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In this paper, the analysis of magnetic field distribution of shielded copper conductor with the 
current of 100 A RMS is presented. The impact of various shielding materials (copper, aluminium and 
zinc-coated iron tin) and the combinations of these materials on magnetic field distribution is 
investigated. The main goal of the calculations was to examine the impact that different magnetic and 
non-magnetic materials, placed around the wire, have on the magnetic field distribution outside the 
shield. The investigated materials have different conductivity values and the zinc-coated tin has a 
different permeability value as well. The magnetic field source defines the shielding screen shape and 
this shape was chosen to enable the simple model construction in order to verify calculated results by 
measurements. The base of the investigated screen shapes is a PVC tube with selected radius, 
available on market. The shielding tubes are positioned inside or/and outside the PVC tube. The 
calculation results are presented in the form of tables and diagrams of the magnetic flux density 
magnitude in the plane perpendicular to the system's axis. The calculation results show that the lowest 
magnetic flux density vector magnitude outside the shield is achieved with the combination of 
copper/zinc-coated iron tin. The numerical calculations were performed in COMSOL Multiphysics 
program package on a 2D model. 

Keywords – magnetic field reduction, shielding effectiveness, zinc-coated iron tin. 

Introduction 
The impact of electromagnetic fields has gained 

importance with the increased application of 
electronic equipment. In the environment, their 
presence is related to the increasing use of power 
electric systems, followed by high magnetic fields of 
industrial frequency. In the desired space magnetic 
fields may be reduced to acceptable levels by 
shielding. Electromagnetic shielding prevents the 
penetration of electromagnetic fields into the chosen 
space. It is the process of setting up a blockade made 
of conductive material, in order to limit the 
penetration of electromagnetic field into our 
environment [1], [2]. 

The success of shielding is best described by the 
parameter called shielding effectiveness (SE). 
Shielding effectiveness is defined as the ratio of the 
magnitude of magnetic flux density vector without 
and with the shield. The larger the parameter is, the 
lower the magnetic field outside the shield. 

In this paper, a copper conductor with an 
alternating current of 100 A RMS value, is studied. 
Due to the high current value, the conductor produces 
a strong magnetic field in its vicinity and can have 
adverse effects on nearby living beings and sensitive 
electronic devices. 

At the frequencies of 50 - 60 Hz, the magnetic 
field is quasi-static and can be observed separated 
from an electric field [3]. The reduction of the 
magnetic field is more difficult to perform than the 
electric one. It can be achieved by applying different 
shielding structures and materials. 

There are many combinations of different materials 
and structures and for that reason, shielding, as the 
process of magnetic field reduction outside the shield, 
is the subject of much research and is widely applied 
in practice. This paper analyses the impact of copper, 
aluminium and zinc-coated iron tin as shielding 
materials. 

Model 
The conductor, whose magnetic field is analysed, 

is made of copper. The cross section of the conductor 
is 10 mm2. 

In order to examine the shielding effectiveness, the 
magnetic field source is placed in the axis of the 
polyvinyl chloride (PVC) pipe. The inside diameter of 
the PVC pipe is 105 mm and the outside diameter is 5 
mm larger, i.e. it equals 110 mm. The role of the PVC 
pipe is only to facilitate the realization of the physical 
model in the future, constructed for the verification of 
calculated results by measurements. 

Multiple samples of non-magnetic and magnetic 
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pipes (copper – Cu, aluminium – Al, zinc-coated iron 
tin – Zn-Fe) were positioned inside and/or outside the 
PVC pipe. The thickness of copper and aluminium 
was 0.5 mm. The thickness of iron was 0.4 mm, while 
the thickness of zinc was 0.05 mm. Zinc is placed on 
both sides of the iron, so the thickness of zinc-coated 
iron is also 0.5 mm. 

Different shielding models, including the PVC 
pipe, as the base and different shielding materials are 
shown in Fig.1. 

First, the situation where the materials were 
positioned inside the PVC pipe was explored. After 
that, the procedure was repeated, but with the 
materials positioned outside the pipe. Finally, the 
situations with different combinations of materials 
inside and outside the pipe were analysed. 

 Fig.1. Different shielding models analysed in the paper. 

