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Abstract

:

With the gradual depletion of shallow resources, the process of resource exploitation is being transferred to greater depths. The temperature of the surrounding rock increases gradually in the process of deep mining, and the temperature of the underground substation chambers often exceeds the normal working temperature in summer. In this paper, the equipment layout and ventilation conditions of the deep substation chamber of the Jiangxi Qujiang Mining Company were selected as the research subjects, and numerical simulation software was used to study the temperature distribution within the chamber under different conditions by changing the combinations of the wind velocity and air temperature of the inlet air of the chamber. The study showed that, under the conditions of the current equipment layout and air door size, the equipment temperature was prone to being too high in the summer. Therefore, the layout of the equipment was optimized based on the simulation results. The transformer equipment was changed from the original serial mode to the juxtaposed mode, and the size of the air door was increased, which effectively reduced the disturbance of the air flow and the length of the air flow path in the chamber. This meant that the high temperature area of the chamber was at the end of the chamber, which efficiently reduced the area of the high temperature zone and ensured that the equipment was in a lower temperature environment. This method can be used as a reference for temperature distribution, layout, and temperature control measures within buildings.
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1. Research Status


With the increase in coal mining depth, the problem of high temperature is increasingly troubling for mining activities. Recently, some scholars have studied the temperature distribution of the heat-regulating circles of mines as well as the surrounding rock of the roadway. Numerical simulations and actual measurement analyses have been conducted on the radius of the heat regulating circle of the −965 m track roadway in a mine in Huainan and found that the radius of the heat regulating circle was about 33 m [1]. The distribution patterns of the temperature fields of the surrounding rock of the roadways with active thermal insulation in high-temperature mines have also been studied, and the distribution characteristics of the roadway heat regulating circles under the different thicknesses of thermal insulation layers have been analyzed [2]. The shape of the roadway section affects the heat dissipation pattern of the surrounding rock [3]. The high ground temperature of the roadway affects the temperature field of the surrounding rock and the distribution pattern of the air temperature inside the roadway [4]. Du et al. [5] proposed a calculation method for the radius and temperature of the heat regulating circle of a mine based on steady-state heat conduction. Han Fei et al. [6] conducted an experimental study on a similar simulation of the heat transfer of the surrounding rock of a mine. The cooling capacity of the underground chambers was calculated to reach the target temperature, and the researchers proposed a corresponding cooling scheme [7]. Wan et al. [8] conducted field measurements of the thermal environment in a specific high-temperature chamber (water pump room, winch room, and substation) that is located underground in Yongchuan Coal Mine. Shi et al. [9] conducted a simulation study on the ventilation scheme of substations in elevated subway stations and proposed layout design principles for those substations. Xu et al. [10] studied the cooling method and heat dissipation of a 500 kV transformer. Chen et al. [11] discussed the maintenance structure of a chamber and the absolute heat source of wind flow. Wang Hao [12] obtained a series of results that showed how setting an insulation layer could affect the distribution patterns of the temperature fields within and around roadways. A new arrangement of PCM packs was introduced that used 15 °C PCMs as the inner layer and 23 °C PCMs as the outer layer (15&23) [13]. Li et al. [14,15] studied the working principles of a vortex tube and performed a deep analysis of the heat damage in the south-central substation in the Zhaolou mine. Mutama et al. [16] employed a careful study of temperature conditions over time to determine that an evaporative cooling spray chamber would be sufficient to cool the airflow from the high dry bulb temperatures down to saturation at the wet bulb temperature. Thermal comfort model analysis and an optimization performance evaluation of a multifunctional ice storage air conditioning system have also been conducted in a confined mine refuge chamber [17]. Zhang et al. [18,19] conducted studies on the thermal performance of a mine refuge chamber with human body heat sources under ventilation. Xia et al. [20] conducted studies on the effects of cooling conditions on the surface properties of heated coal. Zhai et al. [21] conducted design and performance simulations of a novel liquid CO2 cycle refrigeration system for heat hazard control in coal mines. These studies have laid a solid foundation for the study of temperature distribution in deep substation chambers. This paper aimed to simulate and analyze the temperature distribution patterns and optimal layout of the deep substation chamber by building on these bases.




