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Abstract

:

In order to solve the problem of inconsistent moisture content in particles during the drying process of tiger nuts (Cyperus esculentus) due to uneven air flow and temperature distribution in the drying chamber, an open-hole corner box was designed based on the principle of negative pressure micro-perforated air supply. Using computational fluid dynamics (CFD) and discrete element method (DEM) simulation, coupled with the basic theory of interphase heat and mass transfer, a mathematical model for interphase heat and moisture coupling transfer was established. The effects of different aperture rates of corner boxes in the drying chamber, spatial location arrangement, and other related variables on the airfield distribution, temperature field distribution, tiger nut temperature, and moisture content changes were investigated. The results show that the average air velocity below the air inlet gradually increases as the opening ratio increases. When the opening rate is 0.33%, the wind field uniformity is better, and the inhomogeneity of the drying chamber wind field is improved. As the lateral distance increases, the consistency of the moisture content distribution increases and then decreases, and the flow rate of the tiger nuts gradually increases when the grain is discharged. The rate of decrease in water content decreases gradually with the increase in longitudinal distance. When the wind speed reaches 4 m/s, the drying chamber wind field is more uniform, and the water vapor diffusion efficiency at the outlet is basically the same. Therefore, the appropriate corner box has a horizontal distance of 320 mm and a longitudinal distance of 420 mm, providing a basis for the design of tiger nut drying equipment.






Keywords:


CFD-DEM; heat transfer; mass transfer; mixed-flow grain dryers












1. Introduction


The tiger nut is a new type of oil crop. It integrates grain, oil, pasture, and feed, and is expected to become a high-quality resource to replace soybeans and solve the problem of food and oil security that has long plagued the world [1]. The benefits of tiger nut cultivation are much higher than those of major food crops, which are conducive to promoting farmers’ income growth [2]. The drying of tiger nuts after harvest is one of the key links in the mechanization of tiger nut production. At present, the natural drying method is mainly used. However, it is no longer able to meet the requirements of the large-scale production and quality of tiger nuts, and there is an urgent need to develop special drying equipment for tiger nuts [3]. Mixed-flow drying towers have been widely used in grain drying, and the use of mixed-flow drying towers can effectively mitigate the impact of weather conditions on tiger nut drying operations. The drying chamber is the core part of the mixed-flow drying tower. However, tiger nuts are highly susceptible to uneven heating in the drying chamber of traditional mixed-flow drying towers [4,5,6]. Therefore, the structure and layout of the drying chamber’s inner ventilation corner box are important factors that affect the airflow distribution.



Optimizing the drying chamber structure can improve the drying performance of the drying tower, reduce production costs, and cut down energy consumption. The researchers used mathematical modeling to conduct a large number of studies on the shape and spatial layout of the corner box. C. W. Cao et al. [7] investigated the effects of the duct size, shape, number of rows, and arrangement on the performance of a mixed-flow grain dryer. F. Weigler et al. [8] investigated the effects of dryer geometry and different corner box arrangements (horizontal and diagonal) on the wind and temperature fields using the CFD technique. Keppler, Istvan et al. [9] used the DEM technique to analyze the effects of the corner box shape and arrangement on particle flow uniformity. Qing Jiang et al. [10] used the CFD technique to optimize the drying tower with a variable cross-section corner box structure. The uniformity of the temperature field and airfield distribution in the drying chamber was improved. Che Gang et al. [11] designed a variable-diameter open-ended corner box using CFD technology in order to improve the air distribution relationship within the drying chamber and further improve the uniformity of rice drying. Anderson Rodrigo Visconcini et al. [12] studied the inlet and outlet airflow using CFD techniques. The material was set up as a laminar porous medium in an isothermal state. Luo, H et al. [13] used the DEM technique to analyze the flow state of paddy in the drying chamber and concluded that there is a velocity difference between adjacent paddy flow processes. The wind field and temperature field of the mixed-flow drying tower are more complicated. Merely analyzing the temperature field and wind field in the drying chamber does not directly indicate the drying effect, which is quite different from the actual situation. In order to better design the structure of the drying chamber, it is also necessary to obtain two important parameters, such as the moisture content and temperature of tiger nuts.



In order to optimize the design of the drying system, the use of CFD-DEM modeling is the most effective way to achieve this goal [14,15,16,17,18,19,20]. Bin Lan et al. [21] developed a CFD-DEM-IBM (immersed boundary method) method for the simulation of the particle drying process, which is useful for simulating the fluid flow, mass transfer, and heat transfer within a gas-fluidized bed. Rong Guo et al. [22] investigated the hydrodynamic and heat transfer characteristics of wet and dry particles in a fluidized bed using numerical modeling by introducing the effect of the liquid bridge force on the wet content of particles. H.Q. Che et al. [19] proposed a complete and reliable CFD-DEM model to study the coating process. Numerical methods focusing on particle–fluid thermal convection, coating fluid ejection, and evaporation of the ejected fluid on the particle surface were investigated. M. Sousani et al. [23] proposed an accelerated heat and mass transfer simulation using graphics processing unit (GPU) technology. The coupled model accurately captured the fluid-to-solid phase convective heat transfer process with a significant improvement in the simulation time. Khomwachirakul P et al. [24] used the CFD-DEM model to explore gas-particle motion behavior, average particle water content, average particle residence time, and particle residence time distribution. Aziz, H et al. [25] used CFD-DEM to simulate the drying process of pharmaceutical wet particles in a fluidized bed dryer. Water evaporation from the particle surface was considered. Obviously, CFD-DEM can explore the wind field and temperature field distribution in the drying chamber of the mixed-flow drying tower. More importantly, temperature and moisture content changes in tiger nut particles can be obtained.



This paper addresses the problem of inconsistent moisture content during the drying process of tiger nuts due to uneven airflow and temperature distribution. Based on the CFD-DEM coupled simulation and the basic theory of interphase heat and mass transfer, the mathematical model of interphase heat and moisture coupling transfer is established. The influences of different aperture rates of corner boxes and space position arrangements on the distribution of an airfield, temperature field, and the temperature and moisture content of tiger nuts in the drying chamber are investigated, providing a theoretical basis for the design of tiger nut drying equipment.




2. Materials and Methods


2.1. Mathematical Model


In order to facilitate the simulation and analysis of the wind field and temperature field distributions, as well as the temperature and humidity changes of tiger nuts in the drying room, using the CFD-DEM coupled simulation and the basic theory of interphase heat and mass transfer, a mathematical model of heat and humidity coupled transfer for tiger nuts was established.



