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Abstract. Abstract: The basic method of protecting the engine against the destructive effects of
mineral dust sucked in with the air intake to the engine are air filters. Passenger cars will be equipped with
single-stage filters with a filter insert (porous partition) in the form of a panel made of pleated filter paper.
Filter papers show insufficient filtration accuracy of dust grains below 5 um. The principles of shaping
traditional filter partitions made of pleated filter paper and the principles of selecting a filter insert for a car
engine using the criterion of permissible filtration speed are presented. The principle of operation and
construction as well as the properties of filters with axial air flow, which are made in the modern PowerCore
technology, are shown, which reduces the filter dimensions, at the same time resulting in lower pressure drop
and greater dust absorption, and therefore a longer period of operation. The article pays special attention
to the properties of nanofibers, which are produced from polymers using the «electrospinningy technology,
and their filtration properties enable the improvement of the efficiency and accuracy of engine intake air
filtration. The results of experimental tests of the efficiency and accuracy of filtration and pressure drop
performed for several filter beds differing in structure parameters are presented. It has been shown that the
nanofiber layer significantly increases the efficiency and accuracy of filtration of dust grains below 5 um.
Low filtration parameters of the filter beds in the initial filtration period have been demonstrated, which
negatively affects engine wear.

Key words: air pollution, combustion engines, air filter, separation efficiency, dust absorption,
filtration accuracy, pressure drop.
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1. INTRODUCTION

Internal combustion engines, which are the driving units of motor vehicles,
suck in significant amounts of atmospheric air during operation under rated conditions in
order to ensure proper fuel combustion and achieve the required performance. The intake
systems of passenger car engines suck in 150—400 m? of air per hour. The air flow for truck
engines has a value in the range of 900—2000 m*/h. Special vehicle engines (tanks,
transporters), due to their large displacement, suck in 3000—6000 m*/h. Along with the
intake air, a considerable mass of various solid pollutants enters the cylinders of internal
combustion engines of motor vehicles, the main component of which is mineral dust (road
dust), which is lifted from the ground to a considerable height by moving vehicles. Dust
from the ground can be carried to considerable heights by the wind. The two main
components of road dust determine its chemical properties, they are silica S10; and alumina
Al>Os. Their total share of dust reaches 95%. The residues are: FeoO3, MgO, CaO. K;O,
Na>O and moisture [1-3]. The chemical composition is close relation to the composition
and type of substrate, as well as the location and altitude above the ground. The chemical
composition of dust depends on climatic factors, as well as dust that has entered the
atmosphere as a result of forest fires, landfills, industrial activities and volcanoes, and then
falls by gravity.
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Road dust, like other dust found in nature, has the characteristics of polydisperse
dust. This means that dust grains of different sizes are found in the dust, and their relative
share in the total mass of dust is determined by the granulometric composition (fractional
composition), which, like the chemical composition, depends on the type of substrate and
the height above the ground. This is due to the residence time of mineral dust grains in the
air, which depends on the speed of their descent. Due to their varying diameters and
different densities, dirt particles have different masses and therefore fall to the ground at
different speeds. During gravitational descent, the particles are affected by the drag force
of the air, which is directed in the opposite direction and inhibits the descent. Therefore, the
interrelation between the gravitational force and the drag force of the medium is important.
The speed of descent increases significantly as the grain diameter and material density of
the particle increases. Particles smaller than 0.1 um are subject to random Brownian motion
due to collisions with gas particles and with other dust particles, whose motion in turn is
mainly caused by moving gas particles. Particles with conventional sizes of 0.1 to 1 um
show low falling velocities in still air, while particles larger than 1 pum show small but
noticeable falling velocities. The falling velocities of particles with a density of 1000 kg/m?
have approximate values: vz =4 x 10-7 m/s for 0.1 um particles and vy, =4 % 10-5 m/s
for 1 um particles. For 10 um particles, the falling velocity is vy = 3 % 10-3 m/s, and for
100 pm particles v; = 3 % 10-1 m/s [4, 5]. On the other hand, SiO> silica grains with
contractual diameters of d, = 10, 50 and 100 um and density of 2650 kg/m? fall with
velocities of respectively: vy =0.035, 0.11 and 0.72 m/s [6, 7].

The mass of dust (in grams or milligrams) found in 1 m? of ambient air is a measure of
the dust content in the air. This parameter is defined as dust concentration, which is a variable
quantity that depends on many factors. In the case of a moving vehicle, the dust concentration
in its environment depends on the type of ground (sandy, loess), the speed of travel, the presence
of other vehicles, weather conditions (rain, drought, wind direction), the type of chassis
(wheeled, tracked). Therefore, the concentration of dust in the air is shaped in a wide range.
The author of the paper [8] reports that the concentration of dust in the air takes insignificant
values from 0.01 mg/m? near rural buildings to about 20 g/m?, when driving a column of tracked
vehicles over desert terrain. According to the author of the paper [9], dust concentrations in the
air can take on values in a wide range of 0.001-10 g/m®. Dust concentrations on highways take
on small values, but in the wide range of 0.0004-0.1 g/m>. Experimental studies presented in
the paper [10] show that when a column of vehicles travels over sandy terrain, dust
concentration takes on values in the range of 0.03—8 g/m>.

Dust grains of silica Si02 and alumina Al,O3, whose mass content in the dust reaches
95%, are the main cause of accelerated abrasive wear of the two frictionally cooperating
machine components when they enter the piston headspace. According to the hardness
derived from the 10-grade Mohs scale, silica has a hardness of 7, and alumina has a hardness
of 9. In the case of reciprocating internal combustion engines, the surfaces of the P-PR-C
(piston — piston rings — cylinder walls) mating elements and the journal-pan (J-P) mating
elements of the engine crankshaft are most prone to accelerated abrasive wear. Hard dust
grains settle on the cylinder liner, and then, because of piston movement, penetrate between
the ring and cylinder faces, where there is a layer of lubricating oil (lubricating wedge). In
the mating of a modern internal combustion engine, the thickness of the oil film hmin
between the two surfaces depends on the viscosity of the oil, the load (contact force) and
the relative speed of the two surfaces and take values in the range 4, = 0.3-50 pum [11, 12].
The greatest wear of two frictionally cooperating machine surfaces is caused by dust
particles dp, for which the condition is met at a given time: the diameter of dp is equal to
the thickness of the oil film hmin. Therefore, abrasive wear of engine components is caused
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by dust particles with diameters in the range of 1-40 um [13—15] with the highest intensity
of wear caused by mineral dust grains in the diameter range of 1-20 um [16—18].