2. Analysis of the Heat Source and Its Environment in Deep Chambers


The temperature of the rock surrounding an underground chamber increases as the depth increases, with the temperature of the surrounding rock being the main heat source for deeper chambers. The internal temperature of some chambers is mainly affected by the temperature of the surrounding rock of the deeper chambers. When there is electromechanical equipment in the chambers, then the electromechanical equipment also generates a certain amount of heat according to its power.



2.1. Surrounding Rock of Deep Chambers: Principles of Heat Transfer through Air


Before the excavation of the underground chamber, the temperature within the rock mass around the chamber is the original rock temperature. The geothermal gradient of major underground spaces in China is divided into three regions: a region where the geothermal gradient is less than 2 °C/100 m; a region of 2–3 °C/100 m; and a region where the geothermal gradient is greater than 3 °C/100 m. For example, the temperature of the original rock of −1150 m in the Gucheng Coal Mine reached 32 °C and the temperature of the bottom rock of the −1250 working face of the Yaojiashan Coal Mine was over 40 °C.



After the excavation of the underground chamber, due to the temperature difference between the air in the chamber and the wall of the chamber, the temperature field of the surrounding rock of the underground chamber is redistributed by heat transfer. The process of convective heat transfer exists between the surrounding rock and the air inside the chamber, as well as between the air and the heat generating equipment in the chamber. According to Newton’s cooling formula, the heat flux of the convective heat transfer between the air and the wall (rock wall and equipment surface) is proportional to their temperature difference; that is:


  Q = h A Δ ,  



(1)




where:



 Q —Convective heat transfer  W ;



 h —Convective heat transfer coefficient   W / (  m 2  · ° C )  ;



A—Surface area for convective heat transfer, m2;



  Δ t  —Temperature difference between air and surrounding rock wall   ° C  .



For the circular roadway, under the premise that the surrounding rock of the roadway is homogeneous, the temperature distribution of the original rock within the surrounding rock of the roadway obeys the Fourier conduction differential equation to calculate the heat transfer process:


    ∂ T   ∂ t   = ζ      ∂ 2  T   ∂  r 2    +  1 r    ∂ T   ∂ r      



(2)







The initial conditions are:


  T   R , 0   =  T 1  , r >  r 0  , t = 0  



(3)







The boundary conditions are:


    ∂ T   ∂ r   =  h λ     T 0  +  T f    , t > 0 , r =  r 0   



(4)




where:



 T —Temperature at any point in the surrounding rock °C



 ζ —The thermal diffusivity of rock, m²/s;



 r —The distance between any point in the surrounding rock and the axis of the roadway, m2;



 λ —The conductivity of rock W/(m°C).



From the calculation formula, it can be seen that the temperature field of the surrounding rock of the chamber is distributed around the center of the chamber after excavation. The temperature of the surrounding rock with the same radius from the center of the chamber is equal to the same value, while the temperature of the surrounding rock beyond a certain distance from the center of the chamber still maintains the original rock temperature, from which it can be inferred that there is an isotherm in the surrounding rock of the chamber, and the area surrounded by the temperature isotherm of the original rock is called the heat-regulating circle of the surrounding rock of the underground chamber [22].




2.2. Heat-Regulating Circle of Surrounding Rock in Deep Chamber


Theoretically, the relationship between the ventilation time of the roadway and the range of the heat-regulating circle can be calculated. The temperature distribution of the surrounding rock of the roadway varies depending on the ventilation time, and the radius of the heat-regulating circle changes with the ventilation time [23,24]; with the increase in ventilation time, the humidity inside the surrounding rock of the roadway gradually decreases, and the radius of the heat-regulating circle gradually expands to the deep part of the surrounding rock, but the expansion speed gradually decreases. According to the relevant data [25]: the radius of the heat-regulating circle is about 18 m for a roadway with one year of ventilation time, about 25 m for a roadway with two years of ventilation time, and about 40 m for a roadway with five years of ventilation time.




2.3. Characteristics of the Underground Air


Affected by the shaft, the characteristics of the underground air in deep coal mines are slightly different from surface air, mainly in terms of air temperature, humidity, and air pressure. Due to the influence of geothermal heat, the temperature of the underground is higher than that aboveground. Due to the influence of mine water in the shaft, the humidity of the underground air is higher than that aboveground. Because mines are mostly ventilated by negative pressure, the underground air pressure is lower than that at the same altitude [26], which is basically the same as the ground pressure at the entrance to the shaft.



