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Abstract – In order to study the effect of the high-altitude and dusty weather in northwest of China on 
the corona characteristics of transmission lines, a corona caged based experimental system with sandy 
and dusty flow condition is numerically investigated and designed. This system overcomes the 
difficulties caused by harsh environment and offers easy usage for off-site tests. The design parameters 
are mainly determined by the characteristics of strong sandstorm in northwest region and test 
requirements. By the comparison of numerical simulation of the particle diffusion in four programs 
with rectangular or circular air-duct, a practical technology, which introduces swirl to control the 
particle diffusion length, is obtained. Accordingly, the structure of round air-duct with swirl elbow in 
inlet and outlet of high level segment is selected as final program. Systems of control and measurement 
are designed at the same time. Field tuning results show that the test system could ensure the range of 
sandy and dusty coverage. The wind speed, sandy and dusty concentration could be controlled and 
meet the requirements of accuracy. The experimental system has many features, such as simple 
structure, easy to be assembled, disassembled, transported and operated, small space occupied. 
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1. Introduction 
 
In northwest of China, there are many UHV transmission 

lines in the higher altitude regions, where strong sandstorm 
weather accounts for a considerable proportion in the 
whole year. Corona caused by this special weather is one 
of the key factors for the selection and optimization of 
UHV transmission lines. It is important to study the corona 
characteristic of the conductors in the sandy and dusty 
condition in high-altitude areas [1-5]. 

A few of such experimental studies have been done. In 
1941, Bagnold first [6] introduced tunnel to physical 
study for sandy and windy flow. Arainy et al used a test 
system for dusty weather simulation to research air-gap 
breakdown under dusty circumstance [7-11]. Mei et al 
developed a set of portable tunnels to study the wind 
erosion research [12]. Lin et al used a test system for 
dusty weather simulation to research the contamination 
deposited characteristics of porcelain long rod insulators 
under sandstorm circumstance [13]. In these studies, the 
structures of the sand-wind tunnel are closed and the 
variants are fixed [14-15]. However, there are many 
shortcomings of those devices, such as lacking of 

regulation precision, inconvenient to use in different 
places because of huge volume and so on [16-19]. In order 
to consider the limitations of the off-site test and site 
constraints at different altitudes, a set of movable sandy 
and dusty condition simulation system for high altitude 
test based on corona cage is to be designed. The wind 
speed and the dust concentration of the system could be 
controlled in the range of experiment, the test precision 
could meet the corresponding require-ments. The system 
should have the advantages of small occupation area 
and easy disassemly and transportation The following 
requirements of experimental design are proposed according 
to the results of the numerical simulation test system: 

1)  Based on the comprehensive consideration of actual 
situation in northwest region and the feasibility of the 
test system, the range of wind speed is set between 5 
m/s and 15 m/s. The sandy and dusty concentration 
(sand ratio) is set in the magnitude of 10-8~10-7. Wind 
speed, sandy and dusty concentration are adjustable 
with the accuracy according to the requirement of the 
test. 

2) Sandy and dusty coverage needs cover the range of 
motion of ion which is corona discharge. Through 
calculation by charge-simulation method, the sandy and 
dusty coverage is finalized as: it should be longer than 
6m in the direction along the conductors; it should be 
longer than 2m in the vertical along the conductors, as 
shown in Fig. 1. 

3) In the northwest region, the parameters of sand and dust 
for numerical simulation and experimental study are 
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selected as follow: particle size is set as 50~200μm; the 
density of particle is set as 2200kg·m-3.  

4)  The test will be performed in different place at different 
altitude. With the consideration of the condition of 
transportation and test site, some requirements for the 
test system are simple structure, easy to assemble, 
disassemble, transport, operation, and in small space 
occupied under the premise of meeting the design 
parameters. 

 

 
(a) Corona cage 

6m
 

(b) Length of dusty coverage 

 
(c) Height of dusty coverage 

Fig. 1. Schematic diagram of dusty coverage 

2. Design of Structure of the Experimental  
System 

 
2.1 The proposed preliminary program 

 
This paper proposed four programs with rectangular or 

circular duct. And the programs are shown in Fig. 2 
In order to facilitate the programs shown in Fig. 2 for 

comparative analysis, the concept of “particle diffusion 
tube length” is defined, namely: particle diffusion tube 
length (Lk) which is shown in Fig. 3 is the length from the 
outlet of feeding tube to the place where sand initially fill 
the duct in a certain wind speed. 

