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Properties of material with nanofiber layer used fo filtering the inlet air
of internal combustion engines

Nanofiber properties, and the possibilities of thapplication in industry, including the productiasf car air intake filtration
materials for vehicle engines are discussed. Ttentbn is paid to the low efficiency of standatuldtion materials based on cellulose
in the range of dust grains below B. The properties of filtration materials with ndibers addition are described. The conditions, and
methodology of material filter paper tests at tketion with particle counter were developed. Stade the filtration characteristics,
such as: efficiency, accuracy, as well as presduop of filtration materials differing in structungere made: standard paper, cellulose,
and these materials with the addition of nanofib@fisese are commonly used filter materials foeffilnserts production of car air
intake systems. Test results show significantidrigalues of the efficiency, and filtration acoryaof materials with nanofiber layer
addition of dust grains below 5n in comparison with standard filter paper. It wiasind that there are 16m dust grains in the air flow
behind the insert made out of cellulose,, which m&yhe reason for the accelerated wear of theregi"piston-piston ring-cylinder”
association. Lower values of dust mass loadingficoaft km for filtration materials with the addith of nanofiber layer, in relation to
standard filter paper were observed.

Key words:engine, air filter, filtration materials, nanofibdilter media, filtrationefficiency, filtration performance, pressure drdpst
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1. Introduction

The dominant filter material of modern inlet aitémal
combustion engines is filter paper (porous mafgriddar-
acterized by filtration performance, d 5 um, filtration
efficiency at , = 99.9%, low thickness,g= 0.4-0.8 mm,
and the same small {& 200—-250 g/f) dust absorptivity
limited by the permissible pressure drDpiop Of the air
filter [3, 5, 6-9]. Filter papers stop dust graorsthe fibers

guent removal (filter cleaning) by means of revdisethe
opposite direction to the direction of air flow thg opera-
tion) of a compressed air pulse under high presstitee
dust particles are on the filter material surfabey do not
damage (break) the structure of the filter cartidghen
they are blown out.

In the available literature, the data charactegiztine
properties of filtration materials with the additiof nano-

(which have approx. diameter of 20 pm) of the psroufibers is not very common. Hence, it is advisallecarry

barrier due to the various forces, and filtratioachmanisms.
Over time, dust grains are deeply embedded inibteus
structure of the filtration media, preventing theger air
flow. As a result, there is a continuous pressuop @n the

out experimental investigations of filtration madds with
the addition of nanofibers in terms of efficiend@itration
performance, and pressure drop. Such studies pemsive
and labor-intense, however, this is the most ridiake-

filter, until the value oDpop is reached, which is the crite- search method.

rion of air filter usage end, and the exchangehef filter
cartridge.

It is believed that all dust grains above d.  m which
are of mineral origin cause accelerated compongeds of
internal combustion engines [2-5, 7, 10]. The dberf
responds for supplying air to the engine cylindefshe
appropriate quality (purity), to minimize enginenguo-
nents wear.

The development of fiber production technology ha

caused that more and more often, filter manufacturer
example: Donaldson, Maan-Hummel, use filtrationemnats
with an additional nanofiber layer. These are ther§ with

very small diameters, ranging from 50-1000 nm, tvhic

dependins on their production process, and the aypmo-
lymer used.

A thin layer of nanofibers applied from the inletesto
a standard filter bed (eg cellulose) retains padiof impu-
rities, before they penetrate into the filter miaierThe
development of fiber production technology has edubat
more and more often, filter manufacturers, for epksn
Donaldson, Maan-Hummel, use filtration materialthvan
additional nanofiber layer. The dust particles méta on
the surface of the layer of nanofibers allows thsibse-

2. Air pollution and their impact on engine

components wear

During the operation of combustion engines with air

the significant amounts of contaminants enter icybin-
ders, but these are mostly dust grains with sizé&sMb2-5

m as modern air filters, where filter paper or waowen
fabric is a filter medium, operate with such pramis Lar-

er dust grains enter into the engine cylindera eesult of

e failure of the air supply system. The contamisanter
into the engine cylinders also with fuel and oilt beir
amount is much smaller. The abrasive wear occursnwh
a hard foreign objects get between two cooperatimac-
es, sticking into the different depths, leadingléformation
and cutting micro volumes of surface layers of thepe-
rating components. The literature is dominatedhey\iew
that the greatest wear is caused by the dust godiszes
of d, equal to the minimum ik, thickness of an oil layer
needed to create a lubricant film between the caing
surfaces, that is when there is the following reteghip.
For any other value of the quotient qfid,, connection
wear decreases (Fig. 1) [10].
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The minimum thickness of the oil filmy between two cles do not adhere to a polished cylinder bearurfpse,
abrasively cooperating surfaces is directly prapoetl to  which leads to breaking the oil film and acceledateear.
the temperature-dependent oil viscositythe C coefficient The volume consumption of engine components dubeo
depending on the bearing dimensions, relative spifed impact of dust depends on: the parameters of thieesiin
lubricated surfaces, and inversely proportional to the Pdust, clearances between cooperating parts, desigh

loading force and is expressed with the generatmidgn-
cy:

