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Abstract

During the operation of the Dry-type Air-core Reactor (DAR), the insulation
material deteriorates due to local overheating of the encapsulation, and the
reactor is burned in severe conditions. Therefore, studying the temperature
rise of the reactor plays an important role in the reliability of its operation
and the economy of design and production. According to the structural
characteristics of the reactor, the three-dimensional thermal field model of
the aluminum wire-insulation structure of the reactor is established, and the
encapsulation temperature field distribution of the reactor under steady state
is obtained. Compare the simulation result with the encapsulation tempera-
ture field distribution of the equivalent structure. The results show that the
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highest temperature of the aluminum wire-insulation structure encapsulation
rises to 73.51◦C, which is located in the middle of the reactor. Each encapsu-
lation hotspot is located about 20% from the upper edge of the encapsulation.
In the temperature rise test, a Fiber Bragg Grating (FGB) temperature sensor
is installed about 20% from the upper edge of the encapsulation. The test
shows that the most significant value of temperature rise of the reactor is
73◦C, which is located in the middle of the reactor. The temperature rise test
results verify the accuracy of the simulated calculation value of the tempera-
ture field of the aluminum wire-insulated reactor and provide a reference for
the temperature rise calculation and temperature rise monitoring of the DAR.

Keywords: Dry-type air-core reactor, aluminum wire-insulation structure,
hotspot, Fiber Bragg Grating temperature sensor.

1 Introduction

Hydropower is one of the most eco-friendly renewable energy technologies.
Now most substations of 110 kV and above use the Dry-type Air-core Reactor
(DAR) for compensation to achieve local compensation and local balance
to ensure the safe operation of the hydropower plants system (Levieux
et al., 2019; Ricardo et al., 2018; Seyedi and Tabei, 2012). However,
according to Montsinger’s law, when an insulating material operates under
a temperature exceeding a threshold, it will rapidly deteriorate (H. Nie et al.,
2019; Zhang et al., 2013; Zhao et al., 2013). After operating for a period
of time, many DARs will suffer surface dendrite discharge, partial burning,
and even burning up (Seyedi and Tabei, 2012). It is mainly due to that the
local temperature in the dry resistance is too high and the temperature rise
of the windings of each layer is not uniform (differ by a dozen degrees or
even more). During the operation, the energy losses generated by the DAR
are converted into heat such that the resistance loss and additional loss in
each layer of the conductor constitute the heat source of the DAR. The DAR
forms a space-dependent temperature distribution through heat dissipation,
natural convection and radiation (J. Rodríguez D et al., 2020; P. Gning et al.,
2020). In terms of the temperature rise of DARs, Deng et al. established
a two-dimensional thermal field model that regards the reactor encapsula-
tion as an aluminum-epoxy mixed equivalent layer and an insulating mixed
equivalent layer. The pick value of temperature of the reactor is in the middle
encapsulation (Deng et al., 2013). Wang et al. established a three-dimensional
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temperature field simulation model of the DAR using the FEM, considering
the influence of the star frame and rain cap on the temperature rise of the
reactor. The temperature rise test of the prototype verifies the accuracy of the
calculation method (Wang et al., 2017). Yuan et al. treated the encapsulation
as an isotropic material and considered the rain cap to establish a heat-flow
coupling model. The temperature rise of a DAR is achieved. (Yuan et al.,
2018).

In the modeling of reactors, the commonly used method is to treat
the encapsulation (including aluminum wire and insulating material) as the
isotropic material. The thermal conductivity of the aluminum wire and the
insulating medium are quite different, and the different thermal conductivity
leads to different thermal resistances in the encapsulation. In this paper, a
three-dimensional thermal field model of a DAR with an aluminum wire-
insulating material structure is established. The temperature field distribution
of each encapsulation of the DAR is obtained, and compared the test results
with the simulation results.

Methods

This section presents three parts: (1) the DAR structure description, (2) the
reactor temperature field calculation modeling, and (3) the finite element
simulation modeling.

1.1 DAR Structure

A DAR has multiple layers of encapsulation. Each layer of encapsulation
is formed by winding multiple strands of aluminum wires in parallel. The
inner and outer walls of the encapsulation are all surrounded by glass ribbons
impregnated with epoxy resin, and a certain width of air passage is left
between the encapsulation for heat dissipation. Figure 1 shows the parallel
structure of the multi-cylinder coaxial winding of the DAR. Figure 2 shows
the encapsulated cross-sectional structure.