 
Fig. 3. Schematic diagram of particle diffusion tube length 

with wind speed in rectangular air-duct  
 

2.2 Numerical simulation and comparative analysis 
of each program 

 
In the commercial software of Gambit, the works of 

establishment of model, meshing and definition of boundary 
condition is done. The schematic diagram of grids of 
program 4 is shown in Fig. 4, as an example. By the 
independent verification, the number of grids of this 
program is ultimately determined as about 56 thousand. 
The inlet of air-duct and the outlet of feeding pipe are 
defined as the boundary condition of velocity inlet, and the 
outlet of air-duct is defined as the boundary condition of 
out flow. 

The model is introduced into commercial software of 
Fluent for numerical simulation. The assumption of the 

 
Fig. 2. Schematic diagrams of each program 
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modle of standard k-  turbulence is that the flow which 
will to be simulated is fully turbulent. Taking that the flow 
is fully turbulent into account, the model of standard k- ε 
turbulence is selected to simulate the flow field [20]. 

The continuity equation: 
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The momentum equation :  
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where iv  is time-averaged velocity; p is time-averaged 
pressure; i and j is the coordinate direction in the 3D 
Cartesian coordinate system, i, j =1, 2, 3; μ and μ T 
respectively are the viscosity ratio of motion of the fluid 
and viscosity ratio of the turbulent. 

The turbulent kinetic energy k equation and the diss-
ipation rate ε equation of standard k-ε model:  
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where Gk is the term of turbulent kinetic energy k which is 
caused by average pressure gradient; Gb is the term of 
turbulent kinetic energy k which is caused by the effect of 
buoyancy; YM is the impact of compressible turbulent 
pulsation to the total dissipation rate; C1ε , C2ε and C3ε is 
empirical constants; σk and σε respectively are the number 
of Prandtl which correspond with the turbulent kinetic 
energy k and the dissipation rate ε. 

In this paper, the sand ratio of the sandy and dusty 
waether which is to be simulated is at the order of 
magnitude of 10-8~10-7. In the other words, the volume 
fraction of discrete phase is very low. Therefor, the DPM 
model which is suitable for the condition of low volume 
fraction is selected [21-23], whose equations (coordinate 
direction of X in the 3D Cartesian coordinate system) of 
particle motion of discrete phase is: 
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where va and vp respectively are the velocity of gap-phase 
and particle, m/s; ρa and ρp respectively are the density of 
gap-phase and particle, kg/m3; t is the movement time, s; gx 
is the acceleration of gravity in x direction, m/s2; fx is the 
sun of all kinds of additional force on unit mass of particle, 
N; the second term at the right of the equal sign is the sun 
of gravity and buoyancy on unit mass of particle; fD(va- vp) 
is the drag force of unit mass of particle, and 
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where μ is gas-phase viscosity coefficient, Pa⋅s: ρp is the 
particle density, kg/m3; dp is the particle diameter, m; CD is 
the drag coefficient; Rep is the Reynolds number of particle. 

In this simulation, the refrigerant of gas is air. 
Comprehensive consideration the maximum wind speed of 
each month in many years in the high-altitude areas and the 
feasibility of the test, the wind speed of this test is selected 
as 5~15m/s. According to the properties of the sand in 
northwest of China (showed in Table 1), the particle size 
and density of the sand are selected respectively as 
50~200μm and 2200kg/m3. 

For the programs with rectangular air-duct, according 
to the demand of parameters of fans and wind speed, the 
structure of outlet of the duct is selected as 3×1.5m2. Fig. 
5 shows the results of numerical simulation of particle 
diffusion tube length in rectangular air-duct as function 
of wind speed. Fig. 6 shows the length of sandy and dusty 
coverage as function of wind speed in rectangular air-duct. 
Fig. 7 shows the diffusion of sand and dust in the corona 
cage at different wind speeds in program 2. 

