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List of abbreviations and symbols

AC: Alternating current

B: Magnetic flux density (Wb/m2 or Tesla),
CEMF: Counter electromotive force

CFD: Computational fluid dynamics

DC: Direct current

FEM: Finite element method

Gr: Grashof number

HV: High voltage

IR: Infrared

H: Magnetic field intensity (H)

h: heat transfer coefficient (W/mz2.K)

k: Thermal conductivity (W/ m<K)

LV: Low voltage

Ii: Line current (A)

Ir: Phase current (A)

Nu: Nusselt number

Pcu: Copper losses or resistive losses (W)
Pee: Iron losses or core losses (W)

Pr: Prandtl number

Ra: Rayleigh number

RANS: Reynolds averaged Navier-Stokes equations
V.: Line voltage (V)

Ve: Phase voltage (V)



INTRODUCTION

Ever since the electronic devices have become a crucial part of the industry, the heat
problem has come hand in hand. Joule heating, inductive heating and microwave
heating according to the operating power and frequency are of significant factors not

to be overlooked when designing and operating electrical machines.

A power transformer, an essential device to reduce or boost voltage, also generates
heat during its operation caused by joule losses (resistive losses or copper losses) and

iron losses (hysteresis and eddy currents).

The thesis is to implement the numerical modelling and simulation of thermal
behaviour of a three-phase transformer using Comsol Multiphysics and experimental
values for heat sources. Then the discussion on some of the important factors and co-

relations between temperature and heat flux will follow.

As can be seen in 1. LITERATURE REVIEW, a lot of studies on thermal analysis of
power transformer are performed on heavy-duty industrial transformers with the oil-
immersed cooling system. Heavy-duty transformers are definitely more susceptible to

heat requiring more active cooling system such as oil and forced convection.

However, the thermal aspect should also be considered in designing and modelling of
small or medium-duty air-cooled power transformers because excessive heat impacts
on the durability and the performance of the device as much as the heavy-duty ones.
For this purpose, light-weighted simulation can be modelled using simple but powerful
CFD tools. Identifying the heat transfer mechanism and the temperature distribution
can improve the longevity of the device by applying proper insulating or heat-
dissipating materials. It could also help to redesign or modify the geometry of the
device. All these can be implemented by modelling and simulation in the computer

before building an actual prototype.

Comesol Multiphysics is a software that combines FEM analysis and multiphysics
simulation. It is widely used to build and simulate models based on complicated partial
differential equations in electrical, mechanical, and chemical engineering. Comsol
Multiphysics 5.4 is to be used to study and simulate the thermal behaviour of the
transformer. To simplify the model, both isotropic and anisotropic heat transfer
coefficients are studied and applied according to the material characteristics. The heat

generated by the copper windings is derived mathematically first so that the Comsol



Multiphysics handles the heat transfer process over the entire device as well as to the
air. Analytical results gained from the simulation are discussed and compared with the

experimental data.

The goal of the study is to establish a light-weighted but efficient thermal model of a
power transformer which complies with the real-world heat transfer physics.
Therefore, to validate the simulation and obtain exact values for heat sources, a lab
experiment to measure the overall surface temperature of the actual model
transformer is performed as well. Further analysis, comparison and discussion based

on the experiment and the post-processed data are presented.



1. LITERATURE REVIEW

Literature review for this study is carried on 2 areas. One is for iron losses and the
other for thermal analysis and heat transfer model of transformers. Study models of
the losses are significant because they act as heat sources of the model in this study

and thermal analysis is the ultimate goal of the research.

Copper losses are relatively straight forward compared with iron losses. A simple
mathematical model can be applied to calculate the copper losses as presented in
2.3.2 Copper losses, whereas deriving iron losses requires much more complicated

processes and different approaches.

1.1 Iron losses

Unlike copper losses, calculating iron losses is not simple. It is mainly due to the
nature of ferromagnetic materials that involves many heterogeneous parameters while
inducing magnetic flux. Many kinds of research have performed but they all require
validation with the experimental results. It is stated by [1] that change in
magnetization tends to happen in a local domain which is also subject to movement in
an irregular pattern. This results in non-uniform magnetization in ferromagnetic
material which makes it hard to calculate the exact iron losses analytically or

mathematically.

Regarding the iron losses, a lot of researches are carried out based on a widely used
power equation by Steinmetz model [2]. However, to find out the Steinmetz
coefficients, one must know full detailed information of the core geometry such as
exact values of the sheet metal thickness and the width of the sheet surface crossed
by the magnetic flow [3]. The study [3] was carried based on a simplified electrical
diagram for a single-phase transformer. However, experiments have to be carried out
to obtain and verify the B-H characteristic of the transformer. The analytical

calculations were acceptable to obtain eddy current loss, but not hysteresis loss.

The study [4] uses two models (Steinmetz equation and the improved generalized
Steinmetz equation) and couples them with Comsol Multiphysics. To deal with
inhomogeneity in magnetic flux density distribution, separate FEM model is made and
non-linearity is handled by defining an initial magnetization curve in Comsol material
properties. Post-processing has to be followed to finally obtained the maximum

magnetic flux density. For the material, values of Steinmetz constants k, a, b were
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obtained according to the frequency and maximum B. Although the numerical results
demonstrate good accuracy, it requires multiple time-dependent simulations to
achieve empirical current waveforms and still needs validation with experimental

results.

A similar approach was carried in the study [5] to achieve loss density using Comsol

Livelink with Matlab based on Bertottis equation [6] for heavy-duty hydro generator.

FEM program is used to model the losses in the element-level and sum up at the last.
Nevertheless, the method seems limited to find the peak AC flux density for this

study.

The main goal of the study is to establish a viable heat transfer model of a power
transformer and verify with the real temperature under fully loaded operation
condition. Therefore, taking exact values of copper losses and iron losses from the

experiment is adopted in this study.

1.2 Thermal analysis

In order to perform and establish thorough modelling of heat transfer for a dry-type

transformer, review on the preceding studies is summarized as follows.

A slice model of an oil-filled air cooling transformer was studied by J. Gastelurrutia
[7]. The study was focused on the heat transfer mechanism and the oil flow especially
on a hallow fin of the transformer. Making a model into a slice could save
computational resources and time considerably. Also, measurement on the surface
temperatures of 3 similar but different types of transformers with different loads were

performed to verify the robustness of the slice model.

The study demonstrated viability when focusing the heat transfer associated with the
oil flow inside the hallow fins. Although turbulence was modelled and it conveyed the
entire thermal behaviour of the transformer, the dynamics of the heat transfer,

especially inside the transformer case, was not in the study scope. Thermocouples to
measure the temperatures were attached on the case surface and the hollow fins, not

on the internal surfaces.

Additionally, because of the model being sliced, the slice model showed a higher

temperature than the complete model, and loss values of the core and the windings
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were taken from the loading guide for oil-immersed power transformer. A mean value
of the heat transfer coefficient was set for the fins surfaces without assigning the air

domain. This could have resulted in a considerable difference in temperature vertically
especially on the lower part of the model as was commented on the paper as well. The

study was carried out under the assumption that no radiation in the air.

Torriano [8] carried a numerical study on an oil-immersed disc type transformer
modelled in 2D conjugate heat transfer (CHT) which couples solid models and the fluid
model. Heat source data is presumed to be gained from the manufacturer or the
operator and Navier-Stokes equations for incompressible flow is applied for governing
equations. The study deals not only with heat transfer but also the oil flow momentum
and viscosity. The oil flow is considered as laminar and no turbulence is modelled. It's
a parametric study to analyze the effect of mass flow rate, inlet position, and inlet

temperature profile of the oil that flows around the winding.

The study focused on the failure of the device due to a thermal impact was done by
Pelayo [9] using a 2D model cut in the middle so that the cross-section of the
windings are viewed. A microscopic modelling in the copper windings including air was
implemented in the study, however, radiation was not considered and turbulence was
not modelled. The process to derive iron losses was missing discussing only the copper
losses. In general, the study focused on the overload condition due to a failure of the

winding insulation.

By El Wakil [10], a numerical study on the cooling optimization of a power transformer
was carried in 6 different geometric configurations and the cooling oil flow rates under
the steady-state. The work was done by giving increment of inlet fluid velocities while
keeping the oil temperature constant. The influence of the parameters(inlet velocities
and different geometries) on the fluid flow and the heat transfer was analysed. Finally,
the geometric parameters were changed by adding or removing insulation materials
on the top, bottom, channels core, and windings. It was concluded with the selection

of the best geometry case and proposing the optimum inlet velocity.

Lee [11] studied the air temperature effect on a transformer placed in a vertical
cooling duct. The 2D model was created to simulate transient heat diffusion of a
transformer to study how the air temperature in the duct affects the winding
temperature. The study attempted to couple electromagnetic and thermal models
together. As for the heat sources, the current density is used in the governing

equations for both copper losses and iron losses. However, it was not clearly



mentioned how exact values of source currents were achieved. So it could be assumed
that the values should have achieved somehow from the experiments. The
temperature distribution is calculated with constant and varying air temperatures
under different loads.

As can be reviewed from the above, most of the researches were carried out based on
the oil-immersed transformers and in the 2D model. Transformer using oil as a cooling
medium has to deal with the fluid flow together making models more complicated

solving for the fluid dynamic problem, thus making it really hard to model in 3D.

Additionally, most of the researches missed out the details on how the heat sources
were obtained whether numerically or experimentally. The exact values of heat
sources are crucial initial conditions since everything starts from there. One mentioned

in detail was not engaged with thermal analysis.

The goal of this study is to achieve a whole 3D model of a dry-type power transformer
that complies with the experimental results and provide sufficient information of heat
flux and temperature information. Therefore, it would be meaningful to perform a
study on a 3D axisymmetric model of a transformer without oil and fins and analyse

heat fluxes and temperatures inside and the surface of the device.



