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Abstract

:

Based on the design and measured data of one actual tower, a three-dimensional numerical model for a natural draft dry cooling tower (NDDCT) was created and validated under constant heat load. This enabled the performance improvement mechanism of air equalizing on vertical delta-type radiators (VDRs) to be clarified by detailed analysis of key parameters, such as the exit water temperature, heat transfer coefficient, and mass airflow. Under the impact of typical ambient crosswind, all VDRs were retrofitted with air-side-equalizing devices. It was found that the exit water temperatures of the whole NDDCT decreased by 0.865 °C, 0.593 °C and 0.186 °C under the studied ambient crosswind speeds of 2.5 m/s, 4 m/s and 12 m/s, respectively. The performance improvement mechanism of air-side equalizing was investigated for three VDRs, which were located on the upwind, tower lateral, and downwind sides under crosswind impacts. Besides the studied VDRs, the performance of the neighboring VDRs behind them was also improved by the optimized aerodynamic field and the reduced hot wind recirculation around them. In addition, the average heat transfer coefficients of the VDRs were enhanced, which could lay the foundation for improving the cooling performance of thermodynamic devices with VDRs.
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1. Introduction


A natural draft dry cooling tower (NDDCT) has reduced capacity if its flow field is distorted by the ambient crosswind. Many scholars have studied the influence of crosswind on NDDCTs. Zhao et al. [1] compared the ambient crosswind, atmosphere temperature, and other factors, and found that the cooling capacity of a NDDCT rapidly deteriorated with increasing wind speed. Wei et al. [2] indicated that the pressure difference of an NDDCT decreased, the hot plume was disrupted, and backflow occurred at the leading edge of the tower outlet. Ma et al. [3] revealed that crosswind caused secondary flow at the bottom of the tower and played the role of a wind-cover, which reduced the cooling capacity of the tower rapidly. Wang et al. [4] found that the separation area of the rear flow and swirling intensities of the mainstream vortices were critical factors. Wang et al. [5,6] proved through experiments and numerical simulations that crosswind had an influence on the air-flow field near the lateral and leeward sides of the tower and that only the windward sector worked normally under high wind speed.



Therefore, many scholars have put forward suggestions concerning the uneven flow field inside and outside the tower to reduce the impact of wind. One approach is to improve the distribution of the internal aerodynamic field by installing windbreak walls at the bottom of the NDDCT. The common types are three-leaf and cross-windbreak walls [7], and their mechanism is to eliminate the vortex in the tower generated by the crosswind [8]. And this effect is more obvious as the wind velocity increases. It has been found that the orientation between the windbreak walls and the crosswind also has an influence [9,10]. In addition, the optimization of the windbreak wall structure is also the focus of research. Discontinuous walls and some new types of windbreak walls have been shown to be beneficial to the cooling capacity of the tower [11,12,13].



Another method is to adjust the external aerodynamic field of the NDDCT by arranging air deflectors around the radiators. The air deflectors enhance the heat transfer on the lateral and leeward sides of the tower while expanding the favorable influence on the windward side [14,15]. Moreover, the change of crosswind direction only had a 10% effect on the NDDCT with air deflectors under high wind velocities [16]. Many scholars found that air deflectors not only affected the flow field outside the NDDCT, but also changed the airflow distribution in the deltas. Zhao et al. [17] pointed out that the cooling deltas’ air-inlet direction angle was reduced by installing air deflectors. And the cooling deltas severely affected by the crosswind had a 7% improvement in heat transfer performance under the effect of air deflectors [18]. Other scholars have studied the integrated application of windbreak walls and air deflectors, as well as new types of deflectors [19,20,21,22,23,24]. There are also some studies targeting aerodynamic field regulation by redesigning the tower shape [25,26]. The above research shows the importance of improving the aerodynamic field of the whole tower.



However, as a critical heat transfer element, the heat transfer characteristics and aerodynamic fields of cooling deltas are also a research focus. Kong et al. [27] investigated the detailed airflow and heat rejection of individual cooling deltas. Yang et al. [28] researched the aerodynamic field and temperature field of cooling deltas and found that the side deltas performed the worst under the influence of crosswinds. Ma et al. [29] found that a delta’s air-inlet deflection angle caused a difference in the performance of two columns in a delta. Li et al. [30] quantified the difference in terms of non-equilibrium temperature differences and indicated that the worsening of a leeward columns’ capacity led to an increase in the non-equilibrium temperature difference, which degraded NDDCT’s performance. Zhang et al. [31] analyzed the role of non-uniform flow on the cooling capacity and defined three partitions according to the degree of influence of the non-uniform flow on cooling capacity. Sharifullin et al. [32] studied four factors which may affect the cooling performance of cooling towers and pointed out that the non-uniform distribution of water and airflow is one reason for the reduction in cooling capacity.



