Article citation info:

Dziubak T. Experimental study of materials for the filtration of the intake air of the internal combustion engine of a motor vehicle.
Combustion Engines. 2024;197(2):112-125. https://doi.org/10.19206/CE-178374

Tadeusz DZIUBAK

GCombhustion Engines

Polish Scientific Society of Combustion Engines

Experimental study of materials for the filtration of the intake air of the internal

ARTICLE INFO

Received: 4 December 2023
Revised: 27 December 2023
Accepted: 7 January 2024
Available online: 14 February 2024

combustion engine of a motor vehicle

Fiber composite materials show more favorable filtration properties in terms of filtration efficiency and accura-
cy, as well as dust absorption. Experimental tests of standard filtration materials based on cellulose, polyester,
glass microfiber, cotton and polyester nonwoven fabrics were performed using an original method. Two compo-
site beds consisting of three layers of standard materials were designed using a novel method: K1 (polyester-
glass-microfiber-cellulose) and K2 (cellulose-glass-microfiber-cellulose), and determined their effectiveness, the
size of dust grains in the cleaned air and the unit dust absorption. It was shown that the K1 composite has high
(dpmax = 1.5-3 um) filtration accuracy, high initial filtration efficiency (99.8%), which shortens the preliminary
stage, and extends to 96-98% the duration of the main stage of the filtration process. The K1 composite
achieved more than twice the dust mass loading value (kg = 148.9 g/m?), compared to other standard materi-
als. These are parameters that are essential for filter design in automotive technology and can only be obtained
through empirical testing. Knowing them will make it possible to make an air filter design with smaller dimen-
sions or to extend vehicle mileage.
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1. Introduction

Along with the air sucked in by the internal combustion
engines of motor vehicles, significant amounts of pollutants
are sucked in, which accumulate on the road surface and are
carried into the atmosphere as a result of vehicle traffic or
wind gusts. The composition of road pollutants is wide and
varied. The primary component is mineral dust carried by
the wind from the nearby environment, where it was gener-
ated by field, road, or construction work. It is also dust that
has been carried by the wind from large sandy and desert
areas, as well as volcanic ash fallout. Industrial production,
the operation of open-pit mines is the cause of emissions of
a very large amount of dust [50]. The main components of
mineral dust are silica (SiO,), the mass proportion of which
in the dust is in the range of 65-97%, and alumina Al,Os,
the mass content of which in the dust is 5-18%. Other
components are oxides of various metals: F,O3, CaO, MgO
and organic components [39].

Another component of road dust is plant and tree inflo-
rescence elements, pollen, insect fragments, animal dander
and other biological materials [2, 24]. Significant amounts
of dust are emitted into the atmosphere during the work of
harvesting crops and other crops [20]. The use of motor
vehicles is mainly "non-motor" pollutants, i.e. those gener-
ated by the abrasion process in friction pairs: brake disc-
friction lining, clutch disc-pressure plate [41, 43], as well as
by the abrasion of the tire tread against the road surface [19,
22, 36, 47]. The engine's exhaust system is mainly a source
of soot, which is a product of incomplete combustion of
fuel, as well as products of abrasive wear of the engine's
metal surfaces, which form the piston-ring-cylinder or jour-
nal-pan associations. During the operation of vehicles in
winter conditions, salt and sand, products used for de-icing
roads, may be present on the road surface. The accumula-
tion of dirt on the road surface, which is lifted to a consid-

erable height by vehicles or wind, is called road dust in the
literature [9, 13, 14].

Passenger car engines operating at rated conditions draw
in an air flow of 180-500 kg/h from the environment, de-
pending on the engine's displacement and its speed. Truck
engines require 1100-1600 kg/h of air for operation, and
vehicle engines require more than 7500 kg/h of ambient air.

In the inlet air stream of an internal combustion engine,
there can be significant amounts of impurities, mainly min-
eral dust, which is the primary component of dust. The
presence of hard SiO, and Al,O; grains, which are charac-
terized by a hardness of 7 and 9, respectively, on the ten-
degree Mohs scale [40], is the main cause of wear of mat-
ing parts: piston sealing and scraping rings and cylinder
liners, crankshaft and camshaft plain bearings, valve stems
and their guides.

The available literature shows that abrasive wear on the
surfaces of engine components and, as a result, a reduction
in engine performance, durability and reliability is caused
largely by the improper quality of air supplied to engine
cylinders [1, 30, 45]. Abrasive wear of engine components
is determined by the hardness, but also by the size of dust
particles, their irregular shape, and sharp edges. It is ac-
cepted in the literature that dust particles with sizes in the
range of 1-40 um are the primary cause of wear on the two
moving surfaces, but dust grains having a size of 5-20 um
are the most aggressive [4, 6, 7]. The prevailing view is that
dust grains between two mating engine components whose
diameter d, is equal to the thickness of the oil film hy, at
any given time are the cause of wear.

The mass of dust that is in the engine intake air stream
depends on the dust concentration in the air, which can take
on varying values depending on the conditions of vehicle
use. The lowest values of dust concentration in the air (from
0.00045 g/m® to 0.1 g/m®) are found on highways [3], the
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highest (within 0.001-10 g/m®) when vehicles are used on
sandy roads [16]. During tracked vehicle traffic in desert
conditions, dust concentrations in the air reach values of up
to about 20 g/m° [4, 10, 38].

Not all dust grains that enter the engine cylinders with
the air have a destructive effect on engine durability. It is
estimated that about 10-20% of the dust that penetrates the
engine is retained on the oil-wetted walls of the cylinder
liner and comes into contact with the surface of the piston
and piston rings, causing their abrasive wear. About 30% of
the contaminants that enter the engine can escape with the
exhaust in the same form into the exhaust system. Mineral
dust grains, whose melting points are much lower than the
peak temperature (about 2500°C) in the cylinder during fuel
combustion, melt, after which they can enter with the ex-
haust gas into the exhaust system in the form of droplets
and deposit on the walls of the catalytic layer. This creates
an additional layer that impedes its operation [5].

Dust grains that enter with the air can retain and deposit
on the measuring element (wire or layer thermo anemome-
ter) of the airflow meter, forming an insulating layer that
impedes heat dissipation from the measuring element. Dep-
osition is facilitated by moisture and oil mist from the
crankcase venting system, which penetrates the measuring
element of the flow meter as a result of backflows in the
intake system. Isolation of the measuring element, which is
incompletely cooled by the flowing air stream, causes:
underestimation of the voltage signal U,, of the air flow
meter, so that the controller dispenses a lower mass of fuel
to create the fuel-air mixture, resulting in lower engine
torque and power values. In addition, hard sharp-edged dust
grains (SiO,, Al,O3) moving at high speed hit the stationary
measuring element (heater wire) causing scratches on its
surface, resulting in its weakening or even complete de-
struction.

