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Decomposition of the Hot-Spot Factor

Zoran Radakovi¢, Uro§ Radoman, and Predrag Kosti¢

Abstract—This paper describes the application of the finite-el-
ements method for determining the distribution of losses over
windings and a detailed thermal-hydraulic network model for
determining the value of the hot-spot factor and the hot-spot tem-
perature. The influence of nonuniform losses in the conductor of
the windings and the influence of nonuniform cooling are clearly
separated. A detailed discussion of the components included in
the hot-spot factor is given in this paper, enabling proper un-
derstanding of this complex and important quantity. The case
study transformer was a 100-MVA oil power transformer with
oil-directed water-forced cooling. The method was applied within
the scope of the project of increasing the power of a hydro power
station by 12%. The task was to calculate the temperatures and
to recommend whether the reconstruction of the transformer is
necessary. The developed calculation method and software were
hitherto used for transformer design (in the production or the
reconstruction stage of transformers) and it is the first application
to give an answer as to whether it is possible to increase the power
of an existing transformer. In this specific application, necessary
onsite measurements for determining the characteristics of the
coolers were performed.

Index Terms—Hot spot, loading, oil power transformer, thermal
design, thermal-hydraulic network model.

I. INTRODUCTION

HOT-SPOT insulation temperature and the hottest oil

temperature are calculated in the process of transformer
design [1]. These temperatures must be below the allowed
limits for the applied type of oil and solid insulation. There
are standards related to heat-run tests, as a part of transformer
acceptance tests [2] and standards specifying the temperature
limits during transformer operation [3].

The practical problem initiating this study was a project to
increase the power of a hydropower plant by 12%, while the
transformer should operate at a lower voltage (90% of the rated
voltage); thus, the increase in the current with respect to the
rated one amounts to 24.4% ((112/100)/0.9=1.244). A current
increase of 24.4% would cause an increase of the winding losses
of ca. 54.8% (1.2442—1), leading to an increase in the oil and
winding temperatures. An important fact is that this transformer,
as many other transformers in operation [4], is oversized, that is,
the real rated power is higher than the declared one (100 MVA);
the real rated power is the one at which one of three character-
istic temperatures (hot-spot, top oil, or average winding) reaches
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its allowed limit. Transformer oversizing is dominantly a conse-
quence of the introduction of high safety margins due to limited
accuracy of the methods for thermal calculations (the statistics
of the oversizing of large transformers, based on a large number
of heat-run tests, is given in [4]).

These days, a detailed thermal-hydraulic network model
(THNM) is widely seen by experts as the base on which
thermal design tools should be established. The basics of a
detailed THNM are presented in [5]; in publications following
this one (for example, in [6] and [7]), we presented practical
applications of software developed based on this model; some
relevant papers by the other authors are [8] and [9]. The basic
relevant text books, handbooks, and papers are [10]-[13]. The
results of recent research of relevant hydraulic and thermal
details, based on experiments and usage of finite-elements
tools, are published in [14]-[16].

In the present study, a detailed thermal-hydraulic model
and the corresponding software written in C# were applied
to perform the thermal calculation of the transformer on in-
creased load and losses, and to check whether the hot-spot and
maximum oil temperatures exceed the allowed values. Prior
to these thermal calculations, finite-element calculations were
performed to determine the distribution of the losses over the
windings, that is, the losses in each conductor.

For the application of the detailed THNM, it was necessary
to identify the characteristics of the oil/water cooler. The con-
sidered transformer was built in 1989, and there are no available
standard catalog data about the cooler. For this reason, as a first
step, measurements were made on the transformer during real
operation to determine the required data.

In addition to the consideration of the practical issue, if the
planned increase of the transformer current load is acceptable,
this paper would also contribute to a better understanding of the
hot-spot factor.

II. POWER LOSSES

A. Losses Measured in the Factory Acceptance Test

Losses obtained from 100-MVA (three-phase, YdS5,
242/15.65-kV, short-circuit impedance 11.95%) power trans-
former factory acceptance tests were the following: no-load
losses at the rated voltage U, : P, = 63.8 kW, no-load losses
at 09 U,: Pr.og = 46.4 kW, short-circuit losses at the rated
current recalculated to 75°C: Pg,r = 319.8 kKW.

B. Distribution of Core Losses

Input data for the software are values of losses in following
parts of the core: limbs, yokes above/below limb, and yokes
between limbs. Since the cross sections of the limbs and the
yokes are similar, the distribution of core losses over parts of the
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core was estimated according to the lengths of the parts. These
losses at the rated voltage are: limb 9810 W, yoke above/below
limb 3550 W, and yoke between limbs 3270 W. At 90% of the
rated voltage, the losses in each part are 27.3% smaller (the ratio
of total core losses amounts to 46.4/63.8).

