atmosphere

A

Article

Analysis of Particle Number Emissions in a Retrofitted
Heavy-Duty Spark Ignition Engine Powered by LPG

Vicente Bermudez

check for
updates

Citation: Bermudez, V.; Piqueras, P,;
Sanchis, E.J.; Conde, B. Analysis of
Particle Number Emissions in a
Retrofitted Heavy-Duty Spark
Ignition Engine Powered by LPG.
Atmosphere 2024, 15, 704. https://
doi.org/10.3390/atmos15060704

Academic Editors: Honglei Wang and
Xin Wang

Received: 21 March 2024
Revised: 3 June 2024
Accepted: 7 June 2024
Published: 12 June 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Pedro Piqueras *, Enrique José Sanchis

and Brayan Conde

CMT—Clean Mobility and Thermofluids, Universitat Politecnica de Valéncia, 46022 Valéncia, Spain;
bermudez@mot.upv.es (V.B.); ensanpac@mot.upv.es (E.].S.); braconpa@mot.upv.es (B.C.)
* Correspondence: pedpicab@mot.upv.es

Abstract: This study aims to examine the particle number (PN) emissions of a retrofitted heavy-duty
spark ignition (HD-SI) engine powered by liquefied petroleum gas (LPG) under both steady-state and
transient conditions. The engine was tested under seven steady-state operating points to investigate
the PN behavior and particle size distribution (PSD) upstream and downstream of the three-way
catalyst (TWC). This analysis intends to assess the impact of including particles with diameters
ranging from 10 nm to 23 nm on the total particle count, a consideration for future regulations.
The study employed the World Harmonized Transient Cycle (WHTC) for transient conditions to
encompass the same engine working region as is used in the steady-state analysis. A Dekati FPS-4000
diluted the exhaust sample to measure the PSD and PN for particle diameters between 5.6 nm and
560 nm using the TSI-Engine Exhaust Particle Sizer (EEPS) 3090. The findings indicate that PN levels
tend to increase downstream of the TWC under steady-state conditions in operating points with low
exhaust gas temperatures and flows (equal to or less than 500 °C and 120 kg/h). Furthermore, the
inclusion of particles with diameters between 10 nm and 23 nm leads to an increase in PN emissions
by 17.70% to 40.84% under steady conditions and by an average of 40.06% under transient conditions,
compared to measurements that only consider particles larger than 23 nm. Notably, in transient
conditions, most PN emissions occur during the final 600 s of the cycle, linked to the most intense
phase of the WHTC.

Keywords: liquefied petroleum gas; particle number emissions; particle size distribution; three-way
catalyst; retrofitted engine

1. Introduction

Technological advancements in key sectors like agriculture, manufacturing, and trans-
portation have significantly improved global quality of life in recent decades. Yet, the
dependency on non-renewable energy sources to fulfill the energy demands of these in-
dustries has led to several environmental issues worldwide [1]. The rise in carbon dioxide
(CO,) emissions and other greenhouse gases, mainly from burning fossil fuels, has resulted
in a temperature increase per decade of 0.34 °C in North America, 0.25 °C in South America,
0.47 °C in Europe, 0.28 °C in Africa, 0.41 °C in Asia, 0.19 °C in Oceania, and 0.02 °C in
Antarctica since 1982 [2]. Additionally, urban air pollution was linked to nearly six and
seven million premature deaths in 2019 [3]. The transportation sector, in particular, is a
major source of urban air pollution, contributing to 56% of carbon monoxide (CO) emis-
sions, 44% of nitrogen oxides (NOx), 31% of unburned hydrocarbons (UHC) [4], and 41% of
ultrafine particle numbers (PN) [5], whose formation includes stages like pyrolysis, nucle-
ation, coagulation agglomeration, and oxidation [6], which at the same time are affected by
interactions with the environment when the particles are flowing in the near-wall region, as
well as in the whole flow field [7]. In response, governments worldwide have established
regulations to limit emissions from combustion engines in vehicles using standards like the
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Euro for the European Union, EPA for the USA, PNLT for Japan, BSES for India, and China
for China [8].

In response, the automotive industry has adapted to legislative requirements and de-
veloped various strategies to minimize the environmental impact of propulsion systems as
a response to the standards implemented worldwide to reduce pollutant emissions. These
strategies include optimizing fuel injection [9] and air management systems [10], using
pre-chamber devices [11], introducing innovative piston geometries [12], and applying
zero-dimensional models of the combustion process [13] to reduce pollutant formation.
Despite the success of these measures in lowering emissions, stringent emission thresholds
necessitate the use of advanced aftertreatment systems (ATS) to meet regulatory limits
before exhaust gases are released into the environment [14]. Furthermore, the industry is
exploring using low-carbon and cleaner-burning alternative fuels like ethanol, methanol,
and LPG [15], with a special interest in carbon-free fuels like hydrogen [16]. In this context,
retrofitting old engines to operate on low-carbon fuels is a medium-term solution during
the energy transition [17]. This approach first reduces the environmental impact associated
with the production of new engines [18] and, secondly, reduces CO, emissions, which are
directly related to the carbon content of the fuel [19].

