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Abstract

:

There is a height drop in the rain area of the circulating cooling water in mechanical ventilation circulating cooling towers, resulting in the ineffective use of gravitational potential energy. High-level water collection is an effective way to reduce the energy consumption of the cooling tower. Based on this, aiming to solve the gravity energy waste problem of circulating water in the cooling tower of a steel plant, this paper innovatively puts forward the high-level water tank to utilize the energy-saving transformation technology of turbine power generation and pump power saving. Additionally, this paper explores the energy-saving effects of the two methods under different height drops. The results show that the maximum utilizable rain area height of the cooling tower is 5 m, while the annual electric energy output of turbine technology can reach 4.704 million kW·h. The high water collection technology can reduce pump power consumption and save up to 7.35 million kW·h per year of electric energy, maintaining a more significant energy-saving ability compared with the turbine power generation technology. In terms of performance, the design of a high-level water tank is to help eliminate rain areas and improve the heat exchange efficiency of water and gas, so that the water temperature of the outgoing tower is 0.13 °C lower than that of the conventional cooling tower. Meanwhile, the ventilation resistance in the rain area is weakened, the resistance coefficient can be reduced by about 40–50%, and the noise can be reduced by about 10 dB (A) under the action of the water collection device. According to the economic evaluation, the total cost of turbine power generation technology is 0.563 million dollars and the total cost of high-level water collection technology is 0.446 million dollars. The cost can be realized within two years, but the high-level water collection technology avoids additional pump maintenance costs and has better economy. This study provides a theoretical basis for the transformation and optimization design of mechanical ventilation cooling towers, and has important reference value.
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1. Introduction


Nowadays, natural ventilation cooling towers or conventional mechanical ventilation cooling towers are still the main cooling methods for circulating water in large thermal power plants, so as to ensure the stable operation of each piece of heat exchange equipment in the generator set [1,2,3,4,5]. However, natural ventilation cooling towers require a larger footprint and have higher requirements for infrastructure construction and investment, which limits their further development. Due to the input of a large amount of mechanical ventilation equipment, the mechanical ventilation cooling tower usually has the disadvantages of large power consumption and greater noise, although the heat exchange performance is improved [6,7,8,9]. In recent years, high-level water collection technology based on natural ventilation or mechanical ventilation has been a concern of scholars. The high-level water collection device is installed on the base of conventional cooling towers. It directly collects circulating water flowing through the packing so as to reduce noise and save pump power, thus achieving the effects of energy saving and noise reduction [10,11,12]. In this regard, predecessors have studied the benefits of high-level water collection technology in noise control and cost control, and found that reasonable high-level water collection tanks can effectively control noise and greatly reduce power plant operating costs [13,14,15].



Among them, Fan et al. [16] studied the cooling effect of the high-level water collection device under natural ventilation, and concluded that the air resistance of the high-level water collection is reduced, which helps to increase the rapid flow of air and promotes the cooling effect. Ma et al. [17] found that the problem of super-large conventional countercurrent cooling towers lies in their high head, which makes the circulating pump consume a lot of electric energy, and the system requires large operation and maintenance costs. They point out that reducing energy consumption and noise are key issues that need to be solved. Yu et al. [18] studied the application of a high-level water collection cooling tower in Wanzhou power plant in Chongqing, and concluded that the high-level water collection tank helps to reduce the operation costs of the power plant and that the static head, under reasonable installation, can be reduced by 40%, and the heat exchange efficiency between water and gas can be significantly improved, thus controlling the noise in the rain area. Wang et al. [19] conducted a study on the cooling tower of a 1000 MW coal-fired power plant, focusing on the comparison of energy saving and noise control of conventional cooling towers and high cooling towers, and concluded that the elimination of the rain zone is key in saving energy, while avoiding the noise generated by the energy of the rain zone. Zou et al. [20] further studied the relevant technologies of high cooling towers, focusing on the analysis of high cooling towers from an economic point of view, and found that high cooling towers can significantly reduce the cost of electricity. Additionally, the investment cost is low, with significant economic benefits.



