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Abstract: Magnetic Induction Tomography (MIT) is a non-invasive imaging technique that has been
widely applied for imaging materials with high electrical conductivity contrasts. Steel production is
among an increasing number of applications that require a contactless method for monitoring the
casting process due to the high temperature of hot steel. In this paper, an MIT technique is proposed
for detecting defects and deformations in the external surfaces of metal, which has the potential to be
used to monitor the external surface of hot steel during the continuous casting process. The Total
Variation (TV) reconstruction algorithm was developed to image the conductivity distributions.
Nonetheless, the reconstructed image of the deformed square metal obtained using the TV algorithm
directly does not yield resonable images of the surface deformation. However, differential images
obtained by subtracting the image of a perfect square metal with no deformations from the image
obtained for a deformed square metal does provide accurate and repeatable deformation information.
It is possible to obtain a more precise image of surface deformation by thresholding the differential
image. This TV-based threshold-differencing method has been analysed and verified from both
simulation and experimental tests. The simulation results reported that 0.92% of the image region
can be detected, and the experimental results indicated a 0.57% detectability. Use of the proposed
method was demonstareted in a MIT device which was used in continuous casting set up. The paper
shows results from computer simulation, lab based cold tests, and real life data from continoeus
cating demonstating the effectiveness of the proposed method.

Keywords: Magnetic Induction Tomography; imaging defects; imaging deformations; total variation
algorithms; threshold-differencing algorithms; continuous casting

1. Introduction

Magnetic Induction Tomography (MIT) is a non-invasive and contactless imaging technique that
is used to display the images describing passive electromagnetic properties (PEP), i.e., conductivity,
permeability and permittivity [1,2]. The fundamental principle of MIT can be explained by the
mutual inductance and eddy current theory: injecting an alternating current through excitation
coils to generate a primary magnetic field, which interact with a conductive sample to induce a
secondary magnetic field that can be detected by the sensor coil [3,4]. MIT has typically focused
on imaging conductivity distributions of materials with high electrical conductivity by modelling
the eddy currents in the forward model and then acquiring the conductivity distribution by solving
the inverse problem [5]. The inverse problem in MIT is a major challenge, but this has been solved
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conventionally by The Tikhonov [3] and Total Variation (TV) [6] regularization algorithms. However,
previous works have demonstrated that the Tikhonov regularization method may produce overly
smoothed reconstructed images with blurred boundaries between different materials. The quality of
the reconstructed images can be improved by an enhanced inverse solver, such as the Total Variation
regularization technique [7,8].

In recent years, MIT has been widely proposed as an appropriate imaging technique in
both industrial and medical applications, such as brain stroke detection [5], molten metal flow
monitoring [9–11], pipelines inspection [12,13], multi-phase flow imaging [14] and non-destructive
testing (NDT) for material characterization [15]. It’s well known that steel production has been
attracting an increasing level of interest for potential use in various applications that require a
contactless method for remotely monitoring the casting process. Many previous works [9–11] have
sought to monitor the molten steel flow by reconstructing the conductivity distributions of the internal
area of interest. However, MIT presents difficulties in detecting and imaging external surface defects
and deformations due to its low spatial resolution. The inspection of the outer surface of pipelines
using MIT was analyzed in [12] through a traditional MIT pixel-based reconstruction method (PBRM)
and a narrowband pass filtering method (NPFM). Metal samples in a cylindrical shape with different
types of damage at the outer surface have been investigated as defected pipelines using an 8-channel
MIT system, which demonstrated that PBRM can retrieve information with a detectability of 10%,
while NPFM can achieve a resolution of 2%.

This paper focuses on detecting the defects or deformations on the external surface of metallic
targets using a Total variation algorithm-based MIT. This novel algorithm is described in [16].
Here, several simulation and experimental tests were carried out to investigate the ability of the
novel algorithm to identify and image deformations and defects in metal. The proposed TV-based
threshold-differencing algorithm was compared to the TV reconstruction method, and significant
improvements were observed, which indicates that the novel algorithm for MIT may provide a suitable
and valuable method for monitoring surface defects, deformations and displacements in hot steel
continuous casting processes.

2. Methodology

The forward problem in MIT for surface defect application is based on the laws of induction and
the eddy currents which are induced in the magnetic field with an alternating current [3]. The governing
equation can be written as Equation (1):

∇×
1
µ
∇×A + jωσA = Js (1)

where µ is the permeability, ω is the angular frequency, A is the total magnetic vector potential as a
result of the current source Js and the effect of eddy current induced by the electrical conductivity σ.
The current density can be determined by the magnetic vector potential according to the Biot-Savart
Law. Equation (1) is solved by approximating the system as a combination of linear equations in small
elements with appropriate boundary conditions using the Galerkin’s approximation [4,7]:∫

Ωall

(
∇×Ni·

1
µ
∇×A

)
dv +

∫
Ωall

( jωσNi·A)dv =

∫
Ωs

(∇×Ni·Ts)dv (2)

where Ni is the linear combination of edge shape functions, ΩS is the current source region (excitation
coil), Ωall is the entire region (current source region and eddy current region), Ts is the electric vector
potential, which is defined as:

Js = ∇× Ts (3)
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Then, after applying the volume integration equation, the induced voltage in the measuring coil
can be calculated:

Vmn = − jω
∫

Ωs

(A·J0)dv (4)

where J0 is the unit current density passing through the coil.
The Jacobian matrix J can be expressed by the relationship between the induced voltage in the

sensing coil and the conductivity:

J =
∂Vmn

∂σx
= −ω2

∫
Ωx

Am·Andv

I
(5)

where σx is the conductivity of pixel x, Ωx is the volume of the perturbation, Am is the forward solver
of excitation coil m excited by I and An is the forward solver of sensor coil excited by unit current.

The inverse problem in MIT is defined as the retrieval of the unknown conductivity distributions
σ of targets from the measured voltage Vmeasured, expressed by the linear equation:

∆v = J∆σ (6)

where ∆σ = σ− σ0, ∆v = Vmeasured − F(σ0), F is the forward operator, F(σ0) means the initial estimate
voltage obtained from forward problem, σ0 is the initial estimate conductivity, J is the Jacobian matrix
obtained from forward problem. The resolution of the reconstructed images can be improved by
increasing the size of Jacobian matrix.

