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Abstract

:

When colloidal particles are deposited in a heat transfer channel, they increase the flow resistance in the channel, resulting in a substantial decrease in heat transfer efficiency. It is critical to have a comprehensive understanding of particle properties in heat transfer channels for practical engineering applications. This study employed the Reynolds stress model (RSM) and the discrete particle model (DPM) to simulate particle deposition in a 3D corrugated rough-walled channel. The turbulent diffusion of particles was modeled with the discrete random walk model (DRW). A user-defined function (UDF) was created for particle–wall contact, and an improved particle bounce deposition model was implemented. The research focused on investigating secondary flow near the corrugated wall, Q-value standards, turbulent kinetic energy distribution, and particle deposition through validation of velocity in the tube and particle deposition modeling. The study analyzed the impact of airflow velocity, particle size, corrugation height, and corrugation period on particle deposition efficiency. The findings suggest that the use of corrugated walls can significantly improve the efficiency of deposition for particles less than 20 μm in size. Specifically, particles with a diameter of 3 μm showed five times higher efficacy of deposition with a corrugation height of 24 mm compared to a smooth surface.
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1. Introduction


Heat exchangers are widely used in power generation and in heating, ventilation, and air conditioning (HVAC) systems in everyday life and industrial production. After a long period of use, dirt deposits tend to form on the surface of a heat exchanger, which affects the heat transfer efficiency of the heat exchanger. In the case of HVAC systems, such fouling also affects indoor air quality (IAQ), and when the particle size (dp) is less than 2.5 μm, particulate matter enters the human body through the respiratory tract, posing a serious threat to human health [1]. Since most people spend most of their time indoors [2], the study of particle motion characteristics in heat exchangers has received much attention.



The structure of the heat exchanger is a key factor influencing the heat transfer performance and particle deposition characteristics. Smooth-walled heat exchangers have been studied more comprehensively [3,4,5]. Lai et al. [6,7] suggested the addition of low ribs to enhance particle deposition in the pipe and to control the number of particles in the pipe wall by periodic cleaning through removable sections. By using the CFD approach, Lu and Lu [8] investigated how rib shape affected particle deposition in turbulent pipes. The impacts of square, triangular, and circular fins on particle deposition were examined. It was found that different rib shapes have a great influence on particle deposition and also produce different resistance. Lu and Quan [9] discussed particle deposition in 3D ribbed channels under different conditions. Bi et al. [10] compared and analyzed the influence of micro-dimpled channels, cylindrical grooved channels, and low-ribbed channels on fluid pressure loss through the field synergy theory. It was found that the micro-dimpled channel and the cylindrical grooved channel had less fluid resistance than the low-ribbed channel. Curved ribs significantly reduce the energy loss of a pipe compared to rectangular ribs. Han and Lu [11] investigated the deposition of particles on the walls of dimple-like concave sockets and explored the effects of different dimple depth-to-inner diameter ratios as well as dimple inner diameter-to-dimple spacing ratios on the deposition of different particles and found that deposition was facilitated for particles smaller than 10 μm in size and had little or no effect on particles larger than 10 μm in size. Andaz and Maso [12] investigated the deposition of particles in a ribbed channel after the addition of a deflector using the Launder, Reece, and Rodi (LRR) model [13] and the Lagrange model and found that the deposition rate of particles with a particle size of 50 μm increased by 148.36%. Another hotspot for the study of fluid–solid coupling in heat exchangers is the study of nanofluids with heat exchangers. In this area, the research of Ben Hamida’s team is more comprehensive and influential. Ben Hamida et al. [14] conducted a numerical analysis of the thermal management of light-emitting diode packages. They simulated the heat dissipation process from an LED chip to the heat sink. To increase the junction temperature of a square LED lamp, square and circular holes were drilled in the center of the heat sink. The researchers found that the junction temperature decreased with an increase in the internal surface of the hole. Ben Hamida et al. [15] used the Galerkin finite-element method (GFEM) to simulate the heat transfer process inside a hybrid nanofluid-filled channel under the action of an electric field. The effect of fin geometry on heat transfer was investigated using the central composite design (CCD) method. The results showed that each increase of 0.01 in nanoparticle concentration increased the Nusselt number by 5.19%. In addition, the effect of using nanofluids in a two-tube heat exchanger with an axial spoiler on the heat transfer rate and pressure drop in a turbulent flow regime has been investigated [16]. The problem of magnetohydrodynamic nonconstant natural convection heat transfer in a circular shell with four heated cylinders in each of the horizontal and vertical midplanes was investigated using a two-dimensional numerical computational method [17]. The efficiency of carbon nanotube (CNT)-50% water +50% ethylene glycol nanofluid in a corrugated finned tilted box radiator under Lorentz force was investigated by numerical simulation considering the nanofluid radiation effect [18]. Corrugated wall piping is one of the more common types of piping used in engineering to enhance heat transfer efficiency and save energy. Russ and Beer [19] discussed the effect of pipes with sinusoidal corrugated walls on the flow of heat transfer. Their study considered working conditions at different Reynolds numbers, from laminar to turbulent flow. Using the finite-volume method (FVM), Heidary and Kermani [20] found that horizontal bellows can improve the transfer rate by more than 50% compared to smooth tubes. There is a large number of studies on the bellows thermal transfer mechanism [21,22,23,24,25], but there are fewer studies on the deposition of particles on corrugated walls. Therefore, there is a need for studies on particle deposition in heat transfer ventilation channels with corrugated wall surfaces.



