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Investigation of Thermal Behavior of an Oil
Directed Cooled Transformer Winding
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Abstract—In this contribution the oil speed in horizontal
channels of an OD (oil-directed) cooled winding is investigated by
experimental and numerical methods. The presented winding
model offers insight into the horizontal cooling channels
perpendicular to the main oil flow direction. To visualize the oil
flow, tracing particles were added to the cooling oil and
illuminated by high power LEDs. The particle velocities were
then determined by taking photographs with a defined exposure
time. The design of the sophisticated winding model is described
in the contribution. In addition to the experimental results, this
contribution presents a comparison with respective numerical
results from 2D and 3D CFD calculations. Finally, numerical
results from the winding model concerning the oil flow
distribution inside the winding at various operating conditions
are presented. The investigation indicated a strong non-uniform
oil flow distribution on the horizontal channels. The presented
results give a deep insight into the oil flow and temperature
behavior of windings enabling the designer to optimize the
cooling of power transformer windings.

Keywords—Power Transformer, Oil-directed Cooling, Optical
Investigation, Thermal Modelling, Computational Fluid
Dynamics, Oil Flow Rate.

I. INTRODUCTION?

Power transformers are key components applied in
transmission and distribution systems. Their power rating
and life cycle characteristics are strongly dependent on thermal
aspects. The higher the evolving temperature levels at a given
loading rate are settling, the faster the insulation materials will
age at that loading rate. Therefore, a profound knowledge
about the temperature distribution inside a transformer is
crucial for an appropriate assessment of the component’s
power rating and for that reason offers the opportunity to cut
costs in the production process. In the past, and still today to
some extent, analytical and empirical methods have been used
to predict the temperature distribution in the transformer
components and to determine the hot-spot value. A Literature
survey based on IEEE Transactions in [1] revealed the
continued interest in the application of advanced techniques
for transformers design optimization. For the investigation of
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the temperature distribution within the windings of an OD
cooled transformer, different approaches can be pursued [2].

The importance of winding hotspot determination is
reflected in published efforts to predict the hot-spot
temperature in the windings. The thermal-hydraulic networks
(THN) can be used for describing the entire oil circuit in order
to investigate natural circulations [3-5]. However, it has been
shown in the literature that comparing with the THN, the CFD
method provides better accuracy in prediction of the
temperature distributions and fluid behaviors [6-8].

Thermal modeling offers a detailed view of temperature
distribution over the whole winding and temperature values at
the characteristic points. The originally developed algorithm
thermal modeling network for temperature calculations is
based on characteristic temperatures.

An efficient thermal design offers the opportunity to
significantly reduce costs in the production process and to
improve the thermal performance [9]. Due to the numerical
simulations with CFD techniques, a better comprehension of
the cooling mechanism of core type transformers has
developed to high levels.

In recent years, most of the numerical models are
considered in 2D approach. El Wakil et al. [10] have
performed a 2D simulation of a step-down 3-phase power
transformer that included the core, primary and secondary
windings using a commercial finite volume code. Skillen et al.
have [11] investigated on a 2D axisymmetric model the local
hot-spot in detail within the low-voltage winding and predicted
with CFD simulations the hot streak locations. Mufuta et al.
[12] have presented 2D results of the flow pattern as a function
of the Reynolds and Grashof numbers as well as of geometric
parameters. Gastelurrutia et al. [13] have performed the CFD
solutions for an ONAN distribution layer-type transformer.
Their model simulated the natural convection behavior within
the power transformers and displayed the oil flow behavior
inside distribution layer-type transformers. A 2D CFD model
is used also to recognize the significant effects of buoyancy
term and hot oil streak formations, the latter of which could
more or less worsen downstream oil temperatures [14].
Dimensional analyses are conducted in 2D OD cooled winding
model to identify the independent dimensionless variables that
effect pressure drops in the windings [15]. Torriano et al. [16]
have focused on the parameters affecting on the temperature
distributions and fluid flow in the winding.

