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Abstract

:

The temperature and moisture content inside a grain pile are two important indicators for judging the safety of grain storage. To accurately predict the temperature and moisture content inside a grain pile, a numerical simulation was carried out of the drying process of a mesoscale wheat grain soil based on a thin-layer drying method, considering non-uniform porosity. The effectiveness of this method for wheat piles was verified through a comparison with the experimental data. The influence of different ventilation cage heights and ventilation temperatures on heat and moisture transfer in the wheat grain pile were also studied. The results show the following points. The numerical simulation method in this paper can effectively predict the temperature and moisture content of a wheat grain pile. The non-uniform porosity distribution model can better reproduce the state of ventilation during storage of wheat grain piles than the uniform porosity distribution model. The distribution patterns of flow lines in silos with different ventilation cage heights have certain similarities, but the high-speed airflow area will decrease as the height of the ventilation cage increases. Different ventilation temperatures will significantly affect the areas of high temperature and the rewetting inside a wheat grain pile.
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1. Introduction


China is a major wheat-growing country, and the annual production output of wheat is over 130 million tons [1]. The safe storage of wheat is crucial for national security. This requirement has become more important with the intensification of the Russia–Ukraine conflict and the current Palestinian–Israeli conflict [2,3]. However, when the moisture content of wheat is above the safe level of 14% during storage, the number of pests and mold will sharply increase. This can result in local mold and heating in the wheat pile, which can contribute to quality degradation [4]. To ensure wheat quality during storage, the wheat pile must be kept below a safe moisture level and at an appropriate temperature [5]. A viable solution to counteract these problems is the application of low-temperature ventilation drying [6]. This approach reduces the temperature and humidity of the air around the grain particles by forming airflow circulation within the grain pile. Then, the air undergoes heat and humidity exchange with the grain particles to achieve the goal of reducing the temperature and moisture content of the grain pile [7]. Therefore, studying the drying behaviors of the low-temperature drying of wheat grain piles is crucial for the safe storage of wheat.



The distribution of porosity inside the grain pile is a key parameter that affects the heat and water transfer inside the grain pile during the process of drying. The airflow circulation inside the grain pile is mainly carried out through the connected pores between particles [8,9,10]. As the depth of the grain pile increases, the vertical pressure increases, which makes this phenomenon more obvious [11]. Previous studies have shown that the porosity will gradually decrease as the depth of the grain pile increases, which indicates that the resistance of the airflow passing through this area will increase [12,13,14], reducing the drying efficiency. Simply treating the porosity of the grain pile as a uniform distribution will lead to inaccurate predictions of the grain pile temperature and moderation during numerical simulation [15]. Moreover, compared with the cooling results of grain with a uniformly distributed porosity inside the pile, it has been demonstrated that the cooling time for grain with a non-uniform porosity increased by 55% [16]. In addition, as the depth of the grain pile increases, the effect of self-compaction also increases, resulting in the air velocity decreasing [17]. Although researchers have provided many contributions in terms of the distribution of non-uniform porosity, most scholars have focused on the influence of porosity on the distribution of airflow velocity and airflow resistance; the effect on the heat and moisture transfer inside the grain pile is rarely reported.



Considering the influence of non-uniform porosity in the simulation of the low-temperature drying of a wheat grain pile is not enough for prediction accuracy, and the selection of the drying model is more important. However, the heat and moisture transfer inside the grain pile during the drying process is complex [18]. For this reason, many drying models have been used to study the drying process for wheat grain piles [19]. There are more than 100 different thin-layer drying models based on semi-theoretical models and the empirical models used in grain piles under different drying conditions [20]. For the semi-theoretical models, researchers have usually proposed the drying models based on Newton’s law of cooling, Fick’s second law of diffusion [21,22,23,24,25,26], and relevant experiments. For the empirical models, scholars have derived models from relevant experimental data, such as the Wang and Singh model, the Thompson model, the Weibull distribution models, etc. [27,28,29]. Compared with the empirical models, the semi-theoretical models consider the fundamentals of the drying process, so they do not require assumptions regarding the geometry of a typical grain and are more suitable for the drying of porous media [30]. Moreover, the semi-theoretical models have fewer limitations in simulating the drying process of wheat piles compared with the empirical model, as they consider the related theories [30].