One of the most important aspects of the study of particle deposition and diffusion in heat exchangers using numerical modelling is the simulation of turbulence. There are now three main techniques for modeling turbulent flow: Reynolds-averaged Navier–Stokes (RANS) simulation [26,27], direct numerical simulation (DNS) [28,29], and large eddy simulation (LES) [30,31]. Several RANS turbulence models are the most widely used turbulence simulation techniques at present because DNS and LES methods are far from being applied to practical engineering applications due to the high requirements on computing resources. The results show that the RSM is a relatively accurate turbulence model [3]. This really is owing to the fact that other turbulence models disregard mistakes introduced by anisotropies during flow, while the RSM model takes into account turbulent anisotropy. In addition, there are Markov chain models for transient calculations, which are mostly used for indoor colloidal particulate matter studies due to their better robustness [32,33,34]. Sajjadi et al. [35] used the lattice Boltzmann method (LBM) in conjunction with the LES as well as the RANS methods to study particle deposition in turbulent flows. The process of dust growth was investigated using the CFD dynamic mesh technique of Zheng et al. [36]. The study of deposition–diffusion of particulate matter in heat exchangers is a typical fluid–solid coupling problem, and in addition to the choice of turbulence methods, the choice of fluid–solid coupling methods is also very important. The Euler–Euler method and the Euler–Lagrange method are currently more widely used. Li et al. [37] were the first to use the Euler–Euler model to calculate the particle deposition problem and found that it had the same accuracy as the Lagrange method and used fewer computational resources. Han et al. [38] used an Euler–Euler CFD method to compare it with asphalt scaling experiments and found good agreement, and used this method to predict particle deposition in pipelines. The Euler–Euler method is suitable for scenarios with large particle concentrations, and the Euler–Lagrange method is mostly used for small particle concentrations. Among the many Euler–Lagrange models, the coupled RSM and DPM approach has been considered by more studies to have higher accuracy [39,40,41].



This study builds on existing research by using cosine trigonometric functions to generate corrugated wall surfaces and to investigate the kinematic behavior of colloidal particles using heat exchanger ventilation ducts with rectangular cross sections. Numerical methods were used to study the turbulence near the corrugated wall surfaces, to analyze the TKE distribution of secondary flows and vortex clusters near the corrugated wall surfaces, and to investigate the effects of different wind speeds, particle sizes, corrugation heights, and corrugation periods on the motion of the particles after numerical validation.




2. Numerical Methodology and Experimental Method


2.1. Gas-Phase Model


This study’s input air velocity (    U   m e a n    ) ranged from 0.6 to 7.0 m/s, and its Re ranged from 5.476 to 6.3893. The continuous phase in the pipeline was incompressible gas. The Reynolds stress model (RSM) takes into account the anisotropy of turbulence and is therefore considered a more accurate turbulence model [42]. The control equation can be expressed as:


    ∂ ρ    u i   ¯    ∂  x i    = 0  



(1)






    ∂    u i   ¯    ∂ t   +    u j   ¯    ∂    u i   ¯    ∂  x j    = −  1 ρ    ∂  p ¯    ∂  x j    +  1 ρ   ∂  ∂  x j     (  μ   ∂    u i   ¯    ∂  x j    − ρ    u i ′   u j ′   ¯   )   



(2)






    ∂ T   ∂ t   +  ∂  ∂  x i     (     u i   ¯  T  )  =  ∂  ∂  x i     (   λ  ρ  c p      ∂ T   ∂  x i     )   



(3)







Following dimension analysis and collation, the Reynolds stress equation is written as follows:


       ∂  ∂ t    (     u i ′   u j ′   ¯   )  +   u ¯  k   ∂  ∂  x k     (     u i ′   u j ′   ¯   )  =     ∂  ∂  x k     (     v t     σ k      ∂    u i ′   u j ′   ¯    ∂  x k     )   ︸    D  T , i j   =    TurbulentDif   fusion          (     u i ′   u k ′   ¯    ∂   u ¯  j    ∂  x k    +    u j ′   u k ′   ¯    ∂   u ¯  i    ∂  x k     )   ︸    P  i j   =    StressProduction               −  C 1   ε k   [     u i ′   u j ′   ¯  −  2 3   δ  i j   k  ]  −  C 2   [   P  i j   −  2 3   δ  i j   P  ]   ︸    ϕ  i j   =    Pressurestrain      −     2 3   δ  i j   ε  ︸    ε  i j   =    Dissipation           



(4)




where the empirical constants are as follows:    σ k  = 1.0 ,    C 1  = 1.8    and     C 2  = 0.6  .