To achieve a uniform cooling delta aerodynamic field, apart from the above-mentioned solution of adding air deflectors [16,17,18,21], air-side-equalizing devices can also be installed on the symmetry plane of cooling deltas. Most studies on crosswind ranges have mainly focused on wind velocities above 4 m/s [1,2,3,8,17,20,22,28,29,33,34,35]. And 12 m/s is the critical value for cooling tower performance deterioration [36]. According to a large number of studies, the deterioration degree is 32.5% when the wind velocity grows from 0 to 4 m/s, and 67.5% when it increases from 4 to 12 m/s [1,4,6,37,38,39,40]. Therefore, it is important to enhance the cooling capacity of NDDCTs at low wind speeds. In addition, the non-equilibrium temperature difference between the two cooling columns of each delta with the effect of crosswind is a key factor that degrades the cooling capacity of an NDDCT. Therefore, to enhance the cooling capacity of an NDDCT, it is efficient to install air-side-equalizing devices to even aerodynamic fields of cooling deltas.



This paper proposes an optimization method for installing air-side-equalizing devices in the symmetry plane of cooling deltas according to a patent [41]. Most previous studies have focused on the aerodynamic fluid control of the internal and external environment of the tower and lack analysis of the airflow near the key heat transfer elements. This paper aims to fill the above research gap by exploring the aerodynamic field methods of VDRs. In addition, this paper supplements the water temperature change of the scale of the sub-cooling column before and after air-side-equalizing and analyzes the influence of air-side-equalizing on a VDR’s aerodynamic field, ventilation and heat transfer coefficient. The improvements resulting from installing air-side-equalizing devices to the whole tower are studied at the annual average wind velocity and high wind velocity. The heat transfer enhancement mechanism was clarified by adding air-side-equalizing devices to representative cooling deltas on the upwind, lateral, and downwind sides of the cooling tower. This study may help to improve the optimal design of NDDCTs in practical engineering.




2. Methods


2.1. Geometric Model


The studied power plant has two 1000 MW generation units, each of which has one NDDCT installed. The parameters of the tower are shown in Figure 1. In total, 196 VDRs are arranged vertically around the bottom of the tower. Each delta is 28 m in height, 2.72 m in breadth, and 46° in apex angle. Under normal running conditions, the circulation water flow rate is 105,643 m3/h and is equally distributed in each delta. Because the real-life industrial cooling tower operates under steady-state conditions, the temperature of the whole tower hardly changes, always staying at 9.9 °C. The outlet water temperature of the tower changes with the variation in the inlet water temperature. Therefore, this research assumes a constant heat load to simulate the real-life operating process and to gain more accurate results.



Because an aerodynamic field distribution is symmetrical with a crosswind or without, this paper uses a half-tower model to investigate the working mechanism of air-side-equalizing devices. All VDRs are divided into six sectors along the wind direction, as shown in Figure 2a. The upwind sector in blue is Sector 1, the downwind sector in green is Sector 6, and the lateral sectors in orange are the other sectors. The circulating water flows into deltas along the outside bundles and flows out along the inside bundles. The delta’s structure and the position of the air-side-equalizing device is shown in detail in Figure 2b. The windward and leeward cooling columns are named    θ  + 1     and    θ  − 1     columns, respectively, along the wind direction. The air-side-equalizing devices are set between the two columns and are 28 m in height, extending from the apex to the shutter. In the numerical simulation, the air-side-equalizing devices are considered a non-ventilated board with 0 m thickness.




