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Abstract— A 2D CFD study of the fluid dynamic behavior of 

the cooling oil under fixed heat dissipation conditions is 

considered valuable in vertical and horizontal cooling ducts in a 

real three-phase 33.6 MVA, 115/34.5 kV power transformer 

when varying the inlet oil velocity. The outcome of this CFD 

study is an evaluation of the thermal behavior regarding the 

fluid dynamics of the cooling oil and the implications of having 

different oil inlet velocities in the cooling of the power 

transformer phases.  The results show a clear dependence of the 

cooling of the windings on the oil inlet velocities and shows the 

deficiency of the external radiator system and ways to improve it. 

Specifically, according to the oil temperatures found in the 

phases, there is a tendency to have the highest values in the 

windings located away from the oil inlet. Also, when the oil 

velocity reaches 0.1 m/s, the highest oil temperature in Phase C 

is 323 K as opposed to when the oil velocity is 0.002 m/s, the oil 

temperature is 400 K. 

 

Index Terms— Power transformer, thermal model, mixed 

convection, flow dynamics 

I. INTRODUCTION 

  In every power transmission and distribution system of an 

electrical grid, a power transformer is responsible for the 

correct supply of energy. Then, these devices that operate at 

different voltage levels, ranging from 34.5 KV to 230 kV in 

the high and extra high levels in México, must operate at the 

highest possible efficiency under different variations of 

electrical loads. The efficiency of these devices clearly 

involves the electromagnetic process as well as the thermal 

dissipation that is generated as a result of the currents that 

flow in the electrical conductors of the power transformer. 

The power transformers, which are composed of copper or 

aluminum wires wrapped around a central iron core in 

operation, generate high currents that eventually will generate 

heat. This heat must be removed by means of cooling oil 

circulating through the active parts of the transformer and a 

heat exchanger called the radiator. The design of the power 

transformer includes the thermal analysis of the set of low and 

high voltage windings and core.  

In the past, researchers [1] have concentrated their efforts 

towards the analysis of oil circulation and its effects related to 

the heat transfer within windings. Other researchers [2] have 

done numerical calculations to compute the flow field and 

temperatures field in the power transformer. They found that 

there is a connection between the way the oil moves and the 

possible regions of high mixing and therefore more uniform  

 
 

 

temperatures are attained. The variation of velocities at the 

entrance of the power transformer is giving rise to regions 

where the oil is not circulating properly within the cooling 

channels of the windings. At the same time, other researchers 

[3,4] have concentrated their efforts towards the 

determination and location of a hot spot within the windings. 

They have used numerical techniques in connection to 

thermal networks techniques and have concluded that the 

value of the hot spot varies with the heat dissipation, the 

geometry of the cooling oil ducts, and the type of oil 

circulation(ONAN) or (ODAF). In recent times, [5,6,7,8] the 

determination of oil flow rates within cooling ducts have been 

investigated  using the thermal networks theory and flow rates 

novel measurement techniques. More recently, researchers 

[9,10] have studied the difference in oil velocity fields 

developed in the cooling ducts while using a blockage at the 

entrance of the oil. They have studied the influence of this 

blockage towards the improvement of the heat transfer 

dissipation in the cooling ducts. Also, they have pointed out 

the forced convection in central cooling channels while the 

natural convection was taking place in the other cooling 

channels. They used the Richardson and Reynolds numbers to 

analyze the mixed convection in the cooling channels. Other 

researchers [11]have emphasized the fact that the vertical and 

horizontal cooling ducts vary in width and height 

respectively, according to the radial position in the cylindrical 

winding. So depending on the pressures drops encountered in 

the cooling ducts some of the horizontal or vertical ducts 

might be having almost zero flows while others may have 

more oil flow. This effect may be enlarged when designing the 

cooling ducts for a three phase power transformer. 

