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MATHEMATICAL MODELING OF DIESEL ENGINE
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Abstract. The work is devoted to solving an urgent scientific and prac-
tical task: establishing mathematical models that describe the effect of op-
erating modes of diesel engines on the content in the exhaust gases of a
dangerous pollutant — particulate matter (PM). The purpose of the work has
been to create and study the accuracy and practical suitability of the calcu-
lation method estimating concentrations and emissions with exhaust gases
PM by means of mathematical modeling of the influence on them of param-
eters that determine steady-state and unsteady diesel operation modes. The
following research methods have been used in the work, such as: analysis
and synthesis of information, mathematical modeling, experimental studies,
and computational experiment. The studies have been carried out on the
basis of the motor stand of a 4ChN12/14 autotractor diesel equipped with a
partial-flow system for diluting EG with air — MKT-2 microtunnels. Mea-
surements of mass and volume concentrations — c, (g/kg) and C, (g/mn’),
mass — PT__(g/h) and specific — PT (g/kWh) PM emissions have been
carried out by the gravimetric method with errors of £ 3 .. 10% in accor-
dance with the requirements of regulatory documents — ISO8178 standard,
UNECE Rules R-49, R-96, etc. The parameters, which determine the mode
of operation of the diesel engine, have been considered: during the studyof
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the steady-state modes — the number of revolutions of the engine crank-
shaft (n, min"') and the load (L,%); in the study of unsteady modes — the
parameters n and L and the rate of change over time — An/At and AL/At. As
a result of studying concentrations and emissions PM at steady operation
modes, the type has been selected and the most reliable regression depen-
dence has been established — a second-order polynomial model that allows
us to estimate the values of Cpt, PT,_ . and PTp in the ranges of variation
of the parameters n and L — 1000 ... 2000 min and 25 ... 100%. The RSM
of the established dependencies when determining the indicated values is
comparable with the errors of microtunnels MKT-2 and is = 0.0042 g/mn’,
+ 2.02 g/h, £ 0.077 g/kWh. A dependence for indirectly determining the
mass concentration of PM in the exhaust gases at unsteady diesel operating
modes, which are characterized by a duration of 10 ... 30 s and ranges of
variation of the parameters n, L, An/At and AL/At, given in dimensionless
form: 0.4 ... 0.8, 0.3 ... 1.0, -0.2 ... 0.2 and -0.35 ... 0.35, respectively, has
been established. The deviation of the calculated and experimental data
when using this dependence is = 0.005 ... 0.006 g/kg, which is comparable
with the sensitivity limit of MKT-2. A satisfactory accuracy and practical
suitability of the indirect optical-gravimetric method for controlling PM
concentrations and emissions at steady-state diesel engine operating modes
were proposed and experimentally confirmed.

1. Introduction

Among the most dangerous pollutants that enter the atmosphere with
exhaust gases (EG) of diesels and significantly degrade air quality indi-
cators, there are solid particles (PM) [1]. The averaged mass emission
of this substance from EG, which is determined taking into account the
operating conditions of the engine, is one of the main normalized envi-
ronmental indicators of a diesel engine [2]. At the same time, for PM
take all the material, assembled on a special filter with fluorocarbon
coating after passing through it a EG diesel, diluted with clean air to a
temperature not exceeding 52 °C is the dew point of the liquid hydrocar-
bons that make up the PM.

The methodology for determining PM mass emissions is regulated
by regulatory documents and involves the use of the gravimetric meas-
urement method, which is characterized by an increased cost, laborious-
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ness and duration of the test procedure [3]. To implement this method,
special expensive equipment is required: a dilution tunnel, in which the
natural process of PM penetration into the atmosphere by mixing the
EG of the diesel engine with air is simulated and PM samples are col-
lected on filters to further determine the concentration and emissions
of PM from the EG [4]. In this regard, when conducting environmental
diagnostics of diesel engines according to exhaust gas toxicity indica-
tors, the urgent task is to create more economical, easy-to-use, and high-
speed indirect methods for controlling PM content in EG [5; 6]. One of
these methods is a computational research method based on the use of
mathematical models of the influence of diesel operating modes on PM
concentrations and emissions [7; 8].

The purpose of the work has been to create and study the accuracy of the
calculation method for estimating PM content in diesel EG by mathematical
modeling of the influence of parameters that determine stable and unstable
engine operation modes on concentrations, mass and specific emissions of
PM. To achieve this goal, the following fasks have been solved:

1) development of an experimental setup for the study of PM content in
exhaust gases on the basis of a motor diesel stand equipped with a gravimet-
ric monitoring system PM — microtunnel;

2) mathematical modeling of the influence of parameters that determine
the stable modes of diesel operation on the concentration and mass emis-
sions of PM;

3) mathematical modeling of the influence of parameters that determine
the unstable modes of diesel operation on PM concentration;

4) creation and research of an indirect optical-gravimetric method for
controlling PM concentrations and emissions at steady-state diesel opera-
tion modes.

Below are the results of solving these problems.

