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Abstract: Transformers are the most important elements of electric power systems. Many conditions
must be met for power transformers to work properly. One of them is a low operating temperature.
This condition will be met if the transformer cooling system is properly designed. One of the compo-
nents of a cooling system is insulating liquid. The heat transfer coefficient α of liquid determines
its ability to cool the transformer. The higher its value, the more effectively the liquid transfers heat
to the environment. This article describes the influence of the position of the heat source, which is
usually in the windings of the transformer, on the coefficient α value of the insulating liquid. The
vertical and horizontal positions of the heat source were analyzed. The coefficient α was analyzed at
different points of the heat source. The tests were carried out for mineral oil and various esters. Heat
transfer coefficient measurements were carried out for various surface heat loads of the heat source.
It has been proven that, in the case of a horizontal heat source, the coefficient α has a value several
dozen percent higher than in the case of a vertical source. It has been proven that the coefficient α has
different values in different places of the heat source. Regardless of the location, the highest value of
the coefficient α occurred in the lower part of the heat source.

Keywords: power transformers; temperature distribution; cooling system; heat transfer

1. Introduction
1.1. Determination of the Temperature Field in a Transformer

Properly designing a transformer cooling system guarantees its proper operation for
many years. To meet this condition, it is necessary to know the temperature distribution in
the designed cooling system. There are two main approaches to determining the tempera-
ture distribution. One of them is the use of computer simulation. The second is a simple
calculation regarding the temperature drops in individual parts of the transformer.

The first solution is a very time-consuming and relatively expensive task. It requires
the shapes and dimensions of the transformer elements to be implemented into a computer
program. Most often, these are three-dimensional programs. Then, it is necessary to
assign values for different thermal properties to the individual components. This process is
extremely time-consuming and requires designers with a lot of experience. The next step
is the process of calculating the temperature field, which is usually carried out using the
finite element method. This process, depending on the capacity of computer, can take up to
several weeks. It has been noted that this solution is time-consuming and requires both an
expensive computer and expensive software.

The second solution is relatively quick and cheap. It does not require the use of an
expensive computer and software. It consists of a simple calculation of the temperature
drops in individual transformer elements. Such calculations require the knowledge of
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the dimensions of individual elements and the values of the thermal properties that are
responsible for temperature distribution. In the case of fluids such as mineral oil or air, this
property is the heat transfer coefficient α. According to studies in the literature, the value
of the mineral oil coefficient α is equal to 100 W·m−2·K−1 [1–4]. The authors’ research
shows that the coefficient α of an insulating liquid can have different values. They depend,
among other things, on the type of liquid, as well as the temperature and length of the heat
source [5].

One transformer manufacturer asked us for additional information about whether the
value of the heat transfer coefficient α of the insulating liquid depends on the position of the
heat source (vertical or horizontal). The aim of this study was to compile information on the
influence of various factors on the value of the liquid coefficient α. Such information can
be used in the design of a cooling system using a method consisting of a simple calculation
of the temperature drops in individual parts of the transformer.

1.2. Research Overview

Our main research aim was to measure the heat transfer coefficient α of insulating
liquids used in power transformers and to ascertain the influence of the position of the heat
source, which is usually in the windings of the transformer, on the coefficient α value of
the insulating liquid. Our research also concerned the measurement of the α coefficient at
different points of the heat source, such as the top, side/middle, and bottom of the heat
source. Measurements were carried out for typical insulating liquids such as mineral oil,
natural ester, natural ester with reduced viscosity, and synthetic ester. The measurements
of the α coefficient were carried out for different surface heat load values, which should be
understood as different temperature values.

It has been proven that a horizontal heat source has better cooling conditions compared
to a vertical heat source. It has also been proven that the bottom of the heat source is
characterized by better heat dissipation conditions compared to the side/middle of the
source or its top part.

1.3. Research Novelty

The novel aspect of this study lies in the fact that we directly measured the heat
transfer coefficient α of insulating liquids and established the coefficient’s dependence on
the position of the heat source for different types of liquids and different heat load values.
The α coefficient best describes the ability of a liquid to dissipate heat. This coefficient
is the result of many properties of the liquid, such as its viscosity, specific heat, thermal
conductivity, density, and coefficient of thermal expansion. Usually, in articles by other
authors, it is possible to find information on how to measure the individual properties
mentioned above. On this basis, it is difficult to assess the ability of a liquid to dissipate
heat. Measuring the heat transfer coefficient α solves this problem.

