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Oil-Forced Versus Oil-Directed
Cooling of Power Transformers

Marko Sorgic and Zoran Radakovic

Abstract—In this study, an analysis of the oil-forced (OF) and
oil-directed (OD) cooling of oil power transformers was performed.
The starting point was a case study of an OF transformer with a
declared rated power of 360 MVA having thermal problems in op-
eration. The effects of possible improvements of the cooling were
analyzed, where the limiting factor was the geometry of the trans-
former (winding, core, and tank); cross sections and cooling chan-
nels of the windings and the core were also resolved. All calcula-
tions, showing an influence of varying characteristics of the cooling
(the pump, the cooler, modification from OF to OD construction),
were realized with software based on a detailed thermal-hydraulic
model. This method gives all relevant oil flows (including oil bypass
between the winding and the tank) and all temperatures for a spec-
ified configuration and specified parameters of the cooling system.
Based on the results, the limits of OF cooling in general are clearly
described in this paper. Finally, the effect of applying oil guiding
elements inside the windings is illustrated and discussed.

Index Terms—Hot-spot temperature, oil bypass, oil-directed
(OD) cooling, oil-forced (OF) cooling, thermal design, transformer.

I. INTRODUCTION

T HE temperature in oil power transformers is the most im-
portant limiting factor for their loading. Consequently, a

very important issue in the transformer industry is to have an ef-
ficient cooling system. This means designing a cooling system
to meet the required temperature rise limits while minimizing
the overall cost. Producers of transformers usually perform opti-
mization of thermal design based on the experience gained from
previously produced and tested transformers. This approach,
through the use of empirical factors, ensures robustness but is
strongly limited to similar transformers produced in the past.
For an essential step forward in thermal design, the calcula-
tion methods based on physics (fundamentals of heat and mass
transfer) are required.

There are standards (for example, [1]) with specified thermal
tests and allowable limits for the temperature rises of the top
oil and average winding. The temperature of the winding hot
spot is the data commonly specified in the purchasing contract.
In reality, certain safety margins have to be applied during the
design (i.e., the temperature obtained by the calculation has to
be somewhat lower than the allowed temperature rises). If the
producers do not possess enough knowledge and proper tools,
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they typically increase the safety margins and consequently
cannot approach close to the allowed temperature rises. The
statistics of deviations of the measured from the guaranteed
temperature limits, and subsequent financial consequence, are
exposed in [2]—these results clearly show the importance of
developing and applying modern high-quality tools for accurate
thermal calculation during a design process. These days, a
detailed thermal-hydraulic model is accepted by the experts as
a platform for these modern tools. The basic postulates of the
theory can be found in [3]–[5]. In our previous paper [6], the
complete methodology (basics given in Section II) is explained.
The developed method covers all cooling modes and is fully
integrated (a closed loop for inner heating and outer cooling).

This paper represents the natural continuation of paper [6]
and gives examples of the application of the method. The ex-
amples given in this paper were initialized by a case study of a
transformer with OF cooling, 360 MVA, having thermal prob-
lems in operation. The essence of the proposed reconstruction
of the transformer is to reduce the oil bypass, caused by inappro-
priate (too strong) pumps. Further papers will focus on the veri-
fication of the model—the calculated temperatures will be com-
pared with the measured temperatures (average winding, mixed
top oil, bottom oil, and the ones obtained with the fiber-optics
technique inside the active part of transformer: local oil and on
the insulation of the conductor).

Sections III and IV provide basic information about the orig-
inal construction of the transformer. Section V contains hy-
draulic networks for OF and OD cooling arrangements; the con-
sidered option for the reconstruction of the transformer is also
discussed in this section, while the calculation results are given
in Section VI.

Based on the calculation results, a general consideration of
OF cooling and its comparison with OD cooling are contained
in Sections VII and VIII. In addition to the effect of guiding the
oil into the windings (OD cooling), the effect of the introduction
of zigzag oil inside the winding is illustrated in one example.

II. THERMAL-HYDRAULIC MODEL IN BRIEF

Our previous paper [6] gives the basics of detailed THM. Hy-
draulic networks are made for each part of a transformer, while
thermal networks are established for the parts where losses
exist. These networks contain much fewer elements and nodes
than models using the finite-elements method (FEM)—for
example, each turn of the winding is represented by one node
in the thermal network.