2.2. Mathematical Equations


In the actual operation process, the NDDCT is affected by thermal resistance, environment changes and buildings. In order to reflect the real-life operation of the NDDCT and reduce the calculation difficulty, this article makes the following assumptions: (1) The cooling water has the same flow rate in each heat exchanger of the NDDCT, which means the cooling water is evenly distributed. (2) The opening degree of louvres is 100% in this study. Therefore, we ignore the influence of louvres on the aerodynamic field. (3) The thermal resistance in the convective heat transfer process does not exist, and the temperature of the heat exchanger wall is equal to that of the cooling water. (4) Based on Ref. [42], this article uses the water temperature drop to replace the constant heat load of the cooling system in the study power plant.



Utilizing computational fluid dynamics (CFD), numerical calculations were carried out. The variables of circulating water and the density of air are steady during the simulation. Therefore, this paper uses a time-averaged steady-state process to solve the problems. Atmospheric turbulence is simulated by the standard   k − ε   model according to Ref. [43].



According to Ref. [33], the momentum, energy, continuity, etc., governing equations are as follows:


    ∂  (  ρ  u j   )    ∂  x j    = 0 ,  



(1)






    ∂  (  ρ  u j   u i   )    ∂  x j    = −   ∂ p   ∂  x i    +   ∂  τ  i j     ∂  x i    − ρ β  (   T a  −  T r   )   g i  +  R i  ,  



(2)






    ∂  (   u j  T  )    ∂  x j    = −  ∂  ∂  x j     [   (  δ +  δ t   )    ∂  T a    ∂  x j     ]  +  q h  ,  



(3)






    ∂  (  ρ  u j  k  )    ∂  x j    =  ∂  ∂  x j     [   (  v +    v t     σ k     )    ∂ k   ∂  x j     ]  + P + G − ε ,  



(4)






    ∂  (  ρ  u j  ε  )    ∂  x j    =  ∂  ∂  x j     [   (  v +    v t     σ ε     )    ∂ ε   ∂  x j     ]  +  C  1 ε    ε k   (  P + G  )  −  C  2 ε      ε 2   k  ,  



(5)







In which,    τ  i j   =  (  μ +  μ t   )   S  i j    ,   P =  v t   S  i j    S  j i    ,   G = − g β    v t     σ t      ∂  T a    ∂ z    ,    ν t  =  C μ     k 2   ε   ,    S  i j   =  (    ∂  u i    ∂  x j    +   ∂  u j    ∂  x i     )   . In the above equations,    x i    is the Cartesian direction, and    u i    are velocity components along this direction.  ρ ,  β , and    T a    represent the density, compressibility factor, and temperature of the atmosphere, respectively.    g i    is the gravity acceleration.    S  i j     is the strain rate tensor.  v ,  δ  and  μ  are the molecular kinematic viscosity, molecular thermal diffusivity, and molecular dynamic viscosity of the air, respectively.    R i    and    q h    denote a source term in energy equation and momentum equation, respectively, in the z-axis direction.  ε  and  k  represent the turbulent dissipation and the turbulent kinetic energy, respectively. And    C μ  = 0.09  ,    C  1 ε   = 1.44  ,    C  2 ε   = 1.92  ,    σ k  = 1.0  ,    σ ε  = 1.3  , and    σ t  = 1.0   are constants of the standard   k − ε   model.



We ignore the heat transfer thermal resistance in the realistic working process; that is, the heat dissipation of the water is equal to the heat absorption of air, and the water and wall temperature are the same. Therefore, the local heat transfer coefficient on the air side is used. The pressure drop and the heat transfer coefficient of the radiator were determined according to Ref. [44]:


  Δ p = 14.37204  v n  1.64609   ,  



(6)






  h = 36.20587  v n  0.45583   ,  



(7)







Since the parameters of the circulating water remain unchanged, it can be considered that circulating water flows in a steady state in the bundles. The heat dissipation rate of the micro-element control volume is expressed by Equation (8):


  d Q = h  (   T w  −  T a   )   A V  d V ,  



(8)








2.3. The CFD and Validation


2.3.1. Solution Method


The incompressible air in the model is solved using the Segregated method. The Reynolds time-averaged equation and energy equation are solved in second-order upwind differential format. For the diffusion term, the central difference method is still utilized. The pressure and velocity are coupled using the SIMPLE algorithm. Convergence is considered to occur when the residuals of each item are less than the convergence criteria, the continuous iteration is more than 200 steps, and the temperature change is less than 0.01 °C in the outlet water.




