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Summary / Abstract

In the current paper, a comprehensive three dimensional computational scheme was employed considering the detailed
geometrical specifications of a 200 kVVA distribution transformer in order to simulate the temperature pattern of oil inside
the transformer and to obtain the hotspot temperature. Simulation of the convective heat transfer of the transformer was
implemented by ANSYS FLUENT, along with ANSYS ICEM for meshing the whole geometry. Moreover, the accuracy
of the numerical model was established via comparing the numerical results with the measured temperatures of a running
transformer. It was founded that the oil channels of the active part are the most critical region from a thermal point of
view and the oil channels inside the active part experience the highest level of temperature in the transformer. Further-
more, the hotspot temperature of the considered transformer is 114 °C and located near to top section of oil channel of
low voltage windings.

The heat generated of core and windings during the trans-
NOMENCLATURE former operation causes temperature rise in the internal
structures of the transformer, which is one of the major rea-

g QfaV'tf’J‘“O”a' acceleration (m.s) sons of transformer aging [1]. Among the various parame-
H_| finheight (m) ters that affect the transformer performance and aging, the
k__| thermal conductivity (W.m™.K™) location of the maximum temperature of transformer
L | characteristic length (m) namely the hotspot temperature and its temperature level
p__| pressure (Pa) have been identified as the main factors on transformer ag-
T | temperature (K) ing and failures [2]. Furthermore, the rise in hotspot tem-
u | velocity in X direction (m.s?) perature leads to exponentially increase of the Loss-of-Life
v | velocity in Y direction (m.s™) of transformers [3]. Therefore, study the temperature dis-
w | velocity in Z direction (m.s™) tribution of the coolant inside the transformer and deter-
Subscripts mining the hotspot temperature is of special interest.
a | air layer The most commonly hotspot temperature calculations pro-
s | surface cedure are given in the International Standards IEC 60076-
o | ambient 2, ICE 60076-7 and IEEE C57.91. Furthermore, various
Greek letters calculation methods, based on solving of simplified forms
: — of energy equation along with the proper boundary and op-
B | thermal expansion coefficient - "
density (kg.m?) eraFlonaI cor)dltlons were.pre.sented by severa_l rgsearchers,
P ety which provide the possibility of fast prediction of the
| viscosity _(Pa.s_) _ T hotspot. For instance, Taghikhani and Gholami [4] exam-
a_ | thermal diffusivity (m?.s™) ined the value and location of the hotspot in a power trans-
v__ | Kinematic viscosity (m”.s™) former by numerically solving of the partial differential

form of heat conduction equations. Pradhan and Ramo [5]

. also presented a theoretical model to obtain the hotspot,

1 Introduction based on a boundary value problem of heat conduction in

windings employing the finite integral transform tech-

nique. Furthermore, Susa and Nordman [6] and Radakovic

[7] attempt to calculate the hotspot temperature by employ-
ing some algorithms.

Transformers, as one of the main equipment of electrical
network, are indispensable in supplying the electric energy
at required voltage levels to consumers.
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Although, estimation of hotspot temperature is of practical
importance, simplifications of the governing equations and
geometrical models in above mentioned studies lead to the
general and relatively low accurate results. In order to en-
hance the prediction accuracy, modeling the complete con-
vective heat transfer of the entire transformer under the am-
bient conditions is a useful approach, which provides a
thorough insight to the thermal behavior of transformer in
addition to the hotspot temperature.

With this approach, EI Wakil et al. [8] simulated the tem-
perature distribution and fluid flow of the oil as cooling
media in one phase of a 40 MVA power transformer. Oh
and Ha [9] asymmetrically modeled natural convection of
a 20 KVA one phase transformer. Furthermore, Tsilia [10]
conducted a numerical study using a 3D finite element
method to model the temperature distribution of the trans-
former. Chereches et al. [11] performed a numerical para-
metric study on a step-down power transformer. Eslamian
et al. [12] also simulated the heat transfer of dry-type trans-
former by FEM and CFD models.

In these methods, a simplified model of the real geometries
or governing equations have been studied which may limit
the global view on temperature distribution of transform-
ers.

In this regard, the main objective of the present study is to
simulate the oil convective heat transfer inside the trans-
former considering the complete geometry of the trans-
former such as the details of oil channels and hollow fins
in simulated actual boundary and operational conditions in
order to predict the temperature distribution and the hotspot
value and location.

