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Abstract

:

The effect of the design and process parameters of a particle-classification zone on the sizing precision of a plate differential mobility analyzer (PDMA) was investigated by simulation software in this work. The design parameters consisted of the length, width, and height of the classification zone, and the process parameters could lead to height deviation and an uneven classification-zone wall. Prior to investigating the parameters, a comparison between experimental voltages and PDMA simulation results was applied to validate the simulation model. Thanks to velocity-field and particle-trajectory simulations, as well as experimental data from the former version of the PDMA, the dimensions of the classification zone and other key parameters were optimized. Our research shows that the dimensions of the classification zone influence the applied voltages and the measuring range of the PDMA, and range can be extended to 500 nm with low applied voltages after optimization. When the reasonable error range of the height is ±2% for the classification zone, the PDMA could basically achieve a classification role, and when it is ±1%, the PDMA has a better classifying effect.
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1. Introduction


Haze is becoming one of the biggest issues for the vast majority of the world. It was reported that haze and other types of air pollution can invade our lungs and damage our brains [1]. Compared with large-size polluted-air particles, ultrafine particles (i.e., particles with diameters less than 100 nm), which have low mass concentration but high number concentration, are more harmful to human health [2,3]. Therefore, many researchers now pay more attention to number-concentration analysis for ultrafine particles [4,5]. Differential mobility analyzers (DMAs) have been the primary tool for characterizing fine and ultrafine aerosol particles in the atmosphere for a number of years [6,7]. Traditional DMAs are designed cylindrical for laboratory use, and are too large in volume to be suitable for outdoor, portable applications [7,8,9,10]. In contrast with cylindrical DMAs, PDMAs have higher resolution and a simpler manufacturing process, and there is almost no empty space inside them [11,12,13,14]. Alonso and Endo designed a PDMA with a very short particle-classification zone and high sheath flow rate to classify ions and large molecules, which proved the outstanding classification ability of PDMAs [15]. However, a higher sheath flow velocity requires a larger pump, which leads to huge volume.



A PDMA typically includes two inlets and two outlets for aerosol flow and sheath flow. Transfer function, which is the probability that particles exit PDMAs, is used to analyze PDMA performance. Many researchers have studied the transfer function and other types of PDMA performance. Rus, J. et al. discussed design criteria leading to high DMA, resolving power R and transmission efficiency η based on various DMA prototypes [16]. Liu and Chen implemented a small PDMA, similar in size to an iPhone 5 [10]. Liu and Chen focused on studying the design and performance of this small PDMA, and discussed its transfer function and other key factors to analyze performance.



In addition to using the experiment results to analyze PDAM performance, it is also very important to study its sizing precision by a simulation model, especially for those factors on which it is difficult to conduct experimental research. Steer et al. were devoted to modeling with Comsol Multiphysics Finite-Element software to select the suitable parameters for their PDMA, which measured particles in a size range from 6 to 400 nm [14]. The simulation model provided great help for the design of the PDMA. However, researchers often pay attention to the design but ignore the influence of the machining process on PDMA sizing precision. The machining process, especially the process of the two electrode plates inside a PDMA, has great influence on sizing precision, and it is also significant in future mass production. Regrettably, there is no systematic discussion on the PDMA modeling in Rus, J. et al. and Liu and Chen’s work, and there was no discussion on the influence of the machining process in Steer’s work. Few researchers have studied the process-parameter effects in detail.



Although transfer function and other types of PDMA performance have been studied in many papers, detailed guidelines for the machining-process parameters on how to influence PDMA performance, which is not easy to conduct only by experiments, have not yet been evaluated and reported. For some applications, this is also very important, especially when the designed PDMA will be commercially mass-produced, and quality control of the machining process is indispensable. In this work, Comsol was employed to investigate the effect of the design and process parameters of the particle-classification zone on PDMA sizing precision. Prior to parameter investigation, a comparison between the experimental voltages and simulation results of the PDMA was done to validate the simulation model. The design parameters consist of the length, width, and height of the classification zone. Moreover, as the machining process has great influence on PDMA sizing precision, process-parameter simulations were performed to analyze the effect on PDMAs. The reasonable error ranges of the classification-zone height were given in two different cases. The effect of the process parameters on PDMA sizing precision can guide future design and processing, and provides ideas when there are problems with performance, but the cause cannot be found.