Here is the equation for calculating the turbulent dissipation rate:


    ∂ ε   ∂ t   +    u j   ¯    ∂ ε   ∂  x j    =  ∂  ∂  x j     [   (  v +    v t     σ ε     )    ∂ ε   ∂  x j     ]  −  C  ε 1    ε k     u i ′   u j ′   ¯    ∂    u i   ¯    ∂  x j    −  C  ε 2      ε 2   k   



(5)




where    σ ε  = 1.3 ,    C  ε 1   = 1.44    and     C  ε 2   = 1.92  .



In this study, as in [43], to deal with the flow in the near-wall area, the two-layer banded model and the enhanced wall function (EWF) were utilized, since they can provide accuracy comparable to the normal two-layer method for a fine near-wall mesh [44]. In the near-wall region affected by viscosity, Wolfstein’s one-equation model was adopted [45]. To ensure that the incoming air was fully developed, a user-defined function (UDF) was used so that the velocity distribution at the inlet satisfied the one-seventh power law [3].


  U =  U  f r e e      (   y  H / 2    )    1 / 7      for    y ≤ H / 2  



(6)






  U =  U  f r e e      (    H − y   H / 2    )    1 / 7      for    y > H / 2  



(7)






   U  f r e e   =  8 7   U  m e a n    



(8)




where    U  m e a n     is the average flow velocity.




2.2. Particle-Phase Model


Spherical particles were modelled in this study using the Lagrangian methodology, DPM. Due to a low particle concentration and an air density-to-particle density ratio of 0.0005, we excluded the impact of particles on fluid or particle interaction forces. Gravity plays a crucial role in driving particle movement, and in this study, its effect on particle behavior was noteworthy. Under its force, the particles would sink and ultimately settle on the wall. Due to their small mass, buoyancy plays an important role in particle motion. A velocity gradient between the fluid phase and the particle phase generates lift on the low velocity side when fluid velocities differ on both sides perpendicular to the direction of particle motion. This lift is known as Saffman lift. We took into account drag force (FD), gravity and buoyancy (FG), Brown force (FB), thermophoresis force (FT), and Saffman lift (FS) when calculating the force of particles. A more specific part of the formula can be found in [8]. The following is an explanation of the particle equation in the flow field:


   m p    d  u p    d t   =  F D  +  F G  +  F B  +  F S  +  F T   



(9)








2.3. Particle Deposition Model


When particles move in a pipe, they will bounce off the wall if the kinetic energy is high; otherwise, they will be attracted to the wall. In this study, a particle bounce model was constructed using UDF coding. When the normal phase velocity of the particle is lower than the critical velocity (    u   c r    ), the particle will be captured by the wall. Conversely, bouncing will occur. And the bouncing process uses fully elastic collision with a recovery factor of 1.0 [46,47]. The critical velocity model used in this study was [9]:


   u  c r   =    [      2 K / (  d p   R 2  )      ]    10 / 7    



(10)




The effective stiffness parameter  K  can be described as:


  K = 0.51   [   5  π 2  (  k s  +  k p  )   4  ρ p  1.5     ]   0.4    



(11)






   k s  =  (  1 −  ν s 2   )  / π  E s   



(12)






   k p  =  (  1 −  ν p 2   )  / π  E p   



(13)






  R = 45.3 / ( 45.3 +  U  m e a n   0.718   )  



(14)




where  ν  stands for Poisson’s ratio;  E  stands for the Young’s modulus; the subscripts s and p denote the wall and particle, respectively;    ν s     = 0.28 and    ν p     = 0.13; and    E s    = 215 GPa and    E p    = 192 GPa [48]. The particle deposition velocity is a common metric for assessing the particle deposition process, which would be defined as [49]:


   V d  = −   H  U  mean    L  ln  (  1 −    N d     N   in         )   



(15)




The second representation is [9]:


   V d  =  J   C 0    =    N d  /  t d  / A    N  i n   / V   =    N d  /  t  max      N  i n   / H    



(16)




where  L  is the length of the pipe,  H  is the pipe height, and Vd is the maximum deposition time of particles. The maximum deposition time of particles is defined as:


   V d +  =    V d     u *     



(17)




   u *    was calculated in this study as follows:


   u *  =    τ w  /  ρ g    =  U   mean        f / 2    



(18)




 f  was calculated by:


   1   f    = − 3.6 log  [    6.9   Re   +    (     k d    3.7  D h     )    1.11    ]   



(19)







The flow Reynolds number (Re) was computed by:


  Re =  D h   U   mean      / ν  



(20)






   D h   = 4   A   /   p d     



(21)







The dimensionless parameters used in this study were calculated as follows:


   y +  =   y  u *   v   



(22)






   τ p +  =    C C  S  d p 2   u *    2    18  v 2     



(23)







The particle deposition efficiency ( η ) can be defined as:


  η =    N d     N   in         



(24)








2.4. Discrete Random Walk (DRW) Model


According to past research [8,41,50], it is essential to precisely predict the deposition velocity during turbulent particle dispersion. Using the DRW model, the turbulent velocity fluctuation for the RSM model was calculated. The DRW model was used to foretell how particles would migrate in channel flows due to diffusion. The time scale (   τ L   ) is expressed as follows:


