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in a two-stage filter

The destructive effect of mineral dust grains (SiO, and Al,0s) on the accelerated abrasive wear of engine
connections was demonstrated. It was shown that the use of two-stage (multi-cyclone-baffle) air intake filters for
motor vehicle engines used in conditions of high air dustiness is necessary. The aim of the work was
a theoretical and experimental analysis of the properties of paper filters operating in series behind a cyclone
and without a cyclone. An original research methodology was used, which consisted of the simultaneous testing
of a single cyclone and a paper filter with an appropriately selected surface area. The system tests (cyclone-
paper filter) were carried out using conditions that corresponded to the actual filtration conditions in a two-
stage air filter, including the filtration speed in the paper bed, the dust concentration in the air sucked into the
engine, and the average cyclone inlet speed. The basic filtration characteristics of filtration efficiency, accuracy,
and pressure drop of two paper filters were determined as a function of the dust mass fed to the system (cyclone-
paper filter) or directly to the characteristic filter. It was found that the paper filter operating in series behind
the cyclone achieves four times longer operating time, limited by a specific value of permissible resistance. In
the initial (short) filtration period, lower filtration efficiency values were obtained than the required value of
99.5%. On the other hand, dust grains with a maximum size of 13.5 um were found in the air behind the paper
filter. The required filtration accuracy of the engine intake air is in the range of 2—5 um. For this reason, the
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initial air filtration period is an undesirable phenomenon and may cause accelerated engine wear.
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1. Introduction

The basic component of the working medium of an in-
ternal combustion engine is air taken from the atmosphere,
and its quantity is proportional to the power output of the
engine.

The mass of air supplied to an internal combustion en-
gine depends on the displacement Vg of its rotational speed
n and the filling of the cylinder with a fresh charge, and this
depends on the type of engine intake system, in which there
may be a supercharging device.

For passenger car engines, the intake air flow (theoreti-
cally calculated) can be in the range of 150-400 mh.
Truck engines, due to their significantly larger V¢ dis-
placement, achieve higher values (900-2000 m%h) of the
intake air flow. However, the highest values of air demand
(3500-6000 m*h) are achieved by CI engines, which are
the drive unit of special vehicles, and these are tanks, ar-
moured personnel carriers, and special units built on the
chassis of these vehicles.

Various pollutants in the atmospheric air are sucked into
the engine along with the intake air. The main component of
engine intake air pollution is mineral dust. Its source is sandy
and deserted areas and off-road areas, where trucks, special
vehicles, including tracked military vehicles and work ma-
chines are used. Dust is lifted from dry ground by moving
vehicles or by the wind, but after some time it falls by gravi-
ty. The concentration of dust in the air specified in the condi-
tions of vehicle use is particularly high, often exceeding the
value of 1 g/m® and can reach the value of 10 g/m°.

Mineral dust has a specific chemical and granulometric
origin that varies with the type of surrounding soils and loca-
tion. Regardless, silicon oxide (SiO,) and aluminum oxide

(alumina), Al,O3; (about 10-15%), account for the largest
share of dust (about 60-90%). The various oxides found in
dust (Fe,O3 MgO, CaO, K;0, Na,0, SO,) reach trace values
[32]. Silicon oxide, known as silica, is a very common com-
pound in nature. It makes up 12% of the earth's crust and is
also found in minerals where it is in bound form (silicates,
aluminosilicates). Then its content reaches 52% of the earth's
crust. Silica is therefore a major component of sand, rocks,
and soil. The most common varieties of crystalline silica in
the world are quartz and cristobalite.

The chemical composition of dust depends strictly on
the type and condition of the substrate (dry sandy sub-
strate), altitude above the ground, climatic factors, as well
as the type of dust fallout from fires, landfills, forests, peat
bogs, and fallout from industrial dust and dust from volcan-
ic eruptions [62].

The measure of dust content in the air is the concentra-
tion defined as the mass of dust (in grams or milligrams)
contained in 1 m* of atmospheric air. The concentration of
dust in the air is a variable quantity and depends on many
factors: the type of ground (sandy, loess, grassy), vehicle
movement dynamics (speed, single vehicle or convoy), the
presence of other vehicles in the vicinity, weather condi-
tions (rain, drought, wind direction), and the type of chassis
(wheeled, tracked).

The dustiness of the air during vehicle operation varies
with the concentration of dust in the ambient air and de-
pends on the type of soil on the ground, vehicle movement
conditions such as speed, the position of the vehicle in the
convoy, and the type of running gear, as well as the type
and intensity of precipitation. For this reason, the concen-
tration of dust around a moving vehicle varies greatly.
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Airborne dust concentrations can vary from 0.01 mg/m®
in rural environments to approximately 20 g/m® during the
movement of tracked vehicles in desert conditions on dry
ground [54]. The author of [36] states that dust concentra-
tions in the air can range from 0.001 to 10 g/m®. According
to research presented in [49], the maximum concentration
of dust in the air varies widely, from 0.05 to 10 g/m®. When
vehicles are traveling on highways, the dust concentration
can vary within a fairly wide range of 0.0004-0.1 g/m?, and
when a convoy of vehicles is traveling on sandy terrain, the
concentration reaches 0.03-8 g/m® [6]. The author's re-
search [20] shows that the dust concentration in the air
measured behind a column of tracked vehicles reached
a maximum value of 1.17 g/m*. The dust concentration
determined during measurements at a distance of 80 mm
from the surface of the armour of a tracked vehicle used in
sandy terrain at a speed of 14-18 km/h has values in the
range of 2.1-3.8 g/m® [14]. The dust concentration increas-
es with increasing driving speed. During the landing of
a CH-53 helicopter on a landing site with sandy terrain, the
dust concentration in the air at a height of about 0.5 m
above the ground can reach the value of s = 3.33 g/m° [11].
The intake system's combustion engine intake system draws
in air where the dust concentration usually does not exceed
2.5 g/m® [36, 49] when the vehicle travels on sandy ground.

Dust in the atmospheric air limits visibility. Dust con-
tent in the air of 0.6-0.7 g/m?® causes a significant reduction
in visibility, while if the dust content of the air exceeds 1.5
g/m® there is a complete lack of visibility, which is very
dangerous for moving vehicles [56]. Examples of air dust
concentration for various terrain conditions are shown in
Fig. 1.

a)

©)

Fig. 1. Use of vehicles in high air dust levels: a) passenger cars on dirt

roads, b) trucks on construction sites, ¢) working machines during road

construction, d) tanks in desert terrain, €) military vehicles in a column in
sandy terrain, f) helicopter landing in a desert [21]

The density of dust in the air depends on the type of
roads and the conditions of vehicles (Fig. 2).

The highest air dust concentration (over 1,000 times
higher than during vehicle traffic on city streets, highways,
and paved roads) occurs during the use of tracked vehicles
on dry, sandy training grounds. Dust levels are significantly
higher behind a column of tracked vehicles than behind
a column of wheeled vehicles, which is mainly due to the
type of vehicle drive system.
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Fig. 2. Dust concentration in the air depends on the type of substrate [22]

2. The impact of dust on the wear of internal
combustion engine components and its operation

The thickness of the oil film depends proportionally on
the temperature of the oil and the relative velocity of the
mating surfaces, and inversely proportionally on the thrust
force, and therefore on the operating conditions of the en-
gine (speed, load) and on the position of the piston between
BDC and TDC and takes variable values in the range hy, =
0-50 um [17]. When the piston with its rings is at the top of
the cylinder (compression or work stroke) the oil film
reaches its smallest values.

The high temperature of the connection elements causes
a decrease in viscosity and the thickness of the oil film. In
addition, the low relative speed of the piston and rings (at
TDC it has the value of "0"), as well as the high load, re-
duce the thickness of the oil film, which leads to contact of
dust grains (even those of small size) with the surfaces and
their wear. This causes the highest wear of the upper part of
the cylinder and the upper piston rings. Numerous literature
data indicate that dust grains in the range of 1-40 pum are
the main cause of excessive abrasive wear of engine parts
surfaces. However, dust grains in the size range of 5-20 pm
are the most dangerous for two cooperating surfaces and
therefore should be removed from the intake air of engines
[7, 47, 55].

