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Abstract

:

This paper investigates the effect of porous-media arrangement, hot-plate arrangement, heat flux, and inlet flow on the mixed convection heat transfer, and uniformity of temperature and concentration in an open enclosure. This model is considered for use as an adsorption treatment unit for radioactive waste gas in a nuclear medicine building. The radioactive waste gas flows through the cavity from bottom to top. The two-dimensional governing equations have been solved using the finite volume method. The Prandtl number and aspect ratio of the cavity are fixed at 0.71 and 1, respectively. The problem has been governed by five parameters: −10 ≤ Br ≤ 10, 10−6 ≤ Da ≤ 102, 0.1 ≤ Kc ≤ 10, 10−2 ≤ Ri ≤ 10, and 0.1 ≤ Kr ≤ 10, and the layouts of the porous layer and hot plates. The simulation results indicate that the Type C (polymeric porous media) has excellent heat transfer characteristics with a 10% increase in the Nusselt number (Nu). The contours of streamlines, isotherms and heatlines indicate that, with the increase of Richardson number (Ri), the trend of Nu varies for different arrangements of hot plates. It is interesting to note that the convective heat transfer of Type F (surrounded arrangement) was found to have the lowest Nu number for the same Ri number. The convective heat transfer is more pronounced for Type E (symmetrical arrangement). The Nu number of Type E (symmetrical arrangement) is about 110% higher than that of Type F (surrounded arrangement) and it is about 35% higher than that of Type D (centralized arrangement). This type also has a more uniform temperature distribution, as indicated by the temperature variance. The findings of this study can guide preheating system optimization.
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1. Introduction


With the rapid development of the nuclear industry, the number of reactors in the world is increasing steadily [1,2,3,4,5,6]. However, the development of the nuclear industry and the application of nuclear medicine contribute to an increased emission of radioactive gaseous waste [3,5,6,7,8]. Discharge of untreated radioactive gaseous waste can adversely affect the environment as well as human health; therefore, purification treatment must be carried out to limit radiation exposure from radioactive gaseous waste and avoid radionuclide contamination in the surrounding environment [9].



In recent years, filtration and adsorption methods are becoming popular in the field of radioactive gaseous waste treatment. The adsorption capacity of different adsorbents has been studied to explore an efficient and economical material [10,11]. Moreover, it was pointed out by Underhill [12] that for a given adsorbent, the concentration gradient of the radiant is also a primary factor affecting the adsorption efficiency. The physical interpretation of the mixed convection phenomena in an adsorption unit can be understood as the interaction between the forced convection originating from inlet fluid flow and the free convection originating from the density difference between the hot and cold fluids.



Mixed convection heat transfer in a closed cavity has received considerable attention in recent decades in both academic and industrial fields [12,13,14,15,16,17,18,19,20,21,22,23,24,25]. Ali et al. [13] studied the MHD mixed convection from a rotating circular solid cylinder in a trapezoidal enclosure. It was found that raising the Hartmann number, thermal conductivity ratio, and Darcy number causes the average Nusselt number to grow, whereas increasing the Richardson number causes it to fall. The mixed convection heat transfer in a two-dimensional trapezoidal lid-driven enclosure filled with nanofluids heated from below was quantitatively examined by Kareem et al. [14]. A higher Nusselt number was found for smaller inclination angles and aiding flow. The impact of heaters with different sizes and locations on heat transfer in an inclined square cavity has been studied by Sivasankaran et.al. [15]. They found that the highest heat transfer happened when the heater is located in the middle of the cavity at a cavity inclination angle of γ = 30° in the buoyancy convection-dominated regime. The effect of wall proximity of obstacles, gap space, Reynolds number, and Richardson number on the heat transfer was numerically investigated by Laidoudi [20]. It was observed that gap space has a different effect under aiding thermal buoyancy on the first compared to the second cylinder in fluid characteristics as well as heat transfer effect. A numerical study of mixed convection in a lid-driven partially layered porous enclosure was addressed by Ismael [25]. He observed that the competition between the buoyancy ratio, wall speed, and Lewis number has a considerable influence on heat and mass transfer.



The insistent demands of convective heat transfer control inside enclosures have led to a great deal of study of natural convection in cavities under different thermal boundary conditions and working fluids [26,27,28,29,30,31,32,33,34,35,36,37,38]. In a solar distiller, Ghachem et al. [26] studied double-diffusive natural convection. The interaction of heat energy and the diffusion of chemical species results in an interesting flow pattern. They found that the buoyancy ratio has a great impact on the distributions of isotherms, iso-concentrations, and the structure of the flow. Al-Hassan [35] studied the heat and mass exchange in a composite open cavity connected to a horizontal channel. Three parameters, Reynolds number, Richardson number, and the thickness of the porous layer, were investigated to show their impact on the convective heat transfer efficiency. Double–diffusive natural convection in a partially layered square cavity was later studied by taking more parameters into consideration, e.g., Lewis number, Rayleigh number, Darcy number, geometry, and position of the conductive solid body. The simulation results indicated that the heat transfer is highly affected by the location of the conductive solid body and the Nusselt and Sherwood numbers have contradictory behavior with the location of the solid body [36]. Alsabery et.al [37] investigated the natural convection in a nanofluid-filled wavy-walled porous cavity containing an inner solid cylinder. It was found that the heat transfer varies with the number of undulations. Ben-Nakhi [38,39] studied the impact of the length and inclination of a thin fin in a square enclosure on heat transfer. They observed that the local and average Nusselt numbers change with different parametric conditions and thin-fin inclination angle and length. Chamkha [40,41] studied double-diffusive convection in a porous enclosure with different temperature and concentration gradients. They also studied the influence of inclination effects of the magnetic field direction on the three-dimensional flow structure and heat and mass transfer [27,30,33,34,42,43].



