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Abstract

:

A large number of metalworking fluids in industrial manufacturing processes generate high-concentrations of oil mist pollution, which is a typical semi-volatile aerosol and is generally composed of liquid particles and volatile gas components. Long-term exposure to oil mist pollution brings a series of occupational diseases to workers. For the semi-volatile aerosol, the traditional filter sampling method will lead to particle volatilization, which underestimates the concentration of particles and overestimates the concentration of gas. Therefore, this study combined the advantages of the electrostatic method and the Tenax tube adsorption method, to develop a more accurate measurement technology. First, a dichotomous sampler that could efficiently separate the gas and liquid phases of aerosols was optimized through a numerical model, which was validated by literature results. Next, a test table for oil mist sampling was built with a sampler which was fabricated by 3D printing, and the performance of the sampler was evaluated. The results show that the sampling technique can separate the gas and particulate phases of the oil mist efficiently and accurately. Compared with the traditional single sampling methods, the new sampler can better determine the true concentration of oil mist.
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1. Introduction


The wide use of metalworking fluids in the machining industry has caused many environmental pollution problems. The primary pollutants in the air are various aerosols, which are harmful to human health [1,2,3,4,5,6,7]. As a typical semi-volatile aerosol, oil mist is generally produced in the processes of evaporation and condensation or centrifugal collision, and it is a uniform dispersion system composed of particulate matter and volatile gas components [8,9,10,11]. In recent years, with growing public emphasis on safety and environmental protection, quantitative technology for the detection of semi-volatile aerosols has received increasing attention from researchers [12,13,14,15,16]. Due to oil mist’s complex composition, there is currently no unified experimental method that will detect it accurately and quantitatively.



Traditionally, the sample methods for oil mist include the filter method and electrostatic precipitator method for the particle phase, and the Tenax tube adsorption method for the gas phase [17,18,19,20,21]. Leith et al. [22] evaluated the possibility of oil mist evaporation from filters and electrostatic precipitators and found that the quality of oil mist captured by electrostatic methods was significantly higher than that captured by filters. Volckens et al. [23] compared the sampling of oil mist particles by methods such as filtration, electrostatic precipitation and light scattering, and found that the use of electrostatic sampling significantly reduced the error caused by the volatilization of oily particles, but it was impossible to measure volatile products at the same time. Based on NIOSH 5524, Raynor et al. [24] used a glass fiber filter membrane with a diameter of 37 mm to weigh and sample oil mist, and found if the compounds in the filtered droplets are volatile or semi-volatile, they may evaporate into the gas passing through the filter. In sampling applications, failure to properly account for the evaporation of collected mist can lead to underestimated mist concentration. Simpson et al. [25] identified kinematic viscosity as a clearer indicator of the suitability of oil mist for filter sampling. When the filter was sampled on mineral oil with a certain low viscosity, sampling would greatly underestimate the true value, and they [26] discussed the influence of diffusion absorption rate and the wall deposition effect on gaseous pollutants sampled by Tenax tubes. The results showed that this method would sample both particulate matter and gas at the same time, and it was not suitable for the sampling of semi-volatile aerosols. In summary, these sampling methods in the existing research cannot capture the particle and gas component of the oil mist well at the same time. One solution is to separate the particle phase and gas phase first, and then integrate the sampling method of the particle phase and gas phase.



Common equipment for aerosol separation includes the diffuser, the inertial impactor, and the virtual impactor [27,28,29,30,31,32]. In the case of the diffuser, since the diffusion coefficients of particles and gas in the diffusion tube are different, separation is achieved as the gas diffuses to the tube wall and the particles flow out through the tube. However, this method usually samples only the compounds attached to the internal paint of the pipe wall, and there are large errors in the sampling of semi-volatile aerosols with complex components [33]. Meanwhile, inertial impactors have been widely used to collect particles in the air, but there is observable interaction between the particles and the impact plate, such as particle breakage, bounce, and overload [34]. As shown in Figure 1, the concept of a virtual collection surface has been introduced into the inertial impactor with the use of collection nozzles instead of impact plates. Kim et al. [35] developed a semi-volatile aerosol dichotomous sampler based on a virtual impactor. The results of oil mist sampling showed that the sampler could effectively separate particulate matter and gaseous phase, and the two-phase concentration could be determined at the same time [36,37]. However, the sampler structure in their research was completely symmetric under ideal conditions, which would limit its applicability to actual conditions.