1.2 Reactor Temperature Field Calculation Model

Reactor resistance heat generation P mainly includes aluminum wire resis-
tance loss PR and eddy current loss PE (Yan et al., 1999).

P = PR + PE (1)



1668 X. Wan et al.

Figure 1 Internal structure.
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Figure 2 Profile structure of encapsulations of dry-type air-core reactor.

where the eddy current loss PE in the reactor is generally 0.8 to 1 times the
resistance loss, and the average value is 0.9 times here.

The temperature field of the DAR is a stable temperature field with
internal heat source axis symmetry, and the temperature distribution at each
point will no longer change after the power supply is stabilized. In cylindrical
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coordinates, the temperature distribution formula is as follows:
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where qv is the strength of the heat source in the reactor, λ is conductivity
coefficient of air, h is the heat transfer coefficient, and tf is the ambient air
temperature.

The local convective heat transfer coefficient h is a variable, which can be
calculated by the following formula (Incropera and Dewitt, 1988):

h =
λNu

Z
(3)

where Nu is the local Nusselt coefficient, and h is the variable related
to the variable z. For accurate solution, the encapsulation can be divided
into m equal parts from the bottom to the top along the height z, and the
corresponding hi (i = 1, 2, 3,. . . , m) can be calculated.

Finite Element Simulation Model

The 35 kV parallel DAR with a capacity of 20000 kvar has a total of 11
encapsulations, and the rated current is 990 A. The encapsulation height is
z = 1.9 m, the maximum radius is r = 1.4 m. In order to find the distribution
law of the temperature field inside the reactor, and to simplify the calculation,
the reactor is divided into 6 encapsulations on average. The inner to the outer
encapsulation are numbered 1 to 6. Two structural models are established as
shown in Figure 3. The thermal conductivity of aluminum wire and insulating
material is significantly different. Two structural models are established.
Figure 3(b) shows the encapsulation structure model composed of aluminum
wires and insulating materials. Figure 3(c) shows the structural model of the
encapsulation equivalent to the same material.

For a single encapsulation, it is equally divided into 5 equal parts from
bottom to top according to the height. Select the corresponding local Nusselt
coefficient Nu, and calculate the local heat transfer coefficient hi of the sixth
encapsulation according to Equation (3), h1 = 12.53, h2 = 11.65, h3 =
11.18, h4 = 10.76, h5 = 10.38. Other encapsulated convective heat transfer
coefficients can also be calculated by Equation (3). The ambient temperature
is 27◦C. The parameters of materials include λ (conductivity coefficient),
c(heat capacity), ρ(density) are listed in Table 1.
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Figure 3 Reactor encapsulation structure.

Table 1 Parameters of materials
Materials Air Aluminum Wire Layer Insulation Layer
λ/(W·m−1·K−1) 0.0242 273 0.5
ρ (kg·m−3) Varies with temperature 2700 2200
c (J·kg−1·K−1) 1006.43 880 500
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Figure 4 Reactor envelope meshing.

Results

The reactor is meshed by using ICEM. Firstly, the O-block is used to dicing
the encapsulation of the reactor, and then splitting it to realize all the struc-
tured grids. After division, the number of mesh model units is 2,130,912,
the number of nodes is 1,545,264, and the mesh quality is 0.9. As shown in
Figure 4.

Simulation Result Analysis

With the parameters given in Table 1, the temperature distribution of DARs
with two structures can be calculated as shown in Figure 5. Figure 5(a) is the
aluminum-insulation structure temperature distribution. the hotspot tempera-
ture of the aluminum wire of the reactor is in the fourth encapsulation, which
is the middle encapsulation of the reactor, and the temperature is 100.51◦C;
The insulation hotspot temperature is in the fourth encapsulation, and the
hotspot temperature is 100.32◦C. The highest temperature of each layer of
encapsulation is in the aluminum wire part, and the lowest temperature is in
the insulating material part. The temperature attenuation difference between
aluminum wire and insulation is 0.03◦C∼0.15◦C. As shown in Figure 6.
Figure 5(b) is the equivalent structure temperature distribution. the hot spot
temperature of the reactor is in the fourth encapsulation,which is near the top
of the encapsulation. The hotspot temperature is 67.73◦C Figure 7 depicts
the temperature distribution along the vertical direction in the aluminum
wire-insulation structure. The reactor hotspot is in the 4th encapsulation.



1672 X. Wan et al.

 

(a) Aluminum-insulation structure temperature distribution. 

 

(b) Equivalent structure temperature distribution. 

Figure 5 Temperature distribution of the DAR.