From the above literature review, we can conclude that mixed convection heat transfer varies with heat source geometry, location, and the characteristics of the porous layer, etc. Therefore, for a typical radioactive gaseous waste treatment system, it is important to discuss the influence of the porous layer layout, heat source, and other working conditions on the heat and mass transfer process for adsorption optimization. Moreover, the uniformity of the temperature and mass concentration of the radioactive gaseous waste, which highly affects the adsorption efficiency [6,44], was not considered in previous studies.



In the present study, the preheating unit is simplified to a two-dimensional rectangular cavity and an adsorption bed was considered as a porous media. A detailed investigation of the two-dimensional heat and mass transfer processes of mixed convective flow in the open enclosure considering different hot plate arrangements, heat flux, and inlet gaseous-waste velocity is carried out. The impact of the properties and layout of the enclosure on temperature and mass diffusion was initially determined. A series of dimensionless numbers and variance values were used to evaluate the heat and mass transfer efficiency and distribution uniformity of the working fluid in the system. This study will help reveal the constituent complex heat and mass transfer processes inside preheating system and, hopefully, provide a direction for preheating system optimization.




2. Problem Formulation and Mathematical Modeling


Based on [45], the preheating unit is simplified as a cavity with hot plates installed on the inner walls. The waste radioactive gas flows through the cavity vertically. The inlet flow is considered a laminar flow as the Re number is smaller than 1000. Figure 1 shows the process flow schematically. We can then model the process as simplified laminar mixed convection heat transfer in a radionuclide tail gas treatment unit, both of height and width of l. The volume fraction ξ of the total porous fins is kept constant, and the length and width of the porous fins are lfin and wfin, respectively. The left vertical sidewall is subjected to a high-temperature th in order to ensure that water vapor does not condense and to promote the flow and transportation in the treatment unit; whereas the other sidewalls are adiabatic. In addition, there is a supply air flow with a velocity of v0 at the bottom inlet. In this paper, incompressible and laminar flow hypotheses were used. Furthermore, it is assumed that the working fluid has a constant Prandtl number of 0.71 and is a Newtonian fluid. Gravitational acceleration occurs parallel to the vertical sidewalls. With the exception of density fluctuations in the buoyancy force term, the thermal parameters of the working fluid are considered to remain constant. According to the Boussinesq approximation, the density of the fluid phase is expected to fluctuate linearly with temperature and concentration:


  ρ =  ρ c  [ 1 −  β t  ( t −  t c  ) −  β c  ( c −  c l  ) ]  



(1)




where ρc is the density at temperature t = tc; and βt is the thermal expansion coefficient. Radiation and the effects of viscous heat dissipation are not taken into account in the present model. Vafai et al. [46] pointed out that the local thermal equilibrium (LTE model) is based on the assumption that the temperatures of the solid phase and the liquid phase in porous media are consistent; when the temperature difference between the solid phase and the liquid phase is very small, the LTE model is established. Marafieet al. [47] further studied the validity of the LTE model considering the inertial effect in the fully-filled porous media channel and pointed out that Darcy number and inertial parameters had little influence on the validity of establishing a local heat balance hypothesis. Mahmoudi et al. [48] pointed out that the LTE model is effective when the filling ratio of the porous media is lower than 0.6. Omar et al. [49,50,51,52,53,54] studied in detail the application of Darcy flow and stated that non-Darcy flow models are employed with greater velocities to study the effects of boundary layers and inertial terms, while low mass flow rate applications are often used using the Darcy flow theory. The research content of this present paper satisfies the Darcy flow hypothesis and LTE model. In the porous media, we apply the Darcy–Forchheimer model, which has been validated by many researchers [45,55,56].



The following formula denotes the total volume fraction ξ of the porous blocks:


  ξ =   N  l  f i n    w  f i n      L 2    = N  W  f i n   = 0.6  



(2)




where N indicates the number of porous fins, and in the current study, the overall volume fraction ξ is set at 0.6.



2.1. Governing Equations


The length, velocity, pressure, temperature, and mass scales are introduced in the current study as L, v0, p, T, and C, respectively. Given the presumptions and characteristic scales mentioned above, the following formula yields a set of dimensionless parameters:




   X =  x L  , Y =  y L  , U =  u   u 0    , V =  v   u 0    , P =    (  p +  ρ c  g y  )     ρ c   u 0 2    , Δ t =  t h  −  t c  , Δ c =  c h  −  c l    










   T =   t −  t c    Δ t   , C =   c −  c l    Δ c   , Pr =  ν α  , G r =   g β Δ t  L 3     ν 2    , R e =    v 0  L    υ f    , L e =  α D    










   K r =    k p     k f    , K c =    ρ p   D p     ρ c   D f    , B r =    β c  Δ c    β t  Δ t   , D a =  K   L 2    , R i =   G r     Re  2      









The governing equations for the fluid region of the mixed convection heat transfer problem examined in this paper are presented as follows [15,40,57]. With the aforementioned dimensionless variables, the governing equations can be transformed into conservative non-dimensional forms. Thus, inside the fluid area:


    ∂ U   ∂ X   +   ∂ V   ∂ Y   = 0  



(3)






  U   ∂ U   ∂ X   + V   ∂ U   ∂ Y   = −   ∂ P   ∂ X   +  1  Re    (     ∂ 2  U   ∂  X 2    +    ∂ 2  U   ∂  Y 2     )   



(4)