2.3.2. Boundary Conditions


In this study, a semi-cylindrical model including the tower and environment are established at a realistic scale. The model is 1000 m in height and 700 m in semi-diameter. The structure is shown in Figure 3a,b, which shows the boundary conditions settings of the model top and side with a crosswind or without. The symmetry plane is set as Symmetry. The ground, tower shell and delta wall are set as Wall.



Since the turbulence near the NDDCT is mainly due to the ambient crosswind bypass debris, assuming the Backflow Turbulent Intensity and the Backflow Turbulent Viscosity Ratio as 0.1% is more realistic, according to Ref. [45]. The Velocity Inlet boundary condition specifies the velocity distribution as a function of height by the following equation.


   v y  =  v c     (   z   z c     )   α  ,  



(9)




where    v c    is the reference speed;    z c    = 10 m, which is the reference height; and  α  = 0.2, which is the wind velocity profile index.



The air-side-equalizing devices are set as a Wall with a no-slip boundary condition. It is considered that this device only affects the aerodynamic field and does not participate in the heat transfer process.




2.3.3. Computing Mesh and Grid Study


Figure 4 shows the meshing of the model near the radiators in longitudinal sections. The model densifies the grid near the VDRs, and the grid size grows outward in a certain proportion. This paper uses grid systems with the following numbers of cells: 3,253,938, 3,755,643, and 4,910,584. According to Ref. [17], the relative error is the difference between the calculated and design exit water temperature divided by the design temperature difference of the circulating water. Under the same simulation conditions, the calculated value, temperature difference and relative error of the three grid systems are listed in Table 1. In the design condition, the exit water temperature is 28.5 °C. Although the grid system with 4,910,584 cells has the most accurate value compared with the design value, the grid system with 3,755,643 cells has both the fastest calculation speed and accurate result. Consequently, the grid system with 3,755,643 mesh cells is selected for calculation.




2.3.4. Model Validation


Some measured data are compared with the simulation results to ensure model validity. Table 2 lists the parameters specified in the real-time data. The listed parameters of C1 and C2 are from the real-time measurement data.



Under the C1 and C2 conditions, the power generation unit ran constantly and normally in the survey period, and the shutter opening was 100%. Because the scale of tower is too large, this research obtained the final measurements by averaging multiple measuring points. The data for the C1 and C2 conditions were measured on 9 April 2023 and 30 June 2019, respectively. The numerical results calculated by the model used in this paper are 35.32 °C and 45.03 °C, and the real measured values are 45.11 °C and 35.68 °C, respectively. The differences between the simulated and measured data are only 0.36 and 0.08 °C under these two measured conditions.



During operation, the thermal resistance would increase due to ageing and increased fouling of the equipment. Therefore, the above analyses prove that the results calculated by the model can reach the accuracy requirements, and the model and its simulation results are credible.



In addition, the data from the published references [17,28,46] were compared with the calculated data to further validate the numerical model, which has been clarified thoroughly by Zhao et al. [47].



During the process of calculation, the surface monitors observe the average water temperature of the outlet water surface. The computational iterations are converged when they satisfy the following convergence criteria: The outlet water temperature changes by less than 0.01 °C within 100 steps. All of the residuals are less than 10−4, and the residual of the energy equation is less than 10−6. The studied cases in this paper steadily converged after iterating 2100 steps from a reasonable initial solution. The results of this numerical model are reliable with good stability and convergence.






3. Results and Discussion


In this section, the effect of the air-side-equalizing device on NDDCT and VDRs and the heat transfer enhancement mechanism are analyzed under five sets of operating conditions at three typical wind velocities.



3.1. Impact on the NDDCT


The NDDCT’s capacity is affected by the cooling deltas, which are the critical heat transfer elements. The air-inlet flow of VDRs, especially the side deltas, is deflected under the influence of the ambient wind. This causes the difference between the two sides of the columns and deteriorates the deltas’ performance. Adding air-side-equalizing devices improves the distribution of the cooling deltas’ aerodynamic field, thus improving the cooling deltas’ performance.



The constructures of the velocity fields are similar at 2.5 m/s and 4 m/s wind velocities. At 2.5 m/s and 4 m/s wind velocities, the air-inlet velocity of the deltas increases as the crosswind velocity increases, as shown in Figure 5a,c. But the air-inlet deviation angles simultaneously become larger.    T a    near the    θ  − 1     columns is higher than at 2.5 m/s wind velocity, and the range becomes larger as the wind velocity increases to 4 m/s. According to Equation (7), this has a negative influence, decreasing the heat exchange rate.