@

A

Fig. 1. Effect of solid particulates on a tribolcgli connection: a) contam-

inations suspended in the oil [1], b) conditiontted maximum connection
consumption [10]

e 5

o

For the set conditions of the engine operation, die
film thickness hy, changes cyclically in a tribological con-
nections area depending on the connection operatingi-
tions. Between a cylinder liner and a piston rint& oil
film thickness is determined by the piston speed. (&).

h
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Fig. 2. Formation of an oil film in connections:R)R-C, b) pivot — bearing

Cylinder
iner

Pressure profile

operating engine parameters, material mechanicgiepr
ties. The dust entering with the air into the eegiglinders
affects the first piston ring, the piston, and tbe cylinder
part the most intensively. Applying by-pass filterengine
lubrication systems resulted exactly from the neede-
move contaminants of with the dimension of belown
from the engine oil.
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Fig. 3. Oil film thicknesses in typical combustiengine connections [3]

Figure 4 shows the results of the P-R-C connectiear
of a 4-cylinder engine with spontaneous ignitions&/1.3
dm®, N, = 66 kW at 4,000 rpm, M= 200 N-m in the range
of 1,750-2,250 rpm), turbocharged, with chargecaaling
and exhaust gases recirculation after 1,200 hduopera-
tion according to a specified endurance test [IBg great-
est wear of the cylinder liners was registerechiirtupper
part, in the plane perpendicular to (B-B) the eergaxis,
which is consistent with other studies results [1Dhe
cylinder liner and piston rings wear caused by aonihants
entering into the cylinder liner with the inlet @nd con-

Between the BDC and UDC dead centres, the pistégminants in the oil causes the decline in theside area.

(piston rings) speed is the largest, thus the thgsk of the
oil film in this area takes the maximum values. @jiag
the direction of the piston movement in extremeitps
of the cylinder liner makes that its speed in tmea is the

As a result, there is a loss of the compressedtaged thus
the pressure drop at the end of a compressionestasid
consequently the tested engine power drop by appesx
tely 2.5% and increase in specific fuel consumptinn

smallest, and in BDC and UDC is zero, which leaals 3-4% (Fig. 4).

areduction of the ail film or its complete disappnce.
Therefore, there may be periods of even direct lireta
contact between the piston ring and the liner. Wridese
conditions, in theory, each particle with any snsi#les can
cause the wear. As a result of the oil film thickehanges,
dust grains, which were between the cooperatinfaces,
are crushed and grinded and can penetrate between
frictionally cooperating surface, where the oinfilthick-
ness takes small values. In typical connectiorss@mbus-
tion engine, the ail film thickness specified irethaper [3]
takes different values (Fig. 3).

It is clear that even the smallest dust grains thode

below 2-5 m will result in accelerated wear. It is believed
that all the dust grains above fin are the cause of acceler-

ated wear, but the dust's abrasive aggressivityedses
when the dust grains sizes are belowns. However, the

dust grains below 1 m are dangerous because they affe

the cylinder sliding surface like polishing pastil parti-

12 | ‘
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Fig. 4. Cylinder liner wear of a 4-cylinder, turh@eged engine with
spontaneous ignition and poweg.dk = 66 kW in a plane perpendicular
(B-B) and parallel (A-A) to the engine axis [18]
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The P-R-C connection wear is also the increaséén tsurface, seen as single scratches over the trétegssar-
face treatment. Figure 7c shows the view of a treck
gine’s cylinder bearing surface operated with aerafive
air filtration system. Honing traces and combustmo-
ducts deposits on the cylinder liner above uppaddeentre
of the first piston ring are clearly visible.

intensity of exhaust fumes blow-through into a &raase
(Fig. 5), which increases the lubricating oil temgtere,
decreases its lubricating properties and blowing il
through exhaust gases. The result of this is adbss lub-
ricant film,” and as a result of which the systemsges
from fluid friction conditions to mitigated solidi€tion.
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Fig. 5. Effect of the test on: a) the engine exhgas blow-through at full and
low engine load, b) the engine oil consumptioveaious engine loads [18]

After 1,200 hours of operation at full load ando@0pm,
blow-through intensity increased by 61%. This amegbs

considerably the engine oil degradation. The irszda

looseness in the P-R-C connection intensifies tlenpme-
non of piston rings operation, thus oil consumptoa ex-
haust fused toxicity increase. At the same timegtingine oil

Fig. 7. View of a truck’s engine cylinder bearingface operated with an

operative and inoperative air filtration system: c¢ar scratches band

without honing traces, b) visible single scratchasd over surface treat-
ment traces, ¢) an operative air filtration sysfém

