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OPERATING PROPERTIES OF NON-WOVEN FABRIC PANEL FILTERS
FORINTERNAL COMBUSTION ENGINE INLET AIR IN SINGLE
AND TWO-STAGE FILTRATION SYSTEMS

WLASCIWOSCI EKSPLOATACYJNE WLOKNINOWYCH PRZEGROD FILTRACYJNYCH

POWIETRZA WLOTOWEGO SILNIKOW SPALINOWYCH PRACUJACYCH
W UKLADACH JEDNO- I DWUSTOPNIOWYCH*

The parameters of basic filter media used in inlet air systems of internal combustion engines of motor vehicles are presented. Per-

Jformance properties of the air filters defining their basic parameters are discussed. The effects of single and two-stage filtration
systems on performance, including filter medium dust capacity are presented. The methods and conditions for testing non-woven
fabric filters in single and two-stage filtration systems were developed. Filter separation efficiency and flow resistance character-
istic curves for non-woven fabric filters as a function of dust capacity were determined. Dust capacity of tested non-woven fabrics
was determined for allowable flow resistance values. The effects of fractional composition of dust downstream of the inertial
filter on reduction of dust capacity of non-woven fabrics in two-stage filtration systems were shown.The advantages including
improvement in service life and reduction of wear of engine components due to use of inertial filter as the first filtration stage are
presented.

Keywords: engines, performance, air cleanness, non-woven fabric filter, filter separation efficiency and filtra-
tion rate, surface wear, filter durability.

Przedstawiono parametry podstawowych materiatow filtracyjnych powietrza wlotowego silnikow pojazdow mechanicznych. Omo-
wiono wlasciwosci eksploatacyjne filtru powietrza i okreslajqce je podstawowe parametry. Przedstawiono wplyw warunkow filtra-
¢ji jednostopniowej i dwustopniowejna wlasciwosci eksploatacyjne, a w tym na chtonnos¢ materiatu filtracyjnego.Opracowano
metodyke i warunki badan wioknin filtracyjnych pracujgcych w warunkach filtracji jednostopniowej i dwustopniowej. Wyznaczo-
no charakterystyki skutecznosci filtracji i oporow przeptywu wioknin filtracyjnych w zaleznosci od wspotczynnika chtonnosci pytu.
Dla dopuszczalnej wartosci oporu przeptywu wyznaczonowartosci wspotczynnika chtonnosci pytu badanych wtoknin. Wykazano
wphyw sktadu frakcyjnego pytu za filtrem bezwladnosciowym na zmniejszenie wartosci wspotczynnika chtonnosci pytu wioknin
pracujgcych w warunkach filtracji dwustopniowej. Przedstawiono korzysci w postaci wydtuzenia czasu eksploatacji i minimaliza-
¢ji zuzycia elementow silnika wynikajqce z stosowania filtru bezwladnosciowego, jako pierwszego stopnia filtracji powietrza.

Stowa kluczowe: silniki,eksploatacja, czystosc¢ powietrza, wioknina filtracyjna, skutecznosé i doktadnos¢ filtra-
¢ji, zuzycie powierzchni, trwatos¢ filtru.

1. Introduction

Modern internal combustion engines operate at higher and higher
mechanical and thermal stresses and yet are required to be more reli-
able and durable. To meet those requirements, it is crucial to ensure
high cleanliness of operating fluids, including inlet air.

High cleanliness of inlet air in the internal combustion engines
of motor vehicles and machines and thus reduction of friction and
improved machine life always was and still is a major operational and
design issue, in particular in vehicles operating in heavy dust condi-
tions (approx. 1 g/m?). The conditions generally apply to special and
military vehicles (tanks, land attack vehicles, self-propelled guns and
special vehicles) with high-power diesel engines and maximum air
demand Qg;>1 kg/s. E.g. T-72 tank engine air supply system: (cylin-
der capacity Vi, = 38.8 dm®) at v =20 km/h on testing ground roads
at air dust loading s = 1 g/m?, introduces over 170 kg of dust at the
distance of 1000 km. Passenger car engines (Vi = 1.5 dm?) at 60 km/h

on surfaced roads (s = 10 mg/m?) introduces over 0.6 kg of dust at the
distance of 20 thousand kilometres. The data shows, that the air filters
used in special and passenger vehicles must not have the same design
and operate in the same way.

Thus, all trucks and special vehicles are fitted with two-stage inlet
air filtration system, where the first stage is an inertial filter and the
second stage is a paper filter element. Commonly used paper filter
elements feature high filter separation efficiency and low dust capac-
ity (k,, = (200 + 240) g/m?). If the paper filter element is subject to
the dust downstream of the inertial filter, its dust capacity is reduced
almost four times [10].

