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Abstract: The degaussing process is crucial for ensuring magnetic protection in ships. It involves
the application of oscillating and attenuating magnetic fields to eliminate residual magnetism in
the ship’s structure. However, this process can lead to the generation of distorted magnetic fields
within the ship’s cabin, posing a potential threat to electronic equipment performance. Therefore,
it is essential to have a comprehensive understanding of the dynamic magnetic field response in
ship structures to develop effective degaussing systems. To address this need, this paper proposes
an eddy current model for analyzing the dynamic magnetic field response in ferromagnetic metal
structures. This model focuses on the role of eddy currents in shaping the magnetic field response
and provides valuable insights into the underlying mechanisms. Using the proposed eddy current
model, the effects of key system parameters such as thickness, conductivity, and the length-scale of
the ship structure can be analytically investigated. This analysis helps in understanding how these
parameters influence the dynamic magnetic field response and aids in the design and optimization
of degaussing systems. The effectiveness and applicability of the proposed eddy current model
are demonstrated through comprehensive investigations involving two simulation cases of varying
complexity. The model accurately predicts the changing trends of the dynamic magnetic field
response, as confirmed through finite element simulations. This validation highlights the model’s
ability to reproduce simulation results accurately and its potential as a powerful tool for analyzing
and optimizing dynamic magnetic field responses. In summary, the proposed eddy current model
represents a significant advancement in the field. It provides a valuable theoretical framework for
understanding and analyzing the dynamic magnetic field response in ferromagnetic metal structures.
By offering insights into the underlying mechanisms and the influence of key parameters, this
research contributes to the development of improved degaussing systems and enhances the overall
magnetic protection capabilities of ships.

Keywords: magnetic field; eddy current; ferromagnetic; magnetization; equivalent circuit; dynamic
magnetic response

1. Introduction

Ships are predominantly constructed using ferromagnetic metal structures, which
inherently retain residual magnetism. This residue magnetism can be problematic and
even perilous in certain situations, particularly within the military domain. In military
applications, the residue magnetism of a ship can be exploited by adversaries for the
purpose of detecting the vessel using magnetic probes [1-4]. Consequently, degaussing
has become a fundamental requirement for protecting ships against magnetic detection
in military operations, which involves employing an oscillating and attenuating magnetic
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field with amplitudes 15-50 times stronger than the Earth’s geomagnetic field to eliminate
the residual magnetism from the ship’s structure, as shown in Figure 1 [5-7].

Degaussing coil

(a) The degaussing coil around the ship body

5 \_/ 7

(b) The waveform of degaussing current
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Before degaussing After degaussing

(c) The magnetic domain direction in the ship structure

Figure 1. Schematic diagram of ship degaussing process.

However, the degaussing process also induces a complex electromagnetic field within
the internal compartments of the ship, posing a potential threat to the functionality and
performance of electronic equipment housed within [8]. Therefore, it is crucial to develop a
thorough understanding of the dynamic magnetic field response of the ship’s structure to
advance high-performance degaussing systems.

Finite element calculations have been employed to study the magnetic field response
in ships [9-11]. However, due to the intricate nature of ship structures, these calculations are
accompanied by high modeling costs and computational challenges. Current approaches
simplify the models by neglecting structural details and employing shell elements, but these
simplifications lack theoretical guidance. Furthermore, even with these simplifications,
conventional finite element calculations for ship structures still involve millions of degrees
of freedom, requiring approximately 50 h for static analysis and incurring substantial
computational costs. Moreover, the practical degaussing process may last up to 100 s and
involve rapid changes similar to step excitation which involves a wide frequency spectrum.
Consequently, the cost of conducting comprehensive dynamic simulation calculations
is prohibitively high, limiting research on the dynamic magnetic field response of ships.
Currently, there are no systematic reports or comprehensive understanding of this field.