Previous studies have indicated that the distribution of porosity and the drying model have a significant impact on the heat and moisture transfer inside a wheat pile. However, the literature is still lacking in terms of the process of drying inside a mesoscale wheat pile based on the thin-layer drying models, especially under the condition of non-uniform porosity. Therefore, this study took a wheat grain pile of a mesoscale silo as the research object. The drying behaviors inside the wheat grain pile of a mesoscale silo were studied through a self-designed program leading into the thin-layer drying model based on the heat and mass transfer theory of porous media. The effect of different porosities on the drying process was also studied. The effectiveness of this numerical simulation method was verified by comparing the numerical simulation results with the experimental result. In addition, the effect of different ventilation cage heights, ventilation temperatures, and ventilation rates on the temperature and moisture changes in wheat grain piles were also studied.




2. Materials and Methods


2.1. Materials


The wheat used in this study was Zhoumai 22 hybrid wheat, harvested in 2021. The harvested wheat was filtered through a pneumatic conveyor to remove the broken kernels and foreign impurities. The average moisture content was approximately 12.5%, and the average density of wheat in the silo was approximately 800 kg/m3.




2.2. Experimental Apparatus


The heat and moisture transfer test of the wheat grain pile in the silo adopts the multi-field coupling simulation test platform built by the research group. The platform is composed of six parts: the grain storage silo, ventilation regulation system, servo flexible loading control system, constant temperature control system, temperature detection system, and computer control system. There is a cavity region at the bottom of the silo, and ventilation cages near the silo walls were connected to that area. Small circular holes with a diameter of 3 mm were evenly distributed on the surface of the ventilation cage. The air flow was pressed by the fan and filled the cavity region at the bottom of the silo. Then, the air flow entered the ventilation cage near the wall of the silo and continued to move upwards along the height of the ventilation cage, entering the interior of the grain pile from the holes on the surface of the ventilation cage. Finally, the air flow was discharged through the air outlet on the top of the silo (as shown in Figure 1c).



As is shown in Figure 1b, the grain storage silo consists of a cylindrical body and a conical roof. The inner diameter of the silo is 1.5 m, the height is 3.0 m, and the maximum grain loading height is 3.0 m. Four sensor cable outlets and five sampling ports were installed on the wall of the soil. The height of the warehouse top was 0.8 m, with a slope of 45°. Two vents and servo flexible loading control system loading ports were reserved. The insulation materials were used on the outer surface of the experimental silo to ensure the heat insulation performance. Four air ducts with a height of 2.2 m and an aperture of 3 mm at equal intervals were set into the inner wall of the silo. To eliminate errors caused by the sensor’s movement during grain loading, a horizontal bracket was installed on each layer inside the silo to fix the position of the temperature sensor.



The drying method used in this paper was low-temperature ventilation drying. The temperature control system regulated the temperature and humidity of the ambient air sucked in by the axial flow fan. After reaching the set target temperature and stabilizing it, the ventilation system was activated to send cold air into the interior of the grain pile through a ventilation cage at the inner wall of the silo, and the cold air supplied to the wheat piles exchanged the heat with the grain particles to achieve the cooling effect in the grain pile. To ensure that the temperature of the ventilation air was lower than that of the wheat pile, a refrigeration machine was used to control the ventilation temperature. To reduce the impact of the environmental temperature on the supply air temperature and humidity inside of external pipelines during the ventilation process, insulation treatment was carried out on it. The outer walls of the silo and its bottom were also thermally insulated to reduce the impact of the environmental temperature.