3. Nanofibers filtration materials properties

Proper purity of the air supplied to the internainbus-
tion engine piston cylinders is provided by the fiber
together with the intake. In today's passenger aadsvans,
there are used single-stage filters, which arepgopa with
filter inserts made of pleated paper (sometimesamaid
non-woven fabric) shaped in the form of cuboidahgia.
For filtering intake air for vehicle engines used dondi-
tions of high dust concentrations in the air, twage or
three-stage filters are used. The first stage lokfion is
then an inertial filter, and the second is a sewfes porous

consumption increased by 108%, 96% and 113% réepect barrier made of filter paper behind it. The devetept of

ly at loads of 100%, 33% and 20 N-m (Fig. 6).
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Fig. 6. Effect of the test on: a) the engine exhgas blow-through at full and
low engine load, b) the engine oil consumptioveaious engine loads [21]

The accelerated wear of the cylinder liner may lve-a
sult of engine operation with an inoperative altrdtion
system. Figure 7 shows the image of such weartmfck’s
cylinder liner.

Abrasive wear of the cylinder bearing surface sble

fiber production technology has caused that mockraare
often filter manufacturers, for example Donaldsbtann-
Hummel, use filtration materials with an additiomeno-
fibers layer to build filtration inserts.

Nanofibers have completely different properties €om
pared to standard fibers. First of all, in relatiorthe mass,
they have a large surface area, much higher streagd
they are also characterized by higher chemicaliggctand
higher moisture sorption. They can be used to Hiltlets
to separate chemical or biological contaminantsnfithe
blood plasma, they can be used as gas filtersinapuatities
with very small diameters - filters with moleculsepara-
tion. Due to their structure, nanofibers materibsve
unique properties, and offer unexpected posskslitdf
their application in many fields, such as in matkgienergy
and air filtration [15].

Nanofibers can be made from different polymers, and

thus have different physical properties. Exampfasatural
polymers include collagen, cellulose, silk fibrokeratin,
gelatine and polysaccharides, such as chitosamlgithte.
Nanofibers diameter depend on the type of usednpery
and the method of production [19]. All polymer nébers

in the form of parallel, continuous scratches baald®g are unique due to their large area, and volumesiderable

a forming cylinder liner in a cylinder bearing saoé top mechanical strength, and small fiber diameterefFithedia
area along approximately 1/5 of the circumferenceénade of nanofibers are characterized by high piyresid
Scratches were caused by hard and big dust g&inatch  small pore sizes [11, 13-15].

bands are so intense and deep that traces ofdytiater In automotive industry, fibers with very small dierer
bearing surface treatment — honing — are invigiblg. 7a). of about 0.05-0.8m (50-800 nm) are used. As a compari-
Figure 7b shows much less wear of the cylinderibgar son [25]:
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cellulose fiber thickness — 10 000—20 000 nm
e human hair thickness —20 000-80 000 nm
blood red cell diameter — about 7000 nm
bacteria — 2000 nm.

nanofiber layer, g = 0.1 g/ni, and fiber diameter in the
range of 40-800 nm was placed [15, 16]. With treeaase
of the dust grain size, the efficiency of filtratidor both
filter cartridges gets higher and higher values,tha filtra-

Figure 8 shows SEM image of nanofibre coated filtetion efficiency of the filter cartridge with the mafibers

medium [23].
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Fig. 8. SEM image of nanofibre coated filter medi{28]

The most widely used method of producing nanofibers

is the electrospinning method [19]. It is a prooeksbtain-
ing fibers from molten polymers or their solutionsing
high voltage. This modern technology, using thétrigol-
ymer, and dissolution system, now allows the prtdoc
of fibers with diameters ranging from 3 nm to 100®.
Virtually any polymer can be obtained in the forfriibers
by electrospinning. Nanofibers have many possisthrio-
logical, and commercial applications in the follogiareas:
tissue engineering, drug delivery (release), diagnof
carcinogenic changes, lithium-air batteries, optsemsors,
and air filtration.

Due to the limited mechanical, and strength prapert
of the thin layer of nanofibers (1-5n), it is applied to the
substrate (Fig. 9) from conventional filtration mddls that
have higher strength. The nanofibers may be laidranor
two sides of the substrate, which may be: cellyloston
or polyester. Usage of nanofibers, as an additidengr
applied to standard filter materials for air fikeused in
motor vehicles, significantly increases the efficg and
accuracy of filtration.

Fig. 9. Nanofibers applied to a cellulose substrateoss-section view [13]

Figure 10 shows the fractional efficiency of a ukite-
based nanofibre filtration medium, on which a 0.B1m

layer has higher level. For dust grains with=d.25 pum,
filter cartridge filtration efficiency, with the "sitblown"
nanofiber layer applied is = 80%, and for a standard cel-
lulose fiber filter only = 20%. With the dust grain size,
the difference in the filtration efficiency of botartridges
decreases and fop d 4.5 pm it is 99.8% and 97% respec-
tively. Nanofibers layer usage on a standard fitrasub-
strate also causes an increase in the pressure grdpor
the speed = 0.3 m/s, the insert with the addition of nano-
fibers has a 75% higher flow resistance than the stan-
dard [12]. These values are much higher, than thased
on cellulose, and commercial materials with theitémid of
nanofibers (Fig. 3).