One of the results of solving these networks is the pressure
dropping across the parts of a transformer and the oil temper-
atures at the points where the oil exits a transformer part. The
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Fig. 1. Radial dimensions.

Fig. 2. Low-voltage (LV) winding.

sum of the pressure drops across each closed oil loop is equal
to the calculated produced pressure (due to the thermal driving
force and the pumps). These components are dependent on the
oil flows through the transformer parts. The oil flows are calcu-
lated in the main iterative calculation loops. The final criterion
is that the produced pressure is in equilibrium with the pressure
drops across each of the closed oil loops. In addition, the oil tem-
perature at the exit of the last part in the loop has to be equal to
the assumed oil temperature at the inlet to the first transformer
part in the loop.

The final result of the method is a detailed description of the
oil flow throughout a transformer (all of the oil flows through
each part and its distribution in the oil channels inside the parts)
and a detailed description of the oil and conductor temperatures.
Thus, the method delivers the position of the hot-spot tempera-
ture and its temperature.

The inputs for the calculation are the distribution of the
power losses at specified temperature, the construction of the
transformer (geometry), and the characteristics of the applied
materials.

Fig. 3. High-voltage (HV) winding.

Fig. 4. Insulation system below and above the HV winding.

One of the major benefits of the method is that it is deeply
rooted in physics and responds to change of any detail in the con-
struction or change of the material (for example, the oil type).
The method also considers relevant aspects of practical produc-
tion, such as bulging of paper insulation, reducing the radial
cooling channels during winding (they become smaller than the
designed value). From a practical point of view, it is also impor-
tant that the design software have an appropriate data base of
the equipment (for example: fans, pumps, coolers, tubes, etc.).

III. DATA ABOUT TRANSFORMER

This section contains the major constructive data of the trans-
former (three-phase five-limb, 360 MVA, 235 kV/15 kV, YNd5,
short-circuit voltage 12.46%): the radial dimensions (Fig. 1),
the low-voltage winding LV (Fig. 2), high-voltage HV winding
(Fig. 3) and insulation systems above and below the HV winding
(Fig. 4).

The data about compact cooler—will be designated as Cooler
1 (the cooling system consists of five identical coolers): rated
power 180 kW, rated oil flow 60 m /h, rated hot-oil temperature
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Fig. 5. Characteristic of the oil pumps.

Fig. 6. Distribution of the power losses in the windings.

85 C, rated cold oil temperature 78.8 C, rated pressure drop
398 mbar, rated air flow 8.0 m /s, rated cold air temperature 40
C, and rated heated air temperature 61.1 C.

Each cooler has its own pump, with the characteristics of
“Pump 1” given in Fig. 5.

IV. POWER LOSSES

The total losses amount to load losses—in the HV and LV
windings at a rated load of 935 kW and no-load losses—in
the core 210 kW. The distribution of the power losses in the
windings is shown in Fig. 6. The smaller losses at the bottom
of the LV windings are the consequence of the shorter turns
in the region of the transition from the inner to the outer layer
(six conductors leave the layer at of the
circumference).

The core consists of five limbs, with windings on the three
main limbs (Fig. 7). For the core, the oil flows through four

Fig. 7. Implementation of an oil barrier for reducing oil bypass.

parallel paths: 1) parallel main limbs, including the yoke parts
below and above the main limbs—three branches; 2) parallel
yokes between the main limbs—two branches; 3) parallel re-
turn limbs, including the yoke parts below and above the return
limb—two branches; and 4) parallel yokes between the main
and return limbs—two branches. The total losses are distributed
over these core parts according to their geometry and estimated
magnetic field.

The method also treats heat transfer on the tank surfaces. The
losses in the tank cover (3 kW), floor (3 kW), each of the longer
walls (3 kW), and each of the shorter walls (1 kW) represent
their rough approximation, and were taken to be constant (i.e.,
independent of the oil temperature). The losses in the tank walls
are small and they have no noticeable influence on the oil flows
and oil temperatures calculated by the model.

