
Citation: Wu, J.; Chang, Z.; Zhang,

H.; Zhang, M.; Peng, Y.; Liao, J.;

Huang, Q. Thermal Simulation and

Analysis of Dry-Type Air-Core

Reactors Based on Multi-Physics

Coupling. Energies 2023, 16, 7456.

https://doi.org/10.3390/en16217456

Academic Editor: José Matas

Received: 16 September 2023

Revised: 19 October 2023

Accepted: 31 October 2023

Published: 6 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Thermal Simulation and Analysis of Dry-Type Air-Core
Reactors Based on Multi-Physics Coupling
Jie Wu 1,2, Zhengwei Chang 1,2, Huajie Zhang 1,2, Man Zhang 3,*, Yumin Peng 3, Jun Liao 1 and Qi Huang 2,3

1 Electric Power Research Institute of State Grid Sichuan Electric Power Company, Chengdu 610041, China
2 Power System Wide-Area Measurement and Control Sichuan Provincial Key Laboratory,

Chengdu 611731, China
3 School of Mechanical and Electrical Engineering, University of Electronic Science and Technology of China,

Chengdu 611731, China
* Correspondence: zhangman@uestc.edu.cn

Abstract: A reactor is an important piece of equipment used for reactive power compensation in
power system and has a significant impact on the safe operation of power system. Thermal behavior
is one of the main causes of reactor failures. For an accurate analysis of the thermal behavior of
reactors, electromagnetic–thermal–fluid multi-physics coupling modeling is chosen. However, there
is a huge difference in size between the overall structure of the reactor and its insulating material,
which makes it difficult to perform mesh generation, resulting in dense mesh and significantly
increased solution degrees of freedom, thus making the solution of the reactor’s multi-physics
field model very time-consuming. To address this, this paper proposes a simplified processing
method to accelerate the solution calculation of the reactor’s multi-physics model. This method
calculates the equivalent turns of each encapsulate with parallel coils in the reactor, simplifying
the encapsulate into a single-layer coil, thereby greatly reducing the division and solution degrees
of freedom of the multi-physics model, and thus accelerating the simulation calculation. Taking
a BKDCKL-20000/35 dry-type air-core shunt reactor as an example, the outer diameter of the coil
is nearly 12,000 times bigger than the coil insulation, which is a huge size difference. Both refined
models and simplified models are established. Compared to the simulation results of the detailed
model, the simplified model demonstrates good accuracy; the maximum relative error of temperature
is just 2.19%. Meanwhile, the computational time of the simplified model is reduced by 35.7%, which
shows promising effectiveness and significant potential for applying the optimization design and
operation prediction of dry-type air-core shunt reactors for enhanced thermal performance.

Keywords: dry-type air-core reactor; multi-physics coupling; thermal performance; electromagnetic;
thermal–fluid; finite element method

1. Introduction

Dry-type air-core reactors are widely used in power systems to regulate current flows,
mitigate voltage fluctuations, and enhance the stability of electrical networks [1–4]. Unlike
traditional oil-filled reactors, dry-type reactors utilize air as a cooling medium and do not
rely on any insulating liquids. This feature eliminates the risk of leakage, making them
environmentally friendly and safe for indoor installations. Dry-type air-core reactors have
gained popularity due to their various advantages, such as low maintenance, compactness
and space efficiency, low noise, good reliability, etc., making them a good choice in modern
power transmission and distribution systems. The accurate calculation of temperature
distribution plays a crucial role in design and optimization procedures. Alternatively,
operational concerns might lead to instances of localized overheating within the reactors.
Temperature rise computation involves multi-physics coupling characteristics, including
electromagnetic losses, fluid dynamics, and thermal behavior.
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In previous studies, three main ways to calculate the temperature rise of the reactor
have been used (the average temperature rise method [5], the finite difference method
(FDM) [6], and the finite element method (FEM) [7]), features and drawbacks of which are
compared and presented in Table 1. The average temperature method typically estimates
a rise in winding temperature using an empirical formula. However, this formula lacks
the ability to predict the highest temperature rise or pinpoint the locations of maximum
temperature within dry-type air-core reactors [7]. The FDM approach effectively illus-
trates the heat transfer process, but it lacks precision in acquiring accurate localized fluid
temperature data and identifying reactor hotspots [8]. With regards to the FEM, there
are two ways of predicting temperature fields based on dry-type air-core reactors. One
method involves calculating heat convection using a convection coefficient [9,10], but the
calculation accuracy depends on the convection heat transfer coefficient, which limits its
actual application [11]. Another approach entails constructing a fluid–thermal coupled
FEM model to compute the temperature distributions within the air-core reactor without
requiring a convection coefficient.