2. POWER TRANSFORMER

A transformer is a power electronic device to elevate or descend the AC voltage to the
desired output voltage using mutual inductance. The key principle of the device is
based on Michael Faraday’s law of induction which defines the production of a
magnetic field when current flows [12]. It transfers energy and regulates the voltage
simultaneously using this common magnetic field generated along with the steel core.
Transformer plays a crucial role in power electric transmission and distribution system
since high voltage is more efficient to transport the electrical energy over a long
distance with minimal losses [12]. Higher the voltage is, the lower the I°R losses are.
After the power transmission, the high voltage electricity can be lowered to a safer
voltage(220 V or 110 V) for the end-users and transformers take crucial roles in this

process.

Modern power transformer, which has an efficiency between 95% and 99%, requires
little maintenance and adjustment for operation due to its simple construction and
static operation [12]. Nevertheless, like all other electric devices, heat is generated by
the power transformer when a load is applied during the operation. Thermal analysis
of a power transformer is required in order to predict the surface temperature
distribution as well as to analyze how heat is transferred by all modes of heat transfer.
These results could possibly prevent the overheating of the device by applying proper

thermal materials or design a natural or forced cooling system on the device.

There are two types of power transformer in terms of cooling and insulation type. One
is dry type and the other is oil-immersed type. The dry type is air-cooled suitable for
small and medium in power and size. Oil-immersed type is widely used in the industry
as heavy-duty transformers. Oil is a good conductor of heat but a bad conductor of
electricity at the same time. This property of oil makes it possible to use oil as an
insulator and a coolant of the heavy-duty transformer in high voltage. Mineral or

vegetable oil is commonly used in the oil-immersed industrial transformer.

There are many different types of transformers in terms of usage and function,
however, the study is carried out based on a 3 phase dry type transformer(Star-Delta
for step up and Delta-Star for step down) shown in Figure 2.1, so the discussion and

topic will remain within this specific model.



Figure 2.1 The real model of 3 phase power transformer (0,5 KVA; 380 V/110 V)

The measured geometry of the model transformer is listed in Table 2.1, and more

detailed electrical technical specifications are presented in the following sections and

chapter 4.

Table 2.1 Measured geometry of the transformer

width 150 mm

E-core height 152 mm

depth 40 mm

) width 52 mm

Slnfvli(;;?npgper height 60 mm

depth 85 mm

2.1 Steel core transformer

The core made of steel carries magnetic flux when current flows through copper wires.
The core material is magnetic so that it carries magnetic flux much better than other
media as air and it is widely available in the industry. For example, electrical steel has
relative permeability (ur), referred to as an ability to carry flux, around 1500 while air
has a value of 1.

Magnetic flux can be defined as follows.
B=yp, pu-H (2.1)

Where B is the magnetic flux density (Wb/m? or Tesla),
Mo is the free space permeability = 47 - 1077 Wb - A"t - m™1!
Uris the relative permeability of the material

H is the magnetic field intensity (H)
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It must be noted that the relationship between B and H is expressed in the B-H curve
as the value of urchanges with flux. Since a transformer is a device to transfer
electrical energy through magnetic flux, concentrating the flux definitely improves the

efficiency of the transformer [12].

Note that B and H can be rewritten and be represented in terms of flux [13].
o I-N
_¥ — 2.2
B 2 and H 7 ( )
where ¢ is the core flux lines (Wb),
A is the cross-sectional area of the core (m?2),
N is the number of turns in the winding,
I 'is the maximum current (A),

d is the mean length of the coil (m).

Rearranging (2.1) and (2.2) with the frequency, we obtain an expression of flux

density(B) useful for transformer design [13] as follows
¢ 0225xE

A f-A-N (2.3)

where E is the applied alternating voltage (V)
fis the frequency (Hz)

2.2 Three-phase Delta-Star system

A three-phase transformer is typically used to regulate the voltage of the 3-phase
power supply. A three-phase transformer is equivalent to three sets of single-phase

transformers sharing a common core.

There are only 2 ways to connect 3 wires in 3 phase power system. One is Delta and
the other is Star(Wye). In Delta configuration, 3 transformers end-to-end are
connected in series, whereas in Star configuration, there is one point which is the

neutral shared by 3 wires whose physical wirings are shown in Figure 2.2.
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Star Connection
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&N | e
C Delta Connection
5 —
< S a b
.(
3
'2 YOOy
2 i i
« C

Figure 2.2 Physical wiring of star and Delta connection [14]

In Delta system, the voltage between any 2 line voltages must be identical to the coil
voltage that is referred as the phase voltage since they are connected with the coil in
parallel, resulting V. = Vr. However, the relationship between the line current and the

phase current is 120° out of phase, resulting I, = I, x /3 [12].

In the Star system, the difference in phase-time by 120° happens in the voltage
between 2 line conductors resulting V, = V, x v/3. As for the current, there is only one
path for the current to flow through the load connected between 2 line conductors
giving I, = I,. If one more extra line is connected to the common point called a
neutral, four-wire system can be formed in 3 phase system making it possible to
create one more voltage to supply the loads. It makes the star system most popular in

3-phase system[12] in the industry.

The total KVA of the 3-phase system is the sum of each individual phase coil.
Providing that all have equal power, the total 3-phase power can be represented as
follows [12].

3xV, %I,

2.4
1000 (2.4)

Three phase KVA =
However, the actual calculation of KVA differs according to how 3 phase power system
is connected in the circuit. There can be a total of 4 different options based on how
circuits of primary and secondary windings are wired.
e Star-Star (Wye-Wye)
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e Star-Delta (Wye-Delta)
e Delta-Star (Delta-Wye)
e Delta-Delta

In general, Delta connection offers chances for multiple voltages but Delta connection
provides higher reliability [15]. Phase shift takes place from primary to secondary in
the Delta-Star transformer, whereas no phase shift is involved in Delta-Delta or Wye-

Wye type transformers.

As a Delta-Star(Star-Delta) connection transformer is chosen for this study, the
discussion will stay within this type in this paper. The circuit diagram of the Delta-Star

connection transformer is shown below.

A-Y
A

B,

C;

T Ts Ta

N,

As

B [

C.

Figure 2.3 Phase wiring of Delta-Star transformer [15]

This type of transformer is mainly used when more than one voltage is required on the
secondary side depending on the purpose. It is also common to apply this type to a
step-up transformer before the transmission of electric power [12]. The main
advantage of the Delta-Star type transformer is the extra gain in voltage. Even if the
turn ratio between the primary and the secondary is equal, the secondary winding still
has 1,73 times higher voltage than the primary side due to the structure of Wye-
connection. This is certainly a benefit when the transformer is used as a step-up
device [12].

Line current = phase current X 1,73 (2.5)

Nevertheless, the disadvantages of this type would be
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e The primary windings must be insulated throughout the entire 3-phase voltage
for a step-down transformer, which requires more insulation materials.

e The secondary Delta-connection does not cancel out harmonic currents.

In the Delta system, V, =V, and I, = I, x V3 and substituting these into (2.4), will result

- o (2.6)
KVA =V, X I, X 7505
Turn ratio of 3 phase transformer for Delta-Star connection is defined as
N V
TR =-P=+3.2 (2.7)
N v3 Vs

where N, is the number of turns of the primary winding,
Ns is the number of turns of the secondary winding,
Vp is the primary winding voltage, and

Vs is the primary winding voltage.

2.3 Transformer losses

Like all mechanical and electrical devices, a power transformer also encounters
considerable losses mainly in a form of heat while transferring energy into different
voltages. There are more minor losses involved in the transformer, however, only the

major losses directly related to thermal losses are discussed hereunder.

IEEE standards are to measure kVA ratings under an average winding temperature of
55 °C and a hottest-spot temperature of 70 °C. IEEE design limit of maximum
temperature is 80 °C, and it is known that for every 6 to 8 °C beyond the limit

temperature, the insulation life would decrease by a factor of 2 [13].

Copper losses or resistive losses caused by the joule heating contributes the largest
part of the thermal losses of the transformer. Copper windings exert heat by Joule
heating when current flows through the wire. Copper losses in the windings depend on
the number of phases, AC resistance of the phase winding and current. Iron losses, on
the other hand, caused by hysteresis and eddy currents in the steel core are depended

on the size of the core and the magnetic flux density.

When an alternating current is supplied to the primary windings of the transformer, it
generates an alternating magnetic flux in the core by which flow of current is induced

in the secondary winding as defined by Faraday’s law of electromagnetic induction.
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During this process, a considerable amount of losses occur. Iron losses comprise of
hysteresis loss, eddy current loss and excess loss. Excess loss is considered minimal,

so only hysteresis and eddy loss are considered in this study.

2.3.1 Total power losses and AB

The total power loss of a power transformer is the sum of copper losses and iron losses,
expressed as Py,q = P + Py, Further details of each loss are discussed in the following

sections.

According to [16], it should be aware that there are trade-off relationship between both
losses to be considered together with the peak AC flux density(4B). In general, AB is
proportional to the core losses but inversely proportional to the copper losses. Therefore,

the optimum value of 4B has to be chosen to minimize the total loss of the transformer.

¥ 3
Power
loss

Optimum AB AB

Figure 2.4 Dependency of the total loss on its peak AC flux density [16]

Figure 2.4 illustrates the constraint of setting the AB as well as the fact that optimum
AB does not occur at the cross point of two curves where Pcy = Pre. It rather appears at

the minimum point of the curve P:.t where the following equation is satisfied.

AP, dP,

d(4B) ~ d(4B) (2.8)

2.3.2 Copper losses

The heat is generated when the current flows through the copper wire and this is

called the resistive loss or joule loss. The majority of the heat is generated from the
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coil and transferred to other parts by conduction and dissipated to the air by
convection and radiation. For thermal analysis, conduction in solids and convection

between solid to air as well as radiation are considered.

Mathematical approach[17] can be used to achieve the amount of heat generated by
resistive losses (copper losses) from the electrical power source and the CFD tool is to

handle only heat transfer simulation.

Pey = ¢12RAC (2-9)

where ¢ is the number of phases,
I is the current (A),
Rac is the AC resistance of the phase winding ().

AC resistance of the phase winding is defined as follows.

