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External cooled exhaust gas recirculation (EGR) is drawing significant attention in 
downsized boosted spark ignition direct injection (SIDI) engines due to its poten-
tial to improve fuel economy. Meanwhile, worldwide emission standards pressure 
to reduce particle number (PN) emissions is generating great challenges for SIDI 
engine development. Thus it is necessary to examine the PN emission behaviors 
when implementing cooled EGR as a fuel-saving technology. In this study, the 
low-load with cold-engine (40 °C and 60 °C coolant temperature) and high-load 
with warm-engine (90 °C coolant temperature), representing high particle emis-
sion engine operating conditions over new European driving cycle, were chosen 
to understand the effects of cooled EGR on PN emissions in a downsized boosted 
SIDI gasoline engine using Horiba MEXA SPCS1000 PN measurement instru-
ment. Measurements indicate that increasing cooled EGR levels provide higher 
PN emissions at low-load cold-engine operation, however, lower PN emissions 
at high-load warm-engine operation. This study, therefore, provides insight how 
cooled EGR impacts PN emissions under cold and warm engine operation. 
Key words: particle number, exhaust gas recirculation, cold engine,  

warm engine, fuel consumption, spark ignition direct injection 

Introduction

Worldwide pressure to reduce automotive fuel consumption is driving the introduc-
tion of a number of new gasoline engine technologies [1]. One of the most promising concepts 
currently is the downsized boosted SIDI engine, providing better fuel economy and higher 
specific power output in gasoline engines, and is increasing its market share relative to port fuel 
injection (PFI) [2-4]. For example, PFI equipped light-duty vehicles accounted for over 99% of 
light-duty vehicles sold in the United States each year between 1996 and 2007 [5]. After 2007, 
SIDI engines began to rapidly enter the U. S. market, accounting for 3.1% light-duty vehicles in 
2008, 18.4% in 2011 and increasing to 46.4% in 2015 [6]. In the European automotive market, 
overall share of SIDI vehicles increased sharply beginning in 2008, and is estimated at around 
35 % in 2014 [7]. However, It is well known that the PN and particle mass emissions from SIDI 
engine are higher than that from PFI engine, both at steady-state and driving cycle conditions 
[8, 9]. The increase in particle emissions can be mainly attributed to three types of rich combus-
tion: (1) locally fuel-rich mixture in the combustion chamber, (2) diffusion-controlled burning
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of thin films of liquid fuel on the piston or cylinder wall, called pool fires, and (3) diffusion 
flames in the vicinity of the injector tip, during and/or after the final phase of completion of the 
normal combustion event [10-13]. 

Increasingly stringent emission standards are also drawing great attention on particle 
emissions from SIDI engines. In Europe, a particle mass limit of 5 mg/km for SIDI powered 
vehicles was introduced for the first time in EU5a. From 2014, a PN limit of 6.0 ⋅1012 parti-
cles per km, over the new European driving cycle (NEDC) for SIDI powered vehicles has 
been applied, and the PN limit will be further tightened to 6.0 ⋅1011 particles per km, with 
the introduction of EU6c legislation in September 2017 [14]. Furthermore, the new driving 
cycle, worldwide harmonized light duty test cycle (WLTC), will be introduced in EU6c [12]. 
Compared to NEDC, WLTC includes more amounts of non-urban driving phases and more 
aggressive acceleration levels, which has the potential to increase particle emissions [12]. For 
current commercial SIDI engines, it is relative easier to meet the EU6c particle mass limitation 
of 4.5 mg/km [15, 16]. However, additional efforts for further reducing PN emissions are re-
quired to satisfy EU6c PN regulation of 6.0 ⋅1011 particles per km [15, 16]. Previous researches 
has documented that the highest PN emissions over NEDC and WLTC driving cycles are from 
cold engine operation, including cold start, catalyst heating phase, and acceleration [12, 15, 
16]. In addition, the low engine speed weakens the level of charge motion as compared with 
high engine speed. This results in poor mixture preparation due to reduced fuel evaporation 
and mixture homogeneity, which is another factor for high particle emissions. Therefore, the 
engine speed of 1400 rpm and cold engine (40 °C and 60 °C engine coolant temperature) at  
6 bars brake mean effective pressure (BMEP) was chosen to investigate in this study. Even 
through, the cold engine operation accounts for the most part of particle emissions over driving 
cycle, the high-load and acceleration process at warm engine operation are more and more rel-
evant to meet PN emissions limits, especially for downsized boosted SIDI engines. Hence, the 
warm engine operating condition (90 °C engine coolant temperature) for the investigation in 
this study was selected at 2200 rpm and 10 bar BMEP. 

