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I. Background — Motivations — Objectives

Background
Q
- EU project SisAl Pilot SisAl Pilot
- Optimization of the silicon production in Europe
- Recycling materials and using a carbon-emission friendly technology
—> Silicon production experiments are conducted on laboratory and pilot scales
- Different types of furnaces

— The process optimisation relies on both the experiments and the numerical modelling
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I. Background — Motivations — Objectives

Motivation

- Optimize furnace operation: predict possible thermal damages or heat losses

- Increase the raw material melting efficiency

Objectives

- Simulate the furnace preheating and the initial slag melting in a laboratory-scale
electric arc furnace (EAF)

- Perform an ensemble averaging of the electric arc effects (radiation, heat source,
Lorentz force)

- Model the mass, momentum, and heat transport with phase change

- Validate the model against available experimental data
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Il. Modelling and Numerical Model
Modelling approach
- Make use of the 0D Channel-Arc model '/ %, PR S Vi
- Arc temperature and voltage drop | Electrode Re ™ 2 shadow
| -~ Partial
- l (el ,/// T = electrode
— R, //// g shadow
—> Compute instantaneous arc effects + H i< Ao - B
(radiation, heat source, Lorentz force) Ui o ﬁ _ il [ shadow
relative to the instantaneous arc position I Fie8 (anoce)
S Ry
- Compute ensemble-averaged arc effects
for a uniform probability of the arc position
- Use COMSOL Multiphysics® to simulate heat,  /sugsuface 1 Arecente

mass and momentum transport in EAF

[1] G. A. Saevarsdottir, H. L. Larsen and J. A. Bakken, “Modelling of industrial ac-arcs. High Temperature Material Processes,” An
International Quarterly of High-Technology Plasma Processes, no. 3(1), 1999
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Il. Modelling and Numerical Model

The project has received funding from the European
Union’s Horizon 2020 research and innovation program
under Grant Agreement N°869268.

Geometry and materials

Model geometry

Shell geometry of the
Electric Arc Furnace

[l Graphite electrode
[[] Refractory mat

]
. Graphite powder
C
]

Axial Copper electrod.e
Refractory alumina
symmetry [] steel shell
assumption ] Electric arc domain
] slag

Water cooled
copper electrode
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Geometry and materials
Slag properties Air plasma properties [°/
: : 200F , - ,
—> Slag properties as functions Leoll? - 5
of its composition and 160kl radiated power -
temperature are modelled  ©. | _ — P
with different models from E e=—=gleckcal CORdUCHN! 1° &
120F s Z
literature, including the Ken % 100} . @
Mills model 1! — 8o} <
S 60t 1?8
. ~ 12
Other materials S 40r
_ _ 20t 11
- Properties from literature ol T, (K) 1o
or from the material supplier 0 5000 10000 15000

[2] K.C. Mills, L. Yuan and R. T. Jones, “Estimating the physical properties of slags.,” J. S. Afr. Inst. Min. Metall., vol. 111, no. 10, pp.
649-658, 2011.

[3] Q. G. Reynolds, Mathematical and computational modelling of the dynamic behaviour of direct current plasma arcs, PhD Thesis,
University of Cape Town, 2009.
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Il. Modelling and Numerical Model

Physics

— Heat Transfer in Solids and Fluids with phase change

- Surface-to-Surface Radiation

Domain
Graphite z Air domain
electrode \/ﬁ /
Graphite
crucible
& ‘/ uci

Refractory mat
surrounded by air gap

\\\ A\

Graphite Steel shell
powder \
SN
Alumina
) refractory
/ Copper

_/ electrode

Boundary conditions

z
Arc averaging

domain

I Zoom

[' ! Air domain I]
- L 2

| ~

Slag

@ Thermal radiation

@ Thermal radiation & Electron flow
O Airgap
O Ambient temperature
O Axial symmetry
External natural convection

@ Vertical thin cylinder

@ Horizontal plate, upside

@ Horizontal plate, downside

N

[-
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Il. Modelling and Numerical Model

Physics

= Turbulent Flow k-€ model in gas

Domain Boundary conditions
S\ ZN
Air domain \\\
200m O Axial symmetry
@ No-slip
Arc avj;ani:'ﬁ . L] Gauge point
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Il. Modelling and Numerical Model

Physics

= Turbulent Flow k-€ model in the liquid phase of the slag layer

Domain

Vv

Boundary conditions
ZAN
|
zoom zoom L
— || ————
Slag Slag I
F____ |

@ Tangential stress &
Zero normal velocity

\%

( \ ——

@ Axial symmetry

@ No-slip
Gauge point
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Il. Modelling and Numerical Model

Physics

— Electric Current in an instantaneous electric arc

Domain Boundary conditions
z
vl
e A
Air Axis of symmetry / Air
Arc Electric insulation A arc

r Uniform normal
current density

= The arc shape is modelled according to the Bowman model 4

— This shape is used to compute the instantaneous Lorentz force

[4] B.Bowman, “Properties of arcs in DC furnaces,” in Electric furnace conference proceedings, 1994. 12
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Il. Modelling and Numerical Model

Physics

- Electric Currents to simulate the Joule effect in electrically conducting materials

Domain

Air domain \

Graphite
electrode

Slag \_

Graphite

powder \

Copper

electrode \

A\

Graphite

/ crucible
o

/]

N\

Boundary conditions

@ Electric potential

@ Uniform normal
current density

@ Total current
O Axial symmetry

@ ctlectricinsulation

A\
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Il. Modelling and Numerical Model