V. CASE STUDIES AND HYDRAULIC NETWORKS

As stated, the transformer was built as an OF construction and
had serious thermal problems. The transformer was produced in
1981 and from the very beginning, analysis of the gas in the oil
showed increasing amounts of hydrogen and methane (after 15
years, hydrogen was 100–200 ppm and methane 100–250 ppm);
also, ethylene was high (more than 400 ppm). In 1999, there
was an electrical breakdown. During repair in the factory, the
LV windings were replaced with new ones. In February 2007, it
again went into normal operation in the thermal power station.
Diagnostics showed an enormous increase in furans (2-FAL):
during the first year from 0.46 ppm to 7.41 ppm; the humidity
was high from the beginning—it increased during the first year
from 47 ppm to 53 ppm (at 66 C). In the following six months,
high values for hydrogen and methane, and extremely high hu-
midity were recorded. Reconditioning of the oil was performed
permanently in order to maintain the breakdown voltage (it was
falling to 100 kV/cm). In August 2008, the decision was made to
take the transformer out of service and perform factory repairs
again. The degree of polymerization of the paper at different po-
sitions of the HV winding was below 260; at the top of the HV
winding, it was below 180.

Before performing the repair, the decision was made to ex-
amine the possibility of improvements of the complete cooling
system. The limitation was to keep the existing geometry of
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Fig. 8. Hydraulic network of the OF configuration.

the windings, core, and tank (i.e., not to change the construc-
tion of these elements). Thermal calculations were performed
for the following cases: 1) the original construction; 2) smaller
pumps; 3) a barrier (table) with openings (Fig. 7) to reduce oil
bypass through the space between the windings and the tank; 4)
larger coolers; 5) barrier with coolers; and 6)
a barrier, but with complete sealing (completely preventing oil
bypass).

Fig. 8 shows the hydraulic network for the OF configuration
and Fig. 9 shows the hydraulic network for the OD configu-
ration (both windings and the core are OD cooled and there
are openings enabling the oil to flow to the free space—be-
tween the windings and the tank). The network of the OD con-
figuration when oil flow to the free space is prevented (com-
plete sealing—case f)) is the same as the network in Fig. 9, but
without a branch with flow .

Control calculations were made to verify the method: the re-
sults for the OF and the OD configuration with a large number
of openings to the free space (100) of diameter 100 mm were
almost the same.

It should be mentioned that with usual OD constructions,
there are holes under the windings which are used to adjust the
distribution of oil flows between the windings. These holes did
not exist in the configurations considered for the reconstruction
of the transformer.

A representation of the global distribution of oil flow and
characteristic oil temperatures for OF cooling were given in [6]
while it is presented in Fig. 10 for OD cooling. Figs. 9 and 10
are given for standard OD constructions, with an oil distribu-
tion channel transporting oil from the entrance to the tank to the
OD-cooled elements (windings, core).

Fig. 9. Hydraulic network of an OD configuration with flow to free space.
� —component of gravitational pressure;
�� —component of pressure drop (frictional and local);
�—oil flow (m /h).

Key:
CC—cooler (in this case, a compact oil to air cooler);
HV—high-voltage windings from bottom to top;
LV—low-voltage windings from bottom to top;
OBP—oil bypass at a height from the bottom to the top of the core;
C—core from bottom to top;
TC-OE—from the top of the core to the exit of oil from the tank;
PHO—pipes for hot oil;
P—pump;
PCO—pipes for cold oil;
PO—complete pipes for oil;
OE-BC—from the exit of the oil from the cooler to the bottom of the core
(for the case of OF cooling);
EOBP—entry to the oil bypass;
EC—entry to the core;
EnW—entry to the winding;
BC-BW—from bottom of the core to the bottom winding;
IBW—insulation below the winding;
W—winding (LV or HV);
IAW—insulation above the winding;
ExW—exit from the winding (under pressing ring);
TW-TC—from the top of the winding to the top of the core;
OE-BCOD—from the entry of the oil to the tank to the bottom of the core
for OD-cooled parts;
OE-BCNOD—from the entry of the oil to the tank to the bottom of the
core for non-OD-cooled parts.

It is interesting to note that the components and
by OD cooling slightly differed due to the slight