N-lg

RAC=kR0__S
[

(2.10)

where kr is the skin effect factor,
N is the number of turns,
lav is the average length of a turn (m),
Sc is the cross-sectional area of the conductor(m?), and

o is the specific conductivity of the copper (S/m).

Since the frequency is 50 Hz (less than 60 Hz) and the wire diameter is less than 1
cm, the skin effect is negligible. All the other parameters can be obtained from the

geometry and the material property [17].

2.3.3 Iron losses

Iron losses also known as core losses are generated in ferromagnetic materials when
concentrated magnetic flux flows in the material. Iron losses can be further dividend

into hysteresis loss and eddy current loss.
Because not all the flux will be transferred to the secondary coil, some flux is lost
because of hysteresis which can be described as a tendency of a material to resist

rapid changes in magnetic polarity [12]. Hysteresis is caused by the cyclic reversal of
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flux in the magnetic circuit. It can be referred to as internal friction of the molecules of

the magnetic material [13].

When flux is generated and changes its polarity, a voltage is also induced and make
currents to flow in the core. They are called eddy currents and circulate direction
normal to the width of the core by the flow of magnetic flux. It can be reduced by the

metallurgical control of the steel.

Therefore, laminated steels are designed to have the following properties in order to
lower currents and core losses [18].

- High permeability: high B with low H

- High saturation polarization

- Low electrical conductivity to minimize the eddy currents.

Although the heat generated by the iron losses is smaller than that by the copper
losses, it is significant enough to consider both for accurate modelling and simulation.
Iron losses are generated due to the variations in the flux and they are depended on
the magnetic properties of the materials. These losses occur in the transformer core
whereas copper losses take place in the coils. Unlike copper losses, iron losses are
constant irrespective of the change of the load [17] but rather depended on the

voltage and frequency. Eddy current losses are defined as

Peddy=ke(B'f't)2 (211)

where ke is the eddy current constant,
B is the flux density (T),
fis the frequency(Hz), and

t is the thickness of the material (mm).

Hysteresis loss can be defined as the electrical energy that is required to realign the

domains of the ferromagnetic material in the core of the transformer and expressed as

P =k, B f (2.12)

where k» is the hysteresis constant,

B is the flux density (T) and
fis the frequency (Hz).
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As can be seen from equation (2.12) that the losses are depended on the AC flux and
the frequency. In general, the no-load loss which is the resistance component of the
core loss is usually a guaranteed value that should remain constant as the supply

voltage maintains unchanged[13].

Power equation proposed by Steinmetz is an empirical equation to calculate the total
iron losses based on the unit volume of the ferromagnetic material. It is assumed that

the magnetic flux varies sinusoidally without frequency change[2] resulting

P,() =k-f*-B® (2.13)

Where P,(t) is the time-average power loss per unit volume (mW/cm3),
fis the frequency,
B is the peak magnetic flux density

K, a, and b are Steinmetz coefficients

Another approach to combine both eddy losses and hysteresis losses is introduced by

the approximation in [16] as follows.

Pre = Ko (AB)P ALy, (2.14)

where 4B is the peak AC flux density
Ac is the cross-sectional area,
Im is the mean magnetic path length of the core,
Kre is a proportionality constant depends on the frequency, and

B is the ferrite power material factor.

A product of Ac and /m represents the volume of the core and the value B, provided by

the manufacturer, is usually approximately 2,6.

Nevertheless, iron losses can not be directly calculated mathematically due to the
unknown constants ke, kn, or kre, which are mostly acquired by the means of
experiment. Many studies have presented how to approach to these constants but
there is no absolute methodology accurate enough to replace experimental methods.
It was one of the reasons why the experiment is performed not only to verify the
simulation result but also to obtain the exact amount of iron losses in the specific

transformer.
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3. HEAT TRANSFER

Heat is defined as a form of energy which is transferrable from one system to another
as a result of temperature difference [19]. So when an object is in a position where
there is a temperature difference with the surroundings, heat flows from the higher
temperature to the lower, and this phenomenon is called heat transfer, heat flow, or
heat exchange. Thermal analysis is a study of heat flow conditions and temperature
distribution based on such phenomenon and the material properties to be applied to

design the insulating or cooling system.
All thermomechanical analysis is based on Energy balance based on the first law of

thermodynamics known as the conservation of energy principle [19], which can be

expressed as follows.

Ein — Eout = AEsys (3.1)

where Ein, Eout, AEsys are energy in, out, and change in energy in the system

respectively.

When it comes to surface energy balance where there is no energy rate change

because no volume is considered,

Ein = Eout (32)

Heat flux can be defined as the rate of heat transfer per unit area normal to the

direction of heat transfer, and the average heat flux is expressed as [19]

g =% (W /m2) (3.3)

where Q is the amount of heat transfer rate per unit time (W)

A is the heat transfer area (m?)

It is considered that heat flux changes according to time and the position on a surface.
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3.1 Conduction

Conduction can be defined as the transport of thermal energy by intermolecular
motion. Heat is transferred even without the bulk movement of the substance.
Conduction can happen in solids, liquids, or gases. In fluids, it comes with collisions
and diffusion of the molecules in random motion whereas, lattice vibrations of the
molecules and the energy transport by free electrons take roles in solids. Since
microscopic energy exchange among molecules can not be calculated, Fourier’s law

governs conductive heat transfer rate in Watt as follows [19].

Geona =~k 4+ () (3.4)

where k is the thermal conductivity of the material (W/m-K)
dT/dx is the temperature gradient along the distance x, and

A is the area of the heat transfer (m?).

The temperature gradient, dT/dx, is proportional to the heat conduction rate in a given
direction which means the greater the temperature difference, the greater the heat
transfer. Thermal conductivity can be referred to as a transport property of the
substance to conduct heat and it is not a fixed value but rather variant value according
to the molecular structure and intermolecular interactions. For example, the thermal
conductivity of pure metals varies between 100 to 400 W/m:-K at room temperature
but shows the higher value at low temperature. The value of water reaches about 0,7

W/m-K at 200 K but falls as temperature increases [20].

The idea of thermal resistance is a useful concept to understand the phenomena
similar to Ohm’s law in electrical resistance. Referring temperature as voltage and
thermal resistance instead of electrical resistance, a simple steady-state problem can
be analyzed. However, in practice, heat transfer by conduction occurs in a
multidimensional condition under the following governing equation in the partial
differential form [20].

. aT aT aT

=— = —k|A,—i —j — 3.5
Q= —kAVT =~k A, — i+ A, ——j+ A,k (3.5)

where V is the vector gradient operator,
k is the thermal conductivity,

Ax, Ay, Az are heat conduction area normal to X, y, z respectively, and
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i, j, k] are the unit vectors in the Cartesian coordinates.

3.2 Convection

Convection is a heat transfer between a solid face and the adjacent fluid or gas which
involve the combined effects of conduction and fluid motion [19]. The fluid will start to
flow if there is a change in density caused by the temperature difference. The
convection energy transfer refers to the combination of molecular diffusion and bulk
fluid motion (advection). The convective heat transfer rate follows Newton’s cooling
law based on the proportionality between convective heat flow and the temperature

difference over the surface area, which can be defined in Watt as follows.

Qconvection =h-A- (Ts - Tf) (36)

where h is the convective heat transfer coefficient(W/m?2-K),
A is the surface area (m?),
Ts is the surface temperature, and

Tris the fluid temperature.

The coefficient h depends on many complex factors such as fluid properties,

geometrical configuration, fluid velocity, surface roughness etc [20].

The convective heat transfer coefficient, h, is expressed in terms of nondimensional
number called Nusselt number (Nu) which represents the temperature gradient at the
wall.

hL  (q"/AT)L

-t 3.7
Nu T X ( )

where h is the convective heat transfer coefficient of the flow,
L is the characteristic length (m), and
k is the thermal conductivity of the fluid (W/m.K).

Nusselt number can be referred to as the ratio of convective to conductive heat

transfer across a boundary where flows of convective and conductive heats are parallel

and normal to the boundary surface.
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Especially in natural free convection, nondimensional number called Grashof number
takes the role to decide whether the flow is laminar or turbulent. The number
represents the ratio of buoyancy force to the viscous force, and it is defined as follows
[19].

_g'ﬁ(Ts_Too)'L%
= 2

Gry, (3.8)

where g is the gravitational acceleration (m/s2),
B is the volume expansion coefficient (K1),
Ts is the surface temperature (°C),
T~ is the fluid temperature sufficiently far from the surface (°C),
Lc is the characteristic length of the geometry (m), and

v is the kinematic viscosity of the fluid (m?2/s).

Another important nondimensional parameter in natural convection is Rayleigh
number which characterizes the relationship between buoyancy and viscosity as
follows [19].

Ra; =GrL~Pr—V—2 T (3.9)

where Pr is Prandtl number.

Prandtl number tells us the ratio of the molecular diffusivity of momentum and the
molecular diffusivity of heat. The lower the Pr, the higher the diffusivity of heat (Pr<«1)
and the higher the Pr, the lower the heat diffusivity (Pr>1)[19].

The concept of boundary layer must be also introduced to describe heat transfer near
the surface. This thin layer of fluid close to the wall is in contact with the moving fluid
where the velocity of the fluid is assumed to be zero at the wall. It is called a no-slip
condition. Under this premise, differential equations of mass, momentum, and energy
conservation are solved [20]. Further detailed boundary conditions of the study are

described in section 5.2.
If there is a cooling system, forced convection is involved with the nonlinear analysis

and CFD analysis. Hereunder are some examples of typical convective heat transfer
coefficients [20].
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e Free convection in the air: 5-30 W/m?2-K
e Forced convection in the air: 100-500 W/m?2:-K

e Forced convection in water: 100-15000 W/m?2-K

3.3 Radiation

Radiation is the heat energy emitted from bodies in the form of electromagnetic waves
or photons. It is deeply related to the changes in electronic configurations of the
molecules or atoms [19]. Every object that has the absolute temperature above zero
Kelvin radiates heat energy. This wave can travel even in the vacuum space where no
medium exists. Since it travels in a speed of light, it is the fastest way to transfer
heat.