External cooled EGR has been demonstrated to be one of the effective strategies to 
achieve the low temperature combustion condition in compression ignition engines [17]. In 
boosted spark ignition engines, cooled EGR shows the potential to improve fuel economy by 
between 5% and 30% with the largest improvements occurs at typical fuel enrichment regions 
(high-speed high-load conditions) [18]. At low load conditions, the better fuel economy by 
cooled EGR is mainly attributed to reduced heat losses, reduced pumping working, and higher 
ratio of specific heats [19]. For knock-limited high-load conditions, suppressed knock plays 
a dominant role in the improved fuel economy, followed by the reduced heat losses [19]. At 
fuel enrichment conditions, the most important contributing factors for the improvement in 
fuel economy is the reduced amount of required fuel enrichment due to decreased exhaust gas 
temperature and suppressed knock [18, 19]. Cooled EGR also leads to lower NOx emissions 
with somewhat higher HC emissions, which have been well documented in previous studies 
[20-22]. Hedge et al. [23] presented the experimental research in a SIDI gasoline engine and 
concluded that both PN and soot mass emissions can be reduced by cooled external EGR at me-
dium-load (more than 6 bar BMEP) and high power enrichment region (16 bar BMEP and 3000 
rpm) conditions. Su et al. [24] investigated the effect of cooled EGR on soot emissions for a  
2.0 L turbocharged SIDI engine at high and full load conditions, and indicated that approxi-
mately 20% cooled EGR has the potential to reduce filtered-smoke number by as much as 50%. 
More recent work in a 1.2 L turbocharged SIDI engine illustrated that 12% cooled EGR reduces 
PN emissions by 6% at a knock-limited high-load condition (2000 rpm, 11 bar BMEP) [25]. 
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Prior studies provide some insight into understanding how cooled EGR impacts fuel 
consumption and gas emissions in gasoline SIDI engines. However, there appears to be less 
information available on PN behaviors with cooled EGR in SIDI engines, especially at cold 
engine operation, which is of particular interest for particle emissions as discussed above. The 
objective of the present work is to explore the effect of cooled EGR on PN emissions in a 
boosted SIDI engine operated at low-load cold-engine and high-load warm-engine conditions, 
representing high particle emission engine operating conditions over NEDC.

Experimental details

Engine

A 1.4 L boosted gasoline SIDI engine is equipped with a high pressure cooled EGR 
system to investigate the effect of cooled EGR on PN emissions and fuel consumptions un-
der cold and warm engine conditions. Engine specifications are provided in tab. 1. This high 
pressure DI injectors are located close to the center of combustion chamber (central injection) 
with an operating range up to 20 MPa. A dual independent variable valve timing (VVT) and a 
production fixed-geometry twin-scroll turbocharger with a pneumatically controlled wastegate 
are used with this engine. EGR is transported from upstream of the three-way catalyst and intro-
duced into the intake manifold system. An EGR cooler is used to lower the exhaust temperature 
to below 100 °C. An intercooler controls intake temperature to 38 ± 1 °C. 

An AVL AC dynamometer system is used to 
maintain desired engine speed. As shown in fig. 1 
an AVL 733s fuel system and an AVL 753C fuel 
temperature control system provide accurate fuel 
delivery conditions. The AVL Puma control and 
data acquisition system interfaced with the facili-
ty and engine instrumentation were used to collect 
and process the data. 

Kistler 6125C piezoelectric in-cylinder pres-
sure transducers are employed and data are pro-
cessed by a high-speed data acquisition system at a 
resolution of 0.1 crank angle degree (CAD) for 300 
consecutive engine cycles at each operating point. 