The inverse problem can then be represented by solving the least-square problem:

σα = argmin∆σ( ||J∆σ− ∆v ||2) (7)

The theory and application of both the Tikhinov and TV inverse solvers have been investigated
and explained detailed in [7]. The total variation method can be defined by adding a penalty term to
Equation (7):

σα = argmin∆σ( ||J∆σ− ∆v ||2 + α ||∇ ∆σ ||1) (8)

where α is the regularization parameter, ∇ is the gradient and ||· ||1 is the l1 − norm. The anisotropic
version of the discrete TV functional [6,8] is adopted in this paper:

α ||∇ ∆σ ||1 = αx ||∇x ∆σ ||1 + αy ||∇y ∆σ ||1 + αz ||∇z ∆σ ||1 (9)

It should be mentioned that in this study, αx = αy = αz = 0.1.
Then, the difficulty is to solve the constrained optimization problem:

xα = argmin∆σα ||∇ ∆σ ||1 such that ||J∆σ− ∆v ||2 < ρ (10)

The above constrained optimization problem can be controlled by applying the Split Bregman
iteration, which is an iterative method based on Bregman distance [8]. Then, the problem may be
transferred to solve the Split Bregman equations [7]:

∆σk+1 = argmin∆σ
1
2
||J∆σ− ∆vk

||
2 +

β

2
||dk
−∇∆σ− bk

d ||
2 (11)

dk+1 = argmindα ||d ||1 +
β

2
||d−∇∆σk+1

− bk
d ||

2 (12)

bk+1
d = bk

d +∇∆σk+1
− dk+1 (13)

where k is the kth iteration and d is an auxiliary variable.
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Based on [16], the TV algorithm seeks to achieve the conductivity distribution of a perfect target
∆σre f which retains as reference data. Consequently, the conductivity distribution of the target
contain a deformation, ∆σde f , which can be obtained using the TV method as well. Subtracting the
reference conductivity distribution from the target conductivity distribution gives the deformed target
conductivity as:

∆σdi f f = ∆σde f − ∆σre f (14)

The image of the deformed target conductivity distribution was expected to indicate the location
and the deformation information. And it’s obvious that the negative differential conductivity values
represent the depression deformation part, and that the positive differential conductivity values
represent the bulging. However, the reconstructed image of the deformed target is inadequate.
For instance, the differential reconstructed image for a metal square with a depression deformation
on one side may also show a bulging deformation on the opposite side due to the ill-posed nature
of the inverse problem. This mirror effect can be tackled by comparing the absolute value of the
maximum differential conductivity of deformed target |max{∆σde f }| to the absolute value of the
minimum differential conductivity |min{∆σde f }|, and then eliminating the minimum to obtain the
threshold-differential conductivity distribution, defined as [16]

∆σthres =

{
∆σde f when ∆σde f > 0

0 when ∆σde f ≤ 0

}
for

∣∣∣∣max
{
∆σde f

}∣∣∣∣ > ∣∣∣∣min
{
∆σde f

}∣∣∣∣{
∆σde f when ∆σde f < 0

0 when ∆σde f ≥ 0

}
for

∣∣∣∣max
{
∆σde f

}∣∣∣∣ < ∣∣∣∣min
{
∆σde f

}∣∣∣∣ (15)

In fact, the quality and accuracy of deformed image can be further improved by forcing values
below or above a certain threshold γ to zero, such that:

∆σthres =

 ∆σde f when ∆σde f > γ.max
{
∆σde f

}
0 when ∆σde f ≤ γ.max

{
∆σde f

}  for abs
(
max

{
∆σde f

})
> abs

(
min

{
∆σde f

})
 ∆σde f when ∆σde f < γ.min

{
∆σde f

}
0 when ∆σde f ≥ γ.min

{
∆σde f

}  for abs
(
max

{
∆σde f

})
< abs

(
min

{
∆σde f

}) (16)

where 0 ≤ γ ≤ 1. Introducing the γ will remove some amount of the noise data to make the results
more stable and precise. After applying different values of γ during the research, we discovered that
0.3 ≤ γ ≤ 0.5 gave the optimal reconstructed images for the scenarios considered here. Appropriate
values for γ give threshold-differential images that display the position of deformation individually.
The complete images with deformation of the target can be obtained simply by adding the reference
conductivity distribution to the threshold-differential conductivity distribution, such as:

∆σtot = ∆σre f + ∆σthres (17)

where ∆σtot is the total conductivity distribution.

3. Simulation Results

In this section, we displayed the results in [16], which investigated the ability of the TV-based
threshold-differential reconstruction method by reconstructing a 74 × 74 mm2 square sample with
surface deformations using simulation data based on the laboratory prototype ( Figure 1A). The metal
square sample was located at the center of a 16 coil array MIT system, as illustrated in Figure 1B, with
an operational frequency of 130 Hz.

Figure 2 shows the conductivity distribution obtained for a perfect square metal without any
deformation using the TV reconstruction algorithm, which indicates that the algorithm can produce
reconstructed images representing the square metal with reasonable accuracy. Then, bulging and
depression deformation were considered.
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Figure 2. (A) Simulation setting of a perfect metal sample without any deformation and (B)
Corresponding reconstructed image obtained by the simulation data.

Figure 3 illustrates the simulation scenarios and the corrosponding reconstructed conductivity
distribution images using TV algorithm for (A) a metal with a surface bulge on top, and (B) a metal with
a surface depression on top, where the black lines represent the location of perfect square, the red line
represents the boundaries of simulation setting of sample with bulging and the blue line represents the
boundaries of sample with depression. The two scenarios were deformed by 9.25 mm at the midsection
of one external surface. It’s obvious that although the bulge deformation in Figure 3A can be detected,
the image may also be interpreted to include a depression at the bottom, as shown in Figure 3B.