During the actual drying process, the hot medium enters the drying chamber from the air inlet to carry out the drying operation. The exhaust gas leaves the drying section by the air outlet, and there are some uncertainties in this process. The theoretical control equations in the simulation refer to the ideal state. In order to simplify the model calculation, the following assumptions are made: it is assumed that the volume state of tiger nuts does not change during the drying process; the hot medium inside the drying section is considered a continuous, incompressible ideal gas; and the spontaneous heat generated by the respiration of the tiger nuts themselves is ignored.



2.1.1. Governing Equations for Solid Phase


The DEM is used to track the trajectory and rotation of each particle in the system through a time-stepped simulation. The motion of the mass is governed by Newton’s second law of motion, and the equations of motion for translational and rotational motion are as follows [23]:


  F =        m p    u ¨  i        I  θ ˙         



(1)




where F is the interparticle contact force;     m   p     is the mass of the particle;       u  ¨    i     is the translational acceleration; I is the moment of inertia; and     θ  ˙    is the corner acceleration. The equation used to calculate the force of different particle–particle interactions is as follows [23,24,25,26]:


   F n  =  4 3   E *     R *     δ n  3 / 2    



(2)






   F n d  = − 2   5 / 6   β    S n   m *     U n    r e l  →     



(3)






   F t  = −  S t   δ t   



(4)






   F n d  = − 2   5 / 6   β    S t   m ∗     U t    r e l  →     



(5)




where     E   *     is the effective Young’s modulus;     R   *     is the particle equivalent radius; values of   β   are in the range of 0.01–0.03;     m   *     is the equivalent mass;     U   n . t     r e l  →      is the normal/tangential component of the relative velocity; and     S   n , t     is the normal/tangential stiffness.




2.1.2. Governing Equations for Gas Phase


The new dense discrete phase model (DDPM), which converts EDEM (engineering discrete element method, DEM Solution Ltd., Edin, UK) particle data into discrete phase model (DPM) injections, is used. Moreover, the volume fraction resistance, heat, and mass transfer are calculated by Fluent software (Fluent 2022, ANSYS, Inc., Canonsburg, PA, USA), thus improving the computational efficiency. Each phase satisfies the laws of the conservation of mass and conservation of momentum. The mass and momentum conservation equations for the fluid phase g are as follows [23]:


   ∂  ∂ t   (  α g   ρ g  ) + ∇ ⋅ (  α g   ρ g     v →   g  ) =   ∑   q = 1   n p h a s e s   (   m ˙   g p   −   m ˙   p g   )  



(6)




where subscripts p and g denote the solid phase and fluid phase, respectively;     α   g     denotes the fluid volume fraction;     ρ   g     denotes the density of the fluid phase;       V  →    g     denotes the velocity of the fluid phase;       m  ˙    g p     denotes the mass transferred from the fluid phase to the solid phase; and       m  ˙    p g     denotes the mass transferred from the solid phase to the fluid phase.



The fluid phase momentum conservation equation is as follows [23]:


     ∂  ∂ t   (  α g   ρ g    v →  g  ) + ∇ ⋅ (  α g   ρ g    v →  g    v →  g  )     = −  α g   ∇ g  + ∇ ⋅    α g   μ g  (  ∇    V →  g    +  ∇    V →  g    r )   +  α g   ρ g   g →  +  F  v m , i f t , u s e r       +   ∑  p g    (   K →   p g   (     v →  g  −   v →  p  ) +   m ˙   g p     v →   g p   −   m ˙   p g     v →   p g   )     +   K →   D P M   (   V →   D P M   −   v →  g  ) +  S  D P M , e x p l i c i t      



(7)




where     μ   g     is the shear viscosity of the particle phase g;       K  →    p g     is the interphase momentum exchange coefficient between the fluid and particle phases;     F   v m , l i f t , u s e r     is the lift force (due to the velocity gradients in the initial phase flow field);       v  →    p     and       v  →    g     are the particle and fluid velocities, respectively;       v  →    g p     is the interphase velocity and is dependent upon       m  ˙    g p    ;     S   D P M , e x p l i c i t     is the explicit component of the particle sink term; and       V  →    D P M     and       K  →    D P M     are the implicit terms of the particle averaged velocity of the considered discrete phase and interphase momentum exchange coefficient, respectively. In this study, the heat, mass, and momentum transfer between phases are considered, so the mass of the tiger nut particles is variable.



Modeling the drying process of particles containing water is a complex process. Scholars have provided a wealth of models for studying the mathematical modeling of drying processes. The following equation presents a simple kinetic model that considers the latent heat of the vaporization of water, as well as the different vaporization processes of surface-free water and internal bound water in solids. The mass transferred from the solid phase to the fluid phase can be expressed as follows [27]:


    m ˙   p g   = − α π  d 2  (  P  s a t   − P )      M w    2 π R T      



(8)






   P  s a t   = 133.322 ×   10   0.6715   + 0.030 ( T − 273.15 ) − 0.0000798   ( T − 273.15 )  2   



(9)






  α =   S  h p   D g     d p     



(10)






   D g  = 5.05 ×   10   − 9      T g   1.5   



(11)




where α denotes the particle evaporation coefficient;     M   w     denotes the molecular weight of water (0.018 kg/mol for water); R denotes the universal gas constant (8.3145 J/mol K); T denotes the temperature of the particles, K; P denotes the gas pressure, pa;     p   sat     denotes the saturation pressure at temperature T, pa;     d   p     denotes the particle diameter, mm;     D   g     denotes the diffusion coefficient of water vapor in the gas phase;     T   g     the temperature of the gas phase, K.



The Ranz–Marshall model uses a similar approach to the Ranz–Marshall heat transfer coefficient model. The expression for the Sherwood number flowing through the spherical particles is the same as that for the Nusselt number in heat transfer, and the Prandtl number is replaced by the Schmidt number [27].


  S  h p  = 2 + 0.6 R  e  1 / 2   S  c p  1 / 3    



(12)




where the Schmidt number is defined as follows:


  S  c p  =    μ p     ρ p   D p     



(13)




where     μ   P     and     ρ   p     are the dynamic viscosity and density of the fluid phase, respectively. The Ranz–Marshall model is based on the boundary layer theory and is used to stabilize the flow through spherical particles. It is usually applied under the following conditions.