In summary, the current natural ventilation cooling tower or mechanical ventilation cooling tower has two main deficiencies. One is that the height drops of the rain area waste gravity energy, and the other is that the existence of the area is also noise interference. It is necessary to use a high-level tank and other devices to avoid the waste of gravity energy in circulating water, and to reduce the noise pollution of the cooling tower [21]. Therefore, this paper first puts forward the use of turbine power generation technology, turning the gravity energy into electricity output, and provides a design for high-level water collection technology, to use gravity energy to reduce pump energy consumption, so as to achieve the purposes of energy saving and noise reduction. This study has important reference value for the conversion of the gravity energy in circulating water in cooling towers and the transformation of energy-saving technology.




2. Research Object


The research object of this paper is selected from six concrete square cooling towers of Chongqing Iron & Steel Company Limited. The relevant data are obtained according to the operation of the cooling tower and the field investigation, which is real and credible. There are six concrete square mechanical ventilation cooling towers in the steel plant. Figure 1 is a structure diagram of the cooling tower, and Table 1 is the relevant parameters of the cooling tower. The six cooling towers are set in a unit system, supplying cooling water to the condenser, air cooler, oil cooler and other equipment of the generator set, and the cooling tower is operated 24 h a day and all the year round. The cooling tower involves the cooling fan and circulating pump motor load, of which the cooling fan load is 45 kW and the circulating pump motor load is 355 kW. The filler is made of S-wave blue raw material, which is lightweight, has a strong anti-aging ability and anti-ultraviolet ability, runs for a long time at a low temperature of −35 °C and at a high temperature of 65 °C, and possesses other advantages. Among them, the rated cooling temperature differential in the cooling tower is 7 °C. The cooling water flow of the 1# circulating cooling tower is 14,000 m3/h, the cooling water flow of the 2#, 3#, 5#, 6# circulating cooling towers is 7000 m3/h, and the cooling water flow of the 4# circulating cooling tower is 16,000 m3/h. Therefore, when operating under rated conditions, the circulating cooling water flow of a steel plant can reach 58,000 m3/h, according to the actual operation of a steel plant, while the cooling water flow of a single cooling tower is about 9000 m3/h, and the actual circulating cooling water flow of six cooling towers is about 54,000 m3/h.



The calculation parameters of cooling towers are shown in Table 2, in which the cooling water flow Q of a single tower group is 9000 m3/h, and the number of cooling towers is six. Due to the different loads of different cooling towers, the average value is used to calculate according to the research of steel plants, and the total cooling water flow Q is 54,000 m3/h, that is, q = 15 m3/s. According to the structural parameters of the cooling tower, the cooling tower has a total height of 13.25 m, in which the influent height of the cooling water is 8 m, the total thickness of the packing is controlled at 1.5 m, and the height of the rain area is left at 6.5 m, and the wasted gravity energy per second is calculated accordingly.



The calculation results of gravity energy are shown in Table 3. The gravity energy wasted per second is 955.50 kW and it runs for 8000 h a year, consuming 7.644 million kW·h of electric energy, accounting for 0.083 dollars/kW·h of industrial electricity price, and the annual electricity consumption is as high as 0.64 million dollars. Obviously, from the perspective of energy consumption, gravity energy has not been effectively used, resulting in a large amount of energy loss, which is not conducive to the purpose of green low-carbon energy saving. From an economic point of view, it increases the cost of electricity for enterprises. Therefore, it is necessary to optimize the cooling tower to avoid a large amount of energy loss and increased electricity costs.




3. Reconstruction Technology and Method


3.1. Turbine Power Generation Technology (Method 1)


As shown in Figure 2, a technical method for real-time online recovery of circulating water potential energy is proposed, thereby reducing plant power consumption and increasing power generation. Specific principle: under the premise of not affecting the operation process, in the new cooling tower collection tank, a large amount of circulating water from the top down of the cooling water tower is collected by the collection tank into the water turbine inlet, promoting the water turbine’s rotation work through the water outlet back to the pool for recycling. Among them, the turbine rotor drives the power generation device to rotate 380 V AC, which can be used for low-voltage high-power equipment, such as circulating pumps to supply power, thereby reducing self-consumption and increasing on-net electricity. In addition, the turbine is set by a bypass pipeline, such as during the maintenance of the turbine, the circulating water enters the pool through the bypass, which does not affect the normal operation of the cooling tower. According to the calculation of the parameters in Table 2 above, considering the installation of the turbine equipment, the height of the gravity energy that can be effectively used is maintained at about 5 m. Power generation is calculated as follows:


  P = η ρ g Q H  



(1)







In the formula, Q is the cooling water flow, H is the height difference, η is the overall efficiency (small and medium-sized turbine power generation efficiency of 75% to 85%), select the turbine efficiency of 80% for accounting.



