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Impact of EGR control at in-cylinder pressure and ecological properties
of CI off-road vehicle engine

An attempt has been made to clarify the effect of wide-ranging control of the exhaust gas recirculation system on the cylinder pres-
sure and ecological engine performance. This publication contains the results of tests performed on the CI (compression ignition) engine
of the off-road vehicle mounted on the test bench. The study was based on advanced EGR control with a proportional valve and a very
efficient exhaust gases cooling system. Analysis of the test results is based on the cylinder pressure and the concentration of NO, and PM
components at exhaust gases. The study included the influence of the exhaust gas recirculation system control on parameters such as
differential pressure, MBF, and relative NO, and PM emissions. As demonstrated by the analysis conducted, the EGR valve control

method and the exhaust gas cooling intensity significantly affect the cylinder pressure and its ecological performance.
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1. Introdution

Continuous increase in emissions requirements for in-
ternal combustion engines due to increasingly stringent
emission standards for both road and off-road vehicles
results in the need to improve methods to reduce emissions
of nitrogen oxides, carbon monoxide, hydrocarbons, partic-
ulate matter and other compounds in the exhaust gases. In
the case of non-road vehicles in the latest standards, there is
a tendency for significant exacerbation of mainly NOy and
particulate matter (PM) emissions. Among the many meth-
ods used to reduce the emission of harmful substances, the
methods used are in-cylinder and after treatment methods.
It is of great importance to reduce emissions already at the
stage of the generation of harmful exhaust gases, which can
reduce or simplify the equipment belonging to the after
treatment systems of reducing harmful substances in ex-
haust gases. Mechanisms for the formation of both NO, and
PM are related to processes occurring in the cylinder during
the combustion process, so it is important to monitor them.
One of the possibilities of evaluating the combustion pro-
cess is to observe the pressure in the cylinder and then its
thorough analysis. As a result, a number of engine perfor-
mance indicators can be obtained to evaluate the course of
the combustion process. In-depth analysis of the combus-
tion process allows you to indicate areas of the engine
where improvement of engine performance can be achieve
by adjusting the control parameters to take a compromise
between some of them, such as engine efficiency, engine
performance.

Control of the internal combustion engine should be
based on analysis of the combustion process occurring in
the cylinder, so it is important to take into account a num-
ber of parameters resulting from the analysis of the in-
cylinder pressure [1, 13, 17, 20]. Taking into account the
increase curve of in-cylinder pressure, pressure peak and
heat release, as well as other parameters, in controlling the
combustion process in the cylinder can lead to improve-
ment of combustion process. The expected effect of such
control is to improve both ecological and economical en-
gine properties.

In addition, it should be noted that the emission of particu-
lar harmful substances may be interdependent, which may
lead to a slight reduction in emissions of one harmful sub-
stance to a significant increase in other. Commonly used in-
cylinder limitation of harmful exhaust gas compounds are
advanced fuel injection control with multiphase fuel injec-
tion and also exhaust gas recirculation. Huge influence on
the pressure of the cylinder, and consequently exhaust
emission has an injection control [4-6]. Also, the method of
controlling the amount of exhaust gas recirculation, the
cooling level of the recirculated exhaust gas is important
not only for the ecological properties of the engine [2, 3, 7—
10, 12, 19], but it also affects the performance indicators
such as power or torque. Other aspects of engine perfor-
mance, such as irregularity of engine speed [16], noise or
fuel consumption [11] could be also taken into account
during control process. Monitoring of the in-cylinder pres-
sure and their analyzing allows, among other things, such
control of the exhaust gas recirculation system to obtain the
most favorable values of the individual engine performance
indicators [1, 13, 15, 17, 20]. Information on the combus-
tion process can be used to control both fuel injection and
exhaust gas recirculation system.

2. Research methodology

2.1. Research object

In order to investigate selected engine operating index-
es, the Z1505 engine used in agricultural tractors (Fig. 1)
was mounted on a test bench. The tested research object has
a maximum power of 92 kW at 2200 rpm. The engine is
powered by diesel fuel by means of a prototype multiphase
injection pump and equipped with a turbocharger with a
relief valve and intake air cooler. The tested engine is also
equipped with cooled EGR system. In addition, an ad-
vanced exhaust gas recirculation system, consisting of a
gas-liquid heat exchanger, a proportional EGR valve and a
feedback system, incorporates an integrated NO,/O, sensor.
The test stand is equipped with an AVL pressure sensor
located in one of the test engine cylinders.
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Fig. 1. Research engine mounted at test bench

Comparative studies have also been conducted for
standard and modified (advanced) exhaust cooling systems.
The modification of the cooling system was to increase the
cooling level of the exhaust gas by using a refrigerant flow-
ing through a gas-liquid heat exchanger with an inlet tem-
perature of about 50 K lower than in the standard system
during normal engine operation.