To address this issue, the main objective of this paper is to propose an analytical model
for comprehending the dynamic magnetic field response of ships. This model aims to
quantitatively evaluate the time constant of magnetic field dynamics, guide appropriate
model simplifications, and determine optimal computational parameter settings. Based
on fundamental electromagnetic principles, one of the most fundamental phenomena in
the dynamic magnetic field response of ferromagnetic metal structures is the eddy current
effect. Eddy currents induce a complex magnetic field in the surrounding space and
can be a key mechanism for observed distortions in the magnetic field inside the ship’s
ferromagnetic structures. In other areas, such as electromagnetic forming, there have been
quantitative investigations on the effects of eddy currents. In these investigations, the
ratio between the conductor’s thickness and skin depth has been widely used to assess the
magnetic field shielding effect of eddy currents [12]. However, this ratio only considers a
few parameters and neglects the overall geometry and scale length of the structure, thereby
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inadequately capturing the dynamic magnetic field response resulting from changes in
dimensional parameters. To overcome this limitation, a universal equivalent circuit model
was proposed by Lai et al. [13], in which the magnetic field shielding effect was reflected by
the ratio of inductance impedance to resistance. This model incorporates the magnetic flux
coupling effect and dimensional parameters of the conductor material in the calculation of
inductance and resistance [14-17], making it more versatile and practical.

This paper focuses on the investigation of the dynamic magnetic field response of
ferromagnetic structures through numerical and analytical analysis based on the equivalent
circuit model initially developed by Lai et al. [13]. The study explores the effects of system
parameters, including conductivity, permeability, and dimensional parameters, on the
dynamic magnetic field response of the ferromagnetic structure [18-20]. Furthermore, a
detailed analysis of the variation of magnetic field and eddy current with different scaling
ratios of dimensional parameters is conducted to unveil general scaling criteria for the
dynamic magnetic field response of ferromagnetic structures. The findings of this study
provide guidance for model simplification, scaled model manufacturing, and the rapid
assessment of dynamic magnetic field response.

2. Proposed Eddy Current Mechanism Model

The main hypothesis of this paper is that the eddy current effect plays a dominant
role in shaping the dynamic magnetic field within the ferromagnetic metal structures of
a ship. A commonly used model for understanding the eddy current phenomenon is the
skin depth effect, which explains how the dynamic magnetic field penetrates the metal
conductors at different excitation frequencies. The skin depth is quantitatively calculated

using the following formula:

b= (1)

Vrfou
where f is the excitation frequency, ¢ is the material conductivity, and y is the mater-
ial permeability.

While Equation (1) quantifies the effects of material properties and excitation fre-
quency, it does not consider the impact of the overall geometry and scale of the structures.
Consequently, it fails to fully capture the dynamics involved.

To address this limitation, another eddy current mechanism, known as the equivalent
RL circuit model, is proposed in this study [14-17]. This mechanism assumes that the
dynamic magnetic field effects on the ferromagnetic structure are primarily caused by
dynamic excitations, such as step excitations, as shown in Figure 2a. The model consists of a
voltage source (U) representing the impact electromotive force, a resistance (R) representing
the Ohmic loss due to eddy currents, and an inductance (L) representing the effect of eddy
current-induced magnetic fields. When a step magnetic field is applied, the voltage source
(U) generates a Dirac function signal (with an infinitely large value and infinitesimally
small pulse width but finite energy) in the circuit, resulting in the immediate induction
of a finite eddy current. Subsequently, the eddy current follows the evolution law of a
first-order RL dynamic circuit, decaying exponentially, as shown in Figure 2b. The decay
coefficient represents the time constant of the LR circuit and is expressed as follows:

T @

This model considers the equivalent inductance (L) and resistance (R) as functions of
system parameters, directly reflecting the influence of geometric and material properties
on the dynamic magnetic field characteristics. Consequently, the derived time constant
can effectively capture the impact of system parameters on the dynamic magnetic field
response time constant. In the following sections, we derive the analytical expressions
for the equivalent inductance and resistance using a simple hollow cylinder structure as
an example. It is important to note that this mechanism model is not limited to simple
structures but is proposed to guide the modeling of more complex structures. The choice
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of a simple structure here is to provide explicit analytical expressions explicitly related
to structural parameters and validate the effectiveness of the mechanism model through
finite element calculations on the simplified model. Once validated, this mechanism model
can be used to guide the simplification of complex structure models by focusing on the
structures related to the system’s R and L parameters while simplifying features unrelated
to the relationship.

The excitation of Magnetic flux density The response of Magnetic flux density
(Outside the structure) A (Inside the structure)
B

B

[y

(a) The distortions of the magnetic flux density waveform

i(t) !

