling allows to replace the researched model with a
mathematical one and conduct experiments on it by means of statistical modeling
using numerical methods in specialized programs of computational experiments [9].

Purpose of the study

Taking into account the importance of the technological process of winding
hot-rolled billot, the purpose of the study was to develop a simulation model of
winding billot into a roll depending on the change in technological parameters, for
its further use in the conditions of current production in order to optimize not only
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the technological cycle, but also when modernizing the structural elements of
technological equipment.
Statement of the main research material

The nature of the movement of the coiler drum when winding the hot-rolled
billot is rotational, that is, all dynamic processes in this case will be characterized by
the moment of inertia. If we accept the case when the staff is tightly wound and all
structural gaps have already been selected, then the drum together with the wound
coiler can be considered as a rotating cylinder for which the moment of inertia [10]:

m 2
T 9

J, = ) kgmz (1)
8

6

where m. — technological load taking into account the weight of the drum;
Ds — coiler’s diameter;
Under the condition of a constant linear speed of winding the billot, the
instantaneous weight of the roll can be calculated by the formula:
m =Vv-t-m_ kg 2)

where V — winding’s speed (linear);
t — time of the technological winding operation,;
m,.». — the mass of one meter of winding billot:
m, =p-t-b,kg/m (3)

where p — density of the material of the winding billot;
t — thickness of the winding material;
b — width of the winding material.

Taking it as the technological load in the expression (1) — roll’s mass, drum’s

diameter — instantaneous roll’s diameter, expression (1) will be:

(m,+m )-D°
J, = - —, kg'm? 4)
8

where mg — directly the mass of the drum;

m; — instantaneous roll’s mass calculated by (2);
D, - instantaneous roll’s diameter, m;

During the flow of the technological process of winding hot-rolled stock, the
diameter of the roll is a variable value over time. The technological process should
be considered for a different assortment of billot, wound in the thickness range
t=1.5+4 mm with a roll width of 1250 mm, for the most complex technological mode,
when the mass of the product roll reaches a maximum, i.e. 16 tons.
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At the start of winding, the diameter of the roll will be equal to the diameter of
the drum. The results of the calculation according to formulas (1)-(4) are entered in
table 1 and we plot the dependence of the mass and diameter of the roll as a function
of time (Fig. 1-2).
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Figure 1 — Graph of the dependence of the mass of the roll in a function of time

Table 1
The results of determining the moment of inertia of the coiler drum or different
conditions of flow of the technological process

The time Billot’s thickness
of the 4 mm 3 mm 2 mm 1,5
technical
operatio
nofroll| m, D, Is mp, D, Js m, Dy, Jo m, |D, I

formatio| kg m |kgm?| kg m | kgm?| kg m | kgm? | kg |m | kgm?
n

t, sec

0 0 0,75 | 1177 0 0,75 | 1177 0 0,75 | 1177 0 0,75 1177

4 1580 | 0,90 |1871| 1185 | 0,87 | 1688 | 790 |0,83| 1511 593 0,81 1425

8 3160 | 1,04 | 2666 | 2370 | 0,97 | 2256 | 1580 [0,90| 1871 | 1185 |0,87| 1688

12 4740 | 1,15 | 3562 | 3555 | 1,07 | 2881 | 2370 | 0,97 | 2256 | 1778 0,92 1965

16 6320 | 1,26 | 4558 | 4740 | 1,15 | 3562 | 3160 | 1,04 | 2666 | 2370 0,97 2256

20 7900 | 1,36 | 5655| 5925 | 1,23 | 4299 | 3950 | 1,10 | 3101 | 2963 |1,02| 2561

