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Abstract: Power transformer represents the largest portion of capital investment in transmission and distribution substations.

Transformer functional life is influenced by thermal, mechanical and dielectricstresses. The concept of insulation ‘Thermal life ‘is a
useful one, in which it can set a standard level of physical condition below which insulation integrity may be prejudiced by mechanical
or dielectric stresses, normally experienced in service. In power transformer, the oil serves a dual purpose as insulating and cooling
medium. The heat generated in the transformer is removed by its oil surrounding the source and is transmitted either to atmospheric air
or water. Thermal modeling of power transformer top-oil considering viscosity and conductivity and other relevant parameters have
been taken into account in the present work and accordingly an important correlation has been derived for ONAF (oil natural air
forced) type of cooling. Result shows that the transformer top oil temperature varies remarkably with respect to time.However,within the
range of the data covered the plotted figures show that rapid increase in the temperature of the transformer top oil could be achieved
with increasing values of time after a certain period of time.
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List of symbols and abbreviations
A - Area
C - A constant
Ce - Electrical capacitance
C1- A constant
C p - Specific heat of fluid
Cth - Thermal capacitance
C th-oil- Equivalent thermal capacitance of the transformer oil
C th-oil,rated - Rated equivalent thermal capacitance of the
transformer oil
C wdn - Thermal capacitance of the winding
g - Gravitational constant
gr- Rated average winding to average oil temperature
gradient
Gr- Grashof number
h - Heat transfer coefficient
H - Hot-spot factor
i - Electrical current
I - Load current
I rated- Rated load current
k - Oil thermal conductivity
kg - Kilogram
K- Load factor
L - A characteristic dimension length, width or diameter
n - A constant
Nu- Nusselt number
Pr - Prandtle number
q - Heat generation
qtot - Heat generated by total losses
qfe Heat generated by no-load losses
ql - Heat generated by load losses
R- Ratio of load losses at rated current to no-load losses
R th-oil- Non-linear thermal resistance of the oil
R th-hs-oil - Non-linear winding to oil thermal resistance
R th-wdn - Winding thermal resistance
R th-insul - Winding insulation thermal resistance

W- Watt
ρ - Oil density
β - Coefficient of thermal cubic expansion of the oil
µ - Oil viscosity
µ pu - Oil viscosity per unit value
ν- kinematic viscosity of oil
θ - Temperature
θamb - Ambient temperature
θoil - Top-oil temperature
θhs - Hot-spot temperature
∆θ oil,rated- Rated top-oil temperature rise over ambient
∆θ hs,rated- Rated hot-spot temperature rise over top-oil
τoil -oil time constant
τwdg- Winding time constant
τoil,rated - Rated top-oil time constant

1. Introduction
Transformer oil is expected to function as an insulating
medium and heat transfer agent. The behavior of oil can be
related to its molecular composition and its physical
properties. The electrical properties and thermal behavior are
the fundamental requirement of transformer oil. Oxidation is
the primary cause of the degradation of the oil. The
transformer oil manufacturers desire to supply the customer
with oil that gives required and long performance in actual
field operation. To achieve this objectives manufacturer’s
procedure the best base oil, undertake complicated refining
operation and carry out extensive R&D to match different
properties of oil at its molecular level to its actual field
performance. The manufactures are responsible to establish
the basis of the design of the insulating liquid for its
intended end use[1].The electrical and heat transfer of
properties of transformer oil are effected due to its oxidation,
which degraded the oil in service[2].With the production of
oxidative copmponets, the heat transfer properties of the oil
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are affected, resulting in increase of transformer oil
temperature, which give rise to more oxidation. Sometines,
electrical stress also cause increase in the temperature of the
transformer oil.
1.1 Structural Analysis of Oil
Liquid chromatographic studies [3] indicated that there is no
difference between various types of oil with respect to the
poly aromatic contents. Oxidative and aging behavior of
transformer oil. The protection against the oxidation and
aging is a factor related only to the amount and the type of
aromatic compound present in transformer and available in
oxygen [4, 5].No difference was found in the behavior of oil
that could be related to their molecular composition.
1.1.1 Oil properties
Insulting oil forms a very significant part of the transformer
insulating system and has the important functions of acting
as an electrical insulation as well as a coolant to dissipate
heat losses. The basic raw material for the production of
transformer oil is a low viscosity lube termed as transformer
oil base stock (TOBS)which is normally obtained by
fractional distillation and subsequent treatment of crude
petroleum. Important characteristics of TOBS must be kept
within permissible limits in order to produce good insulating
oils.TOBS is further refined by acid treatment process to
yield transformer oil[6, 7].
Objective of the Present work
Transformers are static electrical machines used for
transmission and distribution of power at different voltages.
In transformer two separate sets of coils (primary and
secondary windings) are linked with the same magnetic flux
(being wound on the same laminated iron core).The current
density in winding is limited by local heating .The heat
generated (copper loss and iron loss)is dissipated to
environment. The local heating due to current density
beyond permissible limit may cause temperature rise
excessively high to further increasing the loss and ultimately
damaging insulation. The permissible current density in
different types of commercial transformers ranges from 900
amp/inch 2 to 2600 amp/inch2 [8].In order to increase the
permissible current density, decrease the losses, protect the
insulation there is need of cooling of transformer.
Attempts [9] has been made to estimate the temperature rise
in transformer and heat transfer coefficient. The empirical
relations are used as guidelines in design of transformers [8,
10, and 11].
In the present work, investigation has been made in the heat
transfer phenomena for oil cooled transformers while its
design for the objective of:
1) To investigate heat transfer coefficient Vs heat flux data.