Modern production technologies of non-woven fabrics allowed
them to be more commonly used as inlet air filter media in motor ve-
hicle engines. Based on the scant data that are available from non-wo-
ven fabric manufacturers, the fabrics show significantly higher dust
capacity compared to filter papers k,, = (450 + 500) g/m? [30]. No data

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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are available on separation efficiency, filtration rate and durability of
non-woven fabric filter elements, thus relevant tests are required.

2. Contaminants in air and effects on engine’s service
life

Free air supplied to the internal combustion engines of motor vehi-
cles contains high quantities of the following contaminants [4, 5, 23]:

* natural - over 85% of total contaminants (dust, plant spores,
bacteria, salts and gases, e.g. carbon
monoxide, sulphur dioxide, sulphur tri-
oxide),

* mineral dust from motor vehicle traffic
or wind - road dust,

« exhaust gases from motor vehicles (dust,
carbon black, lead compounds, heavy
hydrocarbons, particulate matter and
gases) [4, 23],

* dust emission by motor vehicles due
to wear of friction lining in brakes and
clutch plates, tires and pavement [5]

* industrial.

Dust particles can be classified by size [4]:

« total dust — mixture of small solid parti-
cles (suspended in the air) standard size
<300 pum,suspended dust PM 10 — stand-
ard size <10 pm,

* fine dust PM2.5 — standard size <2.5 pm,

* nanoparticles PM1 — standard size <1 um.

Motor vehicles are subject to contaminants, which introduced
with air to both piston and turbine engines will result in increased
wear of engine components and thus limit their reliability and du-
rability. The most common contaminants affecting machines is the
road dust, raised by moving motor vehicles or wind, and introduced
with air to engine cylinders. Most naturally occurring dusts, including
road dust are polydisperse dusts with different physical and chemical
properties. Free air includes contaminants with size composition from
(0.001 =+ 1000) um. Air dust loading, defining contaminant content (in
grams or milligrams) in one cubic meter of air depends on many fac-
tors: surface type, climatic conditions, drive system, height, soil type
and industrial plant type. Fig. 1 shows air dust loading as a function of
operating conditions [2].

ters between the mating surfaces (piston - rings - cylinder) and results
in premature wear. During piston movement into the bottom dead
centre, the dust with oil is removed to the oil sump, and via the oil
lines distributed to all lubricated engine components also resulting in
premature wear.

Numerous studies on the effects of contamination of operating
fluids on piston engine components wear show that the dust grains
with the size corresponding to the minimum thickness of the oil film
between mating surfaces cause the highest wear (Fig. 2) [1, 12, 13].
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Fig. 2. The effects of the oil film thickness on wear: a) solids acting on the friction pairing, b) relationship
between wear Z and ratio h,,;,/d_ [12]

Oil film thickness is not constant but varies depending on the
engine operating conditions, mainly its load. Oil film thickness be-
tween piston, rings and cylinder is determined by the piston speed, oil
viscosity and engine load and its maximum value between the dead
centres is between (0.3 + 7) um [7, 12, 13]. At the dead centres, the
piston speed is reduced to zero, which is one of the reasons the oil film
thickness is reduced or even eliminated completely, thus resulting in
increased wear [7, 13, 18, 19].

The dust particle hardness, depending on its chemical composi-
tion also affects the wear rate of mating engine components. The main
component of the road dust drawn in with air is silica, with total con-
tent in the dust mass of up to 90%. Silica particle hardness in Mohs’
scale of hardness is 7, i.e. more than the hardness of components used
in the internal combustion engine design. An example of a premature
wear of engines in dump trucks used for sand transport, with mileage
of approx. (30 + 40) thousand kilometres, due to premature wear of
piston, rings and cylinder are shown in [26].
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3. Air filter performance parameters

For the air filter to clean inlet air in motor vehicle
engines it must feature specific properties, determined
by the following parameters: separation efficiency, flow
resistance and filtration rate [27].

Filter separation efficiency ¢ determines filter ca-
pacity for qualitative and quantitative retention of parti-
cles in the air stream. It is mainly determined as a ratio
of the test dust mass m p retained by the filter to the test
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Fig. 1. Air dust loading as a function of operating conditions [2]

Air intakes of internal combustion engine intake systems draw
in dust <d, = (80 + 100) um with air. Some contaminants that enter
the engine cylinders via air supply system are combusted, some are
removed with the exhaust gases, and some, mostly the mineral dust
(approx. (10 + 20)% settle at the cylinder sleeve walls and are mixed
with oil to forms abrasive paste. The dust on the cylinder sleeves en-

1000 10000

dust mass mpp, introduced to the filter in the air stream
in a unit of time:

(p:mﬂ.l()()% (1)
m
PD

Flow resistance Apyis a total pressure difference measured direct-
ly at the filter inlet p..; and the filter outlet p,.,:

Apf=pc] ~Pe2 [kPa] (2)
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In special cases, if the inlet and outlet line are at the same level
and have the same diameter D; = D,, and thus the air flow rate is
identical, the flow resistance is expressed as the difference in static
pressures as:

Apr= Aps = py— ps2 [KPa]. (3)

Filtration rate is a minimum dust particle size d.,,;, [Lm] retained
by the filter for a specific air volume or a maximum dust particle size
A downstream of the filter.

