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The failure rate of distribution system at all levels can be reduced effectively by exploring
the change law of temperature rise of electrical control switch cabinet (ECSC), and
optimizing the design concept of the cooling system. These efforts can significantly
promote the coordinated development of grids at all levels. However, the existing studies
rarely discuss the temperature rise law under external factors or non-rated conditions. The
factors affecting temperature rise have not been fully considered, not to mention the
correlations between these factors. Likewise, few scholars have tried to optimize the design
of the cooling system. Therefore, this paper carries out a heat flow field analysis on the
cooling system of ECSC. Firstly, the design idea of ECSC cooling system was explained,
and the design steps of ECSC cooling were presented. Secondly, a mathematical model
was established for the motion of ECSC thermal fluid, based on the laws of conservation
of mass, momentum, and energy. Thirdly, a turbulence model and a porous media model
were constructed for ECSC heat flow field analysis, after fully considering multiple
factors: the compressibility of the fluid, the construction of a special yet feasible problem,
the precision requirement, the computing capacity, and the time limit. Finally, the
uniformity of the flow field was measured by parameters like mean speed, coefficient of
speed fluctuation, and cloud map of speed, the results of ECSC heat flow field analysis

were obtained, and useful suggestions were provided for structural optimization.

1. INTRODUCTION

Following the requirements on electrical wiring, electrical
control switch cabinet (ECSC) is a closed or semi-closed metal
cabinet containing switching equipment, measuring
instruments, and auxiliary equipment, to protect the safety
people and surrounding equipment [1-7]. Step-up and step-
down distribution systems are an important link of high-
voltage supply side and low-voltage user side. ECSC, with
core functions like power distribution, control, and
transmission protection, is essential to distribution systems at
all levels [8-15]. 40% of distribution system accidents are
related to the temperature rise of the switch cabinet. If the
equipment operates at a high temperature for a long time, the
operation of the distribution system will no longer be stable,
and overheating may lead to serious combustion accidents [ 16-
22]. The failure rate of distribution system at all levels can be
reduced effectively by exploring the change law of
temperature rise of ECSC, and optimizing the design concept
of the cooling system. These efforts can significantly promote
the coordinated development of grids at all levels.

The cooling of the carrier circuit is the key to ECSC design.
Zhang et al. [23] introduced the thermal conduction
differential equation, Navier-Stokes equations, and radiation
heat transfer equation to build a multi-physical field coupling
mathematical model of the switch cabinet cooling problem,
mathematically modeled the three-dimensional (3D)
temperature field and flow field of KYN28A-12 switch
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cabinet, and conducted calculation by finite-volume method.
In industrial applications without cooling devices, thermal
conditions in the switch cabinet are also affected by natural
convection and radiation heat transfer. Frank et al. [24]
enhanced the opensource library Open FOAM to simulate the
temperature field of air in the cabinet, adopted Menter's Shear
Stress Transport (SST) model to depict the natural convective
heat exchange of turbulence, utilized surface-to-surface model
to illustrate radiation heat transfer, computed view factors with
Monte-Carlo  algorithm, and tested Rayleigh—Bénard
convection in a cavity. Finally, the numerical results of
different flow models were compared with the measured data
in the literature, and the correlations between the two sets of
data were evaluated. According to the infrared radiation theory,
Yan et al. [25] established thermal radiation models of the
inner surface of the outer casing induced by the overheating of
a single or multiple failed elements in the control cabinet,
respectively, obtained the distribution of the total heat flow in
the casing, built a three-dimensional (3D) heat transfer model
of the heating casing, and determined the overheating
temperature and position of failed parts in the cabinet.
Drawing on the idea of SAND (Simultaneous Analysis and
Design), Zhang et al. [26] converted the analysis of ECSC
system into an optimization problem, introduced the Krig
model as an alternative model of the output variables of each
subsystem, initialized the Kirg model based on sparse sample
points. The established model can greatly reduce the number
of subsystem simulations needed for system analysis. Their
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method was proved valid against a typical thermoelectric
coupling problem. Based on the existing data of fire tests,
Macheret and Amico [27] modeled the peak heat release rate
(HRR) of vertical cabinet fire, determined the proportionality
of peak HRR and combustion energy release under unlimited
oxygen supply, and further correlated the energy with the
initial fuel load of the cabinet.

