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Abstract

Considering the continuous functioning of a power transformer under charge of high capacity of
50 MVA, predicted studies are proposed to be performed of their thermal behavior under perma-
nent and variable regimens of flow of charge, using non-invasive methods based in integral trans-
forms that measure and determine parameters of geometrical, analytical and physical type of the
transformer. In before works, we have studied a basic geometry of a winding composed of high
and low voltage sections with a uniform heat generation and heat convection boundary conditions.
The heat conduction equation representing the phenomena of heat generation in a cylindrical
structure was solved by using an integral transform. In this sense, this new study considers the
basic geometry composed of a three cylindrical windings (high and low voltage turns) and a rec-
tangular core. Thus it is proposed to solve magnetic flow equations using integral transforms (Han-
kel transforms and Bessel integrals) in order to obtain the heat source distribution in the core due
to the magnetization currents which are developed in function of the magnetic field flow equa-
tions. Based on this, it is proposed as a second step to use this heat source distribution to obtain
the corresponding temperature distribution in the core by solving the cylindrical heat conduction
equation for the core (cylindrical). Bearing this in mind, it is proposed finally to solve the 3D cy-
lindrical heat conduction equation for the one winding using the calculated heat convection coef-
ficients, the conductivity of the winding, behavior of the mineral oil and the non uniform winding
heat generation predicted in recent researches. This equation will be solved by using integral me-
thods (Radon, Hankel and Fourier transforms). This methodology will be useful to establish a new
design of a power transformer based on the values of their integrals and the results that throw the
inverse methods for this case. Finally if possible we will use the programs of Fluent and/or Phoe-
nics for the validation of functional proposed models of prediction and prevention of heat flow and
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charge based on the obtained results.
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1. Introduction

Power transformers are devices which are used to convert the electrical energy from a high voltage level to a lower
voltage level that can be distributed among domestic and industrial users. These levels vary in the 13 to 34.5 kV
high level voltage to 220 to 480 V lower level voltage [1].

Nowadays various power transformers designs can be found in the industry which can be differentiated on the
basis of the inclusion of new core materials or the type of cooling system. In this respect, manufacturers contin-
ue to analyze the thermal design of the cooling ducts for the assembly of windings-core as well as the cooling
efficiency of the radiators of the transformer. A characteristic transformer geometry is depicted in Figure 1.

IEEE standards [2] do not mention calculation of detailed oil temperature distributions neither the best fan ar-
rangements in order to achieve the highest thermal efficiency. Nevertheless, the cited IEEE standards [2] do
mention how to calculate the oil temperature rises and winding temperature rises using empirical formulas.
Some transformer manufacturers refer to methods of calculation which are based on the fundamental theory of
heat transfer in order to calculate the oil and winding temperature rises. Recently, researchers [3] have focused
on the detailed calculation of oil and windings temperature distributions of the transformer. This method is
aimed to determine the maximum windings temperature (hot spot). Then, researchers have taken different ways
of calculation of the detailed oil and windings temperatures such as concentrated parameters, thermal-hydraulic
net, numerical and analytical techniques [4]-[8].

From this outset, it can be deduced that the detailed thermal calculation of electric transformers is required
and herein the computational thermal model as well as the functional analysis based on the energy optimization
of the transformer is used to obtain the detailed oil and winding temperatures.

2. Functional Analysis

The functional analysis is based on the solution of a fundamental equation derived from fundamental theory
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Figure 1. Transformer winding. (a) Side view; (b) Top view.
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which is composed of a defined integral over the L”(a,b), space and values in & (u,|{,) . This equation is a
first order integral equation which propose solutions for the transformer through cylindrical functions that model
more precisely the cooling effects that are considered [9] [10].

The referred cylindrical functions are Bessel type, first order. The proposed model will embody harmonic
regular solutions defined in a finite interval, which is an immediate consequence of the use of an integral trans-
form method, which is applicable to a decreasing function defined in the cylindrical radius. Regularity of ob-
tained solutions and the spectral analysis of the points of continuous perturbation (heating points of the trans-
former core or temperature singular points) are considered through the integral transform such as the Hilbert
transform, obtaining the real and imaginary parts of the impedance of the load of the transformer core, which is
partly responsible of the heating.

It is worth to mention that bay using perturbation theory, the perturbation space has an spectrum in a w-space
of hyperbolic type, being necessary the asymptotic developments of the matrix coefficients for the functional
equation that models our phenomena in the approach and analysis of the phenomena which in turn determine the
ergodicity for the complete set of parameters which are necessary for a precise analysis of the heat flux and re-
presentatively in heat control instruments that measure energies in  L*( f (r,z),[{.) [10].

On the other hand, identification of the heating points within the physical interior space of the transformer is
important for the location of the heating source and its likely cause, being applicable a vector tomography of the
core and windings, obtaining in this way an exact image of the heat flux, the velocity currents of cooling and the
geometry of the temperature states in the inner core and windings.

Nevertheless, within the electromagnetic design of a transformer, it is evident that locating and identifying
those heating points, as well as the heat distribution in the inner core and windings is necessary in the redesign
of the cooling systems which have to be applied to the precisely located heating zones.