24 9480 | 1,45 | 6853 | 7110 | 1,31 | 5094 | 4740 |1,15| 3562 | 3555 |1,07] 2881

28 11060 | 1,53 | 8151 | 8295 | 1,38 | 5945 | 5530 | 1,21 | 4047 | 4148 |1,11| 3214
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32 12640 | 1,61 | 9550 | 9480 | 1,45 | 6853 | 6320 | 1,26 | 4558 | 4740 |1,15 3562
36 14220 | 1,69 |11049| 10665 | 1,51 | 7817 | 7110 | 1,31 | 5094 | 5333 |1,19] 3924
40 15800 | 1,76 |12649| 11850 | 1,57 | 8838 | 7900 | 1,36 | 5655 | 5925 |1,23] 4300
40,5 | 15998 | 1,77 |12857| 11998 | 1,58 | 9570 | 7999 | 1,36 5727 | 5999 |1,24] 4348
44 13035 | 1,63 | 9915 | 8690 | 1,40 | 6241 | 6518 (1,27 4690
48 14220 | 1,69 | 11049 9480 |1,45| 6853 | 7110 [1,31] 5094
52 15405 | 1,75 | 12240 10270 | 1,49 | 7489 | 7703 (1,34 5513
54 15998 | 1,77 | 12857 10665 | 1,51 | 7817 | 7999 |1,36] 5727
56 11060 | 1,53 | 8151 | 8295 [1,38 5945
60 11850 | 1,57 | 8838 | 8888 |1,41] 6392
64 12640 | 1,61 | 9550 | 9480 |1,45 6853
68 13430 | 1,65 | 10287 | 10073 1,48 7328
72 14220 | 1,69 | 11049 | 10665 |1,51] 7817
76 15010 | 1,73 | 11837 | 11258 |1,54) 8320
80 15800 | 1,76 | 12649 | 11850 |1,57 8838
81 15998 | 1,77 | 12857 | 119988 [1,58 8969
84 12443 (1,60 9369
88 13035 |1,63 9915
92 13628 [1,66| 10475
96 14220 (1,69 11049
100 14813 1,72 11638
104 15405 1,75 12240
108 15998 |1,77| 12857

By analyzing the graphs obtained in fig. 1-2, it can be concluded that the mass
of the winding roll is directly proportional to the winding time, and the diameter of
the roll does not change linearly, which can cause oscillations in the coiler’s drive; to
study the nature of these oscillations, it is worth studying their shape.

Concentrated masses, which during rotational movement at different moments
of time either lead or lag behind each other, create torsional oscillations. From the
point of view of the strength of the machine nodes, this can be very dangerous,
because with this phenomenon moments of elastic forces can significantly exceed
the calculated loads, especially if cyclical technological loads are added. Therefore,
there is an important issue of taking into account and controlling changes in the
nature and magnitude of elastic forces during the flow of the technological

process [11].
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Figure 2 — Graph of dependence of roll diameter in a function of time

When calculating the oscillations of a multi-mass system, the most important
stage is the compilation of the calculation scheme [10], while it is worth considering
that the more elements in the system, the more complicated the calculation,
therefore it is worth moving from multi-mass to two-mass calculation schemes

(Figure 3).

Jr

Jr

Figure 3 — Scheme for calculating free oscillations occurring in the coiler’s drive of
hot-rolled staff: J; — moment of inertia of the roll with the coiler drum,
J» — moment of inertia of the armature electric motor of the drive,
C12 — the stiffness of the intermediate shaft

The task of calculations on oscillations is to find, first of all, the spectrum of

natural frequencies and the shape of oscillations.
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When studying the oscillations of mechanical systems with a limited number of
degrees of freedom, Lagrangian equation of motion of the second kind is used [10].

For the case of free oscillations without taking into account resistance forces,
the Lagrange equation has the form [12]:

d OE oE OE
—. - + —=0 ©)
dt oq, oq oq

For a two-mass system, the Lagrange equation can be written in the form [13]:

d oE oE O0E _ d oE 0E  OE
— - + =0;—- - + =0 (6)
dt oq, oq, oq, dt oq, oq oq

1 1

After the necessary transformations of equations (5)-(6), we obtain the
formulas for determining, respectively, the spectrum of natural frequencies and the
form of oscillations for the calculation scheme of Fig. 3:

T
p? = 0({1.+ J,) or 7
1),
C,—ip’
p=—""——. 8)
C 0
where Cy=C,; — stiffness of the intermediate shaft:
.G -d°
.= ————, kgm )
64 -g -1
where | - length of the intermediate shaft;
G - modulus of rigidity;
d — diameter oft he shaft;
g — gravitational acceleration.
Next, we find the amplitude of oscillations:
()
A =— (10)
p(L-n)

where o — angular velocity of the drum;

Now that the frequency, amplitude and form of oscillations are known, it is
possible to determine the elastic deformations that occur during the winding of the
billot in a function of time using the formulas:

o, =A_sin( pt +B) ¢, =pA_ sin( pt +B), (11)
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where B - initial phase of oscillations (the angular displacement of the beginning of

oscillations relative to the coordinate reference point is $=0);

p — own circular frequency of oscillations;

1 — shape coefficient of oscillations;

A; — amplitude

of oscillations.