2.3. Research scope

Several engine cycles were registered, followed by
averaging the pressure waveform, which, in view of some
irregularities in subsequent cycles, minimizes the risk of
selection for comparing accidental cylinder pressure. De-
termining the effect of exhaust gas recirculation on the
cylinder pressure during engine operation there were re-
quired to select and averaged a series of stationary test
cycles at selected speeds and torque loads.

Table 1. Main operating points of the tested engine - research scope

Group of Engine rotational speed Engine load, Nm
points rpm
1 800 0-100
2 900 0-190
3 1000 0-190
4 1200 0-190
5 1400 0-190
6 1600 0-190
7 1800 0-190
8 2000 0-190
9 2200 0-190
Table 2. Operating points of EGR valve
No EGR valve opening posi- EGR valve relative opening
tion, mm level, %

1 0 0

2 0.199 3

3 0.398 6

4 0.598 9

5 0.747 11

6 0.896 13

7 1.444 29

8 2.490 50

9 4.98 100

The tests were conducted for a full range of rotational
speeds (800-2200 rpm) and torque loads ranging from 0—
190 Nm (Table 1) and at different EGR valve opening level
(Table 2).

3. Research problem

The main research problem is to clarify the effect of
wide-ranging control of the exhaust gas recirculation sys-
tem on the cylinder pressure and ecological engine perfor-
mance.

The in-cylinder pressure profile contains a lot of infor-
mation about the combustion process. The comparison of
the in-cylinder pressure waveform without the fuel injection
(motored in-cylinder pressure) with the pressure wave re-
sulting from the initiated combustion process (Fig. 2) al-
lows to determine the course of the differential pressure.
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Fig. 2. In-cylinder pressure course at engine rotational speed 1000 rpm
(1 — motored pressure, 2 — in-cylinder pressure at 190 Nm load)
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Fig. 3. Differential pressure at 100% EGR valve open (1000 rpm, 190 Nm)

Differential pressure is difference between motored in-
cylinder pressure and in-cylinder pressure during combus-
tion. Its variation allows for an overall assessment of the
course of the combustion process, including, among other
things, the rate of in-cylinder pressure increase resulting
from fuel combustion, the occurrence of the maximum
differential pressure ect.

pd(i) = pcomb(i) _pmotored(i) (1)

were: pqiy — differential pressure at i-th interval, peombi —
combustion pressure at i-th interval, pmotorediy — motored
pressure at i-th interval.

Mass fraction burned (MFB) is one of the important
thermo dynamical engine indexes. In each individual en-
gine cycle is a normalized quantity with a scale of 0 to 1,
describing the process of chemical energy release as a func-
tion of crank angle [14, 18]. The determination of MBF is
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based on burn rate analysis an there are many methods to
evaluated it, but a procedure described by Rassweiler and
Withrow [14] is a base method widely used because of its
simplicity:

Ap.
- ZO‘, P;

MEFB = =20 2)

D imyi) Y Ap,
0 0

were: m, — mass burning, i — number of analysis interval,
Ap; — pressure rise at i-th interval, 0 — start of combustion,
N — number of interval between start and end of combus-
tion.

It can be assumed that in the range of the crankshaft an-
gles in which the combustion process occurs takes place
equality:

Ap; =Py (3)

From the work of many researchers it is clear that the
use of the cylinder pressure analysis to control the combus-
tion process in the engine allows many parameters to be
improved. Thanks to the use of the pressure waveform
analysis, both the efficiency of the operation and the envi-
ronmental properties of the internal combustion engine can
be improved. There are possibility to on-line supervision of
fuel injection, feed forward of emission control, and feed-
back control of combustion process [17].