In this study, a new semi-volatile aerosol sampling device based on the virtual impactor was developed for the high-precision measurement of semi-volatile aerosols. First, the influence of various parameters on the performance of the sampler was evaluated through numerical simulation, and then the optimal design parameters for the sampler were determined. Next, for an assessment of the actual performance of the sampler, the developed sampler was fabricated with 3D printing technology, and an experimental platform for oil mist sampling was built to verify the effectiveness of the sampling strategy.




2. Sampling Device Design


As a typical semi-volatile aerosol, oil mist is usually present in the air as a mixture of gaseous oil and liquid oil droplets. Therefore, two key factors in the accuracy of an oil mist sampling device are: (1) efficient separation of the gas and liquid phases, and (2) accurate measurement of the gas and liquid phases. The phases are separated in accordance with the virtual impactor principle, and then the electrostatic method and the Tenax tube adsorption method are used to measure the liquid and gas phases, respectively.



According to previous studies, the configuration of the virtual impactor is inherently related to the cross-trajectory phenomenon; that is, the transmission efficiency drops sharply under large particle diameters, and changing the nozzle size, Reynolds number and other parameters will not prevent this phenomenon [38]. However, the use of acceleration nozzles with a certain slope and divergent collection nozzles can reduce the particle-crossing phenomenon by focusing particle trajectories, thereby improving the transmission efficiency of semi-volatile aerosols [39]. In addition, the pressure gradient has proved to be an important factor in the flow stability in the virtual impactor. Since a negative pressure gradient tends to stabilize the flow, whereas a positive pressure gradient may make the flow unstable [40].



Based on the design concept of the virtual impactor in the literature, a new semi-volatile aerosol dichotomous sampler was designed in the present study, as shown in Figure 2. The maximum diameter of the sampler is 30 mm, the maximum height is 24 mm, and the wall thickness is 0.5 mm. The cavity incorporates a circular arc nozzle transition to reduce the collision of particles with the wall. And the lower part is designed as a divergent structure to reduce the phenomenon of cross trajectories. In addition, only one outlet is provided on the side of the sampler, which creates a variation in the flow field from one cross section to another across the axis; thus, there are circumferential changes. The gas and liquid particles separated by the virtual impactor are measured by the Tenax tube adsorption method and the electrostatic method at the major and minor outlets, respectively, to yield the final oil mist concentration.



To determine the detailed size of the sampler, the following sampler factors needed to be optimized: geometric size, Reynolds number (Re), and split ratio. The geometric dimensions included the throat size (D), the nozzle spacing (S), the corner radius of the collecting nozzle (R), and the split ratio, which represents the flow ratio of the major flow and the minor flow.



Efficient separation of the gas and liquid phases depends on the virtual impactor’s performance, which is usually related to the physical parameters of the particles, the detailed size of the virtual impactor and the speed of the outlet flow. Different parameters have different effects on the collection efficiency of particulate matter and the degree of wall loss [35,36]. Performance characteristics are usually expressed as a curve of transmission efficiency and internal wall losses versus the Stokes number (Stk). The Stk is defined as follows:


  S t k =   C  ρ    p     D p 2   U j    9 μ  L c     



(1)




where C is Corning’s correction factor; ρp is the density of the particles, μg/m3; Dp is the diameter of the particles, m; Uj is the average flow velocity at the outlet of the accelerating nozzle, m/s; μ is the dynamic viscosity of the air, pa·s; and Lc is the characteristic size, m. Corning’s correction factor is defined by the following formula:


  C = 1 + 2  λ   D p      1.257 + 0.4  e  − 0.55    D p   λ       



(2)




where λ is the mean free path of air, which generally is 6.6 × 10−8 m.



