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Abstract—The work proposes magnetic induction tomography (MIT) sensors for liquid metal visualisation. Design aspect
and performance evaluation, which by far were overlooked, are presented to quantify the shape of conductive substance
against non-conductive region. Portable MIT sensors have been constructed and tested on GaInSn in the submerged
entry nozzle (SEN) model. Reconstruction result shows applicability for liquid metal imaging. This feature meets the need
to observe flow regime and phase distribution of steel in continuous casting. There are challenging flow regimes that can
not yet fully be recovered, which are also investigated here.
Index Terms—tomography, continuous casting, MIT, liquid metal, GaInSn.

I. INTRODUCTION
In continuous casting within the steel manufacturing process,
flow regime, phase distribution, as well as gas inclusion in the
submerged entry nozzle (SEN) are very important phenomena related
to steel quality. Electromagnetic induction method is arguably the
most applicable technique, since optical or nuclear means are not
feasible for a real caster. Sensors have been developed and tested for
liquid steel two-phase flow measurements [1] [2]. Nevertheless, the
need of a combined tomographic imaging approach arises because
there is no unique measurement technique that can resolve the outer
interface and bubbles in the liquid metal bulk with sufficient accuracy.
Magnetic induction tomography (MIT) is able to reconstruct
the conductivity distribution in one cross-section of the SEN, and
thereby to distinguish between liquid metal and argon gas in case
of a two-phase flow. Previous researches [3] [4] have satisfactorily
presented qualitative result on measurement and/or imaging liquid
metal distribution in the vessel. In order to incorporate the apparatus
onto a regulated process, a quantified information on both metal
shape and inclusion, as well as a precise, fast measurement with a
real-time reconstruction is required.
Sensors for monitoring the steel flow are needed, which are
rugged, inherently safe and capable of visualising flow and clogging
circumstances. As a real-world insight for interested readers, operation
practices for steel cleanliness were reviewed in [5]. This work explores
MIT sensors in a portable construction fitted for SEN model. The
aim is to develop a measurement system which can be integrated
into a control loop.

II. ELECTROMAGNETIC TOMOGRAPHY
Method for generating cross-sectional image utilizing a lowintensity electromagnetic field as excitation energy has been developed
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for the past three decades. It is capable of examining the electrical
properties of the object such as conductivity and permeability.
Owing to contact-less non-invasive non-intrusive low-cost system
and fast imaging process, it has been rigorously appraised for various
applications, from industrial to medical.
Magnetostatics approach is established to extract the conductivity
and/or permeability in the sensing area. It uses eddy current field
measurement to distinguish the object in contrast with the background
field. MIT principle is depicted in Fig. 1, where a coil is excited by

Fig. 1.

MIT measurement concept.

current 𝐼 (red arrows), while the other coil is induced by voltage 𝑉
as a result of A field (surface plot) in the region with the distribution
of conductivity 𝜎 and eddy current (black arrows).
Magnetic vector potential is defined to form the given governing
equation of eddy current, neglecting electric field, displacement
current, and propagation effects [6]:
∇×

1
∇ × A + 𝑗𝜔𝜎A = J𝑠
𝜇

(1)

where 𝜇 is permeability, A is magnetic vector potential, 𝜔 is angular
frequency of the current in the coil, 𝜎 is electrical conductivity, and
J𝑠 is excitation current density.
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The system is implemented as procedures: signal source excites a
coil while the rest being induced in accordance with field interaction
in the sensing area. Multiplexers are used for selecting excitation and
detection electrodes as measurement sequences. Data acquisition is
conditioning and interfacing the result to a computer where it will be
post-processed reconstructing tomographic image. Thus, tomographic
data are formed as arrays of sensors’ measurement combination. In
the case of 8 sensors, each of which can act as either exciter or
detector, one frame (a complete set of ‘projection’) consists of (𝐶28 )
28 readings.
MIT sensors’ output are induced voltage (2) on detector coil
(through which virtual unit current density 𝐽0 flows) due to vector
(A) magnetic field generated by exciter coil and secondary field from
eddy current which occurs on conductive object in the sensing area
[7]. Therefore MIT data reveals conductive against non-conductive
regime. For time-difference imaging technique, the changes versus
background reference are taken into account.
∫
𝑉 = − 𝑗𝜔
A · 𝐽0 𝑑𝑙
(2)

matrix. They are plotted relative to the adjacent map’s value, and
reveals high-sensitive regions near the boundary. This will affect the
reconstruction result (provided later in Section IV).

III. LIQUID METAL MEASUREMENT
The liquid metal used in experiments is a eutectic alloy of gallium
indium tin (GaInSn) which has a liquid phase in room temperature.
Essential material property of GaInSn in term of electrical conductivity
is 3.2 MS/m [10] which is intended for electromagnetic sensors.

