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Abstract: The power transformer plays an important role in electric power systems. One of the
conditions for the proper operation of the transformer is to ensure a sufficiently low temperature.
This condition can be met if the heat exchange is effective. Heat transfer depends, among other
things, on the electrically insulating liquid. The thermal property describing the ability of a liquid
to transfer heat is the heat transfer coefficient α. At the design stage of the transformers, it is most
often assumed that the value of the α coefficient is constant and equal to 100 W·m−2·K−1. Such
simplifications can lead to the improper design of the transformer since this factor depends on many
factors. The article presents the results of research on the dependence of the heat transfer coefficient
α on the type of electrical insulation liquid, the thermal load of the cooled surface, and the length of
the heating element. Four types of electrical insulating liquids were considered: mineral oil, synthetic
ester, natural ester, and natural ester with reduced viscosity. The obtained results prove that the type
of electrical insulating liquid and the thermal surface load value affect the α coefficient. The length of
the heating element did not affect the α factor.

Keywords: power transformers; insulating liquid; temperature distribution; heat transfer

1. Introduction
1.1. Heat Sources and Power Transformer Cooling System

One of the conditions affecting the correct operation of a power transformer is a
relatively low operating temperature [1,2]. This condition is met if the heat exchange
generated in the transformer is effective. Heat is generated mainly in the windings (active
losses or losses in copper), the core (no-load losses or losses in iron), and the insulating
elements of the transformer (mainly polarization losses) [3,4].

Heat exchange to the environment takes place on the road: heat source (windings, core)
→ paper insulation→ electrical insulating liquid (mineral oil, esters)→ tank (radiators,
fans)→ air, as shown in detail in Figure 1. As you can see, the temperature is distributed
over many elements of the power transformer, which at the same time constitute its cooling
system, namely:

• In the windings of the transformer ∆Twin,
• In paper insulation ∆Tpap,
• In the insulating liquid from the side of the paper insulation ∆Tpap-liq and from the

side of the tank ∆Tliq-tank,
• In the transformer tank ∆Ttank,
• In the air from the side of the tank ∆Ttank-air.
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Figure 1. Temperature distribution in the power transformer on all elements of the cooling system.

As you can see, temperature drops occur in solid materials such as copper, iron, and
paper, and in fluids such as electrical insulating liquid and air.

The temperature drops in transformer windings, paper insulation, and the transformer
tank also correspond to temperature drops in solid materials. The values of these drops are
determined by the heat source and thermal conductivity of the material. For windings and
the transformer tank, the thermal conductivity is very large, which is a feature of metals
(copper, steel). The consequence of this is a relatively small temperature drop in these
elements. In turn, paper insulation is characterized by low thermal conductivity, so the
temperature drops in this element would be relatively large.

The temperature drops in the electrically insulating liquid (liquid) and in the air from
the side of the tank (gas) are drops in fluids. Their values are determined by the heat
source and the heat transfer coefficient, which depends on many factors, including thermal
conductivity, which is described in detail in Section 1.3.

The incorrect operation of the transformer cooling system may lead to an increase in
the operating temperature. The negative impact of high temperature is noticeable primarily
in the transformer’s insulation system (paper insulation, electrical insulating liquid). The
main negative effects of high temperature include [5,6]:

• The acceleration of aging processes of the insulation system [7],
• A decrease in the degree of polymerization of the paper,
• A deterioration in the dielectric properties of the paper, and electrical insulation

liquid [8],
• An increase in gas release,
• The acceleration and formation of copper sulphides.

The acceleration of aging processes in the insulation system is described, among others,
by Montsinger’s law of 8 degrees, which says that an increase in temperature by such



Energies 2023, 16, 2627 3 of 15

a value result in a twofold reduction in the lifetime of the insulation system. In turn, a
decrease in the degree of polymerization in the paper causes a decrease in its mechanical
strength and, additionally, the release of water. Water, together with high temperature,
causes a decrease in the electrical strength of the insulation system, a decrease in its electrical
resistance, an increase in the dielectric loss coefficient tan(delta), and an increase in the
probability of partial discharges [9–12]. An increase in the release of gas resulting from
high temperatures can cause a dangerous increase in pressure in the transformer tank.
An increase in temperature can also cause the ignition of electrically insulating liquids,
especially mineral oil.