C. Losses in the Windings

1) Methodology: The 2-D magnetic-field distribution in the
low-voltage (LV) and high-voltage (HV) windings (axial and
radial components) was calculated using finite-elements (FEM)
software [17], [18]. The input data to FEM were the shape of
the three-limb core, exact position of each conductor in both
windings (HV and LV) of each of the three limbs, the electric
connections of parts of the windings, and the direction of the
turns.

The magnetic field is different in the zone where the winding
is between the yokes (window plane) and in the zone where
there is a free space below and above the windings (plain per-
pendicular to window); for this reason, a 2-D FEM calculation
was made of all three phases in the central core plane.

Eddy losses per-unit volume p. = Py + pey(W/ 1113) are
calculated from the calculated distribution of the magnetic field
as [19]

w?B2(dimY)?

Dex = 7( ) (1)
24p

. wQBZ(dimX)Q @)

Pey 24p

where w is the angular frequency (w = 2# f, where f is the
frequency), B, and B, are the radial and axial components of
the leakage flux density vector, p is the electrical resistivity, and
dimX and dimY are the width and height of the conductor.
These are approximate equations, valid for the case when the
dimensions of the conductor are small compared to the depth
of penetration (for copper (58.14 Sm/mm? and for a 50-Hz fre-
quency: the depth of penetration is equal to 9.33 mm). From
this point of view, the accuracy of the calculation of the losses,
especially due to B, at the bottom and the top of the winding,
could be improved. At this point, the state of the art of the tools
used these days in transformer engineering was retained; the re-
sults of the present calculation method were compared with the
results of nine methods used by large transformer producer com-
panies and other official software (the strand of the case trans-
former was 2.057 x 14.275 mm) [20] and the obtained results
were very similar to the average value of these nine methods.
For a temperature of 75 °C, the electrical resistivity amounts
to p = p20(235 + 75)/(235 + 20) = 2.04210 % Qm (pao =
1.68 - 10 % Om). Two values of p. were calculated—based on
the results of the FEM calculations of the magnetic field, for
the space between two limbs and for the space outside the outer
limb. The leakage field distribution is generally affected by the
transformer geometry and the location of magnetic shunts. By
considering this, the calculation accuracy would be improved.
The product of p. between the yokes with the volume of a turn
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Fig. 1. Rated losses per disc in the HV winding.

quarter will be denoted as P5- and the same product of p. free
space below and above the windings will be denoted as Pp.

The eddy losses in each conductor are determined as 4 times
the average value of the losses in the conductors quarters:
4(4Py + 8Pp)/12 = (4Py 4 8P)/3 (there are 4 conductor
quarters (2 x 1 (end phases) +1 x 2 (middle phases)) with P
and 8 conductor quarters [2 x 3 (end phases) +1 x 2 (middle
phases)] with Pg; it is assumed that the field in the plane
perpendicular to the window and the field in the space outside
the outer limbs of the window plane are equal).

The HV winding is coiled from the middle of the winding as
two parallel coils, each consisting of 6 discs with 21 flat rectan-
gular conductors (copper 16.1 x 3.2 mm, thickness of the paper
insulation on both sides 1.8 mm) and 34 discs with 22 flat rect-
angular conductors (also 16.1 x 3.2 mm).

The LV winding is coiled as a two-layered double helix
(two helices in parallel) with 49 electrical turns each (50 me-
chanical; one additional mechanical turn is the consequence
of the transposition of the continuously transposed conductor
(CTC) strands). Each conductor is CTC (both side thickness of
the paper insulation is 0.6 mm, and both side thickness of the
enamel is 0.05 mm; outer conductor size is 14.65 x 38.5 mm),
and consists of 10 separated rectangular strands (copper 14 X
3.2 mm). The entry current was assumed to be equally divided
between the two parallel branches, each of them dividing into
10 parallel strands.

The total losses per-unit volume in each conductor are equal
to the sum of the eddy losses, described before, and the dc losses.
DC losses per unit volume were calculated as the simple product
of current density squared and the resistivity p.

2) Results: Fig. 1. shows the rated losses in each of the 80
discs along the height of the HV winding. Fig. 2 shows the distri-
bution of losses over the conductors of discs in the radial direc-
tion in seven typical discs (the top five, where higher losses due
to the radial component of the magnetic field appear, the 10th
from the top and the 20th from the top; losses in discs 20—40
from the top were almost the same and the losses were quite
symmetrical with respect to the axial distance from the middle
of the winding).

The distribution of total losses in the LV winding over height
(there is only one conductor in the radial direction), presented
in Fig. 3, is of a similar shape as the distribution given per disc
in Fig. 1. The dc losses per conductor amount to 139.9 W in the
inner layer, and 158.4 W in the outer layer. The losses in each
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Fig. 3. Rated total losses per conductor in the LV winding.

conductor were calculated as the sum of the losses in each of
the 10 CTC strands, determined by the FEM software.