For example, the ground temperature reaches 0 °C in winter, but the underground temperature can still be around 10 °C, and the surface temperature exceeds 30 °C in summer, but the underground temperature can still be around 26 °C.





3. Measurement Analysis of Cooling Demand in Deep Underground Chambers


3.1. Temperature Measurement of Surrounding Rock and Original Rock in Deep Buried Chambers


The measurement of the original rock temperature was performed in the Dongyi substation of Qujiang Mining Company. The drill hole diameter was 110 mm; the drilling hole was perpendicular to the surface of the chamber, the horizontal hole was designed with an elevation angle of 2 degrees, and the drilling depth was 45 m. After the hole was drilled and cleaned, the temperature sensors were installed in the hole. The temperature sensors were positioned 45 m, 40 m, 35 m, 30 m, 25 m, 20 m, 15 m, 10 m, 5 m, and 2 m from the orifice, as shown in Figure 1. Each temperature sensor was numbered at the outer end, and a PVC pipe with a diameter of 25 mm was used to transport and fix the temperature sensor in the temperature measurement hole. Each PVC pipe was 2 m long with quick connectors at both ends. After each temperature sensor was installed, we connected the thermometer in turn and checked whether the circuit was normal.



After the installation and debugging of the temperature sensor in the hole, the grouting pipe was inserted into the temperature measurement hole, and polyurethane was used to seal the hole for 1.5 m. After one day of polyurethane curing, the temperature measurement hole was filled by the grouting pipe with the grouting pressure of 2–3 MPa. The grouting material was cement slurry, and the water–cement ratio of the slurry was 1:1. We stopped grouting after the return of the grouting to the exit of the PVC pipe; then, we blocked the exit of the PVC pipe; then, we stopped grouting after 2 min of a steady pressure of grouting. Then, the temperature of each measuring point was measured to obtain the final temperature distribution in the surrounding rock of the substation chamber, as shown in Figure 2. The temperature measurement time was in summer, and the temperature at the entrance to the chamber was about 25 °C. As shown in Figure 2, it was determined that the control of Qujiang Coal Mine and the radius of the heat-regulating circle of the roadway was around 40 m.




3.2. Basic Parameters of the Deep Underground Chamber


The underground Dongyi substation of Qujiang Mining Company is responsible for the power transformation and power supply of mechanical and electrical equipment in the eastern mining area of the Qujiang Coal Mine. The substation is located in the −850 East Lane of the mine, near the stone door of Dongyi. The surface elevation of Qujiang Company is about +37 m, the floor elevation of the substation is −850 m, and the actual buried depth of the substation is nearly 900 m. Currently, there are several pieces of equipment (4 dry-type transformers, 5 high-voltage distribution switches, and 12 low-voltage distribution switches) in the substation. Because the substation serves as a place for centralized distribution of voltage and current, the room temperature in the substation is stable above 28 °C, due to the high power of transformers and high-voltage switches. Especially because the temperature of the wellhead is high in summer, the highest temperature of poorly ventilated areas can reach up to 38 °C. Because the temperature of the working environment of transformers and high-voltage switches cannot exceed 40 °C, if the ambient temperature always exceeds 35 °C, it will accelerate the aging of the equipment and introduce instability, which will affect normal production. The actual equipment layout inside the substation chamber is shown in Figure 3, the cross-sectional dimensions of the substation chamber are shown in Figure 4, the equipment layout is shown in Figure 5, and the equipment model cross-section dimensions are shown in Table 1.




3.3. Numerical Simulation Model Construction and Simulation Scheme


In order to find an economical and reasonable method to solve the problem of high temperature in the substation, a simulation study of the substation was performed by using the CFD simulation software AutoDesk. According to the data found in the previous literature and field measurements [25], the heat-regulating circle of the surrounding rock of the chamber was about 40 m away from the surface of the chamber, and therefore the size of the simulation model was finally determined as follows: width × height × length: 85 m × 85 m × 25 m. According to the situation of the site, the size of the front and rear air door of the chamber was determined as follows: width × height: 1.6 m × 2 m.