As you can see, one of the components of the cooling system is an electrically insulating
liquid. The temperature decrease in a liquid is described in the following Formula [13]:

∆Tliquid = ∆Tpap−liq + ∆Tliq−tank =
q

αliquid
(1)

where ∆Tliquid is the temperature decrease in the electrically insulating liquid [K], q is the
surface heat load at the interface of the heat source (windings, core), and the electrically
insulating liquid [W·m−2], αliquid is the heat transfer coefficient of the electrically insulating
liquid at the surface of the paper insulation [W·m−2·K−1]. The smaller the temperature
drop in the liquid, the more effectively the liquid gives off heat to the environment. Based
on Formula (1), it can be concluded that the liquid effectively cools the transformer if the α

factor has a high value.

1.2. Determination of the Temperature Field Distribution in the Power Transformer

An indispensable element of the power transformer design is a detailed analysis of
the temperature field distribution [1,14–18]. Such a field can be obtained in two ways.

The first way is to simply calculate temperature decreases on individual elements
of the transformer. In such a situation, it is assumed that the thermal properties of the
materials from which the transformer is built are constant. The thermal property in the case
of an electrically insulating liquid is its heat transfer coefficient α. It can be assumed that
the value of this coefficient is always equal to 100 W·m−2·K−1. This approach can result in
the improper design of the transformer. If the actual value of α is less than 100 W·m−2·K−1,
then the temperature in the transformer will be higher than intended, which causes the
faster aging of the insulation system [14–16]. If, on the other hand, the actual value of this
coefficient is higher than assumed, then the temperature in the transformer will be lower
than designed, which makes the transformer unnecessarily oversized or underloaded.

The second way to obtain the temperature field distribution of a power transformer
is the use of three-dimensional computer simulations [1,17,18]. However, the process of
creating a new transformer in 3D modelling programs is time-consuming and takes several
weeks. While the implementation of the 3D model into programs is not laborious, the
task of appropriate boundary conditions, material properties, and calculations is very
time-consuming. In addition, the designer must have the appropriate qualifications and
know the operation of the programs very well. In addition, these programs require fast
and capacious calculating machines, which are associated with financial costs. From the
information obtained from transformer manufacturers, it appears that there is sometimes a
need to design a transformer faster in terms of temperature distribution.

For the above reasons, the authors propose to enrich the first method with the actual
thermal values of the transformer elements that are responsible for heat transfer. In the
case of an insulating liquid, such a property is the heat transfer coefficient α. The proposed
method will, therefore, be free from the disadvantages of the first method, as it will be
based on the correct values of the α coefficient, and free from the disadvantages of the
second method because the design process will not be so time-consuming and expensive.
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1.3. Determination of the Heat Transfer Coefficient α

In order to determine the relationship describing the value of the α coefficient, criteria
numbers, also called similarity numbers, can be used. For free or forced convection, the
Nusselt Nu, Grashof Gr, and Prandtl numbers Pr are used [13,19]. The Nusselt number is
the criterion for heat transfer in direct contact with heat-exchanging bodies:

Nu =
α · δ
λ

(2)

where δ is the characteristic dimension [m] and λ represents thermal conductivity [W·m−1·K−1].
The Grashof number determines the ratio of buoyancy forces to the friction forces of the internal
fluid [13]:

Gr =
δ3 · g · β · ∆T

ν2 (3)

where g represents gravitational acceleration [m·s−2], β is the coefficient of thermal expan-
sion [K−1], ∆T is the temperature difference between the source and the liquid [K], and ν is
kinematic viscosity [m2·s−1]. In contrast, the Prandtl number is a similarity number that
defines the phenomenon of heat transfer in liquids by convection [13]:

Pr =
ρ · ν · cp

λ
(4)

where ρ is density [kg·m−3] and cp represents specific heat [J·kg·K−1]. Based on the
Formulas (2)–(4) you can write a relationship [13]:

Nu = c · (Gr · Pr)n (5)

where c and n are the geometric constants. The constants c and n depend on the product of
Grashof and Prandtl numbers (Table 1).

