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Abstract

:

In a power plant that uses seawater as a coolant, a debris filter (DF) is required to remove foreign substances from the seawater, and differential pressure leads to a decrease in the coolant flow rate, leading to a decrease in the power generation efficiency. In this study, an analysis was performed for the cases wherein the initial flow velocity conditions of the DF used in the condenser tube cleaning system (CTCS) were 1.5 m/s, 2.0 m/s, and 2.5 m/s using Ansys Fluent 2021, and the flow characteristics were identified. The flow and differential pressure characteristics of a CTCS with an installed DF were considered in a comparative analysis of the velocity, pressure, and turbulence kinetic energy (TKE) distributions. The results confirmed that a vortex was generated in the pipe with the DF, apparently due to the collision of the flow with the bracket of the DF. As the flow rate increased, the range of the vortex increased, causing a loss in flow.
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1. Introduction


Due to the indiscriminate use of primary energy sources such as oil, coal, natural gas, and nuclear power caused by advanced industrialization, the depletion of fossil fuels is imminent, and there is no alternative to meet the current energy demand for fossil fuels. Moreover, due to environmental problems caused by global warming, the productivity and technological importance of the energy industry are becoming increasingly important. In particular, for countries that need to import resources and convert them into secondary energy to produce electricity, efficient development based on economic stability is essential [1,2,3,4]. Janis et al. conducted research on reducing greenhouse gas emissions and efficient energy systems. They confirmed that reducing greenhouse gas emissions provides a large amount of electricity and that SMRs can be combined with renewable energy sources to create a hybrid energy system, thus increasing efficiency [5]. Ivan et al. conducted a comparative analysis study on the ACNA 600-35 pumping device developed for improving the energy efficiency of nuclear power plants compared to similar products. They compared the results of the pressure distribution and relative velocity and confirmed that the energy efficiency was improved compared to the comparison product [6].



One of the most influential pieces of equipment in power plants, the condenser plays a role in increasing efficiency by rotating the turbine and generator with high-pressure and high-temperature steam and is very important for energy production because it reuses steam.



In the literature, studies have been conducted to improve the performance of capacitors by utilizing various parameters. Ibrahim et al. studied the effect of the fouling of condenser tubes on the thermal performance in nuclear power plants and found that an increase in the fouling factor causes a decrease in thermal efficiency and power loss [7]. Alabrudzinski et al. performed simulations based on computational fluid dynamics (CFD) analysis using the fouling thermal resistance value according to the fouling growth rate measurement results and turbine operating conditions. They found that the thermal resistance of fouling reduces the output of the turbine and that even an old condenser can affect the output of the turbine [8]. Pattanayak et al. analyzed various parameters that affect the efficiency of steam condensers through simulation models based on thermodynamic theory. They derived the cooling water temperature that can maintain the optimal condenser pressure and found that as the cooling water temperature increases, the heat rate of the power cycle decreases [9]. Mohammadaliha et al. developed a new air-to-liquid crossflow heat exchanger model to analyze the effect of thermal conductivity on the overall efficiency in condenser heat exchangers. They found that materials with excellent corrosion resistance and low-cost materials have low thermal characteristics that affect the performance and that if materials with a thermal conductivity value of less than 0.5 W/m·K are used, the efficiency of heat recovery systems is significantly reduced [10]. Gadhamshetty et al. used a new approach, a cooling water heat energy storage system, to improve the performance degradation due to an ambient temperature rise, which is a disadvantage of air-cooled condensers (ACC) environmentally compared to water-cooled condensers in heat dissipation. They confirmed that power loss can be reduced through thermodynamic modeling and simulation [11].



Most power plants use seawater as a coolant, which introduces various impurities and foreign substances such as seaweed and fish eggs into the seawater. This provides an environment for microbial growth, and the impurities adhere to the surface of the condenser tube, reducing the heat exchange performance of the condenser and increasing the exhaust pressure of the steam turbine, which can cause safety issues and lead to a decrease in power generation efficiency and power production efficiency [12]. To solve this, as shown in Figure 1, the DF is installed in front of the condenser to filter the seawater. The DF is composed of a screen, rotor, and hopper. It filters foreign substances contained in seawater using a screen and absorbs and removes the various foreign substances that accumulate using a rotor and hopper. However, in this process, foreign substances that are filtered by the screen and accumulate can create a differential pressure. This can decrease the flow rate of cooling water flowing into the condenser, which leads to a decrease in the heat exchange efficiency of the condenser and the stability of the circulating water pump [13,14].



