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PREFACE 

 
 
The systematic and modern study of science to establish the trends of 

engineering for the future development of technology and vanguard 
technologies are transducers, material sciences, MEMs, plasmonics, 
quantum computing and communication, advanced programming, artificial 
intelligence, advanced manufacturing, nanotechnology, semiconductors and 
superconductors, microcircuits, optics-electronics, advanced informatics 
devices, etcetera. All this conforms to the development of modern 
engineering.    

SCIENCETECH (1st Conference on Engineering Sciences) will 
function as a disseminator of knowledge through presentations of high 
levels of research, dissemination, perspective and development of 
technology in order to encourage a taste for engineering and science, 
something fundamental for the development of the region, the state of 
Mexico, the country and humanity. Engineering creates a country's wealth 
from genius based on mathematics and physics and not from being an 
administrator for other people's wealth. 

 
Dr Francisco Bulnes,  

Head of Research Department in Mathematics and Engineering, 
TESCHA, IINAMEI Director 
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CHAPTER 1  

ADVANCED MATHEMATICAL TECHNIQUES 
FOR THERMAL DESIGN OF POWER 

TRANSFORMERS 

ALEJANDRO ROBERTO TELLO-CAMPOS 
 
 

1.1 Introduction 

Power transformers are key elements in the electrical industry. These 
devices involve converting electrical power from a high voltage to a low 
voltage level. In this way, these devices can transmit power from a 
generating power station to power consumption centres located in industrial 
industries and domestic centres such as houses or commercial centres. The 
efficiency of power transformers is quite high, but at present, researchers 
have been investigating ways to improve the heat dissipation derived from 
the circulating windings in the electrical conductors of these apparatuses. In 
the studies presented, the temperatures of windings and the oil dynamics of 
a power transformer are studied. In the first part of this chapter, a 
presentation of advanced mathematical techniques is depicted. Then, CFD 
techniques are used in 3D and 2D models varying oil velocities to obtain 
contours of oil velocities and temperatures, indicating how the heat 
dissipation occurs in the windings and core. 

Different techniques have been developed to study the heat dissipation 
in power transformers. Among them, advanced mathematical techniques 
have employed Hankel and Fourier transforms to solve the heat conduction 
equation for a cylindrical winding. Other researchers have used CFD to 
solve the continuity, momentum, and energy equations encountered in the 
natural and forced convection of cooling oil used for the cooling of the 
windings of power transformers. 2D and 3D models have helped researchers 
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study the dynamics of oil flow, which determines the optimum cooling of 
windings and the location of the maximum temperature, which could 
deteriorate the properties of oil and reduce the life of the electrical 
transformers. 

Some researchers using reduced 2D models have reported the formation 
of oil streaks at the outlet of horizontal cooling channels due to the intense 
mixing of hot oil from the vertical cooling channels and cold oil from the 
horizontal cooling channels. Also, a swirling flow of oil has been observed 
when oil encounters adverse pressure gradients in the cooling channels in 
the same simplified 2D models.  

Little work has been done regarding the use of 3D models because of 
the complexity of the calculations performed by the computer, therefore 
increasing the computation time. This chapter presents the heat diffusion 
equation of a typical winding. Then, whole 2D and 3D models have been 
used to study the dynamics of oil when conditions of forced cooling oil have 
been set in the power transformer. Three oil velocities were used with one 
and two inlet geometries. 

1.2 Advanced Mathematical Techniques 

The construction of a power transformer consists of a tank normally 
made out of carbon steel, which, in the case of a 3-phase device, contains a 
set of three windings, each of them composed of high and low-voltage coils 
forming a high-voltage circuit normally connected to a power generating 
station and a low voltage circuit connected to a domestic use or industrial 
load. See Figure 1. 

 
 

Figure 1 
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The windings are constructed with copper or aluminium electrical 
conductors, which allow the circulation of currents. In Figure 2, a typical 
winding construction is depicted with the supporting structures and oil 
cooling channels. 

