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Abstract

This work introduces a coupled electromagnetic, thermal and fluid flow analy-
sis of an oil-natural air-natural distribution transformer in order to study the
changes in the heat dissipation performance when a biodegradable ester is used
to cool the device instead of mineral oil. The transformer has a rated power
of 315kVA and a voltage ratio of 13.2kV / 0.4kV. The heat losses in the
magnetic core and the windings are computed with the ANSYS® Maxwell soft-
ware and they are transferred as volume heat source terms to compute the heat
conduction. The natural convection of the fluid flow is taken into account us-
ing a temperature-dependent density. The heat conduction through the solid
walls and radiators panels are also considered. The thermo-hydraulic problem
is solved with the software Code_Saturne. Data from experimental tests carried
out with mineral oil are used to validate the numerical simulations. Equivalent
and anisotropic thermal conductivities in the core and the windings are cal-
culated both with a semi-analytic procedure and finite element simulations to
simplify the heat conduction model in the active parts. It is found that, after
reaching a steady state, the transformer cooled with the ester shows a tempera-
ture difference between specific locations at the top and the bottom higher than
that cooled with mineral oil. The Magnetic core and the windings also work
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hotter when ester is used. Finally, the analysis of the flow through the cooling
ducts of the windings confirms that the oil velocity is, on average, 25% higher
than the ester one.

Key words: Biodegradable esters, Distribution transformer, ONAN cooling,
Thermo-fluid dynamics simulations, Electromagnetic simulations.

Nomenclature

g gravity acceleration vector, m/s?

q heat flux density vector, W/m?

U velocity vector, m/s

ATyt temperature increment at the bottom of the external surface of

the radiator fins, K (see Fig.13)

AT, ore average temperature increment at the magnetic core, K

ATyy average temperature increment at the high voltage winding, K

ATy average temperature increment at the low voltage winding, K

ATyl top temperature increment of the oil at the top of the tank, K (see
Fig.13)

AT, average oil temperature increment for the complete fluid domain,
K

Gr Grashof number

Nu Nusselt number

Pr Prandtl number

Ra Rayleigh number

Cp specific heat, J/(kg K)

h heat transfer coefficient, W/(m? K)

k thermal conductivity, W/(mK)

p pressure, Pa

Q: total power loss, W

T temperature, K

v; volume ratio of material-j in a representative cell



Abbreviations

CFD Computational Fluid Dynamics
EM Electromagnetic

FEM Finite Element Method

FVM Finite Volume Method

HST Hot Spot Temperature

HV High Voltage

LV Low Voltage

ONAN Oil Natural Air Natural

TOT Top Oil Temperature

Greek letters

B Thermal expansion coefficient, 1/K

L dynamic viscosity, Pas

v gradient operator

p density, kg/m?

o(T) temperature-dependent density, kg/m?
Subscripts

0 tangential direction

amal amalgam of insulation materials between conductors (see Eq.19)
C copper wire conductor

Ci copper wire insulation (varnish)

conv convection

ms insulation matrix between conductors
P craft paper insulation

r radial direction

rad radiation

z axial direction



1. Introduction

Electric transformers are a key component in the transmission and distribu-
tion electricity networks. Among them, distribution transformers are the least
expensive and most widespread, being usually located within the urban areas.
Due to these reasons and also because of minimizing the environmental impact
and reducing the fire hazard, it is desirable to shift from the usage of mineral
oils to natural or synthetic esters to cool the active parts. Mineral oils have
very low level of biodegradability, less than 10% according to the OECD 301
standard, while natural and synthetic esters attain 95% level [1].

On the other hand, esters show better dielectric strength than mineral oils,
even at low temperature conditions (e.g. —50°C), which is advantageous dur-
ing the startup of the transformer. This is partially due to the fact that esters
have much higher water saturation point than mineral oils. According to [2],
the natural ester Environtemp™ FR3™ water saturation point at 25°C is
1000 mg/Kg while for a mineral oil it is 70mg/Kg. At —20°C the correspon-
ding value for FR3™ is 425 mg/Kg and mineral oils have 8 mg/Kg. Esters
also exhibit a fire point which is approximately twice higher than that of mine-
ral oils. For example, according to the ISO 2719 / ASTM D92 test methods,
the MIDEL®) 7131 synthetic ester has fire point at 316 °C, the natural ester
Environtemp™ FR3™ has fire point at 350 °C, the MIDEL®) eN 1204 natural
ester has fire point at 360 °C, and a typical mineral oil has fire point 170 °C.
This is a great advantage regarding safety because, as previously mentioned,
distribution transformers are usually located very close to people, within ur-
ban areas. Moreover, the higher water saturation point of the esters helps to
extend the life of the paper insulation by 5 to 8 times because the esters can
absorb higher moisture content from the paper than mineral oils [2]. As a con-
sequence, according to IEC (60076-14) [3] and IEEE (C157.154) [4] insulation
standards, it is expected to achieve the same transformer operative life at a hot
spot temperature (HST) 15°C to 20 °C hotter than with mineral oils.

However, the high density and the even higher kinematic viscosity make
more difficult to them to flow inside the cooling channels of the windings and
magnetic core as well as inside the radiator fins. Regarding density at 20 °C,
MIDEL® eN 1204 and Environtemp™ FR3™ have 920 Kg/m?, MIDEL®) eN
7131 has 970 Kg/m? and a mineral oil has 880 Kg/m3 [5]. Therefore, the density
of the esters is approximately 4% higher than for mineral oils, and this increment
keeps almost constant for higher temperatures. Moreover, some esters show an
increase between 3% to 6% in their heat capacity with respect to mineral oils.
However, the most important difference between esters and mineral oils appears
in their kinematic viscosity. A natural ester, at low temperatures (i.e., 0°C)
has a kinematic viscosity ~ 900% bigger than a mineral oil. This percentage
reduces to ~ 500% at 20°C and to ~ 50% at 100 °C [6]. Therefore, despite the
numerous advantages of natural and synthetic esters compared to mineral oils,
they are not as efficient as them to remove the heat from the transformer. As
a consequence, it is necessary to analyze the cooling performance of the esters
when they are used in electric transformers and particularly in this work, in



distribution transformers.

