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Abstract - We want to make longer the life of the transformer
and we need to effectively solve cooling and heat transfer
problems. A mathematical model in this paper is developed and
set up to calculate the heat for a 560k\VVA power transformer. This
paper is performed by two experimental methods and
Computational Fluid Dynamics. Thermal analysis and calculation
are performed on various points on the coil or barrel surface.
Correspondingly, the temperature distribution is calculated for
the different working modes of the transformer in the case of
no-load and rated and short-circuit. Description of heat transfer,
temperature flows in an explosion-proof enclosure. In addition,
the hottest spots on the coil or sheath surface are found. From the
results, it is open to study thermal calculation method models for
different electrical equipments and machines.

Key words - Transformer; Short-circuit;
Computational Fluid Dynamics; Cooling.
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1. Introduction

When operating transformers, we also pay attention to the
electrical parameters, the temperature parameters on the steel
core and windings are very important. If it is effectively solved
the cooling problem, the transformer's life will be greatly
increased. The process of temperature transferring and
cooling of dry transformers is very complex and sometimes
more difficult than that of oil transformers. Especially, the dry
pressure machine is naturally cooled by air, it is used in
underground mines, where there is a danger of explosion of
methane gas and/or coal dust. The transformer is pre-designed
in an explosion-proof enclosure, with different internal and
external atmospheres, it works under strict operating
conditions on cooling [1-4]. Therefore, it is required to find
mathematical models/processes to calculate the temperature
distribution inside and outside the enclosure; Accurate
determination of the hottest spot in the core and windings is
essential for air-cooled dry transformers [5-7].

The authors [8, 9] used the Finite Element Method (FEM)
to calculate the electromagnetic force when a short circuit
occurs, the temperature difference between the winding and
the epoxy layer and the temperature distribution of the non-
copper in the epoxy layer. Studying heat calculation using
formulas to calculate average values and not showing the
location with the highest temperature in core or windings.

The authors [10] provide a mathematical model of the
dry transformer heat distribution, the finite difference
method model is compared with the experimental method
with the same results. Many authors also study the
temperature distribssution in dry transformers by the finite

Tém tit — Dé tudi tho ciia may bién 4p duoc nang cao, ching
ta can giai quyét hiéu qué cac vin dé lam mat va truyén nhiét.
Bai bao nay thiét lap mét md hinh todn hoc dé tinh nhiét cho
may bién ap cong sudt 560kVA. Bai bao nay dugc thuc hién
béng hai phuong phap thuc nghiém va dong luc hoc chit luu.
Phan tich va tinh toan nhiét trén nhiéu diém khéac nhau trén bé
mit cuén day hodc vo thung. Pong thoi, phan bd nhiét d6 duoc
tinh toan cac ché d6 1am viéc khac nhau cua mdy bién ap trong
truong hop khong tai, dinh muc va ngan mach. M6 ta truyén
nhiét, dong nhiét do trong vé boc chong chay nd. Bén canh do,
tim ra cac diém nong nhét trén bé mat cudn day hodc vo thing.
Tir két qua ndy, mo ra huéng nghién ciru, tinh toan mé hinh
nhiét cho céc thiét bi dién va may dién khac.

Tiur khéa — May bién ap; ngén mach; nhiét 4§, dong luc hoc chét
Ivu; lam mat.

element method [11]. In order to solve temperature,
transfer problems and simulate heat distribution, different
research methods are used, which are: analytical or "semi-
analytic" methods such as equivalent alternative thermal
circuits and other methods. Numerical methods to build
thermal field models are used [12, 13].

The authors [14] have proposed a mathematical study
that is the temperature distribution field model, and it is the
numerical solver to solve the differential equations of the
thermal field of the transformer built from the model
physics. The transformer temperature field model is used
with two numerical solutions: FEM and Computational
Fluid Dynamics (CFD).

In the study [15], Wang Ning used the COMSOL
Multiphysics method to simulate the 3D temperature
distribution of dry transformers, verifying the results
between simulation and experimental measurements,
thereby proving the accuracy of the model. The results
show that the higher temperature is concentrated in the
upper region of the coils, phase B has a higher temperature
than phase A and phase C.

