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Summary.  Modern  methods for  dynamic
measurement of mass emissions of particulate matter
from the exhaust gases of diesel power plants and
requirements for accuracy and high-speed response have
been analyzed. A basic diagram as well as a
brasshoardhave been developed for the dynamic
particulate emission tester which allows control of
instantaneous concentration, mass and specific particulate
emissions from various types of diesel engines.
Experimental research of the dynamic particulate matter
tester shows its practical suitability for determination of
particulate emissions in constant and unsteady operating
modes of a diesel engine.
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INTRODUCTION

The introduction of Euro-4 and Euro-5 standards has
necessitated the use of new technologies such as the
development of low emission diesel engines, utilization
of particulate filters and catalytic converters providing a
significant reduction in diesel particulate matter (PM)
emissions. At the same time problems have emerged with
an objective evaluation of these emissions by the existing
standard method based on gravimetric measurements. In
particular, the engines equipped with soot filters have
such low levels of PM emissions that gravimetric sample
analysis is carried out at the level of the limit of effective
range. In this case an error in determining the mass
emissions of PM reaches such values that make the entire
procedure of testing the engine for a given parameter
meaningless in practice.

Therefore, new requirements concerning the
assessment procedure of PM emissions from diesel
exhaust gases (EG) are emerging. Advanced methods
should possess high sensitivity and accuracy at very low
concentrations of particles and high speed (high time
resolution), allowing continuous measurements while
testing the most dynamic cycles.

THE ANALYSIS OF RECENT RESEARCHES
AND PUBLICATIONS

Gradual reduction in the permissible levels of PM
emissions from diesel engines leads to an increase of the
resulting error in measurement of the standardized

ecological index — an average operating emission of
particulate matter PM from EG. Thus, shifting from
standard Euro 1 to Euro 4, 5 standards of the specified
index for automotive diesel decreased by 18 times — from
0,36 to 0,02 g / kW h, and the resulting uncertainty of its
determination accordingly increased: from 3 to 20% (6,7
times) - when conducting research in the same lab ; from
12 to 50% (4,2 times) - when research was conducted in
different laboratories (Fig. 1) [1].
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Fig. 1. Measurement error increase in determining the
average operating emission of PM in the conditions of
reduction of emission standards for diesel engines EG

In order to ensure the required accuracy of
determining the mass PM emissions, which are in the
range of 0,005 ... 0,02 g / kW - h, the new dynamic
methods of measurement of dispersed particles
concentrations shall have a sensitivity of 2-5 mcg/m?® [2].
The best known high-precision dynamic inspection
techniques for PM emissions include: tapered element
oscillating microbalance (TEOM) based on compliance
with resonant frequency of a trap, which is used to collect
the particles with a mass of material that is captured [3-7];
microbalance with piezoelectric sensing element - quartz
crystal, on the faces of which the PM are deposited
(Quartz Crystal Microbalance - QCM) [8]; the PT
quantitative analysis metod using laser-induced EG
incandescence (Laser Induced Incandescence - LlII),
which allows simultaneous measuring of PM mass and
number concentration, as well as the sizes of the primary
soot particulates — by means of a single instrument [1, 2,
9] and others.
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Works on creation of domestic equivalents of modern
high precision methods and equipment relating to
dynamic measurement of dispersed particles emission
from industrial and transportation facilities, in particular
from internal combustion engines, are highly relevant [10,
11].

OBJECTIVES

The present article deals with creation and
experimental development of a new method and
equipment for dynamic measurements of standardized
ecological index - the mass PM emissions from diesel EG.
The developed method and equipment allows monitoring
the instantaneous values of concentration and PT
emissions from different types of diesel engines in
stationary and unsteady operating conditions, including
those of ESC (European steady state cycle) and ETC
(European Transient Cycle) cycles [12].

THE MAIN RESULTS OF THE RESEARCH

The essence of the proposed measurement method
lies in using the ability of dispersed particles contained in
diesel EG to absorb light radiation passing through a
stream of a representative gas sample; thus changing the
optical density of the sample flow, which has a correlation
with the PM concentration [13].

