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Abstract: Pollutant properties in intake air to internal combustion engines were analyzed. Mineral
dust particles’ influence on accelerated engine components’ wear was discussed. Dust concentration
values in the air under various operating conditions in trucks and special vehicles were presented.
The idea and necessity for using two-stage filters, operating in a “multi-cyclone–porous partition”
system for vehicles operated in dusty air conditions, are presented. Information from the literature
information has been presented, showing that impurities in small grain sizes reduce fiber bed
absorbency. It has been shown that such a phenomenon occurs during filter material operation,
located directly behind the inertial filter (multi-cyclone), which off-road vehicles are equipped with.
It results in a greater pressure drop intensity increase and a shorter proper filter operation period.
It has been shown that filter material selection for the motor vehicle air filter requires knowledge
of the mass of stopped dust per filtration unit area (dust absorption coefficient km) determined
for a given permissible resistance value ∆pfdop. It has been shown that there is no information on
absorption coefficient values for filter materials operating in a two-stage “multi-cyclone–porous
partition” separation system. Original methodology and conditions for determining dust absorption
coefficient (km) of a separation partition, operating under the conditions of two-stage filtration, were
presented. The following characteristics were tested: separation efficiency, filtration performance,
and pressure drop characteristics of three different filtration partitions. These were A (cellulose), B
(cellulose and polyester), and C (cellulose, polyester, and nanofibers layer), working individually
and in a two-stage system—behind the cyclone. Granulometric dust composition dosed into the
cyclone and cyclone downstream was determined. During tests, conditions corresponding to air
filter’s actual operating conditions, including separation speed and dust concentration in the air,
were maintained. For the pressure drop values, the dust absorption coefficient (km) values of three
different filtration partitions (A, B, and C), working individually and in a two-stage system—behind
the cyclone—were determined experimentally.

Keywords: fibrous filter materials; separation efficiency and filtration performance; pressure drop;
dust absorption coefficient; two-stage air filter; vehicle combustion engine

1. Introduction

A basic working medium component in every internal combustion engine is air
taken from the atmosphere. The amount taken in depends proportionally on engine
power. In piston engines, about 700 kW of power is obtained from 1 kg/s (2800 m3/h)
of air, used to burn fuel. Air flow, sucked in by the internal combustion engine, depends
in direct proportion to the engine’s displacement (Vss), rotational crankshaft speed (n),
and cylinder filling degree (ηυ)—the values of which depend on engine type (naturally
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aspirated or supercharged) and charge air cooler presence. As examples of the maximum,
theoretically determined air demands for a given engine, see the following: Peugeot
306 Sedan 1.9 D—about 220 m3/h; Volkswagen T4 1.9 TDI—about 385 m3/h; BWP-1
infantry fighting vehicle—about 1250 m3/h; Scania R420 6 × 4—around 1650 m3/h; T-72
tank—around 3400 m3/h; Leopard 2A1—around 6000 m3/h.

Together with air sucked in from the environment, internal combustion engines suck
in a significant amount of natural and anthropogenic pollutants. A main component of
these pollutants is dust, including mineral dust, called road dust. SiO2 silica and Al2O3
corundum are two basic minerals whose content in dust ranges from 60 to 95%, depending
on type and substrate condition. In smaller amounts, dust contains Fe2O3, MgO, and CaO.
Moreover, in dust, in very small amounts, there are K2O, Na2O, and SO3 [1–3].

Silica and corundum, whose content in dust is the highest, also have the highest
hardness, at 7 and 9, respectively, on the 10-degree Mohs scale. In addition, dust grains are
very irregularly shaped. These are solids with sharp edges. After getting into the engine
cylinders with the air, mineral dust penetrates between cylinder and piston frictional
surfaces as well as piston rings. As a result of this phenomenon, there is an increased wear
to engine elements. The cylinder liner (in its upper part), the piston, and the piston sealing
ring are most exposed to abrasive wear. Abrasive wear to engine elements is intensified
by mineral particles with sizes in the range 1–40 µm. However, most aggressive are dust
particles, whose size does not exceed 20 µm [3–6]. Excessive wear to the cylinder liner,
piston, and rings causes a drop in the piston space tightness, which results in a drop in
compression pressure and engine power.

The greatest surface wear to two cooperating elements is caused by dust particles
with diameters (dz) of equivalent size as the oil film thickness (hmin) between two surfaces
at a given moment. Oil film thickness, in connections lubricated with engine oil, depends
on operating engine conditions (load, crankshaft rotational speed), temperature, and
oil viscosity. For this reason, oil film assumes various values, most often in the range
of hmin = 0–10 µm [7–9]. The authors of [5] state that over 30% of the pollutants that
flow into the engine cylinders with the inlet air then flow out, together with exhaust
gases. Thus, this dust percentage is not involved in engine components wear but does
increase particulate matter emission (PM). Less than 10–20% of dust that is transported
with engine intake air settles on the oil film on the cylinder liner wall. Together with oil,
this percentage of dust forms a mixture that is dangerous for the piston–rings–cylinder
(P–P–C) combination, intensifying abrasive engine components’ wear. The remaining part
of the dust is evaporated or oxidized under high pressure and high temperature conditions,
occurring during the fuel combustion process in the cylinder [10].

It follows from the above that all mineral dust grains above 1 µm cause accelerated
wear; therefore, motor vehicle engine air intake filters must remove them with the greatest
possible efficiency.

The dust mass that enters an engine with the intake air depends on the dust concentra-
tion in the air around the moving vehicle, which can have a wide variety of values. Typical
dust concentrations in the air may vary from 0.01 mg/m3 in clean rural environments to
about 20 g/m3 in desert conditions (during tracked vehicles’ movement) [4,11]. According
to the author of [12], dust concentration in dusty air may be in the range of 0.001–10 g/m3.
The authors of [13] showed during their research that the maximum dust concentration in
the air within a few meters of a sandy road, along which all-terrain vehicles traveled, was
variable in the range of 0.05–10 g/m3. The authors of [14] reported that dust concentration
on motorways has low values in the wide range of 0.0004–0.1 g/m3, and when driving
among a vehicles column on sandy terrain, this reaches 0.03–8 g/m3.

The author of [15], examining dust concentration in the air at a distance of several
meters behind a moving trucks column, an armored personnel carriers column, and a
column of tracked vehicles, showed that behind the tanks column, dust concentration
reached maximum value of 1.17 g/m3. On the other hand, the authors of [16] stated that
dust concentration measured in close proximity (about 80 mm) to the armor surface of a



Materials 2021, 14, 7149 3 of 25

tracked vehicle, used on sandy terrain, increased with an increase in driving speed—for
18 km/h it ranged from 2.1–3.8 g/m3. At the inlet to the air filter, the concentration was
much lower, at 0.8–1 g/m3.

During the take-off or landing of a helicopter on an accidental landing site, dust
concentration in the air at the height of the tip of the CH-53 helicopter propeller (distance
above the ground—0.5 m) may reach the value of s = 3.33 g/m3 [17]. According to the
authors of [4,12,13], the actual dust concentration at the inlet of the inlet system in an
internal combustion engine of a vehicle does not usually exceed the value of 2.5 g/m3,
which is still a very high value. According to the authors of [18], dust concentration in the
air in the range of 0.6–0.7 g/m3 significantly reduces visibility, and at a concentration of
about 1.5 g/m3, the visibility is zero.

