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The traditional theoretical model is not suitable for the simulation of the oil particle filtration process of a composite filter due to its huge difference in fiber diameter. In this paper, the concept of fiber dispersion σ was introduced into a mathematical model for describing the dynamic filtration process of a composite filter. The results show that the model is in good agreement with the experimental data. As the packing density is constant, the higher the fiber dispersion, the better performance is. In addition, the effect of different factors on the efficiency of different mechanisms was discussed. For fine particles (<0.1 μm), diffusion is the dominant mechanism. For coarse particles (>1 μm), the inertia impaction mechanism dominates the filtration efficiency. The fiber diameter has a significant effect on the inertia impaction mechanism. The single-fiber efficiency by inertia impaction mechanism is obviously affected by filtration velocity. The packing density has an effect on all mechanisms except for the diffusion mechanism. Moreover, such a model would contribute to an accurate prediction of the dynamic filtration performance of composite filters with polydisperse fiber diameter and improve performance by adjusting parameters reasonably.
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INTRODUCTION
Oil particles are a common particulate pollutant, mainly arising from human activities such as cooking, smoking (Sun et al., 2011; Huang et al., 2010), and industrial processes such as natural gas transportation, mechanical atomization, metal cutting, condensation, and evaporation (Gonfa et al., 2015). These oil particles released into the air harm human health and cause environmental pollution. In addition, oil particles cause corrosion, damage, and other harm to the system and equipment used in the industrial process. Fiber filtration is widely used in many fields such as air purification (Luengas et al., 2015), dust removal (Bullock and Driver, 1967), and oil mist purification (Brahm, 2012) due to low cost and high efficiency. Different from solid particles, oil particles are liquid. Due to the fluidity of liquids, particles will undergo wetting, coalescence, evolution, and draining in a filter (Chen et al., 2017).
As early as 1999, Walsh et al. (1996) divided the filtration process into multiple stages according to the change of pressure drop. Subsequently, Contal et al. (2004) and Frising et al. (2005) studied the filtration phenomenon of liquid particles on a high-efficiency particulate air (HEPA) filter, and they divided the liquid filtration process into four stages. In the first stage, oil droplets were intercepted, wetting and spreading on the fibers. In the second stage, with the accumulation of droplets, a liquid bridge was formed. In the third stage, the liquid bridge evolved into a liquid film. The filter reaches steady drainage in the fourth stage. Previous reports mainly focus on experimental study, with a few theoretical studies on liquid particle filtration.
Pressure drop and filtration efficiency are important parameters of filtration. For pressure drop, Hinds (2012) proposed the expression to obtain the pressure drop of clean filters in classical filtration theory. Davies (1973) also developed a semi-empirical formula to calculate the pressure drop according to Darcy’s law. Those expressions were widely used to predict the pressure drop of a filter. For filtration efficiency, there are five main mechanisms for capturing particles: diffusion, interception, inertia impaction, electrostatic, and gravity (Li et al., 2014a). Based on the Kuwabara-Happel model (Happel, 1959; Kuwabara, 1959), Some researchers (Wang et al., 2007; Hubbard et al., 2012; Chen et al., 2017; Choi et al., 2017) developed most theoretical models of filtration under different mechanisms to determine the filtration of solid particles. However, these models also apply to describe the filtration of liquid particles. In addition, the saturation of the filter is also an important parameter for liquid particle filtration. The saturation directly affects the airflow channel of the filter and is related to the pressure drop and efficiency. Liew and Conder (1985) proposed an expression of saturation based on the capillary number. Meanwhile, Liew suggested the empirical expression of wet pressure drop at saturation state. However, the formulas mentioned above are suitable for describing the static parameter of filtration.
There are only a few reports on model studies of dynamic filtration of liquid particles. Some researchers (Frising et al., 2005; Tekasakul et al., 2008; Charvet et al., 2010) divided the filter into layers for describing the dynamic filtration process. Those models adopted the “wet diameter” and “wet packing density” proposed by Davies to describe the characteristics of filtration. With the development of filtration materials, many composite filters consisting of micrometer and nanometer fibers have been fabricated (Xu et al., 2018; Li et al., 2014b; Zhao et al., 2015) for particles filtration. But, the models are not suitable to describe the dynamic filtration of composite filters due to the great differences in fiber diameter.