A. Continuous Casting Model
A small-scale facility for continuous casting model was constructed
at Helmholtz-Zentrum Dresden-Rossendorf (HZDR) namely MiniLIMMCAST (Liquid Metal Model for Continuous Casting) for
experimental program on quantitative flow measurement of liquid
metal [11]. The ultimate objective of this research is to control the
process utilising data and/or image from tomographic sensors, the
scheme of which is sketched in Fig. 3.

The general form of the sensitivity formula for excitation-detection
pairs (e.g. coil-1 and coil-5 in Fig. 1) is [8]
∫

∫
𝛿E1 × H5 · n𝑑𝑠 =

Γ

− 𝑗𝜔𝛿𝜇H1 · H5 + (𝛿𝜎 + 𝑗𝜔𝛿𝜀)E1 · E5 𝑑𝑣 (3)
Ω

where the left-hand-side represents excitation and detection by surface
integral on surface Γ; while the right-hand-side is the volume integral
over the perturbed region Ω. The magnetic and electric fields when
sensor 1 is excited are H1 and E1 ; whereas H5 and E5 are the magnetic
and electric fields when sensor 5 is excited. Therefore, a relationship
between the change of detection voltage and conductivity change
at eddy current region can be derived from dot product of electric
fields [9]. In this work, the space Ω is discretised onto elements in
two-dimensional 50 × 50 pixel along X and Y axes.

Fig. 3.

Mini-LIMMCAST at HZDR.

The part of interest for this work, in particular, is SEN in which
liquid metal is flowing from tundish to mould (x-ray captured Fig.
3 right) [12]. Imaging area is focused on a section where the
two-phase distribution of liquid metal and gas are present. In the
Mini-LIMMCAST experiment, liquid metal velocity in the SEN is
approximately 1 – 2 𝑚/𝑠 within which injected gas bubble size is
estimated between 2 𝑚𝑚 – 5 𝑚𝑚 in diameter. Therefore, the sensor
should be sensitive to approximately 2.5% – 20% area fraction of
inclusion. As for the actual implementation, acquisition rate around
100 frame-per-second is required.

B. Sensor Design

Fig. 2.

Sensitivity map.

Fig. 2 illustrates a computed sensitivity map for coil pairs in
adjacent (top-left), orthogonal (top-right), near-opposite (bottomleft), and opposite (bottom-right) positions. These four maps are the
basis which can be rotated to form a full combination sensitivity

The sensor’s construction is seen in Fig. 4. An individual part (left
figure) is ferrite-cored multi-layer coil. Eight of them are assembled
evenly (45𝑜 axisymmetric) into a plastic housing (right figure) to form
a circular array of coils circumventing the sensing space. Besides as
a fitting for SEN pipe, the housing can be exploited for shielding to
increase the sensors’ sensitivity and reject any external interference.
Structural details of the sensor are given in Table. 1
In terms of measurement, the sensitivity of a ferrite-cored induction
coil sensor is defined as the amount of induced voltage 𝑉 per unit
field 𝐻 at operating frequency 𝑓 , and can be calculated [13]:
𝑉
𝑙3
1
≈ 0.9 × 10−5 · 𝑓 · 2 · 𝑑𝑖 ·
𝐻
𝑑𝑤
𝑙𝑛(2𝑙/𝑑𝑖 ) − 1

(4)
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Fig. 4.
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Sensor design.

TABLE 1.

Fig. 5.

Sensor parameter
Parameter
Wire diameter
Coil inner diameter
Coil outer diameter
Coil length
Core height
Case inner diameter
Case outer diameter
Case slot diameter
Case height

Symbol
dw
di
do
l
h
Dix
Dox
Dx
Hx

Experiment for liquid metal in SEN tube.

experiment and the S formulated from prior forward computation,
the pixelated conductivity K can be estimated,

Value
32 AWG
2.5 mm
5 mm
5 mm
8 mm
15 mm
40 mm
7 mm
10 mm

K ≈ S+ V.
+

From simulation (following method in [14]), it is evaluated that
resultant magnetic field 𝐻 (air background) on the edge of receiving
coil (𝑥 = 7.5 𝑚𝑚 ) is 1.2155 ( 𝐴/𝑚 ) at 1 kHz. The typical MIT receiving
circuitry has resolution down to 0.125 𝑚𝑉 , using combination of
analog-to-digital conversion and programmable gain amplifier [15];
while expected signal level for detection is 0.216 𝑚𝑉 . Therefore,
the designed sensor is expected to response towards the exposing
field and generate sufficient level for common measuring hardware
resolution.