100 ——o—oT—0—0 —=A

D/g/

80

Vel
P
v

60

40

—0O— Commercial cellulose media

20

©— Commercial cellulose-metblown

Fractional efficiency ¢ [%]

: | |

0 1 2 3 4
Particle size d. [um]

Fig. 10. Pleated filter elements made of cellulébers, nanofiber layer

and cellulose fibers filtration efficiency [12]

The ratio of the nanofibers to the cellulosic filkame-
ter is approximately 1:130. This results in a digant
increase in the filtration area for the nanofibed.bNano-
fibers area of 1 g, with a diameter of 200 nm iprapi-
mately 20 g, and only 0.2 fig for cellulose fibers with
a diameter of 20 m. Fiber diameter is the main variable
responsible for the filtration efficiency, and flowsistance.
The efficiency increases rapidly as the fiber disenele-
creases. For example, the use of fibers with a efiemof
1 m instead of 50 m leads to an increase in the filtration
quality factor by 2000 [15, 16].

Filtration efficiency, filtration performance andegsure
drop of filtration materials with an additional rudiber
layer depends on the substrate structure (typeabémal),
and the layer of nanofibers thickness. The papé} fpte-
sents the results of filtration effectiveness te$tur sam-
ples made of different filtration materials: 1 —nmmven,
2 — knitted, 3 — woven, 4 — charmeuse (silk nonwjve

Filtration efficiency, and pressure drop were deiaed
for samples with nanofiber layers with a basis Wweigf:
Om = 0.02 g/m, gn = 0.1 /M, gn = 0.5 g/, and without
a layer of nanofibers. Photos from the SEM micrpscfor
sample C with a layer of nanofibers with set wesghate
shown in Fig. 11. The nanofibers had an averagmetier
of 140 nm with a standard deviation of 30 nm. Therage
pore size for the nanofiber layer with the basisgive
Om = 0.02 g/M, gn = 0.1 g/M, g, = 0.5 g/nf were respec-
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tively 1190 nm, 540 nm and 260 nm. The effect gfliol
nanofiber layer on the filtration efficiency of thiker mate-
rial (nonwoven fabric 1) is shown in Fig. 12. Maatfiltra-
tion effectiveness without the nanofiber layer &ylow,
and for particle sizes below 2m does not exceed 10%.
A small layer of nanofibers with,g= 0.02 g/m increases
the filtration efficiency of particles smaller th@&n m over
60%. Nanofibers layer with ,g= 0.1 g/nf increased the
filtration efficiency of particles with dimensior$ 2 m to
the value of about 90%, and faf g 0.5 g/mi — to the value
of over 99%.
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Fig. 11. SEM microscope photographs for samplet® nanofiber a basis
weight layer: a) without nanofibers, b), g 0.02 g/m, c) g, = 0.1 g/n,
d) gn = 0.5 g/M [14]
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Fig. 12. Material filtration effectiveness (nonwevdabric sample 1)
without a nanofiber layer, and with nanofiber layeith unit weight
gn = 0.02 g/M, g»= 0.1 g/M, gn = 0.5 g/m [14]

There are known constructional solutions for vehiok
let air filters (Abrams M1 tank), where a filterrtége
with the addition of nanofibers, and a system dbenatic
impulse purification of the PJCA (Pulse Jet Air &ler)
filter cartridge is used [12]. It ensures seveiakes longer
air filter life, and thus longer vehicle life witbbthe need
to operate the filter. The principle of PJAC op&natsys-
tem is that at the time when the pressure dropeffitter
inflow does not exceed the permissible value, thélaa-
tion process takes place, as in every vehicler filedter
pressure drop reaches certain value, a pressurelatadis

activated for 0.1-0.35 s, producing a pulse inftren of
compressed air with a pressure of 0.4-0.6 MPa. Com-
pressed air flowing in the opposite direction,he &ir flow
direction during the filtration process blows owist parti-
cles from the surface of the filter cartridge, whiben fall

into the dust collector [20].

Figure 13 shows that the standard filter cartridge,
mounted in a tank which moves in the column in dese
conditions, reaches the permissible value of presdtop,

Praop = 7.6 kPa (30 inches of,8) after driving about 25
km (16 miles).

When a filter cartridge with a nanofiber layer guped
with an automatic pulse cleaning system reachesmua
pressure drop of approximately 6.3 kPa (25 inclié4,0),
the pulse cleaning system will be activated. Afanoving
the dust from the nanofiber layer, the pressure die-
creases to approximately 5 kPa (20 inches gd)Hand
remains at this level.