Excessive abrasive wear of the piston ring and cylinder liner assembly of an internal
combustion engine has a significant impact on the loss of tightness of this association. This is
a direct cause of the loss of compressed medium and a decrease in compression pressure,
resulting in a decrease in engine power and an increase in fuel and oil consumption [19].
Excessive wear of the P-PR-C association is also the cause of increased exhaust gas blow-by
into the crankcase, which reduces its viscosity, accelerates oil aging and causes soot
contamination [20].

In order to reduce friction losses and wear on the main components of an internal
combustion engine, antiwear coatings on the sliding surfaces of piston rings and cylinder
faces are appropriate [21]. A significant reduction in frictional losses in an internal
combustion engine can be achieved by ensuring continuity of the oil film by selecting the
shape of the sliding surfaces of both the upper and lower sealing ring [22].

A device that ensures minimization of abrasive wear of engine components is an air
filter installed in the intake system, which ensures that air of the required purity, i.e. free of
dust grains larger than 2—5 um, is supplied to the engine cylinders. Single-stage (baffle)
filters are installed in the intake systems of passenger car engines that operate with low
concentrations of dust in the air. Sufficient air cleanliness is then provided by a filter
element made of pleated paper formed into a rectangular plate. Engines of trucks, special
vehicles, including military vehicles, and work machines, which are most often used in
conditions of high air dustiness, are equipped with two-stage filters operating in the
«multicyclone-pore baffle» system [23, 24].

2. THE ORIGINS OF ENGINE INLET AIR FILTRATION

An air filter 1s a device that separates contaminants from liquids as a result of various
forces and phenomena generally referred to as filtration mechanisms. Air filters differ in
their operating principle, construction, type of filter materials used and the resulting
operating parameters: filtration efficiency and accuracy, absorption capacity and pressure
drop.

Baffle filters are currently the most popular group of air filters for motor vehicles and
working machines. Baffle filters are used as single-stage filters in passenger cars or as the
second stage of multi-stage filters used in the intake systems of vehicle engines operating in
dusty air conditions. A variety of porous materials are used for filter baffles. They are called
solids, which contain in their volume a large number of voids (pores), the characteristic
dimension of which is small in comparison with the characteristic dimension of the solid [25].
The first stage of filtration in two-stage filters are inertia filters in the form of monocyclones or
multicyclones, which are characterized by the separation of large dust masses from large air
flows.

The first air filters that were used in engine intake systems were of a primitive form. In
the 1901 Oldsmobile engine, the filter element was a baffle made of two layers of perforated
sheet metal with holes 3 mm in diameter. In the 1901 Adler car, the filter baffle was a sleeve
made of several layers of rolled metal mesh [26].

It was not until before World War II that work began to develop an air filtration system
for the engine's intake system. An air filter in the form of a tin can with a filter baffle in the
form of metal wadding moistened with oil was used, which increased filtration efficiency,
which, however, did not exceed 70%. Cylindrical mesh filters saturated with oil with radial air
inlets were characterized by relatively high absorption capacity and relatively low pressure drop
(Figure 1 a). This type of design was used in motorcycles, among others (Fig. 1 b).
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Figure 1. Filter with moistened metal mesh insert: a) automotive, b) motorbike [27]

In an improved design of this filter, the air flow was fed tangentially into a conical filter
vessel partially filled with oil, which was swirled [27]. The oil swirling in the vessel rises along
the surface of the cone and completely covers the air inlet opening to the filter. The intake air
must pierce the wall of the swirling oil and is thus well mixed with it and cleaned of dust. The
oil droplets entrained by the airflow are thrown by inertia against the vessel wall or settle on a
baffle made of irregularly arranged and compressed metal wire or labyrinth plates (Fig. 2 a).
An improvement to this method of air filtration was to dispense with passing the air through
the oil and to bring it perpendicular to the oil mirror (Fig. 2 b) [28].

Figure 2. Air filter with wet mesh bed and oil sump: a) swirled [27], b) flushed [28]

The incoming aerosol rapidly changes the direction of flow over the oil surface.
Contaminants of the largest size and mass, as a result of the force of inertia, fall into the oil,
where they are retained. Contaminants of smaller size and mass are retained by the humidified
cartridge.

A breakthrough in air filtration for internal combustion engines did not occur until the
early 1950s after the development of a special type of porous paper, which was used in place
of'a metal mesh baffle moistened with oil. In 1957, Knecht Filterwerke introduced and patented
the pleated paper filter cartridges that are still known today, which are much simpler to use and,
above all, lighter and cheaper. The pleating of the paper made it possible to use a large filter
area with limited space for mounting the filter. This solution, in addition to the introduction of
more and more perfect filter materials, such as polyester, fiberglass, nanofibers, is widely used
to this day in the production of panel filter cartridges of passenger car filters and cylindrical
cartridges that are the second stage of filtration of air filters of articulated cars, trucks and
special vehicles.

3. SINGLE-STAGE AIR FILTRATION SYSTEM WITH FILTER PAPER

Air filters for passenger vehicle engines are installed in the engine compartment
due to their small dimensions resulting from the low air demand of the engine and thus
the small surface area of the filter paper. The shape of the filters is then adapted to
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the limited space of this compartment. This ensures at the same time easy access during
servicing, simple and easy installation of the filter element and other replacement elements,
tightness of its connection to the intake manifold, minimum length of connecting lines. In older
types of passenger cars, the air filter was seated directly on the carburettor, which was attached
to the intake manifold. Due to the restriction of the engine bonnet, the filter was usually
flattened in shape and the filter element was made in the form of a large diameter ring (Fig. 3).
In addition, mounting the air filter on or close to the engine causes it to be subject to high
vibrations, which adversely affects the filtration efficiency and its service life.