In this paper, the fiber diameter dispersion σ was introduced to depict the inhomogeneity of fiber diameter in a composite filter. We set up a model based on the idea of “wet diameter” and “wet packing density” for a composite filter. The accuracy of the model was verified by the experiment data in our published paper. The change of drainage rate was predicted and the effect of dispersion σ on filtration performance was analyzed. In addition, the effect of different factors on total efficiency and single-fiber efficiency of the filter under different mechanisms were discussed on the basis of the model.
PHYSICAL MODEL
When particles are captured onto the fiber, a barrel or clam-shell morphology is formed. Oil particles accumulate continuously with loading. Due to Plateau-Rayleigh instability, the liquid forms a string of barrel droplets on the fiber (Roe, 1975). However, the barrel shape is hardly described by mathematical methods. For convenience of calculation, we assumed that a virtual “liquid tube” is formed on the fiber, as shown in Figure 1. With the accumulation of liquid particles on fiber, the diameter of the “liquid tube” gradually increases.
[image: Figure 1]FIGURE 1 | Schematic diagram of “liquid tube.”
SIMULATION AND EXPERIMENTAL METHOD
Mathematical Model
Governing Equation
During the filtration process, the mass change of the droplets on the filter is described as:
[image: image]
where, [image: image] is the change rate of mass of droplets loaded on the filter at time i; [image: image] is the collection rate of particle size j at time i; [image: image] is the drainage rate of the filter at time i.
In the dynamic filtration process, the droplet mass on filters varied with loading, which caused the change of wet diameter of the fiber and wet packing density.
Wet Diameter and Wet Packing Density
Wet diameter [image: image] and wet packing density [image: image] are calculated by the following equations (Frising et al., 2005):
[image: image]
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Where, [image: image] and [image: image] are the wet diameter and wet packing density of composite filter at time i respectively. [image: image] and [image: image] are the diameter and packing density of the clean filter. [image: image] is the droplets mass on the filter at time i. [image: image] is the density of the liquid. [image: image] is the area of the composite filter. [image: image] is the thickness of the composite filter.
Fiber Diameter Modification by Dispersion [image: image]
It was mentioned above that the fibers in the composite filter have different sizes. Thus, the valid value of fiber diameter affects the calculation. We suggested the expression of a valid diameter of fiber by introducing the dispersion σ, which is described as:
[image: image]
where, [image: image] is the fiber diameter calculated by the Davies pressure drop equations (Davies, 1973).
Filtration Efficiency
In our case, the filtration mechanisms include diffusion, inertia impaction, interception, and the interaction between diffusion and interception. The electrostatic mechanism is ignored since the oil droplet is a poor conductor.
First, the efficiency due to diffusion mechanism at time i (Happel, 1959):
[image: image]
where [image: image], is Pelect number at time i, defined as;
[image: image]
Second, the efficiency by inertia impaction mechanism at time i is suggested as follows (Stechkina and Kirsch, 1969):
[image: image]
where [image: image] is the ratio of particle diameter to fiber diameter, [image: image]; [image: image] is Kuwabara constant; [image: image] is Stokes number.
Third, the capture efficiency by interception mechanism at time i (Lee and Liu, 1982):
[image: image]
Finally, the efficiency by the interaction mechanism of diffusion mechanism and interception at time i (Hinds, 2012):
[image: image]
The single-fiber efficiency at time i [image: image] is determined from:
[image: image]
The total efficiency of the composite filter is obtained:
[image: image]
Pressure Drop
According to classical filtration theory (Hinds, 2012), the pressure drop is calculated as follows:
[image: image]
where [image: image] is dimensionless drag factor; [image: image] is gas viscosity; [image: image] is the face velocity; [image: image] is the fiber length of per unit area;
[image: image]
Drainage Rate
There is no drainage in the initial stage of coalescence filtration. The saturation of the filter gradually increases with loading. The drainage phenomenon was observed when the saturation reached the minimum saturation [image: image]. The minimum saturation [image: image] was defined as follows (Raynor and Leith, 2000):
[image: image]
where [image: image] is the Bond number and [image: image] is the capillary number:
[image: image]
[image: image]
where [image: image] is the surface tension of liquid; [image: image] is gravitational constant.
In the dynamic filtration process, the real-time saturation [image: image] of the filter is calculated as follows:
[image: image]
where, [image: image] is the saturation of filter at time i; [image: image] is the void space in filter, [image: image] is the mass of liquid on the filter at time i. When the filter reach to equilibrium stage, [image: image], [image: image] is the saturation when the filter is in saturation state.
