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Introduction: Explosion-proof shells are essential for installing high-voltage
cable joints in tunnels. However, improper internal filling and external air
cooling systems can hinder effective heat dissipation, leading to elevated joint
temperatures. Investigating the heat dissipation characteristics and optimal air
cooling strategies for these joints is critical to enhancing current carrying
capacity and mitigating safety risks.

Methods: This study establishes a high-fidelity model of 220 kV high-voltage
cable joints to examine the impact of different fillers and filling ratios within
explosion-proof shells on joint heat dissipation. Additionally, an external air
cooling model under tunnel laying conditions was developed to evaluate
the effectiveness of various air cooling methods in improving joint thermal
performance.

Results: Filling the explosion-proof shell with epoxy resin increased the joint's
current carrying capacity by 1.78 times compared to air. The joint temperature
exhibited a linear rise with an increasing proportion of air. Furthermore, optimal
heat dissipation was achieved when the tunnel wind direction was perpendicular
to the cable joint axis, with a 2 m/s wind speed enhancing current carrying
capacity by 1.38 times.

Discussion: The findings highlight the importance of material selection and air
cooling strategies in optimizing the thermal performance of high-voltage cable
joints. This study provides theoretical insights for improving joint current carrying
capacity and reducing main insulation temperature rise, offering practical
guidance for engineering applications in tunnel environments.

high voltage cables, cable connectors, explosion proof shell, tempe rature distribution,
current carrying capacity

1 Introduction

In recent years, the development of high-voltage cables has been rapid. Compared to
overhead lines, they offer the advantages of safety, convenience, and less land occupation.
The 220kV AC cable is the primary method for medium and long-distance power
transmission. According to statistics, apart from external damage, cable engineering
accidents mainly occur at the intermediate joint sections. Moreover, joint failures often
cause secondary damage to the surrounding cable body. Therefore, explosion-proof casings
are usually installed on the joints to reduce losses [1, 2]. However, high-voltage grade
cables carry large currents, and the installation of explosion-proof casings reduces the
heat dissipation performance of cable joints, leading to significant temperature rise effects.
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FIGURE 1
220kV high-voltage cable joint and explosion-proof shell.

This not only limits the cable’s current-carrying capacity but also
affects the aging of materials [3]. Therefore, studying the heat
dissipation characteristics of 220 kV cable joints with explosion-
proof casings under tunnel laying conditions is of great significance
for enhancing the current-carrying capacity and reducing insulation
aging caused by high temperatures.

When a substantial current flows through the internal conductor
of a cable, the inherent resistance of the conductor induces a
thermal effect, leading to a localized temperature rise. Operational
experience and experimental tests have consistently shown that,
under identical conditions, the temperature at the internal
conductor’s joint is significantly higher than that of the conductor
body or terminal [4]. Extensive research has been conducted on
the temperature rise at cable joints, yielding notable findings.
For instance, Ref. [5] incorporates the contact resistance within
the cable joint, which further elevates the joint temperature, and
establishes the relationship between the contact resistance at the
crimp and the conductor’s body resistance. In AC cables, the current
tends to concentrate on the conductor’s surface, causing the skin
effect. Additionally, under multi-circuit conditions, the conductor
experiences the proximity effect, both of which exacerbate the
conductor’s heat generation [6]. Currently, there are several methods
for solving the temperature field of cable joints and bodies, primarily
including thermal circuit analysis and simulation analysis methods
[7, 8]. Internationally, standards such as IEC60287 and IEC60853 are
employed for thermal circuit calculations of cable current-carrying
capacity and temperature. However, these calculations tend to be
relatively conservative [9, 10]. To address this, Ref. [11] proposed
a calculation approach that considers environmental factors, while
Ref. [12] enhanced the calculation method within the IEC standard.
Nevertheless, these methods are challenging to apply to high-voltage
cable joints and overlook the heat dissipation constraints imposed
by explosion-proof casings on cable joints. Simulation calculation
methods primarily involve establishing physical field models based
on the finite element method, boundary element method, and finite
difference method to determine temperature distribution. Among
these, the finite element method is widely utilized in studying
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cable temperature distribution due to its intuitive nature and
multi-field coupling capabilities [13, 14]. This structured approach
ensures a comprehensive understanding of the factors influencing
temperature rise in cable joints and provides a foundation for further
research and practical applications.

