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Abstract

:

The study of particle deposition in bends is always a continuous challenge in various engineering and industrial applications. New types of channels with special microstructures on the surfaces can be effective in modifying the flow field structure as well as particle deposition in channels. In this study, a 90° circular bend with a convex dimple structure was used, and the flow field and the deposition of particles in the channel were analyzed; the Stokes numbers (St) used were 0.016, 0.355 and 1.397. The reliability of the model was ensured by mesh-independence validation as well as speed validation. In a 90° bend channel with convex dimples, the temperature distribution, particle deposition distribution, flow structure and secondary flow were examined. The effects of the number of convex dimples and St in the bend on the flow field structure and particle deposition characteristics were analyzed. The results show that the main factors affecting the deposition characteristics of particles in bends are St, gravitational deposition, thermophoretic force, turbulent vortex clusters and secondary flow distribution. The effect of St is more pronounced, with the deposition rate increasing as the St increases, and the deposition location of the particles is mainly clustered on the outside of the bend structure of the elbow.
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1. Introduction


Energy is a key issue in the sustainable development of China, and the rapid progression of the national economy cannot be achieved without the sustainable use of energy. Chinese coal-rich, oil-poor and gas-poor energy resource characteristics determine the main energy status of coal in the short term and will not undergo fundamental changes. The share of raw coal production and consumption has consistently accounted for more than 50 percent of total energy production and consumption [1]. Specifically, it appears that coal consumption in the power sector accounts for about 57 percent of total coal consumption. Renewable energy sources such as wind power, photovoltaic, hydropower, nuclear power and biomass power are developing more rapidly, and their share in the power structure is gradually increasing. But in the short term, coal still holds an irreplaceable position in the power-generation industry [2]. Chinese steady economic development and increasing demand for electricity have stimulated the development of the power industry. Therefore, the power industry under coal-fired power generation as the main power generation structure has become the main industry of air pollutant emissions in China [3]. The air pollution situation in Xinjiang region is serious, among which the pollution situation in Wuchangshi area is severe. Since January 2023, a total of three heavy pollution weather processes have occurred in the “Wu-Chang-Shi” region, and two red alerts have been activated, making the situation of air pollution prevention and control extremely serious.



According to the statistics of the 2023 “Wu-Chang-Shi” Regional Atmospheric Environment Improvement Implementation Programme for People’s Livelihoods (Draft for Review), The “Wu-Chang-Shi” region emits 29,800 tonnes of sulfur dioxide (SO2), 76,600 tonnes of nitrogen oxides (NOx), 27,900 tonnes of particulate matter (PM) and 43,600 tonnes of volatile organic compounds (VOCs), with emissions from electric power production accounting for about 30 percent of the total pollutant emissions. Therefore, reducing pollutant emissions from coal-fired power plants is very important to the air pollution problem in Xinjiang.



In the boiler tail flue of a coal-fired power plant, particulate deposition in the bends becomes partly responsible for influencing the emission of pollutants. Due to the deposition of particulate matter, the operational efficiency of equipment was reduced and energy consumption increased. In bends, the effects of particulate deposition are not limited to reduced operating efficiency. For example, in pneumatic transport channellines, particle accumulation may obstruct fluid flow and lead to the risk of system failure or even explosion [4]. Particle deposition in heat exchangers can lower heat-transfer efficiency by creating a fouling layer that lowers the tube wall’s thermal conductivity, and the above situation can lead to an increase in energy consumption and an increase in operating costs [5]. Therefore, it is significant to investigate new channel structures to reduce particle deposition.



With the rapid development of Computational Fluid Dynamics (CFDs), researchers have had significant success in studying particle deposition in channel flows, including experimental studies and numerical analyses. Sippola and Nazaroff [6] experimentally measured the deposition efficiency of particles in bends and straight tubes, and the measurements revealed that particles were deposited more at the connections and bends. Sun et al. [7] conducted an experimental analysis to determine how the bending material, Reynolds number (Re) and particle concentration affected the deposition of particles in 90° square bends.