Besides the 2D approach for simulating thermal behaviors
of windings, 3D approach is also employed to determine the
temperature distributions and fluid flow in recent CFD
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calculations. A low-voltage winding has been simulated and
the results show that the performances of the 3D numerical
computations are significantly better than that of the 2D
models [17]. Smolka et al. [18] have presented full geometry
CFD analyses coupled to electromagnetic simulations to
examine the specific power losses within the coil and core of a
dry-type transformer. Campelo et al. [19] have predicted for
the OD cooling modes with high flow velocities, a stagnant
flow or even reverse flow can be observed in the first
horizontal channels of the pass. A comprehensive review of
the thermal modeling in power transformers, state of the art as
well as a proper literature review has become available in [9].

In this contribution, the oil speed in horizontal ducts of an
OD cooled winding is investigated by experimental and
numerical methods.

Representatively for often used winding types, a so-called
“zigzag” arrangement of a disc-type winding was investigated.
In such a case, winding discs are layered above each other,
while so-called spacers keep the axial distance between the
discs and determine the height of the horizontal ducts for the
oil. The sticks ensure the proper fixation of the spacers and
keep the radial distance between the discs and the outer cover.
The vertical ducts are formed by the space between discs and
outer cover. The oil is led from the bottom into the vertical
ducts and flows from there upwards, while it distributes into
the particular horizontal ducts. To ensure a proper distribution
of the oil to the horizontal ducts, which should be as equal as
possible, the vertical duct is intermitted alternating between
the inner and the outer duct after a specified number of discs
by so-called washers. This leads to an oil flow in a “zigzag”
manner.

In order to confirm the suitability of a numerical 3D
winding model to predict the realities in transformer windings
accurately, a comparison between experimentally determined
oil flow velocities with corresponding numerical data is
presented in the paper.

Il. DEVELOPMENT OF AN EXPERIMENTAL MODEL
FOR A DISC WINDING

The design of disc type transformer windings shows a
strong symmetry in the circumferential direction and can be
subdivided into symmetrical sections. Fig. 1 shows a three
dimensional view on a disc type winding with four turns per
disc. The given enlargement shows the horizontal cooling
channels are created by the opening between two consecutive
spacers and discs. The vertical cooling channels are bounded
by the cardboard cylinders and by the sticks aligning the
spacers. Consequently, the entire winding geometry can be
subdivided into symmetrical sections. For reasons of an
improved visibility concerning the cooling system inside the
winding, the outer cardboard cylinder is displayed in a partly
transparent color.

2

The investigated operating conditions are defined by the
temperature of the oil entering the model, the oil flow rate
passing the winding model and the losses supplied to each
conductor model. However, since the latter two properties
refer strictly to a single symmetrical section, they are not easy
to put into perspective of common transformer design rules.
Since common transformer design rules usually refer to entire
windings, the properties given in this contribution, to reference
investigated operating conditions, are transferred accordingly.
For example, instead of specifying the heating power per
conductor model representing a section of 8° in the
circumferential direction of on entire winding turn, the
corresponding losses per complete winding turn are
referenced. Analogous considerations are applied for the oil
flow rate. For that reason, the actually applied heating power
per conductor model and the oil flow rates passing the winding
models are 8°/360° = 1/45 times the referenced values pointed
out in the figure captions.

A top view of a symmetric section of this chosen winding
design including all relevant geometric details to assess this
design is shown in Fig. 2. Since the exact reproduction of this
geometry in Fig. 2a imposes enormous challenges for the
connected manufacturing processes, the respective design of
the experimental model was modified. For that purpose, the
curvature of the conductors in circumferential direction is
neglected, as displayed in Fig. 2b. To eliminate the detrimental
influences of neglecting the curvature in 8°, all the dimensions
are selected according to the symmetrical section.

The paper wrapping typically applied around conductors in
transformer windings for purposes of an electrical insulation is
substituted by solid blocks of plastic (Polyvinylidenefluoride)
located only in between the conductors of a disc. Prior
experimental investigations showed a great sensitivity to the
evolving temperature levels on the exact thickness of the
applied paper wrapping. Unfortunately, this property,
especially with regard to the comparably short experimental
conductor models, is difficult to keep within small tolerances.
To eliminate respective detrimental influences but still allow a
realistic thermal decoupling of the conductor models in one
disc, the paper is substituted, as illustrated in detail in Fig. 2c.
In this contribution the inlet temperature is set to 9in = 80°C
while the oil flow rates are set to mei = 3 kg/s, moi = 9 kg/s
and i = 18.0 kg/s. The losses per winding turn are kept at
Plosses, i = 360 W/turn.

