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Abstract

:

A large number of application cases show that air filter media are easy to fail under extreme conditions of high humidity, haze, rain and snow, thus seriously affecting the energy efficiency of gas turbines. To study the impact of humidity on the dust-holding performance of filter media, three typical filter media applied for gas turbines with a similar efficiency are selected, and their dust-holding performance is investigated at a humidity of 30%, 60% and 75%, respectively. The results showed that the dust-holding pressure drop curves of three filter media were divided into two phases. With the increase of humidity, the increasing pressure drop rate of three filter media decreased. The pressure drop synthetic fiber, glass fiber composite filter media and the synthetic fiber composite filter media with a sandwich structure were more significantly affected by humidity during the filter cake filtration phase. Under the same conditions, filter media with a sandwich structure had the highest dust-holding capacity, while the electrospun fiber composite filter material had the lowest one. The dustcake formed on the surface of the filter media that consist of a pure synthetic fiber or a small amount of plant fiber is significantly affected by humidity.






Keywords:


gas turbine; humidity; filter media; dust-holding capacity












1. Introduction


The inlet air quality of the gas turbine influences its efficiency and unit life significantly [1]. Particles with a size larger than 5 μm entering the gas turbine may cause impact and wear to the metal surface, lowering the smoothness and fatigue strength of the metal surface, reducing compressor efficiency and damaging the blades [2]. Pollutants such as fine particles or oil attached to the surface of the gas turbine compressors and turbine blades can change clearance and reduce the rotating smoothness of the blades’ surface, thus reducing the unit efficiency [3]. The air filter media are the key element in the air filters to guarantee the inlet air cleanliness of a gas turbine. A large number of application cases show that filter media can easily fail under extreme conditions of high humidity, haze, rain or snow, thus seriously affecting the energy efficiency of gas turbines [4,5,6]. Therefore, the influence of the relative humidity on the dust-holding performance of air filter media should be studied.



Many scholars often study the properties of porous media and particle motion by means of numerical simulation. Cravero, C. et al. [7] showed various numerical strategies for the design of a pre-heating system for recycled glass raw material through CFD techniques and used the porous domain to evaluate the thermal response for the pre-heating of raw material. Z. Pan et al. [8] analyzed microstructure information and air flow properties and simulated the motion of ultrafine particles in unresolved and resolved models. They also found that smaller diameter PET fibers in the filter media led to a lower average pore size, lower permeability and a better collection performance by simulation methods [9]. Zhou, B. et al. [10] presented the LB method which could be used to predict the performance of fibrous media well. Some literature reported the performance of filter media in different environments mainly focusing on the investigation of filtration efficiency and dust-holding performance against the standard particles [11,12,13,14,15,16]. It mainly involves the influence of surface velocity, particle concentration and filter media porosity on the resistance of filter media. Only a few studies have considered the performance of filter media in a real environment (extreme conditions such as high humidity, rain or snow). Gupta et al. noted no change when the filter was subjected to relative humidities between 1 and 100%. They highlighted the importance of the hygroscopic nature of aerosols on the evolution of the pressure drop of a filter during its clogging [17]. For a non-hygroscopic aerosol or a hygroscopic aerosol at a relative humidity below its deliquescent point, the increase in the filter pressure drop is much lower than when the humidity is high; for a hygroscopic aerosol at relative humidity above its deliquescent point, the pressure drop of the filter increases exponentially after a certain mass of droplets has collected. The same observations have been reported by A.F. Miguel et al. [18] with large-diameter polyester fiber filters clogged with hygroscopic and non-hygroscopic aerosols. Xu He et al. [19] studied the dust-holding pressure difference curve of vehicle filter media under different humidity conditions for an A2 dust [20] and soot particle mixture. However, these studies focused on the results of the influence of humidity without further investigation of the influence mechanism of humidity and the structure of the filter media on the dust-holding performance against the A2 fine dust.



This study has analyzed the dust-holding characteristics of filter media under different humidity conditions and revealed the mechanism of filter material failure in a high humidity environment by characterizing the distribution of dust in filter media and analyzing the structure of the dustcake. The influence of the structure of filter media on their dust-holding performance at different relative humidities was also discussed.




2. Materials and Methods


Three kinds of typical filter media such as electrospun fiber composite filter material, synthetic fiber composite filter material and melt-blown fiber composite filter material with similar initial filtration efficiency are selected as the study objects. The basic properties of these filter media are listed in Table 1.



