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ABSTRACT - The aim of this study is to provide an experimental properties evaluation of a Received: 13t Dec 2019
standard filter material (cellulose) and materials with fiber layer addition with small diameters Revised: 8 July 2020
(nanofibers). Filter media, including cellulose, used in the internal combustion engine inlet air Accepted: 5 April 2021
filtration are made of high diameter fibres, approx. 15 um. Significantly higher separation and

filtration efficiency performance are obtained for materials with lower fibre diameters (nanofibres), KEYWORDS

however, at the expense of a significantly higher pressure drop, affecting the engine performance. Nanofibres;

Filter media manufacturers mainly specify the structure parameters (pore size, air permeability and Separation efficiency;
thickness), without giving any information on the dust filtration performance and rate. The literature g’gg ngsﬂigsmwe"

includes test results for models of different filter media structures. Filtration process modelling using
polydisperse dust with particles of different shape and density and irregular filter media structure
is possible using advanced computer techniques, however, the process is complex and requires
many simplifications. Test results can be applied directly in the automotive industry. The data can
be obtained by experimental tests on filter medium specimens, complete filter elements or air filters
which are costly and time-consuming tests, however, those test methods are the most reliable.
Conditions and testing methodology for intake air filter materials used in internal combustion
engines were developed. Filtration and flow resistance efficiency and accuracy were done
depending on test dust mass stopped per unit area. Tested materials filtration efficiency was
assessed by a filtration quality factor, which includes experimentally determined efficiency and
accuracy as well as flow resistance values. Much higher efficiency and filtration accuracy of dust
grains below 5 um in filtration materials with nanofibers addition compared to standard filtration
material (filter paper) were demonstrated. For the same flow resistance values, filter materials with
nanofibers addition accumulate smaller dust mass than standard filter paper. Usage of materials
with nanofibers addition used in motor vehicles intake air filtration ensures their high efficiency and
accuracy. It minimises its components wear, but at the expense of faster flow resistance increase,
which shortens filter life and increases filter replacement frequency. Results obtained during the
experimental research partly fill the gap when it comes to the basic material properties used in
internal combustion engines intake air filter partitions production.

Pressure drop

INTRODUCTION

Air taken from the atmosphere is the basic working factor of every internal combustion engine, which is a driving unit
in motor vehicles, working machines, aeroplanes and helicopters. The engine needs a minimum of 14.5 kg of air to burn
1 kg of fuel. During operation in rated conditions, passenger car engines suck in 150-400 m? of air per hour. For truck
engines, the value is 900-1400 m>/h, and for the engine of Leopard 2 tank, it is over 6,000 m3/h. Combustion engines suck
in various pollutants with air. Mineral dust, which is lifted from the ground to a height of several meters by the movement
of vehicles or by wind, is a commonly harmful air pollutant for operated technical devices.

Air dust concentration is a characteristic feature of polluted air, and its measure is the dust mass (in gram or mg)
contained in 1 m3 of atmospheric air. Typical concentrations can range from 0.01 mg/m? in clean rural environments and
up to about 20 g/m? in desert heavy vehicle convoys [1]. The authors of the work [2] state that the dust concentration on
highways ranges from 0.0004-0.1 g/m? to 0.03-8 g/m*when driving a column of vehicles on sandy terrain. Similar values
of dust concentration in the air occur during the helicopter’s take-off or landing at an accidental landing site. The rotating
propeller lifts large amounts of mineral dust from the ground, which the engine then absorbs with the air. The highest
dust concentration values are found low (0.5 m) above the ground. At the height of the propeller end of the CH-53
helicopter taking off, the dust concentration may have the value s = 3.33 g/m>, and at a distance of 30 m, s = 2.11 g/m3
[3]. However, the actual dust concentration at the inlet to the engine intake system does not often exceed the value of 2.5
g/m? [1]. The concentration of dust in the air within the limits of 0.6-0.7 g/m? significantly reduces visibility, and at a
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concentration of about 1.5 g/m?, it is practically zero [4]. The following table (Table 1) provides typical dust
concentrations for a variety of engine operating sites [1].

Table 1. Range of dust concentrations [1].

Condition Dust concentration (mg/m?)
1 Average ambient 0.010-0.139
2 95t percentile ambient 0.089
3 99" percentile ambient 0.112
4 Paved roads 0.139-57
5 Dirt roads 0.139-6113
6 Dust storms 0.1-176
7 Worst dust storm 3000
8 0 visibility 883
9 20x0 visibility 17.657

The task of the inlet system in a motor vehicle’s internal combustion engine is to deliver air to the engine cylinders in
appropriate amounts and with appropriate parameters, in such a way as to ensure the correct course of the fuel combustion
process in the engine cylinders [4-7]. An important task is to supply air with appropriate quality (cleanliness) to engine
cylinders to minimise engine components wear. Engine wear is caused by dust particles of 1-40 um, and the most harmful
particles occur in the range of 1-20 um [1, 8]. Dust suspended in the air, whose basic component is silica (SiO»), and
which amount in the dust is in the range of 60-90%, at the same time has high hardness (7 on the Mohs scale) and is the
most common cause of accelerated wear of such engine components as; piston rings, cylinder walls and piston [9]. As a
result, there is a decrease in engine fill and power and an increase in exhaust gas blow-by into the crankcase. Authors [8]
report that about 30% of pollutants getting into the engine may come out of the exhaust system along with exhaust gases,
thus increasing the PM emission from the engine. Only 10-20% of the dust that enters the engine with the air through the
intake system settles on the walls of the cylinder liner. Together with oil, this dust forms a kind of abrasive paste, which
in contact with the engine connection surfaces; for example, piston-piston rings-cylinder (P-PR-C) causes abrasive wear.
The most dangerous are dust particles whose diameter d- is equal to the oil film thickness /.., between the two surfaces
at a given moment. In typical combinations in the combustion engine, the oil film thicknesses vary in the range of
hmi=0-50 pm [10]. Thus, all dust particles sucked in with the air cause accelerated wear.