All solids, liquids, and gases emit, transmit, or absorb radiation in different degrees. If
any object is in contact with fluid, radiation and convection should be considered
together, especially when AT is large enough. Unlike conduction and convection which
are referred to as transport phenomena occur through volume, radiation is a surface
phenomenon. Radiation occurs in the wide range of wavelengths and frequencies

between 0,1 and 100 pm which covers ultraviolet, visible and infrared region [20].

Stefan-Boltzmann’s law defines the total radiated energy of the black body (E»). The
black body is assumed to emit and absorb the maximum radiated amount under the

given temperature and wave as follows [20].

Ey=0-T* (3.10)

where ¢ = 5,67 x 1078 W/m? - K* and it is called a Stefan-Boltzmann constant.

A term called radiosity is used in the surface to surface radiation. Radiosity is defined
as total energy leaving a surface per unit area and per unit time, thus includes both

radiations emitted by the surface and the radiation reflected by the surface [19].

Ji = &Ep; + piG; (3.11)

where J; is the radiosity on surface i (W/m?),
€i is the emissivity on surface i,
Ebi is the blackbody emissive power of surface i (W/m?),

pi is the reflectivity of surface i, and
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Gi is the irradiance (W/m?).

For other bodies, radiation flux is defined as [20]

q = oF(eT* — aTy) (3.12)

where F is a radiation view factor,
£ = emissivity,
a = absorptivity,
T is the body temperature, and

Ta is the air temperature in K.

Since we are dealing with the 4™ power term of temperature in the governing
equation, there is a considerable amount of heat transfer even with a small
temperature difference as well as a high-level nonlinear phenomenon which requires a
heavy-duty computation. Similar to convection, radiation also happens in the
boundary face of the body, however, it is a directional quantity based on the view

factor as well as how the surface absorbs, reflects, and transmits the heatwave.
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4. LAB EXPERIMENT

A lab experiment is carried out for the following purposes.
e To obtain the exact power losses due to copper losses and iron losses.
e To validate the simulation result of the surface temperature and to verify the

transformer parameters.

To achieve these, three experiments in the subsequent sections are performed and
discussed based on the model transformer with the following specifications.

e Rated output: 0,5 KVA

e Rated voltage: 110V / 380V

e Rated current: 2,62 A/ 0,76 A

From the visual inspection of the wire connection, it is observed that LV (low voltage)
side has a Delta connection and HV (high voltage) side has a Star connection. Winding
resistance is measured by taking the resistance value between each line as follows.

e LV:1,7Q

e HV:16,3Q

4.1 No-load test (Open circuit test)

The aim of the open-circuit test is to experimentally measure the iron losses in the
core part. This is done by applying a rated voltage on one side to generate flux while
the other side of the circuit is opened. No current flows on the opened circuit side,

thus no load is applied. So all power measured should be equal to the iron losses.

It is common to apply rated AC power on LV side and leave HV side opened since it is
easier and safer using lower voltage instead of the higher one. Dual wattmeter method
is a typical way to obtain the total power loss measurement from the 3 phase circuit.
This method does not provide the power on each phase but offers a convenient way to
measure the total power of the 3-phase circuit. The following is the circuit connection

diagram for Star connection.

25



W,

Be =

Figure 4.1 Two-wattmeter method for Star connection [21]

The sum of two powers measured from wattmeter 1 and 2 represents the total iron
losses of the transformer.
VVO=W1+W2=V1'A1+V2'A2 (4.1)

where Wo is the total power (sum of W: and W2)
V: is the line voltage between R and B
V2 is the line voltage between Y and B
A1 is the line current between R and B

Az is the line current between Y and B

Total power, the sum of the readings from W: and Wz, represents the sum of copper

losses and iron losses which can be written as

PFeZWO_PCuZWO_(I(Z)'Req) (42)

where I, is the no-load current

Req is the equivalent resistance.

When the applied current is minimal, the second term, I - R,, is usually negligible

yielding

VVO =W1 +W2 ":PFe (4.3)
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On the 3 phase power supplier connected to the LV side, the voltage is raised from 0 V
to 110 V while the HV side remained open. Upon LV side reaching similar to the rated

voltage, the measured losses from the 2 wattmeters are taken as follows;

Table 4.1 No-load test measurement

Wattmeter 1 Wattmeter 2 Sum
w1 -14,5 W | w2 1,5 W 13 W
V1 110,7 V | V2 109,6 V
I1 0,184 A | I2 0,231 A

LV

When performing the actual experiment, slight unbalance of voltage (about 1 V) and
low resistance in the neutral cable was detected which lead to a remarkable current

unbalance between 2 wattmeters. The Pr value of 13 W is applied as iron losses.

It is known in general that no-load current is approximately 3% to 5% of the full load

current and it is constant regardless of the load [13].

4.2 Short circuit test (Impedance test)

The main principle of the short-circuit test is to apply rated current on one side while
short-circuiting the other to measure the copper losses caused by joule heating. Short
circuit test can be performed on either side. The test is performed on both side but
only the HV side measurement is presented here. More data on both sides are given in
the appendix. Circuit diagram of 2 wattmeter method on Delta connection for HV side

is presented as follows.

Figure 4.2 Two-wattmeter method circuit for Delta connection [21]
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The voltage is applied to the high voltage side and the power, ampere, and voltage
are measured. The voltage is set to be zero and gradually increased until the current

reaches to its rated current, that is I: = 0,76 A.
Since the applied voltage will remain minimal when the full loaded current is reached,
the power measured at this point can be referred to as resistive losses in copper

windings.

Table 4.2 Measurement readings from 2 wattmeters for short-circuit test

Wattmeter 1 Wattmeter 2 Sum

W1 17 W | w2 15 w 32 W
HV Vi1 24,5 V | V2 24,1V
I1 0,76 A 12 0,76 A

The copper losses of total 32 W is obtained and this will be used as the value of Pcu.

4.3 Load test and temperature measurement

The surface temperature of the fully-loaded transformer is measured with the loader
connected. The load test is carried as a step-up device (Star-Delta) since the loader
responded well with a step-up connection. It is also mentioned in the earlier chapter

that Star-Delta connection is usually intended for a step-up transformer.

3 phase power is supplied to the LV side and the loader is connected to the HV side with
2 wattmeters connected on each side to ensure the rated input and output are applied

on both sides. The loader is located far away from the transformer so that the heat

dissipated from the loader will not affect the measurement of the surface temperature.

Figure 4.3 The entire view of the load test
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The measurement is carried out for a total 260 minutes with the temperature
measurement interval of every 20 minutes. The laboratory room temperature is

measured to be 22.3 °C.

A resistive load is applied so that the model transformer is fully loaded as shown in
Table 4.3. A voltage drop about 21 to 25 V is detected due to the inefficiency of the

device. The transformer efficiency is calculated to be 91,3%.

Table 4.3 Readings of 2 wattmeters for the load test

Readings from 2 Wattmeters

V2l V2 Al A2 | Input/Output
LV 1122V | 110,3V| 2,69A| 2,68A 0,515 kW
HV 359,0V | 3546V | 0,77A| 0,75A 0,47 kW

A thermocouple with the following specification is attached to the centre of the left
winding surface to verify and compensate the error read from the thermal image camera
(FLIR E50). The temperature values are indicated through a multimeter.

e Thermocouple type: K

e Temperature range: -200 °C ~ 1250 °C

e Chromel (yellow): positive, Alumel (red): negative

Figure 4.4 The location of the thermocouple on the transformer and the thermal image

A spot temperature read from the same position of the thermal image is compared.
For total 14 times of measurements and comparing the temperature difference

between the thermocouple and the thermal image spot as shown in Figure 4.4, the
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average temperature deviation is 0,3 °C which is agreeable that the self-calibrating

thermal camera does not require further compensation for the experiment.
4.3.1 Uncertainty

Temperature measurement of IR thermal image camera is based on the measured
radiation and the internal camera calibration. Both thermal image and the
thermocouple readings provide 0,1 °C of accuracy. Accuracy information of a thermal

image camera FLIR E50 is found in the user’s manual [22] as follows.

e Object temperature range: 0 °C to +650 °C (or —20 °C to +120 °C)

e Accuracy: £2 °C or £2 % of reading for ambient temperature 10 °C to 35 °C.

According to the manufacturer[23], the followings are the parameters affecting the
accuracy of the IR camera.

e Emissivity,

e Reflected ambient temperature

e Transmittance

e Atmosphere temperature

e Camera response

e Calibrator (blackbody) temperature accuracy

Taking all partial error factors, root-sum of squares (RSS) method is used to calculate

the total errors of the IR camera using

Total error = \/(Ale + AT} + ATE + - AT? (4.4)
where AT, is the temperature error measured on each parameter.

Therefore, the maximum uncertainty of the IR camera is expected to be within £2 °C.
However, as mentioned previously, the average temperature difference between the

thermocouple and the thermal image spot is 0,3 °C.
4.3.2 Experiment results

4 points of interest with high temperatures observed are extracted from the thermal
image by post-processing all mages using FLIR tool software. They are depicted on the
following table. Further detailed data table on other parts are attached in the

appendix.

30



80 °C

70 °C

60 °C

50 °C

40 °C

30°C

20°C

= = == Thermo- couple
— .0’29

60

160

80 100 120 140 180 200 220 240 260

Windings Average e \\/indings Hot Spot

eecocece degc

Figure 4.5 Measured surface temperature in different areas of the transformer

As shown in Figure 4.5, the temperature rapidly rises during the first 40 minutes and

the gradient becomes moderate after. Hot spots on the winding part reach up to

74.2 °C at the end which is the maximum temperature detected from the entire

transformer surface. Frame top part shows the lowest temperature as it is more

exposed to the ambient air.

After more than 4 hours of experiment, over 40 thermal images were taken and post-

processed to retrieve temperature data. Among them, only the final ones which show

the final thermal equilibrium state are presented hereunder as they are of the most

concern.
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Figure 4.6 Front view of thermal images taken at 260 min.

