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QUANTITATIVE RESEARCH OF BAND'S FEEDING
IN THE ROUND MOULD

Introduction. Pipe industry is the leading consumer of tube stock. And so, in 2014 the
world tube consumption made 165 min. ton. China manufactures the greatest part of pipes
(107 min.ton in 2014) and has a stable growth trend.

At present hot rolled tubes are mainly produced from continuous casting square,
bloom, and round (with diameter from 90mm to 800mm) billets. The investigations conducted
in Germany, USA, Japan and CIS reveals that round casting billet use in comparison with
continuous casting bloom application in the manufacture of tubes have certain advantages.
First, the surface of round billet has better quality than square one (because round billet hasn’t
longitudinal and corner cracks). Second, high density of equiaxed structure in the axial zone
of round billets provides the reduction of micro defects quantity. Third, the surface layer of
round continuous casting ingot is more ductile and less exposed to ferrostatic pressure and
internal strains if compare with rectangular billet.

But in round billet continuous casting, particularly atiahgteel continuous casting
plant, the degree of irregularity of solidifying billet surface layer in casting mold is increased
which causes the formation of cross-section out-of-roundness. Except this, the pressing ques-
tions often arise on macrostructure quality that influences the life cycle of the internal surface
of hot-rolled pipes.

One of the advanced methods of improvement of quality parameters is using different
kinds input of inoculators [1-5]. The experience of steel band feeding into continuous casting
mold liquid pool deserves special attention [6].

But steel band feeding into continuous casting mold has several specificities. Band pa-
rameters and its chemical composition, feeding speed, feeding place, and feeding angle, etc.
in many respects predetermine final products quality. This question is very crucial when we
use additional materials to the molten pool into the mold, and the only science-band recom-
mendation can guarantee the receiving products with high quality.

Investigation objectives — development of quantitative and numerical models of heat
and mass transfer of the band feeding into continuous cast (CC) round mold.

This task can be decided by the methods of physical and quantitative modeling with
following check and adaptation in the working environment. All decisions will be exclusive
and can be used to specially investigated type of CC and technological parameters. Quantita-
tive modeling is a most flexible method of investigation.

Most interesting studies in this field are in the literature [7, 8]. Olek EtJaused pro-
fessional program packages for hydrodynamics and heat & mass transfer Fluent 5.5/Gambit
1.3 based on the RNG—k-+turbulence model with the accounting of liquid metal enthalpy
changing for thin slabs cast at the radial caster. Model adequacy was checked at the physical
model. Two-dimensional models of heat and mass transfer in the CC bloom mold with inert
gas input to the metal stream were investigated [8].

The main disadvantage of those research works was an impossibility to study the
speed and thermal fields in the mold with band feeding. Hewyelie model of Hress and
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Ogurtsov [9] can be checked on the physical model and in the work environments and can
predict heat and mass transfer after inoculant feeding into the liquid pool in the mold afte
model transformation from two dimensional to three dimensional.

This model was used during the studying of heat and mass transfer in the slab continu-
ous casting mold SCCP [10] and approved successfully at practice for continuous casting bil-
lets industrial production in China. It was this model taken as a basis of the developed one.

Results of the work. Investigation method. The model created on the standard ap-
proach basis to multiphase systems [8, 9]. The underlying model assumptions are:

1. Basic metal with specified chemical composition cast to round mold through one sub-
merged entry nozzle (SEN) with the direct-flow outlet.

2. Steel band with different from basic metal chemical compositionrfgadto the mold
straight vertical down, its plane perpendicularly mold diameter and located within a cer-
tain distance from SEN.

3. The metal meniscus is quiet, without waves and covered by slag. Therefore, the account-
ing of free surface dynamics is not required.

4. Heat removal conditions to mold and band depend on the metal streams speeds and de-
scribe the border between solid metal and mushy zone.

Well-known stationary Navier—Stokes equation, equations of liquid metal continuity
and heat transmission in mold was the basis of moving and heat transfer mathematical model:

(VV)V=—vp+VAV +0; )
(Vv)=0; (2)
V(vT)=V(AVT)+Q, (3

where v — velocity vector;p — pressurey — coefficient of effective kinematic viscosity;

g - vector, taking in account the action of mass volume forces (acceleration of gravity etc);
T — temperatured — metal thermal conductivityQ) — thermal volume source, taking in ac-
count heat of phase transition at the steel solidification process.

The difficulty of boundary conditions representation of pronounced cylindystd
in Cartesian coordinates is a feature of the software implementation of this model. Inappropri-
ate use of cylindrical coordinates is explained by the significant labor costs associated with
the need of software methods using to put the flat tape into a cylindrical mold. The possible
use of the conformal transformation apparatus is also not an easy decision. Therefore, we
abandoned the use of a cylindrical coordinate system in this study.

