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The article is devoted to the solution of the urgent task of reducing the duration and cost of the procedure for measur-
ing the average operating mass emission of particulate matter with exhaust gases of a diesel engine - the standard-
ized environmental indicator PM. The paper describes the technical characteristics and operation principle of a uni-
versal measuring system with a microtunnel MKT-2 for controlling the mass emissions of particles with exhaust gas-
es from various types of diesel engines. The method of complex evaluation of the effectiveness of this system was de-
veloped by the criteria: accuracy of measurements, duration of sampling of particles in standardized test modes,
cost-effectiveness of using MKT-2. With the help of this technique and the results of ecological tests of diesel engine
3A-6D49 of diesel locomotive TGM®6 on the cycle 1SO 8178-F, the efficiency of MKT-2 was conducted, as a result of
which it was established that t he resulting measurement error of PM is 3.1%, which corresponds to the requirements
of normative documents; the duration of sampling of particles is from 1.8-2.5 minutes - in the modes of the average
and nominal power of the diesel engine to 7.5 minutes - at idle; MKT-2 is characterized by a high economic efficien-
cy of use: additional fuel costs during the ISO 8178-F cycle associated with increased sampling time of particles are
negligible and amount to 0.5%. Recommendations have been developed for the improvement of MKT-2, the imple-

mentation of which will reduce the duration of sampling by 3.8 times.

Introduction

With the entry into force of the Stage IlI
regulations in the EU railway transport, the average
operating emissions of particulate matter (PM,
g/(kW-h)) with the exhaust gases (EG) was added to
the number of standardized environmental indicators
of locomotive diesels (LD) [1]. At the same time, this
indicator was started to be measured in the course of
environmental tests of the LD together with other
normalized values — GASyx indicators — the average
operating mass emissions from the EG of gaseous
pollutants: nitrogen oxides, carbon monoxide and
hydrocarbons.

The measurement procedure for the PM index
has a number of features that should be taken into ac-
count when carrying out environmental tests of the
LD. These include:

a) the need to use a special measuring system — a
diluting tunnel in which the dilution of the EGfrom the
diesel engine is carried out with clean atmospheric air;

b) the impact on the duration of the PM meas-
urement procedure of the sampling rate of PM in the
tunnel and the regulated PM sample mass on the filter;

c) the dependence of the duration and cost of the
procedure for environmental diagnosis of the LD from
the time spent on determining the PM index, which
increase with a decrease in the actual emission levels
of PM with the EG from diesel engine.

These features are taken into account in the de-
velopment of the prototype of the measuring system —
the microtunnel MKT-2 [2-4]. In the period 2015-
2018, this system was improved, resulting in increased

its degree of automation, accuracy and versatility — the
ability to use in the testing of various types of diesel
and the implementation of various test procedures.
The microtunnel MKT-2 passed successful tests during
bench and full-scale tests of various diesel installa-
tions, including diesel locomotives [5, 6].

Formulation of the problem

The purpose of this work was to carry out a com-
prehensive assessment of the effectiveness of the
MKT-2 microtunnel according to the following crite-
ria: accuracy of PM mass emissions measurements,
time spent on PM sampling at normalized diesel opera-
tion modes, economic efficiency of MKT-2 use in en-
vironmental testing of LD.

At the same time, the following tasks were
solved: 1) development of a methodology for a com-
prehensive assessment of the effectiveness of the
measuring system with MKT-2; 2) a study of the ef-
fectiveness of the microtunnel MKT-2 according to the
specified criteria, taking into account the requirements
of  the international standard ISO 8178;
3) development of recommendations for the improve-
ment of MKT-2, which make it possible to improve its
efficiency.