Another task of the intake system is to damp the noise of the combustion process in the [11] engine and forcing the
wave phenomena causing the so-called dynamic (resonant) supercharging in the desired engine operating ranges, thus
increasing cylinder filling and engine power [12]. For this reason, work is constantly being carried out to (a) improve the
engine filling process with fresh load by improving the design of the intake system and (b) improve the air intake filtration
process by using more and more effective and precise filtration materials.

Authors of [5] believe that the airflow inside the intake system is disturbed by converging and diverging system
components, leading to sudden acceleration and slowdown of the flow and cause excessive turbulence. Excessive flow
resistance in the intake system affects the pressure drop effect and thus lower engine performance. The work investigates
the aerodynamics of motorcycle intake systems depending on the airflow in the range of 50-130 CFM. A three-
dimensional simulation of the flow in the motorcycle intake system was performed using computational fluid dynamics
(CFD).

In [11], a simulation was carried out to improve the existing design of the air intake system for acoustic testing; to
achieve better sound quality by modifying the resonators, air duct and air chamber volume of the air intake module. This
study used a 1-dimensional simulation using commercial software correlated with a 1.6 litre naturally aspirated engine.
The purpose of this test is to reduce engine noise at the air intake module tube without losing too much pressure drop. At
the end of this study, the analysis identified the geometry of the air intake module with the resonator recommended for
production and physical tests. The simulation result shows that the modified air intake module meets the purpose and
meets the assumed parameters.

The authors of [6] believe that an increase in engine performance and a reduction in fuel consumption of a naturally
aspirated engine can be achieved by optimising the geometry of intake system components - airbox. Important parameters
in the design of the airbox geometry are the intake diameter, airbox volume, throttle body diameter and the length of the
intake manifold. The optimisation process was carried out using the Box-Behnken method. Following optimal dimensions
of intake system components have been determined: intake diameter 81.07 mm, airbox volume dm?, throttle body
diameter 44.63 mm and intake manifold length 425 mm. This allowed obtaining maximum engine performance (torque
and power) and minimum fuel consumption.

The authors of [12] presented the influence of variable valve timing and valve lift on the performance in the internal
combustion engine and fuel consumption. The lift and profile of the valves, which are the main factors affecting the
dynamics of the waves and gases in the combustion chamber, were varied at all engine speeds to obtain an enhanced
pressure wave to increase engine cylinders filling. As a result of changing the above parameters, the engine torque and
power increased by an average of 6.02% over the entire range of engine operating speeds. The improvement in the lower
speed range of 3000-4000 rpm is approximately 18.72%. Connection of variable valve lift (VVL) and variable valve
timing (VVT) further reduces specific fuel consumption at all engine speeds, achieving an average reduction of 0.35%.
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In [13], an effective method of improving diesel engine performance at low revolutions is by isolating the intake
system components from hot engine components. The inlet air temperature was lowered. Results of experimental studies
suggest that engine performance has increased significantly because of this. An insulated air intake system effectively
reduces heat loss in the combustion engine by keeping the intake air temperature low. The degree of filling in the internal
combustion engine increases with a decrease in the intake air temperature, mainly due to an increase in intake air density.

In [14], the individual and combined influence of the variable length of the inlet channel and inlet valves timing on
the parameters of internal combustion engine at rotational speeds from 3000 rpm to 9000 rpm was examined. The
combined effect obtained in this way shows an average power improvement of 7.02% over the entire engine speed range.
Due to the coexistence of variable length intake channels and variable intake valve opening time, the number of changes
required to increase engine performance is reduced, making the variable intake length assembly more workable.

In order to improve engine filling, the authors of [15] used the Helmholtz resonator (HR), which is one of the basic
acoustic models and widely used in engineering works. In this study, the characteristics of the pulsating flow in the engine
intake manifold with the participation of a Helmholtz resonator with a variable internal volume were investigated
experimentally. Experiments were carried out on a straight intake pipe connected to the engine cylinder head. Using
electronic control, the internal volume of the resonator was changed and adjusted to the frequency of the valves and to
the natural frequency of the intake manifold. Results showed that the internal resonator volume and frequency tuning
affect mass airflow in the intake system. For a constant volume, the average increase in mass flow rate was 17.8%, and
when the volume was adjusted to valve frequency, the average increase was 24.7%.

The effect of tuning a pulsating sound wave produced over a wide speed range in the exhaust manifold on the power
and torque of a single-cylinder GI engine was analysed in [16]. The simulation results are compared with standard data
obtained during engine tests. There was an average 7% increase in torque and 6% increase in power with the continuous
change in exhaust pipe length. With a constant change in exhaust pipe diameter, a 6% increase in torque and power is
observed. Combining the changes in the length and exhaust pipe diameter resulted in an 8.5% increase in torque and a
9% increase in power, respectively.

The air filter with the intake is responsible for providing engine cylinders air with appropriate cleanliness. Passenger
car engines are equipped with air filters, where the filter element is a cartridge made of pleated filter paper, which is the
dominant filter material for intake air in modern combustion engines. During cars exploitation, impurities are retained on
filter paper, which ensures air cleanliness supplied to the engine, and thus its durability. However, this causes a continuous
pressure drop on the filter and in the intake system, which has a negative impact on the engine work in the form of filling
and engine power drop. Criteria of air filter ending service life is reaching the value of the permissible filter resistance
Apjaop- The filter cartridge should then be replaced with a new one, even though it still provides high efficiency and
filtration accuracy. Such activity is most often performed after a certain mileage of the car or a specific time of engine
work. Air filter durability is a technical compromise between pressure drop (car mileage), separation efficiency and
filtration performance.

For this reason, experimental and numerical studies of pleated paper filter cartridges are constantly conducted in order
to improve the filtering process of engine intake air [17-24]. Conducted research includes many parameters impact of the
paper element, including pleat height and width, spaces between pleats, pleats shape, angle between pleats, filter medium
thickness, airflow velocity, filter bed dust loading on separation efficiency and filtration performance and pressure drop.
Research is aimed at optimising air filters pleated filter beds in terms of improving engine performance.