Table 1. Comparison of methods used to calculate temperature rises in the reactor.

Average Temperature
Rise Method FDM FEM

Features Can estimate the average
temperature

Can clearly describe the heat
transfer process

Can obtain a detailed temperature
distribution with good accuracy

Drawbacks Cannot reflect hotspots The accuracy of hotspots is
limited Time-consuming

A two-way coupled multi-physics model is created in [7] which integrates electromag-
netic, thermal, and fluid dynamics aspects to simulate the reactor’s behavior and takes
into account the impact of temperature on electrical conductivity within the conductor
region. It also simplifies the governing equations of coupled fluid–temperature fields in
these reactors by employing dimensional analysis. The authors of [8] focus on simulating
the temperature field of a dry-type air-core reactor. The study aims to understand how
temperature is distributed within the reactor under different conditions. Through simula-
tion, the researchers aim to gain insight into the factors that affect temperature distribution
and how the reactor’s design can be optimized for efficient cooling and reliable opera-
tion. Losses are calculated in an air-core reactor using 2D and 3D magnetic field analyses,
whereby temperature distribution is calculated through 2D and 3D fluid–thermal coupled
FEM models in [12], and researchers have also examined the influence of sustaining bars
and spider arms on the reactor’s behavior. The authors of [13] analyze the temperature
rise in a forced air-cooled dry-type air-core reactor based on the coupling of magnetic,
thermal, and fluid fields. The magnetic–thermal coupling analysis of a saturable reactor
is presented in [14], and a fast-mapping interpolation technique between heterogeneous
meshes is employed to transfer core loss information from the electromagnetic field to the
fluid field, which enhances the realism of the distribution of heat sources. The magnetic
field and temperature distribution patterns across the reactor body winding, as well as
the upper and lower supports, is revealed in [15] using a mathematical approach that
integrates reactor loss and the fluid–temperature field. A temperature field solution model
that combines fluid flow and thermal effects is constructed in [16]. This model is based on
a laminar–turbulent flow state and takes into account the influence of attitude and climate
conditions. It provides insights into the temperature field characteristics of the reactor at
varying altitudes, capturing a hotspot temperature rise pattern. A fluid–solid coupled heat
transfer + radiation heat transfer model is built and compared with some experimental
tests in [17]. Moreover, the variation law of the axial temperature in the encapsulations is
investigated.

In practical operation, the air-core reactor can experience overheating or even reach
a point of combustion, directly impacting the safety and stability of the power system.
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Research indicates that elevated temperatures in the encapsulation coils substantially
degrade the electrical and insulating characteristics of insulation materials [15]. This
phenomenon stands as a key contributor to reactor burnout. In order to improve the
thermal efficiency and realize the safe operation of the reactor, different methods are
proposed to optimize the structure parameters of it. An optimization method based on
the orthogonal experiment design and the FEM is proposed in [11] in order to reduce the
temperature rise in a dry-type air-core reactor with the rain cover, in which a fluid–thermal
coupled model is established according to the design parameters of the reactor so that the
specific temperature distribution can be attained. A thermal load optimization technique
based on the heat dissipation characteristics of the encapsulations of the air-core reactor
is introduced in [18] to enhance metal conductor utilization, whereby a fluid–thermal
coupled FEM model is built to obtain detailed temperature field distribution results. The
structure parameters of rain cover and the ventilation duct of the air-core reactor under
forced air cooling are optimized based on a quantum genetic algorithm, with a fluid
field–temperature coupled FEM model established to estimate the temperature distribution
in [19]. A thermal efficiency optimization method using a dry-type core reactor based
on the particle swarm optimization algorithm is proposed in [20]. This method enhances
thermal efficiency and simultaneously reduces the metal conductor usage by optimizing
the structure parameters of coils. In addition, a fluid–thermal coupled FEM model is also
constructed to estimate the temperature rise in the reactor. According to the aforementioned
analysis, following both an analysis of the reactor’s temperature rises under different
operation conditions and an improvement in the thermal efficiency of air-core reactor using
structure parameters optimization, a fluid–temperature model is required to estimate the
temperature distribution of the reactor. However, both require significant computational
efforts due to the multi-physics coupling problem. This is more obvious when a reactor has
more than a dozen encapsulates, each of which consist of several coil layers because the coil
layer usually coated with insulating material is relatively thin compared to the radius of the
conductor. The relatively small size of the covered insulation of the conductor compared
to the size of the reactor makes divide mesh in the reactors more difficult. To be more
specific, the thin-layer insulation between the coils requires small mesh to guarantee the
accuracy and convergence of the model, which makes the mesh around the coil rather dense,
increasing the computation time. Therefore, a method used to compute the equivalent turns
of encapsulates is proposed, combined with the formula used to compute the equivalent
thermodynamic parameter characteristics of polyesterimide film-coated aluminum wire.
As such, each encapsulate can be simplified as a single-layer coil wound with glass fiber
dipped using epoxy, which is helpful in order to lessen the calculation burden and reduce
the simulation time.