Until recently, research to improve the condenser heat exchange performance has primarily focused on improving the recovery and circulation rate of sponge balls and reducing ball loss by considering the flow characteristics of the CTCS in which the sponge balls are applied [12,15,16]. Jung et al. conducted the DF flow tests for two types of DF, P-grid and G-grid, using 18 types of debris. They found that the G-grid filter design showed better performance than the P-grid design because it provided a smaller flow area and higher grid strap than the P-grid design [17]. In addition, Walker et al. analyzed the economic impact of fouling on the condenser to analyze the cleaning system for economic cost analysis and found that increasing the cleaning frequency can reduce additional fuel costs due to fouling [18]. In another work, Chae et al. conducted an experimental study to maintain the efficiency of plate heat exchangers while eliminating the inconvenience of cleaning operations and measured the recovery rate according to changes in the flow rate within the tube and changes in the cleaning time and recovery time [1]. Kim et al. conducted an experiment-based study to solve the stability problem caused by excessive vibration during circulating water pump operation. They revealed how the operating characteristics of the DF affected the natural vibration of the pump and suggested ways to reduce vibration [19].



In this study, research was conducted to improve the performance of the CTCS equipped with a DF that is currently installed in existing power plants. Due to the pressure drop caused by fluid pressure, which limits the stability of the fluid pump and the efficiency of heat exchange, numerical analysis was performed to analyze the flow characteristics inside the system’s pipes and identify factors affecting the pressure and fluid resistance. It was confirmed that the pressure drop caused by the screen that filters out the DF and external substances is a factor that affects it, and by analyzing the correlation between the shape of the screen that can minimize the pressure drop and the size of the perforated plate, we derived an optimal screen shape according to the DF size through CFD analysis. In addition, the effects of the presence or absence of the filter on flow characteristics and differential pressure performance in the pipe according to each initial flow rate condition were compared and analyzed, and the velocity, pressure, and TKE distribution in the pipe according to the flow rate were examined for comparison and analysis.




2. Numerical Analysis Method


2.1. Numerical Analysis Target and Design Conditions


This study was conducted to investigate the effect of the presence or absence of the DF and the flow velocity on the differential pressure and TKE. Numerical analysis modeling was performed using a 14-inch DF that was actually in use, as shown in Figure 2a. The height of the mid-plate and the size of the perforated plate for fixing the screen were set to 30 mm, as shown in Figure 2b. Fluid analysis was conducted using commercial code and the fluid region of Figure 2a was extracted to create a mesh for analysis. The fluid properties used in the analysis were based on H2O. In addition, as shown in Figure 2c, to derive the results of the velocity, pressure, and TKE, the vertical direction (H) was set at an interval of 0.06 m, and the horizontal direction (L) was set at 0.333 m intervals from the bottom of the inlet in the center plane of the pipe. Each of the points used for measuring flow characteristics is plotted in this figure, and the conditions were set with the goal of establishing a numerical analytical database for the shape.




2.2. Governing Equations for Numerical Analysis


The governing equations for flow analysis, continuity equations, momentum equations, and energy equations were applied, and they are expressed as the following equations:


    ∂ u   ∂ x   +   ∂ v   ∂ y   +   ∂ w   ∂ z   = 0  



(1)






   u   ∂ u   ∂ x   + v   ∂ v   ∂ y   + w   ∂ w   ∂ z   = −   ∂ p   ∂ x    1 ρ  +  ν e   (     ∂ 2  u   ∂  x 2    +    ∂ 2  u   ∂  y 2    +    ∂ 2  u   ∂  z 2     )     u   ∂ u   ∂ x   + v   ∂ v   ∂ y   + w   ∂ w   ∂ z   = −   ∂ p   ∂ x    1 ρ  +  ν e   (     ∂ 2  v   ∂  x 2    +    ∂ 2  v   ∂  y 2    +    ∂ 2  v   ∂  z 2     )     u   ∂ u   ∂ x   + v   ∂ v   ∂ y   + w   ∂ w   ∂ z   = −   ∂ p   ∂ x    1 ρ  +  ν e   (     ∂ 2  w   ∂  x 2    +    ∂ 2  w   ∂  y 2    +    ∂ 2  w   ∂  z 2     )    



(2)






  u   ∂ T   ∂ x   + v   ∂ T   ∂ y   + w   ∂ T   ∂ z   = α  (     ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2    +    ∂ 2  T   ∂  z 2     )   



(3)







In Equations (1) to (3),  u ,  v , and  w  represent the speed in the  x ,  y , and  z  directions, respectively,  ρ  is the density, and  v  is the coefficient of kinematic viscosity. For the turbulence model, the shear-stress transport (SST) model suitable for the   k − ω   model-based flow separation simulation is applied, and the flow field is calculated based on the TKE ( k ) and energy-specific dissipation rate ( ω ) equations.


