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SUMMARY

2020

Teaching
Magneto-
Thermal
Coupling Using
Thomson’s
Levitating Ring
Experiment

The levitating ring experiment is presented as a method for teaching magneto-thermal interactions. The complete electromagnetic model of a prob-
lem is given, together with the insight in thermal analysis. The factors for determining the vertical displacements are explained, and an elegant method
for indirect measurement of induced current in the ring is introduced. The whole apparatus is explained in detail so an accurate computer model can
be made. Several simulation approaches are given, and all prove the applicability in teaching coupled problems using laboratory experiments and

computer modeling.
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NTRODUCTION

Thomson’s levitating ring is a standard demonstration in teaching under-
graduate physics, which explains Faraday’s and Lenz laws, as well as the
forces on the current-carrying conductor in magnetic field. It was shown ini-
tially in 1887 by Elihu Thomson as a launching ring experiment, and in 1890
John A. Fleming demonstrated a levitating variant, which is widely used in
teaching electrodynamic theory [1],[2]. Due to a nonlinear character of the
device, it is also used in teaching control systems, either using nonlinear
models [3]-[5] or linear ones [6]-[11]. There are also papers describing the
control systems for magnetic suspension [2],[12]-[15], which is another ap-
proach to the levitation experiments. In control-systems environment, the
device is often modeled using the black-box approach, or only the param-
eters needed for the control systems synthesis (like excitation coil induct-
ance) are calculated using the electromagnetic theory. In general physics,
the underlying electromagnetic phenomena are often oversimplified [16].

At all universities, courses in undergraduate electromagnetic theory usu-
ally have some kind of a laboratory. With the wide spreading of numerical
analysis software, it is tempting to include them in the student’s laboratory.
At many universities the whole laboratory is based only on the finite ele-
ment (FEM) simulation, and at some other the laboratory is based solely
on the experiments.

The main purpose of this paper is to describe a successful application of
the levitating ring experiment in such a laboratory, where the experiments
are linked with the coupled electromagnetic and thermal FEM simulation.
A real experiment helps the students to better understand the purpose,
limits and the application areas of numerical analysis software, and to bet-
ter visualize object and phenomena that they are modeling.

In addition, all the elements of the experiments are carefully analyzed and
thoroughly explained from the engineer’s point of view, and an elegant way
to indirectly measure the current in the ring is described.

In application, some of the measurements or calculations may be omitted
and the guidelines for such modifications are given in the paper. With all
presented elements, the experiment can be also applied in a laboratory of
undergraduate electromechanics.

The paper is organized as follows: in Section Il the analytical electromag-
netic model is given. Section Ill presents the laboratory model and Sec-
tion IV explains the factors contributing to the elevation of the ring. The
thermal analysis is given in Section V. Section VI introduces the method
for indirectly measuring the induced current in the ring. Finally, results of
measurements and computer simulations are given in Sections VIl and
VIII, respectively.
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ANALYTICAL ELECTROMAGNETIC MODEL

Fig. 1. Working principle of the levitating ring apparatus

The apparatus consists of a copper coil circularly wound around the lami-
nated ferromagnetic core. The core protrudes upwards out of the coil to
guide the ring. The ring, made out of non-magnetic conducting material
(copper or aluminum) is stacked on the core and initially lies reclined to the
coil. If we connect the coil to a proper sinusoidal voltage source, the ring
starts to levitate at the height determined by the amount of current flowing
through the coil.

The working principle of the described device is explained in [10], [17] and
shown in Fig. 1. Current flowing through the coil will create the magnetic
field. Magnetic field lines inside the core will roughly be parallel with the
core axis. Outside the core, they will form closed curved lines. Therefore,
in each position of the ring, the coil’s magnetic field will have both axial B,
and radial B, components, which we can express in cylindrical coordinate
system as

B. =B, sin(a)t)ﬁz, (1)
B, = B, sin(ot)a,. @

Here, B,, and B, represent the peak axial and radial magnetic flux
densities, @ represents the angular frequency @ =27z f, where f is
the frequency of the sinusoidal source, ¢ represents timeand a, and a,
stand for axial and radial unit vectors, respectively.