Large dust amounts in the air come from friction elements, such as brakes wear, car
tires, and road surfaces [19]. The research presented in [20] showed that dust emission from
road surface wear, tire tread and friction elements of car systems (emissions other than
exhaust emissions) exceeded the emission of pollutants from car exhaust gases. During
the braking process, as a result of friction between the brake pad and the brake disc, a
large amount of thermal energy is released, and surfaces are abraded, producing brake
dust consisting mainly of heavy metals. The authors of [21] determined that brake dust
composition is mainly made up of S, Ca, Fe, Cu, Ba, and other elements, most of which
are metals. Brake dust particle size (TSP) does not exceed 50 µm. It was found that the
finest dust particles (below 2.5 µm) account for approximately 42% of brake dust, and dust
particles with a size of 2.5–10 µm account for approximately 40%. Therefore, brake dust is
an important component of PM 2.5 and PM 10 pollutants.

Large dust amounts are generated during coal open-cast mines operation [22–24]: a
place where trucks and working machines are used. They are equipped with high-power
engines, and therefore, have a large air requirement, sucking in a large amount of dust. The
authors of [23] analyzed dust distribution in a Chinese open-cast mine and found a very
high (426 g/m3) dust concentration around the working area of the devices. On the other
hand, the authors of [24] determined dust concentrations in the Pingshuo mining area in
China at about 60 g/m3, 114 g/m3, and 250 g/m3 for PM2.5, PM10, and TSP, respectively.

It follows from the above that trucks, special vehicles (tanks, armored personnel
carriers, and infantry fighting vehicles), and working machines are used in conditions with
high dust concentration values in the air. These vehicles’ engines draw in a considerable
dust amount with the air. For example, the engine of a PT-91 tracked vehicle with a capacity
of 625 kW draws in more than 3400 m3/h of atmospheric air per hour. If dust concentration
in the air is 1.5 g/m3, a motor draws in more than 5 kg of dust, with the air, per hour.

The basic filtering materials for engine inlet air are filter papers with a high separation
efficiency—over 99.5%. However, the pressure drop of these filter types tends to increase
rapidly when they operate in high dust concentration conditions, necessitating frequent,
periodic filter element replacements. Therefore, in order to remove large dust mass in a
short time and reduce the dust load of high-efficiency filters—extending their service life
and reduce operating costs—two-stage filtration systems are used, consisting of a pre-filter
that removes large particles (above 25–35 µm) and main filter to trap finer particles (above
2–5 µm). Two-stage air filters differ in design, principle, and operation of the first filtration
step, filter partition types, and operation effectiveness.

The first air filtration stage (pre-stage filter) is generally a multi-cyclone, which is a
set of individual cyclones with internal diameters not exceeding D = 40 mm, arranged in
parallel (next to each other). They are fixed, with their ends in the common lower and upper
plates, which guarantees a common air inlet and outlet. Multicyclones can be constructed
of tangential inlet reflux cyclones or flow cyclones (Figure 1).
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Figure 1. Air filtration system in the filter: (a) single-stage (porous barrier); (b) two-stage (multi-cyclone of return cyclones
with a tangential inlet–porous barrier); (c) two-stage (multi-cyclone of axial plow cyclones–porous barrier).

The second air filtration stage is a partition element (filter cartridge), which, due to
space limitations and the desire to increase the surface area of the filter material, is most
often made of pleated filter paper [25].

A two-stage filter can be a set of two baffle filters (initial and main), arranged in
series, with an appropriately selected structure [26]. In this case, the efficiency of the
pre-filter is significantly influenced by particle size distribution. Pre-filter protection is
more pronounced with large particles and tends to disappear as the proportion of fine
particles increases.

Installing a pre-filter, in the form of an inertial or baffle filter, upstream of the main
filter, has many advantages, especially when the aerosol is dominated by coarse particles.
It can greatly reduce the pressure drop’s increase in intensity on the main filter, as well as
effectively increasing total particle retention capacity of the entire separation system, and
thus, extends the main filter’s working time until the permissible resistance is reached.

Depending on the conditions during vehicle movement, air sucked in by the filter
intake contains dust grains with dimensions not exceeding dp = 80 µm. The essence of the
operation of a two-stage filter “multi-cyclone–porous partition” is that a multi-cyclone is
characterized by the possibility of separating large dust masses from polluted air without
increasing the pressure drop, but with a not very high efficiency (87–95%) or filtration
performance (dp > 15–35 µm). Remaining insignificant dust mass is directed to filter
element, most often made of pleated filter material (most often paper) with low and limited
absorbency (km = 200 g/m2), but a high filtration performance—above dp = 2–5 µm—and
high separation efficiency—above ϕ = 99.5% [27–30].

On the other hand, fibrous materials from nanofibers, for example PA-56 membrane,
consisting of completely ultra-thin (20 nm) nano-nets, show a high separation efficiency of
99.995% and a low pressure drop of 111 Pa, combined with a high dust holding capacity of
49 g/m2 [30].

An absorption filter material’s capacity is characterized by the dust mass loading
coefficient (km). It is quotient of dust mass (mcw), which has been retained and evenly
distributed on the surface of the tested filter material, until the filter reaches the agreed
permissible resistance value (∆pfdop) and active filter paper surface (Ac):

km =
mcw

Ac
[g/m2] (1)
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Dust absorption coefficient values (km) for standard filter materials made of cellulose
were determined during experimental work, using dust with grain sizes below 80 µm,
and they have values in the range km = 190–240 g/m2 [31–33]. Dust with this grain size
(standard dust) is directed directly with the air onto the filter element of single-stage filter.

For intake air filtration in modern motor vehicle engines, other materials are also
used, which are composite layers, for example: polyester, cellulose, and nanofibers. These
materials show much greater efficiency and filtration accuracy, but they achieve lower dust
absorption coefficient values (km). The authors of [34], while examining composite filter
materials, obtained—with flow resistance ∆p = 3 kPa—different dust absorption coefficient
values, respectively, as follows: polyester—km = 135 g/m2; cellulose with a polyester
layer—km = 120 g/m2; cellulose with polyester and nanofibers layers—km = 102 g/m2.

The authors of [35] examined a filter material consisting of two layers and found that
dust absorption coefficient values are influenced by the inlet layer type. When there was
a microfiber layer at the inlet, the two-layer filter bed obtained—with a pressure drop of
2 kPa—the absorption coefficient km = 84 g/m2. On the other hand, when a sub-microfiber
filter layer was placed at the inlet, the obtained coefficient value (km = 95 g/m2) was much
higher (by 13%).

For non-woven filters used as a filtering medium for air filters in passenger car engines,
the dust absorption coefficient (km) obtains much higher values (km = 350–500 g/m2) than
the filter paper. This is mainly due to much greater thickness of the non-woven filters
(2–5 mm) than the filter paper, the thickness of which does not exceed 1 mm. The authors
of [36] state that the absorbency coefficient values of calendared non-woven fabrics with a
thickness of 3.2 mm, obtained during their research, were km = 85.5–112.3 g/m2. For the
same fleece, but not calendared, with the same flow resistance of 0.3 kPa, the absorbency
coefficient had the value of km = 54.5–89.3 g/m2, which was much lower.

According to the authors of [37], who experimentally tested high-performance glass
fiber filter media (thickness of 0.33 mm and grammage of 93.4 g/m2), they showed that the
dust absorption coefficient of the bed at the moment of reaching pressure drop was 2.5 kPa,
at the separation speed of 0.1 m/s and dust concentration 0.32–7.08 µg/cm3, with values
in the range 125–220 g/m2.

As a result of two-stage filtration application, air is supplied to the engine cylinders
with the required purity and, at the same time, the filtration system’s operation time is
extended, and thus the vehicle service interval—limited by reaching a certain value of
pressure drop—reaches the permissible resistance (∆pfdop). Values of permissible resistance
are determined for passenger car engine air filters by using the criterion of a 3% decrease in
engine power and assuming values in range of 2.5–4.0 kPa. For truck engines, permissible
resistance is then 4–7 kPa [4], and for special purpose vehicles it is ∆pfdop = 9–12 kPa [38].