2. Experimental installation for studying the content of PM in EG
The experimental setup was assembled on the basis of the motor stand
of a 4ChN12/14 autotractor diesel engine, equipped with control means and
control devices for parameters characterizing stable and unstable engine
operation modes, as well as an automated gravimetric control system for
PM — microtunnels MKT-2 (Figure 1).
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Figure 1. General view of the motor diesel engine stand
4ChN12 / 14 with microtunnels MKT-2:

1 — mass air flow meter; 2 — fuel mass flow meter; 3 — torque meter; 4 — a measure of
the number of revolutions of the engine crankshaft; 5 — gravimetric control system
PM — microtunnels MKT-2; 6 — exhaust smoke meter; 7 — electronic control module
MKT-2, 8 — camera for stabilization and weigh-ing of filters

Basic elements, operating principle
and technical characteristics of MKT-2

Microtunnel MKT-2 [9] is a compact partial-stream system for diluting
EG of a diesel engine with air, sampling and analysis of PM samples,
designed in accordance with the requirements of international regulatory
documents: ISO8178 standard, UNECE Rules R-49, R-96, etc. The structure
of MKT -2 includes the following main elements (Figure 2, 3):

1) a sampling system designed to dilute the share of EG — 0,02 ... 1,2%
by air in a ratio of 1: 4 ... 1: 30; it contains three subsystems:

a) a system for selecting a fraction of the exhaust gas stream, which includes:

— a sampler, which is a stainless steel pipeline with an inner diameter of
6 mm and a length of 80 mm, mounted on the axial line of the exhaust pipe
of the diesel towards the flow of the EG;

— transportation pipeline of sample (PS) with an inner diameter of 6 mm
and a length of 80 mm;

—regulator expense EG by throttling the transverse cross-section PS;
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(microtunnel)
- sample selection PM
- control indicators
Measurin sensors and flowmeters
g Electronic control .
complex with module »| - control sampling
microtunnel process
- PC connection
- air conditioning
— ber for ilizing > - temperature control
and weighing filters P
- humidity control

Figure 2. The main elements of MKT-2
and the functions that they perform

\ Dilution tunnel

Gas blowers

filters

Figure 3. General view of microtunnels MKT-2
at the diesel engine stand 4ChN12/14
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b) a system of dilution of EG, the components of which are:

— dilution tunnel — stainless steel pipeline with an internal diameter of
30 mm and a length of 300 mm;

— a diaphragm installed at the entrance to the tunnel in order to improve
the process of mixing the EG with air;

— gas blower, which has a capacity of 20 ... 120 1/min and performs the
function of a sampling pump;

— meter expense of 2 gas flows: diluting air — a collector profiled along
a circular arc with an inner diameter of 8 mm and diluted EG — a normal
nozzle with an inner diameter of 3 mm,;

¢) PM sampling system, the elements of which are:

— sampling line — stainless steel pipeline with an inner diameter of
16 mm and a length of 950 mm;

— regulators of the “bypass” and “sampling” — ball valves;

— the bypass main line, in which the throttle is installed, which equalizes
the pressure in the bypass and working main lines;

— the working main line in which the cartridge with a filter for sampling
is installed;

—aprotective filter with a paper filter element that prevents contamination
of the PM sampling pump;

2) an electronic control module is a microprocessor unit, which
is connected to the PC, to which sensors and governing bodies
MKT-2 microtunnel are connected; this module provides the fulfillment of
the following operations:

— monitoring the displays of sensors and flowmeters of the sampling
system;

— PM sampling process control — switching bypass and sampling modes;

— transfer of control and management functions of microtunnels to a PC,
allows you to register, process and log measurement results;

3) a chamber for stabilization and weighing of filters (Figure 4), which
provides the conditions for measuring PM mass established by regulatory
documents; inside the camera there are:

— the air temperature control system in the range of 18-40 °C with an
accuracy of =1 °C;

—a system for controlling relative humidity in the range of 40-90% with
an accuracy of +3%;
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Figure 4. The main elements of the camera

to stabilize and weigh the filters:
1 —housing; 2 — cartridge with filters; 3 — flue with fan and heater;
4 — humidity regulator; 5 — analyt-ical balance; 6 — stand for filters;
7 — electronic regulator of temperature and humidity conditions

— analytical balance with a weighing error of = 0.01 mg;

— cassette for storage and transportation of working filters with a capacity
of up to 30 pairs of filters;

— an electronic controller (control unit) for monitoring and controlling
the temperature and humidity conditions of the camera modes; duration the
continuous operation of the regulator is 36 hours.

The principle of operation of MKT-2 is as follows (Figure 5).

Part of EG with a mass flow rate of the G'_, is taken from the exhaust
pipe of the engine and fed through the pipeline to the dilution tunnel — DT,
where it is mixed with atmospheric air. From the tunnel, through one of
the ball valves, a stream of diluted EG with a G mass flow rate enters
either the bypass main line or the working channel, in which the cartridge
with a working filter is installed. For sampling PM, glass fiber-based filters
with a fluorocarbon coating are used with capture coefficient PM capture
rates greater than 99%. Working filters have an external diameter of 70
mm, the speed of passage of the sample through them varies in the range of
35 ... 100 cm/s. The pressure drop across the filters in the final sampling
phase does not exceed 25 kPa. The minimum allowable PM weight on the
filter is 0.25 mg. When sampling PM, the temperature of the sample in front
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Figure 5. Schematic diagram of microtunnels MKT-2

of the filter t. does not exceed 52 °C. Ball valves, which determine the direc-
tion of sample flow in the sampling line, are always in the opposite states:
when one is open, the other is closed and vice versa. When preparing the
sample for analysis, the diluted EG flows through the bypass main line. With
the help of a throttle installed in it, the pressure in the line is regulated so that
at the time of switching the valves there is no hydraulic blow. During the PM
sampling procedure, the entire diluted exhaust gas stream flows through the
filter. At the same time, the duration of this procedure is fixed —t__.
After completion testing is measured the PM mass, m,, as the mass gain
of the working filter during the test. For control the parameters G' _ , G
7.t and control ball valves an electronic module is used to.
The calculation of mass and volume concentrations —c, and C , mass —