  U   ∂ V   ∂ X   + V   ∂ V   ∂ Y   = −   ∂ P   ∂ Y   +  1  Re    (     ∂ 2  V   ∂  X 2    +    ∂ 2  V   ∂  Y 2     )  + R i T  



(5)






  U   ∂ T   ∂ X   + V   ∂ T   ∂ Y   =  1  Re Pr    (     ∂ 2  T   ∂  X 2    +    ∂ 2  T   ∂  Y 2     )   



(6)






  U   ∂ C   ∂ X   + V   ∂ C   ∂ Y   =  1  L e Re Pr    (     ∂ 2  C   ∂  X 2    +    ∂ 2  C   ∂  Y 2     )   



(7)







The total representative element volume-averaging approach is used to deal with the governing equations for mass, momentum, and energy conservations within the porous media, which are described in Refs. [16,17,28,54]. Thus, inside the porous media area:


    ∂ U   ∂ X   +   ∂ V   ∂ Y   = 0  



(8)






   1   ε 2     (  U   ∂ U   ∂ X   + V   ∂ U   ∂ Y    )  = −   ∂ P   ∂ X   +  1  Re    1 ε   (     ∂ 2  U   ∂  X 2    +    ∂ 2  U   ∂  Y 2     )  −  1  Re D a   U −    C F      D a        V 2  +  U 2    U  



(9)






   1   ε 2     (  U   ∂ V   ∂ X   + V   ∂ V   ∂ Y    )  = −   ∂ P   ∂ Y   +  1  Re    1 ε   (     ∂ 2  V   ∂  X 2    +    ∂ 2  V   ∂  Y 2     )  −  1  Re D a   V −    C F      D a        V 2  +  U 2    V + R i T  



(10)






  U   ∂ T   ∂ X   + V   ∂ T   ∂ Y   =   K r   Re Pr    (     ∂ 2  T   ∂  X 2    +    ∂ 2  T   ∂  Y 2     )   



(11)






  U   ∂ C   ∂ X   + V   ∂ C   ∂ Y   =   K c   L e Re Pr    (     ∂ 2  C   ∂  X 2    +    ∂ 2  C   ∂  Y 2     )   



(12)




where α is the thermal diffusivity, β is the volumetric expansion coefficient, ρc is the fluid density, υ is the kinematics viscosity of the fluid, K is the permeability of the porous media, ε is the porosity of the porous media, CF is the inertia coefficient, and Kr and Kc are the ratios of saturated porous media to fluid of the effective thermal conductivity and the mass conductivity, respectively. The Prandtl number of the working fluid in the channel air is set to 0.71. The Darcy number indicates the permeability of porous media. Br represents the ratio of mass buoyancy to thermal buoyancy. The Richardson number represents the proportion of shear flow to buoyant plume. Assuming that heat conduction occurs simultaneously in the working fluid and porous matrix, we may calculate the overall thermal conductivity ratio, Kr, which is the ratio of the fluid’s effective thermal conductivity to that of the saturated porous media.



CF, which presents the mathematical expression of the inertia coefficient [48,58] can be expressed as:


   C F  =   1.75     150  ε 3       



(13)








2.2. Boundary Conditions


The following formats display the boundary conditions of the aforementioned normalized governing equations. The unit wall adopts the non-slip boundary condition. Except for the discrete heat source and opening, the unit wall has great thermal insulation, so the thermal insulation condition is adopted.



Left wall:


    X = 0 , 0 ≤ Y ≤   L − W   2 L   ,   L + W   2 L   ≤ Y ≤ 1 , U = V = 0 ,   ∂ T   ∂ X   = 0 ,   ∂ T   ∂ C   = 0     X = 0 ,   L − W   2 L   ≤ Y ≤   L + W   2 L   , U = V = 0 , T = 1 ,   ∂ T   ∂ C   = 0    



(14)







Right wall:


  X = 1 , 0 ≤ Y ≤ 1 , U = V = 0 ,   ∂ T   ∂ X   = 0 ,   ∂ T   ∂ C   = 0  



(15)







Bottom wall:


    Y = 0 , 0 ≤ X ≤   L − W   2 L   ,   L + W   2 L   ≤ X ≤ 1 , U = V = 0 ,   ∂ T   ∂ Y   = 0 ,   ∂ C   ∂ Y   = 0     Y = 0 ,   L − W   2 L   ≤ X ≤   L + W   2 L   ,   ∂ T   ∂ Y   = 0 , V = 1 , C = 1    



(16)







Top wall:


    Y = 1 , 0 ≤ X ≤   L − W   2 L   ,   L + W   2 L   ≤ X ≤ 1 , U = V = 0 ,   ∂ C   ∂ Y   = 0     Y = 1 ,   L − W   2 L   ≤ X ≤   L + W   2 L   ,   ∂ V   ∂ Y   = −   ∂ U   ∂ X   ,   ∂ U   ∂ Y   = 0 , T = 0 ( V < 0 ) o r   ∂ T   ∂ Y   = 0 ( V ≥ 0 )    



(17)







According to [59,60], the following equations can be used to express the flow and heat transfer that occurs at the interface between the pure fluid and the saturated porous fins:


     U  p o r o u s   =  U  f l u i d   ,  V  p o r o u s   =  V  f l u i d        μ p       ∂ U   ∂ n    |   p o r o u s   =  μ f       ∂ U   ∂ n    |   f l u i d   ,  μ p       ∂ V   ∂ n    |   p o r o u s   =  μ f       ∂ V   ∂ n    |   f l u i d        T  p o r o u s   =  T  f l u i d   =  T  i n t e r f a c e   ,  C  p o r o u s   =  C  f l u i d   =  C  i n t e r f a c e       K r      ∂ T   ∂ n    |   p o r o u s   =      ∂ T   ∂ n    |   f l u i d   , K c      ∂ C   ∂ n    |   p o r o u s   =      ∂ C   ∂ n    |   f l u i d      