In Figure 5b,d, it is observed that after installing the air-side-equalizing devices, the aerodynamic field is divided into two parts, which flow into the    θ  + 1     and    θ  − 1     cooling columns, respectively. In one cooling delta, part of the air inlet is blocked and then flows into the    θ  − 1     cooling column, increasing its mass airflow. Moreover, the range and value of    T a    near the    θ  − 1     columns have a significant reduction, and the velocity distribution becomes uniform. However, the wind velocity distribution and    T a    around the    θ  + 1     cooling columns changes less than in the    θ  − 1     columns before and after the addition of the air-side-equalizing devices. At the same time, as the airflow enters the cooling deltas along the air-side-equalizing device, the air-inlet deflection angle decreases, and the reflux area behind the apex of the deltas is reduced.



When  v  = 12 m/s, the crosswind no longer flows into the side deltas, but the hot air flows outward, as shown in Figure 5e,f, which heavily influences the deltas’ performance. Air velocity through the cooling deltas does not change significantly after adding air-side-equalizing devices, but    T a    outside the    θ  − 1     columns still slightly decreases. The air flows out of deltas in a radial direction under the effect of the air-side-equalizing devices.



The mass airflow of sectors at different wind velocities is measured and is shown in Figure 6. With the crosswind, the mass airflow of the upwind sector is the largest, and that of the side sectors is the least. However, the air-side-equalizing can adjust this situation. As illustrated in Figure 6a, the air-side-equalizing devices increase the mass airflow    q  m S 3     and    q  m S 4     when  v  = 2.5 m/s. This indicates that the air-side-equalizing devices not only create a uniform air-inlet distribution in the side cooling deltas but also increase the mass airflow here. When the crosswind velocity reaches 4 m/s, the air-side-equalizing devices still can still create a uniform aerodynamic field.



However, the blocking effect of the air-side equalizing becomes more apparent as the air-inlet deviation angle rises, which results in a decrease in the mass airflow of the tower lateral, as shown in Figure 6b. When  v  = 12 m/s, the main airflow starts to gradually leave the tower after 90°, and the air deflection angle starts to decrease relative to the position before 90°. The mass airflow    q  m S 3     decreases, and that of    q  m S 4     increases slightly, as shown in Figure 6c. It is evident that the equalizing of flow fields on the air side increases the air-inlet capacity of sectors with a small air deflection angle.



Since the NDDCT operates at a constant heat load, the outlet water temperature is used as the measure of its cooling performance variation. The water temperature    t  w 2     of cooling deltas with air-side-equalizing devices decreases at 2.5 m/s wind speed, especially in the tower lateral, which decreases by up to 1.096 °C, as illustrated in Figure 7a. The outlet water temperature of the NDDCT decreases by up to 0.954 °C when  v  = 4 m/s. But the decrease becomes smaller at 4 m/s wind velocity, as shown in Figure 7b. This indicates that the improvement effect of equalizing on the air side of the deltas’ flow fields decreases as the crosswind velocity increases from 2.5 m/s to 4 m/s.



As shown in Figure 7c, the air-side equalizing even deteriorates in some deltas as the air-inlet deviation angle continues to increase at 12 m/s. The    t  w 2     of cooling deltas near the 62° circumferential angle increase by 0.528 °C on average. However, the performance of other deltas improves, and the    t  w 2     of the whole tower decreases by up to 1.060 °C. At 2.5 m/s, 4 m/s, and 12 m/s wind velocities, the water temperature of the NDDCT decreases by 0.865 °C, 0.593 °C, and 0.186 °C, respectively. Therefore, the uniform aerodynamic field of cooling deltas is an effective optimization measure. How the air-side equalizing enhances the heat transfer capacity is explored in depth in the following sections.




3.2. Impact on the Cooling Deltas at 2.5 m/s Wind Velocity


The studies at the average annual crosswind speed of 2.5 m/s are more practical than those at the design crosswind speed of 4 m/s in the engineering application. Thus, the studies in this subsection are all conducted at 2.5 m/s wind velocity. The studied delta is specified as M cooling delta, along the crosswind direction, and the cooling deltas on its left and right are L and R cooling deltas, respectively. Since this study uses a half-tower model, when studying the effect of air-side equalizing on many upwind and downwind cooling deltas, the deltas taken are representative cooling deltas in the center of sectors 1 and 6.