The current standard employed in Europe to regulate emissions of heavy-duty (HD)
engines is the Euro VI, and one version of Euro VII has been proposed recently [14]. Euro
VII implementation will have aspects designed to make current limits for allowed levels of
CO, UHC, and NOx emission more restrictive, implementing NH3 and N,O regulations in
specific emissions and keeping the limit for PN emission, but assessing them from particles
larger than 10 nm [11]. Specifically, PN assessment in a new measurement range may
involve changes in the experimental setup regarding the exhaust treatment based on the
volatile particles remover (VPR), whose work is to dilute the sample and delete volatile
particles before transferring the sample to a particle counter according to the Particle
Measurement Program (PMP) protocol, which established three components for the VPR:
(i) a hot diluter allowing dilution of at least 10:1 at temperatures above 150 °C, (ii) an
evaporation tube maintained at a fixed wall temperature between 300 °C and 400 °C, and
(iii) a second diluter operating at ambient temperature to cool down the thermally treated
sample, and at the same time further reduce the vapor pressures of the evaporated material,
so as to reduce the risk of homogeneous nucleation [20].

Among the main aspects to be considered for the VPR system is the use of new
configurations applying an evaporation tube (ET), catalysts stripper (CS), or thermodenuder
to remove volatiles from the exhaust gas sample based on combustion aerosols made
up of hydrocarbons such as C;Hg and CjoHyy [21], with others in the range Cp4-Cy as
representative compounds of unburned oil, as well as sulfur oxides like SO, and SOj3 [22]
that are promoters of the formation of volatile particles in exhaust emissions from gasoline
and diesel engines. Tests have been performed both in laboratories and vehicles, with
the objective of improving the performance of the measurement system and methodology.
These results have demonstrated how the CS is a device that effectively oxidizes UHC and
traps sulfur oxides, resulting in lower levels of, or zero, volatile particle nucleation with
respect to the evaporation tubes currently employed in the PMP protocol [23]. For this
reason, the use of catalyzed tubes is currently recommended when measuring particle sizes
above 23 nm, without being mandatory, while for the measurement of particles above 10
nm, the use is specified as mandatory by the Global Technical Regulation (GTR) 15 [24],
which would imply that Euro VII will also make it mandatory during type approval testing.

Regarding using alternative fuels as a medium- and short-term solution, CNG and
LPG can be implemented in the operation of retrofitted spark-ignition (SI) engines. The
viability of this application arises from the adaptability of conventional gasoline engines
to utilize either CNG or LPG with minimal modifications [25], resulting in a reduction
in CO, emissions due to the high hydrogen/carbon ratio inherent in both fuels [26], and
the temperatures during combustion of these fuels are relatively lower than those of
conventional petrol combustion, which translates into lower NOx and PN emissions [27].
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All these aspects led the automobile and gas industries to affirm that CNG-powered engines
do not contaminate the air with toxic particles, as diesel and gasoline do. However, studies
carried out by the scientific community have focused explicitly on the PN emission of these
engines [28], demonstrated their high PN emission, and made more recent regulations,
such as Euro VI, which will begin to regulate PM and PN emissions in engines powered by
gaseous fuels, highlighting the PFs” importance for this type of engine [29].

From this perspective, Napolitano et al. [30] conducted a comparative analysis of PN
emissions in an HD engine powered by CNG and LPG under cold and hot start transient
conditions for particles with diameters between 23 nm and 1000 according to the Euro VI
protocol, highlighting that PN emissions were comparable for both fuels, with the highest
emission in particles with diameters between 80 and 120 nm and lower emission of particles
below 23 nm. However, Toumasatos et al. [31] focused on analyzing PN emissions with
diameters from 10 nm and 23 nm using a dual-fuel vehicle (CNG/gasoline) equipped
with a three-way catalyst (TWC), finding that its operations result in substantially lower
PN emissions compared to gasoline during both steady-state and transient tests, finding
that PN from 23 nm only presents a 43% of PN from 10 nm with a reduced difference
between both fuels in this measuring range, which means that research focused on this
measuring range will be relevant for gaseous fuels as well. Finally, other studies, such as
that conducted by Lihde and Giechaskiel [32], have compared PN emissions of 23 nm,
10 nm, and 4 nm in vehicles powered by bi-fuel systems (CNG/gasoline or LPG/gasoline)
at various ambient temperatures. They concluded that PN emission depends on the vehicle
type, with PN emission from gasoline being 100 times higher than from gaseous fuels,
followed by CNG, whose emissions were 2 and 10 times higher than LPG. In contrast, LPG
emissions were lower in all conditions assessed.