PT  and specific — PT, emissions of PM is carried out using the formulas:
m,-107
Co = . -q,g/kg, (1)
msam
where m,— PM mass collected on the filter, mg;
m__ —mass of sample diluted EG, which passed through the filter, kg;

q “the coefficient of dilution of EG with air in the tunnel, which is de-
termined as the result of dividing the value of G_ by G

sam exh?

exh’ " sam’

Cpt = Cpt ! pexh > g/mn33 (2)
where p_, —the density EG of the diesel engine, kg/mn’;
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PTmass = Cpt : Gexh H g/h’ (3)
where G_, — mass consumption of EG in the test mode, kg/h;
PT, = ~"ms  g/kWh, (4)
where P — effective diesel power, kW:
n-M
P= k_p .k
9550 aux > W’ (5)

where n — the number of revolutions of the engine crankshaft, min;
M, — torque on the motor shaft, N-m;
P — power of auxiliary equipment, kW.

aux

Technical characteristics of the MKT-2 microtunnel:
— the accuracy of measurements of concentrations and PM emissions is

characterized by instrumental errors in determining the values of va PT
and PTp, which are 3... 10% (Table 1);

mass

— the speed of the PM sampling system is characterized by the duration
of preparation of the microtunnel for measurements, which does not exceed
5 minutes, and the duration of the PM sampling procedure, which in differ-
ent modes of diesel operation is from 1 to 7 minutes;

—overall dimensions (L, B, H) — 500 x 300 x 1200 mm, weight — 40 kg.

Table 1
Microtunnel accuracy characteristic of MKT-2
Relative measurement error
Requirements of standard ISO 8178
Parameter Provided by
MKT-2 Measurements at | Measurements on
the stand the object

Mf 2.7% 2.7%

™o 0.25% -

G 1.7% 4% 5%

(€ 0.8% 2%

Gy 0.8% 2%

P 2% of the P, 2% of the P, 5% of'the P,

PT, s 5.1% 6.0% 8.5%
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3. Study of PM content in EG at steady-state diesel modes

Based on the experimental setup described above, studies have been con-
ducted in order to establish and analyze mathematical models that describe the
influence of parameters that determine the stable operating modes of diesel on
volumetric concentrations —C (g/mn’), mass emissions —PT ___ (g/h) and specif-
ic emissions — PT, (g/kWh) PM. For this, the following tasks have been solved:

— the choice of control steady-state modes for research is characterized
by two parameters: the number of revolutions of the engine crankshaft —
n (min) and the load — L (% of maximum torque at current n);

— measurement of the values of va PT__and PTp when the diesel en-
gine is in control test modes using MKT-2,

— establishment of regression dependences, reflecting the influence of
the parameters n and L on the values of C , PT and PT ;

pt mass p

—analysis of the results and development of recommendations for their use.

The choice of control modes of testing, measuring concentrations and
emissions of PM. For research, a 2-factor plan of the 3 X 4 experiment has
been chosen, in which the maximum operational ranges of variation of pa-
rameters n and L with the uniform nature of their changes are reflected. This
plan includes 12 steady-state operating modes of the 4ChN12/14 diesel en-
gine with 3 levels of variation of the parameter n — 1000, 1500 and 2000 min'!
and 4 levels of variation of the parameter L — 25, 50, 75 and 100%.

In each control mode, the values of Cpt, PT . and PTp have been exper-
imentally determined (Table 2). The reproducibility errors of measurements
of these values ranged from 4 ... 7% — with a significant content of PM in
EG (in modes with a load of 50-100%) to 14 ... 17% — with a small content
of PM in EG (in modes with a load of 0-25%). The average values of the
measurement errors of Cpt, PT_ . and PTp amounted to 8 ... 10% or £+ 0.005
g/mn?, £ 1.78 g/h, and + 0.04 g/kWh, respectively.

Establishment of the dependences of the values of Cpt, PT__ and
PT_ on the parameters that determine the test mode. Experimental data
on the concentration and emissions of PM in the control diesel operation
modes have been used to determine the regression dependencies

Y= f (i’l, L) 5 (6)
where Y — a generalized designation of quantities which are controlled —
C.,PT or PTp;

pt’ mass

mass
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Table 2
The results of studies of the content of PM in EG
in control modes of diesel operation 4ChN12/14
Control test modes Measurement results
Ne e | momint | M| PKW | L% g/CnTl’ﬁ P g}"ﬁ“’ g/l:({vp’h
1 2000 478.0 100.1 100 0.063 37.82 0.378
2 2000 351.4 73.6 73.5 0.038 20.82 0.283
3 2000 239.0 50.05 50 0.042 20.06 0.401
4 2000 119.5 25.02 25 0.062 25.32 1.012
5 1500 541.2 85.01 100 0.074 30.10 0.354
6 1500 407.7 64.03 75.3 0.044 15.61 0.244
7 1500 274.8 42.95 50.5 0.034 11.07 0.258
8 1500 140.6 22.08 26.0 0.023 6.88 0.311
9 1000 379.6 39.74 100 0.125 24.42 0.614
10 1000 281.2 29.44 74.1 0.071 13.06 0.444
11 1000 189.1 19.8 49.8 0.030 5.50 0.278
12 1000 92.1 9.642 24.3 0.019 3.48 0.361

f (n, L) — the desired function of 2 variables —n and L.