It can be seen in Figure 8a that the air velocity near the    θ  − 1     column of M delta decreases. The impact of air-side equalizing is not apparent because the air-inlet of the upwind deltas is hardly deflected. However, a slight decrease is still shown in the water temperature near the M cooling delta’s vertex in Figure 8b. For the leeward side shown in Figure 8e, the airflow field variation is more obvious compared with the windward side deltas. The airflow is separated into two streams with a lower velocity. Similarly, the water temperature near the M cooling delta’s vertex drops, as shown in Figure 8f. The above phenomenon indicates that the air-side equalizing favours the local cooling unit.



For the M cooling delta in Figure 8c, the air-side-equalizing device redivides the aerodynamic field into two parts and the air-inlet direction tends to be radial. In other words, the flow field distribution near the    θ  + 1     and    θ  − 1     cooling columns tends to be the same due to air-side equalizing. Meanwhile, the vortex near the    θ  − 1     cooling columns and below the apex of the cooling delta decreases due to the changed air-inlet direction. For the R cooling delta, although no air-side-equalizing device is added, the air-inlet velocity of its    θ  − 1     cooling column increases and is more evenly distributed. In Figure 8d, the water temperature on the inner side of the    θ  + 1     columns of both the M and R cooling deltas increases, especially for the M cooling delta. When compared with the    θ  − 1     column of the L cooling delta, the    θ  − 1     column of the M cooling delta has a significant drop in the outlet water temperature.



In Figure 9a–c, the air-side-equalizing device not only balances the discrepancy between the mass airflow    q  m θ + 1     and    q  m θ − 1     of M deltas, but also increases    q  m θ − 1     of R1 deltas at all locations. And the effect of air-side equalizing is more obvious on the tower lateral. The discrepancy in mass airflow of two columns of the M delta reduces from 97.093 kg/s to 28.442 kg/s, and that of the    θ  − 1     cooling column of the R1 cooling delta decreases by 20.100 kg/s.



Figure 10a–c show the heat transfer coefficients of the M cooling deltas and nearby cooling deltas. Upwind, on the side and downwind of the NDDCT, there is a significant increase in the heat transfer coefficient    h  M θ + 1    . According to Equation (9), the heat transfer coefficient is proportional to the air inlet velocity. The air-side-equalizing device blocks part of the air flowing into the    θ  + 1     cooling columns so that air inlet velocities of the    θ  + 1     cooling columns increase along the air-side-equalizing device’s outer edge.



The heat transfer coefficient    h  M θ − 1     increases as shown in Figure 10a. On the windward side of the NDDCT, where the hot wind recirculation is minimal, air-side equalizing increases the air inlet velocity of both columns simultaneously, thereby improving the heat transfer coefficient on both sides. In Figure 10b,c, air-side equalizing creates a uniform aerodynamic field near the    θ  − 1     columns of the M and R1 cooling deltas, but the main effect is to reduce the hot wind recirculation in their vicinity. Although the mass airflow    q  m θ − 1     of the lateral and downwind R1 deltas increases, the air-inlet velocity does not change significantly, so the heat transfer coefficient is almost unchanged.



Based on the above phenomenon, it can be concluded that the air-side equalizing redistributes the inlet airflow to the cooling columns on both sides of the M cooling deltas at low wind velocity, which increases the inlet airflow velocity of    θ  + 1     cooling columns while weakening hot wind recirculation near the    θ  − 1     cooling columns of the M and R1 deltas. The air-side equalizing affects the    θ  + 1     and    θ  − 1     cooling columns to different degrees at different locations of the NDDCT, as described in Figure 11a–c. The improvement effect of weakening the hot wind recirculation of the R cooling deltas is more obvious at the upwind and lateral locations of the NDDCT, as shown in Figure 11a,b. Compared with weakening the hot wind recirculation, the deltas’ more uniform aerodynamic field plays a greater role in the downwind cooling deltas, according to Figure 11c.




