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Abstract

Combustion of fossil fuel produces emissions and is one of the major environmental problems leading to climate change.
Diesel engines are highly efficient but produce particulate emissions. These particulate emissions are considered dangerous
to human health because inhaling particulates may cause respiratory and heart disease. Substituting fossil diesel fuel with
renewable diesel fuel and using diesel particulate filters is one possibility to meet stringent legislative requirements. With this
motivation, the present experimental investigation aimed to evaluate the particle size distribution (PSD), optical properties
of particulate matter (PM) emitted, and the outcome of using an after-treatment system comprising of a diesel particle filter
(DPF). This investigation aimed to make a comparative analysis of particulate emission upstream and downstream of the
DPF with and without ultraviolet (UV) light (405 nm and 781 nm wavelength) turned on/off. Experiments were performed
at (a) engine idle with a torque of 6 Nm at 750 rpm, IMEP of 1.35 bar and power of 0.5 kW, (b) engine at part load with a
torque of 32 Nm at 1200 rpm, IMEP of 8.5 bar and power of 4.5 kW. Diesel engine was operated on two fuels (a) Diesel
and (b) EHR7. Results showed that as and when UV light was turned on, a distinct nucleation mode that dominated the
number concentration for both test fuels were observed. Downstream of the filter had relatively higher AAE values which
show the contribution to climate change. Present experimental research is important for renewable fuel industries, industrial
innovation's future, and the exhaust gas after-treatment system (EATS) community. The results contribute to knowledge for
occupational exposure, human health, and the environment.
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PASS-3  Photoacoustic soot spectrometer
PM Particulate matter

PN Particle number

PSD Particle size distribution

rpm Revolutions per minute

SMPS Scanning mobility particle sizer
SOA Secondary organic aerosol

UFP Ultrafine particles

uv Ultraviolet

1 Introduction

The worldwide demand for transport energy is large and
is growing every year despite of development in electric
vehicles (Liu et al. 2022; Lebrouhi et al. 2021; Chia et al.
2022). Diesel engines offer numerous advantages over other
power plants and are prevalent in the industrial, agricultural,
heavy-duty transport sectors and commercial establishments
(Sharma et al. 2022; Reddy et al. 2018; Hoang 2021). These
advantages include higher power output, higher thermal
efficiency, higher torque, better durability, and superior
brake-specific fuel consumption (BSFC). But diesel engine
exhaust is known to promote air pollution, climate change/
global warming, cardiovascular disease, and lung cancer
(Somasundaram et al. 2020; Franklin et al. 2015; Riddle
et al. 2007; Bikis and Pandey 2022). Use of renewable fuel
coupled with diesel particulate filter (DPF) technology can
suppress these issues (Gren et al. 2021). Fuel prices are high
and scientists are exploring cost-effective renewable fuel to
meet emission legislation and reduce dependence upon for-
eign crude oil and ensure the security of the supply (Jaber
et al. 2004; Wu et al. 2012).