Wear and tear on the components of the piston-piston-
ring-cylinder association results in an increase in clearance,
which is the cause of increased charge blow-off into the
crankcase during the compression stroke. The loss of work-
ing medium mass from the cylinders caused by this phe-
nomenon results in a decrease in pressure at the end of the
compression stroke, resulting in a decrease in engine torque
and power and an increase in exhaust emissions [21, 33, 48,
51]. Excessive clearances in the P-PR-C linkage increase
the flow of hot exhaust gases through the labyrinth ring
spaces into the crankcase. This phenomenon increases the
temperature of the lubricating oil and decreases its viscosi-
ty, which can lead to excessive wear and seizure of the
engine. Exhaust fumes in the crankcase contaminate the oil
with soot, increase its temperature and viscosity. This can
negatively affect engine life and vehicle reliability [34].

Modern passenger car engines, because that they are
used mostly on paved roads with low dust concentrations in
the air, are equipped with single-stage filters with
a pleated paper insert. In trucks and special vehicles, since
their use is mostly on paved roads with a high concentration
of dust in the air, it is necessary to use two-stage filters.
This is an assembly: an inert filter and a cylindrical filter
element arranged in series behind it, shaped from pleated

paper or a composite of filter materials, such as: polyester,
microglass and cellulose [37].

The placement of an air filter in the engine intake sys-
tem is a necessity. However, there are negative effects of its
presence in the form of a pressure drop, which leads to
additional energy losses in the form of reduced torque and
a drop in engine power [31, 42]. In addition, in passenger
cars, due to the small space around the engine, there are
difficulties in placing a filter with a sufficiently large area
of filter material. Therefore, it is expedient to use materials
with high surface absorption, low flow resistance and high
efficiency and accuracy of dust particle filtration. Such
possibilities are provided by fibrous composite filter mate-
rials, the filtration properties of which will be analyzed in
this study.

2. Properties of composite filter beds

Cellulose-based fiber filter media are widely used in the
air filtration systems of modern vehicle and machine drive
engines and for indoor air filtration [25, 35]. Cellulose filter
media, whose structure is formed by fibers with diameters
of 10-20 um, are characterized by high durability com-
pared to some other filter materials. However, their filtra-
tion efficiency and accuracy are not always satisfactory,
especially during the first (initial) period of filtration, which
is characterized by the fact that at the start of the filtration
process there is a low-efficiency s and filtration accuracy
dpmax, as Well as low flow resistance Aps [12]. However, as
the filtration process proceeds, the mass of dust retained on
the filter bed increases. There is an increase in filtration
efficiency oy, filtration accuracy dyma and flow resistance
Aps. According to the research presented in the paper [12],
the initial efficiency of the bed made of cellulose is ¢g =
= 96.3%. The criterion for completing the initial filtration
period was that the bed achieved a filtration efficiency of ¢
= 99.5%. This condition was obtained at a mass loading of
dust of kg = 110.7 g/m?. This is half of the total operating
time of the cartridge. During this time, there were maxi-
mum dust grains of dpma = 10-28 pm in the air behind the
tested cartridge. Under the conditions of actual engine op-
eration, these are the grains that cause the most wear on
mating components.

Engine inlet air filter materials are required to have a fil-
tration efficiency of more than 99.5% and a particle filtra-
tion accuracy of more than 5 um over the entire operating
range and long service intervals. Because cellulosic filter
materials have difficulty meeting these requirements they
are modified in various ways.

Improvements in filtration efficiency and accuracy in
fiber beds are provided by the use of polymeric nanofibers,
i.e. fibers less than 1 um in diameter. A thin layer of nano-
fibers (1-5 um) has low strength, so it is applied over
a substrate of filter materials that have greater thickness and
strength, for example, cellulose, polyester or microfiber
glass. An additional layer applied over standard filter mate-
rials significantly improves the efficiency and accuracy of
inlet air filtration of motor vehicle engines. A great deal of
research has been carried out in this area and a considerable
number of studies have been written [8, 15, 17, 18, 26-28,
44, 49]. For example, the paper [8] presents the design of
a new bed with a micro/nano-layered structure, and then
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investigates its application in air filters. The outer layer of
the composite bed is a polyester microfiber (PS) layer that
has a high electrical resistance. The inner layer is polyacry-
lonitrile (PAN) nanofibers characterized by high polariza-
tion and small pore size. The PS/PAN/PS composite bed
was examined and found to have a high filtration efficiency
of 99.96% and a low pressure drop of 54 Pa for 0.30 pm
particles and at a filtration velocity of 0.053 m/s, as ex-
pressed by a quality factor of q. = 0.145 Pa ™.

The authors of the paper [15] presented the results of
testing the filtration properties of four samples made of
different materials. It was shown that the filtration efficien-
cy of the material without a layer of nanofibers for dust
particles smaller than 2 um is very low and does not exceed
10%. It was found that a nanofiber layer (even a small one)
applied to a conventional filter bed increases the filtration
efficiency, the more the thickness of the layer increases. For
example, for a nanofiber layer with a surface thickness of
gm = 0.02 g/m?, a filtration efficiency of more than 60%
was obtained for particles smaller than 2 pm. It was shown
that the parameters of the filtration process: efficiency and
accuracy, as well as the flow resistance of materials with an
additional nanofiber layer depend on the type of substrate
and the thickness of the nanofiber layer.

Similar test results with a nanofiber layer applied to
a standard substrate were presented in the work [17].
A layer of nanofibers with a diameter in the range of 40—
800 nm and a bed thickness of 0.3 mm and g, = 0.1 g/m?
was applied to a cellulose-based filter medium. The bed
made in this way achieved a filtration efficiency of ¢f = 64—
99%, with a filtration velocity of vr = 0.03 m/s and for dust
grains in the range of d, = 0.2—4.5 pm. Increasing the filtra-
tion speed seven times to vg = 0.2 m/s resulted in a slight
decrease in filtration efficiency.

The authors of the paper [18] applied a PTFE polytetra-
fluoroethylene membrane to a standard filter bed. The effi-
ciency of the filter bed made in this way was determined,
using nano-CaCO; powder as a test dust. The efficiency of
the bed reached a value significantly higher (more than
99.99% for micron particles) compared to the standard filter
material.