3.1.1. Power Generation Accounting


In order to study the conversion effect of gravitational potential energy under different conditions, a turbine power generation scheme with different water level height drop is designed, and the head heights of water level drops H1, H2, H3, H4 and H5 are, respectively, controlled to be 1 m, 2 m, 3 m, 4 m and 5 m. As shown in Table 4, the power generation and generating capacity under different head heights. When the turbine head heights are 1 m, 2 m, 3 m, 4 m and 5 m, the corresponding power is 117.6 kW, 235.2 kW, 352.8 kW, 470.4 kW and 588 kW, respectively. The annual calculation is based on the operation of 8000 h, and the corresponding power generation is 0.94 million kW·h, 1.88 million kW·h, 2.82 million kW·h, 3.76 million kW·h and 4.70 million kW·h, respectively. Obviously, with the use of turbine power generation technology, gravity energy conversion of electricity is very considerable, and so is conducive to the realization of energy savings.




3.1.2. Electricity Saving


In order to evaluate the economic benefits of the turbine more directly, the cost of electricity is calculated. Using 0.083 dollars/kW·h of industrial electricity for the electricity charge calculation, as shown in Table 5, when the water head height is 1 m, 2 m, 3 m, 4 m and 5 m, the corresponding electricity cost savings are 0.078 million dollars, 0.158 million dollars, 0.236 million dollars, 0.315 million dollars and 0.393 million dollars, respectively. Therefore, turbine power generation has been a good use of gravity energy, with better economic benefits.





3.2. High Water Collection Technology (Method 2)


In view of the energy-saving effect of high water collection technology, the gravity energy lost in the rain area can be fully saved. However, a steel plant currently uses a concrete square mechanical ventilation cooling tower. Replacing it with a high cooling tower is not in line with the actual situation, and will increase a lot of capital investment. Therefore, based on the structure of the mechanical ventilation cooling tower, building a high-level water tank at the lower end of the packing of the conventional cooling tower is proposed. As shown in Figure 3, the specific working principle is under the premise of not affecting the operation process, the new high level water collection tank is installed, result in cooling tower from the top down a large amount of circulating water collected by the high level water collection tank, and the water pump will be sent to the heat exchange equipment. After full heat exchange it will be returned to the pool for recycling. The high level water tank pressure is used to reduce the power loss of the pump, so as to achieve the purpose of energy saving.



The formula that is used to calculate the gravity energy that can be saved per second, and the pump power that can be saved, is as follows:


  W = m g h = ρ V g h  



(2)






  P =   W   η    



(3)







In the formula, W represents the gravitational potential energy per unit time, that is, the effective power of the pump, P is the input power of the pump, η is the working efficiency of the pump (generally about 75–85%), and 80% is selected in this paper.



3.2.1. Electric Energy Saving


As shown in Table 6, the pump power and energy savings at different high sink heights are shown. When the height of the sink is 1 m, 2 m, 3 m, 4 m, 5 m, the corresponding power is 184 kW, 368 kW, 551 kW, 735 kW, and 919 kW. When the height of the upper water tank is 1 m, 2 m, 3 m, 4 m and 5 m, the corresponding power saving is 1.47 million kW·h, 2.94 million kW·h, 4.41 million kW·h, 5.88 million kW·h and 7.35 million kW·h, respectively. Therefore, the use of a high water tank can effectively avoid gravity energy waste and save electric energy.




3.2.2. Electricity Cost Saving


Table 7 shows the electricity cost savings under different sink heights. The electricity cost calculation is carried out using 0.083 dollars/kW·h for industrial electricity consumption. When the height of the high sink is 1 m, 2 m, 3 m, 4 m and 5 m, the corresponding electricity cost savings are 0.123 million dollars, 0.246 million dollars, 0.369 million dollars and 0.492 million dollars, 0.615 million dollars, respectively. Obviously, the use of a high sink design is conducive to saving the power consumption of the pump.