The dimensionless drainage rate [image: image] is defined as (Raynor and Leith, 2000):
[image: image]
The drainage rate [image: image] is calculated as:
[image: image]
where [image: image] is the dimensionless drainage coefficient; [image: image] is the dynamic viscosity of liquid; [image: image] is the width of filter in the direction perpendicular to airflow and to gravity.
In summary, the pressure drop and filtration efficiency of a composite filter at time i can be calculated by Equations 11, 12.
Experimental
The filtration experiments used for composite filters were conducted on the special apparatus shown in Figure 2. Oleic acid was applied in the filtration experiments, which generated oil aerosol mists by a simple atomizer manufactured in-house. The oil mist from the aerosol generator was mixed with the dried compressed air in the mixing chamber. The concentration of oil mist at the filter upstream and downstream was measured by an Electrical Low-Pressure Impactor (ELPI, DEKATI). The pressure drop of the composite filter was measured continuously by a differential pressure transmitter and recorder (Asmik, MIK-9600D). A High-Efficiency Particulate Air (HEPA) filter was employed to purify the waste gas before entering the flowmeter and pump. A vacuum pump was used to pump the gas and allowed to change speed for different filtration velocities.
[image: Figure 2]FIGURE 2 | Experimental apparatus.
The composite filter was placed into a filter holder. The composite filter was fabricated through the chemical vapor deposition (CVD) method to grow carbon nanotube (CNT) fibers on the porous nickel foam filter. The characterizations of the composite filter have been reported in our previously published work (Xu et al., 2018). Briefly, the CNT content of the composite filter is 15.51%. The packing density of the filter is 0.045. The thickness of the filter is 4 mm. The pore size of the filter is in the range of 0.314–1.02 μm. The Davies fiber diameter of the composite filter is 4.63 μm. Obviously, the value of Davies diameter is inconsistent with the actual fiber diameter. It is because the composite filter mainly consists of carbon nanotube fibers. The diameter of a single carbon nanotube is about 60 nm. However, many carbon nanotube bundles were formed in the preparation process due to coalescence, which results in the inhomogeneity of fiber diameter. Thus, it is necessary to introduce the dispersion σ for computing the performance parameters of the composite filter.
RESULTS AND DISCUSSIONS
Model Validation
The accuracy of the model was verified by the data obtained from the experimental apparatus in our published work (Xu et al., 2018). Figure 3 shows the comparison of the model and experimental data. It can be seen that the error is less than 7.5%, and the pressure drop profile of the model is near to that of data from Figure 3A. In addition, the hypothesis of the liquid tube represents that the model does not take into account the formation of liquid films, which is a common phenomenon occurring in coalescence filtration. The experimental results from the literature indicated that the composite filter could restrain the formation of a liquid film. The model proves this conclusion. Figure 3B shows the efficiency curve of the composite filter. It demonstrates that the model curve shows exponential increase until it reaches the saturation state. Nevertheless, the experimental curve decreases at the beginning of filtration then increases exponentially. This can be attributed to the partial wetting of droplets on fibers at the beginning of filtration. The application condition of the hypothesis of liquid tube involves perfect wetted fiber. In addition, the total wetting area of the droplet on fiber overtakes the surface area of the filter within a few minutes according to the literature (Xu et al., 2020). Therefore, the curve of experimental data presents hysteresis compared with the model.
[image: Figure 3]FIGURE 3 | Verification results of dynamic filtration model: (A) Dynamic pressure drop; Efficiency.
As shown in Figure 3, incomplete wetting has a little effect on the change of pressure drop, but an obvious effect on the filtration efficiency. The reason is that the pressure drop and efficiency in the model are only related to fiber diameter and packing density without considering the fiber surface area. In practice, the fiber surface area is an important factor affecting efficiency. The surface area undergoes great change until perfectly wetting.
The comparison indicated that the model is in good agreement with the experimental data. The model is suitable for describing and predicting the dynamic filtration of the composite filter.
Drainage Rate
Drainage is an important phenomenon for liquid particle filtration. The start time and the amount of drainage affect the performance of the filter. Figure 4 shows the change of drainage rate over filtration time. It can be seen that the drainage rate is zero within the first 80 min. When reaching the minimum saturation S0, the filter starts to drain out the liquid. The drainage rate increases exponentially and finally reaches constant. In addition, the curves of pressure drop and efficiency have no fluctuation after drainage.
