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Abstract. Slab heating before hot rolling process is necessary for obtaining required metal ductility. The most effective for this purpose are furnaces
with walking beams that provide heat supply to all sides of the slab. However, the places of slabs lower surfaces, contacting with water-cooled
beams, are shielded from the radiation of the furnace lower heating zones and give the heat to the beams. Previously, the authors developed and
programmatically implemented a mathematical model of slab heating in a furnace with walking beams, based on the numerical solution by finite
difference method of the three-dimensional heat conduction problem with piecewise defined boundary conditions on the slab bottom surface. In this
model, for the open zones of the slab bottom surface, boundary conditions were similar to those on the top surface, and for the zones of contact with
the beams were set effective boundary conditions assuming duration of this contact. In this paper, the model was modified to take into account the
curvature of the beams and to recalculate the configuration of zones with different boundary conditions on the slab bottom surface for each posi-
tion of the slab along the furnace. By variant calculations at different values of heat transfer intensity from the slab bottom surfaces to the beams
it was determined that curvature of a single beam can significantly change the characteristic of the corresponding “cold” spot, but it practically
does not affect the general characteristic of the slab heating non-uniformity. If all fixed beams are subjected to curvature, the final temperature
difference across the slab is significantly reduced due to an increase in its minimum temperature. It was found that the influence of beam curvature
on the temperature field at the end of heating process is higher the more intensive the heat transfer to the beams is.
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AnHomayus. Harpes ci1s160B niepe/| ropstueil MpoKaTKoH HEOOXOIUM JUTsl MTPUAAHHS METaJLTy TpeOyeMbIX IUIacTHYeCKUX cBOWCTB. Hamnbonee 3¢ dek-
THBHBI JUIS 3TOTO TI€YH C IAraloNMMH OakaMu, 00€CIIeYHBAIOIINE MOauy TEIUIOThI CO BCeX CTOPOH ciist0a. OnHaKo 00IacT HIKHUX OBEPXHOCTEH
cIs100B, KOHTAKTUPYIOIIHE ¢ BOTOOXIIAKIASMBIMU OallkaMu, SKPAHUPOBAHBI OT U3TyUESHHsI HIJKHUX 30H 000TrpeBa IeuH ¥ OTAAI0T TeIIoTy OaiKkaM.
Panee aBropamu Obuta pa3paboTaHa W MPOrpaMMHO peasM30BaHa MareMaTH4eckasi MOAENb Harpesa cisioa B MUy ¢ IaraloliMi 0ajakaMu, OCHO-
BaHHAs Ha YKMCJICHHOM PELICHHH METOJOM KOHEYHBIX Pa3sHOCTEH TPEXMEpHOIl 3a/ladM TEIIONPOBOIHOCTH C KyCOYHO-ONPEICICHHBIMUA I'PaHN4-
HBIMHU YCJIOBUSIMH Ha HIDKHEW TOBEPXHOCTH ciisiba. B 3TOi Mozenu uist OTKPBITBIX 00acTeil HIKHEH MOBEPXHOCTH CIsI0a 3a/1aBalICh IPAHHIHBIC
YCJIOBUSI, QHAJIOTUYHBIE YCIIOBHSIM Ha BEPXHEH IMOBEPXHOCTH, a Juisi oOnacTeil koHTakTa ¢ Gankamu — 3 (heKTHBHbIE TPAaHUYHbIC YCIIOBHS, YUUTHI-
BAIOIIME MPOJIOJDKUTEIBHOCTD TOT0 KOHTaKTa. B anHoi paboTe Mozens Harpesa cisioa MOIU(HUIMPOBAHA, OHA TT03BOJISET YYUTHIBATh KPUBH3HY
0aJIOK M MepecUnTHIBaTh KOHPHUTYpAIHIO o0yacTell ¢ pa3IMYHBIMHI TPAaHUYHBIMH YCJIOBUSIMU Ha HI)KHEH IMOBEPXHOCTH Ciisiba JUIs KaXJ0ro I0JI0-
JKEHMS €r0 BJIOJIb TIeUH. BapHaHTHBIMU pacueTaMy MpU Pa3iMYHbIX 3HAYCHHUSX WHTCHCHBHOCTH TEIUIOOTBOJA OT HW)KHMX IMOBEPXHOCTEH ciisiba
K OaJIKaM MOJIy4eHO, YTO HCKPHBIICHUE OAMHOYHOI 02k MOXKET CYIECTBEHHO U3MEHUTH XapaKTEPUCTHKY COOTBETCTBYIOIIETO «XOJIOHOTO» MSTHA,
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HO OHO INPAKTUYCCKU HE BIIMACT Ha 06H.Iy}0 XapaKTCPUCTUKY HEPAaBHOMEPHOCTHU HarpeBa cisi0a. O)IHaKO €CJIN UCKPUBJICHUIO TIOABCPIrHYTH BCE
HCIIOABHXKHBIC 68.J'IKI/I, TO CYLIECTBCHHO COKpalacTcs HTOTOBBINA nepenan no CJ'I$I6y BCJICACTBUC YBCIIMYCHUS €TI0 MUHUMAJbLHON TEMIICPATYPHI. Vera-
HOBJICHO, YTO BIUSHNUC KPUBU3HBI 0aJiok Ha TECMIICPATYPHOC I10JIC€ B KOHIIE HAaIrpeBa TEM GOHLIHG, YEM MHTCHCHUBHEC TCIIJIOOTBOI K Oakam.
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[ INTRODUCTION