After an extensive literature review, it was found that there are many factors affecting particle deposition. Due to the complexity of particle flow in channels, CFD simulation can more easily obtain visualization results of the flow field compared to experiments. Therefore, numerical simulations are increasingly being used to explore the flow, heat transfer, and particle deposition of fluids in flow fields. Hong et al. [8] investigated particle deposition in a large-scale irregular surface with a channel roughness of 0.5 mm and compared it with particle deposition in a smooth channel. The results show that roughness significantly enhances the deposition of small particles, but the enhancement decreases with increasing particle diameter. Tu et al. [9] used numerical simulations to study the deposition patterns in aerosol microchannels under turbulent conditions. It was found that the main mechanism of aerosol deposition in microchannels is turbulent diffusion. Farahani et al. [10] used the Eulerian–Lagrangian two-way coupling method to simulate the gas flow and the flight behavior of particles during aerosol deposition. Hong et al. [11] carried out numerical simulations of gas-particle flows using the Reynolds Stress Model (RSM) and the Discrete Phase Model (DPM) to investigate the deposition characteristics of particles in rib-roughening channels. The windward side was found to be the primary deposition region and the cavities between the rough elements were found to be the secondary deposition region. Han et al. [12] investigated the effect of inlet velocity and particle diameter on the deposition efficiency on each wall of a rectangular channel. The results show that the efficiency of particle deposition at different locations in the channel can be varied by changing the particle diameter and flow rate. Particle infiltration in bends under laminar and turbulent flow conditions was examined by Cong et al. [13] They developed a new empirical function based on the Dean number and Stokes number (St) to predict the particle penetration efficiency. The deposition of particles in a heat-transfer channel with a concave dimple shape was investigated by Han et al. [14]. Concave dimples were discovered to have an impact on the flow field of the channel, increase heat exchange inside the channel, change the path of particles within the channel and encourage the deposition of microscopic particles. The impact of ribbed channel inclination angle on particle deposition characteristics was examined by Lu et al. [15] The findings indicate that the deposition effectiveness of tiny particles is only a little impacted by the inclination angle, but has a large effect on the deposition efficiency of large particles. Lu et al. [16] used the RSM model and the DPM model to simulate particle deposition in a 3D corrugated rough-walled channel. The results show that the use of corrugated wall surfaces significantly improves the deposition efficiency for particle diameters smaller than 20 μm. Han et al. [17] investigated particle deposition in a heat-exchange channel with a combination of concave and convex dimple shapes. It was found that the presence of convex dimples influenced the flow field within the channel, acting as a diversion for the concave dimples behind them, and that the presence of the concave dimples promoted particulate deposition at the dimples. Lu et al. [18] investigated the turbulence structure and particle deposition in a heat exchange channel with convex dimples. The presence of convex dimples was found to have some effect on the distribution of deposition locations of particles, but little effect on the rate of deposition of large particles.



Literature research revealed that there is a concerted effort to study the deposition of particles in channel flow. However, up to now, there have been limited studies on reducing deposition efficiency by changing the geometry. Arsalanloo and Abbasalizadeh [19] studied the effect of the use of inserts on the deposition efficiency in 90° circular bends. Erraghroughi et al. [20] investigated particle deposition in a curved turbulent channel with ribs, and it was found that after inserting the ribs, the particle deposition could be reduced. It has also been found that corrosion in bends can be effectively mitigated by inserting ribs, grooves, etc. Therefore, in this study, the heat-transfer characteristics and particle deposition characteristics inside a 90° circular bend with convex dimples were investigated based on previous studies. The analysis focused on the deposition of particles in 90° circular bends with convex dimples with particle diameters of 1 μm, 5 μm and 10 μm. The boundary condition of the channel walls and the walls at the convex dimples were set as the “Trap”. This followed the experimental conditions of Pui et al. [21] and the analog simulation results of other scholars [21,22,23]. The particles bouncing off the wall were not considered. Better results were obtained. In addition, the effect of different numbers of convex dimples on the rate of particle deposition in a 90° bend was discussed.