Problem solving in COMSOL Multiphysics 
software package 

The cable is very long, compared to the wire 
diameter, so the two-dimensional analysis is 
sufficient. Thus, the calculation of the magnetic field 
distribution is per-formed numerically, applying 
COMSOL Multiphysics computer software package, 
i.e. its AC / DC module and submodule 2D, Magnetic 
Fields (MF) - Frequency Do-main simulation. 

To determine the distribution of the magnetic field 
using this software package, it is first necessary to de-
fine the geometry of the model and the materials used 
in the system. In order to solve the problem, it is 
necessary to define the most suitable network of finite 
elements. 

The observed system consists of a copper 
conductor with current, modelled as a circle, 
concentric circles representing a PVC pipe and the 
pipes of appropriate materials. The surrounding air is 
also modelled as a circle, but with a much larger 
radius. 

For the calculation in COMSOL, it is necessary to 
de-fine the materials for all elements of the system, 
with their electrical and magnetic characteristics. The 
applied materials, as well as their electrical and 
magnetic parameters, are shown in Table 1. The role 
of iron permeability is described in [4]. 

Table 1 
Electrical and magnetic characteristics of materials 

Material σ [S/m] εr μr 
Air 1∙10-6 1 1 
PVC 1∙10-6 4 1 
Copper 59.98∙106 1 1 
Aluminium 35.5∙106 1 1 
Zinc 16.9∙106 1 1 
Iron 5.59∙106 1 800 

The diameter of the circle representing the air 
should be large enough for the magnetic field to 
disappear at its boundaries. The program does not 
allow the air to have zero conductivity, but it should 
be modelled as having very low conductivity, other 
than zero. 

The input data is the conductor current, 100 A 
RMS. In order to model the observed structure, it is 
necessary to discretize the space to a finite number of 
elements of simple shape. The software package 
divides the area of interest into triangles of different 
sizes. In order to avoid overloading the computer, but 
to continue at the same time to be as accurate as 
possible in determining the magnetic field 
distribution, the constructed network is denser in the 
vicinity of the conductor than in the area far from it. 

After forming the network, the program solves the 
corresponding complex partial differential equations 
for the complex magnetic vector potential [5], 

(1) .A j A Jωμσ μΔ − = −
  

 
When magnetic vector potential is defined at all 

corresponding points of the network, its values enable 
the numerical determination of all quantities of 
interest; induced electric field and magnetic field. In 
this case, the quantity of interest is complex magnetic 
flux density vector [5], 

(2) .B A= ∇×
 

 
In order to enable a comparison of the efficiency of 

different shielding systems, a new coefficient should 
be introduced. The coefficient also enables a good 
estimation of a magnetic field distribution inside 
particular parts of interest. The coefficient is named 
the “shielding effectiveness” (SE) and it is defined as 
[6], 

(3) .without the shield

with the shield

B
SE

B
=  

Results of the calculations 
The results obtained applying the computer 

software package COMSOL Multiphysics, are 
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presented using tables and graphs. The graphs show 
the dependence of the magnetic flux density 
magnitude on the distance from the conductor axis. 
The interval of the observed distance is from the outer 
surface of the shield to 500 mm from the PVC pipe. 

The first set of results refers to the situations when 
the shielding materials are positioned inside the PVC 
pipe. The second set concerns the results for the 
situation where the shielding materials are placed 
outside the PVC pipe. Finally, we compared whether 
the magnetic flux density vector magnitude outside 
the shield is more or less reduced for the case where 
the materials are placed inside or outside the PVC 
pipe. 

The shielding effectiveness was calculated for each 
observed situation (materials placed inside and/or 
outside the PVC pipe, combinations of different 
materials); on the distances of 0 mm, 100 mm, 
200 mm, 300 mm, 400 mm and 500 mm from the 
PVC pipe. 

Shielding materials placed inside the PVC pipe 

The influence that the shielding materials placed 
inside the pipe exert on magnetic flux density vector 
magnitude was analysed. The calculated dependence 
is presented in Fig. 2. 

 Fig.2. Magnetic flux density magnitude outside the shield 
(shielding materials placed inside the pipe). 

In the situation when copper is placed inside the 
pipe, the magnetic flux density vector magnitude is 
the lowest, due to its highest conductivity value, as 
can be noticed in Fig. 2. So, when the shielding 
material is placed inside the PVC pipe, copper is the 
best solution, while zinc-coated iron tin is the worst. 