The authors of [42] state that more than 30% of the pol-
lutant mass delivered with the engine intake air stream does
not participate in abrasive wear, but gets into the engine
exhaust system, which causes increased emission of partic-
ulate matter (PM). On the other hand, very small dust
grains can be burned at high temperatures in the cylinder.
Other processes are subject to mineral dust grains, whose
melting point is much lower than the temperature in the
cylinder during combustion (2000-2500°C). The melting
point of polymorphic varieties of SiO, quartz is: tridymite
1470-1710°C, and cristobalite about 1722°C. Grains of
these minerals are melted and, in the form of droplets, enter
the exhaust system, where they are deposited on its compo-
nents. The glassy surface formed on the catalytic layer
weakens the performance of the catalytic reactor [10].

Excessive wear of the P-PR-C assembly causes in-
creased leakage in the supercharged space, which is the
cause of increased blow-by of fresh charge into the crank-
case during the compression stroke. This results in a drop in
compression pressure and thus a drop in engine power.
Leakage of the P-PR-C joint increases blow-by of exhaust
gases into the crankcase, which raises the oil temperature
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and increases the content of contaminants, mainly soot,
accelerating oil aging [39, 64]. Excessive leakage between
the P-PR-C components means a greater flux of oil above
the piston, where it becomes coked up at the high tempera-
tures found in the combustion chamber, which in turn in-
creases particulate emissions [2, 8, 31, 41].

Dust grains contained in the air entering the engine cylin-
ders and, in the oil, have a destructive effect on engine com-
ponents, and their effects are varied and consist of (Fig. 3):

— abrasive wear of P-PR-C components
— abrasive wear of friction-operated components supplied
with lubricating oil: main and connecting rod bearings

(journal-bearing) of the engine crankshaft and camshaft,

valve guide, camshaft cam-valve disc, pin-piston con-

necting rod, and valve seat

— erosive wear of the compressor and turbine

— reduction of heat exchange on the measuring element of
the air flow meter by forming an insulating layer of dust
and other contaminants

— reduction in the effectiveness of catalytic reactors as a
result of molten dust particles settling on the catalytic
surface.
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Fig. 3. Functional diagram of the intake system of a motor vehicle com-
bustion engine and components affected by mineral dust

3. Air filtration systems in internal combustion
engines

In order to ensure the required purity of the inlet air to
the engine (removal of grains above the 2-5 pm range), and
thus minimize excessive abrasive wear of engine compo-
nents, air filters are used as part of the air supply system.

Air filters made of standard fibrous media are selective
in terms of the size of the particles they retain, since not all
particles are retained and collected in the filter bed with the
same efficiency. For example, the authors of papers [60,
51] found a lack of penetration for particles larger than
4 pum during testing, even with new, unloaded filters.

The author of the paper [7] concludes that for all practi-
cal purposes, typical heavy-duty, high-efficiency air filters
are 100% effective for particles larger than 4 to 5 um when
operating properly. These figures, combined with the in-
formation given earlier that particles smaller than 2 um do
not contribute significantly to wear of the engine's P-PR-C
association, constitute the critical particle size range as-

sumed hereafter as 2—5 pm. Particles smaller than this size
range penetrate the filter but do not contribute to wear.
Particles larger than the 2 to 5 pm range can be major con-
tributors to wear, but do not penetrate high efficiency fil-
ters. The author's study of the paper [7] shows that only
14% of the particle mass according to ISO 12103-1, Al
Ultrafine Test Dust is smaller than 2 pum.

Depending on the conditions in which vehicles are used,
and in particular on the value of dust concentration in the
air, their engines are equipped with a single-stage (passen-
ger cars) or two-stage (trucks and special vehicles) air fil-
tration system. The filter element of a single-stage filter is
a rectangular panel made of paper or composite materials
(polyester + glass microfiber + cellulose). The pleating of
the paper provides a large (about 2 m?) filter area in a small
filter body, which allows passenger cars to be used at low
dust concentrations for about 30,000-50,000 km of mile-
age. Filter papers that are less than 1 mm thick have low
dust absorption in the range (200-240 g/m?). Therefore,
they cannot be used as stand-alone air filters for a vehicle
engine operating at high dust concentration in the air.

For example, the air intake of the engine of a tracked
vehicle with a power of 700 kW and a displacement of Vg
=38.8 dm®, which is operated at an average speed of v = 20
km/h on sandy roads at a dust concentration of s = 1 g/m?,
sucks in about 170 kg of mineral dust with the air after
1,000 km. A passenger car engine with a much smaller
displacement (V¢ = 1.5 dm®) is capable of sucking in more
than 0.6 kg of dust with the air if it is used over a 40,000
km mileage on paved roads, where the dust concentration in
the air is only s =5 mg/m?®.

Therefore, air-supply systems for the propulsion engines
of motor vehicles, mainly military vehicles (tanks, wheeled
and tracked transporters) and engineering machinery, are
equipped with filters that can retain significant masses of
dust from the intake air and at the same time ensuring high
filtration efficiency and accuracy. These are filters with
a two-stage filtration system (Fig. 4). The function of the
first stage of filtration is performed by an inert filter, usual-
ly a multicyclone, although monocyclones are popularly
used in truck filters. In series behind the multicyclone,
forming an integral unit, is the second filtration stage for
engine inlet air. This is a cylindrical filter cartridge (baffle
filter) constructed of pleated paper or a component of filter
materials and a surface area so selected that the velocity of
flow through the bed (filtration speed) does not exceed 0.06
m/s. Constructed and operated in this way, the device pri-
marily provides the required 99.9% efficiency and accuracy
of filtration of dust grains above the range of 2—5 um, and
a slow increase in pressure drop, resulting in a long service
life.

A multicyclone is a device built of individual cyclones,
the internal diameters of which do not exceed D = 40 mm.
The cyclones are arranged in parallel next to each other for
short distances. The cyclones are arranged vertically next to
each other at short distances. The cyclone's dust discharge
openings are fixed to a sealed settling tank, and the purified
air outlet tubes are fixed tightly to a plate that is the base of
a rectangular tank, where the second-stage filter cartridge is
located [23, 27, 45, 48].
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outside
g, <100ym|

Q, - air inlet stream to filter (contaminated)
Oy - air outlet stream from the filter (cleaned)
O; - suction stream

Fig. 4. Air filtration systems in a two-stage filter: a) multicyclone built of
return cyclones with tangential inlet — porous baffle), b) multicyclone built
of through cyclones — porous baffle

The number of cyclones in a multicyclone is from sev-
eral dozen to several hundred. The multicyclone of the PT-
91 tank air filter contains 108 return cyclones with a tan-
gential inlet, and the multicyclone of the Leopard tank filter
contains 288 through-flow cyclones with an axial inlet. The
types of cyclones used for filtering the intake air of motor
vehicle engines are shown in Fig. 5.

a) b) 0)

O( Outer downward spiral

Inner upward spiral

O‘ Inner downward spiral

Fig. 5. Types of cyclones used for intake air filtration in motor vehicles: a)
reverse cyclone with tangential inlet, b) reverse cyclone with axial inlet, c)
axial flow cyclone

= Inlet air flow rate
=> Outlet air flow rate
—=p> Exhaust air flow rate
---3 Dust

The second stage of filtration is a cylindrical filter car-
tridge made of pleated filter paper, a cheap and easy-to-
process material, which is arranged in series behind the
multicyclone.

The disadvantage of paper filter beds is their low initial
filtration efficiency and high pressure drop, with a small
mass of dust retained by the filter bed. For this reason, filter
media manufacturers use composite beds made of synthetic
layers and a layer of nanofibers.

