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Tobacco drying is an important part in the whole process of cigarette production, and its quality is directly related to the quality of cigarettes. CTD (Comas Tower Dryer) is a new type of airflow dryer, which is widely used in the tobacco industry because of its high drying efficiency. In actual production, the uneven outlet of the tobacco cutter leads to a stacking phenomenon, which affects the subsequent process of production. In this paper, the distribution of the internal flow field of the drying tower was studied from the aspects of the overlap degree of the orifice plate and deformation of the top structure at the top of the drying tower to explore the way to optimize the inner flow field to lead to the uneven distribution of the outlet. The results show that the structure whose contact position between the wall and the outlet extending outward can improve the uniformity of the outlet, while the overlap degree of the orifice plate had no effect on the uniformity of the outlet.
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1 INTRODUCTION
The tobacco industry has become one of the important pillar industries in China in recent years. It is of great significance in promoting the development of the national economy and has developed steadily and rapidly. With the continuous development of tobacco technology, domestic tobacco enterprises constantly update and perfect their equipment to improve the quality of the tobacco cutter. Tobacco drying is a crucial part in the whole process of tobacco production, which directly affects the taste and quality of the tobacco cutter and the benefit of enterprises. The main drying process in the tobacco industry is drum drying and airflow drying at present. With the advantage of high drying rate and short drying time, airflow drying has been more chosen by domestic tobacco industries. The CTD (Comas Tower Dryers) from the Italian company COMAS was introduced into the domestic tobacco industry because of its advantages like small footprint and low maintenance difficulty. In the actual drying process, however, the equipment has the following problems: the distribution of the tobacco cutter at the outlet is nonuniform, and the phenomenon of material blocking appears easily. Blocking materials is not conducive to the subsequent process development and unloading which not only affects the quality of cigarettes but also wastes energy. The distribution of the outlet tobacco cutter of a drying tower used is shown in Figure 1. Therefore, to study the uniformity of the tobacco cutter at the outlet is one of the preconditions to improve the quality of the tobacco cutter.
[image: Figure 1]FIGURE 1 | Tobacco cutter outlet.
Therefore, many scholars have invested a lot of resources and energy to study the drying process of the tobacco cutter and improve its technological parameters and structure, providing ideas and a theoretical basis for further improving the outlet uniformity. In the aspect of parameter optimization, Zhou et al. (Zhou et al., 2018) proposed an MSR-RBF-ARX model for the drum tobacco dryer to simulate the drying characteristics of the tobacco particles, and simulation results showed that the phenomenon of dry ends of tobacco could be greatly reduced by the control of the input variables. Poós et al. (Poós and Örvös, 2012) established a mathematical model and volumetric heat transfer coefficient to study the heat transfer characteristics in different driers, making it possible to calculate some parameters in the drying process. Bi et al. (Bi et al., 2020) proposed a new type of intelligent control system based on the PID control and concluded that the new control system could make the drying process more consistent by comparing it with the traditional control through experiments. Yi (Zhang, 2016) proposed a new dual control with the predictive PI control. Simulation experiments were used to verify the control effect, which showed that the algorithm had good control performance and can make the water content of the tobacco cutter more stable. Wu et al. (Wu et al., 2017) proposed a process control method based on the fuzzy neural network for intensive tobacco baking and verified the accuracy of the method by the production data. Bao et al. (Bao and Wang, 2016) used CFD to simulate the tobacco drying by heat pump technology and presented the data analysis. The results were consistent with the experiment data, indicating that the method can control the drying process of the porous media. Zhu et al. (Zhu et al., 2014) used the thermogravimetric analysis method to measure the thermal characteristics of flue-cured tobacco on the experimental platform of constant temperature and humidity. The results showed that the TPS method had better measurement accuracy. In addition, a prediction model of thermal conductivity of stacked tobacco was established, and the experiment showed that the model had a better prediction accuracy of thermal conductivity. Wei et al. (Wei et al., 2018) roasted the Yunyan 87 tobacco in an electric oven and measured the moisture status of tobacco leaves in the process by low-field nuclear magnetic resonance imaging technology. The experiment showed that the drying efficiency of tobacco leaves with stems was lower than that of tobacco without stems. Long et al. (Long et al., 2018) studied the physicochemical and sensory changes of middle-grade and low-grade cigarettes by the re-drying and humidification experiment and found that the SM-LTSR technology can make the middle- and high-grade cigarette better, while the SWM-HTR technology was suitable for low-grade cigarettes. Wang et al. (Wang et al., 2014) studied the effects of tobacco drying on the pyrolysis and combustion