Filter materials for internal combustion engines’ intake of air are usually made of
cellulose as it is cheap and easy to process. However, cellulose media are characterized by
low initial efficiency and filtration accuracy, which may be affected by accelerated engine
wear and durability, and a relatively large pressure drop resulting from dust accumulation
on filter bed. These problems have been partially solved by new filter media structures use
that are a composite of several layers: synthetic nanofibers and standard cellulose filter
media. Most often, a layer of nanofibers 1–5 µm thick and fiber diameters 300–800 nm
is applied to a standard filter bed made of fibers with a diameter of 10–15 µm [39–44],
which improves dust grains separation efficiency below 5 µm in the air sucked into the
engine. This significantly increases engine durability, but also more intensively increases
filter pressure drop.

Filter paper is shaped in the form of a pleated tape, from which filter inserts are then
made. At the same time, a filter element should be shaped to obtain the maximum active
filter surface of the paper in a given volume. At the same time, maximum filtration speed
criterion (υFmax) should be kept, which assumes that, for passenger car filters, the value of
0.07–0.12 m/s should not be exceeded, and for truck filters 0.03–0.06 m/s should not be
exceeded [45–49].
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Filtration speed is conventional average speed, defined as quotient of air stream
flowing through the filter cartridge and filter paper active surfaces. Maximum filtration
speed (υFmax) is determined from the following:

υFmax =
QFmax

Ac·3600
[m/s], (2)

where QFmax indicates the nominal air flow that flows through the filter element, equal
to engine air demand (QSilmax) (m3/h) at the maximum power rotational speed and 100%
mixture throttle opening (engines with SI); Ac—active filter paper cartridge surface [m2].

The maximum filtration speed (υFmax) is the basic criterion used when selecting active
surface (Ac) filter paper for car engine air filters. Experience has shown that this factor
is not sufficient to ensure required air filter operating time, and thus vehicle mileage.
The significant air filter working time limitation is achieved by the filter flow resistance
permissible value (∆pfdop)—this being the criterion for the end of its life. Filter operation
time to obtain the ∆pfdop value depends not only on filtration speed (air stream) in porous
partition, but also on its absorption, which directly depends on filter material structure and
dust grain sizes.

A single-stage filter, the filtering element of which is most often a pleated filter
paper cartridge, along with air, sucks up dust grains directly from the environment, with
dimensions not exceeding the value of dp = 80 µm. In a two-stage air separation system
(multi-cyclone–filter paper) in truck engines and special vehicles, “after passing” through
the cyclones, dust has a substantially different fractional composition; then, dust grains of
much smaller sizes (not exceeding dp = 15–35 µm) are transferred to the second separation
stage (paper filter) [50–56]. Therefore, the separation process, in cases where the paper
filter is second (after the multi-cyclone), the separation stage may be completely different
than that of a single-stage filter. When small-sized dust flows with air onto a porous barrier
(filter paper, non-woven fabric), the pressure drop increases more rapidly as a result of
lower air permeability through the formed dust layer. Consequently, the filter reaches the
∆pfdop value much earlier, with a smaller retained dust mass. Such a phenomenon was
observed during the experiments in [57–61] and numerical [62,63] fibrous material tests as
well as in “cyclone–pleated filter paper” unit experimental tests [64,65].

For example, the authors of [57] investigated a non-woven bed using two dusts with
different particle distributions. Dust with a particle size of 0–12 µm caused the fastest
increase in pressure drop (km = 400 g/m2) and for loading it obtained the value of 7 kPa.
Dust with larger particle sizes of 0–20 µm caused a lower intensity increase in pressure
drop of the tested bed, hence the value of 7 kPa was obtained for the larger value of
km = 800 g/m2. A similar phenomenon was observed during tests of a synthetic bed, with
three dusts with different granulometric compositions: dust with a size of 0–10 µm, AC
fine (0–80 µm), and AC Coarse (0–200 µm) [58]. The smaller the size of the dust grains, the
more intense the increase in the pressure drop. At a separation speed of υF = 0.05 m/s and
a determined pressure drop value of 0.25 kPa, bed loading with dust was km = 125 g/m2,
km = 165 g/m2 and km = 360 g/m2, respectively. For greater separation velocity (υF) values,
bed dust loading—for a predetermined pressure drop value—assumes, irrespective of
dust type, proportionally lower and lower values due to a more intensive increase in
pressure drop.

In [59], changes in the cellulose pressure drop of the filter bed, depending on dust
loading, were investigated. Four dusts with a similar chemical composition but with
different granulometric compositions were used: No. 1, 0–10 µm; No. 2, 0–20 µm; No. 3, 0–
40 µm; No. 4, AC Coarse, 0–200 µm. Fine dust increases the pressure drop more intensively,
which results in lower dust mass retained per unit area. For the same pressure drop value
(∆pf = 5 kPa), loading the filter bed with dust takes the following values: km1 = 75 g/m2,
km2 = 210 g/m2, km3 = 310 g/m2, and km4 = 560 g/m2.

It was shown in [60] that a filter bed loaded with 0.46 µm particles shows a faster
pressure drop than that with 1.40 µm particles [60]. For an assumed pressure drop value of
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2.5 kPa, the dust load for 0.46 µm particles is km = 32 g/m2, and for 1.40 µm particles it is
km = 53 g/m2, which is almost twice as much.

The authors of [61] presented pressure drop modeling during surface separation of
PTFE HEPA filter material for applications with low dust load. Experimental pressure drop
curves were obtained using monodisperse SiO2 dust with different diameters, as follows:
dp = 52, 103, 310, and 553 nm. Fine dusts caused a more intensive increase in bed pressure
drop than coarse dusts. Dust grains with the size dp = 52 nm cause the bed to achieve a
pressure drop of ∆pf = 0.6 kPa when loaded with dust, km = 1.2 g/m2. With the increase
in dust grains size, bed loading with dust increases for smaller and smaller pressure drop
(∆pf) values. The bed into which dust size dp = 553 nm was dosed, obtained a dust load of
km = 5.5 g/m2 with a pressure drop of ∆pf = 2.5 kPa.

The authors of [62] tested several types of filter media, containing cellulose, synthetic
(felt), glass, double-layer glass/cellulose, and mixed synthetic/glass. Flow effectiveness
and resistance of selected deposits, depending on dust load, were investigated. Two test
dusts were used: SAE Fine and submicron alumina powder (median diameter 0.25 µm),
containing 99% Al(OH)3. Results showed that dust load depends on particle size distribu-
tion and filter type. Submicron particles cause filter beds pressure drop to increase much
faster than when SAE Fine dust particles are operating. Moreover, cellulose filters with a
layer of very fine fibers on the surface showed the fastest increase in pressure drop due to
dust loading.

The authors of [63] examined pressure drop on industrial filters exposed to fine
alumina (median diameter 0.25 µm), containing 99% Al(OH)3, and coarse Arizona dust
with the chemical composition of SiO2 (65–75%), Al2O3 (11–17%), Fe2O3 (2.5–5%), Na2O
(2–4%), CaO (2–5%), MgO (1–2%), and TiO2 (0.5–1%). They found that pressure drop was
strongly dependent on the ratio of fine to coarse particles.

The greater the mass ratio of fine particles to coarse particles, the faster the pressure
drop increased. If filter bed received only fine dust, a pressure drop of 850 kPa was obtained
for dust loading km = 1.5 mg/cm2 (km = 15 g/m2). Such a pressure drop value on the filter
bed for Arizona dust (coarse) was obtained for a much higher dust load km = 15 mg/cm2

(km = 150 g/m2).
The authors of [64] conducted experimental tests of a filter cartridge with AC-301

pleated non-woven fabric with a thickness of g = 2.5 mm, operating in the conditions of
one-stage and two-stage filtration, using the multicyclone of axial flow cyclones.