3. Integral Transform of Heat Transfer in Electrical Transformers

Considering Maxwell equations, in reference to the existence of magnetic flux @, parallel to boundary [11],
VxH=j,V-B=0,VxE =0, (€))]

These are equivalent to Laplace equations with magnetic flux @ eCZ(Q). Then performing a cylindrical
transformation of Laplacian, yields

D, 100, oD
V2O (r,7)=—S+-—+—=, 2
(r2) o2 ror o7t @
Vv magnetic potential (it is the component of potential of the magnetic vector at the boundary) @, (r, z) eC? (Q)
under the boundary conditions:

@, (r,z)=A,0<r<a<b
oD, (r,z) 3)
———2=0r>a

oz

Referring to Equation (1), @,, is the magnetic potential of the transformer cylindrical core, as it is shown in
Figure 1. Real geometry of transformer is shown in Figure 2. If we consider temperature as function T = f (r, z).
Then function f(r,z), must be a function stemming from spectral transform of ®,(r,z), on a symmetric
space. The core that is analyzed is symmetrical due to the fact that is a straight circular cylinder composed of disks
of radius r, and height z. Then, temperature T, takes the form as a direct Hankel transform of magnetic flux:

T=H, {(Ds(r,z)}, 4)
such that we apply the Hankel transform to the Laplace equation, yielding:
0T (s,2)

Ho (@, (r,2)} =-s"T(s,2)+ pe

=0 ()

Solutions of this differential equation are:

T(s,z)=&(s)e ™ +¢(s)e” (6)
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1. Deriving conductors

2. Deriving conductors changer
3. High voltage conductors

4. High voltages bus

5. Low voltage bushing connection
6. Flexible bus

7. Phase winding

8. High voltage conductor

9. Core ground

10. Plate type core

11. Lateral hangers and supports
12. Lower support

13. Interior isolation type phase
barrier

Figure 2. Core ground and their high voltage conductors.

where &, and ¢, are functions that will be determined by using the proposed boundary conditions. These sur-
faces contain the heat flow emanation curves which come from the core and windings heating which in turn come
from the electromagnetic process of the electrical transformer.

Reformulating our boundary conditions for the temperature function T (r, z), we have thatin z=0, yields
(conditions corresponding to the vector spectrum 7 , (horizontal tangent spectrum)):

aT(s,2)
-k, ——=-h,r<a,z=0.
k===
oT(s,z)
-k, ———~=-h,,r>a,z=0. 7
e 7)
and the corresponding conditions in z =1, are (conditions corresponding to vector spectrum 7v ):
aT (s, 2)
—k,——==-h,,r=b,z=1.
=
oT (s,z
—M%:—h“,r:b,z:l, (8)
Using boundary conditions (7), in solutions given in (6), yields:
J; (as)
s)=ha——~=,
5( ) hl klsZ
J, (bs
£(9)=np22) ©
k,s

Performing similarly for boundary conditions in (7), yields
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3, (bs)
k,s? '

Finally and applying Inverse Hankel transform to the superposition of solutions proposed for the geometry of
space interactions 7/ @ v (tangent vector spectrum) yields:

£(s)=hb (10)

T(r,z)= %je‘sﬁll (as)J, (rs)sds +%jesz‘ll (bs)J, (rs)sds
0 2 0

1
(11)
haam —sl -1 h4boo sl -1
+—2= {73, (as) J, (rs)sds +—2=[eJ, (bs)J, (rs)s ds,
k3 0 k4 0
The tangent vector spectrum is derived from the pre-defined boundary conditions by the derivatives:
il {mTM}
arl_, |k k ’
1 1 r—a (12)
ﬂ = ET_ fz(z)
ol |k, k, .
From which differential Equation (5) is obtained, for any segment [a,b], yields
810 ( oT f,(z) f(2) _
——|r—|rd,dr = rd, (B,r +—21r] r - BT 13
E 6r( arj odr == (A}, + = A (A, -5 (13)
then
T G * 7 8 G,y + 0,07 T -
—+— 1] r)ydr=—-(rTJ r)dr+ | —2—2"r] rydr=—-—-sT 14
;[(622 k] O(ﬁn ) azz_£ O(ﬂn ) _!: O(ﬂn ) de ( )

which demonstrate the consistency of our procedure over any segment [a,b], in the semi-infinite straight line.

4. Specific Generation of Heat in Winding and Analytical Solution of
Heat Transfer Equation

The geometry considered for the transformer is the one for a three phase power transformer of 30 MV A capacity
which is simplified to a two dimension cylindrical winding model which in turn is composed of high and low
voltage windings and a central portion of core. Such geometry is shown in Figure 3.

@ (b)

Figure 3. (a) Heat measure per unit of sectional conductor; (b) Total contribution of the
generated heat for all electrical conductors.
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It is being considered a simplified geometry of the core of the transformer with an inner ring of radius a,
and an outer ring of the core of radius b; and it was generated the heat over a section of length x, of one
winding.

The abovementioned winding has a generation of heat coming from the high and low voltage windings. It is
not considered the heat produced by the core. For the analysis it was determined that the cylindrical coordinates
heat transfer equation would be considered:

2
0 ( aT]Jr T+g° 0;a<r<b,0<z<I (15)
ror\  or o2 K

The solution of the equation shown is performed considering the boundary conditions (8):
oT
—hBFz—mr<&Z=0 (16)

—kzﬂ:—hz,r>a,z=0
or

oT
5oy h,,r=b,z (17)

el
Kk, —=-h,,r=b,z =1,
46r 4

the solution of (15) is given by (11).

As a special case it is considered heat conduction through our cylinder under a heat rate given by gradT,
The analytical solution in this case is:

T(r2) isen[(Zn—l)nz] Jo((2n-1)ar)
r,z)=

= (2n-1) 3 ((2n-1)m)
where J,, is the Bessel function of order 0, which is used in fundamental solutions of the integral transform
method proposed in this section.