Moreover, other studies have been focused on studying the effects of ATS on PN
emissions. Ditaso et al. [33] investigated the changes in soot PN, mass, and particle size
distribution (PSD) throughout the exhaust line of an HD engine powered by CNG. Their
investigation revealed that PN varies along the exhaust line, influenced by exhaust proper-
ties such as temperature and composition, as well as the presence of ATS devices. These
variations are attributed to competing processes, including fragmentation, agglomeration,
oxidation, and vaporization. Napolitano et al. [34] explored the PN and PSD in an HD
engine fueled by natural gas, aiming to evaluate the benefits of different catalyzed particle
filters and their potential compliance with the forthcoming EURO VII regulations. Their
findings suggest that such filters could be a promising technology for meeting future PN
emissions standards.

Therefore, the present work focused on analyzing PN emissions during both steady-
state and dynamic operating conditions of an HD engine fueled with LPG in order to
characterize such emissions for this specific fuel and define the impact of measuring the
range from 10 nm, which has not been studied previously. All of the above was conducted
by employing a system for VPR and sample dilution according to the PMP protocol, as the
studies conducted so far have been based on promotors of volatile particle formation with a
high carbon (upper than Cy7) and sulfur content that are not present in the LPG composition.
Firstly, seven steady-state modes with different speeds and torque were selected based on
the temperature at the inlet of a TWC, aiming to analyze the effects of engine operating
parameters and the catalyst on PN emissions. To achieve this, particle size distribution
(PSD) upstream and downstream of the TWC and PN concentrations downstream of the
catalyst were compared and measured from 23 nm (current Euro VI standard) and 10 nm
(proposed Euro VII standard) [11]. A statistical analysis using the p-value was employed to
determine the relationship between engine speed, torque, and PN emissions, along with
the numerical concentration changes due to TWC usage. Lastly, the WHTC cycle was used
to assess the impact of dynamic changes in engine operation on PN emissions and the
geometric mean diameter (GMD) as a function of engine load, considering measurement
ranges from 23 nm and 10 nm during the homologation cycle. The findings offer significant
insights into the regulatory and environmental implications of modifying the measurement
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threshold, contributing to a deeper understanding of emission characteristics under various
operational scenarios.

2. Materials and Methods

The research utilized a V8-cylinder engine with a total displacement of 7.2 L. This
engine has two cylinder banks with independent exhaust lines. The engine meets the Euro
VI standards when it is powered by LPG with a propane content of around 90%, and it is
equipped with an ATS comprising a TWC and a particle filter in each of the exhaust lines,
as previously demonstrated by Bermudez et al. [35]. The experimental setup employed was
identical to that described in [17], which was focused on analyzing gaseous raw emissions
from the engine and TWC performance, measuring the exhaust composition upstream
and downstream of the catalyst. Table 1 presents the main characteristics of the engine
regarding power, torque, injection system, number of cylinders, and TWC characteristics.

Table 1. Main characteristics of the engine.

Characteristic Value
Style 4-stroke, HD-SI Engine
Emission standard EURO VI
Maximum power 221 kW@2250 rpm
Maximum brake torque 1070 Nm@1890 rpm
Maximum injection 12 bar
Injector type Peak and Hold
Number of valves per cylinder 2
Total displaced volume 7200 cm’
Number of cylinders 8
Compression ratio 11.2:1
TWC length 0.1438 m
TWC diameter 0.1524
TWC volume 0.002262 m?
TWC cell density 600 cpsi

The main properties of the LPG are presented in Table 2. LPG composition is commonly
employed in the US in the automotive sector and some European countries during the
winter season according to the fuel blends regulated by the normative EN 589 [36].

Table 2. Properties of the LPG.

Characteristic Value
C2 content 0.53% v/v
C3 content 93.62% v/v
C4 content 5.82% v/v
C5 content 0.03% v/v
Density (T = 15 °C) 511.05 kg/m3
Density (T =50 °C) 454.59 kg /m3
Viscosity (T =20 °C) 78.96 uP
Air to fuel ratio (AFR) 15.42
Vaporization temperature —37°C
Lower heating value 45.86 M] /kg
Research octane number (RON) 110.35

Figure 1 shows the experimental setup used during the tests. The engine was con-
nected and controlled using a Horiba HT-460 dynamometer, which allows for the instant
control of engine speed and torque using the STARS software V 1.9.48.617. The fuel was
supplied to the port injection system with a line that connects the fuel tank with the engine
inlet. Another line diverts unused fuel from the engine back to the fuel tank. The fuel
consumption is calculated using two flowmeters, one arranged upstream of the engine and
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the other downstream. Likewise, a parallel line equipped with a flow meter supplied air to
the engine. The engine features two exhaust lines, each corresponding to a cylinder bank.
A TWC is installed within one of these lines. Additionally, two sampling points facilitate
the measurement of PN and PSD both upstream (P1) and downstream (P2) of the catalyst.

Fuel Tank Dilution system
Outlet fuel .. . .1 Filter H
LPG R Dilution Air - E
P ater i
Fuel - Filter oAt :
Helpump ' Air flow meter - s N L A
] PTD  Ejector i
Inlet fuel @ Throttle valve DEKATI g ;
flow meter Intake FPS-4000 PN TSI—)EE)PS
airline | |1 PSD_ 30
‘T P Eoyt P2
STARS]  Intake fuel line Exhaust line 1 . s
I? LR Exhaust line 2
Tet [ 5 8V cylinder
HD-SI engine e P1: Upstream sample point
Dynamometer ~ Dynamometer * P2 Downstream sample point
controller HORIBA HT-460

Figure 1. Experimental setup.