35

:! Apriop=T7.6 kPa Speed of travel 11 mph
20 f/g B (17,6 kmvh)

25 / /\/\ 1 mile = 1.6@

20

—0— standard filtration cartridge

15 Ap;=3.8 kPa

I

Pressure drop Ap; [cal H,0]

—o— filtration cartridge with nanofiber N
layer and PJAC system

10 I I
0 20 40 60 80 100

Road driven by the vehicle S [miles]

Fig. 13. Air cleaner pressure drop versus milegelied in 20 mph convoy
test in desert conditions and automatic cleanirsgesy [12]

4. Author’s own research

4.1. Aim, scope and research subject

The aim of the research was to determine, and campa
filtration properties: efficiency and accuracy dtrétion,
and filter cartridges flow resistance made of wvasidilter
materials (cellulose, polyester with the additidnnano-
fibers) by determining their following characteigst

« filtration performance ghax= f(km),

« filtration efficiency = f(kn),

e pressure drop py = f(km),
where: k, — dust mass loading, determining dust mags m
retained, and evenly distributed over 1 of filter material
active surface, which is expressed by the depemdenc

— . @)

The filtration speed is defined as the quotienthef air
stream flowing through the filter cartridge, @equal to the
engine air demand), and the area of the activerpiafer
Aw, and is expressed by the following relationship:

— [m/s]. 4)

The subject of the research were four filter cdgteis of
the same type, same dimensions, same filtratiofacur
A, = 0.153 m, but differing in the filter material (Fig. 14).
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On two standard filtration materials, there is aafdber
layer on the inlet side. In order make test anslgsisier,
filter materials have been labelled as follows:

» A (cellulose),

» B (polyester),

* C (cellulose + polyester + nanofiber layer),
» D (polyester + nancofiber layer).

Fig. 14. Filter cartridge

During the tests, a research cycle was applied, in
which five counts of the dust grains in the range-20 m
were programmed, divided into 20 identical measargm
intervals limited with diameters fglin—d.imax) With a step of

d; =04 m (0.7-1.1 m; 1.1-1.5 m; 1.5-1.9 m; ..;
8.3-8.7 m) and 11 identical measurement intervals limited
with diameters (ghi—imay With a step of d; = 0.8 m
(8.7-9.5 m; 9.5-10.3 m; 10.3-11.1 m; ...; 15.9-16.7

m). The last measuring compartment had a rangegf
16.7-20 m.

At the appropriate distance after tested filteg tip of
the measuring probe is placed centrally in the akithe
cable, which is followed by air suction to the paet coun-
ter sensor. The measuring lead ends with a spéadisb-
lute) filter, which prevents dust from entering tioeameter,
and at the same time it is a measuring filter. Toxer in

Tested filter materials characteristic parameters awhich the cylindrical filter cartridge is locatelTC-D (Fig.

summarized in Table 1. Three times higher air pabite
ity, and double the size of the filter material éel{ulose)

pores from other materials is noteworthy.

Table 1. Tested filtration materials parameteroatiog to the

manufacturer's data

. Permeability .
igg:ﬁ;}ggﬁg; Filtration material | g, [m¥m%h], Gra{n /mn?]ge Th|(Ekrr1ne]ss

A Cellulose 3017 121 610
B Polyester 650 180 500
c Cellulose +_po|yester 660 120 300

+ nanofibers
D Polyester 525 180 500

+ nanofibers

4.2. Methodology and test conditions

Tests were carried out at the station (Fig. 15)chviwas
equipped with the Pamas-2132 particle counter lith
HCB-LD-2A-2000-1 sensor. The meter registers thmlper
and size of dust grains in the air stream Q, bethiedested
filter cartridge in the range of 0.7-10@n in i = 32 meas-

urement intervals, limited by diameters;fa—zimay)-

> inlet air
==p> purifield air

----> dispensed dust

220V

Q;- reseach strem
Q. - screning stream

Fig. 15. Filter cartridge test stand functionalgiam: 1 — filter cartridge,
2 — dust chamber, 3 — dust dispenser, 4 — rotairetet-type manometer
tube, 6 — measuring tube, 7 — humidity measurersett, ambient air
temperature and pressure, 8 — measuring probe, prticle counter
(a — sensor, b - counter microprocessor, ¢ — tesam filter, d — vacuum
pump, e — flow control block, f — measuring compytd0 — absolute
filter, 11 — rotameter, 12 — air stream regulati@ve, 13 — suction fan,

14 — analytical balance

220

0,0000 g

16) test dust is being dispensed as the natiop&aement
for AC fine test dust, whose chemical, and fraclarom-
position is given in [21].