  0 ≤ S  c q  < 250  










  0 ≤ R  e q  < 200  











This work considers the heat transfer between ‘particle–particle’ and ‘particle–fluid’. The energy control equation for a single particle is as follows [17,23,24,25,26,27]:


   m p   C p    d T   d t   = ∑  (  Q  P F    +  Q   P 1   P 2    )  



(14)






   Q  P F   =  h  P F    A p  Δ  T  P F    



(15)






   Q  P 1 P 2   =  h c  Δ  T  P 1 P 2    



(16)






   h c  =   4  k  P 1    k  P 2      k  P 1   +  k  P 2       (   3  F N   r *    4  E *    )   1 / 3    



(17)






   h  P F   =  k F   N u  /  d p   



(18)






   N u  = 2 + 0.6    R e    1 / 2   P  r  1 / 3    R e  < 200  



(19)






   P r  =  C μ  / k  



(20)




where     h   P F     is the convective fluid–particle heat transfer coefficient;     A   P     is the particle surface area, mm2; Δ    T   P F     is the temperature difference between the fluid and the particles, K;     Q     P   1     P   2       is the inter-particle heat flux, W/m2;     h   c     is the conductive heat transfer coefficient between two particles; Δ    T     P   1     P   2       is their temperature difference, K;     k   p     is the thermal conductivity of the particles;     F   N     is the normal force, N;     r   *     is the geometric mean of the particles radii, mm. The bracketed term in the equation models the contact area between two particles. Finally,     K   F     is the gas thermal conductivity of the fluid;     N   u     is the Nusselt number;     d   p     is the particle diameter, mm;     R   e     is the Reynold’s number based on the diameter of the individual phase and the relative velocity   |   v →  p  −   v →  g  |  ; and     P   r     is the Prandtl number for the subsequent phase. The model presented does not consider conductive heat transfer from the particles to the geometry.





2.2. Particle Model


Yu tiger nut one seeds were used as test subjects. We randomly selected 1000 tiger nut seeds for the test, and the length, width, and height of each seed were measured with vernier calipers. The seeds were categorized into flat, spheroid, and spherical, according to their shapes, as shown in Figure 1. Each seed was measured five times, and the average value was taken as the triaxial dimensions of the length, width, and height of the seeds. The triaxial dimensions of the seeds were also statistically analyzed to determine the distribution of the mean diameter of the seeds, as shown in Table 1.



The sphericity of tiger nut seeds is as follows:


   S p  =     ( L ⋅ D ⋅ H )   1 / 3    L  × 100 %  



(21)




where     S   p     is sphericity, %; L is seed length, mm; D is seed width, mm; and H is seed height, mm.



From Equation (21), the tiger nut seed sphericity is 84%. To make the simulation more realistic, the three common tiger nut seed shapes and sizes described above are used, as shown in the top row in Figure 2. In the DEM simulation, seed particles are filled by a combination of multi-spherical surfaces to generate a particle model in the EDEM 2022 software.




2.3. Geometric Model


2.3.1. Corner Box


As shown in Figure 3, the tiger nut mixed-flow drying tower consists of a slow suction section, air inlet duct, drying chamber, natural gas burner, hot air blower, discharge screw conveyor, feed inlet, bucket elevator, equalizer, feed screw conveyor, corner box opening, corner box, air inlet, air outlet, and so on. When the mixed-flow drying tower works, tiger nuts enter the drying tower from the feed opening and are lifted to the top of the drying tower by the bucket elevator and feed screw conveyor. Under the grain equalizer, the tiger nuts fall into the inside of the tower. When the tiger nuts completely fill the drying tower, the hot air enters the drying room from the inlet corner box to exchange moisture and heat with the tiger nuts, and the water vapor is discharged from the drying room through the outlet corner box. When the temperature of hot air reaches the set value, the discharge screw conveyor and six impellers start to run, and the tiger nuts fall to the bottom of the tower and return to the bucket elevator through the discharge screw conveyor. Tiger nuts continuously move from top to bottom through the slow suction section, the drying chamber of the operation process, until the moisture content of the tiger nuts meets the drying requirements.



The design of the corner tube is based on the Danish CIMBRIA and Swedish SVEGMA manuals, which cover machine type and drying technology [28]. The design of corner boxes adheres to the principle that relates wind pressure and medium flow rate. The corner box has a length of 2000 mm, a width c of 160 mm, a height a of 150 mm, and a height b of 120 mm, as shown in Figure 3b, drawing on the design concept of an air distribution board in a fluidized bed dryer. The open-hole corner box is designed with the principle of negative pressure microporous air supply. The formula for calculating the opening rate of the corner tube in the vertical box dryer is as follows:


  α =       ζ  ρ g     μ 1   2    2 g     Δ  P D      S C          1 2     



(22)







Among them:


   R  S C   = 0.01 + 0.2   1 −  e    − 0.5  S H         










  Δ  P B  =  L  mf     1 −  ε  mf        ρ s  −  ρ g     










   ε  mf   =      1  14  φ s         1 3     








where α is the opening rate, %; ξ is denotes the side resistance coefficient of the corner box, 1.5~2.5;     ρ   g     is the hot air density, measured in kg/m3, determined to be 0.972 kg/m3;     μ   1     is no-load airflow velocity, m/s;       Δ   P   D       S C     is the corner box side critical pressure drop, Pa;     R   S C     is the parameter related to the bed diameter, D, and bed height, L. It can be approximated as the parameter related to the size of the drying chamber structure of the vertical dryer. S is the bottom circumference of the drying section, mm; H is the drying section height, mm;   Δ   P   B     is the theoretical bed pressure drop, Pa;     L   mf     is the static height of the tiger nut in the drying chamber, and is approximately the thickness of the valley, mm;     ρ   s     is the particle density of the tiger nut, 1.455 ×     10   3     kg/m3;     ε   mf     is the porosity of minimum fluidization velocity;     φ   s     is the sphericity of solid particles, with tiger nut particles being irregular in shape, and its sphericity is 0.84.



According to the principle of a low aperture rate, the along-travel resistance of the open hole corner box is balanced with the static pressure difference across the micro-aperture to regulate the uniformity of the lateral wind field. The appropriate openings for the side panels of the corner box are calculated to be 1.9% to 4.7%. The three openings are determined to be 1.9%, 3.3%, and 4.7%, respectively, based on the percentage size of the orifice plate. The micropore diameter is 5 mm, and the size is smaller than the diameter of the tiger nut to prevent blockage during drying. Considering the size range of the side panels of the corner box, the number of micro-perforations corresponding to different opening rates is designed to be 290, 504, and 718, respectively. The schematic structure of the open-hole corner box is shown in Figure 4.