D. Losses in the Constructive Parts

Total losses in each winding (P, v and P, gy ) were calcu-
lated as the sum of the dc losses and the eddy losses in each
conductor. Rated losses in constructive parts (Pgonser) were
equal to the value of losses measured in the factory short-cir-
cuit test (Psc = 319807 W) minus the losses in the windings
(PConstr = Pyc — 3(P7LV + PA/Hv); P»,/LV = 33553 W, and
P. gy = 46250 W). The obtained value of 80398 W ~80 kW is
divided in the following way: in tank surfaces (20 kW in each of
longer walls, 8 kW in each of shorter walls, 8 kW in the cover,
and 8 kW in the floor), in a constructive part below the windings
(4 kW) and in the constructive part above the windings (4 kW).
This distribution does not significantly affect the final results of
the thermal calculations and, for this reason, it was possible to
roughly estimate it.

For the increased current load (1.244 p.u.), the losses in the
constructive parts are increased 1.2442 a2 1.5 times with re-
spect to the corresponding losses under the rated load (the total
value of losses in constructive parts under the increased load are
120 kW).

E. Overview of the Total Losses Under the Rated and Planned
Increased Load

The losses in the LV and HV windings (under the assump-
tion that the temperature is uniform and equal to 75 °C), in the
core and in the constructive parts are (the first number is for the
regime with the rated power and rated voltage and the second is
for the regime with the power increased by 12% and a voltage
equal to 90% of the rated voltage): in the LV winding, it is 33.55
kW/51.96 kW; in the HV winding, it is 46.25 kW/71.63 kW; in
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the core, it is 63.8 kW/46.44 kW, and in constructive parts, it is
80 kW/120 kW; the overall sum is 383.22 kW/537.19 kW.

III. EXPERIMENTAL DETERMINATION OF THE
CHARACTERISTICS OF COMPACT COOLERS

As stated in the introduction, standard catalog data about the
cooler were not available. For this reason, measurements on the
transformer under real operation were made and used to deter-
mine the cooler properties required to be specified in the soft-
ware [5].

The temperatures were measured outside the transformer
tank (12 measuring points) at different loads. PT100 sensors
were used (12 sensors). National Instruments’ N19217 mea-
suring converter (four-wire measuring system) was used as
a measuring device and Labview software was used for the
acquisition of data on a laptop. The load (active power P
(MW) and the reactive power Q (Mvar)) were obtained from
a supervisory-control-and-data-acquisition (SCADA) system
installed in the power station. The position of 12 PT100 sensors
are shown in Fig. 4: 4 per each of the two coolers—entrance of
water, exit of water, entrance of oil, and exit of oil: 2 for the top
oil in pockets and 2 for the ambient temperature; sensor 11-50
cm from the tank wall, and 50 cm from the floor and sensor
12-50 cm from the tank wall and 70 cm from the floor.

Table I contains the results recorded in thermal steady states.
The apparent power is given by S = 1/ P2 + Q2. The values of
the temperatures are steady-state values.

The data used for the determination of oil/water compact
cooler properties: Vot 051 = 47.92°C, Yoota 0 = 43.99°C,
ﬂCold Water = 17.08 OCa ﬁHot Water = 31.51 OCs and COOlil’lg
power 376 kW. Notes: 1) the ambient air temperature was 21.5
°C; 2) the temperatures were measured at nearly the rated cur-
rent (99.11% of the rated current); 3) the losses were estimated
as follows: 0.99117 - 319.8 kW + 63.81 kW = 378 kW; 4) due
to cooling on tank surfaces, for the cooling power of the cooler,
a value of 376 kW was adopted.

Thermal characteristics of oil (type Shell Diala D),
given by producer, depending on oil temperature (%), are:
density p(kg/m®) = 892 — 0.79, thermal conductivity
AW /(mK)) = 0.12386 — 7 - 10754, specific heat at constant
pressure ¢p (J/{kgK)) = 1912.9 + 4.49, volumetric thermal
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TABLE I TABLE 11
MEASURED VALUES RECORDED IN THE STEADY STATES AT MAIN RESULT OF CALCULATIONS FOR THE RATED AND INCREASED LOAD
DIFFERENT LOAD STEPS (LS)
Units Rated load Increased load
LS1 LS2 LS3 LS4 LS4 9 °C 17 25
1 cooler | 1 cooler | 1 cooler | 1cooler | 2 coolers 9o oC 30.65 4433
P (MW) 25.08 60.47 81.92 94.81 94.81 0il flow m3/h 187.8 202.7
Q (Mvar) 8.44 12.00 13.78 28.89 28.89 Losses kW 383.2 5372
S(MVA) | 2646 | 6165 | 8307 | 9911 9911 o °C 4164 63.05
CLOEn(C) | - = = = 39.16 R °C 46.53 65.45
€L, OEx (°C) - = - - 35.78 9 °C 48.40 67385
RN S I N Wi [ s
C2, OEn (°C) 31.00 38.82 42.69 47.92 38.81 Jeva Ly ¢ 33.30 76.08
C2.0Ex(°C) | 2927 | 36 | 3935 | 4399 | 359 (Seua = Suoluv K 7.48 11.50
C2.WEn (°C) | 1702 | 1687 | 168 | 1708 | 1697 (Scua = Suoliy K 6.77 10.63
C2, WEx (°C) | 23.04 | 2666 | 2852 | 3151 26.39 Soubs 1y °C 62.03 88.25
OTopl (°C) | 3331 | 4145 | 4551 | 5023 41.07 Feuns Lv °C 58.74 84.46
OTop2 (°C) | 34.09 | 4229 | 4631 515 414 Hiy - 1.82 L77
Al (°C) 3115 313 2486 | 21.17 19.21 iy - 1.52 1.56
A2 (°C) 2860 | 3148 | 2495 | 21.89 19.64 Jo v ZC 47.81 67.35
Key (for the temperature values): C—Oil to water compact cooler, O—Oil, o1y ¢ 4727 66.80
W—Water, A—Air (during measurements with load step 1, air sensor 1 was H—hot-spot factor, calculated as (Jcuns — Ote )/ (Fcua — dao)