   ∂  ∂ t    (  ρ k  )  +  ∂  ∂  x i     (  ρ k  u i   )  =  ∂  ∂  x j     [   Γ k    ∂ k   ∂  x j     ]  +  G k  +  G b  −  Y k  +  S k   



(4)






   ∂  ∂ t    (  ρ ω  )  +  ∂  ∂  x i     (  ρ ω  u i   )  =  ∂  ∂  x j     [   Γ ω    ∂ k   ∂  x j     ]  +  G ω  +  G  ω b   −  Y ω  +  S ω   



(5)







   G k    represents the generation of the TKE due to the velocity gradient, and    G ω    is the energy-specific dissipation rate ( ω ) generation term.    Γ k    and    Γ ω    mean the effective diffusion of  k  and  ω  due to turbulence,    Y k    and    Y ω    are the dissipation terms of  k  and  ω  due to turbulence,    S k    and    S ω    are user-defined terms, and the Eddy viscosity in the   k − ω   turbulence model    μ t  = ρ k / ω   is calculated. The SST   k − ω   model activates the   k − ω   model near the wall and activates the   k − ϵ   model away from the wall to produce results. This technique of using two models is called blending and is more accurate than other turbulence models and effective in interpreting flow near walls, so it was applied in this study [20,21].




2.3. Verification of Numerical Analysis Results


Before numerical analysis, about 1.3 million tetra meshes were generated by extracting the fluid area in the pipe to which a 14-inch DF was applied. Detailed information about the mesh applied to the numerical analysis is shown in Table 1 and Figure 3. Based on the differential pressure results for each flow velocity obtained in the experiment, the differential pressure displayed by the screen (perforated plate) in the DF was simulated to be the viscous resistance value of a porous zone, similar to the experimental value. The normalized differential pressure results are shown in Figure 4. After normalization, it was confirmed that the errors at the initial flow rates of 1.5 m/s, 2 m/s, and 2.5 m/s were 0%, 1.09%, and 6.99%, respectively. Additionally, the trend in the experimental values and numerical analysis was consistent across all flow rate conditions. Therefore, the reliability and importance of this study have been secured.




2.4. Experimental Method and Conditions


This experiment was conducted to verify the performance of CTCS affected by DF, and the experimental device was configured as shown in Figure 5a. To perform the differential pressure performance test, a main pump that controls the flow rate according to the initial flow rate condition and a gear motor and motor inverter for rotating the rotor and hopper of the existing DF design product were configured. As can be seen in Table 2, the flow rate conditions applied in the experiment were 1.5 m/s, 2 m/s, and 2.5 m/s, which are the same as the numerical analysis conditions, and the actual experimental device was as shown in Figure 5b.




2.5. Numerical Analysis Conditions


Steady-state analysis was carried out by applying the analysis conditions shown in Table 3, based on the grid used to verify the analysis results. To analyze the TKE and differential pressure characteristics in the presence or absence of the DF, a numerical analysis was performed on the pipe of the CTCS with or without 14-inch DF cases. The working fluid was set as water, and the flow rates were 1.5 m/s, 2.0 m/s, and 2.5 m/s. Then, the flow characteristics in the CTCS were compared and analyzed according to the flow rates.





3. Numerical Analysis Results


3.1. Effect of the DF on Flow Rate


Figure 6 shows the velocity distributions in the pipe with and without the DF applied, and Figure 7 shows the velocity values in the pipe according to the inlet flow rate change as velocity vectors. In the velocity distribution when the DF was on the left side of Figure 6, the main flow at the front end before passing the filter was distributed in the center of the pipe. Without the DF on the right side of Figure 6, the main flow was distributed near the wall of the pipe. The streamline in Figure 6 indicates that the main flow forms in the center of the tube because a vortex is generated by the flow colliding with the bracket at the top of the DF.



