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In the electric power industry, the requirements for capacity, voltage level and compactness of transformers are
getting higher and higher, which lead to significant problems, such as increased loss and more serious hot spots
phenomena. Based on the three-dimensional finite element method, this paper establishes the bidirectional
coupling between electromagnetic field, flow field and temperature field to calculate the temperature rise of 400
kVA oil-immersed transformer at full load and compare it with the results obtained by the heat-flow unidirectional
coupling method (constant loss). The results show, due to the interaction between electromagnetic field and
temperature field, the coil loss density increases, but the core loss density does not change. The hot spot
temperature of coil increases and the location of coil hot spot changes. The temperature and position of the core
hot spot do not change. The loss density of coil decreases as the inlet velocity increases, the hot spot
temperature of coil drops faster. When the inlet velocity exceeds 0.5 m/s, increasing the inlet velocity can no
longer effectively promote heat exchange. With the increase of the inlet velocity, the interaction between
electromagnetic field and temperature field is weakened, but it still has a great impact on the loss density of coil.
The multi-physics coupling method is of great significance to improve the accuracy of transformer temperature
rise calculation.

1. Introduction

Power transformers are one of the most critical devices in power system (Zhou et al., 2017), its insulation
performance is related to the heat generation and heat dissipation of the winding. If the winding operating
temperature is too high, it will cause serious electrical or mechanical failure (Zhang, 2017). Accurately
calculating the temperature rise and predicting the temperature and location of hotspot is of great significance
to improve the safety and stability of transformer operation and extend its service life (Acharya et al., 2017).
Deng et al. (2019) proposed a prediction method to predict the hot spot temperature of a 10 kV oil-immersed
transformer, took feature points and transformer load rate as the input parameters of a machine learning model
established by support vector regression (SVR) to describe their relationships. Gamil et al. (2018) established
a theoretical thermal model based on thermal hydraulic principles to calculate the temperature of winding and
inserted the data from cooling-curves of a set of different transformer designs to correct the calculated gradient
and recalculate the oil temperature at top.

Numerical simulation methods to analyze electrical equipment temperature distribution have been widely used.
Sitar et al. (2017) calculated the tank loss by the edge element version of T-Q method, then used it as a constant
heat source to conduct a temperature FEM calculation. Liu et al. (2019) established a two-dimensional model
of oil-immersed transformer, used the finite element method to obtain the transformer winding loss, and then
used it as a constant heat source to calculate the oil and temperature distribution of the transformer. Yang et al.
(2019) adopted the principle of constant joule heating to transform the fluctuating current into a steady-state
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current to obtain the internal dielectric loss of transformer bushing, then used it as a constant heat source to
calculate the transient temperature field of bushing.

Temperature rise of transformer is a multi-physics coupling process, but judging from the studies mentioned
above, scholars currently calculate transformer temperature rise based on the assumption of constant losses,
using the heat-flow unidirectional coupling method, which fails to consider the effect of temperature on losses.
And scholars usually use the two-dimensional long and short axis slice model of the winding to replace the
three-dimensional model, which cannot accurately predict the hot spot location of winding. This paper
establishes the bidirectional coupling between electromagnetic-heat-flow physical fields for the first time to
calculate the winding loss and temperature distribution of the transformer at full load and compares it with the
results when the winding loss is constant to analyze the interaction between multi-physics. This work will
contribute to the development of numerical calculation of transformers.