 

 

Figure 2 

In order to evaluate the heat dissipation caused by the Joule effect due 
to the electrical currents circulating in the windings, geometry composed of 
a winding is considered for the analysis. The governing equation for this 
case is the heat conduction equation, which is presented here: 

 
𝜕𝜕2 𝑇𝑇 
𝜕𝜕𝑟𝑟2

+ 1/𝑟𝑟 𝜕𝜕𝑇𝑇
𝜕𝜕𝑟𝑟

+ 𝜕𝜕2 𝑇𝑇
𝜕𝜕 𝑧𝑧2

+ 𝜕𝜕2 𝑇𝑇
𝜕𝜕 𝜃𝜃2

+ 𝐺𝐺/𝐾𝐾 = 0   (1) 
 
As the temperature is varying only with the coordinates r and z, the 

above equation is simplified to the following form: 
 
𝜕𝜕2 𝑇𝑇 
𝜕𝜕𝑟𝑟2

+ 𝜕𝜕2 𝑇𝑇
𝜕𝜕 𝑧𝑧2

+ 𝐺𝐺/𝐾𝐾 = 0            (2) 
 
The boundary conditions are as follows: 
 

on the inner surface of the cylinder: 
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−𝑘𝑘1 ∗
𝜕𝜕𝑇𝑇
𝜕𝜕𝑟𝑟

+ ℎ1 ∗ 𝑇𝑇 = 𝑓𝑓1(𝑟𝑟)            (3) 
 

on the outer surface of the cylinder: 
 
−𝑘𝑘2 ∗

𝜕𝜕𝑇𝑇
𝜕𝜕𝑟𝑟

+ ℎ2 ∗ 𝑇𝑇 = 𝑓𝑓2(𝑟𝑟)             (4) 
 
on the bottom surface of the cylinder: 

 
−𝑘𝑘3 ∗

𝜕𝜕𝑇𝑇
𝜕𝜕𝑟𝑟

+ ℎ3 ∗ 𝑇𝑇 = 𝑓𝑓3(𝑟𝑟)  (5) 
 

on the top surface of the cylinder: 
 
  −𝑘𝑘4 ∗

𝜕𝜕𝑇𝑇
𝜕𝜕𝑟𝑟

+ ℎ4 ∗ 𝑇𝑇 = 𝑓𝑓4(𝑟𝑟)   (6) 
𝑓𝑓1(𝑟𝑟) = ℎ1 (𝑇𝑇𝑏𝑏)          (7) 
   𝑓𝑓2(𝑟𝑟) = ℎ2 (𝑇𝑇𝑏𝑏)        (8) 
  𝑓𝑓3(𝑟𝑟) = ℎ3 (𝑇𝑇𝑏𝑏)        (9) 
  𝑓𝑓4(𝑧𝑧) = 𝑇𝑇4 (𝑇𝑇𝑡𝑡)        (10) 
 
Taking the Hankel transform of the first term of equation (2): 
 

[ ∫ (𝜕𝜕
2𝑇𝑇
𝜕𝜕𝑟𝑟2

𝑏𝑏
𝑎𝑎 + 1/𝑟𝑟 𝜕𝜕𝑇𝑇

𝜕𝜕𝑟𝑟
)𝐾𝐾0(𝛽𝛽𝑛𝑛 ,𝑟𝑟)𝑟𝑟𝑟𝑟𝑟𝑟] = 𝑟𝑟 𝜕𝜕𝑇𝑇

𝜕𝜕𝑟𝑟
𝐾𝐾0(𝛽𝛽𝑛𝑛 ,𝑟𝑟)|𝑏𝑏𝑎𝑎 −

𝑇𝑇𝑟𝑟𝛽𝛽𝑛𝑛𝐾𝐾0′(𝛽𝛽𝑛𝑛 ,𝑟𝑟)|𝑏𝑏𝑎𝑎 + [∫ 𝑇𝑇 𝑑𝑑
𝑑𝑑𝑟𝑟

𝑏𝑏
𝑎𝑎 𝛽𝛽𝑛𝑛 ,𝑟𝑟𝐾𝐾0′(𝛽𝛽𝑛𝑛 ,𝑟𝑟)𝑟𝑟𝑟𝑟]      (11) 

 
Evaluating the last term of equation (11): 
 