In the last decades there has been an increasing interest to study the thermo-
dynamic performance of both distribution and power transformers using compu-
tational methods. The numerical studies are focused on different aspects of the
transformers, like the heat dissipation in the radiators [7, 5, 8] or the windings
[9, 10] or the efficiency and layout of the radiators fans in ONAF (oil natural air
forced) transformers [11, 12, 13]. Usually, the numerical analyses comprise both
thermo-hydraulic network models [14, 15] as well as computational electromag-
netic and thermo-hydraulic simulations. Both of them have their highlights and
drawbacks, and they can be accurate if properly applied taking into account the
kind of expected results (i.e., global variable values or detailed flow characteris-
tics) and the computation time required to get those results. In the work of [16],
a thermo-electric axisymmetric model based on FEM simulations is developed
to assess the temperature distribution in the magnetic core and the windings of
a 40 MVA, 32kV/11kV ONAN power transformer filled with mineral oil. The
time-dependent simulations are solved with COMSOL Multiphysics®) and the
geometry of the core and the windings are rather simplified since the cooling
channels are not taken into account in the model. Also, the oil inlet velocity
and temperature are assumed to be constants, i.e., 15mm/s and 47°C. Addi-
tionally, in [6] the HST and temperature distribution computed inside a power
transformer disk-type winding are compared when mineral oil and natural es-
ter are used as cooling fluid. The computations are realized with COMSOL
Multiphysics® conjugate heat transfer module on an axisymmetric model of
the winding, setting three different inlet flow rates, i.e. 0.78kg/s, 0.9kg/s and
1.0kg/s, a constant and uniform power loss in the windings and also a constant
inlet flow temperature of 46.7°C. It is shown that HST is 9°C to 11 °C lower
for the lowest flow rate when natural ester is used instead of mineral oil. For
the other flow rates, the HST attained with mineral oil is equal to or lower than
that obtained with the natural ester.

The thermodynamic performance for both a 16.5 MVA, 66 kV power trans-
former and a 2.3 MVA, 22kV distribution transformer are analyzed in [17] by
performing 2-D CFD simulations with the software ANSYS®) Fluent. The fluid
flow between the winding discs of both transformers is due to natural convection.
However, in both simulations they are generated setting a working pressure at
the inlet boundary of the computational domain. The fluids used as coolant
are mineral oil, natural ester and synthetic ester. Top oil temperature (TOT)
rise, HST rise and average winding temperature are computed and compared to
experimental values, considering an ambient temperature of 20 °C. It is found in
both transformers that the flow rate for natural and synthetic esters is reduced
50% (for the power transformer) and 40% (for the distribution transformer) to
that obtained with the mineral oil. Hence, the HST is 24% (power transformer)
and 14% (distribution transformer) higher than that attained with the mineral
oil. Therefore, the HST rise limits are not satisfied when natural ester is used
in the power transformer. In the case of the distribution transformer, the TOT
attained with the natural ester is 3.8 °C higher than with the mineral oil, while
the HST is 7.25 °C higher.



In the work of [18] the thermal behavior of a 200kVA ONAN distribution
transformer filled with a methyl ester waste vegetable oil is analyzed. First,
the AC breakdown voltage, viscosity, density, thermal conductivity and spe-
cific heat for this kind of oils are analyzed and compared to those of natural
and synthetic esters as well as mineral oils. Then, a detailed 3-D geometry of
the distribution transformer is used to run thermo fluid dynamics simulations
with ANSYS® Fluent. Grid convergence is performed based on the average
oil temperature value for full load operation of the transformer. The magnetic
core and winding losses are obtained from experimental tests and for simplicity
in the numerical simulations, they are assumed constants and uniformly dis-
tributed on the surfaces of the core and the windings. On the external surfaces
of the transformer, appropriate correlations are used to calculate the heat trans-
fer coefficients. The simulations were carried out for 10% and 30% of full loaded
condition, since temperature distributions for these conditions were measured
with a thermographic camera. Good agreement between the numerical results
and experiments were found. It is also concluded from the simulations that the
HST attained with the waste vegetable oil is 3 °C lower than that obtained with
the mineral oil. Because of its lower viscosity, also the velocity and temperature
of the oil flowing between the windings are higher and lower, respectively, for
the waste vegetable oil than for the mineral one.

More recently [19], the thermal performance of an oil-filled 630 kVA ONAN
transformer is analyzed when a mineral oil and three esters are used as coolant.
In that work, COMSOL Multiphysics®) is used to solve the coupled laminar flow
and heat transfer problem in the windings in order to estimate the TOT and
the HST for a 20 minutes time lapse. The flow velocity is imposed at the inlet of
the winding oil ducts and the pressure is set null at the outlet. The rated power
losses at the windings, magnetic core, as well as the stray losses, are taken from
data provided by the manufacturer. Then, the TOT and HST computed with
a COMSOL Multiphysics® 3-D model are used as input in a Matlab® model
to compute the TOT and HST variations all day long. Afterwards, considering
different scenarios of the loading power factor and ambient temperatures, the
aging and the loss of life of the transformer are assessed. Also the annual energy
losses of the transformer, their cost, and their impact on green-houses gases
emissions and corresponding environmental cost are evaluated. They conclude
that aging of the transformer is reduced when esters are used instead of mineral
oil, for different power factors.

The present work was carried out within the BIOtrafo project [20] of Re-
search and Innovation Staff Exchanges (RISE) under a Marie Sklodowska-Curie
collaboration and its aim is to analyze with coupled electromagnetic (EM) and
thermo fluid dynamic (CFD) 3-D simulations the changes in the heat dissipation
performance of an ONAN distribution transformer when natural esters are used
as cooling fluid instead of mineral oils. The emphasis of the work is set, on the
one hand, in coupling the 3-D EM model with the 3-D CFD model so that the
detailed non-uniform power losses distributions computed in the magnetic core
and the windings are used as input in the CFD model, thus increasing the ac-
curacy of the computations if compared to other research works where uniform



and constant power losses are used. On the other hand, the 3-D CFD model also
aims to increase the accuracy of the results by considering a full representation
of the transformer where the non-uniform heat distributions at the magnetic
core and the windings are transferred to the oil, then to the walls of the oil tank
and finally to the surrounding air. Details like considering each cooling duct
through the windings, the staircase shape of the magnetic core and the oil flow
inside each radiator fin are taken into account in the CFD model. Conduction,
convection and radiation heat transfer mechanisms are also considered. Finally,
anisotropic heat conduction in the magnetic core and the windings are used in
the simulations.

2. Approach to the work

The distribution transformer is manufactured by Tadeo Czerweny S.A. com-
pany, which is one of the industrial partners involved in the BIOtrafo project [20].
The transformer has a rated power of 315kVA and a voltage ratio of 13.2kV /
0.4kV. More technical specifications of the device are introduced in section (3).
A distribution transformer is chosen for the study as a first development step
of the numerical simulation strategies and tools, because of its simple geometry
and reduced size if it is compared to a power transformer. A picture of the
machine under study in the production line is presented in Fig. 1.

/i
i

Figure 1: Picture of the distribution transformer in the production line at Tadeo Czerweny
S.A., Argentina. View of the windings, magnetic core, current bars and steel frame.

Special care is taken in different aspects of the problem modelization in
order to attain accurate results while maintaining computational costs as low
as possible. However, some details in the geometry of the machine have been
simplified in the CFD model (e.g. the current bars and the steel frame structure
which holds the magnetic core and the windings are not taken into account).



Moreover, one quarter of the full transformer geometry has been considered
and appropriate symmetry boundary conditions are applied at the cutting /
symmetry planes. Additionally, in order to cut down the computational cost, the
air surrounding the transformer is not simulated but appropriate heat transfer
coeflicients values are used instead. The values of these coefficients are computed
as the sum of convective and radiative contributions. At first instance, the
value of the convective heat transfer coefficient from the solid surfaces of the
radiator fins to the air is taken into account based on the previous numerical
and experimental research results with a power transformer working in ONAN
mode [8].