The authors [16] in the study compared the method
using the equivalent alternative thermal circuit model
(LPTN) and the FEM method. Research has shown that the
application of the LPTN model is more feasible. Although,
the temperature calculation results are quite different. At
the same time, the author's research shows that the hottest
temperature is concentrated in the middle of the winding.
The hottest temperature of high voltage (HV) winding is
60.89°C and low voltage (LV) winding is 73.83°C.
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The authors [17] performed the 3D temperature
distribution simulation of amorphous dry transformer
SCBH15-600/10. Simulation and experimental results
have a 10% error when the same capacity, the amorphous
machine is lower the temperature rise than the silicon core
transformer. In conclusion, the hottest point is in the B
phase LV winding.

With the above comments, we realize there are many
research works that have used different methods to
calculate and analyze the temperature in dry transformers.
However, the thermal research methods mainly only
calculate the electromagnetic parameters, but it does not
include the influence of the parameters of epoxy materials,
does not compare the turbulent temperature regions, and do
not consider the temperature, when the transformer is
working in no-load, rated and short-circuit.

In our paper, the temperature distribution for the
transformer is calculated, we have developed a
mathematical model derived from the chaotic kinetic
energy model and the radiant temperature transfer inside
and outside the tank. Analyzing and calculating heat
transfer, and temperature rise of dry air cooled transformer
using this mathematical model. The study conducts heat
calculation by experimental model and numerical
simulation model CFD in case of transformer working at
no-load, rated load and short circuit. In the end, the hottest
spots on the coil or barrel surfaces are found, which is
exactly what we asked for in the first place.

2. Building Mathematics Models

The main source of temperature generation is the loss
of the core and windings of the transformer. Then, in the
steady state, the temperature difference between the heat
source and the surrounding environment is determined by
the Fourier - Kirchhoff equation. [1,2]:

V(k.Vt) +q, = p.ca.Vt (1)

where: k - the thermal conductivity; t- temperature; g, - the
volumetric heat source; p — the density; ¢ - the specific heat
and o - the specific heat.

The transformer has a cooling medium inside and
outside the case, according to the momentum equation
written as: [17]:

Vao=0 (2)

poNVw=F—-Vp +yV2a) (3)
where: F - the body force vector; p - the pressure;
4 - the dynamic viscosity.

The motion of the internal and external air (inside and
outside the transformer tank) was typical buoyancy-driven
flow. Therefore, the above equations were supplemented
with the relation describing the density variation:

_Pw (4)

%(t +273)

p:

where: pop - the operating constant pressure; R - the gas
constant; M - the molar mass.

The preliminary shows that relatively high intensity of
the turbulent flow occurred in the air flowing through the

ducts between the coils, and between the coils and core, and
also in the external air flowing around the external walls of
the transformers tanks. For this reason, for the turbulence
modeling within this investigation, the standard K(s) model
was employed. The model is based on a solution of the
following transport equations for the turbulent kinetic
energy and the turbulent dissipation rate [19]:

pKVa):VK/,HMjVK}+GK +Gy— o, —Ym (5)
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2
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(6)
where: K - the turbulent kinetic energy; w - the turbulent
dynamic viscosity; ok - the turbulent Prandtl number for K; ¢
- the turbulent dissipation rate; o. — the turbulent Prandtl
number for &, Gk - the generation of the turbulence kinetic
energy due to the mean velocity gradients; Gy, - the generation
of the turbulence kinetic energy due to buoyancy; Ywm - the
contribution of the fluctuating dilatation in compressible
turbulence to the overall dissipation rate and finally C;;, Co
and Cs, — the constants depending on a variant of the K(g) [9].

The mathematical model takes into account forms of
heat transfer such as heat conduction, convection and
thermal radiation. Radiant heat transfer includes (*)
internal radiation and (**) external radiation. The internal
radiative heat transfer occurred within the transformer tank
filled with the cooling air, while the external radiative heat
flux was exchanged between the external tank walls and
the transformer surroundings [18].

(*) To solve the internal radiant heat transfer, we use
the Discrete Ordinate (DO) model. The DO radiation
model is written according to the radiation transfer

equation (RTE) as follows:
V.(I(r,s)s)+(@+0g)I(r,s)
4 v (7)
=an? M+4j 1(r,s)@(s,5s)d 2
z 0

where: I(r,s) the radiation intensity, which depends on
position r and direction s; r is the position vector; s - the
direction vector; a the absorption coefficient; os - the
scattering coefficient; n - the refractive index; o - the Stefan
— Boltzmann constant (6=5.672x108 Wm2K4); t the local
temperature; @ - the phase function; Ss - the scattering
direction vector, and € - the solid angle.

