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Correlation investigations into pollutant emission and the operational states
of compression-ignition engines in dynamic tests

This study investigates the correlation dependences between pollutant emission intensity and the engine operational states
determining these properties, in various conditions, both in relation to measurements of engine operational states and their dynamic
nature. The research was carried out in a variety of dynamic tests. Investigations into the correlations of processes occurring in
combustion engines make it possible to assess the impact of one process on another and the relationship between the various processes.
In general, it was found that similar dependencies occur for carbon monoxide and hydrocarbons, but were often substantially different

for nitrogen oxides.
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1. Introduction

The objective of this study is to examine the correlation
dependences between pollutant emission intensity and the
internal combustion (IC) engine operational states deter-
mining these properties, in different conditions, both in
relation to the values of the states and their dynamic nature.
Diverse working conditions of IC engine are applied during
engine testing, in a variety of dynamic tests.

The operational states of IC engines which determine
pollutant emission from engines pre-heated to a stable tem-
perature are described in this study by the following
measures: engine rotational speed, engine torque and effec-
tive power. Pollutant emission intensity depending on en-
gine operational states and the intensity of emission of
individual pollutants relative to each other have been sub-
jected to correlation research.

Due to the limited size of the article the published re-
search uses only the Pearson’s linear correlation [14], and
reference is also made to the authors’ own unpublished
results using the non-parametric correlation theories
Spearman’s rank correlation [16], Kruskal’s gamma corre-
lation [12], and Kendall’s tau correlation [10].

Most of the publications concerning correlation rela-
tionships between processes occurring in IC engines are
associated with engine steering [5, 11] and diagnostics [17].
These publications are more practical than cognitive. Stud-
ies on correlation models of particulate matter emission and
the quantities characterising smoke opacity [7] can also be
met. In the work presented in [8] the sensitivity of pollutant
emission to the different specifications of fuels in different
areas of the static states of engine operation was investigat-
ed. In publication [9] the results of the analysis of particu-
late matter emission in the conditions of actual bus opera-
tion are presented. In that report, the results of investiga-
tions into the correlative effects of the particulate matter
emission on, infer alia, engine operational states, have been
published. The results of correlation investigations into
pollutant emission from spark-ignition engines and com-
pression-ignition engines have been presented in articles [4]
and [3], respectively. Publication [2] deals with research
into relationships between the intensity of pollutant emis-
sion from compression-ignition engines and the states de-

termining the pollutant emission, carried out by employing
the function of intercorrelation between the processes under
investigation.

This study deals with research into pollutant emission
processes and engine operational states determining the
pollutant emission, in dynamic tests characterising the
working conditions of compression-ignition engines in non-
road machines.

2. Research results

Tests were carried out on a Cummins 6C8.3 engine. It is
a four-cylinder turbocharged compression-ignition engine
with an 8.3 dm’ capacity. This engine meets the emission-
level requirements of Euro III. The tests were carried out
within the project reported in [1]. The engine was tested on
a test stand equipped with a dynamometer bench that allows
the testing of engines in dynamic conditions.

Research was carried out using dynamic tests:

— NRTC (Non-Road Transient Cycle), employed in type-

approval procedures [18],

— BBDT (Bulldozer-Blade Dynamic Test) prepared within

the project reported in [1],

— BRDT (Bulldozer-Ripper Dynamic Test) prepared with-

in the project reported in [1].

BBDT and BRDT tests were developed in accordance
with the principle of faithful simulations in real time [13].
The results of experiments carried out on a testing ground
in the blade and ripper operating modes of a bulldozer were
used for the synthesis of tests [1]. As fundamental criteria
of similarity when developing the tests, the similarity of the
average value and variance of the engine steering and
torque in tests, and under empirical test conditions, were
assumed.