Using the known parameters of the technological process of winding billot and

formulas (7)-(11), we obtain the necessary data (table 2-3) for constructing a graph

of free oscillations occurring in the drive of the hot billot coiler (Fig. 4).

Table 2
Results of calculating the circular frequency of oscillations,
shape factor and amplitude of oscillations
The time of Billot’s thickness
the technical 4 mm 3mm 2 mm 1,5
operation of
roll
¢ . p u A |p u A |p u A |p u A
ormation
t, sec
. _ _ _ _
162|0,02150|0,16137|162(0,021500,16137 162 |0,02150(0,16137|162|0,02150|0,16137
A _ _ _ _
161(0,01352/0,13546|161|0,0149900,14076 161 |0,01674/0,14674{161|0,01775|0,15002
. _ _ _ _
161(0,00949/0,11898(161|0,01121/0,12643 161 |0,01352|0,13546/161|0,01499|0,14076
12 ) ) ) )
161(0,00710/0,10733|161|0,00878/0,11572/161|0,01121/0,12643/161|0,01288|0,13302
16 ) _ _ )
161(0,00555/0,09854|1610,007100,10733 161 |0,00949(0,11898/161(0,01121|0,12643
20 ) _ - _
160(0,004470,09159|1610,00588/0,10053 161 |0,00816/0,11271{161|0,00988|0,12072
24 ) ) ) )
160(0,00369/0,08593|160|0,00497(0,09487 161 |0,00710/0,10733/161|0,00878|0,11572
28 ) _ ) _
160|0,00310/0,08120|160|0,00426(0,09007| 161 |0,00625(0,10265/161|0,00787|0,11129
32 ) ) ) )
160|0,00265|0,07718|160(0,00369(0,08593| 161 |0,00555(0,09854{161|0,00710|0,10733
36 _ ' ) )
160|0,00229|0,07369|160(0,00324/0,08231| 160 |0,00497 0,09487|161|0,00645|0,10377
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40 ) ) ) )
160/0,00200(0,07064|160(0,00286/0,07911] 160 |0,00447/0,09159|161/0,00588|0,10053

40,5 ) ) ) )
160/0,00197|0,07028|160(0,00282/0,07874 160 |0,00442 0,09121|161|0,005820,10015