Since the view of the regression equation (6) has not been known be-
forehand, 3 dependencies have been selected for analysis, the most reliable
of which have been determined:

— dependence 1:

V=K (V) £ (Y). )
where K| —a constant coefficient;

f (Y) and £, (Y) — functions of one variable characterizing the influence
of each of the parameters — n and L on the value of Y;

— dependence 2:

Y =K+ E(Y)+ F(Y), (8)
where K, — a constant coefficient;

F (Y) and F (Y) — functions of one variable characterizing the influence
of n and L on the value of Y;

— dependence 3 — polynomial of the 2nd order:

Y=A+A4 n+A4 L+A, n’+A, L +A, n-L, 9)

where A, A, A, A, A, A, —aconstant coefficients.
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The choice of the given dependences is due to the wide scope of their
use, ease of determination, and convenience in analysis and practical use.
Therefore, dependence 1 is successfully used in mathematical models to de-
termine the fuel and economic parameters of ICEs, which were constructed
based on the results of multivariate experiments [10].

The root mean square (RMS) deviations of the calculated data from the
corresponding experimental values, expressed in absolute units with a di-
mension of Y — S, and in relative units (%) — s, have been considered as
criteria for the accuracy of the studied dependences [11]:

(10)

where Y, — the value of Y, which has been determined by the selected
regression equation in the i-th test mode;

Y, — the experimental value of Y in the i-th mode;

m = 12 — the number of control modes;

5, :%.100%, (11)

where Y, — the average values of the studied value of Y, which have
been determined as arithmetic average of 12 measurements of Y, and are +
0.052 g/mn?, + 17.85 g/h and = 0.411 g/lkWh, respectively for C, PTm and PT.

The coefficients K, K, and the functions f (Y), f, (Y)and F(Y),F (Y)m
expressions (7) and (8) have been determined by the method described in
[10], and for the coefficients A, of the dependence (9) have been calculated
using the technique presented in [12] (Table 3, Figure 6, 7).

For each dependence, using the expressions (10) and (11), the values of
S, and s, were established (Table 4).

As can be seen from the Table 4, dependencies 1 and 2 do not have
sufficient accuracy, since the s, value for them is 29.3 ... 38.6% (with the
exception of the s, value = 14.1% for dependence 2).

For the polynomial dependence 3, the values of s, and's,;  are com-
parable with the average experimental error, and the value of s, exceeds
it by 1.9 times. Thus, from 3 considered dependences, the most reliable is
the dependence 3 — a polynomial model of the 2nd order (9), which allows
a fairly accurate estimate of the influence of the parameters n and L on the
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Table 4
Absolute and relative values RMS of standard deviations
of dependencies (7) — (9)

Sy Sy, %
Dependence Scpt, Sprmass, Serp,
g/mn’ g/h g/kWh Scpt SPTmass SeTp
1 0.0181 5.27 0.121 34.7 29.5 29.3
0.0176 2.52 0.159 33.7 14.1 38.6
3 0.0042 2.02 0.077 8.1 11.3 18.8

values of C  and PT
value.

Analysis of the research results shows the following (see. Figure 7):

a) the influence operating mode of the diesel on the PM concentration:

— the value of C | with increasing n from 1000 to 2000 min™' varies de-
pending on the value of the load: at L = 25% it increases from 0.02 g/mn?
(minimum value) to 0.06 g/mn?, at L = 100 % — decreases from 0.12 g/mn?
(maximum value) to 0.06 g/mn’; at the same time with an increase in L
from 25 to 100%, the growing dependence of C  on n gradually turns into
a downward dependence.

b) the influence operating mode of the diesel on mass emission of PM:

—the value of PT___ with increasing n from 1000 to 2000 min™ at a fixed
value of torque increases with a close to linear dependence with an angular
coefficient of 0.015 (g/h)/min’';

— an increase in L from 25 to 60% has little effect on the growth of
PT,_ . butan increase in load in the range of 60 ... 100% leads to a signifi-
cant increase in PM emission — by 1.7 ... 3.5 times;

— the minimum value of PT___ — 3.0 g/h is observed in the mode with n
= 1000 min"', L = 25%, the maximum value — 37.4 g/h — in the mode with
n=2000 min"', L =100 %;

¢) the influence mode operation of the diesel on the specific emission of PM:

—the PT value with increasing n from 1000 to 2000 min! changes de-
pending on the load: at L = 25% it increases from 0.34 to 0.91 g/kWh, at
L =100% it decreases from 0, 67 to 0.36 g/kWh; in this case, with an in-
crease in L from 25 to 100%, the growing dependence of PT on n gradually
turns into a downward dependence;

and can be used for a rough estimate of the PT

mass
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— the minimum value of PT —0.25 g/kWh is observed at n = 1500 min,
L =75%, the maximum value — 0.91 g/kWh — at n = 2000 min!, L =25 %.

Recommendations for using research results. Establishing dependen-
cies to reflect the influence of diesel operating mode on the values of C.o
PT and PT can be used both for indirect estimation of their values and
for determining the minimum duration of PM sampling in dilution tunnels

T_..» at which the accuracy of these measuring systems is ensured [13]. S
when measuring the mass concentration of PM at a steady test mode, the
value can be determined by the formula

m, .
Cman = /i) “in > S (12)

(cpt(a) - Acpf(a)) ' Gsam(max)
where m; .= 0.25 mg — the minimum allowable mass of PM particles

on the filter;

Coe) — the calculated value of the mass concentration of PM in the EG,
determined using the established regression dependence, g/kg;

Ac i) — the error of indirect determination of ¢ iy which is determined
by the 2-sigma rule as 2-S . [14];

G mmax) — 2-3 &/s — the maximum allowable mass consumption samples
diluted EG in the tunnel,;

q,,, = 4 — the minimum allowable value of the coefficient of dilution of EG.