Polydisperse dust with particle size dpmax = 80 µm was used. A permissible pressure
drop value ∆pw = 5 kPa was achieved by the non-woven filter element operating in the
conditions of single-stage filtration with dust absorption coefficient km1 = 700 g/m2, i.e.,
with a value twice as high as in the conditions of two-stage filtration—km2 = 325 g/m2 [64].
Thus, the absorptive filter fabric capacity, on which the dust flows—the particle size
composition of which has been changed in the inertial filter (dp < 20–35 µm)—is 50% lower
than that of the non-woven fabric on which dust flows directly from the environment
(dp < 80 µm).

The authors of [65] conducted experimental tests of a cylindrical filter cartridge
made of pleated filter paper with a thickness of g = 0.56 mm, operating in the conditions
of one-stage and two-stage filtration. A single axial flow cyclone was used as the first
separation stage. Polydisperse dust with particle size dpmax = 80 µm was used. Working
in the conditions of single-stage separation, dust absorption coefficient of the tested filter
paper, with the resistance value of ∆pw = 5 kPa, reaches following values: km = 278 g/m2

for standard dust and km = 210 g/m2 when the paper element worked as the second
filtration stage.

The above data shows that the dust absorption of the barrier for small grains is much
lower than when the barrier is loaded with large-grained dust particles. When small-sized
dust flows with the air onto the porous barrier (filter paper, non-woven fabric), grains
retained on the fibers form expanding dendrites that fills free spaces (pores) between the
fibers, creating a more compact and thus less permeable structure. Pressure drop increases
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more rapidly as a result of lower air permeability through the dust layer. Therefore, the
filter obtains a ∆pf value much earlier and with a smaller retained dust mass per unit of
filtration area—lower dust absorption coefficient value (km). This phenomenon occurs
during operation of two-stage air filter “multi-cyclone–paper partition”, where large-size
dust grains are retained by the multi-cyclone, and small ones are directed to filtration
partition. Therefore, for the proper design of a two-stage air filter, it is necessary to know
the dust absorption coefficient km of the filter material, determined in the conditions of
two-stage filtration. Coefficient km value is particularly important when forecasting the
distance traveled by the vehicle until the filter reaches the permissible flow resistance
value ∆pfdop. Filter material producers do not provide such data, only providing the
following paper structure parameters: pore size, air permeability, and thickness. There
is no data on filtration properties with dust use, in particular, filter bed dust absorption,
i.e., dust mass per material unit area. Such data can be obtained during numerical tests
as well as experimental material samples. Experimental research is costly and labor
intensive; however, it is the most reliable research method. The problems of small-grain
dust separation in a pleated (non-woven) paper filter, working directly downstream of
an inertia filter, is not sufficiently researched or described in the available literature. In
order to fill the gap in this respect, this paper presents an experimental determination
methodology of the dust absorption coefficient of any filter material operating in a two-
stage system—directly after the inertial filter. The methodology consists in examining
the separation characteristics of any material sample, working directly downstream of a
single cyclone in laboratory conditions, while maintaining the flow conditions of an actual
air filter.

2. Own Experimental Research
2.1. Purpose, Scope, and Research Subject

The aim of the research was to determine and compare separation properties—the
separation efficiency, filtration performance, pressure drop, and dust absorption coeffi-
cient (km)—of three different filter materials formed into a cylindrical cartridge (Figure 2),
working individually (one-stage system) and in series directly after the cyclone (two-stage
system) at the same constant separation speed υF = 0.045 m/s.
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Figure 2. Filter cartridge.

The subjects of the research were filter inserts (Figure 2) of the same type, with the
same dimensions and same separation area (Aw = 0.159 m2), but with different filter
material chemical composition. Filter material A was cellulose. Filter material B was a
composite of cellulose and polyester layer. Filter material C is a composite of cellulose,
polyester, and nanofiber layer.

A—cellulose;
B—cellulose and polyester;
C—cellulose, polyester, and nanofibers.

The characteristic parameters of the tested filter materials are summarized in Table 1.
Filter materials differed in structure parameter values. The parameters of materials B and
C had similar values. Parameters of material A (cellulose) differed significantly from the
other two. The permeability of material A was five times, and the thickness was twice that
of material B and C. There was a nanofiber layer on the inlet side of filter material C.
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Table 1. Tested filtration materials parameters, according to the manufacturer’s data.

Parameters
Filter Paper Identification

A B C

Filtration material Cellulose 90% cellulose
and polyester

Cellulose, polyester,
and nanofibers

Permeability qp [m3/m2/h] at 200 Pa 3015 685 540
Permeability qp [dm3/m2/s] 838 190 150

Grammage gm [g/m2] 121 135 130
Thickness gz [µm] 610 360 300

The test’s scope of filter materials A, B, and C, working in the “cyclone–filter cartridge”
system, without a cyclone, included the determination of the following characteristics, with
a fixed value of the QG stream:

• separation efficiency ϕw = f (km);
• filtration performance dzmax = f (km);
• pressure drop ∆pw = f (km);

where km—dust absorption coefficient, defining the total dust mass (mz), retained
and evenly distributed over 1 m2 of active filter material surface, which is expressed by
the following:

km =
mz

Aw
[g/m2]. (3)

2.2. Research Methodology and Conditions

Tests were carried out on the stand (Figure 3), the versatility of which enables the
procedures of the basic characteristics of individual cyclones, filter cartridges, and charac-
teristics of cartridges working as the second separation stage after a single cyclone. The
cyclone and the filter cartridge located directly behind it form the “filter set”.
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Figure 3. Filter cartridge test stand functional diagram: 1—cyclone; 2—dust collector; 3—dust
dispenser; 4—rotameter; 5—instrument for determining air humidity, ambient temperature, and
pressure; 6—tested filter cartridge; 7—U-type manometer tube; 8—measuring tube; 9—measuring
probe; 10—particle counter; 11—analytical balance; 12 and 13—absolute filter; 14—rotameter; 15—
suction fan.
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The first tested “cyclone–filter cartridge” filter set filtration stage was a through-flow
cyclone made of plastic with the following parameters: internal diameter D = 36 mm; total
length H = 124 mm; outlet pipe internal diameter dw = 23.5 mm; four-blade steering wheel
(Figure 4).
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2.2.1. Preliminary Research

The purpose of appropriate test condition selection of the “filter set” was determined
during the preliminary experimental tests, as follows:

1. Cyclone characteristics in the range of inlet velocity to the cyclone—υ0 = 2–10 m/s—
which corresponds to the exhaust air stream from the cyclone in the range QG = 7.32–
36.62 m3/h (Figure 5).

2. Dust particle size distribution in the air stream before and after the cyclone for the
value of the exhaust air stream from the cyclone QG, at which the cyclone achieves
maximum separation efficiency (Figure 5).
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Figure 5. Continuous cyclone separation characteristics.

Increase in the air stream QG (inlet velocity υ0) caused a slow increase in separation
efficiency. After reaching maximum value of ϕcmax = 90.9% at QG = 27.47 m3/h, it decreased.
Air stream change in the range of QG = 7.32–36.62 m3/h caused a continuous increase in
pressure drop to the value of ∆pc = 638 Pa (Figure 5). Such characteristics, ϕc = f (QG) and
∆pc = f (QG), were consistent with research results provided in the literature [50,54,56,59].

It was assumed that filter materials tests will be carried out for the main stream,
QG = 27.47 m3/h. This is the value at which the cyclone, during preliminary experimental
tests, obtained maximum separation efficiency (Figure 5).