The operating principle of the developed method is as
follows (fig. 2).
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Fig. 2. The principles of the method for dynamic
measurements of PM concentrations: 1 — microtunnels;
2 - sample flow rate distribution module; 3 — electric
precipitators; 4 - photoelectric PM detector

Before analyzing diesel EG, in order to simulate the
natural process of their getting into the atmosphere, they
are previously diluted with clean air to a temperature not
exceeding 52°C, in the sample preparation and calibration
system of the PT concentrations detector (Fig. 3) —
namely, microtunnels (MCT). In a special module (Fig.
4), thus prepared gas sample is divided into two streams
with equal mass flow rates, one of which is directed to the
reference channel and another - to the working path
(channel) of the PM concentration meter.

Each of these channels has an electric particulate
filter for trapping diesel PM (Fig. 5), the filter in
comparative channel being used constantly in the course
of taking measurements and the filter in working path
being used only when setting zero at the PM
concentration detector.
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Fig. 3. Basic diagram of sample preparation and
calibration system of the PM detector - MCT
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Fig. 4. Basic diagram of the sample flow rate
distribution module: 1, 2 — sample flow control devices;
3, 4 —flowmeters; 5, 6 — differential pressure transmitters
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Fig. 5. Electric precipitator of PM: 1 — pipeline;
2 —insulator; 3 — metal rod; 4 — connecting pipe

From the two channels, the flows of gas samples (one
of which contains the PM) enter the photoelectric PM
detector (Fig. 6), wherein the corresponding optical
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densities of flows are determined, the difference between
them being a function from the PM concentration in the
diesel EG. Setting this function is performed by calibrating
photoelectric PM detector under the established procedure.
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Fig. 6. Basic diagram of the photoelectric PM
detector:
1 — light source assembly;
3 — protective glasses;
compensating filter

2 — a system of optical lenses;
4 — light detector with a

For implementation of this method the dynamic PM
tester brassboard has been developed. It allows
monitoring the instantaneous values of the quantitative
characteristics of particulate load in diesel EG
concentrations — pt (9/kg), mass PM emissions - PT% ass
(9/h) and specific PM emissions — PT® (g/kW h)[14].

Methodology of determination of the c pts F’Tdrnass and
PT? values provides for the completion of the following
algorithm;

1. During tests of a diesel engine on the brake tester
equipped with a dynamic PM tester , the instantaneous
values of the following parameters are determined :

- the number of revolutions of the engine crankshaft —
n (min™) and torsion moment — M, (N-m);

- loads on the engine shaft — L (%) = (My /
Mi(max)) 100% (Mymay'— maximum torque value for a
given n);

- rates of change of n and L values within the time
interval At— (An/At), min™/s and (AL/At), %/s;

- diesel EG mass flow rate in the exhaust pipe — Gey
(kg / h);

- optical densities of the diluted EG sample streams
flowing in the working — N; (%) and the control — Ng (%)
channels of the dynamic PM detector.

2. Instantaneous values of n and L determine the
concentration of PM in diesel EG in the corresponding
steady-state operation of the engine:

: N =N Yo e
Cptt = Kmode(n’ L) Ln(l_llTooj ' g/kg, (1)

where: Kioge(n, L) — proportionality factor that depends
on the test mode and it is determined during the
calibration of the dynamic PM detector.

To determine the value of CStpl, a type of dependence
is chosen based on the MIRA (The Motor Industry
Research Association) recommendations by the indirect
determination of PM concentrations using the index of
EG smokiness [13].

3. A correction is determined based on rates of
change in the values of n and L for the time interval At.
The correction takes into account the deviation of the

concentration PM, identified in the transitional and steady
state operation of a diesel engine:
An AL
f( A AL ) a/kg; 2)

where: f ((An / At), (AL / At)) — known experimental
dependence determined in the previous tests on diesel
steady and unsteady modes with the use of MCT

According to the results of tests of diesel 4CHN12 /
14 it is found that this dependence can be represented by a
polynomial of 1st order:

An AL
AC, =K, | — |+ K | — |, 3
pt n[Atj L( At] ( )

where: Kn and KL - coefficients determined during
calibration of the dynamic PM detector.

4. The dynamic values of the mass — C‘;I and / or

volume — C!¢ PM concentrations in diesel EG are

pt(v)
determined:
C; =C +AC,,, g/kg, (4)
Pai (q _l)+ Pex o
Cgt(v) = Cgt ' L d ’ g/mn3’ (5)

where: q — a dilution factor of EG,

paio =1,293 kg/mn® - density of air at standard
conditions,

Pexno = 1,295 kg/mn® — density of EG at standard
conditions. [15].