To provide the heating power normally dissipated in the
winding turns of a power transformer during operation, heating
cartridges are injected into each conductor model through a
borehole. An accurate measurement of the conductors’
temperature is accomplished with temperature sensors located
inside each conductor. The cooling system of OD cooled disc
windings is usually subdivided into so-called passes in the
axial direction.
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Fig. 1. Basic winding design and alignment of spacers creating symmetrical
sections with periodic cooling channel system [20].
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Fig. 2. Design characteristics of the modelled winding, geometry and the
winding model [20].

By periodical placement of washers inside the vertical
channels alternating between the inner and outer winding
diameter, two different types of passes result. Therefore, the
experimental winding model must consist of at least two
consecutive passes. In addition, representative entering and
exiting conditions are required before and after the
investigated passes. This ensures thermal and hydraulic
conditions that are representative for every pass throughout the
complete cooling system of the modelled winding. Fig. 3a
shows the chosen winding model layout in a schematic view as
well as a clear reference for the pass, disc and conductor
numbering upon which the presented post analysis relies. Next
to a representative winding design, also the operating
conditions of the modelled winding are chosen accordingly
with respect to the winding type and dimensions. Fig. 3b
contains a photo of the experimental winding model during
operation.

Fig. 4 depicts schematically the designed experimental setup
in which the flow meter, the flow heater, the gear pump and a
control unit for supplying power to each heating cartridges are
employed for obtaining the boundary conditions precisely. It
allows an accurate control over the mass flow rate nii, the oil
temperature at the model inlet i, and the heating power of
each conductor Piesses,i. While the oil inlet temperature is set
via a controlled flow heater, the initially provided oil flow rate

from a gear pump is limited to a defined value by a controlled
valve processing data from a flowmeter. Furthermore, two
temperature sensors are employed at inlet of the winding in
order to guarantee that there is no deviation between the oil
temperature provided by the flow heater sensor and that
entering the winding model.

To minimize the heat leakage from the winding model to its
surroundings, the entire model is submerged in an open
experimental tank filled with oil of the same temperature as
provided by the flow heater. Due to the chosen laboratory
setup, a total measuring tolerance concerning the temperatures
of approximately 0.5K is achieved. Consequently,
temperature gradients can be determined with an accuracy of
around 1 K.

The occurring deviations concerning the mass flow
measurement and heating power control are below 1 %.
Because oil is a transparent liquid, the investigation of the oil
flow requires additional measures. For that purpose, tracing
particles were added to the oil of the experimental setup.

These particles were chosen according to the material
properties of the mineral oil and the application conditions of
the investigation. To make the particles visible, a strong source
of light has to be applied. High power LEDs were mounted
directly in front of the horizontal channels in experimental
setup, as indicated in Fig. 5.
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a) Schematic layout of experimental
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tank during operation.

Fig. 3. Components of a conductor model for the experimental winding model
[20].
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Fig. 4. Piping and instrumentation diagram of the laboratory setup designed
to create strictly controlled boundary conditions inside the winding model
[20].
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A digital camera was then mounted in a defined alignment
of the horizontal channels and focused on the investigated area
in the middle of the horizontal channels. Due to the chosen
optical equipment and the connected setup, the depth of field
defining the investigated areas in the z-Dimension shown in
Fig. 5 are limited to approx. 6 mm. The particle velocities
within the investigated area were then determined by taking
photographs applying a defined exposure time. Firstly, a
reference picture of a glass spacer is taken to create common
scale for one measurement set, then the camera is aligned in
front of the first channel of pass and the optical focus is set
between the solid spacer and the glass spacer. Depending on
the oil flow velocity in the respective channel, an appropriate
setup for the LED power level and the chosen shutter are
determined. It should be noted that for each pass during the
measurement, distance between the camera and the model are
kept constant. After measuring the particle track lengths in the
taken pictures, the particle velocities can be calculated with the
relation as follows:

Local velocity of particle vi = (Length of path line of

particle i I;) / (Selected shutter speed 4¢) ()

As demonstrated in Fig. 6, the analysed area is also limited
in the y-Dimension and in the x-Dimension to the exit location
of the oil inside the horizontal channels.