4. Influence of EGR control at engine operating
indexes

4.1. Control of EGR valve opening

In order to understand the influence of the exhaust gas
recirculation valve opening on the cylinder pressure, graph-
ically the pressure waveforms at various openings of the
exhaust gas recirculation valve for selected rotational
speeds of 1000 and 1600 rpm with a 190 Nm load was
presented.
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CA,
Fig. 4. In-cylinder pressure course at engine rotational speed 1000 rpm and
190 Nm load for different EGR opening level (1 — 0%, 2 — 3%, 3 — 8%, 4 —
15%, 5 — 50%, 6 — 100%)

Of the wide range of degrees of opening of the EGR
valve for comparison, 6 open positions corresponding to
relative valve lifting of 0, 3, 8, 15, 50 and 100% were se-

lected. The in-cylinder pressure waveform are shown for
1000 rpm (Fig. 4) and 1600 rpm (Fig. 5) engine speed.
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Fig. 5. In-cylinder pressure course at engine rotational speed 1600 rpm at

190 Nm load for different EGR opening level (1 — 0%, 2 — 3%, 3 — 8%, 4 —
15%, 5 = 50%, 6 — 100%)

One of the basic parameters describing in-cylinder pressure
is its maximum value. The effect of the EGR valve opening on
the maximum cylinder pressure is shown in Fig. 6.
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Fig. 6. Impact of EGR opening level at peak in-cylinder pressure

With the increase in the opening of the EGR valve, the
maximum in-cylinder pressure drop can be observed. It is
noteworthy that the greatest tendency of pressure drop is
observed at the initial opening of the EGR valve, and at the
same time this trend is more relevant for a higher rotational
speed, which is accompanied by greater differences be-
tween the exhaust gas pressure and the intake manifold
pressure, leading to an increase in the exhaust gas recircula-
tion rate. Increasing the degree of EGR valve opening in-
creases the rate of exhaust gas recirculation entering the
cylinder. As a result, this will affect the combustion pro-
cess, which takes place with less oxygen due to the in-
creased share of exhaust gases entering the cylinder. There
is a change in the dynamics of the combustion process,
which manifests itself in differentiated MFB curves de-
scribing the dynamics of heat release in the cylinder.

Differential pressure variations for selected engine op-
erating conditions at constant speeds of 1000 and 1600 rpm
and 190 Nm load for various EGR valve opening stages are
shown in Fig. 7 and Fig. 8.
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As the differential pressure waveform analysis shows,
the highest values are noticeable for the closed EGR valve,
ie. without external recirculation. Maximum pressure val-
ues are: 4.774 MPa closed for full EGR valve (EGR 0%)
and fully open (EGR 100%) 4.327 MPa respectively (Fig.
7) and with rotational speed of 1600 rpm and load of 190
Nm, the maximum differential pressure is between 5.213
MPa for the closed EGR valve (EGR 0%) and 4,007 MPa
for the fully open valve (EGR 100%) (Fig.8).
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Fig. 7. Ditferential pressure at different EGR valve opening level (1000
rpm, 190 Nm)
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Fig. 8. Differential pressure at different EGR valve opening level (1600
rpm, 190 Nm)
1,0 T T
| |
| |
0,8 [ [
| |
| |
06T -———- i —EGR 0%
w | —EGR 3%
Q s [/ . EGR8% | —
0,4
= | b EGR 15%
1y a1 _ |—EGR29% | _
02 —EGR 50%
—EGR 100%

280 300 320 340 360 380 400 420 440 460 480 500
CA, deg

Fig. 9. Mass Fraction Burning course at different EGR valve opening level
(1000 rpm, 190 Nm)

It can be noted that for a rotational speed of 1600 rpm,
the variation in both maximum pressure and waveforms is
significantly higher than with a rotational speed of 1000

rpm. This demonstrates the greater extent of the effect of
exhaust gas recirculation with the same EGR valve settings.
As the next index the heat dissipation patterns MFB were
plotted for the same engine operating conditions (Fig. 9 —
1000 rpm, Fig. 10 — 1600 rpm. Also in this case, the influ-
ence of the EGR valve opening degree (exhaust gas recircu-
lation rate) on the process of heat release in the cylinder
was noticeable. Analysis of this graphs (Figs 9, 10) shows
that dynamics releases heat in the case of high levels of
exhaust gas recirculation is low in the first period of burn-
ing process, but intensifies as the combustion process pro-
gresses. Dynamics of heat release can be represented by the
MEFEB values of 5%, 10%, 50% and 90% of the heat released
during the combustion process, respectively mean as MFB
5%, MFB10%, MFB 50%, MFB90%. The graphs (Figs 11,
12, 13, 14) show the dependence of specific MFB values
from the crankshaft angle for both engine speeds.
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Fig. 10. Mass Fraction Burning course at different EGR valve opening
level (1600 rpm, 190 Nm)
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Fig. 11. Impact of EGR opening at MBF 5% value (190 Nm load)
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Fig. 12. Impact of EGR opening at MBF 10% value (190 Nm load)
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Fig. 13. Impact of EGR opening at MBF 50% value (190 Nm load)
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Fig. 14. Impact of EGR opening at MBF 90% value 190 Nm load)

