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Abstract

:

It has been shown that tangential inlet return cyclones are commonly used for inlet air filtration of off-road vehicle engines. The wear of the engine elements, and thus their durability, is determined by the efficiency and accuracy of the inlet air filtration. It has been shown that the possibilities of increasing the separation efficiency or decreasing the pressure drop of a cyclone by changing the main dimensions of the cyclone are limited, because any arbitrary change in one of the dimensions of an already operating cyclone may cause the opposite effect. A literature analysis of the possibility of increasing the filtration efficiency of cyclones by modifying the design of selected cyclone components was conducted. In this paper, three modifications of the cyclone design with a tangential inlet of the inlet air filter of a military tracked vehicle were proposed and performed. The symmetrical inlet of the cyclone was replaced with an asymmetrical inlet. The cylindrical outlet tube was replaced with a conical tube, and the edges of the inlet opening were given an additional streamlined shape. The modification process was carried out on three specimens of the reversible cyclone with a tangential inlet. After each modification, an experimental evaluation of the modifications was carried out. The influence of the modifications on the cyclone’s efficiency characteristics and pressure drop was examined. Subsequent modifications of the cyclone were performed on the same specimen without removing the previous modifications. Tests were performed in the air flow range QG = 5–30 m3/h. Polydisperse “fine” test dust with grain size dpmax = 80 µm was used for testing. The dust concentration at the cyclone inlet was set at 1 g/m2. The performed modifications caused a slight (about 1%) increase in separation efficiency in the range of small (up to QG = 22 m3/h) flux values and about 30% decrease in pressure drop in the whole range of the QG flux, which positively influences the increase in engine filling and its power. There was a noticeable increase in filtration accuracy in the range of low and high values of QG flux, which results in a decrease in the wear of engine components, especially the piston-piston ring-cylinder (P-PR-C) association, and an increase in their durability.
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1. Introduction


Trucks and special vehicles, including tracked military vehicles, as well as agricultural machines and working machines, due to their application, are most often used in roadless, unpaved, sandy and desert terrain, where air dust concentration is significant and often exceeds the value of 1 g/m3 [1,2,3,4,5]. The main air pollutant sucked in by the engines of these vehicles is road dust, the dominant component of which is mineral dust carried from the ground to a considerable height by moving vehicles or by the wind.



The residence time of mineral dust grains in the air depends on the speed of their fall, which is determined by their size and density and is a result of the mutual relation of the aerodynamic drag force and gravity force. The falling velocity increases significantly with increasing grain diameter. For example, SiO2 silica grains with sizes of 10 µm, 50 µm and 100 µm (density 2650 kg/m3) fall at speeds of 0.08 m/s, 0.19 m/s and 0.7 m/s, respectively [6]. Dust grains with diameters in the order of 1 µm, due to their very small mass, are characterized by a low velocity of descent. In addition, dust grains with a size of 1 µm and smaller perform Brownian motions in a gaseous medium. These are disordered movements of solid particles suspended in a liquid or gas resulting from collisions of these particles with molecules (particles) of the surrounding medium. Very small particles move in suspension along irregular paths. The particles move independently of each other, their motion does not diminish in time, but becomes more intense when the temperature of the medium increases. As a result, dust particles of small size do not fall. This means that only dust grains with diameters of 1 µm and less can float in the still air for an almost indefinite period of time. Their contribution to the total mass of dust is usually small.



Due to their low velocity of descent, dust grains with a size of dp = 2–10 µm remain in the air for a long time and are sucked in together with the intake air to the engine cylinders. On the other hand, airborne dust grains with a size of dp = 10–50 µm are sucked in with the engine intake air when the vehicle is operated in conditions of high dust concentration in the air. In raised dust clouds, dust grains with diameters not exceeding dp = 50–80 µm account for 80–100% of the total dust mass. Dust grains larger than 50 µm are found in the air during the use of vehicles on training grounds, in quarries, on construction sites and during take-off or landing of a helicopter on an adventure landing pad [7].



The main components of mineral dust are silica SiO2 and alumina Al2O3. The share of these two components in the total mass of dust reaches up to 95%. The residue (trace amounts) is oxides of various metals including Fe2O3, MgO, CaO, K2O, Na2O and SO3 (Figure 1). The chemical composition of dust depends strictly on the composition and type of substrate, the location and altitude above the ground and climatic factors, such as winds, rains, snow, frost and droughts, as well as dust precipitation that has entered the atmosphere as a result of forest fires, landfills, industrial activities and volcanoes [8,9,10,11].



Mineral dust grains are very irregularly shaped lumps with sharp edges and are characterized by high hardness. On the 10-grade Mohs scale, where 10 corresponds to the hardness of diamond, silica has a hardness of 7 and corundum has a hardness of 9. Mineral dust has strong abrasive properties. When it enters the engine cylinders together with the air, it is the most frequent cause of accelerated wear of two frictionally mating parts, such as the P-PR-C (piston—piston rings—cylinder wall) mating parts of an engine. Dust that is drawn in with the air enters above the piston and causes the most wear on the upper part of the cylinder and piston as well as the upper piston rings. The abrasive wear of engine components is caused mainly by particles of 1–40 µm, with dust grains of 1–20 µm being the most dangerous [9,11,12,13]. The authors of [8] state that about 30% of the pollutants entering the engine may escape from the cylinders to the exhaust system unchanged together with the exhaust gases, thus increasing the emission of particulate matter (PM) from the engine. Only 10–20% of the dust that enters the engine with the air through the intake system settles on the cylinder liner walls. This part of the dust settles on the cylinder liner, where it forms a kind of abrasive paste together with the oil, which causes abrasive wear when it comes into contact with the surfaces of engine combinations, for example the piston-ring-cylinder (P-PR-C) combination.



The air filter is responsible for supplying air of sufficient quality (purity) to the engine cylinders to minimize wear on engine components. For filtration of inlet air of modern passenger car engines, due to low values of dust concentration in the air (Table 1), single-stage filters with a panel insert made mainly of pleated filter paper, which is characterized by the mass of dust retained per unit filtration area, are used. This property is determined by the dust absorption coefficient km of the filter material, which is defined as the quotient of the total dust mass mcw retained by the filter insert until the value of the permissible resistance Δpfdop is reached and the active area of the filter insert paper Ac.


   k m  =    m  c w      A c    [ g /  m 2  ]  



(1)







For typical cellulose-based filter materials and standard dusts whose grain size does not usually exceed 100 µm, the dust absorption coefficient reaches a value in the range km = 200–250 g/m2 [14,15].



Fibrous filter baffles, as a result of dust accumulation, increase the pressure drop during operation, which causes a decrease in engine power. When the paper absorption capacity is used up, the filter cartridges must be changed periodically, the more often the vehicle is used in higher concentrations of dust in the air. Therefore trucks, working machines and military vehicles (mainly tanks, infantry fighting vehicles and armored personnel carriers), which are used in conditions of high dust concentration in the air (Table 1), are equipped with two-stage filters [16,17,18]. The first stage of filtration is then an inertia filter, a multicyclone or a monocyclone with a swirl guide, and the second stage is a porous baffle arranged in series in the form of a cylindrical insert made of pleated filter paper with a suitably selected surface area. The multicyclone used in engine inlet air filtration technology is a set of several dozens of identical return or through cyclones arranged side by side whose internal diameter does not exceed D = 40 mm [19,20,21].



The concentration of dust in the air around a moving vehicle is a variable quantity and depends mainly on the type and condition of the ground, precipitation, wind direction, conditions of vehicle movement (speed, single vehicle or column) and the type of running gear (wheeled or tracked). Therefore, the concentration of dust around a moving vehicle assumes very different values, as seen in Table 1.
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Table 1. Particulate matter concentrations in the air for different vehicle operating conditions.
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Author

	
Ambient Conditions

	
Value [g/m3]






	
[1,2]

	
Clean rural environments

	
from 0.01 mg/m3




	
Movement of a column of tracked vehicles in desert conditions

	
about 20




	
[3]

	
Dusty environments

	
0.001–10




	
[22]

	
On highways

	
0.0004–0.1




	
[22]

	
When driving a column of vehicles on sandy terrain

	
up to 0.03–8




	
[23]

	
During takeoff or landing of a helicopter on an adventure landing site at helicopter propeller tip height—0.5 m above ground

	
3.33




	
[24]

	
Limited visibility

	
0.6–0.7




	
Zero visibility

	
about 1.5




	
[4]

	
At a distance of several meters behind a column traveling at 30 km/h:

	




	

	
tanks,






	
1.17




	

	
armored personnel carriers,






	
0.62




	

	
trucks.






	
0.18




	
[5]

	
A tracked vehicle driving on sandy terrain at 18 km/h:

	




	

	
at a distance of about 80 mm from the side surface of the armor,






	
2.1–3.8




	

	
at the air filter inlet.






	
0.8–1




	
[11]

	
A few meters away from the sand road on which the terrain vehicles were moving

	
0.05–10




	
[1,3,11]

	
At the inlet to the combustion engine intake system of a vehicle

	
not more than 2.5









Other sources of pollutant emissions also influence the concentration of pollutants in the air, including road transport emitting particles from tire wear [25], heating systems and thermal power plants emitting particulates and toxic gases [26], cement industry [27], field work (plowing, harvesting), biomass transport [28] and open pit coal mines emitting dust and gases [29].



The idea of using two-stage air filters is to initially separate large masses of dust from the polluted air in the multicyclone, without increasing the pressure drop, but with not very high efficiency (87–95%) and accuracy (dp > 15–35 µm), as seen in Figure 2. The remaining small mass of dust is then directed to the filter cartridge made of pleated paper, where the dust grains are retained with high efficiency (above 99.5%) and accuracy (above dp = 2–5 µm) [30,31,32]. As a result, air of the required purity is supplied to the engine cylinders and the operation time of the filtration system is extended, and thus the service interval is extended, which is limited by reaching a certain value of the pressure drop—the permissible resistance Δpfdop.