2. PDMA Simulation Model


2.1. Working Principle


Figure 1 shows the streamlines inside the PDMA, where x and z represent the horizontal and vertical coordinates, respectively [17]. Sheath gas Qsh flows along the x-direction. Aerosol flow Qa meets the sheath gas in the slit at z = 0 m. The electric-field line is perpendicular to the mental plates. Particles of a specific size can be classified under the combined effect of the electric field and sheath gas.



The electrical mobility of charged particles is calculated as follows [18]:


ZP=neC*3πμDP



(1)




where ZP is the electrical mobility of a charged particle; ne is the particle charges; C* is the Cunningham correction factor; μ is the gas viscosity; DP is the particle size.



Assuming that particle inertia and diffusion effects are neglected, PDMA particle sizes and calculated voltages are as follows [19]:


DP=neC*VWL3πμHQsh



(2)






V=3πμQshDPHneC*WL



(3)




where V is the calculated voltage, W is the width of the classification zone, L is the distance between the aerosol entrance and exit slits (i.e., the length of the classification zone), H is the distance between the two parallel mental plates (i.e., the height of the classification zone), and Qsh is the sheath flow rate. It can be seen from Equation (3) that, when particle size is fixed, calculated voltage V decreases as ratio of the classification zone H/WL decreases.



Figure 2 shows the three-dimensional graph and aerosol slits of the PDMA. The PDMA essentially includes two mental plates. Aerosol particles enter the PDMA from the buffer of a triangular-shaped flow channel. High DC voltage is applied to the electrode plates, which are separated by an insulating Teflon enclosure. The sheath gas flows into the PDMA from the left side and passes two laminar flowmeters, which are screen-type to make sheath gas evenly flow into and out of the PDMA. The width of the flowmeter is 8 mm, while the length and height of the flowmeter are the same as the classification zone.




2.2. Simulation Model


In order to achieve the ideal classification effect for PDMAs, Comsol was used to model the velocity field for the sheath flow, and particle trajectories for the aerosol flow. The modeling can also help optimize the classification-zone dimensions and other key parameters, preparing theoretical knowledge for the PDMA.



Traditional cylindrical DMAs have a complex manufacturing process and large and empty internal space, while PDMAs have an easy manufacturing process and good space utilization, which means PDMAs are more suitable for portable applications. However, differing from the geometric shape of cylindrical DMAs, there are walls in PDMAs that have an effect on sheath-flow uniformity [14]. To analyze this problem, Comsol was employed to model the velocity field for the sheath flow. The rate of the sheath flow was set at 3 L·min−1. The governing equations of the velocity field conform to the Navier–Stokes equation [20]:


ρ(u→·∇)u→=∇·[−pI→+μ(∇u→+(∇u→)T)]+F→,










ρ∇·(u→)=0



(4)




where ρ is air density, u→ is the velocity vector, p is pressure, I→ is the unity tensor, μ is air dynamic viscosity, F→ is the force field, ∇ is a linear differential 3D operator, and T is the transposed matrix. Pressure at the outlet in the flow field is as follows:


[−pI→+μ(∇u→+(∇u→)T)]n→=−p0^n→,










p0^≤p0



(5)




where p0 is atmospheric pressure.



After entering the classification zone, particles move under the combined effect of the electric field and sheath gas. Only a drag force and electrical force were considered in the modeling. The drag force can be determined by the following governing equations [20]:


Fd→=3πμDPC*(u→−v→)



(6)




where Fd→ is the drag force, and u→ and v→ are particle velocity and air flow, respectively. The electrical force of the particle is as follows:


Fe→=enE→



(7)




where Fe→ is the electrical force, e is the electric charge of the electron (i.e., 1.602 × 10–19 C), n is the charge amount of a particle, and E→ is electric-field intensity.