Although the previous works have studied the fluid dynamics 

of oil cooling ducts in a power transformer, they have used 

only half of the HV and LV windings for one phase or sections 

of windings and cooling ducts. The present CFD study is 

focused on doing a CFD analysis of a real three-phase power 

transformer with the objective of obtaining more detailed 

information on how the oil is moving in the three-phase 

windings, how the oil movement affects the heat dissipation, 

and how it can be improved. The variation of the inlet velocity 

of oil was performed to obtain more information on how the 

windings are more efficiently cooled down. The validation of 

the thermal model is performed by means of a set of windings 

and oil temperature measurements from the heat run test of a 

real 33.6 MVA disc type ON cooled power transformer and 

similar windings temperature measurements from other 

researchers [12]. 
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II. CFD MODEL OF THE POWER TRANSFORMER 

 

The real 33.6 MVA transformer is a three-phase transformer 

with a set of radiators attached to it. Figure 1 shows the 

geometry. The HV, LV and regulating windings are 

surrounded by the iron core. The complete windings and core 

arrangement is contained in a steel tank and filled with oil. 

 
Fig. 1 Geometry of the transformer 

 

The transformer is a column type transformer, which is 

composed of a magnetic core surrounded by cylindrical HV, 

LV and regulating windings.  A section of the windings and 

core and radiator is depicted in Fig. 1.  

The model considered was a 2D section of the real 

transformer without the radiators. This is depicted in Fig. 2. 

The model does not consider the radiator section and only the 

inlet and outlet for the cooling oil are provided. The velocity 

and temperature of the cold oil at the inlet are considered. The 

HV and LV windings are composed of discs which are in turn 

composed of conductors surrounded by isolating paper. The 

number of discs are 102 and 82 discs for the HV and LV 

windings. The regulating winding has a cylindrical structure. 

                           

 
Fig. 2 2D Section analyzed 

 

In order to dissipate the heat that is being generated by the 

windings (discs) and core, a set of vertical cooling ducts are 

provided. The discs also contain horizontal cooling ducts. 

The dimensions and location of the vertical and horizontal 

cooling ducts for Phase A windings are shown in Figure 3. 

 
Fig. 3 Disc dimensions and cooling duct locations for Phase A 

 

In this model, the windings are composed of HV and LV 

discs, which are separated by vertical cooling ducts as 

depicted in Figures 3a and 3b. The discs also have horizontal 

cooling ducts, which are shown in Figure 3b. The regulating 

winding is composed of continuous conductors arranged in 

such a way that they form a cylinder surrounded by a vertical 

cooling duct and the outer part of the core. Discs are 

constructed of copper conductors. Each disc is surrounded by 

paper. The paper is not considered in the model. The 

difference in temperature across the paper is minimal. Other 

supporting structures such as paperboard cylinders among the 

windings, and top or bottom paperboard rings are not 

considered in the model. 

Heat is being transferred from the windings and core to the 

oil, so the program calculates the corresponding heat 

convection coefficients as the calculations of the solid and oil 

temperatures progresses.  

All transformer tank walls are considered to be at constant 

ambient temperature. 

 

III. GOVERNING EQUATIONS 

The governing equations regarding the conservation of mass, 

momentum and heat for the fluid are the standard ones for 

calculating velocities, pressures and temperatures, including 

the heat losses of the windings. This set of equations includes 

the flotation term given by Boussinesq.  

The set of equations mentioned above are solved by using the 

algorithm proposed by Patankar [13]. In particular, a 

computational fluid dynamics program based on the control 

volume method with PISO algorithm was used for the 

pressure-velocity coupling. 

For the solution of the momentum and energy equations, a 

“first order upwind scheme” was implemented. 

The discretization used was based on nodes due to the fact 

that an unstructured grid was used. The grid considered 

initially was composed of 44,304 cells. The independency test 

was performed with the final grid being 1,350,000 cells. 

The dependence on temperature for the properties of oil is 

given in [2]. 

 

KinT

TETT

TTc

TETk

TT

p

2750004.008467.0)´(

58.3163.807)(

05101.71509.0)(

72.072.1098)(













         (1) 

 

The boundary conditions for the 2D model are shown in Table 

1. 

                 Table 1 Boundary conditions 

Core loss 14500W
 

HV loss(3 Phases) 67300 W, 22433 W/per phase
 

LV loss (3 Phases) 75510 W, 25170 W/per phase 

Regulating winding loss 5439 W per phase 

Tank (lateral wall) 293 K 

Upper and lower walls 293 K 

Inlet oil temperature 320 K 

Inlet oil velocity 0.002 m/s 

Outlet pressure 0 kPa 
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The oil velocity of 0.002 m/s (0.002778 kg/s) at the inlet [14, 

15] gives a Reynolds number of 37.1 (based on the oil inlet 

velocity and the outer HV cooling duct width) and 21.1 (based 

on the oil inlet velocity and outer LV cooling duct), which is 

typically the case of laminar flow.  