If T (x) is the temperature in one of the windings x, of the transformer core 'y, within the conductor over
time t ‘of a section of the conductor length 'y, (temperature along the line 0<y <10 (m), (see Figure 5) con-
sidering the high voltage winding X( ) (which is the tangent vector spectrum mentioned earlier). For a sec-
tion of the transformer T (7FT = 7F/H/®7r\v), it is given by the integral operator in the previously mentioned
line of the transformer T [12]:

G[T, (] :_i{xf G(f (X))d#(x)} : (19)

(18)

(8)

The integral transform is being deduced from the Green function as a core of an integral transform better known
as Green transform [9], within the chosen winding. The corresponding functions are spectral functions of heat and
the integral (19), is the Green operator which determines the temperature distribution in points of the conductor
(see Figure 2, Figure 3(a) and Figure 3(b), Figures 4-6).

5. Computational Model for Integral Transforms of Thermo-Magnetism

Considering ideally the horizontal problem [13] [14], in other words, over the horizontal outward appearance
TH , of the outward appearance of the magnetic field bundle TB, that heats the core of the transformer T . Then
over the cylindrical conducting surface of the field B, emanates the magnetic field @ , as it has been established
in the previous section.
Describing this problem through the integral equation:
AT(z,5)= [ K(z,s)(s)ds = f(z),[2] (20)
[a.b]

where K(z,3), is the kernel given by the Hankel functions 3{” (ko, (2)),
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Figure 4. Potential surface of temperature.
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Figure 5. Heat flow generated by one conductor section. The
Bessel function is: J = besselh (0, 2, x + i*y).
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Figure 6. Irradiated heat diffusion curve for winding x.

T(25)=y[0(2)-0(5)] +[¥ (2)-w (), ©(s)=uoBy,

where w , is the frequency, B, , is the intensity of the magnetic field (B;ax = j(s)\/[(p'(s)Z +V,v(s)2D, n,

is an exponent equal to 2.5 [1], u, represents a coefficient equal to 0.061 [1], {(//(S),(D(S)},Se[a, b], is the

parametric representation of a smooth contour I', being generated from the surface (curves of temperature
T(z,5), Figure 7), f(z)=B,(Z), the external field over a surface, j(s), the density of electric current such

that VxH = j, and 2 ?, the complex Hankel functions: #?' = J, —iN,, k , the wave number of the Bessel

function, J, (k. (z)), the corresponding Bessel function of order zero, with J,(0)=1, and finally N, (k®,(z)),
the Neuman function containing in a zero a logarithmic singularity:

No (k@ (2)), , =(2/m)In(kd,),[15,16]
From the complex integral Equation (20), we pass to a system of real equations, assuming:
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Figure 7. (a) Heat flow from magnetic potentials ®@,(s)+®,(s),

considering x = 0:0.25:10; y, = besselh (1, x); h = plot (x, y,). Here the
imaginary parts of complex X and/or Y arguments are ignored. (b) [x,y]
= meshgrid (—4:0.025:2, —1.5:0.025:1.5); J = besselh (0, 1, x + I*y);
contour (x, y, abs (J), 0:0.2:3.2). J is the real part of Hankel function
5—[0(2); (c) In the floor is the heat flow behavior due to the magnetic

field. Observe that many curves shape closed cycles (potential curves).
This is due to the magnetic field lines which are closed.

D(s)=D,(s)+id,(s),B,(2) = f,(2)+if,(2), (21)
[I]No (kcbs)tbl(s)ds+[j]\]0 (k®, )b, (s)ds = f,(2), (22)
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j N, (K, ), (s)ds + j Jo (k> ), (s)ds = f,(z), (23)

[ab] [a]

Approaching the functions @, (s), and ®,(s), localized in a reticule defined by functions S,(s), S,(s),
which can be defined through the formulas:

N+n
Sl(s) = Z C}Sj—n,Zn—l(S)’ (24)
j=-n
N+n
S,(s)= Z Cizsj—n,Zn—i(S)' (25)
j=-n
Ci=Clyul=12j=-nn, (26)

The indeterminate coefficients C} , and CJ? , in the representations Equations (24)-(26), help define a
method of locating the grid {xi}, over which the numerical development will be performed. Then Equations
(21)-(23) can be written in a matrix form, considering U,G, X = X",Y = X", two-dimensional spaces of vector
functions with a scalar product (@,'¥)=(®,, ¥, ), +(®,.¥,), . with ® =(0,,®,),¥ =(¥,,¥,), and for
U, space H,=7m,is W, [a,b], for X' -W,'[a,b], is G—L,[a,b], as it was considered in the introduction

of this work. Then the system of Equations (21)-(23), can be represented in a finite form by means of the vector

equation:
AD=AD+AD=f, (27)
where the components of the vector equations are:
AU =(2/) [ Kq(z,5)®(s)ds, (28)
[a.b]
Au= [ J5(k,(2))D(s)ds, (29)
[a.b]
Au=- | [No(kd>s(z))—KO(z,s)JcD(s)ds, (30)
[a.b]
f=(-1.1,), (31)
KO(z,s):(b—a)z/{|z—s|(b—a—|z—s|)}, (32)

The operator A, is positive in G, and the operator A,, has the property in L, [a,b]. It means that it fulfils
the properties of metrics and measure in & (,u"") )

In the continuum media of high viscosity such as the oil used inside of the transformer, the heat that from the
magnetic field is comported and shaped by the magnetic lines which are closed [2] [5]. This shapes a solid of
certain symmetries consigned from the symmetry of magnetic field (see the Figure 8, [15]-[17]).