Filter paper (porous material) is characterised by filtration performance d. > 5 pm, separation efficiency at ¢,, = 99.9%,
small thickness g, = 0.4-0.8 mm, and thus small km = 200-250 g/m?) dust absorption limited by the permissible pressure
drop Apjuop of the air filter [25, 26]. Filter papers stop dust grains on the fibres (which are about 20 um in diameter) of the
porous barrier due to the various forces and filtration mechanisms. As a result, there is a continuous pressure drop across
the filter (decrease in fill and engine power) until the value of Apyu,p is reached, which is the criteria of air filter usage end
and filter cartridge replacement, despite the fact that it still ensures high efficiency and filtration accuracy. It is believed
that all dust grains above d. > 1 um cause accelerated wear of internal combustion engine components [9, 10]. The only
way to protect motors against excessive wear of friction surfaces is to use materials with high efficiency and filtration
accuracy. Such possibilities are created by polymer nanofibres, i.e. fibres with a diameter of less than 1 pm. The cellulose
filter material is made of fibres with relatively large diameters, usually greater than 10 um. A thin layer of nanofibres
applied from the inlet side to a standard filter bed (e.g. cellulose) retains particles of impurities before they penetrate into
the filter material. The development of fibre production technology has caused that more and more often, filter
manufacturers, for example, Donaldson, Maan-Hummel, use filtration materials with an additional nano fibre layer. The
dust particles retention on the surface of the layer of nanofibres allows their subsequent removal (filter cleaning) by means
of reverse (in the opposite direction to the direction of airflow during operation) of a compressed air pulse under high
pressure. If the dust particles are on the filter material surface, they do not damage (break) the structure of the filter
cartridge when they are blown out.

In the available literature, the data characterising the properties of filtration materials with the addition of nanofibres
is not very common. Hence, it is advisable to carry out experimental investigations of filtration materials with addition
of nanofibres in terms of efficiency, filtration performance, and pressure drop. Such studies are expensive and labour-
intense; however, this is the most reliable research method.

8623 journal.ump.edu.my/ijame <«



T. Dziubak | International Journal of Automotive and Mechanical Engineering | Vol. 18, Issue 1 (2021)

PROPERTIES OF NANO FIBRE FILTRATION MATERIALS

Nanofibres are called fibres with very small diameters, ranging from 50 to 1000 nm, depending on the production
technology and material used to make them. In the textile industry, fibres with a diameter of less than 500 nm are generally
considered as nanofibres. The name nanofibres is currently used for fibres produced by electrospinning [27, 28].
Nanofibres are characterised by a considerable length and a small cross-section, the diameter of which is approximately
100 times smaller than the length. Nanofibres are found in both natural materials (e.g. collagen fibres in tissues) as well
as in materials produced by man. They can act as a material reinforcing the matrix in composites or can be the main
component of material (fabric, non-woven).

Nanofibres have completely different properties compared to standard fibres. First of all, in relation to the mass, they
have a large surface area, much higher strength, and they are also characterised by higher chemical activity and higher
moisture sorption. They can be used to build filters to separate chemical or biological contaminants from the blood
plasma; they can be used as gas filters—impurities with very small diameters - filters with molecular separation. Due to
their structure, nanofibrous materials have unique properties and offer unexpected possibilities for their technological and
commercial applications. This led to the emergence of a large number of research activities involving electrospun
nanofibres for different applications such as tissue engineering and drug delivery [29, 30], enzyme immobilisation [31],
acoustical damping [32], battery electrodes [33], photocatalysis [34], super-capacitors [35]. The achieved nanofibres were
always accompanied by some characteristics like the very large surface area to volume ratio, flexibility in surface
functionalities, superior mechanical performance, and versatility of design, which made them optimal candidates for a
broad range of applications in biomedical device [36], composites [37], sensors [38], water filtration and wastewater
treatment [39-41], and nano-composite membrane [42].

The development of nanofibres production technology has caused that they are more and more often used for the
construction of filtration compartments of air filters in closed spaces and in the inlet air of internal combustion engines.
In automotive technology, nanofibres with very small diameters of around 50-800 nm are used. For comparison [43]:

i. human hair thickness - (20-80) pm,

ii. cellulose fibre thickness - (10-20) pum,

ii. red blood cell diameter - about 7000 nm,
1v. width of the DNA ribbon - about 2.5 nm,
V. diameter of silicon - about 0.23 nm.

Companies producing filter media using nanofibres have developed their own technologies for this purpose, such as
Donaldson’s Ultra-Web® and Fibra-Web® technology [44]. The nanofibres can be made from different polymers and
thus have different physical properties. Examples of natural polymers include collagen, cellulose, silk fibroin, keratin,
gelatin and polysaccharides, such as chitosan and alginate. The diameters of nanofibres depend on the type of polymer
used and the production method [45, 46]. Filter media made of nanofibres are characterised by high porosity and small
pore sizes. Figure 1 shows the human hair against the background of a bed of nanofibres and selected air pollutants [43].

The method of electrospinning is a widely used method of producing nanofibres [47-51]. It is a process of obtaining
fibres from molten polymers or their solutions using high voltage. This modern technology, using the right polymer and
dissolution system, now allows the production of fibres with diameters ranging from 3 nm to 1000 nm. Virtually any
polymer can be obtained in the form of fibres by electrospinning.

PRGN VT L

Figure 1. Comparison of human hair on the background of nanofibre filter bed [43].

Due to the limited mechanical and strength properties of the thin layer of nanofibres (1-5 um), it is applied to the
substrate (as in Figure 2) from conventional filtration materials that have higher strength. The nanofibres may be laid on
one or two sides of the substrate, which may be: cellulose, nylon or polyester. Usage of nanofibres, as an additional layer
applied to standard filter materials for air filters used in motor vehicles, significantly increases the efficiency and accuracy
of filtration.
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Cellulose fiber

Figure 2. Nanofibres applied to a cellulose substrate cross-section view [44].