Formula (12) is obtained on the basis of dependence (1). Similarly, on the
basis of dependences (2) — (4), formulas can be established for determining

the duration T . when measuring the values t_. of Co PT and PT.

4. Study of PM content in EG at unsteady diesel modes

In the mathematical models, not only the values of n and L, but also the
rate of change of these values in time — An/At and AL/At are used to indirectly
estimate PM emissions from EG in unsteady diesel operating modes with pa-
rameters that determine the test mode. Moreover, to improve the convenience
of processing and analyzing experimental data, the parameters characterizing
the engine operating mode are presented in dimensionless form:

oo M~ Mg

ni = i M (11)

n - nidle

(12)
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where n; and n, — the dimensionless and absolute (min™') value of the
number of revolutions of the engine crankshaft in the i-th test mode, respec-
tively;

n, and n - the number of revolutions of the engine shaft at idle and
rated power mode, respectively;

Li ta L, — dimensionless and absolute (%) value of the load in the i-th
test mode, respectively;

M, — torque on the motor shaft in i-th mode;

Mk(mx)i — the maximum torque on the motor shaft at its rotation speed n,.

The results of experimental studies of the PM content in the EG for
different diesel operating modes show that for indirect determination of PM
concentrations in unstable test modes —¢* | the formula can be used

ey =cy +Ac, , glkg,(13)

where ¢* | — the mass concentration of PM in the EG of the diesel en-
gine at the steady-state test mode, which is characterized by the parameters
n(n)and L (L);

Ac, — the increase in the mass concentration of PM, which occurs during
the transition from a constant to an unstable mode of operation of a diesel en-
gine and is characterized by the quantities An/At (An/At) and AL/At (AL/At).

During tests of the 4ChN12/14 diesel engine using MKT-2 microtun-
nels, a regression dependence has been established to determine Ac™"
when varying the parameters n and L in the ranges: n = 1250 ... 2000 min™!
(n =04..0,8 and L =30 ... 100% (L = 0.3 ... 1.0) with the duration of
unstable modes At = 10 ... 30 s. Based on the analysis of experimental data,
the type of this dependence has been selected — a polynomial of the first order:

=K, [AthrK [A ] g/kg, (14)

where K ta K| — the coefficients that have been determined during the
experiment;

(An, AL — relative increments of quantities » and L during the unstable
regime.

The procedure for determining the dependence coefficients (14) consist-
ed of 3 test cycles that have been performed sequentially one after another
(Figure 8):

A — a cycle of 5 steady-state diesel modes;
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Figure 8. The experimental research plan the influence
of unstable operating modes of the 4ChIN12/14 diesel engine
on the content of PM in EG

B — a cycle of 10 unstable diesel operation modes with a duration of
At=21.5 %1 s; this cycle consists of 4 pairs of main modes with the same
values in each pair of one of the values — An or AL either with a zero value
of another value and 2 control modes with different values of An and AL;

C — a cycle consisting of 3 repeating unsteady modes, in which the values
An and AL have not changes and have been An = 0 and AL = 0.35, and the
duration of the At regime has changed and took the value of 10, 20, and 30 s.

As a result of the execution of cycle A, the PM concentration values ¢* |
have been measured — ¢* , which corresponds to the initial and final values
n and L of the parameters and unstable test modes of cycles B and C in the
ranges of variation n=10.4 ... 0.8 and L=0.3 ... 1, 0.

As a result of the execution of cycle B in the main test modes, the coef-
ficients have been determined:

— K, with an increase in L by 35% (AL = 0.35) at various initial values
of n (modes 1 — 2 and 2 — 3);

— K, with a decrease in L by 35% (AL = -0.35) for various initial values
ofn (modes 3 —2and 2 — 1);
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— K, when n grows by 250 min" (An'= 0.2) at various initial values of
L (modes 4 — 2 and 2 — 5);

—K_when n decreases by 250 min™' (An'= -0.2) at various initial values
of L (modes 5 — 2 and 2 — 4).

To determine the coefficients K and K, the formulas have been used:

K, - 7“*" ©)_(g-c)k (15)

_ o)k,

K 7“"‘ (=) /(k 16
L= (AL/ ) , (g'8)/(kg), (16)

where Ac | — the deviation of the mass concentration of PM deter-
mined at the unsteady and corresponding to it steady-state modes of diesel
operation; the first value is determined experimentally using MKT-2 and
calculated using formula (1), and the second is taken to be equal to the av-
erage value of 2 PM concentrations at the steady-state modes, from which
the unstable mode begins and ends, and determined during cycle A.

In the course of processing the results of the execution of cycle B, for
each pair of the main test modes indicated above, the average value of the
coefficient that has been studied, K_or K, has been calculated and its RMS
has been estimated.

In the control test modes of cycle B (modes 3 — 5 and 5 — 3), the ac-
curacy of determination of ¢ has been estimated using dependence (13)
with simultaneous changes in the parameters An and AL.

As a result of cycle C, the following values have been determined: the
average value of the coefficient K, — K, ~and its RMS — S, with an in-
crease in L by 35% at n = 1500 min! (mode 2 — 3 An =0, AL =0.35) in
the range varying the duration of the unsteady mode At =10 ... 30 s; in this
case, the formula has been used:

K =3 2K (17
where i — the index of the test mode;

n = 3 — the number of modes in the test cycle C;

(18)
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Research results and their analysis. During the cycles A, B and C us-
ing MKT-2, concentration the PM in the EG at steady — e and unsteady —
¢ operating modes of the diesel engine 4ChN12/14 has been determined
and and the coefficients K and K, of the dependence (14) have been estab-
lished (Tables 5, 6, Figure 9, 10).