on the sunny side and air sensor 2 in the shadow), En—Entrance, Ex—EXxit,
Top—Oil pocket on the tank cover

expansion coefficient §(1/K) = 0.7/892, and kinematic vis-
cosity v(m?2/s) = 1019”7 No eventual change in the
thermal characteristics of the oil due to aging was considered.

The basic equation used for the determination of the oil flow
through the oil/water compact cooler is

Ptooting = p Qoiter(Puotoi — Ycolaoi)-

From the previous equation, an oil flow of (5 = 189 m? /h
was calculated (Pcoooling = 376.3 kW, duoron = 47.92°C,
Pcoldoil = 43.99°C, density determined at Pco1a0s and spe-
cific heat at (Yuoroi + Pcoldoil)/2).

The rated pressure drop across the cooler was arbitrarily
adopted (120 mbar) and afterwards, the pump was selected in a
way to obtain a total oil flow equal to the value estimated from
the measurements (189 m®/h) at the equilibrium state of the
pressure (working point).

Similar to oil flow, the water flow was obtained from the re-
sults of measurements: Qwager = 23.13 m*/h.

IV. RESULTS OF CALCULATIONS

A. Main Results of the Detailed THNM

Thermal calculations were made for two regimes: regime
l—rated power, rated voltage, and water temperature 17 °C,
and regime 2—power higher by 12% than the rated power,
voltage 90% of the rated voltage, water temperature 25 °C. A
temperature of 17 °C was adopted as the water temperature
during measurements (see Section III) and 25 °C was adopted
as the maximum expected water temperature under the planned
increased load.

Imperfect sealing of the transformer (oil leakage from the
system supplying oil to the windings) was modeled by 20
openings, each with a diameter of 10 mm, in the oil distribution
channel (the channel is between the entrance of oil to the tank
and the holes supplying oil to the windings). Changes in the

Indexing key:

Cu a—average winding temperature

Cu hs—hot-spot winding temperature
iw—temperature of the water entering the cooler
ow—temperature of the water exiting the cooler
bo—temperature of the oil exiting the cooler
ao—average temperature of the oil in the cooler
to—temperature of the oil entering the cooler

to, HV—temperature of the oil exiting HV winding
to, LV—temperature of the oil exiting LV winding
LV—Ilow voltage winding

HV—high voltage winding

diameter and number of the openings in the oil distribution
channel influenced the oil quantity for cooling non-OD-cooled
elements (in the case of this transformer, only the core is
non-OD cooled) and the cooling of the tank surfaces [6].

Table II shows the main results of the calculations: the char-
acteristic temperatures of the oil and of the windings (hot-spot
temperature and average winding temperature), the resulting
hot-spot factor, and the characteristic temperature gradients.

From the obtained results, it is obvious that the temperatures
at the rated load were very low, that is, much lower than allowed
in the IEC Standard [2]. Observing top oil, it becomes clear that
the low average winding and the winding hot-spot temperatures
are a consequence of the oversized cooler—this was confirmed
by the measurements presented in Table I for load step 4 (rated
load, one cooler), when the temperature rise of the oil entering
the cooler amounted to 47.92 —17.08 = 30.84 K, which is much
lower than the allowed 60 K.

B. Discussion About the Hot-Spot Factor

1) Definition From IEC Standards: The employed software
delivers detailed results enabling the identification of each influ-
ence relevant to the value of the hot-spot factor. IEC Standard
60076-2 [2] defines the hot-spot factor () as the product of
factor (), which describes the local increase of additional losses,
and factor S, that describes nonuniform cooling (the variation
in the liquid flow stream), thatis, H = ) - S.

2) Factor Q: Inthe considered case, the value of factor @) re-
mains the same for the considered load conditions and is equal
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to the ratio of losses (dc and additional) appearing in the con-
ductor with maximum losses and the average value of the losses
over all conductors of the winding: @y = 1.493 and Quv =
1.752.