2. Fundamentals of Transformer Temperature Distribution
2.1. Heat Sources in the Transformer

The transformer is dominated by two heat sources. The first is the loss in the trans-
former windings. These losses are often referred to as copper losses or active losses. The
second significant source of heat is the transformer core. These losses are also called iron
losses or passive losses. Winding losses, according to many studies, account for about
80% of total transformer losses. In contrast, core losses account for about 20% of all losses.
Dielectric losses occur in the transformer isolation system. Their value does not exceed 1%
of the total losses [6].

Losses in windings are divided into primary and additional. The former are losses
in the windings, assuming that direct current flows through them. Additional losses, on
the other hand, are the difference between the losses due to the alternating current flow
in the windings and the primary losses. Primary losses result from the flow of current
through windings of a certain resistance (Joule Lenz losses). On the other hand, the source
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of additional losses is the eddy currents generated by the scattering stream. Additional
losses are emitted firstly in the windings but also in other elements of the transformer, such
as the beams and tank [7–13].

Core losses are mainly related to magnetic losses. These losses occur as a result of the
alternating magnetic flux in the core. Their sources are magnetic hysteresis [14–17] and
eddy currents [18,19]. Hysteresis losses are proportional to the surface area of the magnetic
hysteresis loop in the transformer core. The narrower the loop, the lower the hysteresis
losses. On the other hand, eddy current losses are the result of the initial load on the
transformer, the recipient of which is its core of a certain resistance value. Thus, regardless
of whether the transformer is loaded or not, these losses will always occur. The losses in
the core depend on the thickness and type of sheet metal and on the magnetic induction.
These losses are reduced by using thin, isolated sheets and increasing the resistivity of the
material from which they are made. An increase in resistivity can be achieved by adding
silicon [20–22].

The last group of losses are dielectric losses [23,24]. They consist of partial discharge
losses and polarization losses. The former depend on the degree of aging of the insulation
system. This should be understood primarily as the degree of moisture in the solid insu-
lation, the degree of polymerization of cellulose, and the degree of contamination of the
surface of the bushing insulators. Polarization losses, on the other hand, depend on the
electric field stress, the dielectric loss coefficient tan(delta), and the electrical permittivity of
the insulating materials.

2.2. Transformer Cooling System

The cooling system plays an important role in the proper operation of the transformer.
It is usually associated with heat sinks and fans located on the outer surface of tanks. In
fact, this arrangement starts at the point where heat is generated, such as in the windings.
The cooling system consists of windings (copper and paper insulation), an insulating
liquid, a tank, heat sinks, and fans. All of these elements have a significant impact on
cooling efficiency.

For a cooling system to be effective, the solid materials of the system, such as copper
and paper insulation (windings) and steel (tank), should have a high specific thermal
conductivity λ. On the other hand, the insulating liquid should have a high heat transfer
coefficient α. Heat sinks, on the other hand, should have a large heat dissipation surface.

The insulating liquid plays an important role in the transformer cooling system. Its
heat transfer coefficient α should be as high as possible. The coefficient α is the result of the
many properties of a liquid, such as its specific heat, thermal conductivity, density, viscosity,
and thermal expansion.

2.3. Effects of Increased Temperature in the Transformer

When analyzing the effects of increased temperature in a transformer, attention should
be paid its insulation system. The insulation system is the most temperature-sensitive
component of a transformer. For this reason, according to many authors, the lifetime of a
transformer is the same as the lifetime of its insulation system [25–27].

The lifetime of a transformer is expressed, among other things, by Montsinger’s law,
also known as the 8 degree law. The Formula (1) describes this law by expressing the
durability of mineral oil-impregnated paper insulation with respect to temperature [1]:

t = 7154·104·e−0.0865·T (1)

where t represents the absolute lifetime of transformer insulation [year]; T represents the
insulation operating temperature [◦C]. The above law is based on the assumption that
at 95 ◦C, the lifetime of transformer insulation is 20 years. Such a lifetime is adopted
by transformer manufacturers. This law describes the lifetime of an insulation system
operating at any temperature. The name 8 degrees law means that increasing or decreasing
the temperature by 8 ◦C will result in a two-fold increase in the lifetime of the insulation
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system, respectively. Figure 1 describes the aforementioned relationship, i.e., the rela-
tionship between insulation lifetime and insulation operating temperature. At 95 ◦C, the
insulation lifetime is 20 years. At 8 degrees lower (87 ◦C), it becomes twice as long, standing
at 40 years, and at 8 degrees higher (103 ◦C), it becomes twice as short as the original value
of 20 years (only 10 years). The shortcoming of Montsinger’s law is its failure to take into
account other factors that accelerate the aging process of transformer insulation, such as
moisture and the influence of oxygen. Similar in thermal terms to Montsinger’s law are
the Büssing formula and the Arrhenius–Dankin formula (used in the USA), which is used
to assess the effect of temperature on the aging process of insulation made of organic
materials [28–32].
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Figure 1. Insulation lifetime of transformer t depending on its operating temperature T according to
Montsinger’s law of 8 degrees (prepared on the basis of Formula (1)).