2.3.2. Corner Box Layout Analysis


In order to address the problems of clogging and uneven heating of tiger nuts in the drying chamber of the drying tower, the horizontal and vertical spacing of the corner boxes in the drying chamber are designed by optimizing the design. This improves the movement, heat condition, and airfield distribution of tiger nut particles inside the drying chamber of the drying tower. From the literature [29], it is known that the horizontal spacing of the corner box in the drying tower chamber ranges from 200 to 500 mm, and the vertical spacing ranges from 290 to 550 mm. Considering the size of the drying tower chamber and the sizes of the tiger nuts on the corner box spacing design, spacings of 240 mm, 320 mm, and 480 mm are selected for the lateral simulation tests of the drying tower chamber, and 320 mm, 420 mm, and 520 mm are selected as the three vertical levels. In order to reduce the number of coupled simulation calculations, the length of the drying chamber is determined to be 960 mm, and the height is 800 mm when studying the impact of horizontal spacing. When studying the effect of vertical spacing, the length of the drying chamber is determined to be 900 mm, and the height values are determined to be 640, 840, and 1040 mm, respectively, as shown in Figure 5.





2.4. Simulation Conditions


CFD-DEM is based on ANSYS Fluent 2022 and EDEM 2022 software. First, Fluent meshing in ANSYS is utilized to perform meshing, and mesh encryption is performed on the corner box opening portion. The corner box inlet is set as the velocity inlet boundary condition and the corner box outlet is set as the pressure outlet boundary condition, as shown in Figure 6. The standard k-ε turbulence model in ANSYS, the SST k-omega equation, is used as the turbulence model. The Ranz and Marshall heat transfer model and multicomponent model [15,16,17,18,19] are used because heat and mass transfer are considered in the work. In the component set, two compositions are identified: the evaporable component of water and a non-evaporable component of tiger nuts; the composition ratio is 45% and 55%, respectively. They represent the initial water content of the tiger nut and the other parameters of the tiger nut, as referred to in the literature [30]. The inlet air velocity and temperature are set according to preliminary tests and by consulting references [28,31,32]. All CFD input parameters and boundary conditions are shown in Table 2.



In EDEM, the material of the drying tower is set as a steel plate, and the detailed parameters of DEM are shown in Table 3. During the working process, the seeds may slide, roll, collide, extrude, and perform other motions in the device. Therefore, intrinsic (e.g., Poisson’s ratio, density, etc.) and operating (e.g., the coefficient of rolling friction, coefficient of sliding friction, etc.) parameters need to be set for both the seed and the drying device. Heat and mass transfer between the seeds also need to be taken into account. So, opening the heat conduction model and temperature update model, as well as setting parameters, such as thermal conductivity and specific heat capacity in EDEM 2022 software, are necessary. The water content of the tiger nut particles is set in the particle parameters, which are added to the particle factory by Fluent after coupling. The DEM parameters used for the tiger nut particles are referenced in [33,34] in Table 3. Before the coupling simulation, it is necessary to pre-fill the drying chamber with tiger nuts in order to make the tiger nuts completely stationary at the time of coupling; the particle generation time is 3 s, and the total simulation time is 10 s.




2.5. Experiment


2.5.1. Materials


The raw material for the experiment was fresh tiger nuts harvested in October 2023 from Shangqiu City, Henan Province, and the variety was Yu tiger nut I. The tiger nuts were ellipsoidal, with an average mass of 1.13 g/pc, an average geometric diameter of 10.99 mm, a density of 1.17 g cm−3, a wet basis moisture content of 45% (103 ± 2 °C constant weight method), and an angle of repose of 32.91°. The tiger nuts were cleaned using a cylindrical primary cleaning sieve to remove dust and cilia from the surface and obtain uniform and full tiger nuts. The moisture content was determined according to the direct drying method outlined in GB5009.3-2016, regarding the determination of moisture in food. The tiger nuts were dried in an oven at 105 °C until a constant mass was achieved. The drying equipment used for the tiger nut samples was a JK-KB1700 thin layer drying test bed (National Engineering Laboratory of Grain Storage and Transportation, Changchun, China), with a wind temperature range between 20 °C and 100 °C (±1 °C), a humidity range between 20 and 80% RH (±4% RH), and a wind speed range between 1.0 and 3.2 m/s. There are two methods to express the moisture content of a material, namely the dry basis method and the wet basis method. The dry basis expression is calculated on the basis of the solid dry matter in the material, and the wet basis expression is calculated on the basis of the material’s mass. The wet basis moisture content was used in this test, and the wet basis moisture content can be expressed by Equation (23):


   M w  =    m w     m s  +  m w     



(23)




where     M   w     is the wet basis moisture content, %;     m   w     is the mass of moisture contained in tiger nuts, g; and     m   s     is the mass of dry matter contained in tiger nuts, g.




2.5.2. Experiment Equipment


In order to verify the accuracy of the simulation, drying experiments were conducted using the experimental platform shown in Figure 7. The experimental equipment consisted of four parts, i.e., a mixed-flow dryer, an airflow velocity measurement system, a temperature acquisition system, and an information processing system.



In order to verify the simulation results of the temperature field and wind field inside the drying chamber, the K-type thermocouple sensor and the hot-wire air velocity sensor were fixed on the bottom surface of the inlet corner box (Z = 400 m), and the bottom surface of the outlet corner box (Z = 32.5 mm), respectively. As shown in Figure 5, the blue part shows the locations of 98 sampling points, including 49 monitoring points below the air inlet and 49 monitoring points below the air outlet.



The wind speed acquisition system includes the FY-CJ2 data collector (FY-CJ2, Wuhan Fuyuan Flying Fortress Electronic Technology Co., Ltd., Wuhan, China), a hot-wire wind speed sensor (Wuhan Fuyuan Flying Fortress Electronic Technology Co., Ltd., China), an industrial-grade USB-to-RS485 modular protocol converter, and an information processing system (ASUS ASUS Flying Fortress 6 ZX80G, ASUS, Taiwan, China). The temperature acquisition system consists of an LK1048U Multi-Circuit Temperature Inspector (LK1048U, Changzhou Blu-ray Electronics Co., Ltd., Changzhou, China), a K-Type Thermocouple Sensor (K-Type, Shanghai Song guide Heating Sensors Co., Ltd., Shanghai, China), and an industrial-grade USB-to-RS485 Module Protocol Converter and Information Processing System (ASUS ASUS Flying Fortress 6 ZX80G).