6. Distribution of Temperature According to the Variation of Output

Let’s consider an alternative solution to the heat equation for the high-low voltage of a power transformer ac-
cording to the variation of response to a variation in voltage as input to the power system. After, we will obtain a
model of thermal diffusion derived from the inverted energy by the winding to move the potential in the two
voltages ranges, the high voltage range 13 - 34.5 kV and the low voltage range 220 - 480 V as was described in the
introduction.

Considering the diffusion of heat bay means of the energy equation applied to the heat generation G:

2 2
Eﬂtrﬂ}rngiza—TﬁE:o, (33)
ror\ or) o&z° r°o0° Kk

This problem will be addressed later in future work following the solution given [2], where temperature only
varies with coordinate r,and z, in cylindrical coordinates:
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Figure 8. 3-D Thermal model of oil flow and their evolution
inside the transformer core. The MathLab routine is given by
multi-physics design ande modeling using the conditions: yy =
yy.*cos(order*phi); order = max(max(abs(yy))); rho =5 + 2
*yylorder; r = rho. *sin(theta); X = r. *cos(phi); y = r. *sin(phi);
z = rho.*cos(theta); clf >> surf(x,y,z).

16( aTj T G
——|r—|+—+—=0
ror\_ or oz k

Taking the Hankel transform of the first term:

!?a(raj“‘ﬁ“)”f”#o“*”

b b

~TrB.K (., r)|: +[T %{ﬁané (B,.1)}dr,

a a

Evaluating the last term of the above equation:

d / __4a __
a{ﬂn,rKo(,ﬁn,r)}dr_ dr{ﬂn,rKl(ﬁn,r)}

d(ﬂnr){ 4 (K (B0

dr | d(B,.r)
:_ﬂanKO (ﬁn’r)'

Then
zT (r, z)%{ﬂané (B, r)}dr = JET (r, z){—ﬁnerO (B r)}dr = —ﬁf'l_'(/;’n, z),

Considering the boundary conditions:
Ry,

-k R, =0,
lﬂn d(ﬂnr) hl 0
drR
-k, —2+h R =0,
Zﬁn d(ﬂnr) 2'%0
From which:
R, :LRWRS :h_ZRO,
ﬁnkl ﬁnkZ
and
K(; = hl KO’K(; = h2 Ko’
ﬂnkl :Bnkz
Then:

(34)

(35)

(36)

@37

(38)

(39)

(40)
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CRy(Br) 2 1
KO(ﬂn,r)_ JIN b h, +l’
ﬂnk2

Then expanding the first and second term, we have:
o1 h oT h,
— 1K, (B,,r)+Tr—2K, (B,.r ——rK, (B, r)+Tr-+
{ 6r 0 (ﬂn ) k 0 (ﬁn )}r_b { ar 0 (ﬂn ) k

2 1

o LK K, b

b1 6 ( oT f,(2)
a?E[rEJrKodr:Zk—z{”(o(ﬂn’r)}rb+

and considering

a
or

f(2)

Ky

For the second term of the differential equation we have
b aZT G 82 b b
{[?-F? rK, (8,,r)dr :a?irTK0 (ﬁn,r)dr+£
Using (43) and (44), we have

f(2)

—ﬁff(ﬂn,z)+#{ﬂ<o(ﬂn,r)},b+ o (Ka(An) L+

2 1

Applying the finite Fourier transform we found:

5 d°T dT
ad?M (am,Z)dZ :E

Again, expanding the first two terms:

dz dz

Considering the boundary conditions:

z=0 s
And
, h
M ((Zm,Z)Z:| :k—AM (()zm,z)kI
4
Then
i _ &-l_—_f_S(ﬂn)
dz| |k k| .
i _ h_4-|_-_f_4(ﬂn)
dz - K, K, z:l,

Now substituting

dT | = , [ (
d_zM(am'Z)zzo -Ta,M (am,z)zz =1

{rKO(ﬂn,r)}r:a - pT

G, +9,0oT

(oM ()T )| | e 0) T ()

~F (2

r=a

(8,0

- — _
rKOerd—I-F&-FM
dz k k

d°T Gy , 9oPT
a2 kK

—_— b —_—
M (am,z)lzzo -Ta,M '(am,z)lzzo +J.a§]TM "(ay.2)dz,
a

z=0

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)
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The third term is:

Ja2T (5o 2)M” (e 2)02 = =2 [T (5,,2)M (2, 2)02 = 2T (1),
Then:
bdZ-F f_4 N f_?, n 2T
[ ™ (an2)dz = |(<4ﬁ iy (@ 2)f,, + (kf ){'V' (e 2)}, =T (Brictn), 0)

Applying the Fourier transform to the rest of the differential equation and including the results previously ob-
tained:

(o)

_hl
—
XQ
3
~—

_:BnZT (:Bn*am)+ {rKO (ﬂn'r)}r:b+

T ) & l & o T Y
4 n 3 n 2E GO 0 T
+ l(f){M(am,z)}z_l+ (kf){M(“m’z)}z-o_amT(ﬁn'a )+T+g|f =0,
which yields
— T f
T- 1 { l( m){rKo(ﬁnvr)}r:a+ Zlgam){rKo(ﬁnvr)}r .
(%i"’ﬂnz_gopj 1 2
k (52)
(5, (8, G,
lEg ){M(am,z)}zo+ |£4 ){M(am,z)}z_l-i-T,
or
T(1,2)= 2T (00 Ko (1M (et 2). 3
where
Ry (B, r
Ko(ﬂn!r): E/ﬂn )1
= Jr e | (R ) R ()
R(;:dRO(,b?n,r),
d(5,.r)
:ﬁ hy 2 _a_z h? 2 54
N Z[ﬁnzk22+1JRo(ﬁn,b) 2(ﬁnzklz+l]RO(ﬂn,a), (54)
M(am,z)zz(j‘NL’,z),
N'= — +—— |+ =,
o, ai+% a,
7. Results

In this study the following physical considerations were considered while developing the numerical simulations.
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Taking into account these real parameters the thermal model is completely simulated as a system, following the
technical specifications being considered in the electrical industry [2]-[6] [11]-[14].