2. Materials and Methods


2.1. Continuous Phase


In this study, the Eulerian method is used to solve the continuous phase of turbulence. The fluid is considered incompressible and stable. The following equations can be used to solve the governing equations for momentum and continuity using the finite volume approach:


    ∂  (     u ¯   i   )    ∂  x i    = 0  



(1)






     u ¯   j    ∂    u ¯   i    ∂  x j    =  g i  −  1 ρ    ∂  P ¯    ∂  x i    +  ∂  ∂  x j     (  2 v  S  i j   −    u i ’   u j ’   ¯   )   



(2)




where g, ρ and v are the gravitational acceleration, air density and kinetic viscosity, respectively;    u ¯    is the time-averaged velocity of the air (m/s); Sij is the average strain rate tensor (s−1).



The different terms in Equation (2) correspond to the volumetric force, the pressure gradient force and the total stress tensor, which include the vicious and Reynolds stress tensor, respectively.



To model the Reynolds stress term, Renormalized Groupe (RNG) k-ε correctness has been proven by Yakhot et al. [24] In comparison to experimental data, Kim et al. [25] showed that the model produced good velocity streamlines and secondary flow distributions in the bends. According to Lidino et al. [22], the model offers a reliable means of validating particle deposition in bends. Compared to the Reynolds Stress Model (RSM), the RNG is easy to handle flows involving strong streamlines and separations and has fewer computational resources. The turbulent kinetic energy k transport equation and the turbulent dissipation rate ε transport equation for the RNG model are given by the following equations:


   ∂  ∂  x i     (  ρ k   u ¯  i   )  =  ∂  ∂  x j     (   α k   μ  e f f     ∂ k   ∂  x j     )  +  G k  − ρ ε  



(3)






   ∂  ∂  x i     (  ρ ε   u ¯  i   )  =  ∂  ∂  x j     (   α ε   μ  e f f     ∂ ε   ∂  x j     )  +  C  1 ε    ε k   G k  −  C  2 ε  *  ρ    ε 2   k   



(4)






   μ  e f f   = μ +  μ t   



(5)






   μ t  = ρ  C μ   k 2  / ε  



(6)






   C  2 ε  *  =  C  2 ε   +    C μ   ζ 3   (  1 − ζ /  ζ 0   )    1 + β  ζ 3     



(7)






  ζ = S  k ε   



(8)






  S =    (  2  S  i j    S  i j    )    1 / 2    



(9)




where Gk, μeff, μt and S are the turbulent kinetic energy from mean velocity gradient, effective kinetic viscosity, turbulent viscosity and modulus of the mean strain rate tensor produced by the mean velocity gradient, respectively; where Cμ, ζ0, β and C1ε are 0.0845, 4.38, 0.012 and 1.42, respectively.



The transport equations of the RNG model are used in the completely turbulent region. At the same time, the equations for the momentum and the kinetic energy of the turbulent flow continue to apply in the region affected by the viscosity. However, the turbulent viscosity and turbulent dissipation rate were calculated using the following equations:


   μ  t , 2 l a y e r   = ρ  C μ   l μ   k   



(10)






  ε =    k  3 / 2      l ε     



(11)






   l μ  = y  C l *   (  1 − exp  (  −   Re  y  /  A μ   )   )   



(12)






   l ε  = y  C l *   (  1 − exp  (  −   Re  y  /  A ε   )   )   



(13)




where    C l *  = 0.418  C μ  − 3 / 4    ,    A μ  = 70  ,    A ε  = 2  C l *   .



The governing equations of the turbulent wind field are solved using the Finite Volume Method (FVM). The calculations are performed using a pressure-based solver, the SIMPLE algorithm for pressure-velocity coupling, the PRESTO format for the discretized pressure equations and the second-order upwind scheme to discretize the convective and discrete terms.