Two devices were employed sequentially to measure the PN concentration. Firstly, a
partial dilution mini-tunnel DEKATI FPS-4000 served as the exhaust gas sample condition-
ing system before introduction into the measuring equipment. Secondly, a TSI-EEPS 3090
spectrometer was utilized to measure the particle concentration of the sample.

It is essential to highlight that one of the main focuses in measuring engine-emitted PN
is the precision of the measuring instrument. In this regard, the most accurate option is the
condensation particle counters (CPC) used in combustion engine homologation. However,
these instruments provide a total concentration without discretizing particle sizes. For this
reason, instruments like the scanning mobility particle sizer (SMPS) are used in research
settings because they allow PSD analysis with good precision, albeit with the disadvantage
of the time required to perform the measurement (90 s). On the other hand, devices like the
EEPS measure the PSD with a higher frequency (1 s), but with lower precision, than the
SMPS, as outlined in the TSI report [37].

This report also summarizes some authors’ views regarding implementing inversion
matrices in the EEPS to reduce discrepancies between measurements taken by both devices.
In some cases, the EEPS has underestimated concentrations, especially in particles with di-
ameters larger than 75 nm, resulting in differences of up to 40% between the measurements
of both devices. Therefore, it is clarified that we did not employ any of those inversion
matrices in our experimental campaign. Instead, we followed the methodology of Desantes
et al. [38], who compared EEPS measurements with those of the SMPS, and observed that
the difference between both devices for internal combustion engines did not exceed 10%
under low, medium, and high engine load conditions.

In addition, the measurement of PSD is greatly influenced by the conditions under
which the exhaust gas is diluted, and it may result in the generation of new particles or the
removal of existing ones. The methodology developed by Desantes [38] and used later by
Campos [39] for exhaust gas sampling was followed. Figure 2 illustrates the path taken
by the exhaust gas sample from the entry to the exit of the dilution system. Initially, the
primary dilution temperature was selected to be similar to the exhaust gas temperature
at the sampling point, allowing an isothermal reduction with the extracted gas sample
(from A to B in Figure 2) meeting with a dilution air temperature higher than 150 °C, as
established in the PMP protocol conditions, with a heater system employed for heating
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the PTD walls at 350 °C and reducing the volatile material without a CS, because our
experimental setup was based on the PMP protocol and the CS has been demonstrated to
be helpful in exhausts where the volatile material is composed of C; or a higher content of
carbon and sulfur oxides [23], which are not present in the LPG used. Subsequently, in the
ejector, the air gas is mixed with a second dilution at ambient temperature to reduce the
sample temperature and particle concentration (from B to C in Figure 2). At this point, the

sample is conditioned to be introduced into the EEPS 3090.
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Figure 2. Theoretical phase diagram of the aerosol at the different stages of the dilution system.

Table 3 presents a detailed overview of the main features of all instrumentation used in

the experimental facility regarding the pressure and temperature sensors, air mass flow and
fuel mass flows, asynchronous brake torque, and PN concentration, with their respective

measure range and sensitivity.

Table 3. Characteristics of facility instrumentation.

Magnitude Sensor/Instrument Range Sensitivity
Mean pressure Piezoelectric sensor 0-70 bar +1 [%]
Air mass flow AVL Flowsonix Air 0 £ 2400 kg/h +1 [%]
Fuel mass flow Emerson Coriolis 0-2180 kg/h +0.35 [%]
Temperature Thermocouple Type K —200-1, 2000 °C +2.5[°C]
Torque Torqum%iger HEM 0-2000 Nm 40.05 [%]
5.6 nm: 108 #/cm® o
PN and PSD TSI-EEPS 560 nm: 10° #/cm? +5% actual value

The TSI-EEPS employs 32 channels to measure PN concentration simultaneously, cov-
ering a range from 5.6 nm to 560 nm, and all measurements were included in the particle
size distribution (PSD) results. The default matrix was used to quantify the PN concentra-
tion due to numerous studies reporting insignificant discrepancies in PN measurements
of particles with diameters below 75 nm between the EEPS and other spectrometers, such
as the scanning mobility particle sizer (SMPS) [37,40,41]. However, the SMPS has a longer
response time than the EEPS, which poses a challenge for studies focusing on transient
analysis—a key aspect of the current study.