Figure 4 illustrates the image obtained for the deformed target conductivity from applying
Equation (14) for (A) the scenario with a bulge deformation on top, and (B) the scenario with a
depression deformation on top, which therefore show only the effects of the deformation. It is obvious
that a bulge (red) represented by positive numbers on the colorbar. A depression (blue) represented by
negative numbers on the colorbar in both images can also be observed. However, the maximum and
minimum values of ∆σde f in the colorbar of the images shown in Figure 4 give a clue about the actual
deformation in the considered scenario. In Figure 4A, the absolute value of the maximum deformed
target conductivity, which represents a bulge, is greater than the absolute value of the minimum
deformed target conductivity that represents a depression. Similarly, Figure 4B shows that the the
absolute value of the minimum deformed target conductivity, which represents a depression, is greater
than the absolute value of the maximum deformed target conductivity that represents a bulge.
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Figure 5. The threshold-differential conductivity distribution images obtained for (A) the metal with a
bulge on top and (B) the metal with a depression on top.

The threshold-differential conductivity distribution can be plotted from Equation (15), obtained
for the scenarios with deformation to get a more accurate representation of the particular deformation.
Figure 5 shows the threshold-differential conductivity distribution obtained for (A) the metal with a
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bulge, and (B) the metal with a depression. Hence, a bulge represented by positive numbers on the
colorbar in Figure 5A and a depression represented by negative numbers on the colorbar in Figure 5B
can be observed, which indicates that we can obtain a better representation of the deformation in the
scenario from ∆σthres than from ∆σde f .

By applying an appropriate value of γ to the Equation (16), the threshold-differential
conductivity distribution images illustrate the location of the deformation alone. Figure 6 shows the
threshold-differential conductivity distribution images obtained for (A) the metal with a bulge, and
(B) the metal with a depression deformation when γ = 0.4. The threshold-differential conductivity
distribution images located the deformation more clearly by applying γ in Figure 6 than in Figure 5.
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The TV-based threshold-differential image reconstruction algorithm with reference sample was
analyzed for the outer shape reconstruction with surface deformations (bulging and surface depression
defects), showing potential. Therefore, further research was conducted based on this method to
analyze the image reconstruction of shapes with surface deformations. Supplementary simulation
data were produced and analyzed: bulging or depression with different depth of the defect; bulging
and depression at the same time on different surfaces and on the same surface.

Figure 7 shows the reconstructed image obtained for a square metal (74 × 74 mm2) without
any deformation using the TV reconstruction algorithm and larger Jacobian matrix (100× 100). The
resolution in this dissertation can be defined by a pixel resolution in pixel per mm. The size of the
square in the reconstructed image is 64× 64 pixels, which means that 1 pixel = 1.156 mm; the resolution
of this simulation scenario is 1/1.156 = 0.865 pixel/mm.

Sensors 2019, 19, x FOR PEER REVIEW 7 of 16 

 

(B) the metal with a depression deformation when 𝛾 = 0.4. The threshold-differential conductivity 

distribution images located the deformation more clearly by applying 𝛾 in Figure 6 than in Figure 5. 

  

(a) (b) 

Figure 6. The threshold-differential conductivity distribution images obtained when γ = 0.4 for (A) 

the metal with a bulge deformation on top and (B) the metal with a depression deformation on top. 

The TV-based threshold-differential image reconstruction algorithm with reference sample was 

analyzed for the outer shape reconstruction with surface deformations (bulging and surface 

depression defects), showing potential. Therefore, further research was conducted based on this 

method to analyze the image reconstruction of shapes with surface deformations. Supplementary 

simulation data were produced and analyzed: bulging or depression with different depth of the 

defect; bulging and depression at the same time on different surfaces and on the same surface. 

Figure 7 shows the reconstructed image obtained for a square metal (74 × 74 mm2) without any 

deformation using the TV reconstruction algorithm and larger Jacobian matrix (100 × 100). The 

resolution in this dissertation can be defined by a pixel resolution in pixel per mm. The size of the 

square in the reconstructed image is 64 × 64 pixels , which means that 1 pixel = 1.156 mm ; the 

resolution of this simulation scenario is 1 1.156⁄ = 0.865 pixel mm⁄ . 

 

Figure 7. Reconstructed image for a square metal without any deformation. 

Samples with a bulging or depression defect on the top surface with a length of 74 mm (i.e., in 

the whole side) and with the 5 mm deformation depths were analyzed. 

Table 1 indicates the threshold differential reconstructed images and their contour images 

obtained for the different forms of defects. The second column is the threshold differential image 

obtained for the sample with a bulging deformation on top with different defect depths. The fourth 

column is the threshold differential image obtained for the sample with depression deformation on 

top. The third and fifth columns are the corresponding contour images of reconstructed images. The 

blue line is the sample without any deformation, while the black lines are deformation parts. The 

threshold factor 𝛾 was set to 0.5. The iteration number used for solving TV function equals 500, in 

reference to Equations (7)–(9), which can provide reconstructed images with sharp boundaries. 

Figure 7. Reconstructed image for a square metal without any deformation.

Samples with a bulging or depression defect on the top surface with a length of 74 mm (i.e., in the
whole side) and with the 5 mm deformation depths were analyzed.
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Table 1 indicates the threshold differential reconstructed images and their contour images obtained
for the different forms of defects. The second column is the threshold differential image obtained for
the sample with a bulging deformation on top with different defect depths. The fourth column is the
threshold differential image obtained for the sample with depression deformation on top. The third
and fifth columns are the corresponding contour images of reconstructed images. The blue line is the
sample without any deformation, while the black lines are deformation parts. The threshold factor γ
was set to 0.5. The iteration number used for solving TV function equals 500, in reference to Equations
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Table 1. Threshold Differential reconstructed images for bulging and depression defects.

Defect Depth
(Simulated)

Threshold
Differential Image
Obtained for the

Square with a Bulge
Deformation on Top

Defect Depth
(Reconstructed)

Threshold Differential
Image Obtained for the

Square with a
Depression

Deformation on Top

Defect Depth
(Reconstructed)

5 mm
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The deformation detectability can be defined as:

De f ormation detectability =
area o f the detectable de f ormation

area o f the no de f ormed sample
(18)

So, the deformation detectability of the proposed simulation system is 74 × 5/
(
2002

)
= 0.92%.