In modern passenger car models, the carburettor fuel system has been replaced by a fuel
injection system, and therefore air filters can be mounted anywhere in the engine compartment
away from the engine. Therefore, the filter is most often attached to the body, its housing is
adapted in shape to the limited space of the engine compartment (Fig. 4).
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Figure 3. Intake air filtration system for an engine with a carburettor in a passenger car: a) functional diagram of

the intake system (1 — air filter, 2 — filter cartridge, 3 — carburettor, 4 — throttle, 5 — intake manifold, 6 — crankcase
ventilation system, 7 — exhaust manifold) b) view of the filter, c) ring filter cartridge with fiber pre-filter
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Figure 4. Air filter of a modern passenger car: a) location of the air filter in the engine compartment [29],
b) components of the filter, ¢) functional diagram of a single-stage filter [30, 31]

The design of the air filter of a modern passenger car is not complicated. The filter
housing is a two-part box, similar in shape to a cuboid, most often made of plastic. The
housing is made of two covers, lower and upper, after disconnecting which it is possible to
place a filter insert in the middle in the form of a panel made of pleated filter paper,
composite or non-woven fabric (Fig. 4). The lower cover is connected to a pipe supplying
ambient air from the front of the car. The upper cover is connected to a pipe discharging
purified air to the intake manifold.
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4. PROPERTIES OF FILTER MATERIALS

The basic filter material used for filtration of operating fluids of modern motor vehicle
engines and working machines, and in particular for filtration of intake air of motor vehicle
engines, are filter papers. They combine the operation of meshes and nonwoven fabrics.

To improve the properties of paper, it is impregnated with appropriate resins (saturation)
and then hardened. This treatment increases the properties of paper, including mechanical
strength, resistance to chemical compounds, oil and fuel, resistance to flammability and
improves plasticity, as well as modify the color and reduces hygroscopicity. Paper hardening
occurs in the process of producing filter inserts by heating it to a specific temperature after
pleating the paper and giving it the shape of a filter insert and impregnating it with resin.

During curing, the filter paper changes color and texture, which is different on both
sides. The sieve (bottom) side of the paper has smaller pore sizes than the top side. In the filter,
the paper should be arranged so that the liquid flows in from the top side of the paper and out
from the sieve side. To avoid confusion, the side of the paper is marked with colored lines
during production.

Filter materials are characterized by the following basic parameters as stated by the
manufacturer: basis weight, thickness, average pore size, fiber diameter, dirt absorbency, air
permeability, tear strength, maximum or average pore diameter, resin content. Table 1
summaries the characteristic parameters of selected filter papers from J.C.Binzer. It is
noteworthy that the thickness of the filter papers does not exceed 1 mm and is mostly in the
range of 0.5-0.9 mm, with the diameter of the cellulose fibers taking d,, = 15-20 um. The
average pore diameter takes on values of d. = 40-90 pm.

For the production of modern filter materials, plastics are increasingly used in addition
to filter papers: glass microfibers, polyester, non-woven fabrics and nanofibers, which improves
the filtering efficiency and filtration accuracy of filter cartridges and their durability. In addition,
multilayer beds that are a composite of different materials, such as cellulose-polyester-
nanofiber, cellulose-polyester, polyester-microfibre-glass-cellulose, are increasingly being used
for intake air filtration in motor vehicle engines. Multilayer beds show a higher dust-absorbing
capacity compared to single-layer configurations, allowing the air filter to be used longer until
the limit of acceptable resistance is reached.

Table 1

Parameters of selected filter papers from J.C.Binzer [32]

) Paper designation
Parameters Units
796/1 VH86 | 356 VH86/4 | 844 VH86/4 | 879 VH188/51
1 |Grammage g/m? 204 125 108 139
2 [Thickness — at load 2 N/cm? mm 0,9 0,61 0,67 0,8
3 gfi‘(l)rg 3;031?: 0t mbar | 6,7 1,5 1,04 0,66
4 |Breaking strength kPa 385 251 212 220
6 |Resin content % 18,8 18 17 20
7 Maximum value of pore diameter | um 51 72 89 103
8 |Average value of pore diameter um 42 62 76 93

Table 2 compares the characteristic parameters of selected filter materials. Of note is the
significantly higher air permeability and twice the pore size of the filter paper (cellulose)
compared to the other materials.
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Table 2

Tested filtration materials parameters according to the manufacturer's data [33]

N . Permgablzhty Permeability | Grammage | Thickness Max'. pore
Filtration material | g, [m’/m?/h] [dm¥/m?s] [o/m’] [mm] size
at200 Pa |7 gml& & d, [um]
1 [Cellulose - 838 121 0.61 79
2 [Poliester 650 - 180 0.50 -
3 |Cellulose+polyester - 150 130 0.35 58
4 Cellulose+polyester i 185 120 031 48
+ nanofibers
5 |Poliester+nanofibers 525 - 180 0.51 -

On the two standard filter materials (No. 4 and 5), there is a layer of nanofibers on
the inlet side. The thickness of the multilayer filter beds is less than that of traditional filter
papers and is mostly in the range of 0.3—-0.6 mm, which is due to the smaller diameter of
the plastic fibers.

Non-woven fabrics are also used for air filtration in motor vehicles and are
characterized by [25]: loose structure, spatial packing, lightness, ease of fabrication
high dirt absorbency, low pressure drop. However, synthetic nonwovens have very
low rigidity and therefore the construction of traditional filter media is cumbersome.
Therefore, rigid plastic frames are used to which a gasket is attached to ensure tightness
with the filter housing. Some solutions use pleated fibers together with special plastic
meshes.

Table 3 shows the characteristic parameters of selected filter nonwovens
manufactured by a Korean company. The thickness of non-woven filter beds is several times
greater than that of traditional filter papers or multilayer beds and is usually in the range of
2.5-4 mm.