On the other hand, to take into account the anisotropic heat conduction
in the magnetic core and the windings, equivalent thermal conductivities are
computed in section 5.3 following semi-analytic [21] and numerical procedures
using the finite element method (FEM) on representative cells or sections. This
approach is chosen since it is not possible to represent in the CFD simulations
of the windings and magnetic core details like wire conductors (copper), wire
insulation (varnish), paper sheets used as conductor separators, oil gaps between
the conductors or each steel sheet of the magnetic core.

Regarding the electromagnetic (EM) model, the input data such as nomi-
nal power, voltage ratio and windings configurations were provided by Tadeo
Czerweny S.A. The power loss distributions in the windings and magnetic core
were finally computed using FEM and the software ANSYS® Maxwell as a 3-D
steady-state model. These results were further used during the first coupling
with the CFD model. The detailed 3-D EM model with its results is introduced
in section (4).

On the other hand, section (5) describes the coupling of the EM and CFD
models, which is realized by transferring the power loss distributions from the
FE mesh used in the EM model to the FV mesh of the CFD model. This
is carried out by linear interpolation from the nodal values of the FE mesh
to the cell centers of the FV mesh. Since the latter mesh is much finer than
the former, the interpolation error is rather small. The implementation of the
transfer algorithm is carried out within the Salome [22] platform.

Finally, detailed oil velocity and temperature fields for the complete trans-
former are presented in section (6), specially inside the oil cooling ducts of the
windings and between the windings and the magnetic core. Afterwards, average
oil temperature differences with respect to a reference temperature at specific
locations at the top and the bottom of the transformer are analyzed and com-
pared to experimental data, both for the mineral oil and the ester. In addition,
temperature distribution and averaged temperatures of the windings and the
magnetic core are evaluated and compared for both fluids. In order to verify
the convergence of the complete EM and CFD coupled models, the power losses
computed with them are analyzed and compared to the data provided by the
manufacturer. As it is known from practical experience and also from previous
numerical research, the oil and winding temperatures obtained in the simula-
tions with natural esters are expected to be higher than those obtained with
mineral oils [17].



3. Technical specifications of the distribution transformer

The present study is performed on a distribution transformer manufactured
by Tadeo Czerweny S.A. company. It has a rated power of 315kVA with a
voltage ratio of 13.2kV / 0.4kV and voltage regulation +2 x 2.5%. The cooling
of the device is realized by natural convection both in the oil and the air. The
transformer is fitted with 16 fins of 605 mm x 180 mm size and 48 fins of 605 mm x
200 mm size. The internal dimensions of the oil tank are: height 720 mm, length
1255 mm and width 410 mm. The active part is comprised of three high-voltage
(HV) / low-voltage (LV) windings. A pressboard insulation is placed between
the HV and LV windings, and also between the LV winding and the magnetic
core. Longitudinal oil channels are provided in the windings in order to increase
their cooling. These channels are made by inserting 4 mm X 4 mm square cross-
section pressboard bars or sticks during the manufacturing process, denoted as
yellow squares in Fig. 2 (right). These channels are also shown in Fig. 2 (left).
The same pressboard bars together with 4 mm thickness pressboard separator
sheets are used as insulator between the HV and LV windings. This is also
depicted in Fig. 2 (right).

Pressboard
insulation

LV winding HV winding

| |

Pressboard N
insulation []

Pressboard insulations

Figure 2: View of the HV and LV windings geometry: detail of the oil channels along the
windings (left) and the different insulation materials (right).

The cooling channels have helical shape in the real transformer but they are
assumed to be straight in the EM and CFD models in order to simplify the
analysis and to reduce computational costs. Circular cross section enameled
copper wires are used as conductors in the HV winding, while copper foils are
used in the LV one.

The magnetic core is made of 0.27 mm thickness Fe-Si grain oriented elec-
trical steel sheets. A schematic cross section on a plane perpendicular to the
symmetry axis of the windings is shown in Fig. 3. Some dimensions of the core
cross section are shown in this figure, as well as the layout of the metal sheets.
The magnetic core is not manufactured by stacking cut metal sheets of different
size (i.e., stacked lamination) but appropriately folding metal sheets instead.



The cores are wounded as loops or strips (two halves with overlapping ends
joined together to form a loop in multiple layers of the wound core). This man-
ner of manufacturing the core is taken into account both in the computation
of the magnetic fluxes as well as in the calculation of the anisotropic thermal
conductivities, as will be later explained in the work.

HV winding
LV winding

Pressboard

Metal sheets . .
insulation

Figure 3: Scheme with cross-section of magnetic core and windings in a normal plane to the
windings axis.

It should be mentioned that the pressboard sheets are placed as separator
in the gaps between two core loops, so that the oil flow is almost blocked in
those regions (see detail in Fig. 3). Moreover, both the bottom and top ends
of the windings are insulated with paper sheets and pressboard ribbons. These
insulations are shown in color black in Fig. 2(left).

4. Electromagnetic model

The distribution transformer considered in this work has the DYnll wind-
ings configuration. The EM model was prepared in the ANSYS® Maxwell soft-
ware and it was solved by the iterative EddyCurrent 3-D solver. This solver
allows for the time-independent, steady-state computations of electromagnetic
field distribution. Because of the complex geometry of the windings, particu-
larly the HV one which is composed of many small strands (see Fig. 4), it has to
be simplified to carry out the simulations. To this end, an equivalent electrical
conductivity is determined assuming that the cross-section of the winding is
uniform. Therefore, the copper conductivity is multiplied by coefficients to get
the same resistance as in the real winding.

The technical data of the magnetic steel as well as the geometry of the core
and the windings were provided by Tadeo Czerweny S.A. The EddyCurrent
solver allows to compute averaged core loss and ohmic loss per voltage sinusoidal
period. This core loss is computed on the basis of the Steinmetz’s equation using
coefficients calculated from core loss vs. magnetic field characteristics given by

10
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Figure 4: Schematic view of the high (left) and low (right) voltage windings on radial cutting
planes.

the device manufacturer. The solver increases the number of mesh elements
by 30% in each iteration until the energy percentage error is lower than 1%.
The excitation of the primary windings is provided from the external circuit
by current sources with amplitudes computed from rated primary voltage and
rated power. The secondary windings are connected to resistors with resistances
computed from the rated power and the rated secondary voltage to achieve the
nominal state of the transformer. The circuits used for the excitation of the
coils are presented in Fig. 5.

LabelID=IVoltmeter264
LabelID=IVoltmeter261

P

LabellD= IVAmmeter260
I_primary La- .

@ bellD=1110 Thigh cotgs] £0_
=. igh_voltage A L It A RI125
ow_voltage._ 5
I_primary La- . O
’_@ belID=1109 LHigm;E“‘ 7 /;{/Y\/_‘
LLow_voltage_ B obc
I_primary La- .
) a0 00 3 AYAY
LLow_voltage_C Robce
R123

Figure 5: External circuit used as an excitation of primary windings and external resistors
used as secondary windings nominal load.