, O U=6(1)
C) i(t)
R

(b) The L-R equivalent circuit model and its eddy current waveform

!

L
-

Figure 2. Schematic diagram of the eddy current mechanism model.

Figure 3 presents the dimensional parameters of the hollow cylinder considered in
deriving the analytical expression for the eddy current mechanism model. The cylinder has
a height (a), an outer radius (b), and a thickness (c), where c is significantly smaller than b.
The eddy current flows in the circumferential direction along the cylinder surface, leading
to a magnetic field distribution similar to that of a solenoid coil. Although the material
is ferromagnetic, for simplicity, we neglect the influence of its magnetic permeability on
the spatial magnetic field. This assumption is reasonable since ¢ << b, meaning that the
ferromagnetic material occupies a small proportion of the entire space. In fact, the cylinder
model in Figure 3 is to simulate the ship structure in which we neglected lots of structure
details. And in actual ship structure, the overall size of the structure would be greater than
the thickness of the structure by more than two orders. Therefore, this assumption holds
true for actual ships as well.

Based on these settings, we can derive the analytical expressions for the equivalent
inductance and resistance as follows [14]:

27th
porh*
a

L=k

(4)
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where ¢ is the conductivity of the hollow cylinder and k; and k; are the modified coefficients.
k1 reflects the effects of the skin depth and the flow path of the eddy current. k; reflects the
effects of the finite height of the cylinder on the magnetic flux leakage.
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Figure 3. Dimensional parameters of the hollow cylinder.

In fact, k1 and k; would not be constant but should be the function of the geometry
parameter of the system. However, this would result in a very complicated expression
for Equations (3) and (4), making it difficult to show the influencing laws of geometry
parameters on the equivalent resistance (R) and inductance (L) and the resultant time
constant. On the other hand, when maintaining the geometry parameter with a specific
scope, their effects on k; and k; can be limited; in this way, neglecting these effects would
not substantially change R, L, and ¢.

By substituting Equations (3) and (4) into Equation (2), we obtain the analytical
expression for the time constant of the eddy current effect as follows:

_ L _ kg, (5)

R~ 2k

Based on Equation (5), the following deductions can be drawn regarding the eddy
current mechanism model:

The time constant (T) is positively proportional to the material conductivity. Higher
conductivity results in smaller resistance, leading to more significant eddy currents induced
by dynamic magnetic field excitations and a more pronounced lag effect in the dynamic
magnetic field.

The time constant (T) is positively proportional to the outer radius (b). According to
Equations (3) and (4), resistance (R) is proportional to the outer radius (b), while inductance
(L) is proportional to the square of the outer radius (b). Therefore, the outer radius (b) has a
greater impact on inductance (L) than on resistance (R). As the outer radius (b) increases,
inductance (L) significantly increases, resulting in a higher time constant (T) and a more
pronounced lag effect in the dynamic magnetic field.

The time constant (T) is positively proportional to the thickness (c). The change in
thickness (c) primarily affects resistance (R) and has a minimal impact on inductance
(L). Consequently, when scaling the geometry with equal thickness for ferromagnetic
materials, the variation in the time constant (T) becomes more significant, leading to a more
pronounced lag effect in the dynamic magnetic field.

Right now, we have analytically derived and analyzed the proposed eddy current
mechanism model using a hollow cylindrical ferromagnetic structure. In the subsequent
sections, we will validate its effectiveness by comparing it with the results obtained through
finite element simulations.
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3. Validation on the Eddy Current Mechanism Model I: Single-Layer
Ferromagnetic Structure

To validate the proposed eddy current mechanism model, two ferromagnetic structures
have been designed, and the time constant of the dynamic magnetic field is used as an
evaluation index for quantifying the model’s effectiveness.

For simplicity, the adopted structures have an axisymmetric design, which helps re-
duce the computational cost of finite element analysis. As mentioned earlier, actual military
ship structures are too complex to be simulated within a reasonable time. Additionally, us-
ing simplified structures is necessary to comply with military confidentiality requirements,
as the detailed structures of military ships cannot be publicly shared.

To manage the complexity of the structures, we vary the number of layers. In this
section, we analyze a single-layer structure, while the multiple-layer structure will be
analyzed in the next section.

