Open Research Online
The Open University’s repository of research publications
and other research outputs

Using Electric Field to Monitor the Continuous Casting
Journal Item
How to cite:
Qin, Rongshan (2022). Using Electric Field to Monitor the Continuous Casting. IEEE Xplore, 2022 pp. 370–377.

For guidance on citations see FAQs.

c [not recorded]

https://creativecommons.org/licenses/by-nc-nd/
Version: Accepted Manuscript
Link(s) to article on publisher’s website:
http://dx.doi.org/doi:10.1109/PIERS55526.2022.9792762

Copyright and Moral Rights for the articles on this site are retained by the individual authors and/or other copyright
owners. For more information on Open Research Online’s data policy on reuse of materials please consult the policies
page.

oro.open.ac.uk

1

Using Electric Field to Monitor the Continuous Casting
R. S. Qin1
1

School of Engineering and Innovation, The Open University, Walton Hall, Milton Keynes WA76AA,
United Kingdom

Abstract— Detecting the internal dynamic structure in opaque production line helps to obtain
essential information for steering the processing parameter. This work reports the implementation
of electric field and magnified percolation effect to a continuous casting mold. It is able to indicate
the change of internal dynamic structure such as the solid shell thickness, nozzle condensation,
structural integrity of coating film, slag entrapping and inclusion states. The method does not
suffer from the penetration limit from skin effect of electromagnetic field and has potential to
detect the structural health of engineering component made by multiphase alloys.

1. INTRODUCTION

Characterization of internal structure in bulk metallic materials has been challengeable due to the
penetration limit of acoustic and electromagnetic waves in metals [1]. Other detection methods, e.g.
neutron diffraction and tomography, are not suitable to the engineering production site. Electric
current percolation as a well-known phenomenon in multiphase conductive materials [2], however,
can work without the restriction to penetrate through the bulk volume. Current tends to flow
along the highest conductive path, and the conductivity is sensitive to the structure of bulk phase
[3] and interface [4]. Measurement of percolation has been implemented to characterize the cracking of nanomaterials [5] and structural health of composites [6]. For many other cases, however,
percolation is either too weak to be measurable or indicates ambiguous structural possibilities [7].
The motivation of this work is to magnify the weak percolation to significant level and to apply
the configuration to screen and steer the continuous casting processing.
Continuous casting provides over 90% of annual global steel production and significant amount
of aluminium, magnesium and copper manufacturing. The cast mold in steel processing is made
by copper with embedded cooling devices, coated with crystalline and glassy slag films in its internal surface, containing solid mold powder, liquid mold flux, solidified metal shell, nozzle and
liquid metal [8][9], as is demonstrated schematically in Fig.1. The dimension and properties of the
structure affect the heat transfer, phase transition, casting rate, cast quality and manufacturing
safety. The thickness of solidified metal shell is affected by horizontal heat transfer and casting rate,
with too thick to affect productivity and too thin to cause safety issue. The clogging of nozzle is
caused by the condensation of oxide inclusions to the nozzle bore surface and affects the processing
continuity. The failure of structural integrity in coated slag film damages lubrication and surface
quality. The inclusions and entrapping of slags degrade the products. Monitoring the internal
dynamic structure during production is desirable for the engineering manufacturing.
Measurement of electric current requires to arrange a pair of electrodes in adequate positions.
The positive electrode (anode) is located inside the nozzle. This can maximize the percolation
and make the working status of the nozzle detectable. In practical engineering, this is achievable
because the anode can be submerged into the liquid metal in turdish to produce the same effect as
that in the nozzle. The negative electrode (cathode) is to attach to the surface of various positions
according to different purposes. For examples, to detect the thickness of solidified metal shell and
the nozzle condensation the cathode is arranged to touch the outside surface of the cast using a
conductive fibre brush, as that indicated in Fig. 1. To monitor the structural integrity of the
coated slag film the cathode should be attached to the outside surface of the copper mold. When
a constant electric potential difference is applied to the electrodes, the current flows from anode
to the cathode without leaking. The percolation path affects the effective electrical resistance and
hence the current.
2. COMPUTATIONAL METHODS

To calculate the electric current distribution in the mold, the system is discretised into lattice and
time is discretised into successive steps. The relaxation method is used to calculate the static
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Figure 1: Schematic plotting of continuous casting mold and electrodes.

distribution [10]. For uniform rectangular lattice, each grid apart from that on the surface has 6
nearest neighbouring sites in the same distance. The time iteration during relaxation in adiathermal
approximation is obtained by Kirchhoff’s circuit law as
P6
t
t+1
i=0 ψi σij
ψj = P
(1)
6
i=0 σij
where ψit is the electrical potential at position i at time step t. σij is the electrical conductivity
between sites i and one of its nearest neighbours j. In the case when i and j are located in two
different phases, it is assumed that the interface is in perpendicular bisector of the line between i
and j, and the interface makes no extra contribution to the electrical resistance between two sites
due to its negligible thickness and limit value [11]. The electrical conductivity between two next
sites can be expressed generally as
σij =

2σi · σj
σi + σj

(2)