The EM model was validated in two steps. First, a 2-D simplified model
was prepared and core loss as well as ohmic loss were computed. The core loss
distribution of this 2-D model is presented in Fig. 6.

The results were compared with those given by Tadeo Czerweny S.A. The
discrepancy between the power losses was equal to 510 W, which is approxi-
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Core Loss
(W/m?)

1.3E404
I 1.2E404
1.0E+04
9.1E+03
7.8E403
6.5E403

5.2E4-03
3.9E4-03

2.6E+03

1.3E+03
0.0E+4-00

Figure 6: Core loss distribution computed with the 2-D EM model used for validation.

mately 12%, due to many simplifications and assumptions of the 2-D model.
The second step of validation was to develop a 3-D model of the transformer.
The results of core loss and ohmic loss were again compared with data given
by the manufacturer. In this case the discrepancy is equal to 199 W (4.7%)
at uniform temperature of 75°C and 113 W (2.7%) at uniform 70°C. The 3-
D distribution is later used as input data in the CFD models during the first
coupling. The magnetic core and windings losses computed with the 3-D EM
model are presented in Fig. 7 and Fig. 8, respectively.

Core Loss
(W/m?)

1.0E4-04
9.8E4-03
9.6E4-03

9.4E403
9.2E403
9.0E403
8.8E+403
8.6E403
8.4E403
8.2E4+03
8.0E+03
7.8E+03
7.6E+03
7.4E+403
7.2E+03
7.0E+03

Figure 7: Core loss distribution computed with the 3-D EM model.
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Figure 8: Windings ohmic loss distribution computed with the 3-D EM model.

5. Thermo-hydraulic model

This section first describes the treatment of the transformer geometry within
the thermo-hydraulic model and the mesh generation of the magnetic core, wind-
ings, fluid and oil tank walls. Then, the governing equations are introduced. The
boundary and initial conditions, as well as further assumptions of the model
are explained when appropriate. Finally, the computation of equivalent ther-
mal conductivities to consider anisotropic heat conduction in the windings and
magnetic core is described.

5.1. Geometry processing and mesh generation

The STEP-format files with the geometries of the different machine parts
were provided by Tadeo Czerweny S.A. company. The pre-processing of the
geometry, the assignment of the various boundary conditions to the different
components of the transformer and the STL mesh generation required by snap-
pyHexMesh [23] were carried out within the Salome [22] platform. The fluid
mesh is generated with snappyHexMesh, which is an open-source, fully parallel,
cross-platform library for polyhedra mesh generation implemented within the
OpenFOAM®framework.

The computational domain used in the simulations considers one quarter of
the complete transformer because a high number of cells are required to compute
accurate results not only of the global variables of interest (e.g. average oil
temperature, average heat transfer coefficients, total dissipated power) but also
details of the oil flow and temperature distribution at the entrance and inside
the winding channels, in the small gaps between the core and the LV winding
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and also inside of each radiator fin. Because one quarter of the complete domain
is considered, symmetry boundary conditions are applied at the cutting planes.
Fig. 9 shows a picture of the simulation domain.

Figure 9: Computational domain (coloured) for the thermo-fluid dynamics simulation with
Code_Saturne. One quarter of full domain is considered.

The meshes for the fluid, windings and core are made up of polyhedra but
they are hexa-dominant. A mesh convergence analysis using meshes of 15, 25
and 35 million cells was carried out. For the mesh with approximately 35 million
cells in total, the number of cells used for the core is approximately 3.1 millions
and that for the windings is approximately 5.5 millions. The meshes are non-
conformal at the interfaces between the fluid and the solids. All the meshes are
created in a monolithic way, ensuring that all quality criteria metrics (e.g. non-
orthogonality, face skewness) are applied to the whole domain, avoiding quality
issues during the mesh joining process at the fluid and solid interfaces.

Moreover, special refinement of the fluid mesh is performed near the solid
surfaces in order to accurately solve the thermal and fluid boundary layers and
thus the heat transfer between the solids and the fluid. This is particularly
important at the oil ducts in the windings, where there are approximately 7
cells along the thickness (4mm) of the duct. Inside the radiator fins there are
8 cells along the thickness (5mm) of the fluid mesh. The refined regions are
clearly visible in Fig. 10. A cut of the core and windings meshes perpendicular
to the axis of the windings can be seen in that figure. The meshes include those
of the pressboard sticks used as separators to generate the oil cooling channels
and the pressboard insulation between the LV and HV windings.

The windings (light blue) and the magnetic core (red) are also discretized
with FV meshes as shown in Fig. 10, where the heat conduction problem is
solved. In this case, the heat source values at the centers of each cell are com-
puted by linear interpolation of the non-uniform heat loss distribution computed
with the EM model. Since the finite element meshes used to solve the electro-
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magnetic problem with ANSYS Maxwell® are much coarser than those of the
thermal problem, a linear interpolation algorithm is employed to compute the
required values at the cell centers of the FV mesh.

Indeed, Figs 7 and 8 show the power loss distribution computed with the
EM numerical model (see Section 4). The total power loss provided in the
data sheet of the manufacturer is Q¢ gap = 4250 W and that computed with
the EM numerical model described in Section 4 at a reference temperature of
75°C is Q¢,pm = 4449 W. Because one quarter of the transformer is considered
in the CFD simulations, the power losses interpolated to the F'V mesh of the
windings and core of the CFD model are computed as this latter value divided
by four, i.e., 1112.25 W. However, because of the errors introduced by the
interpolation procedure, the total power interpolated on the FV mesh is equal
to Qt,Interp =1114W.

On the other hand, the heat conduction through the steel walls of the exter-
nal casing and radiators fins is taken into account in the simulations. To this
end, a structured mesh for the solid that models these walls is constructed. A
cut of this mesh can be observed in Fig. 10. The thermal conductivity of the
carbon steel of the fins and the casing i kcarbon_steet = 54 W/(mK) and it is
assumed to be isotropic.

Figure 10: Cut of the fluid and radiator fins meshes. The cutting plane is perpendicular to
the axis of the windings (left). Detail of the fluid and the solid meshes at the radiator fins
(right).