The paper [27] studied the effect of nanofiber content of
5%, 10%, 15%, and 20% on the filtration parameters of the
cellulose bed. The proportion of 10% nanofibers in the
filter bed causes a threefold increase in the flow resistance
and filtration efficiency of dust grains with a size of 0.8
pm. Regardless of the content of nanofibers in the bed, an
increase in the size of dust grains within 0.03-0.2 pm caus-
es a decrease in filtration efficiency, and within 0.2-2 pm
its increase follows. With an increase in the compactness of
nanofibers in the bed, the curve of filtration efficiency is
shifted almost parallel towards larger values. The particle
size at which the filtration efficiency obtained the lowest
values (MPPS) on the efficiency curve was around 200 nm
for all cases studied.

In [28], a submicrofiber filter medium designed to en-
sure the purity of engine intake air was made and tested.
The filter composite was made by wet bonding two filter
layers. The filtration efficiency of the composite so made
was 48% and 10% higher than that of the standard bed and

the submicrofiber bed, respectively. Field tests of dust load-

ing showed a 45% lower increase in the flow resistance of

the submicrofiber bed than that of the standard bed, which
was operated in a motor vehicle filter for 10,000 km.

The purpose of the study presented in [26] was to deter-
mine the effect of pore size and fiber diameter in a fiber bed
and on filtration performance. One polyester bed was sub-
jected to the study of depth filtration phenomena, and surface
filtration phenomena were studied on two polyester beds
covered with a polytetrafluoroethylene membrane. It was
confirmed that the smaller the pore size in the bed, the higher
the filtration efficiency and the higher the flow resistance.

The paper [44] presents a study of a two-stage filter
constructed of two filter beds (pre-material and main mate-
rial) placed at a short distance from each other. A synthetic
(polypropylene) pleated filter material with low filtration
efficiency and accuracy was used as the pre-filter, which
was determined by large diameter fibers and high air per-
meability — 3100 I/(m?/s). The task of the pre-filter was to
remove large dust grains. For the second filtration stage
(main material), a PTFE membrane filter material applied
to a cellulose substrate was used. Unlike the pre-filter, the
main filter is structured with nano-sized fibers and has low
permeability. The purpose of the main filter is to remove
small-sized particles. This structure of the two-stage filter
made it possible to significantly reduce the intensity of the
increase in the flow resistance of the main filter, which
increased in the correct operating time of the entire filter
set, the criterion of which was the achievement of the estab-
lished permissible value of flow resistance. These findings
are consistent with the results of research presented in the
work [10].

The authors of the paper [49] performed tests that de-
termined the possibility of separating particulate matter
from air using three tubular PTFE membrane filters that
varied in diameter and length. The tests were carried out at
filtration velocities in the wide range of 0.003-0.15 m/s and
with particles of 10-300 nm. Efficiency curves for PTFE
membranes showed a typical "V" shape for the particles
used and at fixed filtration speeds. Membranes with smaller
pore diameters and at flow rates with higher filtration ve-
locities had the lowest MPPS point. It was found that two
layers of membranes achieved the lowest pressure drops.
Very high filtration efficiency was obtained at 99.98% for
0.3 um particles and almost 100% efficiency for 2.5 um
particles.

From the above analysis it follows:

— fibrous filter beds of a layered nature show higher filtra-
tion efficiency, accuracy and mass dust loading than
single layers of which a multilayer bed is made

— multilayer beds, the results of which are available in the
literature, cannot be used for engine intake air filtration
due to specific operating conditions, including dust con-
centration in the air and dust particle size. It is necessary
to test filter beds that take these conditions into account

— manufacturers of filter materials for motor vehicle air
filters provide for the filter manufacturer mainly their
structure data such as bed thickness, pore size, gram-
mage, air permeability. Data on filtration efficiency and
accuracy, flow resistance and mass loading of dust are
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not encountered. Filtration parameters can be deter-

mined, but only during experimental testing of the mate-

rial with the appropriate dust and under established fil-
tration conditions.

The purpose of this study was to evaluate the possibility
of increasing engine inlet air filtration efficiency and accu-
racy, as well as dust absorbency, through the use of multi-
layer deposits. Obtaining more favorable filtration perfor-
mance in terms of filtration efficiency and accuracy will
increase the life of the engine, and the higher dust absorp-
tion capacity of the bed will result in a longer life of the air
filter until the permissible resistance is reached.

This is mainly due to their higher dust absorption capac-
ity than single layers. However, it is important whether the
filtration efficiency and accuracy of such a bed will obtain
the appropriate and required values throughout the filter's
service life. This information is not obtainable in the avail-
able literature and therefore must be obtained during exper-
imental tests of a given material with test dust on a special
stand. For this purpose, two pleated composite filter beds
consisting of three standard filter materials with different
properties were designed: composite K1 (polyester-glass
microfiber-cellulose) and composite K2 (cellulose-glass
microfiber-cellulose). In the available literature, one does
not encounter studies of multilayer deposits for engine
intake air filtration, which were made at the pleating stage.
The constituent layers are filtration factory materials with
known structure parameters. During the research, original
methodology was used, which allows to obtaining of unique
parameters of the filtration process of fibrous deposits, such
as: initial efficiency, size of maximum grains in the air
behind the filter depending on the current unit absorption of
dust. The methodology allows ongoing measurement and
control of changes in flow resistance as the mass of dust
retained by the filter increases. These parameters are essen-
tial in the design of air filters used in automotive technolo-
gy and can be used to predict vehicle mileage. Although
such studies are costly and labor-intensive, this is the only
way to obtain the most reliable data.

3. Materials and methods

3.1. Subject of the study

In this study, the properties of several types of filter ma-
terials were tested, the surface of which was shaped into
triangular pleats of 12 mm in height, and then cylindrical
filter cartridges of the same design and dimensions and with
the same area of filter material A, =0.183 m? were made
from them. The cylindrical filter cartridges differed in the
filter material used. The filter cartridges before testing are
shown in Fig. 1.

Table 1 shows the characteristic parameters and selected
properties of the filter materials to be tested. The subject of
the study will be three types of filter beds. For ease of anal-
ysis of the test results, the name "Filter" is adopted and
conventlonally designated C, M, P, K1, K2, WP, WB.

filter materials: C — cellulose, M — microglass, P — poly-

ester
— composite beds K1 and K2 composed at the pleating

stage of three filter layers: bed K1 (layers: P+M+C),

bed K2 (layers: C+M+C) — Fig. 2-5

— filter materials: WP — non-woven polyester fabric, WB
— non-woven cotton fabric.

