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Abstract

The focus of the present numerical work is to study the effect of fan air flow direction and mounting arrangement on the thermal
performance of the radiators of power transformers using Computational Fluid Dynamics analysis. The study is carried out
for four radiators of 3 m height and 30 fins with 0.52 m width and two fans of 1 m diameter in vertical and horizontal air
flow directions. The horizontal flows from the two fans are considered in the same and the opposite direction, with the fans
located on the same and the opposite side, respectively running at the same speed of 860 rpm for all configurations. Thermal
radiation is modelled using the discrete transfer radiation model. A comparison of different flow and heat transfer patterns as
well as heat dissipation—for the four different configurations—is presented. Velocity and temperature contours are used to
visualize the heat and fluid flow distribution over the radiators. Fans placed on one side of the radiators result in larger heat

dissipation than the other arrangements studied. The reasons for the improvement in heat dissipation are presented.
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1. Introduction

Power transformers are expensive and critical compo-
nents in the electricity network. Therefore it is important for
network operators that the transformers work reliably over
their expected lifetime to provide continuous power supply.
Thus thermal management of these pieces of equipment is
of great importance and the cooling system plays a vital role.
Most of the published literature is on internal cooling of the
power transformer, i.e., cooling of windings.

Transformer manufacturers are keen to reduce the number
of radiators and fans—in order to reduce the weight of the
system—uwithout compromising on the thermal performance.
With the advent of advanced tools like CFD (Computational
Fluid Dynamics), nowadays it is possible to visualize virtually
the air flow and temperature distribution over the radiators,
thereby avoiding expensive experiments. This visualization
of air flow distribution gives insight for improving the thermal
performance of the system by identifying the region of lower
and higher air flow and recirculation regions.
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In the past very limited experimental and numerical work
related to power transformer radiator cooling performance
was reported. In their study the authors of [1] described
a numerical simulation for improving heat transfer in a power
transformer, with the help of the thermal head (difference in
elevation between the center of the coils and the center of
the radiators). They mentioned that by increasing the ther-
mal head there can be a saving of the heat transfer area of
the radiators if the mass flow of oil is increased. CFD anal-
ysis to determine temperature distribution and flow pattern
in a block radiator used in power transformer cooling sys-
tem was carried out by [2]. They mainly focused on study-
ing the relation between radiator block characteristics and
the cooling behavior of the system. Optimum designs of
an ONAN (Qil Natural Air Natural) transformer cooling sys-
tem by using advanced numerical thermal field and compu-
tational fluid dynamics techniques was done by [3]. They ex-
amined novel tank designs in conjunction with other crucial
parameters, such as the number and location of the winding
cooling ducts, so as to define the best optimum geometry
that ensures maximum efficiency performance of the trans-
former cooling system. They observed that curved panel
surfaces deliver better thermal performance since they en-
hance dynamic oil circulation characteristics. Authors of [4]
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studied the heat transfer in large air cooled radiators using
a CFD model in which the mixed convection based oil/air
flow and the heat transfer in the radiators is modelled us-
ing an anisotropic porous medium approach; and the area
surrounding the radiators using a standard turbulent heat
transfer model. The thermal behavior of several ONAN dis-
tribution transformers are modelled by [5]. A computation-
ally efficient model to represent the thermal performance of
an ONAN distribution transformer located in open air condi-
tions was developed and numerically solved using CFD tech-
niques. They evaluated the influence of turbulence modelling
on the model’s predictions. A network model for the buoy-
ancy driven flows of oil and air in radiators used for cooling
of power transformers by considering the entire oil flow circuit
of a power transformer was presented by [6]. The radiators
are treated as counter flow heat exchangers and analytical
expressions are used for the temperature distributions in oil
and air. It was observed that for operating conditions nor-
mally found for mineral oil, the counter flow assumptions for
heat flux distribution gives approximately the same results
as if uniform heat flux was assumed. Authors of [7] pre-
sented an analytical, numerical and experimental study on
the cooling performance of radiators—used in oil filled power
transformer applications—with non-direct flow (ONAN) and
direct-oil-forced flow (ODAN). They predicted radiator tem-
perature distribution and cooling performance analytically,
which was validated with their CFD results. CFD analysis
for the effect of air flow direction and fan offset on ONAF
(Oil Natural Air Forced) cooling performance of a 25 MVA
transformer is presented by [8]. They proposed a factor of
merit to compare the thermal performance of different ther-
mal systems of transformer. However, quantitative analysis
for improvement in the heat dissipation was not discussed in
detail. Recently, the development of a thermohydraulic radi-
ator model based on physical equations for accurate predic-
tion of oil temperatures is described by [9]. For the thermal
calculations a method was developed to predict air velocity
as a function of fan characteristics and radiator geometry.
Fan-configurations in a power transformer—commonly
used by various manufacturers—are of two types: horizontal
and vertical; mounted at the sides or at the bottom of the ra-
diator assembly, respectively. Furthermore for horizontal air
flow, fans can be placed at the top, opposite to each other,
and in a staggered arrangement. Transformer manufactur-
ers are keen to determine which is the better fan mounting
arrangement of these configurations. However, there is no
published literature on comparing these four fan mounting
arrangements. The major objective of the present work is
to study the thermal performance of the radiator in a power
transformer, under the effect of different fan mounting ar-
rangements, using Computational Fluid Dynamics analysis.