In this paper, a multi-physics FEM model based on electromagnetic–fluid–thermal
coupling is established according to the structure parameters of a dry-type air-core reactor.
At first, the electromagnetic losses, associated with the heat sources of the temperature
rise, are computed using a field–circuit coupling method whereby the electrical conduc-
tivity of the conductor is defined as a function that is dependent on temperature. Then, a
fluid–thermal coupling model is built to determine the temperature distribution within the
reactor, in which a turbulent k-ε model is used for calculations. Furthermore, simulation
results of the electromagnetic field, the temperature field, and the fluid field, obtained
with the multi-physics refined model (each encapsulate consists of several coil layers),
are presented. Finally, the temperature distribution obtained with the multi-physics sim-
plified model (each encapsulate is simplified as a single-layer coil) is compared with the
multi-physics refined model, which validates the accuracy and effectiveness of the method
proposed. In the following sections, the methodology, simulation techniques, and re-
sults obtained from the multi-physics coupling analysis of dry-type air-core reactors will
be examined.
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2. Materials and Methods
2.1. Basic Theory

The electromagnetic losses of coils in the dry-type air-core reactor are the heat sources
of the temperature field analysis. These losses consist of resistance losses (PR) and eddy
current losses (PE) [11]. The formula for calculating resistance losses [21] in the reactor is
shown in Equation (1).

PR = ∑m
i=1 ∑ni

j=1 I2
ijRij =∑m

i=1 ∑ni
j=1 I2

ij
πDijNij

σSij
, (1)

where Iij, Rij, Dij, Nij, and Sij represent the current, resistance, spatial diameter, number
of turns, and wire cross-sectional area of the jth coil in the ith layer, respectively. σ is the
electrical conductivity of the coil. m represents the number of layers in the reactor and ni
represents the number of coils in the ith layer.

Since the diameter of the conductor in the reactor coil is much smaller than the spatial
diameter of the coil, the magnetic flux density within the cross-section of a single-turn
conductor can be considered to be uniformly distributed. Then, the calculation of the
eddy current losses is based on the magnetic flux density at the center of the cross-section
of a single-turn coil, using the principle of superposition. The formula of eddy current
losses [22] in the reactor is shown in Equation (2).

PE = ∑m
i=1 ∑ni

j=1 ∑
Nij
n=1

π2d4
ijσω2

64
D

ij
B2, (2)

where dij represents the conductor diameter of the jth coil in the ith layer, ω is the angular
frequency, and B represents the magnetic flux density at the center of the cross-section of a
single-turn coil.

Considering that the electrical conductivity in the conductor region of coil is dependent
on temperature, their relationship is as follows [23]:

σ =
σ0

[1 + α(T − T0)]
, (3)

where σ0 is the electrical conductivity at the reference temperature, α is the temperature
coefficient, T is the actual temperature of the metal, and T0 is the reference temperature.

According to heat transfer principles, the heat of a dry-type air-core reactor is primarily
dissipated through three modes: conduction, convection, and radiation. Heat conduction
is the main mode of heat transfer in the same encapsulate between different parts of the
coil conductor, the coil conductor, and insulating materials. Its control equation is as
follows [12]:

q = −k∇T, (4)

where q represents the heat flux density, k is the thermal conductivity, ∇T represents the
temperature gradient in the direction of heat transfer, and the negative sign indicates the
heat flows from higher temperatures to lower temperatures.

