POLITECNICO DI TORINO
Repository ISTITUZIONALE

Effects of exhaust gas recirculation in diesel engines featuring late PCCI type combustion strategies

Original

Effects of exhaust gas recirculation in diesel engines featuring late PCCI type combustion strategies / D'Ambrosio,
Stefano; Ferrari, Alessandro. - In: ENERGY CONVERSION AND MANAGEMENT. - ISSN 0196-8904. - 105:(2015), pp.
1269-1280. [10.1016/j.enconman.2015.08.001]

Availability:
This version is available at: 11583/2628090 since: 2016-01-13T17:09:54Z

Publisher:
Elsevier Ltd

Published
DOI:10.1016/j.enconman.2015.08.001

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright
Elsevier postprint/Author's Accepted Manuscript

© 2015. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/.The final authenticated version is available online at:
http://dx.doi.org/10.1016/j.enconman.2015.08.001

(Article begins on next page)

11 July 2024



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

EFFECTS OF EXHAUST GAS RECIRCULATION IN DIESEL ENGINES FEATURING

LATE PCCI TYPE COMBUSTION STRATEGIES

d’Ambrosio, S, and Ferrari, A.

Energy Department — Politecnico di Torino

C.so duca degli Abruzzi, 24, 10129, Torino, Italy.

1. ABSTRACT

The influence of exhaust gas recirculation (EGR) has been analyzed considering experimental results obtained from a
Euro 5 diesel engine calibrated with an optimized pilot-main double injection strategy. The engine features a late
premixed charge compression ignition (PCCI) type combustion mode and different steady-state key-points that are
representative of the engine application in a passenger car over the New European Driving Cycle (VEDC) have been
studied. The engine was fully instrumented to obtain a complete overview of the most important variables. The pressure
time history in the combustion chamber has been measured to perform calculations with single and three-zone
combustion diagnostic models. These models allow the in-cylinder emissions and the temperature of the burned and
unburned zones to be evaluated as functions of the crankshaft angle.

The EGR mass fraction was experimentally varied within the 0+50% range. The results of the investigation have shown
the influence that high EGR rates can have on intake and exhaust temperatures, in-cylinder pressure and heat release
rate time histories, engine-out emissions (CO, HC, NO,, soot), brake specific fuel consumption and combustion noise
for a PCCI type combustion strategy. The outputs of the diagnostic models have been used to conduct a detailed
analysis of the cause-and-effect relationships between the EGR rate variations and the engine performance. Finally, the

effect of the EGR on the cycle-to-cycle variability of the engine torque has been experimentally investigated.
Keywords: exhaust gas recirculation; pollutant emissions; partial PCCI diesel engines.

Highlights:

- The effects that a high EGR rate can have on PCCI type combustion strategies have been analyzed.

- The dependence of engine emission and combustion noise on £GR has been addressed.

' Corresponding author e-mail address: stefano.dambrosio@polito.it
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- The time histories of the main in-cylinder variables have been plotted for different EGR rates.

2. INTRODUCTION.

Conventional diesel engines are lean burning systems, if the overall air-fuel ratios are considered [1]. A premixed
combustion phase is followed by a mixing-controlled combustion stage, in which the oxidation reactions are much
faster than the diffusion rate of the fuel in the charge [2, 3]. Most of the fuel burns in the diffusion controlled phase and
the flames are located at approximately stoichiometric regions within the overall lean, but locally inhomogeneous
mixture. As a consequence, high flame temperatures, which can be estimated through adiabatic stoichiometric
temperature calculations [4, 5], are obtained in the presence of oxygen and nitrogen and large amounts of NO, are
therefore generated [6, 7]. Diffusive combustion is also responsible for most of the soot generation [2] because of the
presence of rich pockets within the cylinder, which cannot find the necessary oxygen amount during the later stages of
combustion, especially when the engine is working at high loads [1].

External exhaust gas recirculation (EGR) is a strategy that is adopted in diesel engines to reduce combustion flame
temperatures, which are responsible for high NO, formation. The result of EGR utilization is that most of the elemental
nitrogen is emitted as harmless N, [8-13]. Furthermore, EGR also has a positive effect on engine noise because it limits
the heat release rate (HRR) during premixed combustion, which is usually characterized by rapid burning fuel [14].
However, the application of the EGR can determine penalties in terms of engine emissions and performance, such as
particulate matter (PM), CO, unburned hydrocarbons (HC) and a deterioration in the brake specific fuel consumption
(bsfc) [15-18]. In particular, extremely high values of EGR negatively affect the diffusive combustion process, as they
increase the soot emissions and induce a rise in the cycle-to-cycle variability of combustion [1]. Nevertheless, the
increase in soot generation for increasing EGR rates determines higher radiation and a consequent decrease in the flame
temperatures that can help to further diminish NO, emissions [8]. Finally, EGR can adversely affect the quality of the
lubricating oil and engine durability because of increased wear between the piston rings and the cylinder liner [11, 19-
21].

The benefits, with respect to the NO, emissions, depend on the various effects-induced by EGR: a dilution effect, a
thermal effect and a chemical effect [8, 13, 22, 23]. The dilution effect of EGR involves a decrease in the in-cylinder
oxygen concentration of the inducted charge with the main consequence of decelerating the mixing process between the
injected fuel and oxygen. In addition, the quantity of inert gas that can absorb the heat release increases, and this gives
rise to lower flame temperatures.