Figure 3 shows the fractional efficiency of a cellulose-based nanofibre filtration medium, on which a 0.3 mm nanofibre
layer, g,=0.1 g/m?, and fibre diameter in the range of 40-800 nm was placed [52]. The separation efficiency of the
developed medium was determined using dust with a grain size of 0-10 um. For filtration speed, v7=0.03 m/s, and dust
grains in the range of d.=0.2+4.5 um, the separation efficiency of this deposit reaches the values of ¢p=64-99%,
respectively. For a much higher filtration rate, 0/=0.2 m/s, separation efficiency reaches a slightly lower level. These
values are much higher than those based on cellulose and commercial materials with the addition of nanofibres (Figure

3). The fractional effectiveness of filters made of commercial nanofibres is practically the same as in the case of filter
cartridges made of high-quality cellulose.

100
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/| —@— Nanofiber filter media, v = 0.03 m/s
40 —O— Nanofiber filter media. v= 0.2 m/s H
30 —X— Comimercial, nanofiber filter media. v=0.03 m/s

—— Commercial HD cellulose filter media, v=0.03 m/s |
20 I I I I

0 1 2 3 4
Particle size 4 [pm]

Fractional efficiency ¢ [%]

Figure 3. Pleated filter elements made of cellulose fibres, nanofibre layer, and cellulose fibres separation efficiency
[52].

The ratio of the nanofibres to the cellulosic fibre diameter is approximately 1:130. This results in a significant increase
in the filtration area for the nanofibre bed. Nanofibres area of 1 g, with a diameter of 200 nm is approximately 20 m%/g,
and only 0.2 m?/g for cellulose fibres with a diameter of 20 um. Fibre diameter is the main variable responsible for
filtration efficiency and flow resistance. The efficiency increases rapidly as the fibre diameter decreases. For example,
the use of fibres with a diameter of 1 um instead of 50 um leads to an increase in filtration quality factor by 2000 [52].

Standard cellulose materials have a basis weight of approx. g,=250 g/m?. The initial material effectiveness ¢ with
nanofibres layer addition with a basis weight not exceeding g,=0.1 g/m? increases by 50%, with a slight increase in
pressure drop Ap. There is a six-time increase in the filtration quality factor ¢ determined by the formula [53]:

I (1 0
‘e In (1 100)/Ap (1/kPa) (1)

where: ¢y is filter bed initial efficiency (%) and Ap is pressure drop for the nominal airstream (kPa).

Separation efficiency, filtration performance and pressure drop of filtration materials with an additional nanofibre
layer depend on the substrate structure (type of material), and the layer of nanofibres thickness. Paper [54] presents the
results of filtration effectiveness tests of four samples made of different filtration materials. The novel nanofibre
composites were applied on four different cloth structures, as given in Table 2. The separation efficiency of material for
sample 1, 2, 3, 4 without nanofibres layer is very low, and for dust particles with dimensions below 2 pm does not exceed
10%, as shown in Figure 4(a). Even a small layer of nanofibres (g, = 0.02 g/m?) applied to the filter bed made of these
samples increases the separation efficiency of particles smaller than 2 pm in size to over 60% as shown in Figure 4(b).
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Table 2. Filtration materials parameters [54].

Sample Filtration materials Coating weight, g, (g/m?)
1 Non-woven substrate composed of cellulose-based fibres and 50
polymeric binders and three polyamide substrates

2 Knitted fabric with interlock structure 120

3 Plain weave woven fabric 140

4 Charmeuse knitted lining 50-55

100 100 T T T T T TTT T
Samples with g,, = 0.02 g/m? coating ‘ g
= 30 Uncoated samples 80 [ —‘O—ll-Nénw‘ov‘en‘ ‘ ﬁl/
ez —@— 1 - Nonwoven & —fx—2 -Kanitted ~H
Iy ——2 - Knitted i —0—3 - Woven
g 60 —3 - Woven aEEE % 60 — —x—4 - Charmeuse
é —X—4 - Charmeuse k) /
o a::
g 40 £ 40 W
E e o=
| ‘4 : P
A & 7
20 2 20 P,
0 w&%— x——l X 0

0.1 1 10 01 1

10
Particle size d_[pm]

Particle size d_[pum]
(a) (b)

Figure 4. Samples 1, 2, 3, 4 filtration effectiveness of filtration material: a) without nanofibres layer, b) with nanofibres
layer g,, = 0,02 g/m?[54].

Filtration media efficiency increases with increasing particle size (in Figure 5) regardless of the average fibre diameter.
The nanofibres layer added to the original filter bed increases the filtration efficiency; the higher weight of the nanofibres
layer has a higher value. The improvement is particularly important for particles smaller than 1 pm. The addition of
nanofibres layer with an average fibre diameter of d,; = 120 nm and a basis weight g,, = 0,03 g/m? to the bed increases
the particles separation efficiency with a size of d- = 0.3 um from 12% to 42% (Figure 5a). Nanofibres layer with the
basis weight g,, = 0.5 g/m? increased the effectiveness of these particles to 80%. Nanofibres layer of the same basis weight,
but with a larger fibres diameter d,» = 300 nm improves the effectiveness of these particles only up to 50%. The largest
particle d. =5 pm could be removed 100% even by the original air filter. Comparison between Figure 6(a) and 6(b) shows
that an increase in the average fibre diameter from 120 to 300 nm significantly reduces the separation efficiency at all
levels of mass coverage of nanofibres.
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V 80 1 e o )/A}/
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o
: ﬁ/

70 |)T’
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: > |
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£ P elew] | g 1 ORI 7 g [g]
Y40 o 40 ‘ '
S | 05 g +//A ; ;I S — -
‘; 30| Average fiber diameter ;{ =01 £ 30 b 0—0-
= d,;=1201m g | a—0.1
g 2 J)/ o —&—0.06 720 AR 0.06
10 o—0.03 10 —0—0.03
0 ] —O— Original air filter media 0 I —o— Original air filter media
0.1 1 10 0.1 1 10
Particle size d. [um] Particle size d. [um]
(a) (b)

Figure 5. Separation efficiency of the air filter media coated with nylon-6 fibre with an average diameter of
dw=120 nm (a) and d,,/=300 nm (b) at different coverage levels g,, versus the particle size [55].