3.3. Performance Analysis of High-Level Tank


3.3.1. Cooling Performance


According to relevant literature reports [22], the intensity of the cooling load of each part of the mechanical ventilation cooling tower in the total cooling load is as follows: 10% in the water distribution area, 20% in the conventional rain area and 70% in the filling area. Accordingly, the calculation of the mechanical ventilation cooling tower before the transformation is carried out:


  m = ρ V =   10   3   × 9000 = 9 ×   10   6     k g  










    ∆ T   a   =   T   i n   −   T   o u t   = 42 − 33 = 9   ° C  










    Q   a   = m c   ∆ T   a   = 9 ×   10   6   × 4200 × 9 = 3.4 ×   10   8     kJ  











In the formula,   ρ   is the density of cooling water,   V   is the volume of cooling water per hour,     T   i n     is the temperature of cooling water entering the tower,     T   o u t     is the temperature of cooling water exiting the tower, and   c   is the specific heat capacity of cooling water.



Heat transfer in water distribution area:


    Q   a 1   = Q × 10 % = 3.4 ×   10   7     kJ  











Heat transfer in conventional rain areas:


    Q   a 2   = Q × 20 % = 6.8 ×   10   7     kJ  










    ∆ T   r a i n   =     Q   b     m c   =   6.8 ×   10   7     k J   9 ×   10   6   × 4200   = 1.79   ° C  











Then, the temperature into the packing:


    T   p a c k   =   T   i n   −   ∆ T   r a i n   = 42 − 1.79 = 40.21   ° C  











Heat transfer in packing area:


    Q   a 3   = Q × 70 % = 2.38 ×   10   8     kJ  











However, the packing area of the modified mechanical ventilation cooling tower takes on more air–water heat exchange, accounting for 90.5% of the heat exchange in the packing area, which is significantly higher than the 65~75% of the conventional mechanical ventilation cooling tower. Additionally, the heat exchange performance is about 28.5% higher than it was before the transformation [23]. To this end, the accounting for the reformed cooling tower is as follows:



Heat transfer in water distribution area:


    Q   b 1   =   Q   a 1   = Q × 10 % = 3.4 ×   10   7     kJ  











Heat transfer in light rain area:


  ε =     H   b       H   a     =   0.5   6.5   = 7.69 %  










    Q   b 2   =   Q   a 2   × ε = Q × 20 % × ε = 0.52 ×   10   7     kJ  










    ∆ T   r a i n   =     Q   b     m c   =   0.52 ×   10   7   k J   9 ×   10   6   × 4200   = 0.14   ° C  











Then, the temperature into the packing:


    T   p a c k   =   T   i n   −   ∆ T   r a i n   = 42 − 0.14 = 41.86   ° C  











In the formula,     H   a     is the height of the rain area before the transformation, that is, 6.5 m, and     H   b     is the height of the rain area after the transformation, that is, 0.5 m.


    Q   b 3   =   Q   a 3   × ( 1 + 28.5 % ) = Q × 70 % × ( 1 + 28.5 % ) = 3.06 ×   10   8     kJ  










    Q   b   =   Q   b 1   +   Q   b 2   +   Q   b 3   = 3.45 ×   10   8     kJ  










    ∆ T   b   =     Q   b     m c   =   3.56 ×   10   8     k J   9 ×   10   6   × 4200   = 9.13   ° C  










    T   o u t   =   T   i n   −   ∆ T   b   = 42 − 9.41 = 32.87   ° C  











Obviously, the setting of the high water tank reduces the height of the rain zone. The temperature of the cooling tower is reduced by 0.13 °C and the heat transfer performance is not only without decrease, but slightly increases.




3.3.2. Resistance Property


Relevant studies have found that the resistance in the rain area of conventional towers is usually more than 40%, and the resistance in the rain area of tall towers is about 25% compared with conventional towers. Li et al. [24] calculated the resistance coefficient of the high cooling tower by combining experimental measurements and found that it was about 40–50% lower than that of the conventional tower. Guo et al. [25] found that the total resistance coefficient of the high tower is about 53.89, which is only 58% of the total resistance coefficient of the conventional tower. Therefore, thanks to the setting of the high sink, the air inlet at the center of the cooling tower is more uniform, which can improve the cooling effect [26]. The elimination of the rain zone greatly reduces the air inlet resistance within the range of the cooling tower inlet, and the high sink makes the rain zone of the tower short, which can reduce the ventilation resistance in the rain zone, and the resistance coefficient can be reduced by about 40–50%.




