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Abstract. The paper studies longitudinal strains occurring along the height of a cylindrical object as a result of the tempera-
ture difference along the cylinder radius. The authors identified mathematical relations ensuring calculations of normal, tangential,
and equivalent stresses. Such procedure may be applied to determine a stress state of cylinders 0.1 and 0.05 m in radius, when heat-
ing up to 400°C. It is showed that changes in a cylinder radius, maintaining the same heating conditions, result in decreasing maxi-
mum tension stresses from 4.59 MPa to 2.39 MPa, and compressive stresses from 4.31 MPa to 2.25 MPa. The authors determined

principal stresses along a cylindrical rod radius during heating.
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Introduction

Metallurgical processes are accompanied by changes
in temperature of operating units and parts of equipment.
This entails significant thermal stresses resulting in break-
downs of machines and lines in various fields of metallurgy
[1-6]. At present, due to development of computer systems
it is possible to make a rather correct prediction for a ther-
mal stress state of metallurgical facilities, which can be
used to analyze and predict critical states of units and me-
chanical parts, as well as products in the course of their
manufacturing, for example, heat treatment [7, 8].

This type of processing is relevant in the rolling
mills production. Heat treatment takes one third part of
the roll production cost.

This technological operation determines the main
rolls working characteristics, which will be achieved dur-
ing operation in rolling mills, their durability and reliabil-
ity. An incorrect heat treatment mode can lead to roll
breakage even before it is put into operation, up to rolls
destruction in a thermal furnace. Excessively long heat
treatment regimes lead to excessive consumption of ener-
gy, a decrease in shop productivity and, as a result, an in-
crease in the cost of production of working tools (rolls)
for rolling mills.

Prediction of changes in the stress-strain of roll state
in the course of heat treatment and the probability of its
destruction in a thermal furnace will allow to assess the
designated mode suitability. It leads to increased produc-
tion efficiency along with reduced production costs.

Theory, materials and methods of research, technical
and technological development

Let us calculate changes in a stress state, when heat-
ing a cylindrical rod in elastic deformation. Let us make
calculations of temperature strains in the St3 steel cylin-
drical rod. Computation time is 200 s, cylinder radius is

© CasunoB A.C., AaapeeB C.M., Muxankuna 11.B., ®eoktuctoB H.A.,
3apuuknii b.b., ®ounna K.B., 2024

10

0.1 m, the system was broken into 50 layers with the
thickness of & =0.001 m, time increment is 0.1 s, thermal
conductivity 4 =50W /°C, heat capacity ¢ =502 J/kg -°C
, density of the object under study ,=7820kg/m*,

Young’s modulus £ = 2-10°MPa , coefficient of thermal
expansion ¢ =1.5-10"°°Cc*, Poisson's ratio z=0.25.
Initial temperature of the cylinder 7, =20 °c, ambient
temperature 7, =400 °C .

Using calculation methods, we determine tempera-
ture strains of the St3 steel cylinder. The methods are
adapted to cylindrical rod heating conditions. Let us cal-
culate changes of the temperature field in time [9, 10].
The result of the cylinder heating calculation is given in
Fig. 1, a. Calculated values of temperature along the cyl-
inder radius were used to determine occurring tempera-
ture strains (Fig. 1, b). The figure shows that the highest
stretching strain is in the center of the heated object, and
the surface is exposed to compression of peripheral lay-
ers of the cylinder.

The analysis of the distribution of normal stresses
e 02 the cylinder radius (Fig. 2, a) shows that the

stress state changes from compression stresses on the sur-
face of the object to tension stresses, whose maximum
values are found in the center of the object under study. In
fact, the object surface, exposed to heating, incurs com-
pression stresses due to its contact with colder layers in-
side the object under study. Besides, according to Fig. 1,
a, the lowest temperature is found in the cylinder center,
which contacts more heated layers and is exposed to max-
imum tension stresses, as shown in Fig. 2, a.

Studies of the changes of normal stresses along the cyl-
inder radius showed that there was a point when tension fi-
bers transferred to compressed ones (a point of intercept with
the X-axis) in Fig. 3. In these points there is only pure shear.
Later fibers with pure shear shift to the cylinder center.