Existing research on medium and low-voltage grade cable joints
is abundant, but there is less research on 220 kV high-voltage cable
joints that require the installation of explosion-proof casings. Due
to the high insulation level requirements, it is not possible to
perform operations such as embedding sensors inside the joints in
engineering, so temperature monitoring is mainly based on the outer
surface of the explosion-proof casing [15, 16]. However, the large
volume, diverse structures, and internal fillers of explosion-proof
casings further reduce heat dissipation performance. If external heat
dissipation is not reasonable under tunnel laying conditions, it can
easily lead to long-term high temperatures at the joints, causing
serious failures [17].

Therefore, this paper establishes a finite element physical model
of a 220 kV high-voltage cable joint entity with an explosion-proof
casing installed, analyzes the impact of the explosion-proof casing
structure and internal fillers on heat dissipation characteristics, and
explores methods to enhance the heat dissipation of cable joints with
explosion-proof casings under air-cooled conditions. The research
results can provide references for 220 kV cable engineering to
improve current-carrying capacity, accurately grasp the temperature
distribution of joints, and reduce the occurrence of accidents.

2 High voltage cable joint model
2.1 Cable joint structure

This paper takes a 220 kV single-core cable joint and body
produced by a certain company as the reference entity and
constructs the physical model according to their dimensions.
Some structures are partially simplified to improve computational
efficiency. The cable joint and body exhibit an axially symmetric
form, and the grounding part, the external vent of the explosion-
proof shell, and the bolts and nuts have a relatively small impact on
the overall heat dissipation [2]. Under the condition of applying the
normal operating current, the energy conservation law is satisfied.
Considering the temperature and electric field distributions, the heat
transfer problem of the cable joint with an explosion-proof shell
can be regarded as a two-dimensional steady-state model. Therefore,
this paper is based on the establishment of a two-dimensional
axially symmetric model. Conventional 220 kV cable projects are
mainly laid in tunnels. When investigating the impact of the external
cooling system on the heat dissipation of the cable joint under tunnel
laying conditions, ventilation conditions are considered, and an air
domain is set outside the cable joint with an explosion-proof shell.

Figure 1 shows the 220 kV AC cable joint with an explosion-
proof shell referred to in this paper, and Figure2 shows the
established physical model. The simplified cable body structure
includes the cable core, conductor shield, cross-linked polyethylene
main insulation, insulation shield, and outer sheath. The cable
joint part includes the compression joint, high-voltage shield, stress
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FIGURE 2
Physical model of high-voltage cable joint.
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TABLE 1 Geometric structure dimensions.

Structure Diameter/mm  Thickness/mm
Cable core 40 20
Conductor shielding layer 44 2
Major Insulation layer 92 18
Insulation shield layer 94 1
High voltage shielding layer — 24
Copper shell — 2
Explosion-proof shell — 5

cone, prefabricated silicone rubber, and copper shell. The explosion-
proof shell part includes the fiberglass shell, filler, and flange. The
geometric structure dimensions are shown in Table 1.

2.2 Mathematical model

There are many ways for heat to be generated inside the cable,
including core conductor loss, insulation dielectric loss, and metal
sheath loss. Since the metal sheath loss in the cable joint is relatively
small, this paper only considers the heat generation effects of the
first two losses [18]. The electromagnetic-thermal coupling module
is used to simulate and calculate the heat generation inside the cable
joint. The form of directly applying a boundary current source is
adapted to pass a stable current through the cable core and the
crimping tube. Then, the temperature rise is generated through
electromagnetic-thermal coupling. The thermal power at the cable
core and the crimping tube can be directly calculated by the control
equation without the need to calculate the equivalent area.

When a current passes through the conductor, the less power is
calculated as follows Equation 1:

P, =PR (1)
where P, is the conductor loss power, I is the conductor current, and
R is the conductor’s AC resistance.
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Due to the existence of the skin effect of the alternating current
in the conductor, the skin effect coefficient needs to be taken into
account. Therefore, the conductivity is obtained as Equation 2 [19]:

020

T T a(T-20) 2

where o represents the conductivity of the cable core conductor, 0,
represents the conductivity of the cable core at 20°C, a represents the
temperature coefficient of the copper material, and T represents the
temperature of the material.