Table 1. Values of geometric constants c and n [20].

Nature of the Flow Gr·Pr c n

no flow <10−3 0.45 0
laminar flow 10−3 ÷ 5 × 102 1.18 0.125

transitional flow 5 × 10−3 ÷ 2 × 107 0.54 0.250
turbulent flow >2 × 107 0.14 0.333

When inserting Formula (5) into Formulas (2)–(4), we can obtain a relation describing
the value of the heat transfer coefficient α for convection:

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

2. Test Object

The subject of the research was various types of electrical insulating liquids used as
an insulating medium in a power transformer. These liquids included mineral oil, natural
ester with reduced viscosity, natural ester, and synthetic ester [21–24].

Table 2 shows the basic thermal properties of the analysed liquids. These properties
include thermal conductivity λ, specific heat cp, viscosity ν, density ρ, and the coefficient of
thermal expansion β [25–27]. These properties are shown for a relatively wide temperature
range from 25 to 80 ◦C. All these properties have an impact on the heat transfer coefficient
α, as shown in Formula (6). The data in the table are the result of previous work by the
authors [26]. The intention of the authors was not to promote or act to the detriment of
manufacturers of electrical insulating liquids; therefore, the article does not give the market
names of the analysed liquids.
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Table 2. Thermal properties of analysed electrical insulating liquids depending on temperature [26].

25 ◦C 40 ◦C 60 ◦C 80 ◦C

thermal conductivity λ [W·m−1·K−1]

mineral oil 0.133 0.130 0.128 0.126
synthetic ester 0.158 0.156 0.153 0.151
natural ester 0.182 0.180 0.178 0.175

specific heat cp [J·kg−1·K−1]

mineral oil 1902 1974 2077 2187
synthetic ester 1905 1964 2052 2149
natural ester 2028 2082 2166 2259

kinematic viscosity ν [mm2·s−1]

mineral oil 17.1 9.6 5.4 3.4
synthetic ester 55.1 28.3 14.0 8.1
natural ester 56.3 32.7 18.3 11.5

density ρ [kg·m−3]

mineral oil 867 857 845 832
synthetic ester 964 953 940 926
natural ester 917 908 892 880

thermal expansion coefficient β [K−1]

mineral oil 0.00075 0.00076 0.00078 0.00080
synthetic ester 0.00076 0.00077 0.00078 0.00079
natural ester 0.00074 0.00076 0.00078 0.00080

3. Motivation, Thesis and Scope of Research

As can be seen from Formula (6), the heat transfer coefficient α depends, among
other things, on the thermal properties of the liquid (λ, β, ρ, cp, ν) and the characteristic
dimension of the δ which should be understood as the length of the heating element.

Based on Formula (6), it can be said that a liquid with a higher thermal conductivity λ,
a higher coefficient of thermal expansion β, a higher density ρ, higher specific heat cp, and
a lower viscosity ν, should have a high heat transfer coefficient α. As shown in Table 2, the
thermal properties of the analysed liquids differ. This applies primarily to viscosity and, to
a lesser extent, thermal conductivity. This means that the α factor probably depends on the
type of electrical insulating liquid.

As mentioned in the previous paragraph, an increase in thermal conductivity λ, the
coefficient of thermal expansion β, density ρ, and heat cp, and a decrease in viscosity ν,
should result in an increase in the heat transfer coefficient α. Based on Table 2, it can be
said that the increase in temperature, resulting from the increase in the heat load q, causes
changes to the thermal properties of the analysed liquids. An increase in temperature
causes a decrease in thermal conductivity, density and, above all, viscosity and an increase
in specific heat and the coefficient of thermal expansion. This means that the α factor may
depend on the heat load q of the surface that requires cooling.