A thermal image taken at 260 min. is shown in Figure 4.6. Hot spots (marked in the
red triangle on white colour) are mostly found on the edge of the windings where
more tension is applied on the cellulose cover of the windings. Close thermal contact
between the copper winding inside and the cellulose cover might lead to more
vigorous heat transfer through the boundary layer. The white colour areas are also
concentrated on both sides of the middle winding (Bx1). It reflects that the radiation
from the other windings and hot air congested between the winding might cause this
phenomenon. Another reason for hotspot can be explained due to the irregularity in
the windings. Although copper wires might be wound evenly with constant tension
during the manufacturing process, extra wires that cross over the primary and
secondary windings to the terminals make irregular surface beneath the cellulose
cover. This can be observed even from the thermal images (the middle winding). More
air pocket renders more room for airflow that make uneven distribution of

temperature as well as bring down the surface temperature.
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Figure 4.7 Top view of the thermal image taken at 260 min.

As shown in Figure 4.7, a relatively high temperature is discovered at the foot frame
part (Bx3) that is over 63 °C. Normally, more heat would be applied to the upper part
due to a buoyancy characteristic of convection. However, heat is rather trapped
between the floor and the epoxy laminated surface of the foot frame. Unlike the top
frame which is bare sheet metal, a laminated surface has different surface emissivity
and convective heat transfer rate resulting in higher surface temperature. It should
also be considered that there is a long square hole on the top part the frame to cool
out the heat. All these have contributed to bringing down the surface temperature of

the top frame more than the foot frame.

Figure 4.8 Side(right) view of the thermal image taken at 260 min.

A thermal image taken from the side is shown in Figure 4.8. Similar to the frame part,
side of the core bottom (Bx3) shows the higher temperature of 54,3 °C than the side

of the core top (Bx2) that has 43,7 °C showing a distinctive temperature difference of
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10,6 °C. Assuming that the conduction process is regular inside the core, there could

be few assumptions as follows.

e Heat is trapped between the floor and the frame: Heat transfer rate of the floor
is not high enough to dissipate heat.

e Foot frames are not cooling enough compared with the upper frames: It is also
discovered that much portions of the foot frame surfaces are coated with some
epoxy material which is alleged to block the heat dissipation to the air.

e Top frames have long square holes on both sides meant to cool out the hot air

which would bring down the temperature.

All these factors have overwhelmed the buoyancy effect of convection making upper

part cooler than the lower one.

34



5. Heat Transfer Model

Comsol Multiphysics® is a FEM software which can combine modelling and simulation
for many different scientific problems by solving partial differential equations in
coupled systems. The main reason to use this software is associated with the license
granted to the institution and the further coupling possibility with the

electromagnetism and joule heating model.

The Iron losses and the copper losses are measured experimentally, and the
measured heats in Watt will be assigned to the copper winding domain and the steel
core domain respectively. These will act as heat sources and the FEM tool will simulate
the heat transfer analysis according to the geometry and the materials. All three
modes of heat transfer, conduction, convection, and radiation are modelled including
the ambient air domain. The transformer being exactly symmetric in the width, it is

efficient and time-saving to cut the model into a half to make the model axisymmetric.

5.1 Geometry and material property

Detailed geometry of the full 3D model is created as shown in Figure 5.1. Some
simplification is made by eliminating the minor surface to prevent complicated mesh

being crashed.

Figure 5.1 Full3D view of the transformer model
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Main properties of the major materials assigned are shown in Table 5.1 and Table 5.2

respectively.

Table 5.1 Material properties of the main parts

Parts &

Heat capacity | G,

385 J/(kg-K)

600 J/(kg-K)

; Windings Ecore Steel Frame Bobbin
Materials
Properties & Laminated .
symbols Copper Steel (3%) Sheet metal Zenite
Density p 8940 kg/m?3 7650 kg/m?3 7870 kg/ m3 1620 kg/ m3

440 1/(kg-K)

125 1/(kg-K)

Thermal _ 28/ 3,37 _ 0,32
Conductivity | ko | 400 W/(m-K) W/(m-K) 76,2 W/(M-K) | \w/(m.k)
Electric
Conductivity o 6,00E+10 S/m 1,72E4+06 S/m | 1,12E+07 S/m -
Relative _
permeability H 1 1500 4000
Table 5.2 Properties of air at given temperature
Air properties & symbols Unit Values
Temperature T K 290 300
Density P kg/ m3 1,218 1,177
Specific heat C, | ki/(kg-K) 1,006 1,006
Thermal conductivity k W/(m.K) 0,025 0,026

5.2 Boundary conditions

Since we are dealing with all 3 modes of heat transfer in both solids and fluid, the

boundary conditions and governing equations should be properly defined satisfying the

energy balance equation. It can be stated that the total heat transfer to the surface in

all modes should be equal to the total heat transfer from the surface in all modes

[19].

Conduction dominates the heat transfer inside the opaque solids whereas both

convection and radiation take places on the surface where the solid and the air meets.

Therefore, it can be described by inward and outward regions of the boundary.

As for inward, the boundary between the winding and the E-core is set as a thermal

contact specified as an equivalent thin resistive layer with a thickness of 2 mm which

is the thickness of the bobbin. The copper windings and the E-core are uniform
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volumetric heat sources(Qo) that exert constant heat energy through the surface. It is
the heat loss values gained from the experiment and divided by half since the model is
axisymmetric. Corresponding governing equations according to the boundaries are
listed in Table 5.3.

Table 5.3 Boundary conditions and governing equations

Governing equations Remarks and references
Boundary
P, For Winding & E-core volume
Heat Sources ©=y Po=Pcu/2: the total heat energy (W)
q =—kVT For windings, core, frames, bobbins

Solids and fluid
pCou-VT +Vq =Q Equation (3.5) and (3.6)

Surface to For all surfaces in contact with the air
ambient 4= eo(Tamy =T Equation (3.12)

radiation

Surface to Ji = €Epi + piG; For surfaces viewing each other
Surface Ey = oT} Equation (3.10) and (3.11)

Radiation

For the air domain to the outer air
Equation (3.6)

Heat flux in the —n-q=q h value is calculated and decided by

air and the floor Qo = h(Tgmp — T) the geometry of the air domain and

the floor (Cylinder and horizontal

plate respectively)

Ju

Pt +pu-Vu Time averaged continuity,
ok momentum, and thermal energy
Turbulent flow P TP Mk equations for imcompressible flow:
p%_,_p(u Ve RANS, k-e model is applied [20]

All material property values are taken from Table 5.1 and Table 5.2. Additional

boundary conditions are stated hereunder.
e Ambient air temperature is 23 °C

e The initial surface temperature of the device is 24 °C

e Air pressure is 1 atm.
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e Anisotropic conduction in the solid is applied in the E-core so that different
conductive heat transfer coefficients are applied.
e The control volume of the air domain is considered a steady state so that the

total energy change in the volume is set to be zero (4E.=0).

Surface emissivities of each boundary are set as follows.
e Bobbin (Zenite 7130): 0,7
e Winding cover (Cellulose): 0,75
e E-core (Silicon Steel): 0,8
e Frame (top): 0,25/ (foot): 0,3
e Floor (3 Poly laminate): 0,8

5.3 Heat sources and air domain

Two heat sources are modelled in the copper windings and the E-core. One is the
resistive losses in the copper windings and the other is the core losses in the E-core.
Using equations (2.9) and (2.10), calculation of copper losses is modelled, however,
the data for the exact number of turns in the winding is not available from the
manufacturer. Therefore, the power losses values obtained from the experiment are
assigned as follows.

e Copper losses: Pcy = 32 W

e Ironlosses: Pre = 13 W

The above volumetric heat energy assigned in the domain is distributed evenly and
exert heat until the surface temperature reaches the equilibrium with heat dissipation
to the ambient air. This enables the model to be a simpler and less expensive
simulation, however, disables analyzing thermal dynamics of the copper winding inside
or surface such as depicting hot spot over the winding surface. The copper winding
and the E-core is designed as solid to make the geometry and simulation simple and
light-weight.
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Figure 5.2 Two heat sources modelled - copper windings and E-core

This approach is more realistic and makes the model solvable not only because of the
simple and less expensive simulation but also the fact that the thin sheet metals and

multi-turn coils with fine thickness would require tedious work on meshing.

Bobbin with a thickness of 2 mm should also be considered as it affects the heat
transfer simulation. However, because adding thin layered material with complicated
geometry leads to a heavy model and requires finer mesh, some simplification is made
by replacing thin layered geometry with boundaries. Comsol features assigning
material properties to the boundary surface. 4 inner faces between the copper winding
domain and the E-core domain are assigned as inner bobbin boundary which will obey

the properties of the bobbin material.
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Figure 5.3 Entire view of the model of the transformer in the air domain

As shown in Figure 5.3, the ambient air domain is created to accurately model and
calculate the heat transfer throughout the ambient air. Finding the correct value of
heat transfer coefficient (h) between boundaries is not easy in the real world physics
because all geometry and material properties are interrelated to each other and they
also differ along with the temperature change. Hence, in order to properly calculate
the heat transfer rate between boundaries, the solid material surface should be placed

in the surrounding ambient air.

The followings are the assumption of the surrounding air domain.
e Surface to surface radiation and surface to ambient radiation are considered.
e The outer boundary of the ambient air is set as an open boundary so that there
is a free mass flow in the air.

e There is no viscous stress along the open boundary.

5.4 Anisotropic heat transfer in the E-Core.

The transformer core consists of multi-layers of laminated soft steel is designed to

minimize eddy current losses and hysteresis losses. It provides a low reluctance path

40



to the flow of the magnetic flux as well. Each soft metal sheet is laminated to prevent

any current flow between sheet metals, the direction normal to the plate.