The furnaces with walking beams, which provide
a comprehensive heat supply to the slab surfaces, are
considered to be the most advanced units used for heating
slabs before rolling in the hot-rolled sheet production [1].
Usually such a scheme of heat supply is called four-sided
because (as confirmed by experience and calculations)
heat supply to the end surfaces of slabs affects the tem-
perature field of nothing but small sections of slabs adja-
cent to these surfaces, and the length of slabs in sheet
rolling is many times greater than their other dimensions.
However, although these furnaces have a lower heating
zone, the conditions of heat supply to the upper and lower
surfaces of the heated slabs are different. The slab trans-
portation system includes fixed and movable beams, par-
tially shielding the zones of the slab lower surface that
are in contact with them from the combustion products
of the lower heating zones, and also partially transfer-
ring heat to the elements of the beam cooling system in
the places of contact.

As a result, “cold spots” emerge on the lower sur-
face of slabs, the effect of which reaches out to the slabs
upper surface, not only their inner horizontal sections.
One of the ways to reduce the described inhomogene-
ity of the temperature field is to give some curvature
to the fixed beams of the transportation system. However,
no comprehensive quantity-related studies of this effect
have been conducted.

Expensive modern equipment is required to explore
the above-mentioned factors by experiment [2], which
is not easy in industrial conditions. Therefore, an inves-
tigational study is usually conducted at the first stage
of the research (to obtain primary information about
the target of research) and at its last stage (to verify
the recommendations made). The main part of the inves-
tigation is usually conducted by mathematical modeling
of the processes occurring in the furnace working space.
Different models of metal heating in the reheating fur-
naces [3] can be classified into statistical [4; 5], analyti-
cal [6] and numerical ones [7 — 10]. In rare cases, inverse
heat conduction problems are addressed, along with direct
ones [6; 11]. Optimization problems are also solved using
mathematical models of furnace processes [11 —15]
that take advantage of modern CFD simulation soft-
ware [16; 17].
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The authors of [18] propose a two-dimensional model
of slab heating in a pusher type furnace, the distinguish-
ing feature of which is the joint solution of the heat con-
duction problem for the slab to be heated and for the sec-
tion of the support tube (water-cooled skid). However, in
this model, the tube is directed along the slab, so (given
that the model is two-dimensional) the length of the “cold
spot” can only be traced in the direction of the slab width.

The authors of [19] propose a three-dimensional
model of slab heating in a furnace with time-varying
boundary conditions simulating slab passage through dif-
ferent process zones of a pusher-type furnace. The pecu-
liarity of this model is the possibility to set piecewise
defined boundary conditions on the slab bottom surface,
these conditions being different for the areas of this sur-
face contact with beams and open areas of the slab bot-
tom surface.