Based on Formula (6), it can be said that the heat transfer coefficient α depends, among
other things, on the length of the heating element δ in the 3n − 1 power, where n depends
on the type of movement of the liquid (laminar, turbulent, Table 1). In the case of laminar
motion, it is assumed, according to the literature, that n = 0.125. Then, the power value of
the length of the heating element is equal to −0.625. That is, for the laminar motion, the
length of the heating element affects the α coefficient in an inversely proportionate manner.
However, for turbulent movement, according to data in the literature, it is assumed that the
value of n is equal to 0.333. In this case, the expression 3n − 1 is zero, and the the length of
the heating element should not affect the α factor.

The authors put forward the thesis that the heat transfer coefficient α depends on
the type of electrically insulating liquid and the thermal load q of the cooled surface.
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The authors assumed that heat transfer in the electrically insulating liquid took place by
turbulent movement, which meant that the length of the heating element would not affect
the value of the α coefficient.

The article presents the results of research on the heat transfer coefficient α depending
on the type of liquid, the length of the heating element δ, and the thermal load of the cooled
surface q. The analysed liquids were mineral oil, synthetic ester, natural ester, and natural
ester with reduced viscosity. The length of the heating element δ was equal to 0.8 and 1.6 m,
which corresponds to the length of the transformer windings. The article analyses the effect
of the heat load q with values of 1000, 2000, and 3000 W·m−2, which corresponds to the
surface thermal load that occurred in the transformer.

4. Measuring System

The general principle for measuring the heat transfer coefficient α is to heat the
material and observe temperature changes. The heating of the tested element is usually
carried out by means of electricity. Thanks to this, a state of thermal equilibrium can be
achieved, which is manifested by a constant temperature value as a function of time. It
is assumed that the entire heating power (defined by Newton’s law—formula) that will
be generated as a result of the thermal disturbance caused by the flowing current will be
transferred to the liquid surrounding the test element [28]:

Q = α · S · ∆T = α · S · (Thot − Tcool) (7)

where Q is the heating power [W], S is the surface of the tested element [m2], Thot refers to
the temperature on the surface of the heating element [K], and Tcool is the temperature on
the surface of the tank [K].

By transforming the relationship (7) and substituting the voltage U and current I in
the place of Q, the heat transfer coefficient α could be determined as:

α =
Q

S · (Thot − Tcool)
=

U·I
S · (Thot − Tcool)

(8)

In order to determine the heat transfer coefficient α, the measuring system had to
consist of a heating element introducing a thermal disturbance. This task was carried out
by a heater powered by 230 V. The system also consisted of a sealed tank (metal pipe). In
order to measure the thermal disturbance, measuring probes connected to the temperature
recorder was mounted on the surface of the heating element and the outer surface of the
tank, as illustrated in Figure 2.

A diagram of the laboratory system is shown in Figure 2. Inside the steel pipe
(number 2 in Figure 2), which served as a tank, a heating element was placed (number
3—patron heater). The used tank had an external diameter of 88.9 mm, a wall thickness of
3.2 mm, and a height of 1700 mm. Patron heaters were used in the research because they
have a structure that provides a large number of heat emissions from a small area. They
also ensured an even temperature distribution on the surface thanks to the appropriate
distribution of the heating power density. The maximum power of the heaters reached up to
25 W·m−2. Patron heaters are characterized by high power thanks to crimping technology,
which causes a high concentration of magnesium oxide and significantly improves the
parameters of the heater. The raw materials that were used for the production of coil
heaters are magnesium oxide of high purity, nickel-chromium resistance wires, wires in
the temperature class of 260 ◦C or 350 ◦C, and stainless-steel pipes and rods. A heater
with a length of 1.6 m and 0.8 m was used. Such lengths were chosen because the winding
height of the designed transformers was within this range. After determining the height,
the remaining dimensions had to be selected so that the heater had the ability to safely set
the heat load of the cooled surface q. These requirements were met by heaters, for which
the diameter was 22 mm, and the resistance was equal to around 36 Ω. Figure 3 shows one
of the patron heaters that was used in the research.



Energies 2023, 16, 2627 7 of 15Energies 2023, 16, x FOR PEER REVIEW 7 of 16 
 

 

 

Figure 2. 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. 