[image: Figure 4]FIGURE 4 | Change of drainage rate in dynamic filtration.
Influence of Fiber Dispersion
The dispersion [image: image] reflects the dispersion degree of fibers in the filter. The higher the dispersion, the more obvious fiber diameter discretization is. When the dispersion σ is zero, all fibers in the filter have the same diameter. Fiber diameter is closely related to the flow field around fiber and the specific surface area of the filter.
Figure 5 shows the effect of fiber dispersion on pressure drop, filtration efficiency, and drainage rate. When the dispersion increases, the value of the pressure drop of the filter decreases gradually at saturation. The specific surface area of the filter decreases with the increase of fiber dispersion, which results in the decrease of the amount of liquid loaded on the filter at saturation state. Therefore, the saturation decreases at a steady state. The pressure drop of the filter decreases. In addition, the decrease in the specific surface area of the filter causes the decrease of the beginning time of drainage, shown in Figure 5C. Figure 5B shows the change of filtration efficiency under different dispersions. With the increase of fiber dispersion, the efficiency shows great improvement. When the dispersion increases from 0.5 to 20, the efficiency of the clean filter increases from 66% to 100%. In addition, when the dispersion is less than 2, the efficiency of the filter at the saturation stage decreases with the decrease of the dispersion.
[image: Figure 5]FIGURE 5 | Diagram of variation of fiber dispersion on filter performance of filter: (A) Dynamic pressure drop; (B) Filtration efficiency; (C) Drainage rate.
Therefore, it is reasonable to conclude that the composite filter with high fiber dispersion has better performance for liquid particles as the packing density is constant.
Mechanisms Discussion of Different Factors
In the classical filtration theory, the fiber materials possess the most penetrating particle size (MPPS). The most penetrating particle size is caused by the different mechanisms for capturing particles of different sizes. The dominance of these mechanisms on serial sizes particles is the essence affecting the filtration performance. Next, the effect of different factors on the total efficiency and single-fiber efficiency of the filter under different mechanisms are discussed.
Fiber Diameter
Figure 6A shows the total efficiency of the filter under four mechanisms. The result demonstrates that the total efficiency of diffusion mechanism and interaction mechanism between diffusion and interception decreases exponentially with the increase of fiber diameter when the fiber diameter is greater than 0.4 μm. The inertia impaction and interception mechanisms begin to decrease when the fiber diameter reaches 1.5 μm. The total efficiency of all mechanisms decreases exponentially when the fiber diameter reaches 3 μm. The fiber diameter is an important parameter used to characterize the flow regime around the fibers. For diameter <528 nm, the gas around fiber is in the transition or free molecular flow regime. In transition or free molecular flow regime, the disturbances by fiber to the airflow field are reduced or even ignored. Thus, the streamlines have only a little deviation from a straight line near fiber. The decrease of deviation enhances the contact probability between particles and fibers. This is beneficial to filtration efficiency.
[image: Figure 6]FIGURE 6 | Effect of fiber diameter on filtration efficiency: (A) Total filter efficiency; (B) Single-fiber efficiency.
The single-fiber efficiency decreases with the increase of fiber diameter, rather than as the total efficiency begins to decrease until a certain diameter, as shown in Figure 6B. It can be seen that the inertia impaction differs by one order of magnitude from the interception mechanism at smaller fiber diameter. The action of the diffusion mechanism is close to the interaction mechanism between diffusion and interception. With the increase of fiber diameter, all curves in Figure 6B show a reduction tendency. In addition, the fiber diameter has little effect on the diffusion mechanism. The inertia impaction mechanism is significantly affected by the fiber diameter, showing a decline of five orders of magnitude. The results show that the flow regime around fiber has an obvious effect on each mechanism.
Particle Diameter
Figure 7 shows the effect of particle size change on the total efficiency and single-fiber efficiency of the filter. Firstly, the total efficiency under all mechanisms has no obvious change with particle size, as shown in Figure 7A. The interception mechanism and inertia impaction mechanism increase sharply with the increase of particle size, then to stable. The diffusion mechanism decreases sharply when the particle size reaches 0.15 μm. The interaction mechanism of diffusion and interception decreases greatly after the particle size reaches 0.4 μm. The results indicate that particle size has a significant effect on different mechanisms.