Transmission efficiency (ηTE) and wall losses (WL) are expressed by the ratios of the number of particles flowing out with the minor flow (Nminor), and the number of particles deposited on the inner wall (Nwall), respectively, to the total number of particles at the entrance boundary (Ni):


   η  TE   =    N  m i n o r      N i     



(3)






  WL =    N  w a l l      N i     



(4)







In addition, the Reynolds number has a certain impact on the performance of the virtual impactor. The higher the Reynolds number at the acceleration nozzle, the greater the pressure drop across the impactor. If the Reynolds number is too low, the particles will be too small to achieve the inertia required for separation, so a reasonable Reynolds number is required. The Reynolds number is expressed as:


  Re =   ρ  U j   L c   μ   



(5)




where ρ is the air density, 1.29 kg/m3.




3. Numerical Optimization Method


Numerical simulation has the characteristics of high flexibility, fast calculation speed, and low cost, and can be used for design optimization and performance analysis. Meanwhile, full-scale model experiments are costly and time-consuming, but the results are more reliable and can be used for final performance verification. Therefore, this study first employed a numerical simulation method to evaluate and optimize the sampler and then applied an experimental method to verify the optimization results.



3.1. Physical Model


The physical model used in the simulation is shown in Figure 2. The detailed structure of the sampler needed to be optimized, and because different situations would require models of different sizes, the specific size was not completely determined. The specific size of the sampler was optimized through subsequent numerical simulations.




3.2. Numerical Method and Validation


To verify the accuracy of the simulation method used in this study, a simulation was performed on a device similar to that in this paper [38].



The RNG k-ε model was used to analyze the internal virtual impactor. For the flow problem, the main governing equations are the continuity equation, the momentum equation, the energy equation, the k equation, and the epsilon equation. These equations can be expressed in the following general form:


   ∂  ∂ t     ρ  ϕ ¯    +  ∂  ∂  x i      ρ   u ¯  i   ϕ ¯    =  ∂  ∂  x i       Γ ϕ    ∂  ϕ ¯    ∂  x i      +  S ϕ   



(6)




where ρ is the fluid density, kg/m3; ui is the velocity of the fluid in all directions, m/s; ϕ is a specific variable, which can be velocity, temperature, concentration, etc.; Гϕ is the diffusion coefficient; Sϕ is the source term of the general equation. The corresponding parameters for the turbulence models used in this study are summarized in Table 1 and µ is the dynamic viscosity, N·s/m2; P is the pressure, Pa; T is the temperature, K; Pr is the Prandtl number; k and ε are the turbulent kinetic energy and turbulent dissipation rate, respectively. And The RNG k-ε model is a classical turbulence model in computational fluid dynamics, which will not be introduced here.



Since the studied particles were large, and the particles in the virtual impactor were gradually attenuated during the separation process, they could be regarded as discrete phases. Therefore, the Eulerian-Lagrangian model was selected, and it was assumed that there was only one-way coupling, that the fluid would affect the particle trajectory, and that the interference of the particles with the fluid was negligible. In addition, the influence of gravity on large particles and the influence of Stokes drag force and Saffman lift on small particles were also discussed. The particle orbit equation is as follows:


    d  u p    d t   =   18  μ a     ρ p   d p 2   C c       u a  −  u p    +   g    ρ p  −  ρ a       ρ p     



(7)




where ua and up are the air velocity and instantaneous velocity of particles, m/s; μa is the molecular dynamic viscosity coefficient of air, kg/m·s; ρp is the particle density, kg/m3; ρa is the air density, kg/m3; dp is the particle diameter, m; and Cc is the Cunningham correction factor.



The inlet was established as the velocity inlet, and the velocity was 21.8 m/s. The major flow and minor flow outlets were established as the pressure outlet, and the outlet flow weights were set to 90% and 10%, respectively. Since the collision and rebound of the particles had little effect on the results, the wall conditions were set as “trap”. In light of the small entrance, the number of incident particles was set to 500, and the number of particles was sufficient for the independence of the simulation results [41].