2. Physical model and calculation method

2.1 Physical model and geometric parameters

400 kVA-15 kV/400 V oil-immersed transformer is selected as the calculation model. The cooling method is
forced oil circulation. It uses an oil pump. The power is greater than the natural oil circulation method, the cooling
effect is better. The heat exchange effect can be adjusted by the inlet oil flow rate. Its physical model and size
are shown in Figure 1. Including: transformer oil tank (Figure 1a) and winding (Figure 1b). To simplify the model,
ignore the transformer oil tank thickness. Inlet velocity is 0.1 m/s.
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Figure 1: Transformer model and geometric parameters (a) Transformer tank and (b) Winding (core and coil)

The physical properties of winding and transformer oil vary with temperature. Transformer oil physical properties
are given by COMSOL finite element analysis software. The thermal conductivity and specific heat capacity of
winding are show in Eq(1) - (4) (Tsili et al., 2012). Where ¢p, iron (T) and cp, copper (T) are the constant pressure
heat capacity of core and coil, (W/(m-K)); Airon (T) and Acopper (T) are the thermal conductivity of core and coil,
(J/(kg-K); T is temperature, K.

Aon (T) =8.64%x10° x(T - 273.15)2 -0.104 (T - 273.15) + 404.18 1)
Cooirn (T) =—2.91x10" x (T - 273.15)2 +0.522x (T —273.15) + 431.88 2
Aeopper (T) =1.22 x10™ x(T - 273.15)2 -0.128x(T -273.15)+83.71 3)
Cocopper (T) =320 x10% x(T - 273.15)2 +0.221x (T -273.15) + 376.98 4)
o (T) is the electrical conductivity of coil, S/m; pris the relative permeability of core, as show in Eq(5)-(6).
o(T)=1/ p,(1+a(T-T,)) (5)
w=p-j " =950 — j30 (6)

The electrical conductivity of coil changes with temperature, the reference resistivity oo is 1.6679 x 10® Qxm,
the resistivity temperature coefficient a is 3.9 x 103 1/K, the reference temperature Tref is 293.15 K. The relative
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permeability of core is expressed in the plural form, ' is the real part, represents the magnetic storage capacity,

M is the imaginary part, represents the magnetic loss capacity, j is the imaginary unit of plural.

2.2 Control equations and calculation methods

The transformer model is divided into a solid domain (winding) and a fluid domain (transformer oil). The
electromagnetic-heat coupling equations of the solid domain are show in Eq(7)-(9). The heat transfer equation
of winding Eq(7) and the electromagnetic filed equation Eq(9) are coupled by the magnetic loss equation Eq(8).
The tank wall is magnetically insulated.

V-(A(T)VT)+Q, =0 o
Q. =Q, +Qy = ~Re(J-E")+ 2Re(job A" ®
2 2
o’y A+ ja)a(T)A+V><(,u’1V>< A) =0 o
The constitutive equations of electromagnetic field are show in Eq(10)-(13),
VxA=B w0
Foen (11)
o (12)
J= G(T) E )

The coupled heat-flow equations of the fluid domain are show in Eqs(14) - (16), the mass conservation equation
Eq(14), the oil heat transfer equation Eq(15) and the momentum conservation equation Eq(16) are coupled by
the thermal properties of transformer oil (oil properties are given by COMSOL finite element analysis software).

Vv =0 (14)
vy ov AT, Ay

p(T)V-VT)=V [(Cp(T)+GT) (VT)] (15)

P(T)(V-VW) =—Vp+V-[(&(T)+ 1)V +(VW)")] (16)

Where A (T) is the thermal conductivity, W/(m?-K); Qe is the winding loss density, Qi and Qm are the electrical
loss density and magnetic loss density, W/m?; Re is the real part of the imaginary number; J is the current

density, A/m?; E and H are conjugate complex numbers of E and H; B is the magnetic induction, T; A is

the magnetic vector potential, Wb/m; E is the electric field strength, N/C; H is the magnetic field strength, A/m;
jis an imaginary unit; w = 21f, is the phase angle; f is the electric excitation frequency, 50 Hz; y is the dielectric

constant, F/M; p is the permeability, H/m; o (T) is the electrical conductivity, S/m; V is the speed vector of
transformer oil, m/s; p (T) is the transformer oil density, kg/m?3; cp (T) is the constant pressure specific heat
capacity of transformer oil, J/(kg-K); pt is the turbulent viscosity of transformer oil, kg/(m-s); ot is the Prandtl
number of the transformer oil heat transfer equation; p is pressure, Pa; y (T) is the dynamic viscosity of
transformer oil, kg/(m-s).