difference in the temperatures of the oil entering the OD-cooled
elements and the oil entering the non-OD-cooled
elements and the oil bypass . The oil entering the
OD-cooled elements is the oil exiting the cooler. The mixture
of oils with temperatures and , after heat exchange
with the bottom part of the walls (below the pipe from the
cooler) and with the floor of the tank, enters the non-OD-cooled
elements and the oil bypass.
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Fig. 10. Global oil flow for OD cooling with flow allowed to the free space.
� : oil flow through the coolers (radiators, that is, compact coolers)
(m /s);
� : oil flow downward the tank (m /s);
� : oil flow through each of active parts (windings and core) (m /s);
� : oil flow in the space between the windings and the tank (bypass
of oil) (m /s);
� : total oil flow (m /s);
� � � �� � �� � �� ;
� : temperature of the oil exiting the cooler ( C);
� : temperature of the oil at the tank bottom, at the height of the pipe
from the cooler ( C);
� : temperature of a mixture of oils of temperatures � and �
( C);
� : temperature of oil entering the OD-cooled parts ( C);
� : temperature of the oil entering the non-OD-cooled parts ( C);
� ���: temperature of the oil exiting each of the active parts ( C);
� : temperature of mixed oil—a mixture of oils exiting the active
parts and the oil bypass ( C);
� : temperature of the oil entering the radiators ( C);
� : temperature of the oil at the top of tank, at the height of the pipe to
the cooler ( C).

There is a variety of other practical topologies, all being
treated and described by the corresponding mass and heat bal-
ance equation. Examples: 1) OD arrangement without oil flow
to the free space and 2) OD arrangement with non-OD-cooled
elements (core and/or regulating windings, for example), high
losses in the tank walls, and oil near the tank walls flowing
upwards. The pictures of oil distribution for some of them
will be published in further publications dealing with practical
aspects of the utilization of the developed method in thermal
design.

One fundamental theoretical background that is used
throughout the analyses in this paper is the method for the cal-
culation of the cooling power and pressure drop in the compact
cooler under conditions differing from those rated (rated hot-oil
temperature, cold air temperature, oil flow and air flow). It is
based on rated data for the cooler and starts from well-known
equations for heat exchangers [7], in which the resistance
to conductive heat transfer is neglected. It is assumed that
thermal resistances to convective heat transfer on the oil side
and on the air side are equal at rated operating conditions. The

TABLE I
TOPOLOGIES FOR THE CALCULATED CASES

TABLE II
RATED DATA CONCERNING THE COOLERS

calculation of cooling power under conditions differs from the
rated runs through the calculation of convection heat-transfer
coefficients . They depend on the flow and temperature. The
functional dependences from the literature are rearranged to the
forms without geometry factors; forms are based on the ratios:

. This approach was necessary since
the detailed construction of a heat exchanger is, as a rule, un-
known. A similar procedure was applied for the calculation of
the pressure drop, for which basic expressions for the pressure
drop for oil flow through the tubes are used.

The data concerning the topologies for each of the calcula-
tions (cases) are given in Table I. Cases 3–6, 8, and 10 are with
OD cooling. A sketch of the OD cooling achieved by the imple-
mentation of a pressboard oil barrier with 10 openings, each of
80 mm diameter, is shown in Fig. 7. Case 12 (zigzag oil flow)
was achieved by positioning the barriers in the LV windings:
they are positioned in such a way that there were always 8 par-
allel radial channels in the zigzag oil flow; only the last pass had
7 parallel radial cooling channels (thus, there were 17 passes
with 8 radial cooling channels and one pass with 7 radial chan-
nels). The characteristics of the cooler (rated temperature of the
hot oil was 85 C and for cold air, it was 40 C) are shown in
Table II.

VI. CALCULATION RESULTS

For all 13 specified cases, thermal calculations were realized
assuming an ambient temperature of 25 C and using rated load
conditions.

Tables III–VI show the pressures on each element of the hy-
draulic networks shown in Figs. 8 and 9. These values enabled
the pressure equilibriums in the transformer to be understood.
Only the sum of the components of the gravitational pressure
over the complete closed loops (according to Fig. 8, that is,
Fig. 9) is the value which can be meaningfully compared with
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TABLE III
PRESSURE OF THE PUMP AND COMPONENTS OF THE GRAVITATIONAL

PRESSURE �� � IN THE COMMON BRANCH (MBAR)

TABLE IV
COMPONENTS OF THE GRAVITATIONAL PRESSURE

��� � IN THE BRANCHES (MBAR)

pressure produced by the pump and with the pressure drops
on the transformer components. The sign of each gravitational
pressure depends on the angle between velocity and gravity vec-
tors [6]. This is described with the orientation of components of
gravitational pressure (“ ” sign) on Figs. 8 and 9. The meaning
of the symbols is given in the legend below Fig. 9.

Table VII presents the oil flows which directly influence the
vertical temperature gradients and winding to oil temperature
gradients (via the convection heat-transfer coefficients).