2) To investigate the effect of transformer oil grade and
temperature on heat transfer coefficient.
3) To find correlation to be used in thermal design of
transformer.
4) Prediction of thermal equilibrium on the basis of
predicted heat transfer coefficient in a transformer.
5) Actual testing of transformer.
6) To investigate the discrepancies in the model/correction
selected and correlation for heat transfer.

2. Thermal Design of Transformer Considering
Heat Transfer Effect
A power transformer is a static piece of apparatus with two or
more winding which by electromagnetic induction,
transformers a system of alternating voltage and current into
system of voltage usually of different values and at same
frequency or the purpose of transmitting electrical power
[12].The IEC354 loading guide for all oil immersed power
transformer [13] and IEI guide for loading mineraloil
immersed transformer [14] indicate that low oilimmersed
transformer can be operated in different ambient conditions
and load levels without exceeding the acceptable detoriation
limit of insulation due to the thermal reason. According to the
loading guides the hot spot temperature in a transformer
widely consists of three components viz. the ambient
temperature rise, the top oil temperature rise and the hot
temperature riseover the top oil temperature. The variation of
top oil temperature is described by an exponential equation
based on a time constant. The top oil time constants
suggested by IEC loading guide is 150 minutes for oil natural
air natural cooling mode (ONAN).
By analyzing the measured results of tested power
transformers, it was noticed that the hot spot temperature rise
over top oil temperature at load changes is a function
depending on time as well as the transformer loading. It was
also noticed that the top oil temperature constant is shorter
than the time constant suggested by the present loading guide
especially for the ONAN and ONAF cooling modes.
The present research work is aimed to develop a generalized
model. This work presents a new temperature calculation
method based on heat transfer theory.
Top oil Temperature Model
The top oil temperature has been given as thermal
circuit(shown in Fig.1) based on the thermal electrical
analogy and heat transfer theory[15,16].The heat generated
by both no load and load transformer losses is represented by
two ideal heat sources [15].The ambient temperature is
represented as an ideal temperature source.
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Figure 1: Top Oil temperature model
The nonlinear oil thermal resistance Rth-oil according to heat
transfer theory [16] is given by the following equation
Rth-oil=

1

--------------(1)

ℎ .𝐴

Based on heat transfer theory the natural convention oil flow
around vertical, inclined and horizontal plates and cylinders
can be described by the empirical co-relation [13, 17, 18, 19,
and 20]:
n

Nu=C.[Gr.Pr]

---------(2)

Where C and n are constants dependent on whether the oil
circulation is laminar or turbulent.
The Nusselt number (Nu), Prandtle number (Pr), and
Grashofnumber (Gr) are described by the following equations,
respectively.

ℎ .𝑙

Nu=
Pr=

---------------(3)

𝐾
𝐶𝑝 .µ

𝐾

=C.

𝑞 𝑐𝑢

R=

𝑞 𝑓𝑒

and the load factor k:

K=

𝐼

𝐼𝑟𝑎𝑡𝑒𝑑
Where, I is the load current and Irated is the rated current.
Based on the heat transfer criteria the final equation has been
derived as:
1 + 𝑅. 𝐾 2 𝑛
. µ𝑝𝑢 . Δ 𝛉𝑜𝑖 𝑙𝑟𝑎𝑡𝑒𝑑 . 𝑲𝒏−𝟏
𝒑𝒖
1+𝑅

d𝛉𝐨𝐢𝐥
dt
(𝛉𝐨𝐢𝐥 − 𝛉𝐚𝐦𝐛)1+𝑛
+
Δ 𝛉𝑛𝑜𝑖𝑙 _𝑟𝑎𝑡𝑒𝑑

𝑛
= 𝑲𝒏−𝟏
𝒑𝒖 . µ𝑝𝑢 . τ𝑜𝑖𝑙 _𝑟𝑎𝑡𝑒𝑑 .