For that reason, only particles inside a volume of
approximately 20 mm x 2 mm x 6 mm (x xyx z) were analysed
within each channel. This restriction is necessary since the oil
flow velocities are not expected to be homogeneously
distributed. Consequently, the investigated area should be as
small as possible. However, since the velocities might also
fluctuate over time due to effects of turbulences, a certain
number of particle tracks need to be considered for each
investigated area. Since the number of particles captured on
photograph inside a certain area is directly dependent on the
size of the investigated area, a compromise between restricting
the investigated area and the resulting number of available
particle tracks recorded for post analysis had to be made.

Top View: XLZ
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o
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oil  transparent spacer

digital
camera

EIIII

|0

Side View:

————

reference elements with
defined dimensions

Fig. 5. Experimental setup of the optical analysis [23].

Fig. 6. Example of a photograph of particle tracks with contrast enhancement
and enlargement of the investigated area in the taken pictures and further
enlargement of one particle track [23].

I1l. CFD MoODEL

The development of numerical winding models suitable for
CFD analysis first of all comprises the definition and creation
of respective modelling domains [3]. In case of a 3D winding
model, the common design of disc windings allows a
significant reduction of the winding geometry in
circumferential direction, as carried out for the experimental
winding model described above. In addition, the symmetric
alignment of the spacers inside a symmetrical winding section,
offers potential for further reduction by application of
symmetric boundary conditions, as indicated in Fig. 7.

The chosen modelling domain of the 2D winding model,
allowing a significant reduction of the connected
computational efforts, requires further explanation. Since
ANSYS CFX does not feature a dedicated 2D solver, even the
analysed 2D geometry must consist of 3D finite volumes.
However, since only one layer of 3D cells is necessary, the
detrimental consequences resulting from this requirement are
negligible. On the contrary, modelling the winding geometry
with a 2D domain can even take advantage of this restriction
by creating a 2D modelling domain featuring a non-uniform
cell depth in third dimension [21]. Therefore, the widening of
the horizontal cooling channels from inner to outer winding
diameter, as displayed in Fig. 7, can also be acknowledged in
the 2D winding model. The chosen 2D cell depths represent a
defined fraction of the existing opening widths of the
horizontal cooling channels.

geometry adiabatic wall
representing houndary
3D domain conditions
2D cell 2D cell
depth dy . depth dy .
symmetric geometry
boundary representing

conditions 2D domain

Fig. 7. Modelling domains of the numerical winding models created for
CFD-analysis [20].
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Nevertheless, due to the restriction of the 2D approach in
CFX, it does not account for influence of side surface of
spacers. Since the spacers are covering a certain area of the
heat-transferring surface on the conductors, the numerical
model assumes no heat transfer at these areas.

After the described choice of the respective modelling
domains, the creation of the CFD winding models comprises
the discretization process including the determination of an
appropriate meshing density. Next to the global mesh size,
special attention has to be paid towards the discretization of
the boundary layers. The total number of hexahedral meshes
employed for discretization of the 2D and 3D domains are
approx. 7x10° cells and approx. 200x10°, respectively. Due to
the connected computational efforts, only the analysis of the
2D domain should be considered for state of the art desktop
workstations. For a more efficient analysis following the
described approach, high performance computing centers
become advisable.

Table 1 gives three different operation points corresponding
to the mass flow rates equal to mi = 3 kg/s, moii = 9 kg/s and
meil = 18.0 kg/s with reference inlet temperature of 80°C. For
the determination of the Reynolds numbers, the reference flow
rate is calculated at the smallest hydraulic diameter through
which the entire oil should pass, inside the vertical channel on
the inner winding diameter side located across the oil washer.
Table 1 gives the calculated Reynolds numbers for different
operation conditions.