Figures 1-6 show the time histories of the engine speed
and torque in the individual tests. Figures 7-9 represent the
set of IC engine operational states within the coordinate
system: engine speed — torque, in individual tests. The
points of coordinates of the average values of the engine
speed and engine torque have also been marked on the
graph. Figure 10 represents the points of coordinates: the
average values of the engine speed and engine torque in
individual tests against the background of full-load torque
vs. engine speed curve.
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Fig. 1. Engine speed — n vs. time — t curve, recorded in the NRTC test
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Fig. 2. Engine torque — M, vs. time — t curve, recorded in the NRTC test
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Fig. 3. Engine speed — n vs. time — t curve, recorded in the BBDT test
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Fig. 4. Engine torque — M. vs. time — t curve, recorded in the BBDT test
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Fig. 5. Engine speed — n vs. time — t curve, recorded during the BRDT test
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Fig. 6. Engine torque — M. vs. time — t curve, recorded in the BRDT test
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Fig. 7. The set of engine operational states: engine speed — n, torque — M.
in the NRTC test; (AV[n], AV[M.]) — the coordinates of the average
values of the engine speed and engine torque
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Fig. 8. The set of engine operational states: engine speed — n, torque — M.
in the BBDT test; (AV[n], AV[M.]) — the coordinates of the average
values of the engine speed and engine torque
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Fig. 9. The set of engine operational states engine speed — n, torque — M.
in the BRDT test; (AV[n], AV[M.]) — the coordinates of the average
values of the engine speed and engine torque
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Fig. 10. Points of coordinates: the average value of the engine speed — n,
the average value of the engine torque — M. in tests against the background
of full-load torque vs. speed curve

A big difference is clearly visible in the positions of the
points of the coordinates: the average values of the engine
speed and the engine torque, in individual tests. The BBDT
and BRDT tests in respect of the static states of engine
operation — according to the criterion of their average val-
ues — are close to each other. These tests are characterised
by high speed and high loads.

The recorded signals of engine speed, engine torque and
pollutant emission intensity were synchronised with taking
into account the exhaust-gas tap-off location in the engine-
exhaust system — the delays in individual signals, related to
the exhaust-gas analysis, were taken into account. The
measurement sampling frequency was 10 Hz. The signals
were digitally processed to eliminate gross errors and to
reduce the influence of high-frequency interference. The
gross errors were identified by continuously analysing the
variance of measurement results. To reduce the effects of
high-frequency noise on the signals, a Golay-Savitzky low-
pass filter [15] was used, with both-side approximation
from 5 data points on each side to a polynomial of degree 2
being applied.

The graphs shown in Figures 11-13 represent in aggre-
gate form the time histories of pollutant emission intensity
in the tests.

Figure 14 shows the average values of pollutant emis-
sion intensity in individual tests.

0,2

— NRTC
— BBDT
— BRDT
0,15

Eco [g/s]

0 t t T T T T
0 200 400 600 800 1000 1200 1400

t[s]

Fig. 11. Courses of the carbon monoxide emission intensity — Eco in tests
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Fig. 12. Courses of the hydrocarbons emission intensity — Eyc in tests
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Fig. 13. Courses of the nitrogen oxides emission intensity — Exox in tests
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Fig. 14. The average value — AV[E] of pollutant emission intensity in
individual tests
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There is a clear differentiation between the average val-
ues of the pollutant emission intensity in the various tests.
Tests with a larger engine load involve larger values of
average pollutant emission intensity; particularly large
differences occurs in the case of nitrogen oxides. The aver-
age values of the emission intensities of individual pollu-
tants in BBDT and BRDT tests are close to each other.

Figs. 15, 16 and 17 show, respectively, the coefficient
of Pearson’s linear correlation between pollutant emission
intensity and engine speed, torque and effective power.

0,8

0,4+

0,2

n-ECO n-EHC n - ENOx
Fig. 15. The coefficient of Pearson’s linear correlation — r between engine

speed and pollutant emission intensity in individual tests
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Fig. 16. The coefficient of Pearson’s linear correlation — r between engine

torque and pollutant emission intensity in individual tests
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Fig. 17. The coefficient of Pearson’s linear correlation — r between engine
effective power and pollutant emission intensity in individual test

Although the correlation coefficient values are widely
diverse (they range from 0.13 to 0.95), the probability that
the hypothesis of the absence of a correlation would not be

rejected is below 0.01, even for their lowest values. This
can be explained by a very large size of the sets under in-
vestigation [6], which consist of about 12,000 elements for
the NRTC test and 6,400 for the BBDT and BRDT tests.

The values of the coefficient of correlation between the
engine speed and the pollutant emission intensity are the
highest in NRTC test, and the lowest in the BBDT test. For
torque and effective power the pattern is different: the
NRTC and BRDT tests have similar correlation coefficient
values, while the BBDT test has considerably lower corre-
lation coefficient values.