3.3.3. Noise Reduction Performance


Relevant studies have shown [25] that the noise of large mechanical ventilation cooling towers is close to 82–86 dB (A), and when the height of the rain zone is reduced to within 26.5% of the rain zone of conventional cooling towers, the noise reduction can reach 10~15 dB (A). According to the research of Zou et al. [19], the noise of conventional cooling towers is close to 86~88 dB (A), and the free fall height of the high-level water collection tower is about 25% of the fall height of the conventional cooling tower, and the noise can be reduced by about 8~10 dB (A). The rain zone height of the cooling tower of a steel plant in this paper is about 6.5 m, and the rain zone height after the transformation is 0.5 m, which is only 7.69% of the rain zone height of the conventional mechanical ventilation cooling tower. The rain zone has the diversion effect of the water collection device and the buffer effect of the bottom pool, and the noise is expected to be reduced within 10 dB (A).






4. Investment Cost Budget


4.1. One-Time Investment


The one-time investment cost mainly includes the construction of the water tank, the civil construction cost of the generator and the suction well, and also includes the cost of the hydro generator, the water pump, the electrical equipment, and the supporting pipeline facilities. In addition, it also includes the human installation cost of the construction process, for the six cooling towers of a steel plant, the total investment cost of method 1 is 0.563 million dollars, and the total cost of method 2 is 0.446 million dollars.




4.2. Operation and Maintenance Investment


In order to ensure safe and economic operation, supporting mechanical and electrical equipment, such as a hydraulic turbine governor, an oil pressure device, excitation equipment, low-voltage switches, and automated operation and protection systems should be maintained, as well as depreciation and maintenance costs, human resources costs, etc. Method 1 requires a maintenance cost of 0.014 million dollars, while method 2 is based on the pump transformation, and will not add additional costs on this basis. In contrast, the use of turbine power generation technology requires higher maintenance costs, and high water collection technology does not add additional costs.




4.3. Investment Return Cycle


As shown in Table 8, for six cooling towers in a steel plant, the total investment cost of method 1 is 0.563 million dollars, and the total cost of method 2 is 0.446 million dollars. When the height of the water level drop is 4–5 m, the industrial electricity price is used to calculate, and profit can be achieved in one year; At feed-in tariffs, it can still be profitable within two years. From a long-term perspective, method 2 avoids additional maintenance costs for the pump and has better economics.





5. Conclusions


In order to solve the problem of gravity energy waste when circulating cooling water in the mechanical ventilation cooling towers of a steel plant, this paper proposes the use of turbine power generation technology and high water collection technology to save energy. For achieving the purpose of energy conservation, through the specific energy-saving technology transformation design, the main conclusions are as follows:




	(1)

	
The gravity energy wasted by a steel plant cooling is 955.50 kW per second, and the annual energy consumption reaches 7.64 million kW·h. The annual electricity cost is 0.64 million dollars based on the industrial electricity price of 0.083 dollars/kW·h.




	(2)

	
The use of turbine power generation technology and high water collection technology is conducive to the conversion of gravity energy, and the energy saving amount increases with the increase of water head height. When the height of the rain area used is 5 m, the annual energy of the turbine power generation and the high water collection belt reach 4.70 million kW·h and 7.35 million kW·h, respectively, thus the high water collection technology has more significant energy saving potential.




	(3)

	
With the help of turbine power generation technology and a high water collection high water tank design, it is helpful to eliminate rain areas and improve the efficiency of water–gas heat exchange, so that the water temperature of the tower is reduced by 0.13 °C, compared with the conventional cooling tower. Meanwhile, the ventilation resistance in the rain area is weakened, the resistance coefficient can be reduced by about 40–50%, and the noise can be reduced within 10 dB (A) under the diversion of the water collection device.




	(4)

	
For six concrete square mechanical ventilation and cooling towers in a steel plant, the total investment cost of turbine power generation technology is 0.563 million dollars and the total cost of high water collection technology is 0.446 million dollars, for the rational use of gravity energy in circulating cooling water. The investment payback period is within two years.









There is waste of gravity energy of circulating cooling water in large cooling towers of steel plants, power plants and other industrial equipment, which has not been effectively converted and utilized at present. The main research direction in the future is to convert it into electrical energy or use its water pressure to reduce pump power consumption.
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