Composition and principle of operation of the
measuring system with MKT-2
The structure of this system includes two main ele-
ments (fig. 1): 1) microtunnel MKT-2, designed to
select part of the exhaust gas, diluting them with at-
mospheric air and sampling PM; 2) a chamber for sta-
bilizing and weighing the filters, designed to determine
the mass of PM collected on the filters during the tests.
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Camera for stabilization
and weighing of filters
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Fig. 1. General view and schematic diagram of measuring system with MKT-2: PC - personal computer; V1,
V2 —ball valves; T — throttle; CF — cartridge filters for selecting PM; MKT — microtunnel

Measurement of the PM index using the present-
ed measuring system is carried out as follows. Part of
the EG taken from the exhaust system of the LD with
mass flow rate Glexn enters the microtunnel, where they
are diluted with a flow of air with a mass flow rate —
Guil, in order to simulate the natural process of dispers-
ing the EG in the atmosphere. A flow of dilute EG
with a mass flow rate of Gsn is passed through filters
on which PMs are collected whose mass is My meas-
ured in the chamber for stabilizing and weighing the
filters. Values of parameters Glexn, Gail, Gsam and My
provided by the MKT-2 automation system during the
LD tests are shown in fig. 1.

To determine the mass ejection of PM in a sepa-
rate operating mode of LD — PMmass is used the de-
pendence:

G

PM, . q-G M G gh, (1)
e Msam = sp::n Gsalm_GdiI

where Mi—mass of PM sample; Msam = Gsam 7™ sam —
mass of diluted EG, passed through filters for selection
of PM, g; ™sam — duration of sampling PM, s; q =
Gsam/Glexh = Gsam/(Gsam — Guit) — coefficient of dilution
of EG by air; Gexn — mass flow rate of EG in the diesel
exhaust system, kg/h.

The average operating mass emission of PM — the
PM index is measured during the execution of the test
cycle consisting of normalized operating modes of the
LD. The international cycle 1SO 8178-F consists of 3
operating modes of the LD [7]: 1) nominal power —
Prom; 2) average power — 35% of Pnom; 3) locomotive
diesel idling — Pige. The native analog of this proce-
dure is the 5-step cycle of DSTU32.001 94, consisting
of such regimes [8]: 1) Pnom; 2) 75% of Pnom; 3) 50%
of Pnom; 4) 25% of Pnom; 5) Pige. To calculate PM is
used the dependence:

n
> PM, . -WF,
PM =12

>R W,
i=1

where n — the number of test modes; PMmassi and ~ Pj —
the mass emission of PM and the effective power of
the LD measured at the ith mode; WF; - the weight
factor of the ith test mode.

The method of complex evaluation of the effec-
tiveness of the microtunnel MKT-2

In accordance with this methodology, the effec-
tiveness of MKT-2 is assessed using the following
criteria:

1) the resulting errors in the measurement of PM
mass emissions in certain operating modes of LD -
dPMmass and the average operating emission of PM —
oPM;

2) the duration of sampling of PM in separate test
modes — ™ sam;

3) the relative cost of the PM index measurement

» g/(kW-h), @)

PM |
procedure — Cg :

Ctest ’ M fuel :
where C™Mit and C® % — cost of measurement pro-
cedures for PM and GASx indicators; MPMye and
ME4Sx.e — mass of fuel, which are expended during
measurements of PM and GAS,.

To determine these criteria, the following calcu-
lation formulas are used, resulting from the analysis of
normalized procedures for measuring the values of
PMmass and PM:

2
L( oPM OX; - X:
PM = L (3)
\/;( X PMmassJ
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2
n(0PM 8X; -X;
SPMz\/Z( po F;M’J : (4)
j=1 i

where x; xj— the parameters by which the values
PMmass and PM are calculated (see formulas (1) and
(2)); 6x;, dxj — relative errors in measuring the parame-
ters x; and x;;
Formulas (3, 4) are expressions for determining
errors in quantities measured indirectly:
M
Mo ' S, 5
sam G;Xh . Cpm ( )
where Mt — mass of PM collected on a filter, mg; Glexn —
mass flow rate of EG entering the tunnel, g/s; Cpm—
mass concentration of PM in EG, g/kg;

i(rtemp + maX{TS;nSX;T;Ki })'Gfuel,
CPM — i=1 (6)

test n ’

GASx
Z(Ttemp + Tsam ) G fuel;

i=1

where n — number of test modes; Twemp~ 20 min — dura-
tion of the period of temperature stabilization of the
diesel; 1®*%gm =~ 3 min and t™™sm — duration of sam-
pling procedures for gaseous pollutants and PM; Gruel —
mass flow rate of fuel entering the engine at the ith
mode, kg/h.