K1 (P-M-C)

‘0

K2 (C-M-O)

Fig. 1. Filter cartridges prepared for testing
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! ™ and dust .
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. Y \

: )

! b \ ok

. \ 0

i “\ \ Reinforcing mesh
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i

Fig. 2. Arrangement of filter layers in filter bed (composite) K1 (polyester-
microglass-cellulose)

Polyester
Microglass
Cellulose

Air and dust flow

Fig. 3. Design of the K-composite (polyester-microglass-cellulose) filter:
a) view of the bed after pleating, b) filter layers in the filter bed

T Inflow of air Composite K2

|

| \\ and dust Cellulose - 0.395 mm
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Fig. 4. Arrangement of filter layers in K2 (cellulose-microglass-cellulose)
filter bed (composite)
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Fig. 5. K2 filter bed (composite: cellulose-microglass-cellulose) after
making the pleats
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Table 1. Tested filtration materials parameters according to the manufacturer's data

. . I . - Permeability Grammage Thickness Max. pore size
Filter paper identification Material characteristics g [dm¥m?/s] O [9/m] g, [mm] d; [um]
C Cellulose 255 130 0.395 55
Microglass 129
Double layer microglass media is laminated with
M spounbond scrim on downstream side: 190 076 3
microglass leyer 1 50 '
microglass leyer 2 28
polyester spounbond 51
Polyester
P High hydrophobic 136 260 0.54 -
High tensile strengths for longer pulse jet cycles
K1 (P-M-C) Polyester-Microglass-Cellulose - - 1.775 -
K2 (C-M-C) Cellulose-Microglass-Cellulose - - 1.55 -
WP Non-woven polyester 540 442 25 —
WB Non-woven cotton

3.2. Materials and research methods

The purpose of this study was to determine and analyze
the comparative filtration properties: filtration efficiency,
filtration accuracy and flow resistance of research filters
made of different filtration materials: C — cellulose, M —
glass microfiber, P — polyester K1 and K2 composite beds
composed at the pleating stage of three filter layers (K1 bed
— P-M-C layers, K2 bed — C-M-C layers), WP (non-woven
polyester), WB (non-woven cotton) filter fabrics, by deter-
mining the basic characteristics as a function of mass dust
load — Kkg:
— particle filtration accuracy dymax = f(Kq)
— particle filtration efficiency ¢r = f(kg)
— resistance to flow through the filter material Aps = f(Kg)
and characteristics Aps = f(Qy), where: Qs — the air flow rate
through the active surface of the filter under test.

The mass loading of dust kg was defined by the relation:

kq =37 [o/m’] @)

where: m, — the mass of dust retained on 1 m? of the surface
of the filter material, assuming its uniform distribution over
the entire surface, A. — the area of the active surface of the
filter paper of the tested filter — the area of the filter paper
through which the air stream flows.

The filtration velocity is the quotient of the air stream
flowing through the filter Qsmax and the area of the active
surface A.:

_ Qf
AcX3600

Lf [m/s] (2)

Filter tests were performed on a bench (Fig. 6) equipped
with the necessary equipment and instruments for recording
the data necessary for determining filter characteristics.
A P.mss particle counter was used to record the size and
number of particles in the Q; stream downstream of the
filter under test, allowing measurement in i = 32 measure-
ment intervals in the range of 0.7-100 um. The polluted air
stream was drawn to the counter's sensor from the measur-
ing line behind the filter under test, where the tip of the
measuring probe was centrally located. The measuring line
was terminated with a special filter, which protects the flow
meter sensor from dust, and at the same time is a measuring
(absolute) filter used to determine the filtration efficiency.
To measure the air flow rate Qf, an FMT430 mass flow

meter was used, which has a measuring range of 10-150
m3/h and an accuracy of 1.2%.

Air stream

|:> dust - laden
|:> clean

—p» compressed (to batcher)
—» aspired by particle counter

Particle 9
counter

Al

f

Fig. 6. Schematic of a standard test stand for testing air filters of internal

combustion engines of vehicles with air demand up to 350 m%h: 1 — dust

chamber, 2 — filter cartridge, 3 — rotameter, 4 — dust dispenser, 5 — dust

tank, 6 — analytical balance, 7 — U-tube pressure gauge, 8 — measuring

tube, 9 — counting device, 10 — measuring (safety) filter, 11 — mass air

flow meter, 12 — fan forcing the flow, 13 — instrument for measuring
humidity, temperature and ambient pressure

An electromagnetic metering device with an oscillating
dust hopper and pneumatic (compressed air) transport of
dust to the dust chamber, where it is mixed with the air inlet
stream and flows into the filter, was used to supply dust to
the test filter. PTC-D test dust was used, which is a substi-
tute for AC fine test dust in Poland [11]. The main compo-
nents of this dust and its fractional composition are exposed
in Fig. 7. The dust contains more than 67% quartz (SiO,)
grains, a mineral characterized by high hardness, causing
accelerated wear of engine components.

50 30

_ £ |ens
Sy 43S N
i Z 60
a PTC-D test dust ©
=} =
530 H = PTC-D test dust
£ g
o) =
g 240
£ 19.46 S
520 H s — 3

15.97 16.48 S
g 5}
= =
g 954 | 20 1 15.25
G101 =1 &
g e

49 45
= g 43043 535 45 03
0 0

8107 ALO3; FeyO3 NayO KyO CaO MgO moisture
Test dust ingredients

0-5 5-10 10-20 20-40 40-80
Dust grain sizes d, [um]

Fig. 7. Characteristics of PTC-D test dust: (a) factual composition of dust,
(b) chemical composition of dust. The figure is based on data in [11]
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The flow characteristics Aps = f(Qy) of filters C, M, P,
K1, K2, WP, and WB were determined at 10 measurement
points as a function of air flux varying within the limits Qs
= Qfmin*Qfmax-

The maximum value of the flux Qsma Was determined
from relation (3) assuming the maximum filtration velocity
vr = 0.1 m/s. According to the authors of works [3, 12, 46],
for proper operation of passenger car air filters, the maxi-
mum filtration velocity should be within the limits v =
0.06-0.12 m/s.

Qfmax = Ac " Vg - 3600 [m*/h] ®)

Characterizations of the filters: efficiency ¢f = f(ky) and
filtration accuracy dymax = f(Kg), as well as flow resistance
Aps = f(kg) were performed simultaneously according to the
same methodology on the bench (Fig. 6) for one fixed value
of air flow Q; = 56 m%h, which corresponds to the speed of
flow through the filter material v = 0.085 m/s. A meas-
urement cycle was established, the duration of which was
equivalent to the time of uniform dust dosing at a fixed air
flow rate Q;. The filtration efficiency ¢ = f(kg) was deter-
mined by the gravimetric method (measurement of the
weight of the filter, the dispenser and the absolute filter
before and after the measurement cycle) for a constant air
flow and successively repeated j test cycles of fixed dura-
tion ty. The measurement time (duration of one cycle) was
fixed: g = 2 min. in the initial period and tpq = 4-5 min. in
the main period of filter operation. The mass loss of dust
from the dispenser mp (the mass of dust delivered to the
filter) and the mass of dust retained on the tested filter mg
and the absolute filter mp were determined with an analyti-
cal balance with a measuring range of 220 g and an accura-
cy of 0.1 mg. Switching on the particle counter to measure
the number and size of dust grains in the air stream behind
the filter was set 60 seconds before the scheduled end of the
measurement cycle. During one measurement cycle, three
particle counts were programmed at the planned measure-
ment intervals (dpimin — dpimax), and their average value was
used for analysis.