2.2. Discrete Phase Model


By solving the equations of motion for the particles, the Lagrangian approach is utilized to forecast the trajectories of the particles in the air-flow field. Assuming that the particles have no effect on the continuous phase and ignore the interactions between the particles, the DPM one-way coupled discrete model is used. The force balance integral on the particle yields the particle trajectory:


    d  x  p , i     d t   =  u  p , i    



(14)






    d  u  p , i     d t   =  F D  +    g i   (   ρ P  − ρ  )     ρ P    +  F i   



(15)




where xp,i, up,i, ρp and dp are the position vector of the particle, the velocity vector of the particle, the particle density and the particle diameter, respectively. The right-hand side of Equation (15) is represented as the trailing force, gravity and buoyancy and additional force. Yin et al. [26] investigated the deposition of nanoparticles subjected to thermophoretic and Brownian forces inside a 90° square bend. The results of the study show that as the particle diameter decreases and the air temperature decreases, the Brownian forces become more pronounced and the particles become more uniformly distributed. The thermophoretic force dominates the deposition of larger particles, which increases with the temperature gradient. The effect of gravity on the deposition process becomes more important when the particle diameter is larger than 50 nm.



Among the additional forces are Brownian force FB, Saffman lift FS and thermophoretic force FT. [14,15,16,17,18]. These forces have been confirmed to be crucial for the deposition characteristics [27,28]:


   F D  =   18 μ    ρ p   d p 2       C d    Re  r    24    (   u i  −  u  p , i    )   



(16)






   C d  =  a 1  +    a 2      Re  r    +    a 3      Re  r 2     



(17)




where Cd is the drag coefficient.



The particles used in the study are spherical and Cd can be calculated from Equation (17). The values of a1, a2 and a3 in Equation (17) depend on the magnitude of the relative Reynolds number (Rer), which is calculated as shown below:


    Re  r  =   ρ  d p   |   u  p , i   −  u i   |   μ   



(18)







Brownian forces are generated due to random diffusion of particles, where the Brownian force FB is calculated with the expression:


   F B  = ζ     π  S 0    Δ t      



(19)




where S0 is the spectral intensity of a Gaussian white noise random process.



The formula for the Saffman lift is:


   F S  =   2 ρ K  ν  0.5      ρ p   d p  (  S  l k    S  k l   )    S  ij   ( u −  u p  )  



(20)







The thermophoretic force is calculated as:


   F T  = −  D  T , P    1   m p  T     d T   d x    



(21)




where DT,P is the thermophoretic coefficient.




2.3. Stochastic Turbulent Model


The particle phase was modeled using a Discrete Random Walk Model (DRW). It takes into account the effect of turbulence fluctuations on particle trajectories, and allows turbulent diffusion of particles associated with transient airflow fluctuations. The instantaneous airflow fluctuation ui is a combination of the average and fluctuating airflow velocities:


   u i ’  = ξ      u i  ’ 2    ¯    ≈ ξ     2 k  3     



(22)




where ξ is a random number with a normal distribution, and is the root-mean-square fluctuation component in the i-th direction.



Vortex has time-scale properties τe:


   τ e  = 2  T l   



(23)






   T l  = 0.15  k ε   



(24)




where Tl is the Lagrangian integration time.




2.4. Particle Deposition Efficiency


The ratio of the mass of particles captured by the wall to the total mass of particles is the particle deposition efficiency. Since the injected particles have the same particle diameter and density, the mass can also be replaced by the number of particles.



The ratio of the system response time τs to the particle relaxation time τD is known as Stokes number (St):


  S t =    τ D     τ s    =      C c   ρ p   d p 2   /  18 μ        (  D / 2  )   /   U 0      =    C c   ρ p   d p 2   U 0    18 μ  (   D / 2   )     



(25)




where U0, D and CC are the mean flow rate, channel diameter and Cunningham correction factor, respectively:


   C c  = 1 +  λ   d p     (  2.514 + 0.8 exp  (  − 0.55    d p   λ   )   )   



(26)




where λ is the average free range of air.





3. Case Description


The basic geometric configuration of the bends studied in this paper is a 90° bend with convex dimples in the circular cross-section. The diameter of this channel is D = 8.51 mm and Reynolds number Re = 10,000. To prevent backflow at the outlet, the horizontal and vertical straight channels are long enough.