When the static electrical potential distribution has been obtained, the electric current between
two neighbouring sites is obtainable by Ohm’s law.
Iijt = ∆l · σij (ψit − ψjt )

(3)

where ∆l is the lattice distance. The computational method can be easily manipulated to irregular
or adaptive lattices, where the number of the nearest neighbours might not be 6 and the conductivity
should be replaced with conductance to include the geometric dimensions of the lattice. For the
uniform rectangular lattice, the curved surface is approximated by staircases. The relaxation
iteration is considered to achieve a static state when the change of electric potential at all the
grids is smaller than a critical value (δ).
X
|ψit+1 − ψit | < δ
(4)
i

The summation goes throughout the whole volume of the computing system. The smaller critical
value requires longer computing time but more accurate results.
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There are two types of boundaries. The first is for the electrodes. The electrical potential takes
a fixed value that has been defined in anode or cathode. The second is for those sites on the surface
apart from electrodes, where the electric current in perpendicular to the surface is vanished. The
numerical calculations are performed to a system with the dimension and parameters listed in Table
1. The thickness of copper mold is significant thinner than the reality but does not affect the results
due to highest conductivity in the system. The rest of the dimensions are defined after reference
to the reality. The port angle is defined as π/6. The terminology is indicated in Fig. 1. The metal
starts to solidify below the liquid mold flux from the cooled copper mold wall. The thickness of
the solid shell is approximated as [15].
√
(5)
d=c h
where d is the thickness and h the distance from the top of the solid shell. c is a coefficient dependent
on the heat transfer and is called the solid shell coefficient. The positive electrode is connected to
20 volts electric potential. The negative electrode is given 0 volts of electric potential.
Parameter
Copper mold

Dimension (m)
width
height
depth
thickness

Electrical conductivity (×106 S/m)
5.56 (at 1100 K)

0.241
0.300
0.121
0.006
3.52 × 10−9 (at 1700 K) [12]

Nozzle
bore
port thickness
port height
submergence depth

0.060
0.010
0.026
0.100

solid mold power
liquid mold flux
liquid slag film
coated slag film

0.020
0.010
0.004
0.006

10−7
[13]
−4
10 [13]
5.0 × 10−6

height
radius

0.006
0.006

5.56
5.56
0.659 [14]
0.842 [14]

Thickness
10−4

Electrode
Liquid steel
Solid steel
3. NUMERICAL RESULTS AND DISCUSSION

Using ∆l = 0.002m and initial condition of the electric potential to be distributed with the same
gradient from top to bottom of the system, the electric potential and electric current after 360,000
relaxation time-steps for c = 0.2 is plotted in Fig.2. Fig. 2(a) shows the contour distribution of
electric potential in z = 0.06m cross section. The asymmetric distribution of electric potential in
Fig. 2(a) is caused by the asymmetric arrangement of cathode. The electric distribution at this
section is demonstrated in Fig. 2(b). The largest current flowing through two adjacent grids in the
system is 2.282 × 10−3 A, which is equivalent to a current density of 570.5A/m2 and is located at
a corner at the surface of both electrodes. The current density inside the nozzle and port is higher
than that outside the nozzle, as is shown in Fig. 2(b). To demonstrate the percolation effect, Fig.
2(c) and 2(d) shown the current distribution in smaller current scale. Fig. 2(c) shows clearly the
percolation. Electric current chooses not only the shortest possible path from anode to cathode but
also the path with highest conductivity. The latter is denoted in a label A in solidified metal shell
which has higher conductivity than that in liquid metal. Fig. 2(d) shows symmetric distribution of
current and percolation flow in the solidified metal shell. The current amplitude 1.2A corresponds
to a current density 3A/m2 , which is very low.
To show the magnified percolation, the electrical resistance of the liquid and solidified metal
mixtures can be calculated using the given dimension. This is found around 13.42 Ω for 100% solid
and 17.15 for 100 % liquid. The difference is 3.73 Ω only. When the shell coefficient (c) is changed
from 0.15 to 0.2, the volume fraction of solidified metal shell changes from 26.8% to 37.96%. Using
the volume fraction approximation [16], the electrical resistance changes from 16.15 Ω to 15.73 Ω,
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Figure 2: The distribution (c=0.2) of (a) electric potential and (b) electric current at z = 0.06m; rescaled
current distribution at (c) z = 0.06m and (d) x = 0.12m, respectively.