2.3. Validation Setup


The validation setup was constructed based on a standard particle generator (MSP model 7388L) and a condensation particle counter (CPC, ANCON model NPS500). Figure 3 shows the validation setup. The standard particle generator mixes ammonium sulfate particles with deionized water and atomizes them to obtain aerosol particles. The aerosol particles flow into the built-in charger of the generator for charging, and are then classified by the DMA inside the generator to generate monodisperse particles in selected sizes. A mass flowmeter is necessary to control the flow rate and uniformity of the aerosol flow before the PDMA. The sheath gas flows through two filters and a dryer to realize recycling use. A DC power-supply source is applied to produce high voltage. Particle-number concentration varied as the applied voltages changed. When the number concentration first reached the maximum and then decreased, the voltage corresponding to the maximum is the measured experimental voltage. As the goal was to verify the accuracy of the simulation model, the focus of the experiment was on voltage comparison rather than other performance aspects.





3. Results and Discussion


3.1. Simulation-Model Validation


Figure 4a and Figure 5a show the simulation diagram of the velocity field at pressure p0 = 101.325 k Pa and temperature T = 20 °C. The height in the z direction is 5 mm, and the width in the y-direction is 50 mm. The sheath gas flowed in the x positive direction. Figure 4b and Figure 5b show the velocity distribution diagram at x = 0.05 m, z = 0.0002 m, and x = 0.07 m, y = 0.03 m, respectively. The velocity of the sheath flow rapidly dropped to zero near the walls in the y-direction when the x and z positions were fixed, and in the z-direction when the x and y positions were fixed, which is called the wall effect. Compared with the y direction, the wall effect in the z direction does not affect the exit of particles, as different z positions correspond to different particle mobilities [14]. Therefore, to minimize the wall effect, the length of the aerosol entrance slit was designed to be 40 mm, which was 80% of the width of the classification zone (i.e., 50 mm). The exit slit was the same as the entrance slit.



Different particles have different particle trajectories under the same conditions. Figure 6 shows the trajectories of particles with a size of 5, 200, and 500 nm when the applied voltage is 2800 V and sheath flow rate is 3 L·min−1. At the same voltage, the 5 nm particles were taken to the lower plate, and the 500 nm particles were taken out of the PDMA by the sheath flow. Only the 200 nm particles were classified from the exit slit, which was consistent with the work principle mentioned above. To ensure a reasonable range of the applied voltages, the dimensions of the classification zone were designed as shown in Table 1, based on the working principle and simulations.



Equation (2) can be used to obtain the function relation between particle size DP and applied voltage V, which also deduces the relationship between the two in the simulation model. Sheath flow rate Qsh was set at 2.1 L min−1 and aerosol flow rate Qa was 0.3 L min−1. Figure 7 shows the applied voltage–particle-size relation graph. The black curve represents the simulation-calculated voltages, while the red curve is the experimental voltages. The calculated and experimental voltages increased when the particle sizes increased, and the maximum relative error was 8.6%, which proves that the variation trend of the simulated and experimental voltages has a good consistency. The result of the validation indicates the good consistency between validation results and the simulations. Furthermore, the validation results prove the correctness of the simulation models.




3.2. Effect of Classification-Zone Dimensions


Before the PDMA discussed above, another version of PDMA was designed. The dimensions of the classification zone for the former PDMA version were 108 × 40 × 3 mm (i.e., length × width × height). Figure 8 shows the applied voltage–particle-size relation graph. Compared with the PDMA mentioned above, the dimensions of the classification zone for the former PDMA version were slightly smaller. Classification-zone dimensions are a key PDMA parameter. When other conditions remain unchanged, the applied voltage increases when the H/WL ratio increases (based on Equation (2)).