2.5.3. Experiment Method


The harvested tiger nuts are decontaminated and mixed thoroughly. Before the test, the moisture content of tiger nuts was measured three times using the JK-KB1700 thin-layer drying test bench, and the average value was taken as the initial moisture content of tiger nuts for the test and simulation. In the test, the horizontal spacing of the corner boxes in the drying chamber was 320 mm, the vertical spacing was 420 mm, and the opening rate of the corner boxes was 4.7%. The tiger nut drying test was carried out at the three-area experimental center of Henan Agricultural University, with an ambient temperature of about 15 °C, an ambient humidity of 15–25%, and cloudy weather. The drying validation test platform used the developed mixed-flow drying tower for tiger nuts, model 5HH-7.5. The hot air temperature and air velocity were monitored by temperature and humidity sensors, and air velocity sensors were mounted below the air intake chamber and the air intake angle-shaped tube. The heat source equipment was first turned on to bring the wind speed and heat medium temperature up to the required level, after which, grain loading was carried out. The timing started at the end of grain loading, the drying duration of each test was 1 h, and the test was conducted 8 times. At the end of the test, the moisture content of tiger nuts was measured three times, and the average value was taken as the moisture content of tiger nuts after drying.






3. Results and Discussion


3.1. Simulation vs. Experimental Results


In order to determine the accuracy of the fluid model, the average temperatures of 49 monitoring points below the air inlet and 49 monitoring points below the air outlet were calculated, as shown in Figure 8, for the average temperature of the monitoring points over time, similar to the hot air temperature variation curve in reference [13]. In order to compare the differences between the simulation and experimental results, an analysis of variance (ANOVA) was performed on the temperatures at the monitoring points below the air inlet and outlet. ANOVA is used as a test of significance for the difference between the means of two or more samples. It is used to determine the magnitude of the influence of controllable factors on the results of the study by analyzing the magnitude of the contribution of different sources of variation to the total variation of the study [35]. The results are shown in Table 4 and Table 5. The results show that the simulated mean values of the monitoring points inside the drying chamber are all greater than the experimental mean values. This is because the simulation of the drying chamber box was simplified and set as an adiabatic wall, and the interference of external environmental changes was ignored, so the error occurred. However, the trend in the simulation results is consistent with the experimental results. The ANOVA results show that there is no statistically significant difference between the experimental and simulated results (p > 0.01), as shown in Table 4 and Table 5.



In order to compare the simulation and test wind field distribution more intuitively, the measured wind speed data array is interpolated and smoothed using Origin 2022 software. The distribution of the wind velocity field under the inlet angle box and outlet angle box for the simulation and test is obtained, as shown in Figure 9. From Figure 9, the simulation results are slightly higher than the test results. The wind field distribution is similar to that of reference [11]. This is because the drying chamber box is idealized in the simulation and is a closed environment except for the air inlet and outlet, while it is difficult to achieve such a closed environment in the test. Moreover, errors are generated due to the measurement accuracy of the sensors and the influence of the external environment on the test data. In order to compare the difference between the simulated and experimental wind velocity field distributions, a repeatable two-factor ANOVA was performed on the wind velocity field, as shown in Table 6 and Table 7. The ANOVA results show that there is no significant difference (p > 0.01) between the experimental and simulated results.



To compare the variations in the water content of tiger nuts, 300 tiger nut seeds were used in each experiment, with their temperature measured and averaged. In the simulation experiment, 300 seeds were randomly selected to calculate the average value. The comparison between the experimental results and simulation results is shown in Figure 10. It can be seen that the water content of tiger nuts in each group decreased by about 3.0%; the simulation results are consistent with the experimental results and in accordance with the general law of drying [36]. The results show that the above CFD-DEM model can simulate the hot air drying of tiger nuts in the drying chamber of the drying tower.




3.2. Effect of Opening Rate


In order to further study the influence of the open corner box on the uniformity of the flow field in the drying chamber, the transverse distance of the fixed corner box is 320 mm, the longitudinal distance is 420 mm, and the wind speed at the inlet is 4 m/s. Moreover, 20 mm below the inlet corner box is selected as the measurement point, and the wind speed distribution trend is obtained, as shown in Figure 11. The average wind speed below the unopened corner box is 0.68 m/s, and the standard deviation is 0.58 m/s. The wind speed is higher near the air inlet and outlet and lower in the middle position, and the overall distribution of wind speed is not uniform. This is due to the higher wind pressure at the air inlet and outlet. In the open-hole corner tube flow, part of the gas can be released through the microporous sides of the side plate of the corner box, resulting in a significantly lower internal wind speed compared to the unopened-hole corner tube; this tends to stabilize the effect of wind distribution. The average wind speed under the corner box with 0.19% pore opening rate is 0.52 m/s, and the standard deviation is 0.43 m/s. This is because the pressure at the air inlet and outlet with a small pore opening rate is still larger than the pressure in the middle, the wind speeds at both ends are higher than that in the middle, and the wind speeds at both ends are lower. The average wind speed below the corner box with 4.7% openings is 0.41 m/s, and the standard deviation is 0.35 m/s. This is because more hot air flows into the side holes of the corner box, resulting in a significant reduction in wind speed and an increase in wind speed inhomogeneity. The advantage of the corner box with an opening rate of 0.33% is obvious, and the difference in wind speed along the inlet direction is small, with the average wind speed below the corner box being 0.47 m/s and the standard deviation being 0.12 m/s, which makes the wind field uniformity better. Therefore, it is preferable to adopt the corner box with an opening rate of 0.33% as the main ventilation structure in the drying room.




3.3. Effects of Spatial Location


The grain layer’s resistance to hot air will be different for different longitudinal and transverse spacings of the corner boxes in the drying chamber. The resistance of the grain layer is also related to the type of seed. A suitable layer resistance will reduce the energy consumed by the drying system. Therefore, there is a reasonable range of corner box layouts that depend on the grain being dried in the drying tower.



3.3.1. Effects of Lateral Distance


In Figure 12, the temperature and wind field distributions at different corner box horizontal spacings are displayed. The temperature and wind speed distributions in the figure are similar to those in references [11,31]. It can be seen that as the horizontal distance increases, the temperature and wind speed below the exit gradually decrease, and the temperature gradient and wind speed gradient change. When the horizontal spacing of the corner box is equal to 240 mm, the temperature field and wind field are not uniformly distributed. The wind speed is higher, and the temperature is higher near the exit direction. This is due to the high number of corner-mounted boxes, whose walls form a wall effect with the tiger nut seeds. The void ratio of tiger nut seeds on and near the walls of the corner boxes is always greater than that inside the drying bed. Because the resistance is relatively small, the fluid flow rate near the wall must be greater than inside the bed. The number of seeds is relatively small, and tiger nut seeds to the hot air lateral resistance is reduced. As a result, excessive wind speeds and temperatures are formed in some places. When the corner box spacing increases to 320 mm, the temperature and wind speed distributions at the two cross-sections are more uniform; the region basically realizes uniform wind distribution. In the air inlet corner of the box below, the temperature distribution is more uniform, meeting the requirements of the drying tower air temperature. When the spacing between the corner box is 480 mm, the temperature at the outlet and the temperature near the inlet has a certain gap, and the gradient of wind speed is larger in the two cross-sections. This is because the spacing between the two corner boxes is too large, and the tiger nut seeds have a greater lateral resistance to the hot air, resulting in a lower wind speed and temperature in the middle of the two corner boxes.