In order to evaluate the accuracy of the proposed method applied to detect the surface defect, the
normalized mean square error can be defined as [17]:

err =
||χestimated − χactual ||

2

||χactual ||
2 (19)

where χestimated is the reconstructed defect depth value and χactual is the actual one. For the case in
which bulging and depression deformations occur at the same time:

errB+D =
(
errBulge + errDepression

)
/2 (20)

By referring to these quantitative metrics and the above results, the conclusion can be drawn that the
value of the defect depth can be detected and acquired accurately with an error (errBulge de f ormation = 3.6%
and errDepression de f ormation = 0.57%) through the proposed method.

Table 2 illustrates the simulation scenario with two deformations at the same time (one bulging on
the top surface and one depression at the bottom surface of the sample, both with a depth of 9.25 mm),
as well as the differential reconstructed images.
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Table 2. Differential reconstructed images of two deformations at same time (Pixel = 100).

Scenarios Differential
Reconstructed Images

Contour Images Defect
Depth(Reconstructed)

Sensors 2019, 19, x FOR PEER REVIEW 8 of 16 

 

Table 1. Threshold Differential reconstructed images for bulging and depression defects. 

Defect 
Depth 

(Simulated) 

Threshold Differential 
Image Obtained for the 

Square with a Bulge 
Deformation on Top 

Defect Depth 
(Reconstructed) 

Threshold Differential 
Image Obtained for the 

Square with a 
Depression 

Deformation on Top 

Defect Depth 
(Reconstructed) 

5 mm 

 
3.5 pixels = 4.046 mm 

 
4 pixels = 4.624 mm 

The deformation detectability can be defined as:  𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑡𝑒𝑐𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑒𝑡𝑒𝑐𝑡𝑎𝑏𝑙𝑒 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑛𝑜 𝑑𝑒𝑓𝑜𝑟𝑚𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒  (18) 

So, the deformation detectability of the proposed simulation system is 74 × 5 (200 )⁄ = 0.92%. 
In order to evaluate the accuracy of the proposed method applied to detect the surface defect, the 
normalized mean square error can be defined as [17]: 𝑒𝑟𝑟 = ‖𝜒 − 𝜒 ‖‖𝜒 ‖  (19) 

where 𝜒  is the reconstructed defect depth value and 𝜒  is the actual one. For the case 
in which bulging and depression deformations occur at the same time: 𝑒𝑟𝑟 = (𝑒𝑟𝑟 + 𝑒𝑟𝑟 ) 2⁄  (20) 

By referring to these quantitative metrics and the above results, the conclusion can be drawn 
that the value of the defect depth can be detected and acquired accurately with an error 
(𝑒𝑟𝑟  = 3.6% and 𝑒𝑟𝑟  = 0.57%) through the proposed method.  

Table 2 illustrates the simulation scenario with two deformations at the same time (one bulging 
on the top surface and one depression at the bottom surface of the sample, both with a depth of 9.25 
mm), as well as the differential reconstructed images.  

Table 2. Differential reconstructed images of two deformations at same time (Pixel = 100). 

Scenarios Differential Reconstructed 
Images 

Contour Images Defect Depth 
(Reconstructed) 

   

Bulging (top): 

7 pixels= 8.092 mm 𝑒𝑟𝑟  = 1.6% 

Depression (bottom): 

7.1 pixels= 8.208 mm 𝑒𝑟𝑟  = 1.3% 

Sensors 2019, 19, x FOR PEER REVIEW 8 of 16 

 

Table 1. Threshold Differential reconstructed images for bulging and depression defects. 

Defect 
Depth 

(Simulated) 

Threshold Differential 
Image Obtained for the 

Square with a Bulge 
Deformation on Top 

Defect Depth 
(Reconstructed) 

Threshold Differential 
Image Obtained for the 

Square with a 
Depression 

Deformation on Top 

Defect Depth 
(Reconstructed) 

5 mm 

 
3.5 pixels = 4.046 mm 

 
4 pixels = 4.624 mm 

The deformation detectability can be defined as:  𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑡𝑒𝑐𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑒𝑡𝑒𝑐𝑡𝑎𝑏𝑙𝑒 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑛𝑜 𝑑𝑒𝑓𝑜𝑟𝑚𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒  (18) 

So, the deformation detectability of the proposed simulation system is 74 × 5 (200 )⁄ = 0.92%. 
In order to evaluate the accuracy of the proposed method applied to detect the surface defect, the 
normalized mean square error can be defined as [17]: 𝑒𝑟𝑟 = ‖𝜒 − 𝜒 ‖‖𝜒 ‖  (19) 

where 𝜒  is the reconstructed defect depth value and 𝜒  is the actual one. For the case 
in which bulging and depression deformations occur at the same time: 𝑒𝑟𝑟 = (𝑒𝑟𝑟 + 𝑒𝑟𝑟 ) 2⁄  (20) 

By referring to these quantitative metrics and the above results, the conclusion can be drawn 
that the value of the defect depth can be detected and acquired accurately with an error 
(𝑒𝑟𝑟  = 3.6% and 𝑒𝑟𝑟  = 0.57%) through the proposed method.  

Table 2 illustrates the simulation scenario with two deformations at the same time (one bulging 
on the top surface and one depression at the bottom surface of the sample, both with a depth of 9.25 
mm), as well as the differential reconstructed images.  

Table 2. Differential reconstructed images of two deformations at same time (Pixel = 100). 

Scenarios Differential Reconstructed 
Images 

Contour Images Defect Depth 
(Reconstructed) 

   

Bulging (top): 

7 pixels= 8.092 mm 𝑒𝑟𝑟  = 1.6% 

Depression (bottom): 

7.1 pixels= 8.208 mm 𝑒𝑟𝑟  = 1.3% 

Sensors 2019, 19, x FOR PEER REVIEW 8 of 16 

 

Table 1. Threshold Differential reconstructed images for bulging and depression defects. 