Data considered for the analysis were given by the Table 1.

In the case of a distribution transformer a symmetrical section was considered along the vertical axis of the
transformer, according to the geometrical dimensions and shape of the assembly windings-core. The average
conductivity of the windings-core was 8.94 W/m-°C.

In reference to Figure 9, the reduction in oil temperature is observed in the lower part of the transformer. This is
due to the cooling effect that is taking place in the radiator. The simulation was performed using FLUENT™ [3]
[13].

In reference to the numerical results for the power transformer model of 30 MVA, the corresponding data for
a disk are shown in Table 2.

According to the data shown on Table 2 a solution was obtained by using Matlab (see the Figure 10).

8.16e-01
8.05¢-01
7.94e-01
7.83e-01
7.72¢-01
7.61e-01
7.51e-01
Cylindrical ;égg-gi
core of 7.16e-01
7.07e-01
the transformer . 6.95e-01
. 6.85¢-01
6.75¢-01
6.64¢-01
6.53¢-01
6.42e-01
6.31e-01
6.20e-01
6.09¢-01
5.98e-01

Figure 9. Temperature distribution due to the heat generation
coming from windings-core.

Table 1. Transformer and cooling media data.

()
# Characteristics Value
1 Tank heigth, m 3.91
2 Tank width, m 2.10
3 Tank length, m 3.81
4 Top oil temperature, °C 70.00
5 Average air temperature, °C 25.00
6 Total Q, watts 189552.00
(b)
# Characteristics Value
1 Gravity, m/s? 9.81
2 Prandtl number 0.70
3 Kinematic viscosity, m?/s 1.795E-05
4 Conductivity, watts/m°C 2.728E-02
5 Thermal expansion 3.120E-03
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Temp. C

Distancia Axial,%

Distancia Radial,%

Figure 10. Winding temperature distribution, Tamb = 30°C, Re = 750, ht = 0.08 W/m?
°C, hb = 0.03 W/m?-°C. The red top of the surface corresponds to the temperature that
provokes the 2-surface using to the model in this direction.

Table 2. Power transformer data.

10
11
12
13
14
15
16
17

18

Under high voltage regime

Parameter
Disk radius, mm
Height of the disk, mm
Width of the isolation, mm
Number of turns
Oil specific heat J/Kg °C
Density of disk, Kg/m®
Thermal conductivity, W/m-°C
Resistance Coefficient, °C™*
Number of ducts
Width of ducts, mm
Copper total loss in high voltage winding, W
Copper loss per disk, W
Internal area of the disk, m?
External area of the disk, m?
Vertical space area, m?
Horizontal space area, m?
Total exposed area to oil, m?

Heat flux per disk, W/m?

Numerical value
371/438
21
4 (axial), 0.7 (radial)
20
420
4300
25
0.0039

18

12000
217
0.0489
0.057
0.0189
0.063
0.288

751
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Then a numerical simulation using Comsol was performed in an air cooled transformer. The experiment in-
cludes a transient simulation of the electromagnetic effect created by the B-H curve for the core which produces
the electrical and magnetic distribution. Data for the simulation is shown in Table 3. The resulting electrical
currents are shown in Figure 11.

We realize the analysis of some functions that are characteristics of the thermal-magnetic behavior (see Figure
12(a) and Figure 12(b), Table 3 and Table 4):

Figure 11. Winding electrical currents.

Table 3. Data on electrical design characteristics of the transformer for the simulation.

Data for the simulation

f Name Expression Description

1 Rp 100 [ohm] Primary side resistance

2 Rs 10 [kohm] Secondary side resistance

3 Np 300 Number of turns in the primary winding
4 Ns 300 Number of turns in the secondary winding
5 v 50 [Hz] Frequency of voltage supply

6 Vac 25[V] Voltage of power supply

7 Vin le—1 [m/s] Air velocity

Table 4. Material parameters.

Thermal-magnetic parameters

f Name Value Unit

1 Relative permeability 1 1

2 Relative permitivity 1 1

3 Dynamical viscosity n (TIVK]) [Pa*s] Pa*s

4 Specific heat relations 1.4 1

5 Electrical conductivity 10 [S/m] S/m

6 Heating capacity to constant pressure C, =385-440 (T [UK][/(Kg*K)] J(Kg*K)
Copy Density p= 7870 -8700 (pA [1/Pa], T(L/K)) [Kg/m?] Kg/m®
Copy Thermal conductivity k =76.2 - 400 (T[1/K]) [W/(m*K)] WI(m*K)
Copy Normal H JHZ+HZ+H? Alm
Copy Normal of the magnetic field HB (normal B[1/T]) [A/m] Al/m
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Figure 12. Functions of (a) heating capacity to constant pressure C_(T); (b) thermal onductivity k(T); (c) specific
heat C,(T), and (d) normal of magnetic field HB(t).