Results of studies on the effectiveness of MKT-
2 and recommendations for its improvement

Based on the analysis of the technical characteris-
tics of MCT-2 and the chamber for stabilization and
weighing of filters, the results of ecological tests of
diesel engine 3A-6D49 of locomotive TGM6 accord-
ing to the cycle ISO 8178-F [9] (table 1) and the appli-
cation of dependences (3) — (6) calculations of the effi-
ciency criteria of the measuring system with MKT-2
were carried out, which showed the following:

Table 1. The results of measurements of mass
emissions of PM with the EG of the diesel engine
3A-6D49 on the cycle modes of ISO 8178-F

o P, Guel, Cpm; PMmass,
Nemoe. | WF |\ | kgih | gikg | g

1 0,25 | 821,3 | 205,7 | 0,092 626,4

2 0,15 | 2445 | 551 | 0,067 167,0

2 0,60 9,4 8,4 0,023 30,7

a) the errors 3PMmass and 8PM, provided by the micro-
tunnel MKT-2, are 5.1% and 3.1%, respectively, which
does not exceed the values allowed by the regulatory
documents (table 2);

Table 2. Characteristics of the accuracy of the measuring system with MKT -2

Relative error of parameter measurement
Parameter _ The requirements of 1ISO 8178 [10]
Provides MKT-2 Measurements on Measurements on
the stand the object
Mg 2,7% (M¢= 0,40 mg) 2,7% (M = 0,14 mg)
am 0,25%
Gexh 1,7% 4% | 5%
Gsam 0,8% 2%
Gail 0,8% 2%
P 2% of Ppom 2% of Ppom 5% of Pnom
PMmass 5,1% 6,0% 8,5%
PM 3,1% 3,6% 5,1%

b) the duration of sampling of PM at different
modes of the cycle 1SO 8178-F is: on the first mode —
7,5min, on the second - 2,5min, on the third-
1,8 min; thus the value of t™sm exceeds the sampling
time of gaseous pollutants only at idling speed;

c) the relative cost of the PM measurement pro-
cedure is 1,005, which is an insignificant - 0,5% in-
crease in the cost of the PM measurement procedure
relative to the cost of the GASx measurement proce-
dure.

The results of the calculations indicate satisfacto-
ry measurement accuracy, short PM sampling times
and cost-effectiveness of using the MKT-2 measuring
system. In order to further improve the performance of

this equipment, the following recommendations were
made:

1) increase in the capacity of the sampling pump
that generates mass flow in the tunnel — Ggm, from
1,8 g/s or 90 I/min to the maximum allowable value of
2,4 g/s or 120 I/min, which will shorten the sampling
time of PM in 1,3 times;

2) the replacement of analytical weights with an
accuracy of + 0,02 mg by more accurate — with an er-
ror of + 0,002 mg, which will reduce the mass of the
sample of PM My to a minimum allowable value of
0,14 mg and 2,9 times reduce the sampling time of PM
— ™™Mg,m; while this value will not exceed t¢4%sm even
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at small — up to 0,01 mg/l PM concentrations in the EG
of the diesel engine.