Dust capacity k,, is a ratio of the total dust mass m,r, retained
by the filter element at specific Apy,, value to active surface area of
the filter paper £, at uniform dust distribution along the entire active

surface area of the filter paper F,:

m
oy = %W , g/m?, (4)

w

Performance of the panel filters used in the inlet air systems of
motor vehicle engines depends on the following parameters: air flow
rate, dust and filter layer structure. In practice, the air filter perform-
ance is usually determined as a function of a single parameter in labo-
ratory conditions, using standard test stands and standard tests with
test dust.

In two-stage filters in “multi-cyclone - porous panel filter” con-
figuration, the filter medium is subject to dust, which downstream
of the inertial filter (multi-cyclone) shows different size distribution
compared to the dust in the inlet air. Depending on the flow conditions
of the aerosol inside the cyclone, clean air (cyclone outlet air) contains
dust particles <(15+30) um. It is both referenced in the literature [1,
16, 17, 22] and result from the single cyclone tests carried out by the
authors. The filter element in serial configuration downstream of the
multi-cyclone is affected by smaller dust particles. Single-stage filter
draws in significantly larger dust particles, up to 80 um. Thus, the
filtration processes in both the former and the latter case can differ.
To design a two-stage filter element, the properties of a filter medium
corresponding to the operating conditions of the second stage air filter
must be known. The performance data can be obtained by experimen-
tal tests, although special methods are required to ensure suitable op-
erating conditions of the second stage filtration.

4. Characteristics of inlet air filter media

The most common air filters used in motor vehicles and machines
are panel filters, classified by filter medium as surface filters, depth
filters and surface-depth filters.

Filter papers (surface-depth medium) are the most commonly
used filter media for filtration of operating fluids in motor vehicles.
Filter medium manufacturers provide data on some parameters only.
Since the filter paper manufacturing companies use different methods
to determined those parameters, it is sometimes difficult to compare
available data. In general, the filter papers are characterized by the
following parameters [8, 11, 14]:

« filter separation efficiency up to ¢ = 99.99%,
* basis weight — (115 + 240) g/m?,

* bed thickness — (0.3 + 0.9) mm,

* pore size — (40 + 95) um,

* fibre diameter — (10 + 20) um,

* dust capacity — up to (200 + 240) g/m?,

« flow resistance,

* air permeability.

In the available national and foreign literature, more and more in-
formation are available on basic properties of filter papers with added
nano-fibres used as inlet air filters in internal combustion engines of

heavy-duty vehicles [11, 14, 15]. The data on filter separation effi-
ciency, filtration rate and dust capacity are available in the literature,
but not always include the conditions used to determine these proper-
ties. In study [11], mass of dust retained by the filter paper and filter
paper with nano-fibres is specified at the point the flow resistance
of Ap,, = 7.5 kPa and air flow rate of 1360 m?/h are reached. The
element made of PA1885 filter paper, at the point of reaching flow
resistance of Ap,, = 7.5 kPa have retained 2415 g of dust, whereas
the same paper filter with a layer of nano-fibres have retained over
50% more dust, i.e. 3770 g in the same time period. No surface area
of filter medium is specified, and thus no filtration speed and dust
capacity can be determined. In study [14], dust capacity of filter pa-
per (k,, =28 g/m?) and paper with nano-fibre layer (k,, = 78 g/m?) is
determined using AC Fine test dust (d,,,,, = 80 pm). Dust capacity
of the same filter media but using sodium chloride particles (dimen-
sions up to d, = 0,4 um) is k,, = 4 g/m? and k,, = 21 g/m?, respectively.
No conditions (flow resistance) at which the dust capacity was de-
termined were specified. The results for filter paper with nano-fibre
layer and AC Fine test dust showed almost twofold increase in dust
capacity, and in case of sodium chlorine, the dust capacity increased
almost four times. Dust capacity of filter paper determined using very
fine dust (d,,,,c = 0.4 um) was seven times lower compared to large
diameter dust (d_,,,, = 80 pm).

The basic filter medium (depth filter) used in air filters for motor
vehicles is a synthetic non-woven fibre. Fibrous woven fabrics feature
pore size distribution which is easy to determine and filter separation
efficiency, which is easy to adjust by simply changing the spinning
parameters. The media allow easy cleaning due to the surface nature
of filtration. Woven fabric filters are made of a single type of fibres,
different types of fibres or multiple layers of fibres.