The size, permeability and surface contact angle of filter media are tested with a capillary flow aperture meter (CFP1100-Porometer, PMI, Ithaca, NY, USA), air permeability meter (FX 3300-IV, Textest, Schwerzenbach, Switzerland) and surface contact angle meter (Biolin Scientific, Manchester, UK). The morphology and structure are tested and characterized with a scanning electron microscope (PhenomPro, Thermo Fisher Scientific, Eindhoven, The Netherlands).



Based on the fiber composition and performance test results of three filter media, the Geodict (Math2 Market, Kaiserslautern, Germany) software is used to build structural models of three filter media. Meanwhile, analog computation is conducted for the motion trajectory of the particles in the three filter media. During the calculation, based on the distribution of the A2 dust particle size, particles are loaded to the model and the calculation is terminated when the model differential pressure increased by 60 Pa.



The diagram of the dust loading system under different humidity conditions is shown in Figure 1. Water mist generated by the ultrasonic humidifier is used to humidify the test system. A2 dust is generated by the dust generator mix with the water mist inside the test pipe. A humidity sensor (HC2A-S, Rotronic, Bassersdorf, Switzerland) is installed in the upstream of the filter material for the monitoring of humidity of the test system in real-time. During the test, the surface velocity was 11.1 cm/s, and the effective test area of the filter media was 100 cm2. The clean air was used for the make-up flow for the whole test system which was controlled by a mass flow controller. When the filter material pressure drop increased by 1, 2, 3, 4 and 5 times, the initial pressure drop and by 1500 Pa, respectively, the test was terminated and the filter media were taken out for weighing. The test was also terminated when the filter material pressure drop increased to 2000 Pa. The dust-holding capacity of the filter media was calculated as the following:


  D H C =    m ′  −  m 0   A   



(1)




where    m ′    is the mass of filter media loaded with dust,    m 0    is the mass of the clean filter media and  A  is the filtration area.




3. Results and Discussion


3.1. Structural Analysis of Three Filter Media


The inflow surface and section morphology of the three filter media are shown in Figure 2. The electrospun nanofiber composite filter media are dual-layer structured. The substrate layer consists of kraft cellulose fibers and about 20 percent PET fibers (Figure 2a–c). From Figure 2d–f, it can be seen that the synthetic fiber filter media consisting of glass wool fibers and synthetic fibers (polyethylene terephthalate fibers) have a single-layer structure. From Figure 2g–i, it can be seen that the melt-blown fiber composite filter material has a “sandwich” structure. The bottom layer consists of polyethylene terephthalate fibers, the middle layer consists of glass wool fibers and synthetic fiber and the top layer consists of melt-blown polypropylene fibers.




3.2. Basic Performance of Three Filter Media


The air permeability and pore size distribution are shown in Figure 3 and Figure 4. The pore size of the electrospun fiber composite filter material is mainly between 0 and 10 μm; among it, the size of 2~7 μm accounts for 71.7%; 5~6 μm has the largest number, accounting for 24.2%. The pore size of the synthetic fibers filter material is mainly between 0 and 18 μm; among it, the size of 2~7 μm accounts for 48%; 4~5 μm has the largest number, accounting for 15.7%. The pore size of the filter media with a sandwich structure is mainly between 2 and 8 μm; among it, 5 to 6 μm has the largest number, accounting for 37.2%. The fluffy structure on the top and bottom layer in the sandwich-structured filter media contributes to the largest air permeability. The compact structure of the electrospun fiber composite filter material leads to the smallest air permeability. Before the filter material contact angle was tested, a glass slide was used to flatten the filter material to minimize the impact of surface roughness of the filter media. From Figure 5, it can be seen that the surface contact angle of the electrospun fiber composite filter material is the smallest. The contact angle of the filter media consisting of polyethylene terephthalate fiber in the surface layer is the largest.




3.3. Filter Performance of Three Filter Media


The initial filter performance of the three filter media is shown in Figure 6. The initial filter efficiency of the three filter media is between 70 and 80%; the efficiency and resistance of the electrospun fiber composite filter material are the highest and the quality factor the lowest. The main reason is that the electrospun nanofiber layer structure is dense, leading to larger composite filter material resistance. The filter media with a sandwich structure has the lowest efficiency and resistance. This is due to its “sandwich” structure. The melt-blown fiber on the surface layer is looser than the electrospun fiber layer and the base layer is looser than the structure of the total synthetic fiber filter material. Therefore, the overall air resistance is the lowest among the three filter media.