After the measurement cycle j, the parameters of the fil-
tration process were recorded to calculate filtration effi-
ciency, filtration accuracy, flow resistance and mass load-
ing of dust kg.

1. The efficiency of the filter was calculated as the quo-
tient of the mass of dust mg retained and the mass of
dust mp; delivered to the filter during the next j meas-
urement cycle, from the relation:

mF]-

0. =2 — _™F_ 1000 (4)

) mpj ij+mA]—

2. The mass loading of dust kg of the filter material used
in the filter was calculated from the relationship:

kg = 22208 [/ 2] (5)

4. Filtration accuracy as the largest dust grain size d,; =
dpmax OcCcurring in the air stream Qr downstream of the
filter and appearing on the particle counter printout.

5. The proportion of the measured Np number of dust
grains in each measurement interval relative to the total
number of dust grains passed through the filter for
a given test cycle:

SAL 100% (6)

i~ Nn  v32
p Np Z1 1NP1

where: N, = X3 N,; — the total (from all measurement

intervals) number of dust grains present in the airstream

downstream of Qs after the test filter.

6. Flow resistance Apy; of the filter being the difference in
static pressure upstream and downstream of the filter
calculated according to the following relationship:

o (P — Py) " g [Pa] (7)

where: Ahy; — height measured on a U-tube water pressure
gauge after dust dosing, p, — density of the manometric
liquid [kg/m™], py — density of air [kg/m™], g — earth's
attraction [m/s?].

According to the above methodology, the characteristics
of efficiency ¢ and filtration accuracy dymax and flow re-
sistance f(ky) of filters C, M, P, K1, K2, WP, WB were
determined depending on the mass of dust retained on the
filter and defined as "mass loading of dust" kg [g/m*]. Two
copies of each filter were tested with the same filter materi-
al and under the same conditions. Before testing the filters
with dust, their Aps = f(Qy) characteristics were performed.

Apg = 1000

4. Research results and their analysis

Figure 8 shows the changes in flow resistance Aps of the
tested filters with different filter materials as a function of
the air flow rate Qr. Regardless of the filter tested, the in-
crease in air flow rate causes a parabolic increase in flow
resistance Aps, which is due to the increase in flow velocity
through the bed in the second power.

The highest values of flow resistance, over the entire
range of air flow Qy, were recorded for the cartridge, where
the filter bed is a K2 composite (C + M + C) of three se-
quentially arranged layers: cellulose, microglass and cellu-
lose. FOr Qfmax = 56 m/h, the flow resistance of the K2
cartridge has a value of Aps = 1.304 kPa (Fig. 8). This value
is more than 2.5 times higher than the flow resistance value
of material C, which is exclusively a cellulose filter materi-
al. Similarly high flow resistance is characterized by com-
posite K1 (P + M + C) of three sequentially arranged lay-
ers: polyester, microglass and cellulose. Such significant
values of flow resistance are mainly due to the thickness of
the composite deposits, which are the sum of the thickness
of the three layers of filter material folded together. Com-
posite K2 has a thickness of g, = 1.55 mm, and K1 g, =
1.775 mm. In comparison, the thickness of the cellulose
layer is g, = 0.395 mm. The flow resistance of the other

3. The number Ny of dust grains in the air stream Q; filters is at a much lower level in the range Aps = 0.471-
downstream of the filter in fixed and diameter-limited  0.696 kPa for a flow rate of Qs = 56 m*/h.
(dpimin — Opimax) Measurement intervals from the particle
counter printout.
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Fig. 8. Flow resistance characteristics Aps = f(Qy) of filters with different
filter materials

The filtration characteristics: efficiency o = f(ky) and
filtration accuracy dymax = f(Ky) and flow resistance Aps =
f(kq) of the filter materials C, M, P, WP, WB and compo-
sites K1 and K2 made by the author for the study are shown
in Fig. 9-19. The characteristics are similar as to the course,
but differ as to the obtained values of efficiency, filtration
accuracy and flow resistance depending on which filter
material they are made of. At the onset of the filtration
process, filtration efficiency and flow resistance take on
small but varying values, which with the increase in the
dust mass on the filter layer (increase in the mass loading of
dust ky) take on increasing values, which is characteristic of
fibrous deposits. The increase in filter performance values
is due to changes in the structure of the filter bed, which
result from the retention of dust grains on the fibers of the
filter bed through the action of filtration mechanisms, main-
ly: inertial, direct retention and diffusion. The first dust
particles retained and deposited on the surface of the fibers
form a layer on which further dust grains arriving with the
air are deposited. Successive layers of dust are superim-
posed, which form agglomerates that often grow to consid-
erable sizes. In this way, the free spaces between the fibers
are filled. The phenomenon of the formation of dust ag-
glomerates on fibers is discussed in detail in the paper [23].

Agglomerates formed on the fibers cause a change in
the conditions of air flow and separation of successive dust
grains. The distances between the surfaces of dust-laden
elements decrease (the porosity of the baffle decreases),
which causes an increase in flow velocity, and hence the
hydrodynamic flow resistance in the filtration layer must
increase as a consequence. Reducing the distance between
the dust-laden fibers increases the intensity of the filtration
mechanisms, hence the filtration efficiency obtains higher
and higher values and gets closer and closer to 100%. From
this point on, the filtration efficiency usually remains con-
stant. Therefore, the filtration process of the studied filters
was conventionally divided into two stages. It was deter-
mined that the first (t,,), the initial stage of each filter's
operation, lasts from the beginning of the influx of dust
onto the filter until the filtration efficiency reaches ¢ =
99.9%. This efficiency value is required of filter materials

intended for motor vehicle engine intake air filters. The
following stage of operation is called the main stage and
lasts until the filter reaches the set value of flow resistance.