To study the variation in temperature and water content inside the wheat grain pile under ventilation, each system of the test platform was inspected and debugged using measuring instruments before testing. The temperature sensors were arranged according to the test plan. A total of fourteen temperature sensors are arranged inside the silo to record temperature changes at different positions. One temperature and one humidity sensor in the air inlet at the bottom of the silo were installed to record the temperature and humidity of the diffuser, respectively. The sensors position was shown by the red dot in Figure 2. Of note, the measured data were also used as the inlet boundary conditions for numerical simulation research in a later section. The measurement point positions are shown in Figure 2.




2.3. Numerical Simulation Models and Methods


2.3.1. Fluid Transport Equations


Generally, the grain piles were considered as porous media when conducting numerical simulation research on mechanical ventilation [31]. The control equations for internal flow and coupled heat and moisture transfer in grain piles will now be given.



The continuity equation is obtained as follows [32]:


    ∂ ( ε  ρ a  )   ∂ t   + ∇ ⋅ ( ε  ρ a   v →  ) = 0  



(1)




where  ε  is the porosity;    ρ a    is the air density;  t  is the time;    v →    is the vector velocity of air; and  ∇  is a vector symbol representing divergence.



The moisture transfer equation is expressed as [33]:


    ∂ ( ε  ρ a  w )   ∂ t   + ∇ ⋅ ( ε  ρ a   v →  w ) = ∇ ⋅ ( ε  ρ a   D  e f f   ∇ w ) +  S w   



(2)




where  w  is the absolute moisture content in the air between grains;    D  e f f     is the effective diffusion coefficient of water vapor; and    S w    represents the moisture source terms for the moisture absorption and desorption of grain particles in the porous medium domain of grain piles, which can be expressed as:


   S w  = ( 1 − ε )  ρ t    ∂ W   ∂ t    



(3)




where  W  is the moisture in wheat piles, and    ρ t    is the density of the grain kernels on a dry basis.



The momentum conservation equation was expressed as [34]:


    ∂ ( ε  ρ a   v →  )   ∂ t   + ∇ ⋅ ( ε  ρ a   v →   v →  ) = − ε ∇ p + ∇ ⋅ ( ε μ ∇  v →  ) +  S i   



(4)




where   ∇ p   is the pressure gradient;  μ  is the air viscosity; and    S i    is the source term of the momentum equation in the porous media of grain piles, which can be expressed as:


   S i  = − (  μ α   v →  +    C 2   ρ a   2     v →     v →  )  



(5)




where  μ  is the air viscosity,  α  is the viscous resistance coefficient, and    C 2    is the inertial drag coefficient. The viscous resistance coefficient and the inertial drag coefficient can be expressed as follows:


   1 α  =   150 μ     1 − ε    2    d  p 2   ε 3    ν  



(6)






   C 2  =   150 μ     1 − ε    2    d  p 2   ε 3    ν +   1.75  ρ a    1 − ε     d p ε    ν 2   



(7)







The energy transfer equation based on the local equilibrium heat model of porous media (air temperature equal to grain temperature) is expressed as [34]:


    ∂ ( ε  ρ a   C  p a    T a  + ( 1 − ε )  ρ g   C  p g    T a  )   ∂ t   + ∇ ⋅ ( ε  ρ a   v →   C  p a    T a  ) = ∇ ⋅ ( ε  k  e f f   ∇  T a  ) +  S h   



(8)




where    ρ g    is the volume density of the grain piles;    T a    is the temperature;    K  e f f     is the effective thermal conductivity of the grain pile; and    S h    is the energy source term for the grain pile domain, which can be expressed as:


   S h  = ( 1 − ε )  ρ t    ∂ W   ∂ t    h v   



(9)




where    h v    is the latent heat of evaporation of water.