 𝑑𝑑
𝑑𝑑𝑑𝑑
𝛽𝛽𝑛𝑛, 𝑟𝑟𝐾𝐾0′(𝛽𝛽𝑛𝑛 , 𝑟𝑟)𝑟𝑟𝑟𝑟 = − 𝑑𝑑

𝑑𝑑𝑟𝑟
𝛽𝛽𝑛𝑛𝑟𝑟𝐾𝐾1(𝛽𝛽𝑛𝑛, 𝑟𝑟) =

−𝑑𝑑𝛽𝛽𝑛𝑛,𝑟𝑟
𝑑𝑑𝑟𝑟

[ 𝑑𝑑
𝑑𝑑(𝛽𝛽𝑛𝑛,𝑟𝑟

(𝛽𝛽𝑛𝑛, 𝑟𝑟)𝐾𝐾1(𝛽𝛽𝑛𝑛, 𝑟𝑟)] = −𝛽𝛽𝑛𝑛2𝑟𝑟𝐾𝐾0(𝛽𝛽𝑛𝑛 , 𝑟𝑟)    (12) 

 
then: 
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[∫ 𝑇𝑇(𝑟𝑟, 𝑧𝑧) 𝑑𝑑
𝑑𝑑𝑟𝑟

𝑏𝑏
𝑎𝑎 𝛽𝛽𝑛𝑛 , 𝑟𝑟𝐾𝐾0′(𝛽𝛽𝑛𝑛, 𝑟𝑟)𝑟𝑟𝑟𝑟]=[∫ 𝑇𝑇(𝑟𝑟, 𝑧𝑧)(−𝑏𝑏

𝑎𝑎 𝛽𝛽𝑛𝑛2𝑟𝑟𝐾𝐾0(𝛽𝛽𝑛𝑛 , 𝑟𝑟))𝑟𝑟𝑟𝑟] =

− 𝛽𝛽𝑛𝑛2 𝑇𝑇�(𝛽𝛽𝑛𝑛 , 𝑟𝑟). (13) 
 
Considering the boundary conditions of equations (3) to (6): 
 
−𝑘𝑘1𝛽𝛽𝑛𝑛

𝑑𝑑𝑅𝑅0
𝛽𝛽𝑛𝑛𝑟𝑟

+ ℎ1𝑅𝑅0 = 0;  𝑘𝑘2𝛽𝛽𝑛𝑛
𝑑𝑑𝑅𝑅0
𝛽𝛽𝑛𝑛𝑟𝑟

+ ℎ2𝑅𝑅0 = 0  (14) 

 
where: 

 
  𝑅𝑅0′ = (ℎ1/𝛽𝛽𝑛𝑛𝑘𝑘1)𝑅𝑅0   (15) 
  𝑅𝑅0′ = (ℎ2/𝛽𝛽𝑛𝑛𝑘𝑘2)𝑅𝑅0   (16) 
 

and: 
 
   𝐾𝐾0′ = (ℎ1/𝛽𝛽𝑛𝑛𝑘𝑘1)𝐾𝐾0  (17) 
   𝐾𝐾0′ = (ℎ2/𝛽𝛽𝑛𝑛𝑘𝑘2)𝐾𝐾0  (18) 
 

then: 
 
𝐾𝐾0(𝛽𝛽𝑛𝑛, 𝑟𝑟) = 𝑅𝑅0(𝛽𝛽𝑛𝑛 , 𝑟𝑟)√𝑁𝑁 = (2/𝑏𝑏)1/ℎ2 + 𝑘𝑘2 + 1   (19) 
 

Expanding the terms of equation (11): 
 
 𝜕𝜕𝑇𝑇
𝜕𝜕𝑟𝑟
𝑟𝑟𝐾𝐾0(𝛽𝛽𝑛𝑛 , 𝑟𝑟) + 𝑇𝑇𝑟𝑟(ℎ2/𝑘𝑘2)𝐾𝐾0(𝛽𝛽𝑛𝑛 , 𝑟𝑟)𝑟𝑟=𝑏𝑏 −

𝜕𝜕𝑇𝑇
𝜕𝜕𝑟𝑟
𝑟𝑟𝑘𝑘0(𝛽𝛽𝑛𝑛, 𝑟𝑟) + 

𝑇𝑇𝑟𝑟(ℎ1/𝑘𝑘1)𝐾𝐾0(𝛽𝛽𝑛𝑛, 𝑟𝑟)𝑟𝑟=𝑎𝑎    (20) 
 

and considering: 
 
