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Abstract. Thermal mode of the working roll barrel in a hot-rolling mill is a significant technological factor that affects the steel strip quality, its cross
section, and durability of working rolls. A reliable calculation of the temperature mode parameters makes it possible to determine the thermal profile
shape and the best profiling of the roll barrel surface, as well as to reduce defects in steel strip flatness. The most common is the balance model of roll
thermal mode. Its accuracy is largely determined by thermophysical constants, in particular, the heat transfer coefficients of the rolls: contact — with
the strip and convective — with cooling water. There are various data on the values and methods for calculating these coefficients, but most of them
do not take into account the presence of pauses in rolling rhythm of the finishing group of stands, the duration of which is significant. Failure to take
this factor into account entails significant errors in calculations of the thermal mode. A passive experiment was carried out, during which surface
temperatures of the working rolls’ barrels were measured using a thermocouple at several points along their length immediately after they fell out.
Also, the parameters of steel strip rolling before roll change were determined: rolling rhythm coefficients, strip reduction in stands, water consumption
for cooling rolls and some others. As a result, an empirical equation was obtained for calculating the contact heat transfer coefficient, taking into
account the main technological factors. The use of refined coefficients for calculating the temperatures of the roll barrel significantly increased
the accuracy of predicting the thermal mode, in particular, the thermal profile of the working roll, based on values of the rolling parameters.
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CTAHA FTOPSIYNEN NMPOKATKM C LUENDbIO NOBbILWEHNUA TOYHOCTU PACHETA
TEMMEPATYP MOBEPXHOCTEM UX BOYEK
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AHHomayus. TeroBoii pexum 004KH pabovero Bajika HEIPEPHIBHOTO CTaHA FOPsiYCH MPOKATKH — 3HAYMMBII (JaKTOP TEXHOJIOTHHU, KOTOPbIH BIHSET
Ha Ka4ecTBO (POPMBI CTAIBHOM MOJIOCHI, €€ MONEPEYHOE CeUeHHEe, CTOMKOCTh pPabounX BankoB. J[0CTOBEpHBIi pacyeT napaMeTpoB TEMIIEpaTypHOTo
PeKHMa MO3BOJISIET ONPEACIUTH (GOPMY TEIIIOBOTO MPOGHIIS ¥ HAMITYUIIYIO MPOGUINPOBKY HOBEPXHOCTH OOYKHU BaJIKa, TOOUTHCS yMCHBIICHUS
ne(eKTOB IIAHIIETHOCTH TOTOBOrO npokara. Hanbomnee pacnpocTpaHeHHO# siBiisieTcst OanaHCHas MOJIEIb TEIUIOBOTO PeXXKMMa Ballka, TOYHOCTh
KOTOPOH B 3HAYUTENBHOI CTENCHU ONpeNelsieTcs TeII0(pU3NISCKIMH TOCTOSHHBIMU, B YACTHOCTH KO3()(HLIUEHTaMH TEIMJIO00MEHA BaJIKOB:
KOHTAaKTHOTO — C IOJIOCOM M KOHBEKTHMBHOIO — C OXJaxKJIarouied Bomoi. VIMEIoTcsl pa3nuuHble CBEACHMS O 3HAYCHMSIX M METoJax pacdera
9THX KOA(PUIHUEHTOB, HO OOJBLIMHCTBO M3 HUX HE YUUTHIBAIOT HAJIMYKE Iay3 B PUTME NMPOKATKH YUCTOBOW TPYIIbI KIETEH, AIUTEIbHOCTD
KOTOPBIX 3HauuTe bHA. OTCYTCTBHE ydeTa 3TOro (akTopa BiIe4eT 3a co00ii CyIeCTBEHHbIE OIIMOKH B pacyeTax TeIIOBOr0 pexrMa O0YKH BaJiKa.
IIpoBesieH MacCUBHBIN SKCIIEPUMEHT, B X0JI¢ KOTOPOTO C ITOMOILBIO TepPMONApbl K3MEPEHbI TEMIIEPaTypPhl OBEPXHOCTEH O0ueKk pabounx BajIKOB
B HECKOJIBKHX TOYKaX IO MX JJIMHE CPa3y Ke MOCie BBIBAIKU. TakiKe ONMpe/eeHbl MapaMeTpbl MPOKATKU CTABHBIX MOJOC MEPE MepPEeBaIKOM:
KOO UIMEHTHI PUTMA MPOKATKH, 00XKATHsI MOJIOCHI B KIETSIX, PACXO/bl BOABI HA OXJIAXICHHE BAJIKOB M HEKOTOPBIC APYTHE MapaMeTphl.
B pesysbrare nmoay4eHo IMIUPUYECKOE YpaBHEHHKE [UIs pacyeTa KO3 (HUIMeHTa KOHTAKTHOTO TEMI000MEHa, yUYUTHIBAOIIEE OCHOBHBIC (DAaKTOPBI
TEXHOJIOTUH, B TOM YHCIE JUIMTEIBLHOCTD Iay3 B PUTME MPOKATKU. VICIONb30BaHHE YTOYHEHHBIX KOA(POUIIMEHTOB IJIsl pacdyera TeMIeparyp
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[ INTRODUCTION