2. Physical Description of the Problem

Fig. 1 shows the front view of the four different radiator-fan
configurations, considered in the present study; using An-
sys CFX commercial Computational Fluid Dynamics anal-
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Figure 1: Schematic diagram of four different mounting arrangements of two
fans in the four radiator assembly: (a) one-sided mounted fans (b) opposite-
side mounted fans at the top (c) opposite-side mounted fan with one at the
top and the other at the bottom and (d) bottom mounted fans

ysis software. The figure shows four radiators, with each
of them consisting of 30 fins (steel + oil channel) of 3 m
height, 0.52 m width and 0.0085 m thickness. The fins are
seen in Fig. 2a which is horizontally spaced with a gap of
50 mm and two fans (of 1 m diameter, having 7 blades rotat-
ing at a speed of 860 rpm) are mounted in different positions
(Fig. 1). The configurations correspond to the radiator as-
sembly, with (a) one-sided mounted fans (b) opposite-side
mounted fans at the top (c) opposite-side mounted fans with
one at the top and the other at the bottom and (d) bottom
mounted fans. The direction of fan induced flow is horizon-
tal for the first three configurations and vertical for the fourth
configuration. The radiators are steel plate heat exchang-
ers, installed vertically next to the transformer. They consist
of a number of panels, made up of two steel plates which
are pressed and welded on each other. A passage for the
flow of oil is formed in the radiator—by creating channels be-
tween the steel plates of the panels. As the oil flows through
these channels, heat is transferred from the oil to the steel
plate and further to the air flowing between the radiator pan-
els. Finally, the oil flowing downwards in the radiator panels
enters into the bottom header pipe and reaches back to the
transformer tank.

3. Numerical Methodology

Commercial CFD software (Ansys CFX Version 12.1) is used
in the present work. Governing equations, computational
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domain, boundary conditions, grid generation and solution
methodology are presented below.

3.1. Governing Equations

The steady Navier-Stokes (NS) equations for an incompress-
ible fluid are considered as:
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where u; are the mean velocity components, p is the pres-
sure, and v and v, the laminar and turbulent viscosity, respec-
tively. Additional equations for turbulent quantities are con-
sidered to compute the eddy viscosity and are given in [10].

3.2. Computational Domain

In the present work, a domain independence study is carried
out and a computational domain which is sufficiently far away
from the geometry is considered for the analysis. Fig. 2a
shows the present computational domain, consisting of two
boundaries: inner and outer. There are six outer boundaries
which surround the radiator-fan configuration. Since the radi-
ators are not mounted on the transformer tank, all the bound-
aries are open boundaries except ground, which has a wall
boundary condition. It is ensured that there is no appreciable
change in the results, with further increase in the distance of
the open boundaries (shown in the figure) from the radiator-
fan assembly.

3.3. Grid Generation

Since the geometry in the present study is highly skewed
due to its varied dimensions (especially for radiator plates,
with height of 3 m and thickness of the plates is 1 mm), the
geometry is simplified so that there is a negligible effect on
the results for the actual system. Geometry clean-up is done
in Solidworks software by removing the brackets, lifting lug
and other small parts; which will not have any significant ef-
fect on flow and heat transfer. This also helped reduce the
time required for meshing.