  𝜕𝜕𝑇𝑇
𝜕𝜕𝑟𝑟𝑟𝑟=𝑎𝑎

= (ℎ1/𝑘𝑘1)𝑇𝑇 − (𝑓𝑓1(𝑧𝑧)/𝑘𝑘1)𝑟𝑟=𝑎𝑎 (21) 

 
   𝜕𝜕𝑇𝑇
𝜕𝜕𝑟𝑟𝑟𝑟

= 𝑏𝑏 = (ℎ2/𝑘𝑘2)𝑇𝑇 − ( 𝑓𝑓2(𝑧𝑧)/𝑘𝑘2)𝑟𝑟=𝑏𝑏 (22) 

 
from equation (11): 
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[∫ ( 𝜕𝜕2

𝜕𝜕𝑟𝑟2
𝑏𝑏
𝑎𝑎  +1/ 𝑟𝑟 𝜕𝜕𝑇𝑇

𝜕𝜕𝑟𝑟
)𝐾𝐾0(𝛽𝛽𝑛𝑛, 𝑟𝑟)𝑟𝑟𝑟𝑟𝑟𝑟] = (𝑓𝑓2/𝑘𝑘2)(𝑟𝑟𝐾𝐾0(𝛽𝛽𝑛𝑛 , 𝑟𝑟)𝑟𝑟=𝑏𝑏 +(𝑓𝑓1/𝑘𝑘1)           

( 𝑟𝑟𝐾𝐾0(𝛽𝛽𝑛𝑛, 𝑟𝑟)𝑟𝑟=𝑎𝑎 − 𝛽𝛽2𝑇𝑇         (23) 
 
And for the second term of equation (2): 
 

[∫ (𝜕𝜕
2𝑇𝑇
𝜕𝜕𝑧𝑧2

)𝑏𝑏
𝑎𝑎 + 𝐺𝐺/𝑘𝑘𝑟𝑟𝐾𝐾0(𝛽𝛽𝑛𝑛 , 𝑟𝑟)𝑟𝑟𝑟𝑟] = ( 𝜕𝜕2

𝜕𝜕2𝑧𝑧
)[∫ 𝑟𝑟𝑇𝑇𝐾𝐾0(𝛽𝛽𝑛𝑛, 𝑟𝑟)𝑟𝑟𝑟𝑟] + [∫ (𝐺𝐺0 +𝑏𝑏

𝑎𝑎
𝑏𝑏
𝑎𝑎

𝑔𝑔0/𝑘𝑘) 𝑟𝑟𝐾𝐾0𝑟𝑟𝑟𝑟] = 𝑑𝑑2 𝑇𝑇�

𝑑𝑑𝑧𝑧2
+ 𝐺𝐺0��� /k+(𝑔𝑔0𝜌𝜌𝑇𝑇� /𝑘𝑘)(24) 

 
the solution of equation (2) considering (23) and (24): 
 

−𝛽𝛽𝑛𝑛2𝑇𝑇�(𝛽𝛽𝑛𝑛 , 𝑧𝑧) + 𝑓𝑓2(𝑧𝑧)/𝑘𝑘2𝑟𝑟𝐾𝐾0(𝛽𝛽𝑛𝑛 , 𝑟𝑟)𝑟𝑟=𝑏𝑏 + 𝑓𝑓1/𝑘𝑘1𝑟𝑟𝐾𝐾0(𝛽𝛽𝑛𝑛|, 𝑟𝑟)𝑟𝑟=𝑎𝑎 +
𝑑𝑑2𝑇𝑇�

𝑑𝑑𝑧𝑧2
+ 𝐺𝐺0���/𝑘𝑘 + 𝑔𝑔0/𝑘𝑘 = 0      (25) 

 
Applying the finite Fourier transform to the second term of equation 

(25): 
 