Significant effort has been made to regulate the emis-
sions from the transportation sector. Amongst the various
PM characteristics, PM mass, number, and size are vital
parameters for research. Particles have a high retention time
in the atmosphere causing high risk to the human respiratory
system (Wang et al. 2021). PM physical, and PM chemi-
cal properties affect soot. These properties are important
for DPF investigations. PM can be classified based on its
size, as a combination of individual particles as coarse, fine
and ultrafine particles. Ultrafine particles (UFPs; diameter
less than 100 nm) can increase the risk of asthma attacks,
heart disease and lung cancer (Sharma and Agarwal 2017).
Smaller size particles are of concern as these are large in
number but have insignificant mass. Due to higher num-
ber concentration and comparatively large surface area (for
same mass), they may affect the human respiratory system.
Soot can be classified as black carbon (BC) or brown carbon
(BrC), and they have a different amount of contributions to
climate change (Wu et al. 2016). In recent years, BrC has
attracted interest among researchers as a possible cause of
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climate change (Wu et al. 2016; Yan et al. 2018; Pani et al.
2021; Zhu et al. 2021). Renewable fuels are known to have
low aromatic content in them compared to conventional fuel
such as diesel. This property of renewable fuel potentially
reduce the formation of SOA (Gentner et al. 2017). In the fast
few decades, consumption of renewable fuel has increased
but knowledge about the impact of SOA formation is limited
(Gentner et al. 2017). Hence, evaluating climate-relevant
optical properties of the particulate matter (PM) upstream
and downstream of the DPF is essential (Preul3 et al. 2018).
BC or soot is one of the critical combustion-generated parti-
cles. It originates primarily from diesel/gasoline that absorbs
light over the entire visible spectrum (Hansen et al. 1984).
BC is generated by the incomplete combustion of fuels and
is used as a tracer for combustion. Liu et al. (2018a) charac-
terized the chemical composition of particulate matter from
heavy-duty trucks and construction equipment fueled with
conventional diesel fuel. Authors reported that the highest
quantity of PM, 5 was contributed by carbonaceous matter.
Emissions from the diesel engine are mainly composed of
carbon di-oxide (CO,), carbon monoxide (CO), nitrogen
oxides (NO,), gaseous hydrocarbons (HC), and of particu-
late matter (Maricq 2007). Corbin et al. (2018) investigated
the optical properties of particulate emission from marine
engines operating on heavy fuel oil and distillate fuels. In
this, the authors focused on “brown carbon” light absorption
characteristics of soot. DOCs can oxidize more than 70%
of the CO and HCs from diesel engines and therefore is
positioned upstream of DPF (Wei et al. 2015; Caliskan and
Mori 2017). Carbon monoxide (CO) isa toxic, odorless, and
colorless air pollutant which is a poisonous atmospheric pol-
lutant affecting human beings, plants, animals and environ-
ment (Dey and Dhal 2019). Yadav et al. (2021) performed
an experimental investigation to estimate the sources and
health risks of PM, 5 PAHs and the carbonaceous species
environment of Delhi. Authors reported carcinogenic PAHs
put up-41.4% to the aerosol PAHs load in the Delhi atmos-
phere. Caliskan and Mori (2017) reported that oxidation of
soot occurs at higher temperature and changes soot mor-
phologies. Glassman (Smith 1981) reported that soot oxida-
tion happens when the temperature is greater than 1300 K.
Soot mostly comprises elemental carbon (EC) arranged in
graphitic-like material (Kittelson 1998). Chen et al. (2019)
have investigated the characteristics of PM and correlated
the emitted smoke opacity and soot emissions from a turbo-
charged and intercooled diesel engine fueled with methanol/
diesel dual fuel. They reported an increase in the level of
soot and PM with an increase in methanol fraction at high
air intake temperature and, high engine loads. However, a
decrease in soot and PM level was reported at high engine
load with lesser air intake temperature. In another study,
Liu et al. (2014) experimentally investigated the influence
of methanol fraction and injection timing on the emissions



Aerosol Science and Engineering

characteristics of a six-cylinder heavy-duty diesel engine.
Authors reported that with an increase in methanol fraction
the trade-off relation between NO, and soot emissions can
be optimized in the engine.

Many studies have been conducted on the PSD, and
most of these are based on upstream of DPF. There exists a
research gap for investigating PSD downstream of the filter
in the presence of UV light with respect to ultrafine parti-
cles. This experimental investigation aims to compare PSD
from diesel and renewable fuel sampled at medium load and
engine idle conditions downstream of the DPF. These meas-
urements were done upstream and downstream of the DPF.
Experiments were performed at (a) engine idle with a torque
of 6 Nm at 750 rpm, IMEP of 1.35 bar and power of 0.5 kW,
(b) engine at part load with a torque of 32 Nm at 1200 rpm,
IMEP of 8.5 bar, and power of 4.5 Kw. Diesel engine was
operated on two fuels (a) Diesel (b) Renewable (EHR7).

2 Experimental Setup and Methodology
2.1 Experimental Setup

An experimental investigation was performed on a single-
cylinder (Ricardo hydra) common rail direct injection
(CRDI) engine coupled with a Denso injector. This Ricardo
hydra engine was fitted with a Volvo NED4 cylinder head.
Figure 1 shows the engine schematic, and Table 1 shows the
engine specifications. The Denso injector was capable of
producing four injections per cycle. A pressure transducer

*D= Dilution in

Table 1 Test engine specifications

Engine type Ricardo Hydra
Engine head Volvo NED4
Displaced volume, dm® 0.49

Bore, mm 82

Stroke, mm 93
Compression ratio 15.8:1

Common rail
direct injec-
tion

Fuel injection system

(AVL GUI2S-10) was used to measure in-cylinder pressure
signals. The experimental setup also includes a pressure sig-
nal/piezo charge amplifier (Kistler 5011) was also part of the
experimental setup. A combustion analyzer (AVL IndiCom)
detected the pressure signal with a resolution of 0.2 CAD.
The amount of fuel injected in each cycle was measured by
a fuel metering unit (AVL 730). EGR percentage was cal-
culated using the proportion of the carbon dioxide emission
in the exhaust.