3) Value of Factor S: From the aforementioned values of
factor @ and the hot-spot factor from Table II, based on the
temperature of the oil entering the cooler, the following values
are obtained (S = H/Q): Spy = 1.018 and Sgv = 1.039
for the rated load and Sy = 1.045 and Sy = 1.010 for the
increased load. Further text presents a detailed analysis of these
factors, helping to understand the components influencing their
values.

4) Influence of the Mixing of Hot Oil on Factor S: The tem-
peratures of the oil exiting the windings are somewhat lower
than those of the oil entering the cooler. The oil entering the
cooler is a mixture of the oils exiting the windings, the oil ex-
iting the core (in the considered example, the temperature of the
oil exiting the core is somewhat higher—for the increased load,
it amounts to 83.34 °C) and the bypass oil. This means that the
real average oil temperature in the winding is lower than the one
estimated from the mixed top oil. The following consequence is
that the value of the hot-spot factor determined for the temper-
ature of the oil in the winding would be different—for the ex-
ample of increased load, the hot-spot factors would be Hiy =
(84.46 — 66.80)/(76.08 — (66.80 + 63.11)/2) = 1.586 and
Hyv = (88.25-67.35)/(76.95—(67.354+ 63.11)/2) = 1.783.
The corresponding S factors are Spy = 1.062 and Syyv =
1.018 (the values obtained from the oil entering the cooler are
SLV = 1.045 and SHV = 1010)

5) Influence of Nonuniform Qil Velocity in the Radial Cooling
Duct of a Zigzag Cooled Winding: Both windings (LV and HV)
are zigzag cooled. In the LV windings, there are five axial con-
ductors and six radial cooling ducts per pass and in the HV wind-
ings, there are four axial discs and five ducts (there are ducts
between the oil washers and the discs). In the HV windings,
there are more conductors in the radial direction (21, i.e., 22
conductors) and it is expected to have greater nonuniformity of
the conductor temperatures. The width of all six axial cooling
ducts (inner and outer axial ducts in each of the two layers of
the LV windings and the inner and outer axial ducts in the HV
windings) is 6 mm. The widths of the radial cooling ducts in
the bottom and the top passes are presented in Table III for the
LV winding and in Table IV for the HV winding. Using the
LV winding as an example for an explanation of the deviations
from the rated values: the reduction from 4 to 3.6 mm originates
from the shrinkage of the spacer by 7% (0.074 =0.28 mm) and
the shrinkage of the insulation by 20% ( 0.2 - 0.6mm = 0.12
mm); the reduction from 3.6 to 2.329 mm originates from the
bulging effect; the length of the axial duct in the zone of the
conductor was taken to be equal to the rated conductor height
(without any effects of pressing or bulging). Empirical rules are
used for the estimation of bulging. These yielded higher values
of bulging for a CTC type of conductor (LV winding) than for a
flat conductor (HV winding). The calculation method considers
all quoted nonuniformities, those in the size of ducts and those
of different number of conductors in radial direction (21, that is,
22 in the HV disc winding).
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TABLE III
WIDTH (in mm) OF THE RADIAL COOLING DUCTS FROM THE BOTTOM IN THE
BOTTOM AND TOP PASSES OF THE LV WINDINGS

Rated Shrunk Hydraulic
Ducts in the bottom pass
1 2 1.8 1.164
2 4 3.6 2.329
3 4 3.6 2.329
4 4 3.6 2.329
5 4 3.6 2.329
6 2 1.8 1.164
Ducts in the top pass
1 2 1.8 1.164
2 4 3.6 2.329
3 4 3.6 2.329
4 4 3.6 2.329
5 4 3.6 2.329
6 4 3.66 3.024
TABLE IV

WIDTH (in mm) OF THE RADIAL COOLING DUCTS FROM THE BOTTOM IN THE
BOTTOM AND TOP PASSES OF THE HV WINDINGS

Rated Shrunk Hydraulic

Ducts in the bottom pass
1 3 2.79 2.61
2 6 5.58 5.22
3 7 6.51 6.15
4 5 4.65 4.29
5 3 2.79 2.61

Ducts in the top pass

1 3 2.79 2.61
2 5 4.65 4.29
3 7 6.51 6.15
4 3 2.79 2.43
5 3 2.79 2.61

Temperature [°C]

EY

o Dis 80///; isi70 \\

T ~
e g I L M W s R
0 P e = e B R e ?\\\
/é ol Dist 77 N

75 1 4 \v

70

65

12 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 CondNr

Fig. 5. Distribution of the conductor temperatures in the top pass of the zigzag-
cooled HV winding.

Figs. 5 and 6 show the distribution of the conductor tem-
peratures in the HV windings: in the top pass (top four discs;
disc number 80 is at the top of the winding) (Fig. 5) and in the
bottom pass (bottom 4 discs; disc number 1 is at the bottom of
the winding) (Fig. 6).