Numerous studies have been conducted on the tempe-
rature profiles of roll body in continuous rolling mills.
Garber E. et al. [1] proposed a thermal analysis approach
for broad-strip hot rolling mill rolls. Their method incor-
porated heat balance equations for work rolls (WR) and
backup rolls (BR) considering heat exchange between
the rolls, strip, cooling water, and the environment.
The accuracy of their simulation heavily relied on empiri-
cally estimated heat transfer coefficients. However,
a disadvantage of their model was the insufficient con-
sideration of rolling downtime. To address this, the frac-
tion of operating time during the lead time was multip-
lied by the roll body temperature, leading to significant
errors during extended downtime. Despite this limitation,
the simulation model was relatively simple, valid to a cer-
tain extent, and had potential for improvement.

Bel’skii S. et al. [2] employed a simplified model
to estimate the temperature profile of hot-rolling work
rolls. They obtained an exact solution for the thermal con-
ductivity equation and measured the temperature distribu-
tion along the roll body after rolling.

Antonyuk V. et al. [3] introduced a new design for
cooling system headers aimed at reducing the work roll
body temperature to an acceptable level. However, their
study lacked any theoretical analysis of the proposed
upgrade, and it remained unclear whether the design could
be applied to cooling systems of other rolling mills.

Garber E. et al. [4] demonstrated the significant impact
the roll body temperature profile on the accuracy of strip
cross-section shape [4]. The model presented in [3] could
be applied with adjustments specific to the rolling mill and
actual downtime.

Several studies have focused on temperature profiles
in broad-strip rolling mill.

Hamraoui M. et al. [5] simulated the strip temperature
distribution in the steady-state mode, representing work
rolls as heated hollow cylinders in contact with the strip
and cooled by convection on the outer and axial hole sur-
face. They proposed a model linking roll temperature to its
rotation speed and heat exchange with the environment.

Johnson R. et al. [6] investigated the unsteady ther-
mal field of the roll at different time intervals, assuming
heat transfer solely on the roll surface. Their resulting
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thermal field model enabled temperature prediction at any
point within the roll body.

Campos A. et al. [7] developed a real-time simula-
tion model to estimate the temperature and thermal expan-
sion of hot-rolling mill work rolls. Additionally, they
designed an intelligent system to control the cooling water
flow rate for work rolls.

Hlady C. et al. [8] determined the heat transfer coeffi-
cient for hot rolling of aluminum-magnesium alloys
in a laboratory mill. They placed thermocouples inside
the rolling strip and obtained coefficient values ranging
from 200 to 450 kW/(m?-°C) through inverse modeling.

Zhang X. et al. [9] created a finite-difference model
to simulate the thermal expansions of CVC work rolls
during hot strip rolling. Their simulation considered
heat release resulting from strip deformation and friction,
as well as convective heat exchange with the environment.

Prediction of temperature distribution in work rolls
holds great importance for mill designers. Serajzadeh S. et
al. [10] estimated the temperature and heat transfer coeffi-
cients of hot-rolling roll. By utilizing the differential equa-
tion of thermal conductivity for cylinders, they derived
a nonstationary thermal model which provided reasonably
accurate estimates of work roll temperature.

Mercado-Solis R. et al. [11] examined surface defects
in work roll bodies caused by temperature stress. They
studied heat damage to hot-rolling mill work rolls using
a test bench that simulated the first stands. Two steel
grades were tested: high-speed tool steel and high-car-
bon chromium steel. Their FEM model predicted tempera-
ture distribution across the roll volume.

Hwang S. et al. [12] presented a FEM approach to ana-
lyze the thermal and mechanical behavior of hot strip rolls.

Kotrbacek P. et al. [13] conducted a study on the impact
of roll temperature on roll body wear.

Arif A. et al. [14] examined the temperature distri-
bution in the work roll when it comes into contact with
the strip during cold rolling. They proposed a FEM
approach to simulate the inhomogeneous heat flow
at the interface between the roll body and strip.