Release of 5% or 10% of heat for both tested engine
speed in case of significant opening of the EGR valve oc-
curs much later, that is about 20 CA degrees later than in
the absence of external exhaust gas recirculation. In turn,
obtaining 50% of the MFB value is shifted by about 7-10
CA degrees, and for 90% MFB respectively 15-18 CA
degrees. Duration to generate heat between 5% and 90%
(Fig. 15) was also analyzed. Significant volume of exhaust
gas returned to the cylinder does not significantly affect the
duration of the value between MFB5% and MFB90%.
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Fig. 15. Impact of EGR opening at duration of MBF 5% - 90 % value

In order to determine the effect of the EGR valve open-
ing on the ecological properties of the test engine, the NO,
concentration and PM in the exhaust gas were analyzed.
Figures 16 and 17 illustrate the effect of the opening of the
EGR valve on NO, and PM concentrations at exhaust gases
at 1000 and 1600 rpm. There are also NO, and PM concen-
trations expressed in absolute terms (Fig. 18).
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Fig. 16. Impact of EGR opening level at NOy and PM concentration (1000
rpm, 190 Nm)
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Fig. 17. Impact of EGR opening level at NOy and PM concentration (1600

rpm, 190 Nm)
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Fig. 18. Impact of EGR opening level at relative NO, and PM concentra-
tion at 190 Nm load

The analysis shows the dependence of NO, and PM
concentration in the exhaust gases according to the EGR
valve opening degree. Limiting emissions of one of the
tested substances by controlling the EGR valve is associat-
ed with an increase in the emissions of the other substance.
The PM relative emission curves for different engine
speeds overlap, and for NO, the curves are similar in shape,
but the curve for higher rotational speeds is higher.

4.2. Modified advanced EGR cooling system

Finding the possibility of simultaneous reduction of
both NO, and PM emissions through exhaust gas recircula-
tion, requires advanced control of the system, but at the
same time a search for methods to influence temperature of
the exhaust gas. One of the goals of the survey is to deter-
mine the effect of intensive exhaust cooling on both ther-
modynamic and ecological indicators. The modified cool-
ing system of recirculated exhaust gas was characterized by
a high cooling efficiency. This system is based on two heat
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exchangers: the first gas-gas type and the second gas-liquid
type. Increased cooling intensity was achieved by keeping
the coolant temperature by about 50K lower than in the
standard recirculated exhaust cooling system. Comparison
of differential pressure for standard and advanced cooling
systems is presented for selected engine operating points in
Figs 19-21. The results of the study were compared by
individual waveforms with fully open EGR valve (EGR
100%).
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Fig. 19. Impact of EGR cooling system at differential pressure Pd (engine
rotational speed: 900 rpm, 190 Nm load)
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Fig. 20. Impact of EGR cooling system at differential pressure Pd (engine
rotational speed: 1400 rpm, 190 Nm load)
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Fig. 21. Impact of EGR cooling system at differential pressure Pd (engine
rotational speed:1800 rpm, 190 Nm load)

Analysis of selected waveforms shows that the use of
intensive exhaust cooling system with a fully open EGR
valve significantly influences the pressure in the cylinder,
which results in a reduction in differential pressure. At the
same time, the waveform offset for the advanced cooling
system is noticeable. The intensive cooling of the recircu-
lated exhaust gases reduces the maximum in-cylinder pres-
sure resulting in a decrease in maximum differential pres-

sure from 4.126 to 4.136 MPa for 900 rpm, 5.070 to 4.637
MPa for 1400 rpm and symbolically from 4.989 to 4.966
MPa for 1800 rpm.

The differences in the differential pressure waveforms
has effect on the changes in the heat release dynamics
shown in the form of the MBF curves (Figs 22-24). It is
noticeable to grow the intensity of heat release especially
during the first period of combustion process.
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Fig. 22. Impact of EGR cooling system at MBF specific values (engine
rotational speed: 900 rpm, 190 Nm load)
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Fig. 23. Impact of EGR cooling system at MBF specific values (engine
rotational speed: 1400 rpm, 190 Nm load)
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Fig. 24. Impact of EGR cooling system at MBF specific values (engine
rotational speed: 1800 rpm, 190 Nm load)

This is most noticeable for the low engine rotational
speeds, and the increase in this speed decreases the effect of
the cooling intensity on the MBF curve.