(18)








2.3. Visualization of the Convection and Performance Assessment


For engineering applications, the overall rates of heat and mass transmission are crucial. Sherwood number and Nusselt number are usually used to reveal the changes in heat and mass transfer, respectively. They are defined as follows:


     N u = −    ∫  h o t     (  χ +  (  1 − χ  )  K r  )     (    ∂ T   ∂ X    )   |  d Y          S h = −    ∫    L − W  2      L + W  2      (  χ +  (  1 − χ  )  K c  )       (    ∂ C   ∂ Y    )   |    Y = 0   d X        



(19)







The characteristics of the fluid flow, heat transfer and mass transfer are effectively visualized by using streamlines, heatlines, and masslines. The heatline and massline concepts were first introduced by Kimura et al. [60] for effective heat and mass flow visualization. These lines are made up of, in turn, constant lines generated from the first derivatives of the stream function ψ, the heat function Θ, and the mass function Π. The non-dimensional form can be expressed as follows:


    ∂ Ψ   ∂ Y   = U , −   ∂ Ψ   ∂ X   = V  



(20)






    ∂ Θ   ∂ Y   = Re Pr U T −  (  χ +  (  1 − χ  )  K r  )    ∂ T   ∂ X    



(21)






     −   ∂ Θ   ∂ X   = Re Pr V T −  (  χ +  (  1 − χ  )  K r  )    ∂ T   ∂ Y           ∂ Π   ∂ Y   = Re Pr Le U T −  (  χ +  (  1 − χ  )  K c  )    ∂ C   ∂ X         −   ∂ Π   ∂ X   = Re Pr Le V T −  (  χ +  (  1 − χ  )  K c  )    ∂ C   ∂ Y       



(22)




where χ = 1 represents the fluid region and χ = 0 represents the porous region. If the coordinate origin is selected as the reference point, the values of the stream function, heat function, and mass function are zero. The boundary conditions of the flow function, heat function, and mass function can be obtained by avoiding integration along the cavity.



Variance is a measure of how discrete a random variable or group of data is when measured by probability theory and statistical variance. Variance in probability theory is used to measure the degree of deviation between a random variable and its mathematical expectation (i.e., its mean). [61]. In this paper, the temperature distribution variance at l1, l2, and l3 (Figure 2a) is used to describe the temperature distribution uniformity in the cavity. The corresponding calculation formula of variance is [62]:


   s 2  =  1  n − 1     ∑  i = 1  n   (  x i    −  x ¯   ) 2   



(23)









3. Numerical Methodology and Code Validation


3.1. Numerical Methodology


The dimensionless governing Equations (3)–(12) are solved by using the FVM (finite volume method) based on a staggered grid system [16,41,60] in the current study. Convection and diffusion terms are solved by the third-order delayed correction QUICK (Quadratic Upwind Interpolation of Convective Kinematics) scheme [63] and second-order central difference techniques, respectively.



The governing differential equations were solved numerically using the SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm. Additionally, by integrating across each control volume, the governing equations are discretized to produce a set of algebraic equations. By combining the TDMA (tri-diagonal matrix algorithm) and SOR (successive over-relaxation) iteration, the resulting algebraic equations are solved line-by-line [64,65]. Until the next convergence requirement is met, the iterative process is repeated.




      ∑   |   Φ  i , j   n + 1   −  Φ  i , j  n   |       ∑   |   Φ  i , j   n + 1    |      ≤ σ   



(24)





Variable Φ stands for U, V, T, C, and P, with the assumption that σ = 10−6. Grid positions in the (X, Y) plane are represented by the subscript i and j indices. In this investigation, a further drop in the convergence threshold of 10−6 did not result in any variation. The above-mentioned FORTRAN calculations were performed using an internally created solver [58,62,63,64,65,66].



The following equation shows how total energy and mass balance are additional precision controls inside this system for steady-state mixed convection [61,62].


          ∫ 0 1    (  Re Pr U T −  (  χ +  (  1 − χ  )  K r  )    ∂ T   ∂ X    )      |   X = 1   d Y −       ∫ 0 1    (  Re Pr U T −  (  χ +  (  1 − χ  )  K r  )    ∂ T   ∂ X    )      |   X = 0   d Y     +       ∫ 0 1    (  Re Pr V T −  (  χ +  (  1 − χ  )  K r  )    ∂ T   ∂ Y    )      |   Y = 1   d X −       ∫ 0 1    (  Re Pr V T −  (  χ +  (  1 − χ  )  K r  )    ∂ T   ∂ Y    )      |   Y = 0   d X = 0           ∫ 0 1    (  Re Pr Le U T −  (  χ +  (  1 − χ  )  K c  )    ∂ C   ∂ X    )      |   X = 1   d Y −       ∫ 0 1    (  Re Pr Le U T −  (  χ +  (  1 − χ  )  K c  )    ∂ C   ∂ X    )      |   X = 0   d Y     +       ∫ 0 1    (  Re Pr Le V T −  (  χ +  (  1 − χ  )  K c  )    ∂ C   ∂ Y    )      |   Y = 1   d X −       ∫ 0 1    (  Re Pr Le V T −  (  χ +  (  1 − χ  )  K c  )    ∂ C   ∂ Y    )      |   Y = 0   d X = 0    



(25)







Energy and mass balance in Equations (13)–(22) are satisfied within 10−6.