The temperature is 100.51◦C, and the encapsulation height is about 1.56 m.
The maximum temperature of each encapsulation of the reactor is about 20%
from the upper edge of the encapsulation.

Comparison of Simulation and Experiment Results

Taking advantage of the fiber-grating sensor’s good insulation and resistance
to electromagnetic field interference, an embedded fiber Bragg grating tem-
perature sensor has been developed for the typical structure of the coaxial
multiple encapsulation of the dry-type air-core reactor (Zhou et al., 2015).
The 35 kV parallel dry-type air core reactor in the test has an enveloping
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Figure 6 Temperature distribution for insulation and aluminum wires of encapsulation 4.

Figure 7 Temperature distribution along the vertical direction for encapsulation 1, 4 and 6
in the aluminum wire-insulation structure.

height of 190 cm and a total of 11 envelopes. The test measures the hotspot
temperature of the first, third, sixth, seventh, ninth and eleventh layers of
encapsulation. According to the simulation results, the hotspot is slightly
more than 20% away from the envelope, that is, about 40 cm from the upper
edge of the envelope. In the process of wrapping and enveloping, first coat
a layer of gray insulating rubber with an area of about 5 cm × 43 cm to the
upper edge of the outer envelope; then embed the fiber grating temperature
sensor along the 40 cm area from the envelope. Then cover a layer of
15 cm × 45 cm mesh cloth, and take out the sensor’s pigtail; finally, use a
glass ribbon to wrap. After the reactor embedded in the fiber Bragg grating
sensor is heated and solidified by the heating furnace, the entire winding is
encapsulated to form a solid whole. Figure 6 shows the principle and physical
diagram of the temperature rise test to detect the temperature changes of the
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Figure 8 Principle of temperature rise monitoring and physical of dry-type air-core reactor.

Figure 9 Comparison of encapsulation stable temperature rise in the test and the simulation.

various layers of the reactor. As shown in Figure 8, the broadband light is
injected into the fiber Bragg gratings via a circulator, then the lights reflected
from the gratings are returned. The peak detection is employed to determine
where the photo-detector receives the maximum back-reflected light from the
FBG sensor. The wavelength measurement accuracy of the modulator is 1 pm.

In the temperature rise test, the highest operating voltage of 23.5 kV
is applied to the reactor. The maximum operating current is 1135 A under
a continuous pressurization for 6 h. Finally it is powered off for 2 h. The
ambient temperature during the test is 27◦C.

In the temperature rise test, the encapsulation temperature takes 5 hours
to reach a stable state, and the stabilized temperature value is compared with
the maximum encapsulation temperature value obtained by simulation. As
shown in Figure 9. The highest temperature of the measured DAR is located
in the middle encapsulation of the entire reactor (the 6th encapsulation), the
measured temperature rise is 73◦C. The maximum simulated temperature rise
of the aluminum wire-insulation structure encapsulation is located in the mid-
dle encapsulation. The temperature rise is 73.51◦C, which is 0.51◦C different
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from the highest measured value; The maximum simulated temperature rise
of the equivalent structure is 40.73◦C, which is 32.27◦C different from the
highest measured value.The experiment shows that the simulated calculation
value of the aluminum wire-insulation structure encapsulation temperature
adopted in this paper is closer to the measured value.

Discussion

The analysis of the results shows that the reactor hotspot is in the 4th
encapsulation, the temperature is 100.51◦C, and the encapsulation height is
about 1.56 m in aluminum wire-insulation structure. In equivalent structure,
the hotspot temperature of the reactor is in the fourth encapsulation,which is
near the top of the encapsulation. The hotspot temperature is 67.73◦C.

Conclusions

According to the difference in thermal conductivity between aluminum and
insulating materials in the encapsulation, a three-dimensional thermal field
model of the aluminum wire-insulation structure of the DAR was established.
The simulation results show that the highest temperature of the DAR is
located in the middle encapsulation of the entire reactor, and the encapsula-
tion hotspot is about 20% away from the upper edge of the encapsulation.
In the temperature rise test, a fiber Bragg grating temperature sensor is
installed about 20% (40 cm) from the upper edge of the encapsulation.
The temperature rise test shows that the highest temperature of the DAR
is located in the middle of the entire reactor. The comparison result shows
that the correlation coefficient between the simulated calculated value and the
measured value of the aluminum wire-insulation structure encapsulation tem-
perature is 0.995. Taking into account the anisotropy caused by the difference
in thermal conductivity of different materials in the encapsulation, it provides
a more accurate monitoring location for the temperature rise monitoring of
the reactor.
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