   τ L  =  C 2       (   v  rms  ′   )   2    2 ε   =  C 3   k ε   



(25)







The following formula was used to determine the eddy’s characteristic lifetime:


   τ e  = −  τ L  log ( r )  



(26)







According to the DRW model, a varying velocity has a Gaussian probability distribution. The velocity pulsation in this study was calculated as follow:


   u ′  = ζ  u  rms  ′   



(27)






   v ′  = ζ  v  rms  ′   



(28)






   w ′  = ζ  w  rms  ′   



(29)








2.5. Boundary Conditions


The inlet boundary condition during the numerical simulation process was the inlet velocity, and the inlet gas heat was Tin = 300 K. The pressure outlet specifies the boundary condition at the outlet. No-slip boundary conditions were adopted at the channel walls. The temperature of the channel Twall = 350 K. The speed at the entrance (    U   m e a n    ) was 0.6–7.0 m/s. In this study, the kinematic viscosity of air was 1.48 × 10−5 m2·s−1, and the air density was 1.225 kg/m3. In order to ensure full development of the flow, the fully developed velocity profiles of the one-seventh power law were adopted and imposed in the air flow inlet by using UDF codes. Zhao et al. [51] investigated how changing particle counts affected the outcomes of particle deposition simulations. The findings demonstrated that 1000 particles were a sufficient number to detect statistical stability. In this study, 30,000 particles entered the computational region using a cone after the turbulent duct flow was computed to converge and with the same velocity as the air. Particles were incident vertically at the entrance with cones. A total number of nine different sizes (1, 3, 5, 7, 9, 20, 30, 40, and 50 μm) were simulated in this study.





3. Case Description and Solution


Since the actual ventilation ducts were mostly rectangular sections, this study adopted a rectangular section to study the 3D ventilation ducts. A schematic diagram of the experiment is shown in Figure 1. To reduce the influence of backflow, the front and rear ends of the corrugated section were lengthened, that is,     L   r     =     L   f    = 150 mm. The parameters of each part of the geometric model are shown in Table 1. According to Table 2, a total of nine cases were simulated for the study.



The contour of the corrugated wall was generated by the following expression:


  y =  1 2  cos (   2 π  T  x + θ ) × h  



(30)







3.1. Solution Method


The fluid control problem was solved using the FVM. The discrete method was employed using second-order upwind. SIMPLE was used for the calculations. A UDF was used to satisfy the requirement of full air development and to implement the particle deposition model.




3.2. Computational Grid and Grid Independence Study


Structured meshes were generated using the commercial software ICEM. These are generally hexahedral grids, which require less computing memory, and the grids are relatively neat and close to the actual model. Therefore, this paper used a structured grid for mesh division. Additionally, mesh encryption was performed on the corrugated wall surface. Figure 2 depicts a typical organized grid system utilized in the pipelines. The first layer grid requires    y +    ≈ 1 and a growth rate of 1.1. To reduce the influence of the grid on the results, five sets of grids were used to verify the independence of the grid. The specific verification situation is shown in Figure 3. From 190,000 to 1,200,000, five grid numbers were employed in the calculation. The sensitivity of the grid was examined by using the pipe pressure drop and the deposition efficiency of 3 μm particles, and a grid of 820,000 was finally determined as the grid to be used in this study.





4. Results and Analysis


4.1. Results Verification


4.1.1. Verification of the Turbulent Flow Field


DNS data were used to ensure the accuracy of this study, and the velocity distribution in the smooth pipe was compared with that in the study of Kim et al. [52], as shown in Figure 4. In addition, the realizable k-ε model, the SST-k-ω model, and the RSM were used, and the velocity distributions at the crest and trough of the bellows were compared with Kuzan’s [53] experiments, as shown in Figure 5. The RSM model was found to be closer to the experimental results. The same conclusion was obtained by Han et al. [42] in their study. Therefore, the accuracy of the results obtained using the RSM model was better guaranteed.




4.1.2. Verification of Particle Deposition


Figure 6 shows the variation in the dimensionless deposition rate of colloidal particles in smooth horizontal channels with dimensionless deposition time and compares it with the results of Wood [54] as well as other studies [3,39,42,55,56]. Comparing Equations (15) and (16), it was found that the results of Equation (15) have less error with Wood’s empirical formula. Equation (16) exhibits a distinct “V” shape, which is consistent with the results of Tian and Ahmadi et al. [3]. This is because when the particle size is small, the particles are more influenced by the flow field, and the movement of large particles is mainly influenced by inertia forces. Therefore, the particle deposition velocity decreases first and then increases.





4.2. Effect of Air Velocity on the Flow Field


4.2.1. Effect of Air Velocity on Turbulence


In addition to Re, the impact of air velocity on turbulence can also be described in terms of turbulent kinetic energy (TKE). TKE is a measure of turbulence strength, and the larger the TKE, the larger the pulsation scale and the more affected is the particle motion trajectory. A cloud diagram of TKEs corresponding to different air speeds is shown in the Figure 7. The larger areas of TKE are distributed at the crest and windward side of the corrugation. As the velocity increases, the TKE also increases gradually, and along the flow direction, the largest clouds of TKE gradually increase, which indicates that in the front part of the flow field, the areas with high turbulent kinetic energy at the crest of the ripple are small, while the areas with high turbulent kinetic energy in the back part are larger and more particles will be obtained to be deposited in these areas.