3.2. Establishing the Credibility of the Code and Grid Independence


The validation of the numerical procedure was conducted by comparing the results of the present work with previous studies [67]. As shown in Table 1, the global Nusselt number and Sherwood number found in the present work have been compared with those of Corcione M. Siegmann-Hegerfeld [68] measured the flow in the mixed convection in Figure 3 using a high-speed camera, PIV, and numerical simulation techniques. It is observed that the program employed in this present study can accurately predict the results. The porous media properties are compared with Biswas et al. [69] as shown in Figure 4. Table 1, and Figure 3 and Figure 4 show that the predicted values for various Grashof and Reynolds numbers, match fairly well with other results, with less than a 2% mean error between our results and benchmark results. Therefore, the internally developed programs can be taken as a reliable tool for the investigation of mixed convection in rectangular cavities.



The computed results with Gr = 105, Pr = 0.71, and Ri = 1 to 100, were used to confirm the grid independence. The global Nu number of the hot wall in the cavity with the Ri number is shown in Figure 5. Table 2 displays the effect of the grid number on the Darcy and Richardson numbers. When the grid size exceeded 202 × 202 only slight differences, with less than 1% deviation, were found for the Nu and Ri numbers. In order to fulfill the accuracy of the results and reasonable computing resources, a refined grid system is used in the region of the boundaries and the optimal grid mesh size has been applied in current research.





4. Results and Discussion


All the computations were carried out for a square enclosure of L = 1.0 containing three sifting-matter structures and rectangular porous blocks with ε = 0.8 and volume fraction ξ = 0.6. The treatment unit is filled with humid air characterized by Pr = 0.71 and Le = 0.8. Generally, for the heat and mass transfer in the cavity, the magnitudes of the reference temperature difference and thermal expansion coefficient are 10 K and 10−3 1/K respectively; The magnitudes of the reference concentration difference and mass expansion coefficient are 10−1 kg/m3 and 10−1 kg/kg respectively; The magnitudes of the permeability and mass diffusion coefficients of porous materials are 10−6 m2 and 10−1 kg/m3, respectively. It can be seen that when the magnitude of the cavity width is 10−1 m, the Darcy number, mass diffusion coefficient ratio, and buoyancy ratio can reach O(100), O(10−8), and O(100) respectively. Therefore, numerical results are obtained in the following parameter ranges: −10 ≤ Br ≤10, 10−6 ≤ Da ≤ 102, 0.1 ≤ Kc ≤ 10, 10−2 ≤ Ri ≤ 10, and 0.1 ≤ Kr ≤ 10. Six different types (discrete, semi-discrete, and polymeric porous media, and single, symmetric, and surrounding hot plate) are discussed depending on the dimensionless parameters of the treatment unit. The results are presented as streamlines, isotherms, iso-concentrations, and masslines. The overall Nusselt and Sherwood numbers are also presented.



Furthermore, three heat source arrangements of polymeric distribution (Type C) in the cavity are discussed. Numerical results are obtained in the following parameter ranges: 100 ≤ Re ≤1000, 105 ≤ Gr ≤ 107, and 10−1 ≤ Ri ≤ 103, while the Darcy number, buoyancy ratio, and porous-fluid thermal conductivity ratio are fixed at 10−3, 1, and 1, respectively. The variances    S   l 1   2   ,    S   l 2   2   ,       S     l 3   2   , were used to measure the uniformity of temperature distribution at different positions in the cavity.



4.1. Discrete, Semi-Discrete, and Polymeric Porous Media


4.1.1. Influence of Permeability and Buoyancy Ratio of Porous Blocks


In this section, the effect of Darcy number and porosity ratio on heat and moisture transportation is presented. The Richardson number, Reynolds number, buoyancy ratio, and porous-fluid thermal conductivity ratio are kept constant at 1.0, 500, 1.0, and 1.0, respectively. Figure 6 shows the influence of different Darcy numbers and buoyancy ratios on the Nu and Sh of discrete, semi-discrete, and polymeric porous media configurations. The convective heat transfer capacity does not change at Da = 10−1, 100, 101, and 102, as the overall convection is weak; this is because the porous media acts as a great barrier to the fluid flow when it reaches the west number, which suppresses the change of convective heat transfer in the cavity. With the decrease in the Darcy number, the permeability of the porous media increases. The overall Nu of the three working conditions increases with the decrease of the Darcy number. The convective heat transfer capacity in the cavity is significantly enhanced, which is conducive to the discharge of pollutants and heat. In addition, when Da = 10−6, 10−5, and 10−4, the arrangement of the three porous media is not affected by Br, the change of Nu tends to be constant, and different Nu curves almost coincide with each other. When Da = 10−3, and 10−2, the Nu decreases with the increase of the buoyancy ratio. The synergy of heat and mass buoyancy suppresses the convective heat transfer capacity in the cavity, and the fluid flows out from the outlet rapidly. Longitudinal comparison of Type A, Type B, and Type C shows that when Da is lower or higher (Da < 10−4 or Da > 10−1), the overall Nu does not change with the distribution of porous media. Under the arrangement modes, Type A and Type B, the change in Nu and Sh is the most similar, and the overall Nu under the arrangement mode of Type C is slightly lower than that of Type A and Type B. In addition, the change in Sh in the cavity has a significant turning point at Br = 0. Under the Type C arrangement, the Sh value is higher than in the other two arrangements; the potential pollutants in the cavity are more conducive to being removed. The change in Da value is slightly more than that of other working conditions at 10−6; this implies that the influence of Darcy number on moisture transfer is weak.