Conclusions

1. Investigations of the efficiency of the measur-
ing system with the microtunnel MKT-2 showed the
following:

a) MKT-2 makes it possible to measure mass
emissions of PM in certain operating modes of the
locomotive diesel engine with an error of 5,1%, and
the average operating mass emission of PM with an
error of 3,1%, which meets the requirements of regula-
tory documents;

b) the duration of sampling of PM in MKT-2
ranges from 1,8-2,5 min - in the modes of average and
nominal power of diesel up to 7,5 min- at idling
speed, which does not significantly exceed the sam-
pling time of gaseous pollutants, which is 3 minutes;

c) MKT-2 is characterized by high economic ef-
ficiency of use: the additional fuel costs during the
ISO 8178-F cycle, associated with the increased dura-
tion of PM sampling, are only 0,5%.

2. Have been developed the recommendations for
improving the microtunnel MKT-2 and improving its
efficiency:

a) an increase in the productivity of the sampling
pump from 90 I/min to 120 I/min will reduce the dura-
tion of sampling of PM by 1,3 times;

b) the substitution of analytical weights with a
measurement error of + 0,02 mg by more accurate
weights with a measurement error of + 0,002 mg will
allow to measure PM emissions at small concentra-
tions up to 0,01 mg /I of PM in exhaust gases with a
duration not exceeding 3 min.
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OLIIHKA E®EKTUBHOCTI BUMIPIOBAJIbHOI CACTEMMH 3 MIKPOTYHHEJIEM MKT-2 JIIs1 EKOJIOTTYHOI' O
JIATHOCTYBAHHSA TEIVIOBO3HUX JU3EJIIB

A.IL Ilonue’anuyk, O.1. Kacnin, 0.0. Ckypidina

CraTTs NpUCBIYCHA BUPILICHHIO aKTYaJIbHOTO 3aBJJaHHS CKOPOUYCHHS TPHBAIOCTI Ta BAPTOCTI MPOLETYPH BUMIPIOBAHHS
CepeIHbOCKCILTyaTalifHOro MacoBOT0 BUKH/Y TBEPANX YACTHHOK 3 BiJIPallbOBAHUMH Ia3aMH TEIUIOBO3HOTO JTU3ETIs - HOPMO-
BAHOT'O €KOJIOT1YHOTO 1Moka3Huka PM. B po6oTi HaBeieHO OIiC TeXHIYHUX XapaKTEepUCTHK i IPHHIHUIY Jii yHIBepcaIbHOT BUMI-
proBaibHOI cucteMu 3 MikpotyHesaeM MKT-2 1uist KOHTPOJIIO MacOBUX BUKHU/IIB TBEPANX YAaCTHHOK 3 BiIIIPallbOBAHUMH ra3aMu
JTM3€iB Pi3HUX THIIB. P0O3p00i1eHO MEeTOIMKY KOMIUIEKCHOI OI[IHKY e()eKTUBHOCTI JAHOT CHCTEMH 33 KPUTEPiSIMH: TOUHICTh BH-
MipIOBaHb, TPUBAIICTH BiIOOPY MPOO TBEPANX YACTUHOK Ha HOPMOBAHHUX PEKUMAaX BUMPOOyBaHb, EKOHOMIYHA €(EKTUBHICTH
Bukopuctanag MKT-2. 3a mormoMororw gaHoi METOIUKH 1 pe3yabTaTiB €KOJIOTIYHUX BUNPOOYBaHb au3eist 3A-6/149 temnoBosa
TI'M6 3a uukiaom SO 8178-F nposeneni qocnimkenns epexruBrocti MKT-2, B pe3ynbTaTi IKUX BCTAHOBJICHO: PE3yJIbTyHO4a
noxn0Oka BUMipIoBaHb Moka3zHuKa PM ctaHoBuUTSH 3,1%, 10 BiANOBiZae BUMOraM HOPMAaTHBHHUX JOKYMEHTIB; TPUBAIOCTI BigOOpy
po0 TBEpAMX YaCTHHOK Ha peXMMax BUIPOOYBaHb CKIANaloTh 1,8 - 7,5 XB; BiTHOCHE 301IbIICHHS TPHBAJIOCTI i BAPTOCTI PO-
LIETypH EKOJIOTIYHIX BUIIPOOYBaHb TU3EIIs € He3HAUYHUM 1 cTaHOBHUTH 0,5%. Po3pobieHo pekoMeHaaIii moa0 BIOCKOHAICHHS
MKT-2, BUKOHaHHS SIKHX JO3BOJIUTH CKOPOTHTH TPUBATICTB BiIOOPY Mpob TBEpANX YaCTHHOK B 3,8 pasu.