The highest temperatures appear in the discs with the highest
losses (disc 1 in the bottom pass and disc 80 in the top pass). In
addition to the losses, the factor influencing the distribution of
temperatures over conductors is the distribution of oil flow over
radial cooling ducts. Fig. 7 shows the distribution of these oil
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Fig. 8. Average convection heat-transfer coefficients in the radial cooling ducts
of the bottom and the top passes of the zigzag-cooled HV winding.

velocities in the bottom and top passes, obtained by solving the
hydraulic network presented in [5].

Fig. 8 presents the average convection heat-transfer coeffi-
cients in each of the radial ducts and Fig. 9 shows the average
oil temperature in each radial duct). The values of the convec-
tion heat-transfer coefficients and oil temperatures near the con-
ductors were used in the equations corresponding to the thermal
network [5] to calculate the temperature of the conductors.

Similar results as those for HV in Figs. 5-7 are given for the
inner layer of the LV windings; the highest temperatures ap-
pear at the top conductor of the top pass and the bottom con-
ductor of the bottom pass, since the highest losses are there (see
Fig. 3); the additional losses at the bottom and the top of the
windings are much higher in the inner layer than in the outer
layer and, consequently, the temperatures are higher in the inner
layer. Fig. 10 shows the distribution of the conductor tempera-
tures in the top pass and in the bottom pass (numbering of the
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Fig. 9. Average oil temperature in radial cooling ducts of the bottom and top
passes of the zigzag-cooled HV winding.
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Fig. 11. Distribution of the oil velocity in the radial cooling ducts of the bottom
and the top passes of the zigzag-cooled inner layer of the LV winding.

conductors in the pass is from the bottom; there is only one con-
ductor in the radial direction). Fig. 11 shows the distribution of
oil velocities in the bottom and top passes.

6) Quantification of the Nonuniformity in One Pass: The
factor S given in Section IV-B-5 follows the definition, but the
influence of the nonuniform distribution of the oil flow in the ra-
dial ducts on the distribution of the conductor temperature could
be better observed by considering only one pass. Table V con-
tains the local hot-spot factors for the bottom pass and for the
top pass of the HV winding; these hot-spot factors are defined
as the hot-spot factor for a complete winding (expression below
Table II), where the values of the temperature of the hottest con-
ductor in the pass, average temperatures of conductors in the
pass, and oil entering and oil exiting the pass were used.

The Hyp and Qrp factors calculated locally for the bottom
and the top passes were smaller than their values for the entire
HV winding (1.77 for H, see Table II, and 1.752 for @, see
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TABLE V
CALCULATED VALUES OF LOCAL HOT-SPOT FACTORS IN THE HV WINDING
WITH THE INCREASED LOAD

Bottom Pass Top Pass
Soor °C 63.11 67.05
Sor °C 63.37 67.35
Scuar °C 78.34 81.79
Jeunsp °C 84.9 88.2
Hp 1.426 1.429
Orr 1.364 1.380
Stp 1.045 1.036

Section IV-B-2). This is a consequence of “averaging” the losses
over the entire winding: the maximum losses in the conductors
remain the same, while average losses over the conductor drop
if the entire winding is considered instead of the bottom or top
pass. The factor Spp changes slightly with respect to the value
for the entire winding (1.01, see Section IV-B-3). The number of
radial ducts per pass and widths of the ducts in this transformer
are well designed. The detailed THNM enables the calculation
of the distribution of oil in the radial ducts and, thus, to check
the values of hot-spot temperature and the corresponding Hy p
and Spp factors; the most critical is the design of the passes
at the top and bottom of the winding, where the highest eddy
losses appear. Many radial ducts per pass or variable width of
ducts can cause low radial velocities in some of the ducts, a high
value of the S factor, a high hot-spot temperature, and damage
to the adjacent conductor.

7) Conclusions: It could be concluded that the S factor de-
pends on numerous factors and can be derived only using de-
tailed thermal-hydraulic calculations. It is also important to note
that S factor changes; for case study transformer, it has been
shown that S factor changes with the load (see IV-B-3)). This
is a consequence of changing the hydraulic resistances, caused
by the change of viscosity, being extremely temperature depen-
dent. Bigger change of S factor can be expected in different
cooling modes of the same transformer, for example, oil directed
air forced (ODAF) or oil natural air forced (ONAF) cooling. The
above mentioned dependence of the hydraulic resistances on the
losses, oil temperature and viscosity implies that the .S factor de-
pends on the distribution of the losses in the winding, meaning,
in fact, that the .S and @ factors are not decoupled. Neverthe-
less, the strongest argument that the concept of S and () factors
is not particularly meaningful is that the S factor, in fact, does
not describe non-uniformity of the cooling since the position of
the highest losses and the position of the worst cooling can differ
and multiplying the S and () factors, defined as the ratios of the
highest to average temperatures caused by non-uniform losses
and non-uniform cooling, respectively, would lead to a too high
hot-spot factor.