2.3.2. Thin-Layer Drying Model


The drying of the grain pile is a complex process that involves both heat and moisture transfer. A modified dual-parameter thin-layer drying model was used in this paper to study the drying behaviors inside the wheat pile during mechanical ventilation. The modified dual-parameter model can be expressed as follows [18]:


    ∂ W   ∂ t   = − k n  t  n − 1   ( W − W e )  



(10)




where  t  is the time, and its unit is minutes;  k  and  n  are the empirical coefficients of the grain drying model, respectively, which can be expressed as   k = 2.8 ×   10   − 3   ×  e  0.059 T   ×  r  − 0.139   ×  v  0.025     and   n = 0.784  , respectively;   W e   is the equilibrium moisture for the dry basis grain;  W  is the dry basis moisture of the grain at time t;  r  is the relative humidity of dry air;   r ≤ 0.99  ,  v  is the dry air velocity; and  T  is the temperature of the dry air.



The semi-empirical equation of equilibrium moisture is as follows [18]:


  W e = (  C 1  +  C 2  T )   (  r  1 − r   )    1   C 3       



(11)




where    C 1   ,    C 2   , and    C 3    are the empirical coefficients of the model, with values of 0.129, −6.460 × 10−4, and 2.944 [18], respectively.




2.3.3. Mesh Model and Parameter Settings


To ensure comparability with the experimental results, the scale of the CFD model and the experimental model is 1:1, as shown in Figure 3. A tetrahedral mesh partitioning scheme was adopted after optimizing the geometric model of the silo. The total grid number was 680,000, and the transient calculation time step (i.e., time interval) was set as 6 s.



The inlet of the model of numerical simulation was set as the mass flow inlet with the value of 0.51 kg/s. The outlet of the numerical model was set as the pressure outlet. Considering that the walls of the silo were all insulated during the experiment, the wall of the silo for the numerical simulation was set as a non-slip adiabatic wall. To maintain consistency with the experiment, the initial temperature of the wheat pile in the numerical simulation was defined based on the average temperature of each layer measured experimentally before conducting low-temperature ventilation drying. The initial temperature of the first layer was 33.7 °C, the initial second layer was 34 °C, the initial temperature of the third layer was 28.4 °C, and the initial temperature of the fourth layer was 25 °C. The density of wheat was set as 800 kg/m3, and the initial dry basis moisture content was 12.5%. The temperature of drying air was set as 15.7 °C, and its relative humidity was 60%. In addition, the internal pressure caused by self-weight was relatively large due to the 3 m height of the wheat pile, resulting in a non-uniform distribution of porosity inside the grain pile. Therefore, the porous medium model in simulation adopted a non-uniform porosity distribution to maintain consistency with the experiment, and the effect of the uniform porosity condition on numerical simulation results was specially studied here.



Considering both simulation accuracy and time, the convergence residuals of the continuity equation, momentum equation, and air moisture transfer equation were set as 1.0 × 10−3, and the value for the energy equation was set as 1.0 × 10−6. The pressure–velocity decoupling method utilizes the SIMPLEC algorithm. The relaxation factor of energy and UDS was set as 0.8, and the transient equation scheme was set as first-order implicit. Moreover, the viscous resistance coefficient and inertial resistance coefficient were calculated using the Ergun equation [35] with values of 2.21 × 107 m−2 and 1.15 × 103 m−1, respectively.



The non-uniform porosity distribution formula of wheat grain piles in silos in this study is as follows [19], with the variation range of non-uniform porosity with a depth of 0.37–0.42 being obtained via Equation (10), and the average value of 0.40 being taken as the uniform porosity:


  ε =  ε 0  − (  ε 0  −  ε  min   ) ⋅ ( 1 + 0.016  H b  + 0.002 t − 1.013 )  



(12)




where    H b    is the depth of the grain unit body;  ε  is the porosity of the grain pile at the corresponding depth    H b   ;    ε 0    is the initial porosity;    ε  min     is the minimum porosity inside the grain pile, which can be considered as the porosity of the bottom surface of the grain pile; and  t  is the storage time of wheat, in the numerical simulation of this paper,   t ≤ 720 h  .



Before the ventilation test was conducted, the wheat in the silo was subjected to static treatment to achieve an equilibrium state between the temperature of the wheat pile and the temperature of the air inside the pores. Hence, the initial temperature of the wheat piles and the initial temperature of the air inside the wheat piles were set to be the same. Then, the cold air was supplied to the wheat piles through the ventilation cage, and the cold air entering the inside of the wheat pile would undergo heat exchange with the grain pile to achieve the purpose of drying.