The simulation results for the virtual impactor are shown in Figure 3, and they are similar to the results of Hari et al. [38]. When the Stokes number was between 2 and 6, the transmission efficiency stabilized above 90%. In addition, it can be seen that the wall loss increased slightly when the Stokes number was close to 1, because some small particles became attached to the baffle of the collecting nozzle when moving with the major flow. In brief, the above simulation method was appropriate, and it was used in the following numerical evaluation.




3.3. Grid Division and Verification of Grid Independence


Four different polyhedral grid numbers were used for verification of grid independence, and the basic grid sizes were set to 0.5 mm, 0.4 mm, 0.34 mm, and 0.3 mm and the grid number was 0.67 million, 0.41 million, 0.27 million and 0.16 million, respectively. As shown in Figure 4, the ηTE is the transmission efficiency with different numbers of grids, and WL is the wall losses with different numbers of grids. The calculation accuracy is closely related to the number of grids, and the grid independence verification is to ensure the accuracy and reduce the use of computing resources. Figure 4 shows that as the number of grids increases from 0.16 million to 0.67 million, the calculation results tend to be consistent. For the transmission efficiency, the calculation results with different grid numbers have little difference. And for the wall losses, the grid number of 0.16 million yielded the worst simulation result. Furthermore, there is no significant difference in the results between 0.41 million and 0.67 million grids. A grid number of 0.67 million require much more computing resources, so 0.41 million grids were used for CFD simulation in this study.




3.4. Boundary Conditions


The inlet boundary of the sampler in this study was set as the mass flow inlet, and the flow rate was 2 L/min. The turbulence intensity was 5%, and the turbulence length dimension was defined as 0.07 times the characteristic length (the inlet dimension). The wall condition of the sampler was “trap”, the major and minor flow outlet boundaries were the pressure outlet, and the default split ratio (the ratio of the major flow to the minor flow) was set to 9:1. In addition, in light of the huge amount of computation required for the random trajectory model, the effect of turbulence pulsation on the particles was ignored, and the number of incident particles was about 4000.





4. Full-Scale Experimental Evaluation


4.1. Experimental System


For verification of the actual performance of the sampler, an experimental bench for oil mist sampling was built. The experimental bench consisted mainly of an aerosol generation system, a mixing system and a sampling system. A schematic of the bench is provided in Figure 5.



The aerosol selected for this research was dioctyl sebacate (DOS), a colorless or light yellow transparent oily liquid with a density (at 20 °C) of 913 kg/m3 and low volatility. It maintains a stable shape and particle size during the process of oil mist production [42]. In the oil mist generation system, high-speed airflow was generated by an air compressor (0–40 L/min), and negative pressure is generated in the nozzle of the oil mist generator. The negative pressure drew DOS oil to the end face, where it collided with the airflow to produce particles of various sizes. The number concentration distribution of oil mist particles is shown in Figure 6. In addition, a pressure regulator was used to control the upper limit of the flow in the pipeline, and a mass flow controller was employed to control the flow stability.



For full mixing of the oil mist, an acrylic square cabin was designed with a length of 100 cm, a width of 20 cm, and a height of 20 cm. An aluminum honeycomb mesh (aperture of 5 mm) and a porous flow homogenizer (aperture of 3 mm) made of stainless steel were installed in the cabin, and a centrifugal induced draft fan was connected outside the cabin, which made the airflow in the cabin relatively uniform. Experimental measurements indicated that when the fan was running at the rated speed, the cabin wind speed was 0.2 m/s; when the frequency conversion was 30 Hz, the cabin wind speed was 0.13 m/s; and the experimental error did not exceed 0.02 m/s. Thus, the flow field in the cabin was evenly distributed.




4.2. Experimental Method


Since this experiment was based on the weighing method, and oil mist is usually much lighter than dust, a larger oil mist emission was required to reach the minimum weighable amount. The oil mist concentration in the cabin was controlled at 160 mg/m3 through adjustment of the mass flow controller and the frequency of the fan. The concentration of oil mist was monitored by a TSI Dusttrak II 8530, and sampling began after the concentration in the cabin had remained stable for 5 min.



