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Abstract

In this work a thermal-hydraulic analysis of the low voltage winding of a power transformer working in
oil natural mode will be performed. The study considers the thermal and hydraulic balance of the cooling
loop to determine the mass flow and oil temperature at the inlet of the winding. Balance of the windings
and radiator determine the boundary conditions of the model. The thermal model of the winding is
performed using Computational Fluid Dynamics. The winding simulations are made with a 2D
axisymmetric model run with the commercial code ANSYS Fluent. Several phenomena appear in the
winding, due its configuration, that affects the heat transfer in local regions, reducing the local hot-spots
in regions where the oil mass flow is low. The results will be compared to those obtained when the
mineral oil is replaced by a natural ester. For natural ester, the same phenomena appears with lower
intensity due to the lower mass flow and the higher viscosity. The results of this study predicts 5.7
degrees lower bottom-oil temperature and 48% lower mass flow rate at the winding for the natural ester
compared to mineral oil. The reduction of mass flow through the winding is caused by the high viscosity
of the natural ester. Also, the reduction of the mass flow leads to lower bottom-oil temperature.
Regarding the winding model, mineral oil shows 7.3 degrees lower hot-spot temperature than the natural
ester case.

1 Introduction

Oil-immersed power transformers are one of the most expensive and critical components of an electrical
system. Despite being highly-efficient machines, a small fraction of the transferred power is lost in the
form of heat (mainly in the windings), which must be removed. A heat-carrier dielectric fluid, generally



a mineral oil, is used to remove the generated heat, and simultaneously provide electrical insulation.
This liquid circulates around the windings cooling them, and thus preventing hotspots that negatively
affects to the transformer lifetime. The dimensions of these cooling channels depend on the dielectric
fluid properties, as well as the structural and electrical requirements, [1].

One of the most extended techniques for the thermal modelling of power transformers is the
Computational Fluid Dynamics (CFD). In CFD, the governing principles of both fluid flow and heat
transfer are written in the form of partial differential equations that are then replaced by algebraic
equations and solved at discrete elements in time and space. During the last two decades, several authors
have reported the CFD technique as a relevant tool to investigate and improve the thermal performance
of power transformers windings. In the first decade, the main purpose of CFD was to determine the
velocity and temperature profiles of a 2-D winding immersed in a mineral oil, [2]-[7]. More recently,
the improvement of computational resources has enabled the use of 3-D models to conduct numerical
investigations, allowing to capture three-dimensional phenomena that are impossible to find in 2-D
models, [8]-[11].

More recent studies have been carried out using both 2-D and 3-D models to better understand and
characterize the thermal-hydraulic performance of the insulation systems (oil and paper) with ester-
based oils, [12], [13], as well as to evaluate the cooling efficiency of several alternative liquids, [14]-
[16] . Regarding the aging of the transformer insulation, several studies have determined that natural
ester reduces the aging rate of the insulation paper. In these studies, accelerated aging test where
performed and the degree of polymerization and tensile strength were tested when immersed in mineral
oil and natural ester [13], [17]-[21].

In this work, a comparative study of the cooling of a transformer winding with mineral oil and natural
ester is made. Global balance of the transformer cooling circuit is done in order to adjust the inlet
conditions for the comparison.

2 Model description

In this part, the model description used for the CFD model will be introduced. Transformer geometry,
materials and CFD model and mesh will be presented in this section.

2.1 Geometry

In this work, the flow behavior and temperatures inside the windings of an 8.5 MVA —33/6.9 kV ONAN
(Oil Natural Air Natural) power transformer is studied. This transformer is actually designed and
produced by the manufacturer Tadeo Czerweny S.A. As can be seen from Table 1, the low voltage
winding consist of 50 discs and the high voltage winding consists of 58 discs. Low voltage winding
discs are 66 mm wide and 11.5 mm high whereas high voltage winding discs are 72 mm wide and 8.6
mm high. The inner and axial ducts are 6 mm width, except for the outer axial duct in the low voltage
winding which is 7 mm width. The spacers of the low voltage winding are 4.5 mm high and the high
voltage winding spacers are 5 mm high, leading to a total winding height of 804 mm and 792 mm for
low and high voltage windings, respectively.