A layer of nanofibers with a thickness of 1-5 pm and
fibre diameters of 300-800 nm [15, 29, 33] is applied to
a standard filter bed made of fibres with diameters of 10-15
pm, which improves the filtration efficiency of dust parti-
cles smaller than 5 um in the air sucked into the engine.
Examples of the design of pleated paper filter cartridges
shaped into cylinders having an elliptical or circular cross-

section suitable as a second filtration stage behind a multi-
cyclone are shown in Fig. 6.

Fig. 6. Examples of designs of filter cartridges of two-stage filter

4. Air filtration process in a two-stage filter

4.1. Introduction

The essence of a two-stage filter (multicyclone-paper
cartridge) is to combine the operation of two devices, where
different air filtration processes take place. A multicyclone
is a device that uses centrifugal force to separate solids or
liquids from gas. Therefore, in a multicyclone, at a specific
flow rate, only large particles (above 15-35 um) and heavy
particles will be separated from the air. Multicyclones are
characterized by the ability to remove large air streams for
an unlimited time without the need to handle significant
amounts of dust, with an efficiency of 85-90%. As a result,
only a small portion of the dust mass that was in the air
sucked in from the environment flows into the filter car-
tridge located behind the multicyclone.

The return cyclone with tangential inlet is made of
a body consisting of a cylindrical part with a diameter D
and a part in the shape of an inverted cone, the smaller
diameter of which is tightly connected to the dust settling
chamber, where the pollutants separated in the cyclone are
stored (Fig. 7). The upper part of the cylindrical body is the
place of the tangentially attached inlet nozzle, which usual-
ly has a rectangular cross-section with sides “a” and “b”.

D
yy

4 D — internal diameter of cylindrical part

MN"—— _b H-—height of cyclone

L H: — height of cylindrical part

h a  h—depth of insertion of outlet pipe

H dw — diameter of outlet pipe

4 d. — diameter of the dust discharge opening
Ao — cross-sectional area of inlet stub
Aw — cross-sectional area of the outlet stub
a — height of inlet opening
b — width of inlet opening

de

Fig. 7. Typical dimensions of a reverse cyclone with tangential inlet

The inlet pipe is positioned in relation to the cylindrical
part of the cyclone so that its axis is usually perpendicular
to the main axis of the cyclone, although there are cyclones
with an inclined inlet pipe. The cylindrical part of the cy-
clone is covered tightly from the top with a circular cover,
in the center of which, centrally in the vertical axis of the
cyclone, is fixed tightly a cylindrical outlet tube usually
with a diameter of 0.5D.

4.2. Air filtration in a multicyclone
The process of cleaning gases from solid particles car-
ried out in a cyclone consists in introducing a stream of

90

COMBUSTION ENGINES, 2025;203(4)



Analysis of the filtration process of inlet air to an internal combustion engine in a two-stage filter

contaminated gas into a rotating motion, followed by
a change in the direction of the flow of the stream of con-
taminated air, which causes that solid particles of larger
size and mass, due to their inertia, tend to follow the origi-
nal direction of movement and are separated from the air,
and then collect in a special settling tank, while the cleaned
air together with particles of lower density or smaller size
pass further. The idea of cleaning gases in a cyclone was
patented by Knickerbocker Co. Jackson, USA in 1886 [61].
The design of the cyclone is very simple, but the process of
aerosol filtration in the cyclone is very complicated, diffi-
cult to describe mathematically, which is mainly due to the
complex vortex motion of the aerosol stream, first the
screw motion of the gas (external vortex) together with the
dust downwards (Fig. 8), and then the screw motion of the
gas upwards (internal vortex), to the cyclone outlet [17].

Considering the movement of a dust grain in a cyclone
in a plane perpendicular to the cyclone axis, it can be seen
(Fig. 8) that two opposing forces act on the grain: the iner-
tial force Fg and the aerodynamic force Fg. After several
rotations, the particle meets the cyclone wall, which signifi-
cantly reduces its speed. Then the particle, driven mainly by
the spiral air flow, rotates along the cyclone wall and moves
into the collection chamber. The effect of gravity on the
particle is of little importance.

a) b)

Fig. 8. Simplified model of aerosol flow in a reverse cyclone: a) vortex
system, b) force system: a) vortex system, b) force system: A — cross-
sectional area of inlet tube, r,, — radius of outlet pipe, r, — radius of cylin-
drical part, vo — cyclone inlet velocity, v, — radial component of gas veloci-
ty in the cyclone, v, — tangential component of gas velocity. us — tangential
component of grain velocity, u, — radial component of grain velocity

The air stream is set in rotational motion in a reverse
flow cyclone by feeding it tangentially into the cylindrical
part of the cyclone through a special nozzle (Fig. 3a) or by
flowing through stationary, obliquely positioned deflectors
mounted between the inner wall of the cylindrical part and
the outlet pipe (Fig. 8b). The dust separated in the cyclone
is directed to the settling tank, which is tightly attached to
the dust removal opening located in the lower part of the
cyclone.

Excessive dust accumulation in the cyclone settling
chamber is not recommended, as it may be re-sucked
through the opening in the cyclone bottom. This situation
may occur during vehicle shocks or sudden changes in the
air flow through the cyclones, which result from rapid
changes in engine speed when used on uneven terrain. En-

trainment of dust from the settling chamber by the air flow
rotating towards the outlet pipe results in a decrease in the
cyclone filtration efficiency. To prevent this phenomenon,
continuous dust removal from the settling chamber is used,
using an additional air flow (Qs suction flow), which is part
of the cyclone inlet flow.

The main air stream, after being freed from dust parti-
cles of larger size and mass and flowing to the lowest zone
of the cyclone, abruptly changes the direction of flow by
180 degrees, followed by a helical motion (internal vortex)
flow back upward. The air stream moves upward along the
cyclone’s central axis and then leaves the cyclone through
the outlet pipe while still performing a helical motion and
lifting smaller dust particles with it. During the outflow of
the air stream through the outlet tube, there are significant
pressure losses, which, according to the authors of works
[44, 50], reach up to 50-80% of the total pressure drop in
the cyclone. Tangential inlet returns cyclones achieve
a pressure drop in the range of 2-3 kPa, which is their main
disadvantage. In comparison, the pressure drop of axial
cyclones is much lower, reaching values of 0.5-0.7 kPa.
The high pressure drop in the air supply system caused by
the air filter has an adverse effect on filling the engine with
fresh air, resulting in a decrease in torque and power. It can
also cause excessive emissions of toxic components in the
exhaust gas.

The movement of dust particles in a cyclone is usually
considered only in the plane perpendicular to the cyclone
axis. In this case, two forces act on the dust particle: the
inertial force Fg and the aerodynamic drag force Fg (Fig. 8).
Other forces also act on the dust particle in the cyclone, but
their influence on the trajectory is negligible. Dust particles
move along a trajectory whose shape depends on the mutual
relationship between the values of Fg and Fg. In turn, the
value of both forces depends on the size, shape, and materi-
al of the dust particle, as well as the type of gas flowing
through the cyclone. Dust particles that have been given a
spinning motion obtain the centrifugal force described by
the relation:

m,uZ

FB:—'pg 1)

r

where: m, — mass of the dust particle, us — tangential com-
ponent of the particle velocity approximately equal to the
tangential component of the gas velocity vs at this point, r —
distance of the dust particle from the axis of rotation.

This force causes the particle to move towards the cy-
clone wall at a speed u,. This movement is counteracted by
the medium resistance force Fg, determined by the relation-
ship:

2
FR=A Ay pg @

where: A, — projection area of the grain (area of the grain
projected onto a plane) in the direction of its movement,
ur — component of the radial movement of the grain, py —
gas density, A — friction coefficient depending on the shape
of the grain and the Reynolds number

It is assumed that dust particles with diameters smaller
than a certain dimension dpg, defined as the limiting parti-
cle diameter, for which the condition Fg < Fr applies, will
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enter the cyclone and be carried by the internal air vortex
towards the cyclone outlet pipe. On the other hand, dust
particles with diameters greater than the dpg dimension, for
which Fg > Fg, will move along a spiral line and be directed
towards the cyclone wall, and thus be separated. The bal-
ance equation of forces acting on single dust grains is ex-
pressed by the relationship [16].

du
m, —F = Fr + Fg + Fg + Fyu + Fc (3)

Fm — Magnus force (created by the rotation of particles in
the flow field), Fc — force created between dust particles
and the inner wall of the cyclone, as well as the force gen-
erated as a result of collisions between dust particles, Fg —
gravitational force.