The corresponding energy equation considered for the analysis was:
pC UvT =V(kVT)+0 (55)

The geometry used as well as the corresponding surface magnetic flux density and air flow distribution is shown
in Figures 13-15.

Considering the solution presented in Section 4, additional results are presented (see the Figure 16(a) and
Figure 16(b)):

To obtain the idealized states of winding temperature distributions showed in the Figure 16(a) and Figure
16(b), is necessary that let designed an distribution of heat on the geometrical entire of the transformer core ob-
eyed the cylindrical geometry and heat source produced inside the transformer core. Very of this heat is produced
in the centre the core and generated by the winding through the contribution of each conductor line around of
nucleus. The contribution of the magnetic field (which produced heat) in this idealized case can be given by our
Hankel transform as shows the Figure 17. The cooling is idealized with the optimal cooling system u,, , can be
applied to the quantity ®, of the Equation (55).

Conjecture. (F. Bulnes-A. Tello). The degeneration of the hyperbolic space of heat flow inside the transformer
(perturbation singular space) must be to an elliptic space with one finite singularity bounded by the Fourier
coefficients given in (53) (see the Figure 18).

The elliptic space is more stable than the hyperbolic space. Their solutions can be approximated by harmonics
terms that fluctuate inside the amplitudes space to Fourier series (see Figure 19). The hyperbolicity of the heat
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Figure 13. Transformer geometry.

Surface: Magnetic flux density norm (T)
Arrow Volume: Current density Arrow Volume: Current Density

A 023

0.2

0.15

0.1

z 0.05

¥ 1.65 x 10+
Figure 14. Surface magnetic flux density.

Slice: Velocity magnitude (m/s)

A 2,07x107
x1073

20
18
16

X
Figure 15. Air flow velocity distribution.
flow space, as is said, depends of the magnetic field and their potentials. Then we want become this hyperbolicity

in an elliptic behavior of our electromagnetic solutions to derive an elliptic behavior in our magnetic field solu-
tions and we obtain stability (uniformity of heat increasing and bound to this heat) (see the Figure 20 and Figure

21).
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MODELADO TERMICO DEL TRANSFORMADOR ELECTRICO MODELADO TERMICO DEL TRANSFORMADOR ELECTRICO

........................ .

0.15

20
el

B S 0.1

0.05

L 02 04 0.6 08

(@) (b)

Figure 16. ldealized winding temperature distributions shaped by the specific heat and heating capacity to constant pressure
curve (see the Figure 12(a) and Figure 12(c)).

x 10*

Figure 18. Hyperbolic and elliptic heat flow behavior.

8. Conclusions

The development of solution to the conduction heat equation represents a physical phenomenon that includes
natural convection of a fluid in power transformers. Several approaches were presented including analytical using
the Hankel transform and numerical schemes.

The numerical solutions using Fluent were presented as well as Comsol Multiphysics. In the first case of the
analytical solution a 30 MVA ONAN power transformer was considered. For the numerical solutions an air cooled



F. Bulnes et al.

Figure 19. Thermo magnetic wave from the heat term e*J,(as)J,(rs), inside analytic solution of tem-
perature obtained in (11). The corresponding pulse is the image in the dual space in the w-space men-
tioned in the introduction. This spectral image is obtained in the screen of an analogical oscilloscope.
Observe that the decreasing of the initial magnetic heat signal is corresponded to the red extreme of the
surface. This simulation is presented with magnetic signals that induce certain currents registered in an
analogical oscilloscope.

Surface: Temperature (degC)
A 209

20.9

V¥ 208

Figure 20. From (55) taking the inputs u, =-U,n, we have
the outputs [—pl + z(Vu + (Vu)")] —% u(Vu)n=— pn , with

ﬁo <P To =T,

e-transformer was simulated having a one turn relation and a resistance connected to the primary and secondary
sides and air convection. Also, the thermal simulation of a distribution transformer was presented.

According to the graphs shown it is interesting to note that several data which are quite helpful to the designer
are obtained. The effects of different thermal parameters are shown and a maximum winding temperature is ob-
served. IEEE standard [2] presents a way of calculating the maximum winding temperature based on a metho-
dology. This standard does not include the location of the hot spot. This hot spot can be located based on the
numerical and analytical approaches. Other authors have developed similar solutions of the heat conduction eg-
uation regarding location of hot spot and their numerical value. Values and location of hot spot encountered by
these authors are dependent on the type of method of solution and vary according to the construction of the
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Global: Current in secondary winding (A) Global: Current in primary winding (A)
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Figure 21. (a) Global: current in secondary winding; (b) Global: current in primary winding.

transformer. Results there shown are in concordance to the ones found in this work in respect to the approaches
used in this work to obtain the maximum winding temperature.

Acknowledgements

Authors thank the encouragement given by Technological Institute of High Studies of Chalco, for development of
these works and financial support.

References

[1] Pierce, L.W. and Holifield, T. (1999) A Thermal Model for Optimized Distribution and Small Power Transformer De-
sign. IEEE Transactions on Power Systems, 2, 925-929.

[2] (1996) ANSI/IEEE Loading Guide for Mineral oil Immersed Transformer. C57.91-1995.

[3] Tello, A. (2009) Modelo Térmico de Transformador Eléctrico. Tesis de Doctorado, Escuela Superior de Ingenieria
Mecénica (ESIME), Instituto Politécnico Nacional, Ciudad de México.

[4] Susa, D., Lethonen, M. and Nordman, H. (2005) Dynamic Thermal Modeling of Power Transformers. IEEE Transac-
tions on Power Delivery, 20, 197-204. http://dx.doi.org/10.1109/TPWRD.2004.835255

[5] Nordman, H. (2004) Average Oil Temperature Rise in Distribution Transformers without External Oil Circulation. Te-
chnical Memorandum, 2004-03-15.