2.2 Particulate Measurement

Gothenburg Potential Aerosol Mass chamber (Go:PAM)
was coupled with engine exhaust as the photo-oxidation
reaction zone (Tsiligiannis et al. 2019). OH radicals were
formed using Go:PAM by photolyzing O5. This was done in
the presence of water vapor. In addition to this, total flows
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Fig. 1 Schematic of the experimental setup
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through the apparatus were measured and SOA was formed
in a laminar flow. A SMPS (CPC 3775; EC3080 TSI Inc.
Shoreview, MN, USA) was part of the experimental setup
used to quantify the PN concentration and volume concen-
tration of SOA inside the sample outflow line. The absorp-
tion and scattering properties of SOA were characterized
using 3-wavelength photoacoustic soot spectrometer (PASS-
3). Details about both instruments can be referred at Bick-
strom et al. (2017). AVL Micro Soot Sensor (MSS plus) was
part of the experimental setup and used to measure the mass
of particulate per cubic meter in the exhaust pipe.

EATS: Exhaust gas after-treatment system consists of
an oxidation catalyst followed by a DPF. A temperature of
250 °C was maintained in the exhaust gas after-treatment
system. A differential pressure sensor was placed across the
particulate filter to measure the real-time pressure drop dur-
ing PSD measurement.

2.3 Test Fuels

Diesel and EHR7 were used as test fuel for this experimental
investigation. The selection of the blended fuel was consid-
ered to mimic the properties of diesel with respect to cetane
number (CN). Detailed properties and composition are listed
in Table 2.

2.4 Experimental Procedure

While collecting the exhaust samples, it was ensured
that soot was a representative sample and the engine
had achieved a steady-state condition. Engine was oper-
ated at 6.5 Nm@750 rpm and 32 Nm load@1200 rpm
with an ERG percentage of 19 +0.3%. Denso injector
was used with two pre-injections followed by one main
and one post-injection in one engine operating cycle. A
constant fuel injection pressure of 817.6 +0.6 bar was
maintained throughout the experiment. The lower heat-
ing value (LHV) of oxygenated fuel was compensated by

Table 2 Test fuel composition and properties

Property Unit Diesel EHR7
2-Ethylhexanol content vol% - 37
Diesel content vol% 100 -
HVO content vol% - 56
RME content vol% - 7
Oxygen content m% 0 54
H/C ratio [-] 1.833 2.137
O/C ratio [-] - 0.043
Lower heating value Ml/kg 429 41.12
Density kg/m® 830 806.4
CN -] 52 51.3

keeping the injection duration slightly longer and a fixed
injection start. Water was used as a coolant in the engine,
and the temperature of coolant T;, (into the engine) was
maintained at 73 °C, and T, , was maintained (out of the
engine) was 79 °C.

Table 3 shows the experimental matrix and run order
for particulate measurement.

Table 3 shows the experimental matrix in detail. Exper-
iments were performed at (a) engine idle with torque of 6
Nm at 750 rpm, IMEP of 1.35 bar and power of 0.5 Kw,
(b) engine at part load with torque of 32 Nm at 1200 rpm,
IMEP of 8.5 bar and power of 4.5 kW.

out

3 Results and Discussion

Results will be discussed in terms of particle number size
distribution, particle mass size distribution, total particle
number and mass emission, engine soot emissions and
Angstrém absorption exponent (AAE).