The Reynolds number was calculated with the following 

formula: 

 

 
The volume flowrate in m

3
/s is calculated with the following 

formula: 

 

 

IV.  HEAT RUN TEST IN A REAL POWER TRANSFORMER 

The heat run test of the real 33.6 MVA power transformer was 

described in a previous paper [16]. In the test, a set of fiber 

optic probes were set as shown in Figure 4..  The averages of 

the temperatures recorded by the probes were obtained.  

           

 
Fig. 4 Location of probes in the power transformer 

 

Thermocouples with an accuracy of   and resolution 

of  were used to monitor the top oil temperature in the 

transformer and the air ambient temperature.  

In addition to normal test instrumentation such as the 

thermocouples previously mentioned, a fiber optical monitor 

was installed to monitor winding temperatures. According to 

the uncertainty analysis, the standard deviation of the readings 

for the oil temperature at the upper and lower positions was 

2.32 and 1.66 respectively. The calculated typical error for 

those measurements was 0.7 and 0.5 respectively. The 

average temperatures of the windings(three phases) and oil 

obtained by means of the probes are shown in Table 2. 

  

Table 2 Heat run test results 

Probe position 
Winding 

Temperature K 
Oil temperature K 

Upper part HV 

winding 
359 342 

Upper part  LV 

winding 
374 363 

V. RESULTS AND DISCUSSION 

A. Basic Case  

The results that were obtained with the simulations are 

presented as temperature and velocity contours. Also, 

velocity vectors diagrams are shown. The case considered 

was the simulation of the three-phase power transformer by 

means of the ANSYS-Fluent program version 6.3.24. The oil 

inlet velocity is 0.002 m/s and the oil and winding 

temperatures, and velocity vectors were obtained and are 

depicted in 5, 6, 7 and 8 respectively. 

 

 
Fig. 5, Oil temperature Contour, basic case 

 

From Fig. 5, the oil temperature is raising from 307 K to 400 

K. The high oil temperature regions (400 K) appear at the top 

of Phase C windings. Phase B windings have a lower oil 

temperature region and phase A windings have a much lower 

oil temperature region (340 K). The average being 360 K. 

The oil temperature behavior outlined previously matches 

reasonably well the oil temperature behavior measured in the 

experimental values obtained above.  The reported windings 

measurements in a 110 kV power transformer[12] indicate 

381 K, 382.2K, and 383.6 K for top location at phases A, B 

and C respectively and an average of 382.2 K.. 

 

 
Fig. 6 Top of phase C oil temperature 

 

Fig. 6 shows the high temperature region occurring at the top 

of the inner low voltage winding in Phase C in detail. 

 

 
Fig. 7 Phase C Oil Velocity  vectors 
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The oil temperature depicted in Fig. 6 corresponds to the 

velocity vectors that appear in Fig. 7. Here, the oil velocity is 

in the order of almost zero at the phase C cooling ducts. This 

is more clearly observed in Fig. 8. 

 
Fig. 8 Oil Velocity contour 

 

Fig. 8 shows that most of the oil is following the least 

hydraulic resistance circuit which is from the inlet through the 

phase A inner cooling ducts and finally to the outlet. Regions 

of oil with almost zero velocity are created at Phases B and C 

windings.  

The velocity vectors and contours at the inlet and outlet of the 

power transformer are shown in Figures 9 and 10. From Fig. 

9, it was observed that most of the oil circulates from the 

Phase A HV outer section directly to the outlet. 

 

 
Figure 9 Velocity vectors at outlet 

 

The velocity of the oil in this outer section is in the order of 

1x10
-3

 m/s and gradually increases to 3x10
-3

 m/s. In the 

horizontal cooling channels, the oil velocity is practically 

2x10
-4

 m/s.  