It follows from the relationship (1) that the smaller the
distance of the dust grain from the axis of rotation r (small-
er diameter D of the cylindrical part of the cyclone), the
greater the inertia force at the same cyclone inlet velocity
Lo and the same dust particle mass. This results in increased
efficiency and accuracy of air filtration in the cyclone. For
this reason, in practice, sets of cyclones with small diame-
ters (multicyclones) are used instead of one cyclone with
a large diameter. In the air-supply systems of internal com-
bustion engines of motor vehicles, for air pre-filtration, are
used assemblies of 100-300 return or through cyclones, the
internal diameter of which does not usually exceed D = 40
mm. The ends of the cyclones are mounted in common
lower and upper plates, which allows for the supply of
aerosol through a common pipe from the place with the
lowest dust concentration. Aerosol suction by individual
cyclones can also be carried out directly from the environ-
ment. Figure 9 shows a two-stage air filter for a tracked
vehicle engine, where the multicyclone is constructed of
return cyclones with a tangential inlet.

a) b)

Fig. 9. Two-stage air filtration system for a tracked vehicle engine: 1 —

multicyclone (return cyclones with tangential inlet), 2 — dust tank, 3, 4 —

top and bottom plate fixing cyclones, 5 — paper filters of the second stage
of filtration

4.3. Air filtration in a porous partition

In a porous partition, where the filter bed is made of
densely packed fibres, dust particles are retained by indi-
vidual fibres as a result of the simultaneous action of sever-
al filtration mechanisms: interception, inertial, diffusion,
gravitational settling, and sieving [38, 70] (Fig. 10).

The interception mechanism occurs when a dust particle
moving along the air stream line, flowing around the bed
fibre, approaches the fibre to a distance equal to its radius
and comes into physical contact with it. The inertial mech-
anism occurs when a heavy particle cannot adapt to sudden
changes in the direction of the air stream near the fibre and,

due to inertia, continues to move along its original path and
then comes into contact with the fibre, where it is retained.
The inertial mechanism is more effective at high particle
inflow velocities [70]. The diffusion mechanism exists in
laminar flow when particles do not move near the fibre
along the streamline, but perform random Brownian mo-
tion, moving in directions transverse to the direction of
aerosol flow, colliding with fibres and settling there. The
smaller the particle size (< 0.1 um) and their velocity, the
more intensely they fall out of the stream line and the great-
er the likelihood of their deposition on the fibre surface.

The gravitational mechanism exists as a result of the
retention of large and heavy particles with a free fall veloci-
ty. It is particularly important in vertical flow through the
filter bed. The gravitational mechanism is significant for
particles with a diameter greater than 1 um flowing through
the filter bed at a velocity greater than 0.05 m/s. The effect
of gravity is negligible for particles smaller than 0.5 pm [5].

The total separation efficiency of the bed results from
the combined effect of all filtration mechanisms. Figure 10
shows that the efficiency of the capture mechanism and the
inertial mechanism increases with the size of dust grains
above 0.1 um [5]. A similar nature of the increase in filtra-
tion efficiency, but dust grains above 1 pm is presented by
the sieve mechanism. In contrast, the efficiency of the dif-
fusion mechanism has the opposite effect to the previous
mechanisms. Its value decreases with increasing dust
grains. For small dust grains (less than 0.1 um), the effi-
ciency resulting from the inertial mechanism is the highest.
Therefore, the total filtration efficiency assumes a charac-
teristic minimum in the graph (Fig. 10), from which it fol-
lows that dust particles in the range of 0.08-0.3 um are
retained by the filtration mechanisms with lower efficiency
[3, 70].

a) b)

Combined efficiency

fi - Diffusion  *

Separation efficiency ¢ [%]
a
S

0.01 0.1 1 10
Particle diameter dp [pm]

Gravitation

Fig. 10. Model of particle retention in a porous partition. (a) operation of
filtration mechanisms on a single fibre: (b) total efficiency of filtration
mechanisms [38]

The result of the filtration mechanisms in the filter bed
is the retention of dust particles on the surface of the fibres
of the porous structure and on previously deposited parti-
cles. This creates complex dendritic structures (agglomer-
ates) that slowly grow and fill the free spaces between the
fibres (Fig. 11). The filter cartridge made of pleated paper
is characterized by high filtration efficiency (99.5-99.9%)
and accuracy above 2-5 um. The disadvantage of filter
papers is their low dust absorption capacity (in the range of
220-250 g/m?). This is due to the structure of the filter bed
and its small thickness, which does not exceed g, = 0.6-0.9
mm. The accumulation of dust on the fibres of the porous
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partition causes the free spaces between the fibres to fill up
(Fig. 11), which reduces the space for air flow and results in
a continuous increase in pressure drop Aps, which, after
some time, can reach significant values.

a) b) ©)

Fig. 11. View of accumulated dust particles (agglomerates) on the fibers of

the filter bed: a) scheme of layer formation, b) SEM image of agglomer-

ates formed on the fiber, ¢) SEM image of the bed of micron-sized alumi-
num oxide aerosol agglomerates [3]

This is a characteristic feature of partition filters. An in-
crease in the pressure drop Ap: of the filter above a speci-
fied permissible resistance value Apsqop IS NOt recommend-
ed. This causes a decrease in the engine's fresh charge and
power, and an increase in the emission of harmful exhaust
components [59]. The criterion determining the permissible
resistance value Apggo, Of air filters is based on a 3% de-
crease in engine power. The experimentally determined
permissible resistance values for passenger car engines are
in the range of Apsge, = 2.5-4.0 kPa. For truck engines and
special vehicles, these values are Apggop = 4—7 kPa [13, 25].
In order for the filter to achieve the Apy,, value, the filter
cartridge must be replaced with a new one.

Multicyclones have the fundamental advantage of being
able to separate significant amounts of dust from a large air
stream in a short time without affecting the pressure drop.
A multicyclone does not require maintenance, and the dust
collected in the sedimentation tank is systematically re-
moved by an ejection suction system.

The combination of a multicyclone and a partition filter
as a two-stage filter extends the service life of the air filtra-
tion system several times (until the value of Apsq, is
reached) compared to a single-stage filter, which results in
a longer vehicle mileage (Fig. 12).

Single-stage filter Two-stage filter

anel filter multicyclone - panel filter

(p ) Ny ( Y p: )
o
=¥}
=

= /
<
0 100 200 300 400 500

Vehicle mileage Sp[%]

Fig. 12. Change of pressure drop of the air filter (porous membrane) and
the filter with a two-stage filtration system (“multicyclone — porous mem-
brane") as a function of vehicle mileage

In the available literature, the results of numerical and
experimental studies of single return cyclones with a tan-
gential inlet [9, 40, 66, 67] and through cyclones with an
axial inlet [4, 24, 34, 69] aimed at selecting the optimal
dimensions of the cyclone and its components are presented

in quite large numbers. In the literature, there are, but not
very many, studies of an ensemble of several or dozens of
cyclones in terms of the uniformity of airflow through indi-
vidual cyclones and its effect on filtration efficiency [18,
46, 68].

Computational fluid dynamics simulations coupled with
experimental validation of fibre beds are being conducted
to determine recommended parameter combinations for
their optimal design in terms of minimizing flow resistance
characteristics or increasing the filtration efficiency of filter
media [28, 43]. Studies are being conducted on the effects
of dust particle size distribution and filter air velocity on
dust layer structure. Experimental results showed that lay-
ers containing smaller particles of equivalent mass showed
increased pressure drop [65].