Clark narrowed the scope of the 8 degree law to temperatures above 120 ◦C and
formulated, like Kerr, the 5 degree law for temperatures ranging from 75 ◦C to 100 ◦C.
This law states that a decrease or increase in temperature of 5 ◦C will result in a doubling
or shortening of the life of the insulation, respectively. Some researchers provide other
values (e.g., Berthelot—6 ◦C; Moses—range 8 ÷ 12 ◦C). A doubling and extending of the
insulation lifetime can be caused by temperatures between 5.5 ◦C and 9.0 ◦C. For cellulose
insulation, a temperature value between 6 ◦C and 8 ◦C is used. When the insulation is
heavily worn, a lower temperature should be used within the specified range, and if it is
new, a higher temperature should be used [1,31].

Shortening the life of the transformer due to increased temperature should be associ-
ated with the negative influence of temperature on the properties of the insulation system.
The basic properties of this system are electrical strength, electrical resistance, dielectric
loss coefficient, and electrical permittivity. Equally important properties are the degree of
polymerization of the cellulose (in the case of cellulose paper), the degree of moisture in
the paper, and the acid number of the insulating liquid.

Formula (2) states that the electrical strength of insulation decreases as its temperature
increases [32]:

WT = W15◦C·e−0.003·(T−15) (2)
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where WT represents the electrical strength of insulation at T [kV], W15◦C represents the
electrical strength at 15 ◦C [kV], and T represents the insulation operating temperature [◦C].

The decrease in the electrical strength of the insulation is primarily caused by the
decrease in its resistance. Formula (3) describes the changes in resistivity as a function of
temperature changes [32]:

RT2 = RT1·2
T2 − T1

10◦C (3)

where RT2 represents insulation resistance at T2 [Ω]; RT1 represents insulation resistance at
T1 [Ω].

An increase in the temperature of the insulation system causes a rapid increase in its
dielectric loss coefficient tan(delta) [1,33,34]. According to Clark, an increase in temperature
from 20 ◦C to 100 ◦C results in a 50% increase in the tan(delta) ratio for dry paper and a
150% increase for damp paper.

An increase in the temperature of the insulation system causes an increase in its
electrical permittivity ε, which, like the dielectric loss coefficient, contributes to the increase
in dielectric losses. According to [34], a temperature increase of 10 ◦C to 100 ◦C corresponds
to an increase in electrical permittivity of about 100%.

The higher temperature of the paper insulation causes the cellulose polymer chains
to break. The length of a cellulose chain, called the DP (Degree of Polymerization), of
the new insulation is about 1200 ÷ 1300, and the temperature-aged insulation is only
300 ÷ 400 [31,35]. Breaking cellulose chains has many negative consequences. Firstly,
the mechanical strength of the paper decreases and it becomes brittle. This is a negative
phenomenon because the paper is the insulation system of the windings. Secondly, during
the degradation of cellulose, free hydrogen atoms are formed, and these atoms, by reacting
with oxygen, contribute to the formation of water and thus to an increase in the moisture
content of the insulation system.

The increase in water content in paper, indirectly caused by increased temperature and
the presence of oxygen, has many negative consequences for the insulation system, such as
a decrease in electrical strength [36], a decrease in resistance [1], an increase in the dielectric
loss coefficient (delta) [31,37], an increase in the intensity of partial discharges [38], or an
increase in the probability of gas bubbles appearing in the insulating liquid [39–42].

As reported in [31,43], as the temperature of mineral oil increases, its acid number
increases. For example, after 80 days of oxidizing of mineral oil at 80 ◦C, the acid number
was below 0.1 mgKOH·gliquid

−1, and after oxidation at 140 ◦C, the acidity of the oil increased
ten-fold. The acidification of the oil can accelerate the process of precipitation. This
may result in a decrease in the patency of heat sinks and an increase in the viscosity of
the insulating liquid. Both of these phenomena are dangerous for the efficiency of the
transformer cooling system.

Increased temperature has many negative effects. These include, first of all, a reduction
in the service life of the transformer insulation. This fact should be associated with a
decrease in the electrical strength of the insulation, a decrease in the insulation resistance, an
increase in the dielectric loss coefficient, and an increase in electrical permittivity. Increased
temperature also causes a decrease in the degree of cellulose polymerization, which may
result in an increase in the moisture content of the insulation. An increase in temperature
also causes an increase in the acidity of the mineral oil.