3.1. Basic Examples

Figure 4 and Table 1 present the system parameter setup for the adopted single-layer
ferromagnetic structure. The simulation process is conducted using COMSOL Multiphysics,
with a Helmholtz coil applying the excitation magnetic field to the structure.

Axis of symmetry

7

€—— Nearby air region

Midplane L‘""'&' ---------------- :
Local

Nearby air region

Cylindrical
X shell
Inner air

region

Figure 4. 2-dimensional axisymmetric model of the simple ferromagnetic structure.

Table 1. The dimensions and electromagnetic parameters of the cylinder.

Radius Height Thickness Conductivity Relative Permeability
0.3 m 12m 30 mm 5.9 x 10°S/m 80

As shown in Figure 5, a step-function excitation is applied to the Helmholtz coil,
generating a step-function magnetic flux density (with a magnitude of 35 x 10~* T) in the
structures. Figure 5b illustrates the magnetic field response at the center of the cylinder,
while Figure 5c¢ depicts the eddy current response in the ferromagnetic structure. It is
evident that both the magnetic field and the eddy current exhibit significant delay charac-
teristics in response to the step-function excitation. Notably, the magnetic field response
exhibits a time constant similar to that of the eddy current response, approximately 0.35 s.
This suggests a strong correlation between the magnetic dynamics and the evolution of the
eddy current, which aligns with the proposed eddy current mechanism model. The model
suggests that the induced eddy current is responsible for the dynamics of the magnetic
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field inside the ship. In the subsequent subsections, we will quantitatively validate the
effectiveness of the proposed eddy current model through parametric analysis.
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Figure 5. Typical response curve under the excitation of step signal.

3.2. Effects of Conductivity on the Dynamic Magnetic Field Response

Parametric analysis begins by varying the conductivity of the structure. As shown
in Table 2, six typical conductivities of the model were selected, ranging from 1/20 to
two times the base-line conductivity value (5.9 x 10° S/m). Figure 6 shows the dynamic
responses of the magnetic flux density and the eddy current under different conductivity,
while Figure 7 explicitly illustrates the variations in amplitude and time constant of the
magnetic field and the eddy current waveform with respect to conductivity.

Table 2. The dimensions and electromagnetic parameters of the model.

Radius Height Thickness Conductivity Relative Permeability
Reference: 5.9 x 10°S/m
0.3m 12m 30 mm Relative value: 1/20,1/10,1/5, 80
1/2,1,2
= 2500
L 147
% 12l 2000
Z 40 §
% § 1500
= 8 5 Increasing conductivity
§ O 1000 :
= 8 2
»2 . . e =
.g 4 Increasing conductivity M 500
eh >
S 0

0 0.2 0.4 06 08 1 0 02 04 06 08 1

(a) Time (s) (b) Time (s)

Figure 6. The change of magnetic flux density (a) and eddy current (b) with time at different
conductivity.
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Figure 7. The magnitude (a) and characteristic time (b) of magnetic flux density and eddy current at
different conductivity.

As shown in Figure 7a, it is worth noting that conductivity has little influence on the
amplitude of the magnetic field and the eddy current. In fact, the peak of the eddy current
is observed at the beginning of the waveform, after which it rapidly decayed, as shown in
Figure 6b. This eddy current is excited by the step-function signal of the external magnetic
field, which is dominated by a high frequency component. Additionally, for the equivalent
RL circuit that is excited by the high frequency signal, the equivalent impedance of the
inductance L (27tfL) would be much greater than the impedance of the resistance R. In this
way, the amplitude of the eddy current is dominated by the impedance of the L but not R,
making it only weak relative to the conductivity. The amplitude of the magnetic field inside
the cylinder is correlated to the amplitude of the eddy current, so it is also only weakly
affected by the conductivity.

However, the conductivity significantly affects the rise time of the magnetic field
(reaching 95% of its magnitude) and the decay time of the eddy current (reaching 2% of its
magnitude) (Figure 7b). Moreover, the time constant for both the magnetic field and the
eddy current shows a clear linear relationship with conductivity, and they agree very well
with each other. This observation confirms the deduction made in Equation (5) regarding
the proportional relationship between the time constant and conductivity.