When the conductor is crimped, there is contact resistance
between the crimping tube and the conductor. Therefore,
considering the role of the contact resistance, the calculation of
the contact conductivity is as follows Equation 3 [19]:

_ 017%

= k_r% (3)

0
where ¢, is the conductivity at the crimping tube, r; is the radius
of the conductor, r, is the radius at the crimping tube, and k is the
contact coeflicient.

Another major heat-generating loss is the dielectric loss of the
insulation layer, which is calculated as follows Equation 4:

P, =21 fCU* tan § (4)
where P, is the insulation loss, f is the frequency, C is the dielectric
capacitance, U is the phase voltage of the dielectric to the ground,
and tand is the dielectric loss tangent angle.

The heat transfer of high-voltage cable joints includes heat
conduction, heat convection, and thermal radiation. Since there is
no high-temperature heat source in the environment around the
cable, the thermal radiation process can be ignored. The heat transfer
of cable joints mainly involves solid-solid heat conduction and solid-
fluid heat convection.

The heat transfer process inside the cable joint is heat
conduction, which can be quantitatively described using Fourier’s
law Equation 5 [20]:

¢

A

ot
pd
ox

5)

where @ is the heat flow in the normal direction of the heat flow, A
is the cross-sectional area in the normal direction, g is the heat flux
density, and A is the thermal conductivity.
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TABLE 2 Materials and parameters.

10.3389/fphy.2025.1584225

Structure Material Heat conductivity coefficient
/(W-(m-K)™)
Cable core Copper 401
Conductor shield layer Semi-conductive 0.38
Connecting pipe Copper alloy 401
Major insulation layer Crosslinked polyethylene 0.4
Insulation shield layer Semi-conductive 0.38
High voltage shielding layer Semi-conductive 0.38
Outer sheath Polyethylene 0.5
Stress cone Silicone rubber 0.25
Preformed unit Silicone rubber 0.25
Flange Glass fiber-reinforced plastics 0.4
Copper shell Copper 401
Filler Epoxy resin 0.5
Explosion-proof shell Glass fiber-reinforced plastics 1
Air / 0.023
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FIGURE 3
Temperature distribution under epoxy resin filling.
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FIGURE 4
Temperature distribution under filled air.

Heat convection includes natural convection and forced
convection. If there is no air-cooling system in the tunnel, heat
is dissipated only through natural convection, and the wind speed
is generally less than 0.15 m/s [21]. To improve the heat dissipation
capacity, a ventilation device will be installed in the tunnel, so

Frontiers in Physics

that the surface of the cable joint shows the form of forced-
convection heat dissipation. Heat convection is usually calculated
using Newton’s law of cooling Equation 6:

q=hAt (6)
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Temperature curves at different positions filled with epoxy resin.
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Temperature curves at different positions filled with air.

where h is the surface heat transfer coefficient, and Af is
the temperature difference between the external fluid and the
solid surface.

2.3 Boundary condition

For the analysis of the heat-dissipation characteristics of the
cable joint studied in this paper, the setting of boundary conditions
for the electric field and temperature field needs to be considered. A
boundary current source is applied to one end of the cable core cross-
section, and the other end of the cross-section is grounded. This can
simulate a constant current in the cable core and the crimping tube.
During the setting of the temperature field, since the cable joint and
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the explosion-proof housing are directly exposed to the air, the third-
kind boundary condition is adopted. The setting is carried out with
the known convective heat-transfer coefficient and fluid temperature
Equation 7 [22].

—/lg—:hh(T_To) (7)
where T is the surface temperature of the heat-generating body, and
T, is the ambient temperature, which is set to 20°C.

Since the two ends of the cable joint are connected to the cable
body, the temperature difference between them is smaller compared
to that between the heat source and the outside. Therefore, it is
considered that there is no heat exchange in the axial direction
between the cable joint and the cable body. Under the condition of
only considering natural convective heat transfer, the radial surface
in contact with the air is set as the heat flux. When considering
the external ventilation condition, is achieved through the heat
transfer between the solid and the fluid and the inflow and outflow
of the wind direction. When studying the impact of the external air-
cooling system on the heat dissipation of the joint, an air domain
needs to be set outside the joint as the basis of the flow field,
and the initial velocity of the fluid inflow is applied as a way to
simulate the wind speed. Fluid flow is divided into laminar flow
and turbulent flow. Due to the large cross-sectional area of the
tunnel where the 220 kV cable project is arranged and the high
Reynolds number, using turbulent flow for research is more in line
with the actual situation. The fluid control equations are as follows

ou  du

Equation 8:
P(ua + Wa_y> = fx

where p represents the air density; u represents the wind speed
component in the x-direction; w represents the wind speed

o
8y2

dp

—d—yﬂl (®)

component in the y-axis direction; f, is the mass force of the fluid in
the x-direction; p represents the absolute pressure; and y represents
the dynamic viscosity.