The shielding effectiveness for situations when 
materials are placed inside the pipe is also calculated 
and the results are given in Table 2. 

Since very similar results were expected in all 
distances from the PVC tube axis, the values in Table 
2 are presented in the form of nine decimal places. 
From Table 2 it can be concluded that the impact of 
the distances from the PVC tube axis is negligible. 

Table 2 
Calculated SE (materials placed inside the pipe) 

x (m) Cu Al Zn-Fe 
0 2.465593343 1.667092862 1.068183474 
0.1 2.465673339 1.667146992 1.06405632 
0.2 2.465673333 1.667146992 1.06405631 
0.3 2.465673319 1.667146975 1.0640563 
0.4 2.465673315 1.667146992 1.064056298 
0.5 2.465673328 1.667147015 1.070994478 

The calculated results from Table 2 also show that 
the shielding effectiveness is the largest when copper 
is applied as the shielding material. Analysing the SE 
for each material, the results are also approximately 
independent of the distances from the PVC tube and 
the differences could be neglected. 

Shielding materials placed outside the PVC pipe 

The second set of calculations was performed for 
the case when copper, aluminium and zinc-coated iron 
tin were placed outside the PVC pipe. The magnetic 
flux density magnitude outside the shield is in this 
case also reduced, as it is shown in Fig. 3. 

 Fig.3. Magnetic flux density magnitude outside the shield 
(shielding materials placed outside the pipe). 

Again, it can be seen from the graph (Fig.3) that 
the copper shield reduces the magnetic field the most, 
while the field is the strongest when zinc-coated iron 
is placed outside the PVC pipe.  

The calculated SE, for situations when materials 
are placed outside the pipe, is given in Table 3. 

Table 3 
Calculated SE (materials placed outside the pipe) 

x (m) Cu Al Zn-Fe 
0 2.55106837 1.711605829 1.068183473 
0.1 2.552212833 1.712355932 1.069098829 
0.2 2.55343551 1.713176241 1.071661874 
0.3 2.557916725 1.716182842 1.06653564 
0.4 2.556475592 1.715215924 1.070160874 
0.5 2.555791991 1.714757329 1.070994465 
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The results from Table 3 confirm what can be seen 
from the Fig.3; the highest SE is obtained in the case 
where the shield is made of copper. In this case, the 
distances from the PVC tube axis do not affect the 
calculated SE. 

It would be interesting to compare the 
corresponding results for the cases when the shielding 
materials are placed inside or outside the PVC tube. 
The difference in these cases is only the thickness of 
the PVC pipe; hence almost the same results can be 
expected for both shielding material placements. For 
that reason, the numbers in Table 3 are also presented 
in the form of nine decimal places. The comparison of 
the situations when the shielding materials are placed 
inside and outside the pipe is shown in Fig.4. 

The same shielding material, regardless of whether 
it is positioned inside the PVC pipe or outside it, 
decreases the magnetic flux density vector magnitude 
in the same way. 

 Fig.4. Influence of shielding materials position on 
magnetic flux density magnitude outside the shield. 

Following this comparison, it can also be 
concluded that copper placements inside or outside the 
PVC tube result in the lowest magnetic flux density 
vector magnitudes outside the shield. The worst 
solution is zinc-coated iron tin, placed inside or 
outside the PVC pipe (the “Zn-Fe” curves on the 
graph almost match the “only PVC” curve). 

Shielding materials placed inside and outside the 
PVC pipe 

The combination of materials inside and outside 
the PVC pipe also gives lower magnetic flux density 
vector magnitude outside the shield in comparison to 
the situation when there is no shield (Fig.5). 

The reduction of the magnetic field outside the 
shield depends on the conductivity and the 
permeability values of all combined shielding 
materials. 

 Fig.5. Reduction of magnetic field outside the shield, 
depending on the combination of materials inside and 

outside the PVC pipe. 

As it can be notices in Fig.5, the copper shielding 
inside, and zinc coated iron outside is the combination 
which gives the minimal values of magnetic flux 
density vector magnitude. 

From Fig.5 it can also be concluded that the worst 
combination is when zinc-coated iron is positioned 
both inside and outside the PVC pipe. This is the 
consequence of the zinc-coated iron tin lowest 
conductivity value. 