Classification-zone dimensions not only directly affect the applied voltages, but also limit the measuring range of the former PDMA. Breakdown voltages are capacitors’ limit voltages, and the medium in the capacitor would be punctured beyond the voltage. The theoretical breakdown voltage of the former PDMA is about 9 kV on Paschen’s law, and the applied voltage on the former PDMA should be lower than the breakdown voltage. However, the measured breakdown voltage is about 5 kV, which limits the maximum value of the applied voltage. The measuring range reduces with the applied voltages decrease. The influence factors for the breakdown voltage include not only the classification-zone height, but also air humidity, the finish of each component, etc. Breakdown voltage and the measuring range decrease as the height and finish decrease or air humidity increases. Therefore, when parameters are chosen, various factors need to be considered to achieve a balance between breakdown voltage and applied voltages. Therefore, on the basis of the former PDMA, the optimized one was carried out. The classification-zone height of the optimized PDMA is 5 mm, and measurement range was extended to 500 nm. The simulation model is suitable for the optimized PDMA.




3.3. Process-Parameter Effects


As the machining process has great influence on sizing precision, process-parameter simulations were performed to take influence into consideration. Different machining process can affect the dimensions of each component, and ultimately affects the height of the classification zone, which has a great influence on the performance of PDMAs. A rough machining process could cause the classification-zone height to deviate, which could reduce the PDMA classifying effect. The depth deviation of the groove used to place electrode plates affects classification-zone height, which decreases with the increase of depth. With the correct simulation models mentioned above, the classification-zone height was changed in the range of 4.9–5.1 mm (the other simulation conditions were the same as those of Figure 6b). As shown in Figure 9, electric-field force increases and particles almost completely move to the left of the exit when the height is 4.9 mm, while electric-field force decreases and particles move to the opposite direction when the height is 5.1 mm. Therefore, particles can leave the PDMA from the exit when the classification-zone height changes from 4.9 to 5.1 mm, which means that the PDMA can achieve the role of classification when the error range of the height is within ±2%.



A rough machining process can also cause unevenness of the electrode plates, resulting in electric-field inhomogeneity. An unevenness-measuring instrument (Mitutoyo) was used to measure the unevenness of the two electrode plates. Two lines on different regions of each plate were selected, and the unevenness of ten equidistance points on each line was measured (see Table 2 and Table 3). However, it is impossible to analyze unevenness by experiment due to the difficulty in controlling the unevenness of actual machining. Simulations were applied to show the influence of process parameters in this work. Particle-trajectory simulations, discussed above, were used to model the unevenness trajectories (other simulation conditions were the same as those of Figure 9; see Figure 10). Figure 10b,c shows that the unevenness of the electrode plates leads to electric-field inhomogeneity. The average height of the classification zone was 5.067 mm, and some particles moved to the left of the exit, as seen in Figure 10d, which could affect the penetration of the aerosol particles. Average height was 4.997 mm, and almost all particles left from the exit, as seen in Figure 10e, which means the classifying effect was much better. It is concluded that the PDMA had a better classifying effect when the error range of the average height was approximately ±1% under the influence of the process parameters. Since it is difficult to model the unevenness of the electrode plates, when the error range of the average height is within ±1%, the electrode plates are assumed to be even (other simulation conditions are the same as that of Figure 10. When the error range was +1%, the 195.5 nm particles could be classified (see Figure 11a); when the error range was −1%, the 203.5 nm particles could be sized (see Figure 11b). Process parameters have an effect on PDMA measuring precision, and the error range of the classified particle sizes was between −2.2% and +1.75%.



It can be seen from the trajectory simulations for unevenness that larger positive unevenness leads to lower electric-field force; thus, particles have a tendency to move to the right, away from the exit of the PDMA. That is, larger positive unevenness requires larger electric-field force to make particles leave from the exit, which explains the phenomenon that experimental voltages are always slightly higher than the calculated voltages in Figure 7. In addition, rough machining processing leads to a rough surface, which also affects breakdown voltage in the classification zone. Therefore, good finish machining is one of the most important factors affecting PDMA sizing precision.