The thermal effect consists of an increase in the heat capacity of the inducted charge, because of the augmented average

specific heat of the exhaust gas, which contains large amounts of CO; and H-O, i.e. triatomic gases, compared to fresh
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air, which mainly contains O; and N, i.e. diatomic gases. The CO, and H,O concentrations in the exhaust gas are low at
part loads, due to an overall leaner mixture, and, as a result, EGR is more effective at high loads [4, 11]. As a
consequence, high EGR levels are required to drastically reduce the NO, emissions at low loads [9]. Another effect,
which should be included in the thermal effect of EGR, is due to the increase in the inlet temperature of the charge as
the EGR rate is augmented, since the exhaust gas temperature is higher than that of fresh air. Therefore, a reduction in
the charge density and in the in-cylinder trapped mass is obtained as the EGR rate grows under constant boost pressure.
This behavior is referred to as thermal throttling [2, 8] and it determines a negative effect on NO, reduction, since it
tends to increase the maximum temperature of the burned gas, because of the higher temperature of the induced charge
and roughly the same energy of the fuel absorbed by a smaller in-cylinder mass. The negative effect of thermal
throttling can prevail over the beneficial thermal effect of the increased specific heat [24] in the final determination of
the maximum burned gas temperature. Therefore, the utilization of cooled EGR is recommended [6, 25] in order to
mitigate the negative effect of thermal throttling (if the cooled EGR temperature were the same as that of the fresh air,
thermal throttling would not be present) and thus to limit the maximum in-cylinder temperature of the burned gas. The
benefits of the cooled EGR strategy augment at high EGR rates, and advantages can also be observed in terms of bsfc
and soot control [12].

The third main effect of EGR is of chemical nature and is due to the CO; and H>O species that are present in the exhaust
gas and which tend to dissociate during combustion, thus reducing the peak combustion temperature and contributing to
the inhibition of NO, formation.

When the EGR strategy is applied to a diesel engine, the three previously mentioned effects are present simultaneously.
If a part of the oxygen content is replaced by EGR in the cylinder, the given amount of injected fuel has to diffuse over
a wider volume before a sufficient stoichiometric mixture can be formed. The thus obtained larger stoichiometric region
contains additional quantities of CO,, H,O and N, which can absorb part of the combustion-released energy and
undergo dissociation phenomena, which lead to even lower flame temperatures [10, 22].

Several experiments have been performed with the purpose of evaluating the individual impact of the three
abovementioned effects [8, 22]. The dilution effect is responsible for most of the NO, reduction, and the second effect,
in terms of potential, is the chemical one, while the thermal effect is generally the least important [24, 2].

As far as the influence of EGR on the fuel ignition delay is concerned [26, 27], the drop in the oxygen concentration,
due to the dilution effect, slows down the auto-ignition reactions and enlarges the ignition delay, whereas the thermal
throttling effect exerts an opposite influence [8], due to the abovementioned temperature increase of the induced charge.

The dilution effect generally prevails over thermal throttling and the ignition delay therefore usually increases with the
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EGR rate and allows more fuel to be evaporated and mixed with the air before combustion starts: the final result is an
intensified premixed combustion mode [26].

New engine concepts related to low-temperature combustion (L7C), such as homogeneous charge compression ignition
(HCCI) and partial premixed charge compression ignition (PCCI), are based on the utilization of large amounts of EGR
in order to obtain a remarkable reduction in both NO, and PM engine out emissions without aftertreatment systems [28],
which require space, additional costs and complexities [29]. High EGR rates reduce peak burned gas temperatures and
prolong the ignition delay, thus promoting the dispersion of the injected fuel in the charge in order to obtain highly
premixed combustion. The engine bsfc also improves in the LTC, due to almost instantaneous combustion. Although
LTC is a highly promising strategy, it is still difficult to control the combustion and to extend the strategy to the medium
and high-load range of the engine [30, 31]. Furthermore, the HC and CO emissions at low engine loads represent a
major concern for the low temperature combustion typology [32, 33]. In fact, the quantity of supplied fuel at light loads
is small and oxidation reactions are quite slow, due to the very lean mixture and low temperatures [34]. The ignition
delay is extended and this leads to increased over-mixed areas that are outside the fuel flammability limits [33].
Furthermore, retarded main injection timings, which are typical of late PCCI combustion strategies, further decrease
peak in-cylinder temperatures. Over-mixing and bulk quenching mechanisms are considered the dominant causes of the
increased HC and CO emissions in PCCI engines. In addition, impingement can also occur in engines managed with
early PCCI combustion modes.

The practical implementation of the EGR strategy is straightforward for naturally aspirated diesel engines, because the
backpressure in the exhaust tailpipe is normally higher than the intake pressure [1]. A long-route (or low-pressure) EGR
loop [35] can be applied to turbocharged diesel engines, since a positive differential pressure is generally available
between the turbine outlet and the compressor inlet. However, conventional compressors and intercoolers are not
designed to endure diesel exhaust gas temperatures and high fouling levels. Therefore, the preferred solution would be
to recycle the exhaust gas from upstream of the turbine to downstream of the compressor in the intake manifold, i.e. a
short-route (or high-pressure) EGR loop would be adopted. However, this EGR layout is only applicable when the
upstream pressure of the turbine is sufficiently higher than the boost pressure [1]. An efficient exploitation of the
exhaust gas can be obtained by adopting a variable geometry turbine that can effectively provide the desired pressure
level upstream of the turbine [23, 25]. In these systems, the EGR control is closely related to the variable geometry
turbine control [36]. A very high EGR rate leads to an appreciable decrease in the gas flow through the turbine, and
hence to a possible consequent decrease in boost pressure. For this reason, it is not feasible that a considerable reduction

in NOy could be achieved without any penalties on soot emissions for most short-route EGR layouts. Possible
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improvements could be obtained by applying twin-stage turbocharger setups or by combining high-pressure and low-
pressure EGR layouts [8].