Table 3

Properties of nonwoven filter fabrics manufactured by Korea Filtration Technologies Co [34]

Non-woven | Grammage | Thickness | Permeability Tensile Bending | Bending
fabric [o/m?] [mm] [om®/om?/s] strength strength strength

[N/50 mm] | [N/30 mm] | [MPa]

AC-1800 290 2,8-3,6 50-85 >08 1,96-3,62 0,49
AC-3800 240 3,15-3,85 65-90 >08 1,96-3,62 0,39
AC-3421 230 2,43-2.97 55-70 >147 1,47-2,94 0,59
AC-303 250 2,7-3,3 75-95 >08 1,47-2,25 0,59
AC-301 210 2,43-2.86 80-110 >08 1,47-2,94 0,59
AC-510 205 2,7-3,3 90-140 >08 1,47-2,94 0,49

An image of the structure of the filter materials obtained by scanning electron
microscopy is shown in Figure 6. The fibers represent the three-dimensional disordered spatial
network structure of the polypropylene microfibre filter material (Figure 5 a) and cellulose
(Figure 6 b).

26 ............. ISSN 2522-4433. Scientific Journal of the TNTU, No 2 (118), 2025 https://doi.org/10.33108visnyk_tntu2025.02


https://doi.org/10.33108/visnyk_tntu2025.0

Tadeusz Dziubak, Jan Dizo

Figure 5. SEM image of filter material:
a) polypropylene microfibre at 1000 magnification b) cellulose [35]

5. FILTRATION MECHANISMS

Dust particles flowing with air onto the filter bed are retained by individual fibres as a result
of the simultaneous action of several filtration mechanisms: interception, inertial, diffusion,
gravitational settling and sieving mechanisms [36, 37] (Fig. 6). The interception mechanism occurs
when a particle follows the line of the air stream that flows around the bed fibre and comes into
physical contact with it. The inertial mechanism applies to particles of large mass that cannot adapt
to sudden changes in the direction of the air stream directly in front of the fibre. Due to their high
inertia, the particles continue to move in a rectilinear path and therefore come into contact with the
fibre, where they are retained. The inertial mechanism is more effective at high particle velocities
[37]. On the other hand, the diffusion mechanism applies to small particles (<0.1 um) and is
effective in the case of their low velocities. Particles randomly performing Brownian motion collide
with the fibers and settle there. The gravitational mechanism concerns particles of large size and
mass, which settle on the fibers under the influence of gravity. However, the influence of gravity is
negligible for particles smaller than 0.5 pm [33]. Dust particles with diameters larger than the
distance between adjacent fibers are retained by the sieve mechanism. The filtration efficiency of
the fibrous bed is the total result of the combined effect of all filtration mechanisms (Fig. 7). The
graph shows that particles from 0.1 um to 0.4 um have the lowest retention efficiency. This
characteristic range is called the most penetrating particle size (MPPS) and depends on the filtration
speed and the fiber size [37, 38]. When the fiber is electrostatically charged, the particle capture
efficiency additionally increases due to electrostatic attraction [39].

Combined efficiency
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Figure 6. Particle retention mechanisms. (a) particle retention by a single fiber: (b) combined effect of
particle retention mechanisms on overall filtration efficiency [36]

The effect of the filtration mechanisms in the filter bed is that dust particles are retained
on the surface of the porous bed fibers and then on the previously deposited particles. In this
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way, slowly growing complex dendritic structures (agglomerates) are created, which fill the
free spaces between the fibers (Fig. 7). This causes a change in the structure of the filter bed,
as a result of which its operating parameters change.
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a b
Figure 7. Accumulation of dust particles on the filter bed fibers: a) scheme of growth of successive layers on
the fibers, b) structure of the filter bed with visible agglomerates formed by dust grains settling on the fibers,
b) view of agglomerates on a single fiber [40]

6. SHAPING TRADITIONAL FILTER MEDIA

Filter media intended for the filtration of operating fluids in motor vehicles are made in
the form of a pleated tape, which is then shaped into a multi-armed star or a panel (Fig. 8).
Cylindrical or panel filter elements are then obtained.
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Figure 8. Shaping filter paper: a) paper after pleating, b) shaping into a multi-pointed star, ¢) shaping into a panel

The most common is the V-shaped pleat formation or, for better use of the insert space, the
W-shaped pleat formation (Fig. 9). Pleated paper filter inserts should be designed in such a way
that, with the given paper filtration parameters, they have maximum filtration efficiency, minimum
pressure drop and maximum durability, and they should have maximum paper surface area with
minimum insert volume. The air filter insert consists of a housing and a filter material placed inside
it. The housing is made of polyurethane, which also acts as a seal for the filter material.

Figure 9. Forming the pleats of filter paper: a) cylindrical insert (1 — V-shaped, 2 — W-shaped), b) panel
insert, D, — outer diameter of the cylindrical part, d,, — inner diameter of the cylindrical part, b, — pleat height,
— pleat spacing, pitch, L, — panel length, g — paper thickness, 7, — pleat bend radius
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The covers (upper and lower) of the cylindrical insert made of polyurethane ensure a
tight connection of the ends of the pleats with each other, creating space for the inflow of air
and dust, and at the same time a tight connection of the insert with the filter housing.
Reinforcing elements in the form of sheet metal or plastic mesh ensures the appropriate
mechanical strength and stiffness of the insert and increases its resistance to the effect of the
pressure difference (resistance to deformation) created during engine operation, and in
particular when the insert is excessively contaminated. The construction of the panel insert is
much less complicated. The ends of the shorter sides of every second pleat are glued together
on both sides, creating space for the inflow of air and dust, and then at an appropriate distance
t, connected with a polyurethane frame, which is also a seal for the filter housing. The condition
for the correct operation of the filter is the tightness between the filter insert and the filter
housing.

The selection of an air filter for an engine consists in determining and using the
appropriate filter paper surface area, which results from the condition of permissible filtration
speed, which has been verified experimentally and takes the maximum value in the range of
UFmax = 0.08-0.12 m/s [41-44]. Filtration speed is defined as the average speed of the air flowing
through the surface of the filter medium and is determined from the relationship:

__ Qf
Urmax = AC-’:;(:)XO [m/s], (1)

where: Ormax — maximum air flow through the filter element equal to the air demand of the
Osiimax engine [m*/h] at the maximum power rotation speed and 100% opening of the mixture
throttle (SI engines), 4. — active filter surface area of the element [m?].