3.4. Simulation of Deposition Behavior of Particulate Matters in Filter Media


The models established based on the fiber composition, structure and basic performance are shown in Figure 7, Figure 8 and Figure 9. Figure 7c is the calculation result of the dust-holding resistance of electrospun fiber composite filter material models. With the increase of the dust-holding capacity, the model resistance increases linearly. Figure 7d is the calculation result of the deposition behavior by loading different amounts of A2 dust in models. The results show that A2 dust particles are mainly distributed in the electrospun nanofiber layer and only a small amount entered the filter material base. Figure 8c shows that with the increase of the dust-holding capacity, the increase rate of the pressure difference of the synthetic fiber filter material is less than that of the electrospun fiber composite filter material. The deposition track of particles in Figure 8d shows that the larger particles in A2 dust are mainly distributed on the filter material surface and the smaller ones inside the filter media. Figure 9d shows that the larger particles in the A2 dust of the sandwich-structured filter media are mainly captured by the loose inflow layer and the smaller ones pass through the inflow layer to be deposited in the intermediate layer of fine fiber. Compared with the electrospun fiber composite filter material, the result amounts to improving the porosity of the filter cake structure formed by particles in the filter media and reducing the resistance to air, which is also the reason why such material has a longer service life.




3.5. Dust-Holding Performance of Three Filter Media under Different Humidity Conditions


Dust-holding–resistance curves of the three filter media under humidity conditions of 30 ± 2%, 60 ± 3% and 75 ± 2% are shown in Figure 10. It can be seen that the dust-holding capacity of synthetic fiber filter media with a sandwich structure is the largest, while the dust-holding capacity of the synthetic fiber single-layer filter material is similar to that of the electrospun fiber composite filter material. During dust-holding, the resistance of the synthetic fiber filter media with a sandwich structure first increases slowly with the increase of the dust-holding capacity, and this phase is called depth filtration. Afterwards, the resistance of the filter media increases fast and this phase is called filter cake filtration. The resistance of the other two filter media increases linearly with the increase of the dust-holding capacity.



With the increase of humidity, the dust-holding resistance change curves of the three filter media are divided into two phases. In the first phase, before the filter cake is formed, with the increase of humidity, the dust-holding resistance change curves of the three filter media have little change. In the second phase, the filter cake is formed; with the increase of humidity, the resistance increasing rate of the three filter media decrease. It can be seen that the change of the dust-holding–resistance curve of the electrospun fiber composite filter material is least affected by humidity, so the humidity can hardly affect the dust-holding capacity.



The change of the dust-holding–resistance curves of the synthetic fiber single-layer filter material and synthetic fiber composite filter material with a sandwich structure are more significantly affected by humidity during filter cake filtration and the latter is most significant. Compared with a humidity of 30% RH, the increasing rate of resistance of the filter media decreased significantly when the humidity is 75% RH.



The resistance–time curves of the three filter media are shown in Figure 11; a more intuitive analysis of the resistance changes of the three filter media can be obtained under different humidity conditions during dust holding. The analysis results of the increasing resistance rate are shown in Table 1. During the early dust-holding stage of the three filter media, with the increase of humidity, the increasing rate of resistance has little change. The analysis results of the resistance change rate of the three filter media at this phase in Table 2 indicate that under the same conditions, during the phase of deep filtration, the increasing resistance rate of the total synthetic fiber filter media with a sandwich structure is minimum and that of the total synthetic fiber filter media is maximum. When the duration of dust holding is 300 s, the resistance change rate of the electrospun fiber composite filter material and filter media with a sandwich structure markedly reduce with the increase of humidity. The impact degree of humidity on the resistance of the total synthetic single-layer fiber filter material is greater than that of the other two filter media during the entire dust-holding process. At the initial stage of dust holding, the resistance of the filter media increases faster than that of the cake filtration phase. In the deep filtration phase, particulate matters are deposited inside the filter media to reduce the porosity, which is smaller than the cake porosity formed by particulate matters. As a result, the resistance at the cake filtration phase increased more slowly.




3.6. Particle Distribution in Filter Media after Dust Holding


Figure 12 shows the analysis results of the particle distribution in the three filter media after dust holding under different humidity conditions. Particles in the electrospun fiber composite filter material are distributed in the electrospun fiber layer and there are almost no particulate matters in the base layer, which is consistent with the simulation results. There are particulate matters distributed throughout the thickness direction of the synthetic fiber single-layer filter material. A large number of particles is mainly distributed in the upper layer of the inflow surface of the synthetic fiber filter media with a sandwich structure and a small number in the middle fine fiber layer. It is shown that the cake structure formed by the particles on the surface of the electrospun fiber composite filter material was denser with the increase of humidity.