3. Motivation, Aim, Thesis, and Scope of Research

The main motive for conducting our research was to supplement the knowledge
about how the value of the heat transfer coefficient α of the insulating liquid can change
depending on the position of the heat source (vertical, horizontal). The obtained research
results can be used in the design of transformer cooling systems.

The aim of the study was to determine the heat transfer coefficient α of the insulating
liquid for the vertical and horizontal position of the heat source. The authors also deter-
mined the values of the liquid coefficient α at different points of the heat source. In the case



Energies 2023, 16, 8000 6 of 17

of the vertical position, these places were the top, middle, and bottom parts of the heat
source. On the other hand, in the case of the horizontal position, these places were the top,
side, and bottom parts of the heat source.

The authors’ proposed thesis centers upon the position of the heat source in relation
to the ground (vertical, horizontal) and whether it has an impact on the heat transfer
coefficient α of the insulating liquid. The different positions of the heat source produce
different conditions for heat transfer, which, in the case of liquids, is mainly based on the
phenomenon of convection. The authors also assume that different places in the heat source
(top, middle, and bottom for the vertical position; top, side, and bottom for the horizontal
position) are characterized by different heat transfer conditions.

The studies were carried out using liquids such as mineral oil, natural esters, natural
esters with reduced viscosity, and synthetic esters. These are the most commonly used
insulating liquids. The tests were performed for various heat source surface heat load values
(1000, 2000, 3000 W·m−2). These are typical values of heat load used in modern transformers.

4. Materials and Methods
4.1. Insulating Liquids

The most commonly used insulating liquids in transformers, namely mineral oil,
natural ester, natural ester with reduced viscosity, and synthetic ester, were the investigated
materials. It is not the intention of the authors to promote or act to the detriment of
companies producing insulating liquids. For this reason, the article does not include
commercial data regarding the tested liquids. Table 1 presents basic data regarding the
analyzed liquids in terms of their electrical and thermal properties.

Table 1. Fundamental electrical and thermal properties of insulating liquids used in power trans-
formers for temperature T = 60 ◦C [44–47].

Type
of Liquid

Mineral
Oil

Natural
Ester

Natural Ester with
Reduced Viscosity

Synthetic
Ester

Electrical properties

Breakdown voltage Ub [kV] 68 75 75 75

Electrical resistivity [Ω·m] 108 ÷ 1014 108 ÷ 1012 1010 ÷ 1011 108 ÷ 1012

tan(delta) <0.0020 0.0050 0.0400 0.0006

Electrical permittivity ε 2.26 3.20 2.82 3.20

Thermal properties

Specific heat cp [J·kg−1·K−1] 2077 2166 1990 2052

Thermal conductivity λ [W·m−1·K−1] 0.128 0.178 0.188 0.153

Viscosity ν [mm2·s−1] 5.4 18.3 10.0 14.0

Density ρ [kg·m−3] 845 892 863 940

Thermal expansion β [K−1] 0.00078 0.00078 0.00078 0.00078

Heat transfer coefficient α [W·m−2·K−1] 134.67 118.85 123.12 112.99

By analyzing the electrical properties, it can be concluded that all the analyzed liquids
have similar breakdown voltages. Regarding electrical resistivity, mineral oil proved to
be the most advantageous liquid. In terms of dielectric loss rate, the synthetic ester is the
best liquid. On the other hand, when analyzing electrical permittivity, the natural ester
and the synthetic ester had the highest and most favorable value. This means that the
high permittivity of the esters will displace the electric field stress from the liquid to the
paper insulation. This is advantageous because the insulating liquid has a lower electrical
strength than paper. Summarizing the most important electrical properties, it is not possible
to clearly indicate the most advantageous liquid.
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When analyzing thermal properties, it should be noticed that the key thermal feature
of a liquid is the heat transfer coefficient α. The higher the value, the more effectively the
liquid cools. Formula (4) describes the relationship between coefficient α and temperature
difference ∆T [2]:

α =
q

∆T
(4)

where α represents the heat transfer coefficient [W·m−2·K−1], q represents the surface heat
load [W·m−2], and ∆T represents the temperature difference [K] between the heat source
and the cooling surface (transformer tank). After transforming Formula (4), it is possible to
obtain the following:

∆T =
q
α

(5)

As you can see, the higher the value of the coefficient α, the lower the value of ∆T (i.e.,
the lower the value of the temperature of the heat source).