The pressure dropp, in the cartridge was defined as
the decrease of the static pressure in the outf pt
a distance of 6¢lfrom the edge of the cartridge outlet on
the basis of théhy, [mm HO] indicator on the U-tube
liquid manometer, according to the relationship:

" "y,
#s &l ( )*

where:r , — manometric liquid density [kg/f, r — air
density [kg/n], g — gravity acceleration [nf]s

[kPa]. (5)

50 80
z & 67,15
= 13
& 40 ] 3855 N
g Z 60
3 PTC-D testdust o
2 £
c = PTC-Dtestdust
e £
£ 5 40
5 19,46 3
° 1597 1648 pu—— | 2
S 5
g S 20 15,25
2 g
= ‘2 49 45 45
§ ’ 235 445 3

0.5 5.10 10.20 20.40 40.80
Dust particle sizes d [um]

Si0, ALO; Fe0;

Na,0 K,O CaO MgO moisture

Dust components

Fi

g. 16. PTC-D test dust used for testing: a) dig&ibution, b) chemical
composition (PN - ISO 5011)

Cartridges filtration characteristics were deteradirfor
the filtration speedf, = 0.1 m/s. For passenger car filters,
the maximum speed of paper filtration is in thegerof
0.07-0.12 m/s [3, 4, 8, 9, 22]. For the assumdrthafibn
rate (rw = 0,1 m/s), the maximum value of the test stream
calculated according to the following relationsthigs the
value Qumax = 56 ni/h.

+ . | , 0122[m%nh] (6)

where: tested inserts filtration surfacg A0.153 .

The RIN 60 rotameter of the measuring range 3-67
m>h and the accuracy class 2.5 was assumed fotreams
measurement.

Tested filtration materials filtration characteidstwere
determined by the gravimetric method. Dust masained
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on the tested filter cartridge, and the absolulterfiwvas
determined in subsequent measuring cycles witteaifsgd
duration. The concentration of dust in the inlet tai the

filtration efficiency, filtration performance andgssure drop
of filter cartridges assume increasing values. Ehike result
of the space filling between the fibers (pores)ictviis con-

filter cartridge s = 0.5 g/hwas used. The tests were carriedsistent with the literature [4, 5, 8, 15, 16].

out in measuring cycles j with duration (time ofiafdust
dosing)t, = 3 min. in the initial period, ang, = 9-12 min
in the basic period of filter cartridges work. Afteach
measuring cycle j, the parameters necessary talagdc
efficiency, filtration performance, pressure drapdadust
mass loading of the filter cartridge were determin€he

The work of tested filter cartridges can be dividetb
two stages. It was assumed that the first (1) jrtit&al stage
of filter cartridges operation, lasts until thetrfition effi-
ciency stabilizes at the level of, = 99.9%. This stage is
characterized by low initial efficiency, filtratioperfor-
mance, and low pressure drop.

dust mass was determined by an analytical balaritte w For a filter cartridge made of filter material Ae(lw-
a measuring range of 220 g and an accuracy of .1 m  lose), the initial filtration efficiency is.a = 96.5%, and the
The tests were performed in measurement cycle#tvesumaximum grain size does not exceed the value of
ing from time § of even dust dispense to the filter. Duringd:maxa = 16.7 pm. The determined value of filtration <ffi
the measurement cycle at a moment ¥: t, the procedure ciency (= 99.9%) is achieved at the dust mass loading
of counting of the particle number and measureroéits  kma = 91 g/nd, while the pressure drop increase is insignifi-
size was initiated in the counter downstream offithe. cant. For the other cartridges made of other fiiramate-
After each j-th measurement cycle the following everrials, the first stage is much shorter.
determined:
e The pressure dropp,, in the cartridge was defined as
the decrease of the static pressure in the ouipet gt
a distance of ¢ from the edge of the cartridge outlet
on the basis of th®h, [mm HO] indicator on the

U-tube liquid manometer, according to the relatiops
4 $ % ( *

&l ) @

where: r ,, — manometric liquid density [kgffh ry — air
density [kg/mi], g — gravity acceleration [nfls
» The efficiency of filtration, as a quotient of theass of

[kPa].

the dust g trapped by the filter and the mass of the
dust my; introduced into the filter during the subsequent

j-th measurement cycle based on the relation:

= = 2278

3% 6%

(8)

$ 4%

» Mass loading of dustk of the investigated filtration

material:

o g/ ©)

e The number Y of the dust grains in the airflow down-

stream of the filter (passed through by the fitgrma-
terial) in the measurement intervals limited withrde-
ters (Qimin+dzimax)-

* The accuracy of filtration — as the greatest siz¢he

dust grain ¢ = dmax in the airflow downstream of the

filter.
» Percentage share of individual dust grain fractiorthe
air downstream of the filter for a given test cycle

) >9
<==5, geAs, 227,

>0

(10)

where:B_
through by the filter (from all measurement intésyan the
test cycle.