(**) The radiative heat transfer from the exterior of the
transformer tank did not require activating any of the
radiation models. The external radiative heat flux was
calculated using the temperature difference of the tank wall
(t»,;) and internal walls of the surrounding room (t,,). The
following equation was used to calculate the total energy
loss of the transformer tank due to radiation:

Q =Zn:A.0'.gw((twvi c213) ~(t,,,+ 273)4) ®)
i=1

where: Qr - the total heat transfer rate due to radiation from
the tank wall; A - the cell face area of the considered tank
wall; ¢ - the stefan - Boltzmann constant; ¢, - the
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emissivity; t,i - the local temperature of the tank wall;
tw, - the wall temperature of surrounding room [20, 21].

3. Geometrical model of transformer

Survey model of a dry transformer placed in an
explosion-proof enclosure (explosion-proof transformer)
with capacity 560kVA — 6/(1.2/0.69)kV, wiring diagram
Y/y, APy = 3500 W and APy = 1500 W. The transformer
model is drawn with many design drawings, but here only
one model is shown in Figure 1.

3.1. Dimensional model of transformer

Figure 1. Model of a dry transformer was made the epoxy [1]

The epoxy dry transformer is naturally cooled, to
enhance cooling, additional ventilation ducts are arranged,
on both sides of the case. The tank and transformer were
naturally cooled within only the surrounding air. The cooling
pipes were designed to work in the following way: the heat
from the internal air is transferred to the external surfaces of
the pipes. Then the heat is conducted through the pipe walls,
and finally, it is transferred from the internal pipe walls to
the external air flowing through the pipes Figure 2.

X LV winding

S b4

Figure 3. Geometrical model of winding — core — insulation

Both primary and secondary windings of the 560 kVA
transformer were manufactured using two different

techniques. The internal and external parts of the primary
coils were resinimmersed coils and consisted of flat wires,
wire insulation and interlayer epoxy insulation. Both
primary and secondary coils were naturally ventilated by
means of the internal air Figure 3.

Epoxy insulating molded resin helps to create an air
gap. A total number of turns of the high voltage (HV)
winding included 150 turns wound in 3 layers with the
overall dimensions of the external part of the primary coil
cross-section being 15 mm x 750.0 mm, while those of the
internal part were 20 mm x 750.0 mm. Low voltage (LV)
winding is wound with copper foil, including 30 turns
wound with the overall dimensions of the external part of
the primary coils cross-section were 12 mm x 750.0 mm,
while those of the internal part were 13 mm x 750.0 mm.

3.2. Material properties for thermal model

Computational modeling is performed at a steady state,
the thermal properties of solid materials in Kirchhoff's
Fourier equation are thermal conductivity, radiation and
emission. The material properties for solids were measured,
provided by manufacturers [19] and gathered from the
standard literature [1, 2]. The values of the thermal
conductivity and the emissivity are defined in Table 1.

Table 1. Thermal material properties steel and copper

Thermal
Transformer elements conductivity, [Emissivity
wm? K1
Copper for wires 385 -
Wire insulating materials 0.2 0.95
Coil interlayer materials 0.13 0.95
Steel sheets for core 40 -
Steel sheets coating 0.44 0.93
Insulating material for locating pads 0.57 0.95
Bakelite for insulation shields 0.23 0.85

4. Procedures for the Experimental measurements

The temperature tests are made by utilizing the rises
obtained from the two tests, one with no load loss only, and
one with load losses only, i.e. the open- and short-circuit
run. The no-load test, at a nominal voltage, was continued
until the steady-state conditions were obtained. Then the
individual winding temperature rises, Ate, were measured.
The short-circuit run with a nominal current flowing in one
winding and the other winding short-circuited was started
immediately following the no-load run, and continued until
the steady-state conditions were obtained and the
individual winding temperature rises At; were measured.