Defect 
Depth 

(Simulated) 

Threshold Differential 
Image Obtained for the 

Square with a Bulge 
Deformation on Top 

Defect Depth 
(Reconstructed) 

Threshold Differential 
Image Obtained for the 

Square with a 
Depression 

Deformation on Top 

Defect Depth 
(Reconstructed) 

5 mm 

 
3.5 pixels = 4.046 mm 

 
4 pixels = 4.624 mm 

The deformation detectability can be defined as:  𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑡𝑒𝑐𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑒𝑡𝑒𝑐𝑡𝑎𝑏𝑙𝑒 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑛𝑜 𝑑𝑒𝑓𝑜𝑟𝑚𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒  (18) 

So, the deformation detectability of the proposed simulation system is 74 × 5 (200 )⁄ = 0.92%. 
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normalized mean square error can be defined as [17]: 𝑒𝑟𝑟 = ‖𝜒 − 𝜒 ‖‖𝜒 ‖  (19) 

where 𝜒  is the reconstructed defect depth value and 𝜒  is the actual one. For the case 
in which bulging and depression deformations occur at the same time: 𝑒𝑟𝑟 = (𝑒𝑟𝑟 + 𝑒𝑟𝑟 ) 2⁄  (20) 

By referring to these quantitative metrics and the above results, the conclusion can be drawn 
that the value of the defect depth can be detected and acquired accurately with an error 
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Table 2 illustrates the simulation scenario with two deformations at the same time (one bulging 
on the top surface and one depression at the bottom surface of the sample, both with a depth of 9.25 
mm), as well as the differential reconstructed images.  

Table 2. Differential reconstructed images of two deformations at same time (Pixel = 100). 

Scenarios Differential Reconstructed 
Images 

Contour Images Defect Depth 
(Reconstructed) 

   

Bulging (top): 

7 pixels= 8.092 mm 𝑒𝑟𝑟  = 1.6% 

Depression (bottom): 

7.1 pixels= 8.208 mm 𝑒𝑟𝑟  = 1.3% 

Bulging (top):
7 pixels = 8.092 mm

errBulge = 1.6%
Depression (bottom):
7.1 pixels = 8.208 mm

errDepression = 1.3%

The results show that the TV-based differencing algorithm has the ability to detect two different
types of deformation at the same time. By referring to Equations (19) and (20), the quantitative metrics
err and the reconstructed defect depth can be acquired with an average error level of 1.45%.

Further simulation work was conducted on bulging and depressions at the same surface, which
was achieved by transferring the square sample (120× 120 mm2) to a rhomboid one. The rhomboid
samples can be defined by the parameter R =

Longest Diagonal length – Shortest Diagonal length
Shortest Diagonal length . Table 3 illustrates

the simulation scenario and the results of the rhomboid problem with R = 0.5% and R = 1.5%.

Table 3. Differential reconstructed images of two deformations at same surface (Pixel = 50).
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The positive values on the color bar represent bulging as well as the negative value mean
depression. The conductivity values also give a clue of the amount of deformation. The results shows
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4. Experimental Tests

Regarding the inspection of pipelines, according to [12], simillar results can be obtained when
testing the same damaged cylinder samples using the proposed algorithms. In this section, three
sets of MIT machine experimental tests were conducted to investigate and display the ability of the
threshold-differential algorithm to utilise the Total Variation (TV) reconstruction method to image a
50 × 50 mm2 metal cube with surface deformations located at the center of an 8-coil array, as illustrated
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in Figure 8. The MIT system in this research consists of (i) a host computer (ii) an National Instrument
data acquisation system, and (iii) an equally-spaced eight x 50 turns coils with 40 mm diameter
circular-array forming a 110 mm diameter imaging-region. The working frequency is 180 kHz. One
metal cuboid represents the surface deformation. The demonstrated experiment system detectability is
6× 9/

(
π× 552

)
= 0.57%. In this case:

∆σde f = ∆σcube+cuboid (21)

∆σre f = ∆σcube (22)
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Figure 8. (A) Real experimental scenario of a metal cube and metal cuboid located at the center;
(B) Illustration of the samples.

Then, Equation (14) turns out to be:

∆σdi f f = ∆σcube+cuboid − ∆σcube (23)

Table 4 indicates the differential and threshold differential reconstructed images obtained for the
sample with a bulging deformation at the center of different surfaces with different defect depths.
The metal cuboid was placed at different positions which were close enough to the center of the metal
cube surface. The two side lengths of the metal cuboid represent different defect depths (6 mm and
9 mm) according to different orientations. The threshold factor γ was set to 0.5. It can be determined
that 1 pixel = 2.08 mm, so the resolution of this experimental scenario is 1/2.08 = 0.48 pixel/mm.

The reconstructed images obtained by differential and threshold differential TV algorithms both
precisely indicate the position of the defect. The threshold differential reconstructed images and
the corresponding contour images shown in Column 3 and Column 4 demonstrate better image
performance than the differential images displayed in Column 2. When compared to the results of
Scenario 1 and 2, the threshold differential image shown in Row 2 has a longer reconstructed length of
the bulging defect than that of the image shown in Row 1, which is consistent with the real experimental
scenario. So, the results displayed above prove that the TV-based differencing algorithm has the ability
to locate and reconstruct the bulging defect.

A second stage threshold can be adopted to refine the accuracy of position locating and depth
detection by applying a larger number of γ to focus on the values around the maximum or minimum
values and force the other values to zero. γwas set at 0.8 in this scenario. The metal cuboid sample was
located at a different corner of the metal cube with a different orientation to achieve different positions
and variable defect depths (6 mm and 9 mm). Table 5 displays the second stage threshold differential
reconstructed images obtained for the sample with a bulging deformation in different corners with
variable defect depths.
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Table 4. Differential and Threshold Differential reconstructed images for a defect at the center of
different surfaces with different depths (Pixel = 50).

Scenarios Differential
Reconstructed Images

Threshold Differential
Reconstructed Images

Contour Images
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Table 5. Differential reconstructed images refined by A second stage threshold for defects at different
positions with different depths (Pixel = 50).

Scenarios(Actual
Depth)

Differential
Reconstructed Images

Reconstructed Images
Refined by A second

Stage Threshold

Contour
Images(Reconstructed

Depth)
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A second stage threshold can be adopted to refine the accuracy of position locating and depth 
detection by applying a larger number of 𝛾 to focus on the values around the maximum or minimum 
values and force the other values to zero. 𝛾 was set at 0.8 in this scenario. The metal cuboid sample 
was located at a different corner of the metal cube with a different orientation to achieve different 
positions and variable defect depths (6 mm and 9 mm). Table 5 displays the second stage threshold 
differential reconstructed images obtained for the sample with a bulging deformation in different 
corners with variable defect depths. 