A diagram of the laboratory system is shown in Figure 2. Inside the steel pipe 

(number 2 in Figure 2), which served as a tank, a heating element was placed (number 3—

patron heater). The used tank had an external diameter of 88.9 mm, a wall thickness of 3.2 

mm, and a height of 1700 mm. Patron heaters were used in the research because they have 

a structure that provides a large number of heat emissions from a small area. They also 

ensured an even temperature distribution on the surface thanks to the appropriate 

distribution of the heating power density. The maximum power of the heaters reached up 

to 25 W·m−2. Patron heaters are characterized by high power thanks to crimping 

technology, which causes a high concentration of magnesium oxide and significantly 

improves the parameters of the heater. The raw materials that were used for the 

production of coil heaters are magnesium oxide of high purity, nickel-chromium 

resistance wires, wires in the temperature class of 260 °C or 350 °C, and stainless-steel 

pipes and rods. A heater with a length of 1.6 m and 0.8 m was used. Such lengths were 

chosen because the winding height of the designed transformers was within this range. 

After determining the height, the remaining dimensions had to be selected so that the 

heater had the ability to safely set the heat load of the cooled surface q. These requirements 

were met by heaters, for which the diameter was 22 mm, and the resistance was equal to 

around 36 Ω. Figure 3 shows one of the patron heaters that was used in the research. 

 

Figure 3. Patron heater. 

Figure 2. 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.

Energies 2023, 16, x FOR PEER REVIEW 7 of 16 
 

 

 

Figure 2. 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. 

A diagram of the laboratory system is shown in Figure 2. Inside the steel pipe 

(number 2 in Figure 2), which served as a tank, a heating element was placed (number 3—

patron heater). The used tank had an external diameter of 88.9 mm, a wall thickness of 3.2 

mm, and a height of 1700 mm. Patron heaters were used in the research because they have 

a structure that provides a large number of heat emissions from a small area. They also 

ensured an even temperature distribution on the surface thanks to the appropriate 

distribution of the heating power density. The maximum power of the heaters reached up 

to 25 W·m−2. Patron heaters are characterized by high power thanks to crimping 

technology, which causes a high concentration of magnesium oxide and significantly 

improves the parameters of the heater. The raw materials that were used for the 

production of coil heaters are magnesium oxide of high purity, nickel-chromium 

resistance wires, wires in the temperature class of 260 °C or 350 °C, and stainless-steel 

pipes and rods. A heater with a length of 1.6 m and 0.8 m was used. Such lengths were 

chosen because the winding height of the designed transformers was within this range. 

After determining the height, the remaining dimensions had to be selected so that the 

heater had the ability to safely set the heat load of the cooled surface q. These requirements 

were met by heaters, for which the diameter was 22 mm, and the resistance was equal to 

around 36 Ω. Figure 3 shows one of the patron heaters that was used in the research. 

 

Figure 3. Patron heater. Figure 3. Patron heater.

The free space between the heater and the tank was filled with the tested electrically
insulating liquid. As written earlier, the following new electrically insulating liquids were
used in this research: mineral oil, natural ester, synthetic ester, and natural ester with
reduced viscosity.

In order to protect the system against the leakage of liquid, which is associated with
an increase in its thermal expansion β, and occurs with increasing temperature, and against
excessive pressure increase inside the tank, valve No. 6 was used, which was open during
the tests. This valve also had another function. At the time of changing the tested electrical
insulating liquid to another, and after cleaning the system, it was used to pour the next
tested liquid. Valve number 1 was used to pour out the tested liquid.

Thanks to the use of an autotransformer, it was possible to set the voltage U and current
I, and thus, the appropriate heat output Q. This power produced a heat flux introducing a
thermal disturbance. It caused a natural convective movement of the electrically insulating
liquid. Thanks to this, a decrease in temperature was generated in the path of the heater
and the outer surface of the tank ∆T. Despite determining the heat transfer coefficient α for
the electrically insulating liquid, it was decided that the temperature on the outer surface
of the tank should be read. This solution was supported by the fact that it was not possible
to place the temperature sensor in the right place on the inner surface of the tank. The
temperature decreases in the wall of the tank was small due to the rather high thermal
conductivity of steel. Therefore, there was no fear that the choice of such a solution would
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have any significant impact on the final value of the heat transfer coefficient α. The final
measurement of the heater power Q and the temperature decrease ∆T was made in the
steady state, i.e., when the temperature stabilized. Such a condition was observed after
about 4 h. In order to eliminate any measurement errors, the tests were extended to 6 h and
repeated ten times for each case considered.