Multicyclones can be constructed of tangential inlet or axial inlet return cyclones or pass-through cyclones. Because of their simple and robust design, lack of moving parts, high operational safety and stable and low pressure drops, as well as their comparatively low investment and operating costs, cyclones have been a very efficient and popular device for separating solids from the air stream for over 100 years. In addition, cyclones can operate under extreme conditions, including large gas flow volumes and high solids concentrations, temperatures and pressures, which is their advantage over other solid-to-gas separation technologies. Since the appearance of the first industrial cyclone in 1886, the cyclone has been widely used in aerosol filtration processes in the chemical, coal, petroleum, metallurgical, power generation and other industries [33].



A cyclone works by making the gas stream rotate so that the particles acquire centrifugal force. The rotational movement of the gas stream can be achieved either tangentially into the cylindrical part (Figure 3a–c) or axially (Figure 3d) by flowing through stationary blades with a helical outline (swirler) at the inlet of the cylindrical part.



Due to the principle of operation, cyclones can be divided into reverse, when the aerosol changes the direction of flow by 180° (Figure 4a,b), clean gas and collected particles leave the device on opposite sides and through, when the aerosol does not change the direction of flow, and then the gas and particles pass through the cyclone in one direction only, leaving from the same end of the device (Figure 4c).



A conventional tangential inlet reciprocating cyclone comprises a cylindrical part, which then tapers downward in the form of a cone terminated by a discharge opening and a dust collector. A tangential inlet is attached to the cylindrical part of the cyclone, which causes the gas containing the dust to swirl, resulting in a spiral motion that first descends along the outer spiral, then ascends through the inner spiral and finally leaves the cyclone through the outlet pipe at the top of the cyclone (Figure 4a). The centrifugal force created by the swirling motion causes the higher mass particulates in the gas to move (overcoming the drag force of the air) toward the outer wall of the cyclone, where they are braked and stopped, and then fall by gravity into the dust container. Gas flowing spirally downwards, due to the shrinking diameter of the circular cone and the attraction of the low-pressure zone in the middle of the cyclone, changes its direction of movement spirally upwards at the bottom of the cone. The gas purified from larger dust grains is discharged from the cyclone through a cylindrical outlet tube located in the upper part of the cyclone. The cylindrical part of the cyclone is connected to the outlet pipe by a tight cover. The cyclone design is simple, but the gas flow inside is a complex three-dimensional vortex flow [35].



Cyclones differ in construction, principle of operation and separation efficiency, which is described by the characteristics of separation efficiency and pressure drop. Examples of characteristics of cyclones, which are elements of air filters of off-road vehicles, are shown in Figure 5. The diagrams show a close relation between the separation efficiency and pressure drop of the cyclone, indicating that the greater the filtration efficiency, the greater the value of the pressure drop and vice versa. A high value of filter pressure drop adversely affects engine operation, causing a decrease in engine cylinder filling and effective power, hence the desire to reduce them. High separation efficiency is important to minimize wear and tear on engine components, which increases engine durability and vehicle mileage. Air filter performance is a technical compromise between its pressure drop, separation efficiency and accuracy, as well as engine wear and durability and vehicle reliability [1,2,3,7,13].



At the maximum value of the air stream QG = 30 m3/h, the tangential inlet reversible cyclone BWP reaches a pressure drop of the order of 12 kPa, exceeding by several times the pressure drop of the tangential inlet cyclones. At a slightly higher value of air stream QG = 35 m3/h, the pressure drop of another tangential inlet reverse cyclone T-72 reaches the value of 3.4 kPa. The filtration efficiencies of the tangential inlet return cyclones take the values 96.9% and 95.6%, respectively. Scania and Volvo tangential inlet backflow cyclones have much lower pressure drop values at 0.36 kPa and 0.58 kPa, and much lower values of filtration efficiency at 87.7% and 85.2%, respectively [36].



A comparison between cyclones of different filtration properties can be made with the use of the conventional filtration quality factor qc, which relates the separation efficiency and pressure drop with the following relation the quality factor [37]:


   q c  =   − ln  (  1 −  φ 0   )    ∆ p   [ 1 / kPa ]  



(2)




where φ0 is the cyclone filtration efficiency (–) and ∆p is the pressure drop for nominal air stream (kPa).



The higher the value of the qc coefficient, the more favorable the cyclone efficiency. It should be noted that the filtration quality factor qc defined in this way optimizes the cyclone only due to separation efficiency and pressure drop. The qc coefficient does not take into account the filtration accuracy of the cyclone, which clearly increases as the air velocity through the cyclone increases, just as the pressure drop increases.



The values of filtration quality coefficients of cyclones, whose characteristics are shown in Figure 4a, are shown in Figure 4b. The pass-through cyclones take values of the filtration quality factor q several times higher than the tangential inlet return cyclones.



The continuous pursuit to increase the durability of truck and special vehicle engines, which are operated in conditions of high values of dust concentrations in the air, sets more and more stringent requirements for two-stage air filters in terms of separation efficiency and accuracy, as well as pressure drop. For this reason, it is reasonable to take measures to use return cyclones, which are characterized by high values of filtration efficiency, for the filtration of inlet air in these vehicles. This will reduce the mass of dust directed to the second filtration stage, thereby extending the vehicle’s service interval. However, due to the high pressure drop, measures are needed to reduce it, which will minimize the decrease in engine power.



High cyclone operating efficiency, determined by separation efficiency and pressure drop p, is obtained by using appropriate air flow velocities and proportions of its main dimensions, also called geometrical parameters or dimensionless numbers. For tangential inlet reciprocating cyclones, such proportions in the form of quotients of the main dimensions have been established as a result of research work conducted over a number of years [38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54].



These research works have shown a mutual dependence between the main dimensions of a cyclone and have led to the determination of such proportions of these dimensions (quotients of main dimensions), for which a cyclone obtains optimal working conditions in the scope of the maximum separation efficiency and minimum pressure drop. The main dimensions of a tangential inlet return cyclone are shown in Figure 6.



For example, the author of [55] combined the variables determining the cyclone separation efficiency (cyclone main dimensions, air and dust flow parameters) and presented the cyclone efficiency as a function:


  η = f  (     d w   D  ,  a D  ,  b D  ,  h D  ,  H D  ,    H c   D  ,    d e   D  ,  R e  ,  F r  ,  S  t k   ,  D  e n    )  .  



(3)







The quotients dw/D to de/D are dimensionless numbers for the cyclone configuration, Re and Fr are dimensionless numbers for the gas flow, called Reynolds number and Froude number and can be defined as follows, respectively:


   R e  =    ρ g   υ i  D  µ  ,  



(4)






   F r  =    υ i    g  D  1 / 2     .  



(5)







Stk is a dimensionless number that determines particle dynamics, which is called the Stokes number and can be defined as follows:


   S  t k   =  (     C c   ρ p   d p 2    18 μ    )   



(6)







Den is a density number that can be defined as the quotient of the gas density ρg and the dust density ρp:


   D  e n   =    ρ g     ρ p    .  



(7)







From the presented (Figure 7) example changes of separation efficiency c and pressure drop coefficient c as a function of the quotient Aw/A0 and H/dw, it can be seen that the optimal range of these parameters is in the range of 1.5–2 and 7–9, respectively [39,40]. The use of these data during the design work of cyclones makes it possible to obtain a relatively high separation efficiency of the inlet air to internal combustion engines with respect to micron particles. Any arbitrary change in one of the cyclone dimensions can cause the opposite effect.



The pressure drop coefficient c is defined by the relation:


   ξ c  =   2 ∆  p c     ρ p  ·  υ 0 2    ,  



(8)




where ρg is the gas density, Δpc is the air pressure drop through the cyclone and υ0 is the outlet velocity from the cyclone.



The gas velocity in the cyclone is represented by the average velocity at the inlet port (inlet velocity) υ0, which is defined by the relation:


   υ 0  =    Q 0     A 0    [ m / s ] ,  



(9)




where Q0 is the flow of air entering the cyclone and A0 is the cross-sectional area of the inlet spigot at its narrowest point.



The range of inlet velocities 0, within the limits of which the changes in the purification efficiency are relatively small, should be as large as possible because it makes it possible to use the best separating capabilities of the cyclone at a widely varying air stream QG as a result of changes in the engine rotational speed n. The range of inlet velocities 0 is at the level of υ0 = 12–20 m/s, and exceptionally reaches the value of 25 m/s [56,57,58,59]. The use of high velocities generates high pressure drop. According to the study of the author of [60], the cyclone inlet velocity reaches υ0 = 35 m/s, but the pressure drop also reaches a large (about 4 kPa) value.



Therefore, work is constantly conducted to increase the efficiency of aerosol particle separation in cyclones and to reduce their pressure drop. This goal is achieved by modifying the cyclone design but keeping the cyclone’s main dimension quotients. The available literature describes various ways to improve the efficiency of cyclones of different diameters over a wide range. Each cyclone is designed to perform a specific task and is associated with unique flow physics, which is strongly influenced by its geometry.



This paper aims to analysis the available design solutions of tangential inlet return cyclones in terms of their applicability to modify a return cyclone with a cylindrical part diameter of 40 mm, which is a component of an off-road vehicle air filter multicyclone. Proposed and performed modifications of cyclones will be verified during experimental tests on a laboratory bench.




2. Analysis of Options for Increasing the Separation Efficiency of Tangential Inlet Return Cyclones


Ongoing research on tangential inlet return cyclones is aimed at improving their performance by increasing the efficiency of aerosol particle separation in cyclones and reducing air pressure drop. This effect can be achieved by modifying the cyclone design, but without interfering with its basic geometric dimensions. To date, many such experimental and numerical studies of tangential inlet return cyclones have been conducted, where the researchers have focused on the individual effects that a single geometric factor has on the separation efficiency and pressure drop of the cyclone. The studies included modification of three cyclone components:




	(1)

	
The cyclone inlet (shaping the inlet tube or changing the way the inlet stream is fed into the cylindrical part of the cyclone) [61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79];




	(2)

	
The cyclone outlet tube (shaping the outlet tube and using special steering wheels (deswirlers) inside the outlet tube) [80,81,82,83,84,85,86];




	(3)

	
The dumping hole and dust container [87,88,89,90,91,92,93,94].