The total PN concentration was calculated using Equation (1), which is a sum of
concentrations measured by each channel according to the measured range used for the
analysis. In this study, two different measured ranges were used. The first one (PNj3)
was calculated using Equation (1), applied to the channel with an average diameter of
22.1 nm as dp(lower) and to the channel with an average diameter of 523.30 nm as dp(upper).
In contrast, the second one (PNjg) was calculated using Equation (1), ranging from the
channel with an average diameter of 10.8 nm as dp(lower) to the channel with an average
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diameter of 523.30 nm as dp(upper), according to the methodology described in Seinfeld
and Pandis [42] for the calculation of PN concentration.

dp(upper)
PN= Y  dN; (1)
dp(lower)

The experiments conducted had two main focuses. The first focused on analyzing PN
emissions under steady-state engine operating conditions, while the second focused on
dynamic conditions. The steady-state analysis employed seven steady-state modes, which
were selected based on the temperature map at the inlet of the TWC concerning engine
speed and torque. The selection criterion for the modes focused on obtaining representative
temperature values for the catalyst (between 500 °C and 700 °C) and a wide range of engine
speeds (between 1000 rpm and 2000 rpm). For this reason, engine speeds of 1000 rpm,
1500 rpm, and 2000 rpm were selected, adjusting the engine torque to achieve isothermal
conditions (500 °C, 600 °C, and 700 °C) in some of the modes, allowing for grouping them
according to operating parameters and reducing sources of uncertainty. Figure 3a presents
an engine map of exhaust temperature at the TWC inlet as a function of the engine speed
and torque, with their respective isothermal lines, and Figure 3b presents the exhaust gas
flow for each mode grouped into three groups according to their values—low, medium,
and high exhaust flows.

1000 g 360
i ° High
8004 Isotherm 800 ;’_4‘0 320 }B__“g“—:
— lines faned N 2801 Lo
§ 600—\ 750 S 240]
& @n i Medium
% 400—\ 700 % 200 )
g =600 = 1601 Low .
S ool . , 120~ -
= 200 5 ! i
=450 80L .0 .. o!
0 . . 2 40 4= T T T T T T
1000 1200 1400 1600 1800 000 1 2 3 4 5 6 7

Speed [rev/min] Mode

(a) Engine Exhaust Temperatures (b) Exhaust Flow of the Modes

Figure 3. Parameters of the steady-state modes. (a) Engine exhaust temperature as a function of the
engine speed and torque with the location of each mode; (b) exhaust flow for each mode.

The operating modes were stabilized for ten minutes before measuring the PN concen-
tration to guarantee steady-state conditions regarding the engine, ATS, and dilution system.
The PN concentration was measured three times for 60 s to take the average values between
the three samples, and the EEPS measured all particle sizes with a frequency of 1 Hz. All
measured channels were considered for the PSD analysis, and concentrations from 22.1 nm
to 560 nm (PNj3) and 10.8 nm to 560 nm (PN1() were calculated using Equation (2) as a
function of PN concentration (PNy3 or PNyp), exhaust mass flow (1), and exhaust density
(p). Additionally, Equation (3) was used to calculate the PN increase (%PNt) when PN was
measured from 10 nm instead of 23 nm.

PN, — mp'm[#/s] %)

[%] 3)

The transient conditions were established based on the homologation cycle WHTC to
define the engine speed and torque profiles shown in Figure 4a; the duration of this cycle
has to be 1800 s, according to Euro VI standards, and the engine top load was limited to
50% to analyze the same work region of the engine that was employed for the analysis
under steady-state conditions. Figure 4b shows the three regions of the cycle, reflecting low,
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medium, and high values of engine exhaust flow and temperature. The analysis quantified
the specific PN concentration in units of #/kWh, employing Equation (4). This calculation
was based on the PN emissions and engine work (W) over a duration of 1800 s, aligning
with Euro VI standards for evaluating engines in HD applications.

1
LI PN

18005
Zt 1s

PN = [# /KWHh] 4)

— 1200 _ 800 _
= <
E 1000 £ 2 9
= = 700 &
§ 800 g » B
— 600 2 2 300 . g
@ S @ 600 &
=9 400 S g
n =) &
200 K 500 #
g 5
{0 £ E
400

- f200 = 0 M

0 300 600 900 1200 1500 1800 0 300 600 900 1200 1500 1800

Time [s] Time [s]
(a) Engine speed and torque (b) Exhaust flow and temperature

Figure 4. Parameters of the transient conditions.

Additionally, the geometric mean diameter (GMD) was also calculated using Equation (5)
to conduct a transient analysis of PN emission during the WHTC homologation cycle,
because this parameter allows for analyzing the global behavior of PN emissions and
defining their relationship with engine load changes and the effects of measuring PN»3 and
PNyp.

yPWPPer) 4N In dp;

dp(lower)
D =
GM N (5)