3. Results and Discussion


3.1. Verification of Numerical Simulation Method


The following was carried out in order to verify the effectiveness of numerical simulation methods and study the influence of porosity distribution on the temperature and moisture content distribution of a wheat grain pile under the thin-layer drying model. First, the simulation results were compared with the experimental results. Figure 4 shows the comparison of the experimental and simulated temperature of each layer and the overall average temperature of the wheat pile after 88 h of mechanical ventilation. Overall, the numerical results at various layers agree with the experimental measurements, while the results show that the non-uniform porosity distribution is improved with the trend in the experiment compared with the uniform porosity distribution.



The difference in the predicted results between the two porosity distribution models gradually increases as the ventilation time increases, especially at the first layer (Figure 4a). The maximum difference occurs at the moment after the end of ventilation, where the predicted values of the non-uniform porosity distribution model are basically consistent with the experimental results, while the uniform porosity distribution model overestimates a cooling of approximately 1 °C. The reason for the above differences is that the first measurement point is closest to the bottom of the silo, with the smallest porosity under non-uniform porosity distribution (value 0.37), while the corresponding value of the uniform porosity distribution model is 0.40. Therefore, during the ventilation process, the decrease in porosity increases the airflow resistance of ventilation, and the increase in density also increases the heat absorbed by the wheat during drying in this area. Ultimately, the predicted results for the cooling of the non-uniform porosity distribution model during ventilation and cooling are slower compared to the uniform distribution model. For the other layers, as the depth of the grain layer decreases, the difference in porosity distribution between the two models decreases, resulting in the predicted difference between the two porosity distributions also decreasing. The maximum temperature differences from the first layer to the fourth layer were 1 °C, 0.67 °C, 0.45 °C, and 0.27 °C, respectively.



The cooling rate of two porosity distribution models was faster compared with the experimental results. However, the non-uniform porosity distribution model showed better agreement with the experiment during the entire ventilation process. This was particularly true in the first and second layers of the wheat pile, where the predicted results of the two models differed significantly. For the model with non-uniform porosity distribution, there was a small difference between the simulated and experimental results of each grain layer from 0 h to 10 h and from 60 h to 88 h. The maximum error occurred in the fourth layer with a value of 0.9 °C, while the maximum error value at that area of the uniform porosity distribution was 1.18 °C. During the ventilation period from 10 h to 60 h, there was a relatively large difference between the simulated and experimental results. For the non-uniform porosity distribution, the maximum error occurred in the fourth layer with a value of 1.68 °C, while the corresponding value for the uniform porosity distribution was 1.94 °C. The reason for this is that the experimental conditions were not stable due to environmental factors, the silo structure, and the internal air duct layout. This resulted in significant errors between the experimental and simulated results for each layer at this stage. Additionally, due to the high air velocity in the pores of the wheat particles on the third and fourth layers, the experimental values may first receive the external input of cold air, leading to significant fluctuations.



Although two porosity distribution models can reflect the temperature variation trend in the experimental results, the non-uniform porosity distribution model has a better fit in terms of predicting the temperature change results for the entire ventilation process.




3.2. Influence of Different Ventilation Conditions


Different ventilation conditions will affect the drying behaviors inside the wheat pile under the action of mechanical ventilation. Concerning the low-temperature ventilation drying experiment on the wheat pile mentioned in Section 3.1, the temperature in the middle and lower parts of the wheat pile was higher than that in the other parts. To analyze and solve the problem of an unfavorable temperature distribution during the ventilation process, this section takes the average temperature of 34 °C and water content of 12.5% at the time of wheat storage as the initial conditions. To study the influence of different ventilation cage heights and different ventilation temperatures on the drying behaviors, a typical cross-section of the silo (located at the vertical section of the measurement point arrangement, as shown in Figure 2) was selected to analysis the flow field and temperature field.