characteristics by means of experimental analysis and pointed out that the use of high temperature in the drying process could reduce harmful components in the smoke. Geng et al. (Geng et al., 2013a) studied the drying characteristics of the flexible filamentous particles in a drum and revealed the influence of variables on particle behavior such as speed, gas flow, and material flow. Gu et al. (Gu et al., 2014) simulated the heating process of a rotary dryer through experiments. A mathematical model of heat and mass transfer was established to study the influence of moisture content and humidity on flexible filamentous particles, and the results of temperature and humidity of particles under different operating conditions were obtained. Geng et al. (Geng et al., 2013b) simulated the mixing process of flexible filamentous particles in the cross section of the drum dryer and discussed the effects of the particle flying height, drum speed, and load on the overall motion. Geng et al. (Geng et al., 2011) took flexible filamentous particles as a rigid chain structure to simulate the dynamic process on the cross section of rotary dryer and discussed the influence of rotational speed and flight azimuth on the drying process. The results were in good agreement with the experimental results of video imaging under the same condition. In terms of the structural optimization, Bo (Hong, 2013) studied the principle work of airflow drying and the drying characteristics of tobacco through experiments and analyzed and proposed solutions for problems such as the blockage at the inlet and the evaluation of the oxygen content parameter. Xin (Zhang, 2018) used a prediction model of air drying by building an experimental hot air drying device. The drying process of the tobacco cutter was simulated with Fluent, and the structure of the drying machine was modified. The results showed that the effect of the drying tower was improved after the modification. Chin et al. (Chin and Law, 2014) used a two-stage drying method to dry the Ganoderma lucidum, and the results showed that compared with single-stage drying, this method had a shorter time and higher drying efficiency in the whole. It can be seen from the literature that it optimizes the drying process with the process parameters and process control methods to provide a certain guidance and theoretical basis to study the uniformity of the tobacco cutter outlet. However, very limited work considers the water uniformity at the tobacco cutter outlet during the drying process. It is crucial to study the influence factors of the uniformity of the tobacco at the outlet to optimize the structure to make the drying effect of the tobacco cutter more consistent.
In literature, the structure optimization of the drying tower is very little. The reason is that most of the drying towers used in the tobacco industry are directly introduced from the manufactures, while if changing the structure one may meet unexpected difficulties such as the production stoppage. It will cost labor and material resources if it turns out during the experiments that the structural optimization is not necessarily suitable for the dryer towers. Hence, there are few studies on whether the tower structure will influence the uniformity at the outlet. In order to address this current issue, the Fluent software (version 2020) is used in this paper to simulate the tobacco drying process from the aspects of the orifice plate dislocation and outlet reconstruction of the drying tower. The optimized structure was obtained, providing certain guidance for the improvement of the tobacco uniformity at the outlet. The structure of the drying tower is optimized to reveal the influence of the orifice plate structure change on the flow field. The change of the flow field is also analyzed by modifying the top structure of the drying tower.
2 PROBLEM DESCRIPTION
2.1 CTD Structure
The basic principle of CTD is shown in Figure 2. After passing a series of auxiliary equipment, the tobacco cutter enters into the loosening device and was fully loosened by the high-frequency vibration then enters into the expansion unit with high-speed steam and hot air. The steam injection makes the tobacco cutter contact with as much amount of the steam as possible in a narrow range. On the one hand, the moisture inside the tobacco is discharged to the surface; on the other hand, the tobacco cutter can have a good deformation during the process. The tobacco cutter is pushed into the vertical drying section under the joint action of superheated steam and hot working air. Meeting with the working air mixed with the superheated steam, the moisture in the tobacco is taken by the working air, and the tobacco will move upward with the air. The dried and dehumidified tobacco cutter is separated from the air flow through the separator and begins to enter the next stage. The working air enters from the hot air inlet which can be divided into two parts. Part of the air passes through the orifice plate structure to become uniform and enters the vertical drying section through the air homogenizer. The other part is mixed with the superheated steam injected to act on the loose tobacco cutter and transport tobacco to the drying tower.
[image: Figure 2]FIGURE 2 | Flowchart of CTD.
2.2 Problem Description
In the actual production of the CTD drying tower, the tobacco cutter reaches the outlet after passing through the dryer and is sent out from the outlet through the transition structure. The distribution of the tobacco cutter at the outlet presents an uneven phenomenon; that means, the tobacco is less on the left side and more on the right side. Therefore, it is necessary to solve this problem because the tobacco will stack in the dryer.
