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INVESTIGATION OF THE INFLUENCE OF THE DISPERSE COMPOSITION OF DIESEL
PARTICULATE MATTER ON THE EFFICIENCY OF THEIR RATIONING
AND NEUTRALIZATION BY SOOT FILTERS

Purpose. Increase in the efficiency of control of diesel particulate matter in the study of the operation of
diesel particulate filters by taking into account their particulate composition. Methods. Analysis and synthesis of
information in the study of the structure and properties of diesel particulate matter, mathematical modeling in
assessing the effectiveness of control and neutralization of particles with soot filters, statistical processing of
experimental data, a computational experiment in conducting a comprehensive assessment of the efficiency of
the diesel particulate filter. Results. The structure, toxicological properties, dispersed composition and quantita-
tive characteristics of diesel particulate matter are analyzed. The principle of the action of the particulate filter is
described. The functions of the distribution densities of countable, surface and mass concentrations of solid par-
ticles of various fractions: nuclei, accumulation, large particles are considered. A method for the complex evalu-
ation of the efficiency of a diesel particulate filter on the basis of indices of countable, surface and mass concen-
trations of particles has been developed. A complex analysis of the efficiency of the diesel particulate filter was
carried out. Conclusions. The necessity of taking into account the dispersed composition of diesel solid particles in
the analysis of their properties, rationing and the evaluation of the efficiency of the diesel particulate filter is substanti-
ated. It was found that with a high efficiency of reducing the total mass of solid particles in the particulate filter -
93.8%, the amount, surface area and mass of fine particles with dimensions of 20-40 nm significantly increase - 4.2,
1.9 and 2.55 times, respectively. The increase in the relative fraction of fine particles after passing through the particu-
late filter is 72%.

Keywords: diesel engine, brake tester, exhaust gases, particulate matter, concentration, mass emission, par-
ticulate filter, efficiency
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Xapxiecokuil HayionanvHull yHigepcumem micbkozo cocnooapemea imeni O.M. bexemosa

JOCJIKEHHS BIIVIUBY TUCHHEPCHOI'O CKUIAAY AU3EJBbHUX TBEPAUX YACTUHOK
HA EOEKTUBHICTD iX HOPMYBAHHSI TA HEUTPAJIIBALII CA’)KOBUMM ®LILTPAMHU

Merta. IlinBunieHHsT e()EeKTUBHOCTI KOHTPOJIIO JAW3EJIbHUX TBEPAMX YACTHHOK IPH JIOCIIJDKEHHI poOOTH
CaXOBHX (DIIBTPIB 32 paXyHOK BpaxyBaHHs 1X qUCIEpCcHOro ckiaay. Meromn. AHami3 i cuare3 iHdopMmariii, ma-
TEMaTH4YHE MOJIENIIOBAHHS, CTaTHCTHYHAa 0OpoOKa NaHWX, PO3paxyHKOBHi ekcriepuMeHT. PesyawsraTtu. Ilpo-
aHATI30BaHO: CTPYKTYpPY, MTUCIIEPCHUHN CKIaJ 1 KiJbKICHI XapaKTepUCTHKH TBEPJIUX YacTHHOK. Po3pobiieHo Me-
TOIMKY KOMILUIEKCHOI OIIHKK €(DeKTUBHOCTI pOOOTH Ca)KOBOTO (PiIBTPY 3a TOKa3HUKaMH JIYMIBHOI, TOBEPXHE-
BOi Ta MacoBOi KOHIEHTpaIil 4acTHHOK. IIpoBeaeHO KOMIUIEKCHMH aHaii3 epeKTUBHOCTI poOOTH Ca’kOBOTO
(binpTpy BaHTaXHOTO aBTOMOOUTI. BucHOBKH. OOIpyHTOBaHO HEOOXiTHICTH BpaxXyBaHHS IUCIEPCHOTO CKIIATY
JIU3EIFHUX TBEPIUX YAaCTHHOK IIPH aHaNTi3i iX BIACTHBOCTEW, HOPMYyBaHHI Ta OIIHIOBaHHI e()eKTUBHOCTI HEUTpaJIi-
3auii caxxoBUMH QinbTpamu. BeTaHOBIEHO, M0 NPH BUCOKiH €(heKTMBHOCTI 3HIKEHHS CyMapHOI MacH TBEpANX
YaCTHHOK B Ca)KOBOMY (iIBTPi KITBKICTB, IUTOIIA IOBEPXHI 1 Maca ApiOHOIUCTIEPCHUX YACTHHOK 3 po3mipamu 20
... 40 HM CyTTEBO 3pOCTAIOTE.