[∫ 𝑑𝑑2𝑇𝑇
𝑑𝑑𝑧𝑧2

𝑏𝑏
𝑎𝑎 𝑀𝑀(𝛼𝛼𝑚𝑚, 𝑧𝑧)𝑟𝑟𝑧𝑧] = 𝑑𝑑𝑇𝑇�

𝑑𝑑𝑧𝑧
𝑀𝑀(𝛼𝛼𝑚𝑚, 𝑧𝑧)𝑧𝑧=0𝜄𝜄 − 𝑇𝑇�  𝛼𝛼𝑚𝑚𝑀𝑀′(𝛼𝛼𝑚𝑚, 𝑧𝑧)𝑧𝑧=0𝜄𝜄 +

[∫ 𝛼𝛼𝑚𝑚2
𝑏𝑏
𝑎𝑎 𝑇𝑇 �𝑀𝑀′′(𝛼𝛼𝑚𝑚, 𝑧𝑧)𝑟𝑟𝑧𝑧]  (26) 

 
expanding the first two terms: 

 

   [𝑑𝑑𝑇𝑇
�

𝑑𝑑𝑧𝑧
− 𝑇𝑇�𝛼𝛼𝑚𝑚𝑀𝑀′(𝛼𝛼𝑚𝑚, 𝑧𝑧)]𝑧𝑧=𝜄𝜄 − [𝑑𝑑𝑇𝑇

�

𝑑𝑑𝑧𝑧
− 𝑇𝑇� 𝛼𝛼𝑚𝑚𝑀𝑀′(𝛼𝛼𝑚𝑚, 𝑧𝑧)]𝑧𝑧=0(27) 

 
considering the boundary conditions: 

 
 𝑀𝑀′(𝛼𝛼𝑚𝑚, 𝑧𝑧)𝑧𝑧=0 = (ℎ3/𝑘𝑘3)𝑀𝑀(𝛼𝛼𝑚𝑚, 𝑧𝑧)𝑧𝑧=0    (28) 
  
 𝑀𝑀′(𝛼𝛼𝑚𝑚, 𝑧𝑧)𝑧𝑧=1 = (ℎ4/𝑘𝑘4)𝑀𝑀(𝛼𝛼𝑚𝑚, 𝑧𝑧)𝑧𝑧=𝜄𝜄    (29) 
 

and: 
 

   𝑑𝑑𝑇𝑇�

𝑑𝑑𝑑𝑑𝑧𝑧=0
= [(ℎ3/𝑘𝑘3)𝑇𝑇� − 𝑓𝑓3�  (𝛽𝛽𝑛𝑛/𝑘𝑘3)]𝑧𝑧=0      (30) 
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  𝑑𝑑𝑇𝑇�

𝑑𝑑𝑑𝑑𝑧𝑧=0
= [(ℎ4/𝑘𝑘4)𝑇𝑇� − 𝑓𝑓4�(𝛽𝛽𝑛𝑛/𝑘𝑘4]𝑧𝑧=𝜄𝜄         (31) 

 
substituting: 

 

  𝑑𝑑𝑇𝑇
�

𝑑𝑑𝑧𝑧
𝑀𝑀(𝛼𝛼𝑚𝑚, 𝑧𝑧)𝑧𝑧=0𝜄𝜄 = 𝑓𝑓4�(𝛽𝛽𝑛𝑛)[𝑀𝑀(𝛼𝛼𝑚𝑚, 𝑧𝑧]𝑧𝑧=𝜄𝜄 + 𝑓𝑓3� (𝛽𝛽𝑛𝑛)[𝑀𝑀(𝛼𝛼𝑚𝑚, 𝑧𝑧]𝑧𝑧=0  (32) 

 
the third term is 

 
∫ 𝛼𝛼𝑚𝑚2
𝑏𝑏
𝑎𝑎 𝑇𝑇�(𝛽𝛽𝑛𝑛 , 𝑧𝑧)𝑀𝑀′′(𝛼𝛼𝑚𝑚, 𝑧𝑧)𝑟𝑟𝑧𝑧 = −𝛼𝛼𝑚𝑚2 ∫ 𝑇𝑇� (𝛽𝛽𝑛𝑛 , 𝑧𝑧)𝑏𝑏

𝑎𝑎 𝑀𝑀(𝛼𝛼𝑚𝑚, 𝑧𝑧)𝑟𝑟𝑧𝑧 =
−𝛼𝛼𝑚𝑚2 𝑇𝑇�  (𝛽𝛽𝑛𝑛,𝛼𝛼𝑚𝑚)      (33) 