	1.

	
We created a simulation geometric model: According to the model size parameters of Figure 4 and Figure 5 and Table 1, using Solidworks software, we created a simulated geometric model and saved it, as shown in Figure 6. Then, we imported the created model into CDF software, and set the analysis unit of the model to cm.














	2.

	
We determined the material properties and heat transfer parameter settings of the simulated objects in the model: The surrounding rock was made of solid material. Because the surroundings of the cavern were made of concrete, the model was simplified to a certain extent, and the surrounding area of the cavern was all set to concrete. The surface of the equipment was made of steel material; so, the equipment model was simulated with steel. Air was used for the heat transfer between the chamber periphery and the equipment. The specific heat transfer parameters are shown in Table 2.














	3.

	
We set the model boundary conditions: The total heat of the equipment is shown in Table 3 [27,28], and the equipment was simplified, and the material parameters are shown in Table 3.









For the boundary conditions of the model, the boundaries of the surrounding rock where the chamber was located in the original rock temperature (the top, bottom, left, and right sides) of the model were set as follows: static temperature = 40 °C. Because the front of the simulation model was the air inlet roadway, the distribution of the surrounding rock-controlled temperature circle was the same as that in the model, while the back of the model was the air outlet roadway, and the temperature was the same as the temperature of the air outlet. Therefore, we simplified this condition to a certain extent. The heat exchange before, after, and in the model were not considered. The air heat transfer parameters are shown in Table 2. The wind speed was equal to the wind speed set by the simulation scheme, as shown in Table 4.



For the simulation scheme setting, the maximum temperature in summer was simulated with different wind speeds, and the maximum wind speed was set to 6 m/s according to the relevant regulations of the mine [29], to obtain the ventilation condition and optimal equipment layout scheme, which met the high-temperature condition in summer. The boundary condition of the exit of the chamber was: wind pressure = 0 MPa.








	4.

	
We, then, solved the model: The grid division was the automatic grid size division of the material system.









The air turbulence model adopted the K-epsilon model, the heat transfer model adopted forced convection automatically, the gravity direction was the −z direction, and other parameters adopted the default system parameters. The operation model entered a steady-state and ended the operation.



The plane distribution of temperature inside the chamber is shown in Figure 7, after the simulation of different schemes.



The simulation results showed that at an inlet air temperature of 26 °C, the temperature of the transformer gradually increased with the decrease in the inlet wind speed, resulting in a further increase in the air temperature around the transformer in the chamber. At the same time, the simulation results also showed that the simulated wind speed could effectively achieve a cooling effect for both the high-voltage switches and low-voltage switches. The core temperature of the transformer reached 44 °C when the wind speed was 6 m, 47 °C at 5 m, 51 °C at 4 m, and 58 °C at 3 m. The core temperature of the transformer reached 70 °C when the wind speed was 2 m and 90 °C when the wind speed was at 1 m, which is disadvantageous to the stable operation of the equipment. Moreover, because the two working transformers were arranged in front of each other on the wind flow route in the chamber, the wind flow from the latter transformer went through the front transformer, causing a certain increase in temperature, which had a negative impact on the heat dissipation of the latter transformer. Therefore, it was necessary to improve the equipment layout.



In order to further understand the cooling effect of ventilation in the chamber, a study of the wind flow path was conducted. The simulation results are shown in Figure 8.



The simulation results of the wind flow routes from the side view and the view from the top showed that with the existing equipment layout, due to the small size of the air inlet door, after the wind flow entered the chamber, a wind flow whirl was produced, which increased the length of the wind flow path inside the chamber, thus showing multiple areas of temperature increase, especially behind the substation equipment, where the wind flow’s heat increased significantly. In particular, from the view from the top of the wind flow route, the temperature of multiple areas within the chamber increased, which is detrimental to the long-term operation of the equipment.





4. Proposal for a New Scheme


According to the simulation results and the size parameters of the field equipment and the chamber, the four transformers were changed to two on the left and two on the right, one working and one on standby on each side, and three low-voltage switches were moved to the side of the transformer. At the same time, the opening of the front and rear air door were increased to a width of 4 m and a height of 4.3 m with a straight wall arched door. Numerical simulation was performed for the rearranged substation chamber with an inlet air temperature of 26 °C and wind speed of 1 m, 2 m, and 3 m, respectively, as shown in Figure 9.