Emission measurement

In this study, the PN concentration was measured by Horiba MEXA-1000SPCS. As 
shown in fig. 1, engine exhaust was sampled directly from post-three-way catalyst (TWC), 
followed by a heated sampling line maintained at 191 ± 7 °C, a pre-dilution unit (PDU), a 
particle transfer tubing maintained at 47 ± 5 °C, a particle pre-classifier (PCF), and a volatile 
particle remover (VPR) upstream of a laser-based condensation particle counter (CPC). The 
PDU firstly diluted the sample with a dilution ratio of 10:1. Larger particles with diameter 
greater than 2.5 μm were removed by the particle pre-classifier. The VPR was designed to sup-
press particle nucleation within the sample and remove the soluble organic fraction (SOF) and 
sulfur component. The VPR comprises a particle number diluter (PND1), an evaporation tube 
(ET) and a second diluter (PND2) in series. The PND1 was operated at a (wall) temperature  
150 ± 10 °C and a dilution ratio of 50:1. The evaporation tube was operated with a wall tem-
perature 350 ± 10 °C. The PND2 was operated at a (wall) temperature 25 ± 1°C and a dilution 
ratio of 15:1. After VPR, the sample was introduced into CPC where butanol condensed onto 

Table 1. Engine specifications

Displacement 1.4 L

Bore 74 mm

Stroke 81.5 mm

Compression ratio 10

Fuel system Direct injection  
(Central) 

Boosting system Twin-scroll turbocharger

Valve train Dual independent VVT 
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particles in the sample flow, creating droplets large enough to be detected efficiently using a 
light-scattering technique. Data are collected at a sampling rate of 10 Hz for 60 seconds. The 
PN tests for each EGR case are repeated by 3 times. The measured variability range of the 3 
tests and averaged results are shown in this paper. 

In order to evaluate the cooled EGR ratio, the CO2 volume concentrations in the intake 
manifold and exhaust manifold are measured using Horiba MEXA 7100EGR. The EGR ratio is 
determined as the ratio of CO2 measured in the engine intake to the CO2 measured in the engine 
exhaust.

Operating conditions and test procedure

The engine is operated at 1400 rpm, 6 bar BMEP with cold engine operation (20 °C 
and 40 °C coolant temperature), and 2200 rpm, 10 bar BMEP with warm-engine (90 °C cool-
ant temperature), representing high particle emission engine operating conditions over NEDC. 
At each engine operating condition, an EGR sweep test was conducted to examine the effect 
of cooled EGR on particle emissions and fuel consumption behaviors. To better isolate the 
effect of cooled EGR from other engine control parameters, air fuel ratio, fuel pressure, injec-
tion timing, intake and exhaust cam phasing, intake temperature, coolant temperature and oil 
temperature are kept constant during EGR sweeps, in which, fuel pressure, injection timing, 
intake and exhaust cam phasing were determined for minimum fuel consumption and particle 
emissions at cooled EGR rate 0%. Spark timing was optimized for each EGR case for minimum 
fuel consumption. For all the tests points, the engine was operated in the homogeneous-charge 
combustion mode at a stoichiometric air-fuel ratio. Table 2 summarizes the engine control pa-
rameters during the tests. 

Engine simulation models

To better understand the particle behaviors with cooled EGR, the in-cylinder tempera-
ture was calculated by GT-Power® code (Gamma Technologies). The intake and exhaust sys-
tem flows were modeled as 1-D fluid dynamics, considering varying cross section, friction, heat 
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transfer and variable gas properties. Wiebe 
model was used to calculate combustion burn 
rate [26]. The cylinder heat transfer was cal-
culated using the Woschni correlation [27]. 
Figures 2 and 3 shows a comparison of in-cyl-
inder pressure trace between the experimen-
tal and calculated results at 1400 rpm, 6 bar  
BMEP engine operating condition without 
EGR, and 23% EGR, respectively. 

The good agreement proves that the 
simulation model is accurate enough to cap-
ture the characteristics of gas exchange and 
combustion processes. Similarly good agree-
ments were also obtained for other engine op-
erating conditions as shown in tab. 2.

Results and discussion

The role of cooled EGR on PN emis-
sions and fuel consumption behaviors at low-
load cold-engine operation and high-load 
warm-engine operation were examined under 
above mentioned test procedures. 