In his monograph, Garber E. [15] provided a compre-
hensive review of existing simulation models for cool-
ing broad-strip rolling mill rolls. The monograph also
includes an analysis of the roll cooling system and dis-
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cusses the adaptation of simulation models to specific roll-
ing mill.

- PROBLEM STATEMENT. MATERIALS AND METHODS

In most cases, the temperature distribution across
the surface of WR body is symmetric relative to the roll
body’s midline. This symmetry is maintained up to approx-
imately two-thirds of the average strip width [1]. The roll
surface temperature experiences a slight decrease towards
the strip edges, while the roll ends are only a few degrees
hotter than the cooling water. To predict the temperature
profile, it is necessary to determine the actual temperature
at the middle of the roll body. This temperature can be
obtained using available temperature distribution models.

The heat balance model [16; 17] utilized to calculate
the temperature at the middle of the roll body surface
in 4-high mill stands.

This model employs thermal balance equations for
the WR and BR, assuming that the average temperature
field over the rolling lead time remains constant. Accor-
ding to this model, the entire heat energy generated is
transferred through contact heat exchange to the backup
roll and through convective heat exchange to either
the cooling water or the environment.

Fig. 1 illustrates the heat flows in the radial plane
of the rolls for a 4-high mill stand. Based on Fig. 1 and
the aforementioned patterns of roll-to-roll, roll-to-cooling
water, and roll-to-environment heat exchange, the quasi-
stationary heat balance can be represented by the follow-
ing two equations:

— for the work roll:

Qwr Qcool wr Q((:):(zl.wr - Qbr = 0’ (1)
— for the backup roll:
Qbr Qcool br Qbrenv = ‘ (2)

In these equations, the heat amounts are defined as
follows: Q= represents the heat supplied to the WR
from the strip through contact and partially radiant
heat exchange; Q" and Q%  denote the amounts
of heat removed from the WR by the cooling water
at the inlet and outlet of the stand; Q, represents
the heat transferred from the WR to BR through con-
tact heat exchange; O, . represents the heat removed
by the cooling water from the backup roll; O, repre-
sents the heat released by the backup roll to the environ-
ment (air).

By substituting the heat balance components
in the equations above they are reduced to a system of two
linear equations in the unknown average temperatures

of the WR (¢ )and BR (¢

avg.wr.i avg.br.i)'

Altwr+Bltbr :Dl;
Altwr +B2tbr :DZ'

The coefficients of the system of equations are
expressed as follows:

Al = acont4ht4wrlsi + %D lwrt +

t— s D, ;):vlrl + Olgone e brDori'

Ay =By = = U Dinis

B, = %Dbrialbr + O gonenor Dori (20— @s) %abnenv;
Dy = 0 lsils +¥ Dwrla‘lwrl cooll T

+TE (PZD outt

lwrt cooll ;

Dbri

brenv“env *

¢
D2 = ?Dbrialbr tcooll + (2TC - (p5)

The input values for the system of equations are as fol-
lows:

‘
Qbr
_A
s
] 1
ancool
in (p3
B vr.cool ou r
Q“ 1 Qwr.‘cool
Qwr
¢
! 0, ¢,
2 2
O
Qv‘vr:.cool Q\;:.cool
sum
Qcool

Fig. 1. Scheme of heat flows in the “quarto” stand:
1 — collector with nozzles of the roll cooling system;
2 — wiring-water cutters from the rolled strip

Puc. 1. Cxema TEIIOBBIX ITOTOKOB B KJIETH «KBapTO»:
1 — KOJIEKTOP ¢ (HOPCYHKAMH CHCTEMBI OXJIAXKICHHUS BAJIKOB;
2 — IPOBOJIKU-OTCEKATEIH BOJIbI OT MPOKATHIBAEMON MOJIOCHI
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—contact heat transfer coefficients: o
to WR; a WR to BR;

— convective heat transfer coefficients: a" ., o WR
to cooling water at the stand inlet and outlet; o, BR
to the cooling water; a, . BR to the air (all the heat trans-

fer coefficients are in W/(m?-°C));

strip

cont.ht.wr

cont.ht.br

— @, to ¢4 are the WR and BR circumference angles
in radians which define sectors with different heat transfer
coefficients (refer Fig. 1);

— other values: D__, D, - mid-body diameters of the /"
stand WR and BR, m; /_ length deformation area for the it
stand, m (pre-estimated using the rolling force model);
b, width of the elastic contact area between the WR
and BR, m (estimated using the Hertzian equations from
elasticity theory); 7, temperature of the cooling water
supplied to the rolls, °C; ¢ . strip temperature as it leaves
the deformation area of the i stand (pre-estimated with
the partial strip temperature model); 7, ambient (air) tem-
perature, °C.