From the view of the structure, there are two places that may cause the uniformity: one is the orifice plate structure and the other is the vertical upward wall at the top of the drying tower. In the CTD drying tower, the orifice plate is a double-layer structure, and the overlap degree will significantly affect the flow field in the drying tower. The upward working air near the outlet at the top of the drying tower forms resistance, resulting in nonuniformity. It should be noted that only the speed difference caused by the holes on the orifice plate is reduced. That is to say, the air at the lower/upper part of the homogenizer flows to the middle to form a hedge when meeting the circular plate and merges with the air at the lower part. If the air velocity distribution was significantly different after passing through the orifice plate, the nonuniformity still produces only the velocity gradient in the same section which is reduced after the fusion, which is beneficial to the drying process.
3 CTD STRUCTURE OPTIMIZATION
3.1 Physical Model
The overall grid of the dryer is shown in Figure 3. The hexahedron is used at regular parts of the mesh model, and the tetrahedron is used in the transition part. The mesh is encrypted at the homogenizer and orifice plate for its thickness of about 3 orders of magnitude different from the size of the overall model. Three boundary conditions are included in the calculation model. The boundary conditions of the inlet consist of tobacco inlet velocity and steam inlet velocity. The outlet boundary conditions include the outlet pressure boundary conditions of the dryer. The wall boundary conditions are solid boundary conditions such as cylinder, orifice plate, and homogenizer.
[image: Figure 3]FIGURE 3 | Simulation model of the CTD drying tower.
The inlet boundary is the velocity inlet, the direction is normal, and the turbulence intensity is [image: image].The details are shown in Table 1.
TABLE 1 | Inlet boundary conditions.
[image: Table 1]pressure outlet is used as the overflow boundary, and the default parameters are adopted. The non-slip solid boundary condition is used when the wall is outer, and the turbulent wall function is used while the wall is nearer. The tobacco particles are based on the DPM settings. Ignoring the change of the water content, only the influence of the OPS and OS of the upper drying tower is studied during the simulation process.
Before calculation, the grid independence is verified first.
It is shown in Figure 4 that when the grid reaches 500,000, the outlet maximum error is significantly reduced, so the grid has been taken as the standard in subsequent calculations. After the grid independence verification, the simulation analysis is started.
[image: Figure 4]FIGURE 4 | Grid independence analysis.
The optimization of the OPS is a process that the two orifice plates overlap at the beginning, then one of the orifice plates is rotated until they overlap again. Six models are designed during the process: OPS1 is the model at beginning, and the angle from the beginning to overlap again is 60°. Each model is designed with a 10° increase of the angle, and the OPS is shown in Figure 5.
[image: Figure 5]FIGURE 5 | The models of six orifice plate structures.
3.2 Simulation Results of the Six OPS Models
The velocity field results of the six OPS models are shown in Figure 6. It is shown in Figure 6 that the velocity increases along the circular direction, and the lowest velocity is in the bottom of the middle part of the outlet section, while the velocity of both ends of the outlet section is larger. What is more, the largest velocity of OPS1–OPS6 is 36.35, 36.25, 36.16, 35.98, 36.09, and 36.27 m/s, respectively. The average velocity of the outlet is 28.67, 28.70, 28, 70, 28.70, 28.69, and 28.68 m/s, respectively. From the perspective of maximum and average velocity of the tobacco cutter outlet section, the OPS1 orifice plate structure has the worst performance in uniformity, while OPS4 and OPS5 have better performance. The reason is that the average velocity of the outlet section is almost the same for the six structures, but the OPS1 structure has a large velocity variance and its fluctuation is relatively larger than those of other structures.
[image: Figure 6]FIGURE 6 | The results of the velocity field of the outlet section for six structures.
The uniformity of the tobacco cutter outlet section is affected by the mainstream field. The influence of OPS on the mainstream is shown in Figure 7, where the given section is the vertical plane passing through the center of the tobacco cutter outlet.
[image: Figure 7]FIGURE 7 | Influence of OPS on the mainstream field.
As is shown in Figure 7, the five structures from OPS2 to OPS6 have almost the same influence on the mainstream field with the maximum velocity located at the center of the overlapping hole. The maximum velocities of the five models are 156.51, 157.71, 153.62, 153.32, and 156.98 m/s, respectively. Owing to the overlapped structure, the maximum velocity of OPS1 is 125.97 m/s, which is significantly different. Considering the impact of airflow on the internal structure of the drying tower, the OPS1 structure is the best from the perspective of the global maximum speed; the others are basically the same. In addition, when the working air enters the drying tower, there is a phenomenon called the bias flow, which causes the direction of overall airflow trends to the inlet of working air.