Heat convection is the primary mode of heat transfer between the surface of the coils
and the surrounding air. In this paper, the heat dissipation of the dry-type air-core reactor
is achieved through air self-cooling, which refers to the heat transfer of natural convection.
Due to the low flow velocity of buoyancy-driven natural convection, the Boussinesq
assumption is satisfied in the fluid dynamics model, which allows the density term to
be treated as a constant, simplifying the equations and facilitating the analysis of natural
convection phenomena. The mass conservation equation, the momentum conservation
equation, and the energy conservation equation are all satisfied at the same time, ensuring
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the conservation of mass, momentum, and energy within the fluid system. These equations
are as follows [7]: 

∇·(ρu) = 0
ρ(u·∇)u = −∇p + µ∇2u + ρg
ρCp(u·∇)T = ∇·(k∇T) + Q

, (5)

where ∇· denotes the divergence operator, ρ is the density of the fluid, u is the velocity
vector, ∇p represents the pressure gradient, µ is the dynamic viscosity, ∇2u represents
the Laplacian operator applied to the velocity vector, g is the gravitational acceleration
(which is equal to 9.8 m/s2), Cp is the heat capacity at a constant pressure, k is the thermal
conductivity, and Q represents volumetric heat sources or sinks.

Since natural convection is generated by the buoyancy of air due to density differences
caused by the heat source under the influence of gravity, a fluid dynamics model based on
the Rayleigh number Ra needs to be determined through Equation (6) [24]:

Ra =
ρ2CpβgL3∆T

µk
, (6)

where ρ is the air density, β is the thermal expansion coefficient, L is the characteristic
length, and ∆T is the temperature change.

If Ra < 108, the buoyancy-driven convection is laminar, and the transition from
laminar to turbulent flow occurs within the Rayleigh number range of 108 < Ra < 1010.
When the Rayleigh number exceeds 1010, the buoyancy-driven flow becomes turbulent
flow. In this paper, a turbulent flow model is chosen.

The fluid inside the air passage between the encapsulates absorbs heat, resulting in an
increase in temperature and a decrease in air density, causing it to flow upwards. Due to
the effect of viscosity, the fluid temperature in the air passage near the upper part of the
encapsulates is higher, leading to poorer heat dissipation performance. The flow pattern
transitions from laminar flow to turbulent flow. In the simulation, the turbulent k-ε model
is used for calculations. It calculates the transport equations for turbulent kinetic energy (k)
and dissipation rates (ε) in order to accurately simulate the turbulent flow characteristics.
By solving these equations, the model can predict the turbulence intensity, turbulent eddies,
and other flow parameters to provide insights into the convective heat transfer and fluid
dynamics within the system.

In this paper, heat radiation occurs between different encapsulates, as well as between
the coils and the external environment. Its control equation is as follows [12]:

q = εσb

(
T4

1 − T4
2

)
, (7)

where ε is the emissivity of the emitting surface, which is set to be 0.9 for encapsulate
surfaces. σb is the Stefan–Boltzmann constant, which is equal to 5.67× 10−8 W/

(
m2K4

)
.

T1 and T2 are the absolute temperatures of the two surfaces involved in the heat transfer.
The investigated reactor has 13 encapsulates and 44 coil layers, each of which has a

different size. Moreover, on both sides of each encapsulate is the wound with glass fiber
dipped using epoxy. Each layer of the aluminum conductor is wound with polyesterimide
film-coated aluminum wire. To achieve modeling simplification, coils with hundreds of
turns and a round cross-section are equivalently represented as rectangular coils with the
same turns. Therefore, the polyesterimide and aluminum wire can be integrated into a
new material and their thermodynamic properties can be computed based on those of
polyesterimide and aluminum, as follows [25]:

ρ =
ρ1V1 + ρ2V2

V1 + V2
, (8)
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Cp =
Cp1ρ1V1 + Cp2ρ2V2

ρ1V1 + ρ2V2
, (9)

k =
k1k2(V1 + V2)

k1V2 + k2V1
, (10)

where subscripts 1 and 2 represent two different materials (polyesterimide and aluminum)
within the composite.