5. A dynamic value of mass emission of PM from EG
is determined:

PTr(rj\ass = Cg " Iexh s g/h (6)

6. A dynamic value of specific emission of PM from
EG is determined:

d
Ploss | g/ h), ™
Pe
where: P, — the effective power of a diesel engine:
n-M,
° 9550 ®)

Calibration of a dynamic PM detector is carried out
in two stages: At the first stage, when the diesel engine
operates in steady-state test conditions, the dependence of
Kmode(n, L) is identified, it is used in determining the
value of C*; (see formula (1)); At the second stage, when
the diesel engine operates in steady-state and unsteady
test conditions, the coefficients K,, and K, are identified,
they are used in determining the value of ACy (see
formula (3)).

The technique of identification of Kqpege(n, L)
dependency represents a two-factor experiment,
consisting of 4 basic and 3 control tests, the results of
which determine a regression equation of the 1st order
with the normalized variables X, and X; (Fig. 7):

PT! =

Kioge =80+, - X, +8, - X, 9
where: ay, al i - constant coefficients:
n-n L-L .
X, =——: X, =——"% _ normalized
An AL
variables,
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Fig. 7. Plan of the two-factor experiment to
determine the dependence of Kqge(n, L) in the scope of

study: n =0,6...1,0, L =0,25 ... 1,0

The coefficients of the regressional dependence (9)
are determined by the results of the basic tests as follows
[16]:

1 4
a,=— Z Kmode- (10)
4 = '
l .
= Z (Kmodel mode2 Kmode3 - Kmode4)’ (11)
1
= Z (Kmodel mode2 + KmodeS - Kmode4 )’ (12)
where: i =1...4 — an index of the basic test;
Kimodei — €xperimentally determined value of the

coefficient Kige in the i-th test:
Cst
Pt
Ln(l-AN, /100)*
where: CStpﬁ — PM concentration, which is measured using
MCT in the i-th test, g / kg;

AN; — the difference of the optical densities of the
sample flows in the working and control channels of the
dynamic PT detector in the i-th test, %.

The technique of identification of the coefficients K.
and K, represents 3 cycles of tests conducted in
succession (Fig. 8):

A) a cycle of 5 steady-state operating modes of the
diesel engine;

B) a cycle of 10 unsteady modes of the diesel engine
with a duration At = 20 s (which consists of 4 pairs of
basic modes with the same values for one of the variables

(13)

mode;
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- An or AL, at the zero value of the second variable in
each pair and 2 control modes with different values of An
and AL);

C) a cycle of 3 repetitions of unsteady mode with

AL = 0,35, An = 0 and different durations At: 10, 20
and 30 sec.
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— # control unsteady modes of test cycle B
- Uunsteady mode of test cycle C

Fig. 8. Steady-state and unsteady test conditions,
which are used to determine the coefficients K, and K,

Through the execution of the cycle A, the values of
C*,rare measured. They correspond to the initial and final
values of the parameters n and L of the unsteady test
modes implemented in the cycles B and C. In the process
the values of n and L vary in a range of 1250 ... 2000
min™ (n =0,4...0,8)and 30 ... 100 % (L =0,3 ... 1,0).

Through the execution of the cycle B, the following
coefficients are determined:

- K_ with increasing L by 35% (AL = 0,35) for
different initial values of the variable n (cycles 1—2 and
2—-3);

- K_ with decreasing L by 35% (AL = - 0,35) for
different initial values of the variable n (cycles 3—2 and
2—1).

- K, with increasing n by 250 min ™ (An = 0,2) npu
PI3HHX TOYATKOBUX 3HAYCHHSX BenwmdwHU of the variable
L (cycles 4—2 and 2—5);

- K, with decreasing n by 250 min™ (An = -0,2) for
different initial values of the variable L (cycles 5—2 and
2-4);

Besides, in control modes, the dependence accuracy
is estimated (4) when determining the instantaneous
concentration of PM and simultaneously changing the
values of nand L.

When processing the test results for each of the
specified pairs of the basic diesel engine modes, the
average value of the corresponding coefficient, and also
its absolute and relative deviation are calculated.

To determine the values of K;, or K in each unsteady
mode of testing, the following formula shall be used:

AC,
An/ At

(14)

-



CREATION AND EXPERIMENTAL STUDIES OF THE DYNAMIC MEASURING 19
CONCENTRATIONS OF PARTICULATES IN THE EXHAUST GASES OF DIESEL ENGINES

K=k (g

" {aLsat)’ ’

where: ACy - deviation of PM concentration, identified

in unsteady and steady-state operating modes of the diesel
engine by utilizing MCT.