A considerable amount of work deals with the study of
filter beds with a layer of nanofibers, which is applied to
a standard filter bed (cellulose). The nanofiber layer has
a thickness of 1-5 pm and fiber diameters in the range of
300-800 nm [12, 33, 57]. This improves the filtration effi-
ciency of dust grains with a diameter of less than 5 um in
the inlet air of the engine, resulting in less wear on its com-
ponents and increased durability. The results of original
scale testing of internal combustion engine air filters are
few [35, 42, 63], which is mainly due to the high cost of
testing, as well as the availability of a test bench to produce
the air flow resulting from engine operation, especially
a special vehicle engine at full load.

From the above analysis, it can be seen that the perfor-
mance and flow resistance characteristics of a single cy-
clone or cyclone unit are studied, and fibre beds are sepa-
rately studied in terms of performance and flow resistance.
The problem of aerosol filtration in a cyclone is quite dif-
ferent from that in a filter with a porous baffle, where dust
accumulation causes an increase in flow resistance, which
is a limitation of its further use. This problem does not exist
in cyclone filters, which is a maintenance-free filter if ex-
traction of the separated dust is used.

The combination of these two units into a single device,
if a number of conditions are met, functions as a two-stage
filter. However, the available literature lacks a quantitative
and qualitative description of the phenomena occurring in
the process of air filtration in a two-stage filter operating in
a “multicyclone-baffle filter” system. The present work
aims to partially fill this gap, and these are the conducted
experimental studies of the two-stage air filtration system
“single cyclone-paper filter”. This is a novel test method,
which consists of testing an assembly: a single cyclone and
a paper filter set in series behind it, which has an appropri-
ately sized filter surface to maintain the required (Vegop <
0.06 m/s) filtration speed.

In addition, other important test conditions that charac-
terize the actual filtration process in the original two-stage
air filter were maintained. These are the filtration velocity
of the original paper filter bed and the cyclone inlet velocity
derived from the number of cyclones in the multicyclone
and the engine inlet air flow. The test results of the paper
filter bed operating directly downstream of the single cy-
clone can be used in the design work of two-stage filters in
terms of evaluating its filtration capacity and estimating the
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mileage of the vehicle limited by the achievement of ac-
ceptable pressure drop.

5. Methodology and conditions of experimental
research on the “cyclone-research filter” unit

5.1. Purpose and scope of the study

Experimental tests were aimed at evaluating the proper-
ties of two filter papers covering the characteristics of filtra-
tion efficiency and accuracy, dust absorption, and pressure
drop. The filter papers were pleated and then shaped into
a cylindrical filter cartridge, which was placed in a housing,
and the whole was named the Al and A2 research filters
(Fig. 13a).

The scope of the study was to examine the filter charac-
teristics of the two research filters, which operated in two
filtration systems (variants). The two-stage filtration system
was a return cyclone and an integrally connected (arranged
in series) research filter (Al or A2). The single-stage sys-
tem was a research filter without a cyclone. The filtration
characteristics of the research filters (Al and A2) were
determined according to the mass of dust mp dosed uni-
formly and with a specified concentration (s = 1 g/m®) into
the cyclone of the “cyclone-test filter” research unit, and in
the case of single-stage operation directly into the research
filter (s = 0.5 g/m®).The other test conditions themselves
were the same for both variants.

Fig. 13. Filter assembly “return cyclone - research filter”: 1 — cyclone, 2 —
paper filter cartridge, 3 — tank of separated dust

The reverse cyclone with a tangential inlet was the first
stage of filtration in the “cyclone—test filter” filtration unit.
The basic parameters of the cyclone are shown in Fig. 14a.
The second stage of filtration consisted of test filters, Al
and A2, with the parameters given in Fig. 14b.

G

h :“

D =40 mm
H =180 mm
h=45 mm
(?114':23[]1[11
a=40 mm
b=8 mm

Hy=115mm
Dy =42 mm
Aec=0.148 m?

Fig. 14. Basic dimensions of a) return cyclone with tangential inlet,
b) research filter

The value of the air flow rate Qg flowing through a sin-
gle cyclone was determined as the quotient of the air flow
rate Qsimax flowing into the engine for speed ny and the
number of return cyclones with tangential inlet in the multi-
cyclone for which the baffle filter is selected. In the case of
the cyclone under study, this value is Qg = 34 m*/h. The Ac
surface area of the filter paper of the test filter was selected
from the condition of the permissible (maximum) filtration
velocity, which for filter papers used for the second stage of
filtration should not exceed the value vggp, < 0.06 m/s.
A cylindrical test filter was made from the calculated A,
surface of the paper (Fig. 14b). Two test filters were made,
each from a different filter paper (made by J.C. BINZER),
which were named Al and A2, respectively. The parame-
ters of the cartridges are given in Fig. 14. The papers dif-
fered in the values of the structure parameters (Table 1).
The A1 filter paper has six times higher pressure drop than
the A2 paper, due to its higher grammage (204 g/m?) and
smaller (42 pm) diameter. Filters made in this way were the
subject of research in the “reverse cyclone-filter research”
team.

Table 1. Basic parameters of filter paper manufactured by J.C. BINZER
Papierfabrik, used to make filter cartridges for testing

Parameters Units Paper identification
Al A2
Grammage g/m? 204 108
Thickness - load 2 N/em? mm 0.9 0.67
Pressure drop at 400 cm?/s, A=10cm? | mbar 6.7 1.04
Tearing strength kPa 385 212
Resin content % 18.8 17
Maximum value of pore diameter Lum 51 89
Average value of pore diameter Lum 42 76

Experimental tests were performed on the characteris-
tics of Al and A2 test filters operating as a second stage of
filtration in a “cyclone-test filter” unit and without a cy-
clone. The tests were carried out using PTC-D test dust
while maintaining a constant flux value of Qg = 34 m?/h,
which corresponds to the actual filtration velocity vg <
0.0638 m/s. The following characteristics were studied:

— filtration efficiency ¢, = f(mp)

— pressure drop Apy, = f(mp)

where: mp — dust mass dosed uniformly to the “cyclone-test
filter” unit or directly to the test filter.

— filtration accuracy dymax = f(Mp).

Since dust grains are retained in the filter bed selective-
ly in terms of particle size, in the air downstream of the
filter, their size also varies from dymin 10 Oomax, With dust
grains of the smallest size being the largest. Therefore, in
this study, the criterion for filtration accuracy is the dust
grain with the largest size found in the air behind the filter
and is designated dymax. The number of dust grains in the air
behind the filter under study and their sizes, including the
size of the dust grain dpma, Were determined in each meas-
urement cycle using a particle counter.

5.2. Experimental research methodology
The tests were carried out on a test stand (Fig. 15), the
main components of which are a return cyclone with
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a tangential inlet and a test filter (A1 or A2) located behind
it in series.

The suction fan forces the air stream Qg flowing in the
“cyclone-test filter” unit. To measure the Qg flow rate, and
mass flow meter with a measuring range of 10-150 m*h
and an accuracy of 1.2% was used. A dust extraction sys-
tem pipe is connected to the dust settling tank, together with
a safety filter and a rotameter, which is used to measure the
Qs extraction flux. A rotameter with a measuring range of
1-7 m*h and an accuracy of 0.01 m*h was used. To deter-
mine the pressure drop Ap,, of the test filter, a water pres-
sure gauge U-tube connected after the test filter at a dis-
tance of 6d,, (d,, — filter outlet diameter), where the values
of pressure drop Ah,, after the filter were recorded. To pro-
tect the flow meter sensor from dust, there is an absolute
filter in the measuring line, which is also a filter for meas-
uring the mass of dust passed through the filter.

220¢

Particle
counter

—> Inlet air
|:> Purified air

> Extracted air with dust
----# Dosable dust

—— Test air flow

== Compressed air

fe.