Figs. 18-20 present the coefficient of the correlation be-
tween the emission intensity of individual pollutants and
engine speed, torque and effective power.
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Fig. 18. The coefficient of Pearson’s linear correlation — r of carbon mon-

oxide emission intensity with engine speed, torque and effective power
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Fig. 19. The coefficient of Pearson’s linear correlation — r of hydrocarbons

emission intensity with engine speed, torque and effective power
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Fig. 20. The coefticient of Pearson’s linear correlation — r of nitrogen
oxide emission intensity with engine speed, torque and effective power
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Similar trends exist for torque and effective power. It is
characteristic that the dominant factor determining the
emission intensity of hydrocarbons, and — less clearly — of
carbon monoxide, is engine speed, whereas of nitrogen
oxides — torque and effective power.

Figure 21 shows the correlation coefficient between the
pollutant emission intensity in individual tests.
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Fig. 21. The coefficient of Pearson’s linear correlation — r between the
pollutant emission intensity in individual tests

It was found that major differences exist in the values of
the correlation coefficient between the pollutant emission
intensity in individual tests. Also in this case, the probabil-
ity that the hypothesis of the absence of a correlation would
not be rejected is below 0.01 in all pairs of sets analysed.
The correlation coefficient has the highest value for the
hydrocarbons emission intensity and the carbon monoxide
emission intensity in the NRTC test, while the lowest was
in the same test — for the carbon monoxide emission inten-
sity and the nitrogen oxide emission intensity. In all other
cases, the differences between the values of the correlation
coefficient are lower. In general there is a certain similarity
because of the value of the correlation coefficient in the
BBDT and BRDT tests.

3. Summary
The research work having been carried out may be re-
capitulated by formulating the following conclusions:
1. Wide differences between the values of the correlation
coefficient for the examined quantities in the range of

0.13 to 0.95 were found. Nevertheless, even for the

smallest values, the probability that the hypothesis of

the absence of a correlation would not be rejected is be-
low 0.01, which can be explained by the very large size
of the sets under investigation.

2. The values of the correlation coefficient between the
engine speed and the pollutant emission intensity are the
highest in NRTC test, and the lowest in the BBDT test.

3. The NRTC and BRDT tests have the highest values of
the correlation coefficient of torque and effective power
with pollutant emission intensity, while the BBDT test
has considerably lower correlation coefficient values.

4. The dominant factor determining the emission intensity
of hydrocarbons and — less clearly — of carbon monox-
ide, is engine speed, whereas of nitrogen oxides
— torque and effective power.

5. It was found that major differences exist in the values of
the correlation coefficient between the pollutant emis-
sion intensity in individual tests: the correlation coeffi-
cient has the highest value for the hydrocarbon emission
intensity and the carbon monoxide emission intensity in
the NRTC test, while the lowest in the same test — for
the carbon monoxide emission intensity and the nitro-
gen oxide emission intensity.

This paper presents the results of research using Pear-
son’s linear correlation coefficient. Similar results can also
be obtained for the coefficients of Spearman’s rank correla-
tion, Kruskal’s gamma correlation, and Kendall’s tau corre-
lation.

Investigations into the correlations between the process-
es occurring in IC engines make it possible to assess the
impact of one process on another and the relationships
between the various processes. It is symptomatic of com-
bustion engines that dynamic operating states affect in
different ways the phenomenon of the emission of various
pollutants. Generally, similar dependencies occur for car-
bon monoxide and hydrocarbons, but they are often sub-
stantially different for nitrogen oxides. The research was
performed in three tests simulating the working conditions
of IC engine in non-road machines. The authors’ own work
shows that similar trends apply in the case of other working
conditions of IC engines.

Nomenclature

AV average value IC internal combustion

BBDT  Bulldozer-Blade Dynamic Test M. engine torque

BRDT  Bulldozer-Ripper Dynamic Test n engine rotational speed

E emission intensity NRTC  non-road transient cycle

Eco carbon monoxide emission intensity r the coefficient of Pearson’s linear correlation
Euc hydrocarbons emission intensity t time

Enox nitrogen oxides emission intensity
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