Kniouogi cnoea: nuzebHUN IBUTYH, TaIbMIBHUHN CTEH, BUXJIOMHI T'a3H, TBEP/Ii YaCTUHKU, KOHIICHTpAILis,
MacOBHH BHUKH/I, CA)KOBUH QiTbTP, €PEKTUBHICTD

HoauBsanuyk A. II.

Xapvrosckutl HAYUOHANBHBIIL YHUGEpCcUmMem 20po0cKkoeo xossicmea umenu A.H. bexemosa

HUCCJIEJOBAHUE BJIUAHUS JUCITEPCHOI'O COCTABA JIU3EJBbHBIX TBEPAbBIX YACTHUIL
HA Y®®EKTUBHOCTH UX HOPMUPOBAHUSI U HEUTPAJIM3ALIUU CAKEBBIMU ®UJIbTPAMHU

Hean. ITosbruenne 3pekTHBHOCTH KOHTPOJISI AN3EIBHBIX TBEPABIX YAaCTHI[ NPU MCCIENOBAaHUU PAOOTHI
CaKeBBIX (PMIIBTPOB 3a CUET y4eTa UX JANUCIIEPCHOTO coctaBa. MeToabl. AHAJIU3 ¥ CHHTE3 MH(POPMaIU1, MaTeMa-
THYECKOE MOJICTIMPOBaHKE, CTATHCTHYeCKass 00paboTKa JaHHBIX, pacyeTHbI dsKcnepument. Pesyabrarsl. [1po-
AQHATM3UPOBAHBI: CTPYKTYPA, JUCIIEPCHBINH COCTAaB U KOJIMYECTBEHHBIE XapaKTEPUCTHUKN TBEPIBIX YacTHll. Pazpa-
0oTaHa METOIMKA KOMIUIEKCHOHN OIEHKH 3P PEKTHUBHOCTH pabOThI CakeBOTO (PHIIBTPA 1O MOKa3aTelsIM CUSTHOH,
MTOBEPXHOCTHOM W MaccOBOHM KOHIIeHTpanuii gacTull. [IpoBeneH KOMIUIEKCHBIN aHamn3 3QPEeKTUBHOCTH pabOThHI
caxxeBoro QuibTpa Tpy30BOro aBToMOOWIsS. BbIBoaAbl. OO0OCHOBaHa HEOOXOAMMOCTh ydYe€Ta JHCIIEPCHO-
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IO COCTaBa AM3EJBHBIX TBEPABIX YACTHUI] P aHAJIM3€ UX CBOWCTB, HOPMUPOBAHUN M OLIEHKE 3(P(PEKTUBHOCTH HEl-
TpaIM3aluK CAKEBBIMH (DHIIBTPaMH. Y CTAHOBJICHO, YTO MPH BBHICOKOW 3 PEKTUBHOCTH CHW)KEHHSI CyMMapHOil Ma-
CCBI TBEPBIX YACTHUI] B CAXKEBOM (HIIBTPE KOJIMYECTBO, IIOIIAAb TOBEPXHOCTH U Macca MEJIKOINUCIIEPCHBIX Yac-
Tu1| ¢ pazmepamu 20...40 HM CyIIECTBEHHO BO3pACTalOT.