Furthermore, since polyesterimide film is rather thin compared to the aluminum wire,
this will greatly increase the degrees of freedom to solve, leading to a longer computation
time. Thus, in order to simplify the model of each encapsulate, this paper proposes a
method to replace these parallel coils within certain encapsulates to a single-layer coil. The
coil wire cross-section area is equal to the original cross-sectional area of the wire multiplied
by the number of coil layers. The equivalent number of turns for this single-layer coil of
the kth encapsulate is proposed as follows:

Nk
eq = (N k

1·N
k
2 · · ·Nk

j )
1/j, (11)

where Nk
eq is the equivalent turns of the kth encapsulate; Nk

1 ·Nk
2 · · ·Nk

j are the first, second,
etc., turns; and the jth coil of the kth encapsulate.

2.2. Boundary Conditions

Determining the reactor’s temperature distribution relies on the establishment of
appropriate boundary conditions. By utilizing the aforementioned simulation model, the
reactor’s boundary conditions are configured as follows:

(1) Due to the axial symmetry of the physical model, the reactor is simplified to a 1/2
model to facilitate the analysis of temperature rises within the reactor.

(2) Since a multi-physics electromagnetic–fluid–thermal coupling model is built, the
magnetic potential vector, temperature, pressure, turbulent kinetic energy, turbulent
dissipation rate, and fluid velocity are dependent variables need to solved in each
field. The initial temperature and ambient temperature are set to 20 ◦C.

(3) As shown in Figure 1, the boundary of the upper and lower surface (including
surfaces 27 to 39 and surfaces 40 to 52) of each encapsulate and the right surface
of encapsulate 13 are set as surface-to-ambient radiation, while the boundary of the
surfaces 1 to 25 are set as surface-to-surface radiation.

(4) The interfaces between the encapsulate surfaces and air (including surfaces 1–52) are
set as non-slip boundary conditions. Surface 53 is set as an open boundary condition.

(5) The buoyancy of the model is caused by the temperature difference in the axial
direction. During simulation, the gravitational acceleration value in the axial direction
is set to −9.8 m/s2.

A detailed model diagram of the reactor is presented in Figure 2. To build a model
with the finite element method (FEM) and obtain the simulation results, six steps are
required. Firstly, a geometric model needs to be built based on the geometric parameters
of the investigated reactor, such as the height and width of each coil, the width of the air
passage, the thickness of the insulation, and so on. Then, the material properties can be set,
including electromagnetic and thermodynamic properties, such as electrical conductivity,
density, heat capacity, thermal conductivity, and so on. After that, mesh setting should be
completed based on the geometric size of different parts of the reactor, and the mesh size
for each part should be chosen carefully to guarantee both the accuracy and divergence of
the model. Next, the boundary conditions of the reactor are applied, and the symmetry
boundary, radiation boundary, and wall condition all need to be set in this process. The
load should be applied to the coils, and the number of coil turns, the radius of the coil,
and the connection and relationship between the coils should be set during this step.
Furthermore, to solve the multi-physics model that is built, the solver configuration needs
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to be set further. The solving time, solving method, and time step for the simulation can
also be set during this step. Finally, the simulation results, including the temperature at
any position, the temperature distribution curve of any path, the color nephogram of the
flux density/temperature/fluid velocity, etc., can be obtained with post-processing.
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According to Figure 2, the multi-physics model consists of three parts, including an
electromagnetic field model, a temperature field model, and a fluid field model. As the
heat source for the temperature field model, the electromagnetic losses is equal to the
AC resistance losses of coils, which can be obtained with an electromagnetic field model,
in which the electrical conductivity of the coil is expressed as a function dependent on
temperature to consider the effect of the temperature on the conductor region. Since the heat
convection properties vary with temperature, the temperature distribution of the reactor
is also dependent on the natural convection, which is related to the fluid properties. A
thermal–fluid coupled model is built, whereby the turbulent k-ε model is used to simulate
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the turbulent flow characteristics within the air passage. Moreover, the heat radiation that
occurs between the different encapsulates, as well as between the coils and the external
environment, is also taken into account by setting proper boundary conditions. Therefore,
a two-way coupled multi-physics model can be built and simulated by following the
modeling process on the right-hand side of Figure 2, and the simulation results found with
the multi-physics model are presented in the next section.