The present work explores the influence of cooled EGR mass fractions for values of up to around 50% for a Euro 5 low
compression ratio diesel engine, equipped with a twin-stage turbocharger and run on a late PCCI type combustion
strategy. Even though the EGR strategy has been studied extensively in conventional diesel engines with up to 30-40%
EGR rates [35, 37], a great deal of attention is still being paid to the effects of multiple injections in the presence of
heavy EGR rates [38, 39], which are typical of LTC applications. EGR trade-offs have been performed under different
steady-state working conditions that correspond to the installation of the engine on a D-segment vehicle that runs the
European emission homologation cycle. The investigation was based on experimental results obtained at the test bench.
Furthermore, simulations were performed using one- and three-zone combustion diagnostic models to investigate the

cause-and-effect relationships of the physical events.

3. EXPERIMENTAL SET-UP.

The experimental tests have been carried out on the highly-dynamic test bed installed at the Politecnico di Torino
ICEAL (IC Engines Advanced Laboratory). The test bench was equipped with an ‘ELIN AVL APA 100’ cradle-
mounted AC dynamometer, while an ‘AVL KMA 4000’ with a reading accuracy of 0.1% over a 0.28-110 kg/h range
was used to continuously meter the fuel consumption. Furthermore, an ‘AVL AMAIi60’ system, made up of three
analyzer trains, was utilized to measure the raw engine-out gaseous emissions. Two analyzer trains were equipped with
devices for the analysis of the HC, CHy, NO,, CO, CO, and O, species. The third analyzer train included a detector,
which was used to measure the CO; levels in the intake manifold, in order to evaluate the EGR rate. Finally, an AVL
415S smokemeter allowed the soot emissions in the exhaust gases to be evaluated.

The test engine was fully instrumented with piezoresistive pressure transducers and thermocouples in order to measure
the pressure and temperature in the intake, exhaust and EGR lines of the engine. A high-frequency piezoelectric
transducer was installed in the glow-plug seat to measure the pressure time-history of the gases in the combustion
chamber of one cylinder and one of the piezoresistive transducers was used to detect the pressure level in the inlet
runner of the same cylinder and thus to reference the in-cylinder pressure. All of the abovementioned measurement

devices are controlled by the PUMA OPEN 1.3.2 and the Indicom 1.6 automation systems.
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The engine, whose main features are reported in Table 1, features a low compression ratio (16.3:1), which is in line with
typical PCCI applications. The twin-stage turbocharger is controlled by means of two waste-gate valves. The short-
route EGR system includes a cooled EGR valve on the exhaust side, which is controlled on the basis of the airflow
feedback signal; a shell and tube type EGR cooler is placed before this valve. Furthermore, a throttle valve assembly has
been placed in the intake system, downstream of the engine intercooler and just upstream of the junction with the EGR
gases. The use of intake throttling increases the pressure drop in the EGR loop, and thus allows the EGR rate to be

increased at low loads.

Engine type 2.0L Euro 5 . SOIpi qpil SOlImain
Key-point . 3 .
Displacement 1956 cm? (bTDC) | (mm’/eyl) | (°bTDC)
Bore x stroke 83.0 mm x 90.4 mm 1500x2 11 1.7 -2
Compression ratio 16.3 15005 12 16 _1
Valves per cylinder 4
Twin-stage with valve 20002 16 1> -l
Turbocharger tuat d waste_oat
actuators and waste-gate 2000x5 17 1.4 0
Fuel iniecti ; Common Rail
uel injection system 2000 bar piezo 2500%8 25 1.2 4
Specific power and torque 71 kW/1-205 Nm/1 2750%x12 31 1.1 7
Table 1: Main specifications of the reference engine. Table 2: ECU parameters for the different key-points.

The engine was preliminarily calibrated by applying an optimized pilot-main double injection strategy, which in the
present work is referred to as the baseline calibration. Steady-state tests were performed at some engine key-points,
which were considered representative of the engine application to a D-segment passenger car over the new European
driving cycle (VEDC'). The considered key-points were expressed in terms of z (rpm) x bmep (bar) as follows: 1500x2,
1500x5, 2000x2, 2000x5, 2500x8, 2750x12.

Table 2 reports the values of the pilot injection fuel quantity per cycle and per cylinder (¢gpis) as well as the injection
timing for both the pilot (SOIp;;) and main (SOlyuin) injection pulses. Negative values of SOy, mean that the injection
occurred after the 7DC. The quantity of the main injection was set automatically by the test bench control system in
order to maintain the desired bmep value. As can be inferred, the main injection timing is delayed at low loads and the
pilot-to-main injection dwell times are long, in line with late PCCI strategies.

EGR trade-off curves were carried out at each key-point in the neighborhood of the baseline calibration point by
varying the quantity of inducted air-per-cylinder and stroke, while keeping all the other engine parameters fixed.

The EGR mass fraction is defined as the ratio of the recirculated exhaust gas mass flow-rate to the total mass flow-rate

that is inducted in the cylinder [9, 12]:
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Mggr +M,

where 71, and m, are the EGR and fresh-air mass flow-rates, respectively. In the present investigation the calculation

of Xger was performed considering the accurate expression developed in [40], which requires the evaluation of the
volume concentrations of all the species at the engine exhaust and knowledge of the combustion air composition at the
engine inlet. The £GR mass fraction can also be estimated by CO, volume concentration measurements in the intake
manifold [CO:]ix, and at the engine exhaust [CO;].. according to the following simplified formula, where [CO:]ams
represents the CO; volume concentration in the external environment:

— [C02]- ¢ _[Coz]

— in amb 2
“"[co,],,~[co] ¥

amb

4. STEADY-STATE TESTS.

The EGR trade-off curves are plotted for the different key-points with distinct symbols, which are reported in the legend
of each graph. The baseline calibration points are highlighted in each diagram with a thin line that contours the
corresponding symbol.