Knrwouegvle cnosa: M3enbHBIA ABUTATENb, TOPMO3HOH CTEHH, BBIXJIOMHBIE I'a3bl, TBEPABIC YACTHIBI, KOH-
HEHTPAIHsI, MaCCOBBII BEIOPOC, CaXeBBIH QUIBTP, 3P PEKTHBHOCTD

Introduction

Diesel particulate filters are the most
common means of diesel particulate matter
(PM) neutralization - the second largest (after
the NOy) pollutant in the exhaust of a diesel
engine [1]. To evaluate the effectiveness of the
filter the criterion of the relative decline of the
mass concentration - C,, (or emission) of PM
as a result of the filtering process is traditional-
ly used. This approach to the evaluation of the
effectiveness of diesel particulate filters is not
perfect because it does not consider changes in
the number concentration - C, (the amount of
PM per unit volume) and surface - concentra-
tion C, (the total area of the surface of PM per
unit volume) of PM. At the same time the val-
ue of C, and C; are important toxicological

indicators of the extent of the negative impact
of diesel particles on the human health and the
environment.

A number of of experimental researches
[2-7] show diesel particulate filters with high
efficiency, determined by the criterion C,,
miss a significant amount of fine particles, in-
cluding the most dangerous - nanoparticles
(diameter less than 50 nm [8,9]) with a high
penetration ability to the human respiratory
system. The article offers a comprehensive
approach to the evaluation of the effectiveness
of particulate filters using 3 criteria - values
Cm Cnand C,.

Methods of research

The aim of this study is to provide a
comprehensive evaluation of the efficiency of
diesel particulate filters in terms of counting,
surface and mass concentrations of PM in ac-
cordance with their disperse composition. To
achieve this goal the following tasks are per-
formed:

1) the study of the structure and toxico-
logical properties of the diesel particle;

2) analysis of the experimental data on
the number, surface area and mass of diesel
particulate of various sizes;

3) development of a method of complex
estimation of efficiency of the diesel particu-
late filter; 4) study of the efficiency of the filter
using the developed technique.

The structure and toxicological char-
acteristics of the diesel particles.

PM is multicomponent formation com-
posed of the following elements: diesel soot
(product of fuel pyrolysis), soluble organic
fraction - SOF (fuel and oil hydrocarbons - not
burned, condensed and adsorbed on the soot
particles surface), sulfates (salts of sulfuric
acid) and other inclusions (depreciation prod-
ucts, ash from additives, etc.). The relative
proportion of these elements in the PM de-
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pends on the mode of diesel and vary in wide
ranges [10] (Fig. 1).

Negative impact of PM on the environ-
ment and humans is caused in three directions:

- particles when inhaled irritate respirato-
ry tract and in case of a chronic exposure cause
pulmonary diseases; PM generally have dimen-
sions of 0.1 ... 0.54 mm in diameter and can
reach the alveoli of the lungs or can be delayed
in the nasal sinuses, trachea or bronchi;

- particles can carry carcinogenic sub-
stances that are adsorbed on their surface (1 g
ofzcarbon (soot) has a surface area of about 75
m°);

- the presence of suspended particles in
the air impairs visibility on roads (automobile
exhaust become visible when the concentra-
tions of particles in exhaust gas are 130 mg/m®
and more); particle size of 0.15 microns may
be suspended in the air for about 8 days.

In the 90s of the twentieth century ex-
tensive research conducted on toxicology of
diesel EG in general and toxicology of diesel
particles in particular. World Health Organiza-
tion (WHOQO), the International Agency for Re-



Man and environment. Issues of neoecology. Ne 3-4 (28), 2017

N Carbon (soot) 75% (33 ... 90%)
\_\
SHEEEPN Hydrocarbons (SOF) 19% (7 ... 49%)
¥\
feenl Metals 2% (1 ... 5%)
Carbon ,,C*“ e ’»’"j}
e V Sulphates, nitrates 1% (1 ... 4%)
Metal ¢
Water, etc. 3% (1 ... 10%)

Fig. 1 — The components included in the PM, and their relative share

search on Cancer (IARC) [11], USA Health
Effect Institute (HEI) [12], USA Environmen-
tal Protection Agency (EPA) [13, 14] made a
conclusion that diesel EG including the PM is
the cause of increase of the general morbidity
and mortality. Especially dangerous diesel PM
are for people working in close proximity to
sources of diesel particles emissions, for per-
sons with chronic respiratory diseases, diseases
of the cardiovascular system, immune system
disorders, for children.