 

 
Fig. 10 Velocity Vectors at inlet 

Fig. 10 shows that the oil velocity at inlet is 1x10
-3

 and it 

decreases to values of 6x10
-4

 m/s at the bottom of the HV and 

LV windings of phase A and 2.67x10
-4

 m/s to 4x10
-4

m/s at the 

inner HV and LV vertical and horizontal cooling channels. 

Essentially, most of the inlet oil diverts towards the outer HV 

winding to the outlet of the power transformer. The rest of the 

oil is directed to the vertical cooling channels of the Phases B 

and C of the HV and LV windings. 

 

The oil mass flow rates fractions and bulk temperatures found 

in the vertical cooling ducts for Phase C are depicted in Fig. 

11 and 12. 

 

 
Fig. 11 Oil mass flow rates fraction in Phase C 

 

 
Fig. 12 Bulk oil temperature in Phase C 

 

From Fig. 11, we can observe mass flowrates fractions in the 

cooling ducts. The oil is distributed in the ducts in a not 

evenly way. In ducts 15 to 17 the mass flow rate fraction is 

lower than in cooling duct 18 for the left side of Phase C. This 

hydraulic behavior gives rise to the bulk oil temperature at the 

cooling ducts 17  and 21 reaching a maximum of 400 K for the 

left side of Phase C(see Figure 12). The same hydraulic 

behavior is found in ducts 19 to 21 with respect to cooling 

duct 22 for the right side of Phase C. Most of the oil passes 

through ducts 18 and 22.  

 

A modification to the oil inlet velocity was performed in order 

to evaluate the possible implications in terms of improvement 

to the cooling of windings of the power transformer.  

 

B. Inlet oil velocity 

An inlet oil velocity of 0.05 m/s was set and laminar flow 

conditions were used. Fig. 13 and 14 depict the oil 

temperatures and velocities encountered. The maximum oil 
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temperature regions are located at the Phase C top inner LV 

winding. The oil temperature rises from the inlet and reaches a 

value of 330 K at Phase C and exits at 321 K. 

 

 
Fig. 13 Oil Temperature Contour, 0.05 m/s inlet oil velocity 

 

 
Fig. 14 Oil velocity contour for 0.05 m/s 

 

Oil velocities observed in Fig. 14 are higher at the inlet and 

the outer HV Phase A winding. 

 

 
Fig. 15 Oil mass flowrate fraction in Phase C for 0.05 m/s 

 

 
Fig. 16 Oil bulk temperature in Phase C for 0.05 m/s 

From Fig. 15 and 16, it can be observed that the maximum oil 

temperature (330 K) is located at cooling duct 21 where the 

oil mass flow rate fraction is the lowest. It is also shown that 

as the mass flow rates fractions are increased in all cooling 

channels, the corresponding oil temperatures decrease, and 

the cooling effect is improved. 

Finally, an inlet oil velocity of 0.1 m/s was imposed along 

with the k-ε turbulent model and some striking features of the 

cooling of the windings were observed. Fig. 17 shows the oil 

temperature contour for the power transformer. 

From Figure 17, it can be observed that the oil temperature 

rises to 318 K in a more uniform way through the whole 

windings. Some regions of high oil temperature are depicted 

on top of the Phase C inner LV windings reaching a value of 

325 K. Figure 12 shows this effect in more detail for the upper 

part of the Phase C windings. 

 
Figure 17 Oil temperature contour, 0.1 m/s inlet oil velocity 

 

 
Fig. 18 Oil temperature for Upper part of Phase C 

 

Then, the velocity contour corresponding to the whole power 

transformer for 0.1 m/s is depicted in Fig. 17. 

 

 
Fig. 19 Velocity contour for 0.1 m/s inlet oil velocity 
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This Fig. shows that oil circulates in a more efficient way 

through the bottom of the three phases, increasing the cooling 

of the windings. In Fig. 20, this mentioned effect is more 

clearly observed. 

 
Fig. 20 Detail of velocities at the Phases B and C 

 

 
Fig.21 Mass flowrate fraction in Phase C for 0.1 m/s 

 

 
Fig. 22 Oil bulk temperature in Phase C for 0.1 m/s 

 

Fig. 21 and 22 clearly show the dependence of oil bulk 

temperatures on mass flow rates fractions in cooling ducts. In 

this case of the inlet oil velocity being 0.1 m/s, the cooling 

effect is more clearly seen. Also, oil is more evenly 

distributed in the cooling ducts. This is reflected by the fact 

that the maximum bulk oil temperature is 325K for the Phase 

C.  