Table VIII gives the oil temperatures at the entrance and exit
of the transformer parts. The values of are not presented
in the table, since they are less than 0.2 K higher than , due
to the small heat transfer to the tank cover and the part of the tank
walls above the pipe to the cooler (see Fig. 10). The highest oil
temperature differs from the value , which was measured
in a standard heat-run test.

The temperatures (hot spot, being the critical value and av-
erage winding, measured in a standard heat-run test) and char-
acteristic values (winding to oil gradient and hot-spot factor) for
the LV and HV windings are given in Tables IX and X, respec-
tively. The average winding temperature was calculated from
the value of dc resistance of the complete winding, as described

TABLE V
COMPONENTS OF THE PRESSURE DROP ��� � IN THE

WINDINGS BRANCHES (MBAR)

TABLE VI
COMPONENTS OF THE PRESSURE DROP ��� � IN THE OTHER PARTS (MBAR)

TABLE VII
OIL FLOWS (M /H)

in [6]. The location of the hot spot was the same for all calcu-
lated cases: for the LV winding at the inner top conductor and
for the HV winding at the third conductor in the top disc.

VII. DISCUSSION OF THE RESULTS

A. Influence of the Oil Pump With OF Cooling

The first three calculations (Original, Case 1, and Case 2)
showed the influence of the size of pump in the OF cooling
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TABLE VIII
OIL TEMPERATURES � ( C)

TABLE IX
CHARACTERISTIC VALUES FOR THE LV WINDING

mode. As expected, the oil flow through the windings and the
core does not change. When stronger pumps are used, the flow
of oil through the bypass and the compact coolers increases. In
other words, the windings and the core take the same quantity
of oil and using stronger pumps results only in an increase of oil
through the bypass.

A strong pump (i.e., oil bypass) causes the temperature of the
oil entering the cooler to be lower than the temperatures of oil
exiting the windings and the core. This results in a reduction of
the temperature of the oil entering the cooler and, consequently,
of the cooling power of the cooler. Another important issue is

TABLE X
CHARACTERISTIC VALUES FOR THE HV WINDING

that this can be seriously misleading if loading strategy, moni-
toring, and protection were based on the temperature of the oil
entering the cooler (i.e., on mixed oil under the tank cover).

Nevertheless, a stronger pump helps—by using a stronger
pump (Original case), there is more oil flow through the com-
pact cooler, and heat transfer from the oil to the cooler surface
is improved (the thermal resistances of the oil to the cooler sur-
face and total oil to air—are smaller). The effect is that the av-
erage oil-to-air gradient is smaller with a stronger pump (see
Table VIII). Although the vertical oil temperature gradient is
smaller with a stronger pump (similar transferred power and
greater oil flows—the basic equations are given in [6]), the tem-
perature of the bottom oil entering the active parts is lower.

B. Influence of the Barriers for the Prevention of Oil Flow
to the Free Space

The calculations of relevance are the Original and Cases 3–6.
For Case 6, representing the smallest openings (10 openings
with a diameter of 80 mm) and the strongest hydraulic resistance
to oil bypass, the oil bypass changes significantly (drops from
about 290 m /h for OF cooling to about 110 m /h). It should
be emphasized that the total oil flow (through the coolers) re-
mains the same; consequently, the oil flows through the wind-
ings and the core increase. These are the results of the following
facts related to the produced pressure and pressure drop: 1) pres-
sure drop: the pressure drop over the cooler is dominant; hence,
the change of the pressure drops over the other elements with
changing oil flow do not significantly affect the pressure drop
over the complete oil loop; 2) The thermal driving force in a
closed loop, obtained as the algebraic sum of all gravitational
components (for example, Case 1, LV winding

Pa) is small compared to the pressure produced by the pump
(612.4 Pa); hence, its change will not affect the total driving
force significantly; 3) the change in the thermal driving forces
(caused by different oil temperatures resulting from different oil
flows) is small; and 4) the pressure drop over the cooler does not
change significantly since the finally calculated oil flows and the
oil temperatures do not change significantly. Example: results of
the calculation for the Original versus Case 6: oil flow through



SORGIC AND RADAKOVIC: OF VERSUS OD COOLING OF POWER TRANSFORMERS 2597

and pressure drop over the cooler 455.9 m /h, 898.5 mbar versus
455.5 m /h, 896.5 mbar; oil flow and pressure drop through the
HV winding 23.45 m /h, 1.432 mbar versus 44.05 m /h, 2.764
mbar; and pressure produced by the pumps 926 mbar versus
926.4 mbar.