3.3. Impact on the Cooling Deltas at 12 m/s Wind Velocity


The inlet airflow deflection angle of the upwind and downwind cooling deltas is small under high wind velocity conditions, and the airflow is uniformly distributed with small non-equilibrium temperature differences, as described in Figure 12a,e. Therefore, the influence of air-side equalizing on the aerodynamic field is not obvious. There is only a slight temperature change near the apex of the deltas in Figure 12b,f. As described in Figure 12c, the air-side-equalizing device blocks the air outflow the    θ  + 1     column of the M cooling delta. As a result, the water temperature of the R delta and the    θ  − 1     column of the M cooling delta decreases, while that of the    θ  + 1     column of the M delta increases, as shown in Figure 12d. The non-equilibrium temperature difference of the M and R deltas reduces.



As illustrated in Figure 13a–c, the mass airflow of the two columns of M deltas on the three positions of the NDDCT vary in a similar pattern: the air-side equalizing reduces the difference between    q  m θ + 1     and    q  m θ − 1    . This indicates that the airflow field distribution around the two sides of the columns is more uniform. In addition, the mass airflow    q  m θ − 1     of the upwind R1 delta and    q  m θ + 1     of the side R1 delta increase. This reduces the difference in R1 cooling deltas, which improves the overall balance of the R1 delta on the upwind and side tower.



According to Figure 14a,b, the heat transfer coefficient of the upwind and lateral M deltas change law is similar to that of the 2.5 m/s wind velocity condition. However, there is no significant increase in the    h  M θ − 1     of the windward tower. Under conditions of high wind speed, air mostly enters the    θ  − 1     columns along the surface of the air-side-equalizing devices. Therefore, the air-side equalizing has little effect on regulating the average inlet airflow velocity. In addition, the increase in the heat transfer coefficients    h  M θ + 1     and    h  R 1 θ − 1     of the tower lateral indicates that the air-inlet velocity rises with the mass airflow without the hot wind recirculation. Since the airflow field of the leeward M delta is uniformly distributed, the air-side equalizing has less effect on its air-inlet velocity, so its heat transfer coefficient changes less.



The    t  w 2 M     of the upwind and downwind tower decreases, while the    t  w 2 M     of the tower lateral increases, as shown in Figure 15a–c. This indicates that the more uniform aerodynamic field is an important reason for improving the performance of windward and leeward M cooling deltas. However, in the side M cooling delta, due to the large air-inlet deflection angle and the air recirculation, the air-side-equalizing devices instead reduce the cooling performance of the M delta. For the R1 deltas, the    t  w 2 R 1     decreases at the upwind and side positions, and    t  w 2 R 1     remains approximately the same at the downwind position. The mechanisms that can improve the cooling performance of the upwind and side R1 cooling deltas are reducing the hot wind recirculation and increasing the heat transfer coefficient    h  R 1 θ − 1    , respectively.





4. Conclusions


Through modeling and numerical simulation of the cooling tower, the principles of the effects of air-side equalizing on the cooling capacity of an NDDCT and deltas was explored, and the following conclusions are obtained.



(1) A uniform aerodynamic field can effectively reduce the negative effects of crosswinds on the NDDCT. This effect decreases as the wind speed increases. The exit water temperature of the NDDCT decreases by 0.865 °C, 0.593 °C, and 0.186 °C at 2.5 m/s, 4 m/s, and 12 m/s, respectively.



(2) For M cooling deltas at most locations, the uniform aerodynamic field reduces the cooling performance deviation of the two sides of the cooling columns under crosswind conditions, which manifests as a decrease in the non-equilibrium temperature difference.



(3) For the R cooling delta adjacent to the M delta, the air-side-equalizing device improves its cooling performance by reducing the hot wind recirculation. On the upwind and downwind sides, at low wind velocities, the reduction of hot wind recirculation has a greater positive effect compared with a uniform aerodynamic field.



(4) At high wind speed, the air-side equalizing has the opposite function on the M and R side cooling deltas. The airflow in the M cooling deltas at the tower lateral positions is blocked by the air-side-equalizing device. As a result, this portion of the air is redirected to the R cooling deltas, increasing its inlet air velocity and heat transfer coefficient, thereby improving the cooling capacity of the whole delta.



The air-side-equalizing device blocks the airflow inside the M cooling deltas to the radiators. The blocked portion of the air flows into the R deltas, increasing their air-inlet velocity and heat transfer coefficient and improving its cooling effect.