During the temperature test, the highlight field was
monitored by means of five thermocouples mounted within
the transformer tank. The sensors measured temperatures
on the top surface of the core above each leg, the air
between the core and the top wall of the tank, and the air in
the duct between a left core leg and the secondary internal
coil (points 3+7 in Figure 4). Moreover, the thermometers
captured the temperatures of the air at the inlet and the
outlet of the central cooling pipe (points 1-2 in Figure 4).
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Additionally, the temperatures of the external surfaces of
the transformer tank were also monitored by means of
infrared thermography.
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Figure 4. Schematic layout of the thermocouples and
thermometer locations within the transformer station
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5. Simulations model by CFD analysis

All dimensions, electrical specifications, winding
construction and material properties are in Section Il1. It is the
input data for CFD analysis. The mathematical model
required the solution of the thermal-flow problem including
the governing equations, source terms, boundary conditions
and material properties. In this study, it is assumed that the
winding and the core are like a homogeneous material and
there is only one equivalent value for the thermal conductivity
in each direction, and the uniform heat source. The model for
solving thermal problems by CFD follows [22].

The study used three-dimensional mesh and geometric
simulation methods to calculate electromagnetics
according to Gambit, using Ansys Fluent and Ansys
Maxwell, Ansys workbench whole range of Ansys
software Ansys software V.19R1 is copyrighted software
installed at Quy Nhon University [22].

The generation of the fine mesh in the transformer
geometry was complicated and required a high number of
elements. Eventually, for the CFD computations, a mesh with
5 million elements was created. The numerical model with
such a large mesh size was solved using parallel processing.

Design dimensions
of the transformer

Winding section

Electromagnetic

Solve CFD
Analysis setup (Temperature
source)
Solve CFD Boundaries NViatorials
(Setup/Numerical v (Resistance)
Boundaries) Parametric _
¥ Materials Boundaries
Solve CFD L 2
(thermal effect/ L 5 Solve CFD Electromagnetic
conductivity (Temperature) (Analysis setup)

Figure 5. Coupling scheme for the CFD-electromagnetic solutions

In successive iterations, the CFD solver generates a new
temperature field to update the resistivity and electromagnetic
code values, using this information to recalculate the
transformer heat loss. The iterations are continued until the
error of the number of updates becomes negligible. The
combination of heat transfer, fluid flow and electromagnetic

problems is schematically described in Figure 5.
6. Comparisons of the Experimental and CFD
simulations model

The CFD numerical simulation model shows the results
of the temperature distribution corresponding to the flux of
the transformer operating in different modes; it shows the
temperature at different points in the survey area; it shows
the heat at the core sections in Figure 6.
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_ L ano
Figure 6. Temperature distribution (°C) corresponding to
the magnetic flux B(T)

800 (mm)

6.1. No — load

The CFD numerical simulations and Experiments are
analyzed at no-load mode. The temperature distribution
results are shown in Figure 7 and Figure 8.
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a) b)

;
b)
Figure 8. Temperature distribution (°C) top of tank shell outside in no
load; a) Numerical simulation CFD b) Experimental measurement
Discussion of results in No load mode:
At no load, see Figure 6, As a result of these calculations,
the heat source for the core was determined in the range of
g, = 2.1 = 270 KWm™3, The average value of a source term
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was about gy = 101.5 kW m™3, See Figure 9, Since only the
core generated heat, this element had the highest
temperature, the temperature at the highest point can be up
to 101°C, and large differences along the height of the core
can be observed. During both the CFD simulations and the
experimental model, the position temperatures inside the
tank and outside the tank (top and around) are shown in
Figure 7 and Figure 8. The result is that the outside of the
shell has a temperature rise of about 34 + 46°C.

The great development of numerical simulation CFD
allows us to see the heat transfer and temperature flow in
the explosion-proof enclosure; in winding gaps and in core
heat radiation as shown in Figure 9.

b)

Figure 9. Temperature distribution (°C) of tank shell inside in
no load; a) Horizontal section between core and windings;
b) Vertical section between core and gap

6.2. Short — circuit
The CFD numerical simulations and Experiments are
analyzed in the case of short circuit. The temperature

distribution results are shown in Figure 10 and Figure 11.
R LLLLLLLLELLLE L
LA YW

a) b)
Figure 10. Temperature distribution (°C) of tank shell outside in

short circuit; a) Numerical simulation CFD b) Experimental
measurement

Figure 11. Temperature distribution (°C) top of tank shell
outside in short circuit; a) Numerical simulation CFD;
b) Experimental measurement

Discussion of results in Short circuit mode:

In the case of a short circuit, the heat source for
the windings was determined in the range of ¢, = 13.8 +
37.8 Wm 2 (Figure 12).