The WR and BR heat balance equations were solved
using Cramer’s rule:

_ Ble _B1D2 .

" Ale _A2BI ’ (3)
_ AIDZ - A2D1

" Ale _AzB1 '

The reliability of roll temperature estimation depends
on the contact and convective heat transfer coefficients:
o

in out

U'cont.ht.wr’ 0'cont.ht.br’ Opwrio Qpwris 1br> a’br.env'

Garber E. et al. [16; 17] presented equations for

i out .

the Olpnris Opris Opprs ey coefficients. The convec-
tive heat transfer coefficients between BR and cooling
water, and BR and environment (air) in these papers
are: ., = 1500 W/(m*-°C); o, . =400 W/(m*°C),
the contact heat transfer coefficient between WR and BR

acont,ht.br =40 kW/(mZ OC)‘

The equation for the convective heat transfer coeffi-
cient between WR and cooling water is given by [17]

0'lwr.in ~ alwr.out =21 Vll + 21’000pco01 - 004[/;21 -

—71pk, — 14,590, W/(m?-°C), 4)

where V|, is the water spraying intensity over the roll

body width[ = , m%/(s'm?), V is the total volume
3 s

of water supplied to the WRs of the i stand, m%/s; b_is

the strip width, m); p_ . is the WR cooling water pressure,

atm.

The roll-to-strip contact heat transfer coefficient

o depends on:

cont.ht.wr
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— the length of the deformation area, which in turn is
determined by the contact stress;

—the roll body-to-strip contact period expressed as

) ) T
the downtime ratio: K, =—"

(1, is the lead time, s;
It dr

T, 1s the downtime when there is no strip in the deforma-
tion area, s);

— the roll body diameter (assumed constant for the spe-
cific rolling mill and stand);

— the presence of slag between the strip and the roll
surface.

It is important to emphasize that the accuracy
f)f the o ..., contact heat transfer coefficient will gre.atly
influence the accuracy of work roll temperature estima-
tion and other temperature-dependent process properties.

The determination of o, . can be achieved by uti-
lizing experimental data of process variables, stand prop-
erties, and experimental studies of roll body surface tem-
perature.

Papers [16 — 18] provide such input data for calculating
the o .., coeflicient in the finishing stands of a broad-
strip cold and hot rolling mill. The literature reports tem-
peratures of work roll body surfaces that are measured
using thermocouples immediately after the work rolls
are removed from the stand. Fig. 2 illustrates bar graphs
depicting the temperature distribution in the middle
of the WR body for the finishing stand of the 2000 model
broad-strip rolling mill.

Fig. 2 indicates that the roll body temperature gene-
rally decreases from the first stand to the last finishing
stand. This can be attributed to the lower strip tempera-
ture in these stands. However, the second and third stands
deviate from this trend. Fig. 3 demonstrates that the aver-
age flow rates of water supplied to the roll body surfaces
are highest compared to the flow rates in the other stands.

2 80
3
é 70
2% 60
= %
5 %0
=5 .0
£= 40
o
S5 30
£2
8
5® 20
& 10
5
n 0

1 2 3 4 5 6 7

Finishing stand number

Fig. 2. Temperatures of the working rolls barrels’ surfaces
in the stands of finishing group

Puc. 2. Temneparypbl oBepxHOCTEIl O0ueK pabo4nX BaJIKOB
B KJIETSIX YMCTOBOM IPYTIIIbI
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To derive an analytic equation for the WR-to-strip
contact heat exchange coefficient we determined the coef-
ficient values that minimize the discrepancy between
measured and estimated temperatures using the heat bal-
ance model. Subsequently, they selected the most suitable
equation for o and validated its performance.

cont.ht.wr

[ RESULTS AND DISCUSSION

We conducted regression analysis on the experimen-
tal data to develop an equation for the WR-to-strip con-
tact heat exchange coefficient in the deformation areas
of the finishing stands in the broad-strip rolling mill.
The resulting equation is as follows:

Coninior = 06 Py T 10%(70.7K 48.2K2 —
—22.75), W/(m*-°C),
where p represents the average contact pressure

avgi

at the center of deformation; K, denotes the downtime
ratio.