The flow field above the orifice plate follows the fusion and diffusion law of the airflow channel. The velocity vector field after the air homogenizer is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Influence of the air homogenizer on the mainstream field.
As is shown in Figure 8, the velocity vector field after the orifice plate is still different, but the changes of the flow field are basically the same after passing through the air homogenizer.
The flow field after the orifice plate and the air homogenizer goes up along the drying tower. The structure determines the flow field, and the flow field determines the final trend of the tobacco cutter particles. The trajectory results of tobacco particles with six orifice plate dislocation structures are shown in Figure 9. Among them, the particle ID just represents the number of particles, which is the serial number of particles during the process of simulation. Figure 9 shows the result of selecting one particle in every 80 tobacco particles. Different colors represent the particle trajectories of different serial numbers of the tobacco cutter. As is shown in Figure 9, after entering into the drying tower, the tobacco cutter moves with the air flow until it reaches the top and rebounds against the wall and finally flows out from the exit. During the process, some tobacco cutter particles will touch the wall of the drying tower again. The distribution on the outlet section shows an uneven phenomenon; that is, the tobacco cutter on the left is less than that on the right side. In addition, the particles on the left side of the tobacco cutter inlet moves to the outlet which shows a uniform state after passing through the flow field and the particles on the right side move to the middle and right parts of the outlet from OPS2 to OPS6, while OPS1 is just the opposite. Even though OPS1 is different from other models in particle trajectories, the whole distribution of the tobacco cutter in the outlet section of the drying tower is consistent; that is, the tobacco cutter on the middle and right sides is more than on the right side, which is still consistent with the problem described earlier. It proves that the optimization of OPS has no effect on the outlet nonuniformity, but OPS1 can significantly reduce the impact of the internal flow field on the orifice plate structure.
[image: Figure 9]FIGURE 9 | Particle trajectory of the tobacco cutter.
3.3 Structure Optimization Models
According to the simulation results of the orifice plate and the opening of the working air pipe, the optimization results are influenced by the mainstream field in the drying tower. The air homogenizer makes the flow field influenced by the orifice plate structure more uniform, which keeps the top flow field basically the same, as shown in Figures 10,11 and Figure 11.
[image: Figure 10]FIGURE 10 | Velocity vector field of the vertical section at the top of the drying tower.
[image: Figure 11]FIGURE 11 | The velocity vector field of the cross section at the top of the drying tower.
It is shown in Figure 10 that the speed inside the drying cylinder is upward. Influenced by the upward velocity, the velocity toward the outlet is parabolic and the part is connected to the wall of the drying tower before the outlet. On the left side, the influence of the wall makes the working air move toward the outlet, and the upward velocity near the outlet side wall becomes the resistance, which makes the working air diffuse from the junction of the drying tower and the outlet. The velocity of the upper space of outlet is larger, while the bottom is slightly lower.
As is shown in Figure 11, influenced by the upward airflow and the wall, the velocity is from left to right. This phenomenon can be observed from the results of the tobacco particle trajectory shown in Figure 9. Then, influenced by the upward velocity at the junction of the drying tower and the outlet, the airflow moves toward both sides. Although the speed is similar, the position near the wall is the first to reach the same speed, so the tobacco cutter must be less in the middle and more on both sides. Furthermore, the velocity gradient of the upper side in the figure (right side of the exit section) is lower, which means that the velocity attenuation here is less and the transport capacity is stronger. Therefore, the tobacco at the right side of the exit section is more than that at the left side. In addition, the cross-sectional area is much larger than that of the tobacco cutter outlet and the flow is conserved, which makes the gradient of velocity near the outlet changed.
To sum up, the nonuniformity of the tobacco outlet is due to the resistance caused by the upward velocity which results from the structure of the wall and the outlet junction of the drying tower. Therefore, in this part, preliminary structural optimization is conducted to reduce upward velocity of the top structure of drying tower. Three structures are proposed, as shown in Figure 12.
[image: Figure 12]FIGURE 12 | Preliminary study of structural optimization.