C. Note About Improving the Accuracy of Calculation

The distribution of losses in windings was determined by as-
suming that the temperature at all conductors is constant and
equal to 75 °C (for both operating conditions—rated load and
planned increased load). More accurate values of the losses in
each conductor would be obtained starting from the values of
the calculated axial and radial components of the magnetic field
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TABLE VI
RESULTS OF THE CALCULATIONS PERFORMED AFTER OMITTING THE BARRIERS
IN THE LV/HV WINDINGS

Original Changed LV Changed HV
Total oil flow | m¥h 187.6 188.5 188.8
Flow through LV | m'h 26.35 28.85 24.37
Flow through HV | m’/h 29.21 27.34 32.02
Jeua LV °C 53.30 53.84 53.48
Gcubs. LV °C 58.74 60.01 59.05
Hiv 1.52 1.62 1.53
Sy 1.018 1.085 1.025
Geua nv °C 54.00 54.28 56.29
Geuhs 11v °C 62.03 62.54 62.98
Hyy 1.82 1.82 1.49
Shv 1.039 1.039 0.850

at the positions of each conductor and calculating the losses in
each conductor based on the electrical resistivity, which depends
on the temperature of the conductor; and the dc losses were cal-
culated using the elementary equation for resistance calculation
R = pl/S).

V. INFLUENCE OF A CHANGE OF
THE BARRIERS ON THE S FACTORS

As an illustration, the calculations were run after changing
the construction of the winding. (The results are presented in
Table VI.)

The first change with respect to the original construction was
omitting the barriers in the LV winding. In the original con-
struction, there were 21 barriers, that is, there were 20 zigzag
oil passes, each containing six ducts (2 radial ducts of 2 mm
near the barriers and 4 radial ducts of 4 mm between each of the
five conductors in the axial direction). After the change, there
was one pass of the 11 ducts at the bottom of the winding and 6
passes of the 16 ducts; barrier nos. 2, 4, 5, 7, 8, 10, 11, 13, 14,
16, 17, 19, and 20 counted from the bottom were omitted (two
2-mm ducts and 1-mm-thick barrier were replaced by a radial
duct of 5 mm).

The second change with respect to the original construction
was omitting the barriers in the HV winding. This was realized
in a similar way—instead of 20 passes with five radial ducts
each, there was one pass with nine ducts (at the bottom) and six
passes with 13 ducts.

As expected, the reduction in the number of barriers reduced
the hydraulic resistance and finally led to an increase in the oil
flow through the windings where this change had been realized.
The slight increase of the flow in the winding with the smaller
number of barriers improved the cooling of the winding, but this
effect was less than the effect of the reduction of oil velocities in
each of the increased number of parallel radial ducts: the reduc-
tion of the number of barriers in the end led to an increase of the
average and hot-spot temperatures. The most extreme change
appears in the hot-spot factor and the Sy factor after reducing
the number of barriers in the HV winding: Spy decreased to
below 1. This is a consequence of the distribution of oil flow in
the radial ducts. Fig. 12 presents the distribution in the last (top)
pass—contrary to the original construction, where there was no
big difference in the oil velocities over five radial ducts in the
top pass (see Fig. 7), the oil velocity in the radial duct around
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Fig. 12. Distribution of the oil velocity in the radial cooling ducts of the top
pass of the zigzag-cooled HV winding after a reduction of the number of bar-
riers.
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Fig. 13. Distribution of the oil velocity in the radial cooling ducts of the top
pass of the inner layer of the zigzag-cooled LV winding after reduction of the
number of barriers.

the top disc (ca. 7.5 and 10.5 cm/s) was much higher than in ra-
dial ducts in the middle of the pass (ca. 2 cm/s). This effect did
not appear in the LV winding after increasing the number of ra-
dial ducts in one zigzag pass (see Fig. 13). It is obvious that the
final result of oil distribution over the ducts in one pass depends
on the width and the length of the ducts—application of the de-
tailed THNM (optionally computational fluid dynamics (CFD)
methods) could be employed to determine the distribution of oil
flow for any assumed construction.

VI. RECOMMENDATIONS ABOUT THE POSSIBILITY OF
INCREASING THE LOAD

According to [4], the estimated accuracy of the applied
calculation method is 3 K for the oil and 5 K for the winding
temperature. In [7], a comparison of the calculated and mea-
sured temperatures was published using, as an example, a
750-MVA ODAF transformer, and the accuracy was briefly
discussed. The reliability of the method was subsequently
checked on 15 transformers of different ratings from four
different producers (some of them equipped with fiber-optic
temperature sensors, for example: 40 MVA (ONAF, 13.8/132
kV), 300 MVA (ONAF, 138(69)/420 kV), 330 MVA (ODAF,
220/380 kV), 502 MVA (ONAF, 115/380 kV), and 752 MVA
(ONAF, 230/380 kV); the specification of the power was given
for the power in the most intense cooling mode; cooling modes
foreseeing the possibility of switching off the pumps and/or
switching off fans were also calculated).
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Standard [3] (loading guide) specifies the limits for the
loading of a transformer. For a normal cyclic load, the limits for
large power transformers (more than 100 MVA) are: hot-spot
temperature 120 °C, top oil temperature 105 °C and a maximum
current load of 1.3 p.u. The top-oil temperature by the planned
increased load (67.85 °C) was much lower than the allowed
value. The temperature of the hot spot of the HV winding,
which is higher than the hot spot of the LV winding, amounted
to 88.2 °C; after adding a safety margin of 5 K, one obtains 93.2
°C, which is below the allowed limit of 120 °C [3]. According
to standard [3], the value at which aging of insulation is consid-
ered as normal is 98 °C for thermally nonupgraded paper and
110 °C for thermally upgraded paper. The hot-spot temperature
of 93.2 °C is below 98 °C, meaning that the target increased
load of the transformer is also acceptable as long-term loading.