[6] Montsinger, V.M. (1951) Thermal Characteristics of Transformer. In: Blume, L.F., et al., Eds., Transformers Engi-
neering: A Treatise on the Theory, Operation and Application of Transformers, Wiley, New York.

[7] Pradhan, M.K. and Ramu, T.S. (2003) Prediction of Hottest Spot Temperature (HST) in Power and Station Transfor-
mers. IEEE Transactions Power Delivery, 18, 1275-1283. http://dx.doi.org/10.1109/TPWRD.2003.817739

[8] (2005) Market and Technology Assessment. Prentice Hall, Upper Saddle River.

[9] Bulnes, F. (1998) Treatise of Advanced Mathematics: Analysis of Signals and Systems. Faculty of Science, National
Autonomous University of Mexico, Mexico City.

[10] Bulnes, F. (2008) Analysis of Prospective and Development of Effective Technologies through Integral Synergic Op-
erators of the Mechanics. In: 14th Scientific Convention of Engineering and Arquitecture: Proceedings of the 5th Cu-
ban Congress of Mechanical Engineering, ISPJAE and Superior Education Ministry of Cuba, Eds., 2-5 December
2008, Havana.

[11] Feynman, R., Leighton, R. and Sands, M. (1964) Electromagnetism and Matter. Addison-Wesley, Boston.

[12] Bulnes, F. and Maya, J. (2009) Synergic Integral Operators and Thompson Effect to the Evaluating to Temperature
Electrical Conductors. CIM2009, Electrical Engineering, Instituto Tecnoldgico de Orizaba, Veracruz, 328-335.

[13] Bulnes, F. and Tello, A. (2010) Thermal Modeled of Electric Transformers through Their Evaluating by Integral Oper-
ators of the Mechanics (I1). Proc. 152 CCIA-SIDEGI, CUJAE, Ministerio de Educacion Superior de Cuba, Habana,
273-279.

[14] Pierce, L.W. (1994) Hottest Spot Temperatures in Ventilated Dry Type Transformers. IEEE Transactions on Power
Delivery, 9, 257-264. http://dx.doi.org/10.1109/61.277697



http://dx.doi.org/10.1109/TPWRD.2004.835255
http://dx.doi.org/10.1109/TPWRD.2003.817739
http://dx.doi.org/10.1109/61.277697

F. Bulnes et al.

[15] Alegi, G.L. and Black, W.Z. (1990) Real Time Thermal Model for an Oil-Immersed Forced Air Power Transformer.
IEEE Transactions on Power Delivery, 5, 991-999. http://dx.doi.org/10.1109/61.53112

[16] Ramaswamy, B. and Jue, T.C. (1992) Some Recent Trends and Development in Finite Element Analysis for Incom-
pressible Flows. International Journal for Numerical Methods in Engineering, 35, 671-707.
http://dx.doi.org/10.1002/nme.1620350405

[17] Patankar, S.V. (1980) Numerical Heat Transfer and Fluid Flow. Hemisphere, New York.



http://dx.doi.org/10.1109/61.53112
http://dx.doi.org/10.1002/nme.1620350405

F. Bulnes et al.

Appendix A

Theorem (F. Bulnes, A. Tello) A. 1. From a point of view of heat transfer an electrical transformer is a box
T=V,0+ uQ,such that their heat flow can be parameterized by the vector bundle TT , where O, in our heat
transfer problem is a differential operator of the heat characteristics and u,, is a heat control given by the cool-
ing systerps Their heat transfer model is given by 7# ® v , where is descrlbed by the functions J,, Jl,}[ @
and, H .

Proof. Let T, be a manifold of the points Z“*. If T, is a box where exists a transformation of a physical
intensity property (as voltage) and thermo-dynamical potentials (in this case magnetic potentials) then as closed
ambit satisfies the equilibrium energy principle?.

50 =0W +dE, (A1)
where the state manifold Q :{q" ela][a]<T *Q} , and we have identified the energy variation in their hori-
zontal spaces (as elements corresponding horizontal bundle 7# ), to know

dE (v)we dE, (H,(Q))=T(TQ), (A2)
where H (Q)e7wH, YWe T? (Q),v eT,Q, and qeQ, where furthermore to the tangent spaces is had that

T,Q=H,(Q)®V,(Q), (A3)

Then the manifold Q < T, is the given for the space (Figure 7(a)), to points (q,¢)eTQ, where by the
thermo-dynamical equilibrium established by (A.1) and to each intensive property that is wanted to measure (as

the heat flow) we have a smooth map o :{E”} —{®,17,E} such that their pullback o, on TT, is:
o’ (Q)=0"(d®-5,,1“dE“ ) =0, (A4)

where the 1-form Q, is the element of the proper vector bundle of the transformer TT . From (A.4) and con-
sidering many conditions of geometrical symmetry and nature of our potentials we have

Vi, (r,2)=0, (A.5)

which have spectral solutions given by (4), where explicitly their solutions are functions T (r,z), of the form
(6).