3.7. Influence of Humidity on Cake Performance


The total resistance after the filter media form cake is the sum of the clean filter material ΔPfilter and cake resistance ΔPcake.


  Δ P = Δ  P  f i l t e r   + Δ  P  c a k e   ,  



(2)







The clean filter material and filter cake are regarded as rigid materials and the passing air stream as laminar flow, so the calculation formulas for the resistance using Darcy’s law of the two parts are:


  Δ  P  f i l t e r   =  K 1  V ,  



(3)






  Δ  P  c a k e   =  K 2  V  M A  ,  



(4)




where    K 1    is the resistance coefficient of clean filter material,    K 2      is the cake resistance coefficient,  M  is cake quality and  A  is the effective filtration area. Integrate the above three formulas to obtain the resistance calculation formula of filter cake as below:


   K 2  =   Δ P − Δ  P  f i l t e r     V  M A     



(5)







Figure 12 shows that the particles are deposited on the surface of the electrospun fiber composite filter material. Therefore, the increase of filter material weight during dust holding can be seen as the mass of the filter cake, while there is particle deposition inside the other two filter media. Therefore, the cake quality cannot be accurately determined, and as a result, the cake resistance coefficient cannot be accurately calculated. The below analysis is carried out based on the electrospun fiber composite filter material. See Figure 13 for the cake resistance–dust-holding capacity curve. Based on Formula (4), the resistance curve under different humidity conditions is fitted to obtain the slope    K 2    of the curve; the resistance coefficient of the filter cake. Under different humidity conditions, the analysis results of the cake resistance coefficient are shown in Figure 14. With the increase of relative humidity, water mist in the airflow increased and a filter cake formed after the particle surface absorbed the water vapor; the capillary pressure between the particles deposited particles on the surface of other particles rather than filling in the space between particles. Therefore, the cake structure is looser and the resistance coefficient of the filter cake is reduced [19]. The space between particles is an ideal location for water vapor condensation and water vapor condensation between the particles would lead to necking down. With the increase of particle water absorption, the dendritic structure would shrink and produce a larger air passage (Figure 15 [21]), thus reducing the air resistance.



Through analyzing the morphology and thickness of the filter cake on the surface of the electrospun fiber composite filter material, the porosity of the filter cake can be calculated, with the calculation formula as below:


  ϵ = 1 −    M c  / ρ   H A    



(6)




where    M c      is the filter cake quality,  ρ  the true particle density and  H  the filter cake thickness. The topography of the filter cake under different humidity conditions is shown in Figure 16. The 3D topography of the cake thickness is analyzed to obtain the average thickness. Table 3 shows the specific information. With the increase of humidity, the cake porosity on the surface of the filter media also increased, which is consistent with the previous analysis results.





4. Conclusions


Three kinds of typical filter media applied for gas turbine air filtration with a similar efficiency were selected as the study objects. Their three-dimensional structure models are constructed using the Geodict software and the deposition behaviors of the particulate matters in the models are calculated. The results show that under the same conditions, larger particulate matters are mainly deposited on the surface of the filter media with a sandwich structure. The middle fiber layer consisting of fine fibers could capture the fine particles that pass through the surface layer so as to guarantee the filtration efficiency of the filter media. Dust particles were mainly deposited in the nanofiber layer of the electrospun fiber composite filter media and distributed throughout the entire thickness of the synthetic fiber single-layer structured filter media.



Under different loading conditions, the filter media with a sandwich structure had the longest service life and the electrospun fiber composite filter media had the shortest service life. With the increase of relative humidity, the increasing pressure drop rate of the three kinds of filter media decreased during the dust-holding process, especially during the cake filtration phase. The results showed that the cake porosity increased with the increase of relative humidity. When relative humidity is 30%, the cake porosity is 0.738; when relative humidity is 75%, porosity is 0.889. The relative humidity has a stronger influence on the sandwich-structured filter media.