4.1.2. Influence of Porous-Fluid Thermal Conductivity Ratio and Porous Media Mass Conductivity Ratio


In this section, the effect of porous-media mass conductivity ratio Kc and porous-fluid thermal conductivity ratio Kr on the heat transfer and mass transfer capacity in the cavity is described. Da, Re, and Ri are fixed at 10−3, 500, and 1, respectively. Figure 7 shows the relationship between the evolution of heat and moisture transfer in the cavity and the buoyancy ratio under different Kc. As shown in Figure 7a, the overall Nu slightly increases at higher Kc but has no significant effect at lower Kc. When Kc < 1.0 and Br > 0, the Nu value does not change with the change in Kc and Br, indicating that the lower Kc does not affect the heat transfer in the cavity. In addition, the overall Nu decreases with the increase in the Br value, which is consistent with the trend shown in Figure 6. The change in Sh is only related to Kc. There is no evident change in the Sh value when Kc is less than 1.0; however, when Kc = 5.0 and 10, the Sh value exhibits a significant increase. At Br = 0, Sh has a slight increase; this implies that the buoyancy ratio greater than 0 contributes to the moisture transfer in the cavity. Similarly, Figure 7b shows a semi-discrete distribution with Nu and Sh values similar to those in Figure 7a. Under this porous media arrangement, the change in Kc does not affect the convective heat transfer in the cavity, the change in Sh values is the same as that of the discrete porous media arrangement, and, therefore, this is not repeated herein. Figure 7c shows that the distribution of heat exchange and moisture exchange capacity of the polymeric porous media is significantly different from that of Type A and Type B. The overall Nu decreases with the increase in Br, but transition occurs at Br = 0. Nu increases with the increase of Kc when Br < 0, and Nu decreases with the increase in Kc when Br > 0. This implies that the influence of the buoyancy ratio should be considered when porous media is arranged in the cavity as polymeric media. The optimum Kc should be adopted for different buoyancy ratios to maximize the convective heat transfer capacity. Similarly, the Sh values stay almost constant with the change in Br; an ideal Sh can be obtained at a higher Kc value.



Figure 8 depicts the influence of Kr and Br on the Nu and Sh of the three arrangements of porous media. A change in Kr increases Nu significantly. At Kr = 10.0, the Nu values for the three types of arrangement conditions are more than 20; this indicates that it is beneficial to transfer heat in the cavity for a large heat conductivity ratio of porous media. As depicted in Figure 8a,b, Kr is not affected by Br, and the Nu value is linearly affected by Kr. However, in Figure 8c, when Kr > 5.0 Nu decreases with the increase of Br. Therefore, to obtain a higher Nu at a higher Kr value, a lower level of Br must be ensured. In addition, the Sh value does not change regardless of Kr; this implies that the thermal conductivity ratio of porous media would not affect moisture transport.




4.1.3. Influence of Richardson Number


The change in Ri influences whether the convection heat transfer in the cavity is dominated by thermal buoyancy or shear force. This section describes the influence of Nu and Br on the arrangement of the three porous media under the condition of changing the dominant driving force in the cavity. Da, Br, Kc, and Kr are fixed at 10−3, 1, 1, and 1, respectively. It can be seen from Figure 9a that when Ri = 10, i.e., the thermal plume dominates in the cavity, Nu increases with the increase in buoyancy ratio. However, Figure 9b,c shows that Nu does not vary with the buoyancy ratio when Ri = 10; this implies that the heat transfer dominated by the thermal plume is affected by the buoyancy ratio only when the porous media is distributed discretely. Figure 9b shows that the Nu value increases gradually with the decrease in the Ri value. However, this change is not observed in Figure 9a,b. The change occurs at about Br = 4, and heat transfer in the cavity would deteriorate at a lower Ri corresponding to Br > 4. This aspect should be considered in engineering design. As shown in the change curve of the Sh, the water transfer in the cavity would be affected by the buoyancy ratio only when Ri = 10, and when Br > 0, the Sh value would fall back rapidly, and the transport capacity would be reduced.





4.2. Centralized, Symmetrical, and Surrounded Hot-Plate Arrangement


As shown in Figure 2b, three different kinds of hot plate arrangements have been discussed in the study, namely, Types D, E, and F. The total heat flux is the same for each arrangement. However, for Type D, only one hot plate is attached to the left inner wall; for Type E, two hot plates are symmetrically attached to the right and left side of the inner wall; and for Type F, four hot plates are symmetrically attached to the top and bottom inner wall of the pre-heated cavity. The gaseous waste is blown into the pre-heated cavity from the bottom with a set velocity.



The primary motivation for the work in this section is, firstly, to obtain a better understanding of the heat transfer process and temperature distribution characteristics under the combined effect of buoyancy and inertia inside the pre-heated cavity; and secondly, to evaluate the uniformity of outflow temperature under different hot-plate arrangements using standard deviation analysis. Figure 10, Figure 11 and Figure 12 present streamlines, isotherms, and heatlines for the three hot plate arrangements. The impact of the buoyancy and inertia is characterized by the Ri value, which reflects the ratio of buoyancy and inertia. Ri is set to 0.1, 4 and 1000 for scenarios (a), (b), and (c) respectively.