Since the hot-spot temperature approached the allowed limits,
pollution of the coolers becomes an important issue [21], that is,
the coolers should be cleaned regularly—the temperature of oil
entering the cooler (hot oil) and/or oil exiting the cooler (cold
oil) should be monitored and the coolers cleaned if high values
of these temperatures (roughly an increase of 5 K with respect
to the clean state) are detected.

The calculated oil velocity in the HV winding was quite
high—in the axial cooling duct, it was 57 cm/s with one cooler
and the pump in operation. Typically, the assumed velocity
under which the generation of static electricity commences
is 1 m/s, but designers try to keep the maximum velocity of
the oil in the winding below 50 cm/s. Consequently, it is not
recommended to run both pumps and coolers.

Finally, the recommendation is to check the tank heating
(using thermal imaging) due to a higher leakage flux in case
of increased load (112 MVA); it should be noted that for the
determination of the leakage flux distribution (and consequent
losses in the constructive parts of a transformer and the heating
of these parts), special FEM calculations are required [22]-[25]
and it is not an issue covered by the detailed thermal-hydraulic
model. The situation is similar for the bushings, cable-end
connections, and leads, which have not been checked—the
maximum current overload amounts to 24.4%, being smaller
than the allowed 30% overload of large power transformers
in the normal cyclic load mode [3]; since these elements have
a small thermal inertia, it was assumed that they are sized to
withstand an overload of 30%.

The results of thermal analyses indicated that the considered
transformer would be inside the thermal limits defined in the
transformer loading guide [3] and could operate with increased
load without any reconstruction of the transformer.

VII. CONCLUSION

This paper presents the application of the THNM model and
corresponding design software to the practical problem of the
estimation of the feasibility of increasing the load of a 100-MVA
oil power transformer with directed oil flow and water compact
coolers. In transformer engineering practice, large safety mar-
gins are introduced due to the limited accuracy of the calcula-
tion methods and tools. The consequence is that transformers
are oversized (the real rated power is higher than the declared
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rated power) and there is a possibility to load them beyond their
declared rated power. An estimation of the possibility of in-
creasing the load requires repeated accurate thermal calcula-
tions—state-of-the art methods are FEM calculation tools for
the distribution of power losses in the windings and a detailed
THNM for the temperatures. This paper describes practical de-
tails of the application of such calculations in the considered
project, with a final recommendation of whether the load could
be increased with/without intervention of the examined trans-
former.

This paper contains a numerical analysis of the hot-spot
factor, thus contributing to a better understanding of phe-
nomena influencing this factor: the difference in the oil
temperatures exiting the windings and the nonuniformity of the
losses and cooling over the windings. The detailed THNM for
the complete transformer enabled such decomposition by virtue
of the solid physical base of the model. As a consequence, the
detailed and integrated THNM of the complete transformer
offered not only the determination of the position and tempera-
ture of the hot spot, but was also a good basis for the detection
of potential weak points in the design and their correction (the
model responds to changes in any detail of the construction).

Our final conclusion is that calculating the hot-spot factor as
the product of two independent factors (¢, describing nonuni-
formity of the losses over winding, and S, describing nonuni-
formity of the cooling) is not a good approach. The reasons
are: 1) the .S and () factors are not decoupled, that is, the S
factors cannot be calculated assuming a uniform distribution
of the losses; 2) the highest losses and the worst cooling can
appear at different positions and if the ) factor would be de-
fined as the factor of the nonuniformity of losses and the S as
the factor of nonuniform cooling (assuming uniform losses), the
final hot-spot factor would be too high; 3) omitting barriers in
the HV winding in the studied example reduced the S factor,
even though the change in the oil-flow stream resulted in poorer
cooling. Thus, the S factor is of no particular meaning when
comparing various designs. Instead of this, the hot-spot factor
should be determined based on the distribution of the conductor
temperatures, obtained from a detailed THNM, where the losses
in each conductor (or the values of axial and radial magnetic
fields at the position of each conductor) are input data. The
software employed in this paper accurately covers hydraulic
and thermal issues. Regarding the losses, details to improve the
state-of-the-art calculation methods used and described in this
paper were indicated.
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