 

∫ 𝑑𝑑2𝑇𝑇�

𝑑𝑑𝑧𝑧2
𝑏𝑏
𝑎𝑎 𝑀𝑀(𝛼𝛼𝑚𝑚, 𝑧𝑧)𝑟𝑟𝑧𝑧 = 𝑓𝑓4��� (𝛽𝛽𝑛𝑛)

𝑘𝑘4
𝑀𝑀(𝛼𝛼𝑚𝑚, 𝑧𝑧)𝑧𝑧=𝜄𝜄

𝑓𝑓3��� (𝛽𝛽𝑛𝑛)
𝑘𝑘3

𝑀𝑀(𝛼𝛼𝑚𝑚, 𝑧𝑧)𝑧𝑧=0 −

𝛼𝛼𝑚𝑚2 𝑇𝑇(𝛽𝛽𝑛𝑛,𝛼𝛼𝑚𝑚)    (34) 
 

then: 
 
𝑇𝑇(𝑟𝑟, 𝑧𝑧) = ∑ ∑ 𝑇𝑇 �∞

𝑚𝑚=1
∞
𝑛𝑛=1 (𝑛𝑛,𝛼𝛼𝑚𝑚)𝐾𝐾0(𝛽𝛽𝑛𝑛, 𝑟𝑟)𝑀𝑀(𝛼𝛼𝑚𝑚, 𝑧𝑧)  (35) 

 
where: 

 
𝐾𝐾0(𝛽𝛽𝑛𝑛, 𝑟𝑟) = 𝑅𝑅0(𝛽𝛽𝑛𝑛,𝑟𝑟)

√𝑁𝑁
        (36) 

 

  𝑁𝑁 = ∫ 𝑟𝑟𝑅𝑅02(𝛽𝛽𝑛𝑛, 𝑟𝑟)𝑏𝑏
𝑎𝑎 𝑟𝑟𝑟𝑟 = [𝑟𝑟

2

2
𝑅𝑅0′2(𝛽𝛽𝑛𝑛 , 𝑟𝑟)]|𝑎𝑎𝑏𝑏      (37) 

 
 𝑅𝑅0′2 = 𝑑𝑑𝑅𝑅0(𝛽𝛽𝑛𝑛,𝑟𝑟)

𝑑𝑑(𝛽𝛽𝑛𝑛,𝑟𝑟)
       (38) 

 

𝑁𝑁 = 𝑏𝑏2

2
( ℎ2

2

𝛽𝛽𝑛𝑛2𝑘𝑘2
+ 1)𝑅𝑅02(𝛽𝛽𝑛𝑛, 𝑏𝑏) − 𝑎𝑎2

2
( ℎ1

2

𝛽𝛽𝑛𝑛2𝑘𝑘1
 + 1)𝑅𝑅02(𝛽𝛽𝑛𝑛 , 𝑎𝑎)   (39) 

 
𝑀𝑀(𝛼𝛼𝑚𝑚, 𝑧𝑧) = 𝑑𝑑(𝛼𝛼𝑚𝑚,𝑧𝑧)

√𝑁𝑁
         (40) 
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𝑁𝑁 = [
𝛼𝛼𝑚𝑚2 +

ℎ3
2

𝑘𝑘3
2

𝛼𝛼𝑚𝑚2
(1 +

ℎ4
𝑘𝑘4

𝛼𝛼𝑚𝑚2 +
ℎ4
2

𝑘𝑘4
2

) +
ℎ3
𝑘𝑘3
𝛼𝛼𝑚𝑚2

]        (41) 

1.3 CFD techniques 

The 3D power transformer model consists of three cylindrical windings 
set in a simplified core. The windings are solid copper cylinders, dissipating 
heat to the surrounding cooling oil. Although the core is usually composed 
of laminated sheets of iron, which help maintain the coils' position within 
the tank and provide a path for the magnetization current, simplifying a solid 
rectangular iron core dissipating heat to the surrounding oil is also 
considered. Figures 3a and 3b show the geometries considered for the power 
transformer's one and two oil inlets. 
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Figures 3a and b 
 