For the assumed air stream value QG = 27.47 m3/h, the separation speed in the tested
cartridge had a value of υFw = 0.045 m/s, so it is within the range of υF = 0.03–0.06 m/s,
which is expected for truck and special vehicle filters.
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Figure 6 shows that dust particle size composition in the air stream flowing from the
cyclone shows significant differences in relation to dust supplied to the cyclone. There was
an increase in the number of dust grains of smaller sizes (below 4 µm) and a decrease in the
number of dust grains with sizes above 4 µm. For example, the share of 2 µm dust grains
in the air behind the cyclone increased from Up1 = 15.8% to Up2 = 23.6%, while the share of
7 µm dust grains in the air behind the cyclone decreased from Up1 = 3.8% to Up2 = 0.75%.
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In the single-stage system, the PTC-D test dust with particle size composition, shown
in line 1 (Figure 6), was dosed directly onto the filter material. In a two-stage system
(cyclone–filter cartridge), dust particles that had not been retained by the cyclone was
supplied to the filter material, and its particle size distribution is shown in line 2 (Figure 6).
The PTC-D test dust, the chemical and fractional composition of which is shown in Figure 7,
is used in Poland as a substitute for AC fine test dust.
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2.2.2. Basic Research Methodology and Conditions

Tests were carried out with the assumed dust concentration in the air at the inlet of
the cyclone s = 1 g/m3 using the PTC-D test dust, which in Poland is a substitute for the
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AC fine test dust, whose chemical and fractional composition is shown in Figure 7. During
filter material tests without the cyclone, the dust concentration used was s = 0.5 g/m3.

Test dust was delivered from a vibrating feeder to the dust chamber using a com-
pressed air stream, where it was mixed with inlet air stream Q0. From the dust chamber,
the polluted air was sucked into the cyclone.

Dust separated by the cyclone settled in the dust collector, from which it was removed
on an ongoing basis by means of the QS suction stream, the value of which was determined
from the following dependence, for the assumed extraction rate m0 = 15%:

QS = QG × m0. (4)

Assumed value m0 = 15% results from the fact that the increase in the suction rate
m0 causes, with a constant air stream (QG), an intensive increase in cyclone separation
efficiency, but only up to a certain value (m0 = 12–18%) [66,67]. With a further increase
in m0, the increase in cyclone separation efficiency was not so intense, but there was a
significant increase in cyclone flow resistance resulting from the increasing flow velocity.

Dust that hasd not been separated by the cyclone was directed, along with the main
air stream (QG), to the tested filter cartridge. Directly behind the cartridge there was a
measuring line, to which the end of the U-tube water pressure gauge line was connected,
used to measure the filter cartridge pressure drop (∆pw). The measuring cable ends with
a filter that protects the rotameter against dust getting into it, and at the same time is a
measuring filter used to collect the mAG dust mass passed through the test filter cartridge
and, consequently, to determine cartridge separation efficiency ϕw.

A dust probe tip was mounted centrally in the axis at a distance of 6dw (where dw is
internal test tube diameter) behind tested filter cartridge. As soon as measurement was
started, air and dust were sucked into the Pamas 2132 particle counter. The particle counter
sensor registered the number and size of dust grains in the air stream (QG) behind the
tested filter cartridge. Particle analysis was carried out in the range of zakresie 0.7–100 µm
in i = 32 measuring intervals, which were limited by diameters (dpimin–dpimax).

Before starting filter inserts tests with test dust use, their flow characteristics were
performed ∆pw = f (QG) in the air stream range QG = 7.32–36.6 m3/h.

Cartridges filtering characteristics—separation efficiency ϕw = f (km) and filtration
performance dpmax = f (km)—were determined indirectly using the gravimetric method. For
air stream QG = 27.47 m3/h, dust mass retained on the tested filter element mFz, the absolute
filter mA, and dust mass dosed into the mD system in successive measurement cycles (j)
with a specific duration (τp) were determined. Measurement duration was determined
as τp = 120 s in the initial period (I) and τp = 240–480 s in the second (II) period of filter
cartridges operation. Dust mass retained on tested filter cartridge, the absolute filter, and
the dosed mass were determined with an analytical balance with a measuring range of
220 g and an accuracy of 0.1 mg.

During the measurement cycle (60 s before scheduled end of measurement), the
procedure for measuring the number and dust grains size in the air after the filter cartridge
was started in the particle counter.

At the end of each measurement cycle (j), measurements were made in quantities
that allowed filter cartridge operating parameters calculation: dust absorption coefficient,
filtration efficiency and accuracy, and flow resistance.

1. Filter cartridge pressure drop (∆pfj) was determined as the drop in static pressure
before and after the filter on the basis of the measured (after the end of dust dosing)
height (∆hmj) on a U-tube water manometer.

2. Filter element separation efficiency was determined as the quotient of dust mass
(mFzj) retained by the filter element and dust mass (mFdj) supplied to the filter element
during the next measurement cycle j based on the following:

ϕj =
mFzj

mFdj
=

mFzj

mFzj + mAj
100%. (5)
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3. Dust absorption coefficient (kmj) of tested filter material was determined from the following:

kmj =
∑n

j=1 mFzj

Aw
[g/m2]. (6)

4. Dust grains number (Nzi) in the air stream after the filter (passed through the filter
material) was determined in measuring intervals limited by diameters (dpimin–dpimax).

5. Filtration performance was defined as the largest dust grain size (dpj = dpmax) in the
air stream after the filter.

6. The percentage of individual dust grains fractions in the air after the filter for a given
test cycle was calculated from the following:

Uzi=
Nzi
Nz

=
Nzi

∑32
i=1 Nzi

100%, (7)

where Nz = ∑32
i=1 Nzi—total dust grains number passed through the filter (from all mea-

surement intervals) in the test cycle.
According to the above methodology, the following separation characteristics were

determined: separation efficiency ϕw = f (km), filtration performance dzmax = f (km), and
pressure drop ∆pw = f (km) of A, B, and C filter elements, operating in a single and two-stage
system. Tests were carried out until the filter cartridge reached the assumed permissible
resistance value ∆pfdop = 2.5 kPa.

2.3. Filter Materials Test Results Analysis
2.3.1. Research Results Analysis on Filter Materials Flow Characteristics

Flow characteristics testing results (∆pw = f (Qw)) of cartridges with different types of
filter materials are shown in Figure 8. With the increase in air stream, parabolic increase in
pressure drop of the filter cartridges occurs, which is consistent with the literature.
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testing with test dust.

The C cartridge with a three-layer (cellulose–polyester–nanofibers) filter material
obtained the highest pressure drop value in the entire air stream range. Cellulose fil-
ter medium is characterized by the lowest pressure drop, which results from its high
permeability in relation to other materials.
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2.3.2. Test Results Analysis of Filter Material A (Cellulose)

Figure 9 shows, the dust absorption coefficient (km) function characteristics, includ-
ing filtration efficiency (ϕw= f (km)), flow resistance (∆pw = f (km)), and filtration accuracy
(dzmax = f (km)) were obtained during filter material A tests (cellulose). Two variants of
filter element operation A were tested: in a single-stage system (without cyclone) and in a
two-stage system, as the second stage of filtration (after passing through the cyclone).
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stage system.