Low-load cold-engine evaluation

The effect of cooled EGR on PN emis-
sions at 1400 rpm, 6 bar BMEP under cold 
engine condition is examined in fig. 4. Two 
PN behaviors are observed: (1) PN emis-
sions are increased when lowering coolant 
temperature from 60 °C to 40 °C, and this 
PN deterioration is realized throughout the 
HP-EGR range, and (2) PN emissions are in-
creased when increasing HP-EGR level both 
at 60 °C and 40 °C coolant temperatures, and 
the PN increase amplitude with EGR is high-
er for 40 °C coolant temperature than 60 °C 
coolant temperature. For example, 27% EGR 
provides 40% higher PN emissions at 60 °C 
coolant temperature condition, and only 23% 
EGR generates 60% higher PN emissions at 
40 °C coolant temperature condition. 

The dependence of PN emissions on 
coolant temperature observed in fig. 4 is fun-
damentally determined by the effect of com-
bustion chamber wall temperature on particle 
formation process. During the cold engine 
operation, combustion chamber wall is at a 

Table 2. Engine operating conditions
Engine SIDI 
Speed 1400 rpm
BMEP 6 bar

Injection pressure 12 MPa
Injection timing 300 °bTDC

Air fuel ratio 14.6
Intake valve  
open (IVO) 

6.5 °aTDC at 
0.5 mm lift

Exhaust valve  
close (EVC) 

9 °aTDC at  
0.5 mm lift

Intake temperature 38 ± 1 °C
Engine-out  

coolant temperature 40/60 ± 0.5 °C

Oil sump temperature 40/60 ± 0.5°C
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Figure 2. In-cylinder pressure comparison 
between experiment and simulation at 1400 
rpm, 6 bar BMEP without cooled EGR  
under 60 °C coolant temperature

Figure 3. In-cylinder pressure comparison 
between experiment and simulation at 1400 
rpm, 6 bar BMEP with 23% cooled EGR  
under 60 °C coolant temperature
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lower temperature than the saturation tempera-
ture for most of the fuel species, resulting in 
the formation of fuel films once the fuel spray 
impinges onto piston surface, intake valves, 
and cylinder liner. For the spray-guided SIDI 
engine investigated here, where injector is cen-
tral mounted in the combustion chamber, the 
fuel spray-piston impingement is the dominant 
reasons for the fuel films formation. These fuel 
films could form fuel rich areas due to insuffi-
cient evaporation and mixing, and generate dif-
fusion-controlled flames during the following 
combustion, which is responsible for the high 
particle emissions. In addition, lower combus-
tion chamber temperature intensifies the heat 
transfer losses from hot gases into cylinder 
walls, which reduces the post-flame oxidation 
rate of the particles formed during combustion. 
Therefore, when decreasing cold engine cool-
ant temperature from 60 °C to 40 °C, more fuel 
films on the combustion chamber wall would 
be generated and the particle oxidation process 
would be further suppressed, resulting in high-
er PN emissions. 

The addition of cooled EGR into engine 
further cools down the combustion chamber 
temperature at cold engine conditions. Figure 
5 illustrates the effect of cooled EGR on in-cyl-
inder mass-averaged temperature at 1400 rpm, 
6 bar BMEP with 60 °C coolant temperature 

condition. It is shown that higher EGR level results in the lower combustion temperature rang-
ing from 0 to 80 °CA, aTDC. This decrease in combustion temperature results from higher heat 
capacity and lower oxygen concentration. When increasing EGR ratio from 0 to 27%, peak 
combustion temperature is decreased from 2295 K to 2021 K. Decreased hot gases temperature 
will reduce combustion chamber temperature, leading to higher probability of generating fuel 
films on the piston surface. In addition, as EGR levels increase, in-cylinder oxygen concentra-
tion will decrease, which results in the decreased rate of particle oxidation. 

In summary, decreasing engine coolant temperature and/or increasing cooled EGR 
at cold engine operation will generate higher PN emissions. The observed increase in particle 
emissions with lower engine coolant temperature and EGR at cold engine condition is believed 
to be resulted from more fuel films generated on the combustion chamber surface, and the sup-
pressed particle oxidation process.

High-load warm-engine evaluation

The PN emissions behavior with increasing cooled EGR at 2200 rpm, 10 bar BMEP 
under warm engine operation is examined in fig. 6. By increasing the EGR rate to 17%, the PN 
emissions are shown to decrease by nearly 30%. This finding for the PN behaviors with cooled 
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EGR is different with the results shown in the 
above chapter, where engine is operated at low-
load cold conditions. However, the finding is 
consistent with the work by Michael et al. [25], 
where 12% cooled EGR provides 6% reduction 
in PN emissions at high-load warm-engine oper-
ation (2000 rpm, 11 bar BMEP). 