Through the execution of the cycle C, it is possible to
determine the average value of the coefficient K. and its
mean square deviation (Sk.) with an increase in the motor
shaft load in the range of varying the unsteady mode
duration. At=10... 30 s:

(15)

KL :%iKLi; (16)
SKL :]}%i(KL _KLi)Z ) (7)

where: i — a test mode index;

n = 3 — the number of modes in the test cycle.

The results of dynamic measurements of PM in the
diesel EG. The dynamic PM tester was installed and
experimentally tested on the diesel 4CHN12/14 brake
stand.

Calibration of a dynamic PM detector was carried
out in two stages, in the course of which the following
was found experimentally:

- dependence of the coefficient Kge, Which is used
in determining the value of Cs‘pt, on the parameters that
characterize steady-state modes of testing - nand L;

- values of the coefficients K, and K, by means of
which it is possible to consider the effect of the
parameters characterizing the unsteady test mode -
(An/At) and (AL/At), on the value of ACy,.

To determine the dependence of Kgoge(n, L), the 2-
factor experiment has been conducted (see. fig. 7), its
results are shown in Table 1. It should be noted that
measuring the value of Cs‘pt was carried out using MCT in

each test (the measurement results are designated as Cj,
in Table 1).

Based on the results of basic tests 1-4 using
formulas (10) - (12), the coefficients of the
regressional dependence - polynominal of the 1st order
are determined (9): ag = 0,334, a; =-0,017, a, = -0,068.

Thus, for determining the concentration of PM in
EG in steady-state conditions of the diesel engine, the
dependence is as follows:

- with normalized variables X; and Xj:

-1
C =(0,334-0,017-X, —0,068- X, )- Ln(l—%j /(18)

- with relative variables n and L :

100

Based on the results of control tests 5-7 , it was
possible to determine the absolute (AC™y), relative (5C*y)
and root-mean-square (Scy) deviations of the calculated
values of C*; (obtained by using dependence (19) on the
experimental data. The results of calculations — ACStpt = -
0,005..0,007 g/kg, 8C%x = -9...13%, Scp = £0,006 g/kg
are comparable to the characteristics of microtunnels
MCT accuracy - AC™, = £0,005 g/kg, 5C*, = £8...10%
[17-20], thus indicating that the accuracy of regressional
dependence is quite satisfactory (19).

To determine the coefficients K, and K the tests of
diesel engine 44YH12/14 were carried out using cycles A,
B and C (see fig. 8). In the course of testing the
concentrations of PM in EG in steady state — CStpto and
unsteady — Cdpto conditions of the diesel engine were
measured by means of MCT.

In the course of performing the cycle A, the value of
C%0 was determined for 5 steady-state conditions of the
diesel engine (fig. 9, table 2), they started and ended
unsteady conditions of cycles B and C. The value C%y in
unsteady modes of testing was determined as the
arithmetic average of the initial and final concentrations
of PM, determined in the corresponding steady-state
conditions.

-1
c* =(0,606-0,085-n-0,272- L) Ln(l— ﬂj (19)

Table 1. The results of experimental research of the regressional dependence Koge(n, L)

Parameters of steady-state test modes The results of measurements and calculations

0 - ACH
S " x M?EI\I)‘m Xo [ pokw | || ;:/pkg e g/ﬂk;

5C%,%
L [ e [ | [ o [oawr| 28
il EN N Y o A ) T
5 %é-,%? 1 54(111),2 1 | 850 | 4833 | 449 | 379 | 0,059 | 03164 (018056)
Ty [ gy o] e e s [ o [owe] 4
5 2?10)0 1 (3,315) 0 | 736 | 6529 | 449 | 3,26 | 0,055 | 0,3166 (080833
. 22)10)0 1 (101355) 2 | 250 | 4881 | 423 | 446 | 0087 | 04520 (2802)7
! %g,%()) -1 ?0?;'57) 0 | 640 | 3637 | 444 | 1,91 | 0,036 | 0,3509" (-()1]2?65;

Note. " - calculated values of the coefficient Kioge.
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Fig. 9. Filters with PM, which were collected in
steady-state test conditions of cycle A

Through the execution of the cycle B, the value of
the coefficients K, and K_ was determined with

increasing and decreasing of variables An and AL,
and furthermore, the dependence accuracy was
estimated (3) to determine the value ACy. The results

of research, obtained by varying the values n and L

in the ranges of n =04...0,8and L =03...1,0,and
at duration of unsteady modes At = 20 s, indicate the
following (fig. 10, table 3):