Figure 10 shows streamlines, isotherms, and heatlines with increasing   R i   for Type D. The hot plate is placed on the right inner wall of the cavity. For the small value of Ri, scenarios (a) and (b), it is clear that the streamlines are still symmetric due to the inertia of inlet gaseous-waste flow, and the impact of buoyancy is limited. The same can also be observed from isotherms and heatlines; only a small region near the hot plate is heated. Scenario (c) shows a different distribution of the streamlines, isotherms, and heatlines. The Ri is 1000; thus, the intensity of the buoyant force is more pronounced than the inertia. The strong heat flux on the left region of the cavity induces a clockwise vortex in the right-upper region and the inlet gaseous-waste flow is pushed to the region. As more heat is transferred from the heat source to the whole cavity and the retention time of the gaseous-waste flow is longer, the average temperature for scenario (c) is higher than the other two scenarios.



Figure 11 shows the contours of streamlines, isotherms, and heatlines for Type E, with two symmetric heat sources attached to the left and right inner walls of the cavity. The global flow and the temperature field are symmetric. Similar to Type D, for low Ri, e.g., Ri   = 0.1   and Ri   = 4  , the gaseous waste flows through the cavity; only the region near the heat source is heated. Some heat is transferred from the heat source to the bottom of the cavity on increasing Ri. The temperature field inside the cavity is almost the same for scenarios (a) and (b). When the Ri reaches 1000, two vertexes are formed in the bottom of the cavity; however, the heat transfer is not enhanced by the two vertexes. The contours of isotherms clearly show that the lower part of the cavity remains at ambient temperature.



The contours of streamlines, isotherms, and heatlines for Type F, with four hot plates attached to the top and bottom of the cavity, are shown in Figure 12. For Ri   = 0.1   and Ri   = 4  , a symmetric flow and temperature field with low temperatures are observed. The reason is the same as in scenarios (a) and (b). The gaseous waste with high inertia flow tends to flow out of the cavity directly; the heat source and buoyancy hardly have any impact on temperature and flow field. With an increased Ri, both the heat flux and retention time of the gaseous waste increase and thus, a higher temperature is found.



Figure 10, Figure 11 and Figure 12 present the temperature and flow field with different hot-plate arrangements as well as the heat transfer process varying with   R i  . With the increase in   R i  , the gaseous waste flow changes from inertia-dominated flow to buoyancy-dominated flow.



Figure 13 shows the dependence of Nu on Re for Type D, Type E, and Type F. Here, Nu reflects the convective heat transfer efficiency of the cavity. First, we observe that the Nu is higher with a higher Gr for the same Re number. Second, the variation gradient of Nu increases with the Gr number. Nu for Gr = 106 and Gr   =   10  7    is almost the same when Re = 1000. This shows that for inertia-driven flow, increasing Gr has little impact on Nu. On the contrary, a considerable increase in Nu is observed when increasing Gr at small Re values, which denote a buoyancy-driven flow. Specifically, the increase of Nu with Re is more significant for Type E, shown as the steepest red lines in Figure 13. Thirdly, the convective heat transfer efficiency is higher for Type E in general, contrary to our expectations of Type F having a higher heat exchange efficiency, as the hot plates are better distributed for Type F. This can be rationalized from the observations presented in Figure 14, which shows that two vertexes are formed in the bottom corners of the cavity, on increasing Re resulting in a decreased involvement of heat from the hot plates in convective heat transfer, and thus, a sharp decrease in Nu for Re = 1000.



Figure 14 depicts the uniformity of temperature distribution inside the cavity for each type of arrangement. The temperature difference gradient is significant for Type F regardless of the Re number. The temperature is relatively more uniform for Type E than for the other two types. This is in agreement with the temperature fields presented in Figure 10, Figure 11 and Figure 12. The type E arrangement is more efficient in improving the adsorption efficiency for achieving uniform temperature distribution.





5. Conclusions


In this study, two-dimensional heat and mass transfer simulations were performed. The impact of different distributions of porous media, hot plate arrangement, heat flux, and inlet gaseous waste velocity on the adsorption efficiency for a preheating cavity was analyzed. The main results obtained in this investigation are summarized as follows:




	(1)

	
It was found that the heat transfer mechanisms and the flow characteristics inside the enclosure are strongly dependent on the permeability of the porous media and buoyancy ratio. Increasing the porosity is conducive to enhancing convection heat transfer. The highest Nusselt number was found when Da = 10−6 and Kr = 10.




	(2)

	
The porous media arrangement has a considerable impact on convective heat transfer. The polymeric porous media exhibited better heat transfer performance than the other two porous media arrangements discussed in the present paper. The average Nusselt number increased by about 10%.




	(3)

	
The study of the impact of hot-plate layout on convective heat transfer shows that the location of the hot plates has a more significant impact on convective heat transfer than the number of hot plates in the cavity. The convective heat transfer of Type F, which has four hot plates well-distributed inside the cavity, has the lowest convective heat transfer efficiency (Nu number) for the same heat flux and inlet gas velocity (Ri number). Instead, the convective heat transfer is more pronounced for Type E, which has two hot plates. The convective heat transfer efficiency of Type E is about 110% higher than that of Type F and it is about 35% higher than that of Type D. From this point of view, installing the hot plates parallel to the streamline is beneficial to the convective heat transfer. The temperature variance also indicates that the temperature distribution of Type E is more uniform.
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Nomenclature








	d
	porous media thickness (m)



	D
	mass diffusivity (m2/s)



	Da
	Darcy number



	g
	gravitational acceleration(m/s2)



	Gr
	Grashof number



	k
	thermal conductivity (W/(m·K))



	kTC
	thermodiffusion coefficient (m5⋅K⋅kg−1⋅s−1)



	kCT
	diffusionthermo coefficient (kg⋅m−1⋅K−1⋅s−1)



	K
	permeability of porous media (m2)



	Kr
	thermal conductivity ratio



	Kc
	mass diffusion coefficient ratio



	L
	length of enclosure(m)