The purpose of this work is to further develop
the mathematical model of slab heating in a furnace with
walking beams (taking into account the impact of these
beams on the heating process), considering the influence
of the possible curvature of the transportation system
beams on the slab temperature, and the use of this model
for numerical experiments.

[ RESEARCH METHODS

The developed model is a three-dimensional trasient
heat conduction problem in the Cartesian coordinate sys-
tem for a parallelepiped-shaped computational domain
without internal heat sources, with temperature-depen-
dent thermophysical characteristics and asymmetric
time-varying boundary conditions of the third kind [19].

This differential problem has no analytical solution;
therefore, it has to be solved numerically, using the finite
difference method (balance method) [7; 19; 20].

This method involves the introduction of discrete
time ¢, = kAt (k=1,2,...) with a constant step A¢ and
discrete coordinates: x, =iAx (i=0, 1,2, ...,n); Yy =jAy
(G=0,1,2,.., ny); z,=1Az (1=0,1,2, .., n), which for
this simple geometry also change with constant steps Ax,
Ay and Az. The values n_, n and n_are called the num-
ber of workpiece divisions along each of the coordinate
directions.

As the computational grid is introduced, the entire
calculation domain is divided into elementary volumes,
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the number of which is equal to (n + 1)(ny +1)(n, + 1).
Each of these volumes contains one node of the spatial
grid determined by three indexes (i, /, /). At each time
step, the elementary heat balance equations are recorded
for each elementary volume, forming a quasi-linear sys-
tem of equations with respect to the nodal temperature
values at the end of the time step. The general solution
methods are inadvisable in this case (due to the spar-
sity structure of the coefficient matrix), therefore itera-
tive methods are more effective [19; 20], as they enable
to discard huge auxiliary matrices.

We chose boundary conditions of the third kind in
the model due to their stabilizing influence on the con-
vergence of the iterative algorithm used for solving
the three-dimensional heat conduction problem.

In accordance with these boundary conditions, the rela-
tionship between the heat flux density g, on the boundary
surface (e.g., on the slab top surface) and its temperature
T is described by the Newton-Richman formula:

qW:a(To_Tw)a (1)

where T is the temperature of the heating medium, K;
a is the heat transfer coefficient, W/(m?-K).

The thermal influence of the transportation system
beams on the thermal conditions on the slab bottom sur-
face is taken into account by dividing the slab bottom sur-
face into rectangular areas and setting different boundary
conditions for these areas. These rectangular areas can be
of three types with respect to the problem under consid-
eration:

— always open parts of the surface;
— parts of the surface in contact with fixed beams;

— parts of the surface in contact with movable beams
(when the slab is lifted or moved).

For always open areas of the lower surface, the bound-
ary conditions are similar to those on the slab upper sur-
face (1), the only difference is that the values of the hea-
ting medium temperature and heat transfer coefficient
may not be the same. For the remaining areas, this condi-
tion is true only when there is no contact with the beams.
However, during the periods of contact with the beams,
an expression like (1) can also be formally used for
the corresponding areas. In this case, the temperature
of the steam-water mixture circulating in the beam cool-
ing system should be used as the medium temperature, and
some conditional coefficient of heat transfer k£, W/(m?-K),
from the corresponding area of the slab bottom surface
to this cooling medium, should be used as the heat trans-
fer coefficient. The value of this coefficient depends on
the design of the transportation system, and it is an exter-
nal (set) parameter in this model [7; 19].

The slab transportation cycle consists of separate
stages (slab lifting, forward movement, slab lowering,
movable beams return operations). When their dura-
tion is known (as well as the time for slab removal from
the furnace, the time for putting slabs along the furnace
and the transportation system valve rod travel), one can
set the boundary conditions for each zone of the slab bot-
tom surface at any given time. However, this approach
requires calculation with a time step of no more than 1 s,
which can significantly increase the duration of the cal-
culation procedure. In the present work, as in [19], a more
time-saving approach is applied, according to which, for
each contact zone, weighted average boundary conditions
of the type (1) are set, with the effective heat transfer
coefficient and the effective temperature of the medium.
At the same time, the contribution to the effective values
of the individual periods characteristics is proportional
to their duration.