3. Results and Discussion
3.1. Steady-State Conditions

The results of analyzing the PSDs of all steady-state modes upstream and downstream
of the TWC are grouped and presented in Figure 5. Modes M1 (Figure 5a), M2 (Figure 5b),
and M3 (Figure 5c) showed downstream PN concentrations that were higher than those
upstream of the TWC, in contrast to the behavior observed in modes M4 (Figure 5d),
M5 (Figure 5e), M6 (Figure 5f), and M7 (Figure 5g), wherein the PN concentrations both
upstream and downstream were similar. This phenomenon can be linked to the variables
influencing the operation of the TWC, such as exhaust composition, temperature, and flow
across each steady-state mode. Typically, PN is anticipated to decrease or remain stable
downstream of the TWC compared to upstream measurements [35,43]. This observation is
based on conditions where adequate temperature and residence time enable the conversion
efficiency of the TWC to surpass 90% for all targeted gaseous pollutants, facilitating soot
and organic particle oxidation [32]. However, some investigations indicate an increase in
PN downstream of the TWC, associating it with the formation of nucleation particles from
UHC, CO, and lubricating oil residues when the TWC does not present high conversion
efficiencies of these species [33]. Furthermore, variations in PSD may result from diverse
phenomena, some of which are opposing in nature. These include the coalescence of smaller
particles to form larger aggregates [44], the fragmentation of large particles into smaller
ones [22], and the oxidation of small particles by the catalyst [45].



Atmosphere 2024, 15, 704

9of 16

T 3.0x 10}
S 25% 104 —— Upstream
= Y
g 20x 104 Downstream
= 4]
g 1.5x 104
= 1.0x 10
5] 3
2 50x10
S
610 23 50 150 500610 23 50 150 500 610 23 50 150 500
Diameter [nm] Diameter [nm] Diameter [nm]
(a) Mode 1 (b) Mode 2 (c) Mode 3
% 30x10°
4
% 2.5x 10
c 2.0x10*
.8 4
S 1.5x10
B 4
= 1.0x10
g 3
2 50x10
S
610 23 50 150 500 610 23 50 150 500
Diameter [nm] Diameter [nm]
(d) Mode 4 (e) Mode 5
"g 3.0x 10*
225x10°
= 2.0x10*
L 4
£ 1.5x10
=] 4
e 1.0x 10
Y 3
e 5.0x10
S
610 23 50 150 500 610 23 50 150 500
Diameter [nm] Diameter [nm]
(fy Mode 6 (g) Mode 7

Figure 5. Particle size distribution for each steady-state mode upstream and downstream of the TWC.

On the basis of the above, the PN increase downstream of the TWC observed in
modes M1, M2, and M3 was mainly presented because of the relatively low exhaust
temperature (around 500 °C). In these modes, the behavior of the TWC resembles that
described for the pre-catalyst in the study by Ditaso et al. [22], displaying a general increase
in PN across the entire measurement range. This increase is primarily ascribed to the
dominance of PN generation phenomena. Specifically, it involves the fragmentation of
larger particles, which are beyond the measurement capability of the instrument, into
smaller particles that are detectable, and with the generation of particles from UHC. This
process is not counterbalanced by oxidation within the TWC, which is minimal under the
low-temperature conditions previously outlined.

For modes M4 (Figure 5d) and M5 (Figure 5e), characterized by exhaust and tem-
perature values in the intermediate range with temperatures of approximately 600 °C
and exhaust flow rates between 120 kg/h and 250 kg/h, no significant differences were
observed upstream and downstream of the TWC. Similarly, for modes M6 (Figure 5f) and
M7 (Figure 5g), with temperature values around 700 °C and exhaust flows exceeding
250 kg/h, the outcomes were comparable. In these scenarios, the particle formation from
UHC was found to be lower than in modes M1 to M3. This reduction is attributed to the
high conversion efficiency of UHC, thereby preventing particle formation and enhancing
the oxidation of small organic particles [17]. Additionally, this capacity to oxidize small
particles, coupled with potential agglomeration processes, led to a decrease in particles
smaller than 23 nm, as previously documented in research under similar operating con-
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ditions [46,47]. This agglomeration process, particularly evident in modes M4 and M7,
resulted in a slight increase in particles approximately 50 nm in diameter. This increase
may also be partly due to the fragmentation of larger particles, ranging from 500 nm to
1000 nm in diameter.

The complexity involved in analyzing steady-state modes becomes evident when
evaluating PSD, as in some cases, isothermal conditions are maintained among the evalu-
ated modes, achieved by varying engine torque relative to speed. For this reason, it was
necessary to conduct a statistical analysis using the p-value, which allowed for defining the
influence of a parameter—in this case, speed or engine torque—on mass flow rate, exhaust
gas temperature, PNp3, and PNjy emissions along the exhaust line, and the influence of
TWC on such emissions.

The p-value is a statistical metric that measures the strength of evidence against a
null hypothesis. It is computed using Equation (6) for the t-distribution table with n—1
degrees of freedom. This equation is a function of the sample mean (x), hypothesized mean
(1p), sample standard deviation (o), and sample size (n), and it was implemented using
the commercial software Statgraphics to indicate the probability of obtaining the observed
results, assuming the null hypothesis is true [48]. In this case, a p-value lower than 0.05
indicates more robust evidence against the null hypothesis, with a higher level of statistical
significance of the effect of speed or torque on exhaust mass flow, exhaust temperature,
PNj3 and PNy upstream (up) and downstream (down) of TWC, as well as differences (diff)
in both PN concentration ranges.