3.3. Effects of Thickness on the Dynamic Magnetic Field Response

The parametric analysis continues by varying the thickness of the structure. As shown
in Table 3, six values of structure thickness have been scheduled in simulations, ranging
from 1-50 mm. Figure 8 shows the dynamic responses of the magnetic flux density and
the eddy current under different thicknesses, while Figure 9 explicitly demonstrates the
variations in amplitude and time constant of the magnetic field and the eddy current with
respect to thickness.

Table 3. The dimensions and electromagnetic parameters of the model.

Radius  Height Thickness Conductivity Relative Permeability
Reference: 30 mm
0.3m 12m Absolute value: 1, 2, 5, 10, 59 x 10°S/m 80
30, 50 mm

It is worth noting that the thickness of the structure significantly affects the rise time
of the magnetic field and the decay time of the eddy current (as shown in Figure 9b).
Moreover, the time constant for both the magnetic field and the eddy current exhibits a
clear linear relationship with the thickness and shows excellent agreement. This observation
further confirms the deduction made in Equation (5) regarding the proportional relationship
between the time constant and the thickness.
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Figure 8. The changes in magnetic flux density (a) and eddy current (b) at different thicknesses.

35 2500

= : 1.09 = Rising time of magnetic field
T 30 x o Linear Fitting curve
o v v v = -
; M 200( z 0.84
il Eddy current 3 ¥=0.0167x-0.0464(R?=0.9760)
G 20 2 = 069
8 magnetic field ~§ Y
.é_ 15 i 00 ;:. E 0.4
o 10 g 22
= 0 = 024 y=0.0159x-0.036(R°=0.9828)
:% 5 j = Decay time of eddy current
;f‘ f_f. y Linear Fitting curve
20 ‘ ‘ 0 = 00T 20 30 40 s
0 0.01 0.02 0.03 0.04 0.05
(a) (b)

Thickness (mm)

I'hickness (mm)

Figure 9. The magnitude (a) and characteristic time (b) of magnetic flux density and eddy current at
different thicknesses.

3.4. Effects of Scaling Factors: The Scaling Criterion

Up to this point, all numerical analyses have been based on a structure with a length
scale of approximately 1 m. However, the actual size of the ferromagnetic ship body will
be 1-2 orders of magnitude larger than the numerical model. Understanding the impact of
scaling factors is crucial for the design of the degaussing system. Consequently, further
parametric analysis is conducted by varying the length scale of the structure. Two categories
of scaled models are explored, depending on whether the shell thickness is scaled. Let us
examine each type of scaled model separately.

3.4.1. The Scaled Model with Unchanged Thickness

In this case, the thickness of the structure remains the same. Table 4 presents four
length-scale ratios that are used to analyze the scale effects parametrically. These ratios
correspond to 1, 2, 5, and 10 times the base-line model. While the thickness is kept at
30 mm, the length and radius of the model are scaled accordingly. Figure 10 illustrates the
dynamic responses of the magnetic flux density and the eddy current waveform under
different scale ratios. Additionally, Figure 11 explicitly depicts the variations in amplitude
and time constant of the magnetic field and the eddy current waveform with respect to the
scale ratio.

Table 4. The dimensions and electromagnetic parameters of the model.

. . . . . .. Relative
Scaling Ratio Radius Height Thickness Conductivity Permeability
1,2,5,10 03 m x 1.2m x 30 mm 5.9 x 106S/m 80

ratio ratio
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Figure 11. The magnitude (a) and characteristic time (b) of magnetic flux density and eddy current at
different scaling ratio (unchanged thickness).

It can be noted that the scale ratio does significantly affect the rise time of the magnetic
field and the decay time of the eddy current (as shown in Figure 11b). More importantly,
the time constant for both the magnetic field and the eddy currents exhibits a clear linear
relationship with the scale ratio, with reasonably good agreement. This observation con-
firms the deduction made in Equation (5) regarding the proportional relationship between
the time constant and the scale ratio (b).

3.4.2. The Scaled Model with Equally Scaled Thickness

In this case, the thickness of the structure is simultaneously scaled. Table 5 presents
four length-scale ratios used for parametric analysis, similar to the previous case. Figure 12
demonstrates the dynamic responses of the magnetic flux density and the eddy current
waveform under different scale ratios, while Figure 13 explicitly illustrates the variations in
amplitude and time constant of the magnetic field and the eddy current waveform with
respect to the scale ratio.