Hybrid mesh (hexahedral and tetrahedral) is used in the
present study for solving the governing equations. Hexahe-
dral elements are used for the radiators for resolving detailed
flow features, better convergence and accuracy. Tetrahedral
elements are used for meshing of the fans and rotating do-
main, due to the complexity of the fan blade profile. Both
these domains are merged by defining a suitable interface at
the merging surface. Mesh generation is done using com-
mercial mesh generation Ansys ICEM CFD software. Mesh
quality—for the various regions in the domain—is controlled
by using different options in the software. In order to lo-
cate the first grid point target y* value of 20 is considered
and first cell height is calculated as 1 mm. Thus, during
the mesh generation, the first cell height is 1 mm from the
wall of the radiator plates. This turned out to be effective for

the mesh independence study. 7.7 million nodes were found
to be a sufficient number for grid-independent results. The
mesh on a plane passing through the fan center is shown
in Fig. 2b—a close up view near the fan and the radiator is
shown in Fig. 2c.

3.4. Boundary Conditions

Boundary conditions play an important role in CFD simula-
tions and dictate the solutions. In the present analysis, air
at an ambient temperature of 39.8°C is chosen as a working
fluid. It corresponds to a typical high ambient temperature
in the summer season of a tropical country like India. Side
walls are considered as opening boundaries, whereas the
ground as a no-slip wall. A very low intensity of turbulence
(1%) is specified for an opening boundary condition.

The heat and fluid flow for a radiator-fan configuration is
a combined internal and external flow: internal oil-flow in the
channels of the radiator panels and external air-flow over ra-
diator. The internal flow simulation is avoided, to reduce the
computational complexity of the present problem without sig-
nificantly compromising the accuracy of the results. This is
done by approximating the temperature variation on the sur-
face of the radiator as linear [2], with a temperature of 56.1°C
at the top and 42.9°C at bottom of the radiator panel. No-slip
BC is used on the surface of radiator plates and fans. More-
over, this simplification can be allowed here, since we are
mainly focused on comparing the efficiency of different air
flow directions. This efficiency difference will be mainly de-
termined by differences in the air domain. The rotation of
the fan at a specified speed—which significantly impacts the
air flow distribution over the radiators—is indeed considered
in the present work. A rotating frame of reference (RFR) is
used for modelling the rotating fan, with a fluid sub-domain
(surrounding the fan) rotating at an angular velocity corre-
sponding to that of the fan. A frozen rotor interface is applied
between stationary and rotating domain to connect these do-
mains with a general connection. Other than the radiator
plates, all other no-slip walls are approximated as adiabatic.

The Discrete Transfer Model (DTM) [10] is applied to
model the surface radiation heat transfer in the present study.
The main assumption of the DTM is that the radiation leav-
ing the surface element in a certain range of solid angles
can be approximated by a single ray. There are four meth-
ods for calculation of heat propagation by radiation (Rosse-
land Model, P1 Model, Discrete Transfer Model and Monte
Carlo Model) in [10]. The radiation is represented by parti-
cles which are tracked through the air domain using a Ray-
tracing method [11]. The spectral radiative transport equa-
tion used in [10, 11] is:
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where: I,—blackbody emission intensity, W/m?;
I,—spectral emission intensity, W/m?; #—position vector, m;
§—direction vector, m; s—path length, m; K,—absorption

— 129 —



Journal of Power Technologies 97 (2) (2017) 127-134

coefficient; K,—scattering coefficient; V—frequency, s!;
T—Ilocal absolute temperature, K; ®—in-scattering phase
function, Q—solid angle, rad; S—a source term, W/m?Z.

3.5. Solution Methodology

The governing equations solved for the present problem con-
sist of incompressible Navier-Stokes equation. Although
the medium is a compressible fluid (air) the incompressible
Navier-Stokes equations are allowed due to the low Mach
number of the flows. The Reynolds number calculated for
case (d) is of the order of 41720 hence flow is turbulent
and the Shear Stress Transport (SST) model is used here
for modelling turbulence, as it has been found to be bet-
ter for external flows, both in our previous study as well as
the published literature. Furthermore, as the velocities in the
present problem are not very high (in the order of 6.6 m/s),
the thermal instead of the total energy model is used for heat
transfer. It should be noted that the influence of viscous dis-
sipation is neglected as the working fluid is Newtonian and
there is no appreciable change in viscosity for the range of
temperature found here. Radiation is modelled in the present
study for all the cases.