First, the transmission performance of the sampler was determined. The specific steps were as follows: (1) use a TSI3330 optical particle size spectrometer to measure the mass concentration distribution of particle sizes in the cabin, (2) connect one path of the sampler to the TSI3330, and the other path to the flowmeter; adjust the flowmeter to the specified split ratio, and the TSI3330 afford to measure the mass concentration distribution with different particle diameters, and (3) combine the sampler branch and the experimental results in the cabin to obtain the sampler performance curve.



Next, different sampling methods, including the electrostatic method and the sampler method were compared. The specific steps of the electrostatic method were as follows: (1) adjust the high voltage to 6.5 kV, use the electrostatic tube alone to sample for one hour, and (2) use an electronic balance (precision: 0.0001) to measure the difference in quality before and after sampling. The specific steps of the sampler method were as follows: (1) perform three weighing experiments on the sampler, and the final results of the sampler, the electrostatic tube and the Tenax adsorption tube are the average value of three experiments, respectively; (2) adjust the flowmeters so that the major flow and the minor flow occur at different flow rate ratios (9:1 and 1:9) and continue sampling for one hour; (3) end the sampling and immediately weigh. The concentration of each phase in the oil mist can be obtained from the difference in quality before and after.





5. Results and Discussion


5.1. Numerical Optimization of the Sampler Design


To determine the optimal geometry of the sampler in detail, the sampler’s performance was first studied numerically. The effects of geometric parameters, Reynolds number, and split ratio on the performance of the sampler, as shown in Table 2, were taken into account.



5.1.1. Influence of Geometric Factors on Performance


The performance of the sampler under different corner radii of the collecting nozzle (R), nozzle spacings (S), and throat sizes (D) were studied by numerical simulation.



	A.

	
The influence of the nozzle fillet radius on the performance of the impactor







Figure 7a shows the transmission efficiency (ηTE) and wall loss (WL) of the virtual impactor under different nozzle fillet radii. The higher the transmission efficiency, the better the separation performance of the virtual impactor for particles. Improved separation performance was the most important criterion for the virtual impactor, and lower wall loss was also important.



The transmission efficiency was equivalent for fillet radii of R = 0.10 mm and R = 0.15 mm, whereas it was generally lower for R = 0.40 mm. According to the change in the wall loss curve, the wall loss curve can be divided into three regions. For regions I and II, the wall loss for R = 0.15 mm was lower than for R = 0.10 mm. Meanwhile, in region III the wall losses were comparable under different fillet radii. In conclusion, R = 0.15 mm was a better choice for the sampler.



	B.

	
The effect of nozzle spacing on performance







Figure 7b depicts the transmission efficiency and wall losses of the virtual impactor under different nozzle spacings. In regions I and III, the transmission efficiency was equivalent under different nozzle spacings. However, in region II, the efficiency at S = 1.20 mm was much lower than at S = 0.48 mm. Therefore, S = 1.20 mm would not be a better choice, even if the wall losses were lower in region II. Hence, S = 0.48 mm was chosen as the nozzle spacing of the sampler.



	C.

	
The impact of throat size on performance







Figure 7c shows the transmission efficiency and wall losses of the virtual impactor under different incident nozzle throat sizes. With the exclusion of region I, the transmission efficiency for D = 1.0 mm was far less than for D = 0.8 mm. Thus, as with the above factors (nozzle spacing), there was little difference in wall losses between different throat sizes, but D = 0.8 mm had much higher transmission efficiency. Therefore, D = 0.8 mm was chosen as the throat size of the sampler.




5.1.2. The Impact of Reynolds Number on Performance


Figure 8a depicts the influence of the Reynolds number (where the characteristic length in the Reynolds number is the diameter of the throat) on the transmission efficiency and wall loss. Here Re = 1766, Re = 3531, and Re = 7062 represent flow rates through the virtual impactor of 1 LPM (L/min), 2 LPM and 4 LPM, respectively.