In tangential inlet return cyclones, a single symmetrical inlet with rounded edges in the form of a tube with a rectangular cross-section with sides a and b is commonly used (Figure 1), with the longer side a aligned parallel to the cyclone’s main axis. It has been found that the optimal ratio of inlet width to inlet height b/a is in the range of 0.25–0.5 [53,54], although the authors of [59] report a different range from 0.5 to 0.7



Therefore, a lot of work has been undertaken on the organization of the aerosol inlet into the cyclone. The authors of the work [51,52,53,54,55,56,57,58,59,60,61,62,63,64] believe that replacing one inlet channel with several inlet channels will improve the cyclone efficiency. Reference [61] presents a comparative analysis of the original cyclone (one inlet channel) with the designs of two cyclones that are equipped with four equal inlet channels. In cyclone one, the inlet channels were set symmetrically around the circumference of the cylindrical part (every 90°) at the same level as the inlet channel in the original cyclone. In cyclone two, the inlet channels were set symmetrically and arranged as stairs along the axial direction of the cyclone. The total inlet area of the four channels in the new designs remained the same. Therefore, the height and width of the inlet channel in the two new designs are equal to half the height and width of the inlet channel in the original cyclone. The cyclone design with four inlets achieved, in the inlet velocity range of 10–25 m/s, better filtration performance than the original cyclone.



In Reference [62], a numerical study of cyclones of new design with one, two and three tangential inlet channels symmetrically arranged in the cylindrical part at the same level was carried out. This cyclone differs from the conventional cyclone in the separation space. Instead of the conical part of the cyclone, a cylindrical part and a vortex limiter were used. The inlet channels have the same design. It was found that the cyclone with three inlets has higher separation efficiency and lower pressure drop, which is beneficial to cyclone performance. The cyclone with three inlets has a more favorable distribution of turbulent kinetic energy compared to cyclones with one and two inlets, which may lead to less noise in the cyclones and their pipelines.



Numerical results of cyclones of a new design with one, two and three tangential inlet channels symmetrically arranged in the cylindrical part at the same level are presented in [63]. The total inlet area of two and three channels in the new designs remained the same. The results show that the modification proposed in this paper increases the separation efficiency of particles smaller than 3 μm to 50% and particles larger than 6 μm to 15% compared to the conventional design. Increasing the inlet velocity from 14 to 20 m/s increases the separation efficiency for all particle sizes, but is associated with a significant increase (doubling) of the pressure drop. The proposed modification simultaneously reduces the erosion rate by 54%.



The object of study of the authors of [64] was a cyclone with two inlet channels (main and auxiliary), where the auxiliary inlet channel with a square cross-section was much smaller than the main channel. The inlet channels were rotated 180° with respect to each other. Tests were conducted for three variables: the flow rate through the secondary inlet channel, the cross-sectional area of the secondary channel and the position of the top of the main inlet channel relative to the cyclone lid. The optimum design obtained from the tests provides better performance than conventional cyclones.



El-Emam et al. [65] fabricated and optimized the geometry of a tangential inlet return cyclone by varying the position and dimensions of the inlet channel and the length of the cylindrical part of the cyclone at a constant air inlet velocity of υ0 = 30 m/s. Five cyclones with different sizes and dimensional proportions of the inlet channels and the position of the inlet relative to the cyclone top cover, were modeled computationally. The inlet channel width and the diameter of the cylindrical inlet channel were assumed constant. It was shown that cyclone modification (III), in which the inlet channel has twice the height of the original cyclone, provided the highest (98.6%) filtration efficiency. Increasing or decreasing the height of the inlet channel more than in cyclone (III) has a negative effect on cyclone performance. Additionally, decreasing the length of the cylindrical part and changing the original position of the cyclone inlet channel gives poor cyclone performance.



In the work [66], a tangential inlet reciprocating cyclone (without cylindrical part) with two equal symmetrical inlets attached to the conical section at the top of the section was numerically investigated. In contrast, Lim et al. [67] installed additional inlets in the conical section of a tangential cyclone separator, numerically investigated and then experimentally verified their effect on filtration efficiency and pressure drop. When aerosol was metered through the additional inlet channels and clean air was fed into the original inlet channel, the boundary grain diameter decreased compared to when aerosol was metered only through the original inlet channel. It is shown that there is an optimum flow rate through the additional inlet ducts that increases the separation efficiency of the cyclone. Dosing the aerosol simultaneously through the additional inlet channels and through the original inlet channel resulted in a larger aerosol stream being filtered, while showing similar levels of efficiency and pressure drop compared to the original cyclone.



Wang et al. [68] studied the effect of the inlet channel angle of a feedback cyclone on its filtration efficiency. The angular inclination (−30°, −15°, 0°), the downward inlet channel with respect to the horizontal and the upward channel angular inclination (0°, 15°, 30°) were analyzed. It is shown that the inlet channel inclination angle has a direct effect on the gas introduction direction, resulting in changes in pressure drop and filtration efficiency.



The pressure drop initially decreases, reaches a minimum value at an inlet angle of 0°, and then increases as the inlet angle increases (Figure 8). A negative inlet angle results in a greater pressure drop compared to a positive inlet angle of the same value.



The separation efficiency first increases, reaches a maximum value at an inlet (channel) angle of 15° and then decreases as the inlet angle changes from negative to positive. High agreement was obtained between the numerical simulation results and the experimental results.



A similar problem was addressed by the authors of [69], who studied the effect of changing the inlet channel angle contained in the vertical plane α and additionally in the horizontal plane β (Figure 9) on the changes in pressure drop and filtration efficiency. The lowest static pressure was recorded in the basic model, and for the other models, the value increased with the increasing channel angle on both sides.



For changes in angle in the vertical plane α, feeding the solids from the top (angle α positive) provided higher values of separation efficiency due to better penetration of both phases into the lower areas of the cyclone. The separation efficiency increased with increasing angle (except for angle α = 45°), with the cyclone reaching its maximum value for channel angle α = 90° (Figure 9). There was a 3.1% increase in the separation efficiency of the cyclone compared to the angle α = 0°. For changes in channel inclination angles in the horizontal plane, angles greater than 0° are preferable. This allowed for a larger particulate stream to be directed towards the cyclone walls, thus providing better particulate penetration in that direction. The maximum value of separation efficiency was achieved by the cyclone for the angle of channel inclination β = 90°—an increase in efficiency by 2.8% compared to angle β = 0°.



Yoshida et al. [70] applied an additional tangential inlet to a reversible cyclone with a diameter of D = 72 mm, by means of which they metered a stream of clean compressed air in the range of q = 0–210 dm3/min, maintaining the following condition: QG + q = const = 630 dm3/min. Changing the position of the additional inlet tangent along the height of the cylindrical part, the highest separation efficiency of the cyclone was obtained when both inlet tangents were located in the same plane in the upper cylindrical part of the cyclone, and their symmetry axes were parallel, angle = 180°, as shown in Figure 10. An increase in the flow of additional air in the range q = 0–210 dm3/min caused an increase in separation efficiency of the cyclone from φc = 93.2% to φc = 98.1%.



Misiulia et al. [71] conducted a numerical study of a spiral inlet return cyclone with an inner diameter of the cylindrical part D = 0.24 m for five different inlet angles (α = 7°, 11°, 15°, 20° and 25°). The height of the spiral cyclone inlet channel depends directly on the inlet angle α and takes on increasing values as α increases. High separation efficiency with moderate pressure drop was obtained for an optimal inlet angle in the range of 10–15°. The same authors in another paper [72] extended the study of the same cyclone. They analyzed numerically five cyclone models with spiral inlet channels with different angles (α = 7°, 11°, 15°, 20° and 25°) and five cyclone models with tangential inlet channels with different inlet heights at the same other geometrical dimensions. Cyclones with spiral inlet have higher separation efficiency compared to cyclones with tangential inlet. The highest separation efficiency was achieved at an inlet angle of 20°. The pressure drop decreases significantly as the inlet angle increases.



The subjects of the authors’ experimental study [73] were two conventional cyclones A and B with a single inlet and cyclone C with double inlet. Models A and B are single-suction cyclones with different inlet channel width b and outlet tube diameters, but all other dimensions are the same. Model C, a double inlet cyclone, has the same dimensions as model A except the inlet duct is divided into two equal parts. Air containing particulate matter was introduced into the outer part of the inlet duct. Clean air was introduced into the inlet near the cyclone wall. The effectiveness of the double inlet cyclone was evaluated at different flow rates of clean air, keeping the flow rate of particulate containing air constant. The filtration efficiency of the double inlet cyclone was found to be 5–15% higher and the pressure drop more than 35% lower than that of the single inlet cyclone at the same inlet size and outlet tube diameter. As the clean air flow rate increases, the cyclone filtration efficiency increases.



Similarly, Zhao et al. [74] conducted an experimental study of three tangential inlet return cyclone models with an inner diameter of the cylindrical part D = 300 mm. A conventional cyclone A with a single inlet channel and two cyclones B and C with two inlet channels strapped on the cylindrical part and spaced 180° apart at the same level were studied. The inlet channels of cyclone C have the same dimensions (a and b) as the channel of cyclone A. The inlet channels of cyclone B have their width halved (b/2). Experimental tests at a concentration of 5 g/m3 showed that cyclone C obtains, over the entire range of inlet velocity υ0 = 11.99–23.85 m/s, the highest values of filtration efficiency and the lowest values of grain limit d50.



Bernardo et al. [75] used a three-dimensional computational fluid dynamics (CFD) model to describe the flow of gas and solids in a cyclone with a spiral inlet channel at three different inlet angles (α = 30°, 45° and 60°) relative to the cyclone body. Numerical results show that the filtration efficiency value in this work increased to 77.2% for the inlet channel inclination angle α = 45°, while the efficiency value for the standard inlet channel was 54.4% under the same operating conditions.