- when one of the variables, An or AL, increases
at a constant value of the second variable, the average
values of the coefficients K, and K, are 0,96 and 1,79,
respectively; the absolute and the relative deviations of
K, and K, from average values being: +0,08 (g-s)/kg,
or 8,3% and +0,06 (g-s)/kg, or 3,4%, respectively; thus
the load L has 1.9 times more significant effect on the
value ACpt than the number of revolutions of the
engine crankshaft n;

Fig. 10. Filters with PM, which were collected in
unsteady conditions of cycle B

Table 2. The results of PM concentration measurement in steady-state test conditions of cycle A

Operating parameters The results of measurements and calculations

Mode | N, nlin'1 ,{YI Fn P KW Gexn, q Tsam, Gemr/C Mo, Coo-
(n) (@0 @ kg/h s (Mam, 9) mg g/kg

1 %g’%()) 1(353)7 27,6 403,6 7,13 2711 (1%';?’2) 0,47 0,020

2 %g’%()) (30?(15’54) 55,2 4233 6,35 301,1 (202'&) 0,88 0,030

3 %g’%()) 52570)2 82,8 4735 6,90 180,9 (1031?’9) 1,16 0,073

4 %5’54()) (30?(15’54) 46,0 3328 7,01 2118 (105';?’1) 1,22 0,066

5 %5’58()) (30%(15’;; 64,4 523,8 6,38 2113 (1051?’5) 0,61 0,030
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Table 3. The results of experimental research of coefficients K, and K,

Parameters of unsteady test modes The results of measurements and calculations
M d C;d)tO‘ Kn**! KL**a
ode - — At= Gexh, ACpo, .S S
An AL | e | Pkl q (Co okg | 2| 92
g/kg kg kg
1-2 21,00 | 414 | 4135 | 843 | 29 | 0030
(0,025)
0 0,35 0.080 - 1,79
2—3 22,21 69,0 448,4 6,20 (0,052) 0,028
32 21,07 69,0 4484 6,65 0,057 0,005
(0,052)
0 -0,35 0.020 - 0,00
2—1 21,27 41,4 4135 6,43 (0,025) -0,005
42 21,30 50,6 378,1 6,82 0,058 0,010
(0,048)
0,2 0 0.038 0,96 -
25 21,33 59,8 473,6 7,81 (0,030) 0,008
52 20,83 59,8 473,6 7,47 0,029 -0,001
(0,030)
-0,2 0 0.054 0,26 -
2—4 21,11 50,6 378,1 9,83 (0,048) 0,006
0,064 0,012
35 0,2 -0,35 20,69 73,6 498,7 7,10 (0.052) 0,009" 0,96 0,00
0,079 0,027
53 -0,2 0,35 20,11 73,6 498,7 7,48 (0.052) 0,031" 0,00 1,79

Note. = — calculated values of AC,,, obtained through dependence (3); ™ — arithmetic mean value by results of 2

measurements of the coefficient .

- when one of the variables, An or AL, decreases at
a constant value of the second variable, the average values
of the coefficients K, and K are not significant and they
do not have to be taken into account, since the deviations
of PM concentrations, determined in unsteady and steady-
state conditions of the tests are ACyo = -0,005 ... 0,006
o/kg, that is comparable with sensitivity limit of the MCT
- +0,005 [16];

- the absolute deviations of calculated values of AC,
determined through dependence (3) on the experimental
data obtained in the course of performing 2 control
unsteady modes, are -0,003 g/kg and 0,004 g/kg, that is
comparable with sensitivity limit of the MCT. It confirms
the significance of the obtained values of the coefficients
K, and K., as well as practical suitability of dependence
(3) for determining the AC,; value.

Through the execution of the cycle C, it became
possible to study the value of the coefficient K_ with the
growth of load L and constant value of the number of
revolutions of the engine crankshaft n in the range of
variation of the unsteady mode duration At=10 ... 30 s.

Results of the research showed the following (Fig. 11):

- if Atiincreases, the divergence of PM concentrations
Cdpt and CStpt decreases; thus, when At increases from 10
to 30 s, the value of AC,; decreases 1,8 times;

- In the investigated range of variation At=10...30 s
the coefficient K, can be assumed to be constant, the
average value of which amounts to 1,575; wherein root-
mean-square deviation of the results of measurements K,
is + 0,105 (g-s)/kg, which is 6,7%.