In the standard filtration material, the dust grains retain deeply in the fibrous structure (depth filtration), preventing
proper airflow. Nanofibres layer with a thickness of 1.0-1.5 pm (as in Figure 6(a) and 6(b)) and PTFE membrane thickness
of about 3.8 pm (in Figure 6(c) and 6(d)) applied to the standard filtration material is aimed at stopping of particles
(surface filtration) before their penetration into the cellulose standard bed. The particle distribution in two types of
different filtration layers (nanofibre layer and PTFE membrane) is shown in Figure 6. Particles can get to the substrate

layer with a more open structure at the deep filtration stage (marked areas in Figure 6), which results in slower clogging
of the filters.
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Soot
agglomerates

Figure 6. SEM image of the filter layer and particle accumulation during the filtration of various particles: (a),(c) soot
agglomerates; (b),(d) NaCl particles. The loading face velocity was 0.067 m/s [56].

The dust particles stopped on the nanofibre layer surface are easily removed (filter cleaning) by a reverse stream of
compressed air, in the opposite direction to the flow of the aerosol during operation as shown in Figure 7(c). If the dust
particles stopped at a significant depth (Figure 7(a)) of standard filter cartridge (thickness around 0.8 mm), the return of
dust particles is difficult and may damage the structure of the filter bed.

> Aerosol stream « Compressed air stream

(a) (b) (c)
Figure 7. Filtration process: (a) deep filtration, (b) surface filtration with nanofibre layer, (c) during nanofibre deposit
cleaning.

There are known constructional solutions for vehicle inlet air filters (Abrams M1 tank), where a filter cartridge with
nanofibres and a system of automatic impulse purification of pulse jet air cleaner (PJAC) filter cartridge used. It ensures
longer air filter life and thus longer vehicle life without the need to operate the filter. The principle of the PJAC operation
system is that, at the time when the pressure drop of the filter inflow does not exceed the permissible value, the air
filtration process takes place as in every vehicle filter. After the pressure drop reaches a certain value, a pressure modulator
is activated for 0.1-0.35 s, producing a pulse in the form of compressed air with a pressure of 0.4-0.6 MPa. Compressed
airflowing in the opposite direction to the airflow direction during the filtration process blows out dust particles from the
surface of the filter cartridge, which then falls into the dust collector [57].

The aim of this research is to determine and compare filtration properties: efficiency and accuracy of filtration and
filter cartridges flow resistance made of various filter materials (cellulose, polyester with the addition of nanofibres) by
determining filtration performance d....=f(kn), separation efficiency @,=f(kn), pressure drop Ap.=fkn), and flow
characteristics (aerodynamic) Ap,,=f(Qy) (wWhere Q,, is the air stream flowing through the filter cartridge, &, is the dust
mass loading), dust mass m,, retained and evenly distributed over 1 m? of filter material active surface, which is expressed
by the following dependence,

o = 2 [g/m?]. ©)

The filtration speed is defined as the quotient of the air stream flowing through the filter cartridge Q. (equal to the
engine air demand) and the area of the active paper filter 4., and is expressed by the following relationship:

Vi = —2— [mJs]. 3)

T AwX3600

METHODOLOGY

Materials

The subject of the research was four filter cartridges of similar type, dimensions, filtration surface (A,=0.153 m?), but
different filter material. Tested filter materials characteristic parameters are summarised in Table 3. In order to make test
analysis easier, filter materials (filter cartridges) have been labelled as follows: A, B, C, D, E. Three times higher air
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permeability, and double the size of the filter material A (cellulose) pores from other materials is noteworthy. On two
standard filtration materials (filter cartridges D and E), there is a nanofibre layer on the inlet side. Figures 8 and 9 show
SEM images from sample C and D filter material with nanofibre layer, and Figure 10 shows SEM images of filter material
A (cellulose). Similar SEM images showing nanofibres layer on a standard filter bed can be found in [58, 59].

Table 3. Filtration materials parameters according to the manufacturer’s data.

. Permeability, ¢, o . .
Fllter. paper Filtration material (m/m¥h) Permez;bﬂ;ty, qp Grammagzge, gn Thickness, g. Max. pore size,
identification (dm’/m?/s) (g/m?) (um) dp (Lm)

at 200 Pa

A Cellulose - 838 121 610 79
B Polyester 650 180 500 -
C Cellulose - 150 130 350 58

+polyester

Cellulose
D +polyester - 185 120 300 48

+ nanofibres

Polyester

E tnanofibres 525 180 500 -

(c) inlet

(e) inlet - (f) outlet

Figure 8. SEM images of (a),(b) cellulose + polyester + nanofibres filtration in sample C, (c),(d) polyester + nanofibres
filtration in sample D and (e),(f) cellulose filtration in sample A.

Test Condition

Tests were carried out at the station in Figure 9, which is equipped with the Pamas-2132 particle counter and HCB-
LD-2A-2000-1 sensor. The meter registers the number and size of dust grains in the air stream Q, behind the tested filter
cartridge in the range of 0.7-100 um with i = 32 measurement intervals, limited by diameters (dzimin-dzimax)-
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Figure 9. Filter cartridge test stand functional diagram.
(1 — filter cartridge, 2 — dust chamber, 3 — dust dispenser, 4 — rotameter, 5 — U-type manometer tube, 6 — measuring tube,
7 — humidity measurement set, ambient air temperature and pressure, 8 — measuring probe, 9 — particle counter (a — sensor,
b — counter microprocessor, ¢ — test stream filter, d — vacuum pump, e — flow control block, f — measuring computer), 10 — absolute
filter, 11 — rotameter, 12 — airstream regulation valve, 13 — suction fan, 14 — analytical balance)

At the appropriate distance after the tested filter, the tip of the measuring probe is placed centrally in the axis of the
cable, which is followed by air suction to the particle counter sensor. The measuring lead ends with a special (absolute)
filter, which prevents dust from entering the rotameter, and at the same time, it is a measuring filter. The cover in which
the cylindrical filter cartridge is located, PTC-D test dust is being dispensed as the national replacement for AC fine test
dust, whose chemical and fractional composition is given in [60].