The commercial flow solver Ansys CFX is used and sim-
ulations are done on a workstation, with a clock speed of
3.33 GHz and 64 GB RAM. Computation time required for
completing one simulation on eight parallel processors is
approximately 25 hrs. Convergence is achieved by ensur-
ing that root mean square (rms) residuals are below 10~
and imbalance within the domain is less than 1%. Excellent
agreement of the present computational methodology with
the present experimental results for mass flow rate (from fan)
and heat dissipation (from radiator in ONAN and ONAF con-
figuration) was presented in our recent work [8] and the code
validation is not shown here.

4. Results And Discussions

This section starts with the qualitative results to explore
the velocity/temperature distribution, heat flux distribution on
radiators etc. Thereafter, quantitative results are discussed
in a separate subsection for heat flux and heat dissipation
from the radiators below.

4.1. Heat and fluid flow patterns

Fig. 3 shows the vectors and Fig. 4 shows the contours of
velocity at a central plane passing through the fans for all four
configurations. For configuration (a), Fig. 3a shows that the
air enters both the fans mainly from the left and top/bottom
side and passes over the radiator. Fig. 4a shows that the
footprint of the AF cooled area increases somewhat from the
first to the last radiator. However, with increasing footprint
there is also a significant reduction in air speed. For con-
figuration (b), Fig. 3b shows that the air enters from the left,
right and top/bottom and is thrown over the radiators oppo-
site to each other. It can be seen that the air streams from left
and right strike each other and part of the air moves towards

the top whereas part of the air moves towards the bottom,
touches the ground and escapes towards the left and right.
Placing the fans opposite each other creates a large counter
pressure on each fan. This pushes the air flow outside (to
the top and bottom) creating a large leakage of air flow and
vertical (top to bottom) air flow in the middle radiators of the
radiator group, shown in Fig. 4b. Since this situation is sym-
metric, it can be represented as if there were be a wall in the
middle of the radiator group. For configuration (c), Fig. 3c
and 4c shows that the left fan covers the bottom part of the
radiator whereas the right fan covers the top portion of the
radiators. Air streams from both fans strike at the center of
the radiators and get slightly inclined towards the bottom and
the top for the left and right fan, respectively.

For vertical blowing in configuration (d), Fig. 3d and 4d

shows that the air enters from the bottom, left and right side
and is thrown over the radiators towards the top. The figures
also show that part of the air escapes from the left and right
sides of the top region. Furthermore, it can be observed that
the velocity is lower just above the hub portion of the fan
and also in between the two fans. A similar air flow pattern
was observed in our earlier publication for vertical air flow
configuration [8].
Fig. 5 show the temperature contours at the central plane for
all configurations. A correlation between the air speed con-
tours can be observed for all configurations. For horizontal
air flow, hot air exits mostly from the top portion of the last ra-
diator as shown in Fig. 5a. Furthermore, Fig. 5b, shows that
hot air streams from the two fans strike at the center and
move towards the ground and escape from left and right.
Hence there are higher temperature contours compared to
other figures. Moreover, Fig. 5¢ shows that there is some
recirculation of hot air. Part of the hot air exiting the radiator
assembly enters the opposite fan, resulting in slightly higher
entrance temperature. For vertical air flow, Fig. 5d shows
the air heating up between the radiator panels. In the area
between the radiator panels with low air speed (above the
collector), the air heats up most. Air is heated up further and
mixed when moving upwards and hot air escapes the radia-
tors from the sides and top.

4.2. Velocity Contours

Fig. 6 show the velocity contours for all the configurations at
two horizontal planes along the height of radiators. Fig. 6a
shows that there is a steadily decreasing air flow towards the
last radiators. The footprint of the higher velocity air is clearly
visible for the first radiator. Fig. 6b shows the two air streams
striking each other and larger regions of the radiators are
unutilized for heat dissipation. Due to the air pushing oppo-
site to each other, the figure shows that the first and fourth
radiators are less utilized for heat dissipation than the 2"
and 3" radiators. Fig. 6¢ shows that due to air pushing op-
posite to each other the velocity drops from the 2"¢ to the 3"
radiator. It can be seen from Fig. 6d that there is a footprint
of higher velocity air at the bottom.