4.3 Test results analysis

9 ¢ B- — total number of dust grains passe

Fig. 17. Filtration efficiency , filtration performance, g, and pressure
drop pw depending on the tested filter cartridges dustsn@esding k,

For the B (polyester) insert, stage (I) ends whih dust
mass loading ks = 56.1 g/m, for the cartridge C (cellulose
+ polyester + nanofibers),k = 35.8 g/m, and for the con-
tribution D (polyester + nanofibers) coefficientde 15.6
g/m. The initial filtration efficiency for the mentien
cartridges is assumed to be higher, respectively:

we = 98.4%, ¢ =99.3%, .o = 99.6%. At the end of the
first stage filtration, the sizes of the maximuraigs for the
contributions A, B, C, D are stabilized at the daling
level: Gmaxa= 4.7 UM, ghaxe= 3.9 UM, ghaxc= 3.1 um,
dzmaXD= 3.5 pm.

The initial work stage of the A cartridge made efil¢

Jose is several times longer than the insert Dygster with

a layer of nanofibers) and the contribution of €ll(dose +
polyester + nanofibers). At the same time, theiredthigh
filtration efficiency of the inserts with nanofiblayer reach
much earlier than cartridges made of standard fifigterial.

Test results filtration efficiencyy, filtration performance This confirms the literature information about thesitive
dzmax @nd pressure droppy calculations of tested filtration nanofibers influence on the filtration efficienayd filtration
materials are shown in Fig. 17. As the dust masénel in  performance materials used in automotive industry.
the filtration layer increases (kcoefficient increase) the
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In the first filtration stage, the dirt particlegmbsit on
the fibers surface of the porous structure, angreniously
deposited particles. In this way, they form sloghpwing
complicated dendritic structures (agglomerated)fthdree
spaces between fibers. They affect the flow fielslad the
fibers. In response to changes in the filter stmg;tthere
are changes in the air flow. This has the effe¢hafeasing
the flow resistance through the filter bed.

In the second (ll) stage of the filtration cartedg the
filtration efficiency remains unchanged,

w=99.9%. In contrast, the pressure drop reachgisehi
and higher values, but the intensity of growth risager for
inserts made of materials with nanofibers additibiiter

cartridges without nanofibers layer obtain dust sniasd-
ing in the range of k= 225-243 g/ which is 50% more
value. This is due to the lower pressure drop sitgrof the
filter cartridges without the nanofibers layer. éftthe fil-
tration inserts with nanofiber layer have a pressinop of
4 kPa, the phenomenon of dust agglomeration froen th
filter bed is observed. This is a proof that itefilbeds with
nanofiber layer, mainly surface filtration occumst deep.
Reaching allowed resistance by the filter (for edst

stabilizetbnes pwyop = 4 kPa) forces user to change the filter car-

tridge. When using filter cartridges with nanofibleryer
their exchange intervals will be shorter.
Low efficiency, and filtration performance in thatial

cartridge D achieves pressure dropmaxo = 4.1 kPa with period of filter cartridges work without nanofibelsyer
dust mass loading of.k = 151.6 g/rA Filter cartridge A (this is the case after replacing a contaminatker fcar-
similar pressure drop value ffmaxa = 3.96 kPa) achieves at tridge with a new one) causes that dust partielagel than
the dust mass loading.k= 243 g/m. Inserts with nano- 1 m in the air entering the engine can have a sianifi

fiber layer are characterized by lower dust absamptThis
is determined by the surface filtration, as a testivhich
the dust grains are not allowed into the depoait, dre
mostly retained on the nanofiber layer. This igsttated by

the measurement results (Fig. 17) of the maximurst du

impact on accelerated wear of engine componentsylyna
cylinder funnel — piston ring-cylinder, associatidBuch
phenomenon is not observed, when using filter iciygs
with a layer of nanofibers.

In the final stage of filtration, large dust grains

grains size ghaxin the air after the tested cartridges. In th€d,maxa= 7.9 um) are found in the air behind the filtar-c

air after the insert A (cellulose) there are grawth the

tridge A. There is also a noticeable decrease itridge

dimensions of ghawa = 4.3-16.7 um, and behind the inserfiltration (Fig. 17). This indicates that the grairhave

D, where there is nanofiber layer, grains with maotaller
dimensions ghaxp = 2.3-4.3 pum.

Filter elements made of cellulose composite anglgssl
ter, together with the applied layer of nanofiben® cha-
racterized by higher efficiency, and filtration fmemance
in the whole range of work (smaller dust grain sidg.xin
the air behind the filter cartridge) than inserisd® of filter
material without a layer of nanofibers.