3.2.1. Influence of Different Ventilation Cage Heights


This section investigates the effect of different ventilation cage heights on wheat drying, considering a non-uniform porosity distribution. The streamline diagrams of the ventilation cage on the inner wall of the silo at heights of 2.1 m, 1.4 m, and 0.7 m are shown in Figure 5.



Overall, the external airflow under three conditions reaches the perforated ventilation cage on the inner wall of the silo along the ventilation duct, and the airflow inside the cage is divided into two parts. A part of the airflow continues to flow along the height direction of the ventilation cage until it reaches the closed port at the top of the ventilation cage. After entering the interior of the wheat pile along the height direction of the silo, it is discharged from the outlet located at the silo roof. The other part of the airflow enters the interior of the wheat pile, travelling upward radially through the openings on the surface of the ventilation cage. The airflow then converges in the middle of the wheat pile and flows upward along the height direction of the silo, before being discharged from the top outlet of the silo. The difference is that the area affected by radial airflow inside the grain pile becomes larger as the height of the ventilation cage on the inner wall of the warehouse increases. From the perspective of streamline distribution, there is no ventilation dead angle problem in any of the three arrangements. The low-speed distribution area at the bottom of the silo gradually decreases with the decreases in the height of the ventilation. Compared with the other conditions, the airflow distribution inside the wheat pile was relatively uniform when the height of the ventilation cage was 0.7 m.



Figure 6 shows the temperature distribution clouds inside the grain pile at different times when the ventilation cage height on the inner wall of the warehouse was 2.1 m, 1.4 m, and 0.7 m, respectively. The airflow velocity inside the wheat pile below the height of the ventilation cage was relatively small when the height of the ventilation cage was 2.1 m (Figure 6a). The low-temperature airflow entering the grain pile along the surface of the ventilation cage caused the wheat particles on the surface to cool down. Therefore, a phenomenon of a cold skin and a hot core caused by temperature accumulation formed in this region. Although the gathering area of high temperature decreased with the increase in ventilation time, the maximum temperature inside the wheat pile at the end of the ventilation was still as high as 26.9 °C. This indicates the relative inefficiency of the entire 96 h ventilation cooling cycle.



The characteristics of the temperature distribution of the wheat pile when the height of the ventilation cage was 2.1 m were similar when the height of the ventilation cage was 1.4 m (Figure 6b). Although the gathering area of high temperature decreased with the decrease in the height of the ventilation cage, the highest temperature inside the wheat pile also reached 20.6 °C at the end of the ventilation. This indicates that the phenomenon of a cold skin and a hot core still did not disappear. The temperature inside the wheat pile decreased significantly faster than the other two cases when the height of the ventilation cage was 0.7 m (Figure 6c). The highest temperature inside the wheat pile was only 19.4 °C when it was continuously ventilated for 24 h; however, its high-temperature area was located in the middle and upper parts of the wheat layer (the other two cases were located in the middle and lower parts of the two layers). The reason for this is that the lower height of the ventilation cage causes the ventilation in the middle and lower parts of the wheat pile to be more sufficient (as shown in Figure 6). A high-temperature area appears at the end of the air flow in the middle and upper parts of the grain pile, while this phenomenon will gradually disappear as the ventilation time increases.



Overall, different height arrangements of ventilation cages in the inner walls of the silo can cause differences in the temperature distribution inside the wheat pile. According to the analysis above, a ventilation cage height of 0.7 m in the silo had a better cooling effect. Therefore, based on this ventilation arrangement, specific analysis will be conducted on the temperature and moisture content changes in grain piles with different ventilation temperatures in the following section.




3.2.2. Influence of Different Ventilation Temperatures


To study the effect of the ventilation temperature on the distribution of temperature and moisture content inside the wheat pile, numerical simulations were conducted on the wheat pile with an initial temperature of 34 °C and an initial moisture content of 12.50%. Three conditions of different ventilation temperatures of 15 °C, 17 °C, and 19 °C were studied.