Obtained characteristics differ significantly in terms of the course and values. Due
to the achieved separation efficiency values, tested cartridge working time can be conven-
tionally divided into two periods. The first period (initial filtration) is characterized by
small separation efficiency values, which systematically increase (sometimes very rapidly)
with the amount of dust mass retained by filtration bed, and thus with an increase in
dust absorption coefficient (km). Figure 9 shows that first conventional filtration period
(initial period) lasts from filtration process start until cartridge filtration material obtains
a predetermined filtration efficiency value. In the case of the research conducted, both
period separation zones were assumed at the moment of obtaining separation efficiency of
ϕ = 99.5% by the inserts. After the first measurement cycle, the effectiveness of A cartridge
(cellulose) working without a cyclone reaches value of ϕw = 93.9%, and when working
with a cyclone, cartridge efficiency is much lower and amounts to ϕwc = 53.6%—Figure 9.
Lower initial separation filtration of cartridge A working after the cyclone is due to the
fact that in the air stream flowing from the cyclone (flowing to filter bed of the cartridge)
dust grains number of smaller sizes (below 4 mm) is much larger (Figure 6) than in the
dust dosed directly on the filter cartridge. Efficiency of retaining dust grains is mainly
determined by inertial and direct hooking mechanisms, the importance of which is smaller
for small grains.

The initial filtration period of filter element A operating in a two-stage system is char-
acterized by a rapid increase in separation efficiency and a rapid decrease in dust grains
size (dpmax) (from 40 µm to 6 µm) in the QG outlet stream and lasts until the km = 11.9 g/m2

coefficient is reached (Figure 9). Initial filtration period of the A element operating in
a single-stage system lasts four times longer, which results from lower separation effi-
ciency intensity increase and ends when filter material reaches dust absorption coefficient
km = 49.2 g/m2. At this time, under conditions of the actual engine operation, a consider-
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able dust mass with large grain sizes of 12.5–35 µm gets along with inlet air. Long duration
of the initial period under the actual operation conditions of the filter has an adverse effect
on the accelerated engine components wear.

Small-sized dust particles quickly form dendrites on the fibers, which fill free spaces
(pores) in the fibrous bed. For this reason, filter element working after cyclone reaches
determined separation efficiency value faster than ϕ = 99.5%. From that moment, con-
ventional period of basic filtration begins, which is characterized by separation efficiency
stabilization at the level of ϕ = 99.5–99.98% (Figure 9).

After first measurement cycle, there are dust grains with the maximum dimensions of
dpmax = 40 µm in the air behind the A filter cartridge, tested in the cyclone unit (Figure 9).
For the test element without a cyclone, the grain size dpmax = 35 µm. However, along with
dust absorption coefficient increase (km), the grain diameters of dzmax assume smaller and
smaller values. They faster decrease in diameter occurs for contribution tested in set with a
cyclone (Figure 9). After reaching coefficient km = 11.9 g/m2, grain size stabilizes at the
level of dpmax = 2–4 µm (Figure 9). For the A paper insert working without a cyclone, dust
grain size stabilization occurs after a longer period, after reaching km = 49.2 g/m2, and at
a higher level of dpmax = 5–12.5 µm. In real operation conditions, this undoubtedly has a
large impact on increased engine components wear.

At the same time, along with separation efficiency increase, the decrease in total
number Nzp of dust grains in the air behind filter element was recorded in each subsequent
measurement cycle—Figure 10. Number of dust particles Nzj for subsequent measurement
cycles (for different dust absorption coefficient values km) in the outlet stream from filter
cartridge A (cellulose) working in the “cyclone–cartridge” set is shown in Figure 10, and
for cartridge without cyclone is shown in Figure 11. There is a clear relationship between
the grain size dp and their Nz number. As dust grains size increases, their number decreases
until they disappear completely. Grains (or a single grain) in the last dimensional range
have the largest size dp = dpmax (Figure 10). It was assumed that dust grain with the largest
size (dpmax) in exhaust air stream from test filter cartridge expresses filtration performance
of filter material in the next measuring cycle (j). Additionally, for comparison, a number of
test dust grains corresponding to the individual size ranges are shown, in a cyclone inlet
stream (line 1) and in a cyclone outlet stream–inlet to filter cartridge (line 2—Figure 10).
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Figure 10. Dust grains number in inlet stream to the cyclone (1), outlet stream from the cyclone (2),
and outlet stream from the filter element (3) in individual size ranges for different values of dust ab-
sorption coefficient (km) during filter element A tests (cellulose) in set operation “cyclone–cartridge”.
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Figure 11. Dust grains number in inlet stream to cyclone (1) and outlet stream from filter element (3)
in individual size ranges for different dust absorption coefficient (km) values during filter element A
tests (cellulose) working without cyclone.

Dust grains number Nz in the exhaust air stream QG from filtering cartridge A, which
decreases with each measurement, causes a change in dust particle size distribution in
individual size ranges. Figure 11 shows dust grains particle size composition in the QG
stream downstream of filter element for subsequent measurements (different km coefficient
values), which were compared with dust particle size composition in cyclone inlet stream,
which is test dust.

Numerical fractions of Up dust grains in the outlet stream from filter cartridge take
larger and larger values for increasingly larger grain sizes, followed by their decrease.
This changes nature in numerical shares of Up is similar to particle size composition
of dust dosed into the cyclone—test dust (Figure 12). Maximum test dust grains num-
ber is Upmax = 15.8% for dust grains with size dp = 2 µm. For the first measurement
(km = 0.506 g/m2), maximum dust grains share in the air behind filter element takes greater
value, Upmax = 23.1%. In subsequent measurements, maximum particle size assumes ever
greater values, but for ever smaller dust particles. For km = 9.85 g/m2 (measurement no. 25),
numerical dust grains share has value Upmax = 34.5% for dp = 1 µm. In last measurement
(km = 99.5 g/m2), maximum dust grains number Upmax = 44.9% occurs for dp = 0.7 µm,
while dust grains share above dp = 2 µm is only Up = 1.1%.

The above phenomenon is caused by the fact that tested filter bed (A—cellulose) is
characterized by high permeability. In initial filtration period, mainly larger dust grains are
retained. However, as dust accumulates in filter bed, voids (pores) fill up in it.

Along with the increase in dust mass retained by the filter material (increase in dust
absorption coefficient km), pressure drop ∆p of tested filter inserts is systematically growing
all the time. This is due to the dendrites formed on the fibers and growing to large sizes,
which fill free spaces between the fibers.

The expanding dendrites formed on the fibers resembled trees. The farthest particles
are exposed, to a large extent, to air flow, thus causing greater pressure drops. Dust
particles, which are stopped by inertial mechanism, are deposited on fiber front surface
and form tightly packed sediments. In this case, fewer particles are exposed to flowing
stream and resulting pressure drop is lower. In addition, small-sized particles adhere more
closely to each other and are more flow-blocking than larger-sized particles because they
have larger area to volume ratio ag. Consequently, they achieve greater pressure drop per
unit volume/molecules mass.



Materials 2021, 14, 7149 17 of 25

Materials 2021, 14, x FOR PEER REVIEW  17  of  26 
 

 

This changes nature in numerical shares of Up is similar to particle size composition of 

dust dosed into the cyclone—test dust (Figure 12). Maximum test dust grains number is 

Upmax = 15.8% for dust grains with size dp = 2 μm. For the first measurement (km = 0.506 

g/m2), maximum dust grains share  in  the air behind  filter element  takes greater value, 

Upmax = 23.1%. In subsequent measurements, maximum particle size assumes ever greater 

values, but for ever smaller dust particles. For km = 9.85 g/m2 (measurement no. 25), nu‐

merical dust grains share has value Upmax = 34.5% for dp = 1 μm. In last measurement (km = 

99.5 g/m2), maximum dust grains number Upmax = 44.9% occurs for dp = 0.7 μm, while dust 

grains share above dp = 2 μm is only Up = 1.1%. 

 

Figure 12. Dust grains particle size distribution in QG stream downstream of the filter element in 

individual size ranges for different km coefficient values. 

The above phenomenon is caused by the fact that tested filter bed (A—cellulose) is 

characterized by high permeability. In initial filtration period, mainly larger dust grains 

are retained. However, as dust accumulates in filter bed, voids (pores) fill up in it. 