1 —cyclone, 2 — measuring filter, 3 — U-tube manometer, 4 — dust dispenser,
5 — compressed air rotameter, 6 — dust settling tank, 7 — absolute filter,
8 — suction flow rotameter, 9 — measuring tube, 10 — dust measuring probe,
11 — measuring (safety) filter, 12 — air mass flow meter, 13 — suction fans,
14 —analytical balance, 15 — device for measuring air humidity, temperature
and ambient pressure

Fig. 15. Diagram of the test stand for the “cyclone-filter test” assembly

The experimental tests were performed using polydis-
perse PTC-D test dust, which is suitable in Poland for test-
ing air filters in motor vehicle engines as a substitute for
AC fine test dust. The chemical and granulometric compo-
sition of PTC-D dust is consistent with AC fine dust in
terms of particle sizes below 80 um. The mass content of
particles smaller than 10 um in the total dust mass is over
50%. These are particles that are very difficult to retain by
filtration systems. The chemical and fractional composition
of PTC-D dust is given in Table 2 and Table 3.

Table 2. Chemical composition of PTC-D dust

[}

Dust o) CE O: Q o Q % E

component 2] = 2 2 v & = .g
Mass content

in dust [%] 67.15 |15.25 (49 | 45 | 45| 235 1.15 3

Table 3. fractional composition of PTC-D dust
Dust grain size 0-5 5:10 10220 20-40 10-80
d,[pm]
Mass share of dust
fraction Us, [%] 38.55 15.97 16.48 19.46 9.54

Of note is the high (more than 50%) content in the dust
of grains below 10 pm and the fact that more than 67% of
the dust by weight is SiO,, which is a mineral of high hard-
ness.

During the testing of the characteristics of filters A1 and
A2 operating in a single-stage and two-stage filtration sys-
tem, the following conditions were applied:

— outlet air flow from the test filter Qg = 34 m*/h

— suction flow Qs is defined as 10% of the outlet air flow
from the Qg filter

— dust concentration for the inlet stream to the cyclone s =
1g/m

— dust concentration for the inlet stream (single-stage
filtration) to the test filter s = 0.5 g/m®

— mass filtration efficiency of the cyclone used for testing

¢ = 92%.

Filtration characteristics: efficiency ¢,, = f(mp) and fil-
tration accuracy dymax = f(mp) as well as pressure drop Ap¢
= f(mp) were determined for a constant air flow rate Qg.
The same measurement cycles j of a fixed duration were
performed sequentially, during which dust was evenly
dosed into the test system. The measurement duration was
set to t, = 120 s in the initial period. During the main oper-
ating period of the filters, the duration was extended to t, =
240-480 s. The number and size of dust particles in the air
behind the filter were recorded by a particle counter.

After each test cycle, j, measurements were made of the
quantities that were necessary to determine the characteris-
tics: efficiency and filtration accuracy, pressure drop, and
actual dust concentration in the inlet air stream.

The filtration efficiency of the test filters was deter-
mined by the gravimetric method as the quotient of the
mass of dust m; retained by the filter and the mass of dust
Mpg; dosed uniformly over a specified time to the test unit
(measurement cycle j) using the relation:

_ Mgpj mygj

)] mDF]-

100% 4)
mypj+Mmzaj
where: m,a; — mass of dust retained on the absolute filter
during the next “j”” measurement cycle.

The mass of dust retained on the test filter cartridge dur-
ing the next “j” measurement cycle was determined from
the relation:

Mgrj = M”76 — M, )

where: m”,g;, m’,r — the mass of the test filter after (before)
the measurement.

The mass of dust retained on the absolute filter during
the next “j” measurement cycle was determined from the
relation:

szj = m”zAj - m’ZAj1 (6)

where: m”,aj, m’,4; — the mass of the absolute filter, after

the measurement and before the measurement, respectively.
The dust mass retained on the research filter m,g and

the absolute filter m,,; and the mass dosed to the mp unit

were determined using an analytical balance with a measur-

ing range of 220 g and an accuracy of 0.0001 g.

2. Filtration accuracy was determined as the largest dust
grain size dp; = domax in the air stream behind the filter.
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3. The pressure drops Apy of the research filter was deter-
mined as the static pressure drop before and after the fil-
ter based on the measured height Ahy,; on a U-tube water
manometer according to the relationship:

(P, — Py) -8 [Pa] (7

where: Ahy,; — height measured on a U-tube water manome-

ter after the end of dust dosing, p,, — density of the mano-

metric liquid [kg/m®], py — air density [kg/m?], g — gravity

[m/s?].

4. The amount of N, dust particles in the purified air
downstream of the filter was measured within estab-
lished size ranges (dpimin-Upimax)-

5. For a given test cycle, the percentage fraction (dpimin —
dpimax) Of dust grains in the air stream was calculated
from the following relationship:

Ay

ApWi ~ 1000

Ngzj Nzj
Uzi:N_Z = 2_3_21 N,; 100%, (8)

1

where: N, = Y32 N,; — total amount of dust particles in the

air cleaned after the filter during one measurement cycle

6. The actual dust concentration in the cyclone inlet air
was determined after the test using the quantities meas-
ured during the test and applying the relation:

3600-mp [g/mg] (9)

g = —>000mp
(QG+Qs)tp

According to the above methodology, the filtration
characteristics were determined: efficiency ¢, = f(mp) and
filtration accuracy dymax = f(mp) and pressure drop Ap,, =
f(mp) of the Al, A2 research filters operating in a single-
and two-stage system. The criterion for completing the tests
was that the test filter (A1, A2) achieved the established set
value of acceptable resistance Apsgop.

6. Results of experimental studies and their
analysis

The results of the filtration efficiency ¢,, = f(mp), fil-
tration accuracy dpmax = f(Mp), and pressure drop Apy =
f(mp) tests of test filters A1l and A2, which operated as
a single-stage filter (without a cyclone) and as a second
stage of filtration (after a reverse cyclone), are presented in
Fig. 16-18. The filtration characteristics were determined
as a function of the dust mass mp supplied to the “cyclone-
test filter” test unit or directly to the test filter. The filtration
efficiency characteristics ¢, = f(mp) and pressure drop
characteristics Ap,, = f(mp) of test filters Al and A2,
which were the second stage of filtration after the reverse
cyclone, are shown in Figure 16. Despite the same test
conditions, the characteristics of both tested filters differ
across the entire range in terms of values and performance,
which is mainly due to the different parameters of the filter
paper structure (Table 1) used to make the test filters.

The main difference in the course of the characteristics
can be seen in the first (initial) period of filtration, which is
designated conventionally (Fai, Fa2). This period is called
the transient filtration period in the literature. Its character-
istic feature is small values of filtration efficiency. Filters
Al and A2 achieve an initial filtration efficiency of @ya; =

71.1% and @wa, = 50.6%, respectively. However, with the
amount of dust mass retained by the filter paper, the filtra-
tion efficiency increases steadily, with the intensity of the
increase for the two filters studied being different.

It was assumed for the purposes of this study that the
criterion for the end of the initial filtration period (the tran-
sient filtration period) is that the paper achieves a filtration
efficiency of ¢, = 99.5%. Within the framework of this
study, it was assumed that the criterion for the end of the
initial (interim) filtration period is that the paper reaches the
filtration efficiency ¢, = 99.5%. The above conventional
value was adopted based on the work of [7, 30, 36, 54],
where the presented test results indicate that an increase in
filtration efficiency above the range ¢,, = 99.5-99.9% clear-
ly reduces engine wear. Figure 16 shows the dependence of
the filtration efficiency of a typical air filter over its full-
service life fed with AC fine dust and the resulting engine
wear in the form of a normalized wear index. As the filter's
operating time increases, the efficiency increases, resulting
in a decrease in the abrasive wear of the engine and thus an
increase in its service life. From the course of both curves,
it can be seen that reaching a filtration efficiency of o, =
99.9%, the intensity of engine wear decreases significantly.
If the filter is serviced at 100% of its design life, engine
wear is minimized (the normalized wear rate is 1.0), and the
filtration efficiency reaches the design level of ~99.97%
(Fig. 16). The graph indicates the increasing rate of engine
wear resulting from servicing the air filter more often than
necessary.