In order to further analyze the effect of the horizontal spacing of the corner box on the heat condition of the particles, as shown in Figure 5, 100 tiger nut seeds are selected at cross-sections Z = 32.5 and Z = 400 mm, respectively, to determine the variation in temperature and moisture content over time, and the results are shown in Figure 13. The trends in temperature and moisture content are similar to those in reference [13,36]. From Figure 13, it can be seen that with the increase in time, the tiger nut temperature first increases rapidly and then tends to stabilize, and the water content gradually decreases. This is because, first of all, the wet particles are preheated and heated, and at the same time vaporize a small amount of water, so the warming is faster in the early stage, and the water content decreases slowly. Then, all the heat transferred from the hot airflow to the pellet is used to vaporize the water, and the surface temperature of the pellet remains basically unchanged while the water is vaporized at a certain rate. When the horizontal spacing of the cassettes is equal to 240 mm, the final average temperatures of the tiger nuts are 298.20 K and 296.51 K, with high extreme temperatures and coefficients of variation. The final average moisture content values of tiger nuts are 38.1% and 41.5%. This is because—at this time—the corner box hot air volume is larger, the corner box is directly below the higher temperature field, and the wind speed is larger, so this part of the surface of the tiger nut air flow rate is larger, and the drying rate is accelerated. When the horizontal spacing of the box is equal to 320 mm, the final average temperature values of the tiger nut are 297.5 K and 295 K; moreover, the final average moisture content values of the tiger nut are 39.7% and 41.1%. Overall, the temperature and moisture content distribution of tiger nuts in each region are basically the same. When the horizontal spacing of the boxes is equal to 480 mm, the final average temperature values of tiger nuts are 296 K and 294.21 K, and the final average moisture content values are 40.3% and 43.1%. At this time, the extreme difference and coefficient of the variation in temperature and water content are high. This is because the number of tiger nuts is large, and the distribution distance of the corner box is far away, so it is not evenly heated.



In order to investigate the effect of the lateral spacing of the corner-mounted box on the flow velocity of tiger nuts during grain discharge, the flow characteristics of tiger nuts are analyzed, as shown in Figure 14. As in Figure 14a, the flow velocities of tiger nut particles in contact with the corner box or the wall are comparatively lower than the flow velocities in other regions. The tiger nut flow velocities in the region between neighboring corner tubes are higher than those between the corner box and the inner wall, and there is a significant velocity difference between the particles. These effects were confirmed by flow experiments by K. L. Iroba and Jochen Mellmann et al. [37,38]. In order to assess the impact of different lateral distances of the corner box on the falling velocity of tiger nut particles, seed velocity monitors were set up at A, and B to monitor the vertical downward velocity of the seeds. As can be seen in Figure 14b–d, the seed falling velocity gradually accelerates with the increase in the lateral distance. When the lateral distance is equal to 240 mm, the average flow velocities at A and B are, respectively, 0.199 m/s and 0.271 m/s. The flow velocity of the tiger nuts on the side close to the inner wall of the drying chamber is significantly lower than that in the middle area of the two corner boxes. When the lateral distance is equal to 320 mm, the average flow rate values at A and B are 0.281 m/s and 0.267 m/s, respectively, and the flow rates of tiger nuts in the two areas are basically the same. When the lateral distance is equal to 480 mm, the average flow velocities at A and B are 0.314 m/s and 0.318 m/s. The difference in flow rates between the two regions is not significant, but there are large fluctuations in flow rates. By analyzing this, it can be seen that the shape of the tiger nut is irregular and the friction of the wall during the flow hinders the movement of the grains. If the residence time of the grain is less than the drying time, the grain will be under-dried. If the residence time of the grain is higher than the drying time, the grain will be over-dried. Increasing the transverse distance can, to a certain extent, prevent the thermal damage caused by localized overheating within the grains during the drying process, which can correspondingly improve the drying quality of tiger nuts. Therefore, it is best to choose a transverse distance of about 320 mm for corner boxes.




3.3.2. Effect of Longitudinal Distance


As shown in Figure 15, the temperature field and wind field distribution under different corner box vertical spacings are shown. When the vertical spacing of the corner box is equal to 320 mm, there is a significant difference in temperature in the same plane. In the horizontal direction, there is a laminar distribution, with the temperature on the exit side significantly higher than the import direction. If the vertical spacing of the corner box is equal to 520 mm, a drying dead zone is formed near the bottom of the air inlet, where the hot air temperature and wind speed are significantly lower than in other areas. When the vertical distance of the corner box is equal to 420 mm, the temperature difference between the two sections is small, and the hot air temperature is basically uniformly distributed. It can be seen that with the increase in the longitudinal distance, the gap between the average wind speeds of the two planes gradually becomes larger. This is because, due to the role of gravity, the closer to the bottom, the greater the static pressure between the tiger nut grain layer and the tiger nut particles. At this time, the denser accumulation of tiger nut particles results in a lower porosity of the tiger nut grain layer and a greater resistance to airflow; an increase in airflow resistance leads to a decrease in wind speed.