In[19], the division ofthe slab bottom surface into areas
of different types does not change during the slab heating
process, which corresponds to straight beams. A special
feature of the present work is that the curvature of beams
can be set by representing their centerline as a sinusoid
for which the amplitude (mm) and period (m) are set.
When the amplitude value is set to zero, the beams are
considered straight. When the amplitude (curvature) is
set different from zero, the slab longitudinal coordinate
relative to the furnace entrance section is calculated at
each time step, and then the deviation of the boundaries
of intersection with the slab relative to the initial value
is calculated for each beam (movable and fixed). This
modified slab-beam contact zone is still considered rect-
angular (due to the relatively small curvature and width
of'the beam), but its boundaries along the slab are shifted,
and the algorithm proposed in this paper adjusts these
boundaries at each computational time step.

The created mathematical model is implemented in
the visual development environment Builder C++ ver-
sion 6.0. Fig. 1 shows the start window of the calcula-
tion program, in which the curvature characteristics in
the form of sinusoid amplitude and its period (default
values shown in Fig. 1 correspond to straight beams) can
be set for all beams (in addition to their position, width,
coefficient of heat transfer to the cooling medium and
temperature of this medium).

In the “Mode” tab (in Fig. 1 it is closed), the values
of the heating medium temperature and heat transfer
coefficients on each slab face by heating stages are set
for the corresponding technological zones. As mentioned
above, these values for all slab faces are used directly,
and at the bottom face, they are applied unchanged
to the open zones only, while for the beam contact zones,
these values are used to calculate the effective heat trans-
fer coefficients and the effective medium temperature.

371



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(3):369-376.
Bapzun A.B., /lesuykuti U.A. MaTemaTH4ecKoe MO/ieJIMPOBaHMe HarpeBa cis16a B MeYH C MIaranluMi 6aJKaMu C y9eTOM UX KPUBU3HbI

- —
Bl Harpee cnsfia B neun c waraowymy Bankamu

s

MizroaHbIe gaHHbE I PE)«HMI Auamauwﬂl

[ Cnag

WpmHa [pastep Baonk nem - sl 500
Tonwmna [pasmep no BepTHEant -yl (250

JnnHa [pastep BA0Ak cnAta - z]mm |B000
Sazop meway catar saone nedd ran |40

A= (B [+ [00om -w+ [1e5 w2, Briwek
w0000 o g [+ (0002wl 24 w2 Do)

MnotHoeTe, krim3 [7850
HayaneHan Ternepatypa coata, C |20

T apareTpbl PE3HOCTHOR CREMbN
KonMiecTen pastiHEHHA NO WHMPHHE [BA0Ab ¥

] [10

KonuuecTen pastuerii na TanwuHe [Eacne y) |10
KanuyesTea pastiveHil no anube [saons 2] | 100

War no spemenm,e |10

War no BpereHk BbiE0aa Ha nedate,c |10

[ Mopeusrele Sanku

Ofiwee KOAHISCTED NOAEMKHEI Ba00K, |4_

M |Koopa. UJHDMHG,I{ k,ETK[MZ*K‘ T_0.C |prs,mm|l'|epwon,v»{
7 150 1] 180 0 100

150

150

150

190
190
190

100
100
100

ool
ool o

| O AWTENEHOCTE PE3AHYHENR 3TEMN0E WAraHHA H NEPHOL Bellauu,c

Mg War enepen ILIJar BHUS IU.Iar Hazan |- eowaum
il 18 ] 180

o0 NoplwHA [NpeaosHE war) k| 480 |

[ HenonsuwsHsie Gankug

[ RESEARCH RESULTS

of heat transfer to the beams:

to the actual rider designs;