TABLE 1
INVESTIGATED OPERATING CONDITIONS AND RESPECTIVE REYNOLDS.
Operating Mass flow inlet temperature | Reynolds numbers
points rate [kg/s] [°C] [1]
1 3 80 667
2 9 80 2000
3 18 80 4000

Operating point 1 indicates the analysis of the heat transfer at a
low Reynolds number. The behavior of the fluid flow in the
low Reynolds number is laminar, whereas operating points 2
and 3 indicate the analysis at higher Reynolds numbers, where
the application of turbulence model is required to achieve
accurate results with CFD simulations since the laminar
character of the oil is affected by high oil flow rates with high
inlet temperature. Turbulent numerical models are defined by
an identical solver setup, which applies the SST (Shear Stress
Transport) turbulence model [22] with its transitioning onset
model at different operating conditions.

IV. RESULTS OF THE OPTICAL ANALYSIS REGARDING OIL
VELOCITY

After determining the particle velocities in a certain channel
at specific operating condition, the gathered data is further
post-processed. To illustrate this process, Fig. 8 shows the
distribution of measured particle velocities in channel 6 at the
defined operating conditions in the context of an idealized

5

Gaussian distribution function. Since this distribution function
appears suitable for the collected measurement data, it is
applied for the post-processing of the experimental results.
Fig. 9 gives the results at specified operating conditions in
pass 1. Next to the averaged, minimum and maximum values
the displayed boxes illustrate the amount of scattering
experienced during post-processing the measurements. For that
purpose, the boxes enclose the range of measured values
comprising 80% of all conducted measurements according to a
Gaussian distribution. It can be noted, that especially the first
and last channel show a wider distributed velocity distribution
within the investigated area. While the experimental
determination of the oil flow distribution is extensive, the
corresponding numerical data can be extracted from the CFD
result files. Fig. 10 shows the comparison of the experimental
results and the 2D and 3D numerical post analyses at various
operating conditions in pass 1 of the winding model. For
comparing both approaches, measured data are compared with
both numerical models.

The respective numerical data at middle cross-section in the
3D winding model of horizontal channels are given as well.
Especially in the first channels the analysed location is of great
influence on the determined velocity. This can be attributed to
separation eddies at the duct entrance (see Fig. 12).

18
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Fig. 8. Distribution of measured velocities in channel number 6 of pass 1 at
hoil = 9.0 kg/s, 9in =40°C and Plosses, i = 360 W/turn with illustration of an
idealized distribution according to a Gaussian distribution function [23].
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Fig. 9. Distribution of the determined oil flow velocities in pass 1 at
hoil = 18.0 kg/s, 9in = 80°C and Plosses, i = 360 W/turn [23].
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Fig. 10. Comparison of measured with 2D and 3D numerical calculated mid
channel velocities in pass 1, moit = 9.0 kg/s, 8in = 80°C, Plosses, i = 360 W/turn.

The measured mean values agree impressively well with the
numerical results in middle position at all operating conditions.
Since the thermal investigation shows great agreement
between experimental and numerical results, the respective
results for the oil flow velocities are also in good agreement.
The numerical results for the oil flow distribution are
consequently also assumed to be valid. The velocity is
proportional to the oil mass in the channels. By calculation of
the average of the velocities in each channel, the shares of oil
flow on the horizontal channels are determined at three
different flow rates as shown in Fig. 11.

The high velocity of the oil after passing the washer (see
also Fig. 13a) is the reason for the formation of the separation
eddies. The oil flow in the lower ducts is becoming very small
and can even turn to backflow. In order to investigate the
reason for the uneven fluid flow distribution in Fig. 11, Fig. 12
shows the streamlines of the oil flow for a flow rate of 9 kg/s.
The results of the CFD simulation indicate that the flow
distributions on the horizontal oil channels are not equally. For

60
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Fig. 11. Oil flow distribution onto horizontal channels in pass 1, 9in = 80°C,
Plosses‘ i = 360 W/turn.

Fig. 12. Streamlines at a flow rate of moit = 9.0 kg/s

low flow rate of 3 kg/s, the maximum velocity occurs in the
lower part of the pass, whereas for high winding flow rates
shifts to the upper region of the passes. It gets obvious that
separation eddies are blocking the entry of the horizontal
channels.