X~ Ho
= o/\n ©)

Figure 6 presents the results obtained for the significance level of engine speed and
torque as a function of the p-value, incorporating mass flow, temperature, and concentra-
tions of PNy3 and PNy before and after the TWC for all evaluated steady-state modes.
Firstly, it is observed that both parameters are directly correlated with the mass flow rate
and exhaust gas temperature, as evidenced by their p-values being lower than 0.05. En-
gine torque appears slightly more influential, with a p-value closer to zero. This outcome
was expected because engine torque adjustments were employed to achieve isothermal
conditions among some selected modes.

1.000

05003 | [ Speed

0.250 . Torque
Sig. level

p- value
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Flow  Temp. up up down down diff. diff.
Variable

Figure 6. The significance level of the effects of speed and torque on mass flow, PNj3 and PNy
emissions upstream and downstream of TWC, and differences between them according to p-value.

Regarding the p-value analysis performed to assess the influence of engine speed and
torque on PNjy and PNj3; emissions, the results suggest that the impact of torque on the
behavior of both PN concentration ranges can be ruled out, as all p-values were higher
than 0.05. However, when analyzing the influence of engine speed, although no significant
impact of this parameter on PNy3 and PNy emissions is demonstrated, it is true that when
evaluating the difference between both concentrations before and after the catalyst, the



Atmosphere 2024, 15, 704

11 of 16

p-value was less than 0.05 in both cases. This suggests that the difference between the
PSD values in Figure 6 is mainly due to engine speed. For this reason, the most significant
changes were observed in the first three modes, which correspond to the lowest mass flows
and, therefore, longer residence times, which increase the probability of physicochemical
phenomena occurring in the TWC.

Finally, Figure 7 shows the tailpipe PN of all modes after TWC to compare emission
levels between them, as well as the impact of measured particles with diameters of 10 nm
instead of 23 nm. It was observed that modes M3 and M5, the operating conditions of
which were similar mainly in terms of engine speed and torque, as Figure 3 shows, had the
lowest values regarding all assessed modes. However, M3 presented the highest increase,
with a value of 40.84% when PNg included particles with diameters between 10 nm and
23 nm, followed by M1, whose increase was 35.43%, similar to the behavior mentioned by
Samaras et al. [49] for light-duty gasoline vehicle and Napolitano et al. [34] for natural gas
HD engines. For the other modes, it was observed that including particles with diameters
from 10 nm increases the PN by between 17.70% (at an exhaust gas temperature of 700 °C)
and 29.43% (at 600 °C), which means particle filters shall remain mandatory in internal
combustion engines powered by gaseous fuels [50]. Interestingly, the increase in PN
tailpipe emissions when accounting for particles between 10 and 23 nm diminishes as
exhaust temperature rises. This observation is consistent with the findings presented in
Figure 4, illustrating the enhanced capacity of the TWC to eliminate smaller-sized particles
with increasing temperatures.

17.70%
3.5x 10"
30 10" N 22.75% 19.21% (g
’ Il PN
2.5x 10" 26.04%

2.0x 10'Y

1.5x 10'Y

Particle Number [#/s]

1.0x 10'9

5.0 x 10

1 2 3 4 5 6 7
Mode

Figure 7. PN emissions after TWC with diameters of 10 nm and 23 nm, and the percent increases
between them.

3.2. Transient Conditions

The results of the assessment of PN with dynamic variations in engine operation
parameters are presented in Figure 8, and are addressed with three specific approaches
focused on the behavior of the GMD as a function of engine load for PNj3; and PNjg
concentrations, with their respective trendlines (Figure 8a), particle emissions per second
as a function of engine load for PN»3 and PNy concentrations (Figure 8b), and cumulative
particle emission during the 1800 s of the WHTC cycle (Figure 8c), which also shows the
total specific particle emission when PNj3 and PNy are evaluated.
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Figure 8. Results under transient conditions. (a) GMD considering PN23 and PN10 as a function of
the engine load, (b) PN23 and PN10 emissions as a function of the engine load, and (c) cumulative
PN emissions after TWC with diameters of 10 and 23 nm, with the total emission values for both
measurement ranges during the WHTC.

Figure 8a shows that the GMD reaches its highest values (around 130 nm) when the
engine operates at load levels close to 0% for both concentrations (PNj3 and PNyg) due
to the shift to the central mode under low fuel consumption conditions. This behavior
is similar to that shown in the results of Toumasatos et al. [31] for a vehicle powered by
CNG as the primary fuel and gasoline as the secondary fuel. Furthermore, the low carbon
content of LPG prevents the formation of particles from soot depending on the engine
operating load. This is due to the gaseous nature of the fuel when supplied using a port fuel
injection system, which reduces the possibility of wet walls and excessively rich air—fuel
mixture zones. Therefore, the trendline in both measurement ranges remains constant as
a function of engine load. However, it is necessary to highlight that when evaluating the
trend line for PNp3, the GMD remains around 50 nm. Still, when considering PNy, the
GMD decreases to 30 nm, indicating the high concentration of ultrafine particles included
in this new measurement range.