In order to further analyze the impact of the horizontal spacing of corner boxes on the heat conditions of particles, 100 tiger nut seeds are selected at cross-section Z = 320, Z = 12.5 mm; Z = 420, Z = 37.5 mm; Z = 520, Z = 62.5 mm, respectively, to find out the changes in temperature and moisture content over time; the results are shown in Figure 16. From the figure, it can be seen that with the increase in time, the temperature of the tiger nut first increases rapidly and then tends to stabilize, and the water content gradually decreases. With the increase in longitudinal distance, the gap between the temperature and moisture content of tiger nuts at two sections of the same vertical distance gradually increases. When the vertical distance between the corner boxes is equal to 320 mm, the final average temperature values of the tiger nuts are 305.14 K and 301.52 K, the extreme temperature and coefficient of variation are higher, and the average water content values are 36.4% and 38.7%. As the vertical spacing of corner boxes is equal to 420 mm, the final average temperatures of tiger nuts are 301.6 K and 296.4 K, and the average water content values are 39.6% and 41.3%. Overall, the temperature and moisture content distribution of tiger nuts in each region are basically the same. The average final temperatures of tiger nuts are 295.8 K and 292.9 K, and the average moisture content values are 39.5% and 42.3% when corner boxes are vertically spaced, equaling 520 mm. This is due to the large number of tiger nuts, and the distribution distance of the corner-mounted boxes is wide, making them unevenly heated. Therefore, it is better to choose a longitudinal spacing of corner boxes around 420 mm. This is because the increase in the thickness of the grain layer leads to an increase in airflow resistance and a decrease in the porosity between the tiger nuts. As a result, the airflow space inside the drying chamber decreases, leading to a decrease in air velocity. The water vapor evaporated from the surface of the tiger nut is taken away at a reduced rate, and the time required to reach equilibrium within the tiger nut grows, slowing down the drying rate.





3.4. Effect of Wind Speed on Drying Effect


Wind speed is an important operating parameter and indicator used to measure energy consumption. The wind speeds selected in this paper are 2, 4, and 6 m/s. Different tiger nut particle thicknesses have different ventilation resistance values and drying rates. In order to select the airspeed that is applicable to the designed dryer, in addition to analyzing the drying characteristics, it is also necessary to study the ventilation resistance, so as to determine the optimal drying airspeed for a certain tiger nut particle thickness. According to the previous simulation test results, a horizontal spacing of 320 mm and a longitudinal spacing of 420 mm were selected for the layout of the drying chamber’s corner box space structure.



Figure 17 shows the wind field distribution at different wind speeds. From the figure, it can be seen that with the inlet wind speed increase, the wind speed inside the drying chamber gradually increases, but the uniformity of the wind field first increases and then decreases. Reference [31] reaches similar conclusions in the experimental part. When the wind speed is 2 m/s, the wind field distribution map in the middle position of the flow field line distribution is messy, resulting in the formation of a large vortex area, with large differences in wind speed at different positions. When the wind speed is 4 m/s, the wind speed distribution is uniform, and the wind speed difference between each part is small. When the wind speed is 6 m/s, the wind speed in the drying room near the air outlet side is greater than the air inlet side. This is mainly due to the airflow in the corner of the box moving in a straight line without any obstacles caused by the air volume being gathered in the second half of the duct.



To study the impact of wind speed on the drying rate, 100 tiger nut seeds that were dried for 1 h were selected at cross-sections Z = 37.5 mm and Z = 320 mm, respectively, and the average values of temperature and moisture content were found, as shown in Figure 18a. From the figure, it can be seen that with the inlet wind speed increase, the final temperature and drying rate of the tiger nut gradually increase, and the moisture content gradually decreases. However, from 2 m/s to 4 m/s, when the temperature and moisture content of tiger nuts have greater changes, the drying rate obviously accelerates; 4 m/s to 6 m/s is when the temperature and moisture content of tiger nuts have little effect. When the wind speed is 2 m/s and 6 m/s, the temperature difference and moisture content difference between two sections of tiger nuts are larger, with a larger standard deviation, indicating that uniformity is poor. At 4 m/s, the uniformity is good.



To further demonstrate the impact of wind speed on the drying effect, the diffusion efficiency of water vapor at the air outlet is extracted, as shown in Figure 18b. It can be seen that the diffusion efficiency of water vapor increases gradually with the wind speed increase at the inlet. From 2 m/s to 4 m/s, the diffusion efficiency increases significantly. From 4 m/s to 6 m/s, only the diffusion efficiency in the middle two outlets increases, and there is no significant change in the two side outlets. When the wind speeds are 4 m/s and 6 m/s, there is a significant difference in the diffusion efficiency of water vapor in the four air outlets. When the wind speed is 2 m/s, the diffusion efficiency of water vapor in the four air outlets is basically the same. Therefore, increasing the wind speed can effectively improve the drying rate of tiger nut particles and reduce the drying time of tiger nut particles. This is mainly because the greater the wind speed, the more air flows over the surface of the tiger nut in a unit of time, and the thinner the flow boundary layer, reducing the moisture content in the air. Therefore, by reducing the resistance to water vapor diffusion from the tiger nut surface to the air, moisture evaporation accelerated, and the time required for drying is reduced. However, when the fan wind speed is too high, it will consume a lot of energy, resulting in waste, and when the outlet wind speed is too high, it may exceed the suspension velocity of the particles, and the particles may overflow from the position of the air outlet, leading to losses in drying. Therefore, the best wind speed is about 4 m/s.





4. Conclusions


	(1)

	
Using the principle of negative pressure micro-perforated air supply, the open-hole corner box is designed. The tiger nut model is established using EDEM, and the tiger nut drying process is simulated using CFD-DEM coupled simulation to verify the accuracy of the simulation model. Analysis of variance (ANOVA) is used to analyze the temperature and wind speed data of the simulation and test; it is concluded that there is no statistically significant difference between the test and simulation results. Therefore, the tiger nut drying process can be simulated better by using this model.




	(2)

	
The wind fields of three corner boxes with different aperture ratios are compared and analyzed. The results show that the average wind speed below the air inlet increases gradually with the opening ratio increase. When the opening ratio is 0.33%, the wind field uniformity is better.




	(3)

	
The influence of corner box distribution on changes in the water content of tiger nuts is analyzed. The consistency of water content distribution increases and then decreases with increasing lateral distance, and the flow rate of tiger nuts during grain discharge gradually increases. The rate of water content decrease gradually decreases with the longitudinal distance increase. When the lateral distance is 320 mm and the longitudinal distance is 420 mm, the water content of the grain is basically consistent.