Non-woven fabric filters feature higher porosity and thus higher
air permeability (lower flow resistance). They also achieve higher
filter separation efficiencies, and due to even mass distribution of re-
tained dust at the entire material depth may also achieve higher dust
capacities. Random fibre layers are formed by bonding or stitching
(mechanical) [6].

The development of fibre forming methods (melt-blown, electro-
spinning) and low production costs have contributed to more common
use of non-woven fabrics as filter medium of panel filter elements in
motor vehicles, industrial plants and sanitary plants [6].

Limited publications are available including the test results for non-
woven fabrics and dust particle size corresponding to the size of dust
particles drawn in by the air filters of motor vehicles (d,,,,,. = 80 pm).

Non-woven fabric tests are carried out on standard test stands,
where the tested non-woven fabric forms a flat section enclosed in
a tight container. Air filter elements are made of pleated filter me-
dium sheets, both in case of paper filters and non-woven fabric filters.
Commonly used test methods does not allow for the effects of filter
medium shape on achieved filter separation efficiency and the dust
capacity values. Due to air flow, pleated non-woven fabric filters can
undergo deformation and deflection, which affect the conditions in
which the filter cake is formed and thus affect filter separation ef-
ficiency and flow resistance [20].

Filter separation efficiency data available in the literature for fi-
brous filter media mainly apply to initial separation efficiency. There
are limited data available on the characteristics of filter separation ef-
ficiency and flow resistance of non-woven fabric filters as a function
of retained dust mass. Filter separation efficiency data are sometimes
presented as a function of time, without specifying the test conditions
(dust loading, flow rate, surface area or filtration velocity). The tests
allow to compare different types of non-woven fabrics, although do
not give any information on dust capacity, required to determine the
service life of a material in specific conditions [21].

In the available studies on non-woven fabric filters, the most com-
mon characteristics involve the effects of selected non-woven fabric
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parameter (density, fibre packing density) or aerosol (grain size, filtra-
tion velocity) on filter separation efficiency [6, 21]. Some sources give
the dust capacity of non-woven fabrics, but the values are discrepant.
In study [28], the dust capacity of non-calendered non-woven fabric
with a thickness of 3.2 mm, determined at a flow rate of 0.3 kPa is
k,= (54.5+89.3) g/m?, whereas the dust capacity for identical calen-
dered fabric is k,, = (85.5 + 112.3) g/m?. In study [8], the dust capacity
of a multi-layer non-woven fabric filter is k,, =(900 + 1100) g/ m?,
without specifying the flow resistance used to determine the dust
capacity. As per study [30], the dust capacities of non-woven fabric
filters exceed (400 + 480) g/m?, although no information on test con-
ditions and test dust used are given.

Filter separation efficiency of non-woven fabric filters can be im-
proved by wetting the fibres with oil to ensure more durable bond
between the particles and the fibres to limit re-emission and reduction
of filter separation efficiency. Wetting the fibres with oil also reduces
the intensity of flow resistance increase as a function of dust mass
retained by the filter. As per study [24, 25] wetting the fibres with

oil have reduced the intensity of flow resistance increase by half at
aerosol flow rate of 0.11 m/s.

The parameters of selected types of non-woven fabric filters
manufactured by Korea Filtration Technologies Co. [29] are shown in
Table 1, whereas parameters of non-woven fabric filters manufactured
by Retop Fibre [30] are shown in Table 2.

Despite high filter separation efficiency (over 99%) and high dust
capacity, the non-woven fabric filters are rarely used in inlet air filtra-
tion systems in passenger motor vehicles.

Trucks and special vehicles usually operating in high dust load-
ing conditions, are usually fitted with two-stage filtration systems that
guarantee long periods between maintenance.The reasoning behind
using two-stage filters consists in preliminary separation of large dust
particles in the inertia filter and leaving small dust particles in the air
d.<(20+35) um and separation of smaller particles d. = (2 + 5) um in
the panel filter (usually paper filter element with suitable surface area).