The boundary condition of the contact surface between the winding and transformer oil is fluid-solid coupling
heat transfer boundary. The heat exchange between the tank wall and the outside air is natural convection, and
the ambient temperature, Tamb is 293.15 K. The heat transfer at the top and bottom tank wall can be considered
as natural convection heat transfer outside a horizontal wall, the heat transfer at the side wall can be regarded
as the natural convection heat transfer outside a vertical wall.

The governing equations are solved with the finite element analysis software COMSOL Multiphysics 5.2. The
iterative solver GMRES of frequency domain-steady state solution is used to calculate the electromagnetic loss,
temperature and oil distribution of the transformer at full load (COMSOL Multiphysics 5.2, 2016). When the
calculated residual is less than 103, the calculation is considered to have reached convergence.
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3. Grid independence test and model validations

The memory resources required for multi-physics direct coupling method are extremely large, too fine meshing
makes calculation impossible. Based on Richardson's extrapolation method (Roache, 1994), the grid
convergence index (GClI) is used to verify the independence of the grid. The total number of three sets of grids
is 395,980, 688,181, and 1,109,682. The GCI criterion number is 0.4 %. It can be considered that a grid-
independent solution is obtained when the number of grids is 1,109,682.

At present, no scholars have used the electromagnetic-heat-flow bidirectional coupling method to calculate the
temperature rise of transformer. This paper checks each physics calculation model separately. When the
electrical conductivity is constant (o = 6 x 107 S/m), open and short circuit tests are performed on the transformer
to check the electromagnetic loss model. The core loss obtained by the simulated open circuit test is 1,577.3
W, while the core loss obtained by Steinmetz formula (Kulkarni and Khaparde, 2017) is 1,601.74 W. The coil
loss obtained by the simulated short circuit test is 2,269.93 W, and the DC loss of the coil according to Joule's
law is 2,277.73 W. The results show that the electromagnetic loss calculation model is reliable. When studying
the heat transfer characteristics of pipe cable in the previous article (Fu et al., 2018), a unidirectional coupling
model of electromagnetic-heat-flow had been established. Following the previous study, an electromagnetic-
heat-flow bidirectional coupling is established based on the change of electrical conductivity with temperature
in the present paper.

4. Results and discussion

When using the multi-physics coupling method, the electrical conductivity is affected by temperature, the high
voltage coil loss density is 28,343 W/m?, the low voltage winding loss density is 39,516 W/m?3, the core loss
density is 10,697 W/m3. The temperature and oil distribution obtained by the multi-physics coupling method is
shown in Figure 2. It shows that, there is a vortex at the bottom of the tank, and the oil flow velocity on both
sides of the iron core is larger (Figure 2c). The core temperature distribution decreases from top to bottom
(Figure 2b). The coil hot spot temperature is 371.06 K, which is located at 82.5 % of the total height of A-phase
high voltage coil. The core hot spot temperature is 337.53 K, which is located on the upper yoke of core (93 %

of the total height).
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Figure 2: Temperature distribution of (a) Coil, (b) Core and (c) Speed distribution of oil in z direction (x-z section)
obtained from the multi-physics coupling method
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When the electrical conductivity does not change with temperature (o = 6 x 107 S/m), the winding loss is constant,
the loss density of high and low voltage coils are 21,849 W/m?2 and 31,181 W/m?, and the core loss density is
10,752 W/mS3. The temperature and oil distribution obtained by the heat-flow unidirectional coupling method is
shown in Figure 3. The coil hot spot temperature is 352.28 K, which is located at 87.5 % of the total height of B-
phase low voltage coil. The core hot spot temperature is 337.66 K, which is located at the upper yoke of core
(95.2 % of the total height).