It’s obviously that the conductivity distribution images from the further threshold differential 
algorithm shown in Column 3 can locate and image the bulge more accurately than those obtained 
directly from the differential algorithm shown in Column 2. The defect depth can be acquired from 
the contour images displayed in Column 4 with an acceptable degree of error (1.7%, 0.08%, 0.9% 
and 1.5%). 

Based on the simulation scenario with two deformation defects at the same time displayed in 
Table 2, the corresponding experimental tests were implemented by the displacement of the square 
sample. In this case, Equation (14) turns out to be: ∆σ = ∆σ     −  ∆σ  (24) 

Table 6 indicates the differential reconstructed images obtained for the sample with bulging and 
depression deformations at same time, which were achieved by moving the metal cube sample and 
then applying the abstraction. The red color in the differential reconstructed images, formed by 
positive numbers in the colorbar, and blue color parts, produced by negative numbers in the colorbar, 
represent the bulging and depression defect, respectively.  

The differential reconstructed images in Column 2 prove that the TV-based differencing 
algorithm can locate bulging and depression defects at the same time, as predicted from the 
simulation results shown in Table 2. It can be seen from the colorbar that the bulging amount is 
approximately the same as the depression amount, as it should be. Meanwhile, the reconstructed 
depth can be acquired by the corresponding contour images shown in Column 3, with a low level of 
error (5.1% and 11.1%). Moreover, the dispalcements of the sample can be detected by analyzing 
the differential resonstructed images. 
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algorithm can locate bulging and depression defects at the same time, as predicted from the 
simulation results shown in Table 2. It can be seen from the colorbar that the bulging amount is 
approximately the same as the depression amount, as it should be. Meanwhile, the reconstructed 
depth can be acquired by the corresponding contour images shown in Column 3, with a low level of 
error (5.1% and 11.1%). Moreover, the dispalcements of the sample can be detected by analyzing 
the differential resonstructed images. 
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The differential reconstructed images in Column 2 prove that the TV-based differencing 
algorithm can locate bulging and depression defects at the same time, as predicted from the 
simulation results shown in Table 2. It can be seen from the colorbar that the bulging amount is 
approximately the same as the depression amount, as it should be. Meanwhile, the reconstructed 
depth can be acquired by the corresponding contour images shown in Column 3, with a low level of 
error (5.1% and 11.1%). Moreover, the dispalcements of the sample can be detected by analyzing 
the differential resonstructed images. 
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Table 6 indicates the differential reconstructed images obtained for the sample with bulging and 
depression deformations at same time, which were achieved by moving the metal cube sample and 
then applying the abstraction. The red color in the differential reconstructed images, formed by 
positive numbers in the colorbar, and blue color parts, produced by negative numbers in the colorbar, 
represent the bulging and depression defect, respectively.  

The differential reconstructed images in Column 2 prove that the TV-based differencing 
algorithm can locate bulging and depression defects at the same time, as predicted from the 
simulation results shown in Table 2. It can be seen from the colorbar that the bulging amount is 
approximately the same as the depression amount, as it should be. Meanwhile, the reconstructed 
depth can be acquired by the corresponding contour images shown in Column 3, with a low level of 
error (5.1% and 11.1%). Moreover, the dispalcements of the sample can be detected by analyzing 
the differential resonstructed images. 
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Table 6 indicates the differential reconstructed images obtained for the sample with bulging and 
depression deformations at same time, which were achieved by moving the metal cube sample and 
then applying the abstraction. The red color in the differential reconstructed images, formed by 
positive numbers in the colorbar, and blue color parts, produced by negative numbers in the colorbar, 
represent the bulging and depression defect, respectively.  

The differential reconstructed images in Column 2 prove that the TV-based differencing 
algorithm can locate bulging and depression defects at the same time, as predicted from the 
simulation results shown in Table 2. It can be seen from the colorbar that the bulging amount is 
approximately the same as the depression amount, as it should be. Meanwhile, the reconstructed 
depth can be acquired by the corresponding contour images shown in Column 3, with a low level of 
error (5.1% and 11.1%). Moreover, the dispalcements of the sample can be detected by analyzing 
the differential resonstructed images. 
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depression deformations at same time, which were achieved by moving the metal cube sample and 
then applying the abstraction. The red color in the differential reconstructed images, formed by 
positive numbers in the colorbar, and blue color parts, produced by negative numbers in the colorbar, 
represent the bulging and depression defect, respectively.  

The differential reconstructed images in Column 2 prove that the TV-based differencing 
algorithm can locate bulging and depression defects at the same time, as predicted from the 
simulation results shown in Table 2. It can be seen from the colorbar that the bulging amount is 
approximately the same as the depression amount, as it should be. Meanwhile, the reconstructed 
depth can be acquired by the corresponding contour images shown in Column 3, with a low level of 
error (5.1% and 11.1%). Moreover, the dispalcements of the sample can be detected by analyzing 
the differential resonstructed images. 
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Table 6 indicates the differential reconstructed images obtained for the sample with bulging and 
depression deformations at same time, which were achieved by moving the metal cube sample and 
then applying the abstraction. The red color in the differential reconstructed images, formed by 
positive numbers in the colorbar, and blue color parts, produced by negative numbers in the colorbar, 
represent the bulging and depression defect, respectively.  

The differential reconstructed images in Column 2 prove that the TV-based differencing 
algorithm can locate bulging and depression defects at the same time, as predicted from the 
simulation results shown in Table 2. It can be seen from the colorbar that the bulging amount is 
approximately the same as the depression amount, as it should be. Meanwhile, the reconstructed 
depth can be acquired by the corresponding contour images shown in Column 3, with a low level of 
error (5.1% and 11.1%). Moreover, the dispalcements of the sample can be detected by analyzing 
the differential resonstructed images. 
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positive numbers in the colorbar, and blue color parts, produced by negative numbers in the colorbar, 
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The differential reconstructed images in Column 2 prove that the TV-based differencing 
algorithm can locate bulging and depression defects at the same time, as predicted from the 
simulation results shown in Table 2. It can be seen from the colorbar that the bulging amount is 
approximately the same as the depression amount, as it should be. Meanwhile, the reconstructed 
depth can be acquired by the corresponding contour images shown in Column 3, with a low level of 
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the differential resonstructed images. 
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It’s obviously that the conductivity distribution images from the further threshold differential
algorithm shown in Column 3 can locate and image the bulge more accurately than those obtained
directly from the differential algorithm shown in Column 2. The defect depth can be acquired from the
contour images displayed in Column 4 with an acceptable degree of error (1.7%, 0.08%, 0.9% and 1.5%).