The effect of periodic inlet velocity on the performance of standard tangential inlet return cyclones was presented [76]. Four cyclone models with the same inner diameter of the cylindrical part but differing in the height a and width b of the inlet channel, the height of the cylindrical and conical parts, the diameter of the outlet tube and the diameter of the dust discharge opening were numerically studied and experimentally verified. The same value of inlet velocity was assumed. The inlet velocity in the duct and the air particle velocity were described by a sinusoidal trigonometric function.



In [77], the flow field in tangential inlet return cyclones with a cylindrical part diameter D = 300 mm was simulated with different diameters (95, 108, 115, 120, 135, 140 and 150 mm) of the outlet tube and dimensions (Ka = 5.5, 7.5 and 9.8) of the inlet channel described on the cylindrical part (180°) using the Reynolds stress model to determine the axial velocity stagnation mechanism. The dimensionless parameter Ka defines the ratio of the cross-sectional area of the cylinder of diameter D to the cross-sectional area of the inlet channel with rectangular sides a and b.



Numerical studies of the effect of inlet channel length on the flow field and filtration efficiency of a return cyclone with an asymmetrical tangential inlet and their experimental verification are presented in [78]. The inlet channel length was varied in the range Li = 0.75D–3D while keeping the height b and width a1 at the channel inlet constant. Changing the length of the inlet channel caused the angle of the inlet channel contained in the horizontal plane to decrease (Figure 11).



Simulation results showed that increasing the length Li of the inlet channel led to an increase in the tangential velocity of the gas in the cyclone body. An increase in inlet channel length resulted in a decrease in pressure drop and filtration efficiency, particularly evident in the range up to Li = 1.5D. Above this value, the effect of inlet channel length on both the pressure drop and filtration efficiency is small. The trend of pressure drop was similar to the trend of gas tangential velocity decrease with increasing Li.



Dzierżanowski et al. [79] demonstrated that the symmetrical inlet, which is commonly used, causes unfavorable mass distribution of dust particles in the cross-section (Figure 12a), which may have a negative effect on separation efficiency. The replacement of the symmetrical inlet with an asymmetrical inlet (Figure 12b), or the use of “K” vanes immediately before such an inlet (Figure 12c), causes a significant mass of dust to be directed (already at the inlet) towards the outer wall of the cylindrical part of the cyclone, which naturally facilitates its separation from the air and thus increases separation efficiency.



From the presented analysis, it can be seen that the organization of the aerosol inlet into the cyclone is being addressed by many researchers. The ongoing work is directed towards the use of a larger number (up to four) of inlet channels arranged symmetrically in the cylindrical part at the same level or shifted with respect to each other towards the conical part. Channels of the same or changed shape and cross-sectional area are used. It is proposed to construct cyclones with a different angle of inclination of the inlet channel in the vertical and horizontal plane. Numerical and experimental tests of modified cyclone constructions showed an increase in separation efficiency and a decrease in pressure drop, which confirms the purposefulness of conducting such tests.



All previous studies show that the largest share, estimated at 75–90%, of the total gas pressure losses in the cyclone are the losses incurred during flow through the cyclone inner tube (outlet tube) [40]. The pressure losses are a result of the resistance at the inlet to the outlet tube and the friction resistance during the gas flow through the tube. In addition, gas flows through the outlet tube and makes a helical motion towards the cyclone outlet. Hence, there have been numerous searches for ways to reduce these losses, primarily by giving the outlet tube more favorable shapes (conical) and giving streamlined shapes to the edges of the inlet opening, installing internal vanes and adding reversible heads to convert the kinetic energy of spiral motion of the gas inside the outlet tube into pressure energy and the kinetic energy of linear motion [80,81,82,83,84,85,86].



Lim et al. [80] performed an experimental analysis of the effect of the outlet tube shape on the separation efficiency and pressure drop. The experiments were performed for two air flow rates (30 dm3/min and 50 dm3/min) of four cyclone models with cylindrical outlet tubes with diameters of 15, 11 and 7 mm and six cyclone models with cone-shaped outlet tubes. The cone-shaped tubes had different cone lengths (10, 25 and 45 mm), with diameters of 7 and 15 mm at both ends of the cone (Figure 13). The pressure drop and separation efficiency of the conical tubes were greater than that of the 15 mm diameter cylindrical tube and less than that of the 7 mm diameter cylindrical tube. In addition, the pressure drop per unit flow rate (Δp/Q) for the cone-shaped outlet tube design (7-B, 7-C and 7-D) is less compared to the cylindrical-shaped design (7-A).



The study presented in [81] aimed to obtain detailed flow information using CFD simulations in cyclones tested previously by Lim et al. [80]. Figure 14 shows the pressure contours at a flow rate of 70/min in a cyclone with different outlet tube inlet shapes. By decreasing the divergence angle of the outlet tube, the low-pressure zone in the center of the cyclones expands. More particles are trapped in this zone and transported to the cyclone outlet. Thus, the efficiency of the cyclone is lower.



Another way to reduce the pressure drop of the cyclone is to use special guides (deswirlers) inside the outlet tube to convert the kinetic energy of spiral motion, which the gas stream moves inside the outlet tube, into kinetic energy of linear motion.



Misiulia et al. [82] presented the results of optimizing the geometry of a deswirler located in the outlet tube of a feedback cyclone with a spiral inlet channel (Figure 15) using the pressure drop of the cyclone as a criterion. For this purpose, 70 different configurations of the deswirler (also known as the unscrewing or straightening device) were investigated, which were obtained by varying the range of its geometrical parameters: dc/Dv = 0.4–0.8; n = 1–9; h/Dv = 0.4–2; α = 10–50°. The optimization results indicated that the most significant geometric parameters of the deswirer are the number of blades, blade angle and blade height. It was shown that the new optimized deswirler significantly (by about 56%) reduces the static pressure on the cyclone wall and about 20% in the core. It reduces the pressure loss in the outlet tube by 95.67%, leading to a 43.17% reduction in total cyclone pressure drop. It slightly reduces the separation efficiency for some particle diameters, increasing the cyclone boundary grain diameter from 1.5 to 1.72 µm.



In [83], based on the analysis of available flow straightening (unstraining) devices, a new design of flow straightening device using vanes was proposed, which reduces the energy consumption of the most commonly used cyclones by 25–29%, respectively, without compromising the separation efficiency. Figure 16 shows the components (proposed by LG Electronics) mounted on the inlet of the outlet tube, which reduce the pressure loss in the cyclone.



Figure 17 shows the components used to straighten the flow inside the outlet tube by Samsung Gwangju Electronics Co. [83], resulting in a reduction of pressure loss. From Figure 17, it can be seen that the pressure loss in the cyclone is reduced mainly by using the F-type rectifying element. Using it in the cyclone outlet tube reduced the power loss by about 11% [8].



Reference [84] presents a numerical and experimental study of four reciprocating cyclone models with tangential inlet. In the three cyclone models, oblique (at an angle of α = 45°) bevels (notches) were made at the inlet of the outlet tube, which were deviated from the cyclone inlet by the following angles: α = 45°, 135° and 225°. The simulation results show that the separation efficiency of the cyclones that used outlet tubes with notched cutoffs increased significantly compared to the separation efficiency of the original cyclone. The largest increase in efficiency was obtained for the cyclone in which the bevel of the outlet tube was deflected from the cyclone inlet by an angle α = 225. The experimental results show that this cyclone model can remove particles with a diameter greater than 3.5 μm, while the original cyclone can only remove particles with a diameter greater than 3.5 μm. The separation efficiency of the original cyclone is 73% and that of the cyclone with the modified outlet tube is 76%.



Wang et al. [85] conducted an experimental study of two cyclone models with single and double inlet duct and with cylindrical and inverted cone outlet tube. The cyclone with cylindrical outlet tube has higher separation efficiency and pressure drop for both single and dual inlet channel cyclone. For dual inlet cyclones, the smaller the diameter of the outlet tube (cylindrical or inverted cone), the higher the separation efficiency and pressure drop.



The author of [40] presented the possibilities of modifying the outlet tube in a tangential inlet return cyclone, which can reduce the pressure drop (Figure 18).



The analysis presented here shows that there are a number of design options for modifying the outlet tube to reduce the flow resistance through this element. Replacing the traditional cylindrical outlet tube with a conical one. and introducing a streamlined shape of the inlet opening of the outlet tube. can significantly reduce the flow resistance of the cyclone without causing a decrease in filtration efficiency. The gas stream flowing out of the cyclone through the outlet tube still performs an upward helical motion, resulting in pressure losses. These losses depend on the geometry of the cyclone and can be up to 50% of the total pressure drop in the cyclone. This remaining energy in the swirling stream can be recovered or used to increase the cyclone’s filtration efficiency by installing a special element, the deswirler (also called a de-swirler or straightening device), in the cyclone’s outlet tube. This can significantly reduce the pressure loss when flowing through the outlet tube. In the available literature, one does not encounter works analyzing the aerosol flow through the outlet tube with the streamlined shape of the inlet opening edge (Figure 18c).



In order to prevent the transfer of the gas vortex motion to the cyclone dust settling tank and lifting separated and already retained dust from it, a special container (settling tank) is attached to the dust discharge opening—dipleg [87,88,89,90,91,92,93,94,95,96]. This method is recommended for use in those cyclones, where extracting separated dust from the settling tank was not applied, and in “short” cyclones, i.e., with a small ratio of the cyclone height H to its diameter D. Problems of dust extraction from the settling tank of a multicyclone are presented in other works [97,98].



Elsayed et al. [87] studying the influence of the dimensions of the cylindrical dust settling tank (height and diameter) on the cyclone performance showed that the optimal design of the settling tank and the dipleg (an extended part of the lower part of the cyclone, connecting the cyclone with the dust settling tank) leads to better separation efficiency than a conventional cyclone. The authors of [88], using the CFD program, investigated the effect of the dipleg shape (cylindrical, inverted cone, conical and diamond) on flow characteristics and cyclone performance, as shown in Figure 19.They found that the dipleg geometry significantly affects the pressure drop of the cyclone. The cylindrical dipleg generated the highest pressure drop, while the lowest pressure drop was observed for the cyclone without dipleg. Among the geometries tested, the highest separation efficiency was found for the cyclone with a conical dipleg, while the diamond dipleg led to the lowest efficiency.