To sum up, some scholars have studied and expounded the
heat dissipation performance of ECSC, laying a solid basis for
our research. The existing studies have solved ECSC
temperature distribution accurately. However, rarely has any
researcher discussed the temperature rise law under external
factors, or non-rated working conditions. The factors affecting
temperature rise have not been fully considered, not to
mention the correlations between these factors. Likewise, few
scholars have tried to optimize the design of the cooling
system. Therefore, this paper carries out a heat flow field
analysis on ECSC cooling system. Section 2 explains the
design idea of ECSC cooling system, and gives the design
steps of ECSC cooling. Section 3 establishes a mathematical
model for the motion of ECSC thermal fluid, based on the laws
of conservation of mass, momentum, and energy, and
constructs a turbulence model and a porous media model for
ECSC heat flow field analysis, after fully considering the
following factors: the compressibility of the fluid, the
construction of a special yet feasible problem, the precision
requirement, the computing capacity, and the time limit.
Section 4 measures the uniformity of the flow field by
parameters like mean speed, coefficient of speed fluctuation,
and cloud map of speed. Through experiments, the results of
ECSC heat flow field analysis were obtained, and useful
suggestions were provided for structural optimization.

2. DESIGN IDEA
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Figure 1. Surface heating power coefficients

Figure 1 shows the surface heating power coefficient of
each cooling mode. ECSC cooling mode is selected
preliminarily based on the coefficient value. When the mean
cooling density falls in [0.08, 0.31], forced air cooling should
be adopted to meet the requirements of cooling design. Figure
2 gives the general steps of ECSC cooling design.

Traditionally, heat flow and heat transfer problems are
solved experimentally and theoretically. But the traditional
solutions only apply to some simple working conditions, due
to their limited applicable scope or the constraints of test
methods/conditions. To predict the heat flow field of ECSC
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cooling quickly and accurately, this paper numerically
simulates the heat flow field of ECSC with wind cooling
devices, using the computational fluid dynamics (CFD)
software.

Figure 3 shows the internal cooling structure of ECSC. The
inlets of the ventilation system are installed on the front and
rear sides of ECSC. An axial flow fan is mounted on the top.
There are shutters on the cabinet door. The heat released by
the internal components of ECSC is discharged outward from
the exhaust of the cooling airduct.

Understand the relevant standards for cooling
design for ECSC, and determine the power
consumption and cooling area of devices or wiring
ducts, as well as the highest and lowest working
temperatures of the cooling system.

\J

Determine the models and use limitations of
available fans.

N/

Perform thermodynamic analysis of devices, and
determine the highest allowable working
temperature of each device.

7

Consider the reliability, safety, maintainability, and
electromagnetic compatibility of the cooling
design.

N

Select a proper numerical simulation method to
verify the feasibility and effectiveness of the
cooling scheme.

N

Select the cooling scheme, and estimate the
optimization cost.

Figure 2. Steps of ECSC cooling design
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Figure 3. Internal cooling structure of ECSC
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3. MATHEMATICAL MODELING

The computational domain of the thermal fluid in ECSC
was meshed by Ansys ICEM CFD. The switch cabinet was
divided into regular hexahedrons, while the inlets and outlet
were modeled by unstructured tetrahedrons. The interface
between the two kinds of grids was set to the interior interface,



such that the data can be transmitted effectively across
computational domains. Then, a mathematical model for the
motion of ECSC thermal fluid was established, based on the
laws of conservation of mass, momentum, and energy.