Our results indicate that the relative humidity affects the dust-loading performance of filter media mainly during the cake filtration phase. The open structure in the inlet air layer contributes to the high dust-holding capacity of the filter media under the condition of high relative humidity. The influence of humidity on the structure and dust-holding performance of the filter media with a high content of cellulose fibers needs further study.
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Figure 1. The schematic setup of testing system of dust-loading system with controlled humidity. 
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Figure 2. Fiber composite filter material: (a) inflow surface of electrospun media, (b) outflow surface, (c) cross-section, (d) inflow surface of total synthetic fiber single-layer filter material, (e) outflow surface, (f) cross-section and (g) inflow surface of filter media with sandwich structure, (h) outflow surface and (i) cross-section SEM image. 
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Figure 3. Pore size diameter of three filter media. 
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Figure 4. Air permeability of three filter media. 
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Figure 5. Surface contact angle of three filter media. 
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Figure 6. Initial filter efficiency of three filter media: (a) filtration efficiency and pressure drop, (b) quality factor. 
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Figure 7. Electrospun fiber composite filter material: (a) model; (b) flow field distribution; (c) calculation result of dust-holding pressure difference and (d) deposition track of loading different amounts of A2 dust in filter media. 
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Figure 8. Synthetic fiber single filter material: (a) model; (b) flow field distribution; (c) calculation result of dust-holding pressure difference; (d) deposition track of loading different amounts of A2 dust in the filter material. 
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Figure 9. Filter material with sandwich structure: (a) model; (b) flow field distribution; (c) calculation result of dust-holding pressure difference; (d) deposition track of loading different amounts of A2 dust in the filter material. 
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Figure 10. Dust-holding–resistance curves of three filter media: (a) electrospun fiber composite filter material, (b) synthetic fiber single-layer filter material, (c) filter media with sandwich structure under different humidity conditions. 
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Figure 11. Resistance–time curves of three filter media: (a) electrospun fiber composite filter material; (b) synthetic fiber single-layer filter material; (c) filter media with sandwich structure under different humidity conditions; (d) An example of the analyzation method of pressure drop curves. 
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Figure 12. SEM images of particle distribution: (a) electrospun fiber composite filter material; (b) synthetic fiber single-layer filter material; (c) filter material with sandwich structure after dust holding. 
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Figure 13. Resistance–dust-holding capacity curve of electrospun fiber composite filter material cake. 
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Figure 14. Cake resistance coefficient under different humidity conditions. 






Figure 14. Cake resistance coefficient under different humidity conditions.



[image: Energies 16 03626 g014]







[image: Energies 16 03626 g015 550] 





Figure 15. Dendritic structure reconstitution caused by water vapor condensation [17]. 
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Figure 16. 3D morphology and thickness analysis of filter cake under different humidity conditions. 
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Table 1. The basic properties of the three kinds of filter media in this study.
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	Sample
	Structure
	Fibers in the Filter Media
	Supplier





	Electrospun
	Dual layer
	The substrate layer consists of cellulose and polyethylene terephthalate fibers
	Fibr Way, Guangzhou, China



	Synthetic
	Single layer
	Glass fibers and the polyethylene terephthalate
	Ahlstrom, Helsinki, Finland



	Melt-blown
	Sandwich
	The polypropylene fibers distribute in the top part, the polyethylene terephthalate fibers distribute in the bottom part of the filter media and glass fibers and the polyethylene terephthalate fibers distribute in the middle part of the filter media
	Ahlstrom, Helsinki, Finland
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Table 2. Analysis results of increasing resistance rate of three filter media under different humidity conditions.






Table 2. Analysis results of increasing resistance rate of three filter media under different humidity conditions.











	Samples
	Kd
	Kcake
	Clogging Point(s)





	5003-30-1
	--
	2.62
	--



	5003-30-2
	
	2.77
	



	5003-60-1
	
	2.06
	



	5003-60-2
	
	1.95
	



	5003-75-1
	--
	1.60
	--



	5003-75-2
	--
	1.52
	--



	5242-30-1
	3.93
	--
	--



	5242-30-2
	3.52
	--
	--



	5242-60-1
	2.71
	--
	--



	5242-60-2
	2.97
	--
	--



	5242-75-1
	2.59
	1.56
	197



	5242-75-2
	2.29
	1.58
	239



	9008-30-1
	1.3
	2.92
	298



	9008-60-1
	1.38
	2.99
	260



	9008-60-2
	1.5
	2.92
	466



	9008-75-1
	1.14
	1.97
	635



	9008-75-2
	1.17
	1.65
	675
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Table 3. Performance parameters of filter cake under different humidity conditions.






Table 3. Performance parameters of filter cake under different humidity conditions.





	Relative Humidity (%)
	Filter Cake Quality (g)
	Filter Cake Thickness (m)
	Particle Density (g/cm3)
	Effective Filtering Area (m2)
	Filter Cake Porosity





	30
	0.823
	0.000121
	2.6
	0.01
	0.738



	60
	0.862
	0.000138
	2.6
	0.01
	0.760



	75
	0.847
	0.000292
	2.6
	0.01
	0.889
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