Table 3 Experimental Matrix

S.no. Fuel Load Position UV Light Run order
Diesel Partload  Upstream  Off 5
Diesel Part load  Upstream  On
3 Diesel Part load  Down- Off
stream
4 Diesel Part load Down- On 8
stream
5 Diesel Engine Idle Upstream  Off
Diesel Engine Idle Upstream  On
Diesel Engine Idle Down- Off
stream
8 Diesel Engine Idle Down- On 4
stream
9 Renewable Partload  Upstream  Off 13
fuel
10 Renewable Part load Upstream  On 14
fuel
11 Renewable Partload  Down- Off 15
fuel stream
12 Renewable Part load Down- On 16
fuel stream
13 Renewable Engine Idle Upstream  Off 9
fuel
14 Renewable Engine Idle Upstream  On 10
fuel
15 Renewable Engine Idle Down- Off 11
fuel stream
16 Renewable Engine Idle Down- On 12
fuel stream
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3.1 Particle Number Size Distribution

Figure 2 shows PN emissions at the engine’s part load condi-
tion, upstream and downstream of the filter with UV light
on and off. Figure 2a and b shows, comparison among die-
sel and renewable fuel. Figure 2¢ and d shows, comparison
among the upstream and downstream of filter. Nucleation
mode particles (<20 nm) dominated the number concentra-
tion. Soot mode particles (~ 100 nm) dominated the total
emitted mass. In Fig. 2, nucleation mode particle contrib-
uted to the number emission but their contribution to mass
emission was less (refer Fig. 5). As and when UV light was
turned on, a distinct nucleation mode that dominated the
number concentration for both the test fuels were observed.
When UV light was turned off, nucleation mode particles
decreased significantly. This large increase in nucleation
mode particle was observed at both upstream and down-
stream of the filter when UV light was turned on. Down-
stream of the filter PN emission is being barely distinguish-
able above the background concentrations. But this is not
true when UV light is turned on downstream of the filter.
Downstream of the filter, the nucleation mode of a particle
is relatively less compared to upstream of the filter when UV
light is on. Downstream of the filter, when UV light is turned
off, PN emission was found to be negligible. Upstream of
the filter, when UV light was turned off, as expected, PN
emission was found to be slightly higher. These trends were
consistent for both the test fuels. However, oxygenated fuel

Fig.2 Particle number size

showed PN emission marginally lower when UV light was
turned on. With oxygenated fuel, peak of particulate size-
number distribution marginally shifted towards smaller
particle sizes (Dp less than 100 nm). The difference in PN
emission with UV light on for upstream and downstream of
the filter decreased as the particle size decreases.

Figure 3 shows PN emissions at engine idle condition
upstream and downstream of the filter with UV light on and
off. PSD data downstream of the filter, with UV light on was
not recorded. The trends in the results are similar to those
reported in Fig. 2. However, PN emissions of engine idle
are one order magnitude smaller compared to engine part
load condition.

Figure 4 shows the total particle number emissions for
part load and engine idle conditions.

Total particle number emission upstream of the filter was
relatively higher compared to downstream of the filter for
corresponding light on/off condition. When UV light was
turned on, total particle emission was relatively higher.
In general, total particle emission for renewable fuel was
slightly lower.

Figure 5 shows particle mass size distribution at engine
part load condition. As and when UV light was turned on,
a relatively higher particle mass emission was observed.
As and when UV light was turned off particle mass emis-
sion was found to be decreased significantly. The higher
particle mass was observed at upstream and downstream
of the filter when UV light is turned on. Downstream of the

11
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Fig. 3 Particle number size

distribution vs particle diameter
(nm) at engine idle

10 I—— Upstream of Filter UV Light Off
10 Je—— Upstream of Filter UV Light On
- Downstream of Filter UV Light Off

i : Engine Idle Diesel Fuel: ™"~

— Diesel UV light Off
e Diesel UV light On

- Renewable UV light Off
+ +Renewable UV light On

(c)

(a)

i i s il sinl vl i il

Engine Idle Upstream

Particle Number Concentration (dN/dIogDp [#/cm3])

k — Upstream of Filter UV Light Off
g j === Upstream of Filter UV Light On
- Downstream of Filter UV Light Off

:Engine Idle Renewable Fuel

(d)

(b)