Based on the law of conservation of mass, it is possible to
construct the mass conservation equation of ECSC, which can
characterize the net mass of the microbody flowing into ECSC
in the same time interval. The mass equals the mass increment
of the fluid microbody in ECSC per unit time. Let ¢ be fluid
density; 7 be time; o be the fluid speed vector; o, p and ¢ be the
component of the fluid speed vector in directions a, b, and c,
respectively. Then, we have:

a£+8(o-o)+a(o-p)+a(0'q):o (1)
ot oa b oc

If ECSC thermal fluid is incompressible, its density ¢ can
be regraded as a constant. Then, the above mass conservation
equation can be simplified as:
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The momentum conservation equation measures the time
change rate of the thermal fluid momentum in ECSC
microbody by the sum of all external forces acting on the
microbody. Here, ECSC thermal fluid is viewed as an
incompressible fluid with a constant viscosity. Let V be the
pressure on the microbody of ECSC thermal fluid; o be fluid
density; A4 be kinetic viscosity. Then, the momentum
conservation equation can be simplified as:
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The energy conservation equation measures the increasing

rate of the energy for the microbody entering ECSC by the
work of body force and surface force on the microbody plus
the net heat flow. Let y be the specific heat capacity; ¢ be
temperature; ¥ be the heat transfer coefficient of the fluid; Rg
be the viscous dissipation term. Then, we have:
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Under different initial conditions and boundary conditions,
the viscous fluid could belong to two different flow states: the
laminar state, and the turbulent state. In ECSC with air cooling
devices, when the wind speed provided by the devices is
relatively slow, the internal thermal fluid flows in different
layers, forming a laminar flow. As the wind speed increases,
the streamline of the internal thermal fluid swings like a wave,
with a growth of swinging frequency and amplitude, forming

a transitional flow. When the wind speed is relatively fast, the
laminar flow of the internal thermal fluid is damaged, the
streamline becomes illegible. In this case, adjacent layers slide
against and mix with each other, and the thermal fluid moves
irregularly, forming a turbulent flow. This paper relies on the
critical Reynolds number RE to differentiate between laminate
flow and turbulent flow in ECSC. Let ¢ be the density of the
internal thermal fluid; v be fluid speed; e be feature length; 4
be kinetic viscosity. Then, we have:
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For ECSC with air cooling devices, if RE>2300, the internal
thermal fluid forms a turbulent flow; if RE<2300, the fluid
forms a laminar flow. In this paper, the hot gas flow inside
ECSC is very complex, but mostly belongs to the turbulent
state. Let OV be the orifice area; WC be the wetted perimeter.
Since the outlet of ECSC is rectangular, the feature length d
equals Er:
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The turbulence model for ECSC heat flow field analysis
should be selected in the light of various factors: the
compressibility of the fluid, the construction of a special yet
feasible problem, the precision requirement, the computing
capacity, and the time limit. Considering the applicable scopes
and advantages of multiple turbulence models, this paper
chooses the renormalization group theory k-epsilon (RNG k-
€) model to simulate the flow problem of ECSC heat flow field.
Extended from the standard k-¢ model, the RNG k-¢
turbulence model thoroughly considers turbulent vortexes,
improves the simulation precision facing these vortexes, and
provides an analytical formula containing low RE flow
viscosity. As a result, the model is highly credible and precise
in depicting a wide range of flows. In the RNG k-¢ turbulence
model, k refers to the kinetic energy of turbulent pulsation, and
¢ is the diffusion rate of turbulent pulsation. The two
parameters are adopted by the model to close the control
equations. Let ¢ be fluid density; o; and 0,(i,j=1,2,3) be the
time-mean speed components; a; and a; be the components on
each axis; x; and x. be the Prandtl number of k and ¢,
respectively (k=e=1.4); D, and D, be the turbulence model
coefficients (Di~1.4; D»~=1.7); 0 is the dimensionless
parameter; @; be the time-mean strain rate; Hy be the term
produced by the turbulent energy k induced by the mean speed
gradient; A; be the turbulent viscosity. Then, we have:
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o0 can be calculated by:
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The equivalent viscosity coefficient is represented by
Apg==A+As; constants D,, dp and a are empirically set to 0.086,
4.7, and 0.015, respectively.