) - - -
160(0,00255/0,07626 160 |0,00405 0,08863|160|0,00539|0,09758

48 i R R
160(0,0022900,07369 160 |0,00369(0,08593|160|0,00497|0,09487

52 ) ) ]
160(0,00207/0,07137 160 |0,003380,08347160|0,00459|0,09238

54 ) ) )
160(0,001970,07028 160 |0,00324(0,08231|160(0,00442|0,09121

56 ) )
160/0,00310(0,08120/160/0,00426|0,09007

60 ) )
1600,00286(0,07911|160/0,00396|0,08793

64 R R
160 |0,00265 0,07718]160(0,00369|0,08593

68 R i
160 |0,002460,07537]160(0,00345|0,08406

72 R R
160 |0,002290,07369160(0,00324(0,08231

76 ) ]
1600,00214(0,07212|160|0,00304|0,08066

80 ) ]
1600,00200(0,07064/160|0,00286(0,07911

81 R R
160/0,00197(0,07028|160/0,00282|0,07874

84 R
160|0,00270|0,07765

88 )
160|0,00255/0,07626

92 R
160|0,002420,07494

9 ]
160|0,00229|0,07369

100 ]
160|0,00217|0,07250

70
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104 '
160(0,00207|0,07137
108 '
160(0,00197/0,07028
Table 3
Calculation results of elastic deformations resulting
from free oscillations and moments of elastic forces
Billot’s thickness
The time of the technical
operation of roll
formation 4 mm 3 mm 2 mm 1,5
t, sec
01 Q2 01 Q2 Q1 (O] 01 Q2
0 0 0 0 0 0 0 0 0
4 -0,131/0,00177 |-0,136/0,00204 | -0,141 |0,00237 |-0,144| 0,00256
8 -0,053] 0,00050 |-0,059| 0,00066 | -0,066 | 0,00089 |-0,070| 0,00106
12 0,085 [-0,00060| 0,090 |-0,00079| 0,095 [-0,00106| 0,097 |-0,00125
16 0,073 |-0,00041| 0,082 |-0,00058| 0,095 |[-0,00090| 0,104 |-0,00117
20 -0,048] 0,00022 [-0,049]0,00029 | -0,049 | 0,00040 |-0,047| 0,00047
24 -0,080/ 0,00030 [-0,090| 0,00045 | -0,104 | 0,00074 |-0,113| 0,00100
28 0,016 |-0,00005| 0,014 |-0,00006| 0,008 |-0,00005] 0,001 |-0,00001
32 0,077-0,00020| 0,086 |-0,00032| 0,098 |[-0,00054 0,106 |-0,00075
36 0,011|-0,00003| 0,016 |-0,00005| 0,027 |-0,00013|0,037 |-0,00024
40 -0,067| 0,00013 |-0,074| 0,00021 | -0,082 | 0,00037 |-0,086| 0,00051
40,5 0,011-0,00002| 0,016 |-0,00004| 0,026 |-0,00012|0,036 |-0,00021
44 -0,040( 0,00010 | -0,053 | 0,00022 |-0,065| 0,00035
48 0,055 |-0,00013| 0,059 (-0,00022| 0,059 |-0,00029
52 0,056 [-0,00012| 0,070 |-0,00024| 0,082 |-0,00038
54 0,014 |-0,00003| 0,024 |-0,00008| 0,035 |-0,00015
56 -0,031 | 0,00010 {-0,027| 0,00012
60 -0,077 | 0,00022 |-0,087| 0,00035
64 0,004 |-0,00001|-0,004| 0,00002
68 0,075 |-0,00018| 0,082 |-0,00028
72 0,022 |-0,00005| 0,032 |-0,00010
76 -0,064 | 0,00014 |-0,068| 0,00021
80 -0,043 | 0,00009 [-0,054| 0,00015
81 0,021 |-0,00004]| 0,031 |-0,00009
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84 0,047 [-0,00013
88 0,068 [-0,00017
92 -0,022| 0,00005
9% -0,073| 0,00017
100 -0,004| 0,00001
104 0,069 |-0,00014
108 0,028 | -0,00006
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Figure 4 — The graph of free oscillations occurring in the drive
of the winding of the hot billot

Conclusions Simulation modeling of the technological process of winding hot-
rolled billot indicates that the mass of the winding roll is directly proportional to the
winding time, and the diameter of the roll does not change lineary, which causes the
need to study the form of possible oscillations in the coiler drum drive. According to
the obtained schedule of free oscillations that occur in the coiler drive during the
technological process of winding the billot, it can be concluded that the elastic
deformations from the resistance forces of the electric motor and the rotating parts
of the coiler drum are in antiphase, therefore the breakdowns associated with
resonant oscillations can be disregarded. The obtained results create prerequisites
for the study of forced oscillations occurring in the coiler drum drive and will allow
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to determine the most unfavorable technological mode from the point of view of dy-
namic component loads.
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Imimauiiine modentoeaHHs npu 0ocnioxceHHi podomu
Memanypeitinoz2o 001a0HAHHA

CyuacHi nomokosi JiiHii NpoKamHux yexie 8 c80eMy cknadi maroms 6azamo dono-
MIXCHO20 Ma 0CHOB8HO020 001a0HAHHS. Bid mozo Ha ckinbku 6e38i0M08HO ma AKiCHO 8UKO-
HYE c80i (hyHKUIT KoxceH azpezam 3i ck1ady NPOKAMHO20 CMAHY 3alexUums He milbKu
pummiuHicms pobomu 8cb020 Uexy, a ii CBoeUacHicms 8i08aHmMaMdceHHs KiHyesozo npody-
Kkmy cnoxcugauesi. /[0 0CHOB8H020 001A0OHAHHS NPOKAMHO20 CMAHA MOMHA 8i0Hecmu
MOMANKU, W0 HAMOMYKMb OCHOBHY NPOOYKYil0 WUpOKOwmabosux cmawie — wmaoy, y
pPY/N0H. Bid pobomu mMomanok 3anexcums SIKiCmb HAMOMKU wmabdu, w0 6Nnauedac He
MiJIbkKu Ha HACMYNHy onepauir pi3aHHs aucma, a Ui 8i08aHmMaxceHHs IKiCH020, WinbHO-
HAMOMAHO020 PYJI0HY 32i10HO 3as160K.