Concerning the task characteristics, mold geometry was approximated by the orthogo-
nal nonuniform net, and in equations (1)-(3) Cartesian coordinate system was used. In equa-
tion (1), Boussinesq approximation on the first stage calculations was used, that contains the
lifting force because liquid metal has the different density at different temperatures. Density at
kinetic momentum equations is constant. Stationary equations system was solvedrby ass
ment method.

Velocity vector can be divided into axis constituents OX, OY, OZ. Normalized pres-
sure for equation (1) was introduced for convenience decig@nin equation (3) was

changed to effective heat capaciy; , that crystalizes heat release at the time of steel solidi-

fication in the temperature range (liquidlis — solidusTg). The additional assumption about

metal fluidity absence at the temperature lower thawas introduced.
The penetration absence and free sliding are conditions for velocity boundary condi-
tions on the symmetry axis and near solid surface

VJ_|S:O, ﬁvH |S:O (4)

and free moving stream condition on the free surface and on the downside of calculated field:
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Vi |s=Vs, ﬁ-?H s=0, (5)
wheren — normal vector to surface.
Vg accept velocity stream finish value at the SEM exit and is equal to O at the other
surface.

Solidified skin freezing was calculated on the basis of well-known Fourier thermal
conductivity equation with near—equilibrium mushy zone approximation

Ca(T)-p o= =Cy: pV(TV )+ V(AVT). (6)
where
Cq. T <Ts;
Cy(T)=<C+ , Tg<T<T, . (7
c f-T

For equation (7)T, T, Tg — current temperature for calculated field, liquidus and
solidus temperature srespectivel§; — effective thermal capacity depends on thermal ca-

pacity in the solid phaseC), the liquid phase@, ) and in the mushy zoneC(). Thermal

conductivity in mushy zone is equal to:

T T -CT

C=(C.-GCs) +CSL s

It can be solved with natural variables by the physical factor split method and can be

realized in the form of three stage split schedule. This system is combination of physical fac-
tors split method to equation of hydrodynamics and recalculated difference scheme:

(8)

V=V +A[ (V"YW +vAv" | (9)
T=T"-ArcpV(TV"); (10)
ALY
Ap™t = — 11
p i (11)
V=V - ATVAP™Y; (12)
T =T"+AV(AVT), (13)

wheren — number of times layer; — times pitch;4,, p, — liquid metal thermal conductivity
and density accordingly.

Stage 2 was fulfilled only in the liquid phase.

Boundary conditions for pressure on calculated field were received by project (12) to
surface normal.

The heat exchange on the model symmetry axis was set absent. Heat exchange on the
ingot surface was set by means radiative and convection heat exchange. Specified superheat
temperature was set on the place of stream entrance to the mould.

First kind boundary conditions on the mould surface set by means power law (statisti-
cal literature data manipulation):

Ve
To=T, +(T-T,) &, R=0,95, (14)
whereT,, T, — initial input metal temperature to the mould and ingot surface temperature on

the exit of the mould accordingly, — casting speed;, — mould lengthR — multiple corre-
lation coefficient.
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Third kind of boundary conditions was set on the ingot surface after mould.

The net with variable pitch was used to decrease the calculation time because the
bandwidth is low.

Presented model recognized by Delphi 7.0 medium. The band feeding modeling was
fulfilled after heat and hydrodynamics conditions stabilized.

The model adequacy was checked by comparing the calculated data with physical
modeling results and end—use measurements [11].

Discussion. Heat and mass transfer process on the mould with diameter 300mm
(BAOSTEEL plant)2000mm length was investigated. Casting process of steel grade S355
with superheat 2@ at the mould entrance was modeled. The distance from direct-flow SEN
diameter 85 mm unloaded openings axis to metal meniscus was 150mm. Casting speed was
set to 1 m/min. The ingot surface temperature on the mold exit wasC1150

Metal band has chemical composition corresponded to steel grade 45. The band thick-
ness was 1.5 mm and width was 60 mm. The distance from SEN axis to band end face was 85
mm. The inoculator feeding speed was 1.4 m/min for demonstrative calculations. Initial band
temperature was equal to°20 Heat and mass transfer was investigated when band feeding
was in quiet mode and with transversal oscillation imposition to the band. Thatasctilie-
guency was 150 Hz and amplitude was 2 mm.