100 16
=09.9%
@=99.97%
= 990 122
§ —o— Separation efficiency &
=
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£ 998 ™~ — 8 3
2 Required filtration ~~_ N
S : - <
= efficiency g
< -
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£ 997 4 Z
@
c[ '\.\‘ w=10
—eo— o o 4
99.6 + 0
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Utilization of planned air filter operating time S [%)]

Fig. 16. Filtration efficiency and relative value of engine wear as a func-
tion of air filter operating time [7, 30]

Figure 17 shows the rate of abrasive wear of the cylin-
der liner and piston ring when three air filters with different
filtration efficiency are used compared to when no air filter
is installed in the engine.

Any air filter with higher efficiency reduces the wear of
both engine components dramatically, with the wear rate of
the piston ring being several times higher than that of the
cylinder liner. Taking the abrasive wear of both the cylinder
liner and piston ring without an air filter as 100% (Fig. 17),
using an air filter with 97.8% efficiency reduces the wear of
both components to 1.89%. After using an air filter with
a higher efficiency of 99.45% and 99.42%, the wear of the
cylinder liner and piston ring is only 0.41% and 0.43%,
respectively, compared to the wear when there was no air
filter in the engine. Hence, the reasonableness of taking the
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filtration efficiency of 99.5% as the required minimum
value for the cleanliness of the engine's inlet air.
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Fig. 17. Effect of air filter efficiency on the wear rate of cylinder liner and
piston rings compared to no air filter [1]

The test results shown in Fig. 18 prove that the initial
filtration period for the Al filter is much shorter than that of
the A2 filter. This is due to the different values of the pa-
rameters of the filter paper structure and the filtration pro-
cess that takes place in it. The paper of the Al filter has
twice the grammage, which is due to the greater packing of
the fibers, and thus the pore diameters obtain smaller val-
ues. For this reason, the Al filter's conventional filtration
efficiency (o, = 99.5%) is achieved after retaining mpa; =
16.82 g of dust, while the mass of dust retained by the A2
filter until it achieves (¢, = 99.5%) has a value of mpa, =
35.78 g, twice as much.
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Fig. 18. Characteristics @w = f(Mp), dpmax = f(Mp) and Ap,, = f(mp) of test
filters A1l and A2 depending on the mass of dust mD delivered to the
“return cyclone-test filter Al (A2)” unit

The operation of the filtration mechanisms in Al paper
is more efficient. Dust particles retained by the direct hook-
ing and inertial mechanism more intensively form tree-like
dendritic clusters on the fibers, which fill the free spaces
(pores) between the fibers. The consequence of this phe-
nomenon is the impeded aerosol flow between fibers, an
increase in flow velocity, and an increase in pressure drop,
which is a function of velocity to the second power. The
inherent phenomenon of dust mass retention by the filter

bed is an increase in pressure drop. On the other hand, the
dendrites growing on the fibers reduce the distance between
adjacent fibers, resulting in the retention of smaller and
smaller dust grains. This phenomenon should be explained
by the continuous increase in filtration efficiency and accu-
racy. In the initial period of filtration, dust grains with
a maximum size of dymax = 13.3 um were recorded in the air
behind the A1 filter, after which the size of these grains
decreases and for a dust mass of mpa; = 16.82 g has a value
of only dpmax = 2.3 um (Fig. 19). On the other hand, for the
A2 filter, the maximum size of dust grains in the purified
air has a value of dpma = 13.5 pum, but dust grains with
a size of dymax = 2.7 pm were recorded only after mpp, =
64.17 g of dust was delivered to the system.

Dust filtration phenomena occurring in the filter bed
cause changes in filtration efficiency and accuracy and are
closely related to changes in pressure drop. Therefore, the
pressure drop of filter Al increases more intensively than
that of filter A2. The different intensity of the increase in
pressure drop causes the Al filter to achieve a pressure
drop value of Apy, = 9 kPa, when a mass of dust (Mpa; =
241.5 g) is delivered to the test assembly. Filter A2, due to
a less intense increase in pressure drop, the value of Ap,, =
9 kPa was obtained much later than filter Al, which is
related to the dust mass Mpa, = 330 g delivered to the
“cyclone-filter test” assembly.
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Fig. 19. Characteristics dpmax = f(mp) of test filters A1l and A2 depending
on the mass of dust mp delivered to the “return cyclone-test filter A1 (A2)”
unit

For this reason, in the air stream flowing out of the test
filter, the number of N, dust grains was recorded during
each measurement, starting with measurement No. 1, in
a dozen fixed same measurement channels, which were
limited by fixed domin — dpmax grain sizes (Fig. 20) ranging
from 0.7 pm to 80 pm. It was found that for a given meas-
urement, the number of dust grains in the air behind the
filter with increasingly larger diameters decreased until they
were completely absent (Figure 20). The dust grain located
in the last dimension channel has the largest size d, = dpmax
and is an indication of filtration accuracy.

During the tests, it was assumed that the air filtration
accuracy is determined in each measurement cycle and is
expressed by the diameter of the largest dust grain dpmax
found in the stream of cleaned air leaving the filter.
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Figure 20 shows the change in the number of dust grains
depending on their size, dpma, for subsequent test cycles
distinguished by the dust mass mp retained on the filter
during the preliminary (unsteady) filtration period of the Al
test filter. Measurement cycle No. 1 showed that the air
behind the Al test filter contained dust grains with a maxi-
mum size dpmax = 13.3 pm.
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Fig. 20. Number of dust grains Nzp in the air behind the Al filter insert
depending on their size for subsequent test cycles (dust mass mp) during
unsteady filtration

Each subsequent measurement cycle showed that the to-
tal number of dust grains N, decreases, and the diameters
of dust grains with a maximum size dpmax are smaller and
smaller. This phenomenon should be explained by the for-
mation of dendrites on the fibres, which reduces the space
for free flow and causes the retention of dust grains of
smaller and smaller sizes. In the second test cycle, this is
a grain size dymex = 12.3 pm, and after the third dpma = 10.1
um (Fig. 20).

The diameter dpma = 2.3 pm, which is the smallest val-
ue of the dust grain behind the filter, was found after 16.82
g of dust was supplied to the system together with the air.
This is also the moment when the filter achieved a filtration
efficiency of 99.9%, which is the condition for ending the
initial filtration period for the Al filter.

The main filtration period following the initial filtration
period is characterized by stabilization of filtration efficien-
cy at the level of 99.95-99.99% and stabilization of maxi-
mum diameter sizes in the range of dymax = 2.3-3.9 pm for
both filters (Fig. 20). In the final stage of the A2 filter oper-
ation, dust grains of increasingly larger sizes appear in the
exhaust air but not exceeding 5.9 pm.

The above phenomenon is due to the fact that the depos-
it of dust grains on the fibers causes the growth of den-
drites, which reduces the free flow of air and results in an
increase in flow velocity. Exposed and susceptible to great-
er flow, the tops of the dendrites are destroyed, and de-
tached dust grains, and sometimes significant parts of dust
agglomerates, move deeper and deeper in the filter bed with
the direction of air flow until they completely leave the bed.
Signs of such a phenomenon were recorded during the
study.

The resistance to flow of the tested research filters (A1,
AZ2) increases all the time, which is due to the accumulation
of dust and the filling of the free spaces between the fibres,
resulting in a smaller airflow space, and thus a higher

speed. Larger values of pressure drop Ap,, and higher inten-
sity of growth were obtained for Al paper. This should be
explained by smaller (42 pum) pore diameters than in A2
paper (76 um), which is associated with lower dust absorp-
tion and much lower paper permeability.

The filtration characteristics that were experimentally
determined for the Al test filter, which was the second
filtration stage in the “cyclone-test filter” unit, and the
characteristics of the Al filter without a cyclone (single-
stage filtration) are shown in Fig. 21.
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—0O— Test filter Al

b
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Dust concentration to cyclone 5 = 1 g/m®
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Dust mass delivered to the test filter and filter unit "cyclone-test filter"m, [g]

Fig. 21. Characteristics of filtration efficiency ¢ = f(mp) and pressure

drop Apy = f(mp) of the research filter Al as a function of the dust mass

mp supplied to the “reverse cyclone-research filter Al1” assembly and to
the research filter A1 without a cyclone

Significant differences can be observed as to the value
and course of the characteristics ¢, = f(mp) and Ap,, =
f(mp) of the Al filter tested in different configurations.