The induced electric field around the perimeter of the ring is related with
the axial component of the magnetic flux density B, . Assuming that the
magnetic flux density throughout the surface of the ring’s cross section
is uniform and that the ring thickness is negligible, we obtain the induced
electric field using the Faraday’s law of electromagnetic induction:

VXE = —a—B, ®)
ot
E(b,t)=- @bB. cos(wt)a,, @

where b is the radius of the ring. Now we can calculate the induced voltage
in the ring, using

-

e= gﬁlﬁ -dl = —wmb?B,, cos(wt). ©)

2
If the impedance of thering is Z,. = 1/Rr2 +(a)Lr) , where R, and L,
represent ring’s resistance and inductance, respectively, the induced cur-
rent in the ring will be

2
e wnb” B,
] =—=—

(6r)Z Z

r r

cos(wt—@,)=1,qcos(@t—p,).

Here, ¢, is the ring’s impedance phase angle:

oL,
@, = arctan 2 7

T

If the ring is placed in a magnetic field with magnetic flux density é, the
force acting on an infinitesimal segment d! of the ring is

dF =i.dl xB. @®

Therefore, the total force on the ring is equal to
F =i,27bB, sin(ot). ©

As can be seen, only the radial component of the magnetic flux density af-
fects the axial force which causes the levitation of the ring. The field’s axial
component causes the radial force on the ring and integrating it over the
ring’s perimeter the result is zero (if the ring is placed horizontally). Obvi-
ously, this manifests as the radial stress on the ring, trying to compress it
inwards, towards its axis. As can be seen in (9), the force is time-varying.
Therefore, its average value is significant when calculating the axial dis-
placement of the ring:

27/

Favg ZZHbIrOBrO+ J. COS(a)t—(D,)Sin(a)t)dtz
0

27l w (10)

=7bl,.oB,.,sing,.

If m is the mass of the ring, g the gravitational acceleration, ¢ the viscous
damping coefficient and x the elevation of the ring, the motion equation
can be written as

d’x  dx (a1
e FX)=mo.
m % c ” x)-mg

The gravitational pull opposes the electromagnetic force and, after the
initial transient movement, the ring levitates at the point where these two
forces cancel each other.

In reality, the magnetic flux density and its radial and axial components
cannot be calculated analytically. The same holds for the inductance, and
the problem is even more complicated with the thermal dependence of
the ring’s resistance. Increasing the current in the ring, it dissipates more
power which causes it to warm up and thus its resistance increases. Con-
sequently, the increased resistance lowers the current and the force, caus-
ing the ring to gradually “sink” until a stable working point is reached. The
whole process of heat dissipation is also calculable only using numerical
methods, and since two processes (magnetic and thermal) are coupled it
is tempting to apply coupled numerical analysis. In addition, with the finite
dimensions of the ring, the lumped-parameter calculation becomes inac-
curate both for electromagnetic and thermal calculation.

LABORATORY MODEL

The coil is made out of 576 turns of copper wire (0.95 mm in diameter)
circularly wound in a hollow cylinder form with 18.6 and 31.8 mm inner
and outer diameter, respectively. The core is made out of laminated non-
oriented electrical steel, assembled out of 30 sheets. Because of the easier
assembling, it’s cross section is rectangular (9.85 mm x 10.1 mm) with
overall height equal to 200 mm. Paper ruler is attached to one side of the
core for measuring the height of the levitating ring. The detailed layout of
the model, together with the dimensions, is visible in Fig. 2.
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Fig. 2. Side view of the apparatus. Coil parameters are R,=9.3 mm, R,=15.9 mm,
Z,=9.15 mm, Z,=112.45 mm. Ring parameters are R,=7.375 mm, R,=9 mm, Z -
Z,=13 mm. Core parameters are (W x D x H) 10.1 x 9.85 x 200 mm

TABLEI
ALUMINUM ALLOY 5005-O PHYSICAL, ELECTRICAL AND
THERMAL PROPERTIES [17]

Property Value
density 2.70 g/em’
electrical resistivity 3.32x10% Qm
temperature coefficient 0.0036 K™!
specific heat capacity 0.900 J/g°C
thermal conductivity 200 W/mK

Fig. 3. Levitating ring apparatus.

o

n
N

Variable Isolation Coil with
Transformer Transformer ferromagnetic
(0-245 V, 50 Hz) (220/24 V) core

Fig. 4. Connection diagram of the levitating ring apparatus.