5.2. Gowverning equations

The oil natural flow in the tank is governed by the continuity and momen-
tum conservation equations for unsteady incompressible viscous laminar flows
of thermally conducting Newtonian fluids. Under these assumptions, the conti-
nuity equation is given by the null divergence of the velocity field
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V-U=0 (1)

where U = U (z,y, 2, t) is the flow velocity field and V = (9/0x,9/dy, /0z) is
the gradient operator. On the other hand, the momentum equation is given by

DU
Dt
being DU / Dt the material or Lagrangian derivative of the velocity field (namely,
DU/Dt = 9U /ot + (U - V)U), Vp is the pressure gradient, g is the gravity
vector, p(T') is the temperature-dependent dynamic viscosity, p(T) = p + Ap
is the temperature-dependent density, and p is a reference density value. The
temperature-dependence of the density is only taken into account in the source
term of the momentum equation using the Boussinesq approximation because
the density changes are very small (Ap/p << 0.1) for the range of the trans-
former operating temperatures [24]. However, variation of physical properties
like the dynamic viscosity, thermal conductivity and specific heat are important
[25] within this range, so appropriate functions will be later introduced for these
properties as function of the temperature for both the mineral oil and the ester.
Additionally, the energy conservation equation in the solids (windings, core,
radiators metal sheets) can be stated as follows

oT
ot
where k(T is the thermal conductivity, VT is the temperature gradient, q is the
heat flux density vector and C,(T) the specific heat. Finally, the energy con-
servation equation for convective flows of incompressible thermally conducting
fluids can be written in the following manner

= —Vp+ H(T)g + V- (W(T)VU) (2)

pCp(T)—- =V - (K(T)VT) +q (3)

pCy(T) 20 = - (K(T)VT) (W
where C,(T') is the specific heat of the fluid at constant pressure. Both the
temperature-dependence of the thermal conductivity and specific heat will be
defined for the mineral oil and the ester. The coupled oil flow and heat trans-
fer problem is numerically solved with the multiphysics parallel scientific code
Code_Saturne[26, 27]. The numerical scheme for space discretization of the un-
steady Navier-Stokes equations of incompressible viscous fluid flows is based on
the finite volume method (FVM) using the second order linear upwind (SOLU)
scheme [28]. The coupling of the pressure and velocity fields is done with the
SIMPLEC (semi-implicit method for pressure-linked equations consistent) algo-
rithm and a second order Crank-Nicholson time integration scheme is used for
the transient simulations [24]. The buoyancy of the oil due to the temperature
changes is taken into account in the modelization by considering the tempera-
ture dependence of the density 5(7"). For the mineral oil used in this work, the
relationship between the density (given in Kg/m?3) and the temperature (given
in K) [6] is given by
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Pmineral(T) = 1067.75 — 0.6376 T (5)

while for the ester oil the relationship is

Pester(T) = 1109.2 — 0.653 T (6)

Moreover, the dynamic viscosity (u in Pas), specific heat (C), in J/(kgK)) and
thermal conductivity (k in W/(mK)) are given by the following equations

fminerat(T) = 0.08467 — 4 x 1074 T + 5 x 1077 T*? )
pester(T) = 7.99 —0.0664 T + 1.84 x 107 T2% — 1.7 x 10" T° (8)
Pmineral (T) = 807-16 + 3-57T (9)

Cpour (T) =1273.15+1.95T (10)
Emineral(T) = 0.1509 — 7.101 x 1075 T (11)
Eester(T) = 0.1317 4+ 4.142 x 1074 T — 8.86 x 107" T2 (12)

No-slip boundary condition is applied to the velocity field at the solid walls.
Since the estimated Rayleigh (Ra) number for the vertical flow is less than ~ 10°
and the Reynolds (Re) number is 280 for the mineral oil and even less for the
ester, it is considered that the oil flow due to natural convection is laminar.
Therefore no turbulence model is used in the simulation of the oil flow. The
ambient temperature of the air surrounding the transformer is chosen to be
Ty = 30°C since according to [4] this is the ambient temperature for rating
transformers.

At the initial time ¢ = 0s, the velocity of the oil is set to zero in the
whole domain, while the oil temperature is set to be uniform and equal to
65 °C. The main objective of using this temperature as initial value is to re-
duce the number of time steps to attain the steady state with the transient
solver. This temperature is estimated by performing an energy balance with a
semy-analytic reduced model for the power loss provided by the manufacturer,
namely Q¢ gap = 4250 W, and the heat flux dissipated by the radiators and the
oil tank surfaces, considering both convection and radiation.

On the other hand, the heat transfer (convection and radiation) from the
walls to the surrounding air is modeled instead of being simulated. This ap-
proach is taken since the simulation of the air flow surrounding the transformer
would greatly increase the computational cost of the simulations. Therefore,
heat transfer coefficients are computed for the top, bottom and lateral surfaces
of the transformer using Eq.(13). An empirical equation proposed by [29] is
used for the surfaces of the radiators fins
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heons = Nu k/L
Pr=pC,/k
— gB|Twall - Tref|L3

Gr
(1/p)?
Ra = Gr Pr (13)
2
1/6
Nu = | 0.825 + 0.387Ra

{1 + (0.492/Pr)" 16] B
which is valid for vertical parallel flat plates, where Pr, Gr, Ra and Nu are the
Prandtl, Grashof, Rayleigh and Nusselt numbers for the air, respectively. Typau
and T.¢ are the mean wall and external air temperatures, p is the air density,
L is the length of the surfaces (fins), § is the air thermal expansion coefficient
and g is the gravity.

For the top (upward-facing heated plate) and bottom (downward-facing
heated plate) surfaces, the following empirical correlations described in [30] are
used

Nuyop = 0.59Ral/*

(14)
Nitpottom = 0.27Ral/*

where the characteristic length involved in these correlations is L = area/perimeter,
being area the area of the top and bottom surfaces of the transformer oil tank
and perimeter is the corresponding perimeter.

As stated in [31], the heat transfer due to radiation is another key point in
the transformer heat dissipation. In order to estimate the amount of energy
transferred to the environment by radiation, a zero-dimensional model of the
transformer was considered by solving an energy balance problem. As result of
this analysis it is concluded that 17% of the total dissipated energy is due to
radiation. Thus, to take into account the radiation, a combined model is used
as described in [30]

q = Qrad + Geconv = (Twall - Tref)(hrad + hconv) (]-5)

The radiation heat transfer coefficient h,qq is defined by the following equation

hrad = 0€(Toan + Tre ) (Twatt + Tref) (16)

where € is the emissivity set to 0.94 as defined in [32] for transformers paint and
o = 5.67x 1078 W/(m?K*) is the Stefan-Boltzmann constant. To compute
hrad, the temperatures T4, and 1.5 should be expressed in K.
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5.8. Computation of equivalent thermal conductivities

As it was previously mentioned, it is not feasible to simulate the heat con-
duction in the windings and magnetic core with a full representation of the
copper wires, paper sheet insulation, small oil gaps between the wires, varnish
insulation of the wires or each individual steel sheets and sheet coating of the
magnetic core. Therefore, to take into account the anisotropy in the heat con-
duction with a reduced computational cost, a procedure is applied in order to
compute equivalent thermal conductivities, which are then introduced into the
numerical model. In this work, we follow the ideas presented in [21] and we
also perform FVM heat conduction simulations for a representative cell of the
particular geometry of the windings and magnetic core under study to compare
the estimated values.

Schematic draws of radial cutting planes for the HV and LV windings are
shown in Fig. 4. The HV winding is made up of circular cross-section enameled
copper wires. There is a craft paper insulation between two wire layers. The
wires have diameter do = 1.7 mm and a varnish insulation which has thickness
ec; = 0.05mm. The insulation between wires is made of craft paper which has
thickness ep = 0.397mm. The LV winding is made of copper foils of ec =
0.5 mm thickness, while paper sheets are placed as insulator between the copper
foils. The paper sheets have thickness ep = 0.125 mm.