Figure 8 and Figure 9 show the distribution of TKE and velocity in the tube of the CTCS with the DF. As shown in Figure 8, the TKE rapidly increases at the front end of the filter set as the porous zone. This suggests that the main flow increases the resistance of the working fluid due to the viscous resistance of the porous zone. As the vortex generated by the flow colliding with the bracket at the top of the filter grows, it increasingly interferes with the main flow.



Additionally, in the 2.5 m section in Figure 8, the TKE in Lines 3, 4, and 5 shows a tendency to increase again. This is because, as shown in the velocity distribution in the 2 m-to-2.5 m section in Figure 9, the velocity of the main flow distributed along the wall of the tube increases due to the shape of the nozzle-shaped tube. The TKE increases as it affects the main flow due to the interaction with the relatively slower flow distributed in the center of the tube. The analyses confirmed that when the DF is applied, the main flow at the rear end is distributed along the wall of the tube, in contrast to the front end. This is because the bracket located on the top of the filter acts as a barrier, and the pressure at the rear end of the bracket is relatively lower than the pressure immediately after the porous zone. The working fluid that has passed through the filter tends to accelerate to the top of the filter with low pressure. This is judged to be the same as the tendency that the flow velocity of Line 1, the outer tube of the pipe at the point 2 m past the porous zone, appears to be higher than other points under all flow velocity conditions in Figure Line 3 in Figure 8c under the 2.5 m/s flow rate, unlike (a) and (b), is similar to the trend in Lines 4 and 5 at the front of the porous zone. This indicates that as the flow rate increases, the range of the main flow increases, so the trend in Line 3 became similar to the flow at the center of the pipe.



Figure 10 shows the distributions of TKE concerning the flow velocity in the pipe with the DF applied. As the flow velocity increases, the effect of the area and value of the TKE at the front of the filter on the main flow increases, and it can be inferred that the distributions of the vortex increase. As the flow velocity increases, the radius of the vortex resulting from the flow colliding with the bracket at the top of the filter increases, and the friction with the main flow increases, showing the trend in Figure 10c.



Figure 11 shows the normalized velocity and TKE under inlet flow conditions. The turbulence intensity generated by the working fluid is similar to the trend in the internal pressure distribution. In areas with high fluid resistance, fluid drag increases and flow separation occur during fluid flow. As a result, it is judged that the flow characteristics deteriorated and the turbulence intensity increased due to the increase in pressure.




3.2. Pressure Characteristics of the DF


Figure 12 indicates the pressure distributions for each flow velocity in the pipe with the DF and the pipe without the DF, and Figure 13 presents the pressure variation in the pipe with the DF applied according to the measuring lines. Figure 12 shows that the pressure at the front of the filter tends to increase rapidly as the flow rate increases. This indicates that an increase in the flow velocity leads to an increase in the flow mass rate, and the pressure rises because the flow mass rate increases in the same volume. Thus, it was confirmed that the differential pressure was also increased by the filter, which could lead to the deterioration of the performance of the condenser.



In the pressure distribution in the pipe without the DF in Figure 12, both the inlet and outlet pressures were low, according to Bernoulli’s law, and the pressure tended to increase in the part of the expanded pipe where the flow rate was relatively low. On the other hand, in the pipe with the DF, the pressure at the front of the filter increased significantly compared to the case without the DF. It is believed that the pressure inside the pipe is increased significantly by the shape of the filter, the resistance generated by the bracket, and the influence of the pressure drop in the porous zone. It was also determined that the perforated plate of the filter and the shape of the filter have a dominant influence on the differential pressure performance. Thus, further research on this is necessary.



As shown in Figure 9 and Figure 13, as the flow rate increases, the velocity and pressure at the front end of the filter tend to increase. This is because the density per unit area at the outlet point of the pipe increases as the flow rate increases, which increases the kinetic energy of the fluid per the same unit area, meaning that the pressure will be high. At the same initial flow rate condition, the speed and pressure before and after the filter tend to be inversely proportional, and the increase/decrease width for this tends to be large as the flow velocity increases. On the other hand, the velocity and pressure immediately after passing through the porous zone and filter tend to decrease in the same way.