Shielding effectiveness, defined in (3), is also 
calculated for each combination of shielding 
materials, for all chosen distances from the wire axis 
of 0 m, 0.1 m, 0.2 m, 0.3 m, 0.4 m and 0.5 m. The 
results are given in Tables 4, 5 and 6. 

Table 4 
Calculated SE (materials placed inside and outside the 

PVC pipe) 

x (m) Cu, Cu Cu, Al Cu, Zn-Fe 
0 4.692582822 3.766036432 6.250453452 
0.1 4.694685714 3.767685457 6.255809487 
0.2 4.696934756 3.769490407 6.270807092 
0.3 4.705177764 3.77610577 6.24081104 
0.4 4.702526837 3.773978287 6.26202402 
0.5 4.701269501 3.772969221 6.266901759 

Table 5 
Calculated SE (materials placed inside and outside the 

PVC pipe) 

x (m) Al, Cu Al, Al Al, Zn-Fe 
0 3.802705655 2.891780618 1.919019702 
0.1 3.804409835 2.8930469 1.920616899 
0.2 3.806232378 2.894432844 1.925221362 
0.3 3.812912223 2.899512502 1.916012177 
0.4 3.810764003 2.897878896 1.922524789 
0.5 3.809745101 2.897104077 1.924022374 
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Table 6 
Calculated SE (materials placed inside and outside the 

PVC pipe) 

x (m) Zn-Fe, Cu Zn-Fe, Al Zn-Fe, Zn-Fe
0 2.844049537 1.975447857 1.508156997 
0.1 2.845887907 1.976419539 1.509449384 
0.2 2.847251258 1.977366357 1.513068122 
0.3 2.852248111 1.980836582 1.505830447 
0.4 2.850641131 1.97972056 1.510948877 
0.5 2.84987894 1.979191231 1.512125815 

Table 7 shows a comparison of the calculated SEs 
for all combinations at the distances of 0 m, 0.3 m and 
0.5 m. 

Table 7 
Comparison of calculated SE (materials placed inside and 
outside the pipe) on 0 m, 0.3 m and 0.5 m from the shield 

0 m 0.3 m 0.5 m 
Cu, Cu 4.692582822 4.705177764 4.701269501
Cu, Al 3.766036432 3.77610577 3.772969221
Cu, Zn-Fe 6.250453452 6.24081104 6.266901759
Al, Cu 3.802705655 3.812912223 3.809745101
Al, Al 2.891780618 2.899512502 2.897104077
Al, Zn-Fe 1.919019702 1.916012177 1.924022374
Zn-Fe, Cu 2.844049537 2.852248111 2.84987894 
Zn-Fe, Al 1.975447857 1.980836582 1.979191231
Zn-Fe, Zn-Fe 1.508156997 1.505830447 1.512125815

Based on the data from Table 7, it can be 
concluded that the calculated shielding effectiveness 
of the combinations of materials ranked from the 
highest to the lowest SE is the following: 
1. Cu, Zn-Fe; 2. Cu, Cu; 3. Al, Cu;
4. Cu, Al; 5. Al, Al; 6. Zn-Fe, Cu;
7. Zn-Fe, Al; 8. Al, Zn-Fe; 9. Zn-Fe, Zn-Fe.

As a consequence of the different conductivity 
values of the examined shielding materials, it can be 
concluded that the combinations of copper and 
aluminium provide better shielding than the 
combinations of these materials with zinc-coated iron 
tin (except the combination Cu/Zn-Fe). 

Conclusion 
Observing the results of calculations for the 

situations where shielding materials are placed inside 
and/or outside the PVC pipe, it is shown that the 
lowest magnetic flux density vector magnitude is 
obtained in the case when copper is placed inside and 
zinc coated iron is placed outside the pipe. This is also 
confirmed by the calculations of the shielding 
effectiveness. Additionally, it has been shown that the 

distance from the shield does not affect the SE value. 
Summarizing the presented calculations, we can 

conclude that different geometries and different 
shielding material combinations have a significant 
impact on shielding effectiveness. The most effective 
ones can be applied in many specific situations when a 
magnetic field needs to be reduced in a particular 
space that requires shielding. The form of shield 
depends on the magnetic field source geometry as 
well as the geometry of the space which requires the 
magnetic field reduction. 
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