Pt-1000 sensors were used to measure the temperature (Figure 4). The method of
their installation on the surface of the heater and the outer surface of the tank is shown
in Figure 2. The principle of operation for the used sensor is based on the change in
the electrical resistance of the sensor and results from the change in temperature. The
number 1000 indicates the electrical resistance of the sensor expressed in Ω. The higher the
resistance value, the greater its accuracy, which results from the low sensitivity of the sensor
indications to the resistance of the wires connecting the sensor to the measuring system.
The used sensor is intended in particular for applications in which the sensor is mounted
on a surface; for example, a flat surface or other structural elements. The measuring range
of the sensors ranged from −50 to 200 ◦C. Each of the used resistance sensors had accuracy
class A and a two-wire measuring circuit. A total of six sensors were used in the research.
Three measuring probes were installed on the surface of the heater on its upper, middle,
and lower parts. The remaining three were mounted on the outer surface of the tank and
also on its upper, middle, and lower parts.
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The APEK 154 Al recorder was used to measure and record the temperature (Figure 5).
Thanks to equipping the recorder with a USB port and providing the manufacturer with soft-
ware for reading and recording the temperature, it was possible to connect it to a computer.

Energies 2023, 16, x FOR PEER REVIEW 9 of 16 
 

 

The APEK 154 Al recorder was used to measure and record the temperature (Figure 

5). Thanks to equipping the recorder with a USB port and providing the manufacturer 

with software for reading and recording the temperature, it was possible to connect it to 

a computer. 

 

Figure 5. Temperature recorder used in tests. 

Finally, knowing the heat output of the heater Q (current I and voltage U), the area 

of the side surface of the heating element S, the temperature drop ΔT in the path of the 

heater, and the outer surface of the tank, it was possible to use the relationship (8) to 

determine the heat transfer coefficient α of the tested electrically insulating liquid. 

5. Measurement Results 

5.1. Results of Measurements of the Heat Transfer Coefficient α 

This section presents the results of measuring the heat transfer coefficient α, as 

determined by Formula (8). Table 3 presents the values of the α coefficient depending on: 

• The type of electrical insulating liquid, 

• The heat load q of the surface to be cooled on the heating element, 

• The length of the heating element δ. 

Table 3. The results of measurements of heat transfer coefficient α depending on the type of 

electrical insulation liquid, the heat load of the cooled surface q, and the length of the heating 

element δ. 

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

 Mineral Oil 

Natural Ester 

with Reduced 

Viscosity 

Natural Ester Synthetic Ester 

length of heating 

element δ [m] 
0.8 m 

q = 1000 

[W·m−2·K−1] 
95.39 89.74 84.34 83.17 

q = 2000 

[W·m−2·K−1] 
134.67 123.12 118.85 112.99 

q = 3000 

[W·m−2·K−1] 
155.40 142.79 133.01 130.59 

length of heating 

element δ [m] 
1.6 m 

q = 1000 

[W·m−2·K−1] 
96.51 90.73 84.50 86.62 

Figure 5. Temperature recorder used in tests.



Energies 2023, 16, 2627 9 of 15

Finally, knowing the heat output of the heater Q (current I and voltage U), the area of
the side surface of the heating element S, the temperature drop ∆T in the path of the heater,
and the outer surface of the tank, it was possible to use the relationship (8) to determine the
heat transfer coefficient α of the tested electrically insulating liquid.

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

This section presents the results of measuring the heat transfer coefficient α, as deter-
mined by Formula (8). Table 3 presents the values of the α coefficient depending on:

• The type of electrical insulating liquid,
• The heat load q of the surface to be cooled on the heating element,
• The length of the heating element δ.

Table 3. The results of measurements of heat transfer coefficient α depending on the type of electrical
insulation liquid, the heat load of the cooled surface q, and the length of the heating element δ.