which is a reduction of 0.42 Ω only. To examine that in the device of present work, the total electric
current and the effective electrical resistance has been calculated. The current was calculated in a
cross section at 0.1m above the bottom line. The effective electrical resistance was calculated by
the Ohm’s law. The results are presented in Fig. 3(a) and 3(b). It is found that the resistance
from c = 0.15 to 0.2 is reduced by 2.82 Ω, which is 6 times larger than the estimation. The overall
change of electrical resistance from c = 0.15 to 0.45 is 9.73 Ω, which is more than 2.6 times of the
possible range of 3.73 Ω. The percolation effect is magnified significantly.
It is important to discuss why the overall effective electrical resistance in the current device
is significantly larger than the estimated value in the same volume and shape of solid and liquid
metal. This is due to two major reasons: a) the refractory nozzle which confined the current in
a narrow space; and b) the effective conductive cross area in the liquid metal below the nozzle
is reduced substantially, as is shown in Fig. 2. The shape of the nozzle and the arrangement of
electrodes magnifies percolation.
Liquid metal contains non-metallic oxides. These might be inherited from the earlier stage
processing or formed continuously in the cast mold via chemical reaction. The oxide inclusions
can condense to the inner surface of nozzle and cause port height to reduce until to be blocked
completely [17]. The phenomenon is called nozzle clogging and can affect a wide variety of spraying
processing. Electromagnetic stirring and high frequency electric pulses have been implemented to
reduce the clogging [18][19]. The method to be discussed here is to identify the stage to implement
clogging treatments.
The non-metallic oxides have smaller conductivity than that of the liquid steel [20]. The flowing
electric current is being reduced during the condensation of oxide layer in the inner surface of nozzle.
Measurement of the electric parameters in the cast mold using the device demonstrated in Fig.1
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Figure 3: (a) Numerical results for electric current vs. solid shell coefficient; (b) effective electrical resistance
vs. solid shell coefficient.

Figure 4: (a) The numerical results for the change of effective electric resistances as the port height is reduced
from 0.026m to 0.018m due to oxide condensation.

can detect the thickness of the condensation layer. Fig.4 illustrates the numerical results when
the port height of the nozzle is reduced from 0.026m to 0.022m and then to 0.018m due to oxide
condensation. The reducing port height increases the effective electrical resistance of the system
sensitively, as is shown in Fig.4. The port plays a role of bottleneck to the current flow. Electric
current will not be able to flow through the part when it is clogged completely. The continuous
casting will be disrupted in that case. The method in this work can predict the stage to turn on
anti-clogging treatment.
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Figure 5: (a) Detection of the coating film integrity, where P, N and arrow denote the location of anode,
cathode and a crack, respectively.

Following the same principle, the effective electrical resistance increases if the volume fraction of
oxide inclusions increases. The latter is mainly caused by the slag and mold flux entrapping due to
the improper control of fluid flow in liquid metal. However, the increasing behaviour of the effective
electrical resistance in slag entrapping is different from that in nozzle clogging. The former has the
persistent changing, but the latter is in fluctuation because the entrapped slag is pulled down with
the cast. Our previous research has demonstrated that the electric current can push the inclusion
out of the liquid metal [20] and prevent the agglomeration of inclusions[21]. However, the effect
is proportional to the square of electric current density[10][22]. High density electric current can
also affect the microstructure in solid metal [23]. However, the current density implemented in the
present work is a few orders of magnitudes smaller than that in other experiments [20][21][22] and
is also lower than the critical value to induce change in solid materials[24].
The coated solid slag film usually contains crystalline and glassy layers[8]. Their electrical
conductivities are as low as 10−5 to 10−6 S/m. For a thin film with thickness around 0.006m and
cross section of 0.300m × 0.121m the electrical resistance is over 104 Ω. This is about two orders of
magnitude greater than that of the effective resistance showing in Fig.3(b). Arranging the cathode
to attach to the outside surface of copper cast is able to monitor the structural integrity of the
coating slag film. Once it fails and form significant cracks, the liquid slag can get into the cracks
of the coated layer. The effective resistance will drop significantly. Fig.5 demonstrates one of such
cases, where P represents the location of anode and N represents the cathode position. The arrow
points to a breakage where the current can go through.
In engineering practise, the cast mold will be replaced with new coating when the structural
integrity of previous coating is failed. It is, therefore, unnecessarily to locate the failure position.
However, it is possible to detect the failure position using the electric method. This is because the
different failure positions with cause different value of the electrical resistance. Moving the negative
electrode to several positions will be able to determine the failure position.
4. CONCLUSION

In summary, we have developed a method to detect the structural health of opaque internal structure
in continuous casting mold using magnified current percolation, and has examined the cases to sense
the change of solid shell thickness, condensation of oxide in the pore of nozzle, mold flux entrapping
and cracking of coated slag layer. In the production lines, the most important issue is to monitor
the change of the internal structure and understand the indication of the change rather than to
reveal the details of the structure. The method developed in the present work is sufficient to
monitor the changes and can be implemented in production line. A reduction of effective electrical
resistance implies the growth of the solid metal shell. A substantial increase of the resistance
indicates the developing clogging. A sudden fluctuation of the resistance indicates the improper
fluid flow behaviour that has caused the entrapping of mold flux. The online data obtained by the
method can be feedbacked to the control room to adjust the processing condition and to optimize
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the parameters. Moreover, the method developed in the present work can be used to monitor the
structural health of the engineering component made by multiphase alloys. This is to measure the
effective resistance of component in multiple pairs points and store the pattern as reference. The
component after a certain stage of service can be measured again. The obtained new pattern is
compared with the reference pattern to assess the changes. Any internal change of microstructure,
e.g. formation of cracks and defects, alters the percolation and is measurable.
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