Figure 8b depicts the particle emission per second when evaluating PN23 and PN10
emissions as a function of engine load during the WHTC cycle. Overall, there are few
variations in the total particle emissions for both concentration ranges evaluated, with
emissions remaining below 5 x 10 #/s. Exceptions occur primarily around 0%, 40%, 50%,
and 70%, likely corresponding to the most abrupt load variations during the homologation
cycle to reach the highest engine loads, or reduce them until idle conditions are reached.

Finally, the results of the transient analysis of PN cumulative emissions are presented
in Figure 8c as a function of time during the 1800 s of the WHTC duration. This figure
also presents the power profile as a function of the engine speed and torque, and the
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test was divided into three sections (low, medium, and high) according to the variation
in the engine work during the cycle to elucidate the impacts of transient states of the
engine on PN emission. The first part presents a low and stable PN emission with little
differences between PNy3 and PNjg. However, when the engine works with steady-state
power (between 200 s and 280 s) and undergoes high variations in power (285 s), an increase
in the PN emission is seen, manifesting a difference in emissions of PN3 and PNjy.

A similar behavior can be observed in the second part (between 680 s and 770 s),
where increases in both PN emissions were notable, with a greater difference between PNy3
and PNyj. Nevertheless, the greatest variation took place from the second 1200, when the
engine was working under high transient variations, and it is here evident how dynamic
states after short steady states increase the particle emission [45]—so much so that the
specific PN emissions of the engine for PNy3 and PNy are two (1.32 x 10'2 #/kWh) and
three times (1.85 x 10'2) higher than the limit regulated by the current Euro 6 (6 x 10!
#/kWh). Therefore, it is concluded that the use of particulate filters remains obligatory
for engines operating on gaseous fuels to meet regulatory standards. This necessity stems
from the significant impact of engine dynamic variations on PN emissions. Additionally,
incorporating particles with diameters between 10 nm and 23 nm is expected to result in
up to a 40% increase in emission levels, a finding that aligns with the results reported by
Gerner et al. [51] for engines powered by alternative fuels in HD applications.

4. Conclusions

This work analyzed the PN emissions of an HD-5SI powered by LPG under different
operating conditions, and the main conclusions of the steady-state and dynamic analysis
are presented below:

e  The PN emissions increased after TWC when the conditions of the steady-state modes
included temperatures around 500 °C and exhaust gas flows lower than 120 kg/h
(high residence time), facts that increased the formation of PN from UHC conversion
and the division of particles with diameters between 500 nm and 1000 nm. Steady-state
modes with temperatures around 600 °C and 700 °C and medium and high exhaust
flows showed negligible differences in PN and a slight shift towards larger particles in
PSD, both upstream and downstream of the TWC;

e It was observed that total PN, when measured in particles with diameters of 10 nm
instead of 23 nm, increased by between 17.70% and 40.84%. Modes characterized by
lower exhaust temperatures and mass flow rates exhibited the greatest increases;

e Transient states of the engine had an effect on PN emission, because these emissions
increased due to variations in the engine power, and the most critical parts showed
dynamic variations under quasi-steady state conditions. Additionally, the PN emis-
sions were two times and three times higher than the current Euro VI limit (6 x 10!
#/kWh) when the particles measured sized 23 nm and 10 nm, respectively;

e The GMD analysis exhibited certain variations as a function of the engine load. How-
ever, its overall trend indicated relatively consistent emission levels, presenting an
advantage for LPG owing to its inherent physical properties and the utilization of port
fuel injection systems. In general, it is observed that the trend in GMD during dy-
namic engine conditions decreases from 50 nm to 30 nm when accounting for particle
concentrations between 10 nm and 23 nm. This underscores a notable concentration of
these particles, deemed the most hazardous due to their size, thus emphasizing the
imperative for their regulation in forthcoming regulatory frameworks;

e  Future research on the application of particulate filters should focus on evaluating
the effects of these devices on particles sized between 10 nm and 23 nm, under both
steady-state and transient conditions. This approach aims to determine whether
current technologies are adequate for meeting forthcoming regulatory requirements,
or if there is a need to develop new technologies. Furthermore, it is proposed that
catalyzed particulate filters be analyzed in future studies to enable the integration of
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Nomenclature

ATS aftertreatment systems

CNG compressed natural gas

CcO carbon monoxide

CO, carbon dioxide

CSs catalyst stripper

CPC condensation particle counters
EEPS engine exhaust particle sizer

ET evaporation tube

GMD geometric mean diameter

GTR global technical report

HD heavy-duty

LPG liquefied petroleum gas

NOx nitrogen oxides

PMP particle measurement program
PN particle number

PNjyp particle number with diameters equal to or larger than 10 nm
PNy3 particle number with diameters equal to or larger than 23 nm
PTD porous tube diluter

PSD particle size distribution

RON research octane number

Scharger  supercharger

SI spark-ignition

TWC three-way catalyst

UHC unburned hydrocarbons

VPR volatile particle remover

WHTC world harmonized transient cycle
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