Cartridges filtration characteristics Ap,=f(Q.) of filter cartridges were determined in the airflow range Q,=Quwmin-
Qwmax Or eight measuring points at equal intervals. The maximum value of the Qe stream was determined for the
assumed maximum filtration rate v,=0.1 m/s. For passenger car filters, the maximum speed of paper filtration is in the
range of 0.07-0.12 m/s [26, 61]. For the assumed filtration rate (vx,=0.1 m/s), the maximum value of the test stream
calculated according to the following relationship has the value of Quma=56 m3/h.

Qwmax = Aw * Vpy - 3600 [m*/h]. 5)

The RIN 60 rotameter with a measuring range of 3-67 m*/h and the accuracy class 2.5 was assumed for airstream
measurement Q,. Cartridges filtration characteristics; efficiency ¢.=f(kn), filtration accuracy d.me=f(kn) and flow
resistance Ap,,=f(k») were determined by the gravimetric method for a constant filtration rate vr,~0.1 m/s. Dust mass
retained on the tested filter cartridge, and the absolute filter was determined in subsequent measuring cycles j with a
defined duration z,; time of equal dust dosing to the filter. The concentration of dust in the inlet air to the filter cartridge
5=0.5 g/m*® was used. The time of equal dust dosing was set at 7,=3 min in the initial period (I) and 7,=9-12 min in the
main (II) working period of filter cartridges. After each measuring cycle j, the parameters necessary to calculate:
efficiency, filtration accuracy, flow resistance and filter cartridge dust absorption coefficient were determined. Dust mass
retained on the tested filter cartridge, and the absolute filter was determined by an analytical balance with a measuring
range of 220 g and an accuracy of 0.1 mg. During the measurement cycle (60 s before the planned end of the
measurement), a procedure was started in the particle counter to measure the number and size of dust grains in the air
after the filter.

After every measurement cycle j was determined:

1. The pressure drop Ap,, in the cartridge was defined as the decrease of the static pressure in the outlet pipe at a
distance of 6d,, from the edge of the cartridge outlet on the basis of the Ak,,; (mm H>O) indicator on the U-tube
liquid manometer, according to the relationship:

Ay
8w; = 1555 (P = P 9(P) (6)

where p,, is manometric liquid density (kg/m™), oy is air density (kg/m™) and g is gravity acceleration (m/s?).

ii. The filter filtration efficiency, as the quotient of the dust mass mzx stopped by the filter and the dust mass mp;
introduced into the filter during the subsequent measurement cycle j based on the dependence:
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Mme; Mmeg;
o =TH ™ 000, (7)
J mD]- ij+mAj

iii. Dust mass loading k,,; of examined filtration material
n
_ Zj=1"Fj
kmj ==~ (g/m?) ®)
iv. Number of dust grains NV.; in the air stream after the filter (passed through the filter material) in the measurement
intervals limited by diameters (zimin~dzimax)-
v. Filtration accuracy, as the largest size of dust grain d.; = d-mq in the air stream after the filter.
Vi. Percentage of individual fractions of dust grains in the air after the filter for a given test cycle:
Nzi Nzi
Uy =—= 100% 9)
“ N z 135 1 Nzi

where: N, = Y32, N,;— total number of dust grains passed through the filter (from all measuring compartments) in the
test cycle.

During the tests, a research cycle was used in which five counts of dust grains in the range of 0.7-20 um were
programmed, which were divided into 20 identical measurement intervals limited by diameters (dzimin-dzimax) With pitch;
Ad:;i=0.4 pm (0.7-1.1 pm; 1.1-1.5 pm; 1.5-1.9 pm; ...; 8.3-8.7 um) and 11 measuring compartments limited by diameters
(dzimin-dzimax) With a pitch; Adz; = 0.8 um (8.7-9.5 pm; 9.5-10.3 um; 10.3-11.1 pm; ...; 15.9-16.7 um). The last measuring
range had a range of Ad.=6.7-20.0 um.

RESULTS AND DISCUSSION

The tested filter cartridges flow characteristics Ap,~f(Qw) are shown in Figure 10. In line with the airflow increase,
there is a parabolic increase in the flow resistance Ap,~=f{Qw), consistent with the literature information. The highest flow
resistance values in the entire Q,, airflow range were recorded for filter cartridge D made of a material that is a composite
layer of cellulose, polyester and nanofibres. For Qyma=56 m*/h, the flow resistance of cartridge D is Ap,,=498.5 Pa (as in
Figure 10). The lower value of the flow resistance Ap,, (by 6%) is characterised by filtration cartridge C, which filtration
material is a composite of cellulose and polyester layers (without nanofibres). Cartridge A, which filtering material is
exclusively cellulose paper, achieves the lowest flow resistance value Ap,~=344.1 Pa. This value is 30% lower than the
flow resistance of cartridge C, where a layer of nanofibres is applied to the standard filter bed (cellulose and polyester).
This is due to the much larger (three times) permeability of the cellulose bed ¢,=838 dm?/m?%/s than the deposit D being a
composite of cellulose + polyester + nanofibres layers.

500 DA

450

C
—— A (cellulose) [”/ E
400 B

—— C (cellulosetpolyester) B
350 — —O— D (cellulosetpolyestertnanofibers) —

X
300 — :::E((:ollmzri fibers) %g -
OlYEester™ nanorpers,
o Iz
100 /

50

250

Pressure drop Ap,, [kPa]

0 8 16 24 32 40 48 56
Air stream Q,, [m*/h]

Figure 10. Flow characteristics Ap,=f(Qy) of tested filter cartridges.