The use of corrugated walls will affect the temperature distribution in a pipe, causing a change in the temperature gradient at the wall. As the speed increases, the temperature gradient from the low-temperature center region to the corrugated wall surface gradually increases. The particles are subjected to thermophoretic force from the corrugated wall surface to the upper wall surface because the force is in the opposite direction to the temperature gradient. And the increase in velocity makes the secondary flow from the bottom of the pipe to the upper wall increase, which will make the particles be rolled and sucked away from the corrugated wall surface. The specific temperature distribution and secondary flow can be seen in Figure 8.




4.2.2. Vortex Identification and Analysis


Typically, vortices are employed to quantify the rotating motion of a flow. Analysis of the impact of the flow field on particle deposition is facilitated by precise identification of the position and size of vortices. Setting a threshold value is necessary for the second-generation vortex identification method, and different threshold values have various vortex shapes. The influence of the threshold value on vortex structure can be resolved using the third-generation vortex identification method. In order to catch vortex clusters, a threshold value of 0.52 is used, and more flimsy vortex structures can be seen [57]. The specific formula is described as follows:


  Ω =   ‖  B   ‖ F 2    ‖  A   ‖ F 2  + ‖  B   ‖ F 2     



(31)




where, respectively, A and B represent the symmetric and antisymmetric components of the velocity gradient tensor (ΔV), while ΔV is:


  Δ V =  (       U x       U y       U z         V x       V y       V z         W x       W y       W z       )   



(32)




A and B are calculated as follows:


  ∇  V  =  A  +  B  =  1 2   (  ∇  V  + ∇   V  T   )  +  1 2   (  ∇  V  − ∇   V  T   )   



(33)







The vortex clusters are depicted in Figure 9 at various speeds. The ripple period was 6.5 mm, and the height of the ripple was 12 mm. Periodically, vortices can be seen at the peaks and valleys of the waves. The effectiveness of particle deposition on the corrugated wall will be impacted by the obvious differences in the vortex clusters on the two sides of the wall caused by the change in air velocity. As the speed increases, the size of the vortex cluster in the tank gradually decreases, which will make the ability of the vortex cluster to wind up the particles decrease, thus reducing the particle deposition efficiency. The presence of ripples causes the vortex cluster to gather particles, which greatly increases the effectiveness of particle deposition.



The vortex cluster distribution in Figure 9d differs significantly from the other graphs in that there is an upward winding vortex cluster, and the upward velocity gradually increases with the increase in the inlet velocity, which becomes a resistance to particle deposition and thus will make the particle deposition efficiency decrease.





4.3. Effect of Different Walls on the Flow Field


The TKE distribution in the YZ direction for different rough walls is shown in Figure 10, and the maximum value of TKE increases gradually as the height of the rough wall increases. This also proves the accuracy of this study. The TKE maximum is distributed at the pipe wall in a smooth pipe, and when a corrugated wall surface is employed in the pipe, the TKE maximum emerges at the corrugated wall surface, which can increase fluid disturbance and particle deposition. As the corrugation height increases, the area with high TKE values gradually increases and the perturbation of the whole flow field becomes more intense. In addition, there is a clear boundary layer at the smooth tube wall surface, and the boundary layer is destroyed at the tube wall after using the corrugated wall surface, which will increase the heat transfer efficiency.



Figure 11 shows the temperature clouds and velocity vector plots under walls of different roughnesses, where the temperature distribution is relatively uniform in the smooth channel. As the corrugation height increases, the temperature center is shifted upward, making the distance from the rough wall to the temperature center of the pipe increase, which results in a lower temperature gradient and a lower thermal swimming force. Vortex clusters exist in all four corners of the smooth pipe, and in the part near the bottom, an upward flow field exists, while a downward flow field will exist at the bottom with the corrugated wall surface. The deposition of small particles is influenced by the flow field, so the corrugated wall surface will enhance the deposition efficiency of small particles. As the ripple height increases, the flow field in the bottom region becomes more turbulent. The vortex cluster area also gradually increases, which will increase the deposition efficiency of small particles.




4.4. Deposition Characteristics of Micron Particles


4.4.1. Effect of Rebound on Particle Deposition


Figure 12 shows a comparison of the critical particle deposition velocities for different particle sizes with the results of Han et al. [42]. As particle size grows, the critical velocity drops. This means that larger-sized particles are more prone to rebound. Figure 13 compares the two different deposition models and shows that small particles are less affected by bounce while large particles are more affected by bounce, along with the deposition rate decreases for larger particle sizes. These were due to the higher kinetic energies of the larger particles and the smaller critical velocities. The same results were obtained by Sun et al. [44].