The filtration accuracy, defined as the maximum size of
dust grains behind the filter, initially has a small value. In
the air behind the filter there are initially dust grains dpmax
of large size, after which they decrease with the increase of
the mass loading of dust k4 and remain constant for a while,
then at the end of the filtration process they generally reach
larger and larger values, which is generally associated with
a decrease in efficiency and means that the filtering capaci-
ty of the filter is exhausted. The direct cause of the appear-
ance of large dust grains in the air behind the filter at the
final stage of filtration is the large flow resistance, the value
of which increased intensively with the increase in the mass
loading of dust ky of the filter bed. With a large pressure
difference and high local flow velocities in the filter bed,
dust grains are detached, from the outermost parts of the
agglomerates, and migrate towards the outlet. It follows
from the above that the operation of the air filter with ex-
cessive flow resistance is inadvisable. Therefore, it was
assumed that the criterion for completing the testing of
filters would be the achievement of a fixed value of re-
sistance, called in the literature the permissible resistance
Aprgop- In the case of the tested filters, the value Apggep =
4 kPa was assumed.

Figures 9-11 show the characteristics of filtration effi-
ciency ¢ = f(kg), filtration accuracy dpmax = f(Kg) and flow
resistance Aps = f(kq) of filters with a filtration bed, respec-
tively: C (cellulose), M (microglass) and P (polyester).
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Fig. 9. Changes in efficiency o¢; and filtration accuracy dpmax, as well as
flow resistance Apt as a function mass loading of dust ky of the tested
filters with filter bed C (cellulose)

Two filters were tested for each filter material. You can
notice slight differences in the characteristics and in the
obtained values of efficiency, filtration accuracy and flow
resistance for two filters made of the same type of filter
material.

A comparative analysis in terms of changes in filtration
efficiency and accuracy, as well as flow resistance as a
function of the mass loading of dust k; of C, M and P filter
beds is shown in Fig. 12.

The characteristics of No. 2 filters of each type of filter
material were used. The characteristic curves vary, which is
mainly due to the structure of the materials studied.
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Fig. 11. Changes in efficiency ¢ and filtration accuracy dpmax, as well as
flow resistance Apr as a function mass loading of dust kq of the tested
filters with material P (polyester)
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Fig. 12. Comparative analysis of filtration properties in terms of filtration
efficiency and accuracy, flow resistance and mass loading of dust of bed
filters: C, M and P

Material C, which obtained the lowest (@oc = 95.5%)
filtration efficiency during the initial period, has at the same
time the highest permeability (g, = 255 dm*/m?/s) and the
smallest (g, = 130 g/m®) grammage (Table 1), which means
that mainly depth filtration takes place in the bed, which
does not guarantee high efficiency of dust grain retention.
Material M (microglass), which has a much lower permea-
bility (g, = 190 dm*m?s) and a comparable grammage,
achieved a very high initial filtration efficiency @on =
99.9%). This is due to the fact, this material is constructed
of two layers of very thin glass fibers and protected at the

outlet by a layer of polyester (Table 1). This guarantees the
occurrence of the phenomenon of surface filtration and the
retention of dust grains of small size and ensures a high
(Kaw = 92.5 g/m?) mass loading of dust (Fig. 12).

Figures 13 and 14 show the characteristics of filtration
efficiency ¢ = f(kg), filtration accuracy dpmax = f(Kg) and
flow resistance Aps = f(kg) of filters with filter bed, respec-
tively: WP (non-woven polyester), WB (non-woven cot-
ton). It can be seen the high reproducibility of the obtained
test results for both WB and WP nonwovens.
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Fig. 13. Changes in efficiency ¢; and filtration accuracy dpmax, as well as
flow resistance Aps as a function mass loading of dust ky of the tested
filters with WB material (non-woven cotton)
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Fig. 14. Changes in efficiency ¢; and filtration accuracy dpmax, as well as
flow resistance Aps as a function of mass loading of dust kq of the tested
filters with WP (non-woven polyester) material

Figure 15 analyses the changes in filtration efficiency,
filtration accuracy and flow resistance as a function of the
dust mass loading ky of the WB and WP filter beds. The
results of tests on filter No. 2 of both nonwovens were used
for the analysis. Analyzing the slow increase in filtration
efficiency and accuracy as a function of dust mass load kg,
it should be noted that the duration of the initial filtration
period of both nonwovens is significant. The initial filtra-
tion efficiency of the nonwovens obtains small values @ows
= 90.8% and @gwg = 96.1%, respectively. In order for the
filters to achieve the required filtration efficiency of ¢ =
99.5%, it is necessary to achieve a mass loading of the dust
of Kgws: = 65.96 g/m? and kqwe1 = 115.4 g/m?, respectively,
which is more than 50-70% of the total filter operation time
to achieve the established permissible flow resistance Apyygp
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= 4 kPa (Fig. 15). During this time, dust grains of consider-
able (dymex = 14-16 num) size were recorded in the air be-
hind the filter. However, the grain sizes decreased as the
mass of dust retained on the filter bed increased, and by the
end of the initial period they had stabilized at dyma = 3—4
um. Under conditions of actual filter operation, the engine
is exposed to dangerous dust. An apparent increase in the
flow resistance of the tested filters began when the initial
period ended and the main period of filter operation began,
during which the filtration efficiency remained high, more
than 99.5%. The significant increase in flow resistance was
due to the higher intensity of dust accumulation in the bed
as a result of the high efficiency. A filter material with such
properties cannot be suitable for filtering engine intake air
but can be used as a pre-filter in a two-stage filtration sys-
tem.
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Fig. 15. Comparative analysis of filtration properties in terms of filtration

efficiency and accuracy, flow resistance and mass loading of dust of filters

with WP (non-woven polyester) and WB (non-woven cotton) mate-
rial

The characteristics of filtration efficiency of = f(ky), fil-
tration accuracy dpmax = f(kg) and flow resistance Ap; = f(Kg)
of two copies of K1 (P-M-C) composite filter bed filters,
presented in Fig. 16, show great similarity as to their course
and values. The tested filters achieve a high initial filtration
efficiency of @ok; = 99.8% (for kg, = 5.95 g/mz), and the
size of maximum dust grains during the initial period does
not exceed the value of dymex = 5-7 um. After the cartridges
reach a mass loading of dust of kyx; = 16.3 g/mz, the sizes
of maximum dust grains stabilize at dynax = 2-3 pum, which
is a very high accuracy for fibrous filter media that can be
used in automotive technology. The high filtration efficien-
cy and accuracy of the cartridges was maintained until the
flow resistance Aps = 6.2 kPa was reached (Fig. 16). The
filter elements tested achieved a high mass loading of dust
of kg1 = 199.8 g/mz, which is due to the configuration of
the materials used and the considerable (g, = 1.775 mm)
thickness of the composite bed. The first filter layer of the
K1 cartridge is a 0.62-mm-thick polyester bed with high
permeability, which makes the phenomenon of depth filtra-
tion occur, resulting in the retention of dust grains of the
largest size. The second filtration layer is M bed (microfi-
ber glass), where the phenomenon of surface filtration oc-
curs, resulting in high efficiency and accuracy of filtration
of small-sized dust grains (Fig. 12). The cellulose layer is
a reinforcing layer and stabilizes the airflow.
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Fig. 16. Variation of efficiency ¢r and filtration accuracy domax and flow
resistance Apr as a function mass loading of dust kg of K1 filter with
composite bed of three layers: P-M-C