(6)
−1 𝑇

The S could be in form of (S S + 𝜆R) S where R and 𝜆 are the
regularisation matrix and regularisation parameter (order of 10−12 )
respectively. This method [18] to some extent is adequate for image
observation, especially with high conductivity contrast and centralised
distribution.
Since MIT will be applied to determine two-phase distribution
of liquid metal and gas inside the SEN, tests with different filling
regimes have been observed. Fig. 6 (top of each section) shows several
metal flow scenarios (assumed from Fig. 3) molded as 3-d printed
containers (PLA material) and measured by the sensor. The images are
generated against either empty-air or full-metal background reference.
Normalisation of low perturbation against high background was also
explained in [19].
𝑇

C. Measurement Setup
The sensors are connected to MIT hardware system developed
in University of Bath [16]. The scheme is shown in Fig. 5 (left)
where 8-coils are formed surrounding SEN pipe made of PMMA
with diameter of 15 𝑚𝑚 and 2.5 𝑚𝑚 wall thickness. Fig. 5 (right)
shows a setup in which a contained liquid metal strand (diameter of
7 𝑚𝑚 ) is placed in the centre of SEN pipe while MIT measurements
are taken. Operating frequency of 130 Hz (penetrating 24 𝑚𝑚 depth
through GaInSn) is chosen. This particular operating frequency was
also successfully applied in previous work on steel imaging [17].

IV. VISUALISATION RESULT
Conductivity distribution of material is obtained from measured
data using image reconstruction technique. Induced voltage values
are taken as a function conceived by electrical conductivity. Matrix
equation can be described [2]:
V = SK

(5)

where V is voltage measurement data, S is sensitivity map (representing responses of each sensors’ section to particular measurement)
also called Jacobian, and K is conductivity values. Given the V from

Fig. 6.

MIT imaging for metal flow scenarios in SEN.

The reconstructed images are shown in the bottom of respective
sections in Fig. 6. Red dashed-line indicates the actual boundary
of the containers. From left to right, top-bottom, cross-sectional
image is depicted for central-stream occupying 15% of total area
(a), side-stream 20% (b), split-streams 20% each (c), stratified 50%
(d), annular 50% (e), annular –wispy– with internal strand 7.5% (f),
void-side 20% (g), and bubbly (three voids) each of which has area
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fraction 7.5% (h). Taking fully-filled metal as threshold value, there
are distinct regimes of conductive (metal) and non-conductive (gas)
phase, except for difficult cases where the sensitivity is weak in the
centre region. Still, the measurements have a good consistency across
a hundred data for each case (12 seconds measurement time) with
an average signal-to-noise ratio (SNR) of 62.93 dB.
Evaluating the performance of MIT sensors in terms of imaging
result, correlation coefficient (CC) and relative error (RE) are used,
as commonly adopted for electromagnetic tomography [20],
Í𝑁
¯ˆ 𝑖 − 𝑔)
ˆ 𝑖 − 𝑔)(𝑔
¯
𝑖=1 ( 𝑔
(7)
𝐶𝐶 = q
Í𝑁
Í
𝑁
2
2
¯
(
𝑔
ˆ
−
𝑔)
ˆ
(𝑔
−
𝑔)
¯
𝑖
𝑖
𝑖=1
𝑖=1
𝑅𝐸 =

|| 𝐺ˆ − 𝐺 ||
||𝐺 ||

(8)

where 𝑔ˆ 𝑖 and 𝑔¯ˆ are 𝑖𝑡ℎ element and average of the reconstructed
image; while 𝑔𝑖 and 𝑔¯ are 𝑖𝑡ℎ element and average of the actual
distribution respectively. On the other hand, 𝐺ˆ is overall reconstructed
image; whereas 𝐺 is overall actual distribution.
TABLE 2.

Imaging evaluation
Shape
Central stream (a)
Side stream (b)
Split streams (c)
Stratified (d)
Annular (e)
Wispy annular (f)
Void side (g)
Bubbly (h)

CC
0.8888
0.9063
0.8693
0.8928
0.4284
0.3506
0.9015
0.8002

RE
0.2787
0.2048
0.2213
0.2979
0.7472
0.7012
0.3666
0.5702

Table. 2 lists imaging evaluation for different cases. If the image
and the actual shape are directly correlated, the value of CC will be
approaching unity; whereas if the image and the actual shape are
identical, the value of RE will be zero. Central-stream, side-streams
and stratified cases are reconstructed quite well. The void-side case still
has a decent confirmation. For internal recovery such as wispy-annular
and bubbly cases, the distribution are failed to be seen, as reflected
by correlations below 0.5 and higher error values. The nature of
reconstruction algorithm and the simplified subtraction/thresholding
method are among reasons why image generation for some cases are
less satisfactory and having artifacts at different regions depending on
the object’s distribution. In the future Mini-LIMMCAST experiment,
metal strand and/or bubble size around 5 𝑚𝑚 in the SEN would be
the detection limit of the designed sensors.

V. CONCLUSION
Electromagnetic sensors have been designed and tested to visualise
the static liquid metal profile inside the SEN model for steel
casting. Quantitative evaluations are provided for several flow
scenarios, both outer shapes and internal recoveries. Flow shapes are
satisfactorily reconstructed with good correlations and low imaging
errors. However, inner structures are difficult to obtain, especially for
small-centralised inclusion or distributed bubbles. Future directions
would be to use spectroscopy methods for accurately revealing internal
distributions, frame rate improvement, and time-dependent behaviour.
The proposed sensor has the potential to be implemented for MiniLIMMCAST facility in an integrated control experiment.
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