O,
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Fig. 1. Dependence of values in time on the layer thickness for the cylinder 0.1 m in radius:
a — dependence of temperature; b — dependence of the strain value
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Fig. 2. Dependence of stresses in time on the layer thickness for the cylinder 0.1 m in radius:
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Fig. 3. Distribution of stresses in time along a cylinder rod radius of 0.1 m
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The above figure of the stress distribution in longi-
tudinal strains allowed us to determine principal stresses
o, o,, arising at the temperature difference along the

cylinder radius (Fig. 2, a, b). The calculations were made
by solving the following equations:

V Utherm + Ttherm (1)

O, =0, +
1 therm
2

o +7

therm therm
03 = Otherm — 2 ’ (2)

As it is seen from Fig. 4, o, is significantly higher
than o,, corresponding with existing representations

about a stress state of the cylinder wall. However, the
analysis of the change of the stress state in fibers under
study indicates concordance of signs of principal stresses.
This means that the center of the object, fibers on radii of
0.02 and 0.04 are exposed to uniform tension. To find out
how the geometrical parameters (the cylinder radius) in-
fluence the stress and strain state, we calculated principal
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stresses o,, o, of the St3 steel cylinder rod 0.05 m in radi-

us. The results are given in Fig. 4.

The above figure shows that a growth rate of the stress
state slightly changes with changes of the radius; however,
principal stresses stop growing earlier, about 40 s. The rea-
son is the quicker heating of the object, and, consequently,
less difference of temperature around the cylinder radius.
This entails a significant drop of occurring maximum tension
stresses from 4.59 MPa to 2.39 MPa and compressive
stresses from 4.31 MPa to 2.25 MPa, which are relevant to
physics of a thermal stress state of the object.

The obtained values of principal stresses may be
used to assess the strength of products. As St3 steel grade
is considered to be a ductile material, to generalize the
stresses, we apply the fourth theory of strength [11] (the
Huber-Mises criterion), which will be presented for the
flat stress state studied in the paper as follows:

on =\ol 00, +0; <[o]. 3)

Values of equivalent stresses at t = 200 s calculated
by the above equation are given in Fig. 5
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Fig.4. Distribution of principal stresses in time along the layer thickness for cylinders 0.1 m and 0.05 m in radius
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Fig. 5. Distribution of equivalent stress ¢'", along the cylinder radius
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Regarding ductile materials, a dangerous state arises in
case of exceeding yield stress at compression strain, as well
as tensile deformation, as shown in Fig. 5. The extremum of
the function is located in an area of a neutral fiber, transfer-
ring from tensile fibers to compressed ones (Fig. 5). Having
compared by equation (3) the calculated values of 'V with
allowable stresses [12], it is possible to assess strength of the
cylindrical rod under study.

Summary

Thus, the research performed allows us to simulate
the stress state as a result of longitudinal strains occurring
during the temperature difference along a radius of cylin-
drical objects. The obtained solution is used to compare
the current stress state with the critical state to assess the
strength of materials. At a stage of designing the heat
treatment process cycle this ensures revealing critical
thermal strains and stresses, entailing breakdowns of the
object wall, and, consequently, providing the possibility
to control the stress and strain state to prevent discontinui-
ty of the material.
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Annomayusn. B pabote paccMOTpeH BOIPOC BO3HUKHOBEHUS MPOJOJIBHBIX JAeopMaluii 1o BHICOTE 0OBEKTA LIMHH-
Jpudeckoi popMbl, BOBHHKAIOIINX BCIIEACTBUE TEMIIEPATYPHOTo Nepenaja o paauycy uuiuHapa. [lomydensr matemaru-
YecKHe 3aBHCUMOCTH, 00ECHEeUNBAIOINE B TUHAMHKE pacdeT HOPMAaIbHBIX, KacaTelbHBIX M SKBUBAJICHTHOTO HaIpsKe-
Hui. PaccMOTpeHO npuMEeHeHHe TaHHOM METOIMKHU JUIS ONpeNeNICHUs] HAPSKEHHOTO COCTOSIHUS IIMIMHIPOB pajuycaMu
0,1 u 0,05 m ipu Harpese 1o 400°C. Tlokazano, 4TO U3MEHEHUE Paguyca UIMHAPA TPU OJWHAKOBBIX YCIOBUSIX HarpeBa
MIPUBOAMT K YMEHBIICHUIO MAKCUMAJIbHBIX PACTATUBAIOLIMX HanpspkeHud ¢ 4,59 no 2,39 MlIla, a cxumaronux — ¢ 4,31 1o
2,25 MIla. OnpeneneHsl INIaBHbIE HAIPSLKEHUS 110 painycy UIWIMHIPUYECKOTO CTEPKHS IIPU HarpeBe.

Knruesste cnoga: TeIioBoe Tole, MIHHAPHYSCKIH 00BEKT, TEPMOHANIPSIKCHHOE COCTOSIHUE, TJIaBHBIC HAIIPS-
KCHUS, TEMIICpaTypHBIE JeQOpPMAaIUH, YCIOBUE IIPOYHOCTH
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