Note. The model was simulated using the continuity, momentum and 

energy equations as follows: 
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The above equations are considered along with the flotation term, which 

represents the variation of fluid density with gravity. Also, the properties of 
the fluid are dependent on temperature as follows: 

 

 
 
The equations are discretized and solved using an embedded algorithm 

in the ANSYS Fluent FEM code. The boundary conditions are: 
 
 



Advanced Mathematical Techniques for Thermal Design of Power 
Transformers 

11 

a) Tank walls, windings, and the core are considered non-slip 
boundaries.  

b) The outlet is considered a zero-pressure condition. 
c) Inlet oil velocities of 0.002 m/s, 0.05 m/s, and 0.1 m/s. 
d) An inlet oil temperature of 298 K. 
e) Fixed heat generation of 7.87 W/m2 for the core, 5.18 W/m2 for the 

LV winding, 1.94 W/m2 for the HV winding, and 2.94 W/m2 for the 
regulating winding. 

1.4 Results and Discussion 

Contours of temperature were obtained for the two power transformer 
geometries for the case of 0.002 m/s. These are shown in Figures 4 and 5. 

 

 
Figure 4 
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Figure 5 

 
From Figures 4 and 5, the oil temperature is clearly high for the one inlet 

geometry. This can be thought of as heat dissipation being more efficient 
when using two-inlet geometry. More cold oil is reaching the inner 
windings. The maximum oil temperature at the top of the windings was 331 
K for the one inlet geometry and 327 K for the two inlet geometry. 

 

 
Figure 6 
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Figure 7 

 
 
The same trend observed previously for the case of 0.002 m/s is depicted 

in Figures 4 and 5 for the 0.5 m/s case. The one inlet geometry shows an 
increase in oil temperature at the top of the windings while the two inlet 
geometry shows less increase in oil temperature and, therefore, a more 
efficient cooling of the power transformer. The maximum value of oil 
temperature was 321 K at the top of the windings for the one inlet geometry, 
while it was 321 K at the outer surface of the LV windings. 

 

 
Figure 7 
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Figure 8 

 
A little improvement in cooling efficiency is shown in Figures 7 and 8. 

The maximum oil temperature is 321 K for the one inlet and two inlet 
geometries. The difference is the location of the maximum oil temperature 
at the top of the windings for the one inlet geometry and at the outer surface 
of the LV windings. 

Figures 8 and 9 show the oil velocity vector graphics for the one and two 
inlet geometries for the 0.002 m/s case. 

 

 
Figure 9 
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Figure 10 

 
Oil is circulating through the less hydraulic resistance path. In the case 

of the one-inlet geometry, oil reaches the outlet at a higher velocity through 
the side of the winding close to the inlet. Due to a kind of siphon effect, 
some oil reaches the furthest winding from the inlet with high velocity. In 
the case of two inlet geometry, oil is more evenly distributed through the 
windings at relatively high velocities.  

The so-called oil streaks have not been observed because the geometries 
presented in the analysis do not include a disc geometry for the windings. 

In the case of 0.05 m/s, oil velocities vectors are depicted in Figures 11 
and 12. 
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Figure 11 

 

 
Figure 12 

 
Figures 13 and 14 show a more distinct feature: some stagnant flow is 

depicted at the vertical oil cooling channels of the windings for the one inlet 
geometry, being more centralized for the two inlet geometry. The zone of 
maximum oil velocities occurs at the oil inlet and outlet due to the less 
hydraulic resistance effect previously mentioned. 
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Figure 13 

 

 
Figure 14 

 
Oil flows at higher velocities from the inlets to the outlets following the 

less hydraulic resistance path. Also, high oil velocities are encountered in 
the vertical oil cooling channels located at the windings. 

The 2D model considered was a copper disk winding configuration 
along with the solid iron core. The same equations of continuity, momentum 
and energy were considered, and the geometry uses only one oil inlet and 
outlet.  

The contours of oil velocity and temperature are shown in Figures 15 
and 16. 
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Figure 15 

 
 

Figure 16 
 

As previously established in the 3D model using copper solid windings, 
the 2D model using copper disks Figure 14 shows the same pattern 
concerning the oil movement within the power transformer tank.  