Kaya et al. [89] numerically investigated the particle filtration process inside two cyclones whose conical part was extended by a cylindrical dipleg with a diameter equal to that of the outlet opening. They found that the length of the dipleg significantly affects the cyclone separation efficiency by providing a larger separation space and minimizing the re-lift of separated particles. The calculated cyclone filtration efficiencies for different inlet velocities in the range υ0 = 7–16 m/s and for particles with diameters of 1.5 µm are shown in Figure 20a. A trend of increasing separation efficiency up to a dipleg length of Ld = 38.5 mm can be seen. However, the cyclone separation efficiency begins to decrease for inlet velocities less than 10 m/s. For higher inlet velocities, the cyclone efficiency assumes significant values that remain almost constant. The optimum dipleg length, in terms of maximum separation efficiency, is obtained with a parameter value of Ld/L = 0.5, where L is the total length of the cyclone.



In [90], the results of the separation efficiency of three cyclones with different lengths of cylindrical diplegs and with an invariant dust settling tank are presented. It was shown that the tangential velocity, axial velocity and turbulent kinetic energy in the settling tank decreased significantly when the dipleg length was extended. This means that the dipleg dust settler can effectively prevent the re-entrainment of already separated dust. In addition, the extended part of the dipleg increases the dust separation space, and thus the separation efficiency increases, at the cost of a slightly increased pressure drop.



One of the methods of increasing separation efficiency of a cyclone is mounting an additional element (cone) on the outlet of dust from the cyclone to the settling tank. The task of this element, also called an apex cone, is to limit secondary circulation of separated dust particles. It is very important to precisely select the diameter of the cone, the apex angle, and its proper location. Incorrect selection of these parameters may block the bottom outlet of the cyclone and hinder dust falling into the container, and thus reduce the cyclone separation efficiency.



Therefore, in [91], using two research methods—computational fluid dynamics (CFD) and experimental studies—the effect of 15 variants of geometric configurations of the counter cone on the cyclone efficiency was analyzed. The geometry of the counter cone was determined by the following parameters (Figure 16): Ds—diameter of the counter cone (368, 436 and 520 mm), α—tip angle (85°, 95° and 105°), Bh—distance from the base of the counter cone to the bottom outlet of the cyclone of diameter (0.1B, 0.15B and 0.35B).



It was found that the use of a counter cone in each of the geometric variants tested led to an increase in cyclone efficiency. The results show that the counter cone should be located above the bottom outlet of the cyclone (Figure 21a,c). The optimal position of the counter cone (assuming maximization of separation efficiency) can be obtained when the distance of the counter cone base from the bottom outlet is Bh = 0.15B (82.5 mm). The apex angle of the counter cone should α = 85°. An improvement in separation efficiency was observed for particles smaller than 60 µm. This is due to the fact that the phenomenon of particle re-entrainment concerns fine particles in particular, particles up to 15 µm in diameter. The use of an apex angle with a value above 100° may be associated with the risk of excessive agglomeration of particles in the counter cone area.



The authors of [92,93,94] studied the apex angle of the counter cone at the dust outlet of the cyclone in the range α = 40–80°. They found that the optimal value of the angle due to maximum separation efficiency is α = 70°. Furthermore, they observed that increasing the gap between the cone and the wall of the conical part of the cyclone increased the number of small particles that enter the dust container.



The author of [95] compared two suggested locations of the cone (below the cyclone outlet and in the conical part of the cyclone) using CFD. He concluded that placing the cone below the conical part of the cyclone is more beneficial as it helps to increase the particle separation efficiency.



Obermair et al. [96] experimentally studied cyclones with three different cyclone dust outlet geometries: a cyclone with a dust trap with a cone at the cyclone outlet, and a cyclone with a cylindrical dipleg. They found that in the case of a cyclone with a dust settler only, the rotating flow goes from the cyclone cone to the settler, which causes the collected particles to be entrained again. For the cyclone with an apex cone, an improvement in cyclone efficiency was achieved. Two design variants of the counter cone were analyzed. In the first variant, the counter cone (apex angle α = 90°) was located under the bottom outlet of the cyclone. In the second variant, the counter cone (α = 120°) was located above the lower cyclone outlet. The latter solution led to an increase in separation efficiency by 2% and an increase in pressure drop from about 1.2 kPa to 1.4 kPa.



The cited examples indicate that the selection of appropriate dimensions of the dust settling tank and mounting an additional element (cone) on the outlet of the dust cyclone have a very significant impact on the performance of a single cyclone. However, the cyclone modifications presented in the literature have been performed on single cyclones and tested mainly for industrial use. Optimization of the size of the settling tank does not take into account the condition of dust extraction.



The above analysis shows that:




	(1)

	
It is possible to improve cyclone performance in terms of reducing pressure drop or increasing separation efficiency by modifying its design without changing its main dimensions.




	(2)

	
The modifications of cyclones presented in the literature have been performed in single cyclones and tested mainly towards their use for industrial purposes.




	(3)

	
There are no proposals for modifications of cyclones applicable to motor vehicle air filters.




	(4)

	
The following solutions can be used to modify cyclones that are elements of a multicyclone constituting the first stage of a motor vehicle air filter:




	
Changing the cross-sectional geometry and shape of the inlet stub;



	
Changing the shape of the outlet duct (outlet tube);



	
Use of a streamlined shape of the inlet opening to the outlet duct.















3. Experimental Research on the Influence of the Modification of the Design of the Tangential Inlet Reversible Cyclone on the Improvement of Separation Efficiency


3.1. Object of Research


The subject of the design modification was a tangential inlet return cyclone (D-40), which is a component of an air filter multicyclone (Figure 22) for the inlet of tracked vehicle engines operated under conditions of high dust concentration in the air. The parameters of the cyclones are shown in Figure 23. The multicyclone is constructed of 96 D-40 cyclones, which are arranged vertically and grouped in rows and columns. Dust removal holes are connected to a common, for all cyclones, settling tank of separated dust. Dust from the settling tank is removed ejectively by air stream QSF generated by an ejector located in the stream of outgoing engine exhaust gases. Air to the cyclones Q0F flows in from the surroundings through inlet ducts of a rectangular cross-section [97].



On the full engine power range, the averaged air flow velocities in the characteristic cross-sections of the air filter and single cyclone are the inlet velocity to the cyclone υ0 = 32 m/s, outlet velocity of cleaned air from the cyclone υw = 22.7 m/s and velocity in the air filter outlet port υwF = 60 m/s, respectively.



The construction of this D-40 cyclone is simple (Figure 23). In the upper part of the cylindrical hull, with internal diameter D = 40 mm, there is attached a tangentially symmetrical inlet spigot with a rectangular cross-section with sides a = 40 mm and b = 8 mm. The cylindrical outlet tube with internal diameter dw is situated coaxially in relation to the cylindrical part of the hull and sunk into it to a depth of h. The cyclone outlet tubes are connected by a common plate, which is the lower wall of the baffle filter housing. The cylindrical cyclone hull is terminated by a cone, the opening of which, with a smaller diameter de, provides a connection to the dust settling tank, which is a common dust container for all cyclones.




3.2. Proposal for Modification of D-40 Cyclone Design


The tangential inlet return cyclone D-40, due to its simple design, is susceptible to design modifications, as a result of which an improvement in performance can be expected in the form of a reduction in pressure drop or an increase in separation efficiency. However, design modifications should not compromise the basic dimensions of the cyclone, as this can have the opposite effect.



From the information resulting from the analysis conducted in Chapter 2, it appears that there are many opportunities to improve the performance of a tangential inlet return cyclone without changing its basic geometric dimensions, which are shown in Figure 24.



The design modifications proposed in b and f seem to be technologically too complicated and expensive in practical application. The use of special “protective” cones in the lower part of the cyclone (Figure 24f) prevents the entrainment of dust already separated there from the settling tank, and thus may increase the efficiency of air filtration in the cyclone. This method is recommended for use in those cyclones where extracting separated dust from the settling chamber is not applied, and in “short” cyclones, i.e., with a small ratio of the cyclone height H to its diameter D. Cyclone D-40 is characterized by a small value of the H/D parameter, but dust is extracted from the settling chamber in a continuous manner. Structural changes of the cyclone presented in points d and e are aimed at reducing pressure losses during air flow through the outlet pipe. Their share in the total flow losses in the cyclone is estimated at 75–90%. Therefore, in order to modify the design of cyclone D-40, the following solutions were selected and applied:




	A

	
An asymmetrical shape of the inlet spigot was used instead of a symmetrical one, while maintaining the previous size and shape of its cross-section at the inlet to the cylindrical part (Figure 24);




	B

	
A streamlined shape was given to the edges of the inlet opening of the outlet tube (Figure 25);




	C

	
A tapered outlet tube was used (Figure 26).









The modifications were performed successively (without eliminating the previous ones) on one specimen of the cyclone. As a result, three versions of the modified cyclone were obtained:




	
Version W1—modification element A;



	
Version W2—elements of modification A + B;



	
Version W3—elements of modification A + B + C.








After the implementation of the next elements of modification A, B and C, tests were carried out on the efficiency and accuracy of filtration and pressure drop.



Three pieces of cyclones D-40 were selected to perform the proposed modifications of the design. For this purpose, preliminary tests were carried out; flow characteristics of any nine pieces of cyclones D-40 in the air flow range QG = 6–34 m3/h were performed (Figure 25). Three copies of cyclones No. 1, No. 6 and No. 9, whose pressure drops are close to the average value of the pressure drop of the nine tested cyclones, were selected to perform modifications and further tests (Figure 25b).