More detailed analysis of the heat release dynamics in
terms of the crankshaft angles (calculated relative to the
crankshaft position corresponding to the piston position of
the Ist cylinder at the upper dead center point — CA-AFD)
corresponding to the specific MBF values, ie, respectively,
5%, 10%, 50% and 90% is presented on Fig. 25-27. The
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differences are visible first for the lowest rotational speed
of 900 rpm. There is a general trend towards greater heat
release dynamics for advanced cooling systems especially
in the first phase of the combustion process. Achieving a
5% or 10% MBF value, is recorded from 19 to 0 degrees
crank angle with a tendency to decrease this value for high-
er rotational speeds. Achieving a 50% MBF value is usually
a few degrees of CA later than with a standard cooling
system. At the end of the combustion process, heat release
dynamic slows down, resulting in achieving of MBF90% of
about 3 to 10 degrees CA later than the standard cooling
system. There is also a tendency to observe lower values of
CA-AFD corresponding to higher rotational engine speeds.
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Fig. 25. Impact of EGR cooling system at CA — AFD of MBF specific
value (engine rotational speed: 900 rpm, load: 190 Nm load)

100

80 +~ — — — |@EGRstandardcooled | — — — — — — — — — — — — — _ _ .|
O EGR advanced cooled

L -

L -4

CA-AFD, deg

W4 ————mmmm—m e — 27 - — - -

ol BT

MBF, %

Fig. 26. Impact of EGR cooling system at CA —~AFD of MBF specific
value (engine rotational speed: 1400 rpm, load: 190 Nm load)
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Fig. 27. Impact of EGR cooling system at CA —AFD of MBF specific
value (engine rotational speed: 1800 rpm, load: 190 Nm load)

It is very important to determine the influence of applica-
tion an advanced EGR system characterized by intense ex-
haust gas cooling on the exhaust gases concentration of NOy
and PM. Results of studies of such ecological properties are
presented graphically in Figs 28-29. The recorded compara-

tive curves of NO, and PM concentrations in the exhaust gas
corresponding to the different recirculated exhaust gas cool-
ing levels show possibilities for simultaneous reduction of
emissions of the two concerned substances.
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1800 T - -\ """ -~~~ — - —A—NOx Advanced EGR|— — — — — — 7 140
1600 + - - —-N--—-—-—-—-——- —&—PM Standard EGR | _ _ _ _ _ |
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Fig. 28. Comparison of EGR cooling systems and NO, and PM concentra-
tion at exhaust gasses

emission reduction, %

900 1000 1400 1600 1800 2000

engine rotational speed, rpm

Fig. 29. Possibilities to emission reduction of NOy and PM thru advanced
exhaust gas cooling system

Reduction of emissions compared to the standard ex-
haust cooling system is possible from 15 to over 30% with
NO,, and at the same time the emission of PM can reduced
at a range from 5 to almost 30%.

5. Conclusions

The study confirmed that controlling the EGR valve
opening rate directly affecting the exhaust gas recirculation
rate has a significant effect on the cylinder pressure. As a
consequence, it results in changes in both thermodynamic
and ecological engine properties. The studies have con-
firmed the significant effect of controlling the EGR valve
opening rate on the differential pressure, obtaining the MFB
specific values determining the method of heat release
during combustion. Increasing the proportion of exhaust
gas in the cylinder results in a reduction in maximum com-
bustion pressure without reducing the torque available on
the engine crankshaft. At the same time, the dynamics of
heat release changes. The results of the studies also con-
firmed the correlation between the concentration of NO,
and PM in the exhaust gases. Increase in the opening of the
ERG valve rate, affect of NO, emissions reduction, but this
results in a simultaneous increase in PM emissions. Con-
trolling the degree of exhaust gas recirculation (through
opening of the EGR valve rate) requires a compromise
between the emission of these substances and consideration
of the degree of extinction (emission reduction potential) of
aftertreatment emission reduction systems. It has also been
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shown that advanced recirculation exhaust gas cooling
systems with significant cooling intensity can achieve sig-
nificant and also simultaneous reduction of both NO, and

PM concentrations in exhaust gases. Emissions reductions

with

advanced EGR systems can exceed 30% at selected

engine operating points.

Nomenclature

CI
CA

compression ignition
crank angle

CA-AFD crank angle after center deadpoint
EGR exhaust gas recirculation

MBF mass burning fraction/ mass burn fuel
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