With this data, CFD modelling of the low voltage winding of the transformer will be performed. 2D
axisymmetric models will be used for the CFD analysis.

Table 1: Geometrical information of the transformer winding

Low voltage winding High voltage winding
Type Disc Disc
Number of discs 50 58
Internal diameter 417 mm 585 mm
Radial disc dimension 66 mm 72 mm
Disc height 11.5 mm 8.6 mm
Winding height 804 mm 792 mm




Inner duct width 6 mm 6 mm
Outer duct width 7 mm 6 mm

2.2 Materials

In this section the properties of the materials that form the insulation system of the winding are
described. The insulation materials that are included in the CFD model are the insulating fluid and the
insulation paper. Other insulating materials, such as cardboard, are not considered in the model. Due to
their low thermal conductivity are considered as adiabatic walls.

2.2.1 Dielectric fluid

Two different kinds of dielectric fluid are considered in this study. Mineral oils and natural esters will
be considered for the cooling of the transformer windings. For the insulating fluids, the temperature
dependent properties are known and collected in Table 2. These equations are valid in the range of
temperature inside the transformer winding (up to 100degC).

Table 2: Temperature dependent properties of dielectric fluids

Mineral oil Natural ester
1098.72 — 0.712-T 1109.2 — 0.653 - T
807.163 +3.58-T 1273.15+1952-T
0.1509 — 7.101e—-5-T 0.1317 + 4.142e — 4 - T —
—8.86e —7-T?
799 —6.63¢e— 2T+
+184e —4-T?—-1.71le—7-T3

Density (kg/m?)
Specific heat (J/kg-K)
Conductivity (W/m?-K)

0.08467 —4e —4-T +
+5e —7-T?

Viscosity (Pa-s)

Since both fluids show a linear dependence with the temperature for the density, the Boussinessq
approach will be used. By using this approach, the computational time will be reduced. Although the
temperature rise will be higher than the recommended of 10K, the linear dependence on temperature of
the density still stands. In [1] considered both kinds of model for a part of a transformer winding without
significant variation.

2.2.2 Equivalent thermal conductivity

The winding discs are normally formed by a set of copper conductors wrapped with insulation paper.
This structure has to be modelled for a detailed analysis of the temperature distribution on the discs,
increasing the complexity of the geometry and the computational cost. In order to simplify the solid
domain for CFD simulations, equivalent values for thermal conductivity of the discs are calculated in
this section. The goal of this process is to avoid modelling the conductor and insulation system in detail,
leading to a simpler design building the discs as unique material with the equivalent thermal conductivity
of the real system. The impact of this approach over the average and maximum disc temperatures is not
important.

The low voltage discs are made of 2.2x11 mm rectangular cross section conductors and the high voltage
discs are made of 2x8.1 mm rectangular cross section conductors. Both conductors are wrapped with
insulation paper with a thickness of 0.25 mm. Since the axial and radial dimensions of the disc are
different, the equivalent material will have an orthotropic thermal conductivity in cylindrical
coordinates. Assuming thermal conductivities of 400 and 0.19 W/m-K for conductor and paper,
respectively, the equivalent thermal conductivities of the discs are presented in Table 3.

Table 3: Temperature dependent properties of dielectric fluids

Low voltage winding High voltage winding
kraa 1.024 W/m-K 0.948 W/m-K
Kax 4.325 W/m-K 3.243 W/m-K




Using these values, the disc can be model as a unique block, which makes easier the geometry building
and the meshing step.

2.3 Transformer balance

The next step is trying to estimate the inlet mass flow through the windings as well as the inlet
temperature. To perform these calculations, some simplifications have been made:

e The pressure drop on the windings is generated mainly by friction through axial ducts, since
radial flow is very low compared to axial flow.

e The pressure drop on the radiator is assumed to be equal to the pressure drop in one panel, with
a uniform distribution of the mass flow in the radiator panels.

e The top oil temperature at the core is the same as the top oil temperature of the transformer.
e The power dissipated by the radiators is the same for all radiator installed in the transformer.

e The center point of the radiator is located 450 mm above the center point of the windings (this
value has been taken from Rios et al. 2017 [2])

e Fluid properties are considered constant (Boussinesq approach) at a reference temperature,
which is the bottom oil temperature.