3. Results
3.1. The Electromagnetic Field Simulation Results of the Encapsulate Refined Model

The electromagnetic losses of coils in the dry-type air-core reactor are the heat sources
for the temperature field analysis. Therefore, it is firstly necessary to compute the magnetic
field and the winding current, realized by the 2D FEM coupled with an electric circuit,
whereby a AC voltage source is applied to the electric circuit that is connected (in series) to
the reactor whose coils in each capsulate are connected (in parallel) in the electric circuit.
Figure 3 shows the magnetic flux density distribution. It can be seen that the magnetic
field is symmetrically distributed around the center height and the maximum magnetic
flux density located at the middle of the first encapsulate in the axial direction. According
to Figure 3b, the magnetic flux density along the center line of encapsulate 1 shows an
increasing trend from both ends towards the center height position, while in the other
encapsulates, it is the opposite. This is attributed to the superposition of the magnetic field
produced by the current of each coil. According to the winding currents and magnetic field
obtained, resistance losses and eddy current losses in the windings can be computed.

Figure 3. The magnetic flux density distribution of the reactor. (a) Magnetic flux density nephogram;
(b) axial distribution of magnetic flux density in the encapsulate.

3.2. The Temperature Field Simulation Results of the Encapsulate Refined Model

The temperature field simulation results when the temperature is stable are shown in
Figure 4. The global and local view of the temperature distribution is shown in Figure 4a,b.

According to Figure 4a, the temperature of the air above the reactor and that within the
air passage between the encapsulates is higher than elsewhere, which is attributed to the
fact that normal temperature air enters from the lower side of the air passage and absorbs
heat, which leads to a decrease in density, resulting in an upward flow caused by buoyant.
Moreover, Figure 4b shows that the temperature of the 12th encapsulate is the highest, with
a maximum temperature of 65.5 ◦C and a temperature rise of 45.5 ◦C. The temperature of
the reactor is higher than that of the surrounding air because the electromagnetic loss is
produced by the reactor, which is the heat source.
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The temperature distribution of the reactor is shown in Figure 5. As shown in Figure 5a,
both the inner and external encapsulates of the reactor have higher temperatures at the same
height, and the temperature is lower for the middle encapsulates. In the same encapsulate,
the temperature remains relatively constant along the radial direction at the same height.
Significant temperature gradients occur within the internal air passage because of natural
convection. Furthermore, there is a slight temperature difference along the radial direction
between the 1st and 13th encapsulate layers at each height. This is because the left surface of
the 1st layer of the encapsulate and the right surface of the 13th layer of the encapsulate are
exposed to partially open and fully open environments, facilitating better heat dissipation.
As a result, the temperature slightly decreases towards the outer side. The encapsulate
temperature is significantly higher than the airflow temperature. Furthermore, within the
same air passage, the temperature distribution along the radial direction is not uniform. The
air temperature is higher near the encapsulate wall and lower away from the encapsulate
wall, which is the result of convective heat transfer between the air and the encapsulate
surface. In addition, the temperature at the same radial position increases from Height 1 to
Height 4, where Heigh 1 represents in the middle of the reactor in the axial direction, while
Height 2–Height 4 represents 1/8, 2/8, 3/8 height of the reactor away from the middle in
the axial direction.

In order to study the temperature distribution in the encapsulates, the center lines of
encapsulates 1, 7, 10, and 13 are taken as the research objective, and the axial simulation
results are presented in Figure 5b. Since the heights of each capsulate are different, the
axial temperature gradually increases with a rise in height, and the highest temperature is
located at about 75% of the height of reactor and is close to 65 ◦C. At the same time, the
temperature curves can be divided into three segments with different rise rates. In the initial
segment, the temperature rise rate experiences a rapid increase owing to the significant
decrease in convection heat transfer coefficient as the height rises. In the second segment,
the temperature rise rate exhibits a slow acceleration, attributed to the gentle decline in
convection heat transfer coefficient with increasing height. Conversely, in the final segment,
temperature decreases with height due to improved heat dissipation conditions caused
by the end effect, resulting in an elevation in the convection heat transfer coefficient with
increasing height.
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Figure 5c shows the temperature distribution along the axial direction along the center
line of the air passage between encapsulates 1–2, 9–10, and 12–13. The temperature within
each air passage almost increases linearly with the increase in axial position. This is because
the normal temperature air enters from the lower side of the air passage and absorbs
heat, which leads to a decrease in density, resulting in upward flow caused by buoyant.
In the process of air flow, the heat emitted by the encapsulate is continuously absorbed.
Therefore, the air temperature increases monotonously along the axial direction. The
highest temperature is located at the top of encapsulates and is close to 50 ◦C.