Symptoms of effects caused by short-
term exposure of low levels of diesels EG are
determined by medical research of occupation-
al groups that regularly exposed to EG, such as
miners, workers of bus depot, shipyards, loco-
motive depot. The list of emerging deviations
include: inflammation of the mucous mem-
branes of the eyes, headache, dizziness, nau-
sea, weakness, tinnitus, oppression of the lung
activity, coughing, shortness of breath, etc.
After leaving the area of diesel facility opera-
tion these symptoms mostly disappear quickly
without any significant deviations.

PM and their extracts are found to be
mutagenic for bacteria and cell cultures, such
as human lymphocytes, reproductive cells [12-
15]. Currently carcinogenic activity of PM be-
comes more evident. Diesel particles are clas-
sified by the International Agency for Cancer
Research (IARC) to group of (probably) car-
cinogenic to humans [16] and the US Envi-
ronmental Protection Agency determined as
substances that may be carcinogenic with high
probability [11]. As the result in more than 30
research papers carried out by the USA Health
Effect Institute in different regions for different
professional groups, smokers and nonsmokers,
it was established that long-time professional
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impact of diesel EG on human leads to 40 %
increase of the relative risk of lung cancer [17].
Largely, due to particles diesel EG have such
characteristics. It is associated with the PM
properties, particularly their high dispersion
and chemical composition.

Comparison of particles sedimentation
in different parts of the respiratory system with
dispersed composition of diesel aerosol proves
that PM is potentially dangerous pollutant of
lungs because of their small size. Moreover,
the health risk of particles with a diameter 0,1
... .1 mm, the mass concentration up to 80%,
and the rate of sedimentation in the lungs -
40%, are on a par with the particles with a di-
ameter less than 0.1 microns, whose number
concentration can reach several tens of mil-
lions of units per 1 m® with a coefficient of
sedimentation in the lungs 70%.

In general, in lungs of adult while
breathing at rest from 12 to 20% by weight of
diesel particles contained in inhaled air is de-
posited. In childhood, the proportion of PM
that are deposited in the lungs is higher than in
adults, and the peak of this relationship is at
age of five. [18]. Thus, we can assume that
children are the second group of risk after peo-
ple working in the immediate proximity of PM
emission sources.

Action principle of the diesel particu-
late filter.

Diesel particulate filtering was first con-
sidered in the 1970s due to concerns regarding
the impacts of inhaled particulates. Particulate
filters have been in use on non-road machines
since 1980, and in automobiles since 1985.
Historically medium and heavy duty diesel
engine emissions were not regulated until 1987
when the first California Heavy Truck rule was
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introduced capping particulate emissions at
0.60 g/BHP Hour. Since then, progressively
tighter standards have been introduced for
light- and heavy-duty roadgoing diesel-
powered vehicles and for off-road diesel en-
gines. Similar regulations have also been
adopted by the European Union and some in-
dividual European countries, most Asian coun-
tries, and the rest of North and South America.

While no jurisdiction has explicitly
made filters mandatory, the increasingly strin-
gent emissions regulations that engine manu-
factures must meet mean that eventually all on-
road diesel engines will be fitted with them. In
the European Union, filters are expected to be
necessary to meet the Euro VI heavy truck en-
gine emissions regulations currently under dis-

cussion and planned for the 2012-2013 time
frame. In 2000, in anticipation of the future
Euro 5 regulations PSA Peugeot Citroén be-
came the first company to make filters stand-
ard on passenger cars.