VI. CONCLUSIONS AND FUTURE WORK 

The results showed that there is a concentration of oil 

following a path from the inlet, outer HV Phase A vertical 

cooling channel outlet. Phase C shows that oil eventually 

reaches almost zero velocity in most of the Phase B and C 

vertical and horizontal cooling channels. Due to this hydraulic 

behavior of the oil, its temperature rises at the top of Phase C 

winding. Later, the inlet oil velocity was set to 0.05 m/s and 

more oil penetrated through the bottom of Phase A, B and C 

windings. Similar to the basic case, most of the oil follows the 

path from the inlet, outer HV Phase A vertical cooling 

channel and outlet. The maximum oil temperature 

encountered was 330 K at the inner LV phase C vertical 

cooling oil channel. Finally, a variation in the inlet oil velocity 

of 0.1 m/s was set and oil penetrated more efficiently through 

the bottom of Phase A, B and C vertical cooling channels. 

Horizontal cooling channels do not seem to help the cooling 

of the windings. The oil velocities encountered in those 

horizontal channels are in the order of zero. The maximum oil 

temperature was 325 K at the top of the Phase C windings.  

 The validity of the CFD model was established based on the 

results found in the experimental results. The results show that 

there is a reasonable agreement between the numerical 

calculations of maximum average oil temperature  found in 

the power transformer and the ones obtained experimentally. 

A 2.8% of difference in this values was obtained.  

Because manufacturers are interested in the best cooling 

effect of the windings in three-phase power transformers, this 

type of study helps to analyze the oil hydraulics and to 

improve the circulation of that oil. From the study, it can be 

also concluded that when only one radiator is used with one 

lateral inlet and outlet, there is a tendency for the oil to follow 

the least hydraulic resistance path. From the analysis of oil 

mass flow fraction it can be concluded that most of the oil 

about 50% circulates through vertical ducts 18 and 21 for 

phase C. When the oil inlet velocity increases from 0.002 to 

0.1 m/s the phase C seems to be more efficiently cooled 

because the oil bulk temperatures are reduced. Also it appears 

that there are more than one local hot spot for the phase C. 

There is a tendency of oil to follow the least hydraulic 

resistance circuit.  

If the thermal design wants to be improved, a carefully 

hydraulic design of the vertical cooling ducts should be 

performed. According to power transformer manufacturers 

normally the thermal design is performed based on the 

amount of heat that should be removed. The elements that are 

used for the removal of heat are the radiators. The heat run test 

is performed and if the power transformer is properly 

designed it will pass the test. To improve the thermal design 

of the power transformer the radiators should be located at 

both opposite sides of the three phase windings. In this way, 

the hydraulic circulation of oil is improved and then the heat 

removal is also improved. Also not used vertical spaces 

should be avoided in order to distribute oil more efficiently.  

The last aspect to consider in the improvement of the thermal 

design is the control of the oil inlet velocity. In ON power 

transformers is quite difficult to establish a specific value of 

the  inlet oil velocity. Basically, it depends on the thermal 

head established. And this thermal head is directly established 

by the difference in temperature within the power transformer 

which in turn depends directly on the electrical load and the 

efficiency of the radiators. 

For future work, experimental work regarding these proposed 

variations of geometrical features to investigate the effect on 

the cooling of real three phase power transformers is 

considered, as well as a 3D CFD analysis of the same type of 

power transformer, which could include the core hydraulic 

effects. 
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NOMENCLATURE 

 

: Specific heat (J/kg K) 

E: energy (  

g: Gravity acceleration (=9.8 ) 

k: Thermal conductivity (W/m K) 

P: pressure (Pa) 

S: source term (  

T: temperature ( ) 

U: velocity component (m/s) 

 

Abbreviations: 

 

HV: high voltage 

LV: low voltage 

 

Greek symbols: 

 

: density of oil(  

: difference 

: expansión coefficient of oil (  

: absolute viscosity of oil ( ) 
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