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SUMMARY

The inclusion and implementation of new alternative dielectric fluids in electrical power
transformers is taking place and it requires in-depth knowledge and understanding of new
liquids' performance. One factor that can improve the progress of their application is the use of
CFD technology to predict their behaviour in systems of different complexities, achieving
unprecedented knowledge, open to the creativity and technique of each author and based on a
prior parameterisation of the fluid.

From the above point, this work proposes the development of a test platform for these
dielectrics, which can be used to understand their performance and compare them with each
other, including the mineral oil used to date as a reference.

Considering this objective, a 2D model has been proposed for an analysis based on
computational fluid dynamics. This allows us to observe how various fluids behave in a closed
cooling and insulation system. The fluid is heated by a variable heat source and cooled by means
of a radiator whose geometry is adjusted to obtain a high level of heat dissipation. Once the
model is completed, a comparison is made between fluids with diverse origins.

KEYWORDS

CFD, dielectric fluid, ester, fluid behaviour, mineral oil, power transformer, test platform,
thermal analysis.


mailto:quintanillap@unican.es
mailto:ramazan.altay@besttransformer.com

INTRODUCTION

In view of the growing demand for electrical energy, it is necessary to adapt the distribution,
transmission and generation systems of this energy while maintaining the safety and reliability
of the whole. One of the key elements to face this problem is the electrical transformer, which
requires an evolution to cope with the continuous power increases that are happening [1].
Taking into account that the capacity of this element is limited by the temperature it reaches
during its operation, which is given by the power at it works, the current use of this equipment
must be significantly improved by pursuing the cooling and insulation systems to control it.

A key point in the design and use of the electrical transformer is the operation of this cooling
system, which is carried out in such a way that this element does not reach dangerous
temperatures for a calculated operation. In the case of very high temperatures, the insulation,
composed of paper and a dielectric fluid, would age faster than expected, causing its
deterioration. The correct performance and design of the cooling system will prevent or at least
reduce system failures caused by breakdowns with their respective high cost.

Throughout the history of power transformers, mineral oil has been used as a dielectric coolant
to ensure the correct operation of this electrical switchgear. The high increase in energy demand
that is occurring and is expected to continue, makes it necessary to seek new alternatives that
reduce current problems such as risk of fire or environmental damage in the waste and in its
procurement. Mineral oil offers conditions that meet the basic needs; however, new alternative
dielectric fluids are making their way into the market thanks to the study, analysis and
application in power transformers. These studies reveal their higher flash point, which allows
more compact designs, better cooling qualities at high operating regimes and less damage to
the environment [2-5]. Research on the aging of the winding insulation paper and on the
dielectric behaviour of these new alternatives can be found [6-10].

Comparations with new alternatives started in the 1990s with the study of different dielectric
fluids to mineral oil. This topic, which is still current today, focuses in most of its studies on
the form. The main aim of these studies is on the way in which temperature alters different
properties of the suggested fluids, among which palm oil, corn oil or canola oil can be
highlighted [11-12]. All the new liquids can be classified into two types currently used as an
alternative to mineral oil: natural esters, obtained from different vegetable seeds, and
biodegradable liquid synthetic esters.

Knowing the importance of the thermal distribution of the winding in the parameters mentioned
above, it is important to highlight the simulation using CFD methods. This way of calculating
preliminary results is very useful for the design of electrical transformers. The preparation of a
good analysis is important to accurately estimate the real behaviour of the different fluids. In
[13-20], this type of analysis of transformers or parts of them can be observed, although most
of them are focused on the study of mineral oil.

With the latter dielectric, a few studies have been carried out on test platforms that allow the
thermal response of power transformer windings to be studied [21-26]. Thus, the study prepared
has a basis on which to build the analysis using natural ester as an alternative and leaving the
possibility of continuing with similar analyses using other alternatives.

At this point, the present study analyses the behaviour of these fluids by means of a testing
platform that allows to obtain the temperature distribution of a winding from the calculated heat



losses. This paper tries to study a platform that, pursuing the resemblance to an accurate real
model, takes the winding reference of a 170/36 kV, 100 MVA transformer in ONAN regime.

A CFD methodology is used from a design applied to a 2D model in order to reduce the
computational power required. The above design emulates a basic regeneration circuit based
on the section of the real transformer model described. In this way, only a first approximation
is proposed that only includes a heater, a radiator that acts as a cooling component and a circuit
that allows the circulation of fluids according to their natural forces, thus representing the

ONAN configuration mentioned above.