Along with the increase in dust mass retained by the filter material (increase in dust 

absorption coefficient km), pressure drop Δp of tested filter inserts is systematically grow‐

ing all the time. This is due to the dendrites formed on the fibers and growing to large 

sizes, which fill free spaces between the fibers. 

The expanding dendrites formed on the fibers resembled trees. The farthest particles 

are exposed, to a large extent, to air flow, thus causing greater pressure drops. Dust par‐

ticles, which are stopped by inertial mechanism, are deposited on fiber front surface and 

form tightly packed sediments. In this case, fewer particles are exposed to flowing stream 

and  resulting  pressure  drop  is  lower.  In  addition,  small‐sized  particles  adhere more 

closely to each other and are more flow‐blocking than larger‐sized particles because they 

have larger area to volume ratio ag. Consequently, they achieve greater pressure drop per 

unit volume/molecules mass. 

As a result of this, aerosol flows through narrow slots with increased velocity, which 

is direct cause of pressure drop increase. Expanding dendrites cause retention of smaller 

and smaller dust grains, which should be explained by continuous increase in separation 

efficiency and performance. 

Increase in cartridge pressure drop, operating in a two‐stage system (cyclone‐filter 

cartridge), is more intense, despite smaller dust mass retained by the bed. This is because 

small‐sized dust particles form dendrites on the fibers that grow faster when bed is loaded 

with smaller particles. Small‐sized dust grains, the number of which is much greater when 

cartridge is operated with a cyclone, penetrate into filter paper structure much more easily 

Figure 12. Dust grains particle size distribution in QG stream downstream of the filter element in
individual size ranges for different km coefficient values.

As a result of this, aerosol flows through narrow slots with increased velocity, which
is direct cause of pressure drop increase. Expanding dendrites cause retention of smaller
and smaller dust grains, which should be explained by continuous increase in separation
efficiency and performance.

Increase in cartridge pressure drop, operating in a two-stage system (cyclone-filter
cartridge), is more intense, despite smaller dust mass retained by the bed. This is because
small-sized dust particles form dendrites on the fibers that grow faster when bed is loaded
with smaller particles. Small-sized dust grains, the number of which is much greater when
cartridge is operated with a cyclone, penetrate into filter paper structure much more easily
and fill it more tightly compared with grains with larger diameters. Free spaces created
between the anchored dust particles of small sizes are much smaller than in case of large
dust particles, which makes aerosol flow velocity through them higher, and thus pressure
drop increases.

Mineral dust grains have irregular, lumped shapes. Therefore, for simplicity, during
theoretical considerations, equivalent grain diameters are assumed. Most often, it is grain
diameter, which is shaped like a sphere. Figure 13 shows a section of deposit model in cube
form with a side (d) made of regularly arranged spheres, where d is also sphere diameter.
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For the model shown in Figure 12, space volume (V1) between spherical parti-
cles equals cube volume (V) minus volume V2, occupied by particles according to the
following equations:

V1 = V − V2 (8)

V1 = d3 −
(

4
3
π(

d
2
)3
)

(9)

V1 = d3
(

1 − π

6

)
. (10)

Presented Equation (10) shows that space volume V1 between spherical dust grains
depends only on grain diameter (d) in the third power. After combining successive volumes
V1 between the particles, a channel is obtained, with an assumed diameter (dε), through
which air flows. According to Equation (10), for particles with smaller diameters (d), space
volume between particles (V1) assumes smaller and smaller values. For a bed composed of
particles with equivalent diameter of d = 80 µm, space volume (V1) takes value, as follows:

V1(80) = 803
(

1 − π

6

)
V1(80) = 244,053 µm3.

Accordingly, space volume (V1) between particles with equivalent diameter d = 40 µm
(50% smaller) has value V1(40) = 30,506 µm3, and thus is 8 times smaller. For the diameter
of d = 8 µm, space volume V1(8) is 1000 times smaller, and for d = 2 µm, V1(2) is 64,000
times smaller.

For the same air stream value Q (separation velocity υF), flowing through the filter
bed made of particles with smaller diameters, the actual velocity (υε) in the channels
between the particles assumes higher and higher values. Therefore, pressure drop (∆p) of
the filter bed loaded with small-diameter dust particles will assume even greater values in
accordance with modified Darcy Weisbach formula.

∆p = λ(Re)
gw

dε

ρ

2
υ2

ε , (11)

where ρ—fluid density; λ—friction coefficient; gw—filter bed thickness; dε—conventional
channels diameter formed by particles; υε—actual velocity in channels between particles.

Moreover, small-sized dust grains have a higher surface to volume ratio. Therefore,
they get a greater pressure drop per unit volume–particles mass. Spherical particle ratio
surface (Ac) to its volume (Vc) expresses the following relationship:

ag =
Ac

Vc
=

6
d

(12)

For example, for particles with an equivalent diameter: dz = 0.7, 1.0, 2.0, 10, 20,
50, 80 µm, the particle surface area to volume ratios are: ag = 8.57, 6, 3, 0.6, 0.3, 0.12,
0.075, respectively.

Conducted experimental studies results (Figure 9) showing a faster increase in pres-
sure drop of fibrous filters for small particles confirm model test results obtained by the
authors [62,64,65,68–70]. During model tests of the filtration process in the bed, two test
dusts were used—monodisperse and polydisperse dust—with grain diameters from 1 µm
to 10 µm.

Test results presented in Figure 9 clearly prove that filter cartridge (A—cellulose)
working in series behind the cyclone is characterized by over three times lower dust
absorption than the same cartridge traditionally operating in a single-stage system. This
has a decisive impact on reaching speed limit resistance, and thus on vehicle’s mileage.
Reaching permissible resistance by the filter is a condition for its maintenance—filter
cartridge replacement. Although the filter element working in cyclone unit is characterized
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by lower absorption capacity, the working time of “multicyclone–element” filtration unit
until a permissible resistance is reached is much longer than that of same single element
working, which is main advantage of two-stage filtration.

Figure 14 shows the following characteristics: separation efficiency ϕw= f (mD), pres-
sure drop ∆pw = f (mD), and filtration performance dpmax = f (mD), as dust mass function mD
is supplied to the filter element A, operating in one-stage and two-stage “cyclone–cartridge”
separation system.
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Figure 14. Characteristics: separation efficiency ϕw= f (mD), pressure drop ∆pw = f (mD), filtration
performance dpmax = f (mD) as dust mass function mD supplied to filter element operating in a
single-stage and two-stage system “cyclone–cartridge”.

Presented characteristics show that working time of “cyclone–cartridge” unit reaching
permissible resistance (2.5 kPa) is three times longer than that of the same single working
cartridge. It happens despite the fact that filter element in two-stage system obtains much
lower dust absorption.

When an inertial filter (multi-cyclone) is used as the first filtration stage before the
paper filter cartridge, the vast majority of supplied dust (in case of tested set—about 80%
of dust mass) is retained by the multi-cyclone. Thus, only 20% of dust mass, which was
introduced into the “multicyclone–partition” separation system, goes to filter cartridge.
Cyclones are characterized by the fact that they are able to trap large dust masses from
the stream of flowing aerosol, but with low efficiency and accuracy. Retained dust is
accumulated in settling tank, which must be periodically removed, or it is continuously
removed outside the vehicle by dust extraction system. Therefore, multicyclone pressure
drop (at a constant stream of flowing air) is unchanged, in contrast to barrier filter materials,
where dust mass retention causes an increase in pressure drop.