It is shown in Figure 12 that, compared with the top structure of the original drying tower, the change of the OS1 model is that the contact position between the wall of the drying tower and the outlet extends outward. When the field flow flows along the sloping wall, the equivalent resistance appears to the outlet section and the resistance of the upward velocity reduces to a certain extent. The change of the OS2 model is that the contact position between the wall of the drying tower and the outlet extends inward. The optimization in OS2 turns out to change the resistance of the upward velocity to disturb the top flow field of the drying tower. The air flow is regulated by the circular wall at the top of the drying tower and then passes out the outlet to weaken the resistance of the original upward velocity of the drying tower. The OS3 model changes the arc section on the left and right of the wall of the drying tower. The point is that the arc wall is more conducive to the stable flow field in the drying cylinder, which may reduce the disturbance ability in the structure (only the resistance of the upward velocity to the contact area between the wall and the outlet is reduced).
3.4 Structural Optimization Results
Based on the above structural optimization schemes, corresponding simulation analyses are carried out. The simulated boundary conditions are consistent with the orifice plate optimization conditions, and the outlet section velocity results under different structural conditions are shown in Figure 13.
[image: Figure 13]FIGURE 13 | The outlet section velocity results of different OS models.
As is shown in Figure 13, the velocity fields of the original structure and OS2 and OS3 models are basically the same. The velocity is relatively large at the left and right sides of the outlet section and relatively small in the middle. Layered phenomena are presented in the top and low parts of the outlet section, and the upper part is larger and the lower part is smaller. However, OPS3 presents the overall velocity distribution. The statistics of maximum, the average, and the ratio of velocity over 30 m/s are shown in Table 2.
TABLE 2 | The velocity results of outlet section of different structures.
[image: Table 2]As is shown in Table 2, OS3 has the maximum velocity, but the maximum of the average velocity is OS1, which means that the maximum velocity may not have the maximum average velocity because the velocity gradient is too large and the distribution is nonuniform. In addition, the maximum velocity of OS1 is 34.42 m/s and the average velocity is 31.67 m/s, which means that the outlet section distribution of OS1 is more uniform. The ratio of velocity over 30 m/s is about 61.47% which can also prove the inference. The proportion results of different velocity ranges of different models are shown in Table 3.
TABLE 3 | Statistical results of proportion of velocity ranges of different structures at outlet section.
[image: Table 3]As is shown in Table 3, the proportions of different structures in the low-speed range are basically similar, and OS1 mainly concentrated in the range of 30–40 m/s, while the proportion of the OS gradually increased with the increase in velocity. OS2 and OS3 mainly concentrated in the range of 20–40 m/s, and the proportions are similar, which prove that OS2 can improve the uniformity of the cut tobacco at the outlet. It should be noted that the velocity of the right side is larger than that of the left side can only be seen in OS2 from Figure 13, which is slightly consistent with the cut tobacco bias phenomenon encountered in actual production. The other models have not yet shown this phenomenon, which is because the velocity result of the outlet section is two-dimensional. The cut tobacco bias phenomenon can be clearly seen from the particle trajectory results, as shown in Figure 14.
[image: Figure 14]FIGURE 14 | Particle trajectories of different OS structures.
It is shown in Figure 14 that, compared with the original structure, although OS1 is still not perfect to solve the material bias, the uniformity of the left side is basically the same to some extent, which proves that the optimization of this way is feasible. The only thing to do is to refine the structure to make the effect better. However, the effect of OS2 and OS3 is the same, showing an obvious bias phenomenon. The main reason for the result is the distribution of the flow field at the top of the drying tower, as shown in Figure 15.
[image: Figure 15]FIGURE 15 | Velocity vector fields of different OS models.
As is shown in Figure 15, the uneven velocity distribution of OS is due to the resistance caused by the upward velocity of the contact area between the wall and outlet of the drying tower. The intention of the OS2 and OS3 structure is to disturb the flow field and reduce the influence of the resistance. However, actually, after bypassing the modified structure of the contact area, a resistance makes the velocity distribution of the outlet different. However, the effect of OS1 is basically the same as expected. The upward velocity expands along the slope and transitions at the outlet, thus forming an obvious velocity stratification phenomenon at the upper and lower parts of the exit section to reduce the resistance significantly.
4 CONCLUSION
The improvement of the structural optimization of CTD was explored in this paper. The influence of the orifice plate structure dislocation and the optimization of the top structure of the drying tower on the uneven outlet section are analyzed. The main conclusions are as follows:
The optimization of the orifice plate structure dislocation has little effect to improve the nonuniformity of the tobacco outlet, but the OPS1 model can significantly reduce the impact of the internal flow field on the orifice plate.
The upward velocity of the OS1 model expands along the slope and transits at the outlet, thus forming obvious velocity stratification at the upper and lower parts of the exit section, which can reduce the resistance and improve the uniformity of the outlet. However, the OS2 and OS3 models have little effect on improving the uniformity of the outlet.
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