The service life of the air filtration systems in engines until the
permissible flow resistance value (maximum air flow resistance for
specific engine type is determined by the manufacturer and corre-

sponds to 3% decrease in motor power) is

Table 1. Properties of non-woven fabric filters manufactured by Korea Filtration Technologies Co. [29] reached is much longer than for the panel
- Tbric desianatl filter itself in the same dust loading condi-
Item Parameters Units Non-woven fabric designation tions. (Fig. 3). Permissible flow resistance
AC-1800 AC-3800 AC-301 AC-180 for diesel engines used in trucks and special
1 | Basis weight g/m? 290 240 210 300 vehicles is (5 + 7) kPa. .
2 | Thickness mm 28+36 | 3.15+3.85 | 243:286 | 2.61+3.19 _ No structural solutions for multi-stage
air filters using non-woven fabric filters
3. | Air permeability cm®/cm?/s 50 + 85 65 + 90 80+ 110 45+ 60 are available for trucks and special vehi-
4. | Tensile strength N/50 mm >98 >98 >98 >98 cles. It is due to lack of sufficient knowl-
5 | Bending strength N3Omm | 196+362 | 196-362 | 147:294 | 147:343 | cdgeonnon-woven fabric filter parameters,
- in particular dust capacity determined in
6 | Bursting strength MPa 0.49 0.39 0.59 0.78 two-stage filtration conditions. Use of non-
woven fabrics in inlet air filters in truck
Table 2. The properties of non-woven fabric filters manufactured by Retop Fibre [30] engines may significantly reduce the main-
tenance frequency. The dust capacity of the
Item Parameters Units Non-woven fabric designation filter medium in two-stage filtration condi-
AC-205 AC203S GH250-OF GP20T tions must be known to design a two-stage
. p air filter. The values in the available litera-
1 Basis weight g/m 22020 22020 250+ 30 130+15 .
ture are given for the paper filters only.
2 Thickness mm 28+0.3 28+0.3 5.0x0.5 0.7+0.10 The Smdy shows empirical assessment
3 | Filter separation efficiency % >97 >96 >94 >99.5 of filter separation efficiency, dust capacity
4. | Air permeability dm’/m¥/s | 2110 >1100 >1600 >400 and flow resistance of selected non-woven
fabrics for operating conditions specific to
5 | Poresize um 120 + 140 120 + 140 180 + 200 50+70 off-road vehicles.
6 | Tensile strength N/50 mm >210 >210 >130 >100
7 | Dust capacity g/ m? >450 >450 >500 >90 5. Purpose, test methods and con-
8 | Bursting strength N >110 >110 >110 >40 ditions
9 | Temperature resistance °C >150 >150 >120 >110 The purpose of the study was to deter-
mine the operating properties of two types
of non-woven fabric filters in a single and
) two-stage filtration system at specific filtration
Panel filter A Multicyclone - non-wovm} velocity and dust removal rate by ejection from
Praop the multi-cyclone’s settling tank.
= The first stage involved determining the fol-
~ . > . .
2 - lowing characteristics: filter separation efficiency
- and flow resistance of two types of non-woven
é- fabric filters operating in conditions correspond-
— ing to the second filtration stage, depending on
the dust capacity as:
0 100 200 300 400 500 ° filter separatlon efficiency ¢,,, = flk,.»),
« flow resistance Ap,,, = f(k,,»).
Sp [%]

Fig. 3. Flow resistance of the single-stage air filter (porous panel filter) and the two-stage air filter in
“multi-cyclone - porous panel filter” configuration depending on vehicle duty S [10].

The scope of tests for the second stage in-
volved determination of the following character-
istics: filter separation efficiency and flow resist-
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Table 3. AC-301 and BWF — 02 E200B non-woven fabric filter parameters

Value
Parameter Unit

AC-301 BWF-02 E200B
Basis weight lg/m?] 210+ 10% 200+ 15
Thickness [mm] 2.34+2.86 2.00+0.1
Air permeability | [dm*/m?/s] | 800+ 1100 at 120 Pa | > 2300 at 200 Pa
Tensile strength | [N/50 mm] > 98 -
Bending strength | [N/30 mm] 147 +294 -
Flow resistance [Pa] - 120+ 130
Components - - Polyester 100%

ance of a non-woven fabric in single-stage filtration system for the
fabric that showed better performance in the first stage.

The tests covered two filter elements made of non-woven fabrics
available in Poland (Table 3). Non-woven fabric names are given in
brackets.

* two-layer AC-301 (AC) non-woven fabric by Korea Filtration
Technologies Co.,

* one-layer BWF-02 E200B (B2) non-woven fabric by EkoKar-
paty.

Filter elements with tested non-woven fabrics were made based
on paper air filter elements for trucks available in serial production.
Surface area of non-woven fabric was determined at permissible fil-
tration velocity [1, 8]:

O

T [mis],
3600 F,

)

VFdop =

where: Qs — volume flow ratio for air downstream of the filter ele-
ment [m*/h], see [3], F,, — active surface area of filter medium [m?].
Main stream value is Q; = 600 m*/h. Ejection dust removal sys-
tem with an air stream Qg (value determined based on the following
equation for the specific suction rate m, = 10%) was used to remove
dust from the multi-cyclone’s settling tank:
Os5= Qgmy. (6)
Assuming the permissible filtration velocity as for the filter pa-
pers Lgg,,= 0.08 m/s, surface area of the non-woven fabric filter is
F,=20m
The tests were carried out at constant air stream flow through the
filter Q; = 600 m*h and suction stream Q, = 60 m*/h, at assumed dust

loading at the multi-cyclone inlet s = 1 g/m?, and in a single-stage
filtration system at dust loading s = 0.5 g/m?, using PTC-D test dust
corresponding to AC-Fine test dust, with size distribution and chemi-
cal composition detailed in Fig. 4.