Table 5
Results of studies of ¢ concentrations during cycle A
Parameters mode Results of measurements and calculations
Mode | D, M,, N
min N;(Il l:)\eil Egeﬁ: q Ts;m’ ?I;;nm’ g/S :::f’ c/ll;[,
(Il) (L) sam’ g g/kg
1500 | 175,7 0,73
1 ©0.6) | 03) 27.6 | 403.6 | 7.13 | 271.1 (199.2) 0.47 | 0.020
1500 | 351,4 0,74
2 0.6) | (0.65) 552 | 4233 | 6.35 | 301.1 (220.5) 0.88 | 0.030
1500 | 527,2 0,73
3 ©0.6) | (1.0) 82.8 | 4735 | 6.90 | 180.9 (1319) 1.16 | 0.073
1250 | 351,4 0,73
4 0.4) | (0.65) 46.0 | 332.8 | 7.01 | 211.8 (155.1) 1.22 | 0.066
1750 | 351,4 0,73
5 0.8) | (0.65) 64.4 | 523.8 | 6.38 | 211.3 (154.5) 0.61 | 0.030

Figure 9. Photos of filters from PM in the course of testing
a 4ChN12/14 diesel engine in cycles A and B
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Table 6
The results of determining the coefficients K and K, dependence (14)
during the execution of cycle B

Paramet:(s)((;efsunsteady Results of measurements and calculations
Mode . o
K, K
- T At= P, G Cor (c Ac t(ex)? ) ’ L ;
An | AL Tom S | KW | kg/h d g/kg g/pkg (gk;)/ (gk;)/
0.055
1-2 21.09 | 414 |413.5| 843 (0.025) 0.030
0 0.35 - 1.79
0.080
23 2221 | 69.0 | 4484 | 6.20 (0.052) 0.028
0.057
352 21.07 | 69.0 |448.4| 6.65 (0.052) 0.005
0 |[-0.35 - 0.00
0.020
2—1 21.27 | 41.4 | 413.5| 643 (0.025) -0.005
0.058
4—2 21.30 | 50.6 | 378.1 | 6.82 (0.048) 0.010
0.2 0 0.96 -
0.038
2—5 21.33 | 59.8 | 473.6 | 7.81 (0.030) 0.008
0.029
552 20.83 | 59.8 | 473.6 | 7.47 (0.030) -0.001
-0.2 0 0.26 -
0.054
2—4 21.11 | 50.6 |378.1 | 9.83 (0.048) 0.006
0.064 | 0.012
355 0.2 [-0.35|20.69 | 73.6 | 498.7| 7.10 (0.052) | 0.009° 0.96 0
0.079 | 0.027
5—-3 | -0.2 [ 0.35 | 20.11 | 73.6 | 498.7 | 7.48 (0.052) | 0.031° 0 1.79

Notes. ™ The value of Ac__ calculated using the dependence (13); ™ presents the
arithmetic mean values 0% the coefficients according to the results of 2 measurements.
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Figure 10. The results of studies of the influence of At on the PM
content in EG during the execution of cycle C:
a) influence on Ac ; b) influence on K|

An analysis of the results of the execution of cycle B shows the follow-
ing (see Table 6):

— with the growth of one of the values An or AL with a constant value of
another value, the average values of the coefficients K and K, are 0.96 and
1.79, respectively; while the absolute and relative deviations of the K and K|
values of the average values are: + 0.08 (g-s)/kg or 8.3% and + 0.06 (g-s)’kg
or 3.4%, respectively; thus, the load L has a 1.9-fold more significant effect
on Ac_ than the number of revolutions of the engine crankshaft n;

— when one of the values An or AL decreases a constant value of another
value, the values of the coefficients K and K| are not significant and may not
be taken into account, since the deviations of the PM concentrations deter-
mined in unsteady and steady-state test modes are Ac, =0.005 ... 0.006 g/kg,
which is comparable with the limit of sensitivity of MKT-2 — + 0.005 g/kg;

— the absolute deviations of the calculated values of Ac, determined us-
ing dependence (13) from the experimental data obtained during the exe-
cution of 2 control unsteady modes of cycle B are -0.003 g/kg and 0.004
g/kg, which is comparable with the sensitivity limit MKT-2, this confirms
the significance of the obtained values of the coefficients K and K| and the
practical suitability of dependence (13) for estimating Ac .

The results of the execution of cycle C showed the following (see Figure 10):

— with an increase in the duration of the unstable regime At the differences in
the concentrations of PM ¢ and ¢* decrease; so, with an increase in At from 10
to 30 s, the Ac, value decreases from 0 049 g/kg t0 0.016 g/kg, that is, by 3.1 times;
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— in the studied range of variation of At, the coefficient K, can be con-
sidered a constant value, the average value of which is 1.575; while RSM
of this value is £ 0.105 (g's)/kg or + 6.7%.

Thus, taking into account the selected type of regression dependence for
estimating the Ac, value and the results of experimental studies, the formu-
la for determining the PM concentration in the EG of a diesel engine under
unsteady test conditions is:

=t 10 96-(“*}1 575.[“*) g/kg (19)
proTe At ’ At )’ ’

where An., AL. — the positive values of the velocities of the variable
intime n and L.