Cartridge E with polyester + nanofibres filter material achieves a flow resistance Ap,=439.9 Pa at Qumu=56 m/h,
while B cartridge, made only from polyester, obtains a resistance Ap,~=389.1 Pa, which is 11.5% lower. The above results
indicate that the filter bed being a composite of several layers of different materials, including nanofibres, achieves higher
flow resistance values than cellulose material which is two times thicker. Test results separation efficiency ¢y, filtration
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performance d-mq, and pressure drop Apycalculations of tested filtration materials are shown in Figure 11 and 12. As the
dust mass retained in the filtration layer increases (k» — dust mass loading), the filtration efficiency, filtration performance
and pressure drop of filter cartridges assume increasing values. This results from the space-filling between the fibres
(pores), which is consistent with the literature [26, 52, 61].

The work of tested filter cartridges can be divided into two stages. It was assumed that the initial stage (I) of filter
cartridges operation lasts until the separation efficiency stabilises at the level of ¢,, = 99.9%. This stage is characterised
by low initial efficiency, filtration performance, and low-pressure drop. The duration has a different value for each step.

100 + - 21
Puoe = 99.6% \ A
—_— I inl —<—E (polyester+nanofibers) L 10
—_— S —r— D (cellulose+polyester+nanofibers)
Ppop = 99.3% —O0—C (cellulose+polyester) 17
_ g —8—B (polvester)
oo = 98.6% k
¢ e ke ﬂ K ‘ —o— A (cellulose) _
- 15 §
- —= Ko | | g
& Puos=983% P E kpz=156 g/m?, k,p=1252g/m? g
< 98 E Fnc=373 g/m® k,5=56.1g/m’ B3
. kma km.i =91.0 %mz 8
[} | —
3 [ 11 E
2 \\ Test dust PTC-D (d.ypeer = 80 pm) 8
ko) 97 Filtration speed vg,,.,=0.1 m/s 9 3
g Dust concentrations = 0.5 g/m’ f
'*E —_— Filtrationarea.d,=0.153 m? _o/o - k=)
2 - 0 "
—% Pyoa = 95.4% & dzmax ’J_ g
“ 96 o—0q .-
&A‘\-\. [ 3
O
Ik} T 1
0 50 100 150 200 250

Mass loading of dust &, [g/m?]

Figure 11. Separation efficiency ¢, and filtration performance d...» depending on the tested filter cartridges dust mass

Ap W

Filtration speed Ug,,..=0.1 m/s

97
Dust concentration s = 0.5 g/m?
Filtration area4, =0.153 m?

loading ki,
100 q - 10
——E (polyester+nanofibers)
P, =999% |_ p (cellulose+polyester+nanofibers)
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99 - ! 8
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©
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"
@
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Figure 12. Separation efficiency ¢, and pressure drop Ap,, depending on the tested filter cartridges dust mass loading
kom,

For cellulose filter cartridge A, the initial separation efficiency is ¢..,=96.5%, and the maximum grain size does not
exceed the value of d-jas=17.6 pm. The determined value of separation efficiency (9,=99.9%) is achieved at the dust
mass loading k.4=91 g/m2, while the pressure drop increase is insignificant. For cartridges made of other filtration
materials, the first stage is much shorter. For polyester insert B, stage (I) ends with a dust mass loading k.,5=56.1 g/m?,
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while for cartridge C (cellulose + polyester) k,c=37.3 g/m?, and for D (cellulose + polyester + nanofibres) coefficient
knp=25.2 g/m?. In cartridge E (polyester + nanofibres), stage I last the shortest. Cartridge achieves efficiency ¢,,z=99.9%
for coefficient k,p=15.6 g/m>.

The initial separation efficiency for the mentioned cartridges is assumed to be higher respectively; ¢.,05=98.3%,
Owoc=98.6%, ¢.,00=99.3%, Pwe=99.6%. At the end of the first stage filtration, the sizes of the maximum grains for A, B,
C, D, E contributions are stabilised at the following level: dzmaa=4.7 pm, dzmaxs=3.9 pm, demaxc=3.1 pm, depaxp=3.9 pm,
d-maxe=3.5 pm. The initial work stage of the A cartridge made of cellulose is several times longer than insert D (polyester
with a layer of nanofibres) and C (cellulose + polyester + nanofibres). At the same time, the required high separation
efficiency of the inserts with nanofibre layer reach much earlier than cartridges made of standard filter material. This
confirms the literature about the positive nanofibres influence on the filtration efficiency and filtration performance
materials used in the automotive industry.

In stage (I) of filtration, the dirt particles were deposited on the surface of the fibres of the porous structure and on
previously deposited particles. In this way, they form slowly growing complicated dendritic structures (agglomerates),
which fill free spaces between fibres. They reduce the flow area around the fibres. In response to changes in the filter
structure, there are changes in the airflow. The flow velocity of the aerosol increases, which increases the flow resistance
through the filter bed. In the second (II) stage of the filtration cartridges, the separation efficiency remains unchanged,
stabilised ¢,=99.9%. In contrast, the pressure drop reaches higher values, but the intensity of growth is greater for inserts
made of materials with nanofibres addition.

Cartridges with a nanofibre layer have lower dust absorption. It is determined by surface filtration, as a result of which
dust grains did not penetrate deep into the deposit but stopped mostly on the nanofibre layer. When the flow resistance
Apmaxe=3.5 kPa is achieved, the tested filter cartridges retain and accumulate different dust masses. Filter insert A achieves
absorption coefficient k,4=227 g/m?, while for insert E, k,,z=145 g/m? (as in Figure 12). However, the unit dust mass k,
accumulated on the filter cartridges, from the moment the cartridge achieves efficiency ¢,,~99.9% until the flow resistance
Apma=3.5 kPa is similar and assumes a value of about 135 g/m? (shown in Figure 12). It depends on the length of the
initial period (I), which lasts until the insert efficiency of ¢,=99.9% reached. During this period, dust particles of
considerable size are in the air behind the filter (dzmaxsa = 7-18 pm), which adversely affects the durability of the engine.
For cartridges (E and D) with nanofibre layer, this period lasts shorter and represents 10% and 15% of the total insert
working time, respectively. For standard insert A, the initial period (I) represents over 40% of the total insert working
time and, therefore, has a significant impact on the abrasive wear of engine components.