The design of the asymmetrical inlet consisted in rotating by an angle β = 60° the side (inner) wall of the inlet channel while maintaining the height b of the channel and its width a at the inlet to the cylindrical part of the cyclone as well as the length c of the channel (Figure 26). This causes a significant amount of dust mass to be directed (already at the inlet) towards the outer wall of the cylindrical part of the cyclone, which naturally facilitates the concentration of dust on the outer wall of the cyclone. This may cause, as proved by the research results presented in [79], an increase in the cyclone separation efficiency.



Modification B of cyclone D-40 consisted of making the edges of the inlet opening of the two outlet tubes streamlined (Figure 27). The streamlined shape of the inlet opening of the outlet tube was given by applying a ring tapering in the upward direction of the cyclone on the surface of the outlet tube from the external side. The wall of the outlet tube with a thickness of g = 1 mm and the superimposed ring was rounded with a radius of R = 2 mm, maintaining the internal diameter of the outlet tube dw. The resulting narrowing of “z” between the internal wall of the cyclone and the external surface of the ring (Figure 27) causes an increase in gas flow velocity at this point, but this should not have a significant effect on the increase in pressure drop of the cyclone.



This eliminated the contraction phenomenon that occurs when air enters the inlet tube opening with sharp edges. The contraction phenomenon caused narrowing of the cross-sectional area of the stream Ak, as a result of which it is smaller than the cross-sectional area of the inlet opening Aw (Figure 28). There is an increase in flow velocity at this location and consequently an increase in pressure drop.



Modification C of cyclone D-40 consisted of replacing the existing cylindrical outlet tube of inner diameter dw with a tube of truncated cone shape, the smaller diameter of which equals the inner diameter of the outlet tube dw = 23 mm (Figure 29). The conical outlet tube was made as a diffuser with an opening angle of αs = 7°. For this value of the angle, there is no detachment of the jet from the walls or formation of vortices, and the pressure drop coefficient has the smallest value [98]. Therefore, in the duct after the cyclone, there is a decrease in the velocity of the flow in the air and thus a decrease in the pressure drop of the cyclone represented by the relation:


  Δ p = ξ    ρ p  ·  υ w 2   2  ,  



(10)




where ρp is the density of air and ξ is the resistance coefficient of air flow through cyclone.




3.3. Experimental Testing of Cyclones


The specific aim of the research was to determine the effect of performed construction modifications of three (No. 1, No. 6 and No. 9) copies of cyclones D-40 on their performance. After each performed modification of the cyclone construction, its influence on the characteristics was evaluated:




	
Separation efficiency φc = f(QG);



	
Pressure drop Δpc = f(QG).








After performing the last element of cyclone modification (element C), cyclone filtration accuracy was additionally determined by measuring the number and size of dust grains in the air stream QG behind the cyclone:




	
Filtration accuracy dzmax = f(QG).








The above characteristics were also performed for three (No. 1, No. 6 and No. 9) copies of cyclones D-40 before their modification.



3.3.1. Methodology and Test Conditions


Testing of the D-40 cyclones was performed on a special stand, the diagram of which is shown in Figure 30. Testing was performed for an air stream within the range QGmin–QGmax resulting from the number of cyclones used in the filter multicyclone and the demand of air by the engine (within the rotational speed range nmin–nmax), for which the filter is intended. Thus, the cyclone outlet air flow rate was changed in the range QG = 6–34 m3/h, which corresponds to the velocity in the cyclone outlet duct υw = 4–22.7 m/s. Tests were conducted with the assumed constant concentration of dust in the air s = 1 g/m3 with test dust and degree of ejective dust extraction from the cyclone settling chamber m0 = 8%.



The stand was equipped with a particle counter enabling determination of the number and size of dust grains in the air stream behind the cyclone from the range of 0.7–100 m, in i = 32 measurement intervals, limited by the diameters (dpimin–dpimax). The widths of the measuring compartments could be freely programmed. The sensor of the device is adapted to work at the maximum concentration of pollution particles in the air up to 1000 pieces/mL, which corresponds to the mass concentration of air dust s ≈ 0.25 g/m3.



The measuring line was terminated with an absolute filter, which is used to determine the mass of mAG dust flowing through the cyclone and, consequently, to determine the separation efficiency c of the cyclone. At the same time, the absolute filter prevented dust from entering the rotameter. The duration of one measurement (time of uniform dosing and distribution of test dust at air dust concentration s = 1 g/m3) was assumed tpom = 3 min. The test dust used was PTC-D, which is a domestic substitute for AC-fine dust, whose granulometric and chemical composition is given in Figure 31 [99].



The separation efficiency c of the cyclone was determined by the mass method for successively determined values of the air stream within the range QG = 6–34 m3/h (in equal intervals, every 4 m3/h) and for corresponding values of the suction flows QS for the assumed degree of ejection of dust from the cyclone settling pond m0 = 8%.



For each measurement point p = I, II, III … k, starting from QG = 6 m3/h, j = 5 measurements were made successively, calculating for each measurement the separation efficiency φcj of the cyclone from the relation:


   φ  c j   =    m  z c j      m  D c j     · 100 % ,  



(11)




where mZcj is the dust mass retained by the cyclone and mDc is the dust mass dosed to the cyclone at the assumed time tpom.



The mass of dust dosed to the cyclone mDcj was determined after each measurement as the difference of the mass of the doser before and after the measurement. The mass of dust retained by the cyclone was determined after each measurement from the relationship:


   m  z c j   =  m  D c j   −  m  A G j   ,  



(12)




where mAGj is the mass of dust retained by the absolute filter of the main duct determined as the difference of the mass of the absolute filter after and before the measurement.



The mass of the dust dispenser container and the mass of dust retained by the absolute filter were determined with an analytical balance with a measuring range of 220 g and an accuracy of 0.1 mg.



The pressure drop Δpc of the cyclone was determined after each measurement (completion of dust dosing) based on the measured static pressure Δhm (mm H2O) at a distance of 6 dw from the front plane of the cyclone hull, where dw is the internal diameter of the cyclone outlet duct.



The dust concentration in the cyclone inlet air was determined after each measurement using the relation:


   s j  =    m  D c j      Q  0 c j   ·  t  p o m     =    m  D c j      (   Q  G c j   +  Q  S c j    )    ,  



(13)




where tpom is the time at which the dust mass mDcj was dosed uniformly into the cyclone inlet air stream Q0.



After a cycle of j = 5 measurements at a given measurement point p, the average values of separation efficiency, pressure drop and dust concentration in the air were calculated.



During the measurement, at time tcz = ½ tpom, the procedure of measuring the number and size of dust grains in the cyclone outlet air was started in the particle counter. The Upi contribution of dust grains from each measurement interval (dpimin–dpimax) to the total number of dust grains from all measurement intervals i was calculated.


   U  p j   =    N i     ∑  i = 1   32    N i    .  



(14)







The largest dust grain size dpimax in the cyclone exhaust air was read from each measurement interval (dpimin–dpimax), which is the filtration accuracy of the cyclone under these conditions.




3.3.2. Analysis of Test Results of Original Version Cyclones


The characteristics of separation efficiency φc = f(QG) of three (No. 1, 6 and 9) cyclones D-40 in the original version differ slightly as to the value (Figure 32), but their course is similar and consistent with the information given by many authors of research papers. With the increase in the value of the air stream QG, the separation efficiency φc of the tested cyclones increases rapidly and, in the range QG = 18–26 m3/h (υw = 12–14.7 m/s), reaches the maximum value φcmax ≅ 94.8%, after which it decreases slightly, and at the value of the stream QG = 34 m3/h, it reaches varied values of the separation efficiency in the range 93.8–94.2%.



Such a course of changes in the separation efficiency φc = f(QG) is mainly the result of mutual relations between the inertia force Pd acting on the dust grain and the aerodynamic force PR of the gas stream interaction. Along with an increase in the stream of air flowing through the cyclone (flow velocity), the values of both forces are increasing, and for higher values of the stream (in the tested cyclone, after exceeding QG = 18 m3/h), the increase in the aerodynamic force PR begins to be faster than the inertia force Pd, which causes braking the movement of grains; thus, their secondary entrainment by the stream (vortex) of air outlet from the cyclone may occur. As a consequence, the separation efficiency of the cyclone decreases. On the other hand, according to the authors of [79], the decrease in effectiveness is also caused by the fact that large dust grains hitting the cyclone wall at high speed are reflected, and then they are again entrained by the air stream and carried with it to the cyclone outlet.



The pressure drop of the selected cyclones changes parabolically in the range of the tested flux and, for the maximum value of QGmax = 34 m3/h, is in the range of 3.01–3.11 kPa.



The change in separation efficiency φc of the cyclones and the simultaneous change in the size of the maximum dpmax of the dust grains found in the exhaust air from the tested cyclones in the original version is shown in Figure 32. A clear relationship between the two parameters can be seen. An increase in the air flow rate in the range QG = 6–22 m3/h causes an intensive increase in the separation efficiency φc of the cyclones and a decrease in the size of the maximum dust grains dpmax, which for QG = 6 m3/h, take values in the range dpmax = 27.1–28.9 μm. With a further increase in the air flow rate QG, there is a slight decrease in the separation efficiency c of the cyclones and an increase in the size of the maximum dust grains dpmax. For QG = 34 m3/h, the sizes of dust grains dpmax = 18.3–23.9 μm.



The presence of large dust grains in the air behind the cyclone at higher air flow rates may be due to the fact that the dust grains, while performing a swirling motion, hit the cyclone wall at high speed, bounce off it and then are again entrained by the air flow and lifted to the cyclone outlet. These are individual grains, but of large size and mass. Therefore, the dust grain with the largest size dp = dpmax found in the air behind the cyclone was used as a criterion for evaluating the accuracy of air filtration in the cyclone.



The PTC-D test dust used for testing, which is a representation of road dust sucked together with the intake air for motor vehicle engines, is a polydisperse dust of varied chemical composition (Figure 30) with a dominant share of SiO2 silica. The chemical composition of the dust makes the grains have different densities, which for the main components of the dust have a value in g/cm3: for silica SiO2—2.65, for alumina Al2O3—3.99, for iron oxide Fe2O3—5.24 and for calcium oxide CaO—3.40. Therefore, the dust grains with the same volume have a different mass, which determines the force of inertia. In addition, the dust grains have an irregular shape, which affects the value of the aerodynamic force PR. For these reasons, the separation in the cyclone from the air containing road dust grains of grains only above a certain diameter dpgr is impossible, as shown in Figure 33 and Figure 34.



