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ABSTRACT
It is well known that the hot spot temperature represents the most critical parameter identifying the power rating of a
transformer. This paper investigates the effect of the degradation of core magnetic properties on temperature variation
of aged oil-cooled transformers. Within this work, 2D accurate assessment of time average flux density distribution in
an oil insulated-cooled 25 MVA transformer has been computed using finite-element analysis taking into account ageing and stress-induced non-uniform core permeability values. Knowing the core material specific loss and winding details, local core and winding losses are converted into heat. Based upon the ambient temperature outside the transformer
tank and thermal heat transfer related factors, the detailed thermal modeling and analysis have then been carried out to
determine temperature distribution everywhere. Analytical details and simulation results demonstrating effects of core
magnetic properties degradation on hot spot temperatures of the transformer’s components are given in the paper.
Keywords: Oil Insulated-Cooled Power Transformer; Finite Element Method; Electromagnetic Field Analysis;
Thermal Analysis

1. Introduction
Considerable attention has been directed towards the
thermal analysis of power transformers in recent years.
Obviously, maximum temperature at which the insulation
of the power transformer can operate and the method of
heat dissipation through it and its surrounding should be
determined during design stages. Moreover, accurate
identification of the location and magnitude of a transformer hot spot temperature could also be very useful in
transformer design stage and/or cooling strategies [1].
In previous work, some efforts have been carried out
to assess transformer’s components maximum temperatures [2,3]. The theoretical thermal model developed was
limited by the basic assumption of uniform distribution
of heat generated per unit volume per unit time in both
the iron core and the copper conductors. Within this assumption, winding insulation was not taken into account.
This study investigates the effect of the degradation of
core magnetic properties on the temperature distribution
as well as values of hot spot, top gas and tank temperatures of aged oil-cooled transformers. More specifically,
effects of global and local core permeability variation
resulting from ageing and/or maintenance-related introCopyright © 2012 SciRes.

duced mechanical stresses are considered. Two-dimensional accurate assessment of time average flux density
distribution has been computed using finite-element method to identify the core and winding losses which are
converted into heat. Based upon the ambient temperature
outside the transformer tank and thermal heat transfer related factors, detailed thermal modeling and analysis have
been then carried out to determine temperature distribution
everywhere. The thermal analysis included; heat conduction, free convection inside the oil tank, forced convection
outside the tank, and radiation from tank surfaces.
Analytical details and simulation results demonstrating
effects of core magnetic properties degradation on transformer’s temperatures are given in the following sections
of the paper. It should be pointed out that, throughout the
paper, numerical simulation of the electromagnetic field
and the heat transfer analysis has been carried out with
the aid of ANSYS finite element software package.

2. Mathematical Model
It is well known that losses occurring in the magnetic
core, windings and parts of an operating transformer are
converted into heat. An electromagnetic finite element
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method is proposed to evaluate those generated losses,
which are used as the thermal analysis heat sources. Obviously, heat is transferred to the surrounding air via
several stages due to a temperature difference at the
boundaries of each stage. The first stage of heat transfer
begins from the interior of the core or the windings and
extends to their external surfaces by conduction. The second stage is the transfer of heat from the windings and the
core to the oil by convection. The third stage is the transfer
of heat from the oil to the inner tank walls by convection.
The fourth stage is the transmission of heat energy through
the thickness of the tank walls by conduction. In the last
stage, heat is dissipated from the external tank walls to the
surrounding air by convection and radiation.
The theoretical analysis presented in this paper is
based on the following assumptions:
1) The transformer structure can be considered as a
plane-parallel geometry. Therefore, with a reasonable
acceptable accuracy, the three-dimensional (3-D) problem is reduced to a two-dimensional (2-D) one with x
and y as space variables, with elements layout for finite
element formulation, as shown in Figure 1.
2) The phase currents are sinusoidal and balanced.
Consequently, all field quantities will by sinusoidal with
time.
3) The base of the tank is assumed to be insulated and
measured values of ambient temperature are always considered.
4) The insulation between the low voltage winding and
high voltage winding is taken into consideration.
5) All electrical and thermal material properties have
been considered as given in [4] and [5]. Thermo-physical
properties of the materials are supposed to be function of
temperature.
The associated steady state heat conduction equation
for the two-dimensional model can be described—as
given in [6] and [7]—by:

d  dT
K
dx  dx

 d  dT  
q  0
 K
 dy  dy 

(1)

where T is temperature in (˚C), x and y are spatial variables in (m), K is the thermal conductivity in (W/m·˚C)
and q o is the heat transfer rate in (W/m3).
Within this steady state analysis, and due to the difference between electrical and thermal systems response
time, steady state heat generated in transformer parts due
to power dissipation is averaged over the power mains
cycle period P. Taking this fact into consideration and
referring to typical loss specifications for cold-rolled
silicon steel (Si-Fe) sheets data (which may be approximated by the expression 0.35B 2 ), the heat generated per
unit volume per unit time at any point (x, y) in the iron
core may be computed from [8]:
o
qcore
 x, y  

1P
0.35  B 2  x, y, t  dt
P 0

(2)

where B is the magnetic flux density (in Tesla) and t is
the time instant, while  is the density of iron core
(kg/m3).
Likewise, the heat generated per unit volume per unit
time at any point ( x, y ) in the coils may be computed
from:
o
qcoils
 x, y  

1P 2
J  x, y, t   dt
P 0

(3)

where J is the current density in (A/m2), and  is the
resistivity in (Ω·m).
Within the transformer thermal model, there are convective heat transfer between the winding surfaces, the
core surface and the oil flowing over them, then from the
oil to the inner surface of the tank, and finally from the
external tank walls to the surrounding air. The mathematical formulation of this convection boundary condition is obtained by considering an energy balance at the
surface stated as:
K

dT
dT
K
 h  T  TB 
dx
dy

(4)

where, TB is the adjacent bulk temperature while h is
the convective heat transfer coefficient in (W/m2·C)
which could be determined by classical Nusselt number
Nu correlations as [6]:
h

Figure 1. Schematic of transformer with elements layout for
finite element formulation.
Copyright © 2012 SciRes.

K
Nu
L

(5)

The outer surface of the transformer components was
considered similar to a vertical or horizontal plate with
uniform heat flux. For vertical plates the characteristic
dimension L = height in (m); while for horizontal plates
the characteristic dimension L = length in (m).
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There are several convective heat transfer coefficients
that must be evaluated to determine the temperatures of
the transformer. It should be pointed out that, the convective heat transfer coefficients are based on the assumption that only free convection is suggested under
transformer loading conditions as instructed by the
manufacturer. In the presence of external fans, forced
convection due to air circulation outside the transformer
tank may also be taken into account. Average Nusselt
numbers Nu for forced and free convection on horizontal
and vertical plates are given in [2] and [6].
Radiation effects generally appear in the heat transfer
analysis only through the boundary conditions. In this
model, an open type enclosure surface radiates heat between the external surfaces of the tank and the surrounding air with predetermined ambient temperature. The
mathematical formulation of this radiation boundary
condition is obtained—as discussed in [6,7], and [9]—
by considering the following energy balance expression:
K

dT
dT
K
  T 4  TB4
dx
dy
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width and window height were about 2.5 m, 2.1 m, 0.5 m
and 1.1 m, respectively. Thickness and height of each
winding were about 0.l m and 1.0 m, respectively, and
inter-spacing between tank walls and active transformer
parts was about 0.3 m. Low voltage and high voltage
windings were the inner and outer ones, respectively.