Physics

- Deformed Geometry to simulate variable electric arc shape

— Global and Domain ODEs to compute quantities associated
with the ensemble averaging of the electric arc

14
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Il. Modelling and Numerical Model

Meshing Principal computational domain
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— Boundary layer in fluids
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Il. Modelling and Numerical Model

Meshing

Additional computational domain
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Instantaneous electric arc shape

- 3600 mesh elements
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Computed temperature fields
P=35kW Time= 10%s P=7kW Time = 10%s

.

iqUid solid

— After almost 3 hours of furnace operation, the process is not yet stationary

- Numerically, the slag layer is completely melted in 10* seconds if P > 6.3 kW
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I1l. Main Results

Electric arc temperature

Arc temperature (K)

- The plasma conductivity varies from 3.6 to 4.1 kS/m
- The instantaneous plasma velocity in the arc column varies from 137 to 185 m/s
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I1l. Main Results

Log,, of the averaged irradiance due to arc radiation

o

-/

P =35kW Time=10%s P=7kW Time= 10%s
As.76 - N Ac2

Crucible
O RPN W & O

Crucible
O R N WAAW

Graphite electrode

]
1 1 1
Ww N -

= The highest irradiance is at the center of the slag surfaces: 575 to 1660 kW/m?
depending on P



Q

SisAl Pilot =
I1l. Main Results
Lorentz force
P =7kW Time = 10% s
Instantaneous: KN/m? kN/m?
Electrode A 1093 A 2592
2.5
1000
900 >
800
700 Averaged: Ls

600
500 Electrode
400
300
200
100

Slag Slag Yo

V¥ 0.569

- The maximum of the averaged Lorentz force is located under the edge
of the electrode
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Ill. Main Results
Reynolds averaged velocity field
P=7kW Time = 10%s air slag
A1l1c Ao1E
Electrode i 016
o
10.8 lo12
l{o.e [101
10.08
10.06
_ e
Crucible 0
W o

- The maximum air velocity reaches about 1 m/s under the edge of the electrode

21
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I1l. Main Results

Global balance of enthalpy
P =7kW

—— (1) global production of enthalpy

— (2) global loss of enthalpy by conduction
—— (3) global loss of enthalpy by radiation
—— (4) global rate of change of enthalpy
——(1)-(2)-(3)==(4)7?

Rate of change (kW)
o — N w =~ on (e)] ~J

0 2000 4000 6000 8000 10000
Time (s)

- The global enthalpy conservation is well satisfied
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Ill. Main Results
Voltage drop across the furnace terminals
46 —H=10 mm}
—H=7mm —_ |
| Electrode
42 I_’ | (cathode)
S 0 Up == I
5-\38 |—> + A [o
IS Air
36 , o0le >
) Y I Slag (anode) r
34 Experimental |
Ivalues |

-

32
3,5 4 4,5 5 55 6 6,5 7 H = arclength

P (kW
(kW) Ur = voltage drop across
furnace terminals

= As P increases, Ur reduces due to decreasing resistance of the slag layer
= As arc length H decreases, Ur reduces due to decreasing resistance of the arc

— The model predicts Uy values similar to the experimental ones when H <4 mm
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I1l. Main Results

Computed and measured shell temperature

160 |
150

T

Lines = computed

—— Markers = measured

- Shell temperature is not sensitive to the arc length H

- According to the model, the long-term experimental input power must be around 3.5 kW

- At the top of the furnace, the numerical temperature is underestimated, which is
explained by overestimated heat losses as the off-gas system is not modelled »

— — H=10 mm P=3.5 kW
— — H=10 mm P=4.2 kW
| | = = H=10 mm P=4.9 kW
— — H=10 mm P=5.6 kW e ~
| = = H=10 mm P=6.3 kW 7
H=10 mm P=7 kW yd 1
/ 2 .
/ N E
// -.-""""uw_
85 OC "—-.-_‘___-‘
—— H=4 mm P=3.5 kW
o’y —— H=4 mm P=4.2 kW
40 °C " — H=4 mm P=4.9 kW
-~ ~—— H=4 mm P=5.6 kW
e —— H=4 mm P=6.3 kW
S H=4 mm P=7 kW
-30 -20 -10 0 10 20
z (cm)
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IV. Conclusions - Perspectives

Conclusions

— Successful simulation of the preheating of the laboratory-scale Electric Arc
Furnace (EAF) and the initial slag melting in it

- The ensemble averaging of the Channel-Arc model is demonstrated to be an
efficient approach for simulating a distributed heat source in an EAF

— Plausible material temperatures in the neighbourhood of the electric arc

- The simulated average temperature on the surface of the liquid slag pool
(1594 to 1716 °C) falls within the range of experimental measurements

- The work is validated against experimental data by fitting temperature and
voltage measurements

- The model has shown that for a complete melting of the initial slag layer, the
initial input power should be above 6.3 kW, which is also confirmed in practice
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IV. Conclusions - Perspectives

Perspectives

- The developed model can be further used to optimize the furnace operation:
— To predict possible thermal damages or heat losses

— To increase the raw material melting efficiency

- The presented ensemble averaging approach can be applied to other electric
arc problems with a similar geometry
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To finish...

under Grant Agreement N°869268.

Thank you!

Q&A?

Our guestion: What about a coffee
to discuss your topic? ©

Sergey Semenov
SIMTEC (+33) (0)9 53 51 45 60
sergey.semenov@simtecsolution.fr
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