The global air-fuel ratio, A, is reported in Fig. 1 as a function of Xggr for the different key-points. It can be observed
that, for the baseline calibration key-points, the lower the load, the higher the adopted EGR rate: Xgcre45+50% at the
lowest load (bmep = 2 bar), Xecr=30+35% at medium load (bmep = 5 bar) and Xzgr=20+25% at the highest loads (bmep
= 8 and bmep = 12 bar). These values are higher than those usually applied in conventional diesel engines [35, 37].

The application of EGR limits the volume available for fresh air within the cylinder. The A variable is generally shown
to decrease almost linearly with Xzgr for any key-point, because the quantity of fuel is almost independent of the EGR

mass fraction at fixed load [12]. A deviation of the A-Xzgr curve from linearity can be noticed for the highest values of

5.0

. | 22
m 1500x2
4.5 ® 1500x5 -
2000x2 ®o
4.0 * 2000x5 20 es
2500x8 v %
35 v 2750x12 v S L]
—_ v *
—_ . . g
= 30 = X .
< L3 - v @ a
o * NE -:
25} . u O 16 =]
. Y = 1500x2 R -
20 g * o EEI ® 1500x5 b -
A 0 g% o " 2000x2
Yy . @ . = 14 1| & 2000x5
15 v % 2500x8
v v 2750x12
1.0 L
0 10 20 30 40 50 12 L
Xooo %] 0 10 20 30 40 50
EGR 17
Xggr [%]

Figure 1. Relative air-fuel ratio Aversus Xecr Figure 2. Oxygen volume concentration versus Xggg.
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Xecr. In these conditions, a high mass flow-rate of gases is sent back from the engine exhaust to the intake manifold,
bypassing the turbine, whereas the fresh-air flow is decreased using the intake throttle valve. As a consequence, it is not
possible to maintain the desired level of boost pressure (pi.), which is set by the ECU, in the intake manifold for
XeGr=240%, due to both the insufficient enthalpy flux of the exhaust gases entering the turbine and to air throttling,
which reduces the pressure level in the manifold. Therefore, both the air mass flow-rate and A decrease more than
proportionally with the EGR mass fraction for XzGz=40%.

Figure 2 shows that an increase in Xzgr has a great impact on the dilution effect, because it can reduce the oxygen
volume concentration [O:]i in the intake manifold to a great extent, compared to the value of around 21%, which
corresponds to the oxygen concentration in environmental air. In particular, EGR is more effective at high loads than at
low loads, because the same [O:]; can be obtained with a smaller Xzgz. In fact, as already mentioned, the CO; and H,O
concentrations in the exhaust gas are lower at lighter loads, since the concentrations of these species increase with the
equivalence ratio ¢=1/4. Therefore, relatively high EGR rates are required at low loads in order to obtain significant
reductions in NO, emissions. This explains why, the lower the load for the baseline calibration key-points in Fig. 1, the
higher the Xzgr. In general, the load dependence of the [O:]ix reduction on Xzgr is significant, whereas the influence of
the engine speed on the [O:]i~Xecr curves is negligible.

The inlet temperature of the in-cylinder charge also rises with the EGR rate (Fig. 3). This produces a thermal throttling
effect that occurs because the EGR cooler is not able to cool the recirculated exhaust gas to the same temperature as the
air downstream of the intercooler. The higher the load or the speed, the higher the temperature of the gases at the engine
exhaust and the higher the T, temperature for a given Xggr value. Thermal throttling is also induced by the increased
internal residual gas fraction (internal £GR) that results from the growth of the exhaust manifold pressure as Xggr
increases. In particular, the pressure difference between the exhaust manifold and the intake manifold, which is

responsible for the internal EGR, grows significantly for Xzgr>40%, because of the intake throttle valve action.

10
100 - 1500x2 .
®  1500x5 v 4 9 - : izggxz
3 X
g I ;
80 - 2500x8 @ . 4 7 ¢ ?5)38;25;
v 2730x12 v . d -@T = . v 2750x12
—_— v
Q ] z S
-
s h 4 ® L] =<
= - - S 5[
£ 60 v > S0 P
ot v * o o* 4 -
v 7 ° n 4 v
- o 3 &
40 lo » * [ ]
. 2 T
T 1 Tee MR
20 < iy
0 10 20 30 40 50 oO 10 20 30 40 50
Xgor 7] Xgr 1%]
Figure 3. Engine inlet temperature versus Xggg. Figure 4. NO, emissions versus Xegr.
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Figure 5. NO, emissions versus Oz. Figure 6. NO, emissions versus Tymax,main-

Figures 4 and 5 show the dependence of the specific NO, emissions on the EGR rate and on the corresponding oxygen
volume concentration in the intake manifold, respectively. Dilution is the effect that has most influence on the
remarkable reduction in NO,, as the Xggr increase determines the [O:]: diminution that can be observed in Fig. 5.
Results, which are in agreement with those in Fig. 4, were obtained for conventional combustion mode diesel engines in
[12, 18, 26] and in [27], where a reduction of approximately 50% was achieved in the NO, emissions under Xggr=20%
for medium load and speed. A better defined trend, which is almost independent of the specific key-point, can be seen
more easily in Fig. 5 than in Fig. 4.