Based on the simulation scenario with two deformation defects at the same time displayed in
Table 2, the corresponding experimental tests were implemented by the displacement of the square
sample. In this case, Equation (14) turns out to be:

∆σdi f f = ∆σcube moved le f t or up − ∆σcube (24)

Table 6 indicates the differential reconstructed images obtained for the sample with bulging and
depression deformations at same time, which were achieved by moving the metal cube sample and
then applying the abstraction. The red color in the differential reconstructed images, formed by positive
numbers in the colorbar, and blue color parts, produced by negative numbers in the colorbar, represent
the bulging and depression defect, respectively.

Table 6. Differential reconstructed images for bulging and depression defects at same time (Pixel = 50).

Scenarios Differential
Reconstructed Images

Contour Images Reconstructed Defect
Depth
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Based on the simulation scenario of the rhomboid problem displayed in Table 3, the 

corresponding experimental tests were implemented by rotating the square sample with 45°. Table 7 
indicates the differential reconstructed images obtained for the sample with bulging and depression 
deformations on the same surface, which were achieved by rotating the metal cube sample and then 
applying the subtraction.  
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The red and blue color parts in differential reconstructed images represent the bulging and 
depression defects respectively. The results indicates that the TV-based differencing algorithm has 
the potential to reconstruct the two deformations at the same surface, but further research should be 
conducted to obtain more accurate results.  

5. Validation and Quantitative Evaluation of the Method  

The TV-based threshold-differential algorithm in MIT was adopted into real factory hot test data 
to track the movement of the strand during a continuous casting process. In this case: ∆σ = ∆σ _ − ∆σ  (25) 

where is ∆σ  is the conductivity distribution of the strand at one fixed time and ∆σ _  is any 
random time selected during the casting process. 
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The differential reconstructed images in Column 2 prove that the TV-based differencing algorithm
can locate bulging and depression defects at the same time, as predicted from the simulation results
shown in Table 2. It can be seen from the colorbar that the bulging amount is approximately the same
as the depression amount, as it should be. Meanwhile, the reconstructed depth can be acquired by the
corresponding contour images shown in Column 3, with a low level of error (5.1% and 11.1%). Moreover,
the dispalcements of the sample can be detected by analyzing the differential resonstructed images.

Based on the simulation scenario of the rhomboid problem displayed in Table 3, the corresponding
experimental tests were implemented by rotating the square sample with 45◦. Table 7 indicates the
differential reconstructed images obtained for the sample with bulging and depression deformations
on the same surface, which were achieved by rotating the metal cube sample and then applying
the subtraction.
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Table 7. Differential reconstructed images for bulging and depression defects on the same surface
(Pixel = 50).

Scenarios Differential Reconstructed Images Contour Images
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The red and blue color parts in differential reconstructed images represent the bulging and
depression defects respectively. The results indicates that the TV-based differencing algorithm has
the potential to reconstruct the two deformations at the same surface, but further research should be
conducted to obtain more accurate results.

5. Validation and Quantitative Evaluation of the Method

The TV-based threshold-differential algorithm in MIT was adopted into real factory hot test data
to track the movement of the strand during a continuous casting process. In this case:

∆σdi f f = ∆σTime_i − ∆σre f erece (25)

where is ∆σre f erece is the conductivity distribution of the strand at one fixed time and ∆σTime_i is any
random time selected during the casting process.

Figure 9 shows the test set up for the 16 channel MTI system in the secondary stage of continuous
casting. The system model is the same as coil geometry for Figure 1.
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Figure 9. The MIT system in continuous casting set up.

Figure 10 illustrates the movement distance of the strand in X- and Y-directions with its
corrosponding differential reconstructed images. The positive number in the colorbar form the
red colour part of the diffrential conductivity distribution, which indicated bulging and also the moving
direction of the strand.
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Figure 10. The movement direction and distance of the strand and its corresponding differential
reconstructed images.

Moreover, two factors were defined to evaluate and validate the performance of the proposed
method for monitoring the movement of the strand during a continuous casting process:

pp =
Sum o f the di f f erential conductivity distribution

Sum o f the conductivity distribution o f re f erence Time
× 100 (%) (26)

dis =

√(
Pos_X(i) − Pos_Xre f erence

)2
+

(
Pos_Y(i) − Pos_Yre f erence

)2
(mm) (27)

Figure 11 displays the relationship between the sum value of bulging and depression with respect
to the reference, and the movement distance of the strand to the reference point.
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Figure 11. The movement distance of the strand to the reference point versus the sum values of bulging
and depression with respect to the reference.

It is clear that the trend of these two plots is nearly the same, which indicates that the movement
pattern of the strand is related to the sum conductivity distribution values of the differential
reconstructed images. Therefore, the TV-based threshold-differential algorithm can be treated as a
suitable method for monitoring surface defects, deformations and displacements.
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6. Conclusions

A TV-based threshold-differential algorithm in MIT for surface defects and deformations is
presented and validated using simulation and lab experimental tests as well as hot test in real
continuous casting. The total conductivity distribution image obtained by simulations and experiments
shows that the threshold-differential algorithm gives much better representation of bulge or depression
deformation than that obtained from the TV method directly. The proposed simulation scenario
with a resolution of 0.865 pixel/mm can achieve a deformation detectability of 0.92%. The proposed
MIT experimental system can achieve a detectability of 0.57% with a resolution of 0.48 pixel/mm.
The displacements of the sample can also be detected and located using the proposed method.
The results presented in this paper confirm and prove the TV-based threshold-differencing method
applied in MIT as a viable tool for monitoring and detecting surface defects, deformation and
displacements in hot steel tests. The lab sample shown for the laboratory-based experiments conducted
in this paper are the combination of two samples several more lab based experiments are conducted
with success not included in here. The real process based data and results shows demonstartion of this
new imaging method and system for contneous casting application.