It is understood that the average velocity per area increases as the pressure drop increases, according to Darcy’s law, which is generally applied to calculations in porous media. Darcy’s law is expressed as Equation (6), where    u D    is the average velocity per area of the fluid,  Q  is the flow rate,  A  is the cross-sectional area,  K  is the permeation coefficient,  μ  is the viscosity coefficient, and  P  is the pressure [22].


   u D  =  Q A  = −  K μ    Δ P   Δ x    



(6)







Additionally, in Figure 13, the pressure in the porous zone increases toward the center of the pipe. This is because the flow per unit area near the center increases as the flow in the pipe approaches the maximum flow rate toward the center due to the no-slip condition. The resistance the working fluid receives from the viscous resistance of the filter increases in proportion to the flow rate.





4. Conclusions


In this study, a numerical analysis method was used to compare and analyze the flow characteristics and differential pressure performance of the CTCS to which a 14-inch DF was applied. As a result, the following conclusions were reached:



(1) The numerical analysis confirmed that the main flow in the pipe with the DF was dominantly affected by the vortex generated by the DF bracket.



(2) As the flow velocity increases, the radius of the vortex generated by the flow colliding with the DF bracket increases. As the vortex radius increases, friction with the main flow is induced, leading to an increase in the TKE, which interferes with the main flow and is thought to cause flow loss in the tube.



(3) According to Bernoulli’s law, the pressure before and after the DF tends to be inversely proportional to the flow rate and pressure. On the other hand, the speed and pressure in the filter tend to be proportional, which was confirmed by calculations made using Darcy’s law on the influence of the porous zone of the perforated plate.



(4) In addition, it was confirmed that the filter shape and fluid resistance due to a pressure drop in the porous zone had a dominant influence on the differential pressure performance in the pipe with the DF.
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Figure 1. The shape and position of the DF inside the CTCS. 
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Figure 2. Schematics of the DF and flow characteristics measuring points: (a) schematics of the DF; (b) shape and size of the plate; (c) measuring points of pipe with the DF applied. 
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Figure 3. Mesh of pipe with the DF applied. 
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Figure 4. Figure 4. Normalized results for differential pressure under various flow velocities. 
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Figure 5. Figure 5. Experimental apparatus for debris filter test. (a) Schematic of DF experiment; (b) experimental gear motor for DF. 
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Figure 6. Comparison results of velocity contour with the DF (left) and without the DF (right). (a) Vinlet = 1.5 m/s; (b) Vinlet = 2.0 m/s; (c) Vinlet = 2.5 m/s. 
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Figure 7. The velocity vector in a pipe with the DF. (a) Vinlet = 1.5 m/s; (b) Vinlet = 2.0 m/s; (c) Vinlet = 2.5 m/s. 
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Figure 8. The TKE distributions of pipe with DF applied. (a) Vinlet = 1.5 m/s; (b) Vinlet = 2.0 m/s; (c) Vinlet = 2.5 m/s. 
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Figure 9. The velocity distributions of pipe with the DF applied. (a) Vinlet = 1.5 m/s; (b) Vinlet = 2.0 m/s; (c) Vinlet = 2.5 m/s. 
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Figure 10. The TKE contour in a pipe with the DF. (a) Vinlet = 1.5 m/s; (b) Vinlet = 2.0 m/s; (c) Vinlet = 2.5 m/s. 
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Figure 11. Normalized results for velocity and TKE under various flow velocities. 
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Figure 12. Comparison results of pressure contour with the DF (left) and without the DF (right). (a) Vinlet = 1.5 m/s; (b) Vinlet = 2.0 m/s; (c) Vinlet = 2.5 m/s. 
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Figure 13. Pressure distributions of pipe with the DF applied. (a) Vinlet = 1.5 m/s; (b) Vinlet = 2.0 m/s; (c) Vinlet = 2.5 m/s. 
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Table 1. The amount of mesh used for the numerical analysis.






Table 1. The amount of mesh used for the numerical analysis.





	Cases
	Nodes
	Elements





	With DF
	260,950
	1,308,948



	Without DF
	51,297
	259,098
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Table 2. The differential pressure experiment results for each flow velocity.






Table 2. The differential pressure experiment results for each flow velocity.





	Velocity (m/s)
	Differential Pressure (kPa)





	1.5
	6.05



	2
	10.78



	2.5
	16.87
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Table 3. Numerical analysis conditions.






Table 3. Numerical analysis conditions.





	Contents
	Conditions





	Turbulence model
	  k − ω   (sst)



	Inlet velocity (m/s)
	1.5, 2.0, 2.5



	Inlet temperature (K)
	300



	Inlet pressure (kPa)
	101.325



	Outlet condition
	Pressure outlet
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