CIfies KOAHYECTED HENOAEMHHEN ﬁanoKIB_
LCTEnEHE HERBHOCTH CREME! ’0,5 = =
NonycTiMan NorpeWHocT pacieTa TeMneparypel, C (0,001 1N fizopn.n :Usvgjuha,v{;,ETK[MZ K‘ I;;IE |;DHB‘MMI1”§;HM'“{
g uf;;‘:uﬁf‘”::;”:::zz KrapiiumenT HusHeil penakcawa |03 SRl 200 e 5 P I T
e w—— [~ ycpeaHeHue no HUSY cnata 3 |-754 150 o 190 1 100
- aine Excel 40A coMpaHEHHA PE3YNETATOE WAHAM CUMTEH HOXOOHEH 03HHE: jis] 75 50 J 120 0 100
r Cuurra HCHOOHEIE 08HHEIR HE Oaﬂ.ﬂal PeSHﬂbTaTbl 6\:“197 SaANMEEHB B Pain E8| 2% 150 g 190 L 100
| I I 6 [4560 150 1} 190 0 100
[
|l
l Pacuet I
_ [ [ 4
Fig. 1. Input data for modeling
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Fig. 2 shows the temperature variation along the lon- g | i i i i
gitudinal axis of the slab bottom surface, with dimen- § 1200 - : : : : :
sions 250x500x6000 mm, heated in a furnace equipped éﬂ | i i i i
with four fixed (axes are indicated by a green line) and R 1150 - : : : : :
two movable (axes are indicated by a blue line) beams. 1100 Lo ! | | a
The results are obtained for three values of intensity 1300
@)
5 S 1250
— k = 0 W/(m*K), corresponds to the case when o
. . . . =
the shielding effect of beams only is taken into account; 5 1200
B
— k=100 W/(m*>-K), approximately corresponds g 1150
(]
H
— k=50 W/(m?-K), corresponds to intermediate values. 17;83
For the next series of calculations, the curvature of one o
of the fixed beams was modeled according to Fig. 3. oy 1290
The curvature was described by a sinusoid with an ampli- El
. § 1200
tude of 200 mm and a period of 5 m (the curvature param- g
eters corresponded to the maximum practically feasible g 1150
values). Fig. 4 shows the results of slab heating simula- a

tion under these conditions.

In the case of zero heat transfer intensity (Fig. 4, a),
the influence of beam curvature is practically imper-
ceptible. However, as the intensity of heat transfer
to the beams increases, the temperature profile becomes
noticeably asymmetrical (Fig. 4, b compared to Fig. 2, b
and Fig. 4, ¢ compared to Fig. 2, ¢).

At the same time, the overall heating characteristics
will remain essentially the same as for heating straight
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1100
0

1 2 3

Coordinate along the slab, m

Fig. 2. Temperature change along longitudinal axis of the slab
lower surface at different intensity of heat transfer to the beams:
a—k=0W/m>K); b k=50 W/(m*K); c — k=100 W/(m*K)

Puc. 2. VI3MeneHue Temreparypsl B0JIb HIPOIOILHOR 0CH

HIDKHEH TTOBEPXHOCTH Ci110a MPU pa3IMYHON HHTEHCUBHOCTH

TEIIO0TBOJA K OayKaM:

a—k=0Bt/(M*K); b — k=50 Br/(m>-K); ¢ — k= 100 Br/(M>-K)
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Fig. 3. Layout of the slab in relation to the furnace beams when
one fixed beam is curved:
B - fixed beams; [l — movable beams; [l — slab

Puc. 3. Cxema pacronoxeHus ciisiéa OTHOCUTENBHO 0aJIOK redn
[IPY UCKPHUBJICHUH OJIHOW HEMO/BM)XHON OaJiKu:
W — senonBuxHbie Oanky; [l — noxBuKkHbIE Ganku; [l — cist6

beams (see the Table). In the Table, the “minimum” and
“maximum” columns contain the minimum and maxi-
mum temperature values throughout the slab at the end
of the heating cycle, the “difference” column presents
the difference between them, and the “average” column
indicates the slab bulk temperature at the end of the heat-
ing cycle.

Fig. 5 shows the temperature profile along the longi-
tudinal axis of the slab bottom surface for the case when
all fixed beams are curved.