The heat transfer coefficient α is the result of many properties, such as specific heat cp,
thermal conductivity λ, viscosity ν, density ρ, and thermal expansion β, all of which are
considered in Formula (6) [2]:

α = c·λ1−n·gn·δ3n−1·βn·∆Tn·ρn·cn
p·ν−n (6)

where c and n are geometric constants depending on the product of Grashof and Prandtl
numbers, and g is the gravity [m·s−2]. Based on Formula (4), it can be concluded that as
the thermal conductivity λ, density ρ, coefficient of thermal expansion β and specific heat
cp increase, and viscosity ν decrease, the heat transfer coefficient α of the liquid should
increase. Regarding specific heat, the natural ester is the most advantageous liquid. On
the other hand, in terms of thermal conductivity, the natural ester with reduced viscosity
turned out to be the most effective liquid. In terms of viscosity, mineral oil is the most
advantageous liquid. On the other hand, in terms of density, the synthetic ester is the best
liquid. The coefficient of thermal expansion of all the analyzed liquids was the same. It
turns out that the key thermal property that had the greatest impact on the heat transfer
coefficient α was the viscosity of the liquid. The viscosity of mineral oil is several times
lower than that of the other liquids. For this reason, mineral oil has the highest heat transfer
coefficient and thus cools the transformer most efficiently.

4.2. Methods

In this subsection, the authors’ system for determining the heat transfer coefficient
α for the insulating liquids will be presented and described. Firstly, the concept behind
measuring the heat transfer coefficient α in our research will be described. Next, the
principle of operation of the measuring system and its construction will be discussed. This
type of system has been described in detail in previous works. This subsection also presents
the results derived from measuring of the coefficient αwhen using different types of liquids,
heat loads, and heating element lengths. For this reason, in this article, the authors briefly
describe the measurement system.

The idea behind measuring the heat transfer coefficient α was to create a thermal
disturbance and record this disturbance over time. The measurement of the coefficient
α consisted of heating the liquid in the tank by using the heat source and recording
temperature changes over time, both on the surface of the heat source and on the outer
surface of the tank.

The measurement system one uses should introduce a thermal disturbance and allow
for its recording. In this study, the disturbance was caused by an electric current. It was
assumed that the produced power Q would be transferred to the liquid and then to the
walls of the tank, where the liquid and the heat source were located. The elements of the
measurement system were selected in such a way so as to enable the measurement of the
coefficient α on the basis of an extended version of Formula (4). Substituting into (4), the
formula for the surface heat load q is as follows:
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q =
Q
S

(7)

where Q represents power [W], and S represents the surface area of the heating element
[m2], and the formula for the temperature difference ∆T is as follows:

∆T = Th − Tt (8)

where ∆T represents the difference between the heat source and the tank [K], Th represents
the temperature on the surface of the heat source [K], and Tt represents the temperature on
the surface of the tank [K]. We obtained the following formula:

α =
Q

S·(Th − Tt)
(9)

By substituting the product of current I and voltage U in place of Q, we obtained the
final Formula (10), which allowed to determine the heat transfer coefficient α:

α =
U·I

S·(Th − Tt)
(10)

where U represents the voltage [V], and I represents the current [A].
Figure 2 shows a scheme of the measurement system for determining the coefficient α

when the heat source is positioned vertically (Figure 2a) and horizontally (Figure 2b). The
figure shows the places where the coefficient α is measured. For the vertical system, these
were top, middle, and bottom parts of the heat source, and for the horizontal system, they
were the top, side, and bottom parts of the heat source.
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Figure 3 shows a diagram of the laboratory layout used in the tests. Inside the steel
pipe (number 2), which served as a tank, there was a heating element (number 3). The
used pipe had a diameter of 88.9 mm, a wall thickness of 3.2 mm, and a height of 1.7 m. A
1.6 m long heater was used. This length of the heater approximately corresponds to the
winding height of the designed power transformers. Then, the remaining dimensions had
to be selected so that the heater could be safely set to the heat load q. This condition was
fulfilled by a heater with a diameter of 22 mm and a resistance of 36 Ω.
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Figure 3. Diagram of the designed system for determining the heat transfer coefficient α: 1—valve,
2—tank (steel pipe), 3—heating element (heater), 4—pin fixing the top and bottom cover of the tank,
5—electro-insulating liquid, 6—valve, 7—measuring probes.

The space between the heater and the tank was filled with insulating liquid. The
following new electrical insulating liquids were used in the study: mineral oil, natural ester,
synthetic ester, and natural ester with reduced viscosity.

In order to protect the measuring system against liquid leaks and increasing pressure
from inside the tank, valve number 6 was used. This valve also had another function. When
the tested insulating liquid was changed to another one, it was used to pour another test
liquid. On the other hand, valve number 1 was used to pour out the test liquid.