DESIGN

In order to obtain a valid 2D model, part of the radial section of
the low-voltage winding of the real transformer model is made
to obtain the heater design. From it, a prismatic geometry with
the same length as the perimeter of the original model is
established. Two cardboards are added on the sides of the heater
in parallel in order to study homogeneous channels representing
the cellulose insulation of the winding, complying with the
distances measured in the transformer, and the assembly is
incorporated into a tank that will form the key part of the circuit.
Thus, the heater has dimensions of 16 mm thickness in the five
sections that represent the winding losses while having a
separation between them of 6 mm. The heigh is 1634 mm in
function of the original transformer.

On the other hand, a radiator model is established with an
exchange surface proportional to the losses estimated in a
previous analysis.

This study will allow to check the adequacy of the sizing
established according to the results obtained since the usual
operating range of refrigerants of transformers of these
characteristics is known. Considering the governing equations
developed below and knowing the nature of the radiator based
on aluminium, the showed surface area is obtained taking into
account the sole action of convection as a form of heat
exchange.

Radiator fins are made up of six identical regions through
which the fluid will flow. Each one of them is composed of two
thick channels (6.70 mm) and three narrow channels (4.70 mm)
so that the heat exchange is sufficiently high allowing a quick
identification of the cooling zone.

The pipes connecting these two main regions have a maximum
length of 1050 mm. This measurement has been used as the
greatest possible distance between the tank and the furthest
radiator in a three-dimensional model. The calculation is given
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Figure 1: 3D Heater design.

Figure 2: Radiator design.



by the maximum number of radiators in parallel required for the maximum power that could be
dissipated by a platform with the described geometry.

NUMERICAL MODEL

The CFD analysis is based on the heat transfer and fluid mechanics phenomena that occur in
this test platform in response to the performance of the elements that emulate the operation of
the chosen low-voltage winding. The finite volume method solves the Navier-Stokes equations
the state of the conservation of mass, momentum and energy for the fluid flow. The governing
equations (1-5) have been adapted to the specific model.
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Where p, v, i, g, Cp, T, k, and S,, density, velocity vector, dynamic viscosity, gravity, specific
heat capacity, temperature, thermal conductivity and heat source, respectively. From previous
analyses by other authors with the base transformer [13], a heat source of 275 W (Sy,) is
established. In addition, laminar flow is assumed due to the operating regime (ONAN) and the
parameters of the fluids studied, highlighting their high viscosity.

920 T
T—— Density Mineral Qil

900 S s S = Density Natural Ester |~
2 880+ T s i
3 Y=1109.2-0.653"T T
> 860 - . il
7 T sy
& 840 e T T
Q TR

ool Y=1055.1-0.66T e S

800 ' : ' : : 1

300 310 320 330 340 350 360 370

Temperature (k)



2600 T T T T T T
5 Y=1172.8+3.6097-T
X 2400 - .
x Specific Heat Mineral Oil
% Specific Heat Natural Ester
3 2200 g
e
o
5 Y=1273.15+1.952-T
2 2000
8 -_k4__k4____44—_k4__F_44__44____44__44____44__k4____44__ﬁ4__~—44——*4——”—“—_*‘__P_44__4)_a

1800 1 1 1 1 1

300 310 320 330 340 350 360 370
Temperature (k)
0.18 T T T T — - -
Conductivity of Mineral Oil

Eoter

Y=0.1317+(4.142e—4)-T—(8.86e—7)-T? i

<
o
o

T
1

Y=0.1529-(6.959¢-5) T

Conductivity (W,
o
i~

o
N
[
T
’/”‘/

o
e
]

w
o
o
w
=
(=]
w
(]
o

330 340 350 360 370
Temperature (k)

0.05 o T T T T T T
Viscosity of Mineral Oil (Pa-s)
= Y: 7 Viscosity of Natural Ester (Pa's)|_|
0.04 .99
) (6.636\2)'77*(1-846‘4)-7’2
€ oo ~(1.71 e~7).73
% 0.02 Y=o S i
£ =0.1271- e
] 001 P‘_jj (6'397548‘4)'7"7% 8.1502 6‘7)‘;;_”“_***——f—~——77_~,,_:
e R -
0300 310 320 330 340 350 360 370

Temperature (k)
Figure 3: Parameter values for simulations.