In modern passenger cars, there is a problem with the proper location of the air filter in
the engine area — under the hood. There is no such problem in the case of trucks, where the air
filter and the entire intake system are mounted outside the vehicle cabin. The smaller surface
area of the filter paper results in an increase in the air flow speed through the filter bed, while
maintaining the same air flow value. As a result, there is an increase in the air filter pressure
drop, which is a function of the speed in the second power, which is a direct cause of the
decrease in engine filling and power and an increase in exhaust emissions. Significantly
exceeding the permissible speed may cause a decrease in filtration efficiency due to the
phenomenon of dust particles bouncing off the surface of the bed fibers and being re-entrained
by the air flow towards the outlet.

Obtaining the appropriate filtration speed is possible by appropriate selection of the
main structural dimensions of the insert and the geometry of the pleats (Fig. 10) [43—45].

Figure 10. Filter bed geometry: a) pleat geometry, b) i, — number of pleats, Lp — insert length, a,, — pleat
width, b, — pleat side height, #, — pleat width, o — half-pleat inclination angle
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In the case of panel inserts, the filter surface of the insert is determined by its
dimensions (Fig. 10), which are related to the relationship:

A = 2hy, - ay, - t, - i, [m?]. (2)

The width of the insert aw and its length L, are limited by the filter dimensions. A limited
number of pleats can be placed at a given length L, and with a fixed pleat spacing #,. The
filtration surface can be increased by extending the pleat side b,, which will reduce the filtration
speed and pressure drop, but only to a certain value, because pleats that are too high are
unstable, warp and touch, causing a loss of filtration surface. The filtration surface can be
increased by increasing the number of pleats in a given section, which will reduce the flow
speed and reduce pressure drop, but here too there is also a certain limit on the number of pleats,
exceeding which will increase pressure drop. The available literature contains a significant
number of works presenting the results of optimization of filter beds and complete air filters,
mainly in the direction of minimizing pressure drop or increasing filtration efficiency. These
parameters determine the engine energy losses and accelerated wear of its components [46—50].
Examples of panel filter insert designs for passenger car engines made of various materials are
shown in Figure 11. The edges of the insert are fitted to the lower and upper filter housings,
acting as a seal at the same time.

a b c

Figure 11. Types of engine intake air filter inserts: a) paper filter inserts, b) non-woven fabric filter insert in a
rigid frame, ¢) non-woven fabric filter insert made as a uniform moulding

Examples of the construction of cylindrical filter inserts which are the second stage in
two-stage filters are shown in Figure 12.

a b C d e

Figure 12. Different solutions of filter cartridges working as a second stage after the inertia filter: a) cylindrical
cartridge with an elliptical cross-section, b, c, d, €) cylindrical cartridge with a circular cross-section

During the operation of the insert, the paper filter bed fills with dust, which significantly
impedes the high-speed air flow. There is a significant increase in pressure drop, and the
external sign of this phenomenon is the contact and warping of the pleats. To prevent this
phenomenon, pleat reinforcements are used in the form of embossing of the pleat surface,
special thickenings of the pleat back (Fig. 4 a—b) and thin streams of glue connecting the pleat
backs of the insert (Fig. 13 c).
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Figure 13. Methods of reinforcing pleats: a) embossing the pleat surface,
b) special thickening of the back of the insert pleat, c) glue trickles

7. FORMING FILTER PARTITIONS WITH AXIAL FLOW

The lack of stability of the pleats, the need to reinforce them, and the need to meet the
requirements of small dimensions while maintaining the required efficiency and accuracy of engine
intake air filtration were the reasons for developing a different filter design and a new technology
for making filter inserts. Their characteristic feature is the axial flow of the air stream. This allows
to avoid turbulence and allows air and dust to flow directly to the filter outlet, which minimizes
pressure drop. An example of such a solution is the filter insert known as PowerCore by Donaldson
(Fig. 14). PowerCore filter inserts have a core structure created by alternating layers of smooth and
corrugated paper. The channels created in this way are alternately plugged. If a given channel is
free on the inlet side, it is blocked on the outlet side and vice versa. Such a design forces air to flow
to the adjacent channel through the side surface, which is the filter material.

Air flow
=>> contaminated with dust
=p> cleaned in the filter

a

Figure 14. PowerCore filter insert: a) principle of operation of the filter insert, b) air flow through the insert [51]

PowerCore filtration technology combines the axial filter model with nanofiber technology,
which resulted in reduced volume and high filtration efficiency. At the same air flow rate, filters
made with PowerCore technology are 2-3 times smaller in size than filters with pleated filter paper
inserts made using the traditional method and more efficient (¢ = 99.97%) than an average
conventional filter achieving efficiency of (¢r=99.85% [52, 53].

The design of the PowerCore G2 insert allows for a 60% reduction in the size of the
insert and a nearly three-fold increase in the dust absorption capacity of the filter inserts,
compared to conventional solutions used so far, while maintaining the same constant surface
area of the filter paper and constant dimensions of the insert (Fig. 15).

S =
%' 3 E
225 = i 40% 0
S , smaller size 60% .
‘g 2 smaller size
o 1
= l
=
Ll -

0

Filter paper PowerCore PowerCore G2 Filter paper PowerCore PowerCore G2
a b

Figure 15. Comparison of PowerCore cartridges with respect to traditional (filter paper) filter cartridge:
a) relative dust capacity, b) occupied volume [54, 55]
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Reducing the dimensions of the filter element entails the possibility of reducing the
dimensions of the entire air filter. Thanks to their design, PowerCore filter elements are
characterized by very high absorption capacity. More modern filter elements are elements
made using PowerCore G2 technology, introduced into production in 2008. The essence of
this technology is very precise shaping of the geometry of the filter core channels depending
on the type of engine to which it is to be applied.