On the other hand, Fig. 17 shows a comparative analysis
of the filtration properties of composite K1 (P-M-C) and
composite K2 (C-M-C), whose filtration characteristics
were performed under the same assumed conditions. It can
be clearly seen that the K1 composite, which differs only in
the first filtration layer (polyester) from the K2 composite
(cellulose), achieves significantly better results in terms of
filtration efficiency and accuracy.
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Fig. 17. Characteristics of filtration efficiency ¢r = f(kg), filtration accuracy
dpmax = f(Kq) and flow resistance Aps = f(kq) of filters with composites: K1
(P-M-C) and K2 (C-M-C)

After the K1 composite reaches a mass loading of dust
Kmk1 = 16.3 g/mz, the filtration efficiency is at 99.99% and
is maintained until the flow resistance Aps = 6.2 kPa is
reached, which is well beyond the permissible resistance
(Fig. 17). It should be noted that at this time there are dust
grains of very small size dymex = 3—4 pm in the exhaust air
from the tested filter.

When the flow resistance Apsqop = 4 kPa is reached, the
mass loading of dust of the K1 composite is kg, = 148.9
g/m?, which is three times higher than that of the K2 com-
posite, for which kg, = 45.9 g/m% This is due to the in-
crease in flow resistance of the tested materials K1 and K2.
As can be seen from Fig. 17, the intensity of the increase in
flow resistance of K2 is very high, which may be due to the
low efficiency of the C (cellulose) layer and the deposition
of most of the dust on the M (fiberglass) filter bed.
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From the research presented here, it can be seen that
there is a close relationship between the filtration efficiency
and flow resistance and the filtration accuracy of the filter
material. An increase in filtration efficiency is directly
related to an increase in filter accuracy (dymax decreases)
and an increase in flow resistance. Comparing directly the
filtration properties of different materials is difficult. There-
fore, the “filtration quality factor q.” is commonly used in
the literature, which relates filtration efficiency and flow
resistance of the same filter material and, according to [32,
46], is expressed by the relation:

—ln(1-
Qe = M [1/kPa] ®)

where: g — initial filtration efficiency, Aps — flow re-
sistance.

A higher value of g, means a more favorable relation-
ship between efficiency and flow resistance, which means
that the filtration process is more efficient.

In addition, for the purpose of this work, to compare the
filtration properties of the tested materials, the filtration
efficiency index gs, was defined, which expresses in (%) the
period of correct operation of the filter concerning the total
time of its operation:

k
Qe = (1 - ?::) 100% )

where: kq; — mass loading of dust of the material at the time
of obtaining the required filtration efficiency ¢f = 99.5%,
kg, — mass loading of dust of the material at the time of
obtaining by the filter the established permissible resistance
(Apfdop =4 kPa).

A smaller value of the g5 index means a shorter duration
of the filtration process with the required filtration efficien-
cy and accuracy.

Using the above relationships, the values of g, and g
coefficients were calculated for the tested filter materials,
and the results are summarized in Fig. 18.
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Fig. 18. Filtration quality factor g, efficiency index gs and mass loading of
dust kq of the tested filter materials

5. Vehicle mileage modeling

Determining the duration of proper operation of an air
filter is not a straightforward exercise since it depends on
many factors that change during vehicle use. The operating
time of a filter can be determined experimentally during its
use in a vehicle or during tests on a laboratory bench. De-
pending on the type and size of the air filter, such tests are
usually labor-intensive and expensive. The basic criterion

for completing the tests is the achievement of a fixed value
of the permissible flow resistance Apygqp. It is also possible to
computationally determine the operating time 1, of an air
filter using theoretical relationships, such as that given in
[29]:

Ac-kq ke
QEmax " S @f

[h] (10)

where: A; — active surface area of the filter material in the
filter [m?], kq — mass loading of dust of the filter material
[g/m?] at the permissible value of the flow resistance APsdops
k. — correction factor for the difference between the test
dust parameters and the parameters of the real pollution,
Qemax — NOMinal engine inlet air flow [m%h], s — dust con-
centration in the air entering the filter [g/m?], ¢ — filtration
efficiency of the filter material.

If we assume a constant (average) driving speed V,
(km/h), the distance traveled by the vehicle S, in time 7y is
described by the formula:

Sy = Tpr'V, [kM]

Tpf =

11)

If we now consider relation (9), then the distance the
vehicle will travel in time s can be described by the rela-
tion:

Ac-Kkq ke
QEmax " S* @f

S =V, [km]

From the presented relationship, it is clear that for its
practical application it is necessary to know several data
that describe the filter material, which are: filtration effi-
ciency ¢, mass loading of dust kg, and coefficient k,, which
corrects the difference between test and actual parameters
under specific operating conditions. Among the most im-
portant are the chemical composition of the dust, the type of
dust and its concentration, the granularity of the dust, and
the speed of the airflow. The k., factor is mainly used when
the effect of soot on the operating time of a pleated paper
cartridge filter must be considered. The k. factor is usually
defined as the ratio of the filter operating time under soot
contamination conditions to the operating time when using
test dust, which is mineral dust. With higher soot content in
the air, the k. factor takes values less than 1, and the filter's
operating time will be correspondingly shorter. This is
important in the case of passenger car air filters operated in
urban conditions, where soot, as a product of incomplete
combustion of fuel in engines, is the predominant pollutant
of the air entering the engine, but also of the air inhaled by
people.

Filter materials are produced by specialized plants,
which describe their structure with characteristic parame-
ters, this is most often: material thickness and grammage,
pore dimensions and air permeability at specific flow pa-
rameters. Manufacturers also specify the type of filter mate-
rial or the percentage composition of the component. As
can be seen, none of these data is a component of the rela-
tionship (11). Previous studies of modern fibrous filter
materials applicable in automotive technology report that
their filtration efficiency oscillates within narrow limits ¢ =
99.5-99.9% during the main period of filter operation. Such
efficiency values were registered during the tests described
in this paper.

(12)
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It follows that the parameter that, in relation (11), sig-
nificantly determines the course of the S, vehicle is the
mass loading of dust k4 of the filter material used. From the
tests carried out in this work, it can be seen that there are
significant differences in the achieved values of the mass
loading of dust k4 for different filter materials determined at
the permissible flow resistance, in this case for Apsg, = 4
kPa. Using the calculated values of the ky coefficient for
cellulose C and composite K and taking the values of the
other parameters in relation (11) as constants, the modeled
mileages of a passenger car at which filter servicing — re-
placement of the filter element — should be carried out were
established.