[image: Figure 7]FIGURE 7 | Effect of particle diameter on filtration efficiency: (A) Total filter efficiency; (B) Single-fiber efficiency.
Figure 7B shows the effect of particle size on single-fiber efficiency. When the particle size is 0.01 μm, the main action mechanism is the diffusion mechanism. The action from the inertia impaction mechanism is the least for fine particles. The difference between the diffusion and inertia impaction mechanisms is on five orders of magnitude. With the increase of particle size, the efficiency of the diffusion mechanism decreases gradually, and the interception and inertia impaction mechanism increases sharply. The diffusion mechanism has a dominant action for filtering particles less than 0.1 μm. Four mechanisms are in the same order of magnitude at 0.1 μm. With the further increase of particle size, the interception and inertia impaction mechanism gradually dominate. When the particle size is greater than 1 μm, the inertia impaction mechanism dominates the single-fiber efficiency. The interception mechanism has no change as the particle size is larger than 1 μm. In addition, the single-fiber efficiency firstly decreases and then increases with the increase of particle size.
Filtration Velocity
The effect of filtration velocity on filtration efficiency is shown in Figure 8. The filtration velocity has an obvious effect on the total of the diffusion mechanism and the interaction mechanism between diffusion and interception, presented in Figure 8A. After the filtration velocity reaches 0.2 m/s, the diffusion mechanism and the interaction mechanism between diffusion and interception decrease obviously. In addition, filtration velocity has no effect on the total efficiency. This is because the diffusion mechanism contributes greater than 80% to capture efficiency for droplets less than 0.1 μm (Yang, 2012). The mass proportion of fine particles to the total mass of particles is small. Thus, the decrease of efficiency by diffusion mechanism has no obvious effect on total efficiency.
[image: Figure 8]FIGURE 8 | Effect of filtration velocity on filtration efficiency: (A) Total filter efficiency; (B) Single-fiber efficiency.
With the increase of filtration velocity, the single-fiber efficiency of the interception mechanism shows no change. However, the single-fiber efficiency under the inertia impaction mechanism increases by two orders of magnitude. The single-fiber efficiency under the diffusion mechanism and the interaction mechanism between diffusion and interception decrease by one order of magnitude. This can be attributed to the increase of the Stokes number as filtration time increases. Stokes number is the governing parameter for inertial impaction.
Packing Density
Figure 9 shows the effect of packing density on filtration efficiency. As the packing density increases, the total efficiency under the diffusion mechanism and the interaction mechanism between diffusion and interception increase sharply, as shown in Figure 9A. The interception mechanism and inertia impaction mechanism increase slightly when the packing density increases from 0.01 to 0.02, and then to stable. The packing density has no effect on the total efficiency of the filter.
[image: Figure 9]FIGURE 9 | Effect of packing density on filtration efficiency: (A) Total filter efficiency; (B) Single-fiber efficiency.
The effect of packing density on single-fiber efficiency is presented in Figure 9B. Apart from the diffusion mechanism, other mechanisms show an increasing tendency with the increase of packing density. The increase of inertia impaction mechanism is largest, reach to two orders of magnitude.
CONCLUSION
In this paper, due to the inhomogeneity of fiber diameter in the composite filter, we introduced the fiber dispersion σ into the dynamic filtration model to describe the filtration process of a composite filter. Firstly, the accuracy of the model was verified. Compared with the experiment data, the model can predict the pressure drop and filtration efficiency. The change of drainage rate in filtration process was determined through the model. After reaching minimum saturation S0, the filter begins to drain out, the drainage rate increase exponentially and finally becomes constant. The results show that the model can predict accurately the dynamic filtration process of a composite filter. Secondly, the influence of fiber dispersion on filtration performance was analyzed. When the dispersion increases, the pressure drop at saturation of decreases gradually and the initial filtration efficiency increases. The increase of dispersion causes the decrease of the beginning time of drainage. Thirdly, the effect of different factors on total efficiency and single-fiber efficiency of the filter under different mechanisms were discussed. The fiber diameter has a significant effect on the inertia impaction mechanism. The diffusion mechanism is dominant for capturing fine particles. When the particle size is greater than 1 μm, the inertia impaction mechanism dominates the filtration efficiency. Filtration velocity has a positive influence on the inertia impaction mechanism and a negative impact on other mechanisms. Packing density has an obvious effect on the diffusion mechanism as packing density less than 0.1.
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