Mohammad Ali TAGHIKHANI

Imam Khomeini International University

Modeling of Heat Transfer in Layer-Type Power Transformer

Abstract. Transformers are important and expensive elements of a power system. To prescribe the limits of short-term and long-term loading

capability of a transformer, it is necessary to estimate the hottest spot temperature (HST) of transformer.

This paper proposes the steady state

temperature distribution of the power transformer windings. Finite element method is used for numerical solution. The selected model for simulation
is a 50KVA, 20 kV/400V oil natural, and air natural cooling (ONAN) transformer.

Streszczenie. Aby okresli¢ diugoterminowg i krétkoterminowg obcigzalno$¢ transformatora musimy znac najwyzszg lokalng jego temperature. W
artykule zaprezentowano metode okre$lania rozkfadu temperatury w uzwojeniu transformatoréw — olejowego i powietrznego. (Modelowanie

przeplywu ciepfa w transformatorze mocy)
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Introduction

Thermal impact leads not only to long-term oil/paper-
insulation degradation; it is also a limiting factor for the
transformer operation [1], [2]. Therefore, the knowledge of
the temperature, especially the hottest spot temperature, is
of high interest. If the temperature rise goes beyond the
permissible value, in order to preserve the insulation from
deterioration, the load of transformer must be reduced or an
auxiliary transformer is used. For an oil-immersed
transformer, the oil surrounds the transformer body. Qil is a
nearly incompressible fluid and density changes due to
temperature rise, therefore oil moves in the transformer.
The heat transferred by convection is the most important
method of heat ftransfer. The analytical solution of
convection equation is normally difficult and sometimes it is
impossible due to the complexity of the geometry.

The basic criterion for transformer loading is the hottest
spot temperature of the solid insulation. It must not exceed
the prescribed value in order to avoid insulation faults. A
procedure of hottest spot temperature calculation is given in
the International Standards [3]-[5]. The algorithm for
calculating the hottest spot temperature of a directly loaded
transformer using data obtained in a short circuit heating
test is given in [6]-[8]. Heat transfer theory results from
winding to oil are exposed in [9], [10]. The usage of average
heat transfer coefficient is typical in a transformer designing
process to calculate needed number (area) of cooling
surfaces.

In this paper, a procedure for obtaining the temperature
distribution in the power transformer is proposed. For this
reason Energy and Navier-Stokes equations are solved
using finite element method. Therefore, a code has been
provided under MATLAB software. The model can be used
for temperature calculation on the arbitrary change of
current and outside air temperature. In the paper, Thermal
model is in section two and Results and discussion of the
proposed work have been provided in Section three.

Thermal Model

Fig.1 shows cross section of a 50KVA, 20kV/400V
power transformer in two dimensions. Dimensions and
specifications of the power transformer have been
summarized in Table 1. Table 2 shows the losses. Energy
equation for Newtonian incompressible fluid such as oil in
two dimensions is [11]
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where: T: temperature, Vx: velocity in x direction, Vy: velo-
city in y direction, k: thermal conductivity, p : density, C,:
special heat, y: viscosity

In (1), oil properties vary with temperature [1], [12]-[14]. The
temperature dependence of oil properties are given:
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(3) Cp =a,+a,-T
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Where g is volumetric expansion coefficient. The nine
constants for transformer oil have been listed in Table 3. It
is generally valid for all transformer oils that the variation of
the oil viscosity with temperature is much higher than the
variation of other oil properties [12]-[14]. Thus, all oil
physical properties except the viscosity can be replaced by
a constant. However, in this paper has been considered the
influence of all oil properties. In (1) velocity is unknown, and
then we must solve Navier-Stokes equations. Navier-Stokes
equations in two dimensions for incompressible fluid are
(11]

Continuity Equation:
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where: P, relative pressure (related to air), g, : acceleration
due to gravity in x direction, g, : acceleration due to gravity
in y direction, p,. density at ambient temperature.