From the values of each of the key parameters established in Figure 3, the CFD analysis is
developed.

About contact surfaces of the cellulosic materials (sticks and cardboard surface) with the fluids
and with the electrical conductors are considered as adiabatic due to the very low thermal
conductivity of these type of elements. Only the energy exchange at the surface of the heater
and the radiator has been considered, taking the rest of the contact boundaries as adiabatic due
to their relative unimportance with respect to the main components.

Assuming aluminium for radiator fins, steel for the tank and copper as main material of the
heaters, the thermal coefficients corresponding to each material have been established taking
into account that the environment is air at nominal conditions.



By generating a heat flow from the data obtained from the heaters, the analysis has been carried
out for mineral oil and natural ester and their behaviour in ordinary operation has been observed.

The solution of the partial differential equations were obtained using the commercial solver
ANSYS Fluent v2020.R1. This software was run in a HP ProDesk 600 G3 MT system model
using 8 processors at 3.6 GHz and 32 GB of RAM.

RESULTS

This section shows the results obtained from the CFD simulation for the 2D circuit model that
allows to observe the values to be expected from the test platform to be built in the future once
the present analysis and the previous ones developed in 3D have been validated.

Pending the construction and experimental verification of the model, the current validation
methodology is the comparison with previous studies performed on real transformers [13] or
already built platforms that allow to see the relationship between this type of adaptation and
commercial transformers [26].

This analysis shows the behaviour of the two fluids proposed above with respect to the heat

generated by the thermal source and the heat dissipation that occurs in the radiator. In this way,
the differences between the two fluids are tested in specific operating regimes.
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Figure 4: Results of 2D test platform for rated conditions a) Mineral Oil b) Natural Ester.

Firstly, having a thermal source of nominal value for the dimensions, the temperatures in both
cases are very low compared to similar studies. In the case of mineral oil, the maximum
temperature in the heater is close to 51°C, which indicates an oversizing of the cooling circuit.



This data, considering previous studies [27], predicts worse conditions for the natural ester,
which is confirmed in the results, offering a maximum temperature of 61°C.

Another important point is the thermal distribution along the cooling circuit. In this case, the
analysis clearly favours mineral oil, since the viscosity of both fluids at relatively low
temperatures produces a poor distribution of the ester when observing its temperature, with very
hot parts remaining in the upper part of the circuit due to the low velocity that appears naturally.

From the equations illustrated in Figure 3, better performance of the ester can be expected under
high temperature conditions. Repeating the analysis for the previous model based on the
original transformer, considering an overrated load (1.15pu), the results are presented to see if
thermal values obtained between the two dielectric fluids are close.
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Figure 5: Results of 2D test platform for 1.15pu overrated conditions a) Mineral Oil b) Natural Ester.

In this way, it is observed that both fluids act better as a coolant at temperatures closer to normal
design operation.

The oversizing of the cooling for the 2D geometric adaptation of the real transformer can be
confirmed with this analysis. If it is proposed to make a platform that is useful for various
geometries and transferred energy, the need to correct the suitability for this specific case is
determined by analysis.

The thermal difference is maintained so that the best performance of the ester or an increase in
the similarity between the behaviour of both fluids cannot be determined. However, the increase
in the cooling speed, the greater dissipation and the qualitative improvement of the ester can be
mentioned.



This fact leaves the possibility of continuing the research in the future with conditions in which
more approximate results occur between both dielectrics.

The possibility of reducing costs and being able to validate results with confidence and speed
in this field of study through a testing platform has not proven to be a case of simple application.
However, the possibilities that reaching this milestone would offer and the first preliminary
results provoke the pursuit of this aim.

CONCLUSION

With this work, the authors have presented the preliminary design of a 2D test platform to check
and obtain validation for transformer designs without big expenses. This one has been used to
compare the traditional mineral oil and a natural ester as coolant in an immersed oil type of
power transformer. The validation of the model couldn’t be determined perfectly due to the
deviation produced in the calculation step from a 3D model to a 2D one to reduce computational
power given the outstanding cooling circuit for 2D models. However, it has been possible to
observe the comparison between the behaviour of both dielectrics at low operating regimes
from their parametric equations.

Numerical results show both of them keep the layers cooling uniformly although mineral oil is
better coolant at rated power.

The next tests which will be carried out from the of a 100 MVA transformer must be suitable
for values that allow normal thermal distributions, otherwise resources will be wasted.
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