3.1. No Ageing Case
Normal performance and thermal profile was first assessed as a reference to ageing situations. For normal
operation, the flux density distribution B  x, y, t  and
current density distribution J  x, y, t  in every transformer location were first computed at different time
instants over a complete power mains cycle. Those locations include winding parts, core and tank walls. Such
computation was carried out using 2D finite element
analysis assuming cold rolled Si-Fe sheets having axial
and transverse working relative permeability values of
3500 and 350, respectively. Sample flux density computation results for instants corresponding to peak left-limb
current (a), peak middle-limb current (b), and peak rightlimb current values (c), are given in Figure 2. The predicted flux density values using the method proposed in
this paper are compared with industrial results referred to
in [10] and reflect a satisfactory quantitative agreement.
Thermal analysis in accordance with (1)-(6) was then
carried out using finite-element analysis and for  =
7800 kg/m3, winding  = 1.7e–8 Ω·m and tank  =
1e–5 Ω·m. Overall thermal analysis profile and temperature values at a horizontal plane bisecting the core are
shown in Figures 3 and 4.

(6)

where,  is Stefan-Boltzmann constant, 5.67  108
w/m2·K4. Note that ε is the infrared emissivity = 0.95 in
this model [6].

3. Testing and Numerical Results
In order to test the suggested methodology, detailed configuration of a 25 MVA, 66 KV/11 KV (ONAF), oil
cooled-insulated power transformer was considered [10].
For this transformer the core length, core height, window

(a)

Copyright © 2012 SciRes.
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(b)

(c)

Figure 2. Sample flux density computation results for instants corresponding to peak left-limb current (a), peak middle-limb
current (b) and peak right-limb current values (c) for the transformer when having normal magnetic properties.

Figure 3 shows the contour plot for a nodal temperature distribution of the oil cooled-insulated power transformer at full load (25 MVA). Obviously, hot spot temperature is expected to be located somewhere on the
horizontal line through the center of the T-joint of the
core [11]. For the depicted locations of the aforementioned line, Figure 4 suggests that the values of the hot
Copyright © 2012 SciRes.

spot of iron core temperature, winding temperature, top
gas temperature, and the tank temperature are 96˚C, 92˚C,
91˚C and 49˚C, respectively.
It is clear from these two figures that the thermal profile is symmetric with respect to the middle axis of the
whole transformer because the transformer’s sides are
exposed to similar conditions. It is also clear that hot spot
JEMAA
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Figure 3. Overall thermal analysis profile for the transformer when having normal magnetic properties.

Figure 4. Temperature values at a horizontal plane bisecting the core for the transformer when having normal magnetic properties.

winding temperature is expected to be at the center of the
low voltage windings in general. Estimated value of the
hot spot winding temperature was found to be around
92˚C, which is in agreement with industrially reported
temperatures for this transformer.

3.2. Case of Aged Right Limb
Ageing of transformers mainly affects the oil insulation
properties. Degradation in oil properties eventually results in short circuiting a winding. Whether the limb
bearing this winding is exposed to high instantaneous
electromagnetic forces during the short circuit event or as
a result of mechanical stresses imposed due to improper
re-winding procedures, probability to end up with irreversible local magnetic properties degradation becomes
Copyright © 2012 SciRes.

quite high [12]. Moreover, ageing also affects thermal
properties of oil. Consequently, long periods of high temperatures exposure of Cold-rolled Si-Fe sheets also could
lead to a degradation of magnetic properties as well. In
order to demonstrate the thermal consequences of local
magnetic properties degradation as a result of the aforementioned ageing scenarios, magnetic and thermal analysis for the transformer under consideration were carried
out. All properties were assumed similar to the normal
case with the exception of the right limb where axial and
transverse working relative permeability values of 2000
and 200, respectively.
For this particular aged case, sample flux density computation results for instants corresponding to peak leftlimb current (a), peak middle-limb current (b), and peak
right-limb current values (c) are given in Figure 5.
Moreover, overall thermal analysis profile and temperature values at a horizontal plane bisecting the core are
shown in Figures 6 and 7.
Unlike for the results shown in Figure 3, the thermal
profile is not symmetric anymore with respect to the
middle axis of the whole transformer. The same is true
for the hot spot temperature. More specifically, temperature values of windings of wound around the limb having
inferior magnetic properties are higher (about 95˚C instead of 92˚C). This difference will increase as the magnetic properties further degrade. Moreover, this will result in higher winding resistance that could result in more
heat loss and, consequently, further increase in local
temperature rise. It should be stated that in accordance
JEMAA
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with the IEC code, excessive hot spot temperature rise
will directly affect the transformer overall life time [13].