	(4)

	
The effects of different inlet wind speeds on the drying effect are analyzed. With the increase in wind speed, the temperature of the seeds warms up faster, the water content decreases faster, and the diffusion rate of water vapor increases faster. When the wind speed is 4 m/s, the temperature and water content of tiger nuts basically change in the same way, and the water content has good consistency. Therefore, this can provide a theoretical basis for the design of tiger nut drying equipment.
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Figure 1. Schematic diagram of tiger nut seed’s triaxial size. In the figure,     L   0     is the length of tiger nut seeds;     w   0     is the width of tiger nut seeds; and     t   0     is the tiger nut seed thickness. 
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Figure 2. Tiger nut seed particle physical map and discrete element model. 
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Figure 3. (a) Overall structure of tiger nut mixed-flow drying tower; (b) corner box arrangement and structure diagram. In the figure, 1. Slow supply section; 2. inlet air duct; 3. drying chamber; 4. natural gas burner; 5. hot-air blower; 6. discharge screw conveyor; 7. inlet; 8. bucket elevator; 9. grain equalizer; 10. inlet screw conveyor; 11. corner box openings; 12. corner box; 13. air inlet; 14. air outlet. 
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Figure 4. Schematic diagram of the corner box structure. 
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Figure 5. (a) Schematic diagram of the distribution of boxed corners in the three lateral positions; (b) schematic diagram of the distribution of boxed corners in the three longitudinal positions. 
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Figure 6. Mesh model of drying cell with a lateral distance of 320 mm in DEM and CFD. 
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Figure 7. Tiger nut drying validation testbed. 
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Figure 8. Variation in average temperature over time at simulation and experimental monitoring points. 
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Figure 9. Wind speed distribution in drying room; (a) simulated wind speed distribution at air inlet; (b) wind speed distribution at air inlet test; (c) simulated wind speed distribution at air outlet; (d) wind speed distribution at air outlet test. 
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Figure 10. Comparison between experimental and simulation results. 
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Figure 11. Distribution of wind speed for corner boxes with different aperture ratios. 
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Figure 12. Temperature field and wind field distribution at different lateral distances. 
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Figure 13. Changes in temperature and moisture content of tiger nut seeds at different lateral distances. 
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Figure 14. Grain velocity analysis. (a) schematic diagram of grain velocity distribution in drying chamber; (b) The change of seed velocity when the lateral distance is 240 mm; (c) The change of seed velocity when the lateral distance is 320 mm; (d) The change of seed velocity when the lateral distance is 480 mm. 
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Figure 15. Temperature and wind field distribution at different longitudinal distances. 
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Figure 16. Changes in the temperature and moisture content of tiger nut seeds with different longitudinal distances. 
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Figure 17. Wind field distribution under different wind speeds. 
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Figure 18. Temperature and moisture content changes of tiger nut seeds (a) and the water vapor diffusion rate at the outlet under different wind speeds (b). 
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Table 1. Three-axis size of tiger nut seeds.






Table 1. Three-axis size of tiger nut seeds.












	Shape and Size
	
	      L   0      
	      W   0      
	      t   0      





	Flat
	Average value (mm)
	14.18
	9.12
	6.76



	
	Standard deviation (mm)
	0.91
	0.82
	0.61



	Spheroid
	Average value (mm)
	12.24
	10.18
	9.56



	
	Standard deviation (mm)
	1.1
	0.88
	0.92



	Spherical
	Average value (mm)
	9.31
	8.14
	7.94



	
	Standard deviation (mm)
	0.78
	0.85
	0.79










 





Table 2. CFD input parameters.
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CFD Input Parameters






	
Air

	
Type of fluid

	
Air




	

	
Density (kg/m3)

	
1.225




	

	
Specific heat capacity (j/Kg·K)

	
4506.43




	

	
Viscosity (Pa·s)

Wind speed (m/s)

Wind temperature(K)

	
1.789 × 10−5

2, 4, 6

338




	

	
Thermal conductivity (W/m·K)

	
0.0242




	
DPM injection

	
Initial temperature (K)

	
288




	

	
Drag law

Water content of particles (%)

	
Gidaspow

45




	
Walls

	
Adiabatic and no slip

	




	

	
Turbulence model

	
Standard k-ε




	

	
CFD cell type

	
Hybrid tetrahedral hexahedral




	

	
CFD time step (sec)

	
0.05











 





Table 3. EDEM Input parameters.
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	EDEM Input Parameters
	





	Particle density (kg/m3)
	1.186 × 103



	Particle diameter (mm)
	16



	Particle shear modulus (Pa)
	2.77 × 107



	Particle Poisson’s ratio
	0.18



	Geometry density (kg/m3)
	7850



	Geometry shear modulus (Pa)
	1 × 1010



	Geometry Poisson’s ratio
	0.3



	Particle–particle coefficient of restitution
	0.48



	Particle–particle static friction coefficient
	0.34



	Particle–particle rolling friction coefficient
	0.1



	Particle–geometry coefficient of restitution
	0.619



	Particle–geometry static friction coefficient
	0.254



	Particle–geometry rolling coefficient
	0.072



	EDEM time step (s)
	1 × 10−4



	Particle gravity (m/s2)

Thermal conductivity (W/(m·k))

Specific heat capacity (J/(kg·k))
	9.81

0.106

15,920










 





Table 4. Analysis of variance for inlet air temperature.
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	Origin of Variance
	Sum of Squares
	df
	Mean Squares
	F Value
	p Value





	Different groups
	15.59608
	1
	15.59608
	0.11269
	0.740983



	Interior groups
	2491.165
	18
	138.3981
	
	



	Total
	2506.762
	19
	
	
	







Extremely significant at p < 0.001.













 





Table 5. Analysis of variance for outlet air temperature.






Table 5. Analysis of variance for outlet air temperature.













	Origin of Variance
	Sum of Squares
	df
	Mean Squares
	F Value
	p Value





	Different groups
	34.11533
	1
	34.11533
	0.267978
	0.610995



	Interior groups
	2291.513
	18
	127.3063
	
	



	Total
	2325.628
	19
	
	
	







Extremely significant at p < 0.001.













 





Table 6. Analysis of variance for inlet air velocity.






Table 6. Analysis of variance for inlet air velocity.













	Origin of Variance
	Sum of Squares
	df
	Mean Squares
	F Value
	p-Value





	Sample
	0.002778
	6
	0.000463
	0.222059
	0.967812



	Columns
	0.117978
	6
	0.019663
	9.432044
	7.03 × 10−7



	Interaction
	0.009594
	36
	0.000266
	0.127835
	1



	Interior-groups
	0.10215
	49
	0.002085
	
	



	Total
	0.232499
	97
	
	
	







Extremely significant at p < 0.001.













 





Table 7. Analysis of variance for outlet air velocity.






Table 7. Analysis of variance for outlet air velocity.













	Origin of Variance
	Sum of Squares
	df
	Mean Squares
	F Value
	p-Value





	Sample
	0.159396
	6
	0.026566
	14.18718
	2.75 × 10−9



	Columns
	0.001663
	6
	0.000277
	0.148012
	0.988613



	Interaction
	0.010264
	36
	0.000285
	0.152264
	1



	Interior-groups
	0.091754
	49
	0.001873
	
	



	Total
	0.263077
	97
	
	
	







Extremely significant at p < 0.001.
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