2 Numerical modelling

2.1 Physical model

In this work, a 200 kVA distribution transformer was con-
sidered as case study to investigate the temperature distri-
bution. This transformer has an active part include of core
and layered windings and cooling part of tank, hollow fins.
All parts along with their dimensions in meter are shown
in Figures 1 to 3. Efforts were made here to model all parts
in the actual transformer including fins and the four vertical
oil channels (Oc.1, Oc.2, Oc.3, and Oc.4) inside the active
part with their actual dimensions.
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Figure 1 Details and dimensions of the simulated trans-
former tank and its hollow fins

0.68

Figure 2 Details and dimensions of the simulated active
part and oil channels

— B 4

Figu 3a Design of core, windings and oil channels in
the 200 KVA actual transformer
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and oil channels

2.2 Governing equation

Under the working conditions of the transformer, oil flow
in the transformer is considered as laminar with the maxi-
mum Ra=5x108 which is far from turbulent flow and
steady state flow. Therefore, the governing equations are
as follows [13]:

Continuity:
apu) , opv) , olpw) _, 1)
OX oy oz

X direction Momentum:

Apu?) |, dpw) opuw) _ 2
ox oy oz
oP 0 ou 0 ou 0 ou
_6_x+8_x('u6_x) +g(ﬂa) +6_z('u6_z)
Y direction Momentum:
opw) , op?)  3pvw) _ 3P ®)

O oy 0z oy

+ﬁ(uﬂ)+imﬂ)+iwﬂ)—pg
7 oz

x o oax oy loya

Z direction Momentum:

dpuw) opow) opw?) “)
OX oy oz
oP 0 ow 0 ow 0 ow
:_6_z+6_x('u8_x) +a(ﬂ E) +6_Z('u6_z)
Energy:
a(pC puT ) .\ o(pCpT) . o(pCpwT ) (5)
ox oy o

0 orT 0 orT 0 oT
—&( k g) +§( k W) +E( k E)

Solving the governing equations and simulation of convec-
tive heat transfer of transformer were carried out by AN-
SYS FLUENT, accompanied by ANSYS ICEM for mesh-
ing the whole geometry.
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2.3 Properties of oil

Since the oil flow and temperature distributions rely on the
oil thermo-physical properties, it is of practical importance
to determine the thermal variation of oil properties, which
are usually ignored in such studies. Accordingly, the ob-
tained correlations based on the own measured data are
presented in Eqgs. (6) to (9) and employed in governing
equations. It should be mention the equations are in
Celcius.

p(T)=-0.6881T +897.62 (kg.m?) (6)
Cp(T )=6.6096T +1600.6 (J.kgL.K™) @)
k(T ) =0.0009T +0.1035 (W.m™LK1) (8)
1055
exp [ —3.591)
T +141.8 9)
T) =

w(T) 100 (Pass)

2.4 Boundary conditions

In the studied transformer, the heat is transferred from the
outer surfaces of the transformer’s tank to the ambient air
by mechanism of natural convection. In this regard, the
equations of natural convection based on the geometry of
surfaces, orientation, and properties of ambient air are em-
ployed to calculate the heat transfer coefficient as can be
seen in Table 1 [14]. The Rayleigh number (Ra) and heat
transfer coefficient (h) in Table 1 are defined as follow:

he Nuk, (10)
LC
oy BT T )02 1y
Vaaa
Tablel Boundary equations of the outer surfaces with
ambient temperature of T_=28 °C
Calculated
Surface Nusselt correlation h (W.m
Z.K'l)
Upper Nu = 0.59Ra %% 6.25
Bottom Nu =0.27Ra®® 3.00
—-0.5
Vertical Nu= 576 2873
finned ! (Ralg /H)? ’ (Ralg /H)P® 4.45

Furthermore, the generated heat of core and windings is
transferred through their surfaces to the circulating oil.
Therefore, the generated heat is considered as a constant
heat flux that is uniformly distributed on the surfaces of
core and windings. Hence, according to the loading condi-
tion of an actual transformer 308 W/m?2 and 470 W/m? are
applied to the surfaces of the core and windings, respec-
tively.
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2.5 Grid independency

In order to confirm the mesh independency and to arrive at
the least number of elements that can yield accurate com-
putational results, four different mesh sizes were chosen
for discretizing the interior domain transformer. Grid 1
(642734 nodes), Grid 2 (1169252), Grid 3 (1678675) and
Grid 4 (2581690) listed in Table 2 are used and in each case
a converged solution of maximum temperature was pre-
sented as comparison. It can be observed that refinement of
the grids from Grid 2 to Grid 3 system makes no obvious
change in the maximum oil temperature. Thus, considering
both the accuracy and the computational cost, the Grid 2
system with 1169252 nodes was selected as the appropriate
mesh size.