The ranges of the values used to establish the expres-
sion for o, . are as follows: K, =0.46—0.90;
Paygi = 200 — 600 MPa.

The equation includes significant factors which were
determined based on the results of Student’s ¢-test with
an o significance level.

To validate the equation for the heat transfer coeffi-
cient, Fisher’s criterion was employed. Both the heat ba-
lance model and the o, . equation were validated
using a statistically significant dataset. The average Lvgwi
(discrepancy between the estimated and measured value)
was 8.01 %. The maximum discrepancy was 16.7 %,
the minimum was 1.53 %, and R = 0.87.

Consequently, the expression for the contact heat trans-
fer coefficient can be considered reliable. The heat balance

-
N
S
S

1000

800

600

400

200

Volume of the cooling water
supplied to the WD bodies, m’/h

1 2 3 4 5 6 7

Finishing stand number

Fig. 3. Water consumption for cooling the working rolls barrels’
surfaces in the stands of finishing group

Puc. 3. Pacxonbl BO/IbI Ha OXJIaXK/I€HHUE TIOBEPXHOCTEH O04eK
pabouKX BaJKOB B KJIETSIX YUCTOBOH IPYIIIIbI

model can be utilized to estimate the roll temperature
profile and other properties, such as the dimensions
of the strip cross-section or the optimal shape of the WR
body, in broad-strip rolling mills [19]. This approach
can also be applied to estimate the cross-section shape
of cold-rolled strips [20].

Based on the experimental data and the equation for
the WR-to-strip contact heat exchange coefficient, we con-
ducted an analysis to estimate the impact of the downtime
ratio and contact pressure on the heat exchange intensity
between the WR and strip (Fig. 4). The results depicted
in Fig. 4 indicate that the downtime ratio and contact pres-
sure, when within the acceptable ranges, can exert a sig-
nificant influence on the contact heat transfer coefficient
and, consequently, the heat profile of the roll. Specifi-
cally, the downtime ratio demonstrates the most substan-
tial effect on the WR-to-strip heat exchange, particularly
when the downtime ratio falls below 0.6.

- CONCLUSIONS

The roll body temperature plays a crucial role in hot
rolling processes as it impacts various aspects such as
the shape and dimensions of the rolled steel and the lifes-
pan of the roll itself. To achieve an accurate estima-
tion of the roll temperature and obtain its temperature
profile, it is essential to employ a reliable heat balance
model. This model enables the determination of the opti-
mal shape of the roll body and aids in minimizing flatness
defects. The accuracy of the heat balance model heavily
relies on the constants associated with heat transfer coef-
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5 £%g
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IRl
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=58 150
<
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8¢ 500 ' ' a
0.46 0.50 0.60 0.90
Downtime ratio
5 O 7000
Q.“;;N~
28 E
$E5 6000
8
=% .8 5000 -
< Q
= £ 5
=83 b
S S 4000 !
200 400 600

Contact pressure
at the deformation area, MPa

Fig. 4. Influence of rolling factors on the coefficient of contact
heat transfer

Puc. 4. Biisinue (pakTopoB MPOKAaTKU Ha KOI(QGHUIMEHT
KOHTAaKTHOT'O TeII000MeHa
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ficients. In the context of roll temperature estimation,
there are two types of heat transfer that are of particular
importance: contact heat transfer between the roll and
the strip, and convective heat transfer between the roll and
the cooling water. The available literature sources provide
diverse values and equations for the contact and convec-
tive heat transfer coefficients in roll temperature analy-
sis. However, many of these sources overlook the impact
of long breaks during the operation of the finishing stand.
As a result, significant errors can arise in the analysis
of roll temperature.

To address this issue, we conducted measurements
of the actual roll body temperature at multiple points along
the roll length using thermocouple immediately after roll-
ing. Additionally, we collected data on various rolling
process variables, such as downtime ratio, reduction ratio
for each stand, cooling water flow rate, and others, prior
to the transfer of the steel strip. Based on these measure-
ments and process variable values, we derived an empiri-
cal equation for the contact heat transfer coefficient
that incorporates the key process variables, including
the downtime ratio. By utilizing these refined coefficients,
we significantly improved the accuracy of the roll tem-
perature profile obtained from the process variable values.

Our findings indicate that the downtime ratio and con-
tact pressure, when within acceptable ranges, exert a sub-
stantial influence on the contact heat transfer coefficient
and, consequently, the heat profile of the roll body. Par-
ticularly, the downtime ratio exhibits the most significant
impact on the heat exchange between the work roll and
the strip, especially when the downtime ratio is below 0.6.
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