If the test filter is operated individually (without a cy-
clone) it achieves high (., = 99.3%) initial filtration effi-
ciency. This is due to the fact that dust grains of large size,
in this case less than 80 um, flow onto the bed. Large grains
are retained mainly by the inertia mechanism and direct
hooking more quickly forms dendrites on the fibres, which
restrict the flow between the fibres.

The above phenomenon simultaneously increases the
filtration efficiency of the tested filter, resulting in a shorter
initial filtration period. Achieving an efficiency of ¢, =
99.5% ends when dust with a mass of mpe = 5.521 ¢ is
delivered to Filter Al. In contrast, when Filter Al operated
as a second stage of filtration, the initial efficiency was
much lower at ¢, = 71.1%, and during the initial period,
mp; = 16.83 g of dust was delivered to the filter.

Regardless of whether the Al filter operates without
a cyclone or in a “cyclone-paper filter” unit, the pressure
drop increases steadily with the amount of dust mass deliv-
ered with the air. However, the intensity of the increase in
both cases is different, and therefore, the Al filter operating
without a cyclone achieves a pressure drop of Ap, = 9.6
kPa after delivering mpr = 46.39 g of dust. The same value
of pressure drop is obtained by filter Al operating in
a “cyclone-test filter” unit after delivering mpge = 260.1 g of
dust to its filter bed. This value is five times higher than
that of the A2 filter. The results presented and the phenom-
enon described (Fig. 19) clearly explain the idea of air fil-
tration in a two-stage filter (multicyclone-paper filter). This
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makes the mileage of the vehicle until the execution of
obtaining an acceptable value of pressure drop and the
associated servicing of the air filter (replacement of the
filter element) significantly increased.

In the case of single-stage filtration (filter operation
without a cyclone), dust flows directly from the environ-
ment along with the air onto the filter bed.

When testing the characteristics of a test filter operating
without a cyclone (single-stage filtration), test dust is dosed
directly onto the filter bed, which corresponds to drawing
air with dust directly from the environment. The inlet air
contained dust grains with maximum sizes not exceeding
dpmax = 80 um. On the other hand, in a two-stage filter (mul-
ti-cyclone-paper filter), the air with dust from the environ-
ment first reaches the cyclone, where the separation of dust
grains of higher density and size takes place as a result of
turbulence, as a result of which the dust at the outlet of the
cyclone has a completely different granulometric composi-
tion than at the inlet to the cyclone (Fig. 22).

Depending on the filtration conditions, dust grains with
sizes above d, = 15-35 pum are retained in cyclones. The
largest share of U, = 16.2% in the total number of grains in
the inlet air stream Q, to the cyclone was for dust grains
with a size of 4 um (Fig. 22). The filtration of the air in the
cyclone resulted in the largest share of U, = 36.1% in the
cyclone exhaust air for dust grains with a size of 0.7 um. As
the size of the dust grains increases, their shares decrease
sharply, and the share of d, = 4 um grains was reduced to
7% (Fig. 22).
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Fig. 22. Fractional composition of dust Uy = f(dy) in the inlet air stream Qo
and outlet air stream Qo of a reverse cyclone with a tangential inlet

This causes dust grains of smaller size and mass to be
directed to the second filtration stage (paper filter), which
are slower to form dendrites on the fibres and fill the space
between the fibres [19, 26, 37, 52, 53, 58].

Measurements were made once, which is due to the spe-
cifics of the air filter testing methodology, so calculation of
standard deviations and related standard uncertainties de-
termined by the type A method is impossible. As for the
standard uncertainties determined by the B-type method,
they were due to the accuracy of the dust mass measure-

ment assumed on the basis of the technical documentation
of the balance as 0.0001 g.

Comparing the ranges of permissible variability of the
obtained values of the weighted mass (£0.0001 g) with the
values of the mass assumed for determining the value of
filtration efficiency, it was found that the resulting uncer-
tainties of the obtained results are at least several orders of
magnitude smaller than these results (for relative uncertain-
ties at the level of 0.012-0.021%). In view of the above, it
can be concluded that the uncertainty values are small
enough not to affect the obtained results.

7. Conclusions
The aim of the work was a theoretical and experimental

analysis of the air filtration process in a two-stage filter,
which was performed using an original research methodol-
ogy consisting in testing a single cyclone and a research
filter placed in series behind it, with an appropriately se-
lected filter paper surface. The filtration characteristics
were tested as a function of the dust mass fed to the system
(cyclone-paper filter) or directly to the research filter. Two
filters, Al and A2, differing in paper structure, were used.
During the tests, the same filtration conditions were main-
tained, including filtration speed, dust concentration, and
cyclone inlet speed, as during filtration in a real two-stage
air filter. The tests of the "single cyclone-barrier filter”
assembly showed that the use of an inertial filter (multicy-
clone) as the first stage of filtration is beneficial due to the
removal of a significant mass (85-95%) of dust from the
engine intake air.

Studies of the “single cyclone-baffle filter” assembly
have shown that the use of an inertia filter (multi-cyclone)
as the first stage of filtration is advantageous, due to the
fact that the removal of a significant mass (85-95%) of dust
from the engine's inlet air extends the time of efficient op-
eration of the two-stage filter several times.

The analysis and experimental research carried out led
to the following conclusions:

1. Filter materials operating in the "cyclone-research filter"
system are characterized by a less intensive increase in
pressure drop and reach the permissible pressure drop
2-4 times slower than the same materials operating in
a single-stage filtration system, despite the same mass
mp supplied to the system.

2. The first (initial) stage of operation of the tested filters
has low (., = 50-70%) filtration efficiency and low fil-
tration accuracy, as evidenced by large (dpmax = 13.5
um) dust grains in the cleaned air. This phenomenon
occurs regardless of whether the filter operates in a two-
stage system (after the cyclone) or a single-stage sys-
tem.

3. Lower filtration efficiency values during the initial
filtration period and lower intensity of its growth occur
for the filter operating in a two-stage system. Therefore,
the operating time of this filter until the efficiency value
(pw = 99.5%) is reached, which was established as the
end of the initial period, lasts much longer. This is due
to the fact that dust of smaller size is directed from the
cyclone to the partition filter operating in the two-stage
system. Dust of such granulation is difficult to retain by
filtration mechanisms.
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4.

The initial period phenomenon is characteristic of each
partition filter that starts working with dust. Such a pe-
riod occurs after replacing the filter element with a new
one. During this time, the air exhausted from the filter
(air intake to the engine) contains dust grains whose siz-
es are significantly above the required filtration accura-
CY dpmax = 2—5 um. For this reason, this phenomenon is
particularly dangerous, as it can cause accelerated wear
of the piston-cylinder ring (P-PR-C) connection ele-
ments and other friction pairs lubricated with oil, which
reduces the durability of the engine. It is advisable to
replace the engine intake air filter element with a low
frequency.

The developed research methodology allows for the
experimental determination of basic characteristics of
filter materials intended for the second stage of air fil-

tration with any structural parameters and in a wide
range of changes in filtration conditions corresponding
to the operation of the air filter in conditions of high
dust concentration in the air.

The originality of the research methodology lies in the
fact that the filter material constituting the second stage
of filtration is contaminated with dust whose chemical
and granulometric composition has been changed and
shaped as a result of the actual air filtration process in
the cyclone.
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Nomenclature

BDC  bottom dead center TDC  top dead center

Apmax filtrat_ion accuracy Ow filtration efficiency

Fs centrifugal force Aps pressure drop

Fr air resistance force Qs extraction flow

P-PR-C piston-piston ring-cylinder Qs exhaust air stream
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