Based on the geometrical data available and the assumptions previously mentioned the mass flow inlet
and bottom oil temperature could be calculated by applying the balance equations to the windings and
radiator. The calculation process is also explained in [3].

2.3.1 Hydraulic balance

Taking into account that the transformer has an ONAN cooling system, the unique source for the driving
pressure is the thermal driving pressure, which is expressed in eq.(1)

Pr = Pref - g - B - AT - AH (1)

Where pr is the oil density at the reference temperature, g is the gravity acceleration, f is the thermal
expansion coefficient of the oil, AT is the oil temperature rise and AH is the distance between radiator
and windings center points.

This value should be equal to the total pressure drop of the cooling circuit, which is assumed that is the
sum of the winding and the radiator pressure drop, leading to eq.(2)

pr = APwina + APraa ()

From eq.(2), the temperature rise is unknown, as well as the mass flow through windings and radiator.
The windings are assumed that are parallel circuits so the pressure drop will be the same for both high
voltage and low voltage windings.

Apryw = AProw (3)

2.3.2 Thermal balance

From the hydraulic balance, egs. (2) and (3) have been proposed but there are four unknowns for two
equations. In order to get the same number of equations and unknowns, the thermal balance is applied
to the transformer components leading to eqs.(4-8)

Prore = Meore Cp- AT 4)
Pryyw = My - Cp - ATy Q)
Pryw = Mppy - Cp - AThpw (6)

Praa = Myqq - Cp - AT ()



Prot = Myor - € - AT )

Eqgs.(4-8) introduce five unknowns that are the mass flow through core, radiator and total of the
transformer and the temperature rise in low voltage and high voltage windings. Considering that the
total mass flow is the sum of the low voltage winding, high voltage winding and core mass flow rates,
and that the top oil temperature is related to the top oil temperature of each component, egs.(9-10) are
obtained.
Mot = Mypy + Mppw + Meore )
mtot *Cp - Tio = mlvw “Cp - Teo—tow + mhvw “Cp To—nvw + mcore “Cp (10)
"Tto

Considering egs.(5), (6) and (10) the temperature rise of the transformer can be expressed as eq.(11)
AT = Plvw+thw (11)
(mlvw + mhvw) *Cp

Now, considering equations (2), (3), (7) and (11) there are four unknowns that are the temperature rise
and the mass flow rate through radiator, low voltage winding and high voltage winding. However, the
top oil and bottom oil temperatures are still unknown. For that, the thermal balance of the radiator is

expressed in eq. (12)
kp-O-Ly ) (12)

Where k,, is the global heat transfer coefficient of the radiator, the O - L, product represents the surface
exchange area of the radiator and T, is the ambient temperature.

2.4 Mesh independence test

The next step of the analysis is to determine the mesh influence on the results by performing a mesh
independence test. For this reasons, three different meshes has been made for the low voltage winding
problems, and the results are compared in order to select the correct mesh size that has no influence on
the results and leads to the shortest computation time possible.

Three different meshes of 170k, 665k and 2.6M elements have been generated for the test, with a
reference mesh size of 0.4, 0.2 and 0.1 mm, respectively. Average and maximum disc temperatures and
mass flow rates through radial ducts have been taken into account to determine if the influence of the
mesh can be considered negligible.

For the intermediate and the coarse meshes, the deviations on the average disc temperature are below
2.26 K, with an average deviation of 0.75 K. For the maximum disc temperature, the maximum deviation
observed is 2.55 K and the average deviation is 0.87 K. Regarding the intermediate and fine meshes,
these deviations are maximum and average deviations in average disc temperature of 0.58 and 0.21 K.
For maximum disc temperature, these deviations are 0.63 and 0.25 K. Table 4 collects the deviations
observed for the test.