4. Conclusions


The effect of design and process parameters on PDMA sizing precision was investigated by Comsol in this work. The key parameters of the PDMA were optimized by simulations and the experimental data of the former PDMA. The width and height of the classification zone were 50 and 5 mm, and the slit length was designed to be 40 mm (80% of the classification-zone width) for avoiding the wall effect. The validation voltages and calculated voltages were in good agreement, and the maximum relative error between the two was 8.6%, which proves the correctness of the simulation model. It was also found that classification-zone dimensions have an effect on PDMA performance. The smaller the H/WL, the smaller the applied voltages are. However, breakdown voltage decreases when H decreases, which limits the maximum of the applied voltages. As the machining process has great influence on PDMA sizing precision, Comsol was also adopted to analyze the effect of the process parameters. In addition, when the PDMA achieves the role of classification, the reasonable error range of the height was ±2% for the classification zone. When the error range of the height was within ±1%, and classified particle sizes were from −2.2% to +1.75%, the PDMA had a better classifying effect. This proves that process parameters have an effect on sizing precision, and a fine processing technology plays an important role in PDMA implementation. Detailed guidelines for machining-process parameters on how to influence PDMA performance are not easy to be outlined only with experiments. For some applications, it is also very important, especially when the designed PDMA is commercially mass-produced, and quality control of the machining process is indispensable. The effect of the process parameters on PDMA sizing precision can guide future design and processing, and provides ideas when there are performance problems but the cause cannot be found.
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Figure 1. Plate differential mobility analyzer (PDMA) streamlines. 
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Figure 2. (a) Three-dimensional graph and (b) aerosol slits of the PDMA. 
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Figure 3. Validation setup for the PDMA. 
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Figure 4. Simulation diagram of (a) the sheath-flow velocity field on the y–z surface at p0 = 101.325 k Pa and T = 20 °C and (b) the velocity profile at x = 0.05 m and z = 0.0002 m in (a). 
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Figure 5. Simulation diagrams of (a) the sheath-flow velocity field on the x–z surface at p0 = 101.325 k Pa and T = 20 °C and (b) the velocity profile at x = 0.07 m and y= 0.03 m in (a). 
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Figure 6. Simulations of the particle trajectories with a size of (a) 5 nm, (b) 200 nm, and (c) 500 nm. 
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Figure 7. Voltage as a function of particle size at an aerosol and sheath flow rate of 0.3 and 2.1 L min−1, respectively. 
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Figure 8. Voltage as a function of particle size at an aerosol and sheath flow rate of 0.3 and 3 L min−1, respectively, for the former PDMA version. 






Figure 8. Voltage as a function of particle size at an aerosol and sheath flow rate of 0.3 and 3 L min−1, respectively, for the former PDMA version.



[image: Atmosphere 10 00116 g008]







[image: Atmosphere 10 00116 g009 550]





Figure 9. Simulations of the particle trajectories for 200 nm at the height of (a) 4.9 nm and (b) 5.1 nm. 
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Figure 10. Simulations of (a) the calculated electric field in the classification zone, (b) the electric field for the first line, (c) the electric field for the second line, (d) the trajectories of the 200 nm particles for the first line, and (e) the trajectories of the 200 nm particles for the second line. 
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Figure 11. Simulations of (a) trajectories of the 195.5 nm particles at a height of 5.05 mm, and (b) trajectories of the 203.5 nm particles at a height of 4.95 mm. 
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Table 1. Classification-zone dimensions.
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	Length (mm)
	Width (mm)
	Height (mm)
	H/WL





	126
	50
	5
	0.794
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Table 2. First-line unevenness.
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	Upper Electrode Plate (mm)
	Lower Electrode Plate (mm)





	0.028
	0.116



	0.053
	0.102



	0.043
	0.077



	0.023
	0.064



	0.010
	0.019



	0.060
	0.006



	0.008
	0.003



	0.015
	0.010



	0.026
	0.017



	0.033
	0.015
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Table 3. Second-line unevenness.
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	Upper Electrode Plate (mm)
	Lower Electrode Plate (mm)





	−0.004
	0.008



	−0.002
	0.003



	0.000
	0.001



	−0.001
	0.000



	0.000
	−0.001



	−0.005
	0.001



	−0.007
	0.001



	−0.009
	0.000



	−0.009
	0.001



	−0.009
	0.000
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