4.4.2. Effect of Air Velocity on Particle Deposition


Figure 14 shows the  η  values at different air velocities and that  η  decreases with the increase in air velocity. At lower air velocities,  η  gradually increases with the increase in     d   p    . When the     U   m e a n     is high,  η  varies less with     d   p    . This occurs because the     U   m e a n     is high, the negative velocity in the z-axis direction also gradually increases, and the deposition of large particles mainly relies on gravitational sedimentation, so that the  η  of large particles decreases. As the     U   m e a n     increases, the wall resistance and pipe pressure drop gradually increase. Therefore, different simultaneous smaller particle depositions and smaller pressure drops were obtained.



Figure 15 shows the position of particle deposition for two different particle sizes (5 μm and 50 μm) with different air velocities. When dp = 5 μm, the number of particles deposited in the latter part of the corrugated wall was higher than that in the former part, and the deposition was concentrated in the crest and trough of the corrugation, with the deposition at the crest being arranged in a straight line. As the dp became larger, the deposition position changed more, and when the air velocity was small, more particles of 50 μm were deposited in the front part of the corrugation. Particles were gradually deposited at the back of the corrugated wall with an increase in air velocity. In addition, large particles were deposited more at the entrance. When the air velocity was 7 m/s, 50 μm particles were deposited at the front and rear ends of the corrugation and less at the center part of the corrugation. This is thought to be because tiny particles, which have a lower mass, can follow fluid flow more effectively. The likelihood of small particles bouncing in the front section of the corrugated wall increases as the velocity and kinetic energy of the particles increases. After a few bounces, the kinetic energy of the particles reduces on the corrugated wall surface in the back, increasing the number of particles deposited. When the velocity is low, the kinetic energy of the particles is low and they are easily deposited in the front portion of the corrugated wall. Inertial forces are the primary factors that affect the deposition of big particles. As the velocity increases, the deposition concentration area gradually moves to the rear part of the corrugated wall. Large particles have a low critical velocity; hence, increasing velocity also improves the likelihood of large particles rebounding. Therefore, under the impact of the two aforementioned parameters, the efficiency of large particle deposition rapidly declined as the velocity reached 7 m/s.




4.4.3. Effect of Corrugation Height on Particle Deposition


Figure 16 illustrates the particle deposition efficiency and the pipe pressure drop and pipe resistance at different rough wall heights. As the rough wall height increases, the pipeline pressure drop and pipeline resistance also increase. When dp < 30 μm,  η  increases with the increase in pipe resistance. When dp > 30 μm,  η  and pipe resistance show negative correlation. This is because when the corrugation height increases, the upward vortex mass gradually increases, which makes the large particles be subject to larger resistance, and thus the particle deposition efficiency decreases. Compared to the effect of air velocity variation on particle deposition, it is more costly to use increased rough wall height to achieve proper particle deposition.



Figure 17 illustrates the effect of different ripple heights on the location of particle deposition, where I indicates a 5 μm particle and II indicates dp = 50 μm. The particles were deposited less at the entrance of the corrugation, and the number of particles deposited gradually increased along the flow square. The number of particles deposited at the corrugation inlet steadily decreased as the corrugation height rose when dp = 50 μm. The front portion of the corrugation developed a particle-free area even at a corrugation height of 24 mm. This was mainly because, as the corrugation height increased, the particles with large particle sizes had a greater chance of bouncing at the front part of the corrugation, making the particles less likely to be deposited.



In the case of larger particles, particle deposition is mostly focused on the windward side of the ripple and at the wave’s crest, with less deposition in the trough. This is because small particles will be deposited at the trough due to the vortex at the trough, while the main deposition mechanism of large particles is gravitational sedimentation, so it is difficult for the secondary flow at the trough to absorb large particles, while the particle impact at the crest will result in a reduction in part of the particles’ kinetic energy and thus their deposition at the crest.




4.4.4. Effect of Corrugation Period on Particle Deposition


Figure 18 illustrates the particle deposition efficiency, pressure drop, and pipe resistance for different corrugation cycles. When dp < 30 μm, the deposition efficiency gradually increased as the corrugation period decreased. When dp > 30 μm,  η  was larger for the corrugation cycle of T = 6.5 mm, and the corrugation wall of T = 5.7 mm had a higher particle deposition efficiency than the corrugation wall of T = 9.75 mm at a particle size of 50 μm. As the cycle lengthened, the pipe’s resistance steadily reduced, which was caused by a reduction in both the number of corrugations and the perimeter of the corrugated wall surface. However, the pressure drop did not decrease with the increase in the corrugation period, and the pressure drop of the pipe was higher when the corrugation period (T) = 9.75 mm than when T = 6.5 mm.



Figure 19 illustrates how the particles are deposited in each cycle of the corrugation when the period is short and the dp = 5 μm. Therefore, for corrugated plates with tiny cycles,  η  is higher when the particle size is smaller. As dp increases, when dp = 50 μm, the particles are deposited on the corrugated plate and the aggregation of deposition along the flow square is more obvious and mainly at the crest and windward side. This makes the deposition efficiency of the corrugated plate with T = 9.75 mm higher than that of the corrugated plate with T = 5.7 mm at dp = 50 μm. Therefore, the larger the corrugated wall surface is for longer periods, the better the particle deposition at the corrugated plate.