See Figure 12, The great development of numerical

simulation CFD allows us to see the heat source from the
windings should have a much higher temperature than the
other elements. The LV winding is significantly hotter than
the HV winding; According to the temperature flow, we
see that hot air escapes from the cooling air ducts.

b)

Figure 12. Temperature distribution (°C) of tank shell inside in

Short circuit; a) Horizontal section between core and windings
b) Vertical section between core and gap

Table 2. Temperature distribution (°C) at 09 different point

The No-load test Short - circuit test

points | Measure | CFD EE{,/‘(’); Measure| CFD E{‘;?)r
1 94 92 2.1 92 99 7.6
2 104 99 4.8 94 98 4.2
3 98 95 3.1 94 99 5.3
4 70 76 8.6 81 80 1.2
5 74 72 2.7 111 114 2.7
6 34 32 5.9 25 22 12
7 21 19 9.5 17 18 5.9
8 35 40 14.3 56 61 8.9
9 29 32 10.3 45 49 8.9

The results obtained from the computations were also
compared with data captured during both the CFD simulations
and the Experimental model in No load, short circuit, see
Table 2. The results show that the accuracy of temperature in
the CFD simulations is very close to the Experimental model
by outside and inside temperature sensors in nine different
locations. In the no-load test, the temperature error in the range
(min + max) = (2.1+14.3)%, In the short-circuit test, the
temperature error in the range (1.2+8.9)%.

Furthermore, numerical simulation CFD shows the
results of heat transfer, temperature flow in the explosion
chamber; winding clearances and core heat radiation at no-
load and short-circuit tests. Also, we also do thermal
analysis in rated mode, the result is in Figure 13.

W 155

147
139
131

b)

Figure 13. Temperature distribution (°C) of tank shell inside in

rate current; a) Horizontal section between core and windings
b) Vertical section between core and gap

We continue to analyze and compare in no-load, rated,
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and short circuit tests; This extraction is based on the
isothermal shapes of the outer tank and the outer tank of the
tank with infrared photographs. From there, the hottest spots
occur on the tank surfaces, the results are shown in Table 3.

Table 3. Average and maximum temperature (°C) of
transformer in no load, short circuit and rate current

Test modes
Results of No Short Rate
0,

Temperature (°C) load | circuit |current
Average temperature - | HV winding| 38,5 | 115,7 | 128,2
Experimental .
measurement LV winding | 51,7 | 124,9 | 1437
Average temperature — | HV winding | 42,8 | 111,7 | 1325
CFD model LV winding | 58,9 | 128,8 | 1614
Maximum temperature | HV winding| 65,7 | 1344 | 1357
—CFD model LV winding| 71,5 | 1484 | 169,8

7. Conclusion

In this paper, the temperature mathematical model is
developed from the chaotic kinetic energy model and the
inside and outside radiant heat transfer to calculate the
transformer heat. This mathematical model is applied to the
calculation of heat transferring, the temperature rises of an
air-cooled dry transformer placed in an explosion-proof
enclosure with a capacity of 560kVA - 6/(1.2/0.69)kV.

This study has conducted two parallel models:
experimental and numerical simulation CFD. Transformer
nine positions are analyzed and compared. The results of
the temperature parameter are in the no-load and short-
circuit test cases. The result of no-load, the temperature
difference is between 0+ 6°C, the result of short-circuit, the
temperature difference is between 0+ 7°C. At the same
time, the average temperature results on the HV and LV
windings are analyzed and compared with each other.

The great development of numerical simulation CFD
allows us to see the heat transfer and temperature flow in
the explosion-proof enclosure; In the winding gaps and in
the heat radiation of the steel core. The results of this study
found that the hottest spots occurred on the winding or tank
surfaces. It is easier to perform the rated mode than the
Experimental measurement. We do this by increasing the
mesh fineness, we increase the accuracy of the result.
Finally, the numerical simulation model CFD has opened
up the study of heat transfer models for different electrical
equipment and machines.
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