The reduction in the NO, species at bmep=2 bar and bmep=5 bar is also due to the retarded main injection timing
(cf. SOIyuin in Table 2), which postpones the combustion well into the expansion stroke. In PCCI type engines, retarded
injection can be a complementary strategy to EGR for NO; control, even though the former leads to increased fuel
consumption and deteriorates HC emissions [11, 27].

In general, NO, emissions are mainly affected by two factors: the presence of oxygen in the charge and the peak value
of the burned-gas temperature [41]. EGR reduces both the oxygen volume concentration and the peak temperature of
the burned gases. If the NO, emissions are plotted as a function of the maximum burned gas temperature of the main
shot (Tsmax has been calculated by means of a 3 zone combustion model [42]), instead of [O:]i, the pattern observed in

Fig. 6 is achieved. However, the best correlation for NO, is obtained with respect to [O:]i in Fig. 5.

20 T 3.0
18| = 1500x2 m 1500x2
® 1500x5 ® 1500x5
16 L . 2000x2 251 200002 "
2000x5 *2000x5
14F 2500x8 250088
§ o b ¥ 2msoni2 = 200 v 2750512 .
L] a
< 10 < sl =
L0 = 2 L]
Tl 7S e e . O (= aet
. . T 10 .
4 L L]
L 053 .
ZX ., * %'.'n‘@ . * o :.‘.0.@ o«
YA AN A AN A 4 0.0 M, Y YY YYVY
0 10 20 30 40 50 ) 10 20 30 40 50
Xgor [70] Xggr [70]
Figure 7. HC emissions versus Xecr. Figure 8. CO emissions versus Xggg.
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The minimum EGR rate that is sufficient to decrease the peak temperature of the burned gas below an acceptable
threshold depends on the engine key-point and on the trade-off among different targets (i.e., the limits of different
pollutant emissions set by regulations, fuel consumption and combustion noise), as well as on the synergy between
combustion strategies and the aftertreatment devices installed in the exhaust pipe. The dilution, chemical and thermal
effects of EGR simultaneously affect Tpmamain and it is a difficult task to properly split the contribution of each EGR
effect during normal engine operation conditions because they occur at the same time. The calculations of the thermal
properties of air and exhaust gases for the tests considered in the current investigation showed that the specific heat of
the EGR could be up to 6% higher than the specific heat of the air, whereas the increase in the thermal capacity of the
inlet charge was up to 2.5%. This variation is not able to account for the great temperature reduction in the maximum
burned gas temperature that can be appreciated by considering both Figs. 4 and 6. Therefore, it can be stated that the
dilution and chemical effects are more important than the thermal effect, a result that is in line with the findings in [2].

The CO and HC emissions versus Xgzgr are plotted in Figs. 7 and 8 and show similar trends, the CO emissions being
roughly 5 times higher than the corresponding HC emissions. In general, CO and HC emissions reduce as the load
increases. In particular, as soon as the combustion temperature exceeds 1400-1500 K, CO rapidly oxidizes to CO [33,
43]. The influence of the EGR rate on the HC and CO emissions is reduced for lower Xzgr values than 30%-40%, as can
be seen in Figs. 7 and 8. Even the HC emissions exhibit a slightly decreasing trend for Xzgr up to 35-40% and this trend
can be explained considering that the fuel can always find enough air to burn for low Xzgr values. As a consequence,
the dilution effect of EGR, which impacts negatively on HC emissions, becomes negligible, while the thermal throttling
effect of EGR (Fig. 3), which can promote HC oxidation, plays a decisive role. HC and CO emissions increase to a great
extent for higher EFGR mass fractions than 40%, as can be seen in Figs. 7 and 8, due to incomplete combustion. In fact,
even though the global A continues to be lean, the mixture is inhomogeneous and, locally, some fuel cannot find the

necessary quantity of air. However, if the turbocharger can provide a sufficiently increased boost pressure, in order to

0.5 0.5
® ]500x2 B 1500x2
® 1500x5 ® 1500x5
04b 2000x2 . 04F o 2000x2
+ 2000x5 <+ 2000x5
2500x8 ° ° 2500x8
= v 2750x12 > = * v 2750x12
z o3} v = 03 v
] S
= . 2 &
= o
S 0.2 - S 02 .
@ v ® @ @ w
. *e o* *
01 v 0.1 o
¢ T o eV o
. % v ° L v . -
oo R v = i 00 [ e 4 u * oy v
0 10 20 30 40 50 0 1 2 3 4 5 6 7 8 9
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Figure 9. Soot emissions versus Xggg. Figure 10. NO-soot curve as Xggr varies.
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Figure 11. Brake specific fuel consumption versus Xggg. Figure 12. Combustion noise versus Xggg.

maintain adequate local ¢ values, the combustion deterioration will practically be negligible. Therefore, almost similar
reductions in NOx as those shown in Fig. 5 would be achieved, but with minor increases in the CO and HC emissions.
Soot emissions versus Xzgr are plotted in Fig. 9, where different trends, with respect to the EGR rate, can be observed
on the basis of the considered load [15]. At the lowest loads (bmep = 2 bar), the soot emissions decrease as Xzgr
increases, but, when the load is increased, it is difficult to employ high EGR rates, due to the deterioration in diffusive
combustion, which makes the engine generate more smoke. This sensitivity of soot to EGR at medium and high loads is
consistent with the data in [39]. Therefore, a trade-off limit must be set for Xzcr at medium and high loads in order to
obtain a suitable compromise between NO, and soot emissions; from this point of view, a high injection pressure or
swirl ratio can also be used to suppress soot and allow the EGR limit to be raised [38]. Fig. 10 reports the NOs-soot
trade off curves that are obtained for bmep = 5 bar, bmep = 8 bar and bmep = 12 bar by varying Xzer. An increase in
Xecr has a positive influence on both NO, and soot emissions at bmep = 2 bar, since the engine works in the PCCI
regime. However, if the engine is not run under a PCCI type strategy, the presence of the NO,-soot EGR trade-off also
persists at low loads [44]. This topic will be dealt with in more detail in section 5, where the in-cylinder analysis is
presented.