Ha cb0200Hi MOMAnKu € came mum 8pasiuéum MexHOJN02iUHUM YCMAMKYBAHHSIM,
WO nepewkooxHae nodanvbulomy nidsuujeHHo nPoOyKMueHOCMi NOMOK080i JiHii npoKa-
mku. BoHu Hepidko € npuuuHo 6paxky npokamy. CmeopeHHs. Hosux modeneil, abo yoo-
CKOHAJIEHHSI KOHCMPYKUii Jitouux, 8UMazarmos NPUCKinausux 00C1ioxeHb HA8AHMAMEHb
Ha iXHi 8Y3/1U y (hOpMi HAMYPHO20 eKCNepuUMeHMY.

B ymosax 80€HH020 cmaHy 8 KpaiHi 0ocume 8axcKo nposecmu HamypHi ekcnepume-
HmMu, 2Ki 6 do3eonunu niomeepoumu abo chpocmysamu mi uu iHULi achekmu mexHoJ102i-
UHO020 Npoyecy, momy akmyaibHUM NOCMA€E NUMAHHS BUKOPUCMAHHS IMIMayitiH020 MO-
0eNB8AaHHS. NpU KOHCMPYHBAHHI MemanypeiliHozo 06nadHanHs. Imimayiiine modenio-
8aHHSI 0038015€ 00CNIOHCYBAHY MOOE/Ib 3AMIHIO8AMU MAMEMAMUYHOW | HAO HEw 8xice
npogodumu 00Caiou WISAXOM CMAMUCMU4H020 MOOENI0B8AHHS UUCEIbHUMU MeMOoJamu 8
cneyianizo8aHux npozpamax 0oUUCII08aANbHUX eKCNePUMEHMIB.

Xapaxkmep pyxy 6apabaHa Momaiku npu HaAmMomyedaHHi wumaodu — obepmanbHull,
momy eci JuHamiuHi npouecu npu UybOMy NPOUECi Xapakmepusymvcs MOMEHMOM
iHepyii.

Ipu imimauii npoyecy HamMomyeaHHs wmaou pi3Ho20 MUNOpPo3Mipy 6CMaHo8yeHo,
Wo mMaca Hamomyemoz0 pyJjoHy npsimMo nNPonopuyitina uacy Hamomxku, a diamemp pyJioHy
MA€ He NPSIMOJIHITHY 3MIHY, W0 MOXe BUKIUKAMU y NPU80odi MOMAKu KOJUBAHHS, OJ1s1
00CNi0HeHHsT NpupooU Yux KOJIU8aHb 8 nepuly uepzy HeoOXiOHO 8CmaHo8umu chekmp
871aCHUX yacmom ma opmy KonueaHs. BusHaueni uacmoma, amnaimyoa i popma KoJiu-
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8aHb, 00380UIU DOCiOuMuU NpyxHi depopmauii, w0 8UHUKAIOMb 8 NPOYeci Hamomy-
8aHHs wmaou, y pyHKyii uacy.

I'pagiunuti ananiz opmu BuHUKaAUUX KOJAUBAHL 003601U8 BCMAHOBUMU, UJO
npyxHi depopmauii 8i0 cun onopy enekmpoodsuzyHa ma obepmosux uacmuH éapabaua
MOMANKU 3HAxX005imuvcs 8 npomugasi. BUKOHAHI po3paxyHKu Cmeopiowms hepedymosu
0211 JOCNi0HEHHS BUMYWIEHUX KOJIUBAHb, U0 BUHUKAIOMb 8 Npusodi bapabana Momaiku.
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