The autotransformer made it possible to set the voltage U and the current I and thus
the heat output Q. The power produced a heat flux that introduced a thermal disturbance.
This stream caused the convection movement of the insulating liquid. As a result, a drop in
temperature was produced in the way of the heater and the outer surface of the tank ∆T.
The final measurement of the heater power Q and the temperature drop ∆T was made in a
steady state. This condition was observed after about 6 h.

The temperature was measured using Pt-1000 sensors. The method for their instal-
lation is shown in Figure 3. The measuring range of the sensors ranged from −50 ◦C to
200 ◦C. Six sensors were used in the study. Three measuring sensors were installed on the
surface of the heater, specifically on its top, middle, and bottom parts; the other three were
mounted on the outer surface of the tank, also on its top, middle, and bottom parts.

5. Measurement Results
5.1. Results of the Heat Transfer Coefficient α Measurements

Table 2 presents the measurements of the heat transfer coefficient α for when the
heat source was in a vertical position relative to the ground. Measurements were taken at
various locations, such as the top, middle, and bottom parts of the heat source, as shown
in Figure 2a. The measurements of coefficient α were performed for different liquids,
namely mineral oil, natural ester, reduced-viscosity natural ester, and synthetic ester. The
measurements of the heat transfer coefficient were carried out for different values of surface
heat load q (1000, 2000, and 3000 W·m−2). The length of the heat source was 800 mm.
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Table 2. Results of measurements of the heat transfer coefficient α at different locations of the heat
source when positioned vertically for different insulating liquids and different surface heat load
values (length of heat source d = 800 mm).

Heat Transfer Coefficient α [W·m−2·K−1]

Type
of Liquid

Mineral
Oil

Natural Ester with
Reduced Viscosity Natural Ester Synthetic

Ester

Surficial heat power [W·m−2] 1000

Place on
heat source

top 57.94 54.66 51.78 49.93

middle 65.46 65.03 62.42 61.08

bottom 162.78 149.53 138.82 138.50

average 95.39 89.74 84.34 83.17

Surficial heat power [W·m−2] 2000

Place on
heat source

top 79.36 78.01 71.06 70.35

middle 83.84 81.68 78.40 76.19

bottom 240.81 209.67 207.10 192.44

average 134.67 123.12 118.85 112.99

Surficial heat power [W·m−2] 3000

Place on
heat source

top 114.73 96.24 90.69 90.93

middle 116.98 99.58 94.91 94.09

bottom 234.49 232.56 213.44 206.76

average 155.40 142.79 133.01 130.59

Table 3, as in Table 2, presents the results of the measurements of the heat transfer
coefficient α for when the heat source was in a horizontal position relative to the ground.
These measurements were taken at various locations, such as the top, side, and bottom
of the heat source, as shown in Figure 2b. The types of insulating liquid, the surface heat
load q, and the length of the heat source were the same as for the measurements of the
coefficient α in Table 2.

Table 3. Results of measurements of the heat transfer coefficient α at different locations of the heat
source when positioned horizontally for different types of insulating liquid and different heat load
values (length of heat source d = 800 mm).

Heat Transfer Coefficient α [W·m−2·K−1]

Type
of Liquid

Mineral
Oil

Natural Ester with
Reduced Viscosity Natural Ester Synthetic

Ester

Surficial heat power [W·m−2] 1000

Place on
heat source

top 122.22 119.72 121.35 106.57

side 129.15 121.24 127.64 109.53

bottom 140.57 127.17 135.83 119.14

average 130.65 122.71 128.27 111.75

Surficial heat power [W·m−2] 2000

Place on
heat source

top 150.00 147.69 151.64 132.67

side 152.67 148.31 157.60 136.93

bottom 182.91 157.00 168.03 147.75

average 161.86 151.00 159.09 139.12

Surficial heat power [W·m−2] 3000

Place on
heat source

top 180.00 174.43 172.57 167.00

side 181.42 173.76 175.09 168.99

bottom 203.59 180.90 192.35 181.83

average 188.34 176.36 180.00 172.61

Each measurement of the coefficient α, the average values of which are listed in
Tables 2 and 3, was repeated five times.
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5.2. Heat Transfer Coefficient α for Vertically and Horizontally Positioned Heat Sources

Figure 4, based on the data from Tables 2 and 3, shows the results of measurements of
the heat transfer coefficient α for each heat source position (vertical and horizontal) and for
the different insulating liquids. The surface heat load was equal to 3000 W·m−2. As can
be seen, the coefficient α of the insulating liquid always had higher values when the heat
source was in a horizontal position compared to when it was in a vertical position. The
difference is about 30%. This was true regardless of the type of insulating liquid used.
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Figure 4. The heat transfer coefficient α, depending on the position of the heat source, with dif-
ferent types of insulating liquids (length of the heating element d = 800 mm; surface heat load
q = 3000 W·m−2).