The temperature distribution needs to be calculated through the
heat generation mode and heat exchange conditions. Therefore, the
required material parameters are listed in Table 2.

3 Influence of explosion-proof shell
and filling material on the
performance of cable joints

3.1 Influence of fillers in the
explosion-proof shell on the heat
dissipation characteristics of the joint

To quantitatively analyze the internal temperature distribution
of the cable joint, sampling paths have been set respectively at
the inner conductor of the joint, the main insulation, and the
outer surface of the prefabricated component, as shown by the
red straight lines in Figure 2, which is convenient for comparing
the temperatures at different positions. Figures 3, 4 show the
temperature fields within the explosion-proof shell of the cable
joint under different fillers when a current of 1000 A is applied.
The temperature distribution of the cable joint shows a pattern
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TABLE 3 Relationship between download traffic and maximum temperature for different fillers.

Temperature changes inside the joint under different air ratios.

Frontiers in Physics

1,200 A 1,500 A
Conductor 24°C 28.5°C 33.9°C 40.0°C 52.6°C
Epoxy resin
Major insulation 24.3°C 27.9°C 32.5°C 38.5°C 50.2°C
Conductor 34.8°C 47.6°C 68.5°C 91.4°C 151.7°C
Air
Major insulation 34.5°C 47.0°C 64.8°C 89.9°C 148.9°C
180 T T T T T m/s
—=— Epoxy filling - Conductor A 063
160 f—e— Epoxy filling - Major insulation - 0.6
—— Air filling - Conductor
140 H—v— Air filling - Major insulation A
0 0.5
S L .
g 120 ! o
100 : |
8-
E 80 0.3
60 |- ] 0.2
or i 0.1
20 . ' . '
600 800 1000 1200 1400 1600 0.0
Current/A V¥ 0.0
ELGJLrJrReEn7t carrying capacity variation curve. B?sl:figation of air-cooled flow field in tunnel.
of gradually decreasing from the cable core and the compression
joint towards the surroundings, and the lowest temperature is
avoided outside the explosion-proof housing. The heat transfer
coefficient of epoxy resin is much greater than that of air.
Therefore, when only air is filled in the explosion-proof housing,
50 T T T T T an excessively high-temperature rise will occur, which is closer
48 :&Or}d“‘,’tor ) ] to the specified temperature of cross-linked polyethylene. Once
ajor insulation . .
_____ Fittonasndieton the specified temperature is exceeded, the performance of the
46 g - . . . Lo .
— - —- Fitting of major insulation main insulation will drop significantly, posing a threat to the safe
oMr - operation.
OE’ ol ] Figures 5, 6 show the temperature change curves of the three
2 sampling paths under different filling conditions. There is a
240 u 7 significant difference in the temperature distribution when the
g 38| i explosion-proof shell is filled with epoxy resin and when it is filled
& with air. When the explosion-proof shell is filled with air, the heat
o ] cannot be dissipated outward through the explosion-proof shell
34+ - promptly, resulting in heat accumulation and causing a serious
nl ] temperature rise in the entire inner area of the copper housing.
U S S S — Under the same conditions, the temperature is, on average, nearly
0 10 20 30 40 50 twice as high as that when the explosion-proof shell is filled with
Air proportion/% epoxy resin.
FIGURE 8 By comparing the sampling paths under different filling

conditions, it can be seen that the cable core conductor is at a
relatively high temperature, while the temperature of the outer
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Surface temperature distribution

FIGURE 10
Distribution of joint temperature field under forced convection.
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FIGURE 11
Influence of different wind speeds on temperature under parallel wind
direction.

surface of the prefabricated component is relatively low. The
temperature inside the cross-linked polyethylene material of the
main insulation at both ends shows a changing trend of first
increasing slowly and then rising rapidly from the outside to
the center along the axial direction. Since the distance between
the main insulation and the copper housing at both ends of
the joint is relatively small, and the heat transfer coefficient of
the copper housing is relatively high, it is conducive to heat
dissipation, resulting in a lower temperature at the two ends of
the cable body close to the copper shell. As the sampling path
gradually shifts towards the center, due to the existence of a
certain contact resistance at the compression joint, the temperature
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FIGURE 12
Temperature variation curve at different positions under parallel wind
direction.

on the sampling path gradually increases and reaches its peak
at the center. Under normal operation, the temperature of the
main insulation inside the cable joint is higher than that inside
the cable body.