The ring is made out of aluminum alloy 5005-O, whose physical, electri-
cal and thermal properties are given in Table | [18]. It is 13 mm high with
the inner and the outer radius equal to 7.375 mm and 9 mm, respectively.
For the sinusoidal voltage-regulating source, Iskra MA 4803 variable trans-
former was used (245 V, 50 Hz). It is connected to the isolation transformer
(220/24 V) in order to ensure the safety of non-professionals (e.g. students)
using the levitating ring apparatus. Two true RMS digital multimeters (UNI-T
UTB0E) are used for measuring the voltage of the coil and the current flow-
ing through it. For measuring the electric power of the coil, Iskra OES0101
digital wattmeter is used (accuracy class of 0.1 at the 40-60 frequency
range). Finally, FLIR i7 thermal camera is used in order to accurately meas-
ure the temperature of the ring. Since the emissivity of the polished alu-
minum is 0.04-0.06 [19], a standard black electrical tape was cut in a square
4 mm wide and attached to the ring. The emissivity of such a tape is 0.96
and therefore the temperature of the ring can be precisely measured using
the thermal camera. Whole apparatus demonstrating the levitating ring ex-
periment is visible in Fig. 3 and the connection diagram in Fig 4.

HEIGHT OF THE RING AND ITS VERTICAL
DISPLACEMENT

In [17] the influence of the phase angle of the ring’s impedance on the ver-

tical displacement is presented. Nevertheless, the influence of the ring’s
height on the phase angle is only briefly elaborated. In [10] the inductance

of the ring is calculated for a circular ring. In this section, an engineering
perspective will be given to the calculation of the inductance of the ap-
plied ring, which was in the form of a hollow cylinder.

The alternating current flowing through the coil induces the electromag-
netic force which pulls the ring upwards. Equation (10) shows that three
main parameters dictate the value of the force: the induced current flow-
ing through thering /,.,, the radial component of the magnetic flux den-
sity B, and the ratio of the ring’s inductance over its resistance sin ¢,
(see (7). These three parameters and their influence on the elevation of
the levitating ring are explained next.

The electromagnetic force will decrease with the elevation, since the
magnetic flux density decreases with distance from the coil [20]. The ring
will levitate at the point where that force is equal to the gravitational pull
on the ring.

In order to calculate the factor sin ¢,., the inductance and the resistance
of the ring have to be obtained. Since the ring used in the experiment has
the shape of a hollow cylinder, the resistance can be calculated using the
thin-wall solenoid approximation

/ (12)
R =p—.
=P

Here, p is the electrical resistance of the material of the ring, / is the
mean circumference of the ring and A is the area of the cross section of
the ring. We obtain

R zﬂ_bo+bi (13
" h b,-b’

where / is the height of the ring and b, and b; represent the outer and
the inner radius of the ring, as visible in Fig. 5.

The calculation of the inductance of the circular ring with rectangular cross
section is not trivial. Since the ring in this experiment is relatively thin, the
same thin-wall solenoid approximation can be used. Self inductance can
then be obtained using [21]
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L =%((21¥—1)E(k)+(1—k2)1<(k)—k3). (14)

Here, 1, is the permeability of air, b

mean 1S the ring’s mean radius

(Bpoan = b, ;bi ) and E(k) and K(k) are the complete elliptic
integrals of the first and the second kind. Factors /3 and & are calculated
?ollows: s
h
ﬁ - meean , (1 5)
k= a9
1+

horizontal plate
facing up

vertical cylinders

horizontal plate
facing down

Fig. 5. Aluminum ring in the form of a hollow cylinder.