Figure 5, as in Figure 4, shows the heat transfer coefficient α for each heat source
position (vertical and horizontal) and for different surface heat load q values. Measurements
of the coefficient α were carried out for mineral oil. As in the previous case, the coefficient
α values for the horizontal heat source were about 30% higher compared to the vertical
source. This was true regardless of the value of the surface heat load q.
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Figure 5. The heat transfer coefficient α, depending on the position of the heat source, with different
surface heat load values q when using mineral oil as the insulating liquid (length of heating element
d = 800 mm).
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In order to explain the differences in the heat transfer coefficient α for the vertical and
horizontal position of the heat source, it is necessary to analyze the path along which the
liquid is heated. For the horizontal position, the insulating liquid heats up over a relatively
short path, equal to half the circumference of the heat source. The liquid is then cooled on
the outer surface. The length of this path is equal to about 30 mm, assuming that the radius
of the heat source (electric heater) is equal to 11 mm. In the case of the vertical position,
the length of the path along which the liquid heats up is much longer, equal to the length
of the heat source (800 mm). This means that heat transfer is less effective for the vertical
position than for the horizontal position.

5.3. Heat Transfer Coefficient α at Different Locations of a Horizontally Positioned Heat Source

Figure 6 shows the values of the heat transfer coefficient α in different places of the
horizontal heat source (bottom, side, top—Figure 2b) for the different types of insulating
liquids. The surface heat load q was equal to 3000 W·m−2. As can be seen, the highest
values of the coefficient αwere recorded in the lower part of the heat source, and the lowest
were recorded in the upper part. The difference between them was about 20%. This was
true regardless of the type of insulating liquid used.
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Figure 6. The heat transfer coefficient α, depending on the location on the horizontal heat source, for
different types of insulating liquid (length of heat source d = 800 mm; surface heat q = 3000 W·m−2).

Figure 7, as well as Figure 6, shows the values of the coefficient α at different locations
of the horizontal heat source for different values of the surface heat load q. The analyzed
liquid was mineral oil. As can be seen, the highest values of the heat transfer coefficient
were measured in the lower part of the heat source, and the lowest were measured in
the upper part. The differences between them were about 20–30%. This relationship was
observed independently of the value of the surface heat load q.

Regardless of the type of liquid and the value of the surface heat load q, the highest
value of the heat transfer coefficient α was always found in the lower part of the horizontal
heat source, and the smallest in its upper part. The differences between them were about
20–30%. In order to explain this phenomenon, the probable motion of the liquid must be
taken into account. The insulating liquid heats up both in the lower, side, and upper parts
of the heat source. The heated liquid, which has a lower density, moves upwards due to
the convection movement. This causes the heated liquid to accumulate in the middle and,
above all, in the upper part of the source. Thus, at the top of the source, the temperature
of the liquid is the greatest. This means that this is where the temperature difference
∆T between the heat source and the outer wall (tank) will be the largest. According to
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Formula (4), the higher the value of ∆T, the smaller the value of the coefficient α. This
shows why the heat transfer coefficient has the lowest values in the upper part of the
horizontal heat source, and the values of the coefficient α are the highest in the lower part
of the horizontal heat source.
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Figure 7. The heat transfer coefficient α depending on the location on the horizontal heat source, for
different surface heat load q values when using mineral oil as an insulating liquid; length of heat
source d = 800 mm.

5.4. Heat Transfer Coefficient α at Different Locations of a Vertically Positioned Heat Source

Figure 8 shows the results of measurements of the heat transfer coefficient α in different
places of the vertical heat source (top, middle, bottom—Figure 2a). The values of the
coefficient α are presented for different types of insulating liquid. The surface heat load
was equal to 3000 W·m−2. As can be seen in the figure, the highest value of the heat transfer
coefficient occurred in the lower part of the vertical heat source, and the lowest in its upper
part. The difference between the lower and upper parts was relatively large, equal to about
100%. This trend was measured regardless of the type of insulating liquid.
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Figure 8. The heat transfer coefficient α, depending on the location on the vertical heat source, for
different types of insulating liquid (length of heat source d = 800 mm; surface heat q = 3000 W·m−2).
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Figure 9, as well as Figure 8, shows the values of the coefficient α at different locations
of the vertical heat source for different surface heat load q values. The analyzed liquid was
mineral oil. As can be seen in the figure, the highest α values were measured at the bottom
of the heat source, and the lowest were measured at the top. The differences between them
were relatively large, equal to about 100%. This was true regardless of the value of the
surface heat load q.
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Figure 9. The heat transfer coefficient α, depending on the location on the vertical heat source, for
different surface heat load q values when using mineral oil as the insulating liquid (length of heat
source d = 800 mm).