In ECSC, the maximum boundary dimensions are adopted
for the cabinet, elements, wiring ducts, and other accessories.
Generally, the ventilation scheme consists of inlets below the
front door, and an outlet above the front door, with no inlet or
outlet at the rear door. ECSC thermal fluid can pass through
the elements and cables in any direction. Hence, the wiring
ducts and elements can be simplified as a whole into a porous
medium. The porous medium model can be viewed as the
momentum equation, plus two source terms, namely, viscous
loss and inertial loss. Let |o| be the hot wind speed of ECSC;
QF and QOF be the specified coefficient matrices. Then, the
(a,b,c) momentum source term R; in direction i can be
expressed as:
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Let S be the penetration rate; D* be the inertial resistance
coefficient. If the elements are arranged simply in an isotropic
manner. Formula (16) can be simplified as:
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Let ZJy and ¢ be the mean width and porosity of elements,
respectively. Then, the viscous resistance coefficient 1/4 can
be calculated by:

A

E(l—go)z (18)

The inertial resistance coefficient D* can be calculated by:
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4. UNIFORMITY EVALUATION INDICES

The hot wind speed in ECSC is a key constraint of the
cooling performance of the switch cabinet. After entering the
cabinet, the uneven distribution of the hot wind directly leads
to the uniform cooling of elements, and significantly
undermines the cooling performance of the cabinet. To better
explore the uniformity of ECSC heat flow field, the uniformity
of the flow field was measured by parameters like mean speed,
coefficient of speed fluctuation, and cloud map of speed. The
mean speed refers to the mean gas speed observed at
monitoring points. As an indicator of gas flow intensity inside
the cabinet, the faster the mean speed, the wider the range of
gas flow, and the better the cooling performance.

The coefficient of speed fluctuation SP characterizes the
violence of fluid speed change in ECSC heat flow field. When
the gas in ECSC heat flow field is distributed very unevenly,
the SP value will be relatively large, a sign of the poor cooling
performance of the cabinet. The SP value can be calculated by:

sP = Zv x100
1%

1 m «\2
mZizl(Ui v )
o
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where, y, is the standard deviation of the hot wind speeds
observed at all monitoring points on the same plane; v* be the
mean of these speeds; m be the number of monitoring points.

5. EXPERIMENTS AND RESULTS ANALYSIS

After adding inlet hoods to ECSC, the heat flow field in
ECSC at seven different horizontal cross-sections were
simulated: 0.6, 0.8, 1, 1.2, 1.4, 1.6, and 1.8m. These horizontal
cross-sections reflect the spatial heat flow field situation near
the inlets of ECSC. Based on the temperature collected from
the monitoring points, the curves of the coefficients of speed
fluctuations for thermal fluid on the 7 horizontal cross-sections
were plotted and shown in Figure 4. It can be learned that, on
the horizontal cross-section of the height 0.8, the coefficients
of speed fluctuations for thermal fluid under different hood
settings were basically the same with that of the original
structure. The coefficients of speed fluctuations in the scheme
of 24°/100mm declined the greatest from the levels of the
original structure. Hence, this scheme was adopted for the
structural optimization of inlet hoods.

Figure 5 shows the standard deviation of temperature on
vertical cross-sections relative to the central axis between the
optimal structure and the original structure. The standard
deviation of temperature can characterize the uniformity of the
temperature field inside ECSC. It can be observed that the
standard deviation of temperature between the two structures
gradually reduced with the growing operation time of the
cabinet. Thus, ECSC temperature tends to be uniform, as the
cool wind provided by the cooling system continues to flow
around.

This paper tests and controls the temperature at key parts of
ECSC. The monitored values are summarized in Tables 1-3.

In the sealed environment of ECSC, the temperature
constantly rises. Figure 6 shows the variation of input power
with outlet temperatures.