Isosurfaces of a metal stream of absolute velocities without inoculators input and afte
isosurfaces correspond here and after to 0.02; 0.04; 0.06; 0.12 m/s velocities can be seen in
Fig.1 (3D). It appears that metal stream, flowing out of direct-flow SEN, spread vertically
along continuous caster technological axis (Fig.1). The absolute stream velocities near the
mold bottom don’'t exceed the amount by 0.02 m/s.
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Figure 1 — The hydrodynamicand heat setting of metal in the mould without band feeding

Steady toroid-shape vortex with 150mm height aB8-40mm width arise in the up-
per part of the mold on the depth=80 mm from the metal meniscus and on the distance
80mm from mold axis. In the upper part of the vortex metal stream is directed to the SEN and
in the bottom part it is oppositely directed. Hot metal portion inflow to the billet sohdjfyi
skin, their passing upward along crystallization front with simultaneous cooling cause the
non-uniform distribution of liquid metal layers temperature along vertical billet skin. In par-
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ticular, isotemperature layers of molten metal near from upper edge of toroid-shape vortex,
has the thickness two times more than layers near bottom vortex edge.

In the upper part of the toroid-shape vortex the liquid streams are divided into two dif-
ferently directed ones. One of them extends along metal meniscus to billet skin and forms a
small toroid-shape vortex around billet perimeter near the metal surface. This vortex increases
heat exchange intensity between the mother melt and the inner mold surface. After that skin
growing speed in this liquid pool part increases and skin thickness around perimeter becomes
stable. Another stream with growing velocity caused by catching influence of main stream
from SEN is directed along metal meniscus to SEN. Later it sinks along SEN external surface.
This stream promotes more intensive heating and meltingtbdrb layers of slag-forming
compound.

On the whole, thermal and hydrodynamic situation becomes stabilized very fast and
doesn’t cause the non-uniformity of thermal and velocity fields at strict SEN and mold coaxiality.

The band feeding without oscillation changes substantially the hydrodynamic and
thermal situation in the cylindrical mold. At the time of band feeding start, as in the previous
case, pronounced closed toroid-shape vortex occur with the sizes similar to the last case.
However, as the band submerges into the mold pool, the main tor is disintegrated into two
parts in the form of a crescent with different intensity. (Fig.2). More intensive streams are lo-
cated in the mold part free from the band and lower streams - between band and billet skin.
The main stream form is also changed because band repels the stream.

Such redistribution of liquid streams hydrodynamics leads to the expected changing of
the thermal situation inside the mold. The absence of high intensive liquid metal streams be-
tween band and billet skin decreases the non-uniformity of temperature distribution along the
vertical billet skin and accelerates solid skin growing velocity and increases the thickness of a
frozen metal layer on the band surface of mother melt. Simultaneously, the changing of main
stream torch from cylindrical to semi-oval predetermines hot metal layers inflow into mold
parts free from the band. Uneven temperatures around the perimeter of round billet appear and
increase hot longitudinal surface cracks origin probability. At the same time, the intensifica-
tion of liquid hydrodynamics between SEN and band slow down liquid metal freezing on the
band surface. This effect decreases the molten steel superheat inside the mold.

It was discovered that the band thickness and width changing dynamically depend on
liquid streams velocity and temperature and haven’t steady type. So, some molten metal
freezes from all sides of the band on the upper part of the mold. Later skin growing velocity
on the band surface decreases up to zero on the upper level of toroid-shape vortexes because
melting temperature on the top part of the mold is high.

The freezing growing velocity drastically increases in toroid-shaped vortexes zone
with decreased temperature, and when the band passed it, the growing velocity decreases be-
cause the thermic resistance of freezing layer increases and temperature gradient inside freez-
ing layer decreases. This effect is more intensive in zones between band and billet skin where
liquid speed is substantially less than it is between band and SEN.

As the band sinks into the liquid pool, its base heats and melts. The band melting
mainly prevails from band edges. End band melting, as the depth of submergence into the
mold increases, provides freer penetration of high- temperature liquid layers to the billet skin
and equalizing the temperature across perimeter. Simultaneously solidification speed in-
creases due to the overheat removing across billet perimeter.

We found that on the referred above parameters of casting process and band feeding,
the band depth of submergence to complete melting was near 640mm for casting above pa-
rameters. (The depth of melting was showed on the Fig.2 subject to the pouring out effect).

The investigation of the hydrodynamic and thermal situation with other band feeding
parameters without elastic oscillation mode shows particular type for every case if the basic
law conditions of the process are satisfied.
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Figure 2 — Temperature and speed fields in the mould with band input

Hydrodynamic and thermal situation in the mold changes still more when using oscil-
lation mode to the band feeding into the mold (Fig.3), but common thermal laws remain for
band feeding start and metal liquid behavior.