Figure 11 reports bsfc as a function of Xggr for different bmep values. A decrease in bsfc can be found when passing
from no EGR to around Xzgr=30% at bmep = 2 bar. This is related to the combustion of the unburned hydrocarbons that
enter the combustion chamber with the recirculated exhaust gas [11]. In fact, the exhaust gas contains more O, at bmep

= 2 bar than at higher loads. Furthermore, as already mentioned, cooled EGR acts as a pre-heater of the intake mixture.

4 22
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Figure 13. COVinep versus Xear. Figure 14. Combustion phasing versus Xzcr.
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When the exhaust gas is recirculated to the cylinder inlet at a low load, the unburned HC in the exhaust gas burn
because sufficient O; is available in the combustion chamber and the intake temperatures are relatively high. However,
bsfc increases with Xzgr for heavy EGR rates and bmep = 2 bar, as there is not enough fresh air to burn all the injected
fuel, and this represents a drawback for the use of EGR rates beyond Xzgr=40%. bsfc is less affected by the EGR rate at
medium and high loads. The influence of EGR on the bsfc for bmep>5 bar does not show a definite trend up to
XeGr=20%. A small increase in bsfc can be observed for higher EGR mass fractions than 20%, mainly due to the
reduction in A and to the longer duration of combustion.

Figure 12 plots the combustion noise (CN) as a function of Xzgr. The influence of EGR at bmep = 2 bar and bmep = 5
bar, is virtually negligible up to Xgre45%, whereas an important decrease in CN can be found for Xzgz>45% at
bmep=2 bar. A continuously decreasing trend can be detected at higher loads, i.e. bmep = 8 bar and bmep = 12 bar, for
Xeors 30%.

Combustion stability is not affected to any great extent by the EGR rate, since the coefficient of variation of imep
(COVipep) 1s always lower than 3%, as can be seen in Fig. 13, and no well-defined trend of COViyep With respect to Xegr
can be observed. Fig. 14 plots the crankshaft angle at which 50% of the mixture has already burned, i.e. MFB50, as a
function of the EGR. The influence on the combustion duration results to be appreciable even for small EGR mass
fractions and becomes more evident for higher Xzgr than 40%. MFB50 is delayed for all the examined key-points, as

Xzar 1s augmented, since EGR slows the chemical reactions.

5. CRANKSHAFT BASED DIAGRAMS FOR THE MAIN IN-CYLINDER QUANTITIES.

Figures 15-24 report the unburned gas mass (M,), the in-cylinder pressure (p.,), the HRR, the in-cylinder burned zone
gas temperature (7,), the NO, and the soot as functions of the crankshaft angle. The p.; traces were acquired
experimentally using 0.1° CA (crank angle degree) steps and were averaged over 100 consecutive engine cycles; the
HRR was evaluated by means of a standard 1 zone diagnostic tool on the basis of the p, distribution, while the histories
of M,, T,,, NOx and soot were calculated by means of a three-zone diagnostic tool on the basis of the p.,s data. The

diagnostic model fitting coefficients were calibrated on the basis of the experimental engine-out emissions [42].
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Figure 15. Unburned gas mass as a function of §(2000x2). Figure 16. In-cylinder pressure as a function of #(2000x2).

283 The unburned mass M, accounts for the mixture that has not yet burned at the considered crank angle. Before injection
284 has occurred, M, is equal to the sum of the inlet fresh air, the FGR and the residual gas mass fraction from the previous
285 cycle. As injection takes place, some fuel enters the combustion chamber and mixes with the unburned gases and, as a
286 result, a mixture zone is formed, in which the mass ratio of the air to the fuel is approximately stoichiometric. The
287  unburned mass progressively reduces during the injection and combustion period, as is shown in Fig. 15 for the 2000x2
288  key-point, since part of the initial M, enters the model mixture zone [42]. The increase in the EGR rate makes the value
289 of M, at 8=330° CA decrease, due to a diminution in the inlet charge density (thermal throttling effect). This reduction

290 in M, with Xgzgr determines a reduction in the in-cylinder pressure before combustion, and a more intense reduction
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Figure 17. In-cylinder pressure as a function of §(2000x5). Figure 18. In-cylinder pressure as a function of #(2500x8).
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Figure 19. Heat release rate as a function of 6(2000x2). Figure 20. Heat release rate as a function of 6 (2000x5).
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during both the combustion and the early expansion phases (Fig. 16). Less influence of the EGR on p,; is detected as
the engine load is increased (Figs. 17 and 18), because combustion is more vigorous and the smaller Xzgr values induce
lower percentage variations of M,

The HRR (thin lines with symbols) and the injection rate (thick solid line) distributions versus the crankshaft angle have
been plotted in Fig. 19 for the 2000x2 key-point. Just one injection rate pattern was plotted in order to avoid the
overlapping of many curves, but also considering that the variation with EFGR was minor. The first peak in the HRR is
related to the pilot injection and is always lower than the second one, which refers to the main combustion. The various
changes in the engine inlet charge composition and temperature, due to the EGR rate variations, generally alter the fuel
mixing with air and the chemical reaction times, that is, the length of the ignition delay. In particular, the ignition delay,
which is evaluated as the distance between the start of injection and the corresponding increase in the HRR of the pilot
injection, tends to lengthen in Fig. 19 when Xggr increases, because the dilution effect prevails over the opposing effect
of the increase in the temperature of the inlet charge. However, it is also possible that the two opposite effects balance
each other, and in these cases, the ignition delay remains almost unchanged with Xger [23].