Table 4: Results deviation in mesh independence test

Coarse-intermediate | Intermediate-fine mesh
mesh
Average disc Average 0.75 K 022K
temperature Maximum 227K 0.58 K
Maximum disc Average 0.87K 025K
temperature Maximum 2.55K 0.63 K
Mass flow rate Average 7.87e-5 kg/s 1.73e-5 kg/s
maximum 2.23e-4 kg/s 5.72e-5 kg/s




With this results, can be expected that the intermediate mesh is accurate enough to perform the CFD
analysis. In addition, the uncertainty of the intermediate mesh has been tested using the Richardson
extrapolation for the average and maximum disc temperature, using as a reference the maximum
temperature rise. The maximum uncertainty of the mesh is 2.7% and the uncertainty of the hot-spot
temperature, which is the most interesting point, is 1.29%.

2.5 Boundary conditions

For the proposed model, the inlet mass flow rate and temperature of the oil is calculated following the
procedure previously described. Also the power losses in the winding are represented by a heat source
in the winding discs. The outer walls of the winding, made of cardboard of low thermal conductivity,
are considered as adiabatic. Boussinesq approach is considered for the gravity driven flow in the effect
of mixed convection model. Table 5 presents the calculated values for the inlet conditions to the CFD
simulations.

Table 5: Temperature dependent properties of dielectric fluids

Mineral oil Natural ester 01
Mipw 0.127 kg/s 0.0716 kg/s
Mppw 0.131 kg/s 0.0739 kg/s
Tyo 328.58 K 323.62K
AT 143K 264 K

From Table 5, mass flow rate through low voltage winding and bottom oil temperature will be
considered as boundary conditions. It can be appreciated that in the case of natural ester the flow is 44%
lower than the mineral oil case due to the higher viscosity of the ester. In addition, due to lower mass
flow rates, the bottom oil temperature of the natural ester is SK lower than the mineral oil.

3 Results and discussion

3.1 Mineral oil

For the mineral oil case, results shows low mass flow rate through radial channel, being this value lower
than 2% of the total mass flow of the winding. The flow through radial ducts changes its directions
several times along the winding. This effect leads to local heated parts in the winding. The hot spot
temperature is located in the upper part due to isolation in the top disc, leading to a temperature rise in
the upper discs of the winding. A hot spot temperature of 366.6 K and an average winding temperature
of 351.7 K are obtained from this simulation.
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Figure 1: Temperature and mass flow rate profiles

Although the mass flow rate through radial channels is low, some intern effects appears than increase
the local cooling of the discs. In this case, counterflow has been appreciated looking at the velocity
vectors, creating a convective loop that increases the heat transfer coefficient of the duct. Figure 2 shows
this effect in radial ducts of the transformer winding.

Figure 2: Velocity vectors in radial ducts

Figure 3 shows the temperature field of the winding. In the picture can be appreciated the local maximum
temperatures as well as the change of direction of the mass flow rate through radial ducts.



Figure 3: Temperature field of the winding. (a) bottom part of the winding (b) top part of the
winding

3.2 Natural ester

In the case of natural ester, same behavior as the mineral case is observed in the mass flow rate through
radial ducts and in the average temperature profile. The change of direction of the flow rate in radial
ducts leads to local maximum in the discs temperature. A hot spot temperature of 373.9 K, located on
the top of the winding, and an average winding temperature of 352.4 K are obtained from this simulation.
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Figure 4: Temperature and mass flow distribution in the winding

As happened with the mineral oil case, convective loops appears in the radial ducts with low total mass
flow rate. In this case, these flows have less influence that in the mineral oil case, due to the higher
viscosity of the ester that difficult the formation of these flows.