Case 1: A single convex dimple structure was set up in the center of the bend with a convex dimple depth of 0.89 mm, as shown in Figure 1a. Case 2: Add a convex dimple on each side of the first set of convex dimples. In total, there are three convex dimples, as shown in Figure 1b. To ensure that the particles are well mixed with air before entering the curved section, the incidence surface is located at twice the diameter of the inlet. Monodisperse was used for particle distribution in this study [14,15,29]. It provides a better understanding of the deposition of each particle individually. The particle diameters in this study were 1 μm, 5 μm and 10 μm. The incidence velocity of the particles is the same as the airflow velocity at the inlet. The inlet boundary condition is the velocity inlet and the outlet boundary condition is the pressure outlet. No-slip conditions were applied to both the channel walls and the walls at the convex dimples. The boundary condition of the channel walls and the walls at the convex dimples were set as the “Trap”. The wall temperature at both the channel wall and the convex dimple is 300 K. At the inlet, the hot air temperature is 425 K.



In this study, Ansys Fluent 2021R2 is used for simulation calculations. Meshing is used for grid division. Figure 2 shows a schematic diagram of the grid of bends with convex dimples. The overall grid cell size was 0.4 mm, with local encryption at the boundary layer with a cell size of 0.08 mm and a growth rate of 1.2. Grid-independent validation was carried out using five different grid number models, the grid numbers used for validation ranged from 120,098 to 1,214,617 and the results are shown in Figure 3. The particle deposition rate stabilizes when the number of grids exceeds 887,160. Considering the computational cost, the 887,160 grid number model was chosen for the calculation.




4. Results


4.1. Numerical Validation


Verification of single-phase turbulent flow in a 90° bend was carried out using the experiments of Sudo et al. [30] Comparison with experimental data from Sudo et al. and LES simulation results by Yan et al. [4] at two deflection angles, 0°, and 90°, with an air inlet velocity U0 and normalized mean flow velocity Us. The results of this study coincided with this, as shown in Figure 4. The inner area of the curve exhibits some variations at the outlet of bend (90°). The inverse pressure gradient close to the inner wall of the bend is what causes the observable discrepancy. This is the same as previous findings [4,30].



Figure 5 illustrates the numerical validation results of the deposition efficiency for 90° bends under different St. The present model was used to compare with the experimental data of Pui et al. [21] and the simulation results of Zhang et al. [31] and Guo et al. [32]. It can be found that the results are well-fitted and, in combination with Figure 4 and Figure 5, it can be shown that the numerical model of this study is reliable.




4.2. Analysis of Turbulent Flow Field


Figure 6a,b illustrates the airflow velocity field along the XY plane of the Z = 0 section for a single convex dimple and three convex dimples, respectively. Figure 6c,d shows the overall airflow velocity field for a single convex dimple and three convex dimples, respectively. The inlet velocity is 21.027 m/s and the direction is horizontally to the left. The temperatures of the cold wall surface and the hot air inlet are 300 K and 425 K, respectively. In the bend, the curvature generates centrifugal force. Upon entering the bend, the faster flowing fluid moves towards the inside of the bend, the core flow moves towards the outside of the bend, and the slower flowing flow moves towards the inside. As a result, a secondary flow is generated in the plane perpendicular to the average flow. Figure 7 shows the Turbulent Kinetic Energy (TKE) contours of the 90° bend with a convex dimple structure and a local enlargement of the TKE at the convex dimple. The inclusion of two convex dimple structures on either side of the convex dimple resulted in a large increase in TKE values near the region. Unlike the smoothness of the bend wall, the inner wall at the bend convex dimple amplifies the region of high TKE values. In addition, significant areas of high TKE values were observed on the windward and leeward sides of the single convex dimple, and the middle part of the three convex dimples being the most pronounced. This is due to the presence of induced vortices in the region, which can be seen between the two dimples, which have a distinct vortex mass present. Furthermore, as Figure 8 illustrates, the temperature field and velocity vector maps in the YZ plane were obtained. Planes a and b are selected from the two planes at 0° and 90° of the inlet of the bend (as shown in Figure 7). There is a significant temperature gradient between the center of the channel and the wall, which causes a thermophoretic force to be generated in the channel from the hot to the cold temperature region. Differences in temperature gradients will result in different distributions of thermophoretic forces within the channel. The particles will migrate from the high-temperature center to the low-temperature wall region due to thermophoretic forces acting on them, which will facilitate contact between the particles in this region and the wall. Secondary flow is present in the vertical direction in the second half of the bend and is evident near the right wall of the channel. The secondary flow will affect the flow of small particles in the channel, which is important for the deposition of particles on the wall. Figure 8 shows that the secondary flow structure in the bend model is not significantly impacted by variations in the number of convex dimples.