Metallic band transversal oscillation induced by a special device mounted on the cast-
ing flow give rise to the origin of additional hydrodynamic streams. These additional streams
influence the thermal situation inside the mold positively. In particular, we detected that hy-
drodynamic streams intensity around the band increase up to 1.35 times. Accordingly, heat
transfer conditions between the band and liquid melt intensify substantially, which causes
band melting acceleration and superheat decreasing.

We defined that in contrast to the technology without oscillation mode, in this case
melting speed from the ends is substantially less because of crosswise direction of force ap-
plication of simulated oscillation towards the band surface and corresponding essential in-
crease of speed characteristics of liquid metal streams in these zones. We discovered that
cone-and-plate part of melting band with elastic oscillation mode (in other equal conditions)
is 10.4 times less compared to the band feeding without oscillation. Therefore, ttra bot
band end is similar to plane form. Hot liquid streams feeding toroid-shape vortexes between
band and billet skin also promote this situation.
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Figure 3 — Temperature and speed fields in the mould with oscillated band input

Critical analysis of other investigated variants of band feeding with oscillatioe mod
into cylindrical molds using exclusive quantity parameters didn’'t give essential quantity dif-
ferences for the thermal and hydrodynamic situation.

Conclusions. Developed mathematical and numerical models for heat and mass trans-
fer and the hydrodynamic situation in the cylindrical mold CCM, including inoculator in the
form of plain steel band, with composition different from matric raall with possibility of
elastic oscillation mode feeding, allowed us to investigate this process in details and qualita-
tively. Quantity parameters of investigated processes have an exclusive type and depend on
the band geometry, its properties, band feeding velocity and technological parameters of con-
tinuous casting.
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JIHITPOA3EPKUHCHKHUH JiepKaBHUN TEXHIYHUHN YHIBEpCUTET

AHANI3 NPOMUCITIOBUX METOJIB BIAHOBJIEHHA CMONYK LIUPKOHIIO
A0 METANY AAEPHOI YACTOTU

Beryn. YncTuii nMpKOHIN 32 MEXaHIYHUMH BJIACTUBOCTSAMHU JIETKO MiJTAETHCS MeXa-
HIYHIN 00poOIIi: MpoKaTi, ITaMIOBLI TOI0. Bucokumu € fioro kopo3iiiHa CTIMKICTh Ta TeM-
neparypa IUIaBlIeHHs, MW TIEPEeTUH 3aXOIJICHHS TeruioBux HeWTpoHiB — 0,186apH. Bona,
COJIsIHA, a30THA Ta PO3BECHA CipyaHa KHCIOTH Maie He Ji0Th Ha LIMPKOHIM, HABITh NpHU
HarpiBaHHi. AJie BiH JIETKO B3a€MOJIIE 3 IIaBUKOBOIO KucinoTot (HF), mapchkoro ropiikoro ta
po3unHeHUMH Jiyramu. Bee 11e 3po0uniio nupKoHiii He3aMiHHUM MaTepialoM B IPOMHUCIOBOCTI.

OCHOBHUMH Tally3s MU CIIOXXKMBAHHS METAJEBOI'O IIMPKOHIIO €. aTOMHAa EHEepreTHkKa
(BUKOPHCTOBYETBCS Y SIKOCT1 OOOJOHKU MAJMBHUX €JIEMEHTIB 1 KaHAIbHUX TPYO y sIAEPHUX
peakTopax), BUPOOHHITBO XiMiKO-TEXHOJIOTIYHOTO YCTaTKyBaHHS Ta aePOKOCMIYHA MPOMHC-
JIOBICTh, YOpHA METANypris Ta BUPOOHHUIITBO PI3HOMAHITHUX CIJIaBiB.

ATOMHa eHepreTHKa B TEMEPIlUIHIA Yac 3aJUIIAETHCS MPOBIAHOIO Traly33t0 €KOHOMIKH
VYkpainu. Ha coronuimHiil eHp B YKpaiHi eKCIyaTyloThCsl 4 aTOMHI €1eKTpOCTaHIIl 3ara-
JBHOIO BCTaHOBJICHOIO TMOTYXHicTI0 13835MBT (BupoOieHHS enekTpoeHeprii 31iliCHIOI0Th
15 enepro06:okiB). YkpaiHa BXOIUTH Y TIEpIIy AECSITKY KpaiH y CBITi 3a 3arajlbHUIM BUPOOHU-
urBoM eHeprii Ha AEC [1].

Y IpOMUCIIOBOCTI 3aCTOCOBYIOTHCS Pi3HI CIIaBH LUPKOHIO. OJHI 3 HUX, HAIPUKIAJ,
CIUTaBM HA OCHOBI MiJli, MarHiro Ta HUPKOHIIO BUPOOISIOTECSA, TOMY II0 JOOABIEHHS 10 HUX
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