Figure 5: Velocity vectors in radial ducts

Regarding the temperature field, same effect as in mineral oil happens, where can be observed the
change of direction of the mass flow rate through radial ducts.
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Figure 6: Temperature field of the winding. (a) bottom part of the winding (b) top part of the
winding

3.3 Discussion

In this work, two different scenarios are presented and compared. Same power transformer with two
different cooling dielectric fluids that leads to different mass flow rates and temperatures at the inlet of
the winding. Since the natural ester has higher viscosity, lower mass flow rate through winding is
observed. In addition to lower mass flow rate, inlet temperature is lower than the case of mineral oil.
This values comes from the transformer balance explained in previous sections and are taken as inlet
conditions for the CFD simulations.

Regarding the CFD simulations, similar behavior of the oil flow through radial duct has been observed.
Due to the buoyancy driven flow, Reynolds number is below 10, the direction of the mass flow rate in
radial duct changes its direction. In addition, convective loops appear in the radial ducts where the mass
flow rate is low, increasing the heat transfer coefficient and the winding cooling. These flows are more
important in mineral oil, where the viscosity is low compared to natural ester.

Regarding the winding temperatures, Table 6 shows the inlet conditions and hot spot temperature and
temperature rises observed in both cases. Can be appreciated that natural ester leads to lower mass flow
rate, higher temperature rises and higher hot spot temperature.



Table 6: Temperature dependent properties of dielectric fluids

Mass flow inlet | Temperature inlet Hot spot Temperature rise
temperature
Mineral oil 0.125 kg/s 323.2K 366.6K 43.4K
Natural ester 0.065 kg/s 317.5K 373.9K 56.4K

4 Conclusions

In this work, the cooling performance of two different dielectric fluids inside a power transformer
winding has been compared. Regarding the global cooling circuit, the natural ester presents lower mass
flow rate through the circuit. This is due to the higher viscosity of the natural ester compared to mineral
oil, in a buoyancy driven system. The reduction of mass flow rate leads to higher temperature rise and
higher thermal driving force, which balance the cooling system. In addition, lower mass flow rate in
radiators allows lower oil-to-ambient temperature difference to be lower than in the case of mineral oil.
This effects cause that in the case of natural ester, the mass flow rate and the bottom-oil temperature is
lower than the mineral oil.

In the winding it was observed that the mass flow rate through radial ducts is a small fraction of the total
flow in this winding configuration. Without any elements that impose the radial flow, the fluid tends to
flow through axial ducts, where the hydraulic resistance is lower. However, in the radial ducts where
the mass flow is low, convective flows appears, increasing the heat transfer coefficient on this part and
improving the cooling winding. This effect occurs at very low Re numbers and is related to natural
convection and buoyancy.

Regarding the temperatures, natural esters shows a higher hot-spot temperature than mineral oil. This is
mainly caused by the difference of the mass flow rate that enters in the winding, that is 53% of the
mineral oil mass flow rate. This leads to a hot spot temperature 7.3K higher in the case of natural ester.
The bottom oil to hot spot temperature rise is higher for the natural ester since the bottom oil is lower
and the hot spot temperature is higher.

Nomenclature

Cp specific heat

g acceleration of gravity

Kax thermal conductivity in the axial direction
Krad thermal conductivity in the radial direction
ky global heat transfer coefficient of radiator panel
L, length of radiator panel

Meore mass flow rate through core

Mhyw mass flow rate through high voltage winding
Mivw mass flow rate through low voltage winding
Myrad mass flow rate through radiator

ot total mass flow rate in the cooling circuit

O circumference of radiator outer cross section
Peore power losses in transformer core

Phvw power losses in high voltage winding

Prvw power losses in low voltage winding

Prad power dissipated by radiator

pr thermal driving pressure

Prot total power losses of the transformer

T temperature

T, ambient temperature

Too bottom oil temperature



Tio top oil temperature

Tio-hvw top oil temperature in high voltage winding
Tio-lvw top oil temperature in low voltage winding
B thermal expansion coefficient of the fluid
AH height difference from radiator center point to winding center point
Aphvw pressure drop in high voltage winding
Apivw pressure drop in low voltage winding

APrad pressure drop in radiator

APwind pressure drop in the winding system

AT oil temperature rise in the transformer
AThvw oil temperature rise in high voltage winding
ATww oil temperature rise in low voltage winding
Pref oil density at reference temperature
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