The axial air flow, allowing for flow directly to the filter outlet and minimizing
aerosol pressure drop, is provided by the Direct Flow filter element manufactured
by Cummins (Fig. 16 a), in which the channels are formed by traditional pleats
alternately sealed on its shorter sides and shaped in the form of panels [42]. The filter
element can be constructed in the form of a trapezoid made of two panel inserts set at a
small angle (Fig. 16 a) or in the form of two coaxially set cylinders (Fig. 16 b). Such a
design forces air to flow through the pleats from the front and along the longer sides and air
to flow out on the opposite side.

=D A 4 .
- i =
=D | | -
E

a b

Figure 16. Principle of operation of the Direct Flow panel filter insert
a) air flow diagram, b) insert construction [56, 57]

The core insert manufacturing technology (PowerCore) was used by Baldwin in the
Channel Flow filter (Fig. 17).

The PowerCore filter element allows for a reduction of the filter space by up to 50%
compared to traditional cylindrical filters. The same technology used by Mann+Hummel in the
PicoFlex filter has resulted in the CompacPlus filter element having 50% more filter media
surface than a conventional air filter.

a b c

Figure 17. Filter inserts made with modern technologies: a) traditional PowerCore (Donaldson) [13],
b) CompacPlus (Mann+Hummel) [58], ¢) Channel Flow (Baldwin) [59]

Despite the obvious advantages that PowerCore filters have compared to traditional
cylindrical elements, they are not yet widely used for engine intake air filtration due to the
significant (several times higher) cost.

8. PROPERTIES OF NANOFIBER FILTER MATERIALS

The technological possibilities of fiber production have resulted in nanofibers being
increasingly used to build filter partitions in automotive technology. The term nanofibers
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usually refer to fibers with a diameter of less than 1 um and are currently used for fibers
produced using «electrospinning» or meltblown technology [60—65]. Currently, automotive
technology uses nanofibers with diameters of about 50-500 nm, and the nanofiber layer
does not exceed a thickness of 1-5 um. Due to the low mechanical and strength properties
of such a thin layer, it is applied to a substrate made of conventional filter materials
(cellulose, nylon or polyester), which are thicker and stronger. Nanofibers can be placed on
one or both sides of the filter bed. Fig. 25 a shows the view of the nanofiber material (dw: =
0.15 pm) under an electron microscope at 1000x magnification in comparison to a human
hair (d,, = 50-70 pm) and a cellulose substrate fiber (d. = 10 pm) [66].

Nanofibre coating
pm)
i

Cellulose carrier fibre
(~ 10 pm)

4 %' < .;

s S
3 > 2 :

0 \‘. d

F h Nanofibre layer

: | Cellulose fibre SN

% >

//
X1, ey

Human hair
50 -70 pum

28kVU g

Figure 18. Nanofibers applied to a cellulose substrate:
a) top view [66], cross-sectional view [60]

The use of nanofibers as an additional layer applied to standard filter materials for air
filters used in motor vehicles significantly improves filtration efficiency and accuracy,
especially of dust grains of small (less than 5 um) size. Figure 19 shows a clean cellulose bed
with an applied layer of nanofibers with diameters in the range of 100—400 nm and a view of
the retained dust grains on the bed.

Figure 20 shows the changes in filtration efficiency depending on the size of dust
grains for a standard bed (made of cellulose fibers) and a cellulose bed with an additional
layer of nanofibers. The increase in the filtration efficiency of dust grains below 5 pm is
very visible. Grains of this size cause abrasive wear of engine components. For dust grains
below dp = 3.5 pum, the filtration efficiency increased from ¢ = 75.15% to 97% for the bed
with a layer of nanofibers. For dust grains below d, = 1.5 um, the filtration efficiency
increased significantly from ¢ =29.2% to 82.1%.

Figure 19. nanofibers on cellulose substrate:
a) clean bed, b) dust cake on nanofiber layer [67]
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Figure 20. Separation efficiency as a function of dust grain size for a cellulose fiber bed (standard)
and a bed with the addition of nanofibers [68]

9. EXPERIMENTAL TESTS OF FILTER DEPOSITS

The efficiency of the filter bed is described by the following filtration characteristics [25]:
e separation efficiency — ¢,

filtration accuracy — dpmax,

e dust absorption capacity — kn,

e pressure drop — Apy.

Filtration efficiency ¢y, is defined as the quotient of the mass m. of dust retained

by the filter bed and the mass mp of dust supplied to the bed in the air stream per unit
of time.

= 2 100% 3
%= m, 0 3)

Filtration accuracy is defined as the maximum size dpmax Of dust grains in the air behind
the filter bed.

The absorbency of the filter material is the mass of dust & retained on a unit of surface
until the filter bed reaches the established operating conditions, e.g.:

e decrease in filtration efficiency or accuracy below the established value,

o achievement by the filter bed of a specified permissible pressure drop value.

Pressure drop is defined as the difference in static pressure p.; before and p. after the
filter:

Apr= psi — ps2 [Pa] 4)

The characteristics of filter beds (barrier filters) depend on many parameters. These are
the parameters of dust, air flow, filter bed structure and bed operating conditions. For a specific
air filter design and the associated filter bed, which operates within a fixed range of air flow
values QOumin-Omaxr and assuming constant parameters of atmospheric air and dust, the
characteristics of a barrier air filter of a motor vehicle engine depend mainly on:

e my,—mass of dust retained on the porous barrier,

e (Qr — air flow through the filter.
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For practical purposes, the characteristics of air filters are determined as a function of
one parameter, with the others determined, in laboratory conditions on special stands using
standard research tests and using test dust. The following characteristics are most often
performed for barrier filters:

@r=f (mp) ot gr=f (km), )
Apr=f (mp) or Apy=f (km), (6)
Apmax = f (Mp) O dpmax = flkm), (7)
Apr=1(Qr) or Apr=f(vr), (8)

where: k, — the dust absorption coefficient of the porous baffle is defined as the quotient of the
dust mass m,, retained by the filter media and the active surface area of the filter media paper
Ac, dpmax — maximum grain size in the air behind the filter, vr — filtration speed.