The HV winding has height {fy = 260 mm,inner diameter d;y, gy = 261 mm
and radial dimension egy = 26 mm. On the other hand, the LV winding has
height Iz = 280mm, inner diameter d;, rv = 197mm and radial dimension
ery = 21mm. The HV winding has 11 wire layers in the radial direction, ar-
ranged as 6 wire layers, then the oil cooling ducts and afterwards the remaining
5 wire layers. On the other hand, the LV winding has 26 foil layers in the
radial direction, arranged as 13 copper foil layers, then the oil ducts and fi-
nally the remaining 13 copper foil layers. To compute the equivalent thermal
conductivities in the windings, the following thermal conductivity of each com-
ponents are used: electrolytic copper k¢ = 394 W/(m K), wire insulation (var-
nish) kc; = 0.26 W/(m K), craft paper interlayer insulation kp = 0.47 W /(m K),
mineral oil ko, = 0.127W/(mK) at To; = 65°C from Eq.(11) and pressboard
kpresshoard = 0.2 W /(mK) taken from [33].

According to the procedure explained in [21], the layout of the different com-
ponents in the winding has to be clearly defined in order to compute the volume
ratio v; of each material considered in a representative cell of the winding. Since
the analysis is carried out on a radial cutting plane of the winding, the volume
ratio of material-j (v;) is defined as the area ratio

v; = Aj/Acen (17)

where A; is the area of material-j in the cell with total area Acey. Then it
should be satisfied Zj v; = 1. For the HV winding, the representative cell
is shown in Fig. 11 enclosed by the red dashed line. It includes one quarter
of a wire conductor, half of the oil gap between two wires and half the paper
insulation thickness. It is assumed for the analysis that the wires are making
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contact at one point and the oil velocity in the gaps between paper and wires is
very small, so that convective heat transport can be neglected. Moreover, after
inspection of the manufacturing process, it is considered that the wires are not
aligned but they are arranged in a thombus or interleaved pattern, as it is shown
in Fig. 11. The vertical offset (i.e., in the z-coordinate) between the wire centers
is do/2 + ec; and the distance between the centers is do + 2ec; + ep. With
this geometric data, it is possible to compute the volume ratios of each element
in the representative cell. These volume ratios are: ve = 0.629, ve; = 0.076,
Voil = 0.090 and vp = 0.204.

,  Copper wire

Conductor insulation

Figure 11: HV winding scheme with representative cell shaded and enclosed by red dashed
line.

In the procedure presented in [21], they use an analytic expression for the
equivalent conductivity k. derived by [34], which is valid for stacked cylinders
within an insulation matrix, and it is only applicable to two materials, namely
conductor and insulator

ko = ki (1 + ’Uc)kc + (1 vc)kms (18)
(1 —ve)ke + (1 +ve)kins

If there is more than one insulation material, then it is suggested to amalgamate
them into a single compound in the following manner [21]

VOil vp VCi
kamal = ko - - . 19)

— O g + ko
Voil +vp + Ve Voil + Vp + Ve Voil + vp + V¢
where kgmar is the amalgam thermal conductivity. Then Eq.(18) can be used
replacing the insulator by the amalgam

(1 + UC)k'C + (1 - UC)k'amal
(1 - 'Uc)kc + (1 + UC)kamal

The equivalent thermal conductivities in the radial and axial direction of
the HV winding are (k.)gv = (k.)gv = 1.231 W/(mK). They are computed

ke - kamal (20)
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taking into account the thermal conductivities of the oil, paper, copper and
varnish, their volume ratios calculated from the representative cell shown in
Fig. 11, and following the two steps procedure previously described. It should
be noted that with this calculation procedure it is not possible to distinguish
between the values in the axial and radial directions. On the other hand, the
equivalent thermal conductivity in the circumferential direction is computed
considering that heat conduction through the different materials is realized in
parallel. Therefore

(ko) v = veke + voukoa +vekp + voike; (21)

and (kg) gy = 205.5W/(mK).

In addition to the analytic procedure previously explained, numerical simu-
lations were performed in order to validate the computed values. Besides, the
analytic procedure provides the same values for (k,)gy and (k,)gy. Using
Code_Saturneas numerical solver and following the methodology proposed in
[31], a new set of (k,)gv, (k.)mv are obtained.

To calculate the radial and axial thermal conductivities, the representative
cell denoted with the red shaded area in Fig. 12 (left) is used. To compute
the radial thermal conductivity, a temperature difference of 5K is imposed in
the radial direction and the cell boundaries are isolated in the axial direction.
On the other hand, to compute the axial thermal conductivity, the boundary
conditions are switched. After a mesh convergence analysis, the average heat
flux flowing through the representative cell is obtained. Then the equivalent
thermal conductivities in both directions are computed from the Fourier law.
Using this methodology, it is possible to distinguish the values of the axial and
radial directions.

Fig. 12 shows the thermal conductivities of the involved materials on the left,
the temperature distribution for the axial case at the center and the temperature
distribution for the radial case on the right.
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Figure 12: Representative cell of the HV winding enclosed by the red dashed line. Fields of
the thermal conductivity (left), the temperature distribution for the axial (center) and radial
(right) cases.

ThermalCond

Based on these simulations, the radial and axial equivalent thermal conduc-
tivities are: (k,)py = 1.26 W/(mK) and (k.)gy = 1.31W/(mK). As can be
observed, the magnitude of these values are very close to those computed with
the analytic procedure.
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On the other hand, the estimation of the equivalent thermal conductivities is
much simpler in the LV winding since there are no oil gaps between the copper
foils and only two materials are considered, namely copper and paper. If the heat
conduction problem is analyzed along the radius of the winding, the thermal
conductivities are working in series, i.e. the heat should flow first through a
copper layer, then through a paper insulation layer, and so on. On the other
hand, if the heat conduction problem is analyzed in the circumferential (6) and
axial (z) directions the thermal conductivities are working in parallel since the
heat flux is conducted simultaneously along the different layers. Therefore

(ko)rv = (k2)Lv = vcke +vpkp (22)

where vo = 0.765 and vp = 0.235. Then the resulting value is (kg)ry =
(k.)rv = 301.4W/(mK). On the other hand

kokp
vckp +vpkc

where ve = 0.8, vp = 0.2, and the resulting value is (k.)py = 2.3 W/(m K).

Finally, the equivalent thermal conductivities are computed in the magnetic
core. A top view scheme with the dimensions of the core is shown in Fig. 3.
The metal sheets are made of Fe-Si grain oriented electrical steel, which has
thermal conductivity ksiee; = 35 W/(mK). Each sheet is coated on both sides
with an inorganic layer based on Phosphate in order to provide good electrical
resistance. The coating has thermal conductivity keoqting = 1.04 W/(mK).