From an overall perspective, the transmission efficiency was equivalent under all Reynolds numbers, but the particle transmission efficiency under high Reynolds numbers first exhibited a downward trend. In addition, the wall loss at high Reynolds numbers also increased initially. The transmission efficiency at Re = 1766 was higher than that at Re = 3531 in part of the Stokes number range. In addition, the wall losses were close for different Reynolds numbers. Therefore, Re = 3531 was chosen; that is, the virtual impactor flow rate was 2 LPM.




5.1.3. The Impact of Split Ratio on Performance


Figure 8b shows the transmission efficiency and wall loss of the virtual impactor under different split ratios. The negative flow ratios (1:6 and 1:9) did not exhibit separating characteristics. As the Stokes number changed, the transmission efficiency remained almost the same, and thus there was no separation between coarse and fine particles. Although the wall loss of particles with low sizes was close to the ideal value of 0, the wall loss increased rapidly when the Stokes number exceeded 2, which would have been caused by the cross-track phenomenon.



In the case of positive flow ratios (6:1 and 9:1), no significant difference was observed in the wall loss. The transmission efficiency curve indicates that the transmission efficiency increased as the flow ratio decreased. Therefore, the positive flow ratio of 6:1 was selected



In summary, the optimal structure of this sampler is as follows: the diameter of the throat is 0.8 mm, the nozzle spacing is 0.48 mm, the nozzle has rounded corners, and the corresponding rounded corner radius is 0.15 mm. For boundary conditions, the intake air flow should be set to 2 L/min, and the split ratio should be the positive flow ratio.





5.2. Experimental Evaluation of the Performance of the Sampler


According to the numerical simulation results, the sampler was fabricated by 3D printing technology (with an accuracy of ±0.05 mm). Figure 9 shows the main part of the sampler. The sampling system absorbs the separated gas through the Tenax adsorption tube, and the electrostatic tube adsorbs the separated particles. The electrostatic tube was made of stainless steel with an inner diameter of 20 mm and a length of 100 mm.



Figure 10 shows the volt-ampere characteristics of the electrostatic tube and the relationship between collection efficiency and voltage. It can be found that with the increase in the voltage, the collection efficiency of the electrostatic tube for particles increases. When the voltage reaches 6 kV, the efficiency of the electrostatic tube is close to 100%. When the voltage is higher than 6 kV, the collection efficiency stabilizes at 100% as the voltage increases, however the current increases exponentially. A high current will cause high heat generation, which increases the evaporation of volatile or semi-volatile droplets. Therefore, a voltage as small as possible is required under the premise of ensuring collection efficiency.



The experimental and numerical results for the sampler are compared in Figure 11a. It can be seen that the sampler had good transmission efficiency under the experimental conditions, but the efficiency drops when the Stokes number is close to 0.8, which may have been caused by a higher concentration of DOS oil at 1 μm aerodynamic diameter. The trend of the experimental results is consistent with the numerical simulation results, so the numerical model in this paper can be used for the optimization study of the virtual impactor. Figure 11b shows the sampling results of different sampling methods for the same environmental oil mist concentration. For the electrostatic method and the light scattering method, the measurement results for both are close to 160 mg/m3, and these two sampling methods can only measure the concentration of particulate matter in the air. The measurement results of the sampling method developed in this paper are close to 167 mg/m3 and the gas concentration is about 12 mg/m3. The results show that the method developed in this paper can be used to measure semi-volatile oil mist.





6. Conclusions and Limitations


This study developed a high-precision measurement sampler for semi-volatile aerosols by combining two traditional single sampling methods: the electrostatic and the Tenax tube adsorption methods. With oil mist as an example, an aerosol dichotomous sampling device was designed and optimized through numerical simulation. The validity of this sampling method was then verified experimentally. The sampling device was fabricated by 3D printing technology, and a complete test table for oil mist sampling was built for the experiments. The results show that the sampler had good transmission performance and effectively separated the gas phase and particle phase components in the oil mist. Compared with the traditional single sampling method, the sampling method proposed in this paper effectively separates the gas phase and the particle phase of the semi-volatile aerosol and measures them separately. Therefore, this method can more accurately measure the concentration of semi-volatile pollutants in the environment, avoid underestimating the concentration of pollutants in the production site during the measurement process, and provide help for the occupational health of production workers.