Table 5. The dimensions and electromagnetic parameters of the model.

. . . . . . Relative
Scaling Ratio Radius Height Thickness Conductivity Permeability
1,2,5,10 03 m 12m 3 mum 5.9 x 10°S/m 80

X ratio X ratio X ratio
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It is noteworthy that the scale ratio significantly affects the rise time of the magnetic
field and the decay time of the eddy current (as shown in Figure 13b). Moreover, the time
constant for both the magnetic field and the eddy currents exhibits a clear quadratic
relationship with the scale ratio, showing good agreement. This observation further
confirms the deduction made in Equation (5) regarding the proportional relationship
between the time constant and the scale ratio (bc).

Based on the investigations of the single-layer structure mentioned above, the pro-
posed eddy current mechanism model (Equation (5)) accurately depicts the correlation
between the magnetic field response and the induced eddy current. Additionally, it effec-
tively represents the effects of the geometry and physical parameters on the dynamics of
the magnetic fields.

4. Validation on the Eddy Current Mechanism Model II: Multi-Layer
Ferromagnetic Structure

4.1. Basic Examples

In addition to the single-layer ferromagnetic structure, a multi-layer ferromagnetic
structure was also utilized to further validate its effectiveness. Figure 14 and Table 6
present the system parameters for the adopted multi-layer structure model. Compared
to the single-layer ferromagnetic structure, the multi-layer configuration consists of three
cylindrical layers with six bulkheads in the cylindrical chamber.

Table 6. The dimensions and electromagnetic parameters of the model.

Radius Height Thickness Conductivity Relative Permeability
0.3m 12m 30 mm 5.9 x 10°S/m 80
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4.2. Effects of Different Parameters on the Dynamic Magnetic Field Response

Using the developed COMSOL model, we conducted a quantitative evaluation of the
effects of system parameters on the time constants for the magnetic field and the induced
eddy current. The parameter setup follows that used in Section III. Figure 15 illustrates the
variations of the time constant of the magnetic field and the eddy current with respect to

the system parameters.
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Figure 15. Effects of different system parameters on the characteristic time of the magnetic flux
density and the eddy current: (a) Conductivity; (b) Thickness; (c) Scaling ratio (unchanged thickness);
(d) Scaling ratio (scaled thickness).
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It is noteworthy that the time constant of the multi-layer structure exhibits a similar
variation pattern to that of the single-layer structure. In all cases, the magnetic field exhibits
a time constant similar to that of the eddy current. The time constant shows a linear
relationship with the structure’s conductivity, thickness, and scale ratio (with thickness
unchanged), and a quadratic relationship with the scale ratio (with thickness adjusted
accordingly). These relationships are in line with the deductions made in the proposed
eddy current mechanism model (Equation (5)), thereby validating the effectiveness of the
proposed eddy current model for relatively complex structure models.

5. Conclusions

Towards providing theoretical guidance for modeling the dynamic magnetic field
response in complex ship ferromagnetic metal structures, this paper introduces a general
scaling criterion for dynamic magnetic field response in such structures, addressing the
knowledge gap regarding the effects of eddy currents in the degaussing process. Based on
this, the following key conclusions can be drawn:

e  The proposed eddy current mechanism model, which employs a one-order LR circuit
accounting for the influences of system physical and geometry parameters, demon-
strates significant potential for practical engineering applications. It facilitates model
simplification, enables the construction of physically scaled models, and allows for
the quick assessment of dynamic magnetic field responses.

e  The mechanism model deduces a linear relationship between the time constant of the
dynamic magnetic field response and the conductivity, thickness, and length-scale
(with unchanged thickness) while exhibiting a quadratic relationship with the scale
ratio (with thickness adjusted accordingly).

o  The effectiveness of the proposed mechanism model has been convincingly validated
using ferromagnetic metal structures of varying complexity. Both single-layer and
multi-layer ferromagnetic metal structures exhibit strong agreement with the proposed
mechanism model, thereby confirming its effectiveness.

e  Insummary, the proposed eddy current mechanism model offers valuable insights and
practical utility for understanding and predicting the dynamic magnetic field response
in complicated ship ferromagnetic metal structures. Its successful validation through
various structure configurations further enhances its reliability and applicability.
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