The thickness of each coated sheet is egpeer = 0.27 mm. Since the height of
the core is 85.5 mm, then the number of sheets is 317. The thickness of the coat-
ing layer is approximately ecoqting = 5 pm, therefore the thickness of the steel
sheet is egtee; = 0.26 mm. Afterwards, the equivalent thermal conductivities in
the directions aligned and normal to the metal sheets are given by

(kr)rv = (23)

kCore,aligned = vSteelkSteel + vCoatingkCoating (24)

and

kSteelkCOating (25)
VUCoating kSteel + VSteel kCoating

with kcore_atigneda = 33.7W/(mK) and kcorenormat = 16.1 W/(mK). Finally,
these values are applied in a cell by cell fashion, considering the appropriate
orientation of the cells regarding to the coordinate axes, as it is required by
Code_Saturne.

kCore,normal =

6. Results and discussion

In this section, the numerical results computed with the coupled CFD simu-
lations with Code_Saturnefor both ester and mineral oils, are presented. Addi-
tionally, the numerical results are compared to the experimental data provided
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by Tadeo Czerweny S.A. for the mineral oil and also to the results shown in CI-
GRE report [35] which covers the experience in service of using synthetic esters,
natural esters and silicone fluids in electric transformers.

The experimental measurements provided by the company were obtained
for the 315kVA transformer filled with mineral oil. The provided data are the
temperature of components like the HV and LV windings as well as the oil
temperature at some characteristic points of the machine. The temperature of
the HV and LV windings are estimated following the guidelines established in
the IEC 60076-2 [36] standard, which describes an indirect method to measure
the average winding temperature. This method is based on measurements of
winding resistance at two different temperatures, e.g., a reference temperature
and a hot temperature. On the other hand, the top and bottom oil temperatures
are measured using thermocouples. The positions of the thermocouples in the
transformer are shown in Fig. 13. The top oil temperature is measured at
100 mm below the top surface of the oil tank and the bottom temperature is
measured on the fin surface, 30 mm above the bottom boundary of the fin.

TILL

Place where

the sensor
Place where was located
the sensor d
was located

Figure 13: Position of the top (left) and bottom (right) thermocouples.

The last 1200s (20 min) of the numerical simulations were used to compute
the top and bottom time averaged temperatures for both oils. The temperature-
time history was analyzed and plotted in Fig. 14. The figure shows that the
steady state condition was reached in both cases, because there are no significant
temperature changes during this period. For the mineral oil, the time averaged
top and bottom temperatures are 72 °C and 57.7 °C, respectively. For the ester
oil, the time averaged top and bottom temperatures are 73.5°C and 56.3 °C,
respectively. Therefore, the top temperature of the ester is 1.5 K higher than
that of the mineral oil while the bottom temperature of the ester is 1.4 K lower.
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Figure 14: Top and bottom temperatures vs. time (steady state) for mineral and ester oil.

On the other hand, Fig. 15 shows the external temperature distribution
together with isolines for 60°C, 64 °C, 68 °C and 70°C for both fluids. Addi-
tionally, in Fig. 16 the temperature profile is plotted between two fins, along
the vertical black solid line indicated in Fig. 15, near the center of the trans-
former. When using natural ester, higher top and lower bottom temperatures
are obtained, thus increasing the temperature gradient along the transformer
height, which is shown in the rightmost graph. As it will be shown next, this
higher temperature gradient for the ester is mostly due to its higher kinematic
viscosity which makes the ester to flow at lower velocities than the mineral oil.
Therefore, the natural ester is in contact with the heat source at the windings
and magnetic core for a longer period of time than the mineral oil.
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Figure 15: External temperature distribution and temperature isolines corresponding to
60°C, 64°C, 68°C and 70 °C. Black vertical line denotes the position where data is evaluated
to build Fig. 16
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Figure 16: External temperature distribution over the vertical line depicted in Fig. 15
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The oil temperature distribution at the midplane section of the transformer
is shown in Fig. 17. When natural ester is used as cooling fluid a higher working
temperature is obtained, as can be observed in the top region of the transformer
and also in the cooling ducts of the windings. The average temperature of the
HV winding is 3°C higher while the LV winding and magnetic core are 2°C
hotter. In Table 1 are listed all the temperatures of the internal components
and they are compared to the experimental data.

Ester oil Mineral oil

Temperature [C]
65. 70.0

b QR
Figure 17: Mid-plane temperature distribution.

Inside the cooling ducts a heat transfer process occurs between the winding
internal surfaces and the cooling fluid. The oil flows from the bottom to the
top and it is heated during its circulation. In Fig. 18 the fluid temperature is
shown in the region of the winding and magnetic core for three cross sections
located at the inlet (lower position), middle and outlet (higher position) sections
of the winding. It can be seen that a higher temperature is obtained for the
ester at the outlet. Also, the temperature of the fluid that is in contact with
the windings and magnetic core external surfaces is higher for the ester than for
the mineral oil. This is noticeable, for example, in the fluid regions between the
two halves of the core or between the core and the inner wall of the winding,
at the inlet section. On the other hand, Fig. 19 depicts the fluid temperature
evolution along the height of a winding cooling duct. In first place, it can be
seen that the mineral oil enters to the winding channel hotter than the natural
ester. Secondly, it can be noted that the temperature rise is about 14 °C for the
ester and 12 °C for the mineral oil. Lastly, it is noticed that the heat exchange is
more significant during the first half of the height due to the higher temperature
difference between the oil and the winding surface.
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Figure 18: Temperature distribution of the fluid in the windings and magnetic core region
at different cross sections along the height of the winding.
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Figure 19: Temperature distribution of the fluid along the height of a winding channel.

Fig. 20 shows the vertical velocity field on a vertical slice of the winding
(vertical symmetry plane) for the natural ester and the mineral oil. There are
three winding channels in the slice which are indicated by the arrows. The
other two regions correspond to the flow in contact with the external surfaces
of the winding. On the other hand, Fig. 21 presents the vertical velocity profile
for both fluids, in the center of an oil duct, along the height of the winding.
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From both figures it is clear that the lower kinematic viscosity of the mineral oil
produces a higher velocity of the fluid inside the channels. This is also noticeable
for the flow field outside of the winding. It can be seen that, for the same fluid,
the velocity magnitude is not exactly the same for the three cooling channels.
Also, there is an entrance effect of the fluid in the channels, because the velocity
is high at the region very close to the entrance, diminishes as the fluid moves
upwards and then increases until it goes out of the channel. This behavior is
clearly visible in Fig. 21, as well as the fact that the mineral oil flows 20-25%
faster than the natural ester, thus increasing the mass flow rate and reducing
the winding temperature. Finally, the entrance effect is more important for the
mineral oil due to its higher velocity.
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Figure 20: Velocity magnitude field of the fluid inside the winding channels on a vertical
cross section (symmetry plane).

Fig. 22 shows the temperature distribution in the windings and magnetic
core for the mineral oil and the natural ester as well as the magnitude of the
velocity field displayed on two cross sections. One is aligned with the plane
perpendicular to the z-axis and the other is aligned with the plane normal to
the z-axis. Additionally, streamlines with the velocity vectors are added to
the figure to show the oil circulation inside the oil tank and the fins. In both
cases, the oil circulation is rather similar, but the velocity is higher for the
mineral oil. The maximum velocity magnitude for the ester is almost 0.014 m/s
and for mineral oil it is 0.031m/s. This is an expected result because of the
lower kinematic viscosity of the mineral oil. The streamlines also show two
distinguishable regions of the flow (i.e., one inside the oil tank and the other
inside the fins). It is noticed that the vertical oil flow between the external
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Figure 21: Vertical velocity distribution of the fluid along the height of a winding channel.

surface of the HV winding and the oil tank has very low (almost zero) velocity.
Only the oil close to the external surfaces of the windings and inside the cooling
channels has a higher velocity.
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Figure 22: Temperature distribution (windings and magnetic core) and velocity for steady
heat dissipation regime. Ester oil (top) and mineral oil (bottom).