Filter separation efficiency ¢,, in tested non-woven fabric filters
was determined using mass method at subsequent j cycles, with dura-
tion (uniform batching and distribution of test dust) at: ;,,,, = 3 min
— in the initial period i 75y, = 15 min — in further testing period.
Filter separation efficiency ¢,, of the tested filter element was deter-
mined after each j cycle:

* separation efficiency ¢,

m., .
Py = —L-100%,

™

where: m,,; — mass of dust retained by filter element, np; — mass of
dust introduced to the filter element (mass of dust at the multi-cyclone
outlet) during the cycle:

mp; = my,; + My, (®)
where: m 45 — mass of dust retained by absolute filter,
« flow resistance:
. Ahy,
Apwj= ——(pm — Py )g [kPa], )

1000

where: Ah,, — static pressure drop (in mm H,0) at U-tube water ma-
nometer, p,, — manometer liquid density (H,O) at measurement tem-
perature f;, p;— free air density in kg/m3, g — local acceleration of
gravity.

* dust capacity k,,;.;):

_ Mw(-j)

k- jy =———— [g/m?], (10)

w

where: m,,;_; — total mass of dust retained by filter element,

The tests were completed after the tested filter element reached
the flow resistance of 5 kPa, which is the commonly used permissible
flow resistance for air filters used in motor vehicles.

Filter element tests were carried out on a test stand (Fig. 5) for
testing basic characteristics of separation efficiency and flow resist-
ance for air flow rate up to 1500 m?/h at ejector suction rate up to 20%
and dust loading up to 3 g/m?.

A measuring line was installed directly downstream of the filter
element, from which the end of the U-tube water manometer was con-
nected in the distance of 6D,, from the face of a filter element enclo-
sure (where D, — inner diameter of the outlet line from the tested pa-

per filter element) to measure flow

a) b) resistance Ap,, (static pressure drop)
50 80 at the filter element.
67.15 The measuring line ends with
s | 385 6 ___ a filter protecting the measuring
orifice plate against dust ingress,
_ 30 _ which is also a measuring filter to
% £ 40 1 determine the mass of dust flowing
L 2 F 15.95 through the tested filter element and
20 — . - as a consequence to determine the
o 49 45 45 23 415 3 filter separation efficiency.
o 0 I I o Y s PSS |
0.5 5.10, 10.20 20.40 40.80 S02 A0, Fe0y NaO 16O a0 MO wigod
d, [um] Dust components

Fig. 4. PTC-D test dust used for testing: a) size distribution, b) chemical composition [27]
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=" with dust content ----2> dust stream
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P> removed with dust . S— —
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Fig. 5. Test stand diagram: 1 — tested filter element, 2 — dust collector, 3 — dust chamber, 4 — compressed air stream rotameter, 5 — dust feeder, 6 — flow
resistance test line, 7 — static pressure drop manometer, filter element, 8 — differential manometer, measuring orifice plate (volume flow rate
QOs), 9 — absolute filter, dust suction line, 10 — absolute filter, main line, 11 — differential manometer, measuring orifice plate (Qg stream),
12 —suction fans, 13 — weight, 14 — engine and air fan control panel, 15 — pressure, temperature and relative humidity measuring unit
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Fig. 6. Characteristics of the filter separation efficiency ¢,, and flow resistance Ap,, as a function of dust capacity k,, of systems made of AC and B2
non-woven fabric filters in “multi-cyclone - non-woven fabric panel filter” configuration

6. Testresult analysis time of tested non-woven fabrics can be divided into two periods. The
first (initial) period characterized by low filter separation efficiency,
which systematically and rapidly increases with the quantity of dust
mass retained by the filter paper. The period lasts from the moment
the filtration process commences until the specific filter separation

Fig. 6 shows filter separation efficiency and flow resistance of fil-
ter elements made of AC and B2 non-woven fabrics in two-stage fil-
tration system downstream of the multi-cyclone as a function of dust
capacity. Due to the achieved filter separation efficiency, operation
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Fig. 7. Visible punctures in non-woven fabric

efficiency is reached by the non-woven fabric. The following main
filtration period is characterized by high (over 99%), continuously
and slowly increasing filter separation efficiency. In case of tested
non-woven fabrics, the interface of both periods was defined as the
moment the filter separation efficiency reached 99.5% [8]. After the
first measuring cycle, the filter separation efficiency of AC non-wo-
ven fabric reached ¢,,, = 84.8%, and B2 non-woven fabric reached
¢,,,=80.2% (Fig. 4). The first filtration period (anticipated filter sepa-
ration efficiency ¢,, = 99.5%) for non-woven fabric AC lasted until
the dust capacity k,,, = 17,3 g/m? was reached For B2 non-woven
fabric, the duration of the period was almost twice longer and lasted
until the dust capacity of k,,, = 35.4 g/m? was reached.