Similarly, conductive heat transfer in the transformer core with the multi-layers of
laminated steel shows similar behaviour as electrical conductivity. Unlike solid steel
where heat propagation shows an isotropic pattern, a heat transfer rate of laminated
steel along the plate is much higher than the direction normal to the plate that is
across the sheet metals. Therefore, to achieve more realistic result avoiding heavy
computational load, anisotropic heat conductivity is applied in the form of a matrix for

the steel core domain as follows.[24]
K=|0 k, o (ﬂ) (5-1)

In this study, plane surfaces of the sheet metals are positioned on the x-z plane and
piled up along the y-axis. The transverse conductivity through laminated layers is
much smaller than the one along the plane, thus k = k,, = k,, and k,, = k,,,,. The detailed

values are presented in Table 5.4.

Table 5.4 Heat transfer characteristics of laminated steel(3%) [25]

Properties of laminated electrical steel (3% Si)

Thermal Conductivity, k 28 W/m-K Density, p 7650 kg/m3

Transverse Thermal conductivity, kn 3,37 W/m-K Specific heat, Cp 600 J/kg-K

In general, the difference in conductivity values is not depended on the thickness of

the sheet metal but rather on the thickness of the lamination [26].

5.5 Meshing

As the geometry of the model gets complicated, detailed meshing process is a must
because most meshing algorithm in CFD tools is sensitive to the model geometry
topology. Unnecessary boundaries and edges should be removed using virtual

operations to prevent any possible crash over the boundary layers.
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To start from two main heat sources which are the copper windings and E-core, inner
bobbin boundary which lie between these 2 heat sources is configured first marked

with blue colour in Figure 5.4.
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Figure 5.4 Quad mesh generated in the winding and E-core domains
The free quad mesh is applied on this boundary between copper windings and the
inner bobbin wall. Then the mesh is swept to the copper winding domain to generate
hexahedron shaped mesh. Quad mesh complies well with the general shape of the
copper windings and the E-core leg that penetrates through the windings.

Another free quad mesh is applied on the surface of the E-core as shown in Figure 5.5
Then it is swept inwardly through the entire domain. The quad mesh is expected to

perform an effective calculation over the shape of the E-core domain where
anisotropic heat transfer rate is applied. The size of the quad mesh gets smaller and

the shape gets irregular at the filleted areas around the corner, the sharp edges and

vertices.
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Figure 5.5 Quad mesh generation on the E-core

The free tetrahedral mesh is applied for the rest of the parts such as bobbin and frame
parts. The mesh sizes are predefined according to the importance. For example, the
coarser mesh is applied to the domain where heat transfer impact is less significant
than copper windings and the core. These domains, such as bobbin and steel frame,
have geometry with thin layers with a thickness of 1 or 2 mm. Regardless of the mesh
size assigned for a specific domain or boundary, a finer mesh is automatically applied
to the sharp corners and edges to copped with the acute geometry. Figure 5.6 shows

the combination of free quad mesh and free tetrahedral mesh over the entire
transformer model.
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Figure 5.6 Free quad and free tetrahedral mesh of the entire transformer model

In the case of the air domain, additional setup is required especially in the area where
a narrow gap between windings is and where air contacts with sharp edges of the
transformer surface. This area requires finer mesh than the farther region. So the
element size is customized from a minimum 2 mm to maximum 30 mm. As can be
observed from Figure 5.7, mesh size is smaller adjacent to the device but gets bigger
as it goes farther. Utilizing this kind of meshing technique offers a remarkable
reduction in simulation load and time. Some minor error might appear while
generating mesh but it could be resolved by adjusting the element size and
performing the extra virtual operation. The entire views of the mesh modelled

including the ambient air domain are shown in Figure 5.8.
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Figure 5.8 Entire view of the air domain
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Finally, the mesh quality is speculated through the mesh generation statistics as

shown in Figure 5.9.

Statistics

& Build All
Complete mesh
Mesh vertices: 70599

Element type: | All elements -
Tetrahedra: 215671

Pyramids: 6490

Prisms: 28856

Hexahedra: 16579

Triangles: 13466

Quads: 3749

Edge elements: 2145

Vertex elements. 400
Domain element statistics
Mumber of elements: 267596

Minimum element guality: 1.995E-4
Average element quality:  0.6043
Element volume ratio: 3.075E-7

Mesh volume: 1.878E7 mm?

Element Quality Histogram

Figure 5.9 Statistics on mesh generation and histogram

There are total 267596 mesh elements generated in the model and the tetrahedral
element is the majority for they suit well in the edges, corners, and narrow regions.
Although the minimum element quality shows a value of 0,0002, the average value over
0,6 shows moderately enough quality of the mesh. It can be assumed that most of the

low-quality meshes are formed in bobbins and frames because meshes for the windings
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and E-core are extruded from the 2D surface instead of meshing directly in the 3D

domain. This improves the mesh quality by generating regular mesh shape and size.

The quality measure histogram shown at the bottom of Figure 5.9 is based on the
skewness which is a suitable measure for most types of element. Mesh element quality,
a dimensionless quantity ranging between 0 and 1, represents the regularity of the mesh
elements. 0 means the element is not generated and 1 means a perfectly regular
element [27]. It is observed from the histogram that the quality distribution is

concentrated on the right-hand side of the histogram where values are weighted to 1.

Mesh independent test is also performed by executing the simulation with the finer mesh
and the coarser mesh. Although not globally, mesh element sizes are adjusted with
several different combinations on important boundaries and domains and they return

similar results.
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6. Simulation result

Simulation is performed using Comsol Multiphysics®(ver.5.4). The simulation is set to
be time-dependent as same as the experiment time scale from 0 to 260 min. with 20
min. interval. This study mode is more time-consuming and resource-intensive
compared with the stationary mode, however, it is expected to provide more realistic
results as well as the flow velocity field and pressure gradient according to time. The
detailed thermal and electromagnetic parameters other than material properties are

listed hereunder and the detailed geometric parameters are attached in the appendix.

S NaAme Expression Value Description

d 0.4 [mm] 4E-4 m  Coil diameter

I 0.76 [A] 0.76 A Current-Prim. winding

12 | 2.26 [A] 226 A Current-2nd winding

k 28 [W/m/¥] 28 W/m-K) Therm. Conductivity of Elect. Steel
kn 3.37 W/m/K] 337 W/mK)  Transversal therm. conductivity
[_f_aw 2*(windW+xp.dndD+v-.dndT} 0244 m Average coil length of a turn
m_cu rho_Cu*Np*l_av*Sc 0.11264 kg Copper winding_ mass

MNp 410 |410 ' No. of turns - primary

MNs Mp/Tr 68.527 | No. of turns - -semndag.r

P cu phi*l1~2*R_AC1+I242*R_AC2 31993 W Copper losses

P fe |13 (W] 13 W Iron losses

phi 3 3 Mumber of phase

R_ACI MNp*(l_av-windT) / (sigma*Sc) 12729 0 AC resistance - primary

R_AC? Ms*{l_av-3*windT) / (sigma*Sc) 1.9455 Q) AC resistance - secondary
rho_Cu 8960 [kg/m~3] 8960 kg/m? Copper density

rho_Fe | 7.65 [g/em” 3] | 7650 kg/m? lStee[ density

5e (d/2)~2%pi 1.2566E-7 m= _Coi! cross-sectional area
sigma 5.998e7 [S/m] 5.998E7 S/m | specific conductivity of copper
Tamb 123 [degC] 29615 K | Ambient air temperature

Tr sqri(3)*380/110 5.9834 Turn Ratio

Figure 6.1 Electromagnetic and thermal parameters set in Comsol

The simulation components include heat transfer in solids and fluids, the surface to
ambient radiation, surface to surface to radiation, turbulent flow with gravity, and
finally all heat transfer interfaces are to be coupled with the turbulent flow interface in
the non-isothermal flow node. After a simulation time reaching over 3 hours and 6

minutes, the following results are achieved.
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6.1 Temperature analysis

The axisymmetric surface temperature of the transformer is obtained as shown in Figure
6.2. The highest temperature is found in the overall surface of copper windings that is
67,3 °C and the lowest of 46 °C at the edge of the bobbin.

Surface: Temperature (degC)

degC
A 57.3

66
64
62
60
58
mm

56

4 54

52

50

48

Figure 6.2 Surface temperature of the transformer shown in the axisymmetric view

The copper winding parts show almost uniform surface temperature since a lump sum
amount of heat energy is directly assigned to the volume. From there, heat is
transferred inward to the E-core, outward to the air, upward and downward to
bobbins. More detailed values of maximum and minimum surface temperatures are
listed in Table 6.1.

Table 6.1 Maximum and minimum surfer temperature and locations

Surface Boundary Winding E-Core Frame Bobbin

67,3 °C 62,9 °C 61,7 °C 67,3 °C
Max. Temperature

x-coordinate (mm) 90,0 75,0 9,0 90,0
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z-coordinate (mm)

y-coordinate (mm) 49,0 20,0 4,9 40,0
s-coordinate (mm) | 118/5 118,5 11,7 87,0
. 66,6 °C 59,2 °C 58,2 °C 46,0 °C
Min. Temperature
x-coordinate (mm) 0,0 0,0 0,0 0,0
y-coordinate (mm) -30,0 -20,0 -4,9 -40,0
0,0 -33,5 -33,5 -0,2

As can be seen from the table, the temperature difference between minimum and
maximum is only 0,7 °C in the copper winding but 3,7 °Cin E-core, 3,5 °Cin Frame,
and 21,3 °C in bobbin respectively. Bobbin which is in direct contact with the biggest

heat sources but has the lowest thermal conductivity shows the extreme difference in

temperature according to the position.

Time=260 min

L.,

Figure 6.3 Heat propagation view on the y-z plane

Heat propagation shown on the y-z plane is shown in Figure 6.3. Heat propagation is
observed on this plane from 3 main volumes that are upper core, winding, and the lower
E-core to the ambient air. It is also observed that the heated air surrounding the device

forms a hot-air balloon shaped circle reflecting the buoyancy effect of convection.
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Figure 6.4 Isothermal contour of copper windings

Isothermal contours represent the temperature profile and gradient inside the volume.
Although a fixed amount of heat energy is assigned, copper windings display a minor
difference in isothermal contours as shown in Figure 6.4. The middle part of the winding
shows little higher temperature than the other one on the outside due to the position in

the middle where more heats are gathered and transmitted to upside and downside.