This sampling method also has some limitations. Firstly, this method requires a virtual impactor to separate the gaseous and particulate oil mist, which will generate wall losses during the separation process and lead to an underestimation of the particle phase. Secondly, this method has high requirements on the stability of the airflow speed of the virtual impactor. From Figure 8a, it can be found that the virtual impactor has the highest transmission efficiency and lowest wall losses when the Stk number is between 0.8 and 3. When the Stk number is in other ranges, it will cause larger wall losses, resulting in the underestimation of particle phase concentration.
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Figure 1. Structural evolution of the impactor. 
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Figure 2. Schematic view of the sampler. 
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Figure 3. Comparison of numerical simulation and literature results [38]. (a) Transmission efficiency (b) Wall losses. 
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Figure 4. Sampler performance curve with different grid numbers. 
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Figure 5. Schematic diagram of the experimental system. (1—Oil mist generator, 2—Air compressor, 3—Pressure regulating valve, 4—Oil-water separator, 5—Drying pipe, 6—Mass flow controller, 7—Flow indicator (0~50 L/min), 8—Acrylic cabin, 9—Honeycomb mesh, 10—Porous flow homogenizer, 11—Temperature and humidity sensor, 12—Dust detector, 13—HEPA filter, 14—Frequency converter, 15—Centrifugal induced draft fan, 16—Virtual impactor, 17—Insulating resin screw, 18—Cylindrical electrostatic sampler, 19—Tenax adsorption tube, 20—Glass rotameter, 21—Vacuum pump, 22—High voltage generator, 23—BGG negative high voltage power supply). 
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Figure 6. DOS oil concentration distribution (The number of experiments is 3). 
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Figure 7. Influence of geometric factors on sampler performance. (a) Corner radius of the collecting nozzle. (b) Distance between the incident nozzle and the collection nozzle. (c) Throat diameter of the incident nozzle. 
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Figure 8. (a) Influence of Reynolds number on sampler performance (b) Impact of split ratio on sampler performance. 
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Figure 9. Photograph of the sampler. 
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Figure 10. The performance curve of the electrostatic tube. 
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Figure 11. (a) Comparison of the experimental and simulation results for the sampler (the number of experiments is 3). (b) comparison of results measured by different oil mist sampling methods (the number of experiments is 3). 
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Table 1. Summary of coefficients in Equation (6).
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Equation or Model

	
ϕ

	
Гϕ

	
Sϕ

	
Constants






	
Continuity

	
1

	
0

	

	




	
Momentum

	
uj

	
μeff

	
   −   ∂ P   ∂  x i    +  ∂  ∂  x j       μ  e f f     ∂  u j    ∂  x j      +  S u    

	
μeff=μ+μt




	
Temperature

	
T

	
    μ  Pr   +    μ t      Pr  t      

	
ST

	
   μ t  = ρ  C μ     k 2   ε    Cμ= 0.0845




	
RNG k-ε

	
k

	
   μ +    μ t     σ k      

	
    G k  +  G b  − ρ ε   

	
   G k  =  μ t   S 2     S =   2  S  i j    S  i j        η =   S k  ε   

   G b  = ρ  g i    ∂  μ t    ∂  σ  T , t       ∂  T ¯    ∂  x i        R ε  =    C μ  ρ  η 3    1 −  η /   η 0        1 + β  η 3       ε 2   k   

αk = 1.0, αε = 1.3, C1ε = 1.42,

C2ε = 1.68, η0 = 4.377, β = 0.012




	
ε

	
   μ +    μ t     σ E      

	
    G  1 ε    G k   ε k  −  C  2 ε   ρ    ε 2   k  −  R ε    
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Table 2. Sampler detail size.
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Geometric Features (mm)

	
Reynolds Number (Re)

	
Split Ratio




	
Throat Size (D)

	
Nozzle Spacing (S)

	
Collecting Nozzle Radius (R)






	
0.8

	
0.48

	
0.10

	
1766

	
9:1




	
0.15

	
3531

	
6:1




	
1.0

	
1.20

	
1:6




	
0.40

	
7062

	
1:9
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