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

Mineral Oil Natural Ester with
Reduced Viscosity Natural Ester Synthetic Ester

length of heating
element δ [m] 0.8 m

q = 1000 [W·m−2·K−1] 95.39 89.74 84.34 83.17
q = 2000 [W·m−2·K−1] 134.67 123.12 118.85 112.99
q = 3000 [W·m−2·K−1] 155.40 142.79 133.01 130.59

length of heating
element δ [m] 1.6 m

q = 1000 [W·m−2·K−1] 96.51 90.73 84.50 86.62
q = 2000 [W·m−2·K−1] 134.92 126.04 122.76 121.48
q = 3000 [W·m−2·K−1] 155.86 150.99 147.62 138.52

In the following sections, the results of the measurements for the heat transfer coefficient
α depending on the cases presented above are discussed and commented on in detail.

5.2. Heat Transfer Coefficient α Depending on the Type of Electrical Insulating Liquid

Figure 6 shows the dependence of the heat transfer coefficient α on the type of electrical
insulation liquid for different values of the heat load on the cooled surface q. The length
of the heating element was equal to δ = 0.8 m. As you can see, regardless of the value of
the heat load q, the highest value of the α coefficient was for mineral oil, then for natural
ester with reduced viscosity, and finally, for natural ester. The smallest value of the heat
transfer coefficient occurred for the synthetic ester. Based on this, it can be concluded that
the most effective liquid, from the point of view of the cooling of the transformer, was
mineral oil. The least beneficial liquid was synthetic ester. The difference between the most
favourable and the least favourable case was approximately 20–30%, depending on the
heat load q. The differences in the α coefficient for individual liquids increased as the heat
load increased. It is also worth noting that lowering the viscosity of natural ester resulted
in an increase in the ester α coefficient by several percent.
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Figure 6. The heat transfer coefficient α depending on the type of electrically insulating liquid for
different values of the heat load of the cooled surface q and the length of the heating element δ = 0.8 m.

In Figure 7, similarly to Figure 6, the dependence of the heat transfer coefficient α on
the type of electrical insulating liquid is shown; this time for different values of the length of
the heating element δ. The heat load of the cooled surface q was 3000 W·m−2. As you can
see, regardless of the length of the δ heating element, mineral oil was characterized by the
highest value of the α coefficient, followed by natural ester with reduced viscosity, followed
by natural ester and synthetic ester. On this basis, it can be concluded that the most effective
liquid turned out to be mineral oil, and the least beneficial was the synthetic ester.
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In conclusion, it can be said that mineral oil is the most effective liquid from the
point of view of transformer cooling, regardless of the heat load and the length of the
heating element. Esters, both natural and synthetic, are characterized by a lower value of
the heat transfer coefficient α. Lowering the viscosity of the natural ester resulted in an
improvement in its cooling properties, but the reduced viscosity ester still had a lower α
coefficient when compared to mineral oil.

5.3. Heat Transfer Coefficient α Depending on the Value of the Heat Load q

Figure 8 shows the values of the α coefficient depending on the surface heat load of the
cooled surface q for different types of electrically insulating liquid. The length of the heating
element was δ equal to 0.8 m. As you can see, the values of the heat transfer coefficient
increased with the increasing load q. An increase in the heat load from 1000 to 3000 W·m−2

resulted in an increase in the α coefficient by about 50% for all the analysed liquids.
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Figure 8. The heat transfer coefficient α depending on the heat load of the cooled surface q for
different types of electrical insulation liquid, and the length of the heating element δ = 0.8 m.

Figure 9, as in Figure 8, shows the values of the α coefficient depending on the surface
heat load of the cooled surface q and for different values of the length of the heating element
δ. The analysed liquid was mineral oil. As you can see, the values of the heat transfer
coefficient increased as the load increased q, regardless of the length of the heating element.
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An increase in the heat load on the cooling surface q caused an increase in the heat
transfer coefficient α. This happened regardless of the type of electrical insulating liquid
and the length of the heating element. The increase in heat load caused the α coefficient to
increase by more than 50%.