Wider contour gap implies more uniform vertical temperature distribution as seen in the
middle winding. For the side winding where 2 isothermal contours incline up and down
respectively and almost meet at the end, it tells us that the vertical temperature
gradient on the side of the winding surface is bigger than others due to more convection

to the air taking place at the side.
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Isosurface: Temperature (degC)

degC
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Figure 6.5 Isothermal contour of E-core

Unlike copper windings, the temperature profile inside the transformer core is much
more complicated as shown in Figure 6.5. The isothermal contours stay in a form of
curved plane layers in the middle of the core leg but tend to bend to form a triangular
cone shape as it moves to the top or the bottom. It's because the more vigorous heat
conduction takes place at the top and the bottom. At last when in contact with the frame
parts, the contour becomes almost vertical sheets. The core part with brown colour
contour shows the highest temperature close to 64 °C and the corner vertices in contact

with the air and the frame shows the lowest temperature of around 59 °C.

6.2 Heat flux analysis

Heat transfer data together with the temperature is plotted according to the axis and
planes. It would be meaningful to speculate the flux and temperature changes along the
fixed line on x-axis. As shown in Figure 6.6, the total heat flux magnitude in W/m? and

temperature along the x-coordinate at z=85 mm is retrieved from the simulation results.

52



Line Graph: Total heat flux magnitude (W/m?) Line Graph: Temperature (degC)
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Figure 6.6 Temperature and heat flux magnitude along x-coordinate at z=85 mm and the bobbin
geometry along the x-axis

The starting point x=0 is the middle point of the transformer where axisymmetric
coordinate starts. Heat flux is an amount of heat energy projected and flowing through
the area, so the value increases at boundary surfaces and decreases in the volume
domain. It is observed the flux increases to its maximum value as it approaches x=15
where the core and the copper winding meets. These 2 heat sources exchange the

biggest amount of heat energy in the model.

It is also confirmed in the model that the surface temperature and the heat flux on the
middle winding surface are higher than those on the other winding surfaces. It reflects

that radiation between copper winding surfaces and the middle part receiving more heat
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flux via convection than the side ones contribute to the temperature rise. The lowest
flux is measured around x=30 where air passage between windings are placed and the

section after x=85 where the transformer geometry ends.

Heat flux is a vector quantity and since Figure 6.6 only deals with the magnitude (sum
of X, y, and z directions), the heat flux curve does not associate proportionally with the
temperature fluctuation. However, heat flux increases where there is a temperature rise

or fall and vice versa.

Contour: Total heat flux magnitude (W/m?)
mm T T T T T T T T T T T

W/m?
A 7.5x10°
x10°
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B 4.4

y-axis

3.6

45 k1 1 1 1 1 1 1 1 1 1 T '4.0X102

Figure 6.7 Total heat flux contour at the upper bobbin (z=85 mm)

As shown in Figure 6.7, the horizontal cross-sectional plane is taken at the upper
bobbin area to observe the heat transfer in the section. Filleted corners of the
windings display a higher heat transfer rate than the other straight-lined surfaces. A
distinctively higher temperature is observed at the upper and the lower horizontal
surface lines between the core and the inner winding (y=20 and y=-20). It's mainly
because the edge of the top frame part is in contact with the bobbin along this line

resulting in more conductive heat transfer through the straps.
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Temperature contour is also taken as shown in Figure 6.8 for a comparison with the

heat flux contour.

Contour: Temperature (degC)
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Figure 6.8 Temperature contour at the upper bobbin (x-y plane cut at z=85 mm)

The copper windings and the inner cores display regular temperature distribution with
minor irregular contours inside. Brown and red coloured contours which are in contact
with the outer winding surface displays the hottest temperature. Not many contours are
formed along the inner bobbin due to the thermal equilibrium state already reached
which means the temperature of the core leg and the copper windings are almost the

same.

Between x=25 and x=35 where air passage is between windings, temperature
contours with some turbulence of hot air are observed caused by convection and

radiation. Similar turbulence can be found in heat flux pattern in Figure 6.7.
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Figure 6.9 Heat flux and temperature contour of the top frame at z=117 mm

Heat flux and temperature contour of the top frame is displayed together in Figure
6.9. The hottest temperature contour is formed in the middle of the top core with a
temperature of 62,7 °C. Isothermal contours are formed almost horizontally on the top
core due to the anisotropic conduction characteristic. On the contrary to this,
temperature contours on the top frame demonstrate isotropically but inclined to the
right end. It tells us that the right end of the frame is more cooled conducting more

heats to this direction resulting in such bending of the contours.

When it comes to heat energy transfer, most vigorous heat flux is taking place at
y=20 and y=-20 where 3 domains, air, top frames, and E-core meet together. The
average values of temperature and total heat flux magnitude according to the domains

and boundaries are presented in Table 6.2.

Table 6.2 Average temperature and heat flux values over boundary and domain

S Inner

Surface Boundary Winding E-Core Bobbin
Average Temperature 66.9 °C 61.4 °C 65.0 °C

Total heat flux magnitude (W/m2) 282.9 1757.4 602.8
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Normal conductive heat flux (W/m?2) 179.9 307.6 -184.0
Radiative heat flux (W/m?2) 8.0 5.1 6.1
Volume (Domain) Winding E-Core Frame Bobbin
Average temperature 66.9 °C 62.7 °C 59.8 °C 58.4 °C
Total heat flux magnitude (W/m?2) 329.1 600.8 2358.2 328.1

Observing the average total heat flux, winding has shown the least and the E-core the
most. Again, heat flux being a vector quantity, they cancel out if they exchange heat
transfer, thus winding part is actively involved in exchanging heat with the E-core.
Interestingly, normal conductive heat flux of the inner bobbin boundary shows a
negative value which means that there is more inward flux from the windings than the
outward flux from the E-core. Total heat flux by the volume domain tells us that the

most heats are dissipated to the air through the frame.

6.3 Airflow analysis

The flow of the air around the transformer should be analysed for convection plays an
important role in cooling. Setting and adjusting the size of the air domain is a tricky
task that requires many trial and error. Air domain should be big enough not to affect
the convective cooling but small enough not to waste computational resources. As
shown at time=0 min. in Figure 6.10, two red marks on both corners of the air domain
has meaningless velocity flow came from the difference between the reference

temperature usually set as 193,15 K and the ambient air temperature set as 23 °C.

Furthermore, when time=0, the velocity of air shows the almost symmetrical distribution.
However, the velocity of the whole air domain is not uniform. It comes from the
structure of the model that heat sources are directly applied to the volume causing the
existence of the heat even at the beginning. Unfortunately, the heat sources are not
able to be controlled by any initial conditions, thus, non-zero and non-uniform air

velocity is observed at time=0.
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Figure 6.10 Velocity field on YZ plane at x=30mm (Time=0, 20, 120, 260 min.)

Nevertheless, as time goes on, velocity field changes with irregular gradient due to the
change in air density associated with the turbulence. When the air is fully heated around

the device, the density changes less and the air velocity drops accordingly.

Another important perspective in convection is the diffusivity of the flow and this can be
intuitively studied by observing Prandtl number (Pr) mentioned previously. Higher the
Pr means slow in diffusivity and the smaller the Pr, the faster the diffusivity. In general,

Pr value of gases lies between 0,7 and 1,0, and water between 1,7 and 13,7 [19].

As shown in Figure 6.11, Pr value around the device is over 1,4 which shows low
diffusivity but Pr drops as time goes by and reaches below 1 at 260 min. Based on the
definition, the drop of Pr tells us that the heat diffusivity gets bigger than the momentum
diffusivity.
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Figure 6.12 Pressure contour around the transformer surface at time=260 min.

Relative pressure difference caused by the heated air is demonstrated in Figure 6.12.

There is a pressure difference of about 1,7 Pa along with the height of the transformer
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and this pressure difference causes buoyancy force leading convection along the surface

wall of the device.
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Figure 6.13 Turbulent heat flux over the surface at time=260 min.

Turbulent heat flux over the device surface is depicted in Figure 6.13. This can be
referred to as convective heat transfer from the surface to the ambient air caused by
turbulent airflow. Nevertheless, certain circulation of airflow inside the air domain is
observed that is considered abnormal and this would somehow affect the cooling effect
of the device. Therefore, more intensive study and remodelling of the air domain should
be carried out to accurately calculate and extract the heat transfer coefficients for

convection and radiation over the surface.
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6.4 Conclusion and discussion

The main aim of the research is achieved by approximating the surface temperature of
the simulation to that of the experiment. Comparison of surface temperatures gained

from the experiment and the simulation is shown in Table 6.3.

Table 6.3 Temperature comparison between the experiment and the simulation

Copper windings E-Core top Top Frame Foot frame
Average Hottest Average Average Average
Experiment 64,1 °C 74,2 °C 54,1 °C 59,8 °C 61,9 °C
Simulation 66,9 °C 67,3 °C 61,4 °C 60,3 °C 59,7 °C
Difference 2,8°C 6,9 °C 7,3 °C 0,5 °C 2,2°C

Although the highest average temperature achieved from the simulation is lower than
the hottest temperature measured from the experiment, the average temperature
from the simulation lies between the hot spot temperature and the average
temperature measured from the experiment. The temperature gradient in the real
copper windings is much wider-ranging from minimum 57,4 °C to maximum 74,2 °C.
The temperature difference of 16,8 °C is not a small scale and it shows a non-linear
pattern over the surface whereas the copper windings in the simulation model show

almost identical temperature distribution over the entire domain.

In this regard, there are crucial limitations on this study which does not provide
analytical information on the heat sources, especially the copper windings where the
hottest temperature is detected. It comes from the hypothesis of the study that heat
sources are not modelled but rather experimentally obtained values are directly

assigned to the copper windings and E-core domains.