With the increase of dust mass retained in theafitin

passed to the outlet side of the filter materialtHe final
stage, a significant dust mass is accumulatederidim of
expanded tree-like dendrites. The dust grains éocat the
very top of the dendrites are entrained and traresfeto the
outlet side of the filter material. As a resulttiofs phenom-
enon, along with the inlet air, dust flows into thegine
cylinders. Measurements results of dust grains rmusin
the air after the tested filter cartridge (pasdewugh the
filter material) are shown in Figs 19 and 21, aftdreover

layer (k, coefficient increase), filter cartridge flow re-a dozen measurements in the drawing 20 and 22.

sistance has higher and higher values. The incieat®awv

resistance is greater for cartridges (C, D) thathen addi-
tional nanofiber layer. Therefore, the cartridgéachieve
determined permissible resistance value fastengursage
of the car puaop = 4 kPa (Fig. 18).

Fig. 18. Filter cartridges pressure drop dependimgnass loading
coefficient k,

Filter inserts with a nanofiber layer obtain a nmaoan
mass loading of dust of k= 145-180 g/ (Fig. 18). For
a similar pressure drop valugpudop (about 4 kPa) filter

Fig. 19. Granular composition of dust grains asdlig the filter car-
tridge C (cellulose + polyester + nanofibers) afteaching dust mass
loading k, = 3 g/nf

The largest part in the air are dust grain whickieha
dimensions of 0.7-1.1m. For filter cartridge C, this is
a constant value, slightly over 70%. For the firgtasure-
ment, the part of dust grains in the range of 0.7—fn is
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U, = 71%, for the measurement number 3 z3J73%, maximum filtration efficiency maxa = 99.96% there were
and for the measurement number 8 5 4J72%. For the dust grains with dimensions below 4.m.
remaining measuring compartments, the part of grahs
in the air with each measurement decreases, whatbates
the increasing filtration efficiency of the testethterial.
After the filter achieved the maximum efficiency of
max =99.99%, there were dust particles smaller than &17
in purified air.

Fig. 22. Dust grains granulometric composition Whgassed through
filter cartridge A (cellulose)

Conclusions
1) Nanofiber layer with a thickness of few micrometers
applied on a substrate made of conventional fitiate-
Fig. 20. Dust grains granulometric composition whiassed through rials for car air filters increase the filtratioffieiency
filter cartridge C (cellulose + polyester + nanefis) and filtration performance, especially for dustigsebe-
low 5 m, without a significant pressure drop. As a re-
Part of dust grains of 0.7—1.In for the filter cartridge A sult, the abrasive wear of engine components, &dpec

(cellulose) is much smaller than the contributiérCo(27% those (piston—piston rings—cylinder combinatiorjch
at the time of the first measurement) and increts&5%, decide about the correct combustion process and the
and then decreases to about 70% (Fig. 21 and Big. 2 power obtained, is reduced.

2) The available literature data has a limited amaofnt
information when it comes to filtration filter inge
properties with nanofiber layer, and all the valog§l-
tration efficiency, and accuracy, hence it is aalis to
carry out experimental research.

3) Filtration materials with nanofiber addition creati@on
reaching a certain value of the flow resistance,bs-
sibility of impulse cleaning them, with a streamcofn-
pressed air, which ensures several times longereusa
the filter cartridge. However, this requires thes af
a special air filter design, and additional experital
tests in this area.

4) With the increase of dust mass retained onittez €ar-
tridge (increase in the dust mass loadipgok the car-
tridge), the filtering efficiency of the tested taiges
increases dramatically during the initial periodwever
a more intense increase is observed for the ivgént
the nanofiber addition. The filter insert with thano-
fiber layer achieves the initial filtration efficiey

Fig. 21. Granular composition of dust grains asslinethe filter car- wo = 99.34%. Such filtration efficiency value, cetiaé
tridge A (cellulose) after reaching the dust masaling k, = 2.8 g/nf cartridge reaches when the dust mass loading %3
] S g/n. The initial filtration efficiency of this cartrge is

The share of dust grains of 1.1-1.8 size is in the wo = 96.54%.

range of 20-27% until reaching the dust mass l@adim) The filtration cartridge with nanofiber additian the
km = 67 g/nf, and then decreases to about 18%, after which \yhole range of work, achieves the filtration perfor

it remains at a constant level. For the next memsant mance (maximum size of dust graing.) in the range
intervals, including dust grains above 118, the shares of of Opimax= 2.7-5.5 um. Filtration performance of the
dust grains are getting smaller (Fig. 20), andrtbeanges  cellulose cartridge in the initial period reachies value

depending on thekcoefficient are similar to the shares  of i, .= 2.7-55 ym, and after obtaining almost 50%
the filter cartridge A (made of cellulose) afteaching the is at the level of Gmax= 4.7 um. Such air with mineral
dust sucked into car cylinder can accelerate ageis
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6) Flow resistance increase intensity of the irsseith an
additional nanofiber layer is significantly highd¢nere-
fore the permissible value ofp.qaop = 4 kPa is reached

much faster. This increases filter cartridges ergea
frequency,

and thus increases operating

Nomenclature

BDC bottom dead center
UDC upper dead center

P-R-C piston—piston rings—cylinder
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