3.3. The Fluid Field Simulation Results of the Encapsulate Refined Model

The velocity distribution of the axial direction along the center line of the air passage
between encapsulates 1–2, 9–10, and 12–13 is shown in Figure 6.

The fluid velocity increase approaches the air passage between the encapsulates from
the bottom of the reactor and is almost stable within the air passage along the axial direction,
whereas the fluid flow is highly turbulent near the upper end of the reactor to the point of
leaving the reactor, as shown in Figure 6b.
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Figure 6. Simulation results of fluid velocities for the reactor. (a) Fluid velocity distribution
nephogram; (b) axial fluid velocity of air passage between different encapsulates.

3.4. The Multi-Physics Simulation Results of the Encapsulate Simplified Model

The temperature distribution along the radial direction at the same height in the
simplified model compared with refined model is presented in Figure 7, which shows
good agreement. Since different coil layers within the same encapsulate are simplified as a
single-layer coil, there is small temperature difference along the radial direction within the
same coil. Only a slight decrease in temperature is observed in the insulation material on
both sides of the encapsulate.

The relative error of the maximum and average temperatures of each encapsulate
obtained from the simplified model compared to the refined model can also be computed,
as presented in Table 2. As shown in the table, the maximum relative error is less than 2.2%,
which indicates a high level of accuracy. Additionally, the computation time for solving the
simplified model is 23 min, with a reduction rate of 35.7% compared to the computation
time of the refined model. An improvement in the time consumption of the simplified
model is helpful to optimize reactor using an intelligent algorithm considering the rise in
temperature.

Table 2. The comparison between the encapsulate refined model and the encapsulate simplified
model.

Number of
Encapsulate

Encapsulate Refined
Multi-Physics Model Encapsulate Simplified Multi-Physics Model

Max/◦C Mean/◦C Max/◦C Relative Error Mean/◦C Relative Error

1st 62.00 55.71 61.49 −0.83% 55.13 −1.05%
2nd 59.30 49.73 58.70 −1.02% 49.20 −1.06%
3rd 56.53 46.7 55.95 −1.03% 46.20 −1.08%
4th 55.63 46.18 55.45 −0.33% 46.03 −0.34%
5th 55.61 46.15 55.29 −0.58% 45.83 −0.71%
6th 55.82 46.05 55.47 −0.63% 45.72 −0.72%
7th 56.07 46.34 55.59 −0.86% 45.89 −0.97%
8th 57.18 47.25 56.82 −0.63% 46.90 −0.73%
9th 58.23 48.10 57.57 −1.14% 47.40 −1.45%

10th 59.18 48.50 58.14 −1.76% 47.44 −2.19%
11th 61.80 50.84 60.81 −1.61% 49.73 −2.19%
12th 65.54 55.12 64.44 −1.68% 53.95 −2.13%
13th 64.92 57.56 64.17 −1.16% 56.99 −1.00%
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Figure 7. Temperature comparisons between the multi-physics refined model and the simplified
model in the radial direction at different heights. (a) Temperature comparisons between multi-
physics refined model and simplified model based on the radial direction at Height 1; (b) temperature
comparisons between the multi-physics refined model and the simplified model based on the radial
direction at Height 2; (c) temperature comparisons between the multi-physics refined model and the
simplified model based on the radial direction at Height 3; (d) temperature comparisons between the
multi-physics refined model and the simplified model based on the radial direction at Height 4.

Table 3 presents comparison results of electromagnetic parameters among the refined
multi-physics model, simplified multi-physics model, and refined electromagnetic model.