The heat conduction equation for core and windings is
written

o°T o°T
10 k_- +0=0
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where k. and k, are thermal conductivity in x and y
directions respectively. The term Q is the volumetric heat

+k,-
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source function and has been modified here to take care of
variation of electrical resistance of copper with temperature.
The heat source term Q can be of the form [12]-[14]

(11) 0=0,l+a,-(T-T,,)]

where o, is the temperature coefficient of electrical
resistance of copper wire.

sl

Core

Fig. 1. Three phase power transformer in two dimensions

Table 1. Dimensions and specifications of the proposed power
transformer

Core diameter (cm) 10
Width of each window (cm) 12
Height of window (cm) 28
Thickness of LV winding (cm) 1.2
Thickness of HV winding (cm) 2
Rated power 50KVA
HV voltage 20kV
LV voltage 400V
HV current 1.44A
LV current 72A

Table2. Power transformer losses

Losses (w) Value
Core 158
DC of LV windings 384
DC of HV windings 534
Eddy currents of LV 64
windings
Eddy currents of HV 1
windings

Table3. Qil constants

Qil constant Transformer oil
aj 0.0000013573
a 2797.3
as 1960
as 4.005
as 887
ER -0.659
ar 0.124
as -0.0001525
ag 0.00086

With this representation, the function Q becomes

temperature dependent, distributed heat source. Thermal
conductivities are unequal in different directions. Thermal
conductivity has been treated as a vector quantity, having
components in both radial and axial direction. Resultant
thermal conductivity of the system is [12]

(12) K =\k;+k;

where
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Term K represents resultant thermal conductivity of
insulation and conductor system. In this paper, the bottom
oil temperature rise over ambient temperature has been
calculated as

2
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Where 6, is the bottom oil temperature rise over ambient

temperature, 6, is the full load bottom oil temperature rise

over ambient temperature obtained from an off-line test; R,

is the ratio of load loss at rated load to no-load loss. The
variable I, is the ratio of the specified load to rated load.

I = !
Irated

The exponent n depends upon the cooling state. The

loading guide recommends the use of »=0.8 for natural

convection and »n=0.9-1.0 for forced cooling.

(13) 0,=0,(

u

(14)

Results and Discussion

A software program has been provided for finite element
solution of energy and Navier-Stokes equations using
MATLAB 6.5. Depth cross section of the proposed power
transformer has been shown in Fig.2. We assume inlet oil
temperature is temperature base. Therefore, we have

T-T, .
b,oil % 100
b,oil
where T}, is the bottom oil temperature.

(15) AT =

oil
Chatlet

Core v HV
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Fig.2. Depth cross section of the proposed power transformer

Fig.3 shows temperature distribution from LV winding in
one per unit (p.u.) load with oil natural cooling (ON). It can
be pointed out that for LV winding, maximum temperature
location is around 80% of winding height from the bottom
and at about 50% of radial thickness of the layer.
Temperature distribution from HV winding has been shown
in Fig.4. It can be observed that the maximum temperature
occurs in the neighborhood of 55% of the axial and 50% of
the radial thickness of the layer. Fig.5 shows HST rise over
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bottom oil temperature versus load at T,,,,=25(°C). Table 4
shows comparison of the proposed method with finite
used in [12] and

integral transform experimental

measurement in [15].

HST rise over bottom oil temperature(%)

Height of LV winding(m)

Radial thickness of LV winding(m)

Fig.3. Temperature distribution (1 p.u.) of LV winding at 7,,,=25(°C)
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Fig.4.Temperature distribution (1 p.u.) of HV winding at 7,,,,=25(°C)
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Fig.5. HST rise over bottom oil temperature versus load at
Tuv=25(°C)

Table4. HST (°C) Magnitude at 7,,,=25(°C)

Load (p.u.) Proposed  Analytical [12] Experimental [15]
0.6 51.72 53 50
1 82.54 80 81

Conclusion

In this paper, we solved the heat transfer partial
differential equations to find temperature distribution in
power transformer windings. The results seem to
correspond reasonably well with results of calculations and
actual tests [12]-[15]. The authors wish to point out that the
IEEE loading guide offers relations for the calculation of the
HST based on per-unit load. The formulations tend to
ignore the possibilities of two transformers that are rating
identical but have a different winding structure and varying
heat loss/unit volume.