For the test dust used in this study, the grains do not exceed the size of dpmax = 80 μm. The experimentally determined granulometric composition of the PTC-D test dust (Up number shares of dust grains) in the inlet air to cyclone No. 1 (original version) is shown in Figure 33. With the increase in the size of dust grains, the Up number shares take on increasingly larger values to reach a maximum value of Upmax = 16% for dp = 4 μm, after which they decrease sharply again. For grain sizes dp = 15 μm, the numerical proportion Up does not exceed 1.5%. The dust in the outlet air from the cyclone has a significantly different granulometric composition than at the inlet. The maximum values of the Up shares occur for dust grains with the smallest size registered by the counter, i.e., for dp = 0.7 μm, and then, along with an increase in the size of grains, they decrease rapidly. In the last measurement interval, there is usually one dust grain of size dp = dpmax, and its value depends on the value of the air stream flowing through the cyclone (Figure 34). Similar results were obtained by the author of [100], testing a tangential inlet return cyclone with diameter D = 31.1 mm in the range of air flow rate QG = 30.24–66.24 m3/h using test dust with the density ρzp = 0.98 g/cm3.



The numerical shares of Up of the dust grains and the size of the dust grain dpmax in the air behind the cyclone decrease with the increasing air flow rate (flow velocity), but only up to a certain value of QG ≈ 22 m3/h (υw = 14.7 m/s). With a further increase in the flux QG, there is again an increase in the value of Up and the particle size of dust dpmax.



In the case of the investigated cyclones, a characteristic dust grain size dpmax of dp ≈ 3.1 μm can be observed, whose numerical shares of Up in the air behind the cyclone do not depend on the value of the air flow QG. For the same measurement intervals, with an increase in the value of the air flow in the range QG = 6–22 m3/h, the numerical shares Up of the dust grains with sizes above dp ≈ 3.1 μm decrease, and below this value they increase—Figure 35. An increase in the numerical shares Up of the dust grains with sizes below dp ≈ 3.1 μm may indicate that these grains are not retained in the cyclone and are left together with the air.



Theoretically, in the air behind the cyclone at fixed flow conditions (constant value of QG flux), there should be only dust grains below a certain limit size dpgr, the value of which can be determined from the relation given in [34,38] and modified by the author:


   d  p g r   =  3 2       A 0     A w     D   υ 0       (   D   d w     )    −  (  2 m + 1  )       (     h w     d w     )    − 1      µ g     ρ  z p        



(15)




where m is the power exponent of the equation contained in the range 0.5–0.9, μg is the gas viscosity and ρzp is the density of dust grains.



In the case of the tested cyclone, calculated according to Equation (6) for the basic components of dust (SiO2, Al2O3 and Fe2O3), the dimensions of the limit grains dpgr take the values presented in Table 2.



The calculated dzgr sizes vary slightly and take very small values (0.68–2.23 µm), much smaller than the dust grain sizes dpmax recorded in the air behind the cyclone under study. As the air flow rate through the cyclone QG and the density of dust grains increase, the dzgr sizes take on smaller and smaller values, which is consistent with the general theory of cyclone operation.




3.3.3. Analysis of Test Results of Cyclones with Modifications


Results of tests of the influence of successive (A, B and C) elements of cyclones construction modifications on the characteristics of separation efficiency φc = f(QG) and pressure drop Δpc = f(QG), are presented on the example of cyclone No. 1. Replacement of the symmetrical inlet with an asymmetrical inlet (version I of the cyclone—modification element A) causes an increase of approx. 4% of separation efficiency of cyclone c in the range of flux QG = 6–22 m3/h, with preservation of the previous character of the modification Figure 36. This slight increase in separation efficiency could be caused by the fact that the asymmetrical inlet ensured obtaining such a distribution of dust in its cross-section, in which its basic mass was gathered at the external wall of the cylindrical part of the cyclone. Movement of dust grains towards the walls causes an increase in dust concentration in their vicinity. As a result of grains colliding with each other at the cyclone walls, dust coagulation may occur, which consequently increases the effect of gravitational force and accelerates dust release, especially of small grains. Changing the shape of the inlet port did not cause any noticeable changes in the pressure drop Δpc = f(QG) in relation to the course and value.



Application of the streamlined shape of the inlet hole of the outlet pipe (version II of the cyclone—elements of modifications A + B) caused a further increase (about 0.5%) of separation efficiency c of the cyclone in the range QG = 6–22 m3/h. Above QG = 22 m3/h, an opposite effect of A + B modification was observed, as a slight decrease of separation efficiency of the cyclone took place. At the same time, there was an approximately 6% increase in pressure drop pc caused most likely by the increase in aerosol velocity in the “z” constriction, which was created after making a streamlined ring on the outer surface of the outlet tube (Figure 28). The increase of aerosol velocity in the “z” constriction caused the dust grains of smaller size and mass to acquire the velocity and inertial force necessary to separate them from the air, which was reflected in the increase of cyclone separation efficiency in the range of smaller QG air flows. Thus, the maximum cyclone separation efficiency had a higher value of φc = 94.77% and moved its position from QG = 22 m3/h to QG = 18 m3/h.



Replacement of the cylindrical outlet tube with a conical one with preservation of the original inner diameter of the dw hole and expanding towards the outlet together with the streamlined shape of the inlet hole (version III of the cyclone—elements of modification A + B + C) caused, first of all, a significant decrease. The decrease in pressure drop of the cyclone results from the decrease (from υw = 22.7 m/s to υw = 14 m/s for QG = 34 m3/h) of the outlet velocity in the cyclone, which happens as a result of increasing the diameter of the cyclone outlet pipe. There was also a non-significant decrease in separation efficiency, compared to the cyclone version II, over the entire range of air flow values QG.



The change of separation efficiency c and the change of the size of the maximum dpmax of the dust grains in the air behind the tested cyclone No. 1 in the original version and the cyclone version III (elements of the modifications A + B + C) are shown in Figure 37. There is a clear decrease in the size of the maximum dpmax of the dust grains for the extreme values of the air flow (QG = 6 m3/h and QG = 34 m3/h) and an increase in this size for the middle values of QG.



The design modification performed on the cyclones primarily resulted in a significant approximately 30% decrease in cyclone pressure drop compared to their original version. There was a slight (about 1%) increase in separation efficiency c of cyclones for lower values (QG = 6–22 m3/h) of air flows.



For the remaining two specimens of cyclones D-40 (No. 6 and No. 9), the modification of the design into successive elements A, B and C caused similar changes as in cyclone No. 1 in the characteristics of separation efficiency φc = f(QG) and filtration accuracy dpmax = f(QG) and pressure drop Δpc = f(QG) in relation to the course and values (Figure 37).



The modification of the cyclone resulted in an increase in the fractional efficiency of the cyclone, as evidenced by a decrease in the proportion of the maximum size dpmax of dust grains in the air downstream of the cyclone in terms of the minimum and maximum values of the air flow rate QG passing through the cyclone.



From the test results presented in Figure 36 and Figure 37, it can be seen that the D-40 cyclone should operate within a narrow range of changes in air flow QG = 18–26 m3/h, resulting from maximum separation efficiency and minimum concentration of large-sized dust grains. Widening this range will cause the cyclone to operate at a lower separation efficiency and lower filtration accuracy, which will increase the mass of dust retained on the second filtration stage, and thus cause an accelerated increase in its pressure drop.






4. Conclusions


In this paper, an experimental evaluation of a tangential inlet reciprocating cyclone design modification of an air filter multicyclone was performed to increase the filtration efficiency of the inlet air to a tracked vehicle engine. Three modifications to the cyclone design were proposed and performed on three specimens. The symmetrical inlet of the cyclone inlet channel was replaced with an asymmetrical inlet. The cylindrical outlet tube was modified and replaced with a conical tube, and the edges of the inlet opening were additionally given a streamlined shape. After each modification performed, an experimental evaluation of the cyclone design changes was performed. The influence of the modifications on the cyclone’s efficiency and flow resistance characteristics was examined. Next, modifications of the cyclone were performed on the same specimen without removing the previous modifications. Tests were performed in the air flow range QG = 5–30 m3/h resulting from the operation of the engine in the rotational speed range nmin–nN. Polydisperse test dust with grain size range dpmax = 80 µm was used for testing. Improvements in cyclone performance were obtained in terms of filtration efficiency and accuracy as well as pressure drop. The following conclusions were drawn from the conducted research:




	(1)

	
Although there are many structural possibilities of increasing the effectiveness of cyclones, not all solutions, due to their too complicated construction, can be used in cyclones used in motor vehicle engine inlet air filters. The effect in the form of an increase in separation efficiency or a decrease in flow resistance may be disproportionally small in relation to the costs incurred.




	(2)

	
To modify the cyclones, which are the elements of the multicyclone of the motor vehicle air filter, the following solutions can be used practically: change of the shape of the inlet port—replacement of the symmetric inlet with an asymmetric one, introduction of a streamlined shape of the inlet opening of the outlet duct and change of the shape of the outlet duct (outlet tube) from cylindrical to conical. It may be technologically difficult to make a streamlined shape of the outlet tube inlet opening.




	(3)

	
The separation efficiency of the tested cyclones (reciprocating cyclones with tangential inlet) with respect to polydisperse dust with grain size up to dpmax = 80 µm increases with the increase of air flow QG (inlet velocity 0) up to the value of φcmax = 94.8%, and then slightly decreases. Such a character of the course of φc = f(QG) and the values of the obtained efficiencies are consistent with the information provided in the literature by the authors of research papers.