Air is actually enclosed in the winding, thus both conduction and convection take place
inside the winding domains. Since it is not practical to fully model this, only conduction
is considered resulting uniform surface temperature. The hot air inside the windings
and the irregular winding tensions could explain the appearance of hot spots.
Therefore, a separate electro-magnetism model which includes winding geometry and
air can be modelled in the future based on Joule heating model to achieve more

realistic study results on the winding.

E-core temperature shows the biggest difference. It is probably due to the inaccuracy

of the temperature measurement and the anisotropic heat transfer coefficient used in
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the simulation which is taken from the other manufacturer’s specification.
Measurement area taken from the thermal image for the E-core top was limited due to
the focus issue and the wires interference. More thermocouples in different locations

could improve such deviations.

The temperature of E-core is higher than the frame temperature in simulation,
whereas E-core temperature is lower than the frame temperature. As E-core acts as
the second hot source also receiving additional heat from the windings, it is logic that
E-core should have a higher temperature than the frame. However, the experiment
result demonstrates the opposite. It implies that heats from the copper windings are
being transferred upward to the frame by convection and radiation heating up the

frame more than the E-core.

The foot frame temperature is discovered to be much higher than that of the upper
frame temperature. Supposed that the materials and the heat transfer rates are same,
the upper part should be exposed to more heat flux due to the buoyancy convection.
The main cause would be geometry and position. The contact between the foot frame
and the floor is not uniform, however, it definitely hinders heat being dissipated to the

air.

Considering there is no forced convection, conduction affects far more than natural
convection on frame parts. Steel frames are acting as fins to cool down the device
especially at the upper part of the frame. It could be concluded that well-designed

frame parts with good quality materials can cool down the transformer considerably.

There were some obstacles while carrying the experiment. The thermal image
resolution was not high enough and obtaining the well-focused image was not easy. It
would have been better if the camera could be fixed on a tripod. Also, some important
technical information such as the number of turns was not available from the
manufacturer. It was based on the specification from a similar transformer and
number of turns and the copper wire thickness are adjusted to satisfy the copper loss

value obtained from the experiment.

Future work can be discussed in connection with the study as follows.

In Comsol, electromagnetism study can be utilized. A separate model, especially on
the copper windings, can be created to apply the Joule heating model of the CFD tool
to simulate copper losses. This can be approached by using current flux density

through the vertical cross-sectional area of the winding part. In this way, a detailed
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single wire does not have to be modelled but numerical coils can be defined with
current flux through the cross-sectional area. Nevertheless, Comsol does not provide
a means to model and calculate iron losses directly from the electromagnetism model.
It requires numerical post-processing using other software such as Matlab. This is

another area to research.
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SUMMARY

Thermal analysis model of a 3 phase power transformer is modelled in an axisymmetric
geometry. No-load test and the open-circuit test is carried to find out the exact values
of copper losses and iron losses. The fully loaded test is carried out to measure the
surface temperature of the transformer for 240 min. Simulation of the transformer is
performed using numerical thermal analysis. The simulation result shows the agreeable

result in comparison with the experiment result.

Temperature distribution over the copper winding surface shows the almost uniform
temperature whereas experimental result demonstrates deviation and irregular
distribution. Frame parts of the transformer play a great role in cooling the device. The
lower parts of the device, such as foot frame part and the lower side of the core, show

relatively higher temperature than the upper parts of the device.

[Kokkuvote]

Kolmefaasilise toitetrafo termilise analtlsi mudel on modelleeritud telgsimmeetrilises
geomeetrias. Vasekao ja rauakao tapsete vaartuste valjaselgitamiseks viiakse |abi
koormustesti ja avatud vooluringi katse. Trafo pinnatemperatuuri médtmiseks 240 min
jooksul viiakse labi taislastis test. Trafo simuleerimine toimub numbrilise termilise
anallQisi abil. Simulatsiooni tulemus naitab testi tulemusega vorreldes rahuldavat

tulemust.

Temperatuuri jaotus vaskmahise pinna kohal nditab peaaegu Uhtlast temperatuuri,
eksperimentaalne tulemus naitab kodrvalekallet ja ebakorraparast jaotust. Trafo
raamiosad mangivad seadme jahutamisel suurt rolli. Seadme alumised osad, nagu
nditeks jalaraami osa ja sldamiku alumine kilg, nditavad suhteliselt kdrgemat

temperatuuri kui seadme Ulemised osad.
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APPENDICES

" Mame Expression
coreW | 130 [mm]
coreH | 152 [mim]
coreD |40 [mm]
corelegW | 30 [mm]
corelegD | windD-windT*2
windW |52 [mm]
windD |60 [mm]
windH |85 [mm]

windT |10 [mm]
teethW |4 [mm]

teethD |10 [mm]
teethT 2 [mm]

gap _ {coreW-(3*coreleg\W))/2
AirD 1300 [mm]

AirH | 350 [mm]

Value

0,15 m
3.152 m
0.04 m
0.03 m
0.04 m
0.052 m
0.06 m
0.085 m
0.01 m
0.004 m
0.07 m
0.002 m
0.03 m
03m
035m

Description

Core top width

| Core top height

| Core top depth

Ecore leg width
Ecore leg depth

| Copper winding width

 Copper winding depth
| Copper winding height

Copper winding thickness
Bobbin teeth width

: Bobbin teeth depth

| —

Bobbin teeth thickness
Gap between cores

air domain diameter
air domain height

Figure A.0.1 Geometric parameters in Comsol

Table A.1 Detailed temperature measurement data of the experiment

. Thermo | Thermal Windings
Time
(min.) | couple |Img.Spt ®-
' A B C Average | Hot Spot
@ @

O 24,1°C| 24,1°C| 24,0°C| 24,1°C| 24,0°C| 24,0°C 24,1 °C 0

20( 389°C| 38,9°C| 40,4°C| 40,5°C| 41,1°C| 40,7°C 45,0 °C 0
40( 45,5°C|( 45,1°C| 47,3°C| 47,3°C| 47,8°C| 47,5°C 53,5°C| 04
60| 48,7°C| 48,9°C| 51,9°C| 51,5°C| 52,3°C| 51,9°C 59,2°C| 0,2

80 51,6°C( 51,7°C| 552°C| 54,2°C| 557°C| 55,0°C 63,2°C| 0,1
100( 534°C| 539°C| 57,6°C| 56,7°C| 57,9°C| 57,4°C 66,6 °C| 0,5
120( 54,8°C| 54,2°C| 59,4°C| 58,3°C| 594°C| 59,0°C 68,5°C| 0,6

140( 559°C| 559°| 60,7°C| 59,3°C| 61,0°C| 60,3°C 69,9 °C 0
160| 57,1°C| 56,4°C| 61,7°C| 60,0°C| 61,9°C| 61,2°C 71,4°C| 0,7
180| 57,8°C| 57,3°C|] 62,5°C| 609°C| 62,6°C| 62,0°C 72,3°C| 0,5
200 58,3°C| 58,1°C| 63,1°C| 61,6°C| 63,6°C| 62,8°C 72,5°C| 0,2

220| 58,8°C| 58,8°C| 64,1°C| 62,5°C| 64,0°C| 63,5°C 74,4 °C 0
240| 59,2°C| 58,7°C| 63,9°C| 62,6°C| 63,7°C| 634°C 74,0°C| 0,5
260 59,2°C| 588°C| 64,1°C| 62,8°C| 64,1°C| 63,7°C 74,2°C| 04
Average: 0,3 °C
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Table A.1 (Continued) Detailed temperature measurement data of the experiment

Time Ecore Frame
(min.) Top SideTop | Side Bott. | FR_top | FR_Bott. Foot Top
0 24,5°C| 24,0°C 24,2 °C| 24,0°C 24,2 °C 24,3°C|24,2 °C
20 30,1°C| 31,3°C 28,8°C| 31,3°C 28,8 °C 31,0°C|32,3°C
40 36,3°C| 33,0°C 36,5°C| 37,5°C 35,1 °C 39,4 °C|40,5°C
60 41,4°C| 36,0°C 41,1°C| 42,3°C 39,5°C 45,3 °C|[45,3 °C
80 45,2 °C 38,0 °C 45,3 °C| 45,4 °C 43,0 °C 49,1 °C|49,6 °C
100 47,3°C| 40,2°C 47,7 °C| 48,2 °C 45,3 °C 53,4 °C|53,3 °C
120 49,2 °C| 40,5°C 49,8 °C| 49,7 °C 47,0 °C 55,7 °C| 54,8 °C
140 50,8°C| 41,3°C 51,0°C| 50,8°C 48,8 °C 57,5°C|56,1 °C
160 52,0°C| 42,5°C 52,1°C| 51,6 °C 49,6 °C 58,6 °C|57,3 °C
180 52,5°C| 43,0°C 53,1°C| 52,6 °C 50,6 °C 59,5°C| 58,2 °C
200 52,9°C| 43,4°C 53,8°C| 53,4°C 51,2 °C 60,5°C|59,2 °C
220 53,7°C| 43,4°C 54,0°C| 53,7 °C 52,6 °C 61,2 °C|60,0 °C
240 53,9°C| 43,3°C 54,4°C| 54,1°C 52,0 °C 62,6 °C| 60,5 °C
260 54,1°C| 43,7°C 54,3°C| 54,2°C 52,2 °C 61,9°C|59,8 °C
Table A.2 Materials and thermal properties of each surface and domain
E-Core Copper
Surface ‘ Domain Surface Domain
Material Si Steel (3%) Cellulose Copper
Thermal Conductivity, k W/m- K 28 28 k(T) 400
Surface Emissivity, € - 0,8 - 0,9 0,5
Specific Heat, C, 600 600 2000 385
Density, p Kg/m3 7650 7650 51 8940
Frame surface Frame .
. Bobbin Floor
Top Foot Domain
Material iron | enamel iron Zenite plaster
Thermal Conductivity, k K 76,2 0,93 76,2 0,32 0,24
Surface Emissivity, € - 0,25 0,37 - 0,95 0,91
Specific Heat, C, 440 715 440 125 -
Density, p Kg/m3 | 7870 2800 7870 1620 -
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