Author Contributions: M.S. conceived the idea and led the project. S.S. produced simulated and hot test data,
V.O. conducted simulation analysis. F.L. conducted lab based tests and analysis of all data and led the writing of
the article. All authors read the paper and commented and participated in data analysis.

Funding: This work is part of Improvement of the continuous casting through a new system for the real-time
measurement of SHELL THICKness in several locations of the casting strand project between the University of
Bath, Ergolines, Tecnalia and Ferriere Nord. The funding is from EU commission on 709830-RFCS-2015 project.

Acknowledgments: We thank the steel manufacturer Ferriere Nord for helping us to set up our MIT system and
collect long term data in continuous casting, also thank Tecnalia for several insightful project disucssions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wei, H.Y.; Soleimani, M. A Magnetic Induction Tomography System for Prospective Industrial Processing
Applications. Chin. J. Chem. Eng. 2012, 20, 406–410. [CrossRef]

2. Ma, X.; Peyton, A.J.; Higson, S.R.; Lyons, A.; Dickinson, S.J. Hardware and software design for an
electromagnetic induction tomography (EMT) system for high contrast metal process applications. Meas. Sci.
Technol. 2005, 17, 111. [CrossRef]

3. Vauhkonen, M.; Vadasz, D.; Karjalainen, P.A.; Somersalo, E.; Kaipio, J.P. Tikhonov regularization and prior
information in electrical impedance tomography. IEEE Trans. Med. Imaging 1998, 17, 285–293. [CrossRef]
[PubMed]

4. Biro, O. Edge element formulations of eddy current problems. J. Comput. Methods Appl. Mech. Eng. 1999,
169, 391–405. [CrossRef]

5. Park, G.S.; Kim, D.S. Development of a magnetic inductance tomography system. IEEE Trans. Magn. 2005,
41, 1932–1935. [CrossRef]

6. Osher, S.; Burger, M.; Goldfarb, D.; Xu, J.J.; Yin, W.T. An iterative regularization method for total
variation-based image restoration. Multiscale Model. Simul. 2005, 4, 460–489. [CrossRef]

7. Li, F.; Abascal, J.F.P.J.; Desco, M.; Soleimani, M. Total Variation Regularization with Split Bregman-Based
Method in Magnetic Induction Tomography Using Experimental Data. IEEE Sens. J. 2017, 17, 976–985.
[CrossRef]

8. Abascal, J.F.P.J.; Chamorro-Servent, J.; Aguirre, J.; Arridge, J.; Correia, T.; Ripoll, J.; Vaquero, J.J.; Desco, M.
Fluorescence diffuses optical tomography using the split Bregman method. J. Med. Phys. 2011, 38, 6258.
[CrossRef] [PubMed]

9. Ma, X.; Peyton, A.J.; Binns, R.; Higson, S.R. Electromagnetic techniques for imaging the cross-section
distribution of molten steel flow in the continuous casting nozzle. IEEE Sens. J. 2005, 5, 224–232.

10. Wei, H.-Y.; Wilkinson, A.J. Design of a Sensor Coil and Measurement Electronics for Magnetic Induction
Tomography. IEEE Trans. Instrum. Meas. 2011, 60, 3853–3859. [CrossRef]

http://dx.doi.org/10.1016/S1004-9541(12)60404-2
http://dx.doi.org/10.1088/0957-0233/17/1/018
http://dx.doi.org/10.1109/42.700740
http://www.ncbi.nlm.nih.gov/pubmed/9688160
http://dx.doi.org/10.1016/S0045-7825(98)00165-0
http://dx.doi.org/10.1109/TMAG.2005.846224
http://dx.doi.org/10.1137/040605412
http://dx.doi.org/10.1109/JSEN.2016.2637411
http://dx.doi.org/10.1118/1.3656063
http://www.ncbi.nlm.nih.gov/pubmed/22047393
http://dx.doi.org/10.1109/TIM.2011.2147590


Sensors 2019, 19, 3005 17 of 17

11. Peyton, A.J.; Yu, Z.Z.; Al-Zeiback, S.; Saunders, N.H. Electromagnetic Imaging Using Mutual Inductance
Tomography: Potential for process applications. Part. Part. Syst. Charact. 1995, 12, 68–74. [CrossRef]

12. Ma, L.; Wei, H.-Y.; Soleimani, M. Pipelines inspection using magnetic induction tomography based on a
narrowband pass filtering method. Prog. Electromagn. Res. M 2012, 23, 65–78. [CrossRef]

13. Ma, L.; Soleimani, M. Electromagnetic imaging for internal and external inspection of metallic pipes.
Insight Non Destr. Test. Cond. Monit. 2012, 54, 493–495. [CrossRef]

14. Ma, L.; Hunt, A.; Soleimani, M. Experimental evaluation of conductive flow imaging using magnetic
induction tomography. Int. J. Multiph. Flow 2015, 72, 198–209. [CrossRef]

15. Borges, A.R.; De Oliveira, J.E.; Velez, J.; Tavares, C.; Linhares, F.; Peyton, A.J. Development of electromagnetic
tomography (EMT) for industrial applications. Part 2: Image reconstruction and software framework.
In Proceedings of the 1st World Congress on Industrial Process Tomography, Buxton, UK, 14–17 April 1999;
pp. 219–225.

16. Odedo, V.; Soleimani, M.; Spagnul, S. Magnetic Induction Tomography for imaging defects and deformations
on external surfaces. In Proceedings of the 9th World Congress in Industrial Process Tomography, WCIPT9,
Bath, UK, 2–6 September 2018; pp. 211–217.

17. Bevacqua, M.; Palmeri, R.; Di Donato, L.; Crocco, L.; Isernia, T. Microwave imaging via iterated virtual
experiments. In Proceedings of the 10th European Conference on Antennas and Propagation (EuCAP),
Davos, Switzerland, 10–15 April 2016; pp. 1–5.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/ppsc.19950120204
http://dx.doi.org/10.2528/PIERM11111109
http://dx.doi.org/10.1784/insi.2012.54.9.493
http://dx.doi.org/10.1016/j.ijmultiphaseflow.2015.02.013
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methodology 
	Simulation Results 
	Experimental Tests 
	Validation and Quantitative Evaluation of the Method 
	Conclusions 
	References