Using relation (11), calculations were carried out based
on the data of the Audi A4 engine (CI engine with turbo-
charging and air cooler): displacement Vg = 2.496 dm®,
filter paper area A, = 2.09 m?, engine inlet air flow Qgmax =
554 m3/h. For the calculations, it was assumed that the test
vehicle would be used mainly in non-urban conditions,
where dust is the main component of pollution. Therefore,
a correction factor of k. = 1 was assumed. According to [3],
the dustiness of air on paved roads and highways can take
on values in the wide range of s = 0.0004-0.1 g/m®. To
calculate the vehicle mileage (achieving Apgop), the use of
the vehicle was assumed at an air dust concentration of s =
0.0005 g/m® and a vehicle moving speed of V, = 60 km/h.
Vehicle mileage was estimated for a vehicle equipped with
an air filter with composite K1 and materials that are suc-
cessive layers in this composite: P, M and C. The dust mass
load k4 and filtration efficiency ¢f were adopted from filter
tests. The results of the calculations are shown in Fig. 19.
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Fig. 19. Modeled car runs for different types of filter beds and correspond-
ing different mass loading of dust kg

As expected, the higher the mass loading of dust kg, the
higher the vehicle mileage has a higher value (Fig. 19).
A filter with a filter material (K-composite made by the
author) provides twice the mileage of the other filter mate-
rials, which is due to the correspondingly higher mass load-
ing of dust kyq. For the assumptions made, the modeled
vehicle mileage has a value of more than 67,000 km. The
mileage values are subject to change depending on changes
in vehicle operating conditions, such as dust concentration
in the air drawn into the engine, driving speed and air flow
Qg, which does not often assume maximum values. The
mileage of the vehicle is largely determined by the filter

area of the A, material. Due to the limited space around the
engine, where the air filter is most often located, it is diffi-
cult to apply a sufficiently large filter paper surface.

Figure 20 shows that an increase in the concentration of
dust in the air increases, at the same value of air flow, the
mass of dust delivered to, the filter which fills the filter bed
with greater intensity. Since the absorptive capacity of the
filter bed is limited, the value of the vehicle mileage is
shortened accordingly. For filter beds whose dust load kq
the vehicle mileage will be lower. A change in dust concen-
tration within s = 0.0005-0.001 g/m? reduces the mileage of
the car by 50% regardless of the absorptive capacity of the
filter material Kkg.
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Fig. 20. Modeled car runs depending on the dust concentration in the inlet
air for different mass loading of dust kg of filter beds

6. Summary and final conclusions
The purpose of the study was to experimentally evaluate

the properties of filter materials in the context of selecting

a filter material with the best parameters for the filtration of

air drawn by vehicle internal combustion engines. The

evaluation was based on the filtration characteristics deter-
mined on the test bench: filtration efficiency and accuracy,
as well as flow resistance depending on the mass loading of
dust kqy. Filter materials produced by specialized factories
were tested: cellulose, polyester, microfiber glass, and

a filter bed made of three layers of different materials.

A filter bed consisting of three base filter materials (polyes-

ter-microglass-cellulose) was designed and fabricated, and

the characteristics of the filter bed were determined.

A comparative analysis was carried out using the air filtra-

tion quality coefficients of the fiber baffles. The results of

the study and their analysis led to the following conclu-
sions.

1) Two characteristic stages can be distinguished in the
filtration process of the tested filter beds: a preliminary
stage showing a low initial, but increasing with the in-
flux of dust on the bed, efficiency ¢; and filtration accu-
racy dpmax, and a small but slowly increasing flow re-
sistance Apy, and a main stage, which starts when a sta-
ble efficiency is reached at the conventional minimum
level of @ = 99.5%.

2) The duration of the pre-stage varies for the filter materi-
als tested and is longer the lower the initial filtration ef-
ficiency. For WB and WP nonwovens, this is 96.1% and
90.8%, respectively. This increased the duration of the
initial stage and reduced the main stage to 40% of the
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total filter operating time with these materials. This has
a major impact on the accelerated wear of the engine's
tribological associations, due to the large-diameter dust
grains (dpmax = 14-16 um) in the air behind the filter at
this time, which are drawn into the engine cylinders.

3) The filter bed (K1 composite) made for the present
study, in the form of three composite layers of polyes-
ter-glass microfibre-cellulose materials, shows, under
the same test conditions as the other materials, a high
initial filtration efficiency (99.8%) and thus a short ini-
tial filtration period. This resulted in a prolongation of
the duration of the main stage involving the filtration
process with high efficiency (99.9%) and filtration accu-
racy (dpmax = 1.5-3 pm) until the set flow resistance val-
ue Aprgop = 4 kPa was reached.

4) Compared to other tested materials, the K1 composite
obtained more than twice the value of the mass dust
load (kgk1 = 148.9 g/m?), which will allow to extend the
operating time of the filter (vehicle mileage in km) until
the performance of air filter servicing — filter cartridge
replacement.

5) The presented original methodology for experimental
testing of filter materials having different chemical
composition structure parameters, and thus different fil-
tration properties, partly fills the information gap in the
acquisition of basic parameters of filter materials. The
results obtained can be used for a more precise design of
air filter structures for internal combustion engines of
cars and trucks, special vehicles and working machines

depending on the expected conditions of use and, in par-

ticular, on the concentration of dust in the air.

Fibre filtration materials are characterized by the fact
that the three basic parameters of the filtration process:
filtration efficiency, filtration accuracy and flow resistance
are closely linked. Changing the structure of the filter bed
as a result of the retention and accumulation of dust mass
results in an increase in filtration efficiency, a reduction in
the size of dust grains in the purified air, but also results in
an inevitable increase in flow resistance that is detrimental
to engine operation. Fibrous materials research is directed
towards the construction of a bed that has a high dust ab-
sorption capacity with minimal flow resistance, achieves
high filtration efficiency and accuracy and maintains these
parameters throughout the filter operation until the permis-
sible resistance is reached. In the present work, by investi-
gating a bed consisting of three different filter layers, which
is an innovative approach in the field of filter material re-
search, results were obtained that partly meet the above
contradictory requirements. Work in this direction, using
other composites given their filtration capabilities, should
be continued. The results obtained can modernize methods
for the design and optimization of air filtration systems in
internal combustion engines.
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Nomenclature

Cl compression ignition Qs air flow

dpmax  filtration accuracy T-PR-C piston-piston ring-cylinder
Ky mass loading of dust Aps flow resistance

Oc filtration quality factor Of filtration efficiency

Qs filtration efficiency index
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