The combustion mainly occurs in the premixed phase, as can be seen in Fig 19. In fact, when the combustion of the
main injected fuel starts, most of the fuel has already been injected and has had enough time to mix with the in-cylinder
charge according to a partial PCCI process. Although the increased fuel ignition delay, due to the higher Xzgr, leads to
an increasing amount of fuel that burns in a premixed combustion phase, the reduction in oxygen availability decreases
the rate at which the fuel burns in the premixed phase. The prevailing effect depends on the EGR rate value and on the
considered injection shot (pilot or main).

In Fig. 19, it can be observed that, the HRR peak always decreases for the pilot injection, whereas the growth in the
premixed fraction determines an increased and retarded main combustion HRR peak for Xzgr values of up to 40-45%,
compared to the working condition without EGR. When Xzgr is increased beyond 45%, the effect of the deceleration of
the chemical reaction kinetics prevails over the increased ignition delay and the main combustion HRR peak decreases
with the EGR rate rise. As soon as the load increases, a larger fraction of the mixture burns in the mixing-controlled
combustion phase. Furthermore, the ignition delay has been proved to be less sensitive (Fig. 20) or even insensitive to
Xeer (Fig. 21); in fact, the unburned gas temperature increases, the combustion reactions become faster and, therefore,
the influence of the [O:]i concentration on the ignition delay becomes marginal. However, the combustion velocity
slows down as the EGR rate increases, and the intensity of the HRR peak that corresponds to the main injection
continues to decrease as Xzgr rises for medium and high loads.

Figure 22 plots the in-cylinder NO volume fraction time history (NO represents most of the NO, since NO; is minor) for

the 2000x2 case. The NO time distribution was calculated using the extended Zeldovich model [41]. The NOni/ NOsare
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ratio, where the subscripts start and end stand for the in-cylinder NO volume fraction before the start of combustion
(evaluated at 8=330° CA) and after the end of combustion (evaluated at 8=450° CA), respectively, tends to decrease as
Xecr increases. The absolute value of NOgu. is proportional to the product of the EGR mass and the NO.uq
concentration. When Xggr increases, the EGR mass grows, while the fraction of NO in this mass, i.e. NO.,q, decreases.
As a result, the absolute value of NOy first increases with Xzgr (e.g. from Xzgr = 0 to Xgor = 27% in Fig. 22) and then
decreases with it (e.g. from Xgor = 41% to Xgor = 48% in Fig. 22).

Figure 23 shows the temperature of the in-cylinder burned gases, which was calculated in the combustion chamber for
different EGR mass fractions for the 2000x2 case. The EGR reduces the combustion peak temperatures of the burned
gases and is responsible for the massive reduction in the NO concentration at the end of combustion (Fig. 22). The
growth in the intake temperature, due to the increase in the EGR mass fraction, leads to slightly raised unburned gas
temperatures during the compression phase. This behavior is not in conflict with the decreasing trend of NOx with Xzgr,
since the NO, emissions are closely correlated to the peak temperature of the burned gas zone (7pmax, main around 8= 360°
CA in Fig. 23) as well as to the residence time of the burned gases at higher temperatures than 1900-2000 K, but not to
the average gas temperatures in the cylinder.

The soot formation and the soot oxidation phases are outlined in Figs. 24-26. Different engine soot emission trends,
with respect to Xzgr, can be observed on the basis of the considered load. Soot formation depends on the local
temperature and on [O:]i. The dilution effect of EGR has a reduced impact on [O:], at low loads (Fig. 24), because of
the relatively high value of A. On the other hand, an increased EGR mass determines a significant reduction in the
burned gas temperature and a consequent reduction in both soot formation and oxidation. The former effect prevails
over the latter, and the soot evaluated at 6~450° CA results to reduce in Fig. 24 when Xzgr is increased. In other words,
most of the fuel is burning under a premixed phase at low loads: fuel, fresh air and EGR are mixed thoroughly prior to

combustion, local fuel-rich regions are reduced and combustion temperatures are decreased by EGR. On the other hand,
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Figure 21. Heat release rate as a function of £(2500x8). Figure 22. NO as a function of §(2000x2).
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the soot levels observed in Fig. 24 at all the Xzgr values are generally not a reason for concern.

The soot formation rate for medium loads (bmep = 5 in Fig. 25), continues to reduce as the EGR rate is increased, but
the oxidation rate becomes very low for high EGR rates, because of the reduced in-cylinder temperatures. The latter
effect becomes the prevailing one in determining the fate of soot, which increases with Xzgr at the end of combustion.
Finally, at high loads (bmep = 12 bar in Fig 26), the augment in Xgcr makes A approach the stoichiometric value, and
this effect prevails over the diminution of the burned gas temperatures, and leads to a significantly increased soot
formation rate. The soot oxidation rate is negatively affected by EGR at high loads, as it is for the low and medium

loads. In short, more soot is measured at the engine exhaust when Xggr grows at high loads.