---------------(7)

µ2

----------(5)

By substituting (3), (4), (5) into (2) we get

ℎ .𝑙

The ratio of load losses at rated current to no load loss

---------------(4)

𝐾

𝐿3 .ρ2 .g.β.(Δ 𝛉𝐨𝐢𝐥)

Gr=

The variation of viscosity with temperature is much higher
than the variation of other oil physical parameters and
thermal conductivity that depends on temperature.

𝐿3 .ρ2 .g.β.(Δ 𝛉𝐨𝐢𝐥) 𝐶𝑝 .µ n
[
. ] --------(6)
µ2
𝐾

The above thermal model equation has been taken into
account for oil viscosity and thermal conductivity. This has
been utilized to work out the values of temperature at
different time intervals by substituting the values of relevant
input data.Fig. 2 has been plotted on top oil temperature v/s
time for 400 MVA ONAF cooling. Similarly Fig. 3 represents
the top oil temperature v/s time for 80 MVA ONAF cooling.
Fig. 4 represents the top oil temperature v/s time for 605
MVA ONAF cooling.
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Figure 2: Top Oil Temperature V/S Time for 400 MVA ONAF Cooling

Figure 3: Top Oil Temperature V/S Time for 80 MVA ONAF Cooling
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Figure 4: Top Oil Temperature V/S Time for 605 MVA ONAF Cooling

Figure 4: The hot-spot temperature of the 410 kV winding in the 400 MVA ONAF transformer
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Figure 5: The hot-spot temperature of the 400 kV winding in the 80 MVA ONAN transformer

Figure 6: The top Oil temperature of 605 MVA OFAF cooled transformer
The data values of time and temperature as of ref. [21] have
also been shown in Figs.5, 6, 7 for the similar values of 400,
80 and 605 MVA ONAF cooling system. It could be seen
from these Figs. 2, 3, 4 well match with results in Figs. 5, 6,
7 of ref. [21] and validates the proposed thermal model.

3. Results and Discussions
The thermal modelling is based on the heat transfer theory
for the natural flow of oil around vertical, inclined and
horizontal plates and cylinders[22].The experimental results
of the authors [21-25] has also formed the basis of
modelling. The top oil temperature model and related nonlinear resistances has been presented. The top oil model has
been validated. Variations in oil viscosity and winding
resistance have been taken into account. The top oil
temperature in the tank have been taken as a reference
temperature for the oil viscosity evaluation. The results
plotted by the proposed have been represented in Figs. 2,3,4
agree with the measured and the worked out values for the
top oil temperature model . Fig.2 shows that top oil
temperature increases rapidly after 10 hours for 400 MVA

ONAF cooling.It is also visible from this figure that initial
temperature rise with respect to time is not so rapid. Fig.3
shows that temperature rise of top oil has been limited to
about 60C only for 80 MVA ONAF cooling. From Fig.4 it
can be seen that the nature of top oil temperature rise for 605
MVA ONAF cooling is slightly different than that of 400
MVA ONAF cooling .However ,rapid temperature rise
could be seen after 10 hours for 605 MVA ONAF cooling
and also temperature rise for 40 MVA ONAF cooling after
10 hours was rapid.

4. Conclusion
On the basis of present work the following conclusions have
been derived:
1) Thermal modelling of power transformer top oil for
natural heat transfer and ONAF cooling has been made.
2) The proposed thermal modelling results have been
compared with the available results under the same
condition of the power transformer.
3) The proposed thermal model has been found to compare
well with one available in the literature.
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4) The various output results from the proposed model have
been found out and discussed.
5) The effect of temperature with respect to time has been
found remarkably in the top oil of the transformer under
ONAF cooling for variable values of its MVA.
6) The effect of temperature with respect to time on the
physical properties of top oil has been shown which is
remarkable.
7) The model is based on heat transfer theory, application of
the lumped capacitance method, thermal electrical
analogy and definition of non-linear resistance.

5. Future Scope
Working life cycle modeling of the transformer under
various heating and cooling condition requires further
research in the area.
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