Filter elements made of cellulose composite and polyester, together with the applied layer of nanofibres, are
characterised by higher efficiency and filtration performance in the whole range of work (smaller dust grain sizes dpq. in
the air behind the filter cartridge) than inserts made of filter material without a layer of nanofibres. Filter inserts with a
nanofibre layer obtain a maximum mass loading of dust of k,,=145-175 g/m?. For a similar pressure drop value Apidop (0f
about 4 kPa), filter cartridges without nanofibres layer obtain dust mass loading in the range of k,=153-243 g/m?, which
is 50% more value. This is due to the lower pressure drop intensity of the filter cartridges without the nanofibres layer.
After the filtration inserts with nanofibre layer have a pressure drop of 4 kPa, the phenomenon of dust agglomeration
from the filter bed is observed. This proves that in filter beds with nanofibre layer, mainly surface filtration occurs, not
deep.

Low efficiency and filtration performance in the initial period of filter cartridges work without nanofibres layer (this
is the case after replacing a contaminated filter cartridge with a new one) causes that dust particles larger than 5 pm in
the air entering the engine can have a significant impact on accelerated wear of engine components, mainly cylinder
funnel-piston ring-cylinder. Such a phenomenon is not observed when using filter cartridges with a layer of nanofibres.

In the final stage of filtration, large dust grains (of d:maxs=7.9 pm) are found in the air behind the filter cartridge A.
There is also a noticeable decrease in cartridge filtration (Figure 11). This indicates that the grains have passed to the
outlet side of the filter material. In the final stage, a significant dust mass is accumulated in the form of expanded tree-
like dendrites. The dust grains located at the top of the dendrites are entrained and transferred to the outlet side of the
filter material. As a result of this phenomenon, along with the inlet air, dust flows into the engine cylinders. Measurement
results of dust grains numbers in the air after the tested filter cartridge (passed through the filter material) are shown in
Figure 13 and 14.

The largest part in the air U, is made of dust grains with dimensions of &.=0.7-1.1 pm. Their participation in the air
behind the tested filter cartridge A (cellulose) is much smaller than for cartridge D (cellulose+polyester+nanofibres).
After the first measurement for filter cartridge D, its value is U,=71.4%, and for cartridge A, U,=27.3% (Figure 13). For
other measuring intervals, as the size of the grain increases, the number of dust grains decreases, which indicates the
increasing separation efficiency of the tested material. In the last measurement interval, there is usually one dust grain
with the largest size d.=d-.n.x being the criterion of separation efficiency (Figure 14).
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Figure 13. Granular composition of dust grains assumed by the filter cartridge (a) D (cellulose+polyester+nanofibres)
after reaching dust mass loading k..p = 3 g/m?, (b) A (cellulose) after reaching the dust mass loading k4 = 2.8 g/m>.
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Figure 14. The number of dust grains in subsequent measurement intervals registered in the air after the filter cartridge
D (cellulose + polyester + nanofibres).

The results of the calculations presented in Figure 15 show that the highest value of the quality coefficient
g=12.6 kPa’! obtained by sample E (polyester + nanofibre), which also achieves the highest initial efficiency ¢o.z=99.6%
and the accuracy of filtration dzmae below 4.3 um. A definite lower value of the quality coefficient ¢g=9.7 kPa™! obtained
by sample A (cellulose), which results mainly from lower initial separation efficiency ¢..+~99.6%.
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Figure 15. Filtration effectiveness of tested materials A, B, C, D, E used in internal combustion engines air filters.
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CONCLUSION

ii.

iil.

iv.

Nanofibres layer with a thickness of about few micrometres applied to the substrate from conventional filter
materials of motor vehicles air filters, increases the effectiveness of ¢,, and filtration accuracy d-mq., especially
in the initial filtration period and a slight pressure drop Ap,, in cartridges, which confirms with the literature. The
filtration inserts with a nanofibre layer reached the initial separation efficiency of ¢,,0:=99.6% and ¢,,0p0=99.3%
and the accuracy of dimwxe=4.3 um, dzmap=5.5 pm respectively. Cartridges from standard filtration material
(cellulose, polyester) obtain much lower values of filtration effectiveness (¢w04=95.4%, ¢.05=98.3%) and
accuracy (domaxs=17.6 pm, donaxp=12.7 pm).

With the increase of dust mass retained on the filter cartridge (increase of absorption coefficient k), a rapid
increase in the separation efficiency of the tested cartridges takes place in the initial period. Due to the higher
value of the initial separation efficiency of cartridges with the addition of nanofibres, the working time of these
cartridges until the contractual value of separation efficiency reached at ¢,=99.9% (initial filtration period) is
several times shorter than cartridges from standard filtration materials. The longer initial filtration period means
that a larger mass of high-volume mineral dust is sucked into the engine cylinders together with the air. This
phenomenon is influenced by accelerated wear of engine components and durability.

Filter cartridges with nanofibres layer have a higher intensity of flow resistance Ap,, than filter cartridges without
this layer, and after reaching the value of Apwa,, about 3.5 kPa they obtain a dust absorption coefficient of
kn=145-165 g/m. For a similar resistance value Apyaop, filter cartridges without a layer of nanofibres obtain a
dust absorption coefficient within the limits of k,=169-227 g/m?, so 50% higher value. This is due to the fact
that filter cartridges with a layer of nanofibres accumulate dust on the surface, thereby blocking the airflow
through the layer, which reflected in the higher intensity of the flow resistance increase. It proves that in filter
beds with a layer of nanofibres, mainly surface filtration occurs, not a deep one.

At the value of flow resistance of 3.5 kPa, the phenomenon of falling off the dust agglomerates from the filtration
bed surface is observed in the tested inserts with the addition of nanofibres. This confirms the possibility of
removing the dust accumulated on the surface of the cartridge through the impulse of the compressed air stream,
and thus prolong several times life of the air filter.
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