TABLE II
STEADY-STATE ELEVATION OF DIFFERENT RINGS
(Icon=1.5 A, INNER AND OUTER RADIUS ARE THE SAME FOR ALL THREE

RINGS)
Ring's height (mm) Elevation (mm)
3.1 4
6.3 29
13 52

Fig. 6 shows the correlation of the ratio of the ring’s inductance over its
resistance with regards to the height of the ring. It is clearly visible that the
ratio increases, i.e. the character of the ring’s impedance is increasingly
inductive. Consequently, the parameter sin @, in (10) increases which
means that the ring with greater height can achieve higher vertical dis-
placement from the coil (its levitating point is higher). Using the laboratory
model from Section lll, the steady-state elevation of three rings with differ-
ent heights is presented in Table II.

The induced current flowing through the ring /,,, according to (6), is
determined by the source frequency, axial component of the magnetic flux
density, ring’s radius and the impedance of the ring. Since the resistance
of the ring is very low, the induced current tends to be relatively high. If the
ring is kept levitating for a relatively long period of time, the ring’s tempera-
ture will noticeably increase. Consequently, increasing the ring’s tempera-
ture, its resistance increases as well, according to the linear approximation
of temperature dependence

Ry =R, (1+a(9-20°C)), (17)

where 3 is the temperature in the Celsius temperature scale, ¢ is the

temperature coefficient of the material of the ring, R, is the ring’s resist-

Ratio L, R, 10 * HLLI.
o = — N
W o (@] ()

e
(=]

I
o

0.2 04 0.6 0.8 1.0 1.2 14
Height of the ring / Ldml

Fig. 6. Correlation of the ratio of the ring’s inductance over its resistance with
regards to the height of the ring. The geometry of the ring and its electrical resistivity
is given in Fig. 2 and Table I.

TABLE III
PROPERTIES OF AIR [22]
(AT ATMOSPHERIC PRESSURE OF 101.3 KPA AND TEMPERATURE OF 300 K)

Symbol Property Value

g gravitational acceleration 9.80665 m/s”
thermal expansion coefficient 1
. K

p (for air p=1/T.,) 0.0033
v kinematic viscosity 15.68 x 10° m?/s
a thermal diffusivity 22.16 x 10° m?/s
k thermal conductivity 0.02624 W/m K
P density 1.177 kg/m®
¢ specific heat capacity 1005.7 J/kg K
Pr Prandt] number 0.708

anceat 20°C and R, 4 isthering’s resistance at the temperature §. The
increased resistance of the ring will cause the current flowing through it to
decrease and hence the overall electromagnetic force exerted on the ring
will decrease. As a consequence, the ring will slowly “sink” (its elevation
will gradually fall) as the ring’s temperature increases.

As can be seen from the abovementioned, the behavior of the levitating
ring cannot be easily predicted or calculated. This justifies the usage of the
levitating ring experiment in teaching control systems as described in the
Section |. The number of overlapping physical effects makes this experi-
ment well suitable in teaching engineering electrodynamics and electro-
magnetically and thermally coupled-problem solving, as well.

THERMAL ANALYSIS

Previous chapter explained the influence of the increased temperature of
the ring on its elevation height. If the alternating source in the experiment
apparatus is turned on for a long period of time, the levitating ring will finally
come to a steady state and its elevation height will not further decrease
with time. At that point the heat generated in the ring due to the power loss
(Joule heating) will become equal to the heat dissipated from the ring to
its surroundings. The mechanisms explaining the heat exchange are com-
plicated and involve solving the convective heat transfer and the thermal
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radiation equations. However, by neglecting or approximating some ther-
mal effects, the thermal model of the ring may be analytically explained.

If a hot object is radiating energy to its cooler surroundings, the radiation
heat loss rate can be expressed as

Grud = ga(T;‘ -7 )A, (18)

where ¢ is the emissivit% of the qbject, o is the Stefan-Boltzmann con-
stant (o0 =5.6703-10" W/m?K* ), T, is the surface temperature of
an hot object (absolute, thermodynamic temperature in K), 7, is the tem-
perature of the surroundings (also in K) and A is the area of the object.
Since the ring in this experiment is made out of highly polished aluminum
whose emissivity is around 0.04 [22], the heat dissipation by radiation can
be neglected.