5. Conclusions


Corrugated walls enhance heat transfer and represent a frequently employed structure in conduits designed for heat transfer. While more research has been undertaken on heat transfer in corrugated walls, studies on particle deposition in corrugated channels featuring trigonometric image shapes are relatively scarce. To enhance our comprehension of particle deposition characteristics in a corrugated-wall ventilation channel with a trigonometric image shape, this investigation examined the impacts of varying corrugation heights, corrugation periods, particle sizes, deposition models, and wind velocities on particle deposition by coupling the RSM and the DPM. By analyzing the turbulent flow field, secondary flow, particle deposition efficiency, and particle deposition location, the following conclusions can be drawn:




	
The use of corrugated walls enhances the deposition efficiency of particles with particle sizes (dp) < 30 μm, and when the particle size (dp) > 30 μm, particles are more likely to bounce off the corrugated walls, which makes the particle deposition efficiency lower than that for smooth walls. The particle deposition efficiency shows a positive correlation with particle size. When the corrugation height is 24 mm and dp = 3 μm, the particle deposition efficiency on a corrugated wall is five times higher than that on a smooth wall.



	
Air velocity is an important factor affecting this study. The maximum value of TKE near the corrugated wall surface occurs periodically at the crest and windward side. The value of TKE increases gradually with increase in inlet air velocity. Therefore, more secondary flow occurs at the crest and windward side with increasing velocity, which can lead to changes in particle deposition efficiency. As the air velocity increases, the rebound probability of large-size particles (dp > 10 μm) increases, so the deposition efficiency of large-size particles decreases. Regarding particle deposition location, the air velocity has a strong influence on the deposition location of large particles; as the air velocity increases, the dense area of particle deposition will gradually move from the inlet to the outlet, and eventually only a small portion of the particles will be deposited at the inlet and outlet due to the rebound.



	
The shape of the corrugated wall surface is an important factor affecting this study. With the increase in the corrugation height, the TKE value at the crest of the corrugated wall will gradually increase, and the secondary flow will gradually move upward. When dp < 30 μm, the deposition characteristics are mainly determined by the flow vortices and mass inertia, so the particle deposition efficiency will gradually increase with the increase in the corrugation height. The particle deposition efficiency gradually increases with the decrease in the ripple period, and particles are deposited in every ripple period. At dp > 30 μm, the particle deposition efficiency is inversely correlated with the ripple height due to rebound. The particle deposition efficiency does not gradually increase with the decrease in the corrugation period. In this study, the highest particle deposition efficiency was observed for the corrugated plate with T = 6.5 mm, and with the increase in the corrugation period, a particle-free region appeared in the front section of the corrugated wall.
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Nomenclature