Wall-flow diesel particulate filters usu-
ally remove 85% or more of the soot, and un-
der certain conditions can attain soot removal
efficiencies approaching 100%. Some filters
are single-use, intended for disposal and re-
placement once full of accumulated ash. Oth-
ers are designed to burn off the accumulated
particulate either passively through the use of a
catalyst or by active means such as a fuel
burner which heats the filter to soot combus-
tion temperatures (Fig. 2).

)
Exhaust gas temperature sensor
Exhaust differential pressure sensor Engine-ECU
—

Catalytic
converter

Fig. 2 — The scheme of installation of the diesel particulate filter in the exhaust system of a diesel engine

Diesel engines produce a variety of par-
ticles during combustion of the fuel/air mix
due to incomplete combustion. The composi-
tion of the particles varies widely dependent
upon engine type, age, and the emissions spec-
ification that the engine was designed to meet.
Two-stroke diesel engines produce more par-
ticulate per unit of power than do four-stroke
diesel engines, as they burn the fuel-air mix
less completely.

Diesel particulate matter resulting from
the incomplete combustion of diesel fuel pro-
duces soot (black carbon) particles. These par-
ticles include tiny nanoparticles—smaller than
a thousandth of a millimeter (one micron).
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Soot and other particles from diesel engines
worsen the particulate matter pollution in the
air and are harmful to health. New particulate
filters can capture from 30% to greater than
95% of the harmful soot. With an optimal die-
sel particulate filter (DPF), soot emissions may
be decreased to 0.001 g / km or less.

The quality of the fuel also influences
the formation of these particles. For example, a
high sulfur content diesel produces more parti-
cles. Lower sulfur fuel produces fewer parti-
cles, and allows use of particulate filters. The
injection pressure of diesel also influences the
formation of fine particles.
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Filters require more maintenance than
catalytic converters. Ash, a byproduct of oil
consumption from normal engine operation,
builds up in the filter as it cannot be converted
into a gas and pass through the walls of the
filter. This increases the pressure before the
filter. Regular filter maintenance is a necessity.

Experimental data on the C,, C, and C;
value.

The results of experimental studies on
the particle size influence at the number, sur-

face and mass concentration, generalized for
different types of diesel engines, are shown in
Fig. 3 [19].

When considering the dispersed compo-
sition of PM three particle size ranges can be
distinguished: fraction of nuclei - 3 ... 30 nm;
fraction of accumulation - 30 ... 500 nm and
the fraction of large particles - diameter greater
than 1000 nm (1 micron). Presented in Fig. 3
diagrams of density distribution functions for
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Fig. 3 — The function of the density distribution of the relative number, surface and mass concentrations of PM

the relative number, surface and mass concen-
trations of PM - ¢, ¢% and °, reflect the fol-
lowing properties of diesel particles:

- a fraction of nuclei constitute the greater
number of the PM - 90% of the total, 20% of
the total surface area and 5% of the total mass;
80% of particles and 15% of the total surface
area accounts for a range of 10 £ 5 nm, wherein
curves ¢, and ¢’ have maximum;

- relative proportion of particles of ac-
cumulation fractions constitute 20% of the to-
tal, 80% of the total surface area and 85% of
the total mass; in the fraction the highest
number of particles (12%) is in the range of 30
... 100 nm, curves ¢’ and %, take the maxi-
mum values within the ranges 100 ... 200 nm
and 150 ... 300 nm respectively;
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- a fraction of large particles is charac-
terized by the lowest values of number - 2%,
the total surface area - 1% and mass - 4%.

The data presented in Fig. 3, in addition
to information about values of ¢°,, ¢% and %,
functions reflect their relationship and make it
possible to change one function to evaluate
changes in the other two. This property was
used in developing the methodology presented
below.