The practical value of formula (19) lies in the fact that it allows one
to estimate the content of PM in EG in unsteady diesel operation modes,
which are characterized by an unstable period of 10 ... 30 s and ranges of
variation of the parameters n, L, An/At and AL/At reduced to a dimension-
less form 0.4 ... 0.8, 0.3 ... 1.0, -0.2 ... 0.2 and -0.35 ... 0.35, respectively
with errors that are comparable with the errors of the gravimetric measure-
ment system — microtunnels MKT-2.

5. Optical-gravimetric method of indirect control of PM content in EG

Requirements for the accuracy of modern PM control methods.
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 6 stand-
ards of the specified index for automotive diesel decreased by 72 times —
from 0.36 to 0.005 g/kWh, and the resulting uncertainty of its determina-
tion accordingly increased: from 3 to 22% (7.3 times) — when conducting
research in the same lab; from 12 to 57% (4.8 times) — when research has
been conducted in different laboratories (Figure 11) [15].

In order to ensure the required accuracy of determining the mass PM
emissions, which are in the range of 0.005 ... 0.02 g/kWh, the modern
measurement methods of concentrations PM shall have a sensitivity
2-5 mcg/m® [16]. The best known high-precision inspection techniques
for PM emissions include: tapered element oscillating microbalance
(TEOM) based on compliance with resonant frequency of a trap, which
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Figure 11. Measurement error increase in determining
the average operating emission of PM in the conditions of reduction
of emission standards for diesel engines EG

is used to collect the particles with a mass of material that is captured
[17]; microbalance with piezoelectric sensing element — quartz crystal, on
the faces of which the PM are deposited (Quartz Crystal Microbalance —
QCM) [18]; the PT quantitative analysis method using laser-induced EG
incandescence (Laser Induced Incandescence — LII), which allows simul-
taneous measuring of PM mass and number concentration, as well as the
sizes of the primary soot particulates — by means of a single instrument
[19] and others.

Work on the creation of domestic analogues of modern high-precision
methods and equipment for measuring PM emissions from transport and
industrial diesel engines is of high relevance. The authors have proposed
and investigated an indirect optical-gravimetric method for monitoring PM
concentrations and emissions in steady-state diesel operation modes.

The essence of the optical gravimetric PM control method is to
use the PM capabilities 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 [20].

The operating principle of this method is as follows (Figure 12).
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Before analyzing diesel EG, in or-
der 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 PM concentrations optical
detector, which is microtunnel MKT-2
(see Figure 3). In a special module
(Figure 13), prepared gas sample is di-
vided 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 con-
centration meter. Each of these channels
has an electric particulate filter for trap-
ping diesel PM (Figure 14), the filter in
comparative channel is being constantly
used in the course of taking measure-
ments and the filter in working path be-
ing used only when setting zero at the PM
concentration detector.

From the two channels, the
flows of gas samples (one of
which contains the PM) enter the
optical PM detector (Figure 15),
wherein the corresponding op-
tical densities of flows are de-
termined, and the difference
between them being a function

1

\ 0,5-G;

from the PM concentration in To tthel
. . . contro
the diesel EG. Setting this func- 1 nnel

tion is performed by calibrating
optical PM detector in accord-

‘ Diesel exhaust

1
Control Operating
channel g channel
3 @|2 | =3
4

To the sampling

@ pump
Figure 12. The principles
of the method for optical

gravimetric measurements

of PM concentrations:

1 — microtunnel; 2 — sample flow
rate distribution module; 3 — electric
precipitators; 4 — photoelectric PM
detector

Sample from
the MKT

¥ G,

2

5
N
P

0,5-G; \

To the
6 operating
| ————_ channel

AP=0

Figure 13. Schematic diagram of the

ance with the procedure set out
below.

sample flow rate distribution module:
1, 2 — sample flow control devices; 3, 4 — flow-
meters; 5, 6 — differential pressure transmitters
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Figure 14. Electric filter for PM catching:

1 — pipeline; 2 — insulator; 3 — metal rod; 4 — connecting pipe

Sample from the Sample from the

control channel operating channel
4 3 * 3 21 2 3 + 3 4
\ n_n// [\ \n_n/l [
Sl [ AEAHEZR A
i A I | |7 ¥ 8 |

1
+ To the sampling pump

Figure 15. Schematic diagram of the optical PM detector:
1 — light source assembly; 2 — a system of optical lenses;
3 — protective glasses; 4 — light detector with a compensating filter

To implement the described method, a prototype PM meter has been
developed, which allows to control the instantaneous values of PM concen-
trations and emissions: Coo PT _ _ and PTp.

The method for determining the quantitative characteristics of the
PM content in EG of diesel engines provides for the following algorithm:

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

— the number of revolutions of the engine crankshaft — n (min™') and
torque on engine shaft — M, (N-m);

— load on the motor shaft — L, which is determined by the formula
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L=-Me 1009, (20)
k(max)
where Mk(max)" maximum torque on the motor shaft at the current value n;

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

—optical densities of the diluted EG sample streams flowing in the work-
ing — N, (%) and the control — N (%) channels of the optical PM detector.

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

N, - N,
k 21
100 J,g/ g, (21)

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

To determine the value of ', atype of dependence is chosen based on the
MIRA (The Motor Industry Research Association) recommendations by the indi-
rect determination of PM concentrations using the index of EG smokiness [20].