V. LOCATION OF HOT SPOT

One central objective of this contribution is the assessment
of the pursued numerical modelling approaches for
transformer windings. Since 3D winding models require
significantly higher computational efforts in comparison to the
2D approach, it is of keen interest if those additional efforts
are justified. To start the respective comparison between the
2D and 3D winding model, Fig. 13 shows the numerical results
for the oil flow distribution inside the winding models for an
oil flow rate of 18.0 kg/s qualitatively.

Although no quantitative comparison of the oil amount
passing the different horizontal channels is carried out, the
chosen visualization already gives a clear insight into the
respective differences resulting from the chosen modelling
approach. While the 2D winding model by definition suggests
a homogeneous oil flow distribution in the circumferential
direction, the 3D results clearly contradict this assessment.
Especially the visible oil flow in the vertical channels of the
3D winding model displays a strong heterogeneous character.

However, because the oil flow distribution is only of
secondary interest in comparison to the temperature
distribution, Fig. 14 gives the results of the respective
temperatures within the investigated winding geometry for
passl of the 3D winding model for an oil flow rate of 9.0 kg/s.
In the investigated arrangement the location of the hot spot is
in the middle two discs (3 and 4), which is in contradiction
with the common thinking that the hot spot can be found on
top of the winding. The reason for this behavior is the non-
uniform distribution of the oil flow as seen in Fig. 11. The oil
velocity in the two last horizontal channels is much higher as
in the four lower channels which results in a better cooling of
these discs. Even the turns within one disc do not have the
same temperature due to the thermal resistance of the
insulation material between the turns. To better quantify the
deviations connected to the numerical modelling setup, Fig. 15
presents the results for the temperature gradients between oil
and conductors at all investigated operating conditions in the
second pass of the winding model.
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Fig. 15. Comparison of the measured temperature gradients with numerically
determined 2D and 3D CFD results in pass 2 at various oil flow rates and
Fig. 14. Temperature distribution at rioil = 9.0 kg/s, 3in = 80°C and with specific losses per winding turn of Plosses, i = 360 W/turn.
Plosses,i =360 W/turn.
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Next to the CFD results, the shown data also contains the
measurements, allowing a proper assessment of the respective
modelling approach. To calculate the local temperature
gradient at a specific conductor, the oil temperature at the inlet
of the pass holding that conductor is applied. In case of the
measurements, oil temperatures are not measured but
determined thermodynamically, taking the mass flow rate
andthe specific thermal capacity of the oil together with all
losses below the investigated pass into account.

The main advantage of the temperature gradients in
comparison to absolute temperatures is the improved
comparability of related results at different inlet temperatures.
According to the 3D CFD results, a very good agreement with
the experimental findings throughout the entire spectrum of
investigated operating conditions can be observed. Deviations
are in most of the cases below 1 K. Consequently, the 3D
numerical modelling approach allows an accurate prediction of
all relevant conductor temperatures at operating conditions
that are representative for OD cooled disc windings. In
addition, the application of 2D winding models might lead
towards a conservative thermal design leaving room for a more
cost effective winding layout.

VI. CONCLUSIONS

In this contribution, a 2D and 3D simulation model was
presented to determine the oil speed of an OD cooled winding
followed by an analysis of the hot-spot temperature and its
position. The presented winding model, which has been
validated by experimental results, provides useful insight into
the horizontal cooling channels perpendicular to the main oil
flow direction. The experimentally determined oil flow
velocities and their optical investigation showed a good
agreement with the corresponding numerical data and, thereby,
confirmed the suitability of 3D numerical models to calculate
the winding thermal behavior. The investigation indicated a
strong non-uniform oil flow distribution on the horizontal
channels influencing the position of the hot-spot. The study
also showed that the oil flow velocity in the upper channels is
greater than the lower ones. Correspondingly, the cooling in
the lower channels is less and, therefore, the hot-spot occurs in
the bottom area of each pass. The presented model can be
utilized by transformer designers to optimize the cooling of
power transformer windings.
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