3.2 Analysis of the influence of different
fillers and their proportions on the
current-carrying capacity

Table 3 statistically analyzes the maximum temperatures at the
conductor and the main insulation with two different fillers under
various working conditions. As the working current gradually
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Influence of wind speed on temperature changes under vertical wind
direction.
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The degree of increase in carrying capacity by wind speed under
different wind directions.

increases, the temperatures at the conductor and the main insulation
under different fillers also increase gradually, but the increasing
proportions vary.

It can be seen from Figure 7 that when the explosion-proof
shell is filled with epoxy resin, the temperature rises at the two
positions and is relatively gentle. When the working current
increases from 600 A to 1,500 A, the maximum temperature inside
the conductor increases by 112%, and the maximum temperature
of the main insulation increases by 106%. When the temperature
reaches the specified limiting temperature of 90°C for cross-linked
polyethylene [23], the maximum current-carrying capacity of the
cable joint filled with epoxy resin is 2,136 A.
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However, when the filler is air, the temperature of the conductor
increases by 335%, and the temperature of the main insulation
increases by 331%. At this time, the temperature far exceeds the
standard temperature specified for cross-linked polyethylene, which
poses a serious threat to the aging of the insulation during long-term
operation. When the main insulation filled with air reaches 90°C,
the maximum current-carrying capacity is 1,201 A. Therefore, when
the epoxy resin filling condition is adopted, the current-carrying
capacity can be increased by 1.78 times compared with that when
air is used as the filler.

In the analysis of some engineering accidents, after opening the
explosion-proof shell, it was found that the internal filling adhesive
was not fully solidified or the amount of adhesive injection was
insufficient [24]. Since the cable joint is placed horizontally in
the laying pipe gallery, under the influence of gravity, the epoxy
resin adhesive precipitates downward, resulting in a cavity in the
explosion-proof shell of the upper half of the joint with the axis of
the cable joint as the boundary, while the explosion-proof shell of
the lower half of the joint is filled with epoxy resin.

This paper analyzes the influence of partially filling the epoxy
resin in the explosion-proof shell of the cable joint on the heat
dissipation performance of the joint by simulating the partial cavity
of the explosion-proof shell under the working condition of an
applied current of 1,000 A. Since the cable joint is cylindrical, to
simplify the model, the proportion of the volume filled with air
to the total volume inside the explosion-proof shell is taken as
the independent variable, and the maximum temperature of the
conductor and the maximum temperature of the main insulation are
taken as the dependent variables for analysis.

It can be seen from Figure 8 that when the filler in the
explosion-proof shell is not all epoxy resin, as the volume of air
inside the explosion-proof shell gradually increases, the maximum
temperatures of the conductor and the main insulation show a linear
proportional relationship. The linear model is used for fitting, and
the obtained R” is higher than 0.99, indicating a high degree of
fitting. In addition, the slopes of the two fitting lines are almost the
same, and only the intercepts are different.

By analyzing the characteristics of the temperature rise of the
cable joint under different proportions of air volume, it is shown that
the filling amount of epoxy resin in the project has a great influence
on the temperature rise. When the air reaches half of the volume of
the explosion-proof shell, the temperature rise of the conductor will
increase by 38%, and the temperature rise of the main insulation will
increase by 42%, which seriously limits the current-carrying capacity
of the cable joint. Moreover, the local difficulty in heat dissipation
will lead to a linear increase in temperature, which is extremely likely
to cause insulation failures.