Figure 21 shows examples of filter paper characteristics determined by the authors during

laboratory tests: filtration efficiency ¢ = f (kw), filtration accuracy dpmax = f{kn) and pressure drop
Apvw=f (kn) as a function of the dust absorption coefficient of the partition k.
The filter paper was shaped into a small cylindrical filter element with an active surface area of the
filter material A. = 0,148 m? and was conventionally called a «research filter». The characteristics
were determined simultaneously on a special test stand for a constant air flow rate Or = 35 m*/h,
which corresponds to the filtration speed (vr = 0.065 m/s. Filtration efficiency ¢w—= f(kn),was
determined using the mass method for a constant air flow rate in subsequent j measurement cycles,
during which the mass of dust fed to the filter and the mass of dust retained on the tested filter
cartridge were measured. An absolute filter was mounted in the outlet air stream from the tested
filter, which was used to perform mass balance during a single measurement. The absolute filter
also protected against the inflow of dust particles onto the flowmeter sensor. The duration of the
measurement cycle (time of uniform dosing of dust to the tested filter) was set at 7« =2 min. in the
initial period and 7 = 4-5 min. in the main period of operation of the filter elements. Before the
planned end of the measurement (approx. 60 s), the procedure for measuring the number and size
of dust grains in the air behind the filter was started at the particle counter. During the tests,
PTC-D test dust was used, which is the equivalent of Arizona Fine dust with a maximum grain size
dpmax = 80 um. After each measurement cycle, the necessary parameters were recorded, thanks to
which the following were calculated.

After each measurement cycle, the necessary parameters were recorded, thanks to which
the following were calculated:

o filtration efficiency using the relationship (3).

Mmeg; Mmeg;
0, =—2L= 5 100%. 9)
J ij mpj + mAj

e dust absorption coefficient ku; of the filter material:

n
_ Xj=1mFj

by = =20 [g) Y, (10)

o filtration accuracy as the largest dust grain diameter dy,; = dpma that was recorded by
the particle counter in the air stream Qrbehind the filter.
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e pressure drop Apj; of the filter as the static pressure drop before and after the

filter.
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Figure 21. Characteristics of separation efficiency @r=f (k») and filtration accuracy dpmax =f (kn) and
pressure drop Apy= f(k») as a function of the dust absorption coefficient of the porous baffle £,

The operation of the tested filter bed was conventionally divided into two stages (Fig. 21).
It was assumed that the first (#,;), the initial stage of the filter bed operation, lasts from the start of
dust dosing until the filtration efficiency of ¢, = 99.5% is achieved. This stage is characterized by
low initial efficiency and filtration accuracy (large dust grain sizes dpmax) and low pressure drop.
In the initial filtration period, the filtration efficiency values take on low values (99.3%), which
systematically increase with the amount of dust mass retained by the filter bed. The dust absorption
coefficient km also increases, which for ¢, = 99.5% reaches the value k&, = 29.02 g/m>. After
the filter material reaches the set filtration efficiency value (pw = 99.5%), the second period
of'the filter bed operation (#,.) begins, which is characterized by stable efficiency in the range
(pw = 99.5-99.9%). During the initial filtration period, there are dust grains of considerable
siz€ dpmax = 7.1 pm in the air behind the filter. When the filtration efficiency of ¢, = 99.5%
is reached, the grain sizes decrease to the range of dpmax = 2.7-3.9 pm. The pressure
drop of the tested filter bed increases systematically with the amount of dust mass retained
on the filter bed, which is consistent with the theory of filtration in fibrous beds. The
maximum pressure drop of Ap,= 9.4 kPa was obtained at a dust absorption coefficient of
km =313 g/m?. After reaching the value of k» = 224.6 g/m?, dust grains above dpmax = 5 pm
appear in the air stream. In accordance with the requirements for filter papers, filtration
accuracy above 5 pum eliminates the filter paper from further use. The initial period
described by the value of the coefficient k» = 29.02 g/m? constitutes approximately 12% of
the efficient operation of the tested filter bed.

The phenomenon of low filtration efficiency and the presence of large
(above dpmax = 5 pm) dust grains occur at the beginning of the filtration process in a new
filter bed, i.e. after each replacement of the filter element with a new one. Large dust grains
can cause excessive abrasive wear of engine components. Therefore, work is being carried
out to shorten the initial period, which is associated with the use of more effective filter
materials.
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Figure 22 shows the results of tests of filtration characteristics: filtration efficiency
or = f (km), filtration accuracy dpmax = f (km) and pressure drop Aps= f(kn) as a function of
the dust absorption coefficient of the partition km of three filter beds, including two
composite fibers. The following variants of filter beds were tested, from which cylindrical
filter inserts were made C (cellulose—polyester—nanofibers), D (cellulose—polyester),
E (polyester). The materials were selected due to their distinct properties and known
structural parameters. The tests were performed on the same stand using the same
methodology.
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Figure 22. Comparative analysis of the characteristics of efficiency ¢,, and filtration accuracy dpmax and
pressure drop Ap,, as a function of the dust absorption coefficient 4, of the filter media tested: C (80%
cellulose-20% polyester-nanofibers, D (cellulose-polyester) and E (polyester)

The obtained characteristics of the filter inserts are similar in terms of the course
but depending on the type of filter medium they are made of, they differ in value. The
increase in the mass of dust collected in the filter layer is equivalent to an increase in the
dust absorption coefficient km. In addition, there is an increase in the efficiency and
accuracy of filtration, as well as in the pressure drop of the tested filter beds. This is
characteristic of fibrous beds, but the increase in filtration parameters in the initial
period is more intensive and changes in value for each insert. This results from the
different properties (parameters) of the filter materials, such as permeability, thickness and
grammage of the bed and the size of the pores. Particularly large differences in the course
of the characteristics of the tested materials were recorded in the initial period of filtration,
which lasts until the conventional efficiency of ¢w = 99.9% is achieved. The longest
initial period was obtained by material D (cellulose-polyester), and the shortest by filter
bed C (cellulose-polyester-nanofibers). The dust absorption coefficient assumes the values
of kmpy = 44.8 g/m? and kmcp = 2.54 g/m?, respectively. This means that the filter bed with
a nanofiber layer effectively separates contaminants, and the outlet air from the filter
contains dust grains below dpmax = 7 pm. For comparison, the outlet air from the «D» filter
contains dust grains below dpmax = 14 um, i.e. twice as large, which can cause accelerated
engine wear.
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10. CONCLUSIONS

1. The main component of road dust is silica (S102) and alumina Al>O3, the proportion
of which in the dust reaches 60-95%, and their hardness, assessed on the basis of the Mohs
10-point scale, has a value of 7 and 9, respectively, which far exceeds the hardness of structural
materials used in engine construction and is the cause of accelerated wear, reduced reliability
and engine life.

