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Abstract: Long-term computations for the industrial inducticmannel furnace (ICF) with
different designs of the channel — symmetrical asgimmetrical with one expressly widened
branch — have been performed. The turbulent hehtrass exchange in the melt is calculated
using a 3D electromagnetic (EM) model and a 3Dsiemt Large Eddy SimulatiofLES
approach. Low frequency oscillations of the tempgsmmaximum and its position in the ICF
channel are considered. Melt flow patterns in ottarsstic cross-sections of the channel are
presented. Oscillations of instantaneous velocitpear wall region between two oppositely
directed time-averaged melt vortices are obtainedl gualitative distributions of turbulent
kinetic energy for re-circulated flows in differemHD devices are comparetagrangian
particles tracks and particles clouds distributiafi®r particles injection in ICF bath and
channel are considered.

1. Introduction

The induction channel furnace (ICF) is industriaétatlurgical equipment with high
electrical and thermal efficiency and is used falting, holding and casting of metals and
alloys. Local overheating in the channel and damdige erosion, clogging and infiltration of
the ceramic lining in the channel may lower theegabf ICF operation. The way to minimize
these known problems is the choice of efficienimag of melt circulation in ICF channel to
provide controlled intensification of turbulent hexchange in this type of MHD devices.

As high temperature and flow velocity of the mek axtremely limiting the possibilities
of experimental investigations of the heat and niasssfer in ICF channel, the mathematical
modelling based oharge Eddy SimulatiofLES approach is chosen for prediction of 3D
transient temperature and velocity fields in IQialthors’ previous works [1] the validity of
LES approach has been verified by means of experithemtd computational results’
comparison obtained using experimental setups f2] BECF models. Then verifiedES
approach has been applied for industrial ICF inclgdong-term computations which have
been performed for the first time [3].

The current paper continues the long-tdrES study of industrial ICF and presents the
newest results of numerical simulation includingtiokes transport for ICF with various
designs of the channel that means with one expre@slened branch of channel and with
symmetrical channel’s geometry.

2. Temperature maximum and its position in ICF chamel

Maximum values Fax of instantaneous temperature in the ICF with wateohannel are
shown in Fig. 1 (left), which are plotted using @30 points, i.e. every 0.005 s of the flow



time in the range 0-145 s (fields initial distriloms at t = 0 s correspondske model). The
Cartesiancoordinate system for calculating the central angbf the T,ax position is shown
in Fig. 2. FasFourier Transform (FFT) analysis for fluctuations shown in Fig. 1 (right) is
performed for 145 s time series signals with 1 elzolution. The selected time resolution is
sufficient to determine main periods of the lowgfnency oscillations for.
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Figure 1.1CF with widened channel: maximum temperatuxg«[K] and the angle [°] of
its position, flow time t=0 145 gleft); FFT analysis for, flow time t=40 145 s(right).

The value of Tax is stabilized atf 1804 K with Z2 K deviations (Fig. 1, left). Themkx
position, when system have forgotten about int@hditions, t.i. after ff 40 s, is mainly in
the channel branch with largest cross-section aiéa very short presence (t 85, 135,

140 s) in the left branch (s from Q° till ™Q°). The period of the low-frequency oscillations

of Tmaxposition is 53 s (Fig. 1, right). Note, that in syetrical ICF [3] long-term oscillation
are obtained both forExvalue and its position with period 161 s for flame t = 380—700 s.

3. Velocity and temperature fields, turbulent charateristics

The distributions of time-averaged (flow time t5-845s) transient velocity and
temperature field in characteristic cross-sectiohdCF with widened channel branch are
shown at Fig. 2. For all channel cross-sectionsaweraged flow patterns consist of two
oppositely directed vortices with approximately &gimtensity. Maximum value of velocity

f 1.7 m/s is reached in channel outlets (Fig. 20z395 m) to the throat.

The areas of maximum values of the averaged tumbydelsations of y-component of
velocity, which is the main contributor to totatlulent kinetic energy, for all channel cross-
sections are placed between two oppositely direetetices near the wall as shown at Fig. 2
for z=0.395 m.