— Diesel UV light Off
- Renewable UV light Off

EngineNIdle Downstrea e

10

B Part Load Diesel Fuel

80 Part Load Renewab Fuel

___ Engine Idle Renewable Fuel
i Engine Idle Diesel Fuel

UV Light On
8 1 T

UV Light On

7 +
10 UV Light Off

5] = | UV Light Off

i
|
I

Total Particle number [#/cm°]

i
i
i
i
i
i
]
i
i
i
i
i
i
i
e

0 4
10 Upstream Upstream  Downstrea Downstream

I
Q
IS

Total particle number emission

filter, particle mass emission was relatively less compared to
upstream of the filter, when UV light was turned on. Down-
stream of the filter, when UV light was turned off, particle
mass emission was negligible. These trends were consistent
for both the test fuels. However, oxygenated fuel showed
particle mass emission marginally lower when UV light is
turned on. With oxygenated fuel, peak of particulate size-
number distribution shifted towards smaller particle sizes
(Dp~ 100 nm). The difference in PN emission with UV light
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on for upstream of the filter decreased as the particle size
decreased. It should be noted that mass emission for larger
size particle, when UV light turned on was relatively higher
downstream of the filter.

Figure 6 shows particle mass emissions at engine idle
condition upstream and downstream of the filter with UV
light on and off. Data downstream of the filter after with
UV light on was not recorded. The trends in the results are
similar to those reported in Fig. 3. However, particle mass
emissions of engine idle are one order smaller compared to
engine part load condition.

Figure 7 shows total particle mass emissions for part
load and engine idle conditions. Total particle mass emis-
sion upstream of the filter was relatively higher compared
to downstream of the filter. In addition it, “UV light on” had
comparatively higher particle mass emission.

Figure 8 shows soot mass emissions from the engine idle
and engine part load operating condition. Microsoot was
used to capture soot in g/kW-h. It was found that soot from
diesel fuel was relatively higher for part load compared to
soot from renewable fuel.

The AAE describes the spectral dependence of light
absorption by BC and BrC aerosols. This in-turn governs
their influence on climate change, and AAE attribution
method is utilized to differentiate the contributions made
from two species of light absorption. Obtaining accurate
value of AAE has been proven by scientists to be challeng-
ing in literature (Wang et al. 2020). Figure 9 shows AAE
for part load and engine idle conditions at the upstream
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Fig.5 Particle mass distribution
vs size at engine part load

Fig.6 Particle mass distribution
vs particle mobility diameter
(nm) at engine idle

and downstream of the filter. The AAE of black carbon
(BC) particles between 405 and 781 nm is widely accepted
to be 1.0, although observational estimates give quite a
wide range of 0.6—1.3 (Liu et al. 2018b). In a first com-
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parison among different engine loads, part load engine

operation resulted in significantly higher AAE values
relative to engine idle operation at both upstream and
downstream of the DPF. In another comparison at the
same engine load but different test fuels, renewable
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fuel consistently resulted in slightly higher AAE val-
ues throughout the test matrix although not statistically
significant.

Sources of diesel emissions are ships, trains, and trucks
that operate in and around ports. The experimental results
give an indication that exposure to diesel exhaust down-
stream of the filter has important public health implica-
tions. A large number of people are exposed to higher diesel
exhaust concentrations. Emissions downstream of the filter
had relatively higher AAE values which show the contribu-
tion to climate change. Implication of this study suggests
policy maker to further control the measurement of diesel
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exhaust as particulate emission downstream of the filter may
affect individual health if inhaled.

4 Conclusions

Diesel engine was operated on two fuels (a) and (b) EHR7.
PSD was measured upstream and downstream of the fil-
ter with UV light on/off. This experimental investigation
emphasis on the contribution of particle emission down-
stream of the filter to climate changes. Some of the impor-
tant conclusions are as follows:

e Asand when UV light was turned on, a distinct nuclea-
tion mode that dominated the number concentration for
both fuels were observed.

e With oxygenated fuel, peak of particulate size-number
distribution shifted towards smaller particle sizes (Dp
less than 100 nm).

e PN emissions of engine idle are one order smaller com-
pared to engine part load condition.

e Downstream of the filter had relatively higher AAE val-
ues which show the contribution to climate change.

e Replacing Diesel with EHR7 decreased the primary
particle mass emissions. HVO fuel is sustainable from
a climate viewpoint; present experimental investigation
shows that from a health perception, particle emission
downstream of the filter may contribute to climate change
to some extent.

Although the PSD and light-absorbing properties are
sensitive to engine operating conditions, fuel type, etc., this
manuscript provides a significant improvement over previ-
ously available data. The results contribute to knowledge of
occupational exposure, human health, and the environment.
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Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s41810-023-00172-x.
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