4.3. Particle Deposition Rate Analysis


4.3.1. Effect of Stokes Number on Particle Deposition


Figure 9 shows the deposition morphology of particles with different St at the convex dimple. Figure 9a,d demonstrates the deposition location of particles with St = 0.016 in the convex dimple. At this time, the particle size is smaller and more likely to move with the airflow disturbance. The presence of vortex clusters in the vicinity of the convex dimple affects the deposition of smaller particle sizes and promotes the deposition of particles in the convex dimple cavity. Figure 9b,e demonstrates the deposition location of particles with St = 0.355 in the convex dimple. A strong TKE zone exists near the convex dimple and the TKE values are greater on the windward side than on the leeward side, allowing particle deposition to occur mainly on the windward side of the convex dimple. As shown in Figure 9c,f, when the St increases to 1.397, more particles are deposited in the convex dimple section, especially at the windward side of the convex dimple.



By observation, it was found to be simpler for smaller particles (St = 0.016) to follow the airflow and leave the convex dimple. However, it is more difficult for larger particles (St = 0.355) to change course or be carried away by the airflow. Figure 10 illustrates the deposition locations of particles with different St on the wall and at the convex dimples. With the increase in St, more particles are deposited in the curved part. This is because as the St of the particles increases, the particle size increases and the inertia of the particles increases. The particles no longer flow closely with the airflow and they are less sensitive to turbulent fluctuations. Particles within a core area of the airflow are forced outward and toward the bend exterior by centrifugal force, where they are eventually deposited. When the St increases to St= 1.397, inertia and centrifugal force result in almost complete deposition of particles in the outer curved portion of the bend.



As shown in Figure 10, there is less particle deposition on the leeward side of the convex dimple and between the two convex dimples. This is because vortex clusters between the leeward side and the two convex dimples act on the particles and blow them apart. When the St is small, the particle size of the particles is smaller, the particle inertia is small, the influence of airflow is large, and the particle deposition position is uniform. The results of the study found that different St has a greater effect on the deposition rate. When the St is small St = 0.016, the particles can escape better with the airflow and deposit less at the convex dimple. When the St is large St = 1.397, most of the particles are deposited on the wall surface. The deposition was mainly at the bends of the elbows and deposition at the convex dimples was mainly on the windward side of the convex dimples.




4.3.2. Effect of Different Convex Dimple Numbers on Particle Deposition


Figure 11 shows that the convex dimple structure reduces the deposition rate of particulate matter in a 90° bend. Deposition is effective for small particles and limited for large particles because of their greater gravity and inertia. The primary force influencing particle deposition is gravity and turbulent vortices and secondary flows in the flow field have less of an impact on larger particles. Therefore, the deposition rate is higher for larger particle diameters. The reduced particle deposition efficiency of a bend with a convex dimple structure compared to a bend without a convex dimple structure is due to the interception of small particles on the windward side of the convex dimple. Meanwhile, particles with greater inertia are intercepted in the deepest region of the convex dimple and on the windward side. A reduced bend deposition surface with a convex dimple structure protects the bend from direct particle impact and improves the corrosion resistance of the bend. As the number of convex dimples increases, there is no significant reduction in the efficiency of particle deposition.