 
Fig. 4. Schematic diagram of grid of program 4 

Table 1. The properties of the sand in northwest of China 

Density (g/cm3) Particle size (μm) 
Kind of sand Real 

density
Bulk  

density R154 R54 <R54

Pollution at the  
surface of insulator 2.1388 1.8735 25.42% 6.90% 67.68%

Sand on the ground 2.3382 1.7791 73.51% 21.42% 5.07%
 

 
Fig. 5. Change of particle diffusion tube length 
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Fig. 6. Change of maximum length of sandy and dusty 

coverage with wind speed in rectangular air-duct 

 
Fig. 7. Diffusion of sand and dust in the corona cage at 

different wind speed in program two 
 
Fig. 5 shows that duct particle diffusion tube length 

increases with wind speed increases in the rectangular 
straight. This system can not satisfy the miniaturization 
requirements of small footprint, and the proliferation of 
symmetry is poor. Fig. 6 and Fig. 7 shows that, although in 
the program two, dust cover meets the requirements of the 
length not less than 6m, but its export diversion structure 
make the continuity of sand-dust diffusion in the corona 
cage poor, and the length of sandy and dusty coverage 
changes. In the test, in order to ensure the length of sandy 
and dusty coverage is enough in corona cage, the length 
of air-duct need to be changed to accommodate it, which 
makes the operation of the test is complicated and difficult; 
the control of wind speed, sandy and dusty concentration 
is impacted. Therefore, programs two can not meet the 
requirement of the test. 

For the programs with round air-duct, according to the 
demand of parameters of fans and wind speed, the diameter 
of air-duct is selected as 1200mm. To ensure the sandy and 
dusty coverage, three sets of same test systems which are 
arranged side by side are pre-set. Therefore, the height and 
length of sandy and dusty coverage is more than 2m in 
every single of the test system. 

In order to accelerate the diffusion of dispersed phase 
and to make the length of tube shorter, axial guiding vanes 
are installed in front of the feeder opening to generate swirl 
wind. The numerical simulation results show that when 
the wind speed is set as 5~15m·s-1, particle diffusion tube 
length can be controlled within 3m by adjusting the 
guiding deflection angle of vanes (0~45°). It is known as 

the practical technology of particle diffusion length 
controlled by swirl, as shown in Fig. 8. 

Fig. 9 shows the results of numerical simulation of the 
length of sandy and dusty coverage in corona cage when 
the test is done with programs with circular air-duct 
adopting practical technology of particle diffusion length 
controlled by swirl in which effective sandy and dusty 
coverage starts from the place of 3m from the exit of air-
duct.  

Fig. 9 shows that both programs with circular air-duct 
can meet the need that sandy and dusty coverage is more 
than 2m; but according to the position of conductors in 
corona cage, fans need to be arranged overhead, so the 
problem of vibration of fans may seriously affect the 
security of test system, in program three. On the other hand, 
program 4 combines the advantages that length of sandy 
and dusty coverage is enough in straight pipe and fans can 
be arranged on the ground to reduce the influence of 
vibration of fans to the security of the test system. The 
covering of the test system is 9.5×2m2 in this program. The 
requirement of small space occupied is met. Therefore, 
program 4 is selected as final program. 

In order to further improve the design of the test system 
and to make it easy to disassemble and transport, three-
section design and bolted connection are adopted in the 
support structure when the test is done in different places. 
The schematic diagram is shown in Fig. 10. 

 
2.3 Design of control of the test system 

 
A single set of the test system uses two parallel axial 

fans. In order to obtain uniform concentration of sandwind 
flow, screw feeder, which is based on the principle of 
volume pump, is selected. The regulation characteristic of 

 
Fig. 8. Renderings of simulation of swirl dispersion 

 
Fig. 9. Change of length of sandy and dusty coverage with 

wind speed in round air-duct 
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the feeder is that feeding quantity changes linearly with 
rotation speed. When rotation speed is unchanged, the 
capacity of feeding is unchanged. In order to obtain the 
expected velocity and sandy and dusty concentration, the 
inverter which has the advantage of higher accuracy of 
regulation and easy operation is adopted to regulate the 
speed of fans and spiral feeder. The technical parameters of 
main equipment of the test system and the process of 
regulation and control are shown in Table 2 and Fig. 11 
respectively. Because the fans in a single set of the test 
system are parallel, the inverter adopts the mode of one for 
two. 

 
2.4 Design of measurement of the test system 

 
To reduce the impact of complex flow field of short tube 

to the measurement of flow, in this paper, the method of 
flow measuring in double section is adopted to measure 
the flow. Namely, Annubar flowmeter whose structure 
and parameters are as shown in Fig. 12 and Table 3 is 
adopted to obtain the instantaneous flow value of air in 
the end of high-horizontal section. The law of Backrest 
tube traverse is adopted to obtain real time mean flow 
values. Mixed flow values are obtained after further 
processing. In order to understand the specific sand 
concentration at the position of conductor, environment-
dust monitoring system which is based on the electrostatic 
induction technique is adopted (as shown in Table 4 [24]. 
The system is composed by dust monitoring (DUMO), 
module of data acquisition (EDA9017), converter (RS485-
USB) and software of data acquisition, where DUMO is 
base on induction technology of electrostatic. Light, 
movable and height adjustable support platform is designed 
to make it easy to install on the corona cage. 