4 Analysis of Air-cooling heat
dissipation of cable joints under the
condition of tunnel laying

To enhance heat dissipation and increase the current-carrying
capacity, when laying cables, an air-cooling system is usually
installed in the tunnel. The heat dissipation performance of the
cable joints is improved by converting natural convection into forced
convection. However, affected by the wind speed and wind direction,
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sometimes the heat dissipation effect of the cable joints does not
reach the best even after the air-cooling system is installed. This
paper explores the influence of wind speed, wind direction, and the
environment on the heat dissipation performance of cable joints
by applying a single-phase flow field to the air domain around the
cable joints.

4.1 Influence of wind speed on the heat
dissipation characteristics of cable joints

Without external ventilation, the air velocity near cable joints
in tunnel-laid conditions is generally lower than 0.15 m/s, which
belongs to natural convection. The natural heat transfer coeflicient
under different wind speeds is usually between 1-12 W/(m?K).

To investigate the influence of wind speed and direction on
the heat dissipation characteristics of cable joints, an air domain
surrounding the entire cable joint was first added outside the
cable joint. Due to the low wind speed, the overall flow shows a
turbulent phenomenon. Therefore, a single-phase turbulent flow
field was selected in this paper and set as a low-Reynolds-number
turbulent model. The fluid is in an incompressible state, which is
consistent with the actual situation. Figure 9 shows the flow field
distribution in the air domain under the condition of an applied
wind speed of 0.5 m/s. In this paper, the wind direction is based
on the axial direction of the joint. The wind direction parallel to
the axial direction of the joint is the parallel wind direction, and
the wind direction perpendicular to the axial direction of the joint
is the vertical wind direction. The air velocity is the fastest in the
middle area of the tunnel and slower near the two side walls. This is
because there is friction between the air and the walls, resulting in a
decrease in the flow velocity, which is in line with the actual working
conditions.

In addition, the structure of the explosion-proof shell has a
certain influence on the wind speed. When the air impacts the
flange of the explosion-proof shell, there is a small-area acceleration,
resulting in a velocity higher than the initially applied speed.

This flow field is applied to the temperature field for analysis,
and the results are shown in Figure 10. After the flow field is applied,
the heat is further carried away from the cable joint by the wind,
and the direction of heat outflow is the same as the wind direction.
Under the working current of 1000A, compared with the external
natural convection, the forced convection leads to a decrease in
the maximum temperature by 3°C. This indicates that external
ventilation can effectively reduce the internal temperature of the
cable joint and enhance its heat dissipation capacity.

To further compare the influence of wind speed on the heat
dissipation performance, fluids with speeds ranging from 0.5 to
5 m/s parallel to the cable joint are applied for comparative analysis.
This segmented wind speed is below that of a Grade 3 wind,
which falls within the working conditions that can be achieved
by a conventional ventilation system. The temperature changes
of the conductor, the major insulation, the outer surface of the
preformed unit, and the outer surface of the explosion-proof shell
under different wind speeds are compared, as shown in Figure 11.
As the wind speed increases, the maximum temperatures at different
positions all decrease, and the rate of temperature decrease gradually
slows down as the wind speed increases. When the wind speed
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exceeds 3 m/s, the slopes of the curves of the maximum temperature
change at the positions of the conductor, and the major insulation
gradually decreases, and the degree of temperature decreases
significantly. At this time, the temperatures drop to 91.3%, 90.9%,
96.0%, and 90.8% of the initial values respectively. Therefore, the
greater the wind speed of the ventilation system, the better it
can enhance the heat dissipation performance of the cable joint.
However, an excessively high wind speed cannot effectively reduce
the temperature. At the same time, it is also less economical to
generate and maintain a high wind speed for a long time.

4.2 Analysis of the heat dissipation
characteristics of cable joints under
different wind directions

To further analyze the influence of the air-cooling system on
the heat dissipation of cable joints, it is necessary to analyze the
wind direction and explore the role of the wind direction in the
heat dissipation process of cable joints. First, the parallel wind
speed of 0.5m/s under the condition of a current of 1,000 A is
analyzed. By plotting and comparing the temperature curves of the
conductor, the main insulation, the outer surface of the prefabricated
component, and the outer surface of the explosion-proof shell, it
can be seen that when the temperature is in the radial direction
outward starting from the conductor, the temperature of each region
gradually decreases. However, the temperature in the axial direction
is no longer symmetric at both ends. In Figure 12, taking 0 as the
center, the positive value of the horizontal coordinate represents the
direction of the fluid inlet, and the negative value represents the
direction of the fluid outlet. It can be seen that the temperatures in
the four regions near the fluid inlet direction are relatively low, while
the temperatures near the fluid outlet direction are higher due to heat
accumulation caused by the wind direction problem.