The major benefit of directing a larger quantity of oil into
the windings and the core is a reduction of the oil temperature
at the top of the winding and the consequential reduction of
the hot-spot temperature: original versus Case 6: HV winding
106.2 C versus 99.32 C and the LV winding is 103.8 C versus
98.76 C.

C. Influence of Different Compact Coolers

As shown, preventing oil flow to the free space does not
significantly influence the outer cooling. In order to reduce
the complete oil temperature level (bottom and top oil), larger
coolers should be used. Cases 7 to 10 show the results for two
larger coolers, where both calculations, with OF and with 10
openings of 80-mm diameter, were performed (Table I).

The results clearly confirm the effects of directing the oil dis-
cussed in Section VII-B. In all previous cases, oil bypass was
enabled by making specified holes in the oil barrier. The last
two cases (11 and 12) relate to a completely sealed transformer
and fully directed oil flow to the windings and core. The results
for Case 11 follow the trend of results obtained by reducing the
number and diameter of the openings (Cases 3–6).

D. Influence of Guiding the Oil Through the Winding

In all previous calculations, the average winding to average
oil in the winding temperature gradient did not drop notice-
ably on increasing the oil flow and oil velocity in the winding.
There are two reasons for this. The first is that the convection
heat-transfer coefficient depends not only on the oil velocity,
but also on the oil parameters [6], [7], where the oil viscosity is
very sensitive to temperature changes. The second is that for the
existing configuration of cooling channels inside the windings
(Figs. 2 and 3), the oil flow has a minor effect on the cooling of
horizontal surfaces (radial cooling channels).

From the results obtained in this study, it is obvious that
with OD cooling and compact coolers, the pressure drop in
the windings is small compared to the other pressure drops.
Consequently, zigzag oil flow through the winding [Fig. 11(a)]
comes naturally into consideration: with this cooling configu-
ration, a larger pressure drop might be expected, since the oil
path through the winding is longer. Zigzag oil flow enables the
efficient use of radial cooling channels—without the use of oil
barriers in the winding, in radial cooling channels, there is, in
fact, a kind of natural oil flow.

Case 12 illustrates the effect of barriers placed in the LV
windings. This is the only change with respect to Case 11. Di-
recting of the oil in the HV windings might have been realized
by positioning barriers and closing the cooling channels near the
cylinders and inside the winding. This type of arrangement can
be calculated using the program module for a labyrinth cooling
arrangement [Fig. 11(b)].

The effect of changing the construction in the LV winding
to zigzag (from Case 11 to Case 12) is a change of the pres-
sure drop and consequential change of the oil flow through the

Fig. 11. Windings with barriers for guiding the oil through radial channels. (a)
With zigzag oil flow. (b) Labyrinth.

LV winding from 36.4 m /h to 34.51 m /h (the decrease is rel-
atively small), while the reduction of the average winding to
average oil temperature gradient from 17.62 K to 5.56 K, and
of the hot-spot from 92.27 C to 82.16 C are significant. It is
interesting that the introduction of the oil barriers decreased the
pressure drop in the winding from 3.645 to 3.057 Pa; the hy-
draulic resistance (ratio of the pressure drop and the oil flow) de-
creases from 0.1001 to 0.0886 Pa/(m /h). This result will be dis-
cussed since it might seem paradoxical. Considering the inner
axial cooling channel of the first layer, if there are no barriers
(Fig. 2), the oil velocities in the axial channels near each of
the conductors are constant moving upwards. When there are
barriers [Fig. 11(a)], the oil velocities near the conductors drop
moving upwards from the barrier. In the case with the barrier,
the total pressure drop is equal to the sum of the pressure drops
in the axial channels on the side of the oil entrance (A to B) and
the pressure drop in the top radial channel (B to C). This sum
is not necessarily greater than the sum of the pressure drops in
the axial ducts of the winding without barrier, when the oil ve-
locity is constant from the bottom to the top of the winding.
The difference of total pressure drops for the cases with and
without barriers depends on the geometry—the number of the
radial channels between the barriers, and the width and length
of the axial and radial cooling ducts. A hydraulic network for
zigzag oil flow is given in [6]. In addition to frictional pressure
drops in the windings, there are also local pressure drops. Ac-
curate and reliable equations for determining them have still not
been published and represent one of challenges in the develop-
ment of THM. In order to remain within the frame of common
knowledge, the local pressure drops were neglected in the cal-
culations of the results given in this paper.