Compared to the cold-engine operation 
shown above, the piston temperature is higher 
at warm-engine operation. The impinged fuel on 
the piston will be evaporated much faster, there-
fore, the importance of spray-piston impinge-
ment in PN emission will be reduced. Moreover, 
a larger amount of fuel is required into the cyl-
inder at high-load conditions, leading to more presence of locally fuel-rich mixture in the com-
bustion chamber, and of liquid fuel around injector tip, which provide the ideal conditions for 
the formation of soot particles in the engine. Recent results in fundamental gasoline engine 
research have shown that the formation and oxidation of soot particles are highly dependent on 
temperature and oxygen concentration. The favorable conditions for soot emissions are the rich 
combustion with high temperature ranging from 1500 K to 2400 K, soot shows a bell-shaped 
dependence on reaction temperature with a peak around 1800 K [28]. On the higher tempera-
ture side of the peak, soot increases with temperature decreasing, and vice versa on the lower 
temperature side. Moreover, in-cylinder optical research in a central injection SIDI gasoline 
engine demonstrated that the injector diffusion flame associated with injector tip deposit, during 
and/or after the final phase of completion of the normal combustion event (between 20° and 
80° crank angle after TDC), is a strong contributor to the particle emissions under warm engine 
operation [13]. 

Figure 7 examines the effect of cooled EGR on in-cylinder mass-averaged tem-
perature at 2200 rpm, 10 bar BMEP under the engine coolant temperature of 90 °C. It is 
found that the in-cylinder temperature decreases with cooled EGR during the crank angle 
ranging from 30 to 100 °CA, aTDC, where the injector diffusion flames and pool fires are 
expected to be occurred. In this crank angle range, the temperature decreases with EGR are 
located in the higher temperature side of the 
soot generation regions. Therefore, the cooled 
EGR may promote the particle formation. 
However, fig. 7 also shows that the cooled 
EGR increases the in-cylinder temperature 
during the crank angle ranging from –10 to 30 
°CA, aTDC. This increase in combustion tem-
perature is resulted from the earlier start of 
combustion achieved by advanced spark tim-
ing, which is realized due to the suppressed 
knock tendency with EGR increasing. The 
increased hot gases temperature will heat up 
the injector tip and piston surface, which will 
promote the fuel film evaporation process, 
and hence, suppress the particle formation 

Figure 6. Effect of cooled EGR on PN 
emissions at 2200 rpm,10 bar BMEP  
under 90 °C coolant temperature condition

Figure 7. Effect of cooled EGR on in-cylinder 
mass-averaged temperature for SIDI operation 
at 2200 rpm, 10 bar BMEP under  
90 °C coolant temperature condition
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process. It has to be indicated that the further in-cylinder optical diagnostics research is 
necessary to investigate the in-cylinder distributions of soot and temperature so as to ad-
dress this issue. 

Conclusions

A boosted 1.4 L gasoline engine configured with central direct injection was used to 
explore the effect of cooled HP-EGR on particle emissions at low-load cold-engine and high-
load warm-engine operation conditions. From this study, the following conclusions are made.

 y At cold engine operation conditions, decreasing engine coolant temperature and/or increas-
ing cooled EGR at low-load cold-engine operation will generate higher PN emissions. 60% 
higher PN emission is observed when adding 23% HP-EGR at 1400 rpm, 6 bar BMEP under 
40 °C engine coolant temperature condition.

 y The higher PN emission with HP-EGR and/or lower coolant temperature at low-load 
cold-engine operation is believed to be resulted from more fuel films generated on the com-
bustion chamber surface, and the suppressed particle oxidation process. 

 y At high-load warm-engine operation, cooled EGR tends to decreases PN emissions. 30% 
lower PN emission is observed by 17% cooled EGR at 2200 rpm, 10 bar BMEP under 90 °C 
coolant temperature condition.

 y The increased in-cylinder gas temperature before the injector tip flames and pool fires might 
be responsible for the observed lower PN when adding cooled EGR at high-load warm-en-
gine operation. 
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