6. CONCLUSIONS.

The EGR mass fraction has been varied within the 0+50% range at different steady-state key-points for an automotive
Euro 5 low compression ratio diesel engine with an optimized pilot-main double injection strategy, managed with a late
PCCI type combustion strategy. The selected key-points are representative of the engine application to a vehicle
running the NEDC. The analysis has been performed considering both the time averaged quantities measured at the test
bench and results derived from the application of diagnostic combustion models to the ensemble in-cylinder pressure
time history. Attention has been paid to the benefits that high EGR rates can have on NO, reduction and to any possible

simultaneous detrimental effects. The largest range of EGR rates has been explored without finding an optimal value for
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Xecr, which is established as a trade-off between different engine-out emissions and brake specific fuel consumption,
but also depends on the synergy between the combustion strategy and the installed aftertreatment devices.

The main achievements of the research investigation are synthetically listed hereafter:

. The ignition delay tends to increase at low loads as the EGR increases as a result of the reduction in the oxygen
concentration because the EGR dilution effect prevails over the increase in the temperature of the inlet charge (thermal
throttling effect). The ignition delay has been proved to be less sensitive or even insensitive to Xger at medium and high
loads because the unburned gas temperature increases, the combustion reactions become faster and the influence of the
[O:]in concentration becomes marginal.

. The utilization of the EGR generally determines an almost linear decrease in A when Xzcr increases. However, if

high EGR rate values, which are typical of PCCI type engines, are applied at low loads, a deviation from linearity
occurs, since the desired level of boost pressure that is set by the ECU cannot be maintained in the intake manifold. In
fact, the high mass flow-rate, which is sent back from the exhaust to the intake manifold, determines an insufficient
enthalpy flux to the turbine. Furthermore, fresh-air throttling reduces the pressure in the intake manifold.

. The NO. emission data, referring to the different key-points, are more closely correlated to [O]i than to the
maximum burned gas temperature. An almost quadratic monotonically increase in NO; has been found with respect to
[O:]ine. The combustion timing of the main injection has also been confirmed to have a significant impact on reducing
NO; emissions. The best results, in terms of NO, reduction, have therefore been achieved in late PCCI type strategies,
when the combustion timing is retarded and high EGR rates are applied.

. The HC and CO emissions are relevant at low loads for partial PCCI engines subjected to heavy EGR rates,
because fuel over-mixing and wall-quenching occur, due to the very lean mixture and the low temperatures. The
influence of EGR on these emissions is not so significant, if EGR rates of up to 30-40% are applied, as occurs in
conventional diesel combustion systems, and, in these conditions, EGR can even have a positive effect on HC
emissions.

. Soot is sensitive to the EGR rate and increases exponentially with the EGR rate at medium and high conditions.
The increase in soot with Xzgr is mainly due to the lack of oxygen in the recirculated exhaust gases. It is therefore
difficult to employ high EGR rates at medium and high loads, due to diffusive combustion deterioration. Therefore, soot
and NOx show a trade-off behavior, with respect to Xzgr, at medium and high loads. On the other hand, heavy EGR rates
allow NO; and soot emissions to be improved simultaneously at low loads, because the low compression ratio engine
works in partial PCCI mode.

. Brake specific fuel consumption is hardly affected by the EGR rate at medium and high loads. The influence of

EGR on the bsfc for bmep>5 bar does not show a definite trend up to XzGr=20%. A small increase in bsfc can be
17



391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

observed for higher EGR mass fractions than 20%, mainly due to the reduction in A and to the longer duration of
combustion. Instead, a decrease in bsfc can be found when passing from no EGR to around Xzgr=30% at low loads.
This is related to the combustion of the unburned hydrocarbons that enter the combustion chamber with the cooled
EGR, which involves more O; at low loads than at higher loads and acts as a pre-heater of the intake mixture. However,
bsfc increases with Xzgr for heavy EGR rates at low loads, due to a lack of fresh air, which is necessary to burn all the
injected fuel, and this represents a drawback for the use of high EGR rates in PCCI strategies.

»  The stability of the combustion is not affected significantly by the EGR rate: the coefficient of variation of the imep
is always lower than 3% for all the considered EGR mass fractions. The increase in the EGR rate generally makes the
combustion noise decrease, but the effectiveness of this measure depends on the engine load and on the EGR rate. An

important reduction in CN occurs under heavy EGR rates for the PCCI working mode.

7. NOMENCLATURE

bmep brake mean effective pressure
bsfc brake specific fuel consumption
CA crank angle

CN combustion noise

COVimgp  coefficient of variation for the specific torque
[COs]amy  volume concentration of CO; in the external environment
[CO:]exn  volume concentration of CO; in the engine exhaust

[COs)ime volume concentration of CO; in the intake manifold

ECU electronic control unit

EGR exhaust gas recirculation

HC unburned hydrocarbons

HCCI homogeneous charge compression ignition
HRR heat release rate

imep indicated mean effective pressure

LTC low-temperature combustion

m, fresh air mass flow-rate

Myer exhaust gas mass flow-rate

M, unburned gas mass
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MFB50 angle at which 50% of the combustion mixture has burned

n engine speed

NOsart NO emissions before the start of combustion
NOena NO emissions after the end of combustion

NO; nitrogen oxides

[O:2]ine oxygen volume concentration in the intake manifold
Dint pressure in the intake manifold (boost pressure)
Doy in-cylinder pressure

PCCI partial premixed charge compression ignition
PM particulate matter

Qpil volume of fuel injected in the pilot injection
SOviain electrical start of the main injection

SOIp; electrical start of the pilot injection

T in-cylinder burned gas temperature

Tomaxmain ~ maximum in-cylinder burned gas temperature
DC top dead center

Xeer mass fraction of exhaust gas recirculation

@ equivalence ratio

A relative air-fuel ratio

17 crankshaft angle
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