The convective heat transfer caused by the movement of the heated air
around the levitating ring can be approximated using the analytical expres-
sions for natural convection on vertical cylinders and on horizontal plates.
The Newton’s law of cooling states that the rate of convection heat transfer
qconv IS

. dQ
=—==hA(T,-T,), 19
Georw =~ (T,-T.,) (19)

where Q is the thermal energy (in joules), / is the convection heat trans-
fer coeffic'&ent (W/m2 K), A isthe surface area of the heat being trans-
ferred (m~), 7, is the temperature of the object’s surface (in K) and T, is
the temperature of the environment (in K).

The heat transfer coefficient / is characterized by the geometry of the
object, its physical properties and the positioning in the environment. The
four surfaces of the cylindrical ring, due to its sharp edges, can be ap-
proximated with the horizontal plate facing up, the horizontal plate facing
down and two vertical cylinders, as illustrated in Fig. 5. The coefficient 4
is defined as

h="", (20)

where Nu is the Nusselt number, k& is the thermal conductivity of the
material and L is the characteristic length of the surface. In order to cal-
culate the Nusselt number, the Rayleigh number has to be defined as well:

Ra, :%(TS ~T,)I. e

All the parameters are defined in Table Ill. If, for the sake of simplicity, the
air flow is assumed to be laminar, the Nusselt number for a horizontal plate
facing up is [23]

Nut = 1.4 . ©2)

1.4
In| 1+ 5%
0.835 C,,,,Ra;

The coefficient Clam is defined as

.671
Clam = 067 ’ 23)

1{0.492]% %

Pr

where Pr is the Prandtl number (Table Ill). The characteristic length is
equal to the ratio of the plate surface area to its perimeter, which in this
case is equal to

area (bf _biz)” 3 b, _bl_.

The Nusselt number for a horizontal plate facing down is equal to [23]

2.5 1.9 %
— 1+(']
0.527 Ra’ Pr

The characteristic length is given in (24). Finally, the Nusselt number for a
vertical cylinder is [23]

Nu =

In| 1+

4
Nu = Nu,, —=——, (26)
P n(1+&)
where Nuv is the Nusselt number for a vertical flat plate (i.e. neglecting
the curvature of the cylinder),

N, = 2.0 . @7)

” 2.0
In| 1+ —F—— 035
ClamRaL‘

Here, C,,,, is givenin (23), and the characteristic length L isequaltothe
height of the plate (the height of the cylinder in this case). Factor & takes
into account the influence of the curvature and is defined as

1.8 L
f=—"2, (28)

Nu,, D

where D is the diameter of the cylinder.

Knowing the temperatures of the environment and of the object, using
(18)-(28) the total heat transfer of the cylindrically shaped object can be
calculated. However, since the dimensions of the ring are relatively small,
the analytical equations given yield inaccurate results. Therefore, numeri-
cal methods with a more detailed approach should be used when trying to
accurately model the thermal characteristics of the ring. The above-men-
tioned parameters are explained in order to become acquainted with the
thermal analysis nomenclature and to have a more insight when simulating
this experiment using a computer. There is a plenty of available literature
with a more detailed approach to heat transfer theory and computational
thermal analysis [22-26].

INDIRECT MEASUREMENT OF THE CURRENT
IN THE RING

None of the papers dealing with the levitating ring experiment [1]-[16] pre-
sent the method for measuring or calculating the induced current in the
ring. One of the approaches would be to make an accurate thermal model
of the ring. Since all the heat generated inside the ring comes from the
Joule losses, the current can be obtained knowing the heat transfer from
the ring to its surroundings. This can only be accurately achieved using
the computational thermal analysis, which is out of scope of many elec-
trical engineers. This section presents an indirect way of measuring the
Joule losses. Thus, the induced current in the ring can be calculated more
precisely.

If we connect the apparatus according to the connection diagram in Fig. 4,
the real power measured will consist of Joule losses in the coil, hysteresis
and eddy current losses in the ferromagnetic core and the Joule losses in
the aluminum ring. The ferromagnetic core is laminated which minimizes
the core losses caused by the eddy currents. If the core is made out of the
low-loss material, the hysteresis losses will be significantly smaller in com-
parison with the coil losses. Furthermore, because of the open-core type,
these losses will be reduced even more since the magnetic flux density
inside the ferromagnetic core is low.