5. Conclusions


The CFD method was used to numerically simulate particle deposition in the 90° bend. For the fluid phase, the RNG k-ε model was employed, while the particle phase was represented by the Discrete Particle Model (DPM). The incorporation of a convex dimple structure in the bend effectively improves the flow structure as well as particle deposition in the flow field. The airflow field, particle deposition characteristics and deposition efficiency are examined and discussed and the results are as follows:




	(1)

	
The presence of convex dimple structures can have an impact on the flow field in the bend channel as well as on the particle deposition characteristics. In this case, for particles with small St, it will encourage their deposition inside the convex dimple cavity. And for particles with larger St, this leads to more particles being deposited on the windward side of the convex dimple.




	(2)

	
As the number of convex dimples increases, the TKE value near the convex dimple will increase significantly. At the same time, a higher temperature gradient will exist near the channel wall. These reasons will promote particle deposition. The presence of vortex clusters between the two convex dimples allows fewer particles to be deposited there. An increase in the number of convex dimples does not significantly reduce the rate of particle deposition.




	(3)

	
Particle deposition in the bend is influenced by a different St, and as the St increases, the rate of particle deposition increases. As the St increases, the particle diameter increases, and the inertial force of the particles increases. The concentration of particles deposited in the curved portion of the bend is more pronounced.




	(4)

	
A special convex dimple-type structure is added to the bend portion of the elbow, which effectively reduces the deposition of some particles. When applied in the tail flue of a coal-fired power plant, it can improve the operating efficiency of the equipment and reduce energy consumption. In future studies, User-Defined Functions (UDFs) will be used to bring the deposition of particles closer to reality. In addition, inter-particle collisions are important for regions where particles are highly aggregated.
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Nomenclature




	    C C    
	Cunningham correction factor



	    C d    
	drag coefficient



	    d p    
	diameter of dust particle (μm)



	  D  
	channel diameter (m)



	    D  T , p     
	thermophoretic coefficient



	    F B    
	Brownian force (N)



	    F D    
	trailing force (N)



	    F S    
	Saffman’s lift (N)



	    F T    
	thermophoretic force (N)



	  g  
	gravitational acceleration (m/s2)



	    G k    
	the turbulent kinetic energy from mean velocity gradient (kg/(m·s3))



	  k  
	turbulent kinetic energy (m2/s2)



	    l μ  ,  l ε    
	turbulence length scales in two-layer models (m)



	   P ¯   
	average pressure (Pa)



	     Re  r    
	relative Reynolds number



	  S  
	modulus of the average strain rate tensor (s−1)



	    S  i j     
	average strain rate tensor (s−1)



	    S 0    
	spectral intensity of a Gaussian white noise random process



	    T l    
	Lagrangian integration time



	    u  p , i     
	velocity vector of particles (m/s)



	    u ¯    
	time-averaged velocity of air (m/s)



	    U 0    
	average flow rate (m/s)



	  v  
	kinetic viscosity (m2/s)



	    x  p , i     
	position vector of particles (m)



	  ρ  
	air density (kg/m3)



	    ρ p    
	particle density (kg/m3)



	  ξ  
	random number with a normal distribution



	  λ  
	mean free range of air



	    τ e    
	time scale



	    τ D    
	particle relaxation time



	    τ s    
	system response time



	    μ  e f f     
	effective power viscosity (kg/(m·s))



	    μ t    
	turbulent viscosity



	    μ  t , 2 l a y e r     
	dynamic turbulent viscosity in the viscous region
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Figure 1. Geometric sketch. 
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Figure 2. Mesh diagram of bends with convex dimples. 
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Figure 3. Grid independence verification diagram. 
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Figure 4. Numerical validation graph of smooth channel velocity. 
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Figure 5. Numerical validation plot of smooth channel deposition efficiency. 
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Figure 6. Velocity cloud diagram. 
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Figure 7. Turbulent Kinetic Energy (TKE) values and flow field streamlines. 
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Figure 8. Schematic diagram of temperature field and secondary flow at the inlet of different bends. 
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Figure 9. Deposition plots of particles of different St in different numbers of convex dimples. 
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Figure 10. Deposition of particles of different St on the wall and at the convex dimples. 
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Figure 11. Schematic representation of the deposition rate for different numbers of convex dimples. 
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