As in the case of a horizontal heat source, the highest value of the heat transfer
coefficient α always occurred in the lower part of the heat source, and the smallest in the
upper part of the source. The differences between them were significant, equal to about
100%. This was true regardless of the type of liquid and the value of the surface heat load q.
The explanation for this phenomenon is similar to that for a horizontal heat source. The
insulating liquid heats up in every part of the heat source. The heated liquid, moving as a
result of convection movement, accumulates in the upper part of the heat source. The result
is that the temperature at the top of the heat source is the highest. This means that this is
where the heat transfer coefficient α has the smallest values, and at the bottom of the source,
the values of the coefficient α are the largest. This phenomenon occurs with even greater
intensity in the case of a horizontal heat source. This is because, for a horizontal heat source,
the liquid only accumulates heat in a path of 30 mm, which is half of the circumference of
the heat source (Figure 2b). On the other hand, for a vertical heat source, this path is much
longer, equal to the length of the heat source, i.e., 800 mm (Figure 2a). For this reason, the
differences in the coefficient α between the upper and lower parts of the heat source for the
case of a vertical heat source are much greater (about 100%) than for the horizontal heat
source (20–30%).

6. Conclusions

The position of the heat source in the power transformer relative to the ground is of
great importance in the process of transferring heat to the environment. The heat transfer
coefficient α always had higher values for the case of a horizontal heat source compared to
a vertical source. This means that a horizontal source is more efficient at dissipating heat
to the environment compared to a vertical source. The difference between the two cases
was about 30%. This was true regardless of the type of insulating liquid and value of the
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surface heat load q. Thus, the authors proved the thesis that the position of the heat source
has an impact on the efficiency of transferring heat to the environment.

The location of the heat source has a significant impact on the heat transfer coefficient
α. The highest value of this coefficient occurs in the lower part of the heat source, and the
lowest in its upper part. This means that in the lower part of the source, the heat energy
is more efficiently transferred to the environment than to the upper part of the source.
This happens regardless of the position of the heat source relative to the ground (vertical,
horizontal), the type of insulating liquid used, and the value of the surface heat load q. In
the case of using a horizontal heat source, the difference in the coefficient α between the
lower and upper part of the source was about 20–30%. However, in the case of using a
vertical heat source, the difference was significant, equal to about 100%. Thus, the authors
proved the thesis that the place of the heat source has an impact on the efficiency of heat
dissipation in the power transformer.

The obtained values of the heat transfer coefficient α for different positions of the
heat source relative to the ground (vertical, horizontal) and in different places of the heat
source (bottom, middle/side, top) differ significantly from each other. This means that they
must be taken into account in the design process, and their consideration will significantly
facilitate the determination of the temperature field distribution in power transformers.

As written before, there are two methods used to design the cooling system of a power
transformer. The first one uses the results of a computer simulation of the temperature field
distribution. This method is relatively expensive and time-consuming. The second method
is to quickly calculate the temperature drops on individual transformer components. This
is a relatively cheap and fast method, but its main disadvantage is the fact that a constant
value of the heat transfer coefficient α equal to 100 W·m−2·K−1 is assumed. The presented
research results prove that this assumption is wrong. The α coefficient can take in a wide
range of values, i.e., 50÷240 W·m−2·K−1. These differences are due, among other things,
to the influence of the location of the heat source.

Table 4 shows heat transfer coefficient α values as a function of heat source location
regarding the use of a vertical heat source, mineral oil as an insulating liquid, and a
surface heat load of 2000 W·m−2. The table shows the results derived from calculating the
temperature drop ∆T corresponding to the different values of the α coefficient (calculated
on the basis of Formula (5)). As can be seen, the temperature drop in the top part of the
heat source is equal to 25.20 ◦C, and for the bottom part, it is only 8.31 ◦C. The difference
between the drops was equal to 16.89 ◦C. Such a large difference is twice as high as the
temperature value of Montsinger’s 8 ◦C law. As demonstrated, when designing a cooling
system, the location of the heat source and its positioning (horizontal or vertical) must be
taken into account.

Table 4. Heat transfer coefficient α as a function of the location on a vertical heat source when using
mineral oil as an insulating liquid (surface heat load 2000 W·m−2).

Location of the
Heat Source

Heat Transfer Coefficient
α [W·m−2·K−1]

Temperature Decrease
∆T [◦C]

top 79.36 25.20
middle 83.84 23.86
bottom 240.81 8.31
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