Keeping the current in the coil equal throughout the measurements, if P, ,
is the measured real power with the levitating ring inserted and the P,
without it, we can determine the Joule losses in the aluminum ring as the

L= = = @4 difference in measurements
perimeter  27t(b, +b;) 2
2
PWZ_PwlzerrS’ 29
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where [, =1 / \/E is the effective value of the induced current in the
ring. Using (17) and knowing the geometric and electrical properties of the
ring together with its temperature, the current flowing through the ring is

1(A)

L L L L L
0.015 0.02 0.025 0.03 0.035 0.04

t(s)

L L
0 0.005 0.01

Fig. 7. Measured waveforms of the excitation currents in the coil. At 1.5 A (RMS)
the waveform is sinusoidal and at 2 A (RMS) the waveform is distorted due to the
core’s nonlinearity.

Excitation current in the coil has to be sinusoidal for the digital wattmeter
used to be accurate. Therefore, we have to be in the linear part of the
B-H curve of the ferromagnetic material of the core (i.e. the relative mag-
netic permeability of the material has to be constant). Fig. 7 shows the
oscilloscope waveforms of the excitation currents at 1.5 A (RMS) which is
practically sinusoidal, and at 2 A (RMS) where the nonlinearity of the core
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Fig. 9. Current inside the coil remained unchanged in time for both sets of
measurements.
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Fig. 10. Elevation of the ring gradually decreased in time until a steady state was
achieved.
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Fig. 12. Real power of the coil gradually increased in time until a steady state was
achieved.
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Fig. 13. Calculated resistance of the ring as a function of time.
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Fig. 14. Calculated current flowing through the ring as a function of time.

The voltage and the current of the coil remained unchanged throughout
the measurements, as can be seen in Fig. 8-9. All the other measured pa-
rameters (elevation, temperature, real power) change until the steady state
is achieved, as is visible in Fig. 10-12. Finally, Fig. 13 shows the calculated
resistance of the ring using (17) and Fig. 14 the calculated current flowing
through the ring using (30).

A number of conclusions can be deduced from the presented figures. If
the voltage and the current of the coil remain unchanged (Fig. 8-9) and
the overall real power gradually increases until a steady state is achieved
(Fig. 12), obviously the power factor increases as well. This means that
the phase angle between the voltage and the current decreases, i.e. the
character of the impedance of the load becomes more and more resistive.
The ring will levitate at the position where the magnetic force acting on it
equals its own weight, as explained in Section Il. Since the temperature of
the ring rises (Fig. 11), its resistance rises as well (Fig. 13), meaning that the
current flowing inside it should decrease. The magnetic force is now lower
and it cannot compensate the pull of the ring’s weight and the ring moves
downwards. Now the ring is closer to the coil and the axial magnetic flux
density increases which leads to the increased induced voltage in the ring
(5). This increases the current in the ring and the magnetic force-weight
equilibrium is achieved again. The calculated current flowing through the
ring (Fig. 14) shows that, throughout the measurements, its value remains
relatively constant.

COMPUTER SIMULATIONS

Described experiment of the levitating ring can be easily simulated on a
computer using one of the available FEM electromagnetic/thermal soft-
ware packages. The time needed to model it is relatively low which makes
it ideal for a student computer-simulations project.

To completely model the levitating ring experiment, a transient analysis,
which can deal with the gradual heating and “sinking” of the ring, should
be made. However, the complexity of such an approach makes it appro-
priate only for senior-year student assignments. For an undergraduate
level, another approach may be applicable. Doing the measurements first,
final steady state values can be used as simulation parameters. Using Fig.
10, the ring can be placed at the proper elevation and applying the meas-
ured currents (Fig. 9) the magnetic force and current in the ring can be
obtained. Also, if a coupled electromagnetic-thermal analysis is done, the
final temperature of the ring can also be retrieved.

The simulations in this paper are done using the Infolytica MagNet and
ThermNet software. Depending on the software licenses available at the
certain universities, there are many approaches at computer modeling of
the levitating ring experiment, as presented in the next subsections.