- DISCUSSION OF THE RESEARCH RESULTS

The results obtained revealed that for fixed beams
the “spot” of impact is deeper (i.e. “cooler”) than for
movable beams. This is because at given values of the slab
width, removal period and transportation mechanism

Extreme values of the final slab temperature for different variants

Coordinate along the slab, m

Fig. 4. Temperature change along longitudinal axis of the slab
lower surface at different intensity of heat transfer to the beams

when one beam is curved:

a—k=0W/(m>K); b— k=50 W(m>K); ¢ — k= 100 W/(m>K)

Puc. 4. 13MeHeHne TeMIiepatypbl BIOJIb MPOJIOIBHON OCH
HIDKHEW TIOBEPXHOCTH CIIs10a TIPH Pa3IMIHON HHTCHCUBHOCTH
TEIUIOO0TBOAA K OaJIKaM IpU MCKPUBIICHUN OHOM M3 OaJoK:

a — k=0 Bt/(M*-K); b — k= 50 Br/(M*-K); ¢ — k= 100 B1/(M?>-K)

SKCTpeMaJ'IBHLIe 3HAYeHHs] KOHEYHOil TeMIepaTrypbl casioa s Pa3IMYHBIX BADUAHTOB

) o Temperature index, °C
Variant description k, W/(m?-K) — - -
minimum average maximum | difference
Straight beams 0 1278.1 1286.0 1292.0 14.3
Straight beams 50 1183.0 1278.8 1291.5 108.5
Straight beams 100 1107.3 1273.3 1291.0 184.0
One beam is curved 0 1277.7 1286.0 1292.0 14.3
One beam is curved 50 1183.0 1278.9 1291.5 108.5
One beam is curved 100 1107.3 1273.3 1291.3 184.0
All the fixed beams 100 1152.6 1273.5 1291.2 138.6
are curved
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Fig. 5. Temperature change along longitudinal axis of the slab lower surface at k = 100 W/(m?-K)
when all fixed beams are curved

Puc. 5. VI3MeHeHne TeMIeparypsl BIOJb POAOILHOI 0CH HUKHEH MoBepXHOCTH cisiba pu k = 100 Br/(m*K)
IIPH MCKPHUBIICHUH BCEX HEMOIBMKHBIX 00K

parameters, the contact time of slab bottom surface areas
with fixed beams is longer than with movable beams.

Fig. 2 shows that when heat is transferred from
the slabs to the beams, the lower surface temperature is
much more inhomogeneous than when this surface is just
shielded from the radiation of the lower heating zones
combustion products. The curvature of a single beam can
significantly change the characteristic of the correspond-
ing “cold” spot, and this effect enhances as the heat trans-
fer to the beams increases (Fig. 4, b, ¢). However, it has
little or no effect on the general characteristic of the slab
heating non-uniformity (see the Table), as when the beam
curves, the slab surface contact area does not change, but
only takes more time. However, if all fixed beams are
subjected to curvature, the final difference across the slab
is significantly reduced due to an increase in its mini-
mum temperature, which leads to enhanced homogeneity
of the slab temperature field.

- CONCLUSIONS

The mathematical model of slab heating in a furnace
with walking beams, earlier developed and programmati-
cally implemented by the authors, that took into account
the impact of these beams on the slab bottom surface, was
modified by adding the possibility of considering the cur-
vature of the beams.

We simulated heating of a 250x500x6000 mm slab
for a furnace equipped with four fixed and two movable
beams under standard mode with different intensity of heat
transfer to the beams (the beams being straight or curved).

Itis found that the intensity of heat transfer to the beams
significantly affects both the level of the slab temperature
field and its homogeneity.

374

The wvariant calculations showed that the curva-
ture of only one beam changes the local characteristics
of the corresponding “cold” spot, practically not affecting
the minimum, maximum and bulk values of the slab tem-
perature, while the curvature of all beams (of at least one
type) increases the minimum slab temperature and homo-
geneity of the slab temperature field as a whole. More-
over, the more intensive the heat transfer to the beams is,
the higher the impact of the beam curvature on the tem-
perature field at the end of heating (in particular, on its
homogeneity).
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