ageing also affects thermal properties of oil. Consequently, long periods of high temperatures exposure of
cold-rolled Si-Fe sheets also could lead to a degradation
of magnetic properties as well. In order to demonstrate
the thermal consequences of local magnetic properties
degradation as a result of the aforementioned ageing
scenarios, magnetic and thermal analysis for the transformer under consideration were carried out. All properties

3.3. Case of Aged Yoke
If the yokes are exposed to high instantaneous electromagnetic forces or as a result of mechanical stresses,
probability to end up with irreversible local magnetic
properties degradation becomes quite high. Moreover,

(a)

(b)

Copyright © 2012 SciRes.
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(c)

Figure 5. Sample flux density computation results for instants corresponding to peak left-limb current (a), peak middle-limb
current (b) and peak right-limb current values (c) for the transformer when having degraded right limb magnetic properties.

Figure 6. Overall thermal analysis profile for the transformer when having degraded right limb magnetic properties.

were assumed similar to the normal case with the exception of the yokes where axial and transverse working relative permeability values of 2000 and 200, respectively.
For this particular aged case, sample flux density computation results for instants corresponding to peak
left-limb current (a), peak middle-limb current (b), and
Copyright © 2012 SciRes.

peak right-limb current values (c) are given in Figure 8.
Overall thermal analysis profile and temperature values
at a horizontal plane bisecting the core are shown in Figures 9 and 10. It is observed from these two figures that
the thermal profile is symmetric with respect to the middle axis of the whole transformer. More specifically,
JEMAA
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temperature values of windings of wound around the
limb having inferior magnetic properties are higher
(about 97˚C instead of 92˚C). This difference will increase as the magnetic properties further degrade that
could result in more heat loss and, consequently, further
increase in local temperature rise.

4. Conclusion
This paper has presented a combined magneto-thermal
analysis for calculating the thermal fields at any specified location within the oil cooled-insulated power transformer, using finite element technique. This analysis is
more precise than any other previously developed model

Figure 7. Temperature values at a horizontal plane bisecting the core for the transformer when having degraded
right limb magnetic properties.

(a)

(b)

Copyright © 2012 SciRes.
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(c)

Figure 8. Sample flux density computation results for instants corresponding to peak left-limb current (a), peak middle-limb
current (b) and peak right-limb current values (c) for the transformer when having degraded yoke magnetic properties.

Figure 9. Overall thermal analysis profile for the transformer when having degraded yoke magnetic properties.

because it considers effects of global and local core permeability variation resulting from ageing and/or maintenance-related introduced mechanical stresses are considered, and the contributions of the convective and radiative heat transfers. The thermal model developed here
can predict the hot spot location, with a reasonable degree of accuracy during the design stage. This will in turn
Copyright © 2012 SciRes.

allow for better transformer performance when it is put in
service. It can be concluded from the presented analysis
and simulation results that degraded local magnetic
properties would have an impact on thermal profile of a
power transformer and, consequently, increasing its hot
spot temperature. The proposed analysis approach may
be extended to cover the tank outside vicinity in order to
JEMAA
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Abbreviations and Acronyms

t

Time, sec

B

The magnetic flux density in Tesla

T

Temperature, C

h

Convective heat transfer coefficient, W/m2·C

TB Bulk temperature of the adjacent fluid, C

J

The current density, A/m

X

K

Thermal conductivity, W/m·C

Y

Y direction

Length, m

ε

Infrared emissivity, dimensionless

Nu Nusselt number, dimensionless

σ

Stephen-Boltzman constant, 5.67 × 10–8 W/m2·K4

qo The rate of heat per unit volume per unit time,
W/m3

ρ

Density, kg/m3

δ

The resistivity, Ω·m

L

2
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X direction
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