4. The values of the mass and specific emissions of PM from the EG of
a diesel engine are determined using dependencies (3) and (4)

The calibration procedure of the PM optical detector involves es-
tablishing a dependence for determining the coefficient K (n, L), which
is used in formula (21) for indirect measurement of the value of ¢ . This
procedure is a 2-factor experiment, which consists of 4 basic and 3 control
measurements; according to its results, the Ist order regression equation
with normalized variables is determined (Figure 16):

c, =K

pt mod e

(n,L)- Ln(l -

Kmode:a0+al'X1+02'X2 (22’)
where a, a, 1 a, — constant coefficients,
1 = Mia L— Luu . .
X, =—; X, = =———™ —normalized variables,
nstep Lstep

mmia = 0,8, Lma = 0,75 — average values of n and L magnitude varia-
tion range;

naep = 0,2; Luep = 0,25 — steps of changing the values # and L;

The coefficients of the regression dependence (22) are determined by
the results of the basic tests as follows [21]:

1 4
a, = Z : Zl Kmode,- (23)
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Figure 16. Plan of the two-factor experiment

to determine the dependence of K, (n, L) in the scope of study:
n=06..10, L=025...1,0

‘o
=

: (Kmodel + KmodeZ - Kmode3 - Kmode4); (24)

: (Kmodel - KmodeZ + Kmode3 - Kmode4) 5 (25)

where 1 =1...4 — an index of the basic test;

K, .. — experimentally determined value of the coefficient K in the
i-th test: exp
o (26)

Kmode,» = 1
Ln(1- AN, /100)
where ¢ ,—PM concentration, which is measured using MKT-2 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 optical PT detector in the i-th test, %.
Calibration results of the PM optical detector. On the basis of the
experimental setup described above for the study of PM content in EG in
accordance with the presented test procedure, a 2-factor experiment has
been conducted. The results are shown in Table 7.
Based on the results of basic tests 1-4 using formulas (23) — (25), the
coefficients of the regression dependence — polynomial of the 1st order are
determined (22): a, = 0.334,a, =-0,017, a, = -0.068.
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Thus, for determining the concentration of PM in EG on steady-state
modes of the diesel engine, the dependence is as follows:
— with normalized variables X and X :

~(0.334-0,017 - X, —0.068 - X,)- Ln(1 - AN/100)"; (27
— with dimensionless variables » and L:
=(0.606 - 0.085-n-0.272- L)- Ln(1 - AN/100) ' (28)

Based on the results of control experiments 57, the absolute Ac , the relative
éc , and the standard deviations of the calculated values of ¢, (obtained using
dependence (28)) from the experimental data — S oo , have been determmed The
calculation results —Ac  =-0.005..0.007 g/kg, 6 =-9 ... 13%,S_ =+0.006 g/kg
are comparable with the accuracy characteristics of microtunnels MKT-2.

Thus, the results of the experiment have shown satisfactory accuracy
and practical suitability of the optical-gravimetric method proposed by the
authors for indirect control of the PM content in EG diesel engine under
steady-state modes in the ranges of parameters n and L: 0.6 ... 1.0 and
0.25 ... 1.0, respectively.

6. Conclusions

1. On the basis of the motor stand of a 4ChN12/14 autotractor diesel
equipped with a partial-flow system of dilution of EG with air — microtun-
nels MKT-2, mathematical modeling of the influence of engine operating
conditions on the content in the exhaust gas of hazardous pollutant — PM —
has been carried out. There has been researched the influence of the parame-
ters of steady-state modes — the number of revolutions of the crankshaft —
and the load — L and the parameters of unstable modes — the values of n,
L and the rates of their change in time — An/At and AL/At on the mass and
volume concentrations — ¢ and C_, mass — PT___and specific — PT emis-
sions PM. Control PM emissions have been by the gravimetric method
in accordance with the requirements of regulatory documents — ISO8178
standard, UNECE Rules R-49, R-96, etc. with errors of = 3 ... 10%. Es-
tablished during the research, the mathematical models form the basis of
an economical and easy-to-use calculation method for controlling the PM
content in the EG at constant and unstable diesel operation modes.

2. As a result of studies of concentrations and emissions PM at steady-
state diesel operation modes, the type has been selected and the coefficients
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of the most reliable regression dependence have been determined — a sec-
ond-order polynomial model, which allows us to estimate the values of C.o
PT  and PT in the ranges of variation of the parameters n and L — 1000....
2000 min" and 25 ... 100%. The RSM of the established dependencies when
determining the indicated values is comparable with the errors of microtun-
nels MKT-2 and is + 0.0042 g/mn?, + 2.02 g/h, + 0.077 g/(kWh).

3. A dependence has been established for indirectly determining the
mass concentrations of PM in the EG at unsteady diesel operating modes,
which are characterized by a duration of 10 ... 30 s and ranges of varia-
tion of the parameters n, L, An/At and AL/At, given in dimensionless form:
04..08,03..1.0,-0.2 ... 0.2 and -0.35 ... 0.35, respectively. The devia-
tion of the calculated and experimental data when using this dependence is +
0.005 ... 0.006 g/kg, which is comparable with the sensitivity limit of MKT-2.

4. An indirect optical gravimetric method for controlling PM concentrations
and emissions at steady-state diesel engine operating modes has been proposed
and studied. This method provides for the establishment and use of a regression
dependence for determining the mass concentration of PM — C, by the optical
opacity (smoke) EG diesel engine. A satisfactory accuracy comparable with the
accuracy of MKT-2 microtunnels and the practical suitability of the proposed
method for controlling the PM content in EG with varying parameters and in
the ranges of 1000 ... 2000 min™ and 25 ... 100%, respectively, are experimen-
tally confirmed. The absolute and relative errors in determining the value of ¢ |
using this method have been -0.005..0.007 g/kg or -9 ... 13%, respectively.
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