The similar flows structure and turbulent viscogityturbulent kinetic energy distribution
may be found in several MHD devices with so cafledirculated flows, which are forced by
induced EM forces concentrated in thin skin layarucible induction furnace [4, Fig. 9b],
induction furnace [5, Fig. 5 right] and [6, Fig.]9b

As to instantaneous velocity, th&Scomputed distribution (Fig. 3, left) in near walksh
point between two oppositely directed vortices (Rigz = 0.395 m, outlet of channel left



branch) is similar to experimental distributions ifaduction furnace [6, Fig. 6]. Time-averaged
velocity's value in selected mesh point is only &ém/s. The FFT spectra for velocity (Fig. 3,
right) are the similar to FFT spectra for experitaéumelocity [6, Fig. 8] as well.
The result of this qualitative comparison may kernpreted as universal regularity for re-
| circulation flows with interaction of two opposigelortices.
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Figure 2.ICF with widened channel, flow time t = 65-145 s.

Averaged velocity field fory = 0; z = 0.465 m= 0°; =+90°; z = 0.395 m (left and right
channel outlets). Averaged turbulent pulsationg-odbmponent of velocity for z = 0.395 m
(outlets of channel left branch). Averaged tempegafield for y = 0.
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Figure. 3.1CF with widened channel, flow time t = 65-14%stlet of channel left branch



(z = 0.395 m), near wall mesh point (-0.0907; 898) between two oppositely directed
vortices: y-component of instantaneous veloaity(left) and FFT analysis fov, (right).
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Figure 4.1CF with widened channel: distribution of 25000tp=es cloud fort = 100 s
(a,b)and t = 145 ¢c,d)in side(a,c) and top(b,d) views; track of singlé.agrangian
particle in the sid¢a) and top(b) viewsfor flow time t = 95-145 s

4. Particle clouds distributions andLagrangian particles tracks

The LESstudy has been performed for particles transpomdustrial ICF with widened
and symmetrical channel using authors’ experieacénfiuction furnaces [7]. The parameters
of injected clouds’ and.agrangianparticles are the following: electrical condudtyvi ,=0
(EM force acting on each particle is defined actwdo [8]); diameter g-0.1 mm; density

=1.610° kg/m® Y/, mer(cloud in ICF with widened channel) or density5.310° kg/m?
%l mer(other cases). Particl&eynoldsiumber Rg-10-50;Stokesiumber St~30*-3 107,

The modelling of two processes is performed:

i) Distribution of impuritiesinfiltrated into the melt due to erosion of chahoeramic
lining. It is necessary ~5 s for the first parteclef cloud “injected” in the lower point of the
channel to leave the channel and to reach thettkiFog 4,a,b), but travelling to the bath of
~80% of particles (see relative number of partioheten horizontal layer of equal thickness)
have taken ~50 s (Fig. 4,c,d). The track of thetrfaesxterous” particle is shown at Fig. 4 (e,f).
The particles migration is furthered by their liglss in comparison with the melt.

i) Homogenization of alloying additioredter its injection into the melt. The estimated
time to reach approximately uniform alloying aduoiiti distribution in the bath is ~125 s
(Fig. 5,a,b,c). The most particles, which are kglthan the melt, remain in the bath, but the
most “dexterous” particles reach the lower pointhaf channel (Fig. 5,d) or even return to the
bath after travelling along the channel from tHedatlet to the right.



There is the tendency that lighter particlgs Y4 mer (Fig. 4,c) are gathering faster in
the upper layer of the bath — compare with 3, mer(Fig. 5,a).
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Figure 5.1CF with symmetrical channel: 16000 particles dati t = 125 s for both side
views(a,b) as well as angular distributidn); initial cloud distribution at t = 10 s is high-
lighted(a,b,c) paths(d,e)of two selected.agrangianparticles for flow time t = 10-555 s

5. Conclusions

Performed long-term computations have shown thecg¥eness ofLES approach
application for predictions of wide spectra of argineous and time-averaged characteristics
of turbulent heat and mass exchange and partiatesport for wide range of flow time in
industrial induction channel furnaces with vari@hsnnel design.
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