VIII. OD VERSUS OF COOLING

OD cooling (oil directed to the windings) enables more effi-
cient cooling. Practically, this means that higher current densi-
ties (A/mm ) can be allowed (i.e., smaller cross sections of the
conductor for the same current can be adopted).

If the pump by OF cooling is strong, oil bypass appears, de-
creasing the temperature of the oil entering the cooler and, in
this way, decreasing the efficiency of the cooler. In addition, the
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temperature of the mixed top oil, also measured in a heat-run
test and in real operation, can give bad information (i.e., seri-
ously misleading the customer by the acceptance test and later
on in operation). It appears that there is a saturation oil flow
through the active part (windings and the core) (i.e., increasing
the pump over a certain limit does not lead to an increase in
the oil flow through the active part). These oil flows through the
windings are low (in the case original construction is 18.09 m /h
per phase for the LV windings and 23.45 m /h per phase for the
HV winding); consequently, the vertical temperature gradient
(11.48 K for the LV windings and 17.4 K for the HV windings)
and the hot-spot temperature are high. These values are, in fact,
close to the corresponding ones of a standard transformer with
ON cooling.

OD cooling enables much larger oil flows through the wind-
ings to be achieved (for Case 11, 36.40 m /h per phase for the
LV winding and 57.27 m /h per phase for the HV winding) and
decreasing vertical temperature gradients (4.80 K for the LV
windings and 8.84 K for the HV windings) and hot-spot temper-
atures in the windings. The limitation for OD cooling is, in fact,
only the oil velocity, which must not exceed the value causing
the generation of static electricity (typically the employed limit
in design is 50 cm/s).

The results of the calculations revealed in this paper also in-
dicate that zigzag or labyrinth oil flows are preferable arrange-
ments for OD cooling. The eventual increase of the pressure
drop in the winding has a small impact on the complete system
(when using compact coolers), while the increases of the con-
vection heat-transfer coefficients in radial cooling channels and
the decrease of winding to oil temperature gradients are signif-
icant.

The construction which was taken for this case study orig-
inated from the practice and the target of the project (the in-
spiring point for this paper) and was the reconstruction of the
cooling from OF to OD. For this reason, a specific construc-
tion solution was applied to implement OD cooling (see Fig. 7)
and the cooling of the core could have been treated as OD. In
practice, the common construction is that there is an oil distri-
bution channel supplying the oil to the windings through holes
designed and used to regulate the oil-flow distribution in dif-
ferent windings (the diameter and the length of the holes and
the number of the holes can be adjusted). In these cases, OD
cooling of the core is not possible. Instead, small openings in
the oil distribution channels are left to enable oil leakage for the
cooling of the core. The developed method also enables the cal-
culation of this construction.

IX. CONCLUSION

Starting from a real construction of the 360-MVA OFAF
transformer with oil to air compact coolers, this paper analyzed

the characteristic thermal parameters in OF and OD cooling
modes. The calculations are realized using software based on
a detailed thermal-hydraulic model, following the physics of
oil flow and heat transfer in each single oil channel and in all
parts of the transformer—inside the tank and in the cooler. It is
the first published comprehensive application of a model which
was introduced in a previous paper [6]. This paper shows the
practical potential of the model in analyzing different design
options and realizing design optimization.

Although the analyses were initialized by a case study, the
final results and conclusions are general, illustrating the limi-
tations of OF cooling and the advantages of OD cooling. The
results clearly show the quantity and consequences of oil by-
pass. In addition, this paper clearly shows the possible danger
of wrong conclusions being reached in interpreting the results of
a heat-run test and in the estimation of the temperatures during
real operation, if mixed top oil under the tank cover is consid-
ered as the only relevant top-oil temperature.

This paper indicated the limit of possible oil flow through the
active parts by OF cooling. To increase oil flow over this limit,
OD cooling has to be applied. The influence of increasing oil
flow to oil and winding temperatures was also shown.

The employment of oil barriers for producing zigzag oil flow
in the winding does not cause significant changes of the total
pressure drops in the oil loops and of the total oil flow (in the
case of forced oil circulation and the application of compact
coolers). Barriers significantly increase cooling on the surfaces
of windings attaching radial cooling channels. Based on this,
arrangements with oil guiding elements (zigzag or labyrinth)
seem to be optimal for OD transformers with compact coolers.
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