Figure 7 shows the temperature distribution cloud map inside the wheat pile under continuous ventilation with different ventilation temperatures of 15 °C, 17 °C, and 19 °C for 24 h. The highest temperatures inside the wheat pile of at temperatures of 15 °C, 17 °C, and 19 °C were 29.32 °C, 29.44 °C, and 29.63 °C, respectively. The low-temperature air enters the wheat pile, then generates a strong heat exchange with wheat particles, causing a cold front surface toward the interior of the grain pile. However, the area of the low-temperature cold front inside the wheat pile was smaller due to the shorter ventilation time, and the size of the cold front decreased with the increase in ventilation temperature. The areas of high temperature were all concentrated in the center of the wheat pile, and the area covered by the high temperature increased with the increase in ventilation temperature. This may be due to the fact that the direction of the incoming air flow tends to be horizontal as the height of the ventilation cage decreases, causing low-speed cold air in the middle and lower parts to collect in the middle. Then, they flowed out along the grain surface in an upward direction. When the ventilation temperature increases, the amount of heat absorbed by the cooling airflow decreases, resulting in an increase in the area of high temperature.



Figure 8 shows the temperature distribution cloud map inside the wheat pile under continuous ventilation with the different ventilation temperatures of 15 °C, 17 °C, and 19 °C for 48 h. At this time, the highest temperature inside the wheat pile at the three temperatures of 15 °C, 17 °C, and 19 °C decreased to 19.97 °C, 20.93 °C, and 21.99 °C, respectively. Compared with the results of the 24 h experiment, the area of the cold front inside the wheat pile gradually increased with the increased ventilation time, and the overall temperature inside the wheat pile significantly decreased. Moreover, the temperature stratification characteristics were also not as obvious as they were at 24 h. In addition, the highest temperature inside the wheat pile represented a ventilation temperature decrease of 15 °C, compared with 9.35 °C at 24 h. This indicates that a lower ventilation temperature causes the temperature inside the wheat pile to decrease faster under the same ventilation rate conditions.



Figure 9 shows the temperature distribution cloud map inside the wheat pile under continuous ventilation with the different ventilation temperatures of 15 °C, 17 °C, and 19 °C for 96 h. With these temperatures of 15 °C, 17 °C, and 19 °C, the highest temperature inside the wheat pile decreased to 16.45 °C, 18.48 °C, and 20.34 °C, respectively. The maximum temperature difference in three cases inside the silo did not exceed 3 °C. The cold front area inside the wheat pile continued to increase as the ventilation time increased. The temperature of most areas inside the wheat pile was consistent, and the area of high-temperature accumulation in the middle of the grain surface also disappeared with the increased ventilation time. However, the high-temperature area near the ventilation cage inside the wheat pile still existed. The reason for this is that the temperature of the wheat pile decreased and the vapor pressure of the air around the grain particles increased when cold air was fed into the grain pile, which promoted moisture absorption and heat release in the wheat particles. Overall, the temperature variation in three cases showed a gradual trend toward a uniform distribution.



Figure 10 shows the distribution of the dry-basis moisture content in the wheat pile under continuous ventilation conditions at 15 °C, 17 °C, and 19 °C for 24 h. Affected by the cooling cold air, the temperature near the ventilation cage was lower than in the other regions, resulting in a change in the vapor pressure of the air inside the wheat pile. That led the equilibrium moisture content located in this area to be greater than the initial moisture content of the grain. This resulted in the phenomenon of moisture absorption of the wheat particles and the formation of an obvious re-humidification area. The moisture content of the wheat pile in this area increased from the initial 12.50% to 12.80%. Although the relative humidity of ventilation is 60%, the absolute humidity of the supplied air varies due to the different ventilation temperatures, which also affects the water transport inside the grain pile. Moreover, there is a high-temperature-accumulation area in the middle of the grain surface (as shown in Figure 7), and a high degree of moisture also accumulates in this area. The main reason for this is the wheat surface at the end of the ventilation path will exhibit significant hysteresis under the influence of ventilation.