Table 2. Parameters of test system main equipment 

Fans Feeder 
Airflow Rotation rate Power of motor Model of inverter  Model Feedstock Power of motor Model of inverter

65000m3·h-1 970r·min-1 11kW ACS510-01-060A-4 HKB3-500 40~300kg·h-1 0.55kW ACS550-01-04A1-4
 

Table 3. Parameters of Annubar flowmeter 

Specification Model Diameter Medium  Temperature Pressure Maximum flow 
DN1200PN0.6 DN1200 Air 20~45℃ 5kPa 98000m3·h-1 

 

Fig. 10. Schematic diagram of supporting structure in 
program 4 

 
Fig. 11. Logic diagram of frequency control 

Table 4. Parameters of environmental dust monitoring 
system 

Particle size Range Flow rate Temperature Humidity Power

>0.3μm 0.1mg·m-3~
10g·m-3 >4m·s-1 -20~60°C 95%PH 3W

 

   
(a)                (b)  

Fig. 12. Annubar flowmeter: (a) Piezometric tube; (b) Three
groups of valve and differential pressure transmitter
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3. Test System Performance Tuning  
 
Fig. 13 shows the actual figure of the test system. Firstly, 

tuning of frequency and flow performance is done at 
different opening of deflectors at head and hail of high 
level segment. The performance of flow is obtained at 
the opening of 25-30 which is the best opening for sand 
diffusion, as is shown in Fig. 14. With comprehensive 
consideration of characteristics of flow at every opening, 
the range of wind speed of the system is set as 4-16m·s-1.  

After the local sand material in Xining is screened, the 
sand, the size of which is smaller than 0.25mm, is chosen 
to measure concentration when the opening is 25-30. The 
results are shown in Fig. 15, where fg is the power 
frequency of feeder. It can be seen from Fig. 13 that the 
sandy and dusty density of the test system at the conductors 
position is equal or greater than 133mg·m-3 (sand ratio 

6×10-8). 
Tuning results show that the test system can meet the 

requirements of concentration, wind speed and dusty 
coverage. 

 
 

4. Analysis of Preliminary Test Results of Corona 
Characteristic 

 
Fig. 16 shows the influence of different sandy and dusty 

density and different altitudes on corona characteristic of 
conductor. As the density of sandy and dusty increases in 
the same field strength, corona loss increases significantly 
while the corona onset voltage decreases significantly. The 
test system is well designed to meet the test requirements 
of corona characteristic of conductors. 

The researches about experimental corona characteristics 
at different altitudes, and “current-voltage characteristics” 
of the corona discharge have been completed by other 
numbers of our research group on the basis of the test 
system which is designed in this paper. And some relevant 
papers are published. In these papers: literature [25] used 
this experimental system to in-depth study the impact of 
the 0-3000m range of altitude on the corona onset 

 
Fig. 13. Achieve rendering of the test system 

 
Fig. 14. Characteristic of flow at opening 25-30 

 
Fig. 15. Characteristic of dusty concentration at opening 
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Fig. 16. Influences of different sand and dusty density and
different altitude on corona characteristics of 
conductors 
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characteristics of AC transmission line conductor; literature 
[26] using this experimental system to study the corona 
onset voltage of six split conductors at 19-4000 m range of 
altitude, and the “current-voltage characteristics” of the 
corona discharge of different corona cage split conductors 
is acquired. Because of the limited of space, this paper is 
not willing to further instruct the works about these aspects. 

 
 

5. Conclusions 
 
In general, this study has shown the following 

conclusions: 

1) The wind speed range of the test system designed for 
4~16m/s, the dust concentration larger or equal to 133 
mg·m-3 (sand air ratio 6×10-8) and the dust cover of 
the wire is not less than the range of 6×2 m2, the 
performance parameters meet the design requirements;  

2) Defines the concept of particle diffusion tube length, 
cyclone obtained by numerical simulation of particle 
diffusion tube length control practical technology enables 
control of particle diffusion tube length 3m or less, a 
single system covering 9.2×2m2, which meet the 
requirements for small area;  

3) Testing system uses segmented structure and bolted to 
meet the needs of remote testing with easy disassembly 
and transport;  

4) Using this test system can obtain different characteristics 
in different corona wire dust concentration under high 
altitude. 
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