When the wind-direction angle is changed so that the fluid inlet
is perpendicular to the axial direction of the cable joint, that is, the
wind direction forms a 90° angle with the joint’s axial direction, the
curves of the maximum temperatures at various positions under
different wind speeds are plotted as shown in the following figure.
It can be seen from Figure 13 that when the wind-direction angle
is changed to blow perpendicularly towards the cable joint, the
changing trends of the maximum-temperature curves at different
positions remain the same. However, the wind speed required to
reduce the maximum temperature to a constant level is significantly
lower compared to the case when the wind direction is parallel to
the axial direction of the cable joint. When the wind speed is 2 m/s,
the temperatures have dropped to 84.4%, 85.2%, 91.3%, and 92.3%
of the original values respectively. This indicates that when the wind
direction is perpendicular to the axial direction of the joint, the air-
cooling effect can be further enhanced, and the joint temperature
can be further reduced.

To analyze the specific role of air cooling in improving the
current-carrying capacity of cable joints, the current-carrying
capacities when the temperature at the main insulation of cable
joints reaches the critical value under different wind directions
and wind speeds are statistically analyzed, as shown in Figure 14.
It can be seen that as the wind speed increases, the current-
carrying capacities in the two ventilation directions both increase
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in a logarithmic function trend. When the wind speed is low,
the current-carrying capacity increases rapidly. After the wind
speed reaches a certain value, the increase in the current-carrying
capacity is relatively gentle. Among them, the increase in the current
carrying capacity under the vertical wind direction is more obvious.
Under the same wind speed, the vertical wind direction has more
advantages. Compared with the natural convection condition, when
the external wind speed is 5m/s, the current-carrying capacity
under the vertical wind direction is increased to 150% of the original
value, and that under the parallel wind direction is increased to 136%
of the original value. In addition, it can be seen that when the wind
speed is 0.5 m/s, the current-carrying capacity under the parallel
wind direction is higher. This is because when the wind speed is
low, the wind perpendicular to the axial direction of the cable joint
is relatively gentle. When the heat of the joint dissipates outward,
it is inhibited by the wind fluid in the opposite direction, resulting
in less heat being dissipated outward. This phenomenon disappears
when the wind speed is higher. Therefore, the influence of wind
speed and wind direction on the heat dissipation performance of
cable joints needs to be considered in the construction of the tunnel
ventilation system.

In addition, it can be observed that after the wind speed
reaches a certain level, the rate of increase in the current-carrying
capacity gradually decreases. This indicates that as the wind speed
continuously increases, the heat exchange rate on the surface of
the cable joint does not increase linearly in proportion. There is a
threshold for heat dissipation. Therefore, excessively increasing the
wind speed cannot further reduce the temperature of the cable joint,
and maintaining an overly high wind speed incurs a relatively high
economic cost. Through comparison, it can be found that when the
air-cooling system has a parallel wind direction, the threshold for
the increase in the current-carrying capacity appears when the wind
speed reaches 3 m/s. When the wind direction is perpendicular, the
threshold for the increase in the current-carrying capacity can be
reached when the wind speed is 2 m/s. Therefore, in engineering, by
changing the wind direction and wind speed, it is possible to achieve
a greater increase in the current-carrying capacity with a relatively
low wind speed.

5 Conclusion

o When the explosion-proof shell is completely filled with epoxy
resin, the current carrying capacity of the joint is increased
by 1.78 times compared to air. When the filling glue in
the explosion-proof shell is insufficient, the temperature rise
linearly increases with the increase of air proportion under the
same conditions.

« The external air cooling system of cable joints can significantly
reduce the temperature rise of the joints and increase the
current carrying capacity. The wind direction perpendicular to
the axial direction of the joint has a more significant advantage
in heat dissipation compared to parallel wind direction. When
the wind speed is 2 m/s, the current carrying capacity can
be increased to 1.38 times that under natural convection
conditions.
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o When the wind direction is parallel, it is affected by the fluid
thermal field, and the temperature rise in the lower air outlet
area of the cable joint is higher than that in the upper air
outlet area. Therefore, after running for a period of time,
the air cooling should be reversed to avoid the continuous
accumulation of main insulation heat.
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