	Le
	Lewis number



	Nu
	overall Nusselt number



	P
	dimensionless pressure



	Pr
	Prandtl number



	Ri
	Richardson number



	S2
	Variance



	Sh
	overall Sherwood number



	T
	dimensionless temperature



	Tc
	cooling temperature (K)



	Th
	high temperature (K)



	u0
	dimensional velocity (m/s)



	U0
	dimensionless velocity



	u, v
	velocity components in x, y directions



	U, V
	dimensionless velocity components



	W
	width of enclosure (m)



	x, y
	Cartesian coordinate (m)



	X, Y
	dimensionless Cartesian coordinates



	Greeks
	



	a
	thermal diffusivity (m2/s)



	β
	thermal expansion (K−1)



	δ
	stop criterion



	λ
	thermal conductivity (W/m·K)



	μ
	dynamic viscosity (kg/m·s)



	ν
	kinematic viscosity (m2/s)



	ρ
	density (kg/m3)



	Ψ
	streamfunction



	Θ
	heatfunction



	Subscripts
	



	c
	cooling temperature



	h
	hot temperature
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Figure 1. General presentation of a radionuclides tail gas treatment unit, (a) Typical process, and (b) Inner structures. 
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Figure 2. (a) Schematic of calculation coordinates and (b) heat arrangements. 
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Figure 3. Mixed convention at Re = 400 from Siegmann-Hegerfeld et al. [68] and the present work. (a) Present work; and (b) Photograph (left), computed streamlines (middle), and PIV vector maps (right) from Siegmann-Hegerfeld et al. 
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Figure 4. Code validation with Biswas [69] for different porosities at Re = 200, Da = 10−4, and Ri = 10. 
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Figure 5. Grid independence of Nu number with Ri at Gr = 105 and Pr = 0.71. 
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Figure 6. The effect of Darcy number and buoyancy ratio on heat and moisture transfer for three arrangements of porous media at Ri = 1, Kr = 1, and Kc = 1. (a) Type A, (b) Type B, and (c) Type C. 
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Figure 7. The effect of porous-fluid mass conductivity ratio and buoyancy ratio on heat and moisture transfer for three types of porous media arrangement at Ri = 1, Kr = 1, and Da = 10−3. (a) Type A, (b) Type B, and (c) Type C. 
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Figure 8. The effect of porous-fluid thermal conductivity ratio and buoyancy ratio on heat and moisture transfer for three types of porous media arrangement at Ri = 1, Kc = 1, and Da = 10−3. (a) Type A, (b) Type B, (c), and Type C. 
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Figure 9. The effect of porous-fluid thermal conductivity ratio and buoyancy ratio on heat and moisture transfer for three types of porous media arrangement at Kr = 1, Kc = 1, and Da = 10−3. (a) Type A, (b) Type B, and (c) Type C. 
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Figure 10. Contours of streamlines, isotherms, and heatlines (from top to bottom) with Left side arrangement of heat source (Type D). (a) Ri = 0.01, (b) Ri = 0.4, and (c) Ri = 100. 
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Figure 11. Contours of streamlines, isotherms, and heatlines (from top to bottom) with a symmetrical arrangement of heat source (Type E). (a) Ri = 0.01, (b) Ri = 0.4, and (c) Ri = 100. 
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Figure 12. Contours of streamlines, isotherms, and heatlines (from top to bottom) with an up-and-down arrangement of heat source (Type F). (a) Ri = 0.01, (b) Ri = 0.4, and (c) Ri = 100. 
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Figure 13. The different heat arrangements (Type D, Type E, and Type F) with Nu and Re for Gr = 105, 106, and 107. 
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Figure 14. The different heat arrangement (Type D, Type E and Type F) with temperature variance at position l. 
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Table 1. Comparison of the double-diffusive convection of the average Nusselt number and contaminant Sherwood number between Corcione et al. [67] and the present work.
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Ra

	
Br

	
Nu

	
Sh

	
Relative Error (%)




	
[67]

	
Present

	
[67]

	
Present

	
Nu

	
Sh






	
104

	
0.1

	
2.23

	
2.23

	
5.61

	
5.64

	
0

	
−0.53




	
1

	
2.01

	
2.01

	
4.55

	
4.56

	
0

	
−0.22




	
10

	
1.53

	
1.51

	
8.67

	
8.71

	
1.32

	
−0.46




	
106

	
0.1

	
8.79

	
8.77

	
20.68

	
20.82

	
0.23

	
−0.67




	
1

	
7.31

	
7.18

	
16.34

	
16.3

	
1.81

	
0.24




	
10

	
4.36

	
4.38

	
29.82

	
30.22

	
−0.45

	
−1.32
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Table 2. Grid independence at different Da number and Ri number.
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Da = 10−1 Ri = 10−1

	
Da = 10−1 Ri = 10






	

	
102 × 102

	
202×202

	
302 × 302

	
102 × 102

	
202 × 202

	
302 × 302




	
Nu

	
12.515

	
12.600

	
12.600

	
13.416

	
13.579

	
13.580




	
Sh

	
3.102

	
3.195

	
3.196

	
2.111

	
2.154

	
2.155




	

	
Da = 10−6 Ri = 10−1

	
Da = 10−6 Ri = 10




	

	
102 × 102

	
202 × 202

	
302 × 302

	
102 × 102

	
202 × 202

	
302 × 302




	
Nu

	
25.156

	
25.233

	
25.233

	
12.921

	
13.054

	
13.055




	
Sh

	
2.109

	
2.194

	
2.195

	
2.186

	
2.227

	
2.224
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