A 3D Electromagnetic-Thermal Coupled Simulation

The levitating ring apparatus can be modeled using the geometric, electri-
cal and physical properties from the Section lll. A custom material is speci-
fied for the ring using the Table I. For the ferromagnetic core, an M270-35A
non-oriented fully processed electrical steel is chosen based on the thick-
ness and core losses [27]. Finally, a 98% IACS copper is used for mod-
eling the coil. All the plastic protrusions and supports are omitted from the
model since they do not affect its electromagnetic properties. Obviously,
the teachers should choose the materials appropriate for their available
equipment when setting up this project. For the thermal part of the simula-
tion, only the ring is taken into consideration for the sake of simplicity. The
four surfaces are modeled according to Section V and the temperature of
the surroundings is set as in the measurements.

B, 2D Electromagnetic-Thermal Coupled Simulation

If only 2D modeling software is obtainable it can be used as well and still
achieve satisfactory results. Since the ring and the coil can be modeled
in 2D geometry, only the ferromagnetic core with rectangular cross sec-
tion has to be approximated in 2D. A standard procedure of equaling the
cross section areas can be used. If a rectangular cross section needs to
be transformed into a circular one, the radius of a circular cross section
has to be

Rcircular = A Wldth;depth > (31)

which, in this case, using the data from Fig. 2, yields R__ _=5.62735 mm.

circular

Obviously, the 2D approach can be used without the abovementioned ap-
proximation if a laboratory model is made with ferromagnetic cores with
circular cross section.

C) 3D or 2D Electromagnetic Simulation

For a pure electromagnetic analysis, the thermal calculation can be omit-
ted. The problem is then simpler, since no thermal modeling needs to be
done. Using the measurements (Fig. 13), the final steady state tempera-
ture of the ring has to be defined in the simulation software used in order
to accurately calculate the resistance and, therefore, the induced current
flowing in the ring.

D) Simulation Results

As with the measurements, the two sets of calculations were done. The
results obtained using the different computer simulation approaches, to-
gether with the measured values, are presented in Tables IV-V.

The magnetic force in Tables IV-V is equaled to the calculated weight of
the ring using the density from Table | and geometric parameters of the
ring from Fig. 2. The total weight G of the ring calculated this way is

G=gm=gylV = g}/hﬂ(bf —biz), (32)

where g is the gravitational acceleration, m is the mass of the ring, V is its
volume and y is the density of the ring (Table ).

As can be seen from the calculated results, the 3D electromagnetic-
thermal coupled computer simulation provides, as expected, the results

Martin Dadié¢, Tomislav Zupan, Teaching Magneto-Thermal Coupling Using Thomson'’s Levitating Ring Experiment, Journal of Energy, vol. 69 Number

9 2 (2020), p. 3-10
https://doi.org/10.37798/202069231



MEASURED AND CALCULATED RESULTS FOR THE LEVITATING RING
1.=1.518 A, ELEVATION OF THE RING = 52.0 MM, Tsrrounnmas = 28.6 °C

TABLE IV

TABLE V

MEASURED AND CALCULATED RESULTS FOR THE LEVITATING RING
1.=1.044 A, ELEVATION OF THE RING =27.5 MM, Tsurrounomes = 29.0 °C

Induced Magnetic Temperature Induced Magnetic Temperature
Approach current (A) force (mN) (°C) Approach current (A) force (mN) (°C)
Measurement 118.8 28.8" 80.3 Measurement 118.9 28.8Y 79.3
3D Coupled 118.5 29.0 76.9 3D Coupled 119.0 28.9 71.7
2D Coupled 111.6 24.9 71.5 2D Coupled 113.0 24.7 72.9
3D Electromagnetic 117.4 28.5 80.3% 3D Electromagnetic 118.5 28.6 79.3%
2D Electromagnetic 108.7 23.6 80.3” 2D Electromagnetic 111.0 23.9 79.3%

¥ Gravitational pull calculated from the geometric parameters of the ring

(Fig. 2) and its density (Table I) using (31)

® Temperature defined in the simulation

closest to the measured values. All the other simulation approaches offer

(Fig. 2) and its density (Table I) using (31)

® Temperature defined in the simulation

results that are still quite satisfying and prove that, if full 3D licenses are not

available, the levitating ring experiment can be modeled accurately.
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