2. The greatest wear of two frictionally cooperating engine components is caused by
dust grains in the 5-20 pm range. It is assumed that all mineral dust grains above 1 pm should
be removed from the engine inlet air.

3. The predominant filter material of engine inlet air is filter papers, which show
insufficient filtration accuracy of dust grains below 5 pum, hence the need to study other
materials (fiberglass, polyester, nanofibers) in this area.

4. A characteristic feature of the process of aerosol filtration in filter materials is the
occurrence of an initial period, which is characterized by low efficiency ¢w and filtration
accuracy dpmax, as well as low pressure drop Apy. In the air behind the filter cartridge there
may then be dust grains of large size (14 pm), which cause accelerated wear of engine
components, especially the piston, piston rings and cylinder, and as a result reduce its
service life.

5. The duration of the initial filtration period (time until the required value
of filtration efficiency ¢ = 99.9%.) varies and depends on the type of filter material.
A layer of nanofibers applied to a substrate of conventional filter materials (cellulose,
polyester) significantly increases the efficiency ¢, and filtration accuracy dpmax.
Thus, the initial filtration period is several times shorter than a cartridge made of
standard filter material. This has a definite effect on reducing the wear of engine
components.

6. Filter cartridges made by PowerCore technology, while maintaining
the same surface area of filter material, are dimensionally 2-3 times smaller than
a cartridge made of pleated filter paper made by a conventional method and more
effective in terms of filtration efficiency and accuracy than an average conventional
filter.
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MPOBJIEMU ®LIbTPAII BITYCKHOI'O IIOBITPSI IBUT'YHIB
BHYTPIIIHBOI'O 3I'OPAHHSA TPAHCIIOPTHUX 3ACOBIB

Taneym JI3106ax’; SIn izo>

! Biticokosa nonimexnixa, Bapwaea, Iorvwa
2Kunincokutl ynisepcumem, Xunin, Cnosauuuna

Pestome. [Jocnioxceno npobaemy ginempayii nogimps, wo HAOX00ume y O8USYHU SHYMPIUHLO2O
320pPAHHA MPAHCNOPMHUX 3ac00i8. OCHOBHUM 3a0pPYOHIOBAYEM € MIHEPATbHUL MU, 30Kpema OiOKCUO KPEeMHIIo
(Si0z) ma oxcuo anmominito (Al>,03), axi cnpuuunsIOMb IHMEHCUBHe AOPA3UGHE 3HOULYBAHHA Oemanel 08USYHA.
Dinvmpayis nosimps 30iUCHIOEMbCA 3d OONOMO20I0 NOGIMPAHUX DITLMPIS, HAUNOWUPEHIUUM TMUNOM SIKUX €
oOHocmyninuacmi @inempu 3 2ogpposanum Qirempysanrvrum nanepom. OOHaK maxi Qitempu MarOmMev HUZLKY
epekmusHicmb 3aMpPUMAHHA NUTLY MeHule 5 MKM, WO € KpUmuyHum Oas 30epediceHHs pecypcy O8UZYHA.
Ipoananizosano xapakxmepucmuky mpaouyitiHux Mamepianie (Yearoa03Hux, NoIieCmeposux), a MmaKod’c CyYacHi
KOMRO3UMHI pilleHHs. 3 8UKOPUCMAHHAM Hanogiop. [lokazano, wo 3acmocy8anus HAHOQIOP, BULOMOBTIEHUX
MEmoOoOM eneKmpOCnIiHIHZY, 3HAYHO nidsuwye egekmusHicmo Qinempayii Opibnooucnepcroeo nuny. Oxkpemy
yeazy npuoineno iHnosayiunum @itempam PowerCore 3 akciaibHuM HOMOKOM NOSIMPs, WO 00380J15810Mb
SMeHwumuy eabapumu Qginempa, 3HU3UMU 8mMpamu Mucky ma nioguwumu pecypc. Qinompu 3 Harogiopamu
CKOpOUYIomb NOYAMKOBULL Nepio0 HU3bKoi egexmugHocmi, NiOBUWYIOUU 3A2ANbHULL CMYNIHbL OYUUJEHHS.
IIpeocmasneno pe3yrbmamu eKCHEPUMEHMIB, SAKi O0eMOHCMpPYIOmb uwly egexmuenicms @Qitompie i3
Hanogibpamu nopisnano 3 mpaouyitnumuy. Haubinewy wxody 3asoaroms yacmxu nuiy diamempom 5—20 mxm,
momy @inempayis 4acmox po3mipom HOHAO 1 MKM € KpUMUuYHO 8axcaugor. Taxoxc po3eiAHymo MmexaHizmu
VMPUMAHHS NUTLY 8 HOPUCIMUX Cepedosuwax — iHepyiunutl, ougysitinuil, epagimayitunuti ma cuma. Komnnexcua
0ist yux MexaHizmie 3abesneuye ouuujeHHs nosimps 6 ogueyri. Iloxazano, wo eubip Gitbmpa mae paxogysamu
donycmumy weuoKicms @hinempayii, ceomempilo 6CmasKu, Napamempu Mamepiany i yMosu eKCHIyamayii.
Haconoweno na sasicnusocmi 00cniodicenHs HOBUX MamMepianie 0jist 3MEHUIEHHs. 3HOULYB8AHHS MA NPOO0BICEHHS.
mepMmiHy CryscOU 08USYHIE.

Kniwouosi cnosa: 3abpyounenns nogimps, O0BUZYHU BHYMPIWHLO20 320pAHHS, NOGIMpaHUL Ginemp,
eghexmugnicmob po30ineHHs, NOSTUHAHHA NUTY, MOYHICMb Pitbmpayii, nepenaod mucky.
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