Compare the results of two methods, when the multi-physics coupling method is used, due to the electrical
conductivity of coil changes with temperature, the loss density of high and low voltage coils increase by 29.72 %
and 26.73 %. The coil hot spot temperature increases by 18.78 K, the hot spot location also changed. The core
loss density is related to the magnetic flux density in the core, when the transformer is fully loaded, the magnetic
flux density reaches saturation, and the core loss density and hot spot are basically unchanged.
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Figure 3: Temperature distribution of (a) Coil, (b) Core and (c) Speed distribution of oil in z direction (x-z section)
obtained from the heat-flow unidirectional coupling method (0=6x%107 S/m, constant heat source)
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At different inlet velocity, the coil loss density obtained by the multi-physics coupling method and the percentage
increase compared to the constant loss (o = 6 x 107 S/m, the loss density of high and low voltage coils are
21,849 W/m? and 31,181 W/m?) are shown in Table 1. With the increase of the inlet velocity, the coil loss density
and the percentage increase of coil loss density decreases.

Table 1: Coil loss density obtained by the multi-physics coupling method and percentage increase compared
to constant loss

Inlet velocity Loss density of High  Loss density of low Percentage increase Percentage increase

(m/s) voltage coil (W/m3) voltage coil (W/m3) of high voltage coil of low voltage coll
0.1 28,343 39,516 29.7 % 26.7 %

0.2 25,745 36,021 17.8 % 155 %

0.3 24,795 34,730 13.5% 114 %

0.4 24,280 34,031 111 % 9.1 %

0.5 23,948 33,588 9.6 % 7.7 %

0.6 23,716 33,278 8.5% 6.7 %

The variation of hot spot temperature with inlet velocity is shown in Figure 4. As the inlet velocity increases, the
loss density of coil decreases, the hot spot temperature of coil drops faster. The core loss density is unchanged
when the transformer is fully loaded, so the hot spot temperature of core at different inlet velocity obtained by
two methods is the same. When the inlet velocity exceeds 0.5 m/s, increasing the inlet velocity unable to further
promote the disturbance of oil flow, and the temperature difference between winding and oil is small, so it can
no longer effectively enhance heat transfer.

380 T T

. coil (rlnultiphyslics coupling)

370 —=— core (multiphysics coupling) 4
—e— coil (constant heat source)
360 - —v— core (constant heat source)

350 1

Hot spot temperature, T/(K)
®
o
T
L

310

300 L L L L L L
0.1 0.2 0.3 0.4 0.5 0.6

Inlet velocitv. V/(m/s)

Figure 4: Variations of hot spot temperature with inlet velocity

As can be seen from Table 1 and Figure 4, as the inlet velocity increases, the interaction between
electromagnetic field and temperature field weakens, but the electromagnetic loss is still significantly affected
by temperature. When the heat dissipation of the winding is poor or the transformer is a large-capacity
transformer with large loss, it will also have a greater impact on the hot spot temperature.



342

5. Conclusions

Compare the results of electromagnetic-heat-flow bidirectional coupling method with the results of heat-flow
unidirectional coupling method, the main findings are as follows:

(1) When the inlet velocity is 0.1 m/s, the loss density of high and low voltage coils increase by 29.72 % and
26.73 %, the hot spot temperature of coil increases by 17.5 K, the hot spot location of coil also changed.

(2) The loss density of coil decreases with the increase of inlet velocity, the hot spot temperature of coil drops
faster. When the inlet velocity exceeds 0.5 m/s, increasing the inlet velocity can no longer effectively enhance
heat transfer.

(3) As the inlet velocity increases, the interaction between electromagnetic field and temperature field is
weakened, but it still has a significant impact on the electromagnetic loss, and when the heat dissipation of the
winding is poor or the transformer capacity is large, it will also affect hot spot.

This article is of great significance to analyze the physical mechanism of multi-physics strength coupling and
quickly predict the hot spot of transformers, but due to the simplification of the physical model, the results in this
article may deviate from the actual situation. In the future, the porous media model will be applied to the caill,
the stray losses on the metal components will be considered.
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