The initial operation period of the non-woven fabric filter is very
adverse for two mating parts, since at the same time, a significant
quantity of dust with particle size d, = (2 + 5) um is introduced to the
engine cylinders with air [10]. It may result in premature wear of mat-
ing engine parts. New installed non-woven fabric filter element (pa-
per) will not provide the required separation efficiency and filtration
rate until a specific mileage. Frequent and unnecessary replacement of
the filter element should be avoided.

In the main filtration period, the filter separation efficiency of
tested non-woven fabrics is @,,, = (99.5 + 99.97)%. High AC non-
woven fabric filter separation efficiency is maintained until the dust
capacity of k,,, = 364 g/m? is reached. A decrease in filter separa-

tion efficiency to the value of (97 + 98)% can be ob-
served in a single measuring point beyond this value,
which may indicate depletion of filter medium capacity
and/or puncture. Large dust particles and clusters are
captured as a result of high flow rate and high pressure
difference upstream and downstream of the filter ele-
ment and forced inside the medium to the outlet side of
the filter medium. Fig. 7 shows example points, where
the dust was forced through the filter medium. In case
of B2 non-woven fabric, the decrease in filter separation
efficiency occurred slightly earlier at the dust capacity
of k,,, =343 g/m>.

With the increase in mass of dust retained by the
non-woven fabric filter, the flow resistance of the filter
element systematically increases, although the intensity
of'the increase is higher for the element made of B2 non-woven fabric.
After reaching the permissible flow resistance Ap,, = 5 kPa, the dust
capacity of AC non-woven fabric is ,,, = 325 g/m?, and significantly
lower in case of B2 non-woven fabric at &, = 227 g/m? due to lower
mass of dust retained by the fabric. It can be explained by lower thick-
ness of B2 non-woven fabric, and thus lower dust capacity. The dust
capacity of paper filters in two-stage filtration systems is significantly
lower (k,, = 50+80 g/m?) compared to tested non-woven fabrics.

Fig. 8 shows comparative analysis of AC non-woven fabric filter
performance in the single and two-stage system in “multi-cyclone -
non-woven fabric panel filter” configuration. Filter separation effi-
ciency and flow resistance of the non-woven fabric filter element in
the single-stage filtration system (standard particle size distribution)
increases with lower intensity compared to the filter element made
of the same AC non-woven fabric in the “multi-cyclone - non-woven
fabric panel filter” configuration. It is due to the fact, that the dust
downstream of the cyclone does not contain particles >(20 + 35) um,
due to the filtration rate of the mini-cyclones [1, 10, 17, 22]. The filter
element is affected by smaller dust particles, which fill all the areas
between the fibres, increasing the flow rate and thus intensifying the
flow resistance.

Permissible flow resistance Ap,, = 5 kPa was reached by the non-
woven fabric filter in the single-stage filtration system at the dust ca-
pacity of k,,; = 700 g/m? and thus at twice the value compared to
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Fig. 8. Characteristic curves of filter separation efficiency ¢,, and flow resistance Ap,, of AC-301 non-woven fabric filters in single and two-stage
filtration system in “multi-cyclone-non-woven fabric panel filter” configuration

EkspLoATACIA | NiIEZAWODNOSC — MAINTENANCE AND RELIABILITY VOL.17, No. 4, 2015 525




SCIENCE AND TECHNOLOGY

100 10
95 9
90 Test conditions: System t_e(s)t;gnrc:\ilt;ons: P
ve =0,08 m/s Vg = .
85 test dust: PTC-D test d_us1t. I;'TE-D e
s=0,5g/m? fn— 1 gor(\;&
0=
80 6
< ﬂ APy o)
. o
& 75 5
s 70 Filter element: / A 3
non-woven fabric panel filter N({o_ o~ o = 2420 gin? B
65 [ 3
M’Wv
60 5
55 mp =1596 g/m? 1
50 1 ' \4 v 0
0 500 1000 1500 2000 2500 3000

mp [d]

Fig. 9. Characteristics of filter separation efficiency ¢,, and flow resistance Ap,, of AC-301 non-woven fabric filters in single and two-stage filtration
system in “multi-cyclone-non-woven fabric panel filter” configuration as a function of dust mass mD introduced to the filter

two-stage filtration system — k,,, = 325 g/m?. The dust capacity of the
non-woven fabric subject to dust with size distribution changed by
the inertia filter (¢,<20+35 pum) is lower than the dust capacity of the
non-woven fabric subject to the external dust (d,< 80um) by 50%. It
is consistent with the data available in the studies on filter paper test-
ing [10, 14].