Figure 7 compares the mean cooling efficiencies at different
working conditions before and after the structural optimization
of the cabinet. It can be seen that, when the outlet temperature
fell in [40°C, 60°C], the mean cooling efficiency of the cabinet
remained stable. When the temperature surpassed 65°C, the
mean cooling efficiency of the cabinet started to drop.
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Figure 7. Mean cooling efficiencies at different working
conditions before and after the structural optimization of the
cabinet

Table 1. Cylinder manifold temperatures

Bus cylinder Cylinder Cylinder Cylinder
manifold manifold 4 manifold B manifold C
Temperature 124.515°C 115.4127°C 113.4758°C

Cable cylinder Cylinder Cylinder Cylinder
manifold manifold 4 manifold B manifold C

Temperature 103.2814°C 105.4962°C 101.0825°C

Table 2. Fixed contact temperatures

Bus fixed contact Contact 4 Contact B Contact C

Temperature 116.8512°C  118.2953°C 114.1852°C
Cable fixed contact  Contact 4 Contact B Contact C
Temperature 105.1957°C  108.3296°C  105.4953°C

Table 3. Fixed contact temperature rises

Time/h 1 2 3 4 5 6

Phase4 9.2 43.2 67.4 78.5 82.6 85.2
Phase B 9.8 44.8 54.6 66.8 73.8 75.8
Phase C 7.8 45.2 58.4 68.5 73.1 76.2
Phase 4 13.8 452 63.8 74.7 73.6 75.9
Phase B 14.5 42.9 53.6 64.2 66.5 68.4
Phase C 12.8 43.8 52.1 65.9 68.3 66.2

Bus fixed contact
Temperature rise

Cable fixed contact
Temperature rise




Table 4. Mean cooling efficiencies at different working
conditions before and after the structural optimization of the

cabinet
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Figure 8. Experimental values vs. theoretical values of the
original ECSC under different working conditions
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Figure 9. Experimental values vs. theoretical values of the
optimal ECSC under different working conditions

According to the experimental results, the authors computed
the mean cooling efficiencies at different working conditions
before and after the structural optimization of the cabinet
(Table 4). Figures 8 and 9 compare the experimental values
with the theoretical values. To further demonstrate the cooling
performance of ECSC, the cumulative heat releases of the
cabinet before and after optimization measured through
experiments were compared with the modeling results.

It can be learned from the figures that, under the same
working condition, the optimized ECSC was more efficient in
cooling than the original ECSC. Compared with the original
ECSC, the optimal ECSC on average increased the cooling
efficiency by 16.15%. After optimization, the mean cooling
efficiency of ECSC was 28.54%. By contrast, the mean
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cooling efficiency of air cooling cabinet was 12.39%. Hence,
structural optimization improves the cooling performance of
the cabinet.

6. CONCLUSIONS

Based on heat flow field analysis, this paper probes deep
into ECSC cooling system. The authors detailed the design
idea of ECSC cooling system, as well as the design steps of
ECSC cooling. Drawing on the laws of conservation of mass,
momentum, and energy, a mathematical model was
established for the motion of ECSC thermal fluid. On this basis,
a turbulence model and a porous media model were
constructed for ECSC heat flow field analysis, through full
consideration of factors like the compressibility of the fluid,
the construction of a special yet feasible problem, the precision
requirement, the computing capacity, and the time limit. In
addition, the uniformity of the flow field was measured by
parameters like mean speed, coefficient of speed fluctuation,
and cloud map of speed. The coefficients of speed fluctuations
for thermal fluid on the horizontal cross-section were
compared under different hood settings. In this way, the
optimal inlet hood setting was determined for structural
optimization of ECSC. Through experiments, the authors
tested and controlled the temperature at key parts of ECSC,
plotted the variation of input power with outlet temperatures,
and computed the mean cooling efficiencies at different
working conditions before and after the structural optimization
of the cabinet. The experimental results demonstrate that the
structural optimization promotes the cooling efficiency of
ECSC. Finally, the experimental values of the optimal ECSC
under different working conditions were compared with
theoretical values, and suggestions were put forward to
improve structural optimization.
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