Methods of integrated assessing of the
efficiency of diesel particulate filter

The efficiency of the filter usage is pro-
posed to assess along the 3 indicators of rela-
tive decline of number, surface and mass con-
centrations, defined by the following general-
ized formula:
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s = C |

3, =|C—|”-1nn%: (1)
Flalf
where: 3, - the efficiency of the filter as meas-
ured by p, which is defined as following: num-
ber - n, surface - s or mass - m of PM; (Cp)us
and (C,); - total relative concentrations of par-
ticles within the size range under considera-
tion, both in the absence of diesel particulate
filter and while its using.
The values of C, are determined by the

formula:

n

CF= IEFIDEI":EDE-' |:2]

n
where: Dy, D, — initial and final value of the
size range (diameters) of PM on a scale of
base-10 logarithm; c,(D.) — the probability
density function of indicator p.

Cp(Dy) function is determined on the ba-

sis of generalized distribution functions c°,, c’%
and ¢%,, , shown in Fig. 3, as well as the well-
known experimental distribution function of
one of the indicators (denoted p) - ¢",+( Dy):

c \D =K D VVE D Lo B 1 (3)

where: K(D,) - correction function of experi-
mental data; K,(D,) - a function of the transi-
tion from indicator p *to indicator p.

Functions K, u K, is obtained by using
the following expressions:

rol |

D= 'L - (4)
EEIDLI
DID i

K D= Cg L (3]
Epl D

where: cop(DL) - generalized value of function
of the density distribution (probability density
function) for the indicator p; cop*(DL) - general-
ized value of probability density function for
the indicator p *.

For example, if the experimental de-
pendence c',(D,) is known, than a density dis-
tribution function of mass concentration de-
termined by the expression (3) is as follows:

e, D 1= KD, I'KMIDEI'C::IDI =
A CEIDII
Cxlﬂ_zl Cxlﬂ_zl

. - (6)
Ny

Results and discussion

Comprehensive evaluation of the freight
car diesel particulate filter with known correla-
tion between number concentration and parti-
cle size carried out using proposed method [3]

(Fig. 4).

Two areas are identified in the re-
searched range of particle sizes - 20 ... 600 nm:
1% - 20 ... 40 nm - an area where the number
concentration increased after the filter applica-
tion, 2" - - 40 ... 600 nm - an area where the
number concentration decreased.

|n' _
- =
E
= . Without
E N a filter
=
=
@ 10" With filter L
=
3 —
E (!
o |
= Ho
[ =
10 10 14

Farticles diameter — D, nm

Fig. 4 — The results of experimental research of PM number concentration
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Fig. 5 and 6 present the results of deter-
mining the ¢s and ¢, functions, obtained using
the expression (3), and indicators of the filter
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efficiency calculated using the expression (1).
Method of trapezoids was used for integrals
calculations (2) [20].
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5 — The values of the function of the density distribution cs and c,, for the studied filter
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Fig. 6 — Efficiency indicators of studied diesel particulate filter

The research results show:

- The amount of PM: at the 1% section in-
creased 4.2 times, at the 2™ section reduced by
30.5 times, over the whole range increased by
12%;

- the surface area of the particles at the 1*
section increases 2.9 times, at the 2" section
reduced by 18.2 times, over the whole range
decreased by 5.9 times;

- the mass of PM: at the 1% section - in-
creases 3.55 times, at the 2™ section - reduced
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by 49.1 times, over the whole range reduced by
16.1 times.

Thus, with a substantial reduction of the
total surface and mass of all particles their total
number increases through the increase of the
number of fine particles measuring 20 ... 40 nm.
The relative proportion of these particles pass-
ing through the filter increases from 26% to
98%.
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Conclusions

1. Fractional composition of captured
particles is necessary to take into consideration
while evaluating the efficiency of the particu-
late filter.

2. Developed a method of a complex es-
timation of efficiency of the diesel particulate
filter according to three criteria: the counting,
the surface and the mass concentration of par-
ticulate matter in view of the particulate com-

3. Comprehensive assessment of the ef-
ficiency of the studied filter showed the signif-
icant decrease of the mass concentration of the
total PM flow — by 93.8%, while there was a
significant increase of number — 4.2 times, sur-
face area — 1.9 times and mass — 2.55 times of
the fine particles measuring 20 ... 40 nm.
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