Furthermore, the figure shows that the flow is restricted
within the radiator assembly in the bottom plane. However,
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as the fluid flows upward, it goes in between the plates
and starts escaping from the sides in the middle and top
plane [8]. This can be attributed to two reasons. First, the
air speed exiting the fan has a significant rotational compo-
nent—caused by the rotation of the fan blade. When the air
moves in between the radiator panels, only the component
of the velocity parallel with the radiator plate remains. This
velocity component moves the air in a parallel direction to
the radiator panels, creating quadrants of higher and lower
air speed. The second reason is the redistribution of the
air speed. The air particles at the edge of the air cone are
dragged forward by the air stream, resulting in a wider cone
but with lower average air velocity.

4.3. Quantitative Heat Transfer Results

Fig. 7 shows the contours of the heat transfer coefficient
over the surface of the radiator assembly. The figure shows
a red colored footprint of higher heat transfer coefficient at
the surface of the radiators for the horizontal as well as the
vertical air flow. As expected, the areas of larger heat trans-
fer match the areas with larger air velocity. Similar heat trans-
fer coefficient distribution was observed for both cases in [8].
For configuration (a), although higher velocity of air is preva-
lent at both the top as well as the bottom, it can be observed
from Fig. 7a that the heat transfer coefficient is larger at the
top than the bottom of the radiator. This is due to the higher
temperature of the radiator at the top than the bottom. Fig. 7d
shows the footprint of the larger heat transfer coefficient in
the vertical direction due to the increase in oil temperature
towards the top of the radiator. However, this increase in
the heat transfer coefficient is less than for example in case
a, since situation (d) is in principle a counter flow heat ex-
changer. The effect of the higher flux due to the higher oil
temperature is partially compensated by the increase in air
temperature and the decrease in air velocity towards the top.

Fig. 8 | and Il show the average heat transfer coefficient
and total heat transfer rate for all configurations, respectively.
It can be seen from Fig. 8 | that for configuration (a) there is
a marginal increase in average heat transfer coefficient com-
pared to configuration (d). However for configurations (b) and
(c) the average heat transfer coefficient is lower than config-
urations (a) and (d). A similar trend can be seen for total
heat dissipation from the radiators in Fig. 8 Il. There is 1.4%
more heat dissipation for configuration (a) than (d). How-
ever, the reduction in heat dissipation for configurations (b)
and (c) is 3.4% and 8.5%, respectively. Thus all the above re-
sults show that configurations (a) and (d) have a significantly
higher efficiency than configurations (b) and (c). Fans placed
opposite to each other have a negative impact on heat dissi-
pation.

5. Conclusions

CFD simulations were performed to study the heat transfer
efficiency for four different fan mounting arrangements: hori-
zontal flow for (a)—(c) and vertical flow for (d). The horizontal

flow from both fans is in the same direction for (a) and the
opposite direction for (b) and (c). These analyses are done
by assuming the same linear temperature profile for all four
radiators (imposed boundary condition), while neglecting the
tank wall adjacent to the radiator and the oil flow inside the
radiator panels.

Configurations (a) and (d) result in almost the same heat
dissipation. In both cases, the same panel temperature pro-
file was imposed on the radiators, while in practice this can
differ a little due to differences in oil temperature distribution
over the panel. Configurations (b) and (c) result in lower heat
transfer rates. Thus, it may be concluded that placing fans
opposite each other has a negative impact on heat transfer
dissipation.
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Nomenclature

ODAN oil directed air natural

ONAF oil natural air forced

ONAN oil natural air natural

¢, Specific heat, J/(Kg-K)

k thermal conductivity of fluid, W/(m-K)
p pressure, N/'m?

T Temperature, K

u velocity, m/s

x coordinate, m

v kinematic viscosity of the fluid, m?/s

p density of the fluid, kg/m?

T shear stress, N/m?

(b)
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Figure 2: (a) Computational domain (b) Hybrid mesh used in the present
study (c) close up view of mesh near fan and radiator
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Figure 3: Velocity vectors in a plane passing through fan centers for the four
configurations

Figure 4: Velocity contours in a plane passing through fan centers for the
four configurations
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Figure 5: Temperature contours in a plane passing through fan centers for
the four configurations
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Figure 6: Velocity contours at two horizontal planes along the height of radi-
ators, for the four configurations

Figure 7: Heat transfer coefficient variation over the radiator surface
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Figure 8: (l) average heat transfer coefficient and (ll) total heat transfer rate
for all configurations
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