CF“’ _
a/kg
0,06

4 0,074

0.04 4

0,02 4

0 T T 1 T T
5 13 25

KL! _
(g-secykyg

1,91

1,01

0,5 T
0,00 0,01

002 003 (AL/At), sec™
6)

Fig. 11. The results of studies on the effect of
unsteady mode duration At on values ACy (a) and K (b)
in the course of executing cycle C

Thus, taking into account the selected type of
regressional dependence AC, = f((An/At), (AL/At)) (see
formula (3)) and the results of experimental studies of
coefficients K, and K, the formula for determining the
value of AC,; is:
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AN, AL,
AC.. =096 1575 . g/kg,

where: An. and AL, — positive values of An and AL .
CONCLUSIONS

1. Modern methods of dynamic measurement of mass
emissions of PM from G, of diesel power plants have
been analyzed : tapered element oscillating microbalance-
TEOM; microbalance with piezoelectric sensing element
(Quartz Crystal Microbalance - QCM); the PM
quantitative analysis metod using laser-induced EG
incandescence (Laser Induced Incandescence - LII) and
others. The requirements to the accuracy of these methods
are defined when measuring the concentration of PT - 2-5
mcg /m°.

2. A concept and a model sample of the dynamic PM
emission tester, which allows control of instantaneous
concentration, mass and specific PM emissions from
various types of diesel engines is developed. This
measuring device uses the PM's ability to absorb light
radiation, that leads to a change in the optical density of
the flow of the sample analyzed, which has a correlation
relationship with the concentration of PM.

3. Experimental research of the dynamic PM tester
based on the diesel 4CHN12/14 brake tester has been
conducted. It demonstrates practical suitability of the
equipment designed to determine the instantaneous values
and concentrations of PM emissions in the steady-state
and unsteady operation modes of a diesel engine.
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CO3JAHUE 1 SKCIIEPUMEHTAJIbHBIE
UCCJIEJJIOBAHU S JUHAMNYECKUX
KOHLIEHTPALII U3MEPEHUS YACTUL]
B BBIXJIOITHBIX I'A3AX JMU3EJIbHBIX
JIBUTATEJIEN

A. Honusuanuyyk, |. Ilapcadanos, O. I'onxuna

AHHOTaHI/IH. HpOElHaJ'H/I?:I/IpOBaHI)I COBPCMCHHBIC
METOAbI AMHAMHWYCCKOTO H3MCECPCHUA MACChI BI)I6pOCOB
TBEPABIX YaCTUL[ U3 BBIXJIOIMMHBIX Ta30B AU3CJIbHBIX
BHCKTpOCTaHIlI/Iﬁ u Tpe6OBaHI/Iﬂ K TOYHOCTH BBICOKOM

CKOPOCTH OTKIIMKAa. Pa3paboTaHbl MPUHIUIHATIBHAS
CXeMa, a TakXe KOHCTPYKLUS TecTepa AJisi HU3MEpPEHUs
JUHAMUYECKUX BBIOPOCOB TBEPJABIX YACTHIl, KOTOPHBIH
MO3BOJISIET  KOHTPOJMPOBaTH MIHOBEHHOE 3HAuCHUE
KOHIIGHTPAIllMM, MacChl M KOHKPETHBIX BBIOPOCOB
TBEPABIX YACTHUIl W3 PA3IMYHBIX TUIOB OCH3MHOBBIX H
IA3EIBHBIX JBUTATEIEH. OKcIiepruMeHTaIbHOE
HCCIICIOBAaHIE TeCTepa AWHAMHYECKOW TBEPIBIX HaCTHII
MTOKA3BIBaCT CBOKO MPAKTUYECCKYIO TPHTOTHOCTH JUIS
OMpEIIEIICHUs] BBIOPOCOB TBEPJIBIX YACTHUI[ B MOCTOSTHHBIX
Y HECTAI[MOHAPHBIX PEIKUMAX PAOOTHI TU3CIISL.

KnroueBbie cioBa: au3eib, TOPMO3HOM  CTEHI,
BBIXJIOTIHBIE  Ta3bl, TBEpJble YacTULbl  (YAaCTHUIIBI),
KOHIICHTpAIlUsi, Macca  BBIOPOCOB, JWHAMHYCCKHE
HU3MEpEeHUsl.