	(4)

	
For steady flow conditions (QG = const.), the number of dust grains in the air behind the cyclone systematically decreases as their size increases until they disappear completely. In the last measurement interval, there is usually one dust grain with a maximum size of dp = dpmax, which indicates the filtration accuracy. As the air flow rate QG increases, the dimension of the dust grain dpmax takes on smaller and smaller values, which corresponds to the maximum filtration efficiency, after which it increases again. There is no clear separation (at the boundary grain size dpgr) between the dust grains retained by the cyclone and those leaving the cyclone with the air. The reason for this phenomenon is the polydispersity of the dust, the density, size and shape of the dust grains.




	(5)

	
Modification of the design of cyclones does not cause significant changes in the characteristics of separation efficiency φc and pressure drop Δpc. A visible effect of the performed modifications of the cyclones’ construction is, first of all, a significant 30% decrease in the pressure drop within the whole range of the examined flux QG, which is an effect of replacing the cylindrical cyclone outlet tube with a conical one. In addition, there is an approximately 1% increase in separation efficiency φc in the range of the smallest values of air flux QG and a shift in the maximum separation efficiency φcmax towards smaller values of air flux QG, which may result from the use of an asymmetrical inlet duct and the streamlined shape of the inlet opening of the outlet tube.




	(6)

	
Modification of the cyclones by elements A, B and C results in a clear decrease in the dimensions of the maximum dpmax of the dust grains for the extreme (QG = 6 m3/h i QG = 34 m3/h) values of the air stream (Figure 37) and an increase in the dimensions dpmax for the air stream in the range QG = (14–26) m3/h. At the same time, in this range, the cyclone obtains the maximum values of cyclone filtration efficiency, which indicates the range of air stream in which the operation of this cyclone should take place.









In this study, the filtration efficiency of a single cyclone was improved by making three modifications to its design. The activities brought the expected results in terms of improving the filtration efficiency of the cyclone, so it is advisable to conduct further research on tangential inlet return cyclones in terms of increasing the separation efficiency and accuracy and reducing the pressure drop. Other modifications of this cyclone are possible, such as using a special cone on the outlet of separated dust, using more inlet channels or changing the inlet channel to a diagonal one that is directed upwards. This will be the subject of further research by the author. In the available literature there are results of positive research in this area. However, modifications should be performed and evaluated experimentally on a selected cyclone. Experimental research is expensive and labor intensive, but it is the most reliable research method.
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Figure 1. Chemical composition of selected dusts from U.S. substrates. Figure made by author based on data from paper [11]. 
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Figure 2. Two-stage (multicyclone, filter bed) filtration system for the inlet air of an off-road vehicle engine: (a) essence of the two-stage filtration system; (b) functional diagram of the two-stage filter, 1—multicyclone (first filtration stage), 2—dust settler and 3—paper filter bed (second filtration stage). 
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Figure 3. Methods of gas supply to the cylindrical part of a return cyclone with inlet: (a–c) tangential, (d) axial. Figure made by the author based on data from the work [34]. 
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Figure 4. Types of cyclones used for filtering the intake air in motor vehicles: (a) reverse-flow cyclone, (b) return with axial inlet and (c) axial flow (vortex tube separators). 
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Figure 5. Filtration properties of cyclones as elements of off-road vehicle air filters: (a) characteristics of separation efficiency φc = f(QG) and pressure drop Δpc = f(QG); (b) filtration quality factor. 
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Figure 6. Characteristic dimensions of a tangential inlet return cyclone. 
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Figure 7. Separation efficiency φc and coefficient of pressure drop ξc of cyclones as a function of: (a) Aw/A0 and (b) H/dw parameter. Figure made by author based on data from paper [39]. 
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Figure 8. Effect of inlet channel angle of the return cyclone on: (a) filtration efficiency and (b) cyclone pressure drop. Figure made by the author based on data from paper [68]. 
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Figure 9. Effect of changing the angle of the cyclone inlet channel: (a) cyclone inlet channel angle in vertical plane α and horizontal plane β; (b) effect of angles α and β on filtration efficiency. Figure made by the author based on data from the paper [69]. 
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Figure 10. Reverse flow cyclone with a tangential inlet with additional inlet port in its cylindrical section. Figure made by the author based on data from paper [70]. 
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Figure 11. Geometry of the inlet channel of the return cyclone. Figure made by the author based on data from work [78]. 
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Figure 12. Cross-sectional dust particle size distribution—flat inlet: (a) symmetrical, (b) asymmetrical and (c) symmetrical with guide vanes um—relative dust fraction in the inlet air stream [79]. 
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Figure 13. Geometry and dimensions of the cyclone outlet tube. Drawing made by author based on data from work [80]. 
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Figure 14. Pressure contours (Pa) at a flow rate of 70/min in the cyclone. Figure made by author based on data from paper [81]. 
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Figure 15. Deswirler geometry and dimensions: Dv—vortex finder diameter, l—mounting height in the vortex finder, dc—deswirler core diameter, h—height of guide vanes and α—leading edge angle. Figure made by author based on data from paper [82]. 






Figure 15. Deswirler geometry and dimensions: Dv—vortex finder diameter, l—mounting height in the vortex finder, dc—deswirler core diameter, h—height of guide vanes and α—leading edge angle. Figure made by author based on data from paper [82].



[image: Energies 15 03871 g015]







[image: Energies 15 03871 g016 550] 





Figure 16. Devices proposed by LG Electronics to reduce pressure loss in cyclones. Figure made by author based on data from paper [83]. 
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Figure 17. Pressure drop values for individual components used to straighten the flow inside the cyclone outlet tube of Samsung Gwangju Electronics Co. Figure made by author based on data from paper [83]. 
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Figure 18. Available shapes of an inner cyclone tube: (a) cylindrical tube—standard, (b) conical tube, (c) cylindrical tube with streamlined inlet port and (d) tube with guide vanes. Figure made by author based on data from paper [40]. 
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Figure 19. Different shapes of dust reservoirs (dipleg) of cyclones. Figure made by author based on data from paper [83]. 
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Figure 20. Cyclone separation efficiency for different inlet velocities depending on (a) dipleg length Ld and (b) Ld/L parameter value. Figure made by the author based on data from the work [89]. 
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Figure 21. Examples of variants of analyzed geometric configurations of the counter cone [86]. (a–c)—cones with different values of angle α at the same height Bh above the diameter of the lower (dust) outlet of the cyclone, (d–f)—cones with the same value of angle α at different heights Bh below the diameter of the lower (dust) outlet of the cyclone. 
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Figure 22. Tracked vehicle air filter: 1—porous baffle, 2—cyclone D-40 multicyclone, 3—dust trap, 4/5—right/left) suction port and 6—cleaned air port. 
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Figure 23. Return cyclone with tangential inlet D-40: (a) general view, (b) functional diagram and (c) characteristic dimensions. 
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Figure 24. Possible changes in the design of cyclone D-40: (a) original version, (b) changing the shape of the inlet from symmetrical to asymmetrical, (c) using a spiral inlet described on the cyclone’s hull, (d) giving a streamlined shape to the edges of the inlet opening of the outlet pipe, (e) changing the cylindrical outlet pipe into a conical one and (f) using a special protective cone in the lower part of the cyclone. 
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Figure 25. Preliminary test results of tracked vehicle air filter cyclones: (a) cyclone flow characteristics and (b) nominal cyclone pressure drop values. 
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Figure 26. Modification A of cyclone D-40 design: (a) original (symmetrical) inlet channel shape and (b) asymmetrical inlet channel—Version W1. 
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Figure 27. Modification of D-40 cyclone design—Version W2: (a) original cyclone version, (b) modification component B and (c) modification A + B. 
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Figure 28. Air inflow into the cylindrical tube: (a) with sharp inlet opening edges and (b) with streamlined inlet opening shape. 
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Figure 29. Modification of D-40 cyclone design—Version W3: (a) original cyclone version, (b) element C of modification and (c) modification A + B + C. 
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Figure 30. Schematic of cyclone test stand: 1—cyclone; 2—dust settler; 3—dust chamber; 4—dust dispenser; 5—absolute filter of dust extraction duct; 6—liquid manometer U-tube; 7—cyclone pressure drop measuring duct; 8—particle counter; 9—ambient air temperature, pressure and humidity measuring set; 10—measuring probe; 11—absolute filter of main duct; 12, 13—rotameters of main and extraction flux measuring, respectively; 14—fan producing air flux. 
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Figure 31. PTC-D test dust: (a) size distribution and (b) chemical composition [99]. 
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Figure 32. Characteristics of the original D-40 cyclones: (a) separation efficiency φc = f(QG) and pressure drop Δpc = f(QG); (b) separation efficiency and accuracies φc = f(QG), dpmax = f(QG). 
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Figure 33. Numerical contributions of Up of dust grains in the air upstream and downstream of the tested cyclone D-40 (No. 1—original version) for different values of air flow QG. 
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Figure 34. The numerical proportion of dust grains in the air downstream of the tested cyclone D-40 (No. 1—original version) and the maximum dust grain size dpmax for different values of airflow QG. 
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Figure 35. Numerical contribution of Up of dust grains in the air behind the tested cyclone D-40 (cyclone No. 1—original version) for different values of air flow QG. 
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Figure 36. Change in separation efficiency φc = f(QG) and pressure drop Δpc = f(QG) of cyclone D-40 (No. 1) for successive A, B and C cyclone design modification elements. 
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Figure 37. Variation of separation efficiency φc = f(QG) and maximum dust grain size values dpmax = f(QG) in the QG exhaust air stream of cyclone No. 1 and No. 6 in the original version and after design modification—version III. 
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Table 2. Results of calculations of the limit size dpgr of the dust grains.
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QG

(m3/h)

	
υ0

(m/s)

	
dzgr (μm)




	
SiO2

ρzp = 2.65 g/cm3

	
Al2O3

ρzp = 3.99 (g/cm3)

	
Fe2O3

ρzp = 5.24 (g/cm3)






	
6

	
5.65

	
2.23

	
1.85

	
1.59




	
22

	
20.6

	
1.16

	
0.96

	
0.84




	
34

	
31.8

	
0.94

	
0.79

	
0.68
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