	A
	Pipe section area, m2



	A
	Symmetric component of the velocity gradient tensor



	B
	Antisymmetric component of the gradient tensor



	    C D    
	Drag coefficient of particle



	dp
	Particle diameter, μm



	    D h    
	Hydraulic diameter



	    E s    
	Young’s modulus of channel wall, GPa



	    E p    
	Young’s modulus of particle, GPa



	  f  
	Fanning friction factor



	    F D    
	Drag force, N



	    F G    
	Gravity and buoyancy, N



	    F B    
	Brownian force, N



	    F S    
	Saffman lift, N



	    F T    
	Thermophoretic force, N



	  g  
	Gravitational acceleration, m/s2



	H
	Pipe height, m



	h
	Corrugated wall height, mm



	  J  
	Number of particles deposited per unit time and unit area



	  k  
	Turbulent kinetic energy (TKE), m2·s−1



	  K  
	Effective stiffness parameter



	    k d    
	Average roughness height



	    N d    
	Deposited particle number



	    N  i n     
	Released particle number



	   p ¯   
	Time-averaged pressure, Pa



	R
	Kinematic restitution coefficient



	   Re   
	Reynolds number



	S
	The particle-to-fluid density ratio



	    t  max     
	The maximum deposition time of particles



	    T  i n     
	Inlet temperature, K



	    T  w a l l     
	Wall temperature, K



	    u  c r     
	Critical deposition velocity



	    u *    
	Friction velocity



	     u ¯  i    
	The component of the time-averaged velocity



	    U  mean     
	Mean flue gas velocity, m/s



	    V d    
	Particle deposition velocity



	    V d +    
	Dimensionless particle deposition velocity



	    y +    
	Dimensionless distance from the wall



	Greek symbols
	



	  ε  
	Dissipation rate of turbulent kinetic energy



	    τ p +    
	Nondimensional particle relaxation time



	  v  
	Kinematic viscosity



	    ν s     
	Poisson’s ratio of the wall



	    ν p    
	Poisson’s ratio of the particle



	  η  
	Particle deposition efficiency



	  ρ  
	Density, kg/m3







Abbreviation




	RSM
	Reynolds stress model



	DPM
	Discrete particle model



	UDF
	User-defined function



	HVAC
	Heating, ventilation and air conditioning



	IAQ
	Indoor air quality



	GFEM
	Galerkin finite-element method



	CCD
	Central composite design



	FVM
	Finite volume method



	RANS
	Reynolds-averaged Navier–Stokes



	DNS
	Direct numerical simulation



	LES
	Large eddy simulation



	LBM
	Lattice Boltzmann method



	EWF
	Enhanced wall function



	TKE
	Turbulent kinetic energy
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Figure 1. Deposition of particles on a three-dimensional corrugated wall. 
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Figure 2. Computational grid. (a) Corrugated wall pipe mesh. (b) YZ plane. (c) XZ plane. 
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Figure 3. Computational grid sensitivity check. 
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Figure 4. Validation of turbulent flow velocity profiles using mathematics [52]. 
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Figure 5. Corrugated pipe speed verification. (a) Speed of crest. (b) Speed of trough [53]. 
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Figure 6. Particle deposition in horizontal smooth pipes [3,6,39,42,54,55,56]. 
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Figure 7. Cloud images of turbulent kinetic energy (TKE) at different velocities at X = 100 mm section. (a)    U  mean     = 0.6 m/s. (b)    U  mean     = 1.6 m/s. (c)    U  mean     = 3.0 m/s. (d)    U  mean     = 7.0 m/s. 
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Figure 8. Temperature cloud image and flow field vector diagram of Y = 550 mm section at different velocities. (a)    U  mean     = 0.6 m/s. (b)    U  mean     = 1.6 m/s. (c)    U  mean     = 3.0 m/s. (d)    U  mean     = 7.0 m/s. 
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Figure 9. Distribution of vortex clusters at different velocities. (a)    U  mean     = 0.6 m/s. (b)    U  mean     = 1.6 m/s. (c)    U  mean     = 3.0 m/s. (d)    U  mean     = 7.0 m/s. 
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Figure 10. Cloud plot of turbulent kinetic energy (TKE) for different rough wall surfaces at X = 100 mm section. (a) Smooth. (b) Corrugated wall height (h) = 5 mm. (c) Corrugated wall height (h) = 8 mm. (d) Corrugated wall height (h) = 12 mm. 
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Figure 11. Temperature cloud image and flow field vector diagram of Y = 550 mm section at X = 100 mm section. (a) Smooth. (b) Corrugated wall height (h) = 5 mm. (c) Corrugated wall height (h) = 8 mm. (d) Corrugated wall height (h) = 12 mm. 
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Figure 12. Verification of the critical velocity of particle bounce [42]. 
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Figure 13. Effect of rebound on particle dimensionless deposition rate. 
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Figure 14. Particle deposition efficiency and pipe pressure drop and resistance at different speeds. (a) Particle deposition efficiency. (b) Pipe pressure drop and resistance. 






Figure 14. Particle deposition efficiency and pipe pressure drop and resistance at different speeds. (a) Particle deposition efficiency. (b) Pipe pressure drop and resistance.



[image: Energies 17 00321 g014]







[image: Energies 17 00321 g015a][image: Energies 17 00321 g015b] 





Figure 15. Particle deposition locations for different air velocities. (a)    U  mean     = 0.6 m/s. (b)    U  mean     = 1.6 m/s. (c)    U  mean     = 3.0 m/s. (d)    U  mean     = 7.0 m/s. (I for 5 μm, II for 50 μm). 
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Figure 16. Particle deposition efficiency and pipe pressure drop and resistance at different corrugation heights. (a) Particle deposition efficiency. (b) Pipe pressure drop and resistance. 
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Figure 17. Schematic representation of particle deposition locations with different ripple heights. (a) h = 10 mm. (b) h = 16 mm. (c) h = 24 mm. (I for 5 μm, II for 50 μm.) 
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Figure 18. Particle deposition efficiency and pipeline pressure drop and resistance at different corrugation periods. (a) Particle deposition efficiency. (b) Pipe pressure drop and resistance. 
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Figure 19. Schematic diagram of particle deposition locations for different ripple periods. (a) T = 5.70 mm. (b) T = 6.50 mm. (c) T = 9.75 mm. 
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Table 1. Parameters of each part.
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	Part
	L
	H
	W
	Lf
	Lr





	Length (mm)
	900
	100
	200
	150
	150










 





Table 2. Computational cases.
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	Case No.
	Air Velocity (m/s)
	Air and Particle Temperature (K)
	Wall Temperature (K)
	Corrugated Heigh, h (mm)
	Period of Ripples, T (mm)
	Surface Type





	1
	3.0
	300
	350
	/
	/
	Smooth



	2
	0.6
	300
	350
	24
	6.5
	Corrugated



	3
	1.6
	300
	350
	24
	6.5
	Corrugated



	4
	3.0
	300
	350
	24
	6.5
	Corrugated



	5
	7.0
	300
	350
	24
	6.5
	Corrugated



	6
	3.0
	300
	350
	16
	6.5
	Corrugated



	7
	3.0
	300
	350
	10
	6.5
	Corrugated



	8
	3.0
	300
	350
	24
	5.7
	Corrugated



	9
	3.0
	300
	350
	24
	9.7
	Corrugated
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