OIIEHKA 3®®EKTUBHOCTU N3MEPATKJIGHOW CHUCTEMBI C MUKPOTYHHEJIEM MKT-2 J1JISI
EKOJIOTMYECKOI'O JUATHOCTUPOBAHMSI TEILTIOBO3HBIX TA3EJIEM

AL Ilonusanuyk, O.U. Kacnun, E.A. CKypuouna

Craths IOCBSIIEHA PEIICHNIO aKTYaJbHON 3aJaul COKPAIIEHHUS TPOJOIDKUTETBHOCTH H CTOMMOCTH IIPOLELY Pl H3MEPEHHUS
CpeIHEIKCIITYaTallHOHHOTO MaCcCOBOTO BBIOpOCA TBEPABIX YACTHUIl C OTPAOOTABIINMY Ia3aMU TEIUIOBO3HOTO JHU3ENS — HOPMHPY-
€MOro SKoJIorHyeckoro mokaszatens PM. B pabore mpuBeneHO omycaHne TEXHHYECKMX XapaKTePHCTHK U MPUHIUIA JSHCTBHS
YHUBEPCAIBHOW M3MEPHUTENbHON cUcTeMbl ¢ MUKpoTyHHeneM MKT-2 1t KOHTpOJIsS MacCOBBIX BBIOPOCOB TBEPABIX YAaCTHI[ C
0TpaboTaBIIMMH ra3aMu Ju3eseil pasHbIx TUIOB. Pa3paboTana MeToIMKa KOMIUIEKCHOM OIEHKH 3¢ QeKTHBHOCTH JTaHHOH cucTe-
MBI 110 KPUTEPHUSIM: TOYHOCTh U3MEPEHHUIl, IPOTODKUTENILHOCTh 0TOOPa MPOo0 TBEPABIX YAaCTHUIl HA HOPMUPYEMBIX PEXUMax HC-
MIBITAaHUH, SKOHOMIYeCKast 3 dexkTHBHOCTE ncmonb30BaHusd MKT-2. C moMompio TaHHOW METOIWKH U PE3yIbTATOB SKOJIOTHYE-
cKuX ucnblTaHuil qusens 3A-6/149 temoBoza TITM6 no mukmy ISO 8178-F npoBenens! uccinenoBanus spdexrnsHocTH MKT-2,
B pe3ysibTaTe KOTOPBIX YCTAHOBJIEHO: Pe3yIbTHPYIONIas IIOTPEIIHOCTs H3MepeHnit mokasarenst PM cocrasnser 3,1%, dto coort-
BETCTBYET TPeOOBAaHMSIM HOPMATHBHBIX JOKYMEHTOB; IPOAODKHTEIFHOCTH 0TOOpa PO TBEPABIX YaCTHI] HA PEXKHUMAX HCIIBITa-
HUH cocTaBisioT 1,8 — 7,5 MUH; OTHOCHTENBHOE YBEIUUCHUE MPOJODKUTENBHOCTH U CTOMMOCTH IHPOLEIYPBl IKOIOTHYECKUX
WCTIBITAHUH JM3elNsl He3HauuTenbHO M coctaBisieT 0,5%. Pa3paboranbl pekomeHaamuu no ycosepiuenctBoBannio MKT-2, BbI-
MOJTHEHUE KOTOPBIX MO3BOJIUT COKPATHTH MIPOJIOIDKUTEIBHOCTE 0TOOpa nMpob TBepAbIX yacTul B 3,8 pasa.
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