2.3.3. Test Results Analysis of Filter Material C (Cellulose, Polyester, Nanofiber Layer)

Figures 15 and 16 show characteristics of the following: separation efficiency (ϕw= f (km)),
filtration performance (dpmax = f (km)), and pressure drop (∆pw = f (km)) as a function of
dust absorption coefficient km of filter material C tested in the “set filtration“ as a second
filtration stage downstream of the through-flow cyclone and without the cyclone. Tests
were performed as a function of dust absorption coefficient (km) according to same method-
ology as filter element A tests. Filter material C is a composite of cellulose, polyester, and
nanofibers layer (Table 1).
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Figure 16. Characteristics: separation efficiency ϕw= f (km) and pressure drop ∆pw = f (km) as a
function of dust absorption coefficient km of filter material C working in the “filter set” as the second
filtration stage (after through cyclone) and in a single-stage system—cyclone barrels.

Obtained characteristics show that C filter cartridge operating in “filter set”, as the
second filtration stage after through-cyclone, obtains assumed pressure drop of 2.5 kPa
much faster (three times) than when it works in a single-stage system (without a cyclone). In
case of material C, on filter bed surface there is nanofibers layer on which surface filtration
and faster accumulation of dust layer take place. Permeability of dust layer made of small
dust grains is much lower due to their tight mutual adhesion and easier penetration into
the structure of the filter paper compared with grains with larger diameters. For this reason,
pressure drop increases more intensively, and a set value of 2.5 kPa for the filter cartridge
C, working in a set with a cyclone, reaches a dust absorption coefficient of km = 57.2 g/m2,
and without a cyclone, at km = 160 g/m2. Thus, it confirms results obtained for the filter
element A.
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Maximum dust grains diameters (dpmax) in the air stream downstream of C cartridge
working in “filter set” initially assume considerable dimensions (measurement no. 1
dpmax = 12.5 µm) which results from greater proportion of small-diameter dust grains in
the air, but with the accumulation of dust in the bed, they quickly assume lower and
lower values. After reaching absorption coefficient km = 6.15 g/m2, they are in range
dpmax = 1–3 µm. In the same period, in air stream downstream of the C element working in
a single-stage system (without a cyclone), maximum dust grains diameters dzmax assume
much greater values in the range dpmax = 2–10 µm.

2.3.4. Test Results Comparative Analysis for A, B, and C Filter Materials for Two-Stage Filtration

Figure 17 presents a comparative characteristics analysis: separation efficiency ϕw= f (km),
filtration performance dpmax = f (km), and pressure drop ∆pw = f (km), as a function of dust
absorption coefficient km of filter materials A, B, and C tested in the “filter assembly” as
the second stage of separation downstream of through-cyclone. Characteristics were per-
formed as a function of dust absorption coefficient (km) according to the same methodology,
maintaining same test conditions.
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Figure 17. Characteristics: separation efficiency ϕw= f (km), filtration performance dpmax = f (km) and
pressure drop ∆pw = f (km) as a function of dust absorption coefficient km of filter materials A, B and
C tested in “filtration set” as the second filtration stage after axial flow cyclone.

Presented tested filter materials characteristics A, B, and C (Figure 17) differ in terms
of values, but are similar in terms of their course. These differences result from different
chemical composition of filter material from which the cartridges are made (Table 1). Filter
materials B and C, which are cellulose, polyester, and nanofiber composites, achieve much
earlier assumed separation efficiency of ϕw = 99.5% than filter cartridge made of material
A (cellulose), and thus the initial filtration period of the B and C filter material lasts a much
shorter time. Maximum dust grains diameters in the air stream after the B and C inserts
assume much smaller sizes (dpmax = 25 µm and dpmax = 17.5 µm, respectively) than after the
A insert—dpmax = 50 µm. This makes use of B and C filter materials more favorable in real
engine operating conditions.

As dust mass retained on filter cartridges increases, value and pressure drop intensity
of filter cartridges increase, resulting from different properties of filter materials A, B, and
C (Table 1). The least intense (almost linear) increase in pressure drop was recorded for the
insert A, which obtained determined pressure drop value ∆pw = 2.5 kPa for km = 99.5 g/m2.

The most intense (parabolic)—but only in the first filtration period—increase pressure
drop was recorded for the B element. With particle deposition increase on sample B
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(cellulose and polyester), there is a slow exponential increase in pressure drop, until a linear
trend is reached, the slope of which is the same as pressure drop of linear A trend (cellulose)
and C (cellulose–polyester–nanofibers) cartridge—Figure 16. Determined pressure drop
value ∆pw = 2.5 kPa, the B and C cartridges are achieved with absorption coefficient
km = 57.2 g/m2, which is 50% less than cartridge A. This is due to the fact that cartridges
B and C use composite filter materials, unlike cartridge A, which has a conventional
cellulose bed.

After the first measurement, maximum dust grains diameters in air stream after the B
and C inserts assume much smaller sizes (dpmax = 25 µm and dpmax = 17.5 µm, respectively)
than after the A insert—dpmax = 50 µm. This makes the use of B and C filter materials more
favorable for real engine operating conditions. However, it is related to increased frequency
of filter inserts replacement, resulting from a more intensive increase in pressure drop and
permissible resistance achievement ∆pfdop.

3. Conclusions

This paper presents an experimental filtration properties evaluation—of the separation
efficiency, filtration performance, pressure drop, and dust absorption coefficient (km)—of
three different filter materials, formed into a cylindrical cartridge, which worked individu-
ally (one-stage system) and directly after the axial flow cyclone (two-stage system) with
the same constant separation speed υF = 0.045 m/s. The aim of the study was to compare
the characteristics of several filter media types when loaded with different dust grain size
range and to show that, if dust with small grain sizes flows onto the filter material, it has
an impact on separation process and filter material characteristics. Such a case occurs
when filter element works in a two-stage system of air inlet filtration to the “multi-cyclone–
porous partition” engine. During the experiment, original methodology was used, which
consisted in the fact that filter cartridge material, which worked behind the cyclone, was
filled with dust. It was stripped of large grains, whose grain size composition was changed
and shaped as a result of the actual air filtration process in the cyclone.

Analysis was performed in the context of using research results to design paper
filters partitions for trucks. Air filter selection for a truck engine requires dust absorption
coefficient (km) knowledge of the filter material working directly after the inertial filter as
the second filtration stage.

As a result of the research, the following conclusions were formulated:

1. Filter materials working in the “cyclone–filter cartridge” system achieve an absorption
coefficient 2–4 times lower than the same materials working in a single-stage filtration
system. It is undoubtedly influenced by dust particle size composition (large share of
small dust grains). This is related to a more intensive pressure drop increase and has
a direct impact on filter operation time limited by permissible resistance achievement,
and thus on vehicle mileage.

2. Low (ϕ = 63–92%) tested filter materials A, B, and C efficiency and large (dzmax = 17.5–
50 µm) dust grains presence in purified air in the initial operation period is fibrous
materials characteristic feature which has been demonstrated. In real operating
conditions of air filter and engine, this may have a direct impact on accelerated
engine couplings wear that cooperate in the form of a tray, especially piston–piston
rings–cylinder (P–P–C).

3. Initial filter materials operation period is significantly shortened when they are used
in the “cyclone–filter cartridge” system. Filtration materials, which are cellulose,
polyester, and nanofiber composites, are characterized by an initial filtration time
several times shorter compared with the standard cellulose material.

4. Developed research methodology allows for experimental determination of basic
filter materials characteristics for second air filtration stage with any structure param-
eters and in a wide changes range in filtration conditions corresponding to air filter
operation in dusty conditions.
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5. Research methodology originality lies in the fact that filter material is contaminated
with dust, the chemical and grain composition of which has been changed and shaped
as a result of the actual air filtration process in the cyclone.

6. It has been found that installing a pre-filter (multi-cyclone) before the main filter can
improve entire filtration system performance by extending the main filter’s service
life, despite a decrease in its absorption capacity due to small-sized dust grains inflow.
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