The chamber temperature distribution of the new scheme under different wind speeds (Figure 10) showed that the maximum temperature of the equipment in the chamber at 1 m/s reached 43 °C, 37.5 °C at 2 m/s, and 35.5 °C at 3 m/s. Therefore, a wind speed of only 2 m/s was sufficient to cool the chamber under the improved scheme. To further validate the ventilation effect of the improved scheme, a simulation of the ventilation route was performed, as shown in Figure 10.



The new scheme significantly reduced the turbulence of the wind flow in the chamber compared to the old scheme, and the temperature rise was mainly concentrated at the tail of the chamber, effectively reducing the high temperature areas.




5. Discussion and Conclusions


There are many heat sources inside the deep substation chamber, and there are many factors affecting the temperature distribution. To ensure good operating conditions for the equipment, not only the ventilation conditions but also the layout of the equipment need to be considered.



	1.

	
The measured data on site showed that the radius of the heat-regulating circle in the deep substation chamber was about 40m and varied little with the seasons.




	2.

	
Due to the limitation of ventilation speed in the deep chamber, in order to ensure the proper operation of the equipment, it was necessary to reasonably arrange the equipment in relation to each other to reduce the interference between the heat-generating equipment, and at the same time, reduce the temperature inside the chamber as much as possible by arranging the heat generating equipment near the exit door of the chamber.




	3.

	
The size of the air door directly affected the turbulence degree of the air flow inside the chamber. The smaller the air door was, the more turbulent the air flow; the longer the wind route was and the larger the air door was, the less turbulent the air flow. In addition, the shorter the air flow route was, the more conducive it was for taking away the heat from the heat source inside the chamber.
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Figure 1. Schematic diagram of temperature measurement and drilling equipment layout. 
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Figure 2. Temperature curve within surrounding rock of chamber. 
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Figure 3. Physical diagram of the substation. 
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Figure 4. Cross-section of the substation. 
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Figure 5. Substation equipment layout plan. 
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Figure 6. Schematic diagram of the simulation model. 
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Figure 7. Comparative diagram of temperature distribution within the chamber of different schemes. 
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Figure 8. Wind flow routes of different schemes. 
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Figure 9. Comparison of simulation results of different wind speeds of the new scheme. 
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Figure 10. Wind flow route of the new scheme. 
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Table 1. Substation equipment model and size table.






Table 1. Substation equipment model and size table.





	Name
	Model
	Equipment Power/W
	Size (Length × Width × Height)/mm
	Quantity/

Set





	Dry-type

Transformer
	KBSG-315/66/0.69
	1300/2500
	2800 × 980 × 1555
	4



	High-voltage Switch
	QKBG-1000/10-250
	1000
	2113 × 1476 × 1390
	5



	Low-voltage Switch
	KBZ2-400(200)/660
	200
	718 × 490 × 814
	12
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Table 2. Heat transfer parameters of concrete and equipment.
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	Parameters
	Concrete
	Steel
	Air





	Thermal Conductivity
	0.011 W/cm/K
	0.54 W/cm/K
	0.0002563 W/cm/K



	Density
	2.306 g/cm³
	7.833 g/cm³
	system default



	Specific Heat
	0.837 J/g/k
	0.465 J/g/k
	1.004 J/g/k



	Emissivity
	0.92
	0.3
	1
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Table 3. Total heat of equipment.
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	Name
	Equipment Power
	Quantity
	Remark





	Transformer
	2000w
	2 sets
	2 in use and 2 as alternates



	High-voltage switch
	300w
	3 sets
	3 in use and 1 as alternate



	Low-voltage switch
	100w
	12 sets
	-
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Table 4. Simulation scheme parameter table.
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	Scheme
	Wind Speed
	Entrance

Temperature
	Scheme
	Wind Speed
	Entrance

Temperature





	1
	1 m/s
	26
	4
	4 m/s
	26



	2
	2 m/s
	26
	5
	5 m/s
	26



	3
	3 m/s
	26
	6
	6 m/s
	26
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