It can be observed that the temperature above the winding is higher when
ester is used as cooling fluid. This higher temperature can also be noticed
at the upper regions of the radiator (see Fig. 15) and magnetic core. Table
1 summarizes the average temperature increments with respect to the ambient
temperature assumed for the simulations, namely 30 °C, at different parts of the
transformer. Indeed, ATyy and ATy are the average temperature increments
at the HV and LV windings, ATy +op is the temperature increment of the oil at
the top of the tank 100 mm below the top surface, and ATy, is measured at the
external surface of the radiator fins, 3mm above of the bottom line of the fins
(see Fig.13). On the other hand, AT,;; is the average oil temperature increment
for the complete fluid domain and AT, is that for the whole magnetic core.

The values shown in Table 1 confirm that, on average, the oil, windings and
core are hotter when the ester oil is used. The windings are approximately 3 K
hotter, therefore the HST is also expected to be higher. Moreover, the top oil
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’ | Mineral oil (Num.) | Ester oil (Num.) [ Mineral oil (Exp.) |

ATy 44.1 47 55.9
ATrv 44.3 16.5 52.9
AT it top 12.0 435 455
AToil bot 277 26.3 29.9
AT, 38.5 40 37.7
ATeore 39.5 414 -

Table 1: Temperature differences above ambient temperature in the transformer for the ester
and mineral oils computed with the simulations.

temperature rise is 1.5 K higher and the bottom oil temperature rise is 1.4 K
lower for the ester. This behavior of the temperature in the oil and the windings
is in agreement with that reported in [35]. Therein, it is mentioned that for small
ONAN cooled transformers up to 5 MVA, the top oil temperature rise when
using natural esters is 3K to 5 K higher, the bottom oil temperature rise is 1 K
to 2K lower and the average winding temperature rise is 1 K to 2 K higher. The
third column of the table shows the values of the experimental measurements
carried out by Tadeo Czerweny S.A. company during the transformer testing
procedure.

When comparing the temperature increase in the HV and LV windings of
the numerical simulations with the experimental ones, it can be observed a
difference of 12K for the HV winding and 9 K for the LV winding. Therefore, it
seems that the numerical model underestimates the temperature increments at
the windings. It is considered that this difference could be due to the following
reasons. During the modeling process, several assumptions were applied to
the windings, like the estimation of equivalent thermal conductivities to take
into account the anisotropic heat conduction, the geometry simplification of the
cooling ducts since they are helical in the real device but they are assumed
straight in the numerical models in order to reduce computational costs by
considering one quarter of the machine. Moreover, some cooling channels are
partially blocked in the real machine by additional construction accessories such
as the pressboard sheets located between the magnetic core and the windings,
as can be observed in Fig. 1. Also in the real device, the oil flow is almost
fully blocked by pressboard sheets placed in the gaps between two core loops
as it is shown in Fig. 3, but this is not taken into account in the simulations.
Finally, the paper sheets used as conductor separators can produce partial or
total obstruction at the inlet sections of some cooling channels, thus reducing
the oil flow and increasing the temperature.

For the top and bottom oil temperatures, the values are closer to the exper-
imental measurements and it is considered that the difference is related to the
modeling of the heat transfer (convection and radiation) with the environment.
In the real device, the air between the radiator fins is heated during the oil circu-
lation and the heat transfer coefficient is higher at the inlet region and lower at
the outlet. Additionally, near the tank walls the velocity is lower thus reducing
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the heat transfer coefficient values. In the numerical simulations, the heat trans-
fer coefficient is an average for the given geometry (fin), therefore these specific
situations can not be taken into account with the numerical model presented
in this work. To avoid these drawbacks, the air surrounding the transformer
should be simulated. However, the increase in the computational cost would be
rather high if the oil flow, the heat conduction through the solid walls as well as
the the air flow due to buoyancy were to be solved in a coupled fashion. Indeed,
the air flow surrounding the transformer is turbulent and should be simulated
with a turbulence model, which involves additional transport equations to be
solved and in some cases requires a detailed mesh close to the walls to accurately
solve both the fluid dynamics and the thermal boundary layers. Also, since the
oil flow inside the transformer and the external air flow have rather different
velocities or characteristic times, the time-dependent solution would be limited
by the Courant number of the external air. As a consequence more time steps
would be required to reach a steady state solution.

6.1. Conclusions

The current work presents the fluid dynamics and thermal behavior of an
ONAN distribution transformer. The focus of the study is on the influence
of using a biodegradable ester instead of a mineral oil to cool the device. To
this end, 2-D and 3-D EM simulations with FEM models were carried out to
estimate the power losses in the windings and magnetic core. Then, the power
losses were interpolated from the FEM mesh used in the EM model to FVM
meshes used in the CFD model to accurately represent the non-uniform heat
distribution in the magnetic core and the windings. In this manner, a more
realistic distribution was used instead of averaged values. Equivalent thermal
conductivities were estimated in order to take into account the anisotropic heat
conduction in the magnetic core and the windings, thus increasing the accuracy
of the thermal model. A semi-analytic procedure and numerical simulations
with Code_Saturnewere realized to validate the thermal conductivity values.
Afterwards, the coupled thermal and fluid dynamics problem was solved with
Code_Saturneusing an average temperature field as initial condition to reduce
the number of time steps needed to attain the thermodynamic steady state
of the transformer. The heat dissipated by convection and radiation to the
air surrounding the transformer was computed using semi-analytic models and
appropriate correlations.

Regarding the power losses, the results obtained with the 3-D EM model
were in good agreement with the experimental data provided by the manu-
facturer, with discrepancies between 4.5% and 2.7% obtained at the typical
working temperatures. On the other hand, the simulations carried out with
the 3-D CFD model allowed to find that the flow field for the ester and the
mineral oil is similar. However, the velocity magnitude for the natural ester is
significantly lower than that of the mineral oil because of its higher kinematic
viscosity. This is even more noticeable in the cooling channels of the wind-
ings. As a consequence, the transformer cooled with the natural ester works at
average temperatures higher than with mineral oil. It was also found that the
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increments in the average temperatures in the HV and LV windings due to using
ester instead of mineral oil are in good agreement with those reported in [35].
The same conclusion could be drawn for the top and bottom oil temperatures.
Even though the temperature increments obtained with the ester are accepted
by insulation standards because of its much higher water saturation point and
thus extended operation life of the transformer, it is important to mention that
the heat removal in the winding ducts could be improved by increasing the heat
exchange area of the channels and also avoiding their partial obstruction due to
inaccuracies in the manufacturing process.
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