(5) Under crosswind conditions, heat transfer in deltas is enhanced by the combination of weakened hot wind recirculation and a homogeneous flow field. This exploratory study aims to draw attention to optimizing the airflow field at the micro heat transfer unit and accelerate the process of designing and operating radiators for the development of efficient dry cooling technology.
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Figure 1. Diagram of a natural draft cooling tower. 
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Figure 2. The distribution and local structure of the NDDCT. (a) The distribution of sectors; and (b) the structure of one cooling delta. 
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Figure 3. The computational domain and boundary conditions of the half NDDCT model. (a) The boundary conditions without a crosswind; and (b) boundary conditions with a crosswind. 
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Figure 4. Local mesh around a cooling delta. 
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Figure 5. Comparison of the velocity (the arrow represents velocity vector) and temperature field on the tower lateral before and after installing the air-side-equalizing devices at different wind velocities: (a,b) under 2.5 m/s; (c,d) under 4 m/s; and (e,f) under 12 m/s. 
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Figure 6. The mass airflow    q m    of sectors before and after installing air-side-equalizing devices at different wind velocities: (a)  v  = 2.5 m/s; (b)  v  = 4 m/s; (c)  v  = 12 m/s. 
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Figure 7. The    t  w 2     of cooling deltas in NDDCT before and after installing air-side-equalizing devices at 2.5 m/s, 4 m/s, and 12 m/s wind velocities: (a)  v  = 2.5 m/s; (b)  v  = 4 m/s; and (c)  v  = 12 m/s. 
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Figure 8. The impact on the aerodynamic field and exit water temperature distribution of M, L, and R side deltas when  v  = 2.5 m/s: (a,b) windward side; (c,d) tower lateral; and (e,f) leeward side. 
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Figure 9. The    q m    of the M and surrounding cooling delta at different locations of the NDDCT at 2.5 m/s wind velocity: (a) windward side; (b) tower lateral; and (c) leeward side. 
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Figure 10. The heat transfer coefficient for the M and surrounding cooling deltas at different locations of the NDDCT under 2.5 m/s wind velocity: (a) windward side; (b) tower lateral; and (c) leeward side. 
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Figure 11. Water temperature of the M and surrounding cooling deltas at different locations of the NDDCT at 2.5 m/s wind velocity: (a) windward side; (b) tower lateral; and (c) leeward side. 
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Figure 12. The impact on the aerodynamic field (the arrow represent the velocity vector) and outlet water temperature distribution of the M, L, and R side deltas when  v  = 12 m/s: (a,b) windward side; (c,d) tower lateral; and (e,f) leeward side. 
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Figure 13. The    q m    of the M and surrounding cooling deltas at different locations of the NDDCT at 12 m/s wind velocity: (a) windward side; (b) tower lateral; and (c) leeward side. 
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Figure 14. The heat transfer coefficient of M and its surrounding cooling deltas at different locations of the NDDCT under 12 m/s crosswind: (a) windward side; (b) tower lateral; and (c) leeward side. 
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Figure 15. The    t  w 2     for the M and surrounding cooling deltas at different locations of the NDDCT at 12 m/s wind velocity: (a) windward side; (b) tower lateral; and (c) leeward side. 
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Table 1. The exit water temperature and relative error at each grid for three quantities of mesh cells.
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	Grid Number
	3,253,938
	3,755,643
	4,910,584





	   t  w 2    /°C
	28.770
	28.543
	28.498



	Temperature difference/°C
	0.270
	0.043
	−0.002



	Relative error (%)
	1.985
	0.316
	0.015










 





Table 2. Validation based on design and test conditions.
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	Design/Test Work Conditions
	Symbol
	C1
	C2





	Atmospheric pressure (kPa)
	  P  
	85.13
	84.35



	Atmospheric dry-bulb temperature (°C)
	    T a    
	19.07
	27.39



	Atmospheric relative humidity (%)
	   R H   
	57
	62



	Ambient crosswind velocity (m/s)
	  v  
	5.00
	1.49



	Circulating water volume flow rate (m3/h)
	    m w    
	94,000
	117,217.72



	Inlet circulating water temperature (°C)
	    t  w 1     
	45.89
	52.98



	Design/Test outlet water temperature (°C)
	    t  w 2 d     
	35.68
	45.11



	3D numerical outlet water temperature (°C)
	    t  w 2     
	35.32
	45.03
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