5.4. Heat Transfer Coefficient α Depending on the Length of the Heating Element δ

Figure 10 shows the α factor depending on the length of the heating element δ for
different types of electrically insulating liquids. The heat load q was 3000 W·m−2. As
you can see in the figure, the increase in the length of the heating element caused an
imperceptible increase in the α coefficient though this was not the case for all electrical
insulation liquids. It can be concluded that, from a practical point of view, the length of the
heating element had practically no effect on the value of the heat transfer coefficient.
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Figure 11, as in Figure 10, shows the α coefficient depending on the length of the
heating element δ, this time for different values of the heat load q. The analysed liquid was
mineral oil. The increase in the length of the heating element did not cause any change in
the α coefficient, regardless of the value of the heat load q.

Figure 11. The heat transfer coefficient α depending on the length of the heating element δ for
different values of the heat load of the cooled surface q for mineral oil.
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Summing up, it can be said that the increase in the length of the δ heating element did
not cause any changes in the heat transfer coefficient α. The absence of these changes was
recorded regardless of the type of liquid and the value of heat load q.

6. Discussion

Mineral oil turned out to be the liquid whose heat transfer coefficient α was the
highest. This meant that, compared to the other analysed liquids, it was the most effective
for cooling the transformer. On the basis of Formula (6) in Chapter 3, it was found that a
liquid with a higher thermal conductivity λ, a higher coefficient of thermal expansion β, a
higher density ρ, higher specific heat cp, and a lower viscosity ν, should have a high heat
transfer coefficient α. Meanwhile, it turned out that the thermal conductivity of the oil, its
coefficient of thermal expansion, oil density, and the specific heat of oil were lower than in
the case of the analysed esters (Table 2). This suggests that the factor α of oil should also be
lower than the esters. However, the viscosity of the oil is lower than the viscosity of the
esters, and it is this that determined that the α factor of the oil was greater than the esters.
The reason for this was the fact that the viscosity of the oil was several times less than the
viscosity of the esters.

The increase in the heat load of the cooling surface q, and thus the increase in tempera-
ture, resulted in an increase in the heat transfer coefficient α for all the analysed liquids by
about 50%. As mentioned in Chapter 3, an increase in thermal conductivity λ, the coefficient
of thermal expansion β, density ρ, specific heat cp, and a decrease in viscosity ν, should
result in an increase in the heat transfer coefficient α. Based on Table 2, it can be said that
an increase in temperature causes a decrease in thermal conductivity and a decrease in
density, which should result in a decrease in the α coefficient. However, the increase in
temperature also primarily causes a decrease in viscosity and an increase in the specific
heat and coefficient of thermal expansion. Changes in the latter three thermal properties
played a significant role, resulting in an increase in the α coefficient.

The length of the heating element δ did not affect the value of the heat transfer
coefficient α. Chapter 3 states that the α factor depends on the length of the heating element
in the 3n − 1 power. The value of the exponent is affected by the parameter n, which
depends on the nature of the movement of the liquid. For the laminar motion, the length of
the heating element affects the value of α because n = 0.125; therefore, the power of 3n − 1
takes the value −0.625. However, for turbulent motion, n is assumed to be 0.333. That is,
the expression 3n − 1 equals 0. Thus, the length of the heating element does not affect
the value of the α factor. Based on the results of the α coefficient, which were obtained
depending on the length of the heating element, it can be said that turbulent movements
occur for the cases under consideration.

7. Conclusions

Among the analysed electro-insulating liquids, mineral oil was characterized by the
highest heat transfer coefficient α. This meant that this liquid cooled the power transformer
most effectively. The key property turned out to be the viscosity, which in the case of
mineral oil, is several times lower than the viscosity of esters.

The heat load on the cooling surface q influenced the value of the heat transfer
coefficient α. The increase in the load, and thus the increase in temperature, caused an
increase in the α coefficient of the analysed liquids. This increase should be associated
primarily with a decrease in viscosity and, to a lesser extent, with an increase in specific
heat and the thermal expansion coefficient of electrical insulation liquids.

The length of the δ heating element had practically no effect on the value of the heat
transfer coefficient α liquid. This was due to the fact that the heat exchange was turbulent.
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