Lower dust capacity of the non-woven fabric subject to dust with
size distribution changed by the inertia filter does not mean reduced
service life of the two-stage filtration system (shorter mileage) until
the permissible flow resistance Apyy,,,. is reached. Although more dust
(Fig. 9) is introduced with the air to the system, service life of the
two-stage filtration system in “multi-cyclone-non-woven fabric panel
filter” configuration 1), is significantly longer. Service life can be cal-
culated from the following equation [1]:

_ Fc'ka’kc
r2 =
QSilmax'S'(l_(pM)’(pw

T

(1)

where: F, — total surface area, second stage filtration, k,,, — dust ca-
pacity of non-woven fabric, k. — coefficient allowing for the differ-
ence between test and actual dust parameters, Q,,,,— volume flow rate
via engine, s — average dust loading in drawn in air, ¢,, — first stage
filter separation efficiency (multi-cyclone), ¢,, — filter separation ef-
ficiency of non-woven fabric filter.

For the following data: F. — 2 m?% k,, — 325 g/m? k. — 1;
Opax— 600 m*/h;s — 1 g/m*; @), = 0.8; @, = 0.99; service time of two-
stage filtration system is t,,, = 5.47 h. For the same non-woven fabric
in single-stage filtration system, the filter achieves t,, = 2.37 h, which
is half the value compared to the data in Fig. 3.

6. Summary

Non-woven fabrics are more and more commonly used in the in-
let air filter systems of modern passenger vehicles. However, no data
are available on use of non-woven fabrics as a second filtration stage
in multi-stage filters used in trucks and special vehicles, mostly due
to the unknown operational properties of non-woven fabric filters, in

particular dust capacity. Dust capacity values for non-woven fabrics
used as the second filtration stage (downstream of the inertia filter) are
lower compared to non-woven fabrics used in single-stage filtration
systems. It directly affects the filter service life (time until it reaches
permissible flow resistance) and thus vehicle mileage.

The tests of two non-woven fabric filters: AC-301 and BWF —
02 E200B in two-stage filtration system downstream of the multi-
cyclone have shown that the dust capacity at determined flow resist-
ance Apy,, = 5 kPavaries, depending on the parameters of non-woven
fabric structure and is k,,, = 325 g/m? and £,,, = 227 g/m?, respec-
tively. At identical permissible flow resistance, filter papers used
as the second filtration stage downstream of the cyclone, achieve
the dust capacity of &,,, = (50 + 80) g/m? [9] which is several times
lower due to the lower thickness of the filter paper.

The tests of AC-301 non-woven fabric filter in single-stage fil-
tration system (PTC-D test dust, standard size distribution up to
d,<80 pm) have shown that the characteristics of the flow resistance
Ap,,=fk,,) vary. Significantly lower intensities of the increase in flow
resistance of the non-woven fabric subject to test dust with standard
size distribution compared to the non-woven fabric subject to dust
from the multi-cyclone (significantly smaller particle size) have been
observed.

(Fig. 9). The dust capacity determined for AC-301 non-woven
fabric at specific conditions and flow resistance Apg,, = 5 kPa was
k,,; = 700 g/m?, almost twice as high as achieved in the two-stage
filtration system.

Actual service life of the two-stage filter, with a filter medium
designed using dust capacity k,,; resulting from the non-woven fab-
ric operation in the single-stage filtration system, which is often used
when designing filter paper elements, will be halved.

Low (¢,,,= (80 + 84)%) filter separation efficiency and presence
of large dust particles in the air in the initial, however short operation
period may result in a premature wear of mating parts, in particular
piston, rings and cylinder. In actual operating conditions, the initial
operation period occurs after replacement of the old filter element
with a new one.

The filter reaches its highest filter separation efficiency (99.9%)
in the end period, when the flow resistance is close to the permis-
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sible flow resistance, which is also a criterion for the filter element
change. Since high filter separation efficiency is a much-desired prop-
erty, filter elements should be used as long as possible. An increase
in the mass of dust retained at the filter element, not only increases
its separation efficiency but also its flow resistance, which in turn

may affect motor power and fuel consumption. The manufacturers of
modern passenger vehicles recommend filter element change after a
specific mileage ((30 + 60) thousand kilometres) and/or based on the
flow resistance indication.
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