By (4) the unique functions that shape the horizontal bundles are created to start of the magnetlc field. But
these come from of the geometry of the core of transformer. These functions are HW, j=1,2% The functions
&,and ¢, given in the solution (6) satisfy the functional relations on a compact space K,

J.‘:E(Sltsz)de (1)=&(s)&(s2), (A.6)

I((Sltsz)de (t)=2(s)<(s2), (A7)

Thermo-dynamical manifold of points z* ={c1>, 1“, E} where ®, is an arbitrary thermodynamic potential (that to our research have

origin magnetic, that is to say, vector magnetic potentials), E“, «=1,2,---,n, are the extensive variables (system coordinates), and 1,
the intensive variables heat flow, heat energy, etc.).
?By the conservation of energy for a closed systemas T (a totally isolated thermodynamic system).

*These maps characterize this sub-manifold with Riemannian structure. The idea of the smooth map o, is to obtain a measurement of the
heat flow through intensive properties, and potentials. Here the extensive properties are considered constants.

17 .

j_[:) (S) — 7| J' essunhmzzdt,
T

“Hankel functions with the functional integral expressions: -

a

H (S) — _ii j‘ gssith-atgjt
T -
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which in particular are the spherical functions JO,J15.

These functions are radial and shape the vertical bundles in the z-direction. Then the smooth map o, dege-
nerates in a homomorphism which implies that G , is identified with the direct product K x A . Then the grid is
shaped to the geometrical model of points x;, (Section 5).

But the Equation (60) can be write through the temperature measured by the gradT , with the corresponding
media thermal conductivity factor k,that gradT =®..

Using (A.6) (A.7) and the modeling given by the Section 5, we have to all bundle TT , the functional inte-
grals (22) and (23), that solve the heat flow modeling givenby 7 ®7v. 4

An approximation in their extending to a Hilbert space & ("), where x*, is a measure of the heat through
the magnetic field is the function f ESL(G/K), (calculated in (22)) and® used for trace to (53) and whose
spectra is the operator U, (f) on E,, (- space) which has rank <1; more precisely, for each zeE

Jo !

we have
U,(f)z=(z.%)U,(f)x, (A.8)
where x, =n(¢,), and the trace of this operator is given by
Tr(U,, ())=5f (3,), (A.9)

where 5, is the inverse Fourier transformand f (J,) is the spectraof J,.
The demonstration of (A.9) can be obtained using the fact that (53) haves the form

T(r2)=3 A3, (), (A.10)
n=1
where A are the coefficients (amplitudes) calculated '?( n,am), having (Figure 20 and Figure 21):
b —
[T(r.2){-B2r3, (B,.r)}dr ==B2T (B,.2) (A.11)

which proves (A.8). Then their trace is the temperature T (r,z), and the formula (A.9) is justified as the general
solution obtained in (11) to the heat transfer model (Figure 3 and Figure 20).

Here the extension, the operator U,, . is the map U, : L (G)—> E,, " defined as spectral representation of
Jo-

Technical Notation

T (s,z): Temperature distribution. In many cases comes given as temperature distribution surface when are
considered two parameters. Also is considered as function to apply the functional transforms used in this re-
search. But is more than function.

G : Generation heat factor considered in the elliptic model of heat flow output.

Jy (k(l)S (z)) : Bessel function of order 0, of characteristic thermal-magnetic flow considered in the thermo-
magnetism finite model. Also is a spherical function that explains the behavior of heat flow provokes by the
magnetic field.

G : An linear operator algebra. In this research are integral operators whose kernels are spherical functions in
some cases and cylindrical functions in other cases.

JH : The Hankel function. It is obtained as the direct Hankel transform.

SConsider the spherical function: w(x)=jz(usu’1)de (u),where x=ts, VteK (with K, acompactsubgroupof G)and A,isa
K
commutative normal closed subgroup of G , unimodular group. Then the spherical function w(x) , can be identified with the continuous
2n
function on the interval [0,0), defined by the formula: u(r):zi_"exp(r(icos<p+ysin (o))d(p . In particular, if 2=0,and u=i,the
T 0

function v(r), is the Bessel function J, .
° 2 (G/K)={f|f(st)=1(s),VseGteK].

"LL(G)={f|f = f, +if, is absolutely integrable on G} .
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JH": The inverse Hankel transform.
@ : Magnetic potential. This is a function of class C?(Q).

T : Electrical transformer. This can be viewed as the differential operator v, O +u,,.

N, (chS (z)) : Newman function. This appears as the imaginary part of Bessel complex function.

w-space : Spectral space.

@, (r, z) : Magnetic potential function in cylindrical coordinates.

®, (z) : Potential curves in one direction.

L, [a,b]: Space of square integrable function on the segment [a,b]. In our research the segment can be arbi-
trary [9].

& (y””) : Space of square integrable measures . . These measure are field observable as energies used to

analyze the behavior of heat transfer of the electrical transform.
TB: Vector bundle of magnetic flow density.
k : The wave number of the Bessel function, J,,.

S;(s)(i=12,---,N): Reticular functions used in computational models of heat flow corresponding to the
magnetic potentials @ (s).
K (z,s): Kernel of integral transforms.

'I_'(,Bn , z) : First Hankel transform of the temperature function considering the periodic functions.

FH'D: Complex Hankel function.

E/E, Homogeneous space of measures and pre-observables of heat due magnetic field.

TT : Vector bundle of lines that parameterizes the heat flow to representation in heat flow model.

E,-o: Space to the thermal-magnetism signals.

5315 (G/ K) : Space of measures on the classes of homogeneous space G/K , that are absolutely integrables.

K x A : Space of points that act to shape the 2-dimensional surface. This space is inherent of the vector mag-
netic field actions and each pointis x=ts, vVte K (with K, a compact subgroup of G)and A, isacom-
mutative normal closed subgroup of G, unimodular group.

E,, Spectral space of spherical functions of Bessel functions.
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