Figure 11 shows the distribution of the dry basis moisture content in the wheat pile under continuous ventilation conditions at 15 °C, 17 °C, and 19 °C for 48 h. Compared with the results at 24 h, the internal moisture content inside the wheat pile was been slightly reduced with the increase in ventilation time. The relatively high moisture content area located in the middle and upper part inside the wheat pile also disappeared. The reason for this is the moisture content inside the wheat pile was low in a ventilation and cooling environment, resulting in a smaller rate of moisture loss. However, the moisture content located near the ventilation cage did not reach the equilibrium moisture content, resulting in the moisture content and its coverage area increasing in this area. Moreover, the difference in the values of the moisture content between the highest and lowest of the three cases was not very significant inside the wheat pile. But for the distribution of moisture content inside the wheat pile, the area with high moisture coverage in the middle of the grain pile was the smallest when the ventilation temperature was 15 °C.



Figure 12 shows the distribution of the dry-basis moisture content in the wheat pile under continuous ventilation conditions at 15 °C, 17 °C, and 19 °C for 96 h. The re-humidification area inside the wheat pile still increased with the increased ventilation time, but the moisture content in the other parts inside the wheat pile gradually stabilized. Moreover, the average moisture content inside the wheat pile under the three temperatures of 15 °C, 17 °C, and 19 °C decreased from the initial 12.50% to 12.28%, 12.29%, and 12.30%, respectively. This indicates that the three ventilation conditions have good water retention effects.






4. Conclusions


We studied the drying behaviors of the low-temperature ventilation and drying of a wheat pile, considering the non-uniform distribution of porosity. A self-designed program based on the thin-layering drying model was carried out to study the influence of non-uniform porosity on the drying process of a wheat pile under different ventilation conditions. The research results can predict and analyze the changes in the temperature field of the wheat piles, facilitating the formulation of effective control measures to reduce grain spoilage during storage, maintain the quality of grain, and ensure the safety of grain storage. The main conclusions drawn are as follows.



	1.

	
By comparing the results with experimental data, the present method was verified as being capable of accurately reproducing the temperature and moisture content of a wheat pile inside a mesoscale silo.




	2.

	
The non-uniform porosity distribution model can better reflect the actual storage situation inside the wheat grain piles, and its predictive ability in terms of temperature and moisture is also greater than that of the uniform porosity distribution model.




	3.

	
For different ventilation cage heights, there is a certain similarity in the distribution of flow lines in silos. Some of the airflow will directly enter the wheat pile after entering the ventilation cage, while the other parts will flow along the height direction of the ventilation cage to the top of the ventilation cage before entering the wheat pile. The high-speed airflow area will decrease as the height of the ventilation cage increases. When the height of the ventilation cage is 0.7 m, the area covered by the high-speed flow of the grain pile is larger, and the efficiency of ventilation and cooling is higher.




	4.

	
The high-temperature accumulation areas inside the wheat grain pile disappear faster as the ventilation temperature decreases, and the rewetting area near the ventilation cage inside the wheat grain pile gradually expands with the increase in ventilation time.
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Figure 1. Schematic diagram of the composition of the multi-field coupling test platform for the grain storage environment: (a) platform system; (b) grain storage cylinder; (c) ventilation path. 
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Figure 2. Schematic diagram of measurement points: (a) vertical section measurement point position; (b) horizontal section measurement point position. 
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Figure 3. Geometric mesh of the numerical model. 
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Figure 4. Experiment and simulation comparison of wheat grain pile temperature: (a) average temperature of the first layer; (b) average temperature of the second layer; (c) average temperature of the third layer; (d) average temperature of the fourth layer; (e) overall average temperature. 
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Figure 5. Flow field streamline and velocity distribution: (a) 2.1 m; (b) 1.4 m; (c) 0.7 m. 






Figure 5. Flow field streamline and velocity distribution: (a) 2.1 m; (b) 1.4 m; (c) 0.7 m.



[image: Applsci 14 00096 g005]







[image: Ap