It can be seen that parameters computed with the proposed simplified model, includ-
ing equivalent resistance, equivalent inductance, bus current, active power, and reactive
power, closely agree with those obtained with the refined model, and the absolute value
of the maximum relative error is 1.21%, which shows good accuracy. Meanwhile, the
relative error between those obtained with the refined multi-physics model and the refined
electromagnetic model is relatively higher, and its maximum absolute relative error value
is up to 11.65%, which is attributed to the constant equivalent resistance independent of
temperature in the electromagnetic model. This proves the importance of considering
electrical conductivity variations in the conductor under different temperatures, as both
the refined multi-physics model and the simplified multi-physics model did.
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Table 3. Comparison of electrical parameters.

Encapsulate Refined
Multi-Physics Model

Encapsulate Simplified
Multi-Physics Model

Encapsulate Refined
Electromagnetic Model

Parameters Value Value Relative
Error Value Relative

Error

Bus current (A) 989.87 989.79 −0.08‰ 989.76 −0.11‰
Equivalent

inductance (mH) 64.980 64.985 0.08‰ 64.987 0.11‰

Equivalent
Resistance (mΩ) 46.162 45.612 −1.19% 40.791 −11.64%

Active power (kW) 45.231 44.686 −1.21% 39.96 −11.65%

4. Conclusions

This paper establishes a 2D simulation model for the electromagnetic–fluid–thermal
multi-physics coupling of the dry-type air-core reactor. Through simulations and in-depth
analyses, the paper aims to identify potential hotspots and predict temperature profiles,
which is vital for ensuring safe and reliable operation, extending the reactor’s lifespan and
contributing to the overall efficiency and sustainability of power systems. By considering
the losses in each layer of the reactor as the heat source, the temperature field distribution
characteristics are obtained. The following conclusions are drawn:

(1) The overall temperature distribution of the reactor encapsulates exhibits a trend where
the upper region is higher than the lower region, and the central envelope experiences
higher temperatures than the side envelopes. The highest temperature location in the
upper region of the 12th encapsulate of the reactor is 65.54 ◦C.

(2) In the radial direction, the temperature distributions of encapsulates exhibit similar
trends, and the middle ones are lower than those on the left and right sides. In the
axial direction, temperatures gradually increase from the bottom to the top within the
encapsulates, with the highest thermal location occurring at around 75% of the axial
height of the reactor.

(3) The temperature within each air passage almost linearly increases with an increase in
the axial position. Within the same air passage, the temperature distribution along the
radial direction is not uniform, and the air temperature is higher near the encapsulate
wall and lower away from the encapsulate wall.

(4) The simulation results obtained from the multi-physics simplified model are compared
with the multi-physics refined model, showing good consistency. The maximum
relative errors of temperature and the electromagnetic parameter are 2.19% and 1.21%,
respectively. The relative error of equivalent inductance is just 0.08‰, whereas the
time consumption is reduced by up to 35.7%, which verifies the effectiveness of the
proposed method.

In future studies, we will apply the proposed simplified encapsulate multi-physics
model to different structural dry-type air-core reactors in order to verify its performance
and explore its application potential in optimizing the reactor’s thermal efficiency.
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Nomenclature

Abbreviations
FDM Finite difference method
FEM Finite element method
Physics Constant
g Gravity acceleration 9.8 m/s2

σb Stefan–Boltzmann constant 5.67× 10−8 W/
(

m2K4
)

Symbols
α Temperature coefficient of resistivity
β Thermal expansion coefficient
ε Emissivity of the emitting surface
ρ Density
µ Dynamic viscosity
ω Angular frequency
σ Electrical conductivity
σ0 Electrical conductivity at the reference temperature
∇· Divergence operator
∇T Temperature gradient in the direction of heat transfer
∇p Pressure gradient
∇2u Laplacian operator applied to the velocity vector
B Magnetic flux density
Cp Heat capacity
Dij Spatial diameter of the jth coil in the ith layer
Iij Current of the jth coil in the ith layer
L Characteristic length
Nk

eq Equivalent turns of the kth encapsulate
Nij The number of turns of the jth coil in the ith layer
Nk

j The number of turns of the jth coil in the kth encapsulate
PR Resistance losses
PE Eddy current losses
Q Heat source
Ra Rayleigh number
Sij Wire cross-sectional area of the jth coil in the ith layer
T Temperature
T0 Reference temperature
dij Conductor diameter of the jth coil in the ith layer
m The number of layers in the reactor
ni The number of coils in the ith layer
k Thermal conductivity
q Heat flux density
u Velocity
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