REFERENCES

[1]1 L. W. Pierce, “An investigation of the thermal performance of
an oil filled transformer winding,” IEEE Transaction on Power
Delivery, Vol. 7, No. 3, July 1992, pp. 1347-1358.

[2] L. W. Pierce, “Predicting liquid filled transformer loading
capability,” IEEE Trans. On Industry Applications, vol. 30, no. 1,
Jan./Feb. 1994, pp. 170-178.

[3] IEC Standard, IEC60076-7 (2006) "Loading guide for oil
immersed transformers".

[4] IEEE Standard, C57.91-1995 (1996) "IEEE Guide for Loading
Mineral Oil Immersed Transformer".

[5] IEEE Standard, 1538-2000 (2000) "IEEE Guide for
Determination of Maximum Winding Temperature Rise in
Liquid-Filled Transformers".

[6] Z. Radakovic and K. Feser, “A new method for the calculation
of the hot-spot temperature in power transformers with ONAN
cooling.” IEEE Trans. Power Delivery, vol. 18, No. 4, Oct. 2003,
pp. 1-9.

[71 Z. Radakovic :“*Numerical determination of characteristic
temperatures in directly loaded power oil transformer.” Eur.
Trans. Electr. Power, vol. 13, 2003, pp. 47-54.

[8] Z. Radakovic and Dj. Kalic, “Results of a novel algorithm for
the calculation of the characteristic temperatures in power oil
transformers,” Electrical Engineering, Vol. 80, No. 3, Jun 1997,
pp. 205-214.

[9] G. Swift, T. Molinski, W. Lehn, and R. Bray, “A fundamental
approach to transformer thermal modeling—Part I: Theory and
equivalent circuit,” IEEE Trans. on Power Delivery, vol. 16, no.
13, Apr. 2001, pp. 171-175.

[10] W. H. Tang, O. H. Wu and Z. J. Richardson, “Equivalent heat
circuit based power transformer thermal model,” IEE Proc.
Elect. Power Appl. Vol.149, No.2, March 2002, pp. 87-92.

[11] F. P. Incropera and D. P. DeWitt, “Fundamentals of Heat and
Mass Transfer.” 4th ed., New York/USA: J. Wiley & Sons,
1996.

[12] M. K. Pradhan and T. S. Ramu, “Prediction of hottest spot
temperature (HST) in power and station transformers,” |IEEE
Trans. Power Delivery, vol. 18, No. 4, Oct. 2003, pp. 1275-
1283.

[13] M. A. Taghikhani, A. Gholami, “Temperature distribution in
power transformer windings with NDOF and DOF cooling”, PES
General Meeting, 20-24 July, 2008, Pittsburgh, PA, USA.

[14] M. A. Taghikhani, A. Gholami, “Temperature distribution in
ONAN power transformer windings with finite element method”,
Euro. Trans. Electr. Power, 2009, Vol.19, No.5, pp.718-730.

[15] J. Faiz, M. B. B.Sharifian and A. Fakhri, "Two-dimensional
finite element thermal modeling of an oil-immersed
transformer", Euro. Trans. Electr. Power, 2007, Vol.18, No.6,
pp.577-594.

Author: M.A.Taghikhani, Engineering Department, Imam Khomeini
International University, Qazvin, Iran, E-mail: taghikhani@ikiu.ac.ir

PRZEGLAD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R. 87 NR 12a/2011 123




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