Table 2 Maximum oil temperature variations for differ-
ent grid systems under transformer full load op-

eration

Item Value
Grid number 1 2 3 4
Max. Tempera- 11751 113.61 113.16 113.14
ture (°C)
2.6 Validation

To confirm the accuracy of current computational model, a
validation has been performed by comparing the numerical
results with the measured data taken from the actual men-
tioned transformer in section 2.1. In this regard, the real
transformer in 10 % load was considered as validation case
and temperature of its outer surfaces recorded by thermog-
raphy camera and 9 points along a horizontal line on the
outer surface of the tank according to Figure 4 were se-
lected as reference points. Then, temperature distribution
was simulated based on the boundary conditions listed in
Table 3 and the temperature of these points was compared
with the temperature of the same points obtained from the
simulation as shown in Figure 5.

Table 3 Boundary conditions for validation of the pre-
sent model T_ =15°C

Calculated h (W.m2.K-

surface 1)
Upper horizontal h=43Wm2K1;
Bottom horizontal h=21W.m2K?;
Vertical finned h=31W.m2K?;
Windings q=4.5W.m?
Core q =380 W.m?
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Figure 4 The positions of studied temperature line for
validating the numerical result

Comparing the measured data and numerical results of the
mentioned points in Figure 5a demonstrates an acceptable
agreement with the average difference of 2 °C between the
numerical result and measured data as shown in figure 5b,
which leads to this conclusion that this model can reasona-
bly predict the temperature of the transformer.

—+—Measured data at 10% of full load

-®-MNumerical result at 10% of full load
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Figure 5a Comparison of measured data and numerical
results at reference points near the top of side
wall at 15 °C
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Figure 5b Temperature difference of measured data and
numerical results
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3  Results and discussion

In this section, the aim is to evaluate the hotspot tempera-
ture and flow distributions of oil in an actual transformer
employing CFD simulations.

First of all, the temperature field on two central plains of
the transformer (Z=0, X=0) is illustrated in Figure 6 and 7.
According to these figures, the maximum temperature of
the transformer (hotspot) is 115 °C and is located on the
top section of the narrow oil channels of windings.
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Figure 6 Temperature contour Z=0 plane
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Figure 7 Temperature contour of X=0 plane

As mentioned above, it is clear from Figure 6 and 7, that
the critical region of transformer from thermal point of
view are the winding oil channels due to the high amount
of heat rejection from the windings. In order to specify the
location of the hotspot, the temperature of oil channels is
shown along some vertical line as in Figure 8.
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Figure 8 Temperature variation along oil channels

As it is presented, the temperature in lower section of all
channels are almost the same and by moving to the top sec-
tion, the temperature of oil on low voltage windings in-
creases more than others and experience the highest level
of temperature in transformer. Thus, it is clear that the
hotspot is located in this channel between the two LV layer
windings.

In Figure 9 the velocity contours of oil is demonstrated on
Z=0 plane. As it can be seen, the velocity of oil inside the
transformer due to natural circulation is rather low, in the
order of 10 to 102m/s. There are also some regions where
the fluid is circulated, which clearly is an evidence of the
buoyancy force that directs the fluid upward through the
channels of active part due to heat absorption and down-
wards in the fined areas of the tank.

I

Figure 9 Velocity contour Z=0 plane
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4  Conclusion

A three dimensional thermal analysis of a 200 kVA distri-
bution transformer has been performed numerically using
a CFD software in order to determine the hotspot tempera-
ture. Furthermore, the temperature-dependent properties of
transformer oil was also employed in the numerical mod-
eling in order to achieve higher accuracy. The temperature
distribution of oil inside the transformer demonstrated that
the maximum temperature - called hotspot - occurs in the
upper section of windings with the value of 114 °C and is
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located in the top part of the oil channel of the low voltage
windings.
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